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Abstract

The aim of the study was to understand the role of homologous recombination repair (HRR) pathway genes in development
of chemotolerance in breast cancer (BC). For this purpose, chemotolerant BC cells were developed in MCF-7 and MDA
MB 231 cell lines after treatment with two anthracycline anti-tumor antibiotics doxorubicin and nogalamycin at different
concentrations for 48 h with differential cell viability. The drugs were more effective in MCF-7 (IC50: 0.214-0.242 pM)
than in MDA MB 231 (IC50: 0.346-0.37 uM) as shown by cell viability assay. The drugs could reduce the protein expres-
sion of PCNA in the cell lines. Increased mRNA/protein expression of the HRR (BRCA1, BRCA2, FANCC, FANCD?2,
and BRIT1) genes was seen in the cell lines in the presence of the drugs at different concentrations (lower IC50, IC50, and
higher IC50) irrespective of the cell viability (68—41%). Quantitative methylation assay showed an increased percentage of
hypomethylation of the promoters of these genes after drug treatment in the cell lines. Similarly, chemotolerant neoadjuvant
chemotherapy (NACT) treated primary BC samples showed significantly higher frequency of hypomethylation of the genes
than the pretherapeutic BC samples. The drugs in different concentrations could reduce m-RNA and protein expression of
DNMT1 (DNA methyltransferase 1) in the cell lines. Similar phenomenon was also evident in the NACT samples than in the
pretherapeutic BC samples. Thus, our data indicate that reduced DNMT1 expression along with promoter hypomethylation
and increased expression of the HRR genes might have importance in chemotolerance in BC.
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HRR Homologous recombination repair
UICC International Union Against Cancer
TNM Tumor size, lymph node, metastasis
MSRA Methylation-sensitive restriction analysis
gRT-PCR Real-time PCR quantification
DNMT1  DNA methyltransferase 1

PCNA Proliferating cell nuclear antigen
HRP Horse-radish-peroxidase

FITC Fluorescein isothiocyanate
Introduction

Breast carcinoma (BC) is frequent cancer among women
worldwide [1] which accounts for 25% of cancer burden in
Eastern Indian population [2]. Chemotherapy is a corner-
stone treatment in patients with early and advanced breast
cancer apart from surgery and radiotherapy. The recent
trend in therapy of BC is the administration of neoadju-
vant chemotherapy (NACT) to shrink the locally advanced
tumors for better prognosis of the disease [3]. However,
characteristics of the chemotolerant BC cells are not well
understood.

Chemosensitivity of the tumors is associated with com-
petency of DNA damage response (DDR) activation [4-7].
Among different DDR pathways, homologous recombina-
tion repair (HRR) pathway is important due to the presence
of several BC susceptible genes [8]. In pretherapeutic BC
samples, frequent (41-47%) alteration (deletion/methyla-
tion) of BRIT1 and its reduced mRNA/protein expression
were reported [9, 10]. Our previous studies showed variable
frequencies of deletion (50-70%) and methylation (30-60%)
in BRCA1/BRCA2 genes in pretherapeutic BC [11, 12]. In
addition, 40-65% deletion and methylation in FANCC and
FANCD?2 genes as well as 20-40% of their reduced protein
expression were observed in BC [12—14]. Similarly, high
frequency of alterations (deletion/methylation) of some HRR
genes has been seen in BC of NACT-treated patients in spite
of low proliferation index and stem cell prevalence [12]. It
seems that epigenetics may play an important role in modu-
lating cancer cells to acquire drug tolerance [15, 16].

In NACT treatment of BC patients, doxorubicin is mainly
used along with other chemotherapeutic drugs [17]. Doxoru-
bicin is a common anthracycline anti-tumor antibiotic with
DNA intercalation property and inhibits nucleic acid syn-
thesis as well as topoisomerase II [18]. Like doxorubicin,
nogalamycin is another anthracycline anti-tumor antibiotic
with severe toxicity and also inhibits nucleic acid biosynthe-
sis [18]. It has been reported that doxorubicin (1 uM) could
inhibit the expression of BRCA1/BRCA?2 in different BC
cell lines [19]. In addition, it could induce apoptosis in a BC
cell line MCF-7 [20]. On the other hand, increased expres-
sion of the HRR protein like BRIT1 and foci formation at
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the DNA damaged site was found in MCF-7 after exposure
of ionization radiation [10]. Thus, characterization of doxo-
rubicin/nogalamycin-tolerant BC cells in vitro may mimic
the NACT-tolerant BC cells in vivo.

For this reason, we have analyzed the association of the
key regulatory genes of the HRR pathway with doxoru-
bicin/nogalamycin-tolerant BC cell lines MCF-7 and MDA
MB 231 at first, followed by validation in NACT-treated
primary BC samples. In this study, the quantitative expres-
sion (RNA/Protein) and methylation profiles of the HRR
genes were analyzed in the BC cell lines with increasing
concentration of the drugs followed by correlation with the
NACT samples. Then, the methylation patterns of the genes
were correlated with DNMT1 expression in BC cell lines
and samples. Our study showed that increased expression of
the HRR genes due to their promoter hypomethylation and
reduced expression of the DNMT1 were associated with the
drug tolerance of BC cells.

Materials and methods
Cell culture

MCF-7 and MDA MB 231 cell lines were obtained from
NCCS, Pune, India. MCF-7 is a luminal A type (ER+, PR+,
HER2-) BC cell, whereas MDA MB 231 is of triple-nega-
tive (ER—, PR—, HER2—) type. MCF-7 and MDA MB 231
were grown, respectively, in RPMI 1640 (GIBCO, USA) and
Leibovitz’s L-15 (Himedia, India) Medium, supplemented
with 10% FBS and 1% penicillin/streptomycin at 37 °C, 5%
CO, according to the supplied protocol.

Treatment of chemotherapeutic drugs on BC Cell
lines

The effect of anthracycline anti-tumor antibiotics doxoru-
bicin and nogalamycin on MCF-7 and MDA MB 231 cell
lines was analyzed by dye Sulforhodamine B (SRB) to do the
drug kinetics and dose selection according to the standard
procedure [21]. Doxorubicin was purchased from Sigma-
Aldrich, USA and nogalamycin was a kind gift from Upjohn
Company, USA. The drugs were dissolved in water to pre-
pare a stock concentration and diluted with respective cell
culture media as par the dose. Approximately, 5000 BC cells
were plated in 96-well plate and allowed to attach to the bot-
tom of the plate overnight. After 24 h of plating, cells were
treated with increasing doses of doxorubicin and nogala-
mycin. Cells were incubated at 37 °C for 48 h and fixed
with 50% chilled TCA for 45 min at 4 °C and dried at 37 °C
overnight. Then, absorbance at 510 nm (Aj,,) was taken in
the presence of 0.4% SRB. The 50% inhibitory concentra-
tion (IC50) was calculated as described by Khafif et al. [22]
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from the mean OD values obtained in triplicate independ-
ent experiments. Similarly for further experiments, the cells
were harvested after 48 h of the drug treatment and DNA/
RNA/protein were isolated.

m-RNA expression analysis in BC cells

Total RNA was isolated from BC cell lines (MCF-7 and
MDA MB 231) using TRIzZOL reagent (Invitrogen, USA)
according to manufacturer’s protocol. Purity of RNA was
checked by spectrophotometry from A260/280 ratio and
concentration was determined from A260 value.

Real-time quantification of the candidate TSGs was per-
formed using a power SYBR-green assay (Applied Biosys-
tems, USA) with f2-microglobulin as control. Each sample
was loaded in triplicate and run at 40 cycles on an ABI prism
7500 machine (Applied Biosystem, USA). After each run,
melting curves were generated to confirm amplification of
specific transcripts. To determine the relative level of gene
expression, the comparative threshold cycle (ddCT) method
was employed after normalization of respective gene of
interest expression level against that of B2M, (dCT) [23-26].
The relative gene expression of the genes in terms of fold
expression change (2-ddC T) was calculated from the ddCT
values obtained using the formula:

ddCT = [dCT(Target) — dCT(B2M)] (Drug treated BC cells)
— [dCT (Target) — dCT(B2M)] (untreated control BC cells).

The primer sequences are listed in Supplementary
Table Sla.

Protein expression analysis in BC cells

Protein expression was analyzed by western blot analysis
and immunocytochemistry in MCF-7 and MDA MB 231
cell lines. For protein extraction and western blotting,
MCF-7 and MDA MB 231 cells were lysed by sonication
with RIPA buffer [21, 23, 24]. Proteins (80 pg) were sepa-
rated by 10% SDS—PAGE and then transferred to polyvi-
nylidene difluoride membrane (PVDF: Millipore, MA). To
reduce non-specific binding, membranes were incubated
with 3% non-fat dry milk for 1-2 h at room temperature.
Membranes were then incubated overnight at 4 °C with
desired primary antibodies (at dilution of 1:500-1:1000
in 1% non-fat dry milk) followed by corresponding HRP-
conjugated secondary antibodies (1:2000-1:10,000 in
1% non-fat dry milk). The target protein bands were then
visualized using luminal reagent and autoradiographed on
X-ray film (Kodak, Rochester, NY). All the immunoblotting
experiments were performed in triplicates. The band inten-
sities were quantified using densitometric scanner (BioRad

GS-800, Hercules, CA). Peak densities of the proteins of
interest were normalized using peak density of loading con-
trol a-tubulin.

For immunocytochemistry, monolayer of cells were
grown on sterile cover slips and fixed with methanol at
—20 °C. Then the cells were reacted with the same dilution
of primary antibody of these proteins after permeabilization
with 0.5% Triton X-100 and blocking with 5% BSA. After
washing, the cover slips were incubated with fluorescein
isothiocyanate (FITC)-conjugated corresponding secondary
antibody at 1:500 dilutions and mounted with glycerol after
thorough washing. Imaging of the cover slip was performed
in florescence microscope (Leica DM4000 B, Germany)
[21].

The primary antibodies used for BRCA1 (IMG-80317)
was of Imagenex, India. Other antibodies like BRCA2
(H-299, sc-28235), FANCC (C-14, sc-18110), FANCD2
(H-300, sc-28194), MCPHI1/BRIT1 (N-15, sc-48882),
DNMT1 (H-300, sc-20701), PCNA (F-2, sc-25280), appro-
priate HRP-conjugated secondary antibodies, FITC-conju-
gated secondary antibodies, and DAPI of M/s Santa Cruz
Biotechnology, Santa Cruz, CA, USA were used.

Demography of the clinical specimens

Freshly operated 12 pretherapeutic and 10 NACT-treated
primary BC samples were collected from the hospital sec-
tion of Chittaranjan National Cancer Institute (CNCI), Kol-
kata. NACT-treated samples were operated after 2—6 months
of NACT treatment. All tumors were staged according to
the International Union Against Cancer (UICC) tumor-node-
metastasis (TNM) classification. Molecular subtyping of
the samples based on estrogen receptor (ER), progesterone
receptor (PR), and human epidermal growth factor recep-
tor 2 (HER2) status was done by immunohistochemistry
using specific antibodies sc-787, sc-7208, and sc-7301,
respectively, of M/s Santa Cruz Biotechnology, Santa Cruz,
CA, USA [12]. Scoring was done as per the recommended
American Society of Clinical Oncology (ASCO) guidelines.
Detailed clinicopathological information like stage/grade/
nodal status/age of onset/molecular subtypes is listed in Sup-
plementary Table S1b.

Microdissection and DNA extraction

The contaminant normal cells in the BC lesions were
removed by microdissection from cryosections (5 um)
using surgical knives under a dissecting microscope (Leica
MZ16, Germany) [27]. The representative sections from
various regions of the samples were stained with hema-
toxylin and eosin for pathological diagnosis as well as for
marking the tumor-rich regions. Microdissected samples

@ Springer



166

Molecular and Cellular Biochemistry (2019) 453:163-178

containing > 60% tumor cells were taken for DNA isolation.
The cells from the BC cell lines were collected after trypsi-
nization and used for DNA isolation. High molecular weight
DNA from the cells of BC cell lines and microdissected
BC tumors were isolated by phenol-chloroform extraction
[27, 28]. The quality and quantity of DNA were checked by
measuring O.D at 260-280 nm [28].

Promoter methylation analysis

Promoter methylation status of the HRR genes was analyzed
by PCR-based methylation-sensitive restriction analysis
(MSRA) using Hpall (Promega, WI, USA), Mspl (Siben-
zyme, Russia), and Hhal (Sibenzyme, Russia) enzymes [12,
29]. The B-3A adaptin gene (K1) and RARP2 (K2) were
used as digestion and integrity controls, respectively [12,
30]. The PCR was run for 35 cycles. The primer sequences
are listed in Supplementary Table Slc.

Quantification of promoter methylation was done by
real-time PCR using power SYBR-green assay (Applied
Biosystems, USA) [31]. Each sample was loaded in trip-
licate and run at 40 cycles on an ABI prism 7500 machine
(Applied Biosystem, USA). The percentage of hypometh-
ylation was calculated by taking the ratio of CT values of
the digested DNA sample with its respective undigested
DNA, presuming the undigested DNA as 100% methylated.
The percentage of hypomethylation is a comparative term
which was plotted as the differences in the methylation per-
centages among the samples. The higher the percentage of
hypomethylation, the lower the frequency of methylation in
the sample and vice versa. The percentage of hypomethyla-
tion of particular gene was calculated using the following
formula:

{CT(digested)/CT(undigested) x 100} — 100.

Immunohistochemical analysis in BC samples

The protein expression of DNMT1 was analyzed in prethera-
peutic and NACT-treated BC samples by immunohistochem-
istry. To this end, appropriate HRP-conjugated secondary
antibodies and Diaminobenzidine (sc-24982) (Santa Cruz
Biotechnology, CA, USA) were used for color development
and hematoxylin was used as counterstain. The detailed pro-
cedure and scoring was described by Perrone et al. [32].
The staining patterns of the proteins in primary tumors were
compared to the staining patterns of the ducts of normal
samples.
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Statistical analysis

T test was performed to compare the m-RNA/protein
expression and percentages of hypomethylation in BC
cells and percentages of hypomethylation and DNMT1
expression between pretherapeutic and NACT-treated sam-
ples. P <0.05 was considered to be statistically significant.

Results
Effect of drugs on viability of BC cell lines

The viability of cells of the MCF-7 and MDA MB 231 cell
lines was done at different concentrations of doxorubicin
and nogalamycin (Fig. la, b). It was evident that IC50
concentrations of the drugs were comparatively lower
in MCF-7 (doxorubicin: 0.214 uM and nogalamycin:
0.242 uM) than in MDA MB 231 (doxorubicin: 0.346 uM
and nogalamycin: 0.370 uM).

Expression of PCNA in the BC cell lines at IC50
concentration of drugs

It was evident that at IC50 concentration of the drugs the
nuclear expression of PCNA was found to be lower com-
pared to the control (Fig. 1c, d). It indicates that the drugs
reduce the proliferative potential of the BC cells.

Analysis of expression of the HRR pathway genes
in the presence of drugs in BC cell lines

m-RNA expression

The effect of the drugs (doxorubicin/nogalamycin) on
m-RNA expression of the HRR genes was analyzed by
treating three different doses (lower to IC50 dose, IC50
dose, and higher to IC50 dose) of the drugs having cell
viability between 68 and 41% in MCF-7 and MDA MB
231 cell lines. It was evident that the drugs could dif-
ferentially increase the expression of HRR genes in the
cell lines. In MCF-7, the expression of the HRR genes
were increased (2.065-17.595-fold) at lower concen-
tration of IC50 (0.1 uM) with about 53% cell viabil-
ity followed by significantly reduced or comparable
expression (0.207-11.073-fold) at IC50 and higher
IC50 (0.4 puM) concentrations (41-45% cell viability)
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Fig. 1 a—d Effect of anthracycline drugs on the cell viability and pro-
liferation of BC cell lines. a, b Cell viability assay after treatment
with doxorubicin and nogalamycin. a MCF-7: b MDA MB 231. The
x-axis shows the doses of drugs in uM. The line denotes 50% cell

viability. ¢, d Representative Immunocytochemical patterns of PCNA
proteins in untreated control cells and cells treated with IC50 dose of
doxorubicin/nogalamycin. ¢ MCF-7: d MDA MB 231
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Fig.2 a-d Effect of anthracycline drugs on the m-RNA expression
of HRR genes in BC cell lines. a, b Histogram of m-RNA expression
fold changes in MCF-7 cell line after treatment with three different
doses of doxorubicin/nogalamycin. a Doxorubicin: b Nogalamycin. c,

(P=0.001-0.044) (Figs. 2a, b, Supplementary Fig. S1a,
b). Similarly, in MDA MB 231 cells the expression of the
genes was high (0.138-6.699-fold) at lower concentra-
tion of IC50 (0.2 uM) with about 60-68% cell viability
(Fig. 2c, d, Supplementary Fig. Sla, b). The expres-
sion became comparable or significantly increased/
decreased (0.361-6.776-fold) at IC50 and higher
IC50 (0.6 puM) concentrations (46—-48% cell viability)
(P =0.0009-0.015) (Fig. 2c, d).

Western blot analysis

In western blot analysis, the expression of HRR pro-
teins in the presence of the drugs showed concordance
with m-RNA expression, and in most cases a significant
increase in expression was observed after drug treatment
compared to the control (P =0.0002-0.01) (Fig. 3a, b). In
MCEF-7, the protein expressions were increased in lower
IC50 concentration (1.236-5.132 times) followed by com-
parable or increase/decrease expression (1.019-5.423
times) in IC50 and higher IC50 concentration of the
drugs (Fig. 3b). In MDA MB 231 cells, the expression of
these proteins was mostly highest (1.063—4.484 times) in
lower IC50 concentration of the drugs with comparable or
slightly low expression in IC50 (1.168-2.859 times) and

@ Springer

d Histogram m-RNA expression fold changes in MDA MB 231 cell
line after treatment with three different doses of doxorubicin/nogala-
mycin. ¢ Doxorubicin: d Nogalamycin. *Denotes significant differ-
ence. P <0.05 was considered to be statistically significant

Fig.3 a, b Effect of anthracycline drugs on the protein expression of
HRR genes in BC cell lines. a Western blot analysis of HRR proteins
in MCF-7 and MDA MB 231 cell line. b Histogram of mean peak
densities of the western blot analysis depicting the protein expres-
sions of HRR proteins in MCF-7 and MDA MB 231 cells normalized
with the loading control a-tubulin. * Denotes significant difference.
P<0.05 was considered to be statistically significant. Lane-wise
description of the samples: (/) Untreated control BC cells, (2) lower
IC50 DX-treated cells, (3) IC50 DX-treated cells, (4) higher IC50
DX-treated cells, (5) lower IC50 NG-treated cells, (6) IC50 NG-
treated cells, (7) higher IC50 NG-treated cells. DX doxorubicin, NG
nogalamycin

higher IC50 concentration (1.054-2.695 times) except
FANCC protein after treatment with nogalamycin, where
the highest increase in expression was shown by IC50
concentration (Fig. 3b).

Immunocytochemical expression

Similar to the western blot analysis, immunocytochemi-
cal expressions of the HRR genes were high at the lower
IC50 concentration of the drugs which gradually become
reduced or remained comparable in the IC50 and the
higher IC50 concentration (Fig. 4a—e). In MCF-7 cells,
the expressions of HRR proteins were predominant in

>
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«Fig.4 a—e Effect of anthracycline drugs on the protein expression
and localization of HRR genes in BC cell lines. a—e Representative
Immunocytochemical patterns of HRR proteins in control MCE-7
cells and MCF-7 cells with treatment of three different doses of doxo-
rubicin/nogalamycin. a BRCA1: b BRCA2: ¢ FANCC: d FANCD2: e
BRIT1. Magnifications x40, Scale bar=50 um

nuclear membrane with diffused nuclear and cytoplasmic
expression (Fig. 4a—e). Among the HRR proteins, pre-
dominant nuclear expression of FANCD2 was observed
(Fig. 4d). Interestingly, high cytoplasmic and nuclear
expression of the HRR proteins was seen at the lower
IC50 concentration of the drugs (Fig. 4a—e). However, the
expression of the proteins was reduced at IC50 and at the
higher IC50 concentrations compared to the lower IC50
concentration of the drugs with predominant localization
at the nuclear membrane (Fig. 4a—e). Similar patterns of
expression were also found In MDA MB 231 cells (data
not shown).

Analysis of promoter methylation of the HRR
pathway genes in the presence of drugs in BC cell
lines

To understand the molecular mechanism behind the
increased expression of HRR pathway genes in the pres-
ence of the drugs (doxorubicin/nogalamycin), the pro-
moter methylation status of the genes was analyzed. No
qualitative differences in methylation patterns of the
genes were seen due to treatment of the drugs compared
to the respective controls (Fig. S2a-e). Interestingly, in
quantitative methylation analysis of the genes, mostly
significant increased frequencies of hypomethylation
were observed in BC cell lines after drug treatment
(P <0.0001) (Fig. 5a—d). In MCF-7, increased frequen-
cies of hypomethylation were observed at the lower IC50
(0.1-0.2 uM) concentrations of the drugs irrespective of
the restriction enzymes used (Fig. 5a-d). However, with
increased drug concentration (IC50 and higher 1C50),
the frequencies of hypomethylation of the genes were
comparable or higher than control (Fig. 5a—d). In case
of MDA MB 231, the frequencies of hypomethylation of
the genes were comparable or higher at the lower IC50
concentration of the drugs than the control (Fig. 5e—f).
Similar to MCF-7, comparable or higher frequencies

of hypomethylation of the genes were seen in IC50 and
higher IC50 concentrations than the control (Fig. Se—f).

Quantification of hypomethylation profile
of the HRR genes in primary BC samples

For validation of the hypomethylation profile of the
HRR genes in the drug-tolerant BC cell lines, quantita-
tive hypomethylation profiles of the genes were analyzed
in pretherapeutic (n=12) and NACT-treated (n=10)
BC samples, though no qualitative difference in meth-
ylation profile has been seen in the two groups of sam-
ple as seen in our previous study Dasgupta et al. [12].
Like the drug-tolerant BC cell lines, hypomethylation
profiles of the HRR genes were significantly higher (P
value =0.003-0.048) in the NACT-treated BC samples
than in pretherapeutic BC samples (Fig. 6a—e). This was
concordant with the methylation status of the genes (Sup-
plementary Table S2).

Expression of DNMT1 in the BC cells in the presence
of the drugs

To understand the mechanism of increased hypomethylation
of the HRR genes in the BC cell lines in the presence of
the drugs, the m-RNA and protein expressions of DNMT]1
(DNA methyltransferase 1) were analyzed (Fig. 7), due to
its (DNMT1) importance in maintenance of tissue-specific
methylation of cytosine residues [33]. It was evident that
m-RNA expression of DNMT1 was considerably reduced
at the lower IC50 concentration of the drugs in the cell
lines than the controls (Fig. 7a, Supplementary Fig. S3).
Similar pattern of expression of DNMT1 was observed at
IC50/ higher IC50 concentrations of the drugs (Fig. 7a,
Supplementary Fig. S3). At higher IC50 concentration of
nogalamycin, the expression was significantly increased in
MDA MB 231 cells than lower IC50 and IC50 concentration
(P=0.0002, 0.0003) (Fig. 7).

The western blot analysis of DNMT1 protein showed con-
cordance with the m-RNA expression patterns, and a signifi-
cant decrease in expression was observed after drug treat-
ment compared to the control (P =0.0009-0.003) (Fig. 7b).
In both the cell lines, the expression of DNMT1 protein was
reduced to 0.166—0.79 times from the respective controls
(Fig. 7¢). In immunocytochemical analysis, reduced nuclear
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Fig.5 a-h Quantitative methylation analysis of HRR genes in BC
cell lines after treatment with anthracycline drugs. a-h Representa-
tive histogram of qRT-PCR analysis showing increased percentage of
hypomethylation of HRR genes in MCF-7 and MDA MB 231 cells
after treatment with three different doses of doxorubicin and nogala-
mycin while digested with Hpall and Hhal enzymes. a Doxorubicin-
treated Hpall digested MCF-7 cells: b doxorubicin-treated Hhal
digested MCF-7 cells: ¢ nogalamycin-treated Hpall digested MCF-7
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cells: d nogalamycin-treated Hhal digested MCF-7 cells: e doxo-
rubicin-treated Hpall digested MDA MB 231 cells: f doxorubicin-
treated Hhal digested MDA MB 231 cells: g nogalamycin-treated
Hpall digested MDA MB 231 cells: h nogalamycin-treated Hhal
digested MDA MB 231 cells. DX doxorubicin, NG nogalamycin.
*Denotes significant difference. P <0.05 was considered to be statisti-
cally significant
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expression of DNMT1 was seen in the cell lines at the dif-
ferent concentrations of the drugs (Fig. 7d).

Expression of DNMT1 in pretherapeutic
and NACT-treated BC samples

The protein expression of DNMT1 was analyzed in 35
(19 pretherapeutic and 16 NACT-treated) BC samples by

~
=2
~
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10 II
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~
o
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0 --I |

Pretherapeutic

NACT Treated
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BRIT1

NACT Treated

digested with Hpall enzyme. a BRCA1l: b BRCA2: ¢ FANCC: d
FANCD2: e BRIT1. The line denotes the median percentage of hypo-
methylation

immunohistochemistry to validate our in vitro data in vivo
(Fig. 8a—h). In normal breast ducts, mostly nuclear expres-
sion of DNMT1 was present in 9-13% myoepithelial and
luminal epithelium cells (Fig. 8b). In pretherapeutic sam-
ples, nuclear expression of DNMT1 was mostly moderate
to high and found in 21-92% (mean 58%) BC cells in the
samples (Fig. 8c—e). However, in NACT-treated BC, the
expression was low to moderate, i.e., 5-51% (mean 25%)
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of DNMT1 protein in MCF-7 and MDA MB 231 cell line. ¢ Histo-
gram of mean peak densities of the western blot analysis depicting
the protein expressions of DNMT1 protein in MCF-7 and MDA
MB 231 cells normalized with the loading control a-tubulin. Lane-
wise description of the samples: (/) Untreated control BC cells, (2)
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lower IC50 DX-treated cells, (3) IC50 DX-treated cells, (4) higher
IC50 DX-treated cells, (5) lower IC50 NG-treated cells, (6) IC50
NG-treated cells, (7) higher IC50 NG-treated cells. DX doxorubicin,
NG nogalamycin. *Denotes significant difference. P <0.05 was con-
sidered to be statistically significant. (d) Representative immunocy-
tochemical patterns of DNMT1 proteins in control MCF-7 cells and
MCF-7 cells with treatment of three different doses of doxorubicin/
nogalamycin. Magnifications X 40, Scale bar=50 um
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(Fig. 8f=h). The nuclear expression of DNMT1 was signifi-
cantly higher (P =0.009) in pretherapeutic samples than in
NACT-treated samples.

Discussion

The present study was undertaken to understand the impor-
tance of HRR pathway in development of chemotolerance in
BC. For this reason, firstly expression (mRNA/protein) and
methylation profile of some of the key regulatory genes of
HRR pathway, i.e., BRCA1, BRCA2, FANCC, FANCD?2,
and BRIT1 were analyzed in two BC cell lines MCF-7 and
MDA MB 231 in the presence of anthracycline group of
drugs doxorubicin and nogalamycin.

The MCF-7 cells showed more sensitivity to the drugs
due to low IC50 value compared to MDA MB 231. This
might be due to the higher differentiation status of MCF-7,
i.e., luminal A type, whereas to a triple-negative type with
lower differentiation profile for MDA MB 231 [34]. How-
ever, at the IC50 concentration of the drugs, reduced expres-
sion of PCNA was seen in both the cell lines indicating
inhibition of cellular proliferation by the drugs. Similarly,
reduced PCNA expression has also been seen in NACT-
treated BC samples [12, 35].

The expression (m-RNA/protein) of the HRR genes
was low in the BC cell lines. Interestingly, expression
(m-RNA/protein) of the HRR genes was increased at
the lower IC50 concentrations of the drugs in MCF-7
(0.1 uM) and MDA MB 231 (0.2 uM) cells with about
53 and 60-68% cell viability, respectively. The protein
expression of these genes was predominantly seen in
the nucleus. This indicates that the sub-lethal doses of
the drugs might induce genotoxic stress leading to the
increased expression of the HRR genes irrespective of the
differentiation status of BC cell lines. Similar phenom-
enon was also observed in MCF-7 after sub-lethal doses
of gamma radiation with increased BRIT1 expression and
nuclear foci formation [10]. Anticancer agents like isofla-
vones (phytoestrogens) increase the expression of HRR
genes in mouse mammary glands and primary BC [36],
and downregulation of HRR makes the glioma cells more
sensitive to methylating agents like temozolomide [37].
This indicates that the increased expression of the HRR
genes with nuclear localization seems to be needed for
efficient DNA repair of the survived tumor cells. However,
at IC50 and the higher IC50 concentration of the drugs,
differential pattern of expression of the genes was seen

in the cell lines. In MCF-7, majority of the genes showed
low expression at IC50/higher concentrations compared
to that of the lower IC50 concentration. In MDA MB 231,
majority of the genes showed comparable/high expres-
sion at IC50/higher concentrations compared to the lower
IC50 concentration. This indicates that the differences in
expression profile of the HRR genes in the two cell lines
at higher concentration of the drugs might be due to dif-
ferences in differentiation status [38]. Importantly, the pro-
tein expression of the genes at the higher concentration
of the drugs was concordant with m-RNA expression but
localized gradually in the nuclear periphery. The mecha-
nism behind the translocation of the proteins is not known.
This might be due to some post translational modifications
or blockage in nuclear transport of these proteins. It was
evident that these drugs could inhibit the nuclear transport
of Usn RNAs [39].

To find the reason behind the increased expression of
HRR proteins in the chemotolerant BC cells, their pro-
moter methylation status (qualitative/quantitative) of the
genes was analyzed. In qualitative methylation analysis, no
differences in methylation pattern of the genes were seen
between untreated and drug-treated cells [12]. However, in
quantitative methylation analysis, promoter hypomethyla-
tion of these genes was prevalent in different concentra-
tions of the drugs and found to be concordant with mRNA/
protein expression of the genes. Similar phenomenon of
higher promoter hypomethylation of the genes was also
evident in NACT-treated BC samples than in prethera-
peutic samples. Similar phenomenon of hypomethylation
was also evident in BRCA1/BRCA?2 genes in MCF-7 and
MDA MB 231 cells after treatment with Equol, a metabo-
lite of anticancer phytoestrogens daidzein [40]. Likewise,
global hypomethylation was reported in rat mammary
glands after gamma radiation [41]. On the other hand,
anthracycline-based therapies showed better response in
BC cells with BRCA1 methylation [42].

It seems that the hypomethylation of the genes in the
presence of the drugs might be due to the inhibition/
reduced expression of the DNA methylating enzymes. We
have seen reduced DNMT1 m-RNA and protein expression
in MCF-7 and MDA MB 231 cell lines after drug treat-
ment. Doxorubicin inhibits DNMT1 in colon carcinoma
cell line HCT116 [43]. It was evident that epigenetic modi-
fications of chromatin could modulate the drug response of
the tumor cells, as derivatives of valproic acid, an inhibi-
tors of the class I histone deacetylases (HDAC-I), induce
the sensitivity of lung cancer cells to cisplatin [44].
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«Fig.8 a-h Protein expression of DNMT1 gene by immunohisto-
chemistry in pretherapeutic and NACT-treated BC samples. a, b Rep-
resentative Immunohistochemical pattern of DNMT1 protein in BC:
a negative stain (#812T), b expression in luminal and myoepithelial
cells of adjacent normal (#5000N). c—e Expression of DNMTT in pre-
therapeutic samples: ¢ representative moderate expression (#1904T),
d representative high expression (#3503T), e histogram of percentage
of expression positive cells in the samples. The line denotes the aver-
age percentage of expression. f~h Expression of DNMT1 in NACT-
treated samples: f representative moderate expression (#6632T), g
representative low expression (#1656T), h histogram of percentage of
expression positive cells in the samples. The line denotes the average
percentage of expression. Scale bar=>50 pm, magnification X 40

Conclusion

Thus, our study indicates that the chemotolerance of the
BC cells in the presence of the anthracycline anti-tumor
antibiotics doxorubicin and nogalamycin might be due to
the increased expressions of HRR genes through promoter
hypomethylation and reduced DNMT 1 expression. However,
detailed analysis in the epigenetic modifications of chroma-
tin in the presence of the drugs is warranted to understand
the molecular mechanism of drug tolerance of this tumor.
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