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Preface

The discovery of gene expression profiling in cancer is a relatively new scientific
development that has led to a revolution in the fields of cancer genetics, pharmaco-
genetics, oncology, and precision medicine. Researchers have been trying for many
years to explain the phenomenon of cancer and to discover solutions that will save
the lives of thousands of people. Gene expression profiling technology can be a
significant tool for reaching these goals.

The chapters of this book provide insights into a repertoire of recent developments, 
applications, and breakthroughs in the field of gene expression profiling in cancer. 
All chapters have been carefully selected, adjusted, and fine-tuned in a seamless
way that helps them achieve synergy and makes them easier for both the novice and 
the expert reader to follow. A lot of effort has gone into providing the scientific basis
underlying all different gene expression profiling applications, with special focus
on the role of noncoding RNAs in cancer. This ensures there is no excuse for misin-
terpretation of the complex use cases and research protocols described herein. At
a time when technology and science are accessible through computers to everyone, 
the techniques for discovering and analyzing the gene expression profile of cells
must be an integral part of anticancer research in the prism of evolutionary biology, 
genetics, and epigenetics.

I would like to close this Preface with the words of Frank Henry Westheimer: 
“A couple of months in the laboratory can frequently save a couple of hours in
the library.” This is especially true in quickly developing fields at the forefront of
science, such as cancer genetics, and for elucidating the role of genes in disease. 
Consequently, chapters in this book have been accordingly curated to simplify the
complex concepts of gene expression profiling as well as the role of noncoding 
RNAs in cancer, without any compromise in scientific quality.

Prof. Dimitrios P. Vlachakis
Agricultural University of Athens,

Athens, Greece
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Chapter 1

Introductory Chapter: Gene
Profiling in Cancer in the Era
of Metagenomics and Precision
Medicine
Katerina Pierouli, Thanasis Mitsis, Eleni Papakonstantinou 
and Dimitrios Vlachakis

1. Introduction

According to the central dogma of molecular biology, the entire process of
producing proteins in cells is defined as gene expression, which includes replication
of the DNA, DNA transcription into mRNA, and mRNA translation into proteins
[1]. Although DNA is the same in all cell types of an organism, each cell expresses
only a part of its genes each time, which equates to the ability of the cell to modify
the expression of its genome and thus changes its functions [2].

Gene expression profiling is a process in which the genes expressed in a cell can
be measured at a specific time [3]. This method simultaneously calculates the levels
of thousands of genes leading to the presentation of the expression pattern of the
cell’s genes [4]. Therefore, through gene expression profiling, we can discover the
functions of a cell at a particular time, which constitutes an important application
of this method in cancer cells.

A cancer cell is defined as each cell of a tissue in which there is a loss of the
standard controlling mechanisms of cell division, resulting in its uncontrolled 
multiplication, leading to the accumulation of transformed somatic cells, which
contain many genetic alterations and epigenetic modifications. These cells have the
ability to filter into adjacent tissues, creating metastasis. Metastatic cells impede
the physiologic functioning of the vital organs and destroy the physiological tissues
resulting in death [5].

2. Cancer cell biology

The process of carcinogenesis begins with the transformation of a physiological 
cell into a cancer cell as the genes that control the growth and differentiation of the
cell are modified [6]. The genes that are involved in this process are (1) oncogenes, 
which promote cell growth and differentiation, and (2) tumor suppressor genes, 
which repress cell division. For the generation of a tumor, the accumulation of
several mutations is necessary, leading to the oncogene generation and overexpres-
sion, likewise repressing the tumor suppressor genes [7].

The genetic modifications causing the tumor development can occur at any stage of
the cell cycle. Therefore, an absence of a whole chromosome can occur due to an error
in mitosis, or it is possible to arise various mutations in the nucleotide sequence [7, 8].
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Profiling in Cancer in the Era 
of Metagenomics and Precision 
Medicine 
Katerina Pierouli, Thanasis Mitsis, Eleni Papakonstantinou 
and Dimitrios Vlachakis 

1. Introduction 

According to the central dogma of molecular biology, the entire process of 
producing proteins in cells is defined as gene expression, which includes replication 
of the DNA, DNA transcription into mRNA, and mRNA translation into proteins 
[1]. Although DNA is the same in all cell types of an organism, each cell expresses 
only a part of its genes each time, which equates to the ability of the cell to modify 
the expression of its genome and thus changes its functions [2]. 

Gene expression profiling is a process in which the genes expressed in a cell can 
be measured at a specific time [3]. This method simultaneously calculates the levels 
of thousands of genes leading to the presentation of the expression pattern of the 
cell’s genes [4]. Therefore, through gene expression profiling, we can discover the 
functions of a cell at a particular time, which constitutes an important application 
of this method in cancer cells. 

A cancer cell is defined as each cell of a tissue in which there is a loss of the 
standard controlling mechanisms of cell division, resulting in its uncontrolled 
multiplication, leading to the accumulation of transformed somatic cells, which 
contain many genetic alterations and epigenetic modifications. These cells have the 
ability to filter into adjacent tissues, creating metastasis. Metastatic cells impede 
the physiologic functioning of the vital organs and destroy the physiological tissues 
resulting in death [5]. 

2. Cancer cell biology 

The process of carcinogenesis begins with the transformation of a physiological 
cell into a cancer cell as the genes that control the growth and differentiation of the 
cell are modified [6]. The genes that are involved in this process are (1) oncogenes, 
which promote cell growth and differentiation, and (2) tumor suppressor genes, 
which repress cell division. For the generation of a tumor, the accumulation of 
several mutations is necessary, leading to the oncogene generation and overexpres-
sion, likewise repressing the tumor suppressor genes [7]. 

The genetic modifications causing the tumor development can occur at any stage of 
the cell cycle. Therefore, an absence of a whole chromosome can occur due to an error 
in mitosis, or it is possible to arise various mutations in the nucleotide sequence [7, 8]. 
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Gene Expression Profiling in Cancer 

The causes of cancer are mostly mutations in the genome of the cell, originating 
from environmental factors, while about 10% of cancers are due to heredity [9]. 
The main environmental factors that lead to cancer are tobacco, diet and obesity, 
infections, radiation, stress, and pollution [10]. Cancer cells can develop and filter 
through all tissues and vital organs of the body. The most common types of cancers 
worldwide that affect both sexes are lung cancer, breast cancer, colorectal cancer, 
and prostate cancer, followed by stomach, liver, and esophagus cancer [11]. 

3. Gene expression profiling techniques 

As mentioned above, gene expression profiling is a useful tool in modern biosci-
ences. The human genome contains genes that can produce mRNA that will later 
be translated into protein. The human genome also contains nonprotein encoding 
RNA genes and large areas of noncoding and regulatory sequences [12]. Therefore, 
measuring mRNAs is crucial in indicating gene expression. Gene expression is 
essential in determining the cell type, developmental stage, and both pathological 
and healthy functions. Apart from the ability to present data on the subset of genes 
that are expressed in different cell types under different conditions, this specific 
technique can also function as an essential diagnostic test, since it can help record 
cellular responses to drug treatment [13]. Cancer development, as already stated, 
is dependent on gain-of-function mutations in proto-oncogene genes that result in 
dominant oncogenes or overexpression of said oncogenes, along with the loss or 
under-expression of tumor suppressor genes that lead to uncontrolled cell divi-
sion. Thus, using gene expression profiling, one can study the difference between 
normal and cancerous cells to determine the genetic origin of faulty pathways that 
are a characteristic of cancer and provide potential targets for its treatment [14]. 
Apart from treatment, this technique can also help with the identification of new 
biomarkers and gene signatures. Gene expression profiling can be achieved through 
various assay technologies. Among those, some of the most widespread uses are 
DNA Microarrays, RNA-seq, and qPCR [14]. 

The creation of a cDNA library is a vital step in gene expression profiling. An 
experiment begins with the extraction of total RNA from the biological material 
of choice, such as a population of cancer cells. This experiment is followed by the 
use of a specific protocol with the intent of isolating a specific RNA type (e.g., 
ribo-depletion to remove ribosomal RNAs). The RNA is then converted to cDNA by 
reverse transcription [15]. 

Printing cDNA microarrays on glass slides is a commonly used technique. 
cDNAs are received by amplifying individual clones in a library, and each fragment 
represents an individual gene of interest. Each fragment is then immobilized on a 
slide coated with DNA-binding chemicals. These slides can be used in a microarray 
experiment. In a typical experiment, mRNAs from the two samples to be compared 
are reverse transcribed and then labeled with two different fluorescent markers 
[12]. The labeled samples are then competitively hybridized to the microarray. The 
excessive labeled probes are removed by washing, and the samples are examined 
using a laser scanner. The relative levels of expression of each sample are reflected 
by the hybridization intensity which is represented by the amount of fluorescent 
emission [12]. 

The development of high-throughput next-generation sequencing (NGS) has 
revolutionized gene expression profiling. NGS provides the ability of massively 
parallel short-read DNA sequencing [16]. It is now possible to analyze RA through 
the sequencing of cDNA—a method termed RNA sequencing (RNA-seq) [15]. The 
cDNA is sequenced using high-throughput sequencing. The data obtained will be 
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used to generate FASTQ format files which contain reads sequenced by the NGS 
platform. These reads will be aligned to a reference genome. Finally, the expression 
level of each gene is estimated by counting the number of reads that align to each 
full-length transcript [15]. 

qPCR is a technique used to quantify gene expression and can monitor the 
process of polymerase-driven DNA amplification (PCR) in real time [17]. PCR uses 
a thermostable DNA polymerase enzyme to synthesize new strands of DNA. Along 
with the DNA polymerase and template DNA (in this instance specifically, cDNA), 
PCR requires primers and nucleotides. The nucleotides will act as building blocks, 
while the primers will specify the exact DNA product to be amplified [18]. The 
reaction proceeds to repeated DNA amplification cycles. Each cycle consists of three 
necessary steps: denaturing, annealing, and extending. The result is the amplifica-
tion of the DNA sample. Two standard methods are used in qPCR to detect and 
quantify the product. Those include fluorescent dyes that non-specifically inter-
calate with double-stranded DNA or sequence-specific DNA probes consisting of 
fluorescently labeled reports that are complementary to the DNA product and will 
permit detection only after hybridization [18]. 

4. Gene expression profiling of most common cancer types 

Gene expression profiling has helped in the better understanding of breast cancer 
biology [19]. Among the applications of gene profiling in breast cancer are the sub-
classification of breast cancer, disease prognosis, prediction of response to therapy, 
and specialization of therapy based on the hos. [20]. Breast cancer is composed 
of multiple subtypes based on intrinsic molecular characteristics. With the use of 
microarrays, the distinctive molecular portraits of breast cancer have been reported 
[21]. According to those studies, tumors are classified into five subtypes with distinct 
clinical outcomes. Those subtypes are luminal A, luminal B, HER2 overexpression, 
basal, and normal-like tumors [21]. Apart from the subclassification of breast cancer, 
gene expression analyses have been used to characterize novel prognostic indicators. 
Some of the gene expression tests for breast cancer prognosis that have been devel-
oped are Oncotype DX, MammaPrint, PAM50-based risk of recurrence score, Breast 
Cancer Index, and EndoPredict [22]. An oncologist should be able to design an 
individualized therapy identified by maximum benefit and minimum harm through 
the use of predictive biomarkers. Predictive biomarkers are fewer than prognostic 
ones. Oncotype DX is a genomic model that can be used to predict therapy response 
too. Also known as 21-gene recurrence score, Oncotype DX records the expression 
of 21 genes (16 cancer-related genes and 5 reference genes) and reports them as a 
single Recurrence Score. The Recurrence Score can later help the oncologist select the 
best available treatment for the patient [22]. Finally, the next step in breast cancer 
treatment is using host biology in prediction too, since gene variations in the patient 
can affect the efficacy and toxicity of the treatment [20]. 

Lung cancer is molecularly heterogeneous. Just as breast cancer, gene expres-
sion profiling has been used on the identification of lung cancer type, while 
disease prognosis and prediction in response to therapy seem specific to lung 
cancer subtypes [23]. There are two major histologically distinct types of lung 
cancer. Those are non-small cell lung cancer (NSCLC) and small-cell lung cancer 
(SCLC). NSCLCs also have three subcategories: adenocarcinoma, squamous cell 
carcinoma (SqCC), and large-cell carcinoma [24]. NSCLC and SCLC have different 
pathophysiology and clinical features, suggesting different molecular mechanisms 
in carcinogenesis. Genome-wide cDNA microarray has helped researchers to 
document distinct phenotypic and biological differences in cancer cells. SCLCs are 
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Gene Expression Profiling in Cancer 

characterized by prevalent bi-allelic inactivation of TP53 and RB1 with SOX2 being 
a frequently amplified gene and recurrent mutations that encode histone modifiers 
[25]. Eleven genes have been associated with SqCCs, with the frequency of TP53 
mutations being 90%, while 18 genes have been associated with adenocarcinomas, 
with the frequency of mutations harboring genetic alterations that promote the 
RTK/RAS/RAF pathway being 75% [25]. Gene expression profile has also been used 
for disease prognosis and prediction of response to therapy in NSCLCs [23]. 

Colorectal cancer afflicts about 10% of people worldwide. According to a meta-
analysis study, microarray results indicated that the expression of the genes of six 
chemokines, CCL18, CXCL9–11, IL8, and CCL2, as well as two apoptosis-related 
genes, UBD and BIRC3, and LAMC2 and MMP7 had an increase in colorectal cancer 
[26]. Precisely, the expression of CCL18 constitutes an indication of colorectal can-
cer [27], while the expression of CXCL9–11 increases the ability of cancer cells for 
migratory [28]. Moreover, the results of a bioinformatical analysis indicate that the 
influenced genes were associated with chemokines, cell cycle, and G protein-cou-
pled receptor signaling pathways [29]. According to this research, the main genes, 
which are involved in cell cycle process and transformed in cancer, were the cyclins 
CCNB1 and CCNA2, the cyclin-dependent kinase 1 (CDK1), CENPE, KIF20A, 
and MAD2L1 [30]. Respectively, the genes of chemokines, which are influenced by 
cancer, were CXCL1, CXCL2, CXCL6, CXCL8, and CXCL12 [29]. 

Another type of cancer with a high frequency is prostate cancer. This cancer 
is an adenocarcinoma. Its main symptoms are pain, difficulty in passing urine, 
hematuria, and erectile dysfunction. Its main causes are obesity and diet rich in 
meat, family history, and HPC1 genes and the androgen receptor (AR) and the 
vitamin D receptor [31]. According to the literature, there are indications that 
prostate cancer may be due to regions of SNPs of c-MYC oncogene, which affect the 
form of chromatin and the expression of the gene. Furthermore, it has been shown 
that the BRCA2 gene, except for its association with breast cancer, is also related 
to the increased risk of prostate cancer. Respectively, similar indications are pre-
sented with the modification of the expression of BRCA1 [32]. Moreover, prostate 
cancer has been associated with mutations of genes that are part of the DNA repair 
mechanism, such as CHEK2, PALB2, BRIP1, and NBS1 that are likewise related to 
the risk for breast cancer (CHEK2, PALB2, BRIP1) [33–35] and Nijmegen breakage 
syndrome (NBS1) [36]. 

5. Conclusions 

All in all, many genes are affected and can be employed as biomarkers for the 
prognosis and the prediction of therapy’s outcomes for all types of cancer. Some 
examples of these genes have been mentioned above for the four most common 
types of cancer, but they constitute only a part of all the genes that are affected in 
a cancer cell. By identifying the genes that are biomarkers of a cancer type and the 
genes that promote tumor’s proliferation, the purpose is a more targeted and per-
sonalized treatment for any patient that will not only beget the tumor eradication, 
but it will also occasion the silencing of the genes that lead to tumor creation. 

6 



 

  

 

Introductory Chapter: Gene Profiling in Cancer in the Era of Metagenomics and Precision… 
DOI: http://dx.doi.org/10.5772/intechopen.84462 

Author details 

Katerina Pierouli, Thanasis Mitsis, Eleni Papakonstantinou 
and Dimitrios Vlachakis* 
Genetics and Computational Biology Group, Laboratory of Genetics, Department 
of Biotechnology, Agricultural University of Athens, Athens, Greece 

*Address all correspondence to: dvlachakis@bioacademy.gr 

© 2019 The Author(s). Licensee IntechOpen. This chapter is distributed under the terms 
of the Creative Commons Attribution License (http://creativecommons.org/licenses/ 
by/3.0), which permits unrestricted use, distribution, and reproduction in any medium, 
provided the original work is properly cited. 

7 

http://creativecommons.org/licenses
mailto:dvlachakis@bioacademy.gr
http://dx.doi.org/10.5772/intechopen.84462


  

  
    

 

  
 
 
 

 

 
 

 
 

 
 

 
 

 
 
 

 

  
 

 
 

 

 

 

 

  
 

 

  
 

 

   

 

 
 

  
 

 
 

  

  
  

 

Gene Expression Profiling in Cancer 

References 

[1] Crick F. Central dogma of molecular 
biology. Nature. 1970;227:561 

[2] Papatheodorou I, Oellrich A, Smedley 
D. Linking gene expression to phenotypes 
via pathway information. Journal of 
Biomedical Semantics. 2015;6:17 

[3] Metsis A, Andersson U, Bauren G, 
Ernfors P, Lonnerberg P, Montelius 
A, et al. Whole-genome expression 
profiling through fragment display 
and combinatorial gene identification. 
Nucleic Acids Research. 2004;32(16):e127 

[4] Fielden MR, Zacharewski TR. 
Challenges and limitations of gene 
expression profiling in mechanistic and 
predictive toxicology. Toxicological 
Sciences. 2001;60(1):6-10 

[5] Kitraki E, Trougkos K. Biology of 
Cancer. 2nd ed. Nicosia, Cyprus: Broken 
Hill Publishers Ltd; 2006 

[6] Croce CM. Oncogenes and cancer. 
The New England Journal of Medicine. 
2008;358(5):502-511 

[7] Knudson AG. Two genetic hits (more 
or less) to cancer. Nature Reviews 
Cancer. 2001;1(2):157-162 

[8] Knudson AG. Hereditary cancer: 
Two hits revisited. Journal of Cancer 
Research and Clinical Oncology. 
1996;122(3);135-140. ISSN: 0171-5216 

[9] Anand P, Kunnumakkara AB, 
Sundaram C, Harikumar KB, Tharakan 
ST, Lai OS, et al. Cancer is a preventable 
disease that requires major lifestyle 
changes. Pharmaceutical Research. 
2008;25(9):2097-2116 

[10] Islami F, Goding Sauer A, Miller 
KD, Siegel RL, Fedewa SA, Jacobs 
EJ, et al. Proportion and number of 
cancer cases and deaths attributable to 
potentially modifiable risk factors in the 
United States. 2018;68(1):31-54 

[11] Bray F, Ferlay J, Soerjomataram I, 
Siegel RL, Torre LA, Jemal A. Global 
cancer statistics 2018: GLOBOCAN 
estimates of incidence and mortality 
worldwide for 36 cancers in 185 
countries. CA: A Cancer Journal for 
Clinicians. 2018;68(6):394-424 

[12] Sealfon SC, Chu TT. RNA and DNA 
microarrays. Methods in Molecular 
Biology (Clifton, NJ). 2011;671:3-34 

[13] Ben-Dor A, Bruhn L, Friedman 
N, Nachman I, Schummer M, 
Yakhini Z. Tissue classification with 
gene expression profiles. Journal of 
Computational Biology: A Journal of 
Computational Molecular Cell Biology. 
2000;7(3-4):559-583 

[14] Narrandes S, Xu W. Gene expression 
detection assay for cancer clinical use. 
Journal of Cancer. 2018;9(13):2249-2265 

[15] Kukurba KR, Montgomery 
SB. RNA sequencing and analysis. 
Cold Spring Harbor Protocols. 
2015;2015(11):951-969 

[16] Hurd PJ, Nelson CJ. Advantages 
of next-generation sequencing versus 
the microarray in epigenetic research. 
Briefings in Functional Genomics & 
Proteomics. 2009;8(3):174-183 

[17] Kuang J, Yan X, Genders AJ. An 
overview of technical considerations 
when using quantitative real-time 
PCR analysis of gene expression in 
human exercise research. PLoS One. 
2018;13(5):e0196438 

[18] Garibyan L, Avashia N. Polymerase 
chain reaction. The Journal 
of Investigative Dermatology. 
2013;133(3):1-4 

[19] Stadler ZK, Come SE. Review of 
gene-expression profiling and its clinical 
use in breast cancer. Critical Reviews in 
Oncology/Hematology. 2009;69(1):1-11 

8 



   

  
 

 
 

 

 
 

  

 

  
 

 
 

 

 
 

 

 
  

 
 

 
 

  
 
 

 

 
 

 

 
 

 
 

 
 

 

 
 

 
 

 
 

 
 

 
 

 

Introductory Chapter: Gene Profiling in Cancer in the Era of Metagenomics and Precision… 
DOI: http://dx.doi.org/10.5772/intechopen.84462 

[20] Bao T, Davidson NE. Gene 
expression profiling of breast cancer. 
Advances in surgery. 2008;42:249-260 

[21] Dai X, Li T, Bai Z, Yang Y, 
Liu X, Zhan J, et al. Breast cancer 
intrinsic subtype classification, 
clinical use, and future trends. 
American Journal of Cancer Research. 
2015;5(10):2929-2943 

[22] Guler EN. Gene expression profiling 
in breast cancer and its effect on therapy 
selection in early-stage breast cancer. 
European Journal of Breast Health. 
2017;13(4):168-174 

[23] Santos ES, Blaya M, Raez LE. Gene 
expression profiling and non-small-cell 
lung cancer: Where are we now? Clinical 
Lung Cancer. 2009;10(3):168-173 

[24] Taniwaki M, Daigo Y, Ishikawa N, 
Takano A, Tsunoda T, Yasui W, et al. 
Gene expression profiles of small-cell 
lung cancers: Molecular signatures of 
lung cancer. International Journal of 
Oncology. 2006;29(3):567-575 

[25] Inamura K. Lung cancer: 
Understanding its molecular pathology 
and the 2015 WHO classification. 
Frontiers in Oncology. 2017;7:193 

[26] Kobayashi T, Masaki T, Nozaki 
E, Sugiyama M, Nagashima F, Furuse 
J, et al. Microarray analysis of gene 
expression at the tumor front of 
colon cancer. Anticancer Research. 
2015;35(12):6577-6581 

[27] Yuan R, Chen Y, He X, Wu X, Ke J, 
Zou Y, et al. CCL18 as an independent 
favorable prognostic biomarker 
in patients with colorectal cancer. 
The Journal of Surgical Research. 
2013;183(1):163-169 

[28] Billottet C, Quemener C, Bikfalvi 
A. CXCR3, a double-edged sword in 
tumor progression and angiogenesis. 
Biochimica et Biophysica Acta. 
2013;1836(2):287-295 

[29] Guo Y, Bao Y, Ma M, Yang W. 
Identification of key candidate genes 
and pathways in colorectal cancer by 
integrated bioinformatical analysis. 
International Journal of Molecular 
Sciences. 2017;18(4):722 

[30] Hanahan D, Weinberg RA. 
Hallmarks of cancer: The next 
generation. Cell. 2011;144(5):646-674 

[31] Deng X, Shao G, Zhang HT, 
Li C, Zhang D, Cheng L, et al. 
Protein arginine methyltransferase 5 
functions as an epigenetic activator 
of the androgen receptor to promote 
prostate cancer cell growth. Oncogene. 
2017;36(9):1223-1231 

[32] Attard G, Parker C, Eeles RA, 
Schroder F, Tomlins SA, Tannock I, 
et al. Prostate cancer. Lancet (London, 
England). 2016;387(10013):70-82 

[33] Cybulski C, Huzarski T, Gorski B, 
Masojc B, Mierzejewski M, Debniak 
T, et al. A novel founder CHEK2 
mutation is associated with increased 
prostate cancer risk. Cancer Research. 
2004;64(8):2677-2679 

[34] Erkko H, Xia B, Nikkila J, 
Schleutker J, Syrjakoski K, Mannermaa 
A, et al. A recurrent mutation in 
PALB2 in Finnish cancer families. 
Nature. 2007;446(7133):316-319 

[35] Kote-Jarai Z, Jugurnauth S, 
Mulholland S, Leongamornlert DA, 
Guy M, Edwards S, et al. A recurrent 
truncating germline mutation in the 
BRIP1/FANCJ gene and susceptibility 
to prostate cancer. British Journal of 
Cancer. 2009;100(2):426-430 

[36] Hebbring SJ, Fredriksson H, 
White KA, Maier C, Ewing C, 
McDonnell SK, et al. Role of the 
Nijmegen breakage syndrome 1 gene 
in familial and sporadic prostate 
cancer. Cancer Epidemiology 
Biomarkers & Prevention. 
2006;15(5):935-938 

9 

http://dx.doi.org/10.5772/intechopen.84462


11

Section 2

Long and Small 
Noncoding RNAs

 



 
Section 2 

Long and Small 
Noncoding RNAs 

11 



13

Chapter 2

Small Noncoding RNA Expression
in Cancer
Florian Guisier, Mateus Camargo Barros-Filho, 
Leigha D. Rock, Flavia B. Constantino, Brenda C. Minatel, 
Adam P. Sage, Erin A. Marshall, Victor D. Martinez 
and Wan L. Lam

Abstract

Despite an inability to encode proteins, small noncoding RNAs (sncRNAs) have
critical functions in the regulation of gene expression. They have demonstrated roles
in cancer development and progression and are frequently dysregulated. Here we
review the biogenesis and mechanism of action, expression patterns, and detection
methods of two types of sncRNAs frequently described in cancer: miRNAs and
piRNAs. Both miRNAs and piRNAs have been observed to play both oncogenic and
tumor-suppressive roles, with miRNAs acting to directly regulate the mRNA of key
cancer-associated genes, while piRNAs play crucial roles in maintaining the integrity
of the epigenetic landscape. Elucidating these important functions of sncRNAs in
normal and cancer biology relies on numerous in silico workflows and tools to profile
sncRNA expression. Thus, we also discuss the key detection methods for cancer-
relevant sncRNAs, including the discovery of genes that have yet to be described.

Keywords: small noncoding RNAs, miRNAs, piRNAs, transcriptome, gene
expression profiling, novel, cancer, neoplasms, computational biology

1. Introduction

The central dogma of molecular biology that has prevailed for many decades, 
states that genetic information flows from DNA to RNA to protein. Nevertheless, 
RNAs that do not encode proteins were discovered as early as the 1950s [1, 2]. While
protein-coding genes represent less than 2% of the human genome, it has been
established that ~90% of the genome can be transcribed [3].

Small noncoding (snc) RNAs refer to ncRNA species that are <200 nucleo-
tides in length and can be further categorized by their shared molecular features
and biological mechanisms of action (Table 1). SncRNAs have diverse structural
and functional roles in the regulation of gene expression, RNA splicing, epigen-
etic processes and chromatin structure. Due to their broad roles, the deregula-
tion of sncRNAs has been shown to be involved in human diseases, including
cancer. MicroRNAs (miRNAs) and PIWI-interacting RNAs (piRNAs) are two
of the most studied sncRNA species. Here we describe current knowledge in the
biogenesis and mechanisms of action for these sncRNAs and their expression
profiling in cancer.
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1. Introduction 

The central dogma of molecular biology that has prevailed for many decades, 
states that genetic information flows from DNA to RNA to protein. Nevertheless, 
RNAs that do not encode proteins were discovered as early as the 1950s [1, 2]. While 
protein-coding genes represent less than 2% of the human genome, it has been 
established that ~90% of the genome can be transcribed [3]. 

Small noncoding (snc) RNAs refer to ncRNA species that are <200 nucleo-
tides in length and can be further categorized by their shared molecular features 
and biological mechanisms of action (Table 1). SncRNAs have diverse structural 
and functional roles in the regulation of gene expression, RNA splicing, epigen-
etic processes and chromatin structure. Due to their broad roles, the deregula-
tion of sncRNAs has been shown to be involved in human diseases, including 
cancer. MicroRNAs (miRNAs) and PIWI-interacting RNAs (piRNAs) are two 
of the most studied sncRNA species. Here we describe current knowledge in the 
biogenesis and mechanisms of action for these sncRNAs and their expression 
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Gene Expression Profiling in Cancer 

1.1 Biogenesis 

1.1.1 miRNA biogenesis 

MiRNAs are transcribed by RNA polymerase II to produce primary miRNA 
(pri-miRNA) transcripts [4]. Pri-miRNAs are folded hairpin intermediary RNA 
structures that can harbor multiple mature miRNA sequences and even protein-
coding exons [5]. After transcription, pri-miRNAs are then processed and cleaved 
into mature miRNAs through different pathways (Figure 1a). In the “canonical” 
pathway, pri-miRNAs go through two cleavage events: (i) in the nucleus, the 
RNAseIII enzyme Drosha cleaves the pri-miRNA hairpin at its base to generate a 
precursor miRNA (pre-miRNA, ∼60 nt) [6] and (ii) the pre-miRNA is translocated 
to the cytoplasm by Exportin-5, where it is cleaved into two mature (∼22 nt) miRNA 

Types Comments Size (nt) Ref 

MicroRNAs (miRNAs) Evolutionarily conserved, endogenous, single-stranded sncRNAs, 
derived from endogenous short hairpin transcripts 

18–25 [17] 

PIWI interacting RNAs 
(piRNAs) 

Largest group; single-stranded ncRNAs; generated by a 
Dicer-independent mechanism; a uridine at the 5′ end, 5′ 
monophosphate, and 2′-O-methyl at the 3′ end 

21–36 [18] 

Transfer RNAs and 
ribosomal RNAs 

Often referred to as “housekeeping” RNAs; take part of the 
translation process in ribonucleoproteins 

Small nuclear RNAs 
(snRNAs) 

Found within the splicing speckles and cajal bodies of the nucleus; 
role in processing pre-messenger RNA, regulation of transcription 
factors and maintaining telomeres 

150 [19] 

Small nucleolar RNAs 
(snoRNAs) 

Regulators of rRNA stability and function; some snoRNAs regulate 
gene expression and silencing processes 
(i) C/D box snoRNAs (60–200 nt): catalyzing the 2′-O-ribose 
methylation of rRNA residues 
(ii) H/ACA box snoRNAs (120–250 nt): guiding pseudouridylation 
of rRNA 
(iii) Small Cajal body specific RNAs: functions as a Cajal-body 
localization signal 

60–250 [20] 

Small interfering RNAs 
(siRNAs) 

Partially complementary passenger and guide RNA strands; 
involved in post-transcriptional gene silencing through the RISC-
mediated degradation of mRNA targets 

19–23 [21] 

Transfer RNA 
Fragments (tRFs) 

Generated by specific cleavage of tRNA transcripts; 
(i) Stress induced tRFs (31–40 nt): repress translation and modulate 
cellular stress-response; interact with AGO proteins to form 
complexes for RNA interference silencing 
(ii) Smaller tRFs (14–30 nt): biogenesis and function unclear; some 
interact with PIWI or AGO proteins 

14–40 [22] 

Y RNAs Parts of the Ro ribonucleoprotein. Involved in DNA replication, 
RNA stability, and responses to stress 

100 [23] 

7SL RNAs Component of the signal recognition particle (SRP) that 
mediates co-translational insertion of secretory proteins into the 
endoplasmic reticulum lumen 

[24] 

Small NF90 associated 
RNAs (SNaRs) 

Interact with NF90’s double-stranded RNA-binding motifs and act 
as transcriptional regulator 

117 [25] 

Vault RNAs (vtRNAs) Associated in large ribonucleoprotein particles (Vaults); essential 
for intracellular trafficking 

100 [26] 

Table 1. 
Classification of small noncoding RNAs. 
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Figure 1. 
Biogenesis of (A) miRNAs and (B) piRNAs. 

molecules by Dicer (also an RNAse III enzyme) [7]. The major alternative miRNA 
processing pathway is the Mirtron pathway [8]. Mirtrons are short hairpin introns 
with splice acceptor and donor sites. In this pathway, a splicing event takes place 
instead of cleavage by Drosha. Here, the Mirtron and canonical miRNA pathways 
converge. Thus, the Mirtron pathway is considered as Drosha-independent, but 
Dicer-dependent. Several other miRNA processing pathways have also been 
reported [9]. Co-transcribed miRNAs that share similar seed regions are considered 
as members of a miRNA family [10]. Mechanistically, either of the strands derived 
from a mature miRNA duplex can be loaded into the Argonaute (AGO) family of 
proteins (AGO1–4 in humans) in an ATP-dependent manner to form the RNA-
induced silencing complex (RISC) [11]. Although one of the strands is usually 
preferentially incorporated, this varies according to context, and the sequence of the 
strand incorporated will determine the targets that will be recognized by RISC [12]. 

1.1.2 piRNA biogenesis 

PiRNAs are typically transcribed from genomic regions called piRNA clusters, 
regions which are typically 50–100 kb long, contain mainly transposable DNA ele-
ments and their remnants, and are found in large pericentromeric or subtelomeric 
domains [13]. PiRNAs are generated by RNaseIII-independent pathways that do not 
involve double-stranded RNA precursors, through two main biogenesis pathways 
(Figure 1b). (i) Primary processing pathway: cleavage of long piRNA precursors, by 
PIWI proteins, preferentially at uridine residues [14]. The 3′ ends of piRNAs harbor 
extra nucleotides, which are trimmed upon association with PIWI proteins [15]. 
Here, the lengths of mature primary piRNAs are determined and depend on the 
molecular size of PIWI proteins [16]. 

Upon maturation, the 3′ ends of piRNAs are 2′-O-methylated by Hen1/Pimet, 
which is associated with PIWI proteins [27]. This modification maintains the stabil-
ity of piRNAs in vivo and can be used as a distinguishing feature in piRNA studies 
[28]. (ii) Ping-Pong cycle: this pathway is initiated in the cytoplasm to produce 
“secondary” piRNAs. The PIWI protein-piRNA complex (loaded with primary 
piRNAs) together with AGO3 are responsible for cleaving both sense and antisense 
transposon transcripts. Secondary piRNAs result from these transposon frag-
ments and are complementary to the first 10 nt of the loaded primary piRNA [29]. 
This complex shows a strong bias for uracil at the 5′ end (1-U), and, accordingly, 
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Ago3-piRNAs tend to have adenosine at the 10th nucleotide from the 5′ end (10-A). 
Thus, 1-U and 10-A are signature to piRNAs made via the Ping-Pong cycle [30]. The 
cleavage of transposons by the AGO3-piRISCs and Aub-piRISCs, and the generation 
of secondary piRNAs are the main mechanisms involved in the control of transcript 
levels and silencing of transposons [13, 31]. 

Each step of miRNA and piRNA biogenesis is subject to regulation [32]. Thus, 
examining the biogenesis pathways of these sncRNAs through high throughput 
sequencing techniques may uncover mechanisms of aberrant miRNA/piRNA 
expression and deregulation in many human diseases. 

1.2 Mechanisms of action 

1.2.1 miRNA-mediated mechanisms 

Once assembled into RISC, the miRNA 5′ seed region (between nucleotides 
2–7) interacts with specific region(s) within the 3′ untranslated region (3′ UTR) of 
target messenger RNAs (mRNAs) [33]. A single miRNA can interact with multiple 
target mRNAs. Depending on the miRNA/mRNA complementarity, degradation or 
repression of the targeted mRNA(s) will be triggered [33]. Pairing with complete 
complementary target leads to cleavage of the target mRNA and subsequent miRNA 
and mRNA degradation [34]. However, pairing with imperfect complementar-
ity can lead to AGO2-mediated RNA interference. The interference mechanisms 
include having: (i) the GW182 component of the RISC to recruit associated proteins 
that would deadenylate, decap and degrade the target mRNA [35], (ii) Eukaryotic 
Translation Initiation Factor 4A2 (eIF4A2) as a “roadblock” to inhibit the ribosome-
scanning step of initiation [36], and (iii) translational activation through recruit-
ment of AGO2 and FXR1 instead of GW182 [37]. Of note, the miRNA-RISC can 
shuttle between the cytoplasm and the nucleus through Importin-8 or Exportin-1, 
highlighting the ability of newly-transcribed miRNAs to act in different cellular 
compartments [38]. 

Beyond the regulation of their production, several processes modify miRNA 
function. MiRNAs have a functional role in transcriptional gene silencing through 
DNA modification [39], deposition of repressive histone marks [40], promoting 
a transcriptionally active chromatin state [41], and altering alternative splicing 
profiles [42]. Alternative splicing, alternative polyadenylation affecting 3′ UTRs, 
and cell type-specific RNA binding proteins that affect target mRNA secondary 
structures can change the available pool of miRNA binding targets. Moreover, 
subcellular localization of a given miRNA-RISC modulates its ability to bind target 
mRNAs [43]. These cell-type and biological state-specific factors contribute to 
the specificity of miRNA. Lastly, miRNAs can be released into and detected in 
extracellular fluids, delivered to different cells, and so act as regulators in autocrine, 
paracrine and/or endocrine processes [44]. 

1.2.2 piRNA-mediated mechanisms 

The most well-known function of piRNAs is the silencing of transposons in 
germline cells to ensure genome stability during gametogenesis [45]. Similar to 
the lesser-known function of miRNAs, piRNAs primarily act as guides for PIWI 
proteins and drive histone modifications promoting heterochromatin assembly and 
DNA methylation [46]. 

PIWI-proteins are mainly found in the nucleus and co-localize with Polycomb 
group protein, playing crucial roles as epigenetic modifiers [47]. Knockout of 
PIWI proteins decreases histone H3 lysine 9 methylation, a marker of repressed 
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gene expression [48]. The complementary sequence of the piRNAs is responsible 
for directing these proteins to the specific targets on the genome and recruiting 
epigenetic factors [49], supposedly participating in epigenetic control [47], cell 
metabolism [50] and genome stability [51]. Alterations in piRNA expression have 
significant implications to the biology of stem-cells and cancer [52]. 

2. MicroRNA expression profiling in cancer 

2.1 MicroRNA detection 

Various experimental approaches can be used for measuring miRNA expression 
levels. The most frequently used are quantitative PCR (qPCR), digital color-coded 
barcoding profiling, miRNA microarrays, and high-throughput RNA sequenc-
ing (RNA-seq) methods. Material considerations and experimental aims dictate 
which approach is optimal [53]. While qPCR is efficient in analyzing few miRNAs, 
array and sequencing based methods offer parallel analyses of multiple miRNAs. 
Experiments that aim to discover previously undescribed transcripts require RNA-
seq approaches [54]. 

2.2 MicroRNA expression in cancer 

RNA expression has been shown to be dysregulated in all stages of cancer 
and nearly every cancer type [55–57]. Genome-wide profiling has demonstrated 
that miRNA expression signatures are associated with tumor type, tumor grade 
and clinical outcomes; thus, miRNAs are potential candidates for diagnostic and 
prognostic biomarkers, as well as therapeutic targets [56, 58, 59]. In fact, miRNA 
expression signatures have been observed to be impacted by smoking status in lung 
adenocarcinoma patients [59]. Furthermore, the expression patterns of miRNAs 
may be able to supplement the diagnostic utility of mRNAs, particularly in key 
tumor features such as subtype identification [58, 60]. There are currently ~2400 
human miRNA annotated in miRBase (http://www.mirbase.org/cgi-bin/mirna_ 
summary.pl?org=hsa), and it is believed that they collectively regulate one third of 
the genome [61]. The development of high-throughput deep sequencing analysis 
platforms has enabled our ability to detect and characterize miRNAs, as well as to 
identify the impact of their deregulation [57]. A summary of miRNA databases and 
the tools available for gene expression profiling is provided in Table 2. 

2.3 Identification of novel microRNA sequences 

The annotated human miRNA transcriptome mainly contains abundant and 
conserved miRNA sequences. Therefore, cell lineage- and tissue-specific miRNAs, 
especially the less abundant species, may not necessarily be included in current miR-
Base annotations [55]. Re-analyses of high-throughput sequencing data of human 
tissues, cancers and cell lines have resulted in large scale discoveries of previously 
unannotated miRNAs that are expressed in a tissue-specific manner [55, 62–64]. 

A wide range of stand-alone and web-based miRNA discovery bioinformatics 
tools have been designed to quantify miRNA expression and to predict miRNA 
candidates and their isoforms from small RNA sequencing data (Table 2). These 
tools align the small RNA sequences to reference genomes and predicts putative 
novel miRNAs precursors based on the molecular features of these sequences, such 
as their folding characteristics, the formation of hairpin structures and whether 
this precursor gives rise to the three products of miRNA processing by DICER: a 5′ 
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and a 3′ mature miRNA sequence (and also star sequence), as well as a hairpin loop 
(Figure 2) [65]. Additionally, other filtering criteria may be incorporated to further 
enrich for real miRNA candidates, such as GC content, seed sequence composi-
tion and similarity to known sequences, as well as expression considerations [65]. 
Therefore, comparing the features of the novel miRNA candidates to annotated 
miRNA species present in public repositories, such as miRbase, allows for the 
estimation of the probability of the miRNA candidate being a real miRNA, as well 
as the confirmation of their novelty [66]. 

2.4 Assessment of miRNA expression and biological function from 
sequencing data 

To estimate miRNA expression levels, high-quality sequence reads, which are 
mapped to individual miRNAs, are quantified and normalized for differences 
in sequence depth to allow for comparison between samples [67]. A variety of 
statistical tests can be applied to determine differential expression. For example, 
tissue-specificity of the miRNAs derived from a given organ site can be assessed by 
comparing expression patterns across tissue types, by using Principal Component 
Analysis (PCA) or nonlinear t-Distributed Stochastic Neighbor Embedding (t-SNE) 
[62, 63]. Additionally, differential expression of miRNA between biological states, 
such as neoplastic versus nonmalignant tissue samples, can be compared using vari-
ous standard parametric or nonparametric statistical tests (Figure 3) [63, 64]. 

Once miRNAs-of-interest are identified, their function can be assessed through 
in silico methods of gene-target prediction. Prediction of miRNA:mRNA targets 
enables the understanding of their involvement in genetic regulatory networks. 
Since one miRNA can target multiple gene transcripts, it is challenging to com-
prehensively capture regulatory targets without also yielding false predictions. 
Therefore, a variety of computational approaches have been developed for the 
confirmation of miRNA:mRNA target interaction which consider features such as 
(i) seed match, (ii) conservation, (iii) free energy, and (iv) site accessibility [68]. 

Figure 2. 
Output from the miRDeep2 algorithm demonstrates that a previously unannotated small RNA sequence 
exhibits miRNA-like folding structures. 
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Figure 3. 
Pipeline for detection and characterization of known and novel miRNAs. A) An example of bioinformatic 
pipeline for the detection of miRNAs. B) Main features for assessment of the biological relevance of miRNAs. 

The growing availability of high throughput next generation sequencing (NGS) data 
will not only lead to novel miRNA discovery but will allow us to further elucidate 
the role of miRNA expression in human biology and disease such as cancer. 

3. PIWI-interacting RNA expression profiling in cancer 

PiRNAs are known to act in an evolutionarily conserved innate protection 
mechanism against transposable elements in germ cell genomes [69]. Beyond the 
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piRNA functions described in germ cells, there is increasing evidence of multifac-
eted action not restricted to transposon silencing in somatic cells [70]. Although the 
function of piRNAs in somatic cells and their relationship with tumorigenesis and 
cancer progression are still unknown, many studies seek to evaluate PIWI proteins 
and piRNA expression in a variety of malignancies [71]. 

3.1 piRNA detection and resources 

Since piRNAs resemble miRNAs in length and structure, the same expression 
profiling platforms are applicable, wherein small RNA sequencing, microarrays, 
and quantitative PCR are the most widely used. The identification of piRNAs is 
mainly performed by small RNA sequencing, through extracting the reads with the 
proper length (generally from 24 to 32 nucleotides) that present piRNA-like features 
[72]. As previously discussed, piRNAs are frequently identified by a uridine nucleo-
tide in the first position, have an adenosine nucleotide at the 10th position, have 
a 2′-O-methylation at the 3′ end, and are mapped in clusters in the genome [72]. 
Although the expression can be confirmed by in situ hybridization and Northern 
blotting [73], the co-immunoprecipitation assay is the gold standard technique 
[74]. This analysis allows the isolation and characterization of RNAs physically 
interacting with PIWI-proteins [74]. However, the lack of highly specific antibodies 
for human PIWI-proteins limits the discovery of relevant piRNAs [75]. Functional 
studies using knockdown or knockout experiments for newly discovered piRNAs 
are fundamental to elucidate the biological role of these sequences [73]. 

The increasing application of large-scale small RNA sequencing has enabled the 
discovery of a large amount of piRNAs. The most widely used piRNA compendiums 
are piRBase and piRNABank, which contain millions of annotated human piRNA 
sequences—8,438,265 and 11,147,151 annotated piRNAs to date, respectively (Table 2) 
[76, 77]. Despite the large number of annotated sequences in these databases and many 
studies describing piRNA expression in somatic and malignant tissues, this knowledge 
must be considered with caution. It has been demonstrated that different piRNA 
databases include some RNA fragments that have similar sizes and features to piRNAs, 
representing possible contaminants; yet, sncRNAs derived from tRNAs have been 
described to interact with PIWIL2 and are deregulated in cancer [78]. 

PIWI-interacting RNAs regulate the expression of mRNAs by guiding PIWI-
proteins [46]. Bioinformatics approaches have shown that approximately 28.5% 
of human mRNA sequences contain at least one retrotransposon sequence in their 
3′ UTRs, and those mRNAs can be post-transcriptionally regulated by piRNAs 
[79]. In addition, many piRNAs do not match transposon sequences, suggest-
ing an even greater set of targets and functional roles for piRNAs [80]. In fact, 
cross-linking immunoprecipitation (CLIP) analyses unveils many nontransposon 
mRNAs engaged with PIWI proteins [81]. In Caenorhabditis elegans, it was previous 
demonstrated that piRNA action is analogous to miRNAs, in that seed sequences 
are required for mRNA targeting, but unlike miRNAs, piRNAs do not tolerate many 
mismatches out of this region [82]. Potential piRNA targets can be retrieved using 
algorithms initially designed for miRNAs, such as miRanda [83], where stringent 
alignment (≥170) and free-energy scores (≤−20.0 kcal/mol) are required for 
piRNA analyses [84]. However, the identification of piRNA targets is very challeng-
ing, as the targeting rules are still unsolved [82]. 

3.2 piRNA profiles in cancer 

PIWI proteins 1–4 and PIWI-related proteins (DDX4, HENMT1, MAEL and 
TDRD1) have been reported to be disrupted in tumor cell line and patient samples 
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[85, 86]. The sncRNA repertoire of cancer cell lines from the NCI-60 panel (59 
cell lines from nine different tissues) was recently characterized, where piRNAs 
comprised the largest proportion of expressed transcripts, followed by miRNAs and 
snRNAs [62]. In lung cancer cell lines, it was previously described 555 differentially 
expressed piRNAs and piRNA-like sncRNAs (piRNA-Ls) compared with lung 
bronchial epithelial cell lines [87]. Among them, piR-L-163 was found to be down-
regulated in cancer cell lines and interact with phosphorylated ERM, regulating cell 
proliferation, migration and invasion. 

Interestingly, piRNA expression profiling studies in tumor tissues revealed that 
piRNAs can be influenced by etiologic factors, such as tobacco consumption and 
HPV infection in lung and head and neck cancer [88–90]. The piRNA transcrip-
tome of 6260 samples (from 11 organs) from The Cancer Genome Atlas (TCGA) 
consortium was prior screened [56]. Tumor samples presented a higher number of 
expressed piRNAs (n = 522) compared to somatic non-neoplastic tissues (n = 273), 
suggesting their potential as biomarkers. RNA sequencing found piR-1245 to be 
overexpressed and demonstrate oncogenic roles in colorectal cancer, inducing pro-
liferation, colony formation, invasion, and apoptosis resistance [91]. Several other 
piRNAs have been reported to be overexpressed in numerous human malignancies 
[92–95]. Alternatively, piRNAs have also been described to have anti-tumor effects. 
For example, piR-39980 was demonstrated through functional assays to decrease 
proliferation, migration, invasion, colony formation, and to induce apoptosis in 
fibrosarcoma cell lines upon piRNA-mimic transfection [96]. 

The role of piRNAs in the response to chemotherapy has also been addressed 
[97–99]. In PIWL2-knockout embryonic fibroblast mouse models, the commonly 
overexpressed gene PIWL2 was demonstrated to facilitate chromatin acetylation 
and relaxation in response to cisplatin treatment, leading to enhanced DNA repair 
and highlighting its potential role in treatment resistance [97]. piR-FTH1 was 
reported to drive chemoresistance in breast tumor cell lines, where its repression 
could sensitize tumor cells to doxorubicin [98]. Similarly, inhibition of piR-L-138 
can increase apoptosis in cisplatin-treated lung cancer cell lines and patient-derived 
xenografts [99]. 

4. Emerging roles of sncRNA as cancer biomarkers 

Considering the tissue-specificity of miRNAs and piRNAs in cancerous and 
healthy samples [55, 56], several individual or sncRNA-sets have been proposed 
as diagnostic or prognostic markers [56]. A set of 24 miRNAs evaluated by qPCR 
has been shown to correctly discriminate malignant from benign thyroid nodules 
with high sensitivity and specificity, potentially avoiding unnecessary diagnostic 
thyroidectomies [100]. In gastric adenocarcinoma, a three-piRNA recurrence risk 
signature was reported, using the small RNA sequencing data from the TCGA data-
base [101]. Similarly, a higher expression of piR-1245 was linked to a lower overall 
survival in three independent cohorts of colorectal cancer patients [91]. 

The use of sncRNAs as liquid biopsy cancer-markers is also under intense 
investigation [102, 103]. In fact, both miRNAs and piRNAs are detectable in human 
serum, as demonstrated by a recent study based on RNA sequencing analysis in 
477 serum samples [104]. Moreover, sncRNAs are enriched in extracellular vesicles 
(miRNAs ~40%, piRNAs ~40%) [105], allowing for their export from the cell in 
which they were synthesized to affect cells at a distance [106]. Models based on 
miRNA and piRNA combinations were able to correctly classify colon and prostate 
cancer patients from healthy individuals [106]. A four-miRNA expression signature 
in the serum of triple negative breast cancer patients was also demonstrated to be 
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an optimal survival predictor [107]. Recently, a qPCR assay comprising two targets 
(piR-5937 and piR-28876) and one reference piRNA (piR-28131) was suggested to 
detect early colon cancer [108]. Despite the low piRNA levels in the serum of cancer 
patients, they presented better detection sensitivity than the currently used bio-
markers such as CA19-9 and carcinoembryonic antigen (CEA). 

Many studies are currently investigating the ability of miRNA/piRNA signatures 
to empower cancer screening through the prediction of cancer recurrence or pro-
gression, stratification of patients by prognosis, and prediction of tumor response 
to various treatments. However, more efforts are still needed to screen miRNA/ 
piRNA biomarker candidates and further validate them in large cohorts. 

5. Conclusions 

Here, we summarized the roles of small noncoding RNAs in normal and disease 
molecular biology and highlighted the importance of developing high-throughput 
sncRNA-detection methods in genome analyses. Transcribed through a variety 
of mechanisms, these molecules act in the widespread and specific regulation 
of gene expression. However, before these results can be translated to the clinic 
many factors must still be considered, including the development of effective and 
specific delivery system for sncRNA-based therapeutics and the broad validation 
of these sequences in large external cohorts. As our ability to detect and validate 
these sequences develops, we will continue to uncover their biological functions and 
potential uses in the clinical management of many diseases, including cancer. 
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Chapter 3

The Role of Long Noncoding 
RNAs in Gene Expression
Regulation
Zhijin Li, Weiling Zhao, Maode Wang and Xiaobo Zhou

Abstract

Accumulating evidence highlights that noncoding RNAs, especially the long 
noncoding RNAs (lncRNAs), are critical regulators of gene expression in develop-
ment, differentiation, and human diseases, such as cancers and heart diseases. 
The regulatory mechanisms of lncRNAs have been categorized into four major
archetypes: signals, decoys, scaffolds, and guides. Increasing evidence points that
lncRNAs are able to regulate almost every cellular process by their binding to pro-
teins, mRNAs, miRNA, and/or DNAs. In this review, we present the recent research
advances about the regulatory mechanisms of lncRNA in gene expression at various
levels, including pretranscription, transcription regulation, and posttranscription
regulation. We also introduce the interaction between lncRNA and DNA, RNA and 
protein, and the bioinformatics applications on lncRNA research.

Keywords: long noncoding RNAs, gene regulation, lncRNA binding, bioinformatics

1. Introduction

It was estimated that there are approximately 20,500 protein coding genes
that account for 2% of the genome [1], and another 98% of the genome were
considered as “DNA junks” previously due to their disability in coding proteins.
The application of high-throughput next generation sequencing (NGS) technol-
ogy has changed our view of the genome, about 90% of the human genome can
be transcribed into RNA transcripts [2–5]. Except the small portion of transcripts
encoding for proteins, the majority of RNA transcripts in the type have been
grouped into noncoding RNAs (ncRNAs), including transfer RNAs (tRNAs),
ribosomal RNAs (rRNAs), small ncRNAs such as micro RNAs (miRNAs), small
interfering RNAs (siRNAs), small nuclear RNAs (snRNA), circular RNA, as well
as long ncRNAs (lncRNAs). The rRNA and tRNA are two basic ant most abundant
RNAs that play important roles in mRNA translation. The miRNAs are short
single strand RNAs of 20–22 base with the role of promoting mRNA degradation.
SiRNA is a class of double strand RNA with a length of 20–25 base pairs, which
interferes target gene expression by degrading mRNA or preventing translation.
The snRNA, with an average length of 150 base, is a class of small RNA located
in nucleus speckles. The primary function of snRNA is in the processing of pre-
mRNA splicing. Circular RNAs is a very special class of ncRNA. The 3′ and 5′ ends
of the circular RNA join together to form a covalently closed continuous loop. The
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function of the circular RNA is not clear. LncRNAs are defined as the noncoding 
linear transcripts longer than 200 nucleotides, which have different features with 
other ncRNA listed above. In general, they share common characteristics with 
mRNAs. The majority of LncRNAs are usually transcribed by RNA polymerase 
II, capped at 5′ end, and spliced; most of them are also polyadenylated at the 3′ 
end and have promoter regions. Compared to the protein coding gene mRNA, 
lncRNAs lack of open reading frame (ORF), contain fewer exons (~2.8 exons in 
lncRNAs compared to 11 exons for protein coding gene), are expressed in low 
abundance and more tissue-specific [6]. Some of them have no polyadenylation 
tails. The lncRNAs account for the major class of the ncRNAs in the gnome. There 
are ~30,000 high-confidence transcripts of lncRNAs in human according to 
GENCODE reference genome annotation [7], and more and more new lncRNAs 
are coming into the light. The database LNCipedia has collected 127,802 transcripts 
from 56,946 long noncoding genes in human [8, 9]. Many of the ncRNAs have been 
confirmed as playing crucial regulatory roles in diverse biological processes and 
tumorigenesis. Increasing evidence indicates that lncRNAs play important roles in 
various cellular processes, such as DNA repair [10], proliferation [11], epithelial-
mesenchymal transition (EMT) [12] by regulating various aspects of the related 
gene expression. LncRNAs have been associated with various diseases [13–16] and 
identified as potential biomarkers in some diseases, such as cancers, cardiovascular 
diseases, nervous system diseases, etc. [17–19]. LncRNAs could regulate gene 
expression by serving as molecular signals, guides, decoys and/or scaffolds [20]. 
In this review, we will present the recent research advances about the regulatory 
mechanisms of lncRNAs in gene expression at various levels, including pretran-
scription, transcription regulation, and post transcription regulation. We will also 
discuss the interaction between lncRNA and DNA, RNA and protein, as well as the 
applications of bioinformatics in lncRNA-related research. 

2. The role of lncRNA in pretranscription regulation 

Gene expression is regulated at many levels, such as epigenetic, transcriptional, 
post-transcriptional, translational, and post-translational. In order to be tran-
scribed, changes in the chromatin structure of a gene must take place to make the 
chromatin open to polymerases and transcriptional factors (TFs). Modification on 
chromatin DNA and histones affects gene accessibility and is associated with dis-
tinct transcription states. For example, H3 hyperacetylation or methylation at lysine 
4 often makes the gene easily accessible, thereby actively transcribed. In contrast, 
histone methylation at lysine 9 results the assembly of compact or closed chromatin 
around the DNA, leading to transcription silence. A number of epigenetic control 
factors have been identified to modify histones. Some of them can facilitate tran-
scriptional activation, such as p300/CBP, Esa1, and TAF1, and others participate in 
transcriptional silencing, such as EZH2 and Ubc9. However, the majority of epigen-
etic factors, such as DNA methyltransferases/demethylases and histone modifica-
tion enzymes may not efficiently recognize specific DNA sequences. Emerging 
studies show that lncRNAs can act as signals, guides or scaffolds at chromatin level 
to regulate gene expression [21–23]. LncRNAs have been reported to participate 
in the methylation processes. For example, Wang et al. found that lncRNA Dum 
(developmental pluripotency-associated 2 (Dppa2) Upstream binding Muscle 
lncRNA) regulated DPPa2 expression by affecting DNA methylation [24]. Dnmt 
proteins are known as DNA methyltransferases. Dum promoted DNA methylation 
of Dppa2 promoter by recruiting Dnmt1, Dnmt3a, and Dnmt3b to its promoter site, 
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thereby silencing Dppa2 expression in cis and stimulating myogenic differentiation. 
Studies show that lncRNA HOTAIR (Hox transcript antisense intergenic RNA), 
transcribed from chromosome 12, can coordinate histone modification by binding 
to histone modifiers [25, 26]. Rinn et al. found that knock-down of HOTAIR led to 
transcriptional activation of HOXD locus genes present in the chromosome 2 and 
HOTAIR binding is required to guide polycomb repressive complex 2 (PRC2) to 
the HOXD locus [26]. PRC2 is epigenetic factor and can catalyze methylation on 
lysine 27 of histone H3 (H3K27). PRC2 and LSD1 (lysine-specific demethylase 1) 
bind to the 5′ and 3′ domains of HOTAIR, respectively. The HOTAIR-PRC2-LSD1 
complex then targets the HOXD locus on the chromosome 2, silencing the genes 
involved in the suppression of metastasis. LncRNA HOTTIP (HOXA transcript at 
the distal tip) binds to and targets WDR5-MLL complexes to the 5′ HOXA locus, 
mediating the transcriptional activation of HOXA via driving H3K4 methyla-
tion [27]. LncRNA Evf-2 interacts with methy-CpG binding protein 2 (MECP2), 
inhibiting the methylation at DLX5/6 enhancer [28]. Similarly, LncRNA GClnc1 
(gastric cancer–associated lncRNA 1) promotes gastric carcinogenesis by acting as a 
modular scaffold of WDR5 and KAT2A complexes to specify the histone modifica-
tion pattern on superoxide dismutase 2 [29]. Zhao et al. showed that lncRNA PAPAS 
(promoter and pre-rRNA antisense) guided CHD4/NuRD (nucleosome remodeling 
and deacetylation) to the rDNA promoter by forming a DNA-RNA triplex structure 
at the enhancer region of rDNA [30]. Other studies have also explored the role of 
lncRNAs in epigenetic regulation of transcription [31, 32]. 

3. The role of lncRNA in transcription regulation 

Transcription begins with the binding of RNA polymerase II to the promoter 
region of a gene with the support of general transcription factors (GTFs). Other 
transcription factors (TFs) bind to the enhancer region accelerate transcription. 
The transcription is terminated when the polymerase meets to the terminator. 
LncRNAs can regulate gene expression by direct binding with TFs or PNA Pol II, 
or interfering the binding polymerase with promotor. For example, lncMyoD is 
an lncRNA activated by myogenic differentiation (MyoD) during myogenesis. 
LncMyoD can directly binds to IGF2-mRNA-binding protein 2 (IMP2) and nega-
tively regulates IMP2-mediated translation of proliferation genes such as N-Ras 
and c-Myc, which create a permissive state for differentiation [33]. lncRNA Gas5 
(growth arrest-specific 5) attenuates some of GR positive related gene expression 
by binding to glucose receptors (GR) [24]. LncHIFCAR (long noncoding HIF-1α 
co-activating RNA) level is upregulated in oral carcinoma. Shiih et al. found that 
LncHIFCAR acted as a HIF-1α co-activator driving oral cancer progression [34]. 
LncHIFCAR formed a complex with HIF-1α via directly binding and facilitates 
the recruitment of HIF-1α and p300 cofactor to the target promoters. In addition, 
lncRNAs can guide RNA polymerase II to bind to the promoter of specific genes. 
Miao et al. found that lncRNA LEENE guided and facilitated the recruitment of 
RNA Pol II to the eNOS promoter to upregulate eNOS RNA transcription [35]. 
In addition, recent studies indicated that lncRNA gene promoter could compete 
for enhancer with protein coding gene promoter. Enhancer is the cis-acting DNA 
sequence that can enhance the transcription of an associated gene, when bound by 
specific transcription factors. Cho et al. found that the lncRNA PVT1 promoter has 
a tumor-suppressor function that is independent of PVT1 gene [36]. The promoter 
of lncRNA PVT1 competes with the Myc promoter for engagement to four intra-
genic enhancers, thereby inhibiting the expression of Myc gene. 
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4. lncRNA on posttranscription regulation 

After transcription, the pre-mRNAs are regulated by various RNA-binding 
proteins (RBPs). The pre-mRNAs are capped, polyadenylated, spliced, edited and 
transferred from nucleus to cytoplasm. The stability of mRNA is also an important 
aspect for translation. There are evidence showing the role of lncRNAs in mRNA 
splicing, editing, transporting, mRNA stability, and mRNA translation. In addition, 
lncRNAs can regulate mRNA expression indirectly by acting as competing endog-
enous RNAs. 

4.1 lncRNA and alternative splicing 

Alternative splicing is a regulatory process during gene expression that enables 
a single gene coding for multiple proteins. Recent studies indicate that lncRNA 
can regulate alternative splicing through two main mechanisms. LncRNAs can 
interact with specific splicing factors or form RNA-RNA duplexes with pre-mRNAs. 
SR (splicing factor) proteins, such as SRSF1, are a conserved family of proteins 
involved in RNA splicing regulation in a concentration- and phosphorylation-
dependent manner. MALAT1 is a highly conserved lncRNA among mammals 
and predominantly localizes to nuclear speckles. Tripathi et al. [37] showed that 
MALAT1 acts as a molecular sponge to titrate the cellular pool of SR splicing 
factors, affecting the distribution of splicing factors in nuclear speckles where 
the alternative splicing occurs and ultimately controlling alternative splicing. The 
5′ region of MALAT1 can also bind to the serine/arginine domain of SRSF1 and 
regulates its cellular levels of the phosphorylated forms. SORL1 (Sorting Protein-
Related Receptor Containing LDLR Class A Repeats), a sorting receptor for amyloid 
precursor protein (APP), can interact with amyloid APP and affect its transport and 
process in brain. Downregulation of SORL1 expression increases APP secretion and 
subsequently Aβ formation. LncRNA 51A, an antisense mapping to the intron 1 of 
the SORL1 gene, masked canonical splicing sites by pairing with SORL1 pre-mRNA, 
driving a splicing shift of SORL1 from the canonical long protein variant A to an 
alternatively spliced protein form B [38]. 

4.2 The regulation of lncRNA on mRNA stability 

Different mRNAs have different lifespans, even in a single cell. The greater the 
stability of an mRNA molecule is, the more proteins may be produced by the mRNA 
molecule. The steady-state level of a mRNA is determined by the rate of synthesis 
and degradation. Modulation of mRNA degradation is an important control point in 
gene expression to regulate protein synthesis in response to physiological needs and 
environmental signals. Studies have shown that the role of lncRNA in the regulation 
of mRNA stability. For example, Cao et al. found that lncRNA LAST (LncRNA-
Assisted Stabilization of Transcripts) acted as a mRNA stabilizer by cooperating 
with CNBP (CCHC-type zinc finger nucleic acid binding protein) to promote 
Cyclin D1 mRNA stability [39]. Antisense lncRNAs are transcripts emerging from 
the opposite strand of a coding-RNA region. β-site amyloid precursor protein 
cleaving enzyme (BACE1) is involved in the production of the amyloid-β (Aβ) 
peptides that form plaques in the brains of individuals with AD. BACE1-AS expres-
sion is elevated in the brain of Alzheimer mouse model. Faghihi et al. found that 
BACE1-AS increased the stability of BACE1 mRNA and upregulated the BACE1 pro-
tein by forming RNA duplex with BACE1 mRNA, which masked the binding site for 
miR-485-5p and thereby increase the BACE1 mRNA stability [40, 41]. Matsui et al. 
found that iNOS antisense transcript stabilized iNOS mRNA through interaction 

36 



 

  
 
 

  

  
  

 
 

 
  

 
 
 
 

  
 
 

 
 

 
 

 
 

 

 
 

 

 
           

 

The Role of Long Noncoding RNAs in Gene Expression Regulation 
DOI: http://dx.doi.org/10.5772/intechopen.81773 

with AU-rich element-binding HuR protein [42]. lncRNAs can also reduce the 
stability of mRNA by making the transcript prone to degradation. aHIF is a natural 
antisense transcript of hypoxia-inducible factor 1alpha (HIF-1α). Rossignol et al. 
reported that aHIF could expose AU-riches elements present in the HIF-1α mRNA 
3’ UTR, thus increasing the degradation speed of HIF-1a mRNA [43]. 

4.3 lncRNA and protein stability 

LncRNA can also directly interact with proteins and regulate their stability by 
retarding protein ubiquitination and degeneration. Androgen receptor (AR) is a 
critical risk factor in castration-resistant prostate cancer. Zhang et al. shown that 
lncRNA HOTAIR bound to AR protein to block AR interaction with E3 ubiquitin 
ligase MDM2, thereby preventing AR ubiquitination and AR protein degrada-
tion [44]. Liu et al. identified lncRNA MT1JP as a critical factor in restraining 
cell transformation by modulating p53 translation through binding and stabiliz-
ing the RNA binding protein TIAR [45]. LincRNA-p21 is a hypoxia-responsive 
lncRNA. LncRNA-p21 can bind to HIF-1 at its VHL binging region and attenuate 
VHL-mediated HIF-1α ubiquitination, leading to HIF-1α accumulation [46]. 

4.4 lncRNA regulates protein translation 

Transcription and translation are two main stages in gene expression. In transla-
tion, the ribosomal preinitiation complex, consisting of eukaryotic initiation factors 
(eIFs) and ribosomes, is positioned the start codon of the target RNA. With the help 
of tRNA, the mRNA is decoded to produce peptide chains. It has been reported that 
lncRNAs participate in protein translation by interaction with rRNA, ribosome or 
eIFs. Li et al. reported that a nucleolar-specific lncRNA, LoNA reduced rRNA produc-
tion and ribosome biosynthesis [47]. The 5′ region of LoNA bound to and sequestered 
nucleolin to suppress rRNA transcription and the 3′ end recruited and diminishes 
fibrillarin activity to reduce rRNA methylation [47]. Tran et al. found that lncRNA 
AS-RBM15, the antisense of RNA binding motif protein 15, overlapped with the 5’ 
UTR of RBM15. As-RBM15 enhanced RBM15 protein translation via incorporation 
into the RBM15 mRNA-containing polyribosome in a CAP-dependent manner [48]. 
The antisense of UCHL1 binds the 5’ UTR of UCHL1 mRNA to active polysomes for 
UCHL1 translation [49]. LncRNA Gas5 (growth arrest specific 5) has been reported to 
interact and cooperate with eIF4E to regulate c-MYC translation [50]. 

4.5 lncRNAs act as microRNA sponges 

Micro RNAs (miRNAs), short ncRNAs, can bind to the complementary regions 
of mRNAs to post-translationally regulate the expression of target genes. The 
subcellular localization of lncRNAs is associated with their functions. Studies have 
shown that lncRNAs can act as miRNA sponges to inhibit the binding of miRNAs 
to their mRNA targets, thereby stabilizing the target mRNAs and regulating the 
corresponding protein expression [51]. Hu et al. found that p53-responding lncRNA 
GUARDIN is important for maintaining genomic integrity under exogenous 
genotoxic stress. GUARDIN contains eight regions complementary to the ‘seed’ 
region of miR-23a. Telomeric repeat-binding factor-2 (TRF2), a critical component 
of the shelterin complex, is one of the targets of miR-23a. GUARDIN maintained 
the expression of TRF2 by sequestering miR-23a. Zhou et al. observed that lncRNA 
H19 acted as a sponge for the miRNAs miR-200b/c and Let-7b to promote an epithe-
lial or mesenchymal switch in tumor cells [52]. In the epithelial-like tumor cells, 
H19 inhibited the migration-related protein ARF by sequestering miR-200b/c. In 
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contrast, H19 activated ARF by sequestering Let-7b in the mesenchymal-like tumor 
cells. H19 stimulated HMGA2-mediated EMT by sequestering Let-7 to promote 
pancreatic ductal adenocarcinoma cell invasion and migration [52, 53]. 

4.6 lncRNA sequesters proteins 

LncRNA can act as protein molecular decoy by binding and sequestering 
proteins, thereby inhibiting their functions [54]. Lee et al. identified a lncRNA 
named noncoding RNA activated by DNA damage (NORAD) [55] and found that 
NORAD played an important role in maintaining genomic stability by binding and 
sequestering PUMILIO proteins. In the absence of NORAD, PUMILIO proteins 
drove chromosomal instability by acting as negative regulators of gene expression 
involved in DNA damage repair and mitosis. S-adenosyl-L-homocysteine hydrolase 
(SAHH) is the only mammalian enzyme capable of catalyzing the hydrolysis of 
S-adenosyl-L-homocysteine (SAH), which is an inhibitor of S-adenosylmethionine 
(SAM)-dependent methyltransferases. Zhou et al. reported that lncRNA H19 bound 
to SAHH and suppressed its enzymatic activity, leading to an increased accumula-
tion of SAH [56]. lncRNA Gas5 is induced by stress like starvation. Glucocorticoid 
receptor (GR) plays important role in regulating genes associated with metabolism, 
development and immune response. Kino et al. showed that lncRNA Gas5 bound to 
the DNA-binding domain of glucocorticoid receptor (GR), thereby, inhibiting the 
ability of GR to regulate the related gene expression [57]. 

5. The lncRNA interaction with other molecules 

As shown above, lncRNAs regulate gene expression at pretranscriptional, 
transcriptional and posttranscriptional levels by interacting with DNAs, mRNAs, 
miRNAs, and proteins. Here we will give a brief introduction of the interactions of 
lncRNA with other molecules. 

5.1 lncRNA-DNA 

LncRNAs regulate gene expression through various complicated mechanisms, 
one of the them is binding to the DNA or forming RNA-dsDNA triplexes by tar-
geting specific DNA sequences. The lncRNA as a third strand can inserted into 
the major groove of the DNA duplex by Hoogsteen hydrogen binding [58]. The 
Hoogsteen hydrogen binding by a third strand is usually weaker than the Watson-
Crick hydrogen bonding. Studies from Roberts et al. indicate RNA may form more 
stable triplexes than their DNA counterparts [59]. Various methods have been used 
to investigate the interaction of lncRNA and DNA. The formation of lncRNA DHFR 
and dsDNA triplex was demonstrated using electrophoresis mobility shift assay 
[60] and the binding of lncRNA Fendrr to dsDNA was determined by in vitro pull-
down experiments [61, 62]. High throughput methods are also applied to investigate 
the genomic binding sites of lncRNAs, such as capture hybridization analysis of 
RNA targets sequencing (CHART-seq) [63]. Although the mechanism of RNA-
dsDNA triplexes formation is still not well illustrated, it is clear that the lncRNA-
DNA interaction offers a potent mechanism for gene regulation. LncRNAs can 
bind DNAs acting as scaffolds for introducing proteins into the gene loci. When the 
proteins introduced by lncRNAs are methylation–related enzymes, these enzymes 
can induce promotor CpG island methylation or demethylation (Figure 1A). When 
the proteins imported by lncRNAs are histone modifier enzymes (Figure 1A), 
histone modifications can result gene expression, transcriptional silencing, or DNA 
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Figure 1. 
The mechanisms of lncRNA regulating gene expression by interacting with other molecule. (A) lncRNA acting as 
scaffold binds to chromatin and epigenetic modifier, guide the epigenetic modifier to gene promotor. (B) lncRNA 
acting as miRNA sponges attenuates the miRNA’ effect on downregulating mRNA expression. (C) lncRNA can 
bind to RNA’ special region such as miRNA response element, thus masking the region. (D) lncRNA can act as 
scaffold for two or more protein, these proteins will act coordinately or act as a complex (left). lncRNA can bind 
to protein, the bonded protein domain may change its function (right). 

repair and genomic imprinting. LncRNA can regulate either neighboring (cis) or 
distal (trans) protein coding genes. LncRNAs derived from one chromatin can bind 
to another chromatin, such as LncRNA HOTAIR, which is transcripted from the 
HOXC locus on the chromatin 12 and represses transcription in trans across 40 kb 
of the HOXD locus [26]. 

5.2 lncRNA-miRNA 

The competitive endogenous RNA (ceRNA) hypothesis proposes that RNA tran-
scripts, including both coding and noncoding RNAs, compete for post-translational 
regulation with shared miRNA binding sites (i.e. miRNA response elements) [64]. 
Cytoplasmic lncRNA can act as a molecular sponge of miRNA to regulate the rate 
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of translation and degradation of mRNA (Figure 1B). RNA interference is a power-
ful mechanism of gene silence and mediated by RNA-induced silencing complexes 
(RISC). RICS is ribonucleoprotein complex, which incorporates on strand of a 
single-stranded RNA fragment, such as miRNA [65]. Once a mRNA is transcribed 
and exported to the cytoplasm, it can be targeted by the RISC, resulting in the accel-
erated degradation of the mRNA, or blocked translation. LncRNAs with miRNA 
response element can compete for miRNA targeting and binding to RISC, leading to 
sequestration of the microRNA-RISC and preventing RISC-mediated degradation 
of mRNAs and increasing mRNA expression. Using AGO-CLIP-seq high throughout 
method, thousands of miRNA-target interaction are estimated [66, 67]. We have 
shown studies that lncRNAs act as miRNA spongers above. Except lncRNAs, mRNA, 
circular RNAs and pseudogenes can also act s as the ceRNA. The most widely used 
miRNA target prediction rule is the 6-nucleotide interactions between 5′ ends of the 
microRNA which is called “seed region” [68]. Note that one microRNA can binds to 
hundreds of RNAs and one RNA molecule may also bind to diverse microRNA with 
different affinity, which is difficult to quantify. 

5.3 lncRNA-mRNA 

As described above, lncRNAs are able to regulate pre-mRNA splicing and 
mRNA stability. Some antisense lncRNAs can bind to the homologous mRNA at 
the splice site, thereby masking the splice site and blocking spliceosome assembly 
[69]. LncRNAs can also mask miRNA target sites of an mRNA by binding to the 
mRNA at the miRNA response elements (Figure 1C), resulting in elevated stabil-
ity and expression of the mRNA [40]. LncRNAs could bind to protein and mRNA 
simultaneously. Gong et al. reported that lncRNAs bound to the Alu region at the 3’ 
UTR of mRNA and the looped lncRNAs bound to STAU1 protein (Double-Stranded 
RNA-Binding Protein Staufen Homolog 1), leading to the activation of the Staufen-
mediated decay pathway [70]. Recently, computational and experimental methods 
have been developed to determine RNA–RNA interaction. For example, Sharma 
et al. [71] developed a high throughput sequencing method, named LIGation of 
interacting RNA followed by high-throughput sequencing” (LIGR-seq), to reveal 
a remarkable landscape of RNA-RNA interactions involving the major classes 
of ncRNA and mRNA. Nguyen developed MARIO (Mapping RNA interactome 
in vivo) [72] approach to map tens of thousands of endogenous RNA-RNA 
interactions. 

5.4 lncRNA-protein 

There is no double that RNA-protein interactions play a crucial role in fundamen-
tal cellular processes. LncRNAs can function as protein decoys recruiting or seques-
ter proteins, or act as scaffolds linking different proteins, which may act coordinately 
or act as a complex (Figure 1D left). Several models have been established to under-
stand how an lncRNA regulates gene expression by protein binding. LncRNAs are 
able to recruit chromatin modifier to achieve chromatin modification [73]. LncRNA 
can bind and stabilize a protein by masking its ubiquitination site, inducing the 
accumulation of the target protein [44]. lncRNA can bind to protein, the bonded 
domain may change its function (Figure 1D right) [74]. LncRNAs can bind to TFs 
to mask their DNA-binding sequences or stabilize TFs [33]. LncRNAs are also able to 
bind to functional enzymes to inhibit their activities [33], resulting elevated levels 
of substrate proteins. The high throughput experimental methods, such as CLIP-seq 
and RIP-seq, have been used to study RNA-protein interactions [74]. 
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5.5 The lncRNA location and its role 

Most of lncRNAs are located exclusively in the nucleus, but some of them are 
located in the cytoplasm or in both nucleus and cytoplasm. Increasing evidence 
reveals that RNA subcellular location is a very important feature in understanding 
lncRNA functions. The nuclear function of lncRNAs are apt to regulate gene expres-
sion in cis or in trans. In the nucleus, a lncRNA can accumulate at its transcription 
site and recruit transcription factors or chromatin modifiers. LncRNAs in the 
nucleus also can regulate gene expression in trans by binding to a remote genome 
sites. In addition, the effect of lncRNA on alternative splicing usually occurs in 
the nucleus. The lncRNAs exported to cytoplasm intend to interfere translation or 
sequester proteins/miRNA. Currently, the subcellular locations of known lncRNAs 
are mainly determined by biological experiments. Most recently, Zhang et al. built 
a web-accessible database (RNALocate) to provide a high-quality RNA subcellular 
localization resource and facilitate future researches on RNA functions or struc-
tures based on the experimental data [75]. Su et al. developed a sequence-based 
bioinformatics tool (iLoc-lncRNA) to annotate and predict the subcellular locations 
of lncRNAs by binomial distribution of the 8-tuple nucleotide signatures into the 
general pseudo K-tuple nucleotide composition [76]. 

6. The application of bioinformatics in lncRNA studies 

The research on LncRNAs research has increased rapidly in recent years. The 
bioinformaticians have developed various approaches for identification of lncRNA 
from the genome and transcriptome data, prediction of lncRNA structures, inves-
tigation of lncRNA functions and construction of lnRNA-associated regulatory 
networks. LncRNA databases have been established from some giant studies or by 
integrating different studies. The association analyses based methods, such as gene 
set enrichment analysis (GSEA) and weighted gene co-expression network analysis 
(WGCNA) make it easier for biologists to research the lncRNA. As described above, 
lncRNA can bind with single or multiple different types of molecules to regulate 
gene expression in the different level directly or indirectly. Therefore, the databases 
and tools are important for investigating lncRNA bindings with other molecules. 
The binding pattern is usually determined by the molecular sequences (nucleotide 
or amino acid) and the structures. Accumulated high throughput experimental 
methods have been developed for the identification of the lncRNA-DNA, lncRNA-
RNA, and lncRNA-protein bindings. Based on these existing data, bioinformatics 
approaches, such as deep learning, can be used to identify the binding rules, which 
can be used to predict the potential molecule that could bind to given lncRNA based 
on the DNA/RNA sequences and/or structure. Note that the bioinformatics tools are 
useful, but one also should keep in mind that the prediction and associated analysis 
is a good screening process. Validation of the predicted results with experimental 
methods are required. Here, we briefly reviewed the bioinformatics tools for inves-
tigating the interaction of lncRNAs with other molecules. 

The formation of RNA-dsDNA triplex is sequence-specific. Some motifs are 
easier to form triplex [77]. Therefore, the bioinformatics method can be used to 
predict the binding sites. Triplexator [78] and Longtarget [79] are two bioinfor-
matics tools that have been used to predict lncRNA-dsDNA bindings. There are a 
number of bioinformatics tools to predict RNA-RNA interaction, such as RNAup 
[80], intaRNA [81], RNAplex [82], etc. RNAup calculates the thermodynamics 
of RNA-RNA interactions. IntaRNA is a fast approach for predicting RNA-RNA 
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interaction incorporating accessibility and seeding of interaction sites. Recently, 
Gawronski et al. proposed a pipeline (MechRNA) to predict lncRNA interactions 
with target RNA using IntaRNA2, as well as the protein bindings with other tools 
[83]. The performance of various RNA-RNA interaction tools has been summarized 
previously [84]. 

Based on ceRNA hypothesis and seed region match rule, many databases and 
bioinformatics tools have been developed. Targetscan [68], starBase [85], miRTar-
Base [86], Pictar [87], miRanda [88] and other bioinformatics tools have been used 
for the prediction of miRNA targets. Our group developed a novel network-based 
method previously to integrate the correlations between lncRNA, protein coding 
genes and miRNA [71]. We also designed a model to assess the combined impact 
of mRNAs, lncRNAs and miRNAs on cellular signaling transduction networks 
recently [71]. Tong et al. developed tools and a server to enable validating pre-
dicted lncRNA-miRNA-mRNA regulations from TCGA RNA-seq data and identify-
ing miRNA-associated cancer signaling pathways and related lncRNA sponges 
[89, 90]. However, because of the complicate reticular networks, it is difficult 
to evaluate the effect of individual ceRNAs based solely on the bioinformatics 
analysis [91, 92]. 

Bioinformatics sciences have developed various tools for predicting ncRNA-
protein interaction. Most of the existing methods are based on the sequences of 
either proteins or RNAs. Some of them investigate the associations between pro-
teins and RNAs, such as RPI-Pred [93], RPIseq [94], and lncPro [95]. Some tools are 
used to predict binding sites of RNAs or proteins, such as BindN [96], RNABindR 
[97], RNAProB [98], PPRint [99], PRINTR [100], PRBR [101], SRCPred [102], 
RNABindRPlus [103] and RBRIdent [104]. The CatRAPID [105] method is specially 
designed to determine residue-nucleotide interactions. We developed a three-step 
prediction model called RPI-Bind for the identification of RNA-protein binding 
regions based on both sequences and structures of proteins and RNAs. These three 
steps include: (1) prediction of RNA binding regions on proteins, (2) prediction of 
protein binding regions on RNA, and (3) simultaneous prediction of interaction 
regions on RNA and proteins [106]. Suresh et al. developed a RNA-protein interac-
tion predictor (RPI-Pred) using a new support-vector machine-based method to 
predict protein-RNA interaction pairs, based on both the sequences and structures 
[93]. The usage of machine learning algorithms have improved the prediction 
accuracies [93, 106]. 

7. Conclusions 

Advances in high throughput technologies results in a rapid identification of 
a large amount of lncRNAs and expands our understanding of the mechanisms 
how lncRNAs function. Accumulating evidence indicates the complicated roles of 
lncRNAs. In order to gain deep insight into the interaction of lncRNA with other 
molecules, a number of bioinformatics tools have been developed. It is undeniable 
that our understanding of gene regulation by lncRNAs is still in the early stages. 
Given the growing numbers of lncRNA studies, we can anticipate that the detailed 
roles of novel lncRNAs will be addressed in the near future. 
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Chapter 4

Genes That Can Cause Cancer
Chanda Siddoo-Atwal

Abstract

Recently, it has become apparent that the pathogenesis of cancer is closely con-
nected with aberrantly regulated apoptotic cell death and the resulting deregulation
of cell proliferation. The loss of equilibrium between cell proliferation and cell 
death in a tissue may play a crucial role in tumor formation. In fact, the initiation
of uncontrolled apoptosis in a tissue may serve as the trigger for carcinogenesis. 
Various laboratory studies on animals and certain human data are suggestive that
tumor formation requires at least two discrete events to take place in response to a
carcinogen according to this apoptotic model of carcinogenesis. The first involves an
elevation of apoptosis in a particular tissue due to a genetic predisposition, stress, 
or mutation. The second confers resistance to apoptosis in that same tissue result-
ing in the formation of an abnormal growth due to a dysregulation of cell number
homeostasis. The apoptotic response of each individual to any given carcinogenic
or other environmental stimulus is determined by their unique double set of genes
inherited from both parents. The singular genetic traits and biochemistry of each
individual are attributable solely to this unique combination of genes and their
specific regulation. A general example of genetic regulation, gene dose, and control 
is provided by β-thalassemia point mutations in the beta-globin gene, which confer
a blood disease mainly in Mediterranean populations. This mutation (heterozygous
and homozygous, at one or both genetic loci) can cause a hereditary red blood 
cell anemia. Specific examples in relation to cancer predisposition include various
genetic models such as the elevated levels of skin cancer among those with certain
polymorphisms or inherited mutations in their DNA repair genes like those associ-
ated with the disorder, Xeroderma pigmentosum (XP); the high rate of skin cancer
observed in albinos with little or no melanin; and the high incidence of lymphomas
occurring in patients with the inherited disorder, ataxia-telangiectasia (AT). The
mutations associated with each of these conditions can result in an elevated level 
of apoptosis in the target tissues, either constitutively or in response to particular
carcinogens such as UV rays, and can be linked to the initiation of cancer in those
specific tissues.

Keywords: apoptosis, carcinogenesis, albinism, β-thalassemia, Xeroderma
pigmentosum, trichothiodystrophy, DNA repair polymorphisms, DNA repair defect
ataxia-telangiectasia

1. Current models of carcinogenesis

Classically, experimental carcinogenesis is a complex, multistage process includ-
ing initiation, promotion, and malignant progression in which the failure of DNA 
repair mechanisms and the subsequent clonal expansion of damaged cells play a
pivotal role. However, more recently, it has become apparent that the pathogenesis
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of cancer is closely connected with aberrantly regulated apoptotic cell death and the 
resulting deregulation of cell proliferation [1, 2]. 

The Ames assay as a universal test for carcinogenicity was based on the classical 
model of carcinogenesis involving the failure of DNA repair mechanisms and the 
subsequent clonal expansion of mutated cells. However, mutagenicity in bacterial 
strains is not always an indicator of carcinogenicity since many carcinogens are 
not mutagenic [5]. Although this may be one feasible mechanism of carcinogenesis 
in laboratory models, it does not adequately fit many existing systems of carcino-
genesis which are increasingly connected with aberrantly regulated apoptotic cell 
death and the resulting deregulation of cell proliferation. Evidence for the role of 
apoptotic dysregulation in carcinogenesis comes from several sources involving 
epidemiological, histological, and comparative animal studies in different target 
organs. A number of human and mouse models also support a correlation between 
an initial elevation in apoptosis and subsequent tumorigenesis in various tissues as 
in the case of the human skin cancer model [6]. 

Logically, in the initial stages of carcinogenesis, the most important factor to 
consider may be that of “time.” Gene-specific mutations are known to occur ran-
domly over a long period of time, sometimes spanning several generations according 
to Darwinian doctrine. There simply may not be enough time even over the life-span 
of a single organism to produce a specific mutation, and it seems less likely that a 
specific mutation to initiate carcinogenesis could happen in response to a particular 
carcinogen. Even according to Lamarck’s alternate theory of “acquired character-
istics” in which altered genetic characteristics acquired over a length of time by a 
parent may be passed on to the next generation, it is a stretch at best. However, if 
following exposure to a carcinogen, which causes the generation of free radicals 
and DNA damage, the occurrence of a specific mutation becomes more likely; this 
likelihood is still greater at a later point in time. In effect, a specific mutation would 
be more likely to occur at a later stage of carcinogenesis than during an earlier one. 
According to the two-stage model of tumor formation (see Diagram 2), while an 
epigenetic change is more likely to occur in the first step of carcinogenesis, a genetic 
mutation is more likely to occur in the second step of carcinogenesis merely as a 
function of probability [7]. 

2. An apoptotic model of carcinogenesis 

“Apoptosis” (falling leaves in Greek) specifically refers to one particular mode 
of cell death which is responsible for the elimination of potentially deleterious, 
mutated cells in multicellular organisms. Inducers of apoptosis include intracellular 
and extracellular stimuli such as DNA damage, oxidative stress, cell cycle disrup-
tion, hypoxia, detachment from surrounding tissue, and loss of trophic signaling [8]. 
Apoptosis is regulated through at least two well-recognized pathways, both involv-
ing caspase activation. The first of these is called the “intrinsic pathway” and is 
mediated through mitochondrial release of cytochrome c, while the second is 
known as the “extrinsic pathway” and is mediated through cell surface death recep-
tors, such as the receptor for tumor necrosis factor (TNF) [9, 10]. More recently, a 
caspase-independent apoptotic pathway has also been gaining some prominence in 
apoptosis studies [11]. 

Apoptosis is involved in the homeostasis of cell number in tissues, and although, 
increased cell proliferation is necessary, it is certainly not sufficient for cell trans-
formation to take place. Normally, in multicellular organisms, a dynamic equilib-
rium exists between cell birth and cell death to maintain constant cell numbers 
throughout adult life. This homeostasis depends on an integrated balance between 
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Figure 1. 
The human sunburn cycle. (A) 48 h, redness & inflammation; (B) 96 h, new tissue formation; apoptosis 
(onset); (C) 120 h, apoptosis; (D) 168 h, apoptosis (end). The natural human sunburn cycle (without 
the use of any sun lotions or sunscreens) is approximately 1 week in length (7 days) from start to finish. 
Macroscopically, it consists of three phases including Inflammation, New Tissue Formation, and Apoptosis 
(visible peeling). The inflammatory phase consists of redness and inflammation commencing 20–30 minutes 
from the time of initial sun exposure. It spans grossly 2–3 days but can last up to 5 or 6 days depending upon UV 
intensity. New tissue formation is stimulated some time after initial exposure, and it is complete within 1 week. 
In the last apoptotic phase, the top layer of dead skin cells sloughs off to reveal a new tissue layer beneath. This 
process follows on from the inflammatory phase and is complete approximately 7 days following sun exposure. 
(The photos below are based on an initial exposure time of 20–30 min at a Canadian beach in February.) 

apoptosis and mitosis such that these two activities are counterbalanced and 
equivalent. This homeostatic balance may contribute a critical defense mechanism 
of the cell to various genotoxic agents such as carcinogens [3]. 

The increased proliferation in some preneoplastic lesions is often accompanied by 
a parallel increase in apoptosis. A permanent loss in homeostatic equilibrium between 
cell proliferation and death may be a critical determinant in the transition to tumori-
genesis. Support for this comes from the islet B cells of a multistage mouse model of 
carcinogenesis in which the incidence of apoptosis increased in parallel with increas-
ing proliferation during tumor promotion, while malignancy was associated with a 
dramatic drop in apoptotic rate without a corresponding decrease in proliferation rate 
[4]. Also, in the natural human skin cancer model (not involving the application of 
inflammatory skin irritants or tumor promoters found in various suntan oils), there 
is always a fresh layer of new epidermis underlying the peeling or apoptosing cells 
as part of the normal human sunburn cycle in response to sunlight (see Figure 1 and 
Diagram 1) [12]. Tumor formation only seems to occur once the cancer cells display 
constitutively activated apoptosis and become resistant to apoptosis while continuing 
to proliferate. In fact, acquired resistance to apoptosis appears to be a pivotal event in 
immortalization and the transition to malignancy [3, 13]. 

Various laboratory studies on animals and certain human data are suggestive 
that tumor formation requires at least two discrete events to take place in response 
to a carcinogen according to the apoptotic model of carcinogenesis. The first 
involves an elevation of apoptosis in a particular tissue due to a genetic predisposi-
tion, stress, or mutation in response to a carcinogen. The second confers resistance 
to apoptosis in that same tissue resulting in the formation of an abnormal growth 
due to a dysregulation of cell number homeostasis (see Diagram 2). Moreover, 
there is some evidence to suggest that both these events can be reversible when 
treated with a selective apoptotic agent (see Diagram 3), and, hence, they may be 
either genetic or epigenetic in nature [6]. 

In this context, uncontrolled apoptosis has been directly linked to carcinogene-
sis. Scientific animal studies have shown that simply increasing the basal frequency 
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Diagram 1. 
The human sunburn cycle. If this cycle continues unchecked in a specific exposed area on the body, it may result 
in skin cancer. 

Diagram 2. 
Two-stage model of tumor formation (expanded version). Apoptosis is programmed cell death. 

of apoptosis in murine skin cells can be linked to the development of squamous cell 
carcinomas in transgenic mice [14]. In fact, the proliferation rate in certain tissues 
like nerve cells is so slow or negligible that simply an elevation of apoptosis would 
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Diagram 3. 
Two-stage model of tumor formation and action of selective apoptotic agent. 

be sufficient to disrupt the balance between cell birth and death in the brain or ner-
vous system even prior to the second step in the two-stage model of carcinogenesis 
connected with resistance to apoptosis and tumor formation. 

Thus, according to this new model, the stimulation of apoptotic mechanisms 
becomes an important focus of study and key determinant of carcinogenic potential 
for any particular carcinogen being studied [15]. 

3. An example of gene regulation 

The apoptotic response of each individual to any given carcinogenic or other 
environmental stimulus is determined by their unique double set of genes inherited 
from their parents. The singular genetic traits and biochemistry of each individual 
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are attributable solely to this unique combination of genes and their specific regula-
tion. A general example of genetic regulation, gene dose, and control is provided 
by β-thalassemia mutations in the beta-globin gene, which confer a blood disease 
mainly in Mediterranean populations. 

4. β-Thalassemia 

Beta-thalassemias are a group of hereditary blood disorders affecting the 
synthesis of beta hemoglobin chains, and the results range from severe anemias 
requiring regular blood transfusions to asymptomatic individuals [16]. There are 
three main forms of the disease: thalassemia major, the most severe form with early 
presentation; thalassemia intermedia, a moderate form with clinical symptoms 
that present later in life; and, thalassemia minor, the least severe and asymptomatic 
form, which can cause moderate anemia. Frequency of this disease is 1 in 10,000 in 
the European Union and 1 in 100,000 throughout the rest of the world. Beta-
thalassemias are caused mainly by point mutations and more rarely by deletions in 
the beta-globin gene on chromosome 11 leading to reduced or absent synthesis of 
beta hemoglobin chains. The transmission of this genetic trait is usually autosomal 
recessive, but dominant mutations also exist. 

In developing countries where diagnosis of thalassemia major can be delayed, 
clinically, children may display growth retardation, pallor, jaundice, poor muscula-
ture, leg ulcers, and skeletal changes among other symptoms. In developed coun-
tries where blood transfusions may be implemented sooner, patients can develop 
iron overload-related issues including endocrine complications, dilated myocar-
diopathy, liver fibrosis, and cirrhosis. The main clinical features of thalassemia 
intermedia patients are hypertrophy of erythroid marrow and related complica-
tions, gallstones, painful leg ulcers, and an increased predisposition to thrombosis. 
Thalassemia minor is not associated with any clinical symptoms except mild or 
moderate anemia in certain cases. 

The a- and b-globin genes are expressed exclusively in erythroid cells and only 
during defined periods of development to ensure the correct balance of a- and 
b-globin chains which form the tetramer of various hemoglobins at different stages. 
Such tight control of these multigene clusters requires several levels of regulation [17]. 
This is dependent on regulatory regions of DNA lying in proximity or at great 
distances from the globin genes. The latter are characterized by several DNase I 
hypersensitive sites and form the locus control region (LCR). The former and latter 
sequences exert stimulatory, inhibitory, or more complex activities by interacting 
with transcription factors that bridge these DNA regions to the RNA polymerase 
machinery of the cell. Also, LCR can make physical contact with active downstream 
globin genes by forming a chromatin structure called the active chromatin hub 
(ACH) in a process termed chromatin looping [18]. 

The coding sequences of globin genes are generally found within three exons, 
separated by two introns. Each gene has 5′ promoter sequences, 5′ and 3′ untrans-
lated regions, and a downstream enhancer, in the case of the b-globin gene, which is 
approximately 600–900 base pairs 3′ of the poly(A) site [19]. 

GATA transcription factors bind the consensus sequence WGATAR, which 
is present in the flanking regions of most erythroid-specific genes. Conserved 
GATA sites are located in each of the hypersensitive sites of both alpha- and 
beta-globin gene clusters. GATA-1 and GATA-2 transcription factors are 
coexpressed in erythroid cells and are important for the regulation of ery-
throid globin genes, in particular for the modulation of embryonic and fetal 
hemoglobins [20]. 
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β-Thalassemia is mainly caused by non-deletional defects of the b-globin gene, 
mostly single base substitutions. More than 180 mutations have been identified and 
classified as beta + or beta 0 depending on whether they reduce or abolish b-globin 
chain production, respectively. These mutants can be categorized as (1) nonsense or 
frameshift mutations which produce premature terminations, (2) RNA processing 
mutants which disrupt splicing and interfere with RNA cleavage or polyadenyl-
ation, (3) transcriptional mutants which disrupt the function of the promoter, and 
(4) mutations in the initiation codon or Cap site [21]. 

For example, thalassemia intermedia (homozygous and heterozygous forms) 
can be caused by mutations in the promoter region (CACCC or TATA box) of the 
beta-globin gene and have been reported in a Spanish population [19]. Nuclear 
proteins related to SP1 and GT-1 factors bind to a CACCC box sequence in the 
human beta-globin enhancer adjacent to the erythroid-specific factor NFE-1 and 
ubiquitous CP1. These same proteins bind to the proximal, but not distal, CACCC 
box in the human beta-globin promoter. A CG mutation in the promoter CACCC 
box known to cause beta-thalassemia greatly decreases protein binding. Similarly, 
the same effect is produced when this mutation is introduced into the enhancer 
CACCC box [22]. 

A study in Germany with nonimmigrant German populations found 
that roughly two-thirds of thalassemia minor cases appear to be caused by 
Mediterranean mutations (61%), while approximately a third of cases may have 
originated as a result of local mutations such as the one that affects position −2 of 
the intron 1 splice acceptor site (IVSI-129 A-G) and a deletion of a single G in codon 
15/16 (FS 15/16 ΔG). The former finding suggests introduction due to migration 
from the Mediterranean region [23]. Similarly, while common mutations causing 
β-thalassemia major and minor occur in populations from northern, western, and 
eastern India, rare and even novel mutations may occur in some of these popula-
tions. In one Indian study, DNA sequencing of LCR HS2, 3, and 4 core sequences 
revealed a polymorphism, an A-G, in the palindromic sequence, TGGGGACCCCA, 
of LCR HS4 [24]. So, once again, the G allele could be a new evolutionary mutation 
in the Indian population, while the other mutations may have been introduced via 
migration, for example, as a result of intermarriages documented to have occurred 
in the frontier provinces during the Indo-Greek and Scythian periods of Indian 
history [25–27]. 

Thus, the multiple levels of gene regulation as illustrated in this example of 
the b-globin genes make up a highly and finely tuned system to determine subtle 
differences in gene expression between individuals resulting in varied production 
of b-globin chains. Such small differences or genetic polymorphisms are the reason 
for the genetic susceptibility of certain individuals to specific diseases. Similarly, in 
the human skin cancer model, the melanin pigment is the natural sunscreen of the 
human body, and the body protects itself from solar radiation by increasing mela-
nin production. The UV A and UV B components of sunlight can trigger the human 
sunburn cycle involving three phases including cell death or apoptosis, repeatedly, 
in susceptible individuals (see Table 1), and this can result in skin cancer. Melanin 
ranges in color from red and yellow (pheomelanin) to brown and black (eumelanin) 
with the latter being the most effective [28]. However, certain individuals have less 
melanin than others and are not able to produce enough melanin to fulfill this func-
tion resulting in sunburn. In fact, it is possible and worth noting that certain forms 
of medical conditions such as actinic prurigo and cheilitis prevalent among some 
Native American populations [29] may actually be misdiagnosed cases of human 
sunburn. Notably, the pinkish or reddish hue of Native Americans (originally called 
“Red Indians” by the paler European settlers), a heightened degree of photosensi-
tivity, and regular peeling of the epidermis upon exposure to sunlight all suggest a 
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0–1 h (Initial exposure) Redness and inflammation 

24 h (Day 1) Redness and inflammation; pain 

48 h (Day 2) Redness and inflammation peak; pain 

72 h (Day 3) Minor peeling; less redness and inflammation 

96 h (Day 4) Major peeling 

120 h (Day 5) Minor peeling; itching 

140 h (Day 6) Minor peeling; itching 

168 h (Day 7) Recovery; visible new tissue 

No use of sun preparations, sunscreen, or suntan lotion. 
Approximately a 1-week/7-day cycle without the use of any sun preparations. 

Table 1. 
The human sunburn cycle. 

Inflammation 0–72 h 

New tissue formation 24–168 h 

III Apoptosis 36–168 h 

This table is based on an initial exposure of 20–30 min at noon at the beach. 
[These data are based on a set of experiments conducted at Ambleside Beach in West Vancouver (British Columbia), 
Canada, in February 2010.] 

Table 2. 
The three phases of sunburn. 

lack of melanin in their skins. Since an elevation of apoptotic levels in mammalian 
skin cells has been linked to carcinogenesis, such patients predisposed to peeling 
require “apoptosis protection factor” (also called “tumor protection factor,” previ-
ously) in their sunscreens as opposed to “sun protection factor,” which mainly 
provides protection against redness and inflammation. Unfortunately, skin cancer 
statistics are not widely available for any Native American populations of North 
America at present (Table 2). 

5. Examples of genes that can control apoptosis 

Specific examples in relation to cancer predisposition include various genetic 
models such as the elevated levels of skin cancer among those with certain polymor-
phisms or inherited mutations in their DNA repair genes like those associated with 
the disorder, Xeroderma pigmentosum (XP); the high rate of skin cancer observed 
in albinos with little or no melanin; and the high incidence of lymphomas occurring 
in patients with the inherited disorder, ataxia-telangiectasia (AT). The mutations 
associated with each of these conditions can result in an elevated level of apoptosis in 
the target tissues, either constitutively or in response to particular carcinogens such 
as UV rays, and can be linked to the initiation of cancer in those specific tissues. 

6. DNA repair defects and DNA repair polymorphisms 

Mutations in the XPD helicase component of the transcription factor 
TFIIH, which is involved in basal transcription and DNA repair, can result in 
the diverse symptoms associated with both Xeroderma pigmentosum (XP) and 
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trichothiodystrophy (TTD). Aside from the traditional mutations and deletions in 
the b-globin gene that induce β-thalassemia, it is interesting that specific mutations 
in XPD that cause TTD can also result in reduced expression of the b-globin gene, in 
addition to a number of other general clinical features. TTD is an autosomal recessive 
disorder characterized by brittle nails, brittle hair, short stature, mental retardation, 
ichthyotic skin, and, often, photosensitivity [30]. Photosensitive TTD patients tend 
to be deficient in nucleotide excision repair (NER) of UV-induced DNA damage 
and, in this aspect, resemble XP patients. XP is also an autosomal recessive disease 
that provides a useful cancer model and is characterized by extreme sensitivity of 
the skin to sunlight resulting in sunburn, sunlight-induced pigmentation changes in 
the skin, and a very high frequency of skin cancers in sun-exposed areas including 
basal or squamous cell carcinomas and melanomas. However, TTD patients display 
neither pigmentation changes nor skin cancers [31]. The explanation for this differ-
ence appears to lie in the fact that XPD has two functions and XP may be caused by 
mutations that only affect its role in NER, whereas TTD may be caused by mutations 
that affect its general transcriptional role as a subunit of the transcription factor 
TFIIH. In TTD patients, de novo synthesis of the components of TFIIH is thought to 
compensate for this deficiency in most cells, so there is little evidence for deficient 
transcription of many genes in TTD except for b-globin in humans [30]. Reduced 
repair of cyclobutane pyrimidine dimers (CPD), which do not seem to be cytotoxic 
on their own, is observed in TTD as well [32, 33]. By contrast, in XPA cells, entirely 
deficient in the repair of the two major UV-induced lesions, CPDs and (6–4) photo-
products, UV exposure results in cell death [34]. Moreover, 65% of the melanomas in 
patients with Xeroderma pigmentosum occur on areas that are routinely exposed to 
the sun like the face, head, or neck [35]. 

Epidemiological studies have also shown that homozygous genetic polymorphisms 
in DNA repair proteins resulting in sunburn, and a history of repeated painful 
sunburn are more correlated with a higher risk for squamous cell carcinoma than the 
wild-type or heterozygotes [36, 37]. In addition, variants within other DNA repair 
genes involved in double-stranded DNA repair triggered by UV damage have been 
found to be associated with the development of malignant melanoma [38]. Moreover, 
many cancers ranging from acute myeloid leukemia and follicular lymphoma to breast 
cancer have been associated with specific polymorphisms in DNA repair enzymes 
resulting in their reduced efficiency to cope with cellular DNA damage [39–41]. The 
inability to cope efficiently with DNA damage often results in cell death or apoptosis. 

7. Albinism 

There are a number of genetic models for skin cancer in humans. One such 
model is also provided by albinos, who are deficient in melanin production (mela-
nin is the pigment that protects against UV radiation and apoptotic sunburn). 
Albinos are typically characterized by pink skin, pink eyes, and white hair resulting 
from mutations in genes involved in melanin biosynthesis [42]. As a result, they 
display an increased skin cancer incidence [43]. This finding is confirmed in the 
albino hairless mouse model which displays a high incidence of UV-induced cutane-
ous cancers as well [44]. 

8. Ataxia-telangiectasia 

Patients with the inherited disorder ataxia-telangiectasia [AT] provide 
another human cancer model since they are highly susceptible to certain cancers, 
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particularly lymphomas [45]. AT is an autosomal recessive disease which is char-
acterized by loss of coordination and telangiectasias, hypersensitivity to ionizing 
radiation, progressive neuronal degeneration, and immunodeficiency [46]. 
Interestingly, the genetic mutation in AT patients occurs in and affects a PI 3-kinase 
associated with DNA damage and has been found to be involved in the apoptotic 
response to X-irradiation [47, 48]. 

In addition, a constitutive elevation of IFNβ production has been demonstrated 
in fibroblasts derived from AT individuals [49]. An elevation of spontaneous 
apoptosis in AT lymphocytes has also been observed [50] thereby establishing a link 
between apoptotic potential and an increase in cancer risk. Cytokines like IFNα/β 
are known to stimulate the transcription of many proapoptotic proteins [51]. The 
transcriptional activator, NF-κB, which mediates interferon (IFN) production, is 
constitutively activated in AT cells [52] as well and is apoptotic in certain cell types 
like lymphocytes [53]. Thus, there is further evidence here to suggest that cancer 
predisposition may be connected with genetic polymorphisms that can cause 
uncontrolled apoptosis. 
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