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Colorectal cancer (CRC) is one of the topmost causes of death in males in Saudi Arabia. In females, it was
also within the top five cancer types. CRC is heterogeneous in terms of pathogenicity and molecular
genetic pathways. It is very important to determine the genetic causes of CRC in the Saudi population.
BRAF is one of the major genes involved in cancers, it participates in transmitting chemical signals from
outside the cells into the nucleus of the cells and it is also shown to participate in cell growth. In this
study, we mapped the spectrum of BRAF mutations in 100 Saudi patients with CRC. We collected tissue
samples from colorectal cancer patients, sequenced the BRAF gene to identify gene alterations, and ana-
lyzed the data using different bioinformatics tools. We designed a three-dimensional (3D) homology
model of the BRAF protein using the Swiss Model automated homology modeling platform to study
the structural impact of these mutations using the Missense3D algorithm. We found six mutations in
14 patients with CRC. Four of these mutations are being reported for the first time. The novel frameshift
mutations observed in CRC patients, such as c.1758delA (E586E), c.1826insT (Q609L), c.1860insA and
c.1860insA/C (M620I), led to truncated proteins of 589, 610, and 629 amino acids, respectively, and
potentially affected the structure and the normal functions of BRAF. These findings provide insights into
the molecular etiology of CRC in general and to the Saudi population. BRAF genetic testing may also guide
treatment modalities, and the treatment may be optimized based on personalized gene variations.
� 2021 The Authors. Published by Elsevier B.V. on behalf of King Saud University. This is an open access

article under the CC BY-NC-ND license (http://creativecommons.org/licenses/by-nc-nd/4.0/).
1. Introduction

Colorectal cancer is the most common cancer type in men and
the third most common cancer type in women in Saudi Arabia
(Alsanea et al., 2015). Worldwide, it is also one of the major cancers
and the leading cause of death, with 1,849,518 new cases and
880,792 deaths approximately every year (Caputo et al., 2019).
Geographically, CRC incidence and mortality are more common
in industrialized countries (Bray et al., 2018). However, many other
countries, especially those located in Latin America, Asia, and East-
ern Europe, have seen higher incidence and mortality rates of CRC
(Caputo et al., 2019). Currently, many CRC cases are diagnosed at
an early age due to diagnosis improvement and are immediately
treated with curative surgery; however, a very high number of
CRC patients progressively develop synchronous or metachronous
metastatic disease, which is very alarming, with a five-year sur-
vival rate of only nearly 13% (American Cancer Society, 2016).
Due to the advancement of new therapeutic approaches, the over-
all mortality rates are decreasing worldwide; however, the mortal-
ity rates in the young population (<50 years) are rising rapidly
(Lucente and Polansky, 2018; Ducreux et al., 2019). In the United
States, the incidence of new CRC cases has surged by approxi-
mately 22% in recent years since 2000, in less than 50 years of
age population group (Siegel et al., 2017). The number of CRC cases
has been constantly declining (32% reduction in new cases) in
more than 50 years of age, which may be due to different factors
such as increased and improved screening strategies and removal
of precancerous polyps at an early stage before they develop
cancerously (Siegel et al., 2017; Bailey et al., 2015). The other prob-
lem currently is that not only is the young population record more
incidences of CRC, but the cancer is more often diagnosed at a more
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advanced stage (Lucente and Polansky, 2018). The causes of these
increase in number are still subject of debate and no conclusive
evidence has been served but the broadly known risk factors
include the genetic and familial causes (the patients with a family
history of cancer shown to have more risk associated with develop-
ing cancer than others), as the hereditary forms of colon cancer
such as Lynch syndrome (Provenzale et al., 2018). Although the
occurrence of CRC is approximately 20% of all CRC cases in the con-
text of family history, it is still very low and only about 2%–4% have
been described in the context of hereditary cancer syndromes
(Provenzale et al., 2018). The second most common factor maybe
be related to lifestyle and food choices in the young population.
In the past decade, lifestyle and food habits have changed drasti-
cally. Obesity (high BMI index) coupled with processed food, red
meat and alcohol intake, tobacco smoking, and a sedentary lifestyle
also contributes to an increased risk of developing CRC in the
younger population (Bailey et al., 2015). Therefore, more scientific
investigations are needed to conclusively determine the effect of
the shift in demographics in increasing CRC in different age groups.
Currently, early detection seems to be the most effective in reduc-
ing mortality rates, especially when a patient reports symptoms
such as melena, abdominal and pelvic pain, sudden weight loss,
alteration in bowel movements, and anemic conditions (Ahnen
et al., 2014). Clinicians should be more suspicious in these condi-
tions to start an early investigation to rule out CRC, and patients
should also be more educated to report such symptoms in earlier
stages (Lucente and Polansky, 2018).

The advent of new molecular biology techniques has led us to
study cancers at the molecular level. This advancement has
enhanced our knowledge of cancers at the molecular level because
now we know that more genetic and epigenetic events are
involved in tumorigenesis, which has enabled us to choose and
develop therapeutics more accurately (Clarke and Kopetz, 2015).
BRAF (proto-oncogene, serine/threonine kinase) is an important
molecular genetic marker that is currently used for CRC diagnosis,
prognosis, and treatment modalities (Kudryavtseva et al., 2016).

In this study, we aimed to identify the BRAF mutational spec-
trum in the Saudi population to determine the genetic heterogene-
ity associated with CRC and to better understand the disease
manifestation in the local population.
2. Materials and methods

2.1. Sample collection and extraction of DNA

We collected 100 tumor tissue samples from CRC patients.
Complete clinical information was obtained from patients and clin-
icians. The tissue samples were transported to the CEGMR and
stored in a bio bank until further molecular analysis. The study
was approved by the ethical committee of CEGMR, King Abdulaziz
University, and written informed consent was obtained from all
participants of the study. Each patient sample was given unique
ID and kept in secured place.
2.2. DNA extraction, sequencing, and analysis of BRAF gene

DNA was extracted from tumor tissue of 100 CRC samples using
the DNeasy� kit (QIAGEN) according to the manufacturer’s proto-
cols. The quantity of DNA was measured using a NanoDrop spec-
trophotometer. The quality of DNA was assessed by running it
through a 1% agarose gel in a horizontal gel tank apparatus and
visualized under a UV illuminator. After confirmation of the quan-
tity and quality of DNA, we sequenced the BRAF gene using Big Dye
Terminator� on an ABI 3730xl sequencer. To read sequence peaks,
we used the BioEdit Sequence Alignment Editor Version 7.2.5.
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2.3. BRAF three-dimensional structure and mutation analysis

A three-dimensional (3D) homology model of the BRAF protein
was designed using the Swiss model automated homology model-
ing platform (Waterhouse et al., 2018). The FASTA sequence of
BRAF was downloaded from the UniProt Knowledgebase (UniProt
ID: P15056, conforming to a 766 amino acid transcript (Ensembl
ID: ENSMUSG00000002413) (The UniProt Consortium, 2017). A
template search with BLAST and HHblits was performed against
the SWISS-MODEL template library (SMTL, last update: 2021-05-
26, last included PDB release: 2021-05-21). The target sequence
was searched against the primary amino acid sequence contained
in the SMTL (Bienert et al., 2017). An initial HHblits profile was
built (Steinegger et al., 2019; Mirdita et al., 2017) and was searched
against all profiles of the SMTL. A total of 5350 templates were
identified. Models were built based on target-template alignment
using ProMod3 (Studer et al., 2021). The global and per-residue
model quality was assessed using the QMEAN scoring function
(Studer et al., 2020). The MolProbity score was assessed for the
BRAF homology model using a previously described method
(Chen et al., 2010). The Ramachandran plot of the BRAF homology
model was used to identify residues in the favored region, outlier
region, rotamer outliers, C-beta deviations, bad bonds, and bad
angles (Ramachandran et al., 1963). The quaternary structure
annotation of the template was used to model the oligomeric form
of the target sequence based on a previously described method
(Bertoni et al., 2017).
2.4. BRAF mutation analysis

The impact of each mutation listed in able 1 on the BRAF homol-
ogy model was evaluated by investigating the structural features
available in the Missense3D algorithm (Ittisoponpisan et al.,
2019) like disulfide bond breakage, buried proline introduction,
clash, buried hydrophilic residue introduction, buried charge intro-
duction, secondary structure alteration, buried charge switch,
allowed phi/psi, buried charge replacement, buried glycine
replacement, buried H-bond breakage, buried salt bridge breakage,
cavity alteration, buried/exposed switch, crest replacement, gly-
cine, and replacement in a bend.
3. Results

Sanger sequencing revealed many known and novel mutations
in the Saudi population. The results of the sequencing of the BRAF
gene are summarized in Table 1, and representative chro-
matograms are shown in Fig. 1. Of the 100 CRC samples, we found
mutations in 14 samples (14%). The most commonmutation was at
c.1799 T > A (V600E) in five samples. Second, we identified
c.1758delA in four patients. Third, a couple of patients had a muta-
tion at c.1860insA/C. Furthermore, at fourth, fifth, and sixth we had
a mutation in one patient each at c.1780G > A; D594N, c.1826insT,
and c.1860insA, respectively. The age of the patients, Gender and
tumor location are summarized in Table 2.

To generate a homology model for the wild-type (WT) BRAF
protein, the target sequence obtained from UniProt was searched
using BLAST against the primary amino acid sequence contained
in the SMTL (Camacho et al., 2009). An initial HHblits profile was
built (Steinegger et al., 2019) and was searched against all profiles
of the SMTL. However, 50 suitable templates were found for
homology modeling of BRAF. A further 5,231 templates were found
that were considered to be less suitable for modeling than the fil-
tered list. The BRAF homology model was built using the top pro-
tein template, 6nyb.1. A tertiary complex of BRAF/MEK1/14–3-3



Table 1
Spectrum of BRAF gene mutations in colorectal cancer in the Saudi population.

S. No No. of patients Nucleotide change Protein change Reported or Novel

1 4 c. 1758delA p. E586E Novel. Resulting in frameshift and truncated protein of 589 amino acids.
2 1 c. 1780 G > A p. D594N Reported (Zheng et al., 2015)
3 5 c. 1799 T > A p. V600E Reported (Davies et al., 2002)
4 1 c. 1826insT p. Q609L Novel. Resulting in frameshift and truncated protein of 610 amino acids.
5 1 c. 1860insA p. M620I Novel. Resulting in frameshift and truncated protein of 629 amino acids.
6 2 c. 1860insA/C p. M620I Novel. Resulting in frameshift and truncated protein of 629 amino acids.

Fig. 1. Sanger’s sequencing chromatograms of 6 mutations identified in this study.
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Table 2
Tumor location, age and gender of the patients with BRAF gene mutations.

S. No. Sample ID Mutation Age Gender Tumor Location

1 CRC-388 p. E586E 72 male Right
2 CRC-1296 p. E586E 76 female Left
3 CRC-82 p. E586E 58 female Left
4 CRC-524 p. E586E 78 male Rectal
5 CRC-210 p. D594N 42 female Right
6 CRC-706 p. V600E 82 male Right
7 CRC-778 p. V600E 69 female Left
8 CRC-450 p. V600E 75 female Right
9 CRC-4204 p. V600E 50 female Right
10 CRC-12 p. V600E 63 male Right
11 CRC-462 p. Q609L 53 female Rectal
12 CRC-2162 p. M620I 46 male Right
13 CRC-2160 p. M620I 54 male Left
14 CRC-440 p. M620I 60 female Rectal

Fig. 2. BRAF Homology Model. A three-dimensional (3D) homology model of the
BRAF protein was designed using the Swiss Model homology modeling platform.
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with an MEK inhibitor (Park et al., 2019). The wild type 3D homol-
ogy model of BRAF is shown in Fig. 2.

The MolProbity Score for the BRAF model was 2.2, with a Clash
Score of 3.25. The Ramachandran plot of the BRAF homology model
showed that 84.2% of residues were in the favored region, 3.97%
were in the outlier region, rotamer outliers were 3.81%, C-beta
deviations were 9, bad bonds were 10 out of 4140, and bad angles
were 62 out of 5578 (Fig. 3).

The BRAF homology model was tested using the well-known
V600E mutation using the Missense 3D algorithm to assess the
accuracy of the model. A damaging effect was predicted in the
BRAF structure by Missense 3D such as F01: disulfide breakage:
N|F02: buried Pro introduced: N|F03:Clash: N|F04:Buried hydro-
philic introduced: Y|F05:Buried charge introduced: Y|F06:Second-
ary structure altered: N|F07:Buried charge switch: N|F08:
Disallowed phi/psi: N|F09:Buried charge replaced: N|F10:Buried
Gly replaced: N|F11:Buried H-bond breakage: N|F12:Buried salt
bridge breakage: N|F13:Cavity altered: N|F14:Buried / exposed
switch: N|F15:Cis pro replaced: N|F16:Gly in a bend: N|. However,
no structural changes were observed in the BRAF homology model
of the mutation D595N. On the other hand, the frameshift muta-
tions observed in CRC patients, such as E586E, Q609L, and
M620I, led to truncated proteins 589aa, 610aa, and 629 aa, respec-
tively (Fig. 4).
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4. Discussion

Colorectal cancer is a heterogeneous disease and can be charac-
terized by various genetic and epigenetic alterations. Many path-
ways are involved in the pathogenesis of CRC. The first pathway
is called the classic or adenoma-to-carcinoma pathway or chromo-
somal instability pathway and occurs most widely and is caused by
loss of APC with or without p53 tumor suppressor genes, leading to
chromosomal instability (Vogelstein et al., 1988). The second path-
way involves disruption of DNA mismatch repair (MMR) genes, as
widely seen in germline mutations of MMR genes in Lynch syn-
drome (Thibodeau et al., 1998). The third pathway is the ser-
rated/methylator pathway, in which BRAF plays a major role
(Weisenberger et al., 2006). This pathway involves the silencing
of important tumor suppressor genes through the methylation of
CpG islands and is also referred to as CpG island methylator pheno-
type (CIMP) tumors (Clarke and Kopetz, 2015).

BRAF (B-Raf proto-oncogene, serine/threonine kinase) is a
member of the rapidly accelerated fibrosarcoma (RAF) family that
regulates the mitogen-activated protein kinase (MAPK)/ extracel-
lular signal-regulated kinase (ERK) signaling pathway, which
affects cell division, differentiation, and secretion (Kudryavtseva
et al., 2016). In the MAPK pathway, BRAF acts downstream of KRAS.
RAF activation in normal cells is a very complex process that
requires frequent dephosphorylation events exhibiting regulatory
features, binding of proteins and ligands, and conformational
changes (Avruch et al., 2001). BRAF mutations cause the transfor-
mation of epithelia into serrated adenomas at an early stage of car-
cinogenesis (Barras, 2015). Hence, we considered oncogenic driver
genes. BRAF constitutive activation induces a disturbance in the
polarity of epithelial cells by activating Myc expression, and there-
fore plays a vital role in CRC progression and metastasis (Magudia
et al., 2012). Several studies have shown that BRAF mutations are
present in about 5–15% of all CRC cases and most mutations appear
in the right-sided colon cancer (Chiu et al., 2018).

In our study, we also found BRAF mutations in 14% of patients
with CRC. Of these, 5% of the mutations were only found in the
V600E position, which is considered to be a hot spot of the BRAF
gene mutations, as most previous studies have also found the same
mutation and have extensively studied this mutation (Caputo et al.,
2019). These mutations are more commonly found in females than
in males and present more on the right side of the colon. In our
study we also found V600E more in females, where we have muta-
tion in three female as compared to two males. The tumor was also
located more on right side of colon (4 patients had tumor on right
side of colon whereas one had on left side). The second most com-



Fig. 3. Ramachandran Plots for BRAF Homology Model. The Mol Probity Score for the BRAF model is 2.2 with a Clash Score of 3.25. Ramachandran plot of BRAF homology
model showed that 84.2% of residues were in the favored region, 3.97% were in the outlier region, Rotamer Outliers were 3.81%, C-Beta Deviations were 9, Bad Bonds were 10
out of 4140, and Bad Angles were 62 out of 5578.
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mon mutation was the deletion of A at c.1758 bp, resulting in fra-
meshift and truncated protein of 589 amino acids only. We found
this mutation in 4 patients. At third place we found heterozygous
insertion of A/C at c.1860 bp in two patients and in one patient
we found only insertion of A. This insertion leads to frameshift
and stop codon after 629aa. We found a mutation in a patient at
c.1780G > A (D594N). This mutation has been reported and studied
previously in colon cancer patients (Zheng et al., 2015). Then we
found a mutation in a patient at c.1826insT, that results in frame
shift and leads to truncated protein of 610 amino acids.

The mutations c.1758delA, c.1826insT, c.1860insA and
1860insA/C are novel and we are reporting them for the first time
in CRC patients. Therefore, we confirmed using Homology model-
ing of BRAF with frameshift mutations E586E, Q609L, and M620I
and found that these mutations were damaging and led to trun-
cated and defective BRAF proteins. These frameshift mutations
thus predict the worst clinical prognosis, impaired response to
therapy, and other clinical consequences in patients with CRC. To
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the best of our knowledge, our research has led to many novel
mutations in BRAF gene in CRC patients, and further studies are
needed to correlate these mutations with treatment outcomes.
5. Conclusion

Early and better-quality diagnosis can save the life of patients
with CRC; therefore, it is very important to diagnose CRC at an
early stage of the disease. BRAF gene alterations and other precise
molecular and genetic profiling should also be investigated as soon
as the patient is diagnosed with CRC. The accurate identification of
known and novel mutations and their clinical implications are
warranted to predict the prognosis and determine personalized
treatment options. In our research study we found novel mutations
in BRAF gene at c.1758delA, c.1826insT, c.1860insA and
c.1860insA/C in CRC patients from Saudi Arabia. However, further
in vitro and in vivo experiments are warranted to correlate the



Fig. 4. Homology models for normal and truncated BRAF. The structures of (A) wild type and (B - C) mutant homology models. The frame-shift mutations observed in the
CRC patients such as E586E, Q609L, and M620I led to truncated proteins 589aa, 610aa, and 629aa respectively.
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newly identified mutations in our study with different drug regi-
mens and survival outcomes.
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