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Sixty years after the “central dogma,” great achievements have been developed 
in molecular biology. We have also learned the important functions of noncoding 

RNAs and epigenetic regulations. More importantly, whole genome sequencing and 
transcriptome analyses enabled us to diagnose specific diseases.

This book is not only intended for students and researchers working in laboratory but 
also physicians and pharmacists. This volume consists of 14 chapters, divided into 4 
parts. Each chapter is written by experts investigating biological stresses, epigenetic 

regulation, and functions of transcription factors in human diseases. All articles 
presented in this volume by excellent investigators provide new insights into the 

studies in transcriptional control in mammalian cells and will inspire us to develop or 
establish novel therapeutics against human diseases.
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Preface

Although not all of the relationships between transcription-controlling system and cellular
functions or behaviors have been fully explained yet, rapidly accumulating data from tran‐
scriptome analyses enabled us to find the differences in gene expression between cells from
healthy contributors and cells from patients of certain diseases, including cancer. They are
frequently referred to as “driver genes.” Presently, a variety of human genomic databases
from various experimental systems, including transcriptome, ChIP seq, DNA methylome,
and others, are available. The differences in gene expression pattern will surely contribute
for diagnosis of specific diseases suggesting target molecules. However, even though the
data are reliable, they might only indicate the consequences. Probably, it might be a right
time for scientists to start developing prediction system for specific diseases. We know that
introducing transcription factors into somatic cells reverses cell fate to revoke pluripotency.
In this respect, artificial control of certain transcription factors could be applied for novel
therapies for human refractory diseases, including cancer and neurodegenerative diseases.

In Section 1, the importance of the nutrient conditions affecting transcription system is dis‐
cussed. Beneficial hormetic effects of phytochemicals delaying aging and age-related diseas‐
es are explained in Chapter 1. The nutrient conditions to regulate transcription of ribosomal
RNAs are reviewed in Chapter 2, and it will provide a novel insight into treatment of can‐
cer.

Section 2 includes one of the most currently popular topics, epigenetic regulation. In Chapter
3, the effect of DNA methylation that could lead to cancer generation and the molecular
mechanisms are commented. Histone chaperones, which are also involved in the epigenetic
regulation, are thought to be tightly linked with cellular differentiation and development,
and that is discussed in depth in Chapter 4. The key epigenetic regulators of genes that are
associated with cancer are summarized in Chapter 5. Moreover, the important functions of
hydroxymethylation, which is mainly catalyzed by TET enzymes, are discussed in Chapter 6.

In Section 3, alterations in transcription systems that could cause human diseases are dis‐
cussed. In Chapter 7, functions of the tumor suppressor E2F are reviewed. Cancer-generat‐
ing mechanisms that could be affected by transcription controlling proteins, such as sirtuins
and paired-box transcription factors, are discussed in Chapters 8 and 9, respectively. In
Chapter 10, in search of novel cancer therapeutics, the transcription-controlling mechanism
by hypoxia-inducible factor is described in detail. Finally, in Chapter 11, the method for ana‐
lyzing gene expression in Parkinson’s disease is presented.

In Section 4, we might have to consider about transcription-based therapies. In Chapter 12,
the transcriptional molecular mechanisms in colorectal cancer generation are reviewed. In
Chapter 13, the essential functions of the retrotransposons in cancer development are dis‐
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cussed. Chapter 14 explains the importance in artificial designing of vaccines against infec‐
tious and other diseases.

At the end of the “Preface” of Volume 1, I asked if we could have reached the goal success‐
fully. It is my opinion, but the answer is “not yet.” Although we have learned a lot about
transcription from various studies and variety of experimental data, our ship is still going
on the way. However, the light of the lampstand tells us that we are surely approaching to
the transcription-based or transcription-inspired therapies on human diseases. The story of
our voyage is to be continued, aiming to get to the goal or clinical applications.

Fumiaki Uchiumi, PhD
Professor, Department of Gene Regulation

Tokyo University of Science
Japan
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Abstract

The stress responses observed in mammalian cells can be classified as heat shock 
response, unfolded protein response, autophagic response, deoxyribonucleic acid 
damage response, antioxidant response, and sirtuin response at the intracellular and 
molecular levels. Factors that strengthen the hemodynamic structure causing low-level 
molecular damage and activating one or several stress response pathways are called hor-
metins. Hormetins can be categorized as physical, physiological, biological, and nutri-
tional hormetins. Nutritional hormetins provide an interesting, comprehensive research 
topic because of their effects on health and lifespan. Dietary phytochemicals, with their 
low-level stress-inducing effects, are potential nutritional hormetins. Resveratrol, cur-
cumin, epicatechin, isothiocyanates, ferulic acid, and certain vitamin-minerals can induce 
a heat shock response, unfolded protein response, autophagic response, deoxyribonucleic 
acid damage response, antioxidant response, and sirtuin response causing the stimula-
tion of kinases and transcription factors. Studies have shown that these phytochemicals 
are related to nuclear factor-erythroid 2, sirtuins, nuclear factor-kappa B, and heat shock 
response pathways. In this chapter, the stress response of dietary phytochemicals will be 
systematically examined in a hormetic manner for delay of age-related diseases, healthy 
aging, and longevity based on current data.

Keywords: aging, longevity, health, stress response, hormesis, nutritional hormetin, 
phytochemical

1. Introduction

The term hormesis, based on toxicology, is described as a biphasic dose response in which 
environmental factors show a stimulant effect at low doses and a toxic effect at higher doses 
[1]. A comprehensive current definition of “hormesis” is "chemical and environmental factors 
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having a beneficial effect to cells in an organism at low doses, whereas they are damaging 
at high doses" [2]. Hemodynamic is the ability of live systems to provide protection against 
stress, and to maintain adaptation, survival, and continuity of health. Hemodynamic impair-
ment, increased molecular heterogeneity, altered cellular function, and decreased adaptive 
stress responses are some factors that determine health status and lifespan [3, 4]. The devel-
opment of adaptive stress response with mild and periodic stress is hormetically related to 
the strengthening of the hemodynamic structure, the reduction of disease risks, and healthy 
aging. Hormesis in aging implies that mild stress produces biologically beneficial effects by 
inducing protective mechanisms in the cells and the organism [5]. Stress response can be 
defined as the response of cells, tissues, and organisms to physical, chemical, or biological 
factor(s) affecting adaptation and lifespan by initiating a series of biological events. In terms 
of hormetic level, stressors at a mild level activate various signaling pathways, maintaining 
intrinsic changes leading to a high level of stress-adaptive response. Stress response in mam-
malian cells can be classified into seven basic pathways at the intracellular and molecular 
levels: (1) heat shock response; (2) unfolded protein response; (3) autophagic response; (4) 
deoxyribonucleic acid (DNA) repair response; (5) antioxidant response; (6) sirtuin response; 
and (7) nuclear factor-kappa B (NF-κB) inflammatory response. The conditions and factors 
identified as hormetic activate the pathway of one or more stress responses by mild molecular 
impairment and strengthen the hemodynamic structure. Hormetins can be grouped under 
three categories: (1) physical hormetins (exercise, thermal shock, and irrigation); (2) physi-
ological hormetins (mental interrogation and focusing); (3) biological and nutritional horme-
tins (infections, micronutrients, phytochemicals, and energy restriction) [4, 6, 7].

Dietary phytochemicals are potential nutritional hormetins with mild stress-inducing effects. 
In the Greek language “phyto” means plant, so phytochemical means “plant chemical.” 
Phytochemicals are non-nutrient biologically active compounds produced to protect plants 
against microbial infections that occur because of environmental factors damaging the plant. 
Therefore, phytochemicals, which are secondary plant metabolites found primarily to pro-
tect their structures and properties in vegetables, fruits, grains, and various plants, may have 
positive effects on human health when taken in the diet. Phytochemicals are generally clas-
sified according to their chemical structure. The main groups with bioactive properties from 
these groups are phenolic compounds [8, 9]. Ferulic acid, resveratrol, epigallocatechin gal-
late (EGCG), luteolin, quercetin, and curcumin as phenolic compounds are dose-dependently 
responsible for the stimulation of kinases and transcription factors and produce a heat shock 
response, unfolded protein response, autophagic response, DNA repair response, antioxidant 
response, and sirtuin response [6, 10–13]. In this chapter, the stress response of dietary phy-
tochemicals will be systematically examined in a hormetic manner for delay of age-related 
diseases, healthy aging, and longevity based on current data.

2. Dietary Phytochemicals as Nutritional Hormetins

When dietary phytochemicals are invoked in relation to neurodegenerative diseases, cardiovas-
cular diseases, cancer, aging, and longevity, especially in the heat shock response, antioxidant  
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response, NF-κB inflammatory response, and autophagic response were emphasized regard-
ing their hormetic adaptive stress response pathways. The characteristics and importance of 
these stress response pathways are summarized in what follows.

The major effectors involved in heat shock response are heat shock proteins (HSPs), which are 
cytoprotective proteins that facilitate cellular protein folding, prevent protein aggregation, 
and provide protein degradation activation. They also affect the cell survival by interacting 
with various molecules in the regulation of apoptosis and mitochondrial activities. HSPs are 
divided into five main groups: the Hsp100 family, Hsp90 family, Hsp70 family, Hsp60 fam-
ily, and the small Hsp family. Hsp70 regulates protein homeostasis, thereby, it can provide 
protection against cancer, neurodegeneration, and infections [14, 15]. Hsp90 regulates the sta-
bility and intracellular sorting of client proteins found in many oncogenic processes. Thus, 
Hsp90 inhibition may prevent cancer progression [16]. Hsp27 can protect against neurode-
generative diseases by controlling apoptosis, cytoskeleton regulation, oxidative stress, and 
protein folding [17]. In general, HSPs provide the survival of cancer cells by overexpression in 
cancer cells. Thus, the inhibition of Hsp27, Hsp70, and Hsp90 can be targeted in the treatment 
of cancers in which HSPs are known to be over-expressed [18]. The nuclear factor-erythroid 
2-related factor 2 (Nrf2)/antioxidant response element (ARE) is the main effective pathway 
in the formation of antioxidant stress responses. Under basal conditions, Nrf-2 is present in 
the cell cytoplasm bound to Keap1 protein. However, when combined with oxidative stress 
and chemo-blocking factors, Nrf2 is released from Keap-1 into the nucleus; it activates the 
ARE and induces the expression of the antioxidant enzymes including glutathione peroxidase 
(GPx), catalase, hemoxygenase (HO)-1, and the phase II detoxification enzymes, including 
glutathione S-transferase (GST). Extracellular signaling protein kinases are responsible for 
the release of Nrf2 from Keap-1 by phosphorylation of extracellular signal-regulated kinases 
1 and 2 (ERK1/2), protein kinase C (PKC), and c-Jun N-terminal kinase (JKN). Thus, Nrf2 
associated with the cell defense mechanism, may have protective effects against oxidative 
stress-induced tissue degeneration, premature aging, cancer, neurodegenerative diseases, 
cardiovascular diseases, acute and chronic lung diseases, and autoimmune and inflammatory 
diseases [19–22]. Among the factors that induce Nrf2 in the formation of antioxidant stress 
responses are isothiocyanates and Michael acceptors. Michael acceptors are susceptible to 
flavonoids, chalkones, terpenoids, curcumin, cinnamic acid derivatives, and thiophenes, and 
interact with these phytochemicals to modulate the Nrf-2 pathway [23, 24]. The effector NF-κB 
protein complex action regulates the expression of genes involved in innate and adaptive 
immunity, inflammation, cellular stress response, cell survival, and proliferation. Therefore, 
this pathway can be effective in pathogenesis of inflammatory and autoimmune diseases, 
septic shock, viral infections, tumorigenesis, and neurodegenerative diseases. Various dietary 
phytochemicals such as curcumin and resveratrol can suppress NF-κB activation and protect 
against immunological and inflammatory diseases, cancer, and neurodegenerative diseases 
[12]. In an autophagic response, hypoxia-inducible factor (HIF)-1 and the activated mam-
malian target of rapamycin (mTOR) are important. mTOR is involved in cell proliferation 
and protein synthesis via insulin and insulin-like growth factor (IGF)-1 signaling. It can also 
cause the suppression of autophagy, and reduced autophagy is associated with decreased 
longevity. Thus, the increase in autophagy is associated with an increase in inflammatory 
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intrinsic changes leading to a high level of stress-adaptive response. Stress response in mam-
malian cells can be classified into seven basic pathways at the intracellular and molecular 
levels: (1) heat shock response; (2) unfolded protein response; (3) autophagic response; (4) 
deoxyribonucleic acid (DNA) repair response; (5) antioxidant response; (6) sirtuin response; 
and (7) nuclear factor-kappa B (NF-κB) inflammatory response. The conditions and factors 
identified as hormetic activate the pathway of one or more stress responses by mild molecular 
impairment and strengthen the hemodynamic structure. Hormetins can be grouped under 
three categories: (1) physical hormetins (exercise, thermal shock, and irrigation); (2) physi-
ological hormetins (mental interrogation and focusing); (3) biological and nutritional horme-
tins (infections, micronutrients, phytochemicals, and energy restriction) [4, 6, 7].

Dietary phytochemicals are potential nutritional hormetins with mild stress-inducing effects. 
In the Greek language “phyto” means plant, so phytochemical means “plant chemical.” 
Phytochemicals are non-nutrient biologically active compounds produced to protect plants 
against microbial infections that occur because of environmental factors damaging the plant. 
Therefore, phytochemicals, which are secondary plant metabolites found primarily to pro-
tect their structures and properties in vegetables, fruits, grains, and various plants, may have 
positive effects on human health when taken in the diet. Phytochemicals are generally clas-
sified according to their chemical structure. The main groups with bioactive properties from 
these groups are phenolic compounds [8, 9]. Ferulic acid, resveratrol, epigallocatechin gal-
late (EGCG), luteolin, quercetin, and curcumin as phenolic compounds are dose-dependently 
responsible for the stimulation of kinases and transcription factors and produce a heat shock 
response, unfolded protein response, autophagic response, DNA repair response, antioxidant 
response, and sirtuin response [6, 10–13]. In this chapter, the stress response of dietary phy-
tochemicals will be systematically examined in a hormetic manner for delay of age-related 
diseases, healthy aging, and longevity based on current data.

2. Dietary Phytochemicals as Nutritional Hormetins

When dietary phytochemicals are invoked in relation to neurodegenerative diseases, cardiovas-
cular diseases, cancer, aging, and longevity, especially in the heat shock response, antioxidant  
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response, NF-κB inflammatory response, and autophagic response were emphasized regard-
ing their hormetic adaptive stress response pathways. The characteristics and importance of 
these stress response pathways are summarized in what follows.

The major effectors involved in heat shock response are heat shock proteins (HSPs), which are 
cytoprotective proteins that facilitate cellular protein folding, prevent protein aggregation, 
and provide protein degradation activation. They also affect the cell survival by interacting 
with various molecules in the regulation of apoptosis and mitochondrial activities. HSPs are 
divided into five main groups: the Hsp100 family, Hsp90 family, Hsp70 family, Hsp60 fam-
ily, and the small Hsp family. Hsp70 regulates protein homeostasis, thereby, it can provide 
protection against cancer, neurodegeneration, and infections [14, 15]. Hsp90 regulates the sta-
bility and intracellular sorting of client proteins found in many oncogenic processes. Thus, 
Hsp90 inhibition may prevent cancer progression [16]. Hsp27 can protect against neurode-
generative diseases by controlling apoptosis, cytoskeleton regulation, oxidative stress, and 
protein folding [17]. In general, HSPs provide the survival of cancer cells by overexpression in 
cancer cells. Thus, the inhibition of Hsp27, Hsp70, and Hsp90 can be targeted in the treatment 
of cancers in which HSPs are known to be over-expressed [18]. The nuclear factor-erythroid 
2-related factor 2 (Nrf2)/antioxidant response element (ARE) is the main effective pathway 
in the formation of antioxidant stress responses. Under basal conditions, Nrf-2 is present in 
the cell cytoplasm bound to Keap1 protein. However, when combined with oxidative stress 
and chemo-blocking factors, Nrf2 is released from Keap-1 into the nucleus; it activates the 
ARE and induces the expression of the antioxidant enzymes including glutathione peroxidase 
(GPx), catalase, hemoxygenase (HO)-1, and the phase II detoxification enzymes, including 
glutathione S-transferase (GST). Extracellular signaling protein kinases are responsible for 
the release of Nrf2 from Keap-1 by phosphorylation of extracellular signal-regulated kinases 
1 and 2 (ERK1/2), protein kinase C (PKC), and c-Jun N-terminal kinase (JKN). Thus, Nrf2 
associated with the cell defense mechanism, may have protective effects against oxidative 
stress-induced tissue degeneration, premature aging, cancer, neurodegenerative diseases, 
cardiovascular diseases, acute and chronic lung diseases, and autoimmune and inflammatory 
diseases [19–22]. Among the factors that induce Nrf2 in the formation of antioxidant stress 
responses are isothiocyanates and Michael acceptors. Michael acceptors are susceptible to 
flavonoids, chalkones, terpenoids, curcumin, cinnamic acid derivatives, and thiophenes, and 
interact with these phytochemicals to modulate the Nrf-2 pathway [23, 24]. The effector NF-κB 
protein complex action regulates the expression of genes involved in innate and adaptive 
immunity, inflammation, cellular stress response, cell survival, and proliferation. Therefore, 
this pathway can be effective in pathogenesis of inflammatory and autoimmune diseases, 
septic shock, viral infections, tumorigenesis, and neurodegenerative diseases. Various dietary 
phytochemicals such as curcumin and resveratrol can suppress NF-κB activation and protect 
against immunological and inflammatory diseases, cancer, and neurodegenerative diseases 
[12]. In an autophagic response, hypoxia-inducible factor (HIF)-1 and the activated mam-
malian target of rapamycin (mTOR) are important. mTOR is involved in cell proliferation 
and protein synthesis via insulin and insulin-like growth factor (IGF)-1 signaling. It can also 
cause the suppression of autophagy, and reduced autophagy is associated with decreased 
longevity. Thus, the increase in autophagy is associated with an increase in inflammatory 
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response, cellular senescence, decreased proteotoxic protein aggregation, and the removal 
of intracellular pathogens, cumulatively resulting in an increased innate immune response 
that leads to longevity [25]. HIF-1 regulates genes related to angiogenesis, iron and glucose 
metabolism, cell proliferation and cell survival. Various dietary phytochemicals, with HIF-1 
inhibition, have protective effects against neurodegenerative diseases, cancer, cardiovascu-
lar diseases [12, 26]. In this section, hormetic effects of phenolic compounds predominantly 
expressed as hormetin including ferulic acid, curcumin, resveratrol, EGCG, luteolin, quer-
cetin, and sulforaphane will be discussed in relation to these stress response pathways. The 
stress pathways, transcription factors, and biological outcomes of these phytochemicals have 
been summarized in Table 1.

2.1. Ferulic acid

Ferulic acid (4-hydroxy-3-methoxycinnamic acid) is a cinnamic acid derivative phenolic com-
pound. It is also the preliminary metabolite for curcumin and lignins. Grain bran, whole grains, 
artichoke, eggplant, banana, cabbage, and coffee are rich in ferulic acid. Ferulic acid has a posi-
tive effect on diseases such as cancer, Alzheimer’s disease, Parkinson disease, and diabetes 
through various pathways. Among the mechanisms of action of ferulic acid are the antioxidant 
response, heat shock response, and NF-κB inflammatory response, especially in the adaptive 
stress response pathways [27–29]. Ferulic acid showed a protective effect against heat stress-
induced intestinal epithelial barrier dysfunction in IEC-6 intestinal epithelial cells in a dose-
dependent manner in male Sprague-Dawley rats in vitro and in vivo [30]. In a study conducted 
on the human neuroblastoma cell line SH-SY5Y, ferulic acid increased dose-dependent HO-1 
expression through Nrf2 [31]. In a study on PC12 cells, ferulic acid increased HO-1 expression 
through ERK1/2-Nrf2 signaling pathway and protected against lead acetate-induced neurite 
outgrowth inhibition [32]. On the other hand, 1-feruloyl glycerol and 1-feruloyl diglycerol 
predominate in water-soluble forms of ferulic acid in rat primordial astrocytes, suppressing 
nitric oxide (NO) synthesis and inducible nitric oxide synthase (iNOS) expression by suppress-
ing the NF-κB pathway. Accordingly, these ferulic acid forms may provide a protective effect 
against neurodegenerative diseases [33]. The tumor necrosis factor (TNF)-α induces endothe-
lial dysfunction by reducing NO bioavailability. Ferulic acid increased tyrosine-dependent NO 
production and suppressed the NF-κB pathway in TNF-α-stimulated inflammatory human 
umbilical vein endothelial cells (HUVECs) [34]. Another study showed that ferulic acid dem-
onstrated a cardioprotective effect by increasing Hsp70 through the NO-ERK1/2 pathway in 
mice cardiomyocytes and suppressing the NF-κB pathway [35]. In another study, HeLa and 
mouse primary hepatocyte cells activated basal autophagy with an mTOR inhibition almost 
equivalent to that of rapamycin [36]. As a result, ferulic acid can exert a protective effect against 
neurodegenerative diseases, cardiovascular diseases, and cancer inflammatory diseases by act-
ing on stress pathways and thus can positively affect longevity.

2.2. Curcumin

Curcumin (1,7-bis (4-hydroxy-3-methoxyphenyl)-1,6-heptadiene-3,5-dione), also known as 
diferuloylmethane, is a yellow phenolic compound, found in Curcuma longa (turmeric) a 
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Phytochemicals Stress pathways Transcription 
factors

Biological outcomes References

Antioxidant response 
pathway

Nrf-2 HO-1↑ [31, 32]

Ferulic acid NFκB inflammatory pathway NFκB NO↓, iNOS↓ [33]

Heat shock response 
pathway

HSF-1 Hsp70↑ [35]

Autophagic response 
pathway

— mTOR inhibition [36]

Antioxidant response 
pathway

Nrf2 Glutathione, GR, GST, HO-1, 
NQO1

[43, 44]

Curcumin NFκB inflammatory pathway NFκB SOD-2↑, Hsp60↑ [42, 45]

Heat shock response 
pathway

HSF-1 Overexpressed Hsp27↓, 
Hsp70↓, Hsp90↓
Hsp27↑, Hsp70↑

[39, 40]
[41, 42]

Sirtuin response pathway — SIRT3↑ [42]

Antioxidant response 
pathway

Nrf2 Glutathione↑, HO-1↑ [49, 50]

Resveratrol NFκB inflammatory pathway NFκB iNOS↓, IL-6↓, TNF-α↓ [54, 55]

Heat shock response 
pathway

HSF-1 Hsp25↑, Hsp70↑ [47, 48]

Autophagic response 
pathway

— mTOR inhibition [52, 53]

Sirtuin response pathway — SIRT1↑ [47, 48]

Antioxidant response 
pathway

Nrf2 GST↑, NQO1↑, HO-1↑ [59, 60, 62, 
64]

EGCG NFκB inflammatory pathway NFκB IL-12p40↓, IL-6↓ [65–67]

Heat shock response 
pathway

HSF-1 Overexpressed Hsp90↓ [58]

Autophagic response 
pathway

— HIF-1α, mTOR inhibition [68, 69]

Antioxidant response 
pathway

Nrf2 HO-1↑, CYP1A1↑, NQO1↑, 
GST-P1↑, GCLC↑, GCLM↑

[76–78, 80, 
81, 83]

Luteolin NFκB inflammatory pathway NFκB TNF-α↓, NO↓ [73–75, 81]

Autophagic response 
pathway

— HIF-1α inhibition [82]

Sirtuin response pathway — SIRT1↑ [81]

Antioxidant response 
pathway

Nrf2 GSH↑, GPx↑, GR↑, GST↑, 
GCLC↑, GCLM↑, HO-1↑

[89–95]

Quercetin NFκB inflammatory pathway NFκB COX-2↓ [90, 94]

Heat shock response 
pathway

HSF-1 Overexpressed Hsp27↓, 
Hsp70↓

[85–87]

Stress Response of Dietary Phytochemicals in a Hormetic Manner for Health and Longevity
http://dx.doi.org/10.5772/intechopen.71867

7



response, cellular senescence, decreased proteotoxic protein aggregation, and the removal 
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inhibition, have protective effects against neurodegenerative diseases, cancer, cardiovascu-
lar diseases [12, 26]. In this section, hormetic effects of phenolic compounds predominantly 
expressed as hormetin including ferulic acid, curcumin, resveratrol, EGCG, luteolin, quer-
cetin, and sulforaphane will be discussed in relation to these stress response pathways. The 
stress pathways, transcription factors, and biological outcomes of these phytochemicals have 
been summarized in Table 1.
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Ferulic acid (4-hydroxy-3-methoxycinnamic acid) is a cinnamic acid derivative phenolic com-
pound. It is also the preliminary metabolite for curcumin and lignins. Grain bran, whole grains, 
artichoke, eggplant, banana, cabbage, and coffee are rich in ferulic acid. Ferulic acid has a posi-
tive effect on diseases such as cancer, Alzheimer’s disease, Parkinson disease, and diabetes 
through various pathways. Among the mechanisms of action of ferulic acid are the antioxidant 
response, heat shock response, and NF-κB inflammatory response, especially in the adaptive 
stress response pathways [27–29]. Ferulic acid showed a protective effect against heat stress-
induced intestinal epithelial barrier dysfunction in IEC-6 intestinal epithelial cells in a dose-
dependent manner in male Sprague-Dawley rats in vitro and in vivo [30]. In a study conducted 
on the human neuroblastoma cell line SH-SY5Y, ferulic acid increased dose-dependent HO-1 
expression through Nrf2 [31]. In a study on PC12 cells, ferulic acid increased HO-1 expression 
through ERK1/2-Nrf2 signaling pathway and protected against lead acetate-induced neurite 
outgrowth inhibition [32]. On the other hand, 1-feruloyl glycerol and 1-feruloyl diglycerol 
predominate in water-soluble forms of ferulic acid in rat primordial astrocytes, suppressing 
nitric oxide (NO) synthesis and inducible nitric oxide synthase (iNOS) expression by suppress-
ing the NF-κB pathway. Accordingly, these ferulic acid forms may provide a protective effect 
against neurodegenerative diseases [33]. The tumor necrosis factor (TNF)-α induces endothe-
lial dysfunction by reducing NO bioavailability. Ferulic acid increased tyrosine-dependent NO 
production and suppressed the NF-κB pathway in TNF-α-stimulated inflammatory human 
umbilical vein endothelial cells (HUVECs) [34]. Another study showed that ferulic acid dem-
onstrated a cardioprotective effect by increasing Hsp70 through the NO-ERK1/2 pathway in 
mice cardiomyocytes and suppressing the NF-κB pathway [35]. In another study, HeLa and 
mouse primary hepatocyte cells activated basal autophagy with an mTOR inhibition almost 
equivalent to that of rapamycin [36]. As a result, ferulic acid can exert a protective effect against 
neurodegenerative diseases, cardiovascular diseases, and cancer inflammatory diseases by act-
ing on stress pathways and thus can positively affect longevity.

2.2. Curcumin

Curcumin (1,7-bis (4-hydroxy-3-methoxyphenyl)-1,6-heptadiene-3,5-dione), also known as 
diferuloylmethane, is a yellow phenolic compound, found in Curcuma longa (turmeric) a 
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plant of the ginger family. Curcumin is the compound responsible for the chemical and bio-
logical properties of this spice, as well as its color and taste. Numerous studies have shown 
that curcumin is associated with antioxidant, anti-inflammatory, antimutagenic, antimicro-
bial, and anticancer effects, mitigating chronic diseases and increasing longevity [37, 38]. 
HSPs, HSF1, and histone deacetylase (HDAC) 6 are upregulated in cancer. Expression of Hsp 
27, Hsp70, Hsp90, HSF1, and HDAC-6, which are overexpressed in K-562 and HL-60 leu-
kemia cells, was reduced when curcumin was administered [39]. Also, curcumin appeared 
to reverse the inhibition on Hsp70 induced by the gp120 V3 loop peptide and increased the 
expression of Hsp70 in primary rat cortical neuronal apoptosis [40]. In addition, curcumin 
can protect against endosulfan toxicity by decreasing endosulfan-induced apoptosis through 
increased Hsp 27 expression in human peripheral blood mononuclear cells (PBMCs) [41]. In 
hyperglycemic HepG2 human hepatoma cells, curcumin increased the expression of NF-κB 
and Hsp70, sirtuin (SIRT)-3, glutathione peroxidase (GPx)-1, and superoxide dismutase 
(SOD)-2 in a dose-dependent manner [42]. On the other hand, curcumin may act as an anti-
oxidant in the stress-response pathway. Primary cell cultures of cerebellar granule neurons 
of rats increased the expression of HO-1, glutathione, glutathione reductase (GR), GST, and 
SOD through Nrf-2 depending on the dose and duration and thereby protected against 
hemin-induced toxicity [43]. In mice liver cells with T-cell lymphoma, the expression of GST, 
GR, and NAD(P)H:quinine oxidoreductase (NQO1) enzymes was increased by activation of 
curcumin Nrf-2 [44]. Lipopolysaccharide (LPS)-stimulated BV2 mouse microglia cells also 
inhibited microglial activation by inhibiting the curcumin Hsp60/TLR4/MyD88/NF-κB path-
ways [45]. As a result, curcumin can show protective effects against cancer, neurodegenera-
tion, and inflammation by acting on stress-response pathways.

2.3. Resveratrol

Resveratrol (3,5,4′-trihydroxy-trans-stilbene) is a phenolic compound found in some plants 
such as grapes, berries, peanuts, and Japanese knotweed, with purported medical uses. 
Several studies have shown that resveratrol affects chronic diseases and longevity through 
anti-carcinogenic, anti-inflammatory, and antioxidant properties [46]. Resveratrol dose-
dependently increased expression of Hsp70 and SIRT-1 in human neuroblastoma SH-SY5Y 

Phytochemicals Stress pathways Transcription 
factors

Biological outcomes References

Autophagic response 
pathway

— HIF-1, mTOR inhibition [88, 96–101]

Antioxidant response 
pathway

Nrf2 HO-1↑, SOD-1↑,NQO1↑ [104–111]

Sulforaphane NFκB inflammatory pathway NFκB TNF- α↓, IL-6↓ [109]

Autophagic response 
pathway

— HIF-1α inhibition [114]

↑: increased; ↓: decreased.

Table 1. Summary of stress pathways, transcription factors, and biological outcomes of phytochemicals
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cells induced by neurotoxicity with high-dose homocysteine [47]. It has been reported that 
resveratrol induced Hsp25 and Hsp70 proteins in G93A-SOD1 mutant mice cells and can 
prevent motor neuron losses [48]. Resveratrol dose-dependently increased glutathione 
expression through the Nrf2 pathway in normal human keratocytes [49]. In the human neu-
roblastoma cell line SH-SY5Y, resveratrol dose-dependently increased HO-1 expression and 
HO-1-dependent autophagic flux and prevented rotatone-induced apoptosis [50]. It has been 
determined that resveratrol dose-dependently reduced the vascular endothelial growth factor 
(VEGF), leptin, interleukin (IL)-6, and IL-8 expression in hypoxia-induced human adipocytes 
and prevented adipokine-induced inflammation and angiogenesis [51]. In addition, resvera-
trol induced autophagy by directly inhibiting mTOR in HeLa cells [52]. Prostate cancer cells 
induced autophagy through inhibition of the Akt/mTOR pathway in PC3 and DU145 cells 
[53]. In murine RAW 264.7 macrophages and microglial BV-2 cells, resveratrol also inhibited 
microglial activation by suppressing the NF-κB pathway [54]. In another study, resveratrol 
showed anti-inflammatory effect by suppressing the NF-κB pathway in RAW 264.7 murine 
macrophages in a dose-dependent manner [55]. These studies suggest that resveratrol has 
anti-inflammatory, antioxidant, anti-carcinogenic effects and can strengthen hemodynamic 
structure, which in turn can positively affect the aging process and longevity.

2.4. Epigallocatechin gallate

The major catechin EGCG, which is found in green tea at a level of 48–55%, has protective 
effects against chronic diseases such as neurodegenerative diseases, metabolic syndrome, and 
cancer by its anti-inflammatory and antioxidant effects [56, 57]. EGCG, with Hsp90 inhibi-
tion, showed a protective effect against cancer in a novel human prostate cancer progression 
model [58]. In primary vascular endothelial cells, GST and NQO1 enzymes were increased 
dose-dependently by Nrf2 [59]. In another study, EGCG increased the level of HO-1 expres-
sion by Nrf-2 activation in endothelial cells, resulting in the passage of caveolin-1 from the 
plasma membrane to the cytosol, accumulating in the caveolae-regulating signaling pathways 
associated with vascular disease pathology [60]. Accordingly, EGCG may reduce endothe-
lial inflammation and protect against atherosclerosis [61]. EGCG also showed a protective 
effect against oxidative stress-induced cerebral ischemia through Nrf2/ARE activation [62]. 
EGCG suppressed the Nrf-2 pathway in a lethal dose with biphasic dose-response effect in 
mice hepatocytes [63]. EGCG has been shown to inhibit oxidative stress damage induced by 
HO-1 through Nrf2 in HUVECs with ambient fine particulate matter (≤2.5 μm in aerodynamic 
diameter PM2.5) [64]. EGCG dose-dependently suppresses endothelial inflammation through 
NF-κB inhibition in high glucose-induced HUVECs [65]. It can also suppress NF-κB activa-
tion in cardiac fibroblasts and can show a protective effect against cardiac fibrosis [66]. EGCG 
inhibited lipopolysaccharide-induced inflammation with NF-κB suppression in bone marrow-
derived macrophages (BMMs) isolated from ICR mice [67]. EGCG also showed a protective 
effect against human papillomavirus-16 oncoprotein-induced lung cancer and IGF-1 stimu-
lated lung cancer angiogenesis through HIF-1α inhibition [68, 69]. In addition, primary bovine 
aortic endothelial cells stimulate autophagy in cells, leading to degradation of lipid droplets. 
In this way, EGCG may be effective in the prevention of cardiovascular diseases [70]. EGCG 
regulates ultraviolet B (UVB)-mediated autophagy through the mTOR signaling pathway  
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plant of the ginger family. Curcumin is the compound responsible for the chemical and bio-
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to reverse the inhibition on Hsp70 induced by the gp120 V3 loop peptide and increased the 
expression of Hsp70 in primary rat cortical neuronal apoptosis [40]. In addition, curcumin 
can protect against endosulfan toxicity by decreasing endosulfan-induced apoptosis through 
increased Hsp 27 expression in human peripheral blood mononuclear cells (PBMCs) [41]. In 
hyperglycemic HepG2 human hepatoma cells, curcumin increased the expression of NF-κB 
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(SOD)-2 in a dose-dependent manner [42]. On the other hand, curcumin may act as an anti-
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SOD through Nrf-2 depending on the dose and duration and thereby protected against 
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GR, and NAD(P)H:quinine oxidoreductase (NQO1) enzymes was increased by activation of 
curcumin Nrf-2 [44]. Lipopolysaccharide (LPS)-stimulated BV2 mouse microglia cells also 
inhibited microglial activation by inhibiting the curcumin Hsp60/TLR4/MyD88/NF-κB path-
ways [45]. As a result, curcumin can show protective effects against cancer, neurodegenera-
tion, and inflammation by acting on stress-response pathways.
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Resveratrol (3,5,4′-trihydroxy-trans-stilbene) is a phenolic compound found in some plants 
such as grapes, berries, peanuts, and Japanese knotweed, with purported medical uses. 
Several studies have shown that resveratrol affects chronic diseases and longevity through 
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cells induced by neurotoxicity with high-dose homocysteine [47]. It has been reported that 
resveratrol induced Hsp25 and Hsp70 proteins in G93A-SOD1 mutant mice cells and can 
prevent motor neuron losses [48]. Resveratrol dose-dependently increased glutathione 
expression through the Nrf2 pathway in normal human keratocytes [49]. In the human neu-
roblastoma cell line SH-SY5Y, resveratrol dose-dependently increased HO-1 expression and 
HO-1-dependent autophagic flux and prevented rotatone-induced apoptosis [50]. It has been 
determined that resveratrol dose-dependently reduced the vascular endothelial growth factor 
(VEGF), leptin, interleukin (IL)-6, and IL-8 expression in hypoxia-induced human adipocytes 
and prevented adipokine-induced inflammation and angiogenesis [51]. In addition, resvera-
trol induced autophagy by directly inhibiting mTOR in HeLa cells [52]. Prostate cancer cells 
induced autophagy through inhibition of the Akt/mTOR pathway in PC3 and DU145 cells 
[53]. In murine RAW 264.7 macrophages and microglial BV-2 cells, resveratrol also inhibited 
microglial activation by suppressing the NF-κB pathway [54]. In another study, resveratrol 
showed anti-inflammatory effect by suppressing the NF-κB pathway in RAW 264.7 murine 
macrophages in a dose-dependent manner [55]. These studies suggest that resveratrol has 
anti-inflammatory, antioxidant, anti-carcinogenic effects and can strengthen hemodynamic 
structure, which in turn can positively affect the aging process and longevity.

2.4. Epigallocatechin gallate

The major catechin EGCG, which is found in green tea at a level of 48–55%, has protective 
effects against chronic diseases such as neurodegenerative diseases, metabolic syndrome, and 
cancer by its anti-inflammatory and antioxidant effects [56, 57]. EGCG, with Hsp90 inhibi-
tion, showed a protective effect against cancer in a novel human prostate cancer progression 
model [58]. In primary vascular endothelial cells, GST and NQO1 enzymes were increased 
dose-dependently by Nrf2 [59]. In another study, EGCG increased the level of HO-1 expres-
sion by Nrf-2 activation in endothelial cells, resulting in the passage of caveolin-1 from the 
plasma membrane to the cytosol, accumulating in the caveolae-regulating signaling pathways 
associated with vascular disease pathology [60]. Accordingly, EGCG may reduce endothe-
lial inflammation and protect against atherosclerosis [61]. EGCG also showed a protective 
effect against oxidative stress-induced cerebral ischemia through Nrf2/ARE activation [62]. 
EGCG suppressed the Nrf-2 pathway in a lethal dose with biphasic dose-response effect in 
mice hepatocytes [63]. EGCG has been shown to inhibit oxidative stress damage induced by 
HO-1 through Nrf2 in HUVECs with ambient fine particulate matter (≤2.5 μm in aerodynamic 
diameter PM2.5) [64]. EGCG dose-dependently suppresses endothelial inflammation through 
NF-κB inhibition in high glucose-induced HUVECs [65]. It can also suppress NF-κB activa-
tion in cardiac fibroblasts and can show a protective effect against cardiac fibrosis [66]. EGCG 
inhibited lipopolysaccharide-induced inflammation with NF-κB suppression in bone marrow-
derived macrophages (BMMs) isolated from ICR mice [67]. EGCG also showed a protective 
effect against human papillomavirus-16 oncoprotein-induced lung cancer and IGF-1 stimu-
lated lung cancer angiogenesis through HIF-1α inhibition [68, 69]. In addition, primary bovine 
aortic endothelial cells stimulate autophagy in cells, leading to degradation of lipid droplets. 
In this way, EGCG may be effective in the prevention of cardiovascular diseases [70]. EGCG 
regulates ultraviolet B (UVB)-mediated autophagy through the mTOR signaling pathway  
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and significantly alleviates the toxic effects of UVB irradiation in macular retinal pigment epi-
thelial cells. Thus, it may also have a protective effect against macular degeneration [71]. As a 
result, EGCG can be effective in the prevention of neurodegeneration, cancer, cardiovascular 
diseases, inflammatory diseases, and macular degeneration through stress pathways.

2.5. Luteolin

Luteolin (3′,4′,5,7-tetrahydroxy flavone) is a phenolic compound found in broccoli, pepper, 
thyme, celery, lettuce, oregano, artichoke, and carrots; it has antioxidant, anticancer, anti-inflam-
matory, and neuroprotective effects [72]. Luteolin destabilized the Hsp90 client protein c-Jun 
and Akt and inhibited LPS-induced production of TNF-α and NO dose-dependently in mac-
rophages [73]. In addition, luteolin prevented TNF-α-induced endolytic monocyte adhesion in 
mice by suppressing vascular inflammation and the IKBα/NF-κB pathway in HUVECs [74]. In 
psoriatic skin, luteolin inhibited keratinocyte activation by decreasing NF-κB, which increased 
dose-dependently [75]. Luteolin and luteolin-7-O-glucoside modulated Nrf2/mitogen-activated 
protein kinase (MAPK) mediated the HO-1 signaling cascade in RAW 264.7 cells [76]. In wild-
type mouse traumatic brain injury models, luteolin showed neuroprotective action by Nrf2/ARE 
pathway activation [77]. Luteolin inhibited tBHP-induced oxidative stress by increasing ERK2/
Nrf2/ARE signaling pathway activation and HO-1, glutamate cysteine ligase catalytic (GCLC), 
and glutamate cysteine ligase modifier (GCLM) subunit transcription in rat primary hepato-
cytes [78]. In addition, in HepG2, Hepa1c1c7, and RL-34 HepG2 hepatocytes, it dose-depend-
ently inhibited the expression of phase I enzyme cytochrome P450 1A1 (CYP1A1), and phase II 
enzymes NQO1 and GST-P1 through an aryl hydrocarbon receptor (AhR) and Nrf2 pathways 
[79]. In HepG2 human hepatocytes, luteolin also dose-dependently activated the PI3K/Nrf2/
ARE system, increased HO-1 expression, and reduced the expression of lipopolysaccharide-
induced NO, iNOS, and cytosolic phospholipase A2 (cPLA2) in hepatocytes [80]. Luteolin also 
reduced acute mercuric chloride-induced hepatotoxicity by anti-inflammatory and antioxidant 
responses by regulating the SIRT1/Nrf2/TNF-α pathways [81]. The induction of VEGF by oxi-
dative stress has an important role in the pathogenesis of premature retinopathy. Luteolin has 
shown a protective effect against retinal neovascularization by reducing hypoxia-induced VEGF 
expression through decreasing HIF-1α expression in human retinal microvascular endothelial 
cells (HRMECs) [82]. Luteolin reduced 4-hydroxy-2-nonenal-induced cell death of neuronal-like 
catecholaminergic PC12 cells by regulating unfolded protein response and the MAPK, Nrf2/
ARE pathways [83]. As a result, luteolin also affects neurodegeneration, endothelial function, 
and liver function through stress-response pathways as do other hormetic phytochemicals.

2.6. Quercetin

Quercetin (3,3′,4′,5,7-pentahydroxyflavone) is found in many vegetables and fruits. It has anti-
inflammatory, anticarcinogenic, and antioxidant effects on cardiovascular diseases, cancer, 
neurodegenerative diseases, and can reduce aging and positively increase the life span [84]. 
Quercetin inhibited the growth of A549 and H460 cancer cells with Hsp70 inhibition in lung 
cancer cells and increased sensitivity to chemotherapy [85]. Quercetin inhibited the t-AUCB-
induced autophagy by inhibiting Hsp 27 and Atg 72 in glioblastoma cells [86]. In addition, 
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quercetin inhibited Hsp70 in U937 human monoblastic leukemia cell line [87]. Quercetin 
inhibited hypoxia-induced AMPK by dramatically inducing apoptosis in hypoxia and reduc-
ing the activity of HIF-1 in HCT116 cancer cells [88]. Quercetin dose-dependently increased 
glutathione, glutamylcysteine synthetase (GSH), GPx, GR, and GST expression in liver HepG2 
cells through p38/MAPK and Nrf-2 activation [89]. Quercetin protected against toxicity and 
inflammation by increasing Nrf-2 expression and decreasing NF-kB and cyclooxygenase 
(Cox)-2 expression in a time-dependent manner in mycotoxin ochratoxin A-induced liver 
HepG2 cells [90]. Furthermore, dose-dependently, through p62 and Nrf2-ARE activation, quer-
cetin increased HO-1, GCLC, and GCLM subunit expression and showed a protective effect 
against hepatotoxicity [91]. Quercetin, depending on the dose, inhibited the production of LPS-
induced NO production in BV2 microglial cells, suppressed the NF-κB pathway, and activated 
the Nrf2-dependent HO-1 pathway [92, 93]. Quercetin showed a protective effect against indo-
methacin-induced gastrointestinal oxidative stress and inflammation through Nrf-2 activation 
and NF-kB inhibition in human intestinal Caco-2 cells [94]. In malignant mesothelioma MSTO-
211H and H2452 cells, quercetin also inhibited cell growth and showed cytoprotective effect 
with Nrf-2 activation [95]. In a study on porcine renal proximal tubule cell line LLC-PK1 cells 
and C57BL/6j mice, quercetin inhibited renal ischemia/reperfusion injury by increasing AMP 
phosphorylase, inhibiting mTOR phosphorylation, and activating autophagy [96]. A combina-
tion of quercetin, resveratrol, and catechin was administered to human metastatic cancer cell 
lines MDA-MB-231 and MDA-MB-435; quercetin was shown to be the most effective compound 
for Akt/mTOR inhibition and can prevent breast cancer growth and metastasis [97]. Quercetin 
inhibited mTOR by expressing SESTIN 2, p53, and activating AMPK in a dose-dependent man-
ner and induced apoptosis via increased intracellular ROS in HCT116 colon cancer cells [98]. 
The mTOR complex has an important role in cell growth, protein synthesis, and autophagy, 
with the inhibition of quercetin mTOR/PI3K/Akt in cancer and other diseases where exces-
sive mTOR complex activity is observed [99]. In addition, quercetin, by affecting autophagy 
with the inhibition of proteasome and mTOR activity, can be both protective and therapeutic 
against cancer with the death of human breast cancer cell lines MCF7 and MDA-MB-453, the 
cervical adenocarcinoma cell line HeLa, the ovarian cancer cell line OVCAR3, and the human 
B-lymphoblastoid cell line IM-9 [100]. Quercetin inhibited tumor growth and angiogenesis by 
inhibiting VEGF regulated by AKT/mTOR in HUVECs [101]. As a result, quercetin may exert a 
protective effect against cancer, especially by acting on stress-response pathways.

2.7. Sulforaphane

Sulforaphane (SulR-1-isothiocyanato-4-methylsulfinyl butane) is an isothiocyanate found 
extensively in cruciferous vegetables. Studies have shown that sulforaphane has a protective 
effect against cancer, diabetes, cardiovascular diseases, neurodegenerative diseases, and kid-
ney diseases, and is mostly influenced by an Nrf-2-mediated antioxidant response [102, 103]. 
Sulforaphane may prevent diabetic auric damage and cardiomyopathy by increasing Nrf2 activa-
tion in mice [104, 105]. Sulforaphane showed protective effect against ethanol-induced oxidative 
stresses and apoptosis in neural crest cells by generating an antioxidant response with Nrf2 acti-
vation [106]. Sulforaphane activates the Nrf2/ARE pathway and inhibits 3-nitropropionic acid-
induced toxicity in striatal cells by inhibiting MAPKs and NF-κB pathways [107]. In MSTO-211H 
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cells administered with sulforaphane, Nrf2-mediated HO-1 expression was regulated by the 
PI3K/Akt pathway [108]. Sulforaphane inhibited muscle inflammation by inhibiting Nrf-2 and 
NF-kB in dystrophin-deficient mdx mice [109]. Sulforaphane showed a protective effect against 
acute alcohol-induced liver steatosis by activation of Nrf2 and synthesis of antioxidant proteins 
in HepG2 E47 liver cells [110]. Sulforaphane increased Nrf2 expression in TRAMP C1 prostate 
cancer cells and affected epigenetic regulation [111]. Sulforaphane induced autophagy through 
ERK activation in immortalized mouse CN1.4 cortical and human SHSY5Y neuronal cells [112]. 
Huntington’s disease, a neurodegenerative disease, involves damage to the ubiquitin proteasome 
system. In a mouse study, sulfate inhibited proteasomal and autophagic activation and cytotoxic-
ity resulting from proteasomal impairment [113]. Sulforaphane inhibited HIF-1α expression in 
HCT116 human colon cancer cells and AGS human gastric cancer cells, but inhibited hypoxia-
induced VEGF expression only in HCT116 cells [114]. Sulforaphane affects the stress-response 
pathways and can show protective effects, especially against neurodegeneration and cancer.

3. Conclusion

Dietary phytochemicals can exert a protective effect against cancer, neurodegenerative dis-
eases, cardiovascular diseases, inflammatory and immune diseases by acting on multiple 
stress-response pathways. Therefore, healthy aging and longevity can be achieved by pre-
venting the deterioration of hemodynamics. In addition, it is necessary to emphasize that 
the hormetic stress pathways of each dietary phytochemical is a very wide ranging subject. 
Therefore, the mechanisms of action of important phytochemicals and stress response path-
ways in this chapter have been summarized in the light of data obtained in recent years; this 
may lead to a broader outlook on this subject and to new studies.
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Abstract

The ribosome is a unique machine for protein synthesis in organisms. The construction of
ribosomes is exceedingly complex and consumes the majority of the cell materials and
energy. The materials for ribosome production are supplied by nutrients. Therefore, the
production of ribosomes is restricted by environmental nutrients, and cells need mecha-
nisms to control ribosome production in order to reconcile demands for cell activities with
available resources. Transcription of ribosomal RNA is an essential step in ribosome biogen-
esis. It strongly affects the total amount of ribosome production, and thus rapidly growing
cells have an elevated level of ribosomal RNA transcription. Ribosomal RNA transcription
is controlled by many mechanisms, including the efficiency of preinitiation complex forma-
tion for RNA polymerase I (Pol I) and epigenetic marks in ribosomal RNA genes. These are
affected by cell cycle progression, signal transduction pathways, cell-damaging stresses,
nutrients such as glucose, and the metabolites. Recent studies also suggest that the epige-
netic marks, acetylation and methylation, may be not only controlled by nutrients but also
function as reservoirs for biological resources in chromatin. Further studies would provide
information about the mechanisms cells use to adjust production of cellular components to
available resources and clues for developing novel anti-cancer treatments.

Keywords: ribosomal RNA (rRNA), transcription, nutrients, glucose, epigenetic

1. Introduction

The ribosome is a unique machine for synthesizing protein in organisms. Protein synthesis is
essential for all biological events, and the quantity of ribosomes substantially affects all biolog-
ical activities. Rapidly growing cancer cells require synthesis of much protein and thus many
ribosomes. In vertebrates, a ribosome consists of about 80 proteins and 4 structural ribosomal
RNAs (rRNAs): 5S rRNA, 5.8S rRNA, 18S rRNA, and 28S rRNA [1, 2]. The construction
processes are exceedingly complex and include rRNA transcription, rRNA processing,
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synthesis of ribosome proteins and regulatory proteins, assembly of rRNAs and ribosome
proteins, and maturation of the ribosome (Figure 1). The entire process consumes up to 80%
of the cell’s materials [3, 4], and 80% of the energy to proliferate cells [4, 5]. The materials for
ribosome production are supplied by nutrients that are taken up from the environment.
Therefore, the production of ribosomes is restricted by environmental conditions, and cells

Figure 1. Processes of ribosome construction. Ribosomal RNA transcription, processing, and association of ribosomal
proteins occur in the nucleolus. Mature ribosome functions in the cytoplasm. The process is outlined in the yellow box on
the right side of this figure. Ribosomes contain four structural ribosomal RNAs (rRNAs): 5S rRNA, 5.8S rRNA, 18S rRNA,
and 28S rRNA. The first step of ribosome construction is transcription of ribosomal RNA (rRNA) from the ribosome RNA
gene (rDNA) repeating units in the nucleolus. RNA polymerase I (Pol I) transcribes pre-rRNA, which is processed to three
structured rRNAs (18S, 28S and 5.8S rRNA). 5S rRNA is synthesized by RNA polymerase III. In the mature ribosome, 18S
rRNA is contained in the 40S ribosome (small subunit of ribosome), and 28S, 5.8S, and 5S rRNAs are contained in the 60S
ribosome (large subunit of ribosome). Ribosomal protein assembly, rRNA processing, and maturation occur in the
nucleolus, and ribosomes are exported to the cytoplasm and perform the translation activity.
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should have control of the mechanisms of ribosome production in order to reconcile demands
for cell activities with the available biological resources.

Three of the four structured rRNAs (18S, 28S, and 5.8S rRNA) constituting ribosomes are
produced by processing of a precursor transcript, pre-ribosomal RNA (pre-rRNA). The pre-
rRNA is coded by rRNA genes (rDNA) and specifically transcribed by RNA polymerase I (Pol
I) in the nucleolus. Because a single copy of rDNA is not sufficient to supply the number of rRNA
molecules required, there are 100–300 copies of tandemly repeated rDNAs per haploid genome
in mammals. Paradoxically, only half the copies of rDNA are in transcriptionally active forms
and the rest are silent, which may provide a control step for rRNA transcription [6–9]. The
transcription of rRNA is an essential step in ribosome biogenesis and affects the total number
of ribosomes produced. It was suggested that 75% of total RNAs constitute rRNAs in Hela cells
[10], and the rRNA transcription represents about 35% of all transcripts in proliferating cells [6],
showing that rRNA synthesis uses a lot of materials. Therefore, the control of rRNA transcrip-
tion plays a role in maintaining homeostasis in biological resources. In this review, we describe
the control of rRNA transcription by various factors such as the cell cycle regulators, signal
transduction pathways, growth factors, tumor-related proteins, and cell-damaging stresses.
Then, we will discuss the control mechanisms of rRNA transcription in response to nutrients.

Figure 2. Pre-initiation complex for RNA polymerase I and rRNA processing. The basic composition of the pre-initiation
complex (PIC) for RNA polymerase I is illustrated. PIC is assembled on the rDNA promoter by synergistic action of the
upstream binding factor (UBF), which is bound at the upstream control element (UCE), selective factor 1 (SL1), which is
bound to the core promoter through TATA-box binding protein (TBP), transcription initiation factor IA (TIF-IA), and
RNA polymerase I (Pol I). SL1 contains TBP and Pol I-specific TBP-associated factors (TAFIs: TAFI110, TAFI68, TAFI48,
TAFI41, and TAF12). SL1 on the core promoter recruits RNA polymerase I through TIF-IA, which associates with both
components of Pol I and SL1. After the completion of PIC formation, Pol I is released from the promoter by regulation of
TIF-IA and starts to transcribe pre-rRNA. This release is the initiation step of rRNA transcription. Pre-rRNA is processed
to structured rRNA, 18S, 5.8S, and 28S rRNA to construct ribosomes.
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2. Formation of preinitiation complex (PIC) on rDNA promoter

The first step of rRNA transcription is the formation of the preinitiation complex (PIC) on the
rDNA promoter. The upstream binding factor (UBF), the promoter selective factor 1 (SL1),
transcription initiation factor IA (TIF-IA), and RNA polymerase I (Pol I) synergistically assem-
ble at the rDNA promoter to form PIC (Figure 2). While the name SL1 is used for human
proteins, that for mice is transcription initiation factor 1B (TIF-IB). UBF and SL1 bind to an
upstream control element (UCE) and the core promoter region of rDNA, respectively. SL1
recruits Pol I through TIF-IA, and UBF stabilizes the binding of SL1 to Pol I at the rDNA
promoter [6, 11].

SL1 is a protein complex consisting of TATA-box binding protein (TBP), Pol I-specific TBP-
associated factors (TAFIs), including TAFI110, TAFI68, and TAFI48, which were originally
identified with TBP as essential transcriptional factors by an in vitro transcription assay [12].
TBP is not only a Pol I-specific factor, but also used for transcription by RNA polymerase II and
III. Later, TAFI41 and TAF12 were identified as members of the TAFIs. TAF12 was originally
reported as a transcription factor for RNA polymerase II [13]. One activity of TBP is binding to
the TATA box in the core promoter to recruit SL1 complex. TIF-IA binds to the RPA43 subunit
of Pol I complex and TAFI110, TAFI68, and TAFI41 of the SL1 complex. These binding activities
are essential for TIF-IA to recruit Pol I to the promoter bound by SL1 to facilitate PIC formation
on the rDNA promoter. The formation of PIC is controlled by various factors (Figure 3). When
Pol I starts the rRNA transcription, the interactions forming PIC are disrupted. This disruption
is the initiation step of transcription, one of the control mechanisms.

Figure 3. Factors regulating PIC formation. The PIC for Pol I transcription is controlled by various factors, including cell
cycle signals, signal transduction pathways, stress signals, oncoprotein/tumor suppressors, and others. The classes of
regulatory factors are expressed with specific color boxes as indicated in the box on the right. UBF is activated by cdk
family proteins, ribosomal protein S6 kinase (S6K), casein kinase II (CK2), and CBP, and is repressed by the Rb/HDAC
complex. SL1 is activated by c-Myc, PCAF, and cdc14B, and repressed by p53, SIRT1,cdc2/cyclin B, CK2, PTEN, and
GSK3β. TIF-IA is activated by ERK1/2, RSK, mTOR, and CK2 (activated by Akt), and repressed by JNK2 and AMPK.
RNA polymerase I (Pol I) is activated by SIRT7 and CBP.
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3. Control of rRNA transcription during cell cycle progression

The activities of all classes of RNA polymerases are controlled during the cell cycle progres-
sion [14, 15]. The cell cycle regulator cyclin/cdk complexes control the level of rRNA tran-
scription (Figure 3). In the M phase, SL1 is inactivated by cdk1/cyclin B (cdc2/cyclin B)
through phosphorylation of TAFI110 to silence rRNA transcription [16, 17]. On exiting
mitosis, the phosphorylation in TAFI110 is removed by cell division cycle 14B (Cdc14B)
[18]. Additionally, mitotic repression of rRNA transcription correlates with the hypo-
acetylation of TAFI68 caused by Sirtuin 1 (SIRT1). The hypo-acetylation makes SL1 instable
on binding to the rDNA promoter [18]. It was also reported that the site of deacetylation of
TAFI68 by SIRT1 is acetylated by p300/CBP-associated factor (PCAF), which is correlated
with the activation of rRNA transcription [18].

After mitosis, rRNA transcription is re-activated by G1/S-specific cyclins (cdk4/cyclin D, cdk2/
cyclin E, cdk2/cyclin A) through phosphorylation of UBF on the specific sites (cdk4/cyclin D
(S484), cdk2/cyclin E (S388, S484), cdk2/cyclin A (S388): in mouse) [19, 20].

4. Signal transduction pathways control rRNA transcription

Protein synthesis is required for cell growth, and the signal transduction pathways that affect
cell growth, including phosphoinositide 3-kinase (PI3K)-AKT-mammalian target of rapamycin
(mTOR) signaling and ERK (MAPK) signaling, are involved in the regulation of rRNA tran-
scription (Figure 3).

The PI3K-AKT-mTOR signal pathway is stimulated by binding of insulin/Insulin-like growth
factors (IGF) to their cognate receptors on the cell surface. AKT activates rRNA transcription
through the phosphorylation of CK2. CK2 regulates rRNA transcription at multiple levels by
affecting the formation of PIC, initiation, elongation, and reinitiation, through phosphorylation
of several proteins including UBF, TAFI110 (SL1), and TIF-IA [21–26]. mTOR activates rRNA
synthesis by translocating TIF-IA into the nucleolus using kinase activity [27]. The ribosomal
protein S6 kinase (S6K), which is a downstream kinase of mTOR, also activates rRNA synthe-
sis through regulation of UBF-SL1 interaction by phosphorylation of UBF. The mTOR activity
also enhances the expression of UBF [28]. SNF2 histone linker PHD RING helicase (SHPRH),
which was identified as a RAD5 homolog and known as E3 ubiquitin-protein ligase, binds to
rDNA promoters using its PHD domain and promotes recruitment of Pol I to rDNA (Figure 4).
This activation of rRNA transcription by SHPRH is inhibited in an mTOR-dependent manner
[29]. K-demethylase 4A (KDM4A)/JMJD2A activates rRNA transcription on serum stimulation
(Figure 4). This activation is mediated through the PI3K/serum/glucocorticoid regulated
kinase 1 (SGK1) signaling cascade independent of the AKT pathway. SGK1 is one of the
downstream kinases of PI3K signaling. The serum-stimulated KDM4A decreases a repressive
histone H3K9me3 mark modification in rDNA to activate rRNA transcription [30]. In mouse
adipocytes, polymerase I transcription and release factor (PTRF)/Cavin-1 promotes rRNA
transcription, which is induced by insulin and repressed by fasting (Figure 4). The stimulation
of rRNA transcription by PTRF is mediated by the formation of the transcription loop that
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Pol I starts the rRNA transcription, the interactions forming PIC are disrupted. This disruption
is the initiation step of transcription, one of the control mechanisms.

Figure 3. Factors regulating PIC formation. The PIC for Pol I transcription is controlled by various factors, including cell
cycle signals, signal transduction pathways, stress signals, oncoprotein/tumor suppressors, and others. The classes of
regulatory factors are expressed with specific color boxes as indicated in the box on the right. UBF is activated by cdk
family proteins, ribosomal protein S6 kinase (S6K), casein kinase II (CK2), and CBP, and is repressed by the Rb/HDAC
complex. SL1 is activated by c-Myc, PCAF, and cdc14B, and repressed by p53, SIRT1,cdc2/cyclin B, CK2, PTEN, and
GSK3β. TIF-IA is activated by ERK1/2, RSK, mTOR, and CK2 (activated by Akt), and repressed by JNK2 and AMPK.
RNA polymerase I (Pol I) is activated by SIRT7 and CBP.
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3. Control of rRNA transcription during cell cycle progression

The activities of all classes of RNA polymerases are controlled during the cell cycle progres-
sion [14, 15]. The cell cycle regulator cyclin/cdk complexes control the level of rRNA tran-
scription (Figure 3). In the M phase, SL1 is inactivated by cdk1/cyclin B (cdc2/cyclin B)
through phosphorylation of TAFI110 to silence rRNA transcription [16, 17]. On exiting
mitosis, the phosphorylation in TAFI110 is removed by cell division cycle 14B (Cdc14B)
[18]. Additionally, mitotic repression of rRNA transcription correlates with the hypo-
acetylation of TAFI68 caused by Sirtuin 1 (SIRT1). The hypo-acetylation makes SL1 instable
on binding to the rDNA promoter [18]. It was also reported that the site of deacetylation of
TAFI68 by SIRT1 is acetylated by p300/CBP-associated factor (PCAF), which is correlated
with the activation of rRNA transcription [18].

After mitosis, rRNA transcription is re-activated by G1/S-specific cyclins (cdk4/cyclin D, cdk2/
cyclin E, cdk2/cyclin A) through phosphorylation of UBF on the specific sites (cdk4/cyclin D
(S484), cdk2/cyclin E (S388, S484), cdk2/cyclin A (S388): in mouse) [19, 20].

4. Signal transduction pathways control rRNA transcription

Protein synthesis is required for cell growth, and the signal transduction pathways that affect
cell growth, including phosphoinositide 3-kinase (PI3K)-AKT-mammalian target of rapamycin
(mTOR) signaling and ERK (MAPK) signaling, are involved in the regulation of rRNA tran-
scription (Figure 3).

The PI3K-AKT-mTOR signal pathway is stimulated by binding of insulin/Insulin-like growth
factors (IGF) to their cognate receptors on the cell surface. AKT activates rRNA transcription
through the phosphorylation of CK2. CK2 regulates rRNA transcription at multiple levels by
affecting the formation of PIC, initiation, elongation, and reinitiation, through phosphorylation
of several proteins including UBF, TAFI110 (SL1), and TIF-IA [21–26]. mTOR activates rRNA
synthesis by translocating TIF-IA into the nucleolus using kinase activity [27]. The ribosomal
protein S6 kinase (S6K), which is a downstream kinase of mTOR, also activates rRNA synthe-
sis through regulation of UBF-SL1 interaction by phosphorylation of UBF. The mTOR activity
also enhances the expression of UBF [28]. SNF2 histone linker PHD RING helicase (SHPRH),
which was identified as a RAD5 homolog and known as E3 ubiquitin-protein ligase, binds to
rDNA promoters using its PHD domain and promotes recruitment of Pol I to rDNA (Figure 4).
This activation of rRNA transcription by SHPRH is inhibited in an mTOR-dependent manner
[29]. K-demethylase 4A (KDM4A)/JMJD2A activates rRNA transcription on serum stimulation
(Figure 4). This activation is mediated through the PI3K/serum/glucocorticoid regulated
kinase 1 (SGK1) signaling cascade independent of the AKT pathway. SGK1 is one of the
downstream kinases of PI3K signaling. The serum-stimulated KDM4A decreases a repressive
histone H3K9me3 mark modification in rDNA to activate rRNA transcription [30]. In mouse
adipocytes, polymerase I transcription and release factor (PTRF)/Cavin-1 promotes rRNA
transcription, which is induced by insulin and repressed by fasting (Figure 4). The stimulation
of rRNA transcription by PTRF is mediated by the formation of the transcription loop that
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links the transcriptional start sites and termination sites. The formation may enhance transcrip-
tional reinitiation [31].

The binding of epidermal growth factor (EGF) or its related ligands to their cognate recep-
tors on the cell surface stimulates a signaling cascade including the GTPase Ras, the kinases
Raf, MAP kinase-ERK kinase (MEK), and extracellular signal-regulated kinase (ERK). ERK
activates rRNA transcription through phosphorylation of UBF in the promoter [32] and
gene body regions [33] (Figure 3).This phosphorylation decreases the binding capacity of
UBF to rDNA. In this case, it was reported that the dissociation of UBF from rDNA
enhances Pol I release from the promoter, leading to activation of rRNA transcription.
Additionally, ERK/90 kDa ribosomal S6 kinase (RSK) phosphorylates TIF-IA to activate rRNA
transcription [34] (Figure 3). It is still unclear how the phosphorylation by RSK induces rRNA
transcription.

Figure 4. Signal transduction pathways under growth factor controlled rRNA transcription. Growth factors including
insulin, insulin-like growth factor (IGF-1), epidermal growth factor (EGF), and unidentified serum factors (Serum) control
rRNA transcription through signal transduction pathways, such as PI3K/mTOR, PI3K/SGK and ERK1/2, which control
PIC components (SL1, TIF-IA, and Pol I), transcription factors (PTRF/Carvin-1, c-Myc and SHPRH) or chromatin/nucleo-
some regulators (lncRNA, NuRD, and KDM2B).
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Elevation of the concentration of calcium ions (Ca2+) in the cytoplasm stimulates the signaling
pathway of calcium/calmodulin-dependent protein kinase II (CaMKII). The stimulated CaMKII
activates S6K, which phosphorylates UBF to activate rRNA transcription in colorectal cancer
(CRC) (Figure 3). In CRC, the function of adenomatous polyposis coli (APC) gene is frequently
lost and the level of Ca2+ is increased in the cells [35].

5. Control of rRNA transcription by unidentified serum factors

Serum, used to supplement the cell culturing medium, contains many factors that control
rRNA transcription. Although all factors and signal cascades are not completely identified,
they perform critical functions in the regulation of rRNA transcription (Figure 4).

Depletion of serum from a culture medium represses rRNA transcription. c-Myc plays a critical
role for cell growth and proliferation in many types of cells, and is deregulated and over-
expressed in tumor cells. c-Myc associates with the promoter and transcribed regions of rDNA
and activates rRNA transcription in response to serum stimulation [36].

K-demethylase 2B (KDM2B)/JHDM1B is bound to rDNA to repress rRNA transcription. The
repression is associated with the demethylation of trimethylated lysine 4 on histone H3
(H3K4me3) by KDM2B. Serum starvation increases the recruitment of KDM2B on rDNA, and
resupply of serum decreases it. These data suggest that the activity of KDM2B in controlling
rRNA transcription is regulated by serum factors [37].

The specific long non-coding RNAs (lncRNAs) are induced during periods of quiescence, such as
serum starvation, and increase the level of histone H4K20me3 on the rDNA promoter in a
suppressor of variegation 4-20 homolog (Suv4-20 h)-dependent manner. The elevated level of
H4K20me3 leads to chromatin compaction. The lncRNAs are antisense transcripts against rDNA,
are termed the promoter and pre-rRNA antisense (PAPAS), and associated with rDNA [38].

A chromatin remodeling complex, nucleosome remodeling deacetylase (NuRD), establishes
the poised state of rDNA through regulation of histone modifications and nucleosome posi-
tions. The level of the state of rDNA is increased in the growth-arrested conditions induced by
serum starvation and differentiation [39].

6. Oncoprotein and tumor suppressors in rDNA transcription

Tumor cells show abnormal growth that is thought to be associated with the elevation of
ribosome biogenesis, and regulation of rRNA transcription by oncogenes and tumor-suppressor
genes was reported.

The oncoprotein c-Myc is the product of oncogene c-myc, and its expression is stimulated by
serum and associated with rRNA transcription [36] (Figure 4 and Section 5). It was reported
that c-Myc binds to the sites with the consensus sequences on rDNA and stimulates rRNA
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links the transcriptional start sites and termination sites. The formation may enhance transcrip-
tional reinitiation [31].

The binding of epidermal growth factor (EGF) or its related ligands to their cognate recep-
tors on the cell surface stimulates a signaling cascade including the GTPase Ras, the kinases
Raf, MAP kinase-ERK kinase (MEK), and extracellular signal-regulated kinase (ERK). ERK
activates rRNA transcription through phosphorylation of UBF in the promoter [32] and
gene body regions [33] (Figure 3).This phosphorylation decreases the binding capacity of
UBF to rDNA. In this case, it was reported that the dissociation of UBF from rDNA
enhances Pol I release from the promoter, leading to activation of rRNA transcription.
Additionally, ERK/90 kDa ribosomal S6 kinase (RSK) phosphorylates TIF-IA to activate rRNA
transcription [34] (Figure 3). It is still unclear how the phosphorylation by RSK induces rRNA
transcription.

Figure 4. Signal transduction pathways under growth factor controlled rRNA transcription. Growth factors including
insulin, insulin-like growth factor (IGF-1), epidermal growth factor (EGF), and unidentified serum factors (Serum) control
rRNA transcription through signal transduction pathways, such as PI3K/mTOR, PI3K/SGK and ERK1/2, which control
PIC components (SL1, TIF-IA, and Pol I), transcription factors (PTRF/Carvin-1, c-Myc and SHPRH) or chromatin/nucleo-
some regulators (lncRNA, NuRD, and KDM2B).
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Elevation of the concentration of calcium ions (Ca2+) in the cytoplasm stimulates the signaling
pathway of calcium/calmodulin-dependent protein kinase II (CaMKII). The stimulated CaMKII
activates S6K, which phosphorylates UBF to activate rRNA transcription in colorectal cancer
(CRC) (Figure 3). In CRC, the function of adenomatous polyposis coli (APC) gene is frequently
lost and the level of Ca2+ is increased in the cells [35].

5. Control of rRNA transcription by unidentified serum factors

Serum, used to supplement the cell culturing medium, contains many factors that control
rRNA transcription. Although all factors and signal cascades are not completely identified,
they perform critical functions in the regulation of rRNA transcription (Figure 4).

Depletion of serum from a culture medium represses rRNA transcription. c-Myc plays a critical
role for cell growth and proliferation in many types of cells, and is deregulated and over-
expressed in tumor cells. c-Myc associates with the promoter and transcribed regions of rDNA
and activates rRNA transcription in response to serum stimulation [36].

K-demethylase 2B (KDM2B)/JHDM1B is bound to rDNA to repress rRNA transcription. The
repression is associated with the demethylation of trimethylated lysine 4 on histone H3
(H3K4me3) by KDM2B. Serum starvation increases the recruitment of KDM2B on rDNA, and
resupply of serum decreases it. These data suggest that the activity of KDM2B in controlling
rRNA transcription is regulated by serum factors [37].

The specific long non-coding RNAs (lncRNAs) are induced during periods of quiescence, such as
serum starvation, and increase the level of histone H4K20me3 on the rDNA promoter in a
suppressor of variegation 4-20 homolog (Suv4-20 h)-dependent manner. The elevated level of
H4K20me3 leads to chromatin compaction. The lncRNAs are antisense transcripts against rDNA,
are termed the promoter and pre-rRNA antisense (PAPAS), and associated with rDNA [38].

A chromatin remodeling complex, nucleosome remodeling deacetylase (NuRD), establishes
the poised state of rDNA through regulation of histone modifications and nucleosome posi-
tions. The level of the state of rDNA is increased in the growth-arrested conditions induced by
serum starvation and differentiation [39].

6. Oncoprotein and tumor suppressors in rDNA transcription

Tumor cells show abnormal growth that is thought to be associated with the elevation of
ribosome biogenesis, and regulation of rRNA transcription by oncogenes and tumor-suppressor
genes was reported.

The oncoprotein c-Myc is the product of oncogene c-myc, and its expression is stimulated by
serum and associated with rRNA transcription [36] (Figure 4 and Section 5). It was reported
that c-Myc binds to the sites with the consensus sequences on rDNA and stimulates rRNA
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transcription [40]. c-Myc is also reported to control the PIC factors such as UBF and ribosomal
proteins [41–43]. Therefore, c-Myc activates ribosome biogenesis at multiple steps [3, 44, 45] .

The rb gene is a tumor-suppressor gene. Rb protein binds to UBF, which may be related to
restriction of cell proliferation by Rb [46]. The binding of Rb to UBF inhibits the binding of UBF
to rDNA [47] or inhibits the binding of UBF to SL1 [48], both of which result in the repression
of rRNA transcription (Figure 3). Another report suggested that phosphorylated Rb (pRb)
creates a complex with histone deacetylase (HDAC) and decreases the acetylation of UBF to
repress rRNA transcription [49]. In this study, it was also reported that the acetylation in UBF
is modified by CREB-binding protein (CBP) (Figure 3).

A tumor-suppressor gene, p53, is frequently mutated in tumors, and p53 protein represses
rRNA transcription through prevention of the interaction between SL1 and UBF [50] (Figure 3).
The phosphatase and tensin homolog deleted from chromosome 10 (PTEN) is known as a
tumor suppressor. PTEN represses rRNA transcription by disrupting the SL1 complex in its
lipid phosphatase activity-dependent manner [51] (Figure 3). It was also reported that PTEN is
phosphorylated by glycogen synthase kinase (GSK) 3β [52]. GSK3β and PTEN are selectively
enriched in the nucleoli of RAS-transformed cells and associate with the promoter and coding
region of the rDNA [53]. An activated GSK3β mutant abolishes rRNA transcription and
associates with TAFI110 in the SL1 complex [53]. These results suggest a repressive function
for GSK3β on rRNA transcription that supports its role as a tumor suppressor.

7. Controls of rRNA transcription by cell-damaging stresses

A variety of stresses such as UV, ionizing radiation, heat shock, and osmotic shock attack cellular
vital components like DNA, proteins, and lipid membranes. These stresses also affect rRNA
transcription.

c-Jun N-terminal kinase (JNK) phosphorylates c-Jun at the NH2-terminal Ser63 and 73 residues
in response to UV irradiation and other stress stimuli [54]. JNK2 inactivates rRNA transcription
through phosphorylation of TIF-IA to inhibit its function of bridging between Pol I and SL1
[55] (Figure 3).

The DNA damage caused by ionizing radiation also induces the repression of rRNA transcrip-
tion through other pathways, which involves Nijmegen breakage syndrome protein 1 (NBS1)-
treacle, Ataxia Telangiectasia Mutated (ATM), and breast cancer susceptibility gene I (BRCA1).
In the presence of double strand breaks induced by ionizing radiation, NBS1 translocates and
accumulates in nucleoli in a treacle-dependent manner to silence rRNA transcription [56]. The
treacle gene was found to be mutated in Treacher Collins syndrome, which is characterized by
deformation of bones and other tissues in the face. ATM-dependent signaling was shown to
shut-down rRNA transcription in response to chromosome breaks [57]. BRCA1, known as a
tumor suppressor, was reported to interact with UBF, SL1, and Pol I. In response to DNA
damage, BRCA1 bound to rDNA is dissociated, and induces instability of Pol I on rDNA to
repress rRNA transcription [58].

Gene Expression and Regulation in Mammalian Cells - Transcription Toward the Establishment of Novel Therapeutics32

Heat shock at 42�C represses rRNA transcription through the inactivation of TIF-IA by inhibition
of CK2-dependent phosphorylation of TIF-IA and the lncRNAs PAPAS-dependent nucleosome
regulation by NuRD complex [59]. Hypotonic stress represses rRNA transcription through
upregulation of PAPAS to trigger nucleosome repositioning by NuRD [60]. In these conditions,
Suv420h2 was neddylated and the levels of Suv420h2 and H4K20me3 marks were increased.
However, the relationship between PAPAS and Suv420h2 was not clear. Cytoskeletal stress,
which is related to cell shape, represses rRNA transcription through Rho-associated protein kinase
(ROCK). ROCK is one of the kinases of myosin and induces recruitment of HDAC on rDNA,
resulting in deacetylation of histone acetylated lysine 9 and 14 on histone H3 (H3K9/14) [61].

8. Control of rRNA transcription by nutrients

Cells obtain biological resources for cellular activities from their environment. The sensing of
environmental nutrients is important for efficient usage of nutrients and maintaining cells. In
murine intestinal epithelium, apical transcripts are more efficiently translated, because ribo-
somes were more abundant on the apical sides. Refeeding of fasted mice induces a basal to
apical shift of mRNAs encoding ribosomal proteins, which is associated with an increase in
their translation and increased protein production. These mechanisms allow efficient nutrient
absorption in response to the rich conditions, although the molecular mechanisms are not clear
[62]. It was shown that mTOR senses the levels of amino acids, especially leucine, in cells, and
controls the translation activity through regulation of the eukaryotic translation initiation
factor 4E binding protein (4E-BP)-eukaryotic translation initiation factor 4E (elF4E) axis and
p70 S6K-S6 axis [4, 63, 64]. Recently, increasing evidence shows the presence of specific
mechanisms to control rRNA transcription in response to nutrients (Figure 5).

8.1. Amino acids

The starvation of amino acids affects the frequency of initiation of nucleolar RNA polymerase,
which was later established to be an rRNA transcription by Pol I [65]. The starvation of amino
acids decreases the interaction of TIF-IA with SL1 and Pol I [66]. As described above in Section
4, mTOR controls rRNA transcription, and is important for regulation of rRNA transcription in
response to amino acid levels. Amino acid starvation inhibits the activity of mTOR and its
downstream kinase S6K. mTOR and S6K control TIF-IA and UBF, respectively, to regulate
rRNA transcription [27, 67].

c-MYC is also involved in regulation of rDNA transcription in response to starvation of amino
acids. Although translation of c-Myc is reported to be controlled by mTOR signaling [68, 69],
the stabilization of c-Myc in response to amino acid starvation is controlled by an mTOR-
independent pathway [70].

8.2. Guanosine triphosphate (GTP)

It was reported that the sizes of ATP and GTP intracellular pools affect the level of nucleolar
RNA synthesis (rRNA transcription) [71]. Recently, the consensus sequences for GTP binding
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transcription [40]. c-Myc is also reported to control the PIC factors such as UBF and ribosomal
proteins [41–43]. Therefore, c-Myc activates ribosome biogenesis at multiple steps [3, 44, 45] .

The rb gene is a tumor-suppressor gene. Rb protein binds to UBF, which may be related to
restriction of cell proliferation by Rb [46]. The binding of Rb to UBF inhibits the binding of UBF
to rDNA [47] or inhibits the binding of UBF to SL1 [48], both of which result in the repression
of rRNA transcription (Figure 3). Another report suggested that phosphorylated Rb (pRb)
creates a complex with histone deacetylase (HDAC) and decreases the acetylation of UBF to
repress rRNA transcription [49]. In this study, it was also reported that the acetylation in UBF
is modified by CREB-binding protein (CBP) (Figure 3).

A tumor-suppressor gene, p53, is frequently mutated in tumors, and p53 protein represses
rRNA transcription through prevention of the interaction between SL1 and UBF [50] (Figure 3).
The phosphatase and tensin homolog deleted from chromosome 10 (PTEN) is known as a
tumor suppressor. PTEN represses rRNA transcription by disrupting the SL1 complex in its
lipid phosphatase activity-dependent manner [51] (Figure 3). It was also reported that PTEN is
phosphorylated by glycogen synthase kinase (GSK) 3β [52]. GSK3β and PTEN are selectively
enriched in the nucleoli of RAS-transformed cells and associate with the promoter and coding
region of the rDNA [53]. An activated GSK3β mutant abolishes rRNA transcription and
associates with TAFI110 in the SL1 complex [53]. These results suggest a repressive function
for GSK3β on rRNA transcription that supports its role as a tumor suppressor.

7. Controls of rRNA transcription by cell-damaging stresses

A variety of stresses such as UV, ionizing radiation, heat shock, and osmotic shock attack cellular
vital components like DNA, proteins, and lipid membranes. These stresses also affect rRNA
transcription.

c-Jun N-terminal kinase (JNK) phosphorylates c-Jun at the NH2-terminal Ser63 and 73 residues
in response to UV irradiation and other stress stimuli [54]. JNK2 inactivates rRNA transcription
through phosphorylation of TIF-IA to inhibit its function of bridging between Pol I and SL1
[55] (Figure 3).

The DNA damage caused by ionizing radiation also induces the repression of rRNA transcrip-
tion through other pathways, which involves Nijmegen breakage syndrome protein 1 (NBS1)-
treacle, Ataxia Telangiectasia Mutated (ATM), and breast cancer susceptibility gene I (BRCA1).
In the presence of double strand breaks induced by ionizing radiation, NBS1 translocates and
accumulates in nucleoli in a treacle-dependent manner to silence rRNA transcription [56]. The
treacle gene was found to be mutated in Treacher Collins syndrome, which is characterized by
deformation of bones and other tissues in the face. ATM-dependent signaling was shown to
shut-down rRNA transcription in response to chromosome breaks [57]. BRCA1, known as a
tumor suppressor, was reported to interact with UBF, SL1, and Pol I. In response to DNA
damage, BRCA1 bound to rDNA is dissociated, and induces instability of Pol I on rDNA to
repress rRNA transcription [58].
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Heat shock at 42�C represses rRNA transcription through the inactivation of TIF-IA by inhibition
of CK2-dependent phosphorylation of TIF-IA and the lncRNAs PAPAS-dependent nucleosome
regulation by NuRD complex [59]. Hypotonic stress represses rRNA transcription through
upregulation of PAPAS to trigger nucleosome repositioning by NuRD [60]. In these conditions,
Suv420h2 was neddylated and the levels of Suv420h2 and H4K20me3 marks were increased.
However, the relationship between PAPAS and Suv420h2 was not clear. Cytoskeletal stress,
which is related to cell shape, represses rRNA transcription through Rho-associated protein kinase
(ROCK). ROCK is one of the kinases of myosin and induces recruitment of HDAC on rDNA,
resulting in deacetylation of histone acetylated lysine 9 and 14 on histone H3 (H3K9/14) [61].

8. Control of rRNA transcription by nutrients

Cells obtain biological resources for cellular activities from their environment. The sensing of
environmental nutrients is important for efficient usage of nutrients and maintaining cells. In
murine intestinal epithelium, apical transcripts are more efficiently translated, because ribo-
somes were more abundant on the apical sides. Refeeding of fasted mice induces a basal to
apical shift of mRNAs encoding ribosomal proteins, which is associated with an increase in
their translation and increased protein production. These mechanisms allow efficient nutrient
absorption in response to the rich conditions, although the molecular mechanisms are not clear
[62]. It was shown that mTOR senses the levels of amino acids, especially leucine, in cells, and
controls the translation activity through regulation of the eukaryotic translation initiation
factor 4E binding protein (4E-BP)-eukaryotic translation initiation factor 4E (elF4E) axis and
p70 S6K-S6 axis [4, 63, 64]. Recently, increasing evidence shows the presence of specific
mechanisms to control rRNA transcription in response to nutrients (Figure 5).

8.1. Amino acids

The starvation of amino acids affects the frequency of initiation of nucleolar RNA polymerase,
which was later established to be an rRNA transcription by Pol I [65]. The starvation of amino
acids decreases the interaction of TIF-IA with SL1 and Pol I [66]. As described above in Section
4, mTOR controls rRNA transcription, and is important for regulation of rRNA transcription in
response to amino acid levels. Amino acid starvation inhibits the activity of mTOR and its
downstream kinase S6K. mTOR and S6K control TIF-IA and UBF, respectively, to regulate
rRNA transcription [27, 67].

c-MYC is also involved in regulation of rDNA transcription in response to starvation of amino
acids. Although translation of c-Myc is reported to be controlled by mTOR signaling [68, 69],
the stabilization of c-Myc in response to amino acid starvation is controlled by an mTOR-
independent pathway [70].

8.2. Guanosine triphosphate (GTP)

It was reported that the sizes of ATP and GTP intracellular pools affect the level of nucleolar
RNA synthesis (rRNA transcription) [71]. Recently, the consensus sequences for GTP binding

Control of Ribosomal RNA Transcription by Nutrients
http://dx.doi.org/10.5772/intechopen.71866

33



were identified in TIF-IA [72], and the binding of TIF-IA to GTP is required for the interaction
of TIF-IA with ErbB3-binding protein (Ebp1). Ebp1 controls ribosomal biogenesis when
located in the nucleolus [73]. Therefore, the level of GTP appears to be sensed by TIF-IA to
affect rRNA transcription (Figure 5).

8.3. Glucose

The major energy source for cells is glucose. Glucose is used to synthesize ATP. ATP is
essential for most biological activities, including ribosome biogenesis. Several studies demon-
strated that the levels of glucose and ATP production affect rRNA transcription.

Figure 5. Glucose and amino acids control rRNA transcription. Glucose, amino acids, and GTP control rRNA
transcription through several pathways, such as ERK, mTOR/S6K, and AMPK, which control PIC components (UBF,
SL1, and TIF-IA), transcription factors (c-Myc), or chromatin regulators (KDM2A, PIH1, and SIRT1/NML). High
glucose activates ERK and mTOR/S6K pathways to control UBF. High glucose also activates PIH1 to control chro-
matin. Glucose depletion or low energy conditions activate SIRT1/NML and the AMPK pathway. Activated AMPK
controls the activities of TIF-IA and KDM2A. Activated KDM2A controls rDNA chromatin to inhibit rRNA tran-
scription. Amino acid depletion represses the mTOR pathway, resulting in the repression of TIF-IA, and decreases the
expression of c-Myc. Guanosine triphosphate (GTP) is bound to TIF-IA, and the binding is required to control rRNA
transcription.
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Ribosomal biogenesis including rRNA transcription was reported to be induced by high
glucose treatment or diabetes. A high level of glucose activates UBF through ERK1/2 and
mTOR in kidney glomerular epithelial cells of mice [74].

The PIH1 domain-containing protein 1 (PIH1)/Nop17 is reported to enhance rRNA transcrip-
tion through the recruitment of SNF5-Brg1 complex on the rRNA promoter [75] (Figure 5). The
complex increases acetylation of several histones, except histone H4K16Ac, on rDNA in high
glucose conditions. Until now, the acetylation marks of histone in rDNA, excluding the acety-
lation at K16 in histone H4 (H4K16Ac), are linked to activation of transcription. The acetylated
histones function as active marks in transcription in many cases because the acetylation of
histone weakens the interaction of histone octamers with DNA, and the acetylated histones are
recognized by several transcription-activating factors. On the other hand, the H4K16Ac mark
is reported to be recognized by nucleolar remodeling complex (NoRC) in rDNA, which
induces chromatin-silencing status [76]. Glucose starvation dissociates PIH1 and the SNF5-
Brg1 complex from rDNA and increases histone H4K16Ac marks, which repress rRNA tran-
scription [75]. Another report suggested that PIH1 interacts with mTORC1 to stabilize it,
resulting in enhancement of rRNA transcription [77].

8.4. AMPK is activated by glucose starvation

Glucose starvation decreases ATP production and activates AMPK (Figure 5). The AMP-
activated kinase (AMPK) is known as an energy sensor, which recognizes the ratios of AMP,
ADP, and ATP and regulates many phenomena in cells to maintain energy homeostasis.

Additionally, a recent study showed the existence of an AMP/ADP-independent mechanism
that triggers AMPK activation (Figure 6). Glycolysis is a determined sequence of 10 enzyme-
catalyzed reactions. In the fourth step, the hexose ring of fructose 1, 6-bisphosphate (FBP) is
split by aldolase into two triose sugars: dihydroxyacetone phosphate (a ketose) and glyceral-
dehyde 3-phosphate (an aldose). When extracellular glucose is decreased, intracellular FBP is
decreased, and aldolase unoccupied by FBP promotes the formation of a lysosomal complex
containing v-ATPase axin, liver kinase B1 (LKB1), and AMPK, which regulates AMPK activity
[78]. These results suggest that the decreased level of the metabolite in glycolysis controls
AMPK before the reduction of ATP production just after changing environmental conditions,
emphasizing that AMPK is a highly sensitive monitor of energy conditions.

AMPK induces phosphorylation of TIF-IA (Figure 5). The phosphorylation of TIF-IA by
AMPK reduces interaction of TIF-IA with SL1, decreases the TIF-IA amount on the rDNA
promoter, and interrupts PIC assembly, which results in the reduction of rRNA transcription
[79].

KDM2A, identified as mono- and di-methylated lysine 36 on histone H3 (H3K36me1/2)
demethylase [80], is accumulated in the nucleolus and binds to rDNA [81]. The repression of
rRNA transcription by KDM2A is induced in response to serum and glucose starvation
(Figure 5). The repression requires the demethylase activity of KDM2A on the rDNA promoter
[82]. The KDM2A-dependent regulation affects the levels of protein synthesis [81]. The
demethylase activity of KDM2A proceeds with a co-reaction in which α-ketoglutarate (α-KG)
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were identified in TIF-IA [72], and the binding of TIF-IA to GTP is required for the interaction
of TIF-IA with ErbB3-binding protein (Ebp1). Ebp1 controls ribosomal biogenesis when
located in the nucleolus [73]. Therefore, the level of GTP appears to be sensed by TIF-IA to
affect rRNA transcription (Figure 5).

8.3. Glucose

The major energy source for cells is glucose. Glucose is used to synthesize ATP. ATP is
essential for most biological activities, including ribosome biogenesis. Several studies demon-
strated that the levels of glucose and ATP production affect rRNA transcription.

Figure 5. Glucose and amino acids control rRNA transcription. Glucose, amino acids, and GTP control rRNA
transcription through several pathways, such as ERK, mTOR/S6K, and AMPK, which control PIC components (UBF,
SL1, and TIF-IA), transcription factors (c-Myc), or chromatin regulators (KDM2A, PIH1, and SIRT1/NML). High
glucose activates ERK and mTOR/S6K pathways to control UBF. High glucose also activates PIH1 to control chro-
matin. Glucose depletion or low energy conditions activate SIRT1/NML and the AMPK pathway. Activated AMPK
controls the activities of TIF-IA and KDM2A. Activated KDM2A controls rDNA chromatin to inhibit rRNA tran-
scription. Amino acid depletion represses the mTOR pathway, resulting in the repression of TIF-IA, and decreases the
expression of c-Myc. Guanosine triphosphate (GTP) is bound to TIF-IA, and the binding is required to control rRNA
transcription.
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Ribosomal biogenesis including rRNA transcription was reported to be induced by high
glucose treatment or diabetes. A high level of glucose activates UBF through ERK1/2 and
mTOR in kidney glomerular epithelial cells of mice [74].

The PIH1 domain-containing protein 1 (PIH1)/Nop17 is reported to enhance rRNA transcrip-
tion through the recruitment of SNF5-Brg1 complex on the rRNA promoter [75] (Figure 5). The
complex increases acetylation of several histones, except histone H4K16Ac, on rDNA in high
glucose conditions. Until now, the acetylation marks of histone in rDNA, excluding the acety-
lation at K16 in histone H4 (H4K16Ac), are linked to activation of transcription. The acetylated
histones function as active marks in transcription in many cases because the acetylation of
histone weakens the interaction of histone octamers with DNA, and the acetylated histones are
recognized by several transcription-activating factors. On the other hand, the H4K16Ac mark
is reported to be recognized by nucleolar remodeling complex (NoRC) in rDNA, which
induces chromatin-silencing status [76]. Glucose starvation dissociates PIH1 and the SNF5-
Brg1 complex from rDNA and increases histone H4K16Ac marks, which repress rRNA tran-
scription [75]. Another report suggested that PIH1 interacts with mTORC1 to stabilize it,
resulting in enhancement of rRNA transcription [77].

8.4. AMPK is activated by glucose starvation

Glucose starvation decreases ATP production and activates AMPK (Figure 5). The AMP-
activated kinase (AMPK) is known as an energy sensor, which recognizes the ratios of AMP,
ADP, and ATP and regulates many phenomena in cells to maintain energy homeostasis.

Additionally, a recent study showed the existence of an AMP/ADP-independent mechanism
that triggers AMPK activation (Figure 6). Glycolysis is a determined sequence of 10 enzyme-
catalyzed reactions. In the fourth step, the hexose ring of fructose 1, 6-bisphosphate (FBP) is
split by aldolase into two triose sugars: dihydroxyacetone phosphate (a ketose) and glyceral-
dehyde 3-phosphate (an aldose). When extracellular glucose is decreased, intracellular FBP is
decreased, and aldolase unoccupied by FBP promotes the formation of a lysosomal complex
containing v-ATPase axin, liver kinase B1 (LKB1), and AMPK, which regulates AMPK activity
[78]. These results suggest that the decreased level of the metabolite in glycolysis controls
AMPK before the reduction of ATP production just after changing environmental conditions,
emphasizing that AMPK is a highly sensitive monitor of energy conditions.

AMPK induces phosphorylation of TIF-IA (Figure 5). The phosphorylation of TIF-IA by
AMPK reduces interaction of TIF-IA with SL1, decreases the TIF-IA amount on the rDNA
promoter, and interrupts PIC assembly, which results in the reduction of rRNA transcription
[79].

KDM2A, identified as mono- and di-methylated lysine 36 on histone H3 (H3K36me1/2)
demethylase [80], is accumulated in the nucleolus and binds to rDNA [81]. The repression of
rRNA transcription by KDM2A is induced in response to serum and glucose starvation
(Figure 5). The repression requires the demethylase activity of KDM2A on the rDNA promoter
[82]. The KDM2A-dependent regulation affects the levels of protein synthesis [81]. The
demethylase activity of KDM2A proceeds with a co-reaction in which α-ketoglutarate (α-KG)
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is converted to succinate, both of which are organic acids constituting the TCA cycle. Interest-
ingly, the enzyme activity of KDM2A is controlled by cell-permeable succinate (dimethyl
succinate: DMS), suggesting that metabolites in the TCA cycle affect KDM2A activity. Recently,
it was found that glucose starvation in the presence of serum induces the repression of rRNA
transcription by KDM2A, in which activated AMPK induces KDM2A activity [83] (Figure 5).
Interestingly, treatment with a low concentration of the glycolysis inhibitor 2-deoxy-D-glucose
(2DG) induces KDM2A-dependent repression of rRNA transcription associated with histone
demethylation on the rDNA promoter, although it does not dissociate TIF-IA from the rDNA
promoter. Treatment with a high concentration of 2DG induces both the dissociation of TIF-IA
from the rDNA promoter and KDM2A-dependent demethylation of the rDNA promoter.
These results suggest that the repression of rRNA transcription in response to glucose starva-
tion is performed by two different mechanisms: epigenetic regulation by KDM2A and TIF-IA
regulation, depending on the glucose starvation level.

AMPK phosphorylates dozens of proteins, but until now KDM2A has not been detected as a
substrate of AMPK kinase activity. AMPK also controls the activity of mTOR [84], and mTOR

Figure 6. Control of methylation by energy status and methyl marks as a reservoir for biological resources. Chromatin
components are methylated and demethylated by specific enzymes influenced by metabolites in energy production.
Formaldehyde is produced as a demethylation byproduct, directly generates one carbon unit, fuels the folate cycle
through alcohol dehydrogenase 5 (ADH5) activity, and can be used as a source for production of SAM, which is used for
methylation and nucleotides. AMPK, AMP-activated protein kinase; DHF, dihydrofolate; FBP, fructose 1, 6-bisphosphate;
3PG, 3-phosphoglycerate; SAM, S-adenosylmethionine; THF, tetrahydrofolate.
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is a candidate kinase for control of the states of histone methylation in the rDNA promoter, but
currently there is no evidence connecting mTOR and KDM2A. Further studies are required to
determine how the KDM2A activity in the rDNA promoter is induced by AMPK. H3K36me2
on the rDNA promoter which is demethylated by KDM2A on starvation is quickly restored by
refeeding glucose and serum [82]. The data suggest that the control of H3K36me2 levels on
rDNA promoters is reversible by changes in nutrient status, although which enzyme induces
methylation of H3K36me2 on the rDNA promoter in response to refeeding of glucose and
serum remains unknown. The control mechanism of rRNA transcription through epigenetic
regulation by KDM2A may be a fine tuning device that quickly reflects nutrient states around
cells.

8.5. Sirtuins

Sirtuins target a wide range of cellular proteins in the nucleus, cytoplasm, and mitochondria
for post-translational modification by acetylation (SirT1, 2, 3, and 5) or ADP-ribosylation (SirT4
and 6). The deacetylase activity of sirtuins is controlled by the cellular NAD+/NADH ratio,
where NAD+ works as an activator, while nicotinamide and NADH act as inhibitors (Figure 7).
The acetylation regulates a wide variety of cellular functions. Sirtuins participate in various
cellular processes, deacetylating both chromatin and non-histone proteins, and their roles in
aging have been extensively studied. Sirtuins may also play a critical role in tumor initiation
and progression as well as drug resistance. Reduced compounds such as glucose and fatty
acids are oxidized, thereby releasing energy. This energy is transferred to NAD+ by reduction
to NADH, as part of glycolysis, the citric acid cycle, and β-oxidation. The mitochondrial

Figure 7. Control of acetylation by energy status and acetyl marks as a reservoir for biological resources. Chromatin
components are acetylated and deacetylated by specific enzymes whose activities are influenced by metabolites in energy
production. During deacetylation, the acetyl group from the substrate is accepted by the ribose to produce O-acetyl-ADP-
ribose (OAADPr). A cytoplasmic esterase, which was suggested to be ADP-ribosyl hydrolase 3 (ARH3), hydrolyzesOAADPr
to acetate and ADPr. Acetate that is generated from the deacetylation may be changed to acetyl-CoA, and used as resource
for acetyl marks and lipogenesis. ACECSI, acetyl-CoA synthase 1; ACL, ATP-citrate lyase; OAADPr, O-acetyl ADP-ribose.
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is converted to succinate, both of which are organic acids constituting the TCA cycle. Interest-
ingly, the enzyme activity of KDM2A is controlled by cell-permeable succinate (dimethyl
succinate: DMS), suggesting that metabolites in the TCA cycle affect KDM2A activity. Recently,
it was found that glucose starvation in the presence of serum induces the repression of rRNA
transcription by KDM2A, in which activated AMPK induces KDM2A activity [83] (Figure 5).
Interestingly, treatment with a low concentration of the glycolysis inhibitor 2-deoxy-D-glucose
(2DG) induces KDM2A-dependent repression of rRNA transcription associated with histone
demethylation on the rDNA promoter, although it does not dissociate TIF-IA from the rDNA
promoter. Treatment with a high concentration of 2DG induces both the dissociation of TIF-IA
from the rDNA promoter and KDM2A-dependent demethylation of the rDNA promoter.
These results suggest that the repression of rRNA transcription in response to glucose starva-
tion is performed by two different mechanisms: epigenetic regulation by KDM2A and TIF-IA
regulation, depending on the glucose starvation level.

AMPK phosphorylates dozens of proteins, but until now KDM2A has not been detected as a
substrate of AMPK kinase activity. AMPK also controls the activity of mTOR [84], and mTOR

Figure 6. Control of methylation by energy status and methyl marks as a reservoir for biological resources. Chromatin
components are methylated and demethylated by specific enzymes influenced by metabolites in energy production.
Formaldehyde is produced as a demethylation byproduct, directly generates one carbon unit, fuels the folate cycle
through alcohol dehydrogenase 5 (ADH5) activity, and can be used as a source for production of SAM, which is used for
methylation and nucleotides. AMPK, AMP-activated protein kinase; DHF, dihydrofolate; FBP, fructose 1, 6-bisphosphate;
3PG, 3-phosphoglycerate; SAM, S-adenosylmethionine; THF, tetrahydrofolate.
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is a candidate kinase for control of the states of histone methylation in the rDNA promoter, but
currently there is no evidence connecting mTOR and KDM2A. Further studies are required to
determine how the KDM2A activity in the rDNA promoter is induced by AMPK. H3K36me2
on the rDNA promoter which is demethylated by KDM2A on starvation is quickly restored by
refeeding glucose and serum [82]. The data suggest that the control of H3K36me2 levels on
rDNA promoters is reversible by changes in nutrient status, although which enzyme induces
methylation of H3K36me2 on the rDNA promoter in response to refeeding of glucose and
serum remains unknown. The control mechanism of rRNA transcription through epigenetic
regulation by KDM2A may be a fine tuning device that quickly reflects nutrient states around
cells.

8.5. Sirtuins

Sirtuins target a wide range of cellular proteins in the nucleus, cytoplasm, and mitochondria
for post-translational modification by acetylation (SirT1, 2, 3, and 5) or ADP-ribosylation (SirT4
and 6). The deacetylase activity of sirtuins is controlled by the cellular NAD+/NADH ratio,
where NAD+ works as an activator, while nicotinamide and NADH act as inhibitors (Figure 7).
The acetylation regulates a wide variety of cellular functions. Sirtuins participate in various
cellular processes, deacetylating both chromatin and non-histone proteins, and their roles in
aging have been extensively studied. Sirtuins may also play a critical role in tumor initiation
and progression as well as drug resistance. Reduced compounds such as glucose and fatty
acids are oxidized, thereby releasing energy. This energy is transferred to NAD+ by reduction
to NADH, as part of glycolysis, the citric acid cycle, and β-oxidation. The mitochondrial

Figure 7. Control of acetylation by energy status and acetyl marks as a reservoir for biological resources. Chromatin
components are acetylated and deacetylated by specific enzymes whose activities are influenced by metabolites in energy
production. During deacetylation, the acetyl group from the substrate is accepted by the ribose to produce O-acetyl-ADP-
ribose (OAADPr). A cytoplasmic esterase, which was suggested to be ADP-ribosyl hydrolase 3 (ARH3), hydrolyzesOAADPr
to acetate and ADPr. Acetate that is generated from the deacetylation may be changed to acetyl-CoA, and used as resource
for acetyl marks and lipogenesis. ACECSI, acetyl-CoA synthase 1; ACL, ATP-citrate lyase; OAADPr, O-acetyl ADP-ribose.
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NADH is then oxidized in turn by the electron transport chain, which generates ATP through
oxidative phosphorylation.

SIRT1 was reported to be required for the recruitment of nucleomethylin (NML) on rDNA. In
response to glucose starvation, rRNA transcription is repressed through NML-induced chro-
matin regulation [85]. Although it is not clear that SIRT1 shows deacetylase activity on starva-
tion, SIRT1 induces the deacetylation of p53, and this deacetylation activity is required for the
repression of rRNA transcription. Further, the NAD+ synthesis enzyme nicotinamide mononu-
cleotide adenylyltransferase (NMNAT1) modulates the repression of rRNA transcription [86].
As described above, SIRT1 is required for mitotic repression of rRNA transcription through
deacetylation of TAFI68 (Figure 3 and section 3). TAFI68 is acetylated by PCAF to restart
transcription in the mitotic exit phase [18].

On the other hand, SIRT7, another SIRT family member, was reported to activate rRNA
transcription depending on the deacetylation activity, through regulation of PAF53, which is
an important component of Pol I complex [87–91].

8.6. Epigenetic marks may play a role in conserving biological resources

Acetyl-CoA is used as an acetyl group donor on acetylation of histone and other proteins
(Figure 7). Acetyl-CoA is produced from pyruvate, acetate, or fatty acid oxidation in multiple
metabolisms. The amount of acetyl-CoA affects the activity of histone acetyltransferases
(HATs). S-adenosylmethionine (SAM) is known to be used as a methyl donor in DNA/histone
(protein) methylation (Figure 6). SAM is produced through the condensation of methionine
and ATP by methionine adenosyltransferase (MAT). The production of SAM is mediated
through the folate and methionine cycles. The amount of SAM is thought to affect the activity
of methylase. The production of the two epigenetic marks is clearly affected by energy produc-
tion processes, suggesting that intracellular energy conditions affect the modifications of
epigenetic marks [92–94].

Further, enzymes detaching the marks are also affected by metabolites in energy production.
NAD+ activates sirtuin deacetylase, while nicotinamide andNADH inhibit the activity (Figure 7).
The demethylase activity of KDM2A is controlled by the amounts of intracellular ATP through
AMPK (Figure 6), and probably more directly by succinate. In another report, chromatin-
associated fumarase generating fumarate inhibits the demethylation activity of KDM2A on the
promoter region of the RNA polymerase II gene [95]. Additionally, 2-hydroxy-glutarate (2-HG),
which was produced from α-KG by a mutant type isocitrate dehydrogenase (IDH) also modu-
lates several jmjC-type enzymes including the lysine-specific demethylases (KDMs) such as
KDM2A and Tet methyl-cytosine dioxygenases (TETs) [96–98]. Therefore, metabolites reflecting
intracellular energy conditions can control the enzymes for detaching the epigenetic marks as
well as adding them.

Interestingly, during deacetylation, the glycosidic bond of the nicotinamide ribose is cleaved to
yield nicotinamide, and the ribose accepts the acetyl group from the substrate to produce
O-acetyl-ADP-ribose (OAADPr). In vitro, a cytoplasmic esterase from humans and yeast,
which was suggested to be ADP-ribosyl hydrolase 3, hydrolyzes OAADPr to acetate and
ADPr [99]. Therefore, acetyl marks of proteins that are deacetylated by sirtuin may also be
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used as a source of acetate for acetyl marks and lipogenesis (Figure 7). KDMs catalyze histone
lysine demethylation through an oxidative reaction. The catalytic reaction begins with the
coordination of molecular oxygen (O2) by Fe(II) and the conversion of α-KG to succinate and
CO2 with the concomitant hydroxylation of the methyl group of the peptide substrate. The
resulting carbinolamine is unstable and degrades spontaneously to an unmethylated peptide
and the cytotoxic molecule formaldehyde (Figure 6). Recently, it was shown that formalde-
hyde reacts spontaneously with glutathione (GSH) to yield S-hydroxymethylglutathione
(HMGSH), and subsequently HMGSH is oxidized by alcohol dehydrogenase 5 with NAD
(P)+ to create S-formylglutathione. This biochemical route provides a cell with formaldehyde
detoxification as well as utilizable one-carbon units, which contribute to nucleotide synthesis.
Therefore, cells reserve materials for one-carbon metabolism as methyl marks [100], which are
released by KDM2A on starvation. These two examples of acetylation and methylation suggest
that modifications of the epigenetic marks are not only controlled by intracellular energy
conditions, but also function as reservoirs in chromatin for biological resources.

9. Applications for therapy

Enlarged nucleoli have been recognized as a hallmark of cancer cells [101, 102]. Elevated levels
of rRNA transcription and protein synthesis are often observed in cancer cells. These observations
suggest the possibility that the control of rRNA transcription could regulate the proliferation of
cancer cells. Actually, the anti-cancer effects of some compounds are associated with down-
regulation of rRNA transcription. Cisplatin [103], mitomycin C [104], and 5-fluorouracil [105],
well-known anti-cancer drugs, are reported to inhibit rRNA transcription [11]. However, it is
not clear whether the reduction of rRNA transcription in cancer cells is causal or only as a
consequence of inhibition of cell growth.

On the other hand, there are drugs that appear to reduce rRNA transcription and then repress
cancer growth. Actinomycin D (Dactinomycin) specifically represses rRNA synthesis at low
concentrations through inactivation of transcriptional elongation by Pol I by interaction with
GC-rich regions of rDNA, and thus inhibits growth of cancer cells. Actinomycin D is used as a
chemotherapy medication to treat a number of types of cancer, including gestational tropho-
blastic neoplasia [106], Wilms tumor [107], rhabdomyosarcoma [108], Ewing’s sarcoma [109],
and malignant hydatidiform mole [110].

CX-5461 was identified by screening for selective inhibitors of Pol I but not Pol II transcription.
CX-5461 specifically inhibits ribosomal RNA transcription by impairment of SL1 binding to
the rDNA promoter [111] and thus exhibits anti-cancer activity [83, 111]. The inhibition of
rRNA synthesis by CX-5461 leads to senescence and autophagy in a p53-independent manner
in a tumor cell line [111], to activation of p53-dependent apoptotic signaling in Myc-
overexpressing B-lymphoma cells (Eμ-Myc lymphoma cells) [112], and to activation of the
ATM/Ataxia Telangiectasia and Rad3-related protein (ATR) pathway in acute lymphoblastic
leukemia to induce G2 arrest and apoptosis [113]. The potential therapeutic effect of CX-5461
was demonstrated in xenograft models using human pancreatic carcinoma (MIA PaCa-2),
melanoma (A375) [111], biphenotypic B myelomonocytic leukemia (MV 4;11) [112] and breast
cancer susceptibility gene II (BRCA2) deficient colon cancer (HCT116) [114], and in mice
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NADH is then oxidized in turn by the electron transport chain, which generates ATP through
oxidative phosphorylation.

SIRT1 was reported to be required for the recruitment of nucleomethylin (NML) on rDNA. In
response to glucose starvation, rRNA transcription is repressed through NML-induced chro-
matin regulation [85]. Although it is not clear that SIRT1 shows deacetylase activity on starva-
tion, SIRT1 induces the deacetylation of p53, and this deacetylation activity is required for the
repression of rRNA transcription. Further, the NAD+ synthesis enzyme nicotinamide mononu-
cleotide adenylyltransferase (NMNAT1) modulates the repression of rRNA transcription [86].
As described above, SIRT1 is required for mitotic repression of rRNA transcription through
deacetylation of TAFI68 (Figure 3 and section 3). TAFI68 is acetylated by PCAF to restart
transcription in the mitotic exit phase [18].

On the other hand, SIRT7, another SIRT family member, was reported to activate rRNA
transcription depending on the deacetylation activity, through regulation of PAF53, which is
an important component of Pol I complex [87–91].

8.6. Epigenetic marks may play a role in conserving biological resources

Acetyl-CoA is used as an acetyl group donor on acetylation of histone and other proteins
(Figure 7). Acetyl-CoA is produced from pyruvate, acetate, or fatty acid oxidation in multiple
metabolisms. The amount of acetyl-CoA affects the activity of histone acetyltransferases
(HATs). S-adenosylmethionine (SAM) is known to be used as a methyl donor in DNA/histone
(protein) methylation (Figure 6). SAM is produced through the condensation of methionine
and ATP by methionine adenosyltransferase (MAT). The production of SAM is mediated
through the folate and methionine cycles. The amount of SAM is thought to affect the activity
of methylase. The production of the two epigenetic marks is clearly affected by energy produc-
tion processes, suggesting that intracellular energy conditions affect the modifications of
epigenetic marks [92–94].

Further, enzymes detaching the marks are also affected by metabolites in energy production.
NAD+ activates sirtuin deacetylase, while nicotinamide andNADH inhibit the activity (Figure 7).
The demethylase activity of KDM2A is controlled by the amounts of intracellular ATP through
AMPK (Figure 6), and probably more directly by succinate. In another report, chromatin-
associated fumarase generating fumarate inhibits the demethylation activity of KDM2A on the
promoter region of the RNA polymerase II gene [95]. Additionally, 2-hydroxy-glutarate (2-HG),
which was produced from α-KG by a mutant type isocitrate dehydrogenase (IDH) also modu-
lates several jmjC-type enzymes including the lysine-specific demethylases (KDMs) such as
KDM2A and Tet methyl-cytosine dioxygenases (TETs) [96–98]. Therefore, metabolites reflecting
intracellular energy conditions can control the enzymes for detaching the epigenetic marks as
well as adding them.

Interestingly, during deacetylation, the glycosidic bond of the nicotinamide ribose is cleaved to
yield nicotinamide, and the ribose accepts the acetyl group from the substrate to produce
O-acetyl-ADP-ribose (OAADPr). In vitro, a cytoplasmic esterase from humans and yeast,
which was suggested to be ADP-ribosyl hydrolase 3, hydrolyzes OAADPr to acetate and
ADPr [99]. Therefore, acetyl marks of proteins that are deacetylated by sirtuin may also be
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used as a source of acetate for acetyl marks and lipogenesis (Figure 7). KDMs catalyze histone
lysine demethylation through an oxidative reaction. The catalytic reaction begins with the
coordination of molecular oxygen (O2) by Fe(II) and the conversion of α-KG to succinate and
CO2 with the concomitant hydroxylation of the methyl group of the peptide substrate. The
resulting carbinolamine is unstable and degrades spontaneously to an unmethylated peptide
and the cytotoxic molecule formaldehyde (Figure 6). Recently, it was shown that formalde-
hyde reacts spontaneously with glutathione (GSH) to yield S-hydroxymethylglutathione
(HMGSH), and subsequently HMGSH is oxidized by alcohol dehydrogenase 5 with NAD
(P)+ to create S-formylglutathione. This biochemical route provides a cell with formaldehyde
detoxification as well as utilizable one-carbon units, which contribute to nucleotide synthesis.
Therefore, cells reserve materials for one-carbon metabolism as methyl marks [100], which are
released by KDM2A on starvation. These two examples of acetylation and methylation suggest
that modifications of the epigenetic marks are not only controlled by intracellular energy
conditions, but also function as reservoirs in chromatin for biological resources.

9. Applications for therapy

Enlarged nucleoli have been recognized as a hallmark of cancer cells [101, 102]. Elevated levels
of rRNA transcription and protein synthesis are often observed in cancer cells. These observations
suggest the possibility that the control of rRNA transcription could regulate the proliferation of
cancer cells. Actually, the anti-cancer effects of some compounds are associated with down-
regulation of rRNA transcription. Cisplatin [103], mitomycin C [104], and 5-fluorouracil [105],
well-known anti-cancer drugs, are reported to inhibit rRNA transcription [11]. However, it is
not clear whether the reduction of rRNA transcription in cancer cells is causal or only as a
consequence of inhibition of cell growth.

On the other hand, there are drugs that appear to reduce rRNA transcription and then repress
cancer growth. Actinomycin D (Dactinomycin) specifically represses rRNA synthesis at low
concentrations through inactivation of transcriptional elongation by Pol I by interaction with
GC-rich regions of rDNA, and thus inhibits growth of cancer cells. Actinomycin D is used as a
chemotherapy medication to treat a number of types of cancer, including gestational tropho-
blastic neoplasia [106], Wilms tumor [107], rhabdomyosarcoma [108], Ewing’s sarcoma [109],
and malignant hydatidiform mole [110].

CX-5461 was identified by screening for selective inhibitors of Pol I but not Pol II transcription.
CX-5461 specifically inhibits ribosomal RNA transcription by impairment of SL1 binding to
the rDNA promoter [111] and thus exhibits anti-cancer activity [83, 111]. The inhibition of
rRNA synthesis by CX-5461 leads to senescence and autophagy in a p53-independent manner
in a tumor cell line [111], to activation of p53-dependent apoptotic signaling in Myc-
overexpressing B-lymphoma cells (Eμ-Myc lymphoma cells) [112], and to activation of the
ATM/Ataxia Telangiectasia and Rad3-related protein (ATR) pathway in acute lymphoblastic
leukemia to induce G2 arrest and apoptosis [113]. The potential therapeutic effect of CX-5461
was demonstrated in xenograft models using human pancreatic carcinoma (MIA PaCa-2),
melanoma (A375) [111], biphenotypic B myelomonocytic leukemia (MV 4;11) [112] and breast
cancer susceptibility gene II (BRCA2) deficient colon cancer (HCT116) [114], and in mice
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models transplanted with p53 wild-type Eμ-Myc lymphoma [112]. The treatment of CX-5461
in these experiments hardly affected on the health and body weights of mice [111, 112].

BMH-21, which was identified by cell-based screening, intercalates into GC-rich sequences,
which exist at a high frequency in rDNA, and represses Pol I transcription [115]. Treatment
with BMH-21 induces proteasome-dependent degradation of the largest catalytic subunit of
Pol I, RPA194, resulting in a decrease of the Pol I level on rDNA. These effects were correlated
to the anti-cancer activity of BHM-21. The anti-tumor activity of BMH-21 was demonstrated
using human melanoma (A375) and colorectal carcinoma (HCT116) xenograft models with
little effect on body weight [115]. These studies suggest that the chemicals that repress the
rRNA transcription show anti-cancer activities.

Epigenetic controls of rDNA chromatin are also candidates for cancer therapy. For example,
specific activation of KDM2A could reduce cancer cell proliferation. Because KDM2A activity
is regulated by ATP levels through AMPK and also metabolites in energy production, control
of these compound levels may regulate KDM2A activity and cell proliferation. As seen here,
there are many elaborate mechanisms for control of rRNA transcription, some of which
involve intracellular metabolites, which are produced from environmental nutriments. Further
studies of the relationship between rRNA transcription and nutrients will provide information
about the mechanisms by which cells reconcile demand and usage of biological resources, and
clues for novel methods to treat cancers.

10. Conclusion

The construction of ribosomes consumes the majority of the cell’s materials and energy. Because
the materials for ribosome production are supplied by nutrients, the production of ribosomes is
largely restricted by environmental nutrients and cells need mechanisms to control ribosome
production in order to reconcile demands for cell activities with available resources. Transcrip-
tion of rRNA is an essential step in ribosome biogenesis, and strongly affects the total amount of
ribosome production. Ribosomal RNA transcription is controlled by many mechanisms, includ-
ing the efficiency of PIC formation for Pol I and epigenetic marks in rDNA. These are affected by
nutrients. Recent studies suggest that the epigenetic marks, such as acetylation and methylation,
may be not only controlled by nutrients but also function as reservoirs for biological resources in
chromatin. Elevated levels of rRNA transcription and protein synthesis are often observed in
cancer cells, and the control of rRNA transcription can regulate their proliferation. Indeed some
chemicals that repress the rRNA transcription show anti-cancer activities. Further studies of the
relationship between rRNA transcription and nutrients will provide clues for novel methods to
treat cancers.
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AMPK AMP-activated kinase

ATM Ataxia telangiectasia mutated

Cdk Cyclin dependent kinase

CK2 Casein kinase 2

ERK Extracellular signal-regulated kinase

FBP Fructose 1, 6-bisphosphate

GSK3β Glycogen synthase kinase 3β

H3K36me2 Dimethylated lysine 36 on histone H3

H4K20me3 Trimethylated lysine 20 on histone H4

HDAC Histone deacetylase

KDM2A Lysine(K)-specific demethylase 2A

KDMs Lysine(K)-specific demethylases

lncRNAs Long non-coding RNAs

mTOR Mammalian target of rapamycin

NuRD Nucleosome remodeling deacetylase

PAPAS Promoter and pre-rRNA antisense

PCAF p300/CBP-Associated factor

PI3K Phosphoinositide 3-kinase

PIC Preinitiation complex

PIH1 PIH1 domain-containing protein 1

Pol I RNA polymerase I

pre-rRNA Pre-ribosomal RNA

PTEN Phosphatase and tensin homolog deleted from chromosome 10

rDNA Ribosome RNA gene

rRNA Ribosomal RNA

RSK ERK/90 kDa ribosomal S6 kinase

S6K Ribosomal protein S6 kinase

SAM S-adenosylmethionine
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models transplanted with p53 wild-type Eμ-Myc lymphoma [112]. The treatment of CX-5461
in these experiments hardly affected on the health and body weights of mice [111, 112].

BMH-21, which was identified by cell-based screening, intercalates into GC-rich sequences,
which exist at a high frequency in rDNA, and represses Pol I transcription [115]. Treatment
with BMH-21 induces proteasome-dependent degradation of the largest catalytic subunit of
Pol I, RPA194, resulting in a decrease of the Pol I level on rDNA. These effects were correlated
to the anti-cancer activity of BHM-21. The anti-tumor activity of BMH-21 was demonstrated
using human melanoma (A375) and colorectal carcinoma (HCT116) xenograft models with
little effect on body weight [115]. These studies suggest that the chemicals that repress the
rRNA transcription show anti-cancer activities.

Epigenetic controls of rDNA chromatin are also candidates for cancer therapy. For example,
specific activation of KDM2A could reduce cancer cell proliferation. Because KDM2A activity
is regulated by ATP levels through AMPK and also metabolites in energy production, control
of these compound levels may regulate KDM2A activity and cell proliferation. As seen here,
there are many elaborate mechanisms for control of rRNA transcription, some of which
involve intracellular metabolites, which are produced from environmental nutriments. Further
studies of the relationship between rRNA transcription and nutrients will provide information
about the mechanisms by which cells reconcile demand and usage of biological resources, and
clues for novel methods to treat cancers.

10. Conclusion

The construction of ribosomes consumes the majority of the cell’s materials and energy. Because
the materials for ribosome production are supplied by nutrients, the production of ribosomes is
largely restricted by environmental nutrients and cells need mechanisms to control ribosome
production in order to reconcile demands for cell activities with available resources. Transcrip-
tion of rRNA is an essential step in ribosome biogenesis, and strongly affects the total amount of
ribosome production. Ribosomal RNA transcription is controlled by many mechanisms, includ-
ing the efficiency of PIC formation for Pol I and epigenetic marks in rDNA. These are affected by
nutrients. Recent studies suggest that the epigenetic marks, such as acetylation and methylation,
may be not only controlled by nutrients but also function as reservoirs for biological resources in
chromatin. Elevated levels of rRNA transcription and protein synthesis are often observed in
cancer cells, and the control of rRNA transcription can regulate their proliferation. Indeed some
chemicals that repress the rRNA transcription show anti-cancer activities. Further studies of the
relationship between rRNA transcription and nutrients will provide clues for novel methods to
treat cancers.
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Abstract

Epigenetic regulation was first studied in the 1970s and has quickly gained global interest. It
is involved at many different stages of mammalian cell development. The broad nature of
epigenetic regulation has led to it being referred to as an ‘all stage’mechanism of regulation
as it is implicated in many developmental stages including embryonic development, ageing
and in cancer progression. The term ‘epigenetic’ refers to the alteration of gene expression
without changing the genomic sequence. Epigenetic regulation involves the main subtypes
of DNA methylation and histone modification, and microRNA expression. Epigenetic alter-
ation is used by mammalian cells to ‘turn-on and -off’ the gene expression. During embry-
onic development this process is used to induce cell apoptosis of genes that are no longer
useful. During cancer development, epigenetics works to repress tumour suppressor gene
expression and activate oncogene expression. The stability and sustainability for the detec-
tion of epigenetic markers make it an attractive area for biomarker and drug discovery. In
this book chapter we will discuss the key epigenetic processes involved in mammalian cell
development and disease progression, specifically in cancer.

Keywords: epigenetic, DNA methylation, histone modification, microRNA, tumour
suppressors, cell development

1. Introduction

1.1. Types of epigenetic regulation

The term ‘epigenetics’ describes the stable modifications of gene expression that occur at
different stages of cell development and proliferation [1]. Epigenetic modifications are an
essential component for human development and cell differentiation, but can also come about
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through random changes and external environmental influences. Different genetic makeups
produce different individuals, while the differentiation of organs and various diseases is
controlled by epigenetic signatures (Figure 1). Epigenetic modification can also be a mecha-
nisms used to protect bacterial or viral modification in the host cell that affect cellular function.
There are a number of epigenetic alterations that are required for cellular functions including:
DNA methylation and histone modification, and microRNA expression. Epigenetic alterations
influence cellular function by altering the protein levels without changing the genomic DNA
sequences. These post translational modifications are recognised by specific proteins that are
closely associated with DNA as a mediator that causes modifications [2]. The DNA methyla-
tion process was first discovered in the 1970s and was later recognised as a major contributor
to the stabilisation of gene expression [3].

1.1.1. DNA methylation and histone modification

DNA methylation is an essential process for the normal development of biological systems [4]
and its dysregulation has been associated with various pathologies including cancer [5].
Although DNA methylation is known to be integral to the development and is strongly
associated with disease, there is limited knowledge on the specifics of its changes during
cellular differentiation and its relation to histone methylation and chromatin modifications.

DNA methylation can alter the genome to supress gene expression in mammalian cells. It
occurs by the methylation of deocycytosine (dC) bases at the 50prime position of the cytosine
to create deoxymethylcytosine (dmC). The majority of dmC are located in CG dinucleotides
with approximately 80% of CG pairs being methylated. The majority of these CG pairs are
localised to CG-rich DNA regions termed CpG islands. An abundance of transcription factor
binding sites exist at CpG islands, which exist in the promoter regions for some genes. CpG
islands are present in the promoter regions of approximately half of all mammalian genes [6].
DNA methylation occurs at CG dinucleotides termed CpGs that are distributed globally in
80% of genomes in non-embryonic cells. CpGs sites located at short CpG regions generally
remain unmethylated at all times [7, 8]. The majority of CpG islands reside in the promoter

Figure 1. Top panel depicts various species, each with a unique genomic signature. Bottom, within the same individual
the differentiation of cell function is controlled by a cell specific epigenetic signature.
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region of a gene [9] and are also known to be associated with the transcriptional activity of Sp1
[10]. When CpG islands become methylated during mammalian cell development this can lead
to long-term silencing of the associated gene [11].

DNA methyltransferases (DNMT) are a family of enzymes consisting of members DNMT1,
DNMT3a and DNMT3b that mediate DNA methylation. These members have different and
integral roles to execute DNA methylation; DNMT1 is involved in the maintenance of methyl-
ation patterns while DNMT3a and DNMT3b are responsible for de novo methylation, that is,
methylating DNA that is previously unmethylated [12]. DNA methylation signatures are
developed during cell differentiation for the purpose of supressing genes with functions that
are unnecessary to the mature cell. This de novo methylation is carried out by DNMT3a and
DNMT3b [13]. After differentiation, DNMT1 replicates these methylation patterns in the pro-
cess of mitosis [12]. Unstimulated cells express small amounts of DNMT1, but following
mitogenic stimulation the enzyme is upregulated by a sequence of pathways including
MAPK/ERK and JNK [14]. DNMT1 is then able to maintain methylation patterns in the DNA
by producing symmetrically methylated sites in parent and daughter DNA strands. It accom-
plishes this by recognising hemi-methylated CG dinucleotides in parent DNA strands and
transferring methyl groups from S-adenosylmethione (SAM) to cytosine regions of the
unmethylated daughter strand [12]. Alternatively, de novo methylation rarely occurs during
this normal post-gastrulation development stage and is instead prevalent during processes
such as establishment of cell lines in vitro [15] and in cancer cells.

DNA methylation is an important process during development and researchers have shown
the deletion of de novo methylation enzyme DNMT1 in mouse embryonic stem cells led to
dramatic DNA hypomethylation [16]. DNMT3a and DNMT3b predominantly exert enzyme
activity during the oocyte stage and in early pre-implantation embryos [12]. DNMT3b is also
transcribed during zygotic gene activation (ZGA) and highly expressed by blastocysts that
acquire epiblast lineage. The absence (by deletion) of DNMT3b led to embryonic lethality and
the deletion of DNMT3a was partially viable during development [13]. There is a lower
requirement for DNMT3L in DNA methylation which is used predominantly during imprint-
ing control region (ICR) methylation in gametes [17]. However, it is a crucial activating
cofactor for DNMT3a [18]. DNMT2 differs structurally from other DNMTand does not present
with phenotype modification in knockout mice models which are referred to as a misnomer
and depicts methylation activity on RNA [19].

DNA methylation is predominantly found in cytosines of the CG dinucleotide in mammalian
cells; this modification is post-replicable. The extent of DNA methylation changes in an orches-
trated way during mammalian development, starting with a wave of demethylation during
cleavage, followed by genome-wide de novo methylation after implantation [20]. Demethylation
is an active process that strips the male genome off methylation within hours of fertilisation [21];
by contrast, the maternal genome is only passively demethylated during subsequent cleavage
divisions [22]. The extent of methylation in the genome of the gastrulating embryo is high owing
to de novo methylation, but it tends to decrease in specific tissues during differentiation [17]. De
novo methylation occurs rarely during normal post-gastrulation development but is seen fre-
quently during the establishment of cell lines in vitro [15] and in cancer.
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methylating DNA that is previously unmethylated [12]. DNA methylation signatures are
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are unnecessary to the mature cell. This de novo methylation is carried out by DNMT3a and
DNMT3b [13]. After differentiation, DNMT1 replicates these methylation patterns in the pro-
cess of mitosis [12]. Unstimulated cells express small amounts of DNMT1, but following
mitogenic stimulation the enzyme is upregulated by a sequence of pathways including
MAPK/ERK and JNK [14]. DNMT1 is then able to maintain methylation patterns in the DNA
by producing symmetrically methylated sites in parent and daughter DNA strands. It accom-
plishes this by recognising hemi-methylated CG dinucleotides in parent DNA strands and
transferring methyl groups from S-adenosylmethione (SAM) to cytosine regions of the
unmethylated daughter strand [12]. Alternatively, de novo methylation rarely occurs during
this normal post-gastrulation development stage and is instead prevalent during processes
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the deletion of de novo methylation enzyme DNMT1 in mouse embryonic stem cells led to
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transcribed during zygotic gene activation (ZGA) and highly expressed by blastocysts that
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trated way during mammalian development, starting with a wave of demethylation during
cleavage, followed by genome-wide de novo methylation after implantation [20]. Demethylation
is an active process that strips the male genome off methylation within hours of fertilisation [21];
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A variety of chromatin modifications can halt the initiation of transposable element (TE) tran-
scription in mammalian cells; modifications of histone tails, chromatin packaging alterations,
DNA methylation and condensation are all examples of this. Histone amino (N)-terminal tails
modification causes changes to protein factor binding and in turn relays information to tran-
scription factors. DNA methylation of histone H3 at lysine 9 (H3K9) occurs in nucleosomes, that
are associated with TE’s, leading to transcriptional repression and inactivation of chromatin [23].
Sometimes, mutations can occur in genes that are required for the repression of histone tail
modifications, subsequently leading to TE reactivation. A specific example occurred in mouse
embryonic stem (ES) cells where mutations of the histone H3K9 DNMT gene suppressor of
variegation 3–9 (Su(var)3–9) drove the upregulation of TE transcripts [23].

It is widely understood that histones, specifically H3 and H4, are methylated at lysine (Lys)
and arginine (Arg) sites. The predominant regions for Lys-specific methylation on histones
that have been catalogued in literature are: Lys9, Lys4, Lys36, Lys27, Lys79 on H3 and Ls20
located on H4 [24]. Additionally, Lys site methylation can occur by mono-, di-, or tri-
methylation. The differential manners of Lys residue methylation dictate the variety of func-
tional consequences of Lys methylation.

The pioneering study that uncovered the functions of H3 Lys-methylation determined that one
of the well-understood Su(var) genes encodes a histone methyltransferase (HMT). The
Drosophlia SU(Var)3–9 gene was discovered to have roles in transcriptional silencing associated
with heterochromatin [25]. The human homologue of this gene, Suv39H1, underwent bio-
chemical analysis and its protein was found to methylate histone H3 at Lys9 using its enzy-
matic functions [26]. Expanding on this, specific antibodies for methylation of H3 at different
sites revealed a pathway for heterochromatin formation [27]. An example of this occurs in
S. pombe, where heterochromatin formation is initiated by the deacetylation of histone H3 at Lys9
by a histone deacetylase (HDAC) complex that allows the methylation of this site by histone-
lysine N-methyltransferase (Clr4). The chromodomain of heterochromatin protein (HP1) can
then recognise and bind to this methylated Lys9 motif. This in vivo study demonstrated that
disruption to the Clr4 gene caused delocalisation of the HP1 homologue Swi6, depicting the
requirement of H3 methylation for HP1 and heterochromatin assembly [27]. Genetics studies in
S. pombe and Tetrahymena have illustrated that heterochromatin formation is dependent on genes
that code for elements of the RNA interference (RNAi) machinery [28]. Additionally, small RNAs
are thought to target histone-modifying activities at silenced regions [29].

Although the association of Lys4-methylated H3 with euchromatic regions is well established,
its role in transcriptional activation is not completely understood. Lys4-methylated H3 was
found to be directly bound to the yeast chromatin remodelling enzyme Isw1p [30]. Further
supporting their association with transcriptional sites, Lys4 methylated H3 was shown to
inhibit the binding of the HDAC complex NuRD (nucleosome remodelling and HDAC) to
chromatin in a mammalian system [31]. Together, these findings suggest that Lys4-methylated
H3 regions indirectly regulate transcription by maintaining promoter genomic regions in a
state that favours transcriptional activation.

HDACs drive the deacetylation of acetyl-L-lysine side chains in histones to repress transcrip-
tion by altering the conformation of chromatin [32]. To date, there are 18 known HDACs
including: class I HDACs [33]; class IIa HDACs [34]; class IIb HDACs [35]; class III HDAC
enzymes sirtuins [35]; and finally the only class IV enzyme HDAC11 [33]. To catalyse the
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deacetylation of histone groups, HDACs together with HDAC related deacetylases, must
switch a single metal ion at the metal ion binding site Mn2+B in arginase [36].

1.1.2. microRNA expression

Epigenetic mechanisms play a pivotal role in the regulation of gene expression that forms part
of the large complex network that regulates the functioning of eukaryotic cells. MicroRNAs
(miRNAs) are a class of small RNA molecules that post-transcriptionally repress gene expres-
sion through interaction with the three prime untranslated region/s (30-UTR) of target messen-
ger RNAs (mRNA)s [37]. miRNAs have a wide variety of functional roles in biological systems
that have been extensively studied but the mechanisms controlling their expression are not
well understood. In most cases, miRNA expression is initiated by transcription of the miRNA
gene by RNA polymerase II. Genes transcribed by RNA polymerase II are frequently regulated
by epigenetic mechanisms, so it is likely that DNA methylation regulates the expression of
miRNAs. The notion of DNA methylation-based regulation of miRNAs is further supported
by the tissue-specific or developmental-stage specific pattern of miRNA expression [38].

A specific study carried out to determine if DNA methylation can alter miRNA expression
was carried out using HCT116 colon cancer cells with knockout of DNMT. This model
illustrated that approximately 10% of miRNAs studied were regulated by DNAmethylation.
Furthermore, these miRNAs were shown to be tightly regulated by methylation as shown by
a high level of CpG site demethylation required to induce their re-expression. Treatment
with 5-aza-20-deoxycytidine (AZA) or induction of partial demethylation was unsuccessful
in upregulating these miRNAs. Collectively, these findings could be directly due to the
demethylation of CpG islands in the miRNA promoter sites or be explained instead by the
indirect epigenetic regulation of transcription factors acting on these miRNAs [39].

Many miRNAs with tumour suppressor functions have been shown to be silenced by hyper-
methylation in cancer [40]. miR-148a, miR-34b/c, miR-9-1, miR-9-2 and miR-9-3 were observed
to have specific CpG island hyper-methylation associated silencing in vitro and in vivo in
metastatic cancer cells. The metastatic carcinoma cell line SIHN-011B was hypermethylated
leading to the repression ofmiR-148a andmiR-34b/c. Transfection of SIHN-011Bwith expression
vectors containing the flanking regions of mature miR-148 andmiR-34b/c induced a reduction in
migration ability compared to controls in wound-healing assays. Tumour and metastasis forma-
tion assays in nude mice depicted a reduction in tumour growth over time following miRNA
transfection. These findings illustrate the tumour suppressor activity of these miRNAs, which
were found to be explicitly downregulated by CpG island hypermethylation in miRNA pro-
moter regions in these cell lines [41].

The epigenetic regulation of miRNAs is not solely limited to DNA methylation. Two separate
studies showed no change in miRNA expression following AZA treatment in lung or bladder
cancer cell lines. Combination treatments with a histone deacetylase inhibitor induced miRNA
upregulation [42]. To study the mechanisms leading to miRNA regulation more closely a
separate group compared the miRNA gene expression profile of a DNMT1 and DNMT3b
double knockout cell line model to its associated parental cell line HCT116. Their results
depicted notable alterations in miRNA expression in the double knockout model, strongly
suggesting that DNA methylation significantly regulates gene expression [39].
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A variety of chromatin modifications can halt the initiation of transposable element (TE) tran-
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scription factors. DNA methylation of histone H3 at lysine 9 (H3K9) occurs in nucleosomes, that
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The pioneering study that uncovered the functions of H3 Lys-methylation determined that one
of the well-understood Su(var) genes encodes a histone methyltransferase (HMT). The
Drosophlia SU(Var)3–9 gene was discovered to have roles in transcriptional silencing associated
with heterochromatin [25]. The human homologue of this gene, Suv39H1, underwent bio-
chemical analysis and its protein was found to methylate histone H3 at Lys9 using its enzy-
matic functions [26]. Expanding on this, specific antibodies for methylation of H3 at different
sites revealed a pathway for heterochromatin formation [27]. An example of this occurs in
S. pombe, where heterochromatin formation is initiated by the deacetylation of histone H3 at Lys9
by a histone deacetylase (HDAC) complex that allows the methylation of this site by histone-
lysine N-methyltransferase (Clr4). The chromodomain of heterochromatin protein (HP1) can
then recognise and bind to this methylated Lys9 motif. This in vivo study demonstrated that
disruption to the Clr4 gene caused delocalisation of the HP1 homologue Swi6, depicting the
requirement of H3 methylation for HP1 and heterochromatin assembly [27]. Genetics studies in
S. pombe and Tetrahymena have illustrated that heterochromatin formation is dependent on genes
that code for elements of the RNA interference (RNAi) machinery [28]. Additionally, small RNAs
are thought to target histone-modifying activities at silenced regions [29].

Although the association of Lys4-methylated H3 with euchromatic regions is well established,
its role in transcriptional activation is not completely understood. Lys4-methylated H3 was
found to be directly bound to the yeast chromatin remodelling enzyme Isw1p [30]. Further
supporting their association with transcriptional sites, Lys4 methylated H3 was shown to
inhibit the binding of the HDAC complex NuRD (nucleosome remodelling and HDAC) to
chromatin in a mammalian system [31]. Together, these findings suggest that Lys4-methylated
H3 regions indirectly regulate transcription by maintaining promoter genomic regions in a
state that favours transcriptional activation.

HDACs drive the deacetylation of acetyl-L-lysine side chains in histones to repress transcrip-
tion by altering the conformation of chromatin [32]. To date, there are 18 known HDACs
including: class I HDACs [33]; class IIa HDACs [34]; class IIb HDACs [35]; class III HDAC
enzymes sirtuins [35]; and finally the only class IV enzyme HDAC11 [33]. To catalyse the
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deacetylation of histone groups, HDACs together with HDAC related deacetylases, must
switch a single metal ion at the metal ion binding site Mn2+B in arginase [36].

1.1.2. microRNA expression

Epigenetic mechanisms play a pivotal role in the regulation of gene expression that forms part
of the large complex network that regulates the functioning of eukaryotic cells. MicroRNAs
(miRNAs) are a class of small RNA molecules that post-transcriptionally repress gene expres-
sion through interaction with the three prime untranslated region/s (30-UTR) of target messen-
ger RNAs (mRNA)s [37]. miRNAs have a wide variety of functional roles in biological systems
that have been extensively studied but the mechanisms controlling their expression are not
well understood. In most cases, miRNA expression is initiated by transcription of the miRNA
gene by RNA polymerase II. Genes transcribed by RNA polymerase II are frequently regulated
by epigenetic mechanisms, so it is likely that DNA methylation regulates the expression of
miRNAs. The notion of DNA methylation-based regulation of miRNAs is further supported
by the tissue-specific or developmental-stage specific pattern of miRNA expression [38].

A specific study carried out to determine if DNA methylation can alter miRNA expression
was carried out using HCT116 colon cancer cells with knockout of DNMT. This model
illustrated that approximately 10% of miRNAs studied were regulated by DNAmethylation.
Furthermore, these miRNAs were shown to be tightly regulated by methylation as shown by
a high level of CpG site demethylation required to induce their re-expression. Treatment
with 5-aza-20-deoxycytidine (AZA) or induction of partial demethylation was unsuccessful
in upregulating these miRNAs. Collectively, these findings could be directly due to the
demethylation of CpG islands in the miRNA promoter sites or be explained instead by the
indirect epigenetic regulation of transcription factors acting on these miRNAs [39].

Many miRNAs with tumour suppressor functions have been shown to be silenced by hyper-
methylation in cancer [40]. miR-148a, miR-34b/c, miR-9-1, miR-9-2 and miR-9-3 were observed
to have specific CpG island hyper-methylation associated silencing in vitro and in vivo in
metastatic cancer cells. The metastatic carcinoma cell line SIHN-011B was hypermethylated
leading to the repression ofmiR-148a andmiR-34b/c. Transfection of SIHN-011Bwith expression
vectors containing the flanking regions of mature miR-148 andmiR-34b/c induced a reduction in
migration ability compared to controls in wound-healing assays. Tumour and metastasis forma-
tion assays in nude mice depicted a reduction in tumour growth over time following miRNA
transfection. These findings illustrate the tumour suppressor activity of these miRNAs, which
were found to be explicitly downregulated by CpG island hypermethylation in miRNA pro-
moter regions in these cell lines [41].

The epigenetic regulation of miRNAs is not solely limited to DNA methylation. Two separate
studies showed no change in miRNA expression following AZA treatment in lung or bladder
cancer cell lines. Combination treatments with a histone deacetylase inhibitor induced miRNA
upregulation [42]. To study the mechanisms leading to miRNA regulation more closely a
separate group compared the miRNA gene expression profile of a DNMT1 and DNMT3b
double knockout cell line model to its associated parental cell line HCT116. Their results
depicted notable alterations in miRNA expression in the double knockout model, strongly
suggesting that DNA methylation significantly regulates gene expression [39].
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2. Epigenetic regulations involvement mammalian cell function gene
silencing during development

DNA methylation is the most prevalent form of epigenetic alterations, the most studied and
therefore the remainder of this chapter will focus on this area. During mammalian cell devel-
opment, DNA methylation is an essential component to turn genes ‘on and off’ [13], however
this exact mechanism is still undefined. DNMTs cloning techniques [12] has led to the
improved understanding of how DNAmethylation proteins and methylation signals influence
mammalian cells. The DNA binding protein located on cytosines on the 50 position of the DNA
sequence contributes to the major ‘on and off’ gene mechanism of mammalian cells. DNA
methylation is a heritable trait through mammalian cell development, and these inherited
changes of methylation status prompted researchers to develop techniques to identify different
stages of cell development. DNA methylation has a multitude of roles in development, specif-
ically methylation of CpG-rich promoter regions and is responsible for the inactivation of the X
chromosome and to maintain its silencing. The roles of methylation do not stop with cellular
development, the normal functioning of DNA can be affected by methylation and is responsi-
ble for the development of human diseases including carcinogenesis. Epigenetic alterations can
occur in a mammalian system during different stages of development and can also be effected
by external stimuli as shown in Figure 2 that summarises the regulation of mammalian cells by
various epigenetic networks.

Different DNMTs are essential during different stages of vertebrate development and will con-
tribute to cell apoptosis in embryos and fibroblasts [43], but not in ES cells or cancer cells [44].

Figure 2. Mammalian cells react to external stimulus such as antigens and carcinogens. The generation of reactive oxygen
species (ROS) leading to the alteration of DNAmethyltransferase (DNMTs), histone deacetylase (HDACs) and microRNA
(miRNA) expression/processing at different stages, will lead to cell apoptosis or epigenetic alterations which allow cells to
progress to disease types. TF: transcription factor.
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The dysregulated activity of DNMTs results in the repression or activation of gene expression
[43] and transcriptional activation elements in diseased mammalian cells [45]. Additionally,
aberrant deletion of DNMT1 during brain development has been known to lead to perinatal
respiratory distress and malfunction of embryonic development [46]. DNA hypermethylation
causes gene silencing via binding of DNMTs to the genome which interferes with the activity
of transcription binding proteins that activate gene transcription [47].

2.1. DNA methylation and evaluation of mammalian cells

Genetic variation in individuals can influence phenotypic representation of age and lifespan [48].
However epigenetic and environmental factors also have significant roles in determining physio-
logical changes [49]. This is particularly exemplified by the increasing inherent epigenetic varia-
tion present in monozygotic twins with age [50]. DNA methylation status is altered in multiple
tissues and specific cell types with age, with the most frequent changes being age-dependent
while others remain unchanged with age [51]. Different tissues have specific DNA methylation
patterns that results in different cellular functions.

Genome-wide assays have provided a platform for discovering the effect of ageing during the
phenotypic alteration in liver cells and a study found that the level of visceral fat is involved in
cytosine methylation. This was the first investigation to show that ageing contributes to
changes in DNA methylation which is locus-specific in both liver and adipose tissues. These
changes appear to cause global hypermethylation in liver specific tissues in genetically identi-
cal rat models when exposed to the same environmental conditions throughout their life. This
hypermethylated pattern is usually accompanied by hypomethylation at the paired locus. Epi-
genomic dysregulation has a stable but reversible effect on the genomic sequence. The stability
and tissue specific potential of epigenetic marks highlights their potential as biomarkers for the
heterogenetic pathophysiology encountered during ageing. In most cases, these epigenetic
changes occur in genes that are involved in metabolism and metabolic dysregulation. There-
fore, epi-genomic dysregulation is a primary mediator for the pathogenesis of age-related
metabolic disease [52]. DNA methylation plays a major role during the ageing process that
contributes vastly to loss of tissue homeostasis, the decline of normal cellular functions and the
capacity for replication [53]. The accumulation of fat deposits with increasing age in the liver
can reduce the capacity of the liver to regenerate and function [54] which may lead to diseases
such as diabetes, dyslipidaemia and cardiovascular disease [55]. Ageing is a result of accumu-
lating genomic damage over time that is accompanied by physiological decline [56].

DNMT1 is responsible for the maintenance of DNA methylation levels and also acts as a
catalyst for methylation [57]. DNA methylation becomes more frequent when there is existing
methylation which ensures the self-perpetuation of methylation status. This process results in
de novo methylation extending from the already methylated regions to surrounding sequences
during ageing and cancer progression, leading to an overall reduction in global methylation as
methylation-specific enzymes are concentrated in these areas [58]. The direction and strength
of the correlation between age and methylation is dependent on the CpG island status of loci.
During ageing CpG island loci gain methylation and non-islanded CpGs become less methyl-
ated. Researchers have frequently shown that methylation status is increased within CpG
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2. Epigenetic regulations involvement mammalian cell function gene
silencing during development

DNA methylation is the most prevalent form of epigenetic alterations, the most studied and
therefore the remainder of this chapter will focus on this area. During mammalian cell devel-
opment, DNA methylation is an essential component to turn genes ‘on and off’ [13], however
this exact mechanism is still undefined. DNMTs cloning techniques [12] has led to the
improved understanding of how DNAmethylation proteins and methylation signals influence
mammalian cells. The DNA binding protein located on cytosines on the 50 position of the DNA
sequence contributes to the major ‘on and off’ gene mechanism of mammalian cells. DNA
methylation is a heritable trait through mammalian cell development, and these inherited
changes of methylation status prompted researchers to develop techniques to identify different
stages of cell development. DNA methylation has a multitude of roles in development, specif-
ically methylation of CpG-rich promoter regions and is responsible for the inactivation of the X
chromosome and to maintain its silencing. The roles of methylation do not stop with cellular
development, the normal functioning of DNA can be affected by methylation and is responsi-
ble for the development of human diseases including carcinogenesis. Epigenetic alterations can
occur in a mammalian system during different stages of development and can also be effected
by external stimuli as shown in Figure 2 that summarises the regulation of mammalian cells by
various epigenetic networks.

Different DNMTs are essential during different stages of vertebrate development and will con-
tribute to cell apoptosis in embryos and fibroblasts [43], but not in ES cells or cancer cells [44].

Figure 2. Mammalian cells react to external stimulus such as antigens and carcinogens. The generation of reactive oxygen
species (ROS) leading to the alteration of DNAmethyltransferase (DNMTs), histone deacetylase (HDACs) and microRNA
(miRNA) expression/processing at different stages, will lead to cell apoptosis or epigenetic alterations which allow cells to
progress to disease types. TF: transcription factor.
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The dysregulated activity of DNMTs results in the repression or activation of gene expression
[43] and transcriptional activation elements in diseased mammalian cells [45]. Additionally,
aberrant deletion of DNMT1 during brain development has been known to lead to perinatal
respiratory distress and malfunction of embryonic development [46]. DNA hypermethylation
causes gene silencing via binding of DNMTs to the genome which interferes with the activity
of transcription binding proteins that activate gene transcription [47].

2.1. DNA methylation and evaluation of mammalian cells

Genetic variation in individuals can influence phenotypic representation of age and lifespan [48].
However epigenetic and environmental factors also have significant roles in determining physio-
logical changes [49]. This is particularly exemplified by the increasing inherent epigenetic varia-
tion present in monozygotic twins with age [50]. DNA methylation status is altered in multiple
tissues and specific cell types with age, with the most frequent changes being age-dependent
while others remain unchanged with age [51]. Different tissues have specific DNA methylation
patterns that results in different cellular functions.

Genome-wide assays have provided a platform for discovering the effect of ageing during the
phenotypic alteration in liver cells and a study found that the level of visceral fat is involved in
cytosine methylation. This was the first investigation to show that ageing contributes to
changes in DNA methylation which is locus-specific in both liver and adipose tissues. These
changes appear to cause global hypermethylation in liver specific tissues in genetically identi-
cal rat models when exposed to the same environmental conditions throughout their life. This
hypermethylated pattern is usually accompanied by hypomethylation at the paired locus. Epi-
genomic dysregulation has a stable but reversible effect on the genomic sequence. The stability
and tissue specific potential of epigenetic marks highlights their potential as biomarkers for the
heterogenetic pathophysiology encountered during ageing. In most cases, these epigenetic
changes occur in genes that are involved in metabolism and metabolic dysregulation. There-
fore, epi-genomic dysregulation is a primary mediator for the pathogenesis of age-related
metabolic disease [52]. DNA methylation plays a major role during the ageing process that
contributes vastly to loss of tissue homeostasis, the decline of normal cellular functions and the
capacity for replication [53]. The accumulation of fat deposits with increasing age in the liver
can reduce the capacity of the liver to regenerate and function [54] which may lead to diseases
such as diabetes, dyslipidaemia and cardiovascular disease [55]. Ageing is a result of accumu-
lating genomic damage over time that is accompanied by physiological decline [56].

DNMT1 is responsible for the maintenance of DNA methylation levels and also acts as a
catalyst for methylation [57]. DNA methylation becomes more frequent when there is existing
methylation which ensures the self-perpetuation of methylation status. This process results in
de novo methylation extending from the already methylated regions to surrounding sequences
during ageing and cancer progression, leading to an overall reduction in global methylation as
methylation-specific enzymes are concentrated in these areas [58]. The direction and strength
of the correlation between age and methylation is dependent on the CpG island status of loci.
During ageing CpG island loci gain methylation and non-islanded CpGs become less methyl-
ated. Researchers have frequently shown that methylation status is increased within CpG
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islands with age [59, 60]. Tra et al. and Bjornsson et al. showed bi-modal age-related methyla-
tion in aged tissues vs. normal tissues using microarray. A direct comparison of the top 50
most age-related and normal methylation genomes show an overall decreased methylation
status in non-CpG island regions of normal samples [51]. They also indicated an inverse
correlation trend in other tissue types, where they found that although methylation occurs at
non-CpG island regions, there is a strong correlation between age and methylation at the CpG
island regions [61].

Studies have indicated that age-related methylation is a common mechanism of dysregulation
regardless of tissue specificity [62]. There is a reduction in the fidelity to maintain DNMTs
activity with ageing and this potentially results in the age-related reduction of methylation
[63]. On the other hand, age-related hypermethylation is a reflection of accumulating stochas-
tic methylation events over time [64]. However, these methylated CpGs in mammalian cells
may not have dramatic functional consequences due to the absence of pathologic phenotype
differences [65]. The accumulation of alterations without functional consequences should not
be considered biologically insignificant, because age-related alteration of the normal epi-
genome without changes in gene expression may confer a significantly increased risk to
pathologic phenotypes and altered gene expression or genomic instability [64]. For example,
the methylation of ‘non-functional’ CpG islands in promoter regions of an aged individual can
continue to accumulate methylation events (methylation spreading) and increase the chance of
methylation induced gene silencing in the future [64]. The increasing spread of methylation
can also affect gene expression of distant loci via silencing of important genomic regions, such
as enhancers resulting in progression to a diseased phenotype [66]. Fortunately, the aberrant
CpG methylation causing gene silencing on a single allele can be compensated by the comple-
mentary allele that is not methylated. Thus, the clusters of mono-allelic gene expression will
increase the risk of pathologic phenotype alteration, for example the loss of the 2nd functional
allele. As a result, it is necessary to study the potential of quantification of age and/or environ-
mental exposure that is associated with DNA methylation which can act as an indication of
disease risk [67].

Other DNA methylation mechanisms are involved in cellular ageing and provide a large area
of discovery, these include: endogenous hypomethylation and exogenous hypermethylation
[68]. Age-dependent decreases in DNA methylation, including possible endogenous changes
that alter gene expression or the function of DNMT and demethylases, as well as exogenous
factors like diet, drugs and UV may also result in gene expression alteration [69]. Endogenous
DNMT alteration can arise at different stages of cellular development from new-born, middle
aged, to elderly individuals. All of these factors may lead to gene overexpression and the
increase of ‘transcriptional noise’, however this is not fully understood in the mammalian
system. Exogenous agents that affect DNA methylation may affect cellular function in the
long-term [47]. Cells treated with demethylation agents can become re-methylated due to the
action of their DNAmethylation maintenance mechanisms which endure multiple insults with
accumulating age [70]. Dietary deficiencies in folate, choline, methionine, zinc and/or selenium
can result in alteration of DNA methylation status [71]. Folate and choline deficiency may
contribute to DNA hypomethylation in the liver that leads to liver cancer development [72].
Folate deficiency can also lead to an increase of homocysteine levels and promote degeneration
of neurons in Alzheimer’s and Parkinson’s disease [73].
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The mechanisms involved in hypermethylation of CpG islands with ageing are not well
understood. Wu et al., showed increased levels of DNMT1 leading to CpG island methylation
and phenotype changes in fibroblasts, suggesting the increased level of the protein contributed
to process of phenotypic modification. Under normal cellular development DNMT1 may
increase in response to DNA hypomethylation that is caused by drug intake and dietary
deficiencies which lead to increased DNA methylation and contributes to the DNA methyla-
tion balance of the cell.

2.2. DNA methylation and disease development

Germline and somatic mutations are mainly the result of cytosine methylation during cancer
development [74]. Abnormal promoter methylation of the regulatory genes can lead to gene
silencing and is an important mechanism of cancer progression [75]. Rare diseases such as
immunodeficiency, centromeric region instability, facial anomalies syndrome (ICF) [13] and
mental retardation in young girls (Rett Syndrome) are the potential consequence of abnormal
methylation alteration [76]. For example, ICF patients are found to be have a mutated
DNMT3b gene that leads to the downregulation of satellite DNA methylation and chromo-
somal de-condensation. Methylation binding domains (MBDs, MeCP2) were found to be
aberrantly methylated in Rett Syndrome patients, resulting in the interruption of the methyla-
tion signal [76]. Together this suggests methylation is not completed after embryonic develop-
ment, requires maintenance and is essential in mammalian cells. Alternatively, the increasing
methylation of mammalian cells may contribute to the risk of cancer development. Therefore,
the balance of methylation is essential in maintaining healthy cellular function.

Many studies have indicated that the imbalance of DNA methylation occurs in the disease
mechanism which leads to the discovery of pharmacological agents that reverse epigenetic
abnormalities [77]. The interaction of DNA methylation and histone modification machinery
were further investigated and proved to be an important contribution that led to disease
development. Another group of epigenetic alterations caused by small RNAs also play a major
role at different disease stages that could also be exploited to monitor treatment results [78].

2.3. DNA methylation and cancer development

DNA methylation and cancer development was first studied in the 1980s, showing DNA
hypomethylation in their normal counterparts of cancer cells [79]. The loss of DNA methyla-
tion in the repetitive regions of the genome was referred to as hypomethylation which led to
genomic instability and is a hallmark of tumour cells [80]. Hypomethylation can also lead to
over-expression of oncogenes that contributes to cancer progression [81]. Transcriptional inter-
ference describes the reactivation of transposon promoters via demethylation that contributes
to aberrant gene regulation in cancers [82]. Down-regulation of DNAmethylation occurs at the
early stages of cancer and correlates with disease progression and metastatic potential in many
cancer types [81]. The melanoma antigen (MAGE) family of cancer genes are a gene-specific
hypomethylation in cancer cells that encodes tumour antigens of unknown function that are
frequently demethylated and re-expressed in cancer [83]. Specific genes that are hypomethylated
in specific types of cancer include: S100 calcium binding protein A4 (S100A4) upregulated in
colon cancer [84], serine protease inhibitor gene SERPINB5 (also known as maspin) in gastric
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islands with age [59, 60]. Tra et al. and Bjornsson et al. showed bi-modal age-related methyla-
tion in aged tissues vs. normal tissues using microarray. A direct comparison of the top 50
most age-related and normal methylation genomes show an overall decreased methylation
status in non-CpG island regions of normal samples [51]. They also indicated an inverse
correlation trend in other tissue types, where they found that although methylation occurs at
non-CpG island regions, there is a strong correlation between age and methylation at the CpG
island regions [61].

Studies have indicated that age-related methylation is a common mechanism of dysregulation
regardless of tissue specificity [62]. There is a reduction in the fidelity to maintain DNMTs
activity with ageing and this potentially results in the age-related reduction of methylation
[63]. On the other hand, age-related hypermethylation is a reflection of accumulating stochas-
tic methylation events over time [64]. However, these methylated CpGs in mammalian cells
may not have dramatic functional consequences due to the absence of pathologic phenotype
differences [65]. The accumulation of alterations without functional consequences should not
be considered biologically insignificant, because age-related alteration of the normal epi-
genome without changes in gene expression may confer a significantly increased risk to
pathologic phenotypes and altered gene expression or genomic instability [64]. For example,
the methylation of ‘non-functional’ CpG islands in promoter regions of an aged individual can
continue to accumulate methylation events (methylation spreading) and increase the chance of
methylation induced gene silencing in the future [64]. The increasing spread of methylation
can also affect gene expression of distant loci via silencing of important genomic regions, such
as enhancers resulting in progression to a diseased phenotype [66]. Fortunately, the aberrant
CpG methylation causing gene silencing on a single allele can be compensated by the comple-
mentary allele that is not methylated. Thus, the clusters of mono-allelic gene expression will
increase the risk of pathologic phenotype alteration, for example the loss of the 2nd functional
allele. As a result, it is necessary to study the potential of quantification of age and/or environ-
mental exposure that is associated with DNA methylation which can act as an indication of
disease risk [67].

Other DNA methylation mechanisms are involved in cellular ageing and provide a large area
of discovery, these include: endogenous hypomethylation and exogenous hypermethylation
[68]. Age-dependent decreases in DNA methylation, including possible endogenous changes
that alter gene expression or the function of DNMT and demethylases, as well as exogenous
factors like diet, drugs and UV may also result in gene expression alteration [69]. Endogenous
DNMT alteration can arise at different stages of cellular development from new-born, middle
aged, to elderly individuals. All of these factors may lead to gene overexpression and the
increase of ‘transcriptional noise’, however this is not fully understood in the mammalian
system. Exogenous agents that affect DNA methylation may affect cellular function in the
long-term [47]. Cells treated with demethylation agents can become re-methylated due to the
action of their DNAmethylation maintenance mechanisms which endure multiple insults with
accumulating age [70]. Dietary deficiencies in folate, choline, methionine, zinc and/or selenium
can result in alteration of DNA methylation status [71]. Folate and choline deficiency may
contribute to DNA hypomethylation in the liver that leads to liver cancer development [72].
Folate deficiency can also lead to an increase of homocysteine levels and promote degeneration
of neurons in Alzheimer’s and Parkinson’s disease [73].
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The mechanisms involved in hypermethylation of CpG islands with ageing are not well
understood. Wu et al., showed increased levels of DNMT1 leading to CpG island methylation
and phenotype changes in fibroblasts, suggesting the increased level of the protein contributed
to process of phenotypic modification. Under normal cellular development DNMT1 may
increase in response to DNA hypomethylation that is caused by drug intake and dietary
deficiencies which lead to increased DNA methylation and contributes to the DNA methyla-
tion balance of the cell.

2.2. DNA methylation and disease development

Germline and somatic mutations are mainly the result of cytosine methylation during cancer
development [74]. Abnormal promoter methylation of the regulatory genes can lead to gene
silencing and is an important mechanism of cancer progression [75]. Rare diseases such as
immunodeficiency, centromeric region instability, facial anomalies syndrome (ICF) [13] and
mental retardation in young girls (Rett Syndrome) are the potential consequence of abnormal
methylation alteration [76]. For example, ICF patients are found to be have a mutated
DNMT3b gene that leads to the downregulation of satellite DNA methylation and chromo-
somal de-condensation. Methylation binding domains (MBDs, MeCP2) were found to be
aberrantly methylated in Rett Syndrome patients, resulting in the interruption of the methyla-
tion signal [76]. Together this suggests methylation is not completed after embryonic develop-
ment, requires maintenance and is essential in mammalian cells. Alternatively, the increasing
methylation of mammalian cells may contribute to the risk of cancer development. Therefore,
the balance of methylation is essential in maintaining healthy cellular function.

Many studies have indicated that the imbalance of DNA methylation occurs in the disease
mechanism which leads to the discovery of pharmacological agents that reverse epigenetic
abnormalities [77]. The interaction of DNA methylation and histone modification machinery
were further investigated and proved to be an important contribution that led to disease
development. Another group of epigenetic alterations caused by small RNAs also play a major
role at different disease stages that could also be exploited to monitor treatment results [78].

2.3. DNA methylation and cancer development

DNA methylation and cancer development was first studied in the 1980s, showing DNA
hypomethylation in their normal counterparts of cancer cells [79]. The loss of DNA methyla-
tion in the repetitive regions of the genome was referred to as hypomethylation which led to
genomic instability and is a hallmark of tumour cells [80]. Hypomethylation can also lead to
over-expression of oncogenes that contributes to cancer progression [81]. Transcriptional inter-
ference describes the reactivation of transposon promoters via demethylation that contributes
to aberrant gene regulation in cancers [82]. Down-regulation of DNAmethylation occurs at the
early stages of cancer and correlates with disease progression and metastatic potential in many
cancer types [81]. The melanoma antigen (MAGE) family of cancer genes are a gene-specific
hypomethylation in cancer cells that encodes tumour antigens of unknown function that are
frequently demethylated and re-expressed in cancer [83]. Specific genes that are hypomethylated
in specific types of cancer include: S100 calcium binding protein A4 (S100A4) upregulated in
colon cancer [84], serine protease inhibitor gene SERPINB5 (also known as maspin) in gastric
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cancer [85] and the putative oncogene γ-synuclein (SNCG) in breast and ovarian cancers [86].
Global hypomethylation that occurs at early stages of tumorigenesis may be protected by
genomic instability and further genetic changes. However, gene-specific hypomethylation could
allow tumour cell adaptation to their local environment and promote metastasis. Research on
genome-wide demethylation in cancer cells has been largely overshadowed by studies of gene-
specific hypermethylation events, which occur concomitantly with the hypomethylation events
discussed above. In cancer cells, aberrant hypermethylation usually occurs at CpG islands that
are mostly unmethylated in normal somatic cells [87]. Histone deacetylation leads to changes in
chromatic structure that effectively silence transcription. In a subset of tumour types that are
referred to as CpG island-methylator phenotypes, there was a 3–5 fold increase in aberrant
methylation [88]. Most of the involved genes were regulators of cell-cycle, tumour cell invasion,
DNA repair, chromatic remodelling, cell signalling, transcription and apoptosis. Additionally
these genes are known to be aberrantly hypermethylated and silenced inmost cancers, favouring
cancer cell growth and increasing their genetic instability causing them to metastasize. In the
case of colon cancer, aberrant hypermethylation is detectable in the earliest precursor lesion,
indicating DNA hypermethylation is an early, detectable event during colon cancer development
and can be used as a biomarker [89].

Cancer can be described as a disease of ageing, Issa et al., reported global (repeat element)
hypomethylation and promoter hypermethylation of cancer cells are also found in normal
tissues with ageing [58]. Other studies have described the age-related methylation in normal
human prostate and colon tissues that contain CpG island bearing genes [90]. The alteration of
DNA methylation is age-related but also tissue-dependent. The process of DNA methylation
associated with ageing and promoter CpG methylation is complex. CpG islands are known to
contribute to gene silencing in cancer cells. Gene silencing of retinoic acid receptor- β (RAR β)
51 is an example of de novo methylation of the CpG island that causes leukaemia to develop in
humans [91]. During cancer development, interactions between DNMTs and HDACs may
facilitate de novo methylation to maintain permanent methylation of tumour suppressor genes
that are already down-regulated [92].

2.4. DNA methylation, biomarkers, treatment and monitoring of disease

Promoter hypermethylation of DNA can be used as biomarkers for the detection of different
cancerous cells when compared with methylation status of ‘normal-healthy’ cells. There is a
growing trend to develop DNA methylation based biomarkers for cancer diagnosis. This
area of development is attractive to researchers because of the stable and sustainable nature
of detection (even in circulation). Aberrant DNA methylation can also be used as a bio-
marker for malignant transformation. The development of a methylation-specific PCR tech-
nique in 1996 by Herman et al., became popular soon after their first publication [93]. It
offers a quick, easy, non-radioactive and sensitive way to detect hypermethylated CpG
regions of tumour suppressor genes and can detect unmethylated CpG regions in ‘normal-
healthy’ cells. Recently, the new droplet digital PCR technology and next generation
sequencing has moved methylation detection in clinical samples a step forward which is
sensitive enough to look at the traced methylation status of tumour suppressor genes in
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circulation. The advantage of this detection technology is built on the basis of the following:
positive PCR signals are not masked by the contamination of normal cells, promoter
hypermethylation can occur at an early stage of cancer which allows early diagnosis and all
tumours have one or more loci that contain hypermethylated tumour suppressor genes. The
development of detection techniques also allowed promoter hypermethylation to be identi-
fied using bronchoalveolar lavages [94], lymph nodes [95], stool and sputum [96] to screen
methylation of tumour suppressors. The screening of promoter hypermethylation in serum
DNA from non-small cell lung cancer also opens the avenue for researchers to further develop
this technology for diagnosis [97]. Septin 9 (Sept9) was the first FDA approved DNA methyla-
tion marker that utilised non-invasive serum samples from patients [98]; MLH1 is used for colon
cancer diagnosis [99] and O6-methylguanine-DNA-methyltransferase (MGMT1) is used for
brain cancer [100] diagnosis in the clinic.

The process of methylating dmC in cancer is complicated as malignancies have different
origins; it can either be direct or indirect influence by oncogenes or as part of cancer cell
adaptation to external stress response, environmental factors and exposure to therapeutic
genes and others [101, 102]. The distribution of dmC during cancer development will allow
cancer cells to abject their phenotypes, adapt to different tissue microenvironments and also
become resistant to therapeutic drugs [103]. Cancer associated upregulation of dmC at pro-
moters or enhancers of a genome can also cause tumour suppressor genes to become silenced
[104]. The commonly silenced tumour suppressor genes in most cancers CDKN2A, RB and
MLH1 are associated with aggressive cancer types and a poor prognosis [104]. DNA methyl-
ation can also be used to detect silenced genes involved in immune recognition or modulate a
response to chemotherapy, resulting in disruption of immune surveillance that induced che-
motherapy resistance [105]. However, these epigenetic alterations are reversible and it is
possible to reverse aberrant methylation with DNMT inhibitor (DNMTi) or a demethylating
agent (i.e. decitabine) which allows the restoration of the genomic functions [67]. The advan-
tages of these drugs are their ability to reprogram cancer cells to undergo terminal differenti-
ation, induce chemosensitisation, loss of self-renewal properties or become visible to immune
system. DNMTi and decitabine can also be used to induce anti-tumour response by induction
of endogenous stimulation of interferon response pathways [106].

The multifaceted and easy detection of dmC highlights its great potential to be used as a
biomarker with utilisation of the improved detection methods of methylated DNA using
modified DNA fragments. dmC biomarkers have now become a convincing predictor of
clinical outcomes and are able to predict response to DNMTi in the clinic. They can also be
used to classify cancer into biological and clinically distinct disease subtypes, providing
guidance for chemotherapeutic drug selection. The use of tumour suppressor gene CDKN2A
methylation status has shown to be prognostically significant in many cancer types [107]. In
leukaemia patients, clinicians use the panel 16 methylated gene panel as a biomarker for
detection using microarray and showed that differentially methylated regions (DMTs) are
useful to predict outcomes of patients and their clinical variability. This dmC detection
technology has been developed further as biomarkers and is validated in acute myeloid
leukaemia (AML) patients [108]. The DMRs can also be used to predict response of patients
with chronic myelomonocytic leukaemia to DNMTi [109]. Hypermethylation and silencing
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genome-wide demethylation in cancer cells has been largely overshadowed by studies of gene-
specific hypermethylation events, which occur concomitantly with the hypomethylation events
discussed above. In cancer cells, aberrant hypermethylation usually occurs at CpG islands that
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cancer cell growth and increasing their genetic instability causing them to metastasize. In the
case of colon cancer, aberrant hypermethylation is detectable in the earliest precursor lesion,
indicating DNA hypermethylation is an early, detectable event during colon cancer development
and can be used as a biomarker [89].

Cancer can be described as a disease of ageing, Issa et al., reported global (repeat element)
hypomethylation and promoter hypermethylation of cancer cells are also found in normal
tissues with ageing [58]. Other studies have described the age-related methylation in normal
human prostate and colon tissues that contain CpG island bearing genes [90]. The alteration of
DNA methylation is age-related but also tissue-dependent. The process of DNA methylation
associated with ageing and promoter CpG methylation is complex. CpG islands are known to
contribute to gene silencing in cancer cells. Gene silencing of retinoic acid receptor- β (RAR β)
51 is an example of de novo methylation of the CpG island that causes leukaemia to develop in
humans [91]. During cancer development, interactions between DNMTs and HDACs may
facilitate de novo methylation to maintain permanent methylation of tumour suppressor genes
that are already down-regulated [92].

2.4. DNA methylation, biomarkers, treatment and monitoring of disease

Promoter hypermethylation of DNA can be used as biomarkers for the detection of different
cancerous cells when compared with methylation status of ‘normal-healthy’ cells. There is a
growing trend to develop DNA methylation based biomarkers for cancer diagnosis. This
area of development is attractive to researchers because of the stable and sustainable nature
of detection (even in circulation). Aberrant DNA methylation can also be used as a bio-
marker for malignant transformation. The development of a methylation-specific PCR tech-
nique in 1996 by Herman et al., became popular soon after their first publication [93]. It
offers a quick, easy, non-radioactive and sensitive way to detect hypermethylated CpG
regions of tumour suppressor genes and can detect unmethylated CpG regions in ‘normal-
healthy’ cells. Recently, the new droplet digital PCR technology and next generation
sequencing has moved methylation detection in clinical samples a step forward which is
sensitive enough to look at the traced methylation status of tumour suppressor genes in
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circulation. The advantage of this detection technology is built on the basis of the following:
positive PCR signals are not masked by the contamination of normal cells, promoter
hypermethylation can occur at an early stage of cancer which allows early diagnosis and all
tumours have one or more loci that contain hypermethylated tumour suppressor genes. The
development of detection techniques also allowed promoter hypermethylation to be identi-
fied using bronchoalveolar lavages [94], lymph nodes [95], stool and sputum [96] to screen
methylation of tumour suppressors. The screening of promoter hypermethylation in serum
DNA from non-small cell lung cancer also opens the avenue for researchers to further develop
this technology for diagnosis [97]. Septin 9 (Sept9) was the first FDA approved DNA methyla-
tion marker that utilised non-invasive serum samples from patients [98]; MLH1 is used for colon
cancer diagnosis [99] and O6-methylguanine-DNA-methyltransferase (MGMT1) is used for
brain cancer [100] diagnosis in the clinic.

The process of methylating dmC in cancer is complicated as malignancies have different
origins; it can either be direct or indirect influence by oncogenes or as part of cancer cell
adaptation to external stress response, environmental factors and exposure to therapeutic
genes and others [101, 102]. The distribution of dmC during cancer development will allow
cancer cells to abject their phenotypes, adapt to different tissue microenvironments and also
become resistant to therapeutic drugs [103]. Cancer associated upregulation of dmC at pro-
moters or enhancers of a genome can also cause tumour suppressor genes to become silenced
[104]. The commonly silenced tumour suppressor genes in most cancers CDKN2A, RB and
MLH1 are associated with aggressive cancer types and a poor prognosis [104]. DNA methyl-
ation can also be used to detect silenced genes involved in immune recognition or modulate a
response to chemotherapy, resulting in disruption of immune surveillance that induced che-
motherapy resistance [105]. However, these epigenetic alterations are reversible and it is
possible to reverse aberrant methylation with DNMT inhibitor (DNMTi) or a demethylating
agent (i.e. decitabine) which allows the restoration of the genomic functions [67]. The advan-
tages of these drugs are their ability to reprogram cancer cells to undergo terminal differenti-
ation, induce chemosensitisation, loss of self-renewal properties or become visible to immune
system. DNMTi and decitabine can also be used to induce anti-tumour response by induction
of endogenous stimulation of interferon response pathways [106].

The multifaceted and easy detection of dmC highlights its great potential to be used as a
biomarker with utilisation of the improved detection methods of methylated DNA using
modified DNA fragments. dmC biomarkers have now become a convincing predictor of
clinical outcomes and are able to predict response to DNMTi in the clinic. They can also be
used to classify cancer into biological and clinically distinct disease subtypes, providing
guidance for chemotherapeutic drug selection. The use of tumour suppressor gene CDKN2A
methylation status has shown to be prognostically significant in many cancer types [107]. In
leukaemia patients, clinicians use the panel 16 methylated gene panel as a biomarker for
detection using microarray and showed that differentially methylated regions (DMTs) are
useful to predict outcomes of patients and their clinical variability. This dmC detection
technology has been developed further as biomarkers and is validated in acute myeloid
leukaemia (AML) patients [108]. The DMRs can also be used to predict response of patients
with chronic myelomonocytic leukaemia to DNMTi [109]. Hypermethylation and silencing
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of SMAD1 was useful as a predictive biomarker for chemotherapy resistance in patients with
high-risk diffuse large B-cell lymphoma (DLBCL) [110]. SMAD1 silencing also showed con-
tribution to chemotherapy resistance that can be reversed by DNMTis in patients [110].
Results were favourable for the use of DNMTi in patients diagnosed with high-risk DLBCL,
in combination with decitabine before rituximab in combination of cyclophosphamide,
doxorubine, vincristine and prednisone chemo-immunotherapy. MGMT which is a DNA
repair enzyme has also proved to be useful as a predictive marker for alkylating agent
response [111].

3. Epigenetic regulation and drug discovery

Other epigenetic factors are useful for drug discovery, such as acetylation, methylation and
phosphorylation, ubiquitination, sumoylation and ADP-ribosylation [112, 113]. A list of these
agents is summarised in Table 1a and Table 1b [114, 115]. Vincent Alfrey et al., suggested
modifications of acetylation have functional roles in modulating transcription and it was later
established by others that the process of chromatin and post-translational modification of
epigenetic regulation may be interrupting DNA [116]. HDAC are a family of enzymes respon-
sible for chromatin modification. Aberrant regulation of this family of genes has been studied
in many cancers and used in pharmacological target discovery. The inhibition of chromatin-
modification enzymes is a key process to modulate transcription in eukaryotic cells which led
to the development of novel pharmacologic agent discovery. HDAC inhibitor (HDACi),
vorinostat, was the FDA approved treatment for patients with advanced refractory cutaneous
T-cell lymphoma. This provides evidence that HDACi is a useful therapeutic treatment, how-
ever the different subtypes of HDAC should be considered to achieve promising therapeutic
interventions. The discovery of both HDACi and DNMTi provide options for clinical treatment
alone or possible use with other agents in combination therapies for the treatment of various
diseases that are related to epigenetic abnormalities [117].

4. Conclusion

Epigenetic regulation is an attractive area of research; it provides a broad spectrum of
discovery as it is involved in almost all developmental processes of the mammalian cell from

Name DNMT inhibitor Clinical status Treatment

Decitabine 5-AZA-CdR FDA and the European
Medicines Agency

Myelodysplastic syndromes (MDS), acute myeloid leukaemia
(AML), and chronic myelomonocytic leukaemia (CMML)

5-AZA Nucleoside
analogues
azacitidine

FDA and the European
Medicines Agency

Myelodysplastic syndromes (MDS), acute myeloid leukaemia
(AML), and chronic myelomonocytic leukaemia (CMML)

Table 1a. DNMT inhibitors.
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early fertilisation, implantation, embryonic development, ageing and carcinogenesis.
As evolutionary stages require different types of epigenetic signature, the various epigenetic
patterns have been exploited in biomarker discovery to identify distinctive/unique stages
of disease (typically cancer) development. Although DNA methylation is the most studied
area of epigenetics, there are not many markers that are currently used as standard clinical
diagnostic markers. Due to the stability of DNA in cells and in circulation we believe that
with the development of new technologies and methods, DNA methylation biomarkers

Class HDAC
inhibitor

Target
HDAC Class

Clinical status

Hydroxamic acids SAHA pan Approved for cutaneous T-cell lymphoma

Belinostat pan Approved for peripheral T-cell lymphoma

Panabiostat pan Approved for multiple myeloma

Givinostat pan Phase II clinical trials—relapsed leukaemia and multiple
myeloma

Resminostat pan Phase I and II clinical trials—hepatocellular carcinoma

Abexinostat pan Phase II clinical trial—B-cell lymphoma

Quisinostat pan Phase I clinical trial—multiple myeloma

Rocilinostat II Phase I clinical trial—multiple myeloma

Practinostat I, II and IV Phase II clinical trial—prostate cancer

CHR-3996 I Phase I clinical trial—advanced/metastatic solid tumours
refractory to standard therapy

Valproic acid I, IIa Approved for epilepsia, bipolar disorders and migraine, phase II
clinical trials—several studies

Short chain fatty
acids

Butyric acid I, II Phase II clinical trials—several studies

Phenylbutyric
acid

I, II Phase I clinical trials—several studies

Entinostat I Phase II clinical trials—breast cancer, Hodgkin’s lymphoma, non-
small cell lung cancer, phase III clinical trial—hormone receptor
positive breast cancer

Benzamides Tacedinaline I Phase III clinical trial—non-small cell lung cancer and pancreatic
cancer

4SC202 I Phase I clinical trial—advanced haematological malignancies

Mocetinostat I, IV Phase II clinical trials—Hodgkin’s lymphoma

Romidepsin I Approved for cutaneous T-cell lymphoma

Cyclic tetrapeptides Nicotinamide All class III Phase III clinical trial—laryngeal cancer

Sirtuins inhibitors EX-527 SIRT 1 and 2 Cancer preclinical, phase I and II clinical trials—Huntington
disease, glaucoma

Table 1b. HDAC inhibitors.
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have the potential to become a favourable clinical diagnostic marker. Further research is
required in this field to ensure the widespread application of DNA methylation markers in
the clinical setting.
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DNMT DNA methyltransferases
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Abstract

Histone chaperones are fundamental molecules that aid in the synthesis, translocation, and
exchange of histones across the barrier of cytoplasm to nucleus. Regulation in repair,
replication, and nucleosome assembly constitute the widely associated functions of histone
chaperones. Recently, they have been associated with transcriptional regulation. Different
stages of mammalian development have been correlated to the expression of histone chap-
erones. From oocyte and sperm till the formation and development of zygote, different
histone chaperones demonstrated distinct regulatory roles. Efficient models of studying
mammalian development include differentiation of embryonic stem cells (ESCs) to different
lineages. Both in vitro and in vivo differentiation of mammalian cells exhibit regulation by
different subtypes of histone chaperones. Due to the ethical issues concerning the use of
embryos for the derivation of ESCs, induced pluripotent stem cells (iPSCs) were derived
from pre-existing differentiated cells by a phenomenon called cellular reprogramming.
Cellular reprogramming is characterized by erasure of pre-existing epigenetic signature to
a new modulated epigenome. Histone chaperones serve as either facilitator or barrier to
reprogramming. Here, we will discuss how histone chaperones could regulate the gene
expression pattern by regulating epigenetic modification during the complex process of
mammalian development and reprogramming.

Keywords: histone chaperone, reprogramming, epigenetic, development, transcription
factor, histone variant

1. Introduction

Nucleosomes comprising of histones and DNA could be considered as the basic unit of
regulation of gene expression. Nucleosomes tightly regulate the transcriptional traffic while
relaxing the structure of chromatin to bind the chromatin factors across the DNA. The marked
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presence of euchromatin and heterochromatin determines the fate of gene expression as a
result of presence or absence of the regulatory complex formed at different loci [1]. Thus, the
assembly or disassembly of the nucleosome is a major contributory factor in the regulation of
gene expression in mammalian cells. Histone chaperone are proteins in nature and regulates
the nucleosomal function by the deposition or eviction of corresponding canonical histone
subunits or non-canonical histone variants. Their function is not restricted to nucleosomal
activity only. They regulate all sorts of histone metabolism throughout the life cycle of a
mammalian cell. Histone deposition by histone chaperones may or may not be coupled to
DNA replication. The entire dynamics associated with histone chaperones enable us to realize
how they could regulate DNA replication, repair, transcription and finally the genomic integ-
rity of the cells (Figure 1).

The fundamental unit of chromatin is nucleosome. Nucleosome is composed of histone
octamer with each two units of histone H2A, H2B, H3, H4 wrapped around by 147 bp of
DNA. A linker DNA, along with other histone subunit H1, connects one nucleosome to the
other and forms a beaded chain like structure in the nucleus. The degree of compactness of
these nucleosomes determines the fate of gene expression in mammalian cells. Along with the
canonical histone units of H2A, H2B, H3.1, H3.2 and H4, replacement histone variants have
evolved which are essentially regulatory in nature including H3.3, CENP-A, H2A.Z and
deposited in a replication-independent manner unlike the canonical ones which are generally
deposited in a replication-coupled fashion and are expressed in the S-phase of the cell cycle.
Replacement of canonical subunit with the histone variants contributes to the transcriptional
regulation of genes [2]. Histone chaperones are responsible for the recruitment of canonical
histones and these histone variants at different loci of the genome and further indulge in the
regulation of gene expression.

Till date different subtypes of histone chaperones have been discovered. They are generally
classified on the basis of replication-coupled or uncoupled mechanism of action. As mentioned

Figure 1. Overview of chromatin functions regulated by histone chaperones.
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earlier replication coupled are the ones associated with deposition of newly synthesized
canonical histones into the nucleosome, recycling them throughout the cell cycle and that
include Chromatin Assembly Factor 1 (CAF1), Facilitates Chromatin Transcription (FACT),
Suppressor Of Ty6 (Spt6), among others [2]. Whereas the other phenomenon of DNA repair,
centromere deposition, transcriptional regulation and maintenance of heterochromatin
dynamics are performed in a replication uncoupled fashion and that include Histone regula-
tion A (HIRA), Anti Silencing Function 1A (ASF1A), Death domain-associated protein 6
(DAXX) among others [2]. Detailed information on the same could be referred from a recent
review by Hammond et al. [2].

Replication-independent functioning of histone chaperones has a profound impact on the
chromatin structure and as well as in different cellular processes. Such is the influence in
different cellular context that many knockout phenotypes of histone chaperones demonstrated
embryonic lethality. Among these cellular process, in this chapter, we will discuss in detail
how histone chaperone influence different mammalian developmental stages and in the con-
text of cellular reprogramming.

2. Histone chaperones in mammalian development

Mammalian development initiates upon the formation of single celled zygote from the sperm
and ovum. The zygote undergoes division to form two-celled to four-celled and finally to a
stage called morula. Till this stage the embryo is termed as totipotent, that can differentiate
into any lineage. But, from the formation of blastocyst, the potency to differentiate becomes
restricted from pluripotent to multipotent to finally unipotent (Figure 2, top panel). Intricate
molecular mechanisms encompassing different transcriptional and epigenetic factors regulate
the different stages of mammalian development from the pre-implantation embryo till the
attainment of adulthood.

2.1. Pre-implantation and early embryonic development

From one-celled zygote to the formation of totipotent morula, functionally different histone
chaperones influence the developmental stages. Even before fertilization, histone chaperone
HIRA depletion lead to inhibition of male pronucleus formation due to a lack of nucleosome
assembly in the sperm genome [3]. Hira mutant oocytes in Xenopaus, lack the potential to
divide parthenogenetically [4]. Basically, HIRA-dependent H3.3 incorporation in the paternal
genome is a prerequisite for their reprogramming into the development to the mouse zygote
[5]. Progression to the two-celled stage is absolutely dependent on the histone chaperone
HIRA. Loss in maternal HIRA leads to complete inability to deposit the core histones on to
the paternal genome thus resulting in a compromised maternal genome reactivation in mice
[5]. Also, ASF1B has been found to be required for retaining the female reproductive capacity
in mouse where in loss of ASF1B could introduce change in meiotic entry thereby resulting in a
discrepancy in gonad development [6]. The development of morula to blastocyst occurs
around E3.5 and E5.5 in mouse and human respectively (Figure 2). This is the first cellular
differentiation wherein the blastocyst could be partitioned into the inner cell mass (ICM)
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comprising of epiblast and hypoblast and the outer layer of trophectoderm (TE) covering the
blastocoel (Figure 2). ICM gives rise to the embryo proper and the TE develops into the
extraembryonic tissue forming the link between the embryo and the mother. Embryonic stem

Figure 2. Histone chaperones implicated in mammalian developmental processes. (Top panel) Pre-implantation devel-
opment—singe-celled mouse embryo undergoes division to form blastocyst at embryonic day 3.5, E3.5. Inner cell mass
(ICM) and trophectoderm (TE) constitute the blastocyst surrounding the blastocoel. ICM are source of embryonic stem
cells (ESCs). Mouse ESCs when derived from ICM express core pluripotency factor OCT4 and NANOG, as visualized by
immunofluorescence microscopy. (Middle panel) The structural organization of the chromatin of sperm and oocyte are
also regulated by different set of histone chaperones. (Lower panel) Further development and differentiation to all three
lineages, after post-implantation, have been attributed to the proper functioning of histone chaperones. Histone chaper-
ones associated with the regulation of the developmental stages have been summarized in the table.
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cells (ESCs) are developed in vitro from the ICM and with time have evolved into the best tool
to understand development as well as serve as the best alternative to be exploited for the
generation of cells of different lineages due to the pluripotent nature of these cells. Pluripotent
ESCs can differentiate into any lineage except to extraembryonic lineage. Loss in CAF1 leads to
the mislocalization, loss of clustering, and decondensation of pericentric heterochromatin
domains in ESCs and an altered histone methylation mark at the level of pericentric hetero-
chromatin is formed [7]. Basically, CAF1 targeted mutation led to the developmental arrest at
the 16-cell stage due to severe alteration in the nuclear organization of constitutive heterochro-
matin. The reason was the non-maturation of the heterochromatin and the retention of the 4-
celled stage in the 16-cell stage leading to stalled development. So, CAF1p150 is needed for the
development of preimplantation embryo [7]. Conditional mutagenesis of the histone chaper-
one ATRX demonstrated a failure in the development of TE in murine embryo [8]. A defect in
methylation pattern and growth pattern lead to the embryonic lethality of mouse embryo.
Thus, ATRX serve as one of the deterministic factor for the successful differentiation of embryo
into TE and hence in the formation of extraembryonic tissues. During the early embryonic
development, histone chaperone DAXX has been associated in the suppression of apoptosis in
the embryo wherein its loss resulted in enhanced apoptosis thus resulting to embryonic
lethality [9]. In the late pre-implantation stage, the embryo is significantly hypomethylated.
Retrotransposons present in the mammalian genome stay in a silenced fashion to avoid their
activation that could result in the loss of genomic integrity. In this stage of development, CAF1
mediated deposition of histone variant H3.1/3.2 and repressive histone marks, including
H4K20me3 and H3K9me3, at retrotransposon regions repressed the activation of these ele-
ments thereby aiding in the proper development of embryo [10]. So, different histone chaper-
ones specifically regulate stages of pre-implantation development or early mammalian
development (Figure 2).

Development of the embryo to an adult further instils another set of histone chaperones in
regulatory mechanism associated with differentiation into different lineages. A classic example
is the histone chaperone HIRA. Targeted mutagenesis of HIRA demonstrated that HIRA is
indispensable during murine embryogenesis. The defects of mutation were prominently visi-
ble during gastrulation, abnormal placentation, cardiac morphogenesis and finally leading to
embryonic lethality [11]. There are different lineages, which are preferentially being targeted
by few histone chaperones, and in the next section we will discuss the relation between sub-
types of histone chaperones in development (Figure 2).

2.2. Cardiac differentiation and heart development

Mesodermal differentiation to cardiac progenitors demonstrated a substantial role of histone
chaperone HIRA. Cardiomyocyte-specific Hira conditional-knockout mice did not disturbed
the heart development, but instead resulted in cardiomyocyte hypertrophy and susceptibility
to sarcolemmal damage [12]. Cardiomyocyte degeneration led to focal replacement fibrosis
and hence resulted in the impaired cardiac function. Gene expression profile in Hira
conditional-knockout hearts indicated impairment in pathways associated with responses to
cellular stress, DNA repair and transcription and could hence implicate HIRA in maintenance
of cardiomyocyte homeostasis [12]. HIRA could also individually regulate locus-specific
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cells (ESCs) are developed in vitro from the ICM and with time have evolved into the best tool
to understand development as well as serve as the best alternative to be exploited for the
generation of cells of different lineages due to the pluripotent nature of these cells. Pluripotent
ESCs can differentiate into any lineage except to extraembryonic lineage. Loss in CAF1 leads to
the mislocalization, loss of clustering, and decondensation of pericentric heterochromatin
domains in ESCs and an altered histone methylation mark at the level of pericentric hetero-
chromatin is formed [7]. Basically, CAF1 targeted mutation led to the developmental arrest at
the 16-cell stage due to severe alteration in the nuclear organization of constitutive heterochro-
matin. The reason was the non-maturation of the heterochromatin and the retention of the 4-
celled stage in the 16-cell stage leading to stalled development. So, CAF1p150 is needed for the
development of preimplantation embryo [7]. Conditional mutagenesis of the histone chaper-
one ATRX demonstrated a failure in the development of TE in murine embryo [8]. A defect in
methylation pattern and growth pattern lead to the embryonic lethality of mouse embryo.
Thus, ATRX serve as one of the deterministic factor for the successful differentiation of embryo
into TE and hence in the formation of extraembryonic tissues. During the early embryonic
development, histone chaperone DAXX has been associated in the suppression of apoptosis in
the embryo wherein its loss resulted in enhanced apoptosis thus resulting to embryonic
lethality [9]. In the late pre-implantation stage, the embryo is significantly hypomethylated.
Retrotransposons present in the mammalian genome stay in a silenced fashion to avoid their
activation that could result in the loss of genomic integrity. In this stage of development, CAF1
mediated deposition of histone variant H3.1/3.2 and repressive histone marks, including
H4K20me3 and H3K9me3, at retrotransposon regions repressed the activation of these ele-
ments thereby aiding in the proper development of embryo [10]. So, different histone chaper-
ones specifically regulate stages of pre-implantation development or early mammalian
development (Figure 2).

Development of the embryo to an adult further instils another set of histone chaperones in
regulatory mechanism associated with differentiation into different lineages. A classic example
is the histone chaperone HIRA. Targeted mutagenesis of HIRA demonstrated that HIRA is
indispensable during murine embryogenesis. The defects of mutation were prominently visi-
ble during gastrulation, abnormal placentation, cardiac morphogenesis and finally leading to
embryonic lethality [11]. There are different lineages, which are preferentially being targeted
by few histone chaperones, and in the next section we will discuss the relation between sub-
types of histone chaperones in development (Figure 2).

2.2. Cardiac differentiation and heart development

Mesodermal differentiation to cardiac progenitors demonstrated a substantial role of histone
chaperone HIRA. Cardiomyocyte-specific Hira conditional-knockout mice did not disturbed
the heart development, but instead resulted in cardiomyocyte hypertrophy and susceptibility
to sarcolemmal damage [12]. Cardiomyocyte degeneration led to focal replacement fibrosis
and hence resulted in the impaired cardiac function. Gene expression profile in Hira
conditional-knockout hearts indicated impairment in pathways associated with responses to
cellular stress, DNA repair and transcription and could hence implicate HIRA in maintenance
of cardiomyocyte homeostasis [12]. HIRA could also individually regulate locus-specific
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effects on cardiac-specific genes. Conditional ablation of Hira in the cardiogenic mesoderm of
mice demonstrated dysregulation of Tnni2 and Tnnt3, Troponin genes, involved in the cardiac
contractility [13]. HIRA bind to the enhancer elements of Troponin genes that are already
bound by the cardiac-specific transcription factor NKX2.5. Hence, absence of HIRA during
cardiac differentiation results in several defects including edema, which finally aggravate to
embryonic lethality [13].

2.3. Muscular differentiation

Transcription factor MyoD is essential in myoblast differentiation. Histone chaperone HIRA and
H3.3 play pivotal roles in MyoD regulation [14]. HIRA, phosphorylated by Akt kinase, thereby
modulates a switch between its phosphorylated and non-phosphorylated state and thereby
dictate the expression of myogenic genes during myogenesis [15]. Another histone chaperone
SPT6, through cooperation with RNA Pol II and histone demethylase KDM6A, orchestrates
removal of repressive H3K27me3 mark from MyoD, thereby facilitating the expression of MyoD
and thus controlling gene expression associated with development and cell differentiation [16].
Simultaneously, HIRA interact with another transcription factor MEF2C and contributes to its
activation during muscle differentiation [17]. ASF1A forms a complex with HIRA for MEF2C
dependent transcription and is indispensable for myoblast differentiation. Basically, at the chro-
matin level, HIRA mediated enrichment of active histone modification marks within the
myogenin promoter regulated myoblast differentiation [17]. Myofibers lacking HIRA suffer
oxidative stress and generate a hypertrophic response in skeletal muscle thereby exposing the
myofibers to stress-induced degeneration [18].

2.4. Endothelial/hematopoietic differentiation

Endothelial cells are differentiated from mesodermal lineage. They constitute crucial partners
in angiogenesis, the development of new blood vessels. Angiogenic factors like basic fibroblast
growth factor and epidermal growth factor could incite angiogenic response in endothelial
cells with the significant increase in expression of Vascular endothelial growth factor receptor 1
(VEGFR1) [19]. Interestingly, mechanistic analysis showed that HIRA mediated incorporation
of histone H3.3 variants upon acetylated at H3K56 induces the VEGFR1 level in mouse yolk
sac endothelial cells. Loss in expression of HIRA eventually reduced in vitro angiogenesis and
pathological angiogenesis in the choroidal neovascularization model [19].

RUNX1 (Runt-related transcription factor 1) has been attributed to be a pre-requisite for the
hemogenic to hematopoietic transition. This cellular transition is transient in nature, but
recently it has been shown to be the authentic source for the emergence of hematopoietic stem
cells (HSCs). Since, HIRA could influence angiogenesis related endothelial-specific genes, we
investigated the role of the histone chaperone HIRA in hemogenic to hematopoietic transition.
In mouse hemogenic endothelial cells, HIRA physically interact with RUNX1 and thus could
regulate the downstream targets of RUNX1 including Pu.1, Gfi1, and Gfi1b that are implicated
in the functioning of HSCs [20]. The Runx1 + 24 mouse conserved noncoding element, an
intronic enhancer, is essential for the expression of Runx1 during endothelial to hematopoietic
transition. The locus is active upon incorporation of histone variant H3.3 in a HIRA-dependent
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fashion. Thus, HIRA regulate RUNX1 in driving the hemogenic to hematopoietic transition.
Earlier studies in leukemia cells, demonstrated that HIRA interacting with transcription factor
EKLF could regulate the β-globin gene expression associated with adult definitive erythropoi-
esis [21]. It could also control the expression of EKLF and GATA1 by regulating the chromatin
modification at the corresponding regulatory genes during differentiation.

2.5. Neuronal differentiation

Neural progenitor cells are enriched in histone chaperone HIRA and have been associated with
neural progenitor cell proliferation, terminal mitosis and cell cycle exit. Loss of HIRA leads to
premature differentiation in neural progenitors [22]. HIRA is involved in the increased β-
catenin expression due to the enrichment of H3K4me3 mark within its promoter by inducing
the recruitment of Setd1A methyltransferase at the promoter. Thus, HIRA could regulate
neurogenesis. Interestingly, deletion of the neuronal Nap1/2 (nucleosome assembly protein 1-
like 2) gene, another histone chaperone, in mice causes neural tube defects [23]. Nap1/2
actually enhance the histone acetylation at H3K9/14 within the Cdkn1c locus, responsible for
neuronal differentiation.

3. Histone chaperones regulate reprogramming

In 2006, Takahashi and Yamanaka demonstrated how cell fates could be manipulated with the
expression of four-transcription factor Oct4, Klf4, Sox2 and c-Myc or OSKM [24, 25]. These
Yamanaka factors, when ectopically expressed in terminally differentiated fibroblasts led to
the generation of induced pluripotent stem cells (iPSCs) [24, 25]. iPSCs are similar in character
to ESCs. The major ethical concern associated with exploitation of embryo to derive ESCs
could be successfully avoided by the use of iPSCs. Till now, they have been derived from
different mammalian species, including human, utilizing varied protocols. Technically, human
iPSCs has been proven to be a very efficient tool in understanding mechanistic basis of several
diseases, for drug screening and finally to serve as the huge potential of cells needed for
replacement therapy or in regenerative medicine. Although a vivid literature is available on
the methods to generate iPSCs, nevertheless it is associated with lot of complexities including
its low turnover and the distinct set of cellular machinery that result in reversing the clock.
Even after a decade, the molecular mechanisms underlying the reprogramming process
remains unclear and hence substantial amount of information still remain elusive.

Functionality of cell depends upon how the chromatin is arranged in each cell type. So, the
parts of genome, which are essential for the function of a specialized cell, should be in
accessible state to the transcription factors and other chromatin associated proteins. Actively
differentiating cell changes its chromatin states progressively toward its mature state. The
reversible nature of epigenome to embryonic state is proved with the seminal somatic cell
nuclear experiments by the oocyte factors. Further the erasure of epigenetic modifications to
pluripotency state is attained with the ectopic expression of transcription factors. iPSCs tech-
nology revealed the importance of transcription factors in cell fate change. Different transcrip-
tion factor cocktail to induce pluripotency have been tried and still OSKM remains the
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effects on cardiac-specific genes. Conditional ablation of Hira in the cardiogenic mesoderm of
mice demonstrated dysregulation of Tnni2 and Tnnt3, Troponin genes, involved in the cardiac
contractility [13]. HIRA bind to the enhancer elements of Troponin genes that are already
bound by the cardiac-specific transcription factor NKX2.5. Hence, absence of HIRA during
cardiac differentiation results in several defects including edema, which finally aggravate to
embryonic lethality [13].
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Transcription factor MyoD is essential in myoblast differentiation. Histone chaperone HIRA and
H3.3 play pivotal roles in MyoD regulation [14]. HIRA, phosphorylated by Akt kinase, thereby
modulates a switch between its phosphorylated and non-phosphorylated state and thereby
dictate the expression of myogenic genes during myogenesis [15]. Another histone chaperone
SPT6, through cooperation with RNA Pol II and histone demethylase KDM6A, orchestrates
removal of repressive H3K27me3 mark from MyoD, thereby facilitating the expression of MyoD
and thus controlling gene expression associated with development and cell differentiation [16].
Simultaneously, HIRA interact with another transcription factor MEF2C and contributes to its
activation during muscle differentiation [17]. ASF1A forms a complex with HIRA for MEF2C
dependent transcription and is indispensable for myoblast differentiation. Basically, at the chro-
matin level, HIRA mediated enrichment of active histone modification marks within the
myogenin promoter regulated myoblast differentiation [17]. Myofibers lacking HIRA suffer
oxidative stress and generate a hypertrophic response in skeletal muscle thereby exposing the
myofibers to stress-induced degeneration [18].

2.4. Endothelial/hematopoietic differentiation

Endothelial cells are differentiated from mesodermal lineage. They constitute crucial partners
in angiogenesis, the development of new blood vessels. Angiogenic factors like basic fibroblast
growth factor and epidermal growth factor could incite angiogenic response in endothelial
cells with the significant increase in expression of Vascular endothelial growth factor receptor 1
(VEGFR1) [19]. Interestingly, mechanistic analysis showed that HIRA mediated incorporation
of histone H3.3 variants upon acetylated at H3K56 induces the VEGFR1 level in mouse yolk
sac endothelial cells. Loss in expression of HIRA eventually reduced in vitro angiogenesis and
pathological angiogenesis in the choroidal neovascularization model [19].

RUNX1 (Runt-related transcription factor 1) has been attributed to be a pre-requisite for the
hemogenic to hematopoietic transition. This cellular transition is transient in nature, but
recently it has been shown to be the authentic source for the emergence of hematopoietic stem
cells (HSCs). Since, HIRA could influence angiogenesis related endothelial-specific genes, we
investigated the role of the histone chaperone HIRA in hemogenic to hematopoietic transition.
In mouse hemogenic endothelial cells, HIRA physically interact with RUNX1 and thus could
regulate the downstream targets of RUNX1 including Pu.1, Gfi1, and Gfi1b that are implicated
in the functioning of HSCs [20]. The Runx1 + 24 mouse conserved noncoding element, an
intronic enhancer, is essential for the expression of Runx1 during endothelial to hematopoietic
transition. The locus is active upon incorporation of histone variant H3.3 in a HIRA-dependent
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fashion. Thus, HIRA regulate RUNX1 in driving the hemogenic to hematopoietic transition.
Earlier studies in leukemia cells, demonstrated that HIRA interacting with transcription factor
EKLF could regulate the β-globin gene expression associated with adult definitive erythropoi-
esis [21]. It could also control the expression of EKLF and GATA1 by regulating the chromatin
modification at the corresponding regulatory genes during differentiation.

2.5. Neuronal differentiation

Neural progenitor cells are enriched in histone chaperone HIRA and have been associated with
neural progenitor cell proliferation, terminal mitosis and cell cycle exit. Loss of HIRA leads to
premature differentiation in neural progenitors [22]. HIRA is involved in the increased β-
catenin expression due to the enrichment of H3K4me3 mark within its promoter by inducing
the recruitment of Setd1A methyltransferase at the promoter. Thus, HIRA could regulate
neurogenesis. Interestingly, deletion of the neuronal Nap1/2 (nucleosome assembly protein 1-
like 2) gene, another histone chaperone, in mice causes neural tube defects [23]. Nap1/2
actually enhance the histone acetylation at H3K9/14 within the Cdkn1c locus, responsible for
neuronal differentiation.

3. Histone chaperones regulate reprogramming

In 2006, Takahashi and Yamanaka demonstrated how cell fates could be manipulated with the
expression of four-transcription factor Oct4, Klf4, Sox2 and c-Myc or OSKM [24, 25]. These
Yamanaka factors, when ectopically expressed in terminally differentiated fibroblasts led to
the generation of induced pluripotent stem cells (iPSCs) [24, 25]. iPSCs are similar in character
to ESCs. The major ethical concern associated with exploitation of embryo to derive ESCs
could be successfully avoided by the use of iPSCs. Till now, they have been derived from
different mammalian species, including human, utilizing varied protocols. Technically, human
iPSCs has been proven to be a very efficient tool in understanding mechanistic basis of several
diseases, for drug screening and finally to serve as the huge potential of cells needed for
replacement therapy or in regenerative medicine. Although a vivid literature is available on
the methods to generate iPSCs, nevertheless it is associated with lot of complexities including
its low turnover and the distinct set of cellular machinery that result in reversing the clock.
Even after a decade, the molecular mechanisms underlying the reprogramming process
remains unclear and hence substantial amount of information still remain elusive.

Functionality of cell depends upon how the chromatin is arranged in each cell type. So, the
parts of genome, which are essential for the function of a specialized cell, should be in
accessible state to the transcription factors and other chromatin associated proteins. Actively
differentiating cell changes its chromatin states progressively toward its mature state. The
reversible nature of epigenome to embryonic state is proved with the seminal somatic cell
nuclear experiments by the oocyte factors. Further the erasure of epigenetic modifications to
pluripotency state is attained with the ectopic expression of transcription factors. iPSCs tech-
nology revealed the importance of transcription factors in cell fate change. Different transcrip-
tion factor cocktail to induce pluripotency have been tried and still OSKM remains the
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preferred cocktail mixture to study the cell fate change. These reprogramming factors are
transcription factors, which are highly expressed, in embryonic stem cells and they maintain
the circuits in the chromatin to change a state to pluripotent, which is likely to differentiate into
different lineages including neuron, blood, etc. Thus, transcription factors and chromatin
remodeling factors are key elements in cell fate change, which can drive the cell toward other
state when maintained in a controlled environment. Thus it is essentially to identify the key
factors to reprogram the cells directly into other cell type by bypassing the pluripotent state.

Along with transcriptional regulation, reprogramming entails global epigenetic remodeling.
Reprogramming of somatic cells to pluripotent state is marked with change in the global
epigenome, with the erasure of donor cell epigenetic modifications. Thus, inducing a somatic
cell to reprogram into pluripotent one largely involves structural change at the chromatin in
creating a signature expression pattern of genes associated with the generation of iPSCs. The
histone code comprising of different histone modification patterns indicates the status of the
genomic loci by the presence of active or repressive marks. After the OSKM transduction,
initial days of reprogramming results in the loss of somatic cell characteristics, which are due
to binding of the OSKM factors. With the OSKM binding the regions of the condensed
chromatin leads to the genome wide chromatin changes. A plethora of histone modification
marks encompasses different stages of reprogramming including active H3K4me2,
H3K3me3 or repressive H3K27me3 [26]. The remodeling of pluripotent gene promoter initi-
ates at an early stage to facilitate the chromatin accessibility for the binding of different
remodeling factors.

Histone modifying enzymes responsible for the corresponding histone modifications interact
with the core pluripotency factors like OCT4 and promote the activation marks to facilitate
attainment of pluripotency.

Interestingly, the barrier for the reprogramming process lies in the histone marks with the
repressive function, preventing their removal and directing a shift from change the chromatin
structure from heterochromatin to euchromatin. This is an uphill task to be achieved only by
the set of transcription factor. This criterion adds up to prolonged time span required to
accomplish the process of reprogramming with the low production efficiency.

The non-canonical or replacement histone variants have been implicated in the regulation of
cellular reprogramming. Deposition of histone variants by replacing their canonical histones
along the genomic sequences changes the expression profiles thereby giving a cell a new
identity. MacroH2A histone variants have been shown to resist reprogramming [27]. On the
contrary, histone variants TH2A/TH2B, highly enriched in oocytes, typically enhance the
reprogramming process [28]. These histone variants are known to be expressed in testes,
oocytes and zygotes are associated with open chromatin [28].

But, upon looking into a close proximity, we could infer that basically, it is the tight packaging of
nucleosomes that regulates the genetic information driving the morphological change of one
phenotype of cell to the other one during reprogramming. And the players regulating the
assembly or disassembly of nucleosomes are the histone chaperones. Although, late, but the first
report on the role of histone chaperones in cellular reprogramming was established in 2014 [29].
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After that, two other reports came out in the simultaneous years proving their role as activator or
barrier to reprogramming thereby entrusting another regulatory behavior for the gene expres-
sion in mammalian cells. In the following paragraphs, we will understand what molecular
mechanism drives the regulation of iPSCs formation as a function of histone chaperone.

3.1. ASF1A: essential for induction of pluripotency

Anti Silencing Function 1 (ASF1) is the most conserved histone H3 and histone H4. It has
been implicated in almost all the functions of histone chaperone described in earlier sections.
In mammals, ASF1 has two paralogs, ASF1A and ASF1B. The human oocyte in metaphase II
is highly enriched in ASF1A and this state of oocyte has been attributed in having a greater
reprogramming potential than any cells driven to pluripotency by the addition of exogenous
factors [29]. Global transcriptomic profiling demonstrated ASF1A as the most vital oocyte-
reprogramming factor across different mammalian species [29]. In mammals, it forms com-
plex with other histone chaperones including HIRA and CAF1 and its role in cellular
reprogramming of human dermal fibroblasts was analyzed for the first time. ASF1A is
required for the generation of iPSCs from adult human dermal fibroblasts. The promoters of
NANOG, OCT4 and SOX2 are significantly enriched with the active acetylated H3K56 mark
during reprogramming. This enrichment was further enhanced upon overexpression of
ASF1A while the level was significantly reduced upon its downregulation. So, functionally,
ASF1A mediates the maintenance of H3K56ac level in reprogramming cells within the pro-
moters of core pluripotency genes and those pluripotent factors as a consequence bind
to their target genes to accomplish the process. OSKM combination is added for the induc-
tion of reprogramming, but ASF1A along with only OCT4 and GDF9 (Growth Differentia-
tion Factor 9) could contribute to the generation of authenticated iPSC colonies. GDF9
is again an oocyte specific growth factor. This study proved that ASF1A is required for
the reprogramming phenomenon in human dermal fibroblasts and how a histone chaperone
could ultimately influence and regulate the transcriptional machinery in cellular
reprogramming [29].

3.2. CAF1: restrict induction of pluripotency

Chromatin assembly factor 1 (CAF1) associate with the deposition of newly synthesized
histone H3/H4 on DNA. Chaf1a and Chaf1b, two subunits of CAF1, have been recently
associated with reprogramming [30]. Downregulation of CAF1 induced the generation of iPSC
clones within 5 days of OSKM addition in human dermal fibroblasts. Even the efficiency in
formation of iPSCs enhanced from 0.1% in control fibroblasts to 1–5% in Caf1-shRNA cells.
But, this increase in number does not reflect an accelerated proliferative capacity of cells upon
downregulation of CAF1. However, CAF1 presence was needed during the initial period of
reprogramming and hence an optimal dosage of CAF1 determines the effect on the
reprogramming process. SON-seq and ATAC-seq data revealed that CAF1 downregulation
result in the enrichment of accessible ES-cell specific super enhancer elements. This implied
that CAF1 regulate the local chromatin structure of the ES-cell specific enhancer elements.
Thus, CAF1 regulate the gene expression thereby modulating the chromatin for accessibility
of transcription factors. Pluripotency-associated transcription factor, SOX2 binding increased

Histone Chaperones Regulate Mammalian Gene Expression
http://dx.doi.org/10.5772/intechopen.71924

85



preferred cocktail mixture to study the cell fate change. These reprogramming factors are
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different lineages including neuron, blood, etc. Thus, transcription factors and chromatin
remodeling factors are key elements in cell fate change, which can drive the cell toward other
state when maintained in a controlled environment. Thus it is essentially to identify the key
factors to reprogram the cells directly into other cell type by bypassing the pluripotent state.

Along with transcriptional regulation, reprogramming entails global epigenetic remodeling.
Reprogramming of somatic cells to pluripotent state is marked with change in the global
epigenome, with the erasure of donor cell epigenetic modifications. Thus, inducing a somatic
cell to reprogram into pluripotent one largely involves structural change at the chromatin in
creating a signature expression pattern of genes associated with the generation of iPSCs. The
histone code comprising of different histone modification patterns indicates the status of the
genomic loci by the presence of active or repressive marks. After the OSKM transduction,
initial days of reprogramming results in the loss of somatic cell characteristics, which are due
to binding of the OSKM factors. With the OSKM binding the regions of the condensed
chromatin leads to the genome wide chromatin changes. A plethora of histone modification
marks encompasses different stages of reprogramming including active H3K4me2,
H3K3me3 or repressive H3K27me3 [26]. The remodeling of pluripotent gene promoter initi-
ates at an early stage to facilitate the chromatin accessibility for the binding of different
remodeling factors.

Histone modifying enzymes responsible for the corresponding histone modifications interact
with the core pluripotency factors like OCT4 and promote the activation marks to facilitate
attainment of pluripotency.

Interestingly, the barrier for the reprogramming process lies in the histone marks with the
repressive function, preventing their removal and directing a shift from change the chromatin
structure from heterochromatin to euchromatin. This is an uphill task to be achieved only by
the set of transcription factor. This criterion adds up to prolonged time span required to
accomplish the process of reprogramming with the low production efficiency.

The non-canonical or replacement histone variants have been implicated in the regulation of
cellular reprogramming. Deposition of histone variants by replacing their canonical histones
along the genomic sequences changes the expression profiles thereby giving a cell a new
identity. MacroH2A histone variants have been shown to resist reprogramming [27]. On the
contrary, histone variants TH2A/TH2B, highly enriched in oocytes, typically enhance the
reprogramming process [28]. These histone variants are known to be expressed in testes,
oocytes and zygotes are associated with open chromatin [28].

But, upon looking into a close proximity, we could infer that basically, it is the tight packaging of
nucleosomes that regulates the genetic information driving the morphological change of one
phenotype of cell to the other one during reprogramming. And the players regulating the
assembly or disassembly of nucleosomes are the histone chaperones. Although, late, but the first
report on the role of histone chaperones in cellular reprogramming was established in 2014 [29].
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mechanism drives the regulation of iPSCs formation as a function of histone chaperone.
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Anti Silencing Function 1 (ASF1) is the most conserved histone H3 and histone H4. It has
been implicated in almost all the functions of histone chaperone described in earlier sections.
In mammals, ASF1 has two paralogs, ASF1A and ASF1B. The human oocyte in metaphase II
is highly enriched in ASF1A and this state of oocyte has been attributed in having a greater
reprogramming potential than any cells driven to pluripotency by the addition of exogenous
factors [29]. Global transcriptomic profiling demonstrated ASF1A as the most vital oocyte-
reprogramming factor across different mammalian species [29]. In mammals, it forms com-
plex with other histone chaperones including HIRA and CAF1 and its role in cellular
reprogramming of human dermal fibroblasts was analyzed for the first time. ASF1A is
required for the generation of iPSCs from adult human dermal fibroblasts. The promoters of
NANOG, OCT4 and SOX2 are significantly enriched with the active acetylated H3K56 mark
during reprogramming. This enrichment was further enhanced upon overexpression of
ASF1A while the level was significantly reduced upon its downregulation. So, functionally,
ASF1A mediates the maintenance of H3K56ac level in reprogramming cells within the pro-
moters of core pluripotency genes and those pluripotent factors as a consequence bind
to their target genes to accomplish the process. OSKM combination is added for the induc-
tion of reprogramming, but ASF1A along with only OCT4 and GDF9 (Growth Differentia-
tion Factor 9) could contribute to the generation of authenticated iPSC colonies. GDF9
is again an oocyte specific growth factor. This study proved that ASF1A is required for
the reprogramming phenomenon in human dermal fibroblasts and how a histone chaperone
could ultimately influence and regulate the transcriptional machinery in cellular
reprogramming [29].

3.2. CAF1: restrict induction of pluripotency

Chromatin assembly factor 1 (CAF1) associate with the deposition of newly synthesized
histone H3/H4 on DNA. Chaf1a and Chaf1b, two subunits of CAF1, have been recently
associated with reprogramming [30]. Downregulation of CAF1 induced the generation of iPSC
clones within 5 days of OSKM addition in human dermal fibroblasts. Even the efficiency in
formation of iPSCs enhanced from 0.1% in control fibroblasts to 1–5% in Caf1-shRNA cells.
But, this increase in number does not reflect an accelerated proliferative capacity of cells upon
downregulation of CAF1. However, CAF1 presence was needed during the initial period of
reprogramming and hence an optimal dosage of CAF1 determines the effect on the
reprogramming process. SON-seq and ATAC-seq data revealed that CAF1 downregulation
result in the enrichment of accessible ES-cell specific super enhancer elements. This implied
that CAF1 regulate the local chromatin structure of the ES-cell specific enhancer elements.
Thus, CAF1 regulate the gene expression thereby modulating the chromatin for accessibility
of transcription factors. Pluripotency-associated transcription factor, SOX2 binding increased
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across the lineage-specific super enhancer elements in CAF1-downregulated cells. Also, CAF1
downregulation resulted in an upregulation of OCT4 independent of OSKM-induced cell-fate
changes. CAF1 deprivation resulted in a local depletion of the repressive histone modification
mark, H3K9me3 at a subset of somatic heterochromatin areas termed ‘reprogramming-
resistant regions’, linked to those sites that associated with low efficiency in somatic cell
nuclear transfer. So, CAF-1 inhibition primed the change in chromatin to a more accessible
form being further efficient in transcriptional activation.

3.3. APLF: a barrier of reprogramming

Aprataxin-PNK like Factor was first discovered as a DNA repair factor associated with the
Non-homologous End Joining (NHEJ) repair process [31, 32]. Upon DNA damage, APLF
aids in the recruitment of Ku, XRCC4 and Lig4 at the damaged site and accelerates the
repairing process [31, 32]. On exposure to ionizing radiation, myeloid neoplasms were
impeded in APLF-deprived mice, with a minute effect in DNA repair capacity [33]. So, APLF
although a part of NHEJ complex, is dispensable and its dosage if modulated could be used
in the advantage of diseased state of cancer. In 2011, APLF was demonstrated to possess
histone chaperone activity. It could bind to histone H3/H4 and as well as the repressive
MacroH2A variants [34]. We observed that the level of APLF was almost undetectable in
mouse ESCs whereas, a significant expression was evident in the mouse embryonic fibro-
blasts (MEFs) [35]. On downregulation of APLF, the efficiency of reprogramming of MEFs to
iPSCs was significantly enhanced to ~10 times. The average time for the generation of iPSC
clones from APLF-depleted MEFs reduced to half the time required for the control cells to
achieve the same. Mechanistically, it influenced mesenchymal-to-epithelial transition (MET)
during the process of forming iPSCs from MEFs. Fibroblasts are typically mesenchymal in
nature whereas the ESC-like iPSC clones demonstrate epithelial characteristics [36]. So,
generation of iPSCs from MEFs involve this cellular transition and is one of the earliest event
in the phases of reprogramming. E-Cadherin or CDH1 is the major player for the cells to
demonstrate epithelial morphology whereas a group of other transcription factors SNAI1/
SNAI2/ZEB along with N-cadherin or CDH2 drives the reverse phenomenon of epithelial-to-
mesenchymal transition (EMT). Downregulation of APLF induced the expression of CDH1
while the same resulted in reduced expression of the other transcription factors associated
with EMT. The enhanced expression of CDH1 resulted from the loss in recruitment of
repressive MacroH2A.1 variant within the Cdh1 promoter. Histone variant macroH2A.1
drives the compaction of chromatin thereby resulting in a repressed locus. APLF-
downregulated cells demonstrated increased level of pluripotency genes, Nanog and Klf4, in
comparison to the control cells. Histone modification H3K4me2 level was significantly
enriched within these promoters of core pluripotency genes; one of the earliest histone marks
in reprogramming that facilitates the cellular transition of fibroblasts to iPSCs [37]. So,
histone chaperone APLF proved to be a barrier in reprogramming and its downregulation
did not interfere with the DNA repair capacity whereas induced proliferation, kinetics and
efficiency of reprogramming (Table 1).
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4. Conclusion

Basic fundamental molecule histone chaperones constitutes one of the epigenetic modulator
responsible for different extent of epigenetic modifications [1, 2, 38]. They work in conjunction
with histone modifying enzymes, histone modification and in few instances with transcription
factors to induce the change occurring within the chromatin. Regulatory roles of histone
chaperones are recently being highlighted and if exploited to their full potential, could serve
as target molecules to be modulated in diseases as well. Again on that front also, a limited
number of studies were performed. Being a component that take care of the entire histone
metabolism and which in turn drives the major chunk of epigenetic status of a cell demands a
better viewing and hence we initiated this approach for this chapter on gene expression in
mammalian cells. We could only cover the development part as this field represents the most
dynamicity in present day and the days to come. But, their role in replication, repair and
heterochromatin is far from fully exploited. More studies are required to understand the
importance of histone chaperones in mammalian system. Histone chaperones have the tre-
mendous potential to modulate epigenetic changes and understanding their functions would
give insights into how a cell converts its epigenome into another and can further unravel the
secrets of developmental processes.
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Abbreviations

ESCs embryonic stem cells

iPSCs induced pluripotent stem cells

CENP-A centromere protein A

CAF1 chromatin assembly factor

Spt6 Suppressor of Ty’s

FACT facilitates chromatin transcription

HIRA histone cell cycle regulator A

DAXX death associated protein 6

ASF1 antisilencing factor

ICM inner cell mass

TE trophectoderm

ATRX alpha thalassemia/mental retardation syndrome X-linked

NKX2.5 NK2 transcription factor related, locus 5

KDM lysine (K)-specific demethylase

MEF2C myocyte-specific enhancer factor 2C

VEGFR1 vascular endothelial growth factor receptor

RUNX1 Runt-related transcription factor

Gfi1 growth factor independent protein 1

EKLF erythroid Krüppel-like factor

GATA1 GATA-binding factor 1

NAP1/2 nucleosome assembly protein 1;2

CDKN1C cyclin-dependent kinase inhibitor 1C

OSKM Oct4-Sox2-Klf4-cMyc

OCT4 octamer 4

TH2A/TH2B testis-specific counterparts for canonical H2A and H2B

SOX2 sex determining region Y-box 2

GDF9 growth differentiation factor

ATAC-seq assay for transposase accessible chromatin with high-throughput sequencing
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XRCC4 X-ray repair cross-complementing protein 4

LIG4 DNA ligase 4

NHEJ non homologous end joining

MEF mouse embryonic fibroblast

CDH1 Cadherin-1

CDH2 N-Cadherin

SNAI1/2 snail family transcriptional repressor 1/2

ZEB zinc finger E-box-binding homeobox

EMT epithelial-mesenchymal transition

APLF aprataxin-PNK-like factor

PNK polynucleotide kinase
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Abstract

Gene expression is tightly regulated via a myriad of mechanisms in the cell to allow canoni-
cal processes to occur. However, in the context of cancer, some of these mechanisms are 
dysregulated, and aberrant gene expression ensues. Some of the dysregulated mechanisms 
include changes to transcription factor activity, epigenetic marks (such as DNA methyla-
tion, histone modifications and chromatin state), or the stability of mRNA and protein. 
Disruption of these regulators would result changes in transcriptional landscape, affecting 
multiple pathways and eventually lead to continual cell proliferation and the formation of 
the tumor. Here, we discuss epigenetic factors that affect gene expression which are dys-
regulated in cancer, and summarize the therapeutic options available to target these factors.

Keywords: cancer, gene regulation, epigenetics, chromatin remodelers, histone 
modifications, DNA methylation, transcriptional regulation

1. Introduction

Genetic information in cells is stored as DNA, and are the same in all cells of a single organ-
ism. The method in which the same code can lead to the translation of multiple different pro-
teins in a tissue-specific manner lies in the regulation of expression of specific genes encoded 
by DNA. Gene expression involves the transcription of DNA to RNA, and in some cases, 
translation into proteins. The gene products which consist of translated and non-coding 
RNAs (RNAs of which the RNA is its final product and does not get translated to protein) 
have different but very important functions in the cell. Collectively, the combination of the 
genes which are expressed and those which are silenced are crucial in maintaining normal 
processes in the cell, determining when it should proliferate or divide etc.

To ensure that gene expression is kept in check, its regulation is multi-tiered and can be 
altered/halted at every step of the gene expression process. This ensures that even if one of 
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these regulatory events goes awry, there are other mechanisms in the cell in place to curb 
aberrant gene expression. Numerous alterations in the multi-tiered process often lead to aber-
rant gene expression and abnormal function in the cell, which occurs in the case of cancer.

Cancer is the result of a cell escaping from its natural cell cycle, evading apoptosis which leads to 
uncontrolled and abnormal proliferation. The transformation of a normal cell into a malignant 
one results from the increase in expression of oncogenes, with a concomitant decrease in tumor 
suppressor expression. Oncogenes are involved in functions which lead to uncontrolled prolif-
eration and growth, evading the canonical apoptotic mechanisms, while tumor suppressors 
curb these mechanisms. Although cancer cells of different tissue types have the same outcome 
of uncontrolled growth, the mechanisms involved are varied. Even within the same tissue, 
malignancies are very heterogeneous, contributing to the challenge in treating this disease.

In this chapter, we will summarize the multiple layers of gene regulation, focusing on the dys-
regulated epigenetic changes in cancer involved in gene expression regulation. We then sum-
marize the therapeutic options available which seek to curb these gene regulation changes.

2. Transcriptional regulation

Gene expression is regulated by many varying factors governing different stages of this complex 
process. The regulatory process begins from the chromatin conformation defining its state, either 
euchromatin/open chromatin, allowing active transcription, or a repressive heterochromatin/
closed chromatin, illustrated in Figure 1A. The open chromatin is actioned by several factors, 
including acetylated histone tails and the inclusion of specific histone variants which act to desta-
bilize the nucleosome. This is often tested by DNase hypersensitivity assays, which measure the 
sensitivity of DNA to enzymatic digestion. Portions of the DNA with nucleosomes loaded would 
be protected from DNase digestion, while nucleosome depleted regions (NDR) are sensitive.

The idea of topological domains was suggested recently by Dixon et al. [1], which describe a 
section of the genome of which its enclosed genes are generally co-regulated. The boundaries 
of these topological domains interact in 3D space and are marked by the presence of CCCTC-
binding factor (CTCF) and cohesin. There have been mutations observed in these topologi-
cally associated domains (TADs), which will be described later in this chapter.

On the DNA level, the region of the genome around the transcription start site (TSS) is particu-
larly important in the regulation of gene expression as that is where transcription machinery 
and co-regulators bind. Proteins known as transcription factors are able to recognize motifs/
transcription factor binding sites on the promoters of genes, and recruit RNA Pol II and/or 
phosphorylate Pol II to initiate transcription. Alternatively, transcription regulators can also 
inhibit the binding or recruitment of the transcription complex. In addition to the TSS, recent 
studies have also identified that distal regulatory elements, such as enhancers, are able to regu-
late expression as well. Both enhancers and promoters can be marked by different histone mod-
ifications which can be read and have an impact on the expression of its corresponding gene.

Regulatory processes that affect the stability of mRNA and proteins are equally as important 
as gene expression factors but will not be addressed in this chapter. These include microRNA 
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(miRNA) which have the ability to degrade mRNA and thus prevent it from being translated 
to proteins, and also endogenous systems which degrade proteins.

Studies have shown that every step of the gene expression regulation can be exploited by 
cancer cells to prolong survival and contribute to tumorigenesis. Considering the vast nature 
of this topic, we will be focusing on the multiple epigenetic factors regulating gene expression 
which are dysregulated in cancer. However, dysregulated transcription factors form a huge 

Figure 1. Illustration of selected methods of gene regulation. (A) Repressive heterochromatin state wherein transcription 
machinery is not able to bind to DNA, compared to activating, euchromatic state permissive of transcription activation. 
(B) CpG islands upstream of TSS are often hypermethylated in cancer, repressing transcription, while CpG islands 
in the rest of the genome are hypomethylated. These methylated CpG marks are read by protiens containing methyl 
CpG-binding domains (MBD). These methylation states are reversed in cancer, allowing transcriptional activation. (C) 
Histone tails are able to undergo multiple covalent modifications such as acetylation, methylation, phosphorylation and 
ubiquitination. In cancer, histone tails are often observed to be hypoacetylated and therefore repressing transcription. 
(D) Mediator and cohesin enabling long-range chromatin interactions to occur, therefore bringing together the proximal 
(promoter/TSS) and distal (enhancer) regulatory regions. During the process of tumor growth, non-canonical enhancer 
usage often occurs, resulting in aberrant gene expression.
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topic of interest in cancer research. This includes work on tumor suppressor p53 (reviewed in 
[2–4]) and the oncogene MYC (reviewed in [5, 6]), amongst others.

3. Epigenetic regulators of gene expression

Epigenetics is an additional layer of complexity to the genetic code, and comprise of addi-
tional information (in the form of compounds added or secondary structures) on top of the 
four basic nucleotides: adenine, thymine, cytosine and guanine. This allows a gene with the 
same genetic sequence to be differentially regulated according to cell type or context. This 
occurs through mechanisms such as binding of transcription factors and machinery. These 
epigenetic changes and modifications allow for greater control and regulation for gene 
expression by transcription factors. Here, we will discuss the myriad of epigenetic features 
that can contribute to gene expression.

3.1. Chromatin modifications

It is only through the compaction of DNA in a nucleosome that the long length of DNA is 
packaged into the nucleus of each cell. A length of 146 bp of DNA is coiled around a histone 
octamer, consisting of two residues each of H2A, H2B, H3 and H4, secured in place by H1. It is 
linked to its neighboring nucleosome via linker DNA, varying between 20 and 80 nucleotides 
in length. The placement and composition of nucleosomes are not at all random. Rather, its 
content and position is strategically coordinated to regulate gene expression on several dif-
ferent layers.

Although the terms are used interchangeably in literature, in this chapter, we will address 
chromatin modifiers and remodelers as two separate groups of enzymes, the former covalently 
modifying histone, and the latter regulating the position and composition of the nucleosomes.

3.1.1. Chromatin modifiers

Chromatin modifiers consist of a group of enzymes that post-translationally modify histones, 
resulting in histone modifications that make up the histone code. Covalent modifications on 
these histones can consist of acetyl, methyl, ubiquitin, phosphoryl groups, amongst others. 
The specific modifications which are added to different histones determines its function and 
its role in the cell, as represented in Figure 1C. A summary of these modifications and its 
related downstream effect was investigated by the ENCODE team, and summarized in their 
paper in 2012 [7].

Histone modifications can occur on different regulatory regions of a gene, such as at its pro-
moter, enhancer or even along the gene body. The presence of an active mark on the promoter, 
for an example, recruits other transcriptional machinery factors, and allows transcription to 
occur. These histone modifications are not permanent, and can differ between tissue types or 
depending on its cellular state. The regulation of histone modifications is a balance between its 
epigenetic writers and epigenetic erasers, and the dysregulation of either would result in aberrant 
histone modifications and thus a change in the transcription. The group of proteins that are 
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involved in interpreting these histone marks, epigenetic readers, are also crucial, whose dys-
regulation could result in the misinterpretation of the epigenetic marks and therefore a change 
in transcriptional landscape.

A point to note is only a subset of these residues can undergo multiple modifications. For exam-
ple, lysine 27 on histone 3, can be either acetylated (in active enhancers) or tri-methylated (a 
mark of repressed promoters), each of which contributes to a different transcriptional outcome. 
It is also hypothesized that the addition of a particular covalent modification sterically inhibits 
the alternate modification. Additionally, histone marks on the enhancers such as H3K4me and 
H3K27ac are capable of regulating the 3D structure of chromatin. Since this method of regula-
tion is indeed another layer that the cell regulates gene expression in a normal setting, it comes 
as no surprise that chromatin modifiers are known to be dysregulated in cancer, resulting in the 
aberrant expression of its downstream genes (lysine acetyltransferases (KATs) reviewed in [8], 
histone methyltransferases (HMTs) reviewed in [9], histone deacetylases (HDACs) reviewed in 
[10–12], histone demethylases reviewed in [13, 14]). Here, we will focus on epigenetic factors 
which are dysregulated in cancer, resulting in a transcriptional change.

3.1.1.1. Epigenetic writers

Epigenetic writers are enzymes that have the ability to deposit the moiety onto histone tails, 
and have to work in balance with epigenetic erasers to ensure the presence of the correct 
histone modification to govern the required transcriptional program. All epigenetic writ-
ers require a catalytic domain which allows the enzymatic reaction of the moiety transfer to 
occur, and another domain which allows the recognition of the chromatin.

Another class of chromatin modifiers are KATs which are involved in acetylating lysine resi-
dues on histones. This is perhaps the most crucial modification on histone tails as it not only 
marks histones to be read by epigenetic readers, but the acetylated histones also allow the 
relaxation of chromatin conformation. Acetyl groups neutralize the positive charge of his-
tones, therefore loosening the conformation of nucleosomes in turn allowing the binding of 
transcription initiation complex to chromatin, resulting in gene activation. The decrease in 
acetylated histones is a phenomenon observed in multiple cancers as depicted in Figure 1C, 
along with its permissive state, as seen with global levels of H4K16ac decreased in lympho-
mas when compared to normal [15].

TIP60 (HIV-Tat1 interactive protein 60 kDa) is an acetyltransferase, a member of the MYST (Moz, 
Ybf2p/Sas3p, Sas2p and TIP60) family, known to acetylate both histones and non-histone pro-
teins. Although it has been shown to have a bivalent role in the process of carcinogenesis (depen-
dent on cancer type), strong evidence has supported its role as a tumor suppressor [16, 17]. 
TIP60 exerts its tumor suppressive phenotype through acetylating several substrates in the cell, 
one of which is ataxia-telangiectasia mutated (ATM) at DNA damage sites [18, 19]. Additionally, 
TIP60 is also known to acetylate p53 at lysine 120, crucial in mediating the switch between cell-
cycle arrest or apoptosis [20]. It was also recently shown that TIP60 is able to repress telomerase 
transcription by acetylating Sp1, therefore inhibiting its binding on TERT promoter [21].

In support of its role as a tumor suppressor, the levels of TIP60 was found to be lower in tumor 
compared to its matched normal in multiple cancers including breast [16] and colon [22]. 

Epigenetic Factors: Key Regulators Targeted in Cancers
http://dx.doi.org/10.5772/intechopen.73040

97



topic of interest in cancer research. This includes work on tumor suppressor p53 (reviewed in 
[2–4]) and the oncogene MYC (reviewed in [5, 6]), amongst others.

3. Epigenetic regulators of gene expression

Epigenetics is an additional layer of complexity to the genetic code, and comprise of addi-
tional information (in the form of compounds added or secondary structures) on top of the 
four basic nucleotides: adenine, thymine, cytosine and guanine. This allows a gene with the 
same genetic sequence to be differentially regulated according to cell type or context. This 
occurs through mechanisms such as binding of transcription factors and machinery. These 
epigenetic changes and modifications allow for greater control and regulation for gene 
expression by transcription factors. Here, we will discuss the myriad of epigenetic features 
that can contribute to gene expression.

3.1. Chromatin modifications

It is only through the compaction of DNA in a nucleosome that the long length of DNA is 
packaged into the nucleus of each cell. A length of 146 bp of DNA is coiled around a histone 
octamer, consisting of two residues each of H2A, H2B, H3 and H4, secured in place by H1. It is 
linked to its neighboring nucleosome via linker DNA, varying between 20 and 80 nucleotides 
in length. The placement and composition of nucleosomes are not at all random. Rather, its 
content and position is strategically coordinated to regulate gene expression on several dif-
ferent layers.

Although the terms are used interchangeably in literature, in this chapter, we will address 
chromatin modifiers and remodelers as two separate groups of enzymes, the former covalently 
modifying histone, and the latter regulating the position and composition of the nucleosomes.

3.1.1. Chromatin modifiers

Chromatin modifiers consist of a group of enzymes that post-translationally modify histones, 
resulting in histone modifications that make up the histone code. Covalent modifications on 
these histones can consist of acetyl, methyl, ubiquitin, phosphoryl groups, amongst others. 
The specific modifications which are added to different histones determines its function and 
its role in the cell, as represented in Figure 1C. A summary of these modifications and its 
related downstream effect was investigated by the ENCODE team, and summarized in their 
paper in 2012 [7].

Histone modifications can occur on different regulatory regions of a gene, such as at its pro-
moter, enhancer or even along the gene body. The presence of an active mark on the promoter, 
for an example, recruits other transcriptional machinery factors, and allows transcription to 
occur. These histone modifications are not permanent, and can differ between tissue types or 
depending on its cellular state. The regulation of histone modifications is a balance between its 
epigenetic writers and epigenetic erasers, and the dysregulation of either would result in aberrant 
histone modifications and thus a change in the transcription. The group of proteins that are 
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involved in interpreting these histone marks, epigenetic readers, are also crucial, whose dys-
regulation could result in the misinterpretation of the epigenetic marks and therefore a change 
in transcriptional landscape.

A point to note is only a subset of these residues can undergo multiple modifications. For exam-
ple, lysine 27 on histone 3, can be either acetylated (in active enhancers) or tri-methylated (a 
mark of repressed promoters), each of which contributes to a different transcriptional outcome. 
It is also hypothesized that the addition of a particular covalent modification sterically inhibits 
the alternate modification. Additionally, histone marks on the enhancers such as H3K4me and 
H3K27ac are capable of regulating the 3D structure of chromatin. Since this method of regula-
tion is indeed another layer that the cell regulates gene expression in a normal setting, it comes 
as no surprise that chromatin modifiers are known to be dysregulated in cancer, resulting in the 
aberrant expression of its downstream genes (lysine acetyltransferases (KATs) reviewed in [8], 
histone methyltransferases (HMTs) reviewed in [9], histone deacetylases (HDACs) reviewed in 
[10–12], histone demethylases reviewed in [13, 14]). Here, we will focus on epigenetic factors 
which are dysregulated in cancer, resulting in a transcriptional change.

3.1.1.1. Epigenetic writers

Epigenetic writers are enzymes that have the ability to deposit the moiety onto histone tails, 
and have to work in balance with epigenetic erasers to ensure the presence of the correct 
histone modification to govern the required transcriptional program. All epigenetic writ-
ers require a catalytic domain which allows the enzymatic reaction of the moiety transfer to 
occur, and another domain which allows the recognition of the chromatin.

Another class of chromatin modifiers are KATs which are involved in acetylating lysine resi-
dues on histones. This is perhaps the most crucial modification on histone tails as it not only 
marks histones to be read by epigenetic readers, but the acetylated histones also allow the 
relaxation of chromatin conformation. Acetyl groups neutralize the positive charge of his-
tones, therefore loosening the conformation of nucleosomes in turn allowing the binding of 
transcription initiation complex to chromatin, resulting in gene activation. The decrease in 
acetylated histones is a phenomenon observed in multiple cancers as depicted in Figure 1C, 
along with its permissive state, as seen with global levels of H4K16ac decreased in lympho-
mas when compared to normal [15].

TIP60 (HIV-Tat1 interactive protein 60 kDa) is an acetyltransferase, a member of the MYST (Moz, 
Ybf2p/Sas3p, Sas2p and TIP60) family, known to acetylate both histones and non-histone pro-
teins. Although it has been shown to have a bivalent role in the process of carcinogenesis (depen-
dent on cancer type), strong evidence has supported its role as a tumor suppressor [16, 17]. 
TIP60 exerts its tumor suppressive phenotype through acetylating several substrates in the cell, 
one of which is ataxia-telangiectasia mutated (ATM) at DNA damage sites [18, 19]. Additionally, 
TIP60 is also known to acetylate p53 at lysine 120, crucial in mediating the switch between cell-
cycle arrest or apoptosis [20]. It was also recently shown that TIP60 is able to repress telomerase 
transcription by acetylating Sp1, therefore inhibiting its binding on TERT promoter [21].

In support of its role as a tumor suppressor, the levels of TIP60 was found to be lower in tumor 
compared to its matched normal in multiple cancers including breast [16] and colon [22]. 
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The downregulation of TIP60 occurs through several mechanisms, including regulation at 
mRNA level by miR-22 [23] or via proteosomal degradation by the human papillomavirus 
(HPV) oncogene E6 through EDD1, an E3 ubiquitin ligase [17]. TIP60 has been shown to 
regulate transcription at the integrated HPV promoter via the acetylation of H4, and therefore 
repress the expression of E6 [24, 25].

GCN5 (general control of amino acid synthesis protein 5-like 2) is another acetyltransferase 
which acetylates H3K9, H3K14, marks of active transcription [26], and when part of the SAGA 
(Spt-Ada-GCN5-Aceyl transferase) complex, acetylates H3 and H2B. Its link with cancer is 
primarily through the oncogene MYC, which recruits the SAGA complex to chromatin, where 
GCN5 functions to activate its gene targets [27]. Since MYC is a substrate of GCN5 and when 
acetylated at K323 increases its stability, both proteins are maintained in a positive feedback 
loop [28]. GCN5 is also crucial in ALL (acute lymphoblastic leukemia) via the acetylation and 
stabilization of the oncogenic fusion protein E2A-PBX1 [29], leading to aberrant expression of 
HOX genes, therefore leukemogenesis [30].

The dysregulation of methyltransferases have also been implicated in the severity and pro-
gression of cancer. In particular, G9a is responsible for the mono and di-methylation of H3K9, 
which are characteristic of a transcriptionally repressed gene. G9a has been found to be 
involved in epigenetically silencing numerous tumor suppressor genes, such as DSC3 (des-
mocollin 3) and CDH1 (cadherin 1), with the repression of G9a resulting in rescue of tumor 
suppressive gene expression [31]. Recent studies have shown the upregulation of G9a in 
tumors, leading to the aberrant methylation of H3K9 and thus silencing of tumor suppressor 
and growth inhibitory factors [32, 33]. In both lung and breast cancers, G9a exerts these effects 
through regulating epithelial-mesenchymal transition (EMT) factors such as EpCAM (epi-
thelial cell adhesion molecule) and Snai1 (snail family transcriptional repressor 1) [34, 35]. In 
AML (acute myeloid leukemia), the depletion of G9a results in late disease onset and a reduc-
tion of leukemia stem cell frequency, although there was no observable function in hemato-
poietic stem cells [36]. This was identified to occur through the regulation of transcription in 
a HOXA9-dependent manner. In addition, G9a also has alternate roles in the cell, acting as 
both a transcriptional co-repressor and co-activator. As a transcriptional co-repressor, G9a has 
been found to be present in the same protein complex as JARID1A, the H3K4 demethylase, 
while it acts as transcriptional co-activator through stabilization of the mediator complex [37].

EZH2 is the enzymatic subunit of the polycomb repressive complex 2 (PRC2) which methyl-
ates lysine 27 of histone H3, resulting in chromatin compaction and transcriptional silencing 
[38, 39]. EZH2 overexpression has been observed in a myriad of different cancers includ-
ing prostate, breast, bladder and endometrial (reviewed in [40]). Several independent studies 
have shown that this gain-of-function mutation on EZH2 is able to contribute to cell prolifera-
tion [41] and neoplastic transformation in breast epithelial cells [42], which is dependent on 
EZH2’s methyltransferase domain. In addition, mutations have been found in the H3K27me3 
demethylase, UTX [43], further contributing to dysregulated tri-methylation of H3K27.

3.1.1.2. Epigenetic readers

The faithful expression and activity of epigenetic readers are also crucial in regulating his-
tone modifications, the dysregulation of which would lead to histones being modified for an 

Gene Expression and Regulation in Mammalian Cells - Transcription Toward the Establishment of Novel Therapeutics98

extended amount of time, resulting in a cascade of downstream effects. A group of epigenetic 
readers are the ING (inhibitor of growth) family which contains PHD (plant homeodomain) 
finger at its C terminus, with the ability to read methylated lysine 4 of histone 3 [44, 45]. ING 
readers are present in numerous protein complexes, which allow the interpretation of the 
histone tails to be actioned. ING1 and ING2 are able to recruit mSin3-HDAC transcriptional 
repressors while ING3, ING4 and ING5 interact with HATs to activate a downstream gene 
expression [46, 47]. ING family members have been implicated in many cellular processes with 
tumorigenic features such as cell cycle progression, apoptosis, DNA repair and senescence 
[48]. Because of its prominent role in the development of tumors, cancer cells have exploited 
this mechanism, with loss-of-function mutations in INGs observed in many solid tumors [48].

Although acetylated histones can exert transcriptional change by itself through the regula-
tion of chromosomal conformation, the acetylated marks can be read by epigenetic readers 
and result in further gene expression changes. Extensive studies have been carried investigat-
ing the readers of acetylation marks—bromodomain-containing proteins. Bromodomain and 
extra-terminal (BET) proteins are a subset of this family, consisting of BRD2, BRD3, BRD4 and 
BRDT. BRD4 has shown to recruit the elongation factor P-TEFβ [49, 50], thus facilitating the 
transcription by RNA Pol II, resulting in gene activation. In other cases, BRD4 is also known 
to recruit repressive machinery [24].

3.1.1.3. Epigenetic erasers

Epigenetic erasers are capable of removing the histone modifications applied by the epigen-
etic writers, and are crucial in ensuring that histone modifications are removed in a timely 
manner to prevent aberrant transcription from occurring.

The larger of the two classes of histone demethylases are the family of proteins that contain 
the Jumonji C (JmJC) domain, of which JARID1B (also known as KDM5A) is a member. It 
has been identified to remove the methylation marks from lysine 3 of histone 4. Its down-
stream targets comprise of tumor suppressor genes, including BRCA1 and Caveolin 1, whose 
promoters JARID1B demethylates and therefore suppresses its expression [51, 52]. Not sur-
prisingly, JARID1B was found to be overexpressed in late stage breast and prostate cancer 
[51, 53]. Similarly, KDM4A and KDM4B have been identified as proto-oncogenes, interact-
ing with ERα to regulate pro-tumorigenic factors such as MYC [54]. KDM4A, in particular, 
blocks cellular senescence through transcriptionally repressing the tumor suppressor CHD5 
[55]. Interestingly, KMD4C was discovered to increase the amount of euchromatin in the cell 
through delocalizing HP1 (a repressive protein), therefore allowing transcription [56].

HDACs are able to remove the acetyl groups from histone tails, and are divided into four 
classes based on their similarity with their yeast homologs. The most well-studied class of 
HDACs is the class I subfamily (consisting of HDAC1, HDAC2, HDAC3 and HDAC8), where 
all the members have been linked to cancer. The upregulation of HDAC1 has been associ-
ated with poor prognosis in several solid tumors such as lung, prostate and liver [57, 58], 
and even as an independent prognostic marker in breast tissues [59]. Along similar lines, the 
transient depletion of HDAC1 and HDAC3 the cervical cancer cell line, HeLa, resulted in 
decreased cell proliferation [60]. Links between the class II HDAC genes and lung cancer has 
also been drawn, when HDAC genes from 72 NSCLC (non-small cell lung cancer) patients 
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The downregulation of TIP60 occurs through several mechanisms, including regulation at 
mRNA level by miR-22 [23] or via proteosomal degradation by the human papillomavirus 
(HPV) oncogene E6 through EDD1, an E3 ubiquitin ligase [17]. TIP60 has been shown to 
regulate transcription at the integrated HPV promoter via the acetylation of H4, and therefore 
repress the expression of E6 [24, 25].

GCN5 (general control of amino acid synthesis protein 5-like 2) is another acetyltransferase 
which acetylates H3K9, H3K14, marks of active transcription [26], and when part of the SAGA 
(Spt-Ada-GCN5-Aceyl transferase) complex, acetylates H3 and H2B. Its link with cancer is 
primarily through the oncogene MYC, which recruits the SAGA complex to chromatin, where 
GCN5 functions to activate its gene targets [27]. Since MYC is a substrate of GCN5 and when 
acetylated at K323 increases its stability, both proteins are maintained in a positive feedback 
loop [28]. GCN5 is also crucial in ALL (acute lymphoblastic leukemia) via the acetylation and 
stabilization of the oncogenic fusion protein E2A-PBX1 [29], leading to aberrant expression of 
HOX genes, therefore leukemogenesis [30].

The dysregulation of methyltransferases have also been implicated in the severity and pro-
gression of cancer. In particular, G9a is responsible for the mono and di-methylation of H3K9, 
which are characteristic of a transcriptionally repressed gene. G9a has been found to be 
involved in epigenetically silencing numerous tumor suppressor genes, such as DSC3 (des-
mocollin 3) and CDH1 (cadherin 1), with the repression of G9a resulting in rescue of tumor 
suppressive gene expression [31]. Recent studies have shown the upregulation of G9a in 
tumors, leading to the aberrant methylation of H3K9 and thus silencing of tumor suppressor 
and growth inhibitory factors [32, 33]. In both lung and breast cancers, G9a exerts these effects 
through regulating epithelial-mesenchymal transition (EMT) factors such as EpCAM (epi-
thelial cell adhesion molecule) and Snai1 (snail family transcriptional repressor 1) [34, 35]. In 
AML (acute myeloid leukemia), the depletion of G9a results in late disease onset and a reduc-
tion of leukemia stem cell frequency, although there was no observable function in hemato-
poietic stem cells [36]. This was identified to occur through the regulation of transcription in 
a HOXA9-dependent manner. In addition, G9a also has alternate roles in the cell, acting as 
both a transcriptional co-repressor and co-activator. As a transcriptional co-repressor, G9a has 
been found to be present in the same protein complex as JARID1A, the H3K4 demethylase, 
while it acts as transcriptional co-activator through stabilization of the mediator complex [37].

EZH2 is the enzymatic subunit of the polycomb repressive complex 2 (PRC2) which methyl-
ates lysine 27 of histone H3, resulting in chromatin compaction and transcriptional silencing 
[38, 39]. EZH2 overexpression has been observed in a myriad of different cancers includ-
ing prostate, breast, bladder and endometrial (reviewed in [40]). Several independent studies 
have shown that this gain-of-function mutation on EZH2 is able to contribute to cell prolifera-
tion [41] and neoplastic transformation in breast epithelial cells [42], which is dependent on 
EZH2’s methyltransferase domain. In addition, mutations have been found in the H3K27me3 
demethylase, UTX [43], further contributing to dysregulated tri-methylation of H3K27.

3.1.1.2. Epigenetic readers

The faithful expression and activity of epigenetic readers are also crucial in regulating his-
tone modifications, the dysregulation of which would lead to histones being modified for an 
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extended amount of time, resulting in a cascade of downstream effects. A group of epigenetic 
readers are the ING (inhibitor of growth) family which contains PHD (plant homeodomain) 
finger at its C terminus, with the ability to read methylated lysine 4 of histone 3 [44, 45]. ING 
readers are present in numerous protein complexes, which allow the interpretation of the 
histone tails to be actioned. ING1 and ING2 are able to recruit mSin3-HDAC transcriptional 
repressors while ING3, ING4 and ING5 interact with HATs to activate a downstream gene 
expression [46, 47]. ING family members have been implicated in many cellular processes with 
tumorigenic features such as cell cycle progression, apoptosis, DNA repair and senescence 
[48]. Because of its prominent role in the development of tumors, cancer cells have exploited 
this mechanism, with loss-of-function mutations in INGs observed in many solid tumors [48].

Although acetylated histones can exert transcriptional change by itself through the regula-
tion of chromosomal conformation, the acetylated marks can be read by epigenetic readers 
and result in further gene expression changes. Extensive studies have been carried investigat-
ing the readers of acetylation marks—bromodomain-containing proteins. Bromodomain and 
extra-terminal (BET) proteins are a subset of this family, consisting of BRD2, BRD3, BRD4 and 
BRDT. BRD4 has shown to recruit the elongation factor P-TEFβ [49, 50], thus facilitating the 
transcription by RNA Pol II, resulting in gene activation. In other cases, BRD4 is also known 
to recruit repressive machinery [24].

3.1.1.3. Epigenetic erasers

Epigenetic erasers are capable of removing the histone modifications applied by the epigen-
etic writers, and are crucial in ensuring that histone modifications are removed in a timely 
manner to prevent aberrant transcription from occurring.

The larger of the two classes of histone demethylases are the family of proteins that contain 
the Jumonji C (JmJC) domain, of which JARID1B (also known as KDM5A) is a member. It 
has been identified to remove the methylation marks from lysine 3 of histone 4. Its down-
stream targets comprise of tumor suppressor genes, including BRCA1 and Caveolin 1, whose 
promoters JARID1B demethylates and therefore suppresses its expression [51, 52]. Not sur-
prisingly, JARID1B was found to be overexpressed in late stage breast and prostate cancer 
[51, 53]. Similarly, KDM4A and KDM4B have been identified as proto-oncogenes, interact-
ing with ERα to regulate pro-tumorigenic factors such as MYC [54]. KDM4A, in particular, 
blocks cellular senescence through transcriptionally repressing the tumor suppressor CHD5 
[55]. Interestingly, KMD4C was discovered to increase the amount of euchromatin in the cell 
through delocalizing HP1 (a repressive protein), therefore allowing transcription [56].

HDACs are able to remove the acetyl groups from histone tails, and are divided into four 
classes based on their similarity with their yeast homologs. The most well-studied class of 
HDACs is the class I subfamily (consisting of HDAC1, HDAC2, HDAC3 and HDAC8), where 
all the members have been linked to cancer. The upregulation of HDAC1 has been associ-
ated with poor prognosis in several solid tumors such as lung, prostate and liver [57, 58], 
and even as an independent prognostic marker in breast tissues [59]. Along similar lines, the 
transient depletion of HDAC1 and HDAC3 the cervical cancer cell line, HeLa, resulted in 
decreased cell proliferation [60]. Links between the class II HDAC genes and lung cancer has 
also been drawn, when HDAC genes from 72 NSCLC (non-small cell lung cancer) patients 
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were  measured via real-time PCR [61]. It was found that lower expression of class II HDAC 
genes was correlated with poorer prognosis, of which HDAC10 was the strongest predictor 
of patient outcome.

3.1.2. Chromatin remodelers

Chromatin remodelers are enzymes that are able to make structural changes to the nucleo-
some, either by adding or ejecting a nucleosome, or by moving the nucleosome along the string 
of DNA (reviewed in [62]). This acts as one of the first steps of gene expression regulation, 
allowing the DNA to be exposed to other biological factors to be read and therefore expressed.

There are four chromatin remodeler families that utilize ATP hydrolysis to facilitate the catal-
ysis of these movements along the string of DNA, NuRD/Mi-2/CHD, switch/sucrose non-
fermenting (SWI-SNF), inositol requiring 80 (INO80) and imitation switch (ISWI). There is at 
least one epigenetic reader protein in each of the complexes, which allow the recognition of 
the nucleosome prior to its ejection or relocation.

Similar to other dysregulated factors in cancer, chromatin remodelers have an important 
responsibility in regular gene expression, and therefore have been exploited in cancer cells 
as a mechanism which leads to uncontrolled proliferation. Although there has been extensive 
research into mutations of members of chromatin remodeling families, limited evidence has 
linked these mutations to epigenetic alterations and changes in the chromatin architecture.

In the SWI/SNF complex, BRG1 and SNF5 are required for maintaining nucleosome position-
ing at the −1 and +1 positions around the TSS of repressed genes. Up to 20% of human tumors 
are known to contain at least one mutation in SWI/SNF [63], although BRG1 was found to 
have dual effects in both the promotion and suppression of tumorigenesis [64–67]. In spite of 
many studies carried out to characterize the mutations of SWI/SNF components, there are far 
fewer studies that identified the epigenetic implications of these mutations (reviewed in [68]). 
It was found that in the absence of either BRG1 or SNF5, there was a decrease in the distance 
between nucleosomes on both sides of the TSS, indicating that chromatin condensation is 
augmented upon SWI/SNF dysregulation [69]. SWI/SNF is also known to interact with other 
chromatin modifiers, whose interaction is altered when there is a change observed in SWI/
SNF. As an example, SWI/SNF complex antagonizes PRC2’s repressive activity by removing 
it from gene promoters, resulting in open chromatin conformation and therefore increase in 
gene expression [70, 71].

3.1.3. Histone variants

Histone variants are non-canonical versions of three histone subunits (all but H4), some with 
as few as one amino acid difference between its wildtype counterpart. Histone variants being 
highly conserved across different species eludes to its important cellular function separate 
from that of the canonical histones [72, 73].

The placement of histone variants in nucleosomes in specific portions of the genome have dif-
ferent abilities to regulate nucleosomal stability, dynamics and structure, and therefore tran-
scriptional machinery. For example, the presence of H2A.Bbd results in loosened  chromatin 
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and therefore encouraging transcription [74]. As with canonical histones, histone variants 
are also subject to covalent modifications (acetylation, methylation etc.) and mutations, and 
therefore add an additional layer of complexity to understanding its function and role.

Many of these histone variants have been found to have a role in cancer (reviewed in [75]), 
some with oncogenic and others with tumor suppressive abilities, differing based on its role 
in the cell. Some of the strongest correlations between histone variants and regulating tran-
scription occurs at a macro level, in which histone variants regulates the stability of its nucleo-
some. Nucleosomes that contain H2A.Z or H3.3 were shown to be less stable, although they 
are known to occupy the normally nucleosome-depleted regulatory regions [76]. Their pres-
ence on these regulatory sites inhibit the formation of stable repressive nucleosomes, and due 
to its labile nature, can be displaced easily by transcription regulators, therefore facilitating 
gene expression [77].

In addition to histone variants affecting the overall nucleosome structure, in some instances, 
the readers of histone variants are different from that of canonical histones. The reader of 
H3.3K36me3 was identified to be the tumor suppressor protein ZMYND11 (zinc finger 
MYND-type containing 11), which regulates RNA Pol II, hence linking histone variants and 
transcriptional elongation [78]. Further, an increase in acetylation of H2A.Z was observed in 
prostate cancer, particularly around the promoters of actively transcribed genes, thus result-
ing in the aberrant activation of genes [79].

3.1.4. Chromatin conformation

Regions of the DNA which are known to interact frequently are classified as TADs, which can 
range up to several million nucleotides in length, and several factors are thought to be associ-
ated with the boundaries of these domains, including CTCF and cohesin [1]. Characteristic 
features of TADs include the lower frequency of interaction of gene domains between TADs 
while genes within the same TADs are often co-regulated, sharing the same genetic profile 
(reviewed in [80]).

Given the role of TADs in regulating gene expression, it should come as no surprise that 
this cellular process is also exploited in cancer cells. Disrupted TAD boundaries have been 
found present in cancer cells, allowing ‘enhancer hijacking’ to occur, where enhancers do not 
act on their canonical targets alone, resulting in aberrant expression of non-canonical genes, 
illustrated in Figure 1D. It was found that GFI1 and GFI1B, members of the growth factor 
independent 1 family of proto-oncogenes, were upregulated not by amplification in medul-
loblastoma, but instead activated by enhancer hijacking, coming under the control of an aber-
rant active enhancer [81].

Similarly, viral oncogenes encoded by Epstein–Barr virus (EBV) was found to hijack DNA 
looping, leading to the association of two key genes, MYC and BCL2L11 (a pro-apoptotic 
factor) to non-canonical enhancers [82]. Through the transactivator EBNA2, the MYC locus 
was reconfigured to be regulated by a non-canonical enhancer, resulting in the activation 
of the oncogene, promoting tumor formation. Concurrently, EBV repressors EBNA3A and 
EBNA3C were shown to be capable of recruiting EZH2, thus silencing the upstream regula-
tory enhancer hub.
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were  measured via real-time PCR [61]. It was found that lower expression of class II HDAC 
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of DNA (reviewed in [62]). This acts as one of the first steps of gene expression regulation, 
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fermenting (SWI-SNF), inositol requiring 80 (INO80) and imitation switch (ISWI). There is at 
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responsibility in regular gene expression, and therefore have been exploited in cancer cells 
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In the SWI/SNF complex, BRG1 and SNF5 are required for maintaining nucleosome position-
ing at the −1 and +1 positions around the TSS of repressed genes. Up to 20% of human tumors 
are known to contain at least one mutation in SWI/SNF [63], although BRG1 was found to 
have dual effects in both the promotion and suppression of tumorigenesis [64–67]. In spite of 
many studies carried out to characterize the mutations of SWI/SNF components, there are far 
fewer studies that identified the epigenetic implications of these mutations (reviewed in [68]). 
It was found that in the absence of either BRG1 or SNF5, there was a decrease in the distance 
between nucleosomes on both sides of the TSS, indicating that chromatin condensation is 
augmented upon SWI/SNF dysregulation [69]. SWI/SNF is also known to interact with other 
chromatin modifiers, whose interaction is altered when there is a change observed in SWI/
SNF. As an example, SWI/SNF complex antagonizes PRC2’s repressive activity by removing 
it from gene promoters, resulting in open chromatin conformation and therefore increase in 
gene expression [70, 71].

3.1.3. Histone variants

Histone variants are non-canonical versions of three histone subunits (all but H4), some with 
as few as one amino acid difference between its wildtype counterpart. Histone variants being 
highly conserved across different species eludes to its important cellular function separate 
from that of the canonical histones [72, 73].

The placement of histone variants in nucleosomes in specific portions of the genome have dif-
ferent abilities to regulate nucleosomal stability, dynamics and structure, and therefore tran-
scriptional machinery. For example, the presence of H2A.Bbd results in loosened  chromatin 
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and therefore encouraging transcription [74]. As with canonical histones, histone variants 
are also subject to covalent modifications (acetylation, methylation etc.) and mutations, and 
therefore add an additional layer of complexity to understanding its function and role.

Many of these histone variants have been found to have a role in cancer (reviewed in [75]), 
some with oncogenic and others with tumor suppressive abilities, differing based on its role 
in the cell. Some of the strongest correlations between histone variants and regulating tran-
scription occurs at a macro level, in which histone variants regulates the stability of its nucleo-
some. Nucleosomes that contain H2A.Z or H3.3 were shown to be less stable, although they 
are known to occupy the normally nucleosome-depleted regulatory regions [76]. Their pres-
ence on these regulatory sites inhibit the formation of stable repressive nucleosomes, and due 
to its labile nature, can be displaced easily by transcription regulators, therefore facilitating 
gene expression [77].

In addition to histone variants affecting the overall nucleosome structure, in some instances, 
the readers of histone variants are different from that of canonical histones. The reader of 
H3.3K36me3 was identified to be the tumor suppressor protein ZMYND11 (zinc finger 
MYND-type containing 11), which regulates RNA Pol II, hence linking histone variants and 
transcriptional elongation [78]. Further, an increase in acetylation of H2A.Z was observed in 
prostate cancer, particularly around the promoters of actively transcribed genes, thus result-
ing in the aberrant activation of genes [79].

3.1.4. Chromatin conformation

Regions of the DNA which are known to interact frequently are classified as TADs, which can 
range up to several million nucleotides in length, and several factors are thought to be associ-
ated with the boundaries of these domains, including CTCF and cohesin [1]. Characteristic 
features of TADs include the lower frequency of interaction of gene domains between TADs 
while genes within the same TADs are often co-regulated, sharing the same genetic profile 
(reviewed in [80]).

Given the role of TADs in regulating gene expression, it should come as no surprise that 
this cellular process is also exploited in cancer cells. Disrupted TAD boundaries have been 
found present in cancer cells, allowing ‘enhancer hijacking’ to occur, where enhancers do not 
act on their canonical targets alone, resulting in aberrant expression of non-canonical genes, 
illustrated in Figure 1D. It was found that GFI1 and GFI1B, members of the growth factor 
independent 1 family of proto-oncogenes, were upregulated not by amplification in medul-
loblastoma, but instead activated by enhancer hijacking, coming under the control of an aber-
rant active enhancer [81].

Similarly, viral oncogenes encoded by Epstein–Barr virus (EBV) was found to hijack DNA 
looping, leading to the association of two key genes, MYC and BCL2L11 (a pro-apoptotic 
factor) to non-canonical enhancers [82]. Through the transactivator EBNA2, the MYC locus 
was reconfigured to be regulated by a non-canonical enhancer, resulting in the activation 
of the oncogene, promoting tumor formation. Concurrently, EBV repressors EBNA3A and 
EBNA3C were shown to be capable of recruiting EZH2, thus silencing the upstream regula-
tory enhancer hub.
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3.1.5. Mediator complex

The mediator complex is a large, 26 subunit complex which coordinates the many different 
elements required for the activation of gene transcription. This includes the cross-talk between 
RNA Pol II and transcription factors that possess sequence-specific recognition sites, and also 
distal regulatory regions such as enhancers. The CDK8 module, consisting of MED12, CDK8, 
Cyclin C and MED13 [83], has been identified as a key component of the complex, function-
ing as a molecular switch [84] and therefore regulating the activity of the mediator complex. 
Due to its crucial role in regulating transcription, cancer cells have exploited this mechanism 
to lead to aberrant gene expression.

MED12 is a member of the complex, of which frequent mutations at the N-terminus have 
been found in prostate cancer, uterine leiomyosarcomas [85], breast adenomas [86] and phyl-
lodes [87]. Specifically, the mutations in MED12 disrupts the interaction between MED12 and 
CDK8, therefore rendering the CDK8 module inactive, therefore decreasing the activity of the 
mediator complex [88–90].

3.2. DNA methylation

One form of epigenetic regulation is CpG (5′ cytosine phosphate guanine 3′) methylation, which 
refer to the addition of methyl groups to the carbon residue at the fifth position on cytosine, 
exclusively where cytosine directly precedes guanine. These methyl moieties are modified and 
interpreted by three distinct groups of proteins, DNA methylation writers, readers and editors.

DNA methylation writers consist of proteins from the DNA methyltransferase (DNMT) fam-
ily, namely DNMT1, DNMT3A, DNMT3B [91, 92]. De novo methylation patterns are added by 
DNMT3A and DNMT3B in response to stimuli in different contexts, while DNMT1’s primary 
role is in the maintenance of the methyl groups, allowing it to be inherited across cell divi-
sions. The effects of CpG methylation is mediated by the reader proteins from three separate 
families of proteins- methyl-CpG-binding domain (MBD) proteins, the SET- and Ring finger-
associated (SRA) domain family and the Kaiso family of proteins [93–96]. These proteins are 
endowed with the ability to bind to CpG methylation and recruit other factors to exert regula-
tory roles in the cell [97, 98]. Finally, DNA methylation editors are able to oxidize the existing 
methyl group on carbon-5, and convert it to form a 5-hydroxylmethylcytosine (5-hmC), which 
undergo further chemical modifications before resuming its unmethylated state [99].

Not surprisingly, there have been reports linking all three groups of the above-mentioned pro-
teins with cancer, leading to a global hypomethylation of repetitive elements and CpG-poor 
regions but a hypermethylation at CpG islands [100]. Approximately 15% of CpG sites are situ-
ated directly upstream of genes within CpG islands, with the remainder of the genome having 
relatively sparse CpG sites (reviewed in [101]). CpG islands are regions in the genome span-
ning between 300 to 3000 nucleotides which contain a high density of CpG dinucleotides, and 
are present at about 60% of human promoters [102], while CpG island shores are regions 2 kb 
flanking the CpG islands [103]. CpG islands have been shown to be sites of transcription initia-
tion, evidenced by several features; TSS have been found within CpG islands, RNA Pol II found 
to co-localize to the islands, and the active histone mark H3K4me3 was found to be within the 
islands [104, 105]. CpG islands are thought to regulate gene expression in two distinct manners. 
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First, it has been shown that the methylated CpG dinucleotide is capable of sterically hinder-
ing the binding of transcription factors and co-activators [106]. Cancer cells have exploited 
this mechanism to silence tumor suppressor genes, with a global hypermethylation of CpG 
islands observed across multiple cancer types, depicted in Figure 1B [101, 107–109]. Secondly, 
the MeCP1 proteins, a class of DNA methylation readers, have been shown to recruit HDACs, 
responsible for deacetylating histones, therefore condensing the chromatin, ultimately leading 
to a decrease in transcription [107].

MBD proteins have been implicated in multiple cancers (reviewed in [110]), with its muta-
tion and overexpression resulting in uncontrolled cell proliferation. In prostate cancer, it was 
discovered that MBD2 overexpression is associated in the aberrant hypermethylation and 
therefore suppression of GSTP1 tumor suppressor, as is with TERT in HPV-positive cells 
[111–113]. Recently, there was an unexpected finding that MBD2 was associated with DNMT1 
and DNMT3A, and the loss of MBD2 resulting in global hypomethylation, eventuating in 
both downstream gene activation and repression [114]. In particular, the hypomethylation 
observed at CpG islands and shores were the same regions that were hypermethylated in pros-
tate cancer patients, eluding to the critical role of MBD2 in rewriting the cancer methylome.

The TET (ten-eleven translocation) family of proteins has also been implicated in several dif-
ferent types of cancer, with most studies carried out in hematological malignancies. It was in 
blood that TET1 was first implicated in cancers, identified as a fusion partner in mixed lineage 
leukemia (MLL)-rearranged AML [115, 116]. Subsequent studies in blood cancers focused on 
TET2’s role, discovering numerous mutations [117], resulting in a truncated enzyme, or one 
with compromised enzymatic activity. This was reflected in patients where a global decrease 
in 5hmC was observed in patients with homozygous or heterozygous TET2, suggesting 
that mutations in TET2 were haplo-insufficient loss-of-function mutations [118]. Aside from 
hematological malignancies, overall decreased levels of TET2, and its concomitant decrease 
in 5hmC levels have been observed in cancer of other origins such as breast, lung, liver [119], 
prostate, gastric, and melanoma [120] and glioblastomas [121].

In addition, IDH1 (isocitrate dehydrogenase 1) and IDH2, genes involved in the tricarboxylic 
acid (TCA) cycle, were found to be mutated in gliomas and AML, leading to the hypermethyl-
ation of the genome. This is attributed to the production of a metabolite which inhibits histone 
and DNA demethylation [121, 122].

3.3. Chromosomal translocations

Cancer genomes are notorious for being unstable- that is, prone to mutations in the nucleic 
acid sequences, chromosomal rearrangements, inversions, translocations and deletions. The 
consequence of this is widespread and severe, resulting in aberrant expression of genes which 
are crucial in evading apoptosis, eventuating in tumor growth.

Chromosomal translocations are an important aspect of genomic instability, where a section of 
the genome is inserted into an alternate location. This can be large sections of the genome span-
ning millions of base pairs, as in the formation of the Philadelphia chromosome through the swap 
of sections of chromosome 9 and 22 (first described in 1960 [123]), or through a small transloca-
tion (<1 kb), as is with MLL fusion genes. Interestingly, the largest proportion of chromosomal 
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translocation targets are transcription factors, wherein the fusion gene produced is still active, but 
in an aberrant manner [124]. These chromosome abnormalities are most often observed in hema-
topoietic and lymphoid tumors [125], with fusion genes involving MLL gene accounting for up to 
5–10% of ALL/AML cases, resulting in unfavorable prognoses [126].

There are two variations of MLL’s resultant fusion genes, with the chromosomal insertion 
resulting in the retention of the N or C terminus of the MLL located at 11q23, both of which 
have been identified to have oncogenic potential. The function of normal MLL is that of a 
histone methyltransferase, with its N terminus containing a CxxC domain, allowing it to 
recognize unmethylated CpG dinucleotides and its corresponding target genes [127]. The C 
terminus of MLL, on the other hand, contains features responsible for its histone methyl-
transferase activity such as a SET domain, responsible for methylation of lysine 4 of histone 
H3 [127]. The more prevalent class of fusion genes are the chimeras with the N terminus of 
MLL fused with the C terminus of the fusion partner, MLL-r (MLL-rearranged), that are also 
known to have more oncogenic potential. It has been observed that most MLL-r function to 
augment its canonical downstream targets such as the HOX cluster of genes rather than gain a 
new profile of target genes. However, the exact function of the fusion genes is entirely depen-
dent on the fusion partner. The two most common fusion gene partners of MLL are AF9 and 
AF4, which are present in the super elongation complex (SEC), and confer the fusion prod-
uct’s function of a transcription activator [128, 129]. In the chimeric gene, the fusion partner 
of MLL acts as an adaptor to the MLL portion of the gene (with DNA binding abilities) to the 
rest of the SEC, therefore resulting in aberrant expression of the downstream genes.

In a recent study, it was shown that MLL-AF9 and MLL-AF4 also bound to distal regulatory 
elements such as enhancers, and are able to deregulate its target gene expression, through inter-
play with RUNX1 [130]. Further, enhancer regions enriched for MLL-AF9 were found to be 
CTCF-rich, suggesting a novel role of MLL-AF9 in mediating 3D chromatin conformation [130].

Although most studies on fusion genes have been published in blood malignancies, recent 
studies have turned their attention to solid tumors. Fusion genes have also been found to be 
prevalent in non-blood cancers, with a similar trend of fusion partners being transcription 
factors, resulting in rampant aberrant gene expression changes (reviewed in [131]).

Another example of a fusion protein is BRD4-NUT, prominent in NUT midline carcinoma 
(NMC). The N terminus of BRD4 is conjugated with the C terminus of NUT, with retention of 
both bromodomains (from BRD4) and the KAT catalytic domain (from NUT) in the resultant 
fusion protein. This fusion protein has oncogenic potential through the formation of large 
active chromatin (1 Mb) where BRD4-NUT and histone hyperacetylation are co-localized 
[132]. In spite of the large size of chromatin which is activated, there is surprisingly only a 
small subset of genes which are upregulated, including MYC and TP63 [132].

4. Therapies targeting epigenetic factors

When considering the different ways in which biological processes are dysregulated in  cancer, 
aberrant activity of epigenetic regulators is considered one of the easiest to treat. This is mainly 
due to the fact that epigenetic dysregulation typically only occurs in specific cell types, and the 
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aberrancies are not present in all somatic cells. As such, therapies can be targeted to affected 
cancer cells, instead of requiring gene therapy to correct all somatic cells. Furthermore, epigen-
etic factors are often enzymes whose activity can be targeted, and inhibited. Therefore, diseases 
linked to epigenetic dysregulation often have a more positive prognosis with better treatment 
possibilities. Most of the epigenetic therapies currently being used are inhibitors, preventing 
the enzyme from performing its canonical function, as summarized in Table 1 and Figure 2.

The development of 5-azacytidine has been one of the most promising epigenetic therapies thus 
far, the treatment of which was seen to increase survival rate when compared to conventional care 
in MDS and AML patients [133]. 5-azacytidine is a cytosine analogue and incorporates into DNA 
and RNA, binding irreversibly to all three DNMTs, sequestering the enzymes and preventing it 
from performing its canonical functions. At low doses, treatment with DNMTi results in global 
hypomethylation (observed in LINE and Alu repetitive elements as surrogate markers of global 
hypomethylation) [134] while it is cytotoxic at higher doses [135]. 5-azacytidine also cannot be 
methylated by DNMTs, therefore curbing the phenomenon of CpG hypermethylation seen in 
cancer cells. However, different tumor types have yielded varied response rates to DNMTi, with 
solid tumors demonstrating limited sensitivity in comparison to myeloid malignancies [136]. 
This could be explained in part because DNMTi function during the S-phase of cell cycle, and 
are therefore less efficacious in solid tumors [137]. In tumors where DNMTi was found to be 
effective, aberrantly silenced tumor suppressor genes were reactivated upon treatment [138], 
contributing to the mechanism in which DNMTi can lessen tumor burden. Additionally, treat-
ment with DNMTi was found to increase the presentation of tumor antigens (such as cancer 
testis antigens (CTA)) and interferon signaling, increasing the visibility and therefore recognition 
and destruction of the tumor cells by the host [139, 140]. Endogenous retroviral elements (ERVs) 
were also observed to be increased upon treatment with DNMTi, which lead to the increase in 
cytoplasmic double-stranded RNA, inducing viral mimicry, and eventually leading to apoptosis 
[141, 142]. In contrast, treatment of IDH inhibitors have been met with limited success, with only 
a small subset of IDH-mutant cell lines demonstrating sensitivity to treatment [143]. Currently, 
there are no known TET inhibitors which prevents the demethylation of CpG islands.

Similarly, aberrant histone modifications are observed in cancer cells, and therefore drugs have 
been developed to block the activity of the enzymes that are responsible for the maintenance of 
these modifications. The majority of HDAC inhibitors that have been developed can be termed 
broad reprogrammers, which target entire classes of deacetylases instead of specific enzymes. Class 
I, II and IV of HDAC enzymes all share a similarity- that they require zinc ion to perform its 
enzymatic function, whilst class III of HDACs require NAD+ as its cofactor. As a result, it is 
easier to target these HDACs as two separate entities. There are now four inhibitors which have 
been approved by the FDA- vorinostat/SAHA (suberoylanilide hydroxamic acid), romidepsin, 
belinostat, panobinostat. However, research focus has now turned to targeting the readers of 
these acetylated marks- proteins which contain bromodomains. After reading the acetylated his-
tone marks, bromodomain-containing proteins can act as a scaffold to recruit other activating or 
repressive machinery to act on the acetylated histone tails,  regulating downstream gene expres-
sion. Inhibitors of the bromodomains of bromdomain and extra-terminal motif proteins (iBETs) 
have gained exceptional interest as of late. One of the most prominent drugs targeting bromo-
domain-containing proteins that have been developed is JQ1, named after its founding chemist, 
Jun Qi [144, 145], initially found in NUT midline carcinoma. JQ1 acts as a competitive inhibitor 
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cancer cells, instead of requiring gene therapy to correct all somatic cells. Furthermore, epigen-
etic factors are often enzymes whose activity can be targeted, and inhibited. Therefore, diseases 
linked to epigenetic dysregulation often have a more positive prognosis with better treatment 
possibilities. Most of the epigenetic therapies currently being used are inhibitors, preventing 
the enzyme from performing its canonical function, as summarized in Table 1 and Figure 2.
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[141, 142]. In contrast, treatment of IDH inhibitors have been met with limited success, with only 
a small subset of IDH-mutant cell lines demonstrating sensitivity to treatment [143]. Currently, 
there are no known TET inhibitors which prevents the demethylation of CpG islands.

Similarly, aberrant histone modifications are observed in cancer cells, and therefore drugs have 
been developed to block the activity of the enzymes that are responsible for the maintenance of 
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of BRD2, BRD3, BRD4 and BRDT by reversibly binding to the hydrophobic bromodomain pock-
ets, therefore not allowing it to bind to and recognize acetylated histone tails. Since MYC is a 
known target of BRD4, the bulk of the tumorigenic effect can be attributed to the decrease in 

Targeted mechanism Canonical function Tumor type Therapeutic compound

DNA methylation

DNMT1, 3A, 3B DNA methylation, 
methylating and 
therefore silencing 
tumor suppressor 
genes

Myelodysplastic 
syndrome (MDS), AML

Inhibitors: 5- Azacytidine/Vidaza 
(FDA and EMA approved), decitabine 
(EMA and FDA approved) (reviewed 
in [169])

Epigenetic erasers

LSD1 Mono and 
di-methylated H3K4 
demethylase

Promyelocytic 
leukemia, AML, small 
cell lung cancer

TCP, GSK2879552 [155]

JARID1 Di and tri-methylated 
H3K4 demethylase

Lung cancer Compound 6j, prodrug 7j

Classes I, II and IV histone 
deacetylases

Removes acetyl groups 
from histone tails

Cutaneous or 
peripheral T 
cell lymphoma, 
glioblastoma

Inhibitor: Vorinostat/suberoylanilide 
hydroxamic acid (SAHA) (FDA 
approved) [170], panobinostat (FDA 
approved), belinostat (FDA approved) 
Reviewed in [171, 172]

Class I histone 
deacetylases

Removes acetyl groups 
from histone tails

Drug-resistant multiple 
myeloma, T-cell 
lymphoma

Inhibitor: Romidepsin (FDA 
approved) Reviewed in [173]

Epigenetic writers

Histone acetyltransferases- 
GCN5, p300, PCAF

Acetylates histone tails Neuroblastoma Inhibitor: PU139, PU141 [174]

EZH2 Methylation of H3K27, 
and repression of 
tumor suppressor 
genes

Acute myeloid 
leukemia (AML), 
lymphomaNon-small 
cell lung cancer

Inhibitor: EPZ-005687 [158], GSK-126 
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the oncogene expression. However, the effects of iBET compounds have been shown to be not 
entirely dependent on MYC [146]. Across different tumor types, JQ1 has been shown to suppress 
tumor growth in a myriad of different ways. In glioblastoma, JQ1 has been shown to induce G1 
cell-cycle arrest and apoptosis through regulating expression of key genes such as MYC, hTERT 
and p21 [147]. Similarly in medulloblastoma, JQ1 was shown to affect cell cycle genes via activat-
ing cyclin-dependent kinase inhibitors (CDKi), reducing E2F activity and affecting p53 signaling 
[148]. However, JQ1 is not able to selectively target either of the two bromodomains on the BET 
proteins, nor between the four BRD proteins, limiting the function of JQ1 [145]. Although BRD4 

Figure 2. Graphical representation of the therapeutics against epigenetic modifiers. (A) Inhibitors of DNA 
methyltransferases, (B) histone methylases and demethylases, (C) histone acetyltransferases and deacetylases.
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of BRD2, BRD3, BRD4 and BRDT by reversibly binding to the hydrophobic bromodomain pock-
ets, therefore not allowing it to bind to and recognize acetylated histone tails. Since MYC is a 
known target of BRD4, the bulk of the tumorigenic effect can be attributed to the decrease in 
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is known to regulate the transcription of many cellular genes, the treatment of JQ1 only represses 
a subset of these genes. This raises the question of whether BRD4 regulates transcription in a 
manner independent from reading acetylated histone tails. This mechanism of action was later 
elucidated, where BRD4 was found to be located at super-enhancers, therefore regulating tran-
scription in a distinct manner [149]. The abovementioned iBET compounds function to only com-
petitively inhibit the function of the bromodomain-containing enzymes. Thus, recent research 
has attempted to degrade the iBET substrates by conjugating iBET to E3 ubiquitin ligases in a 
method known as proteolysis targeting chimera (PROTAC) [150, 151]. iBET compounds have 
also shown promise in NMC (where BRD4-NUT fusion protein is formed), wherein the treat-
ment with JQ1 significantly reduced tumor formation in vivo with limited cytotoxic effects [145].

Histone demethylases are another class of epigenetic erasers which can be targeted in clinic, 
of which inhibitors against LSD1 has seen the most progress. LSD1 is a member of the lysine 
demethylase (KDM) 1 family, with the ability to remove mono and di-methylated H3K4, 
therefore leading to transcriptional repression [152]. Its overexpression is linked to more 
aggressive breast and esophageal cancers, while its downregulation limits cell proliferation 
[153]. Combinatorial therapies involving the LSD1 inhibitor tranylcypromine (TCP) and 
all-trans-retinoic acid have been found efficacious in AML mouse models, and function by 
accumulating H3K4 methylation and therefore the activation of previously silenced tumor 
suppressor genes [154]. Other drugs such as GSK2879552, a derivative of TCP, has been 
developed and are currently in clinical trials for acute small cell lung cancer and AML [155]. 
Similarly, JARID1 is the demethylase of tri and di-methylated H3K4, and is observed to be 
aberrantly expressed in several cancers. Compound 6j and prodrug 7j are inhibitors which 
have been developed to inhibit JARID1 activity, with suppression of growth seen in a lung 
cancer cell line [156].

Targeted therapies are another group of drugs which have higher specificity and target spe-
cific epigenetic modifiers. EZH2 is one such target, where it has been found to be overex-
pressed in multiple cancers. The first drug to target EZH2 was 3-deazaneplanocin-A (DZNep), 
which initiates the degradation of the PRC2 complex to restore expression of silenced genes 
[157]. However, therapeutics targeting EZH2 has since evolved to target its enzymatic activ-
ity instead. EPZ-005687 is a competitive inhibitor which has high specificity for EZH2, and 
induces apoptosis via the reduction of H3K27 methylation levels in lymphoma cells [158]. 
Similar effects were observed with EPZ-6438/Tazemostat treatment, with decreased H3K27 
methylation and decreased tumor size in non-Hodgkin lymphoma mouse models [159]. 
Several small molecule inhibitors such as GSK126 [160] and UNC1999 [161] have been iden-
tified to function as EZH2 inhibitors. In mice xenografts with gain-of-function EZH2 muta-
tions, GSK126 has been shown to be effective in decreasing global levels of H3K27me3 and 
reactivating genes silenced by the PRC2 complex [160].

DOT1L is the only known histone methyltransferase of H3K79, which is often misregulated in 
AML as a result of gene translocations, leading to aberrant expression of hematopoietic stem-
cell renewal genes [162]. EPZ004777 has been shown to reduce H3K79 methylation and its sub-
sequent downregulation of downstream genes, prolonging the survival of MLL mice model 
[163, 164]. EPZ-5676 [165] and SYC-522 [166] are two drugs which are currently in clinical trials, 
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both of which have been demonstrated to efficiently decrease H3K79 methylation. G9a is the 
able to methylate H3K9, and has had inhibitors developed against it. UNC0638 is one such 
small molecule inhibitor, which results in genetic changes which phenocopy a transient deple-
tion of G9a. Expectedly, there was a concomitant global decrease in H3K9 which was observed 
[167]. However, soon after, UNC0642 was developed with improved pharmacokinetic proper-
ties [168].

As an alternative to directly targeting epigenetic modifiers, research is now expanding into 
targeting the upstream regulators of these factors such that the activity or expression of the 
histone modifiers are regulated, affecting the downstream histone modifications.

5. Conclusion

As discussed in this chapter, the regulation of gene expression is a highly complex and multi-
tiered process, regulated by a multitude of factors, summarized in Figure 3. Cancer cells have 

Figure 3. Graphical summary of gene expression regulators. Regulation of gene expression occurs at every step of the 
process, broadly divided into chromatin conformation, DNA, histone modifications, RNA and protein. Condensation 
of chromatin prevents the access of transcriptional machinery, thus repressing transcription. The mediator complex 
facilitates chromosomal looping, bringing together distal regulatory regions (and RNA Pol II) in 3D space. Histones 
undergo post-translational modification which comprise the histone code, recruiting different readers, resulting 
in different expression signatures. The proximal promoter region which contains transcription factor binding sites 
can undergo mutations and therefore inhibit canonical transcription factors from binding, or have its CpG island 
hypermethylated, therefore sterically inhibiting transcription factor binding. RNA is subject to post-transcriptional 
regulation by methylation (m6A) or via degradation by miRNA. Finally, the activity of proteins can be regulated by 
covalent modifications such as activation by acetylation/phosphorylation or by a shortened half-life by degradation.
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evolved over time to exploit these mechanisms to dysregulate many cellular processes to evade 
cell cycle checkpoints and apoptosis, to allow continued proliferation. In particular, oncogenic 
viruses have also been shown to target some of these processes to dysregulate  normal cell func-
tion, as in the case of BRD4 and TIP60, both targeted by HPV oncogenes. It can be assumed that 
oncogenic viruses would have evolved to maximize its carcinogenic potential, and therefore 
have minimal redundant functions. Therefore, the mere fact that these cellular components are 
targeted by oncogenic viruses eludes to its high canonical importance in the normal cell.

We have presented epigenetic regulating gene expression, one of the main methods in which 
either the profile of genes expression is changed, or the existing profile of genes are dysregu-
lated, leading to aberrant upregulation or downregulation. In cancer cells, the dysregulated 
pathways have to overpower the canonical functions, to tip the balance so that processes occur 
in their favor, for sustained growth. It is therefore crucial to understand the mechanisms which 
are dysregulated in cancer cells so that further therapies can be developed to target these 
aberrancies.
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Abbreviation

5-hmC 5-hydroxylmethylcytosine

ALL Acute Lymphoblastic Leukemia

AML Acute Myeloid Leukemia

ATM Ataxia-Telangiectasia Mutated

BET Bromodomain and Extra-Terminal

CDH1 Cadherin 1

CDKi Cyclin-Dependent Kinase Inhibitor

CTA Cancer Testis Antigens

CTCF CCCTC-binding Factor
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CpG Cytosine Phosphate Guanine

DSC3 Desmocollin 3

DNMT DNA Methyltransferase

EBV Epstein–Barr Virus

EMT Epithelial-Mesenchymal Transition

EpCAM Epithelial Cell Adhesion Molecule

ERV Endogenous Retroviral Element

GCN5 General Control of Amino Acid Synthesis Protein 5-like 2

HDAC Histone Deacetylase

HMT Histone Methyltransferase

HPV Human Papillomavirus

iBET Inhibitors targeting Bromodomain and Extra-Terminal Motif Protein

ING Inhibitor of Growth

INO80 Inositol Requiring 80

ISWI Imitation Switch

JmJC Jumonji C

KAT Lysine Acetyltransferase

KDM Lysine Demethylase

MBD Methyl-CpG Binding Domain

MDS Myelodysplastic Syndrome

miRNA MicroRNA

MLL Mixed-lineage leukemia

MLL-r MLL-rearranged

MYST Moz, Ybf2p/Sas3p, Sas2p and TIP60

NDR Nucleosome depleted region

NMC NUT midline carcinoma

NSCLC Non-small cell lung cancer

PHD Plant homeodomain

PRC2 Polycomb repressive complex 2

PROTAC Proteolysis targeting chimera

SAGA Spt-Ada-GCN5-Aceyl transferase

SAHA Suberoylanilide hydroxamic acid

SEC Super elongation complex

Snai1 Snail family transcriptional repressor 1
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Abstract

Epigenetics describes modifications that affect gene expression that are not encoded 
within the DNA sequence. DNA methylation is the longest appreciated epigenetic modi-
fication and has been accepted to play a critical role in maintaining euchromatin and 
silencing genes. Recently, a separate and distinct covalent modification has been recog-
nized; hydroxymethylation, which has been associated with increased gene expression 
as opposed to gene silencing. However, traditional methods to study DNA methylation 
also recognized hydroxymethylation and did not distinguish between these two distinct 
DNA covalent modifications. Furthermore, TET enzymes have been identified to play 
a critical role in active hydroxymethylation of previously methylated cytosine residues 
and may further result in conversion to cytosine. TET1 plays a critical role in intesti-
nal epithelial differentiation and development, and this is also correlated with increased 
hydroxymethylation in terminally differentiated epithelial cells. Colon cancer, which 
arises from the colonic epithelium, exhibits decreased hydroxymethylation and altered 
gene expression.

Keywords: hydroxymethylation, intestinal epithelium, TET1

1. Introduction

Every cell in the human (and all mammalian) body contains the exact same genetic makeup 
with the exception of the gametes, which are haploid. However, despite containing the same 
DNA and genetic information there are a vast number of different cell types that perform 
functions essential to life. The difference in cell types is due to the genes that are selectively 
expressed, and those that are silenced combined with genes that are primed for activation 
in response to a stimulus. In this regard, the field of epigenetics is the study of mitotically 
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in response to a stimulus. In this regard, the field of epigenetics is the study of mitotically 
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heritable changes/modifications to the genome that alters gene expression without changing 
the DNA sequence. There are three main types of epigenetic changes; specifically, noncod-
ing RNAs, covalent modifications or methylation to DNA, and histone modifications. In this 
chapter, we will focus primarily on covalent modifications to DNA: DNA methylation and 
hydroxymethylation and the role this process plays in colonic epithelial cells. The intesti-
nal epithelium has a rapid cellular turnover with the lifespan of a colonocyte being about 
4–5 days [1]. Within the colonic epithelium, there are several cell types, including colonocytes, 
goblet cells, and endocrine cells, all of which arise and differentiate from a common intesti-
nal stem cell located at the base of the crypts [1–3]. In this regard, the colonic epithelium is 
a unique system in which cellular differentiation and epigenetic alterations can be studied. 
Furthermore, two disease processes, colon cancer and ulcerative colitis integrally involve 
colonic epithelial cells. Alterations in DNA methylation and hydroxymethylation profiles are 
likely to play an important role in these processes. At the end of the chapter, we will discuss 
altered DNA hydroxymethylation in these disease states.

2. DNA methylation

DNA methylation was first discovered in 1948 in the calf thymus [4]. In the mid-1970s, two 
papers hypothesized that cytosine methylation could be a de novo process, could be inherited 
through somatic mutation through an enzymatic process, and result in the silencing of genes 
[5–7]. Methylation occurs at the 5C position of cytosine in regions of DNA that are rich in 
cytosine-guanine (CpG) dinucleotide. About 98% of the genome is deficient in CpG, with 
enrichment of CpGs clustered into “CpG islands,” which are typically located near the cen-
tromere and within/near promoters. Furthermore, we are now recognizing that CpGs exist 
within introns and exons of genes and these residues may also be methylated [8, 9]. DNA 
methylation plays a critical role in imprinting, X-chromosome inactivation in females and 
silencing of transposons, and maintaining chromosomal stability [9–11]. Given the critical 
role that methylation plays in imprinting and X-chromosome inactivation and the pathology 
that results from alterations in these processes, DNA methylation was thought to be a static 
process and only reprogrammed during gametogenesis and embryogenesis.

DNA methylation has been thought to play an important role in gene silencing. When CpG 
islands within a gene promoter are methylated, the gene is silenced. This occurs through 
binding of methyl binding proteins to methylated cytosine which results in histone recruit-
ment and heterochromatin, which is tightly condensed, thereby making the promoter inac-
cessible to transcription factors. However, recently, with improved technology and genetic 
sequencing, we have recognized that 5-mc may occur within a gene in introns and/or exons. 
Furthermore, 5-mc in intragenic regions may result in alternate splicing or transcripts [9, 12].

Importantly, cytosine methylation (5-mc) is preserved during mitosis through DNA meth-
yltransferase 1 (DNMT), which recognizes hemi-methylated DNA during the S-phase of 
mitosis and copies this pattern to the daughter strand [13–15]. This mechanism is essential to 
maintain tissue homogeneity and cell lineage in terminally differentiated cells, and there are 
many publications that have established DNA methylation profiles specific to certain  tissues 
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and additionally tissues or cells with similar functions have similar methylation profiles  
[16, 17]. Maintenance of DNA methylation is an essential function and a recent study on 
human embryonic stem cells demonstrated lethality when DNMT1 was deleted. Specifically, 
when DNMT1 was conditionally deleted after initial development, the cells rapidly lost meth-
ylation and underwent cell death [18]. In addition to DNTM1, which copies DNA methylation 
marks during cell division, DNMT 3a and 3b are able to methylate DNA de novo (Figure 1). 
In mouse models, deletion of DNMT1 or DNMT3b is embryonically lethal and deletion of 
DNMT3a results in postnatal lethality [19, 20].

3. Hydroxymethylation

Hydroxymethylation of cytosine was described shortly after DNA methylation in 1950. At 
that time hydroxymethylated cytosine was described in a bacteriophage and was suggested 
to be a mechanism by which the virus evaded DNA degradation by the host [21, 22]. Several 
studies in the 1970s described hydroxymethylated cytosine in mammals but it was not until 
2009 when high levels of hydroxymethylation were found in Purkinje cells [23]. Further stud-
ies revealed that there were detectable levels of 5-hmc across all tissue types with cells of 
the central nervous system containing the highest percent of hydroxymethylated cytosine 
residues [23].

Importantly, bisulfite sequencing that has traditionally been used to identify methylated 
cytosine bases only distinguishes covalently modified cytosine from unmodified cytosine, 
therefore methylated and hydroxymethylated cytosine were recognized as the same. With 
advances in technology and new interest in hydroxymethylation as having a potentially sepa-
rate function from methylated cytosine, we are now able to distinguish one from the other at 
the single nucleotide level [7, 24]. Importantly, while 5-mc rich regions are associated with 
heterochromatin and gene silencing, 5-hmc is associated with euchromatin and genes with 
rich in 5-hmc are accessible to transcription factors. Methylated cytosines may undergo oxi-
dation by the ten eleven ten (TET) enzymes resulting in 5-hydroxymethylcytosine (Figure 1). 
Further oxidation of 5-hmc by TET enzymes leads to 5-formylcytosine and 5-carboxylcytosine 
which are then excised and replaced by a new cytosine residue. In this regard, TET enzymes 

Figure 1. Cytosine may be methylated by DNA methyltransferases (DNMT) resulting in 5-methylcytosine (5-mc) which 
is associated with gene silencing when located in the promoter. 5-mc may be reduced by ten eleven ten (TET) enzymes 
resulting in 5-hydroxymethylcytosine (5-hmc) which is associated with euchromatin and gene transcription/activation.
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heritable changes/modifications to the genome that alters gene expression without changing 
the DNA sequence. There are three main types of epigenetic changes; specifically, noncod-
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goblet cells, and endocrine cells, all of which arise and differentiate from a common intesti-
nal stem cell located at the base of the crypts [1–3]. In this regard, the colonic epithelium is 
a unique system in which cellular differentiation and epigenetic alterations can be studied. 
Furthermore, two disease processes, colon cancer and ulcerative colitis integrally involve 
colonic epithelial cells. Alterations in DNA methylation and hydroxymethylation profiles are 
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islands within a gene promoter are methylated, the gene is silenced. This occurs through 
binding of methyl binding proteins to methylated cytosine which results in histone recruit-
ment and heterochromatin, which is tightly condensed, thereby making the promoter inac-
cessible to transcription factors. However, recently, with improved technology and genetic 
sequencing, we have recognized that 5-mc may occur within a gene in introns and/or exons. 
Furthermore, 5-mc in intragenic regions may result in alternate splicing or transcripts [9, 12].

Importantly, cytosine methylation (5-mc) is preserved during mitosis through DNA meth-
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mitosis and copies this pattern to the daughter strand [13–15]. This mechanism is essential to 
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many publications that have established DNA methylation profiles specific to certain  tissues 

Gene Expression and Regulation in Mammalian Cells - Transcription Toward the Establishment of Novel Therapeutics128
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ies revealed that there were detectable levels of 5-hmc across all tissue types with cells of 
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Importantly, bisulfite sequencing that has traditionally been used to identify methylated 
cytosine bases only distinguishes covalently modified cytosine from unmodified cytosine, 
therefore methylated and hydroxymethylated cytosine were recognized as the same. With 
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rate function from methylated cytosine, we are now able to distinguish one from the other at 
the single nucleotide level [7, 24]. Importantly, while 5-mc rich regions are associated with 
heterochromatin and gene silencing, 5-hmc is associated with euchromatin and genes with 
rich in 5-hmc are accessible to transcription factors. Methylated cytosines may undergo oxi-
dation by the ten eleven ten (TET) enzymes resulting in 5-hydroxymethylcytosine (Figure 1). 
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also function in active demethylation [25, 26]. Additionally as indicated previously in this 
chapter, 5-methylcytosine associates with methyl binding proteins which promote hetero-
chromatin formation, these methyl binding proteins are not able to recognize hydroxymeth-
ylated cytosine and this is another mechanism by which hydroxymethylation may serve to 
make genes more accessible. Finally, hydroxymethylation may facilitate passive demethyl-
ation as DNTM1 has low affinity for 5-hmc and during DNA replication lack of recognition of 
a previously methylated cytosine, now 5-hydroxymethylcytosine would not have the methyl 
mark copied to the daughter strand. Hydroxymethylation not only serves as an intermediate 
step in active demethylation, but is also fairly stable and present in relative abundance com-
pared to 5-flucytosine and 5-carboxylcytosine; therefore, hydroxymethylation may serve an 
additional and unique function [21, 26–29].

Studies that evaluate global DNA methylation or hydroxymethylation and gene expression 
have inconsistent results. As our sequencing technology and ability to distinguish 5-hmc from 
5-mc has improved, we are coming to understand that regions that are rich in 5-hmc may 
not be “activated” but rather be “poised for activation” through a delicate balance between 
5-mc, 5-hmc and activating (H3K4me3) and repressive (H3K27me3) histone marks [21, 30]. 
Furthermore, studies in the central nervous system have indicated that changes in specific 
5-hmc residues without change in overall methylation can have profound effects on gene 
expression [31]. Importantly the dynamics and abundance of 5-hmc is cell type specific and 
changes during development. In this regard, here we will examine the role of 5-hmc in intes-
tinal epithelial cell development and differentiation.

4. Intestinal epithelial cells

The colonic epithelium is one of the largest cellular compartments with a very rapid turnover. 
The intestinal epithelium is a single cell thick barrier that serves not only as a barrier to pro-
tect the underlying lamina propria immune cells from the luminal antigens and bacteria, but 
these cells also play a role in metabolism, water and nutrient absorption, sensing the luminal 
environment for potential pathogens, and maintaining a mucus barrier. The colonic epithe-
lium forms crypts and villi which increases the surface area and absorptive surface area. The 
intestinal epithelium is composed of four major cell types that arise from a common precursor 
cell. Enterocytes/colonocytes arise from intestinal stem cells which divide to become rapidly 
dividing transition zone cells, these cells divide up to six more times and migrate up to the 
tips of the villi during their differentiation. The enterocytes/colonocytes at the tips of the villi 
play a role in maintaining tight junctions as well as metabolic and absorptive functions, and 
have a short lifespan of 4–5 days after which they are sloughed off of the surface and mew 
cells must replace them. The intestinal epithelium also consists of mucin-producing goblet 
cells, endocrine cells and Paneth cells, which migrate down to the base of the crypts and play 
a role in bacterial sensing and are relatively long-lived. Over the past decade, we have come to 
understand that all of these cell types in the intestinal epithelium arise for a common progeni-
tor cell that resides in the transitional zone between the crypts and villi at the +5 position and 
are referred to as LGR5+ cells (intestinal stem cells) [1, 2].
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Culture of LGR+5 cells in a 3D matrigel (substituting for the extracellular membrane) supple-
mented with growth factors: WNT and Noggin to allow for stem cell expansion, R-spondin 
which maintains stem cell populations, and EGF to promote cell proliferation results in the 
development of a 3D structure with distinct crypt-like and villus-like structure with a central 
lumen referred to as organoids. Organoids have successfully been generated from both human 
and mouse LGR5 cells. These organoids contain all of the cell types present in the intestinal 
epithelium with crypt-like domains containing Paneth cells and LGR5+ stem cells, villi with 
villin-positive cells and also enteroendocrine and goblet cells scattered throughout the organ-
oid [3]. Organoids have successfully been generated from isolated LGR5+ cells supporting this 
notion of LGR5 cells as a pluripotent progenitor for the intestinal/colonic epithelium [3, 32].

Recently, studies have evaluated global methylation and hydroxymethylation in the colonic 
epithelium. These studies showed relatively similar levels of methylation in the crypts and 
in association with rapidly dividing (Ki67+) cells in the transition zone; whereas, there was 
an enrichment of hydroxymethylation at the tips of the villi and a decreased prevalence of 
hydroxymethylation in the crypts in Ki67-positive cells. These data suggest that hydroxy-
methylation is gained during differentiation and preferentially expressed in non-dividing, 
terminally differentiated cells [33].

Alterations in hydroxymethylation profiles in colonic epithelial cells can also be recapitulated 
in vitro. When T84 colonic epithelial cell line is cultured at low density in vitro, the cells lack polar-
ity, rapidly divide, and express low levels of global hydroxymethylation. However, as these cells 
divide and come into contact with other cells they differentiate and polarize to form a monolayer. 
This process is associated with an increase in hydroxymethylation specifically in promoters of 
genes involved in maintaining tight junctions, regulation of actin and endocytosis. Furthermore, 
enrichment in hydroxymethylation co-localizes with binding sites for colonic epithelial-specific 
transcription factors including HNF4A, RXRA and CDX2 with relatively little change in the 
hydroxymethylation status of GATA6 (Figure 2A). Importantly, this increase in hydroxymethyl-
ation also positively correlated with gene expression in a dose-dependent manner with the genes 
with the highest concentration of hydroxymethylation being the most highly expressed [34].

In mouse models, it is possible to separate the colonocytes at the villous from LGR5+ cells 
using a combination of cell scraping and LGR5 isolation by FACS when LGR5 expression is 
linked to a fluorescent indicator. This study also confirms that not only is there a difference 
in the abundance of hydroxymethylation in the LGR5+ cells compared to the terminally dif-
ferentiated enterocytes, but also that hydroxymethylation correlates with highly expressed or 
inducible cells and changes during differentiation. This study demonstrated that there were 
over 10,000 differentially hydroxymethylated regions between LGR5+ cells and colonocytes. 
Hydroxymethylation in LGR5+ cells localized to promoters of intestinal stem cell markers, 
such as LGR5, and gene ontology analysis revealed that the functions of the preferentially 
hydroxymethylated genes were involved in developmental processes, cell differentiation and 
other stem cell functions. In contrast, in the LGR5− colonocytes that were terminally differenti-
ated, hydroxymethylation was enhanced in the promoters and within genes that control met-
abolic processes, nutrient transport and other enterocyte functions, and genes with enriched 
hydroxymethylation also exhibited higher expression at the RNA level [33].
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TET1, which actively can convert methylated cytosine to hydroxymethylated cytosine in 
epithelial cells, is critical for intestinal epithelial cell maintenance and differentiation. In this 
regard, TET1-deficient mice exhibit colonic shortening, with shorter villi, with fewer LGR5+ 
cells. These mice are smaller than their littermate controls and ultimately deletion of Tet1 is 
lethal. Furthermore, LGR5+ cells derived from these TET1-deficient mice are also unable to 
form organoids, which confirms the role of TET1 and hydroxymethylation as a critical step in 
epithelial cell differentiation and maintenance [33, 35].

5. Hydroxymethylation in colon cancer

As we have discussed above, hydroxymethylation is critical in the differentiation of colonic 
epithelial cells, and there is a change specifically in the distribution of hydroxymethylation 
as cells divide and differentiate from the LGR5 cells in the crypts (hydroxymethylation in 
genes involved in proliferation and stem cell functions) and differentiated colonocytes at the 
tips of the villi (metabolic functions and tight junction). Colonic adenocarcinoma arises from 
the colonic epithelial cells and is the number two cause of cancer-related deaths in the United 
States. Traditionally, cancer progresses through four stages from adenomatous-type polyps 
to adenomas, to invasive disease and then metastasis. It has long been recognized that there 

Figure 2. Overview of the role of hydroxymethylation in (A) normal intestinal epithelium, (B) colon cancer and  
(C) proposed role in inflammatory bowel disease. (A) TET1 activity results in hydroxymethylation of specific cytosine 
residues as cells rapidly divide and migrate. This results in downregulation of the WNT signaling pathway (reduced 
proliferation) and upregulation of genes associated with the function of these terminally differentiated cells. (B) In 
colon cancer, there is decreased TET1 activity and therefore decreased overall hydroxymethylation which leads to 
a loss of organization, and increased cellular proliferation and inappropriate growth. (C) In IBD, we propose that 
aberrant hydroxymethylation may result in a decrease in hydroxymethylation of genes associated with barrier function, 
and downregulatory cytokines and/or increased hydroxymethylation (and therefore increased expression) of pro-
inflammatory cytokines.
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are aberrant methylation profiles in cancers including colon cancer, and the thought was that 
increased methylation of tumor suppressor genes would result in silencing of these genes and 
lead to malignant transformation and growth. However, until recently, bisulfite sequencing 
could not differentiate between methylation (associated with gene silencing when in the pro-
moter) and hydroxymethylation (associated with gene activation).

Since hydroxymethylation has now been appreciated in mammalian cells and it is now recog-
nized that hydroxymethylation has a distinct role in gene regulation and expression, recent 
attention has been turned to the role of hydroxymethylation in cancer. A recent study evalu-
ated global hydroxymethylation in colon cancer tissue compared to matched, adjacent nor-
mal tissue and demonstrated that hydroxymethylation was profoundly less in colon cancer 
tissue compared to normal [36]. Furthermore, Tet1, which as discussed is essential for active 
hydroxymethylation in intestinal epithelium cells, is decreased in colon cancer and occurs 
as an early event [37, 38]. Additionally, in other cancers such as breast cancer, decreased 
Tet1 expression is associated with more aggressive malignancy and metastatic disease [11]. 
Taken together, we may hypothesize that decreased Tet1 expression may result in altered/
decreased hydroxymethylation. In support of this hypothesis, the role of Tet1 in colon cancer 
was evaluated in the colonic epithelial cell line derived from colon adenocarcinoma CaCo2. 
CaCo2 cells were transfected with inducible Tet1 under control of doxycycline. When these 
cells were treated with doxycycline for 96 hours, these cells had slower growth and there 
were 300 genes with altered expression, and 60% of the genes with increased expression in 
the Tet1-induced state had enriched hydroxymethylation and correlated with genes that had 
high levels of methylation in the wild type (TET1low) cells. Gene ontology analysis showed sig-
nificant enrichment in the WNT/β-catenin signaling pathway of the TET1-deregulated genes. 
To support this notion, the nuclear level of b-catenin was decreased when TET1 expression 
was induced, supporting the notion that TET1 expression leads to decreased WNT/β-catenin 
signaling. Further studies showed that DDK3 and DDK4 which are upstream regulator of 
the WNT pathway were upregulated in the TET1-induced cells and these genes expressed a 
higher level of hydroxymethylation when compared to the wild type (Tet1low) cells (Figure 2B),  
this in turn provides a mechanistic explanation as to Tet1-induced downregulation of WNT 
through increased expression of WNT pathway inhibitors. Further studies were done using a 
xenograft system and TET1-induced CaCo2 cells implanted into a mouse resulted in smaller 
tumors than the wild-type CaCo2 xenografts [39].

Our group also evaluated hydroxymethylation in colon cancer compared to adjacent nor-
mal tissue in patients with colon cancer. While we did not find any specific pathways that 
exhibited decreased hydroxymethylation in colon cancer, we did identify numerous genes 
that lost hydroxymethylation and expression. Specifically, two of these genes include: FMN2 
(formin 2) and PCDC4 (programmed cell death 4). FMN2 is involved in the organization of 
actin cytoskeleton and cell polarity; therefore, decreased expression of this gene may result 
in decreased contact inhibition and the disorganization, which is seen in colonic adenocarci-
noma. Furthermore, PDCD4 is also downregulated and exhibits loss of hydroxymethylation 
in colon cancer. Loss of PDCD4 has been associated with colon adenocarcinoma and these 
tumors tend to be more aggressive [34, 40]. Additionally, there were also genes that gained 
hydroxymethylation and exhibited increased expression including BMP7 and TGFB1. Bone 
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(formin 2) and PCDC4 (programmed cell death 4). FMN2 is involved in the organization of 
actin cytoskeleton and cell polarity; therefore, decreased expression of this gene may result 
in decreased contact inhibition and the disorganization, which is seen in colonic adenocarci-
noma. Furthermore, PDCD4 is also downregulated and exhibits loss of hydroxymethylation 
in colon cancer. Loss of PDCD4 has been associated with colon adenocarcinoma and these 
tumors tend to be more aggressive [34, 40]. Additionally, there were also genes that gained 
hydroxymethylation and exhibited increased expression including BMP7 and TGFB1. Bone 
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morphogenetic protein 7 (BMP7) is a secreted protein of the TGF-β superfamily, and TGFB1 
(transforming growth factor beta 1) is known to be increased in tumor cells and may induce 
the canonical WNT signaling (Figure 2B) [34]. Taken together there is strong evidence that 
alterations to gene-specific hydroxymethylation profiles may be an early step that occurs in 
colon cancer leading to progression of disease. Altered hydroxymethylation may serve as a 
biomarker or predictor of disease severity and/or targets for future therapy.

6. Hydroxymethylation in IBD

Inflammatory bowel disease (IBD) affects more than 3 million adults (estimated 1.3% of 
adults) in the United States [41]. Importantly, the incidence of IBD has been increasing over 
the past 10 years especially in developed and developing countries. Furthermore, envi-
ronmental influences appear to influence IBD with the two major phenotypes, ulcerative 
colitis and Crohn’s disease, demonstrating opposite correlation with smoking. Specifically, 
smoking is protective in ulcerative colitis and patients may experience flares with cessation 
of smoking; whereas in Crohn’s disease, smoking worsens disease [42–44]. Recent studies 
including the GWAS have identified an important role for genetics as well as gene regulation 
and epigenetics in IBD [45, 46]. To date the GWAS have identified 163 loci that are associated 
with IBD; however, only approximately 10% of these loci are located in DNA coding regions 
suggesting an important role for gene regulation [47, 48]. Given that genetics account for 
only 10% of cases of IBD, the increased incidence in developing countries and the identified 
environmental influences, IBD is likely due to a gene by environment interaction, which 
also implicates epigenetics as a key driver in disease pathogenesis. Previous studies have 
implicated a role for alterations in DNA methylation in IBD; however, these studies showed 
discordant results in genes with “methylated” promoters and RNA expression. This may be 
due to the fact that these studies were performed prior to the development of the technol-
ogy to distinguish methylated cytosine (silenced genes) from hydroxymethylated cytosine 
(activated or primed for activation). Furthermore, these studies were performed in intact 
tissues or mixed cell populations [49]. Since methylation plays a critical role in maintain-
ing tissue homogeneity, and as described previously, hydroxymethylation is increased in 
terminally differentiated cells, methylation and hydroxymethylation are best evaluated in 
a single cell population. Since colonic epithelial cells are the most widely affected cell type 
in IBD, hydroxymethylation plays a critical role in colonic epithelial cell differentiation and 
function, and prior studies have suggested altered methylation profiles in IBD tissues, we 
may infer that there is a role for aberrant hydroxymethylation of genes, potentially involved 
in barrier function or cytokine production, that contributes to the pathogenesis of IBD 
(Figure 2C). Future studies to evaluate differential hydroxymethylation in epithelial cells 
from affected/unaffected mucosa from IBD patients may provide further insights into novel 
pathways or genes implicated in IBD pathophysiology. Additionally further understand-
ing into the mechanisms by which hydroxymethylation profiles are altered either through 
changes in TET expression or environmental exposures that promote or inhibit hydroxy-
methylation we may identify novel targets for therapy.
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7. Conclusion

Epigenetics, mitotically heritable changes/modifications to the genome that alter gene expres-
sion without changing the DNA sequence, plays a critical role in embryogenesis, normal 
development and disease. Specifically, DNA methylation has long been recognized as a 
critical epigenetic modification that is critical to normal function and tissue homogeneity. 
Alterations in methylation profiles have also been identified in and are thought to play a 
role in autoimmune diseases as well as malignancy. However, until recently technology did 
not allow for the differentiation between methylated cytosine (5-mc) and hydroxymethylated 
cytosine (5-hmc). Given that recent studies have indicated that hydroxymethylated promoters 
is associated with gene activation, it is important to further evaluate the role of hydroxymeth-
ylation in development and disease.

In this chapter, we have discussed the critical role of DNA hydroxymethylation in the differen-
tiation of intestinal epithelial cells. Differential hydroxymethylation of specific gene promoters 
results in appropriate function of the LGR5 stem cells and the differentiated enterocytes. We 
have also discussed that higher levels of hydroxymethylation are associated with terminally 
differentiated, non-dividing cells in the normal tissue. Furthermore, we implicated a role for 
hydroxymethylation in the pathogenesis of colonic adenocarcinoma through increased WNT 
signaling, and also differential hydroxymethylation in specific genes that may act as tumor 
suppressors or growth factors in paired tissue samples. Finally, we have presented evidence 
that supports a potential role for altered hydroxymethylation in IBD.

Future studies evaluating hydroxymethylation at the single nucleotide level in a single cell 
population may be extremely valuable in identifying potential novel pathways or drug targets 
in disease. Importantly, as discussed, hydroxymethylation is a stable epigenetic modification, 
but is also dynamic in that hydroxymethylation may be gained or lost at a specific location. 
This is important because altered hydroxymethylation in a cell population may result from 
a gene x environment interaction and then be propagated as cells divide, thereby leading to 
disease pathogenesis. In regards to the intestinal epithelium, use of organoids may allow 
researchers to identify environmental exposures to the epithelium that may result in altered 
hydroxymethylation. Furthermore, since the intestinal epithelium can easily be isolated from 
tissue specimens, further studies may be performed on paired specimens to delineate normal 
and diseased tissue in patients with IBD and colonic adenocarcinoma.

Abbreviations

5-hmC  5-hydroxymethylcytosine

5-mC  5-methylcytosine

CDX2  Caudal type homeobox 2

CpG  Cytosine-guanine dinucleotides
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colitis and Crohn’s disease, demonstrating opposite correlation with smoking. Specifically, 
smoking is protective in ulcerative colitis and patients may experience flares with cessation 
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including the GWAS have identified an important role for genetics as well as gene regulation 
and epigenetics in IBD [45, 46]. To date the GWAS have identified 163 loci that are associated 
with IBD; however, only approximately 10% of these loci are located in DNA coding regions 
suggesting an important role for gene regulation [47, 48]. Given that genetics account for 
only 10% of cases of IBD, the increased incidence in developing countries and the identified 
environmental influences, IBD is likely due to a gene by environment interaction, which 
also implicates epigenetics as a key driver in disease pathogenesis. Previous studies have 
implicated a role for alterations in DNA methylation in IBD; however, these studies showed 
discordant results in genes with “methylated” promoters and RNA expression. This may be 
due to the fact that these studies were performed prior to the development of the technol-
ogy to distinguish methylated cytosine (silenced genes) from hydroxymethylated cytosine 
(activated or primed for activation). Furthermore, these studies were performed in intact 
tissues or mixed cell populations [49]. Since methylation plays a critical role in maintain-
ing tissue homogeneity, and as described previously, hydroxymethylation is increased in 
terminally differentiated cells, methylation and hydroxymethylation are best evaluated in 
a single cell population. Since colonic epithelial cells are the most widely affected cell type 
in IBD, hydroxymethylation plays a critical role in colonic epithelial cell differentiation and 
function, and prior studies have suggested altered methylation profiles in IBD tissues, we 
may infer that there is a role for aberrant hydroxymethylation of genes, potentially involved 
in barrier function or cytokine production, that contributes to the pathogenesis of IBD 
(Figure 2C). Future studies to evaluate differential hydroxymethylation in epithelial cells 
from affected/unaffected mucosa from IBD patients may provide further insights into novel 
pathways or genes implicated in IBD pathophysiology. Additionally further understand-
ing into the mechanisms by which hydroxymethylation profiles are altered either through 
changes in TET expression or environmental exposures that promote or inhibit hydroxy-
methylation we may identify novel targets for therapy.
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7. Conclusion

Epigenetics, mitotically heritable changes/modifications to the genome that alter gene expres-
sion without changing the DNA sequence, plays a critical role in embryogenesis, normal 
development and disease. Specifically, DNA methylation has long been recognized as a 
critical epigenetic modification that is critical to normal function and tissue homogeneity. 
Alterations in methylation profiles have also been identified in and are thought to play a 
role in autoimmune diseases as well as malignancy. However, until recently technology did 
not allow for the differentiation between methylated cytosine (5-mc) and hydroxymethylated 
cytosine (5-hmc). Given that recent studies have indicated that hydroxymethylated promoters 
is associated with gene activation, it is important to further evaluate the role of hydroxymeth-
ylation in development and disease.

In this chapter, we have discussed the critical role of DNA hydroxymethylation in the differen-
tiation of intestinal epithelial cells. Differential hydroxymethylation of specific gene promoters 
results in appropriate function of the LGR5 stem cells and the differentiated enterocytes. We 
have also discussed that higher levels of hydroxymethylation are associated with terminally 
differentiated, non-dividing cells in the normal tissue. Furthermore, we implicated a role for 
hydroxymethylation in the pathogenesis of colonic adenocarcinoma through increased WNT 
signaling, and also differential hydroxymethylation in specific genes that may act as tumor 
suppressors or growth factors in paired tissue samples. Finally, we have presented evidence 
that supports a potential role for altered hydroxymethylation in IBD.

Future studies evaluating hydroxymethylation at the single nucleotide level in a single cell 
population may be extremely valuable in identifying potential novel pathways or drug targets 
in disease. Importantly, as discussed, hydroxymethylation is a stable epigenetic modification, 
but is also dynamic in that hydroxymethylation may be gained or lost at a specific location. 
This is important because altered hydroxymethylation in a cell population may result from 
a gene x environment interaction and then be propagated as cells divide, thereby leading to 
disease pathogenesis. In regards to the intestinal epithelium, use of organoids may allow 
researchers to identify environmental exposures to the epithelium that may result in altered 
hydroxymethylation. Furthermore, since the intestinal epithelium can easily be isolated from 
tissue specimens, further studies may be performed on paired specimens to delineate normal 
and diseased tissue in patients with IBD and colonic adenocarcinoma.
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Abstract

E2F, the principal target of the tumor suppressor pRB, plays crucial roles in tumor sup-
pression. Upon dysfunction of pRB, E2F activates tumor suppressor genes such as ARF, 
an upstream activator of the tumor suppressor p53, resulting in the induction of apop-
tosis and tumor suppression. The E2F activity that activates the tumor suppressor genes 
is detected only in cancer cells and not in normal growing cells. The E2F activity can 
drive selective suicide gene expression and induce apoptosis specifically in cancer cells. 
Thus, the E2F activity provides a beneficial tool to specifically target cancer cells in cancer 
treatment.

Keywords: E2F, RB, ARF, apoptosis, cancer specific gene expression

1. Introduction

A human body consists of 37 trillion cells and the cell number is maintained by a balance of 
cell death and cell proliferation. As aged cells are eliminated by cell death, new cells are sup-
plied by cell proliferation to retain appropriate cell numbers. To maintain homeostasis, cell 
proliferation is strictly regulated by growth signals. Cell proliferation is also induced by abnor-
mal growth stimulation such as overexpression or constitutive activation of oncogenes, which 
leads to tumorigenesis [1]. To protect cells from tumorigenesis, mammalian cells harbor tumor 
suppressor pathways, principally mediated by pRB and p53 [2, 3]. The RB pathway consists of 
pRB and upstream regulators such as cyclin-dependent kinases (CDKs) and CDK inhibitors. 
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The p53 pathway consists of p53 and upstream regulators such as HDM2 and ARF. The RB 
pathway and the p53 pathway suppress tumor formation by the induction of cell cycle arrest or 
apoptosis. The forced inactivation of both pathways in normal cells renders cells tumorigenic 
and both pathways are disabled in most cancers, indicating that these two pathways play piv-
otal roles in tumor suppression in normal cells.

The transcription factor E2F, the principal target of the RB pathway, plays central roles in cell 
proliferation by activating a repertoire of growth-related genes. Consistent with this, overex-
pression of E2F1, an activator type of E2F family members, in quiescent cells induces progres-
sion into S phase [4]. Since E2F plays central roles in cell proliferation, it has generally been 
thought that defects in the RB pathway upregulate E2F and promote hyperplasia, contributing 
to tumorigenesis. However, it has also been reported that E2F plays a pivotal role in tumor 
suppression. E2F1 knockout mice showed increased incidence of tumor formation [5], sug-
gesting a role of E2F1 in tumor suppression. Overexpression of E2F1 also activates p53, the 
main effector of the p53 pathway, and promotes apoptosis [6], rather than cell proliferation. 
Knocking out p53 attenuates E2F1-induced apoptosis [7], supporting that the induction of 
apoptosis is mediated through activation of p53. Of note, the overexpression of E2F1 activates 
the tumor suppressor gene ARF, an upstream activator of p53 [3]. These observations sug-
gest that E2F plays a pivotal role in tumor suppression by activating ARF, and consequently 
p53. Interestingly, E2F selectively induces the ARF gene upon forced inactivation of pRB, 
which mimics dysfunction of the RB pathway, but not in response to physiological inacti-
vation of pRB by growth stimulation [8, 9]. This observation implies that E2F activates the 
ARF gene specifically in response to oncogenic changes, contributing to tumor suppression. 
Consistent with this notion, the E2F activation of the ARF gene is detected only in cancer 
cells and is not observed in normal growing cells [8, 9]. Thus, E2F stimulation of ARF gene 
expression can serve as a tool to discriminate cancer cells and normal growing cells. In this 
chapter, we describe the roles of E2F in cell proliferation and tumor suppression, focusing on 
the mechanism of E2F dependent, selective regulation of tumor suppressor genes, specifically 
in response to oncogenic changes.

2. E2F plays central roles in cell proliferation

The proliferation of mammalian cells is dependent on growth stimulation, which promotes 
cell cycle progression. Once a cell passes through the restriction (R) point, located in late G1 
phase, it is programmed to automatically proceed to the end of M phase. Thus, the regula-
tion of the R point is a critical determinant of cell cycle progression and cell proliferation. 
Key regulators of the R point are the transcription factor E2F, which activates a repertoire of 
growth-related genes, and the tumor suppressor pRB, which inhibits E2F.

E2F consists of eight family members (E2F1-8), which, based on their function, are divided 
into transcriptional activators (E2F1–E2F3a) and transcriptional repressors (E2F3b–E2F8). E2F 
regulates thousands of genes important for cell cycle progression, DNA replication, DNA 
damage checkpoint, and DNA repair, and plays central roles in cell proliferation [10]. E2F-
modulated cell cycle regulatory genes include Cyclin E [11], Cyclin A [12], and CDC2 [13, 14].  

Gene Expression and Regulation in Mammalian Cells - Transcription Toward the Establishment of Novel Therapeutics144

Cyclin E/CDK2 promotes G1 to S phase transition by inactivating pRB through phosphoryla-
tion. Cyclin A/CDK2 promotes progression through S phase. Cyclin A/CDC2 and Cyclin B/
CDC2 promote progression through G2 and progression into and through M phase, respec-
tively. E2F-modulated DNA replication genes include Cdc6 [15], Cdt1 [16], Cyclin E [11], ASK 
[17], and Cdc45 [18]. Origin recognition complex (ORC) binds to replication origins and marks 
where DNA replication takes place. Cdc6 and Cdt1 bind to ORC and promote initiation of 
DNA replication by recruiting the DNA helicase MCM complex to replication origins (Figure 
1). Cyclin E/CDK2 phosphorylates MCM complex and promotes loading of it onto chromatin. 
ASK/Cdc7 activates MCM complex by phosphorylation and Cdc45 recruits DNA polymerase 
α onto chromatin. These E2F targets are essential for DNA replication and G1-S phase tran-
sition [19–23]. Accordingly, knocking out all members of activator-type E2Fs (E2F1~E2F3) 
abolishes cell proliferation [24]. Precise replication of genomic DNA is important to avoid 
mutation. E2F also activates genes involved in DNA damage checkpoint, such as ATM [25] 
and Chk1 [26], and DNA repair, including Claspin [27], BRCA1 [28], and Rad51 [27]. Thus, E2F 
plays a pivotal role in cell proliferation by activating a number of genes critical for cell cycle 
progression and precise DNA replication.

Figure 1. Role of E2F targets in DNA replication. E2F plays central roles in DNA replication by activating genes coding 
for factors involved in initiation of DNA replication, DNA synthesis, DNA damage checkpoint, and DNA repair.
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CDC2 promote progression through G2 and progression into and through M phase, respec-
tively. E2F-modulated DNA replication genes include Cdc6 [15], Cdt1 [16], Cyclin E [11], ASK 
[17], and Cdc45 [18]. Origin recognition complex (ORC) binds to replication origins and marks 
where DNA replication takes place. Cdc6 and Cdt1 bind to ORC and promote initiation of 
DNA replication by recruiting the DNA helicase MCM complex to replication origins (Figure 
1). Cyclin E/CDK2 phosphorylates MCM complex and promotes loading of it onto chromatin. 
ASK/Cdc7 activates MCM complex by phosphorylation and Cdc45 recruits DNA polymerase 
α onto chromatin. These E2F targets are essential for DNA replication and G1-S phase tran-
sition [19–23]. Accordingly, knocking out all members of activator-type E2Fs (E2F1~E2F3) 
abolishes cell proliferation [24]. Precise replication of genomic DNA is important to avoid 
mutation. E2F also activates genes involved in DNA damage checkpoint, such as ATM [25] 
and Chk1 [26], and DNA repair, including Claspin [27], BRCA1 [28], and Rad51 [27]. Thus, E2F 
plays a pivotal role in cell proliferation by activating a number of genes critical for cell cycle 
progression and precise DNA replication.

Figure 1. Role of E2F targets in DNA replication. E2F plays central roles in DNA replication by activating genes coding 
for factors involved in initiation of DNA replication, DNA synthesis, DNA damage checkpoint, and DNA repair.
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3. The RB pathway in the control of cell proliferation

pRB is the product of the first identified tumor suppressor gene retinoblastoma (RB1) [29]. pRB 
is the principal regulator of G1 to S phase transition by restraining E2F and plays a crucial role 
in tumor suppression. Based on considerable structural homology, p107 and p130, together 
with pRB, comprise the RB family. During transition from G1 to S phase upon growth stim-
ulation, RB is inactivated through phosphorylation by CDKs, thereby unleashing E2F and 
allowing cell cycle progression.

In quiescence, RB family members (pRB and p130) bind to E2F3b-E2F5 on its target promoters 
and repress their expression (Figure 2). The interaction of RB with the transactivation domain of 
E2F inhibits E2F’s transcriptional activity. Furthermore, RB actively represses the expression of 
E2F target genes by changing chromatin structure through recruitment of histone deacetylase 
(HDAC) [30], histone methyltransferase (Suv39H1) [31], components of the chromatin remod-
eling complex (hBrm and BRG1) [32], and DNA methyltransferase (DNMT1) [33] onto their 
promoters. Upon growth stimulation, D-type cyclin-dependent kinases (CDK4 and 6) are acti-
vated, and inactivate p130 and pRB through phosphorylation inhibit binding of RB to E2F3b-5 

Figure 2. Regulatory mechanism of E2F target genes by E2F and RB. In quiescence, RB family members bind to E2Fs on 
its target promoters and repress their expression. In response to growth stimulation, Cyclin/CDK inactivates RB family 
through phosphorylation, activating E2F and its target gene expression.
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and its target promoters. This leads to the release of E2F from suppression by RB and induces 
its target genes including E2F1-3a and Cyclin E [11, 34]. Cyclin E activates CDK2, which further 
inactivates RB through phosphorylation. This constitutes a positive feedback loop inactivating 
RB and activating E2F, resulting in the further induction of E2F targets and initiation of S phase 
[35]. Thus, regulated functional interactions of E2F and RB play pivotal roles in promoting and 
restraining cell proliferation, respectively. Given its importance in restraining cell proliferation, 
RB is often referred to as a “gatekeeper” in the control of cell proliferation.

Consistent with the critical role of RB in restraining cell proliferation, mutation or deletion of the 
RB1 gene is responsible for retinoblastoma and various types of cancers including breast cancer 
[36], osteosarcoma [37], and small cell lung cancer (SCLC) [38]. Since mutation of p107 and p130 
are uncommon and considering their function and frequency of inactivation, pRB is thought to be 
the pivotal tumor suppressor regulating G1-S phase transition [2, 39]. However, although increased 
tumorigenesis is not detected in p107−/− or p130−/− mice, RB1−/+/p107−/− or RB1−/+/p130−/− compound mice 
are more prone to tumor formation than RB1−/+ mice [40]. This suggests that, upon loss of pRB func-
tion, p107 and p130 can, to some extent, compensate for the tumor suppressor function of pRB [41].

In cancer cells, regulation of G1-S phase transition is lost by the disruption of the RB pathway, 
which is regarded as a hallmark of cancer [2, 42] (Figure 3). Defects in the RB pathway such as 
deletion or mutation of RB1 or silencing of its promoter by hypermethylation have been found in 
breast cancer [36], osteosarcoma [37], and SCLC [38]. Mutation or deletion of the CDK inhibitor 

Figure 3. Defects in the RB pathway. pRB, CDKs, or CDK inhibitors are mutated in cancers, resulting in upregulation of 
E2F activity and its target gene expression.
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Consistent with the critical role of RB in restraining cell proliferation, mutation or deletion of the 
RB1 gene is responsible for retinoblastoma and various types of cancers including breast cancer 
[36], osteosarcoma [37], and small cell lung cancer (SCLC) [38]. Since mutation of p107 and p130 
are uncommon and considering their function and frequency of inactivation, pRB is thought to be 
the pivotal tumor suppressor regulating G1-S phase transition [2, 39]. However, although increased 
tumorigenesis is not detected in p107−/− or p130−/− mice, RB1−/+/p107−/− or RB1−/+/p130−/− compound mice 
are more prone to tumor formation than RB1−/+ mice [40]. This suggests that, upon loss of pRB func-
tion, p107 and p130 can, to some extent, compensate for the tumor suppressor function of pRB [41].
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p16INK4a or silencing of its promoter by hypermethylation was detected at high frequency in a vari-
ety of cancers including prostate, renal, and colon cancer [43, 44]. Gene amplification and conse-
quent overexpression of cyclin D1 or CDK4 are also detected in various cancers [45, 46]. Upstream 
activators of the Cyclin D1 gene such as c-Myc and Ras are overexpressed or constitutively acti-
vated in cancers [47, 48], suggesting that these mutations also contribute to the overexpression of 
Cyclin D1. Taken together, the RB pathway is, at least at some point, disabled or compromised in 
almost all cancers. Consequently, pRB is functionally inactivated and E2F activity and its target 
gene expression are upregulated, leading to the aberrant cell proliferation. This underscores the 
importance of the RB pathway in tumor suppression.

4. The p53 pathway in the control of cell cycle arrest and apoptosis

p53 plays crucial roles in tumor suppression through the induction of cell cycle arrest or 
apoptosis (programmed cell death). TP53, which codes for p53, is the most frequently 
mutated gene in a variety of cancers including skin cancer [49], nonsmall cell lung cancer 
(NSCLC) [50], and breast cancer [51]. TP53 knockout mice are prone to tumor formation [52, 
53] and enhanced expression of p53 induces cell cycle arrest or apoptosis [54]. The target 
genes involved in cell cycle arrest include CDK inhibitor p21Cip1, 14–3-3σ, and GADD45 [55] 
(Figure 4). CDK inhibitor p21Cip1, which binds to and inhibits Cyclin D/CDK4, 6, Cyclin E/
CDK2, Cyclin A/CDK2, and Cyclin B/CDK1, induces G1 and G2/M arrest [56]. 14–3-3σ binds 
to the phosphatase Cdc25C, which activates Cyclin B/CDK1, and inhibits its activity by the 
translocation of the complex from the nucleus into the cytoplasm [57]. GADD45 binds to and 
inactivates Cdc25C, consequently inhibiting CDK1 to induce G2/M arrest [58]. Activation of 
these genes by p53 is thought to contribute to tumor suppression through the induction of 
cell cycle arrest. The target genes involved in apoptosis include Bax [59], Bak [60], Noxa [61], 
and Puma [62] (Figure 4). Bax and Bak are Bax family members, whose insertion into mito-
chondrial membrane induces release of cytochrome c and apoptosis. Apoptosis induced by 
various stimulations is disabled in Bax/Bak-knocked out cells, indicating that Bax and Bak are 
central players in the induction of programmed cell death [63]. Noxa and Puma directly and 
indirectly activate Bax and Bak [64]. These observations suggest that p53 contributes to tumor 
suppression by the induction of apoptosis through activation of Bax and Bak.

The transcriptional activity of p53 is strictly regulated by its binding factors. The oncogene 
product HDM2, an E3 ubiquitin ligase, induces proteolysis of p53 through ubiquitination and 
inhibits its activity (Figure 5). Under nonstressed conditions, expression of p53 is kept at low 
levels by binding of HDM2. In response to DNA damage, Chk2 and ATM phosphorylate and 
activate p53 by inhibiting binding of HDM2 [65]. The tumor suppressor ARF stabilizes p53 
by inhibiting HDM2 activity though its sequestration into the nucleolus [66]. Importantly, the 
expression of ARF is induced by oncogenic changes such as defects in the RB pathway including 
overexpression of c-myc and Ras [67], and expression of ARF is upregulated in various cancer 
cells [68]. Based on these observations, ARF is described as a “sensor of oncogenic stresses” and 
is thought to play crucial roles in tumor suppression, through up-regulation of p53, in response 
to oncogenic changes. Supporting the importance of its function, mutation, and deletion of 
ARF is detected in various cancers [69] and ARF−/− mice are prone to tumor formation [70]. The 
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signal transduction network, from ARF to p53, is referred to as the p53 pathway. Studies using 
animal models revealed that forced inactivation of the RB and p53 pathways efficiently induce 
tumorigenesis, suggesting that both play pivotal roles in tumor suppression [71, 72].

5. Pivotal roles of E2F in tumor suppression

E2F plays crucial roles not only in cell proliferation but also in tumor suppression. E2F1−/− 
mice are prone to tumor formation [5] and overexpression of E2F1 induces apoptosis, sug-
gesting that E2F contributes to tumor suppression through the induction of apoptosis. 

Figure 4. Induction of cell cycle arrest or apoptosis by p53. p53 contributes to cell cycle arrest through the induction of 
p21Cip1, 14–3-3σ, and GADD45, and apoptosis through Bax, Bak, Noxa, and Puma.

Figure 5. The mechanism of ARF activation of p53. In response to oncogenic changes, ARF stabilizes p53 by inhibiting 
HDM2 activity.
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animal models revealed that forced inactivation of the RB and p53 pathways efficiently induce 
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The target genes involved in apoptosis include ARF and TAp73 [7, 67] (Figure 6). ARF is 
an upstream activator of p53 and plays an important role in transmitting oncogenic signals 
to p53. The transcription factor TAp73 is a homolog of p53 and induces apoptosis through 
upregulation of p53 target genes in a p53-independent manner [73]. Apoptosis induced by 
the overexpression of E2F1 is attenuated in TP53−/− cells and TAp73−/− cells, and is disabled in 
TP53−/−/TAp73−/− cells [7]. Moreover, PPP1R13B and JMY, whose products function as coactiva-
tors of p53 and TAp73, are also E2F targets (Figure 6) [74], indicating that E2F1 induces apop-
tosis primarily via p53 and TAp73. Other tumor suppressor genes that are E2F targets include 
MOAP1, RASSF1, and BIM (Figure 6). MOAP1 forms a complex with RASSF1 and activates 
the proapoptotic protein Bax. BIM is a member of the BH3-only family, which induces apop-
tosis through direct or indirect activation of Bax [75]. In addition, Bax is also a target of p53 
and TAp73 [60]. These observations indicate that E2F suppresses tumor formation by the 
induction of apoptosis through upregulation of p53, TAp73, and their downstream effectors. 
Importantly, we demonstrated that E2F activates ARF and TAp73 genes upon forced inactiva-
tion of pRB, which mimics dysfunction of the RB pathway, but not in response to the physi-
ological inactivation of pRB through growth stimulation [8, 9]. Moreover, a search for genes 
regulated by E2F in a similar manner to ARF and TAp73 identified PPP1R13B, JMY, MOAP1, 
RASSF1, and BIM [76]. These results suggest that E2F contributes to tumor suppression by 
inducing these genes specifically upon dysfunction of the RB pathway. Consistent with this 

Figure 6. The pathway of E2F-induced apoptosis. In response to oncogenic changes, E2F induces apoptosis through 
upregulation of p53, TAp73, and their downstream effectors.
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notion, E2F activity that activates the ARF and TAp73 genes is detected only in cancer cells and 
is not present in normal cells [8, 9], underscoring the importance of E2F in tumor suppression. 
Since E2F selectively activates these tumor suppressor genes in the context of dysfunctional 
pRB, such E2F activity is referred to as “deregulated E2F activity.” This E2F-dependent tumor 
suppression mechanism implies that disruption of both the p53 and RB pathways is necessary 
for tumor formation.

6. Regulation of E2F activity to induce apoptosis

Among E2F family members, activator-type E2Fs (E2F1-3) induce tumor suppressor genes 
such as ARF and TAp73, with E2F1 exhibiting the highest such activity [9, 76]. Therefore, to 
understand the regulation of tumor suppression by E2F, elucidation of the mechanism, by 
which E2F1 activates tumor suppressor genes, is important. Several factors that bind E2F1 
and affect its activity are summarized in Table 1. TopBP1 is phosphorylated by Akt/PKB upon 
growth stimulation. The phosphorylated TopBP1 associates with E2F1 [77] and recruits Brg1, 
a component of chromatin remodeling complex, to E2F1, resulting in the inhibition of E2F1 
induction of the ARF gene [78]. Jab1, a coactivator of c-Jun [79], binds to E2F1 through the 
marked box domain and promotes the induction of apoptosis by E2F1 [80, 81]. RIP140 and 
VHL repress the activation of the ARF promoter by E2F1 [82, 83]. ARF also functions as a 
transcription cofactor that binds to the transactivation domain of E2F1 to repress E2F1 activa-
tion of the ARF promoter [84]. PRMT5 methylates E2F1 on arginine residues 111 and 113, and 
destabilizes E2F1 [85]. SENP8 deNEDDylates (removes NEDD8) and stabilizes E2F1, result-
ing in enhancing activation of TAp73 promoter [86]. Sirt1, a histone deacetylase, represses E2F 
stimulation of the TAp73 promoter [87]. These studies revealed that E2F’s ability to activate 
tumor suppressor genes is regulated by various factors such as transcription cofactors, post-
translational modifiers, and histone modifiers. The mechanism of the regulation of E2F activ-
ity by these factors is not known in detail and its elucidation is imperative.

Gene name Function Monitoring promoter Effect on E2F activity

Jab1 Transcription cofactor of c-jun ARF Upregulation

SENP8 Sentrin-specific protease TAp73 Upregulation

ARF Inhibitor of HDM2, transcription cofactor of c-myc ARF Repression

PRMT5 Methylase TAp73 Repression

RIP140 Transcription cofactor of estrogen receptor ARF Repression

Sirt1 Histone deacetylase TAp73 Repression

TopBP1 Transcription cofactor of Miz ARF Repression

VHL E3 ubiquitin ligase, transcription cofactor of p53 ARF Repression

Table 1. E2F-binding factors and their effects on its activity to activate tumor suppressor genes.

The Key Role of E2F in Tumor Suppression through Specific Regulation...
http://dx.doi.org/10.5772/intechopen.72125

151



The target genes involved in apoptosis include ARF and TAp73 [7, 67] (Figure 6). ARF is 
an upstream activator of p53 and plays an important role in transmitting oncogenic signals 
to p53. The transcription factor TAp73 is a homolog of p53 and induces apoptosis through 
upregulation of p53 target genes in a p53-independent manner [73]. Apoptosis induced by 
the overexpression of E2F1 is attenuated in TP53−/− cells and TAp73−/− cells, and is disabled in 
TP53−/−/TAp73−/− cells [7]. Moreover, PPP1R13B and JMY, whose products function as coactiva-
tors of p53 and TAp73, are also E2F targets (Figure 6) [74], indicating that E2F1 induces apop-
tosis primarily via p53 and TAp73. Other tumor suppressor genes that are E2F targets include 
MOAP1, RASSF1, and BIM (Figure 6). MOAP1 forms a complex with RASSF1 and activates 
the proapoptotic protein Bax. BIM is a member of the BH3-only family, which induces apop-
tosis through direct or indirect activation of Bax [75]. In addition, Bax is also a target of p53 
and TAp73 [60]. These observations indicate that E2F suppresses tumor formation by the 
induction of apoptosis through upregulation of p53, TAp73, and their downstream effectors. 
Importantly, we demonstrated that E2F activates ARF and TAp73 genes upon forced inactiva-
tion of pRB, which mimics dysfunction of the RB pathway, but not in response to the physi-
ological inactivation of pRB through growth stimulation [8, 9]. Moreover, a search for genes 
regulated by E2F in a similar manner to ARF and TAp73 identified PPP1R13B, JMY, MOAP1, 
RASSF1, and BIM [76]. These results suggest that E2F contributes to tumor suppression by 
inducing these genes specifically upon dysfunction of the RB pathway. Consistent with this 

Figure 6. The pathway of E2F-induced apoptosis. In response to oncogenic changes, E2F induces apoptosis through 
upregulation of p53, TAp73, and their downstream effectors.

Gene Expression and Regulation in Mammalian Cells - Transcription Toward the Establishment of Novel Therapeutics150

notion, E2F activity that activates the ARF and TAp73 genes is detected only in cancer cells and 
is not present in normal cells [8, 9], underscoring the importance of E2F in tumor suppression. 
Since E2F selectively activates these tumor suppressor genes in the context of dysfunctional 
pRB, such E2F activity is referred to as “deregulated E2F activity.” This E2F-dependent tumor 
suppression mechanism implies that disruption of both the p53 and RB pathways is necessary 
for tumor formation.

6. Regulation of E2F activity to induce apoptosis

Among E2F family members, activator-type E2Fs (E2F1-3) induce tumor suppressor genes 
such as ARF and TAp73, with E2F1 exhibiting the highest such activity [9, 76]. Therefore, to 
understand the regulation of tumor suppression by E2F, elucidation of the mechanism, by 
which E2F1 activates tumor suppressor genes, is important. Several factors that bind E2F1 
and affect its activity are summarized in Table 1. TopBP1 is phosphorylated by Akt/PKB upon 
growth stimulation. The phosphorylated TopBP1 associates with E2F1 [77] and recruits Brg1, 
a component of chromatin remodeling complex, to E2F1, resulting in the inhibition of E2F1 
induction of the ARF gene [78]. Jab1, a coactivator of c-Jun [79], binds to E2F1 through the 
marked box domain and promotes the induction of apoptosis by E2F1 [80, 81]. RIP140 and 
VHL repress the activation of the ARF promoter by E2F1 [82, 83]. ARF also functions as a 
transcription cofactor that binds to the transactivation domain of E2F1 to repress E2F1 activa-
tion of the ARF promoter [84]. PRMT5 methylates E2F1 on arginine residues 111 and 113, and 
destabilizes E2F1 [85]. SENP8 deNEDDylates (removes NEDD8) and stabilizes E2F1, result-
ing in enhancing activation of TAp73 promoter [86]. Sirt1, a histone deacetylase, represses E2F 
stimulation of the TAp73 promoter [87]. These studies revealed that E2F’s ability to activate 
tumor suppressor genes is regulated by various factors such as transcription cofactors, post-
translational modifiers, and histone modifiers. The mechanism of the regulation of E2F activ-
ity by these factors is not known in detail and its elucidation is imperative.

Gene name Function Monitoring promoter Effect on E2F activity

Jab1 Transcription cofactor of c-jun ARF Upregulation

SENP8 Sentrin-specific protease TAp73 Upregulation

ARF Inhibitor of HDM2, transcription cofactor of c-myc ARF Repression

PRMT5 Methylase TAp73 Repression

RIP140 Transcription cofactor of estrogen receptor ARF Repression

Sirt1 Histone deacetylase TAp73 Repression

TopBP1 Transcription cofactor of Miz ARF Repression

VHL E3 ubiquitin ligase, transcription cofactor of p53 ARF Repression

Table 1. E2F-binding factors and their effects on its activity to activate tumor suppressor genes.

The Key Role of E2F in Tumor Suppression through Specific Regulation...
http://dx.doi.org/10.5772/intechopen.72125

151



7. Utility of deregulated E2F activity in cancer cell-specific gene 
expression

In cancer treatment, specifically targeting cancer cells is important for optimal therapeutic effi-
cacy. One strategy is to utilize a cancer-specific promoter to express a cytotoxic gene or a viral 
gene required for the replication. By regulating a suicide gene such as HSV-TK or a proapoptotic 
gene under the control of cancer-specific promoters, the gene is expressed specifically in cancer 
cells and causes cell death [88–90]. Alternatively, by regulating a viral gene required for viral 
replication under the control of these promoters, the gene is expressed specifically in cancer cells, 
allowing viral replication and cell lysis in a cancer cell-specific manner [91–93]. In this approach, 
therapeutic effects and side effects are dependent on the promoter activity in cancer cells and nor-
mal cells, respectively. Therefore, a promoter with optimal cancer cell-specificity should be used.

For a promoter to be cancer specific, it should have two important characteristics. First, the pro-
moter should have low activity in normal cells to avoid side effects. Second, it should exhibit 
high activity in a wide variety of cancer cells for maximum therapeutic effects. As promoters 
thought to exemplify these parameters, hTERT and E2F1 promoters have been utilized. hTERT 
is a catalytic component of telomerase, which is not expressed in most somatic cells but is 
present in many types of cancers [94]. Thus, the hTERT promoter exhibits strong promoter 
activity in many types of cancer cells. However, given that normal stem cells also express 
hTERT, the hTERT promoter may exhibit strong promoter activity in these cells [95]. The E2F1 
promoter is activated by E2F, whose activity is upregulated in cancer cells due to defects in the 
RB pathway. Thus, E2F1 promoter also exhibits strong promoter activity in many types of can-
cer cells. However, the E2F1 promoter is also stimulated by physiological E2F activity induced 
by growth stimulation and thus has a strong promoter activity in normal growing cells [34].

In contrast to the hTERT and E2F1 promoters, which may exhibit strong promoter activity in 
normal cells, the tumor suppressor ARF promoter, which specifically responds to deregulated 
E2F activity, is thought to be a better candidate. E2F activity stimulating the ARF promoter, is 
detected only in cancer cells and not in normal cells [8]. ARF is expressed at high levels in vari-
ous cancer cells, but not in normally growing cells [68]. Furthermore, the activity of the ARF 
promoter is detected specifically in tumor tissues and not in normal tissues in vivo as revealed 
using ARFGFP/GFP mice [96]. These observations indicate that the ARF promoter shows optimal 
cancer cell specificity in a wide variety of cell types and has excellent therapeutic potential.

We showed that the ARF promoter exhibited greater cancer cell specificity than the E2F1 pro-
moter [97]. Adenovirus expressing HSV-TK, a suicide gene, under the control of the ARF pro-
moter (Ad-ARF-TK) had more selective cytotoxicity in cancer cells than the analogous E2F1 
promoter construct [97]. Moreover, overexpression of the CDK inhibitor p21Cip upregulated 
deregulated E2F activity specifically in cancer cells and augmented cancer cell-specific cyto-
toxicity of Ad-ARF-TK [98]. These observations underscore the utility of the ARF promoter 
and deregulated E2F activity in mediating cancer-specific gene expression (Figure 7, upper 
panel). Furthermore, overexpression p21Cip alone could induce E2F dependent apoptosis spe-
cifically in cancer cells [98], suggesting that induction or enhancement of deregulated E2F 
activity could be a drug target to induce cancer cell-specific apoptosis (Figure 7, lower panel). 
It must be worth testing whether drug-based CDK inhibitors also exhibit similar effects to 
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p21Cip. Since p21Cip inhibits most of CDKs, identification of responsible CDK, which inhibits 
deregulated E2F activity, is also important. By using specific inhibitor to the responsible CDK, 
deregulated E2F activity could be more efficiently enhanced. The combination of deregu-
lated E2F-mediated suicide gene therapy and enhancement of deregulated E2F activity using 
appropriate CDK inhibitor should also improve deregulated E2F-mediated cancer therapy.

8. Conclusion

E2F is the principal target of the tumor suppressor pRB and defects in the RB pathway are 
observed in almost all cancers. Upon oncogenic changes, E2F activates ARF, an upstream acti-
vator of p53 and TAp73, resulting in the induction of apoptosis. Importantly, the E2F activity 
to stimulate ARF and TAp73 expression is not induced by the physiological activation of E2F, 
such as growth stimulation. Therefore, E2F suppresses tumor formation by inducing apop-
tosis specifically in response to oncogenic changes through the activation of ARF and TAp73. 
Moreover, deregulated E2F-dependent activation of the ARF gene is observed only in cancer 
cells, and not in normal cells, suggesting that deregulated E2F activity represents a beneficial 
tool to specifically target cancer cells in cancer treatment.

Figure 7. Application of deregulated E2F activity for cancer-specific treatment. Application 1: ARF promoter, which 
responds to deregulated E2F activity in cancer cells but not to physiological E2F activity in normal cells, drives suicide 
gene expression, and induces apoptosis specifically in cancer cells. Application 2: Upregulation of deregulated E2F 
activity by CDK inhibitors activates endogenous tumor suppressor genes and induces apoptosis specifically in cancer 
cells.

The Key Role of E2F in Tumor Suppression through Specific Regulation...
http://dx.doi.org/10.5772/intechopen.72125

153



7. Utility of deregulated E2F activity in cancer cell-specific gene 
expression

In cancer treatment, specifically targeting cancer cells is important for optimal therapeutic effi-
cacy. One strategy is to utilize a cancer-specific promoter to express a cytotoxic gene or a viral 
gene required for the replication. By regulating a suicide gene such as HSV-TK or a proapoptotic 
gene under the control of cancer-specific promoters, the gene is expressed specifically in cancer 
cells and causes cell death [88–90]. Alternatively, by regulating a viral gene required for viral 
replication under the control of these promoters, the gene is expressed specifically in cancer cells, 
allowing viral replication and cell lysis in a cancer cell-specific manner [91–93]. In this approach, 
therapeutic effects and side effects are dependent on the promoter activity in cancer cells and nor-
mal cells, respectively. Therefore, a promoter with optimal cancer cell-specificity should be used.

For a promoter to be cancer specific, it should have two important characteristics. First, the pro-
moter should have low activity in normal cells to avoid side effects. Second, it should exhibit 
high activity in a wide variety of cancer cells for maximum therapeutic effects. As promoters 
thought to exemplify these parameters, hTERT and E2F1 promoters have been utilized. hTERT 
is a catalytic component of telomerase, which is not expressed in most somatic cells but is 
present in many types of cancers [94]. Thus, the hTERT promoter exhibits strong promoter 
activity in many types of cancer cells. However, given that normal stem cells also express 
hTERT, the hTERT promoter may exhibit strong promoter activity in these cells [95]. The E2F1 
promoter is activated by E2F, whose activity is upregulated in cancer cells due to defects in the 
RB pathway. Thus, E2F1 promoter also exhibits strong promoter activity in many types of can-
cer cells. However, the E2F1 promoter is also stimulated by physiological E2F activity induced 
by growth stimulation and thus has a strong promoter activity in normal growing cells [34].

In contrast to the hTERT and E2F1 promoters, which may exhibit strong promoter activity in 
normal cells, the tumor suppressor ARF promoter, which specifically responds to deregulated 
E2F activity, is thought to be a better candidate. E2F activity stimulating the ARF promoter, is 
detected only in cancer cells and not in normal cells [8]. ARF is expressed at high levels in vari-
ous cancer cells, but not in normally growing cells [68]. Furthermore, the activity of the ARF 
promoter is detected specifically in tumor tissues and not in normal tissues in vivo as revealed 
using ARFGFP/GFP mice [96]. These observations indicate that the ARF promoter shows optimal 
cancer cell specificity in a wide variety of cell types and has excellent therapeutic potential.

We showed that the ARF promoter exhibited greater cancer cell specificity than the E2F1 pro-
moter [97]. Adenovirus expressing HSV-TK, a suicide gene, under the control of the ARF pro-
moter (Ad-ARF-TK) had more selective cytotoxicity in cancer cells than the analogous E2F1 
promoter construct [97]. Moreover, overexpression of the CDK inhibitor p21Cip upregulated 
deregulated E2F activity specifically in cancer cells and augmented cancer cell-specific cyto-
toxicity of Ad-ARF-TK [98]. These observations underscore the utility of the ARF promoter 
and deregulated E2F activity in mediating cancer-specific gene expression (Figure 7, upper 
panel). Furthermore, overexpression p21Cip alone could induce E2F dependent apoptosis spe-
cifically in cancer cells [98], suggesting that induction or enhancement of deregulated E2F 
activity could be a drug target to induce cancer cell-specific apoptosis (Figure 7, lower panel). 
It must be worth testing whether drug-based CDK inhibitors also exhibit similar effects to 

Gene Expression and Regulation in Mammalian Cells - Transcription Toward the Establishment of Novel Therapeutics152

p21Cip. Since p21Cip inhibits most of CDKs, identification of responsible CDK, which inhibits 
deregulated E2F activity, is also important. By using specific inhibitor to the responsible CDK, 
deregulated E2F activity could be more efficiently enhanced. The combination of deregu-
lated E2F-mediated suicide gene therapy and enhancement of deregulated E2F activity using 
appropriate CDK inhibitor should also improve deregulated E2F-mediated cancer therapy.

8. Conclusion

E2F is the principal target of the tumor suppressor pRB and defects in the RB pathway are 
observed in almost all cancers. Upon oncogenic changes, E2F activates ARF, an upstream acti-
vator of p53 and TAp73, resulting in the induction of apoptosis. Importantly, the E2F activity 
to stimulate ARF and TAp73 expression is not induced by the physiological activation of E2F, 
such as growth stimulation. Therefore, E2F suppresses tumor formation by inducing apop-
tosis specifically in response to oncogenic changes through the activation of ARF and TAp73. 
Moreover, deregulated E2F-dependent activation of the ARF gene is observed only in cancer 
cells, and not in normal cells, suggesting that deregulated E2F activity represents a beneficial 
tool to specifically target cancer cells in cancer treatment.

Figure 7. Application of deregulated E2F activity for cancer-specific treatment. Application 1: ARF promoter, which 
responds to deregulated E2F activity in cancer cells but not to physiological E2F activity in normal cells, drives suicide 
gene expression, and induces apoptosis specifically in cancer cells. Application 2: Upregulation of deregulated E2F 
activity by CDK inhibitors activates endogenous tumor suppressor genes and induces apoptosis specifically in cancer 
cells.

The Key Role of E2F in Tumor Suppression through Specific Regulation...
http://dx.doi.org/10.5772/intechopen.72125

153



Evidence supporting the potential availability of deregulated E2F activity in cancer therapy is 
accumulating. The regulation of suicide genes by the ARF promoter has more selective cyto-
toxicity in cancer cells than the analogous E2F1 promoter construct. Moreover, overexpression 
of p21Cip upregulates deregulated E2F activity and augments cancer-specific cytotoxicity of the 
ARF promoter construct. Furthermore, overexpression p21Cip alone can induce E2F-dependent 
apoptosis specifically in cancer cells. Therefore, deregulated E2F activity can drive selective gene 
expression and induce apoptosis specifically in cancer cells, supporting its therapeutic potential 
in a variety of cancers. The development of cancer therapies based upon deregulated E2F activ-
ity will require detailed characterization of the components and molecular mechanisms under-
lying its functional role in oncogenesis and tumor suppression and merits further investigation.
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Abstract

Sirtuin 3, an NAD+-dependent deacetylase, whose expression is considered a marker in
life extension, is downregulated with age and in various diseases. Sirtuin 3 is predomi-
nantly localized to the mitochondria and considered a fidelity protein for the integrity and
function of this organelle. Some studies report its localization in the nucleus to regulate
the expression of stress response–related genes and that reduced expression of SIRT3
produces a cellular milieu permissive for human pathologies. Since the expression and
activity of Sirtuin 3 are important for the regulation of antioxidant defense, metabolism,
and apoptosis initiation, the expression of SIRT3 is also important in the context of age-
associated illnesses. A variety of small molecules are being developed to modulate the
expression or activity of Sirtuin 3 and are potentially a valuable strategy to change
mitochondrial acetylome to treat several diseases. The AMPK-PGC1α-SIRT3 axis plays a
critical role in preserving mitochondrial biogenesis and function. Here, we summarize
how changes in Sirtuin 3 expression are regulated in cancer and dysfunctions in cardio-
vascular diseases. The potential therapeutic strategies by targeting Sirtuin 3 expression to
improve mitochondrial function in cancer and cardiovascular diseases are summarized.
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1. Introduction

With the identification of sirtuins (SIRTs), acetylation/deacetylation of proteins has become
evident as an essential and highly regulated posttranslational modification, especially for the
majority of mitochondrial proteins [1]. Acetylation can regulate the activity of an enzyme,
stability or subcellular localization of a protein, transcriptional activity, and DNA-protein
interactions. Silent information regulator 2 (Sir2) is the founding member of sirtuins, which
was characterized in yeast, Saccharomyces cerevisiae. Sir2 functions in silencing gene expression
by histone deacetylation [2]. It has been proposed that overexpression of Sir2 leads to an
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increase in life expectancy in yeast and other model organisms, such as Caenorhabditis elegans
and Drosophila [3]. In these model organisms, the activity of Sir2 is stimulated by multiple
physiological events and stress signals, including starvation, calorie restriction, osmotic stress,
and heat shock [4, 5].

SIRT histone deacetylases differ from traditional class I and II histone deacetylases (HDACs) in
two ways: first, the substrates of SIRTs are not limited to histones and they can target key
enzymes or proteins in the cytoplasm and mitochondria in addition to histones in the nucleus
[6]. Second, SIRTs require nicotinamide adenine dinucleotide (NAD+) for their enzymatic
activity. Their dependence on NAD+ is important for the regulation of metabolism and links
the activity of SIRTs to the energy status of the cells. This is important for a cell to respond to
different stress factors with a suitable stress response to sustain homeostasis. For example, in
starvation, calorie restriction, exercise, or a cellular genotoxicity, increased cellular NAD+ levels
can activate SIRTs. Like Sir2, activated and/or upregulated SIRTs deacetylate their numerous
targets to create a proper cellular stress response.

In mammals, seven SIRT isoforms have been identified, which can be found in different
subcellular compartments. SIRT1, SIRT6, and SIRT7 are localized to the nucleus; SIRT3, SIRT4,
and SIRT5 are localized mainly in the mitochondria; and SIRT2 is mostly present in the
cytoplasm, but it might translocate into the nucleus [7]. Mammalian SIRTs have been proposed
to have numerous beneficial effects, such as increasing insulin secretion, ATP synthesis, and
lipid mobilization; however, the mechanism of how these beneficial effects translate into life
span extension is poorly understood. SIRT3 gene expression has been observed to be
upregulated with high frequency in long-lived individuals [8, 9]. In these individuals, muta-
tions in an enhancer region of the SIRT3 gene are believed to upregulate its expression, and
high SIRT3 expression can be considered a marker for longevity.

Calorie restriction is defined as lowering dietary calorie intake without malnutrition and has
been described to extend the life span of many organisms from yeast to mammals and decrease
the occurrence of age-related diseases, such as cancer, cardiovascular diseases, neurodegener-
ative diseases, and diabetes [10, 11]. In both yeast and C. elegans, caloric restriction–induced
longevity is reliant on the existence of Sir2 [4]. Parallel to studies on Sir2, subsequent studies
suggested that beneficial effects of calorie restriction might be associated with the upregulation
of SIRT expression. SIRT3 transcription was stimulated in hepatocytes and skeletal muscle of
mice on calorie restricted–diet, while a long-term high-fat diet resulted in lowering SIRT3
expression and increasing mitochondrial protein acetylation [12, 13]. SIRT3 expression
declines in individuals over 59 years of age [14, 15], which may contribute to the increased
incidence of cardiovascular diseases and cancer in aging population. Studying SIRT3 in these
diseases may provide important mechanistic connection between the mitochondrial function
and age-associated disorders [16–20]. SIRT3 expression is important for mitochondrial biogen-
esis, regulation of metabolism, ATP synthesis, suppression of reactive oxygen species (ROS),
stress responses, and cell signaling [15, 19, 21–23].

Investigators report that SIRT3 regulates the activity of the transcription factors, Forkhead box
O 3a (FOXO3a), and nuclear factor κB (NF-κB) [24, 25]; however, regulation of SIRT3 tran-
scription itself is not completely understood up-to-date. SIRT3 gene is located in a bidirectional
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arrangement with another gene, called PSMD13, in a phylogenetically conserved manner. The
promoter of the two genes is separated by a 788-bp intergenic region. SIRT3 holds a rich GC
content but lacks a TATA box. Human SIRT3 promoter has binding sites for activator protein
(AP-1), NF-κB, ZF5 transcription factor, GATAs, and specificity protein 1 (SP1) [26]. There is
evidence that peroxisome proliferator-activated receptor γ coactivator-1α (PGC-1α)
upregulates SIRT3 transcription, conveyed by an estrogen-related receptor (ERR)-binding
element in the promoter of SIRT3 in mouse muscle cells and hepatocytes [27]. PGC-1α and
ERRα display a synergic action on SIRT3 promoter activity [27]. Furthermore, SIRT3 increases
PGC1-α gene expression by activating AMPK signaling pathway and provides a positive
feedback loop. Activation of AMPK signaling pathway leads to phosphorylation of cAMP
response element-binding protein (CREB), which directly activates the PGC1-α promoter [28].
The positive feedback loop between SIRT3 and PGC1-α is important for mitochondrial biogen-
esis and activation of enzymes associated with the antioxidant system and regulation of
metabolism [6, 27, 28]. In another study, bioinformatics analysis has been revealed that tran-
scription factor binding motifs might be present in SIRT3 promoter. Nuclear respiratory factor
2 (NRF-2) transcription factor regulates mitochondrial genes, including antioxidant enzymes.
NRF-2 has been reported to directly bind to the SIRT3 promoter and increase the expression of
SIRT3 mRNA during nutrient stress [29].

2. Changes in Sirtuin 3 expression in carcinogenesis

Acetylation/deacetylation of specific lysine amino acids of proteins is a prevalent regulatory
mechanism responsible for modulating signaling pathways, survival, apoptosis, and energy
metabolism that takes part in important roles in cellular transformation [30]. SIRTs regulate
various cellular activities, such as gene silencing, cellular proliferation, survival, apoptosis,
stress response, and energy generation by protein deacetylation [31, 32].

SIRT3 is mostly localized in the mitochondria, and it deacetylates many critical metabolism-
related proteins; decreases the levels of mitochondrial ROS; and ultimately regulates prolifera-
tion, differentiation, and survival in response to a stress stimulus [20, 33]. SIRT3 is considered a
fidelity protein because it plays important roles in integrity and maintenance of mitochondrial
function [6, 34, 35]. SIRT3 expression has been determined to be the highest in the heart, liver,
brain, and brown adipose tissue where metabolic activity is relatively high [36]. Genetic deletion
of SIRT3 in mouse has been reported not to produce any significant phenotypic abnormalities
when the mouse is younger than 1 year old. SIRT3 knockout mice are viable, fertile, and
metabolically active when these animals are still young. The difference between SIRT3-deficient
mice andwild-type animals is that knockout mice express increased numbers of hyperacetylated
proteins in their mitochondria, suggesting SIRT3 is the primary deacetylase in this organelle [37].
In normal conditions, SIRT3 gene deficiency does not produce any abnormalities; however, a
different picture emerges when SIRT3 knockout mice get older than 12 months or encounter a
stress stimulus. These mice might be prone to tumor formation, especially in the breast [38].

SIRT3-deficientmice older than 1year olddevelopwell-differentiated estrogen- andprogesterone-
positivemammary tumors [38]. This subtype ofmammary tumors ismore commonly observed in
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high SIRT3 expression can be considered a marker for longevity.
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related proteins; decreases the levels of mitochondrial ROS; and ultimately regulates prolifera-
tion, differentiation, and survival in response to a stress stimulus [20, 33]. SIRT3 is considered a
fidelity protein because it plays important roles in integrity and maintenance of mitochondrial
function [6, 34, 35]. SIRT3 expression has been determined to be the highest in the heart, liver,
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of SIRT3 in mouse has been reported not to produce any significant phenotypic abnormalities
when the mouse is younger than 1 year old. SIRT3 knockout mice are viable, fertile, and
metabolically active when these animals are still young. The difference between SIRT3-deficient
mice andwild-type animals is that knockout mice express increased numbers of hyperacetylated
proteins in their mitochondria, suggesting SIRT3 is the primary deacetylase in this organelle [37].
In normal conditions, SIRT3 gene deficiency does not produce any abnormalities; however, a
different picture emerges when SIRT3 knockout mice get older than 12 months or encounter a
stress stimulus. These mice might be prone to tumor formation, especially in the breast [38].
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women over 60 years old. In human estrogen- and progesterone-positive mammary tumor sam-
ples, SIRT3 expression is found to be reduced compared to noncancerous breast tissues [38]. The
SIRT3 knockout mouse is suggested to be a convenient model to study this subtype of breast
tumors. Additional studies on SIRT3-deficient mice revealed that ionizing radiation causes
vacuolization in SIRT3 knockout mouse hepatocytes, suggesting SIRT3 protects hepatocytes
against ionizing radiation–induced damage [38]. Moreover, SIRT3-deficient mice may develop
age-related hearing loss [19]. SIRT3 expression is reduced in various tumors, and at least one allele
of SIRT3 gene is deleted in about 40% of breast and ovarian tumors and 20% of all human
cancer samples [38, 39]. SIRT3 expression is associated closely with cancer because it has essential
regulatory roles inmitochondrial ROS scavenging,ATP synthesis,metabolism, andmitochondrial
function [38].

Electron transport chain in mitochondria is the main source of the generation of ROS, such as
superoxide. ROS homeostasis is strictly regulated in the cell, and while ROS play a part as
secondary messengers at normal conditions, excessive ROS can damage cellular biomolecules
and contribute to mitochondrial dysfunction and carcinogenesis [40]. SIRT3 has been shown to
directly deacetylate and stimulate manganese superoxide dismutase (MnSOD) activity, which
is the principle ROS scavenger in the mitochondria [20]. In addition, SIRT3 could induce
expression of MnSOD, catalase, and isocitrate dehydrogenase (IDH2) by deacetylating
FOXO3a transcription factor, triggering its translocation into the nucleus and transcription of
these antioxidant enzymes [20, 25, 41, 42].

In the majority of tumors, pyruvate is preferentially transformed into lactate even in the exis-
tence of adequate oxygen. In this process, termed the Warburg effect, metabolism shifts in favor
of glycolysis to increase the raw materials necessary for making new cancer cells [30, 43, 44]. In
other words, glycolytic rate is increased in cancer cells. SIRT3 has been revealed to bring about
degradation of HIF-1α, which results in suppression of the expression genes involved in glycol-
ysis and angiogenesis [45]. SIRT3 displays this action indirectly through reductions in ROS level,
which activates oxygen-dependent prolyl hydroxylases (PHD). In this regard, profilin1 (Pfn1)
has been reported to have an anticancer feature in pancreatic cancer by upregulating SIRT3,
which in turn results in degradation of HIF-1α and reduction in the expression of glycolytic
genes [46]. Furthermore, SIRT3 has a second action to stimulate mitochondrial respiration by
directly targeting electron transport chain and some metabolic enzymes, such as pyruvate
dehydrogenase complex, and induce higher ATP production [22, 47–49].

Since SIRT3 takes part in mitochondrial ROS scavenging, regulation of metabolism, and
mitochondrial function, it is not surprising that reduced expression of SIRT3 is highly associ-
ated with carcinogenesis [6, 30]. In addition, reduced SIRT3 expression is suggested to be a
biomarker for breast cancer associated with poor prognosis [50, 51]. In addition to breast
cancer, SIRT3 might play tumor suppressive roles in pancreatic cancer [52], hepatocellular
carcinoma [53, 54], B cell lymphoma cells [55], and metastatic ovarian cancer [56]. In addition,
kaempferol, a flavonoid, increases SIRT3 expression and its mitochondrial import; hence, it
stimulates apoptosis in leukemia cell lines [57].

SIRT3 has also been reported to take part in an oncogenic function by promoting cancer
initiation or progression depending on the tissue of origin and intracellular signal pathways
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[30]. Oncogenic properties of SIRT3 are attributed to its actions in stimulation of proliferation,
resistance to oxidative stress, and suppression of apoptosis. SIRT3 could play an oncogenic
role in a spectrum of cancers including oral squamous cell carcinoma [58], breast cancer [59],
esophageal cancer [60], gastric cancer [61], colorectal cancer [62], and melanoma cell lines [63].

SIRT3 is predominantly located in the mitochondria; however, there are studies reporting its
localization in the nucleus and having a function in regulating gene expression response to
stress factors [64, 65]. We have previously shown that the loss of expression of SIRT3 in mouse
liver and cultured mouse embryonic fibroblasts results in a cellular environment susceptible to
carcinogenesis and cellular transformation [38, 66]. In the subsequent study, we investigated
how SIRT3 alters the gene expression of cancer-related pathways in SIRT3 wild-type and
SIRT3 knockout mouse hepatocytes. We studied how deficiency of SIRT3 expression might
change the gene expression profile of various transcription factors and proteins linked to
tumor formation in addition to genes associated with metabolism using a commercially avail-
able real-time polymerase chain reaction kit that screens gene expression profiling of diverse
pathways [66]. We found upregulated expression of several genes having oncogenic properties
including cyclin-dependent kinase inhibitor 1A P21 (Cdkn1a), myelocytomatosis oncogene
(Myc), and nitric oxide synthase (NOS2) in SIRT3-deficient mouse liver. These genes are often
overexpressed in human cancers, primarily in breast tumors. In contrast, several genes that
were previously reported to be downregulated in human breast cancer containing B-cell
translocation gene 2 (BTG2), early growth response 1 (EGR1), and Gadd4 had decreased
expression with larger than 2-folds in the SIRT3-deficient hepatocytes [66]. The list of genes
with larger than 2-folds in the cancer-associated pathways and genes associated with insulin-
lipoprotein-cholesterol metabolism is presented in Figure 1.

3. Protective effects of SIRT3 in stress responses in the heart and changes
in SIRT3 expression in cardiovascular diseases

The heart produces and uses more than 90% of its ATP frommitochondrial aerobic respiration in
the cardiomyocytes, which have one of the highest mitochondrial density among all mammalian
cells [67]. Mitochondria are critical in regulating oxidative stress signaling during cardiovascular

Figure 1. Changes in the expression of p53, signal transduction pathway, and insulin-lipoprotein-cholesterol genes in
SIRT3-deficient livers compared to SIRT3 wild-type mouse based on [66].
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tumor formation in addition to genes associated with metabolism using a commercially avail-
able real-time polymerase chain reaction kit that screens gene expression profiling of diverse
pathways [66]. We found upregulated expression of several genes having oncogenic properties
including cyclin-dependent kinase inhibitor 1A P21 (Cdkn1a), myelocytomatosis oncogene
(Myc), and nitric oxide synthase (NOS2) in SIRT3-deficient mouse liver. These genes are often
overexpressed in human cancers, primarily in breast tumors. In contrast, several genes that
were previously reported to be downregulated in human breast cancer containing B-cell
translocation gene 2 (BTG2), early growth response 1 (EGR1), and Gadd4 had decreased
expression with larger than 2-folds in the SIRT3-deficient hepatocytes [66]. The list of genes
with larger than 2-folds in the cancer-associated pathways and genes associated with insulin-
lipoprotein-cholesterol metabolism is presented in Figure 1.

3. Protective effects of SIRT3 in stress responses in the heart and changes
in SIRT3 expression in cardiovascular diseases

The heart produces and uses more than 90% of its ATP frommitochondrial aerobic respiration in
the cardiomyocytes, which have one of the highest mitochondrial density among all mammalian
cells [67]. Mitochondria are critical in regulating oxidative stress signaling during cardiovascular

Figure 1. Changes in the expression of p53, signal transduction pathway, and insulin-lipoprotein-cholesterol genes in
SIRT3-deficient livers compared to SIRT3 wild-type mouse based on [66].
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physiology and pathology by regulating cell death, ROS homeostasis, and ATP levels in
cardiomyocytes. Heart failure might be caused by the imbalance in cardiac metabolism, oxida-
tive stress, and opening of the mitochondrial permeability transition pore, which are important
cellular contributors to myocardial ischemia/reperfusion (IR) injury and the development of
cardiac hypertrophy [68–70]. Recent evidence demonstrated that the mitochondrial NAD+-
dependent enzyme, SIRT3, may regulate critical intracellular processes, such as oxidative stress,
cell survival, and cellular metabolism for a healthy cardiac function [71].

In mammals, SIRT3 is one of seven NAD+-dependent protein deacetylases or ADP-
ribosyltransferases that regulates mitochondrial enzyme activity important in maintaining the
integrity of the mitochondria and having a cardioprotective role [17, 72, 73]. Lanza et al. found
that SIRT3 expression is downregulated with age, especially pronounced after 60 years old,
and chronic endurance training causes elevation of SIRT3 expression along with beneficial
health effects and potential lifespan-extending properties [74]. SIRT3, whose expression is rich
in the heart, is the main deacetylase in the mitochondria and its absence produces hyperace-
tylation of numerous proteins in this organelle [75]. Increased acetylation of mitochondrial
proteins, such as cyclophilin D, an important regulator of the permeability transition pore
(mPTP), in the heart in response to IR injury has been reported [69, 76].

The changes in expression of SIRT3 are appealing to the study of cardiovascular diseases
because of its presence mainly in the mitochondria, where a large part of the reactive oxygen
species (ROS) is generated in the cardiomyocytes [77]. Overproduction of ROS in mitochondria
has been linked to the development of cardiac hypertrophy [71]. High levels of cellular ROS
damage biomolecules and accelerate the death of cardiomyocytes via apoptosis and necrosis
[78–81]. Increased ROS was measured in cardiomyocytes isolated from hearts with hypertro-
phy induced by α-adrenergic agonists, namely angiotensin II, endothelin 1, norepinephrine,
tumor necrosis factor, or cyclic mechanical stretch. Furthermore, induced hypertrophy could
be repressed by the application of antioxidants [82–84]. ROS generation has been shown to
activate diverse hypertrophic signal transduction pathways, including NF-κB, mitogen-activated
protein kinase (MAPK), and protein kinase C (PKC) to stimulate hypertrophy [85–87]. SIRT3
mediates the mitochondrial ROS levels by inducing transcriptional expression of mitochondrial
antioxidant enzymes by deacetylating FOXO3a transcription factor and its translocation into the
nucleus [42]. In other words, SIRT3 has been well shown to participate in preventing hypertro-
phy by restricting ROS through activating MnSOD and catalase.

SIRT3 knockout mice are born without any significant abnormalities in their hearts; however,
as they become 2 months of age, they display some indications of cardiac hypertrophic
response and interstitial fibrosis, suggesting a protective role of SIRT3 against cardiac hyper-
trophy [42]. SIRT3 gene–removed mice have been reported to develop an accelerated age-
related weakening in cardiac contractile function, which is characterized as an increase in
end-diastolic volume, and are more prone to transaortic constriction-induced left ventricular
hypertrophy [68, 88]. SIRT3 gene–removed mice can also display spontaneous pulmonary
hypertension and have reduced oxygen consumption rate in their pulmonary artery smooth
muscle cells [89]. In those knockout cells, the investigators pointed out that the expression of
HIF1α, STAT3, and NFATc2 transcription factors increased, which might be responsible for the
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development of this disease [89]. Knockdown of SIRT3 expression increases the vulnerability
of both H9c2 cardiomyocytes and Langendorff preparations to simulate IR injury [18]. More-
over, IR injury is more pronounced in the aged hearts where SIRT3 expression is reduced,
suggesting SIRT3 deficiency contributes to age-related loss of resistance to IR injury [18].
Consistently, exposure of SIRT3-deficient mouse hearts to global IR using a Langendorff-mode
perfusion leads to significantly reduced postischemic recovery of cardiac function relative to
wild-type mouse hearts due to both elevated mitochondrial ROS production and protein
oxidation [90]. Expression of SIRT3 is upregulated in response to stress and its overexpression
has a protective role for cardiomyocytes from stress-mediated cell death by deacetylating Ku70
and preventing translocation of BAX to mitochondria [91]. Additionally, SIRT3 overexpression
protects cardiomyocytes from oxidative stress by downregulating apoptosis regulator BAX
and BCL-2 by inducing NF-κB transcription factor [24].

SIRT3 also has crucial roles in regulating metabolism of cardiovascular cells. SIRT3 improves
mitochondrial oxidative phosphorylation for the production of ATP [47]. SIRT3 also regulates
lipid metabolism by directly activating long-chain acyl CoA dehydrogenase (LCAD) enzyme
activity, which diminishes lipid accumulation–induced cardiac hypertrophy [92]. In this
regard, SIRT3 expression is downregulated in mice fed with high-fat diet; correspondingly,
SIRT3 gene–removed mouse heart displays more noticeable hypertrophy [93]. Heart isolated
from SIRT3-deficient mice shows impaired mitochondrial and cardiac contractile function
accompanied by increased glycolysis and decreased palmitate oxidation and oxygen con-
sumption [88]. Additionally, in SIRT3-deficient heart cells, 84 hyperacetylated mitochondrial
proteins including enzymes for fatty acid metabolism, several subunits of electron transport
chain, and enzymes involved in the Krebs cycle have been identified, proposing the impor-
tance of SIRT3 in maintaining a stable myocardial energy status [88].

Exogenous SIRT3 expression decreases mitochondrial ROS production and improves respi-
ratory capacity in vitro [94, 95]. In recent years, increasing numbers of pharmacological
agents to stimulate the expression or activity of SIRT3 to support a healthy cardiac function
have been reported. Resveratrol, which is a general SIRT activator, is proposed to have a
cardioprotective effect by decreasing the levels of mitochondrial ROS through upregulation
of SIRT3 expression [96]. Resveratrol activates AMPK-PGC-1α, which activates the binding
of ERRα to the SIRT3 promoter and increases SIRT3 mRNA transcription. Increased SIRT3
expression in the mitochondria in turn increases the deacetylation and activation of antioxi-
dant enzymes, primarily MnSOD, and stimulates ATP synthesis to contribute to reduction in
oxidative injury in endothelial cells [96]. In a recent study, it has been reported that adjudin,
which is a lonidamine analog, upregulated the expression of SIRT3 and consequently
protected cells against oxidative damage by eliminating ROS [97]. This agent might also
have a cardioprotective potential.

In addition to resveratrol, other agents use the same signaling pathway to support cardiopro-
tection. Melatonin has been reported to have an important cardioprotective action, which also
uses AMPK-PGC-1α-SIRT3 signaling pathway. The investigators of the study reported that the
protective effect of melatonin on diabetic myocardial IR injury is prevented by silencing SIRT3
expression [98].
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development of this disease [89]. Knockdown of SIRT3 expression increases the vulnerability
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and preventing translocation of BAX to mitochondria [91]. Additionally, SIRT3 overexpression
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activity, which diminishes lipid accumulation–induced cardiac hypertrophy [92]. In this
regard, SIRT3 expression is downregulated in mice fed with high-fat diet; correspondingly,
SIRT3 gene–removed mouse heart displays more noticeable hypertrophy [93]. Heart isolated
from SIRT3-deficient mice shows impaired mitochondrial and cardiac contractile function
accompanied by increased glycolysis and decreased palmitate oxidation and oxygen con-
sumption [88]. Additionally, in SIRT3-deficient heart cells, 84 hyperacetylated mitochondrial
proteins including enzymes for fatty acid metabolism, several subunits of electron transport
chain, and enzymes involved in the Krebs cycle have been identified, proposing the impor-
tance of SIRT3 in maintaining a stable myocardial energy status [88].

Exogenous SIRT3 expression decreases mitochondrial ROS production and improves respi-
ratory capacity in vitro [94, 95]. In recent years, increasing numbers of pharmacological
agents to stimulate the expression or activity of SIRT3 to support a healthy cardiac function
have been reported. Resveratrol, which is a general SIRT activator, is proposed to have a
cardioprotective effect by decreasing the levels of mitochondrial ROS through upregulation
of SIRT3 expression [96]. Resveratrol activates AMPK-PGC-1α, which activates the binding
of ERRα to the SIRT3 promoter and increases SIRT3 mRNA transcription. Increased SIRT3
expression in the mitochondria in turn increases the deacetylation and activation of antioxi-
dant enzymes, primarily MnSOD, and stimulates ATP synthesis to contribute to reduction in
oxidative injury in endothelial cells [96]. In a recent study, it has been reported that adjudin,
which is a lonidamine analog, upregulated the expression of SIRT3 and consequently
protected cells against oxidative damage by eliminating ROS [97]. This agent might also
have a cardioprotective potential.

In addition to resveratrol, other agents use the same signaling pathway to support cardiopro-
tection. Melatonin has been reported to have an important cardioprotective action, which also
uses AMPK-PGC-1α-SIRT3 signaling pathway. The investigators of the study reported that the
protective effect of melatonin on diabetic myocardial IR injury is prevented by silencing SIRT3
expression [98].
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Honokiol, which is a polyphenol derived from magnolia tree, lessens cardiac hypertrophy and
fibrosis by activating SIRT3 and protects cardiomyocytes from doxorubicin-induced cell
destruction and death by promoting mitochondrial fusion and limiting mitochondrial ROS
levels and mtDNA damage [99, 100]. Adenovirus-mediated overexpression of SIRT3 might
decrease pathogenesis of cardiovascular diseases by inhibition of Dox-induced cardiac hyper-
trophy and mitochondrial defects. Overexpression of the transcriptional cofactor receptor-
interacting protein 140 (RIP140) increased cardiomyocyte hypertrophy and decreased ATP
production along with mitochondrial dysfunction by decreasing the expression of SIRT3 in
neonatal rat cardiomyocytes [101]. Repression of SIRT3 expression by RIP140 is dependent on
ERRα [101]. A hexokinase inhibitor, 2-deoxy-d-glucose, administration significantly improves
cardiac function and reduces myocardial apoptosis [102]. Zhen et al. pointed out that
upregulation of SIRT3 expression along with SIRT1 by this agent might be important contrib-
utors to its protective action against septic cardiomyopathy [102]. Stimulation of SIRT3 expres-
sion improves the mitochondrial respiratory function and improves the cardiac function of
mice. Metformin, which is a drug used for the treatment of diabetes, upregulates the expres-
sion of SIRT3 in about 8 weeks old mice with heart failure after myocardial infarction [103]. It
was suggested that metformin-mediated SIRT3 upregulation and deacetylation of PGC-1α
increase mitochondrial ATP production and mitochondrial oxygen consumption rates in the

SIRT3 stimulating
potential
cardioprotective agents

Upstream
signaling of
SIRT3

Direct or indirect SIRT3
substrates and targets

Potential effects of agents in
cardiovascular system and
cardiomyocytes

Associated
references

Resveratrol AMPK, PGC-
1α, and
ERRα

MnSOD, IDH2, GSH-Px,
FOXO3a

Scavenges mtROS [96]

Melatonin AMPK and
PGC1α

MnSOD, NRF1, TFAM,
cytochrome c

Scavenges mtROS, stimulates
mitochondrial biogenesis, and
reduces apoptosis

[98]

Honokiol N/A MnSOD, OGG1, MFN1,
OPA1, Ku70, BCL-2, BAX,
NF-κB

Scavenges mtROS, reduces
apoptosis, and enhances
mitochondrial fusion

[24, 91, 100]

2-deoxy-d-glucose N/A BAX, BAK Reduces apoptosis [24, 102]

Metformin N/A PGC-1α Stimulates mitochondrial ATP
production and oxygen
consumption rates

[103]

Adjudin N/A IDH2 Scavenges mtROS [96, 97]

RIP140 (SIRT3
repressing TF)

ERRα LCAD Increases mtROS and lipid
accumulation

[92, 101]

MnSOD: manganese superoxide dismutase; IDH2: isocitrate dehydrogenase; Forkhead box O 3a (FOXO3a); LCAD: long-
chain acyl-CoA dehydrogenase; AMPK: AMP-activated protein kinase; GSH-Px: glutathione peroxidase; PGC-1α: perox-
isome proliferator-activated receptor gamma coactivator 1-alpha; ERRα: estrogen-related receptor alpha; NRF1: nuclear
respiratory factor 1; TFAM: transcription factor A, mitochondrial; OGG1: 8-oxoguanine glycosylase; MFN-1: mitofusin-1;
OPA1: dynamin-like 120 kDa protein; Ku70; ATP-dependent DNA helicase II, 70 kDa subunit; BCL-2: B-cell lymphoma 2;
NF-κB: nuclear factor kappa-light-chain enhancer of activated B cells; TF: transcription factor.

Table 1. Various agents to stimulate the expression of SIRT3 and the cardioprotective actions of SIRT3.
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mouse hearts of myocardial infarction and decrease the associated damage [103]. A summary
of agents to stimulate the expression of SIRT3 to support a healthy cardiac function and the
possible targets of SIRT3 is presented in Table 1.

4. Conclusions

Cardiovascular diseases and cancer are most common causes of age-associated death around
the world. SIRT3 has been shown to have essential roles in aging, longevity, and stress
response since reduced expression or loss of function of SIRT3 brings about an intracellular
milieu permissive for age-related illnesses. The mechanisms of how SIRT3 protects cells
against cancer formation or cardiovascular diseases are not well understood because of the
fact that SIRT3 has several targets or interacting partners in diverse pathways. Beneficial
possessions of SIRT3 on cancer and particularly on various cardiovascular diseases have been
reported; however, translating the modulation of SIRT3 expression using small molecules for
clinical benefit is in its initial stages. Identification of agents to target SIRT3 expression to
improve mitochondrial function will harvest new therapeutic strategies in the treatment of
cancer and cardiovascular diseases.
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Abstract

Pax1 and Pax9 are paired-box transcription factors, which play vital roles in axial skel-
etogenesis, thymus organogenesis, palatogenesis and odontogenesis among others. 
The importance of these closely related transcription factors can be perceived from the 
various human anomalies associated with their disruption. Vertebral column abnormali-
ties such as kyphoscoliosis, seen in Jarcho-Levine and Klippel-Feil syndromes, second-
ary cleft palate, oligodontia/ hypodontia (missing teeth) and thymus developmental 
defects have all been associated with mutations in PAX1 and/or PAX9. In this chapter, 
we describe the molecular functions of Pax1 and Pax9 in various tissues during mouse 
development.

Keywords: Pax1/Pax9, intervertebral disc, palatogenesis, odontogenesis, thymus

1. Introduction

A cell is the functional unit of any living organism and the genome is its underlying blueprint. 
Transcription factors (TFs) are proteins that bind to the DNA in a sequence-specific manner, 
where they modulate (activate, repress or insulate) the expression of a particular set of genes. 
Spatio-temporal regulation of a combination of genes, the “gene battery”, is the basis of indi-
vidual cell type determination in a multicellular organism [1].

Gene regulation is a tremendous feat. A single gene can be regulated by multiple TFs, act-
ing on multiple cis-regulatory elements (CREs), in different cells and at different times (i.e. 
spatio-temporal regulation). Non-coding RNAs (e.g. microRNAs, small nucleolar RNAs etc.) 
also play a role at a post-transcriptional level [2]. This complex interplay of the various trans-
factors acting on the CREs to determine a gene battery can be mapped into a transcriptional 
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Abstract

Pax1 and Pax9 are paired-box transcription factors, which play vital roles in axial skel-
etogenesis, thymus organogenesis, palatogenesis and odontogenesis among others. 
The importance of these closely related transcription factors can be perceived from the 
various human anomalies associated with their disruption. Vertebral column abnormali-
ties such as kyphoscoliosis, seen in Jarcho-Levine and Klippel-Feil syndromes, second-
ary cleft palate, oligodontia/ hypodontia (missing teeth) and thymus developmental 
defects have all been associated with mutations in PAX1 and/or PAX9. In this chapter, 
we describe the molecular functions of Pax1 and Pax9 in various tissues during mouse 
development.

Keywords: Pax1/Pax9, intervertebral disc, palatogenesis, odontogenesis, thymus

1. Introduction

A cell is the functional unit of any living organism and the genome is its underlying blueprint. 
Transcription factors (TFs) are proteins that bind to the DNA in a sequence-specific manner, 
where they modulate (activate, repress or insulate) the expression of a particular set of genes. 
Spatio-temporal regulation of a combination of genes, the “gene battery”, is the basis of indi-
vidual cell type determination in a multicellular organism [1].

Gene regulation is a tremendous feat. A single gene can be regulated by multiple TFs, act-
ing on multiple cis-regulatory elements (CREs), in different cells and at different times (i.e. 
spatio-temporal regulation). Non-coding RNAs (e.g. microRNAs, small nucleolar RNAs etc.) 
also play a role at a post-transcriptional level [2]. This complex interplay of the various trans-
factors acting on the CREs to determine a gene battery can be mapped into a transcriptional 
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network. Such networks execute downstream processes like specification, commitment and 
differentiation of stem cells or progenitors into a particular lineage during development. 
Dysregulation of transcriptional networks manifests as aberrations in the cells which in turn 
results in developmental defects or diseases [1, 3].

In this chapter, we will describe the roles of two developmental TFs – Pax1 and Pax9, in mam-
malian development. The importance of studying the closely related Pax1 and Pax9 can be 
appreciated from the various human anomalies associated with them. Vertebral column 
abnormalities such as kyphoscoliosis, seen in Jarcho-Levine and Klippel-Feil syndromes, 
secondary cleft palate, oligodontia/hypodontia (missing teeth) and thymus developmental 
defects have all been associated with mutations or SNPs in PAX1 and/or PAX9 [4–7].

The role of Pax1 was discovered serendipitously, involving a spontaneous mouse mutant 
with a kinked tail – named “undulated”. This mouse mutant carried a point mutation in Pax1, 
which resulted in vertebral anomalies, whereby certain segments of the lumbar vertebrae 
were missing. This led to a misalignment of the vertebral column hence the kinked tail phe-
notype. More spontaneous variants of the undulated (un) mutant were discovered, all of which 
mapped to some defect in the Pax1 gene or deletion of its entire locus [8]. Pax1 paralog, Pax9, 
was also mapped and shown to have a role in the development of various organs. What is 
more intriguing is how well-conserved the functions of these genes are, such that the defects 
observed in the loss-of- function Pax1 or Pax9 mouse models are phenocopied in humans as 
well. Thus, analyses of such mouse models help us to glean into the functions of these genes 
and decipher what organs they are important in.

Pax1 and Pax9 have a variety of roles in multiple tissues (e.g. scapula, pelvic girdle, limb and 
salivary gland epithelium) yet their functions have been most extensively studied in axial 
skeletogenesis, palatogenesis, odontogenesis, and thymus development [9–12]. Hence, in this 
chapter we will focus on their regulatory functions in the context of these tissues.

2. The evolutionary history of Pax1 and Pax9

Pax genes are a family of developmental TFs with crucial functions in early patterning and 
organogenesis. The paired box, encoding a highly conserved segment of 128 amino acids 
with DNA-binding activity, was initially identified in the Drosophila melanogaster genes: paired 
(prd), and gooseberry (gsb) by Markus Noll and team in 1986 [13].

Similarity to the paired box led to the identification of the Pax gene family in other verte-
brates and invertebrates. The ancestral proto-pax existed prior to the Cambrian explosion, and 
the two-rounds of whole genome duplication during or prior to this period, and subsequent 
divergence with uneven deletion events are believed to have given rise to the various para-
logs and orthologues in the vertebrates and invertebrates [14]. The paired box is believed to 
have originated through domestication of the Tc1/mariner transposon, which is prevalent in all 
orders of living organisms. Currently, Pax genes have been identified in all orders of the meta-
zoan species, with nine in mammals (human and mouse), and up to fifteen in Danio rerio [15].
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The Pax genes are divided into two supergroups (PAXB-like and PAXD-like) and four sub-
groups/subfamilies (I to IV) based on their sequence similarity, the combination of func-
tional domains they possess and overlapping regions of tissue expression. PAXB group 
contain the paired-domain (with two Helix-Turn-Helix, HTH motifs) (PD), octapeptide motif 
(HSVSNILG) (OP), and paired type homeodomain (PTHD) (full or truncated). The PAXD-
like group contains an additional paired type homeodomain tail (PTH). It is as yet unclear 
whether proto-pax originated from PAXB or PAXD supergroups. These supergroups are fur-
ther categorized as four subfamilies in vertebrates: Group I (Pax1 and Pax9), Group II (Pax2, 
Pax5, Pax8), Group III (Pax3, Pax7) and Group IV (Pax4, Pax6) (Figure 1) [15].

Pax1 and Pax9 belong to the same subfamily (Group 1/PAXD-like), containing only the PD 
and OP. Mouse Pax1 and Pax9 share a high amino acid sequence similarity of 79%, diverg-
ing mainly at their C-terminal ends. Their paired-domains share 98% identity and differ 
only at five sites - at the first two amino acids of the PD and at positions 82, 89 and 93 of 
the proteins, which belong to the C-terminal half of the PD [16]. The amino acid substitu-
tion from Tyr to Phe at position 2 of the PD is described to be class-specific [17]. Between 
species, Pax orthologs are highly conserved whereby the coding sequences of human PAX1 
and mouse Pax1 share 88.1% identity while the PD share 100% identity. Similarly the PD 
of human PAX9 and mouse Pax9 share 100% identity, while overall identity is 98% [16, 18]. 
This high conservation in mouse has allowed it to serve as a suitable model to study the 
functions of Pax genes.

Figure 1. Pax genes, structure and grouping in mouse and human. Pax genes are divided into supergroups and 
subgroups. The PAXD-like supergroup is defined by the additional presence of a paired type homeodomain tail. The PD 
and PTHD have DNA-binding ability and so are drivers of the transcriptional program. The OP is believed to assist in 
protein-protein interactions, mostly mediating repressive effects of the TFs.
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3. Paired domain and DNA recognition

Pax TFs execute their function through their DNA-binding ability aided by the PD and/or 
homeodomain. DNA-binding ability of the PD was initially demonstrated through in vitro 
biochemical assays on Drosophila prd protein binding to the e5 sequence from the even-
skipped promoter [19]. Since Pax1 and Pax9 do not possess a homeodomain, they are fully 
reliant upon the PD for binding specificity and affinity. The PD of Pax1 recognizes a 24 bp 
sequence [20].

Biochemical and crystallographic studies revealed that the PD is a bipartite structure with 
the N-terminal (PAI) and C-terminal (RED) sub domains, each with a helix-turn-helix 
(HTH) motif [15, 19, 21, 22]. These subdomains recognize a non-palindromic consensus 
sequence with two half sites (5′ and 3′) positioned on adjacent major grooves on the same 
side of the DNA. The PAI subdomain recognizes the 3′ half site of the consensus sequence 
while RED recognizes the 5′ half site [22]. Our own analysis of in vivo Pax9 binding sites in 
the intervertebral disc (IVD) anlagen revealed a motif “5′-C/A G/A CGTGAACCG-3′” that 
highly resembles the 3′ half site of the consensus PD motif “5′-GCG G/T A/G AC G/C G/A-
3′” (Figure 2) [19, 23].

While the PAI domain is most critical for DNA binding, in some scenarios, the Pax protein can 
bind solely through the RED domain. For instance, in the undulated mutants, point mutation 

Figure 2. Paired domain and consensus recognition sequence. The paired domain consists of the N-terminal (PAI) and 
C-terminal (RED) domains. RED recognizes the 5′ half site sequence while PAI recognizes the 3′ half site sequence. The 
pentanucleotide motif “GGAAC” described by Chalepakis et al. [20] as the core DNA-binding motif of paired domain 
is underlined. In E12.5 mouse IVD anlagen, Pax9 recognizes an in vivo motif resembling the 3′ half site. Abbreviation(s): 
IVD, intervertebral disc.
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in the N-terminal half of the PD in Pax1 drastically reduced its binding affinity and altered 
the specificity, and so resulted in its loss of function [20]. In contrast, particular isoforms of 
Pax6 and Pax8 bind DNA exclusively through their REI subdomains [24, 25]. Moreover, bind-
ing to both half sites by both subdomains confers greater affinity and specificity in vitro. The 
truncated form of Pax5 PD (missing the last 36 amino acid residues of the PD) retained the 
capacity to bind to a subset of the sequences bound by the complete form, albeit with lower 
affinity [19]. Thus, these subdomains are modular. Their ability to bind independently or in 
combination is postulated to confer greater diversity in the repertoire of sequences that can 
be bound by the PD.

4. Expression patterns of Pax1 and Pax9 in mouse development

Like numerous other developmental TFs, Pax TFs are characterized by spatio-temporally 
restricted expression during embryogenesis, playing essential roles in early patterning and 
organogenesis. They can be generalized to have a role in proliferation, migration, condensa-
tion and differentiation functions in different cell types. Their expression is often down-regu-
lated or turned off in terminally differentiated tissues. Dysregulation of Pax gene expression 
often results in various developmental abnormalities and has also been observed in various 
cancers such as esophageal squamous cell carcinoma, non-small cell lung cancer and cervical 
intraepithelial neoplasia [26–28].

During development, Pax1/Pax9 are the only Pax genes not expressed in neural tissues but 
instead are expressed in the endoderm- and mesoderm-derived tissues [29]. They share 
similar tissue sites of expression namely the foregut epithelium, sclerotome, pharyngeal 
pouch endoderm and limb bud mesenchyme [30]. However, unlike Pax1, Pax9 is expressed 
in neural crest-derived tissues. Both Pax genes begin to be expressed in the somites and 
foregut as early as E8.5, the pharyngeal pouches at E9.0, limb buds at E10.0 to E11.5 and 
thymus anlagen at E12.5 [9, 16, 31]. In tissues where they are co-expressed, especially the 
sclerotome-derived axial skeleton, they are known to have redundant, compensatory roles. 
On the other hand, they are unable to rescue each other’s functions in tissues where they are 
not co-expressed.

5. Pleiotropic roles of Pax1 and Pax9 in mouse development

Developmental TFs are pleiotropic. While the very definition of pleiotropy has several mean-
ings in development, evolution and genetics, here we employ the definition of one gene 
affecting multiple phenotypes [32]. Pax1 and Pax9 are no exception. They have multiple roles 
and act on different tissues which are derived from different germ layers. Therefore, when 
disrupted, they exhibit complex phenotypes depending on which tissues are disrupted dur-
ing development.
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5.1. Pax1 and Pax9 in sclerotome-derived IVD of the axial skeleton

The axial skeleton is a critical load-bearing structure of the vertebral body plan and also func-
tions to protect essential spinal nerves. It is composed of the metameric arrangement of verte-
bral bodies (VBs) connected by fibrocartilaginous intervertebral discs (IVDs) [33].

Axial skeletogenesis in mouse is a precisely coordinated series of processes; an interplay 
between the notochord and paraxial mesoderm-derived somites. It begins with the specifica-
tion of the ventral somites into sclerotome by Sonic hedgehog (Shh) signals emanating from 
the notochord and floor plate of the neural tube [34–37]. Shh acts partly by antagonizing Wnt 
signals from the dorsal neural tube and surface ectoderm and BMP signals from the dorsal 
neural tube or lateral plate mesoderm.

Throughout IVD development, Pax1 and Pax9 share largely overlapping expression domains. 
Pax1 expression can be detected in the de-epithelializing ventral somites as early as E8.5, 
while Pax9 expression is detected slightly later at E9.0. These sclerotomal cells proliferate and 
then migrate to surround the notochord and form the mesenchymal prevertebrae. By E11.5, 
these give rise to metameric condensations along the anteroposterior (A/P) axis. Within these 
condensed segments, Pax1 is uniformly expressed in rostral and caudal regions, while Pax9 
remains restricted to the caudal portion, but by E12.5, Pax1 also becomes restricted to the 
caudal half which will give rise to the IVD anlagen [16, 38, 39]. Sclerotomal cells in close prox-
imity to the notochord give rise to VBs and IVDs while the lateral regions develop into the 
proximal parts of the ribs, vertebral pedicles and laminae of the neural arch. Subsequently, the 
condensed portions of the prevertebrae give rise to the IVD and the less condensed regions 
give rise to the VB. Formation of these condensations is mandatory for the subsequent chon-
drogenesis into IVD segments of the axial skeleton [16, 40–42].

By E12.5, Pax1 and Pax9 expression are restricted to the IVD and are not expressed in the 
VB. Within the IVD anlagen Pax1 and Pax9 expression domains differ slightly. While Pax1 is 
strongly expressed in the medial segment, Pax9 is stronger in the lateral regions. Then the dis-
tinction between IVD and VB becomes more apparent at E13.5. The IVD mesenchyme further 
differentiates into the inner cartilaginous annulus fibrous (IAF) and outer annulus fibrous 
(OAF) at around E14.5. Pax1 remains expressed in the IVD and perichondrium of the VB, 
while Pax9 is weakly expressed in the IVD. At E15.5, their expression declines within the IAF 
and become restricted to the OAF. Pax9 is no longer detected in the vertebral column at E16.5 
but mild Pax1 expression has been detected in the OAF [16, 23, 39, 43].

5.1.1. Regulation of Pax1 and Pax9 and their role in sclerotome maintenance

Pax1 and Pax9 can be regulated by multiple mechanisms in the somites and sclerotome. Shh 
induces the expression of Pax1, Pax9 and Mesenchyme forkhead-1 (Mfh1) in the ventral somites 
which communicate its proliferative function [35, 37]. Pax1, Pax9 and Mfh1 are vital for main-
taining the sclerotome cell numbers. In fact, Pax1 and Mfh1 genetically interact as Pax1−/−Mfh1−/− 
mutants show reduced cell proliferation [35]. Noggin (Nog) also induces Pax1 expression in 
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the absence of Hh signaling (in Shh−/− mutants) [44, 45]. Other factors which do not indepen-
dently induce Pax1/Pax9 expression but can regulate their expression in the somites are Pbx1/
Pbx2 and Meox1/Meox2. In both Pbx1−/−Pbx2−/− mutants and Meox1−/−Meox2−/− mutants, Pax1 and 
Pax9 expression is diminished in the somites/sclerotome, although Pax9 to a lesser extent [46, 
47]. Furthermore, Pax1 potentially auto-regulates itself as Pax1−/− mutants show reduced Pax1 
mRNA expression. Pax9 however is independent of Pax1 in the sclerotome, as Pax1−/− mutants 
do not show any reduction in Pax9 mRNA [23]. Thus, Pax1 and Pax9 can be regulated by dif-
ferent upstream regulators most of which remain to be identified.

5.1.2. Molecular functions of Pax1 and Pax9 in axial skeletogenesis

The roles of Pax1 and Pax9 in vertebral column development were first identified through 
spontaneous mouse mutants – undulated (un) [48], Undulated short-tail (Uns) [49], undulated-
extensive (unex) [50] and undulated intermediate (un-i) [51] – which encompass a mutation in 
Pax1 or deletion of the loci containing Pax1 [8]. Subsequent gene-targeted knock-out models 
of Pax1 [9] and Pax9 [30] and generation of compound mutants revealed their synergistic, 
gene-dosage dependent, redundant roles in axial skeletogenesis [23, 52].

Pax1−/− mice exhibit a characteristic short, kinked tail phenotype with defects in the vertebral 
column (cervical and lumbar), scapula (loss of acromion process) and sternum (inappropriate 
ossification of some of the inter sternebrae). Within the vertebrae, the lumbar regions show a 
more pronounced phenotype of split vertebrae with loss of IVDs and formation of a ventral 
rod-like cartilaginous structure. They also lack the pharyngeal pouch derivatives thymus and 
parathyroid glands. However, these mice were viable and fertile. Even though Pax1+/− show 
an overall normal phenotype externally, they possess slight abnormalities in the vertebral 
column and sternum with varying penetrance, indicating haploinsufficiency of Pax1 in these 
structures [9].

Contrary to Pax1−/− mice, Pax9−/− mutants surprisingly do not possess any vertebral column 
defects. Instead they show defects in all the pharyngeal pouch-derived structures. They exhibit 
cleft secondary palate, and lack all teeth, both of which are derived from 1st pharyngeal pouch. 
Further, they lack thymus, parathyroid glands and ultimobranchial bodies, which are derived 
from the 3rd and 4th pharyngeal pouches. They also display preaxial polydactyly of fore- and 
hind-limbs. These mice display post-natal lethality, and inability to feed owing to a cleft palate. 
While Pax9+/− mutants did not exhibit any overt defects, a hypomorphic allele, Pax9neo showed 
that Pax9 is haploinsufficient for tooth development, but not for other structures [30, 53].

Considering the overlapping expression domains in the vertebral structures, compound 
mutants of Pax1 and Pax9 were generated [52]. Increasing severity in vertebral column defects 
was observed with successive loss of Pax1 and Pax9 alleles. The most severe phenotype was 
displayed by Pax1−/−Pax9−/− mutants that exhibited a complete loss of VB and IVDs, no caudal 
vertebrae and malformed proximal parts of the ribs. These vertebral column abnormalities, 
however, were more severe than those seen in individual null mutants of Pax1 and Pax9, 
indicating their synergistic roles in the vertebral column. The lack of vertebral elements did 
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5.1. Pax1 and Pax9 in sclerotome-derived IVD of the axial skeleton

The axial skeleton is a critical load-bearing structure of the vertebral body plan and also func-
tions to protect essential spinal nerves. It is composed of the metameric arrangement of verte-
bral bodies (VBs) connected by fibrocartilaginous intervertebral discs (IVDs) [33].

Axial skeletogenesis in mouse is a precisely coordinated series of processes; an interplay 
between the notochord and paraxial mesoderm-derived somites. It begins with the specifica-
tion of the ventral somites into sclerotome by Sonic hedgehog (Shh) signals emanating from 
the notochord and floor plate of the neural tube [34–37]. Shh acts partly by antagonizing Wnt 
signals from the dorsal neural tube and surface ectoderm and BMP signals from the dorsal 
neural tube or lateral plate mesoderm.

Throughout IVD development, Pax1 and Pax9 share largely overlapping expression domains. 
Pax1 expression can be detected in the de-epithelializing ventral somites as early as E8.5, 
while Pax9 expression is detected slightly later at E9.0. These sclerotomal cells proliferate and 
then migrate to surround the notochord and form the mesenchymal prevertebrae. By E11.5, 
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(OAF) at around E14.5. Pax1 remains expressed in the IVD and perichondrium of the VB, 
while Pax9 is weakly expressed in the IVD. At E15.5, their expression declines within the IAF 
and become restricted to the OAF. Pax9 is no longer detected in the vertebral column at E16.5 
but mild Pax1 expression has been detected in the OAF [16, 23, 39, 43].
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Pax1 and Pax9 can be regulated by multiple mechanisms in the somites and sclerotome. Shh 
induces the expression of Pax1, Pax9 and Mesenchyme forkhead-1 (Mfh1) in the ventral somites 
which communicate its proliferative function [35, 37]. Pax1, Pax9 and Mfh1 are vital for main-
taining the sclerotome cell numbers. In fact, Pax1 and Mfh1 genetically interact as Pax1−/−Mfh1−/− 
mutants show reduced cell proliferation [35]. Noggin (Nog) also induces Pax1 expression in 
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the absence of Hh signaling (in Shh−/− mutants) [44, 45]. Other factors which do not indepen-
dently induce Pax1/Pax9 expression but can regulate their expression in the somites are Pbx1/
Pbx2 and Meox1/Meox2. In both Pbx1−/−Pbx2−/− mutants and Meox1−/−Meox2−/− mutants, Pax1 and 
Pax9 expression is diminished in the somites/sclerotome, although Pax9 to a lesser extent [46, 
47]. Furthermore, Pax1 potentially auto-regulates itself as Pax1−/− mutants show reduced Pax1 
mRNA expression. Pax9 however is independent of Pax1 in the sclerotome, as Pax1−/− mutants 
do not show any reduction in Pax9 mRNA [23]. Thus, Pax1 and Pax9 can be regulated by dif-
ferent upstream regulators most of which remain to be identified.

5.1.2. Molecular functions of Pax1 and Pax9 in axial skeletogenesis

The roles of Pax1 and Pax9 in vertebral column development were first identified through 
spontaneous mouse mutants – undulated (un) [48], Undulated short-tail (Uns) [49], undulated-
extensive (unex) [50] and undulated intermediate (un-i) [51] – which encompass a mutation in 
Pax1 or deletion of the loci containing Pax1 [8]. Subsequent gene-targeted knock-out models 
of Pax1 [9] and Pax9 [30] and generation of compound mutants revealed their synergistic, 
gene-dosage dependent, redundant roles in axial skeletogenesis [23, 52].

Pax1−/− mice exhibit a characteristic short, kinked tail phenotype with defects in the vertebral 
column (cervical and lumbar), scapula (loss of acromion process) and sternum (inappropriate 
ossification of some of the inter sternebrae). Within the vertebrae, the lumbar regions show a 
more pronounced phenotype of split vertebrae with loss of IVDs and formation of a ventral 
rod-like cartilaginous structure. They also lack the pharyngeal pouch derivatives thymus and 
parathyroid glands. However, these mice were viable and fertile. Even though Pax1+/− show 
an overall normal phenotype externally, they possess slight abnormalities in the vertebral 
column and sternum with varying penetrance, indicating haploinsufficiency of Pax1 in these 
structures [9].

Contrary to Pax1−/− mice, Pax9−/− mutants surprisingly do not possess any vertebral column 
defects. Instead they show defects in all the pharyngeal pouch-derived structures. They exhibit 
cleft secondary palate, and lack all teeth, both of which are derived from 1st pharyngeal pouch. 
Further, they lack thymus, parathyroid glands and ultimobranchial bodies, which are derived 
from the 3rd and 4th pharyngeal pouches. They also display preaxial polydactyly of fore- and 
hind-limbs. These mice display post-natal lethality, and inability to feed owing to a cleft palate. 
While Pax9+/− mutants did not exhibit any overt defects, a hypomorphic allele, Pax9neo showed 
that Pax9 is haploinsufficient for tooth development, but not for other structures [30, 53].

Considering the overlapping expression domains in the vertebral structures, compound 
mutants of Pax1 and Pax9 were generated [52]. Increasing severity in vertebral column defects 
was observed with successive loss of Pax1 and Pax9 alleles. The most severe phenotype was 
displayed by Pax1−/−Pax9−/− mutants that exhibited a complete loss of VB and IVDs, no caudal 
vertebrae and malformed proximal parts of the ribs. These vertebral column abnormalities, 
however, were more severe than those seen in individual null mutants of Pax1 and Pax9, 
indicating their synergistic roles in the vertebral column. The lack of vertebral elements did 
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not result from lack of sclerotome specification, since sclerotomal cells were present in com-
pound mutants, albeit in reduced numbers. Therefore it was hypothesized that Pax1/Pax9 
are required to maintain the proliferative capacity of the sclerotomal cells. Intriguingly, it 
was discovered that Pax9 was unable to fully compensate for the loss of Pax1 but Pax1 could 
fully rescue Pax9 deficiency in the axial skeleton. Notably, Pax1 was unable to rescue orofacial 
defects seen in Pax9-null mutants since Pax1 is not expressed in the dental primordia [52].

From these studies and others from our lab, it became evident that Pax1/Pax9 have dual roles in 
axial skeletogenesis: (1) they maintain sclerotome cells in sufficient numbers and in appropriate 
locations for IVD anlagen formation through the regulation of proliferation and cell migration; 
(2) they contribute to the IVD mesenchymal condensation process through the activation of 
early chondrogenic genes (Sox5, Bmp4, Co2a1, Acan, Wwp2), likely in conjunction with Sox trio, 
TGF-b and BMP pathways. In fact, we will observe in the later parts of this chapter that pro-
liferation, migration and mesenchymal condensation are fundamental functions of Pax1 and 
Pax9, themes which will be replayed in the development of dental mesenchyme and thymus.

A certain number of sclerotomal cells are necessary for a critical size of condensation to 
form, upon which endochondral ossification can occur. As mentioned earlier, Pax1 is known 
to genetically interact with Mfh1, another TF expressed in the sclerotome, to synergistically 
control sclerotome proliferation [35]. Indeed, regulation of proliferation could be a general 
conserved function among Pax genes; Pax5 is known to regulate B cell proliferation and Pax6 
diencephalic precursor cells proliferation [54, 55]. We further confirmed a role for Pax1/Pax9 
in cell proliferation through a combinatorial approach of performing transcriptomic profiling 
on Pax1- and Pax9-specific cells and identifying the direct binding targets using Chromatin 
immunoprecipitation sequencing (ChIP-seq) [23]. Befitting their dosage effect on axial skel-
etogenesis, increasing numbers of targets were dysregulated with increasing loss of Pax1 and 
Pax9 alleles. Especially, a substantial number of genes associated with proliferation were 
affected only upon the loss of three (Pax1+/−Pax9−/− and Pax1−/−Pax9+/−) or four (Pax1−/−Pax9−/−) 
alleles of Pax1/Pax9 compared to the loss of two alleles (Pax1−/−). Corroborating this, pheno-
typical decrease in the number of sclerotomal cells was more apparent in mutants with the 
loss of three or four alleles [23].

Besides proliferation, Pax1 and Pax9 also have roles in cell motion, adhesion and mesenchy-
mal condensation through extracellular matrix (ECM) organization. Sclerotomal cells become 
mislocalized to the lateral sides in E14.5 Pax1−/−Pax9−/− embryos; a defect not observed in Pax1−/− 
mutants. Cellular motion associated genes were also dramatically affected in the double null 
mutants, thus affirming the role of Pax1 and Pax9 in regulating cell motion [23].

The cell-type-specific molecular approach also revealed novel functions of Pax1/Pax9 in regu-
lating genes associated with collagen fibrillogenesis and cartilage development independent 
of Sox9, like Col2a1, Bmp4, Acan, Sox5 and Wwp2. Col2a1, Wwp2 and Sox5 are also directly reg-
ulated by Pax9 in the vertebral column, and a single copy of Pax1 or Pax9 can independently 
maintain transcription of these critical IVD genes [23]. Additionally, Pax1 has been shown to 
induce Acan in chick presomitic mesoderm explants, independent of Shh [56]. A further con-
firmation of genetic linkage of these genes with Pax1/Pax9 is that knock-out mouse mutants of 
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Col2a1 [57], Acan [58], Wwp2 [59] and Sox5 [60] exhibit axial skeletal and craniofacial defects 
that phenocopy Pax1−/−Pax9−/− mutants (Table 1) [52, 57, 61–68].

Importantly, Pax1/Pax9 and Sox5/Sox6 were linked by a negative feedback loop in the verte-
bral column. This Pax-Sox network might be essential in the segregation of IAF and OAF. Sox5 

Gene Expression sites in developing 
embryo

Function References

1 Col2a1, Collagen Type II, 
apha 1

(1) Sclerotome

(2) Vertebral, intervertebral 
disc, tail, limb and craniofacial 
cartilage condensations

(3) Limb, head and shoulder 
mesenchyme

(1) Major ECM component of 
cartilage

(2) Collagen fibrillogenesis

(3) Cartilage development

(4) TGF-beta tethering in 
extracellular matrix (ECM) to 
modulate its signaling.

[23, 52, 57, 
61–63]

2 Acan, Aggrecan (1) Vertebral, intervertebral 
disc, tail, limb and craniofacial 
cartilage condensations

(2) Limb, head, nasal 
mesenchyme

(1) Major ECM component of 
cartilage

(2) Cartilage development

(3) Water retention and maintain 
osmotic pressure in cartilage

[61–63]

3 Sox5, SRY-box-containing 
gene 5

(1) Vertebral, intervertebral 
disc, tail, limb and craniofacial 
cartilage condensations

(2) Forebrain

(1) ECM synthesis

(2) Cartilage development

(3) Chondrocyte differentiation

[23, 60–65]

4 Wwp2, WW domain 
containing E3 ubiquitin

(1) Maxilla and mandible

(2) Vertebral and intervertebral 
disc condensations

(1) Ubiquitylation of proteins

(2) Mono-ubiquitylates Sox9 
and enhances its transcriptional 
activity

(3) Forms a complex with Sox9: 
Sox9-Wwp2-Med25 complex 
which drives Col2a1  expression.

(4) Palatogenesis

[23, 62, 67]

5 Bmp4, Bone 
morphogenetic protein 4

(1) Limb and head 
mesenchyme

(2) Nasal pit epithelium

(3) Vertebrae and intervertebral 
disc cartilage condensations

(4) Dental and palatal 
mesenchyme

(1) Growth factor to activate BMP 
signaling

(2) BMP signaling promotes ECM 
production and chondrocyte 
proliferation

(3) Cartilage development and 
chondrocyte differentiation

(4) Bmp4 up-regulates cartilage 
marker genes likes Acan, Sox5, 
Sox6 and Sox9.

[23, 62, 68, 71]

Abbreviation(s): ECM, extracellular matrix.

Table 1. Expression sites and functions of selected Pax1/Pax9 downstream targets essential in axial skeletogenesis.
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not result from lack of sclerotome specification, since sclerotomal cells were present in com-
pound mutants, albeit in reduced numbers. Therefore it was hypothesized that Pax1/Pax9 
are required to maintain the proliferative capacity of the sclerotomal cells. Intriguingly, it 
was discovered that Pax9 was unable to fully compensate for the loss of Pax1 but Pax1 could 
fully rescue Pax9 deficiency in the axial skeleton. Notably, Pax1 was unable to rescue orofacial 
defects seen in Pax9-null mutants since Pax1 is not expressed in the dental primordia [52].

From these studies and others from our lab, it became evident that Pax1/Pax9 have dual roles in 
axial skeletogenesis: (1) they maintain sclerotome cells in sufficient numbers and in appropriate 
locations for IVD anlagen formation through the regulation of proliferation and cell migration; 
(2) they contribute to the IVD mesenchymal condensation process through the activation of 
early chondrogenic genes (Sox5, Bmp4, Co2a1, Acan, Wwp2), likely in conjunction with Sox trio, 
TGF-b and BMP pathways. In fact, we will observe in the later parts of this chapter that pro-
liferation, migration and mesenchymal condensation are fundamental functions of Pax1 and 
Pax9, themes which will be replayed in the development of dental mesenchyme and thymus.

A certain number of sclerotomal cells are necessary for a critical size of condensation to 
form, upon which endochondral ossification can occur. As mentioned earlier, Pax1 is known 
to genetically interact with Mfh1, another TF expressed in the sclerotome, to synergistically 
control sclerotome proliferation [35]. Indeed, regulation of proliferation could be a general 
conserved function among Pax genes; Pax5 is known to regulate B cell proliferation and Pax6 
diencephalic precursor cells proliferation [54, 55]. We further confirmed a role for Pax1/Pax9 
in cell proliferation through a combinatorial approach of performing transcriptomic profiling 
on Pax1- and Pax9-specific cells and identifying the direct binding targets using Chromatin 
immunoprecipitation sequencing (ChIP-seq) [23]. Befitting their dosage effect on axial skel-
etogenesis, increasing numbers of targets were dysregulated with increasing loss of Pax1 and 
Pax9 alleles. Especially, a substantial number of genes associated with proliferation were 
affected only upon the loss of three (Pax1+/−Pax9−/− and Pax1−/−Pax9+/−) or four (Pax1−/−Pax9−/−) 
alleles of Pax1/Pax9 compared to the loss of two alleles (Pax1−/−). Corroborating this, pheno-
typical decrease in the number of sclerotomal cells was more apparent in mutants with the 
loss of three or four alleles [23].

Besides proliferation, Pax1 and Pax9 also have roles in cell motion, adhesion and mesenchy-
mal condensation through extracellular matrix (ECM) organization. Sclerotomal cells become 
mislocalized to the lateral sides in E14.5 Pax1−/−Pax9−/− embryos; a defect not observed in Pax1−/− 
mutants. Cellular motion associated genes were also dramatically affected in the double null 
mutants, thus affirming the role of Pax1 and Pax9 in regulating cell motion [23].

The cell-type-specific molecular approach also revealed novel functions of Pax1/Pax9 in regu-
lating genes associated with collagen fibrillogenesis and cartilage development independent 
of Sox9, like Col2a1, Bmp4, Acan, Sox5 and Wwp2. Col2a1, Wwp2 and Sox5 are also directly reg-
ulated by Pax9 in the vertebral column, and a single copy of Pax1 or Pax9 can independently 
maintain transcription of these critical IVD genes [23]. Additionally, Pax1 has been shown to 
induce Acan in chick presomitic mesoderm explants, independent of Shh [56]. A further con-
firmation of genetic linkage of these genes with Pax1/Pax9 is that knock-out mouse mutants of 
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Col2a1 [57], Acan [58], Wwp2 [59] and Sox5 [60] exhibit axial skeletal and craniofacial defects 
that phenocopy Pax1−/−Pax9−/− mutants (Table 1) [52, 57, 61–68].

Importantly, Pax1/Pax9 and Sox5/Sox6 were linked by a negative feedback loop in the verte-
bral column. This Pax-Sox network might be essential in the segregation of IAF and OAF. Sox5 
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modulate its signaling.

[23, 52, 57, 
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2 Acan, Aggrecan (1) Vertebral, intervertebral 
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cartilage condensations

(2) Limb, head, nasal 
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(1) Major ECM component of 
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(3) Water retention and maintain 
osmotic pressure in cartilage

[61–63]

3 Sox5, SRY-box-containing 
gene 5

(1) Vertebral, intervertebral 
disc, tail, limb and craniofacial 
cartilage condensations
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(1) ECM synthesis

(2) Cartilage development

(3) Chondrocyte differentiation

[23, 60–65]

4 Wwp2, WW domain 
containing E3 ubiquitin

(1) Maxilla and mandible

(2) Vertebral and intervertebral 
disc condensations

(1) Ubiquitylation of proteins

(2) Mono-ubiquitylates Sox9 
and enhances its transcriptional 
activity

(3) Forms a complex with Sox9: 
Sox9-Wwp2-Med25 complex 
which drives Col2a1  expression.

(4) Palatogenesis

[23, 62, 67]

5 Bmp4, Bone 
morphogenetic protein 4

(1) Limb and head 
mesenchyme

(2) Nasal pit epithelium

(3) Vertebrae and intervertebral 
disc cartilage condensations

(4) Dental and palatal 
mesenchyme

(1) Growth factor to activate BMP 
signaling

(2) BMP signaling promotes ECM 
production and chondrocyte 
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(3) Cartilage development and 
chondrocyte differentiation

(4) Bmp4 up-regulates cartilage 
marker genes likes Acan, Sox5, 
Sox6 and Sox9.

[23, 62, 68, 71]

Abbreviation(s): ECM, extracellular matrix.

Table 1. Expression sites and functions of selected Pax1/Pax9 downstream targets essential in axial skeletogenesis.
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and Sox6 play redundant but vital roles in IVD morphogenesis by regulating the timely matu-
ration of chondroblasts and promoting inner annulus differentiation [60]. They are known to 
regulate ECM genes Col2a1 and Acan in conjunction with Sox9 as Sox trio (Sox5/Sox6/Sox9) 
[60, 63, 66, 69]. On the other hand, Pax1 and Pax9 are down-regulated during the maturation 
of pre-chondrogenic cells into chondrocytes in the IAF and become restricted to the fibrotic 
OAF. Cell-type-specific analysis of EGFP-targeted Sox5−/−Sox6−/− mutants (generated in our lab 
by a similar strategy as the Pax1/Pax9 alleles) revealed that Sox5/Sox6 repressed Pax1, while 
Pax1/Pax9 positively regulated Sox5 in the IVD anlagen cells [70]. This negative feedback cir-
cuit between Pax and Sox could therefore explain the initial co-expression of Sox and Pax in 
the IVD mesenchyme at E12.5-E13.5, and the subsequent restriction of Pax1/Pax9 to the OAF 
by E15.5 [23].

Pax1 and Pax9 also have a subsequent role in IVD differentiation through their connection 
with Sox5/Sox6, BMP and TGF-b pathways. First, TGF-b and BMP components - Smad3, 
Tgfbr2, Tgfb3 and Bmp4 are all expressed in the IVD anlagen at E12.5 and become restricted 
to the OAF by E14.5 [23, 71]. Second, TGF-b signaling is essential to maintain the boundary 
between VB and IVD, by preventing the inappropriate chondrogenic differentiation in the 
future IVD segment of the sclerotome and promoting annulus fibrosus development of the 
IVD [71–73]. Conversely, BMP signaling promotes chondrogenic differentiation of sclerotome 
cells by regulating the Sox trio and cartilage genes (Acan and Wwp2) [71]. Third, Pax1/Pax9 
regulate Bmp4 and BMP- and TGF-b- regulated targets in the IVD anlagen (Figure 3). The con-
tinued expression of Pax1/Pax9, Bmp4 and TGF-b pathway components in the OAF at E14.5 
suggests their involvement in further differentiation of the OAF [23].

In terms of compensatory roles, compared to Pax9, Pax1 is the more dominant player in axial 
skeleton development. The primary reason is that Pax1 has the ability to fully compensate 
for Pax9 deficiency in the vertebral column, by up-regulating its own expression through 
auto-regulation. Pax9−/− mutants show upregulated Pax1 expression. The inverse, however, 
is not true as Pax9 is incapable of upregulating itself in Pax1−/−, thus being unable to match 
the dosage required to rescue Pax1 function [23, 30, 52]. While dosage may partly explain the 
defect, the high homology shared between the PD of Pax1 and Pax9 makes one wonder if Pax9 
can truly regulate all of the Pax1 targets if knocked into the Pax1 locus. In fact, Pax1 and Pax9 
can independently regulate some of the same set of critical IVD genes (e.g. Sox5, Col2a1 and 
Wwp2). Thus, a Pax9-knock-in to Pax1 locus would abrogate any temporal and spatial differ-
ences between Pax1 and Pax9, and allow us to investigate if Pax9 is truly capable of perform-
ing the functions of Pax1 or if both inherently regulate different set of targets.

In humans, PAX1 and PAX9 have been linked to Jarcho-Levine and Klippel-Feil syndromes, 
characterized by vertebral anomalies such as kyphoscoliosis or vertebral segmentation 
defects that phenocopy Pax1−/−Pax9−/− mouse mutants [4, 74, 75]. Indeed, several of the Pax1/
Pax9 regulated genes have been associated with similar axial skeleton defects [23]. Of these, 
mutations in ACAN have been linked to spondyloepiphyseal dysplasia (SEMD) and muta-
tions in COL2A1 is responsible for certain forms of SEMD [76, 77]. Identification of Pax1/Pax9 
as upstream regulators of these genes suggests that dysregulation of PAX1/PAX9 function can 
reduce the levels of downstream targets like Acan and Col2a1 which in turn lead to vertebral 
anomalies.
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5.2. Pax1 and Pax9 in pharyngeal-derived tissues

The pharyngeal endodermal pouches (Pp) are pockets that develop successively from the 
foregut endoderm in a rostro-caudal fashion. They are depressions found in between the 
branchial/pharyngeal arches which form in the cranial lateral parts of the embryo. These Pp 
and arches encompass cells derived from the three different germ layers – ectoderm, endo-
derm and mesoderm- as well as neural crest-derived mesenchyme [78, 79].

Each Pp gives rise to different craniofacial and glandular structures. The 1st Pp (Pp1) gives 
rise to the maxillary and mandibular structures, 3rd Pp (Pp3) gives rise to thymus and para-
thyroid glands, and the 4th Pp (Pp4) gives rise to the ultimobranchial bodies which subse-
quently give rise to thyroid C cells. The 2nd Pp (Pp2) is known to give rise to the palatine 
tonsil epithelium in all mammals except rodents, and in non-mammals (e.g. avian) it is sus-
pected to give rise to salivary glands, although the latter remains to be investigated in more 
species [78, 79].

5.2.1. Pax9 in palatogenesis

Pp1-derived maxillary and mandibular prominence are the foundation structures for proper 
palatogenesis and odontogenesis. The shared developmental ontology of palate and teeth thus 
result in the co-occurrence of orofacial clefts and tooth agenesis when genes underlying Pp 
development are disrupted [80]. In fact, the molecular networks that regulate palatogenesis 

Figure 3. Schematic of Pax-Sox-TGFb-BMP4 network in the development of embryonic IVD. TGF-b signaling maintains 
the boundary between vertebral body (VB) and intervertebral disc (IVD), by preventing the inappropriate chondrogenic 
differentiation in the future IVD segment. Bmp4 is regulated by Pax1/Pax9 and the Sox trio. Bmp4 itself regulates the 
Sox trio. The negative feedback loop mechanism between Pax1/Pax9 and Sox5/Sox6, and their connection to Bmp4 is 
postulated to be essential in the segregation of IAF and OAF during IVD development. At E14.5, expression of Bmp4, 
Pax1, Pax9 and Tgfb3 are restricted to the OAF while the Sox trio is retained in the IAF. Abbreviations: VB, vertebral body; 
IVD, intervertebral disc; TGF-b, transforming growth factor, beta; BMP4, bone morphogenetic protein 4.
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and Sox6 play redundant but vital roles in IVD morphogenesis by regulating the timely matu-
ration of chondroblasts and promoting inner annulus differentiation [60]. They are known to 
regulate ECM genes Col2a1 and Acan in conjunction with Sox9 as Sox trio (Sox5/Sox6/Sox9) 
[60, 63, 66, 69]. On the other hand, Pax1 and Pax9 are down-regulated during the maturation 
of pre-chondrogenic cells into chondrocytes in the IAF and become restricted to the fibrotic 
OAF. Cell-type-specific analysis of EGFP-targeted Sox5−/−Sox6−/− mutants (generated in our lab 
by a similar strategy as the Pax1/Pax9 alleles) revealed that Sox5/Sox6 repressed Pax1, while 
Pax1/Pax9 positively regulated Sox5 in the IVD anlagen cells [70]. This negative feedback cir-
cuit between Pax and Sox could therefore explain the initial co-expression of Sox and Pax in 
the IVD mesenchyme at E12.5-E13.5, and the subsequent restriction of Pax1/Pax9 to the OAF 
by E15.5 [23].

Pax1 and Pax9 also have a subsequent role in IVD differentiation through their connection 
with Sox5/Sox6, BMP and TGF-b pathways. First, TGF-b and BMP components - Smad3, 
Tgfbr2, Tgfb3 and Bmp4 are all expressed in the IVD anlagen at E12.5 and become restricted 
to the OAF by E14.5 [23, 71]. Second, TGF-b signaling is essential to maintain the boundary 
between VB and IVD, by preventing the inappropriate chondrogenic differentiation in the 
future IVD segment of the sclerotome and promoting annulus fibrosus development of the 
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tions in COL2A1 is responsible for certain forms of SEMD [76, 77]. Identification of Pax1/Pax9 
as upstream regulators of these genes suggests that dysregulation of PAX1/PAX9 function can 
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Gene Expression and Regulation in Mammalian Cells - Transcription Toward the Establishment of Novel Therapeutics190

5.2. Pax1 and Pax9 in pharyngeal-derived tissues

The pharyngeal endodermal pouches (Pp) are pockets that develop successively from the 
foregut endoderm in a rostro-caudal fashion. They are depressions found in between the 
branchial/pharyngeal arches which form in the cranial lateral parts of the embryo. These Pp 
and arches encompass cells derived from the three different germ layers – ectoderm, endo-
derm and mesoderm- as well as neural crest-derived mesenchyme [78, 79].

Each Pp gives rise to different craniofacial and glandular structures. The 1st Pp (Pp1) gives 
rise to the maxillary and mandibular structures, 3rd Pp (Pp3) gives rise to thymus and para-
thyroid glands, and the 4th Pp (Pp4) gives rise to the ultimobranchial bodies which subse-
quently give rise to thyroid C cells. The 2nd Pp (Pp2) is known to give rise to the palatine 
tonsil epithelium in all mammals except rodents, and in non-mammals (e.g. avian) it is sus-
pected to give rise to salivary glands, although the latter remains to be investigated in more 
species [78, 79].

5.2.1. Pax9 in palatogenesis

Pp1-derived maxillary and mandibular prominence are the foundation structures for proper 
palatogenesis and odontogenesis. The shared developmental ontology of palate and teeth thus 
result in the co-occurrence of orofacial clefts and tooth agenesis when genes underlying Pp 
development are disrupted [80]. In fact, the molecular networks that regulate palatogenesis 

Figure 3. Schematic of Pax-Sox-TGFb-BMP4 network in the development of embryonic IVD. TGF-b signaling maintains 
the boundary between vertebral body (VB) and intervertebral disc (IVD), by preventing the inappropriate chondrogenic 
differentiation in the future IVD segment. Bmp4 is regulated by Pax1/Pax9 and the Sox trio. Bmp4 itself regulates the 
Sox trio. The negative feedback loop mechanism between Pax1/Pax9 and Sox5/Sox6, and their connection to Bmp4 is 
postulated to be essential in the segregation of IAF and OAF during IVD development. At E14.5, expression of Bmp4, 
Pax1, Pax9 and Tgfb3 are restricted to the OAF while the Sox trio is retained in the IAF. Abbreviations: VB, vertebral body; 
IVD, intervertebral disc; TGF-b, transforming growth factor, beta; BMP4, bone morphogenetic protein 4.
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and odontogenesis share mostly the same set of genes, although the hierarchy and connections 
between them is tissue-dependent.

Palate, the roof of the mouth, is the structure that helps separate the nasal from the oral cavity. 
It consists of the anterior hard palate and posterior soft palate. The primary palate forms the 
anterior portion, and is derived from the medial nasal process. The pair of medial outgrowth 
of the maxillary processes form the palatal shelves which elevate horizontally above the dor-
sum of the tongue and fuse to form the secondary palate [81]. Pax9 is expressed in the neural 
crest-derived medial nasal process at E10.5, which subsequently develops into the maxillary 
prominence (upper jaw). Pax9 then begins to be expressed in the palatal shelf mesenchyme at 
E12.5 onwards in a posterior-to-anterior gradient.

Pax9−/− mutants exhibit deficiency in primary palate outgrowth. Also, their palatal shelves are 
abnormally shaped and fail to elevate, resulting in failure of palatal fusion [30, 82]. Conditional 
knock-out of Pax9 specifically in neural crest cells (Pax9flox/Wnt1-Cre) showed definitive proof 
that defects in the neural crest-derived mesenchymal components are the underlying basis 
for the palatal defects seen in Pax9-null mutants [83]. Disrupted anterior-posterior (A/P) pat-
terning of the palatal shelves and decreased posterior palate mesenchymal proliferation are 
believed to be underlying cause of the palate defects in Pax9-null mutants [82].

Current studies begin to reveal a molecular network involving Pax9, Msx1, Bmp4, Osr2, Fgf10 
and Shh in palatogenesis. In Pax9-deficient mutants, Shh in the palatal epithelium and rugae, 
and Msx1, Bmp4, Osr2 and Fgf10 in the palate mesenchyme were all reduced, indicating Pax9 
is located upstream of these factors in the network hierarchy. Studies suggest that Pax9 modu-
lates A/P patterning through the Bmp4/Shh axis, and palate growth and elevation through 
Osr2/Fgf10/Shh cascade, whereby both Shh and Pax9 independently regulate Osr2 (Figure 4) 
[81, 82, 84, 85]. A more recent study has shown the involvement of Wnt signaling downstream 
of Pax9 to play a role in palate elevation as well. How these multiple factors are integrated in 
this complex morphogenetic process remains to be fully understood. Especially, we still lack 
information on which targets are directly regulating each other and how these networks are 
integrated at a single cell level.

Contrary to Pax9, Pax1 is not expressed in the dental and palatal mesenchyme. This explains 
the differential phenotypic abnormalities seen in Pax1−/− vs. Pax9−/− mutants. Pax1−/− mutants 
never exhibit the striking craniofacial defects - cleft secondary palate, defective primary palate 
and tooth agenesis seen in Pax9−/− mutants [9, 30]. Pax1, however, is expressed in a different 
domain of the facial mesenchyme, but its function in this tissue remains to be investigated 
[16, 43].

5.2.2. Pax9 in odontogenesis

Even though anatomical differences exist between mouse and human odontogenesis, the 
genetic basis of tooth development is conserved between vertebrates [53]. In humans, among 
the orofacial developmental defects, two most common anomalies are tooth agenesis and oro-
facial clefts. Worldwide, about 1 in 1000 individuals suffers from oligodontia [86]. Dominant 
heterozygous mutations in PAX9 have been identified to be the underlying genetic cause 
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of non-syndromic forms of tooth agenesis in some cases [80]. Identification of the genetic 
cascade involved in odontogenesis in mouse will therefore greatly assist in rectifying tooth 
agenesis in humans. Elucidation of these pathways is also important for stem cell directed 
therapies for tooth agenesis.

Similar to the palate, dental mesenchyme is also derived from cranial neural crest cells, and 
so show defects in Pax9-null and Pax9-cKO mutants. After patterning during early embryonic 
stages, which determine the sites, size of tooth field and type of teeth that should develop, 
tooth development at the specified regions begins. Tooth development happens through a 
succession of morphogenetic changes and differentiation involving the proverbial epithe-
lial-mesenchymal interactions for signal exchange - between the dental mesenchyme (of the 
Pp1-derived mandible and maxilla), and the overlying dental epithelium [87]. It involves a 
back-and-forth, dynamic “developmental power” shift between the epithelium and mesen-
chyme throughout development.

Figure 4. Pax9 molecular network in palatogenesis. (A) Shh expressing epithelial rugae serve as signaling centers for 
coordinating the A/P patterning and anterior outgrowth of the palate. Shh expression is maintained in the anterior 
epithelium by Msx1/Bmp4 and in posterior epithelium by Pax9-mediated Bmp4, independent of Msx1. The expression 
level of the various factors in the anteroposterior axis is illustrated below. Bmp4 expression was not detected in the mid-
region of the palate at E12.5-E13.5 [82]. (B) Pax9 regulates mesenchymal proliferation in the posterior palate through 
the Osr2/Fgf10/Shh axis. Shh also regulates Osr2 independently. This mesenchymal-epithelial signaling in the palate is 
essential to maintain proliferation of both the mesenchyme and epithelium [85]. Abbreviations: A/P, anterior-posterior; 
A, anterior; P, posterior.
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believed to be underlying cause of the palate defects in Pax9-null mutants [82].
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and Msx1, Bmp4, Osr2 and Fgf10 in the palate mesenchyme were all reduced, indicating Pax9 
is located upstream of these factors in the network hierarchy. Studies suggest that Pax9 modu-
lates A/P patterning through the Bmp4/Shh axis, and palate growth and elevation through 
Osr2/Fgf10/Shh cascade, whereby both Shh and Pax9 independently regulate Osr2 (Figure 4) 
[81, 82, 84, 85]. A more recent study has shown the involvement of Wnt signaling downstream 
of Pax9 to play a role in palate elevation as well. How these multiple factors are integrated in 
this complex morphogenetic process remains to be fully understood. Especially, we still lack 
information on which targets are directly regulating each other and how these networks are 
integrated at a single cell level.

Contrary to Pax9, Pax1 is not expressed in the dental and palatal mesenchyme. This explains 
the differential phenotypic abnormalities seen in Pax1−/− vs. Pax9−/− mutants. Pax1−/− mutants 
never exhibit the striking craniofacial defects - cleft secondary palate, defective primary palate 
and tooth agenesis seen in Pax9−/− mutants [9, 30]. Pax1, however, is expressed in a different 
domain of the facial mesenchyme, but its function in this tissue remains to be investigated 
[16, 43].

5.2.2. Pax9 in odontogenesis

Even though anatomical differences exist between mouse and human odontogenesis, the 
genetic basis of tooth development is conserved between vertebrates [53]. In humans, among 
the orofacial developmental defects, two most common anomalies are tooth agenesis and oro-
facial clefts. Worldwide, about 1 in 1000 individuals suffers from oligodontia [86]. Dominant 
heterozygous mutations in PAX9 have been identified to be the underlying genetic cause 
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of non-syndromic forms of tooth agenesis in some cases [80]. Identification of the genetic 
cascade involved in odontogenesis in mouse will therefore greatly assist in rectifying tooth 
agenesis in humans. Elucidation of these pathways is also important for stem cell directed 
therapies for tooth agenesis.

Similar to the palate, dental mesenchyme is also derived from cranial neural crest cells, and 
so show defects in Pax9-null and Pax9-cKO mutants. After patterning during early embryonic 
stages, which determine the sites, size of tooth field and type of teeth that should develop, 
tooth development at the specified regions begins. Tooth development happens through a 
succession of morphogenetic changes and differentiation involving the proverbial epithe-
lial-mesenchymal interactions for signal exchange - between the dental mesenchyme (of the 
Pp1-derived mandible and maxilla), and the overlying dental epithelium [87]. It involves a 
back-and-forth, dynamic “developmental power” shift between the epithelium and mesen-
chyme throughout development.

Figure 4. Pax9 molecular network in palatogenesis. (A) Shh expressing epithelial rugae serve as signaling centers for 
coordinating the A/P patterning and anterior outgrowth of the palate. Shh expression is maintained in the anterior 
epithelium by Msx1/Bmp4 and in posterior epithelium by Pax9-mediated Bmp4, independent of Msx1. The expression 
level of the various factors in the anteroposterior axis is illustrated below. Bmp4 expression was not detected in the mid-
region of the palate at E12.5-E13.5 [82]. (B) Pax9 regulates mesenchymal proliferation in the posterior palate through 
the Osr2/Fgf10/Shh axis. Shh also regulates Osr2 independently. This mesenchymal-epithelial signaling in the palate is 
essential to maintain proliferation of both the mesenchyme and epithelium [85]. Abbreviations: A/P, anterior-posterior; 
A, anterior; P, posterior.
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The epithelium and mesenchyme together go through a series of stages from the epithelial 
thickening (at E11.0) to bud (E13.5), cap (E14.5), bell (E16.5-E18.5) and tooth eruption stages. 
Tissue recombination experiments early on showed that oral epithelium from E9.0 to E11.5 
possessed odontogenic potential to induce tooth development in the underlying non-dental, 
neural crest-derived mesenchyme, but not in the non-neural crest-derived limb mesenchyme 
[88, 89]. This tooth inductive potential then shifts to the dental mesenchyme. Indeed the den-
tal mesenchyme was able to induce tooth development when combined with a non-oral epi-
thelium, but the dental epithelium had lost this ability at E13.0. In a similar manner, at E14.5, 
the odontogenic potential shifts to the epithelial enamel knot, a transient signaling core that 
drives the progression from cap to bell stages [90].

In early tooth morphogenesis, Pax9 is known to play dual roles in patterning the dental mes-
enchyme: (1) maintenance of Bmp4 mesenchymal expression to drive tooth progression from 
bud to cap stage; (2) restricting Msx1/Bmp4 signal mediated dental mesenchyme proliferation 
to the buccal side by maintaining Osr2 expression on the lingual side.

Pax9 is not needed for tooth bud initiation, but is required for its subsequent progression 
to the cap stage. Pax9 is initially induced in the dental mesenchyme of prospective molar 
and then incisor regions at E10.0 by diffusible FGF8 signals derived from the oral epithe-
lium. In turn, Pax9 expression is restricted to specific domains by the counter inhibition 
of Bmp4 from the epithelium and Bmp2 in the lateral mandibular mesenchyme [91]. Once 
initiated Pax9 expression is maintained and is no longer dependent on inductive sig-
nals from the oral epithelium. Pax9 remains expressed in tooth mesenchyme up to E16.5 
performing its role in patterning, proliferation and condensation. Hypomorphic Pax9 
mutants revealed a gene-dosage dependency on Pax9 for tooth formation. In these mice, 
decreased Pax9 levels led to reduction in number of dental mesenchymal cells, hence 
defective mesenchymal condensation and subsequent developmental delay in molar 
development. However, Pax9-null mutants exhibit a dramatic phenotype where they lack 
all teeth [30, 53].

In vivo and in vitro studies revealed more complexity in the tooth morphogenetic process, 
involving a Pax9/Msx1/Bmp4/Osr2 signaling axis [92, 93]. Pax9-null mutants showed reduced 
Msx1, Bmp4 and Osr2 expression in the dental mesenchyme suggesting that it is on top of the 
network hierarchy. In addition, Pax9 and Msx1 are co-expressed in the dental mesenchyme 
and synergistically regulate tooth development through Bmp4. Single homozygous mutants 
of Pax9−/− and Msx1−/− show cleft palate with arrested tooth development [30, 94]. Msx1-null 
mutants however showed reduction only in Bmp4 but not in Pax9 or Osr2 [95]. Although Pax9 
is upstream of Msx1, it is not necessary for Msx1 expression during tooth initiation at E12.5, 
but is required for its activation at later stages (E13.5-E14.5). In turn, both Pax9 and Msx1 inter-
act at the protein level to synergistically drive Bmp4 expression [92, 96], which appears to be 
primarily driven by the paired domain of Pax9. The epistatic relationship between Pax9, Msx1 
and Bmp4 was further evident through the partial rescue of dentition defects in Pax9+/−Msx1+/− 
mutants by re-expression of Bmp4 [92].

BMP4 signaling is required downstream of Pax9 and Msx1 for tooth morphogenesis to prog-
ress from the bud to the cap stage, failure of which will result in tooth agenesis. Mice with 
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neural crest-specific inactivation of Bmp4 (Bmp4f/f;Wnt1Cre) exhibit arrested development 
at the bud-stage in mandibular molar teeth [95]. While in early tooth initiation Bmp4 from 
the oral epithelium has a repressive role on Pax9, once Pax9 expression becomes indepen-
dent of epithelial signals, the Bmp4/Pax9 hierarchy becomes inverted and Bmp4 is no longer 
able to inhibit Pax9. Rather Bmp4 expression becomes dependent on Pax9 and Msx1 [92].

Besides Pax9, another layer of patterning of the dental field is driven by Osr2, a negative regula-
tor of odontogenic potential, mediated by its inhibition of Bmp4 in the lingual region. Both Osr2 
and Bmp4 are expressed in opposing gradients in the dental mesenchyme: Osr2 is expressed 
in a lingual-buccal gradient while Bmp4 is expressed in a buccal-lingual gradient. Moreover, 
Osr2−/− mutants exhibit supernumerary teeth lingual to molars. Genetic inactivation of Osr2 in 
Msx1−/−;Bmp4cKO mice rescued the dental defects. Additionally, Bmp4 expression in the dental 
mesenchyme was rescued in the Msx1−/−Osr2−/− mutants. Osr2 could stably interact with Msx1 at 
the protein level and weakly with Pax9, suggesting a potential competition between Osr2 and 
Pax9 in partnering with Msx1 to drive Bmp4 expression [93]. These observations thus put forth 
a more defined but complex regulatory mechanism at play in the dental domain (Figure 5).

In humans, mutations in paired domain of PAX9, which in turn lead to defective PAX9 func-
tion, or mutations in the conserved regulatory elements of PAX9, which lead to reduced PAX9 
levels, have been associated with autosomal dominant hypodontia [97–101]. In certain severe 
cases of non-syndromic oligodontia, the heterozygous deletion of PAX9 locus, or mutations in 

Figure 5. Pax9 molecular network in odontogenesis. (A) Pax9 regulates a Msx1/Bmp4 axis in the dental mesenchyme. 
Osr2 expression in the lingual side restricts Bmp4 to the buccal mesenchyme. Pax9 is postulated to indirectly regulate 
Osr2 expression. (B) Pax9 and Msx1 interaction at the protein level to regulate Bmp4 expression. In vitro, Osr2 also has the 
ability to strongly bind to Msx1, and weakly to Pax9. Osr2 may compete with Pax9 for Msx1 to inhibit Bmp4 expression. 
Abbreviation(s): de, dental epithelium; dm, dental mesenchyme.
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The epithelium and mesenchyme together go through a series of stages from the epithelial 
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of Pax9−/− and Msx1−/− show cleft palate with arrested tooth development [30, 94]. Msx1-null 
mutants however showed reduction only in Bmp4 but not in Pax9 or Osr2 [95]. Although Pax9 
is upstream of Msx1, it is not necessary for Msx1 expression during tooth initiation at E12.5, 
but is required for its activation at later stages (E13.5-E14.5). In turn, both Pax9 and Msx1 inter-
act at the protein level to synergistically drive Bmp4 expression [92, 96], which appears to be 
primarily driven by the paired domain of Pax9. The epistatic relationship between Pax9, Msx1 
and Bmp4 was further evident through the partial rescue of dentition defects in Pax9+/−Msx1+/− 
mutants by re-expression of Bmp4 [92].

BMP4 signaling is required downstream of Pax9 and Msx1 for tooth morphogenesis to prog-
ress from the bud to the cap stage, failure of which will result in tooth agenesis. Mice with 

Gene Expression and Regulation in Mammalian Cells - Transcription Toward the Establishment of Novel Therapeutics194
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at the bud-stage in mandibular molar teeth [95]. While in early tooth initiation Bmp4 from 
the oral epithelium has a repressive role on Pax9, once Pax9 expression becomes indepen-
dent of epithelial signals, the Bmp4/Pax9 hierarchy becomes inverted and Bmp4 is no longer 
able to inhibit Pax9. Rather Bmp4 expression becomes dependent on Pax9 and Msx1 [92].
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the protein level and weakly with Pax9, suggesting a potential competition between Osr2 and 
Pax9 in partnering with Msx1 to drive Bmp4 expression [93]. These observations thus put forth 
a more defined but complex regulatory mechanism at play in the dental domain (Figure 5).
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the initiation codon of PAX9 have been noted [102, 103]. Considering the crucial role of Pax9 
in regulating BMP signaling for tooth morphogenesis to progress from bud to cap stage, it can 
be discerned that in humans with defective PAX9 function, tooth morphogenesis would be 
incomplete, resulting in missing teeth.

5.2.3. Pax1 and Pax9 in thymus development

The thymus is a bi-lobular epithelial organ surrounded by a mesenchymal capsule, located 
in the thoracic cavity. It is the niche site for T cell selection and maturation. The parathyroid 
glands, on the other hand, are endocrine glands located adjacent to the thyroid gland and 
produce parathyroid hormone for calcium homeostasis [104].

During development, the entire thymic epithelial component (cortical and medullary) is 
derived from the Pp3 endoderm. But proper formation of a functional thymus requires inter-
action with the surrounding neural crest-derived mesenchymal capsule [105, 106]. The mes-
enchymal capsule is essential for the proper thymic epithelial cell (TEC) proliferation and 
differentiation (by secreting FGF signals) and the collective migration of the thymic rudiment 
into their appropriate final location - the thoracic cavity, above the heart [107].

Although Pax9 is known to be expressed in neural crest-derived mesenchyme, it has clear 
endodermal contributions for thymus development as it is expressed only in the endoderm-
derived epithelium of the Pp [83, 108]. Unlike the sclerotome, Pax9 is first expressed in the 
Pp3 endoderm at E9.5, while Pax1 is only weakly detected at this stage [31]. Pax1 expres-
sion becomes stronger a day later at E10.5 along with Pax9 [16, 31]. Both Pax1 and Pax9 are 
expressed in the E12.5 thymic anlagen and become restricted to the thymic cortical epithelial 
cells by E14.5 [31]. Their expression remains in a subset of cortical epithelial cells in adults 
[109]. Since both thymus and parathyroid glands are derived from the Pp3, their formation 
is closely interconnected during development and show defects in the absence of Pax1 or 
Pax9 [104].

Hoxa3 is the earliest known regulator of Pp patterning toward parathyroid and thymic fates 
[110]. Even though the thymus and parathyroid glands develop from the same primordium, 
parathyroid patterning is initiated by E9.5, marked by Gcm2 expression, whereas thymus 
epithelium marker Foxn1 is detected only around E11.0. While Shh/Tbx1/Gcm2 pathways 
are essential for parathyroid patterning, the Hoxa3/Pax1/9/Eya1/Six1/4 axis drives thymus 
anlage formation and patterning [109, 111]. The hierarchy of genes within the latter cascade 
however remains to be clarified. Both Pax1 and Pax9 are down-regulated in E10.5 thymic 
primordia in Hoxa3−/− mutants [112]. While Hoxa3 is not essential for initiation of Pax1 and 
Pax9 in the primordium, it is essential for their maintenance later. Pax1 and Pax9 expres-
sion is normal in the Eya1-null and Six1/Six4-null mutants indicating they are upstream 
of Eya1 and Six1/Six4 in this cascade [113]. But this is complicated by the observation that 
Eya1−/−Six1−/− mutants show reduced Pax1 but unaltered Pax9 expression [114]. Regardless 
of the hierarchy, it is clear that Pax1 and Pax9 have important roles in thymus/parathyroid 
development.
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Pax1 loss of function mutants exhibit a hypoplastic thymus with defects in thymocyte matura-
tion [8, 31]. Furthermore, Hoxa3+/−Pax1−/− compound mutants show a more drastic thymus phe-
notype than single null mutants. They possess hypoplastic thymi that are ectopically located 
due to delay in separation from the pharynx, indicating that Hoxa3 and Pax1 genetically inter-
act and synergize to regulate proliferation of the thymus primordium [115].

A more drastic phenotype has been described for Pax9 targeted-null mutants, whereby all the 
Pp3 and Pp4 derivatives - the entire thymus, parathyroid gland and ultimobranchial bodies 
– are absent [30]. However a subsequent study showed that Pax9−/− mutants indeed possess a 
hypoplastic, rudimentary thymic structure, colonized by T cell precursors, albeit ectopically 
localized in the larynx owing to failure of separation from the pharynx [116]. Furthermore, 
Pax9 mutants exhibit defects in certain lymphocyte (T cell) subtypes. These data indicated that 
Pax9 is not necessary for thymic primordium formation, but essential for its correct localiza-
tion and normal thymopoiesis [116].

6. Conclusion

Accumulating evidences suggest the emergence of a central role of Pax1 and Pax9 in cell pro-
liferation, cell motility and ECM regulation for condensation. Despite increasing knowledge 
of how these two TFs are interconnected with other factors, a myriad of questions still remain 
unanswered. For example, what tissue-restricted co-factors do Pax1 and Pax9 interact with 
to regulate the formation of axial skeleton and pharyngeal-derived tissues? If the PD of Pax1 
and Pax9 are highly conserved, can Pax1 compensate for Pax9 and vice versa in the above-
mentioned tissues if knocked-into the locus of its paralog? Furthermore, substantial prog-
ress in understanding the thymic and parathyroid development remains to be made. The 
exact molecular mechanisms of Pax1 and Pax9 initiation and their downstream targets are 
yet unknown in these tissues. Future studies on enriched specific cell-types and emerging 
state-of-the-art technologies will allow us to interrogate these questions at a single-cell reso-
lution. High throughput technologies such as single cell transcriptomics, spatial transcrip-
tomics (FISSEQ, MERFISH), multi-parameter profiling of proteins at single cell (CyTOF) and 
spatial levels (Imaging mass cytometry) will help to elucidate the pathways and the regula-
tory networks governing the development of these tissues [117–120]. These technologies in 
combination with ChIP-seq and utilization of the various gene-targeted mouse models will 
help to accelerate our understanding of these factors and their gene regulatory networks in 
the years to come.
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Abstract

The hypoxia-inducible factor-1α (HIF-1α) is an evolutionarily conserved transcription 
factor with prominent roles in the hypoxic response, cell survival, angiogenesis and can-
cer. HIF-1α functions as a sensor of molecular oxygen: in the presence of oxygen, it is 
degraded by the proteasome, whereas in reduced oxygen tensions, it heterodimerizes 
with the constitutively expressed HIF-1b subunit forming the functional HIF1 transcrip-
tion factor, which enters the nucleus to control expression of hypoxia-inducible genes. 
Since HIF-1α has been found upregulated in several cancers, it has attracted a lot of clini-
cal interest, because it represents an interesting candidate for pharmacological chemo-
therapy interventions. In this chapter, we discuss our current knowledge on the HIF1 
transcription factors and their major roles in development, physiology, angiogenesis and 
cancer using examples of recent studies in the model organism Drosophila melanogaster. 
Given the striking functional conservation between the mammalian and fruit fly HIF-1α, 
we expect that future studies in the Drosophila model will not only expand our knowledge 
on the basic HIF1 biology, but they will also pinpoint conserved molecular regulators of 
HIF1 that might lead to the discovery of novel cancer therapeutics.

Keywords: hypoxia, tumorigenesis, Warburg effect, metabolism, tracheogenesis, 
inflammation, Drosophila

1. HIF-1α in mammalian angiogenesis, inflammation and cancer

1.1. Oxygen is required for survival of all animals

Oxygen (O2) is the main ingredient of the atmospheric air and is required for the survival of 
all living organisms. It is also present in the seas and oceans, and it is necessary for survival 
of all aquatic living organisms. Oxygen accumulated on Earth’s atmosphere about 2.5 billion 

© 2018 The Author(s). Licensee InTech. This chapter is distributed under the terms of the Creative Commons
Attribution License (http://creativecommons.org/licenses/by/3.0), which permits unrestricted use,
distribution, and reproduction in any medium, provided the original work is properly cited.



Chapter 10

The Hypoxia-Inducible Factor-1α in Angiogenesis and
Cancer: Insights from the Drosophila Model

Vasilia Tamamouna and Chrysoula Pitsouli

Additional information is available at the end of the chapter

http://dx.doi.org/10.5772/intechopen.72318

Provisional chapter

© 2016 The Author(s). Licensee InTech. This chapter is distributed under the terms of the Creative Commons  
Attribution License (http://creativecommons.org/licenses/by/3.0), which permits unrestricted use, distribution, 
and reproduction in any medium, provided the original work is properly cited. 

DOI: 10.5772/intechopen.72318

The Hypoxia-Inducible Factor-1α in Angiogenesis and 
Cancer: Insights from the Drosophila Model

Vasilia Tamamouna and Chrysoula Pitsouli

Additional information is available at the end of the chapter

Abstract

The hypoxia-inducible factor-1α (HIF-1α) is an evolutionarily conserved transcription 
factor with prominent roles in the hypoxic response, cell survival, angiogenesis and can-
cer. HIF-1α functions as a sensor of molecular oxygen: in the presence of oxygen, it is 
degraded by the proteasome, whereas in reduced oxygen tensions, it heterodimerizes 
with the constitutively expressed HIF-1b subunit forming the functional HIF1 transcrip-
tion factor, which enters the nucleus to control expression of hypoxia-inducible genes. 
Since HIF-1α has been found upregulated in several cancers, it has attracted a lot of clini-
cal interest, because it represents an interesting candidate for pharmacological chemo-
therapy interventions. In this chapter, we discuss our current knowledge on the HIF1 
transcription factors and their major roles in development, physiology, angiogenesis and 
cancer using examples of recent studies in the model organism Drosophila melanogaster. 
Given the striking functional conservation between the mammalian and fruit fly HIF-1α, 
we expect that future studies in the Drosophila model will not only expand our knowledge 
on the basic HIF1 biology, but they will also pinpoint conserved molecular regulators of 
HIF1 that might lead to the discovery of novel cancer therapeutics.

Keywords: hypoxia, tumorigenesis, Warburg effect, metabolism, tracheogenesis, 
inflammation, Drosophila

1. HIF-1α in mammalian angiogenesis, inflammation and cancer

1.1. Oxygen is required for survival of all animals

Oxygen (O2) is the main ingredient of the atmospheric air and is required for the survival of 
all living organisms. It is also present in the seas and oceans, and it is necessary for survival 
of all aquatic living organisms. Oxygen accumulated on Earth’s atmosphere about 2.5 billion 

© 2018 The Author(s). Licensee InTech. This chapter is distributed under the terms of the Creative Commons
Attribution License (http://creativecommons.org/licenses/by/3.0), which permits unrestricted use,
distribution, and reproduction in any medium, provided the original work is properly cited.



years ago [1]. However, it was discovered only 245 years ago, by the chemist Carl Wilhelm 
Scheele [2]. Its main role in the survival of animals derives from its utilization during cellu-
lar respiration. Specifically, oxygen is involved in oxidative phosphorylation, the process that 
transfers the chemical energy stored in carbon bonds to the phosphate bonds of Adenosine 
Tri-Phosphate (ATP), which is the main energy carrier in all cell types of living organisms [3]. 
In addition, oxygen is the main component of ATP production, because it is the final electron 
acceptor of the respiratory chain. Oxygen-electron reaction leads to the release of reactive oxy-
gen species (ROS), which, when accumulated, results in oxidative stress and eventually cell 
death [4, 5]. Oxygen is necessary as an energy substrate, and the danger of oxidative dam-
age needs to be kept at equilibrium. Therefore, oxygen homeostasis is critical for all cellular 
processes, and its intermittent supply results in many pathophysiological conditions, such as 
myocardial ischemia, sepsis, pulmonary hypertension, chronic obstructive pulmonary disease 
and cancer, which correspond to frequent causes of mortality in the Western world [6].

The ambient oxygen concentration is 21%, and the cells of the majority of healthy tissues are 
exposed to less oxygen, which varies between 2 and 16% [6, 7]. Normoxia is defined as normal 
oxygen levels, whereas hypoxia is a situation where the organism is underprivileged of suf-
ficient oxygen supply. Hypoxia can be continuous or intermittent [4]. In anoxia, oxygen levels 
are strictly or totally insufficient, and in hyperoxia, oxygen is superfluous in the tissues and 
organs of the body. Low oxygen levels are mostly observed in acute inflammatory conditions 
and also within solid tumors [7]. In contrast, hyperoxia might be the result of immoderate 
oxygen delivery to the organism due to unlimited angiogenesis [8].

Transport of oxygen throughout the bodies of animals is achieved via different mechanisms 
that depend on the living environment and the size of each organism. For example, in small 
animals, such as the nematode Caenorhabditis elegans, atmospheric oxygen enters the body via 
diffusion. Insects, such as Drosophila melanogaster, use an elaborate network of tubules, and 
the tracheal system transports oxygen from the outside environment via the spiracular open-
ings to all the cells of the body. Specialized cells of the insect tracheal system, the terminal 
cells, are involved in actual gas exchange and come in close contact with different cells in the 
body that need oxygen. The respiration process and the allocation of oxygen to the trillions of 
cells in the bodies of organisms, such as vertebrates, seem to be more intricate because of their 
large body size. The delivery of oxygen to each part of the human/vertebrate body is achieved 
through the lungs, the diaphragm, the erythrocytes, the heart and the vasculature [3, 9].

1.2. The transcription factor HIF1 is key in oxygen sensing

The hypoxia-inducible factor-1α, HIF-1α, was characterized in 1990 as a transcription factor 
with a key role in oxygen sensing [10]. The discovery of HIF-1α opened new research avenues 
focusing on oxygen sensing and oxygen poverty [10]. Despite the discovery of two additional 
HIFs (the HIF-2α & the HIF-3α) and the variable response of all HIFs to hypoxia, HIF-1α 
remains the molecule with the major role in oxygen sensing [11, 12].

The importance of HIF-1α and oxygen sensing for living organisms is underscored by the evo-
lutionary conservation of this transcription factor in animals. The genomes of different spe-
cies ranging from corals to insects to mammals (i.e., Acropora millepora, Nematostella vectensis, 
Caenorhabditis elegans, Palaemonetes pugio, Drosophila melanogaster, Anopheles gambiae, Apis mellifera,  
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Nasonia vitripennis, Eurosta solidaginis, Tribolium castaneum, Mus musculus) encode homologs of 
the HIF-1α [13]. HIF-1α is present in all metazoans [14] and is characterized as a master regula-
tor of hypoxia-inducible genes in mammals [15]. HIF1 is a heterodimer of two subunits: one 
labile oxygen-sensitive subunit, the HIF-1α and one stable constitutively expressed subunit, the 
HIF-1β [3, 16–18]. The HIF subunits form a subfamily of the basic-Helix-Loop-Helix-Per/ARNT/
Sim (bHLH-PAS) superfamily of transcription factors. The bHLH proteins comprise a super-
family of eukaryotic transcription factors that can dimerize via their HLH domain, and the 
bHLH-PAS proteins are only a small group of this superfamily [18, 19]. The HIF1 heterodimer 
forms a bHLH transcription factor that recognizes and binds the hypoxia-response elements 
(HREs) on DNA. HREs are present in the promoters of HIF target genes, which are involved in 
intracellular homeostatic processes, such as energy metabolism, angiogenesis, erythropoiesis 
and apoptosis [15, 17]. HIF-1α is the main sensor of low oxygen concentrations [20] and is stabi-
lized upon hypoxia and also in response to divalent cations and iron chelators [21].

The human HIF-1α protein is composed of eight regulatory domains: the bHLH DNA binding 
and dimerization domain, the PAS dimerization domain, the amino-terminal and carboxy-termi-
nal nuclear localization signals (NLS-N and NLS-C), the proline-serine-threonine-rich protein sta-
bilization domain (PSTD), the amino-terminal and the carboxy-terminal transactivation domains 
(TAD-N and TAD-C), and the transcriptional inhibitory domain (ID). The HIF-1α peptide consists 
of 826 amino acids, whereas the HIF-1β peptide is smaller with 774 amino acids, because of alterna-
tive splicing in a region that encodes 15 residues [9]. Thus, the two HIF1 subunits have highly con-
served amino acid sequences for the majority of the regulatory domains described above [22, 23]. 
Apart from HIF1 (HIF-1α and HIF-1β), there are also another two HIFs, the HIF-2α and the 
HIF-3α, also known as ARNT2 and ARNT3. Their expression is more restricted in human and 
mouse tissues compared with the HIF-1α and the HIF-1β subunits [24–26].

The expression of functional HIF-1α is controlled at multiple levels, such as transcription, 
nuclear transport, protein stability, and transactivation. Most of the studies have focused on 
the stabilization of HIF-1α protein at in vivo and in vitro changes of oxygen levels [9]. Under 
sufficient oxygen concentrations (normoxia, 21% O2), the von Hippel-Lindau (VHL) E3 ubiq-
uitin ligase recognizes and binds to the hydroxylated HIF-1α subunit. VHL binds to HIF-1α 
only when HIF-1α is hydroxylated by the prolyl-4-hydroxylase (PHD). PHD operates as a 
direct sensor of oxygen, because it uses O2 as a substrate and attaches –OH groups to par-
ticular proline residues (Pro402 and Pro564 of human HIF-1α) [27]. Binding of VHL recruits 
a ubiquitin ligase complex composed of Elongin C, Elongin B, Cullin 2 (Cul2), and a Ring box 
protein (Rbx1) and attracts a ubiquitin-conjugating enzyme that attaches a polyubiquitin chain 
to HIF-1α to target it for proteasomal degradation [17]. The Pro564 residue of HIF-1α has a 
higher affinity for PHDs compared to the Pro402 residue [28]. However, the hydroxylation of 
the one can affect the hydroxylation of the other [28]. Other factors that play critical roles in 
the regulation of the pathway is the availability of O2 and Fe(II), and additionally, whether 
VHL protein can function properly or whether it has a mutation that makes it dysfunctional 
[28]. Furthermore, the control of the process is related to the cell type and the developmental 
phase of the tissue or organ. This regulation can be affected by post-translational events [28].

In hypoxia (1–2% O2), the PHD enzyme cannot hydroxylate HIF-1α because oxygen is lacking, 
VHL cannot bind to the HIF-1α subunit, and therefore, HIF-1α is not degraded by the protea-
some [20]. Stabilized HIF-1α is quickly transported to the nucleus to induce the transcription 
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years ago [1]. However, it was discovered only 245 years ago, by the chemist Carl Wilhelm 
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Tri-Phosphate (ATP), which is the main energy carrier in all cell types of living organisms [3]. 
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Nasonia vitripennis, Eurosta solidaginis, Tribolium castaneum, Mus musculus) encode homologs of 
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Sim (bHLH-PAS) superfamily of transcription factors. The bHLH proteins comprise a super-
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served amino acid sequences for the majority of the regulatory domains described above [22, 23]. 
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mouse tissues compared with the HIF-1α and the HIF-1β subunits [24–26].
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sufficient oxygen concentrations (normoxia, 21% O2), the von Hippel-Lindau (VHL) E3 ubiq-
uitin ligase recognizes and binds to the hydroxylated HIF-1α subunit. VHL binds to HIF-1α 
only when HIF-1α is hydroxylated by the prolyl-4-hydroxylase (PHD). PHD operates as a 
direct sensor of oxygen, because it uses O2 as a substrate and attaches –OH groups to par-
ticular proline residues (Pro402 and Pro564 of human HIF-1α) [27]. Binding of VHL recruits 
a ubiquitin ligase complex composed of Elongin C, Elongin B, Cullin 2 (Cul2), and a Ring box 
protein (Rbx1) and attracts a ubiquitin-conjugating enzyme that attaches a polyubiquitin chain 
to HIF-1α to target it for proteasomal degradation [17]. The Pro564 residue of HIF-1α has a 
higher affinity for PHDs compared to the Pro402 residue [28]. However, the hydroxylation of 
the one can affect the hydroxylation of the other [28]. Other factors that play critical roles in 
the regulation of the pathway is the availability of O2 and Fe(II), and additionally, whether 
VHL protein can function properly or whether it has a mutation that makes it dysfunctional 
[28]. Furthermore, the control of the process is related to the cell type and the developmental 
phase of the tissue or organ. This regulation can be affected by post-translational events [28].

In hypoxia (1–2% O2), the PHD enzyme cannot hydroxylate HIF-1α because oxygen is lacking, 
VHL cannot bind to the HIF-1α subunit, and therefore, HIF-1α is not degraded by the protea-
some [20]. Stabilized HIF-1α is quickly transported to the nucleus to induce the transcription 
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of target genes [20, 29]. In the nucleus, the HIF-1α/HIF-1β heterodimer binds the p300 coacti-
vator [30]. HIF1 and p300 form a complex that binds the double-stranded DNA and promotes 
transcription. HIF-1α has a plethora of target genes, which encode proteins involved in critical 
biological processes, such as erythropoiesis, vascular remodeling, metabolism, cell prolifera-
tion, cell viability and angiogenesis [9, 10] (Table 1).

1.3. HIF-1α controls tumor angiogenesis

Angiogenesis is the process of forming new blood vessels from pre-existing ones, which dif-
ferentiates into a vascular network [53, 54]. Blood vessels supply the body with oxygen, nutri-
ents, and immune surveillance. The extensive growth of veins and their non-physiological 
remodeling result in multiple illnesses, such as cancer and ischemic and inflammatory dis-
eases (e.g., arthritis, atherosclerosis, and diabetes) [54–58]. The veins are used as pathways for 
the migration of cancer cells [54]. Angiogenesis may be adversely affected by infection with 
pathogenic bacteria. Additionally, angiogenesis is a feature of cancer, as tumor cells induce 
the process in order to grow and become metastatic [59].

Previous studies have shown a correlation between tumor growth and angiogenesis and have 
established molecular links between the signaling pathways induced upon infection, gene 
regulation, and cancer [60–63]. According to the angiogenesis dogma, a tumor cannot grow 
more than a few millimeters in diameter, if it does not come in contact with the blood vessels 
by which it receives enough oxygen [54, 61]. Furthermore, due to the irregular shape and 
organization of the tumor vasculature, some cells are more than 100 mm away from the blood 
vessels and they also become hypoxic. The oxygen within the tumor is not static but fluctuates 
spatially and temporally [64]. Angiogenesis is regulated by molecules that act as “activators” 
(pro-angiogenic factors) or “inhibitors” (anti-angiogenic factors) [65]. Several studies have 
shown that the angiogenic activators play an important role in the growth and spread of 
tumors [66]. Key activators of angiogenesis belong to the family of VEGFs, and their receptors 
were found expressed in about half of human cancers investigated so far [66].

Importantly, HIF-1α has been shown to control the expression of proangiogenesis regulators, such 
as VEGF and other growth factors and often activation of their respective pathways feedback to 
enhance HIF-1α activity [9]. For example, the epidermal growth factors (EGFs) act as angiogen-
esis activators. The binding of EGF to the epidermal growth factor receptor (EGFR) activates the 
MAP kinase cascade and also induces the PI3K (phosphatidylinositol 3-kinase)—AKT/PKB (Protein 
Kinase B) pathway. The PI3K enzyme catalyzes the transfer of a phosphate group, which converts PI 
phospholipid (phosphatidylinositol) into PI-3P phospholipid (Phosphatidylinositol 3-phosphate). 
This conversion results in the full activation of the serine/threonine kinase PDK-1 (Phosphoinositide-
dependent kinase), which phosphorylates and activates another serine/threonine kinase, known as 
AKT. PTEN (phosphatase and TENsing homolog), which functions as a kinase with tumor suppres-
sor activity, is a negative regulator of PI3K, which mediates cell proliferation [67]. The protein kinase 
p70S6 is a target of mTOR. Through phosphorylation, it induces the translation of mRNAs, which 
encompass a 5′ end rich in pyrimidines. Such sites are found in the HIF-1α mRNA [68].

1.4. Tumor hypoxia, HIF-1α, and the Warburg effect

The hypoxic regions of a tumor are resistant to chemotherapy, exhibit modified metabolism, 
and often acquire metastatic and invasive properties [69–71]. Chronic cell proliferation, which 
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appears to correlate with tumor incidence, does not only involve cellular dysfunction but also 
energy metabolism adjustments through which the organism acquires enough energy by pro-
ducing ATP, which is used by cancer cells for cell division and growth. In 1924, the Nobelist 
Otto Warburg first described the preference of cancer cells to convert glucose into lactic acid 

Gene name Gene symbol Gene function NCBI 
Gene ID

Refs

Angiopoietin 1

Angiopoietin 2

ANGPT1 ANGPT2 Angiogenesis 284

285

[31]

BCL2 interacting protein 3 BNIP3 Apoptosis 664 [32, 33]

BCL2 interacting protein 3-like BNIP3L/NIX Apoptosis 665 [33]

Endothelin-1 ET1 Angiogenesis 1906 [34]

Enolase 1 ENO1 Energy metabolism 2023 [35]

Erythropoietin EPO Proliferation, survival 2056 [36]

Glyceraldehyde-3-phosphate 
dehydrogenase

GAPDH Energy metabolism 2597 [37]

Glucose transporter-1 GLUT1 Energy metabolism 6513 [38]

Hexokinase 1

Hexokinase 2

HEX1

HEX2

Energy metabolism 3098

3099

[39]

Prolyl 4-hydroxylase subunit alpha 1 P4HA Energy metabolism 5033 [40]

Insulin growth factor 2 IGF2 Growth and survival 3481 [41]

Insulin growth factor binding protein 
1, 2 and 3

IGFBP-1 Growth and survival 3484 [41, 42]

Lactate dehydrogenase A LDHA Energy metabolism 3939 [35]

MAX interactor 1 MXI1 Apoptosis, c-Myc activity 4601 [43, 44]

Nitric oxide synthase 2 NOS2 Angiogenesis 4843 [45]

Pyruvate kinase M PKM Energy metabolism 5315 [35]

Pyruvate dehydrogenase kinase 1 PDK1 Energy metabolism 5163 [46, 47]

Transforming growth factor beta 3 TGF-b3 Invasion, metastasis, growth, 
survival

7043 [48]

Tumor protein p53 p53 Apoptosis 7157 [49]

Twist TWIST Metastasis 7291 [50]

Vascular endothelial growth factor A VEGFA Angiogenesis, growth, 
survival

7422 [51]

Vascular endothelial growth factor 
receptor 1

VEGFR-1/ FLT-1 Angiogenesis, growth, 
survival

2321 [52]

Although several genomic studies have identified a plethora of potential HIF1 targets, here we focus only on direct 
targets of HIF-1α with characterized HREs

Table 1. A list of HIF-1α targets with key functions in a variety of physiological cellular processes, such as angiogenesis, 
survival, and energy metabolism.
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of target genes [20, 29]. In the nucleus, the HIF-1α/HIF-1β heterodimer binds the p300 coacti-
vator [30]. HIF1 and p300 form a complex that binds the double-stranded DNA and promotes 
transcription. HIF-1α has a plethora of target genes, which encode proteins involved in critical 
biological processes, such as erythropoiesis, vascular remodeling, metabolism, cell prolifera-
tion, cell viability and angiogenesis [9, 10] (Table 1).

1.3. HIF-1α controls tumor angiogenesis

Angiogenesis is the process of forming new blood vessels from pre-existing ones, which dif-
ferentiates into a vascular network [53, 54]. Blood vessels supply the body with oxygen, nutri-
ents, and immune surveillance. The extensive growth of veins and their non-physiological 
remodeling result in multiple illnesses, such as cancer and ischemic and inflammatory dis-
eases (e.g., arthritis, atherosclerosis, and diabetes) [54–58]. The veins are used as pathways for 
the migration of cancer cells [54]. Angiogenesis may be adversely affected by infection with 
pathogenic bacteria. Additionally, angiogenesis is a feature of cancer, as tumor cells induce 
the process in order to grow and become metastatic [59].

Previous studies have shown a correlation between tumor growth and angiogenesis and have 
established molecular links between the signaling pathways induced upon infection, gene 
regulation, and cancer [60–63]. According to the angiogenesis dogma, a tumor cannot grow 
more than a few millimeters in diameter, if it does not come in contact with the blood vessels 
by which it receives enough oxygen [54, 61]. Furthermore, due to the irregular shape and 
organization of the tumor vasculature, some cells are more than 100 mm away from the blood 
vessels and they also become hypoxic. The oxygen within the tumor is not static but fluctuates 
spatially and temporally [64]. Angiogenesis is regulated by molecules that act as “activators” 
(pro-angiogenic factors) or “inhibitors” (anti-angiogenic factors) [65]. Several studies have 
shown that the angiogenic activators play an important role in the growth and spread of 
tumors [66]. Key activators of angiogenesis belong to the family of VEGFs, and their receptors 
were found expressed in about half of human cancers investigated so far [66].

Importantly, HIF-1α has been shown to control the expression of proangiogenesis regulators, such 
as VEGF and other growth factors and often activation of their respective pathways feedback to 
enhance HIF-1α activity [9]. For example, the epidermal growth factors (EGFs) act as angiogen-
esis activators. The binding of EGF to the epidermal growth factor receptor (EGFR) activates the 
MAP kinase cascade and also induces the PI3K (phosphatidylinositol 3-kinase)—AKT/PKB (Protein 
Kinase B) pathway. The PI3K enzyme catalyzes the transfer of a phosphate group, which converts PI 
phospholipid (phosphatidylinositol) into PI-3P phospholipid (Phosphatidylinositol 3-phosphate). 
This conversion results in the full activation of the serine/threonine kinase PDK-1 (Phosphoinositide-
dependent kinase), which phosphorylates and activates another serine/threonine kinase, known as 
AKT. PTEN (phosphatase and TENsing homolog), which functions as a kinase with tumor suppres-
sor activity, is a negative regulator of PI3K, which mediates cell proliferation [67]. The protein kinase 
p70S6 is a target of mTOR. Through phosphorylation, it induces the translation of mRNAs, which 
encompass a 5′ end rich in pyrimidines. Such sites are found in the HIF-1α mRNA [68].

1.4. Tumor hypoxia, HIF-1α, and the Warburg effect

The hypoxic regions of a tumor are resistant to chemotherapy, exhibit modified metabolism, 
and often acquire metastatic and invasive properties [69–71]. Chronic cell proliferation, which 
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even in the presence of oxygen [72]. By measuring lactic acid production and oxygen consump-
tion in thin sections from healthy and tumorous rat livers, he concluded that normal liver cells 
inhibit the production of lactic acid in the presence of oxygen, whereas cancer cells produced 
lactic acid irrespective of the availability of oxygen [73, 74]. In aerobic conditions, normal cells 
convert glucose to pyruvic acid via glycolysis in the cytoplasm, and then, pyruvic acid is used in 
the mitochondria to produce acetyl Coenzyme A (CoA) and carbon dioxide (CO2) during oxida-
tive phosphorylation. In anaerobic conditions, normal cells favor glycolysis, and pyruvic acid is 
used in the cytoplasm to produce lactic acid. Instead, according to Warburg, cancer cells change 
their metabolism, and even in the presence of oxygen, glucose enters glycolysis and produces 
lactic acid. Cancer cells use 10 times more glucose than the amount of the cellular breathing 
process can use, while the amount of lactic acid produced is two times greater than that pro-
duced by healthy cells [73]. This phenomenon is known as the “Warburg effect” or “aerobic gly-
colysis” [70, 75–77]. At first sight, this phenomenon seems paradoxical, since aerobic glycolysis 
produces significantly less energy (4 mol ATP/mol glucose) compared to oxidative phosphory-
lation (36 mol ATP/mol glucose). Nevertheless, cancer cells exhibit an increased expression of 
glucose transporters, such as GLUT1, which correlates with enhanced glucose uptake [78–80]. 
The feeding of cancer cells with glucose is often associated with oncogene activation and loss-
of-function of tumor suppressor genes [78, 79, 81]. The myc oncogene is an important regulator 
of cancer metabolism, since among its many targets, are those of GLUTs as well as genes encod-
ing pyruvate dehydrogenase kinase 1 (PDK1) and lactate dehydrogenase A (LDHA) that pro-
mote the Warburg effect by increasing the flow of glucose through glycolysis, while inhibiting 
the entry of pyruvic acid into the Krebs cycle [82–84]. Furthermore, both the oncoprotein Ras 
and hypoxia can independently increase the levels of the HIF-1α and HIF-2α transcription fac-
tors, which in turn positively regulate glycolysis [85–87]. In addition, loss-of-function mutations 
in tumor suppressor genes, such as vhl [88] and p53 [89, 90], lead to elevated levels of HIF-1α 
and VEGF. Gain-of-function mutations in oncogenes, such as the v-src [91], activation of EGF, 
and insulin growth factor I (IGF-I) receptors, also induce HIF-1α [41, 92].

A series of major discoveries remained as milestones in the field of cancer biology followed 
Warburg’s observations. These include the purification and cloning of the HIF-1 in 1995 [36], 
the effects of HIF-1 in cancer progression in mice [93], the description of VHL [94], the identifi-
cation of the PHD enzymes, and the establishment of the HIF-α subunit prolyl hydroxylation 
[69]. The area of hypoxia remains an attractive subject for intensive research, although over 
a century has passed, since it was first taken into account. With the discovery of HIFs, an 
extremely attractive field of research emerged and novel proteins came into play, such as the 
glucose regulated proteins (GRPs), oxygen regulated proteins (ORPs), PDGF, interleukin-1α 
(IL-1α), endothelin-1, VEGF and erythropoietin (EPO) [95–100]. The characterization of HIF-1 
led to the discovery of upstream activators and downstream signals as potential new thera-
peutic targets. Such targets include the VEGF, fibroblast growth factor (FGF), TGFα, the PI3K/
AKT/mTOR and RAS signaling pathways [101]. In addition, reduced oxygen tensions can 
repress mTOR in the cells similar to the effects of rapamycin. mTOR in hypoxic environments 
acts as an oxygen sensor and leads to reduced protein translation [102].

The PI3K/AKT pathway inhibits programmed cell death and alters cell proliferation [103]. 
Loss of PTEN, which is a negative regulator of the pathway, can lead to increased angiogenesis  
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in the case of prostate cancer. This has been associated with the induction of HIF-1α that 
guides elevated VEGF expression [103, 104]. In colon tumors, transfection of cells with a 
HIF-1α expression vector resulted in elevated VEGF mRNA levels and increased angiogen-
esis [90]. The EGF/PI3K/AKT/TOR pathway promotes VEGF and the transcriptional activity 
of HIF-1α protein in prostate cancer [89]. Chemical inhibitors of PI3K and TOR, the LY294002 
and rapamycin, respectively, inhibited growth factor-induced and mitogen-induced secre-
tion of VEGF. This connected the PI3K/PTEN/AKT/TOR pathway with HIF1 and the process 
of angiogenesis [105]. In the absence of HIF-1α, the development of a tumor is dramatically 
reduced although not completely stalled [106]. Moreover, HIF-1α is overexpressed in differ-
ent cancer types, such as colon, breast and lung carcinomas. HIF-1α is also overexpressed in 
preneoplastic, premalignant adenomas and other intraepithelial neoplasia and also in malig-
nant and metastatic tumors [89]. Therefore, discovery of chemicals that could potentially con-
trol the HIF-1α pathway is of major clinical importance.

1.5. HIF-1α and inflammation

Another important aspect of HIF in tissue maintenance is its role in regulating inflammation 
and innate immunity. HIFs appear to have different functions in different immune cell types. 
For example, HIF-1α mediates bacterial killing via regulation of pro-inflammatory gene expres-
sion in macrophages [107]. On the other hand, in the case of neutrophils, HIF-1α promotes cell 
survival upon hypoxia and promotes extensive angiogenesis which is regulated by β2-integrin 
expression. Furthermore, there is a link between the effect of HIFs in immune cells, inflamma-
tion, and tumorigenesis [107]. It is known that HIF-1α is regulated by the availability of oxy-
gen. Interestingly, not only hypoxia but also bacterial products, such as cytokines and growth 
factors, induce HIF-1α. Inflammatory cytokines, such as tumor necrosis factor a (TNF-α) and 
interleukin-1β (IL-1β), induce HIF-1α transcription. TNF-α induces HIF transcription and the 
Nuclear Factor-kappa B (NF-κB) pathway is needed for stabilization of the protein [108, 109]. 
In the case of IL-1β, the stability of HIF is promoted by the activation of NF-kB activity and 
the inhibition of VHL function [110]. There is an important crosstalk between NF-kB and HIF 
upon inflammation and cancer [111]. NF-kB is activated in inflammatory conditions, includ-
ing cancer, and the activation of the pathway is a characteristic of inflammatory disease [59]. 
Its role in malignant situations is controversial such that it can act both as a tumor promoter 
and as a tumor suppressor [112]. Its activated form is implicated in excessive cell proliferation, 
metastasis, inhibition of apoptosis and angiogenesis [112]. Importantly, cells expressing wild-
type p53 undergo apoptosis in hypoxic conditions, in contrast to the mutant p53 cells that are 
resistant to apoptosis. These results reveal that HIF-1α can promote cell proliferation and thus 
tumorigenesis by inhibiting apoptosis [113]. The chemokine interleukin-8 (IL-8) [114] and the 
VEGF [115] NF-kB target genes promote angiogenesis. Importantly, these are also targets of 
HIF-1α [116, 117], revealing that there is a crosstalk between NF-kB and HIF-1α. This crosstalk 
is bi-directional, because although NF-kB promotes the activation of HIF, HIF restricts the 
transcriptional activity of NF-kB [117]. Inflammation promotes NF-kB activity, which leads 
to tumorigenesis [118]. Not only NF-kB, but also other transcription factors (e.g. STAT3) can 
induce HIF [119]. PHDs antagonize NF-kB in different tumor cells [120–122]. In colorectal 
cancer, NF-kB promotes tumorigenesis. Different signaling pathways drive its oncogenic role. 
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even in the presence of oxygen [72]. By measuring lactic acid production and oxygen consump-
tion in thin sections from healthy and tumorous rat livers, he concluded that normal liver cells 
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the mitochondria to produce acetyl Coenzyme A (CoA) and carbon dioxide (CO2) during oxida-
tive phosphorylation. In anaerobic conditions, normal cells favor glycolysis, and pyruvic acid is 
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process can use, while the amount of lactic acid produced is two times greater than that pro-
duced by healthy cells [73]. This phenomenon is known as the “Warburg effect” or “aerobic gly-
colysis” [70, 75–77]. At first sight, this phenomenon seems paradoxical, since aerobic glycolysis 
produces significantly less energy (4 mol ATP/mol glucose) compared to oxidative phosphory-
lation (36 mol ATP/mol glucose). Nevertheless, cancer cells exhibit an increased expression of 
glucose transporters, such as GLUT1, which correlates with enhanced glucose uptake [78–80]. 
The feeding of cancer cells with glucose is often associated with oncogene activation and loss-
of-function of tumor suppressor genes [78, 79, 81]. The myc oncogene is an important regulator 
of cancer metabolism, since among its many targets, are those of GLUTs as well as genes encod-
ing pyruvate dehydrogenase kinase 1 (PDK1) and lactate dehydrogenase A (LDHA) that pro-
mote the Warburg effect by increasing the flow of glucose through glycolysis, while inhibiting 
the entry of pyruvic acid into the Krebs cycle [82–84]. Furthermore, both the oncoprotein Ras 
and hypoxia can independently increase the levels of the HIF-1α and HIF-2α transcription fac-
tors, which in turn positively regulate glycolysis [85–87]. In addition, loss-of-function mutations 
in tumor suppressor genes, such as vhl [88] and p53 [89, 90], lead to elevated levels of HIF-1α 
and VEGF. Gain-of-function mutations in oncogenes, such as the v-src [91], activation of EGF, 
and insulin growth factor I (IGF-I) receptors, also induce HIF-1α [41, 92].

A series of major discoveries remained as milestones in the field of cancer biology followed 
Warburg’s observations. These include the purification and cloning of the HIF-1 in 1995 [36], 
the effects of HIF-1 in cancer progression in mice [93], the description of VHL [94], the identifi-
cation of the PHD enzymes, and the establishment of the HIF-α subunit prolyl hydroxylation 
[69]. The area of hypoxia remains an attractive subject for intensive research, although over 
a century has passed, since it was first taken into account. With the discovery of HIFs, an 
extremely attractive field of research emerged and novel proteins came into play, such as the 
glucose regulated proteins (GRPs), oxygen regulated proteins (ORPs), PDGF, interleukin-1α 
(IL-1α), endothelin-1, VEGF and erythropoietin (EPO) [95–100]. The characterization of HIF-1 
led to the discovery of upstream activators and downstream signals as potential new thera-
peutic targets. Such targets include the VEGF, fibroblast growth factor (FGF), TGFα, the PI3K/
AKT/mTOR and RAS signaling pathways [101]. In addition, reduced oxygen tensions can 
repress mTOR in the cells similar to the effects of rapamycin. mTOR in hypoxic environments 
acts as an oxygen sensor and leads to reduced protein translation [102].

The PI3K/AKT pathway inhibits programmed cell death and alters cell proliferation [103]. 
Loss of PTEN, which is a negative regulator of the pathway, can lead to increased angiogenesis  
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in the case of prostate cancer. This has been associated with the induction of HIF-1α that 
guides elevated VEGF expression [103, 104]. In colon tumors, transfection of cells with a 
HIF-1α expression vector resulted in elevated VEGF mRNA levels and increased angiogen-
esis [90]. The EGF/PI3K/AKT/TOR pathway promotes VEGF and the transcriptional activity 
of HIF-1α protein in prostate cancer [89]. Chemical inhibitors of PI3K and TOR, the LY294002 
and rapamycin, respectively, inhibited growth factor-induced and mitogen-induced secre-
tion of VEGF. This connected the PI3K/PTEN/AKT/TOR pathway with HIF1 and the process 
of angiogenesis [105]. In the absence of HIF-1α, the development of a tumor is dramatically 
reduced although not completely stalled [106]. Moreover, HIF-1α is overexpressed in differ-
ent cancer types, such as colon, breast and lung carcinomas. HIF-1α is also overexpressed in 
preneoplastic, premalignant adenomas and other intraepithelial neoplasia and also in malig-
nant and metastatic tumors [89]. Therefore, discovery of chemicals that could potentially con-
trol the HIF-1α pathway is of major clinical importance.

1.5. HIF-1α and inflammation

Another important aspect of HIF in tissue maintenance is its role in regulating inflammation 
and innate immunity. HIFs appear to have different functions in different immune cell types. 
For example, HIF-1α mediates bacterial killing via regulation of pro-inflammatory gene expres-
sion in macrophages [107]. On the other hand, in the case of neutrophils, HIF-1α promotes cell 
survival upon hypoxia and promotes extensive angiogenesis which is regulated by β2-integrin 
expression. Furthermore, there is a link between the effect of HIFs in immune cells, inflamma-
tion, and tumorigenesis [107]. It is known that HIF-1α is regulated by the availability of oxy-
gen. Interestingly, not only hypoxia but also bacterial products, such as cytokines and growth 
factors, induce HIF-1α. Inflammatory cytokines, such as tumor necrosis factor a (TNF-α) and 
interleukin-1β (IL-1β), induce HIF-1α transcription. TNF-α induces HIF transcription and the 
Nuclear Factor-kappa B (NF-κB) pathway is needed for stabilization of the protein [108, 109]. 
In the case of IL-1β, the stability of HIF is promoted by the activation of NF-kB activity and 
the inhibition of VHL function [110]. There is an important crosstalk between NF-kB and HIF 
upon inflammation and cancer [111]. NF-kB is activated in inflammatory conditions, includ-
ing cancer, and the activation of the pathway is a characteristic of inflammatory disease [59]. 
Its role in malignant situations is controversial such that it can act both as a tumor promoter 
and as a tumor suppressor [112]. Its activated form is implicated in excessive cell proliferation, 
metastasis, inhibition of apoptosis and angiogenesis [112]. Importantly, cells expressing wild-
type p53 undergo apoptosis in hypoxic conditions, in contrast to the mutant p53 cells that are 
resistant to apoptosis. These results reveal that HIF-1α can promote cell proliferation and thus 
tumorigenesis by inhibiting apoptosis [113]. The chemokine interleukin-8 (IL-8) [114] and the 
VEGF [115] NF-kB target genes promote angiogenesis. Importantly, these are also targets of 
HIF-1α [116, 117], revealing that there is a crosstalk between NF-kB and HIF-1α. This crosstalk 
is bi-directional, because although NF-kB promotes the activation of HIF, HIF restricts the 
transcriptional activity of NF-kB [117]. Inflammation promotes NF-kB activity, which leads 
to tumorigenesis [118]. Not only NF-kB, but also other transcription factors (e.g. STAT3) can 
induce HIF [119]. PHDs antagonize NF-kB in different tumor cells [120–122]. In colorectal 
cancer, NF-kB promotes tumorigenesis. Different signaling pathways drive its oncogenic role. 
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These pathways regulate the production of ROS, the activation of pro-inflammatory cytokines, 
the uncontrolled cell proliferation, migration, metastasis and angiogenesis [123]. The absence 
of NF-kB has a negative effect on tumor progression in mouse models of colorectal cancer 
[124]. ROS affect the hydroxylation of HIF-1α and, thus, modify its activity [125, 126]. Specific 
defects, not necessarily mitochondrial defects, that restrict the consumption of oxygen, result 
in enhanced prolyl-hydroxylation accompanied with reduced HIF levels [125, 127].

The induction of HIF by such inflammatory cytokines indicates that HIF has a crucial role 
in inflammatory responses. Apart from inflammatory cytokines, various signaling path-
ways seem to also have important roles in the stimulation of HIF. Such pathways include 
PHDs [128], NF-κB [129–131], MAPKs [130], and ROS [129]. In addition, ROS are released 
by the mitochondria as a cause of low oxygen tensions, and they can control transcriptional 
and posttranslational events [132]. Another important crosstalk in colorectal cancer is that 
between HIF-1α, β-catenin and APC: when repressed under insufficient oxygen levels, APC 
can lead to activation of the Wnt/β catening signaling and increased proliferation that drives 
tumorigenesis [133]. Interestingly, NF-kB is regulated by Wnt/β-catenin [134].

2. The HIF-1α pathway in Drosophila melanogaster

2.1. The HIF-1α pathway is conserved in Drosophila

The Drosophila melanogaster genome encodes homologs of the core proteins involved in the 
HIF-1α pathway. For example, there are two HIF-1α homologs in fruit flies, one is encoded 
by the gene similar (sima) and its paralogue is known as trachealess (trh) [20, 27, 135]. Sima 
responds to changing oxygen levels, whereas Trh acts as a patterning gene during Drosophila 
development. The HIF-1β homolog in flies is the product of the gene tango (tgo) [136]. Both 
sima and tgo are transcribed during larval stages [136]. Although Tgo is expressed uniformly 
throughout development [137], Sima accumulates in the majority of tissues only in hypoxic 
conditions [138]. Tgo and Sima heterodimerize to control transcription in environments with 
decreased oxygen levels [139, 140].

Sima has a molecular weight of 180 kDa, is larger compared to the mammalian HIF-1α, 
and bears 45% similarity in the PAS domain and 63% in the bHLH domain with its human 
homolog (Figure 1) [141, 142]. The single prolyl-4-hydroxylase (PHD) enzyme homolog in 
Drosophila is encoded by the gene fatiga (fga) and acts as an oxygen sensor. Fga uses O2 as a 
substrate and hydroxylates a single Pro residue in Sima (Pro850) [143]. Another factor that 
plays crucial role in the process is the availability of Fe (II) [28]. In normoxia, where O2 is 
abundant, Sima is hydroxylated and targeted to the proteasome for degradation via asso-
ciation with the von Hippel-Lindau ubiquitin ligase, which in Drosophila is encoded by the 
dVhl gene [20]. In low oxygen tensions (environmental hypoxia and tumors), the HIF-1α/
Sima transcription factor is not degraded, because it cannot be hydroxylated by Fga due to 
the lack of oxygen. Consequently, HIF-1α/Sima binds to the constitutively expressed HIF-1β/
Tgo forming the HIF1 heterodimer, translocates to the nucleus and binds to hypoxia-response 
elements (HREs) to control transcription of target genes [20, 29] (Table 2).
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2.2. HIF-1α/Sima controls remodeling of the tracheal gas-transporting tubes

In Drosophila melanogaster, an extensive network of interconnected tubes, the tracheal system, 
transfers oxygen throughout the body. The Drosophila trachea is therefore functionally analo-
gous to the mammalian respiratory system [148]. It is responsible for the oxygenation of the 

Figure 1. The human HIF-1α and Drosophila Sima are homologous proteins. (A) The human HIF-1α protein has a length 
of 826 amino acids, whereas its Drosophila homolog Sima is much larger and consists of 1505 amino acids. The shared 
functional domains of the two proteins are indicated with darker color: the bHLH DNA binding and dimerization domain, 
the PAS dimerization domain and the oxygen-dependent degradation domain (ODD). Two Pro residues (Pro402 and Pro564) 
are substrates of the propyl-4-hydroxylase PHD in the human HIF-1α, whereas in Drosophila, the propyl-hydroxylase Fga 
targets a single Sima Pro residue (Pro 850). (B) Amino acid alignment of the human HIF-1α (amino acids 556–575) and the 
Drosophila Sima (amino acids 841–861) highlighting in red the hydroxylation targets Pro564 and Pro850, respectively. Dark gray 
and light gray boxes indicate identical residues and conservative amino acid substitutions in the two proteins, respectively.

Gene name Gene 
symbol

Human 
homolog

Gene function NCBI Gene 
ID

Refs

branchless bnl FGF10 Tracheal development, cell 
migration

42356 [144]

breathless btl FGFR Tracheal development, cell 
migration

39564 [144]

Ecdysone-inducible gene 
L3

ImpL3 LDHA Energy metabolism 45880 [145]

fatiga B fgaB HPH3 Energy metabolism 40633 [146]

heat shock factor hsf HSF1 Heat response, defense response 37068 [147]

Table 2. A list of Sima targets identified by genetics and direct binding assays.
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HIF-1α pathway. For example, there are two HIF-1α homologs in fruit flies, one is encoded 
by the gene similar (sima) and its paralogue is known as trachealess (trh) [20, 27, 135]. Sima 
responds to changing oxygen levels, whereas Trh acts as a patterning gene during Drosophila 
development. The HIF-1β homolog in flies is the product of the gene tango (tgo) [136]. Both 
sima and tgo are transcribed during larval stages [136]. Although Tgo is expressed uniformly 
throughout development [137], Sima accumulates in the majority of tissues only in hypoxic 
conditions [138]. Tgo and Sima heterodimerize to control transcription in environments with 
decreased oxygen levels [139, 140].

Sima has a molecular weight of 180 kDa, is larger compared to the mammalian HIF-1α, 
and bears 45% similarity in the PAS domain and 63% in the bHLH domain with its human 
homolog (Figure 1) [141, 142]. The single prolyl-4-hydroxylase (PHD) enzyme homolog in 
Drosophila is encoded by the gene fatiga (fga) and acts as an oxygen sensor. Fga uses O2 as a 
substrate and hydroxylates a single Pro residue in Sima (Pro850) [143]. Another factor that 
plays crucial role in the process is the availability of Fe (II) [28]. In normoxia, where O2 is 
abundant, Sima is hydroxylated and targeted to the proteasome for degradation via asso-
ciation with the von Hippel-Lindau ubiquitin ligase, which in Drosophila is encoded by the 
dVhl gene [20]. In low oxygen tensions (environmental hypoxia and tumors), the HIF-1α/
Sima transcription factor is not degraded, because it cannot be hydroxylated by Fga due to 
the lack of oxygen. Consequently, HIF-1α/Sima binds to the constitutively expressed HIF-1β/
Tgo forming the HIF1 heterodimer, translocates to the nucleus and binds to hypoxia-response 
elements (HREs) to control transcription of target genes [20, 29] (Table 2).

Gene Expression and Regulation in Mammalian Cells - Transcription Toward the Establishment of Novel Therapeutics216

2.2. HIF-1α/Sima controls remodeling of the tracheal gas-transporting tubes

In Drosophila melanogaster, an extensive network of interconnected tubes, the tracheal system, 
transfers oxygen throughout the body. The Drosophila trachea is therefore functionally analo-
gous to the mammalian respiratory system [148]. It is responsible for the oxygenation of the 

Figure 1. The human HIF-1α and Drosophila Sima are homologous proteins. (A) The human HIF-1α protein has a length 
of 826 amino acids, whereas its Drosophila homolog Sima is much larger and consists of 1505 amino acids. The shared 
functional domains of the two proteins are indicated with darker color: the bHLH DNA binding and dimerization domain, 
the PAS dimerization domain and the oxygen-dependent degradation domain (ODD). Two Pro residues (Pro402 and Pro564) 
are substrates of the propyl-4-hydroxylase PHD in the human HIF-1α, whereas in Drosophila, the propyl-hydroxylase Fga 
targets a single Sima Pro residue (Pro 850). (B) Amino acid alignment of the human HIF-1α (amino acids 556–575) and the 
Drosophila Sima (amino acids 841–861) highlighting in red the hydroxylation targets Pro564 and Pro850, respectively. Dark gray 
and light gray boxes indicate identical residues and conservative amino acid substitutions in the two proteins, respectively.

Gene name Gene 
symbol

Human 
homolog

Gene function NCBI Gene 
ID

Refs

branchless bnl FGF10 Tracheal development, cell 
migration

42356 [144]

breathless btl FGFR Tracheal development, cell 
migration

39564 [144]

Ecdysone-inducible gene 
L3

ImpL3 LDHA Energy metabolism 45880 [145]

fatiga B fgaB HPH3 Energy metabolism 40633 [146]

heat shock factor hsf HSF1 Heat response, defense response 37068 [147]

Table 2. A list of Sima targets identified by genetics and direct binding assays.

The Hypoxia-Inducible Factor-1α in Angiogenesis and Cancer: Insights from the Drosophila Model
http://dx.doi.org/10.5772/intechopen.72318

217



flight muscles, the brain and all internal organs, such as the intestine. The tracheal system of 
the fly is a good model for studying tracheal cell migration and the mechanisms that direct the 
movement of cells in different directions [149]. Systematic studies of the molecular markers 
labeling the trachea, mutational studies on specific genes and cellular imaging have identified 
the basic steps in the development of the tracheal system. Embryonic tracheal morphogenesis is 
initiated at stage 10 of embryogenesis and proceeds through four sequential steps: the formation 
of the tracheal placode and the sprouting of the primary, secondary and tertiary branches [148]. 
Tracheal cell specification and primary and secondary branch formation are genetically con-
trolled stereotypical processes, whereas terminal branching is environmentally controlled and 
adjusted according to the needs of the tissue for oxygen [148]. After embryogenesis and during 
larval life, the fly trachea grows in size to accommodate the increased oxygen needs of the larva. 
At the same time, specialized airway progenitors, the tracheoblasts, get activated to prolifer-
ate and differentiate to remodel the pupal and adult tracheal system during metamorphosis 
[150–154]. The FGF/FGFR pathway controls all aspects of tracheal morphogenesis. In flies, the 
FGF homolog encoded by the gene branchless (bnl) and the FGFR homolog encoded by the gene 
breathless (btl) are repeatedly utilized for tracheal development and remodeling. Bnl/FGF acts as 
a chemoattractant that can direct tracheal sprouting in cells expressing the Btl/FGFR [155–157].

Remarkably, Drosophila adults and larvae present a different mode/pattern of response during 
hypoxia. In adult Drosophila, this response includes the opening of the spiracles, the aeration of 
the body and the transposition of the fluids from the tracheoles [158, 159]. It has been shown that 
the majority of insects can survive in complete anoxia for quite a long period in contrast to mam-
mals. The survival of adult Drosophila melanogaster under anoxia without any tissue damage and 
reaches a period of about 4 hours [160]. This time interval depends on the developmental stage 
of the animal. For example, larvae illustrate escape mobility for 20 minutes in these conditions 
[161], whereas adult Drosophila remains stationary within a period of only 60 seconds, and this 
is because of the effacement of the electrical responses of the insect muscles [160]. The reten-
tion of flies in anoxia for 12 hours leads to death [162]. Furthermore, the survival of the flies in 
anoxia depends on the suppression of ATP synthesis, with simultaneous reduction of the harm-
ful reverberations of low energy availability [161]. Interestingly, although flies challenged for 6 
hours in 0.5% O2 stop responding and remain motionless, following their reoxygenation, they 
behave physiologically without any defects [163]. Moreover, the behavior of Drosophila under 
low oxygen conditions depends on the degree of hypoxia and whether it is constant or intermit-
tent [164]. Different gene families have been found regulated in different types of hypoxia. For 
example, in flies that experienced intermittent hypoxia, a smaller proportion of altered genes has 
been observed, in comparison with the flies that experienced constant hypoxia. The same flies 
revealed decreased metabolic rates and loss of spiracular control [165, 166]. In Drosophila, the 
adaptation to hypoxia involves mechanisms that increase oxygen delivery, such as the expan-
sion of the spiracular openings, as noted above, that are able to propel oxygen to the whole 
organism [158]. The expression of HIF1 increases the diameter of tracheal tubules and induces 
the expansion of cells that directly contact target tissues, the tracheoles [167].

Interestingly, the embryonic and larval fly trachea encompasses specialized cells, which extend 
cytoplasmic processes to carry oxygen to the tissue. These cells, known as tracheal terminal 
cells, are very similar to the tip cells of the mammalian blood vessels; they are plastics and they 
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respond to hypoxia by extending cytoplasmic tubular processes, the terminal branches, toward 
the hypoxic tissue [148]. The sprouting and growth of the terminal branches are carefully 
adjusted according to the needs of tissue in oxygen, just as in the case of sprouting angiogenesis 
in mammals. Hypoxia induces terminal branching, whereas hyperoxia (increased oxygen sup-
ply) suppresses the formation of terminal branches [148, 168]. Hypoxia induces the expression 
of bnl/FGF, which acts as a chemoattractant that can direct the newly formed branches of every 
cell that expresses the FGFR/Btl [148]. The formation of new branches depends on the HIF-1α 
homolog Sima and the HIF-propyl hydroxylase Fga, which acts as an oxygen sensor [144]. In 
hypoxia, HIF-1α/Sima accumulation in tracheal cells induces the expression of btl/FGFR and 
thus causes further sprouting of new branches, whereas in nontracheal cells, Sima contributes 
to the induction of bnl/FGF [144]. Therefore, the hypoxia-induced trachea-specific btl/FGFR 
expression, probably, enhances their sensitivity in the presence of high levels of Bnl [144]. In 
nontracheal target tissues, such as the larval muscle, the Archipelago (Ago) F-box/WD-repeat 
protein substrate specificity factor for a Skp/Cullin/F-box (SCF)-type polyubiquitin ligase has 
been shown to antagonize HIF-1α/Sima-dependent bnl/FGF expression. Ago physically associ-
ates with HIF-1α/Sima, reduces its levels, and inhibits the hypoxic response [29, 169]. Thus, ter-
minal cell remodeling in Drosophila is controlled by the evolutionarily conserved HIF-1α/Sima 
pathway, similar to tip cell remodeling of mammalian blood vessels [136, 170].

2.3. HIF-1α/Sima and growth control in Drosophila

Insects have a mechanism of body size plasticity. Oxygen sensing has a major role in this mech-
anism. Hypoxia causes a reduction of body size in the fruit fly Drosophila and the moth Manduca 
[171]. The primary regulators of this phenotype are the HIF1 and nitric oxide synthase (NOS) 
signaling pathways, which are activated in hypoxia. In normoxia, NO inhibits HIF-1α at the 
level of protein hydroxylation that targets it to the proteasome for degradation [171].

Over the last decade, many scientists tried to address the role of HIF in cell growth and cell size 
control. Overexpression of HIF-1α/sima in the fat body resulted in smaller cells compared to 
the control wild type cells, indicating that Sima operates as a cell-autonomous negative growth 
regulator [140]. In addition, fga mutant pupae revealed reduced rate of growth and smaller size 
compared to wild type [140]. Cells with fga loss-of-function in the larval fat body were found 
smaller compared to the wild type cells in the same tissue [172]. In contrast, overexpression of 
the same gene in the wing imaginal discs led to the growth of the cells [140]. HIF uses at least 
two mechanisms to control the cellular growth in Drosophila. It can block protein synthesis, by 
targeting the insulin-like peptide (ILP)-TOR-S6 K pathway, and as a consequence, there is a 
reduction of cellular growth of the whole animal. This has been so far seen in the fat tissue, the 
eye and the gut of Drosophila [173]. In addition, Drosophila mutants overexpressing or lacking the 
gene fga revealed that HIF controls the function of the cyclin-dependent protein kinase 4 (Cdk4), 
which is responsible for the activation of cellular growth [172]. Moreover, HIF is also implicated 
in the expression of scylla and charybdis genes that downregulate the S6 K-dependent activation 
of protein synthesis, and this results in the reduction of cellular and body growth [173].

It is firmly established that insulin growth factors and components of the insulin pathway 
upregulate the HIF-1α protein, thus promoting the expression of hypoxia-sensitive genes 
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flight muscles, the brain and all internal organs, such as the intestine. The tracheal system of 
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labeling the trachea, mutational studies on specific genes and cellular imaging have identified 
the basic steps in the development of the tracheal system. Embryonic tracheal morphogenesis is 
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of the tracheal placode and the sprouting of the primary, secondary and tertiary branches [148]. 
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adjusted according to the needs of the tissue for oxygen [148]. After embryogenesis and during 
larval life, the fly trachea grows in size to accommodate the increased oxygen needs of the larva. 
At the same time, specialized airway progenitors, the tracheoblasts, get activated to prolifer-
ate and differentiate to remodel the pupal and adult tracheal system during metamorphosis 
[150–154]. The FGF/FGFR pathway controls all aspects of tracheal morphogenesis. In flies, the 
FGF homolog encoded by the gene branchless (bnl) and the FGFR homolog encoded by the gene 
breathless (btl) are repeatedly utilized for tracheal development and remodeling. Bnl/FGF acts as 
a chemoattractant that can direct tracheal sprouting in cells expressing the Btl/FGFR [155–157].

Remarkably, Drosophila adults and larvae present a different mode/pattern of response during 
hypoxia. In adult Drosophila, this response includes the opening of the spiracles, the aeration of 
the body and the transposition of the fluids from the tracheoles [158, 159]. It has been shown that 
the majority of insects can survive in complete anoxia for quite a long period in contrast to mam-
mals. The survival of adult Drosophila melanogaster under anoxia without any tissue damage and 
reaches a period of about 4 hours [160]. This time interval depends on the developmental stage 
of the animal. For example, larvae illustrate escape mobility for 20 minutes in these conditions 
[161], whereas adult Drosophila remains stationary within a period of only 60 seconds, and this 
is because of the effacement of the electrical responses of the insect muscles [160]. The reten-
tion of flies in anoxia for 12 hours leads to death [162]. Furthermore, the survival of the flies in 
anoxia depends on the suppression of ATP synthesis, with simultaneous reduction of the harm-
ful reverberations of low energy availability [161]. Interestingly, although flies challenged for 6 
hours in 0.5% O2 stop responding and remain motionless, following their reoxygenation, they 
behave physiologically without any defects [163]. Moreover, the behavior of Drosophila under 
low oxygen conditions depends on the degree of hypoxia and whether it is constant or intermit-
tent [164]. Different gene families have been found regulated in different types of hypoxia. For 
example, in flies that experienced intermittent hypoxia, a smaller proportion of altered genes has 
been observed, in comparison with the flies that experienced constant hypoxia. The same flies 
revealed decreased metabolic rates and loss of spiracular control [165, 166]. In Drosophila, the 
adaptation to hypoxia involves mechanisms that increase oxygen delivery, such as the expan-
sion of the spiracular openings, as noted above, that are able to propel oxygen to the whole 
organism [158]. The expression of HIF1 increases the diameter of tracheal tubules and induces 
the expansion of cells that directly contact target tissues, the tracheoles [167].

Interestingly, the embryonic and larval fly trachea encompasses specialized cells, which extend 
cytoplasmic processes to carry oxygen to the tissue. These cells, known as tracheal terminal 
cells, are very similar to the tip cells of the mammalian blood vessels; they are plastics and they 

Gene Expression and Regulation in Mammalian Cells - Transcription Toward the Establishment of Novel Therapeutics218

respond to hypoxia by extending cytoplasmic tubular processes, the terminal branches, toward 
the hypoxic tissue [148]. The sprouting and growth of the terminal branches are carefully 
adjusted according to the needs of tissue in oxygen, just as in the case of sprouting angiogenesis 
in mammals. Hypoxia induces terminal branching, whereas hyperoxia (increased oxygen sup-
ply) suppresses the formation of terminal branches [148, 168]. Hypoxia induces the expression 
of bnl/FGF, which acts as a chemoattractant that can direct the newly formed branches of every 
cell that expresses the FGFR/Btl [148]. The formation of new branches depends on the HIF-1α 
homolog Sima and the HIF-propyl hydroxylase Fga, which acts as an oxygen sensor [144]. In 
hypoxia, HIF-1α/Sima accumulation in tracheal cells induces the expression of btl/FGFR and 
thus causes further sprouting of new branches, whereas in nontracheal cells, Sima contributes 
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[174]. The PI3K/Akt/TOR signaling pathway is directed by insulin to induce the transcription 
of HIF-1α/Sima both in S2 cell lines and in Drosophila embryos [175]. Thus, the transcriptional 
activation of HIF-1α/Sima is guided by the insulin receptor (InR)-regulated PI3K-AKT and 
TOR signaling pathways [175]. RNAi silencing experiments showed that the mRNA levels 
of HIF-1α/sima, upon induction with insulin, depended on those two pathways. Experiments 
in fly embryos, where components of these pathways were overactivated, also revealed the 
upregulation of sima mRNA levels [175]. As noted above, the overexpression of sima in dif-
ferent tissues of the fly resulted in the reduction of cell size in these specific tissues [140]. But 
this is not consistent with our knowledge about the role of PI3K-AKT and TOR pathways in 
correlation with Sima and cell growth. Particularly, it is known that the activation of these 
pathways induces growth in different levels, and in parallel with this, it also induces the tran-
scription of genes that are targeted by Sima. However, Sima is a negative regulator of growth. 
It seems like there is a negative feedback loop, in which the two pathways upregulate growth 
and Sima simultaneously, and then, Sima downregulates the two pathways, and this conse-
quently results in growth limitation [176]. Interestingly, Sima induces scylla in hypoxic condi-
tions, which in turn feeds back on the TSC1 complex to inhibit the TOR pathway and growth. 
Thus, scylla seems to be part of the negative feedback loop that coordinates InR-mediated 
growth with HIF-1α/Sima induction during hypoxia [173].

2.4. Other functions of HIF-1α/Sima in Drosophila

2.4.1. Epithelial cell migration

A 2010 study dealt with the role of Sima in the rate of cell migration and invasion of the ovarian 
border cells in Drosophila. In more detail, the researchers studied the role of hypoxic response 
and HIF-1α/Sima during invasion and metastasis. It was shown that the HIF pathway con-
trolled the rate or invasion in the ovary cells in a dose-dependent manner [177]. It seems that 
precise amounts of Sima are needed for the actual border cell migration. It became also clear 
that Sima was important for the specificity of the leading cells to reside at the edge of their 
cluster. Changes in the expression of the DE-cadherin adhesion protein also implicated Sima 
[177]. Notably, Sima regulates the activity of the transcription factor slow border cells (Slbo) 
that is necessary in border cells for their migration [177, 178]. Changes in HIF expression and 
activity in just a single migrating border cell of the cluster can lead to metastasis in this model 
[177]. Overexpression of vhl led to delay, blockage and acceleration of the border cell migra-
tion. Overexpression of fga exhibited only acceleration of border cell migration. Moreover, 
sima and tgo mutants demonstrate a delayed or accelerative behavior for border cell migration. 
Therefore, HIF1 activity is required for the conservation of invasive dynamics of the cells that 
migrate [177].

2.4.2. Blood cell differentiation

A recent study dealing with the role of HIF-1α in Drosophila blood cells focused on the interac-
tions between Notch and HIF-1α. A specific lineage of Drosophila blood cells, the crystal cells, 
expressed elevated levels of Sima, even in normoxia [179]. Overexpression of sima results in 
expansion of the population of crystal cells, phenocopying the effect of Notch overexpression. 
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Thus, both molecules act in the same pathway in the lymph gland. Elevated activation of 
Notch in crystal cells is further increased in a sima overexpression background [179] and the 
full-length Notch (Nfl) receptor can be activated by sima in a ligand-independent manner. This 
happens also in hemocytes that also express sima. The Nfl is sufficient to increase the number 
of crystal cells. Even though Tgo acts together with Sima, tgo mutants did not reduce the 
numbers of crystal cells, but they led to an increase in their number [179]. In Drosophila, nitric 
oxide (NO) inhibits PHD and thus promotes the stabilization of Sima, whereas upon hypoxic 
conditions, it leads to reduced induction of HIF [180–182]. Nitric oxide synthase 1 (NOS1) is 
highly expressed in mature crystal cells, and its knockdown in the lymph gland by RNA inter-
ference (RNAi) leads to reduced numbers of crystal cells. NOS1RNAi clones revealed low levels 
of the Sima protein and were unable to form crystal cells. In conclusion, Sima is necessary for 
differentiation of crystal cells in the fly lymph gland [179].

2.5. Upstream regulators of HIF-1α/Sima in hypoxia

A genome-wide RNAi screen was deployed in Drosophila cells in culture to reveal genes 
required for the activation of HIF-1α/Sima [183]. More specifically, 30 genes appeared for 
the first time as candidate regulators of HIF in low oxygen concentration conditions, and 
these specific genes mediated the alteration to oxygen starvation. These genes included tran-
scription elongation factors, translation regulators and components of chromatin remodeling 
complexes [183]. The ago1 (argonaute 1) gene, which has a critical role in microRNA silenc-
ing processes, was also identified in this screen as a regulator of Sima in hypoxia. Given the 
involvement of Ago1 in Sima regulation, the authors went further to show that the microRNA 
pathway has a central role in HIF-dependent transcription, and also that Sima mRNA stabili-
zation has a critical role in the Drosophila response to hypoxia [183].

Further work on Sima regulators has uncovered several modifiers of Sima function in hypoxia 
in Drosophila, such as the microRNA miR-190, the TIP60 chromatin remodeling complex and 
the RNA-binding protein Musashi [184–186] (Figure 2). miR-190 acts as a positive regulator 
of the hypoxic response by targeting directly the propyl-4-hydroxylase Fga, which is the prin-
cipal negative regulator of Sima. Specifically, miR-190 is upregulated in hypoxia, reduces Fga 
activity and, thus, allows the Sima-mediated response to hypoxia [184]. In addition, the TIP60 
complex is required for HIF1-dependent gene expression in fly cells and embryos, as well 
as colorectal cancer cells. TIP60 is recruited by HIF1 to chromatin during hypoxia and func-
tions as a coactivator of HIF1 action by recruiting RNA-Polymerase II onto chromatin [186]. 
Finally, Musashi (Msi, dMsi in Drosophila) represses sima mRNA translation by binding an 
Msi-binding element within the 3′ UTR of the sima transcript. dMsi protein levels are reduced 
in hypoxia, allowing Sima transcription. Thus, dMsi mediates translational repression of the 
Drosophila HIF-1α, Sima. Moreover, association of murine Msi with the HIF-1α transcript sug-
gests that a similar mechanism might be conserved in mammals [185].

2.6. HIF-1α/Sima in Drosophila tumorigenesis

The connection between metabolism deregulation and tumorigenesis is already established 
[187] and various signaling pathways with crucial roles in cancer progression regulate the 
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pathways induces growth in different levels, and in parallel with this, it also induces the tran-
scription of genes that are targeted by Sima. However, Sima is a negative regulator of growth. 
It seems like there is a negative feedback loop, in which the two pathways upregulate growth 
and Sima simultaneously, and then, Sima downregulates the two pathways, and this conse-
quently results in growth limitation [176]. Interestingly, Sima induces scylla in hypoxic condi-
tions, which in turn feeds back on the TSC1 complex to inhibit the TOR pathway and growth. 
Thus, scylla seems to be part of the negative feedback loop that coordinates InR-mediated 
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A 2010 study dealt with the role of Sima in the rate of cell migration and invasion of the ovarian 
border cells in Drosophila. In more detail, the researchers studied the role of hypoxic response 
and HIF-1α/Sima during invasion and metastasis. It was shown that the HIF pathway con-
trolled the rate or invasion in the ovary cells in a dose-dependent manner [177]. It seems that 
precise amounts of Sima are needed for the actual border cell migration. It became also clear 
that Sima was important for the specificity of the leading cells to reside at the edge of their 
cluster. Changes in the expression of the DE-cadherin adhesion protein also implicated Sima 
[177]. Notably, Sima regulates the activity of the transcription factor slow border cells (Slbo) 
that is necessary in border cells for their migration [177, 178]. Changes in HIF expression and 
activity in just a single migrating border cell of the cluster can lead to metastasis in this model 
[177]. Overexpression of vhl led to delay, blockage and acceleration of the border cell migra-
tion. Overexpression of fga exhibited only acceleration of border cell migration. Moreover, 
sima and tgo mutants demonstrate a delayed or accelerative behavior for border cell migration. 
Therefore, HIF1 activity is required for the conservation of invasive dynamics of the cells that 
migrate [177].

2.4.2. Blood cell differentiation

A recent study dealing with the role of HIF-1α in Drosophila blood cells focused on the interac-
tions between Notch and HIF-1α. A specific lineage of Drosophila blood cells, the crystal cells, 
expressed elevated levels of Sima, even in normoxia [179]. Overexpression of sima results in 
expansion of the population of crystal cells, phenocopying the effect of Notch overexpression. 

Gene Expression and Regulation in Mammalian Cells - Transcription Toward the Establishment of Novel Therapeutics220
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full-length Notch (Nfl) receptor can be activated by sima in a ligand-independent manner. This 
happens also in hemocytes that also express sima. The Nfl is sufficient to increase the number 
of crystal cells. Even though Tgo acts together with Sima, tgo mutants did not reduce the 
numbers of crystal cells, but they led to an increase in their number [179]. In Drosophila, nitric 
oxide (NO) inhibits PHD and thus promotes the stabilization of Sima, whereas upon hypoxic 
conditions, it leads to reduced induction of HIF [180–182]. Nitric oxide synthase 1 (NOS1) is 
highly expressed in mature crystal cells, and its knockdown in the lymph gland by RNA inter-
ference (RNAi) leads to reduced numbers of crystal cells. NOS1RNAi clones revealed low levels 
of the Sima protein and were unable to form crystal cells. In conclusion, Sima is necessary for 
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2.5. Upstream regulators of HIF-1α/Sima in hypoxia

A genome-wide RNAi screen was deployed in Drosophila cells in culture to reveal genes 
required for the activation of HIF-1α/Sima [183]. More specifically, 30 genes appeared for 
the first time as candidate regulators of HIF in low oxygen concentration conditions, and 
these specific genes mediated the alteration to oxygen starvation. These genes included tran-
scription elongation factors, translation regulators and components of chromatin remodeling 
complexes [183]. The ago1 (argonaute 1) gene, which has a critical role in microRNA silenc-
ing processes, was also identified in this screen as a regulator of Sima in hypoxia. Given the 
involvement of Ago1 in Sima regulation, the authors went further to show that the microRNA 
pathway has a central role in HIF-dependent transcription, and also that Sima mRNA stabili-
zation has a critical role in the Drosophila response to hypoxia [183].

Further work on Sima regulators has uncovered several modifiers of Sima function in hypoxia 
in Drosophila, such as the microRNA miR-190, the TIP60 chromatin remodeling complex and 
the RNA-binding protein Musashi [184–186] (Figure 2). miR-190 acts as a positive regulator 
of the hypoxic response by targeting directly the propyl-4-hydroxylase Fga, which is the prin-
cipal negative regulator of Sima. Specifically, miR-190 is upregulated in hypoxia, reduces Fga 
activity and, thus, allows the Sima-mediated response to hypoxia [184]. In addition, the TIP60 
complex is required for HIF1-dependent gene expression in fly cells and embryos, as well 
as colorectal cancer cells. TIP60 is recruited by HIF1 to chromatin during hypoxia and func-
tions as a coactivator of HIF1 action by recruiting RNA-Polymerase II onto chromatin [186]. 
Finally, Musashi (Msi, dMsi in Drosophila) represses sima mRNA translation by binding an 
Msi-binding element within the 3′ UTR of the sima transcript. dMsi protein levels are reduced 
in hypoxia, allowing Sima transcription. Thus, dMsi mediates translational repression of the 
Drosophila HIF-1α, Sima. Moreover, association of murine Msi with the HIF-1α transcript sug-
gests that a similar mechanism might be conserved in mammals [185].

2.6. HIF-1α/Sima in Drosophila tumorigenesis

The connection between metabolism deregulation and tumorigenesis is already established 
[187] and various signaling pathways with crucial roles in cancer progression regulate the 
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expression of metabolic genes encoding key glycolytic enzymes [78, 79, 188]. In addition, the 
transcription factor HIF-1α controls expression of a number of genes involved in different 
hallmarks of cancer including modifiers of cellular metabolism that facilitate neoplasia [189]. 
A recent study in Drosophila investigated the mechanisms impinging on metabolism deregu-
lation under sufficient oxygen levels and the role of HIF-1α in this process [145] (Figure 3). 
The authors induced a glycolytic tumor in the fly wing imaginal disk by expressing an acti-
vated form of the PDGF/VEGF-receptor (Pvr) oncogene, and they observed whether vari-
ous oncogenic signaling pathways can interact with HIF-1α/sima and successively upregulate 
key metabolic enzymes [145]. Pvr was found to induce strong lactate dehydrogenase (LDH) 
enzymatic activity, which is a hallmark of aerobic glycolysis and the Warburg effect. Pvract 
expression along the anterior-posterior boundary of the wing disk caused extensive growth 
and dysplasia, and the cells within the mass of this tumor expressed LDH. Thus, the activa-
tion of Pvr resulted in ldh upregulation, which led to increased LDH enzymatic activity in the 
tumor. Since Pvr is an RTK, the authors asked if other activated RTKs that lead to overprolif-
eration may also cause increased LDH activity. Interestingly, they found that, unlike Pvract, 
InRact and Egfract did not induce any LDH expression [145]. Sima, one of the key inducers of 
LDH in tumors [189], was assessed next, and it was found that Sima protein was stabilized in 
a Pvract background and its overexpression led to LDH-induced activity [145]. When silenc-
ing sima in the same background, LDH expression was suppressed. Thus, Sima is necessary 
for the activation of LDH. Rasact, an effector of all RTKs, was also sufficient to increase LDH 
activity. Blocking PI3K signaling by targeting different components of the signaling cascade 
(PI3K, Akt and TOR) led to the suppression of the LDH-GFP reporter proving that the PI3K/
Akt/TOR axis is necessary for LDH regulation. Co-expression of a gain-of-function allele of 
human Raf (hRafact) and activated PI3K (PI3Kact) led to extensive LDH activation, whereas 

Figure 2. The HIF-1α signaling pathway is conserved between Drosophila and mammals. In normoxia, the PHD (Fga in 
flies) catalyzes the hydroxylation of HIF-1α (Sima in flies). Binding of the hydroxylated HIF-1α by the tumor suppressor 
protein VHL (dVHL in flies) leads to HIF-1α/Sima polyubiquitination and degradation by the proteasome. In hypoxia, 
HIF-1α/Sima is stabilized and dimerizes with HIF-1β (Tgo in flies) forming the HIF1 heterodimer. HIF1 is translocated 
to the nucleus, binds HREs, and induces the transcription of hypoxia-responsive genes.
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PI3K/ERK activation led to extensive Sima expression. In the absence of Sima, the PI3K/ERK 
LDH-GFP expression was reduced. Thus, PI3K and ERK together are necessary and sufficient 
to induce LDH expression; each signal alone is necessary, but not sufficient, to induce LDH 
expression. Another known factor that stabilizes HIF-1α is the secretion of ROS even in the 
presence of sufficient oxygen levels [190]. Peroxidasin (Pxn), a general antioxidant, reduced 
ROS activity, and when it was expressed together with Pvract led to the deactivation of the JNK 
pathway (previously active in a Pvract background), the suppression of Sima protein accumu-
lation and the reduction of LDH activity. Thus, ROS have a crucial role in metabolism regula-
tion [145]. Moreover, ROS are the central players in the metabolic profile of the cell [191]. They 
can activate the JNK signaling pathway and use the same mechanisms as hypoxia to stabilize 
HIF-1α [190, 192]. ROS use a positive feedback loop to strengthen the upstream members 
of the glycolytic pathway, which is the key point in the metabolic reprogramming of cancer 
tissues, not only in the absence of sufficient oxygen tensions. Even though hypoxia stabilizes 
HIF-1α, in the metabolic reprogramming of the cell, hypoxia, unlike HIF-1α, does not play an 
important role [145]. Interestingly in this study, although Pvr activation was linked to many 
tumor phenotypes, such as cell shape changes, overproliferation, aerobic glycolysis and local 
migration, it did not possess any metastatic capability, which correlated with no loss of the 
cell epithelial polarity that leads to invasive and metastatic abilities [193].

Figure 3. Sima activity is regulated at different levels. In hypoxia, the propyl-4-hydroxylase Fga regulates Sima 
protein levels post-translationally by promoting its degradation by the proteasome, whereas the RNA-binding protein 
dMsi represses sima mRNA translation. miR-190 is upregulated in hypoxia and inhibits Fga directly, which, in turn, 
downregulates Sima. Binding of the Sima/Tgo HIF1 heterodimer on the HREs of promoters of hypoxia-responsive genes 
is necessary for recruitment of the TIP60 chromatin remodeling complex, which, in turn, promotes recruitment of RNA-
PolII and efficient transcription.
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LDH-GFP expression was reduced. Thus, PI3K and ERK together are necessary and sufficient 
to induce LDH expression; each signal alone is necessary, but not sufficient, to induce LDH 
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ROS activity, and when it was expressed together with Pvract led to the deactivation of the JNK 
pathway (previously active in a Pvract background), the suppression of Sima protein accumu-
lation and the reduction of LDH activity. Thus, ROS have a crucial role in metabolism regula-
tion [145]. Moreover, ROS are the central players in the metabolic profile of the cell [191]. They 
can activate the JNK signaling pathway and use the same mechanisms as hypoxia to stabilize 
HIF-1α [190, 192]. ROS use a positive feedback loop to strengthen the upstream members 
of the glycolytic pathway, which is the key point in the metabolic reprogramming of cancer 
tissues, not only in the absence of sufficient oxygen tensions. Even though hypoxia stabilizes 
HIF-1α, in the metabolic reprogramming of the cell, hypoxia, unlike HIF-1α, does not play an 
important role [145]. Interestingly in this study, although Pvr activation was linked to many 
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An independent study also assessed Sima expression, as well as induction of tracheogenesis in 
Drosophila epithelial tumors [194] (Figure 3). In Drosophila, genes involved in the maintenance 
of apicobasal polarity, such as lethal giant larvae (lgl), discs large (dlg) and scribble (scrib), have 
been shown to also regulate growth and act as tumor suppressors [195]. Tumors caused by 
expression of an lgl knockdown (lglKD) in a Minute background in the wing disc of Drosophila 
melanogaster revealed a conserved response to hypoxic stress and also migratory and tracheo-
genic behaviors [194]. In addition, tumors generated when a loss-of-function mutation of 
the gene l(2)gl4 was combined with the oncogenic form of Ras, RasV12, expressed bnl/FGF and 
formed new trachea-like branched structures. Strikingly, cells within the tumor expressed 
the gene trh, a paralogue of sima, which is necessary for btl/FGFR expression and serves as a 
classic tracheal cell marker in Drosophila [135, 196]. These tumor cells induced extra branching 
of the trachea that was associated with the tumor (similar to sprouting angiogenesis), they 
synthesized de novo new patterns of trachea-like branches (similar to vascular mimicry), and 
they migrated toward and incorporated into neighboring pre-existing tracheal tubes (similar 
to vascular cooption). Importantly, expression of trh in the tumor cells transformed some of 
them to tracheal cells, giving them a different cellular identity and contributing to tumor het-
erogeneity [194]. Sima exhibited nuclear localization in some of the tumor cells, and this led 
to activation of the bnl/FGF promoter. Furthermore, the Polycomb group (PcG) of proteins, 
which are known epigenetic regulators leading to transcriptional repression in Drosophila, 
was downregulated in the undifferentiated cancer cells, whereas when these cells turned into 
tracheal cells, they started expressing PcG. This is in agreement with the known function of 
PcG, which is lowly expressed in stem cells/undifferentiated cells and is upregulated in dif-
ferentiated cells to lock a particular cell fate [197]. During this epithelial-to-tracheal switch, the 
JAK/STAT signaling pathway activity was also observed. A correlation between PcG repres-
sion and JNK activity was found, whereas the inhibition of JNK led to the opposite result [194]. 
This publication characterized tracheogenesis of Drosophila melanogaster as a novel hallmark 
of cancer reminiscent of tumor angiogenesis, establishing this model organism as a powerful 
and promising model for the study of the molecular alterations in the hypoxic microenviron-
ment of the tumor.

3. Conclusions and future perspectives

This book chapter discusses our current knowledge on HIFs and their major roles in develop-
ment, physiology and disease pathology, using examples of studies in the model organism 
Drosophila melanogaster. The mammalian HIF-1α transcription factor regulates a plethora of 
genes that promote various aspects of cancer, such as metabolism, invasive motility, growth, 
angiogenesis and drug resistance (Table 1) [189, 198, 199].

The HIF-1α transcription factor has been extensively studied in mammals and in a variety of model 
organisms due to its highly conserved sequence and function (Figure 1). The extensive literature on 
the Drosophila HIF1 pathway suggests that the fruit fly is a potentially good model to study the basic 
mechanisms of HIF-1α/Sima regulation (Figure 2) and identify novel members of the pathway in 
normoxia and hypoxia (see above). Indeed, a series of studies in Drosophila have identified novel 
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regulators of HIF-1α, which are conserved in mammals and potentially could function in a similar 
way on mammalian HIF1 [169, 184, 185, 200] (Figure 3). Strikingly, recent studies in Drosophila 
[145, 194] underscore the key role of HIF-1α/Sima in tumorigenesis and tumor angiogenesis and 
suggest that the fruit fly can serve as a great model for studies of the Warburg effect and patho-
logical angiogenesis (Figure 4). Impressively, expression of a single oncogene, the activated Pvr, in 
Drosophila can cause glycolytic epithelial tumors that turn on HIF-1α/Sima expression and the gly-
colysis pathway at the expense of oxidative phosphorylation [145]. Moreover, epithelial neoplasias 
caused by inactivation of tumor suppressor genes, such as lgl, in combination with oncogenic Ras 
are heterogeneous, and some cells in the tumor induce expression of HIF-1α/Sima, trh, and bnl/FGF, 
and a subset of them differentiate into tracheal cells. Therefore, these tumors can promote processes 
reminiscent of sprouting angiogenesis, vascular cooption and vascular mimicry and indicate that, 
although Drosophila does not possess typical blood vessels, its tracheal system may function similar 
to mammalian blood vessels in pathological situations.

The contribution of HIF-1α/Sima in epithelial tumorigenesis and tracheogenesis in Drosophila is 
intriguing especially in the light of various studies that show a close proximity of tracheal cells 
with healthy and tumorous epithelia. For example, metastatic tumor cells have been shown to 
adhere and move alongside the tracheal network [193, 201] and expansion of the trachea has 
been observed in a PI3K/Ras glioma model in larval and adult brains [202]. In addition, the adult 

Figure 4. Drosophila epithelial tumors induce Sima, the Warburg effect and angiogenesis-like phenotypes. Pvract triggers 
the activation of the PI3K/Akt and Raf/ERK signaling pathways in a Ras-dependent manner controlling Sima activity. 
Pvract requires JNK activation, which blocks OXPHOS through the production of ROS. ROS produced by the metabolic 
reprogramming of the tumor responds to the upstream components in order to maintain the Warburg effect. Thus, there 
is a positive feedback loop that sustains the Warburg effect over time through the activation of LDH, which is induced 
by Sima. Overall, this mechanism is HIF-dependent but hypoxia-independent. In lgl-Ras epithelial neoplasias, tumor 
hypoxia leads to stabilization of Sima and bnl/FGF transcription, as well as STAT92E-dependent trh expression, which 
strengthens activation of the btl/FGFR promoter. All these events promote tumor tracheogenesis via three different 
strategies reminiscent of tumor angiogenesis: sprouting tracheogenesis, tracheal cooption and tracheal mimicry.
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An independent study also assessed Sima expression, as well as induction of tracheogenesis in 
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fly intestine is oxygenated by an extensive network of visceral trachea that has been shown to 
contribute growth and regeneration signals to the intestinal stem cells [203–205]. Recently, it 
has been shown that mutations of the Sox21α transcription factor cause heterogeneous intesti-
nal neoplasias, inside which some tumor cells express btl/FGFR, suggesting maybe a phenom-
enon of tracheal mimicry or cooption [206]. Since many oncogenes and tumor suppressors as 
well as combinations of mutations with cellular stress caused by pathogens or chemicals can 
lead to intestinal dysplasia in flies [207, 208], it remains to be seen if and how the HIF-1α/Sima-
promoted metabolic changes and tracheogenesis interact with the tumorous environment.

Undoubtedly, Drosophila melanogaster has still a lot to contribute toward our understanding of 
HIF-1α regulation in physiology, hypoxia, tumorigenesis, and angiogenesis. Understanding 
the function of the HIF pathway in genetically tractable invertebrates will allow the discovery 
of novel-conserved pathway components that may be used as therapeutic targets in humans.

Abbreviation

ago1  argonaute 1
Ago  Archipelago
ARNT2  aryl hydrocarbon receptor nuclear translocator 2
ARNT3  aryl hydrocarbon receptor nuclear translocator 3
ATP  adenosine tri-phosphate
bHLH-PAS basic-Helix-Loop-Helix-Per/ARNT/Sim
bnl  branchless
btl  breathless
Cdk4  cyclin-dependent protein kinase 4
CoA  acetyl coenzyme A
CO2  carbon di oxide
Cul2  cullin 2
dlg  discs large
dMsi  Drosophila Mushashi
EGFR  epidermal growth factor receptor
EGFs  epidermal growth factors
EPO  erythropoietin
fga  fatiga
FGF  fibroblast growth factor
GLUTs  glucose transporters
GLUT1  glucose transporter 1
GRPs  glucose regulated proteins
HIFs  hypoxia-inducible factors
HIF1  hypoxia-inducible factor 1
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HIF-1α  hypoxia-inducible factor-1α

HIF-1β  hypoxia-inducible factor-1β

HIF-2α  hypoxia-inducible factor-2α

HIF-3α  hypoxia-inducible factor-3α

hRafact  human Raf gain-of-function

HREs  hypoxia-response elements

ID  inhibitory domain

IGF-I  insulin growth factor I

ILP  insulin-like peptide

IL-1α  interleukin-1α

IL-1β  interleukin-1β

IL-8  interleukin-8

InR  insulin receptor

LDH  lactate dehydrogenase

LDHA  lactate dehydrogenase A

lgl  lethal giant larvae

lglKD  lgl knockdown

miR  microRNA

Msi  Musashi

NF-κB  nuclear factor-kappa B

Nfl  Notch full-length

NLS-C  carboxy-terminal Nuclear Localization Signals

NLS-N  amino-terminal Nuclear Localization Signals

NO  nitric oxide

NOS  nitric oxide synthase

NOS1  nitric oxide synthase1

ORPs  oxygen regulated Proteins

OXPHOS oxidative phosphorylation

O2  oxygen

PcG  polycomb group

PDGF-β  platelet-derived growth factor beta

PDK1  pyruvate dehydrogenase kinase 1

PDK-1  phosphoinositide-dependent kinase 1

PHD  prolyl-4-hydroxylase

PI  phosphatidylinositol

PI3K  phosphatidylinositol 3-kinase
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PI3Kact  PI3K activated
PI-3P  phosphatidylinositol 3-phosphate
PKB  protein Kinase B
Pro  proline
PSTD  Proline-Serine–Threonine-rich protein stabilization Domain
PTEN  phosphatase and TENsing homolog
Pvr  PDGF/VEGF-receptor
Pxn  peroxidasin
Rbx1  ring box protein 1
RNAi  RNA interference
ROSs  reactive oxygen species
scrib  scribble
sima  similar
Slbo  slow border cells
TAD-C  carboxy-terminal transactivation domains
TAD-N  amino-terminal transactivation domains
TGF-α  transforming growth factor alpha
tgo  tango
TNF-α  tumor necrosis factor α
trh  trachealess
VEGF  vascular endothelial growth factor
VHL  von Hippel-Lindau
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Abstract

Neuronal PC12 and SH-SY5Y cells are highly suitable in vitro models for study of the 
neurodegenerative mechanisms occurring in Parkinson’s disease (PD). Differentiated 
PC12 and SH-SY5Y cells bear many similarities to the neuronal populations affected in 
PD, and they provide a convenient source of large amounts of homogeneous material for 
biochemical and molecular downstream applications. In the present review, we describe 
how to differentiate PC12 and SH-SY5Y cells into neuron-like cells and provide protocols 
for their transfection with plasmids and infection with viral particles to manipulate gene 
expression. We also describe how to treat neuronal PC12 and SH-SY5Y cells with the clas-
sical PD neurotoxins 6-hydroxydopamine (6-OHDA) and 1-methyl-4-phenyl-pyridinium 
ion (MPP+). Finally, we give detailed methods for several downstream applications use-
ful for the analysis of cell death pathways in PD.

Keywords: Parkinson’s disease, PC12, SH-SY5Y, differentiation, 6-hydroxydopamine 
(6-OHDA), 1-methyl-4-phenylpyridinium (MPP+), transfection, lentiviral infection, 
survival assay, immunofluorescence, quantitative polymerase chain reaction, Western 
immunoblotting

1. Introduction

The etiology of Parkinson’s disease (PD) is still unknown and likely due to combinations of envi-
ronmental and genetic factors, ultimately leading to the degeneration of various neuronal pop-
ulations [1–4]. Neuron death in models of PD requires the transcription-dependent induction of 
specific pro-death genes. Identifying and manipulating transcriptionally regulated genes that 
mediate neuron degeneration in PD is a promising strategy for treating PD without knowing 
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the proximal initiating causes of the disease [5]. Tumor-derived cell lines expressing neuronal 
properties such as PC12 and SH-SY5Y cells are highly suitable in vitro models to apply this strat-
egy. PC12 is a cell line initially isolated from a pheochromocytoma of the rat adrenal medulla 
[6]. Undifferentiated PC12 cells exit the cell cycle and differentiate into neurons after 1 week of 
exposure to nerve growth factor (NGF). SH-SY5Y is a human neuroblastoma cell line originally 
derived from a metastatic bone tumor biopsy. Neuroblast-like SH-SY5Y cells can be withdrawn 
from the cell cycle and differentiated into a more mature neuron-like phenotype by sequen-
tial exposure to retinoic acid and brain-derived neurotrophic factor (BDNF) [7]. Differentiated 
PC12 and SH-SY5Y cells extend long neurite-like processes, express neuron-specific markers 
and synthesize the catecholamine neurotransmitters dopamine and norepinephrine. PC12 and 
SH-SY5Y neurons highly resemble some of the neuronal populations affected in PD, such as the 
dopaminergic neurons of the substantia nigra pars compacta and the noradrenergic neurons of 
the locus coeruleus and peripheral sympathetic ganglia [1–4]. Under appropriate conditions, 
neuronal PC12 and SH-SY5Y cells are dependent on the trophic actions of NGF and BDNF, 
respectively [6, 7]. They are also sensitive to the classical PD neurotoxins 6-hydroxydopamine 
(6-OHDA) and 1-methyl-4-phenyl-pyridinium ion (MPP+). Therefore, differentiated PC12 and 
SH-SY5Y cells have been widely used as models to study PD neurodegenerative mechanisms 
[8–13]. They are easily transfected or infected with viral particles to manipulate gene expres-
sion. They additionally provide a convenient source of large amount of homogeneous material 
for biochemical and molecular downstream applications and the analysis of cell death path-
ways. These properties also make these lines very useful for drug screening studies.

In this chapter, we will introduce how to apply 6-OHDA and MPP+ to differentiated PC12 
and SH-SY5Y cells in vitro. Then, we will describe two ways to manipulate gene expression: 
plasmid transfection and lentiviral-mediated plasmid delivery in cellular PD models. In addi-
tion, we will discuss different methods to assess cell survival.

2. Materials

2.1. Coating plasticware

1. For PC12 cells: Reconstitute 10 mg of lyophilized rat tail collagen (Roche) with 5 mL of 
0.2% acetic acid. Working dilution is 1:20 in sterile double distilled or deionized water 
(ddH2O).

2. For SH-SY5Y cells: Matrigel (BD) should be thawed on ice overnight. Swirl vial gently and 
make 200 μL aliquots in microcentrifuge tubes using a pre-cooled pipet. Aliquots can be 
stored at −20°C.

2.2. Cell medium

2.2.1. PC12 cell medium

1. Complete growth medium: RPMI 1640 cell culture medium supplemented with 10% heat 
inactivated horse serum (Sigma), 5% fetal bovine serum (FBS) and the antibiotics penicil-
lin/streptomycin (pen/strep) (50 units/50 μg/mL final concentration).
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2. Differentiation medium: RPMI 1640 cell culture medium supplemented with 1% heat-inac-
tivated horse serum and pen/strep (50 units/50 μg/mL final concentration). NGF should be 
added to the differentiation medium for PC12 cell neuronal differentiation. Recombinant 
human or murine NGF stock concentration is 50 μg/mL and should be diluted 1000-fold 
directly into the culture medium. Medium with diluted NGF should not be stored and 
should be freshly prepared.

3. Freezing medium: Complete medium containing 10% dimethyl sulfoxide (DMSO).

2.2.2. SH-SY5Y cell medium

1. Growth medium: DMEM supplemented with 10% heat inactivated FBS (Gemini Bioprod-
ucts), 2-mM L-glutamine and antibiotics pen/strep (50 units/50 μg/mL final concentration).

2. Differentiation medium I: DMEM supplemented with 5% heat inactivated FBS (Gemini Bio-
products), 2 mM L-glutamine and antibiotics pen/strep (50 units/50 μg/mL final concentra-
tion). Retinoic acid is added freshly before use from a 0.5 mM stock (50 ×) in sterile ddH2O.

3. Differentiation medium II:

a. Neurobasal medium

b. B27 supplement (50×)

c. Antibiotics pen/strep (50 units/50 μg/mL final concentration).

d. GlutaMAX (Life Technologies) supplied as a 200 mM (100×) liquid stock.

e. 0.25 M (125×) dibutyryl cyclic adenosine monophosphate (dibutyryl cAMP) in sterile 
phosphate-buffered saline (PBS).

f. 100 mM (2000×) stock solution of recombinant human brain-derived neurotrophic 
factor (rhBDNF) in sterile ddH2O. Store at −20°C. Avoid multiple freeze and thaw 
cycles.

g. 2 M (100×) stock solution of KCl in sterile ddH2O.

Reagents a–c can be added to Neurobasal medium in advance and kept at 4°C. Reagents d-g 
should be added to Neurobasal medium with serum just before use.

4. Trypsin: 0.05% trypsin solution (Gibco).

5. Freezing medium: Growth medium containing 10% DMSO.

2.2.3. HEK293T cell medium

1. DMEM cell culture medium supplemented with 10% FBS (Gemini Bioproducts).

2. 0.05% Trypsin-EDTA (Gibco).

2.3. Parkinson’s disease toxins

Just before the treatment, prepare a 10 mM 6-OHDA (Tocris) or a 100 mM MPP+ (Sigma) stock 
solution in sterile ddH2O.
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2.4. Transfection and immunostaining reagents

1. Lipofectamine 2000 (Invitrogen).

2. 1 mg/mL Hoechst 33342 dye (Molecular Probes).

3. 4% formaldehyde: Dilute 16% (4×) formaldehyde aqueous solution (EMS) in PBS before use.

2.5. Lentiviral vector production

1. Calcium phosphate transfection buffer: Prepare and sterile-filter a 250 mM CaCl2 solu-
tion in ddH2O. Sterile-filter a 2 × HBSS (Hank’s balanced salt solution) containing 50 mM 
HEPES, 280 mM NaCl and 15 mM Na2HPO4 in ddH2O. The pH of the 2 × HBSS solution 
should be precisely adjusted to 7.03–7.04 with 1 M NaOH.

2.6. Western blot

1. 1 × cell lysis buffer: In a 15-mL conical tube, add 1 mL of 10 × cell lysis buffer (Cell Signal-
ing), one tablet of complete mini EDTA-free protease inhibitor cocktail (Roche) and 9 mL of 
ddH2O. Mix for 30 min by rotation, prepare 1 mL aliquots and freeze at −20°C.

2. Protein sample buffer: 4 × NupageLDS sample buffer (Life Technologies), 10 × (500 mM) 
dithiothreitol (Nupage Reducing Agent, Life Technologies) and ddH2O to achieve a 1–2 μg/
μL final protein concentration.

3. 1 × running buffer (1 L): 50 mL of 20 × MOPS running buffer (Life Technologies) and 950 mL 
of ddH2O.

4. 1 × transfer buffer (1 L): 50 mL of 20 × transfer buffer (Life Technologies), 150 mL of 95% 
ethanol and 800 mL of ddH2O.

5. Ponceau S: 0.1% w/v Ponceau and 5% acetic acid in ddH2O.

6. Washing buffer: 1 × TBS (Tris-buffered saline) + 0.1% Tween-20 (TBST).

7. Blocking solution: TBST + 5% dry milk. Store at 4°C.

2.7. Survival assay

1. 10 × cell lysis counting buffer (100 mL): cetyldimethyl-ethanolammonium bromide (5 g), NaCl 
(0.165 g), glacial acetic acid (2.8 mL), 10% Triton X-100 (50 mL), 1 M MgCl2 (2 mL), 10 × PBS 
(10 mL) and ddH2O (35.2 mL). The working dilution is 1 × in distilled water.

3. Methods

3.1. PC12 cells

PC12 is a cell line derived from a pheochromocytoma of the rat adrenal medulla. It has been found 
that PC12 cells stop dividing and differentiate to a neuronal phenotype after treatment with NGF 
[6]. PC12 cells are a good model for studying neuron differentiation and degenerative disease.
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3.1.1. Coating plasticware

Dilute 2 mg/ml stock collagen solution in sterile water into a 0.1 mg/ml working collagen solu-
tion as described in section 2.1 and ensure the solution covers the entire surface of the dish. 
Use 1 mL of the diluted collagen solution per 10-cm cell culture dish. The volume should be 
adjusted accordingly for different dish sizes. Incubate the coated dishes for 4–6 h at room 
temperature and remove the excess and air-dry in a cell culture hood. Alternatively, do not 
remove the excess and allow the culture dishes to dry in the cell-culture hood at room tem-
perature overnight.1

3.1.2. Maintaining PC12 cells

1. Seed undifferentiated PC12 cells in 5–8 mL of complete growth medium in a collagen-
coated 10-cm dish and split them, when they reach 80–90% confluence.

2. When cells reach confluence, aspirate ¾ of the medium from the plate.

3. Add 2 mL of fresh complete medium and pipet up and down over the cell monolayer to 
detach the cells and break up cell clumps.

4. Triturate the cells several times with the pipette to further break up cell clumps.

5. Split the cells into 2–3 10-cm dishes and add complete medium to a final volume of 5–8 mL.

6. Change the complete medium every 2 days by removing ¾ of the old medium and 
gently adding fresh complete medium up to 5–8 mL, leaving the cell monolayer 
undisturbed.

3.1.3. Differentiating PC12 cells

1. Detach PC12 cells from the plate as described above with complete medium.

2. Dilute the cell suspension with the differentiation medium and add NGF to a final concen-
tration of 50 ng/mL. One 10-cm confluent plate of PC12 cells can be used to generate 5–20 
cultures of the same size for differentiation. The dilution of the cell suspension should be 
adjusted according to specific experimental requirements.2

3. Plate the cells on the appropriate collagen-coated dish.

4. Change the differentiation medium every 2–3 days (using fresh NGF) for up to 7–10 days.

After 24 h, cells begin to extend neurites. 7–10 days of differentiation is necessary before pro-
ceeding to toxin treatment.

1Once coated, these dishes can be kept for 2–3 weeks. Because PC12 cells tend to detach from the plasticware easily, the 
coated plasticware should not be used beyond 3 weeks.
2Usually, naïve PC12 cells are grown in 10-cm dishes. When using differentiated PC12 cells, different type of plates can 
be used to satisfy experimental requirements. For example, 24 or 48 well plates can be used for viability assays. 6-well or 
12-well plates can be used for mRNA purification and protein extracts.
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2.4. Transfection and immunostaining reagents

1. Lipofectamine 2000 (Invitrogen).

2. 1 mg/mL Hoechst 33342 dye (Molecular Probes).

3. 4% formaldehyde: Dilute 16% (4×) formaldehyde aqueous solution (EMS) in PBS before use.

2.5. Lentiviral vector production

1. Calcium phosphate transfection buffer: Prepare and sterile-filter a 250 mM CaCl2 solu-
tion in ddH2O. Sterile-filter a 2 × HBSS (Hank’s balanced salt solution) containing 50 mM 
HEPES, 280 mM NaCl and 15 mM Na2HPO4 in ddH2O. The pH of the 2 × HBSS solution 
should be precisely adjusted to 7.03–7.04 with 1 M NaOH.

2.6. Western blot

1. 1 × cell lysis buffer: In a 15-mL conical tube, add 1 mL of 10 × cell lysis buffer (Cell Signal-
ing), one tablet of complete mini EDTA-free protease inhibitor cocktail (Roche) and 9 mL of 
ddH2O. Mix for 30 min by rotation, prepare 1 mL aliquots and freeze at −20°C.

2. Protein sample buffer: 4 × NupageLDS sample buffer (Life Technologies), 10 × (500 mM) 
dithiothreitol (Nupage Reducing Agent, Life Technologies) and ddH2O to achieve a 1–2 μg/
μL final protein concentration.

3. 1 × running buffer (1 L): 50 mL of 20 × MOPS running buffer (Life Technologies) and 950 mL 
of ddH2O.

4. 1 × transfer buffer (1 L): 50 mL of 20 × transfer buffer (Life Technologies), 150 mL of 95% 
ethanol and 800 mL of ddH2O.

5. Ponceau S: 0.1% w/v Ponceau and 5% acetic acid in ddH2O.

6. Washing buffer: 1 × TBS (Tris-buffered saline) + 0.1% Tween-20 (TBST).

7. Blocking solution: TBST + 5% dry milk. Store at 4°C.

2.7. Survival assay

1. 10 × cell lysis counting buffer (100 mL): cetyldimethyl-ethanolammonium bromide (5 g), NaCl 
(0.165 g), glacial acetic acid (2.8 mL), 10% Triton X-100 (50 mL), 1 M MgCl2 (2 mL), 10 × PBS 
(10 mL) and ddH2O (35.2 mL). The working dilution is 1 × in distilled water.

3. Methods

3.1. PC12 cells

PC12 is a cell line derived from a pheochromocytoma of the rat adrenal medulla. It has been found 
that PC12 cells stop dividing and differentiate to a neuronal phenotype after treatment with NGF 
[6]. PC12 cells are a good model for studying neuron differentiation and degenerative disease.
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3.1.1. Coating plasticware

Dilute 2 mg/ml stock collagen solution in sterile water into a 0.1 mg/ml working collagen solu-
tion as described in section 2.1 and ensure the solution covers the entire surface of the dish. 
Use 1 mL of the diluted collagen solution per 10-cm cell culture dish. The volume should be 
adjusted accordingly for different dish sizes. Incubate the coated dishes for 4–6 h at room 
temperature and remove the excess and air-dry in a cell culture hood. Alternatively, do not 
remove the excess and allow the culture dishes to dry in the cell-culture hood at room tem-
perature overnight.1

3.1.2. Maintaining PC12 cells

1. Seed undifferentiated PC12 cells in 5–8 mL of complete growth medium in a collagen-
coated 10-cm dish and split them, when they reach 80–90% confluence.

2. When cells reach confluence, aspirate ¾ of the medium from the plate.

3. Add 2 mL of fresh complete medium and pipet up and down over the cell monolayer to 
detach the cells and break up cell clumps.

4. Triturate the cells several times with the pipette to further break up cell clumps.

5. Split the cells into 2–3 10-cm dishes and add complete medium to a final volume of 5–8 mL.

6. Change the complete medium every 2 days by removing ¾ of the old medium and 
gently adding fresh complete medium up to 5–8 mL, leaving the cell monolayer 
undisturbed.

3.1.3. Differentiating PC12 cells

1. Detach PC12 cells from the plate as described above with complete medium.

2. Dilute the cell suspension with the differentiation medium and add NGF to a final concen-
tration of 50 ng/mL. One 10-cm confluent plate of PC12 cells can be used to generate 5–20 
cultures of the same size for differentiation. The dilution of the cell suspension should be 
adjusted according to specific experimental requirements.2

3. Plate the cells on the appropriate collagen-coated dish.

4. Change the differentiation medium every 2–3 days (using fresh NGF) for up to 7–10 days.

After 24 h, cells begin to extend neurites. 7–10 days of differentiation is necessary before pro-
ceeding to toxin treatment.

1Once coated, these dishes can be kept for 2–3 weeks. Because PC12 cells tend to detach from the plasticware easily, the 
coated plasticware should not be used beyond 3 weeks.
2Usually, naïve PC12 cells are grown in 10-cm dishes. When using differentiated PC12 cells, different type of plates can 
be used to satisfy experimental requirements. For example, 24 or 48 well plates can be used for viability assays. 6-well or 
12-well plates can be used for mRNA purification and protein extracts.
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3.1.4. Freezing PC12 cells for storage

1. Detach the cells from the plates using complete medium and place them in 15 mL conical 
tubes.

2. Centrifuge the cell suspension at 1000 rpm for 5 min and discard the supernatant.

3. Add 2 mL of complete medium containing 10% DMSO and mix them gently.

4. Place the cell suspension in cryotubes.

5. Place the cryotubes in an isopropanol-freezing container.

6. Keep the container at −80°C overnight and transfer the tubes into liquid nitrogen for long-
term storage. The cryotubes can be stored at −80°C for up to several months. For longer 
periods of storage, the cells must be kept in liquid nitrogen.

3.2. SH-SY5Y cells

For SH-SY5Y cell differentiation, several protocols are commonly used. Here, we will intro-
duce an easy and reproducible procedure to generate a fully differentiated homogeneous 
population of neuron-like cells.

3.2.1. Coating plasticware

1. Thaw BD Matrigel in a vial covered by foil on ice overnight, and swirl it to ensure that it 
is evenly mixed.

2. Dilute Matrigel using pre-cooled pipets in cold DMEM (1:10).

3. Add enough Matrigel solution to cover the entire cell-culture dish surface.

4. Incubate at room temperature for at least 1 h.

5. Rinse with serum-free DMEM two times before use.

3.2.2. Plating cells

1. If SH-SY5Y cells are received or stored in a frozen state (−80°C or in liquid nitrogen), thaw 
the vial at 37°C in a water bath and plate them as soon as possible to limit exposure to the 
toxicity of DMSO.

2. Prepare 10 mL of warm (37°C) growth medium in a 15-mL Falcon tube.

3. Remove the thawed cell suspension from the cryotube and place it into the pre-warmed 
complete medium.

4. Carefully mix the cell suspension and centrifuge for 3 min at 1000 rpm at room temperature.
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5. Discard the supernatant and add 2 mL of fresh growth medium and pipet up and down to 
resuspend the cell pellet.

6. Place the cells into the Matrigel-coated plate and add another 8 mL of growth medium (for 
a 10-cm plate). Gently swirl the plate back and forth and left to right to prevent the cells 
from concentrating at the center of the plate.

3.2.3. Maintaining SH-SY5Y cells

Once the cells are plated, passage them at every 2–3 days at 1:3 to 1:4 ratio (it is recommended 
to subculture the cells when they reach 70–90% confluence), depending on your experimental 
requirement.

1. Aspirate the entire medium from the 15-cm plate.

2. Wash the cells with 3–8 mL of warm PBS (37°C).

3. Add 1–2 mL of trypsin. Swirl the plate to cover the entire cell surface with trypsin solution 
and for 4–5 min.

4. Use hands to tap the bottom of the dish. At this point, the cells will detach from the plate.

5. After applying the medium onto the entire surface, triturate the cells several times with the 
pipette to break down cell clumps.

6. Split cells at different ratios as experimentally required into Matrigel-coated plates.

7. Bring the total volume per plate up to 6–9 mL.

3.2.4. Differentiation of SH-SY5Y cells

1. Remove growth medium and wash the cells with warm PBS in a 15-cm plate.3

2. Add 2 mL of trypsin and incubate for 2–3 min at room temperature.

3. Dilute the cell suspension in growth medium and triturate it to get a homogenous cell 
suspension prior to transfer to a new flask.4

4. Seed 2–3 × 103 cells/cm2 cells into Matrigel-coated plates and let them sit overnight in the 
cell culture incubator so that the cells attach to the plates.

5. The next day, remove the growth medium and add the differentiation medium I (DMEM, 
5% FBS, 2 mM L-glutamine and pen/strep) supplemented with retinoic acid at a final con-
centration of 10 μM.

3The passage number of SH-SY5Y cells required for differentiation should be as low as possible. If cells switch to a 
fibroblast-like phenotype after several passages, they should not be used for differentiation.
4Excessive dilution (more than 1:4) and splitting of SH-SY5Y cells before they reach confluence will block the cells from 
achieving differentiation.
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3.1.4. Freezing PC12 cells for storage

1. Detach the cells from the plates using complete medium and place them in 15 mL conical 
tubes.

2. Centrifuge the cell suspension at 1000 rpm for 5 min and discard the supernatant.

3. Add 2 mL of complete medium containing 10% DMSO and mix them gently.

4. Place the cell suspension in cryotubes.

5. Place the cryotubes in an isopropanol-freezing container.

6. Keep the container at −80°C overnight and transfer the tubes into liquid nitrogen for long-
term storage. The cryotubes can be stored at −80°C for up to several months. For longer 
periods of storage, the cells must be kept in liquid nitrogen.

3.2. SH-SY5Y cells

For SH-SY5Y cell differentiation, several protocols are commonly used. Here, we will intro-
duce an easy and reproducible procedure to generate a fully differentiated homogeneous 
population of neuron-like cells.

3.2.1. Coating plasticware

1. Thaw BD Matrigel in a vial covered by foil on ice overnight, and swirl it to ensure that it 
is evenly mixed.

2. Dilute Matrigel using pre-cooled pipets in cold DMEM (1:10).

3. Add enough Matrigel solution to cover the entire cell-culture dish surface.

4. Incubate at room temperature for at least 1 h.

5. Rinse with serum-free DMEM two times before use.

3.2.2. Plating cells

1. If SH-SY5Y cells are received or stored in a frozen state (−80°C or in liquid nitrogen), thaw 
the vial at 37°C in a water bath and plate them as soon as possible to limit exposure to the 
toxicity of DMSO.

2. Prepare 10 mL of warm (37°C) growth medium in a 15-mL Falcon tube.

3. Remove the thawed cell suspension from the cryotube and place it into the pre-warmed 
complete medium.

4. Carefully mix the cell suspension and centrifuge for 3 min at 1000 rpm at room temperature.
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5. Discard the supernatant and add 2 mL of fresh growth medium and pipet up and down to 
resuspend the cell pellet.

6. Place the cells into the Matrigel-coated plate and add another 8 mL of growth medium (for 
a 10-cm plate). Gently swirl the plate back and forth and left to right to prevent the cells 
from concentrating at the center of the plate.

3.2.3. Maintaining SH-SY5Y cells

Once the cells are plated, passage them at every 2–3 days at 1:3 to 1:4 ratio (it is recommended 
to subculture the cells when they reach 70–90% confluence), depending on your experimental 
requirement.

1. Aspirate the entire medium from the 15-cm plate.

2. Wash the cells with 3–8 mL of warm PBS (37°C).

3. Add 1–2 mL of trypsin. Swirl the plate to cover the entire cell surface with trypsin solution 
and for 4–5 min.

4. Use hands to tap the bottom of the dish. At this point, the cells will detach from the plate.

5. After applying the medium onto the entire surface, triturate the cells several times with the 
pipette to break down cell clumps.

6. Split cells at different ratios as experimentally required into Matrigel-coated plates.

7. Bring the total volume per plate up to 6–9 mL.

3.2.4. Differentiation of SH-SY5Y cells

1. Remove growth medium and wash the cells with warm PBS in a 15-cm plate.3

2. Add 2 mL of trypsin and incubate for 2–3 min at room temperature.

3. Dilute the cell suspension in growth medium and triturate it to get a homogenous cell 
suspension prior to transfer to a new flask.4

4. Seed 2–3 × 103 cells/cm2 cells into Matrigel-coated plates and let them sit overnight in the 
cell culture incubator so that the cells attach to the plates.

5. The next day, remove the growth medium and add the differentiation medium I (DMEM, 
5% FBS, 2 mM L-glutamine and pen/strep) supplemented with retinoic acid at a final con-
centration of 10 μM.

3The passage number of SH-SY5Y cells required for differentiation should be as low as possible. If cells switch to a 
fibroblast-like phenotype after several passages, they should not be used for differentiation.
4Excessive dilution (more than 1:4) and splitting of SH-SY5Y cells before they reach confluence will block the cells from 
achieving differentiation.
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6. Change the culture medium every 2 days and culture the cells under these conditions for 
5 days.

7. Subsequently, remove the medium and replace it with differentiation medium II (Neu-
robasal medium, 5% B-27, 2 mM GlutaMAX, 2 mM dibutyryl-cAMP, 20 mM KCl, 50 ng/
mL rhBDNF and pen/strep).

8. Keep the cells in differentiation medium II for an additional 5 days before using them.

3.2.5. Conserving SH-SY5Y cells

1. Wash SH-SY5Y cells with PBS.

2. Add 2–4 mL of 0.05% trypsin for 2–3 min at room temperature.

3. Detach the cells from the plate with 2 mL of growth medium.

4. Centrifuge the cell suspension at 1000 rpm for 5 min and remove the supernatant.

5. Add 2 mL of growth medium containing 10% DMSO and mix them gently.

6. Place the cell suspension in cryotubes.

7. Place the cryotubes in an isopropanol-freezing container and place it at −80°C overnight. 
Transfer the cryotubes into liquid nitrogen for long-term storage.

3.3. Parkinson’s disease cellular models

Addition of 6-OHDA or MPP+ to NGF-differentiated PC12 and SH-SY5Y cells is used as PD 
cellular models.

1. Replace the medium with fresh medium before any treatment.

2. Prepare stock solutions of the toxin before use.

3. Since 6-OHDA and MPP+ are light sensitive and unstable, their solutions should be 
wrapped in aluminum foil to avoid light and prepared just before each use. Minimize 
exposure to light and air.

4. To treat neuronal PC12 cells5:

a. 6-OHDA:

Measure 6-OHDA into a small tube covered with foil. Prepare a 10 mM stock in sterile 
ddH2O. Filter-sterilize using a 10 mL syringe and a 0.2 μm filter. Use 6-OHDA at a 50–100 μM 

5Both 6-OHDA and MPP+ are usually used as toxins to mimic PD. Dopamine transporters will specifically take up these 
toxins. Therefore, the density of the dopamine transporter on cells and the total number of cells determine the toxicity 
range. To get a certain amount of cell death, the cell density and the toxin concentrations should be determined empiri-
cally. The concentrations listed above are intended to cause 40–60% cell death. For initial toxin treatment experiments, 
viability should be monitored as recommended at 24 and 48 h.
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final concentration. Take appropriate caution at all times to keep from coming into contact 
with the 6-OHDA powder or solution.

b. MPP+:

Prepare a 100-mM MPP+ stock solution in a tube covered with foil with ddH2O and sterile-
filter using a 0.2-μm filter. Use MPP+ at a 500 μM to 1 mM working concentration. Take 
appropriate caution at all times to keep from coming into contact with the MPP+ powder or 
solution.

5. To treat differentiated SH-SY5Y cells (see footnote 5):

Prepare toxin stocks as above, but the final concentration of 6-OHDA should be much lower: 
10–20 μM for 6-OHDA. The final concentration of MPP+, however, should be between 1 and 
3 mM. These concentrations of toxins will result in about 50% cell death.

6. For small wells (24- or 48-well plates), because small volumes are more prone to pipetting 
errors, use a diluted stock of 6-OHDA. Dilute the 10 mM stock at 1:10 in medium to make 
a 1 mM stock before use.

7. After treatments, assess the experiment at the desired time.

3.3.1. Manipulation of gene expression in cultured cells to study PD

To study gene function in PD cellular models, gene overexpression and silencing are power-
ful tools. Here, we take PC12 cells as an example to introduce two ways to manipulate gene 
expression: plasmid transfection and lentiviral-mediated plasmid delivery. We will also intro-
duce several methods to assay PC12 cell survival in these two systems.

3.4. Manipulation of gene expression by transfection

3.4.1. Transfection

Neuronal PC12 cells are very difficult to transfect with plasmids (less than 5% transfection 
rate), but transfection is still a good way to study some gene functions following PD toxin 
treatments. The low transfection rate makes it easy to observe individual cell phenotype 
changes, and transfection is also easier to handle than virus infection. Usually the plasmids 
used for transfection contain fluorescent markers such as GFP, which makes it possible to 
observe the transfected population. Transfection is also useful for gene regulation studies 
using luminescent reporters such as luciferase.

1. Seed PC12 cells as mentioned above.

2. Add NGF to differentiate PC12 cells for at least 3–4 days.

3. Transfect neuronal PC12 cells with plasmids (usually with some fluorescent marker, such 
as green fluorescent protein (GFP)) using Lipofectamine 2000 (Invitrogen) according to the 
manufacturer’s instructions.
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6. Change the culture medium every 2 days and culture the cells under these conditions for 
5 days.

7. Subsequently, remove the medium and replace it with differentiation medium II (Neu-
robasal medium, 5% B-27, 2 mM GlutaMAX, 2 mM dibutyryl-cAMP, 20 mM KCl, 50 ng/
mL rhBDNF and pen/strep).

8. Keep the cells in differentiation medium II for an additional 5 days before using them.

3.2.5. Conserving SH-SY5Y cells

1. Wash SH-SY5Y cells with PBS.

2. Add 2–4 mL of 0.05% trypsin for 2–3 min at room temperature.

3. Detach the cells from the plate with 2 mL of growth medium.

4. Centrifuge the cell suspension at 1000 rpm for 5 min and remove the supernatant.

5. Add 2 mL of growth medium containing 10% DMSO and mix them gently.

6. Place the cell suspension in cryotubes.

7. Place the cryotubes in an isopropanol-freezing container and place it at −80°C overnight. 
Transfer the cryotubes into liquid nitrogen for long-term storage.

3.3. Parkinson’s disease cellular models

Addition of 6-OHDA or MPP+ to NGF-differentiated PC12 and SH-SY5Y cells is used as PD 
cellular models.

1. Replace the medium with fresh medium before any treatment.

2. Prepare stock solutions of the toxin before use.

3. Since 6-OHDA and MPP+ are light sensitive and unstable, their solutions should be 
wrapped in aluminum foil to avoid light and prepared just before each use. Minimize 
exposure to light and air.

4. To treat neuronal PC12 cells5:

a. 6-OHDA:

Measure 6-OHDA into a small tube covered with foil. Prepare a 10 mM stock in sterile 
ddH2O. Filter-sterilize using a 10 mL syringe and a 0.2 μm filter. Use 6-OHDA at a 50–100 μM 

5Both 6-OHDA and MPP+ are usually used as toxins to mimic PD. Dopamine transporters will specifically take up these 
toxins. Therefore, the density of the dopamine transporter on cells and the total number of cells determine the toxicity 
range. To get a certain amount of cell death, the cell density and the toxin concentrations should be determined empiri-
cally. The concentrations listed above are intended to cause 40–60% cell death. For initial toxin treatment experiments, 
viability should be monitored as recommended at 24 and 48 h.
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final concentration. Take appropriate caution at all times to keep from coming into contact 
with the 6-OHDA powder or solution.

b. MPP+:

Prepare a 100-mM MPP+ stock solution in a tube covered with foil with ddH2O and sterile-
filter using a 0.2-μm filter. Use MPP+ at a 500 μM to 1 mM working concentration. Take 
appropriate caution at all times to keep from coming into contact with the MPP+ powder or 
solution.

5. To treat differentiated SH-SY5Y cells (see footnote 5):

Prepare toxin stocks as above, but the final concentration of 6-OHDA should be much lower: 
10–20 μM for 6-OHDA. The final concentration of MPP+, however, should be between 1 and 
3 mM. These concentrations of toxins will result in about 50% cell death.

6. For small wells (24- or 48-well plates), because small volumes are more prone to pipetting 
errors, use a diluted stock of 6-OHDA. Dilute the 10 mM stock at 1:10 in medium to make 
a 1 mM stock before use.

7. After treatments, assess the experiment at the desired time.

3.3.1. Manipulation of gene expression in cultured cells to study PD

To study gene function in PD cellular models, gene overexpression and silencing are power-
ful tools. Here, we take PC12 cells as an example to introduce two ways to manipulate gene 
expression: plasmid transfection and lentiviral-mediated plasmid delivery. We will also intro-
duce several methods to assay PC12 cell survival in these two systems.

3.4. Manipulation of gene expression by transfection

3.4.1. Transfection

Neuronal PC12 cells are very difficult to transfect with plasmids (less than 5% transfection 
rate), but transfection is still a good way to study some gene functions following PD toxin 
treatments. The low transfection rate makes it easy to observe individual cell phenotype 
changes, and transfection is also easier to handle than virus infection. Usually the plasmids 
used for transfection contain fluorescent markers such as GFP, which makes it possible to 
observe the transfected population. Transfection is also useful for gene regulation studies 
using luminescent reporters such as luciferase.

1. Seed PC12 cells as mentioned above.

2. Add NGF to differentiate PC12 cells for at least 3–4 days.

3. Transfect neuronal PC12 cells with plasmids (usually with some fluorescent marker, such 
as green fluorescent protein (GFP)) using Lipofectamine 2000 (Invitrogen) according to the 
manufacturer’s instructions.
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4. After 48 h, observe transfected cells (as judged by expression of the fluorophore) with a 
fluorescence microscope. If sufficient cells are transfected, the cultures can be treated with 
6-OHDA or MPP+ as experiments require.

5. At various times after treatment with the toxins, viable transfected neuronal PC12 cells can 
be identified and target genes in the transfected cells can be studied by co-immunostaining.

3.4.2. Viability assay for transfected cells

Cell number counting or apoptotic nuclei assessment can be used to assess cell survival.6

a. Strip counting or whole-well counting: the number of healthy, GFP positive cells is count-
ed in a field consisting of a strip across the diameter of each well or the whole well. The 
survival rate is calculated and normalized to the number of cells counted in the control 
wells. The number of transfected cells counted should be at least 400.7

b. Apoptotic nuclei assessment: Hoechst dye 33342 is applied to stain nuclei either of living 
cells or after fixation with formaldehyde.

For living cells:

1. 1 mg/mL Hoechst 33342 is added the medium to a final concentration of 1 μg/mL for 5 min.

2. Remove the culture medium and replace with fresh medium that does not contain Hoechst 
33342.

For fixed cells:

1. Remove the medium.

2. Add 4% formaldehyde for 10 min, wash 3 times with PBS.

3. Stain with Hoechst 33342 (at 1 μg/mL final concentration) for 5 min.

4. Replace with PBS without dye.

The cells that possess both GFP and condensed nuclei/fragmented chromatin are scored as 
apoptotic. The number of apoptotic cells is calculated relative to the number of GFP+ cells in 
the same well (see footnote 7).

3.4.3. Immunostaining after transfection

1. 24 or 48 h after transfection, fix the cells with 4% formaldehyde for 10 min.

2. Permeabilize cells with 0.5% Triton X-100 for 10 min at room temperature.

6All the results should be repeated as least three times, and analysis by Student’s test or ANOVA with Tukey’s post hoc 
test.
7If the fluorescence signal is weak, immunostaining will enhance the signal. GFP antibody can be used enhance the sig-
nals. After that, assess cell viability through cell survival assessments as described.
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3. Block cells with 5% bovine serum albumin (BSA) in PBS for 40 min.

4. Stain PC12 cells with specific primary antibody at appropriate dilution rate in 5% BSA 
overnight at 4°C.

5. Wash cells 3 times with PBS, 10 min each time.

6. Incubate cells with secondary antibody for 1 h at room temperature.

7. Dilute Hoechst 33342 dye to 1 μg/mL in PBS.

8. Stain cells for another 5 min.

9. Wash cells with PBS.

Cells are observed and scored under a fluorescence microscope. An example of transfected 
and immunostained neuronal PC12 cell culture is shown in Figure 1.

3.5. Manipulation of gene expression by lentiviral vector infection

Lentiviral vectors derived from Human immunodeficiency virus type 1 are able to infect dif-
ferentiated neurons and stably integrate into the host genome, resulting in long-term expres-
sion of the transgene. A major advantage of lentiviral-mediated gene delivery, compared to 
the transfection procedure described above, is that it will typically achieve a 80–90% trans-
duction rate in a PC12 or SH-SY5Y neuronal cell population. This high transduction rate is 
crucial for the use of downstream applications requiring highly efficient manipulation of gene 
expression, such as qPCR or Western immunoblotting.

The strategy to produce replication-defective lentiviral particles has been to remove all dis-
pensable genes from the HIV-1 genome and separate the cis-acting sequences from the trans-
acting elements required for viral particle production, infection and integration [14–16]. The 

Figure 1. Transfection of the pro-apoptotic Tribbles pseudokinase 3 (Trib3) in neuronal PC12 cells. PC12 cells were differentiated 
into neurons with NGF for 3 days and transfected with a construct co-expressing full length Trib3 and GFP using Lipofectamine 
2000. After 48 h, cells were fixed with 4% PFA and immunostained for GFP (chicken anti-GFP primary antibody and goat anti-
chicken Alexa fluor 488 secondary antibody, Life Technologies), Trib3 (rabbit anti-Trib3 primary antibody, Calbiochem, and 
goat anti-rabbit Alexa fluor 568 secondary antibody, Life Technologies) and nuclei were stained with Hoechst 33342. Under 
basal conditions, neuronal PC12 cells express undetectable levels of endogenous Trib3. A successfully transfected neuronal 
PC12 cell is shown here co-expressing GFP (left) and Trib3 (center) in the cell body (arrowhead) and in discrete puncta in the 
processes (arrows). A merged image with additional Hoechst staining of the nuclei is shown on the right.
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4. After 48 h, observe transfected cells (as judged by expression of the fluorophore) with a 
fluorescence microscope. If sufficient cells are transfected, the cultures can be treated with 
6-OHDA or MPP+ as experiments require.

5. At various times after treatment with the toxins, viable transfected neuronal PC12 cells can 
be identified and target genes in the transfected cells can be studied by co-immunostaining.

3.4.2. Viability assay for transfected cells

Cell number counting or apoptotic nuclei assessment can be used to assess cell survival.6

a. Strip counting or whole-well counting: the number of healthy, GFP positive cells is count-
ed in a field consisting of a strip across the diameter of each well or the whole well. The 
survival rate is calculated and normalized to the number of cells counted in the control 
wells. The number of transfected cells counted should be at least 400.7

b. Apoptotic nuclei assessment: Hoechst dye 33342 is applied to stain nuclei either of living 
cells or after fixation with formaldehyde.

For living cells:

1. 1 mg/mL Hoechst 33342 is added the medium to a final concentration of 1 μg/mL for 5 min.

2. Remove the culture medium and replace with fresh medium that does not contain Hoechst 
33342.

For fixed cells:

1. Remove the medium.

2. Add 4% formaldehyde for 10 min, wash 3 times with PBS.

3. Stain with Hoechst 33342 (at 1 μg/mL final concentration) for 5 min.

4. Replace with PBS without dye.

The cells that possess both GFP and condensed nuclei/fragmented chromatin are scored as 
apoptotic. The number of apoptotic cells is calculated relative to the number of GFP+ cells in 
the same well (see footnote 7).

3.4.3. Immunostaining after transfection

1. 24 or 48 h after transfection, fix the cells with 4% formaldehyde for 10 min.

2. Permeabilize cells with 0.5% Triton X-100 for 10 min at room temperature.

6All the results should be repeated as least three times, and analysis by Student’s test or ANOVA with Tukey’s post hoc 
test.
7If the fluorescence signal is weak, immunostaining will enhance the signal. GFP antibody can be used enhance the sig-
nals. After that, assess cell viability through cell survival assessments as described.
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3. Block cells with 5% bovine serum albumin (BSA) in PBS for 40 min.

4. Stain PC12 cells with specific primary antibody at appropriate dilution rate in 5% BSA 
overnight at 4°C.

5. Wash cells 3 times with PBS, 10 min each time.

6. Incubate cells with secondary antibody for 1 h at room temperature.

7. Dilute Hoechst 33342 dye to 1 μg/mL in PBS.

8. Stain cells for another 5 min.

9. Wash cells with PBS.

Cells are observed and scored under a fluorescence microscope. An example of transfected 
and immunostained neuronal PC12 cell culture is shown in Figure 1.

3.5. Manipulation of gene expression by lentiviral vector infection

Lentiviral vectors derived from Human immunodeficiency virus type 1 are able to infect dif-
ferentiated neurons and stably integrate into the host genome, resulting in long-term expres-
sion of the transgene. A major advantage of lentiviral-mediated gene delivery, compared to 
the transfection procedure described above, is that it will typically achieve a 80–90% trans-
duction rate in a PC12 or SH-SY5Y neuronal cell population. This high transduction rate is 
crucial for the use of downstream applications requiring highly efficient manipulation of gene 
expression, such as qPCR or Western immunoblotting.

The strategy to produce replication-defective lentiviral particles has been to remove all dis-
pensable genes from the HIV-1 genome and separate the cis-acting sequences from the trans-
acting elements required for viral particle production, infection and integration [14–16]. The 

Figure 1. Transfection of the pro-apoptotic Tribbles pseudokinase 3 (Trib3) in neuronal PC12 cells. PC12 cells were differentiated 
into neurons with NGF for 3 days and transfected with a construct co-expressing full length Trib3 and GFP using Lipofectamine 
2000. After 48 h, cells were fixed with 4% PFA and immunostained for GFP (chicken anti-GFP primary antibody and goat anti-
chicken Alexa fluor 488 secondary antibody, Life Technologies), Trib3 (rabbit anti-Trib3 primary antibody, Calbiochem, and 
goat anti-rabbit Alexa fluor 568 secondary antibody, Life Technologies) and nuclei were stained with Hoechst 33342. Under 
basal conditions, neuronal PC12 cells express undetectable levels of endogenous Trib3. A successfully transfected neuronal 
PC12 cell is shown here co-expressing GFP (left) and Trib3 (center) in the cell body (arrowhead) and in discrete puncta in the 
processes (arrows). A merged image with additional Hoechst staining of the nuclei is shown on the right.
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third-generation lentiviral vector system contains four plasmids: an expression vector con-
taining the cis-acting sequences and three additional packaging plasmids: pMDL, pRev and 
pVSVG, providing the trans-acting factors. pMDL encodes a gag-pol precursor that is pro-
cessed into an integrase and a reverse-transcriptase, as well as structural capsid proteins. 
Rev interacts with RRE, a cis-acting element enhancing the nuclear export of viral mRNAs. 
pVSVG encodes an envelope glycoprotein that confers the viral particle the ability to trans-
duce a broad range of cell types. The second-generation lentiviral vector system contains only 
three plasmids: an expression vector containing the cis-acting sequences including Rev and 
two additional packaging plasmids: psPAX2 and pVSVG, providing the other trans-acting 
factors.

Manipulation of gene expression by lentiviral vector infection is a multistep process requir-
ing, first, design and cloning of lentiviral constructs; then transfection of these constructs into 
packaging cells (HEK 293 cells); followed by collection, purification and concentration of the 
lentiviral particles; and finally, infection of neuronal cells. Design and cloning of lentiviral 
vectors will not be discussed in this methodological review, please refer to Tiscornia et al. [17] 
for a detailed protocol.

3.5.1. HEK 293T cells growth and maintenance

Grow and propagate HEK293T cells in DMEM +10% FBS in 15-cm dishes. Split the cells when 
they reach 80–90% confluence.8

1. Aspirate the medium of a confluent plate of HEK293T cells.

2. Add 5 mL of 1 × trypsin-EDTA. Swirl the plate to cover the entire cell surface with trypsin 
solution and place the plate in a 37°C incubator for 1 min.

3. Add 10 mL of DMEM +10% FBS to dilute and inactivate the trypsin solution and pipet up 
and down over the cell monolayer to detach the cells and break down cell clumps.

4. Transfer 5 mL of the cell suspension in a new 15-cm dish with 13 mL of fresh DMEM +10% 
FBS. Swirl the plate to evenly spread the cells.

3.5.2. Seeding HEK293T cells for lentivirus production (Day 1)

This protocol describes the production of two batches of virus (i.e., four 15-cm dishes total: 
two 15-cm dishes are needed for each batch of lentivirus), as it is usually needed for a given 
experiment: one batch (two 15-cm dishes) of lentivirus containing an expression vector 
designed to manipulate gene expression and one batch (two 15-cm dishes) of lentivirus con-
taining a control expression vector. The lentiviral vectors usually contain fluorescent markers 
such as GFP.

8HEK293T cells should not be allowed to become more than 80–90% confluent during maintenance. To ensure high 
transfection efficiency, HEK293T cells should be of low passage number and should demonstrate rapid growth when 
seeded for lentivirus production.
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1. Resuspend HEK293T cells from 80 to 90% confluent 15-cm dishes with trypsin-EDTA and 
DMEM +10% FBS, as described above.

2. Count the cells concentrated in the trypsinized cell suspension with a hemacytometer.

3. Seed about 2 × 107 HEK293T cells per 15-cm plate. Adjust the total volume to 18 mL/plate 
with DMEM +10% FBS and swirl the plate to evenly spread the cells.

3.5.3. Calcium phosphate transfection of the lentiviral plasmids (Day 2)

1. Make sure that the cells seeded the day before are healthy and close to 80–90% confluent: 
they should still have room to undergo 1–2 cell divisions.

2. For each batch of virus, prepare the corresponding plasmid mix in a 15-mL tube contain-
ing 4 mL of 250 mM CaCl2. For second-generation lentiviral system, use 30 μg of psPAX2, 
20 μg of VSVG and 40 μg of expression vector. For third-generation lentiviral system, use 
20 μg of CMV-VSVG, 20 μg of pMDLg/pRRE, 20 μg of RSV/REV and 40 μg of expression 
vector.

3. Prepare two separate 15-mL tubes, each containing 4 mL of 2× HBSS solution. To ensure 
high transfection efficiency, the pH of the HBSS solution should be precisely adjusted to 
7.03–7.04 with NaOH.

4. Drop by drop, and by continuously vortexing, add the 4 mL of the CaCl2 + plasmid mix 
solution to the 4 mL of HBSS solution, for each virus batch. Avoid the formation of precipi-
tates. You now have 8 mL of transfection mix ready for each virus batch.

5. Add 4 mL of the transfection mix to each 15-cm dish, swirl the plates gently and place them 
back into the incubator.

6. After 4–5 h, replace the medium of the transfected cells with 18 mL of fresh DMEM +10% FBS.

3.5.4. Collection of the lentiviral particles (Day 4 and Day 5)

From this point on, viral particles accumulate in the supernatant. Proceed with appropriate 
precautions when manipulating the supernatants.9

1. On Day 4, observe the cells and check the transfection efficiency. Cells should be reaching 
confluency and, if a marker (such as GFP) is present in the expression vectors, transfection 
may be assessed visually. The transfection efficiency should be >90%.

2. Harvest the first supernatant by pooling 18 mL from each plate of the same virus batch in a 
50-mL conical tube. Seal the tubes with Parafilm and place them on a designated rack at 4°C.

9Perform all manipulations in a biosafety cell culture cabinet. When working in the cabinet, wear two pair of gloves at 
all times and remove the second pair when leaving the area. All containers should be sealed with Parafilm (or placed in 
a second vessel) when transported outside of the biosafety cabinet. All the material and reagents should be decontami-
nated in 10% bleach. The biosafety cabinet (containing all the contaminated material and reagents) should be placed 
under UV light for at least 30 min at the end of each procedure involving contaminated material and reagents.
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third-generation lentiviral vector system contains four plasmids: an expression vector con-
taining the cis-acting sequences and three additional packaging plasmids: pMDL, pRev and 
pVSVG, providing the trans-acting factors. pMDL encodes a gag-pol precursor that is pro-
cessed into an integrase and a reverse-transcriptase, as well as structural capsid proteins. 
Rev interacts with RRE, a cis-acting element enhancing the nuclear export of viral mRNAs. 
pVSVG encodes an envelope glycoprotein that confers the viral particle the ability to trans-
duce a broad range of cell types. The second-generation lentiviral vector system contains only 
three plasmids: an expression vector containing the cis-acting sequences including Rev and 
two additional packaging plasmids: psPAX2 and pVSVG, providing the other trans-acting 
factors.

Manipulation of gene expression by lentiviral vector infection is a multistep process requir-
ing, first, design and cloning of lentiviral constructs; then transfection of these constructs into 
packaging cells (HEK 293 cells); followed by collection, purification and concentration of the 
lentiviral particles; and finally, infection of neuronal cells. Design and cloning of lentiviral 
vectors will not be discussed in this methodological review, please refer to Tiscornia et al. [17] 
for a detailed protocol.

3.5.1. HEK 293T cells growth and maintenance

Grow and propagate HEK293T cells in DMEM +10% FBS in 15-cm dishes. Split the cells when 
they reach 80–90% confluence.8

1. Aspirate the medium of a confluent plate of HEK293T cells.

2. Add 5 mL of 1 × trypsin-EDTA. Swirl the plate to cover the entire cell surface with trypsin 
solution and place the plate in a 37°C incubator for 1 min.

3. Add 10 mL of DMEM +10% FBS to dilute and inactivate the trypsin solution and pipet up 
and down over the cell monolayer to detach the cells and break down cell clumps.

4. Transfer 5 mL of the cell suspension in a new 15-cm dish with 13 mL of fresh DMEM +10% 
FBS. Swirl the plate to evenly spread the cells.

3.5.2. Seeding HEK293T cells for lentivirus production (Day 1)

This protocol describes the production of two batches of virus (i.e., four 15-cm dishes total: 
two 15-cm dishes are needed for each batch of lentivirus), as it is usually needed for a given 
experiment: one batch (two 15-cm dishes) of lentivirus containing an expression vector 
designed to manipulate gene expression and one batch (two 15-cm dishes) of lentivirus con-
taining a control expression vector. The lentiviral vectors usually contain fluorescent markers 
such as GFP.

8HEK293T cells should not be allowed to become more than 80–90% confluent during maintenance. To ensure high 
transfection efficiency, HEK293T cells should be of low passage number and should demonstrate rapid growth when 
seeded for lentivirus production.
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1. Resuspend HEK293T cells from 80 to 90% confluent 15-cm dishes with trypsin-EDTA and 
DMEM +10% FBS, as described above.

2. Count the cells concentrated in the trypsinized cell suspension with a hemacytometer.

3. Seed about 2 × 107 HEK293T cells per 15-cm plate. Adjust the total volume to 18 mL/plate 
with DMEM +10% FBS and swirl the plate to evenly spread the cells.

3.5.3. Calcium phosphate transfection of the lentiviral plasmids (Day 2)

1. Make sure that the cells seeded the day before are healthy and close to 80–90% confluent: 
they should still have room to undergo 1–2 cell divisions.

2. For each batch of virus, prepare the corresponding plasmid mix in a 15-mL tube contain-
ing 4 mL of 250 mM CaCl2. For second-generation lentiviral system, use 30 μg of psPAX2, 
20 μg of VSVG and 40 μg of expression vector. For third-generation lentiviral system, use 
20 μg of CMV-VSVG, 20 μg of pMDLg/pRRE, 20 μg of RSV/REV and 40 μg of expression 
vector.

3. Prepare two separate 15-mL tubes, each containing 4 mL of 2× HBSS solution. To ensure 
high transfection efficiency, the pH of the HBSS solution should be precisely adjusted to 
7.03–7.04 with NaOH.

4. Drop by drop, and by continuously vortexing, add the 4 mL of the CaCl2 + plasmid mix 
solution to the 4 mL of HBSS solution, for each virus batch. Avoid the formation of precipi-
tates. You now have 8 mL of transfection mix ready for each virus batch.

5. Add 4 mL of the transfection mix to each 15-cm dish, swirl the plates gently and place them 
back into the incubator.

6. After 4–5 h, replace the medium of the transfected cells with 18 mL of fresh DMEM +10% FBS.

3.5.4. Collection of the lentiviral particles (Day 4 and Day 5)

From this point on, viral particles accumulate in the supernatant. Proceed with appropriate 
precautions when manipulating the supernatants.9

1. On Day 4, observe the cells and check the transfection efficiency. Cells should be reaching 
confluency and, if a marker (such as GFP) is present in the expression vectors, transfection 
may be assessed visually. The transfection efficiency should be >90%.

2. Harvest the first supernatant by pooling 18 mL from each plate of the same virus batch in a 
50-mL conical tube. Seal the tubes with Parafilm and place them on a designated rack at 4°C.

9Perform all manipulations in a biosafety cell culture cabinet. When working in the cabinet, wear two pair of gloves at 
all times and remove the second pair when leaving the area. All containers should be sealed with Parafilm (or placed in 
a second vessel) when transported outside of the biosafety cabinet. All the material and reagents should be decontami-
nated in 10% bleach. The biosafety cabinet (containing all the contaminated material and reagents) should be placed 
under UV light for at least 30 min at the end of each procedure involving contaminated material and reagents.
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3. Replace the supernatant with 18 mL of fresh DMEM +10% FBS.

4. On Day 5, harvest the second supernatant, following the same procedure.

3.5.5. Purification of the lentiviral particles

1. Spin the 50-mL conical tubes containing the supernatants for 5 min at 1000 g to pellet the 
cellular debris.

2. Pool and filter the first and the second supernatants from the same virus batch in 0.45 μM 
115 mL filter units. Then proceed to concentrate the virus particles as below.

3.5.6. Concentration of the lentiviral particles

Several methods can be used to concentrate the virus: Ultracentrifugation, the most well-
described method [18], filtration with a centrifugal filter unit equipped with a 100 kDa molec-
ular weight cut-off membrane (Millipore cat. No. UFC910024) and regular centrifugation with 
Lenti-X concentrator. The Lenti-X method gives the same yield as the other methods and is, 
in our hands, the quickest and the most convenient. Therefore, we will describe this method 
here.

1. Re-distribute the filtered viral supernatant in a 50-mL conical tube (36 mL/tube) and add 
1:3 of the supernatant volume of Lenti-X concentrator (12 mL/tube).

2. Seal the tubes with Parafilm and mix by gentle inversion.

3. Incubate the supernatant + Lenti-X mix for 2 h up to 72 h at 4°C.

4. Centrifuge at 1500 g for 45 min at 4°C. An off-white pellet will become visible.

5. Discard the supernatant and resuspend the pellet with 200 μL of PBS (no CaCl2, no MgCl2).

6. Store the concentrated viral particles in single-use aliquots at −80°C. Avoid freeze–thaw 
cycles.

3.5.7. Titration of the lentiviral particles

Depending on your experimental needs, a precise determination of the biological titer of the 
purified lentiviral vectors might be necessary and conducted as follows.

1. The day before titration, seed 105 HEK293T cells in each well of a 24-well plate.

2. On the day of titration, prepare 6 tubes, each containing 45 μL of DMEM +10% FBS.

3. Add 5 μL of viral preparation in the first tube and mix.

4. Make a 10-fold serial dilution, by pipetting 5 μL of the diluted virus into the next tube, and 
so forth.

5. Add 450 μL of DMEM +10% FBS in each tube.
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6. Aspirate the entire medium of each HEK293T cell-culture well and add 500 μL of the len-
tivirus dilutions.

7. 48 h after infection, count the total number of GFP+ cells in a well that shows a number of 
GFP+ cells between 50 and 500. If the signal is too weak, perform an immunofluorescence 
procedure with an anti-GFP primary antibody.

8. The biological titer (BT) of the virus preparation corresponds to the number of GFP+ cells 
counted in a given well (N) divided by the dilution factor (DF) of the same well multiplied 
by 5. BT = (N/5*DF).

3.5.8. Lentiviral infection of neuronal PC12 cells

1. Seed PC12 cells as described above.

2. Add NGF to differentiate PC12 cells for at least 3–4 days.

3. On the day of lentiviral infection, replace the medium with fresh differentiation medium.

4. Add concentrated viral particles (1×107 viral particles/cm2 of culture area10) and do not 
change the medium for 24 h.

5. Maintain the infected cells by changing the differentiation medium every 2–3 days, as usual.

6. After 3–7 days, observe the infected cells. Check the transduction efficiency by evaluating 
the expression of the fluorescent marker (such as GFP) under a fluorescence microscope. 
The transduction efficiency should be 80–90%. If enough cells are infected, the cultures are 
ready to be treated with 6-OHDA or MPP+ and used for downstream applications.

3.6. Downstream application: qPCR

The amount of an expressed gene in a cell can be measured by the number of copies of the corre-
sponding mRNA transcript present in a given sample. In order to robustly detect and quantify 
gene expression from small amounts of RNA, amplification of the gene transcript is necessary. 
The polymerase chain reaction (PCR) is the most common method for amplifying DNA. For 
mRNA-based PCR, the extracted mRNA is converted to cDNA by reverse transcription.

3.6.1. Harvesting cells for qPCR

1. Take the cells out of the incubator and place them on ice.

2. Remove the medium gently and add TRI reagent (Molecular Research Center) in each well 
(100 μL of TRI reagent/cm2 of culture dish area). Refer to the manufacturer’s protocol and 
handling notes for additional information on TRI reagent.11

10The amount of concentrated virus vector to use is mostly dependent on cell density in your culture dish and should be 
determined empirically. Typically, when infecting moderately sparse neuronal PC12 cultures (avoid clumps at all cost), 
we use 0.1 up to 5× 10 viral particles/cm of culture area, and usually get a 80% infection rate. If the viral preparation is 
good but your infection rate is low, consider decreasing the density of your cell culture.
11TRI reagent contains harmful compounds such as phenol and guanidine thiocyanate. Manipulate with caution under 
a chemical hood and wear gloves at all times.
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3. Replace the supernatant with 18 mL of fresh DMEM +10% FBS.

4. On Day 5, harvest the second supernatant, following the same procedure.

3.5.5. Purification of the lentiviral particles

1. Spin the 50-mL conical tubes containing the supernatants for 5 min at 1000 g to pellet the 
cellular debris.

2. Pool and filter the first and the second supernatants from the same virus batch in 0.45 μM 
115 mL filter units. Then proceed to concentrate the virus particles as below.

3.5.6. Concentration of the lentiviral particles

Several methods can be used to concentrate the virus: Ultracentrifugation, the most well-
described method [18], filtration with a centrifugal filter unit equipped with a 100 kDa molec-
ular weight cut-off membrane (Millipore cat. No. UFC910024) and regular centrifugation with 
Lenti-X concentrator. The Lenti-X method gives the same yield as the other methods and is, 
in our hands, the quickest and the most convenient. Therefore, we will describe this method 
here.

1. Re-distribute the filtered viral supernatant in a 50-mL conical tube (36 mL/tube) and add 
1:3 of the supernatant volume of Lenti-X concentrator (12 mL/tube).

2. Seal the tubes with Parafilm and mix by gentle inversion.

3. Incubate the supernatant + Lenti-X mix for 2 h up to 72 h at 4°C.

4. Centrifuge at 1500 g for 45 min at 4°C. An off-white pellet will become visible.

5. Discard the supernatant and resuspend the pellet with 200 μL of PBS (no CaCl2, no MgCl2).

6. Store the concentrated viral particles in single-use aliquots at −80°C. Avoid freeze–thaw 
cycles.

3.5.7. Titration of the lentiviral particles

Depending on your experimental needs, a precise determination of the biological titer of the 
purified lentiviral vectors might be necessary and conducted as follows.

1. The day before titration, seed 105 HEK293T cells in each well of a 24-well plate.

2. On the day of titration, prepare 6 tubes, each containing 45 μL of DMEM +10% FBS.

3. Add 5 μL of viral preparation in the first tube and mix.

4. Make a 10-fold serial dilution, by pipetting 5 μL of the diluted virus into the next tube, and 
so forth.

5. Add 450 μL of DMEM +10% FBS in each tube.
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6. Aspirate the entire medium of each HEK293T cell-culture well and add 500 μL of the len-
tivirus dilutions.

7. 48 h after infection, count the total number of GFP+ cells in a well that shows a number of 
GFP+ cells between 50 and 500. If the signal is too weak, perform an immunofluorescence 
procedure with an anti-GFP primary antibody.

8. The biological titer (BT) of the virus preparation corresponds to the number of GFP+ cells 
counted in a given well (N) divided by the dilution factor (DF) of the same well multiplied 
by 5. BT = (N/5*DF).

3.5.8. Lentiviral infection of neuronal PC12 cells

1. Seed PC12 cells as described above.

2. Add NGF to differentiate PC12 cells for at least 3–4 days.

3. On the day of lentiviral infection, replace the medium with fresh differentiation medium.

4. Add concentrated viral particles (1×107 viral particles/cm2 of culture area10) and do not 
change the medium for 24 h.

5. Maintain the infected cells by changing the differentiation medium every 2–3 days, as usual.

6. After 3–7 days, observe the infected cells. Check the transduction efficiency by evaluating 
the expression of the fluorescent marker (such as GFP) under a fluorescence microscope. 
The transduction efficiency should be 80–90%. If enough cells are infected, the cultures are 
ready to be treated with 6-OHDA or MPP+ and used for downstream applications.

3.6. Downstream application: qPCR

The amount of an expressed gene in a cell can be measured by the number of copies of the corre-
sponding mRNA transcript present in a given sample. In order to robustly detect and quantify 
gene expression from small amounts of RNA, amplification of the gene transcript is necessary. 
The polymerase chain reaction (PCR) is the most common method for amplifying DNA. For 
mRNA-based PCR, the extracted mRNA is converted to cDNA by reverse transcription.

3.6.1. Harvesting cells for qPCR

1. Take the cells out of the incubator and place them on ice.

2. Remove the medium gently and add TRI reagent (Molecular Research Center) in each well 
(100 μL of TRI reagent/cm2 of culture dish area). Refer to the manufacturer’s protocol and 
handling notes for additional information on TRI reagent.11

10The amount of concentrated virus vector to use is mostly dependent on cell density in your culture dish and should be 
determined empirically. Typically, when infecting moderately sparse neuronal PC12 cultures (avoid clumps at all cost), 
we use 0.1 up to 5× 10 viral particles/cm of culture area, and usually get a 80% infection rate. If the viral preparation is 
good but your infection rate is low, consider decreasing the density of your cell culture.
11TRI reagent contains harmful compounds such as phenol and guanidine thiocyanate. Manipulate with caution under 
a chemical hood and wear gloves at all times.
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3. Use a cell lifter to detach the cells from the bottom of the well and homogenize the cell 
lysate.

4. Pipette the cell lysate into labeled microcentrifuge tubes and pipette up and down 2–3 
more times to further homogenize the cell lysate. At this point store the homogenates at 
−80°C before proceeding to RNA extraction.

3.6.2. RNA extraction

1. Take the samples out of the −80°C freezer and allow them to thaw at room temperature 
for 10 min.

2. Add 10 μL of bromochloropropane/100 μL of TRI reagent.

3. Cap the tubes tightly and vortex vigorously for 15 s.

4. Incubate the mixture at room temperature for 10 min.

5. Centrifuge at 12000 g for 10–15 min at 4°C. Meanwhile, label a new set of microcentrifuge 
tubes.

6. Transfer the aqueous phase (top layer) to a new tube. RNA remains in the aqueous phase 
whereas DNA is in the interphase and proteins remain in the organic phase.

7. Add 50 μL of isopropanol/100 μL of TRI reagent solution.

8. Vortex for 10 s.

9. Incubate at room temperature for 10 min.

10. Centrifuge at 12000 g for 8 min at 4–25°C. At this point, a translucent (gel-like) to white 
pellet should become visible at the bottom of the tube.

11. Carefully remove the supernatant without disturbing the pellet.

12. Add 100 μL of 75% ethanol/100 μL of TRI reagent to wash the pellet.

13. Centrifuge at 7500 g for 5 min at 4–25°C.

14. Remove all the ethanol carefully without disturbing the pellet.

15. Air dry the pellet for 5 min.

16. Dissolve the RNA in 20 μL of nuclease-free water and mix vigorously.

17. Store on ice for immediate analysis, or place at −80°C for long-term storage.

3.6.3. Assessment of RNA concentration and quality

Assess the RNA yield and quality by spectrophotometry using a nanodrop. RNA concentra-
tion can be assessed by measuring its absorbance at 260 nM.
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1. Use 1–2 μL of non-diluted sample and read the absorbance at 260 nm(A260) to measure 
RNA concentration (C). C = A260*40 μg/mL.

2. To assess purity of the extracted RNA, note the A260/A280 ratio given by the nanodrop: it 
should be between 1.8 and 2.2.

3.6.4. Reverse transcription

To create cDNAs form the extracted mRNAs, use the Origene First Strand cDNA synthesis 
system for qPCR, following the manufacturer’s instructions. Keep your mRNAs and all the 
components of the kit (except the enzyme) on ice.

1. In thin-walled PCR tubes, prepare a 20 μL reaction mix including 1 μg of extracted mRNA, 
4 μL of 5× cDNA synthesis mix, and 1 μl of reverse transcriptase (take it out of the −20°C 
freezer at the very last minute). Adjust the total volume to 20 μL with the provided nucle-
ase-free distilled water.

2. Mix gently and spin down to collect contents.

3. Place the tubes in a thermocycler programmed as follows: 1 cycle at 22°C for 5 min, 1 cycle 
at 42°C for 30 min, 1 cycle at 85°C for 5 min, hold at 4°C. At this point, you can store the 
cDNAs at −80°C.

3.6.5. Real-time quantitative PCR

To perform real-time quantitative PCR, you will need to design a set of primers specific to the 
transcript of the gene(s) of interest. Primer design is beyond the scope of this review and will 
not be described here.12

1. Prepare a 10 μM primer mix containing an equimolar concentration of forward and reverse 
primers in ddH20

2. Dilute the template cDNAs 11-fold by adding 200 μL of PCR-grade water to the 20 μL 
product of the reverse-transcription.

3. Prepare the qPCR reaction mix in a 96-well plate as follow: Total reaction volume: 
25 μl = 11 μL of diluted template cDNA +1.5 μL of 10 μM forward/reverse primers mix 
+12.5 μL of 2× SYBR green mix. The 2× SYBR green mix is a buffer containing all the com-
ponents necessary for DNA amplification and detection: Taq DNA polymerase, dNTPs, 
Mg2+ and the DNA intercalating dye SYBR Green. Run each sample in duplicate or trip-
licate. To detect DNA contamination, always include a negative control in each run. To 
prepare this control, replace template cDNA with PCR-grade water.

4. Place the 96-well plate in the real-time PCR cycler.

12Note that several programs for primer designing are freely available on the web such as primer blast: http://www.ncbi.
nlm.nih.gov/tools/primer-blast.
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3. Use a cell lifter to detach the cells from the bottom of the well and homogenize the cell 
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11. Carefully remove the supernatant without disturbing the pellet.

12. Add 100 μL of 75% ethanol/100 μL of TRI reagent to wash the pellet.

13. Centrifuge at 7500 g for 5 min at 4–25°C.

14. Remove all the ethanol carefully without disturbing the pellet.

15. Air dry the pellet for 5 min.

16. Dissolve the RNA in 20 μL of nuclease-free water and mix vigorously.

17. Store on ice for immediate analysis, or place at −80°C for long-term storage.

3.6.3. Assessment of RNA concentration and quality

Assess the RNA yield and quality by spectrophotometry using a nanodrop. RNA concentra-
tion can be assessed by measuring its absorbance at 260 nM.
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freezer at the very last minute). Adjust the total volume to 20 μL with the provided nucle-
ase-free distilled water.

2. Mix gently and spin down to collect contents.

3. Place the tubes in a thermocycler programmed as follows: 1 cycle at 22°C for 5 min, 1 cycle 
at 42°C for 30 min, 1 cycle at 85°C for 5 min, hold at 4°C. At this point, you can store the 
cDNAs at −80°C.

3.6.5. Real-time quantitative PCR
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5. Set the detection channel to SYBR Green and the reaction volume at 25 μL.

6. Run the reaction as follow: 1 cycle at 95°C for 10 min to activate the Taq DNA polymerase, 
followed by 40 cycles of amplification: 95°C for 15 s, 58–60°C (the optimum temperature 
must be determined for each primer set) for 30–60 s, 72°C for 30–60 s.

7. Repeat the same procedure with a set of primers designed to amplify a control housekeep-
ing gene or other species that should not be affected by your experimental conditions. In 
studies involving cell death induced by PD toxins (6-OHDA, MPP+), we found that 18S 
rRNA is a good control and can be used for normalization. At the end of the reaction, pro-
ceed to quantification and analysis.

3.6.6. Quantification and analysis

Real-time monitoring of the PCR reaction displays the amount of fluorescence signal emit-
ted from the SYBR green dye. During the amplification reaction, the SYBR green dye is pro-
gressively inserted in the newly synthesized double-stranded DNA fragments. The amplified 
fragments correspond to the region of the cDNA from the gene of interest flanked by the 
forward/reverse primers binding sites. The initial copy number can be quantitated during 
real-time PCR analysis based on the threshold cycle (Ct). Ct is defined as the cycle at which 
fluorescence is determined to be statistically significant above background. The more tem-
plate is initially present, the fewer number of cycles is needed to reach a threshold at which 
the fluorescence is statistically significant above background. To calculate the fold induction 
of your gene of interest (GI) normalized to a control housekeeping gene (HKG) in an experi-
mental condition (Exp) compared to a control condition (Ctl), use the following formula:

  fold induction =  2   −  [    (  CtGIExp − CtHGKExp )   −  (  CtGICtl − CtHKGCtl )    ]      (1)

3.7. Downstream application: Western blot

3.7.1. Harvesting cells and extracting proteins

1. Take the cells out of the incubator and place them on ice.

2. Remove the medium gently and add 1× cell lysis buffer supplemented with protease in-
hibitor (30 μL of buffer/cm2 of culture dish area).

3. Use a cell lifter to detach the cells from the bottom of the well.

4. Pipette the cell lysate into labeled microcentrifuge tubes and place them on ice.

5. Pipette up and down 2–3 more times and briefly vortex to further homogenize the cell 
lysate. Check the homogenate: if cellular debris is still visible, proceed to sonicate the 
samples.

6. Sonicate for 20 s (10 pulses over 10 s followed by one continuous 10-s pulse) on ice. At this 
point, the homogenate should be clear of debris.

7. Store the samples at −80°C before measuring the protein concentration in each sample.
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3.7.2. Assessment of protein concentration and sample preparation

1. Use a technique of your choice to measure protein concentration. We recommend using 
Thermo Scientific’s BCA assay following the manufacturer’s instructions (Thermo Scien-
tific #23225).

2. Label a new set of tubes in order to prepare the samples in loading buffer. The following 
steps (sample preparation, gel electrophoresis and protein transfer) are made using the 
NuPAGE Novex system from Life Technologies. Please refer to the manufacturer’s proto-
col for further information.

3. In each tube add: Protein sample (to achieve a final concentration of 1–2 μg/μL of protein), 
10× dithiothreitol (NuPAGE reducing agent, 500 mM dithiothreitol), 4× loading dye and 
ddH2O up to the desired volume.

4. Samples can be stored at −20°C at this point.

3.7.3. Gel electrophoresis

Gel electrophoresis is achieved with the NuPAGE Novex Mini system with Bis-Tris precast 
polyacrylamide gels.13

1. Prepare 1 L of 1× MOPS running buffer (50 mL of 20× MOPS running buffer in 950 mL of 
ddH2O).

2. Insert the precast gel in the gel box and fill the inside chamber with 1× running buffer.

3. Boil protein samples for 5 min.

4. Remove bubbles and residues from the gel wells by pipetting.

5. Load 4 μL of molecular weight markers and the protein samples in the desired order.

6. Run the gel under constant voltage at 100–140 V (400 mAmps) for 30–45 min.

7. Monitor frequently to assess the degree of separation and to make sure that the protein 
samples are not running out of the gel.

3.7.4. Protein transfer

1. Prepare 2 L of 1× transfer buffer (100 mL of 20× transfer buffer with 15% ethanol (300 mL) 
and 1600 mL of ddH20).

2. Cut a polyvinylidene fluoride (PVDF) membrane (pore size 0.2 μm) and 2 pieces of filter pa-
per to the appropriate dimensions of a transfer cassette, or use a premade sandwich (Biorad).

13This system is optimized for separation and resolution of small- to medium-sized proteins (1–200 kDa) under denatur-
ing gel electrophoresis conditions. These precast gels are available in different polyacrylamide percentages, well formats 
and thicknesses and must be chosen according to specific experimental needs. Acrylamide is a toxic compound: manipu-
late with caution and wear gloves at all time.
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5. Set the detection channel to SYBR Green and the reaction volume at 25 μL.
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ceed to quantification and analysis.
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forward/reverse primers binding sites. The initial copy number can be quantitated during 
real-time PCR analysis based on the threshold cycle (Ct). Ct is defined as the cycle at which 
fluorescence is determined to be statistically significant above background. The more tem-
plate is initially present, the fewer number of cycles is needed to reach a threshold at which 
the fluorescence is statistically significant above background. To calculate the fold induction 
of your gene of interest (GI) normalized to a control housekeeping gene (HKG) in an experi-
mental condition (Exp) compared to a control condition (Ctl), use the following formula:

  fold induction =  2   −  [    (  CtGIExp − CtHGKExp )   −  (  CtGICtl − CtHKGCtl )    ]      (1)

3.7. Downstream application: Western blot

3.7.1. Harvesting cells and extracting proteins

1. Take the cells out of the incubator and place them on ice.

2. Remove the medium gently and add 1× cell lysis buffer supplemented with protease in-
hibitor (30 μL of buffer/cm2 of culture dish area).

3. Use a cell lifter to detach the cells from the bottom of the well.

4. Pipette the cell lysate into labeled microcentrifuge tubes and place them on ice.

5. Pipette up and down 2–3 more times and briefly vortex to further homogenize the cell 
lysate. Check the homogenate: if cellular debris is still visible, proceed to sonicate the 
samples.

6. Sonicate for 20 s (10 pulses over 10 s followed by one continuous 10-s pulse) on ice. At this 
point, the homogenate should be clear of debris.

7. Store the samples at −80°C before measuring the protein concentration in each sample.

Gene Expression and Regulation in Mammalian Cells - Transcription Toward the Establishment of Novel Therapeutics260

3.7.2. Assessment of protein concentration and sample preparation

1. Use a technique of your choice to measure protein concentration. We recommend using 
Thermo Scientific’s BCA assay following the manufacturer’s instructions (Thermo Scien-
tific #23225).

2. Label a new set of tubes in order to prepare the samples in loading buffer. The following 
steps (sample preparation, gel electrophoresis and protein transfer) are made using the 
NuPAGE Novex system from Life Technologies. Please refer to the manufacturer’s proto-
col for further information.

3. In each tube add: Protein sample (to achieve a final concentration of 1–2 μg/μL of protein), 
10× dithiothreitol (NuPAGE reducing agent, 500 mM dithiothreitol), 4× loading dye and 
ddH2O up to the desired volume.

4. Samples can be stored at −20°C at this point.

3.7.3. Gel electrophoresis

Gel electrophoresis is achieved with the NuPAGE Novex Mini system with Bis-Tris precast 
polyacrylamide gels.13

1. Prepare 1 L of 1× MOPS running buffer (50 mL of 20× MOPS running buffer in 950 mL of 
ddH2O).

2. Insert the precast gel in the gel box and fill the inside chamber with 1× running buffer.

3. Boil protein samples for 5 min.

4. Remove bubbles and residues from the gel wells by pipetting.

5. Load 4 μL of molecular weight markers and the protein samples in the desired order.

6. Run the gel under constant voltage at 100–140 V (400 mAmps) for 30–45 min.

7. Monitor frequently to assess the degree of separation and to make sure that the protein 
samples are not running out of the gel.

3.7.4. Protein transfer

1. Prepare 2 L of 1× transfer buffer (100 mL of 20× transfer buffer with 15% ethanol (300 mL) 
and 1600 mL of ddH20).

2. Cut a polyvinylidene fluoride (PVDF) membrane (pore size 0.2 μm) and 2 pieces of filter pa-
per to the appropriate dimensions of a transfer cassette, or use a premade sandwich (Biorad).

13This system is optimized for separation and resolution of small- to medium-sized proteins (1–200 kDa) under denatur-
ing gel electrophoresis conditions. These precast gels are available in different polyacrylamide percentages, well formats 
and thicknesses and must be chosen according to specific experimental needs. Acrylamide is a toxic compound: manipu-
late with caution and wear gloves at all time.
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3. Soak the PVDF membrane for few seconds in 95% ethanol then soak in transfer buffer for 
5 min.

4. Soak filter paper and sponges in transfer buffer for 5 min.

5. Prepare a “transfer sandwich” with 2–3 sponges, 1–2 pieces of filter paper, polyacryla-
mide gel containing the separated proteins, PVDF membrane, 1–2 pieces of filter paper, 
2–3 sponges. Keep the sandwich wet at all times and avoid the formation of bubbles in 
between layers.

6. Place the sandwich in a transfer cassette and fill up the gel box with 1× transfer buffer. Ap-
ply a constant voltage at 40 V (400 mAmps) for 94 min to transfer the proteins form the gel 
to the membrane.

3.7.5. Protein detection

1. Check the uniformity and overall efficiency of the transfer by staining the membrane 
with Ponceau S dye (0.1% w/v Ponceau, 5% acetic acid in ddH2O).

2. Wash the membrane with TBST (1× TBS + 0.1% Tween) for 5 min. Wash again quickly 
with TBST to discard the excess of Ponceau.

3. Block non-specific protein binding by incubating the membrane with TBST +5% pow-
dered milk for 45 min.

4. Rinse 3 times for 5 min with TBST.

5. Incubate the membrane with a solution of primary antibody in blocking solution under 
gentle agitation at 4–25°C from 30 min to overnight.14

6. Wash the membrane with TBST 3 times for 5–15 min.

7. Incubate the membrane with a secondary antibody targeted to the primary antibody and 
bound with horseradish peroxidase.

8. Incubate at room temperature for 1–2 h on a shaker.

9. Wash the membrane with TBST three times for 5–15 min.

10. Incubate the membrane with a chemiluminescent agent.

11. Expose a light-sensitive autoradiographic film against the membrane and develop to re-
veal the protein signal.

12. Repeat the same procedure with a primary antibody against a control housekeeping pro-
tein that should not be affected by your experimental conditions. In studies involving cell 

14The final concentration of primary antibody as well as the duration and temperature of incubation should be deter-
mined empirically and according to the manufacturer’s guidelines.
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death induced by PD toxins (6-OHDA, MPP+), we found that extracellular signal–regu-
lated kinases (ERK) or glyceraldehyde 3-phosphate dehydrogenase (GAPDH) are good 
loading controls and can be used for normalization.

3.8. Downstream application: survival assay

The quantification of viable cells following treatment with PD-toxins and/or gene manipula-
tion can be achieved by several methods. A number of methods (such as MTT or LDH assays) 
rely on measuring the metabolic activity of the cultured cells and give an indirect and poten-
tially biased measurement of cell viability. We consider that the most accurate and robust 
measure of cell death is an absolute count of the numbers of surviving cells remaining in the 
cell culture dish following toxin treatment and/or gene manipulations. We routinely use a 
method in which the nuclei of the remaining cells are counted by incubating the cell cultures 
with a detergent solution that lyses the plasma membrane and leaves the nuclei intact.

1. Prepare 100 mL of 10× counting lysis buffer by combining: 5 g of cetyldimethyl-ethanola-
mmonium bromide, 0.165 g of NaCl, 2.8 mL of glacial acetic acid, 50 mL of 10% Triton-X, 
2 mL of 1 M MgCl2, 10 mL of 10× PBS, 35.2 mL of H2O.

2. Take the cells out of the incubator and aspirate all the medium.

3. Add 1× of counting lysis buffer to the wells (250 μL/cm2 of culture dish area) and leave sit 
for 5 min.

4. Pipette 10 μL of the suspended nuclei into a hemacytometer and count at least 100 nuclei.

5. Cell survival in a given condition is expressed as the percentage of remaining nuclei in 
experimental cultures compared to control cultures.

4. Outcomes: examples of findings using the above techniques

4.1. Published findings

Application of the above techniques by our and other groups has identified a variety of tran-
scriptionally regulated genes with potential relevance to the pathophysiology and treatment 
of PD. Here, we provide a few examples arising from our own studies (Figure 2).

An early serial analysis of gene expression (SAGE) study of transcriptional responses of PC12 
cells to 6-OHDA treatment revealed a strong endoplasmic reticulum (ER) stress response sig-
nature [19, 20]. Such work contributed to the current focus on the role of ER stress in PD 
[21, 22]. Among the upregulated stress, genes were the transcription factors ATF4 (Activating 
transcription factor 4) and Ddit3 (DNA damage-inducible transcript 3, which encode the ATF4 
and CHOP (C/EBP homologous protein) proteins, respectively). In vitro work, including with 
PC12 cells as well as in vivo studies have indicated that CHOP is death promoting in the 
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tion can be achieved by several methods. A number of methods (such as MTT or LDH assays) 
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4. Pipette 10 μL of the suspended nuclei into a hemacytometer and count at least 100 nuclei.
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experimental cultures compared to control cultures.

4. Outcomes: examples of findings using the above techniques

4.1. Published findings

Application of the above techniques by our and other groups has identified a variety of tran-
scriptionally regulated genes with potential relevance to the pathophysiology and treatment 
of PD. Here, we provide a few examples arising from our own studies (Figure 2).

An early serial analysis of gene expression (SAGE) study of transcriptional responses of PC12 
cells to 6-OHDA treatment revealed a strong endoplasmic reticulum (ER) stress response sig-
nature [19, 20]. Such work contributed to the current focus on the role of ER stress in PD 
[21, 22]. Among the upregulated stress, genes were the transcription factors ATF4 (Activating 
transcription factor 4) and Ddit3 (DNA damage-inducible transcript 3, which encode the ATF4 
and CHOP (C/EBP homologous protein) proteins, respectively). In vitro work, including with 
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context of PD [23–25]. The potential role of ATF4 in contrast has proved to be more complex, 
and here again, studies with PC12 cells have proved useful for enlightenment. On one hand, 
ATF4 appears to have protective actions in PD models and does so by causing stabilization of 
the anti-death protein Parkin [13]. On the other hand, ATF4 appears to cooperate with CHOP 
in transcriptional induction of Trib3, a protein with pro-apoptotic actions in neurons [25, 26]. 
Trib3 was among the genes found to be induced by 6-OHDA [19, 20, 25] in PC12 cells, and 
subsequently, Trib3 protein was found to be elevated in dopaminergic neurons of PD patients 
[25]. Down-regulation of Trib3 or inhibition of its transcription is highly protective in mul-
tiple cellular PD models including PC12 cells, suggesting it as a potential therapeutic target 
for PD treatment [25]. An additional transcriptionally regulated gene of interest to arise from 
the initial SAGE study was Ddit4 (DNA-damage-inducible transcript 4), which encodes the 
pro-death RTP801 protein. A series of studies has indicated that like Trib3, RTP801 is elevated 
in dopaminergic neurons of PD patients and that eliminating its expression is protective in 
cellular models of PD such as PC12 cells [27–29]. Interference with RTP801 induction in an 
animal model of PD proved to be protective, thus identifying this as an additional potential 
target for PD therapy [29].

4.2. Nupr1 is induced but does not regulate Trib3 upregulation in a PD cellular 
model

As noted above, we recently described Trib3 as a gene-mediating cell death and degenera-
tion in PD and identified two transcription factors, ATF4 and CHOP, responsible for Trib3 
upregulation in PD cellular models, including neuronal PC12 cells treated with 6-OHDA 
[25]. However, ATF4 and CHOP downregulation only partially abrogated Trib3 induction in 
response to PD toxin mimetics, indicating that other transcription factors might be respon-
sible for Trib3 induction in these models. Several reports indicate that Nupr1 (also known 
as p8) is upregulated and leads to apoptosis of cancer cells through activation of the ATF4/
CHOP-Trib3 pathway [30, 31]. Therefore, we tested whether Nupr1 was also upregulated in 
PD cellular models and, if so, whether it could regulate Trib3 expression (Figure 3).

Figure 2. Example of transcriptionally regulated genes in PD cellular models identified by our group using the methods 
described in this chapter.
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Consistent with the upregulation of Nupr1 seen in apoptotic cancer cells [30, 31], we found 
that 6-OHDA induced a significant 1.6 fold increase in Nupr1. Under these conditions, we 
measured a 2.1-fold increase in Trib3 mRNA levels, as reported previously [25]. To assess 
whether Nupr1 is required for this Trib3 induction, we employed lentivirally delivered 
Nupr1 shRNAs as described in this chapter. Although both shRNA constructs achieved a 70% 
reduction of Nupr1 mRNA levels, Nupr1 knockdown had no effect on Trib3 mRNA levels 
neither at baseline nor under 6-OHDA treatment. These results suggest that although Nupr1 
is upregulated in PD cellular models, it is not one of the transcription factors responsible for 
orchestrating Trib3 upregulation in these models.

4.3. xCT/SLC7A11 is induced in PD cellular models

Our PC12 cell experiments indicate upregulation of ATF4 in multiple PD models, and that 
while ATF4 can play a protective role in PD by reducing loss of the anti-death protein Parkin, 
it also contributes to induction of the pro-apoptotic protein Trib3 (Figure 2). An additional 
way that ATF4 could affect cell survival or death is by transcriptional regulation of xCT pro-
tein (product of the SLC7A11 gene) [32]. xCT protein levels are reported to be increased in 
animal PD models such as 6-OHDA and chronic MPTP treatment [33, 34]. These findings are 
capitulated in our PC12 cell studies, in which we found massive upregulation of xCT mRNA 
in both the MPTP and 6-OHDA models (Figure 4).

xCT is a subunit of the cystine/glutamate antiporter system that transports cystine into cells in 
exchange for exported glutamate. This property has suggested the possibility of both pro-survival 

Figure 3. Nupr1 is upregulated but does not regulate Trib3 expression in PD cellular models. PC12 cells were differentiated 
with NGF for 3 days and infected with three different lentiviruses: two lentiviruses carrying constructs expressing 
shRNAs directed against two distinct regions of the Nupr1 mRNA (shNUPR1#1 and shNUPR1#2) or a control lentivirus 
carrying a scrambled shRNA sequence (shSCR). 4 days later, the cells were treated with sterile water (control) or 150 μM 
6-OHDA for 8 h (6OHDA). At the end of the treatment, total mRNAs were extracted and RT-qPCR was performed 
to measure Nupr1 and Trib3 mRNA levels. Nupr1 and Trib3 mRNA levels were normalized to GAPDH. For Nupr1 
RT-qPCR primers: (forward) GGGCAAGTTAGGAGCGAGAA and (reverse) GGGCATCCAGTTTTTCCCAC. For Trib3 
RT-qPCR primers: (forward) GTTGCGTCGATTTGTCTTCA and (reverse) CGGGAGCTGAGTATCTCTGG. Values are 
expressed as mean ± SEM of three independent experiments. Statistical analysis was performed using two-way ANOVA 
with Sidak’s multiple comparisons test. *p < 0.05 comparing shSCR/6OHDA relative to shSCR/control; ##p < 0.005 
comparing shNUPR1#1/control or shNUPR1#2/control relative to shSCR/control.

Manipulation and Study of Gene Expression in Neurotoxin-Treated Neuronal PC12 and SH-SY5Y…
http://dx.doi.org/10.5772/intechopen.71811

265



context of PD [23–25]. The potential role of ATF4 in contrast has proved to be more complex, 
and here again, studies with PC12 cells have proved useful for enlightenment. On one hand, 
ATF4 appears to have protective actions in PD models and does so by causing stabilization of 
the anti-death protein Parkin [13]. On the other hand, ATF4 appears to cooperate with CHOP 
in transcriptional induction of Trib3, a protein with pro-apoptotic actions in neurons [25, 26]. 
Trib3 was among the genes found to be induced by 6-OHDA [19, 20, 25] in PC12 cells, and 
subsequently, Trib3 protein was found to be elevated in dopaminergic neurons of PD patients 
[25]. Down-regulation of Trib3 or inhibition of its transcription is highly protective in mul-
tiple cellular PD models including PC12 cells, suggesting it as a potential therapeutic target 
for PD treatment [25]. An additional transcriptionally regulated gene of interest to arise from 
the initial SAGE study was Ddit4 (DNA-damage-inducible transcript 4), which encodes the 
pro-death RTP801 protein. A series of studies has indicated that like Trib3, RTP801 is elevated 
in dopaminergic neurons of PD patients and that eliminating its expression is protective in 
cellular models of PD such as PC12 cells [27–29]. Interference with RTP801 induction in an 
animal model of PD proved to be protective, thus identifying this as an additional potential 
target for PD therapy [29].

4.2. Nupr1 is induced but does not regulate Trib3 upregulation in a PD cellular 
model

As noted above, we recently described Trib3 as a gene-mediating cell death and degenera-
tion in PD and identified two transcription factors, ATF4 and CHOP, responsible for Trib3 
upregulation in PD cellular models, including neuronal PC12 cells treated with 6-OHDA 
[25]. However, ATF4 and CHOP downregulation only partially abrogated Trib3 induction in 
response to PD toxin mimetics, indicating that other transcription factors might be respon-
sible for Trib3 induction in these models. Several reports indicate that Nupr1 (also known 
as p8) is upregulated and leads to apoptosis of cancer cells through activation of the ATF4/
CHOP-Trib3 pathway [30, 31]. Therefore, we tested whether Nupr1 was also upregulated in 
PD cellular models and, if so, whether it could regulate Trib3 expression (Figure 3).

Figure 2. Example of transcriptionally regulated genes in PD cellular models identified by our group using the methods 
described in this chapter.

Gene Expression and Regulation in Mammalian Cells - Transcription Toward the Establishment of Novel Therapeutics264

Consistent with the upregulation of Nupr1 seen in apoptotic cancer cells [30, 31], we found 
that 6-OHDA induced a significant 1.6 fold increase in Nupr1. Under these conditions, we 
measured a 2.1-fold increase in Trib3 mRNA levels, as reported previously [25]. To assess 
whether Nupr1 is required for this Trib3 induction, we employed lentivirally delivered 
Nupr1 shRNAs as described in this chapter. Although both shRNA constructs achieved a 70% 
reduction of Nupr1 mRNA levels, Nupr1 knockdown had no effect on Trib3 mRNA levels 
neither at baseline nor under 6-OHDA treatment. These results suggest that although Nupr1 
is upregulated in PD cellular models, it is not one of the transcription factors responsible for 
orchestrating Trib3 upregulation in these models.

4.3. xCT/SLC7A11 is induced in PD cellular models

Our PC12 cell experiments indicate upregulation of ATF4 in multiple PD models, and that 
while ATF4 can play a protective role in PD by reducing loss of the anti-death protein Parkin, 
it also contributes to induction of the pro-apoptotic protein Trib3 (Figure 2). An additional 
way that ATF4 could affect cell survival or death is by transcriptional regulation of xCT pro-
tein (product of the SLC7A11 gene) [32]. xCT protein levels are reported to be increased in 
animal PD models such as 6-OHDA and chronic MPTP treatment [33, 34]. These findings are 
capitulated in our PC12 cell studies, in which we found massive upregulation of xCT mRNA 
in both the MPTP and 6-OHDA models (Figure 4).

xCT is a subunit of the cystine/glutamate antiporter system that transports cystine into cells in 
exchange for exported glutamate. This property has suggested the possibility of both pro-survival 

Figure 3. Nupr1 is upregulated but does not regulate Trib3 expression in PD cellular models. PC12 cells were differentiated 
with NGF for 3 days and infected with three different lentiviruses: two lentiviruses carrying constructs expressing 
shRNAs directed against two distinct regions of the Nupr1 mRNA (shNUPR1#1 and shNUPR1#2) or a control lentivirus 
carrying a scrambled shRNA sequence (shSCR). 4 days later, the cells were treated with sterile water (control) or 150 μM 
6-OHDA for 8 h (6OHDA). At the end of the treatment, total mRNAs were extracted and RT-qPCR was performed 
to measure Nupr1 and Trib3 mRNA levels. Nupr1 and Trib3 mRNA levels were normalized to GAPDH. For Nupr1 
RT-qPCR primers: (forward) GGGCAAGTTAGGAGCGAGAA and (reverse) GGGCATCCAGTTTTTCCCAC. For Trib3 
RT-qPCR primers: (forward) GTTGCGTCGATTTGTCTTCA and (reverse) CGGGAGCTGAGTATCTCTGG. Values are 
expressed as mean ± SEM of three independent experiments. Statistical analysis was performed using two-way ANOVA 
with Sidak’s multiple comparisons test. *p < 0.05 comparing shSCR/6OHDA relative to shSCR/control; ##p < 0.005 
comparing shNUPR1#1/control or shNUPR1#2/control relative to shSCR/control.

Manipulation and Study of Gene Expression in Neurotoxin-Treated Neuronal PC12 and SH-SY5Y…
http://dx.doi.org/10.5772/intechopen.71811

265



and pro-apoptotic activities in the context of PD. By promoting cystine uptake, xCT increases syn-
thesis of glutathione (GSH), an intracellular antioxidant that has been suggested to play a protec-
tive role in PD [35, 36]. One possibility is that the upregulation of xCT might be a compensatory 
protective reaction to increased oxidative stress. Consistent with this idea, treatments that elevate 
neuronal levels of GSH show protection in a variety of PD models [36, 37]. On the other hand, as 
an exchanger, xCT elevates extracellular levels of glutamate that in turn may have toxic effects 
on dopaminergic neurons via glutamate receptors. In agreement with this possibility, 6-OHDA-
treated xCT−/− mice were reported to have less striatal extracellular glutamate than wt mice, and 
their dopaminergic neurons showed substantial protection from 6-OHDA [38]. Such findings raise 
the challenge of sorting out and appropriately manipulating the pro- and anti-apoptotic actions 
of xCT for therapeutic advantage in PD. Cellular models of PD with induction of xCT such as 
described here, have the potential to serve as convenient, first-line screening systems to this end.
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Abstract

Colorectal cancer (CRC) is one of the most frequent cancers worldwide. Current treat-
ments include surgery and chemotherapy, but disease recurrence occurs frequently. The 
continuous renewal of intestinal epithelium relies on the presence of intestinal stem cells 
that are also at the origin of CRC and contribute to therapy resistance and metastatic dis-
semination. Several nuclear signaling pathways and transcription factors regulate both 
intestinal cell homeostasis and tumorigenesis. However, the transcriptional events that 
govern the emergence of aggressive therapy-resistant cancer stem cells are still poorly 
defined. This review summarizes the relevance of transcription factors in intestinal stem 
cell biology and their involvement in colon cancer development and drug resistance.
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1. Introduction

Colorectal cancer (CRC) is one of the most frequent cancers worldwide. The current standard-of-
care management includes surgery, radiotherapy and chemotherapy, sometimes in association 
with targeted agents to block tyrosine kinase receptors or their ligands. However, cancer recurs 
in 30–50% of patients [1].

The intestinal epithelium is continuously renewing, thanks to the presence of multipotent 
stem cells (SCs) within the intestinal crypts that give rise to all the differentiated cell types [2]. 
Different signaling pathways, including Wnt and Notch, and transcription factors are involved 
in intestinal development, homeostasis and maintenance of the intestinal SC properties [3]. 
These signaling cascades must be finely controlled because their deregulation is involved in gut 
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tumorigenesis. Importantly, recent studies suggest that tumor-initiating cells or cancer stem 
cells (CSCs) can regenerate a tumor and might be at the origin of CRC [4, 5]. Thus, a better 
understanding of CSC function in tumor initiation, progression and resistance to treatment is 
necessary to improve the screening, prevention and clinical management of patients with CRC.

In this review, we propose an overview of key transcriptional regulations that are involved 
in intestinal SC/CSC biology. We present the major signaling pathways and the main tran-
scription factors involved in intestinal homeostasis as well as their roles in the transcriptional 
regulation of intestinal CSCs.

2. The intestinal epithelium and the stem cell compartment

The main functions of the small intestine are food digestion and absorption and production 
of gastrointestinal hormones. It is subdivided in duodenum, jejunum and ileum, and is one 
of the most rapidly self-renewing tissues [6]. It is characterized by the presence of villi and 
Lieberkühn crypts. The large intestine (cecum, colon and rectum) is specialized in compact-
ing stool for rapid excretion, and is arranged in multiple crypts associated with a flat luminal 
surface. It shows slower renewal capacities than the small intestine [7].

The intestinal epithelium develops from the embryonic endoderm [8] and its cellular com-
position is quite similar along the entire intestinal tract. The intestine incredible self-renewal 
capacity is supported by the SC compartment located at the bottom of the crypts. Specifically, 
transit-amplifying (TA) cells undergo four to five rounds of rapid cell division and then move 
out of the crypt and terminally differentiate into enterocytes, goblet cells, Tuft cells and entero-
endocrine cells (Figure 1). These differentiated cells continue to move up along the villus and 
die by anoikis 2 or 3 days after having reached the villus tip. Paneth cells also derive from intes-
tinal SC, but migrate downwards and settle at the crypt base where they live for 6–8 weeks [9]. 
Two other cell types have been detected in the intestinal epithelium: M cells that are associated 
with Peyer’s patches and Cup cells that are located in the ileum.

To date, two SC populations have been identified in the crypts, highlighting the high plas-
ticity of the intestinal epithelial SC compartment. The first one corresponds to crypt-based 
columnar (CBC) cells that express the leucine-rich receptor, LGR5 and are interspersed 
between Paneth cells (Figure 1). CBC cells are required for the long-term maintenance of the 
self-renewing epithelium. Indeed, they cycle steadily to produce the rapidly proliferating TA 
cells that can differentiate into all lineages [6]. In the colon, LGR5+ cells are considered to be 
SCs because they are pluripotent and can maintain epithelial cell self-renewal over long peri-
ods of time. However, LGR5+ cells in the small intestine seem to divide more actively than in 
the colon, possibly due to differences in the epithelial turnover rates [6].

The second crucial SC population corresponds to ‘reserve’ SCs that can be rapidly recruited 
to maintain epithelial homeostasis following injury [7]. They are located at position four from 
the crypt base (hence, the name of +4 SCs) and are generally considered to be relatively qui-
escent and resistant to acute injury (Figure 1). This population was discovered by Potten et al. 

Gene Expression and Regulation in Mammalian Cells - Transcription Toward the Establishment of Novel Therapeutics274

and was described as the only one responsible for the maintenance of intestinal homeosta-
sis, but without counterpart in the colon [10]. They can retain DNA labels (a surrogate SC 
marker), possibly due to their infrequent replication or selective retention of labeled DNA 
during division. Their relative quiescence also explains their resistance to radiation. This SC 
population was identified thanks to its strong and localized expression of the BMI1 gene that 
encodes a component of the Polycomb repressor complex [7]. Lineage tracing of these cells 
revealed strict terminal differentiation toward the Paneth cell lineage. However, following 
injury, this population can start cycling and show typical intestinal SC activity and multipo-
tency [11]. These features are typical of SCs, despite the fact that, differently from CBC cells, 
they do not generate all epithelial lineages.

3. Colorectal cancer and intestinal cancer stem cells

3.1. Colorectal cancer

Genetic or epigenetic changes can lead to deregulated cell proliferation, resulting in tumor 
growth [12]. In the intestine, tumors start with the formation of small lesions called aberrant 
crypt foci (ACF). ACF expansion gives rise to an adenoma that can progress to in situ carcinoma 

Figure 1. Schematic representation of the intestinal epithelium and the hierarchy of intestinal lineages. Self-renewal of 
the intestinal epithelium is fueled by small intestinal stem cells (at the bottom of the crypt) that give rise to progenitor 
cells. These can subsequently differentiate into the mature cell types required for normal gut function.
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and finally to invasive adenocarcinoma [12]. Studies in humans and in animal models suggest 
that intestinal tumor development is a process where each successive genetic change confers 
growth advantage to tumor cells. Collectively, these genetic changes in cancer cells allow tumor 
progression through different stages [12]. Indeed, CRC development is considered as a para-
digm of stepwise tumorigenesis with subsequent histopathological stages that precede invasive 
neoplastic growth and are associated with a progressively increasing number of specific genetic 
aberrations [11].

3.2. Intestinal cancer stem cells

Intriguingly, the biology of intestinal SCs and CRCs is highly interconnected. In many intestinal 
malignancies, it is assumed that the ‘cell of origin’ is a SC that acquired the initial mutation(s) 
necessary for malignant conversion [11]. These genetic alterations promote self-sufficiency in 
growth signals, insensitivity to growth-inhibitory signals, programmed cell death evasion, 
limitless replicative potential, sustained angiogenesis, tissue invasion and ultimately metas-
tasis formation [13]. Additionally, heterogeneously differentiated cell types are found in indi-
vidual CRC specimens, contributing to the idea that such tumors are ‘caricatures’ of the normal 
intestinal tissue. This notion is further strengthened by the discovery of SC-like cancer cells 
that express intestinal SC markers and display multipotency and self-renewal capacities.

It is thought that intestinal CSCs are the cells that drive tumor growth and progression [11]. 
Indeed, intestinal CSCs, but not intestinal SCs, can regenerate tumors upon transplantation in 
animals [14]. CSCs are defined by four main characteristics: (i) they can be serially transplanted 
for multiple generations because of their self-renewal capacity; (ii) CSCs can generate bulk 
populations of non-tumorigenic cells by asymmetrical division, which is consistent with the 
hierarchical model of tumor development. Conversely, symmetrical division allows CSC main-
tenance within the tumor; (iii) CSCs retain their tumorigenic potential when transplanted into 
animals and (iv) CSCs can be separated from non-SCs using specific surface markers [14, 15]. In 
the last decades, the concept of CSC hierarchical arrangement has changed our understanding 
of tumor cell heterogeneity. The current CSC model postulates that CSCs reside at the top of 
the tumor hierarchy and differentiate unidirectionally into highly proliferative non-CSCs [12].

4. Nuclear signaling pathways that control intestinal CSCs

In this part, we will focus on the major signaling pathways and transcription factors that are 
involved in the transcriptional regulation of intestinal SC/CSCs (Figure 2) and that could con-
sequently be associated with tumor development/progression and/or cancer cell resistance 
to therapy.

4.1. The Wnt pathway and its effectors

4.1.1. The Wnt pathway

The Wnt pathway is involved in many biological processes and is essential for epithelial 
intestinal homeostasis (Figure 2) [16]. Accumulation and translocation of β-catenin into the 
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nucleus are the hallmark of the canonical Wnt pathway activity. In the absence of Wnt ligands, 
β-catenin is phosphorylated, ubiquitinylated and degraded by the proteasomal machinery. 
Binding of Wnt ligands to their receptors results in the cytoplasmic accumulation of β-catenin 
that then translocates into the nucleus where it functions as a transcriptional co-activator of 
Wnt-target genes. The best characterized binding partners of β-catenin in the nucleus are the 
members of the lymphoid enhancer factor (LEF)/T cell factor (TCF) DNA-binding transcrip-
tion factors [17]. Some of the downstream targets of the Wnt signaling pathway, such as SOX9 
and KLF4/5, are involved in the control of the intestinal CSC phenotype and in CRC develop-
ment and will be described below (see Sections 4.1.2 and 4.1.3).

In up to 80% of colorectal carcinomas, mutations in molecules that are part of the Wnt/β-catenin 
pathway (notably truncating mutations in the Apc gene) lead to the formation of constitutive 
nuclear TCF/β-catenin complexes and to uncontrolled transcription of TCF-4 target genes [18]. In 

Figure 2. Schematic representation of the major signaling pathways involved in cancer stem cell biology. A gradient of 
BMP and Hh signaling, with relatively high activity in the villus and less activity within the crypt, regulates cell renewal 
and lineage specification. Wnt and Notch signaling gradients in the opposite direction (highest expression at the crypt 
base) play an important role in maintaining the stem cell compartment.
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the mouse, specific deletion of the Apc gene in LGR5+ SCs triggers the formation of many LGR5+ 
adenomas in the small and large intestine [5]. Similarly, lack of β-catenin repression in intestinal 
+4 SCs promotes the formation of BMI1+ adenomas [19]. Moreover, loss of APC negative control 
induces constitutive nuclear β-catenin/TCF complex activation and hyper-proliferation of the SC 
compartment [19].

The Wnt signaling pathway has a role also in human intestinal CSCs. In spheroid cultures of 
CSCs isolated from biopsies of patients with CRC, Wnt expression is heterogeneous. Injection of 
Wnthigh cells in mice results in more effective tumor formation compared with Wntlow cells. The 
heterogeneous Wnt expression pattern is maintained in the tumors and is related to the expres-
sion of several intestinal SC markers, such as LGR5 and ASCL2 [20]. Additionally, colonospheres 
developed from human CSCs show increased β-catenin expression, associated with transcrip-
tional activation of TCF/LEF [21]. Hence, activation of Wnt/β-catenin signaling can convert intes-
tinal SCs into CSCs, which corresponds to the first step of malignant transformation [19].

Several studies tried to correlate β-catenin activation/expression level with the outcome of patients 
with CRC. For instance, in 2007, Lugli et al. analyzed tissue microarray data on more than 1400 
CRC biopsies and found that high level of β-catenin nuclear expression is an independent adverse 
prognostic factor [22].

4.1.2. SOX9

The SRY-related high-mobility group box 9 (SOX9) gene is a physiological target of the TCF/β-
catenin complex that promotes cell proliferation. This key terminal effector of the Wnt pathway 
is required for +4 SC differentiation into Paneth cells [23]. In the intestinal epithelium, SOX9 
expression pattern in the SC compartment almost perfectly overlaps with that of the prolif-
erative marker Ki-67. Interestingly, SOX9 positively regulates its own expression in many cell 
types and exerts a negative feedback-loop on TCF/β-catenin activity, leading to restriction of 
intestinal SC proliferation [23, 24].

SOX9-deficient mice exhibit higher cell proliferation, extensive colon hyperplasia with numerous 
enlarged crypts. However, SOX9 deletion is not sufficient to induce malignancy [25]. Moreover, 
SOX9 overexpression in human CRC cells results in cell cycle progression and apoptosis bypass, 
due to increased BMI1 gene expression [26]. Additionally, in colon epithelial cells, high SOX9 
expression is associated with undifferentiated states, SC-like properties and high LGR5 mRNA 
level in vitro [27]. SOX9 has several pro-oncogenic properties, including the ability to promote 
cell proliferation, to inhibit senescence and to collaborate with other oncogenes in neoplastic 
transformation [26]. However, recent in vitro and in vivo studies have described SOX9 tumor 
suppressor activities in CRC cells. Specifically, SOX9 inhibits β-catenin activity by interacting 
physically with this protein and removing it from chromatin. It also decreases expression of the 
c-Myc oncogene, a target of the Wnt/β-catenin pathway [28].

The strong expression of SOX9 in CRC cells due to the constitutive activity of the Wnt pathway 
can contribute to cancer progression and/or influence tumor differentiation. SOX9 displays mis-
sense or frameshift mutations in almost 10% of CRC [29]. SOX9 mutation rate is higher in more 
advanced tumors and is correlated with activated KRAS, an oncogene frequently mutated during 
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CRC development, thus facilitating transformation and tumor progression [29]. Furthermore, a 
SOX9 splice variant (MiniSOX9) that contains the HMG domain responsible for binding to DNA 
but devoid of the trans-activating domain has been discovered [30]. MiniSOX9 inhibits SOX9 
activity by a dominant-negative effect in vitro and can promote the Wnt/β-catenin pathway, 
resulting in β-catenin over-activation. In addition, strong MiniSOX9 expression is observed in 
CRC tumor tissue, while it is undetectable in the adjacent normal tissue [30]. Wild type and many 
SOX9 mutants regulate tumor proliferation capacity, notably through regulation of the CSC pool. 
Nevertheless, SOX9 protein level could not be clearly associated with patient prognosis [31].

4.1.3. Krüppel-like factors (KLF)

4.1.3.1. KLF4

KLF4 was originally identified as a gut-enriched transcription factor in the intestine and is 
expressed in terminally differentiated columnar intestinal epithelial cells [32]. KLF4 regulates 
intestinal epithelial homeostasis and has a critical role in the development and terminal dif-
ferentiation of goblet cells [32]. In human HT-29 CRC cells, KLF4 inhibits cell proliferation by 
blocking progression from the G1 to S phase of the cell cycle through inhibition of cyclin D1 
expression [33].

Moreover, mutations in the Wnt/β-catenin pathway are associated with KLF4 downregulation 
in human CRC cell lines. Indeed, KLF4 is an indirect APC target and is considered to be a repres-
sor of BMI1 transcriptional activity [34, 35]. Furthermore, using a KLF4 inducible system in CRC 
cell lines, it was demonstrated that KLF4 reduces colony formation, cell migration and inva-
sion [34]. Additionally, KLF4 overexpression in human adenocarcinoma cells leads to reduced 
[3H]-thymidine uptake, whereas inhibition of KFL4 expression increases DNA synthesis, con-
firming that KLF4 plays an essential role in colon cell growth arrest [36]. Surprisingly, despite its 
tumor suppressor activity, KLF4 is overexpressed in colon CSC-enriched spheroids compared 
with the parental CRC cells from which the spheroids were derived [37]. Moreover, KLF4 knock-
down affects the stemness phenotype and decreases the malignant profile of these CSC-enriched 
spheroid cells, in line with its role in reprogramming murine fibroblasts into stem cells [37, 38].

In agreement with its tumor suppressor activity, KLF4 expression is frequently lost in CRC and its 
downregulation is strongly associated with tumor development. Moreover, loss of heterozygos-
ity on chromosome 9q31, where the KLF4 gene is localized, is frequently found in human CRC, 
and could lead to uncontrolled cell proliferation and to a SC-like phenotype of differentiated cells 
[33]. Low KLF4 expression levels are also found in colon adenomas and metastases [33]. Lee et al. 
confirmed that KLF4 mRNA expression levels are lower in CRC tumor tissue compared with nor-
mal tissue [39]. However and surprisingly, they observed that high KLF4 level in normal tissue is 
correlated with high KLF4 expression in tumors and is associated with poor patient survival [39].

The conflicting results between clinical studies concerning KLF4 prognostic value could be 
explained by the differential regulation of KLF4 mRNA and protein expression in CRC or by 
the presence also of KLF4+ stromal cells in the tumor samples. Additional investigations are 
needed to elucidate these data; nevertheless, KLF4 expression levels in normal and tumor tis-
sues are prognostic markers for CRC.
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the mouse, specific deletion of the Apc gene in LGR5+ SCs triggers the formation of many LGR5+ 
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+4 SCs promotes the formation of BMI1+ adenomas [19]. Moreover, loss of APC negative control 
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physically with this protein and removing it from chromatin. It also decreases expression of the 
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The strong expression of SOX9 in CRC cells due to the constitutive activity of the Wnt pathway 
can contribute to cancer progression and/or influence tumor differentiation. SOX9 displays mis-
sense or frameshift mutations in almost 10% of CRC [29]. SOX9 mutation rate is higher in more 
advanced tumors and is correlated with activated KRAS, an oncogene frequently mutated during 
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CRC development, thus facilitating transformation and tumor progression [29]. Furthermore, a 
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but devoid of the trans-activating domain has been discovered [30]. MiniSOX9 inhibits SOX9 
activity by a dominant-negative effect in vitro and can promote the Wnt/β-catenin pathway, 
resulting in β-catenin over-activation. In addition, strong MiniSOX9 expression is observed in 
CRC tumor tissue, while it is undetectable in the adjacent normal tissue [30]. Wild type and many 
SOX9 mutants regulate tumor proliferation capacity, notably through regulation of the CSC pool. 
Nevertheless, SOX9 protein level could not be clearly associated with patient prognosis [31].

4.1.3. Krüppel-like factors (KLF)

4.1.3.1. KLF4

KLF4 was originally identified as a gut-enriched transcription factor in the intestine and is 
expressed in terminally differentiated columnar intestinal epithelial cells [32]. KLF4 regulates 
intestinal epithelial homeostasis and has a critical role in the development and terminal dif-
ferentiation of goblet cells [32]. In human HT-29 CRC cells, KLF4 inhibits cell proliferation by 
blocking progression from the G1 to S phase of the cell cycle through inhibition of cyclin D1 
expression [33].

Moreover, mutations in the Wnt/β-catenin pathway are associated with KLF4 downregulation 
in human CRC cell lines. Indeed, KLF4 is an indirect APC target and is considered to be a repres-
sor of BMI1 transcriptional activity [34, 35]. Furthermore, using a KLF4 inducible system in CRC 
cell lines, it was demonstrated that KLF4 reduces colony formation, cell migration and inva-
sion [34]. Additionally, KLF4 overexpression in human adenocarcinoma cells leads to reduced 
[3H]-thymidine uptake, whereas inhibition of KFL4 expression increases DNA synthesis, con-
firming that KLF4 plays an essential role in colon cell growth arrest [36]. Surprisingly, despite its 
tumor suppressor activity, KLF4 is overexpressed in colon CSC-enriched spheroids compared 
with the parental CRC cells from which the spheroids were derived [37]. Moreover, KLF4 knock-
down affects the stemness phenotype and decreases the malignant profile of these CSC-enriched 
spheroid cells, in line with its role in reprogramming murine fibroblasts into stem cells [37, 38].

In agreement with its tumor suppressor activity, KLF4 expression is frequently lost in CRC and its 
downregulation is strongly associated with tumor development. Moreover, loss of heterozygos-
ity on chromosome 9q31, where the KLF4 gene is localized, is frequently found in human CRC, 
and could lead to uncontrolled cell proliferation and to a SC-like phenotype of differentiated cells 
[33]. Low KLF4 expression levels are also found in colon adenomas and metastases [33]. Lee et al. 
confirmed that KLF4 mRNA expression levels are lower in CRC tumor tissue compared with nor-
mal tissue [39]. However and surprisingly, they observed that high KLF4 level in normal tissue is 
correlated with high KLF4 expression in tumors and is associated with poor patient survival [39].

The conflicting results between clinical studies concerning KLF4 prognostic value could be 
explained by the differential regulation of KLF4 mRNA and protein expression in CRC or by 
the presence also of KLF4+ stromal cells in the tumor samples. Additional investigations are 
needed to elucidate these data; nevertheless, KLF4 expression levels in normal and tumor tis-
sues are prognostic markers for CRC.
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4.1.3.2. KLF5

The transcription factor KLF5 can interact with several components of different signaling 
pathways (e.g., the Wnt, Hippo, TGF-β and Notch signaling cascades) and mediate their 
activity [40]. In physiological conditions, KLF5 is strongly expressed by intestinal progenitor 
and stem cells, suggesting a role in cell proliferation control [41].

Stable KLF5 overexpression in HT-29 CRC cells promotes spheroid formation [40]. Conversely, 
deletion of the KLF5 gene in mouse LGR5+ SCs promotes β-catenin nuclear localization and 
the appearance of abnormal apoptotic cells in the intestinal crypts, due to inhibition of their 
proliferation and survival capacities [41]. In agreement, KLF5 is required for the tumor-ini-
tiating activity of β-catenin during intestinal tumorigenesis in ApcMin mice [41]. Inhibition of 
KLF5 gene expression in CRC cell lines reduces cell proliferation and transformation as well as 
anchorage-independent growth [42].

In patients with CRC, intestinal tumor progression is associated with KLF5 gene upregulation in 
the primary tumor and also in metastases, compared with healthy tissues [41]. Moreover, com-
parative genomic hybridization (CGH) array analysis of human CRC samples highlighted the 
frequent chromosomal amplification of the KLF5 locus [41]. CRC samples with mutated KRAS 
also display KLF5 upregulation, associated with increased cell proliferation [42]. As activating 
KRAS mutations are found in more than 50% of CRC, KLF5 appears to be an important down-
stream mediator of activated KRAS during CRC development. These findings indicate that 
KLF5 is a major regulator of intestinal SC proliferation in normal and pathological conditions.

4.2. The Notch pathway and BMI1

4.2.1. The Notch pathway

The Notch signaling cascade is one of the major pathway involved in intestinal homeostasis 
and in the direct regulation of cell fate [43]. The initiating step of the Notch signaling cas-
cade is the interaction between one of its five ligands (Delta-like1/3/4, Jagged1/2) and a Notch 
receptor (Notch1–4). Upon ligand binding, the receptor conformational change through pro-
teolytic cleavage leads to nuclear translocation of cleaved Notch intracellular domain (NICD) 
and its association with the DNA-binding transcription factor CSL (also called RBP-Jκ). This 
turns the CSL complex from a transcriptional repressor into a transcriptional activator. The 
best known targets of the CSL/NICD complex are members of the HES gene family and their 
homologs, the Hey (also called HERP) gene family of basic helix-loop-helix transcription fac-
tors. This is known as the canonical Notch pathway [17, 43, 44].

In the colon, Notch signaling is an essential gatekeeper of intestinal progenitors and clearly 
plays an important role in the maintenance of the colon crypt compartment [45] (Figure 2). 
Using small-molecule inhibitors and short hairpin RNA-mediated knock-down, it has been 
demonstrated that Notch prevents apoptosis of colon cancer-initiating cells (CCICs) and is crit-
ical for self-renewal [46]. Moreover, the Notch pathway supports slow-cycling BMI1+ CCICs, 
by promoting their self-renewal, tumorigenicity and chemoresistance in tumor xenografts [47].
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In CRC, the Notch pathway is strongly activated compared with normal tissue. Moreover, 
expression analysis of resection biopsies from patients with CRC showed that Notch1 expres-
sion level is correlated with poor prognosis and is a good predictive marker of cancer pro-
gression [48]. Intriguingly, the expression level of Notch2 is negatively correlated with that of 
Notch1 in CRC and Notch2 has anti-tumoral properties [48]. These opposite features could be 
used to develop a fine prognostic marker of CRC progression and recurrence.

4.2.2. BMI1

BMI1 is a downstream target of Notch signaling and a key component of the Polycomb group 
[49]. BMI1 is expressed in almost all tissue types and regulates a myriad of cellular processes 
that are critical for cell growth, cell fate decision, development, senescence, aging, DNA dam-
age repair, apoptosis and SC self-renewal [49, 50]. BMI1 is highly expressed in intestinal SCs 
and isolated BMI1+ cells can generate epithelial organoids in culture [7]. Additionally, BMI1 
loss decreases murine intestinal SC proliferation and promotes their differentiation into goblet 
cells [49]. BMI1 also contributes to the tumor-initiating and self-renewal abilities of human 
CRC cells because its downregulation inhibits tumor cell growth and is associated with reduc-
tion of tumor-initiating cells [51]. Moreover, BMI1 is involved in intestinal CSC invasion and 
migration. Indeed, a recent study demonstrated that BMI1 represses E-cadherin expression in 
colon CSCs, thus promoting metastasis formation via epithelial to mesenchymal transition [50].

Altogether, these data strongly support BMI1 role in the maintenance of the intestinal CSC pheno-
type. In agreement, clinical studies showed that BMI1 expression is a negative prognostic marker 
in CRC [52]. BMI1 mRNA and protein are overexpressed in colorectal adenomas and carcinomas 
compared with normal tissues [53]. A gradient of BMI1 expression has been reported in human 
colon precancerous and cancerous tissues and is correlated with the cancer stage, suggesting that 
BMI1 contributes to CRC progression [53].

Indeed, BMI1 is considered to be a negative CRC prognostic biomarker, and patients with 
BMI1-positive tumors are at higher risk of disease recurrence and/or metastases compared with 
those with BMI1-negative tumors. As BMI1 has a role in maintaining the intestinal CSC pheno-
type, high BMI1 expression could indicate the presence of a large CSC population in the tumor. 
Consequently, high proportion of CSCs in a tumor could be an indicator of poor prognosis [31, 
54, 55].

4.3. Other signaling pathways

4.3.1. The Hedgehog pathway

The Hedgehog (Hh) signaling pathway is a key regulator of intestinal homeostasis. Hh proteins 
are part of a family of secreted proteins that are involved in the development and maintenance 
of the gastrointestinal tract [17]. Aberrant activation of the Hh signaling pathway is associated 
with tumorigenesis in various tissues. The roles of Hh signaling differ at each CRC stage, from 
adenoma to adenocarcinoma [56]. Moreover, Sonic Hedgehog (SHH), one of the Hh effectors, 
promotes CRC development, while Indian Hedgehog (IHH) inhibits CRC formation [56].
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4.1.3.2. KLF5

The transcription factor KLF5 can interact with several components of different signaling 
pathways (e.g., the Wnt, Hippo, TGF-β and Notch signaling cascades) and mediate their 
activity [40]. In physiological conditions, KLF5 is strongly expressed by intestinal progenitor 
and stem cells, suggesting a role in cell proliferation control [41].

Stable KLF5 overexpression in HT-29 CRC cells promotes spheroid formation [40]. Conversely, 
deletion of the KLF5 gene in mouse LGR5+ SCs promotes β-catenin nuclear localization and 
the appearance of abnormal apoptotic cells in the intestinal crypts, due to inhibition of their 
proliferation and survival capacities [41]. In agreement, KLF5 is required for the tumor-ini-
tiating activity of β-catenin during intestinal tumorigenesis in ApcMin mice [41]. Inhibition of 
KLF5 gene expression in CRC cell lines reduces cell proliferation and transformation as well as 
anchorage-independent growth [42].

In patients with CRC, intestinal tumor progression is associated with KLF5 gene upregulation in 
the primary tumor and also in metastases, compared with healthy tissues [41]. Moreover, com-
parative genomic hybridization (CGH) array analysis of human CRC samples highlighted the 
frequent chromosomal amplification of the KLF5 locus [41]. CRC samples with mutated KRAS 
also display KLF5 upregulation, associated with increased cell proliferation [42]. As activating 
KRAS mutations are found in more than 50% of CRC, KLF5 appears to be an important down-
stream mediator of activated KRAS during CRC development. These findings indicate that 
KLF5 is a major regulator of intestinal SC proliferation in normal and pathological conditions.

4.2. The Notch pathway and BMI1

4.2.1. The Notch pathway

The Notch signaling cascade is one of the major pathway involved in intestinal homeostasis 
and in the direct regulation of cell fate [43]. The initiating step of the Notch signaling cas-
cade is the interaction between one of its five ligands (Delta-like1/3/4, Jagged1/2) and a Notch 
receptor (Notch1–4). Upon ligand binding, the receptor conformational change through pro-
teolytic cleavage leads to nuclear translocation of cleaved Notch intracellular domain (NICD) 
and its association with the DNA-binding transcription factor CSL (also called RBP-Jκ). This 
turns the CSL complex from a transcriptional repressor into a transcriptional activator. The 
best known targets of the CSL/NICD complex are members of the HES gene family and their 
homologs, the Hey (also called HERP) gene family of basic helix-loop-helix transcription fac-
tors. This is known as the canonical Notch pathway [17, 43, 44].

In the colon, Notch signaling is an essential gatekeeper of intestinal progenitors and clearly 
plays an important role in the maintenance of the colon crypt compartment [45] (Figure 2). 
Using small-molecule inhibitors and short hairpin RNA-mediated knock-down, it has been 
demonstrated that Notch prevents apoptosis of colon cancer-initiating cells (CCICs) and is crit-
ical for self-renewal [46]. Moreover, the Notch pathway supports slow-cycling BMI1+ CCICs, 
by promoting their self-renewal, tumorigenicity and chemoresistance in tumor xenografts [47].
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In CRC, the Notch pathway is strongly activated compared with normal tissue. Moreover, 
expression analysis of resection biopsies from patients with CRC showed that Notch1 expres-
sion level is correlated with poor prognosis and is a good predictive marker of cancer pro-
gression [48]. Intriguingly, the expression level of Notch2 is negatively correlated with that of 
Notch1 in CRC and Notch2 has anti-tumoral properties [48]. These opposite features could be 
used to develop a fine prognostic marker of CRC progression and recurrence.

4.2.2. BMI1

BMI1 is a downstream target of Notch signaling and a key component of the Polycomb group 
[49]. BMI1 is expressed in almost all tissue types and regulates a myriad of cellular processes 
that are critical for cell growth, cell fate decision, development, senescence, aging, DNA dam-
age repair, apoptosis and SC self-renewal [49, 50]. BMI1 is highly expressed in intestinal SCs 
and isolated BMI1+ cells can generate epithelial organoids in culture [7]. Additionally, BMI1 
loss decreases murine intestinal SC proliferation and promotes their differentiation into goblet 
cells [49]. BMI1 also contributes to the tumor-initiating and self-renewal abilities of human 
CRC cells because its downregulation inhibits tumor cell growth and is associated with reduc-
tion of tumor-initiating cells [51]. Moreover, BMI1 is involved in intestinal CSC invasion and 
migration. Indeed, a recent study demonstrated that BMI1 represses E-cadherin expression in 
colon CSCs, thus promoting metastasis formation via epithelial to mesenchymal transition [50].

Altogether, these data strongly support BMI1 role in the maintenance of the intestinal CSC pheno-
type. In agreement, clinical studies showed that BMI1 expression is a negative prognostic marker 
in CRC [52]. BMI1 mRNA and protein are overexpressed in colorectal adenomas and carcinomas 
compared with normal tissues [53]. A gradient of BMI1 expression has been reported in human 
colon precancerous and cancerous tissues and is correlated with the cancer stage, suggesting that 
BMI1 contributes to CRC progression [53].

Indeed, BMI1 is considered to be a negative CRC prognostic biomarker, and patients with 
BMI1-positive tumors are at higher risk of disease recurrence and/or metastases compared with 
those with BMI1-negative tumors. As BMI1 has a role in maintaining the intestinal CSC pheno-
type, high BMI1 expression could indicate the presence of a large CSC population in the tumor. 
Consequently, high proportion of CSCs in a tumor could be an indicator of poor prognosis [31, 
54, 55].

4.3. Other signaling pathways

4.3.1. The Hedgehog pathway

The Hedgehog (Hh) signaling pathway is a key regulator of intestinal homeostasis. Hh proteins 
are part of a family of secreted proteins that are involved in the development and maintenance 
of the gastrointestinal tract [17]. Aberrant activation of the Hh signaling pathway is associated 
with tumorigenesis in various tissues. The roles of Hh signaling differ at each CRC stage, from 
adenoma to adenocarcinoma [56]. Moreover, Sonic Hedgehog (SHH), one of the Hh effectors, 
promotes CRC development, while Indian Hedgehog (IHH) inhibits CRC formation [56].
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IHH regulates intestinal SC fates by interfering with the maturation and localization of the 
underlying stromal cells that in turn generate signaling molecules needed for the maintenance 
of the intestinal SC niche [56] (Figure 2). IHH, expressed by differentiated enterocytes, indi-
rectly inhibits Wnt signaling at the crypt base and reduces the number of proliferating precur-
sor cells [17, 57]. A decrease in Hh signaling is correlated with the expansion of the intestinal 
SC pool, with blunted enterocyte differentiation and activation of the Wnt pathway. Moreover, 
IHH gene knock-out leads to intestinal SC accumulation [57]. In addition, specific Hh activa-
tion in murine stromal cells induces complex transcriptional changes, leading to loss of colon 
SC-specific gene expression and upregulation of epithelial differentiation markers [58]. Most 
of the components of the Hh signaling pathway are upregulated (mRNA and protein) in CRC, 
with the exception of IHH that appears to be downregulated. Overexpression of members of 
the Hh signaling pathway is associated with poor survival and adverse clinical features [59]. 
However, in metastatic CRC, treatment with vismodegib, an Hh pathway inhibitor, in com-
bination with standard chemotherapy, does not significantly improve patient survival [60].

4.3.2. The BMP pathway

The BMP pathway regulates many cellular mechanisms, including apoptosis and cell growth, 
depending on the specific cellular context. BMP ligands are secreted in their active form and 
homodimerize before binding to their cognate BMP receptors (BMPR). SMAD transcription 
factors are the main downstream effectors of BMP signaling that plays key roles in adult gut 
homeostasis, inflammation and cancer.

Specific inhibition of BMP signaling in intestinal epithelial cell does not lead to initiation of 
colon tumors in vivo, while suppression in mesenchymal myofibroblasts is associated with 
spontaneous tumor formation. This suggests that inhibition of BMP signaling in the mesenchy-
mal cells surrounding the intestinal epithelium acts as a trigger of gastrointestinal tumorigen-
esis [61]. Moreover, BMP4 expression is lost in intestinal CSCs, leading to deregulation of the 
proliferative compartment [62].

Nevertheless, it is still unclear whether BMP limits expansion of intestinal epithelial cells by 
repressing LGR5+ intestinal SC self-renewal or by inhibiting epithelial cell proliferation. In addi-
tion, BMP type Ia receptor (Bmpr1a) conditional knock-out in the intestinal epithelium leads to 
intestine hyperplasia with multiple intestinal polyps due to hyperactive SCs [63]. Moreover, in 
these mice, the LGR5+ SC pool is enlarged due to increased survival, allowing better intestinal 
regeneration [63]. Among the BMP family members, BMP2 and BMP4 are specifically involved 
in intestinal CSC regulation by promoting their differentiation and antagonizing Wnt/β-catenin 
signaling [64]. Furthermore, a recent study showed that the transcription factor GATA6 is a key 
regulator of CSC expansion and self-renewal through downregulation of BMP genes [65].

Finally, mutations that affect BMP signaling are frequently observed in patients with juvenile 
polyposis syndrome that is characterized by non-cancerous polyps, as well as in patients with 
progressing CRC. Analysis of SMAD4 expression levels in patients with CRC showed that it 
is downregulated in CRC and associated with poor prognosis [66].
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4.3.3. The Hippo pathway

The Hippo pathway regulates various cellular processes, including cell survival, proliferation 
and differentiation, but has been involved only recently in SC biology [67]. Yes-associated pro-
tein (YAP) and transcriptional co-activator with PDZ binding motif (TAZ) are the central effec-
tor molecules of this signaling cascade and are abundantly expressed in the cytoplasm of both 
proliferating and post-mitotic cells [17, 68].

In cancer, the Hippo pathway inhibits cell proliferation, promotes apoptosis and regulates stem/
progenitor cell expansion. In cancer cells, YAP and TAZ are localized mainly in the nucleus and 
promotes cell and tumor growth. There is considerable evidence that abnormal Hippo signal-
ing is associated with tumor progression and YAP/TAZ overexpression is frequently observed 
in CRC [67]. This overexpression could be linked to Wnt/β-catenin over-activation because YAP 
is a specific target of this pathway. Furthermore, the major components of the Hippo pathway 
(i.e., MST1/2 and MOBKL1A/B) that control YAP/TAZ activity display low expression levels in 
colon carcinomas [69]. YAP deletion in Apcmin mice prevents polyp formation and blocks the dif-
ferentiation of Apc−/− organoids. Moreover, using a mosaic model of Yap and Apc gene deletion 
in intestinal SCs, YAP appears to be dispensable for tumor initiation, but crucial for progression 
of tumor-initiating cells to adenoma [70].

Hippo pathway dysregulation, leading to loss of YAP repression, has been observed in differ-
ent cancer types [71]. In patients with CRC, YAP over-activation is closely related to β-catenin 
over-activation. Moreover, the tyrosine kinase c-Yes is hyper-phosphorylated in 5-fluorouracil-
resistant cells with CSC features, thus preventing YAP nuclear translocation [72]. Finally, YES1 
and YAP levels are correlated with worse prognosis in chemotherapy-treated patients with 
CRC, suggesting that chemotherapy favors the selection of intestinal CSCs with deregulated 
c-Yes and YAP [72].

4.4. Other intestinal CSC-related transcription factors

4.4.1. PXR

Pregnane X Receptor (PXR, NR1I2), a member of the nuclear receptor superfamily, is highly 
expressed in the colon. PXR targets are genes that encode phase I and II metabolic enzymes 
and phase III drug transporters. Members of the nuclear receptor superfamily function as 
ligand-activated transcription factors and play critical roles in nearly every aspect of devel-
opment and adult physiology [73]. Interestingly, it has been reported that the Wnt/β-catenin 
signaling pathway is crucial for PXR activity and notably that β-catenin is required for PXR-
mediated induction of target gene expression [74].

Planque et al. have recently demonstrated that PXR is a potent intestinal CSC phenotype driver 
by regulating a network of downstream genes involved in self-renewal and chemoresistance 
[75]. PXR expression is associated with CSC enrichment, after cell sorting of cancer cells using 
ALDH activity to identify CSCs and after spheroid passaging. In addition, expression of CSC 
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IHH regulates intestinal SC fates by interfering with the maturation and localization of the 
underlying stromal cells that in turn generate signaling molecules needed for the maintenance 
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rectly inhibits Wnt signaling at the crypt base and reduces the number of proliferating precur-
sor cells [17, 57]. A decrease in Hh signaling is correlated with the expansion of the intestinal 
SC pool, with blunted enterocyte differentiation and activation of the Wnt pathway. Moreover, 
IHH gene knock-out leads to intestinal SC accumulation [57]. In addition, specific Hh activa-
tion in murine stromal cells induces complex transcriptional changes, leading to loss of colon 
SC-specific gene expression and upregulation of epithelial differentiation markers [58]. Most 
of the components of the Hh signaling pathway are upregulated (mRNA and protein) in CRC, 
with the exception of IHH that appears to be downregulated. Overexpression of members of 
the Hh signaling pathway is associated with poor survival and adverse clinical features [59]. 
However, in metastatic CRC, treatment with vismodegib, an Hh pathway inhibitor, in com-
bination with standard chemotherapy, does not significantly improve patient survival [60].

4.3.2. The BMP pathway

The BMP pathway regulates many cellular mechanisms, including apoptosis and cell growth, 
depending on the specific cellular context. BMP ligands are secreted in their active form and 
homodimerize before binding to their cognate BMP receptors (BMPR). SMAD transcription 
factors are the main downstream effectors of BMP signaling that plays key roles in adult gut 
homeostasis, inflammation and cancer.

Specific inhibition of BMP signaling in intestinal epithelial cell does not lead to initiation of 
colon tumors in vivo, while suppression in mesenchymal myofibroblasts is associated with 
spontaneous tumor formation. This suggests that inhibition of BMP signaling in the mesenchy-
mal cells surrounding the intestinal epithelium acts as a trigger of gastrointestinal tumorigen-
esis [61]. Moreover, BMP4 expression is lost in intestinal CSCs, leading to deregulation of the 
proliferative compartment [62].

Nevertheless, it is still unclear whether BMP limits expansion of intestinal epithelial cells by 
repressing LGR5+ intestinal SC self-renewal or by inhibiting epithelial cell proliferation. In addi-
tion, BMP type Ia receptor (Bmpr1a) conditional knock-out in the intestinal epithelium leads to 
intestine hyperplasia with multiple intestinal polyps due to hyperactive SCs [63]. Moreover, in 
these mice, the LGR5+ SC pool is enlarged due to increased survival, allowing better intestinal 
regeneration [63]. Among the BMP family members, BMP2 and BMP4 are specifically involved 
in intestinal CSC regulation by promoting their differentiation and antagonizing Wnt/β-catenin 
signaling [64]. Furthermore, a recent study showed that the transcription factor GATA6 is a key 
regulator of CSC expansion and self-renewal through downregulation of BMP genes [65].

Finally, mutations that affect BMP signaling are frequently observed in patients with juvenile 
polyposis syndrome that is characterized by non-cancerous polyps, as well as in patients with 
progressing CRC. Analysis of SMAD4 expression levels in patients with CRC showed that it 
is downregulated in CRC and associated with poor prognosis [66].
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4.3.3. The Hippo pathway

The Hippo pathway regulates various cellular processes, including cell survival, proliferation 
and differentiation, but has been involved only recently in SC biology [67]. Yes-associated pro-
tein (YAP) and transcriptional co-activator with PDZ binding motif (TAZ) are the central effec-
tor molecules of this signaling cascade and are abundantly expressed in the cytoplasm of both 
proliferating and post-mitotic cells [17, 68].

In cancer, the Hippo pathway inhibits cell proliferation, promotes apoptosis and regulates stem/
progenitor cell expansion. In cancer cells, YAP and TAZ are localized mainly in the nucleus and 
promotes cell and tumor growth. There is considerable evidence that abnormal Hippo signal-
ing is associated with tumor progression and YAP/TAZ overexpression is frequently observed 
in CRC [67]. This overexpression could be linked to Wnt/β-catenin over-activation because YAP 
is a specific target of this pathway. Furthermore, the major components of the Hippo pathway 
(i.e., MST1/2 and MOBKL1A/B) that control YAP/TAZ activity display low expression levels in 
colon carcinomas [69]. YAP deletion in Apcmin mice prevents polyp formation and blocks the dif-
ferentiation of Apc−/− organoids. Moreover, using a mosaic model of Yap and Apc gene deletion 
in intestinal SCs, YAP appears to be dispensable for tumor initiation, but crucial for progression 
of tumor-initiating cells to adenoma [70].

Hippo pathway dysregulation, leading to loss of YAP repression, has been observed in differ-
ent cancer types [71]. In patients with CRC, YAP over-activation is closely related to β-catenin 
over-activation. Moreover, the tyrosine kinase c-Yes is hyper-phosphorylated in 5-fluorouracil-
resistant cells with CSC features, thus preventing YAP nuclear translocation [72]. Finally, YES1 
and YAP levels are correlated with worse prognosis in chemotherapy-treated patients with 
CRC, suggesting that chemotherapy favors the selection of intestinal CSCs with deregulated 
c-Yes and YAP [72].

4.4. Other intestinal CSC-related transcription factors

4.4.1. PXR

Pregnane X Receptor (PXR, NR1I2), a member of the nuclear receptor superfamily, is highly 
expressed in the colon. PXR targets are genes that encode phase I and II metabolic enzymes 
and phase III drug transporters. Members of the nuclear receptor superfamily function as 
ligand-activated transcription factors and play critical roles in nearly every aspect of devel-
opment and adult physiology [73]. Interestingly, it has been reported that the Wnt/β-catenin 
signaling pathway is crucial for PXR activity and notably that β-catenin is required for PXR-
mediated induction of target gene expression [74].

Planque et al. have recently demonstrated that PXR is a potent intestinal CSC phenotype driver 
by regulating a network of downstream genes involved in self-renewal and chemoresistance 
[75]. PXR expression is associated with CSC enrichment, after cell sorting of cancer cells using 
ALDH activity to identify CSCs and after spheroid passaging. In addition, expression of CSC 
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markers and self-renewal are increased in CRC cells with enhanced PXR transcriptional activity 
[75]. PXR expression in intestinal CSCs is also associated with tumor aggressiveness and che-
moresistance [76]. Specifically, PXR increases the oxaliplatin efflux capacity of cancer cells, thus 
reducing the cell drug concentration and preventing its effects on cell proliferation and apopto-
sis [76]. Another study demonstrated that PXR is a master regulator of chemoresistance by regu-
lating genes involved in drug resistance, such as cytochrome P450, multidrug resistance 1 and 
multidrug resistance-associated protein 2 [77]. Furthermore, PXR is associated with poor sur-
vival, particularly after drug treatment. Indeed, in patients with CRC, it allows clonal selection 
after treatment, leading to the emergence of resistant and more aggressive clones with molecular 
signatures of poor prognosis [75, 77].

4.4.2. HOPX

The homeodomain-only protein homeobox (HOPX) is strongly expressed in normal colorectal 
mucosa, and is considered a marker of the +4 SC population in the intestine [78]. Conversely, 
HOPX-β (an isoform of HOPX) represses conversion to the CBC phenotype in +4 SCs in 
physiological contexts in mice [78].

HOPX shows tumor suppressor functions in CRC by regulating cell proliferation and 
inhibiting angiogenesis [79]. Microarray data analysis revealed that, in CRC samples, 
HOPX downregulates oncoproteins, such as c-FOS and EGR-1. Moreover, EphA2 (which 
increases tumor invasion and survival) is overexpressed in patients with HOPX gene 
hypermethylation. In addition, HOPX-β promoter is frequently hypermethylated in CRC 
cell lines and tissues. This methylation results in the downregulation of HOPX mRNA and 
protein levels. Importantly, in patients with stage III CRC, HOPX-β promoter hypermeth-
ylation is associated with worse prognosis [79]. Moreover, in patients with CRC, HOPX 
gene hypermethylation is accompanied by increased expression of Cyr61/CCN1, a critical 
downstream member of the Hh signaling pathway that affects the pro-angiogenic tumor 
microenvironment [80].

4.4.3. Sp1

Specificity protein 1 (Sp1) is a transcription factor ubiquitously expressed in mammalian cells 
that recruits the basal transcription machinery. Sp1 is active in all cell types, but it is also 
tightly regulated because Sp1 activity can alter the expression of genes involved in cell cycle 
and growth (including many tumor suppressor genes and oncogenes) in response to signal-
ing pathways and specific cellular conditions [81].

Interestingly, Sp1 levels are higher in colon CSCs than in the parental tumor cells [82]. 
Moreover, siRNA-mediated SP1 silencing suppresses the specific features of CSCs derived 
from CRC cells and promotes apoptosis of colon CSCs in vitro [82]. SP1 silencing also decreases 
the expression of several CSC markers. Hence, colon CSC self-renewal ability, drug resistance 
and metastasis potential could be partially related to high Sp1 expression. In agreement, Sp1 
overexpression correlates with tumor stage and poor prognosis [81].
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5. Conclusion

Cancer management is one of the major issues in our society and therefore, much research is 
focused on improving our understanding of cancer development and progression. Here, we pre-
sented an overview of the transcriptional dysregulation that affect intestinal epithelium homeo-
stasis and that can lead to tumor initiation and development. In the last decade, considerable 
progress has been made in understanding the molecular and cellular mechanisms linked to CRC 
development/progression and a major breakthrough was the identification of cells with CSC 
properties. Studies in mouse models have shown that CRC development is mainly supported by 
intestinal CSCs that can self-renew and generate tumor cell heterogeneity even after in vitro or in 
vivo passaging. However, CSCs do not cycle as fast as cancer cells. This means that the current 
therapies that target cycling cancer cells are not efficient against the relatively quiescent CSCs.

CSC fate and properties are regulated through a wide transcriptional network controlled by 
signaling cascades that often crosstalk and regulate each other (Figure 3).

Figure 3. Transcriptional landscape associated with the CSC phenotype in CRC. Schematic representation of the positive 
(arrows) and negative (bar-ended arrows) regulations between transcription factors and signaling pathways and 
associated with the CSC phenotype within the tumor. ISEM = intestinal subepithelial myofibroblasts.
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Transcription 
factors

Physiological roles Status in CRC CRC-associated 
phenotype

Prognosis References

SOX9 Differentiation of 
Paneth cells
Promotion of SC 
proliferation

Overexpression Cell cycle progression
Apoptosis bypassing 
undifferentiated  
state

No correlation [23–27, 31]

KLF4 Differentiation of 
Goblet cells

Low expression Increased DNA 
synthesis
Uncontrolled cell 
proliferation
CSC-like phenotype

Poor [32, 33, 36, 
39]

KLF5 Promotion of cell 
proliferation

Overexpression Promotion of cell 
proliferation
Increase of cell  
survival capacities

No correlation [41]

BMI1 Promotion of SC 
proliferation and 
renewal
Prevention of 
senescence
DNA damage  
repair

Overexpression Tumor initiation
Self-renewal of CRC 
cells
Promotion of cell 
invasion and  
migration

Poor [31, 49–51, 
53–55]

IHH Differentiation of 
enterocyte cells
Inhibition of cell 
proliferation

Low expression Expansion of the  
CSC pool
Promotion of cell 
proliferation

[17, 56, 57]

SHH Promotion of cell 
proliferation

Overexpression Promotion of CRC 
development

Poor [56, 59]

SMAD Differentiation of 
enterocyte cells
Inhibition of Lgr5+ 
SC expansion

Low expression Poor [61, 66]

YAP/TAZ Promotion of cell 
proliferation

Overexpression 
and 
over-activation

Tumor progression Poor [67, 70, 72]

PXR Increase of 
cholesterol uptake
Promotion of 
intestinal epithelial 
wound healing and 
repair

CSC self-renewal
Drug resistance

Poor [73, 75, 77]

HOPX Maintenance of +4 
SC identity

Low expression Promotion of cell 
proliferation
Promotion of 
angiogenesis

Poor [78, 79]

SP1 Cell cycle and 
growth control

Overexpression CSC renewal ability
Drug resistance
Metastasis potential

Poor [81, 82]

Table 1. Phenotypic outcomes associated with the different transcription factors in normal and tumoral intestinal 
epithelium.
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In this review, we focused on some of these transcription factors and major signaling pathways 
involved in the regulation of the intestinal CSC phenotype and in CRC development. The basis 
of CRC development is the over-activation of the Wnt/β-catenin signaling cascade. Then, the dis-
ruption of other signaling pathways potentiates the oncogenic process by maintaining or even 
amplifying these alterations. Similarly, mutations or altered expression of different transcription 
factors also contribute to the oncogenic network. All these mechanisms concur to promote tumor 
growth and aggressiveness due to CSC enrichment. Moreover, some of these pathways and 
transcription factors might confer chemoresistance to the CSC population and are involved in 
CRC relapse (Table 1). Therefore, they are considered poor prognostic markers. Consequently, 
effective CRC therapies should target not only the highly proliferative cancer cells but also colon 
CSCs, or sensitize them to therapies. These different signaling pathways and their downstream 
effectors could represent biomarkers of CRC progression and therapeutic targets.

To conclude, these data do not give the solution on how to cure CRC, but help understand-
ing why its management is not simple. Several topics presented in this review are field of 
active research. Indeed, there are multiple and complex interactions between key signaling 
pathways known to control SC behavior. The knowledge on the transcriptional networks that 
control intestinal CSCs is not complete yet, and some findings are controversial. A better char-
acterization and comprehension of these regulatory mechanisms, notably through network 
analysis, are needed to identify new therapeutic targets in order to improve patient care.

Abbreviations

ACF  Aberrant crypt foci

ALDH  Aldehyde dehydrogenase

APC  Adenomatous polyposis coli

ASCL2  Achaete-scute family bHLH transcription factor 2

BMI1  B lymphoma Mo-MLV insertion region 1 homolog

BMP4  Bone morphogenetic protein 4

BMPR  Bone morphogenetic protein receptor

CBC  Crypt-based columnar

CCICs  Colon cancer-initiating cells

CGH  Comparative growth hybridization

CRC  Colorectal cancer

CSCs  Cancer stem cells

Cyr61  Cysteine-rich angiogenic inducer 61

EGR1  Early growth factor response 1
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EphA2  Ephrin receptor A2

GATA6  GATA binding protein 6

HES  Hairy and enhancer of split

HH  Hedgehog

HMG  High-mobility group

HOPX  Homeodomain-only protein homeobox

IHH  Indian hedgehog

ISEM  Intestinal subepithelial myofibroblasts

KLF  Kruppel-like factor

LEF  Lymphoid enhancer factor

LGR5  Leucine-rich repeat containing G protein-coupled receptor 5

MOBKL1A/B Mps one binder kinase activator-like 1A and B

MST1/2  Mammalian Ste2-like kinases 1 and 2

MYC  Myelocytomatosis oncogene

NICD  Notch intracellular domain

NOG  Noggin

PXR  Pregnane X receptor

RBP-Jκ  Recombination signal binding protein for immunoglobulin kappa J region

SC  Stem cells

SHH  Sonic hedgehog

SMAD  Mother against Dpp

SOX9  SRY (sex-determining region Y)-related HMG box 9

SP1  Specificity protein 1

TAZ  Transcriptional co-activator with PDZ binding motif

TCF  T cell factor

TGF-β  Tumor growth factor-β

Wnt  Wingless-type MMTV (mouse mammary tumor virus) integration site family

YAP  Yes-associated protein
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Abstract

LINE-1 retrotransposons are expressed in epithelial cancers but not normal adult tissues.
Previously, we demonstrated repression of cell proliferation, migration, and invasion
genes in L1-reverse transcriptase-inhibited T47D cells, while genes involved in cell projec-
tion, formation of vacuolar membranes, and intercellular junctions were upregulated.
Extending this, we examined microarray data from L1-silenced and Efavirenz-treated
T47D cells by Weighted Gene Correlation Network Analysis and literature mining. Hub
genes in the most significant module comparing L1-silenced and untreated controls
included HSP90AB2p, DDX39A, PANK2, MT1M, and LIMK2. HSP90AB2p is related to
HSP90, a master regulator of cancer, cancer evolvability and chemo-resistance. DDX39A is
a known cancer driver gene while PANK2 and MT1M affect multiple pathways. LIMK2
and SYBL1 impact actin cytoskeletal dynamics and the cofilin pathway, cancer cell motil-
ity, and the epithelial-to-mesenchymal transition. Also affected were signal transduction,
HIF1 pathways, iron/redox metabolism, stress granules and cancer stem cell-related met-
abolic reprogramming and the eIF4F translation initiation complex. Hub genes in other
modules, including BTRC, MDM2, and FBXW7, stabilize oncoproteins like MYC, p53, and
NOTCH1 or reflect CXCL12–CXCR4 signalling. Our findings support mounting evidence
that L1 activity is a cause, rather than a consequence of oncogenesis, with L1 affecting the
formation of cancer stem cells.
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stress granule, protein kinase R, proteomics, cancer driver genes, cancer evolvability,
epithelial-mesenchymal transition, mesenchymal-epithelial transition, EMT, MET, LINE-1
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1. Introduction

Retrotransposons are mobile genetic elements that replicate through an RNA intermediate,
which is copied into genomic DNA by a retrotransposon-encoded reverse transcriptase.
Retrotransposons are classified into two subclasses, the long terminal repeat (LTR) elements
(human endogenous retroviruses or HERVs) and non-LTR elements (long interspersed
elements [LINEs], including LINE-1 (L1) elements, and short interspersed elements [SINEs],
including SVA and Alu elements). L1 elements are the most prolific type of retrotransposon
and can mediate insertional mutations and other forms of genome reorganization leading
to several human disorders and genomic plasticity [1, 2]. There are approximately 7000 full-
length L1 copies in the human genome, at least 100 of which are classified as highly active
or retrotransposition-competent [3, 4]. An active L1 element is composed of a 50-untransl-
ated region containing an internal promoter, two open reading frames (ORF1 and ORF2),
and a 30 poly-A tail. ORF1 encodes an RNA-binding protein with nucleic acid chaperone
activity, while ORF2 encodes reverse transcriptase (RT) and endonuclease enzymes,
required for reverse transcription and integration of the L1 RNA intermediate into new
genomic sites [2].

It has long been speculated that somatic L1 insertions might drive tumorigenesis by activating
oncogenes or inactivating tumor suppressor genes. This seems to be rare in practice, although
the failure to detect frequent L1 retrotransposition in tumors may reflect the fact that sequenc-
ing traditionally focuses on exons, whereas L1 insertions may be capable of exerting effects
when inserted into introns by creating new promoters, altering transcription, or creating new
polyadenylation sites [5–7].

Although adult tissues do not normally express L1 ORF1 protein (ORF1p) [8, 9], many human
neoplasms do express L1 RNA and proteins, including epithelial neoplasms [9–11], multiple
myeloma, and leukemias [12, 13]. This topic has been the subject of numerous reviews, many
of which are recent (listed in Table 1), indicating that the role of L1 in cancer is gaining ever-
increasing attention.

In summary, while a clear correlation has been established between L1 and cancer, whether
L1 expression and activity is a cause rather than a consequence of oncogenesis has been
unclear. Probably, the strongest evidence that L1 drives cancer is the finding that L1 induces
hTERT and ensures telomere maintenance in tumor cell lines [33]. L1 knockdown also leads
to decreased cMyc and KLF4 mRNA and protein expression, two of the main transcription
factors of telomerase, and changes in mRNA levels of other stem cell-associated proteins like
CD44 and hMyb, with correspondingly reduced growth in spheroids. In addition, knock-
down of KLF4 or cMyc decreases L1-ORF1 mRNA levels, suggesting specific reciprocal
regulation with L1 [33].

Furthermore, L1 activity is dependent on phosphorylation of L1 ORF1p by the peptidyl prolyl
isomerase 1 (Pin1) and is thus integrated with regulatory phosphorylation cascades [34]. This
suggests that, like many pathogens, L1 can appropriate a major regulatory cascade of the host,
and that competition for kinases by ORF1p could perturb signaling cascades.

Gene Expression and Regulation in Mammalian Cells - Transcription Toward the Establishment of Novel Therapeutics298

Further evidence for an active role for L1 in cancer comes from studies with anti-retroviral
drugs that target the reverse transcriptase of L1. Efavirenz is a first-line antiretroviral drug
used in the treatment of HIV-1 but also reported to suppress the activity of L1-RT and,
remarkably, to promote morphological differentiation in a range of cancer cell lines [35, 36].
In addition to these reports, in another study, we showed that RT expression is widespread in
MCF7 and T47D breast cancer cells and decreased markedly after treatment with Efavirenz
[11]. Both cell types showed significantly reduced proliferation, accompanied by cell-specific
differences in morphology. MCF7 cells displayed elongated microtubule extensions that
adhered tightly to their substrate, while T47D cells formed long filopodial projections. These
morphological changes were reversible upon stopping RT inhibition, confirming their depen-
dence on RT activity. Microarray gene expression profiling showed that genes involved in
proliferation, cell migration, and invasive activity were repressed in RT-inhibited cells.

Title Reference

Transposable elements in cancer [14]

The role of somatic L1 retrotransposition in human cancers [15]

LINE-1 methylation level and prognosis in pancreas cancer: Pyrosequencing technology and literature
review

[16]

Methylation levels of LINE-1 as a useful marker for venous invasion in both FFPE and frozen tumor tissues of
gastric cancer

[17]

The function of LINE-1-encoded reverse transcriptase in tumorigenesis [18]

The human long interspersed element-1 retrotransposon: An emerging biomarker of neoplasia [19]

Links between human LINE-1 retrotransposons and hepatitis virus-related hepatocellular carcinoma [20]

The connection between LINE-1 retrotransposition and human tumorigenesis [21]

The reverse transcriptase encoded by LINE-1 retrotransposons in the genesis, progression, and therapy of
cancer

[22]

Crossing the LINE toward genomic instability: LINE-1 retrotransposition in cancer [23]

LINE-1 in cancer: Multifaceted functions and potential clinical implications [24]

Regulatory roles of LINE-1-encoded reverse transcriptase in cancer onset and progression [25]

LINE-1 hypomethylation in blood and tissue samples as an epigenetic marker for cancer risk: A systematic
review and meta-analysis

[26]

L1 retrotransposons, cancer stem cells and oncogenesis [27]

Clinical implications of the LINE-1 methylation levels in patients with gastrointestinal cancer [28]

Long interspersed element-1 (LINE-1): Passenger or driver in human neoplasms? [29]

The human L1 element: A potential biomarker in cancer prognosis, current status and future directions [30]

L1 retrotransposon and retinoblastoma: Molecular linkages between epigenetics and cancer. [31]

A role for endogenous reverse transcriptase in tumorigenesis and as a target in differentiating cancer therapy [32]

The list above is the subset of the results returned by a search in PUBMED using the search term: ((LINE-1) AND cancer)
AND review.

Table 1. Reviews of LINE-1 involvement in cancer.
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Concomitantly, genes involved in cell projection, formation of vacuolar membranes, and cell-
to-cell junctions were upregulated.

Standard microarray or RNA-seq analyses seek to identify differentially expressed genes in
which each gene is analyzed independently. This approach fails to use much of the information
that is captured in the transcriptome profiling experiment, namely that the expression of many
genes is correlated. Thus, WGCNA quantifies the correlations between individual pairs of
gene expression profiles and also the extent to which any two genes are highly correlated with
the same neighbors (called topological overlap). The underlying assumption is that the corre-
lated gene profiles and genes that overlap topologically must reflect common regulatory
mechanisms or biological function.

In gene networks, a gene that has many interactions with other genes is called a hub gene and
usually plays an essential role in gene regulation and biological processes [37, 38]. Compared
to standard gene-wise methods of analysis, WGCNA has the advantage of enabling the
identification of these hub genes and, in addition, overcomes the problem of multiplicity of
hypothesis testing. This is because the number of modules of co-expressed genes is far less
than the number of genes on the microarray and a single consensus gene profile from each
module is subjected to statistical testing in preference to individual genes. Another advantage
of WGCNA is that hub genes and other interesting genes in a module that are relevant to the
phenotype under investigation may not be differentially expressed and would escape notice in
a conventional gene-wise analysis.

Motivated by our initial findings described above, we decided to reanalyze the transcriptome
data in greater detail using the more powerful WGCNA method [39], combining the data from
Efavirenz (Efa)-treated cells [11]with our unpublishedmicroarray data from T47D cells subjected
to L1-silencing mediated by siRNA. An additional reason for combining the data was that the
reproducibility of the co-expressed gene modules found byWGCNA increases as the number of
samples increases with 12–15 samples currently being regarded as the practical minimum.

2. Methods

The details of the gene expression profiling in Efa-treated T47D cells have been published
previously [11]. The siRNA-treated T47D cells were treated and harvested at the same time
to minimize batch effects. Briefly, total RNA was isolated from cells and labeled cDNA
hybridized to Roche NimbleGen Human Whole Genome 12-plex arrays. Gene expression
levels were calculated with NimbleScan Version 2.4. Relative signal intensities for each gene
were generated using the Robust Multi-Array Average algorithm with quantile normaliza-
tion and summarized by the median polish method with NimbleScan Version 2.4. The
biological samples included four experimental groups (L1 silenced by siRNA (pUTR), con-
trols with scrambled vector (pSM2), Efavirenz-treated (Efa), and dimethyl sulfoxide-treated
controls (DMSO)). There were three replicate samples in each group. To calculate individual
gene-wise p-values and fold changes for the contrasts between L1-silenced or Efavirenz-
treated cells and untreated controls, the (Robust Multi-array Average) RMA-normalized
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calls files were imported into Partek Genomics Suite v6.2 (St. Louis, Missouri, USA), and the
log2 gene expression values were analyzed with a one-factor ANOVA design: (Treatment—
with four levels—“DMSO”,“Efa”, “pSM2”, “pUTR”). Contrasts were calculated for pUTR
versus pSM2 and Efa versus DMSO. 4951 probes passed a false discovery rate threshold of
0.001 for the pUTR versus pSM2 contrast and 9946 for the Efa versus DMSO contrast.

For the WGCNA analysis, the RMA-normalized calls files were imported into R (version
3.1.0) [40] as log2 values, and a subset of the 10,000 most variable probesets was selected to
remove noise genes (measured by variance of the expression values of each gene across the
12 samples). A weighted gene coexpression network was constructed using the WGCNA
package. Plots of scale-free fit using the pickSoftThreshold and softConnectivity functions
indicated that a reasonable scale-free fit could be achieved by setting the soft-thresholding
power (beta, β) for network construction to 20. The other parameters used for the
blockwiseModules function in WGCNA included a minimum module size of 40, and the
dendrogram cut height for module detection set to 0.10 to define modules of co-expressed
probesets. networkType was set to “signed,” maxBlockSize was set to 10,000, and other
parameters were left at their default values.

The statistical enrichment of the overlap between the genes in some modules and relevant gene
lists identified in literature was calculated using an online program at http://nemates.org/MA/
progs/overlap_stats.html which uses the hypergeometric distribution. This program calculates
a representation factor, which is the number of overlapping genes between any two gene lists
divided by the expected number of overlapping genes drawn from two randomly chosen gene
lists of similar size and is a measure of the enrichment of a gene list with genes from another
list. A representation factor > 1 indicates more overlap than expected between two indepen-
dent groups. A genome size of 19,000 genes was used in all overlap calculations.

3. Results and discussion

3.1. Module discovery

Based on a correlation threshold, WGCNA assigns genes to modules (clusters) in which the
expression of genes in a module varies in a similar manner across the different experimental
conditions. The modules are labeled automatically by WGCNA with a color code according to
the number of genes in the module: turquoise denotes the largest module, blue the next, then
brown, green, yellow, etc. WGCNA identified 34 modules (excluding a gray module containing
unassigned probesets) ranging in size from a darkmagenta module (58 probes) to a turquoise
module (1359 probesets). For statistical analysis, each module is represented by a consensus
profile of all the genes in the module, by default, the first principal component, to calculate a
module eigengene. A one-factor ANOVA analysis was carried out on the module eigengenes in
R using the same ANOVA design (Treatment—with four levels—“DMSO”,“Efa”, “pSM2”,
“pUTR”) used for the gene-wise analysis in Partek. After correcting for multiplicity by multiply-
ing all p-values by 34, the most significant module eigengene for the contrast between
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were generated using the Robust Multi-Array Average algorithm with quantile normaliza-
tion and summarized by the median polish method with NimbleScan Version 2.4. The
biological samples included four experimental groups (L1 silenced by siRNA (pUTR), con-
trols with scrambled vector (pSM2), Efavirenz-treated (Efa), and dimethyl sulfoxide-treated
controls (DMSO)). There were three replicate samples in each group. To calculate individual
gene-wise p-values and fold changes for the contrasts between L1-silenced or Efavirenz-
treated cells and untreated controls, the (Robust Multi-array Average) RMA-normalized
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calls files were imported into Partek Genomics Suite v6.2 (St. Louis, Missouri, USA), and the
log2 gene expression values were analyzed with a one-factor ANOVA design: (Treatment—
with four levels—“DMSO”,“Efa”, “pSM2”, “pUTR”). Contrasts were calculated for pUTR
versus pSM2 and Efa versus DMSO. 4951 probes passed a false discovery rate threshold of
0.001 for the pUTR versus pSM2 contrast and 9946 for the Efa versus DMSO contrast.

For the WGCNA analysis, the RMA-normalized calls files were imported into R (version
3.1.0) [40] as log2 values, and a subset of the 10,000 most variable probesets was selected to
remove noise genes (measured by variance of the expression values of each gene across the
12 samples). A weighted gene coexpression network was constructed using the WGCNA
package. Plots of scale-free fit using the pickSoftThreshold and softConnectivity functions
indicated that a reasonable scale-free fit could be achieved by setting the soft-thresholding
power (beta, β) for network construction to 20. The other parameters used for the
blockwiseModules function in WGCNA included a minimum module size of 40, and the
dendrogram cut height for module detection set to 0.10 to define modules of co-expressed
probesets. networkType was set to “signed,” maxBlockSize was set to 10,000, and other
parameters were left at their default values.

The statistical enrichment of the overlap between the genes in some modules and relevant gene
lists identified in literature was calculated using an online program at http://nemates.org/MA/
progs/overlap_stats.html which uses the hypergeometric distribution. This program calculates
a representation factor, which is the number of overlapping genes between any two gene lists
divided by the expected number of overlapping genes drawn from two randomly chosen gene
lists of similar size and is a measure of the enrichment of a gene list with genes from another
list. A representation factor > 1 indicates more overlap than expected between two indepen-
dent groups. A genome size of 19,000 genes was used in all overlap calculations.

3. Results and discussion

3.1. Module discovery

Based on a correlation threshold, WGCNA assigns genes to modules (clusters) in which the
expression of genes in a module varies in a similar manner across the different experimental
conditions. The modules are labeled automatically by WGCNA with a color code according to
the number of genes in the module: turquoise denotes the largest module, blue the next, then
brown, green, yellow, etc. WGCNA identified 34 modules (excluding a gray module containing
unassigned probesets) ranging in size from a darkmagenta module (58 probes) to a turquoise
module (1359 probesets). For statistical analysis, each module is represented by a consensus
profile of all the genes in the module, by default, the first principal component, to calculate a
module eigengene. A one-factor ANOVA analysis was carried out on the module eigengenes in
R using the same ANOVA design (Treatment—with four levels—“DMSO”,“Efa”, “pSM2”,
“pUTR”) used for the gene-wise analysis in Partek. After correcting for multiplicity by multiply-
ing all p-values by 34, the most significant module eigengene for the contrast between
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L1-silenced and scrambled vector controls was for the darkmagenta module (Figure 1) with a
Bonferroni-corrected p-value of 6.55E � 11 (uncorrected p-value 1.93E� 12) (Table 2). All genes
in the darkmagenta module were downregulated in a range from �1.53 to �2.62 in the contrast
between L1-silenced and scrambled vector controls (Figure 2). The most significant module
eigengene for the contrast between Efavirenz-treated and DMSO controls was for the black
module (Bonferroni-corrected p-value 1.15E � 09) (Figure 3). Due to space limitations, the
following results and discussion focus mainly on the darkmagenta module with references to
genes in other modules (Figures 4–8) that can be linked in common pathways or processes to
those in the darkmagenta module.

Figure 1. Scatterplot for the darkmagenta module. In Figures 1–8, genes specifically mentioned in the text are labeled
blue, otherwise they are labeled red. The vertical axis (Gene Significance) is the -log10(p-value) for the contrast between
pUTR versus pSM2 (Figures 1, 2, 4–8) or for Efavirenz versus DMSO (Figure 3). The intramodular connectivity for each
gene is plotted on the horizontal axis. Genes with higher values of gene significance have smaller p-values in the gene-
wise analysis in Partek Genomics Suite. Genes towards the right of the plots have higher intramodular connectivities and
are hub genes. Intramodular connectivities were calculated with the WGCNA/intramodularConnectivity function from
an adjacency matrix calculated by the WGCNA/adjacency function on the 10,000 most variable probes and with a soft
thresholding power = 20. The horizontal line is the false discovery rate (FDR) 0.001 threshold calculated in Partek GS for
the gene-wise ANOVA contrast. All genes above this line pass the FDR threshold at the 0.001 level. The plot was created
with the WGCNA/verboseScatterplot function.
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Module eigengene pUTR vs. pSM2 Efa vs. DMSO pUTR vs. pSM2 (Bonferroni) Efa vs. DMSO (Bonferroni)

MEdarkmagenta 1.93E � 12 6.60E � 11 6.55E � 11 2.25E � 09

MEpurple 2.42E � 11 2.79E � 07 8.24E � 10 9.47E � 06

MEviolet 6.64E � 11 0.05308796 2.26E � 09 1.80E + 00

MEorange 8.03E � 11 0.01438891 2.73E � 09 4.89E � 01

MEwhite 1.38E � 10 1.16E � 09 4.68E � 09 3.95E � 08

MEroyalblue 1.85E � 10 5.02E � 11 6.31E � 09 1.71E � 09

MElightyellow 5.11E � 10 0.01025057 1.74E � 08 3.49E � 01

MEmagenta 1.09E � 09 1.21E � 08 3.69E � 08 4.10E � 07

MEdarkgreen 1.57E � 09 6.28E � 10 5.35E � 08 2.13E � 08

MEdarkgrey 2.73E � 09 5.28E � 08 9.29E � 08 1.80E � 06

MEsteelblue 7.19E � 09 1.05E � 07 2.45E � 07 3.57E � 06

MEdarkolivegreen 7.37E � 09 1.00E � 07 2.51E � 07 3.41E � 06

MEred 7.67E � 09 2.17E � 07 2.61E � 07 7.37E � 06

MElightgreen 7.98E � 09 0.000116041 2.71E � 07 3.95E � 03

MEcyan 1.02E � 08 0.001002342 3.47E � 07 3.41E � 02

MEgreenyellow 2.16E � 08 0.001305863 7.36E � 07 4.44E � 02

MEtan 4.37E � 08 1.36E � 08 1.49E � 06 4.64E � 07

MEyellow 6.60E � 08 2.77E � 10 2.24E � 06 9.40E � 09

MEgrey60 6.76E � 08 6.75E � 10 2.30E � 06 2.29E � 08

MEmidnightblue 9.07E � 08 0.1888604 3.08E � 06 6.42E + 00

MEdarkorange 6.92E � 07 9.11E � 09 2.35E � 05 3.10E � 07

MEblack 1.18E � 06 3.37E � 11 4.00E � 05 1.15E � 09

MElightcyan 2.67E � 06 2.93E � 10 9.08E � 05 9.95E � 09

MEgreen 5.77E � 06 5.31E � 10 1.96E � 04 1.80E � 08

MEsaddlebrown 1.15E � 05 1.44E � 09 3.89E � 04 4.88E � 08

MEblue 1.73E � 05 3.75E � 09 5.89E � 04 1.27E � 07

MEskyblue 4.73E � 05 9.32E � 10 1.61E � 03 3.17E � 08

MEturquoise 0.000172871 8.22E � 08 5.88E � 03 2.79E � 06

MEdarkred 0.00019623 4.79E � 11 6.67E � 03 1.63E � 09

MEpink 0.000201452 0.182879 6.85E � 03 6.22E + 00

MEsalmon 0.000286858 3.75E � 11 9.75E � 03 1.27E � 09

MEpaleturquoise 0.000292228 8.01E � 08 9.94E � 03 2.72E � 06

MEdarkturquoise 0.002355459 1.15E � 06 8.01E � 02 3.91E � 05

MEbrown 0.03581247 1.16E � 09 1.22E + 00 3.94E � 08

pUTR vs. pSM2 is the ANOVA contrast p-value for L1 silenced by siRNA versus scrambled vector controls. Efa vs. DMSO
is the ANOVA contrast for Efavirenz-treated versus DMSO controls.

Table 2. Uncorrected and Bonferroni-corrected p-values for ANOVA contrasts for module eigengenes.
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3.2. LINE-1 silencing affects HSP90, a master regulator of cancer

The most extreme outlier in the darkmagenta module is HSP90AB2P (Figure 1). Despite its
classification as a pseudogene, the existence of this protein is supported by mass spectrometry
evidence [41]. The parent gene, heat shock protein 90 (HSP90) is a ubiquitously expressed
molecular chaperone representing 1–2% of all cellular protein that controls the folding, assem-
bly, intracellular disposition, and proteolytic turnover of approximately 100 proteins, most of
which are involved in signal transduction [42]. HSP90 proteins also stabilize and refold dena-
tured proteins under stress, with two major cytosolic forms, an inducible form (HSP90AA1, a
hub in the cyan module, Figure 4) and HSP90AB1, a constitutive form. Significantly, both
HSP90AA1 and HSP90AB1 have been identified as members of L1 ORF2p complexes in
isotopic differentiation of interactions as random or targeted (I-DIRT) affinity proteomics
experiments and quantitative MS [43], thus supporting the presence of HSP90AB2P and

Figure 2. Similar plot to Figure 1 but points are labelled with the fold-change for the gene in the comparison between
pUTR and pSM2 (L1-silenced versus controls). All genes in the darkmagenta module are downregulated in a range from
�1.53 to �2.62 for this comparison.
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HSP90AA1 in the darkmagenta and cyan modules, respectively. I-DIRT has the advantage of
allowing the discrimination of protein-protein interactions formed in-cell from those occurring
post-extraction.

HSP90 is a master regulator of cancer [44]. HSP90 family members are overexpressed in many
human cancers, and many HSP90 clients are nodes of oncogenic pathways. Cytosolic HSP90
interacts with HER-2, a member of the ErbB family of receptor tyrosine kinases that play
central roles in cellular proliferation, differentiation, cell migration, and cancer progression.
The interaction may involve stabilization of the cytoplasmic kinase domain of HER-2, and
disruption of this association with HSP90 inhibitors leads to proteosomal degradation of the
receptor [45].

Cell surface and secreted forms of HSP90 also exist. An HSP90AA α isoform is secreted and
associated with matrix metalloproteinase 2 (MMP-2), incriminating extracellular HSP90
(eHSP90) in cancer metastasis [46]. eHSP90 can also initiate the EMT in prostate cancer cells
by modulating EZH2 expression and activity [47]. Surface HSP90 appears to interact with the

Figure 3. Scatterplot for the black module.
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extracellular domain of HER-2. Disruption of the interaction inhibits cell invasion and is
accompanied by altered actin dynamics in human breast cancer cells. In addition, the protein-
tyrosine phosphatase PTPN9 negatively regulates ErbB2/HER-2 signaling in breast cancer cells
and its presence in the darkmagenta module also supports involvement of HER-2.

Hsp90 also plays an essential role regulating pluripotency factors, including Oct4, Nanog, and
Stat3 in mouse embryonic stem cells (ESCs) [48]. Inhibition of Hsp90 with 17-N-Allylamino-17-
demethoxygeldanamycin or miRNA leads to ESC differentiation while overexpression of
Hsp90β partially rescues the phenotype restoring Oct4 and Nanog levels.

The normal cellular proteome is only marginally thermodynamically stable, and this problem
is exacerbated in cancer since most mutations destabilize proteins [49]. As a protein chaperone,
HSP90 has a critical role in the protein homeostasis that supports cancer cell evolvability and
that facilitates the rapid evolution of drug resistance in cancer [49]. HSP90 is also involved in
the maturation of Piwi [50, 51], which enables piRNA-mediated silencing of transposons,

Figure 4. Scatterplot for the cyan module.
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including LINE-1, with the co-chaperone Fkbp6 having a critical role in delivering piRNAs to
Miwi2 in the mouse [52].

3.3. LINE-1 silencing potentially affects the THOC/TREX nuclear export complex through
DDX39A

DDX39A and SRP9 in the central region of the darkmagenta module plot (Figure 1) were
among 96 proteins associated with the L1 ORF1p and its ribonucleoprotein identified by co-
immunoprecipitation of tagged L1 constructs and mass spectrometry [53]. DDX39A (also
known as DDX39 or URH49) is a member of the DEAD box RNA helicase family implicated
in processes involving alteration of RNA secondary structure, including translation initiation,
nuclear and mitochondrial splicing, and ribosome and spliceosome assembly. There are two
closely related paralogs, DDX39A and DDX39B (also known as UAP56 or BAT1), both of

Figure 5. Scatterplot for the pink module. The pink module is enriched in genes from the LINE-1 ORF1 protein interactome
(DDX21, NPM1, PABPC4, PTBP1, STAU1, STK38) with a representation factor of 3.2 and p-value <0.011.
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which have roles in the THO nuclear export complex. The nuclear THO/TREX complex regu-
lates the export of pluripotency-related transcripts and controls ESC self-renewal and somatic
cell reprogramming, including controlling the nuclear export of ESRRB, Nanog, Sox2, and Klf4
transcripts. DDX39A interacts physically and functionally with other export factors in the
THO/TREX complex [54, 55] and mediates interactions between the THO complex and the
general export receptor Nxf1 that binds mRNAs and transports them through the nuclear pore
complex (NPC) [56].

An impact of L1-silencing on the THOC/TREX complex is supported by findings from other
studies. First, SR (Serine And Arginine Rich Splicing Factor) proteins, three members of which
are members of the L1 ORF1p interactome (SRSF1, 6, and 10), interact with NXF1 [57].
Secondly, CDC5L, another member of the L1 ORF1p interactome, is present in the DDX39B/
UAP56 immunoprecipitate [58]. Thirdly, the L1 30 UTR contains a novel sequence element that
binds NXF1 suggesting a role in L1 RNP transport from the nucleus, and possibly its reimport
into the nucleus for retro-integration in the genome [59].

Figure 6. Scatterplot for the tan module.
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DDX39 has also been identified as a cancer driver gene in two studies. Firstly, DDX39 was
identified as a marker predicting urinary bladder cancer progression by proteome analysis
[60]. Secondly, DDX39 was identified as a key driver gene and anti-cancer drug target by data
mining in the “Sanger Genomics of Drug Sensitivity in Cancer dataset from the Cancer
Genome Project” [61]. This dataset contains gene expression levels, copy number, and muta-
tion status for 654 cell lines and IC50 values of 138 anti-cancer drugs. The string-db network
[62] of the potential driver genes with the highest 10 largest importance measures among the
selected genes for each anti-cancer drug is shown in Figure 9.

Four of the markers identified by Kato et al. [60] (CCT4, IDH1, NPM1, YBX1) overlap the L1
ORF1p interactome resulting in a statistically significant overlap with a representation factor
of 56.5 and p < 5.893E-07. There are also five overlaps between the L1 ORF1p interactome and
the cancer driver gene set identified by Park et al. [61] (DDX39A, NPM1, PABPC4, TCP1,
YBX1) resulting in a representation factor of 9.9 and p < 1.528E-04. This is, in itself, strong
evidence for LINE-1 having an active rather than a passive role in cancer.

Figure 7. Scatterplot for the darkolivegreen module.
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transcripts. DDX39A interacts physically and functionally with other export factors in the
THO/TREX complex [54, 55] and mediates interactions between the THO complex and the
general export receptor Nxf1 that binds mRNAs and transports them through the nuclear pore
complex (NPC) [56].

An impact of L1-silencing on the THOC/TREX complex is supported by findings from other
studies. First, SR (Serine And Arginine Rich Splicing Factor) proteins, three members of which
are members of the L1 ORF1p interactome (SRSF1, 6, and 10), interact with NXF1 [57].
Secondly, CDC5L, another member of the L1 ORF1p interactome, is present in the DDX39B/
UAP56 immunoprecipitate [58]. Thirdly, the L1 30 UTR contains a novel sequence element that
binds NXF1 suggesting a role in L1 RNP transport from the nucleus, and possibly its reimport
into the nucleus for retro-integration in the genome [59].

Figure 6. Scatterplot for the tan module.
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DDX39 has also been identified as a cancer driver gene in two studies. Firstly, DDX39 was
identified as a marker predicting urinary bladder cancer progression by proteome analysis
[60]. Secondly, DDX39 was identified as a key driver gene and anti-cancer drug target by data
mining in the “Sanger Genomics of Drug Sensitivity in Cancer dataset from the Cancer
Genome Project” [61]. This dataset contains gene expression levels, copy number, and muta-
tion status for 654 cell lines and IC50 values of 138 anti-cancer drugs. The string-db network
[62] of the potential driver genes with the highest 10 largest importance measures among the
selected genes for each anti-cancer drug is shown in Figure 9.

Four of the markers identified by Kato et al. [60] (CCT4, IDH1, NPM1, YBX1) overlap the L1
ORF1p interactome resulting in a statistically significant overlap with a representation factor
of 56.5 and p < 5.893E-07. There are also five overlaps between the L1 ORF1p interactome and
the cancer driver gene set identified by Park et al. [61] (DDX39A, NPM1, PABPC4, TCP1,
YBX1) resulting in a representation factor of 9.9 and p < 1.528E-04. This is, in itself, strong
evidence for LINE-1 having an active rather than a passive role in cancer.

Figure 7. Scatterplot for the darkolivegreen module.
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Furthermore, three genes in the darkmagenta module either match, or are closely related to
genes in the Park et al., cancer driver gene signature (DDX39A, EEF1A1, HSP90AA1). In the
case of three perfect matches, this would result in a representation factor of 9.8 and p < 0.004,
further supporting the biological plausibility of this module.

3.4. LINE-1 silencing affects genes with fundamental roles in cancer including PANK2,
MT1M, and GAPDH

Pantothenate kinase 2 (PANK2), amaster regulator of coenzymeA synthesis, andmetallothionein
1M (MT1M), a protein mostly associated with cellular metabolism of metal ions, are among the
most highly connected hub genes in the darkmagenta module (Figure 1).

PANK2 is the mitochondrial enzyme essential for converting dietary pantothenate into 40

phosphopantethenic acid, the first regulatory step in the synthesis of coenzyme A (CoA).
CoA is an essential cofactor in nearly 100 enzymatic reactions including those involved in the
citric acid cycle, amino acid synthesis, and the beta-oxidation of fatty acids.

Figure 8. Scatterplot for the orange module.
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Mutations in the Drosophila PANK homolog (dPANK) lead to reduced CoA levels, impaired
acetylation of histones leading to downstream epigenetic effects, and impaired acetylation and
stability of tubulin [63].

PANK deficiency in Drosophila and human neuronal cell cultures leads to abnormalities
in F-actin organization and abnormally high levels of phosphorylated cofilin (CFL1) (Figure 9),

Figure 9. String-db gene network for cancer driver genes identified using data mining by Park et al. [61]. Network
connections are based on known and predicted protein-protein interactions. Medium confidence interactions are shown.
The network shows the central location of HSP90AA1 and ERBB2. Genes from the darkmagenta module and the LINE-1
ORF1p interactome are also present.
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a conserved actin filament severing protein. The increased levels of phosphorylated cofilin
coincide with morphological changes in PANK-deficient Drosophila S2 cells and human neu-
ronal SHSY-5Y cells with the latter also forming markedly fewer neurites in culture—a process
that is strongly dependent on actin remodeling [63]. Cofilin also plays a critical role in breast
cancer invasion and metastasis [64] with the cofilin pathway comprising a group of kinases
and phosphatases that regulate cofilin and coordinately initiate actin polymerization and cell
motility in response to stimuli in the microenvironment of mammary tumors.

Mutations in the human PANK2 gene lead to neurodegeneration with brain iron accumulation
and are linked to changes in ferroportin expression, the only known protein to mediate the
export of intracellular iron [65]. Downregulation of PANK2 by siRNA in HeLa cells leads to a
12-fold induction of ferroportin mRNA [66]. Ferroportin is strongly downregulated in breast
cancer, possibly being required for phenotypic transitions occurring during metastasis [67].
High ferroportin gene expression identifies an extremely favorable cohort of breast cancer
patients with a 10-year survival of >90% [68].

Iron-dependent oxidative demethylation mediated by the Jumonji family of enzymes is linked to
the epigenetic regulation of cancer [69, 70]. H3K4 methylation is a key determinant of epithelial-
mesenchymal plasticity, and loss of H3K4me3 correlates with poor survival in breast cancer [71].
In addition, the ten–eleven translocation (TET) enzymes promote the iron-dependent oxidative
demethylation of 5-methylcytosine and regulate the epithelial-mesenchymal transition (EMT)
and the reverse mesenchymal-epithelial transition (MET) [72–74]. Iron may also be directly
involved in promoting selective oxidative demethylation of key DNA or histone residues in
chromatin to control the epithelial-mesenchymal status in a dynamic manner.

Iron and iron-mediated processes appear to have a central role in the formation of breast
cancer stem cells (CSCs) and to be potential therapeutic targets in breast CSCs [67].
Salinomycin and a derivative, Ironomycin, exhibit potent selective activity against breast CSCs
in vitro and in vivo, by accumulating and sequestering iron in lysosomes [67]. Preferential iron
trafficking also characterizes glioblastoma (GBM) stem-like cells [75]. GBM CSCs have been
shown to potently extract iron from the microenvironment more effectively than other tumor
cells and preferentially require the transferrin receptor and ferritin, two core iron regulators, to
propagate and form tumors in vivo. Transferrin was the top upregulated gene compared with
tissue-specific progenitors [75].

The presence of CYB561D1, a putative mitochondrial ferrireductase in the darkmagenta mod-
ule close to PANK2 (Figure 1), further supports perturbation of iron-related metabolism by L1-
silencing. A paralog, CYB561D2 (101F6), is highly expressed in lung tumor cell lines [76]. Its
forced expression in NSCLC tumor cell lines or tumor xenografts significantly reduces cell
viability by inducing apoptosis while lung metastases in nu/nu mice are also greatly reduced
following systemic delivery of 101F6-encoding adenoviral vectors [77].

PANK2 also affects NADH levels [78, 79]. Hepatocytes from dKO PANK2 mouse pups cannot
maintain NADH levels compared to wild-type hepatocytes [80]. In addition, induced pluripotent
stem cell (iPSC)-derived neuronal models of PANK2-associated neurodegeneration reveal
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mitochondrial dysfunction with activated NADH-related and inhibited FADH-related respira-
tion, leading to increased reactive oxygen species generation and lipid peroxidation [78].

The link between CoA and NADH also supports an important role for PANK2 in the metab-
olism of breast CSCs. Reactive oxygen species (ROS) and ROS-dependent signaling pathways
and transcriptional activities appear to be critical to both normal stem cell self-renewal and
differentiation and to CSCs [81]. CSCs possess low levels of ROS but how they control ROS
production and scavenging and how ROS-dependent signaling pathways contribute to CSC
function remain poorly understood.

In close proximity to PANK2 in Figure 1, MT1M is a member of the metallothionein (MT)
family; metallothioneins are small cysteine-rich proteins involved in metal metabolism and
detoxification and redox metabolism. Metallothioneins may form a critical surveillance system
protecting cells from damage caused by electrophilic carcinogens [82]. However, several studies
suggest that metallothioneins have wider roles, contributing to numerous fundamental carcino-
genic processes, including proliferation, survival, metabolism, invasion, and metastasis [83, 84].

Metallothionein expression is also strongly associated with tumor grade in breast, ovarian,
uterine, and prostate cancers [85].

Hypoxia-inducible factor-1 (HIF-1α) can co-activate MT gene transcription by interacting with
the metal-responsive transcription factor (MTF1) in hypoxic conditions increasing the biologi-
cal aggressiveness of cancer cells [86, 87]. Conversely, metallothioneins can increase HIF-1α
transcriptional activity by suppressing ROS accumulation or activating the ERK/mTOR path-
way [88, 89]. Also, even though MTF1 is not inducible by iron, expression of ferroportin is
induced directly via MTF1 [90]. HIF-1α also transcriptionally activates SLUG expression in
hypoxic conditions [91, 92], and because upregulation of HIF-1α and metallothionein expres-
sion is self-reinforcing, MT1M may also affect SLUG expression. SLUG is a member of the
SNAIL superfamily of zinc finger transcriptional factors involved in the EMT. SLUG expres-
sion correlates with reduced cell adhesion, increased cell migration and invasion, and biolog-
ical aggressiveness in several tumor types including breast cancer [93, 94].

While not a hub gene, GAPDH is the most significantly differentially expressed gene in the
darkmagenta module (Figure 1). Overexpression of GAPDH occurs in diverse human cancers.
Several cancer-related factors, such as insulin, HIF-1, p53, nitric oxide (NO), and acetylated
histones, modulate GAPDHgene expression and affect GAPDHprotein function [95]. In addition
to its role in glycolysis, inwhich it catalyzes the oxidation and phosphorylation of glyceraldehyde-
3-phosphate to 1,3-bisphosphoglycerate in conjunction with NAD+, GAPDH is a key mediator of
oxidative stress responses, involving GAPDH nuclear translocation and induction of cell death
[96]. GAPDH also inhibits telomerase activity and induces breast cancer cell senescence [96].

3.5. LINE1-silencing affects genes involved in MET-related metabolic reprogramming

The reprogramming of somatic cells to iPSCs by transgene expression of the transcription
factors Oct4, Sox2, Klf4, and Myc triggers a mesenchymal-epithelial transition (MET) [97]. This
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involved in promoting selective oxidative demethylation of key DNA or histone residues in
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Salinomycin and a derivative, Ironomycin, exhibit potent selective activity against breast CSCs
in vitro and in vivo, by accumulating and sequestering iron in lysosomes [67]. Preferential iron
trafficking also characterizes glioblastoma (GBM) stem-like cells [75]. GBM CSCs have been
shown to potently extract iron from the microenvironment more effectively than other tumor
cells and preferentially require the transferrin receptor and ferritin, two core iron regulators, to
propagate and form tumors in vivo. Transferrin was the top upregulated gene compared with
tissue-specific progenitors [75].

The presence of CYB561D1, a putative mitochondrial ferrireductase in the darkmagenta mod-
ule close to PANK2 (Figure 1), further supports perturbation of iron-related metabolism by L1-
silencing. A paralog, CYB561D2 (101F6), is highly expressed in lung tumor cell lines [76]. Its
forced expression in NSCLC tumor cell lines or tumor xenografts significantly reduces cell
viability by inducing apoptosis while lung metastases in nu/nu mice are also greatly reduced
following systemic delivery of 101F6-encoding adenoviral vectors [77].

PANK2 also affects NADH levels [78, 79]. Hepatocytes from dKO PANK2 mouse pups cannot
maintain NADH levels compared to wild-type hepatocytes [80]. In addition, induced pluripotent
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mitochondrial dysfunction with activated NADH-related and inhibited FADH-related respira-
tion, leading to increased reactive oxygen species generation and lipid peroxidation [78].

The link between CoA and NADH also supports an important role for PANK2 in the metab-
olism of breast CSCs. Reactive oxygen species (ROS) and ROS-dependent signaling pathways
and transcriptional activities appear to be critical to both normal stem cell self-renewal and
differentiation and to CSCs [81]. CSCs possess low levels of ROS but how they control ROS
production and scavenging and how ROS-dependent signaling pathways contribute to CSC
function remain poorly understood.

In close proximity to PANK2 in Figure 1, MT1M is a member of the metallothionein (MT)
family; metallothioneins are small cysteine-rich proteins involved in metal metabolism and
detoxification and redox metabolism. Metallothioneins may form a critical surveillance system
protecting cells from damage caused by electrophilic carcinogens [82]. However, several studies
suggest that metallothioneins have wider roles, contributing to numerous fundamental carcino-
genic processes, including proliferation, survival, metabolism, invasion, and metastasis [83, 84].

Metallothionein expression is also strongly associated with tumor grade in breast, ovarian,
uterine, and prostate cancers [85].

Hypoxia-inducible factor-1 (HIF-1α) can co-activate MT gene transcription by interacting with
the metal-responsive transcription factor (MTF1) in hypoxic conditions increasing the biologi-
cal aggressiveness of cancer cells [86, 87]. Conversely, metallothioneins can increase HIF-1α
transcriptional activity by suppressing ROS accumulation or activating the ERK/mTOR path-
way [88, 89]. Also, even though MTF1 is not inducible by iron, expression of ferroportin is
induced directly via MTF1 [90]. HIF-1α also transcriptionally activates SLUG expression in
hypoxic conditions [91, 92], and because upregulation of HIF-1α and metallothionein expres-
sion is self-reinforcing, MT1M may also affect SLUG expression. SLUG is a member of the
SNAIL superfamily of zinc finger transcriptional factors involved in the EMT. SLUG expres-
sion correlates with reduced cell adhesion, increased cell migration and invasion, and biolog-
ical aggressiveness in several tumor types including breast cancer [93, 94].

While not a hub gene, GAPDH is the most significantly differentially expressed gene in the
darkmagenta module (Figure 1). Overexpression of GAPDH occurs in diverse human cancers.
Several cancer-related factors, such as insulin, HIF-1, p53, nitric oxide (NO), and acetylated
histones, modulate GAPDHgene expression and affect GAPDHprotein function [95]. In addition
to its role in glycolysis, inwhich it catalyzes the oxidation and phosphorylation of glyceraldehyde-
3-phosphate to 1,3-bisphosphoglycerate in conjunction with NAD+, GAPDH is a key mediator of
oxidative stress responses, involving GAPDH nuclear translocation and induction of cell death
[96]. GAPDH also inhibits telomerase activity and induces breast cancer cell senescence [96].

3.5. LINE1-silencing affects genes involved in MET-related metabolic reprogramming

The reprogramming of somatic cells to iPSCs by transgene expression of the transcription
factors Oct4, Sox2, Klf4, and Myc triggers a mesenchymal-epithelial transition (MET) [97]. This
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transformation is promoted by the TET enzymes and blocked by kinase-dependent cytoskele-
tal reorganization [98]. Two closely associated hub genes in the darkmagenta module
(Figure 1), LIM Domain Kinase 2 (LIMK2) and Apolipoprotein C1 (APOC1), have roles in the
MET, with the presence of APOC1 also suggesting the involvement of TET1. The TET proteins
are DNA hydroxylases that mediate oxidation of methylcytosines and thus regulate hypoxia-
sensitive gene expression. Among its many actions, TET1 regulates the hypoxia-induced EMT
by acting as a co-activator of genes involved in cholesterol metabolism including APOC1 [73].
Significant changes in APOC1 expression are seen in leukemia cell lines in the NCI60 cancer
cell line collection [99, 100], while APOC1 is highly expressed at the protein level and protects
pancreatic cancer cells from apoptosis [101]. In addition, APOC1 is highly expressed in late-
stage lung cancer [102] and is also one of a small number of genes undergoing late-stage
upregulation downstream of KLF4 during the metabolic shift that facilitates reprogramming
during the generation of iPSCs in an SeVdp(KOSM)-based system [103].

3.6. LINE-1 silencing targets DICER by acting though miR-103/107 embedded in the PANK2
gene

In addition to their central role in metabolism, the PANK1–3 genes contain the microRNAs,
miR-103 and miR-107, in their intronic regions, with PANK1, 2, and 3 corresponding to pri-
miR-107, pri-miR-103-2, and pri-miR-103-1, respectively. Expression of miR-103/107 has been
shown to parallel that of the PANK genes in a series of cell lines and in normal human tissues
[104]. Furthermore, miR-103/107 are predicted bioinformatically to affect multiple mRNA
targets in pathways that involve cellular acetyl-CoA and lipid levels and thus to act synergis-
tically with their host genes [105].

Although specific microRNAs can be upregulated in cancer, global miRNA downregulation is
a common trait of human malignancies. This can be attributed, at least in part, to miR-103/107,
which have been shown to target the 3’-UTR of Dicer leading to its downregulation and, in
turn, to global downregulation of microRNA expression [106]. In human breast cancer, high
levels of miR-103/107 are associated with metastasis and poor outcomes and this has been
attributed to the miR-103/107-Dicer axis controlling epithelial plasticity and induction of the
EMT, in part via regulation of miR-200 [106].

3.7. LINE-1 silencing is linked to the mitophagy-driven regulation of stem cell fate through
TOMM7

The presence of Translocase Of Outer Mitochondrial Membrane 7 (TOMM7) in the darkmagenta
module (Figure 1) is further evidence of L1 having an impact on cancer cell metabolism acting
through HIF1α. TOMM7 encodes a member of the TOM pre-protein translocase complex of the
outer mitochondrial membrane, the main entry portal for protein precursors from the cytosol
into mitochondria.

TOMM7 has a crucial role in mitophagy, the autophagic elimination of damaged mitochon-
dria that has a role regulating stem cell fate [107]. Mitophagy is regulated by the PTEN-
induced putative kinase 1 (PINK1). TOMM7 stabilizes PINK1 on the outer mitochondrial
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membrane, and accumulation of PINK1 bound to the TOM complex is completely blocked
by the loss of TOMM7 from the TOM complex [108]. PINK1 loss-of-function compromises
both mitochondrial autophagy and oxidative phosphorylation and reprograms glucose
metabolism through HIF1 [109]. Pink1 deficiency also stabilizes HIF1α in cultured mouse
embryonic fibroblasts and primary cortical neurons as well as in vivo [109]. This effect,
mediated by mitochondrial ROS, leads to upregulation of the HIF1 target, PDK1 (pyruvate
dehydrogenase kinase-1), which inhibits pyruvate dehydrogenase (PDH) activity. HIF1α
stimulates glycolysis in the absence of Pink1, and the promotion of glucose metabolism by
HIF1α stabilization is required for cell proliferation in Pink1�/� mice. Thus, it is possible
that loss of Pink1 reprograms glucose metabolism through HIF1α, sustaining increased cell
proliferation.

Independent support for the presence of TOMM7 in the darkmagenta module comes from an
I-DIRT affinity proteomics study of L1 interactors [110]. TOMM40, another member of the
TOM complex, was one of 37 high-confidence L1 ORF2-interactors in addition to Translocase
Of Inner Mitochondrial Membrane 13 (TIMM13), a member of the TIMM family of proteins,
that import proteins from the cytoplasm into the mitochondrial inner membrane in conjunc-
tion with the TOM complex.

3.8. LINE-1 silencing affects cytoskeletal dynamics and the MET through LIMK2, GSN,
SYBL1, BLOC1S1, and RNF165

LIMK2 (darkmagenta module, Figure 1) has a key role in the MET, controlling the depolymer-
ization of filamentous actin, by phosphorylating the actin stabilizer, cofilin. LIMK2 is one of
the two kinases that have been shown to phosphorylate cofilin and stabilize actin stress fibers
in fibroblasts, thus blocking the MET and preventing iPSC generation from mouse embryonic
fibroblasts or human fibroblasts [98]. In the MET, the actin cytoskeleton is reorganized from
actin stress fibres to cortical actin, the expression of mesenchymal transcription factors such as
Zeb1 and Snai1 is lost, and the cells establish tight and adherens junctions stabilized by Par3/
ZO-1 or E-cadherin [111].

Gelsolin (GSN) (lower left in darkmagenta module, Figure 1) is another key regulator of
actin filament assembly and disassembly. Gelsolin is highly expressed at tumor borders
infiltrating into adjacent liver tissues, contributes to lamellipodia formation in migrating
cells, and induces tumor invasion by modulating the urokinase-type plasminogen activa-
tor cascade [112].

LIMK2 also acts with SYBL1 (darkmagenta module) in the assembly and maturation of
invadopodia. Invadopodia are actin-rich protrusions that degrade extracellular matrix and
are required for penetration through the basement membrane, stromal invasion, and
intravasation. SYBL1 encodes VAMP-7, a transmembrane protein from the soluble N-
ethylmaleimide-sensitive factor attachment protein receptor (SNARE) family. VAMP-7
localizes to late endosomes and lysosomes and is involved in the fusion of transport
vesicles to their target membranes. MT1-MMP is delivered by the IQGAP1-WASH-exocyst
complex and fuses to the membrane via VAMP-7, resulting in matrix degradation [113].
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membrane, and accumulation of PINK1 bound to the TOM complex is completely blocked
by the loss of TOMM7 from the TOM complex [108]. PINK1 loss-of-function compromises
both mitochondrial autophagy and oxidative phosphorylation and reprograms glucose
metabolism through HIF1 [109]. Pink1 deficiency also stabilizes HIF1α in cultured mouse
embryonic fibroblasts and primary cortical neurons as well as in vivo [109]. This effect,
mediated by mitochondrial ROS, leads to upregulation of the HIF1 target, PDK1 (pyruvate
dehydrogenase kinase-1), which inhibits pyruvate dehydrogenase (PDH) activity. HIF1α
stimulates glycolysis in the absence of Pink1, and the promotion of glucose metabolism by
HIF1α stabilization is required for cell proliferation in Pink1�/� mice. Thus, it is possible
that loss of Pink1 reprograms glucose metabolism through HIF1α, sustaining increased cell
proliferation.

Independent support for the presence of TOMM7 in the darkmagenta module comes from an
I-DIRT affinity proteomics study of L1 interactors [110]. TOMM40, another member of the
TOM complex, was one of 37 high-confidence L1 ORF2-interactors in addition to Translocase
Of Inner Mitochondrial Membrane 13 (TIMM13), a member of the TIMM family of proteins,
that import proteins from the cytoplasm into the mitochondrial inner membrane in conjunc-
tion with the TOM complex.

3.8. LINE-1 silencing affects cytoskeletal dynamics and the MET through LIMK2, GSN,
SYBL1, BLOC1S1, and RNF165

LIMK2 (darkmagenta module, Figure 1) has a key role in the MET, controlling the depolymer-
ization of filamentous actin, by phosphorylating the actin stabilizer, cofilin. LIMK2 is one of
the two kinases that have been shown to phosphorylate cofilin and stabilize actin stress fibers
in fibroblasts, thus blocking the MET and preventing iPSC generation from mouse embryonic
fibroblasts or human fibroblasts [98]. In the MET, the actin cytoskeleton is reorganized from
actin stress fibres to cortical actin, the expression of mesenchymal transcription factors such as
Zeb1 and Snai1 is lost, and the cells establish tight and adherens junctions stabilized by Par3/
ZO-1 or E-cadherin [111].

Gelsolin (GSN) (lower left in darkmagenta module, Figure 1) is another key regulator of
actin filament assembly and disassembly. Gelsolin is highly expressed at tumor borders
infiltrating into adjacent liver tissues, contributes to lamellipodia formation in migrating
cells, and induces tumor invasion by modulating the urokinase-type plasminogen activa-
tor cascade [112].

LIMK2 also acts with SYBL1 (darkmagenta module) in the assembly and maturation of
invadopodia. Invadopodia are actin-rich protrusions that degrade extracellular matrix and
are required for penetration through the basement membrane, stromal invasion, and
intravasation. SYBL1 encodes VAMP-7, a transmembrane protein from the soluble N-
ethylmaleimide-sensitive factor attachment protein receptor (SNARE) family. VAMP-7
localizes to late endosomes and lysosomes and is involved in the fusion of transport
vesicles to their target membranes. MT1-MMP is delivered by the IQGAP1-WASH-exocyst
complex and fuses to the membrane via VAMP-7, resulting in matrix degradation [113].
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Biogenesis of Lysosomal Organelles Complex 1 Subunit 1 (BLOC1S1) (darkmagenta module,
Figure 1) is a component of the ubiquitous BLOC1 multisubunit protein complex required for
the biogenesis of specialized organelles of the endosomal-lysosomal system, including mela-
nosomes and platelet dense granules. Loss of BLOC1 function results in downregulation of the
actin-related protein-2/3 complex (Arp2/3), a seven-subunit protein complex that plays a major
role in the regulation of the actin cytoskeleton. This complex is present in cellular regions
characterized by dynamic actin filament activity, including the leading edges of motile cells in
lamellipodia, and also has a role in invadopodia [114]. The Arp2/3 complex is also potently
activated by WASH [115].

The presence of RNF165/ARKL2 as a hub gene in the darkmagenta module (Figure 1), in the
context of changes in expression of actin-related genes, is consistent with a bone morphoge-
netic protein (BMP)-driven MET. BMP has a key role in the induction of the MET [116] and
RNF165/ARKL2 is an E3 ubiquitin-protein ligase that regulates motor axon elongation down-
stream of BMP [117]. A close homolog, RNF111/Arkadia is a key component of TGFβ signaling
[118] and amplifies TGFβ and BMP signaling through degradation of the inhibitory Smad7.
Aberrant RNF111/Arkadia activity occurs in clear-cell renal-cell carcinoma, colorectal cancer,
and non-small cell lung cancer [119–122]. In contrast, not a great deal is known about RNF165
outside the nervous system, although it appears to have a significant role in metastatic prostate
carcinoma [123].

3.9. LINE-1 affects stress granule formation through SRP9

The signal recognition particle (SRP) is a cytoplasmic ribonucleoprotein consisting of six poly-
peptides and a 300-nucleotide (7SL) RNA molecule. SRP9, a key member of the SRP is a
member of darkmagenta module (Figure 1), while another member, SRP14, is a member of
the L1 ORF1p interactome. The SRP9 and SRP14 polypeptides form a heterodimer and bind to
the 30 and 50 ends of the SRP 7SL RNA. The SRP functions in the co-translational targeting of
secretory and membrane proteins to the rough endoplasmic reticulum by complexing with
ribosomes associated with the membrane of the RER via its receptor, SRPR, a hub gene in the
pink module (Figure 5).

Remarkably, the Alu family of SINEs is thought to have originated from a 7SL RNA gene early
in primate evolution [124] and subsequently amplified by retrotransposition so that over 1
million copies are now present in the human genome [125]. Binding of the SRP 9/14 proteins to
the RNA of Alu elements precedes and is likely to be necessary for efficient L1-mediated Alu
retrotransposition [126, 127].

In addition, the SRP9/14 heterodimer can bind to cytoplasmic Alu RNA and 40S ribosomal
subunits in a pathway involving the formation of stress granules (SGs) [128]. Cellular stress
triggers the formation of dense cytosolic aggregations that sequester mRNA, 40S ribosomal
subunits, initiation factors, and RNA-binding and signaling proteins to promote cell survival.
SRP9/14 localizes to SGs following arsenite or hippuristanol treatment. The localization and
function of SRP9/14 in SGs is mediated by direct binding to 40S ribosomal subunits. Binding of
SRP9/14 to 40S or Alu RNA is mutually exclusive indicating that the heterodimer alone is
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bound to 40S in SGs and that Alu RNA may competitively regulate 40S binding. Following
resolution of stress, cells actively increase cytoplasmic Alu RNA levels to promote disassembly
of SGs by disengaging SRP9/14 from 40S [128].

The involvement of stress granules in tumor initiation in breast cancer cells was discovered by
screening for intracellular proteins enhancing the effect of chemotherapeutic agents on TIC-
enriched breast cancer cells [129]. This screen identified 44 proteins that interacted with the
lead compound, C108, including the stress granule-associated protein and GTPase-activating
protein (SH3 domain)-binding protein 2 (G3BP2). G3BP2 was shown to regulate breast tumor
initiation through the stabilization of squamous cell carcinoma antigen recognized by T cells 3
(SART3) mRNA, leading to increased expression of the pluripotency transcription factors Oct4
and Nanog. THOC6, an interaction partner of DDX39B in the THO complex and involved in
the nuclear export of pluripotency-related transcripts, was also among the 44 interacting
partners of C108.

At least two genes in the darkmagenta module (Figure 1) are linked to the C108 protein
interactome, thus supporting the involvement of this module in SG formation. PTPN9 is present
in C108 protein interactome, while AK130123 is highly similar to PPP2R2A, whose gene product
interacts with those of PPP2R1A and PPP2R1B (present in the C108 protein interactome).

Another three interaction partners of C108 (IGF2BP1, IGF2BP2, and PABPC1) and SART1,
but not SART3, are also present in the L1 ORF1p interactome. The degree of overlap
between these two interactomes is statistically significant with a representation factor of
12.6 and p < 0.002. L1 ORF1 protein has, in fact, been shown by yeast two-hybrid screening
to localize in stress granules with other RNA-binding proteins, including components of the
RISC complex [130].

3.10. LINE-1 is likely to promote the cancer stem cell phenotype through SART1 and SART3

Although not members of the darkmagenta or any other module, SART1/TIP110, a member of
the L1 ORF1p interactome and the functionally related SART3 implicate the L1 ORF1 protein
in promotion of the cancer stem cell phenotype. SART1 (also known as U4/U6.U5 Tri-SnRNP-
Associated Protein 1) encodes two proteins, the SART1(800) protein expressed in the nucleus
of the majority of proliferating cells and the SART1(259) protein expressed in the cytosol of
epithelial cancers. The SART1(259) protein is translated by �1 frameshifting during post-
transcriptional regulation. SART1(259) plays an essential role in mRNA splicing by recruiting
the tri-snRNP to the pre-spliceosome during spliceosome assembly. In contrast, SART3 associ-
ates transiently with U6 and U4/U6 snRNPs during the recycling phase of the spliceosome
cycle. As mentioned before, stabilization of SART3 mRNA leads to increased expression of the
pluripotency transcription factors, Oct-4 and Nanog [129]. SART3 also regulates OCT4 splicing
in hESCs [131].

A recent proteomics study identified 13 SART3/TIP110-interacting cellular proteins, 5 of which
are also present in the L1 ORF1p interactome [132]. This degree of overlap is highly significant
with a representation factor of 76.1 and a p-value < 3.694E-09. These observations suggest that
L1 affects SART3 in some way, thus implicating L1 in SART3-mediated breast cancer initiation.
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Biogenesis of Lysosomal Organelles Complex 1 Subunit 1 (BLOC1S1) (darkmagenta module,
Figure 1) is a component of the ubiquitous BLOC1 multisubunit protein complex required for
the biogenesis of specialized organelles of the endosomal-lysosomal system, including mela-
nosomes and platelet dense granules. Loss of BLOC1 function results in downregulation of the
actin-related protein-2/3 complex (Arp2/3), a seven-subunit protein complex that plays a major
role in the regulation of the actin cytoskeleton. This complex is present in cellular regions
characterized by dynamic actin filament activity, including the leading edges of motile cells in
lamellipodia, and also has a role in invadopodia [114]. The Arp2/3 complex is also potently
activated by WASH [115].

The presence of RNF165/ARKL2 as a hub gene in the darkmagenta module (Figure 1), in the
context of changes in expression of actin-related genes, is consistent with a bone morphoge-
netic protein (BMP)-driven MET. BMP has a key role in the induction of the MET [116] and
RNF165/ARKL2 is an E3 ubiquitin-protein ligase that regulates motor axon elongation down-
stream of BMP [117]. A close homolog, RNF111/Arkadia is a key component of TGFβ signaling
[118] and amplifies TGFβ and BMP signaling through degradation of the inhibitory Smad7.
Aberrant RNF111/Arkadia activity occurs in clear-cell renal-cell carcinoma, colorectal cancer,
and non-small cell lung cancer [119–122]. In contrast, not a great deal is known about RNF165
outside the nervous system, although it appears to have a significant role in metastatic prostate
carcinoma [123].

3.9. LINE-1 affects stress granule formation through SRP9

The signal recognition particle (SRP) is a cytoplasmic ribonucleoprotein consisting of six poly-
peptides and a 300-nucleotide (7SL) RNA molecule. SRP9, a key member of the SRP is a
member of darkmagenta module (Figure 1), while another member, SRP14, is a member of
the L1 ORF1p interactome. The SRP9 and SRP14 polypeptides form a heterodimer and bind to
the 30 and 50 ends of the SRP 7SL RNA. The SRP functions in the co-translational targeting of
secretory and membrane proteins to the rough endoplasmic reticulum by complexing with
ribosomes associated with the membrane of the RER via its receptor, SRPR, a hub gene in the
pink module (Figure 5).

Remarkably, the Alu family of SINEs is thought to have originated from a 7SL RNA gene early
in primate evolution [124] and subsequently amplified by retrotransposition so that over 1
million copies are now present in the human genome [125]. Binding of the SRP 9/14 proteins to
the RNA of Alu elements precedes and is likely to be necessary for efficient L1-mediated Alu
retrotransposition [126, 127].

In addition, the SRP9/14 heterodimer can bind to cytoplasmic Alu RNA and 40S ribosomal
subunits in a pathway involving the formation of stress granules (SGs) [128]. Cellular stress
triggers the formation of dense cytosolic aggregations that sequester mRNA, 40S ribosomal
subunits, initiation factors, and RNA-binding and signaling proteins to promote cell survival.
SRP9/14 localizes to SGs following arsenite or hippuristanol treatment. The localization and
function of SRP9/14 in SGs is mediated by direct binding to 40S ribosomal subunits. Binding of
SRP9/14 to 40S or Alu RNA is mutually exclusive indicating that the heterodimer alone is
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bound to 40S in SGs and that Alu RNA may competitively regulate 40S binding. Following
resolution of stress, cells actively increase cytoplasmic Alu RNA levels to promote disassembly
of SGs by disengaging SRP9/14 from 40S [128].

The involvement of stress granules in tumor initiation in breast cancer cells was discovered by
screening for intracellular proteins enhancing the effect of chemotherapeutic agents on TIC-
enriched breast cancer cells [129]. This screen identified 44 proteins that interacted with the
lead compound, C108, including the stress granule-associated protein and GTPase-activating
protein (SH3 domain)-binding protein 2 (G3BP2). G3BP2 was shown to regulate breast tumor
initiation through the stabilization of squamous cell carcinoma antigen recognized by T cells 3
(SART3) mRNA, leading to increased expression of the pluripotency transcription factors Oct4
and Nanog. THOC6, an interaction partner of DDX39B in the THO complex and involved in
the nuclear export of pluripotency-related transcripts, was also among the 44 interacting
partners of C108.

At least two genes in the darkmagenta module (Figure 1) are linked to the C108 protein
interactome, thus supporting the involvement of this module in SG formation. PTPN9 is present
in C108 protein interactome, while AK130123 is highly similar to PPP2R2A, whose gene product
interacts with those of PPP2R1A and PPP2R1B (present in the C108 protein interactome).

Another three interaction partners of C108 (IGF2BP1, IGF2BP2, and PABPC1) and SART1,
but not SART3, are also present in the L1 ORF1p interactome. The degree of overlap
between these two interactomes is statistically significant with a representation factor of
12.6 and p < 0.002. L1 ORF1 protein has, in fact, been shown by yeast two-hybrid screening
to localize in stress granules with other RNA-binding proteins, including components of the
RISC complex [130].

3.10. LINE-1 is likely to promote the cancer stem cell phenotype through SART1 and SART3

Although not members of the darkmagenta or any other module, SART1/TIP110, a member of
the L1 ORF1p interactome and the functionally related SART3 implicate the L1 ORF1 protein
in promotion of the cancer stem cell phenotype. SART1 (also known as U4/U6.U5 Tri-SnRNP-
Associated Protein 1) encodes two proteins, the SART1(800) protein expressed in the nucleus
of the majority of proliferating cells and the SART1(259) protein expressed in the cytosol of
epithelial cancers. The SART1(259) protein is translated by �1 frameshifting during post-
transcriptional regulation. SART1(259) plays an essential role in mRNA splicing by recruiting
the tri-snRNP to the pre-spliceosome during spliceosome assembly. In contrast, SART3 associ-
ates transiently with U6 and U4/U6 snRNPs during the recycling phase of the spliceosome
cycle. As mentioned before, stabilization of SART3 mRNA leads to increased expression of the
pluripotency transcription factors, Oct-4 and Nanog [129]. SART3 also regulates OCT4 splicing
in hESCs [131].

A recent proteomics study identified 13 SART3/TIP110-interacting cellular proteins, 5 of which
are also present in the L1 ORF1p interactome [132]. This degree of overlap is highly significant
with a representation factor of 76.1 and a p-value < 3.694E-09. These observations suggest that
L1 affects SART3 in some way, thus implicating L1 in SART3-mediated breast cancer initiation.
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Like SART3, SART1(800) also has fundamental roles in the formation of cancer stem cells.
SART1(800), also known as hypoxia-associated factor (HAF), is overexpressed in a variety of
tumor types. HAF is an E3 ubiquitin ligase that binds to and ubiquitinates HIF-1α by an
oxygen- and pVHL-independent mechanism, targeting HIF-1α for proteasomal degradation
[133]. HAF expression lowers HIF-1α levels and decreases HIF-1 transactivating activity. HAF
also binds to HIF-2α but does not lead to its degradation and instead increases HIF-2
transactivating activity. Thus, HAF expression switches the hypoxia response of the cancer cell
from HIF-1α- to HIF-2α-dependent transcription of genes such as MMP9 and OCT-3/4. This
switch by HAF promotes the cancer stem cell phenotype and invasion, resulting in highly
aggressive tumors in vivo [134].

3.11. LINE-1 silencing affects cancer-related signal transduction pathways by
downregulating DGKA and GNA15

The presence of diacylglycerol kinase alpha (DGKA) and G protein subunit alpha 15 (GNA15)
in the darkmagenta module (Figure 1) implicates LINE-1 silencing in affecting signal trans-
duction pathways. Increasing evidence points to DGKA (DGKα) being a major node in onco-
genic signaling [135]. DGKA converts diacylglycerol (DAG) to phosphatidic acid (PA), with
both being critical lipid second messengers found in the plasma membrane. DGKA activity
terminates DAG signaling and has been linked to activation of NF-κB, HIF-1α, c-Met, ALK,
and VEGF [136]. DAG, in turn, binds directly to protein kinase C and D family members, to
Ras family members, and to diacylglycerol kinase family members, while PA controls the
activity of mTOR, Akt, and Erk.

DGKA plays an important role in the spread and invasion of breast cancer cells [137]. Among
the microenvironment signals sustaining cancer cell invasiveness, stromal cell-derived factor-
1α (SDF-1α, or CXCL12) plays a major role in several cancers, including breast cancer [138].
SDF-1α is a chemokine secreted by tumor-associated fibroblasts and bone marrow stromal
cells, which by activating its CXCR4 receptor (tan module, Figure 6), promotes migration and
invasion of malignant cells and their homing to target organs [139, 140]. Following SDF-1α
stimulation, DGKA is activated and localized at cell protrusions, promoting their elongation
and mediating SDF-1α-induced MMP-9 metalloproteinase secretion and matrix invasion. PA
generated by DGKA promotes recruitment of atypical PKCs (protein kinase C’s) to cell pro-
trusions or ruffling sites, which play an essential role by promoting Rac-mediated protrusion
elongation and localized recruitment of β1 integrin and MMP-9. Moreover, DGKA activity
sustains the pro-invasive activity of metastatic p53 mutations, by promoting the recycling of
α5β1 integrin to invasive protrusions in tridimensional matrix [141].

GNA15 (also known as G15, Gα15 or GNA16) is a heterotrimeric G protein selectively
expressed in immature hematopoietic and epithelial cells with high renewal potential.
GNA15 is notable for its ability to bypass the usual selectivity of receptor G-protein interac-
tions and to non-selectively couple structurally and functionally diverse receptors to phospho-
lipase C [142]. Following activation of GPCRs, rapid desensitization of receptor responsiveness
normally prevents uncontrolled signaling and is initiated by phosphorylation of the receptor by
GPCR kinases [143, 144] followed by uncoupling of GPCR-G protein interactions mediated
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by β-arrestin protein family members [145, 146]. Intriguingly however, GNA15 is not affected by
GPCR desensitization. In certain cell lineages, GNA15 amplifies incoming stimuli regardless of
β-arrestin-induced desensitization, thus promoting sustained activation of its downstream effec-
tors, including key players in cancer signal transduction such as PKD1, Ras, Raf, PI3K, MEK,
PKCs, and STATs [147–150]. Based on its resistance to desensitization and extraordinarily poor
coupling selectivity [147], GNA15may promote unconventional stimulation based on prolonged
auto/paracrine activation of GPCRs. These may include GPCRs known for supporting the imma-
ture stages of pancreatic cancer, such as CXCR4 [151, 152], S1PRs [153–155], Frizzled [156, 157],
and Smoothened (SMOH) [158–160].

GNA15 was recently identified in a three gene signature highly expressed in a leukemic stem
cell-enriched CD34 + cell fraction in normal karyotype acute myeloid leukemia [161]. Ectopic
expression of GNA15 is also found in pancreatic carcinoma [160]. In contrast, GNA15 mRNA
and protein expression were found to be severely downregulated in a panel of non-small cell
lung cancer cell lines and in human lung adenocarcinoma and squamous carcinoma patients
[162]. Additionally, GNA15 has been identified as a regulator of non-small cell lung cancer cell
proliferation and anchorage-independent cell growth [162].

3.12. Genes involved in protein kinase R stress signaling are enriched in the darkmagenta
module

We uploaded the gene list from the darkmagenta module to the MetaCore web server
(Clarivate Analytics; https://clarivate.com/) to search for enriched cellular pathways. The most
significant pathway identified was that of “Apoptosis and survival_Role of PKR in stress-
induced apoptosis” with a raw p-value = 4.925E-6 and a FDR-corrected p-value = 8.126E-4.
The darkmagenta module contains 3 of the 53 genes in this pathway. These are NFKBIB,
IFNB1, and AK130123 (a probable transcript variant of PPP2R2A). Although not identified as
a member of this pathway, IL3 (also present in the darkmagenta module) appears to positively
regulate protein synthesis by inducing the inactivation of PKR via a growth factor signaling
pathway.

Protein kinase R (PKR) (also known as eukaryotic translation initiation factor 2 alpha kinase 2/
EIF2AK2) is a serine/threonine protein kinase that is activated by autophosphorylation after
binding to dsRNA. By this mechanism, PKR inhibits the replication of a wide range of DNA
and RNA viruses by phosphorylating the alpha subunit of eukaryotic initiation factor 2
(EIF2S1/eIF2α), a central node of the cellular response to stress signals. This impairs the
recycling of EIF2S1 between successive rounds of initiation leading to inhibition of translation,
which eventually results in shutdown of cellular and viral protein synthesis.

Stress-induced phosphorylation of EIF2S1 also induces stress granule assembly by preventing
or delaying translational initiation and, additionally, is involved in the restriction of LINE-1
retrotransposition by SAMHD1. The HIV-1 restriction factor SAMHD1 can negatively modu-
late retrotransposition of LINE-1 by a mechanism that involves sequestration of L1 RNP in
stress granules [163]. SAMHD1 promotes the formation of these stress granules by inducing
phosphorylation of EIF2S1 and disrupting the interaction between eIF4A and eIF4G [163].
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Like SART3, SART1(800) also has fundamental roles in the formation of cancer stem cells.
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tumor types. HAF is an E3 ubiquitin ligase that binds to and ubiquitinates HIF-1α by an
oxygen- and pVHL-independent mechanism, targeting HIF-1α for proteasomal degradation
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from HIF-1α- to HIF-2α-dependent transcription of genes such as MMP9 and OCT-3/4. This
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in the darkmagenta module (Figure 1) implicates LINE-1 silencing in affecting signal trans-
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genic signaling [135]. DGKA converts diacylglycerol (DAG) to phosphatidic acid (PA), with
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terminates DAG signaling and has been linked to activation of NF-κB, HIF-1α, c-Met, ALK,
and VEGF [136]. DAG, in turn, binds directly to protein kinase C and D family members, to
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activity of mTOR, Akt, and Erk.

DGKA plays an important role in the spread and invasion of breast cancer cells [137]. Among
the microenvironment signals sustaining cancer cell invasiveness, stromal cell-derived factor-
1α (SDF-1α, or CXCL12) plays a major role in several cancers, including breast cancer [138].
SDF-1α is a chemokine secreted by tumor-associated fibroblasts and bone marrow stromal
cells, which by activating its CXCR4 receptor (tan module, Figure 6), promotes migration and
invasion of malignant cells and their homing to target organs [139, 140]. Following SDF-1α
stimulation, DGKA is activated and localized at cell protrusions, promoting their elongation
and mediating SDF-1α-induced MMP-9 metalloproteinase secretion and matrix invasion. PA
generated by DGKA promotes recruitment of atypical PKCs (protein kinase C’s) to cell pro-
trusions or ruffling sites, which play an essential role by promoting Rac-mediated protrusion
elongation and localized recruitment of β1 integrin and MMP-9. Moreover, DGKA activity
sustains the pro-invasive activity of metastatic p53 mutations, by promoting the recycling of
α5β1 integrin to invasive protrusions in tridimensional matrix [141].

GNA15 (also known as G15, Gα15 or GNA16) is a heterotrimeric G protein selectively
expressed in immature hematopoietic and epithelial cells with high renewal potential.
GNA15 is notable for its ability to bypass the usual selectivity of receptor G-protein interac-
tions and to non-selectively couple structurally and functionally diverse receptors to phospho-
lipase C [142]. Following activation of GPCRs, rapid desensitization of receptor responsiveness
normally prevents uncontrolled signaling and is initiated by phosphorylation of the receptor by
GPCR kinases [143, 144] followed by uncoupling of GPCR-G protein interactions mediated
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by β-arrestin protein family members [145, 146]. Intriguingly however, GNA15 is not affected by
GPCR desensitization. In certain cell lineages, GNA15 amplifies incoming stimuli regardless of
β-arrestin-induced desensitization, thus promoting sustained activation of its downstream effec-
tors, including key players in cancer signal transduction such as PKD1, Ras, Raf, PI3K, MEK,
PKCs, and STATs [147–150]. Based on its resistance to desensitization and extraordinarily poor
coupling selectivity [147], GNA15may promote unconventional stimulation based on prolonged
auto/paracrine activation of GPCRs. These may include GPCRs known for supporting the imma-
ture stages of pancreatic cancer, such as CXCR4 [151, 152], S1PRs [153–155], Frizzled [156, 157],
and Smoothened (SMOH) [158–160].

GNA15 was recently identified in a three gene signature highly expressed in a leukemic stem
cell-enriched CD34 + cell fraction in normal karyotype acute myeloid leukemia [161]. Ectopic
expression of GNA15 is also found in pancreatic carcinoma [160]. In contrast, GNA15 mRNA
and protein expression were found to be severely downregulated in a panel of non-small cell
lung cancer cell lines and in human lung adenocarcinoma and squamous carcinoma patients
[162]. Additionally, GNA15 has been identified as a regulator of non-small cell lung cancer cell
proliferation and anchorage-independent cell growth [162].

3.12. Genes involved in protein kinase R stress signaling are enriched in the darkmagenta
module

We uploaded the gene list from the darkmagenta module to the MetaCore web server
(Clarivate Analytics; https://clarivate.com/) to search for enriched cellular pathways. The most
significant pathway identified was that of “Apoptosis and survival_Role of PKR in stress-
induced apoptosis” with a raw p-value = 4.925E-6 and a FDR-corrected p-value = 8.126E-4.
The darkmagenta module contains 3 of the 53 genes in this pathway. These are NFKBIB,
IFNB1, and AK130123 (a probable transcript variant of PPP2R2A). Although not identified as
a member of this pathway, IL3 (also present in the darkmagenta module) appears to positively
regulate protein synthesis by inducing the inactivation of PKR via a growth factor signaling
pathway.

Protein kinase R (PKR) (also known as eukaryotic translation initiation factor 2 alpha kinase 2/
EIF2AK2) is a serine/threonine protein kinase that is activated by autophosphorylation after
binding to dsRNA. By this mechanism, PKR inhibits the replication of a wide range of DNA
and RNA viruses by phosphorylating the alpha subunit of eukaryotic initiation factor 2
(EIF2S1/eIF2α), a central node of the cellular response to stress signals. This impairs the
recycling of EIF2S1 between successive rounds of initiation leading to inhibition of translation,
which eventually results in shutdown of cellular and viral protein synthesis.

Stress-induced phosphorylation of EIF2S1 also induces stress granule assembly by preventing
or delaying translational initiation and, additionally, is involved in the restriction of LINE-1
retrotransposition by SAMHD1. The HIV-1 restriction factor SAMHD1 can negatively modu-
late retrotransposition of LINE-1 by a mechanism that involves sequestration of L1 RNP in
stress granules [163]. SAMHD1 promotes the formation of these stress granules by inducing
phosphorylation of EIF2S1 and disrupting the interaction between eIF4A and eIF4G [163].
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In addition to its role in stress granule formation, PKR phosphorylates p53/TP53, PPP2R5A,
DHX9, ILF3, and IRS1 with DHX9 and ILF3 being members of the LINE-1 ORF1p interactome.
Either as an adapter protein and/or via its kinase activity, PKR can also regulate the p38 MAP
kinase, NFΚB, and insulin signaling pathways and transcription factors (JUN, STAT1, STAT3,
IRF1, ATF3) involved in the expression of genes encoding pro-inflammatory cytokines and
interferons. PKR also has a role in the regulation of the cytoskeleton by binding to Gelsolin
(GSN; darkmagenta module, Figure 1), sequestering the protein in an inactive conformation
away from actin [164].

The downregulation of NFKBIB in the darkmagenta module suggests activation of NFkB
signaling. Hyperactivation of NFkB induces the expression of stemness-associated genes and
inflammatory genes in CSCs but this is likely to be context-dependent involving Toll-like
receptor signaling and saturated fatty acids [165, 166].

3.13. LINE-1 silencing affects the initiation, elongation, and termination steps of protein
translation

Dysregulation of three of the four major steps of mRNA translation: initiation, elongation, and
termination, has been implicated in the development and progression of cancer. In addition to
the role of PKR signaling in initiation mentioned above, several genes in the darkmagenta
module can be directly linked to these steps as can several members of the L1 ORF1p
interactome.

Elevated protein synthesis arises as a consequence of increased signaling flux channeled to
eIF4F, the key regulator of the mRNA-ribosome recruitment phase of translation initiation and
a critical nexus for cancer development. The eIF4F complex is a trimeric complex consisting of
the eIF4E cap-binding protein, the eIF4G scaffold protein, and the eIF4A helicase and is subject
to regulation by major oncogenic pathways, including the PI3K/AKT/mTOR and MAPK cas-
cades [167]. At least three members of the L1 ORF1p interactome (eIF4B, PABPC1, and
PABPC4) interact with eIF4A [167]. In addition, based on a string-db [62] analysis by us of
the LINE-1 ORF1p interactome members including eIF4E, there is suggestive literature evi-
dence for interactions between other components of the L1 ORF1p (PCBP2, LARP1, SSB,
DDX39A, RNMT, HNRNPA1, and PCBP2) and eIF4E (data not shown). In addition, eIF1B, a
highly connected gene in the darkmagenta module (Figure 1), is a key player in start codon
selection, a critical step in translation initiation that sets the reading frame for decoding [168].

EEF1A1P9 or EEF1AL7 (LOC441032 in the darkmagenta module, Figure 1) is a pseudogene
related to eukaryotic translation elongation factor 1A1 (eEF1A1/EEF1-α 1), an isoform of eEF1A.
eEF1A is a protein subunit of the eukaryotic translation elongation 1 (eEF1) complex, which is
composed of eEF1A, valyl-tRNA, and the eEF1B complex, comprising eEF1G, eEF1B, and
eEF1D. Overexpression of EEF1D/eEF-1δ in cadmium-transformed Balb/c-3T3 cells in conjunc-
tion with eIF3 is a major mechanism responsible for cell transformation and tumorigenesis
induced by cadmium [169]. In addition to eEF1A’s canonical role in translational elongation,
eEF1A has a growing list of functions beyond protein synthesis, including protein degradation
[170, 171], apoptosis [172, 173], nucleocytoplasmic trafficking [174], heat shock [175], and
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multiple aspects of cytoskeletal regulation [176]. eEF1A1may alsomediate turnover of the LINE-
1 restriction factor, SAMHD1, by targeting it to the proteosome for degradation [177].

While translation termination is generally not considered a major target of tumorigenesis,
eukaryotic release factors such as AF447869/GSPT1/eRF3 (darkmagenta module, Figure 1) are
implicated in gastric cancer [178]. GSPT1/eRF3 is also involved in the regulation of cytoplasmic
mRNA decay in association with Poly(A)-binding protein (PABP), two isoforms of which,
PABPC1 and PABPC4, are present in the L1 ORF1p interactome. GSPT1 also has a role in
nonsense-mediated decay [179].

There are five known GSPT1/eRF3a human alleles, one of which has been correlated with
increased cancer risk in several studies and which may act by decreasing the binding affinity
of GSPT1 for PABP [180]. Alternatively, GSPT1/eRF3 may be involved in tumorigenesis as a
result of its non-translational roles, which affect cell cycle dysregulation, apoptosis, and tran-
scription [178].

3.14. E3 ubiquitin protein ligases that affect oncoprotein stability are hub genes in several
modules

Proteins that promote cell proliferation must be expressed in a controlled manner but also
efficiently degraded. A major pathway for such targeted protein degradation is the ubiquitin-
proteasome system (UPS), and oncoproteins that drive tumor development are often deregulated
and stabilized in malignant cells. Several E3 ubiquitin protein ligases targeting oncoproteins are
hub genes in other modules, including BTRC (a hub gene in the darkolivegreenmodule, Figure 7,
fold change -1.68x downregulated in L1-silenced versus controls) and FBXW11 and FBXW7 (hub
genes in the pink module (Figure 5), although neither are differentially expressed in L1-silenced
versus controls). FBXW10 and BC067077 /MDM2, although not hub genes, are present in the
darkmagenta module (Figure 1).

A number of proteins driving the development and progression of cancer are direct or indirect
targets of the UPS. For example, FBXW7 (FBW7 or F-box and WD repeat domain containing 7
E3 Ub protein ligase) promotes ubiquitination and proteasomal degradation of mTOR [181].
This leads to breast cancer suppression in cooperation with PTEN. BTRC also regulates mTOR
activity through the targeted degradation of DEP domain-containing mTOR-interacting pro-
tein (DEPTOR), an inhibitor of both mTORC1 and mTORC2 [182]. NOTCH signaling is
involved in the short-range communication between neighboring cells, and its activation plays
a key role in cancer progression. NOTCH receptors are regulated by multiple E3s, and turn-
over of the unstable NOTCH intracellular domains is also mediated by FBXW7 [183, 184]. In
addition, the RING finger E3 Ubiquitin ligase BC067077/MDM2 (E3 Ub ligase mouse double
minute 2), present in the darkmagenta module (BC067077, Figure 1), is an oncoprotein in its
own right and a negative regulator of p53 protein expression [185].

MYC proteins are regulated by at least five different E3 ubiquitin ligases, including FBXW7
and BTRC [186]. FBXW7 acts as a negative regulator of MYC [187], while BTRC positively
regulates MYC protein stability [188]. In addition to control of MYC protein by the UPS, a
number of other modulators of MYC activity have prominent positions in key modules. The
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In addition to its role in stress granule formation, PKR phosphorylates p53/TP53, PPP2R5A,
DHX9, ILF3, and IRS1 with DHX9 and ILF3 being members of the LINE-1 ORF1p interactome.
Either as an adapter protein and/or via its kinase activity, PKR can also regulate the p38 MAP
kinase, NFΚB, and insulin signaling pathways and transcription factors (JUN, STAT1, STAT3,
IRF1, ATF3) involved in the expression of genes encoding pro-inflammatory cytokines and
interferons. PKR also has a role in the regulation of the cytoskeleton by binding to Gelsolin
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eIF4F, the key regulator of the mRNA-ribosome recruitment phase of translation initiation and
a critical nexus for cancer development. The eIF4F complex is a trimeric complex consisting of
the eIF4E cap-binding protein, the eIF4G scaffold protein, and the eIF4A helicase and is subject
to regulation by major oncogenic pathways, including the PI3K/AKT/mTOR and MAPK cas-
cades [167]. At least three members of the L1 ORF1p interactome (eIF4B, PABPC1, and
PABPC4) interact with eIF4A [167]. In addition, based on a string-db [62] analysis by us of
the LINE-1 ORF1p interactome members including eIF4E, there is suggestive literature evi-
dence for interactions between other components of the L1 ORF1p (PCBP2, LARP1, SSB,
DDX39A, RNMT, HNRNPA1, and PCBP2) and eIF4E (data not shown). In addition, eIF1B, a
highly connected gene in the darkmagenta module (Figure 1), is a key player in start codon
selection, a critical step in translation initiation that sets the reading frame for decoding [168].

EEF1A1P9 or EEF1AL7 (LOC441032 in the darkmagenta module, Figure 1) is a pseudogene
related to eukaryotic translation elongation factor 1A1 (eEF1A1/EEF1-α 1), an isoform of eEF1A.
eEF1A is a protein subunit of the eukaryotic translation elongation 1 (eEF1) complex, which is
composed of eEF1A, valyl-tRNA, and the eEF1B complex, comprising eEF1G, eEF1B, and
eEF1D. Overexpression of EEF1D/eEF-1δ in cadmium-transformed Balb/c-3T3 cells in conjunc-
tion with eIF3 is a major mechanism responsible for cell transformation and tumorigenesis
induced by cadmium [169]. In addition to eEF1A’s canonical role in translational elongation,
eEF1A has a growing list of functions beyond protein synthesis, including protein degradation
[170, 171], apoptosis [172, 173], nucleocytoplasmic trafficking [174], heat shock [175], and
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multiple aspects of cytoskeletal regulation [176]. eEF1A1may alsomediate turnover of the LINE-
1 restriction factor, SAMHD1, by targeting it to the proteosome for degradation [177].

While translation termination is generally not considered a major target of tumorigenesis,
eukaryotic release factors such as AF447869/GSPT1/eRF3 (darkmagenta module, Figure 1) are
implicated in gastric cancer [178]. GSPT1/eRF3 is also involved in the regulation of cytoplasmic
mRNA decay in association with Poly(A)-binding protein (PABP), two isoforms of which,
PABPC1 and PABPC4, are present in the L1 ORF1p interactome. GSPT1 also has a role in
nonsense-mediated decay [179].

There are five known GSPT1/eRF3a human alleles, one of which has been correlated with
increased cancer risk in several studies and which may act by decreasing the binding affinity
of GSPT1 for PABP [180]. Alternatively, GSPT1/eRF3 may be involved in tumorigenesis as a
result of its non-translational roles, which affect cell cycle dysregulation, apoptosis, and tran-
scription [178].

3.14. E3 ubiquitin protein ligases that affect oncoprotein stability are hub genes in several
modules

Proteins that promote cell proliferation must be expressed in a controlled manner but also
efficiently degraded. A major pathway for such targeted protein degradation is the ubiquitin-
proteasome system (UPS), and oncoproteins that drive tumor development are often deregulated
and stabilized in malignant cells. Several E3 ubiquitin protein ligases targeting oncoproteins are
hub genes in other modules, including BTRC (a hub gene in the darkolivegreenmodule, Figure 7,
fold change -1.68x downregulated in L1-silenced versus controls) and FBXW11 and FBXW7 (hub
genes in the pink module (Figure 5), although neither are differentially expressed in L1-silenced
versus controls). FBXW10 and BC067077 /MDM2, although not hub genes, are present in the
darkmagenta module (Figure 1).

A number of proteins driving the development and progression of cancer are direct or indirect
targets of the UPS. For example, FBXW7 (FBW7 or F-box and WD repeat domain containing 7
E3 Ub protein ligase) promotes ubiquitination and proteasomal degradation of mTOR [181].
This leads to breast cancer suppression in cooperation with PTEN. BTRC also regulates mTOR
activity through the targeted degradation of DEP domain-containing mTOR-interacting pro-
tein (DEPTOR), an inhibitor of both mTORC1 and mTORC2 [182]. NOTCH signaling is
involved in the short-range communication between neighboring cells, and its activation plays
a key role in cancer progression. NOTCH receptors are regulated by multiple E3s, and turn-
over of the unstable NOTCH intracellular domains is also mediated by FBXW7 [183, 184]. In
addition, the RING finger E3 Ubiquitin ligase BC067077/MDM2 (E3 Ub ligase mouse double
minute 2), present in the darkmagenta module (BC067077, Figure 1), is an oncoprotein in its
own right and a negative regulator of p53 protein expression [185].

MYC proteins are regulated by at least five different E3 ubiquitin ligases, including FBXW7
and BTRC [186]. FBXW7 acts as a negative regulator of MYC [187], while BTRC positively
regulates MYC protein stability [188]. In addition to control of MYC protein by the UPS, a
number of other modulators of MYC activity have prominent positions in key modules. The
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STK38 kinase (pink module, Figure 5) (upregulated 1.69x in L1-silenced versus controls)
regulates MYC protein stability and turnover in a kinase activity-dependent manner. In
human B-cell lymphomas, STK38 kinase inactivation prevents apoptosis following B-cell
receptor activation, whereas silencing of STK38 decreases MYC levels and promotes apoptosis
[189]. STK38 knockdown also suppresses growth of MYC-addicted tumors in vivo [189].
CSNK2A2 (a hub gene in the orange module; Figure 8) (fold change -1.76x downregulated in
L1-silenced versus controls) also phosphorylates and regulates MYC in addition to multiple
transcription factors and Hsp90 and its co-chaperones and regulates Wnt signaling by phos-
phorylating CTNNB1 [190, 191].

Other oncoproteins targeted by E3 ubiquitin ligases in the modules described here include p53
and NFKBIB/IκKB (with NFKBIB/IκKB being present in the darkmagenta module, Figure 1).
The p53 transcription factor is a tightly regulated sensor of cellular stress and its activation can
lead to cell cycle arrest, apoptosis, senescence, DNA repair, altered metabolism, or autophagy
[192]. Under normal conditions, protein levels of p53 are kept low by proteasomal degrada-
tion, promoted in part through continuous targeting by MDM2 [185]. The transcription of
MDM2 is also upregulated by p53, creating a feedback loop in which MDM2 targets both p53
and itself for proteasomal degradation [193]. MDM2 also blocks the transactivating activity of
p53, preventing transcriptional activation of p53 target genes [194]. In addition, MDM2 can
heterodimerize with the homologous RING finger protein MDM4/MDMX (a hub in the tan
module, Figure 6). MDM4 binds p53 although it has no intrinsic ubiquitin ligase activity [195].
MDM2 can either mono-ubiquitinate p53, facilitating its transport to the cytoplasm and termi-
nating p53’s nuclear activity, or cooperate with MDM4 and other Ub ligases to poly-ubiquitinate
and thereby target p53 for degradation by proteasomes [196].

In unstimulated cells, NFκB proteins are generally kept inactive by binding to proteins known
as inhibitors of NFκB (IκBs) [197]. In addition to its actions described above, BTRC triggers
ubiquitination of the NFκB inhibitor, IκBA [198], with the closely related NFKBIB/IκBβ being
a member of the darkmagenta module (Figure 1). NFκB signaling controls many cellular
functions, including cell growth and survival, differentiation, development, immunity, and
inflammation [199], and is subject to tight post-translational regulation by protein kinases,
deubiquitinating enzymes [200], and ubiquitin ligases.

Phosphorylation of IκBA by IKK targets it for ubiquitination and proteasomal degradation by
BTRC, allowing the NFκB protein, RelA, to translocate to the nucleus and activate gene
expression. BTRC also contributes to NFκB pathway activation by promoting the formation
of specific NFκB protein complexes in the nucleus through ubiquitination and partial proteol-
ysis of IκBs, such as p105 and p100. Furthermore, FBXW7 also targets p100 for degradation in
a GSK3β-dependent manner [201–203].

3.15. LINE-1 may affect MYC mRNA stability via MYC’s coding region instability
determinant

MYC is also subject to regulation at the transcript level. In the mouse, the IGF2BP1 RNA-
binding protein stabilizes c-myc RNA by associating with a coding region instability
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determinant (CRD) located in the last 249 nucleotides of the coding region of c-myc [204]. Four
RNA-binding proteins present in the LINE-1 ORF1p interactome (HNRNPU, SYNCRIP, YBX1,
and DHX9) associate with IGF2BP1 in an RNA-dependent fashion and are essential to ensure
stabilization of MYC mRNA via its CRD [205]. Complex formation at the CRD may limit
transfer of MYC mRNA to polysomes and subsequent translation-coupled decay. Further-
more, IGF2BP2-3, two members of the LINE-1 ORF1p interactome appear to operate redun-
dantly with IGF2BP1 in regulating MYC mRNA in addition to having important roles in
modulating tumor cell fate [206].

In further evidence of links between the L1 ORF1p and the IGF2BP1 protein interactomes,
Weidensdorfer et al. [205] identified 24 proteins associating with IGF2BP1 by immune-
purification and mass spectrometry, 14 of which are also present in the L1 ORF1p interact-
ome. This degree of overlap is highly significant with a representation factor of 115.5 and
p-value < 4.927E-27.

4. Conclusions

The findings from our WGCNA analysis of the L1-silenced transcriptome in T47D breast
cancer cells add weight to the growing body of evidence that L1 expression and activity is a
cause rather than a consequence of oncogenesis. In our WGCNA analysis, the observed
changes in expression of numerous genes with fundamental roles in cancer and the formation
of cancer stem cells or the phenotypic transitions of the EMT/MET seem too concerted and
related by function for L1 to be dismissed as a passenger gene or epiphenomenon. Further-
more, a number of these changes in gene expression are consistent with the changes in cancer
cell morphology observed upon pharmacological blockade of L1-RT. Our results also support
a central hypothesis of the WGCNA method; that the similar expression profiles of genes in a
module reflect common regulatory mechanisms or biological functions.

In addition to our gene expression profiling of L1-silencing, we present evidence from inde-
pendent studies showing statistically significant overlaps between the L1 ORF1p and ORF2p
interactomes and cancer driver genes identified by proteomics and data mining. This alone is
strongly suggestive of a driver role for L1 in cancer. We also present evidence from indepen-
dent proteomics studies consistent with L1 having a role in the stabilization of MYC, an
oncoprotein with a key role in the global metabolic reprogramming that occurs in cancer.

In summary, we find evidence of L1 activity mounting a concerted attack on cancer cell gene
expression consistent with EMT/MET-related phenotypic transitions. L1 activity is also impor-
tant in the formation of breast cancer stem cells, the support of cancer cell evolvability and,
probably, the development of chemoresistance.

Future directions include a more intensive transcriptomic investigation of the effects of L1 on
the formation of cancer stem cells with a wider range of cancer cell types and larger sample
sizes. Another high priority will be further investigation of the effects of L1 on non-coding
RNA and integrating this with the effects seen here on gene expression. In this context, we
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STK38 kinase (pink module, Figure 5) (upregulated 1.69x in L1-silenced versus controls)
regulates MYC protein stability and turnover in a kinase activity-dependent manner. In
human B-cell lymphomas, STK38 kinase inactivation prevents apoptosis following B-cell
receptor activation, whereas silencing of STK38 decreases MYC levels and promotes apoptosis
[189]. STK38 knockdown also suppresses growth of MYC-addicted tumors in vivo [189].
CSNK2A2 (a hub gene in the orange module; Figure 8) (fold change -1.76x downregulated in
L1-silenced versus controls) also phosphorylates and regulates MYC in addition to multiple
transcription factors and Hsp90 and its co-chaperones and regulates Wnt signaling by phos-
phorylating CTNNB1 [190, 191].

Other oncoproteins targeted by E3 ubiquitin ligases in the modules described here include p53
and NFKBIB/IκKB (with NFKBIB/IκKB being present in the darkmagenta module, Figure 1).
The p53 transcription factor is a tightly regulated sensor of cellular stress and its activation can
lead to cell cycle arrest, apoptosis, senescence, DNA repair, altered metabolism, or autophagy
[192]. Under normal conditions, protein levels of p53 are kept low by proteasomal degrada-
tion, promoted in part through continuous targeting by MDM2 [185]. The transcription of
MDM2 is also upregulated by p53, creating a feedback loop in which MDM2 targets both p53
and itself for proteasomal degradation [193]. MDM2 also blocks the transactivating activity of
p53, preventing transcriptional activation of p53 target genes [194]. In addition, MDM2 can
heterodimerize with the homologous RING finger protein MDM4/MDMX (a hub in the tan
module, Figure 6). MDM4 binds p53 although it has no intrinsic ubiquitin ligase activity [195].
MDM2 can either mono-ubiquitinate p53, facilitating its transport to the cytoplasm and termi-
nating p53’s nuclear activity, or cooperate with MDM4 and other Ub ligases to poly-ubiquitinate
and thereby target p53 for degradation by proteasomes [196].

In unstimulated cells, NFκB proteins are generally kept inactive by binding to proteins known
as inhibitors of NFκB (IκBs) [197]. In addition to its actions described above, BTRC triggers
ubiquitination of the NFκB inhibitor, IκBA [198], with the closely related NFKBIB/IκBβ being
a member of the darkmagenta module (Figure 1). NFκB signaling controls many cellular
functions, including cell growth and survival, differentiation, development, immunity, and
inflammation [199], and is subject to tight post-translational regulation by protein kinases,
deubiquitinating enzymes [200], and ubiquitin ligases.

Phosphorylation of IκBA by IKK targets it for ubiquitination and proteasomal degradation by
BTRC, allowing the NFκB protein, RelA, to translocate to the nucleus and activate gene
expression. BTRC also contributes to NFκB pathway activation by promoting the formation
of specific NFκB protein complexes in the nucleus through ubiquitination and partial proteol-
ysis of IκBs, such as p105 and p100. Furthermore, FBXW7 also targets p100 for degradation in
a GSK3β-dependent manner [201–203].

3.15. LINE-1 may affect MYC mRNA stability via MYC’s coding region instability
determinant

MYC is also subject to regulation at the transcript level. In the mouse, the IGF2BP1 RNA-
binding protein stabilizes c-myc RNA by associating with a coding region instability
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determinant (CRD) located in the last 249 nucleotides of the coding region of c-myc [204]. Four
RNA-binding proteins present in the LINE-1 ORF1p interactome (HNRNPU, SYNCRIP, YBX1,
and DHX9) associate with IGF2BP1 in an RNA-dependent fashion and are essential to ensure
stabilization of MYC mRNA via its CRD [205]. Complex formation at the CRD may limit
transfer of MYC mRNA to polysomes and subsequent translation-coupled decay. Further-
more, IGF2BP2-3, two members of the LINE-1 ORF1p interactome appear to operate redun-
dantly with IGF2BP1 in regulating MYC mRNA in addition to having important roles in
modulating tumor cell fate [206].

In further evidence of links between the L1 ORF1p and the IGF2BP1 protein interactomes,
Weidensdorfer et al. [205] identified 24 proteins associating with IGF2BP1 by immune-
purification and mass spectrometry, 14 of which are also present in the L1 ORF1p interact-
ome. This degree of overlap is highly significant with a representation factor of 115.5 and
p-value < 4.927E-27.

4. Conclusions

The findings from our WGCNA analysis of the L1-silenced transcriptome in T47D breast
cancer cells add weight to the growing body of evidence that L1 expression and activity is a
cause rather than a consequence of oncogenesis. In our WGCNA analysis, the observed
changes in expression of numerous genes with fundamental roles in cancer and the formation
of cancer stem cells or the phenotypic transitions of the EMT/MET seem too concerted and
related by function for L1 to be dismissed as a passenger gene or epiphenomenon. Further-
more, a number of these changes in gene expression are consistent with the changes in cancer
cell morphology observed upon pharmacological blockade of L1-RT. Our results also support
a central hypothesis of the WGCNA method; that the similar expression profiles of genes in a
module reflect common regulatory mechanisms or biological functions.

In addition to our gene expression profiling of L1-silencing, we present evidence from inde-
pendent studies showing statistically significant overlaps between the L1 ORF1p and ORF2p
interactomes and cancer driver genes identified by proteomics and data mining. This alone is
strongly suggestive of a driver role for L1 in cancer. We also present evidence from indepen-
dent proteomics studies consistent with L1 having a role in the stabilization of MYC, an
oncoprotein with a key role in the global metabolic reprogramming that occurs in cancer.

In summary, we find evidence of L1 activity mounting a concerted attack on cancer cell gene
expression consistent with EMT/MET-related phenotypic transitions. L1 activity is also impor-
tant in the formation of breast cancer stem cells, the support of cancer cell evolvability and,
probably, the development of chemoresistance.

Future directions include a more intensive transcriptomic investigation of the effects of L1 on
the formation of cancer stem cells with a wider range of cancer cell types and larger sample
sizes. Another high priority will be further investigation of the effects of L1 on non-coding
RNA and integrating this with the effects seen here on gene expression. In this context, we
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have already shown global upregulation of microRNA expression mainly due to a marked
increase in let-7 expression following L1-silencing by siRNA [207]. This is consistent with the
effects of PANK2 downregulation on Dicer described earlier. It is also likely that the effects of
L1-silencing by siRNA differ from those induced by pharmacological blockade of L1-RT and
these will need to be investigated to establish whether the concept of pharmacological block-
ade of L1-RT is therapeutically viable. Chemotherapy is implicated in the formation of drug-
resistant cancer stem cells, and NNRTI drugs like Efavirenz are probably no exception to this
issue. Finally, thought should be given to targeting the L1 ORF1 protein pharmacologically as
it is likely that this has a more important role than L1-RT.

Abbreviations

APOC1 Apolipoprotein C1

BLOC1S1 Biogenesis of lysosomal organelles complex 1 subunit 1

BMP Bone morphogenetic protein

CML Chronic myeloid leukemia

CoA Coenzyme A

CSCs Cancer stem cells

DAG Diacylglycerol

DEPTOR DEP domain containing mTOR-interacting protein

DMSO Dimethyl sulfoxide

dPANK Drosophila PANK homolog

eEF1 Eukaryotic translation elongation 1

EIF2S1/eIF2α Eukaryotic initiation factor 2

EMT Epithelial-mesenchymal transition

ESCs Embryonic stem cells

EZH2 Enhancer of zeste 2 polycomb repressive complex 2
subunit

FKBP6 FK506 binding protein 6

G3BP2 GTPase-activating protein (SH3 domain)-binding protein 2

GBM Glioblastoma

GSN Gelsolin

HAF Hypoxia-associated factor

HERV Human endogenous retrovirus
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HIF-1 Hypoxia inducible factor-1

HSP90 Heat shock protein 90

hTERT Human telomerase reverse transcriptase

I-DIRT Isotopic Differentiation of Interactions as Random or
Targeted

IkBs Inhibitors of NFkB

iPSC Induced pluripotent stem cell

IQGAP1-WASH-exocyst complex:

IQGAP1 IQ Motif Containing GTPase Activating Protein 1

WASH Arp2/3 activating protein localized at surface of
endosomes where it induces formation of branched
actin networks

Exocyst Octameric protein complex involved in vesicle trafficking
and cell migration

L1-KD L1 knockdown

L1 ORF1p L1 ORF1 protein

LIMK2 LIM Domain Kinase 2

L1 LINE-1

L1-RT LINE-1 reverse transcriptase

MET Mesenchymal-epithelial transition

Miwi2 Mouse homolog of PIWIL4 (Piwi Like RNA-Mediated
Gene Silencing 4)

MMP-2 Matrix metalloproteinase 2

MT Metallothionein

MT1M Metallothionein 1 M

MT1-MMP Membrane type 1 metalloprotease

MTF1 Metal-responsive transcription factor

NO Nitric oxide

NPC Nuclear pore complex

PA Phosphatidic acid

PANK2 Pantothenate kinase 2

PDH Pyruvate dehydrogenase
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Abstract

Translation of mRNAs into protein is an essential mechanism of regulating gene expres-
sion—and a step exploited by viruses for their own propagation. In this article, we review 
mechanisms that govern translation and provide an overview of the translation machin-
ery, discuss some of the components involved in this process, and discuss how viruses 
modulate host translational controls and implications in vaccine design.
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1. Introduction

The central dogma of molecular biology is that data are organized by DNA, mRNA, and 
protein and that this information is translated during transcription leading to the execution 
of cellular programs via proteins, which are fundamental to the functioning of a cell. A vast 
body of literature has added to our understanding of the molecular interplay during trans-
lation; however, it is far from comprehensive as (1) biological systems are complex where 
there is little correlation between the sizes of an organism, its genome size, and the number 
of protein coding/noncoding genes; (2) biological systems respond acutely to changes in the 
environment or upon infection with a pathogen; (3) all biological systems are in a state of con-
tinuous evolution as they learn from new stimuli and adapt accordingly; (4) posttranslational 
modifications are normally required for assembly into molecular complexes/proteins to elicit 
a function; and (5) many proteins are multifunctional across different pathways. We begin 
this article with a succinct overview of the main components involved in protein translation 
and the translation process itself and then consider the multiple roles transfer RNAs (tRNAs) 
have during translation in virus-infected cells and how viruses modify tRNA expression and 
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function. We conclude with a discussion of how understanding the mechanisms by which 
viruses modulate host translation pathway can aid in an effective vaccine design.

Protein synthesis is a multistep process involving various error-checking mechanisms. For 
example, genes are transcribed in the nucleus, and mature messenger RNAs (mRNAs) are 
exported into the cytoplasm as ribonucleoprotein particles, and immediately they are associ-
ated with ribosomes (either free in the cytoplasm or bound to endoplasmic reticulum) for ini-
tiation of translation. In eukaryotes, ribosomes consist of two subunits, a small 40S (Svedberg) 
and a large 60S, which together form 80S macromolecular ribonucleoprotein complexes of 
ribosomal RNA and ribosomal proteins [1]. The 40S subunit scans the mRNA until it recog-
nizes the first codon (triplet AUG) at which point the first amino acid (a.a) methionine (Met) 
which is bound to its cognate transfer RNA (tRNA) with the UAC anticodon enters and binds 
to the AUG codon via sequence complementarity. The 60S subunit binds to this complex form-
ing two distinct pockets, the peptidyl (P) site containing the Met-tRNA and an amino-acyl (A) 
site where the next aa-tRNA comes in. The chain initiator Met from the P site is transferred 
to the a.a. at the A site with the formation of a peptide bond, and the empty tRNA at A site 
is released. The 80S ribosome scans the next codon and the dipeptide-tRNA complex moves 
to the P site, the next aa-tRNA is brought in and peptide chain elongation continues until the 
ribosome reads the special codon (stop codon) that signals chain ending. When stop codons 
are read, the peptide chain from the tRNA and the ribosome is released [2]. Typically, each 
mRNA is processed by multiple ribosomes simultaneously as polysome complexes [3]. Native 
peptides so formed may need substantial posttranslational modifications before they are trans-
ported to their cellular niche and become functional. Mistranslated peptides are degraded by a 
variety of proteolytic mechanisms and components are recycled. Some mRNAs are long-lived 
in the host cytoplasm, while others are rapidly degraded following protein synthesis [4].

2. Principal components of translation

2.1. Ribosomes

Both prokaryotic and eukaryotic ribosomes are macromolecular complexes consisting of ribo-
somal RNAs (rRNAs) and ribosomal proteins. Ribosomes are separated for structural and 
related studies using isopycnic ultracentrifugation [5] where eukaryotic ribosomes typically 
pellet at 80 Svedberg units of sedimentation and are referred to as 80S ribosomes though they 
consist of the smaller 40S and the larger 60S subunit [6–11]. The complete ribosome is 4.3 MDa 
where the larger 60S subunit contains 28S rRNA, 5S rRNA, 5.8S rRNA, and 47 distinct ribo-
somal proteins, while the smaller 40S contains a single 18S rRNA and 33 distinct ribosomal 
proteins [12]. Mammalian ribosomes contain all the sites necessary for interaction with the 
components of the translation machinery such as eukaryotic initiation factor 1 [13]. Structural 
studies have identified conserved cores in mammalian ribosomes as well as proteins that are 
unique to the human ribosome [14]. The main features of the ribosome involved in translation 
include the amino-acyl (A) site where aa-tRNAs bind, the P site where peptide bond forma-
tion occurs, and the E site where uncharged tRNAs exit the ribosome (Figure 1). Ribosomal 
RNAs are also posttranscriptionally modified at multiple positions and these modifications 
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are essential for proper folding and function [15, 16]. Typical rRNA modifications are cata-
lyzed by small nucleolar RNAs (snoRNAs) and include 2’-O ribose methylation and pseu-
douridylation, which is a very abundant posttranscriptionally modified nucleotide in various 
stable RNAs of all organisms. These specific bases in the rRNA stabilize rRNA structure and 
function. Ribose modifications are guided by C/D box snoRNAs, while pseudouridylation 
modifications are regulated by H/ACA box snoRNAs [17–24].

Figure 1. Overview of host translation.
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2.2. Messenger RNA (mRNA)

The human genome is 3.4 billion base pair long and encodes ~32,000 protein-coding genes 
with a median gene size of ~1 kb containing 7 exons [25]. Protein-coding genes are transcribed 
by RNA polymerase II, and primary transcripts are spliced to remove introns to generate 
mature mRNAs, which are polyadenylated by a poly A polymerase at the 3′ end while the 5′ 
end carries a specific 7-methyl guanosine (m7G) modification that stimulates canonical trans-
lation initiation [26]. Mature mRNAs associate with several RNA-binding proteins and exit 
the nucleus as ribonucleoprotein complexes, which then associate with ribosomes to initiate 
translation. Multiple factors such as number of transcripts, half-life of the mRNA, etc. deter-
mine the level to which a particular mRNA is translated. Housekeeping mRNAs have long 
half-lives, while transcription factors and inducible genes constitute the bulk of mRNAs with 
short half-lives in concordance with their transient roles.

2.3. Transfer RNAs

The human genome encodes 610 tRNA genes [25] that are interspersed throughout the nuclear 
genome and can be classified into 51 anticodon families targeting the 64 codons. Significant 
intraspecies [26] and interspecies [25] copy number variation has been previously demon-
strated and may extend to the tissue or cellular level. Approximately 50% of the nuclear tRNA 
genes are transcribed. The standard 20 a.a are decoded by 597 different tRNAs, and 3 tRNAs 
encode selenocysteine, where incorporation of selenocysteine into the growing peptide chain 
occurs by a unique suppressor tRNA and a stop codon. Moreover, 2 tRNAs have potential 
suppressor function, and 6 tRNAs have unknown a.a. that they carry. Additionally, the 
mitochondrial genome encodes 22 mitochondrial tRNAs (mtRNAs) [27]. Nuclear tRNAs are 
encoded by intronic or intergenic tRNA genes that are transcribed by RNA polymerase III in 
conjunction with transcription factors TBP, BDP1, BRF1, TFIIIB, and TFIIIC in a 3D spatially 
distinct region in the nucleus termed the nucleolus.

The prototypical tRNA genes consist of a 5’-UTR and signature A and B box motif [28, 29], fol-
lowed downstream by a stretch of U residues that signal transcript termination. tRNA genes can 
be located within introns of protein coding genes where they are cotranscribed with their encod-
ing genes. For all intergenic tRNAs, transcription is a concerted process initiating with binding 
of transcription factor TFIIIC to the A and B box region, recruiting TFIIIB upstream, and cul-
minating in recruitment of RNA Pol III. Primary transcript is next processed by RNAse P- and 
RNAse Z-mediated removal of the 5′ leader and the 3′ trailer sequence, where tRNA nucleotidyl 
transferase mediates addition of the 3’-CCA trinucleotides [30–32]. Several posttranscriptional 
modifications on the tRNA are followed by coupling of the tRNA with the cognate a.a., a pro-
cess mediated by aminoacyl tRNA synthetases. The process of tRNA charging involves recogni-
tion of several modifications on the tRNA body especially N73 near the CCA motif at the 3′ end 
[33]. Aberrant primary tRNA transcripts are recycled through a nonsense-mediated decay path-
way involving degradation of their 3′ ends. Additionally, mature tRNAs lacking modifications 
are degraded via a 5′ exonucleolytic cleavage. Eukaryotic cells encode for 20 distinct tRNA syn-
thetases for each of the 20 standard a.a. It remains unclear if amino acylation is restricted to the 
nucleus or also occurs in the cytoplasm. Mitochondrial tRNAs (mtRNAs) that are encoded on 
the circular mitochondrial genome between the rRNA and mRNA genes [27] are transcribed by 
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the mitochondrial RNA polymerase in conjunction with transcription factors Tfam and mtTFB 
from the bidirectional promoters on the circular mitochondrial genome.

Both cytosolic and mtRNAs are posttranscriptionally modified [34], though nuclear tRNAs [35] 
can have additional modifications presumably due to the mechanisms of action for nuclear 
tRNAs and the bacterial origin of mitochondrial tRNAs [27, 36, 37]. These modifications have at 
least three important functions: (1) modifications affecting the anticodon loop, which alter trans-
lation efficiency; (2) modifications to the tRNA body affecting tRNA secondary structure; and 
(3) modifications at other positions that determine aminoacyl transferase recognition and amino 
acid loading on the CCA motif [38]. More than 100 diverse modifications have been reported for 
nuclear tRNAs, while mtRNAs exhibit about 16 conserved posttranscriptional modified nucleo-
sides [39]. The nature and role of tRNA modifications are beyond the scope of this review, 
but they have an essential role in tRNA function both canonical and noncanonical functions. 
Specifically, modifications in the anticodon loop affect tRNA translational function and increase 
translational accuracy by preventing translational frameshifting. Posttranscriptional modifica-
tions to tRNAs considerably increase tRNA complexity since the presence/absence of certain 
modifications can affect tRNA function, and it is estimated that the major tRNA modifications 
can lead to 8192 possible different species of tRNAs for each tRNA. Most mature nuclear tRNA 
molecules are ~76–93 nts, while mtRNAs are 57–73 nts. Nuclear tRNAs exhibit an evolution-
arily conserved cloverleaf secondary structure across pro- and eukaryotic kingdoms consisting 
of four arms designated the acceptor arm, dihydrouridine arm, anticodon stem loop, and the 
TψC arm (ψ representing pseudouridine). The 3′ end of all tRNA molecules terminates in a CCA 
sequence, the 2′ or 3’-OH of the terminal adenosine being the site of aminoacyl-tRNA addition. 
In 3-D, tRNA molecules assume an L-shaped structure where the TψC arm stacks on the accep-
tor stem to form a 12 bp acceptor-TψC minihelix flanking the anticoding stem loop. mtRNAs 
can be structurally classified into three classes [40]: (1) class I mtRNAs (e.g., tRNASer(UCN)), which 
contain a short and an extended anticodon stem [40], (2) class II mtRNAs lack the canonical D- 
and T-loop interaction and have variable lengths and are stabilized via an interaction between 
the D-stem and the extra loop [41, 42], and (3) class III mtRNAs (e.g., mtRNASer(AGY)) lack the 
D-loop and do not exhibit the classical cloverleaf structure [43, 44].

2.4. Wobble-hypothesis and associated implications on translation

The specificity of the codon: anticodon interaction is crucial for incorporation of the correct amino 
acid into the growing peptide chain and determines the composition of the proteome [45–47], rate 
of a.a misincorporation [48–52], and ultimately protein folding [53, 54]. However, the standard 
genetic code is degenerate (i.e., more than one codon can specify the same amino acid). For exam-
ple, six different codons can specify the a.a. lysine (K); tRNALys is thus able to bind to six different 
codons for K in any given mRNA. This is because the ribosome can determine if the interactions 
between the first two bases of the anticodon on the tRNA and the corresponding complements 
on the mRNA are of Watson-Crick-type, but cannot distinguish if the third base interaction is 
perfectly complementary. Nuclear magnetic resonance (NMR) studies with anticodon stem loops 
of the smaller 40S unit of E. coli tRNALys have clearly shown three modifications in this region, 
a N6-threonylcarbamoyladenosine (t6A) modification at position 37, a 5-methylaminomethyl-
2-thiouridine (S,mnm5s2U) modification at position 34, and a pseudouridine at position 39, which 
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The prototypical tRNA genes consist of a 5’-UTR and signature A and B box motif [28, 29], fol-
lowed downstream by a stretch of U residues that signal transcript termination. tRNA genes can 
be located within introns of protein coding genes where they are cotranscribed with their encod-
ing genes. For all intergenic tRNAs, transcription is a concerted process initiating with binding 
of transcription factor TFIIIC to the A and B box region, recruiting TFIIIB upstream, and cul-
minating in recruitment of RNA Pol III. Primary transcript is next processed by RNAse P- and 
RNAse Z-mediated removal of the 5′ leader and the 3′ trailer sequence, where tRNA nucleotidyl 
transferase mediates addition of the 3’-CCA trinucleotides [30–32]. Several posttranscriptional 
modifications on the tRNA are followed by coupling of the tRNA with the cognate a.a., a pro-
cess mediated by aminoacyl tRNA synthetases. The process of tRNA charging involves recogni-
tion of several modifications on the tRNA body especially N73 near the CCA motif at the 3′ end 
[33]. Aberrant primary tRNA transcripts are recycled through a nonsense-mediated decay path-
way involving degradation of their 3′ ends. Additionally, mature tRNAs lacking modifications 
are degraded via a 5′ exonucleolytic cleavage. Eukaryotic cells encode for 20 distinct tRNA syn-
thetases for each of the 20 standard a.a. It remains unclear if amino acylation is restricted to the 
nucleus or also occurs in the cytoplasm. Mitochondrial tRNAs (mtRNAs) that are encoded on 
the circular mitochondrial genome between the rRNA and mRNA genes [27] are transcribed by 
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the mitochondrial RNA polymerase in conjunction with transcription factors Tfam and mtTFB 
from the bidirectional promoters on the circular mitochondrial genome.

Both cytosolic and mtRNAs are posttranscriptionally modified [34], though nuclear tRNAs [35] 
can have additional modifications presumably due to the mechanisms of action for nuclear 
tRNAs and the bacterial origin of mitochondrial tRNAs [27, 36, 37]. These modifications have at 
least three important functions: (1) modifications affecting the anticodon loop, which alter trans-
lation efficiency; (2) modifications to the tRNA body affecting tRNA secondary structure; and 
(3) modifications at other positions that determine aminoacyl transferase recognition and amino 
acid loading on the CCA motif [38]. More than 100 diverse modifications have been reported for 
nuclear tRNAs, while mtRNAs exhibit about 16 conserved posttranscriptional modified nucleo-
sides [39]. The nature and role of tRNA modifications are beyond the scope of this review, 
but they have an essential role in tRNA function both canonical and noncanonical functions. 
Specifically, modifications in the anticodon loop affect tRNA translational function and increase 
translational accuracy by preventing translational frameshifting. Posttranscriptional modifica-
tions to tRNAs considerably increase tRNA complexity since the presence/absence of certain 
modifications can affect tRNA function, and it is estimated that the major tRNA modifications 
can lead to 8192 possible different species of tRNAs for each tRNA. Most mature nuclear tRNA 
molecules are ~76–93 nts, while mtRNAs are 57–73 nts. Nuclear tRNAs exhibit an evolution-
arily conserved cloverleaf secondary structure across pro- and eukaryotic kingdoms consisting 
of four arms designated the acceptor arm, dihydrouridine arm, anticodon stem loop, and the 
TψC arm (ψ representing pseudouridine). The 3′ end of all tRNA molecules terminates in a CCA 
sequence, the 2′ or 3’-OH of the terminal adenosine being the site of aminoacyl-tRNA addition. 
In 3-D, tRNA molecules assume an L-shaped structure where the TψC arm stacks on the accep-
tor stem to form a 12 bp acceptor-TψC minihelix flanking the anticoding stem loop. mtRNAs 
can be structurally classified into three classes [40]: (1) class I mtRNAs (e.g., tRNASer(UCN)), which 
contain a short and an extended anticodon stem [40], (2) class II mtRNAs lack the canonical D- 
and T-loop interaction and have variable lengths and are stabilized via an interaction between 
the D-stem and the extra loop [41, 42], and (3) class III mtRNAs (e.g., mtRNASer(AGY)) lack the 
D-loop and do not exhibit the classical cloverleaf structure [43, 44].

2.4. Wobble-hypothesis and associated implications on translation

The specificity of the codon: anticodon interaction is crucial for incorporation of the correct amino 
acid into the growing peptide chain and determines the composition of the proteome [45–47], rate 
of a.a misincorporation [48–52], and ultimately protein folding [53, 54]. However, the standard 
genetic code is degenerate (i.e., more than one codon can specify the same amino acid). For exam-
ple, six different codons can specify the a.a. lysine (K); tRNALys is thus able to bind to six different 
codons for K in any given mRNA. This is because the ribosome can determine if the interactions 
between the first two bases of the anticodon on the tRNA and the corresponding complements 
on the mRNA are of Watson-Crick-type, but cannot distinguish if the third base interaction is 
perfectly complementary. Nuclear magnetic resonance (NMR) studies with anticodon stem loops 
of the smaller 40S unit of E. coli tRNALys have clearly shown three modifications in this region, 
a N6-threonylcarbamoyladenosine (t6A) modification at position 37, a 5-methylaminomethyl-
2-thiouridine (S,mnm5s2U) modification at position 34, and a pseudouridine at position 39, which 
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force the dynamic loop structure to assume an open U-turn structure that perfectly fits the ribo-
somal decoding center [55]. Ribosomal profiling studies have shown that wobble positions slow 
the rates of protein translation [56]. Controlling the rate of translation via wobble base pairing has 
important implications: (1) utilizing infrequent tRNAs that are expressed only under particular 
stimuli, (2) allowing for stable and correct folding of the protein, and (3) allowing information for 
regulation of translation rate to be hard-coded in the mRNA [57, 58].

Recent studies have shown that in cellular organelles that do not encode all the tRNAs neces-
sary to read the genetic code, a single tRNA species containing a U in the wobble position in 
the anticodon can read fourfold degenerate codon, a phenomenon described as superwob-
bling [58]. The superwobbling allows codons to be decoded not only by tRNAs containing a 
perfectly complementary or wobble 3rd base but also by tRNAs that employ superwobbling 
allowing for smaller genomes [58, 59].

2.5. Alternative functions of tRNAs

In addition to their normal function in protein synthesis, tRNAs acutely respond to cellular and 
environmental stresses. Cells with different proteomic profiles also exhibit diversity of tRNA 
iso-acceptor types, i.e., tRNAs with different anticodons but same a.a. tRNA expression, post-
transcriptional modifications, and abundance (both copy numbers and expression) typically 
reflect the cellular state of tRNAs that code for the most abundant codons and are found in high 
copy numbers. tRNA expression levels in a particular cell type reflect the codon bias of that cell 
and indicate the proliferation status of a cell type, a feature that supports the proposition that 
tRNA gene expression is modulated in response to the host cell needs. The ribosomal tempo 
is thus regulated by abundance and diversity of the tRNA pool available during translation.

tRNAs are cleaved during cellular stress [60] and in immune response to infection generating 
specific tRNA fragments (tRFs) that contain the 5′ (5’tRFs) or the 3′ (3’tRFs) ends of the parent 
tRNA molecule (Figure 2). The most known tRFs are nuclear in origin though a few tRFs have 
been shown to originate from plastid genomes [61] or mitochondria [62]. tRFs have also been 
reported to originate from the pre-tRNA moiety instead of the mature tRNA molecule, and these 
are labeled as 3’-U tRFs since they match the 3′-trailer region of the precursor tRNA [63–65]. 
Many tRFs that result from cellular stress conditions consist of two 30–40 nt long fragments split 
across the anticodon loop and are referred to as tRNA-derived stress-induced RNAs (tiRNAs) 
[66–68]. tiRNAs reflect universal hallmarks of cellular stress across all kingdoms of life [69–75].

The level of parent tRNA molecules is maintained during tRF generation suggesting that tRF 
formation may be a mechanism to regulate translation via inhibition of initiation [76, 77]. Among 
tRFs, 5’-tRFs primarily function as signaling intermediates [78] and reduce translation [79] via 
induction of stress granule formation [80]. The complete biosynthesis of tRFs involves either 
degradation of pre-tRNA molecules via the TRAMP pathway in the nucleus [81–85] or via cyto-
solic degradation of mature tRNAs via the rapid tRNA decay (RTD) pathway. The TRAMP 
pathway consists of a polyadenylase Trf4 (topoisomerase 1-related 4), a RNA helicase Mtr4p 
(mRNA transport regulator 4 protein), and Air2 (arginine methyltransferase-interacting RING 
finger protein 2), which interacts with Rrp6, a 3′ exoribonuclease of the nuclear exosome. The 
RTD pathway involves methionine-requiring protein 22 (Met22) [86] and cytosolic 5′-3′ exonu-
cleases such as ribonucleic acid trafficking protein 1 (Rat 1) [86], exoribonuclease 1 (Xrn1) [86, 87],  
endonucleases ELAC2 [65], Dicer [64, 88, 89], and angiogenin (ANG) [71]. Though the exact 
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function of tRFs is not known, evidence indicates that tRFs can behave as siRNAs by degrad-
ing transcripts [90] and can regulate ribosomal loading and protein chain elongation [91]. 
Mechanisms of how tRFs are produced are most likely stimulus and species specific. Similarly, 
the functional roles of tRFs are yet to be elucidated (reviewed previously [92]). In yeast, tRFs 
are associated with starvation-induced vacuoles where they are degraded to provide phosphate 
and nitrogen [93]. tRFs also accumulate in plants during conditions of phosphate paucity [70]. 
Cleavage of the 3′ end CCA by angiogenin has been shown to reduce rate of protein translation 
[94], as well as initiation by competing with the eukaryotic initiation factor eIF4F.

2.6. How do tRNAs affect vaccine production and potentially efficacy?

Among the variety of stimuli host cells respond to, intracellular pathogens are a special case as 
many pathogens regulate host cell translation themselves. Viruses in particular regulate mul-
tiple facets of the host translation process since inhibition of host protein synthesis (1) makes 

Figure 2. Transfer RNA structure and biogenesis of transfer RNA fragments (tRFs). The cloverleaf model of a canonical 
nuclear tRNA is shown. Bold lines indicate Watson-Crick base pairing in the tRNA stems while dotted lines indicate 
base pairing in the tertiary structure of the tRNA. Shaded areas indicate regions from where the 5’/ 3’ or internal tRFs 
are produced.
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Many tRFs that result from cellular stress conditions consist of two 30–40 nt long fragments split 
across the anticodon loop and are referred to as tRNA-derived stress-induced RNAs (tiRNAs) 
[66–68]. tiRNAs reflect universal hallmarks of cellular stress across all kingdoms of life [69–75].

The level of parent tRNA molecules is maintained during tRF generation suggesting that tRF 
formation may be a mechanism to regulate translation via inhibition of initiation [76, 77]. Among 
tRFs, 5’-tRFs primarily function as signaling intermediates [78] and reduce translation [79] via 
induction of stress granule formation [80]. The complete biosynthesis of tRFs involves either 
degradation of pre-tRNA molecules via the TRAMP pathway in the nucleus [81–85] or via cyto-
solic degradation of mature tRNAs via the rapid tRNA decay (RTD) pathway. The TRAMP 
pathway consists of a polyadenylase Trf4 (topoisomerase 1-related 4), a RNA helicase Mtr4p 
(mRNA transport regulator 4 protein), and Air2 (arginine methyltransferase-interacting RING 
finger protein 2), which interacts with Rrp6, a 3′ exoribonuclease of the nuclear exosome. The 
RTD pathway involves methionine-requiring protein 22 (Met22) [86] and cytosolic 5′-3′ exonu-
cleases such as ribonucleic acid trafficking protein 1 (Rat 1) [86], exoribonuclease 1 (Xrn1) [86, 87],  
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Gene Expression and Regulation in Mammalian Cells - Transcription Toward the Establishment of Novel Therapeutics348
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ing transcripts [90] and can regulate ribosomal loading and protein chain elongation [91]. 
Mechanisms of how tRFs are produced are most likely stimulus and species specific. Similarly, 
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are associated with starvation-induced vacuoles where they are degraded to provide phosphate 
and nitrogen [93]. tRFs also accumulate in plants during conditions of phosphate paucity [70]. 
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available crucial resources for translation of viral proteins, (2) reduces intracellular antiviral 
responses, and (3) reduces intercellular signaling helping viral spread in neighboring tissue. 
Immunization of a host with viral vaccine antigen can prevent viral modulation of the host 
translation machinery. Most viral antigens are considered “foreign” by the host cell—a feature 
tied to their codon usage that differs from the host.

The standard vertebrate genetic code contains 64 codons (61 coding for an amino acid and 3 
stop codons); however, most eukaryotic proteins contain 20 standard amino acids, and thus, 
more than one codon can encode the same amino acid. Codons that specify the same amino 
acid are referred to as synonymous codons. Those that do not specify the same amino acid are 
termed nonsynonymous codons. However, most biological systems have evolved to preferen-
tially utilize one or few codons for each amino acid during translation, a feature referred to as 
codon usage bias [95–98]. Thus, in an infected cell, viral and host proteins may be translated 
by very different collections of codons. Accumulating data show that many viruses evolve 
to adapt their codon usage to the host [99], and this can be specific for each virus or viral 
gene to regulate the tempo and pattern of expression. This raises a challenge in commercial 
vaccine production because rare codon usage can lead to low yield of the immunogen and 
increase production costs [100]. Secondly, while most host protein synthesis begins with an 
initiator codon (AUG) coding for methionine, viral genomes utilize multiple mechanisms of 
noncanonical translation such as internal ribosomal entry sites (IRES), ribosome shunting, 
leaky scanning of the viral open reading frame, non-AUG initiation, and reinitiation from 
AUG with frame shifts; read through translation and alternative stop; and carry on translation 
[101]. A detailed description of this is out of the scope of this examination, and it is important 
to understand how these mechanisms can be used to improve vaccine yield and/or efficacy.

A commonly employed strategy to improve vaccine yield is to optimize the codon usage pat-
tern to overcome bias for the antigen in question [57, 102]. Codon usage bias is calculated by 
counting the number of time a particular codon is observed in a gene or set of genes. This can 
be extended to calculate the relative synonymous codon usage, which reflects the abundance 
of a particular codon relative to all other codons in the absence of a codon usage bias. By tabu-
lating the most frequently used codons in the host genome and comparing to those used in 
the viral genome, it is possible to discern codon usage bias (CUB) for the virus. Immunogens 
in vaccines can then be expressed either in cells that overexpress the rare tRNA used by the 
viral protein to increase protein yield or engineered through molecular tools (site-directed 
mutagenesis, cloning, etc.) to utilize the most common host codons. This codon optimization 
strategy has been employed for developing a variety of vaccines [57, 103–140]. Codon optimi-
zation has been reported to reduce vaccine efficacy by increasing antigenicity and changing 
conformation of the native immunogen [141–145]. Codon optimization as a way to increase 
immunogen (vaccine) production suffers from the assumptions that: (1) rare codons limit rate 
of translation, (2) synonymous codons have redundant function, (3) replacing rare codons 
with high-frequency codons improves protein yield, and (4) sites of posttranslational modifi-
cations are preserved upon codon optimization. However, multiple studies have shown that 
these are not necessarily true and multiple other factors such as mRNA secondary structure 
[146] and posttranscriptional modifications on mRNAs [147] can alter rates of translation.
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Conversely, incorporation of rare (nonpreferred) codons in viral genes used for antigen 
production can lead to decreased production of viral antigens and lead to attenuation. This 
codon deoptimization strategy has also been employed for a variety of viral vaccine can-
didates [148–163]. These studies have clearly shown attenuation of viral replication and 
improved immune responses. Further, it was recently shown that deoptimized live attenu-
ated viral vaccines in case of respiratory syncytial virus (RSV) remain genetically stable if 
these changes in the genome are distributed throughout and not restricted to one viral gene 
or antigen [149]. Codon deoptimization strategies are still being explored for viral vaccine 
design; however, like codon optimization strategies, the rules for design of a safe and effec-
tive candidate are only partly recognized. Both optimization and deoptimization require 
extensive computational analysis, which needs to be followed up with measures of attenua-
tion, antigenicity, and structural analysis of the antigen coupled with analysis of alternative 
peptides and proteins. An overview of codon optimization strategies currently used for viral 
antigens is shown in Figure 3.

Figure 3. Strategies for codon optimization for viral gene expression. Schematic showing how poor translation of viral 
antigens owing to differential codon usage between viral and host genes can be overcome. In all panels, host/viral 
codon usage for six hypothetical amino acids (aa1–6) is shown using a color-coded histogram. Each bar represents a 
separate codon (1–4) used for that amino acid. Height of the bar is proportional to the frequency of that codon used. 
Host histograms are distinguished by bold outlines. (A) In this approach, the entire viral coding sequence is modified to 
reflect the most abundant codons used by the host. (B) In this strategy, only those viral codons that are rare in the host are 
mutated to the host codon. (C) In this approach, viral coding sequences are mutated to reflect optimum (not necessarily 
maximal) codon usage (D) This approach utilizes information on host transfer RNA (tRNA) expression to determine 
which codons in the viral coding sequence need to be mutated to the host. This strategy can include/exclude host codon 
usage bias. Host tRNA expression is depicted on a color scale with low (black) to red (high) expression.
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available crucial resources for translation of viral proteins, (2) reduces intracellular antiviral 
responses, and (3) reduces intercellular signaling helping viral spread in neighboring tissue. 
Immunization of a host with viral vaccine antigen can prevent viral modulation of the host 
translation machinery. Most viral antigens are considered “foreign” by the host cell—a feature 
tied to their codon usage that differs from the host.

The standard vertebrate genetic code contains 64 codons (61 coding for an amino acid and 3 
stop codons); however, most eukaryotic proteins contain 20 standard amino acids, and thus, 
more than one codon can encode the same amino acid. Codons that specify the same amino 
acid are referred to as synonymous codons. Those that do not specify the same amino acid are 
termed nonsynonymous codons. However, most biological systems have evolved to preferen-
tially utilize one or few codons for each amino acid during translation, a feature referred to as 
codon usage bias [95–98]. Thus, in an infected cell, viral and host proteins may be translated 
by very different collections of codons. Accumulating data show that many viruses evolve 
to adapt their codon usage to the host [99], and this can be specific for each virus or viral 
gene to regulate the tempo and pattern of expression. This raises a challenge in commercial 
vaccine production because rare codon usage can lead to low yield of the immunogen and 
increase production costs [100]. Secondly, while most host protein synthesis begins with an 
initiator codon (AUG) coding for methionine, viral genomes utilize multiple mechanisms of 
noncanonical translation such as internal ribosomal entry sites (IRES), ribosome shunting, 
leaky scanning of the viral open reading frame, non-AUG initiation, and reinitiation from 
AUG with frame shifts; read through translation and alternative stop; and carry on translation 
[101]. A detailed description of this is out of the scope of this examination, and it is important 
to understand how these mechanisms can be used to improve vaccine yield and/or efficacy.

A commonly employed strategy to improve vaccine yield is to optimize the codon usage pat-
tern to overcome bias for the antigen in question [57, 102]. Codon usage bias is calculated by 
counting the number of time a particular codon is observed in a gene or set of genes. This can 
be extended to calculate the relative synonymous codon usage, which reflects the abundance 
of a particular codon relative to all other codons in the absence of a codon usage bias. By tabu-
lating the most frequently used codons in the host genome and comparing to those used in 
the viral genome, it is possible to discern codon usage bias (CUB) for the virus. Immunogens 
in vaccines can then be expressed either in cells that overexpress the rare tRNA used by the 
viral protein to increase protein yield or engineered through molecular tools (site-directed 
mutagenesis, cloning, etc.) to utilize the most common host codons. This codon optimization 
strategy has been employed for developing a variety of vaccines [57, 103–140]. Codon optimi-
zation has been reported to reduce vaccine efficacy by increasing antigenicity and changing 
conformation of the native immunogen [141–145]. Codon optimization as a way to increase 
immunogen (vaccine) production suffers from the assumptions that: (1) rare codons limit rate 
of translation, (2) synonymous codons have redundant function, (3) replacing rare codons 
with high-frequency codons improves protein yield, and (4) sites of posttranslational modifi-
cations are preserved upon codon optimization. However, multiple studies have shown that 
these are not necessarily true and multiple other factors such as mRNA secondary structure 
[146] and posttranscriptional modifications on mRNAs [147] can alter rates of translation.
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Conversely, incorporation of rare (nonpreferred) codons in viral genes used for antigen 
production can lead to decreased production of viral antigens and lead to attenuation. This 
codon deoptimization strategy has also been employed for a variety of viral vaccine can-
didates [148–163]. These studies have clearly shown attenuation of viral replication and 
improved immune responses. Further, it was recently shown that deoptimized live attenu-
ated viral vaccines in case of respiratory syncytial virus (RSV) remain genetically stable if 
these changes in the genome are distributed throughout and not restricted to one viral gene 
or antigen [149]. Codon deoptimization strategies are still being explored for viral vaccine 
design; however, like codon optimization strategies, the rules for design of a safe and effec-
tive candidate are only partly recognized. Both optimization and deoptimization require 
extensive computational analysis, which needs to be followed up with measures of attenua-
tion, antigenicity, and structural analysis of the antigen coupled with analysis of alternative 
peptides and proteins. An overview of codon optimization strategies currently used for viral 
antigens is shown in Figure 3.

Figure 3. Strategies for codon optimization for viral gene expression. Schematic showing how poor translation of viral 
antigens owing to differential codon usage between viral and host genes can be overcome. In all panels, host/viral 
codon usage for six hypothetical amino acids (aa1–6) is shown using a color-coded histogram. Each bar represents a 
separate codon (1–4) used for that amino acid. Height of the bar is proportional to the frequency of that codon used. 
Host histograms are distinguished by bold outlines. (A) In this approach, the entire viral coding sequence is modified to 
reflect the most abundant codons used by the host. (B) In this strategy, only those viral codons that are rare in the host are 
mutated to the host codon. (C) In this approach, viral coding sequences are mutated to reflect optimum (not necessarily 
maximal) codon usage (D) This approach utilizes information on host transfer RNA (tRNA) expression to determine 
which codons in the viral coding sequence need to be mutated to the host. This strategy can include/exclude host codon 
usage bias. Host tRNA expression is depicted on a color scale with low (black) to red (high) expression.
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3. Future directions

tRNAs and other molecules involved in host translation are an important target for disease 
intervention especially for intracellular viral pathogens, which are completely reliant on the host 
translation machinery for their successful replication and propagation in the host. However, 
mechanisms by which viruses and their hosts regulate translation are still being elucidated and 
this information is critical for development of novel interventions for both infectious and nonin-
fectious diseases. Several vaccine production platforms use codon optimization strategies so that 
vaccine candidates mimic host codon usage and can be produced more efficiently with lower 
production costs. This results in selective usage of certain tRNAs to carry particular amino acids 
and to be recognized by the host cells. It is important that viral proteins can be synthesized pref-
erentially over host proteins stimulating an immune response using these viral antigens and can 
be used to educate the host immunity to reduce or block damage due to subsequent infections. 
Inherently, every vaccine is foreign in nature for its host, which triggers an immune response. 
Prevalent vaccines used against infectious disease broadly fall into three categories: (1) those 
involving attenuated/killed pathogen, (2) subunit vaccines that contain one or more pathogen 
antigens (pathogen-derived or recombinant), and (3) recombinant plasmids that express one 
or more antigens as above. Additionally, vaccines are formulated considering delivery routes, 
speed of antigen release, need for adjuvants, and desired immune response. Irrespective of 
these criteria, the primary criterion that defines a vaccine is its antigenicity and it is important to 
understand mechanisms that regulate antigenicity of vaccine candidates to retain efficacy in vivo.
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