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Introduction. Rearrangement of molecular pathways and activation of bypass signaling determine the progression
of tumor cell resistance to various drugs. Study of the common features of resistant formation mechanisms is essential
for breast and other cancer beneficial treatments.

Materials and methods. The present work was performed on estrogen receptor a ERa-positive (ERa — estrogen receptor a)
MCF-7 breast cancer cells, established sublines resistant to the mTOR inhibitor rapamycin or antiestrogen tamoxifen, and
ERa-negative MDA-MB-231 breast cancer cells. Methods used include MTT test, transient transfection, immunoblotting,
real-time polymerase chain reaction and methylation analysis by bisulfite pyrosequencing.

Results. We have shown that the resistance of breast cancer cells to targeted and hormonal drugs is associated with the
suppression of DNA methyltransferase 3A (DNMT3A) and respective changes in DNA methylation; DNMT3A knockdown
results in the partial resistance to both drugs demonstrating the pivotal role of DNMT3A suppression in the progression
of cell resistance.

Conclusion. Totally, the results obtained highlight the possible mechanism of tumor cell resistance to targeting/hor-
monal drugs based on the deregulation of DNMTs expression and demonstrate direct connection between DNMT3A
suppression and resistance progression.
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Martepuanbl u metopbl. HacToswas pabota BbinonHeHa Ha ERa-nonoxutensHbix (ERa — acTporeHoBelii peuentop a)
KNeTKax paka MojiouHoi xene3sbl MCF-7 1 nonyyeHHbIX U3 HUX CyBANHUAX, YCTONUMBBIX K MHTMOUTOPY MTOR panamuuuHy
MW aHTUICTPOreHy TaMoKcudeHy, a Takke Ha ERa-oTpuuartenbHbix Knetkax paka MonoyHoi xenessl MDA-MB-231. Uc-
nosib3yeMble METOAbI BKIOYAIOT TecT MTT, TpaH3UTOPHYIO TpaHChEKLUIO, UMMYHOOIOTTUHT, NOJIMMEPA3HYIO LEenHyIo peak-
LMI0 B peaNbHOM BPEMEHM W aHaNN3 METUIMPOBAHMNSA C NOMOLLbI0 BUCYNbGUTHOTO NMPOCEKBEHMPOBAHMS.

Pesynbrartbl. Mbl noKa3anu, YTo PE3UCTEHTHOCTb KNETOK PaKa MOJIOYHOW Xene3bl K TapreTHbIM 1 TOPMOHasbHbIM Npena-
patam cBa3aHa c nogasnenunem IHK-metuntpancdepasbl 3A (DNMT3A) 1 cOOTBETCTBYIOWMMN U3MEHEHUAMMW B METUINPO-
BaHuu IHK. Hokpaays DNMT3A npuBoamT K 4aCTUYHOMN PE3UCTEHTHOCTM K 060MM Npenaparam, Yto AEMOHCTPUPYET Kitoye-
BYt0 posib noaasneHnsa DNMT3A B pa3BuTUM pe3UCTEHTHOCTU OMYXONEBbIX KNETOK.

3aknioueHue. B Lenom, nonyyeHHble pe3ynbsTathl CBUAETENLCTBYIOT O BO3MOXHOM MexaHU3Me hopMUPOBaHMUA YCTOMYM-
BOCTM OMYXONEBbIX KNETOK K TapreTHbIM/ropMOHanbHbIM npenaparaM, OCHOBAaHHOM Ha fieperynauuu skcnpeccum DNMT,
¥ BEMOHCTPUPYIOT NPAMYIO CBA3b Mexay noaasneHneM DNMT3A u pa3Butuem pe3ucTeHTHOCTH.

KnioueBble cnoBa: panamuumuH, TaMOKCUEH, NeKapCcTBeHHas YCToNYnBOCTb, knetkn MCF-7, npotemnkuHasa AKT, JHK-
meTuaTpaHcdepasa, nosTopsbl LINE

IOna uutupoBanusa: Auppeesa 0.E., CopokuH [.B., Bunokyposa C.B. v ap. ®PeHomeH nogasnenus JHK-metuntpaHcdepa-
36l 3A npu popMUpPOBaHUM Pe3UCTEHTHOTO PEHOTMNA B KNIETKAX paka MOJIOYHO ese3bl. Ycnexu MoneKynspHon OHKoNo-
ruu 2023;10(4):149-56. (Ha anrn.). DOI: https://doi.org/10.17650/2313-805X-2023-10-4-149-156

INTRODUCTION

The development of acquired drug resistance of tumor
cells is among the key factors limiting the efficiency of an-
titumor therapy [1—5]. There are various mechanisms
which are respondent for the formation of the resistant phe-
notype of cancer cells, including the activation of ABC
(ATP-binding cassette) transporters, mutations of targeted
genes, rearrangement of signaling pathways, etc. [6—8].
Among them, the reconstruction of the epigenetic machin-
ery belongs to the main events involved in the progression
and maintenance of the low drug sensitivity of tumor cells
[9—12]. DNA (de)methylation involved in the different
regulation of genes is associated with the progression of tu-
mor cells resistance, including genes encoding ABC trans-
porters, growth signaling proteins, DNA repair enzymes,
growth factors and receptors, etc. [13, 14].

DNA methyltransferases (DNMTs) belong to the key
enzymes, which are responsible for DNA methylation and
epigenetic regulation of gene expression [15, 16]. Several
studies demonstrate various changes in the expression or
activity of DNMTs in resistant tumors [17—19], however,
the mechanism of the precise regulation of DNMTs is still
unclear.

Earlier, we have shown that prolonged treatment of
MCF-7 breast cancer cells with mammalian target of rapa-
mycin (mTOR) pathway inhibitors, rapamycin or metform-
in, resulted in the development of resistant clones charac-
terized by constitutive activation of growth-related
pathways [20, 21]. Because the activation of bypass growth
signaling is among the key features of the acquired hormo-
nal resistance, we proposed the existence of common
mechanism respondent for the formation of cell resistance
to both mTOR-targeting and hormonal agents.

Here we have shown that the progression of the resist-
ance of breast cancer cells to targeted and hormonal drugs
involved the suppression of DNMT?3A axis and the respec-
tive changes in DNA methylation, and demonstrated the
pivotal role of DNMT3A suppression in the progression of
the cell resistance. Following studies will delineate the

mechanism of DNMT3A suppression in resistant tumors,
and highlight the perspectives of the applying of these pa-
rameters as an additional criterion for the prognosis of tu-
mor resistance.

MATERIALS AND METHODS

Cell lines and evaluation of antiproliferative activity. The
MCF-7 cells (ATCC HTB-22) and MDA-MB-231 cells
(ATCC HTB-26™) were cultured at 37 °C and 5 % CO, in
DMEM medium (PanEco, Russia) containing 4.5 g/1 glu-
cose and 10 % fetal bovine serum (HyClone, USA). Pro-
longed treatment of the parent MCF-7 cells with tamoxifen
and rapamycin was used to obtain resistant sublines MCF-
7/T and MCF-7/Rap respectively [20, 22]. The MTT assay
[23] with modifications as described [24] was used to de-
termine the cell response to the drugs after the treatment of
the cells with tamoxifen or rapamycin.

Transfection of small interfering RNA. Scrambled non-
specific sSiRNA and DNMT3A specific siRNA were pur-
chased from Syntol. Oligonucleotides were dissolved in
annealing buffer (50 mM NaCl, 10 mM Tris-HCI (pH 8.0),
I mM EDTA), annealed at 95 °C and used for transfection
with Lipofectamine 2000 (Thermo Fisher Scientific, USA).
The following sequences of siRNA were used in the study:
scrambled siRNA 5’-UUCUCCGAACGUGUCAC-
GUTT-3’, DNMT3ASsiRNA 5’-GCCAAGGUCAUUG-
CAGGAATT-3’, with corresponding antisense sequences.

Total RNA isolation and quantitative real-time polymer-
ase chain reaction. Total RNA was extracted from cells us-
ing TRIzol reagent (Invitrogen, USA) following the man-
ufacturer’s instructions. cDNA was synthesized from 1 pg
of total RNA by reverse transcription using the iScript™
Advanced cDNA Synthesis Kit (Bio-Rad, USA). Quanti-
tative real-time polymerase chain reaction (RT-PCR) was
performed using 5X qPCRmix-HS SYBR (Evrogen, Rus-
sia) with the following conditions: initial denaturation for
3 min at 95 °C, followed by 40 cycles at 95 °C for 15 s, at Ta
60 °C for 15 s (Ta — temperature annealing), and at 72 °C
for 30 s. All PCR reactions were performed in triplicate,
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and gene expression was normalized relative to that of hu-
man B-Actin (ACTB), which was used as internal control.
Primers used for RT-PCR are listed in table 1. Amplifica-
tion and data analysis were performed on CFX96 touch
RT-PCR Detection System (Bio-Rad, USA); Bio-Rad
CFX Manager software v. 3.1 was used for threshold cycle
(Ct) value calculations and data analysis. Relative mRNA
expression was determined using the AACt method [25].

Table 1. Sequence of primers used in real-time polymerase chain reaction

Gene Forward primer (5°-3’)  Reverse primer (5°-3’)
DNMTI CGACTACATCAA TGGAGTGGACTTG
AGGCAGCAACCTG TGGGTGTTCTC
DNMT3a TGGCAGGATAG GCTGGTCTTT
CCAAGTTCAG GCCCTGCTTTATG
ACTB ATGTGGCCGAGGA AGTGGGGTGG
CTTTGATT CTTTTAGGATG

Immunoblotting. Preparation of the cell lysates for im-
munoblotting was conducted as described previously in
[26]. The lysates were separated by 10 % SDS-PAGE,
transferred to a nitrocellulose membrane (PerkinElmer,
USA), and processed as described earlier [27]. After the
treatment with 5 % nonfat milk (Applichem, Germany) the
membranes were incubated with primary antibodies (Cell
Signaling Technology) overnight at +4 °C. For the stand-
ardization of loading, the antibodies against a-tubulin (Cell
Signaling Technology, USA) were used; the secondary an-
tibodies corresponding IgGs conjugated with horseradish
peroxidase were provided by Jackson ImmunoResearch
(USA). The detection was performed using Mruk and
Cheng’s protocol [28] and an ImageQuant LAS4000 system
for chemiluminescence (GE HealthCare, USA). Densi-
tometry for immunoblotting data was performed using Im-
age] software (Wayne Rasband). The protocol for densi-
tometry was provided by The University of Queensland with
the recommendations from the work [29].

Table 2. Primers and pyrosequencing assays

Methylation analysis by bisulfite pyrosequencing. Meth-
ylation analysis was carried out using a bisulfite pyrose-
quencing method. Briefly, genomic DNA was isolated using
the Extract DNA Blood & Cells kit (Evrogen, Russia) and
modified with sodium bisulfite using the EZ DNA Meth-
ylation-Gold™ Kit (Zymo Research, USA) according to
the manufacturer’s protocol. Bisulfite treated DNA was
amplified with a pair of gene-specific primers using 5x
MaSTagDD PCR master mix (Dialat Ltd., Russia). One of
these primers was biotinylated for subsequent immobilisa-
tion of a specific DNA-fragment onto a solid support (by
biotin/streptavidin coupling). Primers and assays used for
pyrosequencing are listed in table 2. The PCR products were
sequenced by pyrosequencing PyroMark Q24 (Qiagen, Ger-
many) using a specific sequencing primers (table 2). The
obtained sequences were analyzed using PyroMark Q24
Advanced Software, which allows analysis of methylation
levels of CpG sites.

Statistical analysis. Each experiment was repeated
three times with three technical replicates. Statistical anal-
ysis was performed using Microsoft Excel. Results were
expressed as mean + SD (standard deviation value) if not
stated explicitly. A p-value of <0.05 was considered statis-
tically significant.

RESULTS

DNMT3A expression and cell resistance. The experi-
ments were performed on MCF-7 breast cancer cells and
rapamycin-resistant (MCF-7/Rap) and tamoxifen-resist-
ant (MCF-7/T) sublines developed under prolonged treat-
ment of the parent cells with mTOR inhibitor rapamycin or
selective estrogen ERo modulator tamoxifen respectively
[20, 22]. In a parallel, the study of the tamoxifen-resistant
ERo-negative MDA-MB-231 breast cancer cells were per-
formed.

Study of the DNA methylation enzymes showed the
significant suppression of DNMT3A protein level in both
MCF-7 resistant sublines, whereas the expression of DN-
MT1 was not changed significantly (fig. 1a). Similarly,

Gene Forward primer (5°-3’) Reverse primer (5°-3’) Sequencing primer (5°-3’) Assay
YGTGGTGYG
LINE-1 TGAGTTAGGTG bio~AAAATCAAAA GTTAGGTGTG R CLERRELC
TGGGATATAGT AATTCCCTTTC GGATATAGTTT AT A
TTYGGGTGGGA
. YGTTGGTTTA
TAGTATTGGGGT  bio~ACCTTAACCCTAT ~ TAGTATTGGGGT
DNMT3A4cg03463641  TGGGGATAGTAG AAAACAAAATAACCTC  TGGGGATAGTAG R
ATTTTTAG
YGTTTTTATTTT
DNMT34 ca1629895 TOGAAGATTTTGT  biotin-AAATCAAAAA  TGGAAGATTTTGT  TTTATYGTGGGGG
g GTGTGTTTATATAT ~CCTAAAACCCTAAAC  GTGTGTTTATATAT  TTGTTTTTTTTTTTT
ATGGAGYGTTT

Note. Symbol Y represents C or T according to the IUPAC codes.
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RT-PCR analysis revealed the marked decrease in the
level of mRNA DNMT?3A in the resistant cells when the
level of mRNA DNMT1 was decreased slightly (fig. 15).
Similarly to the MCF-7 resistant sublines, the ERa-neg-
ative MDA-MB-231 cells were characterized with the
marked decrease in the protein and mRNA level of DN-
MT3A when the DNMT1 level was even slightly in-
creased (fig. 1a, b).

Cell resistance and DNA methylation. To investigate the
effect of DNMT3A suppression on the global change in
DNA methylation, we examined the methylation level of
long interspersed nucleotide element 1 (LINE-1). LINE-1
is a major genetic element, making up ~17 % of the entire
genome [30]. CpG sites located within LINE-1 and their
methylation levels correlate with the global methylation
status of genomic DNA and therefore often used as a sur-
rogate marker for assessing global DNA methylation alter-
ations [31].

The analysis of LINE-1 methylation in the resistant
sublines revealed a slight decrease in that in tamoxifen- and
rapamycin-resistant cells as well as in the MDA-MB-231
cell line (not significant) (fig. 2) supporting the repression
of DNMT 3A activity in the resistant cells.

In addition, we analyzed the methylation of regulatory
sequences, a CpG-island (CGI) in the promoter of the
DNMT?3A gene and in transitional areas, termed shores, to
elucidate potential mechanisms of suppression of DN-
MT?3A expression in resistant cells. There were no signifi-
cant changes in the DNA sequence methylation levels in
the CGI and S-shore regions in the MCF-7/T and MCF-
7/Rap resistant cells compared to the parental cell line.
According to The Cancer Genome Atlas (TCGA) (breast
cancer data collection, BRCA), increased methylation of
S-shore region (genomic coordinates chr2:25565794—

a b
—-—— SNy P smmme C-tUbulin

P DNMT3A

-— — Bl o\

MCF-7 MCF-7/T MCF-7/Rap MDA-MB-231

Relative mRNA expression

25565842, hg19/Human) is associated with reduced DN-
MT3A expression. Thus, DNA methylation, at least of the
S-shore region of DNMT3A gene, does not seem to be
responsible for suppression of DNMT3A expression in re-
sistant cells. In contrast, we found increased methylation
in the CpG-island in DNMT3A promoter in MDA-
MB-231 cells, which may be one of the reasons for the de-
creased DNMT3A activity in these cells (fig. 2).

Influence of DNMT3a knockdown on the cell resistance.
As can be seen in fig. 3, knockdown of DNMT3A by siRNA
resulted in the progression of partial resistance of MCF-7
cells to both tamoxifen and rapamycin underlining the di-
rect association between DNMT3A suppression and for-
mation of the resistant phenotype.

Totally, we have revealed the pivotal role of suppression
of DNMT3A in the formation of the cell resistant pheno-
type. Namely, we have described the suppression of DN-
MT3A axis in the rapamycin- and tamoxifen-resistant cells,
and demonstrated the similar progression of partial cell
resistance under DNMT3A knockdown; we have shown
that suppression of DNMT3A axis was associated with the
decrease in the DNA methylation. The following studies
will delineate the prevalence of DNMT3A suppression
among the resistant tumors, and reveal the possible apply-
ing of these parameters as the criteria of the cell resistance
to targeting drugs.

DISCUSSION

The high level of tumor cell resistance to drug treat-
ment is among the key factors determining the relatively
low efficiency of anticancer therapy [2]. As known, long-
term drug treatment is accompanied with the progression
of acquired drug resistance of tumors, and, in the case of the
specific targeting drugs, may be based on the rearrangement

DNMT3A
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Fig. 1. DNMTs protein and RNA expression levels in the cell lines: a — Western blotting of the protein samples of MCF-7, MCF-7/T, MCF-7/Rap and MDA-
MB-231 cells. Densitometry was used to quantify changes in protein expression; b — RT-PCR analysis of the expression of DNMT3A and DNMT1 in MCF-7,

MCF-7/T, MCF-7/Rap and MDA-MB-231 cells
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Fig. 2. Methylation levels in the studied cell lines: a — average methylation level of the six CpG dinucleotides in the LINE- 1 region in MCF-7, MCF-7/Rap,
MCF-7/T and MDA-MB-231 cells; b — average methylation of the four CpG dinucleotides within CpG-island (CGI) in the promoter of the DNMT3A gene and

of the three CpGs in the adjacent N-shore sequence
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Fig. 3. The viability of MCF-7/scr and MCF-7/siDNMT3A cells after tamoxifen (a) and rapamycin (b) treatment. Data represent mean value * standard

deviation of three independent experiments

signaling pathways respondent for the regulation of cell
proliferation [3].

Similar to targeted drug resistance, progression of cell
resistance to hormonal drugs possesses the common fea-
tures, i.e. the rearrangement of signaling pathways and ac-
tivation of bypass estrogen-independent pathways resulting
in the restoration of cell proliferation [6]. A number of
works, including our studies, described the changes in the
profile of proteins and nucleic acids in the resistant cells [5,
20, 32—34], revealed microRNAs involved in the develop-
ment of the resistance of tumor cells [35], and demonstrat-
ed the participation of exosomes in the transfer of hormonal
resistance [36].

It should be noted that the mechanism of maintaining
of cell signaling rearrangement and, in particular, the sig-
nificance of epigenomic changes, i.e. DNA methylation,
in the development of tumor cells resistance are currently

being actively studied using various experimental models
[37]. ERa was found to regulate gene expression in breast
cancer cells in part via DNA methylation whereas the loss
of ERa results in the progression of estrogen resistance as-
sociated with the hypomethylation and overexpression of
mitogen signaling genes [13]. Totally, the comparative anal-
ysis of the DNA methylation profile of the estrogen-sensi-
tive and resistant breast cancer cells revealed number of
genes hyper- or hypomethylated in the resistant cells [13,
14]. Among the recently studied genes some of histone var-
iants overexpressed in the resistant cells [38], hypomethyl-
ation of Lactate dehydrogenase genes in the MCF-7 resist-
ant clones [39] and some others. Earlier, using the panel of
various MCF-7 resistant derivates we have identified six
coding genes, PRKCZ, TRAPPC9, ASIC2, C2CD4a,
ZNF787 and CRTACI, differentially methylated in the
resistant cells [40].
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In the present work, the expression and activity of the
key DNA methyltransferases in the MCF-7 resistant sub-
lines was analyzed. As revealed, both tamoxifen-resistant and
rapamycin-resistant cells were characterized by common
features — constitutive suppression of DNMT3A associated
with hypomethylation of numerous DNA regulatory se-
quences. Knockdown of DNMT3A in parental MCF-7 cells
was accompanied with the development of partial cell resist-
ance to rapamycin and tamoxifen, indicating the involve-
ment of DNMT3A in the formation of cell response to the
tested drugs. The association of DNMT3A suppression with
cell resistance was confirmed in the experiments on the
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ERo-negative MDA-MB-231 breast cancer cells showing
the low level of DNMT?3A expression in MDA-MB-231 cells
compared with the estrogen-dependent MCF-7 cells.

CONCLUSION

Totally, the results obtained highlight the possible
mechanism of tumor cell resistance to targeting/hormonal
drugs based on the deregulation of DNMTs expression and
demonstrate direct connection between DNMT3A sup-
pression and resistance progression; further studies are re-
quired to identify the factors involved in DNMT3 deregu-
lation in the resistant cells.
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