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Abstract

We studied the association between the presence of 2 or more stemness gene amplifications as well as copy
number aberrations (CNAs) of WNT signaling genes in residual breast tumor and metastasis. WNT pathway
genes associated with metastasis were identified. Material and Methods. The study included 30 patients
with breast cancer, who had 2 or more stemness gene amplifications in the residual tumor after neoadjuvant
chemotherapy. Fifteen of the thirty patients developed hematogenous metastases; they constituted a group
with metastases, the remaining 15 patients entered the second group without metastases. The tumor DNA
was examined using a CytoScanHD Array microarray (Affymetrix, USA). Results. By subtracting amplification
and deletion frequencies in 852 cytobands between groups with metastases and without metastases, 21
cytobands were identified with the largest difference in deletion and amplification frequencies. They contain
19/150 of WNT genes (12 activators: SKP1, WNT8A, MAPK9, CCND3, FZD9, WNT8B, CCND1, PLCB2,
PRKCB, FZD2, WNT3, WNT9B and 7 negative regulators: GSK3B, APC, CSNK2B, SFRP5, BTRC, TCF7L2,
CSNK2A2). A point system was developed: when amplifying WNT-signaling activators or deletion of negative
regulators, one point was added to the total score, and vice versa when deleting WNT-signaling activators
or amplification of negative regulators, one point was taken from the total amount. It was shown that 93%
(14/15) of patients with metastases had a total score higher than 0, while 93% (14/15) of patients without
metastases had a total score of zero or less than zero. The differences between the groups were statistically
significant according to the two-sided Fisher test with a high level of confidence probability (p=0.000003)
and the log-rank test (p=0.00004) when assessing non-metastatic survival by the Kaplan-Mayer method.
Conclusion Nineteen WNT signaling genes were identified. Copy number aberrations of these genes in
combination with stemness gene amplifications in residual tumors were associated with metastasis. A new
highly effective prognostic factor for breast cancer was identified.
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AHHOTauusa

BBepeHue. N3yueHa accoumaums c reMaToreHHbIM MeTacTa3upoBaHem Hannuuna 2 n bonee amnnudumkauui
reHoB ctBoroBocTy U CNA (Copy Number Aberration) nokycos reHoB WNT-CUrHanbsHOro nyTv B OCTaTO4HOM
pesnayarnbHON Onyxonu MosnovHown xenesbl. MaeHTuduumuposaHsl reHsl WNT-pathway, accounmnpoBaHHble
Cc MeTacTasvpoBaHveMm. MaTtepuan n metogbl. B nccnegosaHve 6binm BkntoyeHbl 30 GONbHBIX pakoMm
MOJTOYHOW >Xene3bl, B pe3ngyanbHON onyXonn KOTOpbIX MOCMNe He0a4blOBAHTHOW XMMuoTepanum obinm 2 n
6onee amnnudmrkauum reHoB cTBorioBocTU. Y 15 13 30 GorbHbIX pa3BUNUCL reMaToreHHble MeTacTasbl, OHU
cocTaBuUnu rpynny ¢ metacrtasamu, Bo BTOpyH rpynny 6e3 meTtacTa3oB Bowny ocTanbHble 15 naumneHToB.
[OHK onyxonu 6bina nccnegosaHa npy nomowm mukpomMatpuubl CytoScanHD Array (Affymetrix, USA). Pe-
3ynbTathbl. [lyTem BbluMTaHMA YacToT amMmnnmMdukaumn n geneunin no 852 untobeHgam mexay rpynnamm c
mMeTacTtazamu 1 6e3 metactasoB Obin ycTaHoBMNeH 21 untobeHa ¢ HanbonbLuel pa3HULEN YacToT Aeneumin u
amnnudumkaumin. B Hux Haxogatea 19 n3 150 reHoB WNT (14 aktuBatopoB: SKP1, WNT8A, MAPK9, CCND3,
FZD9, WNT8B, CCND1, PLCB2, PRKCB, FZD2, WNT3, WNT9B n 7 HeraTuBHbIx perynatopoB: GSK3B,
APC, CSNK2B, SFRP5, BTRC, TCF7L2, CSNK2A?2). Bbina paspabotaHa 6annbHasi cuctema, npy aMmnnu-
dukaumm aktmeatopoB WNT-curHanmHra unu geneunn HeraTvBHbIX PErynaTopos K oblen cymme 6annos
npubasnancs oguH 6ann, n, HaobopoT, npu aeneuun aktneatopoB WNT-curHanuHra nnu amnnudmrkaumm
HeraTuBHbIX PErynATOpoOB OT 06LLe CyMmmbl OTHUMancs ognH 6ann. MNokasaHo, 4to 93 % (14/15) 6onbHbIX
C MeTacTazaMv UMEeKT CymMapHbin 6ann 6onblue 0, B To Bpems kak 93 % (14/15) 6onbHbIx 6€3 meTacTa-
30B MIMEIT CyMMapHbI 6ann, paBHbIN HYMO UM MeHbLUe Hyns. Pasnuuusa mexay rpynnamu ctatuctnye-
CKWM 3Ha4YMMbl MO [ABYCTOPOHHEMY KpuTeputo duiiepa ¢ BbICOKMM YPOBHEM [OBEPUTENBLHON BEPOSATHOCTU
(p=0,000003) n no nor-paHrosomy Tecty (p=0,00004) npu oueHke Ge3ameTacTaTM4eCKON BbXKMBAEMOCTMU MO
metony KannaHa — Mawnepa. 3akntoyeHue. boinun ngeHtugpmumposansl 19 reHoB WNT-curHanuHra, CNA
KOTOpbIX B pe3unayanbHOM Onyxonu, COBMECTHO C aMnnndUuKaLmMsMm reHoB CTBOMOBOCTM aCCOLIMMPOBaHbI C
MeTacTa3npoBaHWEM 1 MOTYT MUCMONb30BaTbCs B KAYECTBE NPOrHOCTUYECKOTro hakTopa.

KnioueBble cnoBa: pak Mono4yHow xene3bl, WNT-curHanuvHr, MetactasMpoBaHue, abeppauus YMcna Konum,
ocTaTo4Has onyxorib.

Introduction

Previously, we showed the association of
amplifications of chromosome regions of stemness
genes localization (3q (26.33), 5p (15.33; 13.1), 6p
(24.3; 22.3; 21.33; 21.32), 7q (11.23; 21.13; 31.2;
32.1),8q (11.21;24),9p (21.2),9q (34.3; 21.13; 31.2,
22.33), 10p (15.2; 13; 12.2; 11.22), 10q22.1, 12p
(13.31) 13q (34; 32.3; 22.1; 13.3; 12.2), 16p (11.2;
13.3), 18q (21.1; 21.2) 19p (13.3; 13.2; 13.12) with
hematogenous metastasis. It was found that in cases
when tumor cell clones with 2 or more amplifications of
the above chromosomal regions remained in a residual
tumor after neoadjuvant chemotherapy, 50 % of the
patients developed metastases. When all amplifications
were eliminated or only one amplification remained,
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100 % of patients did not develop metastases [1].
The results of this study showed that the presence of
2 or more amplifications at regions of stemness gene
localization in residual tumors was a necessary, but
not sufficient condition for metastasis development.
There are some other genetic changes that, along with
amplification of stemness genes, are necessary and
sufficient for development of metastases after pre-
surgery chemotherapy.

Milanovic et al. (2018) reported that replicative
aging of breast tumor cells occurred after treatment
with doxorubicin and tamoxifen. After cancellation of
doxorubicin and tamoxifen, the activity of the WNT
signaling pathway significantly increased in tumor
cells and the number of stem tumor cells increased
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sharply. Tumor growth became even more active than
it was before chemo- and hormone therapy [2]. It
remains unknown why in some cases WNT signaling
pathways are activated, while in other cases they are
not activated and some tumors do not progress.

Our working hypothesis is that activation of WNT
signaling pathway in tumor cells is due to the presence
of copy number aberration (CNA) of WNT signaling
pathway genes. We believe that a tumor emerges from
replicative aging caused by NAC and metastasizes if
there are 2 or more amplifications of stemness genes
(a necessary condition) and CNA genes of WNT
signaling pathway. If there are only amplifications
of stemness genes or CNA genes of WNT signaling
pathway, a tumor does not metastasize.

Inaddition to emerging from replicative aging, WNT
can directly induce stemness genes, thereby providing
a significant increase in the number of tumor stem
cells and the likelihood of metastasis. Some authors
have shown that MYC, which is one of the stemness
genes and is part of the Yamanaki cocktail, is directly
connected to WNT signaling pathway and when WNT
is attached to Frizzled receptors, expression of markers
of epithelial-mesenchymal transition and stemness of
SNAI2, MYC and others is activated. Canonical WNT
signaling caused by LRP6 Cyclin Y/CDK14 priming
helps stabilize B-catenin-independent proteins, block
polyphosphorylation and polyubiquitination of
target proteins, including c-Myc [3, 4]. Activation of
B-catenin in WNT signaling pathway also stimulates
hyperexpression of MYC [5].

In accordance with the working hypothesis, we
identified WNT pathway genes, whose CNA together
with the amplification of stemness genes, were
associated with metastasis.

Material and Methods

Between 2009 and 2014, 30 patients with IIblIla
(T2-3N0-1MO0) luminal B breast cancer were treated
at Cancer Research Institute of Tomsk NRMC (Tomsk,
Russia). The age of the patients ranged from 35 to 62
years (average age 52.4 +0.5) All procedures followed
were in accordance with the Helsinki Declaration
(1964, amended in 1975 and 1983). This study was
approved by the institutional review board, and all
patients signed an informed consent for voluntary
participation (tabl. 1). All patients received 6 to 8
cycles of systemic neoadjuvant chemotherapy with
the AC (Adriamycin, and Cyclophosphamide) or
AT/ACT (Adriamycin and Taxotere or Adriamycin,
Cyclophosphamide and Taxotere), or Taxotere. Clinical
and imaging responses were categorized according to
WHO and International Union Against Cancer criteria
[7]. A partial response (PR) was determined as a tumor
reduction >50 % and stable disease (SD) as a tumor
reduction <50 % or a tumor size increase of <25 %
and progressive disease (PD) as a tumor size increase
of>25 %. Physical examination was performed before
NAC and before surgery to determine the clinical
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response. Surgery (radical resection, sectoral resection
or mastectomy) was performed within three to four
weeks after the last administration of chemotherapy
in responsive patients. After surgery hormonal therapy
was given.

DNA was extracted from fresh samples of post-
NAC residual tumor tissues using the QIAamp DNA
mini Kit (Qiagen, Germany #51304).

Microarray analysis. To study CNAs of breast
tumor, microarray analysis was performed using
high density microarray platform Affymetrix (USA)
CytoScan™ HD Array, (http://www.affymetrix.com/
esearch/search. jsp?pd=prod520004&N=4294967292).
Procedures of sample preparation, hybridization and
scanning were performed in accordance with the
manufacturer’s protocol using the system Affymetrix
GeneChip® Scanner 3000 7G (Affymetrix, USA). The
Chromosome Analysis Suite 4.0 software (Affymetrix,
USA), which was specifically devised for analyzing
microarray results from the CytoScan™ HD Array, was
used. Unbalanced chromosomal aberrations (deletions
and amplifications, or Loss and Gain) were detected
in all chromosomal regions.

Bioinformatics Methods. For each of 852 cytobands
of patient groups with 2 or more amplifications of
stemness genes with metastases and without metastases,
the frequency of amplifications and deletions was
determined and a histogram was constructed for each
group. Afterwards, these histograms were combined.
Thus, cytobands were calculated with the greatest
difference in amplification and deletion frequencies.
These data are shown in Figure 1. Using the KEGG
GSEA database (http://software.broadinstitute.org/
gsea/msigdb/cards/KEGG_WNT_SIGNALING
PATHWA), 150 human WNT signaling genes were
selected which are presented in Table 2. Using the
GeneCards database (https://www.genecards.org/)
the localization of each gene was determined. We
found genes that were localized in cytobands with
the highest frequency of amplifications and deletions
according to the data presented in Fig. 1. These genes
are highlighted in table 2 in different colors. At the next
stage, each of the selected genes was annotated using
several databases: Reactome (https://reactome.org),
UniPlot (https://www.uniprot.org), GeneCards (https://
www.genecards.org/), OMIM (https://omim.org/),
Wnat signaling pathway Gene Ontology Term (http://
www.informatics.jax.org /vocab/gene ontology/
G0O:0016055), KEGG PATHWAY: Wnt signaling
pathway — Homo sapiens (human) (https://www.
genome.jp/kegg/pathway/hsa/hsa 04310.html) and the
role of the gene in the regulation of WNT-pathway was
determined. Also, articles were used for annotation.

Statistical analysis. A two-sided p-value was
calculated using Fisher’s exact test http://vassarstats.
net/odds2x2.html. Metastasis-free survival was
calculated using the Kaplan-Meier method, and
differences among patient groups were evaluated using
the log-rank test.
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Results

By subtracting the frequencies of cytoband
amplifications and deletions in residual tumors of
patients with 2 or more amplifications of stemness

genes between groups with metastases (patients B1,
Gl, D1, El, K1, K2, K7, L1, R1, S1, S2, S3, Chl,
Ch3, Yul) and without metastases (patients D3, J1,
J2, K6, L2, L3, M4, N1, P1, P3, P2, S7, S10, Ch2,

Ta6bnuua 1/Table 1

KnuHuko-natonormyeckue napamMmeTpbl 6ONbHbIX PaKomMm MOJIOYHOM Xerne3bl U amnnwdmxau,uu reHoB
CTBONIOBOCTU B OCTaTO4YHOM pQSMAyaﬂbHOVI onyxonu

The clinicopathological parameters of breast cancer patients and stemness gene amplifications in residual tumors

ITatmenTsl/
Patients

Bl
Gl
D1
El
K1
K2
K7
L1
R1
Sil
S2
S3
Chl
Ch3
Yul

D3
J1
J2

K6
L2
L3
M4
N1
Pl
P3
P2
S7
S10
Ch2
Shi

AMIUTH(HKAINHT JOKYCOB TEHOB CTBO-
JIOBOCTH B PE3HIyalbHON OITyXOJH/
Stemness genes loci amplifications in

residual tumor
Splép
395p8q
5p8q9q10q
3qlépl8q
798q
8ql2plép
3q6p8q9ql13q
5p8ql0p
S5p7q9p10p
S5p7ql6p18ql9p
S5p6p8q9p10p18q19p
Sp6p7q8q13q19p
5p7q10q8ql6p
5p8qlépl9p
6p8ql3q
5p8q
8ql6p
8ql6p19p
3q8q
5p8q
8ql3qlép
3q8q
6p7q8q10p10ql6p
6p7q8q9p
398q
6p8ql8q
8ql10p
Sp6p8ql0p
S5p7q8ql0pl6p
3q7q18q

[ S O S S L N N O R O e O e O e O e S S Y S Y S O L e S e S L S S S S S

2

N

W W o W NN W

—_

0
0

Otget Ha HAXT/ Besmeracrarnueckas
NAC response MeracTas3sl/  BBLKHBAEMOCTH, MeC/
% ITo BO3/ Metastasis Metastasis-free survival,
WHO month

74 PR JHa/Yes 25

7 SD Ja/Yes 62
86 PR JHa/Yes 19
-66 PD Ha/Yes 47
75 PR Jla/Yes 28

0 SD JHa/Yes 105
80 PR Jla/Yes 12
28 SD Ja/Yes 10
21 SD JHa/Yes 12
45 SD Jla/Yes 11

-5 SD Ja/Yes 20
-35 PD JHa/Yes 17
42 SD Jla/Yes 23
60 PR Ja/Yes 21
59 PR Jla/Yes 43
35 SD Her/No 24
75 PR Het/No 115

0 SD Het/No 26
36 SD Het/No 12
58 PR Het/No 56
60 PR Het/No 30
76 PR Het/No 48
57 PR Het/No 32
67 PR Het/No 63
65 PR Het/No 13
55 PR Het/No 31
55 PR Het/No 96
67 PR Het/No 12
49 SD Het/No 41

71 PR Het/No 89

IIpumeuanue: PR — vactuunas perpeccust, SD — crabunuzanus, PD — nporpeccupoBanue; Bce MalMeHTKH UMEIH JTIOMUHAIBHBINA B MosekynspHbIit
noxrun PMOK. Jliomunansaelil B montun onpenensiics xak no3utusHsli o ER u PR crarycy u Ki67 > 30 %. ER+ skcnpeccrst 9KCTpOreHOBBIX
peuenrtopoB 6oibie 0, PR+ sxcnpeccus nmporectepoHoBbIX perientopos 6onbiie 0. HER2 TecTipoBaiv B COOTBETCTBUH C PEKOMEH QMM Ameri-
can Society of Clinical Oncology/College of American Pathologists Guideline 2007 Recommendation [6].

Note: PR — partial response, SD — stable disease, PD — progressive disease; All patients had a luminal B subtype. Luminal B subtype was determined
when positive ER and PR status and Ki67 > 30 % were observed. ER+ expression of estrogen receptors more than 0, PR+ expression of progester-
one receptors more than 0. HER2 testing is performed in accordance with American Society of Clinical Oncology/College of American Pathologists
Guideline 2007 Recommendation [6].
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Tabnuua 2/Table 2
FeHbl WNT-curHanuHra: ux nokanusauusi, Hanimume BbICOKOW pa3HocTu B Yactote CNA B ogHOM M3 rpynn ¢
MeTactasamu unm 6e3 metacta3oB u pyHkuma B WNT-curHanuHre

WNT-signaling genes: their localization, presence of a big difference in CNA frequency in one of the
groups with or without metastases and function in WNT-signaling
Hammune OtcyTcTBHE

MeTacTa3oB/  Maracras3oB/ Oynxknust/Function
Yes metastasis No metastasis

Tennr/ Jloxanm3arus/
Genes Cytoband

OJMH U3 KIIIOYEBBIX HETATHBHBIX PETYISTOPOB KAHOHHMYECKOTO
GSK3B 3q13.33 Del 13% Amp 33%  WNT-mytu/
One of the key negative regulators of canonical WNT-pathway

HeraruBHsIit perynsrop kaHoHmdeckoro WNT-myTn/

v 0, 0,
Arc 5422.2 Amp 20% Del 33% Negative regulator of canonical WNT-pathway
[To3utuBHBIN peryastop kanonudeckoro WNT-mytu/
0, 0,
pPP2Ca g3l Amp 20% Del 20% Positive regulator of WNT-pathway
VYuactByer B Tpancaykiun curaaga WNT-mytn, akruBarop/
0, 0,
SKPI Sg3l Amp 20% Rk Participates in WNT-pathway signal transduction, activator
HeraruHslit perynsrop kanonmdeckoro WNT-mytn/
0, 0,
1Cr7 Sg311 Amp 20% Del 20% Negative regulator of apoptosis through WNT-pathway
WNTS8A 5q31.2 Amp 20% Del 20% AxtuBarop WNT-mytn/ WNT-pathway activator
VYuactByer B Tpancaykimu curaaga WNT-mytu, akruBarop/
0, 0,
MAPKY 39353 Amp 20% Del 0% Participates in WNT-pathway signal transduction, activator
CSNK2B 6p21.33 Del 0% Amp 20%  AxrtuBarop TP53/Activator of TP53
[Mo3utuBHbI perymsitop kaHoHndeckoro WNT-mytu/
0, 0,
PPARD 6p21.31 Del 0% Amp 20% Positive regulator of WNT-pathway
Tlo3nTHBHSBIH perynsTop kaHoHHIeckoro WNT-myTn/
0, 0,
PPPIRSD 6p21.1 Amp 0% L Positive regulator of WNT-pathway
AxruBanus npoiudepanun yepe3 WNT-myTs/
0, 0
COND3 6p21.1 Amp 0% Del 27% Activation of proliferation via WNT-pathway
FZD9 7q11.23 Amp 20% Del 0% Axrtuarop WNT-niytn/ WNT-pathway activator
IMozutnBHE perynstop kaHoHndeckoro WNT-mmytu/
0, 0,
CULl 7q36.1 Amp 20% Del 0% Positive regulator of WNT-pathway
IMo3utnBHEI perynsTop kaHoHndeckoro WNT-mytu/
0, V)
FRATI 10g24.1 2L Amp 7% Positive regulator of WNT-pathway
[o3utuBHEIA perynsaTop kanHoHndeckoro WNT-mytu/
0, 0,
FRAT2 10q24.1 Del 27% Amp 7% Positive regulator of WNT-pathway
SFRPS 10q24.2 Del 27% Amp 0% HeraruHblii perymnstop kaHoHndeckoro WNT-mytn/

Negative regulator of canonical WNT-pathway
WNTSB 10q24.31 Del 27% Amp 7% Axruarop WNT-nyru/WNT-pathway activator

Herarusnslit perymsarop kaHoHHYecKoro WNT-mmyTu/

~ 2 o/ o/
BIRC 10q24.32 Del 27% Amp 7% Negative regulator of canonical WNT-pathway
. HeraruHblit perymnstop kaHoHHYeckoro WNT-mytn/
F7L 5.2-q25.: 9 9 . .
L2 10g25.2-q25.3 I Amp 0% Negative regulator of canonical WNT-pathway
Amp 33% o AxruBanust nponudepaipn yepe3 WNT-myTs/
CeNDI Hql3.3 Del 7% Del 0% Activation of proliferation via WNT-pathway
Wuru6urop NFAT nexanonmaeckoro WNT-myTn/
0, 0,
CHPI 15g15.1 Amp 7% RELERD NFAT inhibitor of noncanonical WNT-pathway
PLCB2 15q15.1 Amp 7% Del 33% Axtuatop WNT-nytu/ WNT-pathway activator
CSNK2A42 16g21 Del 27% Amp 7% AxrtuBarop TP53/Activator of TP53
0,
PRKCB 16p12.2-p12.1 Algle I; %3% Del 0% AxruBarop WNT-yru/WNT-pathway activator
0
FZD2 17q21.31 Amp 27% Del 27% AxtuBarop WNT-myru/WNT-pathway activator
WNT3 17921.31-q21.32 Amp 27% Del 20% AxtuBarop WNT-mytn/WNT-pathway activator
WNTY9B 17q21.32 Amp 27% Del 20% Axtuatop WNT-myt/ WNT-pathway activator
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WNT2B Ip13.2, VANGLI Ip13.1, DVLI 1p36.33, CACYBP 1¢25.1, JUN Ip32.1, WNT4 1p36.12, PPP2R5A 132.3, PRKACB
Ip31.1, CTNNBIPI, 1p36.22, VANGL2 1q23.2, WNT9A 1q42.13, WNT3A 1q42.13, PPP3R1 2p14, WNTG6 2435, FZDS5 2¢33.3,
WNT104 2935, FZD7 2q33.1, TCF7LI 2p11.2, ROCK2 2p25.1, CTNNBI 3p22.1, PRICKLE?2 3pi4.1, DVL3 3¢27.1, RHOA
3p21.31, SENP2 3¢27.2, WNTSA 3p14.3, WNT74 3p25.1, RUVBLI 3q21.3, TBLIXRI 3¢26.32, CTBPI 4p16.3, DKK2 4925, LEF1
4425, PPP3CA 4924, MAPK10 4q21.3, SFRP2 4q31.3, CXXC4 4924, CAMK2D 4q26, CSNKIAI 532, CAMK2A 5¢32, FBXW11
5q35.1, NKD2 5p15.33, DAAM2 6p21.2, MAP3K7 6415, WNT16 7q31.31, RACI 7p22.1, SFRP4 7p14.1, WNT2 7q31.2, CAMK2B
7pl3, FZDI 7q21.13, DKK4 8p11.21, MYC 8¢24.21, PPP2CB 8p12, PPP3CC 8p21.3, SFRPI 8p11.21, SOX17 8q11.23, FZD3
8p21.1, FZD6 8¢22.3, PPP3R2 9431.1, PRKACG 9¢21.11, CERI 9p22.3, CTBP2 10426.13, PPP3CB 10422.2, MAPKS 10g11.22,
CAMK2G 10g22.2, FZDS8 10p11.21, LRPS 11q13.2, MMP7 11¢22.2, PLCB3 11q13.1, PPP2R1B 1123.1, PPP2R5B 11q13.1,
CCNDI 11q13.3, WNTII 11q13.5, FOSLI 11q13.1, FZD4 11q14.2, WIF] 12q14.3, FZD10 12q24.33, PRICKLEI 12912, LRP6
12p13.2, SKPIP2 12p12.3, WNTI 12q13.12, WNTI10B 12q13.12, WNTSB 12p13.33, CCND2 12p13.32, CSNKIAIL 13¢13.3,
DAAMI 14q23.1, NEATC4 14q12, PPP2RSC 14q32.31, PPP2RSE 14923.2, PSENI 14q24.2, CHDS 14q11.2, SMAD3 1522.33,
NFATS 16q22.1, CREBBP 16p13.3, NFATC3 16¢22.1, CHP2 16p12.2, SIAHI 16¢12.1, AXINI 16p13.3, NKDI 1612.1, DVL2
17p13.1, NLK 17q11.2, PRKCA 17g24.2, RAC3 17¢25.3, TP53 17p13.1, AXIN2 17q24.1, SMAD2 18¢21.1, SMAD4, 18¢21.2,
NFATCI 18423, ROCKI 18q11.1, APC2 19p13.3, PPP2R1A 19q13.41, PRKACA 19p13.1, PRKCG 19q13.42, CSNK2A41 20p13,
PLCBI 20p12.3, NEATC2 20q13.2, PLCB4 20p12.3-p12.2, CSNKIE 22q13.1, EP300 22q13.2, RAC2 22q13.1, WNT7B 22q13.31,
RBXI 22q13.2, PORCN Xp11.23, PRKX Xp22.33, TBLIX Xp22.31-p22.2, TBL1Y YpI1.2

ITprmeuanue: rexsl, /Uit KOTOPHIX HE ObLIa TOKa3aHa BbICOKAs pasHuIla B yactorax CNA, coOpaHbl BHU3Y TaOIUII. 3eI€HBIM IBETOM BbIIEJICHEI
HeratuBHble perynsatopsl WNT-pathway, kpacHbIM 11BeToM — no3utHBHbIE perynstopsl WNT-pathway, nnmoBeiv 1Betom — aktuaropsl WNT-path-
Way U TEMHO-CHHUM — HeHTpasbHbIe (PaKTOPBI.

Note: genes for which a big difference in CNA frequencies was not shown are presented at the bottom of the table. Negative WNT-pathway regulators
are highlighted in green, WNT-pathway positive regulators are red, WNT-pathway activators are lilac, and WNT-pathway neutral factors are dark blue.

Sh1) chromosomal regions were detected with the
highest difference in the frequencies of deletions and
amplifications. Graphically, this is shown in Figure
1, which superimposes deletion and amplification
frequencies of these two groups of patients. 21
cytobands (3q13.33, 5q22.2, 5q31.1, 5q31.2, 5935.3,
6p21.33, 6p21.31, 6p21.1, 7q11.23, 7q36.1, 10q24.1,
10g24.2, 10q24.31, 10q24.32, 10q25.2, 11q13.3,
15q15.1, 16921, 16p12.2-p12.1,17q21.31,17q21.32)
were identified with the greatest difference in the
frequency of deletions and amplifications between
groups of patients with metastases and without
metastases (fig. 1, tabl. 2). The first top 3 genes were
taken based on the difference in CNA frequencies
between the groups with metastasis and without
metastasis. For amplifications these were 33, 27 and
29%:; for deletions — 27, 33 and 40 %.

Table 2 also lists all 150 genes of human WNT
signaling in accordance with http://software.
broadinstitute.org/gsea/msigdb/cards/KEGG_WNT _
SIGNALING_PATHWAY and their chromosome
localization, as well as genes with the top 3 differences
in deletion and/or amplification frequencies between
groups of patients with metastases and without
metastases, and the function of these genes.

In total, in the chromosomal regions with the largest
difference in deletion and amplification frequencies, 27
WNT signaling genes were localized: GSK3B, APC,
PPP2CA, SKP1, TCF7, WNT84, MAPK9, CSNK2B,
PPARD, PPP2R5D, CCND3, FZD9, CULI, FRATI,
FRAT2, SFRPS5, WNTS8B, BTRC, TCF7L2, CCNDI,
CHPI, PLCB2, CSNK242, PRKCB, FZD2, WNT3,
WNT9B (tabl. 2).

We divided all identified WNT-signaling genes into
three large groups. The first group included activators
of WNT-signaling (lilac); it was composed of receptor
genes of the WNT signal pathway, receptor ligands,

CUBUPCKIY OHKONOTMYECKW XXYPHAT. 2020; 19(3): 78-88

secondary messengers and transcription factors that
play a key role in the work of the WNT-pathway. Also,
this group included two cyclins D3 and D1, which
trigger the cell cycle via WNT-signaling and are the
endpoint of the WNT signaling pathway. In total, this
group included 12 genes: SKPI, WNT8A, MAPK?9,
CCND3, FZD9, WNTS8B, CCND1, PLCB2, PRKCB,
FZD2, WNT3, WNT9B. Activation of WNT signaling
should be substantially facilitated by amplification of
chromosomal regions of localization of these genes
and substantially hindered by deletions. The second
group of genes included genes whose products,
according to OMIM and GeneCards, negatively
regulate the WNT signaling pathway (green). This
group included 7 genes: GSK3B, APC, CSNK2B,
SFRPS5, BTRC, TCF7L2, CSNK2A2. Activation of
WNT signaling should be significantly facilitated
by deletions of chromosomal regions of these genes
localization and significantly hindered by their
amplifications. The third group was composed of
positive regulators of canonical and noncanonical
WNT signaling pathways (PPP2CA, TCF7, PPARD,
PPP2R5D, CULI, CHPI, FRATI, FRAT?). Itincluded
some transcription factors, secondary messengers,
kinases. They can exert a noticeable but not as
critical effect as activators on the WNT-signaling
pathway, while the activity of the products of these
genes can either be suppressed by other factors, or
they belong to the noncanonical pathway, or they
regulate the manifestations of WNT signaling little
associated with proliferation, migration, adhesion and
stemming, i.e. those mechanisms that are necessary
for metastasis. CNA regions of localization of these
genes were excluded from further analysis due to
the high pleiotropy of mutual influences and low
significance for metastasis mechanisms. CHP/ belong
to the noncanonical WNT-signaling pathway.
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After such preliminary bioinformatics selection of
WNT-signaling genes, the relationship with metastasis
was assessed only for the first (lilac) and second
(green) gene groups (tabl. 2). In accordance with the
working hypothesis, metastasis should be facilitated by
amplification of gene loci of the first group and deletion
of loci of genes of the second group, while inhibition
of metastasis should be done by deletion of gene loci
of the first group and amplification of loci of genes of
the second group. In accordance with this formulation,
a point system was developed. One point was added
to the total score when amplifying WNT-signaling
activators or deletion of negative regulators, and
vice versa, when deleting WNT-signaling activators
or amplification of negative regulators, one point
was taken from the total amount. The distribution of
amplifications and deletions at all loci of the genes of
the first and second groups and the total score for all
30 patients studied are presented in Fig. 2. As seen in
Fig. 2, 93 % (14/15) of patients with metastases have
a total score greater than 0, while 93 % (14/15) of
patients without metastases have a total score of zero
or less than zero. The differences between the groups
are statistically significant according to the two-sided
Fisher test with a high level of confidence probability
(p=0.000003) and the log-rank test (p=0.00004) when
assessing metastasis-free survival by the Kaplan-
Mayer method (fig. 3).

Thus, our data indicate that CNA genes of WNT-
signaling are associated with metastasis and the
prognostic value of CNA genes of WNT-signaling in
residual tumors is highly predictive, which confirms our
working hypothesis that CNA genes of WNT signaling
are involved in the implementation of the metastasis
process. Amplifications of stemness genes give tumor
cells the ability to do stem transition [ 1], amplifications
of activators SKPI, WNT8A, MAPK9, CCND3, FZD9,

WNTSB, CCNDI1, PLCB2, PRKCB, FZD2, WNT3,
WNT9B and / or deletions of negative regulators of
WNT signaling genes: GSK3B, APC, CSNK2B, SFRP5,
BTRC, TCF7L2, CSNK2A2, contribute to the release of
tumor cells from replicative aging and dormant state,
and activation of stem transition.

Discussion

The association of the combination of stemness
gene amplifications and WNT-signaling genes in
residual tumors with hematogenous metastasis
was studied. Based on the microarray study and
using bioinformatics methods, the most important
WNT-signaling genes were identified for 12 WNT
signaling activator genes and 7 negative regulator
genes, amplification and deletion (respectively) of
which were associated with metastasis (according
to the Fisher’s two-sided criterion, p=0.000003 and
the log-rank test, p=0.00004, when evaluated by the
Kaplan—Mayer method).

According to modern recommendations, adjuvant
chemotherapy (ACH) is given to patients, who have
not previously received 6—8 cycles of NACH. Current
methods for predicting the risk of relapse (in particular,
the Oncotype DX platform), which show the need
for ACT are often inefficient, and even if they are
used, the majority of patients (more than 40-50 %
of patients) receive postoperative chemotherapy [8],
while according to our data, only 25 % of patients need
adjuvant chemotherapy. These are patients with 2 or
more amplifications of stemness genes and a positive
total CNA score of WNT signaling genes. Our new
prognostic factor is currently one of the most highly
effective for breast cancer.

Some of the WNT signaling genes that we have
identified are considered in the modern literature in
terms of metastasis mechanisms. Gene FZD9 gene
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Fig. 3. Metastasis-free survival of patients with breast cancer with

2 or more amplifications of stemness genes depending on the
total score on the CNA of the WNT pathway genes

is activated after exposure of breast tumor cells to
chemotherapy and is involved in the induction of the
stem phenotype in these cells [9]. Amplification of
gene CCNDIgene is associated with a poor outcome
in breast cancer [10]. Knockdown of CCND| inhibits
mammosphere formation of breast cancer cells [11].
MiR-4779 inhibits CCND3 in colon cancer cells,
causing cell cycle arrest and apoptosis [12]. Inhibition
of SKPI leads to mitotic arrest of lung cancer cells
[13]. Inhibitors of other activators of WNT signaling
genes are being developed: PPP2CA [14], WNT3
[15] and others. For FZD2, on the contrary, it was
shown that its hyperexpression was accompanied by
suppression of metastasis of salivary adenoid cystic
carcinomas [16]. Previous studies have shown that
during EMT and metastasis, Wnt5a/b ligand and/or its
cognate receptor Fzd2 are generally overexpressed in
cell lines derived from late-stage mesenchymal-type
cancers, such as melanoma and cancers of the, lung,
colon, liver, and the gastric tract [17-19]. The WNTS8A
gene is associated with an unfavorable prognosis in
patients with breast cancer treated with NAC [20].
As for negative regulators, there is much less
information. The SNP of BTRC 1561873997 G>A gene
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