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THE USE OF WILD-TYPE BLOCKING ALLELE-SPECIFIC REAL-TIME
POLYMERASE CHAIN REACTION FOR THE ANALYSIS OF SOMATIC
MUTATIONS IN RAS GENES OF CIRCULATING FREE DNA ISOLATED FROM
THE BLOOD PLASMA OF PATIENTS WITH COLORECTAL CANCER
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Screening for cell-free DNA usually referred to as liquid biopsy holds great promise in cancer diagnosis and treatment. This
article presents the results of the analysis of somatic tumor-specific mutations in circulating free DNA (cfDNA) isolated from
the blood plasma of patients with stages |-V colorectal cancer, based on the use of wild-type blocking allele-specific real-time
polymerase chain reaction. This technique was specially designed for the analysis of biological specimens containing small
amounts of mutant circulating tumor DNA. The study included 46 patients (18 female and 28 male participants) between 48 and
86 years of age (mean age was 67.1 + 8.8 years). All patients underwent surgical treatment (radical surgery was performed on
85 % of the participants). Besides the molecular genetic analysis of cfDNA isolated from the blood plasma, standard histological
staining was performed. Patients’ blood samples were collected before the surgery and on day 5 after it to test for KRAS and
BRAF mutations. The applied PCR technique proved to be effective in detecting mutations in the RAS genes in stages II-IV of
the disease, its sensitivity threshold being 0.1 %. Analysis of cfDNA before and after surgery may provide additional information
on the surgical treatment outcome, development of new metastases, or presence of those previously overlooked. Wild-type
blocking allele-specific real-time PCR is awaiting further validation in different clinical situations.
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AHAJIN3 COMATUHECKUX MYTALUI B FTEHAX RAS-KACKALA
CBOBOOHO UNPKYJIMPYLLEWN OHK MNA3Mbl KPOBU NALUMEHTOB
C KONNOPEKTAJIbHbIM PAKOM METOAOM YCUJTIEHHOW
AJTNENb-CNELN®UYECKON MLUP B «PEAJIbHOM BPEMEHW»

E. H. Tenbiwesa, I . CHurmpesa =

JTabopatopusi MONEKYNSPHOM B1ONOMMN U LIUTOrEHETUKU,
Poceuinckunin HayqHbIN LIEHTP peHTreHopagvonoriv, Mockea

AHanna BHeknetouHor OHK (kmakocTHasd 6roncus) — MepCrneKkTMBHOE HampaBfieHVe B COBPEMEHHOW MeauLnHe, OCOo-
6eHHO B OHKOnoruv. B cTaTbe MpeacTaBneHbl pesynsTaTbl UCCNefoBaHNSA COMATUHECKMX OHKOCMELMMUHECKUX MyTaLii
B cBO60AHO umpkynupytolen OHK (cudHK) nnasmbl KpoBM NMaLMEHTOB C KOMOPEeKTalbHbIM pakom ctaguin -V metogom
YCUNEHHOW annesnb-Ccneunduyeckon nonMepasHon LEenHOM peakuun B «peanbHOM BpemeHu». HasBaHHbIn MeTon Obin
pagpaboTaH crneunanbHO Ans aHanmada GUoNorM4Yecknx 06pasLIoB, coaepXXallyx HEOOMNbLLIOE KOMNYECTBO MYTAHTHOW Omy-
xoneson OHK. B nccnegosaHve Bkounnm 46 Henosek (18 >keHLmH, 28 Myxx4nH) B Bo3pacTe 48-86 neT (CpefHu BO3-
pacT — 67,1 + 8,8 roga). Bce naumeHTbl NOny4nam Xmpyprimdeckoe neveHne (pagnkansHoe — B 85 % cnydaen). Monekynsap-
HO-reHeTu4ecKoe nccnenoBanvie cUHK nnasmbl KPOBM MPOBOAUAN HA OCHOBE PEe3yNsTaToB CTaHOAPTHOrO NUCCEA0BaHNA
06pasLOoB ONyxoneBon TkaH. KpoBb 0TOMpan Ao onepawum 1 Ha 5 aeHb nocne Hee. AHanMsMpoBann MyTaummn B reHax KRAS
1 BRAF, KoTopble ObIni BbISIBIEHbI B TKAHW ONyxXonu. Pe3ynsraTtel ICCNeA0BaHVA NOKa3an, YTO 3yHaeMblii METO NO3BONAET
BbISBNATb MyTauUmm B reHax RAS-kackaga valle Ha ctagusx |-IV 3aboneBanvis, a mopor ero 4yBCTBUTENBHOCTM COCTaBNAET
0,1 %. ViccnepoBaHve cu/JHK oo v nocne onepauyn NPeanonoXnTeNbHO MOXET AaBaTb AOMONHUTENBHYD NHMOPMAaLMO
O Ka4eCTBe XMPYPrm4ecKoro BMeLLATeNbCTBa, MOSBAEHUM METACTA30B WX CYLLECTBOBAHUM HEQMArHOCTUPOBAHHbIX MeTa-
cTasoB. MeTof ycuneHHom annenb-cneunduydeckon MNLUP B «peanbHOM BpemMeHu» OOmKeH ObiTb BanMaMpoBaH U OLeHeH
B Pa3NHHbIX KIMHNYECKNX CUTYaLINSX.

Knto4yeBble cnoBa: »uakocTHasa 6uoncus, BHeknetoqHas OHK, ceobogHo umpkynvpytowas OHK, umpkynvpyroulasa onyxo-
nesasa [OHK, comaTtnyeckme Mytaumm, HeMHBa3MBHasA AMarHOCTVKA, OHKOIOMA

Bnaro,qapHocm: aBTOPbI 6ﬂal’0ﬂapﬂT AHﬂpeﬂ Sapeu,Koro 13 KoMMaHnn <<EBpOI'eH» (MOCKBa) 3a NOMOLLBb 1 LieHHbIE COBETbI MPU NpoBeaeHN MONEKYNAPHO-
reHeTn4eCcKOoro nccnegoBaHns.
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Precision oncology implies treatment strategies that take
into account individual molecular and genetic properties of a
patient’s tumor. This approach considerably improves treatment
outcomes due to the use of therapeutic agents targeting genetic
abnormalities in malignant cells. The genetic profile of a tumor
has been proved to be unique for each patient, incorporating
mutations both in the genes involved in cancer development
and randomly occurring across the genome [1, 2].

Tissue samples for molecular genetic analysis are normally
collected during surgery or biopsy (prior to treatment), which
means that sample collection and subsequent processing
can be quite challenging. The diagnostic value of a surgically
obtained sample is questionable: typically, tumors are
molecularly heterogeneous [3, 4], therefore, a small piece of
a tumor cannot accurately represent its molecular genetic
profile, let alone the profile of its metastases. Besides, repeated
biopsies are labor-intensive and costly.

Tumor tissue specimens are not the only type of biomaterial
suitable for molecular genetic analysis. Molecular genetic
defects accompanying tumor formation can also be analyzed
using patient’s blood plasma or serum as the latter contain
circulating tumor DNA (ctDNA) regarded as a cancer biomarker
[5, 6]. Analysis of cell-free DNA is referred to as liquid biopsy.
It helps to circumvent difficulties related to surgical sample
collection and can be conveniently used for detection of
molecular genetic defects in cancer patients [7]. Blood
collection for the analysis is a minimally invasive procedure that
can be performed at any time during a therapy course, which
makes it possible to monitor any molecular changes in the
tumor as they occur [8, 9].

Tumor DNA is found in human blood plasma in low
concentrations generally dependent on the disease stage and
constitutes less than 1 % of total cell-free DNA [10, 11]. This
brings about the necessity of using highly sensitive methods of
molecular genetic analysis, such as next generation sequencing
(NGS) and droplet digital polymerase chain reaction (ddPCR).
Although their high sensitivity has been confirmed for somatic
mutations in cfDNA [12—14], they are not used in clinical routine
because of high costs and superfluity of information, as is the
case with NGS.

One of the most promising techniques for cfDNA analysis
is improved allele-specific PCR developed by Evrogen, Russia,
for working with biological material containing small amounts
of mutant DNA. The technique combines allele-specific PCR
with wild-type allele blocking just like in mutation-specific
PCR [15]. Two pairs of primers are selected to amplify a target
region that has only one mutation selected for the analysis.
Advantageously, this technique yields short PCR products
(only 90 b. p. in length), which is important, because ctDNA
found in blood plasma is very fragmented. In theory, this
technique can be applied to analyze any possible mutations.
Currently, it is capable of detecting 7 key mutations in the
KRAS gene (6 substitutions within codon 12, namely p.G12D,
p.G12V, p.G12C, p.G12S, p.G12A, and p.G12R, and one
substitution within codon 13, namely p.G13D) and 5 mutations
in the BRAF gene (p.V60O0E, p.VB00E-2, p.V600K, p.V600K-2,
and p.VE00D). The sensitivity of this PCR type is at least
10 mutant DNA copies; its selectivity is 0.1-10 % (depending
on the amount of initial DNA). The false positive rate is < 0.05 %.

In this work we attempt to use wild-type blocking allele-
specific PCR to analyze mutations in the KRAS and BRAF
genes of the RAS family in cfDNA isolated from the blood
plasma of patients with colorectal cancer (CRC).

METHODS

The study was conducted in patients with morphologically
confirmed carcinomas of the colon or rectum, admitted to the
Russian Research Center of Roentgenology and Radiology
(Moscow, Russia) over the period from 2010 to 2016.

Patients’ tissue samples collected during surgery were
analyzed by real-time PCR and then Sanger-sequenced.
Based on the results of the analysis, we selected 46 patients
with the following activating mutations: exon 2 codons 12 and
13 of KRAS; exon 15 codon 600 of BRAF [16]. The main group
consisted of 46 patients (18 females and 28 males) aged from
48 to 86 years (mean age was 67.1 + 8.8 years).

Of all participants, 13 (28 %) had stage | cancer, 10 (22 %)
had stage I, another 10 had stage Il and 13 had stage IV
(Table 1). Histologically almost all tumors were adenocarcinomas

Table 1. Distribution of patients with colorectal cancer into groups depending on the levels of cell-free DNA circulating in their blood plasma before surgery and
detection of cancer-associated mutations of the RAS genes by allele-specific real-time PCR

o
N Patients with detected mutations Patients without mutations
[oR] Parameter p-value
g o (n=24) (n=22)

Number of patients (percentage in the group, %) 3(12) 10 (45) -

| Concentrations of cfDNA in blood plasma, ng/l 3.1 (1.4-3.7) 1.4 (1.2-2.6) 0.09
Relative amount of mutant ctDNA, % 1.04 (0.14-12.37) 0.02 (0.0-0.03) 0.01*
Number of patients (percentage in the group, %) 6 (25) 4 (15) -

Il Concentrations of cfDNA in blood plasma, ng/pl 2.05 (1.6-4.0) 1.4 (0.9-1.8) 0.11
Relative amount of mutant ctDNA, % 0.47 (0.2-1.9) 0.0 (0.0-0.0) 0.01*
Number of patients (percentage in the group, %) 4(17) 6 (27) -

11l Concentrations of cfDNA in blood plasma, ng/ul 2.4 (1.4-4.9) 1.9 (0.9-1.9) 0.52
Relative amount of mutant ctDNA, % 2.59 (1.05-10.77) 0.04 (0.0-0.09) 0.01*
Number of patients (percentage in the group, %) 11 (46) 209 -

v Concentrations of cfDNA in blood plasma, ng/pl 3.8 (1.9-6.9) 1.5(1.3-1.7) 0.14
Relative amount of mutant ctDNA, % 5.65 (1.23-20.96) 0.04 (0.0-0.08) 0.03*

Note. Data are presented as median (Q,—Q,). Significance of difference was tested by comparing groups of patients with and without mutations in the RAS genes.

* represents significant difference.
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of different grades: 4 patients had poorly differentiated tumors
(high grade), 25 — moderately differentiated (intermediate
grade), 16 — well differentiated (low grade); 1 patient had a
mucin-producing tumor.

All patients underwent surgical treatment. Radical surgery
was performed on 85 % of patients (39 individuals), non-radical
— on 15 % of patients (7 participants with stage IV cancer).
All patients were tested for mutations detected in their tissue
samples, namely for p.G12D, p.G13D, p.G12V, p.G12C,
p.G12S, and p.G12A of KRAS and p.V600E of BRAF, which
is the most common mutation in CRC. In brief, the protocol
was as follows. Before the surgery (n = 46) and 5 days after
it (n = 35) patients’ blood samples were collected. According
to the literature, ctDNA half-life is 15 hours and depends on
the location of the tumor, its histological type and disease
stage [17, 18]. Thus, blood samples collected on day 5 after
the radical surgery would have zero cfDNA in them. Blood was
collected into EDTA-containing test tubes (15 ml of specimen
per tube). To separate plasma from cell debris, the samples
were centrifuged within 1 hour after collection for 15 min at
4 °Cin three steps at 1,400, 3,400 and 4,400 rpm, respectively.
Plasma aliquots (5 ml) were stored at —80 °C before use.

Circulating DNA was isolated from plasma using the
QlAamp Circulating Nucleic Acid Kit (Qiagen, Netherlands)
according to the manufacturer’s protocol. The eluate volume
was 20 ul for each sample. Concentrations of the isolated
DNA were measured by real-time PCR using the XY-Detect kit
(Syntol, Russia) according to the manufacturer’s protocol.

The KRAS and BRAF genes were analyzed to check for
the presence of the aforementioned mutations by conducting
a wild-type blocking allele-specific real-time PCR on the 7500
real-time PCR systems (Applied Biosystems, USA) using
reagent kits by Evrogen, Russia. The volume of each cfDNA
sample was 10 pl.

Data were statistically processed using Statistica 8 (StatSoft,
USA) and Microsoft Excel 2013. Frequency distributions were
compared using the Mann-Whitney U.

The study was approved by the Ethics Committee of the
Russian Research Center of Radiology and Roentgenology
(Protocol No. 3 dated March 17, 2014). All patients gave their
informed consent.

RESULTS

The molecular genetic analysis of blood plasma cfDNA
performed before surgery revealed the presence of mutations
in exon 2 of KRAS or exon 15 of BRAF in ctDNA of 24 (52 %)
patients; the other 22 patients had no such mutations (Table 1).
We analyzed how the patients were distributed into subgroups
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depending on the disease stage and found out that the majority
(15 participants, 63 %) of those with mutations in the RAS
genes had stages Il or IV, while the majority (10 individuals,
45 %) of the patients without mutations in ctDNA had stage .

Table 1 shows CcfDNA concentrations and relative
amounts of mutant ctDNA detected in the blood plasma of
the participants. Unlike the patients who did not have cancer-
associated mutations in the RAS genes detected by wild-type
blocking allele-specific PCR, those who did had higher levels of
cfDNA regardless of the disease stage, which was particularly
noticeable in the subgroups of patients with stage IV cancer.
Still, the difference was insignificant due to a high variability of
this parameter. In contrast, relative amounts of mutant ctDNA in
the blood plasma of patients with cancer-associated mutations
were reliably higher than in the participants who did not have
these mutations (p < 0.01-0.03), their levels of mutant ctDNA
being below the sensitivity threshold (0.1 %).

We also analyzed a possible association between the results
of our molecular genetic analysis carried out before the surgery
and disease progression, metastatic growth and relapse.

Observation time was 27 months. In the group of patients
with mutant cfDNA tested before the surgery (n = 24)
disease progression was registered in 19 (79 %) individuals;
15 of them died later (Table 2). In the second group (n = 22)
17 patients stayed alive throughout the observation period,
but 5 had disease progression and subsequently died. Table 2
provides information about cfDNA levels and relative amounts
of ctDNA in the blood plasma of the patients. Both parameters
were significantly higher in the patients with detected ctDNA
mutations and progressing cancer than in the patients with
undetected mutations and progressing cancer. In the group of
patients with undetected mutations levels of cfDNA and mutant
ctDNA were low, which might explain why the studied PCR
technique had failed to detect the mutations. At the same time,
our PCR technique effectively detected mutations in the RAS
genes in 5 patients without disease progression, in spite of low
levels of cfDNA and ctDNA in their blood plasma.

Of 46 participants, cfDNA samples of 35 patients were
analyzed both before the surgery and on day 5 after it (Table
3). Of those with detected mutations, 13 individuals (76 %) had
disease progression, and 9 (53 %) had stage IV cancer (5 of
them underwent nonradical surgery). Apparently, the presence
or absence of cancer-associated mutations in cfDNA can
indicate how radical the surgery was: in patients with detected
mutations high levels of mutant ctDNA may imply that incision
of the primary tumor or its metastases was incomplete or that
some metastatic lesions were overlooked.

In the group of patients with undetected mutations in
the RAS genes, 14 people (78 %) were alive throughout the
entire observation period; in another 4 individuals the disease

Table 2. Progression of colorectal cancer in patients characterized by cfDNA levels in their blood plasma measured prior to surgery and detection of cancer-associated

mutations of the RAS genes by allele-specific real-time PCR

Disease progression Parameter Patients with detected mutations Patie_nts without p-value
(n=24) mutations (n = 22)
Number of patients (percentage in the group, %) 19 (79) 5(23) -
Yes Concentrations of cfDNA in blood plasma, ng/pl 3.7 (1.9-6.7) 1.3(0.9-1.7) 0.01*
Relative amount of mutant ctDNA, % 1.9 (0.85-14.59) 0.0 (0.0-0.08) 0.0007*
Number of patients (percentage in the group, %) 5(21) 17 (77) -
No Concentrations of cfDNA in blood plasma, ng/pl 1.7 (1.6-2.2) 1.7 (1.2-1.9) 0.64
Relative amount of mutant ctDNA, % 0.36 (0.21-3.30) 0.01 (0.00-0.04) 0.0009*

Note. Data are presented as median (Q,—Q,). Significance of difference was tested by comparing groups of patients with and without mutations in the RAS genes.

* represents significant difference.
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Table 3. Progression of colorectal cancer in patients characterized by cfDNA levels in their blood plasma measured after surgery and detection of cancer-associated

mutations of the RAS genes by allele-specific real-time PCR

Disease progression Parameter Partri]irt‘;ii;vritsh(:iti%ed ;ﬂ;?g:s"\(':io:‘;) p-value
Number of patients (percentage in the group, %) 13 (76) 4 (22) -
Yes Concentrations of ¢cfDNA in blood plasma, ng/pl 5.4 (3.5-12.7) 8.65 (5.35-11.50) 0.69
Relative amount of mutant ctDNA, % 2.15(0.19-8.43) 0.0 (0.0-0.01) 0.003*
Number of patients (percentage in the group, %) 4 (24) 14 (78) -
No Concentrations of cfDNA in blood plasma, ng/pl 4.75 (2.35-6.95) 5.8 (4.9-8.0) 0.37
Relative amount of mutant ctDNA, % 0.23 (0.16-0.42) 0.02 (0.0-0.07) 0.003*

Note. Data are presented as median (Q,—Q,). Significance of difference was tested by comparing groups of patients with and without mutations in the RAS genes.

* represents significant difference.

progressed. In this group 7 patients had stage I, 5 — stage I,
5 — stage lll and 1 — stage IV cancer.

DISCUSSION

It is known that cancer progression is accompanied by
increasing levels of cfDNA in blood regardless of tumor location
[19]. There is evidence indicating an association between
cfDNA levels circulating in blood and clinical manifestations
of the disease [20]. Increased cfDNA concentrations are
observed in the early stages of tumor formation and can surge
in metastasis [21], still varying considerably in different patients
[10]. This is unsurprising because cfDNA appears in blood not
only when tumor cells or surrounding tissue die, but also as a
result of natural degradation of blood cells. Fragments of nucleic
acids, including those amplified, secreted by tumor cells also
contribute to the total cfDNA circulating in blood. It is known
that amplified genome regions are not rare in cancer. Thus,
cfDNA concentrations will vary in cancer patients rendering
impossible the use of cfDNA as a biomarker.

Concentrations of circulating tumor DNA can be inferred
by analyzing cancer-associated mutations. But it should be
kept in mind that heterogeneity of the tumor may result in lower
mutant ctDNA levels differing considerably from total ctDNA
levels [22]. Therefore, ctDNA is not always possible to detect
in blood plasma, especially in the early stages of the disease.
This may lead to false negative results and reduce sensitivity of
the method used for cfDNA analysis. Our findings confirm this
hypothesis.

Rachiglio et al. [13] studied ctDNA of 44 patients with non-
small-cell lung cancer and 35 patients with colorectal cancer.
In their work, the researchers demonstrated the potential of
NGS and droplet digital PCR. Using NGS, they were able to
detect EGFR mutations in the cfDNA of 77.3 % of patients
with non-small-cell lung cancer. The mutations were identical
to those found in patients’ tumor tissue samples. The same
mutations were detected in the cfDNA of 2 patients with wild
type tumor EGFR. Digital PCR confirmed the presence of these
mutations both in the primary tumor and blood plasma of these
2 patients. In the same study, mutations in the KRAS gene
detected by standard PCR techniques before the surgery were
confirmed by NGS for cfDNA circulating in the blood plasma
of 100 % patients (6/6). At the same time, post-operative
NGS detected mutations in only 46.2 % (6/13) of patients.
Rachiglio et al. believe that the method they studied is highly

sensitive with regard to ctDNA mutations in blood plasma, but
its sensitivity depends on the presence of malignant lesions and
heterogeneity of driver mutations.

In another study, blood plasma and tumor tissue samples
of 58 patients with non-small-cell lung cancer were analyzed
by targeted sequencing in order to check for somatic driver
mutations [12]. Common driver mutations in the EGFR, KRAS,
PIK3CA and TP53 genes and some rarer mutations found in
other genes were detected in blood plasma ctDNA and tumor
tissue DNA; the concordance of the method was 50.4 %,
sensitivity and specificity were 53.8 % and 47.3 %, respectively.
The researchers noted that cfDNA levels correlate with some
clinical characteristics of the patients, including disease stage
and tumor subtype.

Inthe work by Tu et al. [14] droplet digital PCR demonstrated
a 73 % concordance regarding detected mutations between
plasma and tissue samples of 19 patients with colorectal
cancer.

To sum up, our findings and the data available in the
literature indicate that liquid biopsy based on the analysis of
ctDNA levels in blood plasma can be used as an additional
diagnostic tool in cancer treatment, mainly in the late stages
of the disease or when biopsy cannot be performed. Today,
the clinical significance of cfDNA analysis is determined by its
role as a prognostic tool in the monitoring of patients. Using
wild-type blocking allele-specific PCR performed before the
surgery and on day 5 after it, we have demonstrated cancer
progression in patients with mutations in ctDNA. By analyzing
cfDNA found in blood plasma before and after treatment, we
can infer how aggressive the tumor is or whether metastatic
growth is present, evaluate the effect of the treatment and make
corrections to the treatment plan if the patient is unresponsive.

CONCLUSIONS

There are still difficulties that prevent the use of liquid biopsy
in clinical routine. Specifically, there is a need for cheap but
highly sensitive methods of analysis of cfDNA circulating in
the blood plasma of cancer patients. Preliminary results of
our study conducted in patients with stages | to IV colorectal
cancer show that wild-type blocking allele-specific real-time
PCR is more effective in detecting cancer-associated mutations
in the late stages of the disease. Perhaps, this technique will
once find its place among the molecular diagnostic tools used
in cancer research. It is yet to be validated and assessed in
different clinical situations.
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