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Abstract: More than 650,000 people die each year from breast cancer, making it a particularly sig-
nificant disease worldwide. The development of about 70% of breast tumors depends on steroid
hormones, namely estrogens. Estrogens trigger the signaling pathways that support tumor growth
and progression. Hydroxytamoxifen (HT) halting estrogen-induced tumor growth is among the
most effective drugs in current anticancer therapy. The purpose of this work was to investigate ap-
proaches to overcome breast cancer cell resistance to hydroxytamoxifen. Cells with resistance to
antiestrogen hydroxytamoxifen were obtained by long-term incubation of parental MCF7 cells with
this drug. Estrogen receptor a (ERa) and progesterone receptor (PR) expression was analyzed by
immunoblotting. The resistant MCF7/HT cells were found not to lose ERa expression. These cells
were found to have slightly reduced ERa activity when compared to parental MCF?7 cells. The ex-
pression of PR, one of ERa targets, was downregulated in hydroxytamoxifen-resistant cells. AKT
kinase belongs to the PI3K/AKT/mTOR signaling pathway, its activity is associated with resistance.
Three types of AKT inhibitors were evaluated, including AKT inhibitor IV (6-(2-benzothiazolyl)-1-
ethyl-2-[2-(methylphenylamino)ethenyl]-3-phenyl-1H-benzimidazolium, monoiodide), 10-DEBC
(2-chloro-N,N-diethyl-10H-phenoxazine-10-butanamine, monohydrochloride), and luminespib
(HSP90 inhibitor, 5-[2,4-dihydroxy-5-(1-methylethyl)phenyl]-N-ethyl-4-[4-(4-morpholinylme-
thyl)phenyl]-3-isoxazolecarboxamide). All three compounds showed high antiproliferative activity
against hydroxytamoxifen-resistant cells. The ICso value of 10-DEBC was 4.2 uM, when AKT inhib-
itor IV was more active with ICso value of 390 nM. The HSP90 inhibitor luminespib, which reduces
AKT expression, showed the highest activity against parental and hydroxytamoxifen-resistant
breast cancer cells, with an ICso value of 14 and 18 nM respectively. Thus, the hydroxytamoxifen-
resistant cells were found to partially retain hormone signaling and be sensitive to selective AKT
inhibitors. The best effects were discovered for HSP90-AKT blocker luminespib with an ICso value
of about 20 nM.
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1. Introduction

The incidence of breast cancer occupies a leading position among other oncological
pathologies in patients around the world. The most common (more than 70% of cases) is
the luminal subtype A of breast cancer, which is positive for estrogen (ERa+) or proges-
terone (PR+) receptors, and negative for epidermal growth factor receptor type 2 (HER2-
)- Estrogens, by activating nuclear receptors, promote the survival and proliferation of
cancer tissue through gene transcription and activation of cell molecular pathways [1].

Treatment of patients with ERa-positive breast cancer is aimed at either lowering
estrogen levels or blocking ERa signaling [2]. Three classes of endocrine agents are
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currently used in clinical practice: selective estrogen receptor modulators (SERMs), which
block ERa activity, inhibitors of estrogen synthesis (aromatase inhibitors) and selective
estrogen receptor regulators (SERDs), which cause destabilization and degradation of
ERa [3, 4].

Tamoxifen, as well as its active metabolite, 4-hydroxytamoxifen (HT), are first-line
drugs in the treatment of breast cancer, acting as selective receptor modulators and
thereby inhibiting tumor tissue proliferation [5]. Despite the proven efficacy of endocrine
therapy in primary cancer and its reducing the mortality rate by up to 40%, over time,
patients can develop resistance, which can lead to cancer recurrence and metastasis [6]. In
addition, although less frequently, patients may develop innate resistance to SERMs or
SERDs, including tamoxifen and fulvestrant [7].

Tamoxifen resistance is multifactorial and involves the modulation of multiple phys-
iological processes and signaling pathways. Mechanisms of endocrine resistance include
changes in signaling through disruption of biochemical cascades and modulation of ERa
expression, including ESR1 mutations [8], changes in regulatory proteins and transcrip-
tion factors, nuclear receptors and epigenetic modulators, changes in the tumor microen-
vironment, and tamoxifen metabolic activity [9].

Since about 650,000 people worldwide die from breast cancer every year, that is why
understanding the patterns and factors in the development of resistance to endocrine ther-
apy drugs is extremely important [10]. It is also essential to find novel strategies to inhibit
the growth of resistant cells. So, the purpose of this work was to investigate approaches
to overcome breast cancer cell resistance to hydroxytamoxifen.

2. Methods
2.1. Cells and reagents

The MCF7 breast cancer cells were obtained from ATCC. To develop resistant clones,
MCEF?7 cells were treated with hydroxytamoxifen for a long period (12 months), as de-
scribed in the our recent work [11]. Subsequent experiments were performed 3 weeks after
withdrawal of the drug. The resistance index, defined as ICs0 of HT against MCF7/HT di-
vided by its ICso against parental MCF7 cells, was 2 [11]. The hydroxytamoxifen-resistant
line was named MCF7/HT. Hydroxytamoxifen (4-[(1Z)-1-[4-[2-(dimethylamino)eth-
oxy]phenyl]-2-phenyl-1-buten-1-yl]-phenol), 17p-estradiol, and AKT inhibitors were pur-
chased from Cayman Chemical. Cell culture reagents were provided by PanEco.

2.2. Evaluation of antiproliferative activity

The cells were seeded into plates and the compounds were added 24 hours later. Cell
viability was assessed by the MTT assay after 72 hours as described previously in the work
[12].

2.3. Immunoblotting

Immunoblotting with modifications was held as described earlier [13]. ERa and PR
expression was evaluated using Cell Signaling Technology (CST) antibodies. Antibodies
to a-tubulin (CST) were applied to normalize and control the loading of samples into a
gel. The detection was performed using secondary antibodies to rabbit Ig conjugated with
horseradish peroxidase (Jackson ImmunoResearch) and an ImageQuant LAS 4000 imager
(GE Healthcare), as described in Mruk and Cheng’s protocol [14]. Densitometry for im-
munoblotting data was performed using Image] software (Wayne Rasband). The protocol
for densitometry was provided by The University of Queensland with the recommenda-
tions from the work [15].

2.4. Reporter assay

The transcriptional activity of the estrogen receptor a was assessed by reporter anal-
ysis, as described in work [12]. The cells were transfected using Lipofectamine 2000 and
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following plasmids: ERE-LUC, carrying the luciferase gene under the control of estrogen
responsive elements [16], and a plasmid for the expression of B-galactosidase to control
the efficiency of transfection.

To reduce the effects of serum steroids on cells, the experiments were carried out in
a steroid-free medium (HyClone). Luciferase activity was measured on a Tecan Infinite
M200 Pro microplate reader according to the Promega protocol. The relative activity of
luciferase was considered as the ratio of the activity of luciferase to (3-galactosidase.

3. Results and Discussion

In this study, MCF7/HT cells obtained by long-term cultivation of MCF7 breast can-
cer cells with antiestrogen hydroxytamoxifen were studied [11]. Hydroxytamoxifen is one
of major active metabolites of antiestrogen tamoxifen [17]. ERa is one of major drivers of
cell growth and survival of hormone-dependent breast cancer cells. To assess ERa activity
MCEF7 and MCF7/HT cells were transfected with the ERE-LUC plasmids containing the
luciferase reporter gene under the ERa-dependent promoters. Luciferase activity can be
used to estimate the activity of ERa; 17(3-estradiol (10 nM), a natural ERa ligand, was used
as inducer of luciferase activity. As can be seen in Table 1, 173-estradiol-induced lucifer-
ase activity was 1.5 times higher in MCF?7 cells than that in MCF7/HT cells. Thus, the re-
porter assay based on 17[3-estradiol-induced luciferase activity indicates the loss of sensi-
tivity of MCF7/HT cells to hormonal stimuli.

Table 1. Characteristics of parental and hydroxytamoxifen-resistant breast cancer cells (*p < 0.05
versus MCF7 cells).

17B-estradiol-induced luciferase activity, rel.

Cells ]
units
MCF7 2985 + 301
MCF7/HT 2008 + 191*
Resistance index 1.5

Immunoblotting analysis was performed to assess expression of estrogen and pro-
gesterone receptors. It was found that ERa expression was substantially decreased in hor-
mone-resistant cells. Progesterone receptor expression is actively regulated by estrogens,
high PR expression indicates ERa activity in cells. As shown in Figure 1, PR expression
was quite high in parental MCF?7 cells, whereas in MCF7/HT, it was significantly reduced.
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Figure 1. Inmunoblotting analysis of ERa and PR in parental (MCF7) and hydroxytamoxifen-re-
sistant (MCF7/HT) breast cancer cells; (a) Immunoblots; (b) Densitometry of immunoblots; HT —
hydroxytamoxifen; PR-B, PR-A — progesterone receptor B and A; ERa — estrogen receptor alpha.
Antibodies to a-tubulin were used to normalize and control the loading of samples into a gel. * -
p<0.05 versus corresponding control cells; # - p<0.05 versus MCF?7 cells.
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AKT kinase belongs to the PI3K/AKT/mTOR signaling pathway, its increased activ-
ity is associated with resistance [18]. Previously, we showed that the expression of AKT
phosphorylated at Ser473 is increased in cells subjected to long-term treatment with HT
(MCF7/HT) [11]. The involvement of AKT in the development of resistance to tamoxifen
has been confirmed in a number of works performed by other researchers [19-21]. This
makes it possible to use AKT inhibitors to suppress the growth of the established resistant
cells. Three types of AKT inhibitors were evaluated, including AKT inhibitor IV (6-(2-ben-
zothiazolyl)-1-ethyl-2-[2-(methylphenylamino)ethenyl]-3-phenyl-1H-benzimidazolium,
monoiodide), 10-DEBC (2-chloro-N,N-diethyl-10H-phenoxazine-10-butanamine, mono-
hydrochloride), and Iuminespib (HSP90 inhibitor, 5-[2,4-dihydroxy-5-(1-meth-
ylethyl)phenyl]-N-ethyl-4-[4-(4-morpholinylmethyl)phenyl]-3-isoxazolecarboxamide).
All three compounds showed high antiproliferative activity against hydroxytamoxifen-
resistant cells as can be seen in Figure 2. The ICso value of 10-DEBC was 4.2 uM, when Akt
inhibitor IV was more active with ICso value of 390 nM. The HSP90 inhibitor luminespib
showed the highest activity against parental and hydroxytamoxifen-resistant breast can-
cer cells, with an ICso value of 14 and 18 nM respectively.
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Figure 2. Antiproliferative activity of AKT inhibitors against parental (MCF7) and hydroxytamoxi-
fen-resistant (MCF7/HT) breast cancer cells (72 h treatments with compounds: (a) AKT inhibitor IV,
(b) 10-DEBC, (c) luminespib).

The efficacy of antiestrogen treatments, particularly tamoxifen, and hydroxytamoxi-
fen, in ERax(+) breast cancer can be measured by expression levels of certain biomarkers,
the most common of which are insulin-like growth factor 1 receptor (IGF-1R) and epider-
mal factor receptor growth (EGFR) [22]. Tamoxifen-resistant breast cancer cells show re-
duced expression of IGF-1R and increased expression of EGFR. In addition, 1-integrin
[23] is overexpressed in resistant cells, which is involved in focal adhesion between cells
and has a significant effect on cancer cell proliferation and metastasis through activation
of focal adhesion kinase (FAK), mitogen-activated protein kinase (MAPK), and phospho-
inositide-3-kinase (PI3K).

Protein kinases can be considered as key targets for targeted breast cancer therapies
since their activation plays an important role in cell survival, metabolism, and prolifera-
tion. The protein kinase AKT, an important participant in the PI3K/AKT/mTOR signaling
pathway [24], contributes to the development of drug resistance and tumor progression
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[19]. Inhibition of AKT as a central component of the PI3K/AKT signaling pathway has
been an attractive therapeutic approach in breast cancer since the 1990s. There are two
classes of AKT inhibitors: ATP-competitive inhibitors that bind to the active site of the
protein, and allosteric inhibitors that bind to the PH domain and prevent AKT phosphor-
ylation. However, despite their attractiveness, AKT inhibitors are quite toxic compounds
and have limited clinical efficacy as monotherapy [25].

Overexpression of certain protein molecules can contribute to the development of
drug resistance, and their assessment is an important diagnostic feature in the formulation
of a therapeutic regimen for breast cancer. Thus, a significant increase in HOXA5 expres-
sion in breast cancer cells leads to activation of the PI3K/AKT signaling cascade and a
decrease in p53 and p21, which, in turn, leads to the development of resistance to tamox-
ifen therapy due to impaired apoptosis [19]. In addition, overexpression of the lysosomal
serine protease PRCP contributes to the development of 4-hydroxytamoxifen resistance
in ERa(+) breast cancer cells by activating AKT and increasing signaling along the IGF-1R
signaling pathway [26].

The PI3K/AKT signaling pathway is involved in the regulation of the M1 Forkhead
box (FOXM1) protein’s expression, which is an important transcription factor that regu-
lates proliferation, invasion, and metastasis. AKT stimulates FOXM1 activity by inhibiting
FOXO3a, which has the opposite effect. In ERa-positive breast cancer, FOXM1 expression
levels increase, which is associated with increased cell invasiveness and resistance to en-
docrine treatments [27]. In addition, the activated PI3K/AKT signaling pathway in tamox-
ifen-resistant breast cancer cells contributes to a significantly higher expression of BARD1
and BRCA1, which determine drug resistance to cytotoxic drugs [28].

Here, we characterized hydroxytamoxifen-resistant cells, which were found to par-
tially retain hormone signaling. MCF7/HT cells were sensitive to selective AKT inhibitors.
The best effects were discovered for HSP90-AKT blocker luminespib with an ICso value of
about 20 nM.

The combination of AKT inhibitors and agents acting on other molecular targets may
increase the effectiveness of cancer therapy and be considered as potential opportunity to
overcome resistance in ERa(+) breast cancers.
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