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Novel somatic mutations of PIK3CA in patients
with colorectal cancer
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Abstract. Colorectal cancer (CRC) is a heterogenous disease
with varying genetic and epigenetic backgrounds. The phos-
phatidylinositol-4,5-bisphosphate 3-kinase catalytic subunit
alpha (PIK3CA) gene encodes for the catalytic subunit pl110a
of phosphatidylinositol 3-kinase (PI3K). Determining the
frequency of PIK3CA mutations in CRC in different populations
may enhance the current understanding of the pathogenicity
of CRC and may aid in the prognosis of affected patients.
The present study included 71 male and female patients with
clinically confirmed CRC (58 colon cancer cases and 13 rectal
cancer cases). Mutations in exon 9 and 20 of the PIK3CA gene
were identified using Sanger capillary sequencing. A total
of 6 patients carried mutations in either exon 9 or 20 of the
PIK3CA gene. The majority of the colon tumors (83.3%) with
the PIK3CA mutation presented at an advanced stage of the
disease and the mutations were found more frequently among
women (66.6%). All missense mutations (ES45A and L1001V)
and novel mutations (two) were only observed in the samples
from female patients. The two novel PIK3CA gene mutations
that were identified in the present study are a missense muta-
tion leading to a ¢.3001C>G, p.L.1001V amino acid change
and a nonsense mutation c.3153 G>A, W1051Ter leading to
protein termination in exon 20. The patients with these muta-
tions presented with a poor prognosis. The novel mutations
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identified in the kinase domain of PIK3CA may induce the
hyperactivation of the protein in the PI3K pathway, leading to
a poor prognosis. CRC screening is recommended at an early
age (>40 years) for all patients, but particularly for females
who carry these mutations.

Introduction

The incidence of colorectal cancer (CRC), which affects the
colon, large intestine and rectum, is increasing globally, partic-
ularly in developing countries (1). In addition, the incidence
and mortality rates due to CRC are expected to increase in
the coming decades (2). As per global cancer statistics (2020),
the incidence of CRC (in males and females) was 10%, the
third highest after breast and lung cancers. From a mortality
perspective, CRC is the second leading cause of cancer-related
death (9.4%) (3). According to the 2018 Cancer Incidence
Report, the most common cancers among Saudi nationals
were breast cancer (17.9%) and CRC (12.2%). In CRC, the
occurrence of colon cancer (males, 60.2%; females, 64.9%) is
higher than that of rectal cancer (4). A report by the World
Health Organization, stated that the incidence and mortality
rates associated with CRC in Saudi Arabia were estimated to
be 14.6 and 15.2%, respectively (5).

The first line of defense in the standard treatment plan for
the CRC is surgery, along with chemotherapy and radiotherapy
as adjuvant and neoadjuvant settings to reduce the tumor mass
and stabilize the tumor (6). However, 25% of CRC cases are
not manifested until the advanced stages of the disease. In such
instances, surgical treatment alone may not result in a positive
prognosis and may lead to death (7). Notably, targeted therapy
in the form of immunotherapy enhances the overall survival
rate of patients with CRC. Several pathways and checkpoints
have been identified, and targeted agents have been devel-
oped against specific pathways or proteins to control disease
progression. The Food and Drug Administration has approved
agents to target specific proteins, such as vascular endothelial
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growth factor receptor, epidermal growth factor receptor
(EGFR) and programmed cell death protein 1 (8).

It has been well established that genetic and environmental
factors increase the risk of developing CRC. However, patients
with Crohn's disease and ulcerative colitis are at a greater risk of
developing CRC, which increases with age (9). Several studies
have demonstrated that chronic inflammation, family history,
lifestyle factors (such as a sedentary lifestyle, regular alcohol
consumption and smoking) and diet (such as the frequent
consumption of red meat and processed meats) are major
risk factors for the development of CRC (10). CRC is geneti-
cally diverse, involving various pathways and mechanisms
in its development. CRC cells consist of several mutations
and different gene expression profiles (11). Several genomic
aberrations, such as genetic mutations in the BRAF, NRAS
and KRAS genes, are associated with resistance to treatment
with EGFR antibody. This phenomenon has raised the issue
of selecting suitable agents in the treatment of metastatic
CRC (12). Several CRC studies have reported genetic altera-
tions in the genes of various pathways, including p53, TGF-f,
WNT-B-catenin, EGFR, MAPK and phosphatidylinositol 3
kinase (PI3K)/Akt (13-18).

Previous research has demonstrated the association between
genetic mutation profiles and the prognosis of patients with
CRC (19). In CRC, the phosphatidylinositol-4,5-bisphosphate
3-kinase catalytic subunit alpha (PIK3CA), KRAS and BRAF
genes may be of prognostic significance (20,21). The PI3SKCA
gene encodes for pl10a, a catalytic subunit of PI3K. PI3K
functions as a phosphorylating agent for downstream signaling
molecules, which play a key role in the pathogenesis of several
types of cancer, including CRC, by regulating cell growth
and proliferation via the Akt-mTOR signaling pathway (21).
PIK3CA mutations are observed in various human cancers,
including breast, head and neck squamous cell carcinoma,
colorectal, endometrial, brain, ovarian, lung, thyroid and
cervical cancers, with varying frequencies (22-24). However,
additional studies are required to explore the somatic muta-
tions of the genes involved in the development of CRC,
including PIK3CA, and their association with the pathogenesis
of CRC and the prognosis of affected patients. An in-depth
understanding of the gene mutation profiles in these pathways,
the association of these pathways with CRC development
and the identification of patient suitability for the different
treatment options are all required in this era of personalized
medicine. Hence, in the present study, the mutational spectrum
in the PIK3CA gene (exons 9 and 20) in the PI3K pathway
was investigated to assess the frequency of somatic mutations
and their association with clinicopathological parameters in a
cohort of patients with CRC.

Patients and methods

Patientsamples. Atotal of 71 formalin-fixed paraffin-embedded
(FFPE) tissue samples collected at the King Fahd Hospital of
the University (KFHU; Al Khobar, Saudi Arabia) were used in
the present study. All the samples were obtained from patients
who had received a confirmed diagnosis of CRC (by histo-
logical analysis). The inclusion criteria included the following:
i) A confirmed diagnosis of CRC with >70% tumor cells in
the FFPE block; ii) the absence of a family history of cancer;

and iii) an age >18 years. Samples with <70% tumor content
in the FFPE block were excluded from the study. Tumor
cell percentage was calculated using hematoxylin and eosin
staining (this staining was performed at the hospital labora-
tory as a routine procedure on paraffin-embedded tissues).
The present study received Institutional review board approval
from Imam Abdulrahman Bin Faisal University, Dammam,
Saudi Arabia (approval no. IRB-2019-01-378). All the samples
were anonymized to protect patient confidentiality and clinical
and therapeutic data were collected from the hospital labora-
tory information system in a predesigned format. Written
informed consent was obtained from all patients.

DNA isolation and quantification. Paraffin-embedded sections
(20-pm-thick) were prepared from the respective FFPE tissues
using a microtome. A total of two sections were used for
genomic DNA extraction using the QLTAMP DNA FFPE Tissue
kit (Qiagen GmbH). Briefly, the procedure included the depa-
raffinization of paraffin-embedded sections by the addition of
xylene (Merck KGaA) followed by centrifugation at 19,283 x g
for 2 min at 25°C to remove the supernatant. Absolute ethanol
(Merck KGaA) was added to the pellet and centrifuged at
19,283 x g for 2 min at 25°C to remove the supernatant and
the residual ethanol was dried. For the pellet, tissue lysis
buffer and proteinase K was added and incubated at 56°C until
complete sample lysis, followed by incubation at 90°C for 1 h.
Another lysis buffer along with absolute ethanol was added to
the existing lysate and the solution was transferred to a QIAmp
minielute spin column (Qiagen GmbH) and centrifuged at
6,297 x g for 1 min at 25°C, followed by two washing steps
with wash buffer 1 and 2. Finally, an elution buffer was added
to the QIAmp minielute spin column to obtain DNA.

The quantity and purity of the isolated DNA was exam-
ined using a Nanodrop spectrophotometer (Thermo Fisher
Scientific, Inc.). The absorbance at 260 nm was determined
to calculate the concentration and purity at a 260/280 ratio.
The mean DNA yield was 137.62+85.75 ng/ul and the mean
260/280 ratio was 2.03+0.16.

Capillary sequencing. A total of 100 ng DNA was used to
amplify the PIK3CA exons 9 and 20 in separate tubes using
primers (25) and 2X Phusion U Green Multiplex PCR Master
Mix (Thermo Fisher Scientific, Inc.). The master mix was
subjected to PCR using an annealing temperature of 54°C. The
resulting PCR amplicons for exon 9 (195 bp) and 20 (338 bp)
were confirmed by 2% agarose gel electrophoresis.

The same PCR product was purified using the ExoSAP-IT
express PCR product cleanup kit (cat. no. 75001.200.UL;
Thermo Fisher Scientific, Inc.) followed by sequencing PCR
using forward or reverse primers and BigDye terminator v3.1
cycle sequencing master mix (Thermo Fisher Scientific, Inc.).
PGEM DNA was used as the control for the sanger sequencing
reaction. The product was purified using BigDye X Terminator
purification kit (Thermo Fisher Scientific, Inc.). The puri-
fied product was subjected to capillary electrophoresis using
Quantstudio sequencer (Thermo Fisher Scientific, Inc.).
Primary analysis and quality control of the output sequence
was performed using sequence analysis software (Thermo
Fisher Scientific, Inc.). Secondary analysis to compare the
DNA sequence with the reference PIK3CA exon 9 and 20 DNA
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Table I. Demographics of the patients in the present study.
Parameter Colon cancer Rectal cancer P-value
Cases, n (%) 58 (100) 13 (100) NA
Sex M: F),n (%) 25 (43.1):33 (56.9) 6 (46.15):7 (53.85) 0.841
Age at diagnosis, years (mean + SD) 55.24+12.48 50.69+£13.19 0.243
PIK3CA mutation 6 (10.34) 0 0.584
Tumor type, n (%) NA NA
Cecum cancer 3(5.2)
Rectosigmoid cancer 7(12)
Sigmoid cancer 11 (19)
Different parts of colon 37 (63.8)
Tumor grade, n (%) 0.160
Well-differentiated (grade 1) 28 (48.27) 3(23)
Moderately differentiated (grade 2) 23 (39.65) 9 (69.23)
Poorly differentiated (grade 3) 7(12.08) 1(7.69)
Tumor stage, n (%) 0.0007
Stage I 3(5.17) 5(38.5)
Stage 11 24 (41.37) 8 (61.5)
Stage III 17 (29.31) 0
Stage IV 14 (24.13) 0 ()
Hospital, n (%) NA
KFHU 41 (70.6) 2 (15.38)
Other 17 (294) 11 (84.62)
Treatment strategy (only KFHU) 0.999
Surgical resection 20 (48.7) 1(50)
Surgical resection and
chemotherapy/radiotherapy 21(51.2) 1 (50)
Recurrence at 5 years 13 (33.33) No Data NA

PIK3CA, phosphatidylinositol-4,5-bisphosphate 3-kinase catalytic subunit alpha.

sequence (NM_006218.4) was achieved by CodonCode
aligner software, version 10.0.2 (CodonCode Corporation).
Finally, two novel mutation sequence data were submitted to a
data repository of the NCBI GenBank with accession numbers
PQ785769 and PQ785770.

Statistical analysis. All data, including demographic, histolog-
ical, clinical, therapeutic and mutation details were organized
in MS excel format. The statistical analysis was carried out
using SPSS version 22 (IBM Corp.). The Kolmogorov-Smirnov
test was used to determine the normality of the data, which
revealed a normal distribution. For categorical data, the
Chi-squared test and Fisher's exact test were used and for
continuous variable data, the Student's t-test was used. A value
of P<0.05 was considered to indicate a statistically significant
difference.

Results
Demographic data. Among the 71 tissue samples collected,

58 samples were from patients with colon cancer, and 5.2% of
the cases were cecum cancer, 12% were rectosigmoid cancer,

19% were sigmoid cancer, and the remaining cases were from
different parts of the colon. The remaining 13 tissue samples
were from patients with rectal cancer. The diagnosis was
confirmed using the hematoxylin and eosin staining technique.
The overall frequency for colon (43.1%) and rectal (46.1%)
cancer was lower among males. In rectal cancer, the overall
mean age at diagnosis was 50.69 years and stratification based
on sex revealed 53.17 and 48.57 years in male and female
patients, respectively. Similarly, the overall mean age at diag-
nosis among the patients with colon cancer was 55.24 years.
The mean age at diagnosis of the male and female patients
with colon cancer was 58.68 and 52.64 years, respectively. The
patient demographics are presented in Table I.

Tumor classification. Tumor stage was classified based on the
tumor, node and metastasis staging system, which is calculated
by assessing the tumor size and growth, number of regional
lymph nodes involved and metastasis. Tumor grade is iden-
tified based on the morphology of the tumor by comparing
healthy and malignant cells under the microscope. In the
colon cancer group, well-differentiated tumors were found in
48.27% of the cases, followed by moderately differentiated
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Table II. Exon 9 and 20 mutation details, clinical and histopathological details in colon cancer cases.

PIK3CA Type of Nucleotide Amino acid Age at diagnosis
exon mutation change change (years) Sex Grade Stage Recurrence
9 Missense c.1634 A>C E545A 64 Female 2 I No
mutation
20 Silent c.3063 C>T Y1021Y 83 Male 1 I No
mutation c.3063 C>T Y1021Y 55 Male 1 I No
¢.3063 C>T Y1021Y 52 Female 2 I No
c.3063 C>T Y1021Y 41 Female 2 v Yes
c3075 C>T T1025T
c.3204 C>T N1068N
Missense c.3001 C>G L1001V 57 Female 2 v Yes
mutation®
Nonsense c3153 G>A W1051Ter
mutation®

“Novel mutations; PIK3CA, phosphatidylinositol-4,5-bisphosphate 3-kinase catalytic subunit alpha.

tumors (39.65%) and poorly differentiated tumors (12%).
However, the majority of the tumors in the rectal cancer group
were moderately differentiated tumors (69.23%), followed by
23% of the tumors being well-differentiated and only 7.69%
of the cases exhibiting poorly differentiated tumors. The
cancer stages revealed that the majority of the tumors in the
colon cancer group were stage II tumors (41.37%), followed
by stage III tumors (29.31%), stage IV tumors (24.13%) and
stage I tumors (5.17%). In the rectal cancer group, the highest
percentage of tumors (61.5%) were observed in stage I and the
remaining (38.4%) cases were in stage 1. There were no cases
observed in the rectal cancer group with stage III and stage IV
disease (Table I).

Regional lymph node involvement was observed in only
the colon cancer cases. An average of 3.6 regional lymph nodes
were involved in patients with stage III and stage IV tumors.
However, in the rectal cancer cases, there was no involvement
of the regional lymph nodes as all the cases presented with
stage I and stage II disease.

Treatment and follow-up. Out of the 58 colon cancer cases,
70.6% of the patients underwent treatment at KFHU and the
remaining cases were diagnosed at KFHU, but treated at
other hospitals. Hence, the therapeutic and follow-up data for
the patients treated outside KFHU was not obtained. Among
the 70.6% of the cases of colon cancer, 48.7% of the patients
underwent surgical resection alone and the remaining 51.2%
of the patients underwent surgical resection followed by
chemotherapy. Out of the 13 rectal cancer cases, only 15.38%
of the cases were treated at KFHU and the remaining patients
were referred to King Fahd Specialist Hospital, Dammam,
Saudi Arabia, which is the major center for cancer treatment
in the Eastern Province of Saudi Arabia. Of the rectal cancer
cases who were treated at KFHU, 50% underwent surgical
resection and 50% were treated by surgical resection followed
by chemotherapy and radiotherapy. In the colon cancer cases,
67.24% were followed up after treatment. Among these

patients, recurrence within 5 years was observed in 33.33%
of the cases. The majority of follow-up data from the rectal
cancer group were not available as the patients were treated at
another center.

PIK3CA mutation. PIK3CA exon 9 and 20 genes were amplified
by Sanger Sequencing to determine the known and unknown
mutations. From the entire cohort, including mutation analysis
of colon and rectal tumors, it was revealed that 6 patients
(8.4%) had mutations in either exon 9 or 20. These mutations
were observed only in colon cancer tumors (10.3%) with no
mutations in rectal cancer tumors. A total of six different types
of mutations were identified, with one mutation in exon 9 and
the remaining five mutations in exon 20 (Table II and Fig. 1).
Out of the total mutations, 50% of the mutations were silent
mutations, followed by missense and nonsense mutations
(33.3 and 16.6%, respectively). Only one silent mutation was
observed in the 4 patients with colon cancer. Mutation status
comparison with tumor grade and stage revealed that 66.6% of
the mutations were observed in grade II tumors and 50% of the
mutations were observed in stage I1I tumors.

Exon 9 mutation c. 1634A>C was identified in a patient
with colon cancer with the primary tumor located in the
cecum. This mutation was not observed in the rectal group of
tumors. This was a missense mutation leading to an amino acid
change at codon 545 from glutamic acid to alanine (E545K).
The other hotspot mutations, such as c.1624G>A (E542K) and
¢.1633G>A (E545K) in exon 9 were absent in the cohort.

Exon 20 mutations were observed in five patients, with
the silent mutation ¢.3063C>T observed in 4 patients who all
presented with colon cancer. One patient had the silent mutation
¢.3063C>T along with two other silent mutations (c.3075C>T
and ¢.3204C>T). The missense mutation ¢. 3001C>G, which
was also observed in a patient with colon cancer, leading to
an amino acid change at codon 1001 from leucine to valine
(L1001V). In the same patient, downstream of the missense
mutation, a nonsense mutation (c.3153G>A) was observed,
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Figure 1. Representative electropherograms of PIK3CA exon 9 and 20 mutations identified in the cohort. Nucleotide change (amino acid change): (A) c.1634
A>C (E545A) (B) ¢.3063 C>T (Y1021Y) (C) ¢.3075 C>T (T1025T) (D) ¢.3153 G>A (W1051Ter) (E) ¢.3204 C>T (N1068N) (F) ¢.3001 C>G (L1001V).

which created a termination codon sequence at codon 1051
from tryptophan amino acid (W1051Ter). The two mutations,
L1001V and W1051Ter, were novel mutations and have not been
previously reported. The PIK3CA mutation rate was observed
more frequently in female patients (66.6%) compared with male
patients and the missense mutations were seen only in female
patients. The mutation comparison with the prognosis data
revealed four patients (66.6%) who had no recurrence of the

disease with two patients (33.3%) having a recurrence. The 2
patients who had a recurrence presented with multiple mutations
including silent, missense and nonsense mutations.

Discussion

CRC represents the third most common type of cancer globally
and in Saudi Arabia it is ranked second following breast
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cancer. Universally, among CRC subtypes, colon cancers
are the most predominant (60.2%) followed by rectal cancer
(39.8%). A similar trend has been observed in Saudi Arabia,
with colon and rectal cancers (61 and 39%, respectively) (3.4).
However, in the present study, 81.7% of the patients had colon
cancer and the remaining had rectal cancer. It was hypoth-
esized that this discrepancy may be due to the single center
approach for sample collection and the fact that the majority of
the patients were from the Eastern Province of Saudi Arabia.
The age range at diagnosis for the majority of male patients
with CRC is between 60-64 years and in female patients
this is 55-59 years (4). The present study observed a similar
pattern in the age range at diagnosis among male (57.61 years)
and female (51.93 years) patients with CRC, indicating that
females present with the disease at an earlier age than males.
The stratified mean age at diagnosis of the patients with colon
cancer (55.24 years) and rectal cancer (50.69 years) was in line
with the Saudi Cancer Incidence Report 2018 (4). As age is
one of the influencing factors for the risk of developing CRC,
the majority of CRC cases are diagnosed after the age of
50 years. Therefore, after the age of 40 years, CRC screening
is recommended.

CRC is typically an asymptomatic disease and when
symptoms such as anemia, rectal bleeding or abdominal pain
manifest, the majority of the patients present at an advanced
stage of the disease (26). In the present study, ~50% of patients
with colon cancer presented at an advanced stage but none of
the patients with rectal cancer presented at an advanced stage.
Several studies have revealed that the incidence of early-onset
CRCisincreasing globally (27,28). Improved survival outcomes
have been noted in patients whose disease was diagnosed in
the early onset of rectal cancer (29). Therefore, patients with
rectal cancer in the present study cohort may have improved
survival rates compared with the patients with colon cancer.
Disease recurrence data within 5 years from the diagnosis
date were available for the cases followed-up at KFHU and the
data revealed that 33.35% of the patients with colon cancer had
disease recurrence. The majority (77%) of the patients with
colon cancer and disease recurrence presented with stage IV
of the disease. Diagnosis at various stages of the disease influ-
ences the treatment options and survival rates. Improvements
in the understanding of the pathophysiology of CRC enables
physicians to select the optimum treatment options and can
increase the survival rate to 3 years (30).

CRC is a heterogenous disease with different genetic and
epigenetic backgrounds. The development of CRC is caused by
an accumulation of somatic mutations in multiple genes and
epigenetic events (31). The PI3K/Akt/mTOR pathway plays a
crucial role in these processes, such as cell growth, cell cycle
progression and survival. In this pathway, PI3K is composed
of a catalytic subunit and a regulatory subunit, and is initially
encoded by the PIK3CA gene. The PIK3CA gene mutations
were observed frequently in several cancers (32,33). The
majority of somatic mutations in PIK3CA are confined to exon
9 and 20 (34). Hence, the present study focused on the hotspot
mutations situated in exon 9 and 20 of the PIK3CA gene in the
CRC cohort. The frequency of PIK3CA somatic mutations in
the CRC cohort were 5.7-32%. Studies with a large CRC sample
size, such as The Cancer Genome Atlas study (11), Dana Farber
Cancer Institute study (35) and The Memorial Sloan Kettering

Cancer Center study (36), reported PIK3CA mutations to be
24.7, 21.3 and 20.8%, respectively (37). Other studies with
smaller sample sizes reported varying mutation rates. For
example, a study conducted in the USA reported a mutation
rate of 32% (38), followed by another USA study with a rate of
18.1% (39), an Indian study with a rate of 5.7% (40), an Italian
study with 8% (41) and a Chinese study with 18.94% (42).

In the present study, the majority of the patients were from
the Eastern Province of Saudi Arabia, and it was observed that
8.4% of these patients presented with the PIK3CA mutation.
These variations among different studies are possibly due
to the difference in the ethnicity of population and different
methodologies used to detect the mutations. PIK3CA mutation
status association with sex revealed mixed results. Of note,
one study reported that the PIK3CA mutation frequency in
colon cancer was higher in female patients (43) and another
study reported there was no association between sex and the
PIK3CA mutation (44). In the present study, the overall CRC
frequency was higher in female patients (66.6%). Among the
patients who presented with the mutation, all the missense and
novel mutations were observed in female patients.

Various studies have found an association between the
PIK3CA mutation status with the clinicopathological parame-
ters, such as disease stage, survival, recurrence and therapeutic
response (45-49). The present study revealed that the majority
(83.3%) of colon tumors with the PIK3CA mutation presented
with an advanced stage of the disease (stage III or IV). These
results are in line with those of another study, which reported
that all PIK3CA mutations were observed in high pathological
stages and poorly differentiated CRC tumors (45). PIK3CA
mutations have been shown to be associated with a poor prog-
nosis of patients with the disease in previous studies (46-48); in
the present study, the patient who presented with the PIK3CA
missense mutation/nonsense mutation had a poor prognosis.
The present study reported on two novel mutations in the
PIK3CA gene, namely one missense mutation leading to an
L1001V amino acid change and a nonsense mutation leading
to termination (W1051Ter). Both of these novel mutations are
situated on exon 20 which is the kinase domain of the protein.
The kinase region mutations help to achieve gain of function
and change the transforming capacity of the tumor (49).

In conclusion, PIK3CA somatic mutations are critical in
understanding the pathogenicity of solid cancers, particularly
CRC. The novel mutations identified in the kinase domain of
PIK3CA may induce the hyperactivation of the protein in the
PI3K pathway leading to poor prognosis. Based on the present
study findings, CRC screening is recommended at an early age
(>40 years) for all patients, but particularly for female patients
who carry these mutations. The majority of the tumors if detected
early may present at a low grade and early stage, and the response
to treatment options in terms of prognosis may be improved.
However, the small sample size of the present study is a limita-
tion to a strong genetic association. Hence, larger sample studies
are warranted to understand the association between PIK3CA
mutations with disease prognosis and therapeutic response.
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