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IDENTIFICATION OF CLINICALLY RELEVANT

GENE VARIANTS IN COLON ADENOCARCINOMA
SAMPLES OF UKRAINIAN PATIENTS USING

A COMPREHENSIVE CANCER PANEL: A PILOT STUDY

The study aimed to identify the clinically relevant gene variants in colon adenocarcinoma samples of Ukrainian patients
using the NGS Comprehensive Cancer Panel (CCP) to implement them conveniently in clinical practice. Methods.
We have studied 20 samples of Ukrainian patients with colorectal adenocarcinomas of various differentiation grades.
To identify the clinically relevant gene variants, the CCP data were filtered using the Franklin by Genoox database.
Results. A total of 79 clinically relevant gene variant alterations (SNVs, INDELs) were found in 28 of 409 genes. The
largest number of mutations was found in 3 genes, APC, TP53, and KRAS (16, 14, and 8, accordingly). We revealed 4
variants in PTEN and SMAD4, 3 variants in CHEK2, ERBB2, and PIK3CA genes, and 2 variants in AKTI, ATM, DST,
IDH]I, and TCFI12. Mutations for 7 genes, KRAS, TP53, CHEK2, PTEN, AKT1, APC, and SMAD4, were found in more
than 1 tumor tissue sample. Tier 1—2 gene variants rate was about 50% of all genetic variants. The therapeutic signifi-
cance was found in more than 55% of mutations. Additionally, 11 novel genetic mutations in 9 genes have been identi-
fied, including G6PD, APC, DST, SINE1, SMAD2, and FLCN. Conclusions. These data suggest a high level of clinical
relevance of the NGS CCP approach. Further confirmation on a larger number of samples and using a deeper analysis
by other approaches is required.
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The development of modern anticancer drugs and | logical resistance are embedded in genetic, epige-
targeted therapies is limited by drug resistance, and | netic, translational, and post-translational altera-
mutations in target genes are one of the main rea- | tions in tumor cells [2]. Genetic analysis of the tu-
sons for acquiring resistance [1]. It is increasingly | mor-associated mutations in oncogenes and tumor
clear that the mechanisms of acquiring pharmaco- | suppressor genes, as well as mutations that lead
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to pharmacological resistance of tumors accompa-
nying long-term treatment with anticancer drugs,
provides the foundation for several promising
methods for overcoming the resistance [3]. It would
be beneficial to conduct a genetic analysis of the
tumor to determine whether tumor cells have re-
sistance to drugs at the beginning and during the
treatment. This could be evidenced by the presence
of certain mutations associated with resistance
to drugs and therapy [4, 5].

Therefore, there is a need to identify clinically
relevant mutations in tumors, which could poten-
tially serve as markers for effective diagnosis, prog-
nosis, and therapy. Many genetic alterations were
found in tumor tissues. However, it should be not-
ed that up-to-date only a portion of these muta-
tions have been established as clinically relevant.
Definition of clinically relevant mutations is based
on recommendations of the American College
of Medical Genetics Genomics and the Associa-
tion for Molecular Pathology (ACMG-AMP) [6].
In light of this, it seems that online resources for
the analysis of clinically relevant alterations in
human tumors, in particular, the Franklin by Ge-
noox platform, are actively developed and used
for genetic analysis of tumors [7, 8]. Our investi-
gation aimed to identify clinically relevant gene
variants in colon adenocarcinoma samples of pa-
tients treated in Ukraine using the NGS with open
online resources analysis to implement cancer
genetic alterations detection in further clinical
practice.

Materials and Methods

Patient samples. The surgical samples of 20 pa-
tients (approximately equally men and women)
aged 60—87 years treated at the Feofaniya Clinical
Hospital of the State Management of Affairs of
Ukraine were investigated in this research. All pa-
tients had colorectal cancer verified as adenocarci-
nomas of different locations and differentiation
grades without metastasis. Six patients had con-
comitant pathologies. The Helsinki Declaration was
followed in conducting human sampling. Ethical
approval was obtained from the Ethics Commis-
sion of Feofaniya Clinical Hospital of the State
Management of Affairs Number 3 on May 24, 2024.

Colon cancer genotyping by Ion Torrent Gene
Target Library preparation and NGS sequencing.
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The genomic DNA (gDNA) was extracted from
cancer samples using the Gene]ET FFPE DNA Pu-
rification Kit (Thermo Fisher, USA). 15 ng of
gDNA was taken for library preparation. DNA was
amplified using Ion AmpliSeq™ Comprehensive
Cancer Panel Primer Pools and AmpliSeq HiFi mix
(Thermo Fisher, USA). PCR pools for each sample
were combined and subjected to primer digestion
with the FuPa reagent (Thermo Fisher, USA). Li-
braries were indexed using the Ion Xpress Barcode
Adapter Kit. After purification, the amplified li-
braries were quantified by gPCR with the TagMan
library quantification kit (Thermo Fisher, USA). All
samples were diluted to a final concentration of 100
pM, then the amplicon libraries were pooled for
emulsion PCR on an Ion OneTouch System 2TM
using the Ion S5 Plus Template OT2 200 kit. Tem-
plate-positive spheres from barcoded libraries were
multiplexed, followed by next-generation sequenc-
ing on the Ion GeneStudio™ S5 System, all with the
use of the Ion 540™ OT2-Kit and the Ion 540™ Chip
Kit (Thermo Fisher, USA).

Ion Torrent bioinformatics analysis, variant fil-
tering, and assessment of pathogenicity (clinical
significances). A primary sequence analysis was
performed on Ion Torrent suite software v5.12 with
TMAP alignment of sample reads against the hg19
genome assembly. The alignment step was limited
to target gene regions only. The variant calling and
the annotation were carried out by Ion Reporter
version 5.20. The alignments and the presence of
filtered-in variants were visually confirmed with
Integrative Genomics Viewer (IGV v2.17). The se-
quence variants were first annotated by using Ion
Reporter, where variants were screened using the
Human Gene Mutation Database (HGMD; http://
www.hgmd.cf.ac.uk/ac/index.php), dbSNP data-
base (dbSNP; http://www.ncbi.nlm.nih.gov/SNP),
gnomAD browser (http://gnomad.broadinstitute.
org/), ClinVar database (ClinVar; http://www.ncbi.
nlm.nih.gov/clinvar), etc. as public references. The
deleterious effects of missense variants were pre-
dicted using the PolyPhen-2 [9] (http://genetics.
bwh.harvard.edu/pph2/), and PROVEAN/SIFT
[10] (http://provean.jcvi.org/index.php), Mutation-
Taster [11] (https://www.mutationtaster.org), and
Franklin by Genoox (https://franklin.genoox.com)
algorithms. The Franklin by Genoox platform was
used primarily for variant filtering, analysis, and
identification of variants for reporting. The patho-
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Fig. 1. (a) Distribution of the number of identified altered genetic variants by gene; (b) Distribution of variant frequen-
cies by variant type (SNVs, INDELs) and somatic or germline (constitutional) origin. VAF — variant allele frequency

genicity (clinical significance) of genetic mutations
was evaluated according to the ACMG-AMP and
Oncogenic classifications [12, 13].

Results

Using targeted sequencing with the Ion AmpliSeq™
Comprehensive Cancer Panel of 409 tumor sup-
pressor genes and oncogenes in 20 patients, we de-
tected genetic variants that were classified by
Franklin as clinically relevant in all 20 individuals.
A total of 79 gene variants were identified in
28 genes (Fig. 1, a).

The largest number of mutations was found in
2 genes: 16 variants (20.3%) in the APC gene and
14 variants (17.7%) in the TP53 gene. We detected
8 variants (10.1%) in the KRAS gene and 4 variants
(5.1%) in each of the PTEN and SMAD4 genes,
3 variants (3.8%) each in the CHEK2, ERBB2, and
PIK3CA genes, and 2 variants (2.5%) — in AKT1,
ATM, DST, IDHI, and TCFI2. Only 1 variant
(1.3%) was detected in each of the other 15 genes
depicted in Fig. 1, a.

These detected genetic alterations refer to single
nucleotide variants (SN'Vs) or insertions and dele-
tions (INDELs) and were classified as potentially
germline or somatic according to the European So-
ciety of Medical Oncology guidelines (Fig. 1, b)
[14]. Likely somatic SNVs with VAF 10%—30%
and likely germline SN'Vs with VAF > 30% were
detected most frequently (45.6% and 31.6%, re-
spectively).

Seven tumor-associated genes (KRAS, TP53,
CHEK2, PTEN, AKT1I, APC, and SMAD4) showed
the presence of clinically associated mutations at
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a specific gene location or codon in different sam-
ples (Table 1). Gene variants in codon 12 of the
KRAS gene were detected in 6 colon adenocarci-
noma samples, and the variant KRAS ¢.38G>A in
codon 13 was detected twice. The CHEK2 ¢.470T>C
variant was detected in 3 colon adenocarcinoma
samples, and the APC ¢.3340C>T, SMAD4
c.1082G>A, PTEN ¢c.389G>A, AKTI c.49G>A, and
TP53 ¢.817C>T variants were each detected twice.

Table 1. Gene variants found in several
colon adenocarcinoma samples

Gene Coding Argf;nggld VAF
KRAS c.34G>A p.Gly12Ser 34.71%
KRAS c.35G>A p.Gly12Asp 31.08%
KRAS c.35G>A p.Gly12Asp 13.5%
KRAS c.35G>A p.Gly12Asp 22.3%
KRAS c.35G>T p.Gly12Val 31.07%
KRAS ¢.35G>T p.Gly12Val 8.6%
KRAS c.38G>A p.Gly13Asp 25.95%
KRAS c.38G>A p.Glyl3Asp 30.5%
APC c3340C>T | p.Argllldc | 34.0%
APC c.3340C>T p.-Argll14* 15.4%
SMAD4 c.1082G>A p-Arg361His 34.49%
SMAD4 c.1082G>A p.-Arg361His | 51.8%
CHEK2 c.470T>C pIle157Thr 50.70%
CHEK2 c470T>C p.Ile157Thr 72.67%
CHEK2 c.470T>C plle157Thr 49.41%
PTEN c.389G>A p.Argl30GIn | 39.59%
PTEN c.389G>A p.Argl30GIn | 13.76%
AKT1 c49G>A p-Glul7Lys 38.82%
AKT1 c49G>A p-Glul7Lys 22.76%
TP53 c.817C>T p-Arg273Cys | 28.42%
TP53 c.817C>T p.Arg273Cys | 40.18%
TP53 c.818G>A p-Arg273His 24.63%
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Fig. 2. Distribution of clinically relevant gene variants (alterations) according to different clinical and pathological clas-
sifications in colon adenocarcinoma samples: a — ACMG classification; b — Oncogenic classification; c — AMP clas-

sification; d — Therapeutic significance

By the ACMG classification, the detected clini-
cally relevant gene variants belong to 4 groups:
pathogenic SNV (the largest group), pathogenic
INDELSs, likely pathogenic SNVs, and likely patho-
genic INDELs (Fig. 2, a). However, 53.2% of these
variants classified as pathogenic or likely pathoge-
nic by the ACMG fell into Tier 3 (a variant of un-
certain significance) by the somatic AMP classifica-
tion (Fig. 2, c¢). However, only 15.2% of these
ACMG variants were classified as having uncertain
oncogenicity, while 6.3% were assigned low onco-
genic support under the established Oncogenic
classification by Franklin (Fig. 2, b) [15].

We identified no genetic variants that are inclu-
ded in the professional guidelines as diagnostically
significant in colon adenocarcinoma. However, 34
variants were identified as possessing diagnostic
significance in other cancer types. In 10 of 20 sam-
ples, we identified 11 variants that were included in
the professional guidelines as prognostic in colon
adenocarcinoma: 2 at level A evidence, 3 at level B
evidence, and 6 at level C evidence.

Most importantly, in 19 of 20 samples, we identi-
fied 44 variants included in professional guidelines
as those that predict response or resistance to the-
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rapies in colon adenocarcinoma. These variants
were classified by the level of evidence as follows: 10
atlevel A, 3 atlevel B, 8 at level C, and 23 at level D
(Fig. 2, d). Overall, more than 55% of the mutations
were found to have therapeutic significance.

Discussion

This article describes the study of genetic altera-
tions in colorectal adenocarcinoma samples of
Ukrainian patients that were detected by the NGS
Comprehensive Cancer panel and analyzed by
three international classifications (ACMG — he-
reditary, AMP — somatic, Oncogenic — oncoge-
nicity level) using Franklin by Genoox to identify
(filter) clinically relevant variants. It should be
noted that the number of filtered relevant variants
was lower than the number annotated by Ion Re-
porter from the primary data by orders of magni-
tude (not shown in the report). Initial annotation
of the sequencing results identified approximately
500 to 2,500 variants in each sample that differed
from the reference genome. The primary dataset
contains genetic alterations regardless of their cli-
nical significance, i.e., both previously known and
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described as well as those identified for the first
time. This is because most of the mutations have
not yet been clinically relevant, as this is a lengthy
process for database analysis, but the number
of such gene variants is growing every year due to
new genetic studies of various types of cancer [16].

Clinically relevant variants of the KRAS, APC,
and TP53 genes found in several colon adenocar-
cinoma samples in this study (Table 2) are critical
for the development of this type of cancer [17].

Of particular note are mutations classified as
Tier 1—2 in the somatic classifications, which ac-
count for nearly 50% of all clinically relevant ge-
netic variants detected (Fig. 2, c).

Even in this small sample, we detected 11 novel
gene variants that have not been reported in the
literature or databases. Nevertheless, they are cli-
nically relevant if they pass the pathogenicity clas-
sifications according to the Franklin by Genoox
analysis algorithms. As shown in Table 2, the se-
quencing results of these 11 novel genetic muta-

tions in 9 tumor-associated genes were detected
in 9 samples from patients with colon adenocar-
cinoma.

The most clinically important gene variants are
those that belong to Tier 1—2. There are 4 gene
variants. 1 of them is in the G6PD gene and 3 are in
the APC gene, whose genetic changes are critical
for the development of colon cancer [17—19].
It should be noted that the G6PD gene variant
¢.895C>T, although low in oncogenic classification,
has a high therapeutic value and influence on FDA-
approved treatment protocols (level A).

Among 7 gene variants that have a somatic clas-
sification of Tier 3 (VUS), the most interesting are
the SMAD2 c.821delGinsTT and FLCN c.879del
gene variants, which have high rates of oncogeni-
city classification as oncogenic and potentially on-
cogenic, respectively [15].

A comparison of the results of the clinically re-
levant genetic alterations with the COSMIC data-
base for colon adenocarcinomas (https://cancer.

Table 2. Newly identified clinically relevant gene variants in colon adenocarcinomas

Oncogenic Diag— Therg-
Gene Nucleotide dot Protein dot VAF Effect classifica- A.MP glas— nostic peutlc
tion sification signifi- | signifi-
cance cance
G6PD | c.895C>T p-GIn299Ter 7.03% | Stop Gain |2 Low Tier 1 0 A
Oncogenic
Support
APC c.1453del p-Met485CysfsTer13 | 28.15% | Frameshift |9 Likely Tier 2 medullo- | D
Oncogenic blastoma
APC €.4480del p-Glu1494LysfsTer13 | 20.59% | Frameshift | 5 Moderate | Tier 2 1 D
Oncogenic
Support
APC €.3988_3989del |p.Pro1330Ter 43.48% | Frameshift |5 Moderate | Tier 2 medullo- |D
Oncogenic blastoma
Support
DST c.4074del p.Lys1358AsnfsTer11 | 29.17% | Frameshift |1 Uncertain | Tier 3 - VUS |0 0
SYNE1 |c.7350+2T>C 27.47% | Splice 1 Uncertain | Tier 3 - VUS
Donor
DST c.17707A>T p-Lys5903Ter 23.77% | Stop Gain | 1 Uncertain | Tier 3 - VUS
NIN c.2399+1G>A 23.81% | Splice 1 Uncertain | Tier 3 - VUS |0 0
Donor
AURKC | c.584+1G>A 24.55% | Splice 1 Uncertain | Tier 3 - VUS |0 0
Donor
SMAD?2 | c.821delGinsTT | p.Trp274PhefsTer8 | 24.00% | Frameshift | 10 Onco- | Tier3-VUS |0 0
genic
FLCN |c.879del p-Glu294ArgfsTer29 | 41.31% | Frameshift |9 Likely Tier3-VUS |0 0
Oncogenic
ISSN 1812-9269. Experimental Oncology 46 (3). 2024 225
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sanger.ac.uk/cosmic) showed that a number of
genes with the highest percentage of genetic chang-
es in tumors were found to be common among 20
genes in this database, namely APC, TP53, ATM,
PIK3CA, KRAS, BRAFE, and SMAD4. The lack of
matches for other genes and variants may also be
due to the absence of these genes in the panel un-
der study and the presence of all types of disorders
in the database, including those with unspecified
clinical significance. This will be verified and com-
pleted in further studies.

The pilot study of genetic alterations of gene
variants using the NGS Comprehensive Cancer
Panel in colon cancer samples from Ukrainian pa-
tients allowed us to identify a number of known
clinically relevant variants with high therapeutic
value in known genes, including APC, TP53, ATM,
PIK3CA, FBXW?7, KRAS, BRAE and SMADA4. In
addition, some variants with high clinical signifi-
cance were detected for the first time in 9 genes,
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INEHTUOIKALLA KJIITHIYHO-3HAYYIIVX BAPIAHTIB T'EHIB

Y 3PA3KAX ATIEHOKAPILIMTHOMM TOBCTOI KMIITKM YKPATHCBKIX
ITALIIEHTIB 3A IOTIOMOT'OI0 KOMITJIEKCHOT OHKOJIOTTYHOT
I[MTAHEJIIL: TINIOTHE OOC/III>KEHHA

MeTo10 JOCTIIKeHHs Oy/I0 BUSBUTY KIiHIYHO-3HAYYIII BapiaHTU TeHIiB y 3pasKax afleHOKAPLMHOMU TOBCTOI KIUIIKY
yKpaiHChKUX MalieHTiB 3a gomomororo NGS Comprehensive Cancer Panel (CCP) ajist BIpoBaKeHHs X y 3py4Hiil
I KaiHiuHOI mpakTuku ¢opmi. Metopu. Y mocmimkeHHi Bukopucrano 20 3paskis manieHTiB Bikom 60—87 pokiB,
yci 3 yKpalHChKOI MOMy/IALii, sIKi XBOPiNM Ha pak TOBCTOI KMIIKM Pi3HOI lOKami3alil Ta CTyneHs gudepeHIiloBaHHsA.
[l BUAB/IEHHA KTiHIYHO-3HAYyLIMX BapiaHTIB reHiB faHi cekBeHnyBaHHsA CCP maneni 6ynu BindinsrpoBasi 3a gomo-
Morox 6a3n gaunx Franklin by Genoox. PesymbraTu. Ycporo BuABIeHO 79 KTiHiYHO-3HAYYIIUX BapiaHTiB reHiB (SNV,
INDEL) y 28 3 409 renis. Hait6inblra KinbKicTb MyTaliil BusAB/IeHO B Tpbox reHax — APC, TP53 i KRAS (16, 141 8,
BifiIOBi{HO); 110 YoTVpy BapianTy — B reHax PTEN i SMAD4, o Tpu Bapiantu — B renax CHEK2, ERBB2 i PIK3CA
imo gBa Bapiantn — B reHax AKT1, ATM, DST, IDHI i TCF12. ina cemn reniB — KRAS, TP53, CHEK2, PTEN, AKT]I,
APC i SMAD4 — myTauii BusiBieHo 6i/bll HiX B OZHOMY 3pasky. YacTora BapiaHTiB reHiB 1-2 piBHA KIiHIYHOI 3Ha-
aymocTi (Tier 1—2) cranoBmaa 6mm3bko 50% Bif yCiX BMABIEHMX TeHeTMYHMX BapiaHTiB. TepameBTuYHe 3HAYeHHS
BUABIIEHO y TOHaJ, 55% MyrTaniit. KpiM Toro, inentudikopano 11 HOBUX TeHEeTMYHUX MYTaIiil y 9 reHax, 30KpeMa
G6PD, APC, DST, SINE1, SMAD2 i FLCN. BucHoBku. L1i fani cBif4aTb po BICOKMII piBeHb KTiHIYHOI e(peKTUBHOCTI
nigxony cekBenyBaHHs CCP maneni. IToTpi6He mopanbine migTBepmKeHH Ha 611bIIiN KiIbKOCTI 3pa3kiB Ta IIMOIINIiA
aHaJIi3 3 BUKOPUCTAHHAM iHIINX MiXO/iB.

KrrouoBi cmoBa: NGS, BapiaHTH reHiB, aJleHOKapLIMHOMA TOBCTOI KMIIIKM, K/TIiHiYHe 3HAUYeHHS.
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