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Preface

With the advancement of recent technologies, the search for cancer genes has tremendously
improved. We plan to use such high-throughput methods, e.g., next-generation DNA se-
quencing (NGS) and mutation detection techniques, to study genes involved in human and
disease development.The in-depth coverage of the sequencing allowed by next-generation
sequencing technologies makes it possible to index all classes of mutations in human diseas-
es. Nonetheless, identifying driver mutations is a major task of disease genome analysis.
Most of the recent genome analysis studies of sporadic and hereditary diseases have target-
ed the whole genome and specific genes to enhance the chances of identifying new and nov-
el driver mutations. Genetic variation plays a critical role in most of the diseases. Cells
contain somatic mutations, such as single-nucleotide variants, deletions, insertions, and
copy-number variations in their genomes. Most of the recent reports revealed that the over-
whelming majority of diseases are caused by novel variants that affect the function of indi-
vidual proteins. About 85% of the disease-inducing variants are normally found in the
exome regions. Genome-wide association studies (GWAS) of SNPs in human diseases have
identified approximately 300 frequent variants related with risk alleles, which are contribu-
ting to cause a wide range of diseases. So far, most of the reported rare mutations conveyed
small effects on disease risk; furthermore, even in enormously large studies, most of the ge-
netic factors to disease risk remain unexplained. GWAS studies proved that independently
rare mutations with comparatively large effect may account for a vast proportion of this
missing variance. In fact, studies describing about the unexplained disease risk have report-
ed about the occurrence of individually rare variants with relatively large effect.

This Genetic Polymorphisms book, composed of research studies and review chapters from a
group of international researchers, covers the basics of genetic polymorphisms, their role in
human disease, and utilization as biomarkers. The book provides useful information to all
life science researchers, educators, students, and others who are interested in applications of
molecular markers.

I thank the InTech book department and its publication manager Ms. Nina Kalini¢ for the
book editing opportunity and help during the entire editorial process of this book. I am thank-
ful to all the authors of the book chapters for their chapter contributions and cooperation.

Dr. Narasimha Reddy Parine
College of Science, King Saud University,
Saudi Arabia
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Chapter 1

Polymorphisms in Pharmacogenetics of Personalized
Cancer Therapy

Gizem Calibasi Kocal and Yasemin Baskin

Additional information is available at the end of the chapter

http://dx.doi.org/10.5772/intechopen.69207

Abstract

Therapy process of personalized cancer management covers surgery, chemotherapy,
radiation therapy and targeted therapies. The choice of cancer chemotherapeutic agents
and doses depends upon the location and stage of tumor, as well as the general state of
the patient. On the chemotherapy, radiotherapy, and targeted therapy processes, phar-
macogenetics offers customized solutions according to the personal genetic information.
Especially for clinicians, genetic information obtained from polymorphism-based phar-
macogenetic tests is highly crucial for the better prediction ability of drug response and
life-threatening toxic reactions due to the narrow therapeutic index of cancer chemo-
therapeutic agents. Pharmacogenotyping utilizes different examination strategies, such
as single nucleotide polymorphism analysis, somatic/germline mutation analysis and
partial/full genome sequencing. The promising effect of pharmacogenetics on the solving
of the individual variability in drug response and toxic reactions is being observed with
the accumulation of the information that unravel the human genomic variations from
large-scale population and multi-parameter-based pharmacogenetic studies of the post-
genomic era. Polymorphisms contribute wide variations in human genome and may
define how individuals respond to medications, either by changing the pharmacokinet-
ics and pharmacodynamics of drugs or by altering the cellular response to therapeutic
agents. To define the effect of polymorphisms on the targets of chemotherapeutics is
necessary for the prediction of altered pharmacokinetics of therapeutic agents.

Keywords: personalized medicine, pharmacogenetics, polymorphisms

I m EC H © 2017 The Author(s). Licensee InTech. This chapter is distributed under the terms of the Creative Commons
Attribution License (http://creativecommons.org/licenses/by/3.0), which permits unrestricted use,
open science | open minds distribution, and reproduction in any medium, provided the original work is properly cited. [{cc) ExgNN



4 Genetic Polymorphisms

1. Introduction

1.1. Genetic polymorphisms
1.1.1. Mutation or polymorphism

Genetic and environmental factors are the two main reasons that cause human phenotype
variations. If the genomic DNA sequences of two individuals are compared, substantial
sequence variations can be detected at different points of the whole genome. There are many
forms of these genetic variations [1]. Polymorphism term, arose from the combination of the
Greek words ‘poly’ (meaning as multiple) and ‘morph’ (meaning as form), is used in genet-
ics to describe multiple forms of a single gene that exist in a population. Polymorphisms are
genetic variants and refer to the occurrence of various phenotypes in a certain population.
A polymorphism is a DNA sequence variation and does not classify as mutation. In genetic
polymorphisms, there are two or more equally acceptable sequence of a gene and the com-
mon allele must have a frequency of 1% or more in the population. If the frequency is lower
than 1%, the allele is accepted as a mutation. On the other hand, a mutation is a change in
DNA sequence away from normal allele and forms abnormal variant [2].

1.1.2. Nomenclature

The unique and universal nomenclature to refer specific single nucleotide polymorphisms
(SNPs) is that using the rs number (reference sequence). It stands for Reference SNP clus-
ter ID. The rs number allows the precise identification of a polymorphic variation in the
numerous databases (NCBL, HapMap, SNP500 Cancer, etc.). For instance, a SNP causes a
replacement of an amino acid by another amino acid; this can be defined by the name and
the position of the replaced amino acid, followed by the name of the novel amino acid.
As an example, a common SNP in the DPYD gene is identified as rs 1801160 [V732I or
Val732lle]. SNPs are also identified by the name and position of nucleotide in the reference
DNA sequence. The same SNP in the DPYD gene, presented with rs 1801160, is identified as
2194G>A. The letters A, T, C, and G can be used for both nucleotides and amino acids, and
this can cause confusion [3].

1.1.3. Types of polymorphisms

Developments in next generation sequencing technologies under the “Human Genome
Project,” simplify to investigate the allelic variants of a gene taken from different people
of a population [4]. These various genetic polymorphisms include minor changes on DNA
sequence, as substitutions, deletions, insertions, and repeats. These changes influence the
three-dimensional structure, expression and activity of the proteins encoded by these genes.
Alterations called as single nucleotide polymorphisms (SNPs, pronounced snip) are the most
common form of polymorphisms on a gene sequence. They occur when alleles reveal only a
single base pair (bp) change—A, T, C or G—in the genome sequence between individuals.
For example, one variant may have an A nucleotide at a certain position and other has a G
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nucleotide (Figure 1). This type of change generates single nucleotide variants (SNVs). SNPs
can affect gene function due to the change of protein but can also occur in noncoding parts of
the gene so they would not be seen in the protein product [5, 6].

1.1.4. Polymorphisms and ethnicity

Intrinsic factors and extrinsic factors cause variability in drug response. Extrinsic factors such as
food and concomitant medications may be controllable, but intrinsic factors such as gender, eth-
nicity, age, renal or hepatic function, and genetic differences in the expression of enzymes need
advance knowledge to control [7]. Ethnicity is one of the key factors that can explain the observed
variability in both pharmacokinetics (PK) and pharmacodynamics (PD) of therapeutics, result-
ing in differences in response to drug therapy as well as chemotherapeutics. United States Food
and Drug Administration (FDA) guidelines pay attention to “ethnically sensitive situations”
for some drugs and suggests the types of solutions that may control such ethnic sensitivity.
One of the most important factors that may contribute to this ethnic sensitivity of a drug, include
genetic polymorphisms in metabolic pathways of drugs [7, 8]. To define the variability on the
response or metabolism of specific therapeutics or drug targets, drug companies and presti-
gious research groups are biobanking DNA samples [9]. Although the clinical relevance of some
variants is well characterized, the relevance of some variant alleles is as yet unknown.

1.1.5. Allele frequency and Hardy-Weinberg principle

There are some challenges on the use of disease-associated polymorphism knowledge. One
of these challenges is the lack of the unique information regarding the frequency of spe-
cific polymorphism in the targeted population. Without a unique presenting style of the

(A)
metrecs semuess AATTGTGAGAAGCTGGAG

pinote ssinotia vt AATTGTGGGAAGCTGGAG

Rusarance AATTGTG AGAAGCTGGAG
D AATTGTGTAGAAGCTGGAG

mscsssequnes AATTGTGAGAAGCTGGAG
Dslation variare AATTGTG - GAAGCTGGAG

i sepees  AATTGTGAGAAGCTGGAG
VHTR variast AATTGTGAGAGAGGAAGCTGGAG

Figure 1. Classes of DNA variation affecting a single nucleotide position. (A) Single nucleotide variant (SNV) in which
two variants differ by having a G nucleotide or a C nucleotide (B) Insertion variation in which variant 1 has exactly
same reference sequence, variant 2 has one more T nucleotide; Deletion variation in which variant 1 has a A nucleotide,
variant 2 does not have; (C) Variable number of tandem repeats (VNTR) in which two variants differ by having repeats
of nucleotides.
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polymorphism-related data, prevention of the risk for disease and drugs remain unknown.
In addition, determining the factors that may affect the association of the allele with disease
or drugs, such as ethnicity, may not be possible without population-based allele frequencies
[10-12]. SNPs can be assigned with an allele frequency —the ratio of chromosomes in the pop-
ulation carrying the less common variant to those with the more common variant. It is impor-
tant to note that there are variations among different populations, so a common SNP allele may
be much rare in one geographical or ethnic group than another [13, 14]. The Hardy-Weinberg
principle can be used to calculate allele frequencies [15]. The Hardy-Weinberg principle (also
known as the Hardy-Weinberg equilibrium, equation, theorem, or law) states that allele fre-
quencies in a population will remain stable from generation to generation in the absence of
other evolutionary factors, such as mutation, polymorphisms, genetic drift, gene flow, meiotic
drive, and mate choice. Hardy-Weinberg principle describes that the ideal condition against
the effects of these factors can be analyzed. The principle is named after Godfrey Harold
Hardy and Wilhem Weinberg, who first demonstrated it mathematically. If Hardy-Weinberg
principle is violated, the key interferences of a genetic polymorphisms-based study may be
compromised. Thus, accumulating evidence suggests that Hardy-Weinberg principle-based
reporting may be optimal in genetic and nongenetic journals, because variability in the ana-
lyzed data can cause errors or peculiarities [15].

2. Polymorphisms-based pharmacogenetics applications and
personalized cancer therapy

Most of the chemotherapeutic agents for cancer treatment affect a minority of cancer patients
and have a narrow therapeutic index that frequently causes life-threatening toxicities and
even death. Even specific molecule-targeted therapies, which are safer than cytotoxic drugs,
are associated with severe adverse events. Thus, novel treatment strategies that can increase
the effectiveness of therapy and decrease the rate of adverse events will be developed. Under
this approach, the aim of personalized medicine is to tailor the therapy options according to
patient’s molecular profile [16, 17]. Establishing the relation between molecular characteris-
tics of patient and drug outcomes is crucial for the identification of predictive biomarkers and
understands the base of personalized therapy. Personalized medicine can also be called as P4
medicine due to the various contents as predictive, personalized, preventive, and participa-
tory medicine (P4); it separates patients into different groups with an individual’s molecular
profile. Thus, personalized medicine covers the determination of the safest and most effec-
tive chemotherapeutic agents [18]. The goal of discipline of pharmacogenetics, first used in
the late 1950s, is to make ‘personalized medicine’ as applicable to various patient groups.
It can be defined as the study of patients’ genotype affecting drug response. In some patient
groups, certain drugs work well but not as well in others. Pharmacogenetics-based studies
(between genotype of patients and the response of therapeutics) allow designing more effec-
tive and population-specific therapeutic treatments (Figure 2). Polymorphism analysis, muta-
tion analysis and genome sequencing are the backbones of discipline of pharmacogenetics.
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Py (T NN
(L -

Figure 2. The traditional prescribing approaches in clinical therapies, such as ‘trial and error’, ‘one drug fits all’ and ‘one
dose fits all’, have limits due to the drug safety. Pharmacogenetics combines standard biochemical tests with molecular
genetics based tests to detect DNA variations in the human genome for the application of genomic-based prescribing.

Polymorphisms and their association with diseases should be handled based on gene as bio-
markers, due to the relatively large frequency in the human genome. To learn, how to use and
interpret the polymorphisms analysis and which test(s) should be chosen is essential.

2.1. Methods for polymorphism detection

After the deep sequencing of human genome with Human Genome Project, the detection
of population-based DNA polymorphisms, especially that effect the development and the
progress of diseases, is the second phase of human genomics. High-throughput polymor-
phism genotyping process includes fast and cost-effective identification of polymorphisms
in different individuals and lead to the determination of associations between genotype and
phenotype. Generally, genotyping steps start with the isolation of starting material as DNA
from patient; it follows with amplification to increase the sample amount and then finalize
with polymerase chain reaction (PCR), sequencing or array-based technologies. A number of
good polymorphism genotyping technologies are currently in use to meet the needs of clinics
and researches, but only one genotyping method is not ideal for all applications (Table 1).
Slow speed of assays due to the time-consuming protocols, high instrument and consumable
costs, and requirements on the performing multiple assays in parallel are the main challenges
of polymorphism genotyping technologies. Studies on ideal polymorphism genotyping tech-
nologies are on development process [19-21].
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Method

Advantages

Disadvantages

Allele-specific single-base
primer extension

Allele-specific enzymatic
cleavage - restriction fragment
length polymorphism (RFLP)

Pyrosequencing

Mass spectrometry

Invader assay

High success rate;

High accuracy;
Quantitative;

Adaptation to multiplexing.

High accuracy;
SNP at a restriction endonuclease
recognition sequence.

Provides sequence information
surrounding the polymorphism;
Real-time scoring;

Quantitative.

High accuracy (as long as the sample is
very pure);
Fast genotyping reactions in seconds;

Allows thousands of reactions in a day.

No PCR for amplification;
Simple protocol;
Isothermal reaction

High instrument cost;
Relatively long protocol;
Tricky multiplex PCR.

High instrument cost;

Long protocol;

Difficult adaptation for high-throughput
genotyping

High instrument and consumable cost;
Long protocol;
Limited throughput

High instrument and consumable cost;
Long protocol;

Limited throughput;

Requires very pure sample for accuracy.

Requires large amount of genomic DNA;
Requires optimizations for each SNP;
Key enzyme is not suitable for general

research use.

Table 1. A summary of popular polymorphism detection methods with their advantages and disadvantages [19-21].

2.2. Polymorphisms as biomarkers for drug response and toxicity

Variations in the metabolism of a chemotherapeutic agent due to genetic alterations
may cause significant differences in terms of efficacy and toxicity. Such pharmacological
effects occur since oncologists schedule the dosing of chemotherapeutic agents accord-
ing to patient’s body surface area and other nongenetic factors. Genetic differences due to
the polymorphisms are thought as one of the strongest reasons in adverse drug reactions
(ADRs). Genetic polymorphisms are considered as molecular biomarkers in pharmacoge-
netic-based studies both in clinic and research to predict the ADRs and apply the medica-
tions as personal. The main objective of pharmacogenetics is to understand the nature of
various responses including adverse drug reactions (ADRs) to drugs [22]. Pharmacogenetic
associations are important in cancer chemotherapy due to the extremely narrow chemo-
therapeutic index of anticancer drugs given for cancer management. Polymorphisms in
both patient’s genome and tumor genome affect the regulation of drug transport, reten-
tion and efflux of anticancer drugs, determining the penetration into tumor tissue. Genetic
information of tumors is not stabile as somatic tissues; new alterations on genetic mate-
rial (as mutation or chromosomal loss) can occur continuously. Therefore, drug-related
toxicities depend on the genotype of nontumor tissue. Thus, the tumor genome possesses
most of the polymorphisms that influence the sensitivity or resistance of drugs (KRAS and
EGFR, KIT, TS polymorphisms, etc.); hence, treatment efficacy and tumor genome will have
a key role as a dose limiting factors in cancer management. Polymorphisms on the host
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genome, which tumor genome does not present, are the main determinants of toxicity risk
(e.g. polymorphisms on the genes of drug metabolism such as dihydropyrimidine dehydrogenase
gene (DPYD), thiopurine-S-methyltransferase (TPMT), UDP-glucuronosyltransferase (UGT), etc.)
[23]. Genotyping studies have revealed that the gene encoding a specific protein can have a
number of differences in sequence at the nucleotide level. These differences especially called
as polymorphisms, sometimes do not cause significant alterations on the final product, but
may have an effect on the substrate specificity and activity of the product (especially for
enzymes) or other characteristics and functions. For example, polymorphisms in cytochrome
P450 2D6 (CYP2D6) are one of the cytochrome P450 enzymes of the liver that can influ-
ence how humans metabolize cancer drugs, although the enzymes are basically the same
sequence and structure. Polymorphisms in CYP2D6 have been seen in the general popula-
tion about 10% and it has been associated with poor-metabolizer phenotype of enzyme.
This is important for codeine-based pain medications due to the activation of codeine to
morphine and includes CYP2D6-dependent step [24].

Pharmacogenetic tests based on the determination of genetic variants for drug efficacy or
toxicity has begun to use in the 2000s, although genetic-based studies began in the 1950s. FDA
has been working to improve pharmacogenetic technologies in the development, regulation
and use of medications and revised drug labels in terms of pharmacogenetic biomarkers in
oncology area (Table 2) [25, 26].

It is important to describe important gene polymorphisms and their clinical meaning in
oncology field that may determine the optimum pharmacological treatment in terms of
treatment outcomes, tolerability and the occurrence of serious, even life-threatening adverse
reactions.

Pharmacogenetic biomarker Drugs Labeling Outcome

UGT1A1 Irinotecan Dose determination and administration; Toxicity
Belinostat Warnings and precautions, clinical pharmacology
Nilotinib
Pazopanib

DPYD Capecitabine Warnings and precautions, patient counseling Toxicity
Fluorouracil information

TPMT Cisplatin Adverse reactions Toxicity
Mercaptopurine  Dose determination and administration; Toxicity
Thioguanine Warnings and precautions; Adverse reactions;

Clinical pharmacology

G6PD Rasburicase Warnings and precautions; Contraindications; Toxicity

Dabrafenib Adverse reactions;

Patient counseling information

CYP2D6 Tamoxifen Dose determination and administration; Toxicity
Rucaparib Clinical pharmacology

Table 2. FDA-approved pharmacogenetic biomarkers for anti-cancer drug labeling [26].
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2.2.1. Uridinediphosphate glucuronosyl transferase 1A1 (UGT1A1)

The UGT super family includes four main UGT families, namely UGT1, UGT2, UGT3, and
UGTS. The UGT1 and UGT2 genes, encode 16 functional proteins, have been extensively
studied and well characterized. A phase II metabolic enzyme, UGT1A1 is the most studied
UGT enzyme due to its main role in glucuronidation of exogenous and endogenous sub-
strates, including bilirubin. UGT1A1 also appears in the metabolism processes of most of the
anti-cancer drugs, such as topoisomerase I inhibitor irinotecan, the topoisomerase II inhibi-
tor etoposide [27]. Alterations on the glucuronidation activity of UGT1A1 caused by genetic
or environmental factors may have significant physiological and pharmacological results
on the metabolism of anticancer agents. Allelic variations have been identified in the pro-
moter region and exon 5 of UGT1A1 region. The wild-type allele of UGT1A1 gene (known
as UGT1A1%1) has six thymine- adenine (TA) repeats in the promoter region of gene (TATA
box). Allelic differences vary from five (UGT1A1*36, proficient allele) to eight (UGT1A1*37,
deficient allele) TA repeats, and these differences affect the UGT1A1-mediated glucuronida-
tion of SN-38 (7-ethyl-10-hydroxycamptothecin), active metabolite of anticancer drug irino-
tecan both in vitro and in vivo. Increasing number of TA repeats has been associated with
decreased transcription of gene and overall UGT1A1 activity (Table 3) [28]. Patients (allele
frequency in Caucasians 8-20% are homozygous, 40-50% are heterozygous) with seven TA
repeat sequence (named UGT1A1%*28) have severe toxicity risk after irinotecan treatment
because of decreased gene expression and overall UGT1A1 activity (30% enzyme activity in
*28 relative to *1 allele). These patients [with (TA), repeats] have fourfold relative toxicity risk
compared with patients with six repeat sequences [29]. UGT1A1*60 (in linkage disequilib-
rium with TATA box variants) and UGT1A1*93 are the other variants located in the promoter
region. Both of them are found homozygous in around 10% of Caucasians [30]. UGT1A1*6
and UGT1A1*27 are located in coding region exon 1. UGT1A1*6 is the most frequent variant
in Asian populations (not found in Caucasians) and associated with ~30% decreased enzyme
activity in homozygous patients. UGT1A1*27 is almost completely eradicated enzyme activ-
ity. Nearly 3% of Asian people, are homozygous for both *6 and *27 variant [28, 31].

2.2.2. Dihydropyrimidine dehydrogenase gene (DPYD)

The pyrimidine antimetabolites 5-fluorouracil and its oral prodrug capecitabine are widely
used chemotherapeutic agents in the management of variety of tumor types, including colorec-
tal, breast, and head and neck cancers. They activate metabolically and inhibit thymidylate
synthase enzyme, which takes role in cellular replication. However, 5-FU leads significant
toxicities, such as myelosuppression, mucositis, hand-foot syndrome, and diarrhea. On the
other hand, accumulation of knowledge on 5-FU mechanism has developed new strategies
that increase the treatment efficacy and response [32, 33]. 5-FU is metabolized by dihydropy-
rimidine dehydrogenase (DPD) enzyme, and it converts the fluoropyrimidine to its inactive
metabolite dihydrofluorouracil (Figure 3). DPD enzyme, which is encoded by DPYD gene, is
a rate-limiting enzyme of 5-FU catabolism and is also used for evaluating the variability of
5-FU metabolism among patients [34]. SNPs in the DPYD gene are responsible for insufficient
production of DPD enzyme; therefore, low levels of enzyme increase the half-life of the drug,
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Figure 3. Metabolism of 5-fluorouracil (5-FU). The initial and rate-limiting enzyme of 5-FU is dihydropyrimidine
dehydrogenase (DPD), catalysing the conversion of 5-FU into 5,6-dihydrofluorouracil (DHFU). DHFU is degraded
into fluoro-beta-ureidopropionic acid (FUPA) and fluoro-beta-alanine (FBAL) through degradation cascade. 5-Fluoro-
2'-deoxyuridine-5'-monophosphate (5-FAUMP), is the cytotoxic product resulting from a multi-step activation of
5-FU, inhibits the enzyme thymidylate synthase (TS) enzyme. This inhibition leads to accumulation of deoxy-uridine-
monophospate ({UMP) and depletion of deoxy-thymidine-monophosphate (dTMP), which leads to inhibition of DNA
synthesis. 5-FU can also inhibit RNA synthesis in a pathway that involves 5-fluorouridine monophosphate (5-FUMP)
and subsequent conversion to 5-fluorouridine triphosphate (5-FUTP) via 5-fluorouridine diphosphate (5-FUDP).

thus, resulting in excess drug accumulation and toxicity due to the inefficient catabolism of
drug. Genetic testing of polymorphisms is being used for the classification of patients who
would be at high risk for severe or fatal toxicity when receiving fluoropyrimidine-based che-
motherapy (Table 3) [35]. Complete deficiency of DPD has been seen in approximately 5% of
the overall population and also 3-5% of the population has a partial DPD deficiency due to
sequence variations in DPYD gene [36].

The IVS14+ 1G>A change with the combination of a mutation in intron 14 and a deletion
at 5'-splice consensus sequence of exon 14, the most known and frequent variant (known as
DPYD*2A), is resulting the formation of a truncated enzyme product lacking activity. The
estimated incidence of homozygous genotype of this allelic variant is 0.1% and heterozy-
gous genotype is 0.5-2.0% in Caucasians [37, 38]. Other variants, which are associated with
increased toxicity risk, include 496A>G in exon 6, T1679G (DPYD*13) in exon 13 and 2846A>T
in exon 22 [39-41]. Genetic mutations in DPYD can be analyzed by highly sensitive methods
even for heterozygous variants such as pyrosequencing. But determination of the 5-FU and
dihydrofluorouracil concentration ratio in plasma by high-pressure liquid chromatography
(HPLC) may be more reliable predictor test for toxicity [35]. Besides DPYD, there are some
other pharmacogenetic biomarkers that are being used for the determination of the efficacy
and toxicity of fluoropyrimidine-related therapies, such as thymidylate synthase gene (TYMS).

2.2.3. Thymidylate synthase gene (TYMS)

The main intracellular target of fluoropyrimidine-related therapies is to inhibit thymidylate
synthase (TS) enzyme (encoded by the TYMS gene) that catalyzes the transformation of dUMP,
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16 Genetic Polymorphisms

which is essential for DNA replication (Figure 3) [47]. Fluorodeoxyuridylate (5-FdUMP), an
activated metabolite from 5-FU, forms stable complexes with TS enzyme and folate to stop
DNA synthesis over blocking the conversion of dUMP to dTMP. Therefore, low expression
levels of TS enzyme in colorectal patients receiving 5-FU-based treatment were associated
with desired drug response as well as to longer survival [47]. Polymorphisms, which lead
TYMS variations (2R/2R, 2R/3R, or 3R/3R) by forming double-tandem repeat (2R) or a triple-
tandem repeat (3R) on the TYMS promoter enhancer region (generally abbreviated as TSER),
influence the translation of TYMS mRNA and toxicity (Table 3). It has been showed that
homozygous 3R/3R cells overexpressed TYMS mRNA compared with homozygous 2R/2R
cells [48]. Apart from these repeats, a G>C SNP has been showed on the 12th nucleotide of the
second repeat at 3R allele, and it is causing a tri-allelic locus as 2R, 3RG, and 3RC. The 3RC
allele has similar transcriptional activity of the 2R allele [49]. Another genetic polymorphism
of the TYMS gene has been identified as a 6 basepair deletion at position 1494 in the 3"-untrans-
lated region (3'-UTR). It was demonstrated that there is a strong association between the 6-bp
deletion and low TYMS mRNA expression in colorectal tumor tissue [50, 51].

2.2.4. Methylene tetrahydrofolate reductase (MTHFR)

Methylene tetrahydrofolate reductase (MTHEFR) a regulatory enzyme is involved in folate
metabolism that redirects folate metabolites from pyrimidine synthesis towards methionine
synthesis (Figure 3). Most of the MTHFR gene variants of enzyme contain polymorphisms
that lead loss-of-function in the enzyme (Table 3). The level of loss-of-function depends on
the type and number of polymorphisms in coding gene. Therefore, MTHFR polymorphisms
affect drug metabolism, such as methotrexate, may be more likely to experience toxicity.
c.677C>T (p.A222V) and c.1298A>C (p.G429A) are the most common polymorphisms of
MTHFR gene that forms abnormal forms of enzyme. Both polymorphisms are associated
with reduced MTHFR enzyme activity. Adjustment drug dosages and prediction of the tox-
icity risk, MTHFR polymorphism test may be performed for a patient who is treated with
methotrexate [23].

2.2.5. Thiopurine-S-methyltransferase (TPMT)

Thiopurine-S-methyltransferase (TPMT) enzyme, encoding by TPMT gene, catalyzes the
S-methylation of thiopurine drugs (such as 6-mercaptopurine, azathioprine, and thiogua-
nine) for drug inactivation. The purine antimetabolites are converted to active thioguanine
nucleotides that can be incorporated into DNA or RNA to block the DNA replication. During
this activation process, purine antimetabolites cause cellular toxicity for both malign and
benign cells. TPMT catalyzes inactivation of the formed thioguanine nucleotides [52]. It is
known that some patients have low enzyme activity due to germline genetic variations. There
are several TPMT polymorphisms that caused more than 20 variant alleles of TPMT gene
(from TPMT*2 to TPMT*20) and have different effects on TPMT function (Table 3). Among
these variant alleles TPMT*2, TPMT*3A, TPMT*3B, and TPMT*3C have been determined as
responsible for enzyme deficiency. Among these alleles TPMT*2, TPMT*3A and TPMT*3C are
deficient alleles that present poor enzyme activity [45]. Accumulation of cytotoxic thiopurine
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nucleotides leading to severe toxicity has been shown in people with deficient TPMT alleles,
after receiving a standard dose thiopurine-based treatment. Patients with low TPMT activ-
ity expose more activated thioguanine nucleotides and more treatment toxicity as well as
efficacy. Patient’s genotype predicts thiopurine nucleotide levels and treatment outcomes in
thiopurine drug metabolism that shows tri-modal distribution with 89-94% of patients hav-
ing high enzyme activity, 6-11% of them having intermediate activity (as heterozygous), and
0.3% of them having low or no activity (as homozygous) [53].

2.2.6. Glucose-6-phosphate dehydrogenase (G6PD)

Glucose-6-phosphate dehydrogenase (G6PD) is a metabolic enzyme involved in pentose
phosphate pathway that is important in red blood cell metabolism. The G6PD gene is highly
polymorphic with more than 300 variants. G6PD gene deficiency is a common disease-caus-
ing enzymopathy and is associated with low levels of G6PD enzyme. The most remarkable
symptom of G6PD gene deficiency is hemolytic anemia caused by the ingestion of drugs and
food substances that result in oxidative stress. The excess peroxide due to deficiency has a risk
for both hemolytic and methemoglobinemia. Rasburicase is a recombinant urate oxidase that
has been used for the initial management of plasma uric acid in pediatric and adult patients
with leukemia, lymphoma and solid tumors who are receiving chemotherapeutic agents and
are expected for tumor lysis syndrome. Rasburicase is contraindicated in patients with G6PD
gene deficiency; therefore, FDA recommends screening for G6PD deficiency before beginning
rasburicase treatment. Dabrafenib is a kinase inhibitor that blocks the growth and spread of
cancer cells in the body. Dabrafenib consists of a sulfonamide moiety and contains hemo-
lytic anemia risk in patients with G6PD deficiency. Thus, FDA recommends monitoring for
patients with G6PD deficiency started with dabrafenib [54-56].

2.2.7. Cytochrome P450 2D6 (CYP2D6)

Cytochrome P450 2D6 (CYP2D6) deficiency is the first discovered pharmacogenetic deficiency
with the characterization of decreased enzyme expression-related polymorphisms. Decreased
mRNA levels of CY2D6 were determined as the reason of reduced metabolism and adverse
reactions to an anti-hypertensive drug, debrisoquine. These findings based on molecular tech-
nologies display the importance of genotyping on the pharmacological phenotyping involved
in drug metabolism [35]. CYP2D6 is a highly polymorphic enzyme (Table 3). According to
increased or decreased enzyme activity due to SNPs, duplications or deletions, genetic vari-
ants of CYP2D6 were classified into four metabolic phenotypes: ultra-rapid metabolizer,
extensive metabolizer, intermediate metabolizer and poor metabolizer (Table 4). This classifi-
cation system has been used to control treatment recommendations for several drugs, includ-
ing tamoxifen [57].

Tamoxifen is a selective estrogen receptor modulator, which is used in the treatment of estrogen
receptor-positive breast cancer. Tamoxifen is a weak estrogen antagonist by itself, but it is con-
verted into its main active metabolite, antiestrogenic endoxifen, by CYP2D6. CYP2D6 genotype is
predictive of endoxifen exposure that is critical in determining treatment outcome [59]. Increased
endoxifen exposure is associated with increased treatment efficacy and toxicity [60, 61].
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Phenotype Genotype

Poor metabolizer Two inactive alleles

Intermediate metabolizer Two active alleles

Extensive metabolizer One active and one inactive alleles;

Two decreased activity alleles;
One decreased activity and one inactive allele

Ultra-rapid metabolizer More than two copies of active allele

Notes: Active alleles: *1, *2, *33, *35; decreased activity alleles: *9, *10, *17, *29, *36, *41; inactive alleles: *3, *4, *5, *6, *7,
*8, *11-*16, *19-*21, *38, *40, *42.

Table 4. CYP2D6 phenotypes according to activity status of CYP2D6 alleles (adapted from Swen JJ., et al. 2011) [58].

2.3. Biomarker discovery studies for pharmacogenetic applications

Pharmacogenetics and its backbone studies in terms of polymorphisms present new devel-
opments and trends in the field of tailored medications and advancements in the modifi-
cation of therapeutic choices utilizing genotypic information from polymorphism analysis.
Pharmacogenetic biomarker studies have multiple processes from discovery to clinical imple-
mentation (Figure 4). The ultimate aim of the biomarker studies is to find a clinically accessible
decision-maker biomarker to improve patient outcomes. However, many of the valid associa-
tions cannot be achieved for clinical implementation due to the lack of sufficient robustness
or clinical importance for the question. Biomarker discovery studies should be performed
as the screening of genotype-phenotype relations in large cohorts with statistical and bioin-
formatics tools. The most significant markers obtained from discovery studies are replicated
for analytical validation in different cohorts with the evaluation of assay reproducibility and
robustness. After successful analytical validity, the biomarker and assay must be evaluated
to confirm its performance in diagnosing the clinical phenotype or predicting outcome of

Biomarker discovery
Sermseing of el - [ ooty Te A0S I @ mml

Analylical validation

S o

Clinical validation

Evalusvion e pariormance of beomaiker o Clirical oty ‘

Clinical implementation

Faguanory SpoIovals. Udnet, COMMscaLZaton, ROsT miurenon

Figure 4. Schematic presentation of pharmacogenetic biomarker studies from development to clinical implementation.
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interest. A clinically valid biomarker assay can undergo translation through prospective con-
firmation of clinical utility to improve patient outcomes. And finally, analytically and clini-
cally validated biomarker assay is ready for implementation phase that includes regulatory
approval and incorporation in clinical practice guidelines, commercialization and coverage
by health insurance [52, 62].

2.4. Future directions and conclusion

After “Human Genome Project,” science world began to use individual genotypic informa-
tion to predict the risk of diseases, to prognose the disease, to guide therapeutic decision-
making, and to develop targeted medications. Especially, the better prediction ability for
drug response and life-threatening toxic reactions is highly crucial for clinicians due to the
narrow therapeutic index of many cancer chemotherapeutic agents. The aim of personal-
ized medicine is to prescribe a convenient chemotherapeutics to the right patients with right
dose to achieve maximal therapeutic benefit with minimal toxicity. Deep observation of the
human genome is still ongoing, and it will help to discover new targets and select the most
efficacious drug for each patient’s tumor, which is named as genomic prescribing system,
the next evolution of systemic cancer management. Genetic polymorphisms, as significant
biomarkers, have provided significant and crucial information in the management of toxic-
ity and dosing of cancer treatments. So far the achievements have been limited due to the
multifactorial challenges on the polymorphism-based personalized cancer management.
Especially reliable clinical data for the effects of genetic alterations on the disease patho-
genesis, drug metabolism and response are not always available; and performing the large-
scale prospective clinical studies, to understand the associations of polymorphisms and the
application of chemotherapeutics, is often laborious. However, these prospective studies are
required for establishing possible relations for evaluating the utility and cost-effectiveness of
polymorphism-based pharmacogenetic tests and personalized medicine. Ethical, social, and
regulatory issues relevant with pharmacogenetic-based personalized medicine are the other
complex and challenging factors to establish the relations between genetic polymorphisms
and personalized drug responses.

The main application of genetic polymorphism knowledge is improving the futuristic health
care through gene therapy, discovery of new drugs and drug targets and upgrade the discov-
ery processes with advanced technologies. The use of single candidate genes can be useful as
a part of initial treatment, but in near future, it will never be enough to provide fully tailored
treatment decisions on the cancer management. Other omics technologies will complement
the genotype-phenotype association-based pharmacological-pathway approach, such as tran-
scriptomics, epigenomics, and miRNAomics.

2.4.1. Polymorphism and pharmacogenetics facts

* Humans share about 99.9% sequence identity. The other 0.1% are mostly SNPs.

* SNPs are the most common polymorphism type and occur about every 1000 bases.
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SNPs can be silent—99% of them are not in coding regions and not in genes and thus cause
harmless, harmful, latent changes.

Genetic polymorphisms are one of the most important factors that may contribute to ethnic
sensitivity of a drug.

FDA recommends for following guidelines relating to “ethnically sensitive situations” for
some drugs and suggests solutions that may control such ethnic sensitivity in the context
of therapeutic applications and study designs.

The Hardy-Weinberg principle can be used to calculate allele frequencies.

Hardy-Weinberg principle-based reporting may be optimal in genetic polymorphism-
based studies.

Personalized medicine separates patients into different groups with an individual’s mo-
lecular profile and covers the determination of the safest and most effective chemothera-
peutic agents.

The aim of pharmacogenetics is to make ‘personalized medicine” as applicable to various
patient groups.

Although a number of good polymorphism genotyping technologies are currently in use
to meet the needs of clinics and researches, not only one genotyping method is ideal for
all applications. Studies on ideal polymorphism genotyping technologies are still ongoing.

FDA has been working to improve pharmacogenetics technologies in the development,
regulation and use of medications and revise drug labels in terms of pharmacogenetic bio-
markers in oncology area.

Polymorphism in the DPYD gene is responsible for insufficient production of DPD en-
zyme; therefore, low levels of enzyme increase drug accumulation and toxicity due to the
inefficient catabolism of drug.

Allelic differences of UGT1A1 affect the glucuronidation of SN-38, active metabolite of iri-
notecan both in vitro and in vivo.

TPMT polymorphisms have different effects on function of TPMT that inactivates thio-
guanine nucleotides. Patients with low TPMT activity expose more activated thioguanine
nucleotides and more treatment toxicity as well as efficacy.

FDA recommends screening for G6PD deficiency before the beginning of rasburicase
treatment.

CYP2Dé6 deficiency is the first discovered pharmacogenetic deficiency. Genetic variants of
CYP2D6 are classified into ultra-rapid metabolizer, extensive metabolizer, intermediate
metabolizer, and poor metabolizer.

Biomarker development studies involve multiple steps, as biomarker assay development,
analytical validation, clinical validation, and clinical implementation.
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Abstract

Estrogens play an important role in the development and progression of several types of
cancers. The synthesis of estrogens occurs in almost all tissues of the body in addition to
the gonads. The enzyme aromatase (CYP19A1) encoded by CYP19A1 gene is involved in
the synthesis of estrogens. Genetic variations in CYP19A1 gene influence both the struc-
ture-function relationship of the enzyme and the rate of its synthesis. Extensive studies
have reported different types of polymorphisms in the CYP19A1 gene and have shown
that the polymorphisms, depending on their location in the gene, have different effects on
the function and activity of the gene product. Association studies have been conducted
and have led to the realization that interpopulation differences are widespread. Not only
do polymorphic forms exert different effects on the development of different cancers,
due possibly to the influence of other genetic variations, environmental, metabolic, and
epigenetic factors, but also are important as they lead to the interindividual differences
seen during treatment of the cancer state. This chapter covers important aspects of the
aromatase function, the CYP19A1 gene structure, polymorphisms identified in the gene,
different cancers and associated polymorphisms, and the role of the polymorphic forms
in affecting the treatment strategies.

Keywords: aromatase, aromatase inhibitors, cancer, CYP19A1, estrogens,
polymorphism

1. Introduction

By the late 1990s, several epidemiological and clinical studies had shown that estrogens play
an important role in the development and progression of several types of cancers, in particular
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breast, endometrial, prostrate, and colorectal cancer (CRC). A strong connection was shown
to exist between initiation/promotion of cancer and excess of estrogens, as the latter increased
mitotic activity. Initially, extensive studies linked the administration of exogenous hormones
to the development of these cancers [1], and later it was shown that several estrogen-sensitive
tissues act as intracrine organs, producing estrogens and hence elevating local hormone lev-
els, which accelerated proliferation and growth of cancer cell [2].

There are four major naturally occurring estrogens, estrone (E1), estradiol (E2), estriol (E3),
and estetrol (E4), which are produced only during pregnancy. Estradiol (E2) is an important
estrogen, has the highest affinity to estrogen receptors, and is required for different physi-
ological functions during all stages of life in both males and females [3]. Aromatase, due to its
critical role in the synthesis of the different forms of estrogens from androgens [4], specifically
estradiol from testosterone, estrone from androstenedione, and estriol from 16a-hydroxylated
dehydroepiandrosterone, is incriminated as a major player in cancer biogenesis.

2. The enzyme “aromatase”: a key player in estrogen synthesis

Aromatase (EC 1.14.14.1), also known as estrogen synthase, is the gene product of CYP19A1
gene and is an important member of the cytochrome p450 superfamily, subfamily 19. It cata-
lyzes a rate-limiting step during the aromatization of androgens to estrogens by three succes-
sive hydroxylations and eliminations of carbon at position 19 of the androgens (Figure 1) [5].
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Figure 1. Role of aromatase in estrogen synthesis.



Genetic Polymorphisms in Aromatase (CYP19) Gene and Cancer
http://dx.doi.org/10.5772/intechopen.69208

Several studies suggest that many tumors are dependent upon estrogens for their develop-
ment and continued growth [6]. Blockage of any conversion in the pathway potentially leads
to decreased estrogen production, but more specific suppression results from inhibition of the
final step that is unique to estrogen biosynthesis, i.e., inhibition of aromatase. The key role of
aromatase in estrogen biosynthesis has generated enormous interest in putative inhibitors of
the enzyme and their use as therapy against endocrine-responsive tumors.

Initially, it was believed that the ovaries and placenta are the only site for the production of
estrogens, which are involved in female reproductive functions. However, later studies con-
ducted using many sophisticated and sensitive tests and equipment revealed that estrogens
are also synthesized in the male gonadal tissues, i.e., the testis and epididymis, and in extra-
gonadal tissues including liver, colon, prostate, brain, adrenal gland, skin, bone, hair follicles,
adipose, and vascular tissues. This is due to the presence of aromatase, which is active in
various tissues in both females and males, and hence estrogens are produced in gonads and
in the extra-gonadal tissues [2, 7-9].

Aromatase is a dimer, a complex of two polypeptides; one is a specific cytochrome P450,
which is the product of the CYP19AI gene. The other subunit is a flavoprotein, NADPH-
cytochrome P450 reductase. This is ubiquitously present in most cells, and this wide distribu-
tion within the human body justifies its central role in different physiological processes [10].

2.1. Aromatase gene structure

The CYP19A1 is located on chromosome 15 at q21.1 region and spans about 123 kb [11]. It has
10 exons and nine introns in all tissues where the coding region covers about 34 kb region,
while the regulatory region is more than three times longer (approx. 95 kb) (Figure 2). This is
in the 5' region of the gene and occurs as unique sequences, scattered upstream of the coding
sequences. The regulatory region is unusually large and is composed of at least 10 tissue-
specific promoters (Figure 3). These promoters are used alternatively in different cell types.
The regulation of each promoter depends on a distinct set of regulatory sequences in the DNA
and specific transcription factors that bind to these sequences. The transcription factors bind
the promoter, activating it and giving rise to splicing of an untranslated first exon onto this
common junction immediately upstream of the translation start site in the coding region. The
promoter region has the basic transcription elements, i.e., the TATA box, a CAAT box, and a
GC box, and also contains different regulatory elements in different tissues [12].

This first exon (exon 1) occurs in multiple forms, which encode the 5’ untranslated region (UTR)
of the CYP19A gene and are spliced out in a highly tissue-specific manner. Since the gene has
multiple promoters, in each tissue the transcript is generated following tissue-specific splicing of
alternative exons available for exon 1. For physiologic estrogen biosynthesis in the gonads, brain,
vascular tissue, bone, adipose tissue, placenta, skin, and fetal liver, different partially tissue-
specific promoters are used [13]. To date, nine different exon 1 subtypes have been reported,
and each is expressed in a specific tissue as presented in Table 1. Exons 2-10 form the coding
sequence of the gene and lie in a region, which is approximately 34 Kb in length. Exon 1, specific
for the tissue, gets linked to exon 2 after splicing of the intervening sequences (Figure 3). All
transcripts have the same coding sequence generated from the sequences in exons 2-10 [12-14].
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Figure 2. Structure of CYP19A gene.
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Figure 3. The 5' gene region of the human CYP19A1 gene. The 5’ untranslated region of the human aromatase gene is
encoded by multiple exon 1. These are tissue specifically spliced and connected to exon 2 (modified from Ref. [4]). The
lines linking exon 1 to exon 2 indicate that exon 1 is present as 5' UTR in the tissue.

Exon 1 type Expressed in (tissue)
1.1 (1a) and 1.2 (1e) —Placenta
1.3 (1c) and PII (1d) —Ovary
—Testis
14 (1b) —Adipose tissue
L5 —Fetal lung
—Intestine
L6 —Adipose
—Bone tissues
L7 —Adipose
—Vascular endothelial tissues
1f —Brain
IL.1.3,1.7, and 1.4 —Breast

Table 1. The multiple forms of exon 1 and the tissues in which each is expressed.

Investigations have shown the expression of aromatase gene in estrogen-dependent breast can-
cer (BC) tissues, endometrial carcinoma, and colorectal, gastric, liver, lung, ovarian, pancreatic,
and prostatic cancers [2, 12]. The cell-specific expression of aromatase determines the presence
or absence of aromatase activity in the tissue and hence the amount of available estrogens.
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The transcriptional regulation of aromatase has been extensively investigated since the 1980s.
Many mechanisms have been proposed to explain the underlying control of CYP19A1 gene
expression, in an attempt to elucidate the etiological role played by aromatase in cancer devel-
opment and progression [15]. Several mechanisms at the transcriptional, posttranscriptional,
and epigenetic levels have been unveiled. In addition to these mechanisms, extensive genetic
variants of CYP19A1 gene have been identified that influence aromatase activity and may be
regarded as prognostic factors for susceptibility to cancer development [16-18].

2.2. Genetic polymorphisms of the CYP19A1 gene

The CYP19A gene seems to have acquired a number of variations in the coding, noncoding, and
control sequences [17]. These variations result from different mutations, short tandem repeat
(STR) polymorphisms, and single nucleotide polymorphisms (SNPs). The variations may influ-
ence expression of CYP19A1 gene, activity of the enzyme, susceptibility to cancer development,
and clinicopathological features of cancer, and some act as refractory and prognostic factors.

Frequencies at which the alleles occur in different populations differ considerably, and it is
also shown that the differences in the plasma levels of several sex hormones may be due to
the presence of different alleles, particularly in postmenopausal women. It is hypothesized
that the genetic polymorphisms provide a probable explanation for differences in cancer risk
among different ethnic groups. Hence, the presence of the different CYP19A1 alleles may
account partially for the racial differences in the frequency of the different types of cancer.

This section presents the polymorphisms identified in the CYP19A1 gene and discusses their
distribution in different populations, their association with different cancers, their influence
on the development, prognosis, treatment strategies, and complications resulting from the
treatment.

2.2.1. Short tandem repeat (STR) polymorphism

Short tandem repeats (STRs) were identified in the aromatase gene during the late 1990s, and
some studies showed a higher incidence of cancers in individuals carrying different alleles of
the CYP19A1 gene. One of the most frequently reported STRs in CYP19A1 is a tetranucleotide
(TTTA) sequence, which occurs in different repeats ranging from 2 to 13.

Several studies conducted in different populations reported association between the tetra-
nucleotide repeat sequence and cancer, while others failed to do so. Kristensen et al. [19]
reported that a rare polymorphic Al allele of CYP19 repeat (TTTA)12 occurs at a significantly
higher frequency in females suffering from breast cancer than controls (3.6 vs. 1.6%) and
indicated that the carriers of the allele might have an increased risk of developing breast
cancer (OR = 2.42; 95% CI = 1.03-5.80). Haiman et al. [20] showed that breast cancer cases
had a statistically significant greater frequency of the (TTTA)10 repeat alleles (10 alleles;
2.3 vs. 0.7%; p = 0.005), but a nonsignificant increase in the frequency of the (TTTA)12 allele
(12 alleles; 3.1 vs. 2.1%; p = 0.11). The 10 alleles were more frequent in patients with more
advanced cancer disease, which were defined as four or more involved nodes or distant
metastasis. A little later study on Japanese women reported similar results in breast cancer
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(OR = 1.80; 95% CI = 0.97-3.36) risk [21]. Baxter et al. [22] also confirmed that breast can-
cer cases had a statistically significant positive association with the (TTTA)10 allele (1.5 vs.
0.2%; p = 0.028) and the (TTTA)8 allele (13.5 vs. 8.7%; p = 0.012), while the frequency of the
(TTTA)12 allele was not statistically significant. A study by Miyoshi et al. [23] showed that
the (TTTA)7 along with a trinucleotide deletion (-3bp) allele was increased significantly (p <
0.05) in breast cancer patients who were ER positive (OR =1.72; 95% CI = 1.10-2.69), but not
those who were ER negative. Among the Brazilian cancer patients, the (ITTA)10 allele asso-
ciated positively with breast cancer development and the frequency of the allele was three
times more compared to controls (p = 0.048) [24]. A study from China also showed a signifi-
cantly higher frequency of (TTTA)10 allele in breast cancer cases (12.4%) than controls (8.2%)
(p = 0.02) [25]. As presented in Figure 4, a recent study from Mexico showed significant
differences in the repeat number in breast cancer patients compared to the normal controls.

Several studies were published from Russia, and it was shown by Artamonov et al. [26] that the
allele (TTTA)8 was associated with BC (11.8 vs. 6.3%; p=0.04). Risk of BC elevated if this allele was
present with genotype A2/A2 of the tetranucleotide deletion (7.3 vs. 0%; p < 0.01). In Norwegian
women [19], the association of breast cancer with the long allele (TTTA)12 was shown.

Kim et al. [28] reported that though there is no difference in the (TTTA)n genotype distribu-
tion between patients and controls, but there was a positive association between >(TTTA)10
and ER-negative tumors and between lower repeat polymorphism and ER-positive tumors
(p = 0.019). A study on different ethnic groups (African-Americans, Japanese, Latinas, and
non-Latina Whites) by Probst-Hensch et al. [29] reported contradictory results and showed no
consistent association of (TTTA)n repeat polymorphism with breast cancer risk. This was in
line with other studies from the USA [30] and Greece [31]. These studies show that the tetra-
nucleotide polymorphism occurs in different populations, and the repeat variants show asso-
ciation with breast cancer in some and not others. Often, contradictory results are reported
from the same population.
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Figure 4. Frequency of TTTA repeat number polymorphism in breast cancer (BC) patients and normal (N) controls in a
Mexican population (modified from Ref. [27]).
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The (TTTA)n polymorphism has been reported to modify susceptibility to prostate cancer
development in several studies in different populations. Most of the studies have shown that
the longer alleles (TTTA)7 or more are associated with a higher risk of prostate cancer, and
in some studies, it is shown that the association is also with cancer-specific survival [32, 33].
A study on the Japanese men reported that (TTTA)7 and (TTTA)8 alleles show association
with the risk of prostate cancer [34]. It was also shown that when the patients were stratified
according to the pathological grade or the clinical stage, there was no significant difference in
the different genotypes. Tsuchiya et al. [35] regarded this polymorphism as a novel predictor
of prostate cancer with bone metastasis. They showed that alleles longer than seven repeats
(TTTA)7) were associated with worse cancer-specific survival. Tang et al. [36] further sug-
gested that though these repeat polymorphism influence disease susceptibility, but the effect
is modified by factors that alter hormone metabolism.

The (TTTA)n has also been investigated in endometrial cancer, and some studies have shown
that the long alleles A6 and A7 occur at a higher frequency in the patients than the controls
[37-39]. It was shown that the longer A6 and A7 alleles have higher intratumoral aromatase
activity, thus predisposing to increased synthesis of estrogens and hence increasing the local
estrogen concentration, which supports proliferation [40].

2.2.2. TCT insertion/deletion in intron 4

A TCT insertion/deletion (ins/del) polymorphism occurs in the intron 4 of the CYP19A gene,
approximately 50 bp upstream to the (TTTA)n repeat. A few studies have linked breast can-
cer to the trinucleotide TCT deletion [31, 41]. In the British population, the TCT ins/del and
a G-->T substitution in intron 4 were of rare occurrence (0.35 and 0.45, respectively), and
both were in linkage disequilibrium with (TTTA)10 allele, which was reported to be linked to
breast cancer susceptibility [41]. Similarly, in Korean breast cancer patients, 3-bp ins/del poly-
morphism showed a strong association with breast cancer risk [42], and other studies showed
a stronger association with endometrial and prostate cancer risk [39, 43]. Coexisting (TTTA)n
and 3-bp TCT deletion polymorphism show contradictory results in different studies [44, 45].

2.2.3. Single nucleotide polymorphisms

The presence of single nucleotide variations in the DNA sequence of CYP19A1 gene was rec-
ognized in the earlier 1990s, and Ma et al. [46] reported 88 SNPs in 2005. To date several more
SNPs have been identified, and several are of clinical interest, due to their predisposing or
protective role in the development of cancer or other diseases. Some of these variations are
rare, while others occur at a frequency of >1% and are polymorphic. Sourdaine et al. in 1994
[47] described several rare mutations in exons 3, 7, and 10 of the CYP19A gene in breast cancer
patients. Kristensen et al. [48] reported a mutation in exon 10 (C > T) and showed that though
the frequency of TT genotype was significantly higher in patients vs. controls (p = 0.007), par-
ticularly among those with stage Il and IV diseases (p = 0.004) and with tumors larger than
5 cm (p =0.001), it was a rare mutation. The T allele frequency was considerably higher in indi-
viduals who presented with more advanced disease and had larger (>5 cm) tumor size. The
aromatase mRNA levels were high in the patient group and were associated with a switch to
ovarian promoter from the one normally used, i.e., adipose promoter.
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Single nucleotide polymorphism (SNP) association studies have been reported in several can-
cers and provide several interesting cues about the role of these variations. This section pres-
ents different types of cancer and the SNPs identified and studied.

3. CYP19A1 polymorphisms in different cancers

3.1. Variations in CYP19A1 gene and breast cancer

Breast cancer remains as the most frequently occurring cancer in all races and all ethnic
groups (https://nccd.cdc.gov/uscs/toptencancers.aspx). Estrogens affect proliferation and
growth of the cells in the breast. Thus, polymorphisms of the genes, which are involved in
the estrogen biosynthesis and metabolism, have been regarded as factors affecting the risk of
breast cancer. Research conducted since the early 1970s confirmed that the major risk and pre-
disposing factor for breast cancer is increased exposure to estrogens and progesterone [49].
Obesity was also shown to be one of the factors since adipose tissues are an important source
of endogenous estrogens [50]. Furthermore, local production of estrogens in the breast tissue
was shown to play a major role in elevating hormone levels in the breast tissue, which in turn
accelerates proliferation and growth of breast cells and subsequent progression to malignant
transformation [51]. Genetic factors increase susceptibility to develop breast cancer, and in
the 1990s, the identification of two breast cancer susceptibility genes, BRCA1 and BRCAZ2 [52],
turned the attention of breast cancer research to the identification of possible genetic mark-
ers of breast cancer susceptibility. Extensive research has led to accumulation of knowledge
about genetic variation in different genes, including the CYP19A1 gene, due to its gene prod-
uct, aromatase. Table 2 summarizes some of the reports on SNPs in CYP19A1 and shows that
there are contradictions in different reports about the contribution of a SNP to breast cancer
risk and there are population differences in the influence of the SNP on clinical presentation.

The rs10046 polymorphism is a C/T transition in the 3' UTR of CYP19A1 gene. It has been
classified as a benign variant, which has recently been linked to aromatase deficiency (https://
www.ncbi.nlm.nih.gov/clinvar/RCV000323501/). Recently, Farzaneh et al. [54] showed that
there was a significant differences in allele and genotype frequencies for rs10046 in Iranian
population with and without breast cancer (p-value = 0.01, OR (CI 95%) = 1.59 (1.1-2.3),
p-value =0.04, OR (CI 95%) =1.7 (1.1-2.5), respectively). Zhang et al. [79] reported that among
the ER+ Chinese women, the T allele of rs10046 was significantly associated with premeno-
pausal breast cancer risk. Yoshimoto et al. [69] studied rs10046 polymorphism in Japanese
women and reported that the C allele could be regarded as a risk predictor of breast cancer
(p = 0.007). However, other studies on different populations failed to show any association.
A study on Greenlandic Inuit women did not show any effect of rs10046 on the risk of breast
cancer (%) [53]. Pineda et al. [72] showed that in a Spanish population the C allele may be
linked to an increased risk of breast cancer. However, when they extended their findings to
a meta-analysis, the association was lost. They concluded that it is possible that the effect of
rs10046 is modified in the presence of other variants. Zins et al. [71], recently, showed that
though rs10046 does not link to breast cancer risk, but the TT genotype affects the age of onset,
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CYP19A1 SNP Population/study location  Clinical implication Reference
rs10046 Inuit women Nonsignificant association with BC [53]
rs10046 Iranian Significant association with BC [54]
15762551 Swedish Predictive marker for early breast [8]
rs4646 cancer events in Al-treated patients with
ER-positive tumors
156493497 USA Associated with decreased bone density ~ [10]
with Al treatment
rs4646 China AA is significantly associated with [55]
improved clinical outcome of hormone
therapy; prolonged DFS
154646, 1510046, rs700518, American Significantly associated with decreases in  [12]
1rs749292 rs2289106, triglycerides on letrozole treated
rs3759811, rs4775936
rs10046 Xinjiang Uigur women TC genotype and an abortion can reduce  [56]
the risk of the breast cancer
1s934635, rs60271534, A meta-analysis Treatment response [57]
rs700518
rs700518 Italy Treatment response [58]
rs4646, rs10046, rs936308 American Were associated with bone AEs [65]
rs4646 Chinese Related to DFS in early breast cancer [66]
and that the prognosis index of the
homozygous for the minor allele (AA)
may depend on menopause status
rs700518, American ancestry, Significantly associated with increased [67]
rs11856927 Hispanic Americans, and ~ breast cancer risk
Mexico Whites
rs4775936 UK Al metabolism [68]
rs10046 Japanese Significant risk predictor [69]
rs700519 India Could be used as molecular markers to [70]
assess breast cancer
rs10046 Austrian population Association with clinical characteristics [71]
rs10046 Spain Related to levels of circulating estradiol [72]
and to the estradiol/testosterone ratio
rs4646, rs1065779, Taiwan Associated with poor survival of [73]
rs1870050 premenopausal women but does not
affect survival of postmenopausal women
rs4646 American May serve as a prognostic marker of the ~ [74]
response to anastrozole in patients with
MBC
1510046, rs4646, rs2830, China Nonsignificant association with BC [75]

1rs$9926298, and rs9939609
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CYP19A1 SNP Population/study location  Clinical implication Reference
15700518, rs10459592, and ~ Korea Significantly associated with clinical [76]
154775936 efficacy
1510046, rs4646, rs74929, ITtalian The aromatase enzyme function is not [77]
1727479 affected by polymorphisms of CYP19A1

gene in postmenopausal BC patients
154646, Swedish Involved in both breast cancer risk and [78]
rs7167936 prognosis
Arg264Cys Chinese No association [59]
Arg264Cys Korean Increased breast cancer risk [60]
Arg264Cys Chinese No association [61]
151008805 USA G allele associates with breast cancer [62]
152236722 Japanese Trp more frequent in ER+ [63]
rs1870049, rs1004982, Chinese No association [64]

1528566535, 15936306,
1511636639, 15767199,
rs4775936, rs11575899,
1510046, rs4646

Table 2. Some of the SNP association studies reported in breast cancer.

where individuals carrying TT may develop breast cancer at an age younger than 50 years.
It was also shown that the genotypes of rs10046 may influence the levels of estrogens and
estrogen/testosterone ratio and also play a role in modulating the levels of other biochemical
parameters [72].

The rs4646 polymorphism is an A/C transversion, located in the 3' UTR of the CYP19A1 gene.
Some studies show it to be significantly associated with an increased risk of breast cancer.
Among the Swedish breast cancer patients, rs4646 was strongly associated with the risk of
breast cancer and the histological grade of the disease [78]. The A allele was associated with
low histological grade and small tumor size (p = 0.001 and 0.015). Shao et al. [66] showed that
AA is related to longer disease-free survival in Chinese breast cancer patient’s population com-
pared to the CC and CA genotype of the rs4646 genotype. Fasching et al. [80] showed that the
rs4646 may influence disease-free intervals in breast cancer patients. They concluded that this
variant may influence the prognosis of the disease but not through affecting estrogen levels.

Santa-Maria et al. [84] have recently reported that several SNPs influence the plasma lipid
levels in patients treated with letrozole, where rs4646, rs10046, rs700518, 15749292, rs2289106,
rs3759811, and rs4775936 decreased triglyceride levels and had a variable effect on the level
of HDL-C.

A number of other SNPs have been investigated in breast cancer; some are associated with the
risk of breast cancer, while others are not (Table 2). Some influence the clinical presentation of
the disease, the prognosis, and the disease-free intervals, while still others modulate the effect
of treatment and the associated complications.
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3.2. Variations in CYP19A1 gene and endometrial cancer

Endometrial cancer (EC) is one of the most frequently encountered gynecologic malignancies,
and a strong association is shown to exist between excess of estrogens and initiation and pro-
motion of endometrial cancer [81]. As early as 1975, it became evident that estrogen may act as
a carcinogen when unopposed by an adequate amount of progesterone. Many studies dem-
onstrated higher risk of endometrial cancer in females on hormone replacement therapy [82].
Since exposure to endogenous estrogens was regarded as an important determinant of risk
of endometrial cancer, several studies were initiated to identify genetic variants and the role
they play as risk factor for the development of endometrial cancer. One of the earliest stud-
ies was reported from Russia and implicated genetic variants of CYP19A1 in the etiology of
endometrial cancer [38]. Mikhailova et al. [83] investigated the C --> T transition (Arg264Cys)
in exon 7 of CYP19A1 gene but did not find any association. G/A and T/C polymorphisms of
CYP19A1 were investigated, but no significant association was identified (p > 0.05) [85]. Tao et
al. [86] investigated several SNPs (151065779, rs700519, rs28566535, rs752760, and rs1870050)
in CYP19A1 gene. The results showed that the rs1870050 in the promoter region associates
inversely, where the genotypes CC and AC had a 0.81 (95% CI = 0.68-0.97) and 0.58 (95%
CI = 0.42-0.80), respectively. Gulyaeva et al. [87] showed that the CT genotype of R264C poly-
morphism increases the risk of endometrial cancer significantly with an OR = 3.73, p = 0.0004.
Setiawan et al. [88] showed the association of the A allele of rs749292 and rs727479 with
increased risk of endometrial cancer and a 10-20% increase in circulating estrogen levels in
postmenopausal women. In another study, the A allele of rs4775936 was significantly associ-
ated (OR (per allele) = 1.22; 95% CI = 1.01-1.47; p(trend) = 0.04), while the T allele of rs10046
was marginally associated with increased risk of endometrial cancer (OR (per allele) = 1.20;
95% CI = 0.99-1.45; p(trend) = 0.06) [89]. Recently, Thompson et al. [18] reported the results
of a genome-wide study and showed that rs727479 was associated most significantly with
endometrial cancer and elevation in circulating estrogen (E2). Further studies are required in
different populations to confirm the association of genetic variants of CYP19A1 with endo-
metrial cancer.

3.3. Variations in CYP19A1 gene and prostate cancer

Prostate cancer is among the most frequently encountered non-cutaneous malignancy in men.
Extensive research has been carried out to identify the etiology and pathological mechanisms,
but the mechanism of prostate cancer development is not fully clear. Several factors have been
implicated in its etiology including environmental, dietary, hormonal, lifestyle, and genetic
factors. Studies have confirmed that estrogens may be closely involved in predisposing to or
even causing cancer [90]. Aromatase is shown to be altered in patients with prostate cancer,
and its expression is elevated almost 30 times in the cancer tissue compared to the normal
tissue [91, 92]. The mechanisms by which estrogens induce carcinogenesis in prostate tissue
have been hypothesized in several studies and involve genotoxicity, after chronic inflamma-
tion, epigenotoxicity, hyperprolactinemia, and prostatic ER-mediated changes. The genetic
factors in the patient are gaining considerable interest, and genetic polymorphisms are being
regarded as prognostic predictors of metastatic prostate cancer [93].
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A few studies have reported the influence of 5700519 on prostate cancer risk. This SNP is a
C> T transition in exon 7 of CYP19A1 gene and results in the substitution of Arg at position
264 by Cys. No association was reported among Bulgarians [94], African Americans [95], and
Japanese [96]. However, a study on North Indian population showed that the variant Cys
was associated with statistically significant increased risk of prostate cancer (OR = 2.28; 95%
CI =1.20-4.35; p = 0.012) [97]. Another report on Japanese showed that when prostate cancer
patients were stratified according to clinical stage and pathologic grade of cancer, the CT and
TT genotypes were associated significantly with high-grade carcinoma (OR = 2.59; 95% CI =
1.47-4.46; p =0.048) [98]. A study on Caucasians showed that the C/T mutation was associated
with prostate cancer risk, with only borderline significance after age and BMI adjustment.
Interestingly, when the effect of the C/T mutation was evaluated with a mutation in androgen
receptor (AR), the significance of the association with prostate cancer risk increased consider-
ably [99]. Mononen et al. [100] explored the association between 18 variants and prostate can-
cer risk and identified a novel SNP, T201M. This SNP showed association with prostate cancer
(odds ratio (OR) = 2.04; 95% confidence interval (95% CI) = 1.03-4.03; p = 0.04). Onsory et al.
[97] showed that Cys allele in exon 7 of CYP19A1 was also associated with statistically signifi-
cant increased risk of prostate cancer (OR = 2.28; 95% CI = 1.20-4.35; p = 0.012). Other studies
also showed that CYP19A1 polymorphisms may influence prostate cancer risk and survival
by modifying promoter activity, with subsequent effects on the sex hormone milieu [101].

A study recently reported on two populations of African ancestry failed to show any associa-
tion between rs60271534 and prostate cancer risk [17]. Another SNP 1531 C > T was investi-
gated in the Turkish prostate cancer patients, but no significant association was observed [102].
Lévesque et al. [103] reported a study in which results obtained in Caucasians and Taiwanese
were compared. It was shown that rs12900487, rs4441215, and rs2470152 in CYP19A1 gene
do not follow Hardy-Weinberg equilibrium and did not differ in their frequency between the
patient and control group. Two other SNPs rs1870050 and rs2446404 significantly increased
the risk of prostate cancer in the Caucasian population, while in the Taiwanese, only rs1870050
was associated significantly in the Caucasians but not in the Taiwanese [103].

The effect of two or more coexisting SNPs in influencing predisposition to prostate cancer is
shown in several studies, thereby implying that the SNPs may behave synergistically or have
antagonistic effect and thus bringing further heterogeneity to SNP action [96]. Cussenot et
al. [32] reported that the long allele (>175 bp) of the TTTA repeat of CYP19A1, when existing
with V432L polymorphism of CYP1B1, increases the risk of prostate cancer significantly. This
effect was more obvious in the younger patients. Huang et al. [42] working on a Taiwanese
population reported that the risk of developing prostate cancer increased significantly (from
OR = 1.59; 95% CI = 1.04-2.44; p = 0.044), when TCT del/del genotype of CYP19A1 coexists
with (TTTA)7. The coexisting ins allele and (TTTA)12 also in the CYPI9A1 reduced the risk
of developing prostate cancer. More recently, Kachakova et al. [94] have shown that the 7/8
genotype of (TTTA)n repeat polymorphism in CYP19A1, when coexisting with the C allele of
rs1056837 in CYP1B1, predisposes to prostate cancer, while the 8/9 and the 7/12 genotypes
of (TTTA)n of CYP19A1 when existing with the C allele of CYP1B1 associate with lower risk
of prostate cancer and a reduced risk for aggressive disease.

Interestingly, it was shown that some of the SNPs in CYP19A1 gene have a significant effect
on the level of circulating steroid hormones including LH, testosterone, estradiol, SHBG, and
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indices of insulin sensitivity. However, no association was reported between these polymor-
phisms and non-hormonal parameters including anthropometric parameters, blood pressure,
lipids, hemoglobin, and prostate-specific antigen [104].

The plasma level of estrogens may also be altered by the presence of different SNPs in the
CYP19A1 gene. rs2470152, an intronic SNP, is significantly associated with the serum level of
E2, while in individuals, the presence of rs2470152 results in the elevation of both E1 and E2
in men [105].

The presence of some SNPs also influences the effect of different nutritional and therapeutic
agents used for protection from cancer. Sonoda et al. [106] report from Japan that the protec-
tive effect shown by isoflavones against prostate cancer is modified by the (TTTA) long repeat
alleles and coexisting minor alleles of rs10046 in CYP19A1, even if the isoflavones are used at
concentrations as high as 60 mg/day. On the other hand, homozygosity for the major allele
of 1510046 in CYP19A1 and also with coexisting short repeats of (TTTA) reduces the risk of
prostate cancer development.

3.4. Variations in CYP19A1 gene and colorectal cancer

It is well documented that estrogens play a role in the development and progression of
colorectal cancer (CRC) [107-109]. The beneficial role played by estrogens in preventing CRC
is obvious since males have a higher prevalence of CRC than premenopausal females, but the
prevalence increases in menopausal females. Furthermore, females on hormone replacement
therapy have a lower susceptibility to CRC [110]. However, it is shown that estrogens are
locally produced in the colorectal tissue and result in a higher level of E2 and a lower level of
E1. This imbalance in E2/E1 ratio may result in an increase in cell proliferation and concomi-
tant decrease in apoptosis, thus increasing the risk of CRC [111-113]. Normally, in the colon,
E2 is converted to E1 by 173-HSD2 and 173-HSD4. The E1 is antiproliferative, and the E2/E1
ratio keeps a check on the cell cycle. In colon cancer since this ratio is altered, proliferation
is accelerated [111, 112]. A study on Chinese men showed that there were elevated E2 levels
and the presence of CT/TT genotype of ESR2 receptor increased the risk of CRC to 2.3 (95%
CI=1.4-3.9), compared to those who had lower levels of E2 and the ESR2 genotype CC [114].

Polymorphisms are reported in CYP19A1 gene, and some result in increased risk of CRC.
Lin et al. [115] studied Caucasian patients of the European origin and genotyped the patients
and controls for 13 different SNPs (rs4646, rs10046, rs2414096, rs727479, rs1008805, rs749292,
1rs93606, rs3751591, rs1004984, rs2445762, rs2446405, rs2740144, and rs32445765), distributed
all over the CYP19A1 gene. Only one SNP rs10046 showed a significant association with CRC
risk. However, the significance was lost after correction for multiple comparisons. In a study
from the USA, Slattery et al. [110] reported significant association of four SNPs (rs12591359,
rs17523880, rs1961177, rs3751591) with increased risk of colon cancer and another four which
increased the risk of rectal cancer [116]. However, after adjustment for multiple comparisons,
only one SNP (rs12591359) showed significant association (OR = 1.44; 95% CI = 1.16-1.80).
The AA genotype of this SNP was associated with an increased risk of cancer of the colon
and decreased risk of the cancer of rectum. We genotyped Saudi CRC patients for six SNPs
(rs4774585, 1s936308, rs4775936, rs700518, rs28757184, and rs4646) in the CYP19A1 gene but
failed to see any association with CRC risk [117]. Lin et al. [116] studied haplotypes in the
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CYP19A1 gene and identified one haplotype block, which associated with CRC, most likely
reflecting association with the tagging SNP, rs1902584, in the block.

It has also been reported that aromatase also participates in metabolizing various compounds
produced endogenously, including sex hormones, lipids, and other lipid derivatives. The
rate of metabolism of these compounds depends on the amount and activity of the enzyme,
which in turn may be altered by the alleles of the different SNPs. Metabolic end products pro-
duced may increase or decrease the risk of CRC and hence the interindividual differences in
inherited metabolic susceptibility to CRC. Inflammatory response to different exogenous and
endogenous factors may also have a role in CRC [110].

3.5. Variations in CYP19A1 gene and ovarian cancer

Several clinical trials have provided evidence implicating hormone replacement therapy as a
risk factor for development of ovarian cancer. However, the role played by estrogen in the eti-
ology of ovarian cancer has yet to be unveiled. Polymorphisms in CYP19A1 gene have been
investigated in a few studies, to identify possible risk markers. Goodman et al. [118] conducted
multiethnic (Japanese, Caucasian, Hawaiian, Filipino, and others) case-control study in Hawaii
and investigated two SNPs (rs749292 and rs727479) in relation to ovarian cancer. They showed
that the A allele of rs749292 was associated positively with ovarian cancer risk in a codominant
model for all races combined, while the rs749479 did not show any association [118]. Both alleles
increased the plasma estrogen levels by 10-20%. In an Australian population, no association was
seen between rs10046 and ovarian cancer [119]. In a Polish population, several polymorphic
loci were investigated, but no association was observed with any of the studied SNPs. More
investigations are required to confirm association if any between the SNPs and ovarian cancer.

3.6. Variations in CYP19A1 gene and hepatocellular carcinoma

Worldwide, the prevalence of hepatocellular carcinoma (HCC) is high, classifying it as one of
the most common malignancies. Studies have suggested that sex hormones, including andro-
gen and estrogen, may be involved in HCC development and progression [120], pointing
toward aromatase variants in HCC development. However, studies on CYP19A1 polymor-
phism and the risk of HCC are few. Yuan et al. [121] failed to show any association between a
non-synonymous SNP at codon 39 of the CYP19A1 gene, which causes substitution of Trp by
Arg and results in the synthesis of a nonfunctional aromatase. A positive association between
A/C transversion and HCC risk was reported by Koh et al. [122]. This polymorphism occurs
in the exon L6 promoter of the CYPI9A1 gene and is located in a consensus sequence for a
TFIID binding site. The C allele increases the expression of CYP19A1 significantly, thereby
increasing the synthesis of estrogens and androgens. Further studies are required to identify
other risk markers for HCC in the CYP19A1 gene.

3.7. Variations in CYP19A1 gene and esophageal adenocarcinoma

Esophageal adenocarcinoma (EA) prevalence is on the rise in the young Western popula-
tion. A strong gender bias is shown in epidemiological studies, with a sex ratio of 8:9.1. It
is suggested that the estrogens may be a protecting factor in females, since estrogens have
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been shown to stimulate apoptosis and decrease the growth of the esophageal squamous cells
[123]. It also decreases the expression of Ki-67 while increasing E-cadherin expression [124].
However, not many studies have explored the role of SNPs in CYP19A1 gene and the risk of
EA development. Wu et al. [125] studied the role of rs2445762 of CYP19A1 and showed that
there was a significant association between this SNP and an early onset of EA (<55 vs. >55
years), all p <0.05 after adjusting for covariates and false discovery rate.

Recently, a study by Lagergren et al. [126] pooled 14 studies from three continents (Australia,
Europe, and North America) and investigated the effect of 60 SNPs in CYP19A1 gene as a risk
factor for EA. However, no significant association was identified for any of the SNPs in any
of the populations. Further studies are required in different populations to identify possible
association between CYP19A1 polymorphisms and EA risk.

3.8. Variations in CYP19A1 gene and gastric cancer

Gastric cancer is the fourth most common cause of cancer-related death in the world [http://
www.who.int/mediacentre/factsheets/fs297/en/]. Studies have suggested that long exposure
to estrogens, of ovarian or exogenous origin, may provide a protection against development
of cancer [127, 128]. This finding has led to the implication of estrogen receptor defects in the
development of gastric cancer [129]. There are very few reports on the association between
CYP19A1 gene polymorphism and gastric cancer risk. Freedman et al. [130] investigated 58
SNPs in six genes (COMT, CYP1B1, CYP17A1, CYP19A1, HSD17B1, and SHBG) which are
involved in the biosynthesis of estrogen and androgen. None of the CYP19A1 gene showed
any association with gastric cancer risk. More recently, Cho et al. [131] conducted a popula-
tion-based genetic association study, in which they investigated the role of genes for proteins
involved in the steroid hormone biosynthesis pathways. Of the 108 SNPs investigated in five
genes (CYP19A1, HSD3B1, HSD17B2, CYP17A1, HSD17B1), 10 SNPs in CYP19A1 were sig-
nificantly associated with the risk of gastric cancer. They concluded that CYP19A1 may be an
important player in elevating the risk of gastric cancer and could be considered as a genetic
marker for gastric cancer susceptibility (p < 0.05). Since the association is unclear, further
studies on CYP19A1 gene polymorphism and the risk of gastric cancer, in different popula-
tions, are warranted and may help in the identification of possible genetic marker.

3.9. Variations in CYP19A1 gene and testicular germ cell tumor

In young men, testicular germ cell tumor (TGCT) is reported to be the most common cancer.
It is hypothesized that an imbalance in the in utero level of androgens and estrogens may be
the major predisposing factor in influencing TGCT risk. Kristiansen et al. [132] conducted an
investigation on Norwegian-Swedish case-parent trios and genotyped 105 SNPs in 20 genes
whose gene products were involved in the sex hormone pathways. Three SNPs (rs2414099,
rs8025374, and rs3751592) showed a statistically significant association with TGCT risk in
the case-parent analysis. For each of the studied SNP, the T alleles were associated with an
elevated risk of TGCT (OR = 1.30, 1.30, and 1.21, respectively). No differences were identi-
fied in allelic effect estimates when the parental inherited genetic variation was correlated
with the TGCT risk in the offspring. Furthermore, no differences were observed between the
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Norwegian and the Swedish populations for each of the studied SNP. It was concluded that
aromatase may be a factor playing a role in the etiology of TGCT. However, this statement
needs confirmation from further population-based studies.

4. Effect of SNPs on prognosis and survival of breast cancer patients

Some of the SNPs in CYP19A1 gene have been linked to disease prognosis and survival. It
was shown that rs28566535, 15730154, and rs936306 are significantly associated with plasma
levels of estrone as well as with breast cancer survival [133, 134]. Long et al. [135] showed an
association between genetic polymorphisms of the CYP19A1 gene and breast cancer survival.
Udler et al. [136] presented preliminary evidence suggesting that germline variation in genes
involved in steroid hormone metabolism may alter breast cancer prognosis.

5. Effect of SNPs on hormonal parameters

Variations related to the effect of SNPs on biochemical and hormonal parameters are also
reported in a few studies. Huhtaniemi et al. [104] did not find any associations between
CYP19A1 polymorphism and non-hormonal variables including anthropometric parameters,
blood pressure, cognition sexual hemoglobin, blood lipids, and hemoglobin. Kidokoro et al.
[137] showed that SNPs in CYP19A gene alter the levels of estrogens. Eriksson et al. [105]
presented data showing that rs2470152 is clearly associated with serum E2 and E1 levels in
men. Other investigations show the association between SNPs rs10046 and rs11575899 and
endogenous estrogen levels [138, 139].

Estrogen levels are influenced by the presence of different genotypes of a SNP, as reported in
some studies but not in others. Thompson et al. [18] showed in a comprehensive study that the
SNP rs727479 was associated most strongly with circulating E2 concentrations in postmeno-
pausal healthy controls and its effect was stronger in obese females. Cai et al. [140] showed
that rs1902584 in block 1 was associated with estradiol only in overweight postmenopausal
women.

6. Influence of SNPs in CYP19A1 gene on treatment with aromatase
inhibitors

The treatment strategies have been extensively investigated in breast cancer, due to the high
prevalence and associated morbidity and motility. There are a number of options for the treat-
ment of the different types of cancer, and generally a multidisciplinary approach is preferred.
The options are dependent on the type of cancer, patients” history, and the characteristics of the
tumor. Some of the more common treatment strategies are surgery, radiotherapy, chemotherapy,
and hormonal therapy. The two common antiestrogen therapies are tamoxifen and aromatase
inhibitors. The former is used generally for the treatment of ER+ breast cancer in premenopausal
women, while the latter is under investigation for treatment of premenopausal breast cancer
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patients. In the postmenopausal women, the aromatase inhibitors (Als) are reported to have a
higher efficacy compared to tamoxifen in the postmenopausal group in relation to metastasis
and prognosis in the presence of adjuvant treatment. However, ethnic differences and interindi-
vidual differences are frequently reported and are related to genetic variations.

As stated in the earlier part of this chapter, there are a significantly large number of SNPs in
the CYP19A gene. Some of these have an influence on aromatase activity and hence influence
the level of estrogens. Such mutations play a role in the effectiveness of the clinical efficacy
related to treatment strategies.

Several studies have evaluated the effect of the genotype on the efficacy of the Al used for
treatment of cancer. There are several contradictory reports, and the SNP may or may not
associate with Al treatment complications. Those SNPs, which influence aromatase activity
and are associated with elevated levels of estrogens, such as rs6493497 and rs7176005, seem to
alter the effectiveness of Al [141]. On the other hand, it was shown that rs700518, rs10459592,
and rs4775936 were significantly associated with higher clinical benefit rate with letrozole
treatment [142]. Ferraldeschi et al. [68] investigated the effect of 56 SNPs on Al treatment and
concluded that none of the variants independently were associated with improved Al efficacy
and emphasized the significance of further studies on genetic biomarkers as prognostic fac-
tors in pharmacogenetic studies.

Table 3 lists a few SNPs and their influence on the outcome of Al treatment.

SNP Effect on Al treatment Reference

16493497 Almost 13-fold increase estradiol concentration in post-anastrozole. Alters effectiveness of [141]
Al treatment associated with decreased bone density in the exemestane-treated patients

157176005 Almost 11-fold increase estradiol concentration in post-anastrozole. Alters effectiveness [141]

of Al treatment
rs4646 Associated with poor response to the Al, letrozole (p = 0.03) [134, 142]
rs700518 —GG genotype of rs700518 increases risk for significant loss of fat-free mass and increase [142, 143]

in truncal fat with Al therapy
—AA genotype of rs700518 is at risk for Al-associated bone loss

rs700518 Significantly associated with higher clinical benefit rate with letrozole treatment [142]
rs10459592
154775936

rs1062033 CC genotype in postmenopausal patients had lower spine and hip bone mineral density ~ [144]
compared with the GG genotype. No correlation with Als was established

rs60271534 Lower incidence of Al-associated arthralgia. But the effect was not definite as two [145]
different Als were used

rs10046 Five-year disease-free survival was enhanced in premenopausal women on Al therapy [146]

rs700519 Associated with lower aromatase activity, but no studies showed a significant correlation  [80]
with Als

Al, aromatase inhibitor.

Table 3. SNPs in CYP19A1 gene and their interaction with Al treatment.
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7. Conclusions

Aromatase is an essential enzyme required for the synthesis of estrogens. The polymorphic
forms of aromatase gene seem to contribute to the development of different forms of cancer, and
several avenues await exploration. Population differences in the frequencies of different SNPs
and the association with the different disease states need further detailed study. Association
studies are required to confirm if there is a risk or protective effect of the SNP genotype. Studies
on disease prognosis, in relation to the different genotypes of a SNP, are required. Finally, the
influences of the SNP on treatment strategies are warranted. Individualized medicine is the
dream of present-day clinicians. The role played by SNPs may contribute to achieve this dream.
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Abstract

Colorectal cancer (CRC) heritability is determined by the complex interaction between
inherited variants and environmental factors. CRC incidence rates have been increasing
specially in developing countries, such as Brazil, where CRC is the third most frequent
cancer in both genders. Genome-wide association studies (GWAS), based on thousands of
cases and controls typed at thousands of single nucleotide polymorphisms (SNPs), have
identified several variants that associate with gastrointestinal cancer risk. Less of half
of the familial risk has been elucidated through GWAS that identified common SNPs in
almost exclusively European populations. Replication studies in admixed heterogeneous
populations are scarce and most failed to replicate all the imputed SNPs. Population
stratification by ethnic subgroups with different allele frequencies and so with differ-
ent patterns of linkage disequilibrium may cause expurious associations. Here, we show
the first replication study of CRC inherited susceptibility in South America and aimed
to identify known SNPs, which are associated with CRC risk in European populations.

Keywords: cancer susceptibility, cancer risk, colorectal cancer, single nucleotide polym-
orphism, South America

1. Introduction

1.1. Epidemiology

Colorectal cancer (CRC) is one of the most prevalent cancers in both genders worldwide,
responsible for about 10% of all neoplasms, mainly in developed industrialized countries,
such as Australia and New Zeland, North America, and Europe [1].
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The variation in the CRC global incidence rates is progressively decreasing, and the increase
of new cases in historically low incidence populations, such as Asian, seems to come along
with a greater economic development and, consequently, a greater exposure to risk factors
so-called “Western lifestyle.” The highest incidence rates are in countries such as Australia,
New Zealand, and in Western Europe, whereas the lowest incidence rates are in Africa and
Southern Asia [2].

However, in developing countries such as Russia, Mexico, Chile, and Brazil, there is an increase
of CRC incidence rates, possibly reflecting their population’s lifestyles and the increased life
expectancy, as well as the improved data records, the insufficient public health policies for
CRC screening, and the lack of population awareness.

Data from international registries indicate that the overall 5-year survival rate is on average 55%
in developed countries and 40% in developing countries and is higher in women than in men [3].

According to estimates from the National Cancer Institute for the 2016/2017 biennium, in Brazil,
34,280 individuals will develop CCR (17,620 women and 16,660 men), corresponding to the
second most common malignancy in women and third most common malignancy in men [4].

The detection and early removal of premalignant lesions reduces CRC mortality as con-
firmed by several studies that have screened populations at general risk using the fecal occult
blood test. In addition, the use of flexible sigmoidoscopy for screening has shown promising
results in randomized trials in the United Kingdom [5] and the United States [6], where sig-
nificant reductions in both incidence and mortality were observed. Improved survival was
also observed with this approach in genetically determined high-risk groups [7]. Therefore,
for those determined high-risk individuals could be offered a more intensive surveillance,
with colonoscopy or flexible sigmoidoscopy periodically at shorter intervals. Colonoscopy is
already offered to individuals at high risk due to personal or familial history of CRC, as well
as for families with Lynch syndrome and intestinal polyposis syndromes, for which more
assiduous surveillance is recommended [8]. Therefore, stratifying the general population into
risk categories would allow the individualization of screening and prevention strategies.

1.2. Molecular pathogenesis

The classic adenoma-carcinoma sequence has revealed an intricate molecular pathogenesis of
CRC, where tumor suppressor genes are inactivated, and proto-oncogenes are activated through
several signaling pathways, such as APC-B-cathenin, RAS-RAF, PIK3CA-PTEN, and TGF-B [9].

Three main molecular mechanisms are involved in CRC pathogenesis: chromosomal insta-
bility, microsatellite instability, and serrated polyp pathway. The first one occurs in most
sporadic cancers where the accumulation of mutations, rearrangements, and aneuploidy
drives malignant transformation within decades [10]. The second one occurs in about 15%
of sporadic CRC and in most hereditary CRC. In sporadic CRC, an epigenetic event—hyper-
methylation —occurs in CpG islands of MMR gene promoters, which silences them leading to
a genetic instability in microsatellite regions of genome [11]. In Lynch syndrome, mutations
in MMR genes lead to microsatellite instability and accelerate adenoma-carcinoma sequence
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more rapidly, the reason why Lynch syndrome families develop cancer in their 40’s or even
earlier. The most recently serrated polyp pathway involves molecular mechanisms other than
the classic adenoma-carcinoma sequence but has not yet been fully elucidated [12].

1.3. Risk factors

Colorectal carcinoma is a multifactorial disease, where complex interactions between genetic
and environmental factors determine individual risk. Among the latter are diets rich in red
meat and animal fat and lower in fiber, smoking, alcohol consumption, obesity, sedentary
lifestyle, and chronic inflammatory bowel disease [13]. In addition to age, gender, and previ-
ous history of polyps, familial history is considered the main risk factor, being the relative risk
between siblings two to three times higher than in the general population [14].

Traditionally, CRC has been classified into sporadic and hereditary. The concept of familial
CRC reflects one end of a risk spectrum determined by the contribution of genetic variants
of susceptibility. Most are sporadic with no family history and known genetic susceptibil-
ity. Most of the CRC susceptibility genes were identified in families affected by inherited
syndromes, which are caused by mutations with high penetrance. These syndromes account
for about 6% of CRC cases and can be classified as syndromes with or without gastrointes-
tinal polyposis [15]. Among the main syndromes with polyposis are familial adenomatous
polyposis (FAP) caused by mutations in the APC gene; Peutz-Jeghers syndrome, attributable
to mutations in the STK11 gene; Juvenile polyposis, associated with the BMPR1A gene, and
Cowden’s syndrome, related to the PTEN gene. Among non-polyposis syndromes, the most
prevalent is Lynch’s syndrome, accounting for about 3% of all the cases with CRC, caused
by mutations in the mismatch repair genes during DNA replication (MLH1, MSH2, MSHS,
PMS2, and EPCAM) [16].

Most of the mutations identified in familial CRC are highly penetrant, that is, with a high
chance of manifesting cancer throughout the life. However, there are families with CRC clus-
ters that do not have mutations in genes associated with hereditary syndromes. This raises
the hypothesis that there are other variants or mutations with low penetrance that make cer-
tain individuals more susceptible to the CRC development. Studies with brothers with and
without CRC, as well as several association studies, have identified regions in the human
genome in which single nucleotide polymorphisms (SNPs) variants are associated with CRC
susceptibility [17].

Up to 25% of cases are familial CRC aggregations whose heritability has been partially
uncovered by GWAS SNPs [18]. However, the large proportion of familial risk remains unex-
plained —so-called missing heritability.

1.4. Single nucleotide polymorphisms

Single nucleotide polymorphisms (SNPs) are variations of the human genome, where two or
occasionally three alternative nucleotides are common in the population. In most cases, an SNP
has two alternative forms, termed alleles, for example, A or G at a certain position in the genome.
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There are 10 million SNPs estimated in the human genome, representing, along with other
types of polymorphisms (such as copy number variations), about 90% of human genetic varia-
tion, including susceptibility to disease. Two individuals are 99.5% identical in their DNA
sequences, and, every 1000 base pairs, there is one SNP [19].

Variants that have been deleterious during evolution are particularly rare due to natural
selection. In turn, pathogenic variants that are deleterious in homozygosis may have become
neutral or undergo a selection balance by conferring an advantage on asymptomatic heterozy-
gotes. Therefore, alleles of frequent SNPs are not expected to have any significant phenotypic
effect, either because natural selection would be in charge of eliminating it, - if it were detri-
mental by negative selection -, or fixing it, if beneficial by positive selection. Moreover, most
SNPs are not located in either coding or regulatory sequences but in intergenic sequences [20].

1.5. Genome-wide association studies

Searching for population associations is an attractive option to identify disease susceptibil-
ity genes. Association studies are easier to conduct than linkage studies because they do not
require multiple family cases segregating the phenotype. However, they depend on the link-
age disequilibrium (LD)—the nonrandom association between alleles at different loci —with
a susceptibility factor, which can only be identified by markers located in the same haplotype
block (the set of alleles at a linked locus in a single chromosome) close to the factor [21].

SNPs are the markers of choice for studying LD for three reasons: (1) they are sufficiently
abundant that they allow verifying very short chromosome segments; (2) compared to mic-
rosatellites, they have a lower mutation rate; (3) SNPs are easily large-scale genotyped on
genome [20].

The structure of the human LD was investigated by the HapMap project, and the first result
was a list of more than 3 million SNPs that captured most of the common genomic variation
in some populations [22].

Genome-wide association studies (GWAS) are based on the LD principle at the population
level, which is usually the result of a particular ancestral haplotype common in a population.
Usually, loci that are physically close exhibit a stronger DL than those that are distant in a
chromosome. The genomic distance at which LD decays determines how many genetic mark-
ers are required to “tag” a haplotype block, being the number of such markers much smaller
than the total of segregating variants in the population. For example, the selection of about
500,000 common SNPs in the human genome is sufficient to “tag” the common variants in
non-African population, even though the total SNPs are greater than 10 million [22]. These
SNPs are called tagSNPs.

Although GWAS are not influenced by prior biological knowledge or genomic location of
SNPs, they are influenced by LD between genotyped SNPs and non-genotyped causative
variants. The strength of the statistical association between the alleles at the two loci in the
genome depends, mainly, on their allelic frequencies. Thus, a rare variant—minor allele fre-
quency (MAF) less than 0.01 —will be low LD with a neighboring common variant, even
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though they are in the same recombination range. However, most of the SNPs selected in the
SNP arrays are common (MAF higher than 0.05), and therefore, GWASs have the power to
detect association of variants that are relatively common in the population [21]. On the other
hand, it is suggested that the observed association between a common SNP and a complex
trait may result from LD of the SNP with rare variants at the same locus. Since common
alleles and causal rare variants are correlated in a low LD, the hypothesis of a “synthetic
association” implies that the magnitude of the effect of the causative variants is much greater
than that of the common genotyped SNPs by the GWAS. For example, if an SNP explains
0.1% of the phenotypic variance in the population, the causal variant would account for
5-10% [23].

1.6. GWAS and CRC

Most of the studies to identify low penetrance alleles for CRC susceptibility were based
on a candidate gene approach, whose role in CRC pathogenesis was supposedly known.
However, without the real understanding of the biology of predisposition, the choice of
genes was problematic. Thus, until the advent of GWAS, few or no association studies based
on this approach were able to identify alleles of susceptibility unequivocally associated with
the CRC risk [17].

To date, seven GWAS and three meta-analyses have identified about 20 independent loci
associated with CRC susceptibility [24-34].

The number of common variants contributing with more than 1% of the inherited risk is very
low, and it is very unlikely that there will be other SNPs with similar effects (greater than
1.2) for alleles with frequencies greater than 20% in European populations. In fact, the GWAS
identified on average 80% of the common SNPs in this population but only 12% of SNPs with
a minor allele frequency (MAF) between 5 and 10% [17].

However, variants with this profile, if taken collectively, can confer substantial risks due to
their multiplicity, and in the case of CRC, to date, explain about 10% of heritability [33]. In a
model built on data from the Scottish GWAS, about 170 common independent variants would
explain all the genetic variance of the CRC [35]. Therefore, most of the genetic susceptibility
to CRC still needs to be defined the so-called “missing heritability”. There are other possible
causes of this unidentified portion: (1) the effect of rare variants; (2) failure to identify causal
variants; and (3) allelic heterogeneity [36].

GWAS strategies to identify modest common risk alleles are not ideal for identifying rare vari-
ants (MAF below 1%) with potentially greater effects, as well as for capturing copy number
variants and other structural variants, such as insertions, complex rearrangements, or expan-
sions of microsatellite repeats, which may alter the risk of CRC. As efforts are made to scale
up the GWAS meta-analyses, both in terms of sample size and coverage of SNPs, as well as
to increase the number of SNPs considered for large-scale replication, it will be feasible to
discover new variants. It is possible that a multiple loci approach based on haplotype markers
identifies rare alleles. In addition, the use of exome sequencing may provide a more effective
strategy for finding such variants [37].
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2. Objectives

The overall objective of the present study was to replicate in individuals of the Brazilian
population the 10 SNPs associated with CRC risk that are previously described in European
populations. The specific objectives were to (1) calculate the allelic and genotype frequencies
of the 10 SNPs in cases and controls; (2) analyze the association between the genotypes and
alleles of the 10 SNPs and CRC risk; (3) calculate the magnitude of the effect on CRC risk; and
(4) correlate the genotypes of the 10 SNPs with clinical-pathological characteristics and with
familial history.

3. Research methods

3.1. Patient selection criteria

This is a retrospective study of case-control genetic association, whose sample comprised 727
cases and 740 controls, recruited from the Departments of Pelvic Surgery, Clinical Oncology,
and Community Medicine at AC Camargo Cancer Center, in Sao Paulo, Brazil. All patients
and controls authorized the present study by signing the informed consent form previously
approved by the Research Ethics Committee of the institution under number 1231/09.

The inclusion criteria for cases were CRC diagnosis before age 75 years or with advanced
colorectal adenoma (villous histology and/or greater than 1 cm and/or severe dysplasia) diag-
nosis before age 60 years, and controls were individuals without CRC who did not have first-
or second-degree relatives with CRC. Controls were not matched with the cases in relation to
the socioeconomic condition, ancestry, or self-referred ethnicity. The exclusion criteria were
the presence of hereditary syndromes of predisposition to CRC, immunohistochemistry tests
showing absence of proteins from DNA mismatch repair genes, the presence of high-pene-
trance germline mutations in susceptible genes to CRC, and appendix tumors and/or previous
chronic inflammatory bowel disease.

3.2. SNP genotyping

After consent form was signed, 8 ml of peripheral blood was drawn to extract, purify, quan-
tify, and amplify DNA. Quantitative PCRs for 10 tagSNPs (rs6983267, rs4939827, rs4779584,
1516892766, 1510795668, rs4444235, rs9929218, rs10411210, rs961253, and rs3802842) were per-
formed using TagMan® SNP Genotyping Assays and 7900HT Fast Real-Time PCR System
(Thermo Scientific Fisher, CA, USA). Allelic discrimination analyses were made using the
Sequence Detection Systems Automation Controller Software v2.3 and the auto-calling tech-
nique (Thermo Scientific Fisher, CA, USA).

As genotyping quality control, genotypes with the following criteria were excluded: (1) over-
all call <95%; (2) discordant duplicates; (3) Hardy-Weinberg imbalance (p < 10 in cases and
p <10™*in controls); and (4) clusters of unsatisfactory genotypes in the X:Y axis inspection.



Single Nucleotide Polymorphisms and Colorectal Cancer Risk: The First Replication Study in...
http://dx.doi.org/10.5772/intechopen.69994

3.3. Statistics analysis

All tests were corrected for multiple analyses to avoid type I error. The allelic and genotypic
frequencies of each SNP were calculated using the DeFinetti program [38], and the deviations
of the genotype frequencies in cases and controls predicted by the Hardy-Weinberg equilib-
rium were calculated by the chi-square test with one degree of freedom or by Fisher’s exact
test, if the expected cell count was less than five.

Association analyses between the genotypes found in cases and controls for each SNP
were performed with several types of genetic models, using the SNP and Variation Suite
Version 7.6.10 program [39]. Multiple analyses were corrected by false discovery rate and
Bonferroni.

4. Results

4.1. Clinical characteristics of cases and controls

Of the 727 cases included in this study, 51% were male, with a median age of diagnosis
of 56.9 + 10.1 SD years old; 30% fulfilled Bethesda criteria; 3% of tumors were high-risk
adenomas; the most common site of CRC was the rectum and in about 10%, there was an
extra-colonic second primary tumor; tubular adenocarcinomas moderately differentiated at
clinical stage III was mostly diagnosed. The majority of patients was alive disease-free until
data collection and about 30% of cases had no familial history of CRC, despite almost 20%
did not know about affected relatives. Of the 740 controls included in this study, 52% were
female, with a median age of 51.9 + 12.3 SD years old. Cases and controls were age and sex
matched (p = 0.126 and 0.193, respectively).

4.2. SNP genotyping and association tests

The genotypic frequencies of each SNP in cases and controls and their p-values are depicted
in the following graphics:

rs4939827 (SNP 08)
5.0% i
‘ e omhiing B 1 23.8%
eE . 45, T% i
HMOE -]
A6, 2% 28 7% g o 19.8%
hatwrozy gote
WL EST

cases p =0,00013 controls

63



64  Genetic Polymorphisms

rs10411210(SNP 09) “ garmamen

= rare homozygote
20.0%

cases p=0,034 controls

rsd444235 (SNP 16)

" GO

« e RoTRG2ygote
haterozygote

® unkndam

controls p=0,020
rs9929218(SNP 21)

= comiman
homozygote
= rare homozygote

© hatarazygote
= unkown

controls p=0912
rsd4779584 (SNP 26)

B COMMon
homazygate
= rare homozygote

cases



Single Nucleotide Polymorphisms and Colorectal Cancer Risk: The First Replication Study in... 65
http://dx.doi.org/10.5772/intechopen.69994

controls p=0193

rs961253 (SNP 45)

= SOrmmon
hamoz ygote

= rare homoz:
hetarozy gote

- unkmowT

controls p = 0,885

rs107T95668 (SNP 59)

controls p=0,842

rs6983267 (SNP 71)

B COmamaEn

e ROy gk
hatsrozygote

- UAERGAT

p=0,219

rs3802842 (SNP 82)




66 Genetic Polymorphisms

rs16892766 (SNP 83)

W GO
homozygote

= rara homozygote
heterozygote

m unknown

. p=0,033

cases

The allelic frequencies, the number of alleles, the genotyping rate, and the Hardy-Weinberg
equilibrium (EHW) test are represented in Table 1.

The genetic association tests and their genetic models are shown in Table 2.

Of the 10 SNPs, 5 (06, 09 16, 82, and 83) were statistically significant (p < 0.05) associated with
the risk of CRC and 2 (26 and 71) showed a trend to association (p < 0.1). SNP 06 showed the
more significant association among all SNPs in all genetic models. SNP 09 was the only pre-
dictor of low risk, mainly in the dominant model (25% lower), whereas SNPs 16 and 82 were
associated with high risk in the recessive model (45 and 85% higher, respectively). SNP 83
had higher risk principally in the dominant model (almost 50%). SNPs 26 and 71, on the other
hand, obtained a marginally significant association only in the allelic and additive models,
with a trend toward a higher risk with SNP 71 and lower risk with SNP 26. To sum up, of
five SNPs associated with CRC risk, two (SNP 16 and 82) conferred higher risk among rare
homozygotes than among heterozygotes and common homozygotes together through the
recessive model and three (06, 09, and 83) showed higher risk among heterozygotes and rare
homozygotes together than among common homozygotes through the dominant model.

Table 3 shows the five SNPs associated with CCR risk with their respective wild and variant
alleles, their risk allele frequencies in comparison with the European population, the effect
size of the variant allele and the their populational attributable risks, which is the incidence
decrease of disease if the population was not exposed to the risk allele.

5. Discussion

In common diseases, such as CRC, it estimated that the most part of its genetic risk is due to the
inherited multiple loci following polygenic model, each one with a common allelic frequency
(MAF greater than 5%), whose effects show small sizes, between odds ratios 1.0 and 1.5. [17]
Thus, to detect those small effects, it is necessary a big sample size. This strategy was validated
by metanalyses of GWAS data from European populations with tens of thousands genotyped
individuals through high throughput platforms, followed by validation by multiple phases
with independent series of cases and controls. Even though only about 20 common SNPs with
modest effects were identified so far, each one with a p value corrected by multiple tests (<5.0 x
10°%). In Table 4, GWAS data from European populations are compared to this study.
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SNP Wild allele” Risk allele Risk allele Minor allele Effect size Populational

frequencies(RAF) frequency attributable
(Europeans)” risk™ (%)

rs4939827 (SNP 06) T (major) C (minor)  0.47 0.47 43% higher  16.8

rs10411210 (SNP 09)  C (major) T (minor) ~ 0.17 0.10 25% lower -

rs4444235 (SNP 16) T (major) C (minor) 0.49 0.48 26% higher ~ 11.3

rs3802842 (SNP 82) C (minor) C (minor) 0.26 0.27 29% higher 7.0

rs16892766 (SNP 83) A (major) C (minor)  0.08 0.09 39% higher 3.0

" From 1000 genomes.

" (RAF(OR - 1))/(1 + RAF(OR - 1)).

Table 3. The five SNPs associated with CCR risk.

SNP Risk allele RAF Effect size (oddsPAR (%) Sample size References

ratio) (total)
rs4939827 C (major) 0.52 1.18 8.6 15,362 Broderick et al. [27]
(SNP 06)
rs10411210 T (minor) 0.10 0.87 - 41,259 Houlston et al. [31]
(SNP 09) C (major) 0.90 1.15 11.9
rs4444235 C (minor) 0.46 1.11 4.8 41,259 Houlston et al. [31]
(SNP 16)
r$9929218 G (major) 0.71 1.10 6.6 41,259 Houlston et al. [31]
(SNP 21)
154779584 T (minor) 0.18 1.26 4.5 14,663 Jaeger et al. [28]
(SNP 26)
rs961253 (SNP A (minor) 0.36 1.12 4.0 41,259 Houlston et al. [31]
45)
1510795668 G (major) 0.67 1.12 7.4 37,371 Tomlinson et al. [30]
(SNP 59)
156983267 G (major) 0.51 1.21 9.7 14,470 Tomlinson et al. [25]
(SNP 71)
rs3802842 C (minor) 0.29 1.12 34 27,794 Tenesa et al. [29]
(SNP 82)
1516892766 C (minor) 0.07 1.25 1.7 37,371 Tomlinson et al. [30]
(SNP 83)

RAF, risk allele frequency; PAR, populational attributable risk.

Table 4. GWAS data from European populations compared to this data.
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In this study, there was an association with CRC risk in half of SNPs (06, 09 16, 82 and 83),
whose risk alleles revealed similar frequencies as to European GWAS, except SNP 06. Effect
sizes were modest as well as European GWAS. SNP 06 was the variant that resulted the greatest
effect with the most statistically significant association (p, . =3.49 x 10°), which conferred the
highest populational risk, whereas in European GWAS, the risk augmented up to 23%, repre-
senting 8.6% of the populational risk [35]. In the original study, the same SNP also showed the
greatest association (p, ., =1.0 x 107?) [27]. SNP 09 (rs10411210) was associated with a low risk
in a dose-dependent way [31]. In this study, however, this effect was detected only in the domi-
nant model. It is noteworthy that in European studies the major allele (C) confers 15% higher
risk, responsible for 12% of the populational risk [35]. In the present study, there was a trend to
a higher risk but not statistically significant (p = 0.08). Moreover, SNP 16 was associated with
a higher risk in this study than from European GWAS, as well as the populational attributable
risk [35]. Likewise, SNPs 82 and 83 also increased more the CRC risk and populational risk in
the present study than from European GWAS [35].

In the present study, the populational stratification by ancestry was not investigated.
However, the Brazilian population, although greatly admixed, has a high prevalence of indi-
viduals from European ancestry, whose the great majority is located in the South (79.5%) and
Southeast (74.2%) [40].

6. Conclusion

This study partially replicated European GWAS in Brazilian Southeastern population with a
predominantly European genetic background. Small sample size and lack of stratification by
ancestry are prone to type I and II errors, respectively. Further studies in admixed popula-
tions would certainly aid to uncover the missing heritability of CRC and help to build the
genetic architecture of CRC susceptibility.
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Abstract

Osteopontin (OPN) is a pleiotropic protein, important in bone remodeling and immune
system signaling. OPN is synthesized in a variety of cells and tissues. It can be found
not only in bone cells but also in immune cells (B and T lymphocytes, natural killer (NK)
cells, natural killer T (NKT) cells, macrophages, neutrophils, and dendritic cells). OPN
regulates T-helper 1/T-helper 2 (Th1/Th2) balance, stimulates B cells to antibodies pro-
duction, regulates macrophages and neutrophils function, and activates dendritic cells.
A number of factors, including hormones, cytokines, and polymorphisms of promoter
region of OPN gene, regulate protein expression. OPN and variants of the OPN gene
have been associated with the pathogenesis of multiple disorders, including systemic
lupus erythematosus, multiple sclerosis, rheumatoid arthritis, systemic sclerosis, inflam-
matory bowel diseases, asthma, type 1 diabetes, and many other. However, some studies
gave different or inconclusive results. Thus, the role of OPN polymorphic variants in
autoimmune diseases needs to be better defined and explored as a diagnostic and thera-
peutic target to monitor and treat immune-mediated conditions.

Keywords: asthma, autoimmune, gene, immunomodulation, inflammatory bowel diseases,
multiple sclerosis, osteopontin, polymorphism, rheumatoid arthritis, sarcoidosis, systemic
lupus erythematosus, systemic sclerosis, type 1 diabetes

1. Introduction

There are more than 200 genetic loci that have been associated with one or more disorders.
Today, at least 90 autoimmune diseases have been identified [1]. The etiology of autoimmune
diseases is not fully elucidated; however, the causes are likely based on a combination of
environmental and genetic factors, which lead to immunological abnormalities [2, 3]. Recent
genome-wide association studies (GWAS) and single-nucleotide polymorphism (SNP) arrays
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have allowed the identification of several genetic variants associated with immune-mediated
disorders. Genetic polymorphisms can influence the susceptibility, clinical manifestations,
as well as response to therapy [4, 5].

A wide spectrum of inflammatory and immune mediators is currently under investigation
in the context of autoimmune diseases. One of them is osteopontin (OPN), also known
as early T lymphocyte activation-1 (Eta-1) or secreted phosphoprotein 1 (SPP-1). OPN is
a member of the small integrin-binding ligand N-linked glycoprotein (SIBLING) family
proteins [6, 7]. OPN was identified in 1986 as a major sialoprotein of bone [8], where is
involved in many biological processes, such as biomineralization and remodeling [9]. OPN
is synthesized in a variety of cells and tissues. It can be found in bone cells, immune cells
(B and T lymphocytes, natural killer (NK) cells, natural killer T (NKT) cells, macrophages,
neutrophils, dendritic cells), breast epithelial cells, neurons, Kupffer cells, hepatic macro-
phages, hepatic stellate cells (HSCs), lung cells, adipocytes, and many other [10]. OPN is a
pleiotropic protein and its functions are linked to various physiological processes and path-
ological conditions. OPN, secreted by osteoblasts, osteoclasts, and osteocytes, is important
in mineralization and bone resorption [9]. Recently, this protein was found to be relevant in
regulation of immunity and inflammation, angiogenesis, oncogenesis, cancer progression,
and apoptosis [10-12]. OPN interacts with most cells using two binding domains. Signaling
via integrins (avp1, avf3, avp5, avp6, a8fl, a5B1, a9p1, a4pl, and a47) modulates the
phosphorylation of kinases, which are involved in nuclear factor-kappa B (NF-kB) activa-
tion and regulation of cytokines production [13-16]. Moreover, OPN is an extracellular
ligand for CD44 receptors. Signaling through CD44 modulates T cell chemotaxis, fibroblast
adhesion, and interleukin (IL)-10 gene expression in macrophages [17]. OPN expression
and function are influenced by post-translational modifications (phosphorylation, O-linked
glycosylation, sialylation, tyrosine sulfation), hormones (calcitriol, retinoid acid, steroids),
pro-inflammatory cytokines, growth and differentiation factors (epidermal growth factor,
platelet-derived growth factor, transforming growth factor beta), and genetic polymor-
phisms of its promoter [18].

2. Osteopontin gene—structure and polymorphism

The human OPN gene (OPN) is mapped on the long arm of chromosome 4 (4q21-4g25). OPN
contains seven exons (protein-coding regions) and six introns. The gene spans ~9 kb. The
open reading frame (ORF) consists of 942 nucleotides from the start codon (in exon 2) to the
stop codon (in exon 7) [19]. The 5'-untranslated (5'-UTR) region, of 67 bases, contains exon 1,
which starts with transcription start site AGC (also referred to as the GCC box). The 3'-UTR
region, of 415 bases, consists of the last part of exon 7 and includes three polyadenylation
signals (AATAA). Exons 2-7 contain coding sequences: signal peptide and two first amino
acids (exon 2), two Ser-Ser-Glu-Glu phosphorylation sequences (exons 3 and 5), two trans-
glutaminase-reactive glutamine residues (exon 4), and aspartic acid-rich sequence (exon 6).
Exon 7 encodes about half of the protein and contains the RGD motif and the central thrombin
cleavage site [20].
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OPN is highly polymorphic. Several polymorphisms in the human OPN gene have been
identified. Single-nucleotide polymorphisms (SNPs) have been proposed as a tool for iden-
tifying genes associated with multiple autoimmune disorders. Polymorphisms in a human
OPN have been reported to exhibit functional implications and have been evaluated in several
conditions. Genetic association studies have suggested that some OPN SNPs may serve as a
potential marker to predict immune-mediated diseases in some populations.

3. Osteopontin gene polymorphism and autoimmune diseases

3.1. Systemic lupus erythematosus

Systemic lupus erythematosus (SLE) is a chronic multisystemic autoimmune disease. SLE is
caused by environmental, hormonal, and genetic factors, which lead to immunological dysfunc-
tion [21, 22]. Deregulation of B and T lymphocytes activation leads to abnormalities in cytokine
expression and production of autoantibodies, which form complexes with antigens. Complexes
are deposited in organs and cause inflammation and tissue damage [23, 24]. Deregulation in
cytokine expression is also a cause of tissue injury [25]. OPN promotes activation of T lympho-
cytes and regulates the T-helper 1/T-helper 2 (Th1/Th2) balance. OPN upregulates IL-12 pro-
duction and downregulates IL-10 [26]. Recent findings revealed that OPN enhances interferon
(IFN)-a expression through the interferon regulatory factor 7 (IRF7) activation upon toll-like
receptor (TLR)9 stimulation in plasmacytoid dendritic cells (pDCs) [27] and stimulates anti-
bodies production by B lymphocytes [26, 28]. In addition, it has been demonstrated that OPN
enhances IL-17 producing Th17 cell responses [29, 30]. Thus, OPN plays an important role
in regulating inflammation and immunity. Therefore, several studies have been performed to
assess the association of OPN and predisposition to SLE.

In the literature, there are reports suggesting that OPN participates in the pathogenesis of SLE.
It has been demonstrated that serum OPN level is elevated in SLE patients [31-36]. Moreover,
OPN level correlates positively with disease activity index [33-35]. Polymorphic OPN alleles
have been implicated in the mouse model of lupus [37]. The association between OPN gene
polymorphisms and SLE susceptibility in humans has also been investigated.

In 2002, a study of Forton et al. [38] showed that polymorphic T allele of the polymorphism
at position 707 in exon 7 (707C/T, rs1126616) is associated with opportunistic infections and
renal insufficiency but is protective for avascular necrosis in Caucasian SLE patients. This was
the first demonstration of a phenotypic association with an OPN polymorphism.

In a study of D’Alfonso et al. [39], a total of 13 SNPs in OPN gene were identified (six in the
5’ flanking region, one in intron 3, three in exons 6, 7 and three in the 3’-UTR). Two polymor-
phisms: —156G/GG (rs7687316, in promoter) and +1239A/C (rs9138, in 3'-UTR) were signifi-
cantly associated with SLE. The -156G and +1239C alleles were more frequent in SLE patients
than in the control group. In addition, significant association was seen between lymphade-
nopathy and -156 genotypes. Significantly increased OPN serum level was detected in healthy
individuals carrying +1239C.
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In 2007, Xu et al. [40] demonstrated that SNP at position 9250 in exon 7 of the OPN gene
(9250C/T) exists in the Chinese Han ethnic population and is associated with SLE. The fre-
quency of TT genotype was lower and the frequency of TC genotype was higher in SLE
patients than in controls. When authors separated patients and controls into women and men,
significant differences of frequencies were noted in TT genotype, TC genotype and allele in
women, but not in men. Moreover, the TT genotype was lower in SLE patients with lupus
nephritis (LN) [41].

In a large study of SLE patients, Han et al. [42] reported that minor alleles of rs1126616 and
rs9138 (T and C, respectively) were correlated with higher risk of SLE in European-American
and African-American populations (in males, not in females). In addition, haplotype analysis
identified rs1126616T-rs1126772A-rs9138C which demonstrated association with SLE in gen-
eral, especially in males. It was the first description of a gender-specific human lupus genetic
association.

In another study, Trivedi et al. [43] genotyped the rs11730582, rs28357094, rs6532040, and
rs9138 SNPs in the OPN gene in SLE patients. The group proved that photosensitivity was
associated with the risk allele rs9138C. In addition, the study demonstrated that the C allele of
rs11730582 polymorphism is associated with thrombocytopenia and hemolytic anemia.

Kariuki et al. [44] revealed an association of the rs9138C allele with higher levels of OPN and
INF-a in male SLE patients. Moreover, two SNPs, rs11730582 and rs28357094, were associated
with the presence of anti-ribonucleoprotein (anti-RNP) autoantibodies.

Salimi and colleagues [36] genotyped the rs1126616 SNP in SLE patients and age, gender, and
ethnically matched controls. There was no association between the polymorphism and SLE
susceptibility. However, the frequency of CT and TT genotypes was higher in SLE patients
with LN than in those without LN. In addition, no correlation between OPN serum levels and
rs1126616 polymorphism has been found.

In conclusion, a number of studies demonstrated that some OPN polymorphic variants are
associated with SLE susceptibility and/or clinical manifestations of the disease in humans.
However, some studies gave different or inconclusive results. Reasons for such divergences
may be low statistical power or clinical variety. Only few studies evaluated the correlation coef-
ficient between OPN polymorphisms and SLE. Moreover, limited clinical data were provided.

3.2. Multiple sclerosis

Multiple sclerosis (MS) is an autoimmune disease affecting the central nervous system (CNS)
with the basic pathological hallmark of inflammatory demyelination in the white matter and
cortex, implying a disturbance of the symbiotic relationship of the axon and myelin sheath
[45]. Infiltrating CD4" Th1 cells, which produce IFN-y, and CD4" Th17, which produce IL-17,
has been shown to be involved in pathogenesis of MS. In addition, activated monocytes and
B cells are present in the CNS, which results in degradation of the myelin sheath surrounding
nerves [45, 46]. For MS development, both genetic predisposition and environmental factors
are responsible [47]. OPN, a pleiotropic cytokine, plays an important role in immune-mediated
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disorders. OPN may influence development of MS through enhancing the pro-inflammatory
Th1 and Th17 cell responses and inhibiting the anti-inflammatory Th2 cell responses [11, 29].

In the literature, there are reports suggesting that OPN participates in the pathogenesis of
MS. OPN was identified as one of the disease-specific markers in plaques from brains of
patients with MS [48]. In addition, it has been demonstrated that this protein is expressed
higher in blood and CNS in MS patients than in healthy controls [49]. Moreover, OPN level
correlated positively with disease activity and relapse rate [50-53]. However, there are stud-
ies which showed that higher OPN serum level in MS patients is not associated with disease
severity [54, 55].

A large body of data indicates that OPN gene variants have an impact on MS pathogenesis
and progression.

In a study of Niino et al. [56], three SNPs in the OPN gene (8090 in a coding region of exon 6,
9250 in a coding region of exon 7, and 9583 in the 3'-UTR region of exon 7) were analyzed in
Japanese MS patients and healthy controls. It has been demonstrated that the CC genotype at
the 8090th position was more prevalent in MS than in the control group. For the 9583rd posi-
tion polymorphism, patients with GG genotype showed a later disease onset than GA and
AA genotypes. However, there were no significant correlations between OPN variants and
disease progression. These results suggest that the 8090th polymorphism might be associated
with susceptibility to MS, whereas the 9583rd polymorphism with age of onset of MS.

In another study, Caillier and colleagues [57] investigated whether four SNPs (327T/C,
795C/T, 1128A/G, and 1284A/C) in the OPN gene were correlated with susceptibility to MS
or clinical manifestations in a group of MS patients. As a result of the strong disequilibrium
observed between SNPs within the OPN locus, only two SNPs were selected to study poten-
tial genotype-phenotype correlations: 1284A/C and 327T/C. No evidence of genetic associa-
tion between the OPN polymorphisms and MS susceptibility has been observed. However,
a modest trend for association with disease course was detected in patients carrying at least
one wild-type 1284A allele. Patients with this allele/genotype were less likely to have a mild
disease course and were at increased risk for a secondary progressive clinical type.

Similar to study of Caillier et al., no evidence of association between OPN variants and MS
susceptibility and severity was observed in a study of Hensiek et al. [58].

Chiocchetti et al. [59, 60] identified four SNPs in the OPN gene: +282T/C(rs4754), +750C/T
(rs11226616), +1083A/G (rs1126772), and +1239A/C(rs9138) in 3' UTR, which form three
haplotypes: A (282T-750C-1083A-1239A), B (282C-750T-1083A-1239C), and C (282C-750T-
1083G-1239C). The group demonstrated that haplotype A homozygotes showed lower risk
of developing MS and lower OPN serum levels than haplotype B or C carriers. In the next
study, analysis was extended to a gene polymorphism at the 5’ end on the -156G/GG SNP and
replicated previous findings at the 3’ end on the +1239A/C SNP. It has been demonstrated that
+1239A/C SNP was associated with MS development. +1239A and -156/GG homozygosity
was associated with slower disease progression. Moreover, patients homozygous for +1239A
showed lower relapse rate than those carrying +1239C [61].
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Most of the results indicate that OPN and its gene SNPs might be a good marker for the
susceptibility to and severity of MS. Despite this, further studies are needed to improve our
understanding of the OPN gene role in disease pathogenesis.

3.3. Rheumatoid arthritis

Rheumatoid arthritis (RA) is a chronic inflammatory disease that affects joints, connective tis-
sues, muscle, tendons, and fibrous tissue [62]. In RA, immune cells (monocytes, macrophages,
B cells, CD4" and CD8* T cells, neutrophils) infiltrate the synovial fluid. Activation of T cells
leads to the production of pro-inflammatory cytokines. Humoral adaptive immunity is also
integral to RA. B cells are activated through interactions with T cells and through soluble
cytokines that enhance their proliferation and differentiation. Mature B cells (plasma cells)
are a source of autoantibodies (known as rheumatoid factors and anti-citrullinated peptide
antibodies, ACPA). Synovial macrophages produce pro-inflammatory cytokines, including
tumor necrosis factor (TNF), IL-1, IL-6, IL-8, and granulocyte-macrophage colony-stimulating
factor (GMCSF). Neutrophils in the synovial fluid are in an activated state, releasing oxygen-
derived free radicals that promote joints damage [63]. Gene-environment interactions appear
as the most plausible underlying cause of RA.

A wide spectrum of immune mediators is currently under investigation in the context of RA
pathogenesis and progression. One of them is OPN. This protein has been found to be elevated
in plasma and synovial fluid of RA patients as well as in peripheral blood mononuclear cells
(PBMCs) and synovial fluid mononuclear cells [64-66]. High OPN level has been correlated
with serum C-reactive protein (CRP) level and inflammation markers [67]. It has been demon-
strated that OPN concentration is higher during disease progression. Moreover, OPN correlates
with bone resorption markers [68]. To support the role of OPN in RA, several studies have been
conducted to investigate the role of OPN gene variants in disease pathogenesis and progression.

In 2005, Urcelay et al. [69] studied the association of four OPN SNPs (327T/C in the coding
region of exon 6, 795C/T in the coding region of exon 7, 1128A/G, and 1284A/C in the 3'-UTR)
and predisposition to RA in a Spanish population. Analysis of the haplotypes defined by
these SNPs did not identify association with RA.

In another study, Xu and colleagues [66] investigated whether genetic polymorphisms of the
OPN gene were associated with susceptibility to RA in Chinese Han nationality. Analysis
revealed a total of 14 SNPs. Finally, six SNPs were selected for analysis (two newly identi-
fied SNPs in the promoter region: -631G/T and —458T/C and four in exons: rs4754, rs1126616,
rs1126772, rs9138). Similarly to a study of Urcelay et al., prevalence of OPN genotype and
allele frequencies did not differ significantly between RA patients and healthy controls.

For the first time, the association between OPN gene polymorphism and RA susceptibility
was demonstrated in a study of Ceccarelli et al. [70] in an Italian cohort. A statistically sig-
nificant association between RA and OPN -156G/GG (rs7687316) was found. There was no
association of +1239A/C (rs9138) polymorphism and RA.

In 2013, Gazal et al. [71] evaluated the contribution of the OPN rs11439060 (-156-/G) and
rs9138 (1239A/C) SNPs in a large cohort of RA patients and controls. The group reported a
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significant contribution of the combination of the rs11439060 and rs9138 frequent alleles to
risk of RA, especially in ACPA-negative patients. In the next study of this group, it has been
demonstrated that rs9138 variants contribute to joint damage progression in ACPA-negative
patients [72].

OPN is relatively a newly identified RA susceptibility gene. Data about the role of OPN vari-
ants in disease pathogenesis are very scanty and contradictory. Therefore, more studies are
necessary for further elucidation of OPN polymorphism role in RA.

3.4. Systemic sclerosis

Systemic sclerosis (SSc) is an immune-mediated connective tissue disorder, characterized by
an overproduction of collagen, immune dysfunction, and blood vessel damage [73]. Multiple
organ damage is a consequence of this disease [74]. Imnmunological abnormalities of innate and
adaptive immune system, including mononuclear cell infiltration of affected tissues, deregula-
tion of cytokines (transforming growth factor beta [TGFf], TNFa, IL-6, IL-10, IL-17, IL-4, IL-13)
and chemokines (CCL18, CCL19, CXCL13, CCL2, CCL3, CXCL4, CCR1, CCR2, CCR3) synthe-
sis, and autoantibodies production, have long been recognized in SSc [75].

Despite intense research, the pathogenesis of SSc is only partly understood, but it likely involves
an interaction between environmental factors in a genetic predisposing background [76].

OPN, plays an important role during both acute and chronic inflammation. In the literature, there
are reports suggesting that this protein participates in the pathogenesis of SSc. OPN has a che-
motactic and pro-fibrotic properties [77, 78]. Moreover, enhances the pro-inflammatory Th1 cell
response, which is believed to be crucial in SSc pathogenesis. It has been demonstrated that mice
with OPN overexpression have higher levels of anti-DNA autoantibodies, as well as increased
gamma globulins [26]. This protein has been found to be elevated in plasma in SSc patients [79-81].
In addition, high OPN level was found to be correlated with serum CRP level [79].

The association between OPN gene polymorphisms and SSc susceptibility in humans has
been investigated in a study of Barizzone et al. [82]. The group analyzed the association of
two OPN SNPs: -156G/GG and +1239A/C and serum level of OPN in Italian SSc patients and
controls. In SSc patients, there was a significantly increased frequency of the alleles 156G
and +1239C, compared with controls. Moreover, OPN serum levels were significantly higher
in SSc patients. However, no association between OPN levels and +1239 or —156 genotypes
was observed.

These few data suggest that OPN genetic variations may have a role in SSc susceptibility, but
further studies are needed to confirm these findings.

3.5. Inflammatory bowel diseases

Inflammatory bowel diseases (IBDs), especially Crohn’s disease (CD) and ulcerative colitis
(UC), are idiopathic, multifactorial disorders, characterized by chronic intestinal inflamma-
tion [83]. CD is a transmural and segmental inflammatory disease. It may affect any part of the
gastrointestinal tract, from the mouth to the anus, but is located usually in the terminal ileum.
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It is characterized by the formation of ulcers, fistulas, stenosis, and intestinal granulomas,
with periods of aggravation and remission. UC can affect only the mucosa of the colon and
the rectum [84]. The etiology of IBDs is not fully elucidated. However, available evidence sug-
gests that an abnormal immune response against the microorganisms of the intestinal flora is
responsible for the disease in genetically susceptible individuals [85]. CD is characterized as a
Th1 directed disease, with elevated CD4" T-cell synthesis of IFN-y and high TNF-a and IL-12
production by activated macrophages. UC is associated with incorrect Th2 response mediated
by NKT cells, which secrete IL-13 [86].

In the literature, there are reports suggesting that OPN, as an immunomodulator, participates in
the pathogenesis of IBDs in animal models and in humans. It has been demonstrated that serum
OPN level is elevated in IBD patients and correlates with disease activity [87-91]. However,
some studies in humans and in animal models of colitis gave opposite results, suggesting a dual
or protective function of OPN in intestinal inflammation [86, 91-99].

The association between OPN gene polymorphisms and IBD susceptibility in humans has
also been investigated. In a study of Glas et al. [100], 9 OPN SNPs (rs2728127, rs2853744,
rs11730582, 1511739060, rs28357094, rs4754=p.Asp80Asp, rs1126616=p.Ala236Ala, 151126772,
and rs9138) were analyzed in a large group of Caucasian individuals (841 patients with
CD, 473 patients with UC, and 1505 healthy unrelated controls). For rs4754, rs1126616,
rs1126772, and rs9138, significantly different distributions between male and female CD
patients were observed (rs4754 was protective in male patients). None of the other investi-
gated OPN SNPs was associated with CD or UC susceptibility. However, several haplotypes
demonstrated significant associations with CD susceptibility. The strongest association was
found for a haplotype rs2728127-rs2853744-rs11730582-rs11439060-1528357094-15112661-
rs1126772-rs9138. Moreover, no correlation was found between SNPs and IL-22 serum levels.
The results argue against a major role for OPN gene polymorphism in the IBDs susceptibility.
However, further analysis is required to clarify the role of OPN variants in the pathogenesis
of the disease.

3.6. Type 1 diabetes

Type 1 diabetes (T1D) is a chronic, immune-mediated metabolic disorder of childhood and
adolescence. T1D develops as a result of an autoimmune process, leading to (3-cell destruction
[101]. Activated NK cells, DCs, macrophages, and T-cells are attracted to the islets, which is
followed by production of pro-inflammatory cytokines and free radicals, causing {3-cell dys-
function and apoptosis [101, 102].

OPN plays an essential role in the regulation of immune cell response. It has been demon-
strated that OPN induces adipose tissue inflammation, upregulates pro-inflammatory cyto-
kines, and stimulates B lymphocytes to antibodies production. Consequently, OPN promotes
the destruction of pancreatic (3-cell and development of T1D [10, 103]. Therefore, several
studies have been performed to assess the association of OPN and predisposition to T1D.
This protein has been found to be elevated in pediatric and adult patients with T1D [104-
106]. Moreover, OPN has correlated with some clinical and biochemical parameters in T1D
patients, including higher body mass index (BMI), systolic blood pressure (SBP), diastolic
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blood pressure (DBP), lower high-density lipoprotein (HDL), and microalbuminuria [104,
107]. In addition, OPN has been found to be an independent predictor of diabetic retinopathy
and nephropathy [107].

The OPN encoding gene can be considered as a candidate for genetic susceptibility to T1D.
Several studies have been conducted to investigate the role of OPN polymorphisms in disease
pathogenesis. In 2009, Marciano et al. [108] genotyped T1D patients and controls for three
OPN SNPs: -156G/GG, -66T/G (in promoter) and biallelic ins/del variant TG/TGTG at +245
in the first intron. It has been demonstrated that the G allele at -66 SNP had higher frequency
in controls than in patients. The association has been confirmed in females but not in males.

In another study, Chiocchietti and colleagues [109] evaluated the role of +1239A/C SNP in a
3"-UTR of OPN gene in an Italian T1D patients and controls. The analysis revealed that C allele
carriers displayed higher risk of T1D than A allele carriers. The group suggested that this SNP
is associated with T1D development.

In 2013, a study of Karamizadeh et al. [105] showed that rs1126772 SNP is not associated with
T1D children, although serum OPN levels were significantly higher in diabetic patients than
in controls.

The results from these studies are inconclusive; thus, more research is necessary for further
elucidation of OPN polymorphism role in T1D.

3.7. Asthma

Asthma is the most common chronic lung disease. It is characterized by airway inflammation
and respiratory symptoms, such as wheeze, shortness of breath, chest tightness, and cough
[110]. Multiple immune cells are involved in the inflammatory response in asthma. Th2 cells,
which produce 1I-4, IL-5, and IL-13, are responsible for eosinophils accumulation in the lungs
of asthmatic patients. Th17 cells release IL-17 and recruit neutrophils, which attract eosino-
phils indirectly. Thl and regulatory T (Treg) lymphocytes are also involved in the develop-
ment of asthma. An elevation of Th17 cells, the absence of Treg cells, and an imbalance in
Treg/Th17 are associated with the disease [110-112].

Asthma is thought to be caused by a combination of genetic and environmental factors.
A wide spectrum of immune mediators is currently under investigation in the context of
this disorder. OPN plays an important role during inflammation and regulates function of
immune cells. In the literature, there are reports suggesting that this protein participates in
the pathogenesis of asthma. Several studies have demonstrated that OPN level is increased
in asthmatic patients and is associated with disease phenotypes [113-116]. In addition, the
chromosomal region of 4q24 (where OPN gene is mapped) has been associated with atopy in
asthmatic patients [117]. These studies suggest that OPN gene may be a candidate gene for
asthma susceptibility.

The case-control study of Tanino et al. [118] investigated the association of OPN variants with
serum immunoglobulin E (IgE) levels, atopy, and asthma in a Japanese population. The group
genotyped three promoters and two exon polymorphisms at OPN gene: —1687A/G; -381T/C;
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-94 deletion/G; 5891C/T; and 7052T/C. Association analyses demonstrated that homozygotes
for the 5891T allele and 7052C allele were significantly associated with increased levels of
total IgE in non-asthmatic subjects. However, these variants were not associated with asthma
and atopy.

Different results have been obtained in a study of Arjomandi and colleagues [119]. To deter-
mine whether SNPs in OPN gene are associated with risk of asthma, six SNPs (rs6812524,
157435825, rs1126616, rs4660, 1s1126772, and rs9138) have been genotyped in the Latino
Americans population of 294 Mexican and 365 Puerto Rican parent-child asthma trios.
Haplotype analysis identified rs1126616C-rs1126772A-rs9138A to be associated with an
increased risk and severity of asthma in Puerto Rican subjects with elevated IgE. However,
there was no association between the SNPs and asthma outcomes in Mexicans.

Only these two studies have been conducted to investigate the role of OPN gene variants
in asthma pathogenesis and progression; therefore, further investigation in this field is
indispensable.

3.8. Sarcoidosis

Sarcoidosis is a chronic inflammatory condition characterized by the formation of non-caseating
epithelioid granulomata at various sites in the body (lungs, thorax, skin, eyes, liver, heart, and
nervous and musculoskeletal system) [120]. The cause of the disease is still unknown, but sev-
eral immune aberrations are thought to play a role in its pathogenesis. Studies have revealed an
increase of B-cell activity with elevated plasma levels of immunoglobulins and immune-com-
plexes in patients. In addition, inflammation in sarcoidosis is dependent on persistent stimula-
tion by CD4* Th1 cells [120, 121]. Sarcoidosis is thought to be caused by a combination of genetic
and environmental factors, but the exact etiology remains unclear. In the literature, there are
reports suggesting that OPN participates in the pathogenesis of sarcoidosis. High levels of this
protein have been found to be increased in serum and granulomas from patients with sarcoid-
osis [122-124]. Moreover, it has been demonstrated that OPN induced the chemotaxis of T cells
and acted as an adhesion factor for activated T cells [123].

The OPN encoding gene can be considered as a candidate for susceptibility to sarcoidosis.
Two studies have been conducted to investigate the role of OPN polymorphisms in disease
pathogenesis. In 2004, Akahoshi et al. [125] investigated the 2514C/T SNP in Japanese patients
with sarcoidosis and in healthy controls. The group did not find any significant association
between genotypes/alleles and disease pathogenesis.

In another study, Maver and colleagues [126] genotyped three OPN SNPs: rs11730582,
rs11728697, and rs4754 in Slovenian patients and healthy subjects. The analysis revealed a sig-
nificant difference in genotype frequencies at rs4754 SNP in patients and controls. However,
these results failed to reach significance after correction for multiple testing. In addition,
analysis demonstrated that frequency of rs11730582T-rs11728697T-rs4754T haplotype was
decreased in the group of patients compared to controls. It has been suggested that TTT
haplotype of OPN gene is a protective factor in sarcoidosis.



Osteopontin (OPN) Gene Polymorphisms and Autoimmune Diseases
http://dx.doi.org/10.5772/intechopen.69528

These scanty studies have yielded conflicting and inconclusive results. Thus, further analyses
are required to understand the role of OPN and its gene polymorphism in sarcoidosis.

4. Conclusions and future perspectives

OPN is highly expressed by various cell types, including cells of the immune system. This
pleiotropic protein regulates both, innate and adaptive immune response. A large number
of publications suggest that OPN participates in the pathogenesis of multiple autoimmune
conditions. Moreover, there are reports suggesting the role of OPN gene polymorphism in the
pathogenesis and/or clinical manifestations of immune-mediated diseases. However, some
investigations failed to demonstrate any associations of OPN SNPs with autoimmune condi-
tions. The main causes for these differences include ethnic, environmental and still unknown
factors. Moreover, some studies do not meet the current rigorous standards for non-biased
large-cohort trials. Future research should focus on selecting the best study groups to inves-
tigate the role of OPN variants in diseases pathogenesis and progression. Studies of OPN
polymorphisms must take into account the gene-environment, gene-gene interactions, and
ethnic factors.

The role of OPN polymorphic variants in autoimmune diseases needs to be better defined
and explored as a diagnostic and therapeutic target to monitor and treat immune-mediated
conditions. Advances in understanding specific SNPs in OPN may be helpful to create genetic
profiles for predisposition to autoimmune diseases in order to adopt prevention strategies
from childhood to adulthood.
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Abstract

Aflatoxin B1 (AFBI) is an important environmental carcinogen for the development of
hepatocellular carcinoma (HCC). HCC is a complex disease likely resulting from genetic
single nucleotide polymorphisms (GSNPs) of multiple interacting genes and gene-
environment interactions. Recent efforts have been made to analyze the associations
between risk of this malignancy and GSNPs in genes involved in the repair of DNA
damage induced by AFB1. Here, we reviewed the results of published case-control stud-
ies that have examined the effects of common alleles of all susceptible DNA repair genes,
including XRCC1, XRCC3, XRCC4, XRCC7, XPC, and XPD, on risk of AFB1-related HCC
among Guangxi population. Statistically significant differences in genotype frequen-
cies found in case-control comparisons were rs25487, rs80309960, rs861539, rs7003908,
rs28383151, rs3734091, rs13181, and rs2228001 polymorphism. The overall effects of
these GNSPs were moderate in terms of relative risk, with ORs ranging from 2 to 10.
Furthermore, some evidence of the interaction of GSNPs in DNA repair genes and AFB1
exposure modulate risk of this cancer was also found, although the results require con-
firmation with larger sample size studies.

Keywords: genetic single nucleotide polymorphism, hepatocellular carcinoma, DNA repair,
DNA damage, aflatoxin B1, Guangxiese population
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1. Introduction

In China, hepatocellular carcinoma (HCC) is the fourth most common malignant tumors
and accounts for about 50% of the world’s HCC cases [1, 2]. This malignancy occurs more
often in some hot and humid areas such as Guangxi area, mainly because of high aflatoxin
B1(AFB1) exposure [3, 4]. However, accumulating epidemiological evidence has shown that
although many people are exposed to this risk factor, only a relatively small proportion of
people with chronic AFB1 exposure develop HCC [3, 4]. This suggests that an individual
susceptibility related to genetic factors including genetic single nucleotide polymorphisms
(GSNPs) in DNA repair genes might be correlated with HCC tumorigenesis [3-5]. In past
several decade years, evidence has been accumulated to support the hypothesis that GSNPs
in DNA repair genes may be of importance in determining individual susceptibility to AFB1-
related HCC [6-8]. Here, we review recent efforts in identifying genetic single nucleotide
polymorphisms (SNPs) in DNA repair genes, which may have impact on AFB1-related HCC
risk among Guangxiese population.

2. Epidemiology of AFB1-related HCC among Guangxi areas

In Guangxi, a known high AFB1 exposure area, HCC is the most common occurring cancer [5].
Epidemiologically, this type tumor is characterized as follows: (a) the incidence rate display-
ing a noticeable mountain shape, gradually increasing with age increasing before shape top
and gradually decreasing with age increasing after shape top and (b) more than three times
risk of HCC among males than among females, especially in the high AFB1-exposure areas
(including Baise and Nanning) [5]. During 1990-1992, the incidence rates of this tumor in
Guangxi area increased markedly compared between the late 1970s and the early 1980s (25.22
per 100,000 vs. 15.85 per 100,000), especially male Guangxiese population (Figure 1A) [9]. This
might result from the increasing infective rate of hepatitis viruses and advance of diagnostic
ability [10]. The following epidemiological investigations showed that the incidence rate of
HCC among Guangxiese population significantly markedly decrease during 2004 and 2005
(mainly because of the control of hepatitis virus infection) (Figure 1) [9]. However, the incident
rates of this tumor in high AFBl-exposure areas have little change. According to epidemio-
logical investigation from AFB1-exposures areas, during May 2007-April 2008, incidence rates
were 103.1/100,000 and 117.8/100,000 for Fusui in Nanning and Xiangzhou in Baise (two main
high AFB1 exposure areas), respectively [11]. This is similar to the results before 10 years [11].

Because of the very poor prognosis, HCC is the first most common cause of death from can-
cer in Guangxi [9]. In the past 40 years, the total mortality rate of HCC gradually increased
and followed by gradually decreased (Figure 1B), regardless of male or female population.
Furthermore, this trend was not only associated with age but also more noticeable in male
population than female population (Figure 2), possibly because male individuals featured
more AFB1 exposure [4]. Supporting above-mentioned hypothesis, molecular epidemiologi-
cal studies from high AFBl-exposure areas of Guangxi have exhibited that these individu-
als featuring more AFB1 exposure would face decreasing 5-year survival rate and increasing
death risk [12-14].
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Figure 1. The incidence and mortality rates of hepatocellular carcinoma (HCC) in Guangxi during 1971 and 2005. Total
incidence rate (A) and mortality rates (B), regardless of male or female population, were significantly increasing from
during 1971 and 1973 to during 1990 and 1992. However, they would decrease during 2004 and 2005.
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Figure 2. The gender and age distributions of hepatocellular carcinoma (HCC) mortality among Guangxiese population.
(A) The gender and age distributions of HCC mortality between 1990 and 1992. (B) The gender and age distributions of
HCC mortality between 2004 and 2005.

3. DNA damage induced byAFB1 and DNA repair

Several previous reviews have significantly summarized the toxicology of AFB1 [3-5, 15].
Generally, AFB1, an important mycotoxin and a category I known human carcinogen pro-
duced by Aspergillus parasiticus and Aspergillus flavus [4, 5], has been found as toxic contami-
nants of human food such as ground nuts and core in tropical areas as a result of fungal
contamination during growth and after harvest which under hot and humid conditions
[15]. Once this toxigenic agent is taken into body, it is metabolized by phase I detoxification
enzymes to its reactive form, also called AFB1-8,9-epoxide (AFBO). This reactive product can
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also covalently bind to DNA and induce DNA damage, which might ultimately result to the
development of HCC [16, 17].

AFBl-induced DNA damage types consist of DNA adducts, oxidative damage, and gene muta-
tions. For AFB1-DNA adducts, AFB1-N"-Gua adduct, the most common adduct type, is primarily
identified and confirmed in vivo research studies [17-22], whereas the formamidopyridine AFB1
adduct (AFB1-FAPy) is a ring-opened DNA adduct [23, 24]. Because of the accumulations of
AFB1-FAPy, it is characterized by a time-dependent and non-enzyme way and exhibits apparent
persistence in DNA; it may be of biological basis of genes mutation. Furthermore, AFB1-N’-Gua
and AFB1-FAPy can induce error-prone DNA repair and result in the damage of DNA strands,
including double-strand breaks (DSBs), single-strand breaks (SSBs), base pair substitution, frame
shift mutations, and oxidation DNA damage such as 8-oxodeoxyguanosine (8-oxyc) [25-28]. For
genes mutations induced by AFB1 exposure, G:C > T:A mutation in codon 249 of TP53 gene has
been frequently reported [29-36]. This mutation is tested in more than 40% of HCC from high-
AFB1-exposure areas, but in either very rare or absent for those from low or null AFB1 exposure
areas [36-39]. Therefore, G:C > T:A mutation in codon 249 of TP53 gene is regarded as the hotspot
mutation caused by AFB1 and the molecular symbol of AFB1-related HCC [40-42].

DNA damage by AFB1 exposure, if not repaired, may cause genomic instability and ulti-
mately result in cellular malignant transformation and tumor formation [20]. In human cells,
several evolved surveillance mechanisms, including base excision repair (BER), nucleotide
excision repair (NER), single-strand break repair (SSBR), and double-strand break repair
(DSBR), can monitor the integrity of genome and repair and minimize the consequences of
detrimental genome damage [3, 40]. DNA repair genes play an important role during afore-
mentioned repair pathways of DNA damage; therefore, GSNPs in the DNA repair genes may
be associated with risk of developing AFB1-related HCC [4].

4. Xeroderma pigmentosum C (XPC) GSNPs and AFB1-HCC among
Guangxiese population

Xeroderma pigmentosum C (XPC) gene locates on chromosome 3p25 and spans 33kb. Its
encoding protein consists of 940 amino acids and acts as a DNA damage recognition mol-
ecule during the global genome NER pathway [43, 44]. XPC can bind tightly with RAD23
homolog B (RAD23B, also called HR23B) to form a stable XPC/RAD23B complex. This com-
plex can recognize DNA adducts formed by exogenous carcinogens such as AFB1 and
binds to the DNA damage sites [44]. Thus, XPC may play a role in the pathogenesis of
HCC-related AFB1. The pathological and cellular researches have shown that the abnormal
expression of this gene is correlated with hepatocarcinogenesis [45]. Some studies have
shown that GSNPs of XPC (rs2228001 (also called codon Lys939GIn polymorphism) can
decrease DNA repair capacity related to AFBl-induced DNA damage [46—49]. In the past
several decade years, a total of four studies from Guangxi area reported XPC rs2228001
polymorphism was involved in AFB1 detoxification (Table 1) [12, 49-51]. The first study
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No. Ref. Year AFB1 Methods Matching Cases Controls  Risk value®
exposure® factor
i W (OR)

1 Wu et al. [51] 2010 High Case-control Age, sex, 98 157 1.46-2.08
HBV, HCV, (P<0.05)
race

2 Longetal. [12] 2010 High Case-control ~ Age, sex, 1156 1402 1.25-1.81
HBV, HCV, (P <0.001)
race

3 Li et al. [50] 2010 High Case-control No 500 507 1.20-1.81

(P>0.05)

4 Yao et al. [49] 2014 High Case-control ~ Age, sex, 1486 1996 1.57-2.19

HBV, HCV, (P <0.001)

race

“Defined by means of Henry et al. (Science, 1999).
® AFB1-related HCC risk will increase if OR > 1 and corresponding P-value <0.05; will decrease if OR <1 and corresponding
P-value < 0.05; and will not change if OR is about 1 and/or corresponding P-value > 0.05.

Table 1. Characteristics of studies about GSNP at codon 939 of XPC and AFB1-related HCC risk.

conducted by Wu et al. [51] is from Baise area (a famous high AFB1 exposure area with high
incidence rate of HCC). In this study, researchers investigated the association between XPC
rs2228001 polymorphism and HCC risk via an hospital-based case-control study (includ-
ing 98 HCC patients and 157 age-, sex-, race-, and hepatitis viruses-matching controls)
method and found XPC rs2228001 polymorphism increased HCC risk of female individu-
als (odds ratios [ORs] were 5.44 with 95% CI 1.38-21.50), but not tumor risk of male popu-
lation. Noticeably, they found a significant interaction of XPC variables and AFB1 exposure
levels [51].

Results from the matching-design studies with large-size samples show that the mutant geno-
types of XPC rs2228001 polymorphism increased about two times risk of HCC [12, 49]. The fol-
lowing quantitative analysis exhibited that AFB1 exposure interacted with risk genotypes of XPC
152228001 polymorphism on HCC risk (22.33 > 1.88 x 8.69 for the interaction of AFB1-exposure
years and XPC risk genotypes and 18.38 > 1.11 x 4.62 for the interaction of AFB1-exposure levels
and XPC risk genotypes) [12, 49]. Furthermore, mutant alleles were correlated with the decrease
of XPC expression levels in cancerous tissues and with the overall survival of HCC patients [12].
However, another study also from Nanning area (another high AFB1 exposure area in Guangxi)
exhibited that this polymorphism does not change HCC risk [50], possibly because it bases on
nonmatching design and some confounders might affect their results. Interestingly, a significant
risk value for HCC among female population was observed in the stratified analyses (OR =2.17,
95% CI = 1.01-4.64), similar with findings from Wu et al. [51]. Given these different effects, we
accomplished meta-analysis and found XPC rs2228001 polymorphism increased AFB1-related
risk (combined OR = 1.89, P < 0.01). Therefore, these results demonstrate that GSNP at codon
939 of XPC gene is not only a genetic determinant in the development of HCC caused by AFB1
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in Guangxiese population but also an independent prognostic factor influencing the survival of
HCC, like AFB1 exposure.

5. Xeroderma pigmentosum D (XPD) GSNPs and AFB1-HCC among
Guangxiese population

Xeroderma pigmentosum gene, contains 22 introns and 23 exons, locates on 19q13.3 and
spans about 20 kb [3, 52]. Its encoded product is one of the TFIIH complexes (a DNA-
dependent ATPase/helicase complex), it has classically been linked to the damage verifi-
cation and the opening of the DNA helix step of NER pathway [53]. To date, molecular
epidemiological studies on two GSNPs in this gene, namely, rs369191500 polymorphism
(codon 312, Asp to Asn) and rs13181 polymorphism (codon 751, Lys to Gln), have been con-
ducted by different laboratories [54]. Genotype-phenotype analyses have shown that these
two GSNPs are associated with low DNA repair ability, which might modify DNA-adduct
levels, p53 gene mutation, and risk of cancer [55, 56]. For genetic polymorphisms among
Guangxiese population, a total of four epidemiological studies have been conducted via
case-control design (Table 2). In 2009, Zeng et al. [57] investigated the association between
XPD GSNPs and HCC and observed about 2.60-time risk of HCC for these with mutant
genotypes of XPD codon 751. After that, results from Long et al. [58] and Yao et al. [49] have
exhibited that the variants of XPD rs13181 polymorphism (including rs13181-LG and -GG)
was significantly different between controls and HCC cases (26.3 vs. 35.9% for rs13181-LG
and 8.6 vs. 20.1% for rs13181-GG, respectively, P < 0.001). Mutant alleles increased the

No. Ref. Year AFB1 Methods  Matching  Cases Controls  Risk value®
exposure® factor
P ) ) (OR)
1 Zeng et al. [57] 2009 High Case- No 300 312 About 2.60
control (P <0.001)
2 Long et al. [58] 2009 High Case- Age, sex, 618 712 1.75-2.47
control HBV, HCV, (P<0.001)
race
3 Yao et al. [49] 2014 High Case- Age, sex, 1486 1996 2.19-4.27
control HBV, HCV, (P<0.001)
race
4 Hu et al. [59] 2016 High Case- No 178 178 2.33-3.38
control (P<0.05)

2 Defined by means of Henry et al. (Science, 1999).

© AFB1-related HCC risk will increase if OR > 1 and corresponding P-value <0.05; will decrease if OR <1 and corresponding
P-value < 0.05; and will not change if OR is about 1 and/or corresponding P-value > 0.05.

Table 2. Characteristics of studies about genetic polymorphism at codon 751 of XPD and AFB1-related HCC risk.
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risk of developing the cancer with a risk value of 1.75 (1.30-2.37) for Lys/GIn and 2.47
(1.62-3.76) for GIn/Gln, respectively [58]. Furthermore, the interactive effects of mutant
genotypes of 1513181 polymorphism in XPD gene and AFB1 exposure on HCC risk were
also found (P, . <(.05) [49]. Recently, Hu et al. [59] have reported higher frequency of
XPD codon 751 GIn alleles among HCC families than among non-HCC families. This sug-
gests that genetic susceptibility resulting from XPD GSNPs might have a potential effect
on AFB1-related HCC risk among Guangxiese population. Meta-analysis further improved
the above-mentioned hypothesis [56]. However, the studies from molecular epidemiologi-
cal studies exhibit that another GSNP of XPD is not significantly correlate with the risk of
HCC related to AFB1 [49, 58].

6. The human 8-oxoguanine DNA glycosylase (hOGG1) GSNPs and
AFB1-HCC among Guangxiese population

As described previously [60], DNA glycosylases play a central role in the BER pathway
because they can recognize and catalyze the removal of damaged bases. Among having
been reported GSNPs in DNA glycosylase-encoded genes, only hOGG1 correlates with
DNA repair capacity [5, 61]. This gene consists of 7 exons and 6 introns and spans 17 kb on
chromosome 3p26.2. It encodes a 546-amino acid protein, a specific DNA glycosylase that
catalyzes the release of 8-oxyG and the cleavage of DNA at the AP site (Figure 3) [61, 62]. The
presence of several polymorphisms within hOGG1 locus is identified and only rs1052133
polymorphism (at codon 326, Ser — Cys) is suggested to modify DNA repair capacity [63—
65]. Therefore, low capacity of 8- G repair resulting from hOGG1 326Cys polymorphism
might contribute to the persistence of 8- G in genomic DNA in vivo, which, in turn, could
be associated with increased cancer risk [66]. Several reports imply this polymorphism
may be associated with HCC related to AFB1 exposure [67-70]. Through a hospital-based
case-control study (including 500 cases with HCC and 507 healthy controls) conducted in
Nanning area from Guangxi, Ji et al. [67] investigated the relationship between hOGG1
rs1052133 polymorphism and HCC risk and found significantly different distribution of
three genotypes (Ser/Ser, Ser/Cys, and Cys/Cys) between cases and controls (71.40, 8.00, and
20.60% for patients with HCC, 84.22, 10.06, and 5.72% for controls). Regression logistic anal-
ysis shows that mutant alleles of this polymorphism increase AFB1-related HCC risk (OR
=2.14, 95% CI = 1.57-2.91). Molecular epidemiological studies from other researchers have
also proved higher frequencies of Cys alleles in HCC cases than controls and this change
increased HCC risk among Guangxiese population featuring AFB1-exposure history [69,
70]. Given that hOGG1 expression is significantly related to HCC carcinogenesis [71, 72],
Peng et al. [68] explored the effects of hOGGI rs1052133 polymorphism on 8- =G levels
and hOGG1 expression in Guangxiese population with AFB1 exposure. They observed that
Cys alleles downregulated hOGGI expression and increased 8- G levels. These findings
suggested the pathogenic role of hOGG1 Cys326Ser polymorphism in the carcinogenesis of
AFB1-related HCC.
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8-oxoguanine DNA glycosylase (h\OGG1) can catalyze the release of 8-oxyG (Red) and the cleavage of DNA at the AP site.
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7. The XRCC1 GSNPs and AFB1-HCC among Guangxiese population

X-ray repair cross-complementing group 1 (XRCC1), also called RCC, spans about 32 kb on
chromosome 19q13.2 and contains 17 exons and 16 introns. The encoding protein of XRCC1
acts as a scaffold protein in SSBR and BER pathways via the interaction with Pol 3, DNA
ligase III, and PARP [73]. According to data from SNP database, more than 50 GSNPs in the
coding region of XRCC1 gene, which lead to amino acid substitution, have been identified. Of
GSNPs, 1525487 polymorphism (at codon 399, Arg — Gln) is of special concern, because this
GSNP resides in functionally significant regions and may decrease DNA repair activity and
increase the risk of gene mutation cancers [3].

In Guangxi area, a total of five molecular epidemiological studies were found in PubMed
Database, Web of Science Database, Wangfang Database, Google Database, and Weipu
database (Table 3). In 2005, Long et al. [74] investigated the effects of XRCC1 rs25487 poly-
morphism on AFB1-related HCC risk. In their study, they included 140 patients with patho-
logically diagnosed HCC and 536 age-, sex-, race-, and hepatitis virus-matching controls
and found significantly different distribution of three genotypes of XRCC1 rs25487 poly-
morphism (Arg/Arg, Arg/Gln, and GIn/GIn) between cases and controls (51.43, 45.00, and
3.57% for patients with HCC, 6.54, 29.66, and 2.88% for controls). Regression logistic analy-
sis shows that mutant alleles of this polymorphism increase AFB1-related HCC risk (OR =
2.18, 95% CI = 1.27-3.74). They also observed more noticeable risk role for HCC under the
conditions of individuals with both high AFB1 exposure and mutant genotypes of XRCC1
rs25487 polymorphism (risk value 1.84-10.87). The several following molecular epidemio-
logical studies furthermore prove these results [49, 75, 77]. However, associations between

No. Ref. Year AFB1 Methods  Matching  Cases (n) Controls (1) Risk value®
exposure? factor (OR)
1 Longetal. [74] 2005 High Case- Age, sex, 140 536 2.18
control HBV, HCV, (P =0.0001)
race
2 Longetal. [75] 2006 High Case- Age, sex, 257 649 2.47
control HBV, HCV, (P =0.0001)
race
3 Zengetal. [76] 2010 High Case- No 500 507 about 1
control (P>0.05)
4 Heetal. [77] 2012 High Case- Age, sex 119 119 2.50
control (P <0.05)
5 Yao et al. [49] 2014 High Case- Age, sex, 1486 1996 2.19-4.27
control HBV, HCV, (P <0.001)

race

Notes: * Defined by means of Henry et al. (Science, 1999, 286: 2453-2454).

* AFBl-related HCC risk will increase if OR > 1 and corresponding P-value < 0.05; will decrease if OR < 1 and
corresponding P-value < 0.05; and will not change if OR is about 1 and/or corresponding P-value > 0.05.

Table 3. Characteristics of studies about genetic polymorphism at codon 399 of XRCC1 and AFB1-related HCC risk.
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XRCC1 rs25487 polymorphism and individual susceptibility to HCC have been reported in
a case-control study with the insignificant results [76]. This may be because of nonmatch-
ing design and the effects of confounders such as age, gender, race, and hepatitis viruses.
Supporting aforementioned conclusions, meta-analysis from data in high AFB1 exposure
areas also exhibited that these subjects with GIn alleles of XRCC1 rs25487 polymorphism had
increasing HCC risk (OR > 1, P <0.01) [78]. This suggests that XRCC1 rs25487 polymorphism
should be a risk biomarker of Guangxiese HCC related to AFB1 exposure.

8. The XRCC3 GSNPs and AFB1-HCC among Guangxiese population

X-ray repair cross-complementing group 3 (XRCC3) is an important paralogs of the strand-
exchange protein RAD51 and is primarily found and cloned by functional complementa-
tion in the Chinese hamster cell line irs1SF. This gene spans about 17.8 kb on chromosome
14q32.33 and contains 10 exons. Functionally, XRCC3 can bind directly with DNA breaks and
facilitate the formation of the RAD51 nucleoprotein filament and protein-protein interaction
of RAD51 family members in the SSBR pathway [79]. In XRCC3-defective irs1SF hamster
cells, spontaneous chromosomal aberrations, high sensitivity to cross-linking agents, mild
sensitivity to gamma rays, and significantly attenuated Rad51 focus formation after gamma
ray exposure were observed, which suggests that XRCC3 is crucial for the SSBR pathway [80].

Recent molecular epidemiological studies have shown that the function of XRCC3 is modified
by its GSNPs. Of the known GSNPs, only rs2228001 polymorphism (at codon 241, Thr — Met)
is of special concern, because this GSNP results the change Thr to Met at codon 241 [81-83]. Up
to now, three reports from high AFBl-exposure areas of Guangxi supported the above-men-
tioned conclusions [49, 84, 85]. In the first frequent case-control study in Guangxi population
[85], higher mutant frequencies at codon 241 of XRCC3 are observed among cases with HCC
than controls (33.01 vs. 61.48%, P < 0.001). The results from logistic regression analysis further
prove that this mutate increases about 2- to 10-time risk of HCC. The following two relatively
larger sample size molecular epidemiological studies (study 1 conducted by Long et al. [84]
consisting of 491 patients with HCC and 862 healthy controls; study 2 from Yao et al. [49]
including 1486 cases and 1996 controls) were accomplished in high AFB1 exposure. Similar to
data from the first study, individuals having the mutant genotypes of XRCC3 rs2228001 poly-
morphism would feature higher risk of developing HCC. Interactive analysis of risk genotypes
and AFB1 exposure further demonstrated that this allele multiplicatively interacted with AFB1
exposure in the process of hepatotumorigenesis [49]. Taken together, these results suggest that
the GSNPs in XRCC3 gene, such as rs2228001 polymorphism, might a genetic determinant in
the HCC carcinogenesis caused by AFB1 exposure among Guangxiese population.

9. The XRCC7 GSNPs and AFB1-HCC among Guangxiese population

X-ray repair cross-complementing 7 (XRCC?7), also called protein kinase DNA-activated cata-
lytic polypeptide (PRKDC), spans about 197 kb on 8q11.21 and contains 85 exons. Protein
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encoded by his gene is a member of the PI3/PI4-kinase family and acts as the catalytic subunit
of the DNA-dependent protein kinase (DNA-PK). Functionally, it interacts with the Ku70/
Ku80 heterodimer protein in the nonhomologous end joining (NHE]) repair and recombina-
tion [86-88]. More than 200 of GSNPs have been reported in the XRCC7 gene, some of which are
reported to affect tumorigenesis of malignant tumors [89-93]. In Guangxi area, several reports
imply XRCC7 rs7003908 polymorphism (T to G) may be associated with HCC related to AFB1
exposure [49, 94]. Through a hospital-based case-control study (including 348 cases with HCC
and 597 age-, gender-, race-, and hepatitis viruses-matched healthy controls) conducted in
high AFB1 exposure area from Guangxi, Long et al. [94] investigated the association between
XRCC7 rs7003908 polymorphism and HCC risk and found significantly different distribution
of three genotypes (rs7003908-TT, -TG, and -GG) between cases and controls (25.9, 44.5, and
29.6% for patients with HCC, 58.1, 30.0, and 11.9% for controls). Regression logistic analysis
shows that mutant alleles of this polymorphism increase AFB1-related HCC risk, with risk
value of 3.45 (2.40—4.94) for rs7003908-TG and 5.04 (3.28-7.76) for rs7003908-GG, respectively.
Furthermore, this GSNP was also related to higher the amounts of DNA adducts induced by
AFB1 (r =0.142) [94]. Interestingly, it also multiplicatively interacts with AFB1-exposure vari-
able (interactive value: OR =1.74; 95% CI =1.66-1.82; P =2.21 x 107'®) [49]. Taken together, these
data exhibited that the XRCC7 rs7003908 polymorphism might modify AFB1-related HCC risk
via decreasing NHE] capacity. However, more studies are inquired to support this conclusion.

10. The XRCC4 GSNPs and AFB1-HCC among Guangxiese population

X-ray repair cross-complementing 4 (XRCC4, also known as SSMED) is an important NHE]
pathway gene locating on 5q14.2 and spanning about 293 kb. This gene is a generally expressed
protein of 334 amino acids residues and functions together with DNA ligase IV and DNA-PK
in the repair of DNA double-strand breaks. XRCC4 plays an important role in both nonho-
mologous end joining and the completion of V(D)] recombination [95, 96]. Increasing evidence
has shown that mutations in XRCC4 can cause short stature, microcephaly, and endocrine
dysfunction (SSMED) resulting from more-deficient NHE] capacity [97, 98]. This suggests
that the low repair capacity of this gene from genetic changes might be associated with cancer
risk [99, 100]. Up to now, only two GSPs in the XRCC4 gene, namely, rs28383151 (at codon
56, Ala to Thr) and rs3734091 (at codon 247, Ala to Ser), have reported to be correlated with
risk of AFB1-related HCC among Guangxiese population [13, 14, 49]. In these studies, Long
et al. [13, 14] have examined the association between genetic polymorphisms (Ala56Thr and
Ala247Ser) in XRCC4 and risk of HCC in a large case-control study in at-risk Guangxiese
population. Genotypes were determined in 1499 patients with HCC and 2045 individually
matched controls. We observed that individuals with Thr/Thr genotype at Arg194Trp site and
Ser/Ser genotype at Ala247Ser site of XRCC4 had about twofold and threefold increased risk
for the cancer compared with wild types, respectively. Furthermore, when risk genotypes
of XRCC4 and AFB1l-exposure were combined, this risk role was more noticeable, with the
adjusted OR being11.26 (95% CI, 8.36-15.18) for rs28383151 polymorphism and 14.43 (95% CI,
7.98-26.09) for rs3734091 polymorphism, respectively. Interactive analysis further exhibited
this multiplicative interaction (interactive OR = 1.64, 95% CI = 1.55-1.73, 6.41 x 107) [49].
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Functional exploration showed that these two polymorphisms increased AFB1-DNA adducts
levels and TP53M risk, and AFB1-related HCC prognosis, suggesting they should be impor-
tant modified factors of AFB1 toxicological effects [5, 13, 14]. Together, these results imply that
XRCC4 rs28383151 and rs3734091 polymorphisms might play a role in the carcinogenesis of
the liver under the conditions of AFB1 exposure.

11. Future directions

In the past decades, great progress has been made in understanding the molecular mecha-
nisms of the GSNPs affecting risk of AFBl-related HCC. However, we are still far from a
comprehensive view of this effect. The molecular mechanism about GSNPs in the DNA repair
genes modifying the risk of HCC caused by AFB1 remains largely unknown. Although sev-
eral reports have displayed that GSNPs may progress tumorigenesis of AFB1-related HCC
via downregulating expression of DNA repair genes, breaking the structure of DNA repair
proteins, or decreasing the function of DNA repair genes, more direct evidence is still miss-
ing. Disclosing the roles of different phenotypes of DNA repair genes will greatly benefit our
understanding of pathological mechanisms of GSNPs affecting AFB1-related HCC risk, and
will shed important light on the prevention values for individuals with risk types.

12. Conclusion

Like most other human cancers, HCC is a complex disease attributed to environment varia-
tion and genetic susceptive factors. In high incidence areas of HCC in Guangxi, AFB1 is an
important environment variation. In the process of AFB1 hepatocarcinogenesis, DNA dam-
age induced by AFB1 exposure plays a central role because of their genotoxicity and inter-
actions with genetic susceptive factors. Numerous studies reviewed in this chapter have
demonstrated that the hereditary variations in DNA repair genes (including XRCC1, XRCC3,
XRCC4, XRCC7, hOGGI1, XPC, and XPD) are related to the susceptibility to AFB1-related
HCC among Chinese population. These molecular epidemiological studies have significantly
contributed to our knowledge of the importance of genetic polymorphisms in DNA repair
genes in the etiology of HCC related to AFB1 exposure. It would be expected that genetic sus-
ceptibility factors involved in DNA repair genes for HCC could serve as useful biomarkers for
identifying at-risk individuals and, therefore, targeting prevention of this malignant tumor.

However, there are several issues to be noted. Because of conflicting data existing in the same
ethnic population in view of between some genotypes of DNA repair genes and the risk of
HCC related to AFB1, the conclusions should first be drawn carefully. For example, whether
the XRCC1 Arg399GIn polymorphism is a risk factor or not remains controversial and further
studies are needed. Second, because of the difference in population frequencies corresponding
to genetic polymorphisms that depend on ethnicity, caution should be taken, particularly in
extrapolating these data to other ethnic populations, especially from other high AFB1-exposure
areas. Third, when risk of a specific polymorphism is considered, AFB1 exposure should be
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stressed because AFB1 exposure may differ from areas to areas and from individuals to indi-
viduals. Last, in view of that fact the development of AFB1-related HCC is “polygenic,” a
panel of susceptive biomarkers are warranted to define individuals at high risk for this cancer.
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HCC hepatocellular carcinoma

HR hazard ratio

hOGG1 human 8-oxoguanine DNA glycosylase

NER nucleotide excision repair

NHE] nonhomologous end joining

OR odds ratio

SSBs single-strand breaks

SSBR single-strand break repair

SSMED short stature, microcephaly, and endocrine dysfunction
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TP53M the hotspot mutation at codon 249 of TP53 gene;
XPC xeroderma pigmentosum C

XPD xeroderma pigmentosum D

XRCC1 X-ray repair cross-complementing group 1
XRCC3 X-ray repair cross-complementing group 3
XRCC4 X-ray repair cross-complementing group 4
XRCC7 X-ray repair cross-complementing group 7
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Abstract

The Rho-kinase (ROCK) family members, consisting of ROCK1 and ROCK?2, are serine-
threonine kinases that are activated by small GTPases. ROCKSs play central roles in the
actin cytoskeleton organization and regulate a wide range of fundamental cellular func-
tions, such as apoptosis, inflammatory responses, cell contractility, adhesion, migration,
motility, proliferation, phagocytosis, and apoptosis. Accumulating evidence from basic
and clinical studies supports the concept that ROCK plays important roles in many dis-
eases and could be a potential therapeutic target for diverse disorders, including cardio-
vascular, neurologic, metabolic, autoimmune disorders, and cancers. Although there are
only limited numbers of published studies related to ROCK polymorphisms in humans,
the contribution of the genetic studies related to ROCK variants to the disease states is
emerging. Identifying mutated genes or associated polymorphisms and evaluating their
potential risks are important steps for understanding the genetic components and patho-
genesis of diseases. Identification of functional mutations or polymorphisms could poten-
tially help in the development of novel ROCK-specific therapies in related disease states.

Keywords: disorder, polymorphism, Rho-kinase, ROCK, variant

1. Introduction

Rho-kinase (ROCK) is a serine/threonine kinase that is activated by small Rho GTPase pro-
teins. Two ROCK isoforms have been identified: ROCK1 and ROCK2. These ROCK isoforms
are encoded by separate genes on human chromosomes 18q11.1 (ROCK1) and 2p24 (ROCK2).
ROCK1 and ROCK2 enzymes contain 1354 and 1388 amino acids, respectively [1, 2]. Two iso-
forms have ~65% overall amino acid homology and ~92% homology in the kinase domain. The
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carboxy terminus of ROCK folds back onto the kinase domain, thereby forming an autoinhibi-
tory loop that maintains the enzyme in an inactive state. Binding of GTP-bound, biochemically
active Rho (such as RhoA/RhoB/RhoC) to the Rho-binding domain (RBD) disrupts the negative
regulatory interaction between the catalytic domain and the autoinhibitory C-terminal region,
resulting in activation of the enzyme in response to extracellular signals [1, 2]. On the other
hand, RhoE interacts with the N-terminal region of ROCK1 and prevents Rho binding to RBD
[3]. ROCK1 is cleaved by caspase-3, but ROCK2 can be cleaved by granzyme B or caspase-2
(Figure 1) [1, 2]. ROCK enzymes are likely to exist as dimers by parallel association at the
coiled-coil domain and the dimerized kinase domain of ROCK appears to be in an active con-
formation in the absence of phosphorylation [4, 5].
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Figure 1. Schematic molecular structure and main regulators of ROCKs. ROCK sequences comprise a kinase domain

located at the amino terminus of the protein, followed by a coiled-coil region containing the Rho-binding domain (RBD)
and a pleckstrin homology (PH) domain with a cysteine-rich domain (CRD).

Although ROCK1 and ROCK2 are ubiquitously expressed, ROCK2 is highly expressed in
the brain and the heart, whereas ROCK1 is preferentially expressed in the lung, liver, spleen,
kidney, and testis [1, 6]. ROCK signaling has been implicated in a wide range of fundamental
cellular functions including cell morphology, contraction, adhesion, motility, migration, pro-
liferation, differentiation, invasion, metastasis, and apoptosis [1, 2]. ROCK can also regulate
macrophage phagocytic activity and endothelial cell permeability, and it is known to play a
role in inflammatory mechanisms and endothelial dysfunction [7, 8].

2. ROCK polymorphisms and disease susceptibility

There are only limited numbers of published studies related to ROCK polymorphisms in

humans. However, the contribution of the genetic studies related to ROCK variants to the
disease states is emerging.
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2.1. Cancer

It has been demonstrated that ROCK2 gene rs2230774 (Thr431Asn), but not rs1130757
(Arg83Lys), polymorphism is significantly associated with metastases of breast cancer [9].
Although homozygous carriers of the Thr431Thr genotype were more frequent, heterozy-
gous carriers of the Thr431Asn genotype were less frequent among the metastatic patients
than among controls. There was also an increase in Thr431 allele and decrease in Asn431
allele frequencies in patients with distant metastases. Furthermore, increased Thr431Thr
genotype and Thr431 allele frequencies were found to be associated with negative estro-
gen and progesterone receptor status in the metastatic group [9]. This data suggest that
Thr431Asn polymorphism of the ROCK2 gene is a risk factor for the metastases of the breast
cancer, and may help in predicting the prognosis. Indeed, activating ROCKI1 mutations
(Y405%, S1126*, and P1193S) that increase cellular motility through actin cytoskeleton rear-
rangement have been identified in breast and lung carcinomas [10]. The Y405* and S1126*
mutants, which lead to premature termination of translation at Tyr405 and Ser1126, were
both identified in primary human breast cancers, whereas the third mutation, P1193S, which
leads to a substitution of proline 1193 with serine, was identified from the established human
non-small-cell lung carcinoma line NCI-H1770. rs11874761 rs8085504 rs2127958 rs17202375
rs288980 polymorphisms of the ROCKI gene were studied in patients with non-small cell
lung cancer, but no association was observed [11]. Thus, no evidence was found to suggest
that these polymorphisms play a significant role in lung cancer susceptibility [11]. Recently,
a nonsense mutation (G285%) in ROCK1 that introduces a premature stop codon at amino
acid 285, and a ROCK2 mutation (5457N) has been identified in gastric cancer patients with
peritoneal carcinomatosis [12]. Collectively, these results may suggest the importance of the
ROCK gene in breast, lung, and gastric carcinomas.

There are some controversial results about the association between the ROCK polymorphisms
and colorectal carcinoma. Significant associations between ROCK1 (rs73963110 and rs35996865)
and ROCK2 gene polymorphisms (rs2290156, rs10178332, rs35768389, rs10929732 and
1rs34945852) with colorectal cancer development have been detected [13]. However, no marked
associations were found between ROCK2 gene rs965665, rs2230774, rs6755196, and rs1515219
polymorphisms and the risk of developing colorectal cancer [13]. ROCK and p53 immuno-
histochemical stainings were found to be markedly elevated in the tumor tissue. There were
also significant correlations between vascular and perineural invasions with ROCK2 or p53
protein expressions [13]. These data showed that the ROCKI and ROCK2 genes might be a risk
factor for colorectal cancer development, and that genetic polymorphism in these genes may
modify individual susceptibility to colorectal cancer in the Turkish population [13]. However,
none of the allelic or genotypic variants of the four ROCK1 (rs35996865, 1573963110, 12127958,
and rs288980) and five ROCK?2 (rs12692437, rs7563468, rs35768389, rs17463896, and rs16857265)
polymorphisms was found to be associated with the occurrence of colorectal cancer or with the
development of regional lymph node metastasis in an Italian population [14]. It is noteworthy
that no evidence of an association was found for ROCK2 rs35768389 or for ROCK1 rs73963110
variants, which have been previously described as relevant to colorectal cancer development in
a Turkish cohort [13]. On the other hand, Zucchini et al. [14]. found that the ROCK1 rs35996865
G variant allele was significantly more frequent in male patients than in the control group. This
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finding points to a possible gender-related modulation by the ROCK1 gene in colorectal cancer
susceptibility.

Although there were no significant associations between ROCK2 gene polymorphisms
[rs2290156, 15965665, 1510178332, rs2230774 (Thr431Asn), rs2230774 (Thr431Ser), rs6755196,
and rs726843] and mantle cell lymphoma cases, ROCK1 protein and gene expressions were
markedly increased in lymph node tissues of the patients [15]. Demonstration of no signifi-
cant associations between ROCK2 gene polymorphisms and mantle cell lymphoma cases may
be due to the differences in pathogenesis between different types of cancer as well as the small
number of cases in this study [15].

ROCK1 gene rs35996865 polymorphism was significantly associated with the increasing risk
of clear cell renal cell carcinoma in a Chinese population [16]. However, no significant associa-
tions were found with ROCK1 gene rs8089974 and rs11874761 polymorphisms. Results of this
study indicate that the risk of clear cell renal cell carcinoma is increased in participants with
G allele of rs35996865.

2.2. Cardiovascular diseases

Seasholtz et al. [17] reported that rs2230774 (Thr431Asn) polymorphism at ROCK2 gene
predicts increased blood pressure, systemic vascular resistance, and resistance in response
to the endogenous renin-angiotensin system in twins. The Asn/Asn genotype was associ-
ated with a greater resting systolic, diastolic, and mean blood pressures. Systemic vascular
resistance was found to be higher in Asn/Asn individuals, and aldosterone secretion was
lowest in Asn/Asn homozygotes [17]. Rankinen et al. [18] showed that a major haplotype
block at the ROCK?2 locus (containing the minor alleles of 15965665, rs10178332, rs6755196,
and rs10929732) is recessively associated with a lower risk of hypertension. However, it has
been shown that ROCK2 Thr431Asn polymorphism does not exhibit any significant allele
or genotype association with hypertension in a Chinese Han population [19]. Consistently,
another Chinese population study did not detect the association between ROCK2 gene poly-
morphisms and hypertension [20]. Liu et al. [20] tested the association between coronary
artery disease and ROCK2 gene rs978906, rs2230774 (Thr431Asn), rs56304104 polymor-
phisms, but no significant association was detected in a Chinese population. This study also
does not support a major role for these three ROCK2 polymorphisms in determining blood
pressure levels. Thus, results of this analysis do not support common variants in the coding
region of ROCK2 to have a major effect to coronary artery disease susceptibility.

Significant associations were observed for GG genotype of rs978906, AA genotype of rs6753921,
GG genotype of rs10495582, and AA genotype of rs2230774 (Thr431Asn) polymorphisms with
high-altitude essential hypertension in Indian high-altitude native Ladakhi population [21].
Haplotype GAGA composed of variant alleles was found to be in higher proportion in cases
[21]. Other six polymorphisms (rs2290156, rs10167277, rs10929727, rs6716817, rs4477886,
and rs10929728) were also studied, but no marked changes were noted in this study [21].
Associations of ROCK2 gene polymorphisms with elevated systolic blood pressure levels sug-
gest the involvement of these four polymorphisms in high-altitude essential hypertension.
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Peterson et al. [22] evaluated allelic variants [rs12622447, rs10929728, rs1868584, rs6716817,
152230774 (Thr431Asn), 1s5829297, rs4027164, and rs17366517] or haplotypic associations of
ROCK2 in women with preeclempsia in a Finnish population and did not detect any signifi-
cant association, implying that ROCK2 gene could not be a functional target for the regulation
of preeclempsia. It is concluded that common genetic variations in ROCK2 are unlikely to
make a major contribution to the risk of preeclampsia in the Finnish population. However,
ROCK?2 gene intronic rs1868584 variant is reported to be associated with cardiovascular dis-
ease and hypertension [23].

The major alleles of rs978906 (A allele) and rs2230774 (C allele) of ROCK2 gene were found to
be significantly associated with arterial stiffness in a Chinese population residing in Taiwan
[24]. They found that the A allele of rs978906 has reduced repression of miR-1183 resulting in
significantly higher ROCK2 expression levels than the G allele. It has been proposed that peo-
ple carrying the A allele are prone to arterial stiffness because their ROCK2 levels tend to be
high [24]. Thus, these two functional polymorphisms of ROCK2 gene can increase the suscep-
tibility of arterial stiffness by affecting ROCK2 levels and activity in the Chinese population.

Yoo et al. [25] demonstrated that the genotype frequencies of five polymorphisms (rs978906,
152271621, rs2230774, rs1515219 and rs3771106) of ROCK2, in the vasospastic angina group,
were not significantly different from that in the control group in the Korean population. The
only marked difference was noted in haplotype analysis [25]. The haplotype GTCTG was sig-
nificantly associated with a decreased risk of vasospastic angina, suggesting that the ROCK2
gene might be involved in the pathogenesis of vasospastic angina in the Korean population.

No association of the ROCK2 gene 152230774 (Thr431Asn) polymorphism with the development
of cardiac septal defects in pediatric patients has been reported [26], suggesting that this poly-
morphism is not a contributing factor to the susceptibility of atrial or ventricular septal defects.

Palomino Doza et al. [27] investigated the role of genetic variations in ROCK1 on the risk of
tetralogy of Fallot in British Caucasian patients, and found that ROCK1 gene rs288979 and
rs56085230 (Tyr269Tyr) variants were significantly associated with tetralogy of Fallot. In
this study, ROCK1 gene rs2292296 (Leul097Phe), rs7237677, rs7227454, rs288989, rs45449301
(Ile432Val), rs288979, rs17202368, rs17202375, rs2271255 (Lys222Glu), rs1481280, rs8085504,
rs398528, rs112165707 (Ser595Ser), and rs45562542 (Thr773Ser) polymorphisms were also
studied, but no significant changes were determined [27].

2.3. Autoimmune diseases

Significant differences between systemic sclerosis patients and control group were observed
with regard to rs35996865 polymorphism of the ROCK1 gene and rs10178332 polymorphism of
the ROCK2 gene [28]. CC genotype frequency of the rs35996865 polymorphism was found to be
extremely low in patients with Raynaud’s phenomenon [28]. A significant difference between
systemic sclerosis patients and control group was observed in G allele and GG genotype distri-
butions of alteration in the ROCK2 gene rs10178332 polymorphism. Additionally, GG allele fre-
quency was significantly low in patients with Raynaud’s phenomenon and lung involvement
[28]. In this study, rs112108028 (Pro1164Leu) and rs1045144 for ROCK1; rs2230774 (Thr431Ser),

125



126  Genetic Polymorphisms

152230774 (Thr431Asn), 1s35768389 (Asp601Val), rs726843, rs2290156, rs965665, 156755196, and
rs10929732 for ROCK2 gene polymorphisms were also examined, but no marked associations
were noted. These results strongly suggest that rs35996865 and rs10178332 polymorphisms
may be important risk factors for the development of systemic sclerosis.

It has been reported that ROCK2 gene rs35768389 (Asp601Val) polymorphism is associated
with Behget’s disease [29]. There are marked elevations in both TA genotype and A allele
frequencies of this polymorphism in patients group. Although CC genotype of rs1515219
polymorphism was more frequent, CT genotype was less frequent among the patients with
Behget's disease. There was an increase in C allele frequency in patients [29]. Additionally,
high AC and TT haplotype frequencies, and an increase in peripheral blood mRNA ROCK2
gene expression were observed in cases with Behget’s disease. However, no associations were
found with rs726843, rs2290156, 1s965665, rs10178332, rs2230774, rs6755196, rs10929732, and
1534945852 polymorphisms [29]. These results strongly suggest that ROCK2 gene polymor-
phisms may act as a contributing factor to the individual susceptibility of Behget’s disease.

ROCK1 gene polymorphisms may also have a significant impact on susceptibility to Behget's
disease. In the presence of CC genotype forrs73963110, CT genotype for rs111874856 (Val355Ile),
and TC genotype for rs112130712 (Lys1054Arg) polymorphisms, the risk of Behget's disease
increased 12.13-, 15.05-, and 16.28-fold, respectively [30]. A lower frequency of the GA geno-
type of the rs112108028 (Prol164Leu) polymorphism was associated with increased risk of
Behget's disease. Moreover, all these polymorphisms showed marked associations with the
manifestations of Behget's disease. Oguz et al. [30] showed that TC and CC genotypes and C
allele of the rs73963110 polymorphism, TC genotype and C allele of the rs112130712 polymor-
phism, CT genotype and T allele of the rs111874856 polymorphism, and GG genotype and G
allele of the rs112108028 polymorphism may increase the susceptibility to Behget's disease.
Although CTCG, CCTG, and TCTG haplotype frequencies were high in the patient group,
TTCA haplotype frequency was low in Behget’s disease. Interestingly, CCTG and TCTG hap-
lotypes were absent in the control group, while they had 9.5 and 6.8% frequencies in cases
with Behget’s disease, respectively [30]. These two haplotypes can be advocated as a bio-
marker for early prediction of developing Behget’s disease in a Turkish population. However,
no marked associations were detected between rs35996865, rs111312709 (Thr792Ala), and
rs2271255 (Lys222Glu) polymorphisms and Behget’s disease [30]. Taken together, these data
showed that ROCK gene appears to be a risk factor for Behget's disease, and genetic polymor-
phisms in ROCK genes modify individual susceptibility to Behget’s disease. These findings
may also provide important insight into the future development or use of potential therapeu-
tic approaches, such as ROCK inhibitors, for patients with Behget’s disease.

There is also evidence that ROCK2 gene intronic rs1868584 variant was shown to be associated
with rheumatoid arthritis [23].

2.4. Ocular diseases

There are only two published association studies related to ROCK gene polymorphisms
in ocular diseases. No evidence for an association of ROCK2 gene rs2230774 (Thr431Asn)
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and rs1130757 (Arg83Lys) polymorphisms with diabetic retinopathy has been reported in a
Turkish Population [31]. Additionally, the haplotypes are not significantly associated with
diabetic retinopathy as shown in this study [31]. Moreover, another recent study demon-
strated that the polymorphisms for the ROCK1 (rs35996865) and ROCK?2 [rs2290156, rs965665,
rs10178332, rs2230774 (Thr431Asn), rs2230774 (Thr431Ser), rs6755196, and rs726843] genes
are not associated with the increased risk of development of primary open-angle glaucoma in
a Turkish population [32]. There were also no marked associations between the haplotype fre-
quencies and primary open-angle glaucoma. Collectively, these results suggest that studied
ROCK1 and ROCK2 gene polymorphisms are not contributing factors to the susceptibility of
diabetic retinopathy or primary open-angle glaucoma.

2.5. Ischemic stroke

In a large prospective study, associations of ROCK1 gene variants with the risk of ischemic
stroke have been observed in healthy Caucasian women [33]. Seven (rs7239317, rs2127958,
rs1481280, rs1006881, rs11874761, rs10083915, and rs11873284) of the tagging single nucleo-
tide polymorphisms evaluated in ROCKI gene were associated significantly with the risk
of ischemic stroke [33]. 15288980 polymorphism was also studied, but no marked associa-
tion was observed. Thus, ROCK1 gene variation may influence the risk of ischemic stroke.
In contrast, none of the polymorphisms (rs921322, rs8996, rs6753921, rs2230774, rs1515219,
rs6716817, rs10203916, rs6755337, and rs12622447) in ROCK?2 were associated with the risk of
ischemic stroke [33]. These findings may highlight the potential prognostic utility of ROCK1-
associated gene variation in the prediction of the risk of ischemic stroke.

2.6. Metabolic syndrome

ROCK1 gene rs35996865 polymorphism and ROCK2 gene rs2230774 (Thr431Asn) polymor-
phism are markedly associated with the obesity-related metabolic syndrome in a Turkish
population [34]. However, no significant associations with the other 9 ROCK polymorphisms
[ROCK1: 1s73963110, rs112108028 (Proll64Leu), and rs111312709 (Thr792Ala), ROCK2:
rs2230774 (Thr431Ser), rs726843, rs2290156, rs965665, rs10178332, and rs6755196] have been
observed [34]. These results suggest that CA and AA genotypes and A allele of the rs35996865
polymorphism, and CC genotype and C allele of the rs2230774 (Thr431Asn) polymorphism
may increase the individual susceptibility to metabolic syndrome.

2.7. Respiratory distress syndrome

There is evidence that ROCKI gene rs2271255 (Lys222Glu) and rs35996865 polymorphisms,
and ROCK2 gene 1s726843, rs2290156, rs10178332, rs35768389 (Asp601Val) polymorphisms
are significantly associated with respiratory distress syndrome, and that these polymor-
phisms could be a risk factor for the development of neonatal respiratory distress syndrome
[35]. High odds ratios were observed with these polymorphisms. However, no associations
were found with rs73963110, rs1515219, rs965665, rs2230774 (Thr431Asn), rs6755196, and
rs10929732 polymorphisms. Additionally, 12 haplotypes (6 in ROCK1 and 6 in ROCK2) were
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found to be markedly associated with respiratory distress syndrome. Interestingly, TGCA
and TGCT haplotypes were only observed among the cases. Although none of the controls
had TGCT haplotype, it was seen in 26% of the infants with respiratory distress syndrome
[35]. It should be emphasized that rs2271255 (Lys222Glu) and rs726843 polymorphisms have
not been associated with any other disease yet. Collectively, these results strongly suggest
that ROCK gene polymorphisms may modify individual susceptibility to respiratory distress
syndrome in neonates.

2.8. Kidney disease

It has been demonstrated that rs2230774 (Thr431Asn) polymorphism of ROCK2 gene is sig-
nificantly associated with chronic kidney disease in individuals with a low serum concentra-
tion of triglycerides, with the A allele being protective against this condition [36]. Rao et al.
[37] showed that rs1515219 and rs2290156 polymorphisms of the ROCK2 gene are associated
with urinary albumin excretion in twin pairs.

2.9. Overactive bladder

Gurocak et al. [38] found that genotype and allele frequencies were not significantly different
between the children with overactive bladder and the control group for ROCK2 gene rs2230774
(Thr431Asn) polymorphism. It was concluded that this polymorphism has no impact on the
response to anticholinergic treatment.

2.10. Epilepsy

Association of the Thr431Asn polymorphism with idiopathic generalized epilepsy has been
investigated in a study [39]. Genotype distributions and the allele frequencies for the Thr431Asn
polymorphism showed no significant differences between the control and epilepsy groups.
Moreover, this polymorphism did not influence age of epilepsy onset, family history, single or
combined drug treatments, or status epilepticus [39]. Therefore, these results suggest that the
Asn431 ROCK?2 variant allele is not an important risk factor for the development of idiopathic
generalized epilepsy and does not influence the main clinical characteristics of idiopathic gen-
eralized epilepsy.

2.11. Migraine

Uslu Kuzudisli et al. [40] have investigated the association of the Thr431Asn polymorphism
with migraine in a Turkish population. No statistically significant association between a
migraine and genotype distributions or the allele frequencies for the ROCK2 gene Thr431Asn
polymorphism was demonstrated. In addition, there were no marked differences in genotype
and allele frequencies for the migraine without aura and migraine with aura subgroups when
compared with control group [40]. These findings suggest that the ROCK2 gene Thr431Asn
polymorphism is not a risk factor for the migraine, and it is not involved in the migraine
pathogenesis.
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2.12. Diabetes

It has been reported that ROCK2 gene rs2230774 (Thr431Asn) and rs1130757 (Arg83Lys)
polymorphisms were not associated with the risk of diabetes (mainly type-2) [31], suggest-
ing that these polymorphisms are not a contributing factor to the susceptibility of diabetes in
a Turkish population. However, Ross [23] presented evidence for the association of ROCK2
rs1868584 variant with type-1 diabetes.

2.13. High altitude pulmonary edema

Pandey et al. [41] investigated a total of 13 ROCK2 gene polymorphisms (rs978906, rs6753921,
152290156, rs10495582, 152230774, rs10167277, rs13393192, rs10929727, rs6716817, rs4477886,
rs41264193, rs12622447, and 1s10929728), but one polymorphism (rs10929728) emerged sig-
nificant among the study groups. A significant association was observed for C allele of the
rs10929728 with high altitude pulmonary edema [41]. Thus, an overrepresentation of ROCK2
rs10929728C demonstrated the role of this allele in increasing the risk susceptibility to high
altitude pulmonary edema. These data may suggest that stress-activated ROCK2 gene has a
role in predisposing an individual to high altitude pulmonary edema.

2.14. Psychiatric disorders

ROCK2 rs1868584 polymorphism was shown to be associated with bipolar disorder [23]. No
associations between ROCK1 gene rs8085654, 15288980, and rs1481280 polymorphism and
schizophrenia have been reported in a Japanese population [42]. No correlations were also
detected between these ROCK1 genotypes and Brief Psychiatric Rating Scale scores, amounts
of antipsychotics, or age at onset in that study.

Tables 1 and 2 show the significant and insignificant associations of ROCK polymorphisms
with disease states.

Disease Significant association Ref. Insignificant association Ref.

Breast cancer Y405%, S1126* [10]

Lung cancer P1193S [10]  rs11874761, rs8085504, rs2127958, rs17202375, [11]
15288980

Gastric cancer G285* [12]

Colorectal cancer 1573963110, rs35996865 [13]  rs35768389, rs73963110, rs2127958, rs288980 [14]

1rs35996865 (in male patients) [14]

V1309* [43]
Clear cell renal cell ~ rs35996865 [16]  rs8089974, rs11874761 [16]
carcinoma
Tetralogy of Fallot 15288979, 156085230 [27]  1s2292296 (Leul097Phe), rs7237677, rs7227454, [27]
(Tyr269Tyr) 15288989, rs45449301 (Ile432Val), rs288979,

1517202368, 1517202375, rs2271255 (Lys222Glu),
rs1481280, rs8085504, 1s398528, rs112165707
(Ser595Ser), rs45562542 (Thr773Ser)
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S

Disease Significant association Ref. Insignificant association Ref.

Systemic sclerosis 1535996865 [28] 15112108028 (Proll64Leu), rs1045144 [28]

Behget’s disease 1573963110, rs111874856 [30]  rs35996865, rs111312709 (Thr792Ala), rs2271255  [30]

(Val355lle), rs112130712 (Lys222Glu)
(Lys1054Arg), rs112108028
(Prol164Leu)

Primary open-angle 1535996865 [32]

glaucoma

Ischemic stroke 1rs7239317, rs2127958, [33] 15288980 [33]

1rs1481280, rs1006881,
1511874761, rs10083915,
rs11873284

Obesity-related 1$35996865 [34]  rs73963110, rs112108028 (Proll64Leu), [34]

metabolic syndrome rs111312709 (Thr792Ala),

Respiratory distress  rs2271255 (Lys222Glu), [35] 1573963110 [35]

syndrome 1535996865

Schizophrenia 158085654, 15288980, rs1481280 [42]

Table 1. Significant and insignificant associations between ROCK1 variants and disease susceptibility.

Disease Significant association Ref. Insignificant association Ref.

Breast cancer rs2230774 (Thr431Asn) [9]  rs1130757 (Arg83Lys) [9]

Gastric cancer S457N [12]

Colorectal cancer rs2290156, rs10178332, [13] 15965665, rs2230774, 156755196, rs1515219 [13]

rs35768389, rs10929732,

1rs34945852
1512692437, 157563468, rs35768389, 1517463896, [14]
rs16857265

Mantle cell lymphoma 1rs2290156, rs965665, rs10178332, rs2230774 [15]
(Thr431Asn), rs2230774 (Thr431Ser),
rs6755196, rs726843

Hypertension rs2230774 (Thr431Asn) [17] 1rs2230774 (Thr431Asn) [19]

15965665, rs10178332, [18] 15978906, 52230774 (Thr431Asn), rs56304104  [20]
rs6755196, rs10929732
rs1868584 [23]
High-altitude essential 15978906, rs6753921, [21] 152290156, rs10167277, rs10929727, 16716817,  [21]
hypertension rs10495582, rs2230774 154477886, rs10929728
(Thr431Asn)

Preeclampsia 1512622447, 1s10929728, 151868584, rs6716817, [22]
rs2230774 (Thr431Asn), rs5829297, rs4027164,
rs17366517

Arterial stiffness 1s978906, 12230774 [24]

(Thr431Asn)
Vasospastic angina GTCTG haplotype [25] 15978906, 152271621, 152230774, 151515219, [25]

153771106
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Disease Significant association Ref. Insignificant association Ref.
Cardiac septal defects 152230774 (Thr431Asn) [26]
Systemic sclerosis rs10178332 [28] rs2230774 (Thr431Ser), rs2230774 (Thr431Asn), [28]
1rs35768389 (Asp601Val), rs726843, rs2290156,
15965665, 156755196, rs10929732
Behget’s disease rs35768389 (Asp601Val), [29] 1s726843, rs2290156, rs965665, rs10178332, [29]
rs1515219 152230774, rs6755196, rs10929732, rs34945852
Rheumatoid arthritis rs1868584 [23]
Diabetic retinopathy rs2230774 (Thr431Asn), rs1130757 (Arg83Lys)  [31]
Primary open-angle 152290156, 15965665, 1510178332, rs2230774 [32]
glaucoma (Thr431Asn), rs2230774 (Thr431Ser),
156755196, rs726843
Ischemic stroke rs921322, rs8996, rs6753921, rs2230774, [33]
151515219, rs6716817, rs10203916, rs6755337,
rs12622447
Obesity-related metabolic 152230774 (Thr431Asn) [34] 1rs2230774 (Thr431Ser), rs726843, rs2290156, [34]
syndrome 15965665, r1s10178332, rs6755196
Respiratory distress 15726843, rs2290156, [35] rs1515219, rs965665, rs2230774 (Thr431Asn), [35]
syndrome rs10178332, rs35768389 156755196, rs10929732
(Asp601Val)
Chronic kidney disease rs2230774 (Thr431Asn) [36]
Urinary albumin 151515219, rs2290156 [37]
excretion
Overactive bladder rs2230774 (Thr431Asn) [38]
Idiopathic generalized 152230774 (Thr431Asn) [39]
epilepsy
Migraine 1rs2230774 (Thr431Asn) [40]
Diabetes rs1868584 (with type-1 [23] 1s2230774 (Thr431Asn), 1s1130757 (Arg83Lys)  [31]
diabetes)
High altitude pulmonary rs10929728 [41] 1rs978906, rs6753921, rs2290156, rs10495582, [41]
edema 152230774, rs10167277, rs13393192, rs10929727,
156716817, rs4477886, rs41264193, rs12622447,
1510929728
Bipolar disorder 151868584 [23]

Table 2. Significant and insignificant associations between ROCK?2 variants and disease susceptibility.

3. Structure or function of the ROCK enzymes affected by

polymorphisms

The Thr431Asn polymorphism lies immediately carboxyl-terminal to the start of the puta-
tive coiled-coil region and encodes an amino acid substitution in the predicted coiled-coil
domain of the protein, which is associated with ROCK2/ROCK2 parallel homodimerization
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and Rho binding. Asp601Val polymorphism is also located on the coiled-coil region. Because
the dimeric structure of ROCK is essential for normal in vivo function [4, 5], changes in the
coiled-coil region could be hypothesized to effect dimerization, Rho binding, and thereby
ROCK activation and phosphorylation of its substrates. Indeed, it has been demonstrated
for rs2230774 (Thr431Asn) polymorphism that cells transfected with C allele constructs have
significantly higher ROCK activities than those with A allele constructs [24]. Moreover, the
average leukocyte ROCK activity was found to be highest in CC genotype, followed by AC
and then lowest in AA [24]. Taken together, non-synonymous polymorphism rs2230774
(Thr431Asn) influences ROCK2 activity.

Three ROCK1 mutations (Y405%, S1126*, and P1193S) attenuate the autoinhibitory domain at
the carboxy-terminal end of the protein and enhance kinase activity [10]. In a colorectal cancer
study, the ROCKI mutation (typically c.3921delA leading to V1309%) is also predicted to par-
tially delete the autoinhibitory domain [43]. ROCK1 nonsense mutation (G285%) introduces a
premature stop codon at the 285th amino acid of ROCK1, leading to the truncation of ~79%
of ROCK1 [12]. The lack of a Rho-binding domain by the ROCKI mutation could impair the
Rho/ROCK pathway [12]. Therefore, this mutation may cause the loss-of-function of ROCK1,
because most of the functional domains, including the Rho-binding domain, are truncated
by the mutation. The rs56085230 (Tyr269Tyr) variant is synonymous and located within the
kinase motif of the protein which might influence splicing [27]. ROCK2 gene rs978906 poly-
morphism located at 3-UTR is predicted to influence microRNA(miR)-1183 binding to ROCK2
[24]. Thus, 3'-UTR rs978906 polymorphism affects the ROCK2 protein synthesis by interfering
miR-1183 binding. miR-1183 may modulate the disease states by fine tuning the ROCK2 pro-
tein expression.

It has been reported that polymorphism can change the binding of the transcription factors to
the gene. Pandey et al. [41] found that the variant allele rs10929728C of the ROCK2 gene binds to
a transcription factor Nkx-2, but the wild-type allele rs10929728T binds to CdxA. Bioinformatic
analysis also revealed that serum response factor, a transcription factor, binding site was found
for the variant allele G of the ROCK2 gene rs10495582 polymorphism [21]. Serum response fac-
tor is known to promote the transcriptional expression of ROCK2 [44]. In general, the structural
or functional changes of the ROCK enzymes affected by polymorphisms are mostly unknown
and require further studies.

4. Conclusions

There are some inconsistent results with the association studies, which can be explained in
part by population stratification, ethnic differences, selection bias, genotyping errors, or other
factors. The incomplete polymorphism coverage likely does not represent the entire gene and
therefore may not fully describe the contribution of ROCK genes. In the future, systematic and
large prospective studies or meta-analysis are warranted to evaluate thoroughly the role of
ROCK1 and ROCK?2 genes in the genetic predisposition to disease. The structure or function
of the ROCK enzymes affected by polymorphisms is mostly unknown, and functional studies



Rho-kinase Gene Polymorphisms in Related Disease States
http://dx.doi.org/10.5772/intechopen.69200

would be very helpful in elucidating the involvement of ROCK in disease pathogenesis. Further
validations from larger, independent cohorts as well as perspective studies are also required to
verify presently known associations in different ethnic groups. Furthermore, identification of
functional mutations could potentially help in the development of ROCK-specific therapies for
ROCK-related disease states.
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Abstract

The defects in the mitochondrial genome are associated with different pathologies,
including atherosclerosis. It is generally believed that atherosclerosis leads to premature
cell senescence, but there is increasing evidence that cell senescence, the biomarker of
which is the mutational load of mitochondrial genome, is itself a mechanistic factor of
atherogenesis. The basic scientific problem addressed is an examination of functional
consequences of mitochondrial DNA (mtDNA) damage based on the analysis of variabil-
ity of mitochondrial genome. The paper is devoted to identification of genetic markers
of mtDNA mutation burden, molecular and cellular markers of disorders in functional
properties of cells arising from mutations in the mitochondrial genome, and identifica-
tion of combinations of genetic markers that lead to violation of functional properties
of human monocyte-macrophages. New data are presented, which resulted from whole
genome sequencing of mtDNA from atherosclerotic lesions of arterial intima, the analy-
sis of the relationship of mtDNA damage with the changes in cellular composition of
arterial intima and expression of apoptosis- and inflammation-related genes, retrieving
the data on mitochondrial genome variability in patients with atherosclerosis, and the
study of functional activity of human blood monocytes differing substantially by the
degree of mtDNA mutation burden.

Keywords: atherosclerosis, mitochondrial DNA, mitochondrial dysfunction, mutations,

predisposition

1. Introduction

The defects in the mitochondrial genome are often associated with various human patholo-
gies. There is the evidence that such a relationship can be in the case of atherosclerosis. The
nature and the mechanisms of this association remain unclear. The basic scientific problem,
to which the given chapter is aimed, is the study of functional consequences of mtDNA dam-
age based on the analysis of variability of the mitochondrial genome. The disclosure of those
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associations will provide new knowledge on atherogenesis as an age-related degenerative
pathological process and will create a basis for development of new approaches to the diag-
nosis, prevention, and treatment of atherosclerosis.

Chronic age-related degenerative diseases account for the major share of mortality in soci-
ety. The most frequent pathology is atherosclerosis, which is classified as a typical disease of
aging, and its prevalence in the elderly reaches 100%. It is generally believed that atheroscle-
rosis leads to premature biological aging of cells, but there exists also the increasing evidence
that cell aging, one of the indicators of which is the mutational load of mitochondrial genome,
is a mechanistic factor of atherogenesis. In such a case, the association of mitochondrial DNA
(mtDNA) variability with the disturbances in the functional properties of the artery wall cells
participating in atherogenesis remains poorly understood. The results of the study of the
association of mtDNA damage and functional properties of cells based on the analysis of the
mitochondrial genome variability will make it possible to establish the features and patterns
of the pathology of vascular aging and to justify the assumption that the prevention of acceler-
ated cell aging is a therapeutic target in atherosclerosis.

Mammalian cells contain dozens, hundreds, and even thousands of mtDNA copies. It was
previously assumed that all mtDNA molecules are identical at birth [1, 2]. However, later stud-
ies have shown that about 25% of healthy people inherit a mixture of wild-type and variant
mtDNA (the phenomenon of heteroplasmy) and the latter may imply potentially pathogenic
variants in the coding region of mtDNA [3, 4]. The mitochondrial genome is characterized by
exaggerated instability, with an estimated mutation rate of at least 5-15 times higher than that
of the nuclear genome. This is partly a result of proximity to the electron transport chain, which
is the main intracellular source of free oxygen radicals, and partly due to relatively limited pro-
tection and reparation of mtDNA mechanisms [5]. The high frequency of mutations determines
the high level of mtDNA variability, as well as the appearance of somatic mutations of mtDNA
with the aging of human organism [6]. The proportion of mutant copies of mtDNA carrying
both inherited and somatic mutations may be changed during lifetime due to unequal separa-
tion of mitochondrial genotypes during cytokinesis in dividing cells (vegetative segregation) or
in nondividing cells during mtDNA replication. An increase in the degree of heteroplasmy rep-
resents a kind of “clonal expansion” of low-level inherited variants, which occurs due to pref-
erential replication of mtDNA carrying certain types of mutations [7]. Exceeding the critical
threshold level of the degree of heteroplasmy of pathogenic mutations in the cell is manifested
by biochemical defects in the mitochondrial respiratory chain [8]. The high level of mtDNA
mutations manifests itself in the form of multi-system mitochondrial diseases [9] and degenera-
tive age-related diseases and undoubtedly contributes to biological aging processes [10].

The basic scientific problem addressed by this chapter is an examination of functional con-
sequences of mitochondrial DNA (mtDNA) damage based on the analysis of variability of
mitochondrial genome. The described results are devoted to identification of genetic markers
of mutational load of mitochondrial genome, molecular and cellular mechanisms of disorders
in functional properties of cells arising from mutations in the mitochondrial genome, and
identification of combinations of genetic markers that lead to violation of functional proper-
ties of human monocyte-macrophages.
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2. The markers of mitochondrial DN A mutation load in atherosclerotic
lesions

It has been shown earlier that several mutations of mitochondrial genome have significantly
higher prevalence and mean value in lipofibrous plaques as compared to non-atherosclerotic
intima and therefore are associated with atherosclerosis [11-13].

In continuation of the above studies, the samples of human thoracic aorta (32 samples, 19
men, 13 women aged 53-78 years old) were taken at autopsy performed within 6-16 h after
sudden death. After macroscopic identification of unaffected and atherosclerotic areas of
the aorta (initial lesions, fatty streaks, lipofibrous and fibrous plaques), autopsy aortic sam-
ples (2 x 2 cm, 4-9 sites per autopsy sample) were excised for further studies. In addition,
five aortas were subjected to complete morphological mapping, that is, from whole sam-
ples approximately 8 x 12 cm in size, 25-56 sites differing by the degree of atherosclerotic
lesion were obtained. The total of 297 samples was obtained. Histological and immunocyto-
chemical analysis of the samples was carried out; DNA and RNA were isolated from aortic
intima. For the analysis of mtDNA mutations, the pyrosequencing technology was used.

Theanalysisofheteroplasmy of mitochondrial genome of cells from unaffected and athero-
sclerotic regions of aortic intima was performed for 42 mutations previously known from
the MITOMAP database (m.652delG, m.652insG, m. 716T>G, m. 750A>G, m.961insC, m.
961delC, M.1555A>G, m.3256C>T, m.3258T>C, m.3271T>C, m.3280A>G, m.3285C>T, m.
3316G>A, m.3336T>C, m. 5132insAA, m.5178C>A, m.5540G>A, m.5692T>C, m.5814T>
C,m.6489C>A, m.8362T>G, m.8363G>A, m.8993T>G,M.8993T>C, m.9379G>A, m.9480del15, m.
9537insC, m.12315G>A, m.13513G>A, m.14459G>A, m.14482C>G, m.14482C>A,
M.14484T>C, m.14487T>C, m.14709T>C, m.14846G>A, m.15059G>A, m.15084G>A,
m.15452C>A, m.15498del24, m.15723G>A, and m.15762G>A). Thus, most of the mito-
chondrial DNA genes encoding enzymes (9 of 13) were covered, except for the MT-CO2
(subunit II of cytochrome oxidase C), MT-ND3 (subunit 3 of dihydronicotinamide ade-
nine dinucleotide (NADH) dehydrogenase), and MT-ND4L and MT-ND4 (subunits 4L
and 4 of NADH dehydrogenases). Seven of the 22 genes encoding transport RNA and
MT-RNR1 gene encoding 12S ribosomal RNA were also covered. Forty examined muta-
tions were heteroplasmic, and two (m.8362T>G and m.8363G>A) were homoplasmic by
the absence of a mutant allele in atherosclerotic lesions.

The analysis showed that mtDNA variants m.652delG, m.3256C>T, m.12315G>A, m.14459G>A,
and m.15059G>A were significantly associated with the lipofibrous plaque (p < 0.05), and for
m.13513G>A and m.14846G>A, the association was significant at the level of p < 0.1. Variants
m.1555A>G and m.5178C>A were antiatherosclerotic with respect to lipofibrous plaque at
p <0.05. In addition to formal statistical analysis, the approach was used where the prevalence
was used to determine the difference between the indices of heteroplasmy in normal and ath-
erosclerotic lesions in samples obtained from the same donor of autopsy material. As a result,
11 mtDNA mutations belonging to 8 mitochondrial genes were detected, those encoding 125
rRNA; tRNA-Leu (UUR recognition codon); tRNA-Leu (CUN recognition codon); subunits 1,
2,5, and 6 of NADH dehydrogenase; and cytochrome B, which were associated with lipofibrous
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plaques [12-14]. To evaluate the relationship of these mtDNA variants identified as potential
markers of atherosclerosis, the study was performed on the autopsy material with complete
morphological and mutational mapping.

It was found that the same mtDNA variants associated with the advanced atheroscle-
rotic lesions are also associated with the initial atherosclerotic lesions (fatty dots and
fatty streaks). The mutation m.13513G>A was antiatherosclerotic, as it correlated nega-
tively with the degree of atherosclerotic lesion. Mutation m.1555A>G negatively corre-
lated with initial atherosclerotic lesions and lipofibrous plaques (p < 0.05), and mutation
m.14846G>A —with lipofibrous plaques. Lipofibrous and fibrous plaques tended to pos-
itive correlation with m.652delG mutation at p < 0.1, which being absent in unaffected
intima and in the initial atherosclerotic lesions. The presence of fibrous plaques positively
correlated with mtDNA mutations m.3256C>T and m.5178C>A and negatively correlated
with m.12315G>A [14].

To determine the relationship between the mutational load and the degree of atherosclerotic
lesion, a linear regression analysis was performed. For each mutation in each aorta, the distri-
bution of the heteroplasmy level was assessed, and interquartile boundaries were determined.
When estimating the integral mutation burden for 11 mutations, the linear regression model
reached statistical significance at p <0.001. Given the sufficient number of degrees of freedom,
it can be assumed that the degree of atherosclerotic lesion is associated with integral mutation
burden caused by these mutations at 99.9% probability of error-free prediction. The sensitivity
and specificity for each of the mutations associated with atherosclerosis were studied. The anal-
ysis was carried out by constructing receiver operating characteristic (ROC) curves with sub-
sequent measurement of the area under the curve, which allowed to describe the explanatory
properties of genetic markers. For this analysis, the rank values (quartile numbers) of the het-
eroplasmy were summed according to the sign of the beta coefficient obtained in the regression
analysis. The obtained parameter was assumed as mutation burden. Using this model, sensi-
tivity was 88.2% (p <0.05, 95% confidence interval from 74.6 to 95.3). The specificity was 77.1%
(p < 0.05, 95% confidence interval from 70.8 to 87.3). Thus, the integral mutation burden
assessed by 11 mtDNA variants was associated with 88.2% of the cases of atherosclerotic
lesions in the morphologically mapped aortas [14].

Further, whole genome sequencing of mtDNA from unaffected and atherosclerotic intima
of the thoracic aorta, obtained in autopsy (11 cases) within 6-16 h after sudden death, was
carried out using next-generation sequencing (NGS) technology on the Roche 454 GS Junior
Titanium platform (Roche Applied Science, USA). The following samples were analyzed:
unaffected areas of intima (n = 12), initial lesions (n = 14), fatty streaks (n = 15), lipofibrous
plaques (n = 13), and fibrous plaques (1 = 12). The following parameters were achieved: the
mean reading length, 458 bp; the mean number of readings, 18,734; and the mean number
of nucleotides read in one sample, 8.65 million bp. The mean percent of mapped readings
reached 93%. To detect heteroplasmic mutations of mtDNA, sequences with more than 300-
fold coverage of the mitochondrial genome were taken, thus allowing reliable detection of
mutations with a level of heteroplasmy of at least 1% in the presence of direct and reverse
readings of the mutant allele.
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It has been established that the mitochondrial genome has a significant individual variability
and has a much larger number of heteroplasmic mutations than was previously assumed in
the literature. Most mitochondrial DNA mutations found by whole genome sequencing had a
low degree of heteroplasmy, but the results of the analysis suggest that there are both general
and individual variants associated with atherosclerotic lesions [15].

Thus, heteroplasmic mtDNA mutations associated with atherosclerotic lesions were identi-
fied by NGS, and the integral mutation burden of the mitochondrial genome was assessed.
Ten heteroplasmic mutations of mtDNA were detected that occurred simultaneously in
different parts of the intima of the aorta (m.368A>G, m.751delA, m.8404T>C, m.8485G>C,
m.9720delT, m.10663delT, m.14160G>A, m.14207delG, m.16086T>C, and m.16389G>A). The
level of heteroplasmy of these mutations ranged from 2 to 26%, with more than half of the
values not exceeding 6%. Among the heteroplasmic mutations found, the majority occurred
in the coding region, namely, in the mitochondrial 125-RNA genes, the ATP synthase subunit
8, the cytochrome oxidase subunits 3 and 4L, and the NADH dehydrogenase subunit 6. One
mutation was synonymous, and the rest were either deletions or missense mutations. For
mutations occurring in genes encoding mitochondrial respiratory chain proteins, the levels
of heteroplasmy did not exceed 15%, while mutations in the hypervariable segment 1 (HVS1)
and in adjacent noncoding region were characterized by heteroplasmy values of 20-26% [15].

The distribution of mtDNA mutations in various parts of the aortic intima was of a mosaic
nature, and in some cases, even neighboring parts of the intima were characterized by differ-
ent compositions of heteroplasmic mutations. Unaffected areas of the intima and areas with
initial lesions (fatty dots) were characterized by an almost complete absence of heteroplasmic
mutations of mtDNA. In areas with fatty streaks and fibrous and lipofibrous plaques, hetero-
plasmic variants were more common, and the levels of heteroplasmy increased. The high-
est frequency of heteroplasmic mutations was found in lipofibrous plaques, while in areas
with fatty streaks in close proximity to lipofibrous plaques, an increased frequency of muta-
tions was also observed. The fact of the presence of heteroplasmic deletions, previously not
described in the literature (m.9720delT, m.10663delT, and m.14207delG in the coding region
of mtDNA with a level of heteroplasmy up to 15%), was revealed. Because of the reading
frame shift, the presence of deletions in mtDNA should lead to completely defective syn-
thesis of the mtDNA-encoded proteins, and the level of heteroplasmy at a 15% for deletion
means that the synthesis of respiratory chain proteins should be reduced by 15%. It should be
noted that heteroplasmic deletions in the coding region of mtDNA were detected only in fatty
streaks and lipofibrous plaques. As an example, the distribution of m.9720delT mutation, the
deletion in the gene encoding cytochrome oxidase subunit 3, may be described: it was found
with a similar level of heteroplasmy (12-15%) only in areas with fatty streaks and lipofibrous
plaques, located relatively close to each other [15].

Taking into account the results of pyrosequencing and whole genome sequencing of
mtDNA, the genes were identified, the damage of which due to point mutations is observed
in atherosclerotic lesions, and heteroplasmic mtDNA mutations were revealed being asso-
ciated with atherosclerotic lesions: m.368A>G (MT-HV2 gene, hypervariable segment 2),
M.652delG, m.751delA, m.1555A>G (MT-RNR1 gene, 12S ribosomal RNA), m.3256C>T
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(MT-TL1 gene, leucine tRNA-recognition codon L-UUA/G), m.5178C>A (MT-ND2 gene,
subunit 2 of NADH dehydrogenase), m.8404T>C, m.8485G>C (MT-ATPS gene, subunit
8 ATP synthase F0), m.9720delT (MT-CO3 gene, subunit III of cytochrome C oxidase),
m.10663delT (MT-ND4L gene, subunit 4L NADH dehydrogenase), m.12315G>A (MT-TL2
gene, leucine tRNA-L-CUN recognition codon), m.13513G>A (MT-ND5 gene, subunit 5
NADH dehydrogenase), m.14160G>A, m.14207delG, m.14459G>A (MT-ND6 gene, sub-
unit 6 NADH dehydrogenase), m.14846G>A (MT-CYB gene, cytochrome b), m.16086T>C
(MT-HV1 gene, hypervariable segment 1), and m.16389G>A (MT-7SDNA gene, 7S DNA).
It has been established that the best indicator of the association between mtDNA mutant
variants and the type of atherosclerotic lesion is integral (total) mutation burden, which
belongs to the below-described pattern of the first type (bell-shaped relationship with the
type of atherosclerotic lesion with the maximum at fatty types of lesions—fatty streaks and
lipofibrous plaques).

3. Cellular composition of atherosclerotic lesions

The use of a set of antibodies covering most of the cells found in the intima made it possible
to characterize the qualitative and quantitative changes that occur with resident intimal cells
and cells of hematogenous origin in the same site of the vessel. By the results of immunocy-
tochemical typing, the proportion of smooth muscle cells containing a-actin was determined,
which was about half of the total cell population in both normal and atherosclerotic intima.
In the row “unaffected intima—initial lesions—fatty streak—lipofibrous plaque—fibrous
plaque,” the proportion of cells expressing smooth muscle a-actin was 46.7% (SD =9.8), 47.2%
(SD =7.9), 42.2% (SD =9.2), 47.0% (SD =9.9), and 42.4% (SD = 9.0), respectively. Accordingly,
the rest of the cells (about 50% of the total population) could not be identified with this smooth
muscle cell marker. About two-thirds of the cells of the muscular-elastic intimal sublayer were
positively stained with anti-smooth muscle a-actin antibodies, whereas in the proteoglycan
(subendothelial) intimal sublayer, the percentage of cells containing a-actin was significantly
lower. Cells of hematogenous origin (lymphocytes and macrophages) were localized only in
the subendothelial part of the intima in the proteoglycan sublayer. Their proportion increased
in atherosclerotic lesions and accounted for about 20% of all cells. The percentage of cells
expressing CD68, the antigen of macrophages, increased with the progression of atheroscle-
rotic lesion: 3.9% (SD = 1.7), 6.1% (SD = 6.3), 13.2% (SD = 3.2), 13.1% (SD = 6.3), and 18.2%
(SD =8.8), respectively [16].

Resident intimal cells also expressed antigens uncommon for the typical smooth muscle cells
of intima medjia. In areas with advanced atherosclerotic lesions (fatty streaks and lipofibrous
and fibrous plaques), the cells expressing 2A7 antigen characteristic for pericytes from active
regions of angiogenesis were present. In unaffected intima, such cells could not be identified.
The proportion of cells expressing the antigen of activated pericytes (2A7) increased with
the progression of atherosclerotic lesion in the row “unaffected intima—initial lesions —fatty
streak —lipofibrous plaque—fibrous plaque”: 0.0% (SD =0.2), 1.2% (SD =1.3), 3.0% (SD =2.8),
27.0% (SD =9.9), and 24.0% (SD = 8.6). The maximum proportion of 2A7-positive cells was
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reached in the lipofibrous plaques. In addition to antibodies against 2A7 antigen, antipericytic
antibodies 3G5 characteristic for resting pericytes were used. In atherosclerotic lesions, the
number of cells expressing 3G5 antigen was significantly less than in intact intima. The propor-
tion of cells expressing 3G5 antigen decreased with progression of atherosclerotic lesion in the
row “unaffected intima—initial lesions—fatty streak—lipofibrous plaque—fibrous plaque”:
31.3% (SD = 7.0), 16.3% (SD = 4.5), 11.7% (SD = 8.0), 5.0% (SD = 2.8), and 3.9% (SD = 3.6).
The total number of cells expressing antigens 2A7 and 3G5 remained relatively constant, but
their ratio varied. The total number of 3G5-positive cells and 2A7-positive cells was about
30% of the entire cell population in the areas of unaffected intima and atherosclerotic plaques.
In the initial lesions and fatty streaks, the number of resting and activated pericytes was a
smaller part. This pattern of expression of two pericyte antigens allows us to assume that
when atherosclerotic lesions are formed, the functional state of the pericyte-like cells of the
proteoglycan intima sublayer changes, accompanied by a change in the antigens that they
express. With double immunocytochemical staining, the CD68 antigen of macrophages was
expressed not only in cells of hematogenic origin but also in some resident subendothelial
cells. This suggests that the presence of CD68 antigen is not only a sign of monocytic origin
of cells but also a marker of their phagocytic activity, which increases when atherosclerotic
lesions are formed [16].

Thus, smooth muscle cells, macrophages, and lymphocytes are present both in unaffected arte-
rial intima and in the areas of atherosclerotic lesions. In contrast to popular beliefs, no pre-
dominance of monocyte-macrophages among cells inhabiting atherosclerotic lesion has been
detected. There is a special type of cells expressing pericytic antigens, the number of which con-
stitutes a significant proportion of intimal cells. Pericyte-like cells, together with smooth muscle
cells, represent the majority of cellular population of subendothelial intima. In the areas of ath-
erosclerotic lesion, the behavior of pericyte-like cells changes—they capture lipids and begin
to proliferate. This is accompanied by a change in expression of antigens specific for pericytes.

4. Expression of apoptosis-related genes in atherosclerotic lesions

In the aortic intima samples differing by the degree of atherosclerotic lesion, the mRNA
expression level of several genes associated with apoptosis (CASP3, CASP9, ENO1, NTN1,
NTN4, and UNC5A) was analyzed. The level of gene expression was evaluated by qPCR.

A monotonous decrease in the expression level of the mRNA of the CASP3 gene depending
on the degree of atherosclerotic lesion was observed. Maximum CASP3 expression was in
unaffected intima, the minimum—in fibrous plaques (p = 0.0018). The significant difference
was found in the expression of the CASP3 gene in fibrous plaque from that in unaffected
areas (p =0.041) and initial lesions (p = 0.019), but when compared with fatty streaks and lipo-
fibrous plaques, statistically significant differences were not observed (p =0.098 and p = 0.061,
respectively). In a pairwise comparison of all other types of atherosclerotic lesions, there
was no statistically significant difference in the expression of the mRNA of the CASP3 gene.
Significant correlation of CASP3 gene expression in unaffected intima and initial lesions was
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shown (r = 0.643, p = 0.018), as well as in fatty streaks and lipofibrous plaques (r = 0.593,
p = 0.033). The expression of the CASP9 gene did not practically change in all types of ath-
erosclerotic lesions when compared to unaffected areas, except for fatty streaks, where the
expression level was almost doubled (p = 0.084, p = 0.030, p = 0.002, and p = 0.046 when com-
pared to the unaffected intima, initial lesions, lipofibrous plaque, and fibrous plaque, respec-
tively). In the samples of fatty streaks and lipofibrous plaques, a significant correlation of the
expression of the CASP9 gene was noted (r = 0.933, p = 0.031) [16].

It was found that the level of expression of the ENO1 gene increased in areas with severe
atherosclerotic lesions (lipofibrous and fibrous plaques) at p = 0.021. In the initial types of
atherosclerotic lesions, the expression of the mRNA of the ENO1 gene did not differ signifi-
cantly from that in the intact intima (p = 0.916 and p = 0.209 for the initial lesions and fatty
streaks, respectively). When comparing the level of expression in lipofibrous plaques and
atherosclerotic lesions, no statistically significant differences were found (p =0.114). However,
when compared with unaffected areas and initial atherosclerotic lesions, the expression of
the mRNA of the ENO1 gene significantly increased (p = 0.046 and p = 0.028 for the initial
lesions and fatty streaks, respectively). The change in the level of expression of the ENO1
gene in lipofibrous and fibrous plaques did not reach statistical significance (p = 0.080). The
significant correlation was found for mRNA expression of ENO1 gene in unaffected areas
and initial lesions (r = 0.618, p = 0.024), unaffected areas and fatty streaks (r = 0.818, p = 0.001),
initial lesions and fatty streaks (r = 0.655, p = 0.011), initial lesions and lipofibrous plaques (r =
0.554, p =0.040), as well as for fatty streaks and lipofibrous plaques (r=0.629, p =0.021). It was
found that the expression level of the mRNA of the NTN1 gene is practically the same in unaf-
fected intima and initial lesions (p = 0.929), and in the fatty streaks it increases insignificantly
(p=0.239, p=0.817 when compared with the unaffected tissue and initial lesions, respectively).
A sharp decrease in the expression of the NTN1 gene was observed in lipofibrous plaques
(p=0.014, p=0.004, and p = 0.016 when compared with intact unaffected intima, initial lesions,
and fatty streaks, respectively), as well as in fibrous plaques (p = 0.016, p = 0.006, and p = 0.050
when compared with unaffected intima, initial lesions, and fatty streaks, respectively). When
comparing the expression of the mRNA of the NTN1 gene in lipofibrous and fibrous plaques,
no statistically significant differences were revealed (p = 0.490). A significant correlation of
the level of expression of the NTN1 gene in unaffected areas and initial lesions (r = 0.888,
p <0.001), as well as in unchanged intima and fatty streaks (r = 0.674, p = 0.016), was found.

There were no significant changes in the level of expression of the mRNA of the NTN4 gene
in all the types of atherosclerotic lesions examined in comparison with unaffected intima.
The significant correlation of NTN4 gene expression in unaffected intima and initial lesions
(r=0.775, p = 0.002) and initial lesions and fatty streaks (r = 0.592, p = 0.033) was revealed.
The expression profile of the UNC5A gene resembled the changes in the expression level of
the mRNA of the CAPS9 and NTN1 genes. The highest level of expression was observed in
the areas of fatty streaks, while in the areas of unaffected intima, initial lesions, and lipofi-
brous plaques, the level of mRNA expression did not practically change. The lowest level of
expression was observed in fibrous plaques. Statistically significant changes in the expres-
sion of LUNC5A gene mRNA were observed in fibrous and lipofibrous plaques (p = 0.046), in
fibrous plaques and fatty streaks (p = 0.025), as well as in fibrous plaques and initial lesions
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(p = 0.016). A significant correlation of the expression level of the UNC5A gene in the initial
lesions and fatty streaks (r = 0.827, p <0.001), initial lesions and lipofibrous plaques (r = 0.833,
p < 0.001), fatty streaks and lipofibrous plaques (r = 0.744, p < 0.001), and lipofibrous and
fibrous plaques (r = 0.961, p = 0.009) was observed.

The presented data of immunocytochemical analysis of changes in cellular composition in
atherosclerotic lesions can partly explain the patterns of changes in the expression of apop-
tosis-related genes. It can be assumed that if the most significant changes in the cellular com-
position, namely, an increase in the proportion of cells of hematogenic origin, are observed
in atherosclerotic plaques, the activation of pericyte-like cells is accompanied by correspond-
ing changes in the expression of CASP3, CASP9, ENO1, NTN1 and UNC5A genes. Reduction
in the expression of CASP3, NTN1, and UNC5A genes may be due to the predominance of
necrotic processes and cell death in atherosclerotic plaques. Although cell death in athero-
sclerosis occurs in several ways (necrosis, autophagy, and apoptosis), the latter mechanism
is best described for the processes of cellular aging. Apoptosis is believed to be increased not
only in senescent vascular cells but also in smooth muscle cells and other types of cells that
inhabit atherosclerotic plaques. Thus, it is believed that the majority of cell deaths occurring
in necrotic zones of plaques are associated with apoptosis. However, there are discrepan-
cies such as a decrease in the expression of apoptotic biomarkers in advanced atherosclerotic
lesions, which is explained by the hypothesis that many apoptotic cells lose their key markers
of origin, which complicates their precise identification. Nevertheless, we consider the pos-
sibility that the changes in the expression of apoptosis-related genes in atherosclerosis are
much more dependent on changes in the composition of cells than on loss of markers by aged
cells.

5. Expression of inflammation-related genes in atherosclerosis

The expression of genes associated with inflammation (TNF-a, CCL18, CD14, IL-1f, CASP1,
and APAF-1) was measured and analyzed. The results of qPCR analysis showed that both
in the intact intima of the human aorta and in atherosclerotic lesions, expression of the
pro-inflammatory cytokine TNF-a and anti-inflammatory cytokine/chemokine CCL18 is
observed. Quantitative differences are observed between the values obtained for unaffected
and atherosclerotic regions. In the unaffected intima, the values obtained for both cytokines
did not differ. However, even in the initial lesion, the expression level of CCL18 was 2.6%
relatively to the reference housekeeping genes, whereas for TNF-q, it did not reach 2%. In
advanced fatty lesions, the gap between the values for both cytokines increased. Thus, in
the fatty streaks, the expression level of CCL18 was approximately 10%, and of TNF-a, it
was 1.8%; in the lipofibrous plaque, the expression levels were 11.4% and 1.8%, respectively.
In the fibrous plaque, the level of expression of the studied genes was reduced, but the dif-
ferences for pro-inflammatory and anti-inflammatory cytokines remained, accounting for
7.4% for CCL18 and 1.1% for TNF-a, respectively. Similar changes in fibrotic plaques can
be explained by a decrease in cellularity in this type of lesion. The bell-shaped dependence
of mRNA expression of TNF-a gene on the type of atherosclerotic lesion was found with a
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maximum attributable to early fatty lesions (in the initial lesions, 2.1-fold increase in expres-
sion, and in fatty streaks and lipofibrous plaques, 1.9-fold increase). The mRNA expression of
the pro-inflammatory cytokine TNF-a gene in fibrous plaques was not significantly different
from that in unaffected regions. The bell-shaped dependence was observed for the expression
of the mRNA of the anti-inflammatory chemokine CCL18 gene (2.2-fold increase in expres-
sion in the initial lesions, 7.6-fold increase in fatty streaks, 9.4-fold in lipofibrous plaques, and
5-fold increase in fibrous plaques). In all types of atherosclerotic lesions, the expression of the
mRNA of the CCL18 gene was significantly higher than in the intact intimal.

Rather poorly expressed bell-shaped dependence was observed for the expression of the
mRNA of the CD14 gene (the marker of monocytes migrated into intima from the blood). In
the initial lesions, the CD14 gene expression did not increase: in fatty streaks it increased by
2.3-fold; in lipofibrous plaques, by 1.8-fold; and in fibrous plaques, by 1.6-fold. The expres-
sion of IL-18 gene mRNA, in whole, increased steadily as the degree of atherosclerotic lesion
increased: in the initial lesions, expression was increased by 9.6-fold; in fatty streaks, by 5.6-
fold; in lipofibrous plaques, by 10.3-fold; and in fibrous plaques, by 26.0-fold. The expression
of the mRNA of the CASP1 gene was relatively stable in the initial lesions and fatty streaks
and did not change significantly in comparison with the unaffected areas, but decreased in
advanced atherosclerotic lesions: in lypofibrous plaques by 1.9-fold and in fibrous plaques
by 2.2-fold as compared to the norm. The mRNA expression of the APAF-1 gene was rela-
tively stable in the initial lesions, fatty streaks, and lipofibrous plaques but was significantly
decreased in fibrous plaques—by 1.6 times—as compared to the norm. There was no signifi-
cant relationship between the levels of mRNA expression of IL-18, CASP1, and APAF-1 genes
and the degree of atherosclerotic lesion.

6. Interaction of mitochondrial DNA mutation burden, cellular
composition, and expression of apoptosis- and inflammation-related
genes in atherosclerotic lesions

An analysis was made to examine the relationship between the mtDNA variability, the qualita-
tive and quantitative changes in intimal cell composition that occur in atherosclerosis, and the
expression of apoptosis- and inflammation-related genes. The analysis used an adaptive neu-
ral network model based on artificial neural networks and the theory of neuro-fuzzy interac-
tions [17]. It was found that there are rather similar but interdependent patterns of association
of variables with the type of atherosclerotic lesion. The pattern of the first type (the bell-
shaped relationship with the maximum for fatty lesions) combines and similarly character-
izes the mRNA expression of CAPS9, NTN1, and UNC5A apoptosis-related genes; the mRNA
expression of the TNF-a, CCL18, and CD14 inflammation-related genes; the CDLC+/CD14+
cells of the hematogenic origin; the degree of heteroplasmy by mtDNA variants m.1555A>G,
m.14846G>A, m.14459G>A, m.751delA, m.8485G>C, m.9720delT, m.10663delT, m.8404T>C,
and m.14207delG; as well as the total mutation burden of the mitochondrial genome. The
pattern of the second type (the increase with the maximum attributable to fibrotic lesions)
combines and similarly characterizes the mRNA expression of the apoptosis-related gene
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ENO1, the mRNA expression of the IL-18 inflammation-related gene, the content of CD68+
cells of hematogenic origin and 2A7+ pericyte-like cells, and the degree of heteroplasmy for
mtDNA variants m.652delG, m.3256C>T, m.5178C>A, m.14160G>A, m.16086T>C, m.368A>G,
and m.16389G>A. The pattern of the third type (reduction with a minimum occurring in the
fibrotic type of lesion) combines and similarly characterizes the mRNA expression of the
CAPS9 apoptosis-related gene and partly the NTN1 and UNC5A genes (the two indicators
belong to two patterns), the mRNA expression of the inflammation-related genes CASP1 and
APAF-1, the content of 3G5+ pericyte-like cells, and the degree of heteroplasmy for mtDNA
variants m.13513G>A and m.12315G>A. The pattern of the fourth type (lack of interrelation
or disordered neuro-fuzzy association of parameters with the type of lesion) combines and
similarly characterizes the mRNA expression of the apoptosis-related gene NTN4, in part the
mRNA expression of the CASPI inflammation-related gene (belonging to the two patterns),
smooth muscle actin a-positive resident cells, and the degree of heteroplasmy for mtDNA
variants m.716T>G, m.3316G>A, m.3336C>T, m.5132delAA, m.6489C>A, m.9379G>A,
m.9480del15, m.14482C>G, and m.14487T>C.

Thus, at least three groups of nonequilibrium interactions were identified: between the
mtDNA mutation burden and mRNA expression of TNF-a, CCL18, and CASP9 genes;
between cell composition and mRNA expression of TNF-a, CCL18, ENO1, and UNC5A genes;
and between the mtDNA mutation burden and the cellular composition, in particular, the
ratio of 2A7- and 3G5-positive cells.

7. Mitochondrial genome variability and subclinical atherosclerosis

The study of the degree of mtDNA heteroplasmy by detected atherosclerosis-related muta-
tions was performed in nonrelative women. At the first stage of the study, 183 apparently
healthy women were screened. Study participants had no clinical manifestations of cardio-
vascular diseases, and an ultrasonographic examination of carotid arteries was performed,
followed by a quantitative measurement of carotid intima-media thickness (cIMT). The
participants of the study were genotyped for 37 heteroplasmic mtDNA variants. In this
study, five mutations of the mitochondrial genome m.3256C>T, m.14709G>A, m.12315G>A,
m.13513G>A, and m.14846G>A were in focus, and the level of heteroplasmy was associated
with the degree of preclinical atherosclerosis. The total mutation burden of the mitochondrial
genome assessed by these mutations accounted for 68% of the cIMT variability, while the
combination of conventional risk factors for cardiovascular disease accounted for only 8% of
the variability of cIMT. Data were obtained on the correlation of the degree of heteroplasmy
in these mutations with each other, which indicated the predominantly hereditary nature of
these mutations, as well as the existence of proatherosclerotic haplotypes of the mitochon-
drial genome [18].

Further, those women with a high mtDNA mutation burden, who were asked to participate
in genetic screening of the maternal relatives, were selected. In total, 37 families (1 family
of 4 generations, 27 families of 3 generations, 7 families of 2 generations) were examined.
Monocytes were isolated from the mononuclear fraction by affinity separation using magnetic
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CD14 affinity microparticles on LS Separation Columns (Miltenyi Biotec, Germany).
Genotyping was carried out on heteroplasmic variants m.1555A>G, m.5178C>A, m.3256C>T,
m.13513G>A, m.12315G>A, m.14846G>A, and m.15059G>A. The choice of mtDNA variants
was due to their high occurrence and the level of heteroplasmy sufficient for evaluation in the
mathematical model of inheritance of mutations. Heteroplasmy of mtDNA by selected vari-
ants was determined by qPCR. The probability of the hereditary nature of these variants was
calculated, as well as the probability that the above variants are mutations that arise in any
generation and may be transmitted by the maternal line with accumulation from generation
to generation.

When analyzing the results of genotyping mtDNA samples from maternal relatives, it
was established that the probability of hereditary nature of variant m.1555A>G approxi-
mates to 100%; m.5178C>A, 100%; m.3256C>T, 92%; m.13513G>A, 99%; m.12315G>A, 99%;
m.14846G>A, 100%; and m.15059G>A, 96%. The probability that the above variants may be
somatic arising in any generation, for variant m.1555A>G accounted for 8%; m.5178C>A, for
5%; m.3256C>T, for 19%; m.13513G>A, for 10%; m.12315G>A, for 12%; m.14846G>A, for 4%;
and m.15059G>A, for 11%. Thus, the prevalent variants of the mitochondrial genome are
thought to be heritable with a high degree of probability.

The differences in the degree of mtDNA heteroplasmy in various types of blood cells (mono-
cytes, neutrophils, lymphocytes, platelets, and the total fraction of leukocytes) obtained from
non-related individuals were studied. Seventy-one study participants (32 men, 39 women)
were examined. The leukocyte fraction of cells was obtained from the whole citrated blood
by gradient centrifugation using Ficoll-Paque (GE Healthcare Life Sciences, UK). Blood
cells of various types were isolated from the leukocyte fraction by affinity separation using
magnetic affinity microparticles on LS Separation Columns (Miltenyi Biotec, Germany).
Heteroplasmy of mitochondrial genome was determined by pyrosequencing of short-chain
mtDNA fragments by mtDNA variants m.13513G>A, m.3256C>T, m.3336T>C, m.12315G>A,
and m.1555A>G. There were no significant differences in the level of heteroplasmy of these
mutations studied between different types of blood cells from the same participant within
the study. The only statistically significant difference was observed between neutrophils and
lymphocytes by mutation m.1555A>G. The obtained data indicate that these mutations are
not accumulated during differentiation of blood cells, but more probably are inherent in the
progenitor cells in the bone marrow. Thus, for the studies of single nucleotide substitutions of
mtDNA in various pathologies, it is possible to use whole fraction of white blood cells rather
than certain types of them [19].

Further, the variability of mtDNA from blood leukocytes was evaluated by NGS (Roche 454 GS
Junior Titanium platform) in a sample of 80 non-related study participants (37 healthy individ-
uals and 43 patients with subclinical carotid atherosclerosis, the diagnosis being established
by ultrasound scanning of the common carotid arteries and measurement of cIMT). Arterial
hypertension, diabetes mellitus, and myocardial infarction were criteria of exclusion in sam-
ple formation. Despite of the relatively low percentage of mapped readings during sequenc-
ing, the mean 70-fold mitochondrial genome coverage was provided sufficiently to detect
single nucleotide substitutions. The possibility of sequencing using Roche 454 technology
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made it possible to determine as accurately as possible the haplogroup of the mitochondrial
genome, considering all single nucleotide substitutions throughout the mtDNA. As a result,
mitochondrial haplogroups H, U, T, and ] were the most common (85.7% of cases), which
corresponds to general data from the Russian population. Haplogroups I, W, R, and D were
represented only among persons with preclinical atherosclerosis. In turn, haplogroups N, V,
and M were found only among apparently healthy individuals. When calculating the odds
ratio for preclinical atherosclerosis, it was established that belonging to haplogroup H is asso-
ciated with an increased risk of atherosclerosis (x> =3.97, p = 0.046, OR = 2.76, 95% confidence
interval 1.01-7.58). Belonging to haplogroups T and U was associated with reduced risk of
subclinical carotid atherosclerosis (OR = 0.31 and OR = 0.57, respectively). The increased risk
of atherosclerosis and its clinical manifestations (e.g., myocardial infarction) in representa-
tives of haplogroup H may be associated with the differences in the functional activity of
mitochondria [20, 21].

According to the data of whole mtDNA sequencing, the list of variants of the mitochondrial
genome presumably determining the individual genetic predisposition to atherosclerosis was
compiled. The methodology used to assess the variability of the mitochondrial genome as
a marker of predisposition to atherosclerosis involved the use of data on the presence of 12
mtDNA variants and considered the calculation of the cumulative mutation burden for those
mtDNA variants.

The ROC analysis was performed to assess the diagnostic effectiveness of this method for
estimating the total mutation burden of mtDNA to determine the predisposition to athero-
sclerosis. The following results were obtained: the area under the curve was 0.791, sensitiv-
ity of the test was 73.3%, and specificity of the test was 75.0%. The accuracy of the method
was 74.0%, the proportion of true positive results was 42.9%, and the proportion of true
negative results was 31.1%. The odds ratio for the risk of atherosclerosis was 8.25 (95% con-
fidence interval 2.9-23.29), and the relative risk was 2.41. The relationship between mtDNA
variants and their combinations with atherosclerosis, conventional risk factors for cardio-
vascular diseases, and age-gender variation was characterized. There were no significant
differences between the mean values of blood lipids, both between persons belonging to
different haplogroups and between groups with the presence and absence of preclinical ath-
erosclerosis. Nevertheless, the mean value of low-density lipoprotein (LDL) to high-density
lipoprotein (HDL) ratio in the group of patients with preclinical atherosclerosis was slightly
increased in comparison with healthy subjects (3.0 + 1.7 versus 2.7 + 1.1, p < 0.05). There was
no correlation between mtDNA variants and their combinations with conventional cardio-
vascular risk factors and age-gender variation (Sobenin et al., not published).

8. Mitochondrial DNA mutation burden and functional activity of cells

Based on the results of whole genome sequencing and pyrosequencing of mtDNA from
normal and atherosclerotic sites of intima of the aorta, as well as of genotyping of mtDNA
from the blood cells of the above study participants, valuable information was obtained on
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proatherosclerotic mtDNA variants (m.652delG, m.3256C>T, m12315G>A, m.14459G>A,
m.15059G>A, m.368A>G, m.751delA, m.8404T>C, m.8485G>C, m.9720delT, m.14160G>A,
m.14207delG, M.16086T>C, and m.16389G>A) and antiatherosclerotic mtDNA vari-
ants (m.1555A>G, m.5178C>A, m.13513G>A, and m.14846G>A). These data were used to
determine whether the study participants belonged to persons with a low, neutral, or high
mtDNA mutation burden, as judged by combinations of the proatherosclerotic or antiath-
erosclerotic alleles of mtDNA variants, or the highest possible matching to Cambridge refer-
ence sequence of the mitochondrial human genome, version NC_012920.1. Of the examined
and genotyped persons (a total of 525 subjects), 139 (26.5%) met the above criteria. Of these,
97 subjects signed informed consent and donated venous blood for the study of functional
activity of blood monocytes. Among them, 32 were included in the group with a low mtDNA
mutation burden; 29, in the group with a neutral mtDNA genotype; and 36, in the group
with a high mtDNA mutation burden (Sobenin, personal communication).

It is known that atherosclerotic phenotype at the cellular level for cells actively involved in
the formation of atherosclerotic lesions is characterized by increased proliferative activity,
increased protein and connective tissue matrix synthesis, and accumulation of esterified cho-
lesterol. Recently, the markers of cell activation by pro-inflammatory (M1) and anti-inflam-
matory (M2) types, reflecting the processes of chronic inflammation in atherogenesis, have
been added to phenotype description.

Mononuclear cells wereisolated from the leukocyte fraction by affinity separation using magnetic
CD14 affinity microparticles on LS Separation Columns (Miltenyi Biotec, Germany) and cultured
in serum-free X-Vivo 10 medium (Lonza). To stimulate cell activation into pro-inflammatory
phenotype, interferon-gamma was added to the medium at a final concentration of 100 ng/ml
(1-day incubation). To stimulate cell activation into anti-inflammatory phenotype, interleukin-4
was added to the medium at a final concentration of 10 ng/ml (6-days incubation). After incuba-
tion, concentrations of TNF-a (the marker of activation into pro-inflammatory phenotype) and
chemokine CCL18 (the marker of activation into anti-inflammatory phenotype) were measured
in culture medium by enzyme-linked immunosorbent assay (ELISA) technique. To measure the
expression of TNF-o and CCL18 genes, mRNA was extracted from cells. To determine the ability
of cells to accumulate cholesterol, the cells were incubated in the presence of modified low-density
lipoprotein (LDL) (100 pg/ml culture medium) obtained from the blood of patients with
coronary heart disease by gradient ultracentrifugation followed by isolation of the fraction
of modified lipoproteins by affinity chromatography on ricin-agglutinin Sepharose (Sigma,
USA). To determine proliferative activity, the cultured cells were incubated for 24 h in the
presence of 10 uCi/ml of [°*H]-thymidine. To determine the synthetic activity, the cells were
incubated for 24 h in the presence of 10 uCi/ml [**C]-leucine. To determine the synthesis of
the connective tissue matrix components (collagen), the cells were incubated for 24 h in the
presence of 5 uCi/ml [’H]-proline. The measurement of the respiration rate of mitochondria
was carried out by oximetry; the coefficient of respiratory control and the phosphorylation
coefficient characterizing the rate of ATP synthesis were determined. The determination of
the rate of oxygen uptake by cells was carried out with Clarke oxygen electrode on Oxygraph
Plus System instrument (Hansatech Instruments, UK); 2,4-dinitrophenol (0.2 mM) blocking
the synthesis of adenosine triphosphate (ADP) was used as an uncoupler of oxidative
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phosphorylation. The measurement of endogenous respiration of cells was carried out on intact
non-permeabilized cells and provided an overall assessment of cell respiration using endog-
enous substrates.

Significant differences were found between the cells for such parameters as proliferative
activity, synthetic activity, synthesis of matrix components (collagen), the ability of cells to
accumulate cholesterol from modified low-density lipoproteins, stimulated secretion of anti-
inflammatory chemokine CCL18, TNF-a gene expression, CCL18 gene expression, and mito-
chondrial dysfunction markers (respiratory control and phosphorylation coefficients, oxygen
consumption rate). At the same time, the cells did not differ significantly in the basal secretion
of TNF-at and CCL18, as well as in the stimulated secretion of TNF-a (Sobenin, personal com-
munication). The data were analyzed using an adaptive neural network model to identify the
relationship between mtDNA damage and functional impairment of cells. It was necessary
to consider the ambiguity of the results obtained, which was due to the complexity of com-
binations of phenotypic traits, to high individual variability of cellular properties from dif-
ferent donors, and to far-reaching individual combinations of mtDNA variants, which were
employed to classify the cells by the degree of the mtDNA mutation burden. The considered
mtDNA variants were in the loci belonging to the hypervariable segments 1 and 2; loci respon-
sible for the coding of the 125 and 16S subunits of ribosomal RNA; leucine tRNA; subunits
2,4, 5, and 6 of NADH dehydrogenase; subunits I and III of cytochrome C oxidase; subunit
8 ATP synthetase FO; cytochrome b; as well as a membrane-bound site. Thus, the analysis
belonged to a class of fuzzy, poorly formalized problems and was carried out using the theory
of fuzzy sets and neuro-fuzzy approaches that potentially can analyze the nonequilibrium
interaction of many genotypic and phenotypic characteristics.

The cells with a low and neutral mtDNA mutation burden did not differ significantly by pro-
liferative and synthetic activity. The cells with a high mtDNA mutation burden were charac-
terized by 1.8-fold increased proliferative activity (p < 0.001) and 1.4-fold increased synthetic
activity (p <0.001). However, in analyzing the synthesis of collagen (the main protein compo-
nent of the connective tissue matrix), it turned out that in cells with a high mtDNA mutation
burden, matrix synthesis was significantly decreased both in comparison with the cells with a
neutral mtDNA mutation burden (by 1.3-fold) and cells with a low mtDNA mutation burden
(by 1.1-fold) (p = 0.022) (Sobenin, not published).

The ability of cells to accumulate cholesterol from modified low-density lipoprotein was the
highest in cells with a high mtDNA mutation burden; the intracellular cholesterol content
increased by 1.7-fold in comparison with control cells, p < 0.001. At the same time, the cells
with a low or neutral mtDNA mutation burden poorly accumulated cholesterol; in some
cases, there was no significant increase of cholesterol level in cells, and if the accumulation
of cholesterol occurred, it was rather moderate (by 1.15- to 1.35-fold). The accumulation of
cholesterol correlated with the mtDNA mutation burden (r=0.721, p <0.001) and proliferative
activity of cells (r = 0.483, p < 0.001), but not with synthetic activity. Proliferative activity did
not correlate with synthetic activity.

Thus, by traditional cellular markers of atherosclerosis (fibrosis, proliferation, lipidosis), the cells
with a high mtDNA mutation burden typically demonstrated proatherosclerotic phenotype,
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except for the dissonance with respect to collagen synthesis (Sobenin, not published). On the
one hand, monocytes-macrophages are not professional producers of matrix in tissues, but
on the other hand, this dissonance may reflect the dysregulation of cell adaptation, possibly
related specifically to the presence of a high mtDNA mutation burden. Indirect confirmation
of the latter assumption may be the characteristics of cell activation by an anti-inflammatory
or pro-inflammatory phenotype.

The cells did not differ significantly by basal secretion of TNF-a (the marker of pro-inflam-
matory type of activation); there was a tendency to decrease of basal TNF-a secretion in the
row “low-neutral-high mtDNA mutation burden,” which did not reach statistical significance
(p=0.19). Stimulated by interferon-gamma secretion of TNF-a also did not differ significantly;
there was a tendency to decrease of stimulated TNF-a secretion in the row “low-neutral-high
mtDNA mutation burden,” which also did not reach statistical significance (p = 0.18). The
degree of stimulation of the secretion of TNF-a (the ratio of stimulated secretion to basal)
was the same in all types of cells. Stimulated secretion of TNF-a negatively correlated with
proliferative activity (r =-0.235; p = 0.021).

Basal secretion of CCL18 (the marker of anti-inflammatory type of activation) was practically
absent, which is normal, as the cells usually do not secrete CCL18 in the absence of stimula-
tion. The cells with a neutral mtDNA mutation burden were the best responders to stimula-
tion with interleukin-4 (p = 0.038), while the cells with a low or high mtDNA mutation burden
poorly responded to stimulation and did not differ in the extent of response. The stimulated
secretion of CCL18 did not correlate with any of other cellular markers of atherosclerosis.

Ambiguous dissonance was observed not only at the level of expression of the product but
also at the level of expression of the coding genes. The expression of the TNF-a gene was the
highest in cells with a high mtDNA mutation burden, and the lowest in cells with a neutral
mtDNA mutation burden, and did not correlate with either the degree of mtDNA mutation
burden or the basal or stimulated TNF-a secretion. In contrast, the expression of CCL18 gene
significantly increased in the row “low-neutral-high mtDNA mutation burden” and corre-
lated with the degree of mtDNA mutation burden (r = 0.782, p < 0.001), but not with stimu-
lated CCL18 secretion.

Among the remaining characteristics, the expression of the TNF-a gene correlated only with
the accumulation of cholesterol in the cells (r = 0.347, p <0.001). CCL18 gene expression nega-
tively correlated with stimulated secretion of TNF-a (r = -0.211, p = 0.038), and synthesis of
matrix components (r = -0.201; p = 0.048) positively correlated with proliferative activity of
cells (r=0.486; p < 0.001) and the accumulation of cholesterol caused by modified low-density
lipoproteins (r = 0.487; p < 0.001).

Obviously, such combinations of phenotypic cellular markers of atherosclerosis and mtDNA
mutation burden should be associated with mitochondrial dysfunction. Indeed, such a dysfunc-
tion was detected, and it was increasing in the row “low-neutral-high mtDNA mutation bur-
den,” by manifesting the decrease of the coefficient of respiratory control, the phosphorylation
coefficient, and the rate of oxygen consumption. Correlation coefficients between these indices
were r =-0.692 (p <0.001), r =-0.934 (p <0.001), and r =-0.697 (p < 0.001), respectively. The rate
of oxygen uptake in cultured cells with a low mtDNA mutation burden when inhibited by an
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uncoupler of oxidative phosphorylation decreased significantly slower than in cells with neutral
or high mtDNA mutation burden. Such results of mitochondrial dysfunction assessment were
quite predictable, since the studied mutations of the mitochondrial genome should influence
the efficiency of oxidative phosphorylation in the mitochondria by the nature of mutations. It
should be noted that the parameters of mitochondrial dysfunction were associated with sev-
eral phenotypic cellular markers of atherosclerosis. Thus, the coefficient of respiratory control
negatively correlated with the proliferative activity of cells (r = -0.461, p < 0.001), the synthetic
activity of cells (r = -0.222; p = 0.029), the accumulation of intracellular cholesterol (r = -0.489;
p <0.001), and the expression of the CCL18 gene (r =-0.453, p <0.001) and positively correlated
with stimulated secretion of TNF-a (r = 0.253, p = 0.012). There was a positive correlation with
both the phosphorylation coefficient (v = 0.607, p < 0.001) and the rate of oxygen consumption
(r = 0.513, p < 0.001). The phosphorylation coefficient negatively correlated with proliferative
activity of cells (r = -0.645, p < 0.001), the synthetic activity of cells (r = -0.352, p < 0.001), the
accumulation of intracellular cholesterol (r = -0.678, p < 0.001), and the CCL18 gene expression
(r=-0.615, p <0.001) and positively correlated with the rate of oxygen consumption (r = 0.668;
p <0.001). Finally, the oxygen absorption rate negatively correlated with the proliferative activ-
ity of cells (r = -0.450, p < 0.001), the synthetic activity of cells (r = —0.396, p < 0.001), the accu-
mulation of intracellular cholesterol (r = —0.535; p < 0.001), and the expression of CCL18 gene
(r=-0.457, p <0.001) (Sobenin et al., not published).

In the analysis of the relationship between mtDNA damage and functional impairment of cells
with the use of an adaptive neural network model, the similar and interdependent patterns of
relationships were identified (Sobenin et al., not published). The pattern of type 1 is compliant
to the typical atherosclerotic phenotype (increased proliferation, increased synthetic activity,
the ability of cells to accumulate cholesterol, the unchanged expression of TNF-a and CCL18
genes, high cell activation both into pro-inflammatory and anti-inflammatory phenotypes,
and evident mitochondrial dysfunction). This pattern is characterized by the presence of com-
binations of homoplasmic mtDNA variants m.930G, m.7028C, and m.11251A and heteroplas-
mic mtDNA variants m.652delG, m.751delA, m.3256C>T, m.12315G>A, and m.14459G>A.
The pattern of type 2 represents an atypical atherosclerotic phenotype (increased prolif-
eration without increased synthetic activity, the ability of cells to accumulate cholesterol,
increased expression of TNF-a and CCL18 genes, low cell activation into pro-inflammatory
phenotype, high cell activation into anti-inflammatory phenotype, and evident mitochon-
drial dysfunction). This pattern is characterized by the presence of combinations of homo-
plasmic mtDNA variants m.73A, m.930G, and m.16296C and heteroplasmic mtDNA variants
m.368A>G, m.652delG, m.3256C>T, m.8404T>C, m.8485G>C, m.12315G>A, m.14160G>A,
and m.15059G>A. Finally, the pattern of type 3 represents normal (non-atherosclerotic) phe-
notype (low proliferative activity, low synthetic activity, low ability of cells to accumulate
cholesterol, unchanged expression of TNF-a and CCL18 genes, moderate equilibrium cell
activation both into pro-inflammatory and anti-inflammatory phenotypes, and the absence
of manifestations of mitochondrial dysfunction). This pattern is characterized by the pres-
ence of combinations of homoplasmic mtDNA variants m.5460A, m.11719G, m.14233A, and
m.14766C and heteroplasmic mtDNA variants m.1555A>G, m.5178C>A, and m.14846G>A;
however, in this pattern proatherosclerotic heteroplasmic mtDNA variants m.652delG and
m.3256C>T nonrandomly occur.
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9. Conclusions

The data obtained from the described studies allow to analyze the relationship of mtDNA
damage and its variability; qualitative and quantitative changes in the cellular composition
of arterial intima, occurring in atherosclerosis; as well as expression of apoptosis- and inflam-
mation-related genes. In maternal relatives in 2—4 generations, the differences in the degree
of mtDNA heteroplasmy in different types of blood cells obtained from the same individu-
als helped to identify heritable mutations accumulated in the cells, and somatic mutations
arising during the life of the individual. The relationship of mtDNA variants with athero-
sclerosis, traditional risk factors for cardiovascular disease, and age-gender variation was
identified and characterized. In cell culture studies, the relationship of individual mtDNA
mutation burden with functional activity of cells was studied. Taken together, the results of
these studies strongly support the hypothesis on proatherosclerotic role of mtDNA mutations
in atherogenesis.
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Abstract

Genetic polymorphism is referred to the discontinuous interspecies genetic vari-
ability among individuals having distinct alleles on a particular locus. Genetic
polymorphism of genes encoding drug-metabolizing enzymes constitutes individ-
ual’s susceptibility to drugs, affirmed by having discrete allelic frequencies by the
individual, strengthening the concept of precision medicine. To combat with toxic
consequences of drugs, the polymorphic genes associated with xenobiotic metabo-
lism must be studied. Up to 70% xenobiotic elimination is believed to be depen-
dent on UDP-glucuronosyltransferase (UGT), an enzyme encoded by polymorphic
UGT1A and UGT2B genes. Both bimodal and trimodal distribution patterns of UGT
have been reported in various human populations studied. Genetic polymorphisms
of UGT may even lead to truncated and shorter gene with grossly diminished enzy-
matic activity. The extent of phenotypic alteration inflicted by genetic polymorphisms
depends on its nature and position on gene locus. The different isoforms of UGT
superfamily differ from each other regarding substrate specificity and selectivity. The
incidence of genetic polymorphisms and associated altered gene functions results in
inter-individual variability in metabolic clearance and elimination of drugs. Hence,
the critical interaction between genetics and biotransformation of drugs has recently
been the focus of pharmacology research.

Keywords: bilirubin, biotransformation, drug-metabolizing enzymes, SNP, UGT, xenobiotics

1. Introduction

Pharmacogenetics enables the personalized therapeutics based on genetic profiling and
describes Patient’s variation in response to therapy due to genetic factors. Pharmacogenetics
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is the study of inter-individual differences in the sequence of particular genes affecting
drug metabolism [1]. Genetic polymorphism is the variation in the sequence of DNA
among populations and individuals. Inter-ethnic variations in drug response are con-
nected to polymorphisms with racial populations showing discrete allele frequencies and
inconsistency from each other [2-4]. Genetic polymorphisms may occur by chance and
they may be caused by some agents such as chemicals, radiations or viruses. In the human
genome, the most common source and simple form of genetic polymorphism are the sin-
gle-nucleotide polymorphism (SNP) and it contributes to 90% of human DNA polymor-
phisms. Genetic polymorphisms of drug-metabolizing enzymes (DMEs) can influence the
biodisposition of drugs and thus alter the concentration of drugs in plasma and in target
tissues [5].

In the human population, person-to-person variations in gene expression and functional
activity of drug-metabolizing enzymes have been found to be associated with the change
in their responses to toxicants, carcinogens and drugs [6]. Progress in pharmacogenetics has
displayed that a series of drug-metabolizing enzymes have become essential to consider the
biotransformation of drugs. Allelic variants with different catalytic functions have been rec-
ognized from common and wild-type allele as the number of drug-metabolizing enzymes
is increased. In individualizing drug therapy, these specific genetic variants are valuable to
phenotype/genotype an individual [7, 8]. Hence, the interplay of pharmacogenetics and bio-
transformation of drugs has recently been a focus of research.

2. Molecular bases

Genetic polymorphism within a population arises as a result of alteration in genes encoding
metabolizing enzymes with a variant allele frequency of more than 1% [9]. For such genes,
an allelic site has a number of single-nucleotide polymorphisms (SNPs) which may result in
increased, reduced or even no enzyme function and their disrupted biological regulations
through incorporating several mechanisms. A genotype is referred to a comprehensive study
of an organism’s particular genetic make-up while the associated observable traits of an indi-
vidual describe its phenotype. However, keeping in view that a phenotype is influenced by
the combination of genetic and environmental determinants, it may not always express a
complete concordance with associated genotype [10].

3. SNPs and drug-metabolizing enzymes

Single-nucleotide polymorphism in genes of drug-metabolizing enzymes affects the response
of drug to body and absorption, distribution, biotransformation, and excretion of drugs.
These SNPs are a source of inter-individual and inter-ethnic differences. Some mutations in
the coding region cause amino acid change, which results in alterations of enzyme activity,
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substrate selectivity and sometimes, protein stability. Ensuring functional differences causes
different metabolizer phenotypes [11]. Pharmacogenetics analysis provides insight into mech-
anisms included in drug response, with the ultimate goal to achieve optimal drug efficacy and
safety.

Drug-metabolizing enzymes (DMEs) have a significant role in biotransformation and final
excretion of xenobiotics and drugs by increasing their hydrophilicity. Biotransformation of
drugs is usually comprised of phase I (oxidation, reduction and hydrolysis) reactions carried
out by cytochrome P450 enzyme, and phase II conjugation reactions involve glucuronidation
by uridine diphosphate glucuronosyltransferases (UGTs), acetylation by N-acetyltransferase
(NAT) and glutathione-S-transferase in the liver, with numerous proteins accountable for
transportation. These phase I and phase II enzymes are highly polymorphic leading to varia-
tion in the level of enzyme expression in vivo [12].

The first polymorphism in drug-metabolizing enzyme was reported in patients more than 40
years ago with the incidence of side effects after administration of a recommended therapeu-
tic dose of the drug [13]. An array of possible physiological and environmental factors has
been assigned to human variability in drug response. The physiological features consist of
hepatic and renal function, age, gender and bodyweight, whereas the environmental features
include concomitant drug administration, contact to definite chemicals and dietary intake as
well. Genetic factors have traced that individual’s body respond to drug therapy in a different
way as some people are well tolerated while others have harmful effects [12].

4. SNP-mediated metabolic modulation

The uridine diphosphate glucuronosyltransferases (UGTs) exist in almost all living beings
counting microorganisms (viruses, bacteria), animals, plants and humans. UDP-glucuronosyl-
transferase is a microsomal enzyme carrying the glucuronidation of several exogenous (differ-
ent carcinogens as well as drugs) and endogenous compounds (bilirubin; breakdown product
of heme, hormones). Glucuronidation is a primary reaction for the removal of countless
substrates and drug compounds. The genetic variations in UGT enzyme lead to its changed
regulation and expression. The activities of UDP-glucuronosyltransferase contribute to phar-
macological and physiologic consequences [14].

In humans, a main drug-metabolizing reaction called glucuronidation is catalysed by uridine
diphospho glucuronosyltransferase enzyme (EC 2.4.1.17). Glucuronidation is the conjuga-
tion of small lipophilic molecules with uridine diphosphate (UDP) as a sugar donor, altering
them into more water-soluble metabolites and accounts for 40-70% of xenobiotic elimina-
tion approximately [15]. UDP-glucuronosyltransferases are primarily expressed in the liver
but are also distributed in various organs of the body, including the heart, kidney, thymus,
spleen, olfactory epithelium, brain, intestine, adrenal glands and lungs. The expression of
UGT is known to be affected by genetic polymorphism, physiological and environmental fac-
tors like age, diet, disease state, induction and inhibition by chemicals [16].
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5. Classification of UGT

The superfamily UGT is divided into four subfamilies called UDP-glucuronosyltransferase 1, UDP-
glucuronosyltransferase 2, UDP-glucuronosyltransferase 3 and UDP-glucuronosyltransferase
8. This classification is kept on sequence similarity at the level of amino acid. The isozymes of
family UGT1A have the first exon that is spliced into two to five common exons and thus pro-
ducing a C-terminal and N-terminal domain. The gene-specific promoter region is possessed
by each member of UGT1A family [17]. The 13 isoenzymes of UGT1A gene (9 functional and 4
pseudogenes) are all originated due to alteration in exon 1 region of this gene located on chro-
mosome 2q37 and 6 isoforms of UGT2B subfamily emerge to be encoded by a rigid cluster of
separate genes located on chromosome 4 in humans [18].

6. UDP-glucuronosyltransferases (UGTs)

The covalent conjugation of sugar with the small organic molecule is brought about by a super
family UDP-glucuronosyltransferase (UGT). This superfamily of UDP-glucuronosyltransferase
enzyme has been explored in microorganisms (bacteria), plants and animals evolutionarily
conserved and adapted to combat with the dynamic interaction with lipid-soluble com-
pounds. The UDP-glucuronosyltransferases are protein in nature that is bound to the mem-
brane and is confined to the smooth endoplasmic reticulum (SER) and nuclear compartment
of the cell. They have a significant role in glucuronidation of many antibiotics and xenobiotics
[14]. UGTs are synthesized as approximately 530 residues precursor containing an N-terminal
signal peptide [19].

The mammalian UGT superfamily comprises of four families, and members of each of four
families can also be recognized in various lower vertebrates. The UGT superfamily comprises
of all glucosyltransferases that contain the UGT signature sequence (FVA)-(LIVMF)-(TS)-(HQ)-
(SGACQ)-G- X(2) -(STG)-X(2)- (DE)-X(6)-P-(LIVMFA)-(LIVMFA)-X(2)-P-(LMVFIQ)- X(2)- (DE)-
Q, (Xis any amino acid) [20], and add sugar to small lipophilic compounds. Glucuronidation
of compounds forms a range of glucuronides containing functional groups (O-, N-, S- and C-),
which significantly enhance the solubility of the parent drugs and terminates its biological
effect [21].

7. Distribution of UDP-glucuronosyltransferases

Approximately, the drugs from all therapeutic classes containing an extensive range of accep-
tor groups pass through glucuronidation process. However, non-steroidal anti-inflammatory
drugs and analgesic agents are usually metabolized by this mechanism. It is well recognized
that the liver has the maximum abundance and array of UDP-glucuronosyltransferases [22,
23]. The members of UGT1A and UGT2B subfamilies are also found in many other tissues
and organs incorporating the epithelium, brain, nasal cavity, stomach, small intestine, colon,
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kidneys, lungs, ovaries, mammary glands, testis and prostate gland, in addition to hepatic
abundance [16, 23]. The kidneys and GIT (gastrointestinal tract; stomach, small intestine and
colon) are the most important extra-hepatic sites in case of drug metabolism [24]. All mem-
bers of the UGT1A and UGT?2B families are expressed differentially in human liver with the
exception of some members of both families including UGT1A5, 1A7, 1A8, 1A10 and 2A1 [25].
In contrast to the UGT1A and UGT2B, members of UGT3 family are principally expressed in
thymus, testis and kidney with nearly untraceable expression in liver and GI tract [26].

8. Types of glucuronides

The UDP-glucuronosyltransferase enzyme catalyses the transfer of sugar glucuronic acid
(GA) from uridine-diphospho-glucuronic acid (UDP-GA) to various exogenous as well as
endogenous compounds containing hydroxyl, thiol, amine, carbonyl, carboxylic and hydrox-
ylamine due to structural diversity of the substrates. Binding with glucuronic acid is a
quantitatively most important phase Il reaction and is a primary pathway in nature for detox-
ification of a wide range of drugs, dietary compounds, cancer causing agents and their oxi-
dized metabolites, and a variety of environmental chemicals and thus excreting lipid-soluble
waste compounds from the body in urine and bile [27, 28]. Glucuronidation of compounds

Polymorphic enzymes Endogenous Biochemical Specific substrate Intermediate References
cofactor reactions involved metabolites

Sulfotransferase (SULT)  Sulfate Sulfation Salbutamol Salbutamol [30]

sulfate

UDP- ubDP Glucuronidation ~ Morphine Morphine-3- [31]

glucuronosyltransferase  glucuronic acid glucuronide

(UGT)

Glutathione-S-transferase Glutathione Glutathione Doxorubicin Glutathione [32]

(GST) conjugation metabolite

N-acetyltransferase Acetyl-CoA Acetylation SMX, caffeine N-AcSMXAFMU [33, 34]

(NAT)

Methyltransferase (MT)  Methyl Methylation Mercaptopurine, Methyl [35]

captopril metabolite

Table 1. Important polymorphic human DMEs, cofactors, biochemical reactions, substrates and their intermediate
metabolites.

forms a range of glucuronides containing functional groups (O-, N-, S- and C-) which sig-
nificantly enhance the solubility of the parent drugs and terminates its biological effect [21].

Substrates containing different functional groups chemically form different glucuronides
like aliphatic alcohols and phenols form ether glucuronide, while those containing a COOH-
group form ester glucuronides (acyl glucuronides). The compounds, which possess both
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phenolic and COOH' groups, can be transformed into both ether and ester glucuronides such
as mycophenolic acid (MPA). Glucuronidation of amines (primary, secondary and tertiary)
and sulfhydryl compounds result in the formation of N-glucuronides and S-glucuronides,
respectively, whereas C-glucuronides are obtained from compounds containing carbonyl
group. The most common and rare drug glucuronides in humans are O-glucuronides and
C-glucuronides, respectively [29].

There are many enzymes in humans that are polymorphic in nature and metabolize a variety
of drugs through biotransformation reactions presented in Table 1.

9. UGT isozymes

The large substrate specificity of each UGT isoform makes possible the glucuronidation of
structurally isolated molecules. In humans, roughly (40-70%) drugs administered clinically
undergo glucuronidation [36]. In humans, 19 UGT isoforms have been recognized, expressed
and differentiated: 9 UGT1A members encoded by the UGT1A gene locus are positioned on
chromosome number 2 and nine members of UGT2B family (7 members of UGT2B and 2
members of the UGT2A subfamily) are located on chromosome 4. The isoforms of the UGT1A
and UGT2B families have a key role in dispensing lipophilic compounds because of their
ability to glucuronidate an extensive array of structurally different substrates. Different UGT
isoforms are involved in the formation of drug glucuronides but they reveal overlapping
and unusual substrate selectivity and specificity. Individual UGTs differ from each other
in sense of regulation and expression. UGT activity is known to be affected by physiologi-
cal and environmental factors like age, diet, disease state, induction and inhibition of UDP-
glucuronosyltransferase by chemicals, ethnicity, genetic polymorphism and hormonal level
[37]. Some general conjugation reactions of glucuronidation carried by UGT are expressed
through chemical equations A-F, given below [38].

A.R-OH+UDP -GA - UDP + R -O-GA

B. R-SH + UDP -GA — UDP + R - S-GA

C. R-NH, + UDP-GA — UDP + R NH-GA
D.R-CHO + UDP-GA — UDP + R -CO-GA

E. R-COOH + UDP-GA — UDP + R -CO-(OGA)
F. R-NHOH + UDP-GA — UDP + R -N-(OH)GA

10. Structural organization of UDP-glucuronosyltransferase 1

The UGT1A isoforms are encoded by a single intricate and complex locus that is organized
similarly in all mammals. The nine functional proteins are encoded by UGT1A gene locus
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(1A1,1A3,1A4,1A5,1A6,1A7,1A8, 1A9 and 1A10). In humans, the UGT1A gene size is about
200 kb located on chromosome 2q37 and encodes 13 isozymes. Each isoform has a distinctive
promoter region, unique exon-1, and shares (2-5) four common exons [39]. Transcription is
commenced at unique promoter. Consequently, each of the 13 transcripts has a unique 5’
end and a similar 3’ end, which is engaged in identification of the UDP-sugar molecule. The
human UGT1A isoforms can be divided into four groups on the basis of sequence resemblance,
amplification and divergence of gene: UGT1A1, UGT1A6 and UGT1A2P to 1A5 cluster and
UGT1A7 to 1A13P cluster. Exons of UGT1A1 and UGT1A6 made proteins that are nearly 50%
alike; conversely, within exons of 1A2P-1A5 and 1A7-1A13P clusters, the resulting proteins
are more than 90% identical [17]. Four members (1A2P, 1A11P, 1A12P and 1A13P) of UGT2A
subfamily have been recognized as pseudogenes since they have mutations that would avert
their translation into functional proteins. It has been observed that complexity to the UGT1A
locus produces another form of the common exon 5 so-called as 5b exon that can be merged
into the human UGT1 proteins. The alternative forms produce mRNAs that encode smaller
polypeptides of each UGT1 protein. These smaller proteins do not have a transmembrane part
but keep their ability to confine themselves to smooth endoplasmic reticulum. These small
UGT1 forms are non-functional and can heterodimerize with whole UGT1 form and lack
their activity [40]. In human tissues, short-form UGT1 transcripts are largely distributed and
expressed at considerable levels [41].

11. Function/effect of UGT1A isoforms

UGT1A1 is the most important isoform of UGT1A gene that brings about the glucuronida-
tion of bilirubin (a breakdown product of haemoglobin) which required to be eliminated
from the body. Genetic alterations in the UGT1A gene are presumed to have an intense effect
on the health of affected individuals, particularly those that modify UGT1A1 activities and
correspond to rare mutations. Sixty rare mutations have been well known as point muta-
tions, deletions and insertions in UGT1A1 gene. Only a small number of these mutations are
reported in common population with high frequency (up to 41%). These mutations called
polymorphisms in TATA box region of UGT1A1 promoter produce variant alleles that lead
to decrease in activity and rate of glucuronidation by UDP-glucuronosyltransferase [42—44].
These mutations in the UGT1 gene are correlated with two forms of the unconjugated hyper-
bilirubinemia syndromes. The wild type and common variant allele include six and seven
repeats, respectively [45]. The UGT1A isoforms appeared to be expressed at a lower level in
different populations of the world: approximately 0-3% in the Asian population, 2-13% in
Caucasian population and up to 16-19% in Africans [44].

Paracetamol is being used as a probe drug to study slow and fast acetylation capacity of human
[46], which is mainly cleared by hepatic glucuronidation from the body. Inter-individual vari-
ability in capacity to glucuronidate paracetamol and possible risk for liver damage could be
explained by polymorphisms in genes encoding the paracetamol glucuronidation [47].

Court et al. used human liver samples for accessing paracetamol glucuronidation activ-
ity by UGT isoforms (1Al, 1A6, 1A9 and 2B15) that chiefly glucuronidate paracetamol.
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Three single-nucleotide polymorphisms (rs10929303, rs1042640 and rs8330) positioned in 3'
untranslated region of UGT1A1 were found to be associated with paracetamol glucuronida-
tion activity. Consistently the highest glucuronidation activity is observed with SNP rs8330.
This single-nucleotide polymorphism did not modify stability of mRNA and translation
capacity [48].

In the pharmacokinetic studies, acetaminophen and SN-38 were used as phenotyping probes
in vivo to check glucuronidation activity. Study subjects were given irinotecan and acetamino-
phen separately after a specific wash out period, and no association was observed between
irinotecan and acetaminophen glucuronidation activity, proposing affinity for many different
UGT1 isoforms [49, 50].

12. UDP-glucuronosyltransferase 2

The UGT2 gene family is further divided into two subfamilies on the basis of sequence resem-
blance: UGT2A and UGT2B. The genes in each subfamily usually have more than 70% sequence
resemblance. The great level of resemblance makes it complex to establish orthologous asso-
ciations between species in each subfamily. Therefore, a sequential numbering system based
on their chronological order of discovery has been used for UGT2 genes [20]. In the human
genome, the UGT2 family comprises of three UGT2A and six UGT2B members. The members
of UGT2A subfamily are called pseudogenes as they do not form functional proteins. The
members of UGT2B subfamily are encoded by separate and independent genes, including
UGT2B4, UGT2B7, UGT2B10, UGT2B11, UGT2B15 and UGT2B17. The UGT2B genes emerge
to be encoded by a firm group of genes located on chromosome number four [18].

The members of UGT2 family are supposed to be developed by replication of whole UGT2
gene. UGT2A3 gene has six distinct exons. However, UGT2A1 and UGT2A2 genes have a
variable and shared exon structure similar to that of the UGT1A family. The UGT2 members
also have first unique exon and a set of five shared (2-6) exons. The first 2 exons of each UGT2
gene encode a region of 241 amino acids similar to that of UGT1A gene locus [51].

13. Function and effect of UGT2B genes

UGT2B4 gene of UGT2 family plays an important role in biotransformation and glucuronida-
tion of bile acids allowing their glucuronide efflux from hepatocytes via transporters such as
multi-drug resistance-associated protein (MRP) 2 or MRP3 [52] and detoxification of many
phenols [18, 53].

UGT2B4 gene is expressed in the chief metabolizing organ: liver and in several extrahe-
patic tissues [18, 54]. Polymorphism in the co-substrate binding region of UGT2B4 gene
resulted in mutant allele, which causes change in position of amino acid from aspartate to
glutamate at 458 codons [54]. The single change in position of amino acid alters the rate
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of glucuronidation. This variant allele is present in the Caucasian, African and Hispanic
populations at a frequency varying between 0.17 and 0.38, whereas it is absent from the
Asian population [54-56]. Lampe et al. used human liver samples to study polymorphisms

in UGT2B4 gene. These polymorphisms cause a change in position of amino acids: from
phenylalanine to leucine at codons 109 and 396. It was found that these polymorphisms are

rare because they were absent in a big group of 272 individuals [56].
UGT2B15 gene showed glucuronidation activity towards steroid hormones, a number of
classes of drugs and their metabolites [57-60]. A guanine to thymine replacement at codon 85
causes an amino acid change from aspartate to tyrosine in substrate binding site of UGT2B15
gene. The homozygous wild-type allele isnot common in Caucasians as compared to the Asian,
Hispanic and African populations. On the whole, 19-32% of the studied population have been
found to bear homozygous variant allele. Levesque et al. studied the effect of UGT2B15 gene
polymorphisms on function and enzyme activity in vitro using liver microsomes. The homo-
zygous variant allele presented same reaction constant (K_) values but the rate of reaction
(V) is two times different for steroid hormones [58]. Court et al. determined the functional
impact of UGT2B15 variants towards catalytic activities in HEK 293 cellular fractions by using
S-oxazepam as probe drug. The glucuronidation activity of homozygous wild-type allele for
S-oxazepam was five times more than homozygous variant allele UGT2B15*2 [59].
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Figure 1. Schema representing the genetic polymorphic pattern of human UGT1A & UGT2B genes.
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Lampe et al. evaluated the rate of recurrence of the UGT2B4, UGT2B7 and UGT2B15 poly-
morphisms in Caucasian and Asian individuals. For all polymorphisms, the genotype and
allele frequencies were considerably different in both populations. The distribution of the
genotypes also differed by ethnic group. All Asians were homozygous for common allele,
and incidence of wild-type allele is two times higher in them as compared to Caucasians [56].

Navarro et al. investigated the effect of UGT1A6 and UGT2B15 genotypes on paracetamol gluc-
uronidation in a controlled feeding trial. 1000 mg paracetamol was administered to healthy
volunteers orally, and saliva and urine samples were collected for determining the concen-
tration of paracetamol and its metabolites. The concentration of unchanged paracetamol is
higher in men as compared to women who had more paracetamol glucuronide. The percent-
age of unchanged paracetamol is higher in individuals with homozygous common allele rela-
tive to heterozygote and homozygous variants. The UGT2B15 gene considerably affected the
paracetamol glucuronidation while the involvement of UGT1A6 in paracetamol glucuronida-
tion was moderate [61].

Mutlib et al. demonstrated the importance of UGT1IA and UGT2B15 genotypes: 1A1, 1A6,
1A9 and 2B15 on paracetamol glucuronidation. It was observed that UGT1A1 and UGT2B15
contribution was highest in conjugating paracetamol [62]. The polymorphic variations in
UGT1A and UGT2B genes are presented in Figure 1.

14. UDP-glucuronosyltransferase 3

The third family of UGT superfamily is UGT3A that consists of two genes: UGT3A1 and
UGT3A2. It is situated in a 115 kb piece of chromosome number 5p13. Each gene of this fam-
ily includes seven unique exons that are just about 30 kb size and encodes 523 amino acids
of protein. At protein level, both genes are 80% similar which shows larger conservation of
sequence in UGT3A than that found in UGT1A and UGT2B families [63].

15. UDP-glucuronosyltransferase 8

The fourth family of UGT superfamily is UGT8 gene family. This family is composed of a
single gene which contains five exons and is situated on chromosome number four (4q26)
together with genes that encode other phase II enzymes. The UGT8 gene is greatly conserved
and does not involve in the biotransformation of drugs. This is due to its partial expression in
the brain where exposure to xenobiotics is restricted [51].

16. Genotype-dependent functional polymorphism

In the human population, individual-to-individual variations exist genetically in UGT
activity and are phenotypically divided as rapid or slow glucuronidator. On the basis of
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UDP-glucuronosyltransferase activity, humans are divided into bimodal and trimodal dis-
tributions. In bimodal distribution, humans are categorized as fast and slow glucuronidators
or fast, intermediate and slow glucuronidators in trimodal distribution. UGT1A and UGT2B
subfamilies exhibit overlapping but different substrate specificities and variable levels of
expression in different organs [16, 36, 64, 65].

An increasing integer of functional single-nucleotide polymorphisms (SNPs) is identified
in humans at UGT1A gene locus with a potential relevance for drug therapy. A single-
nucleotide polymorphism or a combination of multiple nucleotide substitutions and inser-
tion or deletion is responsible for allelic variants of UGT (UGT1A and UGT2B) [66]. The
most common isoforms of UGT associated with drug metabolism are UGT1A1, 1A6, 1A9
and UGT2B4, UGT2B15. Many studies have described associations between specific phe-
notypes for UGT polymorphic enzyme and susceptibility to cancer, particularly lung and
bladder, breast cancer, Parkinson’s disease and the autoimmune disease systemic lupus
erythematosus. These associations may be due to differences in the ability of enzyme phe-
notypes to activate or detoxify chemical toxins or, alternatively, to linkage disequilibrium
where a particular allele coding for another gene with a direct role in determining disease
susceptibility shows genetic linkage with an allelic variant of the xenobiotic-metabolizing
enzyme [67].

Genetic polymorphisms lead to truncated and shorter gene which efficiently diminishes
enzymatic activity and even a single mutation alone can account for decrease or increase
in enzymatic regulation. On the other hand, increased and elevated enzymatic activity
may be due to elevated mRNA stability [59]. The expression and activity of UGT increase
during childhood and adolescence. Many cis factors (polymorphism) and trans-factors
including transcription factors (TFs) and nuclear receptors (NRs), miRNA targeting and
other epigenetic regulating factors play an important role in the regulation of UGT enzyme
expression. In the liver, transcription levels of UGTs determine their activity. The tissue
specific and ligand-activated TFs and NRs play a chief role in the expression of UGTs by
binding to cis-regulatory elements. The ontogeny of drug-metabolizing enzymes is analo-
gous by the maturation of organ systems among children and has intense effects on drug
disposition [68].

In the beginning, UGT1A and UGT2B families assumed to be evolved as consequences of
their neutralizing function against noxious chemical at the hepatic and gastrointestinal
barrier. Regulation of UGTs may have developed along with some other drug-metabo-
lizing enzymes (DMEs) in the course of animal and plant competition [69]. The families
expanded in different ways on different chromosomes, but similar exon-intron struc-
tures encode a protein family with similar functional architecture despite the amino acid
sequence diversity [70]. UGTs performed their functions at pre-systemic, systemic level
and locally in cells.

Glucuronidation by UGT provides a critical detoxification pathway for exogenous com-
pounds and drugs from several therapeutic classes, including analgesic and non-steroidal
anti-inflammatory agents, anticonvulsants, antipsychotics, anti-viral agents and benzodiaz-
epines [27, 28, 71].
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17. Role of UGT isoforms in metabolism

Some substrates and drugs are fairly selective for a particular UGT enzyme as the endog-
enous molecule; bilirubin is particularly glucuronidated by UGT1A1 enzyme. However, the
bulk of substrates (small and hydrophobic molecules) are often metabolized by several UGT
isoforms [72], thus making it complex to recognize which UGT enzyme is primarily account-
able for the glucuronidation of compounds. The accessibility of individual cONA has made
it possible to study the function of each UGT enzyme, even though the quantitative varia-
tions in the rate of reaction might be present based on their expression [28]. Moreover, there
are facts and figures which designate that UDP-glucuronosyltransferase enzymes are linked
as homo and hetero-oligomers in vitro and in vivo. Oligomerization may be necessary for the
activity of the UGT enzymes and sometimes it may even vary the rate of the biotransforma-
tion [65, 72]. Formation and disposition of glucuronides in cells and even in the whole organ-
isms are under control of several factors. However, the activity of isoform-specific substrate
in vitro associates very well with activity in vivo and is appropriate for the anticipation of
metabolic detoxification in vivo [73, 74]. The functional significance of numerous UGT iso-
forms is ambiguous for many reasons: substrate specificity of isoform is weak displaying
overlapping substrate specificity and substrate conjugating regions of UGT enzymes have
not been recognized [75].

Lampe et al. found that individuals possessing homozygous variant allele of UGT1A1
and UGT1A6 isoform presented abnormality in the conjugation of a variety of drugs. In
Tankanitlert’s study, the combined effect of UGT1A1 and UGT1A6 genes was investigated in
thalassemic patients. Thalassemic patients were grouped into three categories. It was figured
out that there is no difference in glucuronidation capacity of patients with homozygous wild-
type allele and those who were heterozygous, but rate of glucuronidation is lower in patients
with variant alleles signifying that variant alleles are a potent modifier of acetaminophen
glucuronidation [76].

In the human population, wide variations are found in their glucuronidation capacity of
drugs. The extent of variations can range from 3-fold to more than 100-fold, considering the
studied drug. Many genetic and environmental factors act discretely and in combination to
produce broad inter-individual differences. Phenotype-like glucuronidation capacity of UGT
is not separated from genotype but somewhat displays continuous and overlapping changes
due to multiple interacting environmental and genetic factors [77].

In general population, polymorphisms in phase I and phase II drug-metabolizing enzymes
lead to differences in enzyme expression level. This variability in enzyme expression is due
to the presence of genetic polymorphisms and mutations in the wild-type gene, resulting in
impaired or reduced activity of the enzyme. Individuals having mutated enzymes may differ
from normal individuals in their vulnerability to certain diseases. Some specific phenotypes
for these polymorphic enzymes are related to increased vulnerability to cancer, predominantly
lung, bladder cancer and Parkinson’s disease. This altered enzyme activation or certain chemi-
cals including constituents of tobacco, xenobiotics and neurotoxin initiate these diseases [78].
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Biotransformation is a key process in the body that finds out the pharmacokinetics of an
administered drug. Several factors, which control the level of biotransformation, include
physiological state of the patient, genetics and co-administered drugs, and these may cause
the toxic or sub-therapeutic concentration of drugs. The large inter-individual variability is
gradually accumulating in glucuronidation due to underlying genetic mechanisms but a few
polymorphisms have been described in UGTs with probable clinical relevance. The polymor-
phisms can lead to altered drug clearance with a clinically relevant phenotype. However, the
proof in vivo for such a link is very weak [36].

18. UGT SNPs and disease

Human UDP-glucuronosyltransferase enzyme was appeared to be polymorphic genetically.
Genetic polymorphisms in this enzyme are unlikely to participate in toxicity of drugs since the
isozymes illustrate broad overlapping specificity and tissue distribution [79]. Polymorphisms
lead to varying degree of transcriptional as well as functional variations that might reduce the
activity of UGT enzyme and consequently affected individuals present some sort of pathol-
ogy. The polymorphisms in UGT1A and UGT2B gene families were also suggested to change
the risk of diseases either due to reduced inactivation of hormone or as a result of decreased
detoxification of carcinogenic chemicals and production of their reactive conjugates [64].

The variant alleles of UGT1A1 gene result in some syndromes associated with the diminish-
ing bilirubin conjugation capacity of UGT1A1 isoform. Kadakol et al. summarized the data of
approximately 50 polymorphisms of UGT1A1 gene contributing to Crigler-Najjar syndrome
type I and II. Crigler-Najjar syndrome type 1, also known as non-hemolytic jaundice, is
entirely deficient of UGT1A1 activity due to which bilirubin exerts toxic effects on brain [80].
One of the widespread diseases caused by inactivity of UGT1A1 gene is Gilbert’s syndrome.
More than 10% of the population suffered from this localized chaos was differentiated by
sporadic unconjugated hyperbilirubinemia. This syndrome is associated with polymorphism
in the promoter region of UGT1A1 enzyme [45]. In patients with Gilbert’s syndrome, when
irinotecan drug was administered, it resulted in increased toxicity of an active metabolite of
SN-38 because in these patients, UGT1A1l gene is not functional as it is responsible for the
formation of inactive glucuronide of irinotecan [81].

Several studies assessed the function and differential expression of the UGT1A isoforms in the
colon [82], liver [83], pancreas [84] and kidney cancers [85]. The inquiry of a case-controlled
study exposed that individuals carrying variant alleles of UGT1A gene were at increased risk
of having colorectal cancer [86]. In two independent studies, it was investigated that polymor-
phisms in promoter and coding regions of UGT1A isoforms were correlated with the toxicity
of irinotecan drug in Japanese cancer patients and with neutropenia [66, 87].

Yilmaz et al. examined the association between mRNA expression of UGT (1A3 and 1A7)
isoforms and pancreatic cancer. Healthy and tumour samples were collected from pancre-
atic patients. The mRNA expression of both isoforms of UGT1A gene was notably higher

171



172 Genetic Polymorphisms

in pancreatic cancer tissue than normal healthy tissue, and this high expression was also
linked with tumour size and its progression [88].

Cengiz et al. reported that expression of UGT1A genes was different in healthy normal and
tumour cells of patients suffering from stomach cancer. This differential expression might
affect the growth and progression of a variety of cancers [89]. Several authors studied the
role of UGTs in breast cancer risk and incidence in different populations. They focused on the
expression of isoforms of UGT1A gene by using cell lines of breast cancer and concluded that
women with mutations in UGT1A1 enzyme were at higher risk of developing breast cancer
due to its reduced activity but no relationship was observed between estrogen receptor status
and UGT1A1 genotype [44, 90].

Bigler et al. examined the function of UGT1A6 polymorphisms in healthy controls and
patients of colon adenoma in the context of aspirin use. A conflicting association was found
between aspirin users” colon adenoma patients and the UGT1A6 variants [82]. Several stud-
ies have explored the relationship between polymorphisms of UGT1A7 gene and colorectal,
hepatocellular carcinoma and lung cancer in Japanese [91, 92], Chinese [83], Caucasian [93],
French [94] and Koreans [95] with reduced incidence of common wild-type allele [96].

19. Risk assessment with SNPs

Uridine disphospho glucuronosyltransferase (UGT1A and UGT2B) enzyme contribute to the
removal of miscellaneous drugs, environmental chemicals and endogenous compounds [27,
28]. The majority of human uridine disphospho glucuronosyltransferase enzymes metabolize
aliphatic alcohol and phenol compounds of low molecular mass. Most of UGT genes contain
single-nucleotide polymorphisms (SNPs) those altered drug metabolism, excretion and drug
function and have been found to be associated with Crigler-Najjar syndrome type 1 and 2,
hyperbilirubinemia and Gilbert’s syndrome. It is believed that SNPs in regulatory regions
have the highest impact on phenotype [97].

MacLeod et al. observed that the individuals with elevated level of androgens might be at
higher risk of prostate cancer due to presence of lower activity allele [98]. An independent
case-control study verified that the patients of prostate cancer with homozygous variant allele
had lower enzymatic activity [99]. A positive association has been reported between prostate
cancer risk and low-activity UGT2B15 allele or a complete UGT2B17 deleted gene [99, 100]. The
UGT?2B15 gene is recognized to be greatly expressed in cell lines of prostate cancer [58, 101],
and a noteworthy involvement was found between the UGT2B15 homozygous variant geno-
type and cancer recurrence [102]. The UGT2B15*2 variant allele appeared to be a risk factor for
the incidence and poor subsistence of patients of breast cancer. It was reported in breast cancer
patients who had mutations in more than one drug-metabolizing enzymes as one UGT2B15*2
allele and also the SULT1A1*2 allele had mainly reduced survival rates of five years.

In humans, uridine diphospho glucuronosyltransferase 2B (UGT2B) proteins facilitate
the elimination of testosterone hormone in form of glucuronide metabolites. Grant et
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al. evaluated the association between UGT2B15 and UGT2B17 genes of UGT2B family
relative to plasma levels of androgens and development of cancer in Whites and Blacks.
An association was determined between copy number variant of the UGT2B17 gene and
plasma androgen levels in Whites, but surprisingly, no association was found in Blacks
[103].

A number of glucuronides are known to acquire pharmacologically useful and harmful activ-
ities. Morphine is mainly cleared from the body by glucuronidation pathway and possessed
two binding domains [38]. The morphine-3-glucuronide (M-3-G) is the main glucuronide and
is a powerful inhibitor of morphine [31, 104]. The deposition of M-3-G reduces the effective-
ness of morphine and exerts excitatory effects on the central nervous system [105]. Decreased
glucuronidation of morphine to morphine-6-glucuronide in vivo was associated with poly-
morphisms in UGT2B7 gene [106].

Navarro et al. [61] evaluated the impact of UGT1A6 gene and dietary inducers on uri-
nary excretion of aspirin in Caucasians and Asians. They undertook this study on healthy
264 men and 264 women aged between 21 and 45 years. These healthy volunteers were
administered 650 mg aspirin, and their urine samples were collected at predetermined
time intervals. Considerable variation was found in excretion pattern of aspirin between
sexes and ethnicities. Asians excreted more aspirin, salicylic acid acyl-glucuronide and
salicylic acid phenolic glucuronide as compared to Caucasians. Diet might manipulate
the excretion of aspirin but effects were due to binding of glycine endogenous molecule
rather than glucuronic acid. In another study, the glucuronidation of aspirin was under-
taken in relevance to UGT isoforms: 1A1, 1A3, 1A4, 1A6, 1A7, 1A8, 1A9, 1A10, 2B4, 2B7,
2B15 and 2B17. It was analysed that all UGT isoforms conjugated aspirin except UGT1A4
and UGT2B17 [107].

Two polymorphisms in exon 1 region of UGT1A6 gene resulted in amino acid substitutions,
and these substitutions were likely to be related to reduce enzyme activity towards numerous
phenolic compounds [108]. UGT2B15 gene catalyses the metabolism of multiple substrates,
thus enhancing their clearance from the body [60].

20. Conclusion

Many polymorphisms have been reported for UGT1A and UGT2B genes and new polymor-
phisms are continuously evolving. These polymorphisms affect the phenotype and extent
of variation depends on the nature of the polymorphisms and their position in the gene.
Knowledge about genetic polymorphisms underlying the extensive inter-individual dif-
ferences in glucuronidation process is progressively gathering but only a small number of
polymorphisms in UDP-glucuronosyltransferase enzyme have been reported with possible
clinical significance. Patients possessing different genetic polymorphisms illustrated lower or
even diminished glucuronidation of a wide range of drugs from almost all therapeutic classes.
The incidence of polymorphisms is variable in different populations of the world for various
isoforms of UGT1A and UGT2B.
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Classification of UGT implicated in phenotyping reaction of a compound depends upon
the activity of UGT, the expression and the incidence of glucuronidation rate. But the ever-
increasing accessibility of agonists and antagonists probes for individual UGTs provides
the dependable prospect for glucuronidation phenotyping. Moreover, many factors affect
the functions and activities of UGT proteins in vivo such as age (i.e. neonatal period), con-
sumption of alcohol, smoking of cigarette, diet and nutritional habits, pathological condition,
ethnicity, hormonal factors and polymorphisms of genes (i.e. occurrence or frequency). The
techniques required for glucuronidation phenotype of UGT enzymes have been developed
extensively with the discovery and differentiation of specific and selective probes (substrates
and inhibitors), accessibility of recombinant UGT enzymes and optimization of incubation
states necessary for measuring glucuronidation of drugs.

The tissue-specific expression of each UGT1A and UGT2B isoforms is the subject of genetic poly-
morphisms, and these individual isoforms can be induced and inhibited by drugs. The individual
isoforms differed from each other in sense of substrate specificity and selectivity, the incidence of
genetic polymorphisms and gene functions that resulted in broad inter-individual variability in
metabolic clearance. It is apparent that polymorphisms in the coding and regulatory segments of
all UGT enzymes are likely to be altered their functions and expression. In addition, induction of
metabolism may increase the clearance of therapeutic agents, leading to sub-therapeutic expo-
sures and lack of pharmacological effect. Alternatively, inhibition of metabolism may reduce the
clearance of drugs and lead to supratherapeutic exposures, resulting in undesired side effects or
toxicity.

Variation in DNA sequence results in SNPs, and analysis of SNPs in diseases allows inves-
tigation of the influence of genetic polymorphisms on disease vulnerability, drug resistance
and eventually the health care. The study of SNPs provides a potent resource for establish-
ing a relationship between a phenotype and regions of the DNA. Genetic polymorphism are
sources of variations at all levels. Genetic polymorphism of genes encoding phase I and phase
Il enzymes describes inter-individual variability in the biotransformation of xenobiotics.
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Abstract

Hypertrophic cardiomyopathy (HCM) is a common genetic cardiovascular disease pres-
ent in 1 in 500 of the general population, leading to the most frequent cause of sudden
death in young people (including trained athletes), heart failure, and stroke. HCM is an
autosomal dominant inheritance, which is associated with a large number of mutations
in genes encoding proteins of the cardiac sarcomere. Over the last 20 years, the recogni-
tion, diagnosis, and treatment of HCM have been improved dramatically. And moreover,
recent advancement in genomic medicine, the growing amount of data from genotype-
phenotype correlation studies, and new pathways for HCM help the progress in under-
standing the diagnosis, mechanism, and treatment of HCM. In this chapter, we aim to
outline the symptoms, complications, and diagnosis of HCM; update pathogenic vari-
ants (including miRNAs); review the treatment of HCM; and discuss current treatment
and efforts to study HCM using induced pluripotent stem cell-derived cardiomyocytes
and gene editing technologies. The authors ultimately hope that this chapter will stimu-
late further research, drive novel discoveries, and contribute to the precision medicine in
diagnosis and therapy for HCM.

Keywords: cardiac sarcomere, gene, hypertrophic cardiomyopathy, microRNA,
pharmacology

1. Introduction

Hypertrophic cardiomyopathy (HCM) is a heterogeneous cardiac disease with a diverse clini-
cal presentation and course, presenting in all age groups from infancy to the very elderly,
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which was first described in 1868, its functional consequences in 1957, left ventricular (LV)
asymmetric and especially septal hypertrophy in 1958, and its familial nature in 1960 [1, 2].
HCM is a global disease, affecting 1 in every 500 people [3]. And, the existing epidemiological
studies might have underestimated the prevalence of HCM because majority of the origi-
nal prevalence studies enrolled unrelated adults only and employed a diagnostic criterion
of maximal wall thickness (MWT) =15 mm, or both, thereby resulting in under-recognition
of early, familial disease [1, 4]. Enhanced recognition of HCM is important, allowing more
timely diagnosis and the implementation of appropriate treatment options for many patients.

HCM is characterized by left ventricular hypertrophy with histological features of myocyte
hypertrophy, myofibrillar disarray, and interstitial fibrosis [5]. The thickened and stiff ventricle
reduces the compliance of the heart muscle, decreases preload, and leads to the most frequent
cause of sudden death in young people (including trained athletes), heart failure, and stroke [6].

Since its first description in the 1950s, much progress has been made in elucidating the
extremely heterogeneous genetic, morphogenic, diagnosis, and patient management. The
goals of this chapter are to outline the symptoms, complication, and diagnosis of HCM; update
published pathogenic variants; and discuss current treatment and efforts to study HCM by
using induced pluripotent stem cell-derived cardiomyocytes, next-generation sequencing,
and gene editing technologies.

2. Symptoms and complications

HCM is a common inherited cardiomyopathy with a diverse clinical presentation. Most
patients with HCM are asymptomatic and have a normal life span but some develop symp-
toms. The most frequent symptoms of HCM included chest pain, dizziness, shortness of
breath, palpitations, fatigue, and inability to perform vigorous exercise. Another devastating
manifestation of HCM is sudden cardiac death (SCD) [7].

Furthermore, HCM is related with disease complications that may be profound, with the
potential to result in disease progression or premature death [8, 9]. Atrial fibrillation (AF) is
the most common sustained arrhythmia in HCM. Paroxysmal episodes or chronic AF ulti-
mately occur in 20-25% of HCM patients, increase in incidence with age, and are linked to
left atrial enlargement [10]. AF is a precursor of stroke (incidence, about 1% annually; preva-
lence, 6%), which is associated with death as well as disability most frequently in the elderly,
and progressive heart failure, particularly for patients who have AF before 50 years old and
accompanied basal outflow obstruction [11, 12].

Heart failure is another severe complication of HCM. Symptoms of chronic heart failure are
frequent; however, the clinical profile of advanced heart failure varies between patients. In
some, the thickened and stiff ventricle reduces the compliance of the heart muscle, decreases
preload, and contributes to diastolic heart failure [6]. On the other end of the spectrum, typi-
cal DCM cases show chamber volume dilatation and thin walls, which reduces contractile
force and causes systolic heart failure [13].
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Myocardial ischemia: the other common pathologic features of HCM are the thickened and
narrowed intramural coronary arteries and myocardial fibrosis by increased collagen deposi-
tion, leading to symptoms related to myocardial ischemia [14].

3. Diagnosis

Accurate diagnosis is vital for the management of HCM patients. Echocardiography is the
primary method of diagnosis of HCM by determination of left ventricular hypertrophy (LVH)
[15], left ventricular outflow tract gradients [16], systolic and diastolic function, as well as
mitral valve anatomy and function. Cardiac magnetic resonance imaging (MRI) is becoming
more widely used in diagnosis of HCM by determining the extent and location of LVH and
the anatomic abnormalities of the mitral valve and papillary muscles [17]. Besides, genetic
testing that is now commercially available is currently used most effectively in the identifica-
tion of affected relatives in families known to have HCM.

3.1. Echocardiography

Echocardiography (echo) was first used to aid diagnosis in HCM in 1969 [18]. Forty years later,
echo is central to diagnosis and monitoring of HCM. Diagnostic criteria of HCM by echo: in
an adult, HCM is defined by a wall thickness 215 mm in one or more LV myocardial segments.
However, in some cases, genetic and nongenetic disorders may present with a lesser degrees
of wall thickening (13-14 mm); for these patients, the diagnosis of HCM requires evaluation of
other factors including electrocardiogram (ECG) abnormalities, laboratory tests, and MRI, as
well as family history [19]. For children, HCM diagnosis requires an LV wall thickness more
than two standard deviations greater than the predicted mean (z-score > 2, where a z-score is
defined as the number of standard deviations from the population mean) [19, 20].

HCM typically can be classified in three categories (Table 1), “nonobstructive,” “labile,” or
“obstructive at rest” depending on their degree of left ventricular outflow tract obstruction
(LVOTO), which result from a hypertrophied interventricular septum and/or abnormal mitral
valve morphology. About one-third of patients will have obstruction at rest (peak gradient
>30 mm Hg), and one-third will have labile obstruction (peak gradient >30 mm Hg only

Hemodynamic state Conditions Outflow gradients’

No obstruction Rest <30 mm Hg
Physiologically provoked <30 mm Hg

Labile obstruction Rest <30 mm Hg
Physiologically provoked >30 mm Hg

Basal obstruction Rest 230 mm Hg

‘Gradients are the peak instantaneous continuous wave Doppler gradient.

Table 1. Definition of dynamic left ventricular outflow tract obstruction [2].
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during provocation, which includes the Valsalva maneuver, administration of a potent
inhaled vasodilator, such as amyl nitrite, and exercise treadmill testing [7]. Another one-third
will have no obstruction under provocation or resting conditions (peak gradient <30 mm Hg).
It is clinically important to distinguish between the obstructive and nonobstructive forms of
HCM because management strategies are largely dependent on the presence or absence of
symptoms caused by obstruction.

3.2. Cardiovascular magnetic resonance

Magnetic resonance imaging (MRI) and computed tomography imaging are being used
increasingly to evaluate patients with HCM. Cardiovascular magnetic resonance (CMR), with
its superior spatial resolution as well as tomographic imaging capability, has provided the
opportunity to more accurately characterize the diverse phenotypic expression of HCM [21].
CMR is mainly used in the following situations: (1) the patients are suspected with HCM,
but the echocardiogram is inconclusive, mostly because of suboptimal imaging from poor
acoustic windows or when hypertrophy is localized to regions of the LV myocardium not well
visualized by echocardiography [22]. (2) Hypertrophy confined to the apex (i.e., apical HCM)
may be difficult to visualize with echocardiography but is evident with CMR [23]. (3) CMR
can more readily detect the presence of apical aneurysms, which are potential implications
for management with ICDs and/or anticoagulation; then CMR may identify high-risk status
on the basis of massive hypertrophy [24].

4. Hypertrophic cardiomyopathy-associated genes

Hypertrophic cardiomyopathy is a common genetic cardiovascular disease. Genetic disor-
ders account for 60-70% of HCM etiology. Since the identification of the first locus for famil-
ial HCM and the first mutation in MYH7-encoded beta-myosin heavy chain 20 years ago
[25], over 1500 causal mutations associated with HCM encode sarcomeric proteins have been
revealed [26]. According to gene susceptibility, HCM can be divided to “myofilament (sar-
comeric) HCM,” “Z-disk HCM,” and “calcium-handling HCM,” with “myofilament (sarco-
meric) HCM” being the most common genetic form of HCM, account for 50% of all HCM
cases [13]. Recently, large genotype-phenotype analysis correlation studies established impli-
cations for septal morphology, disease onset, and prognosis of certain sarcomeric genes,
which may further facilitate commercialized genetic testing. On the other hand, unexplained
left ventricular hypertrophies that mimic HCM appear in some syndromic diseases. These
diseases are usually called phenocopies and may contain rare variants in metabolism genes.
These mutations alter myocardial metabolism, resulting in increased wall thickness, cardiac
storage abnormalities, and conduction irregularities second to multiple systematic disorders.
The information of HCM susceptibility genes and HCM phenocopies are listed in Tables 2
and 3 [13, 27, 28].

Although more than 1500 mutations linked to hypertrophic cardiomyopathy, most of which
are unique to individual families and less evident for pathogenicity. There are four sarcomeric
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Gene Chromosomal  Protein HCM-associated  Location or function®
position® mutations
ACTA1 1q42.13-q42.2 Actin, alpha 1 1 Sarcomere, skeletal muscle
ACTC1 15q11-q14 Actin, alpha, cardiac muscle 1 25 Actin, alpha, cardiac
muscle 1
ACTN2 1q42-q43 Actinin, alpha 2 5 Z-disk
ANKRD1  10q23.33 Ankyrin repeat domain 1 3 Z-disk and nucleus
(transcription factor)
BRAF 7q34 v-Raf murine sarcoma viral 1
oncogene homolog B1
COA5 2ql11.2 Cytochrome c oxidase assembly 1 Mitochondrial
factor 5
CALM3 19q13.2-q13.3 Calmodulin 3 (phosphorylase 1 Calcium sensor and signal
kinase, delta) transducer
CALR3 19p13.11 Calreticulin 3 2 endoplasmic reticulum
chaperone
CASQ2 1p13.3-pll Calsequestrin 2 1 Sarcoplasmic reticulum;
calcium storage
CASQ2 1p13.3-pll Calsequestrin 2 1 Sarcoplasmic reticulum;
calcium storage
CAV3 3p25 Caveolin 3 1 Plasma membrane
COX15 10q24 Cytochrome c oxidase assembly 2 Mitochondrial respiratory
homolog 15 chain
CSRP3 11p15.1 Cysteine and glycine-rich 15 Z-disk
protein 3
DES 2q35 Desmin 1 Intermediate lament
FHL1 Xq26 Four and a half LiM domains 1 3 Biomechanical stress sensor
FHOD3 18q12 Formin homology 2 domain 1 Actin-organizing protein
containing 3
FXN 9q13—q21.1 Frataxin 1 Mitochondrial iron transport
and respiration
GLA Xq22 Galactosidase, alpha 765 Lysosome
JPH2 20q13.12 Junctophilin 2 6 Junctional membrane
complexes; calcium signaling
KLF10 8q22.2 Kruppel-like factor 10 6 Transcriptional repressor;
inhibits cell growth
MAP2K1 ~ 15q22.1-q22.33 ~ Mitogen-activated protein kinase 1 MAP kinase kinase; signal
kinase 1 transduction
MAP2K2 ~ 19p13.3 Mitogen-activated protein kinase 1 MAP kinase kinase; signal
kinase 2 transduction
MRPL3 3q21-q23 Mitochondrial ribosomal 1 Mitochondrial ribosomal

protein L3

protein
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Gene Chromosomal  Protein HCM-associated  Location or function®

position® mutations

MTO1 6q13 Mitochondrial tRNA translation 2 Mitochondrial tRNA modi

optimization 1 cation

MYBPC3  11pl1.2 Myosin-binding protein C, 506 Sarcomere

cardiac

MYH6 14q12 Alpha-myosin heavy chain 3 Sarcomere

MYH7 14q12 Beta-myosin heavy chain 491 Sarcomere

MYL2 12q23-q24.3 ventricular myosin regulatory 20 Sarcomere

light chain
MYL3 3p21.3-p21.2 Myosin light chain 3 16 Sarcomere
MYLK2 20q13.31 Myosin light chain kinase 2 2 Calcium/calmodulin-
dependent kinase
MYO6 6q13 Myosin VI 1 Actin-based reverse-
direction motor protein
MYOM1 18p11.31 Myomesin 1 1 Sarcomere
MYOZ2 4q26-q27 Myozenin 2 2 Z-disk
MYPN 10921.3 Myopalladin 8 Z-disk
NDUFAF1 15q11.2-q21.3 NADH dehydrogenase 2 Mitochondrial chaperone
(ubiquinone) complex I,
assembly factor 1

NDUFV2  18p11.31-p11.2 NADH dehydrogenase 1 Mitochondrial respiratory
(ubiquinone) avoprotein 2 chain

NEXN 1p31.1 Nexilin 2 Z-disk

OBSCN 1q42.13 Obscurin 1 Sarcomere

PDLIM3 4q35 PDZ and LiM domain 3 1 Z-disk

PRKAG2 7q36.1 5'-AMP-activated protein 7 energy sensor protein kinase

kinase subunit gamma-2

PLN 6q22.1 Phospholamban 7 Sarcoplasmic reticulum;
regulates Ca* -ATPase

RAF1 3p25 v-Raf-1 murine leukemia viral 1 Serine/threonine-protein

oncogene homolog 1 kinase; signal transduction

SLC25A3  12q23 Solute carrier family 25, 1 Phosphate carrier protein

member 3 (cytosol to mitochondria)

SLC25A4 4935 Solute carrier family 25, 2 Adenine nucleotide

member 4 translocator (cytosol/
mitochondria)

SOS1 2p22-p21 Son of sevenless homolog 1 1 Guanine nucleotide
exchange factor for RAS
proteins; signal transduction

SRI 7q21.1 Sorcin 2 Calcium-binding; modulates
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Gene Chromosomal  Protein HCM-associated  Location or function®
position® mutations

TCAP 17q12 Telethonin 7 Z-disk

TNNC1 3p21.3-p14.3 Troponin C 14 Sarcomere

TNNI3 19q13.4 Troponin I 70 Sarcomere

TNNT2 1q32 Troponin T 90 Sarcomere

TPM1 15q22.1 Alpha-tropomyosin 38 Sarcomere

TRIM63 1p34-p33 Tripartite motif-containing 63 3 Sarcomere; regulates protein

degradation
TTN 2q31 Titin 6 Sarcomere
VCL 10q22.1-q23 Vinculin 1 Sarcomere

“Human genome mutation database (http://www.hgmd.cf.ac.uk/ac/index.php).

*National Center for Biotechnology information (http://ncbi.nlm.nih.gov/). Abbreviations: HCM, hypertrophic
cardiomyopathy;tRNA, transfer RNA; AMP, adenosine monophosphate; ATP, adenosine triphosphate.

Table 2. HCM susceptibility genes [28].

Gene Locus Protein Syndrome

TAZ Xq28 Tafazzin (G4.5) Barth syndrome/LVNC

DTNA 18q12 Alpha-dystrobrevin Barth syndrome/LVNC

PRKAG2 7q35-q36.36 AMP-activated protein kinase WPW/HCM

LAMP2 Xq24 Lysosome-associated membrane protein 2 Danon’s syndrome/WPW

GAA 17925.2-q25.3 Alpha-1,4-glucosidase deficiency Pompe’s disease

GLA Xq22 Alpha-galactosidase A Fabry’s disease

AGL 1p21 Amylo-1,6-glucosidase Forbes disease

FXN 9q13 Frataxin Friedrich’s ataxia

PTPN11 12q24.1 Protein tyrosine phosphatase, Noonan’s syndrome,
nonreceptor type 11, SHP-2 LEOPARD syndrome

RAF1 3p25 V-RAF-1 murine leukemia viral Noonan'’s syndrome,
oncogene homolog 1 LEOPARD syndrome

KRAS 12p12.1 v-Ki-ras2 Kirsten rat sarcoma Noonan’s syndrome
viral oncogene homolog

S0Os1 2p22-p21 Son of sevenless homolog 1 Noonan’s syndrome

AMP, adenosine monophosphate; HCM, hypertrophic cardiomyopathy; LEOPARD, mnemonic for syndrome with
clinical characteristics of lentigines, electrocardiographic conduction abnormalities, ocular hypertelorism, pulmonary
hypertension, abnormal genitalia, retarded growth, deafness; LVNC, left ventricular noncompaction; WPW, Wolff-
Parkinson-White syndrome

Table 3. HCM phenocopies [29].
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genes that carry the majority of HCM-related mutations and encode the proteins: myosin
heavy chain (MYH?7) and myosin-binding protein C3 (MYBPC3) are most common, together
account for 75-80% of sarcomere mutations in HCM, while an additional 10% come from car-
diac troponin T type 2 (TNNT2) and cardiac troponin I type 3 (TNNI3) (Figure 1) [3].

0 °° Tropanin € (TNNCL; 1-5%)
e g i i Trexporin | TNN3; 1-5%
m:: :-mdlmj a-tropamyosin (TPM1; 5%) roponin (TN 3590 | . oeinT (TNNF2 5%
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Figure 1. Locations of genes within the cardiac sarcomere known to cause hypertrophic cardiomyopathy [3].

5. Hypertrophic cardiomyopathy-associated miRNA

Despite extensive exploration of many genes, potential genetic associations remain to be
found in approximately 30% of HCM patients. The recent newly developed field that has
won extensive attention is microRNAs (miRNAs) in cardiovascular biology. miRNAs are
noncoding RNAs with a length of approximately 22 ribonucleic acid molecules that bind
mRNAs and regulate their expression through posttranslational repression or mRNA cleav-
age and degradation [30, 31]. It is estimated that the human genome contains more than
1000 miRNAs, which regulate at least 30-60% of protein-coding genes [32]. Multiple studies
revealed that single or combined function of miRNAs is directly involved in the pathophys-
iology of cardiac hypertrophy, fibrosis, and electrical remodeling in vivo and in vitro [33].
The biological functions regulated by miRNAs affecting HCM are listed below (Table 4 and
Figure 2). Since miRNAs play a more and more important role in the development of HCM,
they are being studied for potential diagnostic biomarkers and a promising therapeutics
for HCM.

The schematic shows the miRNAs and their targets involving in cellular hypertrophy, gene
switching, electrical remodeling, as well as fibrosis during cardiac hypertrophy. An upward
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miRNA Target Biological effect References
miR-340 Dystrophin Cardiac eccentric [34]
Cardiac hypertrophy
Heart failure
miR-133 RhoA Cardiac hypertrophy [35, 36]
Cdc42 Heart failure
Nelf-A/WHSC2
HCN2
miR-1 IGF-1 Cardiac hypertrophy [35, 37, 38]
calmodulin Dilated cardiomyopathies
Mef2a Heart failure
RasGAP
Cdk-9
miR-208 Thrapl Cardiac hypertrophy [39]
Myostatin
miR-21 sproutyl Cardiac hypertrophy [40]
Cardiac fibrosis
miR-23a MuRF1 Cardiac hypertrophy [41]
miR-195 Cardiac hypertrophy [42]
Heart failure
miR-99a mTOR Cardiac hypertrophy [43]
FGFR3 Heart failure
miR-199a NFAT Cardiac hypertrophy [44]
Cardiac fibrosis
Heart failure
miR-30 CTGF Cardiac fibrosis [35]
miR-29 Cardiac hypertrophy [45]

Cardiac fibrosis

Thrapl, thyroid hormone receptor-associated protein 1, MuRF1, myostatin, muscle-specific ring finger protein 1;
RasGAP, Ras GTPase-activating protein; Cdk9, cyclin-dependent kinase 9; Mef2a, calmodulin, myocyte enhancer factor
2A;IGF1, insulin-like growth factor 1; CTGF, connective tissue growth factor; HCN2, hyperpolarization-activated, cyclic
nucleotide-gated K p 2; FGFR3, fibroblast growth factor receptor 3; NFAT, nuclear factor of activated T-cells

Table 4. MiRNA in cardiac hypertrophy.

or a downward arrow is used to represent the upregulation or downregulation of a specific
miRNA, respectively. All listed targets have been validated: Thrap1, thyroid hormone receptor-
associated protein 1, MuRF1, myostatin, muscle-specific ring finger protein 1; RasGAP, Ras
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MiRNAs in cardiac hypertropy
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Figure 2. MiRNAs in hypertrophic cardiomyopathy.

GTPase-activating protein; Cdk9, cyclin-dependent kinase 9; Rheb, Ras homolog enriched in
the brain; Mef2a, calmodulin, myocyte enhancer factor 2A; IGF1, insulin-like growth factor 1;
SPRY1, sprouty 1; CTGF, connective tissue growth factor; HCN2/4, hyperpolarization-activated,
cyclic nucleotide-gated K p 2/4; and FGFR3, fibroblast growth factor receptor 3.

6. Treatment of HCM

As is typical for many forms of CVD, many current therapeutic strategies for HCM try to
alleviate symptoms and prevent complications. Although once considered rare and terminal
with annual mortality rates of up to 6%, HCM has now emerged as a very treatable form of
heart disease [46]. Due to contemporary management strategies and treatment interventions,
including ICDs for SD prevention, a variety of available surgical HCM mortality rates have
dropped to 0.5% per year [47].

6.1. Pharmacology management

It has been clearly demonstrated that left ventricular outflow tract obstruction at rest in HCM
patients is a strong, independent predictor of progression to severe symptoms of heart failure
and of death [48]. Considering the mechanisms underlying myocardial contraction (calcium
ions binding to troponin C and excitation-contraction coupling), a number of medical regi-
mens have been used in these patients with the goal of lessening or eliminating the LVOT
gradient through negative inotropy [7].

Pharmacological therapy of HCM consists of (-blockers and calcium channel blockers.
-Blockers and calcium channel blockers are used to improve diastolic function in patients
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with HCM. Small and mostly retrospective studies suggest that oral propranolol can abolish or
reduce resting and provocable LVOTO and provide symptomatic benefit [49, 50]. Donald et al.’s
study showed that B-blocker abolished the increase in gradient caused by isoproterenol and,
more importantly, halved the increase in gradient caused by exercise [51]. In a 5-year follow-up,
a study demonstrated that propranolol significantly improved the HCM patient’s syndrome
(dyspnea, angina, palpitations, dizziness, and syncope) by 58-100% [52].

Calcium channel blockade is used to HCM patients since it might ameliorate the hypercon-
tractility characteristic of HCM. Verapamil, which has the best profile of the calcium antago-
nists, has been widely used in the treatment of HCM. A double-blind, placebo-controlled
crossover trial studied oral propranolol, verapamil, and placebo, to 19 patients with HCM (17
with hypertrophic obstructive cardiomyopathy). Most patients derived symptomatic benefit
from drug therapy, especially with verapamil [53]. In a recent study, the calcium channel
blocker diltiazem was used to treat 38 HCM patients carrying MYBPC3 mutation; results
showed that diltiazem is safe and may improve early LV remodeling in HCM [54].

Another medicine used in hypertrophic obstructive cardiomyopathy (HOCM) patients is
disopyramide, which is an effective negative inotropic agent by mediating sodium-calcium
exchange [55]. Pollick et al. administered intravenous disopyramide to 43 patients with
HOCM. The LVOT gradient was abolished or reduced; the effect was greater than that seen
previously for either propranolol or verapamil [56]. By virtue of its atrial antiarrhythmic
properties, disopyramide may be of particular benefit in HOCM patients with atrial fibrilla-
tion. Then, the ESC guideline recommended disopyramide, as Class IA anti-arrhythmic drug,
which may be added to a maximum tolerated dose (usually 400-600 mg/day), if p-blockers
alone are ineffective [19]. It can improve exercise tolerance and functional capacity as well as
abolish basal LV outflow pressure gradients without proarrhythmic effects or an increased
risk of sudden cardiac death.

6.2. Invasive treatment of LVOTO

Invasive treatment should be considered in patients with an LVOTO. The American and
European colleges of cardiology recommend invasive treatment to (1) patients with labile
obstruction and peak LVOT pressure gradients 250 mm Hg during exercise or provocation
and resting gradients >30 mm Hg and (2) patients with moderate-to-severe symptoms (New
York Heart Association (NYHA) functional classes III-IV) refractory to medical therapy [7, 19].
Two common surgical procedures performed in about 3% of obstructive HCM patients are
septal myectomy and alcohol septal ablation [28].

6.2.1. Ventricular septal myectomy

Since the time of the first myectomy through the aortic root by Cleland in Great Britain in
November 1958 [57], ventricular septal myectomy (Morrow procedure) is the most commonly
performed surgical procedure used to treat LVOTO [58]. In a 10-year follow-up in 185 patients,
the patients with hypertrophic cardiomyopathy (HCM) were treated with septal myotomy-
myomectomy (MM) with a significant reduction in left ventricular outflow gradient at rest,
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which improves exercise capacity and symptoms. Long-term symptomatic benefit is achieved
in 70-80% of patients with a long-term survival compared to that of the general population
[59]. Notably, operative mortality at surgical centers is now low, reduced to less than 1%.

6.2.2. Alcohol septal ablation

Percutaneous alcohol septal ablation is an alternative to surgical myectomy, which is a selec-
tive injection of alcohol into a septal perforator artery to create a localized septal scar. There
are no randomized trials comparing surgery and septal alcohol ablation (SAA), but several
meta-analyses have shown that SAA procedures improve functional status with a similar sur-
gery in terms of gradient reduction, symptom improvement, and exercise capacity [60]. The
main nonfatal complications are AV block in 7-20% of patients and a procedural mortality
of about 2% [3]. Alcohol ablation has been recommended as a selective alternative for older
patients, those with comorbidities, or patients with an absolute reluctance toward surgery.

6.2.3. Implant cardiac defibrillator

In addition to myectomy, the implantable cardioverter-defibrillator (ICD) has proven to be
effective in terminating life-threatening ventricular tachyarrhythmia in HCM, altering the natu-
ral course of the disease and prolonging life [61, 62]. The indications for ICD placement are (1)
positive family history of several sudden cardiac deaths in a distant family member, (2) nonsus-
tained ventricular tachycardia on Holter monitoring, (3) LVH >30 mm, (4) prior unexplained
syncope during exercise or at rest, and (5) an abnormal blood pressure response during exercise,
which can be described as progressive decrease in the systolic value by 20 mm Hg after an initial
increase or an increase in systolic blood pressure of <20 mm Hg from the baseline value or a [2,
63, 64]. The decision for placement of primary prevention of ICD in HCM often involves a large
measure of individual clinical judgment, particularly when the evidence for risk is ambiguous.

7. Recent advances toward precision medicine for HCM

7.1.iPSC-CMs

Induced pluripotent stem cells (also known as iPS cells or iPSCs) are a type of embryonic
stemlike cells that can be generated directly from adult cells [65-67]. The emergence of
patient-derived induced pluripotent stem cells (iPSCs), which can be differentiated into func-
tional cardiomyocytes (CMs) in vitro, may provide an exciting new approach to understand
disease mechanisms underpinning inherited heart diseases (Figure 3) [26, 68].

iPSC-CMs derived from a patient with HCM caused by the MYH7 mutation p.Arg442Gly and
mutation p.Arg663His have demonstrated the pathogenic effects [69, 70]. HCM iPSC-CMs exhibited
structural abnormalities consistent with the HCM phenotype. Similar calcium-handling abnormali-
ties were identified, consistent with observations made from animal models [70]. These studies
explored the possible patient-specific and mutation-specific disease mechanism of HCM and dem-
onstrated the potential of using HCM iPSC-CMs for future development of therapeutic strategies.
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Figure 3. Generation of iPSCs from patients and then the differentiation to cardiomyocytes and then to their use in
different cardiomyopaties. HCM, hypertrophic cardiomyopathy; DCM, dilated cardiomyopathy; ARVC, arrhythmogenic
right ventricular cardiomyopathy.

In vivo direct cardiac reprogramming of somatic cells into cardiomyocytes is a potential
offshoot of current reprogramming techniques but has not yet been tested in humans
[71]. For HCM in particular, the possibility of converting cardiac fibroblasts into func-
tional cardiomyocytes could theoretically ameliorate hypertrophy and improve diastolic
function.

Although still in a nascent stage, direct cardiac reprogramming has undergone great advances
and attracted considerable attention, these techniques could offer a renewable source of car-
diomyocytes and deliver medicine individually tailored to each patient [72].

7.2. Gene editing technology

Gene editing is rapidly progressing from being a research/screening tool to one that prom-
ises important applications downstream in drug development and cell therapy. As primarily
inherited cardiomyopathies, HCM is perhaps the strongest candidate for gene editing tech-
nologies [73, 74]. Recently, genome modification technologies, such as TALEN (transcription
activator-like effector nucleases), ZFN (zinc finger nucleases), as well as CRISPR/Cas9 nucle-
ase (clustered regularly interspaced short palindromic repeats/Cas9 nuclease systems), allow
for specific editing of individual gene mutations [74, 75].

This CRISPR/Cas9 system makes it possible to efficiently, easily, and cheaply modify the
genome, which is the current front-runner of these gene modification technologies [76]. To date,
the CRISPR/Cas9 system has been used to successfully engineer cardiomyopathy into in
zebra fish and mice models and is currently being applied to larger animals such as pigs and
nonhuman primates [77]. This new technology promises to provide researchers with more
accurate model for studying and treating HCM [78].
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8. Conclusion

Hypertrophic cardiomyopathy (HCM) is a global and is considered one of the most common
genetic cardiovascular diseases. Genetic variants, molecular mechanisms, and clinical pheno-
types of HCM vary on a patient-by-patient basis. Fifty years ago, HCM was thought to be an
obscure disease. Today, however, our understanding and ability to diagnose patients with
HCM have improved dramatically, due to improvements in screening and detection of gene
defects in the human genome as well as iPSC-CM model in HCM patients and gene editing
technology (including CRISPR/Cas9). However, currently, treatments for HCM are directed
at symptomatic relief, preventing sudden death. The future goal of research is focused on
changing the natural course of the disease and preventing its phenotypic expression. Working
group from clinical, translational, and basic science aspects should work together to develop
novel treatments to HCM. Then, finally, with the effort of all groups, we will reach the goal of
the precision medicine of HCM.
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Abstract

Although the progression in diagnostic tools, prevention strategies, and therapies, isch-
emic heart disease still represents the major cause of mortality and morbidity world-
wide that globally represents an important problem for individuals and healthcare
resources. By convention, ischemic heart disease is associated with the presence of an
atherosclerotic plaque that is able to limit the flow in large-medium-sized coronary arter-
ies. Nevertheless, several findings suggest a more complex pathophysiology of ischemic
heart disease. At this time, there is no well-defined assessment of myocardial ischemia
pathophysiology. Moreover, several data have identified genetic variations at different
loci that are linked with ischemic heart disease susceptibility. This chapter aims to exam-
ine this complicated disease and to review the evidence on the genetic heritability acting
with other factors in determining the presence of ischemic heart disease, due to either an
obstruction in epicardial vessels or a dysfunction of coronary microcirculation.

Keywords: atherosclerosis, coronary artery disease, coronary microvascular disease,
endothelial dysfunction, ion channel, ischemic heart disease, myocardial infarction,
myocardial ischemia, risk factor, single-nucleotide polymorphism

1. Introduction

Nowadays, ischemic heart disease remains a major cause of death and disability worldwide
for both men and women, although the evolution in prevention and therapy strategies [1].
By convention, ischemic heart disease is equated with atherosclerotic plaque due to flow-
limiting obstruction in epicardial coronary arteries. Nevertheless, several findings suggest a
more complex pathophysiology of this complex disease [2-8]. In fact, it has been showed that
beyond the presence of epicardial atherosclerotic plaques, coronary microcirculation is cru-
cial in the genesis of ischemic heart disease [9, 10]. In addition, in the last few years, a growing
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body of data is underlying the importance of heritability acting with other factors in order to
determine the presence of ischemic heart disease, due to either an obstruction in epicardial
vessels [11-13] or a dysfunction of coronary microcirculation [14, 15]. In fact, over the past
decade, genome-wide association studies have identified several loci, explaining a part of the
ischemic heart disease’s heritability. Existing knowledge of genetic variants affecting risk of
ischemic heart disease is largely based on genome-wide association studies analysis of com-
mon single-nucleotide polymorphisms.

Therefore, this chapter proposes an overview of the loci that have been identified as connected
with ischemic heart disease genesis, from epicardial plaque to microvascular dysfunction.

2. Coronary artery disease

Coronary artery disease is defined by the presence of a plaque in the epicardial coronary
arteries. Usually, the atherosclerotic plaque narrow coronary arteries, decreasing blood
flow. In subjects with genetic susceptibility factors, coronary artery disease is determined
by exposure to some risk factors. In the last years, several researches have enhanced our
understanding of the risk factors as well as the genetic basis of coronary artery disease.
Some of these factors relate to lifestyles, such as tobacco smoking, lack of physical activity,
and dietary habits, and are thus modifiable. Other risk factors are also modifiable, such as
elevated blood pressure, type 2 diabetes, and dyslipidemias, or non-modifiable, such as age,
male gender, and genetic susceptibility.

To date, more than 50 loci have been identified for susceptibility of coronary artery disease,
as described by the meta-analysis carried out by the CARDIoGRAMplusC4D Consortium, on
almost 185,000 cases and controls [11]. Moreover, data from a meta-analysis of genome-wide
association studies have also been carried out for conventional risk factors and biomarker for
coronary artery disease, like dyslipidemia and blood pressure, diabetes mellitus, atheroscle-
rosis, inflammation, coagulation, oxidation, and amino acid metabolism, identifying several
genes for each respective factor [12].

2.1. Genetic polymorphisms and risk factors for coronary artery disease
2.1.1. Dyslipidemia

Lipid metabolism can be altered in different ways, leading to variations in plasma lipoprotein
function and concentration. Through interaction with other cardiovascular risk factors, dyslip-
idemias may affect the development of coronary artery disease. Dyslipidemias may be related
to the interaction between genetic predisposition and environmental factors. Up to the present
time, 12 loci were significantly associated by genome-wide association studies with the concen-
trations of blood lipids and coronary artery disease. Among these, eight loci were associated with
LDL concentration (ABCG5, ABCGS, ABO, APOB, APOE, LDLR, LPA PCSK9, and SORT1), two
loci with triglyceride concentration (APOAS5 and TRIB1), and one locus with HDL concentration
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(ANKS1A). At another locus, there was a near-equivalent association for triglyceride and HDL
(LPL). In severely obese patients, a single-nucleotide polymorphism within the ARPC3 Gene
Promoter was associated with hypertriglyceridemia [16]. Moreover, among different ethnicities
Lysosomal Acid Lipase A (LIPA), polymorphisms have been described as associated with sus-
ceptibility to premature coronary artery disease [17]. APOA5 polymorphisms, air pollution, and
the development of coronary artery disease have been associated, although methylation stud-
ies are needed to examine epigenetic factors associated with those single-nucleotide polymor-
phisms. Another interesting correlation is between TNNT1 variations, HDL levels, and coronary
artery disease [15]. Finally, it has been suggested that Numb gene haplotypes, the regulating
factor for intestinal cholesterol absorption and plasma cholesterol level, are related to coronary
artery disease in Han Chinese [18].

2.1.2. Arterial hypertension

The relationship between blood pressure values and cardiovascular fatal events has been
determined in several studies [19]. Numerous rare, monogenic forms of hypertension have
been described, where a single gene mutation explains the pathogenesis of hypertension [20].
On the other side, essential hypertension is a heterogeneous disease with a multifactorial
etiology. Genetic approaches raised the understanding of pathways underlying individual
variations in blood pressure. Primary analyses evaluated associations between 2.5 million
genotyped or imputed single-nucleotide polymorphisms (single-nucleotide polymorphisms)
and SBP and DBP. Several genome-wide association studies and their meta-analyses point to
a total of 29 single-nucleotide polymorphisms, which are associated with systolic and/or dia-
stolic blood pressure [21]. In particular, latest genome-wide association studies data described
four coronary artery disease risk loci (CYP17A1- NT5C2, SH2B3, ZC3HC1, GUCY1A3, and
FES) associated with systolic and diastolic blood pressure [11, 21]. Moreover, endothelial
nitric oxide synthase (eNOS) single-nucleotide polymorphism G894T significantly increases
hypertension risk and coronary artery disease [22]. Selective expression of the Rho GTPase-
activating protein ARHGAP42 in vascular smooth muscle cells regulates arterial blood pres-
sure, as it inhibits RhoA-dependent contractility [23]. Furthermore, PDE3A, PRDM6, IGFBP3,
and KCNKS3 genes regulate vascular smooth muscle cells [24]. Particularly, PDE3A is phos-
phodiesterase acting in cyclic GMP metabolism [25], whereas KCNKS3 has been related to
pulmonary hypertension [26]. Other genes related to renal function have been described as
acting in blood pressure regulation: ARHGAP24 influences podocyte formation [27], OSR1
influences renal mass and function [28], and SLC22A7 encodes for a renal solute transporter
[29]; DNA methylation is probably involved in the regulatory pathway linking common
single-nucleotide polymorphisms with blood pressure, according to data from experimental
models of hypertension [30].

The single-nucleotide polymorphism Gly460Trp has been associated with hypertension and
salt sensitivity [31] and an increased risk for coronary heart disease or peripheral vascular
disease [32] and stroke [33]. An individual with this single-nucleotide polymorphism is a
responder to diuretics better than wild-type homozygotes [31] in terms mostly of reduction
of cardiovascular risk [34].
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2.1.3. Diabetes mellitus

Diabetes mellitus has an increasing prevalence worldwide: 360 million people had diabetes in
2011, of which more than 95% type 2 diabetes. Diabetes mellitus is a complex, chronic disease
requiring multifactorial risk-reduction strategies beyond glycemic control. Diabetes mellitus
and cardiovascular disease develop with metabolic abnormalities causing dysfunction in the
vasculature. Mortality and morbidity in people with diabetes are related to cardiovascular
disease. Diabetes is a condition defined by an elevated level of blood glucose, and it can be
classified into general categories: type 1 diabetes (due to b-cell destruction) and type 2 dia-
betes (due to a progressive loss of insulin secretion on the background of insulin resistance).

Usually, type 2 diabetes mellitus is more frequent with obesity, lack of physical activity, in
women with prior gestational diabetes, in association with hypertension or dyslipidemia, and
in certain ethnic groups. Insulin resistance plays an important role in the pathophysiology of
type 2 diabetes mellitus and coronary artery disease: both genetic and environmental factors
collaborate to its development. In fact, more than 90% of people with type 2 diabetes mellitus
are obese [35]. Nevertheless, type 2 diabetes mellitus is often associated with a strong genetic
predisposition, more so than type 1 diabetes. However, the genetics of type 2 diabetes is poorly
understood. Classically, both the single-nucleotide polymorphism Prol2Ala in the peroxisome
proliferator-activated receptor gamma (PPARG) gene [36] and the single-nucleotide polymor-
phism Glu23Lys in KCNJ11 gene [37] are common polymorphisms connected with influence
risk of diabetes mellitus [38]. In particular, single-nucleotide polymorphisms for KCNJ11 have
been described as involved in the susceptibility of ischemic heart disease, including coronary
artery disease and CM (see below). Moreover, transcription factor 7-like 2 (TCF7L2) gene is
involved in diabetes mellitus susceptibility [39]. Some single-nucleotide polymorphisms of the
gene associated with fat mass and obesity (FTO) [40] have an impact on body mass index
(BMI). Other single-nucleotide polymorphisms of the gene within or adjacent to hematopoieti-
cally expressed homeobox (HHEX)/insulin degrading enzyme (IDE), CDK5 regulatory subunit
associated protein 1-like 1 (CDKAL1), insulin-like growth factor 2 mRNA-binding protein 2
(IGF2BP2), cyclin-dependent kinase inhibitors 2a, b (CDKN2A and CDKN2B), and solute car-
rier family 30, member 8 (SLC30A8) have an effect on insulin secretion [41-43].

Several other loci are implicated in diabetes mellitus as PPARG [44] and KCN]J11 [45] and
for HNF1B (TCF2) [46] and WESI [47]. However, recent data suggest a possible role of other
genes [48]: Notch homologue 2, Drosophila (NOTCH2) that is known to be involved in pan-
creatic development. Mapping within or adjacent to ADAM metallopeptidase with throm-
bospondin type 1 motif 9 (ADAMTS9), calcium/calmodulin-dependent protein kinase 1D
(CAMKI1D), compared with another zinc finger gene 1 (JAZF1), tetraspanin 8 (TSPANS)/
leucine-rich repeat containing G-protein coupled (LGR5), and thyroid adenoma associated
(THADA), the mechanisms involved remain unclear [38].

2.1.4. Atherosclerosis

Cardiovascular disease due to atherosclerosis of the arterial vessel wall and to thrombosis is the
foremost cause of premature mortality and of disability-adjusted life years (DALYs) in Europe
and is also increasingly common in developing countries. Atherosclerotic lesions (i.e., atheroma)
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are asymmetric focal thickenings of the innermost layer of the artery, the intima. The pathophysi-
ology of atherosclerosis suggests an inflammatory disease characterized by arterial plaque rich in
cholesterol, inflammatory cell infiltrates, and connective tissue [49]. Data from clinical researches,
studies in animal models, and cell culture experiments found important evidences to the patho-
genesis of atherosclerosis. Several types of research demonstrated an association of IL6R-related
gene pathways with atherosclerosis and coronary artery disease [50].

In patients with established coronary artery disease, it has been showed that the -174 C
allele of the IL-6 gene increases the risk for progression of coronary plaques [14]. Moreover,
patients with the Cox-2 GG single-nucleotide polymorphism have a higher risk of coronary
artery disease while the Cox-2 (-765G>C) polymorphism is associated with lower interleu-
kin-6 levels [51]. Moreover, multiple single-nucleotide polymorphisms as FGB-FGA-FGG,
NLRP3, ILIRN, and IRF1-SCL22A5 show a strong association with fibrinogen expression
and function [52]. Analogously the plaque composition has been associated with specific
genes: matrix metalloproteinase genes (MMP1, 9, 12, 14) and the co-stimulatory ligands
CD80 and CD86 [53] are associated with vulnerable plaques. Moreover, indoleamine 2,
3-dioxygenase 1 (IDO1) and integrin alpha V expression levels seem to be higher in vulner-
able than in stable plaques [53].

In atherosclerotic plaques, there is an overexpression of CB2 gene (CNR2), that is an inflam-
matory marker, compared with normal arteries, whereas stable and vulnerable plaques
displayed similar CNR2 levels [53]. Lectin-like oxidized low-density lipoprotein receptor
1 (LOX-1) is the main scavenger receptor for oxidized low-density lipoprotein (ox-LDL) in
endothelial cells. The single-nucleotide polymorphism ¢.501G>C determines a single amino
acid change (K>N at codon 167) reduces ox-LDL binding and uptake. Ox-LDL activated extra-
cellular signal-regulated kinases 1 and 2 (ERK 1/2) is inhibited [54-56].

3. Coronary microvascular disease

The coronary microcirculation is often considered an underwater world beyond the epicar-
dial arteries, often inaccessible for routine investigation, unachievable for targeted treatment.
However, microcirculation is crucial in the cross talk between perfusion to myocardial demand.
Pathway for coronary metabolic dilation is determining genetic associations in genes encoding
for coronary blood flow regulators (i.e., ion channels, nitric oxide synthase, SERCA pump, and
so on) with the susceptibility for microcirculation dysfunction and ischemic heart disease [57].

Recently, a study comparing the prevalence of single-nucleotide polymorphisms in genes
encoding coronary ion channels between patients with coronary artery disease or micro-
vascular dysfunction and those with both anatomically and functionally normal coronary
arteries suggested the possibility of associations between single-nucleotide polymorphisms
and ischemic heart disease in term of coronary artery disease and microvascular dysfunction
[57]. In fact, data show that specific single-nucleotide polymorphisms detected in NOS3 gene
encoding for endothelial nitric oxide synthase (eNOS), as well as in KCN]J8 encoding for the
inward rectifying subunit of ATP-sensitive potassium channel (Kir6.2) and SCN5A encoding
for voltage-dependent Na+ channel (Nav1.5) were found to be correlated with ischemic heart
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disease and microvascular dysfunction [58]. Specifically, the single-nucleotide polymor-
phisms rs5215_GG, rs5218_CT, and rs5219_AA for Kir6.2/KCJ11 could reduce susceptibility
to ischemic heart disease; the single-nucleotide polymorphism rs5219_AA of Kir6.2/KCN]J11
may suggest a protecting role against coronary microvascular dysfunction; the rs1805124_GG
genotype of Nav1.5/SCN5A seems to play a role in coronary artery disease. In the same study,
also eNOS/NOS3 gene was investigated, demonstrating that rs1799983 polymorphism for this
gene seems to be an independent risk factor for microvascular dysfunction [57]. The Transient
Receptor Potential Ankyrin 1 (TRPA1) has been evaluated in vasodilation using KO mice [59].
On the other side, smooth muscle Kv7 channels have been associated with the control of vas-
cular reactivity and vasorelaxant responses in coronary circulation [60]. To date, five subtypes
of Kv7 channels encoded by KCNQ genes have been identified [61]. Kv7.1 and Kv7.4 were
expressed at higher levels compared to Kv7.2, Kv7.3, and Kv7.5 in coronary arteries [62].

Regarding nitric oxide synthase, the allele “a” of intron 4a/b (eNOS4) has been described
as a risk factor for patients with microvascular endothelial dysfunction and slow coronary
flow [63].

Microvascular angina has been also associated with CYP2C19 variants that may affect coro-
nary microvascular dysfunction [64]. Moreover, recent data in the female population showed
that the specific CYP2C19 poor metabolizer genotype can lead to coronary microvascular
disorders via inflammation [65].

Nuclear factor (erythroid-derived 2)-like-2 (NRF2) is an antioxidant and cell protective tran-
scription factor that controls antioxidant defenses. NRF2 suppression plays an essential role in
the development of oxidant stress, endothelial dysfunction, and microvessel rarefaction [66].
Moreover, Nox4 has been described as a positive transcriptional regulator of cystathionine-
Y-lyase (CSE) in endothelial cells. It regulates vascular tone via the modulation of gasotrans-
mitter, hydrogen sulfide (H2S) production [67].

Hypoxia-inducible factor-1 (HIF-1) is a peptide regulator of genes such as heme oxygen-
ase (HO)-1 expressed during hypoxia. HIF-1 activation induces HO-1 expression attenuat-
ing proinflammatory chemokine production by microvascular endothelium in vitro and
in vivo [68]. The single-nucleotide polymorphism C242T causes p22 (phox) structural
changes that inhibit endothelial Nox2 activation and oxidative response to tumor necrosis
factor-a or high-glucose stimulation. The single-nucleotide polymorphism C242T has been
proposed a protective factor against cardiovascular diseases [69]. Novel regions of genetic
variations within vascular endothelial growth factor A (VEGFA) and CDKN2B antisense
RNA1 (CDKN2B-AS1) genes have been associated with coronary microvascular dysfunc-
tion. Furthermore, there were sex-specific differences in single-nucleotide polymorphisms
which are associated with microvascular dysfunction, in particular, myosin heavy chain
15 (MYH15), VEGFA, and NT5E. In the male, single-nucleotide polymorphisms for NT5E
are associated with abnormal coronary flow reserve; however, mutations in NT5E are
associated with arterial calcification [70]. NT5E gene encodes for CD73 that transforms
adenosine monophosphate (AMP) to adenosine, supporting a role for this metabolic path-
way in inhibiting vascular calcification [70, 71]. In fact, lack of CD73 leads to a reduction
in extracellular adenosine levels, causing vascular calcification [72].
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In a meta-analysis of genome-wide association studies, data identified four novel loci on
chromosomes 19q13, 6q24, 12924, and 5q14 that were associated with retinal venular cali-
ber. The retinal vasculature is comparable with human microcirculation. Retinal venular cali-
ber has been shown to predict a range of subclinical [73] and clinical cardiovascular disease.
RASIP1 gene (152287921, p = 1.61610225) on chromosome 19q13 is the most significant single-
nucleotide polymorphism associated with retinal venular caliber, and the single-nucleotide
polymorphisms were located in or adjacent to VTA1 and NMBR genes on chromosome 6q24.
VTAL1 gene encodes for a protein involved in trafficking of the multivesicular body. The sig-
nals for the association on chromosome 12q24 were spread across a large one Mb LD block,
including genes such as SH2B3, ATXN2, and PTPN11. The most significant single-nucleotide
polymorphisms at the 5q14 locus were located closest to MEF2C that plays an important role
in cardiogenesis, epithelial cell survival, and maintenance of blood vessel integrity [74].

Finally, sarcomere gene mutations are associated with adverse remodeling of the microcircu-
lation in hypertrophic cardiomyopathy [75, 76]. In fact, patients with hypertrophic cardiomy-
opathy with sarcomere myofilament mutations are characterized by more severe impairment
of microvascular function and increased prevalence of myocardial fibrosis, compared with
genotype-negative individuals [75].

4, Sex differences

Gender difference deserves a separate section. Scientific interest in ischemic heart disease
in women has grown significantly over the past decades, mostly on clinical aspects. In fact,
ischemic heart disease differs in term of pathogenesis, symptoms, and prognosis between
males and females. Several studies show that different single-nucleotide polymorphisms of
different genes can be involved. Single-nucleotide polymorphisms within genes of MYH15,
linked to the maintenance of tonic force in vascular smooth muscle cells, VEGFA, involved in
cell proliferation, migration, and angiogenic potential and NT5E which contributes to overall
microvessel stiffness were associated with microvascular dysfunction in men [63, 77]. Studies
on polymorphisms at the cholesteryl ester transfer protein (CETP) locus showed that women
displayed a higher HDL-C than men and an equally high incidence of coronary heart disease
in B2 homozygotes as in other genotypes [78]. Thus, in type 2 diabetic patients, the B poly-
morphism seems to exert a modulating role in males only. This may contribute to the loss of
macrovascular protection in type 2 diabetic females [78].

Moreover, the specific CYP2C19 poor metabolizer has been described as a risk factor for cor-
onary microvascular disorders via inflammation exclusively in the female population [65].
Usually, in fertile female exhibits a protection in ischemic injury compared to age-related
men, a phenomenon designated as sex-specific cardioprotection. PKC-mediated regulation of
sarcolemmal ATP-dependent K [sarcK(ATP)] channels may account for the gender difference
in cardioprotection upon both PKC and sarcK(ATP). It involves PKC-dependent sarcolemma
increase with a major expression of sarcK(ATP) in female [77]. Microcirculation dysfunction
can also be associated with cardiac hypertrophy, which can be related to the expression of
Kvp1.1, particularly in females. In an animal model, Kv31 KO female mice have a growing
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myosin heavy chain a expression in myocytes. Changes in molecular and cell signaling path-
ways clearly point toward a distinct electrical and structural remodeling consistent with car-
diac hypertrophy in the Kv31.1 KO female mice [79].

5. Conclusions

Ischemic heart disease is a common disease that globally represents an important problem
for individuals and healthcare resources. An enhanced understanding of its pathophysiology
is needed. By convention, ischemic heart disease is associated with the presence of an
atherosclerotic plaque that is able to limit the flow in large-medium sized coronary arteries.
Multiple different mechanisms are responsible for symptoms suggesting ischemic heart dis-
ease without apparent flow-limiting obstruction on angiography. In fact, both coronary artery
disease and coronary microvascular disease can be responsible for an impaired cross talk
between myocardial demand and oxygen supply. Interestingly, discordance between epi-
cardial coronary function and microvascular function has generated recent interest. Finding
no obstructive epicardial stenosis, but reduced microvascular function, indicating coronary
microvascular disease, is associated with a negative prognosis [80].

In contrast, preserved microvascular function in the presence of flow-limiting epicardial ste-
nosis has been associated with a long-term clinical outcome. In fact, several findings suggest
a complex pathophysiology of ischemic heart disease. Both genetic and lifestyle factors con-
tribute to the individual-level risk of ischemic heart disease, both coronary artery disease and
coronary microvascular disease. Genetic susceptibility is determined by several single-nucleotide
polymorphisms of genes encoding for both elements involved in the coronary homeostasis as
well as for major risk factors for cardiovascular events (i.e., hypertension, diabetes, dyslipid-
emia). Genetic susceptibility is independent of healthy lifestyle behaviors and can be associ-
ated with an increased risk of coronary events, although a healthy lifestyle is associated with
event risk reductions in rates.

Nowadays, associative hypothesis between single-nucleotide polymorphisms and ischemic
heart disease has been numerous in literature, and, in some case, researches show speculative
data with no provided plausible causal mechanism. Large-scale studies in human popula-
tions, genome-wide association studies, and meta-analysis, together with genetic technolo-
gies improvements, are helping the comprehension of genetic susceptibility of ischemic heart
disease over the last decade. Moreover, a functional understanding of the discovered genetic
associations with ischemic heart disease could help in the development of novel therapeutic
strategies. However, we are still distant to the fully knowledge of the pathophysiology of this
complex disease and the real role of heritability.
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Abstract

The metabolism of iron is regulated by the peptide hormone hepcidin. Genetic altera-
tions in the proteins involved in the signalling pathway and hepcidin transcription cause
damage to the organism. Mutations and polymorphisms in the hepcidin antimicrobial
peptide(HAMP), HFE, HJV, ferroportin and matriptase-2 genes influence serum hepci-
din concentration. Genetic deficiency of hepcidin increases iron overload in tissues, lead-
ing to haemochromatosis. However, genetics changes in the TMPRSS6 gene promote an
increase in serum hepcidin, with the development of severe anaemia and resistance to
iron treatment, as observed in IRIDA. Making the flow and efflux of extracellular and
intracellular iron is impossible. To date, no drug that works by inhibiting or enhancing
hepcidin transcription is available, largely because of the cytotoxicity described in vitro
models. The proposed therapeutic targets are still in the early stages of clinical trials,
some are good candidates, such as heparin derivatives and mini-hepcidins.

Keywords: anaemia, ferroportin gene, HAMP gene, haemojuvelin gene, haemochromatosis
hepcidin, HFE gene, IRIDA, iron homeostasis, polymorphism, TMPRSS6 gene, transferrin
gene

1. Introduction

Disorders related to iron metabolism involve genetic alterations between hepcidin and the
modulation pathway of the HAMP gene causing damage to the organism, and iron overload
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Attribution License (http://creativecommons.org/licenses/by/3.0), which permits unrestricted use,
open science | open minds distribution, and reproduction in any medium, provided the original work is properly cited. [{(cc) ExgNN



222 Genetic Polymorphisms

or deficiency may occur [1-3]. Intracellular iron excess, hyperferremia, contributes to the for-
mation of reactive oxygen species (ROS), damaging cell membranes and tissues, especially
cardiac, endocrine and hepatic tissue, which are the clinical alterations observed in heredi-
tary haemochromatosis [4]. However, iron deficiency due to genetic alterations, with an
increased synthesis of hepcidin, reduces the synthesis of haemoglobin, limiting the formation
of erythroid precursors and reduction of iron stores, with the development of anaemia [5, 6].
Hepcidin inhibits food absorption of iron in the duodenum, by blocking the release of iron
recycled by macrophages and controlling the movement of iron stores contained in hepato-
cytes [7]. Thus, systemic iron stores, high concentration of plasma transferrin, erythropoietic
activity, inflammatory mediators and hypoxia modulate the synthesis of hepcidin [8]. Plasma
iron content is the main factor for transcription of hepcidin mRNA into hepatic tissue. When
serum iron decreases, there is also a decrease in hepcidin transcription in the liver [9, 10].

The HAMP gene encodes hepcidin [1]. Studies have shown that changes in this gene or in
genes that act on iron metabolism, by regulating the expression of hepcidin, influence the
pathogenesis of hereditary diseases. Juvenile hereditary haemochromatosis originates from a
polymorphism present in the HAMP gene, where deficiency occurs in the synthesis of hepci-
din, with accumulation of iron in tissues [11-13]. Other factors, not related to genetic altera-
tions, influence the serum concentration of hepcidin, such as viral infections and bacterins,
vitamins A, D, C and E, hormones, stress of the endoplasmic reticulum, among others [14].

2. Hepcidin

The hepcidin molecule ("hep” hepatic origin, ‘cidin” antimicrobial activity) was described in the
year 2000, being characterized as a new anti-microbial peptide acting in part on innate immu-
nity, such as 3-defensin. Initially called liver-expressed antimicrobial peptide 1 (LEAP-1), it
was isolated from human blood ultrafiltrates and urine in their active form, as a cysteine-rich
peptide synthesized in the liver [1, 2]. Adipocytes, macrophages, lymphocytes, neutrophils,
pancreatic [3-cells and renal cells also produce hepcidin [15-19].

Physiologically active hepcidin originates from a pre-prohepcidin, containing 84 amino acids,
which after proteolytic cleavage gives rise to pro-hepcidin that is composed of 64 amino acids.
Pro-hepcidin is biologically inactive and is cleaved subsequently by the enzyme furin in a spe-
cific NH2 region, to provide biologically active source hepcidin, composed of eight cysteine
residues bound by four bisulfite bridges and containing 25 amino acids [1, 2, 18]. The active
molecule of hepcidin degrades in the N-terminal portion by giving molecules of -20, -22 and
—24 amino acids, being this region, essential for the connection to cause ferroportina to occur.
The smaller peptides show a progressive loss of regulation of ferroportin, with accumulation
of intracellular ferritin [20].

2.1. Iron metabolism

Senescent erythrocyte recycling provides about 90-95% of iron required for physiological func-
tions and for erythropoiesis. Enterocytes present in the duodenum and the proximal portion of
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the jejunum absorb about 1-2 mg of iron from the feed, which maintains the iron stores [21-23].
In the cytoplasmic membrane of enterocytes, apical ferric reductase enzymes are present, such
as cytochrome b duodenal enzyme (dCytB). The dCytB promotes the reduction of ferric iron
(Fe*) to its ferrous state (Fe*") and consequent mobilization of ferrous iron through the divalent
metal transporter (DMT-1). The haem iron, coming from diet, is internalized by the haem carrier
protein 1 (HCP-1) into the cells, where it is stored as ferritin [24, 25]. When serum iron concentra-
tion is low, mobilization of iron stores by the ferroportin to the extracellular medium occurs. The
released iron is in its ferrous state and for binding to serum transferrin to occur, it must be oxi-
dized to its ferric state, only the Fe** binds to transferrin. This oxidation reaction occurs through
the action of oxidase enzymes: Hephaestin is present in enterocytes, ceruloplasmin, hepatocytes,
plasma and zyklopen in the placenta. Then occurs the release of iron into the tissues [26-28].

Iron recycling by macrophages occurs through phagocytosis of senescent erythrocytes, hae-
moglobin phagocytosis and haem group of the intravascular haemolysis. When the haem
group is internalized by the macrophage, it undergoes the action of the enzyme haem oxy-
genase (HO) and releases ferrous iron, which can be exported to the extra-cellular medium by
ferroportin or stored as ferritin [29]. The highest concentration of iron in the body is stored as
ferritin or haemosiderin in the liver, spleen, duodenum, bone marrow and other organs. The
ferritin molecule is composed of 24 subunits with a spherical ‘shell” shape, which accommo-
dates about 4000 iron atoms. Ferroportin mediates the efflux of iron stores, being negatively
regulated by hepcidin [30, 31].

2.2. Ferroportin

Ferroportin is a transmembrane protein composed of monomer dimers present in hepato-
cytes, enterocytes, macrophages, spleen and bone marrow, which regulates the amount of
iron present in the extracellular and intracellular medium. By means of stimuli originated by
elevated levels of serum iron, the hepcidin mRNA increase occurs [32]. Binding of the mature
hepcidin peptide to ferroportin leads to binding of the tyrosine kinase Jak2 to each ferroportin
monomer. After the binding of Jak2 to ferroportin, the autophosphorylation of Jak2 occurs,
which then phosphorylates the ferroportin. Phosphorylated ferroportin binds to hepcidin,
and both are internalized by cavity coated with clathrin within the cell. Once internalized, the
phosphates are removed and ferroportin is ubiquitinated in amino acid lysine 253. The ubiq-
uitination is necessary for the entry of ferroportin in multivesicular bodies, which by fusion
with lysosomes provides the degradation of ferroportin. A mutation at residue 253 does not
preclude the internalization of ferroportin, but decreases its degradation [33].

2.3. Gene regulation hepcidin

The HAMP gene located on chromosome 19q13 transcribes hepcidin mRNA. Factors modulate
the transcription pathway of this gene, hypoxia, iron concentration, erythropoiesis, inflamma-
tion, anaemia, among others. These factors activate two major pathways that act directly on
the gene. The first signalling pathway occurs through the induction of the pathway related
to bone morphogenetic proteins (BMPs) and the second Janus kinase/signal transducer and
activator of transcription (JAK/ STAT) signalling pathway is related to inflammation [2].
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The protein (HFE) protein acts on the regulation of hepcidin transcription through its interac-
tion with the transferrin receptor (TfR). HFE is displaced from TfR1 by high concentrations of
the transferrin-iron complex [Tf-Fe*] to promote its interaction with the transferrin 2 recep-
tor (TfR2). HFE and TfR2 bind the BMP co-receptor haemojuvelin (HJV) and activate HAMP
gene transcription via the BMP/Son of the mothers against decapentaplegic(SMAD) [34]. This
interaction induces phosphorylation of the activated BMP receptor, promoting an intracel-
lular signalling cascade, by binding to a threonine/serine kinase type I and type II receptor
complex [35]. Activated type II receptor activates type I receptor, which then transmits the
signal to the SMAD regulatory receiver (R-SMAD), phosphorylating SMAD-1, SMAD-5 and
SMAD-8. In this way, the formation of a transcription complex involving the SMAD-4 factor
occurs. The activated complex moves to the nucleus in order to regulate gene transcription
[36]. SMAD-4 and matriptase-2 protein act as suppressor of BMP/SMAD pathway activation.
Matriptase-2 interacts with HJV and causes fragmentation [6, 37].

The regulation of the HAMP gene through the JAK/STAT pathway begins when specific
ligands act on the JAKs generating a multimerization of their subunits. Erythropoietin and
growth hormone associate with the receptor forming a homodimer, whereas inflammatory
cytokines and interferons form a heterodimer [38]. Interleukin-6 (IL-6) binds to its recep-
tor, which is formed by two subunits, one alpha subunit (IL-6-R) and another beta subunit
(gp130). When IL-6 binds to IL-6-R, a dimerization of gp130 occurs which recruits the cyto-
plasmic JAK to phosphorylate the gp130 protein. After phosphorylation, STAT proteins
(STAT-1 and STAT-3) bind to gp130 and autophosphorylate, then migrate to the nucleus,
binding to gene-specific transcription sites, promoting increased transcription of hepcidin
mRNA into hepatocytes [39, 40].

2.4. Genetic alterations with iron overload

Genetic alterations in the HFE gene have always been associated with haemochromatosis, a
situation in which iron accumulation occurs in the body with the development of cirrhosis,
hepatocarcinoma, diabetes and heart failure. The main hypothesis for the development of
haemochromatosis, is the interaction of HFE protein and (32-microglobulin. These two pro-
teins together form a complex with the transferrin-1 receptor ($,M-HFE-TfR1), located in the
crypt of the duodenal enterocytes, which regulates the iron absorption of the diet. The inter-
action between these three proteins affects the processes of iron utilisation, i.e. on the inten-
sity of erythropoiesis and liver metabolism of iron. Genetic changes in the formation of this
complex give rise to the clinical picture observed in haemochromatosis. However, after the
description of hepcidin in iron metabolism, this initial theory was altered [41, 42].

New genes involved in iron metabolism have been reported, and now the hereditary haemo-
chromatosis term encompasses two types, HFE haemochromatosis, which is characterized
by presenting changes in the HFE gene, this being the most frequent in the caucasian popu-
lation. In the second type, known as non-HFE haemochromatosis, other genes involved in
metabolism are described, which by polymorphic genetic alterations or mutation generate the
phenotype of iron overload. Non-HFE haemochromatosis, the HJV gene, the HAMP gene, the
TFR gene and the ferroportin gene are present with variable clinical characteristics among the
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diseases, butall have altered levels of hepcidin. Genetic alterations in ferritin and ceruloplasmin
also promote accumulation of iron in the body with hyperferritinemia, but these diseases are
of recessive genetic inheritance and rare in the population [40, 12]. The accumulation of iron
in the body compromises the function of several organs. In some severe cases of the disease,
where diagnosis and treatment started very late, hepatic failure and development of cirrhosis,
cardiac problems, changes in metabolic hormones with the development of diabetes, pituitary
gland involvement, gonads, joints, hyperpigmentation of the skin, abdominal pain, testicular
atrophy [43].

The diagnosis of haemochromatosis involves clinical features, biochemical measurements
and genetic testing. Liver biopsy is performed in specific cases [44]. Elevated levels of serum
ferritin (FS) and transferrin-iron saturation (TS) and liver enzymes are markers that help
to identify patients with haemochromatosis. Serum ferritin levels greater than 200 pg/L in
women and 300 pg/L in men and transferrin saturation greater than 45% are indicative of hae-
mochromatosis when associated with clinical symptoms. When serum ferritin and transferrin
saturation are altered, it is necessary to perform a genetic mutation analysis of the HFE, HJV,
HAMP, ferroportin and transferrin receptor genes to make the differential diagnosis between
haemochromatosis 1, 2, 3 and 4 [45, 46].

2.4.1. HFE gene mutation

The most frequent change that leads to the origin of hereditary haemochromatosis type-1 is
the polymorphism and mutations present in the HFE gene present in chromosome 6. The
allelic frequency observed in the European population is 5-7% for homozygosis C282Y, which
is found about 80-85% of patients presenting with the disease [46]. The single point muta-
tion, 845G — A, in exon 4, in the HFE gene leads to the substitution of cysteine by tyrosine
at position 282 in the haemochromatosis (HFE) protein, which is the most severe case of the
disease. Another variant of the HFE gene is the allele 187C — G, in exon 2, where an aspartate
is exchanged for a histidine in the HFE protein (H63D), this alteration is of minor clinical
importance, being harmful when it appears in heterozygous C282Y/H63D. The S65C variant
is less frequent. The third mutation of the HFE gene is the substitution of a serine for a cyste-
ine at amino acid position 65, 193A — T, (565C). The most serious clinical manifestations are
heterozygosis, C282Y/S65C, etc. [47, 48].

The cysteine residue in the a3 domain of the HFE protein thatis altered in variant A of the C282Y
HFE gene is necessary, as it forms bisulphite bonds and interacts with 32-microgloblulin,
increasing its expression on the cell surface. The H63D mutation is present in the al domain
of the peptide bond of the HFE protein, causing it to decrease the affinity between HFE and
the transferrin receptor [49, 50]. Another aggravating factor of this variant is that the activa-
tion of the BMP/SMAD pathway for the transcription of hepcidin in the HAMP gene does not
occur, due to the inability of the HFE protein to bind to the transferrin receptor. Therefore,
changes in this protein contributes to the systemic accumulation of iron, by preventing iron
absorption from the diet and by inhibiting the transcription of hepcidin [51].

HFE gene polymorphisms are associated with other clinical manifestations [52]. The H63D
genotype modified the association between lead and iron metabolism, so that increased lead
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in the blood is associated with a higher iron content in the body or a lower concentration of
transferrin, favouring lead poisoning [53]. The H63D polymorphism is attributed to a greater
propensity to develop disorders in porphyrin metabolism, insulin resistance and diabetes
development, as well as being associated with increased aggressiveness of hepatocarcinoma
and pancreatic cancer [54, 55]. The H63D variant is associated with the development of neu-
rodegenerative diseases, due to stress generated in the endoplasmic reticulum and iron accu-
mulation in individuals with p-thalassemea [56, 57].

Iron overload in haemochromatosis type 1 is rarely observed in children. In a study with 42
boys and 41 girls, aged approximately 12 years, both diagnosed with the H63D HFE heretozy-
gen gene, the measurement biochemical parameters for iron, ferritin, transferrin saturation and
total iron binding capacity. All values were statistically higher in the H63D HFE individuals,
when compared to the control group. H63D-HFE boys presented higher iron content than the
mean concentration found in girls. This fact can be explained by the loss of blood in menstrua-
tion [58].

Iron accumulation and oxidative stress have been associated with the development of neuro-
degenerative diseases. Studies describe that the C282Y and H63D HFE polymorphisms con-
tribute to the pathogenesis of Parkinson’s disease and Alzheimer’s disease [59]. However, two
meta-analysis studies indicate that these polymorphisms do not contribute to the develop-
ment of these diseases [60, 61]. The C282Y genotype is related to propensity for the develop-
ment of hepatocarcinoma, amyotrophic lateral sclerosis, non-fatty liver disease and venous
ulceration, even in patients who do not show signs and symptoms of haemochromatosis
[62-65]. Lifestyle, epigenetic factors, diet, alcoholism contribute to the development of iron
overload in patients presenting the HFE gene C282Y, H63D and S65C polymorphisms. The
diagnosis and early monitoring of iron overload indicators is necessary to reduce the damage
caused by iron to the body [66].

2.4.2. HAMP gene mutation

Genetic alterations in the HAMP gene compromise hepcidin function. The HAMP gene on
chromosome 19 contains exon 3, the final exon that encodes the active peptide, and which has
the largest polymorphic region of the gene [1, 2, 18]. Polymorphisms present in the HAMP
gene are less frequent than polymorphisms in the HFE gene. Currently, about 16 different
types of Single Nucleotide Polymorphism (SNP) polymorphism are described, but only a
few are of clinical importance, since they are present in haemochromatosis. The first genetic
alteration in the HAMP gene was identified using microsatellite marker probes in a region of
2.7 cm in the 19q13. A homozygous region with two mutations was identified (93delG e 166C
— T) in two families that presented iron overload in the first decades of life, characterizing
juvenile haemochromatosis type 2B [67].

In the mutation minisense homozygosis ¢.233G>A occurs the exchange of amino acids in the
biologically active peptide, with a homozygous substitution of amino acids in the coding
region, C78, by a tyrosine, C78T. This mutation disturbs one of the eight cysteines that make the
bisulfite bonds necessary for the binding of hepcidin to ferroportin, causing the accumulation
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and exaggerated absorption of iron [68]. The C70R mutation also causes malformation in one
of the bisulfite bridges of hepcidin cysteines. The amino acid cysteine is exchanged for an argi-
nine, this exchange of neutral amino acid by an acidic amino acid interrupts the formation of
the bisulfite bridge between the third and the sixth cysteine in the mature hepcidin peptide [69].

The C — T transition at position 166 in exon 3 of the HAMP (166C-T) cDNA, changes an
arginine at position 56 to a stop codon (R56X), 193A — T. The amino acid change of R56X
occurs at a region of the mature peptide, at amino acid residues 55-59. This region is a cleav-
age site for the pro-hormone convertase enzyme to recognize and produce a pro-hepcidin
of 64 amino acids. With the change in the peptide chain, the convertase enzyme generates
a truncated pro-hepcidin without all the mature sequences. Thus, truncated hepcidin does
not bind to ferroportin, causing iron overload from infancy. In contrast, the deletion of a
guanine in exon 2 at position 93 of the cDNA (93delG) results in a mutated RNA, which
after translation yields a mature peptide of 179 amino acids, which is unstable and inef-
ficient [67, 70].

The deletion Met50del IVS2p1 (-G) in frameshift of exon 2, is a four nucleotide ATGG dele-
tion that causes a shift of reading frames, disrupting expression of the active peptide, which is
encoded by exon 3. The mutation suppresses the last exon 2 codon (Met50) and the first base
of the intron 2 binding site (IVS + 1 (-G)). This change increases the reading frame beyond
the end of the normal transcript. Another mutation, G71D, alters the charge of amino acid 71,
which is between the third and fourth cysteines, at amino acids residues 70 and 72 in leaf (3 of
the peptide, preventing binding with ferroportin [71].

The HAMP-G71D variant in association with the HFE-H63D variant patients with sickle cell
disease increases the iron overload [72]. In the Spanish population, the HAMP-G71D vari-
ant appearing 1/100 diagnosed cases of haemochromatosis, is not attributed to iron overload
[73]. The transition polymorphism G — A at the +14 position of the 5-UTR region results in
a new initiation codon at the +14 position of the 5-UTR, inducing a change in the reading
frame, yielding a new abnormal protein. The transition generates an unstable protein, which
is degraded shortly after the translation of the messenger RNA [74].

The TG haplotype of the HAMP gene, caused by the binding of polymorphisms nc-1010C > T
and nc-582A > G, is more frequent in H63D HFE individuals, with serum ferritin levels above
300 pg/L [75]. The association of HAMP and HFE gene polymorphisms is frequent. In some
cases, there is a mixed clinical condition, with onset of iron accumulation in childhood and
severe organ involvement in adult life and vulnerability to infections. The variants C-153C >
T and C, 582A > G, reduce the expression of hepcidin, but the mature peptide mechanism of
action remains the same, without increasing ferritin and transferrin saturation [76].

Genetic alterations in the HAMP gene may cause a defective or truncated hepcidin, making
its mechanism of action impossible. Iron accumulation, as well as increased ferritin enables
the development and pathogenesis of certain diseases, such as type 2 diabetes mellitus, cor-
onary disease, increases plasma viremia of HIV, HCV and HBYV, generates reactive oxygen
species that damage the tissues and cell membranes [77, 78]. The plasma concentration of hep-
cidin influences the development of neurodegenerative diseases, such as Parkinson’s disease,
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Alzheimer’s disease, multiple sclerosis and in dyslipidemias, some authors attribute this fact,
the constant production of IL-6 and the activation of the STAT/Janus kinase pathway [79].

2.4.3. Haemojuvelin gene mutation

The HJV gene or HFE2 encodes the haemojuvelin protein, present on chromosome 1q21. The
haemojuvelin is expressed in the liver, heart and skeletal muscle. The haemojuvelin transcript
has five isoforms, with the longest protein having 426 amino acids [80]. Haemojuvelin is a co-
receptor of the BMP protein, analogous to the Repulsive Guidance Molecules (RGM) family,
which binds to BMP receptors to increase SMAD phosphorylation [81, 82]. Genetic alterations
in the HFE2 gene make it impossible to transcribe hepcidin. In this way, parenchymal and
tissue iron accumulation occurs in the first decades of life and is classified as juvenile haemo-
chromatosis type-2A [83].

Currently, there are 43 HIV mutations identified that cause juvenile haemochromatosis,
G320V being the most frequent, with the exchange of a glutamate by a valine [80, 84]. In
the Greek population, this polymorphism is frequent in homozygosis, and in the Canadian
population, this SNP has been reported in heterozygosity with R326X. Hyperferritinemia
and transferrin saturation occur above 45%. More severe cases are found in heterozygosity
with the HFE gene, for the polymorphisms C282Y and H63D [85]. Heterozygous patients for
G320V and C282Y/H63D have iron and ferritin content 6-8 times higher than patients homo-
zygous for G320V [86, 87]. The severity of the disease can be attributed to the fact that two
signalling pathways of the HAMP gene for hepcidin transcription are defective, with the acti-
vation of BMP [88-90]. Several different polymorphisms may be involved in iron overload Of
hemochromatosis, making difficult the correct diagnosis and precocious. Since each change It
presents different clinical characteristics and the need for differentiated treatments, since Iron
overload is associated with increased risk of early-onset liver cancer [91-93].

2.4.4. Transferrina (TFR2) gene mutation

The gene encoding the transferrin receptor type 2 (TFR2) is located on chromosome 7. The
transferrin receptor 2 is a member of the TFR family, homologous to TFR1. TFR2 in the liver
is considered as an iron sensor and activator of the hepcidin pathway. TFR is expressed in
the erythroid tissue, where it is a component of the Erythropoietin (EPO) receptor, necessary
for effective erythropoiesis to occur. The homozygous nonsense mutation at the 7q22 locus of
the TFR2 gene leads to a rare form of iron overload, hereditary haemochromatosis type 3 [94,
95]. Sequencing of the coding region in exon 6 of the gene detected a transversion C - G at
position 750 of the cDNA sequence that substitutes a tyrosine (TAC) for a stop sign (TAG) at
residue 250 of the transcript (Y250X), giving a defective receptor [94].

Type 3 haemochromatosis is considered as an intermediary between haemochromatosis HFE
and haemochromatosis 2. The first signs of iron accumulation occur after 30 years, with het-
erozygosis for HFE, but some more severe cases, the onset of signs and symptoms begins
in childhood. Cardiac disorders and endocrine dysfunctions are less frequent than in juve-
nile haemochromatosis, with low serum concentrations of hepcidin [96, 97]. TRF2 acts the
transcription in the HAMP gene through its interaction with the HFE protein [98]. Defective
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formation in the HFE and TFr2 proteins causes an overload of iron [99, 100]. Some authors
suggest that TFR2 is required for phosphorylation of BMP6 in response to iron levels, playing
a prominent role in the signalling pathway of the HAMP gene and the HFE protein being a
contributor to the transcription of the HAMP gene [101, 102].

2.4.5. Ferroportin gene mutation

On chromosome 2, the SLC40A1 gene is located. Alterations in this gene give rise to the disease of
ferroportina, an autosomal dominant disease, with two forms, classic form or type A and the non-
classic form or type B. It has a global geographic distribution with heterogeneous phenotypic,
clinical and genetic characteristics. Although rare, type 4 haemochromatosis is the second major
form of iron overload after haemochromatosis HFE. Patients present hyperferritinemia, normal or
low transferrin saturation and increased iron load on the Kupffer cells, liver and spleen [103, 104].

The classical form of the disease is usually asymptomatic without tissue damage and without
other complications in young life. With age, damage to the liver and pancreas may occur
with the development of fibrosis and low haemoglobin concentration [105]. Mutations A77D,
D157G, V162del, N1741, Q182H, Q248H and G323V are most frequent in the European, Asian,
Indian, Australian and African populations [106, 107]. The genotype Q248H is associated with
hyperferritinemia, being frequent in the African population [108, 109]. Classical mutations
D157N, D181V, G80V, Q182H, R489K and V162del, alter the folding of ferroportin, damaging
the export of iron, and with intracellular accumulation of ferritin in monocytes [107, 110].

The non-classical or B form of ferroportin is more rare and similar to haemochromatosis type
1. Mutations N144H, Y64N, C326Y/S, S338R, Y501C are related to this disease phenotype
[107]. Genotypes Y64N, V72F and Y501C confer resistance to hepcidin. These mutations alter
the thiol form at residue 326 of the protein, which is essential for the binding of hepcidin to
ferroportin, resulting in more severe iron overload at an early age [109]. The S209L mutation
described in the Chinese population showed resistance and hepcidin [110]. In vitro experi-
ments have demonstrated that the N144D/T and Y64N mutations prevent the internalization
of the hepcidin-ferroportin complex, avoiding the ubiquitination of ferroportin within the
lysosomal endosomes [111]. The differential diagnosis between types of haemochromatosis
type 4 should be made through molecular tests and the patients’ clinic [112].

2.4.6. Hereditary a(hypo)ceruloplasminemia and hyperferritinemia

Ceruloplasmin exhibits ferroxidase activity, a condition in which ferrous iron is oxidized to ferric
iron to bind to transferrin. Genetic alterations inhibit ferroxidase activity or preclude complete
transcription of the enzyme [99]. Aceruloplasminemia is an autosomal recessive disease charac-
terized by progressive neurodegeneration of the retina and basal ganglia associated with inher-
ited mutations. The disease reaches the central nervous system, with increased lipid peroxidation
and ataxia syndrome. Other parenchymal tissues, liver and pancreas are also affected [113, 114].

Changes in chromosome 3q24-q25, give rise to the truncated formation of a premature stop
codon. The activity of ceruloplasmin ferroxidase is dependent on a trinuclear copper pool, which
is encoded by exon 18. The Y356H, R701W and G876A variants are associated with impaired
ferroxidase activity of the enzyme, as they generate proteins with altered iron binding sites and
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changes in the copper cluster. Studies show the association of these variants with Alzheimer’s
disease, Parkinson’s disease and the development of type 1 diabetes with the appearance of
signs and symptoms between 30 and 35 years old, with decreased iron content and increased
ferritin (hyperferritinemia) [115-117].

Another hereditary alteration that causes hyperferritinemia, is mutation in the L-ferritin ferritin
light chain (FTL) gene located on chromosome 19q13 [118]. The hereditary hyperferritinemia-
cataract syndrome (HHCS) is caused by heterogeneous mutations in the iron responsive
element (IRE) in the 5 region of L-ferritin mRNA that reduce the binding affinity of iron-
responsive proteins (IRPs) to IREs and decrease the negative control of L-ferritin. This leads to
the constitutive positive regulation of the L-chain synthesis of ferritin that characterizes HHCS.
Serum ferritin concentrations are high and constant and transferrin saturation is normal.
Patients with HHCS do not develop iron overload. The deposition of L-ferritin in the ocular
lens causes bilateral cataract at an early age [119]. The 51G-C mutation in the UTR region (ITR)
of the FTL gene induces a base pair rearrangement in the lateral structure of the IRE, changing
the IRE conformation. The phenotype presents with a moderate increase of serum ferritin, and
the development of cataracts may occur throughout life in cases of homozygous [120, 121].

Neuroferritinopathy is a rare, late-onset movement disorder characterized by iron and fer-
ritin accumulation in the brain, normal or low levels of serum ferritin and variable clinical
characteristics. The mutations 458dupA, 460insA, A96T, 498insTC alter the conformation and
structure of ferritin, resulting in long sequences (26-33 amino acids) that are added to the
protein [122]. The insertion, 460insA, of an adenine after nucleotide 460 of the FTL gene alters
22 amino acid residues in the C-terminal region, adding four more amino acid residues after
translation of the mRNA. This mutation alters the final conformation of the ferritin molecule
as it disrupts the D and E helices. These helices are important because they structure hydro-
phobic channels for iron core formation in ferritin [123]. Several pathologies such as diabetes,
Parkinsonism and dementia are associated with hyperferritinemia [124].

2.5. Genetic changes related to iron deficiency

Genetic changes related to iron deficiency anaemia involve polymorphisms and mutations in
the TMPRSS6 gene, present in the chromosome 22 (22q12.3-13.1). This gene encodes the trans-
membrane protein matritase-2, which cleaves the haemojuvelin, preventing the activation of
the BMP/SMAD pathway in the HAMP gene. Genetic alterations involving this gene charac-
terize a phenotype of iron resistance. The iron-refractory iron deficiency anaemia (IRIDA) is an
autosomal recessive disease characterized by microcytic and hypochromic congenital anaemia,
low transferrin saturation, low iron concentration, elevated serum ferritin and excess hepcidin
in serum, plasma and urine, without a therapeutic response to iron replacement and erythro-
poietin [125, 126]. Excess hepcidin in IRIDA may explain: (1) the development of systemic iron
deficiency, preventing the absorption of iron into duodenal enterocytes and the movement
of iron stores, (2) the inability to obtain a haematological response to oral therapies with iron
and (3) slow and incomplete use of parent iron formulations, consisting of ferro-carbohydrate
complexes that require macrophage processing to be available in erythropoiesis [125].

The polymorphisms of the SNPs type, the TMPRSS6 gene, with the greatest clinical impact are
K225E, K253E, G228D, R446W, V736A and V7951. In the rs855791 polymorphism, a substitution
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of the amino acid alanine for a valine at position 736, in the serine protease domain of matriptase-2
(p.Ala736Val) occurs, is the most frequent, being responsible for the picture observed in IRIDA,
with the T allele being associated with decreased iron reserves in men. Mice with Tmprss6—/—
phenotype presented severe alopecia and severe iron deficiency anaemia with elevated serum
levels of hepcidin and decreased expression of ferroportin [6, 127, 128].

The variant p.V736A influences the susceptibility to hepatic iron accumulation in patients
with thalassemia, and the risk allele is 736 (A) [129]. The T287N variant contributes to a his-
tory of microcytic anaemia and increases in hepcidin levels due to the inactivation of hae-
mojuvelin cleavage in soluble haemojuvelin, thereby preventing haemojuvelin and hepcidin
[130, 131]. Thus, the BMP path remains enabled [132, 133]. The mutation c.1113G >A disrupts
the splicing process of mRNA, causing decrease of plasma protein matriptase-2 [133]. The
H448R variant and the A719T and V7951 polymorphisms are attributed to partial response to
treatment with oral iron replacement in iron deficiency anaemia. The lack of response to treat-
ment with oral iron is attributed to high concentration of hepcidin [134].

2.6. Therapeutic targets

The serum concentration of hepcidin determines the pathological state of many diseases-
related to iron metabolism, since the modulation of the hepcidin/ferroportin axis has been
studied as one of the main therapeutic targets for the treatment of diseases related to serum
iron content, among them, haemochromatosis. Currently, the treatment of the hereditary
hyperferritinemia (HH) is based on iron chelators and phlebotomy in patients; however, these
are not effective treatments, bringing damage to the patient over a long time [135]. However,
a stimulus for increased production of hepcidin or a hepcidin analogue may aid in the treat-
ment of hereditary haemochromatosis. On the other hand, IRIDA and iron deficiency anae-
mia stand out as the main iron-deficient diseases. In this sense, the use of hepcidin inhibitors
or TMPRSS6 analogues is a good deal for the treatment of these diseases [136].

2.7. Hepcidin agonist

Hepcidin agonist drugs are being investigated for the treatment of diseases related to lack or
partial deficiency of hepcidin. It is a therapeutic alternative for diseases related to iron overload.
PR65, a prototype of hepcidin, had its structure developed based on the N-terminal portion of
the hepcidin molecule, which contains the amino acid residues, DTHFPICIF, required to bind
to ferroportin and promote its ubiquitination, but did not exhibit activity in vivo. After molecu-
lar improvement of the PR65 prototype, a mini-hepcidin was synthesized. PR65 was adminis-
tered twice weekly, subcutaneously in rats knockout (HAMP—/-), which presented iron overload
and haemochromatosis phenotype. Iron deficiency was observed in cardiac and hepatic tissue,
intestinal adsorption and retention of iron in the spleen and duodenum. When high doses of
PR65 were administered in rats, anaemia was observed in these animals. The mini-hepcidins
may be used in the auxiliary treatment of 3-thalassemia and in policitemia vera [137-140].

Another alternative for the treatment of iron overload is an inhibitor of TMPRSS6, to increase
serum hepcidin levels [141]. The use of interfering RNA (siRNA) in suppression of the
TMPRSS6 gene in rats with (3-thalassemia increased the concentration of hepcidin [142, 143].
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Another alternative in the study is the modulation of the BMP/SMAD pathway, with exog-
enous treatment of BMP6, stimulating the transcription of the HAMP gene [144].

2.7.1. Hepcidin antagonists

Inhibition of the JAK/STAT pathway is used as a therapeutic target in order to reduce the
serum hepcidin content with the use of anti-IL-6 receptor antibodies. Studies in animals with
anaemia using the antibody, tocilizumab, demonstrated that protein C-reactive (PCR) levels
and anaemia improved significantly within 1 week of treatment [145-147]. Siltuximab and
infliximab (anti-TNF-a) antibodies have shown good results in the treatment of chronic dis-
ease anaemia due to blockage of the JAK/STAT3 pathway, increase in haemoglobin (15 g/dL)
and decrease in hepcidin [147, 148]. Inhibition of the STAT3 pathway was also observed using
AG490 (Calbiochem), and the peptide PpYLKTK, curcumin [149, 150].

Another alternative for the serum decrease in hepcidin is the intravenous use of Spiegel mer
lexaptepid. Spiegelmers are synthetic oligonucleotides binding to molecular targets. Currently,
three oligonucleotides are in clinical study, NOX-E36 (anti-CCL2), NOX-A12 (anti-CXCL12)
and NOX-H94 (anti-hepcidin). Spiegelmer NOX-H94 blocks the binding of hepcidin to ferro-
portin, preventing its proteolytic ubiquitination, and may be used in the treatment of IRIDA
and in diseases with increased hepcidin and increased IL-6. Studies in monkeys have shown
improvement in anaemia and increased serum iron concentration [151-154].

The LDN-193189 is an inhibitor of BMP type I receptor, attenuates BMP/SMAD signalling in
hepatic tissue and reduces HAMP gene [155]. The administration of LDN193189 facilitated the
movement of iron stores in rats with anaemia of inflammation, with increased haemoglobin,
erythropoiesis and reticulocytosis [156, 157]. The inibition of hepcidin synthesis may occur
by blocking the ALK2 (activin-like receptor), receptor the BMPs proteins [158]. TP-0184 is an
inhibitor of the ALK2 receptor, and in pre-clinical phase studies, it has shown to be a nega-
tive regulator of hepcidin expression. The monoclonal antibodies ABT-207 and h5F9-AMS8
that inhibit haemojuvelin has been demonstrated to be effective in decreasing the expression
of hepcidin in rats. Another treatment alternative to inhibit HAMP gene transcription is the
fusion between Hemojuvelin soluble (sHJV) with the Fc portion of an IgG, giving Hemojuvelin
Fracion (sHJV.Fc), which binds to BMPr, inhibiting the BMP6/SMAD pathway [136, 159-161].

Fursultiamine and LY2928057 antibodies prevent the interaction between ferroportin-hepci-
din by sequestering the Cys326-HS residue of ferroportin and blocking the internalization of
ferroportin/hepcidin [136, 162]. Anti-hepcidin antibodies efficacy was confirmed in a model
of anaemia of inflation induced by Brucella abortus, in which hepcidin neutralization occurred
and anaemia improved. The humanized antibody, 12B9m, has been shown to be a potent
inhibitor of hepcidin [163-165].

The first evidence of heparin’s action in controlling hepcidin expression was demonstrated
in HepG2 cells and in rats that were given pharmacological doses of heparin. In the study,
hepatic hepcidin mRNA expression decreased, from the sequestration of the BMP-6 protein
and subsequent phosphorylation of the SMAD1/5/8 complex with reduction of iron concen-
tration in the spleen and increase of serum iron. From these results, structural modifications
in the heparin molecule were performed in order to decrease its anticoagulant activity for
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the clinical use of hepcidin elevation diseases. Modified heparins, by oxidation/ reduction,
heparins glycol-split (GS-heparin), or sulfation (SS-heparin), demonstrated in clinical trials with
little or no toxicity, being potent inhibitors of hepcidin in vitro in HepG2 cells and primary
hepatocytes, and in vivo in rats, without presenting anticoagulant activity [166-169].

Growth differentiation factor 15 (GDF15) was shown to negatively regulate hepcidin mRNA
expression in humans [170]. The compound K7174 GDF15 increases synthesis and reduces
hepcidin expression in HepG2 cells and in rats [171]. The erythroid Erythroferrone (ERFE)
hormone presents suppression activity of hepcidin mRNA in rat model with 3-thalassemia
[172, 173]. The siRNAs, siHJV, siTRF2 and siHepcidin are the main apostasy for suppression
of the HAMP gene with inhibition of hepcidin synthesis [174].

2.8. Conclusion

The homeostasis of iron metabolism involves several signalling pathways and gene regula-
tions. Genetic alterations influence the development of several pathologies involving hepci-
din. Currently, screening for the diagnosis and research of polymorphisms and mutations
related to iron metabolism is scarce. Genetic diseases with iron overload are diagnosed very
late, bringing damage to patients’” health. Studies of allelic frequencies in the most diverse
populations are still scarce, making it difficult to trace genetic polymorphisms and phenotypic
changes. There are few therapeutic options for the treatment of genetic diseases related to
iron metabolism, and are still in clinical research phase II and I. Although these diseases are
rare, the diagnosis is underestimated and directly interferes with the treatment of the patient.
Epigenetic alterations can affect non-pathogenic polymorphisms by making them harmful;
therefore, a complete description of the possible interferents in the genetic polymorphisms and
the probable changes that these polymorphisms offer to the human organism are necessary.
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Abstract

Major genes increasing litter size were identified in certain sheep breeds. These genes
include BMPR-1B, BMP15, GDF9 and B4GALNT2, FecX2. Polish Olkuska sheep is a high-
fecundity sheep breed; while some animals might give birth to just one or two lambs, there
are Olkuska ewes which have six or even seven lambs/lambing. Fertility of this breed is
caused by mutation in the major gene FecX® (BMP15 gene), but analysis of polymorphism
at the locus GDF9 revealed presence of four polymorphisms: G447A (L159L), A978G
(G326G), G994 A (V332]) and G1111A (V371M). Substitutions V371 and V3321 are missense
mutations found in the sequence encoding active GDF9 protein. V371 polymorphism has
also an effect on litter size in Olkuska breed ewes. Study of genes associated with litter size
in Olkuska sheep is of high importance, as they could be used in breeding programmes as
selection markers for increasing production efficiency.

Keywords: fecundity, genes, litter size, Olkuska sheep

1. Introduction

Currently, more than 1200 sheep breeds differing in many production features, including fer-
tility, are known globally. Ewes usually give birth to one or two lambs/litter. However, there
are certain highly prolific breeds—such as inter alia Cambridge, Thoka, Javanese, Belclare,
Lacaune, Woodland, Booroola, Aragonesa, Romney (Inverdale and Hanna), Garole (Bengal),
Belle-ile, small-tailed Han, Hu and Kendrapada—whose litter size ranges from three to six
lambs. Genetically conditioned differences in number of maturing and ovulating follicles in
different breeds of sheep have been researched already since 1980 [1], when an attempt was
made to explain the genetic basis for multiple births within a litter in various breeds around
the world. It has been shown that sheep fertility depending on breed may be determined
either polygenic or by a major segregating gene named the Fec gene.

I m EC H © 2017 The Author(s). Licensee InTech. This chapter is distributed under the terms of the Creative Commons
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Most mutations increasing ovulation levels and the number of lambs born to an ewe were
identified in genes encoding proteins belonging to the family of transforming growth fac-
tors TGF-p: BMPR1B (bone morphogenetic protein receptor-1B), BMP15 (bone morphoge-
netic protein 15) and GDF9 (growth differentiation factor 9). In addition, mutations FecL" in
Lacaune breed on chromosome 11 and FecX2W (fecundity gene X2) in Woodland sheep were
identified. FecX"locus contains two genes IGF2BP1 (insulin-like growth factor 2 mRNA bind-
ing proteinl) and B4GALNT?2 (beta-1, 4-N-acetyl-galactosaminyl transferase 2). It has been
shown that B4GALNT?2 is responsible for high prolificacy of Lacaune sheep [2]. The mecha-
nism of action of the gene FecX2 on X chromosome in Woodland sheep is not yet exactly
understood [3].

1.1. FecB mutation in the bone morphogenetic protein receptor 1B (BMPR1-B) gene

Booroola was the first major gene (FecB) significantly influencing level of ovulation and
litter size in sheep to be identified [4]. The effect of FecB mutation (Q249R) identified in
Booroola Merino breed in the gene of bone morphogenetic protein receptor BMPRI-B on
chromosome 6 is an increase in ovulation level and litter size in carriers of one or two cop-
ies of the gene FecB. This mutation was also identified in Asian breeds: Garole, Javanese,
thin-tail Hu and Han. With regard to level of ovulation, the observed increase is additive
in nature, while as concerns litter size—it is partly dominant. In ewes with heterozygous
FecBP* ovulation level increased by 1.3 CL (corpus luteum), while in ewes with FecB®®, the
observed increase was up to 3.6 CL. The effect on litter size between homozygous++ and
BB was +0.8 [6].

Many authors have shown high fertility of carriers of FecB®* genotype, among others in
Garole-223% lamb production [6], Hu-210%, Han-240% [7] and Javanese breeds-259% [8].
Research results in Indian sheep of Muzaffarnagari breed engendered some discussion, as
presence of ewes with FecB gene that still had single births was proven, and share of sheep
with genotypes FecB*®and FecB®* was identified as 3.47 and 41.73%, respectively [9].

In antral follicles of FecB®* ewes, a decrease in granulosa cell proliferation and premature
expression of LH receptors were observed [10]. Appearance of FecB mutation in sheep com-
pared with ewes devoid of mutation is associated with higher number of growing small cavi-
tary (antral) follicles on the ovaries. Both total number of granulosa cells and total secretion
of estradiol and inhibins in the ovaries of FecB®® ewes still remain the same as in ewes with
FecB™ genotype. Significant impact of gene FecB on development of ovaries during foetal
life is also observed, including, inter alia, a reduced number of oocytes from the 35th to the
50th day of gestation, a smaller number of class 1 follicles from 75th to 90th day of gestation
and class 2 follicles (on 135th day). A small number of class 2 follicles were also observed in
early neonatal life of FecB®® sheep [10, 11]. Significant effect of FecB gene on function of the
hypothalamic-pituitary system has been proven as well. It has been found that it may lead to
increased secretion of follicle-stimulating hormone (FSH) in FecB®® homozygotes, although
it has not been confirmed in all of the animals investigated. No FecB influence on release of
luteinizing hormone (LH) has been found [12].
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1.2. Mutations in the gene of bone morphogenetic protein 15 (BMP15)

1.2.1. Protein BMP15

BMP15 protein together with growth factor 9 (GDF9) plays an important role in folliculogenesis
[13, 14]. Its paracrine action affects granulosa cells, theca cells and the oocyte itself [15]. In vitro
cultures indicate that recombinant protein BMP15 is a potent stimulator of granulosa cell pro-
liferation, suggesting that both cell growth and their subsequent division and differentiation
require BMP15 action [16]. The protein inhibits expression of FSH and LH receptors, as decrease
in activity of BMP15 increases cell sensitivity to action of gonadotropins [17]. The conducted
experiments showed that BMP15 inhibits expression of StAR protein, responsible for transport
of cholesterol —specifically low density lipoprotein (LDL)—into cells. LDL is the substrate for
production of steroid hormones. In rats, BMP may modulate the process of steroidogenesis
in granulosa cells, modifies biological effects of FSH by inhibition of progesterone-induced
FSH secretion, without affecting production of estradiol [16]. BMP15 mRNA transcripts are
observed from the primary follicle stage, in secondary, tertiary and dominant follicles stages,
ending with atretic antral follicles [18]. In sheep, BMP15 affects proliferation rate and inhibits
baseline and FSH-mediated secretion of progesterone by granulosa cells of small antral follicles
[11]. Presence of BMP15 mRNA was determined in the oocytes (class 1, 2, 3, 4 and 5 follicles),
but it has not been demonstrated in granulosa cells and follicle theca [19].

1.2.2. Polymorphism in the BMP15 gene

In mammals, formation of BMP15 protein is determined by action of a single gene on chro-
mosome X [20]. An encoded sequence with a length of 1179 bp is contained in two exons
separated by an intron of 5400 bp in length. mRNA translation produces a peptide built of 393
amino acids, and the resulting mature protein has a length of 125 amino acids [21]. Mutations
identified in the BMP15 locus (FecX!, FecX™, FecX", FecX¢, FecX® and FecXF) result in appear-
ance of the same phenotype in different sheep breeds, and have different molecular basis.
Heterozygous ewes give birth to more lambs, while homozygotes with two copies of a gene
are infertile. Action of mutations marked FecX® and FecX®" identified in Olkuska and Grivette
breeds differs from the above-mentioned, as in the case of ewes with both one and two copies
of the gene, an increase in prolificacy is observed (Table 1).

Substitution of FecX" detected in Hanna sheep causes introduction of a stop codon in place of
glutamine in position 23 of amino acid residue of mature protein. Transition C>T observed in
the case of FecX® in Galoway and Cambridge breeds, also introduces a premature stop codon
in place of glutamine at position 31 of the polypeptide chain. As concerns carriers of these
mutations, heterozygotes show increased levels of ovulation, while homozygotes with two
copies of the gene are infertile [17].

A similar phenotype is observed for FecX' mutation, where hydrophobic valine is substituted
for asparagine at position 31 of mature protein. This leads to changes in electrostatic potential
of the region involved in formation of dimers—this, in turn, interferes with dimerization and
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Variant Base change  Coding base bp  Coding residue* Amino acids change = Mutation/reference
V299D T>A 897 299 Val>Asp FecX'/[12]

Q291- CT 873 291 GIn>STOP FecX"/[12]

C321Y G>A 963 321 Cys>Tyr FecX"/[24]
Q239STOP  C>T 718 239 GIn>STOP FecXS/[21]

S3671 GT 1100 367 Ser>Izo FecX®/[21]

Del Deletion 525-541 175-180 FecX®/[26]

175-180 17 bp

T3171 CT 950 317 Thr>Ile FecX®t/[27]

"Position of the coding residue in the Ovis aries bone morphogenic protein 15; BMP15 protein GenBank accession number
AAF81688.1.

Table 1. Mutations identified in sheep at the BMP-15 gene locus.

consequently leads to the elimination of biological effects of BMP15. Homozygous ewes are
infertile due to folliculogenesis being arrested at initial stage of the process [10].

FecX® mutation found in BMP15 gene locus in Belclare sheep is a result of polar serine being
substituted for non-polar isoleucine at position 99. This substitution has a significant impact
on the ability of a protein to bind to type Il membrane receptor; it determines the structure
of the ligand-receptor complex with BMP2, BMP7, activin A proteins. This polymorphism
abolishes biological activity of BMP15, most likely by prejudicing the binding of protein and
receptor [21]. Homozygous ewes are infertile due to hypoplasia of ovaries. Admittedly, pres-
ence of antral follicles was observed, but with oocytes of anomalous size, surrounded by a
single layer of abnormal granulosa cells. Morphology of ovaries of such sheep is similar to
image of ovaries of FecX' Inverdale ewes.

One copy of the allele FecX' (Inverdale) or FecX” (Hanna) results in ovulation level increase
of +0.8-1.0 CL, significantly affecting size of the litter by +0.6 lamb. Homozygous FecX" and
FecX™ Hanna ewes are sterile; in their small and poorly developed ovaries, follicles are pro-
vided with a single layer of granulosa cells [22]. In FecX" sheep, follicles were determined to
be of a smaller diameter than those produced in ovaries of homozygotes devoid of mutation.
However, FecX™ ewes present a greater number of mature preovulatory dominant follicles of
smaller diameter, and therefore do not differ in the level of estradiol and inhibin from non-
mutated ones [23]. Preovulatory follicles are also characterized by early maturation, which
determines greater secretion of FSH and early formation of LH receptors [12].

Studies by Bodin et al. [24] on prolific sheep of Lacaune breed showed presence of FecX" muta-
tion, leading to substitution of cysteine for tyrosine at position 53 of the BMP15 chain. Just
as observed in the case of polymorphisms (FecX!, FecX", FecX® and FecXF), also this change
in gene structure causes increased level of ovulation in heterozygous ewes and infertility in
homozygotes. In vitro studies revealed that the mutation FecX" is responsible for defective
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secretion of both precursors and active forms of BMP15. It is believed that this may be caused
by damage to structure of one of the disulphide bonds whose formation involves cysteine,
and that play an important role in stabilizing the structure of BMP15 [24]. In the case of pres-
ence of one copy of FecX" in ewes, ovulation level increase of +1.9-2.17 CL is observed [2, 25].

Lacaune sheep are, next to Hanna, Inverdale, Cambridge, Belclare and small-tail Han breeds,
an example where increase in litter size is determined by the presence of two major genes:
FecX® and FecL on autosomal chromosome 11 [2].

In Aragonesa FecX® ewes, a 17 bp deletion results in a frameshift and appearance of a stop
codon, even before the coding region of mature protein. The consequence of this mutation is
an 85% modification in the propeptide sequence, specifically limitation of its size to 45 amino
acids out of 245 present in the original propeptide. Heterozygous ewes are very highly fecund,
while the presence of two copies of the mutated gene leads to a blockage of follicular develop-
ment at initial growth state and female infertility. FecX®" ewes have an average of 2.66 lamb/
litter compared to flock average of 1.36. Presence of one copy of the gene resulted in litter size
increase of +1.3 lamb [26].

A mutation in the gene BMP15 changing the amino acid sequence in the amino acid chain
p-T317I was identified in French Grivette sheep. Ewes of FecX®* genotype have 2.5 lamb/litter,
while FecX* and FecX“"give birth to 1.83 and 1.93 lamb in a litter, respectively. Sterilization of
homozygotes with the FecX“* mutation has not been identified in the studied population [27].

Recent research in phenomenon of high fertility of ewes of the African breed Barbarine (167%
annual lamb crop) showed presence of another substitution in the gene encoding BMP15,
resulting in A119T mutation in the coding sequence of mature protein. Frequency of the
mutated allele in the population of these sheep, or its impact of prolificacy are unknown [28].

1.2.3. Mutations in the growth differentiation factor 9 (GDF9) gene
1.2.3.1. Protein GDF9

Growth differentiation factor 9 (GDF9) is another protein belonging to TGF-f3 family. This
peptide regulates development of ovarian follicles in rodents and ruminants (sheep), as well
as humans [12, 29]. It has been shown that its synthesis, similarly as in the case of BMP15,
occurs in the oocyte [30]. Mice lacking functional protein GDF9 (GDFIKO) were infertile,
their follicle growth was arrested at primary follicle stage, with granulosa cells layer not
properly formed, and changes in the zona pellucida. Oocytes were excessively enlarged and
surrounded by a single layer of deformed granulosa cells, or oocyte was not observed in the
follicle whatsoever [30, 31]. Growth differentiation factor 9 as a multi-functional protein is
responsible for follicular growth from its early stage—it initiates and regulates folliculogen-
esis and oocyte development. It has autocrine effects on oocytes, plays a role in their develop-
ment and maturation, and paracrine effects on somatic cells, inhibits expression of luteinizing
hormone receptor gene and stimulating synthesis of hyaluronic acid [32, 33]. GDF9 gene
expression in sheep occurs in oocytes, with the presence of the transcript and protein dem-
onstrated in the oocyte during formation of the follicle, in class 1 primary follicles as well as
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in follicles in the phase of intensive growth. In vitro experiments demonstrated that GDF9 is
also found in degraded oocytes and in malformed follicular structures [34, 35]. In humans,
GDEF9 plays an important role in pathogenesis of polycystic ovary syndrome and premature
ovarian failure [36].

1.2.3.2. Polymorphism in the GDF9 gene

The gene encoding protein GDF9 was found to be located in sheep on chromosome 5 [37]. The
gene consists of two exons, with length of 397 and 968 bp, respectively. Its total length is 5644
bp, with coding sequence comprised of 1359 nucleotides [35].

A number of mutations (Table 2) were identified in gene GDF9; it was determined that the
mutation FecG" (G8, Ser1184Phe) causes sterility in homozygous ewes. Impact of the muta-
tions G1 (G260A, R87H), G2 (C471T), G3 (G477A), G4 (G721A, E241K), G5 (A978G), G6
(G994A, V332I) and G7 (G1111A, V371M) on fertility of sheep had not been initially analysed,
but fertile homozygous animals with G1, G4 and G7 mutations were found [21, 30]. Effects
of FecG" mutation are due to lack of active form of the protein, leading to arrest of follicular
growth in the early stages of development [38, 39] (Table 2).

Mutation FecG" (G8) occurs within the sequence responsible for coupling a protein to the
receptor and is a missense mutation. As a result, synthesized protein exhibits less affinity for
the cell surface receptor. Ewes with one copy of the gene with FecG" mutation have higher
ovulation level. Early maturation of small secondary follicles, inhibition of their growth and
earlier ovulation of a larger number of oocytes were noted [21]. Most likely, early maturation
of the developing follicles is associated with inhibition of FSH receptor expression at mRNA
level due to the absence of biologically active GDF9 [19]. The fact that the FecG" mutation

Variant Base change Coding base bp  Coding residue* Amino acids change Mutation/reference
A87H G>A 260 87 Ala>His G1/[21]

V157V CT 471 157 Val>Val G2/[21]

L159L G>A 477 159 Leu>Leu G3/[21]

Q241L G>A 721 241 GIn>Leu G4/[21]

Q326Q A>G 978 326 GIn>Gln G5/[21]

V3321 G>A 994 332 Val>Ile G6/[21]

V371IM G>A 1111 371 Val>Met G7/[21]

S395F CT 1184 395 Ser>Phe G8 (FecG")/[21]
F345C >G 1034 345 Phe>Cys FecGE/[41]
S109R A>C 1279 109 Ser>Arg FecG"/[40]

*Position of the coding residue in the Ovis aries growth differentiation factor 9; GDF9 protein GenBank accession number
AAC28089.2.

Table 2. Mutations identified in sheep at the GDF9 gene locus.
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determines the decrease in quantity of active form of GDF9 was confirmed by immunization
of ewes, which caused increase in ovulation level [30]. Presence of FecG! resulted in increased
litter size in Belclare sheep, from 1.98 in animals lacking the mutation to 2.67 lamb/litter in
heterozygotes; for Cambridge sheep, the litter size surged from 2.27 to 4.28 lamby/litter.

Phenotypic effect similar to FecG" was observed for FecG™ mutation in Icelandic Thoka sheep
breed [40].

The results of research conducted on Brazilian Santa Ines breed indicate that presence of a
mutation called FecGF (Embrapa) in GDF9 gene has a completely different phenotypic effect
than the mutations in the locus of this gene listed above, because ewes with identified two
copies of the gene are prolific [41].

2. Genes determining litter size in Olkuska sheep

2.1. Mutations in the BMP15 gene

Analysing reasons behind high fertility of the prolific Olkuska sheep breed, neither FecX'
mutation in BMIP15 gene nor FecB® mutation in gene BMPR-1B was identified [42]. However, a
number of new mutations were detected in the BMIP15 gene locus: A77A, L110L, P101, V135G
[27] and N237K and N337H, defined as FecX® (synonyms: N69H or A1009C or p.Asn69His)
(Table 3) [27, 43].

Substitution of N237K was identified outside the coding region of mature peptide in most
studied ewes, and no connection with their fertility was demonstrated. FecX® was located in
exon 2, in the coding sequence of mature protein (position 69 aa), right next to the sites of the
mutations FecX!, FecX", FecX" and FecX® found, respectively, at positions 39, 23, 53 and 99 aa
of mature protein.

Two alleles (A and C) and three genotypes (AA, AC and CC) were found for the A1009C
mutation identified in the sequence encoding BMP15 mature protein. The C allele (with

Variant Base change = Coding base (bp) Coding residue (bp) Amino acid change Reference
A77A >G 231 77 Ala>Ala [27]
P101A G>C 301 101 Pro>Ala [27]
L110L CT 330 110 Leu>leu [27]
V135G >G 404 135 Val>Gly [27]
FecX® A>C 1009 337 Asn>His [27]
N337H [43]
N237K A>T 711 237 Asn>Lys [43]

Table 3. Mutations identified in Olkuska sheep in the BMP15 gene.
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N337H mutation) had a frequency of 0.55 and ewes with one (AC) and two (CC) copies of the
gene constituted 56 (AC) and 27% (CC) of the animals, respectively [43].

2.1.1. Effects of N337H mutation on litter size of Olkuska sheep

Analysis of effects of mutation N337H on litter size of ewes showed a significant impact of
polymorphism on prolificacy, which in sheep of genotype FecX™ was 1.74 + 0.55 lamb/litter,
with 2.47 + 0.77 and 2.98 + 1.50 lamb/litter for FecX*® and FecX®° genotypes, respectively
[43]. Very similar results showed Demars et al. [27] for genotypes FecX™, FecX*© and FecX°°
namely, 1.84, 2.46 and 3.05, respectively.

Changes in litter size in subsequent lambings of Olkuska ewes show an increase in fecundity
correlated with increasing age of a mother. The maximum size of litter in FecX°° ewes was
noted in their third lambing, with ewes giving birth to an average of 3 lambs/litter. However,
for mothers with genotype FecX", litter size continued to increase up to their fourth lambing,
when the litter size reached 2.25 lambs [43]. Increase in the number of lambs in the first three
consecutive lambings, and then subsequent decrease in litter size has been demonstrated in
studies on other highly prolific sheep breeds. Liu et al. [44] showed that average litter size for
FecB®® homozygotes in small-tail Han sheep was 2.47 in the first lambing of an ewe, and 3.17
for older mothers. Increase in litter size as ewes were aging was also observed in Chinese Hu
breed. Carriers of FecB gene bore an average of 1.92 lamby/litter in their first lambing, compared
to 2.56 lamb in the third lambing [45]. The number of lambs in a litter was also positively
affected by the number of prior lambings, an ewe has undergone in hybrids Garole x Marpura;
heterozygous mothers gave birth into 1.51 +0.06, 1.55 + 0.07, 1.70 + 0.09 lamb/litter in their first,
second and third lambing, respectively [46].

2.1.2. Litter size in Olkuska sheep population

In all herds of sheep breeds with a segregating major gene, distribution of litter size similar
to the one determined in Olkuska sheep, that is, with high proportion of twin births and
large share of triplets and larger litters, was determined. Distribution analysis of litters of
Olkuska ewes showed that 29% of FecX®° mothers gave birth to four or more lambs in a litter,
including sextuplets and septuplets. In the most numerous group of FecX'© ewes, only 14% of
animals showed similar litter size, and among sheep of genotype FecX™ no litters of such size
were observed (Table 4).

In the case of FecX", the proportion of triplets was also only 11.2% [43]. A much smaller
share of quadruplet and lager litters was found in Javanese FecB®® ewes (16%) [8]. The most
common litter sizes in Garole FecB®" sheep were twins, single births and triplets; account-
ing for, respectively, 65, 21 and 5% of the total [47]. In turn, share of quadruplet and triplet
litters in FecB®® ewes of Javanese breed was, 34 and 20%, respectively, with an average lit-
ter size of 2.5 lamb/litter [48]. Interestingly, in the flock of Olkuska sheep, for mothers with
genotypes FecX°© and FecX*© singleton births were twice less frequent than for FecX™ ewes
(16 vs. 33%). Share of twin births decreased along with appearance of additional alleles with
the mutation; among FecX*'ewes they accounted for 55% of litters, and for genotype FecX°°
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Gene/genotype Litter size of ewes (lambs)

1 2 3 4 56,7

BMP15 gene-N337H (%)

FecX™ (AA) 37 51.8 11.2
FecX*© (AC) 15.6 40.8 29.8 8.3 52
FecX®° (CC) 18.6 239 28.3 9.7 194

GDF9 gene-V371M (%)

GG 20.8 40.6 26.8 6.6 52
GA 8.3 20 28.3 15 33.2
GDF9 gene-V332I (%)

GG 17.4 39 28.9 7 7.3
GA 25.7 37 21.9 9 6.7

Table 4. Percentage of litter types of ewes with N337H (BMP15 gene) and V371M, V332l (GDF9 gene) mutations.

only for 27%. In the population of Olkuska sheep with average annual lamb production of
218%, the distribution of litters of various sizes was: 21.7% of singletons, 41% of twins, 24.6%
of triplets and 12.7% of quadruplets and larger. Thus, the share of litters larger than triplet is
as high as 37.1%. In Garole sheep, characterized by slightly lower prolificacy (168-187%), the
proportion of mothers with twins, triplets and quadruplets was 65, 21 and 5%, respectively
[6]. Similar differences in distribution of litter size were observed in a herd of Chevoit-Thoka
sheep [49]. With an average litter size of 2.23 lamby/litter, the authors found similar share of
twin litters (56.5%) in this population, but noted a much smaller share of births with qua-
druplet and larger litters (3.1%). High frequency of twin births, reaching 47% of the studied
population, was demonstrated in Thoka-Chevoit sheep; this breed was also characterized by
a high share of singleton births (35%) [50]. A much smaller share of multiple births in com-
parison with data collected for Olkuska sheep was demonstrated in Aragonese breed with
120-150% fecundity: 66.4% of singleton litters, 28.4% of twin ones, but only 1.9% of triplets.
It should be noted that among more than 2000 ewes studied, only three gave birth to qua-
druplets and only one to quintuplets. For sheep lacking the FecX® mutation, only singleton
births were noted [26].

2.1.3. Effect of mutation N337H on litter size

In studies on effects of mutation N337H (FecX®) on litter size, it was shown that the effect
on ovulation levels in O+ and OO ewes was an increase of +2 and +3.3 CL [27]. Effect of
the O+ copy of the gene was measured at +0.73 lamb, with the effect of two copies of the
gene estimated at +1.07 lamb/litter. Analysing litter size over three first lambings of an
ewe, the effect on O+ ewes was +0.62 lamb/litter, and +1.07 lamb for the OO genotype
(Table 5) [43].
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Litter size of ewes Genotype BMP15 (N337H) Mutation effect [43]
AA CA CcC
Reproductive life span 1.74 247 2.98 O+:+0.73
00: +0.34
Lambings: I-III 1.74 2.36 2.81 O+:0.62
0O0: +0.45
I 1.76 2.36 2.51 O+: +0.60
00: +0.15

Table 5. Estimated mutation effect for number of lambs born to ewes.

Comparative analysis carried out on the basis of studies by many authors between litter size
for carriers of one copy of the gene versus wild sheep genotypes for populations with a major
segregating gene revealed that the data vary depending on breed, age and environment. In
the presence of one copy of the gene (FecB®), effect varies from +0.48 in Booroola x Dorset
hybrids in Australia [5] to +1.16 lamby/litter for offspring of Booroola x Romney and Booroola
x Perendale hybrids in New Zealand [51]. Ewes with two copies of the gene had litters larger
by +0.64 lamb for the Israeli Affec x Awassi hybrids, +1.61 for Chinese Merino meat strain [52,
53]. Garole x Malpura ewes of genotypes FecB®* and FecB®® gave birth to, on average, 1.73 and
2.17 lamb, respectively, while litter size of FecB* sheep was 1.03 lamb. Litter size for FecB®*
and FecB®® ewes compared to sheep of FecB™ genotype was higher by +0.70 and +1.14, respec-
tively. The effect of one copy of the gene was increasing in consecutive lambings, from +0.52
in the first lambing to +1.03 in the ewes’ third lambing [46, 54].

2.2. Mutations in the gene GDF9

Identification of variations in the gene sequence of GDF9 revealed presence of point muta-
tions G3, G5, G6 and G7—detected in 2004 in Belclare and Cambridge sheep by a team led by
Hanrahan et al. [21]—also in Olkuska sheep (Table 6).

Presence of FecG! (G8) mutation was excluded [43]. Thus, the Polish Olkuska breed can be
classified as one of the few breeds in the world, where presence of polymorphisms has been
confirmed both in the gene BMP15 and the autosomal gene. Next to the N337H mutation in
BMP15 gene, missense mutations V371M (G7) and V332l (G6) have been identified in the
region encoding mature protein GDF9. It should be noted that in Olkuska sheep, the allele
with mutation V371M occurs with very low frequency of 0.06, but GA heterozygotes demon-
strate high annual lamb production of 346%, with the same for GG ewes at 236% (Table 7) [43].

Analysis of litter size distribution in sheep with GG and GA genotypes in the locus V371M
(G7) revealed that the most frequently occurring litter size in GG ewes was twins (40.6%),
followed by singletons (20.8%). Litters of quadruplets and larger accounted for 11.8% of all
births. Among mothers with identified one allele with the GA mutation, the share of twin
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Mutation Base change = Coding base (bp)  Codingresidue = Amino acid change (aa) Reference
(bp)

G3 G—-A 477 159 Leu>Leu [43]

G5 A-G 978 326 Gly>Gly [43]

G6 G-A 994 332 Val>Ile [43]

G7 G-A 1111 371 Val>Met [43]

Table 6. Mutations identified in Olkuska sheep in the GDF9 gene.

Variant Allele Genotype

G A GG AG
V371M 0.94 0.06 0.89 0.11
V3321 0.83 0.17 0.69 0.29

Table 7. Allele and genotype frequencies in the population of Olkuska sheep, (mutations V371M, V332I) in GDF-9 gene.

litters was twice smaller (20%), while litters with four and more lambs accounted for almost
50%. The share of single births was only 8.3% [43].

Also mutation V332I (G6) was found to be present in Olkuska sheep; with two alleles (G and
A) and three genotypes (GG, AG and AA) found (Table 7).

The G allele appeared with a very high frequency of 0.84, and ewes of genotype GG accounted
for 70% of all animals. Mothers with the GG genotype did not differ in average litter size from
GA sheep, both over total duration of their productive life (2.24 + 0.87 vs. 2.13 + 0.91 lamb),
and in the first three lambings (2.39 + 0.90 vs. 2.30 + 0.87) [43].

2.2.1. Effect of mutation V371M (G7) on litter size

Ewes with one allele with V371M substitution showed an increase in litter size of +0.55 lamb,
while those with the V332I mutation showed a decrease of 0.18 lamb/litter [43]. Thus, only
in the presence of the A allele, the mutation V371M resulted in an increase in litter size.
Mutations described earlier by Hanrahan et al. [21], namely: G3, G4, G5 and G6 were also
detected in the case of Olkuska breed. However, impact of these mutations on prolificacy of
ewes has not been studied.

In ewes of the Brazilian breed Santa Ines, a mutation that does not cause infertility has been
identified in gene GDF9. Melo et al. [55] and Silva et al. [41] identified substitution F345C (FecGF)
to a significant degree determining fecundity of sheep. Alleles FecG* and FecGFof frequencies
0.48 and 0.52, and genotypes FecG", FecG'F and FecG with frequencies 0.17, 0.61 and 0.22,
respectively, have been identified. Association between the genotype and level of ovulation
and litter size has been confirmed. FecG* ewes bore an average of 1.78 lambs/litter, FecG'®
sheep 1.44 and FecG"* mothers 1.13 lambs/litter. Level of ovulation in FecGFE ewes (2.22 +0.12)
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was 82% higher than that observed for the FecG™ genotype. No statistically significant dif-
ference was identified between FecG'™ heterozygotes and FecG™ ewes (1.34 + 0.08 vs. 1.22 +
0.11). As concerns litter size distribution, share of twin litters for ewes with the identified three
genotypes was 44 and 12% for FecGF® and FecG* ewes, respectively, while no twin litters
were noted for FecG™ sheep [41].

Presence of the mutation G1 was also confirmed in Iranian Moghani and Ghezel breeds.
Presence of three possible genotypes was identified, and all the ewes were fertile. Infertility
was found in only one sheep, carrying also an additional copy of the gene FecX® in gene
BMP15. Ewes with heterozygous genotype were more prolific compared to those with wild
sheep genotype. Share of twin litters was small (6.3%) also among animals with the wild
sheep genotype, while among heterozygotes twin births amounted to as much as 53.8%. Four
homozygotic mothers with two copies of the gene G1 were fertile, but gave birth to single-
tons [56]. Mutation G1 was als identified in Indian Garole sheep, and frequency of the wild
allele and of that carrying G1 mutation was, G-0.82 and A-0.18, respectively, with respective
genotype frequency of 0.64 for GG and 0.36 for AG ewes [57]. Also in this case, presence of
genotype with two copies of the AA gene was not detected. Mutation in the gene GDF9 was
accompanied by the presence of FecB gene. In Chinese breeds, similar to the case of Olkuska
sheep, several mutations in several different genes have been identified. In addition to gene
FecB, also presence of mutations G2 (C471T) [58], and G3 (G477A) was revealed. Entirely new
mutations G729T (Q243H) and T692C [59] were identified. The authors, however, found no
impact of G3 on the number of lambs bore by ewes. While identifying mutation G729T out-
side the region coding mature protein, the researchers have found the allele T (0.091) as well
as genotypes GG and GT (respective frequency of 0.817 and 0.183). In GT ewes, estimated lit-
ter size was 2.88 + 0.19, while for GG sheep, it was only 2.11 + 0.11. Effect on litter size was also
recorded for the T692C mutation, where litters of CC mothers were larger by 0.63 lamb than
litters of CG ewes [59]. In Hu sheep, A154G mutation at position 51 of the amino acid located
outside the region coding mature protein GDF9 (Asn51Asp) was identified [60].

3. Effect of N337H and V371M (G7) mutations on litter size

Determining effect of simultaneous presence of N337H (A1009C) and V371M (G7) mutations
on fertility of Olkuska breed ewes showed that the largest number of lambs was born to
FecX®® mothers that were carriers of V371M mutation (3.32 + 0.26 lamb/litter) (Table 8).

Effect of presence of both the allele N337H and V371M in ewes was similar to how presence of
two copies of gene N337H affected the sheep, and amounted to +0.92 lambs/litter [43].

Studies conducted so far on interaction and potential interdependencies between different
mutations within the loci of genes encoding transforming growth factors TGF- have shown
that presence of one copy of the gene with a mutation in the locus of BMP15 led to an increase
in litter size; the result was sterilization in the case of homozygous genotype with two copies
of the gene. This issue has thus far been researched only within a very narrow range. Presence
of several alleles of various genes in the same animal was demonstrated by Hanrahan et al.
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Trait Combined genotype in BMP15 and GDF9 loci

AABMP—lS/GGGDF-9 CABMP-IS/GGGDF-9 CABMP-lS/GAGDF-9 CCBMP-IS/GGGDF-9 CCBMP-IS/GAGDF-‘?

Litter size of 1.64+0.11 2.26+0.08 2.56 +0.19 2.64+0.08 3.32+0.26
ewes (LSM t SE)

(reproductive life

span)

Table 8. Estimated effect of N337H mutation in the BMP15 gene and V37IM mutation in the GDF9 gene on number of
lambs born to Olkuska ewes (combined genotype) [43].

[21] and Davis et al. [42], sheep carrying a copy of both FecX® and FecX®r FecX" and FecX'
were infertile. Sheep carrying one copy of any of the above mutations on chromosome X
and the mutation FecB (BMPR-1B) had fully functional ovaries and ovulation levels higher
than observed when these factors were occurring independently. The effect of simultaneous
presence of one copy of FecX in BMP15 and one copy of FecG" (GDF9) was varied. Most
observations showed that the effect of these two genes was additive, but in some cases the
demonstrated impact of GDF9 was weakened when the FecX mutation was present along-
side it. Estimated effect on level of ovulation due to the presence of FecX® in Belclare and
Cambridge sheep amounted to 0.77 and 1.18 CL, respectively, while presence of FecX® in
Belclare sheep resulted in 2.38 CL. The effect of carrying one copy of FecG" in Belclare and
Cambridge ewes was much higher, and amounted to 1.79 and 2.35 CL, respectively. Generally,
it can be assumed that the average stimulating effect on level of ovulation in case of mutations
FecXS, FecX® and FecGMwas 0.70, 0.97 and 1.39 CL, respectively. Simultaneous appearance of
different copies of a gene with a mutation in one animal resulted in a much greater increase
in the observed number of corpora lutea in the ovaries. In sheep with genotypes FecG"/FecX®
and FecGH/FecX®, the number of ovulatory follicles was 5.8 and 6.09, respectively, while for
carriers of only one copy of the gene FecX® it was estimated at 2.69 CL, with 3.26 CL for FecX®
ewes, and 2.67 CL for FecG" genotype [21]. Presence of FecX' and FecB genes in ewes resulted
in high level of ovulation (4.4 CL), suggesting multiplicative effect of these mutations result-
ing from interactions between the genes BMP15 and BMPR-1B [20].

4. Effect of N337H, G6 and G7 mutations on body weight

Mutations N337H, G6 and G7 detected in Olkuska sheep have no effect on body weight at
2, 28 and 56 days after birth [43]. These results are consistent with observations conducted
for sheep breeds with the major gene FecB, such as hybrids Rambouillet x Booroola [61].
No effect of FecB on body weight at birth and weaning was identified for this population.
Also, Kleemann et al. [62] and Abella et al. [63] found no impact of FecB on body weight
and daily gains in the initial period of a lamb’s life. Visscher et al. [64] identified the weak
effect of the gene FecB on initial and final body weight of lambs from 7 to 12 weeks of age
in Booroola x Texel hybrids. In contrast to these observations, in nine breeds of Chinese
sheep with FecB gene, its significant impact on litter size, body weight and body size has
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been identified. On day 90 after birth, the body weight of lambs with genotypes FecB®®
and FecB® was higher than those of lambs with the genotype FecB*". However, these dif-
ferences were age dependent and have not been detected with respect to weight measured
at 2 and 120 days of age [45]. Gootwine et al. [65] have demonstrated lower body weight
in lambs that were carriers of FecB?* gene compared to FecB™ lambs that did not carry the
mutation. Body weight at birth for lambs with various genotypes, but from the same birth
type differed significantly; FecB® lambs compared to FecB™ and FecB®* ones had lower
body weight. Comparing weight of Assaf breed sheep with different genotypes, lower body
weight was identified in the case of lambs with two copies of the gene FecB [66]. Studies
on Garole-Malpura sheep aimed at assessing the impact of FecB genotype on body weight
have shown that this gene significantly affects body weight at birth and at 12 months of age,
as well as weight gains up to 3 months of life of a lamb. There was no effect on body weight
at 3 and 9 months of age [46].

5. G617A polymorphism in inhibin-a gene (INHA)

Proteins encoded by the genes GDF9 and BMP15, necessary for an oocyte to gain cytoplas-
mic maturity, are a group of more than 35 proteins in the transforming growth factor 3
family. Inhibin A and B is one of these proteins. A missense-type substitution 617G > A—not
causing amino acid substitution of proline—was identified in Olkuska sheep in exon 2 of the
inhibin-a gene (INHA) [43]. The highest frequency was found for allele G (0.86) and geno-
type GG (0.71), and no ewes with genotype AA were identified. No effects of the mutation
on litter size were determined; while the difference between mothers of GG and AG geno-
types did indeed amount to +0.3 lamby/litter, it was not statistically significant. The impact
of the mutation was dependent on the age of the animals, and for an ewe’s first litter was
only +0.1 lamb. This result confirms conclusions from other studies, which demonstrated
the association among INHA, INHBA and INHBB and litter size of sheep [67]. Influence
of variation in the inhibin gene on litter size of Merino and Friesian sheep at the level of,
respectively, +0.04 and +0.09 lamb had been demonstrated previously [68]. The effect of
Taql/INHA polymorphism on the number of offspring has also been confirmed for Merino,
East-Friesian and Romanowska breeds [69]. After comparing frequency of allele A in sheep
with varying prolificacy, the above authors found that with increasing fertility, an increase
in the frequency of allele A could be observed as well. Ovis ammon and Ovis vignei presented
only allele B, while high frequency of allele A (0.65) has been determined in romanowska
sheep. Studies in fecund small-tail Han and Hu breeds, as well as in low fecundity breeds
Dorset, Texel and German Mountain Merino showed presence of polymorphism in the locus
of inhibin 3B A276G, in the untranslated region 3'-UTR, only in Hu sheep. Presence of geno-
types AA, AB and BB with respective frequencies of 0.636, 0.046 and 0.318, as well as alleles
A (0.659) and B (0.341), has been identified. Evaluation of genotype influence on litter size
of Hu ewes showed that sheep with genotype BB gave birth to +0.58 lambs more than sheep
with AA genotype [59].
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6. Conclusions

To summarize, Olkuska sheep are among the few breeds with significant polymorphisms
in genes coding proteins of the TDF-beta family. Fecundity of this breed is determined not
only by the presence of major gene FecXO (N337H,1009 > C) in BMP15 locus, but also by the
presence of a missense mutation V371M (1111G>A) in the gene locus of GDF9. Considerable
polymorphism in GDF9 locus —where three other, low-frequency mutations G3, G5 and G6
can be found —is particularly noteworthy. Ewes of Olkuska breed are highly prolific, both in
the case of carriers as well as FecX®° animals, in contrast to sterilization observed in the major-
ity of known homozygotes with mutations in the BMP15 gene. Research in genes determining
prolificacy is an important factor for increasing fecundity of ewes and thus profitability of
sheep production as well.
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