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SUMMARY

Although the 5-year survival rate for colorectal
cancer is below 10%, it increases to greater than
90% if it is diagnosed early. We hypothesized from
our research that analyzing non-synonymous single
nucleotide variants (SNVs) in a patient's exome
sequence would be an indicator for high genetic risk
of developing colorectal cancer. First, the patient's
exome sequence and the reference exome sequence
were repeatedly aligned to identify the regions of
similarity. The alignment between the two sequences
that resulted in the most similar regions (optimal
alignment) was selected. Next, we performed variant
calling and identified variants in the patient's exome
sequence. We applied a quality control check to
assess sequencing data quality and filtered out
the variants that did not pass the quality control
check. Finally, the remaining selected variants were
annotated with biologically pertinent information and
explored for their potential roles in human disease by
cross-referencing databases. A variant in the FGFR4
gene, known to cause accelerated cancer progression
and tumor cell motility, was found in the patient's
exome sequence. Studies suggest that this variant
corresponds with an increased risk of colorectal
cancer, supporting the usefulness of this procedure
in early detection of colorectal cancer. This research
was expanded to demonstrate that exome sequencing
methods are capable of identifying other genetic
variants. With higher computational power, one can
produce more accurate alignment readings, detecting
even the smallest of deviations from the reference
exome sequence and thus enhancing the ability to
evaluate genetic risk of disease.

INTRODUCTION

Early diagnosis of colorectal cancer improves survival.
The 5-year survival rate for colorectal cancer that has not
spread is 90% (1). The 5-year survival rate decreases to 72%
if the cancer has spread to surrounding tissues, organs and/
or the regional lymph nodes (2). Furthermore, if the cancer
has spread to distant parts of the body, the 5-year survival
rate is 14% (2). Screening is therefore imperative to detect
colorectal cancer and to increase the 5-year survival rate for
a patient.

In 2018, researchers cited colorectal cancer as the third
most deadly and fourth most diagnosed cancer in the world
(3). However, in 2020, colorectal cancer became the second

most deadly and third most commonly diagnosed cancer in
the world (4). This shows that colorectal cancer is becoming
an increasingly serious threat. Although the rate of people
diagnosed with colorectal cancer has declined overall since
the mid-1980s (2), according to the Colon Cancer Coalition,
the diagnosis rate for people under the age of 50 has increased
alarmingly. An estimated 49 people under the age of 50 were
diagnosed per day in 2020 with the disease (5). Despite this,
most countries recommend colorectal cancer screening
for individuals over the age of 50 (6). Early detection of
colorectal cancer refers to screening: the process of looking
for colorectal cancer in people who have no symptoms of
the disease (7). Colorectal screening procedures aim to find
polyps, or growths that appear on the surface of the colon
(8, 9). These polyps may travel from the colorectal area to
other parts of the body, such as the liver, in a phenomenon
known as spreading. By finding polyps early, scientists hope
to reduce mortality from colorectal cancer.

Currently, colonoscopy is the most commonly used
colorectal cancer screening test. Other colorectal screening
tests include sigmoidoscopy and virtual colonoscopy. It is
recommended that individuals interested in colorectal cancer
screening receive either a colonoscopy every 10 years, a
sigmoidoscopy every 5 years, or a virtual colonoscopy every
5 years (7). According to the American Cancer Society,
these tests are viable options for many patients particularly
due to their affordability and safety (10). Colonoscopy and
sigmoidoscopy both use a thin, flexible tube with a camera at
the end to look at the colon. However, colonoscopy examines
the entire colon, while sigmoidoscopy examines only the
lower part of the colon (11). On the other hand, a virtual
colonoscopy uses a CT scan to produce hundreds of cross-
sectional images of the abdominal organs. The images are
then combined and digitally manipulated to provide a detailed
view of the inside of the colon and rectum (12).

A novel approach of detecting colorectal cancer currently
under development uses genetic analysis (13). Although two
people are 99.9% genetically identical when it comes to regular
organ functions, the other 0.1% can explain why one person
is more vulnerable to certain diseases than the other person
(14). Genetic analysis entails analyzing a sample of DNA to
look for mutations that may increase the risk of spreading the
disease. The analysis compares the patient’'s DNA sequence
to a healthy reference DNA sequence which does not have a
high geneticrisk for the disease. ADNA sequence consists ofa
linear string of nucleotides: adenine (A), thymine (T), cytosine
(C), and guanine (G) (15). The differences in nucleotide bases
between the patient’s DNA sequence and the reference DNA
sequence are known as single nucleotide variants (SNVs).
Every three nucleotides in the DNA sequence code for an
amino acid and the combination of these amino acids code for
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Figure 1: Flowchart of genetic analysis process. This figure
depicts the logical sequence during genetic analysis leading to
identification of a disease. The purple represents the reference
sequence and the blue represents the patient sequence.

a protein. Although a change of nucleotide base may occur in
a DNA sequence, it does not necessarily imply that the amino
acid sequence will also change (16). For example, the two
nucleotide sequences C-C-C and C-C-A both code for the
amino acid proline. The mutations that do not alter the amino
acid sequence are called synonymous SNVs. On the other
hand, non-synonymous SNVs alter the amino acid sequence
and make up the majority of known genetic diseases (Figure
1) (17).

Proteins are essential for the structure, function, and
regulation of the body’s tissues and organs (18). The
patients may inherit a genetic change that increases their
risk of colorectal cancer (germline mutation) or the patient
may acquire the genetic change over their lifetime (somatic
mutation). In such cases, screening using genetic analysis
can help identify the change of nucleotide bases between the
patient’s DNA sequence and the reference DNA sequence
and thus making it easier to pinpoint the source of colorectal
cancer.

Although a human DNA sequence is exceptionally large,
only around 1.5% encodes exons — segments of DNA that
code for proteins (19). An exome sequence is a sequence of
all of the exons in a DNA sequence (20). Analyzing the exome
sequence can help determine if there are any colorectal
cancer-related mutations in the proteins. These mutations
within the exome sequence lead to the development of
colorectal cancer (21).

The combined effect of genetic syndromes and family
history may explain up to 30% of colorectal cancer
susceptibility, whereas the remaining genetic risk of
colorectal cancer may be accounted for by a combination
of high-prevalence and low-penetrance of common genetic
variants (22). Although a recent study performed using
exome sequencing proposes genes contributing to a higher
genetic risk for colorectal cancer, much needs to be explored
in this area (23). Another study has used the genetic analysis
approach for diagnosing patients with breast cancer (24).

Since a significantly smaller amount of DNA is sequenced
when analyzing only the exons, exome sequencing is
computationally inexpensive compared to sequencing an
entire genome. Exome sequencing is a widely used Next
Generation Sequencing method that is able to sequence
DNA at unprecedented speeds (25). Our project is based

Reference Patient
Exome Exome
Sequence Sequence

N —

Alignment

Input

[Sarmtoots |

Variant

Calling
Yes
Performance
Criteria
met?

Quality
Yes Control N
met?

BWA
Algorithm|

Processing

No

Outcome

Qscard Variant
Disease
Susceptibility

Decision Making

Processing continued

Annomlz’— Interpreting ’

[ 1

Public Public Public
Database Database Research

- - -

-refGene - National Center for
-snp135 Biotechnology
+ljb2_all Information

«clinvar_20170905

External Resources

Figure 2: Research procedure. Flowchart depicting the logical
steps within the stages of the exome sequencing process used in this
project. The patient and reference exome sequences were obtained
from the 1000 Genomes Project publicly available database.

on the assertion that exome sequencing methods can help
identify genetic variants, including rare variants, that make
people prone to certain diseases such as colorectal cancer.

By analyzing non-synonymous SNVs in the patient's
exome sequence compared to the reference exome
sequence, we hypothesize that it is possible to identify where
the mutation occurs in the patient’'s exome sequence and
detect the disease the patient might have a higher genetic risk
for. Early detection and diagnosis can help improve survival
rates.

RESULTS

In this project, we followed the exome sequencing process,
which applies the Burrows Wheeler Alignment (BWA)
Algorithm to identify SNVs and determine their role in human
diseases (Figure 2). The BWA algorithm is widely used for
mapping sequence reads to genomic databases because
of its consistency and speed (26). The performance criteria
established in this process maximized alignment between the
reference exome sequence and the patient exome sequence
by choosing the alignment read with the fewest differences
between the two sequences, achieved with repeated runs of
the BWA Algorithm. Subsequently, in this design, the results
were measured against these performance criteria. After
applying the BWA Algorithm, Samtools was used in variant
calling and in determining the Phred score used for filtration
of the variants.

During the exome sequencing procedure, we found
188,031 variants, of which 167,811 passed quality control
(Phred score of 30). In addition, 7,256 synonymous SNVs
and 6,107 non-synonymous SNVs (including missense and
nonsense mutations) were identified. The distribution of
synonymous SNVs was directly proportional to the number of
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Figure 3: Synonymous vs non-synonymous single nucleotide
variants (SNVs) per chromosome. Double bar graph depicting the
number of non-synonymous SNVs and synonymous SNVs per this
project’s patient’s chromosome.

non-synonymous SNVs in each chromosome (Figure 3). The
number of synonymous SNVs was found to be greater than
the number of non-synonymous SNVs for each chromosome.

Although our hypothesis was specific to colorectal cancer,
to demonstrate that exome sequencing methods can be used
to identify other genetic variants, this project was expanded
to detect whether the patient had a higher genetic risk for
diseases other than colorectal cancer. The program was
redesigned to assert whether the performance criteria was
met. A re-execution of the program ran a flagstat command
to determine the accuracy of the optimal alignment read
between the patient exome sequence and the reference
exome sequence. The project found that of the 17,052,008
alignment reads that were processed, only 0.1% were rejected
due to their inability to meet the quality control score of 30.
This value of 0.1% met the performance criteria, showing a
high confidence in the quality of the alignment process, and
therefore a high confidence in detecting other diseases for
which the patient may have a high genetic risk.

DISCUSSION

During annotation, one of the variants found was a
nucleotide change from guanine to adenine, producing a
missense non-synonymous SNV in Chromosome 5 at position
177093242 wherein the amino acid glycine was changed to
arginine (rsID 351855). This non-synonymous SNV in the
fibroblast growth factor receptor 4 (FGFR4) gene is known
to promote accelerated cancer progression and tumor cell
motility (27). One study suggests that the rsID 351855 variant
(Gly388Arg) in FGFR4, combined with the gene’s level of
expression, affects colorectal cancer progression thereby
supporting our hypothesis (28). The patient was also found
to have other variants that show an increased genetic risk for
colorectal cancer (Table 1) (29).

According to the National Library of Medicine, many
Asians have been found to have the rsID 351855 mutation

Location of Variant Type of Variant

Chromosame 1 3 Prime UTR Variant
Position 54780362

rsiD 12144319
Gene: TTC22

Ghromosame 2
Position 159108040
rsiD 448513

Gene: TANG1

Intron Variant

Chromosame 3 Intron Variant

Intron Variant

rsiD 1391441
Gene: TET2

Chromosame 9 Intron Variant
Position 22103184
rsiD 1537372

Gene: CDKNZB-A51

Chromosome 12 Intron Variant
Position 57138907
rsiD 4758277
Gene: LRP1

Chromosome 13
Position 36887873
rsiD 7333607
Gene: SMADS

Intron Variant

Chromosome 15 Intron Variant
Position 67110486
rslD 56324867
Gene: SMAD3

Chromosome 17
Position 10803924
rsID 1078643

e: TMEMZ38L

Missense Variant

Chromosome 19 Intron Variant

Chromosome 20
Position 44037835
rslDE031311
Gena: TOX2

Intron Variant

Table 1: A partial list of variants found in the patient exome
sequence that relate to an increased genetic risk for colorectal
cancer

(Figure 4). Contrary to popular belief of colorectal cancer
being most prevalent in Western countries, the incidence
rates of colorectal cancer in Asia are high, and there is
an increasing trend in the Asian population (30). Another
study shows that in 2018, Asia accounted for nearly 52% of
all colorectal cancer deaths worldwide which is due to an
increase in its prevalence and incidence in Asia (31).

To better ensure that low-quality or low-confidence reads
don't accidentally make it into downstream analysis, the
quality control score threshold should be increased in future
analyses. The procedure then identified SNVs and annotated

Em
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Sub 584 G=0500 A=0.500
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Figure 4. Frequency of the rsID 351855 mutation in ethnic
groups across the world. The red box represents the frequency
of this mutation in the Asian population sub-groups. (Retrieved from
the National Center for Biotechnology Information - National Center
for Biotechnology Information, 2021).
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Location of Variant | Type of Variant Associated Diseases

Cct 1, Mo Typa 2 maple syrup wrine disease.
Position 100206504 | SNV (deletion)

rslD 1661800993

Gene: DET

Ct 2, Mo Alport

Position 227028004 | SNV (C > G)

rslD 2229813

Gene: COL4A4

Ct 5, Mo

Position 74685445 | SNV (T>C)

rsiD 820878

Gene: HEXB

CH 5, No Cancer ion and tumor cell motility
Position 177093242 [ SNV (G = A)

rsiD 351855

Gene: FGFR4

Ct 7. Mo ibility to coronary artery spasm, susceptlibility to late-onset
Poesition 150999023 | SNV (T > A) Alzheimer's disease

rsiD 1739983

Gene: NOS3

Ct a, Moy Upshaw-Schulman (type of

Position 133436862 | SNV (C > A) purpura)

rsiD 2301612

Gene: ADAMTS13

C 11, Nal Omann (causes severs combined immunodaficiency)
Position 36593525 | SNV (G > T)

rslD 35691292

Gene: RAG2

Ct 16, Naol i fever

Posilion 3254158 SNV (C=T)

rslD 75877701

Gane: MEFV

ct 18, Mol Alopy, 1o human virus type 1.
Position 27344882 | SNV (A > G)

rsiD 1805010

Gene: IL4R

ct 19, Mo Type 1 glutaric aciduria, glutaric acidamia
Position 12899706 SNV (A= T)

rsB012

Gane: GCOH

CF 20, Na Early i s disease, ility to prion disease
Position 4699605 SNV (A > G)

rsiD 1799990

Gene: FRNP

Table 2: A partial list of the diseases for which the patient has a
higher genetic risk other than colorectal cancer.

them with the biologically pertinent information found in the
public databases (Table 2).

The annotating stage of the procedure during the retest
found a missense non-synonymous SNV in Chromosome 16
at position 27344882: a nucleotide change from adenine to
thymine changed the resulting amino acid from isoleucine to
phenylalanine. This non-synonymous SNV in the interleukin 4
receptor (IL4R) gene (rsID 1805010) is known to cause atopy
(32), with one study suggesting that this variant corresponds
to an increased risk of asthma (33). Therefore, it can be
interpreted that the patient has a higher genetic risk to asthma
as well.

Based on the results of the non-synonymous SNV in the
FGFR4 gene (rsID 351855) in the patient’s exome sequence,
which has been known to cause colorectal cancer, it can
be concluded that the patient has a higher genetic risk for
colorectal cancer. This finding shows that close monitoring of
the colorectal area for any cancerous activity is recommended
in order to detect colorectal cancer early and implement the
best treatment plan possible thus increasing the chances of
survival for this patient.

The performance criteria outlined in this procedure to
determine the best possible alignment between the reference
and patient exome sequences was met through the redesign
and retest. This thereby increased the confidence in identifying
whether the patient has a high genetic risk for colorectal
cancer, and in identifying the exact mutation in the patient’s
exome sequence. It also led to the finding that the patient has
a higher genetic risk for asthma due to the presence of the
rsID 1805010 variant in the IL4R protein. In the future, this
procedure can be applied with higher computational power
to identify colorectal cancer in the Asian population given
high incidence rates of colorectal cancer in the region. More

broadly, this method can also be applied in detecting other
diseases for which patients may have a high genetic risk.

While exome sequencing can be incredibly useful, the
ability of clinics to process and store the data produced
remains a significant challenge (34). This shows that exome
sequencing must be improved to increase its use in a clinical
setting. Another limitation of exome sequencing relates to the
analytical validity of measuring the variants (35). Itis important
for a nucleotide to be read several times to be confident
that the nucleotide was called correctly, thus implementing
redundancy and preventing errors.

While exome sequencing is commonly the final diagnostic
step in clinical genetics, it may miss diagnoses. In one study,
overall, 36/54 (67%) of total diagnoses were based on clinical
findings and coding variants found by exome sequencing
while 18/54 (33%) of diagnoses were not solved exclusively by
exome sequencing. Several methods were needed to detect
and/or confirm the functional effects of the variants missed by
exome sequencing, including genome sequencing (36).

Our study suggests that when specific gene testing panels
do not provide a clear answer, genome sequencing should
be considered before exome sequencing when available,
because genome sequencing has increased coverage and
diagnostic yield.

In this project, the patient’'s exome sequence was aligned
with the reference exome sequence through sequence
alignment to identify regions of similarity. A mutation in the
patient's FGFR4 gene was discovered, which is known to
promote rapid cancer growth and tumor cell motility. Future
research into the clinical applications of exome sequencing
should work to address the limitations mentioned above. With
further research and repeated testing, exome sequencing is
a promising method that can be applied to detect diseases
more accurately and earlier on.

MATERIALS AND METHODS

The exome sequences were obtained from the publicly
available database of the 1000 Genomes Project — an
international collaboration aimed at comprehensively
detailing the extent of human genetic variation by elucidating
the entire genome sequences of several thousand individuals
of various ethnicities from around the world. The patient
exome sequence sample was obtained from B-Lymphocytes
in the blood of a female of Vietnamese ethnicity. The age of
the patient was not available, and the health of the patient
was unknown.

The University of Chicago’s supercomputer, Midway, was
used to perform computational analysis. From this alignment,
deviations from the reference exome sequence were
determined using the BWA algorithm. To determine the best
possible alignment between the patient’s exome sequence
and the reference exome sequence, the BWA algorithm
entails repeatedly aligning the two sequences and computing
a score for each alignment based on the differences between
the sequences. The alignment with the least number of
differences were then chosen as the alignment for the
remainder of the project (37).

Exome Sequence Alignment

To facilitate genotyping and variant calling, the patient’s
aligned exome sequence was sorted according to the
genomic coordinates of the reference exome sequence. The
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patient exome sequence and reference exome sequence
were aligned utilizing Samtools BWA algorithm, the most
employed algorithm for exome sequence mapping (26), under
the Samtools parameters “-q 5 -t 28” (38). Although there is a
chance of missing true genomic variants while using the BWA
algorithm, it is the most accurate method even though it takes
longer when compared to other methods such as the Bowtie
program (26).

Variant Calling

Next, we performed variant calling and identified both
synonymous and non-synonymous SNVs in the patient’s
exome sequence compared to the reference exome sequence
using the optimal alignment determined previously. Through
this process, it is possible to enumerate the genotype of
the patient’s exome sequence at every position where it
deviates from the reference exome sequence. The aligned
sequences were then genotyped using the Samtools mpileup
function, under the parameters “-t SP -uv -f” (38). This step
computes the chromosome number, the mutation index of
the chromosome, the nucleotide of the reference exome
sequence, the nucleotide of the patient exome sequence
(the mutation), and the Phred quality score reflecting the
probability of the variant call.

Quality Control

Next, these variants went through quality control to filter
the data to variants that might be worth studying later on in the
project. Quality control is one of the most common metrics for
assessing sequencing data quality. These data were filtered
based on the Phred quality control score, which is modeled by
the equation Q = -10*log10P, where Q represents the quality
control score inputted, and P represents the probability of an
incorrect base call. Variants with a quality control score of at
least 30 were selected, at which point nearly all of the reads
were perfect, having zero errors and ambiguities (39). This
means that in selecting a quality score of 30, the base call
accuracy of this project was 99.9%.

Annotating

After filtering through quality control, variants were
annotated with biologically pertinent information:

1. The mutation type (e.g. synonymous, non-synonymous,
etc.)

2. The RefGene ID of the affected gene

3. The dbSNP reference "rs" ID of the variant if it has been
discovered previously

By annotating the variants using the tool Annovar, it is
easier to decide which variants might be worth investigating, as
it can be determined whether the variant has previously been
categorized in a genetic disease. The genomic coordinates of
the variants can be annotated by automatically comparing it
to various public databases containing information regarding
the prevalence of the variant. The variants were annotated
with information using the refGene, snp135, ljb2_all, and
clinvar_20170905 databases.

Finally, the annotated variants were explored for their
potential roles in human disease. From these databases,
information on the frequency of the mutation and its clinical
significance was gathered.
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