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Biochemistry, the study of chemical transformations occurring within living
organisms, impacts all of the life sciences, from molecular crystallography and
genetics, to ecology, medicine and population biology. Biochemistry studies
macromolecules - proteins, nucleic acids, carbohydrates and lipids —their building
blocks, structures, functions and interactions. Much of biochemistry is devoted

to enzymes, proteins that catalyze chemical reactions, enzyme structures, mech-
anisms of action and their roles within cells. Biochemistry also studies small sig-
naling molecules, coenzymes, inhibitors, vitamins and hormones, which play roles
in the life process. Biochemical experimentation, besides coopting the methods

of classical chemistry, e.g., chromatography, adopted new techniques, e.g., X-ray
diffraction, electron microscopy, NMR, radioisotopes, and developed sophisticat-
ed microbial genetic tools, e.g., auxotroph mutants and their revertants, fermenta-
tion, etc. More recently, biochemistry embraced the ‘big data’ omics systems.
Initial biochemical studies have been exclusively analytic: dissecting, purifying
and examining individual components of a biological system; in exemplary words
of Efraim Racker, (1913 -1991) “Don’t waste clean thinking on dirty enzymes.”
Today, however, biochemistry is becoming more agglomerative and comprehen-
sive, setting out to integrate and describe fully a particular biological system. The
‘big data’ metabolomics can define the complement of small molecules, e.g., ina
soil or biofilm sample; proteomics can distinguish all the proteins comprising e.g.,
serum; metagenomics can identify all the genes in a complex environment e.g., the
bovine rumen.

This Biochemistry Series will address both the current research on biomolecules,
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Preface

Cell death plays an important role in various physiological and pathological condi-
tions. It is a process involving the growth and differentiation of cells, death of normal
cells, and cleaning of abnormal cells. The dysregulation of the cell death process may
lead to diverse diseases.

There are two main types of cell death: necrosis and programmed cell death (PCD).
Necrosis is an unregulated, passive process characterized by organelle and cell
membrane destruction. PCD is an active extinction process, including apoptosis,
autophagy, ferroptosis, pyroptosis, and necroptosis. Among them, the most studied
PCD processes are apoptosis, autophagy, and ferroptosis. Apoptosis is an orderly
cell death. There are two types of apoptosis: exogenous apoptosis via death recep-
tor pathway, and endogenous apoptosis via mitochondrial pathway. Autophagy is a
self-eating process. It serves to degrade impaired organelles and malformed proteins
via autophagosomes and recycle and reuse them for cell functions. Ferroptosis is a
recently discovered PCD. It is a process of iron-dependent lipid peroxidation. It usu-
ally causes a dense mitochondrial membrane and the loss of glutathione peroxidase 4.

In Section 1, “Cell Death”, Chapter 1 summarizes the role of epigenetic regulation

of cell death in cancer. For example, the role of epigenetic regulations in apoptosis
including the DNA hypermethylation on FAS receptor, BCL-2, and Apaf-1; their role
in DNA hypomethylation on chromosomal stability; and their role in the histone
methylation on BIM. It also discusses the role of epigenetic regulations in other forms
of cell death, including necroptosis, pyroptosis, ferroptosis, NETosis, immunogenic
cell death, and parthanatos. In Chapter 2, proline-rich peptide (PRP-1) is isolated
from neurosecretory granules of the bovine neurohypophysis. PRP-1 has been shown
to have the opposite effects on cell death in neurodegenerative diseases and cancer. It
significantly reduces staurosporine-induced apoptosis of postnatal hippocampal cells,
as well as doxorubicin-induced apoptosis of bone marrow monocytes and granu-
locytes. PRP-1 also exerts the opposite effect on the proliferation of bone marrow
stromal cells obtained from normal humans and on the stromal cells isolated from the
human giant-cell tumor. PRP-1 cytostatically inhibits chondrosarcoma bulk tumors
but exerts a drastic cytotoxic effect on sarcomas cancer stem cells.

In Section 2, “Ferroptosis”, Chapter 3 discusses the role of ferroptosis in tumorigen-
esis, progression, and chemoresistance of different types of leukemia including acute
myeloid leukemia (AML), acute lymphoblastic leukemia (ALL), chronic myelocytic
leukemia (CML), and chronic lymphocytic leukemia (CLL). Furthermore, both
activators and inhibitors of ferroptosis have been identified and used to study the
molecular mechanisms underlying ferroptosis, thus paving the way toward design-
ing new therapeutic strategies for treating ferroptosis-related diseases. In Chapter 4,
ferroptosis is reported to be responsible for several neurological disorders; however,
the underlying mechanism is not fully elucidated. This chapter reviews the role of
ferroptosis in neurological disorders. For example, the ferroptosis-related gene, the



ferroptosis regulators, and their role in ferroptosis-related neurological diseases.
Chapter 5 discusses the role of iron and ferroptosis in chronic diseases, including (1)
its role in tumors, such as in hepatocellular carcinoma, pancreatic cancer, renal cell
carcinoma, breast cancer, bladder tumor, and tumor-associated ferroptosis regulatory
protein (SLC7A11, p53, NRF2, ACSL4, GPX4, FSP1); (2) its role in neurodegenerative
diseases, such as Alzheimer’s disease, Parkinson’s disease, and amyotrophic lateral
sclerosis; and (3) its role in cardiovascular and cerebrovascular disease.

In Section 3, “Autophagy”, Chapter 6 presents the authors’ study demonstrating that
overactivation of the mTOR pathway in the liver promotes de novo lipid synthesis and
eventually the formation of non-inflammatory hepatocellular carcinoma (HCC). The
mechanism study reveals that persistent activation of the mTOR pathway promotes
the de novo synthesis of lipids, resulting in the production of a large amount of lipid
in the liver; meanwhile, it also inhibits autophagy, resulting in the inability of lipids to
be removed in time and its accumulation in the liver. Accumulated lipid peroxidation
is responsible for the development of HCC. In addition, the persistently activated
mTOR pathway inhibits the release of exosomes. The reduced release of exosomes
may impair intercellular communication, especially with immune cells, thereby mak-
ing HCC more prone to invasion and metastasis with less inflammation.

Despite significant achievements in the study of cell death and its role in diverse
diseases in recent years, the mechanisms underlying cell death are still not fully eluci-
dated. It is believed that based on a further understanding of the role and mechanism
of cell death in diseases, more patients will benefit from novel treatment strategies
targeting cell death. This book is a useful resource in this regard.

Ke Xu

Tianjin Lung Cancer Institute,

Tianjin Medical University General Hospital,
Tianjin, China
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Chapter1

Epi-Regulation of Cell Death
in Cancer

Antonio Beato, Laura Della Torre, Vincenza Capone,
Daniela Carannante, Gregorio Favale, Giulia Verrilli,
Lucia Altucci and Vincenzo Carafa

Abstract

How do organisms regulate the correct balance between the production of “new”
cells and the elimination of the “old” ones, remains an important biology issue under
investigation. Cell(s) death represents a fundamental process involved in organism
development and cell homeostasis, whose alteration is considered one hallmark of
cancer and lead to drug resistance and consequently treatment failure. The recent
re-classification of cell death has identified new molecular programs in which several
proteins have a pivotal role. Several studies have highlighted a direct link between
epigenetic modifications and cell death mechanisms. Different epi-modifications
have been described, capable of regulating diverse key players implicated in cell
death, leading to uncontrolled proliferation of cancer cells. Scientific efforts are
focused on the understanding the epigenetic regulation of cell death mechanisms by
developing tools and/or new epi-molecules able to overcome cell death resistance. The
development of new epi-molecular tools can overcome cell death deregulation thus
potentially improving the sensitivity to the anti-tumor therapies. This chapter focuses
on the main epigenetic deregulations in cell death mechanisms in cancer.

Keywords: epigenetics, cell death, cancer, apoptosis, necroptosis pyroptosis,
Immunogenic cell death, NETosis, parthanatos

1. Introduction

Epigenetics is the study of functionally heritable changes in the genome that
occur without structural changes in the DNA sequence [1], characterizing cel-
lular phenomena and molecular mechanisms responsible of the remodeling of a
phenotype starting from a fixed structure that is determined by the genotype [2].
Epigenetic mechanisms can regulate gene expression through covalent chemical
modifications, histone posttranslational modifications (PTMs), several RNA species
or also through chromosomal superstructure modifications in which DNA is pack-
aged without making any change in the DNA (in its) basic structure [3, 4]. During
the past years, different types of epigenetic mechanisms have been identified (i)
DNA methylation, (ii) histone modifications, and (iii) non-coding RNA (ncRNA),
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Cell Death and Disease

able to modulate gene and protein expression [3]. Epigenetic changes are the results
of the action of three different enzymatic classes, (i) writers, able to add chemical
groups on DNA, histones and proteins; (ii) readers, which read and identify several
“signals” through their structural domains, and (iii) erasers involved in the removal
of chemical groups.

DNA methylation is one of the most known epigenetic modifications able to repress
gene transcription and expression, especially when located near the transcription start
sites of genes [5]. Well-known is the crucial role of both hypermethylation of tumor
suppressor and global hypomethylation of oncogenes in tumor initiation and progres-
sion [6]. PTMs, changing the histone structure, are also able to alter gene expression.
[7]. These alterations, mediated by the addition of chemical groups at the N-terminal
tail of histones are covalent, reversible, and redundant creating a real “histone code”
that regulates the chromatin structure, gene expression and the recruitment of differ-
ent enzymes. These changes can include (i) acetylation of lysine residues; (ii) methyla-
tion of lysine and arginine residues; (iii) phosphorylation of serine residues; (iv) the
binding of one or more monomers of ubiquitin (ubiquitination), (v) the binding of
several polypeptide (SUMOylation), (vi) citrullination, consisting in the conversion
of arginine residues into citrulline residues by specific enzymes [8]. Much progress has
been made in understanding the roles of both microRNAs (miRNAs) and long non-
coding RNAs (IncRNAs) in gene regulation which play an important part in several
biological processes such as proliferation, differentiation, apoptosis [9].

Epigenetic changes are often associated to the genesis of many pathologies with
a “high social impact” such as cancer. These modifications induce the blocking or
definitive silencing of many cellular signal transduction pathways, the restora-
tion of which today represents a promising therapeutic perspective. Particularly

.
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studied are the cell death pathways, complex and finely regulated processes whose
deregulation alters the correct cell homeostasis, responsible of the excessive cell
proliferation. Cell death phenomena alteration represents one of the main markers of
oncogenic cell transformation responsible for resistance to cancer and drug thera-
pies failure [10]; indeed, a tumor cell still retains the ability to proliferate and/or to
go into apoptosis but the pathways of regulation of these signals can be silenced and
therefore inactive.

The aim of this chapter is to shed light on the epigenetic regulation of the molecu-
lar players involved in cell death pathways, whose alteration has a pivotal role in
carcinogenesis. Considering the reversibility of the epigenetic modifications, they
represent a promising target for anticancer therapy (Figure1).

2. Cell death mechanisms

For along time, cell death was considered an inexorable event for cells, an indis-
pensable cellular mechanism which allows the cell to die when it is damaged, altered
or simply aged [11]. Cell death is to be considered not only as a destructive process
for the organism but also as a defensive process that the cells put in place to preserve
homeostasis [12]. Several studies have shown that cell death mechanisms not only
allow the cell to die when it has reached the end of its life cycle, but they are useful
events both during prenatal and the development for the removal of excess, damaged
or altered formed cells [13]. Based on the severity of the insults, on the morphology
and on the biological events that can be activated during the cell death process, we
distinguish an accidental death cellular process (ACD), and a regulated cell death
(RCD) [14].

Necrosis, a type of ACD, is an unordered and unscheduled death mechanism that
cells puts in place in response to stimuli such as radiations, toxins, osmotic variations,
viral or bacterial infections followed by a large immunogenic and inflammatory
response. Some enzyme systems involved in this process are lytic enzymes called
calpain and cathepsins as well as damage-associated molecular patterns (DAMPs)
which can be DNA fragments, ATP, uric acid, inflammatory cytokines including High
Mobility Group Box 1 (HMGB1), an inflammatory cytokine of great importance in
the necrosis process [15].

On the other hand, RCD, is a controlled death process that can be genetically
or pharmacologically regulated which is involved in two different scenarios. It acts
as the main process in tissue development responsible for the cell’s turnover in the
absence of exogenous environmental perturbations [16, 17]. RCD can be also the
result of prolonged intra and extracellular perturbations [18] and does not alter
tissue homeostasis or cell development. When it occurs in physiological conditions
it is called programmed cell death (PCD) [19-21]. Considering only morphological
characteristics, it has been proposed a classification of several forms of cell death
including: type I or apoptosis, type II or autophagy, type III or necrosis [14, 19].

In this last decade, a new subdivision of the various cell deaths has been proposed
through essential and mechanistic aspects that distinguish them. Twelve types of
cell deaths have been identified which are Necroptosis, Ferroptosis, Pyroptosis,
Parthanatos, Entotic cell deah, NETotic cell death, Lysosome-dependent cell death
(LDCD), Autophagy-dependent cell death (ADCD), Immunogenic cell death (ICD),
Intrinsic apoptosis, Extrinsic apoptosis, Mithocondrial permeability transition-driven
necrosis (MPT).
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2.1 Epigenetic regulation in apoptosis

Apoptosis, or type I PCD, is a finely regulated “molecular assisted suicide” mecha-
nism, necessary for maintaining cellular homeostasis processes. It is the response to
DNA damage (spontaneous apoptosis), or different conditions such as hypoxia, lack
of growth factors and action of chemotherapeutic agents (induced apoptosis). It is
also involved in physiological processes such as embryogenesis and differentiation. It
is defined as a “clean” death mechanism since there is no release of waste elements: the
apoptotic bodies - which contain cell fragments - are eliminated through the action
of the immune system and more specifically through the action of macrophages
[22]. The loss of apoptotic regulation causes uncontrolled cell proliferation leading
to several human diseases such as cancer [23]. Apoptosis is the result of extrinsic or
intrinsic signals, coming from outside and inside the cell, respectively. A pivotal role,
in this pathway, is played by initiator and effector caspases synthesized as inactive
zymogens and activated by a proteolytic cut [24]. The extrinsic apoptosis pathway is
triggered by the link between death receptors of the Tumor Necrosis Factor (TNF)-
family with their specific pro-apoptotic ligands resulting in the activation of different
molecular adapter able to cleave initiator caspases which in turn cleave and activate
effector caspases [25] while the intrinsic pathway is triggered by mitochondrial dys-
function caused by cellular stress [26]. The main event is the release of cytochrome ¢
from complex, called apoptosome, with other cytosolic proteins Apoptotic protease
activating factor-1 (Apaf-1) and activates initiator and effector caspases [27].

Several epigenetic modifications have been identified as responsible for the eva-
sion of the apoptotic process and carcinogenesis. As result of an alteration of DNA
methyltransferases (DNMTs) functions, in cancer cells diffused events of hyper- and
hypo-methylation, contributes to apoptosis resistance [28].

In several cancers, hypermethylation of the promoter region of tumor suppressor
genes involved in the regulation of apoptotic processes leads to an uncontrollable
proliferation contributing to apoptosis resistance of cancer cells [29].

Hypermethylation on FAS promoter region, is responsible of the suppression of its
expression, leading to a Cutaneous T-cell lymphoma and neoplastic transformation of
epithelial cells into colon cancer [30, 31]. In neuroblastoma, melanoma and ovarian
cancer cells, the resistance to TRAIL-induced apoptosis is due to hypermethylation
of the DR4 and DR5 promoters [32-34]. In other cancer types, such as hepatocellular
carcinoma, bladder cancer, small-cell lung carcinoma, glioblastoma, retinoblastoma,
and neuroblastoma, caspases 8 and 10 are silenced by the methylation on their
promoters resulting in a block of apoptotic pathway [35-39]. Silencing of Apaf-1,
as result of the block of intrinsic apoptotic pathway, is observed in leukemia and
melanoma, as well as bladder and kidney cancers and is associated with therapeutic
resistance [40—43].

Promoter hypermethylation of BAX, BAK, and PUMA in multiple myeloma and
Burkitt’s lymphoma cells, is responsible for the silencing of these genes and so of the
abrogation of related death pathway while in prostate cancer patients, despite the
hypermethylation of the Bcl-2 promoter, apoptotic pathways, particularly the extrin-
sic pathway, are largely preserved [44-46].

However, also a global genomic hypomethylation has a role for carcinogenesis
[47]. In a variety of human cancers, including metastatic tumor, B-cell chronic
lymphocytic leukemia, cervical, colorectal, hepatocellular and bladder cancer
hypomethylation determine chromosomal instability and cancer transformation
[48-52]. In addition to DNA methylation, other epigenetic modifications, such as
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histone modification and miRNA regulation, can alter apoptotic pathway. In Burkitt’s
lymphoma, a well-known repressive chromatin mark, the trimethylation of lysine 27
of histone H3 (H3K27me3), affects the expression levels of proapoptotic BIM protein
[53]. In medulloblastoma patients, abnormal H3 and H4 acetylation patterns at the
promoter region of DR4 gene expression, alter apoptosis [54]. Similarly, increased H3
and H4 acetylation induced by HDAC inhibitors affect the amounts of proapoptotic
Bax protein in human colon cancer cells leading to cell cycle arrest and apoptosis [55].

An alteration of the balance between Histone Acetyltransferases (HATs) and
Histone Deacetylases (HDACs) contributes to cancer promotion modulating the acet-
ylation levels of several non-histone proteins involved in apoptotic cell death pathway
such as Rb, E2F and ku70. Indeed, the involvement of Ku70 in promoting apoptosis,
is strictly regulated by its acetylation level. Ku70, inhibits BAX activation, preventing
its translocation to the mitochondrial membrane and suppressing apoptosis. Ku70
acetylation promoted by CBP and PCAF on two different lysine residues (K539 and
K542), blocks Ku70-BAX connection and promotes apoptosis [56]. Acetylation of
E2F1 is essential for the recruitment of several proteins that control the apoptotic
response to DNA damage. In response to DNA damage, acetylated E2F1 interacts with
Rb influencing the cellular response driven transcription of the proapoptotic target
gene p73 [57, 58].

Through the regulation of gene expression, miRNAs are considered key regula-
tors of several cellular processes such as apoptosis and have a pivotal role in cancer
progression. A function in tumorigenesis was described for miR15/16 as well as for
some miR-34 family members. In pituitary adenoma, B-cell chronic lymphocytic
leukemia and prostate cancer, miR15/16 miRNAs down regulated or deleted led to
overexpression of antiapoptotic BCL-2, as well as cyclin D1, MCL1, and WNT3A
at the post-transcriptional level inducing cancer cell proliferation and invasiveness
[59-62]. Further investigation indicated a positive feedback loop between p53 and
miRNAs. P53 regulates miRNA expression at numerous levels and, as a transcription
factor, p53 can affect the expression of individual miRNAs [63, 64].

MiR-34a and miR-34b/c, three members of the mir34 family, are direct p53 targets.
MiR-34 family regulated SIRT1 mRNA leading to an increase in p53 acetylation levels
which regulate cell-cycle and apoptosis [65]. MiR-34a is repressed via hypermethyl-
ation in different types of cancer such as gastric cancer, chronic lymphocytic leuke-
mia, pancreatic, breast, colon, kidney cancer, and Burkitt’s lymphoma [66], while
miR-34b/c was down regulated in sarcoma, colon, and ovarian cancer [62]. Another
miRNA, the miR-29b, able to target DNMT3b and MCLI1 is significantly reduced in
several cancers such as lung, pancreatic and ovarian [67-70]. An hypermethylation
of miR-127 is characterized in cancers of the bladder, prostate, breast, and lung, as
well as lymphoma [71]. This epi-modification is responsible of the miR-127 silencing,
which in turn determines the hyperactivity of one of its molecular targets, the proto-
oncogene BCL-6, in these cancers [72]. Other examples are miR-106b and miR-93,
which are known to alter TGF-induced apoptosis in gastric cancer cells by inhibiting
BIM expression while MiR-135a inhibits JAK2, resulting in a decrease in antiapoptotic
Bcl-xL expression [73, 74]. MiR-135a expression is reduced in ovarian cancer, Hodgkin
lymphoma, Acute Myeloid Leukemia (AML) (Table 1) [75, 76].

2.2 Epigenetic regulation in necroptosis

Necroptosis, a form of regulated cell death independent from caspase activation,
is regulated by specific death receptors, including (but not limited to) FAS/APO-1
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Celldeath Epigenetic Targets Cancers References
modification
Apoptosis DNA FAS receptor CTCL, CRC [30, 31]
hypermethylation 1, brs NB, Melanoma, OC (32-34]
Caspase 8 and HCC, TCC, SCLC, [35-39]
Caspase 10 GBM, Rb, NB
Apaf-1 AML, Melanoma, [40-43]
TCC, RCC
BCL-2 PDAC [44]
BAX, BAK, PUMA MM, BL [45, 46]
miRNA 34a GC, CLL, PDAC, BC, [66]
CRC, RCC, BL
miRNA 34b/c SARC, CRC, OC [62]
miRNA 127 TCC, PC, BC, LC, [71]
Lymphoma
DNA Chromosomal CLL, CC, CRC, HCC, [48-52]
hypomethylation stability TCC
Histone BIM BL [53]
methylation
Histone acetylation DR4 MB [54]
and deacetylation BAX CRC (55]
Rb, E2F and Ku70 Cancer progression [56-58]
miRNA 15/16 BCL2, Cyclin D1, Pituitary adenomas, [59-62]
MCL1, WNT3a CLL, PC
miRNA 29b DNMT3b, MCL1 NSCLC, PDAC, OC [67-70]
miRNA 106b and BIM GC [73, 74]
miRNA 93
miRNA 135a JAK2 OC, HL, AML [75, 76]
Table 1.

Epigenetic regulation in apoptosis.

(CD95) and TNFR1, or pathogen recognition receptors (PRRs), including TLR3,
TLR4, and Z-DNA binding protein 1 (ZBP1; also known as DAI) [77]. Necroptotic
signaling pathway depends on the sequential activation of the receptor-interacting
serine/threonine-protein kinase 3 (RIPK3), mixed lineage kinase domain like pseu-
dokinase (MLKL) and (at least in some settings) on the kinase activity of RIPK1,
also called necrosome [19, 78]. Therefore, it is not surprising that necroptotic cell
death signaling can also be regulated by epigenetic modifications at the necrosome
components [79].

Necroptosis may represent a new therapeutic strategy to overcome resistance
to apoptosis. In cancer, necroptosis has been defined as a double-edged sword for its
pro- or anti-tumor effect [80]. Epigenetic alterations may modify the gene expres-
sion levels of the necroptosis regulators, affecting cancer initiation, promotion and
progression [81]. Hypo- and hyper-methylation of key components of necroptosis
existed in multiple tumors and could affect gene expression and prognosis of cancer
patients [81]. A multi-omics approach identified promoter hypermethylation of (i)
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MLKL in skin cutaneous melanoma (SKCM) and in colon adenocarcinoma (COAD);
(ii) RIPK3 in adrenocortical carcinoma (ACC); (iii) RIPK1 in kidney renal clear cell
carcinoma (KIRC) and kidney renal papillary cell carcinoma (KIRP). Differently,
MLKL hypomethylation has been reported in low grade glioma (LGG) and uveal
melanoma (UVM); RIPK3 hypomethylation in LGG, AML and KIRC; RIPK1 in LGG,
thymoma (THYM), lung squamous cell carcinoma (LUSC), ACC, and SKCM [81].
Among the necrosome components, RIPK3 is often downregulated, in cancer which is
why several studies focused on its epigenetic modifications, unlike RIPK1 or MLKL.

RIPK3 is normally expressed in normal tissues, but the genomic region near the
RIPK3 transcription start site (TSS) is highly methylated resulting in loss of RIPK3
expression in different types of primary cancers probably due to an adaptive process
to evade necroptosis [82, 83]. In breast cancer, 85% of patients have reduced RIPK3
expression due to promoter hypermethylation [82]. However, robust re-expression of
RIPK3 in recurrent breast tumor cells was unexpectedly noted. These data were con-
firmed by ChIP-Seq experiments in which RNA polymerase II occupies the promoter
region of RIPK3 and epigenetic histone markers, H3K9ac and H3K4me3, are enriched
in the regulatory regions of the RIPK3 gene adjacent to the RNA polymerase II bind-
ing site. Conversely, many of the cytosines in the RIPK3 CpG island are methylated in
primary tumors. However, treatment with HDAC inhibitors and/or hypomethylating
agents, such as 5-azacytidine (5-AC), can restore RIPK3 expression and thus promotes
sensitivity to chemotherapeutic agents in a RIPK3-dependent manner [82, 83].

As in breast cancer, RIPK3 expression is reduced also in lung cancer and this is
associated with a poorer chemotherapy response. The promoter region of RIPK3
being highly rich in CpG island is hypermethylated differently from primary human
bronchial epithelial cells. The epigenetic silencing is responsible for RIPK3 and
necroptotic cell death suppressions with worse response in non-small lung cancer
(NSCLC) patients receiving chemotherapy. Therefore, demethylation treatments
could improve the anticancer efficacy of chemotherapy [84]. A further study inves-
tigating the epigenetic landscape of necroptosis in lung adenocarcinoma (LUAD) did
not identify any correlation between the levels of methylation in the RIPK3 promoter
and its mRNA expression [85].

The role of RIPK3 has also been discussed in malignant mesothelioma (MM) as
downregulation at the transcriptional level consistent with epigenetic silencing via
DNA methylation was observed in 62% of primary MMs. The high frequency of CpG
methylation in the RIPK3 promoter (22%) is mediated by DNA methyltransferase
DNMT1 which contributes to a very poor overall survival (OS). In human pleural MM
cells, RIPK3 gene expression decrease both iz vitro and in primary tumors, strength-
ening its pivotal role as tumor suppressor [86].

Some authors identified that the methylation carried out by DNMT1 in binding
to the RIPK3 promoter is stimulated by the oncometabolite in the tricarboxylic acid
(TCA) cycle, 2-hydroxyglutarate (2-HG) produced by tumor-associated isocitrate
dehydrogenases 1 (IDH1) mutation [86]. Tumorigenesis could be driven by IDH1
mutation at position 132 (R132) resulting in high levels of 2-HG production, which
regulates DNMT1 activity by promoting its binding to specific DNA regions includ-
ing the TSS of the RIPK3 promoter. This phenomenon investigated in human brain
cancers implies resistance to necroptosis and may support the survival of cancer cells,
eventually leading to tumor formation [87].

Ten Eleven Translocation (TET) methylcytosine dioxygenases enzymes, using
a-ketoglutarate (a-KG) as substrate, catalyze the oxidation of 5-methylcytosine
(5mC) to 5-hydroxymethylcytosine (5-hmC), which is the first step for active DNA
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demethylation [88]. Some intermediates of the TCA cycle, including fumarate and
a-KG, can competitively inhibit the enzymatic activity of TETs [89]. In Epstein-Barr
virus-encoded latent membrane protein 1 (EBV-LMP1) positive cells, high levels of
fumarate and low levels of a-KG, determine RIPK3 silencing as the result of hyper-
methylation of its promoter region [89]. The oncomine database refers a significant
downregulation of RIPK3 in nasopharyngeal carcinoma (NPC), compared to naso-
pharyngitis tissues, as the result from the impairment of TETs’ enzymatic activity

in EBV-LMP1 positive cells [89]. From an epigenetic regulation/modification point
of view, RIPK3 (among the necrosome components) was the most investigated and
promising mediator. For instance, very little is known about the epigenetic regulation
of MLKL which is essential for the execution of necroptosis. Interestingly, in Burkitt’s
lymphoma cell lines, MLKL expression levels correlate with the methylation status. As
aresult of the activity of the new DNA hypomethylating agent SGI-110, the silenced
expression of MLKL is restored [90].

In conclusion, these studies indicate RIPK3 as a critical regulator of necroptosis,
which is considered a tumor suppressor gene and whose low expression, also regu-
lated at the epigenetic level, can be associated with poor prognosis in cancer. Hence,
treatment with hypomethylating agents alone or in combination with chemothera-
peutic agents facilitate the activation of necroptotic signaling (Table 2).

2.3 Epigenetic regulation in pyroptosis

Pyroptosis is a form of inflammatory RCD induced by the activation of the NF-kB
pathway followed by the triggering of intracellular sensors / receptors such as NLRP3,
NLRC4 and AIM2, in response to DAMPs, Pathogen-associated molecular pattern
(PAMPs) or different cytotoxic stimuli [91, 92]. Assembly of the inflammasome
leads to pyroptotic cell death mediated by the cleavage of Gasdermin-D (GSDM-D),
by caspases (caspasel or caspase-4/5/11) and to the release of Interleukin-14 (1I-15)
and I1-18 in the microenvironment [93]. Pyroptosis can also occur with an alternative
mechanism by which caspase-3 activates GSDM-E [94]. Recent studies have identi-
fied an epigenetic modulation of the pyroptotic process in cancer [95]. Among the

Cell death Epigenetic modification Targets Cancers References
Necroptosis DNA hypermethylation MLKL SKCM, COAD, [81, 90]
BL
RIPK3 ACC, BC, [81, 82, 84, 86,
NSCLC, MESO, 89]
NPC
DNA hypomethylation RIPK1 KIRK, KIRP, [81]
LGG, THYM,
LUSC, ACC,
SKCM
RIPK3 LGG, KIRK, AML [81]
MLKL LGG, UVM (81]
Histone methylation RIPK3 BC [82]
Histone acetylation RIPK3 BC [82]
Table 2.

Epigenetic regulation in necroptosis.
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proteins involved in the pyroptosis, epigenetic modification related to NLRP3, the
sensor ASC, caspase-1and GSDMs are the best characterized [96].

In gastric carcinoma, the loss of caspase-1 gene expression, which appears to be
related to the worsening of the patient’s prognosis, could be associated with methyla-
tion phenomena [97]. Indeed, anticancer therapy with the 5-aza-C hypomethylating
agent, activates transcriptional mechanisms with expression of caspase-1 and the
conclusion of the pyroptotic program [97]. In gastric, NPC and breast cancer, the
hypermethylation at the promoter of the tumor suppressor ZDHHC1, induces pyrop-
tosis by increasing the activation of caspase-1 in response to accumulated oxidative
damage [98]. DNA methylation plays a crucial role in NLRP3-inflammasome activa-
tion in human monocytes, where, under physiological conditions, Cas-1a, ASC and
I1-1 promoters are hypermethylated [95]. Furthermore, NF-kB and the demethylase
TET?2 are responsible for the hypomethylation and reactivation of ASC and II-1p
genes in differentiated monocytes and macrophages [95]. In lung, gastric and renal
cancers, the hypermethylated state of ASC increased tumor growth and is associated
with poor prognosis [99], indeed some studies report ASC demethylation as a possible
strategy to induce selective cell death in cancer cells [100]. Conversely, reduced meth-
ylation in the ASC promoter, often associated with migration and invasion which are
the basis of the metastatic process, is reported in patients with glioblastoma and squa-
mous cell carcinoma [101, 102]. NLRP3-acetylation is fundamental for the assembly
of the ASC domain and for its activation in response to exogenous stimuli in aging-
associated inflammatory diseases as cancer; thus, the NLRP3 deacetylation mediated
by SIRT?2 represses its activity and inflammasome formation [103]. These evidences
were confirmed in Aged SIRT2-deficient mice with a high-fat diet, which showed an
increase in plasma I1-18 followed by an increase in NLRP3-inflammasome activity
[103]. The epigenetic regulation of pyroptosis may also depend on the action of small
non-coding RNAs. It is known that several miRNAs bind to 3’-untranslated NLRP3
gene region and degrade it [104]. To confirm these evidences, it was demonstrated
that during myeloid differentiation, low levels of miR-233 increases NLRP3 inflam-
masome transcription, accompanied by the release of pro-inflammatory cytokines in
activated macrophages [105]. In addition, XLOC_000647 overexpression, an inter-
genic IncRNA, reduces the expression of NLRP3 in pancreatic cancer cells, playing a
protective role against the starting of endothelial-mesenchymal transition (EndoMT),
proliferation and metastasis formation, identifying a novel epigenetic mechanism
involving the NLRP3-inflammasome in tumor progression of pancreatic cancer [106].
Additional research demonstrated the direct regulation of pro-caspase-1 by Neat1.
This IncRNA can stabilize mature caspase-1 tetramers (p20: pl0)2 and (p33: p10)2,
promoting the assembly of the NLRP3-AIM2-inflammasomes, inducing a caspase-
1-dependent pyroptosis [107]. The best characterized member of the GSDMs family,
GSDM-D, appears to play a key role in NSCLC and can be regulated by methylation
processes [108]. Elevated GSDM-D levels have been associated with unfavorable prog-
nosis in lung cancer but favorable in skin cutaneous melanoma and its expression is
regulated by the binding of Foxol on its promoter [109]. The hypermethylating activ-
ity of DNMT was also found at the GSDM-D promoter in lymphocytes natural killer,
NK92 cells, in which it appears to be a critical checkpoint for the inhibition of the
pyroptosis mechanism [110]. An indirect regulation occurs in colorectal cancer, where
the rp1-85f18.6 knockout, a IncRNA highly expressed in CRC patients, leads to an
increased pyroptosis through the cleavage of GSDM-D, suggesting a possible applica-
tion of epigenetic modulators of inflammosomes for cancer therapy [111]. GSDM-E is
found to be silenced in gastric, colorectal and breast cancer due to hypermethylation
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of CpG islands within its promoter and appears to be related to an increased risk of
metastasis [112]. Epigenetic regulation of GSDM-E may also depend on small non-
coding RNA activity such as miR-155-5p, which can bind 3’-UTR reducing GSDM-E
expression [113]. A further regulation takes place thanks to the presence of IncRNA
which have been shown to be involved in pathological processes of various diseases
including cancer by regulating directly or indirectly proteins involved in the main
pyroptotic pathways [113]. Recent discoveries have identified new molecules, which
in turn can activate or inhibit the expression of GSDMs, regulating pyroptosis at

the epigenetic level [114]. One of the most important is Decitabine (DAC), a DNMT
inhibitor used in hematological cancers therapy combined with chemotherapy, which
can regulate the expression of several genes. In particular DAC treatment in several
tumor cell lines induces DFN5 gene up-regulation leading to an increase of GSDM-E
protein expression followed by pyroptosis activation. [115]. Moreover, treatment
with methyltransferase inhibitors (e.g. 5-aza-C) increases the expression of GSDM-E
in cancer cell lines and also improves the efficacy of chemotherapeutic agents (e.g.
doxorubicin) to trigger pyroptosis [116]. Furthermore, anti-inflammatory drugs such
as dimethyl fumarate (DMF) and monomethyl fumarate (MMF) have shown the
ability to increase transcription levels of DNMT3a and DNMT3b, leading to GSDM-D
silencing via its promoter hypermethylation (Table 3) [108].

2.4 Epigenetic regulation in immunogenic cell death

Immunogenic Cell Death (ICD) is a process where dying cells activate an
immunogenic response mediated by the release of DAMPs into the microenviron-
ment, recognized by different immune cells and necessary for the immunological
memory [117, 118].

DAMPs and nucleic acids released from dying cells, together with the release
of chemo attractive agents in the microenvironment, contribute to increase the

Cell death Epigenetic modification Targets Cancers References
Pyroptosis DNA hypermethylation Caspase 1 GC [97]
ASC NSCLC, GC, RCC [99]
GSDM-D NSCLC, [108]
ZDHHC1 GC, NPC, BC [98]
GSDM-E GC, CRC, BC [112]
DNA hypomethylation ASC GBM, SSC [101, 102]
Histone deacetylation NLRP3 Inflammatory [103]
diseases
miRNA 233 NLRP3 Myeloid [105]
differentiation
XLOC_000647 NLRP3 PDAC [106]
Neatl Pro-caspase-1 Unknown [107]
Rp1-85f18.6 Inflammosomes CRC [111]
miRNA 155-5p GSDM-E Unknown [113]
Table 3.

Epigenetic regulation in pyroptosis.
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antigenicity of dying cells leading to the recruitment of innate immunity cells such as
neutrophils and dendritic [119, 120].

Different molecular mechanisms are involved in this type of cell death, such as
the UPR (Unfolded Protein Response) and autophagy as well as the release of many
molecular players like Annexin 1, HMGBI, Interferons (IFNs) and different chemo-
kines [121]. Under physiological stress, the endoplasmic reticulum (ER) activates the
UPR, an evolutionarily conserved mechanism thanks to which ER chaperonins, Heat
Shock Proteins (HSPs) such as HSP70 and Calreticulin (CALR) are translocated on
the cell surface being an “eat me” signal for recognition by dendritic cells [122, 123].

Recently, it was demonstrated that epigenetic modifications can regulate several
molecular players directly involved in ICD, supporting the idea for the development
of new epigenetic drugs that can be used in cancer immunotherapy [121].

Histone and DNA methylation as well as ncRNAs are the main epigenetic modi-
fications able to regulate targets that have a pivotal role in ICD such as HSPs, CALR,
Annexin 1 and HMGBI1 [121]. In lung cancer, inositol-requiring enzyme-1 (IRE1), an
enzyme involved in UPR activation, is silenced by methylation. Indeed, treatment
with Chaetocin, an Histone Lysine Methyltransferase (HKMT) inhibitor, determines
an increment of the expression of this enzyme, suggesting that its regulation could
be modulated via histone methylation (126,127). In colon and pancreatic cancer cell
lines, the methylation at HSP90 promoter, related to an enhanced expression of DNA
methyltransferase, inhibits its expression probably altering the immune response.
The treatment with epigenetic modulators such as Zebularine, a DNMT inhibitor, can
restore the immune response that leads to the induction of ICD [121, 124].

Different non-coding RNAs such as ncRNA-RB1, miR-27a and nc886, can modu-
late epigenetically CALR expression [121]. It has been shown that in A549 cell line
(adenocarcinoma alveolar basal epithelial) the knockdown of ncRNA-RB1 reduces the
expression of CALR, altering its translocation on the cell surface and probably influ-
encing the fate of ICD [125]. Downregulation of Calreticulin was observed also in
colorectal cancer by miR-27a action, resulting in a blocked Major Histocompatibility
Complex (MHC) class I cell surface exposure [126]. In malignant gastric cancer cell
lines, such as SNU-005, SNU-484 and MKN-01, the activity of the long non-coding
RNA nc886, which has anti-proliferative and tumor suppressor roles [127, 128], has
been found decreased compared to the non-malignant gastric cell line HFE-145,
probably due to the CpG hypermethylation at the nc886 promoter region [128]. In
nasopharyngeal carcinoma cell lines, both gene and protein expression of Annexin
1 are downregulated by methylation phenomena [129]. In head and neck squamous
cell carcinoma, the presence of miRNA-196a/b epigenetically regulates Annexin
1, downregulating both mRNA and protein levels [130]. At the level of epigenetic
regulation, it is thought that HMGBI1 could act as an epigenetic modifier able to
silence Tumor Necrosis Factor-alpha (TNF-«) and I1-1 [131]. miRNA-129-2, a tumor
suppressor in glioma and hepatocellular carcinoma [132, 133], can inhibit the release
of HMGBL. The regulatory region of this miRNA is strongly methylated in portions of
its promoter region leading to its suppression and consequent expression of HMGB1
[134, 135]. Autophagy is essential for the ICD process as it promotes the synthesis and
transport of ATP from the cell which is fundamental for an optimal immunogenic
response [120, 136]. In submandibular carcinomas the expression of P2RX7 receptor
is controlled by the methylation of its promoter and aberrant methylation phenomena
may interfere with its expression and the related pathway [137]. Hypermethylation
affects other autophagy players such as the Tensin Homolog (PTEN), as demonstrated
in melanoma and in breast and stomach cancer [138, 139] and the Autophagy-Related
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Protein 5 (ATGS), studied in melanoma and colorectal cancer. This epi-modification
leads to a downregulation of PTEN and ATGS5 protein expression during cancer
progression [138-141]. The expression of CXCL10 in ovarian cancer cells, may depend
on the methylation of its promoter, indeed the use of demethylating agents is able

to increase its expression [142]. Acetylation can also modulate ICD [143], indeed
Histone Deacetylase 3 (HDAC3)-deficient macrophages, stimulated with LPS, are
unable to activate several genes involved in inflammation including IFNp, demon-
strating a main role for HDAC3 in controlling IFNp expression. [144]. Furthermore,
it has been shown that the use of caloric restriction mimetics (CRMs) may have a
pivotal role in anticancer immunosurveillance [145]. CRMs stimulate ATP release by
influencing acetylation of histone proteins showing a potential epigenetic mechanism
able to induce or not autophagy during cancer (Table 4) [145, 146].

2.5 Epigenetic regulation in ferroptosis

Ferroptosis is a newly discovered form of RCD reliant on iron-dependent lipid
peroxidation [149]. The increase in free iron and the accumulation of lipid peroxides
occurs through the action of a small molecule called erastin which can induce non-
apoptotic cell death in an ST (Small T oncoproteins) and RAS"** (oncogenic allele of
HRAS)-dependent way [150].

By the interaction with voltage-gated anion channels (VDAC), erastin can inhibit
the cysteine/glutamate transport system X.” (SLC7A11) leading to cysteine depletion,
glutathione deficiency with excessive lipid peroxidation and consequently induction
of ferroptotic cell death [151].

Some evidences highlight an epigenetic regulation of ferroptosis. For instance,
ncRNAs regulate the progression of NSCLC mediating ferroptosis [152]. P53RRA,

a cytosolic IncRNA, by interacting with G3BP1, promotes ferroptosis trough the

Cell death Epigenetic Targets Cancers References
modification
Immunogenic DNA HSP90 CRC, PDAC [121, 124]
cell death hypermethylation Annexin 1 NPC [129]
P2RX receptor SGC [137]
CXCL10 ocC [142]
PTEN Melanoma, BC [142, 143]
and SCr
Histone methylation IRE-1 NSCLC [147, 148]
Histone acetylation IFNp, CRMs Cancer [144-146]
progression
ncRNA-RB1 CALR LUAD [125]
miRNA 27a CALR CRC [130]
nc886 CALR GC [127,128]
miRNA 19a/b Annexin 1 HNSC [130]
miRNA 129-2 HMGB1 Glioma, HCC [132,133]
Table 4.

Epigenetic regulation in immunogenic cell death.
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activation of p53 pathway and the transcription of some metabolic genes responsible
of the increased intracellular concentration of iron and ROS lipids and of the inhibi-
tion of growth induced by erastine [153].

In lung cancer, the nuclear IncRNA LINC00336 is upregulated and, through the
interaction with ELAV-like-RNA-binding protein 1 (ELAVL1), acts as an inhibitor of
ferroptosis by decreasing the intracellular levels of iron and ROS lipids. Moreover,
LINCO00336 also acts as an endogenous sponge for another microRNA (miR-6852)
which is a negative regulator of cystathionine-p-synthase (CBS) that has a pivotal role
in ferroptosis [154].

Treatment of NSCLC cell line NCI-H1299 with XAV939, a Wnt/—catenin pathway
inhibitor, resulted in a downregulated SLC7A11 expression that controls iron con-
centration and the activation of ferroptosis-mediated pathways responsible of the
suppression of NSCLC progression [152]. Furthermore, the deubiquitinase DUB, a
tumor suppressor inactivated in many types of tumors [155], after the assembly of the
polycomb repressive deubiquitanase complex (PR-DUB) is able to inhibit the ubiqui-
tinated histone H2A (H2Aub) placement on the SLCA711 promoter whose down-reg-
ulation blocks ferroptosis through the cysteine starvation and GSH depletion [156].
The monoubiquitination of H2B on lysine 120 (H2Bubl), a marker of transcriptional
activation involved in the regulation of the Warburg effect and tumorigenesis [157],
regulates both the expression of SLC7A11 and of a group of ion-binding genes linked
to metabolism classifying this modification as a new epigenetic regulator of ferrop-
tosis [158]. The activity of Lysine Demethylase 3B (KDM3B) inhibits erastin-induced
ferroptosis through the activation of SLC7A11, cooperating with the transcription
factor ATF4 [159]. In addition, BRD family proteins, including BRD4, can also
participate in the epigenetic regulation of ferroptosis. The use of BRD4 inhibitor JQ1
has been shown to induce ferroptosis through the downregulation of GPX4, SLC7A11
and SLC3A2 expression in breast and lung cancer cells classifying it as a potential
therapeutic agent in cancer treatment (Table 5) [160, 161].

2.6 Epigenetic regulation in NETosis

NETosis is a form of cell death exclusive for neutrophils, caused by the uncon-
trolled production of netotic bodies, useful in physiological conditions for the
neutralization of pathogens. The mechanism originates with the activation of ion
channels associated with receptors able to modify the intracellular levels of calcium.
Subsequent phosphorylation pathways lead to the production of mitochondrial
ROS and the calcium-dependent activation of PAD4, responsible for the chromatin
decondensation and the end of the NETotic process [162]. In breast cancer, the release
of cancer extracellular chromatin networks (CECNs) into the microenvironment

Cell death Epigenetic modification Targets Cancers References
Ferroptosis Histone demethylation SLCA711, ATF4 Unknown [159]
Histone ubiquitination SLCA711 Several [158-160]
cancers
LINCO00336 ELAVL1 LC [154]
XAV939 SLC7A11 NSCLC [152]
Table 5.

Epigenetic regulation in ferroptosis.
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appears to be related to the onset of lung metastases [163]. Among the key molecular
processes of NETosis, the role played by the PAD4 enzyme is well known, which
increases the levels of citrullination of histones in a calcium-dependent manner
leading to chromatin decondensation and netotic nuclear collapse [164]. Several
studies on patients with different tumors, such as breast, colorectal and lung cancer,
have found an important increase in plasma levels of hypercitrullinated histone H3,
suggesting it as a potential prognostic marker [165-167]. The hyper-citrullination of
H3 is a widespread phenomenon during the formation of NETotic bodies as well as
reduced levels of methylation of arginine 3 on histone H4 and high levels of acetylated
lysine 16 on histone H4 as reported in breast cancer [163]. The increase in the enzy-
matic activity of PAD4 and in the netotic process is closely related to its epigenetic
regulation. In MCF7 cancer cells, citrullination of the OKL38 promoter by PAD4

was described, suggesting a correlation between NETs formation and breast cancer
[168]. Increased angiogenesis and deposition of fibrous material in malignant tumors
also appears to be related to PAD4-mediated citrullination of antithrombin (cAT)
[169]. In hepatocellular carcinomas, the global hypomethylated state of DNA and the
hypermethylation of promoters of genes involved in tumorigenesis, such as p53 and
p21, may partially depend on the reduced action of PAD4, on the expression and the
enzymatic activity of DNMT3a [170].

In colon cancer, miR-155 can ensure the translation of PAD4 mRNA, inducing the
netotic process and the tumor progression [171]. New evidence has proved the role
played by miR-505 in breast and pancreatic cancer. It negatively regulates SIRT3 by
altering mitochondrial metabolism and ROS production, triggering the production of
NETs (Table 6) [172].

2.7 Epigenetic regulation in parthanatos

Parthanatos is a type of PCD characterized by hyperactivation of poly
(ADP-ribose) polymerase 1 (PARP-1) followed by PAR accumulation and
mitochondrial release of apoptosis inducing factor (AIF) [173]. The molecular
interaction between AIF and the macrophage migration inhibitory factor (MIF)
leads to massive DNA fragmentation and cell collapse [174]. The knowledge
related to the epigenetic modification involved in parthanatic process and their
role in tumors is currently poorly known. In liver cancer, the damage induced by

Cell death Epigenetic modification Targets Cancers References
NETosis DNA hypermethylation P53, p21 HCC [170]
DNA hypomethylation Global DNA HCC [170]
Histone methylation H4 BC [163]
Histone acetylation H4 BC [163]
Citrullination H3 BC, CRC, LC [167, 169]
OKL38, cAT BC [168, 169]
miRNA 155 PAD4 CRC [171]
miRNA 505 SIRT3 BC, PDAC [172]
Table 6.

Epigenetic regulation in NETosis.
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UV rays causes the activation of PARP-1 and the PARylation of histones, with
the consequent recall of ALC1 on chromatin and activation of DNA repair [175].
In fact, PARP-1 can facilitate the recruitment of repair systems through the
decondensation of chromatin independently by ubiquitylation [176]. In breast
cancer, the behavior and function of insulators is controlled by PARP-1, through
conformational changes of chromatin. The increase in PARylation of CCCTC-
binding factor (CTCF), triggers its functions as an insulator, activating mecha-
nisms able to induce DNA hypomethylation, central feature of many forms of
cancer [177, 178]. The correlation between PARP-1, chromatin opening and gene
transcription activation is poorly explained in the literature. In breast cancer,
PARP-1 allows chromatin access to RNA-pol II with the inhibition of demethyl-
ase activity of KDM5B by PARylation, leading to the global hypomethylation of
H3K4 [179]. A very recent study identifies the lysine demethylase KDM6B as a
key factor in the epigenetic control of parthanatos and in the response to antitu-
mor therapy with alkylating agents. The reduction of KDM6B levels leads to the
activation of DNA repair checkpoints mediated by MGMT, causing alkylating
agents resistance. Conversely, the increase in KDM6B levels favors parthanatic
cell death induced by alkylating agents [180]. These new insights open the
window to understanding the epigenetic mechanisms underlying parthanatos
and the epigenetic function of PARP-1 (Table 7).

3. Conclusions

Epigenetics regulates several processes including differentiation, development,
growth and cell death. Specifically, cell death controls various physiological and
pathological phenomena that are crucial for life development. A deeper knowledge of
both cell death and epigenetics, and their interconnections, might be the key to better
understand how different processes in life are modulated and how to exploit them
therapeutically.

The fact that epi-deregulation in cancer clearly also alters the main players of
the different cell death pathways has important consequences. For examples, some
epi compounds (i.e. HKMT, HDAC, HMT inhibitors) might be used also for regula-
tion of the expression of the main players involved in cell death and might, in turn,
help for cell death pathways reactivation in cancer or, also into the recognition
of cancer cells by the immune system. In addition, the identification of possible
epigenetic biomarkers linked to cell death players deregulation could be beneficial
to contrast several cancers strengthening the well-known concept of “personalized

therapy”

Cell death Epigenetic modification Targets Cancers References
Parthanatos DNA hypomethylation H3 BC [179]
Histone demethylation KDM6B Unknown [180]
PARylation Histones HCC [175]
CTCF Several [177,178]
cancers
Table7.

Epigenetic regulation in parthanatos.
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UVM Uveal melanoma

THYM Thymoma

LUSC Lung squamous cell carcinoma
STAD Stomach adenocarcinoma
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SGC Salivary gland cancer

HNSC Head and neck squamous cell carcinoma
LC Lung cancer

SARC Sarcoma

SCr Stomach cancer

MESO Mesothelioma
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Diverse Effects of Hypothalamic
Proline-Rich Peptide (PRP-1) on
Cell Death in Neurodegenerative
and Cancer Diseases

Silva Abrahamyan and Karina Galoian

Abstract

The proline-rich peptide (PRP-1) isolated from neurosecretory granules of the
bovine neurohypophysis, produced by N.supraopticus and N.paraventricularis, has
many potentially beneficial biological effects. PRP-1 has been shown to have the
opposite effects on cell death in neurodegenerative and cancer diseases. It significantly
reduces staurosporine-induced apoptosis of postnatal hippocampal cells, as well as
doxorubicin-induced apoptosis of bone marrow monocytes and granulocytes, in
both time- and dose-dependent manner. PRP-1 also exerts the opposite effect on the
proliferation of bone marrow stromal cells obtained from normal humans and on
the stromal cells isolated from human giant-cell tumor. PRP-1 cytostatically inhibits
chondrosarcoma bulk tumor but exerts drastic cytotoxic effect on sarcomas cancer
stem cells. The same peptide caused cell death through apoptosis in rats with Ehrlich
Ascites Carcinoma model.

Keywords: proline-rich peptide (PRP-1), neurodegeneration, cancer diseases,
ehrlich ascites carcinoma (EAC), chondrosarcoma

1. Introduction

Our long-term scientific work has been aimed at studying the protective effects
of certain physiologically active compounds, including proline-rich peptide
(PRP-1, comprised of 15 amino acids residues, AGAPEPAEPAQPGVY, with an
apparent molecular mass of 1475.25 Da) on brain plasticity in rats with different
neurodegenerative models. While displaying neuroprotective role in those models,
in cancer related studies, on the other hand, PRP-1 displayed its beneficial anti-
proliferative effect in cellular context dependent manner by triggering cell death
leading to drastic decrease of cancer stem cell population responsible for disease
relapse and drug resistance.
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2. Effect of PRP-1 on cell death in the neurodegenerative diseases

The protection of neurons from damage and death in neurodegenerative disorders,
such as Alzheimer disease (AD), ischemic insults, Parkinson disease (PD), is a major
challenge for neuroscientists in the twenty first century. Much attention is focused on the
discovery of novel biomarkers for diagnosis and therapy of neurodegenerative diseases.

The new family of peptide neurohormones consisting of 10-15 amino acid
residues isolated by prof. Galoyan and coworkers from bovine and human neurohy-
pophysis neurosecretory granules are synthesized in the form of a common precursor
protein (neurophysin-vasopressin associated glycoprotein) [1, 2]. These five peptides
contain a high proportion of proline residues and, therefore, were designated as
proline rich peptides (PRPs). The most studied is the bovine PRP-1 (also known as
galarmin). The polypeptide is not species-specific; hence it is active in mice, humans,
and rats. It has been shown that PRP-1, as well as its synthetic analogue, has many
beneficial biological effects.

Neuronal injuries have been suggested to promote PRP-1 synthesis and its release
as a messenger, modulating the signaling cascades and, therefore, contributing to
protection, regeneration, and repair of the neurons.

The neuroprotective [3-7] and immunoregulatory [8-10] effects of PRP-1 through its
involvement in the neuro-immuno-hematopoietic interaction have been demonstrated

| PRP—1 a_c_tion

Figure 1.

PRP-1-Ir Spinal Cord (SC) nerve structures in SC-hemisectioned vats with and without PRP-1 injection.
Degenerative and strongly immunoreactive for PRP-1 motoneurons (MNs) with no processes are demonstrated
in the spinal cord anterior horn, situated in the lightened pericellular avea, perhaps, brain edema. After daily
administration of PRP-1 to trauma-injured animals for 3 weeks, regeneration of strongly immunostained MNs
and their processes was observed suggested the possibility of PRP-1 involvement in the mechanisms of neuronal
repair: growth of nerve fibers and motoneurons survival. ABC immunohistochemical method.
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in the following models of central nervous system damage: spinal cord hemisection;
PA-peptide injection (model of Alzheimer disease); vestibular nuclei damage through
vibration and unilateral labyrinthectomy; immobilization stress (IMO stress).

Our previous report on the effects of PRP-1 on SC-injured rats indicated the possibility
of PRP-1 involvement in the mechanisms of neuronal repair [3]. Immunohistochemical
study demonstrated that treatment with PRP-1 resulted in the recovery and growth of
nerve fibers, glia proliferation, and motoneuron survival. Therefore, PRP-1 has been
found to be a highly active neurotrophic-like substance (Figure1).

PRP-1 participation in the regeneration of the nerve structures was also immuno-
histochemically demonstrated in the trauma-injured rats with SC hemisection treated

SC sum
. S
SOum
Hemisection NOX action
Figure 2.

SC nerve fibers in the SC hemisectioned rats regularly treated with NOX venom. Naja Naja Oxiana (NOX)
snake venom prevented the scar formation, well observed two months after SC injury in the control rats (A) and
resulted in the vegeneration of nerve fibers growing through the trauma region (B, C). Histochemical method on
detection of Caz+-dependent acidic phosphatase activity.

Figure 3.

PRP-1-Ir structures in SC of injured rats treated with NOX venom. NOX increased the number of PRP-1-Ir nerve
fibers (A) and astrocytes (B) in the SC lesion region and promoted the survival of the PRP-1-Ir motoneurons (C). In
the boxed area the PRP-1-Ir astrocytes are seen migrating toward the injured side. ABC immunohistochemical method.
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by the administration of Naja Naja Oxiana (NOX) snake venom. NOX venom pre-
vented the scar formation, well observed 2 months after the SC injury in the control
rats, and resulted in the regeneration of the nerve fibers growing through the trauma
region. It was suggested to exert the neuroprotective effect by involving the endog-
enous PRP-1 in the underlying mechanism of the neuronal recovery — based on the
data regarding the survival of the immunoreactive to PRP-1 (PRP-1-Ir) motoneurons,
the increased number of PRP-1-Ir nerve fibers in the SC lesion region, and appearance
in the white matter of the PRP-1-Ir astrocytes migrating towards the injured side [7]
(Figures 2 and 3).

Different forms of injury and types of stress induce different morphological
responses. For example, 5-hour IMO stress induces deeper neurodegenerative changes,
which is manifested by the histochemical method on detection of Ca**-dependent acid
phosphatase activity. The final product — phosphate precipitate of various sizes and
shapes was localized in both the neurons and the extracellular region (Figure 4).

In the next neurodegenerative model, the vestibular nuclei injury caused by
vibration and unilateral labyrinthectomy, in various brain regions of rats, including
hypothalamus, hippocampus, brain stem (locus coureleus, nucleus hyppoglosus),

Figure 4.

Degenerative nerve structures in the hypothalamic SON and PVN of rats exposed to 5 h IMO stvess. In the
hypothalamic SON and PVN, the central chromatolysis and ectopied negative nuclei arve vevealed in the
hypertrophied cells with no processes. High phosphatase activity is seen like a thich ring under the cellular membrane
and extracellular area. Histochemical method on detection of Ca2+-dependent acidic phosphatase activity.
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cerebellum, the neurodegeneration was revealed by the presence of the hypertro-
phied cells situated in the tissue edema [11]. Single PRP-1 administration triggered
regeneration and survival of neurons in the same brain regions. Interestingly, obvious
regeneration of the structures is revealed in labyrinthectomized rats exposed to the

2 h daily vibration for 2 weeks.

Apart from this, in the distinct stress-related brain regions of labyrinthectomized
rats, neurons, demonstrating PRP-1-immunoreactivity, (PRP-1-IR) were revealed in the
cell nuclei, as opposed to the PRP-1-IR in the cytoplasm of the intact cells (Figure 5).

According to the literature, the nuclear localization of the proteins such as c-Fos,
c-Jun, as well as the so-called Heat Shock factors with a molecular weight of 1-70 kD
was detected in rats under stressful conditions (exposure to radiation, temperature,
chemicals, etc.) [12, 13].

Using the immediate early gene c-fos-antibody, the stress-induced activation of
neurons was immunohistochemically demonstrated by detection of the c-fos-immu-
noreactive (c-fos-Ir) nuclei in the distinct stress-related brain regions of labyrin-
thectomized rats. We assume that PRP-1 can control the DNA transcription and can
function as a transcription factor similar to c-fos [14].

In the same stress-related brain regions of rats, high phosphatase (APh) activity
was also detected in cellular nuclei in 15 minutes after stress, earlier than gene c-fos,
which can be explained by the activation of cellular activators like c-fos through their
phosphorylation (Figure 6).

0
injury

Norma

Neuronal

Figure 5.

PI?P—l-Ir neural structures in the (A, B) supraoptic nucleus (SON), (C, D) locus coureleus (LC) and (E,
F) nucleus Hyppoglosus (n.Hyp.) of intact and labyrintectomized vats brain. In the distinct stress-velated
brain regions of labyrintectomized vats, the stress-induced activation of neurons was found out by detection
of the increased number of cell nuclei demonstrating PRP-1-IR and immediated early gene c-fos-IR. ABC
immunohistochemical method.
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Figure 6.
PRP-1-IR, transcription factor early gene c-fos-IR (c-fos-IR) and Acid Phospatase (APh) activity in the cortex of

labyrintectomized rats. Nuclei of pyramidal cells in the brain cortex of labyrintectomized rats, demonstrated (A)
PRP-1- and (B) c-fos-IR, as well as (C) high APh activity. Detection of APh activity in the injured cells nuclei can
be explained by activating of cellular activators like c-fos through their phosphorylation. ABC immunohistochemical
method and histochemical method on detection of Ca2+-dependent acidic phosphatase activity.

Our results obtained in the mentioned models of the central nervous system injury
indicate that PRP-1 therapy may protect against the neurodegeneration by enhancing
the survival of the damaged neurons.

3. PRP-1 participation in the generating of new neurons

Adult brain cell regeneration, also known as neurogenesis, demonstrated in many
species, including rodents, is the process of generating new neurons, [15].

Figure7.

GFAP-, Nestin- and PRP-1-Immunoreactive structures in the brain of 45-days aged rats exposed to prenatal IMO
stress. Using markers against the neural progenitor cells, GFAP- and nestin-Ir radial astrocytes (A, B, D), nestin-
and PRP-1-Ir cell structures of different sizes and forms (C, F), as well as PRP-1-Ir varicose nerve fibers and
varicosities (E) were detected in the distinct stress-related brain vegions. Taking into account the results obtained,
we suggest that they could be the intermediate neural progenitor cells and that PRP-1 could participate in the
generation of new functional neurons following the injury. ABC immunohistochemical method.
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Today, there is scientific evidence of the stem cells presence in many more tissues
and organs. One of their characteristics is ability to self-renew and to differentiate, to
secure primary steady state functioning of a cell, called homeostasis, and, with limi-
tations, to replace cells that die because of injury or disease [16, 17]. The list of adult
tissues reported to contain stem cells is growing and includes bone marrow, peripheral
blood, brain, spinal cord, muscle, and other tissues. Multipotent adult progenitor cells
(MAPCs), derived from pluripotent mesenchymal stem cells, purified and isolated by
Jiang et al. [18], could differentiate both into mesenchymal and neural cells.

Our recent histochemical and immunohistochemical studies in newborn rats exposed
to the acute prenatal immobilization (psychogenic) stress brought new information about
PRP-1 participation in the brain recovery process through generating new neurons [19].

To differentiate PRP-1-immunoreactive (PRP-1-Ir) glial cells and small undif-
ferentiated cells found in the injured brain, we used antibodies against the astrocyte
marker GFAP, neuroepithelial stem cells marker gene nestin [20, 21], and mouse stem
cells. Considering the obtained results regarding the detection of GFAP-, nestin-, and

Figure 8.

Ce%lular structures resembling mesenchymal cells in the bone marrow (BM) and brain of the immobilized rats.
(A-C) numerous round in shape and fusiform small cells with short axon-like extensions, being in the various
proliferative stages (arrows), ave visible in the BM stroma (B). (D) small cells (arrow heads) and (E, F)
dark-colored fusiform cells with processes are detected in the cevebellum (G-I). Using antibodies against the mouse
stem cells (MSCs), nestin and PRP-1, in the spinal cord of the injured rats, (G) MSCs-Ir, (H) PRP-1-Ir and (I)
nestin-Ir cellular structures arve revealed. Histochemical method on detection of Ca+2-dependant acid phosphatase
activity (A-E) and ABC Immunohistochemical method (G-I).
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PRP-1-immunoreactive radial astrocytes and cell structures of different sizes

and forms, we suggest that they could be the intermediate neural progenitor cells, and
that PRP-1 could participate in the generation of new functional neurons following
the injury (Figure 7).

We succeeded also in detecting the cellular structures resembling the mesen-
chymal cells in both bone marrow and different stress-related brain regions of the
immobilized rats some of which expressed immunoreactivity against MSCs, nestin
and PRP-1 (Figure 8).

In addition to the established functions of PRP-1 for cell survival and neuro-
genesis, using the PRP-1-antiserum, as well as antiserum against the synapto-
physin (presynaptic vesicle protein, marker for the functional synapsis), we also
suggested that PRP-1 could mediate higher brain activity through the formation
of new synapses, thus, increasing the number of connections between the
neurons (Figure 9).

We suggest that the process of generating new neurons occurs in injured brain,
most probably proceeding from BM-derived cells that migrate into the brain and

Figure 9.

Synaptophysine-Ir (Syn-Ir) and PRP-1-Ir varicose nerve fibers and varicosities in the brain of 75-days aged rats
exposed to prenatal IMO stvess and injected with PRP-1. Syn-Ir (A-C) and PRP-1-Ir (D-F) nerve fibers and
varicosities, possibly synapses, scattered in the brain, are well demonstrated. ABC immunohistochemical method.
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express neuronal marker genes, or from the neural stem/progenitor cells (NPCs) in
non-neurogenic regions giving rise to the neurons mediated by the local astrocyte
populations.

4. Protective effect of PRP-1 on the immune system cells death

Histochemical and immunohistochemical studies were also carried out to inves-
tigate the morpho-functional states of bone marrow (BM) structures of intact rats,
rats injected with PRP-1, and rats exposed to immobilization stress and to bilateral
electro-stimulation of the hypothalamic paraventricular nucleus [11].

The increased number of PRP-1-Ir blood-forming cells were observed in BM
stroma and sinusoidal capillaries after PRP-1-antiserum was applied (Figure 10).

In addition, PRP-1-Ir varicose nerve fibers and islands of PRP-1-Ir immune system
cells were detected in the surrounding areas of sinusoids (Figure 11).

The possibility that the PRP-1 synthesis takes place in the immune cells exists
due to the evidence of distinct neuropeptides biosynthesis in the lymphocytes.

Based on this, we conducted in vitro experiments in intact lymphocytes isolated
from the rat bone marrow. By using PRP-1-antiserum and the flow cytofluorimetric
analysis, about 4-5% PRP-1 was detected in the lymphocytes in the presence of some

Figure 10.

Hegmatopoiesis in the bone marrow of rats injected with PRP-1. (A) sinusoidal capillary in the intact rat BM
appeared to be empty, in general (black asterisk). Increased number of immune system cells both in sinusoid
(asterisk) (B) and stroma (B-D) are well seen in the BM of injected with PRP-1 rats. (B) in the sinusoid, a
megakaryocyte (arrow) with the homogenously and densely stained nuclei is demonstrated in the stage of platelets
release. Histochemical method on detection of Caz+-dependent acidic phosphatase activity.
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Figure 11.

PRP-1-Ir structures in bone marrow of the immobilized rats. The increased number of PRP-1-Ir blood-formed
cells is detected in BM sinusoidal capillaries and stroma. Among these cells, islands of PRP-1-Ir immune system
cells (white asterisks) were found inside and around the sinusoids (black asterisks). A PRP-1-Ir capillary
(arrow) (A) and a few single PRP-1-Ir varicose nerve fibers (arrows) (C) are seen. (D): fragment of 10C. ABC
immunohistochemical method.

activators, such as phytohemagglutinin (FGA), phorbol miristil acetate (FMA), and
concanavaline A (ConA), compared to near 0% in the intact immune cells. Data
obtained indicate the possible synthesis of PRP-1 in the immune system cells in vivo.

Thus, adult stem cells plasticity in response to the immobilization stress is
assumed in some of the studied brain regions. However, whether these cells are
indeed bone marrow-derived stem cells circulating in the blood is a question to be
answered. In regards to the PRP-1-Ir migrating cells from the SC central canal, we
assumed that they could be the SC stem cell-derived structures.

5. Effect of PRP-1 on inflammation

The inflammation, a physiological response to a variety of tissue damages, is
made up of multiple related chains of cellular and chemical reactions. This cascade
of responses activates the localized production of cytokines implicated in the cell
recruitment and differentiation through specific gene expression. Though the
processes behind the acute neuroinflammation following trauma or stroke may
worsen the initial lesion through the increased neuronal loss, they stimulate the
subsequent functional recovery through promoting neuronal plasticity. However, the
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consequences of chronic neuroinflammation are suspected to include neuronal loss in
pathological conditions including neurodegenerative and autoimmune disorders and
diseases [22].

Inflammation of the brain is linked to the biosynthesis and secretion of several
neuroactive molecules, such as oxygen and nitrogen free radicals, cytokines, excit-
atory amino acids, proteases, complement proteins, and others, by the activated glial
cells [23]. Though chronic, unregulated, and ongoing inflammation is highly preju-
dicial, inflammation is generally a beneficial process for the organisms due to its role
in containing and curbing the survival and the spread of pathogens, as well as energy
conservation and tissue recovery [24].

Beta Amyloid peptide (Ap) (1-42) by its nature is neurotoxic and is linked to
dysregulation of the brain function during Alzheimer’ disease (AD) and, therefore,
is strongly associated with the brain function loss through the course of AD. The
accumulation of Beta Amyloid triggers the induction of neuronal cytotoxic pathways,
involving microglia induced activation of pro-inflammatory cytokines IL-$ and
TNF-a and formation of free radicals [25, 26].

TNF-a can promote tumorigenesis leading to prostate and other cancers, and initi-
ate apoptotic cell death [27]. Inflammatory processes are correlated with the neuronal
apoptosis found in neurodegenerative diseases. Whether apoptosis plays an overall
beneficial or detrimental role in neuroinflammation is unclear and topic remains
controversial.

PRP-1 has roles as a caspases-2 and -6 activator [28], immunocompetent cells (T and
B lymphocytes and macrophages) stimulator [8, 9], and pro-apoptotic caspases-3 and -9
inhibitor. Furthermore, it is a tumor necrosis factor alfa (TNFa) and interleukins (IL-1,
IL-6) inductor in lymphocytes, astrocytes, macrophages, and fibroblasts.

PRP-1 exhibits regulatory effect on myelo- and lymphopoiesis [29-31] and neuro-
protection, countering multiple toxic endogen agents [32, 33], as well as demonstrates
strong neurotrophic effect on glial fibrillary acidic protein (GFAP) biosynthesis in
astrocytes [34].

PRP-T’s influence on staurosporine-promoted apoptosis of postnatal hippocampal
cells as well as on doxorubicin-induced bone marrow mono/granulocyte apoptosis
was investigated [35]. We characterized PRP-1’s activity on the neuron survival rate
(in a myelopoiesis context) by demonstrating the significant reduction of staurospo-
rine-induced apoptosis of postnatal hippocampal cells from PRP-1 treatment. PRP-1’s
protective function against apoptosis was shown to be both dose- and time- depen-
dent. Prolonged PRP-1 treatments showed more pronounced neuroprotection against
staurosporine-induced apoptosis. A similar significant reduction was seen in bone
marrow monocyte and granulocyte apoptosis by doxorubicin. The neuroprotective
effect lasted for 2-4 hours and was no longer effective at 24 h when doxorubicin and
PRP-1 were simultaneously added. In conclusion, the endogenous peptide PRP-1 has
the primary functions of regulating myelopoiesis and neuroprotection.

Multiple experiments were carried out to understand the effect of PRP-1 on the
proliferation and the colony formation of multipotent mesenchymal stromal cells
(MMSCs). The dose response effect of PRP administration to rats was observed
with the increased number of MMSCs in bone marrow and spleen. In ex vivo condi-
tion, the addition of PRP into the culture medium led to up to 2.5-fold increase by
stimulation.

On the contrary, the proliferation was inhibited 1.5 to 2-fold in the cultures
of giant-cell tumor (GCT) stromal cells, when the same PRP concentrations and
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cultivation periods were used. PRP-1 demonstrated also the opposite effects on the
proliferation of the human bone marrow stromal cells obtained from normal humans,
and the stromal cells isolated from human GCT [36].

6. Effect of PRP-1 on cell death in the cancer diseases

Other results demonstrating antitumor activity of PRP1 followed, opening up new
perspective of PRP-1 antitumorigenic activity. PRP-1 induced the decay of tumor
cells L929 and decreased the mitotic activity of transformed mouse fibroblast cells
[37-40]. The peptide caused shrinkage of tumor in sarcoma C45 after subcutaneous
injection [39].

These experimental results served as predecessors of intensive studies on other
musculoskeletal malignancies, particularly chondrosarcoma. Chondrosarcoma is the
second most common bone malignancy, which primarily affects the cartilage cells of
the femur (thighbone), arm, pelvis, knee, and spine and even larynx, head, and neck.
Chondrosarcoma is a rare disease and it does not appear to respond to either chemo-
therapy or radiation.

Surgical resection is the only option for the treatment, although metastatic spread
to lungs occurs, eventually leading to dismal prognosis as these tumors are highly
aggressive. Therefore, the search for new therapies is extremely important and
urgent.

To date, only a few drugs have been identified that have been successfully shown
to have clinical efficacy through the inactivation of a specific oncogene phenotype
[41]. Inactivation of a single oncogene can induce cancer cells to differentiate into
cells with a normal phenotype, or to undergo cellular senescence and/or apoptosis
[42]. Upon MYC inactivation [43], tumors variously undergo proliferative arrest,
cellular differentiation, and apoptosis.

In our most early publications, we provided experimental data indicating that
PRP-1 caused inactivation of cMyc oncogene in human chondrosarcoma cells,
prompting us to further investigate this peptide antitumorigenic potential [44].

The cytostatic effect of PRP-1 in human chondrosarcoma JJ012 cell line was
demonstrated as 80% inhibition of cell proliferation on PRP-1 treatment in com-
parison with the nontreated cells. Interestingly, PRP-1 did not have any effect on
immortalized chondrocytes culture, which spoke to the fact that PRP-1 selectively
targeted malignant sarcoma cells and not the benign cells. Caspase-3 activity was not
affected and no apoptosis was detected, thus the inhibition was due to cytostatic and
not cytotoxic effect [45].

The mammalian target of rapamycin (mTORC) is an intracellular serine/threonine
protein kinase, which is linked to cell growth because of its important role in nutrient
signaling processes. PRP-1 was revealed as mTORC1 inhibitor, as it was able to inhibit
this kinase activity in statistically significant manner [46].

The fact that the concentration lower than 10 pg/ml peptide with cytostatic effect
did not inhibit mTORC1 but inhibited its target cMyc prompted us to assume the pos-
sibility of PRP-1 binding to two different receptors, facilitating the antiproliferative
effect.

The cytostatic, antiproliferative action of PRP-1 was also demonstrated in the
triple negative breast carcinoma MDA MB 231 cell lines [47] and the cell cycle experi-
ments pointed on obvious stall in S phase, delaying the progression to the next stage
of cell cycle upon PRP-1 treatment.
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Through our study, we sought to ascertain the condition of JJ012 human malig-
nant chondrosarcoma cells’ expression of intercellular junction proteins, as well as
determine the effect of the antitumorigenic cytokine PRP-1 on their expression. The
experimental data suggested that tumor suppressor desmosomal proteins expression
in JJ012 chondrosarcoma cells is restored and H3K9 demethylase activity comprised
of a pool of JMJD1 and JMJD2 is inhibited by PRP-1, suppressing the tumorigenic
potential of chondrosarcoma cells [48].

Identifying the PRP-1%s receptor was very important to discern the mechanism
behind its action. G protein coupled receptors (GPCR) and nuclear pathway receptor
assays determined that PRP-1 receptors do not belong to nuclear or orphan recep-
tor families, and neither were they G protein coupled. We have demonstrated in
our study that the interacting partners of PRP-1 binding belong to the gel forming
secreted mucin MUCS5B, as well as to the innate immunity pattern recognition toll-like
receptors TLR1/2 and TLR6. The experimental data indicated that the aforementioned
receptors had tumor suppressive function in this cellular context [49].

When examined, the microRNA expression profiles specific to tumors showed
that, throughout diverse cancers, there was widespread deregulation of these mol-
ecules. MicroRNAs have been reported to have the potential to function in disease
diagnostics and therapy as novel biomarkers, as well as a novel class of tumor sup-
pressor and oncogenes. Tumor suppressors, such as miR20a, miR125b, and miR192,
were significantly upregulated by mTORC-1 inhibitor PRP-1 while onco-miRNAs,
miR509-3p, miR589, miR490-3p, and miR550 were downregulated in the human
chondrosarcoma JJ012 cell line [50]. The fact that PRP-1 manifests itself as a powerful
epigenetic regulator was confirmed with the experiments demonstrating inhibition of
BAFF Chromatin remodeling complexes [51].

Experimental results indicated that among the miRNA significantly downregu-
lated by PRP-1 treatment was miRNA 302c. miRNA 302c is a part of the embryonic
human stem cell stemness regulator cluster miR302367. miR302367 is expressed in
embryonic stem cells, as well as in certain tumors, but its expression is not found in
normal tissue or in adult HMSCs [52]. PRP-1 had a strong effect on chondrosarcoma
and multilineage induced multipotent adult cells (embryonic primitive cell type)
viability by inhibiting their proliferation. However, PRP-1 did not have any cell
proliferation inhibitory action on glioblastoma, because the miR-302-367 cluster in
glioblastoma exhibits an opposite effect and its expression is enough to inhibit the
stemness inducing properties. The antiproliferative activity of PRP-1 and its action
on downregulation of miR302c has an observed correlation that explains the peptide’s
opposite effects on the downregulation of miR302c targets, the stemness markers
Nanog, c-Myc, and polycomb protein Bmi-1 [52].

We concluded that the inhibition of H3K9 demethylase activity by PRP-1 leads to
downregulation of miR302c and its targets, defining the antiproliferative role of PRP-1.

Effects of PRP-1 on a 3D chondrosarcoma tumor model in vitro (known as
spheroids) and on the cancer stem cells (CSCs) that form the spheroids, was evalu-
ated in another study [53]. Spheroid formation and colony formation assays of cell
fractions (including CSCs) were used in comparing PRP-1 treated groups with the
controls. The CSCs were assessed with a modified Annexin V/propidium iodide assay
for early apoptosis and cell death. Western blotting confirmed mesenchymal marker
expression, and the spheroid self-renewal assay demonstrated the presence of the
self-renewing CSCs. The study’s results determined that PRP-1 eliminates spheroid
formation and independent CSC growth, indicating the PRP-1 potential to inhibit
tumor formation in a murine model. Another indication of an advantageous decline in
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tumor stromal cells is the decrease in non-CSC bulk tumor cells. These findings lead
us to conclude that PRP-1 inhibits CSC proliferation in 3D tumor models that mimic
the behavior of in vivo chondrosarcoma.

Although the cytostatic effect of PRP-1 has been demonstrated in various tumors
we studied, the potential of PRP-1-related apoptosis in other types of cancer has not
been ruled out.

PRP-1 action is cellular and disease context dependent. Morpho-functional
study on the effect of PRP-1 on a mouse Ehrlich ascites carcinoma (EAC) model
was conducted [54]. The number of viable cells in the suspension was determined
by the histological method of exclusion with trypan blue (diazo live dye). The per-
centage of dead and alive cells was calculated after 24 h of incubation in the control
samples and in those treated with PRP-1 at 0.1 and 1 pg/ml concentrations. The
effect of PRP-1 on the number of tumor cells incubated for 24 h and their viability
led to a 44% reduction in the number of viable cells on day 11 post-inoculation, vs.
the 22% inhibition of viable cells after PRP-1 treatment (0.1 pg/ml) on day 7 post-
inoculation (Figures 12 and 13).

Control (24 h)

PRP-1 1 pg/ml (24 h)
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Figure 12.

Effect of the hypothalamic PRP-1 on the growth and viability of mouse isolated EAC cells on the 7 day of tumor
growth. By the histological method with Tr-Bl staining, viable EAC cells were revealed in the control samples
before their culture (control). Few number of dead Tr-Bl-positive tumor cells were detected among the viable cells
in the non-treated control samples 24 h after culture (control 24 h). An increased number of Tr-Bl-positive dead
cells was evident 24 h after 0.1 and 1 ug/ml PRP-1 administration. The PRP-1 (0.1 and 1 pg/ml) inhibitory effect
on the number of (B) total and (C) viable tumor cells treated for 24 h was statistically (***P<o0.001) significant,
difference compared to the control at 24 h. Histological method with Tr-Bl staining.
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Figure 13.

Eﬁ%:clt of the hypothalamic PRP-1 on the growth and viability of mouse isolated EAC cells on the 11" day of tumor
growth. (A) Histological method with Tr-Bl staining detected viable EAC cells before their culture (control). EAC
control cells after 24 h of incubation were mainly viable, although several dead Tr-Bl-positive cells were present
(control 24 ). In samples treated with 0.1 and 1 pg/ml PRP-1, an increased number of Tr-Bl-positive non-viable
cells was detected; along with various viable cells (arrows), apoptotic cells with fragmented nuclei (double arrows),
as well as various Tr-Bl-positive cells surrounded by apoptotic bodies (arrow heads) were observed. The PRP-1 (0.1
and 1 pg/ml) inhibitory effect on the number of (B) total and (C) viable tumor cells treated for 24 h was statistically
(***P<o0.001) significant, difference compared to the contvol at 24 h. Histological method with TR-BI staining.

Based on the PRP-1-induced morphological features of EAC cells, the apoptotic
nature of PRP-1 was confirmed histologically as manifested by cell shrinkage, mem-
brane blebbing, chromosome condensation (pyknosis), and nuclear fragmentation
(karyorrhexis) (Figures 14 and 15).

To verify this observation, a series of experiments were performed, which were
focused on the determination of apoptosis in cultured tumor cells using an Annexin V-Cy3
apoptosis detection kit and fluorescence microscopy. The analysis of the apoptosis on the
7-day inoculated mice EAC-cultured cells exposed to 0.1 pg/ml PRP-1 for 24 h revealed a
significant increase in the number of apoptotic cells, reaching 50.33%, compared to 8.33%
in the control sample on day 7. Besides, early apoptotic cells, as well as late apoptotic cells,
containing and surrounded by fragments of necrotic nuclei were also detected, in contrast
to the numerous viable tumor cells detected in the untreated control samples.

In late apoptotic cells, the apoptotic bodies undergo secondary necrotic changes and
turn to detritus, known as a secondary form of necrosis mainly iz vitro experiments
when phagocytosis does not occur due to the absence of macrophages [55] (Figure 16).

In addition, a series of experiments aimed at elucidating the possible participa-
tion of PRP-1 in antitumorigenic processes was carried out by detecting the immu-
nohistochemical localization of PRP-1 in the control and experimental EAC cells
(Figures 17 and 18).
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Figure 14.

Histological evaluation of the hypothalamic PRP-1 effect on mouse-isolated EAC cells on day 7 of tumor growth.
Morphological changes of tumor cells (A) 24 and (B) 72 h after culture. (A) In control samples, numerous EAC
cells linked with each other were detected at 24 h, whereas a decreased number of cells was observed with both
doses of PRP-1. In the experimental samples, PRP-1-induced morphological changes were similar for both the two
time-points of culture. Apoptotic membrane blebbing and apoptotic bodies (arrowheads), smaller and round-
shaped cells with eosinophilic cytoplasm and condensed nuclei (pyknosis), and loss of reticular extensions and
contacts with adjacent cells weve observed. (B) Necrotic EAC cells containing no nuclei (karyolysis) or cells with
lost membrane integrity (arrows) were mainly presented in the control samples after 72 h of culture, whereas few
necrotic cells with lost plasma membrane integrity and veleased cell death products (arrows) were detected in the
samples treated with PRP-1 for 72 h. Statistical data vegavding the PRP-1 (0.1 and 1 ug/ml) effect on the apoptosis
and necrosis in tumor cells treated for (C) 24 h and (D) 72 h were presented according to the HCYE exclusion

test in comparison with the findings in the untreated control cells. Data are presented as the mean + standard
deviation (n = 3), and represent >3 independent experiments. **P<0.01; ***P<0.001, significant difference
compared to (C) the control at 24 h and (D) the control at 72 h. Histological method with HSE staining.

In the mice of control non-cultured EAC cells, PRP-1-IR was not detected on the
seventh day of tumor growth. No intracellular PRP-1-IR was detected in the untreated
control EAC cells cultured for 24 h however the presence of PRP-1-Ir cell membrane
(21%) in the shape of narrow ring was registered. In the samples with 0.1 pg/ml PRP-1
treatment, strong PRP-1-IR was observed in the cytoplasm (46.5%) and nucleoli (10%).

However, the number of EAC cells with cytoplasmic PRP-1-IR of inoculated for
11 days mice and cultured for 72 h in the presence of PRP-1, constituted 73.4%, in
contrast to 32.6% of the control cells with cytoplasmic PRP-1-IR. Notably, dense PRP-
1-IR was noticed in 25% of apoptotic cells with membrane blebbing, in contrast to 4%
of the untreated control cells.

Fluorescent nuclear staining of DAPI nevertheless proved statistically insignifi-
cant nuclear localization of PRP-1 in both control and PRP-1-treated samples after
72 h of incubation (4% of the total number of tumor cells).
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Figure 15.

Histological evaluation of the hypothalamic PRP-1 effect on mouse-isolated EAC cells on the 11" day of tumor
growth by HeYE staining. Morphological changes of tumor cells at (A) 24 and (B) 72 h after culture. In the
untreated control samples, tumor cells (arrows) with typical morphology were observed after both culture time-
points. In comparison to cells in the control group, cells exposed to 0.1 and 1 yg/ml PRP-1 were smaller in size and
exhibited a round shape. EAC cells with the apoptotic bodies (arrowheads) were observed having no contact to
adjacent cells. Statistical data regarding the PRP-1 (0.1 and 1 ug/ml) effect on the apoptosis and necvosis in tumor
cells treated for (C) 24 h and (D) 72 h was presented according to the HeYE exclusion test in comparison with the
findings in untreated control cells. Data are presented as the mean + standard deviation (n=3), and represent >3
independent experiments. **P<0.01; ***P<0.001, significant difference compared to (C) the control at 24 h and
(D) the control at 72 h. Histological method with HEY'E staining.
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Figure 16.

Analysis of apoptosis/necrosis in cultured mouse EAC cells exposed to the hypothalamic PRP-1 on the 7" (A,

B) and 11" days (C, D) of tumor growth according to fluorescence detection with Annexin V-cyanine 3. (A, C)
viable EAC cultured cells ( green ) were detected 24 h after growing in the control untreated samples. In contrast
to control samples, on the 7" day of tumor growth (B) an increased number of early apoptotic cells (orange) was
revealed 24 h after treatment with 0.1 ug/ml PRP-1. Fragments of necrotic nuclei (red) were clearly detected

in late apoptotic cells. (D) on the 11" day of tumor growth after treatment with 0.1 ug/ml PRP 1, the plasma
membrane and certain weakly stained intracellular components could be indicative of early-stage apoptosis.
Fluorescent method with Annexin V-Cy3 staining.
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Figure 17.

Immunohistochemical localization of the hypothalamic PRP-1 in cultured mouse EAC cells on the 7" day of
tumor growth. (A) All microimages demonstrated no PRP-1-IR in EAC cells before culture (control). PRP-1-IR
in tumor cells (B) at 24 h and (C) 72 h after culturve. (B) No intracellular PRP-1-IR was detected in control
EAC cells after 24 h of culture, whereas the plasma membrane exhibited weak PRP-1-IR in the form of a narrow
ring (arrows). In experimental samples, the sub-membrane cytoplasm with dense PRP-1-IR was detected in the
tumor cells (arrows) exposed to 0.1 pug/ml PRP-1. (C) After 72 h of culture, nuclear localization of PRP-1 was
detected in certain control (arvows) and PRP-1 treated (not shown) tumor cells. PRP-1-Ir cytoplasm was released
from necvotic control cells with lost membrane integrity (double arrows). The strong PRP-1-Ir cytoplasm was
revealed both in control (not demonstrated) and exposed to PRP-1 EAC cells. Notably, the apoptotic cells with the
apoptotic bodies (arrowheads) also demonstrated strong PRP-1-Ir cytoplasm. ABC immunohistochemical method.
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Figure 18.

Imgmunohistachemical localization of the hypothalamic PRP-1 in cultured mouse EAC cells on the 11" day of
tumor growth according to the ABC immunohisto-chemical method. (A) EAC control cells before culture, where
PRP-1 was localized in the cell membrane, cytoplasm (arrows) and nucleoli (double arrows) of certain tumor cells.
PRP-1-IR in the tumor cells (B) 24 h and (C) 72 h after their culture. (B) In the untreated control samples at 24 h,
weak PRP-1-IR was mainly observed in the perinuclear zone of cell cytoplasm. In the experimental samples exposed
to 0.1 pug/ml PRP-1 for 24 h, PRP-1-IR was observed in the cell nucleoli (double arrows). (C) At 72 h after EAC
cell culture, dense cytoplasmatic IR for PRP-1 was detected in tumor cells both in the control and PRP-1 treated
samples. Morphological changes of the cells undergoing death-velated processes (apoptosis and necrosis) were clearly
observed, including release of PRP-1-Ir intracellular contents from necvotic cells into the extracellular space, which
was detected predominantly in the control samples (arrows), while PRP-1-Ir plasma blebs and apoptotic bodies
(arrowheads) were vevealed mainly in the experimental samples. ABC immunohistochemical method.
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Thus, the findings provide evidence that the effect of PRP-1 is cellular context
dependent in EAC cells, with PRP-1 acting as a cytotoxic agent by inducing pro-
grammed cell death type I apoptosis. With regard to the detection of PRP-1-IR in
the nucleus and cytoplasm of apoptotic EAC cells cultured for 72 h in both control
(untreated) and experimental (PRP-1 treated) samples, the possible biosynthesis of
the endogenous PRP-1 in the studied cancer cells should be taken into account.

7. PRP-1as a circulating biomarker

Today, much attention is paid to the discovery of circulating biomarkers in the
blood serum of patients with different disorders.

Previously, we succeeded in the detection and quantification of PRP-1 in rat blood
serum by an enzyme linked immunosorbent assay (ELISA) developed for PRP-1 [56].
The minimum detectable concentration of PRP-1 in the intact rat blood serum has
been shown to be approximately 1.78 ng/ml. Furthermore, the effect of the exogenous
PRP-1 on the endogenous PRP-1 concentration was identified in the blood after 5 h
and 2 days of its administration.

The significant increase of PRP-1 concentration observed in the blood samples in
5 h after the PRP-1 intraperitoneal injection was decreased in the 2-day post-injection
period to approximately the control level.

Based on the recent data [57] pointing to PRP-1 being a new natural substrate for
the multifunctional dipeptidyl protease (DPP-IV) that hydrolyses the peptide bonds
formed by the proline residues, the decrease in the peptide concentration could be
explained by the proteolytic processing of PRP-1 by DPP-IV.

The results serve as a basis for suggesting the involvement of different factors
(neuropeptides, enzymes, neurotransmitters, etc.) in the mechanism of the PRP-1
action, and justify the need for additional studies for demonstrating the potential role
of PRP-1in the stress-induced disorders obtained on the animal models and in the
pathogenesis of various human diseases.
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Chapter 3

Ferroptosis in Leukemia: Lessons
and Challenges

Baoquan Song and Leisheng Zhang

Abstract

Ferroptosis is a newly defined programmed cell death (PCD) process with the
hallmark of the accumulation of iron-dependent lipid peroxidation, which is more
immunogenic over apoptosis. Ferroptosis shows great potential as a therapeutic target
against acute kidney injury (AKI), cancers, cardiovascular diseases, neurodegenera-
tive diseases, and hepatic diseases. Accumulating evidence has highlighted that
ferroptosis plays an unneglectable role in regulating the development and progres-
sion of multiple pathologies of leukemia including acute myeloid leukemia (AML),
chronic myeloid leukemia (CML), acute lymphoblastic leukemia (ALL), and chronic
lymphocytic leukemia (CLL). Herein, we focus on the state-of-the-art renewal in the
relationship of ferroptosis with leukemia. Meanwhile, this chapter further highlights
the iron, lipid and amino acid metabolism, as well as ferroptosis-based molecular
mechanisms. Collectively, we summarize the contribution of ferroptosis to the patho-
genesis of leukemia and discuss ferroptosis as a novel therapeutic target for different
types of leukemia.

Keywords: ferroptosis, programmed cell death, leukemia, metabolism, novel
therapeutic targets, lipid peroxides

1. Introduction

Ferroptosis is a new type of iron-dependent programmed cell death (PCD) that
was first reported by Dixon et al. in 2012, which is initiated by lipid peroxidation and
terminates in toxic lipid peroxidation and mitochondrial dysfunction [1, 2]. As a new
form of PCD, ferroptosis can be distinguished from other types of cell death such
as necrosis, pyrolysis, apoptosis, and autophagy in regard to morphology and bio-
chemistry [3, 4]. As to the morphological characteristics, the major manifestation of
ferroptosis is increase in mitochondrial membrane density, unspoilt cytomembranes,
cell volume shrinkage, decline or even deficiency in mitochondrial cristae, outer
membrane rupture and mitochondrial membrane crumpling, and normal cellular
nucleus size with unconsolidated chromatin [5, 6]. As to the biochemical characteris-
tics, ferroptosis results from the accumulation of iron-catalyzed lipid-based reactive
oxygen species (ROS), which is commonly initiated by either the loss of the activity
of the lipid repair enzyme named glutathione peroxidase 4 (Gpx4) or the inactivation
of the antioxidant defenses depending on the cellular glutathione (GSH) [7]. As to
the genetic characteristics, a considerable number of genes have been indicated to
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modulate ferroptosis by acting as inhibitors or inducers, which can be divided into the
system Xc-, Gpx4, GSH, lipid peroxidation-associated genes, and iron metabolism
regulation-associated genes on the basis of the variations in targets, whereas the
specific regulatory mechanisms of ferroptosis still need to be further explored [8].

Taken together, ferroptosis has been regarded with initiation by the failure of
the aforementioned GSH-dependent antioxidant defenses, which thus results in the
uncontrolled process during lipid peroxidation and the concomitant cell death [9, 10].
Similarly, the out-of-balance phenomenon between GSH-dependent Gpx4 inactivity
and the iron-catalyzed lipid ROS production eventually triggers the occurrence of
ferroptosis. Accordingly, the lipophilic antioxidants and iron chelators can effectively
suppress the process of ferroptotic cell death [11]. The former inhibits the initiation
and accumulation of the lipid peroxidation by capturing or eliminating targeting
lipoxygenase and free radicals, including ferrostatin-1 (Fer-1), N-acetylcysteine
(NAC), vitamin E, and liproxstatin-1 (Lip-1) [12]. The latter can efficaciously prevent
the aforementioned iron-catalyzed-associated lipid peroxidation by acerating the
depletion of free iron, including deferiprone (DFP) and deferoxamine (DFO) [13].

In spite of the rapid development of the multifaceted assumptions and considerable
validations, the systematic and detailed molecular mechanisms of ferroptosis are still
far from being fully clarified. The regulatory mechanisms of ferroptosis are compli-
cated and involve a variety of metabolic networks and signaling pathways, including
abnormal iron metabolism, lipid metabolism, amino acid metabolism, and signaling
pathways associated with ferroptosis. For instance, a number of studies have reported
the involvement of several signaling pathways with ferroptosis such as ferritinophagy,
iron and amino acid metabolism, cell adhesion, and Keapl/Nrf2, mTOR, and p53
signaling pathways [14-16].

Nowadays, ferroptosis has been considered to perform a critical role in various
diseases and pathologies, such as cancer, stroke, cardiomyopathy, kidney and liver
injury, and neurodegeneration [17, 18]. Meanwhile, both the indicated inhibitors
and activators have been continuously identified and introduced to explore the
molecular mechanisms of ferroptosis, which collectively benefit the development of
novel therapeutic strategies for the administration of ferroptosis-related diseases and
pathologies [19]. In the meantime, accumulating evidence has indicated the changes
in iron metabolism during leukemia, which thus has been considered as a crucial
feature as well. To date, high oxidative stress and high iron requirements are identified
with association to the alteration of iron metabolism during leukemia, which thus
suggests that leukemia cells are more vulnerable to variations in ROS and iron levels
when compared with the normal cells [20]. Therefore, targeting iron metabolism may
provide new insights into approaches to the treatment of leukemia.

2. Ferroptosis and leukemia

Leukemia is a group of heterogeneous hematopoietic stem cell (HSC) malignan-
cies. It is characterized by aberrant accumulation of undifferentiated blasts capable of
unrestrained proliferation in the bone marrow, which interferes with the production
of normal blood cells. Leukemic cells uniquely possess the innate ability for migra-
tion and invasion. Differentiated, malignant leukocytes retain the benign leukocytes’
capacity for cell motility and survival in the circulation, while acquiring the potential
for rapid and uncontrolled cell division. Currently, a variety of cancer cells of hema-
tological malignancies (e.g., multiple myeloma, leukemia, and lymphoma) have been
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identified to be sensitive to ferroptosis because large amounts of iron are acquired
by leukemia cells for the maintenance of rapid growth and proliferation. As a con-
sequence, targeting iron metabolism holds the potential to supply new insights into
developing novel approaches for the administration of leukemia.

As a cancer of the bone marrow and blood cells, leukemia threatens human health
seriously. Recent insights into iron metabolism along with the recent discovery of
ferroptosis have opened new avenues in the field of antitumor therapies. Emerging
evidence has revealed that ferroptosis is essentially a nexus among metabolism,
redox biology, and diseases including cancers. The discovery of ferroptosis is a major
breakthrough in the development of cancer treatments. Therefore, targeting ferropto-
sis may provide new insights into approaches to the treatment of leukemia. Leukemia
is classified into four main subgroups, including acute myeloid leukemia (AML),
acute lymphoblastic leukemia (ALL), chronic myeloid leukemia (CML), and chronic
lymphoblastic leukemia (CLL). Therefore, we focus on these entities in this chapter.

2.1 Ferroptosis in acute myeloid leukemia

AML is the most common type of leukemia in adults, which is characterized by the
rapid growth of abnormal lineage-specific hematopoietic precursor cells that do not
differentiate into functional granulocytes or monocytes during hematopoiesis in the
bone marrow microenvironment [21-24]. As a classical paradigm of myeloid disease
with multiple life-threatening complications, AML is characterized by a significant
reduction of physiological differentiation of hematopoietic stem and progenitor cells
(HSPCs) toward myeloid and lymphoid lineages in parallel with aberrant activation
of pathological hematopoiesis that is dominated by the continuous accumulation of
the dysfunctional leukemic blast populations [25, 26]. Despite the dramatic pro-
gresses in exploring the pathogenesis and exploring advanced targeted therapies, the
majority of the AML patients are still bearing immune dysregulation and the con-
comitant outcomes [25]. Long-term survival remains limitation with the standard-
of-care chemotherapies combining anthracyclines with cytarabine. Development of
resistance to chemotherapeutic agents is a major hurdle in the effective treatment of
patients with AML [27]. New therapies are needed to improve chemotherapy efficacy
in AML [25, 28]. Meanwhile, many endeavors have been made to ascertain de novo
biomarkers and improve risk stratification and prognostic assessment in different
AML subgroups [21]. However, more and more studies have proved that ferroptosis
is closely related to the pathophysiology of AML and thus shed light on studying the
pathogenesis of AML and search for new therapeutic targets.

A variety of molecular and pathological changes in ferroptosis have been observed
in experimental AML models and samples from AML patients (Table 1). Among
ferroptosis-related genes (FRGs), GPX-1, GPX-3, GPX-4, and GPX-7 were highly
expressed in 7 AML patient samples and associated with poorer prognosis of overall
survival (OS) [30]. AKR1C2 and SOCS1 are promising biomarkers for predicting
prognosis in patients with AML [31]. Huang et al. [32] established a prognostic
model of 12-FRGs in AML. The model successfully divided patients into high- and
low-risk (LR) patient groups with mean OS as the basis. Wei et al. [15] showed that
ferroptosis-related genes (FRGs), DPP4 and TFRC, act as biomarkers for predicting
and diagnosing AML, and their expression levels also have significant correlations
with drug resistance in AML. Other markers of ferroptosis, among the 12 ferroptosis-
related genes (PHKG2, HSD17B11, STEAP3, HRAS, ARNTL, CXCL2, SLC38A1, PGD,
ENPP2, ACSL3, DDIT4, and PSAT1), were screened to generate a prognostic model,
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which stratified patients into a low- (LR) or high-risk (HR) group [33]. Another
study showed that 18 signature genes, including DLL3, EFNB3, ZSCAN4, ASTN1,
FAM155B, CCL23, ZFPM2, FOXL1, HMX2, LGALS1, LHX6, PCDHB12, MXRAS5,
HRASLS, TMEMS6, PRINS, TWIST1, and ZNF560, were unified for the development
of establishing the prognostic risk-scoring model. With the aid of the model, AML
patients can be grouped into high-risk and low-risk groups, and those inpatients with
low risk consistently revealed preferable survival over the high-risk inpatients [34].
In another study, investigators have identified and verified seven ferroptosis-related
IncRNA signatures (AP001266.2, AC133961.1, AF064858.3, AC007383.2, AC008906.1,
AC026771.1, and KIF26B-AS1) with independent prognostic value in patients with
AML (Table 1) [35]. In summary, we conducted and validated a novel ferroptosis-
related prognostic model for outcome prediction and risk stratification in AML, with
great potential to guide individualized treatment strategies in the future [31, 36-38].

Currently, ferroptosis has been characterized by the well-established iron-
dependent accumulation of the lipid hydroperoxides, which eventually leads to the
severe impairments of the mitochondrial outer membrane as well as the decrease of
mitochondria crista. Interestingly, cancer cell death has been proved to be involved
in ferroptosis as well. Therewith, new treatment remedies by developing effective
activators and inhibitors targeting ferroptosis will benefit the development of novel
treatment paradigms for AML patients. As early as 2015, researchers found that the
ferroptosis inducer Erastin enhances sensitivity of acute myeloid leukemia cells to
chemotherapeutic agents [39]. Later, researchers demonstrated that DHA would
induce autophagy and ferroptosis in AML cell lines and revealed the role of iron
metabolism in DHA-induced cell death [40]. High mobility group box 1 (HMGB1) is
a novel regulator of ferroptosis via the RAS-JNK/p38 pathway and a potential drug
target for therapeutic interventions in leukemia. It plays an important role in leuke-
mia pathogenesis and chemotherapy resistance [29]. Typhaneoside (TYP) is a major
flavonoid in the extract of pollen typhae, showing significant biological and phar-
macological effects. Zhu et al. [24] found that TYP significantly triggered autophagy
in AML cells by promoting the activation of AMP-activated protein kinase (AMPK)
signaling, contributing to ferritin degradation, ROS accumulation, and ferroptotic
cell death ultimately. APR-246, also known as PRIMA-1MET, is a promising new
therapeutic agent that targets TP53-mutated cancers. The association of APR-246
with induction of ferroptosis (either by pharmacological compounds or by genetic
inactivation of SLC7A11 or GPX4) had a synergistic effect on the promotion of cell
death, both in vivo and ex vivo [41]. circKDMA4C is negatively associated with AML,
and the downregulated circKDMA4C leads to AML progression, which otherwise
induces ferroptosis by regulating has-let-7b-5p and P53. This may be explored further
to develop a potential AML therapy [42]. Aldehyde dehydrogenase 3a2 protects
AML cells from oxidative death and the synthetic lethality of ferroptosis inducers.
Combination of Aldh3a2 inhibition with ferroptosis inducers or with standard AML
induction chemotherapy deserves further consideration as a cancer therapy [43].
Subsequent studies verified that HMOX1 was a critical target in honokiol-induced
ferroptosis [44]. These results reveal that honokiol is an effective antileukemia agent
in AML cell lines and may be a potential ferroptosis activator in AML.

2.2 Ferroptosis in acute lymphoblastic leukemia

Acute lymphoblastic leukemia (ALL) is a malignant clonal disorder of lympho-
blastic hematopoiesis with high heterogeneity [45, 46]. Survival rates of ALL have
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improved remarkably by intensive induction chemotherapy, with complete remission
(CR) rates of up to 80%. However, relapse occurred in patients ranging from 25% to
35% [47]. Interestingly, ferroptosis is suggested to be a promising strategy for cancer
treatment and therefore should also be evaluated in ALL [48, 49].

After the exploration of the potential role of ferroptosis in Ph-neg B-ALL with the
clinical data and the RNA-seq results of 80 Ph-neg B-ALL, a Cox regression model
based on 8 FRGs (ALOX15, ATP5G3, CARS, CDKN1A, LPCAT3, SAT1, SLC1AS5, and
TFRC) was established to help evaluate the prognosis of Ph-neg B-ALL patients [50].
Lukas et al. reported that the glutathione (GSH) peroxidase 4 (GPX4) inhibitor RSL3
triggers lipid peroxidation, production of reactive oxygen species (ROS) and cell
death in ALL cells. Importantly, LOX inhibitors, including the selective 12/15-LOX
inhibitor Baicalein and the pan-LOX inhibitor nordihydroguaiaretic acid (NDGA),
protect ALL cells from RSL3-induced ferroptosis [51]. Artesunate (ART), a widely
used antimalarial compound, exerted potent anti-ATLL effects through inducing
reactive oxygen species production, resulting in cell death mediated by apoptosis,
ferroptosis, and necroptosis [52]. Greco et al. [53] reported that sulforaphane
(50 pM) induced U-937 cell ferroptosis through depletion of glutathione (GSH),
decreased GSH peroxidase 4 protein expression, and lipid peroxidation. PAQR3 (also
known as RKTG) has been proved to take part in many human cancers by acting as
a tumor suppressor. Jin and Tong [48] showed PAQR3 inhibited proliferation and
aggravated ferroptosis in ALL through modulation of Nrf2 stability. This study
suggested that PAQR3 may serve as an effective biological marker for ALL treat-
ment. Meanwhile, Hydnocarpin D (HD) is a bioactive flavonolignan compound that
possesses promising antitumor activity, although accumulation of lipid ROS and
decrease of GSH and GPX4, while inhibition of autophagy, impeded ferroptotic cell
death [54]. Poricoic acid A (PAA) is the main chemical constituent on the surface
layer of the mushroom Poria Cocos and exerts protective effects against various
diseases. PAA treatments also provoked ferroptosis in T-ALL cells with reduced
glutathione (GSH) levels and elevated malonaldehyde (MDA) content through
inducing autophagic cell death and ferroptosis [55]. Yang et al. provided the first
direct evidence that circ_0000745 promoted glycolytic metabolism and cell cycle
progression but suppressed the occurrence of ferroptosis and apoptosis of acute
lymphoblastic leukemia (ALL) cells via orchestrating the miR-494-3p/NET1 axis.
That is, the Circ_0000745/miR-494-3p/NET1 axis might serve as a novel potential
target for the treatment and diagnosis of ALL as well [56]. Another study found that
FBXW?7 was adequate to participate in degrading VDAC3 via modulating ubiquitina-
tion of cells to promote Erastin-induced ferroptosis during ALL, which could explain
the potentially regulatory link between ferroptosis and autophagy. Moreover, Zhu
et al. [49] also demonstrated the value and impact of the combination of Erastin and
Rapa for ALL management both iz vive and in vitro.

2.3 Ferroptosis in chronic leukemia

Chronic leukemias are composed of a broad spectrum of subtypes such as includ-
ing chronic monocytic leukemia, chronic mylocytic leukemia (juvenile, adult, and
familial), chronic myelomonocytic leukemia, and chronic lymphocytic leukemia
(CLL), which collectively account for lower than 5% of the childhood hematologic
malignancies [57-59]. Recently, some studies have revealed the prognostic value of
ferroptosis-related genes in chronic leukemia. For instance, Gong et al. indicated
that ferroptosis-related genes can be used to stratify CLL patients based on overall
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survival (OS) (Table1). Meanwhile, they developed a risk signature containing eight
ferroptosis-related genes for predicting the OS of CLL patients [60].

Several reports have shown the potential of triggering ferroptosis for chronic
leukemia therapy, particularly for eradicating aggressive malignancies that are
resistant to traditional therapies [60-63]. For decades, cysteine metabolism has
been identified to have a critical role in cancer cell proliferation and survival, and
cysteine depletion has been indicated to inhibit cancer growth and induce tumor cell
ferroptosis. Furthermore, Liu et al. [64] have recently showed that cysteine deple-
tion can induce ferroptosis in CML cells and TXNRD1 may be a key regulator gene.
This illustrates that cysteine metabolism-induced ferroptosis may be a new idea for
the treatment of CML except chemotherapy. Meanwhile, Song et al. [65] found that
ferroptosis was involved in imatinib mesylate (IMA)-induced cardiotoxicity during
the treatment of CML. In detail, they verified that IMA could downregulate Nrf2
expression but upregulate the P53 and TfR expression and thus increase the cellular
ROS and iron, which collectively provided evidence for ferroptosis participation in
IMA-induced cardiotoxicity and highlighted ferroptosis as a novel target in IMA-
exposed patients.

3. Conclusions and perspectives

Ferroptosis is a newly discovered form of regulated cell death. Iron-dependent
lipid peroxidation is a major driver of ferroptosis, and ferroptosis may also occur in
leukemia. Ferroptosis is critically involved in the pathogenesis of various leukemia,
including acute myeloid leukemia, acute lymphoblastic leukemia, chronic myeloid
leukemia and chronic lymphocytic leukemia. With ongoing research, prognostic
value of ferroptosis-related genes and potential therapeutic strategy for overcom-
ing chemotherapy resistance are likely to become effective therapeutic strategies for
leukemia.
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Chapter 4

The “Irony” of Ferroptosis:
A Review on Neurological
Challenges

Chayan Munshi and Shelley Bhattacharya

Abstract

Ferroptosis in recent days has gained high impact due to its implication in inducing
several neurological challenges. Impairment of iron homeostasis (mainly surplus iron
deposition) is the key reason for the induction of the ferroptotic cell death. This type
of programmed cell death in the neurons can trigger neuropathological abnormali-
ties. Ferroptosis has been given clinical importance, where biomedical researchers
are working on the pathological detection of ferroptosis and finding clinical ways to
arrest it. In this review, we have elucidated the impact of ferroptotic cell death on the
pathophysiology of several neurological challenges.

Keywords: Ferroptosis, cell death, neurological challenges, oxidative stress, iron

1. Introduction

Ferroptosis is recently discovered non-apoptotic, iron-dependent programmed
cell death instigated by the upsurge of intracellular lipid reactive oxygen species.
Despite of the importance of iron in the body, the proper cellular homeostasis is
important. The cellular mechanistic pathways which are related to ferroptosis are
majorly iron metabolism and lipid peroxidation. Ferroptosis has been reported
to have direct execution for several neurological disorders. As we know that
ferroptosis is rather a very new area of research, intricate research is needed to
work on the molecular crosstalk between ferroptosis, apoptosis, autophagy, and
necrosis. A comparative molecular mechanism of ferroptotic pathophysiology in
several neurological diseases needs to be revealed. Furthermore, research on the
establishment of ferroptosis as a therapeutic approach for several neurological
diseases is also important [1].

The ideal purpose of iron homeostasis in body must be established in the system,
which not only transfers iron in the brain but also reduces its concentration, if
exceed the optimum level. Irregularities in iron homeostasis, especially for surplus
iron, relates to several critical cellular dysfunction and signifies a serious stage
for neurodegenerative physiology. Ferroptosis is characterised by iron-dependent
oxidative damage in the lipid bilayer. It is mainly instigated by the disparity in
the oxidation and anti-oxidation proportion in the cell. Disturbances in iron and
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lipid metabolism cause excessive accumulation of lipid peroxides within the lipid
bilayer, causing oxidative destruction of the cell membrane. Disorder in the cellular
antioxidant procedures results in the incapability to remove the lipid peroxides which
is generated from the induction of oxidative stress. Eventually which is the reason

for the massive annihilation of the lipid bilayer membrane and eventually causes
programmed cell death. As accumulation of iron and lipid peroxides play the major
roles in the triggering of ferroptosis, thus it can be decreased by the administration
of iron chelators or by lipophilic antioxidants in the system. Recent findings have
specified its major role in the brain maturation and adverse effects on the nervous
system and its pathophysiology eventually initiating neural dysfunctions.

Lipid hydroperoxides are formed in the process of lipid peroxidation [2].
Glutathione peroxidase (GPX4) is a glutathione (GSH) dependent enzyme that acts to
reduce lipid hydroperoxides (L-OOH) to from lipid alcohols (L-OH). This can inhibit
the iron induced formation of toxic lipid reactive oxygen species (L-ROS). GSH is a
cofactor of GPX4 and effectively sustains the GPX4 level through cystine/glutamate
antiporter system known as the Xc- system. The inhibition of Xc- system or GSH syn-
thesis, or GPX4 activity will eventually initiate the accumulation of lipid peroxides and
initiation of ferroptotic cell death. The dysfunction of iron metabolism system, iron
uptake (transferrin receptor), iron export (ferroportin), iron accumulation (ferritin)
induces surplus of iron load and which results in the catalysis of hazardous L-ROS
production [3]. The antiporter is a 12-pass transmembrane subunit (SLC7A11) where
anionic cystine enters inside the cell via facilitated diffusion and in exchange, anionic
glutamate moves out of the cell by facilitated diffusion. This antiporter also has 1-pass
transmembrane subunit (SLC3A2), connected to the transporter by a disulfide bond.
The capability of glutamate analogues to provoke ferroptosis in neurons is straightway
correlated with their capability to inhibit cystine uptake in the cell. Cysteine in the
extracellular domain is quickly oxidised to cystine where two molecules of cysteines
are linked covalently by a disulfide bond. After transportation inside the cell, cystine is
reduced to cysteine by glutathione reductase. Inhibition of cystine uptake results in the
exhaustion of cysteine and eventually related exhaustion of GSH [4].

In this chapter, we have reviewed the impact of ferroptotic cell death on the
pathophysiology of several neurological challenges.

2. Mechanistic overview of the pathophysiological manifestation during
ferroptosis-induced neurological challenges

The propagation of ageing in nervous system, induces clinical conditions like
Alzheimer’s disease (AD), Parkinson’s disease (PD), Huntington’s disease (HD),
anxiety, depression, stroke, and traumatic brain injury which appears to be
predominant in a population. The molecular mechanism of neurological disorders
is multifarious, and there is lack of applicable therapeutic protocols. Molecules,
manifesting ferroptosis-induced neurological disorders, such as reactive oxygen
species (ROS), nuclear factor erythroid 2-related factor 2/antioxidant response
element (Nrf2/ARE), iron ion (Fe**), nicotinamide adenine dinucleotide phosphate
(NADPH), NADPH oxidase (NOX), play crucial role in the pathophysiology. In
the cells, due to the activity of acyl-CoA synthetase long chain family member
4 (ACSL4), cytochrome p450 oxidoreductase (POR), lipoxygenases (ALOX),
polyunsaturated fatty acids (PUFA) produce phospholipid hydroperoxides (PLOOH)
over a sequence of biochemical reactions, eventually from which, PLOO is generated.
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This results in lipid peroxidation. GPX4 activity can reduce PLOOH to PLOH to
constrain lipid peroxidation occurrence. Mitochondria generates reactive ROS
through, which causes oxidative stress. Fe®* is oxidised to ferric ion (Fe**) after
absorption in the duodenum. Fe’* enters the cell by combining with transferrin (Tf)
and transferrin receptor (Tfr) to procedure a complex. Iron decomposition from
endosome can induce ferroportin (FPN) protein activation on the cell membrane,
where iron ions enter iron pool. Tf-Tfr complex triggers for the next cell cycle. During
neurological disorders, excessive iron produces a large volume of ROS, which cause
ferroptosis [5].

Neurodegeneration, cardiovascular disease, and diabetes, where ferroptosis might
provoke the neuronal, cardiomyocyte, and B-cell loss. Regarding ferroptosis research,
the transcription factor Nrf2 and its transcriptional target genes play in the inhibition
process or in certain situations activating of the ferroptotic cascade. This concludes
that cautious attention should be given in terms of Nrf2 pathway, which signify
practical targets to recruit ferroptosis in tumour cell types, without damaging their
normal cell types. Another therapeutic option is using the activation of Nrf2 or other
essential anti-ferroptotic moderators in terms of avoiding ferroptosis. In homeostatic
circumstances, Nrf2 is ubiquitylated and embattled for proteasomal.

degradation by a KEAP1-CUL3-RBX1 E3 ubiquitin ligase complex. During the
pathophysiology of oxidative stress, or mutations occurred in Nrf2 or KEAP1/CULS3,
the Nrf2 is not degraded, which in turn allows nuclear translocation and activation
of antioxidant response element encompassing genes. Nrf2 is involved in iron metal
metabolism, along with the detoxification system of the cell through glutathione syn-
thesis, all of these play a crucial key role in the inhibition of ferroptosis. In the circula-
tion (blood), Fe’* is transported by Tf. Fe**-Tf is bound by tfrl and endocytosed. In the
endosome, the acidic pH promotes detachment of Tfr and Fe’*. This is further reduced
to Fe’* by the activity of metalloreductase STEAP3. Fe** is further transported to the
cytosol by divalent metal transporter 1 (DMT1), donating to the iron pool. FPN1 plays
arole in exporting of Fe’* out of the cell by incorporating it into iron-containing pro-
teins or storing by ferritin as Fe**. Ferritinophagy is the autophagic mechanism which
regulates the degradation of ferritin through nuclear receptor coactivator 4 (NCOA4).
The degradation of ferritin, results in the reduction of Fe’* to Fe’* by STEAP3 and
eventually exported from the lysosome to the cytosol by DMT1 to contribute to the
iron pool. Notably, the physiology of iron metabolism, storage, and transport, along
with ferritinophagy are transcriptionally controlled by Nrf2 [6].

Both oxidative and nitrosative stress can unfavourably disturbs the mechanis-
tic pathways and effective proteins regulating cellular iron homeostasis, like iron
controlling protein/iron response element system, and can eventually be a basis of
unusually high levels of iron and a cause of lethal levels of lipid membrane peroxi-
dation. Moreover, neuroinflammation governs the upregulation of bivalent metal
transporter-1 on the surface of astrocytes, microglia, and neurones, which make
them extremely sensitive to excess iron in the occurrence of elevated levels of non-
transferrin bound iron, therefore, initiation of iron mediated neuropathology occurs.
Mechanisms regulating the iron homeostasis physiology and the effectiveness of
ferritin and mitochondria are important. Negative regulation of ferroptosis by GSH,
GPX4, the cystine/glutamate antiporter system, heat shock protein 27 and Nrf2 is cru-
cial. The possible role of deglycase (DJ-1) inactivation in the reduction of ferroptotic
cell death is simultaneously critical. Therapeutic approach in terms of coenzyme Q10,
iron chelation therapy, deferiprone, deferoxamine (desferrioxamine) and deferasirox,
and N-acetylcysteine is of high clinical importance [7].
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3. Ferroptotic influence on the manifestation of neurological challenges

Iron overload in cell (dysregulation of iron homeostasis) is contemplated to
be a precarious situation for neurodegeneration. The current findings, emphasise
p-amyloid, tau proteins, a-synuclein, and demyelination process connected to fer-
roptosis which induces neurodegeneration. The theory built on the possible role of
dysregulation of iron homeostasis and ferroptosis in the pathophysiology of neurode-
generative diseases can be further supported by clinical experiments and epidemio-
logical analyses [8].

Despite of the fact that ferroptosis was first defined in cancer cells, however,
developing indications, include this cell death process with cerebral ischemia
and brain haemorrhage also. Neonatal brain injury is a significant reason for the
developmental damage and everlasting neurological insufficiencies. Different
cell death processes, including iron-dependent ferroptotic pathways, have been
identified for neonatal brain injury. Iron chelators and erythropoietin have been
acknowledged as neuroprotective agents against neonatal brain injury. Generally,
ferroptosis is principally defined through activators and inhibitors. Ferroptosis in
adults are reported to generate ischemic and intraventricular haemorrhage-induced
neuronal cell death. The inhibition of ferroptosis decreases the rate of neuronal death
and behavioural abnormalities. Contemplating the recent paradigms in ferroptotic
research, investigation on the relation between neonatal brain injury and ferroptosis
should be considered seriously [9].

The propagation of ferroptosis incorporates the pathophysiology of autophagy
as well as the inclusion of the activities of well-studied proteins such as Nrf2,
p53 etc. The manifestation and regulatory molecular pathways of ferroptosis are
constantly developing. There are indications that ferroptosis and its correlated genes
may be concerned in a sequence of neural maturation, maintenance, and ageing
physiology. In turn these genes can play a critical role in the pathophysiology of
neurodegenerative diseases, neurological disorders, strokes, epilepsy, brain tumours
etc. Investigating the incidence and expansion of ferroptosis in the brain tumours
and endeavouring to stimulate tumour cell death with ferroptosis inducers are
expected to collaborate with traditional tumour therapeutics and immunotherapy
protocols. However, in the perspective of glioma treatment by endorsing ferroptosis,
it is possible for the destruction of neuronal cells simultaneously, thus provoking the
collective neurodegenerative diseases, stroke, and other neurological disorders, which
will result to the similar indications in glioma patients [10].

In ferroptosis, a cloud of pharmacological modulators has been discovered
considering the target proteins involved in iron homeostasis, in terms of origination
and reduction of lipid peroxides or cystine import and GSH metabolism. Several
machineries of the ferroptosis cascade are target genes of the transcription factor
Nrf2, representing its analytical role in facilitating the ferroptotic reaction.
Ferroptosis, is controlled by various cellular metabolic pathways. Research on the
effect of ferroptotic cell death in inducing numerous neurological disorders has
gained acceleration nowadays. Genetic regulation behind ferroptosis-induced
neurological disorders and the probable functioning of ferroptosis in the development
of brain is of serious concern. There are reports on 42 ferroptosis genes, which play
crucial roles in the brain development and the gene co-expression system for the
human dorsolateral prefrontal cortex development, where cluster of 22 genes actively
participate. 12 genes out of these 22 genes are considered for the conservation of
elementary cellular functions (non-transitional), which include RNA processing.
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The rest 10 genes with postnatal line are effective for the upgradation of patterns in
neuron and glial cells. Stress affects the differential gene expression pattern during
the process of brain development [11].

Cumulative substantiation designates a probable connection between neuroinflam-
mation and neurological disorders, including AD, PD, HD, and stroke. Ferroptosis
can possibly explain this connection. Research have shown that disorders of iron
homeostasis, glutamate excitative toxicity, L-ROS, and some other factors related
to ferroptosis can be detected in several neurological disorders which is caused by
neuroinflammation. Convincing indication regarding the damage-associated molecu-
lar pattern molecules, like ROS, generated during the pathophysiological process
of ferroptosis, trigger glial cells by stimulating neuroimmune pathways and then
generate a sequence of inflammatory factors which initiate neurological disorders.
Complicated biochemical reactions occur throughout ferroptosis. Activated microglia,
reactive astrocytes, invasive T-cells, and overproduction of inflammatory molecules,
establish the neuroinflammatory response. During the early phase, acute inflamma-
tory responses cause trauma in the central nervous system, which can have a defensive
role, restraining the strictness of the injury thus augmenting neuronal repair. If the
acute inflammatory response does not decrease adequately, it will be directed into
chronic inflammation which can be uncontrollable. In this situation, glial cells incline
to intensify oxidative stress on neurons. Neuroinflammation is not essential during the
early stage of neurological disorders, however, a constant inflammatory response can
produce aggravation of the diseases. The detail pathophysiology of ferroptosis and its
connection with neuroinflammation, have been understood in a rudimentary level.
The practice of inhibitors of ferroptosis in investigational animal models can improve
the rigorousness of the neural diseases. However, medications targeting ferroptosis can
play a critical role in the medical treatment of chronic neuroinflammatory diseases.
This needs rigorous clinical trials [12].

The active equilibrium of cardiomyocytes and neurons is vital to continue the
normal physiological functions of heart and brain. If unnecessary cell death occurs
in the tissues, severe cardio-cerebrovascular diseases (CCVD) like, hypertension,
myocardial infarction, and ischemic stroke happens. The mechanistic regulation
of cell death possesses a key role in endorsing these diseases. Worldwide, major
mortalities and morbidities occur due to CCVDs. Excess of iron has been established
to be a crucial element for pathogenic response in cardiocerebrovascular toxicity
and manifest diverse CCVDs, thus ferroptosis, has received serious attention for its
pathophysiology for CCVDs. Many studies have shown that ferroptosis occurs in
atherosclerosis, heart failure, diabetic cardiomyopathy, hypertensive brain injury,
ischemic stroke, and myocardial infarction. Inhibitors of ferroptosis may stop these
diseases by inhibiting the ferroptotic pathway both in cardiac tissue and neurons.
Cardio-cerebrovascular cell death is a central pathophysiological procedure and
in fact, ferroptosis strikes throughout the CCVDs. However, in terms of abridged
level of ferroptosis inhibitors (like GSH, GPX4, and Nrf2) and alterations in the
gene expression levels, which are known to be expressed during CCVDs, the exist-
ing assays are not totally appropriate for predictable and routine clinical diagnosis.
Damaged mitochondrial structure is an important feature of ferroptosis. Growing
figure of inducers and inhibitors of ferroptosis have been showed. However, the best
therapeutic agent among these inducers and inhibitors are still to known properly.
Ferroptosis leads to pathophysiological alterations like inflammation and endoplasmic
reticulum stress. However, it is a complex issue to explain the whole pathway across
which ferroptosis works with the initiation of ischemia and hypoxia, iron discharges
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through the upregulation of heme oxygenase 1 (Hmox1), thus stimulating ferroptosis,
resulting in myocardial pathologic modification and myocardial cell damage. Heart
failure enthused by enhancement of the iron pool resulting in the surplus iron and the
incidence of ferroptosis, eventually which leads to myocardial edema, arrhythmia,
and cardiomyocyte cell death [13].

Intracerebral haemorrhage (ICH) is another critical medical condition with high
morbidity and mortality. Brain injury due to ICH is primarily recognised due to
oxidative stress and haemoglobin lysate (which include iron), indicates unalterable
harm to neurons. Therefore, ferroptosis has become a recent paradigm in neuronal
cell death research after ICH [14].

The blood-brain barrier (BBB) is crucial in regulating the homeostasis within
the CNS. Brain microvascular endothelial cells are effectively arrayed to make the
vessel walls and have tight junction complexes that restrict the paracellular path-
ways of BBB. These walls effectively controls the movement of ions, molecules,
and cells between the blood and the brain. This is extremely important for the
protection of the neural tissues in the brain from hazardous toxins and pathogens.
Primary damage due to the ill functioning of BBB can damage the tight junctions,
transport proteins and leukocyte adhesion molecules, which can cause brain
edema, imbalance in ion homeostasis, changed signalling pathways and immune
infiltration, leading eventually to neuronal cell death. Several neurological dis-
orders can happen due to BBB dysfunction. Ferroptosis can play a key role in BBB
dysfunction [15].

Severe central nervous system (CNS) injuries, like stroke, traumatic brain
injury, and spinal cord injury is a serious cause of concern for clinicians due to high
morbidity and mortality. In fact, the therapeutic strategies for these diseases are
not sufficient some time. Oxidative stress, neuroinflammation, excitotoxicity, and
programmed cell death (including ferroptosis) plays crucial roles in the pathophysiol-
ogy of acute CNS damages. Reports develop relations between acute CNS injuries
and ferroptosis. Pharmaceutical agents, such as iron chelators, ferrostatin-1 (Fer-1),
and liproxstatin-1 (Lip-1), can have inhibitory effect on the ferroptosis and may have
neuroprotective capabilities even after acute CNS injuries. Till date, edaravone is the
single approved medicine with accepted clinical effectiveness and safety for the CNS
injury [16].

4, Conclusion

Recent research on programmed cell death complemented by ferroptosis, is
indicating to find novel theories on ferroptotic mechanism to design therapeutic
protocols for ferroptosis-related neurological diseases. A medical perception is
indeed necessary for the treatment strategy to combat the dysregulation of iron
homeostasis and/or inhibition of ferroptosis to reduce the rate of neurodegenerative
pathophysiology induced by ferroptosis. Our knowledge on ferroptosis is still at the
base level. It is extremely important to depict a ferroptotic biomarkers for biomedi-
cal identification. Ferroptosis has distinctive process which has produced abundant
chemotherapeutic potentials for treating cancers. The concrete pathophysiological
implication of ferroptotic pathway, encompassing reasonable translational methods
is still evolving. Growing data propose that the inhibition of ferroptosis may effi-
ciently avoid neuronal diseases.
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Chapter 5

The Roles of Iron and Ferroptosis
in Human Chronic Diseases

Yanbo Shi, Junyong Zhang, Kaitao Luo, Sunfeng Pan,
Hangiang Shi, Lie Xiong and Shuqin Du

Abstract

Ferroptosis, an iron-dependent novel type of cell death, has been characterized as
an excessive accumulation of lipid peroxides and reactive oxygen species. A growing
number of studies demonstrate that ferroptosis not only plays an important role in
the pathogenesis and progression of chronic diseases, but also functions differently in
different diseases. As a double-edged sword, activation of ferroptosis could potently
inhibit tumor growth and increase sensitivity to chemotherapy and immunotherapy
in various cancer settings. Therefore, the development of more efficacious
ferroptosis agonists or inhibitors remains the mainstay of ferroptosis-targeting
strategy for cancer therapeutics or cardiovascular and cerebrovascular diseases and
neurodegenerative diseases therapeutics.

Keywords: iron metabolism disorder, ferroptosis, tumor, neurodegeneration,
vascular diseases

1. Introduction

Chronic diseases are non-infectious, of long duration, and are persistent diseases.
These diseases mainly include cardiovascular and cerebrovascular diseases, tumors,
diabetes, and chronic respiratory diseases, etc. According to the statistics of WHO,
approximately 41 million people worldwide die of chronic diseases, accounting for
73.6% of all deaths in 2021 [1]. The occurrence and development of chronic diseases
are not only complicated in pathological mechanisms, but also affected by many
factors such as genetics, understanding of the molecular mechanisms underlying the
pathogenesis of chronic diseases is helpful for diagnosis and treatment. In 2012, a
new way of cell death, ferroptosis, was discovered and reported, to some extent, the
discovery is a milestone in the study of cell death; it provides a new perspective to
study the occurrence, development, and prevention of chronic diseases.

As an essential trace element, iron is present in nearly all forms of life and involved
in various of biological processes, including respiration, oxygen transport, intermedi-
ary metabolism, gene regulation, and nucleotide synthesis and repair [2, 3]. However,
dysregulated iron homeostasis leads to common hematological, metabolic, and neuro-
degenerative diseases.
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Ferroptosis is an iron-dependent cell death, it is different from apoptosis, pyropto-
sis, or necrosis in morphology, genetics, metabolism, and molecular biology [4]. The
morphology is mainly manifested as mitochondrial swelling, increased membrane
density, smaller volume, decreased number of cristae, increased lamellar phenotype,
and increased autophagosomes, etc. Molecular biology is mainly manifested as
glutathione (glutathione, GSH) depletion or inactivation of glutathione peroxidases
(GPX4), increased intracellular free iron content, and increased production of reac-
tive oxygen species (ROS), etc., ultimately manifested as the accumulation of toxic
lipid hydroperoxides in cells [4]. Its main characteristics are excessive accumulation
of lipid peroxides and reactive oxygen species [5]. Since the production of toxic
lipid hydroperoxides mostly depends on ferrous iron, and specific iron chelators can
inhibit iron-disturbance-mediated ferroptosis. Therefore, iron metabolism and lipid
peroxidation play an important regulating role in ferroptosis pathways [6, 7], the
possible molecular mechanism is shown in Figure 1.

Ferric ions in the circulation are bound to transferrin and transported into the cells
through transferrin receptor 1 (TFR1), which is located on the cell membrane. After
being reduced to divalent iron in the cell, ferric iron is transported by divalent metal
transportl (DMT1) and released into the cytoplasmic iron pool, excess iron is stored
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Figure 1.
Molecular mechanism of ferroptosis.
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in ferritin. Some studies showed that ferritin selective autophagy promotes ferritin
getting into autophagosomes through the nuclear receptor co-activator 4 pathway and
results in the releasing of free iron [8].

Generally, it is believed that excess iron causes ferroptosis mainly through
reactive oxygen species produced by the Fenton reaction, application of iron
chelators can effectively inhibit ferroptosis [10]. Lipid peroxides play the role
of agents in the process of ferroptosis, phosphatidyl ethanolamine (PE) is the
substrate of choice for lipid oxidation. Therefore, hydrogen peroxide-PE (OOH-PE)
is considered to be the main signal of ferroptosis [9]. In the process of lipid
peroxidation accumulation, NADPH oxidase, lipoxygenase, Acyl-CoA long-chain
family member 4(ACSL4), and lysophosphatidyl cholinyltransferase 3 may play
important roles in the occurrence and development of ferroptosis [10-12]. The
commonly used ferroptosis inhibitors ferrostatin-1(Fer-1), liproxstatin-1(Lip-1),
and small-molecule compounds such as vitamin E inhibit ferroptosis mainly by
scavenging lipid peroxides [13].

Glutathione peroxidase 4 (GPX4) is a crucial enzyme in the regulation of
ferroptosis; it catalyzes the reduction of lipid peroxides, converts OOH-PE into
OH-PE, further suppressing the occurrence of ferroptosis [14]. Small-molecule
compounds such as RSL3 and ML162 can inhibit GPX4 activity, lead to the
accumulation of fatty acid free radicals, eventually lead to ferroptosis. Reduced
glutathione is coenzyme factor of GPX4, the rate-limiting step in its synthesis is the
absorption of cystine [15]. Cystine/glutamate transporter consists of the membrane
transporters solute carrier family 7 members of 11 (SLC7A11) and regulatory proteins
across the membrane of solute carrier family 3 member 2 (SLC3A2); it can transport
cystine into the cell and excrete the same amount of glutamate at the same time [16],
serves as an important regulator of ferroptosis. Small molecules such as erastin can
inhibit glutamic acid/cystine reverse transporter, causing ferroptosis. Wang lab first
reported that gene Slc7a11 knockout can promote the occurrence of ferroptosis in
mice [17]. Additionally, a novel ferroptosis inhibiting factor 1 (FSP1) was discovered
independently in two labs recently, in their studies, NADPH was used to reduce
ubiquinone (CoQyg) to ubiquinol (CoQ;oH,), leading to the reduction of lipid
peroxidation of cell membranes, thereby inhibiting ferroptosis [18, 19]; these findings
provide an important basis of developing drugs targeting ferroptosis.

Although the specific mechanisms of ferroptosis are not fully clarified, with the
deepening of the research, researchers gradually found that ferroptosis plays an
important role in the development of major chronic diseases [20]. So far, a growing
evidence showed that ferroptosis is involved in the pathophysiological process of
neurodegenerative diseases, tumors, ischemia-reperfusion injury, kidney injury, and
other diseases; recent studies have found that ferroptosis plays an important role in
cardiovascular disease. Here, we summarized the latest research progress of ferroptosis
in cancer, neurodegenerative diseases, and cerebrovascular diseases, to provide new
ideas and strategies for the prevention and treatment of major chronic diseases.

2. Ferroptosis and tumor

Tumor cells can proliferate by avoiding cell death, and apoptosis, necrosis, autophagy
also played important roles in the development of tumor. In Table 1, we summarized
the latest research progress of molecular mechanism studies on ferroptosis in common
tumors, to provide a series of potential new targets for tumor prevention and control.
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Tumor type Related studies Reference
Hepatocellular carcinoma Sorafenib induces ferroptosis in hepatocellular carcinoma cells [21]
Retinoblastoma protein-deficient hepatocellular carcinoma cells [22]

are more sensitive to sorafenib-induced ferroptosis

Activation of p62-Keapl-NRF2 leads to ferroptosis resistance in [23-26]
hepatocellular carcinoma cells

The expression levels of SLC7A11, Rb, and MT1 are related to [22, 27, 28]
the prognosis of patients with hepatocellular carcinoma

Pancreatic cancer Artesunate induces ferroptosis in pancreatic ductal [29, 30]
adenocarcinoma cells
Piperamide induces ferroptosis in pancreatic ductal [31]

adenocarcinoma cells

Combination of piperamide, Cotylenin A, and sulfasalazine [31]
effectively inhibits pancreatic cancer via ferroptosis

Renal cell carcinoma Compared with other tumor cells, renal clear cell carcinoma [32]
cells are more sensitive to ferroptosis induced by glutathione
peroxidase 4 inhibition

HIF-20-HILPDA pathway regulates the sensitivity of renal clear [33]
cell carcinoma cells to ferroptosis

TAZ/EMP1/NOX4 pathway regulates the sensitivity of renal [34, 35]
clear cell carcinoma cells to ferroptosis

Breast cancer Siramesine combined with apatinib upregulates iron levels and [36]
induces ferroptosis in breast cancer cells

Mucin 1C subunit, SLC7A11, and CD44v form a complex to [37]
upregulate reduced glutathione expression and make triple-
negative breast cancer cells resistant to ferroptosis

Sulfasalazine inhibits the growth of glutamine auxotrophic [38]
triple-negative breast cancer cells

SLC7A11 is closely related to drug resistance and metastasis of [39]
triple-negative breast cancer cells
Transferrin receptor expression level is associated with breast [40, 41]
cancer prognosis

Bladder tumor Ferritin phagocytosis releases intracellular free iron and induces [44]

ferroptosis and inhibits bladder tumors.

SLC7A11: solute carvier family 7 member 11; Rb: vetinoblastoma; MT1: metallothionein 1.

Table1.
Ferroptosis in cancer.

2.1 Ferroptosis and hepatocellular carcinoma (HCC)

Targeting ferroptosis is a potential mechanism in the treatment of hepatocellular
carcinoma (HCC) [21]. Retinoblastoma (Rb)-deficient cancer cells are more sensitive
to ferroptosis induced by sorafenib [22], it is likely that it enhances the oxidative stress
response by affecting the concentration of reactive oxygen species in mitochondria.
Furthermore, Sun et al. found that nuclear factor E2-related factor 2 (NRF2) pro-
tects hepatocellular cancer cells from ferroptosis induced with sorafenib, indicating
that targeting p62-Keapl-NRF2 pathway may overcome sorafenib resistance in
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hepatocellular carcinoma cells [23-26]. Additionally, NRF2 also induces expression of
metallothioneinlG (MT-1G), an important negative regulator of ferroptosis, through
the cythionase pathway, leading to sorafenib resistance in cancer cells [27]. CDGSH
[Fe-S]-containing domain 1 can protect the mitochondria from ferroptosis in hepato-
cellular cancer cells and can be upregulated by erastin in an iron-dependent manner
[28]. Moreover, p53** mutation carried by hepatocellular carcinomas causes ferropto-
sis tolerance by inhibiting ASCL4 [28].

In hepatocellular carcinoma, the expression of ferroptosis-related genes is related
to the prognosis of patients, the mRNA expression levels of SLC7A11 in HCC tissues
and adjacent normal tissues were compared between 130 cases of hepatocellular
carcinoma (HCC) tissues and adjacent normal tissues by Kinoshita et al. [29], it
showed that the expression of SLC7A11 in HCC tissues was significantly higher than
that in normal tissues, the survival time and disease-free survival time of liver cancer
patients were significantly shorter than those of SLC7A11 low expression of hepa-
tocellular carcinoma patients. In addition, in the process of sorafenib treatment of
hepatocellular carcinoma patients, the high expression of Rb and MT1 is also associ-
ated with the poor prognosis of patients [22, 27].

2.2 Ferroptosis and pancreatic cancer

The main mechanism of pancreatic cancer is that mutated KRAS gene reprograms
pancreatic ductal adenocarcinoma (PDAC) cells to a state that is highly resistant to
apoptosis. Artesunate can induce tumor cell apoptosis by generating reactive oxygen
species [30]. Eling et al. found that artesunate can induce ferroptosis in PDAC cells
with KRAS mutations and the process can be effectively inhibited by Fer-1 [31].
Yamaguchi et al. found that the natural product piperamide can induce ferroptosis
in tumor cells by promoting the generation of reactive oxygen species, and its anti-
tumor effect can be inhibited by antioxidants, ferroptosis inhibitors, and iron chela-
tors [32]. The combined use of piperamide, Cotylenin A (a plant growth regulator),
and sulfasalazine has a good synergistic effect on pancreatic cancer. These results
suggest that ferroptosis inducers are expected to be used in the treatment of pancre-
atic cancer.

2.3 Ferroptosis and renal cell carcinoma

Renal cell carcinoma originates from the renal parenchyma urothelial system and
is a highly malignant tumor in the urinary system. Yang et al. [33] found that GPX4
is a key regulator of the ferroptosis signaling pathway in clear cell renal cell carci-
noma. When compared with the other tumor cell from other tissues (lung cancer,
colon cancer, central nervous system, melanoma, ovarian cancer, breast cancer, and
leukemia), renal cells were more sensitive to ferroptosis induced with inhibition of
GPX4. Renal cancer cells are induced by the hepatocyte factor -1p-1-acylglycerol-3
phosphate oxyacyltransferase 3 (AGPAT?3) axis and the HIF-2a-HILPDA pathway,
which can induce polyunsaturated fatty acyl lipid-enriched cells state, thereby
increasing its susceptibility to ferroptosis [34]. Recently, Yang et al. [35] found that
the sensitivity of renal cancer cells to ferroptosis is regulated by cell density and
transcriptional regulator 1 (TAZ)-TAZ regulation of epidermal membrane protein
1 (EMP1)/NOX4 pathway [34, 35], suggesting that TAZ is a potential therapeutic
target for ferroptosis.
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2.4 Ferroptosis and breast cancer

Breast cancer is derived from breast epithelial tissue. Ma et al. [36] found that the
lysosomal interfering agent siramesine and the tyrosine kinase inhibitor lapatinib can
disrupt the iron homeostasis in breast cancer cells to generate reactive oxygen species
and induce cell ferroptosis, and overexpression of trasnferrin receptor 1 (TfR1) or
iron chelators can reduce siramesine and lapatinib-induced reactive oxygen species.

Some studies have shown that the formation of a complex between mucin 1C sub-
unit and SLC7A11 can upregulate the expression of reduced glutathione and inhibit
ferroptosis in triple-negative breast cancer cells [37]. Timmerman et al. [38] found
a subpopulation of glutamine auxotrophic triple-negative breast cancer cells that
were highly dependent on SLC7A11 acquires cystine for glutamine metabolism. The
SLC7A11 inhibitor sulfasalazine can inhibit tumor growth by promoting ferroptosis.
In addition, the activities of SLC7A11 and glutamate/cystine antiporter can be regu-
lated by the Keapl/NRF2 redox pathway. Lanzardo et al. [39] believed that SLC7A11 is
closely related to drug resistance and metastasis of triple-negative breast cancer cells.
The increased expression of TFR1 in breast cancer cells is negatively correlated with
the expression of estrogen receptor, and the high expression of TFR1 in breast cancer
tissue is associated with poor prognosis of patients [40, 41].

2.5 Ferroptosis and bladder tumors

Intracellular iron concentration is closely related to the progression of bladder
tumors. Martin-Sanchez et al. [42] analyzed the relationship between intracellular
iron concentration and bladder tumor proliferation and found that when transfer-
rin combined with iron, the free iron decreased in tumor cells, which was conducive
to the proliferation of bladder cancer cells. When the application of gallium (Ga) to
transferrin interferes with the binding of iron to transferrin, the intracellular free iron
increases and thus inhibits the proliferation of bladder tumor cells. Mazdak et al. [43]
found that the serum iron level of patients with bladder tumors was significantly lower
than that of the normal control group, suggesting that the decreased serum iron level
may be an important reason for the occurrence of bladder tumors. Tang et al. [44] pro-
posed the phenomenon of ferritin phagocytosis, which releases intracellular free iron
through ferritin and increases the content of intracellular free iron, which may play a
role in inhibiting bladder tumors. The results suggest that activating ferroptosis can
achieve ideal therapeutic effect on bladder tumors. These studies suggest that increas-
ing intracellular iron concentration may help to inhibit bladder tumor progression.

2.6 Tumor-associated ferroptosis regulatory protein
2.6.1 SLC7A11 regulates ferroptosis

SLC7A11(also known as xCT) is the substrate-specific subunit of System Xc~
responsible for the transport of cystine from the extracellular to the intracellular. The
nuclear factor erythroid-like 2 (Nrf2) and transcription factor 4 (activating factor
4, ATF4) can induce SLC7A11 expression when cells are in a state of oxidative stress
and L-cysteine deficiency [45]. Studies have found that SLC7A11 is highly expressed
in tumor tissues, and that high expression of SLC7A11 can inhibit ROS-induced
ferroptosis. p53 leads to cystine deficiency by inhibiting the expression of SLC7A11,
which in turn increases the sensitivity to ferroptosis. Importantly, the survival and
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proliferation of SLC7A11-overexpressing cancer cells are dependent on glucose, such
tumors may be sensitive to glucose-blocking drugs, also suggesting a role for SLC7A11
in modulating nutrient dependence and demonstrating another therapeutic strategy
for tumors with high SLC7A11 expression [46].

2.6.2 p53 regulates ferroptosis

P53 is a widely recognized tumor suppressor that can induce senescence and
programmed cell death in human cancer. It can affect ferroptosis of tumor cells
through transcriptional or posttranslational mechanisms. Also, it can inhibit tumors
by regulating cell cycle arrest, apoptosis, or premature aging.

Increasing the stability of wild-type p53 can promote the expression of its tran-
scriptional target gene CDKNIA (encoding p21 protein), which can increase the
intracellular glutathione level, inhibit the accumulation of ROS, and negatively regu-
late ferroptosis of cancer cells. Acetylation-deficient p53 increased the sensitivity of
tumor cells to ferroptosis by inhibiting SLC7A11 expression and System Xc~ function.

Jiang et al. [47] found that three lysines in the DNA-binding domain of p53 were
mutated to arginine (K117/161/162R, namely p53®*), p53*® can further restrict
cystine uptake by inhibiting SLC7A11 gene transcription, make tumor cells more
sensitive to oxidative stress-induced ferroptosis. Wang et al. [48] found that the site
K98 in the DNA-binding domain of p53 is particularly important for the regulation
of SLC7A11. Additionally, the mutant S47 of p53 fails to inhibit the transcription of
SLC7A11 and induces ferroptosis resistance in hepatocellular carcinoma cells, increas-
ing the risk of cancer in mice [49]. Moreover, p53 can make colon cancer cells insensi-
tive to ferroptosis by inhibiting dipeptidyl peptidase 4 activity [50].

2.6.3 NRF?2 regulates ferroptosis

NREF?2 is an important transcriptional regulator in oxidative reactions [51], and its
overexpression can inhibit apoptosis and lead to drug resistance in some tumors [52].
NRF2 plays an important role in protecting hepatocellular carcinoma cells from ferropto-
sis [22]. After treatment of hepatocellular carcinoma cells with Erastin and Sorafenib, p62
inhibits the degradation of NRF2 and induces NRF2 accumulation in the nucleus through
the inactivation of Keapl, thereby regulating downstream gene transcription. Inhibition
of NRF2 by the alkaloid trigonelline can induce ferroptosis in hepatocellular carcinoma
cells, and combined use with chemotherapeutic drugs has the application prospect of
overcoming tumor drug resistance [22]. Thus, activation of the p62-Keapl-NRF2 pathway
can activate ferroptosis to reverse tumor chemotherapeutic drug resistance.

2.6.4 ACSL4 regulates ferroptosis

ACSL4 is expressed on the mitochondrial outer membrane and endoplasmic
reticulum and can convert long-chain fatty acids into fatty acyl-CoA, which plays an
important role in lipid biosynthesis and fatty acid degradation. ACSL4 increases the
sensitivity of cells to ferroptosis by accumulating long-chain polyunsaturated o-6
fatty acids in the cell membrane [10]. Studies have shown that in basal-like breast can-
cer cell lines, liver cancer cells, leukemia cells, and prostate cancer cells, the expres-
sion level of ACSL4 can be used to predict the sensitivity of tumor cells to ferroptosis
[10, 28, 52]. The results suggest that ACSL4 is expected to be a potential target and
biological marker for targeting ferroptosis in tumor therapy.
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2.6.5 GPX4

Glutathione peroxidase 4 (GPX4) is the only glutathione peroxidase that can use
glutathione as the electron donor to reduce the toxic lipid hydroperoxides in biofilms
to corresponding alcohols. Tumor cells with high GPX4 show impaired proliferation,
decreased proliferation, and inhibition of angiogenesis. Overexpression of GPX4 in
hepatocellular carcinoma cells can inhibit the formation and development of hepa-
tocellular carcinoma by decreasing ROS level, increasing glutathione and decreasing
the formation of the cytokine-cytokine IL-8, inhibiting cell cycle progression and
cell migration [53]. Based on the clinicopathological study and in vitro cell death
analysis, it was found that overexposure to GPX4 in diffuse large B-cell lymphoma
(DLBCL) inhibited ROS-induced ferroptosis [54]. GPX4 is a major target molecule
for ferroptosis inducers such as erastin and RSL3. Erastin inhibits GPX4 activity by
depleting glutathione, whereas RSL3 can directly inhibit GPX4 activity. In addition,
previous studies have demonstrated that GPX4 can induce ferroptosis in mouse tumor
xenograft models [33].

2.6.6 FSP1 inhibits ferroptosis

FSP1 inhibits ferroptosis FSP1 was originally named mitochondrial apoptosis-
inducing factor 2 (AIFM2), as the newly discovered GPX4-independent ferroptosis
inhibitor, and its expression is closely related to the sensitivity of tumor cells to
ferroptosis. Recently, Doll’s group and Bersuker’s group simultaneously screened
independently and found that FSP1 levels are different in different cell lines, and the
resistance level of various tumor cell lines to ferroptosis was positively correlated
with the FSP1 level, which results in differences in the sensitivity of different tumor
cell lines to ferroptosis [18, 19]. Additionally, it was also reported that FSP1 was a
novel KEAP1/NRF?2 target gene regulating ferroptosis and radioresistance in lung
cancers [55]. These achievements provide important evidences for the development of
drug-targeted ferroptosis in tumors.

3. Ferroptosis and neurodegenerative diseases

Iron homeostasis is critical for brain and neural development and cognitive func-
tion, especially in the fetal or early neonatal period, iron deficiency can severely affect
neurodevelopment, leading to impaired memory and learning [56]. Iron accumulates
gradually in the brain with age, and accumulation studies have shown that iron
accumulation is related to neurodegenerative diseases such as Alzheimer’ disease,
Parkinson’s disease, and amyotrophic lateral sclerosis [57]. In recent years, studies have
found that there are main characteristics of ferroptosis such as increased lipid peroxi-
dation, decreased glutathione, and GPX4 inhibition in neurodegenerative diseases and
cognitive impairment. The use of ferroptosis inhibitors can effectively protect neurons
and improve cognitive function. Related research progress is shown in Table 2.

3.1 Ferroptosis and Alzheimer’s disease

Patients with Alzheimer’s disease possess destabilization of metal metabolism,
inflammatory response, oxidative stress, abnormal mitochondrial function, and
impaired glial function [57, 58]. Studies have shown that iron accumulation in the
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Diseases Related studies References
Alzheimer’s Overexpression or increase of phosphorylated tau protein can induce [63]
disease neuronal ferroptosis, and a-lipoic acid can inhibit tau protein-induced

ferroptosis

Hippocampal neuronal death and cognitive decline in brain Gpx4- [68]

induced knockout mice

Ferritin levels in cerebrospinal fluid can predict the progression of [73]
Alzheimer’ disease

Parkinson’s Activation of protein kinase C triggers ferroptosis [79]
disease
Serine/threonine protein kinase is involved in Erastin-induced [85]
ferroptosis
Astrocytes provide neurons with GSTM2 to protect neurons from [81-83]
oxidative damage
Amyotrophic Neuronal Gpx4-inducible knockout mice develop symptoms of [68]
lateral sclerosis amyotrophic lateral sclerosis

Gpx4: glutathione peroxidase 4; GSTM2:Glutathione S-transferase Mu2.

Table 2.
Fervoptosis in neurodegenerative diseases.

brain is associated with the formation of senile plaques and neurofibrillary tangles,
elevated iron levels in the brain increase the risk of Alzheimer’s disease, and ferritin
levels in cerebrospinal fluid predict the progression from mild cognitive impairment
to Alzheimer’s disease [59-61]. The chronic inflammation, neuronal degeneration,
and lack of downstream apoptosis indicators associated with Alzheimer’s disease
suggest the existence of other cell death manners such as ferroptosis in Alzheimer’s
disease [62-64].

An investigation on the Gpx4-specific knockout mice in cerebral cortex and
hippocampal neurons exhibited cognitive decline and degeneration of hippocampal
neurons in the water maze test, after feeding with a vitamin-E-rich diet or Lip-1, the
neuronal degeneration of the mice was significantly alleviated, suggesting that fer-
roptosis plays an important role in neuronal degeneration [62]. Another study found
that overexpression or hyperphosphorylation of tau protein can induce ferroptosis in
neurons, while a-lipoic acid can rescue neurons by downregulating TfR1, reducing
p38 phosphorylation level, and upregulating the expression of Slc7all and Gpx4 [63].
In addition, feeding with a deuterated polyunsaturated fatty acid in a mouse model
of Alzheimer’s disease can alleviate the lipid peroxidation of tissues and reduces
p-amyloid deposition [64, 65].

3.2 Ferroptosis and Parkinson’s disease

An important feature of Parkinson’s disease is iron accumulation in neurons and
substantia nigra glia, and the concentration of iron accumulation is positively cor-
related with disease severity [66, 67]. Significant changes in iron regulatory protein
1(IRP1), divalent metal transporter 1(DMT1), and other key proteins involved in iron
homeostasis have been observed in Parkinson’s disease patients and mouse models
[68-72]. The t knockout mice developed parkinsonism with iron accumulation in the
nigra, which can be inhibited by iron chelators [73-75]. In addition to elevated iron
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levels in the substantia nigra pars compactus, parkinsonism is also characterized by
ferroptosis, such as reduced glutathione depletion and lipid peroxidation [76], iron
chelators and N-acetylcystine can alleviate and improve some of the symptoms in
patients and mouse model of Parkinson’s disease [77, 78], suggesting that ferroptosis
may be involved in the occurrence and development of Parkinson’s disease.

Do Van et al. [79] found that dopaminergic neurons’ ferroptosis occurred in
LUHMES cell lines, brain tissue slices cultured in vitro, and 1-methyl-4-phenyl-
1,2,3,6-tetrahydropyridine (MPTP)-induced Parkinson’s disease models. However,
the use of Fer-1, Lip-1, and iron chelators can alleviate or reverse the symptoms of
Parkinson’s disease. Gouel et al. [80] found that human platelet lysate can make
LUHMES cells resistant to Earstin-induced neuronal ferroptosis. In addition, astro-
cytes have a strong iron storage capacity, which prevent iron overload in neurons [81].
Astrocytes provide neurons with glutathione S-transferase Mu2 (GSTM2) and other
antioxidant factors to protect neurons from oxidative damage. In conclusion, the dys-
regulation of the interaction between astrocytes and neurons may lead to ferroptosis
in dopaminergic neurons [82, 83].

3.3 Ferroptosis and amyotrophic lateral sclerosis

Iron accumulation occurred in the brain of amyotrophic lateral sclerosis model
mice [84-86], and the therapeutic effect of iron chelators confirms the role of iron in
the pathogenesis of amyotrophic lateral sclerosis. Patients with amyotrophic lateral
sclerosis have increased lipid peroxidation in cerebrospinal fluid and plasma and
decreased levels of reduced glutathione in the motor cortex, suggesting the possibil-
ity of ferroptosis occurrence [87, 88]. Knockout of Gpx4 in mouse neurons can cause
symptoms of amyotrophic lateral sclerosis, mainly characterized by rapid paralysis,
severe muscle atrophy, and death, which is related to ferroptosis of spinal motor neu-
rons [62]. However, no significant neurodegeneration was observed in the cortex of
neuronal Gpx4-inducible knockout and other Gpx4-selective cortical neuron knock-
out mouse models. It is suggested that Gpx4 plays an important role in the process of
ferroptosis of spinal motor neurons [62].

4. Ferroptosis and cardiovascular disease

Cardiomyocyte and neuron death in cardiovascular and cerebrovascular diseases
are related to a variety of cell death manners, and ferroptosis is also involved. The
relevant research progress is shown in Table 3.

4.1 Ferroptosis and cardiovascular disease

In some pathological conditions, the heart exhibits excessive accumulation of iron,
production of reactive oxygen species, and pathological transformation of membrane
lipids, which are all important factors that constitute ferroptosis. So far, there are
few studies directly linking ferroptosis with cardiovascular disease. The latest
research results of the Wang group in 2019 revealed the important role of ferroptosis
in cardiomyopathy and ischemia-reperfusion-induced cardiac injury for the first
time [89]. This landmark discovery provides a new strategy for the prevention and
treatment of cardiomyopathy and other heart diseases.
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Diseases Related studies References

ischemia-reperfusion In an isolated mouse cardiac ischemia-reperfusion model, [93]
inhibition of glutamine metabolism can attenuate ferroptosis-
induced cardiac injury

ferroptosis inhibitors and iron chelators can effectively alleviate [89]
myocardial injury induced by cardiac ischemia-reperfusion in mice

Doxorubicin-induced Doxorubicin induces ferroptosis in cardiomyocytes via heme [89]
myocardial injury oxygenase; iron accumulation and lipid peroxidation mainly occur
in mitochondria

Heme oxygenase inhibitors, ferroptosis inhibitors, mitochondrial [89]
antioxidant inhibitors, iron chelators, etc., can effectively reverse
doxorubicin-induced myocardial injury

Myocardial Ferroptosis regulates neutrophil recruitment after cardiac [105]
damage after heart transplantation in mice

transplantation

Ischemic stroke Hypoxia-inducible factor prolyl hydroxylase may be a potential [115]

target of iron chelators to inhibit neuronal ferroptosis

Inhibition of ferroptosis protects neurons in mice with middle [105]
cerebral artery occlusion, and the interaction between iron and tau
protein is pleiotropically regulated

Hemorrhagic stroke (—)-Epicatechin alleviates early brain injury in hemorrhagic stroke [116]
by reducing cerebral iron accumulation and ferroptosis-related
protein expression

Ferroptosis inhibitors attenuate neuronal death in brain slices and [117-118]
in a mouse model of hemorrhagic stroke

Increased glutathione peroxidase 4 expression can avoid neuronal [119]
ferroptosis and improve prognosis

Table 3.
Fervoptosis in cardiovascular and cerebrovascular diseases.

4.1.1 Ferroptosis is involved in tissue and organ induced by ischemia: veperfusion damage

During cardiac ischemia-reperfusion, excess reactive oxygen species, lipid peroxi-
dation, and iron accumulation caused by the release of iron in heme will be produced
[90-92]. Gao et al. [93] established an isolated mouse cardiac ischemia-reperfusion
model and found that inhibiting glutamine metabolism could inhibit ferroptosis,
thereby reducing cardiac injury. Fang et al. [89] established an in vivo myocardial
ischemia-reperfusion model and found that Fer-1 and iron chelators can significantly
reduce the acute and chronic cardiac injury of ischemia—reperfusion, confirming the
role of ferroptosis in cardiac ischemia-reperfusion injury. In addition, ferroptosis is
also involved in ischemia-reperfusion injury in the kidney [94] and liver [95].

4.1.2 Ferroptosis is involved in antitumor drug-induced myocardial injury

As a broad-spectrum antitumor drug, adriamycin was limited in clinical use due
to its cardiotoxicity. Autophagy, apoptosis, necrosis, and other cell death type are
involved in the myocardial injury caused by adriamycin [96-98]. Fang et al. [89]
found that ferroptosis occurred in cardiomyopathy induced by doxorubicin in mice
deficient in apoptosis and proposed that heme oxygenase 1 (HO-1) may be a key
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regulator in this procedure. They also found that iron accumulation and lipid per-
oxidation in cardiomyocytes occur in mitochondria and the mitochondria-targeting
antioxidant MitoTEMPO can effectively inhibit ferroptosis and protect the heart.

4.1.3 Fervoptosis is involved in myocardial injury after heart transplantation

In Li’s studies [99], it was found that the recruitment of neutrophils after heart
transplantation is regulated by ferroptosis. The donor heart can induce ferroptosis in
cardiomyocytes due to ischemia, hypoxia, and other reasons after transplantation,
and the cellular contents are released and recruit neutrophils to produce necrotic
inflachannelled by TLR4 / Trif/type I interflammatory via TLR/Trif/type I interferon
pathway. Fer-1 can reduce arachidyl phosphatidylethanolamine after heart transplan-
tation and decreased cardiomyocyte death and neutrophil recruitment.

4.1.4 Ferroptosis and diabetic cardiomyopathy

In diabetes, persistent high blood glucose and insulin resistance can cause a vicious
circle by altering cellular metabolism, promoting the accumulation of peroxidation and
the death of cells. So far, diabetes has been verified to be associated with abnormal iron
metabolism. For example, systemic iron overload can contribute to abnormal glucose
metabolism and the onset of type 2 diabetes (T2DM) [100] and aggravate insulin
resistance [101]. Recently, Cai group [102] identified the role of ferroptosis in DCM and
reported that Nrf2 activation by sulforaphane inhibited ferroptosis and prevented DCM,
suggesting that it is feasible to treat DCM by inhibiting ferroptosis. Due to the limited
regenerative capacity of the myocardium in mammalian adult hearts, inhibition of cardio-
myocyte death might be one of the important ways to alleviate DCM [103]. In our studies,
we induced DCM models in diabetic C57BL6 mice and treated with canagliflozin and
found that canagliflozin mitigates ferroptosis and improves myocardial oxidative stress in
mice with diabetic cardiomyopathy [104]. Taken together, taking ferroptosis as the start-
ing point may provide a new strategy for the prevention and control of DCM.

4.2 Ferroptosis and cerebrovascular disease

Both ischemic stroke and hemorrhagic stroke can lead to neuronal ferroptosis
[105, 106].

4.2.1 Ferroptosis and ischemic stroke

Before the discovery of ferroptosis, iron accumulation in clinical and animal
models of ischemic stroke has been shown to aggravate neuronal damage during
reperfusion [107-110]. Iron chelators can reduce the risk of post-ischemic stroke in
experimental animals [111-114]. Speer et al. [115] proposed that ferroptosis leads to
neuronal death after cerebral ischemia, and hypoxia-inducible factor prolyl hydroxy-
lase may be the target for the beneficial effects of iron chelators. Inhibition of ferrop-
tosis in a mouse model can protect neurons from ischemia-reperfusion injury [105].

4.2.2 Ferroptosis and hemorrhagic stroke

Chang et al. [116] found that epicatechin could alleviate early brain injury in
hemorrhagic stroke by reducing cerebral iron accumulation and ferroptosis-related
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protein expression. Later, they found that Fer-1 could alleviate hemoglobin-induced
brain injury. Cell death in slices and alleviation of neuronal death in a mouse model
of collagenase-induced hemorrhagic stroke [117]. At the same time, Zille et al. [118]
found that ferroptosis inhibitors such as Fer-1 and deferoxamine can inhibit the
production of ferroptosis in mice. The expression level of Gpx4 in rats with acute
hemorrhagic stroke decreased sharply, and increasing the level of Gpx4 could avoid
secondary ferroptosis injury in neurons and improve the prognosis of hemorrhagic
stroke [119]. Therefore, the ferroptosis pathway may be involved in the process of
neuronal death in stroke, and it is speculated that targeted inhibition of ferroptosis
may be an effective treatment for alleviating stroke.

5. Conclusion

Besides tumors, neurodegenerative diseases, cardiovascular and cerebrovascular
diseases, ferroptosis has also been reported in liver diseases such as non-alcoholic
fatty liver disease and non-alcoholic steatohepatitis [120-124].

ROS-induced ferroptosis can inhibit tumor growth and increase the sensitivity of
tumor cells to chemotherapy and radiotherapy. Contrary to tumor treatment strate-
gies, ferroptosis can promote the occurrence and development of neurodegenerative
diseases and cardiovascular and cerebrovascular diseases. Therefore, relevant transla-
tional medicine research mainly focuses on the discovery of small molecules that can
effectively inhibit ferroptosis. These small-molecule activators targeting ferroptosis
can be used directly as chemotherapeutics, or as chemosensitizers in combination
with chemotherapeutics. However, ferroptosis is complex in different types of tumors
and different gene mutations (such as p53 or RAS mutations), and its feasibility in
preclinical and clinical research needs to be further studied. Notably, the discovery
of GPX4 pathway-independent FSP1 and the discovery of new mechanisms and
targets such as CD8+ T cells inducing ferroptosis in tumor cells through the release of
interferon-gamma [18, 19, 125], it provides a new perspectives and strategy for tumor
treatment and drug discovery.

Iron accumulation and ferroptosis in the brain and nerve tissue have been proved
to be closely related to Alzheimer’s disease and Parkinson’s disease. There is a direct
relationship between the pathogenesis of various neurodegenerative diseases such as
Parkinson’s disease and amyotrophic lateral sclerosis. At present, various clinical trials
using iron chelators to treat neurodegenerative diseases are emerging, but there is still
no effective treatment for stroke. Given the important role of ferroptosis in neuronal
death after stroke, effective inhibition of ferroptosis is expected to provide a new
strategy for preventing neuronal death caused by stroke.

Similar to the pathogenesis of neurodegenerative diseases, many cardiac diseases
share common ferroptosis features, such as iron overload, oxidative stress, endoplasmic
reticulum stress, and mitochondrial dysfunction. Previous studies by the author’s team
suggest that ferroptosis inhibitors can effectively prevent and treat cardiomyopathy and
heart failure induced by myocardial cell iron overload, doxorubicin-induced cardiotox-
icity, and cardiac ischemia-reperfusion [89]. Five different approaches, including fer-
roptosis inhibitors, iron chelators, mitochondria-specific antioxidants, heme oxygenase
1inhibitors, and low-iron diets, can effectively prevent ferroptosis in cardiomyocytes,
thereby protecting the heart. And these ferroptosis inhibitors are relatively safe and
feasible in mice. It provides an optimistic prospect for clinical translational research on
targeting ferroptosis to prevent and treat heart disease [121, 126, 127].
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With a view to clinical translation, here are some issues need to be considered, e.g.,
which disease or tumor needs to be considered for ferroptosis-targeted therapies? In
clinical or preclinical experiments, drugs targeting ferroptosis need high tissue-organ
specificity and fewer adverse reactions, and nano-targeted drug delivery systems have
shown some advantages [128, 129]. Although there is a growing awareness of fer-
roptosis, some key scientific questions related to ferroptosis still need to be resolved,
such as what are the key executive molecules in ferroptosis? To what extent is lipid
peroxidation related to ferroptosis? Does ferroptosis exist in physiological processes?
Is ferroptosis conservative in the evolutionary process? We are well aware of the long
road ahead. With the deepening and expansion of ferroptosis-related research, we
believe that it will provide a basis for the clinical translation of targeting ferroptosis to
prevent and treat major chronic diseases.
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Chapter 6

Impaired Autophagy and Exosomes
Release by Long-Term mTOR
Pathway Activation Promotes
Hepatocellular Carcinoma
Occurrence and Invasion

Qirong Wen, Qingfa Zeng and Ting Li

Abstract

Mammalian target of rapamycin (mTOR) is highly expressed in various types of
hepatocellular carcinoma (HCC). Clinically, HCC cases without inflammation and
cirrhosis are also increasingly common, especially in patients with nonalcoholic fatty
liver disease, more and more patients develop HCC, which is only characterized by
hepatic steatosis. However, the molecular mechanisms underlying the development
of non-inflammatory HCC remain unclearly. Our previous study demonstrated that
overactivation of mTOR pathway in the liver promotes de novo lipid synthesis and
eventually spontaneous formation of non-inflammatory HCC. The continuous activa-
tion of mTOR pathway, on the one hand, promotes the de novo synthesis of lipids,
resulting in the production of a large amount of lipid in the liver; on the other hand, it
inhibits autophagy, resulting in the inability of lipid to be removed in time and accu-
mulate in the liver. Accumulated lipid peroxidation eventually develops into HCC. In
addition, the continuously activated mTOR pathway inhibited the release of exo-
somes by reducing the expression of Rab27A, and in vitro experiments confirmed that
hepatoma cells after Rab27A knockout were more prone to invasion and metastasis.
The reduced release of exosomes may impair intercellular communication, especially
with immune cells, thereby making HCC more prone to invasion and metastasis with
less inflammation.

Keywords: mTOR pathway, liver cancer, autophagy, exosomes, mouse model

1. Introduction

Cancer is a type of disease that seriously threatens human health. Among all
cancer types, liver cancer is a very common gastrointestinal malignancy and one
of the leading causes of cancer-related deaths [1-3]. Despite impressive advances
in medicine over the past few decades, due to the occult nature of liver cancer, the
uncertainty of its pathogenesis, the lack of effective treatments [4, 5], early diagnosis
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of liver cancer, the survival rate, and prognosis are extremely poor, and the 5-year
average survival rate is less than 10% [2, 3].

Rapamycin signaling pathway is abnormally up-regulated in about 50% of liver
cancer patients [6]. The mTOR signaling pathway can not only regulate the metabo-
lism of nutrients, such as nucleotides, lipids, and proteins but also inhibit autophagy
and stimulate cell growth [7, 8]. Since the mTOR pathway plays a major role in a
variety of metabolic and physiological processes, it also contributes to diseases and
pathological conditions, such as aging, metabolic syndrome, and cancer when it is
dysregulated [8]. As the global incidence of metabolic syndrome and obesity contin-
ues to rise, the accompanying liver cirrhosis and liver cancer are also increasing year
by year, seriously threatening human life and health [9]. At the same time, there is
also research evidence that lipid de novo synthesis plays a key role in the occurrence
and development of human liver cancer, and data reveal that the mTOR pathway is
the main regulatory pathway for abnormal lipid synthesis in liver cancer [10].

Our previous research report also found that chronic overactivation of mTOR
pathway promotes de novo lipid synthesis in mice and eventually develops into
hepatocellular carcinoma (HCC) [11]. Interestingly, the development of HCC in
such mice was not accompanied by overt necroinflammation and liver fibrosis [12].
However, the pathogenesis of liver cancer is very complex, and the regulation of
mTOR pathway is also very extensive. The involvement of mTOR pathway in regulat-
ing the occurrence and development of liver cancer may not be a single event but
may involve the participation of multiple factors. Therefore, in this chapter, we will
further explore the related mechanism of mTOR pathway involved in regulating the
occurrence and development of liver cancer.

2. The mechanism of mTOR pathway involved in regulating the
occurrence and development of liver cancer is very complex

2.1 Long-time chronic activation of mTOR pathway resulted in spontaneous HCC
2.1.1 HCC independent of long-term chronic injury and necroinflammation

The mTOR pathway is altered in various disease models and exhibits abnormal
activation in tumor diseases, such as breast cancer, prostate cancer, lung cancer, liver
cancer, kidney cancer, and lymphoma [13]. The TSC1/TSC2 heterodimer, consisting
of tuberous sclerosis complex 1 (TSC1) and tuberous sclerosis complex 2 (TSC2),
is an upstream inhibitor of mTOR pathway. Our previous data suggested that liver-
specific knockout of TSC1 in mice leads to persistent activation of mTOR pathway
that resulted in spontaneously HCC (Figure 1A and B). Histopathological features
showed that the tumor cells were large with large nuclei and various staining, which
was the pathological nuclear feature of malignant tumors. And only the cancer type
of HCC was detected in these mouse models, indicating that the tumor was of hepa-
tocyte origin and not of hepatic progenitor or bile duct epithelial origin (Figure 1B).
Interestingly, these HCC model mice did not develop obvious inflammation and fibro-
sis, and the serum inflammatory factor levels did not increase significantly (Table 1),
indicating that the continuous activation of mTOR pathway caused spontaneous HCC
that was independent of long-term chronic injury and necroinflammation.

Studies have found that HCC is usually triggered by the death of liver cells,
which usually leads to liver damage and secondary inflammatory response.
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Figure 1.

Pegsl;stent activation of mTOR pathway resulted in spontaneous HCC. (A) Western blots analysis showed the
expression of mTOR pathway-related proteins in mouse liver tissue. Western blots were quantified based on at
least 3 replicates. Ervor bars represent the SEM. P < 0.001. The vesulting figure is cited from author’s previously
published article [11]. (B) the general picture of one spontaneous HCC mouse (left) and the pathological staining
vesults of HCC mice and control mice (vight), the magnifications are 200x and 400x.

Therefore, majority of HCC tissues are accompanied by significant inflammation.
Tumor inflammation is primarily caused by pro-tumor cytokines, including IL-6,
that induces activation of the oncogenic transcription factor signal transducer

and activator of transcription 3 (STAT3) in the hepatocytes, ultimately promoting
compensatory proliferation of hepatocytes that have escaped cell death and subse-
quently promotes tumor development [14-16]. Activation of STAT3 further promotes
IL-6 production and promotes inflammatory outbreaks. In a mouse model with
liver-specific knockout of Raptor, a subunit of mTOR pathway, it was found that the
increase of IL-6 and the activation of STAT3, ultimately promoted the occurrence and
development of HCC, and showed mild liver cirrhosis in the process of developing
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Factors Ctrl mice (n=5) HCC mice (n=9) P-Value
IL-1a 52.87 49.76 0.6585
IL-1b 64.57 54.39 0.0904
IL-2 84.33 7314 0.3589
IL-3 8.47 750 0.4328
IL-4 14.69 19.25 0.2418
IL-5 808.48 1083.47 0.4041
IL-6 319.35 28391 0.5075
IL-9 8886.21 10211.62 0.1261
IL-10 3261 3145 0.7371
IL-12(p40) 9.21 13.04 0.2568
IL-12(p70) 128.93 146.81 0.2912
IL-13 3690.65 4507.50 0.2183
G-CSF 16.61 16.14 0.9514
GM-CSF 14.52 14.48 0.9923
IFN-g 5395.06 4226.12 0.1253
KC 186.65 189.51 0.9405
MCP-1 181.32 1260.69 0.2414
MIP-1a 42.22 50.83 0.6072
MIP-1b 367.00 340.20 0.2998
RANTES 838.56 810.17 0.7478
TNF-a 4568.78 3764.13 0.4491
Table 1.

The spectrum of inflammatory factors in the liver of mice.

into HCC [14]. In addition, STAT3 can also be activated by inhibiting signal trans-
ducer and activator of transcription 5 (STATS), which promotes hepatocarcinogenesis
through TGF-f [17, 18], and STATS5 also has a role in suppressing inflammation.
However, no significant increase in inflammatory factors, including IL-6 and TNF-«
was found in our mouse model. Meanwhile, accompanied by the activation of STAT5
phosphorylation and inhibition of STAT3 phosphorylation. Moreover, studies by
others and our previous studies have demonstrated that mTOR pathway regulates
phosphorylation of STAT3 and STATS [19]. Therefore, the spontaneous HCC model
without necroinflammation might be developed through the activation of STATS5 with
simultaneous inactivation of STAT3. Moreover, because there is no long-term necro-
inflammatory stimulus, the fibrosis of liver tissue is not very obvious.

2.1.2 The mTOR pathway regulates lipid de novo synthesis to mimic the progression
of NAFLD to HCC

Since the first case of NAFLD-related HCC was reported in 1990 [20], there has
been increasing evidence of an association between NAFLD and HCC, HCCisa
common and lethal malignancy worldwide. Some risk factors (such as HBV, HCV, or
alcoholism) are recognized in most cases of HCC, but there are also HCC that was
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not caused by these risk factors, and the incidence of such HCC is as high as 15-50%.
In developed countries, these “unexplained” HCCs are mainly attributed to NAFLD
[21]. Cancer cells are characterized by a shift in cellular metabolism to adapt to cancer
cell growth and provide more energy, which is conducive to the continued develop-
ment of carcinogenesis. The mTOR signaling pathway is also an important metabolic
regulatory pathway. The mTOR pathway is abnormally activated in the liver and other
tissues of patients with obesity, mTOR activation promotes fatty synthesis acid by
upregulating the transcription, synthesis and nuclear transfer of sterol regulatory
element-binding protein-1 (SREBP1) [22].

This spontaneous HCC mouse model also exhibits the features of metabolic
disorders. We used the pathway enrichment analysis method on mouse liver tis-
sue RNA-seq data to enrich the related enriched functional groups regulating the
mTOR pathway. And found that metabolism-related pathways ranked first in all
enriched pathways (Figure 2). These metabolic pathways mainly, include chemical
carcinogenesis-related pathways, steroid hormone biosynthesis pathways, linoleic
acid metabolism pathways, and cytochrome P450 (CYP450) metabolic pathways in
xenobiotics.

In addition, the results metabolomic assay of liver tissue showed that oleic acid
(C18:1) increased and stearic acid (C18:0) decreased, which increased membrane
fluidity, promoting metabolism and proliferation. Stearic acid has hepatoprotective
and anti-inflammatory potential and can reduce fibrosis after cholestasis-induced
liver injury [23]. The anticancer effects of liver-specific Pten-deficient female mice
are at least partly due to a marked reduction in the ratio of oleic to stearic acid in the
liver [24]. Accumulation of fatty acids may interfere with cell signaling pathways and
promote tumorigenesis by altering gene transcriptional regulation, which may be the
mechanism by which NAFLD, characterized by fat accumulation, eventually develops
into liver cancer.

In our mouse model, after treatment with rapamycin, the abnormal lipid metabo-
lism was reversed, and the occurrence of HCC was also effectively reversed, further
proved that abnormal lipid metabolism is involved in the occurrence and develop-
ment of liver cancer.

2.2 Autophagy is involved in the regulation of the occurrence and development
of liver cancer

2.2.1 Autophagy impairment in persistent mTOR pathway activation mouse model

In addition to regulating metabolism, the mTOR pathway is also a classic
autophagy regulatory pathway. When the mTOR pathway is activated, it mediates the

Metabolism of xenobiotics by CYP450
Linoleic acid metabolism

Retinol metabolism

Steroid hormone biosynthesis

Chemical carcinogenesis

° o ® o ® W
-log 10 P value

Figure 2.
Histographs of differentially expressed genes by pathway analysis.
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phosphorylation of specific sites of ULK1 and Atg13 and inhibits the autophagy-pro-
moting kinase activity of the ULK1 complex. When the mTOR pathway is inhibited,
it is separated from ULK1, the phosphorylation of specific sites of ULK1 and Atg13
is released, the ULK1 complex is activated, and the activated ULK1 complex is then
transferred to the isolation membrane of the endoplasmic reticulum, and autophagy
is initiated [25].

Studies have found that AMPK/mTOR pathway-mediated autophagy activa-
tion is an important protective mechanism of NAFLD, mainly by inhibiting liver
de novo adipogenesis, increasing fatty acid oxidation in the liver and promoting
mitochondrial function/integrity in adipose tissue [26]. In the liver, autophagy, as a
metabolic pathway, can regulate lipid accumulation in hepatic steatosis; while persis-
tent mTOR pathway activation in hepatocytes leads to endoplasmic reticulum stress
and autophagy defects, which are closely related to the occurrence and development
of HCC. In our mouse model, sustained activation of hepatic mTOR pathway was
found to lead to inhibition of autophagy. On the one hand, the continuous activation
of mTOR pathway increases the de novo synthesis of lipids, and on the other hand,
autophagy is inhibited, and the increased lipids cannot be efficiently metabolized and
continuously accumulate in the liver. The study also believes that in the pathogenesis
of NAFLD, autophagy is first activated and then inhibited, especially the continu-
ous inhibition of autophagy will lead to the occurrence and further deterioration of
NAFLD, which is consistent with our findings.

Furthermore, in the early stages of carcinogenesis, autophagy has significant
cytoprotective and tumor suppressive potential. Dysfunction of this process is associ-
ated with an increased risk of cancer development. Therefore, we can also explain the
phenomenon of spontaneous liver cancer in mice from the perspective of autophagy
inhibition. The long-term continuous activation of the mTOR pathway keeps the
autophagy in the liver of mice in a state of inhibition, and autophagy cannot effec-
tively play the cytoprotective and tumor suppressive functions. Eventually, this leads
to the occurrence of liver cancer. We demonstrated the above notion that rapamycin
treatment in mice reversed autophagy impairment and prevented HCC development.

2.2.2 Activation of autophagy inhibits the invasion and metastasis of hepatoma cells
in vitro

However, the role of autophagy in carcinogenesis has been controversial. Before
tumorigenesis, effective autophagy can play cytoprotective and tumor suppressive
effects, and autophagy can also be activated by tumor suppressor factors, such as
PTEN, TSC, and DEPTOR [27, 28]. When tumors have already occurred, autophagy
can further support tumor progression. Autophagy can promote tumor cell survival
and malignant behavior by providing nutrients to tumor cells, thereby promoting
tumor occurrence and development, while autophagy inhibition may make cancer
cells. Sensitivity to metabolic stress conditions leads to tumor cell death [22, 29].
Many aggressive tumors require autophagy to facilitate important tumor-promoting
processes [30].

However, some studies hold the different view. In a study by Zhang. et al., they
found that SOCS5 promoted HCC cell migration and invasion iz vitro by inactivating
PI3K/Akt/mTOR pathway mediated autophagy. SOCSS5 inhibition inhibited HCC cell
migration and invasion iz vitro by activating PI3K/Akt/mTOR pathway mediated
autophagy. Dual inhibition of SOCS5 and mTOR further activates autophagy and
exerts a more pronounced anti-metastatic effect in HCC cells [31].
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In the spontaneous HCC mouse model, we found that on the basis of the continu-
ous activation of the mTOR pathway and the inhibition of autophagy, some mice
developed lung and intestinal metastasis of tumors (Figure 3). However, it was found
that autophagy was activated and cell proliferation, invasion, and metastasis were
decreased after treatment of liver cancer cells with rapamycin iz vitro (Figure 4A-D).
After the occurrence of tumors, autophagy may work with other mechanisms to
maintain tumor homeostasis. When the effect of autophagy is relieved, it will destroy
this homeostasis and promote tumor invasion and metastasis.

Future studies can pay more attention to the role of mTOR pathway mediated
autophagy in different stages of liver cancer development, or explore other possible
mechanisms to further clarify the mechanism of autophagy in different stages before
and after tumorigenesis.

2.3 The occurrence and development of liver cancer involve complex mechanisms

The pathogenesis of tumors, including liver cancer, is very complex. In our
spontaneous liver cancer mouse model, we found that in addition to abnormal STAT3/
STATS5 pathway, lipid accumulation, and autophagy inhibition, there are many other
abnormal manifestations.

2.3.1 Inhibition of exosomes secretion

It is well known that the mTOR pathway regulates autophagy to remove some
cellular components, such as organelles to control cellular metabolism. The exosomes
released and also transport part of the cell membrane and cellular components to
the extracellular space, resulting in the loss of cellular contents. There is an overlap
between autophagy and exosomes release, so the secretion of exosomes may also be
regulated by the mTOR pathway. Our lab found that like autophagy, exosomes release
is negatively regulated by the mTOR pathway in response to changes in nutrient and
growth factor conditions, and the mTOR pathway mainly functions in the late stages
of exosome biogenesis, possibly in the context of MVB (Multivesicularbody) and

Intestinal

Figure 3.
The lung and intestinal metastasis in spontaneous HCC mouse. The magnifications are 200x and 400x.
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Autophagy activation inhibited tumor malignancy. (A) Western blots analysis showed the expression of
autophagy-related proteins in Hep3B cells. Western blots weve quantified based on at least 3 veplicates. Error bays
represent the SEM. *™*P < 0.001. (B) Immunofluorescence analysis showed that rapamycin activates autophagy
in Hep3B cells. (C) Wound healing experiments, clone formation, and transwell experiments confirmed that
rapamycin treatment activates autophagy to inhibit the proliferation, invasion, and metastasis of Hep3B cells.
(D) Tumor growth curves showed that autophagy activation inhibited tumor formation in nude mice.

cytoplasmic membrane docking/fusion phase and validated in our mouse model,
this inhibition was reversed after treatment with rapamycin [32]. We also detected a
reduction of exosomes in the perisinusoidal space (Disse space) in this mouse model
of spontaneous liver cancer in which knockout of TSC1 resulted in persistent mTOR
pathway activation (Figure 5A). The inhibitory effect of mTOR pathway activation
on the release of exosomes is mainly achieved by Rab27A, which does not change the
content of exosomes. Rab27A and Rab27B are two small GTPases of the Rab family,
which are involved in the docking and fusion of conditional MVB with the plasma
membrane [33], which is crucial for the release of exosomes and the transmission
of extracellular messengers, and it also regulates membrane homeostasis, lysosomal
function, and autophagy.

The study found that cancer cells usually produce more exosomes than normal
cells, exosomes from cancer cells have a strong ability to alter local and distant
microenvironments, and exosomes from highly invasive tumor cells deal with low
invasiveness tumor cells will enhance the latter’s ability to invade and metastasize
[34, 35]. In addition, tumor-derived exosomes can activate T cells, NK cells, or mac-
rophages to activate immunity through direct or indirect antigen presentation [36].
Rab27A-overexpressing exosomes from tumor cells can further activate immunity,
thereby promoting the proliferation of CD4+ T cells and exerting more effective anti-
tumor immunity [37]. However, when Rab27A was silenced, Epithelial-mesenchymal
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Rab27A inhibited tumor malignancy. (A) Immunofluorescence analysis showed a reduction of exosomes in

the Disse space in spontaneous HCC mouse model. (B) Western blots analysis showed the expression of Alix,
TSG101, and Rab27A in 7721 cells. Western blots were quantified based on at least 3 replicates. (C) Wound
healing experiments, clone formation, and transwell experiments confirmed that silencing Rab27A promoted
the proliferation, invasion, and metastasis of 7721 cells. (D) Immunofluorescence analysis showed that silencing
Rab27A inhibited the release of exosomes in 7721 cells.

transition (EMT) was induced through MAPK/ERK signaling pathway to promote
cell migration, chemotaxis, and invasion, and the intrahepatic and lung metastasis
increased [38]. Silencing the expression of Rab27A in vitro inhibited the release of
exosomes and promoted the proliferation, migration, and invasion of tumor cells
(Figure 5B-D). In our spontaneous liver cancer mouse model, the mTOR pathway
was continuously activated, which continuously inhibits the release of exosomes,
which may block intercellular communication from the perspective of exosomes,
thereby failing to activate immunity and accelerate tumor development. The reason
for the mild liver inflammation in this model mouse was also explained from the
perspective of exosomes.

Recent studies have also shown the intersection of autophagy, exosome/ampho-
teric biogenesis, and exocytosis of extracellular vesicles [39, 40]. Autophagy is also
involved in the exosome secretion process, changing not only the amount but also the
content of exosomes. The effect of autophagy on the secretion of exosomes can be
either promotion or inhibition, which may be closely related to the environment in
which cells are located. This may partly explain the double-edged nature of autophagy
in cancer progression.

2.3.2 Mitochondrial dysfunction

In 1956, Otto Warburg proposed that mitochondrial respiration defects were
the potential basis of aerobic glycolysis and cancer [41], and the “Warburg effect”
has been the basis of FDG-PET for tumor imaging. However, the mechanism of
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mitochondrial action in cancer was unclear, although mutations in the mitochondrial
genome have been identified in human cancer specimens [42]. Mitophagy is a special-
ized autophagy that selectively degrades and eliminates excess or damaged mitochon-
dria [43]. Oncocytomas are rare benign tumors of most epithelial cells characterized
by massive accumulation of defective mitochondria due to pathogenic mtDNA
mutations [44]. In addition, the TCA cycle is also one of the metabolic pathways that
occur within mitochondria, and how mutations in mitochondrial TCA cycle enzymes
lead to cancer by producing oncogenic metabolites [45, 46].

Mitochondrial dysfunction and alterations in the TCA cycle were also found in
our spontaneous liver cancer mouse model. It was mainly reflected indirectly by the
decreased expression of Ddit4 and Nuprl. Among them, Ddit4 reflects mitochondrial
function, and when its expression is abnormal, it disrupts energy homeostasis and
promotes tumorigenesis, while functionally, the activation of mTOR pathway and cell
survival requires the inhibition of Ddit4, and the inhibition of Ddit4 contributes to
the continuous activation of mTOR pathway and tumorigenesis cell survival. Nupr1 is
a mitochondrial-deficient gene involved in regulating autophagy induced by lipotox-
icity of excess fatty acid accumulation in cells [47]. Nupr1 has also been identified as a
key regulator and metabolic switch in response to mitochondrial damage during liver
cancer development [48]. Changes in TCA cycle were manifested in the increased
levels of fatty acid metabolites involved and the decreased levels of glucose metabo-
lites involved. These changes all work together to promote the swearing development
of liver cancer.

2.3.3 FGF21 alteration is a late event in spontaneous HCC

We also found a decrease in fibroblast growth factor 21 (FGF21) protein levels
in the tumor tissue of the spontaneous liver cancer model mice, but there was no
difference in FGF21 between model mice and control mice before tumorigenesis, and
the reversal of FGF21 protein levels was not evident after treatment with rapamycin.
Perhaps the change of FGF21 is only a concomitant phenomenon after tumorigenesis;
however, FGF21 has been confirmed to promote the occurrence and development of
NAFLD.

FGF21 is mainly expressed in liver, thymus, adipose tissue, and pancreatic islet
beta cells [49], and it was regulated by the PI3K/AKT pathway to reduce blood sugar,
reduce liver fat deposition, and reduce body weight [50]. Studies have shown that
when the body was in a state of fasting and starvation, the expression of FGF21 in
the liver and adipose tissue was induced, resulted in an increase in liver lipolysis and
hepatic glycogen synthesis; an increase in adipose tissue glucose uptake, a decrease in
lipolysis and an increase in lipogenesis [51]. FGF21 also reduces hepatic triglyceride
and cholesterol production by inhibiting SREBP2 [52]. FGF21 was not only involved
in the regulation of hepatic fat metabolism but also negatively regulated by the mTOR
signaling pathway [53]. In addition, FGF21 may also be involved in the regulation of
liver cell polarity and affect the normal structure of liver tissue (Figure 6). FGF21
regulated bile acid metabolism and also inhibited the expression of CYP7A1, which
was the first step in the conversion of cholesterol to bile acids. Bile synthesis and
secretion can promote the formation of hepatocyte polarity. When bile acid metabo-
lism was disordered, hepatocyte polarity was also cannot maintained, and dysbiosis
of bile acid metabolism was an important indicator for the pathological diagnosis of
NAFLD. Deletion of FGF21 can affect both bile acid metabolism and lipid metabolism
and ultimately promote the occurrence and development of NAFLD.
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Figure 6.

Rab27A inhibited tumor malignancy. (A) Immunofluorescence analysis showed a reduction of FGF21 expression
in spontaneous HCC mouse model. (B) Western blots analysis showed a reduction of FGF21 expression in
spontaneous HCC mouse model.

In addition, FGF21 can aggravate tumor progression. Studies have found that
reduced FGF21 protein levels are associated with cancerous hyperproliferation and
abnormal p53, TGF-f/Smad signaling pathways during HCC development [54];
FGF21 can reduce hepatic fat accumulation and hepatocyte damage, while at the same
time inhibiting inflammation and fibrosis and plays an important role in limiting
progression of liver pathology from NAFLD/NASH to HCC [55, 56].

2.3.4 Ectopic expression of SLC22A7

Studies have found that SLC22A7 is highly expressed in liver cancer cells [57] and,
SLC22A7 is associated with multicenter recurrence after liver cancer surgery, which
may be achieved by regulating mitochondrial and oxidoreductase activities [58, 59].
In our spontaneous liver cancer mouse model, we found that SLC22A7 was not sig-
nificantly altered at the protein level but was ectopically expressed. In normal liver, it
was mainly expressed in the cell membrane of hepatocytes and in tumor liver, it was
expressed in the cytoplasm (Figure 7).

2.3.5 Shows similar manifestations to chemical carcinogens

Further analysis of the results of transcriptome sequencing revealed that the
spontaneous liver cancer mouse model has abnormal expression of many enzymes
related genes, which are mainly involved in the detoxification process, including cyto-
chrome P450 (CYP450) family, carboxylesterase (Ces), sulfotransferases (Sults), and
UDP-glucuronyltransferases (Ugts). In the CYP450 family members, Cypla2, Cyp2b9,
Cyp2c50, Cyp2c54, Cyp2c67, Cyp2el, and Cyp3al6 expression decreased, while Cyp2b10
expression increased. CYP450 family-related enzymes are the key enzymes necessary
for the phase I metabolism of exogenous substances in the liver. The Cyp450 family,
such as Cypla2 and Cyp2el was a key enzyme in tumor transformation and mediates
the metabolic activation of many carcinogens, which degrade xenobiotics, steroids, and
fatty acids. Previous studies have found that the dysregulation of Cypla2 and Cyp2B9
mainly occurs in the liver of chemically carcinogenic mice [60, 61]. Another report
found that Cyp2c50, Cyp2c54, and Cyp2c67 were significantly increased in the liver in
amouse model of chemically induced hepatocellular carcinoma [62]. Some researchers
used Cyp2el knockout mice to study the effect of chemical carcinogenesis and found
that Cyp2el knockout mice showed lower tumor incidence and diversity, indicating that
the gene is a tumor protection related gene [63, 64].
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Ctrl mice HCC mice

SCL22A7

Figure 7.

Ectopic expression of SLC22A7. Immunohistochemical staining showed that SLC22A7 was mainly expressed in the
cell membrane of hepatocytes, while wrong expressed to the cytoplasm in tumor cells of spontaneous HCC mouse
model.

The first stage of tumorigenesis following mTOR pathway activation was analo-
gous to chemical carcinogenesis, providing the primitive cells that both responsive
to metabolic alterations and had a greater proliferative advantage over surrounding
normal cells. Ultimately, these cells can be clonally expanded and transformed into
cancer cells for immortal proliferation.

3. Conclusion

This chapter discusses some factors related to the mTOR pathway that may be
involved in the occurrence and prognosis of HCC. There are multiple responsible
changes in this spontaneous liver cancer model mouse, including accumulation of
lipids, non-necrotizing inflammation, mitochondrial dysfunction, autophagy inhibi-
tion, exosome release inhibition, and protein ectopic expression. These changes may
play a role before the occurrence of tumors, at the initial stage of tumors, or after the
occurrence of tumors, and jointly promote the occurrence and development of liver
cancer. Of course, the occurrence and development of HCC is a very complex process,
and its related mechanism has always been a research hotspot, and new possible
mechanisms will be reported over time.

Continued research is still needed to overcome difficult problems and ultimately
be used for clinical treatment of liver cancer. Prevent the occurrence of liver cancer
and reduce the recurrence of liver cancer after surgery. May the world be free from
any cancer.
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