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ABSTRACT

The resistance of cancer cells to chemotherapeutic agents represents the main problem in cancer treatment. Despite intensive research, mecha-
nisms of resistance have not yet been fully elucidated. Six1 signaling has an important role in the expansion of progenitor cell populations during
early embryogenesis. Sixs gene overexpression has been strongly associated with aggressiveness, invasiveness, and poor prognosis of different
cancers. In this study, we investigated the role of Six1 signaling in resistance of MCF-7 breast cancer cells to taxanes. We first established i vitro
paclitaxel-resistant MCF-7 breast cancer cells. Morphological modifications in paclitaxel-resistant cells were examined via light microscopic
images and fluorescence-activated cell sorting analysis. Applying quantitative real-time polymerase chain reaction, we measured Sixz, B-cell
lymphoma/leukemia(BCL-2), BAX, and Ps3 mRNA expression levels in both non-resistant and resistant cells. Resistant cells were developed
from the parent MCF-7 cells by applying increasing concentrations of paclitaxel up to 64 nM. The inhibitory concentration 50% value in resis-
tant cells increased from 3.5 + 0.03 to 511 + 10.22 nM (p = 0.015). In paclitaxel-resistant cells, there was a significant increase in Sixz and BCL-2
mRNA levels (p = 0.0007) with a marked decrease in pro-apoptotic Bax mRNA expression level (p = 0.03); however, there was no significant
change in P53 expression (p = 0.025). Our results suggest that identifying cancer patients with high Sixz expression and then inhibition of Six1
signaling can improve the efficiency of chemotherapeutic agents in the induction of apoptosis.
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INTRODUCTION been fully understood. Paclitaxel is a common anticancer agent
in a broad range of epithelial cancers, including carcinomas of

Breast cancer is the most frequent cancer among women  the ovary, breast with high possibility of developing chemo-
aged between 50 and 70. It affects one in eight women on aver- resistance. One of the acquired tumor cell resistance mecha-
age. About one million new cases of breast cancerare diagnosed ~ nisms to paclitaxel is S-tubulin gene point mutations. Ps3 status
each year worldwide. With the improvement of treatments, s the singe of mitosis checkpoints to determine the sensitivity
the survival rate of women diagnosed with breast cancer has ~ of cells to paclitaxel [6-8]. Investigation on the mechanisms
increased; however, still the mortality among breast cancer ~ underlying paclitaxel resistance in cancer cells can lead to novel
patients remains significantly high [1-3]. Although, paclitaxel is ~ strategies to improve the efficacy of the chemotherapeutic
one of the first-line treatments for breast cancer 4], the efficacy ~ agents. B-cell lymphoma/leukemia (BCL-2) is known as a first
of this agent has been restricted by the acquired resistance in ~ proto-oncogene with an anti-apoptotic function which belongs
cancer cells [5]. The resistance of cancer cells to chemothera-  to BCL-2 family of proteins acting as key regulators of apopto-
peutic agents represents a major problem in cancer treatment.  sis [9]. Some of these proteins including Bel-2 and Bel-XL play
Despite all the efforts, mechanisms of resistance have not yet ~ the anti-apoptotic role while others such as Bad, Bax, and Bid
are pro-apoptotic. The balance of pro- and anti-apoptotic Bcl-2

proteins can regulate the sensitivity of the cells to cell death
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the Bax/Bak proteins interaction [10]. Overexpression of bcl-2
can also block ps3-induced apoptosis [11,12]. P53 (encoded by
TPs3) is a tumor suppressor that acts as a major control for the
cellular response to chemotherapy. More than 50% of human
cancer cells are associated with missense mutations or dele-
tions of p53 which results in chemoresistance [13]. Mechanism
of P53 action is based on protein-protein interactions and bind-
ing to specific promoter sequences to activate cell-cycle arrest,
senescence, and apoptosis-related genes [14]. DNA damage
induced by chemotherapy drugs is another factor for ps3 acti-
vation. P53 expression level is decreased by Sineoculishomeobox
homolog 1 (Six1) in response to DNA damage in a proteasome
independent manner [15]. Six1 is one of the SIX family mem-
bers, which was first identified and characterized as a mam-
malian homolog of the Drosophilasineoculis (so) gene [16].
This homeodomain transcription factor has been implicated
in tumor progression and embryogenesis [17,18]. Six1 stimu-
lates proliferation and survival of progenitor cells during nor-
mal development [19,20] which loss of its function leads to a
reduction in size or the absence of various organs, because of a
decrease in cell proliferation and increase in apoptosis [16,18,21].
Recent studies showed that Sixz overexpression is associated
with a poor prognosis in numerous cancers including ovarian
cancer, hepatocellular carcinoma, and cervical cancers [8,22].
The overexpression of Six1 protein likely contributes epithelial
carcinogenesis by increasing of proliferation and decreasing
apoptosis [23], or genomic instability [24]. In this study, after
the establishment of paclitaxel-resistant MCF-7 cells, we first
determined the inhibitory concentration 50% (IC_ ) values of
both resistant and non-resistant cells. We also investigated
morphological changes in the cells via diaminophenylindole
(DAPI) staining. The mRNA expression levels of Sixz, Bax, Bcl-
2, and Ps3 were assessed by real-time (RT)-polymerase chain
reaction (PCR) in both cell lines. Our findings add new insights
into the mechanisms of resistance to paclitaxel in breast cancer
cells.

MATERIALS AND METHODS

Materials

Paclitaxel was purchased from Ebetaxel, EBEWE Pharma
(Unterach- Austuria); RPMI-1640 medium; 3-(4, 5-dimethyl-
2-thiazolyl)-2,5-diphenyl-aH-tetrazolium  bromide (MTT)
and penicillin—streptomycin were obtained from Sigma-
Aldrich (St. Louis, MO, USA); fetal bovine serum (FBS)
was from Gibco; Primers were purchased from (Ebersberg,
Germany); RNX-Plus Kit was obtained from CinnaGen
(Tehran, Iran); REVERTA-L RT reagent kit was from Central
Institute of Epidemiology (Moscow, Russia); SYBR green
PCR Master Mix was purchased from Applied Biosystems
(Warrington, UK).
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Cell culture

The human MCEF-7 breast cancer cells were purchased
from National Cell Bank of Iran (Pasteur Institute, Iran).
The MCF-7 cells were grown in RPMI 1640 medium con-
taining 10% FBS along with 100 mg/mL streptomycin and
100 units/mL penicillin G in humidified 5% CO_ at 37°C
incubator.

Development of paclitaxel-resistant MCF-7 cells

Cells with about 20-30% confluency were treated with
increasing concentrations of paclitaxel. Initial treatment con-
centration of paclitaxel was one-tenth of IC value (0.5 nM)
which was determined via MTT assay. Paclitaxel-resistant
MCEF-7 cells were established by treating cells with continues
and stepwise increase in paclitaxel concentration (0.5-64 nM).
Culture medium for growth of paclitaxel-resistant MCF-7 cells
was enriched with 20% FBS and 10% conditioned medium.
Conditioned medium was the supernatant medium of cul-
tured non-resistant MCF-7 cells with about 80% confluency.
Cells subcultured when became confluent, and then the
concentration of paclitaxel was increased to 1.5 times higher
than previous concentration. This process continued to the
maximum concentration of 64 nM paclitaxel. MTT assay was
applied to confirm the resistance of the cells to each concen-
tration of paclitaxel [5,12].

Assessment of cell viability using MTT assay

MTT assay was applied for the assessment of cell
growth inhibition. Cell proliferation and viability of sensitive
MCEF-7 cells and paclitaxel-resistant cells were determined
using MTT, (5 mg/mL, Sigma) which evaluates the percent-
age of viable cells. The cells with about 70% confluency were
collected from culture flask with 0.05% trypsin/ethylenedi-
aminetetraacetic solution. Cells were seeded into a 96-well plate
(200 pL/well) with concentration of 4 x 104 cells/cm? MCF-7
and MCF-7/Pac 64 nM cells with about 50% confluency were
treated with increasing concentrations of the paclitaxel 0.1-50
nM and 50-1000 nM, respectively. Four wells were remained
untreated as controls. The cells were incubated with different
concentrations of paclitaxel for 24, 48, and 72 hours. Then,
20 pL of MTT were added to each well, and the absorbance
was measured at 570 nm on an ELISA plate reader (Biotek, EL
x800, USA). The cell viability of each well was calculated com-
pared to non-treated cells. Three independent experiments
were performed for each paclitaxel concentration [25].

DAPI staining assay

MCF-7 and MCF-7/Pac 64 nM cells were seeded within
chamber dishes and treated with and without different
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concentrations of paclitaxel for 48 hours. Then, the cells were
washed with phosphate-buftered saline (PBS) twice and then
fixed with 4% paraformaldehyde for 30 minutes. The fixed
cells were then washed with PBS and then permeabilized with
0.1% Triton-X-100 for 10 minutes. Cells then were stained with
DAPI (1:500 dilutions in PBS) for 10 minutes. Cells were eval-
uated as normal or apoptotic depending on morphological
characteristics. Normal nuclei (smooth nuclear) and apop-
totic nuclei (condensed or fragmented chromatin) were easily
distinguished. Triplicate samples were prepared for each treat-
ment, and at least 300 cells were counted in random fields for
each sample and apoptotic nuclei were identified [26].

Assessment of cell death by flow cytometric assay

Apoptotic cells were detected by fluorescence-activated
cell sorting (FACS) with the FITC Annexin V Apoptosis
Detection Kit I (eBiosciences, San Diego, CA, USA). Briefly,
MCF-7 and MCF-7/Pac 64 nM were harvested after the
incubation with 64 nM concentrations of paclitaxel, washed
twice with PBS, and re-suspended in the annexin-binding buf-
fer at a concentration of 1 x 10° cells per mL. 100 pL of the
cell solution was stained with 5 pl. Annexin V and 5 pL Pl at
room temperature for 20 minutes in the dark. The data were
collected and analyzed with a FACS calibur flow cytometer
using the Flowjo Software Tree Star Software, San Carlos,
California, USA [27].

Quantitative RT-PCR

The mRNA expression of the genes involved in the apop-
totic pathway was investigated in non-resistant MCF-7 cells
and MCF-7/Pac 64 nM cells with different concentrations
of paclitaxel. RNA extraction of the cells was done by RNA
extraction kit according to the protocol. The quality of RNA
was qualified by agarose gel electrophoresis. The concen-
tration of extracted RNA was evaluated by optical density
measurement (A260/A280 ratio) with NanoDrop 1000
Spectrophotometer (Wilmington, DE, USA). REVERTA-L
RT reagents kit was applied for conversion of RNA to cDNA.
Then the reaction tubes were incubated at 42°C for 60 min-
utes. RT-PCR was carried out using the SYBR Green-based
PCR Master Mix and analyzed on a Corbett 6000 Rotor-
Gene thermocycler (Corbett Research). Beacon Designer™
5.01 software was applied to design Primers for cONA ampli-
fication. The sequences for primers are shown in Table 1. The
total volume of amplification reactions was 25 L, and each
well was included 12.5 pL of SYBR Green PCR Master Mix,
1 pL of cDNA, 70-100 nM of both forward and reverse special
primers. The PCR thermal cycling steps were included 10 min-
utes at 95°C, 40 cycles of 25 seconds at 95°C for denaturation
step, 25 seconds at annealing temperature, and 25 seconds at
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TABLE 1. Corresponding primers which were used for gene
expressions analysis

S;;Z Sequence product L(?ng;t)h
Sixl F:S'AAGGAGAAGTCGAGGGGTGTS’ 206
RETGCTTGTTGGAGGAGGA3 58
BAY F:S"»GATGCGTCCACCAAGAAG»SZ 163
R5-AGTTGAAGTTGCCGTCAG-3 56
BCIL2 F:S'CATCAGGGAAGGCTAGAGTTAC:CI%' 181
R5-CAGACATTCGGAGACCACAC-3 59
ps3 F:S'V—TCAACAAGATGTTTTGCCAACTG?’ 117
RSATGTGCTTGACTGCTTGTAGATG3 60
Beactin F:S'V—TG CCCATCTACGAGGGGTATG-3 , 155
RS5CTCCTTAATGTCACGCACGATTTC3 60

Bcl-2: B-cell lymphoma/leukemia

72°C for the extension, respectively. Final 10 minutes incu-
bation at 72°C was carried out to completion of amplicons.
The f-actin expression was provided as an internal reference
gene (housekeeping gene) to normalize the expression of
the apoptotic genes. Melting-curve analysis was carried out
after amplification to verification the validity of the amplicon.
The Pfaffl method was applied for reporting gene expres-
sion level [28,29)].

Statistical analysis

All data were represented as mean =+ standard deviation
of three independent experiments. A paired #-test was per-
formed to determine the significance of differences between
control and treatment groups, p< 0.05 was considered as sta-
tistically significant.

RESULTS

Anti-proliferation effects of paclitaxel on sensitive
and resistant MCF-7 cells

To evaluate anti-proliferative and cytotoxic eftects of pacl-
itaxel, cells were exposed to various concentrations of pacli-
taxel and cell viability was evaluated via MTT assay. Then,
paclitaxel-resistant MCF-7 cells were developed and MCF-7
resistant to 64 nM paclitaxel (MCF-7/Pac 64 nM) was selected
for further investigation. ICSU of MCF-7/Pac 64 nM cells were
increased from 0.2 to 1000 nM (p = 0.015) (Figure 1a and b).

Evaluation of the formation of apoptotic nuclei in
resistant cells

To investigate, the effects of paclitaxel on the apoptotic
response, DAPI nuclear staining was applied. We selected
resistant concentration of paclitaxel in MCF-7 cells. Once
apoptosis was triggered, morphological changes including
apoptotic bodies were evaluated. After treatment of MCF-7
and MCF-7/Pac 64 nM with IC_ concentration of pacli-
taxel, the morphology of the MCF-7 cells changed with the
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FIGURE 1. Determination of inhibitory concentration 50%
of paclitaxel against MCF-7 cell. 3-(4, 5-dimethyl-2-thiazolyl)-
2,5-diphenyl-2H-tetrazolium bromide results of parent MCF-7
cell line (a), MCF-7/Pac 64 nM (b).

s apoptosis in MCF-7 cells

development of apoptotic bodies. Our results showed that
the percentage of apoptotic cells decreased from 35% in
MCEF-7 cells (Figure 2a) to 10% in MCF-7/Pac 64 nM cells (p =
0.032) (Figure 2b) when we incubated the cells with 64 nM of
paclitaxel for 48 hours.

Paclitaxel-induced apoptosis in non-resistant and
resistant MCF-7 cells

The effects of various concentrations of paclitaxel in the
induction of apoptosis and necrosis were measured at 48
hours after treatment. To study, the effect of paclitaxel on
resistant cells, after determination of IC;Q value (64 nM),
various concentrations of paclitaxel (0-1000 nM) were incu-
bated with the cells for 48 hours. The percentage of apoptosis
at 64 nM was similar to control(Figure 3a) which verified the
resistance of MCF-7 in our research (Figure 3b). The percent-
age of apoptosis at 200 and 500 nM concentrations showed
no significant differences (80% cell death) (Figure 3¢ and d).
Incubation of the cells with 700 nM for 48 hours showed a
maximum 87.3% apoptosis (Figure 3e). The relative frequen-
cies of apoptotic and necrotic cells in the presence of differ-
ent concentrations of paclitaxel using flow cytometry with
Annexin-V staining showed that the apoptosis was the main
type of cell death involved in the inhibition of cell survival

compared to necrosis.

Expression levels of pro/anti-apoptotic genes in
response to paclitaxel

Our results from RT-PCR showed that in MCF-7/Pac
64 nM cells, the mRNA expression level of the pro-apoptotic
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FIGURE 2. Effect of 64 nM concentration of paclitaxel on morphology of cells. Apoptotic cells were characterized by condense nuclei
and non-apoptotic dead cells: Diaminophenylindole images of cells treated with 64 nM concentration of paclitaxel in MCF-7 (a) and

MCF-7/Pac 64 nM (b).
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FIGURE 3. The effects of different paclitaxel concentrations (nM)
on the rates of apoptosis of MCF-7/Pac 64 nM cells. The values
were shown in percentage (%) from the most appropriate indi-
vidual test. Flow cytometric measurement was performed by
staining with annexin-V and the corresponding scatter plots were
depicted for different treated concentrations of paclitaxel as con-
trol, 0 uM (a), 64 (b), 200 (c), 500 (d), and 700 (e). Apoptosis, the
percentage of necrosis and viability of these effects were also
underlined in each scatter plot.

gene, P53, did not changed significantly (Figure 4a) while
the mRNA expression level of anti- apoptotic Sixz gene was
elevated 1.5-fold compared to non-resistant cells (p< 0.001)

(Figure 4b).
DISCUSSION AND CONCLUSIONS

Paclitaxel is an important anticancer drug that is clin-
ically used for patients with various types of cancers; how-
ever, tumor cell resistance to this agent remains the main
obstacle in successful cancer therapy. Investigation of molec-
ular mechanisms involved in the chemo-resistance can be
helpful in designing novel strategies in cancer treatment.
Paclitaxel-resistant MCF-7 cell line was previously developed
to study the mechanisms of resistance and key modulator
molecules including paclitaxel binding proteins, extracellular
matrix proteins, drug transporters, and p-tubulin isoforms

[30]. Sixz expression is associated with poor prognosis in

32

1.8
1.6
14
1.2

1
0.8
0.6
0.4
0.2

0
MCF-7 MCF-7/Pac64nM

Six 1 mRNA expression levels

1.8
1.6
1.4
1.2

1
0.8
0.6
0.4
0.2

0

P53 mRNA expression levels

MCF-7 MCF-7/Pac64nM

FIGURE 4. Gene expression patterns of Six1 and P53 gene in
MCF-7 and MCF-7/Pac 64 nM cells. Ribosomal {3-actin was used
as housekeeping gene. Effects of paclitaxel on pro/anti-apop-
totic genes: (a) Level of mMRNA of Six1 was increased significantly
in MCF-7/Pac 64 nM (p = 0.0007) compared with MCF-7 cell line,
(b) Level of p53 did not change significantly in paclitaxel-resistant
cell line compare with parent MCF-7 cell line MCF-7/Pac 64 nM.

luminal breast cancers, especially in the aggressive luminal
B subtype [31]. Sixt mRNA is over expressed in pancreatic
cancer which is associated with the advanced tumor stage.
Sixiinduces up-regulation of cyclinD1 in promoting cell cycle
progression and proliferation [32]. However, the role of Six1
signaling in survival of resistant cancer cells is still un-known.
We first established paclitaxel-resistant breast cancer cells
from MCF-7 cell line. After determination of cytotoxicity in
resistant and non-resistant cells, the effects of high concen-
trations of paclitaxel were examined on resistant-MCF-7 cells
to evaluate mRNA expression levels of Sixz and Ps3 [12]. Our
findings demonstrate that Six1 enhances cellular proliferation
in MCF-7 cells in response to lower concentrations of pacl-
itaxel. The induction of cellular proliferation by Six1 signal-
ing was dependent on the regulation of pro/anti-apoptotic
genes. Our results showed that increasing anti-apoptotic
gene expression including Sixz decreased the percentage of
apoptotic cells as determined by Annexin V staining and
FACS analysis. To examine the mechanism by which Six1
enhanced breast cancer cell proliferation, we considered the
anti/pro-apoptotic genes as potential targets of Sixz-induced
cell proliferation. Paclitaxel changed Six: gene expression
which caused changing the expression levels of Bc/-2 and
Bax. Bcl-2 gene was elevated 1.13-fold and Bax mRNA level
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decreased o0.4-fold relative to MCF-7 cells [12]; however, it
did not have a significant effect on changing P53 gene expres-
sion. Microtubule-stabilizing paclitaxel is considered to have
ps3-independent effects. TPs3 shows fidelity within tumor
types, but it is promiscuous from one cancer to the next [33].
Response to paclitaxcel has been observed in the cells with
mutations or lack of ps3 expression [34,35]. In this study, the
level of ps3 gene expression did not change significantly in
MCEF-7/Pac 64 nM cells compared which are consistent with
the previous study. This finding can be explained by ps3-in-
dependent mechanisms of paclitaxel resistance. The ratio of
Bcl-2/Bax determines the susceptibility of a cell to apoptosis.
The higher expression of Bcl-2 was associated with longer
overall survival [36]. In addition, many of the components in
this pathway are currently being explored as markers for tum-
origenesis and potential targets for treatment. Our results
showed 2.82-fold increase in Bcl-2/Bax ratios in MCF-7/
Pac 64 nM cells compared to non-resistant cells (Bcl-2/Bax
ratio = 1). The high Bcl-2/Bax ratio can cause inhibition of
apoptosis and resistance to chemotherapeutic agents [12,37].
The current study extends our understanding about the
requirement of Six1 in breast tumor proliferation and growth.
The ability of Six1 to induce proliferation of breast cancer cells
may vary in different cancer cells or tumors. The abundance
of Six1 is regulated through distinct mechanisms, including
post-translational modification by induction of mRNA and/
or gene transcription. Six1 levels are elevated in paclitaxel-re-
sistant MCF-7cells. Inhibition of ERK signaling in resistant
MCF7 cells with MEK inhibitor, PD98059, restored the pop-
ulation of breast cancer cells similar to control cells (data
not shown) [38]. We showed for the first time that Six1 and
dependent pro/anti-apoptotic gene expressions increased
in MCF-7 resistant cells in response to paclitaxel; further-
more, there is no significant association between paclitaxel
resistance and gene expression in MCF-7/Pac 64 nM. This
study can be expanded to other cancer cell lines and even the
biopsies from the cancer patient with different biomarker dis-
tributions. Our data suggest that identifying cancer patients
with high Six1 activity and then inhibition of this signaling
can promote the efficacy of chemotherapeutic agents in can-
cer patients.
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