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Abstract

Aim: The study aims to analyze the effect of long-term incubation of ERa-positive MCF7 breast cancer cells with 4-
hydroxytamoxifen (HT) on their sensitivity to tubulin polymerization inhibitor docetaxel.

Methods: The analysis of cell viability was performed by the MTT method. The expression of signaling proteins
was analyzed by immunoblotting and flow cytometry. ERa activity was evaluated by gene reporter assay. To
establish hormone-resistant subline MCF7, breast cancer cells were treated with 4-hydroxytamoxifen for 12
months.

Results: The developed MCF7/HT subline has lost sensitivity to 4-hydroxytamoxifen, and the resistance index was
2. Increased Akt activity (2.2-fold) and decreased ERa expression (1.5-fold) were revealed in MCF7/HT cells. The
activity of the estrogen receptor a was reduced (1.5-fold) in MCF7/HT. Evaluation of class Il B-tubulin expression
(TUBB3), a marker associated with metastasis, revealed the following trends: higher expression of TUBB3 was
detected in triple-negative breast cancer MDA-MB-231 cells compared to hormone-responsive MCF7 cells
(P < 0.05). The lowest expression of TUBB3 was found in hormone-resistant MCF7/HT cells (MCF7/HT < MCF7 <
MDA-MB-231, approximately 1:2:4). High TUBB3 expression strongly correlated with docetaxel resistance: IC,,
value of docetaxel for MDA-MB-231 cells was greater than that for MCF7 cells, whereas resistant MCF7/HT cells
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were the most sensitive to the drug. The accumulation of cleaved PARP (a 1.6-fold increase) and Bcl-2
downregulation (1.8-fold) were more pronounced in docetaxel-treated resistant cells (P < 0.05). The expression of
cyclin D1 decreased (2.8-fold) only in resistant cells after 4 nM docetaxel treatment, while this marker was
unchanged in parental MCF7 breast cancer cells.

Conclusion: Further development of taxane-based chemotherapy for hormone-resistant cancer looks highly
promising, especially for cancers with low TUBB3 expression.

Keywords: Cancer, docetaxel, 4-hydroxytamoxifen, class Il B-tubulin, resistance, breast cancer, estrogen receptors
alpha

INTRODUCTION

Breast cancer is considered a major cause of death from cancer in women around the world"!. Breast cancer
has several various molecular subtypes, and more than 65%-70% of breast tumours are hormone receptor-
positive (ERa+)". ERa-positive cancers are initially driven by hormone activation of estrogen receptor a,
which in turn, induces pro-proliferative/pro-oncogenic cascades”. This fact explains the effectiveness of
therapies that target the hormone molecular pathway in ERa-positive breast cancer'”. The first antiestrogen
for ERa-positive breast cancer treatment was tamoxifen, a selective estrogen receptor modulator, inhibiting
the activity of the estrogen receptor alpha (ERa)"". The mechanism of its action in breast cells is the
competition with endogenous estrogens for binding estrogen receptor o; thus, tamoxifen inhibits the
estrogen-driven, pro-proliferative transcription program in breast cancer cells’®” and also activates G-
protein-coupled ER (GPER1)™. In some cases, long-term tamoxifen treatment leads to the development of
resistance, cellular mechanisms of which are complex and not fully clear. They include regulation of ESR1
expression by epigenetic factors”, mutations of ESR1"”, alternative splicing events"', alterations in the
hormone-binding domain"”, differential recruitment of coregulators”, factors of the tumor
microenvironment"” and many others "*"*.. One of the major mechanisms of the development of hormone
resistance is dysregulation of the PI3K/AKT/mTOR pathway that cross-talks with estrogen-mediated
signaling"?!. Inhibition of the PI3K/AKT/mTOR pathway results in reduced cell proliferation and survival,
but this activates compensatory mechanisms that confer resistance to inhibitors. In several studies, it was
shown that activation of the Akt pathway was associated with tamoxifen resistance in breast cancer cells,
poor prognosis and decreased relapse-free survival, and increased incidence of relapse with distant

17-19]

metastases” %,

BIII-tubulin is a well-known tubulin isotype. Monomers of a- and B-tubulin spontaneously assemble and
polymerize to form the microtubules, cytoskeletal polymers involved in critical cellular processes such as
mitosis, cell motility, and intracellular transport. Moreover, B-tubulins are GTPases as well and regulate the
kinetics of microtubule assembly and disassembly™. BIII-tubulin is overexpressed in many tumours,
including resistant tumours”*?, and is regulated by hormones™'. Docetaxel, a taxane, is an antimicrotubule
agent effective in the treatment of patients with breast cancer. Researchers are conducting extensive
investigation of this drug to improve treatment efficacy and delivery selectivity™*. The study aims to
analyze the effect of long-term incubation of ERa-positive breast cancer cells with 4-hydroxytamoxifen on
their sensitivity to a tubulin polymerization inhibitor docetaxel.

METHODS

Cell lines and compounds

The triple-negative MDA-MB-231 and hormone-dependent MCEF7 breast cancer cell lines were purchased
from ATCC collection. The cells were maintained in a standard DMEM medium (Gibco) supplemented
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with 10% fetal bovine serum (FBS, HyClone) at 37 °C, 5% CO, and 80%-85% humidity (NuAire CO,
incubator).

4-hydroxytamoxifen and docetaxel were purchased from Cayman Chemical Company; drug solutions were
stored at -70 °C. MCF7/HT cell line was obtained by long-term (for 12 months) cultivation of parental
MCEF?7 cells with antiestrogen 4-hydroxytamoxifen at a concentration of 5 pM. The verification of acquired
hormone resistance in MCF7/HT was done by the MTT test.

The analysis of cell viability

The analysis of cell viability was performed by the MTT test” as described earlier in the work™. The cells
were seeded at a density of 4 x 10* cells per well in 24-well plates (Corning) in 900 pL of the medium. The
solutions of the tested compounds (4-hydroxytamoxifen, docetaxel) with different concentrations in 100 uL
of the medium were added 24 h after the seeding. The cells were cultivated for 72 h, then the medium was
removed, and the MTT reagent (3-[4,5-dimethylthiazol-2-yl]-2, 5-diphenyltetrazolium bromide) dissolved
in the medium was added to the final concentration of 0.2 mg/mL to each well and incubated for 1 h. After
that, the medium was removed, and MTT formazan purple crystals were dissolved in DMSO (300 pL per
well). Absorbance was measured at 571 nm with a MultiScan reader (ThermoFisher). The half-maximal
inhibitory concentrations (IC,,) were determined with GraphPad Prism.

Assessment of ERa activity

MCF7 and MCF7/HT cells were seeded onto a 24-well plate containing a standard cell culture medium with
a density of 1.7 x 10° cells/well. After 24 h, the cells were transfected with the ERE-LUC plasmid containing
the luciferase gene under the ERa-dependent promoters®, and co-transfected with p-galactosidase plasmid.
The transfection was performed for 6 h at 37 °C using Lipofectamine 2000 in a medium containing 2%
steroid-free serum, then the medium was replaced by a standard medium supplemented with 10% steroid-
free serum. The activity of luciferase was assessed according to a Promega protocol using an Infinite M200-
Pro, and B-galactosidase activity was assessed using colorimetric assay and MultiScan FC. The internal
control values were used to normalize the luciferase/f-galactosidase activities. ERa activity was represented
as the mean + SD for the three independent experiments.

Immunoblotting and densitometry

Immunoblotting with modifications was performed as described earlier". ERa, phospho-Akt, Akt, cleaved
PARP, Bcl-2, Bad, phospho-ERKs, ERKs, phospho-SsK, S6K and cyclin D1 expression was evaluated using
Cell Signalling Technology (CST) antibodies. Antibodies to a-tubulin (CST) were applied to normalize and
control the loading of samples into a gel. Secondary antibodies to rabbit Ig conjugated with horseradish
peroxidase were used for the detection (Jackson ImmunoResearch). ECL detection reagents for analysis
were prepared according to Mruk and Cheng’s protocol””. ImageQuant LAS 4000 imager (GE Healthcare)
was used to detect signals. Densitometry for the tested proteins/a-tubulin ratio was carried out using Image]
software.

Flow cytometry

TUBB3 expression was evaluated by immunofluorescence assay and flow cytometry™. The cell suspensions
at a concentration of 4 x 10° cells/ml were incubated for 1.5 h with primary monoclonal anti-TUBB3
antibody (clone EP1569Y, Abcam, UK) at room temperature in the dark; the suspensions were then
incubated for 1.5 h with secondary anti-rabbit antibody conjugated with DyLight®650 (ab98510, Abcam,
UK) at + 4°C in the dark. The final dilution for both antibodies was 1:500. Cell fluorescence was measured
using the Navios flow cytometer (Beckman Coulter, USA). Two indicators of BIII-tubulin expression were
evaluated by FlowJo 10.0.8 (FlowJo, USA): the geometric mean of fluorescence (arb. units) and level of the
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marker expression (number of specific fluorescent cells). The level of TUBB3 expression was calculated by
the Kolmagorov-Smirnov test as the ratio of specifically fluorescent cells to the control cells incubated with
secondary antibodies only. The distribution of cells according to fluorescence intensity was visualized using
WinMDI 2.9 software.

Statistical analysis
All data are presented as mean values and standard deviation (mean + std. deviation). Student’s t-test
(GraphPad Prism 9, USA) at P < 0.05 was considered to indicate a statistically significant result.

RESULTS

In vitro experiments are an important part of any study in biology and medicine. Their importance is
particularly reinforced by modern standards of ethics in science. So, there is a need to analyze the
relationship between the doses of a drug given to patients and the concentration of the compound in the
culture medium. Are such doses comparable? We first analyzed data from experiments with hormones and
their antagonists. The level of 17p-estradiol undergoes significant changes in premenopausal women;
usually, the level of this hormone is between 30 and 400 pg/mL"*". Thus, we cannot talk about an average
level of 17B-estradiol in plasma; in experimental studies, most researchers apply a dose of 17p-estradiol that
induces the expression of responsive genes, 10 nM or 2.7 ng/mL"”. We see similar trends for
antiestrogens, which are used as 17B-estradiol competitors (selective estrogen receptor modulators, SERMs).
In the plasma of breast cancer patients who receive tamoxifen, from 391 to 484 ng/mL of the major
metabolites of this drug (tamoxifen, N-desmethyltamoxifen, hydroxytamoxifen, endoxifen) were
determined"“>*). In in vitro experiments, the IC,, values of tamoxifen usually exceed the level of 500 ng/mL
and were 1-20 pg/mL"**. A slightly different situation is observed in the case of chemotherapeutics, in
particular docetaxel. The plasma concentration of docetaxel reaches 3737 nM clinically*”, whereas in cell
culture experiments, the IC,, values do not exceed 10 nM"“"**. Thus, the hormonal drugs are used in higher
doses in experiments, while docetaxel is applied in in vitro experiments at doses lower than those in the
plasma of patients receiving drug treatment. The observations described are consistent with the duration of
treatment; hormone therapy is prescribed for long courses (up to 10 years), whereas chemotherapy can be
prescribed in short courses due to its high toxicity. In the in vitro study presented here, we started from the
IC,, values for 4-hydroxytamoxifen and assessment of hormonal signaling in obtained resistant cells.

MCF7/HT was obtained by long-term cultivation of MCF7 breast cancer cells with 4-hydroxytamoxifen.
The established MCF7/HT subline has lost sensitivity to 4-hydroxytamoxifen (HT), which was confirmed
by the MTT test: the viability of MCF7/HT in the presence of higher concentrations of 4-hydroxytamoxifen
compared to MCF7 indicates the developed resistance, the resistance index (IC,, of MCF7/HT divided by
IC,, of MCF7) was 2 [Figure 1A].

It is known that the acquisition of tamoxifen resistance in MCF7 cells is accompanied by the impaired
activation of the PI3K/Akt/PTEN pathway and down-regulation of ERa"”**\. Following the literature data,
we have revealed that Akt activity (p-Akt) in MCF7/HT was increased by 2.2-fold [Figure 1B and CJ.
Moreover, ERa expression was decreased by 1.5-fold.

To assess ERa activity, the cells were transfected with the plasmids containing the luciferase gene under the
estrogen receptor a-dependent promoters (ERE-LUC). The activity of ERa was induced by its physiological
ligand, 17p-estradiol™. As can be seen in Figure 2, the induced activity of the estrogen receptor a in
MCEF7/HT cells was decreased by 1.5-fold (P < 0.05) when compared to that in parental cells. This indicates
a partial loss of hormonal dependence of the breast cancer cells after long-term incubation with 4-

hydroxytamoxifen.
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Figure 1. Characteristics of the obtained subline MCF7/HT. (A) - the viability of MCF7/HT and MCF7 cells in the presence of 4-
hydroxytamoxifen (HT), *P < 0.05; (B) - Representative immunoblotting images for sensitive MCF7 and resistant MCF/HT cells with
antibodies against ERa, p-Akt, and Akt; the cells were treated with 5 pM HT for 24 h and then subjected to immunoblot analysis; (C) -
Densitometry for immunoblotting data (n = 3) was performed using ImageJ software (Wayne Rasband, NIH). The protocol for analysis
was provided by The University of Queensland with the recommendations from the work™"; *P < 0.05 vs. corresponding control cells;
#P < 0.05 vs. MCF7 cells.
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Figure 2. 17p-estradiol-induced activity of ERa in MCF7 cells assessed by gene reporter assay; *P < 0.05 vs. control cells; #P < 0.05 vs.
MCF7 cells treated with 10 nM 173-estradiol. The mean values of three independent experiments are shown.
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In subsequent experiments, we used MDA-MB-231 cells which are triple-negative; these cells are hormone-
resistant de novo"™. Analysis of BIII-tubulin (TUBB3) expression revealed the following trends: the level of
TUBB3 expression was high and the same in all three studied cell lines, while the geometric mean of the

marker expression differed dramatically [Figure 3].

Higher expression of TUBB3 was detected in triple-negative breast cancer MDA-MB-231 cells compared to
hormone-responsive MCF7 cells [Figure 3]. The lowest TUBB3 expression was found in hormone-resistant
MCF7/HT cells; the geometric mean of the marker was reduced by more than 2 and 4 times in comparison
with MCF7 and MDA-MB-231 cells, respectively. Figure 3 shows one of the typical experiments for the
evaluation of TUBB3 protein expression in the studied cell lines.

High TUBB3 expression strongly correlated (P < 0.05) with docetaxel resistance: IC,, value of docetaxel for
MDA-MB-231 cells was greater than that for MCF7 cells, hormone-resistant MCF7/HT cells were the most
sensitive to the drug [Figure 4].

In subsequent experiments, changes in signaling pathways induced by docetaxel were analyzed. MCF7 and
MCEF7/HT cells were treated with docetaxel and then protein expression was analyzed in the obtained
samples. There are many ways of detecting apoptosis in cells, one of such approaches is to determine the
level of cleaved PARP (poly (ADP-ribose) polymerase)®". The cleaved PARP may be considered a marker of
apoptosis. As shown in Figure 5, incubation of cells with the drug leads to a dose-dependent increase in
cleaved PARP expression. This indicates that docetaxel causes apoptosis. It is important to note that the
accumulation of cleaved PARP is more pronounced in DCT-treated resistant cells (1.6-fold). Regulation of
cell death pathways occurs with the participation of proteins from various families. The balance between
proapoptotic and antiapoptotic proteins is usually observed in unchanged cells. Activation of antiapoptotic
pathways is often detected in tumor cells. The expression of the antiapoptotic factor Bcl-2 was analyzed in
MCEFE7 and MCF7/HT cells. Docetaxel caused a decrease in Bcl-2 expression in both cell lines, but the
observed effects were more prominent in the resistant ones treated with 4 nM DCT (1.8-fold). Analysis of
the expression of the proapoptotic protein Bad showed no differences between sensitive and resistant cells.

Docetaxel caused significant activation of ERKs in both cell lines (P < 0.05) and its effect was dose-
dependent, as shown in Figure 5. The S6 kinase (S6K) is one of the effectors of the mammalian Target Of
Rapamycin (mTOR); S6K regulates protein synthesis and cell growth. The overexpressed S6K was found in
a variety of tumors and correlated to poor prognosis in cancers”. Amaral et al. described that S6Ks
isoforms contribute to migration, viability, resistance to docetaxel and tumor formation of cancer cells".
We tested whether S6K is involved in the cell response to docetaxel. As shown in Figure 5, there were no
differences in S6K expression between MCF7 and MCF7/HT cells. High activity of S6K was detected in all
obtained samples, while docetaxel did not alter its activity or expression in both cell lines [Figure 5].
Intriguingly, the expression of the cell cycle regulator cyclin D1 decreased (2.8-fold) only in resistant cells
after docetaxel treatment, while this marker was unchanged in parental MCF7 cells.

DISCUSSION

The interest in BIII-tubulin in cancer research is related to its role in drug tolerance of various tumours,
particularly to taxanes, that block tubulin depolymerization, thereby increasing the content of polymerized
tubulin and arresting cellular functions. Overexpression of BIII-tubulin was found in many tumours.
TUBB3 expression was associated with a poor response to various drugs, including docetaxel, paclitaxel,
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Figure 3. BllI-tubulin expression in breast cancer cell lines. (A) - Representative diagram of BllI-tubulin expression. The abscissa is the
intensity of specific fluorescence in the channel of an FL6 flow cytometer (arb. units); the ordinate axis is the number of cells. Control -
autofluorescence of samples; (B) - A difference in TUBB3 expression was revealed between the cell lines, and the intensity of the marker
expression increased in the following order (n = 3): MCF7/HT < MCF7 < MDA-MB-231 (approximately, 1:2:4). *P < 0.05 vs. MCF7 and

MDA-MB-231, #P < 0.05 vs. MCF7 and MCF7/HT.
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Figure 4. Effects of docetaxel (DCT) against breast cancer cells. *P < 0.05 vs. MCF7 and MDA-MB-231, #P < 0.05 vs. MCF7 and

MCF7/HT. The results for three independent experiments are shown.

vinca alkaloids, cisplatin, etoposide, and doxorubicin. BIII-tubulin overexpression was associated with a

poor response to microtubule-targeting agents and a shorter overall and progression-free survival in various
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Figure 5. Effects of docetaxel on signaling in MCF7 and MCF7/HT cells. (A) - Representative immunoblotting images of MCF7 and
MCF/HT cells with antibodies against cleaved PARP, Bcl-2, Bad, p-ERK 1/2, ERK 1/2, p-S6K, S6K, and cyclin D1; the cells were treated
with docetaxel (DCT) for 24 h and then subjected to immunoblot analysis. Antibodies against a-tubulin were used as loading control.
(B) - Densitometry for immunoblotting data (n = 3); *P < 0.05 vs. corresponding control cells; #P < 0.05 vs. corresponding DCT-
treated MCF7 cells.

cancers, including bladder, lung, ovarian, breast, prostate, and rectal cancers. Moreover, BIII-tubulin
expression was positively correlated with lymphatic metastasis and tumor differentiation’. TUBB3 is also
involved in docetaxel (DCT) and cabazitaxel (CBZ) resistance. LY294002, a PI3K inhibitor, re-sensitized
DCT-resistant cell lines to docetaxel and CBZ-resistant cell lines to cabazitaxel (CBZ). The combination of
DCT/CBZ and LY294002 could be potential strategy for the treatment of prostate cancer™.

Several approaches have been developed to enhance the action of docetaxel. In preclinical projects,
researchers use specific nucleotides against signaling RNAs to modulate the action of docetaxel. Dr Razi
Soofiyani et al. described very interesting experiments with siRNA-mediated silencing of CIP2A""**. CIP2A
silencing enhanced the sensitivity of cancer cells to DCT by strengthening drug-induced cell growth
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inhibition and apoptosis. The authors concluded that CIP2A silencing may potentiate the antiproliferative
effects of docetaxel and this might be a promising therapeutic approach in prostate cancer treatment. cMET
is considered as a target in the work by Dr Majidi Zolbanin et al.*”. The mucin1 aptamer-conjugated
chitosan nanoparticles, containing docetaxel and cMET siRNA, were suggested by authors for the treatment
of mucin1-positive metastatic breast cancers.

The molecular pathway of ERKs plays a crucial role in the growth and death of normal and cancer cells*".
Depending on the stimulus, activity of ERKs mediates various antiproliferative signals, such as apoptosis
and autophagy'*"*’. Chemotherapeutic and other DNA damage agents, including etoposide, doxorubicin,
ionizing radiation and ultraviolet irradiation (UV), activate protein kinase ERK1/2 in various cells'"**.
Previously published data are in good agreement with our observations on ERK activity in cells after DCT
treatment. Lucie Chauvin et al. discuss the possible role of ERK in maintaining the survival of docetaxel-
treated cells in the work!™. Authors demonstrated that docetaxel supports a survival signaling pathway
through a mechanism depending on PKC and ERKs in the MDA-MB-231 breast cancer cells. Thus, the use
of combinations of docetaxel with ERK inhibitors could be a promising strategy for future studies of breast
cancers.

The relationship between BIII-tubulin expression and taxane-resistance of tumours is being extensively
studied. For example, Maahs et al. have studied BIII-tubulin expression as a predictor of resistance in
patients with metastatic castration-resistant prostate cancer and have revealed that patients with a high
expression of TUBB3 had a lower survivability and worse response rates to docetaxel as indicated by a 10%
or greater decrease in prostate-specific antigen (PSA) compared to a 50% or more decrease in patients with
a low BIII-tubulin who have a better response rate to docetaxel*.

De Donato et al. have considered TUBB3 as a gateway for survival PIM1 signals'”. The cells are exposed to
microenvironmental stressors and PIM1 was incorporated into the cytoskeleton through GBP1 and BIII-
tubulin, which ultimately leads to drug resistance. Moreover, De Donato et al. have found a statistically
significant up-regulation of class III beta-tubulin in the paclitaxel-resistant ovarian tumors'’. Similarly,
Roque et al. have found that TUBB3 overexpression in clear cell carcinoma of the ovary discriminates poor
prognosis. High TUBB3 expression is a marker for sensitivity to patupilone and may contribute to
resistance to paclitaxel .

The results of our study are consistent with the evidence described above: the cells with the highest pIII-
tubulin expression (MDA-MB-231) were resistant to docetaxel and the cells with the lowest III-tubulin
expression (MCEF7/HT) were sensitive to docetaxel. Several researches show that BIII-tubulin expression in
cancer cells is regulated by hormones. Saussede-Aim et al. showed that 17B-estradiol exposure causes an up-
regulation of BIII-tubulin in ERa-positive MCF7 breast cancer cells, and estrogen receptor modulators (e.g.
tamoxifen) reduce the BIII-tubulin level in ERa-positive breast cancer cells, but did not affect the BIII-
tubulin level in ERa-negative MDA-MB-231 cells'”. This mentioned observation is in good agreement with
our data. We have shown that estrogen receptor a activity is decreased in the hormone-resistant cells, and
the hormone dependence of the cells decreases accordingly. A decrease in BIII-tubulin expression may be
associated with these changes in hormone signaling of cancer cells. There is also evidence that androgens
modulate TUBB3 expression: in prostate cancer cells and patient tumors, androgen ablation correlates with
high TUBB3 levels””. In another work, an increase in BIII-tubulin was revealed in androgen-starved and
androgen receptors knockdown human prostate adenocarcinoma cells LNCaP"".
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Consistent with these facts, MCF7/HT in our study had the lowest activity of ERa along with the lowest B
I1I-tubulin level; on the contrary, MDA-MB-231 with no ERa at all had the highest BIII-tubulin level.
Docetaxel affected the expression of a number of signaling proteins in MCF7 and MCF7/HT breast cancer
cells. The accumulation of cleaved PARP (a marker of apoptosis) and Bcl-2 downregulation were more
pronounced in resistant cells. Moreover, the expression of cyclin D1 decreased only in resistant cells after
docetaxel treatment, while this marker was unchanged in parental MCF7 cells. Interestingly, according to
several clinical trials, a high level of TUBB3 is associated with negativity for estrogen and progesterone

72,73

receptors in breast cancer patients”” and, as a result, with worse disease-free and overall survival ™",

In conclusion, high Akt activity (a 2.2-fold increase) and decreased activity of the estrogen receptor a (1.5-
fold) were found in established hormone-resistant MCF7/HT cells. It is intriguing that the expression of
TUBB3, metastasis-associated tubulin, was lowered in the hormone-resistant cells. The hormone-resistant
cells were characterized by high sensitivity to tubulin polymerization inhibitor docetaxel, belonging to
taxanes. The significant accumulation of cleaved PARP (1.6-fold) and Bcl-2 downregulation (1.8-fold) were
revealed in DCT-treated MCE7/HT cells. Thus, further development of taxane-based chemotherapy for
hormone-resistant cancer with low TUBB3 expression looks highly promising.
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