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ARTICLE INFO ABSTRACT

Keywords: Phosphatidylinositol 3-kinases (PI3Ks) are lipid kinases involved in cellular growth and division. Somatic mu-
PIKBC{Q ) tations in one of the PI3K catalytic subunit genes, PIK3CA, are frequently found in numerous malignancies,
E:(l){lzanc mutations including colorectal cancer (CRC). Several PIK3CA inhibitors are approved for the treatment of breast cancer and

Multiplex amplification lymphoma. Activating mutations in PIK3CA tend to occur in exons 9 and 20, with mutations in other exons 1, 4,
Allele-specific PCR and 7 being less common. Most test systems for PIK3CA mutation screening are designed to detect mutations in
ARMS exons 9 and 20, leaving exons 1-7 overlooked. We have developed a multiplex AS-PCR to screen for PIK3CA
mutations in exons 1, 4, 7, 9, and 20. Validation was performed on 515 CRC samples of patients from Siberia and
the Far East of Russia. The assay sensitivity was 0.05-0.5% of mutant DNA, and the overall PIK3CA mutation
frequency was 13.01%, with 9.32% of mutations in exon 9, 1.94% in exon 20, and 1.74% in exons 1-7. The assay
designed is suitable for the analysis of activating PIK3CA mutations in formalin-fixed paraffin-embedded tissue
samples. The present work is the first study characterizing the PIK3CA mutation frequency in CRC patients from

the eastern part of Russia.

1. Introduction

Colorectal cancer (CRC) is the third most common and second most
deadly malignancy worldwide, with over 1.9 million new cases and
935,000 deaths in 2020 [1]. CRC is defined as a group of malignancies
originating from epithelial cells of various parts of the large intestine.
Despite a 9-fold difference in the CRC incidence rate between world re-
gions, a steady increase in CRC cases has been registered in Eastern
Europe, South Eastern and South Central Asia, and South America. In
addition, the number of early-onset CRC cases (age at diagnosis <50
years) is increasing in many countries, including the developed ones.

Molecular markers of CRC that can predict response to a target
therapy or treatment regimen are known as predictive biomarkers [2].
Among the predictive biomarkers recommended by ASCP (American
Society for Clinical Pathology) guidelines, activating mutations in KRAS,
NRAS, and BRAF genes in the EGFR signaling pathway and the deficiency
status of DNA mismatch repair are routinely screened in clinical practice.
However, other components of the EGFR signaling pathway, such as
PIK3CA and PTEN, could also affect the response of CRC to anti-EGFR
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antibody therapy and first-line chemotherapy [3, 4, 5, 6]. However,
the data on the effect of PIK3CA mutations on target therapy are still
inconsistent [7, 8].

Phosphatidylinositol 3-kinases (PI3Ks) are heterodimeric lipid ki-
nases that phosphorylate phosphatidylinositol and participate in
signaling pathways essential for cell proliferation, adhesion, survival,
and motility [9]. PIK3s are known to be involved in the molecular
pathogenesis of CRC [10]. PIK3 heterodimers consist of a regulatory and
a catalytic subunit encoded by several genes: PIK3R1, PIK3R2, and
PIK3R3—isoforms of p85 regulatory subunit, and PIK3CA, PIK3CB, and
PIK3CD—p110a, p110p, pl10y catalytic subunits, respectively [11].
Somatic mutations activating PI3Ks are most frequent in the PIK3CA gene
[12], occurring in around 36% of breast cancer [13] and 13-25% of CRC
cases [14, 15]. The most common mutation hotspots are exon 9, protein
helical domain (codons 542, 545), and exon 20, protein kinase domain
(codon 1047). Mutations in the helical domain disrupt interaction with
the regulatory subunit [16], while mutations in the kinase domain
facilitate interactions with membranes, bypassing the need for associa-
tion with RAS protein [17]. Mutated PIK3CA has become a target for
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several specific drugs that inhibit the activated PIK3CA protein, such as
FDA-approved alpelisib [18] for breast cancer and idelalisib [19] for
lymphoma treatment.

To date, several methods have been developed for somatic mutation
testing, such as allele-specific PCR (AS-PCR) [20, 21], allele-specific
LAMP (AS-LAMP) [22], next-generation sequencing (NGS) [23, 24],
digital PCR [25], PCR-restriction fragment length polymorphism analysis
(PCR-RFLP) [26], primer extension assay (SNaPshot) [27], and variations
of the mentioned methods. The most popular approach in routine clinical
practice is real-time AS-PCR. This relatively fast, simple, and low-cost
technique allows mutations to be screened in standard diagnostic labo-
ratories. Numerous test systems have been developed and approved for
testing activating PIK3CA mutations. Despite being relatively straight-
forward, the method has caused several concerns. Formalin-fixed paraf-
fin-embedded (FFPE) tissues are the main source of DNA for the
screening. While preserving DNA for a prolonged time, the process of
FFPE preparation leads to DNA degradation and multiple chemical
modifications. DNA purified from FFPE tissues is fragmented into short
stretches with numerous modifications of sugar-phosphate backbone and
nucleobases [28]. Chemical modifications result in pauses of DNA po-
lymerase during amplification, while the short length of template frag-
ments limits the length of amplicons. All these factors reduce the PCR
efficiency of FFPE-derived DNA.

The overall amount of template DNA from FFPE is limited, limiting
the number of available molecular tests. Given the above, multiplex PCR
is one possible solution to overcome the issues related to the analysis of
FFPE DNA. Multiplex PCR simultaneously amplifies several DNA targets
in a single tube, allowing multiple mutations to be detected simulta-
neously. Thus, not only does this method provide valuable DNA samples,
but it also can save personnel and machine time. The most common
approach to amplify more than one target in a single reaction is to use
hydrolyzing probes (e.g., TagMan probes). However, several other
techniques have been introduced: high-resolution melting (HRM) [29],
fluorescent melting curve analysis (FMCA) [30], molecular beacons [31],
and others.

Multiplex PCR has posed several issues, including primer interfer-
ence, reduced amplification efficiency, and decreased mutation detection
sensitivity [32]. Thus, primers can form energetically favorable hetero-
dimers, which may deplete the overall primer pool and concur with
intended amplicons for DNA polymerases, reducing the amplification
rate. The intended amplicons could also have drastically different
amplification efficiencies, provided that one of the amplicons accumu-
lates faster and inhibits the amplification of other targets. Thus, it is
necessary to accurately optimize assay parameters, with primer con-
centration being the main variable to solve the problems arising from
using multiple primer sets in the same reaction. Altering the primer
concentration affects the amplification efficacy directly and ensures
uniform amplification rates of different targets, preventing possible in-
hibition and decreasing overall analysis sensitivity.

Numerous multiplex PCR test systems have been designed to screen
for the activating somatic mutation in the PIK3CA gene. Most of them are
intended to detect the frequent mutations in exons 9 and 20, leaving
aside less abundant mutations in exons 1, 4, and 7. In breast cancer,
mutations in exons 1-7 were reported to account for up to 11% of
mutated samples or 4.25% of all tested specimens [13]. The frequency of
the additional PIK3CA mutation in CRC remains almost unstudied [24],
affecting the overall understanding of PIK3CA mutations in CRC patho-
genesis and treatment. It should be mentioned that the mutational
spectrum of the PIK3CA gene in several groups of patients with CRC is
virtually unknown. Thus, there are no data on PIK3CA mutations in pa-
tients with CRC from Siberia and the Far East, while the other regions of
the Russian Federation have been studied scarcely [33, 34, 35].

In the present work, a multiplex qPCR approach has been developed
to test the most common mutations of PIK3CA in CRC samples by opti-
mizing the assay conditions (AS-primers types and concentrations,
elongations temperatures). The multiplex qPCR was intended to evaluate
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PIK3CA mutation frequencies in patients with CRC from Siberia and the
Far East of Russia, previously unstudied on the matter.

2. Materials and methods
2.1. Clinical samples and DNA extraction

DNA was extracted from FFPE tumor tissue sections using QIAamp
DNA FFPE Tissue Kit (Qiagen, Hilden, Germany) following the manu-
facturer's protocol. FFPE sections were obtained from 515 colorectal
cancer patients operated on in 14 regional cancer centers across the Si-
berian and the Far Eastern Federal Districts of Russia. The study was
conducted according to the guidelines of the Declaration of Helsinki and
was approved by the Local Medical Ethical Committee of ICBFM SB RAS
(N1 meeting, January 11, 2022). Written informed consent was obtained
from all subjects involved in the study. Detailed information about the
study group is provided in Table 1.

2.2. Detection of common KRAS gene mutations

Common KRAS mutations were analyzed using the therascreen KRAS
RGQ PCR Kit, Version 1 (Qiagen, Hilden, Germany), according to the
manufacturer's instructions. The amplification procedure was conducted
using CFX96 Thermal Cycler (Bio-Rad, Hercules, CA, USA).

2.3. Detection of PIK3CA mutations

PIK3CA mutation analysis was performed using an in-house allele-
specific qQPCR assay with hydrolyzing probes (TagMan). Reactions were
performed in 20 pL volume containing 65 mM Tris-HCI, pH 8.9, 24 mM
(NH4)2S04, 0.05% Tween-20, 3 mM MgSO4, 0.2 mM dNTPs, 300 nM
primers, 100 nM hydrolyzing probe (Table 2) and 1 U of Tag-polymerase.

Table 1. Descriptive characteristics of patients with colorectal cancer (N = 515)
and the prevalence of KRAS mutations.

Parameter Value Percent
Women, number of patients 294 57.1
Men, number of patients 221 42.9
Age, years, median (lower quartile, upper quartile) 59 (53, 65)
T*, number of patients T1: 8 1.55
T2: 52 10.10
T3: 159 30.9
T4: 289 56.1
Tx: 7 1.4
N*, number of patients NO: 181 35.2
N1:173 33.6
N2: 100 19.4
N3: 4 0.8
Nx: 57 11.1
M*, number of patients MO: 294 57.1
M1: 198 38.4
Mx: 24 4.7
KRAS mutations, number of patients 167 32.43
G12A, number of patients 16 3.11
G12C, number of patients 13 2.52
G12D, number of patients 61 11.84
G12R, number of patients 1 0.19
G12V, number of patients 58 11.26
G13D, number of patients 18 3.50
WT, number of patients 348 67.57

" - staging according to the TNM classification of malignant tumors (7th edi-
tion). T, size, and extent of the primary tumor; N, degree of spread to regional
lymph nodes; M, presence of distant metastasis, number of patients.
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Table 2. List of oligonucleotide primers and probes.

Primer 5'-Sequence-3’

Lac-U CGTCGTTTGGTATGGCTTCATTC

Lac-R AGGACCGAAGGAGCTAACCG

Lac-P HEX-CGGTTCCCAACGATCAAGGCGAG-BHQ2
ALB-F GACTTGCCAAGACATATGAAACC

ALB-R TCCAACAATAAACCTACCACTTTG

ALB-P ROX-TGCTGTGCCGCTGCAGATCC-BHQ2
R88Q-U TTCTTACATTTTCGTAAGTGTTACTCAAG
R88Q-R GAAAAAGCCGAAGGTCACAAAATT

R88Q-P ROX-AGCAGAAAGGGAAGAATTTTTTGATGAAAC-BHQ2
N345K-U CCTTTGGGTTATAAATAGTCCACTCAGAA
N345K-P FAM-AAAAATTCTTTGTGCAACCTACGTGA-BHQ
N345K-R GACTTTACCTTATCAATGTCTCGAATATTTCCT
C420R-U AAGTGTTTTGAAATGTGTTTTATAATTTAG
C420R-R TATTTCCCCATGCCAATGGTCG

C420R-P HEX-CTAGTGAATATTTTTCTTTGTTTTTTAAGGAAC-BHQ
E542-F GGAAAATGACAAAGAACAGCTCA

E542K-P FAM-CAATTTCTACACGAGATCCTCTCTC-BHQ1
E542K-1 CTTTCTCCTGCTCAGTGATTTT

E542K-2 CTTTCTCCTGCTCAGTGATTCT

E542K-3 CTTTCTCCTGCTCAGTGAATCT

E545K-1 CATAGAAAATCTTTCTCCTGCTT

E545K-2 CCATAGAAAATCTTTCTCCTGCCT

E545K-3 CCATAGAAAATCTTTCTCCTCCCT

Q546K-R TGACTCCATAGAAAATCTTTCTCCCT

Ex20-F1 CTGAGCAAGAGGCTTTGGAGTA

Ex20-P1 HEX-TCATGAAACAAATGAATGATGCA-BHQ2
H1047R-R TGTTGTCCAGCCACCATGTC

M1043I-R CTTTGGAGTATTTCATGAAACAAACT
PIC-1047L TTGTTGTCCAGCCACCATGGA

H1047Y-R TCATGAAACAAATGAATGATGCCT

Ex20-F2 CATGCTGTTTAATTGTGTGGAAG

Ex20-P2 HEX-TGGCTGGACAACAAAAATGG-BHQ2

Amplification was carried out in CFX96 Real-Time PCR Detection System
(Bio-Rad, Hercules, CA, USA), according to the following program: 95 °C
for 3 min followed by 45 cycles of 95 °C for 10 s, and 60 °C for 40 s with
fluorescent signals collected on FAM, HEX, and ROX channels, unless
otherwise indicated. The data obtained were analyzed with CFX Manager
software (Bio-Rad, Hercules, CA, USA).

2.4. Positive controls

Plasmids carrying PIK3CA and ALB gene fragments served as positive
controls and were used to assess method sensitivity. For the PIK3CA gene,
plasmids carried either wild-type or mutated fragments of exons 1, 4, 7,
9, 20. All control plasmids used in this study were made in Shanghai
RealGene Bio-tech, Inc. (Shanghai, China), purified, sequenced (SB RAS
Genomics Core Facility, ICBFM SB RAS, Novosibirsk, Russia), and
quantified using NanoDrop Lite A4 spectrophotometer (Thermo Fisher
Scientific, Waltham, MA USA).

2.5. Droplet digital PCR

The ddPCR was performed using the QX100 system (Bio-Rad, Her-
cules, CA, USA) according to the manufacturer's recommendations. The
reaction mixture in a volume of 20 pL contained 1x ddPCR master mix
(Bio-Rad, USA), 0.9 uM Lac-U/R primers, 0.25 uM Lac-P probe (Table 2),
and approximately 10*-10% copies of the tested plasmid standard. The
entire reaction mixtures with 70 pL of droplet generation oil (Bio-Rad,
Hercules, CA, USA) were loaded into a disposable plastic cartridge (Bio-
Rad, Hercules, CA, USA) and placed in the droplet generator. After
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processing, the droplets obtained from each sample were transferred to a
96-well PCR plate (Eppendorf, Hamburg, Germany). The amplification
was carried out using TI00TM Thermal Cycler (Bio-Rad, Hercules, CA,
USA) according to the program: DNA polymerase activation at 95 °C for
10 min followed by 45 cycles of PCR amplification (94 °C for 30 s and 57
°C for 60 s), and 98 °C for 10 min, 2 °C/s ramp rate at all steps. After the
PCR, the droplets were counted with the QX100 Droplet Reader. The data
obtained were analyzed with QuantaSoft software (Bio-Rad, Hercules,
CA, USA).

3. Results
3.1. Mutation selection and control sample preparation

In the present work, we have designed an approach to detect several
common activating mutations in the PIK3CA gene based on multiplex
allele-specific quantitative PCR (Figure 1). Together with the most
frequent activating mutations E542K, E545K, H1047L, and H1047R,
several additional mutations were selected for screening based on their
frequency in previously published studies and confirmed functional sig-
nificance [36]. Using the criteria mentioned above, mutations R88Q
[371, N345K [37], C420R [38], Q546K [3], M1043I [39], H1047Y [38]
(Table 3) were tested in the present study, as they were previously
identified in samples from patients with CRC. A mutation E545A [40],
characterized as activating, was discarded from the present study, as it
was detected in the PIK3CA pseudogene [41].

A set of plasmids was constructed based on the pBlueScript II SK (+)
vector and 200 bp fragments of the PIK3CA gene as control samples for
evaluating the multiplex qPCR efficiency. The control plasmids harbored
fragments with one of the PIK3CA mutations selected for screening and
partial wild-type sequences of the respective PIK3CA exons. All standards
were quantified by droplet digital PCR using the QX200 platform (Bio-
Rad, USA), primers, and TagMan probe to detect the p-lactamase gene.

3.2. Optimization of multiplex qPCR assay

3.2.1. Testing allele-specific primers designed by different strategies

Several approaches were used to design allele-specific primers for
multiplex qPCR. Specifically, we compared classical allele-specific
primers with one mismatch, AS-primers designed by a method
described by Li et al. [42] with one additional mismatch at -2 position
from primer's 3’-end, and AS-primers with two additional mismatches at
-2 and -4 position from 3'-end [Figure 2(A, B, C)].

Allele-specific primers designed with different approaches were
tested on the model of E542K and E545K mutations: classical AS-primers
E542K-1, E545K-1; AS-primers with one additional mismatch E542K-2,
E545K-2; AS-primers with two additional mismatches (Table 2). For-
ward primer E542K-R and TagMan probe E542K-P were used as common
primers for all AS-primers.

From this point onward, a set of primers targeting a fragment of the
ALB gene was used to estimate the overall DNA amount in an analyzed
specimen. The ALB gene, with no hereditary chromosomal aberrations
reported, was chosen for this task, making quantification robust. Control
samples prepared using plasmids with fragments of the PIK3CA and ALB
genes were used to assess the PCR efficacy and discrimination ability for
different AS-primers. The concentrations of plasmids were 10° copies/pL
with 5% of mutated DNA or with wild-type DNA only. A cycle of quanti-
fication values (Cq) was used to compare AS-primers: each sample was run
in triplicate, and mean Cq values were computed for further analyses. For
each control sample, the difference (ACq) between Cq with ALB primers
(Cqarp) and Cq for the AS-primers (Cqas) was calculated using Eq. (1):

ACq = Cqas — CqaLs (@9)

The results of the assessment are presented in Table 4. For both
mutations, AS-primers with two additional mismatches demonstrated the



LP. Oscorbin et al.

R88Q, N345K, C420R, h

E542K, E545K, Q546K,
M1043l, H1047L,

H1047R, H1047Y )

classical AS-
primers

AS-primers with
1 mismatch

AS-primers with
2 mismatches

300 nM <j

Selecting optimal
concentration for

<j primers

LT

Heliyon 8 (2022) e11804

0.05-2% of
E:> mutation

Temperature

range of
54-64 °C

Figure 1. Schematic overview of the experimental workflow.

Table 3. Tested somatic mutation in the PIK3CA gene.

Exon Nucleotide Amino Acid COSMIC MutationID
1 ¢.263G>A p-R88Q COSV55874568
4 ¢.1035T>A p-N345K COSV55873276
7 ¢.1258T>C p-C420R COSV55874020
9 c.1624G>A p.E542K COSV55873227
c.1633G>A p-E545K COSV55873239
¢.1636C>A p-Q546K COSV55873527
20 ¢.3129G>T p-M10431 COSV55878974
¢.3139C>T p.-H1047Y COSV55876499
¢.3140A>T p-H1047L COSV55873401
¢.3140A>G p-H1047R COSV55873195

lowest efficacy of amplification and the highest Cq values. At the same
time, the classical AS-primers had the highest PCR efficacy and the lowest
Cq values. However, the classical AS-primers demonstrated the most
inferior discrimination ability between wild-type and mutated DNA due
to the lowest difference between ACq values for wild-type DNA and
mutated DNA. Thus, primers with one additional mismatch were chosen
for further work since they demonstrated a reasonable compromise be-
tween amplification efficacy and discrimination ability. For all other
PIK3CA gene mutations studied here, the approach of Li et al. was applied
with one additional mismatch in AS-primers.

3.2.2. Selecting optimal concentration for primers in multiplex gPCR

After selecting optimal AS-primers, AS-primers and primers for the
control ALB gene fragment were combined in several multiplexes to save
machine time, labor contribution of personnel, and DNA amount of the
specimens analyzed (Table 5).

To increase the efficacy of multiplex PCR, we tested different con-
centrations of AS-primers (300 and 600 nM) with a fixed concentration of
the control ALB primers (300 nM) on the model of ALB/E545K/H1047R
multiplex. The concentrations of control samples were 10* copies/pL
with 2% of mutated DNA or with wild-type DNA only. Cq values were
used to compare AS-primers, each specimen was run in triplicate, and
mean Cq values were computed for further analyses. The results obtained
are presented in Figure 3(A, B).

A direct comparison of different AS-primers concentrations revealed
300 nM and 600 nM AS-primers E545K-2 and H1047R-R to have a
similar amplification efficacy and not interfere with each other. No dif-
ference in Cq or amplitude of end-point fluorescence was noted. AS-

primers were added to a final concentration of 300 nM in other multi-
plexes to reduce the primer's consumption.

3.2.3. Selecting the optimal elongation temperature for multiplex gPCR

To ensure the highest amplification efficacy, we varied the elongation
temperature of PCR with all multiplexes at the range from 54 to 64 °C.
The concentrations of control samples were 10* copies/pL with 100% of
mutated DNA or with wild-type DNA only. Cq values were used to
compare AS-primers, with each specimen run in triplicate, and mean Cq
values were computed for further analyses. The results obtained are
presented in Figure 4.

For all sets of primers and probes analyzed, the optimal temperature
was 60 °C because the lowest Cq and the highest end-point fluorescence
were observed at this temperature. Therefore, all further experiments
were conducted at this temperature.

3.3. Sensitivity assessment of multiplex gPCR assay

The sensitivity of the multiplex qPCR assay developed was defined as
the lowest detectable percent of mutations on the background of wild-
type DNA. The sensitivity of multiplex qPCR was evaluated using con-
trol samples with a variable percentage of each mutation separately,
ranging from 0.05 to 2% of mutated DNA. The overall DNA concentra-
tions of control samples were 10* copies/pL. Cq values were used to
compare AS-primers, each specimen was run in triplicate, and mean Cq
values were computed for further analyses. For each control sample, the
difference (ACq) between Cq with ALB primers (Cqarp) and Cq for the
AS-primers (Cqas) was calculated using Eq. (1).

The results of the assessment are presented in Table 6. The multiplex
qPCR assay designed detected at least 0.05% of N345K, E542K, E545K,
H1047L, and H1047R mutations as the differences between ACq for wild-
type sample and the sample with 0.05% or the respective mutation were
more than 1. For other mutations (R88Q, N345K, C420R, Q546R,
M10431, H1047Y), 0.5% of mutated DNA on the background of wild-type
DNA could be found.

3.4. Testing clinical samples

The multiplex qPCR assay for PIK3CA mutation screening was vali-
dated on clinical samples of FFPE-derived DNA from 515 patients with
colorectal cancer operated on in 14 regional cancer centers across Siberia
and the Far East of Russia. All patients participating in the study signed
informed consent. DNA was extracted from FFPE tumor tissue sections
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Figure 2. Different designs of allele-specific primers. (A) Classical design with one mismatch at 3'-end of allele-specific primer. (B) Additional mismatch at -2 position
from 3'-end of allele-specific primer. (C) Additional mismatches at -2 and -4 position from the 3'-end of allele-specific primer. The mutated nucleotide at the template
is marked by red, the allele-specific nucleotide of the primer—by blue, additional mismatches in the primer—by green.

Table 4. Assessment of different AS-primers design.

Table 5. Multiplexes composition for PIK3CA mutations analysis.

Mutation ~ AS- Cqars. Caas. ACqwr  Cqars- Caas- ACgso,
primer WT WT 5% 5%

E542K E542K-1 22.34 35.73 13.39 22.48 31.88 9.40
E542K-2 22.34 42.88 20.54 22.48 32.40 9192
E542K-3 22.34 N/A* - 22.48 41.13 18.65

E545K E545K-1 22.34 35.18 12.84 22.42 26.54 4.12
E545K-2 22.34 43.54 21.2 22.42 27.06 -
E545K-3 22.34 N/A - 22.42 39.80 17.38

" N/A—no amplification, no Cq value has been obtained.
f no ACq could be calculated.

using QIAamp DNA FFPE Tissue Kit. Common KRAS mutations were
analyzed using the therascreen KRAS RGQ PCR Kit, Version 1. The details
of the study group and the results of KRAS testing are presented in
Table 1.

All FFPE-derived DNA samples from patients with CRC were screened
for the presence of the PIK3CA gene mutations using the multiplex qPCR
assay developed. The results of the testing are presented in Table 7.
According to our results, the most frequent PIK3CA mutations in the CRC
samples studied were mutations E542K and E545K in the exon 9, found
in 7.77% of all patients or 59.7% of all found samples with PIK3CA
mutations. All mutations in exon 9 were found in 9.32% of the samples
studied, accounting for 84.21% of mutated samples. Mutations in the
exon 20 were much less abundant, accounting for 1.94% of CRC samples
or 14.92% of all mutated samples. Mutations in exons 1, 4, and 7 were
found in 0.58% of all samples or 4.48% of mutated samples for each exon.
No correlation was noticed between the PIK3CA status and age, biolog-
ical sex, and mutations in the KRAS gene exon 2. However, a moderate
positive correlation was observed between the KRAS positive status and T
status (correlation coefficient of 0.426).

Multiplex Forward primer Probe Reverse primer
ALB/R88Q/N345K/C420R ALB-F ALB-P ALB-R
R88Q-F R88Q-P R88Q-R
N345K-F N345K-P N345-R
C420-F C420-P C420-R
ALB/E542K/H1047L ALB-F ALB-P ALB-R
E542K-F E542K-R E542K-2
Ex20-F1 Ex20-P1 H1047L-R
ALB/E545K/H1047R ALB-F ALB-P ALB-R
E542K-F E542K-R E545K-2
Ex20-F1 Ex20-P1 H1047R-R
ALB//M1043I ALB-F ALB-P ALB-R
Ex20-F2 Ex20-P2 M1043I-R
ALB/Q546K/H1049Y ALB-F ALB-P ALB-R
E542K-F E542K-R Q546K-R
Ex20-F2 Ex20-P2 H1047Y-R

4. Discussion

After PIK3CA inhibitors, alpelisib [18], and idelalisib [19], were
introduced into clinical practice, PIK3CA testing has become indispens-
able in molecular diagnostics of several malignancies, such as breast
cancer and lymphoma. Numerous test systems have been designed to
detect activating mutations in PIK3CA based on allele-specific PCR,
allele-specific LAMP, high-resolution melting, digital PCR, NGS, and
various modifications of these methods. Most assays designed are
intended to screen for the most frequent mutations in exons 9 and 20 in
PIK3CA. However, activating mutations in other exons of PIK3CA could
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also form a significant fraction of mutated PIK3CA samples, as shown for
breast cancer.

Various AS-PCR-based approaches have been developed to detect the
most common PIK3CA mutations. Thus, Board et al. combined multiplex
AS-PCR and Scorpions primers for an assay suitable for identifying more
than 0.1% of mutant DNA [43]. Alvarez-Garcia et al. designed an
AS-PCR-based assay with internal control and phosphate blocking

primers, detecting 5-10% of E542K, E545K, and H1047R mutations [21].
Patel et al. developed a multiplex assay determining 2 ng of mutant
genomic DNA [44]. Zeng et al. used a PNA-PCR-based assay detecting
0.1-0.2% of mutations in exons 9 and 20 in c¢fDNA from CRC patients
[45]. Among FDA-approved commercial kits, the therascreen PIK3CA
RGQ PCR Kit detects in exons 1-7 only C420R mutation, while cobas
PIK3CA Mutation Test also detects R88Q and N345K mutations.
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Therefore, there is still a need for a simple and robust assay to detect
activating mutations in PIK3CA, as mutations in exons 1-7 are over-
looked. The assay described in the present work is intended to fill this
gap. It allows screening for the most frequent mutations in exons 1-7
along with classical mutations in exons 9 and 20 with a sensitivity of
0.05-0.5%, which is suitable for testing FFPE DNA samples.

It should be noted that the assay developed has several limitations.
Thus, allele-specific PCR is a targeted approach intended to search only
for known mutations while leaving other alterations unnoticed. Thus, AS-
PCR-based tests would miss a measurable fraction of activating muta-
tions. The need for ample DNA for the analysis is another limitation that
arises when the number of assay tubes increases with the number of
mutations to be analyzed. Multiplexing allows the number of AS-PCR
reactions to be reduced. However, there is a tendency for the number
of molecular biomarkers studied to increase, leading to a growing de-
mand for DNA quantity. Another is the AS-PCR sensitivity in the range of
one percent, which is insufficient to screen for somatic mutations in

circulating tumor DNA. Alternative approaches could be applied, such as
NGS to screen for novel mutations or digital PCR to detect mutations with
higher sensitivity. In other words, a suitable method should be applied
for each task according to the specific features of a technique and the
capabilities of the diagnostic laboratory.

The PIK3CA mutation frequency observed in patients with CRC from
Siberia and Far East of Russia is consistent with the previous studies.
Thus, 13% of CRC samples studied were PIK3CA-mutated. Most muta-
tions, 9.32 %, were found in exon 9, while only 1.94% were found in
exon 20, with a ratio of mutations in exon 9 and 20 equal to 5:1 [6, 10,
14, 15, 24]. Mutations E542K, E545K, and H1047R were found to be the
most frequent. Surprisingly, mutations R88Q, N345K, and C420R in
exons 1-4 comprised 1.74% of all samples studied, almost the same as in
exon 20, which is similar to a fraction of mutations in exons 1-7 in breast
cancer [13]. These findings indicate the presence of a sizeable PIK3CA
mutation fraction in CRC patients that was unaccounted for previously. It
should be noted that despite different genetic backgrounds and mixed
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Table 6. Sensitivity of multiplex qPCR assay for different mutations.

Mutation Mutation % Cqars Caas ACq Mutation Mutation % Cqars Caas ACq
R88Q 0.05 26.54 31.24 4.70 N345K 0.05 26.65 34.01 7.36
0.5 26.97 30.78 3.81 0.5 26.85 33.18 6.33
1 26.93 29.84 291 1 26.36 32.68 6.32
2 27.05 29.06 2.01 2 26.17 31.45 5.28
WT 26.60 31.88 5.28 WT 26.11 35.59 9.48
C420R 0.05 26.37 32.04 5.67 E542K 0.05 26.19 31.38 5.19
0.5 26.69 31.22 4.53 0.5 26.60 30.52 3.92
1 26.59 30.56 3.97 1 26.28 29.65 3.37
2 26.83 29.82 2.99 2 26.61 29.42 2.81
WT 26.64 32.86 6.22 WT 26.27 32.22 5.95
E545K 0.05 26.28 29.66 5.19 Q546K 0.05 26.37 31.97 5.60
0.5 26.36 30.96 3.92 0.5 26.20 31.19 3.45
1 26.48 29.18 3.37 1 26.40 30.99 4.59
2 26.60 28.60 2.81 2 26.79 29.65 4.40
WT 26.37 31.62 6.45 WT 26.59 32.16 5.57
M10431 0.05 26.39 33.80 7.41 H1047L 0.05 26.70 33.10 6.40
0.5 26.11 31.09 4.98 0.5 26.44 31.73 5.29
1 26.26 30.01 3.75 1 26.49 29.58 3.09
2 26.20 27.70 1.50 2 26.87 27.61 0.74
WT 25.86 33.74 7.88 WT 26.72 33.24 6.52
H1047R 0.05 26.40 30.22 3.82 H1047Y 0.05 26.06 31.63 5.57
0.5 26.38 28.72 2.34 0.5 26.29 30.57 4.28
1 26.32 28.17 1.85 1 26.26 29.77 3.51
2 26.50 26.97 0.47 2 26.18 27.81 1.63
WT 26.49 32.55 6.06 WT 25.25 31.11 5.86

Table 7. Prevalence of the PIK3CA mutations in CRC samples.

Samples PIK3CA KRAS WT KRAS mutated
Number Percent Number Percent Number Percent

All 515 100 347 67.38 168 32.62
WT 448 86.99 309 60.00 139 26.99
Mut 67 13.01 38 7.38 29 5.63
R88Q 3] 0.58 2 0.39 1 0.19
N345K 3 0.58 0 0.00 3 0.58
C420R 3] 0.58 1 0.19 2 0.39
Exon 9 48 9.32 32 6.21 16 3.11
E542K 26 5.05 18 3.50 8 1.55
E545K 14 2.72 8 1.55 6 1.17
E545G 0 0.00 0 0.00 0 0.00
Q546K 5 0.97 3 0.58 2 0.39
Q546L 0 0.00 0 0.00 0 0.00
E542K/E545K 2 0.39 2 0.39 0 0.00
E542K/H1047R 1 0.19 1 0.19 0 0.00
Exon 20 10 1.94 3 0.58 7 1.36
M10431 1 0.19 1 0.19 0 0.00
H1047Y 1 0.19 0 0.00 1 0.19
H1047L 3] 0.58 0 0.00 8 0.58
H1047R 5] 0.97 2 0.39 3 0.58

origins of patients from previously published data, the present study has
found the overall PIK3CA mutation frequency and the ratio between
mutations in exons to be similar across different populations.

5. Conclusions

This paper describes the multiplex AS-PCR-based assay for screening
PIK3CA mutations in exons 1, 4, 7, 9, and 20, with a sensitivity of
0.05-0.5% of mutant DNA against wild-type DNA. The assay designed

was validated on 515 CRC samples of patients from Siberia and the Far
East of Russia, with an overall PIK3CA-mutated fraction of 13%. To
conclude, this work is the first study characterizing PIK3CA mutation
frequency in this region.
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