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Preface

Single nucleotide polymorphisms (SNPs) are a prevalent form of genetic variation 
that contributes to the diversity among individuals. Initially, SNPs were utilized as 
biological markers to locate genes associated with diseases. Later, the identification 
and characterization of single nucleotide variations within the genome provided 
valuable insights into the genetic factors underlying human traits, diseases, and drug 
responses. Early methods, such as Sanger sequencing and restriction fragment length 
polymorphism (RFLP) analysis, though informative, had limitations in analyzing 
large-scale SNP datasets. However, with recent advancements in high-throughput 
genotyping technologies like microarrays and next-generation sequencing, SNP 
analysis has undergone a paradigm shift. These advanced platforms enable the 
simultaneous analysis of hundreds of thousands or even millions of SNPs across 
the nuclear and mitochondrial genomes and through the nucleic acids epigenome 
biomarkers, offering a comprehensive and cost-effective view of genetic variations. 
Technological advances have empowered scientists and clinicians to take a closer 
look at the molecular mechanisms underlying human health and diseases. This field 
has recently emerged as a feat advance in precision medicine because of its clinical 
relevance in diagnostic, prognostic, and predictive values. Furthermore, innovative 
algorithms and computational methods have emerged to effectively analyze and 
interpret the vast number of SNPs in large-scale SNP databases generated by high-
throughput technologies through genome-wide association studies, a powerful 
tool for identifying statistically significant associations between specific SNPs and 
phenotypic outcomes of complex traits and diseases. Recently, these studies have 
paved the way for the exploration of the intricate interactions between genetic and 
epigenetic variations that govern gene expression regulation, leading to the gain of 
profound insights into the molecular mechanisms underlying the interplay between 
human health and the environment. In the realm of translational medicine, SNP 
analysis plays a crucial role in developing strategies for disease testing, prevention 
and treatment, investigating human evolution, predicting human traits, diseases, 
and responses to medications, and applying this knowledge to drug revelation and 
improvement and to personalized medicine for more accurate and efficient healthcare 
delivery. Spanning diverse applications from forensic analysis to pharmacogenomics 
and gene therapy, SNP analysis has become an indispensable tool for comprehending 
and enhancing human health.

Nouha Bouayed Abdelmoula and Balkiss Abdelmoula
Genomics of Signalopathies at the Service of Precision Medicine,

Medical University of Sfax,
Sfax, Tunisia
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Chapter 1

Genetics of Multiple Alleles: 
Concept and Function
Prashant Vasisth, Omkar M. Limbalkar and Mohit Sharma

Abstract

Mendelian genetics revealed only two alternative forms of a gene called alleles. 
The concept has evolved with the identification of more than two alternative forms 
of a gene, commonly referred to as multiple alleles. There are several traits that 
are governed by multiple alleles, such as ABO blood group system in humans, coat 
color in rabbits, and self-incompatibility in crop plants. The test of allelism is a very 
common practice to establish the relationship between alleles of the same or dif-
ferent genes. The inter-mating among different mutants helps to confirm whether 
mutations are allelic or non-allelic. The structural allelism determines whether two 
mutations are present at the same or different site in DNA and functional allelism 
determines whether two mutations are present in the same gene or in different 
genes. The concept of multiple alleles should not be confused with pseudoalleles 
and with pseudogenes. Pseudoalleles are two genetically linked genes with similar 
effects located close to each other on the chromosome, on the other hand, pseudo-
genes are nonfunctional copies of the functional genes. To understand the allelic 
relationships among and between genes is always a subject of interest. Therefore, 
in this chapter, the concept, function, and importance of multiple alleles are 
discussed.

Keywords: multiple alleles, mutation, pseudoalleles, pseudogene, allelism

1. Introduction

The extensive research of Gregor Johann Mendel on pea led to the discovery of 
the law of segregation and law of independent assortment, the two important prin-
ciples of genetics. He studied seven traits with two contrasting phenotypes (wild 
and mutant) and indicated the presence of only two alleles for each gene [1]. Allele 
is referred to as an alternative form of a gene and locus is the location of allele in the 
genome or on chromosome in an organism. The concept of two alleles for each gene 
has changed with the discovery of more than two alleles for a gene as there is no 
restriction on number of alleles in a population. The presence of more than two alleles 
in a group of individuals is designated as multiple alleles (also referred to as allelic 
series). The concept of multiple alleles holds true for a population and it should not be 
misinterpreted at the individual level. A particular diploid organism can have at most 
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two alleles from different alleles of the same gene on each homologous chromosome. 
However, many alternative forms of a gene can exist between different members of 
species. Multiple alleles have a similar inheritance pattern as that of two alleles but 
multiple alleles may have a large number of genotypes and phenotypes. The general 
formula to calculate the possible number of genotypes is n(n + 1)/2, where n stands 
for number of alleles involved. The possible number of homozygotes and heterozy-
gotes are n and n(n-1)/2, respectively (Table 1).

Let us have a hypothetical example to understand the concept of multiple alleles 
at the molecular level. With understanding that an organism has a pair of homolo-
gous chromosomes each from male and female parent, and genes are present on 
the chromosomes and their positions on the chromosomes are referred to as locus/
loci. Gene, on the other hand, is a sequence of nucleotides performing specific 
functions. The mutation causes a change in DNA sequence of a gene, leading to the 
emergence of an alternative form of a gene (allele/mutant). Multiple alleles, are 
thus, changed DNA sequences of a gene, arises due to mutation at a locus. In the 
following example, wild-type allele A has mutated to form three different alleles, 
that is, a1, a2, and a3 (Figure 1).

Figure 1. 
Concept of gene, allele, and locus.

Total number of 
alleles

Number of 
genotypes

Number of 
homozygotes

Number of heterozygotes

1 1 1 0

2 3 2 1

3 6 3 3

n n(n + 1)/2 n n(n-1)/2

Table 1. 
Possible number of genotypes of multiple alleles.
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2. Symbols for mutant alleles

William Bateson designated dominant and recessive alleles of a particular gene with 
a single letter. He assigned the symbol T as the dominant allele for the tall pea plant and 
t as a recessive allele for the dwarf pea plant. Later, it became common to use gene sym-
bols based on the mutant alleles/abnormal alleles. Afterward, two or more letters were 
used to represent different genes because a number of genes identified were greater 
than the number of English alphabet. To date, only two alleles of a gene were symbol-
ized using uppercase and lowercase letters. Since a gene can have multiple alleles and 
symbolizing these multiple alleles has become more complicated. Therefore, a combina-
tion of gene symbols and superscripts were used together to symbolize multiple alleles, 
for example, alleles of a white locus in Drosophila. At this locus, pure white eye color is 
designated as w and other alleles as a superscript on w. Yellowish orange eye color was 
designated by wa and wbf was used for light buff eye color. Hyphenated symbols were 
also used to identify mutant allele for shrunken maize kernel represented as sh2-6801. 
Further need was felt to assign specific symbols for differentiation of wild type from 
mutant-type allele. Few researchers used + sign as a superscript to the allele symbol 
or + sign alone for designating wild-type allele. Replacement of the first lowercase letter 
of the symbol of mutant-type allele with an uppercase letter to differentiate both. For 
example, Sh2 was used for defining wild-type allele and sh2 for mutant-type allele.

3. Important examples of multiple alleles

There are several examples of multiple alleles, such as blood group in human, coat 
color in rabbit, and self-incompatibility in plant, which helps in understanding this 
concept with ease.

3.1 ABO blood group system

Study on human blood type led to the discovery of ABO blood group system by 
Karl Landsteiner in the early 1900s [2]. He awarded with Nobel Prize in Physiology 
or medicine for the discovery of the human blood group in 1930. Serological studies 
were used to identify the A, B, and O antigens in which blood samples were tested 
with the different types of sera. Out of different sera, one serum specifically detects 
A antigen, and another serum detects B antigen. The presence of only “A” antigen is 
responsible for “A” blood group, “B” antigen is responsible for B blood type, AB blood 
type contains both A and B antigen and O blood type neither have A nor B antigen. A 
single gene with multiple alleles IA, IB, and i is responsible for the ABO blood group 
system where the symbol “I” stands for the isoagglutinogen or antigen. IA allele is 
responsible for the synthesis of “A” antigen, IB allele for B antigen, and i for the syn-
thesis of O/H antigen [3]. Possible numbers of genotypes from three alleles are IAIA, 
IAi, IBIB, IBi, IAIB, and ii. These genotypes result into four distinguishable phenotypes 
as both IAIA, IAi are responsible for A type of blood group, IBIB, IBi will represent B 
type blood group, IAIB will represent AB type blood group and ii will responsible for O 
type of blood group. These phenotypes indicate the dominance relationships between 
three alleles. IA and IB alleles are dominant to i allele when either of them are present 
with i allele. When IA and IB alleles are present together, they alleles express equally 
and, thus, express codominance.
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Biosynthesis of ABO blood group system required H substance precursor made up 
of galactose (Gal), N-acetylglucosamine (AcGluNH) [4]. ABO genes encode differ-
ent types of glycotransferase enzymes. The function of glycotransferase enzymes is 
to add sugar groups to the preexisting polysaccharides. These polysaccharides with 
added sugar combined with lipids to form glycolipids and the association of red blood 
cells with glycolipids led to the formation of blood group antigens.

3.1.1 Synthesis of H/O antigen

Almost all individuals having glycolipids are called as H antigen. It is made up of 
chemically linked galactose (Gal), N-acetylglucosamine (AcGluNH), and Fucose. 
Addition of Fucose to the precursor was done by α 1,2 fucosyltranferase (H trans-
ferase) enzyme led to the formation of H antigen [5]. As it is commonly found in 
all individuals, one, two, or more different types of sugar groups can be added to it 
for the synthesis of other antigens. As i allele is recessive to both IA and IB allele, it is 
incapable of producing functional O transferse enzyme. Inactive enzyme cannot add 
any terminal sugar to the H antigen, therefore, only H antigen is present in O type of 
blood group (Figure 2).

3.1.2 Synthesis of “A” antigen

IA allele is responsible for the synthesis of “A” antigen. IA allele encodes acetylgalac-
tosaminyltransferase (A transferase) enzyme, which is involved in the conversion of 
H antigen to “A” antigen. A transferase enzyme addition of N galactosamine to the H 
antigen with the help of A transferase enzyme led to the synthesis of “A” antigen.

Figure 2. 
Flow chart represents the biosynthesis of A, B, and O antigens [6].
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3.1.3 Synthesis of “B” antigen

IB allele encodes α 1,3 galactosyltransferase (B transferase) enzyme which is differ-
ent from the enzyme produced by the IA allele. B transferase enzyme is incapable of 
adding N galactosamine to the H antigen instead, it adds galactose to the H antigen.

Due to the difference in the DNA sequence of IA and IB alleles, they encode func-
tionally different but highly related glycosyltransferase enzymes. The formation of 
AB blood group type is possible only when IA and IB alleles are present in a heterozy-
gote state. As both alleles act co-dominantly, both enzymes are produced and a person 
with AB blood group type will be having both A and B antigens [7]. Some of the H 
antigens will be converted to the A antigens by the activity of A transferase and some 
of the H antigens will be converted to B antigens by the activity of B transferase.

The inheritance of a blood group is used to solve cases of disputed maternity or 
paternity. For example, parents with O blood type cannot have a child with AB blood 
type (alone these data are insufficient for legal purposes). Based on blood group 
inheritance, we cannot prove that an individual is a parent instead, we can only 
determine that an individual is not a parent of a particular child. Antigen-antibody 
relationship in the ABO blood group system is an important aspect in determining the 
protocol for blood transfusion [8].

Person with blood group A having genotypes as IAIA or IAi, produces only antigen 
A. Thus, people with blood type A possess antibodies against B antigen (Anti-B) as 
B antigen is a foreign molecule for them. If blood transfusion from a person with 
B blood type to one with A blood type, there will be agglutination (clump) of red 
blood cell due to the antigen-antibody interaction. Clumped cells are not able to move 
through the fine capillaries, leading to the failure of an organ or even death. An indi-
vidual with blood group B having genotypes IBIB or IBi, produces only antigen B and 
antibodies against A. Individuals with AB blood type having genotype IAIB, produce 
both A and B antigens. These individuals neither have antibodies against A or B. In 
the case of O blood type having genotype ii, devoid of both antigens A and B. The 
blood serum of individuals with O blood type contains antibodies against antigens A 
and B (Table 2).

Individuals with A blood type can donate blood to people with blood type A or 
AB as they do not have antibodies against “A” antigen. The person with B blood type 
can donate blood to the ones with blood type B or AB as they do not have antibodies 
against B. Person with AB blood type can only donate blood to the ones with only 
blood type of AB because of the presence of both A and B antigen [9]. However, they 
can accept blood from any of the other blood types as they do not have antibodies 
against A and B antigens. Therefore, individuals with AB blood type are referred to 
as universal recipients. Individuals with O blood type can donate blood to a person 
with any of the other blood types because they are devoid of A and B antigens in their 
blood serum. But they can receive blood only from the people with O blood type only 
as both antigen A and B acts as foreign molecule in the blood serum of O blood type. 
Therefore, individuals with O blood type are regarded as universal donors (Table 2).

3.2 Bombay blood type

The H antigen is an important precursor for the ABO blood group system. It is 
produced by the activity of the α 1,2 fucosyltransferase (H transferase) enzyme, 
which is encoded by the dominant H gene. The H gene is distinct from the ABO 
blood group gene [10]. In rare cases, individuals may inherit two copies of a rare 
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mutation in the dominant H gene, resulting in the inability to produce the H trans-
ferase enzyme, which leads to the absence of H antigen [11]. This is known as the 
Bombay phenotype or the h/h genotype. Individuals with the Bombay phenotype 
cannot produce A or B antigens, regardless of the presence of IA and IB alleles [12]. 
The absence of H antigen means that IA and IB alleles cannot recognize H substance, 
leading to the lack of A and B antigen synthesis. Individuals with the Bombay 
phenotype are similar to the O blood group type, but they are different in that they 
produce anti-O antibodies, whereas individuals with O blood type do not [13]. 
This information is useful in solving cases of disputed maternity or paternity, as it 
provides insight into the likelihood of biological relationships between individuals 
based on their blood group inheritance [14] (Figure 3).

3.3 Coat color in rabbits

Coat color in rabbits is governed by color determining gene (c) is another example 
of multiple alleles. Four alleles designated as c+ for wild-type allele, cch for chinchilla-
type allele, ch for Himalayan-type allele, and c for albino-type allele determine the coat 
color [15]. These alleles developed by the mutation in the wild-type allele in the course 
of evolution [16]. The effect of allele can be seen when they are present in homozygous 
conditions. The majority of the rabbits are homozygous for the c+, referred to as wild-
type allele, in the wild population. Dominance relationships among multiple alleles of 
color determining genes in rabbits can be studied by making different heterozygous 
combination at this locus. Wild-type allele is completely dominant to the all-other 
alleles. Chinchilla allele is partially dominant in the Himalayan and albino alleles. The 
Himalayan allele is completely dominant in the albino allele.

Figure 3. 
Pedigree showing Bombay blood type [14].

Blood group 
phenotype

Genotype/alleles Antigen 
present

Antibody 
produced

Special properties

A IAIA, IAi A antigen B antibody

B IBIB, IBi B antigen A antibody

AB IAIB A and B antigen No antibodies Universal recipient

O ii — Both A and B 
antibody

Universal donor

Table 2. 
ABO blood type system.
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3.4 Self-incompatibility in plant

The self-incompatibility in the plant has been reported to be governed by multiple 
alleles [17]. Self-sterility or self-incompatibility is referred to as pollen of the plant 
unable to germinate on its own stigma and no fertilization in ovules takes place [18]. 
East and Mangelsdorf [19] observed multiple alleles are responsible for self-incom-
patibility in Nicotiana. The genes for self-incompatibility have been designated as S 
with allelic series S1, S2, S3, S4, and S5.

The pollen produced on a plant unable to fertilize the ovule of the same plant and 
cross combination is completely self-sterile, such as S1S2 xS1S2, S2S3x S2S3, and S3S4 x 
S3S4 (Table 3). In the cross combinations, such as S1S2xS2S3, S2S3xS1S2, S2S3 xS3S4, and 
S3S4xS2S3, one of the alleles is common in both the parents and, therefore, one pollen 
is ineffective while other produce zygote. Similarly, in the cross S1S2xS3S4, S3S4xS1S2 all 
the pollens are effective and four kinds of progenies viz., S1S3, S1S4, S2S3, and S2S4 will 
be produced (Table 3).

4. Test of allelism

The alternate form of a gene is called as allele/mutant allele. The change in the base 
pair of the DNA sequence of a gene lead to the development of mutant allele. Mutant 
allele may or may not have predictable phenotype always. If a trait is governed by 
several genes and mutation occurs in one of the genes governing the trait, there will 
be a reduction or abolishment of phenotype. Prediction of a gene that has mutated 
on the basis of phenotype remains a challenge. Therefore, a test has to be conducted 
to predict which gene has mutated, provided mutation is recessive in nature. For 
this, an unknown recessive mutation is crossed with other recessive mutations of 
known genes. If we get wild-type phenotype as a product of crossing over, it means 
two mutations used in crossing were non-allelic in nature and if we get mutant type, 
then two mutations used in crossing were allele of the same gene [20]. It explains the 
principle that mutation for the same gene affects the same genetic function (Table 4).

Let us have an example of eye color mutants of fruit fly, Drosophila melanogaster, 
to understand the test of allelism by using three recessive eye color mutations. These 
mutations are scarlet, cinnabar, and cinnabar-2 and we cannot differentiate these 
mutations on the basis of phenotype because all three mutations resulted into a bright 
red eye color phenotype, whereas, the wild type produces dark red eye color [21]. The 
test of allelism need to be performed for confirming whether mutations are alleles of 
single color determining gene or a different one. For this cross between these reces-
sive homozygous strains of mutations can be made and a hybrid phenotype can be 

Female parent (Stigma) Male parent (Pollen)

S1S2 S2S3 S3S4

S1S2 Self-sterile S2S3, S3S1 S3S1, S3S2, S4S1, S4S2

S2S3 S1S2, S1S3 Self-sterile S4S2, S4S3

S3S4 S1S3, S1S4, S2S3, S2S4 S2S3, S2S4 Self-sterile

Table 3. 
Different cross combinations of self-incompatibility in plant.
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analyzed. If phenotype of the hybrid is wild type, then mutations used in the crosses 
are non-allelic. On the other hand, if the hybrid exhibit a mutant phenotype, then 
the mutation used in crosses will be allelic in nature. The phenotype of the hybrid 
between scarlet and cinnabar mutants was wild type, which indicates that these 
two mutations are in the different genes and are non-allelic. The hybrid phenotype 
obtained from the cross between cinnabar and cinnabar-2 was found to be a mutant 
type, which means these two mutations are allelic (Table 5).

5. Structural and functional basis of allelism

Generally, the allelic relationship between different alleles can be established 
on two major aspects, such as structure and function, and it is named as structural 
allelism and functional allelism, respectively [22]. In the case of structural allelism, 
the occurrence of two or more mutations (governing the same trait) on the same site 
of the nucleotide sequence in DNA and is based on a recombination test whether two 
mutations can recombine or not at the DNA level. If the two mutations can recombine 
with each other through crossing over and producing wild-type allele, then they are 
structurally non-allelic, whereas, if two mutations do not recombine and are unable to 
produce wild-type DNA sequence, they are known to be structurally allelic in nature. 
Mutations on different sites can undergo the process of recombination, referred to 
as structurally non-allelic and mutations on the same site in DNA cannot recombine, 
referred to as structurally allelic (Figure 4). Functional allelism determines whether 
two mutations, governing the same trait, are present in the same gene or in the two 
different genes [23]. It is done by a complementation test (complementation at product 
level). If two individuals have mutations in the same gene, they are referred to as func-
tionally allelic and wild-type phenotype will not develop after intermating of these 
mutants while if two individuals have mutations in two different genes, then wild-type 
phenotype will be produced through complementation [24], are referred as function-
ally non-allelic (Table 6, Figure 4). Therefore, if two mutations are structurally and 

Crosses Phenotype of hybrid Remarks

scarlet × cinnabar Wild type (dark eye color) scarlet and cinnabar are non-allelic

cinnabar × cinnabar-2 Mutant type (bright eye color) cinnabar and cinnabar-2 are allelic

scarlet × cinnabar-2 Wild type (dark eye color) scarlet and cinnabar-2 are 
non-allelic

Table 5. 
A test of allelism involving recessive eye color mutations in Drosophila.

Unknown recessive 
mutation

Known tester 
recessive mutation

Phenotype of hybrid 
(F1)

Remarks

aa bb wild a and b are non-allelic

cc mutant a and c are allelic

dd wild a and d are non-allelic

Table 4. 
General scheme for the test of allelism.
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functionally allelic, they are called as homoalleles and if two mutations are function-
ally allelic but structurally non-allelic are referred to as heteroalleles.

6. Pseudoalleles vs. multiple alleles

Pseudoalleles are defined as two genetically linked genes with similar effects 
located close to each other on the chromosome [25, 26]. As two genes (pseudoalleles) 

Figure 4. 
Allelic relationship of different mutations.

Trait Structural allelism Functional allelism

Function It determines location of two 
mutation in DNA sequences, 
help to understand whether two 
mutations can recombine to 
produce wild types

It determines whether two mutations 
present in the same gene or in 
two different genes and help to 
understand their complementation

Detection Based on the recombination test Based on the complementation test

Occurs at DNA level Product level

Breakage of chromosome Yes No

Table 6. 
Distinguishing features of structural and functional allelism.
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are genetically linked, genes always tend to inherit together and may appear to act as 
a single gene [27]. Pseudoalleles should not be confused with pseudogenes, which are 
nonfunctional copies of functional genes, and arises directly through duplication or 
indirectly by reverse transcription of mRNA transcripts, while pseudoalleles are linked 
loci. The pseudoalleles differed from multiple alleles that former is linked loci situated 
close to each other while later is alternative form of single gene [28]. To distinguish 
pseudoalleles from multiple alleles, few shreds of evidence were shown in past such as 
(1) many crosses have been made between the mutants available at that time to resolve 
allelic series by crossing over resulted into failure (2) heterozygotes for the two differ-
ent mutant genes have phenotypes intermediate of two respective homozygotes, but 
expected phenotype was non-allelic/wild type. Some cases have been reported where 
test for allelism comes positive for non-allelic genes due to the position effect. This 
phenomenon has been considered as positional pseudoallelism, as two genes occupy 
separate loci along with the position effect [29]. In positional pseudoallelism, the 
coupling phase heterozygote gives a wild type or nearly wild type (++/ab) phenotype 
and the repulsion phase (+a/b+) heterozygote gives mutant phenotypes.

Red eye color mutants of Drosophila such as white eye (w) and apricot (apr) eye 
color mutants with chromosome order as apr-w is an example of pseudoalleles/posi-
tional pseudoallelism [25]. Lewis [30] studied 21 crossovers between apr and w and 
found 0.03% of crossover between them with a map distance of 0.005 to 0.02 units. 
Due to the position effects, apr+/+w female gives mutant phenotype and ++/aprw 
female gives wild-type phenotypes.

Pseudoalleles originated from the process of gene duplication. Two copies of the 
gene have been created by gene duplication, which remains closely associated on  
the chromosome but progressively diverges in structure and function [25]. Some of 
the distinguishing features of multiple alleles, pseudoallele, and pseudogene have 
been given in Table 7.

Trait Pseudoallele Pseudogene Multiple allele

Definition Pseudoalleles are defined 
as two genetically linked 
genes with similar 
effects located close 
to each other on the 
chromosome

Pseudogenes are 
non-functional copies of 
functional genes

The presence of more 
than two alleles in a 
group of individuals, 
designated as multiple 
alleles

Origin By gene duplication Duplication or indirectly 
by reverse transcription 
of mRNA

By mutation

Crossing over Possible Possible Not possible

Final product Functional Non-functional Functional

Locus involved More than one locus More than one locus Only one locus

Trait affected Same trait Same trait Same trait

Example Red eye colour of 
Drosophila has different 
mutants like white and 
apricot

PTENP1 pseudogene of 
tumor-suppressing gene.

ABO blood group 
system in humans

Table 7. 
Distinguishing features of multiple alleles, pseudoallele, and pseudogene.
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7. Conclusion

In this text, we have discussed the concept, function, and importance of multiple 
alleles. Multiple alleles arise due to mutations and result in different forms of a gene 
that can affect the traits of an organism. The study of allelic relationships among 
genes is essential for understanding genetic diversity and evolution. We have also dis-
cussed the differences between multiple alleles, pseudoalleles, and pseudogenes, and 
the methods used to distinguish them. Furthermore, we have explored the phenome-
non of positional pseudoallelism and its effects on genetic inheritance. In conclusion, 
multiple alleles are a significant source of genetic variation that plays a crucial role in 
the evolution and genetic diversity. Understanding the allelic relationships between 
genes is essential for studying the genetics of organisms and for developing methods 
for genetic manipulation and disease prevention.

© 2023 The Author(s). Licensee IntechOpen. This chapter is distributed under the terms of 
the Creative Commons Attribution License (http://creativecommons.org/licenses/by/3.0), 
which permits unrestricted use, distribution, and reproduction in any medium, provided 
the original work is properly cited. 
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Chapter 2

Recent Advancements in SNP 
Typing Methods Used in Forensic 
Science
Hiral Sanghavi

Abstract

Single nucleotide polymorphisms (SNPs) are heritable variations at defined 
regions and occur in at least 1% of the population. SNPs are mostly bi-allelic, and 
their inheritance pattern can be typed in a representative population of few unrelated 
individuals. Contrary to the STRs (Short tandem repeats), SNPs can be typed rela-
tively easily using next generation sequencing methods. Thus, SNPs have attracted 
a lot of scientists for application in forensic analysis for cases such as establishing 
biogeographical ancestry, evolutionary timescale relatedness, immediate family rela-
tionships. SNPs are arguably more useful than STRs in certain forensic scenarios. For 
instance, when the obtained DNA sample from crime scene is a multi-origin mixture 
or when the DNA is degraded, SNPs offer better utility. SNPs are also valuable in cases 
where DNA extraction from challenging forensic samples, such as bones or meat, 
poses technical difficulties. Due to their characteristics, SNPs provide enhanced capa-
bilities for forensic analysis in these specific situation. A plethora of novel techniques 
and algorithms have been developed to use the available SNP databases for forensic 
analysis. The developed technologies include hybridization assay, primer extension 
assay, multiplex polymerase chain reaction (PCR), denaturing high performance 
liquid chromatography, matrix-assisted laser desorption/ionization. These are just a 
few examples of the developed technologies utilized in molecular biology and genetic 
analysis, each with its unique advantages and disadvantages. We discuss the accuracy, 
sensitivity, specificity, advantages and disadvantages of some of these techniques in 
detail here.

Keywords: SNP, forensic, SNP typing, molecular beacons, oligonucleotide ligation 
assay 

1. Introduction

Single nucleotide polymorphisms (SNPs) refer to genomic positions at which 
 different nucleotides can occur in different individuals [1–3]. Any nucleotide varia-
tion at a genomic position can be considered as an SNP, only if the same variation 
occurs at a frequency of 1%, in a sampled population. SNPs are found abundantly 
in the human genome, on an average of 1 in every 1000 nucleotide [1–3]. Multiple 
databases have been developed over years to keep up with the ever-increasing number 
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of reported SNPs. Some of these databases are: The SNP consortium (1998), dbSNP 
[4, 5], 1000 genomes project (2008) [6], the GWAS catalog (2008) [7], ALlele 
FREquency Database (ALFRED) [8]. Interestingly, these databases also store infor-
mation on SNPs constituting the same haplotype, SNPs related to distinct disorders 
and distinct phenotypes.

Mutations often lead to formation of SNPs. The mutation can either be transition 
mutations (for example: A to G or G to A) or transversion mutations (for example: 
C to A or G to C). Transition mutation led SNPs account for bi-allelic loci and 
 transversion mutation led SNPs account for bi-allelic, tri-allelic or tetra-allelic loci 
(Figure 1). Bi-allelic SNPs are found more abundantly in the human genome [1, 9, 10]. It 
is interesting to note that a few thousands of the reported SNPs existed in the human 
genome before humans migrated out of South Africa. These SNPs account for the 
common SNPs found across different human populations on the earth. In addition 
to these common SNPs, there are thousands of SNPs reported as population-specific 
SNPs which may have arisen due to distinct biogeographical location, epigenetic 
factors such as food, lifestyle preferences, local environmental conditions. SNPs have 
been used for a range of purposes, including human identity verification, differentia-
tion amongst distinct biogeographic human populations, analysis of human immigra-
tion patterns, exploration of ancestral history, determination of sibling relationships 
and identification of criminals across the border [11–13].

SNPs provide a genetic tool to be used in defining human populations, distin-
guishing one individual from the other. However, Short Tandem Repeats (STRs) 
have been a conventional choice for similar applications. STRs are short DNA 
sequences (about 2–6 nucleotide long) which make up about 3% of the total human 
genome [14–16]. Lately, SNPs have gained popularity as an alternative to STRs due 
to characteristic properties such as: bi-allelic nature of SNPs, low mutation rates 
as compared to STRs, inheritance of SNPs in the form of haplotypes, relation to 
distinct phenotypes, easy identification from smaller amplicons (often obtained 
from degraded forensic samples), lack of stutter artifacts, amenable to multiplexing 
assay and automation [1–3]. However, the use of SNPs has faced certain limitations. 
These include the need for a large number of SNPs compared to STR markers to 
achieve discrimination between human and non-human samples. Careful selec-
tion of population-specific SNPs is necessary, which can be challenging. SNPs have 
limited utility in mixture interpretations due to their bi-allelic nature. Additionally, 
available criminal offender databases such as The Combined DNA Index System 
(CODIS) [17] predominantly contain STR typing datasets, necessitating the 

Figure 1. 
Single nucleotide polymorphisms (SNPs) can be bi-allelic, tri-allelic or tetra-allelic. (A) Schematic 
representation of a bi-allelic SNP, presence of C in sample 3 and G at position 7 in sample 4. (B) Schematic 
representation of a bi-allelic SNP, presence of C in sample 2, T at position 7 in sample 3 and G at position 7 in 
sample 4.
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retyping of these databases for SNPs. Developing multiplexing assays for SNPs can 
be costly and time-consuming, and the resulting information may be less informa-
tive compared to STRs.

Multiple SNP typing methods have been developed for their use in basic research 
and forensic applications. With the advent of technological advancement, many of 
these methods can be adapted for multiplexing assays. SNP typing methods are based 
on four different reaction principles: (1) Hybridization, (2) Oligonucleotide ligation, 
(3) Primer extension and (4) Enzymatic cleavage [2, 3]. The reaction principles have 
been combined with different combinations of assay formats and detection platforms 
for use of SNPs in user-specific requirements. Below we describe various methods 
based on reaction principles, advancements in the methods, and combinations of 
methods with different assay formats and detection platforms.

2. SNP typing methods based on the principle of hybridization

2.1 Allele-specific hybridization

DNA–DNA hybridization (DDH) involves identification of a target DNA using 
a complementary DNA probe (short strand of DNA) [18]. DDH has been conven-
tionally used to differentiate between alleles using allele-specific DNA probes [19]. 
Allele-specific hybridization attempts to identify DNA targets at a polymorphic locus 
using Allele-Specific Oligonucleotide probes (ASO). The probes are designed such 
that a central polymorphic nucleotide is flanked by gene specific-DNA sequence. 
The complementarity between target DNA and the probe determines the stability of 
hybridization [20]. Two probes, one complementary to each allele, are used in each 
hybridization reaction. One of the two probes will be completely complementary 
to the target DNA, thus forming a stable hybrid (Figure 2). Optimized reaction 

Figure 2. 
Allele specific hybridization. The allele specific hybridization depends on the design of probes. Allele specific 
oligonucleotide probes (ASO) have a polymorphic site at the Centre of the probe. (A) Schematic representation 
of hybridization of ASO to the target DNA (B) schematic representation of no hybridization between ASO and 
target DNA due to mismatch at the polymorphic site.
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conditions favor the formation of stable hybrid. Detection of the stable hybrid has 
been attempted with various techniques. However, fluorescence resonance energy 
transfer (FRET) has remained the detection technique of choice in combination with 
allele-specific hybridization.

2.2 Fluorescence resonance energy transfer (FRET)

FRET works on the principle of energy transfer from a donor fluorophore to an 
acceptor fluorophore. Excitation of the donor fluorophore at a wavelength (within 
its excitation spectrum) leads to emission of energy. This emitted energy serves as 
a source of excitation of the acceptor fluorophore. The energy transfer is possible 
because the emission spectrum of the donor overlaps with the excitation spectrum 
of the acceptor. FRET is a distance sensitive technique, i.e., the donor fluorophore 
and the acceptor fluorophores have to be in close proximity for a successful energy 
transfer [21].

2.3 Recent advancements in the method

ASO and FRET were restricted by the amount of DNA available for studies. 
Retrieval of very small quantities of DNA is often faced by forensic scientists. This 
affects the sensitivity, efficiency and the accuracy of SNP typing. To overcome this, 
ASO and FRET were combined with polymerase chain reaction (PCR). PCR uses a 
target DNA and amplifies it using primers (short DNA sequences; complementary to 
target DNA), DiDeoxy nucleotide tri phosphates (dNTPs), DNA polymerase. Primers 
provide the 3′ OH group, as a substrate for addition of dNTPs complementary to 
target DNA, by DNA polymerase. Below we described the three technical advance-
ments depending on the design of the probe, using exonuclease activity of the DNA 
polymerase. Each of these three advanced methods attempts to enhance sensitivity, 
accuracy and efficiency of the conventional hybridization method.

2.4 LightCycler®

LightCycler® (Roche) was one of the earlier platforms that offered SNP typing 
based on ASO, PCR and FRET. It used two probes that hybridize adjacent to each 
other on the target DNA [22]. Probe 1 had a central polymorphic nucleotide and 
was labeled with a fluorophore at its 3′ end and probe 2 was labeled with a differ-
ent fluorophore at its 5′ end. FRET signal was generated only if the two probes 
had hybridized adjacent to each other because of the distance sensitivity of FRET 
(Figure 3A). The FRET signal was detected and quantified by the LightCycler® 
instruments. The signal quantity is directly proportional to the amplification of 
target DNA.

Earlier, the assay was designed to use different probe sequences for typing differ-
ent SNPs. The size of the probes may be similar for distinct target DNAs, however, 
the polymorphic nucleotide in the probe would vary depending on the target DNA. 
The difference in the polymorphic nucleotide would lead to different melting tem-
perature of the probe. In case of unknown target DNA, melting curve analysis post 
PCR reactions determined the SNP in the target DNA. With time, LightCycler® has 
been updated for use in real-time quantification (LightCycler ® 480 Instrument II), 
diagnostics by multiplexing and endpoint genotyping applications (LightCycler ® 96 
Instrument) [23].
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2.5 TaqMan™ SNP genotyping assay

TaqMan™ SNP genotyping assay (ThermoFisher Scientific) was a contemporary 
of the LightCycler®. TaqMan™ SNP genotyping assay takes advantage of the 5′ 
exonuclease activity of the Taq DNA polymerase, used in the PCR reactions [24–26]. 
Like the LightCycler®, TaqMan™ SNP genotyping assay combined ASO, PCR and 
FRET. However, it required only one probe per reaction as opposed to two probes per 
reaction in the LightCycler®. The probe was attached to a fluorophore at the 5′ end 
and attached to a quencher at the 3′ end. Close vicinity of the fluorophore and the 
quencher does not allow any fluorescence emission when the probe is intact. Probes 
anneal to the target DNA during annealing step in the PCR. During the extension 
step, the Taq DNA polymerase extends the primer sequence and cleaves the probe 
from 5′ to 3′ as it comes in the way of DNA synthesis. Cleavage is a result of the 5′ 
exonuclease activity of the Taq DNA Polymerase. The emission of fluorescence signal 
from the probe is a measure of whether the probe had annealed to the target DNA 
(Figure 3B). Like the LightCycler®, the intensity of the fluorescent signal signifies 
the amount of target DNA multiplied [2, 3]. Conventional TaqMan™ assay utilized 
two probes. Each probe designed complementary to different polymorphic sites or 
alleles. Different fluorophores were attached to different probes. Thus, the FRET 
emission would be used to correlate with the sequence of the target DNA [24–26]. 
Recently TaqMan™ assay has been adapted for use in multiplex reactions using differ-
ent combinations of fluorophores and quenchers [27].

Figure 3. 
Recent methods of allele specific hybridization which use FRET for detection. (A) Light cycler uses two ASO, each 
labeled with a fluorophore at its end. Generation of FRET signal determines the adjacent hybridization of both 
ASO to the target DNA. (B) TaqMan uses a single ASO labeled with a fluorophore and a quencher. FRET signal 
determines cleavage of ASO from its 5′ end by Taq polymerase.
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2.6 Molecular beacons

Molecular Beacons mark the latest advancements in ASO probes. The probes are 
designed such that they have DNA sequence complementary to the target DNA as well 
as DNA sequence with intra-molecular complementarity. The intra-molecular comple-
mentarity is the characteristic feature of the molecular beacon probes. Intra-molecular 
complementarity leads to formation of a hair pin loop structure of the probe until it 
anneals to a target DNA (Figure 4) [28–30]. Like the TaqMan™ SNP genotyping assay, 
molecular beacon probes have a fluorophore at the 5′ end and quencher at the 3′ end 
of the probe. The absence of fluorescence signal signifies that probe did not anneal to 
the target DNA. The fluorescence signal signifies that the probe has annealed to the 
target DNA because the annealing of probe to the target DNA arranges the quencher 
and the fluorophore distant from each other. Like the LightCycler® and the TaqMan™ 
SNP genotyping assay, the amplification of DNA can be monitored in real time using 
the intensity of the fluorescent signal [1, 2]. Conventionally, two different molecular 
beacon probes are designed for two different alleles and/or SNPs. Multiplexing reac-
tions have been conducted using molecular beacon probes with different fluorophores 
for each allele or SNP in the target DNA and a wavelength shifting molecular beacons. 
Wavelength shifting molecular beacons are probes attached to different fluorophores. 
Each of these fluorophores can be excited using a monochromatic light source or a 
laser but each fluorophore emits a distinct wavelength (distinct color) [31].

2.6.1 Array hybridization

All three of the above technologies had restricted multiplexing capacity due to: 
availability of distinct, non-overlapping fluorophores emitting in selected wavelength 
spectrum, similar reaction conditions (annealing temperatures, melting temperatures, 
product lengths) for multiple target DNAs to be amplified simultaneously [1, 2]. This 
was overcome upon selecting a microarray assay format to screen multiple SNPs simul-
taneously. Microarrays have multiple probes attached to the solid surface. These probes 
are used to hybridize with different fluorescently labeled PCR products. Each PCR 
product represents a distinct SNP (Figure 5). However, the hybridization depends on 
the length of the sequences flanking the polymorphic site [32]. GeneChip® system 

Figure 4. 
Design of molecular beacon probes used for advanced allele specific hybridization. The molecular beacon 
probe has intra-molecular complementary sequence leading to formation of a hair pin structure, flanked by a 
fluorophore at the 5′ end and quencher at the 3′ end. Upon hybridization to the target DNA, the fluorophore and 
the quencher are placed distant to each other emitting fluorescence signal.
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used multiple ASO probes for the same SNP, spanning all the possible combinations 
of the polymorphic site and the flanking sequence (Tiling strategy) [33–35]. Tiling 
strategy could overcome the ambiguity in the microarray results arising due to the 
difference in lengths of the sequences flanking the polymorphic site. The multiplexing 
capacity of the GeneChip® system is beyond the actual need of SNP typing in forensic 
studies lately. However, it may prove to be useful for future applications.

3. SNP typing methods based on the principle of primer extension

Primer extension works on the principle of addition of nucleotides complemen-
tary to the target DNA using 3′ end of the primer as a starting point. The ability of 
DNA polymerase to accurately add nucleotide at the 3′ end of a primer sequence 
forms the basis of the primer extension reaction (Figure 6) [36]. The choice of length 
extended DNA, use of allele-specific primers has offered adaptations of primer 
extension reaction. These are: (A) Minisequencing, (B) Pyrosequencing and (C) 
Allele-specific primer extension [1, 2]. Irrespective of the length of extended DNA or 
distinct primers, the extended DNA was conventionally separated using electrophore-
sis technique for a length-based identification of polymorphic sites in the target DNA. 

Figure 5. 
Array hybridization. A microarray format for typing multiple SNPs by attaching multiple probes to the solid 
surface. Probes are used to hybridize with the PCR products. Each PCR product will represent a distinct SNP. 
Using an array of probes aids identification of many SNPs simultaneously.
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However, with technological advancements, fluorescence-based detection and mass 
spectrometry-based detection have been combined with primer extension reactions 
for accurate polymorphism identification.

3.1 Minisequencing

It refers to (i) sequencing few nucleotides using labeled DiDeoxy Nucleotide Tri 
Phosphates (ddNTPs) to detect polymorphic sites (Figure 6) or (ii) identifying the 
sequence of the target DNA using polymorphic site-specific primers [37, 38]. Case 
(i) is a conventional PCR except for the use of ddNTPs instead of dNTPs. Primers 
are designed such that they anneal the target DNA till immediately upstream 
of the polymorphic nucleotide (Figure 7). The addition of first ddNTP to the 3′ 
end of the primer identified the sequence at the polymorphic site. Labelling each 
ddNTP with distinct fluorophores provides real-time detection of the polymorphic 
nucleotide identification using fluorescence detectors, thus facilitating automation 
of the entire process. Extended DNA length may overlap between two independent 
primer extension reactions. Electrophoretic separation of overlapping lengths of 
DNA proved a challenge for accurate identification of polymorphic nucleotide. 
Addition of non-human DNA sequences at the 5′ end of the primers solved the 
problem of overlapping DNA lengths [1, 2]. SNaPshot™ was one of the earliest 
SNP typing methods that combined minisequencing with detecting a fluores-
cently labeled ddNTP [39, 40]. Currently the commercially available SNaPshot™ 
Multiplex Kit offers multiplexing of ten SNPs [41]. These have been used for 
forensic investigations and applications. Case (ii) is a conventional PCR as well. 
However, the primers are designed complementary to the polymorphic site of the 
target DNA. The primer extension happened only if the primer annealed to the 
target DNA. Thus, the polymorphic site can be identified by the primer sequence 
of the extended DNA. Use of mass spectrometry for detection of polymorphic site 
along with primer extension reaction has been used lately [42]. Mass spectrometer 

Figure 6. 
Primer extension method of SNP typing. A recent method of SNP typing using principle of primer extension. 
Primers are designed to be allele specific such that primer extension happens only if the polymorphic site on the 
primer and the target DNA are complementary.
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identifies the polymorphic site by differentiation in the mass of extended DNA. 
The difference in the mass of extended DNA is contributed by distinct mass of each 
ddNTP. Matrix Assisted Laser Desorption Ionization – Time of Flight (MALDI-
TOF) is a preferred ionization source and detector combination used for SNP 
typing of minisequenced products [42]. PROBE assay [43], PinPoint assay [44], 
GOOD assay [45] are few of the SNP typing assays that use the minisequencing 
reaction principle coupled with mass spectrometry detection platform. Each of 
these assays attempts to distinguish extended DNA more accurately than the other. 
The PROBE assay utilizes both ddNTPs and dNTPs to increase the mass difference 
between the extended DNA. The PinPoint assay utilizes dNTPs only. The GOOD 
assay uses modified primer that enhances the purification of the primer extended 
DNA for detection using mass spectrometry. Like the SNaPshot™ assay, non-
overlapping masses of extended DNA are achieved upon addition of non-human 
DNA sequences at the 5′ end of the primers.

3.2 Pyrosequencing

It was developed as a method to sequence longer DNA as compared to 
 minisequencing. It works on the principle of sequencing by synthesis. Like a con-
ventional PCR, the reaction mixture contains dNTPs, DNA polymerase, primers. 
In addition to these, the reaction mixture also contains ATP sulfurylase, luciferase, 
apyrase. Upon addition of every nucleotide, light is released. The light released is 
due to the pyrophosphate released upon activity of DNA polymerase. This pyrophos-
phate acts as a substrate of ATP sulfurylase, which converts it into ATP. Thus formed 
ATP is used by luciferase to generate light. Excess nucleotides are degraded by 
apyrase. Nucleotides are added to the sequencing reaction mixture in a pre-defined 
order. The release of light signifies incorporation of the added nucleotide. Thus, the 
sequence of the synthesized strand is determined based on the pre-defined order of 
addition of nucleotides. About 20–30 nucleotides can be sequenced using pyrose-
quencing [46, 47]. The advantage of this is being able to read the sequences around 
the polymorphic sites in the target DNA. However, limited multiplexing possibilities 

Figure 7. 
Minisequencing method of SNP typing. SNP typing using sequencing the polymorphic nucleotide immediately 
downstream of the primer using distinctly labeled ddNTPs. The label on the annealed ddNTP complementary to 
the target will determine its sequence.
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and lengthy target preparation procedures make pyrosequencing applicable to 
limited studies [1, 2].

3.3 Allele-specific primer extension

It involves the use of allele-specific primers and the target DNA. Only those 
 primers which anneal stably (without-mismatch) to the target DNA will be extended 
by the DNA polymerase whereas the primers with polymorphic site other than the 
target DNA (mismatched primers) do not get extended [48, 49]. The detection 
platforms coupled with allele-specific primer extension vary from the conventional 
electrophoresis, fluorescence signal detection. Multiplexing with allele-specific 
primer extension has been possible by using microarray technology. Microarray 
allows detection of multiple polymorphic sites simultaneously or use of FRET primer 
pairs for real-time SNP typing (Figure 4) [50].

4. SNP typing methods based on the principle of oligonucleotide ligation

4.1 Oligonucleotide ligation assay (OLA)

DNA ligases are a class of enzymes which catalyze the formation of a phosphodiester 
bond between two subsequently placed nucleotides. The reaction which uses DNA 
ligase for sealing a nick between two consecutive nucleotides is known as oligonucle-
otide ligation. OLA uses DNA ligase to ligate two probes positioned one phospho-
diester bond apart on a target DNA [51]. Of the two required probes, one probe is 
designed complementary to the polymorphic site on the target DNA at its 3′ end. 
The second probe, also known as the common probe, is complementary to the target 
DNA sequence immediately downstream of the polymorphic site. Ligation of the 
two probes happens only if both the probes have annealed to their respective target 
DNA (Figure 8). Thus, upon ligation, the probe sequence can be used to identify the 
polymorphic nucleotide in the target DNA [1, 2, 51].

Figure 8. 
Oligonucleotide ligation assay (OLA) for SNP typing. The OLA uses two probes. Both of them hybridize with the 
target DNA adjacent to each other. One of the probes are designed specific to the allele in the target DNA. Ligation 
of the two probes happens only if the probe hybridizes completely to the target DNA.
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4.2 Recent advancements in the method

Ligase chain reaction (LCR) combines the OLA and PCR. LCR is designed 
such that includes a thermostable DNA ligase as a part of the conventional PCR 
mixture [1, 2, 52]. The ligated probes in the early steps of the reaction form a target 
for attachment of probes in the next ligation reaction. Use of two strands of the 
target DNA, one representing each allele, in an LCR helps to identify allele-specific 
polymorphic sites. Although, it would need two distinct probes (in addition to the 
common probe), one complementary to each allele at the polymorphic site of the 
target DNA [1, 2, 52].

Detection of ligated probes in the OLA and LCR has been attempted using biotin-
based detection method. The common probes are biotinylated, and the allele-specific 
probes have a reporter dye attached to them. Ligation of the two probes will lead 
to capture of the ligated product using streptavidin [1, 2, 52]. Advancements in the 
detection technologies have replaced the biotin with mobility modifiers and replaced 
reporter dyes with fluorescent dyes. Mobility modifiers are chemical molecules, often 
oligomeric which bind to the ligated probes and define its mobility. Thus, distin-
guishing the ligated probes from the unligated probes. Use of the mobility modifiers 
served for higher resolution separation of ligated products upon electrophoresis. 
Importantly, the mobility modifiers regulate the mobility of the ligated products 
independent of the length of the ligated product. Availability of varied fluorescent 
dyes provides the possibility of multiplexing the assay. Detection of multiple SNPs 
is possible after electrophoretic separation of the ligation products and detection of 
their respective reporter dyes [1, 2, 52].

Coupled Amplification and Oligonucleotide Ligation (CAL) offers a one-step 
amplification and ligation reaction [53]. Using primers with high melting tempera-
tures and probes with lower temperatures was the key to this. The reagents for both 
DNA amplification and oligonucleotide ligation are added to the same tube. Firstly, 
the primers anneal to the target DNA and amplifies the target DNA. The annealing 
temperature should be higher than the melting temperature of the oligonucleotide 
probes. In the second step, the ligation happens at a lower temperature, allowing 
hybridization of the probes which is a pre-requisite of the OLA. Advanced CAL was 
developed with fluorescently labeled probes for real-time SNP typing. Currently, 
SNPlex (ThermoFisher Scientific) genotyping system is a commercially available SNP 
typing method based on OLA [54]. It is used to perform SNP typing taking genomic 
DNA as the target DNA. More importantly, at times it has been used with fragmented 
genomic DNA. Multiple unlabelled oligonucleotide probes are used for multiplexing 
the assay, followed by amplification of the identified target DNA using universal 
primers. Thus, the recognized polymorphic sites are read using ZipChute probes. 
These probes hybridize to the target DNA, they are purified and sequenced using 
capillary electrophoresis.

5. SNP typing methods based on the principle of enzymatic cleavage

5.1 Enzymatic cleavage

Structure-specific Flap endonucleases (FEN) are enzymes which recognize 
overlapping nucleotides (fork-like structure) and cleave the DNA which hangs 
loosely (not bound to any DNA strand) (Figure 9) [55, 56]. Archaeal FENs were 
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earlier studied to recognize overlapping oligonucleotides which are hybridized to a 
target DNA strand and cleave the loosely hanging oligonucleotides. Interestingly, 
this cleavage was found to be sequence dependent as well [55, 56]. Thus, making the 
FENs a perfect fit for the enzymes which could be used for detection of polymor-
phic sites in a given target DNA using overlapping probes (complementary to the 
target DNA).

5.2 Invader assay

Invader assay was one of the first SNP typing methods used in forensic studies 
[57]. It works on the principle of cleavage of probe annealed to the target DNA at 
the polymorphic site. Each assay utilizes two probes: An allele-specific probe and 
an invader oligo. The invader oligo is designed such that it is complementary to the 
polymorphic site of the target DNA at the extreme 3′ end. The allele-specific probe 
is designed such that it is complementary to the polymorphic site on the target DNA 
towards it’s 5′ end with some non-complementary nucleotides following the polymor-
phic site. The design of the probes leads to formation of an invader structure upon 
probes annealing to the target DNA. FENs recognize the invader structure which is 
like a bifurcated fork-like structure and cleave at the 3′ end of the overlapping invader 
structure (Figure 9). The cleavage can be detected in real time using FRET probes 
which have a fluorophore at the 5′ end of the probe and a quencher at the 3′ end of 
the probe [55–57]. Cleavage separates the quencher and the fluorophore generating 
a measurable fluorescent signal. In case of mismatch at the polymorphic site, the 
invader oligo will not anneal to the target DNA, hence no invader structure is formed, 
and no FEN cleavage is observed.

Figure 9. 
Invader assay for SNP typing. The assay uses two probes. Allele specific probe and invader probe. Both of these 
probes have an overlap of one nucleotide. If the allele specific probe is complementary to the target DNA, a fork-
like structure is formed between the invader probe and the allele specific probe. This structure is recognized by the 
FEN endonucleases mediating cleavage at the junction between probes.
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Abstract

22q11.2 deletion syndrome is a genomic disorder with a broader clinical and
genetic spectrum. To exclude the presence of 22q11.2 microdeletion, we optimize a
PCR-RFLP analysis of three SNP located in the typically proximal 22q11.21 deleted
region of 1.5 Mb. PCR reactions, optimized with a Touch-Down program, were
performed using three pairs of primers. The amplicons were cleaved by three restric-
tive enzymes: HaeIII, CviAII, and BsrI applied respectively, for rs4819523, rs4680,
and rs5748411. The efficiency of this PCR RFLP assay was confirmed in the light of its
application in a small cohort of 10 Tunisian patients, having a congenital heart defect
and a known status of 22q11 deletion by FISH and MLPA. The principle of the
proximal 22q11.2 microdeletion, applied with exclusion technique seems to be inter-
esting but further population studies for the determination of the heterozygosity rate
of the polymorphic 22q11 region markers are needed, particularly in North Africa.

Keywords: 22q11 microdeletion, karyotype, FISH, MLPA, north African population,
PCR-RFLP, polymorphic markers, SNP

1. Introduction

22q11.2 deletion syndrome is a genomic disorder with a broader clinical and
genetic spectrum [1–8]. Microalterations at the 22q11.2 locus include the most fre-
quent 3 Mb deletion and the smallest nested 1.5 Mb deletion [2, 4, 5]. Non-allelic
recombination events between LCRs A and H are responsible for 22q11.2 genomic
rearrangements [6]. Molecular diagnosis of 22q11.2 microdeletion is usually made by
fluorescence in situ hybridization (FISH), multiplex ligation-dependent probe
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amplification (MLPA), and comparative genomic hybridization (CGH) microarray
analysis, or by real-time polymerase chain reaction (qPCR) [3].

Since 2003, it has been shown that a three-step PCR–RFLP analysis can be useful to
exclude the presence of 22q11.2 microdeletion in the typically deleted 22q11 region of
1.5 Mb with less cost, high specificity, and with the benefit of reducing the number of
the patients who are supposedly screened for 22q11.2 microdeletion (from 100 to 1%)
[9]. This method was developed on the basis of the presence of polymorphism in
consecutive selected SNP markers, located in the 1,5 Mb 22q11.2 microdeleted region,
with a high heterozygosity rate in Brazilian population. Heterozygosity excluded
22q11.2 deletion. However, homozygosity is unable to exclude deletion and leads to a
subsequent analysis of 22q11 region by FISH or MLPA [9–11].

Here, an efficient PCR-RFLP for 22q11.2 microdeletion exclusion was set up. It was
evaluated using the technique of a small cohort of known deleted and undeleted
Tunisian patients (Figure 1).

2. Material and methods

2.1 Patients

The application of the optimized PCR-RFLP technique was performed on 10
Tunisian patients having congenital heart diseases (CHD), and 22q11 known status.
All patients were explored by karyotyping. The presence or the absence of 22q11.2
microdeletion was confirmed by FISH, using two LSI probes, which are respectively,
LSI D22S75 (N25 region) SpectrumOrange/LSI ARSA SpectrumGreen Probe and
DiGeorge Region Probe - LSI TUPLE 1 SpectrumOrange/LSI ARSA SpectrumGreen
Probe. For two patients, the confirmation of 22q11.2 microdeletion was conducted by

Figure 1.
Graphical illustration of our study design of 22q11 microdeletion exclusion.
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MLPA, which was performed using the MRC-Holland SALSA MLPA P300 control kit,
and designed synthetic probes targeting chromosomal regions, including the classical
and distal 22q11.22 microdeletion region of DiGeorge/Velo-cardio-facial syndrome
(Not shown).

2.2 Methods

2.2.1 Cytogenetic analysis

Cytogenetic analysis was carried out using lymphocyte cultures for 72h with phy-
tohemagglutinin induction. Metaphase chromosomes were prepared in accordance
with the standard cytogenetic protocols. Chromosome identification and karyotyping
analysis were conducted by using RHG and GTG banding. Chromosomal abnormali-
ties were interpreted and written in conformity with the international standard
nomenclature (ISCN) 2005–2009.

2.2.2 Simplex PCR-RFLP: Technical optimization and analysis

A simplex PCR-RFLP was optimized for a rapid negative diagnosis of proximal
microdeletions of chromosome 22, based on the method of molecular exclusion
described by Pereira (2003) and Gioli-Pereira (2006) [9, 10].

To exclude the presence of 22q11.2 microdeletion, the method was conducted by
the analysis of the polymorphism of the three loci located in the typically 22q11.21
deleted region of 1.5 Mb. These loci were rs4819523, rs5748411, and rs4680. They are
characterized by a high rate of heterozygosity.

The interrogation of the SNP database (Figure 2) showed that these polymorphic
markers included the ancestral alleles reported in some populations as the European,
the Asian, and the Sub-Saharan African people.

The rs4819523 is a SNP (SNV) at the position: 19810549 with two alleles C/G (C is
the ancestral one) (Table 1). It is an intronic variant of GNB1L gene (G-protein beta
subunit-like protein ID 54584 location: 22q11.21 exon count: 8).

The rs4680 is a SNP (SNV) at the position: 1254184 with two alleles G/A (the G
allele is the ancestral one) (Table 1) localized in COMT gene (Catechol-O-
methyltransferase ID 1312 location 22q11.21 exon count: 8).

The rs5748411 is a SNP (SNV) at the position: 19733950 with two alleles C/A (C is
the ancestral allele) (Table 1).

In addition, the interrogation of the SNP database showed that there is no infor-
mation about the characteristics and the frequencies of the allelic polymorphisms of
the three selected SNP (rs4819523, rs4680, and rs5748411) in the North African
population.

PCR reactions were performed using three pairs of primers as described by Huber
(2014) (Table 2) [11].

They were optimized by a Touch-Down program. Reactions were done, in a final
volume of 25 μl, by using 10 pmol of each primer, 1x PCR buffer, 2 mmol/l of MgCl2,
0,2 mmol/l of dNTP, 200 ng DNA, 1 unit Taq DNA polymerase. Amplification condi-
tions were optimized using 35 cycles Touch-Down program with initial melting step at
95°C for 5 min and final extension step at 72°C for 7 min in all reactions: five first
cycles with 95°C for 40 s/ 65 to 60°C for 40 s and 72°C for 40 s and then 30 cycles with
95°C for 40 s/60°C for 40 s and 72°C for 40 s (Table 3).
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For the RFLP analysis, the amplicons were cleaved by three restriction enzymes as
described by Huber (2014) [11], in conformity with the manufacturer’s recommen-
dations (NEBiolabs) (Table 4).

Marker Alleles and sequences of the ancestral alleles with the colored base in red

rs4819523 AGAGGTACACACCACGTCTACCTGG[C/G]CTGGGTCCTCAGCCCGGGGCTGCCC

rs4680 CCAGCGGATGGTGGATTTCGCTGGC[A/G]TGAAGGACAAGGTGTGCATGCCTGA

rs5748411 TTGCACCATGTGGCAGCTGTACCTG[A/C]CAGTCAGGGGATCCCAAGCTGGGGT

Table 1.
Sequences of ancestral alleles of the analyzed 22q11 polymorphic markers.

Marker Forward PRIMERS Reverse PRIMERS Amplicon size Alleles

rs4819523 ACAGTGAGGGGACATCAAGG GGAAAGCTCATGGGTGTCTG 304 pb C/G

rs4680 GTGATTCAGGAGCACCAGCC GCCCTTTTTCCAGGTCTGAC 217 pb G/A

rs5748411 ATCAGCCCACAGAGCAGACC GCATAGAGAAAAGCAACTCC 202 pb C/A

Table 2.
Sequences of primers used for PCR-RFLP validated by PCR in Silico.

Figure 2.
Alignment of rs4819523, rs5748411, and rs4680 at the Homo sapiens chromosome 22 NCBI reference sequence:
NT_011520.13 (https://www.ncbi.nlm.nih.gov/snp/).
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The digestion of amplicons by the three restriction enzymes was optimized using
three digestion programs (X1, X2, X3) and restriction fragments (Table 5) were
visualized on 4% agarose gel. For X1 program: Reaction was performed, in a final

Thermocycling Conditions

Initial Denaturation 95°C 5 min 1 cycle

5 cycles

Denaturation 95°C 40 s

Annealing 65 °C ! 60°C 40 s

Extension 72°C 40s

30 cycles

Denaturation 95°C 40 s

Annealing 60°C 40 s

Extension 72°C 40 s

Final extension 72°C 7 min 1 cycle

Hold 4% ∞

Table 3.
The thermocycling conditions of the touch-down PCR reaction.

SNP Restriction Enzyme Restriction Sequence Cleavage Site

rs4819523 HaeIII GGCC 50 …GG↓CC… 30

3’ …CC↑GG… 50

rs4680 BclI TGATCA 50...T↓G A T C A...30

30...A C T A G↑T...5’

rs5748411 BsrI ACTGG 50 … ACTGGN↓… 30

30 … TGAC↑CN… 5’

Table 4.
Restriction enzymes of RFLP and electrophorese profiles after cleavage.

Marker Restriction
Enzyme

Cleavage fragments in the presence of
the cleavage site

Cleavage fragments in the
absence of the cleavage site

rs4819523 HaeIII Allele C: 4 bands
156pb
75pb
38pb
35pb

Allele G: 3 bands
156pb
110pb
38pb

rs4680 BclI Allele A: 2 bands
102pb
115pb

Allele G: 1 band
217pb

rs5748411 BsrI Allele C: 2 bands
64pb
138pb

Allele A: 1 band
202pb

Table 5.
Electrophoretic profiles after marker digestion according to Huber et al. 2014.
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volume of 20 μl, with 10 μl of PCR product, 2 μl of enzymatic tampon, 1 μl enzyme,
and 7 μl H2O. Digestion was carried out at 37°C during 15 hours. For X2 program:
Reaction was performed in a final volume of 30 μl in which there were 15 μl of PCR
product, 3 μl of enzymatic tampon, 1 μl of enzyme, and 11 μl H2O. Digestion was
carried out at 37°C during 1 hour. For X3 program, in a final volume of 20 μl, there
were 14 μl of PCR product, 5 μl of enzymatic tampon, and 1 μl of enzyme (without
H2O). Digestion was carried out at 37°C during 1 hour.

3. Results

3.1 Technical optimization

PCR amplification reactions and conditions were optimized using in Silico PCR
tools and gradient melting assays.

One touch-down PCR reaction was finally designed for a simultaneous amplifica-
tion of the three markers. The optimization of the PCR Touch-Down program and the
optimization of the digestion protocol are shown in Figure 3.

It was possible via Nebcutter to validate virtual rs4819523 and rs5748411 digestion
profiles, using respectively HaeIII and BsrI restriction enzymes. However, the diges-
tion of rs4680 by BclI, as described by Huber (2014) [11], was not possible and
another enzyme was then considered. Indeed, the verification of the digestion profile
of rs4680 by BclI, showed both manually and by Nebcutter, confirmed the absence of
the restriction site at the level of the sequence of the amplicons generated in silico PCR
for both the ancestral G allele and the A allele. The design of other enzymes via the
same Biolabs Nebcutter tool was then performed. Three other enzymes can be used,
FatI, CviAII, and NLaIII, which are isoschizomers (Figure 4).

They highlight the selected SNP. The digestion of the rs4680 by CviAII gives the
homozygous alleles GG (2 restriction sites and 3 bands) and AA (3 restriction sites and 4
bands). The heterozygous profile is the combination of the two previous ones (Table 6).

Fragments generated after restriction/digestion were visualized on 4% agarose gel.
Figure 3 shows the electrophoresis profile of amplification product of rs4819523 using
a melt gradient (Figure 3A), the electrophoresis profile of the PCR products of the
three selected STS (rs4819523, rs4680, and rs5748411) (Figure 3B), and finally the
electrophoresis profile of the PCR-RFLP products of the rs4819523 using for the
digestion, the HaeIII restriction enzyme (Figure 3C).

3.1.1 Application

The results of the 22q11.2 exclusion using the optimized PCR-RFLP technique in
our sample of 10 patients known as having or not a 22q11 microdeletion are shown in
Table 7.

Figure 5 shows the PCR-RFLP electrophoresis profile of rs4819523 digested
amplicons in our 10 patients as well as the rs4819523 alleles of all patients (Figure 5
and Table 8). Table 8 Shows the genotypes of the rs4819523 SNP of all patients
(Table 8).

Application of our technique for our 10 patients involving two deleted and eight
undeleted patients proved that the PCR-RFLP 22q11.2 exclusion results were concor-
dant with FISH/MLPA results (Figure 6). The status of the deleted subjects was
homozygous while the profile of the undeleted ones was heterozygous. PCR-RFLP
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analysis of rs4819523 showed heterozygote status C/G in the eight undeleted patients
with a consequent exclusion of the microdeletion 22q11. Comparatively, in
microdeleted patients which was already confirmed by FISH (Figure 6) or MLPA,

Figure 4.
Restriction enzymes that cut the rs4680.

Figure 3.
A: Electrophoresis profile of amplification product of rs4819523 using a melt gradient B: Electrophoresis profile of
the PCR products of the 3 selected STS C: Electrophoresis profile of the PCR-RFLP products of the rs4819523 using
for the digestion, the HaeIII restriction enzyme. A-legend: Line 1: H2O, line 2: Tm 64,6°C, line 3: Tm 63,7°C, line
4: Tm 62,1°C, line 5: Tm 60,2°C, line 6: Tm 57,5°C, line 7: Tm 55°C, line 8: Amplification using touch-down
PCR program B-legend: Line 1: 50 bp ladder DNA marker, line 2: H2O, lines 3,4, and 5: DNA control for the
three SNP rs4819523 (304 bp), rs4680 (217 bp), and rs5748411 (202 bp) C-legend: Digestion of amplification
product of a DNA control sample for rs4819523 using HaeIII permits to obtain three fragments: 156pb, 110pb,
75pb. This profile is compatible with the heterozygous status C/G. MT: 50 bp ladder DNA marker, X1, X2, X3
are three digestion programs.
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PCR-RFLP analysis of rs4819523 showed a homozygous G/G status in patient P4 and a
homozygous C/C status in the one of P10 (Table 8 and Figure 5).

4. Discussion

Microdeletions and microduplications, known as segmental aneusomies are
defined by the presence of a sub-cytogenetic chromosomal anomaly, less than 5 Mb in

SNP Restriction Enzyme Restriction Sequence Cleavage Site

rs4680 CviAII CATG 50...C↓ATG...30

30...G TA↑C...5’

Cleavage fragments in the presence of the
cleavage site

Cleavage fragments in the absence of the
cleavage site

Allele A: 4 bands
96pb
69pb
34pb
18pb

Allele G: 3 bands
114pb
69pb
34pb

Table 6.
Electrophoretic profiles after rs4680 digestion using CviAII restriction enzyme.

No Sex Age
range
(years)

Congenital Heart
Disease

Karyotype FISH/MLPA
results of 22q11
microdeletion

PCR-RFLP
exclusion of
microdeletion

22q11

1 F [2–5] Double outlet right
ventricle

46,XX Negative Positive

2 M [2–5] Coarctation of Aorta 46,XY Negative Positive

3 F [2–5] Pulmonic Valve
Stenosis

46,XX Negative Positive

4 F [5–10] Tetralogy of Fallot 46,XX Positive Negative

5 M [0–2] Coarctation of Aorta/
Persistent Ductus

Arteriosus

46,XY Negative Positive

6 F [5–10] Tetralogy Of Fallot 46,XX Negative Positive

7 M [0–2] Coarctation of Aorta Failure of
culture

Negative (MLPA) Positive

8 M [0–2] Tetralogy Of Fallot 46,XY Negative Positive

9 F [0–2] Atrial septal defect/
Persistent Ductus

Arteriosus

Failure of
culture

Negative (MLPA) Positive

10 M [10–15] Muscular Ventricular
Septal Defect

45,XY,-22 der
(11)t(11;22)
(q23;q11)

Positive Negative

Table 7.
PCR-RFLP results for exclusion of 22q11 microdeletion in our 10 Tunisian CHD patients.
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size, classically detectable by the molecular cytogenetic technique of fluorescent in
situ hybridization (FISH) [12, 13].

Molecular cytogenetics has made it possible to link microdeletions to syndromes
that have long been described clinically but whose genetic origin was suspected. The
two oldest entities studied are the 22q11 microdeletion syndrome associated with
Digeorge (DG: MIM 188400) and velocardiofacial (VCF: MIM 192430) syndromes
and the 7q11 microdeletion syndrome associated withWilliams syndrome (WBS: MIM
194050) [14, 15]. It should be noted that there are several synonyms for DG syn-
drome, namely CATCH 22, Shprintzen syndrome, Takao syndrome, and conotruncal
anomaly face (CAF) syndrome [16–18].

Figure 5.
RFLP electrophoresis profile of rs4819523 amplicons in the 10 patients. Profile P3: Heterozygous C/G with four
fragments 156 bp, 110 bp, 75 bp, and 38 bp; profile P4: Homozygous G/G with three fragments 156 bp, 75 bp,
and 38 bp; profile P10: Homozygous C/C with three fragments 156 bp, 1 bp, and 38 bp.

Patient number rs4819523 alleles Genotype

P1 C/G Heterozygote

P2 C/G Heterozygote

P3 C/G Heterozygote

P4 G/G Homozygote

P5 C/G Heterozygote

P6 C/G Heterozygote

P7 C/G Heterozygote

P8 C/G Heterozygote

P9 C/G Heterozygote

P10 C/C Homozygote (ancestral allele)

Table 8.
rs4819523 genotypes of our 10 Tunisian CHD patients.
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Mechanistically, microdeletions and microduplications occur during meiosis as a
result of illegal crossovers with mismatches and non-allelic homologous recombina-
tion (NAHR) between DNA sequences with high homology. These are in particular
segmental duplications or LCRs for Low Copy Repeats [19]. These are sequences of 10
to 300 kb, with more than 95% homology, often associated with Alu sequences. They
are located particularly in the pericentromeric and subtelomeric regions and represent
5 to 10% of the genome, which explains the presence of recombination hotspots.
NAHR during meiosis with LCRs in direct orientation leads to deletions/duplications.

Several genes located and cloned in these regions are specifically responsible for
certain phenotypes, in particular by haploinsufficiency mechanisms [20]. Recent
advances in molecular biology have led to the discovery of a progressively increasing
number of microdeletional and microduplicational syndromes through the search for
imbalances in the regions delimited by the LCRs using CGH array [21, 22]. The same
advances have made it possible to broaden the spectrum of techniques enabling their
detection and screening on a large scale, namely CGH array, real-time PCR, and the
MLPA technique [20, 23].

The existence of two recurrent types of 22q11 microdeletion has been demon-
strated. The first deletion extends over 3 Mb with a commonly deleted region or TDR
found in 90% of patients. The second, always proximal, extends over 1.5 Mb and is
found in 7% of patients [24, 25]. Both deletions occur by NAHR between LCR22 (A, B,
C, and D) with LCRA/D and LCRA/B respectively [26]. Atypical deletions, often
distal, sparing the minimal critical region, which is the smallest region responsible for
the DG phenotype in its absence, were also reported.

22q11.2 microdeletions, now correspond, thanks to the advent of high-resolution
molecular techniques, to a very heterogeneous genomic entity, that of CNVs, linked to
recurrent rearrangements in the 22q11. Two region, secondary to too frequent non-
allelic homologous recombination due to the richness of the region in LCRs [24]. In
fact, mapping of the 22q11 region has revealed the presence of 8 LCR22s identified at
the 22q11.2 region, named LCR22-A to LCR22-H or LCR22-2 to LCR22-8 [21, 22]. The
four centromeric LCR22s from LCR-A to LCR-D, known for a long time, are involved
in the proximal classical recurrent microdeletions specific to DG/VCF syndromes and
in reciprocal 22q11.21 microduplication (MIM 608363). The 4 other LCR22 with
telomeric disposition, named LCR22-E to LCR22-H located in the region immediately
distal to 22q11.21 TDR (i.e. 22q11.22-q11.23), are involved in recurrent distal

Figure 6.
FISH results showing deleted (A) and not deleted (B) patients (P4 and P6 respectively) (12).
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microdeletions associated with particular phenotypes (MIM 611867) as well as in
reciprocal microduplications.

Study of the LCR22-D, �E, and �F region showed the presence of the BLCR
module in each of these 3 LCR22s, suggesting the involvement of the NAHR mecha-
nism in distal 22q11.2 microdeletions. In this particular region, Mikhail et al. (2014)
demonstrated the presence of microdeletions variable in size, challenging the notion
that microdeletion in this region is associated with a single clinical entity [21, 24]. The
same author proposed a new classification of distal 22q11.2 microdeletions into three
major types I, II, and III emanating from three respective types of NAHR: LCR22-D/�
E or -F; LCR22-E/-F and LCR22-F/�G. Molecular studies based on high-resolution
techniques have also identified 22q11.2 microdeletions with atypical breakpoints that
do not involve any of the known LCR22s [21, 24]. These authors suggested the
involvement of SINE/Alu elements and highlighted the extreme complexity of the
22q11.2 genomic region, its rearrangements, and relative phenotypes [27].

Microdeletion and microduplication syndromes are currently referred to as CNVs
[21]. A CNV for recurrent copy-number variations, is defined as a segment of DNA
whose size varies from 1 kb to several Mb and whose copy number is different from that
of a control for which it is fixed at 2. These polymorphisms are distributed throughout
the genome and listed on a website: Database of genomic variants. The number of poly-
morphisms has grown steadily, reaching thousands, spread across all the chromosomes,
and representing around 5% of the human genome. They are included in genes, but also
in highly conserved regions of the genome and regions that regulate gene expression.
Their effect can take the form of a gene dosage effect, corresponding to deletions and
duplications in cytogenetic nomenclature, or be linked to the interruption of a gene.

The more than 40 genes in the 22q11.2 region have been extensively studied to
delineate the phenotypes associated with 22q11.2 microdeletions and
microduplications and their pathophysiological mechanisms, including neural crest
migration abnormalities [28]. The TBX1 gene (MIM 602054) belonging to the proxi-
mal 22q11.2 region remains the most incriminated gene in the cardiac manifestations
of 22q11.2 microdeletions, with apparently clinical heterogeneity secondary to
modifying factors such as gene environment [21, 24].

Despite these molecular advances and the overly broad spectrum of phenotypic
manifestations associated with 22q11.2 microdeletions classified into several types, the
group of proximal 22q11.2 microdeletions with its two subtypes, common 3 Mb
microdeletion and central 1.5 Mb microdeletion, remain those most frequently
reported to date. Compared to distal microdeletions, proximal 22q11.2 microdeletions
are the entities that most include, in their phenotypic spectrum, cardiac
malformations, in particular, conotruncal heart disease (MIM 217095) [11, 12, 23,
29, 30]. According to three landmark studies in which the phenotype of 810 patients
with microdeletions at 22q11 was determined, conotruncal heart disease was reported
in 75% of cases [31–33]. Tetralogy of Fallot is the most common heart disease, with a
prevalence of 22–35%. The frequency of CHD also differs according to the involved
clinical syndrome. It should be noted that cardiac involvement seems to be rare in
distal microdeletions except for deletions classified as type II according to Mikhail
et al. (2014) [24] i.e. those resulting from NAHR LCR22-D/E, where the frequency of
CHD exceeds 40% and where the CHD seems to correspond to atrial septal defects
(ASD) and ventricular septal defects (VSD), patent ductus arteriosus (PCA), and
bicuspid aortic valve. With the exception of PCA, these CHD are rarely involved in
proximal microdeletions for which the most frequent (but not exclusive) are
conotruncal heart defects.
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Fluorescence in situ hybridization (FISH), which remains the gold standard test to
determine 22q11.2 microdeletion and detects more than 95% cases, is very expensive,
time-consuming, and not widely available. It usually requires chromosomal prepara-
tions. Settings, such technique for widespread screening of microdeletions, are limited
in the medical background with a shortage of resources [4, 34–36].

Given the financial cost of 22q11.21 microdeletion detection techniques and the
impossibility of applying them on a large scale, we have tried in this work to optimize a
simple and inexpensive molecular technique using PCR-RFLP in order to allow the
exclusion of 22q11.21 microdeletion syndrome. This negative screening is helpful to the
reduction of the number of patients who are candidates for the confirmation of the
22q11 syndrome by FISH, MLPA, qPCR, or array CGH. The principle of this exclusion is
based on the use of three markers located at 22q11.21, each of which has two alleles. The
heterozygosity profiles for these CNV confirm the absence of a microdeletion. Only the
homozygous profiles would be likely to be deleted. However, it requires confirmation.
Experimentally, the PCR-RFLP technique was firstly developed for the rs4819523
marker and subsequently for the two other ones. After optimization, the technique was
applied to 10 patients whose microdeletional status was previously known using the two
techniques of reference, notably, FISH and MLPA. All patients had CHD, primarily
consisting of conotruncal CHD.

The current study allowed us to validate the technique by showing the heterozy-
gous status for the eight undeleted patients and the homozygous status for the two
patients with a confirmed 22q11.2 microdeletion. Accordingly, we have demonstrated
that this technique is promising for the 22q11.21 region as well as for other chromo-
somal regions prone to microdeletions such as the distal 22q11.2 and the 7q11 regions.

For an appropriate application in our population, and may be others, it will be
necessary to conduct preliminary population studies in order to identify the polymor-
phic markers whose characteristics and allelic frequencies are accurately estimated. It
requires further improvement, notably, the selection of other biallelic markers to
cover more widely the 22q11.21 region of 3 Mb as well as the identification of more
polymorphic markers of the selected regions in our Tunisian population, to define the
allelic forms and ultimately, to estimate their alleles frequencies.

5. Conclusion

In conclusion, the principle of the proximal 22q11.2 microdeletion, applied with
the exclusion technique, is apparently interesting and possibly used for several appli-
cations. Furthermore, this principle could be used to target patients with distal
microdeletions, which are becoming more and more frequent for an increasingly rapid
confirmation. In this vein, it could be used for excluding these distal 22q11.22-q11.23
microdeletions. However, it is necessary to choose the appropriate polymorphic
markers for each type of distal microdeletion and to develop the technique. Further
studies of the population for the determination of the heterozygosity rate of 22q11
region markers are needed before setting up such interesting methods of deletion
screening in our population and may be others.
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Chapter 4

Pharmacogenomics – A Prospective 
Journey towards Precision 
Medicine
Chrisanne Freeman

Abstract

In personalized medicine, genomic data is utilized to focus on individual reactions 
to drugs. At the point when a gene variation is related to a specific medication reaction 
in a patient, there is the potential for settling on clinical choices in light of hereditary 
factors by changing the dose or picking an alternate drug, for instance. Researchers 
survey gene variations influencing a person’s medication reaction the same way 
they evaluate gene variations related to certain illnesses: by recognizing hereditary 
loci related to known drug reactions and afterward testing people whose reaction 
is obscure. Current methodologies incorporate multi-gene investigation or entire 
genome single nucleotide polymorphism (SNP) profiles, and these methodologies are 
simply coming into clinical use for drug revelation and improvement.

Keywords: pharmacokinetics, personalized medicine, single nucleotide polymorphism 
profile, pharmacogenetics, drug safety

1. Introduction

Pharmacogenetics is the science of how genetic factors affect the variation in 
drug safety and efficacy between individuals [1]. Regarding the human genome 
project, pharmacogenomics is another applied study of the entire genome, including 
genomics and proteomics, for recognizing every human gene, inter-individual and 
intra-individual variations in articulation, and testing its capability progressively [2]. 
Customized medication is an incredible chance to take a “one size fits all” approach 
dealing with diagnostics, medication treatment, and counteraction and transform 
it into an individualized methodology. Of course, we are all alike, but we are also 
unique, and this allows us to make individual predictions about disease risk, which 
can help someone choose a prevention plan that is right for them. Genomics is playing 
a big role in the development of personalized medicine. Genomics gives us a new 
window into the differences between us in a very specific molecular way. It likewise 
permits the chance, in certain cases, of picking the perfect medication at the ideal 
dosage for the perfect individual rather than the “one size fits all” way to deal with 
drug treatment. In the end, it will be difficult to see how this will not affect any kind 
of medicine as we learn more about each person and as many of us find that our entire 
genomes are being sequenced and available as a ready reckoner to enable that kind 
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of personalized approach. There is much work to be done, however, and it might be 
the greatest upheaval in medication in seemingly forever. Pharmacogenomics aims 
to design new drugs and select the best treatment for each individual patient. As a 
general rule, most pharmacogenetic studies target single genes and their relationships 
with individual contrasts in drug interactions; at the same time, pharmacogenomics 
is a science that also deals with genomic interactions between genes in the general 
variety of drug metabolism and reactions.

2. Pharmacogenomics’ - origin and development

Pharmacogenetics existed more than 2000 years before Pythagoras’ observations, 
but enzyme polymorphisms like N-acetyltransferase and G6PD were not discovered 
until the 1950s [3]. In 1959, Friederich Vogel came up with the term “pharmacogenet-
ics” to describe a new field of study that uses genetics and pharmacological knowl-
edge and techniques to investigate the impact of inherited factors on drug response 
variability [4]. The subject of pharmacogenetics became too esoteric, and as a result, 
it declined. Proof for a genetic basis for clinical disorders related to the administration 
of medications arose in the mid-'50s when antimalarial drugs, for instance, prima-
quine, were proven to stimulate hemolytic anemia in patients who had a deficiency of 
glucose-6-phosphate dehydrogenase. Numerous observations of pharmacogenetic-
based variations in pharmacokinetics were made in the 1970s following the discovery 
of the CYP2D6 polymorphism and its impact on drug toxicity and response [5]. This 
examination brought about a few investigations in view of the utilization of molecular 
innovations connected to traditional pharmacological phenotypization and heredi-
tary studies in populations that allowed the identification of a few polymorphisms 
in genes engaged in drug metabolism. The term “pharmacogenomics” was first used 
in the medical literature towards the end of the 1990s. The European Agency for 
the Evaluation of Medicinal Products (EMEA) characterizes “pharmacogenetics” as 
“the investigation of inter-individual variations in DNA sequences connected with 
drug reactions” and “pharmacogenomics” as “the investigation of the expression of 
individual genes responsible for disease susceptibility as well as drug toxicity at the 
cell, tissue, individual, or populace level.” The European Agency for the Evaluation of 
Medicinal Products (EMEA), 2002. The most common meaning of the term, which 
considers pharmacogenomics to be the evolution of pharmacogenetics on a genomic 
scale, is in line with this definition. Pharmacogenetics, as a matter of fact, uses genetic 
innovations to investigate a set number of genes to describe the molecular mechanism 
of an individual’s reaction to drugs, while pharmacogenomics includes the investiga-
tion of the entire genome as it connects with drug reactions using high-throughput 
advancements.

At the drug metabolizing enzyme, transporter, or receptor level, polymorphisms 
associated with variable drug response have been identified for an increasing number 
of genes, mostly through a candidate gene approach. The use of genome-wide analysis 
is leading to the discovery of previously unknown new genes linked to disease and 
drug response. Albeit a few old and most new medications going onto the market 
have a “pharmacogenomic track” the clinical significance of pharmacogenomics has 
been by and large inadequate. For toxicity (such as azathioprine) and efficacy (such 
as warfarin) purposes, narrow therapeutic index drugs have been the primary focus 
of clinical translation of pharmacogenetics to date. Pharmacogenetics and genomics 
will progress through lower-cost, fast entire genome sequencing techniques joined 
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with complex calculations permitting individualized measurement suggestions, 
but not really their reception. However, the influence of environmental and genetic 
factors on gene expression changes complicates this. As a result, the translation of 
pharmacogenetics into “personalized medicine” will be contingent on a variety of 
elements, such as clinical relevance, interactions between genes and the environment, 
costs, and education [3].

3. Single nucleotide polymorphisms: its impact on drug metabolism

Genetic variation in drug metabolism is a major factor in the variation in drug 
toxicity between individuals. Drug-metabolizing enzymes involving single nucleotide 
polymorphisms create distinct population subgroups with distinct capabilities for 
drug-transforming reactions. For the majority of enzymes that break down drugs, 
genetic polymorphisms have been described. Mutations in these enzyme genes 
cause polymorphisms by reducing, increasing, or eliminating enzyme expression 
or activity through a variety of molecular mechanisms. In addition, the population 
contains recessive alleles with a relatively high frequency [6]. Genes assist with 
building proteins and their enzymes. Many things happen to enzymes, like breaking 
down (metabolizing) drugs. People who do not respond to medications as well as 
expected might have genetic differences that make it harder for enzymes to break 
down a medication or make them stop working. A person’s response to a medication 
may be affected by these genetic variations. A typical dose of a drug can cause side 
effects or have little to no effect on treating the condition at hand if it is broken down 
too quickly or too slowly. The drug itself also affects how a person responds to it. 
For instance, whereas increased breakdown renders drug Y ineffective, increased 
breakdown causes side effects with drug X. The nucleotide sequence of the major-
ity of genes is thought to have evolved casually over time. Mutations situated in a 
systematizing locale might prompt the replacement of an amino acid in a particular 
place in a protein and subsequently influence the function of proteins. Mutations in 
a regulatory region may alter the expression levels of mRNA and proteins and thus 
transcriptional and translational mechanisms [7].

A polymorphism is a variation in the DNA sequence that occurs in a population 
with an allelic frequency of at least 1%, while a mutation is a variation that occurs 
less frequently. Mutations and polymorphisms arrange for enzymes portrayed by 
various metabolic movements or receptors with affinity for the drug. They alter 
the pharmacological response of an individual or, in the case of variations that are 
particularly prevalent in particular ethnic groups, even of a population [7]. Single-
nucleotide polymorphisms (SNPs) are the simplest genetic variants. Genetic muta-
tions may include a few nucleotides or long DNA characteristics. In this instance, 
they are defined as amplifications, translocations, substitutions, insertions, 
deletions, and large mutations [7]. SNPs can be roughly divided into four main 
categories, which are as follows: (i) in the gene’s protein coding sequence; (ii) in the 
gene’s regulatory regions (like the promoter, 5′-untranslated region, 3′-untranslated 
region, and intronic sequences); (iii) at the gene’s exon-intron boundaries; and 
(iv) in the gene’s intergenic regions, which are interfering genomic segments that 
separate genes [8].

Alterations in the structure and function of the encoded proteins, as well as 
changes in the level of gene expression, are all possible outcomes of these sequence 
variants. However, there may be no discernible effects on protein function. 
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The inheritance of these alleles by patients receiving standard doses of medication 
can result in an adverse drug reaction or failure to respond in the latter two scenarios. 
Such SNPs are potential candidates for drug response-modifying alleles. SNPs in 
genes’ regulatory regions have the potential to influence gene expression regulation 
[9]. Short sequences (typically 6–20 bases) known as transcriptional regulatory 
domains are found mostly in the promoter or intronic region of genes and serves as 
transcription factor (TF) binding sites. SNPs that change the binding site might possi-
bly increase or reduce the binding efficiency of transcription factors, which results in 
spatial modifications in gene expression or potentially changes in the degree of gene 
expression. Alternately, SNPs in the promoter region may result in a gain-of-function 
by introducing novel TF binding properties. For instance, the minor “A” allele of a 
SNP found in the promoter of the tumor necrosis factor gene makes a new binding 
site for the OCT-1 TF, prompting increased transcriptional action [10]. In contrast, 
OCT-1 does not bind to the same promoter that carries the predominant “G” allele 
[10]. At long last, one more gene in the regulatory region that can be impacted by 
SNPs is the 5′- or 3′-untranslated area [9].

Post-transcriptional regulation of the mRNA involves either translational repres-
sion or changes in mRNA stability in these regions, which are on either end of the 
transcribed mRNA molecule. The binding of regulatory factors—short non-coding 
RNA molecules with a length of 19–21 nucleotides—to sequence motifs in the 
untranslated region of the mRNA acts as a conduit for post-transcriptional control 
[11, 12]. Alterations in regulatory protein [13] or microRNA binding characteristics 
[14] have been linked to changes in mRNA stability caused by SNPs targeting these 
motifs in the 3′-untranslated region. In pharmacogenetics, prototypes are used to 
describe monogenic traits. They are made up of polymorphisms in a single gene 
that code for a protein in a drug’s effects or metabolism, resulting in varying indi-
vidual responses (Table 1). To be viable, drugs should interact with explicit targets 
restricted to the plasma, cell layer, or cytoplasm. These effectors can be modified 
qualitatively in the amino acid sequence or quantitatively (in the levels of gene 
expression) to cause biological variability as well as genetically determined diseases. 
The administration of a drug that is safe and effective in the general population may, 
in either case, have severe side effects in people with the disease gene and manifest a 
subclinical change in a relatively uncommon but clinically significant syndrome like 
the long QT syndrome.

Clinical Condition Genes Associated Clinical Usage Reference

Atrial fibrillation CYP2C9, VKORC1 Dose of Warfarin Redekop and Mladsi [15]

Breast cancer HER2 Use of Trastuzumab 
recommended

Redekop and Mladsi [15]

Epilepsy HLA-B1502 Use of carbamazepine Redekop and Mladsi [15]

Chronic myeloid 
leukemia (CML)

BCR and ABL Imatinib is 
recommended

Druker et al. [16]

Cystic fibrosis G551D, G551D Ivacaftor is 
recommended

Ramsey et al. [17]

Table 1. 
Examples of genetic variants that influence drug metabolism in clinical conditions.
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4. Drug development utilizing pharmacogenomics

The first step in the process of drug discovery is to identify a potential target that 
the drug could target. A protein involved in signal transduction, a receptor, a trans-
porter, an enzyme in an important pathway, or any protein produced by a disease can 
all serve as the target. The number of drug targets after sequencing the human genome 
was estimated to be around 8000, of which 4990 could actually be acted upon—2329 
by antibodies and 794 by drug proteins [18]. 399 molecular targets from 130 protein 
families have been found through ligand binding studies [19, 20]. These targets are 
known to vary due to genetic polymorphisms. The effects of drugs that are based on 
targets with wide polymorphisms can vary. As previously mentioned, polymorphisms 
in the 2 adrenoceptor gene, for instance, have resulted in responder and non-responder 
phenotypes [21]. This can prompt conflicting outcomes in the preclinical and clinical 
examinations that would follow in the event that such a compound is sought after as a 
drug. Such targets can be eliminated as drug compounds, and other appropriate targets 
can be chosen. So, targets can be characterized early on using pharmacogenetic and 
proteomic studies, and suitable drug compounds can be chosen for future investment. 
Variation in a disease’s drug response is typically the result of multiple genes rather 
than a single gene mutation. The aftereffects of pharmacogenetic studies do not have 
any significant bearing when utilized clinically, as possibly single gene mutations are 
considered when, as a matter of fact, multiple genes are involved. In such cases, more 
than a pharmacogenetic study, it would be proper to do pharmacogenomic investiga-
tions looking at single nucleotide polymorphism (SNP) expression and heat maps 
among patients and controls (Figure 1). This can distinguish the hereditary elements 
related to the disease condition and hence give more current focuses to describe and 
assess, with the end goal of drug development [22].

At the point when targets are tried and tested, in view of the pharmacogenetic 
profile of patients and their classification, it gives the feeling that those with poor use 
limits are restricted in their use. When viewed from a broader perspective, it should 
be noted that this method only reveals what was missed in the pregenomic era, when 
clinical trials and clinical practice were poorly explained. By using pharmacogenetic 
devices and understanding the reasons for unfavorable impacts, the targets that 

Figure 1. 
Consequences of polymorphisms on drug metabolism.
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induce morbidity in poor metabolizers can really be forestalled when pharmacogenet-
ics is recommended in clinical practice with suitably directed dosages. Additionally, 
it must be recognized that the population with poor metabolizing capacity as a result 
of genetic polymorphisms is only a small, extremely rare subset. The pharmaceutical 
company avoids developing such a drug if an enzyme polymorphism is found in a 
larger population. Another worry would be the expense that the patient would incur 
for pharmacogenetic testing prior to beginning treatment. The expense of genotyp-
ing for single nucleotide polymorphisms may not be reasonable in many developing 
and immature nations. However, as technology advances, this price may decrease in 
the near future. The cost of genotyping 1000 DNA samples would be 0.3 USD per 
genotype, as previously mentioned. Yet, when the expense is determined for a solitary 
patient example, it adds up to in excess of 130 USD, which includes the cost of the 
probe as well [23]. Consequently, it appears that genotyping is financially effective 
provided that it is utilized for a larger scope, which would be the case in the event that 
it is significant for therapeutic purposes.

5. Clinical interpretations

Genetic biomarkers have been the subject of numerous studies on their clinical 
utility in drug therapy [24, 25] and their potential to partially replace therapeutic 
drug level monitoring [26, 27]. Additionally, combining genetic biomarkers and 
drug levels could further guide optimal dosing, such as for warfarin. It is intuitive 
to assume that drug response and variants in genes that encode drug-metabolizing 
enzymes, membrane transporters, and receptors are causally linked. Multiple com-
ponents of the signaling pathway for drug receptors have the potential to introduce 
variation in drug response, reducing the impact of drug receptor variants alone. The 
essential objectives of pharmacogenomic biomarkers are the choice of a reasonable 
treatment methodology or an endless drug measurement routine. Poor metabolizers, 
or “null alleles,” should avoid drugs that are mostly metabolized by a single enzyme; 
however, partially increased or decreased activity can be used to adjust dosages. Even 
when taking into account the most recent discoveries in genomics, biomarker predic-
tions of graded enzyme activity frequently exhibit large variations, reducing their 
clinical utility, such as for CYP2D6 variants. Again, a lot of personal factors need to be 
taken into account when choosing a treatment.

The implementation of pharmacogenetic and genomic biomarkers into clinical 
practice is difficult and constrained by numerous factors. Most importantly, there is 
a lot of variation among patients, so any biomarker can only predict a small portion 
of disease risk or treatment aftereffects (Figure 2). Hence, the overall effect of 
inter-patient variance, along with cost, are the fundamental models that character-
ize cost–benefit proportions and decide clinical plausibility. Drugs that are linked 
to genetic biomarkers are listed in the FDA Pharmacogenomic Biomarkers in Drug 
Labels, which includes links to complete public drug label information, such as the 
type of genetic variant and allele frequencies between ethnic groups [28]. As an 
element of a biomarker’s clinical effect, drug-biomarker matches are either given 
on specialists advice only or further featured with a boxed advance notice when 
adverse reactions can be extremely severe. For instance, the main active metabolite 
endoxifen is activated by CYP2D6 when tamoxifen is used to treat breast cancer. 
Consequently, poor CYP2D6 metabolizers have a lower chance of responding 
and may require additional treatments. However, the involvement of a number of 
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metabolizing enzymes, dietary factors, and patients’ compliance all contribute to 
variations in response. Further examination is expected to improve the clinical 
utility of CYP2D6-directed treatment [29].

6. Pharmacogenomics’ applications - a network for complex diseases

For personalized treatment plans, precision medicine now incorporates lifestyle, 
age, behaviors, and polypharmacy regimens in addition to genomic data. A significant 
part of customized medication is recognizing genes that can impact the metabolism 
of a drug, which are referred to as “pharmacogenes”. Proven and factual variations 
of specific genes, like those coding for the cytochrome P450 catalyst superfamily, 
have been shown to influence drug vulnerability and, as a rule, increase side effects. 
Some people have deletions or substitutions that cause some enzymes to have low, 
high, or no activity at all, resulting in variable drug metabolism. This complicates the 
genetic influence. Poor reimbursement from third-party funders, a lack of clinician 
familiarity with personalized treatment, an inadequate workflow agenda, and a lack 
of organization in reporting are all obstacles to personalized medicine, despite its 
growing use in therapeutic areas like psychiatry, cardiology, and pain management. 
Healthcare administrators require electronic medical recording systems, proper 
orientation, and a constant genotype and phenotype reporting system, while funders 
and providers have legitimately requested sufficient published data to support the 
clinical utility of pharmacogenomics. About half of Americans say they take at least 
one prescription medication, according to data from the National Centre for Health 
Statistics [30]. In addition, 28% of people receive prescriptions for three or more 
medications, and approximately 13% report taking five or more medications in the 
past 45 days [31]. Altogether, roughly 4.8 billion remedies were filled at drug stores in 
the US in 2019 [32]. Mostly, numerous patients will encounter adverse consequences 
of prescription use, either as unfavorable adverse reactions to medication or drug 
inefficacy, requiring supervision in treatment management [33]. It has been more 

Figure 2. 
Drug response variability between individuals.
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difficult to demonstrate the clinical significance of prospective, randomized clinical 
trials despite the abundance of scientific evidence for individual gene-drug associa-
tions. Personalized guided treatment and conventional treatment systems have 
typically been compared in these individual trials [34–36].

These trials are dependent on certain major factors: For instance, a random report 
with randomized subjects cannot be ethically generated, and these trials cannot be 
truly triple-blinded. Additionally, patients randomized to conventional treatment 
receive an effective trial that is proven to be safe and approved by the U.S. FDA. In 
cases like depression, where superiority over a placebo must be demonstrated, these 
trials differ significantly from typical industry-sponsored drug trials. At last, the 
clinician-agents in personalized medicine preliminaries are not typically committed 
to following the treatment routine characterized by pharmacogenomics. As a result, 
it should not come as a surprise that such randomized conventional trials lack power 
or are noted for only marginal outcomes of improvement. There are two reasons why 
pharmacogenomics will probably be used more frequently in the near future. First, 
the data will force funders, medical associations, and regulatory agencies to take 
this approach. Second, and as significant, new generations of doctors and partnered 
medical care suppliers will turn out to be more educated about the individual, mon-
etary, wellbeing, and cultural ramifications of personalized medicine. Besides, as doc-
tors take up pharmocogenomics in their practices, drug specialists will thusly have to 
assume a focal role in drug usage and clinical translation [37]. More current and more 
affordable genetic innovations will further develop the money-saving advantages of 
personalized medicine. At last, more funders will perceive the financial advantages of 
pharmacocogenomics and will repay for its utilization.

7. Pharmacogenomics - execution, regulations and ethics

Endless pharmacogenomics biomarker tests keep arising, yet endorsement by 
administrative organizations and acknowledgment by medical coverage organiza-
tions and foundations require legitimate proof of clinical significance. The FDA has 
established requirements that must be met before a product can be approved. Often, 
clinical trials are used to compare efficacy in the targeted population to a comparable 
biomarker-negative control. Cost–benefit analyses are necessary to demonstrate that 
the biomarker-drug combination is superior or that the drug in and of itself would 
not meet FDA approval criteria for use in the general patient population, as was the 
case with trastuzumab in the treatment of breast cancer [38]. Pharmacoeconomics 
evaluates the money-saving advantage proportions for therapeutic purposes, includ-
ing the utilization of pharmacogenomics compared with medical care, not surpris-
ingly. The utilization of next-generation sequencing to direct remedial choices raises 
unexpected issues, for example, coincidental discoveries of pathogenic variations 
[39]. In the end, it’s important to think about other approaches that might be less 
expensive than pharmacogenomics when making a clinical decision. When high-
dose simvastatin is required to lower cholesterol levels, causing potential toxicity, 
prescribing alternative statins eliminates the requirement for SLCO1B1 genetic data, 
for instance, in the case of simvastatin and genetic variants of SLCO1B1. Genuine 
information is as yet meager and will require a normalized, certifiable proof plan. A 
few studies have addressed evidence review standards, payer participation in study 
design, and provider and payer education regarding NGS [39]. Utilization of heredi-
tary information summons delicate issues in regards to privacy, abuse by outsiders, 
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and inquiries with pertinence to the patient’s family, assuming that malicious changes 
are found. In the United States, the Genetic Information Nondiscrimination Act 
(GINA) was passed in 2008, ensuring that genetic information would not be used 
in decisions regarding health insurance or employment. This alleviated concerns 
regarding the misuse of genetic information and discrimination. Genetic information 
will now have a foothold in health care thanks to this important civil rights bill. For 
patients, the option to be aware of or protected from discoveries of pernicious varia-
tions should be explained by marked informed consent in clinical investigations.

The real moral standard in medication is to cause no damage and to stick to the 
vital core values of equality, justice, and beneficence. In the United States, there are 
significant disparities in access to health care among various populations. The COVID 
pandemic is only partially to blame for the decline in life expectancy that has been 
occurring for a number of years, despite advances in medical science. Black people and 
indigenous Americans have been disproportionately affected. Minority populations’ 
social exclusion from health care remains a serious issue. Bracic et al. [40], contend 
that efforts to eliminate such disparities in the context of social behaviors performed 
by members of the dominant group and members of the minoritized group frequently 
serve to perpetuate “exclusion cycles.” Extending the utilization of enormous infor-
mation and man-made intelligence-based frameworks in medication to tackle these 
issues conveys a risk of building up such cycles when established on one-sided data 
[40]. However, through the use of widely accessible personal electronic health care 
records, personalized medicine inevitably moves towards convergence and integra-
tion of all medical, genomic, personal, cultural, and socioeconomic factors [41]. It is 
unclear to what extent this method can replace the intuitive judgments of seasoned 
healthcare professionals, but it is essential to observe beneficence, justice, and 
equality. Life expectancy has decreased in the United States over the past few years as 
a result of the two leading causes of death, heart disease and cancer, despite advance-
ments in medicine. Genomics medication guarantees further developed results, yet it 
must be reasonably coordinated into normal clinical practice to turn out to be com-
pletely compelling.

8. Conclusion

Through enhanced use of existing biomarkers and the detection of early genomic 
and epigenomic events in disease development, particularly carcinogenesis, knowl-
edge of personalized medicine enables earlier disease detection. Preventative medi-
cine is the primary focus of this approach, which encourages proactive rather than 
reactive actions. This approach delays or forestalls the need to apply more extreme 
medicines, which are generally less endured and have expanded personal satisfac-
tion and monetary contemplations. Globally, rising healthcare costs, particularly 
for end-of-life care, have increased pressure on government-funded healthcare 
systems. Precision medicine might make existing treatments work better and get 
rid of the problems that come with other methods. Precision medicine is a growing 
field of medical services where a doctor can choose a therapy in view of a patient’s 
hereditary or genetic profile that may not just limit harmful incidental effects and 
assure more success, but can also be less practical and an ‘experimentation’ way to 
deal with sickness therapy. The “trial-and-error” non-precision medicine approach, 
which is less effective and can result in drug toxicity, severe side effects, reactive 
treatment, and misdiagnosis, continues to drive up healthcare costs. A more unified 
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treatment strategy tailored to each individual and their genome will emerge as a result 
of advances in personalized medicine. Customized medication might furnish better 
conclusions with prior intercession, more productive medication advancement, and 
more designated treatments.

To conclude, progress in personalized health care necessitates the convergence 
of a number of different fields and technologies in order to uncover connections 
between various components that are intertwined and influence one another. Seeing 
such intricacies might arise out of man-made brainpower and artificial intelligence 
later on. Basic genomics research must strive to integrate key aspects of personalized 
medicine in order to improve clinical translation, as pharmacogenomics serves as an 
essential link.
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Abstract

Diabetes Mellitus Type 2 (DM2) is a complex and multifaceted disorder currently
listed as one of the epidemics of the twenty-first century due to its prevalence and the
adverse cardiovascular effects it causes. This chapter examines the relationships between
base-pair positions in human mitochondrial genome and type 2 diabetes. The data
included 510 complete mitochondrial genomes, of which 437 belonged to individuals with
type 2 diabetes and 73 to healthy individuals. An alignment algorithm allowed inspecting
and choosing a region with optional positions for analysis, a principal component analysis
permitted viewing the data structure, and after a regression analysis, we declared three
base-pair positions associated to DM2. Upon examination of the genome annotation,
three genes were identified as potential candidates for association, one of which was
previously linked to type 2 diabetes according to previous studies. This chapter offers
further proof of a possible genetic link between type 2 diabetes and metabolic syndrome.

Keywords: genome-wide association study (GWAS), type 2 diabetes mellitus (DM2),
logistic regression, principal component analysis (PCA), risk factors

1. Introduction

A group of metabolic disorders known as diabetes mellitus are characterized by
chronic hyperglycemia and can be caused by problems with insulin secretion, insulin
action, or both. Alterations to the lipid and protein metabolism coexist with hyper-
glycemia. Long-term sustained hyperglycemia is linked to damage, dysfunction, and
failure of many different organs and systems, particularly the heart, blood vessels,
nerves, and the retina [1].

There are several types of diabetes and other categories of glucose intolerance.
Type 1 diabetes mellitus (DM1): Its hallmark is autoimmune destruction of the β
cell, which causes absolute insulin deficiency, and a tendency to ketoacidosis. Such
destruction in a high percentage is mediated by the immune system, which can be
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evidenced by the determination of antibodies: Anti-GAD (anti glutamate decarboxyl-
ase), anti-insulin, and against the islet cell, with a strong association with the specific
DQ-A alleles and DQ-B of the major histocompatibility complex (HLA). DM1 can also
be of idiopathic origin, where the measurement of the aforementioned antibodies
gives negative results [1]. It usually manifests itself in the infant-juvenile age (before
the age of 30) and the vast majority are of autoimmune origin. It is characterized by a
defect in insulin secretion and constitutes 5–10% of all cases of diabetes. It is always a
subsidiary of insulin treatment [2].

Diabetes type 2 (DM2): This is the most prevalent variety and is frequently linked
to obesity or an increase in visceral fat. Ketoacidosis rarely develops spontaneously.
The issue ranges from a predominant resistance to insulin, accompanied by a relative
hormone deficiency, to a progressive malfunction in its secretion [1]. It is the most
frequent form of DM2 since it represents between 90 and 95% of cases. It usually
appears after the age of 40 and is associated with obesity, which is present in up to
80% of patients with type 2 DM. Its treatment requires diet and exercise alone or is
associated with oral antidiabetics and/or insulin [2].

Gestational Diabetes Mellitus (GDM): Specifically, groups glucose intolerance
detected for the first time during pregnancy. Hyperglycemia before twenty-four
weeks of pregnancy is considered undiagnosed pre-existing diabetes [1]. It occurs in
1–14% of pregnant women and is associated with an increased risk of obstetric and
perinatal complications [2].

Due to the interaction of numerous genetic variants and other environmental
factors, diabetes mellitus type 2 (DM2) is a complex and multifaceted disorder char-
acterized by chronic hyperglycemia. The prevalence of obesity and physical inactivity,
together with the aging of the population, have all contributed to a significant rise in
the number of people worldwide who have type 2 diabetes [3]. It is classified as one of
the epidemics of the twenty-first century, both for its growing magnitude and for its
negative impact on cardiovascular diseases [4].

DM2 is a heterogeneous disease of multifactorial etiology, in which insulin resis-
tance and inadequate compensatory insulin secretion by pancreatic beta cells are
combined; It manifests as chronic hyperglycemia, accompanied by carbohydrate, fat,
and protein metabolism disorders. The susceptibility of this disease is determined by
the combined effect of genetic and environmental factors [4].

Environment refers to all non-genetic factors that modulate the phenotype, which
may include random environmental factors such as climate, geography, demo-
graphics, and socioeconomics; as well as the lifestyle that is made up of diet, smoking,
alcoholism, and physical activity, which the individual can modify [4].

The disease is regarded as a polygenetic disturbance in which each genetic variety
confers a partial and additive effect. Just 5–10% of cases of DM2 may be attributed to
genetic defects; these cases include juvenile-onset diabetes, insulin-resistance syndromes,
mitochondrial diabetes, and neonatal diabetes [5]. Examination of DM2 susceptibility
genes may be useful for the prediction, prevention, and early treatment of the disease.

Through the implementation of genome-wide association studies (GWAS), the
number of common genetic variants associated with DM2 has increased rapidly
[6–12]. In addition, more than 40 genetic loci associated with DM2 have been identi-
fied; however, these loci have been identified primarily in European populations [13].
Still there are additional genetic factors to be discovered since the identified genetic
regions only account for a small portion of the estimated heritability of DM2. The high
economic cost and a large number of hypotheses in these studies are a limitation of
GWAS [14]. Several research studies have examined cluster-based GWAS’s viability
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and efficiency, with significant time and financial savings. [14–16]. In addition, whole
genome sequencing across multiple samples in a population provides an unprece-
dented opportunity to comprehensively characterize polymorphic variants in the
population [17].

Type 2 diabetes, as mentioned, is a complex illness brought on by numerous
genetic and environmental factors; family-based and peer studies estimate that
heredity ranges from 22 to 73%. Recent estimates placed the prevalence of DM2 in
adults, adjusted for age, at 7.6% in European Americans, 14.9% in Afro-Americans,
4.3–8.2% in Asian Americans, and 10.9–15.6% in Hispanic Americans [18–21]. More
than 40 genetic loci associated with DM2 have been identified, but so far, these
locations have primarily been revealed through studies of people with European
ancestry. The candidate gene association studies discovered a link between DM2 and
nonsensical variants in PPARG (MIM 601487) and KCNJ11 (MIM 600937), which are
targets for drugs to treat diabetes, and they implicated common genetic variants
responsible for Mendelian forms of diabetes in DM2 [22–27].

The first genome-wide association studies (GWAS) for DM2 [6–9, 28] and fasting
glucose [29] successfully identified multiple associated loci. And, through recent
GWAS meta-analyses for DM2 [30] and quantitative glycemic characteristics [31], the
number of loci associated with DM2 have significantly increased in European
populations; the majority of these variants act via defects in the function of beta-cells
rather than insulin action. In total, known variants associated with DM2 account for
10% of genetic variation [30, 32], therefore it is likely that more locations and inde-
pendent factors increase the risk of the disease.

Few people outside of Europe are aware of the genetic factors that contribute to
type 2 diabetes. A new locus (KCNQ1 [MIM 607542]) was discovered based on a
GWAS in a Japanese population [33, 34] and was later discovered to have separate
alleles in people of European ancestry [30]. Most recently, GWAS in Chinese
populations [5, 35], Japanese [36], and south Asian [37] discovered additional DM2
loci that exceed genome-wide significance. To date, GWAS in African Americans has
been underpowered to detect new loci [38].

In a recent multiethnic meta-analysis, three DM2 risk loci in Europe (GATAD2A/
CILP2/PBX4, TH/INS, and SREBF1), one DM2 risk locus in Africa (HMGA2), and one
DM2 risk locus in multiple ethnic groups (BCL2) were associated confirming that an
allele-based gene score exists. Hence, the multiethnic GWAS of DM2 should result in
the discovery of additional genes associated with diabetes that are relevant to numer-
ous ethnic groups [13].

There are still additional genetic factors to be discovered since the identified
genetic regions only account for a small portion of the estimated heritability of DM2.
The high economic cost and a large number of hypotheses in these studies are a
limitation of GWAS [14]. Several studies have looked at the viability and effectiveness
of GWAS based on clusters, with considerable time and cost savings [14–16]. In
addition, whole genome sequencing across multiple samples in a population provides
an unprecedented opportunity to comprehensively characterize polymorphic variants
in the population [17].

The purpose of this chapter was to perform an association study in the mitochon-
drial genome to identify Base-Pair (bp) genomic positions statistically associated with
DM2. An alignment analysis enabled visualization and selection of a genomic region
with allelic variability. Subsequently, a Principal Component Analysis (PCA) was used
to visualize the complexity of the data; followed by a simple and multiple logistic
regression analysis that allowed the discovery of base-pair positions associated with
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DM2. Finally, an inspection of the mitochondrial genome annotation revealed 3
candidate genes to be associated with DM2.

2. Methodology

Next, the database used in this chapter will be explained, as well as the techniques
used for the analysis of DNA sequences.

2.1 Database

We explored genetic variants of these type 2 diabetes-associated genes in different
populations using genome-wide association analysis available in the Type 2 Diabetes
Knowledge Portal database (http://www.type2diabetesgenetics.org/). The search
criteria were: patients with DM2, considering a p-value <0.05 in the X2 test and an
Odds Ratio > 1.0. Based on the results obtained, the variants were evaluated and
identified in NCBI dbSNP (https://www.ncbi.nlm.nih.gov/snp/), and their registra-
tion was documented in ClinVar (https://www.ncbi.nlm.nih.gov/clinvar/). Related
polymorphisms were explored in the UCSC Genome Browser (https://genome.ucsc.
edu/) using the GRCh37/hg19 version and the change of polymorphisms as reference
allele/effect and minimum allele frequency were compared with the information
available in genomic databases. The allele frequency and the genotype frequency of
the effect on heterozygotes and homozygotes were queried in the 1000 Genomes
database using Ensembl (http://grch37.ensembl.org/index.html). Finally, samples of
different tissues from patients with type 2 diabetes were analyzed with the Orange
package (https://orange.biolab.si). To identify the differences in expression of this
gene in different tissues, from GEO data sets (https://www.ncbi.nlm.nih.gov/gds)
expression values of muscle, liver, and pancreas were obtained and the differences
were analyzed by Mann Whitney U Test considering p < 0.05 significant.

To explore the prevalence and distribution of mitochondrial polymorphisms
associated with DM2, the search for complete sequences of the mitochondrial chro-
mosome (16,569 base pairs) was designed and minor fragments were considered;
because most of the works on the subject are amplified for the control region (D-loop)
with a size smaller than 1000 base pairs in the nucleotide database of the National
Center for Biotechnology Information (NCBI) (https://www.ncbi.nlm.nih.gov/nucle
otide) where the GenBank, the most extensive collection of genetics and genomics
available, is located. Changes in the sequence were identified, as well as the insertion,
deletion, and heteroplasmy sites. We also estimated the number of mitochondrial
single nucleotide polymorphisms (mtSNPs), the average number of distinct nucleo-
tides among populations, as well as the number of fixed differences, shared poly-
morphisms, and mono- and polymorphic mutations between populations. This made
it easier to identify the polymorphisms that are most prevalent in the control region
and the mtDNA codifying region.

The database is separated into two fasta files, the first file has 437 whole mito-
chondrial genome sequences from type 2 diabetic human patients and the second file
has 73 from healthy individuals (each sequence is the most common or dominant
whole mitochondrial chromosome in each individual, with 16,569 bases each,
although there may be slight nucleotide variations between different individuals).
The shortest sequence is 16,554 bases.
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Both files were merged into a single file, with sick individuals placed before
healthy ones, resulting in a total of 510 sequences. Once aligned, the sequences with
the MEGA software have a length of 16,609 data. After this, a visual analysis of all the
already aligned sequences was carried out, looking for the region that presented the
greatest disadvantage, the region resulting from position 16,170–16,410, a total of 241
positions or data.

In addition, the nucleotides (Adenine (A), Cytosine (C), Guanine (G), Thymine
(T)) were changed by numbers as follows, to perform a cluster analysis: A = 1, C = 2,
G = 3 and T = 4, GAP(�) = 5. There were also other letters other than nucleotides such
as R, Y, W, N. These letters were changed to the number 9. These last letters according
to the nomenclature of the International Union of Pure and Applied Chemistry
(IUPAC) correspond to:

• R = GA (purine)

• Y = TC (pyrimidine)

• W = AT (weak bonds)

• N = AGCT (any)

In addition, as extra information, we searched to which ethnic groups the people in
the DNA sequences of the database belonged. Finding the following results: 239
sequences belong to Taiwanese people, 62 people are Indian, there are 6 Italians, 11
Chinese people, and 192 Japanese.

A total of 510 complete human mitochondrial genomes were used in this study. Of
the total genomes, 437 were from people with DM2 and 73 from healthy people. The
data was stored in a FASTA format file and the genomes were aligned using the
CLUSTALW algorithm implemented in the MAFFT tool [39, 40]. The total length of
the alignment was 16,610 nucleotides.

In the aligned genomes, an inspection was carried out to locate the region with the
highest frequency, resulting in the detected region from position 16,170 to 16,410,
with a length of 241 nucleotides. This region of the alignment was removed and the
rest of the analysis was performed with these data.

2.2 Principal component analysis (PCA)

The main goal of principle component analysis (PCA) is to reduce the dimension-
ality of a set of data, which often consists of a large number of interrelated variables,
while retaining all possible variation. This is accomplished by transforming a new
group of variables known as the principal components (PCs), which are disassociated
from one another and arranged so that the first few retain the most variation found in
the total set of original variables [41].

Theoretically, PCA provides the best least squares transformation of a given set of
data. In order to obtain the key components we provide a vector XT of n dimensions,
X = [x1, x2, … , xn]T, whose mean vectors (M), and covariance (C) are described by
M = E(X) = [m1, m2, … , mn]

T and C = E [(X � M) (X � M)T]. Then we calculate the
eigenvalues λ1, λ2, … , λn and the eigenvectors P1, P2, … , Pn; and order them according
to their magnitude λ1 ≥ λ2 ≥ ⋯ ≥ λn. The d eigenvectors must be chosen to represent
the n variables, d < n. Then P1, P2, … , Pd are known as principal components [41].
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In order to apply PCA to the sequences, a transformation of the nucleotides was
performed, from the ACGT format to the numerical format. Each nucleotide was
assigned a value between 1 and 4 as follows: A = 1; C = 2; G = 3; and T = 4. In the same
way, the blank spaces (GAP) = 5. The PCA analysis was applied to the resulting
numerical matrix. The purpose of applying the PCA analysis was to analyze the
structure of the data and look for possible clusters that differentiated the data from
sick and healthy people.

2.3 Entropy analysis

Shannon’s entropy theory, initially developed by Claude E. Shannon, is applied to
measure the contrast between criteria and this information is used to make decisions.
In this analysis, it is indicated that for all pi within a probability distribution P, there is
a measure H, which satisfies the following properties [42]:

1.H is a continuous positive function,

2.If all pi is equal and pi = 1/n, then H should be an increasing monotonic function
of n; and,

3.For all, n ≥ 2,

H p1, p2, … , pn

� � ¼ h p1 þ p2, p3 … , pn

� �þ p1 þ p2
� �

H
p1

p1 þ p2
,

p2
p1 þ p2

� �
(1)

Shannon proved that the only function that satisfies these conditions is:

HShannon ¼ �
Xn
i

pi log pi

� �
(2)

Where: 0≤pi ≤ 1;
Pn

i¼1pi ¼ 1

2.4 Regression models

The objective of a linear regression model is to try to explain the relationship between
a dependent variable (response variable) and a set of independent variables (explanatory
variables) X1, … , Xn. In a simple linear regression model, we try to explain the relation-
ship between the response variable (Y) and a single explanatory variable (X). Using the
regression techniques of a variable Y on a variable X, we look for a function that is a good
approximation of a cloud of points (xi, yi), by means of a curve [43].

The variable dependency can be a univariate or multivariate regression. Univariate
regression identifies the dependency between a single variable as represented in
Eq. (2) [44].

Y ¼ αþ βXþ ε (3)

Where y is a dependent variable, x is an independent variable with coefficient β (it
is the slope of the line and indicates how Y changes when X increases by one unit),
and α is a constant (it is the ordinate at the origin, the value which Y takes when X is
0), and ε a variable that includes a large set of factors, each of which influences the
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response only to a small magnitude, which we will call error. X and Y are random
variables, so an exact linear relationship between them cannot be established [43].
While multivariate regression is to identify the dependence between several variables
simultaneously, it is represented in Eq. (3) [44].

Y ¼ β0 þ β1X1 þ β2X2 þ⋯þ βpXp þ ε (4)

Where ε is the error term, β0 is the intercept, β1-βk are partial regression coeffi-
cients, for example, βi when 1 ≤ i ≤ k represents the change in the mean response
corresponding to a unit change in xi when the other variables remain constant.

Regression models predict the outcome of the dependent variables from the inde-
pendent variables. Importance is considered in regression analysis to handle more
complicated problems [44]. The objective of multiple linear regression is to solve the set
of coefficients Θ ¼ β0, β1, … , βkf g given the observations X and the objectives Y [45].

2.4.1 Linear regression

Linear regression is the most common predictive model to identify the relationship
between variables. It can be simple linear or multiple linear regression. Linear regres-
sion is described in Eq. (4) [44].

y ¼ xβþ ε (5)

In Eq. (4) y is the independent variable and can be a continuous or categorical
value; x is a dependent variable that is always a continuous value. It analyzes a
probability distribution and focuses mainly on conditional probability distribution
with multivariate analysis [44].

2.4.2 Simple linear regression

The simple linear regression process that is depicted in Figure 1 is a regression
analysis that uses a single independent variable and is described in the Eq. (2). Similar
to how correlation expands the relationship between two variables, simple linear
regression distinguishes between dependent and independent variables; however,
correlation does not do so [44].

2.4.3 Multiple linear regression

Multiple or Multivariate Linear Regression (MLR) depicted in Figure 2 is the
prediction process with more than one independent or predictor variable that is
similar to multivariate analysis as described in Eq. (3) [44].

Figure 1.
Simple linear regression [44].
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A statistical technique known as multiple linear regression uses many explanatory
variables to predict the outcome of a response variable. The multiple linear regres-
sion’s goal is to model the relationship between the explanatory and response vari-
ables. The next model is a multiple linear regression model with k predictor variables,
x1, … , xk [45].

The MLR problem is frequently resolved using least squares. If each predictor
variable x1, x2,. .., xk has n observations, then xij represents the i-th observation of the
j-th predictor variable xj. For example, x31 represents the first value of the third
observation. Specifically, Eq. (3) above can be expressed as [45]:

yj ¼ β0 þ β1Xj1 þ β2Xj2 þ⋯þ βkXjk þ εj (6)

Where 1≤ j≤n, yj is the jth target value. The system of n equations can be
represented as a design matrix as shown in Eq. (2), and describes the levels of the
predictor variables acquired at each observations. All of the regression coefficients are
contained in the vector β. The least squares estimates, which are stated below, are used
to create the regression model β [45].

β̂ ¼ XTX
� ��1

XTy (7)

Then the estimated value of y can be calculated as follows after obtaining β̂ [45].

ŷ ¼ Xβ̂
ϵ ¼ y� ŷ

(8)

The purpose of using regression data was to search for SNPs statistically associated
with DM2.

2.5 Risk factors

A measure of the relationship between an exposure and a result is called an odds
ratio (OR). The odds ratio (OR) shows the likelihood of an occurrence given a specific
exposure in comparison to the likelihood of the outcome in the absence of that
exposure. Case-control studies are the most frequent applications of odds ratios [46].

The odds ratio is used to compare the likelihood of an outcome (such a disease or
disorder), because of exposure to a particular variable (e.g., health characteristic, item

Figure 2.
Multiple linear regression [44].
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of medical history). The odds ratio can also be used to assess if a specific exposure
represents a risk for a specific outcome and to assess the relative importance of several
risk variables for that outcome [46].

• OR = 1 Outcome probabilities are unaffected by exposure.

• OR > 1 Exposure is linked to bigger odds of success.

• OR < 1 Exposure is linked to a reduced likelihood of success.

It is calculated using the 95% Confidence Interval (CI) to determine the accuracy
of the OR. A high OR precision is indicated by a small CI, while a low OR precision is
shown by a large CI. It is important to note that the 95% CI does not provide infor-
mation about a measure’s statistical significance, unlike the p-value. In reality, if the
95% CI does not overlap the null value (for instance, OR = 1), it is frequently regarded
as a marker of statistical significance. Therefore, it would be incorrect to interpret a
95% CI OR that encompasses the null as showing that exposure and outcome are not
related [46].

To define risk factors, each base-pair positions found to be significant in the
association analysis (regression analysis) was inspected. The Odds Ratio (OR) calcu-
lation criteria and definition of Risk Factor, as described in [46] were applied. The
statistical significance, OR value, and 95% confidence range for each variable were
examined based on the findings. Then, each base-pair position that satisfied the
subsequent requirements was declared as a risk factor:

1. If the base-pair position statistical significance (p-value) was less than 0.05;

2.The odds ratio (OR) was not equal to 1; and

3.The 95% confidence range for the odds ratio did not contain 1.

Hence, if a base-pair position satisfied these three criteria and its OR > 1, it is
declared as a risk factor associated with a higher probability of diabetes. In the same
way, if the variable met the three conditions, and its OR < 1, it is declared as a risk
factor associated with a lower probability of diabetes.

3. Results

The complete mitochondrial genomes of the 510 patients were aligned with the
MAFFT tool. The result of the alignment was visualized with the MEGA X software
[47]. By visual inspection, one region with variability was observed, while the rest
showed perfect alignment. Figure 3a shows a fragment of the region with variability,
and Figure 3b shows a fragment of the region without variability.

The region between positions 16,170 and 16,410, with a length of 241 nucleotides,
was chosen to perform the rest of the analysis.

To analyze the structure of the information and look for possible clusters that
would differentiate the data from sick and healthy people, PCA was applied to the
aligned region of high variability. To carry out this analysis, the statistical language R
was used. Figure 4 shows the graph of Principal Component 1 (PC1) against Principal
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Component 2 (PC2). As we can see in the graph, the information appears mixed and
there is no clear differentiation between the groups. This analysis shows us the
complexity of the data.

The association analysis was performed in two steps, on the one hand, simple
logistic regression was applied to each base-pair position (bp) of the variant region
(241 base-pair positions), assigning a 1 to the dependent variable, for all healthy
patients, and 0 to all patients with DM2. Those positions that were statistically signif-
icant (p-value <0.05) were selected. Subsequently, a multiple logistic regression was
carried out grouping the positions that were significant in the simple regression. Those
that were significant in the multiple regression were declared as positions associated
with DM2. Table 1 shows the positions that were significant both in the simple
regression and in the multiple regression.

(a)

(b)

Figure 3.
Fragment of the alignment of the mitochondrial genomes of patients with DM2 and healthy. (a) Represents a
region with variability and (b) represents a region with zero variability.
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4. Discussion

As observed in Table 1, after multiple regression three positions were associated
with DM2. The positions and their resulting p-values were: 16,184; 16,282, and 16,344
and 0.0021, 0.0064, and 0.0159, respectively. To locate the associated gene, the
human mitochondrial genome annotation in the National Center for Biotechnology
Information (NCBI) database (https://www.ncbi.nlm.nih.gov/) was inspected. Three
genes were located within 3000 base pairs (bp) of the associated positions. These
genes are: CYTB, which produces the Cytochrome B protein and contributes to the
conversion of energy from food to cellular energy (Adenosine Triphosphate, ATP),
the TRNP gene, which is the Proline tRNA, and the TRNT gene, which is the tRNA of
Threonine. Especially the TRNT gene, was found to be associated with the maternal
heritability of DM2 in Chinese families [48], and in another study carried out by
Momiyama, et al., this gene was associated, as in our study, with the genomic position

Figure 4.
Comparison graph between cases vs. controls.

Genomic position
(BP)

Simple regression
(P-value)

Multiple regression
(P-value)

Associated with
DM2

16,184 0.0038 0.0021 Yes

16,222 0.0384 0.6592 No

16,257 0.0289 0.1037 No

16,263 0.0415 0.6937 No

16,282 0.0033 0.0064 Yes

16,289 0.0426 0.4447 No

16,344 0.0038 0.0159 Yes

16,351 0.0438 0.1983 No

Table 1.
Simple and multiple regression results.
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16,184; and declared as one of the causes of left ventricular hypertrophy in patients
with DM2 in Japanese families [49].

5. Conclusions

In this association study, 510 complete mitochondrial genomes were analyzed. Of
the total genomes, 437 were from patients with DM2, and 73 from healthy patients. A
genome-wide alignment allowed locating a variable region in its allelic content; a PCA
analysis allowed us to visualize the complexity of the data, and a logistic regression
analysis allowed us to find 3 base-pair positions associated with DM2. The associated
positions were located within 3 k bp of three genes, one of which (TRNT gene) was
reported by previous studies to be associated with DM2. Finally, this study adds new
evidence of the association of genomic positions with DM2.
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Abstract

miRNA-mRNA interaction depends on multiple factors such as 3’UTR iso-
forms, the cell and tissue-specific expression levels of RNA-binding proteins, the 
sequence context around the mRNA target site, and other mechanisms. Genetic 
polymorphisms within miRNAs and their target sites appear to be among the 
most important ones because they influence the mode and outcome of miRNA-
mRNA interaction universally and irreversibly. SNP disruption of miRNAs and 
their binding sites, as well as conformational changes preventing the access of the 
miRNA to its target site, are adopted as the most credible mechanistic explana-
tions of SNP-mediated effects. The occurrence of multiple SNPs within the same 
miRNA-binding site implies their combinatorial mode of action. The presence 
of the repetitive (homologous) binding sites for the same miRNA on its mRNA 
target may both enhance the miRNA targeting and provide for the backup target 
site instead of the one disrupted by SNP, thus rescuing the miRNA functional-
ity. While being underexplored, the multiple genetic polymorphisms within 
the miRNA-binding sites, as well as homologous miRNA-binding sites, may be 
considered as additional factors influencing miRNA-mediated regulation of gene 
expression.

Keywords: microRNA, mRNA, target, single-nucleotide polymorphism, homologous 
microRNA-binding sites
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1. Introduction

Since the beginning of the 2000s, miRNAs stay in the focus of every aspect of 
medical and biomedical research [1, 2]. miRNAs are involved in a wide range of 
biological processes such as cell differentiation [3–7] and reprogramming [8], cel-
lular senescence [9] and cell death [10–16], tissue and organ development [5, 17–20] 
and regeneration [21–26], cell signaling [27, 28], oxidative stress and metabolism 
[3, 29–37], mitochondrial dysfunctions [22, 38, 39], hormonal regulation [16, 40, 
41] and adaptive responses [17], brain function [42, 43], inflammation [31, 44–46], 
immune response and the effects of the microbiome [46–53], viral infections and 
latency [43, 54–61], DNA damage and repair [22, 62–67], genomic balance [68] and 
genomic instability [65, 69], etc.

miRNAs deregulation promotes the biological processes resulting in various 
human diseases [41, 70–84] including oncogenesis [6, 7, 35, 37, 54, 59, 84–120]. 
 miRNAs are recognized as important factors that are involved in tumor cell inva-
siveness [121], metastases [90, 121–129], cancer cachexia [130], drug resistance 
[131–136], sensitivity to chemotherapy [65, 137, 138], and radiosensitivity [138–140]. 
miRNAs are actively explored as both therapeutic agents [32, 112, 141–164] and 
targets [28, 42, 161, 165–174]. A growing number of reports point to the usefulness of 
miRNAs, and specifically circulating miRNAs [175, 176] as diagnostic and prognostic 
biomarkers [51, 70, 71, 73, 110, 112, 155, 160, 161, 174, 177–223] related to clinical and 
forensic [177, 224] studies, as well as normal physiological conditions, such as, diet 
[225] and increased physical activity [226, 227].

Deep sequencing and computational approaches indicate that miRNA genes com-
prise about 0.5–1% of the predicted genes in animals and humans [228]. One mRNA 
can be targeted by hundreds of miRNAs [84, 229], and a single miRNA can potentially 
recognize hundreds of different target transcripts [229, 230], which often share 
pathways to ensure their impact [52]. Therefore, miRNAs may be considered as global 
regulators of gene expression [231] with the vast targetome [52, 174] regulating about 
90% of all protein-coding genes [232–234] and interactome-complex networking and 
cooperation between themselves [235, 236], as well as other regulatory molecules, in 
particular, transcription factors and noncoding RNAs [237–239].

Identification and characterization of the factors influencing miRNA functional-
ity are essential to elucidate the mechanisms of miRNA activity and to explain and 
predict the effects of miRNAs for clinical applications. Genetic variations of both 
miRNAs and their target sites may have a significant impact on the efficacy of miRNA 
targeting. It is growingly recognized that naturally occurring variations in miRNAs 
and their target genes contribute to phenotypic complexity and may be associated 
with human pathologies [240, 241], including cancer [231, 242–244]. We present 
information about two underexplored SNP-related mechanisms influencing miRNA-
mRNA interaction: the multiple SNPs within the single miRNA target site and the 
multiple (homologous) target sites for the same miRNA.

2. miRNA properties and biogenesis

miRNAs belong to the category of small noncoding RNA molecules [2, 245] 
ranging between 19 and 24 nucleotides in length [229]. miRNAs have been detected in 
all biological species, including viruses [55–60, 246]. Of note, bacteria do have short 
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RNA sequences with the miRNA-similar functions, yet they are not considered as true 
miRNAs [247]. Bioinformatics analysis indicates the existence of miRNAs derived 
from transposable elements [248, 249]. Although miRNAs are usually located in the 
cytoplasm, several studies have detected a regulatory role of miRNAs in other cell 
compartments such as mitochondria (mitomiRs), nucleus, endoplasmic reticulum, 
granules, and P-bodies [38, 232]. Nuclear miRNAs participate in the regulation of 
miRNA biogenesis and function [250].

Circulating miRNA may be released by different types of cells and delivered into 
recipient cells for functional purposes, acting as cell-to-cell signaling mediators [251]. 
miRNA may be freed from dying cells or selectively sorted into the secreted small 
vesicles called exosomes [158, 229, 252–255]. Such exosomal miRNAs are regarded 
as promising clinical biomarkers (see above). miRNA can undergo both vertical 
and horizontal transmissions among distinct species, remarkably through feeding 
between plants and animals [229, 245].

The biogenesis of canonical animal miRNAs starts with the transcription of the 
pri-miRNA by RNA Pol II [256, 257]. The pri-miRNA has the length of about several 
thousands of nucleotides [258], the 7-methylguanosine, and 3′- poly(A) tail [259]. 
The pri-miRNA forms a stem-loop structure, which is recognized and cleaved by 
Drosha (endonuclease RNAse III) and two molecules of its partner protein, DGCR8 
(DiGeorge syndrome critical region 8, named Pasha in flies and nematodes), which 
results in the formation of pre-miRNA. The pre-miRNA is further processed by the 
Dicer (another endonuclease RNAse III). The Dicer’s partner protein TRBP (transac-
tivation response element RNA-binding protein) is essential for miRNA processing 
in flies. The resulting short RNA duplex is associated with one of the AGO proteins to 
form the RISC, which is essential in destabilizing the target mRNA molecule or inhib-
iting its translation (for detailed review of miRNA biogenesis see [229, 260–263]). 
Noncanonical miRNAs are produced without Drosha- or Dicer-catalyzed cleavage 
[84, 261, 264]. Each step of miRNA biogenesis is tightly regulated [260, 263]. Like 
all RNA molecules, miRNAs undergo posttranscriptional modifications, which may 
affect their properties [234, 260, 262, 265, 266]. Recent studies point to the existence 
of sequence variants in miRNAs called isomiRs, which differ from the annotated 
 miRNAs by altered sequences due to the various posttranscriptional modifications 
[267, 268].

The core miRNA function is posttranscriptional regulation of the expression 
of targeted genes. It is achieved through miRNA-mediated RNA silencing [269]. 
 miRNAs, as a part of the RISC, trigger the various forms of the translational repres-
sion of the target mRNA via blocking its ribosomal loading and initiation of transla-
tion, inhibiting translation elongation, and causing protein degradation [234, 261, 
262]. It may also cause mRNA deadenylation and decay [234], which is typical for 
plants, whereas translational repression is more characteristic for animal cells [261, 
270, 271]. In contrary to mRNA degradation, translational repression is reversible and 
can be employed for rapid response to internal or external cues [271].

While target repression is universally recognized as the dominant mode of miRNA 
action, some reports indicate that miRNAs can stabilize the targeted transcript [234, 
272–276]. MiRNAs can also regulate gene expression both indirectly by targeting 
the mRNAs of transcription factors and directly after being transported back to the 
nucleus and binding to the complementary sequence in the promoter [232, 234, 250, 
262, 276]. miRNAs can also perform other noncanonical functions acting as ligands 
for toll-like receptors [277].
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3. MiRNA target recognition

miRNAs bind to the complementary sequences of the host mRNA as a part of the 
RISC with its core component Ago proteins [229]. In plants, miRNAs show perfect or 
near-perfect complementarity to their target mRNA. In mammalian cells, as well as in 
other eukaryotes, miRNAs bind to mRNA sequences with imperfect complementar-
ity [229, 278]. The 5′-end of miRNA exhibits the so-called seed sequence (Figure 1), 
which is complementary to six or more nucleotides at the 3’UTR of mRNA [2, 233, 
262, 279].

Canonical miRNA-binding sites are positioned in the 3’UTR of the targeted mRNA 
sequence and classified upon the extent and location of matching miRNA nucleo-
tides: 6mers perfectly pair to nucleotides 2–7 on the 5′-end of miRNA, 7-merA1 and 
7mer8—additional pairing with miRNA nucleotide 1 or 8 respectively, and 8mer sites 
match miRNA nucleotides 1–8 [261]. The efficacy of these sites is usually augmented 
by additional pairing at the 3′ end of miRNAs. In addition to the binding site at the 
miRNA 5′ end, pairing around the binding sites contributes to the targeting efficacy 
[233, 261, 280]. The so-called 3′-supplementary sites with atypical elaboration of 
the 6mer, 7mer, and 8mer sites (≥3–4 pairs), and 3′-compensatory sites stretching 
for more than 4–5 pairs, while the seed region is mismatched are called atypical sites 
[84, 233, 261]. The supplementary pairing is believed to enhance the miRNA-mRNA 
interaction with the greater specificity. However, in animal cells, the high comple-
mentarity beyond the seed may cause TDMD [281], the common mechanism of 
destabilization of the short RNA molecules including miRNAs, which is observed in 
many diseases [84]. In general, the miRNA-mRNA complementarity with nucleotides 
at 3′ end or with nucleotides in the center (centered pairing) in the absence of the 
perfectly matched seed nucleotides is believed to be much less effective in regulating 
gene expression [84, 233, 261, 282–284]. The noncanonical seed-matching sites may 
also be in the protein-coding regions of the target mRNAs and even in the 5’UTR 
mRNA sequence [84, 232, 233, 285, 286].

4. Factors influencing miRNA targeting

miRNA-mRNA interaction depends on a range of factors. The posttranscriptional 
modification resulting in miRNA methylation causes structural changes that affect 
AGO binding [232]. miRNA sponges [287–289] bind miRNAs, thus preventing 
them from interacting with mRNA targets. miRNAs competition and cross talk with 
RNA-binding proteins [84, 232, 233, 236, 270], whose expression levels may depend 
on the cellular context and vary between the tissues [261, 290], also add up to the 
spectrum of various regulatory outcomes beside the dominating mechanism of 

Figure 1. 
miRNA-mRNA interaction in animal cells (developed by F. Ahrend).
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miRNA targeting with moderate target repression [84]. miRNA targeting is known 
to depend on 3’UTR isoforms: 3’UTR size, alternative cleavage, and the location of 
target sequences within AU-rich regions [233, 261, 282, 284, 290–292].

The extent of complementary identity between miRNA and its mRNA targets 
appears to be one of the crucial factors, which determine the mode of target repres-
sion. The target cleavage by RISC is typical for plants, where the pairwise alignment 
is characterized by high complementarity. In opposite, the limited seed matching in 
animals often leads to translational inhibition [270]. It has been suggested that the 
above-mentioned noncanonical stabilization of the targeted transcript by miRNAs 
may depend on the complementarity between the miRNA and its target mRNA [275]. 
On the other hand, the extensive base-pairing may also cause TDMD [84, 293]. In 
this regard, genetic polymorphisms within miRNAs and their target sites appear to be 
among the most important mechanisms that ubiquitously and irreversibly define the 
mode and outcome of miRNA-mRNA interaction.

5. miRNAs and genetic polymorphisms

SNPs are genetic variations (nucleotide substitutions and indels) in DNA 
sequence [294, 295]. SNPs within the mRNA noncoding regions do not change 
the protein sequence, but they may significantly alter gene expression by affect-
ing transcription, RNA processing, translation, and interaction of mRNA with 
noncoding regulatory RNAs [296]. While most SNPs are likely to be functionally 
neutral, some of them may represent causative links with human diseases [297]. 
SNPs in miRNA-precursor flanking regions, promoters of miRNA-encoding genes, 
and in the genes involved in miRNA biogenesis (transcription and RNA process-
ing) may result in higher or lower miRNA expression profiles [298–302], which, in 
turn, represent the unique disease-specific signatures that can identify cancer types 
[231, 240, 243, 303]. SNPs within mature miRNA sequences, specifically in their seed 
regions, dissimilarities in mature miRNAs due to variable cleavage sites for Drosha 
and Dicer [243, 301, 302, 304], and polymorphisms within or nearby miRNA-binding 
sites on genes targets, may enhance or weaken the interaction between miRNA and 
its target transcripts and contribute to phenotypic variations and disease susceptibil-
ity [230, 240, 241, 267, 294, 305–321].

Within the mRNA targets, SNPs can either create or destroy miRNA-binding sites. 
It may impair miRNA ability to target oncogenes and, in opposite, render tumor-
suppressor genes susceptible to miRNA-mediated inhibition (Figure 2). SNPs located 
both within and beyond the seed-target regions [322] can affect miRNA-mRNA 
interaction by destabilizing the mRNA target molecule, slowing down its ability for 
ribosomal loading, and altering the secondary RNA structure, which in turn, may 
have an impact on the availability of miRNA-binding sites [284, 290, 323]. Disruption 
or creation of miRNA-binding sites is recognized as one of the most credible mecha-
nistic explanations of SNP-mediated effects [240, 241].

6. Multiple SNPs within miRNA-binding sites

A considerable number of genome-wide association studies demonstrated links 
between the SNPs within the miRNA target sites and predisposition to various human 
diseases. The attention was mostly devoted to SNPs, whose population frequency was 
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well above 1%. Still, miRNA target sites may harbor multiple SNPs, although most 
of them are of low population frequency [324]. Even though the probability of their 
coincidental occurrence within the site is low, the frequency of some SNPs may vary 
significantly due to their ethnic disparities [325]. It has been suggested that, at least 
for some genes, it is not a separately taken SNP, but the combinatorial effect of several 
SNPs that may determine the outcome and efficacy of miRNA-mediated regulation of 
gene expression [326]. The location of SNPs (seed-corresponding region, centered, or 
3′ end position) should also be taken into consideration.

Thus, the presence of additional, even rare (low frequency) SNPs within miRNA 
target sites, may modify (weaken or enhance) the effects of the SNPs, which occur 
at higher frequencies. Consequently, multiple SNPs may increase the probability of 
the site disruption, but may be also neutral, and even enhancing (Figure 3). This 
situation is less typical for the protein-coding regions due to the selection pressure 
resulting in the fewer SNPs. In the case of the overlapping miRNA-binding sites, the 
outcome is less clear due to the co-targeting effect—additive repression by more than 
one miRNA [84, 232]. Beside this, the increased complementarity between miRNA 
and its target in animals may result in miRNA decay (see above about TDMD).

SNPs within the single target site may be independent (Figure 4) and mutually 
exclusive if they are overlapping (Figure 5). Of note, SNP frequencies in the databases 
reflect the experimental NextGen sequencing data, and the possible SNP overlap is not 

Figure 2. 
The hypothetical effects of SNP on miRNA-mRNA interaction and cancer development. 1a—miRNA suppresses 
the oncogenic mRNA, 1b—SNP disrupts the target site resulting in oncogene overexpression, 2a—miRNA does not 
control the expression of the tumor suppressor gene, and 2b—SNP creates the miRNA-binding site resulting in the 
inhibition of the tumor suppressor gene expression (developed by H. Clifton and F. Ahrend).
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Figure 3. 
The examples of disrupting, enhancing, and neutral SNPs within a single target site. The image shows the 
fragment of the human PDGFRA DNA sequence corresponding to the mRNA 3’UTR region, the miRNA-10a-5P 
binding site. 1—Enhancing through the formation of the G·U wobble base pair (rs1302330738), 2—Neutral switch 
from the G·U wobble base pair to the classical Watson-Crick G·C bond (rs1227726044), 3—Neutral switch 
from the G·U wobble base pair to the classical Watson-Crick A-T bond, 4—Neutral switch from the classical 
Watson-Crick G·C bond to the G·U wobble base pair (rs1322316972), 5—Disrupting (rs1724902856, rs1724902491, 
rs1314937650), and 6—Enhancing through the formation of the G·U wobble base pair (rs918309834). Note: The 
G·U wobble base pair has comparable thermodynamic stability to that of Watson-Crick base pairs and is known 
as a fundamental unit of RNA secondary structure in every class of RNA in organisms of all three phylogenetic 
domains [327]. However, it is still under the discussion whether G·U is characteristic for the canonical mRNA seed 
match [328] (developed by M. Giurgiu).

Figure 4. 
The fragment of the human PDGFRA DNA sequence corresponding to the mRNA 3’UTR region, the miRNA-
212-3P binding site. SNPs rs1577756917, rs1387790378, rs984854314, rs1560496903, and rs1454435576 represent 
independent events (developed by M. Giurgiu).
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taken into consideration. If mutually exclusive SNPs are represented by the overlapping 
indel and nucleotide substitution, the latter one is “shadowed” by the indel (Figure 5), 
and its real population frequency may be higher than that presented in the database.

7. Homologous miRNA-binding sites

It has been reported that some mRNAs may have more than one binding (seed-
matching) site for the miRNAs [329–336]. These sites have the analogous seed-
binding motif, but the different nucleotide content outside (Figure 6). Such multiple 
sites are proposed to act synergistically [330, 333–335, 337, 338], which, in turn, 
may depend on the distance between the sites [330, 338], as well as the activity and 
structural variations of miRNA-Ago complexes [336, 339]. It would be rational to 
suggest that if SNPs disrupt one of the miRNA-binding sites, the other sites for the 
same miRNA could preserve the miRNA-mediated control of gene expression. Such 
homologous miRNA-binding sites are present in almost all human genes, and their 
numbers are significant and directly proportional to the length of the 3’UTR [340].

Figure 5. 
The fragment of the human PDGFRA DNA sequence corresponding to the mRNA 3’UTR region, the miRNA-
4444 binding site. SNPs rs1724893276 and rs1413062472, as well as rs1724893401, represent mutually exclusive 
events. rs1724893276 is an indel, and in the case of the deletion, neither rs1413062472 nor s172489 3401 (nucleotide 
substitutions) will be present (developed by M. Giurgiu).

Figure 6. 
The repeated (homologous) target sites for miRNA-X (developed by A. Kofman).
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8. Bioinformatic tools

Whereas miRNAs and SNPs are both subjects of intense studies, there are 
few resources that allow to investigate the potential effects of SNPs on miRNA 
functionality.

PolymiRTS (Polymorphism in miRNAs and their Target Sites) is a database of 
naturally occurring DNA variations in miRNAs seed regions and miRNAs target 
genes [341]. PolymiRTS database was created by scanning 3’UTRs of mRNAs in 
humans and mice for SNPs in miRNA target sites. The database contains the results 
of genome-wide association studies about the links between the specific SNPs and 
human diseases. The PolymiRTS database also includes polymorphisms in target sites 
that have been supported by a variety of experimental methods and polymorphisms 
in miRNA seed regions.

MiRSNP is another database of human polymorphisms altering miRNA-binding 
sites [342]. It is a collection of 414,510 SNPs that are predicted to be able to affect 
(decrease/break or enhance/create) miRNA-mRNA binding.

MiRdSNP [343] is a database supplemented with the tools allowing the proxim-
ity searches between miRNA target sites and disease-associated SNPs (dSNPs) by 
gene name, miRbase ID, target prediction algorithm, disease, and any nucleotide 
distance between dSNPs and miRNA target sites. The web interface displays detailed 
sequence views showing the relationship among dSNPs, miRNA target sites, and 
SNPs. An interactive visualization tool shows the chromosomal distribution of 
dSNPs, miRNA target sites from TargetScan, and SNPs. The limitation of MiRdSNP 
is that the database contains only manually curated dSNPs on the 3’UTRs of human 
genes from available publications in PubMed, and the SNPs are only those that are 
disease-associated.

MSSD [344] is another manually curated database that provides comprehensive 
experimentally supported associations among miRNAs, SNPs, and human diseases. It 
has the same limitations as MiRdSNP.

miRNAhrend (https://franziskaahrend.pythonanywhere.com/) is the online-
available package (beta version), which allows users to predict miRNA-target sites in 
any transcript upon the presence of seed-matching 6mers, which is verified by the 
complementarity-based alignment. The tool allows to assess how the presence of SNPs 
changes (“disappear/emerge”) the landscape of the target sites and their correspond-
ing miRNAs, identify the homologous miRNA-binding sites, and track down the exact 
position of the sites within any studied RNA sequence.

9. Conclusions

The ability of miRNAs to regulate the variety of genes in all tissues, as well as 
their presence in all biological species and their promise for clinical applications as 
novel diagnostics and therapeutics prompt further exploration of the factors influ-
encing miRNA activity and functions. It is possible to assume that the presence of 
SNPs within miRNAs and their binding sites represents a powerful mechanism that 
can influence all biological processes in which miRNAs are involved. However, the 
growing number of reports indicates that the presence of SNPs cannot be interpreted 
as unalterable situation defining the biological outcome of miRNA targeting. The 
combinatorial effect of multiple SNPs located within the same target site, as well 
as beyond the target site, yet within the region where additional complementary 



Advances in Genetic Polymorphisms

94

Author details

Miruna Giurgiu, Robert Kaltenbach, Franziska Ahrend, Summer Weeks, 
Holly Clifton, Martin Bouldo, Vitaly Voloshin, Jiling Zhong, Siegfried Harden  
and Alexander Kofman*
Troy University, Troy, U.S.A.

*Address all correspondence to: akofman@troy.edu

matches between miRNA and its target can be formed, the circumstances where some 
SNPs may be mutually exclusive, and the homologous sites, which hypothetically 
can be utilized by miRNAs as an alternative target if the other sites are disrupted or 
become inaccessible, all these additional factors related to miRNA functionalities are 
anticipated of being studied with the development of the appropriate biocomputing 
tools and mathematical models.

Abbreviations

miRNA  microRNA
mRNA  messenger RNA
SNP  single-nucleotide polymorphism
Pol  polymerase
pri-miRNA primary miRNA transcript
pre-miRNA precursor miRNA
AGO  argonaute proteins
RISC  RNA-induced silencing complex
UTR  untranslated region
3′  3-prime
5′  5-prime
Indel  insertion/deletion
PDGFRA platelet-derived growth factor receptor alpha
TDMD  target-directed miRNA degradation
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