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Abstract

This study aimed to identify BRCA /2 mutational patterns in the tissue and blood of Egyptian colorectal cancer (CRC)
patients and to study the possible correlation of this mutational pattern with Human papillomavirus (HPV) infection. Eighty-
two colonoscopic biopsies and forty-six blood samples were collected from Egyptian CRC patients, as well as blood sam-
ples of age and sex-matched healthy controls (n=43) were enrolled. The libraries were performed using Qiaseq Human
BRCA1I and BRCA? targeted DNA panel and sequenced via lon proton sequencer. Also, the CRC tissues were subjected to
conventional PCR targeting the HPV Late 1 (L1) region. Our analysis revealed that the BRCA-DNA damage pathway had
been altered in more than 65% of the CRC patients. Comparing tissue and blood samples from CRC patients, 25 somatic
mutations were found exclusively in tissue, while 41 germline mutations were found exclusively in blood. Additionally,
we identified 23 shared BRCA /2 pathogenic (PVs) mutations in both blood and tissue samples, with a significantly higher
frequency in blood samples compared to tissue samples. The most affected exon in BRCAI was exon 10, while the most
affected exons in BRCA2 were 11, 14, 18, 24, and 27 exons. Notably, we revealed an ethnic-related cluster of polymorphism
variants in our population closely related to South Asian and African ethnicities. Novel PVs were identified and submitted
to the ClinVar database. HPV was found in 23.8% of the CRC tissues, and 54% of HPV-positive cases had somatic BRCA1/2
PVs. The results of this research point to a possible connection between infection with HPV and BRCA I/2 mutations in the
occurrence of colorectal cancer in the Egyptian population, which has a mixed ethnic background. Our data also indicate
that liquid biopsy (blood samples) may be more representative than tissue samples for detecting BRCA 1/2 mutations. These
findings may have implications for cancer screening and the development of personalized, targeted therapies, such as PARP
inhibitors, which can effectively target BRCA 1/2 mutations.
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Background

Colorectal cancer (CRC) is the second most prevalent cancer
globally in both genders, ranking the third among diseases
overall. It holds the unfortunate distinction of being the sec-
ond leading cause of mortality attributed to cancer [1]. CRC
was recognized as the sixth form of cancer among Egypt's
most prevalent malignancies in 2013, based on the country's
national cancer registry. Furthermore, it has been estimated
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that between 2013 and 2050, there would probably be an
increase in the CRC cases [2].

CRC is characterized by complex molecular alterations.
At least 10% of all CRC cases are attributed to germline
genomic alterations. Human disease-causing variants are
either germline and/or somatic variants. Critical key ger-
mline and somatic variants causing CRC worldwide were
reported previously [3].

Beyond genetics, the global cancer landscape's intricacies
reveal a link to infections. Recent data emphasize infection's
role in altering global cancer incidence [4]. Furthermore,
numerous DNA damage inductions were demonstrated during
viral infection [5]. Numerous publications have also noted the
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connection between the risk of CRC and viral infections [6],
particularly the human papillomavirus (HPV) [7, 8].

The identification of germline predispositions strategi-
cally holds promise for cancer management and prevention.
Currently, DNA damage response (DDR) alterations are
considered new therapeutic targets for different cancer types.
About 10-20% of somatic DDR mutations were reported by
previous studies in CRC [9, 10]. Additionally, the observed
prevalence of shared somatic and germline genetic variations
between blood and tissue samples may be attributed to the
presence of circulating tumor cells (CTCs). These CTCs,
originating from the primary tumor, have the potential to
enter the bloodstream and subsequently seed new tumors in
distant organs. While many of these genetic variants have
been identified, their specific contribution to the risk of colo-
rectal cancer (CRC) remains unclear [11].

The BRCAI and BRCA2 genes are prominent in the DDR
realm [12]. The increased risks of breast and ovarian can-
cer are linked to pathogenic variations (PVs) in BRCAI and
BRCA2 [13]. In addition, BRCAI and BRCA2 PVs were
related to risks for GIT cancers, including CRC, liver, and
stomach [14].

According to recent recommendations, people with
BRCA1/2 PVs should consider participating in experimental
screening trials and learning about the signs and symptoms
of malignancies that may be related to their condition [15].

BRCA and other DDR complex genes are considered
drug targets and treatment regimens in the majority of CRC
patients [16]. Despite blocking molecular pathways by tar-
geted drugs that have been used as adjunct to chemother-
apy, CRC patients have not yet reaped significant benefits.
Therefore, advanced research investigations are required to
improve patient outcomes [17]. For patients with breast,
ovarian, and most recently pancreatic cancer, targeted
therapy using poly (ADP-ribose) polymerases inhibitors
(PARPis) of BRCA mutation had improved patient survival
[18]. This leads to the question of whether other cancers
like CRC malignancies could benefit from targeted PARP
inhibitors.

Next-generation sequencing (NGS) has made major
advances in tumorigenesis, therapeutic target, and diagnostic
markers of CRC [19]. Thus, it is worth mentioning that our
study is the first to assess the comprehensive mutational pro-
file of BRCA1/2 in tissue and blood of CRC patients using
NGS, as well as its correlation with HPV infection in Egypt.

Material and methods
Samples from patient

The National Cancer Institute (NCI) of Egypt provided
colonoscopic biopsy samples (n=82) from CRC patients.
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The obtained biopsies were preserved at — 80 °C in MACS
Tissue Storage Solution till DNA extraction. In addition,
blood samples were collected from CRC patients (n=46)
and healthy controls (n =43) who were matched for age and
gender.

The participant's clinicopathological information was
gathered from their medical records at the National Can-
cer Institute (NCI). The Institutional Review Board of NCI,
Cairo University, Egypt, authorized all protocols and pro-
cedures (IRB number: IRB00004025; approval number:
201617011.3). Each participant gave their written informed
permission before being included in this study.

DNA extraction

First, the DNA was extracted from the obtained biopsies
using the QIAamp® DNA mini kit (Cat. No. 51304, Qia-
gen, Germany) following the manufacturer’s guidelines. The
DNA was also extracted from whole blood samples using
the QIAamp DNA Blood Mini Kit (Cat. No. 51104, Qia-
gen, Germany). Using the Qubit® 3.0 Fluorometer (Cat.
No. Q33216, Thermo Fischer Scientific Inc., USA) and the
QubitTM dsDNA HS assay kit (Cat. No. Q32854, Thermo
Fischer Scientific Inc., USA), the concentration of the pure
DNA was determined.

HPV conventional PCR

The purified DNA (100 ng) extracted from the fresh tis-
sue was subjected to the polymerase chain reaction (PCR)
targeting the HPV Late 1 (L1) region. The Veriti 96-well
quick thermal cycler (Cat. No. 4375305, Thermo Fischer
Scientific Inc., USA) was used to perform the amplification.
AmpliTaq Gold 360 PCR master mix (Cat. No. 4398881,
Thermo Fischer Scientific Inc., USA) was used in the PCR
reaction. Each PCR assay included positive and negative
controls; the positive control for HPV was MCF7 (Michigan
Cancer Foundation-7) cells. The primers, positive control,
and cycling conditions were performed according to a previ-
ously published protocol by Metwally et al. [20].

Library preparation and sequencing

We employed the QIAseq Human BRCAI, and BRCA?2 tar-
geted DNA panel (Qiagen, Germany, Cat. No. DHS-1027Z).
The manufacturer's instructions were followed while build-
ing the NGS libraries. Then, the fragment size and concen-
tration were assessed using the QIAxcel DNA high-resolu-
tion kit (Cat No. 929002, Qiagen, Hilden, NRW, Germany).
The libraries were subsequently quantified using the QIAseq
Library Quant Assay Kit (Cat No. 333304, available from
Qiagen, Hilden, NRW, Germany). The template was pre-
pared using the Ion PI Hi-Q Chef Kit (Cat. No. A27198,
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Thermo Fischer Scientific Inc., USA), and sequencing on the
Ion Proton Platform was done using the Ion Proton Sequenc-
ing 200 Kit v2 (Cat. No. 4485149, Thermo Fischer Scientific
Inc., USA).

Bioinformatics analysis

Signal processing and base calling were performed using
the Ion Torrent Suite. Variant calling and alignment were
accomplished using the QIAGEN GeneGlobe Data Analysis
Centre, in conjunction with the Annovar software, which
incorporates population datasets. The read examination pro-
cesses start with read processing steps that (i) remove exog-
enous sequences like PCR and sequencing adapters and UMI
(unique molecular index), (ii) determine the UMI sequence
and add it to the examine identifier for downstream evalu-
ations, and (iii) eliminate short sequences that do not have
enough endogenous sequence for mapping to the reference
genome (hg19/GRCH37). Following trimming, reads are
mapped to the reference genome, and reads that were poorly
mapped (> Q30) are then filtered out. The aligned readings
(in BAM format) are then forwarded on to variant calling
using Sumcounter? filters following UMI clustering. Only
runs with depths greater than 100 and coverage of more
than 95% of the target locations were considered successful.
Synonymous and low-quality variants were filtered out as
the filters are designed to catch false positive calls that have
incorrectly high mutation likelihood for various reasons. A
non-reference allele must pass the quality score threshold,
and all filters to be reported as a variant.

To assess the germline variants detected in the CRC
whole blood, the variants were compared to those found in
the healthy controls to filter out normally inherited polymor-
phism, and the ethnic-related variants, as well as the founder
pathogenic mutations found in the Egyptian population. The
ethnic-related variants with high frequency, more than 30%
in our population, were compared to the other population
in the Exome Aggregation Consortium (ExAC) database.
ExAC has recently been extended to the genomes (gnomAD)
database which contains data from 141,456 individuals. This
allows for an illustrative overview of the population and eth-
nic groups [21].The variants were considered shared if they
were found in both tissue and blood of the CRC patients. We
remove the variations discovered in the CRC blood (shared
variants) and only keep the remaining variants in the tissue
with an allele frequency of less than 0.5 to further determine
that the remaining variants in the CRC tissues are somatic.

Functional consequences of the identified variants were
predicted using Sift [22], PolyPhen-2 [23], and CADD [24]
tools. Variant information was obtained using the dbSNP
database (http://www.ncbi. nlm.nih.gov/projects/SNP),
Human Gene Mutation Database (HGMD), Exac All Data-
base (genomeAD), the 1000 Genome project, COSMIC

Database and ClinVar database (http://www.ncbi.nlm.nih.
gov/clinvar/). Mutations were classified according to Ameri-
can College of Medical Genetics and Genomics (ACMG)
recommendations [25] into benign, likely benign, variants
of uncertain significance (VUS), likely-pathogenic variant
(LPV), and pathogenic variant (PV). In this study, we con-
sidered the variant pathogenic (deleterious) if it was classi-
fied as PV or LPV.

The novel variants predicted to be deleterious were sub-
mitted to the ClinVar submission portal (Organization ID:
507536; Genomic Center, National Cancer Institute, Egypt);
Clinvar Link: https://www.ncbi.nlm.nih.gov/clinvar/submi
tters/507536/. For pathway analysis, we used Ingenuity Vari-
ant Analysis (IVA; QIAGEN, Germany).

Statistical analysis

R studio statistical software (version 3.7, R Foundation for
Statistical Computing, Vienna, Austria) was used for all sta-
tistical analyses. The pwr package was used to adjust the
test power. The variant positions for BRCAI and BRCA2
were depicted by a lollipop plot. The proportion of the most
prevalent BRCAI and BRCAZ2 variants in the investigated
samples was shown using the oncoplots. Fischer's exact test
was utilized to examine differentially altered gene variants
in blood and tissue samples from different cohorts and to
conduct pairwise or group-wise comparisons to study the
relationship between BRCAI and BRCA2 gene variations
and clinical features. A forest plot was used to display the
odd ratios for BRCA1/BRCA?2 in different groups. In all two-
tailed tests needing a P-value of 0.05 to demonstrate sig-
nificance, multiple comparisons were adjusted for the false
discovery rate (FDR).

Results
Clinicopathological features of the CRC patients

Herein, we outlined the clinicopathological characteristics
of 82 CRC patients. According to Table S1, these character-
istics included age, gender, tumor pathology classifications,
and recurrence and metastasis status. The average age of
CRC patients was 50.48 years, and the male-to-female ratio
was 1.1, according to our findings. Notably, approximately
50% of malignant tumors were found in the rectum, while
35% were found in the colon. Adenocarcinoma emerged as
the predominant pathological subtype among CRC patients,
accounting for 84% of cases. Regarding the degree of tumor
differentiation, grade II and grade III were found in 60%
and 23% of our CRC patients, respectively. In addition, the
majority of CRC patients in our cohort had neither a cancer
history nor a metastatic or recurrent condition.
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BRCA1/2 mutational profile in the tissue of the CRC
patients

Our pathway analysis using Ingenuity Variant Analysis
(IVA) revealed that the inferred activity of BRCA 1/2 muta-
tions was loss of function and that the BRCA-DNA dam-
age pathway has been altered significantly in more than
65% of the CRC patients compared to the healthy controls
(P-value =4.25E-16).

Upon analyzing the tissue of CRC patients and exclud-
ing synonymous mutations, a significant finding emerges.
Specifically, the BRCA2 gene mutations (total =75)
are more prevalent than the BRCAI gene mutations
(total =33). All BRCAI gene mutations are located on the
negative DNA strand, whereas all BRCA2 gene mutations
are located on the positive DNA strand.

Intriguingly, the maximum number of mutations per
patient in the BRCAI gene is eight, while the maximum
number of mutations per patient in the BRCA2 gene is
15. Additionally, these mutations exhibit distinct variant
types. Seventy-three percent of the BRCAI variants are
SNPs, followed by Deletion (Del) (21%) and Insertion
(INS) (6%). In contrast, the most common class of vari-
ant for BRCA?2 is Del (47%), followed by SNP (41%) and
INS (4%).

When examining the specific SNP classes, a distinct pat-
tern becomes apparent. The most common SNP type in the
BRCA1 gene entails the transition from the reference allele
T to the alternative allele C, followed by the reversal. Like-
wise, the predominant SNP type in BRCA?2 is the transi-
tion from T to C, followed by the transversion from T to G
(Fig. 1).

Figure S1 and Figure S2 provide a visual representa-
tion of the clinical significance of BRCAI and BRCA2 gene
variations in accordance with ACMG guidelines. These
recommendations classify variants as benign, likely-benign,
variants of uncertain significance (VUS), likely-pathogenic
variant (LPV), and pathogenic variant (PV).

The pathogenic variants (PVs) in BRCAI and BRCA2
across different exons are illustrated in Figs. 2 and 3. It has
been revealed that the most affected exons harboring PVs
in BRCAI were exon 10 followed by exon 23, whereas the
most affected exons harboring PVs in BRCA2 were exon 11,
followed by exon 10, exon 23, and exon 18.

Upon comparing the variants identified in the tissue
to that in the blood of the CRC patients, we found nine
and 16 somatic mutations in BRCAI and BRCA?2 genes,
respectively. The somatic BRCAI mutations were clas-
sified according to their clinical significance into three
PVs, four variants with uncertain significance (VUS), and
two variants with conflicting interpretations of patho-
genicity (CIP). The somatic BRCA2 mutations were clas-
sified into eight VUS, three CIP, and five PVs. Notably,
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as indicated in Table 1, a novel complex variant (c.5566
5567delCAinsTG) was identified as a PV in exonl3
BRCA?2 in one CRC patient.

BRCA1/2 mutational profile in the blood of the CRC
patients

Following the exclusion of synonymous mutations, we
detected 57 and 140 BRCA 1 and BRCA2 mutations, respec-
tively, in the blood of CRC patients, suggesting that BRCA 1,
and BRCA2 mutations in the blood were more prevalent than
those found in the tissue of CRC patients. The maximum
number of mutations per patient was 25 in the BRCAI com-
pared to 59 in the BRCA2.

The prevailing variant type in both BRCAI and BRCA2
was Del, accounting for 48% and 61%,, followed by SNP at
39% and 38%, respectively. Interestingly, no insertion muta-
tions were identified in either gene within the blood samples,
which contrasts with the spectrum of BRCAI, and BRCA2
mutations discovered in the CRC patients' tissue samples
(Fig. 4).

Further exploration unveiled that the most recurring SNP
type in the BRCAI gene was T > C, followed by C>T. In
parallel, the primary SNP types in the BRCA2 gene were
T > C trailed by T > G, aligning with the pattern observed
in the CRC tissue samples. Figure S3 and Figure S4 depict
a comprehensive presentation of the clinical implications
and variant classifications for BRCAI and BRCA?2 variants,
respectively.

As shown in Figs. 5 and 6, the most affected exons for
BRCAI PVs were exon 10, followed by exon 6, and the most
affected exons for BRCA2 PVs were exon 11, followed by
exon 10, exon 18, and exon 27.

A comparison between the blood samples of CRC
patients and control subjects has unveiled specific mutations
in BRCAI and BRCA?2 genes. Notably, 15 germline CRC-
specific mutations were identified in BRCA I, while 26 were
found in BRCA2. Regarding their clinical significance, the
germline BRCAI mutations were categorized as follows: 12
PVs, 2 VUS, and one LPV.

Notably, two novel PVs (¢.3970delA & c.3101delA)
were identified in exon 10 of BRCAI in 3 patients. The
BRCA?2 germline mutations were classified into 9 PVs, 16
VUS, and one LPV. Interestingly, three cases had one novel
LPV (c.937delT) in exon 10, two novel PVs (c.2617delA &
€.6791delT) in exon 11, and one novel PV (c.9491delA) in
exon 25 of BRCA2 (Table 2).

It is worth highlighting that among these, two novel PVs
(c.3970delA & c.3101delA) were identified in exon 10 of
BRCAI across 3 patients. As for the BRCA2 germline muta-
tions, they were classified into 9 PVs, 16 VUS, and one LPV.
Interestingly, three cases exhibited unique findings: a novel
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Fig. 1 Oncoplots show the overall distribution of highly frequent A BRCAI, B BRCA2 mutations in the tissue of the CRC patients. Each column
represents a patient, and each row represents a variant. Different variants colors represent different classifications

LPV (c.937delT) in exon 10, two novel PVs (c.2617delA &  Shared BRCA1/2 PVs in tissue and blood of the CRC
¢.6791delT) in exon 11, and one novel PV (c.9491delA) in patients
exon 25 of BRCA2 (Table 2).

Comparing the tissue and blood of CRC patients indicated
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Fig.2 Lollipop representations show the location of the pathogenic mutations in A BRCAI, B BRCA?2 in the tissue of the CRC patients. The

mutations are colored according to their type

that 24% of the BRCAI and 27% of the BRCA2 PVs were
shared across tissue and blood. BRCA I harbored seven PVs,
while BRCA2 harbored 16 PVs, with a higher percentage in
the blood than in the tissue.

We demonstrated that six of the seven BRCAI PVs shared
across the blood and tissue of CRC patients were located
in exonl0. One of the seven was novel (c.3982delT) and
detected in 28% of blood CRC samples but only 6% of tissue
CRC samples (P =0.008). When compared to controls, two
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of seven (c.1016delA & c.3329delA) had significant odds
ratios (OR) for CRC risk (OR=3.5, P=0.0099; OR =4,
P=0.0069, respectively) as illustrated in Table 3, Table S2
and Fig. 7.

We demonstrated that six of the 16 shared BRCA2 PVs
were located in exon 11. All 16 shared BRCA2 PVs were
more prevalent in the blood than in the tissue of CRC
patients, except for ¢.9097del A, which was more prevalent
in the tissue (26% vs. 11%).
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Fig.5 Lollipop representations show the location of the pathogenic mutations in A BRCAI, B BRCA?2 in the blood of the CRC patients. The

mutations are colored according to their type

Furthermore, we identified four novel shared PVs in
exon 10 (c.1561delT), exon 14 (c.7177delA) and exon 27
(c.9800delA & c.10248delA) of BRCA2 with higher fre-
quency in the blood than the tissue of CRC patients.

When we compared shared BRCA2 PVs to our con-
trols, we discovered that, seven PVs had a significant

@ Springer

OR for CRC risk. Four of the seven PVs (c.2175delA,
c.3860delA, c.4169delT, and c.5297delA) were found
in exonll (OR=4.2, P=0.038; OR=5.8, P=0.0002;
OR=8.8, P=0.04; OR=4.2, P=0.038, respectively); one
(c.7177delA) was found in exon14 (OR =4.7, P=0.02), one
(c.9253delA) was found in exon 24 (OR=4.3, P=0.01) and
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one (c.9800delA) was found in exon 27(OR=2.7, P=0.02)
as illustrated in Table 3, Table S2 and Fig. 8.

Co-occurring and mutually exclusive events
between BRCAT and BRCA2 PV's

There are 24 co-occurring events of BRCAI/2 pathogenic
variant pairs in CRC patients' tissue. Among these, 16 events
were found between distinct BRCA2 variants, two events
between various BRCAI variants, and 6 events involving
combinations of BRCAI and BRCA?2 variants.

Among the co-occurring events associated with BRCA2
variants, two notable pairs were ¢.9097delA & c.9800delA
(P=0.01, event ratio=5/15) and c.9097dupA & ¢.5566
5567delCAinsTG (P=0.04, 1/1). Co-occurring events
between BRCAI variants include ¢.3329delA & c.1728delA
(P=0.04, 9/5), as well as ¢.3329dupA &c.1961dupA
(P=0.04, 1/1).

Furthermore, instances of BRCAI and BRCA2 co-occur-
ring events encompassed c.1728delA with ¢.9097delA and
¢.9800delA (P=0.006, 13/10, and P=0.01, 10/4, respec-
tively) and c.1961delA with c.5073delA and c.9800delA
(P=0.008, 5/3 and P=0.01, 6/3, respectively) as shown in
Supplementary Table 2 and Fig. 9a.

Turning to the blood samples from CRC patients, a
total of 71 co-occurring events and 7 mutually exclusive
events involving pairs of BRCA 1/2 pathogenic variants were
observed. Among these, 38 events were identified within
BRCA?2 variants, two events within various BRCAI vari-
ants, and 31 events between BRCAI and BRCA2 variants.
Prominent examples of co-occurring events associated with
BRCA?2 variants included c¢.7177delA with ¢.5073delA,
¢.4169delT, and ¢.9253delA (P=0.02, 5/10; P=0.002, 8/6;
and P=0.003, event ratio=10/8), c.8021delA & c.9253delA
(P=0.03, 8/13), and c.3860delA & ¢.9800delA (P=0.02,
7/15). Furthermore, instances of co-occurring events
between BRCAI variants were c.1961delA with c¢.1016delA
and ¢.3329delA (P=0.004, 12/12 and P=0.03, 12/14).

In addition, the co-occurring events between BRCAI
and BRCA?2 variants were c.1961delA with ¢.7177delA,
c.9253delA, c¢.5073delA and ¢.9800delA (P=0.04, 14/8;
P=0.0007, 12/10; P=0.004, 12/7 and P=3.43606E-
06, 7/16, respectively). Also, the co-occurrence between
c.3329delAwith ¢.3860delA and ¢.9800delA (P =0.006,
14/17 and P=0.0009, 11/15, respectively). Addition-
ally, co-occurrence between c.1016delA, and ¢.9800delA
(P=0.0008, 11/14).

There were four mutually exclusive events within BRCA
variants and three events between BRCAI and BRCA?2
variants. The most important significant mutually exclu-
sive events between BRCAI variants were c.1016delA
with ¢.3982delT (P=0.04, 2/27) and c.3214delC with
c.1016delA, c.3329delA and c.1961delA (P=0.03, 1/27,

P=0.01, 1/29 and P=0.001, 0/29, respectively).The mutu-
ally exclusive events between BRCAI and BRCA?2 vari-
ants included c.3214delC with ¢.9253delA, ¢.9800delA,
and ¢.3860delA (P=0.009, 0/25; P=0.0002, 0/32 and
P=5.48657E-05, 1/37, respectively) as shown in Table S4
and Fig. 9b.

Ethnic-related variants of BRCA1/2 in our cohort

We have identified six highly prevalent SNPs in both the
CRC and control groups when compared to other popula-
tions; four in the BRCAI gene and two in the BRCA2 gene.

Regarding BRCAI SNPs, we found that the major allele
frequency (VMF) of c.4900A > G, c.3548A > G, and
c.3113A > G exhibited stronger resemblances to the South-
Asian population’s VMF, whereas VMF of ¢.2612C>T
was more related to that of the African population. Cor-
relation analysis between ethnic-related BRCAI SNPs and
BRCA1 PVs in the CRC patients’ blood revealed that there
was a positive correlation between c.3548A > G SNP and
c.5196delA germline PV (r=0.3, P <0.05).

Turning to the BRCA2 SNPs, we revealed that the VMF
of ¢.7397 T>C and c.1114A > C in our cohort resembled
the VMF observed in the South-Asian population. Moreo-
ver, the correlation analysis between ethnic-related BRCA2
SNPs and BRCA2 PVs in the CRC patients’ blood revealed
that there were positive correlations between ¢.7397 T>C
SNP and c.3860delA PV (r=0.3, P<0.05), as well as
c.1114A > C SNP with c.4169delT and c.7177delA PVs
(r=0.5, P<0.05;r=0.3, P<0.05, respectively).

We noticed four frameshift BRCA2 variants in our con-
trols with an occurrence rate >30%. The c.36delT and
c.5351delA were detected in 65% and 33% of the controls,
respectively, and were identified as PVs based on the Clin-
Var database and CADD score, which were the other two
variants (c.5465delA and c.1053delA) detected in 47% and
33% of the controls, respectively, were identified as novel
variants. The CADD score suggested their potential patho-
genicity, as outlined in Table 4.

Prevalence of HPV and its correlation with BRCA1/2
PVs and VUS in the tissue of CRC patients

Our results revealed that 15 of the 64 CRC tissues (23.8%)
tested positive for Human Papillomavirus (HPV) infec-
tion. Moreover, eleven of the 15 HPV-positive cases had
BRCA1/2 mutations. Regarding BRCA1/2 PVs and VUS in
HPV-positive cases, there were six cases of the eleven (54%)
harbored three and five PVs in BRCAI and BRCA2 genes,
respectively. The distribution of BRCA1/2PVs and VUS in
the CRC patients is illustrated in Fig. 10.
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«Fig. 6 Bar graphs show the most affected exons harbored pathogenic
and likely pathogenic mutations in A BRCAI, B BRCA2 in the blood
of the CRC patients. The mutations are colored according to their

type

Discussion

One of the major worldwide causes of morbidity and mor-
tality is colorectal cancer (CRC)[1]. To our knowledge,
this is the initial investigation utilizing high-throughput
genomic sequencing to analyze the mutational patterns of
BRCAI and BRCA2 in both tissue and blood samples of
Egyptian CRC patients. This novel approach highlights
the significance of these genetic factors in CRC develop-
ment and progression. Moreover, the exploration of the
potential correlation between HPV infection and BRCA1/2
mutations, along with the assessment of ethnic-specific
polymorphisms of BRCAI and BRCA?2 in healthy Egyp-
tian controls to those of other populations, adds a layer of
depth to this investigation.

Our principal findings revealed that BRCA I/2 mutant car-
riers had an elevated risk of developing CRC, suggesting a
potential link between these mutations and CRC. Further-
more, the identification of germline variations highlights
the possibility of hereditary origins for these mutations,
supporting the notion of hereditary susceptibility to CRC.
Furthermore, we detected HPV infection in 23.8% of CRC
patient tissues, and more than half of the HPV-positive cases
co-occurred with BRCA1/2 PV, suggesting its potential role
in CRC in Egypt, along with BRCA1/2 PVs.

Our findings showed that the CRC group had a higher
prevalence of BRCA1/2 mutations compared to the control
group. The application of pathway analysis utilizing IVA
has revealed pervasive loss-of-function activity associated
with BRCA1/2 mutations in the CRC group; indicating the
potential role of theS BRCA damage pathway in colorectal
carcinogenesis.

Existing literature presents a spectrum of evidence con-
cerning the correlation between BRCA /2 mutations and
CRC susceptibility. In contrast to our study, which has
yielded substantial insights into the potential implications
of BRCA1/2 mutations in the context of CRC, other investi-
gations proposed a modestly increased CRC risk in BRCAI
carriers. Conversely, evidence of CRC risk among BRCA2
carriers remains lacking [26-28].

Discrepancies among these studies can be attributed to
variations in sample sizes, demographic traits, study designs,
variant classifications, and potential confounding variables
such as age, lifestyle choices, and concurrent genetic muta-
tions. The mismanagement of these factors has contrib-
uted to the observed variability. However, Sopik et al. [29]
employed a comprehensive research approach encompass-
ing various study types, suggesting an increased CRC risk

within individuals carrying BRCA 1/2 mutations in high-risk
familial contexts.

Interestingly, a notable contrast in prevalence has emerged
between BRCA I and BRCA2 mutations in the current study.
Specifically, a higher prevalence of BRCA2 mutations has
been detected indicating the distinctive roles of BRCA2 in
the context of CRC. Our observation contrasts with previous
research findings. Notably, a systematic meta-analysis study
[26] highlighted a moderate rise in CRC risk, specifically
among BRCAI mutation carriers. Pivoting the nuances of
methodology, our study diverges from prior research con-
ducted by Phelan et al. [30] which explored a significant
cohort of women with BRCAI and BRCA2 mutations. The
authors revealed an intriguing 4.76-fold surge in risk among
women aged 30-49 years with the BRCAI mutations.

On the other hand, a previous research demonstrated a
higher prevalence of BRCA2 mutations compared to BRCA]
in other cancer types, including populations at increased risk
for hereditary breast and ovarian cancer [31-33].

Notably, the absence of studies on the Egyptian popula-
tion and the exclusive focus on high-risk families in such
studies underscore the unique contribution of our research.
Conducted within the Egyptian population, our study adds
an ethnic dimension, augmenting the importance of our
results. In essence, our research bridges gaps by exploring
genetic factors, population attributes, and familial predispo-
sition in CRC risk.

Intriguingly, our investigation revealed a higher preva-
lence of BRCA1/2 mutations in blood samples compared to
tissue samples. This indicates that blood might be a valuable
source of genetic information, offering a less invasive way to
study cancer-related mutations. Consistent with findings by
Szczerba et al. [34], who reported a low incidence of somatic
PVs in BRCA1/2 mutations in Polish patients with breast
cancer, our research also revealed a relatively low incidence
of somatic PV within the BRCA1/2 genes, ranging from 1%
to 2.5%, in CRC patients. This congruence in observations
across cancer types and populations highlights the rarity of
these mutations in certain cohorts.

This study brings forth intriguing findings regarding
the distribution of BRCA1/2 germline PVs. Notably, these
variants were prominently located in exon 10 for BRCAI
and exon 11 for BRCA2, mirroring the distribution pattern
observed for BRCA1/2 somatic PVs. This underscores the
susceptibility of the relatively larger exon 10 and exon 11 in
both genes to heightened mutational activity, as previously
suggested by Darabi et al. [35].

As previously stated, our data revealed a significant dis-
parity between the incidence of shared BRCA1/2 PVs in
the blood and tissue of our CRC patients. Notable among
these variants are the BRCAI PVs, encompassing c.329delA,
¢.3329delA, c.1016delA, and c.1961del A variants. Of note,
we demonstrated that ¢.329delA increases the risk of CRC
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Table 2 Germline BRCAI and BRCA2 mutations detected only in the blood of Egyptian CRC patients

Gene Position Exon ID Type  Clinical HGVS.c HGVS.p CRC Blood VMF
Signifi- (n=46)
cance

BRCAI Chrl7:41256244 6 rs886040119 DEL PV c.335delA p-Asnl12fs 1 0.20
Chrl7 41247925 9 SCV002150654.1 SNP  VUS c.608A>G p-Glu203Gly 1 0.17
Chrl7: 41243577 10 SCV002549121.1 DEL NPV ¢.3970delA p-Met1324fs 3 0.74
Chrl7: 41244016 10 1rs80357621 DEL PV ¢.3531delT p.Phel177fs 3 0.20
Chrl7: 41244446 10 SCV002549120.1 DEL NPV c.3101delA p-Asn1034fs 3 0.63
Chrl7: 41244830 10 1s876659072 DEL PV ¢.2717delA p.Lys906fs 1 0.28
Chrl7: 41245586 10 rs80357643 DEL PV c.1960_1961delAA  p.Lys654fs 1 0.37
Chrl7: 41245847 10 rs397508899 DEL PV ¢.1700delA p.-Asn567fs 1 0.34
Chrl7: 41246388 10 rs1602208229 DEL PV ¢.1159delT p.Ser387fs 1 0.05
Chrl7: 41246862 10 rs80357824 DEL PV c.685delT p-Ser229fs 1 0.11
Chrl7: 41234421 12 rs1567782959 DEL PV c.4356delA p.Asp1453fs 2 0.48
Chrl7: 41215909 18 rs730880288 DEL PV c.5196delA p.Lys1732fs 4 0.70
Chrl7: 41215930 18 rs397509228 DEL PV ¢.5175delT p.Leul726fs 2 0.58
Chrl7: 41215957 18 rs80357886 DEL PV ¢.5148delT p.Phel716fs 1 0.88
Chrl7: 41201176 21 rs1567758993 SNP  VUS ¢.5368T>C - 1 0.25

BRCA2  Chrl3: 32905126 9 rs587781513 SNP  VUS c.752C>G p.Thr251Arg 1 0.51
Chr13: 32906547 10 SCV002549102.1 DEL NLPV ¢.937delT p.Ser313fs 3 0.76
Chr13: 32906565 10 rs80359770 DEL PV c.956delA p.Asn319fs 3 0.23
Chr13: 32907323 10 rs45564238 SNP  VUS c.1708A>G p-Asn570Asp 1 0.12
Chr13: 32911104 11 SCV002549104.1 DEL NPV c.2617delA p.1le873fs 3 0.26
Chr13: 32913381 11 rs1555283980 DEL PV c.4894delA p.Ser1632fs 3 0.52
Chr13: 32914800 11 rs886040649 DEL PV c.6313delA p-11e2105fs 3 0.47
Chr13: 32915279 11 SCV002549114.1 DEL NPV c.6791delT p-Leu2264fs 3 0.62
Chr13: 32911330 11 rs149753706 SNP  VUS c.2838T>A p-Asp946Glu 1 0.12
Chr13: 32911574 11 rs1567792459 SNP  VUS c.3082A>G p.Lys1028Glu 1 0.16
Chr13: 32912127 11 rs80358609 SNP  VUS c.3635A>G p-Asnl1212Ser 1 0.16
Chr13: 32912481 11 rs1057520792 SNP  VUS c.3989A>G p-Asn1330Ser 1 0.33
Chr13: 32912580 11 rs1165204072 SNP  VUS c.4088A>G p-Asnl363Ser 1 0.25
Chr13: 32913272 11 SCV002303336.1 SNP  VUS c.4780A>G p-Met1594Val 1 0.27
Chr13: 32913672 11 152072522543 SNP  VUS c.5180A>G p-Asnl727Ser 1 0.15
Chrl3: 32915081 11 SCV002171426.1 SNP  VUS c.6589A>G p.-Thr2197Ala 1 0.50
Chr13: 32918773 12 152072598725 DEL PV ¢.6925delA p-Ser2309fs 3 0.47
Chr13 32921012 13 rs80358925 SNP  VUS c.6986C>T p.Pro2329Len 1 0.65
Chrl3: 32937479 18 rs1135401923 DEL PV c.8145delA p.Val2716fs 5 0.45
Chr13: 32950816 21 rs886040785 DEL PV c.8646delA p.-Lys2882fs 3 0.84
Chrl3: 32953515 22 1s755075283 SNP  VUS c.8816A>G p.Lys2939Arg 1 0.13
Chrl3 32954049 23 rs80359167 SNP  VUS c9116C>T p.Pro3039Leu 1 0.8
Chrl3: 32954273 24 rs80359190 SNP  VUS c.9247A>G p.Lys3083Glu 4 0.12
Chr13: 32969055 25 SCV002549118.1 DEL NPV c.9491delA p.Asn3164fs 3 0.55
Chrl3: 32972589 27 rs431825381 DEL VUS c.9945delA p.Glu3316fs 1 0.46
Chr13: 32972782 27 rs1593202359 SNP  VUS c.10132G> A p.Asp3378Asn 1 0.38

HGVS.c, Human Genome Variation Society, coding DNA sequence; HGVS.p, Human Genome Variation Society, protein sequence; Chr., Chro-
mosome; CRC, Colorectal Cancer; PV, Pathogenic Variants; LPV, Likely Pathogenic Variant; VUS, Variants of Uncertain Significance; CIP,
Conflicting Interpretation of Pathogenicity; NPV, Novel Pathogenic Variant; LNPV, Likely Novel Pathogenic variant; VMF, Variant Major
Allele Frequency; SNP, Single Nucleotide Polymorphism; Del, Deletion
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Fig.7 A Venn graph displays
the percentage of BRCAI PVs
in both tissue and blood of

the CRC patients, B Heatmap
displays the shared BRCAI PVs
per patient in the tissue (right
side) and the blood (left side) of
the CRC patients and C Forest
plot displays the significant
shared BRCAI PVs in the CRC
blood compared to healthy
controls
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by 2.5-fold compared to healthy controls. Intriguingly,
the pathogenicity of this variant has been highlighted as
related to pancreatic cancer [36]. Another shared BRCA 1
PV (c.3329delA) displays a fourfold elevation in CRC risk.
The prevalence of this variant in breast and ovarian cancers
among African Americans [37], Brazilians [38], and the
Chinese population [39] has been well-documented, sug-
gesting its broader implications.

Furthermore, we demonstrated that individuals harbor-
ing the c.1016del A mutation exhibit a 3.5-fold elevated risk
of developing CRC compared to the controls. This obser-
vation is consistent with prior research attributing signifi-
cance to this mutation in hereditary cancer syndromes. Its
detection across diverse populations, including Belgium
[40, 41], India [42], Vietnam [43] and Japan populations
[44], through various techniques like high-resolution melt
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curve (HRM) real-time PCR and next-generation sequencing
(NGS), underscores its global relevance.

Similarly, the c.1961delA mutation is associated with a
2.8-fold rise in CRC risk when compared to controls. Nota-
bly, this mutation's implications extend to breast, ovarian,
and hereditary cancer syndromes, as observed in South
Korea [45], Baltic [46] and Brazil populations [47].

Remarkably, the c.1961delA variant demonstrates
a noteworthy co-occurrence with the c.1016delA and
c.3329delA variants, suggesting potential interactions or
relationships among BRCA I PVs that could influence dis-
ease development or other genetic outcomes. The observed
significant association between specific somatic BRCA]
PVs namely, c.1961dupA and ¢.3329dupA in CRC patients
in our results align with previous studies that have docu-
mented significant associations among these BRCAI PVs
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Fig.8 A Venn graph displays the percentage of BRCA2 PVs in both side) of the CRC patients and C Forest plot displays the significant
tissue and blood of the CRC patients, B Heatmap displays the shared shared BRCA2 PVs in the CRC blood compared to healthy controls
BRCA2 PVs per patient in the tissue (right side) and the blood (left
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Fig.9 Heatmap plot shows the variant pairs with co-occurring and mutually exclusive events of BRCAI and BRCA2 PVs in A the CRC tissues
and B the CRC blood. The significance level is indicated in the legend

not only in breast cancer cases [46, 48] but also in ovar-  malignancies, pointing towards potentially underlying
ian cancer contexts [49, 50]. This suggests a potential =~ mechanisms or vulnerabilities linked to these genetic
implication of these co-occurring PVs across different  alterations.
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Fig. 10 Schematic diagram shows the distribution of BRCA1/2 PVs and VUS in the HPV-positive CRC tissues. The color code is indicated in

the legend

On the other hand, we identified two additional BRCA I
PVs (c.1728delA and c.3214delC) that are equally preva-
lent in both CRC patient tissue and blood. Interestingly,
c.3214delC has been associated with multiple primary can-
cers [51], as well as breast, ovarian [52], and pancreatic can-
cers [36] in the Asian population. In contrast, c.1728delA
has been relatively sparingly reported.

In the realm of BRCA2 variants, an additional cluster of
five PVs (c.3860delA, c.2175delA, ¢.5297delA, c.4169delT,
and c¢.5073delA) emerged from our investigation. Positioned
on exon 11, these variants displayed a distinctive prevalence
pattern, with markedly elevated frequencies in blood sam-
ples in contrast to their tissue counterparts within the CRC
patient cohort. Crucially, these mutations exhibited a robust
correlation with an increased likelihood of CRC develop-
ment. Prior research has similarly highlighted the signifi-
cance of these variants in the pathogenicity and development
of a spectrum of cancers, spanning breast, ovarian, and hepa-
tocellular carcinoma, among diverse populations [53-61].

Furthermore, we identified two specific BRCA2 PVs
(c.8021delA and c.9253delA) with also an enhanced pres-
ence in the blood samples of CRC-diagnosed individuals
compared to corresponding tissue samples. The shared
c.8021delA variant displayed a 2.9-fold increased risk of
CRC. Extensive literature has probed into the pathological
implications of ¢.8021delA, especially within breast and
ovarian cancer contexts, across distinct populations such as
Chinese [62] and Argentinians [63].

Additionally, we showcased that CRC patients harbor-
ing ¢.9253delA exhibited a 4.3-fold heightened risk of
CRC development. Previous studies have delved into the
detrimental consequences of this variant within breast and
ovarian cancer, focusing on populations such as Romanian
[64] and Chinese [65]. Moreover, a noteworthy observation
emerged from our investigation; revealing the consequential
co-occurrence of ¢.8021delA and c.9253delA among our

@ Springer

CRC patient cohort. This intriguing correlation highlights
the potential synergistic implications of these variants in the
pathogenesis of CRC.

In the present study, three novel BRCA2 PVs (c.7177delA,
¢.9800delA, and c.10248delA) were ascertained shared
among both blood and tissue samples from CRC patients.
Of significance, a distinct prevalence pattern surfaced, with
these variants exhibiting markedly higher frequencies in
CRC patient blood samples than in tissue samples. Impor-
tantly, c¢.7177delA and ¢.9800delA mutations were corre-
lated with an increased propensity to develop CRC. This
observation strengthens the notion that these specific genetic
alterations may contribute to the susceptibility of individuals
to develop CRC, potentially functioning as risk indicators.

Furthermore, our investigation highlighted signifi-
cant co-occurrences between the novel PV c.7177delA
and other shared BRCA2 PVs (c.4169delT, c.5073delA,
and c.9253delA). Notably, the newly identified variant
¢.9800delA exhibited significant co-occurrence with the
highly prevalent shared BRCA2 PV ¢.3860delA. These find-
ings collectively point towards a synergistic role between
these novel variants and other pathogenic variants in the
context of CRC development. These co-occurrence pat-
terns suggest potential synergistic interactions or cumulative
effects between these novel variants and other PVs, implying
a more complex interplay in the genetic predisposition to
CRC development.

While the simultaneous presence of PVs in two distinct
cancer-associated genes is uncommon [66], our study's
unexpected discovery of 31 co-occurring BRCA1/2 vari-
ants challenges this notion. These findings imply an intri-
cate interplay between BRCAI and BRCA2 PVs in our CRC
patient cohort, without significantly amplifying cancer risk
or introducing distinct phenotypic characteristics beyond
what would be expected from an individual BRCA variant.
This observation raises the possibility that individuals with
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concurrent variations might benefit from tailored surveil-
lance programs, intensified screening measures, or spe-
cialized risk reduction strategies that deviate from stand-
ard protocols based on single PVs. Intriguingly, we also
identified mutually exclusive events involving BRCAI PV
¢.3214delC and the widely shared BRCA2 PVs (c.3860delA,
c.9253delA, and ¢.9800delA). This phenomenon suggests
an independent occurrence of BRCA PV c.3214delC, apart
from the influences of BRCAI or BRCA2 PVs.

Exploring prevalent mutations within our control group,
which have been hypothesized as founder mutations within
the Egyptian population, we conducted a comparative analy-
sis with other populations. We detected distinct clusters of
SNPs in both the BRCAI and BRCA2 genes. Remarkably,
these SNP clusters demonstrated associations with South
Asian ethnicity, except for ¢.2612C > T, which exhibited
stronger links to African ethnicity according to the ExAC
(genome AD) database [21]. This intriguing ethnic diver-
sity indicates Egypt's unique genetic composition, situated
as a transcontinental nation between the northeastern cor-
ner of Africa and the southwestern corner of Asia. Nota-
bly, previous research corroborates these findings, as the
identified BRCAI (c.4900A > G, c.2612C > T, c.3548A > G,
0.3113A > G) and BRCA2 (c.7397 T>C, c.1114A>C)
clusters were observed in an earlier Egyptian study [67] as
well as within Arab African populations like Algerian [68],
Bahrainian [69], Moroccan [70] and Tunisian [71] groups,
alongside Asian populations encompassing Chinese [72],
Korean [73], Iranian [74] and Indian [75] cohorts, and even
in American and European populations such as Brazilian
[76], and Italian [77] ones, respectively. This reinforces the
intricate interplay of various ethnic backgrounds shaping
the genetic landscape of Egypt. The correlation analysis in
our study indicated significant associations between ethnic-
related variants and pathogenic BRCA1/2 variants, further
highlighting a potential relationship between the identified
pathogenic BRCA1/2 variants and specific Egyptian ethnic
groups.

Intriguingly, our analysis revealed the presence of four
frameshift mutations in BRCA2 among our control samples,
exhibiting frequencies ranging from 33 to 65%. While 2 of
these mutations (c.36delT, c.5351delA) were well-estab-
lished as pathogenic according to the ClinVar database, the
remaining two (c.1053delA, c.5465delA) were novel and
demonstrated pathogenic potential based on CADD score
[24] predictions. Its high frequency in our population might
be explained by the fact that such mutations had little or no
influence on our population. Also, the Egyptian population's
genetic makeup differs from other populations and has vari-
ous ethnicities. Thus, our study highlights the significance of
utilizing our control group as a reference for detecting muta-
tions, given the nuanced genetic landscape that characterizes
the Egyptian population.

Moreover, we observed HPV infection in 23.8% of CRC
patient tissue samples in accordance with previous Egyp-
tian publications [7, 8]. Hafez et al. detected HPV infection
in 22% of CRC patient tissue samples using immunohisto-
chemistry [7], and Sheikh et al. detected the same percent-
age of HPV infection in breast cancer (BC) patient’s tissue
using Real-time PCR [8]. An earlier review also highlighted
the carcinogenic significance of HPV in the development of
CRC. This review addressed that patients with HPV infec-
tion had three times more likely susceptibility to develop
CRC [78]. This consistency highlights the involvement of
HPV infection in the development and progression of CRC
among the Egyptian population.

Genomic instability in widely produced tumors may result
from harm to DNA checkpoint suppression, viral replica-
tion stress-driven DNA damage, amplification and structural
organization of integrated viral DNA, or any combination
of these processes. Additionally, research on HPV-related
malignancies has revealed that random integration into DNA
repair genes was discovered, adding another element caus-
ing genomic instability [79, 80]. Through rearrangements
between integrated copies, replication of integrated HPV
genomes may potentially promote focal genomic instabil-
ity [5].

Furthermore, our study revealed that more than half of
the HPV-positive CRC cases were found in association
with pathogenic somatic mutations; BRCA2 c.8021dupA
and ¢.9097dupA, as well as pathogenic shared mutations;
BRCAI ¢.3214delC and c.3982delT. Additionally, HPV was
found in combination with two somatic BRCAZ2 variants with
uncertain significance; c.1769 T > G and c.9839C > A. Thus,
our data suggested the potential role of HPV in Egyptian
patients with CRC, as well as its association with BRCA1/2
PVs in the tissue of the CRC patients.

Conclusion

We conclude that BRCA1/2 genes are highly mutated in
Egyptian CRC patients, especially those with HPV infec-
tion. These findings suggest that HPV infection may play
a role in the development of CRC in Egypt, particularly
in co-occurrence with BRCA1/2 PVs, which might benefit
CRC patients with personalized treatment. Liquid biopsies
are more representative than tissue biopsies for BRCA1/2
mutations, with BRCA2 mutations occurring at double the
incidence of BRCAI mutations, indicating that BRCA1/2
mutations may be readily detected in CRC patients' blood
samples. Furthermore, the identified mutation hotspots in
exons 6 and 10 of BRCAI, and exons 11, 14, 18, 24, and
27 of BRCA2 are the most impacted, respectively. Since
the Egyptian population's genetic composition differs from
other populations, we should use our healthy controls as
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a reference for genetic mutations to differentiate between
pathogenic variants causing disease and ethnic -related vari-
ants. Our ethnic-related variants are closer to South Asian
than African. These discoveries establish the framework for
future cancer care innovations and advancements, foster-
ing a holistic understanding of the genetic and viral factors
influencing CRC development and progression.

Limitations

Expanding the tissue sample size among CRC patients is
necessary to confirm the potential correlation between HPV
infection and BRCA I/2 mutations. Furthermore, investigat-
ing other DNA damage repair genes (DDR) could uncover
possible correlations with HPV infection in CRC patients.
Additionally, augmenting the blood sample size of CRC
patients is recommended to validate our findings related to
the novel PVs identified within BRCA1/2 genes.

Recommendation and future prospective

We suggest employing High-Resolution Melting Curve
(HRM) real-time PCR as an affordable method to validate
the extremely frequent pathogenic BRCA 1/2 mutations in
the most impacted exons in the blood of Egyptian CRC
patients and their families as a non-invasive sample for can-
cer screening. Moreover, sequencing of HPV-positive cases
is highly recommended to identify the genotypes associated
with CRC patients in Egypt. Additionally, survival analysis
and its correlation with BRCA1/2 PVs and HPV infection
are essential to elucidate its role as a prognostic factor and
develop a personalized treatment (Platinum-based drugs)
that efficiently targets BRCA 1/2 mutations. Further research
is needed to fully understand these findings' clinical impli-
cations and determine the optimal course of treatment for
individuals with BRCA /2 mutations.
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