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Abstract

Background Despite a high incidence of colorectal carcinoma, data regarding genetic aberrations in colorectal
carcinoma (CRC) patients in Pakistan is scarce. This study aimed to determine the frequency of BRAFV600F mutations
in colorectal carcinoma tissue in the Pakistani population and to associate BRAFV600E expression with CD133, a marker
of colorectal stem cells, and CDX2 marker of differentiation.

Methods Sanger Sequencing of exon 15 (426 bp) including the hotspot V600E was performed on formalin-fixed-
paraffin-embedded (FFPE) CRC tissue samples of 115 patients. The samples were subjected to immunohistochemistry
(IHQO) to assess the expression of BRAFV600E, CDX2, and CD133. Additionally, homology modelling and docking were
performed to investigate novel deletions revealed in sequencing.

Results Twenty-four (20.8%) BRAF variants were identified in the coding region, with V600EF mutations detected in 14
(12.2% )cases (GenBank: PP003258.1; Pop Set: 2678087296). Moreover, a wide spectrum of novel non-V600E mutations
(8.6%) were identified, including deletions and missense variations. In-silico analysis revealed that due to large
deletions in the coding region of three samples, the affinity of the anti-BRAF drugs (Encorafenib and Vemurafenib)

for the active site decreased in comparison to the wild type. The IHC analysis showed that BRAFV600E expression

was significantly associated with CD133 expression (x%; ,-;;5=26.351; p=<0.001) and with CDX2 expression
(X2(7,n:175): 14.88; p=0.001). Multivariate analysis using binary logistic regression revealed association of BRAFV600E
mutations with age (OR=1.123; CI=1.024-1.232; p=0.014), gender (OR=0.071; CI=0.006-0.831; p=0.035), grade
(0.007; CI=0-0.644) and CD133 expression (OR=65.649; CI=2.153-2001.556; p=0.016).

Conclusion The present study demonstrates a notably high V60OE frequency (12.2%) in comparison to global
reported data, which ranges from 0.4 to 18%. This finding reflects the importance of upfront BRAF testing of the
genetically distinct population of Pakistan. Previously unreported mutations identified in the sample may be of clinical
significance and warrant further investigation. The concomitant high expression and significant association between
CD133 and BRAFV60OE represent vital actionable genes that may be targeted together to improve CRC patient
management.
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Introduction
Colorectal cancer (CRC) ranks as the third most com-
monly diagnosed cancer globally, with both its inci-
dence and mortality projected to increase in the coming
decades. While high-income countries currently bear
a substantial burden of CRC-related deaths, develop-
ing countries are also witnessing a rise in CRC cases and
fatalities [1]. Early detection of CRC allows for a com-
plete cure through surgery and subsequent medications
[2]. However, it is important to note that the recurrence
rate is high, and the development of drug resistance
poses a significant risk of treatment failure [1, 2]. CRC
exhibits considerable genetic diversity, with various
mutations influencing prognosis and responses to differ-
ent targeted treatments. Notably, mutations in the RAS
and BRAF genes are crucial for clinical decision-mak-
ing [3]. BRAF gene, a protooncogene, regardless of RAS
mutation, plays a key role in tumour cell proliferation via
the MAP-kinase pathway [3]. The association of BRAF
gene mutation with CRC has been documented to be
an independent molecular event and represents a nota-
ble actionable genetic alteration [4]. BRAF mutations in
metastatic CRC (mCRC) patients have been documented
to be a negative predictor of anti-EGFR therapy [5]. The
National Comprehensive Cancer Network guidelines rec-
ommend testing for BRAF mutation in mCRC patients.
Molecular profiling and the use of targeted drugs have
widely improved cancer survival [6]. Clinical trials have
been conducted using anti-EGFR drugs like vemurafenib
and encorafenib in an attempt to overcome BRAF-
associated resistance to therapy [6]. The BEACON trial
revealed promising outcomes on co-targeting BRAF and
EGFR with encorafenib and cetuximab in mCRC cases
bearing BRAFV600E mutations. Combined therapy with
these two drugs has been established as the new standard
of care regimen for patients with BRAF V600E mCRC [7].
CDX2, a homeobox transcription factor, has been
reported to be a differentiation marker. In healthy indi-
viduals, CDX2 expression has been observed in the nuclei
of colonic epithelial cells and is considered to be essen-
tial for intestinal growth and differentiation [8] while
the loss of expression in CRC has been associated with
a more advanced stage of the tumour [9]. Choi et al.
reported CRCs with the BRAFV600E mutation exhib-
ited lower CDX2 expression compared to CRCs without
this mutation. Additionally, their study revealed that
patients with CDX2 expression had improved overall and
cancer-specific survival rates compared to those lack-
ing CDX2 expression [10]. As differentiation-promoting
CDX2 levels decrease, there is a retention of stem cells
[11]. Cancer stem cells (CSCs) have been established to
have tumourigenic potential and are considered to con-
tribute to therapy resistance and progression of CRC
after the surgical resection of primary growth [12]. The
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resilience of colorectal CSCs to conventional treatments
contributes to the aggressiveness of CRC [13]. Therefore,
the identification of CSCs may be helpful in the search
for therapeutic targets and useful prognostic markers for
CRC. Among the reported makers of cancer stem cells,
CD133 is a well-known marker for isolating and studying
cancer stem cells in various cancers [14]. CD133 is a gly-
cosylated transmembrane protein, encoded by PROM1I
“Prominin-1” and has been proposed to be a therapeu-
tic target [15]. Silencing of CD133 has been reported to
reduce tumour cell migration and stemness properties
in CRC cell lines [16]. Furthermore, targeting CD133 has
been associated with overcoming drug resistance [13]. A
study on anaplastic thyroid cancer cell lines documented
BRAFV600E mutation to be associated with CD133-
positive CSCs [17]. The identification of CD133 overex-
pression in BRAF mutant CRC patients may identify a
sub-group of tumours that may respond to a combination
of BRAF inhibitors and anti-CD133 drugs.

Since the clinical decision-making and treatment
response is based upon the underlying genetic aberra-
tions, it has been recommended to do genetic testing
before starting systemic therapy in metastatic CRC [18].
To the best of our knowledge, there are no reported stud-
ies on BRAF mutations in CRC patients in Pakistan. This
study focuses on key molecular events, BRAF mutations,
CDX2 loss, and CDI133 expression which may be add-
ing to the mortality rate of CRC due to their association
with poor prognosis, tumour proliferation, and therapy
resistance. This study aimed to determine the frequency
of BRAFV600E mutations in the Pakistani population
and to find out the association between BRAFV600E
and colorectal cancer stemness using CD133 as a marker
of CRC stem cells and CDX2 a marker of differentia-
tion. Moreover, it aimed to determine the association of
BRAFV600E, CD133 expression, and CDX2 expression
with various clinicopathologic features.

Methodology

Ethics approval

The study was conducted in accordance with the Hel-
sinki Declaration and was authorized by the Ethics
Review Board, Ziauddin University, Karachi, Pakistan
(2861120SHPAT?29.01.2021).

Informed consent
After, ethical approval, written informed consent was
taken from study participants and the data collected was
kept confidential.

Study participants & setting

This analytic cross-sectional study was conducted at
the multidisciplinary laboratory, Ziauddin Univer-
sity, Karachi, Pakistan, and Dow Diagnostic Reference
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and Research Laboratory, Dow Institute of Health Sci-
ences, Karachi, Pakistan from January 2021 to December
2023. After informed consent, 115 colorectal carcinoma
patients, comprising adults (above 18 years) of both
genders, were enrolled in the study. Only the cases of
primary CRC with no history of chemo or radiotherapy
were included in the study, regardless of the metastatic
status of the case. Moreover, the samples which showed
poor fixation of tissue were excluded. All histologi-
cal slides were screened by experienced pathologists to
retrieve sections that were best representative of colorec-
tal adenocarcinoma in each patient. Clinicopathologic
data was recorded which included age, gender, tumour
laterality, grade, pathologic stage, and perineural and
lymphovascular invasion.

DNA extraction

Manual DNA extraction was done from FFPE tissue
samples. The FFPE tissue sections representative of the
tumour area, were transferred to the microcentrifuge
tube and deparaffinized using 800 pl xylene. The tube
was incubated at room temperature for 30 min while
tapping in between. This was followed by centrifugation
at 14,000 rpm for 3 min and the xylene was then dis-
carded. The xylene was added again and the same steps
were repeated. After removing xylene from the tubes,
ethanol rehydration was performed using 800 pl abso-
lute ethanol. The sample was vortexed and then put
into centrifugation for 3 min. These steps were repeated
using 70% ethanol and then with 50% ethanol, followed
by centrifugation at 14,000 rpm for 5 min. The ethanol
was discarded and the sample was left to air dry for about
20 min (or till the sample was dry). For tissue digestion
lysis buffer [1.4 M NaCl, 100mM Tris-HCI pH 8.0,20 mM
EDTA pH 8.0, CTAB (Cetyl trimethyl ammonium bro-
mide), B-mercaptoethanol and proteinase K] was used.
An addition of 1 ml of warm CTAB buffer was made
to the microcentrifuge tube. Then 20 ul protein kinase
was added and the tube was incubated at 60 °C for up
to 3 h (till the sample was digested), adding 10 ul pro-
tein kinase every hour. The sample was allowed to rest at
room temperature for 10 min. For DNA clean-up, chlo-
roform: isoamyl alcohol (24:1) was added, mixing gently
by inverting the tube several times and put to centrifuga-
tion at 14,000 rpm for 5 min. The supernatant was care-
fully removed and transferred to another tube. About
2/3 volume of chilled isopropanol was added and mixed
gently. The tube was inverted up and down to visualize
the DNA thread. The tube was kept at -20°C for 30 min.
Centrifugation at 14,000 rpm for 10 min was done. The
supernatant was discarded. The pellet was washed with
100 pl chilled 70% ethanol and centrifuged at 10,000 rpm
for 20 min. After decanting the supernatant and the pel-
let was air-dried at room temperature. The addition of
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100 pl of Tris EDTA was done and the sample was tapped
to resuspend the pellet. For quantification, a Multiskan
Sky spectrophotometer was used and purity was calcu-
lated as the ratio of A260/280. The integrity of extracted
DNA was checked using gel electrophoresis.

Polymerase chain reaction (PCR)

DNA amplification was done using PCR. Primers flank-
ing a 426-bp amplicon of BRAF exon 15 encompass-
ing the V600 codon were designed. Forward primer,
5AACTCAGCAGCATCTCAGGG3’ and reverse primer
5AGCATCTCACCTCATCCTAACA3  were  used.
The designed primer also covered the flanking intronic
regions of the BRAF exon 15. For PCR cycles, initial
denaturation was done at 95°C for 5 min followed by 35
cycles of 1 min at 95°C, 1 min at 59.5°C, and 1 min at
72°C with a final extension of 5 min at 72°C. Submerged
2% agarose gel electrophoresis was used to observe the
amplification products.

Sanger sequencing and bioinformatic analysis

Sanger sequencing was used to analyze BRAF exon 15
(Size 426 bp). The sequencing procedure was outsourced
and performed with Lab Genetic, Lahore. MEGA X soft-
ware was used for sequence alignment and trimming. All
sequences were aligned using NCBI Blastn and Blastp.

Predicting protein structure and molecular docking

Based on the results, the study was further elaborated
to identify the significance of novel findings. BRAF pro-
tein contains 281 amino acids out of which 39 are coded
by exon 15. The protein Crystal structure of the BRAF
(R509H) kinase domain monomer (PDP ID: 4RZV)
bound to ligands (vemurafenib) was downloaded from
the PDB database and used as a reference. This structure
was used for induced fit docking using the same bounded
vemurafenib, to explore the interaction between pro-
tein and ligand. To study the effect of binding of drugs
to mutant proteins, the reference sequence was modified
according to the mutations identified in samples ZU-
COL-27, ZU-COL-35, and ZU-COL-37. Then 3D struc-
ture of these modified proteins was built via homology
modeling using Swiss-model. The OPLS4 force field was
applied to minimize the structures and the validation of
the protein 3D structures was done using the Procheck
server (https://saves.mbi.ucla.edu/to). The 3D struc-
ture of the reference (wild type) BRAF (R509H) kinase
domain monomer protein was compared with the mutant
proteins (ZU-COL-27, ZU-COL-35, and ZU-COL-37)
using the quick alignment option in Maestro (Schro-
dinger) software. We used the SiteMap option in Mae-
stro (Schrodinger) software to explore possible druggable
pockets on the mutated protein surface under the OPLS4
force field with default settings. The druggable pockets
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having residues involved in protein-ligand interaction in
the reference protein were selected for docking of vemu-
rafenib with modified reference protein; 3D structure
of ZU-COL-27, ZU-COL-35, and ZU-COL-37, respec-
tively. We also performed docking of drug encorafenib
with wild type BRAF (R509H) kinase domain monomer
and the three mutant proteins. LigPre application in
maestro software was used to prepare tautomers for the
encorafenib and vemurafenib.

Immunohistochemical analysis

Immunohistochemistry (IHC) was performed with stan-
dard procedures using antibodies against CDX2, CD133,
and BRAFV600E. Poly-lysine-coated slides were used for
mounting tissue sections of about 4 um thickness from
formalin-fixed paraffin-embedded blocks. After drying
at 56°C for 30 minutes, the tissue sections were deparaf-
finized using 100% xylene, three times for 5 minutes each,
followed by rehydration in serial ethanol grades (100%,
90%, 70%, and 50%). Unmasking of antigen was per-
formed by placing slides in a container filled with citrate
buffer pH 6.0 positioned in a pressure cooker. After the
whistle, the samples were kept in the cooker for 8 min-
utes followed by 30 minutes of cooling at room tempera-
ture. The endogenous peroxidase activity was blocked
by immersing slides in 3% hydrogen peroxide containing
sodium azide for five minutes. Following washing by PBS,
tissue slides were incubated with anti-CDX2 monoclonal
mouse antibody (Dako, IR08061-2, clone DAK-CDX2)
for 30 minutes while anti-CD133 polyclonal antibody
(Invitrogen MA-PA5-82184) and BRAF recombinant
rabbit monoclonal antibody (Invitrogen MA5-24661)
were incubated for 60 minutes at room temperature. Tis-
sue sections were washed with PBS and incubated with
HRP-labelled secondary antibody (Envision*, Dako)
for 30 min. After cleaning tissue sections with PBS, the
antigen-antibody reaction substrate chromogen solution
was applied. Sections were developed with DAB (3, 4,
3} 4’ - tetra amino biphenyl hydrochloride) for five min-
utes at 37°C, after washing, counter-staining was done
using Mayer Hematoxylin for one minute. The sections
were subjected to running water for ten minutes before
decolorizing in 1% acid alcohol. Specimens were dried
using graded alcohol concentrations (70%, 80%, 95%, and
100%) for two minutes, followed by cleaning in xylene:
phenol (1:1) solution, with two changes of xylene for two
minutes individually and lastly fixed in DPX. For quality
management, positive and negative controls for all cases
were run. The placenta was taken as a positive control of
CD133 while the normal colon was taken as a control for
CDX2. The positive control used for BRAF was papillary
thyroid carcinoma with documented BRAF V600OE muta-
tion, as per the manufacturer’s protocol. Immunoreactiv-
ity was scored by considering the percentage of stained
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tumour cells (yellowish-brown colour). Scoring was done
at 400 magnification by three independent patholo-
gists with blinding of clinicopathologic characteristics.
In cases with discrepancies, cases were re-evaluated
and discussed until a consensus was reached. For BRAF,
immunoreactivity was taken as positive when more than
10% of tumour cells showed uniform cytoplasmic stain-
ing [19]. For CDX2, less than 25% staining was considered
a loss of CDX2 [20]. For the scoring of CD133, the prod-
uct of the score of staining intensity and the percentage
of positive cells were taken. The percentage of positive
cells was scored as 0=no positive cells; 1=1-20% positive
cells; 2=21-50% positive cells; 3=51-70% positive cells;
and 4=71% and more positive cells. The staining inten-
sity was graded as 0=no staining of cancer cells; 1 =weak
staining; 2=moderate staining; and 3 strong staining. The
immunoreactivity score of less than four was considered
as low expression while a score of four and above was
taken as high CD133 expression [21].

Statistical analysis

Statistical analysis was done using SPSS version 24.0
(IBM Corp., New York, NY, USA). Statistics were used
to include the frequencies and percentages of categorical
variables and mean and standard deviation for quantita-
tive data.CD133 expression was compared with different
clinicopathologic features using the chi-square/Fischer
exact test. Pearson’s Chi-square test was used to deter-
mine the association of BRAFV600E expression with
CD133 and CDX2 expression. A Heatmap of the obtained
immunoscore was constructed using GraphPad Prism.
Binary logistic regression analysis was performed to
assess the relationship of clinicopathologic variables with
BRAFV600E. For univariate analysis, a p-value of <0.25
was considered statistically significant. The significant
results from univariate analysis were included in the mul-
tivariate analysis model and a p-value of <0.05 was taken
as significant.

Results
Patient demographics
Clinicopathologic features of CRC adenocarcinoma are
given in Table 1. The age range of the sample was 75 years
with minimum age recorded as 18 years and maximum
93 years, with a mean 47.82 + 15.37 years. It was observed
that most of the cases were younger than 50 years of age
(52.2%). Out of the total 115 patients, 53 (46.1%) were
females and 62 (53.9%) males. More than one-half of the
cases were from the right colon region (53%). Most of
the cases were found to be low-grade adenocarcinoma
(87.8%) with pathologic tumour stages of T1-T3 (87%).
Lymphovascular invasion was observed in 56 (48.7%)
cases while perineural invasion was present in 13(11.3%)
cases. BRAFV600E mutation was found in 14(12.2%)
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Table 1 Clinicopathologic features of colorectal adenocarcinoma patients (n1=115)

Variables Mean +SD / Frequency (%)
Age 47821537
Age groups <50years 60(52.2%)
> 50 years 55(47.8%)
Laterality Right colon 61 (53%)
Left colon 54(47%)
Gender Female 53 (46.1%)
Male 62 (53.9%)
Grade Low (well /moderately differentiated) 101(87.8%)
High (poorly differentiated) 14(12.2%)
pT stage TI1-T3 100 (87%)
T4 15 (13%)
LI Absent 59(51.3%)
Present 56(48.7%)
PNI Absent 102(88.7%)
Present 13(11.3%)
BRAF Mutational status Wild-Type 91(79.1%)
Substitution mutations Non-V600E 4(3.5%)
V600E 14(12.2%)
Deletions 6(5.2%)
BRAFV60OE Expression less than 10% (Negative) 101(87.8%)
10% and above (Positive) 14(12.2%)
CD133 Expression Low expression (Pl <4) 92(80%)
High expression (Pl=4) 23(20%)
CDX2 No loss (25% and above) 93(80.9%)
Loss of CDX2 (< 25%) 22(19.1%)

pT stage=pathologic tumour stage; PNI=Perineural invasion; LVI=lymphovascular invasion; BRAF=B-Raf (rapidly accelerated fibrosarcoma) proto-oncogene,
CD133=cluster of differentiation 133; CDX2=caudal-type homeobox transcription factor 2

cases which was also detected in immunohistochemistry
(Fig. 1). IHC activity showed high CD133 expression in
23(20%) cases and loss of CDX2 in 22 cases (19.1%).

BRAF sequencing

In the selected region of BRAF exon 15, a total of 24
exonic and 5 intronic variants were identified. Among
the exonic mutations, 14 were V60OE variants, and 10
were non-V600E variants. The V600E mutations exhib-
ited a T>A substitution at nucleotide 1799 (GenBank:
PP003258.1; Pop Set: 2678087296), resulting in the sub-
stitution of valine (V) with glutamic acid (E) at codon
600. The non-V600E mutations included both substitu-
tions and deletions. The identified SNPs were classified as
missense mutations and further analyzed using ClinVar,
where these mutations were predominantly reported as
pathogenic or likely pathogenic (Table 2). An exception
was SNP rs12121336, identified in three cases, show-
ing a novel mutation involving the deletion of allele A at
position 14,753,345 (L597del). Despite this novel dele-
tion, it has been reported in ClinVar as pathogenic or
likely pathogenic based on missense variation. Moreover,
the rs2128998256 missense variant was also observed
but not documented in ClinVar. Additionally, two SNPs,
rs121913363 and rs121913373, coexisted in a single

case (ZU-COL-47) and have been documented as likely
pathogenic in melanoma.

Moreover, previously unreported deletion mutations
were detected in four samples. One sample exhibited a
1 bp deletion at position 140,753,287, leading to a frame-
shift mutation affecting codons 617-620. In sample
ZU-COL-27, the deletion spanned 267 bp (140753296—
140753563), while in ZU-COL-35, the deletion covered
260 bp (140753295-140753555), and in ZU-COL-37, the
deletion extended over 276 bp (140753297-140753573).
The large deletions identified in these three samples were
further analysed through protein structure prediction.

Protein homology modeling

Homology modeling was used to build the 3D structure
for ZU-COL-27, ZU-COL-35, and ZU-COL-37 protein
sequences. All the predicted 3D structures were veri-
fied using Procheck server (https://saves.mbi.ucla.edu/
to); VERIFY3D (At least 80% of the amino acids have
scored>=0.1 in the 3D/1D profile) and ERRAT2 (over-
all quality factor was 292. We used the BRAF (R509H)
kinase domain monomer (PDB ID: 4RZV) 3D structure
as a reference and aligned it with the 3D structures of
the mutant BRAF proteins: ZU-COL-27(A), ZU-COL-
35(B), and ZU-COL-37(C). The findings reveal that the
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)

Fig. 1 The alignment of the wild-type BRAF protein with three mutant 3D structures, including ZU-COL-27 (A), ZU-COL-35 (B), and ZU-COL-37 (C)

Table 2 Single nucleotide polymorphisms identified in BRAF
Gene and their clinical significance as reported in ClinVar

SNPs Patient ID ClinVar Position Protein
change
rs121913366" ZU-COL-28  LP/P* 140,753,345 p.
ZU-COL-41 Leu597del
ZU-COL-43
rs121913363 ZU-COL-47 LP 140,753,361  p.lle592Val
rs121913373 ZU-COL-47 LP 140,753,321  p.
ZU-COL-73 Ser605Asn
rs121913335 LP 140,753,375 p.
Asp587Ala
rs2128998256 /ZU-COL-78  -Not 140,753,330 p.
reported- Ser602Cys
rs113488022 ZU-COL-58, P 140,753,336  p.
ZU-COL-59, Val600Glu
ZU-COL-61,
ZU-COL-63,
ZU-COL-64,
ZU-COL-67,
ZU-COL-68,
ZU-COL-70,
ZU-COL-80,
ZU-COL-81,
ZU-COL-82,
ZU-COL-83,
ZU-COL-84,
ZU-COL-85

LP=Likely Pathogenic; P=Pathogenic

The table shows the SNPs identified in this study and their significance in
pathogenicity reported by ClinVar. rs2128998256 is unreported on ClinVar
BRAFV600E is denoted by rs113488022 which was found in 14 patients
*=represents SNP which has been reported in ClinVar as a missense variant with
the potential of being pathogenic or likely pathogenic. In our sample, this SNP
showed deletion of leucine at codon 597 resulting in frameshift mutation which
is a novel finding

mutations in the protein sequences resulted in alterations
in the 3D structures of the proteins (Fig. 2).

Figure 3A shows the 3D structure of the protein and
the interaction of the ligand with the protein (the green
dotted line indicates a good interaction within the ligand-
protein complex). Additionally, as indicated by the arrow,
the ligand interacts more extensively with the protein
through hydrophobic and polar interactions. The amino
acids of the BRAF protein domain encoded by exon 15
are highlighted in pink and orange. The amino acid
residues in orange are involved in protein-ligand bind-
ing. Similarly, the amino acid residues shown in red are
also involved in protein-ligand interactions but are not
encoded by exon 15. Figure 3B shows the 281-amino-acid
sequence of the BRAF protein. Residues highlighted in
orange and pink (39 amino acids) are encoded by exon
15, while residues highlighted in orange and red are
involved in protein-ligand interactions.

It is important to note that when we performed pro-
tein-ligand docking for all three mutated proteins men-
tioned above with encorafenib and vemurafenib (Table 3),
the highest docking score was observed for the wild type,
while the binding affinity of the drugs decreased for the
three mutant proteins. For instance, encorafenib’s Tau-
tomer 1 showed strong binding affinity for the wild type
(-3.199 Kcal/mol) compared to the mutants: ZU-COL-27
(-3.146), ZU-COL-35 (-0.706), and ZU-COL-37 (-2.462).
Similarly, vemurafenib binds more strongly to the wild
type (-5.426 Kcal/mol) with a significant decrease in
affinity for the mutant proteins, particularly ZU-COL-35
(-0.058 Kcal/mol). These findings suggest that the amino
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2:4RZV IDWEIPDGOITVGORIGSGSFGTVYKGKWHGDVAVK|

DLKSNNIFH DF' APEVIRMOQ
YSFOSDVYAFGIVLYELMTGQLPYSNINNRDQI IEMVGRGSLSPDLSKV
SNCPKRMKRLMAECLKKKRDERPSFPRILAEIEELAREL

) Charged (negative) Polar
) Charged (positive)

o Metal

— Pi-cation
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Solvent exposure

- Distance
) Unspecified residue —+ H-bond

Glycine Water — Halogen bond
Hydrophobic Hydration site — Metal coordination
X Hydration site (displaced) e~ Pi-Pi stacking

Fig. 2 The 3D and 2D structure (indicated with an arrow) of the BRAF-vemurafenib complex (A) is depicted, along with the 281 amino acid sequence of

the BRAF protein (B)

acids encoded by exon 15 play an important role in drug
binding.

Immunohistochemical analysis

The frequency of positive BRAFV600E, high CD133,
and loss of CDX 2 expression is depicted in the Heat-
map (Fig. 4) while Fig. 1 illustrates H&E and IHC. Based
on IHC, the association of CDI133 and CDX2 expres-
sion with independent variables was evaluated (Table 4).
CD133 expression revealed no association with age
groups and gender (p>0.05) while there was a signifi-
cant association of high CD133 expression with the
right-sided tumours (p=0.002), high grade (p=0.001),
pT4 stage (0.002), positive lymphovascular (p=0.01) and
perineural invasion (p=0.022). There was a significant
association of high grade (p=0.001), pT4 stage (p=0.009)
and positive perineural invasion (p=0.017). However, no
association was observed between CDX2, age, gender,
location or lymphovascular invasion (p>0.05). All cases
with BRAFV600E mutations showed positive immuno-
histochemical reactivity with anti-BRAFV600E antibody.
A highly significant association of BRAFV600E expres-
sion with CD133 expression with (X°( ,=1;5=26.31
p=<0.001) and CDX2 expression was observed
(11, n=115)=14.88; p=0.001) (Table 5).

Binary logistic regression analysis for BRAFV600E
mutations

Univariate and multivariate analysis was done with a
95% confidence interval to determine if clinicopatho-
logic variables can predict the likelihood of BRAFV600E
mutations. On univariate regression analysis, it was
observed that as the age increases by 1 year, the odds of
BRAFV600E mutation will increase by 7.7% (p=0.002)

(Table 6). The male gender was observed to be 88.6%
less likely to have BRAFV600E mutation as compared
to females(p=0.006). The left-sided location of CRC was
84.3% less likely to show BRAFV600E as compared to
right-sided CRC(p=0.019). As compared to low-grade
tumours, the high-grade tumours were found to be 47.9%
times less likely to have BRAFV600E mutation (p=0.545).
It was observed that the pT4 stage is 7.66 times more
likely to exhibit BRAFV60OE mutations as compared
to pT1-pT3 (p=0.002). High CD133 expression was
found to be 16.9 times more likely to show BRAFV600E
mutations as compared to low CDI133 expression. Loss
of CDX2 was observed to be 8.28 times more likely to
show BRAFV600E mutation (p=0.001) as compared
to cases with no loss of CDX2. However, on multivari-
ate regression analysis, it was revealed that the likeli-
hood of BRAFV600E mutation increases significantly
with advancing age (p=0.014), female gender (p=0.035),
lower tumour grade (p=0.31) and CDI133 (p=0.016).
There was no significant association of the likelihood
of BRAFV600E mutation with tumour laterality, patho-
logic tumour stage and loss of CDX2 expression (p>0.05)
(Table 6).

Discussion

BRAFV600E mutations in CRC have been documented
to be an early event and targeting such mutations early in
the course of the disease can support precision medicine
[22, 23]. The reported frequency of BRAF mutations in
CRC patients varies among different geographical regions
with a higher number of BRAF mutations in countries like
Denmark (18%), Turkey (12.9%), and India (17%) [24—26].
There has been a relatively lower frequency reported by
China (4.15%) and Saudi Arabia (0.4%) [4, 27]. Similar
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CDX2

Fig. 3 Heatmap for BRAFV60OE, CD133, and CDX2 immunohistochemical staining results among 115 CRC tissues. Background (indicated by shade 0)
represents negative staining for BRAFV600E, no loss of CDX2 expression, and low CD133 expression

studies have been conducted on mCRC patients reveal-
ing 7% prevalence in the Japanese population and 5.8%
BRAFV600E positivity in a research done on the Chinese
cohort [28, 29]. In comparison with reported studies,
the present study revealed a high frequency of aberra-
tions in the BRAF gene with 12% BRAFV600E mutations,
reflecting the dire need for further studies on these muta-
tions in the Pakistani population. Additional interesting

findings included SNPs which have been reported on
the ClinVar database as pathogenic or likely pathogenic
in conditions other than CRC. Furthermore, previously
unreported large deletions have been identified, which
may have implications for potential personalized thera-
pies. While studies have investigated oncogenic deletions
within the kinase domain of BRAF, deletions specifically
in exon 15 have not been documented [30]. As five amino
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Table 3 Docking of wild-type and mutant BRAF proteins with
the drugs encorafenib and vemurafenib
Dock Score (Kcal/mol)

Drugs Wild type ZU-COL-27 ZU-COL-35 ZU-COL-37
Encorafenib

Tautomer 1 -3.199 -3.146 -0.706 -2462
Tautomer 2 2970 2.029 -0.311 -1.630
Vemurafenib

Tautomer 1 -5426 -2.569 -0.058 -3.564
Tautomer 2 - - - -
Tautomer 3 - - - -

*LigPre application in maestro software was used to prepare tautomers for the
drugs (encorafenib and vemurafenib)

acids coded by exon 15 are involved in binding with the
ligand, a large deletion in exon 15 affects the coding
region of these amino acids. We observed through an
induced fit docking study that the drugs were unable to
bind with the protein due to the deletion in the exon 15
coding region. This finding warrants further investigation
into a spectrum of mutations in the BRAF gene and their
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effect on therapy for optimal personalized management
of such cases.

Piton et al. conducted a study to explore the use of IHC
as a potential alternative to molecular techniques. They
found that BRAF IHC has a sensitivity and specificity
of 100% in detecting V60OE mutations [19]. Galuppini
et al. in a similar investigation reported that BRAF IHC
had a sensitivity of 97% and specificity of 97.6% [31]. In
the present study, it was observed that IHC detected all
BRAFV600E mutations that were identified on sequenc-
ing. This finding is vital for economically disadvantaged
countries like Pakistan where implementation of molecu-
lar techniques is not feasible.

High CD133 expression observed in the present study
aligns with existing literature that reports over-expres-
sion of CD133 in CRC patients [32, 33]. The present study
did not reveal an association of CD133 with age or gen-
der which is consistent with a study done by Kazama et
al. [34]. However, a significant association of high CD133
expression was observed with high grade, right-sided-
ness, advanced pathologic tumour stage, and presence of

Fig. 4 The figure shows images of H& E and immunohistochemistry of colorectal carcinoma. A: H & E image of Colorectal Adenocarcinoma (200x mag-
nification). B: Positive cytoplasmic staining of anti-BRAFV600E antibody (200x magnification). C: Positive anti-CD133 antibody membranous staining on the
luminal surface of glands (400 x magnification). D: Negative CDX2 staining (200x magnification)
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Table 4 Relationship of CD133 and CDX2 expression with demographic features

Clinicopathological Variables ~ CD1733 Expression CDX2 Expression
Low High OR p-value No Loss Lossof CDX2 OR p-value
n (%) n (%) (95% Cl) of CDX2 (95% Cl)
Age <50years  49(81.7%) 11(183%) 1.243 0.65 48 (80%) 12 (20%) 0.889 0818
>50years  43(782%) 12(218%)  (0498-3.104) 45(81.8%) 10 (18.2%) (0.35-2.259)
Gender Female 40(75.5%)  13(24.5%)  0.592 0.350 41(774%)  12(22.6%) 0657 0477
Male 52(839%) 10(16.1%)  (0.235-1.487) 52(83.9%)  10(16.1%) (0.258-1.672)
Tumour Laterality — Right-sided — 42(68.9%) 19(31.1%) 0177 0.002 46(75.4%) 15(24.6%) 0457 0.155
Left-sided 50 (92.6%) 4 (7.4%) (0.056-0.561) 47(87%) 7(13%) (0.171-1.223)
Grade Low 86(85.1%)  15(149%)  7.64 0.001 88(87.1%)  13(12.9%) 12.185 <0.001
High 6(429%)  8(57.1%)  (2321-25.182) 5(35.7%) 9(64.3%) (3.531-42.049)
pT stage TI-T3 85(85%) 15(15%) 6476 0.002 85(85%) 15(15%) 4985 0.009
T4 7(46.7%) 8(53.3%)  (2.044-20522) 8(53.3%) 7(46.7%) (1.565-15.712)
PNI No 85(83.3%)  17(16.7%)  4.286 0.022 86(84.3%)  16(15.7%) 4607 0.017
Yes 7(538%)  6(46.20%)  (1.28-14.349) 7(53.8%) 6(46.2%) (1.368-15.512)
LVI No 53(89.8%)  6(102%)  3.85 0.01 51(86.4%)  8(13.6%) 2125 0.156
Yes 39(69.6%)  17(304%) (1.391-10.661) 42(75%) 14(25%) (0.814-5.549)

Chi Square/Fisher exact test applied. Significant results are given in bold p<0.05. Test variables: age groups, gender, tumour laterality, grade, stage, PNI, LVI;

Grouping variable: CD133 & CDX2 expression

Table 5 Association of BRAFV600E expression with CDX2 and CD133 expression

BRAFV600E Total X2 OR p-value
Negative Positive (95% ClI)
cox2
No Loss 87(93.5%) 6(6.5%) 93(100%) 1488 8286 0.001
Loss 14(63.6%) 8(36.4%) 22(100) (2497-27.498)
Total 101(87.8%) 14(12.2%) 115 (100%)
CDI133
Low 88(95.7%) 4(4.3%) 92(100%)) 26351 16923 <0.001
High 13(56.5%) 10 (43.5%) 23 (100%) (4623-61.944)
Total 101(87.8%) 14(12.2%) 115 (100%)

p<0.05 Significant results denoted by bold text

lymphovascular, and perineural invasion. While Rey et
al. have documented CD133 overexpression to be associ-
ated with the location only, Ehtaram et al. have reported
an association of CD133 with gender, stage, and lympho-
vascular invasion [15, 35]. With growing emphasis on
tailored therapy, studies have been done to identify drug
targets based on CD133 expression [13, 36]. Stemness has
been speculated to follow differentiation defects. CDX2, a
differentiation marker, has been reported to show partial
or complete loss of expression in more than 20% of the
CRC cases. A similar observation was made in the pres-
ent study with loss of CDX2 expression in 22 CRC cases
(19.1%). Literature has documented CDX2 loss to be
associated with females and with the right-sided location
of CRCs [8, 37]. However, we did not find any associa-
tion of CDX2 expression with gender or location. Consis-
tent with the reported literature, a significant association
was observed between CDX2 expression and patho-
logic stage, grade and perineural invasion, which may
be indicative of aggression and tumour progression [37,
38]. Differentiation defects in CRC have been associated

with aggressiveness and recurrence of tumours which
may be due to the proliferation of CSCs [39]. Tao et al.
have reported that mutations resulting in differentiation
defects and stemness promote BRAFV600E-driven car-
cinogenesis [40]. Furthermore, it has been documented
that oncogenic BRAFV600E mutation and loss of differ-
entiation disrupt the stemness-differentiation balance,
restoring stem cell proliferation which creates a favour-
able environment for BRAF-driven oncogenesis [11, 40].
On performing univariate regression analysis, signifi-
cant parameters were identified and further assessed in
the final analysis using a multivariate logistic regres-
sion model. The univariate analysis showed a significant
association of BRAFV600E with age, gender, tumour
laterality, LVI, PNI and pathologic tumour stage while
multivariate analysis revealed a significant association
of advancing age and female gender with BRAFV600E
mutations which has been documented in the published
literature [28, 41, 42]. These findings suggest that female
elderly patients should be particularly screened for pos-
sible BRAFV600E mutations. The significant association
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Table 6 Binary logistic regression analysis for BRAFV600E
mutation in colorectal adenocarcinoma cases (n=115)
Univariate Analysis

Multivariate Analysis

Variable Crude OR p-value Adjusted OR  p-value
(95% Cl) (95% Cl)

Age 1.077 0.002 1.123 0.014
(1.028-1.129) (1.024-1.232)

Gender

Female Reference Reference

Male 0.114 0.006 0.71 0.035
(0.024-0.536) (0.006-0.831)

Tumour Laterality

Right-sided Reference Reference

Left-sided 0.157 0.019 1.201 0.879
(0.033-0.738) (0.115-12.57)

Grade

Low Reference

High 0.521 0.545 0.007 0.031
(0.063-4.319) (0-0.644)

pl stage

Ti-T3 Reference

T4 7.667 0.002 0.159 0.29
(2.173-27.043) (0.005-4.805)

LVI

No Reference Reference

Yes 4.563 0.026 10.025 0.08
(1.20-17.349) (0.761-131.983)

PNI

No Reference Reference

Yes 4.089 0.04 2.648 0.532
(1.06-15.718) (0.125-55.971)

CD133

Low expression Reference Reference

High expression 16.923 <0.001 65.649 0.016
(4.623-61.944) (2.153-2001.55)

cDx2

No loss Reference Reference

Loss 8.286 0.001 8.621 0.098
(2.497-27.498) (0.673-110.385)

considering the clinical value of grade, it has been included in the multivariate
model; Multivariate analysis: p<0.05; Significant p-value indicated by bold

of BRAFV600E with low-grade tumours may be because
of a higher number of low-grade cases in our sample.
The lack of association with high grade and stage of CRC
indicates that genetic testing should not be reserved for
advanced-stage cases only. Incorporation of IHC into
routine histopathological practice may serve as a valu-
able tool for detecting genetic alterations. A significant
association of BRAFV600E with high CD133 expression
and loss of CDX2 was observed in univariate analysis.
However multivariate regression analysis showed sig-
nificant association with CD133 and insignificant results
with CDX2. The significant association of BRAFV600E
with CD133 raises the possibility of potential therapeu-
tic intervention by anti-CDI133 drugs in BRAF-driven
tumours that may otherwise be unlikely to respond to
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conventional therapy. Colorectal stemness has been asso-
ciated with treatment resistance, recurrence, and aggres-
siveness of CRC [43]. The cases where conventional
therapy does not offer a cure, the identification of CSCs
using markers like CD133 may be useful in defining ther-
apeutic targets for CRC. Studies have reported CDI133
to be a useful predictive, prognostic, and therapeutic
marker of CRC while BRAFV600E mutation itself may
represent an actionable gene target, vital for personalized
therapy in BRAF-mutant CRC patients [44, 45].

Due to the lack of population-specific data on molecu-
lar aberrations in CRC, stepping towards precision and
target therapy in Pakistan remains a challenge. To our
knowledge, this is the first study on BRAF mutations in
the Pakistani population and opens avenues for iden-
tifying molecular targets based on our genetically dis-
tinct population. The concomitant high expression of
BRAFV600E and CDI133 represents a vital molecular
event to address in CRC. Identifying these molecular
markers in CRC patients may help in the stratification
of aggressive cases early in the course of the disease and
target them for better treatment strategies. Furthermore,
this study highlights the need for implementing molec-
ular and genetic profiling early in the course of disease
to identify our population-specific genetic aberrations.
In economically challenged countries, IHC may provide
a cost-effective and accessible solution to enhance diag-
nostic capabilities in lieu of molecular techniques for the
detection of BRFAV600E mutations. The contribution of
our study to existing information opens avenues for fur-
ther research towards improvement in CRC therapeu-
tics. The limitations of our study are the small sample
size of BRAFV600E-positive patients and the absence
of follow-up data. Moreover, due to a lack of distinction
between localized and metastatic cases, the prognos-
tic significance of BRAFV600E and CD133 could not be
ascertained. The effect of intronic variants and previously
unreported mutations has not been thoroughly investi-
gated. Since our primary focus was BRAFV600E muta-
tions, we studied the partial sequence of exon 15 only.
Further investigation using whole gene sequencing of
BRAF might reveal a broader spectrum of clinically sig-
nificant BRAF mutations. Studies based on tumours with
background BRAF mutation, the associated molecular
events, and treatment outcomes are warranted.

In conclusion, the frequency of BRAF mutations in
our sample is alarmingly high. BRAFV600E mutation
represents important molecular event that has been
investigated in the Pakistani population and published
in established databases through this study. Analysis of
the samples encompassing novel large deletions showed
alterations in the 3D structure of the protein, which
ultimately affected the binding affinity of vemurafenib
and encorafenib, reflecting the likely failure of BRAF
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monotherapy in these cases. The spectrum of BRAF
mutations identified in this study reflects the need for
further investigations to initiate the targeted approach
based on individual needs. Moreover, the strong associa-
tion between BRAFV600E and CD133 presents possible
actionable genes that may offer better management of
CRC patients through targeting stem cell proliferation
along with anti-BRAF therapy.
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