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Abstract

Non-synonymous single-nucleotide variations (nsSNVs) are mutations in the
coding regions of the genome which ultimately lead to amino acid alterations.
nsSNVs represent potential diagnostic or therapeutic targets when associated with
susceptibility to specific diseases or conditions. The emergence of next-
generation sequencing (NGS) technologies has streamlined the process of iden-
tifying nsSNVs and offers an avenue for the robust study of disease genetics. This
chapter examines the existing roles of nsSNVs in cardiovascular diseases and
highlights their values as biomarkers given the current state of research. NGS
technologies hold promise for a future of medicine built on understanding the
genome and proteome, and the associations of each with disease susceptibility
and progression. The chapter also provides an overview of NGS technologies
currently available, as well as a sample workflow for harnessing the
bio-informational value of nsSNVs.

Keywords
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Abbreviations

CAD Coronary artery disease

CHD Congenital heart defects

DCM Dilated cardiomyopathy

KDR Kinase insert domain-containing receptor
LOF Loss-of-function

LQTS  Long QT syndrome

LVEF Left ventricular ejection fraction

MI Myocardial infarction
MS Mass spectrometry
NGS Next-generation sequencing

nsSNV  Non-synonymous single-nucleotide variations
ORF Open reading frame

rsIDs dbSNP database identifier

SCD Sudden cardiac death

SIDS Sudden infant death syndrome

SNP(s)  Single-nucleotide polymorphism(s)
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SNV Single-nucleotide variation

VCF Variant call format

VEGF  Vascular endothelial growth factor
VGSCs Voltage-gated sodium channel
WES Whole-exome sequencing

WGS Whole-genome sequencing

Key Facts of Non-synonymous Single-Nucleotide Variation
in Cardiovascular Diseases

* DNA is composed of two strands of repeating nucleotide bases (adenine, guanine,
cytosine, and thymine) that make up a “sequence.”

* Certain coding regions of DNA encode instructions for proteins such that three
adjacent nucleotide bases comprise a codon and determine one amino acid, the
building block of proteins.

» Non-synonymous single-nucleotide variations (nsSNV) are changes of a single
base in the DNA sequence that result in a different amino acid being produced,
and therefore a different, sometimes dysfunctional, protein being produced.

* nsSNVs are known to be associated with human disease, including a number of
cardiac diseases.

» Cardiovascular diseases are a set of conditions which affect the structure or
function of the heart.

* In addition to lifestyle, obesity, diet, and smoking, genetics are an important risk
factor in the development of cardiovascular diseases and conditions.

* Genomics is the study of the entire human genome, or the collection of all genes
belonging to a single human.

* Genome sequencing is the process by which the specific composition and order of
nucleotide bases in an individual’s DNA can be determined.

* A reference genome is an example of a standard genome that is used for
comparison purposes — observation of positional differences between an experi-
mentally obtained sequence from an individual and the reference is how nsSNV is
discovered.

* Proteomics is the study of the entire human proteome, or the collection of all
proteins produced by a single human.

Key Facts of Genomic Variant Discovery

» Next-generation sequencing (NGS) methods are used to discover novel nsSNVs.

* There are many different NGS platforms and new and improved methods are
continually being developed.

* The cost of NGS has dropped rapidly from over three billion dollars per human
genome to around one thousand dollars currently.
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* FASTA and FASTQ file formats are the standards used for recording genome and
sequence read information.

* Researchers align short reads to a reference genome in order to generate the
genomic sequence of their subject from short reads.

» Coverage depth for a position is the number of short reads resulting from an NGS
experiment that cover this position.

» Contigs are continuous regions of the subject’s genome that are able to be assem-
bled in the alignment process due to parts of short reads overlapping each other.

* SAM and BAM file formats are the standards used for recording alignment
information.

 Single-nucleotide polymorphism (SNP) or single-nucleotide variant (SNV) call-
ing is the process of comparing a given genome (or DNA segment) with a
reference genome to determine nucleotide differences.

» The variant call format (VCF) file format is the standard used most often for
recording variations (SNVs and larger variations).

Definitions
BAM files Compressed Sequence Alignment/Map (SAM) files.
Biomarker A biological characteristic associated with disease.

Cardiovascular disease Any disease affecting the structure or function of the heart.

Codon Unit of three nucleotides which encodes a specific amino acid based on the
nucleotide composition.

FASTA or FASTQ file Next-generation sequencing (NGS) output data of read
names and nucleotides, the Q indicates the presence or absence of quality informa-
tion for each nucleotide read.

nsSNV Variations in coding regions of a genome which result in amino acid
substitution.

SAM files Sequence Alignment/Map; Human readable output files of all the read
sequences, where they map to the reference genome, and their mapping score.
Introduction

Non-synonymous single-nucleotide variations (nsSNV) are mutations in the

exonic or coding regions of the genome which, when transcribed and then trans-
lated, lead to substituted amino acids (missense mutations) or truncated proteins
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(nonsense mutations). These alterations in the amino acid sequence may influence
protein folding, disrupt protein-protein interactions, or even directly modify the
active site (Dingerdissen et al. 2013). nsSNVs are not the only type of genetic
mutation, but they are particularly valuable biomarkers and, due to their
potential effects on protein function, represent a starting point for investigating
biochemical pathways. Although this chapter focuses primarily on nsSNVs of the
missense type, it is important to note that both missense and nonsense variations
cause changes in the protein sequence, with respect to the normally translated
protein, and should therefore be detectable by the proteomic technologies
discussed below.

Next-generation sequencing (NGS) methods are essential in the search for
nsSNVs as biomarkers for all aspects of physiology, including the cardiovascular
system. There are several platforms that generate NGS data, and there is the
promise of new, so-called ultrarapid technologies like nanopore sequencing
(Deamer and Akeson 2000) on the horizon. Major software developments
have addressed the complex computational challenges which stemmed from the
extra-large scale of genomic data generated by NGS technologies. These
tools facilitate the assembly and alignment of NGS data, the subsequent
calling of single-nucleotide polymorphisms (SNPs), or the identification of
other types of genomic variation in a sample. Determination of biomarkers
from the pool of variation requires the integration of additional software devel-
opments with statistical analysis and a detailed consideration of disease-related
annotations.

While genomic strategies have provided a broad foundation for the cataloging of
disease-associated nucleotide variation, newly developed high-throughput proteo-
mic technologies (Branca et al. 2014) can further elucidate biological and physio-
logical understanding of amino acid variation at a molecular resolution (National
Research Council 2006). Quantitative and structural proteomic approaches have
already been applied to variant-based biomarker discovery in a number of human
diseases (Nie et al. 2014; Marrocco et al. 2010) and hold the same promise for
cardiovascular biomarker identification.

Diseases of the cardiovascular system affect the structure and/or function of the
heart: they include conditions such as heart failure, sudden cardiac death (SCD), and
coronary artery disease (CAD). Altogether, cardiovascular diseases are the leading
cause of death for both men and women in the United States (Mozaffarian
et al. 2015). While the causes and risk factors behind specific conditions are varied
and multifaceted, it is agreed that genetics plays an influential role in susceptibility.
Consequently, the ability to identify nsSNVs quickly and accurately is valuable
toward the further study of the origins and outcomes of these often fatal conditions.
As NGS technologies continue to improve, nsSNVs may play an increasingly
important role as therapeutic and diagnostic biomarkers in cardiovascular system
diseases. This chapter will offer a brief introduction to the roles of nsSNVs
across conditions and diseases under the umbrella term of cardiovascular systems
diseases.
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Technologies Used in Variant Detection

The first full human genome was sequenced by a chain-terminated (Sanger) sequenc-
ing method (Sanger et al. 1977) and cost approximately three billion dollars. The
high cost and time-intensive nature of sequencing prevented widespread use of the
technique until the discovery and development of new massively parallel sequencing
methods (Metzker 2010; Grada and Weinbrecht 2013), later termed next-generation
sequencing methods. Massively parallel throughput systems take advantage of the
speed and efficiency of sequencing genetic fragments in parallel and then reassemble
them via computational alignment algorithms. Although initially very expensive, the
costs of these sequencing methods have fallen drastically, approaching $1,000 per
sample, bringing the goal of personalized genomic medicine closer than ever before.

NGS methods generally produce large series of short reads, often between 75 and
300 bases in length, depending on the machine used (Metzker 2010). It is not
uncommon to produce over one billion short reads in a single experimental run.
Although this massive volume of data presents computational challenges, finding
efficient solutions is essential as the number of entities, both research and clinical,
generating and using NGS data is rapidly expanding (Metzker 2010).

Several major platforms are currently available for next-generation sequencing
including Pacific Biosciences, lon Torrent, Roche/454, Illumina/Solexa, and SOLid,
while exciting new techniques such as nanopore technology are undergoing devel-
opment. This improved technology shows promise in producing very long read
lengths (~10 kb or higher) to address current limitations to de novo assembly and
alignment of sequence reads to a reference genome (Wang et al. 2014).

The basic pipeline of variant detection is shown in Fig. 1. The pipeline becomes
increasingly complicated when augmented with additional quality control and
analysis steps, but the schematic presented herein represents the core of the variant
calling process.

Fig. 1 Basic variant calling -
pipeline starting from NGS Next-generation

Sequencing
(Reads generated)

Aligning against
reference
genome

Identifying
variants
(SNP/SNV calling)
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Mapping of Reads (Generating an Alignment)

A NGS experiment usually produces a FASTQ file which can then be mapped to a
reference genome in FASTA format. A FASTA file contains only the read names and
the nucleotide sequence of that read with a single file containing records for up to
millions of reads. A FASTQ file contains the same ID and read information plus
quality information for each nucleotide position as determined by the machine used.
This quality information represents the confidence that a particular nucleotide was
correctly identified by the sequencing machine.

Since short genomic reads are produced with variable coverage depth at any
given position, reads are mapped, or aligned, to a reference genome. Generally, the
human reference genome published by the Genome Reference Consortium (http://
www.ncbi.nlm.nih.gov/projects/genome/assembly/grc/) is used for human sam-
ples. After specifying the reference genome, software maps each read to the genome
via a computational alignment algorithm that takes a read and determines the most
likely coordinates from the genome from which the experimental read was
obtained. Coverage is determined for each nucleotide location that has been
sequenced and can be matched to a read. Various software packages have been
developed for this task, including BLAST (Schuler et al. 1991), TopHat (Trapnell
et al. 2009), BWA (Li and Durbin 2009), HIVE-hexagon (Santana-Quintero
et al. 2014), and others.

After alignment is complete, the total number of reads that were successfully
aligned to a given position make up the coverage depth for that position, with full
coverage of the experiment represented by the average coverage across all positions
(see Fig. 2). Ideally, the genome will be fully covered such that overlapping reads
map from one end of the genome (or chromosome) to the other without any gaps.
However, this is frequently not the case, so the alignment software will also report
the number of contigs — continuous regions of coverage provided by the reads. Some
positions will have greater depth than others as an artifact of sequencing chemistry.
This is an important consideration for assessing nsSNV as coverage is inferred to
provide direct evidence for the presence of a variant in a sample.

[ CHROMOSOME ]
A B &

Fig. 2 Read mapping to a reference genome. (a) High coverage area of the chromosome; (b) Area
of chromosome with no coverage; (¢) Area of genome with low coverage
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The output formats for this process vary widely, but the most common formats are
SAM/BAM alignment files. Sequence Alignment/Map (SAM) files are human
readable, whereas BAM files are compressed versions of the same information.
Both of these files contain all the read sequences as well as where they map to the
reference genome and their mapping scores (a measure of how well they mapped).

SNV/SNP Calling

Software is then used to “call” the variants at reported positions. Variant positions are
those where the mapped nucleotides differ from the expected reference nucleotide.
Common software used for variant calling includes SAMtools (Li et al. 2009a),
HIVE-heptagon (Simonyan and Mazumder 2014), and SOAP2 (Li et al. 2009b). The
variant calling process is more complicated in diploid and other polyploid organisms
which can have two different nucleotides at a single position due to multiple copies
of chromosomes, or by sequencing errors inherent in the process. A clever algorithm
can utilize a higher coverage level to discard erroneous variations and also report the
proportions of nucleotides in specific positions. For a human heterozygous at the
position of interest, one would anticipate two different nucleotides each appearing
50 % of the time throughout the coverage. For a human homozygous at the position
of interest, one would expect a single nucleotide to be represented. It is, however,
possible to have a mosaic set of DNA from an individual or for nucleotides to be
inserted or deleted relative to the reference genome.

After variant calling, a file is produced cataloging the variations found in the align-
ment. The most common format is the Variant Call Format (VCF) file. This is a human
readable file which contains information about the position of each call as well as the
reference nucleotide(s), the variation(s) noted including insertions and deletions (com-
monly called indels), and the frequencies of each variation. Additional optional, user-
defined information can be included depending on the specifications of the researcher.

Identifying nsSNVs

Once variants are called, it is possible to categorize each single-nucleotide variation
(SNV) as either non-synonymous or synonymous. Software is used to look at each
variant’s position and compare that to a database of coding regions. The database
contains information regarding open reading frames (ORFs) of the coding region which
host the SNV. With information about the open reading frame, the software is then able
to determine the new codon when the reference nucleotide is replaced by the variant
one. This three-letter nucleotide set codes for the amino acid that will be included in the
protein. Depending on the location of the nucleotide change, the amino acid might also
change (e.g., often if the variation is in the first position of the codon) or it might remain
the same (most commonly when the change occurs in the final position of the codon).

If the amino acid changed due to the variation, then the SNV is called a
non-synonymous variation (see Fig. 3). Non-synonymous variations have the
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a Original Sequence ...CGCTGCAGACCAC...
Variant Sequence ...CGCTGCCGACCAC...

b Reading Frame (Original) ..CG CTG CAG ACCAC...
Reading Frame (Variant) ..CGCTG CCGACCAC...

¢ Amino Acid Sequence (Original)  ...Leu GIn Thr...
Amino Acid Sequence (Variant) ...L.eu Pro Thr...

Fig. 3 (a) The original DNA sequence of the sense (coding) strand in the 5’ to 3’ direction followed
by the sequence with the SNV (the variant sequence) in the same orientation; (b) The sequences from
A with the ORF information added; each space separates the nucleotide codons, or set of three
nucleotides that code for an amino acid; (¢) The amino acid sequence translated from mRNA
transcribed from the original and variant sequences; here, the original sequence results in the amino
acid chain leucine — glutamine — threonine. The variant sequence results in the amino acid sequence
leucine — proline — threonine. In this example, the SNV would be considered non-synonymous since
leucine was changed to a completely different amino acid, proline, due to the variation

potential to affect the function of the protein by direct interruption of active or binding
sites or by indirect effects such as steric hindrances, charge modifications, and others.
Disruption of the protein can also happen when the new amino acid changes the
protein’s three-dimensional structure. Synonymous variations, on the other hand, are
generally innocuous. They do not directly change the shape or function of the protein,
but can have regulatory effects by changing the rate that RNA polymerase is able to
transcribe the region or by altering binding properties of that portion of the DNA.

From Genomic to Proteomic Identification

Since the advent of NGS technology, identification of genomic variation through
whole-genome sequencing (WGS) and whole-exome sequencing (WES) has greatly
improved, enhancing the ability to study genotype-phenotype disease associations.
The International HapMap Project (International HapMap et al. 2007) has contrib-
uted to the identification of approximately ten million common DNA variants,
primarily SNVs. Despite this accomplishment, however, the project asserts that
current knowledge of human genetic variation is incomplete due to lack of informa-
tion about rarer variants, such as minor allele frequency variants and copy number
variants, which are not as well studied (International HapMap et al. 2010). Pilot
results of the 1000 Genomes Project (Genomes Project et al. 2012) also demonstrate
the limitations of genomic approaches, indicating that, while much common varia-
tion has been captured, significant phenotypic variation can be attributed to variants
missed by commonly used genotyping arrays.
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Thus, while genomic strategies have laid the foundation for the cataloging of
variation, disease-associated and otherwise, there is still much left to be discovered.
Furthermore, drawbacks of whole-genome approaches include high costs and pro-
vision of an overwhelmingly vast amount of data, increasing the difficulty of
discerning benign variants from those that may be pathogenic (Royer-Bertrand and
Rivolta 2015). Technical aspects of NGS data also present significant challenges
including storage and maintenance, quality control, and analysis that is both reliable
and efficient (Xuan et al. 2013). Despite disadvantages of genomic strategies of
variant detection, the knowledge that can be deduced from such studies is imperative
to a complete understanding of certain disease states.

Similarly, proteomic technologies used to discover disease-associated amino acid
variation biomarkers are greatly beneficial. High-throughput proteomic technologies
have only recently been developed (Branca et al. 2014), but have the potential to
enable an understanding of biological and disease processes with increased granu-
larity as compared to genomic technologies. While these strategies may pose similar
challenges to technical logistics as described for the genomic approaches, the
knowledge gained from proteomic studies is closer to the pathology of complex
disease states and therefore closer to disease detection and therapy (National
Research Council 2006). To this end, several proteomic databases have emerged
over the last decade including GPMDB (Craig et al. 2004), PeptideAtlas (Deutsch
2010), MassIVE, Chorus, PRIDE (Cote et al. 2012), and more. Many of these
databases belong to the ProteomeXchange consortium (www.proteomexchange.
org) which facilitates central access to shared data across resources and maintains
guidelines for acceptable data formatting. Despite best efforts, a number of unique
challenges exist such as MS/MS spectral and peptide database matching, incomplete
sequence databases with missing or incorrect annotations, the need for optimization,
and the lack of standardized preparation and validation protocols (Omenn et al. 2005).
As databases evolve to include a more biologically representative set of viable proteins
and synthetic constructs of potential variant including peptides, the quality of resultant
peptide libraries will increase tremendously. In turn, it will become easier to analyze
the presence and statistical importance of nsSNVs as potential disease biomarkers.

Some current applications of proteomics to nsSNV-based biomarker discovery
include quantitative analysis of pancreatic cancer-associated single-amino-acid variant
peptides (Nie et al. 2014), identification of cancer-related splice variants and validation
via custom library (Hatakeyama et al. 2011), and discovery of a novel hepatitis B-related
candidate biomarker (Marrocco et al. 2010). There is a great emphasis in the literature
and interest in the community on best interpretation of quantitative analysis, methods for
identifying low-abundance peptides, and custom-built, purpose-specific peptide data-
bases. With respect to cardiology, a combined tandem mass spectrometry and sequence
homology approach was used to identify a novel, single-amino-acid variation resulting
from nsSNV in swine cardiac troponin I (Zhang et al. 2010). These cases demonstrate
the enormous potential of proteomics to further resolve mechanisms of various cardio-
vascular diseases and identify single-amino-acid variation resulting from nsSNVs as
diagnostic biomarkers or potential therapeutic targets.


http://www.proteomexchange.org/
http://www.proteomexchange.org/
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Potential Applications to Prognosis, Other Diseases, or
Conditions: Cardiovascular Diseases and Associated nsSNVs

The following sections explore the different cardiovascular diseases and associ-
ated nsSNVs. While each of these conditions can be characterized by a wide
range of biomarkers, symptoms, and risk factors, the nsSNVs reported were
found to be associated with the disease, either through increased susceptibility
or even decreased susceptibility. The nsSNVs are potential points for further
investigation and do not yet represent definite clinical diagnostic markers. In the
following text, specific variants are referred to by the rsID, or the reference SNP
cluster ID, which is the accession number for a given variant in the dbSNP
database.

Ischemic Stroke

An ischemic stroke is a lack of blood reaching the brain and is caused by narrowing
or clogging of blood vessels with plaque (American Stroke Association 2013).
According to stroke.org, someone dies from stroke every 4 min in the United States,
and stroke is also the leading cause of adult disability. Ischemic stroke is associated
with high mortality and severe morbidity: victims often experience permanent
neurological disability following an episode (Lee et al. 2010). The main risk factors
of ischemic stroke are high blood pressure, high cholesterol, and diabetes, but
research suggests that genetic variations are another important factor (Flossmann
et al. 2004; Gretarsdottir et al. 2003). While the exact mechanisms by which genetic
variations influence the likelihood of ischemic stroke are poorly understood, the
associations are significant (Guo et al. 2013).

In a recent study of 1,209 patients with stroke and 1,174 controls from a Chinese
population, researchers found that rs2230500 is significantly associated with both the
risk of ischemic stroke (age- and sex-adjusted odds ratio = 1.37; 95 % CI, 1.12-1.67,
P =0.0019) and cerebral hemorrhage (age- and sex-adjusted odds ratio = 1.96; 95 %
CI, 1.21-3.19; P = 0.0064) (Wu et al. 2009). This result confirmed previous studies
finding the variant significantly associated with stroke in Japanese populations (Kubo
etal. 2007; Serizawa et al. 2008). Note that both of these are Asian populations where
the minor allele frequencies of this nsSNV are 0.239 for Japanese in Tokyo and 0.178
for Han Chinese in Beijing. According to the HapMap database, the minor allele
frequencies for Utah residents with Northern and Western European origins was
0.008, and 0.00 for Yoruba in Ibadan, Nigeria (Kubo et al. 2007). The polymorphism
is a G to A substitution in exon 9 at position 1425 of PRKCH, a gene located in
position 61457521 of chromosome 14q22—q23 in humans. The variant causes an
amino acid substitution from valine to isoleucine in position 374 of the protein
(Shimizu et al. 2007).

The residue change occurs in the ATP-binding site of the serine-threonine kinase
(Wu et al. 2009). PRKCH is known to be involved in a variety of signaling pathways
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and regulates cellular functions such as proliferation and apoptosis (Kubo
et al. 2007). Expressed mainly in endothelial cells, the kinase plays a role in
human atherosclerosis (Kubo et al. 2007). The nsSNV was found to significantly
increase autophosphorylation and kinase activity after stimuli (Kubo et al. 2007).
This agrees with the biological plausibility of the assertion that if a protein involved
in atherosclerosis, a risk factor of ischemic stroke, is overly activated due to a genetic
mutation, there will consequently be a higher risk of stroke.

Coronary Artery Disease

Coronary artery disease (CAD) is the most common type of heart disease and is
responsible for the most deaths in the United States among men and women
every year (National Heart Lung and Blood Institute 2014). The disease is
characterized by the accumulation of plaque in the coronary arteries (National
Heart Lung and Blood Institute 2014). This process, called atherosclerosis, grad-
ually deprives the heart of oxygen-rich blood over time. If incoming blood is
sufficiently blocked, a heart attack will occur. The major risk factors of coronary
artery disease include dyslipidemia, smoking, hypertension, and diabetes (Achari
and Thakur 2004). Unfortunately, due to the complexity of CAD, the influence of
genetic factors on disease susceptibility is not completely understood. Pathogen-
esis is believed to be caused by the interactions of multiple genetic and environ-
mental influences. The major role family history plays as an indicator of
CAD susceptibility strengthens the idea that a genetic component is important
(Wang 2005).

One potential genetic biomarker is the nsSNV rs2305948 on chromosome 4 at
position 55113391 (Sherry 2001). The role of the polymorphism as a risk indicator
for CAD was confirmed in two independent case—control studies. The first study was
comprised of 655 patients with coronary heart disease and 1,015 controls, whereas
the second study was based on 369 subjects and 625 controls (Wang et al. 2007). The
two studies found that rs2305948 is associated with risk of coronary heart disease with
an odds ratio of 1.41 (P = 0.011) in the first cohort and an odds ratio of 1.75 (P =
0.003) in the second cohort (Wang et al. 2007). The polymorphism is a C to T
substitution in exon 7 of the kinase insert domain-containing receptor/fetal liver
kinase-1 (KDR) gene. KDR is a receptor for the vascular endothelial growth factor
(VEGF): together, they play a critical role in angiogenesis and vascular repair. The
variant in the KDR gene results in an amino acid substitution from valine to isoleucine
in position 297 in the third NH,-terminal Ig-like domain within the extracellular
region (Wang et al. 2007). As a key component of the VEGF-binding domain, the
nsSNV decreases the efficiency of VEGF and KDR binding. This inhibits KDR
function and dampens the resulting signaling pathway (Wang et al. 2007). While
recent experiments in animal models have shown that VEGF promotes atherosclero-
sis, the exact mechanism by which KDR influences disease development is still
unknown (Wang et al. 2007).
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Sudden Cardiac Death

Sudden cardiac death (SCD) is estimated to be involved in a quarter of all human
deaths globally each year (Abhilash and Namboodiri 2014). SCD describes an
unexpected death within an hour of symptom onset due to cardiac causes without
any extra cardiac event having occurred within the previous 24 h (Havmoller and
Chugh 2012). While most instances of SCD are caused by ventricular fibrillation
(Abhilash and Namboodiri 2014), other risk factors include coronary heart disease,
physical stress, structural changes in the heart, and inherited disorders (National
Heart Lung and Blood Institute 2011). Low survival rates have catalyzed the effort to
identify improved risk markers (Havmoller and Chugh 2012). While the current
widely used risk markers include QT interval and LVEF, the addition of potential
biomarkers such as plasma and inflammatory markers has yet to provide adequate
predictive value (Havmoller and Chugh 2012). However, the use of genomic or
proteomic technologies may supply novel diagnostic and therapeutic targets.

One potential marker is the variant rs7626962 found on chromosome 3 in
position 38579416. Although the variant has a minor allele frequency of approxi-
mately 13 % in African American populations (Cheng et al. 2011), it is difficult to
conduct a genome-wide association study on deceased patients. Consequently, many
variations are discovered in postmortem genetic testing. One association was found
in a genetic analysis of a 23-year-old African American male who died suddenly
(Cheng et al. 2011). The variant was also found in three affected members of a white
family but not found in the non-affected family members (Chen et al. 2002). This
finding is especially significant as the polymorphism was understood to have
negligible prevalence in populations of white European ancestry (Splawski
et al. 2002). Furthermore, two separate studies confirmed the association of
1s7626962 with sudden death. The first examined 133 cases of sudden infant death
syndrome (SIDS) and 1,056 controls and found that infants with two copies of the
polymorphism have a 24-fold increased risk for SIDS (Plant et al. 2006). The second
study also found a significant association between the nsSNV and SIDS in a cohort
of 71 African American SIDS victims (Van Norstrand et al. 2008).

The variant is a C to A mutation in position 3308 of the SCN5A gene and causes
an amino acid change from serine to tyrosine in position 1103 of the protein (Cheng
et al. 2011). SCN5A is a voltage-gated, type V, alpha subunit sodium channel
(Sherry 2001). In addition to sudden cardiac death, mutations in this gene are
known to cause Brugada syndrome, long QT syndrome (LQTS), and arrhythmias
(Abunimer et al. 2014; Plant et al. 2006). Although experiments showed that mutant
and wild-type variants of the sodium channel behave identically at pH 7.4, functional
differences were observed when tested under conditions that would be expected
in vivo. When pH was decreased from 7.4 to 7.0 and then 6.7, as would be expected
in acidosis, the Y1103 variants experienced progressive shifts in the voltage depen-
dence of steady-state inactivation. In addition, the mutant channels had shortened
recovery times from inactivation. This suggests that, in conditions of low internal
pH, mutant SCN5A channels may activate during unanticipated periods of the
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cardiac cycle compared to wild-type channels. This hypothesis was confirmed when
the variant channels were found to abnormally reopen during depolarization at pH
6.7 compared to wild-type channels which remained inactive (Plant et al. 2006). This
unexpected opening of sodium channels, which play a crucial role in cardiac cycles,
may explain the association of the nsSNV and SCD, as well as provide further
evidence to the value of 17626962 as a biomarker in assessing SCD preventative
therapy.

Congestive Heart Failure

In 2009, one in nine deaths in the United States was partially linked to heart failure.
Today, there are approximately 5.1 million people living with heart failure, and
nearly half of people who develop heart failure die within 5 years of diagnosis
(Go et al. 2013). Risk factors for the disease include coronary heart disease, high
blood pressure, diabetes, smoking, poor diet, sedentary lifestyle, and obesity. While
it is known that there is a strong hereditary component, this component is poorly
defined in common forms of the disease (Cappola et al. 2011). One promising
genetic marker is a loss-of-function (LOF) variant in the CLCNKA chloride channel.

The nsSNV rs10927887 was found to be positively associated with heart failure
in three independent Caucasian heart failure populations. The variant on chromo-
some 1 in position 16024780 is an A to G substitution in the CLCNKA gene, which
leads to an arginine to glycine change in position 83 (exon 3) of the protein (Sherry
2001). The variant was found to be present in 50 % of the 625 unaffected controls
and in 56 % of 1,117 Caucasian heart failure cases. These frequencies were similar in
examination of another independent cohort of 857 subjects and 311 controls. The
association was robust enough to be statistically significant in a subgroup analysis
for heart failures of any type. Independent of age, gender, and hypertension, the risk
of heart failure increases by 27 % and 54 % for heterozygotes and homozygotes of
the nsSNV, respectively (Cappola et al. 2011). These associations are likely a result
of the functional differences in the CIC-K, channel as a result of the amino acid
substitutions. The glycine 83 mutant channels evoked currents with smaller ampli-
tudes across tested potentials compared to wild-type channels. In addition, the
efficiency of the mutant channels was less sensitive to extracellular chloride ion
concentration compared to wild type. An immunoblot analysis used as a control
found no difference between expression levels of the two channels in the cellular
model, suggesting that any differences in efficacy was due to the inherent charac-
teristics of the mutant channels (Cappola, Matkovich et al. 2011). Ostensibly, a
nsSNV reducing the chloride currents through a renal CIC-K, chloride channel
would not cause congestive heart failure. However, a known variant, Cys
80 CIC-K, mutation, with a similar LOF profile was found to cause a Bartter-like
syndrome in conjunction with the disruption of the related CLCNKB gene
(Schlingmann et al. 2004). This syndrome is a salt-wasting disorder of which one
abnormality is hyperreninemia, an established risk factor for heart failure (Modlinger
et al. 1973; Bongartz et al. 2005).
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Myocardial Infarction

Every year in the United States, an estimated 785,000 people will have a new
myocardial infarction (MI). With approximately a death every minute in the United
States, MI is a major cause of morbidity globally (Jneid et al. 2013) and the leading
cause of death among all cardiovascular diseases (Sahoo and Losordo 2014). While the
exact definition of a myocardial infarction includes patient symptoms, echocardiogram
changes, and sensitive cTN biochemical markers, it is, in essence, a condition in which
inadequate blood flow to heart muscles disrupts cardiac function and prompts necrosis
(Jneid et al. 2013; National Heart Lung and Blood Institute 2013). Risk factors for MI
include controllable risk factors such as smoking, hypertension, high cholesterol,
obesity, a sedentary lifestyle, and uncontrollable factors such as age and genetics.

One possible biomarker in assessing the risk for myocardial infarction is the SNP
rs73184536. While most of the nsSNVs explored in this chapter increase risk of a
cardiovascular disease or condition, this variant offers protection. Found on chro-
mosome 13 in position 37636968, the variant codes for a T to C allelic substitution in
the gene for the transient receptor potential cation channel, subfamily C, member
4 (TRPC4). This mutation in exon 11 results in an isoleucine to valine substitution at
position 957 of the protein (Jung et al. 2011). In a sample of 3,899 controls and 1,025
patients with a first MI, the variant was associated with decreased risk of MI (odds
ratio = 0.61; 95 % CI (0.40-0.95); P = 0.02) when adjusted by age, sex, hyperten-
sion, and antihypertensive therapy.

The gene belongs to a family of nonselective ion channels and is expressed in
vasculature (Yip et al. 2004) where it facilitates intracellular Ca®" signaling. Intracel-
lular Ca®" signals are critical in the regulation of endothelial permeability (Tiruppathi
et al. 2002), smooth muscle proliferation (Zhang et al. 2004), and endothelium- and
nitric oxide (NO)-dependent vasorelaxation (Freichel et al. 2001). As mentioned
before, the crux of the problem in MI is the inhibition of blood supply to the
myocardium. As blood is a liquid, flow is inversely related to the resistance from the
myocardial vascular bed (Jung et al. 2011). This resistance is dependent on the
vascular smooth muscle and consequently on calcium signaling (Jaggar et al. 2000).
TRPC4 activity is regulated through kinase phosphorylation of a tyrosine in position
959 that, once activated, inserts additional channels into the plasma membrane (Jung
etal. 2011). A single-channel analysis revealed a threefold increase in active TRPC4-
1957V channels compared to wild-type channels following carbachol stimulation. The
enhanced channel activity of the TRPC4 variant increases Ca®" signaling which may
facilitate endothelium- and NO-dependent vasorelaxation. This process may ulti-
mately decrease resistance in the myocardial vascular bed and explain the MI risk
protection offered by the nsSNV rs73184536 (Jung et al. 2011).

Congenital Heart Defects

According to the American Heart Association, congenital heart defects are a com-
mon form of birth defects and comprise a long list of heart malformations, including
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aortic valve stenosis and atrial septal defect. Every year in the United States, nearly
1 % of births are affected by congenital heart defects (CHD). While not all cases are
fatal, CHDs are responsible for 4.2 % of all neonatal deaths. In addition, while 95 %
of babies born with a noncritical CHD are expected to survive to adulthood, this
increases the number of adults living with CHD (Center for Disease Control and
Prevention 2014). The exact mechanisms behind each type of defect vary, but CHDs
are generally understood to be a result of multiple environmental and genetic factors
(Arrington et al. 2012).

One potential genetic marker is a non-synonymous mutation in the pre-B-cell
leukemia homeobox 3 (PBX3) gene. The rs145687528 variant is found on chromo-
some 9 in position 125915818 and is a C to T substitution which results in an alanine
to valine amino acid substitution in position 136 of the protein (Sherry 2001). The
variant is positioned in a conserved polyalanine track and was present in 5.2 % of the
95 heart defect patients, compared to only 1.3 % of the race and ethnicity-matched
control patients (Arrington et al. 2012). This significant overrepresentation of the
variant reveals rs145687528 as a valuable risk allele for congenital heart defects
(Arrington et al. 2012).

The gene in question codes for a pre-B-cell leukemia homeobox (PBX) protein
and belongs to the pre-B-cell leukemia (PBC) transcription factor family and shares
a three-amino-acid loop extension in the homeodomain with other members of the
TALE superfamily (Arrington et al. 2012). The variant is the seventh alanine in a
nine-alanine motif in PBX3. That the amino acid sequence is highly conserved
bolsters conclusions from in silico analysis which showed a high probability that
the mutation is deleterious (Arrington et al. 2012). Polyalanine tracts are thought to
be involved in transcription factor repression or facilitation of DNA binding in a
transcription complex (Brown and Brown 2004). While the exact mechanism by
which this mutation leads to a congenital heart defect is not understood, it does
provide a new avenue for further investigation.

Hypertension

Hypertension is a chronic condition where elevated blood pressure slowly damages
blood vessels and organs. The increasing rate of hypertension is a cause for concern
as it is a major risk factor for cardiovascular disease and leads to higher mortality
globally (Lawes et al. 2008; Xi et al. 2012, 2013). Currently, an estimated 26.4 % of
the world’s adult population are afflicted with hypertension (Kearney et al. 2005).
While obesity, stress, and excess salt in the diet are known causes of hypertension,
there are also genetic factors that interact and play a role (Medicine 2015). Genetic
factors contribute approximately 20—40 % of the variance in blood pressure among
the general population (Choh et al. 2005). Another approximation attributed 65 % of
variation in blood pressure over a 24 h period to genetic factors (Tobin et al. 2005).

One potential genetic factor is the nsSNV rs7565062 in the gene SCN7A. Found
in exon 25 on chromosome 2 in position 166477575, the variant is a G to T
substitution that leads to a threonine to asparagine change in position 41 of the
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sodium channel, voltage-gated, type VII, alpha subunit (Sherry 2001). In a study of
1,232 unrelated subjects from the Northern Han population of China, 615 with
hypertension and 617 controls, the T allele in rs7565062 had significantly higher
prevalence in the hypertensive cohort (P = 0.045). This association with hyperten-
sion signifies that the T allele acts as a risk factor for the condition. Through logistic
regression analysis, rs7565062 was found to be significantly associated with essen-
tial hypertension in both the additive (TT vs. TG vs. GG: P = 0.024, OR = 1.283,
95 % CI: [1.033-1.592]) and dominant ((TT + TG) vs. GG: P = 0.013, OR = 1.203,
95 % CI: [1.040-1.392]) genetic models (Zhang et al. 2015).

The sodium channel, voltage-gated, type VII, a-subunit (SCN7A) belongs to the
gene family encoding the a-subunit of voltage-gated sodium channels (VGSCs).
Although this is the official classification of the channel, one study found the channel
encoded in part by SCN7A is sodium concentration gated rather than voltage-gated
(Hiyama et al. 2002). The channel was also identified to function as a sodium-level
sensor in blood flow (Shimizu et al. 2007) and regulate sodium intake (Hiyama
et al. 2010). The mechanism in which this variant induces hypertension may be
found through its connection with Na,, which is an isoform of the a-subunit found in
voltage-gated sodium channels (Zhang et al. 2015). Nay2 is a member of the
SCN7A-encoded Na, and is expressed in the neurons and ependymal cells in
circumventricular organs involved in body-fluid homeostasis (Watanabe
et al. 2000). Experiments in a mouse model showed that Na,-null mice had abnormal
intake of hypertonic saline. The finding suggests that Na, monitors sodium concen-
tration and is involved in sodium intake regulation (Zhang et al. 2015). These
findings offer a biological context that reinforces the association between the
mutation and elevated risk of hypertension.

Arrhythmia

Arrhythmias, including atrial fibrillation, tachycardia, and bradycardia, are a set of
conditions defined by abnormal electrical activity of the heart and are a major cause
of stroke and sudden cardiac arrest (Abunimer et al. 2014). The role of arrhythmias
in these sudden adverse cardiac events is such that hereditary arrhythmias are
responsible for over half of sudden cardiac deaths in young individuals (Beckmann
et al. 2011). Despite the low prevalence of hereditary arrhythmias in populations,
early detection of the condition is essential to beginning early preventative measures.
Consequently, understanding the genetic causes underlying the various conditions
categorized as arrhythmias is imperative for improving diagnosis and therapy and
ultimately identifying individuals who may be at a higher risk for severe cardiac
events associated with arrhythmias.

A candidate for further genetic study of arrhythmias is the nsSNV rs6795970. A
study found the mutation strongly associated with QRS duration, which measures
cardiac intraventricular conduction and is a common indicator of arrhythmias
(Ritchie et al. 2013). The exact mutation is an A to G substitution in the sodium
channel, voltage-gated type X, alpha subunit (SCN10A) gene, in chromosome 3 at



838 A. Abunimer et al.

position 38725184. This exonic polymorphism corresponds to a valine to alanine
amino acid substitution at position 1073 (Sherry 2001). In a phenome-wide associ-
ation study of nearly 14,000 European-American subjects, this particular SNP on
chromosome 3 was found to be significantly associated with cardiac arrhythmias,
atrial fibrillation and flutter, arterial embolism and thrombosis, and many other
conditions. While the association with cardiac arrhythmias was strongest, the asso-
ciation of rs6795970 with altered QRS duration and with cardiac arrthythmia were
not dependent, which suggests that while the SNP may influence QRS duration and
susceptibility to arrhythmia development, their pathways are divergent (Ritchie
et al. 2013).

The gene in question, SCN10A, is a voltage-gated sodium channel labeled
Nay1.8 and codes for a protein more commonly known for cold perception in
afferent nociceptive fibers (Blasius et al. 2011). While the exact mechanism through
which the mutated SCN10A gene leads to arrhythmias is unknown, the three
predominant theories are that it affects conduction directly via cardiomyocytes,
indirectly via intracardiac neurons, or, more recently proposed, as an enhancer of
SCNS5A gene expression. A recent study discovered that while SCN10A expression
is negligible in human and murine hearts, a T-box enhancer within SCN10A drives
SCNSA expression in cardiomyocytes (Park and Fishman 2014). This third theory is
further evidenced by previously inconclusive studies of attempting to characterize
the role of the SCN10A protein in heart physiology (Akopian et al. 1996). Despite a
yet uncharacterized pathway, the nsSNV rs6795970 is definitively associated with
cardiac arrhythmias, and further study on the SNP is necessary to further elucidate
potential therapeutic or diagnostic targets.

Cardiomyopathy

Cardiomyopathies are diseases of the myocardium classified by structural and
functional abnormalities (Sisakian 2014). In most cases, heart muscle becomes
thicker or more rigid than normal. While patients with cardiomyopathy may live
long healthy lives, it is a major cause of heart failure which is a leading cause of
death (Simonson et al. 2010). As with other conditions and diseases, genetic bio-
markers are playing an increasingly important role in classification and diagnosis
(Sisakian 2014).

One potential marker for identifying susceptibility for dilated cardiomyopathy
(DCM) is the cytotoxic T-lymphocyte antigen 4 (CTLA4) (Ruppert et al. 2010). The
receptor belongs to the CD28-B7 immunoglobulin superfamily of immune regula-
tory molecules which downregulate T-cell activation. CTLA4 is expressed on the
plasma membrane of activated T cells and functions as an inhibitory signal for T-cell
proliferation after binding to B7 receptor molecules on antigen-presenting cells
(Ruppert et al. 2010). Ostensibly, a receptor in the immune system should not be
involved in the development of DCM. However, a major factor in DCM pathogen-
esis is known to be autoimmune-mediated damage to cardiac tissue (Ruppert
et al. 2010).
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The mutation in question is rs231775, an A to G substitution in position 49 of
exon 1 of CTLA4 on chromosome 2 in position 203867991 (Sherry 2001). The
nsSNV was confirmed in a study of two independent cohorts of dilated cardiomy-
opathy patients (n = 251 and 223) and a sample of 591 healthy controls (Ruppert
et al. 2010). The G/G genotype of the variant was found in 14.7 % of subjects
compared with only 7.4 % of controls, (P = 0.005). The mutation codes for a
threonine to alanine substitution in position 17 of the protein (Sherry 2001). This
position corresponds to the peptide leader sequence of the CTLA4 receptor. This
specific mutation was shown to increase expression of cell-surface CTLA4 receptors
on stimulation of T cells, as well as associate with autoimmunity in general (Ligers
et al. 2001). These findings further strengthen the interrelatedness of autoimmune
disorders and cardiomyopathies as well as present an additional risk marker in DCM
pathogenesis.

The Future of nsSNVs and Cardiovascular Diseases

Genomic and Proteomic Projects Worldwide Associated with Cardiac
Diseases

There are a high number of institutes and centers worldwide that have recently
published papers investigating cardiac systems diseases and conditions through
genomic or proteomic means. The high number of international institutes dis-
plays that the value of these technologies in identifying potential biomarkers and
nsSNV as potential therapeutic and diagnostic targets is globally appreciated. The
over 2,000 departments, schools, labs, and centers reinforce the theme of this
chapter: namely, that genomic and proteomic technologies are an excellent
method of identifying potential therapeutic and diagnostic biomarkers in cardio-
vascular diseases. In particular, nsSNVs and their associations with cardiovascu-
lar disease susceptibility and protection represent value opportunities for further
study.

Workflow and Results
Sample Workflow

We present a sample workflow which may be applied to diverse datasets to harness
the nsSNVs associated with cardiovascular (or other) diseases as biomarkers. The
following workflow was performed for S-nitrosylation but may be repeated and
expanded for other features. The importance of S-nitrosylation stems from nitric
oxide’s role as a relaxation factor derived in the endothelium — where nitric oxide
(NO) is largely controlled by S-nitrosylation (Lima et al. 2010). The first step was to
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retrieve the human proteome and nine other species (Mus musculus, Bos taurus,
Canis familiaris, Equus caballus, Xenopus tropicalis, Danio rerio, Drosophila
melanogaster, Caenorhabditis elegans, Arabidopsis thaliana) from the
UniProtKB/Swiss-Prot database, which is available online.

Next, using the protein BLAST tool, we performed pairwise alignments between
the human proteome and nine other species. From the alignment results, all con-
served cysteine positions, i.e., the positions which exist in human protein sequences
and were mapped at least to one species, were extracted. Cysteine positions were
specifically targeted because a cysteine thiol is covalently modified by an NO group
to produce S-nitrosothiol (SNO) and thus plays a central role in S-nitrosylation
(Lima et al. 2010). Then, the table containing conserved nsSNVs cysteine positions
was generated by mapping the conserved cysteine positions among species and
human nsSNVs positions from SNVDis (Karagiannis et al. 2013). The GPS-SNO
tool (Xue et al. 2010) was used to predict S-nitrosylation sites for the conserved
cysteine positions. The rsIDs and swissvarlDs (variation identifier from Swiss-Prot
database) obtained from the table of the conserved cysteines and also predicted to be
S-nitrosylation sites were used in order to get the information about diseases caused
by the variation.

Sample Workflow Results

Results of this workflow are counts, positions, and amino acid variations of observed
and predicted disease-related nsSNVs occurring at a conserved cysteine residue of
the reference human genome. Please see Tables 1 and 2 for a summary of the results.

Summary Points

* Non-synonymous single-nucleotide variations (nsSNVs) are changes in the
genome which ultimately lead to amino acid substitutions and possible changes
in biochemical pathways or protein structure or activity.

* Next-generation sequencing (NGS) technologies represent an opportunity to
rapidly, cheaply, and efficiently identify nsSNVs as biomarkers and potential
therapeutic or diagnostic targets associated with diseases and conditions.

Table 1 Summary counts of impacted proteins, sites, and disease relatedness of genome-wide
nsSNV at conserved cysteine residues

Number of proteins Number of sites Diseases
Predicted sites 44 49 84
Experimental sites 7 7 15

This table shows the distribution of nsSNVs among all genomic cysteine positions and the
corresponding abundance of potentially affected proteins containing the site and resulting disease
relatedness. Although experimental evidence for clinical significance is limited, this omics
approach identifies several predicted candidate nsSNVs for further study.
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Table 2 Summary

. Variation Predicted sites Experimental sites
of different types of
variation and their et 1 4
frequencies c—* 5
c—y 13 1
c—Ww 2
c—s 4 1
c—f 7 1
c—g 6
c—a 1

This table shows the distribution of the number of specific amino acid
substitutions resulting from nsSNV at a reference cysteine codon.
Although several possible substitutions exist, it is interesting to note
that only four such substitutions have been observed to date.

* NGS technologies and major software developments have expedited the discov-
ery and analysis of genomic and proteomic data which are essential to the
identification of nsSNVs.

» Mapping of the genomic data is facilitating the process of identifying diagnostic
and therapeutic targets for a number of diseases and conditions.

* Proteomic approaches can enable cheaper, more rapid, and more robust identification
of variation biomarkers and validation of genomic targets against amino acid
variants.

» Cardiovascular diseases are an increasing global public health problem, and
nsSNVs are playing an integral part in their further study.
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