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Published online: 25 March 2019 . Paclitaxelisa first line chemotherapeutic agent for the patients with metastatic breast cancer. But

. inherited or acquired resistance to paclitaxel leads to poor response rates in a majority of these

patients. To identify mechanisms of paclitaxel resistance, we developed paclitaxel resistant breast
cancer cell lines, MCF-7 and 4T1 by continuous exposure to paclitaxel for several months. Western blot
analysis showed increased expression of HER2 and (3-catenin pathway in resistant cell lines as compared
to parent cells. Hence, we hypothesized that HER2/3-catenin mediates paclitaxel resistance in breast
cancer and suppression of HER2/3-catenin signaling could overcome paclitaxel resistance. Our data
showed that penfluridol (PFL) treatment significantly reduced the survival of paclitaxel-resistant cells.
Western blot analysis revealed that PFL treatment suppressed HER2, as well as, 3-catenin pathway. In
vivo data confirmed that PFL significantly potentiated tumor growth suppressive effects of paclitaxel in
an orthotropic breast cancer model. In addition, tumors from paclitaxel and PFL-treated mice showed
reduced HER2 and 3-catenin expression, along with increased apoptosis. Taken together our results
demonstrate a novel role of HER2/3-catenin in paclitaxel resistance and open up new avenues for
application of PFL as a therapeutic option for overcoming paclitaxel resistance.

Breast cancer remains the second leading cause of cancer related mortality in women, despite the advances in
treatment strategies. In 2017, according to American Cancer Society, about 40,610 women were expected to die
of breast cancer'. Patients with metastatic breast cancer have only 5% survival rate, indicating metastasis as the
major contribution to breast cancer mortality rate>*. Taxanes, including paclitaxel are approved and clinically
used chemotherapeutic agents for the treatment of early and advanced metastatic breast cancer**. However,
response rate of taxanes for metastatic breast cancer ranges from 30-70%’. Literature suggests, over 90% of
patients of unresponsive patients have inherited or acquired resistance to the therapy®. Only few studies suggest
a role of PI3K/Akt, FOXK2 and transgelin in paclitaxel resistance’ . Due to large gaps in understanding of pacl-
itaxel resistance mechanisms, therapeutic benefits have been limited. Therefore, more research into molecular
mechanisms underlying drug resistance is essential for the development of improved therapies.

Human epidermal growth receptor 2 (HER2) amplification is observed in about 30% of breast cancer patients
and is correlated with poor disease prognosis'*'>. There is a considerable debate about HER2 overexpression and
taxane sensitivity in breast cancer cells. Several clinical studies have suggested the role of HER2 amplification in
inducing chemotherapeutic resistance'¢~'8. In stark contrast, other studies have shown better response rate to
taxanes in patients with HER2 positive tumors'*-2!. Therefore, there is a considerable need to validate the function
of HER2 and to elucidate the mechanisms that underplay downstream of HER2 in altering taxane sensitivity in
breast cancer.

A clinical study has shown correlation between HER2 and (3-catenin leading to poor prognosis in breast can-
cer patients®»?. In addition, 3-catenin plays role in cell response to paclitaxel treatment and also in tamoxifen
resistance in breast cancer?»*. Therefore, we hypothesized interplay of HER2 and {3-catenin in breast cancer
resistance to paclitaxel.

(B-catenin is a multifunction protein, which has been shown to perform dual functions; playing a crucial
role in maintaining physiological homeostasis and also functioning as an oncogene?®?’. The constitutive acti-
vation of 3-catenin signaling in several malignancies® including breast cancer®®, makes it a potential target for
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therapy?. Dysregulation of 3-catenin signaling in breast cancer results in cell proliferation, tumor initiation,
progression and metastasis®. In addition, Wnt/3-catenin signaling has also been associated with the development
and differentiation of cancer stem cells’*2. To this end, no study has clearly demonstrated the involvement of
Wnt/3-catenin signaling towards taxane resistance in breast cancer.

In the present study, we have developed paclitaxel resistant cells by continuous exposure to paclitaxel for sev-
eral months. The cells were analyzed for molecular changes as compared to parent cell lines. The resistant cell lines
showed increased expression of HER2 and (3-catenin as compared to parent cells. Herein, we demonstrate a direct
role of HER?2 in acquired resistance to paclitaxel, via 3-catenin signaling. The downregulation of HER2/3-catenin
signaling resulted in increased sensitivity of breast cancer cells to paclitaxel. Furthermore, based on our previous
observations we evaluated efficacy of penfluridol (PFL), a neuroleptic agent, in paclitaxel resistant cells**~*¢. Our
data showed that combination of PFL with paclitaxel suppresses paclitaxel resistant breast tumor growth and
inhibits HER2/3-catenin. Overall, this study provides a crucial insight into role of HER2 in paclitaxel resistance
mediated by (3-catenin, and which can be reversed by a neuroleptic agent PFL.

Results

Paclitaxel-resistant cells exhibit significantly low sensitivity towards paclitaxel as compared to
parent cells. The MCF-7, and MCF-7PR were treated with increasing concentrations of paclitaxel and their
viability was evaluated via Sulforhodamine B (SRB) assay. The ICs, for paclitaxel in MCF-7 cells was found to be
5nM (Fig. 1A). Following this, MCF-7 cells were continuously exposed with low-dose of paclitaxel for several
months by a stepwise increase in the concentration (2.5 to 300 nM). The ICs, was not achieved in MCF7-PR cells
even at 100 nM paclitaxel. At 100 nM paclitaxel, viability of MCF-7 cells was about 30%, whereas for MCF-7 PR
cells it was 80% relative to untreated control wells (Fig. 1A). This observation was also confirmed in a highly
aggressive cell line 4T1 and its variant 4T1-PR. The IC50 in parent 4T1 cells was 50 nM, whereas IC50 was not
achieved in 4T1-PR cells (Fig. 1B). Only about 35% 4T1 cells survived after treatment with 100 nM paclitaxel. On
the other hand survival in 4T1-PR cells after 100 nM paclitaxel was 100%, relative to untreated control wells. This
data confirmed that MCE-7PR and 4T1PR breast cancer cells had acquired resistance to paclitaxel.

HER2 and 3-catenin signaling is activated in paclitaxel resistant cells. To identify possible mech-
anism of resistance, basal expression of several proteins was evaluated in paclitaxel sensitive and resistant cells
by western blotting. As compared to the parent cell, the MCF-7PR and 4T1PR cells showed increased expres-
sion of HER2 and (3-catenin along with higher expression of its downstream molecules, such as, TCF-4, TCF-1,
p-GSK38, Cyclin D1 and c-Myc (Fig. 1C,D). These observations suggested a role of HER2 and 3-catenin signaling
in the development of resistance to paclitaxel.

MCF-7PR cells show morphological differences as compared to parent cells with increased
expression of HER2 and 3-catenin. The MCF-7 and MCF-7PR cells were analyzed for the differences
in morphology and protein expression of HER2 and (3-catenin using fluorescent microscopy. The morphology
of cells was analyzed using actin and DAPI staining. Our results showed that the resistant cells were relatively
enlarged and more importantly 3-catenin was localized in the nucleus of the cells as compared to parent cells,
where (3-catenin co-localized with actin in the cell membrane (Fig. 1E). In line with above observations, imaging
also showed an increased expression of HER2 in MCF-7PR cells, as compared to MCF-7 cells (Fig. 1F). This data
confirmed variations in expression of HER2 and (3-catenin as compared to the parent cells.

Role of HER2 in paclitaxel resistance. To further establish the role of HER2 in paclitaxel resistance, we
evaluated paclitaxel cytotoxicity in MCF-7 HER2 overexpressing cells (MCE-7HH) cells using SRB assay. MCF-
7HH cells are parent MCEF-7 cells with stable HER2 overexpression. Our results showed about 8 fold higher ICy,
in MCF-7HH cells relative to parent MCEF-7 cells (Fig. 2A). To further confirm the role of HER2 in resistance,
we genetically knocked down HER2 in MCE-7PR cells using HER2 siRNA. We observed that silencing of HER2
resulted in increased sensitivity of MCF-7PR towards paclitaxel as indicated by increased cell death in cells trans-
fected with HER2 siRNA and treated with paclitaxel (Fig. 2B). Our results also showed that silencing HER2 also
suppressed the levels of 3-catenin and c-Myc, and that the expression of these proteins was reduced further by
paclitaxel treatment (Fig. 2C). These observations clearly suggest a role of HER2/3-catenin in paclitaxel resistance.

Cross talk between HER2 and (3-catenin.  Our results had showed increased expression of HER2 and
(-catenin in both the drug resistant cell lines, suggesting possibility of cross-talk between HER2 and (3-catenin. To
explore this further, the expression of 3-catenin pathway was compared in parental MCF7 and MCF7-HH cells.
Strikingly, the cells expressing high level of HER2 (MCF-7HH) also showed higher expression of 3-catenin and
its downstream effector molecules, such as, c-Myc and cyclin D1 (Fig. 3A). In addition, when HER2 was silenced
using shRNA in MCF7-HH cells, a corresponding reduction in the expression of 3-catenin was seen (Fig. 3B).
Overall our findings so far, indicate a cross-talk between HER2 and (3-catenin pathway that contributes to pacl-
itaxel resistance.

PFL reduces the survival of resistant cells by downregulating the expression of HER2 and
B-catenin. So far, we identified that HER2 and f3-catenin signaling gets activated in paclitaxel resistant cells.
Hence, we hypothesized that HER2/3-catenin signaling mediates paclitaxel resistance in breast cancer and inhib-
iting this oncogenic signaling could overcome resistance to paclitaxel. In a previous study, we demonstrated that
PFL, an anti-psychotic drug suppresses the growth of triple negative metastatic breast cancer cells**. Therefore,
we evaluated the growth suppressive effects of PFL in paclitaxel sensitive and resistant cells. First, we performed
the cytotoxicity assay in MCF-7, MCF-PR, 4T1 and 4T1PR cells. The cells were treated with varying concen-
trations of PFL for 24, 48 and 72 hours. Our results showed that increasing concentrations of PFL significantly
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Figure 1. Development of paclitaxel resistance in MCF-7 and 4T1 cells show induced expression of HER2 and
B-catenin. MCF-7 and 4T1 cells were treated with gradually increasing concentrations of paclitaxel for several
months. Cytotoxicity of (A) MCF-7 vs MCF-7PR and (B) 4T1 vs 4T1PR cells induced by paclitaxel after 72 hour
treatment to estimate the percent cell survival. Experiments were repeated three times with 8 replicates in each
experiment; Data shown as mean 4 SD. (C) Relative expression of proteins in MCF-7 and MCF-7PR cells.

(D) Relative expression of proteins in 4T1 and 4T1PR cells. Experiments were repeated at least three times.

(E) Immunofluorescence images showing morphological differences between MCF-7 and MCF-PR cells. (F)
Comparison of HER2 and (3-catenin expression in MCF-7 and MCEF-7PR cells by Immunofluorescence. Red
fluorescence, HER2 or 3-catenin; Green, actin; Blue, DAPI.
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Figure 2. HER?2 plays a crucial role in imparting paclitaxel resistance. (A) Comparison of paclitaxel cytotoxicity
in MCF-7 and MCF-7HH cells via SRB assay after 72 hours paclitaxel treatment; Data shown as mean £ SD. (B)
Cell death analysis using trypan blue and (C) Western blot analysis in MCF-7PR cells treated with paclitaxel

(20 nM) for 72 hours after transfection with either HER2 siRNA or scrambled siRNA. Statistical differences were
calculated by Student’s ¢ test.

suppressed the growth of not only paclitaxel sensitive cells but also paclitaxel resistant cells in a concentration
and time-dependent manner. The ICy, values of PFL ranged 2-3 pM in paclitaxel sensitive cell lines (MCEF-7,
4T1) and 4-5uM in paclitaxel resistant cell lines (MCF-7PR, 4T1PR) after 72 hours of treatment (Fig. 4A-D). In
addition, we also evaluated the cytotoxic effects of PFL in MCF-7HH cells and the IC;, was about 3 uM at 72 hour
time point (Fig. 4E). These results suggest PFL is almost equally toxic to paclitaxel sensitive and resistant cells.
We also conducted colony formation assay to investigate whether PFL could inhibit the proliferation capacity of
breast cancer cells. Results from this assay clearly showed that PFL treatment significantly (p =0.0001-0.0015)
decreased the size and number of colonies in a concentration-dependent manner (Fig. 4F-I).

To further elucidate the molecular mechanism of cytotoxicity of PFL, MCF-7, 4T1, MCF-7PR and 4T1PR cells
were treated with various concentrations (0, 1.25, 2.5, 5 and 7.5 uM) of PFL for 72 hours. Our western blot results
showed that expression of HER2, 3-catenin and c-Myc were significantly reduced by PFL treatment in a con-
centration dependent manner in all the cell lines tested. We also observed notable inhibition of the downstream
effector molecules of HER2/3-catenin pathway such as TCF-1, TCF-4, p-GSK3( and cyclin D1 in parent, as well
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Figure 3. Cross talk between 3-catenin and HER?2. (A) Basal level of markers in MCF-7 and MCF-7HH cells.
(B) Levels of HER2 and (3-catenin in MCF-7HH cells transfected with either HER2 shRNA or scrambled shRNA
for 24 hours as determined by Western blotting.

as, in resistant cells (Fig. 5A-D). In addition, an increase in the levels of Cl-PARP and Cl-Caspase-3 was observed
with PFL treatment indicating apoptosis in these cell lines. These results indicate that PFL was able to suppress all
the oncogenic markers, which were found to be upregulated in paclitaxel resistant cells.

PFL increases the sensitivity of 4T1PR and MCF-7PR cells towards paclitaxel. In order to deter-
mine whether PFL can potentiate the effects of paclitaxel and can overcome drug resistance, MCF-7 and MCF-
7PR cells were pre-treated with 2.5 M PFL for 2 hours followed by exposure to paclitaxel for 72 hours and cell
viability was determined. Our results showed that the combination of PFL with paclitaxel significantly reduced
the survival of cells when compared to paclitaxel alone (Fig. 6A,B). Combination of 1.5pM PFL and 25nM pacl-
itaxel in 4T1 cells showed 65% (p=0.003) reduction in cell viability when compared with control and PFL group
(Fig. 6C). Similarly, in 4T1PR cells, combination of 1.5 uM PFL with 50 nM paclitaxel displayed 50% (p =0.0001)
decrease in cell survival than with either treatment alone (Fig. 6D). Combination index (CI) was calculated as
described by us previously using Compusyn software®”*%. We observed a very high degree of synergistic dug
interaction (CI < 0.5) in these experiments. Concentrations as low as 0.5 1M PFL were able to sensitize the cells
to paclitaxel-induced cytotoxicity (Supplementary Fig. 1). These findings were further confirmed by western
blot analysis showing an increase in Cl-Caspase-3 and Cl-PARP levels in combination of 2.5 uM PFL with 5n1M
paclitaxel in MCF-7PR (Fig. 6E) and with 1.5uM PFL and 50 nM paclitaxel in 4T1PR cells (Fig. 6F). In addition,
western blot analysis also showed considerable downregulation of resistant markers such as HER2, (3-catenin,
pGSK30 and c-Myc with treatment of paclitaxel and PFL combination in both the resistant cell lines (Fig. 6E,F).
These observations complement cytotoxicity studies of drug combination and suggest a potential application of
PFL as an adjuvant to repress resistance to paclitaxel and enhance its cytotoxic potential in breast cancer.

Suppression of breast tumor growth by PFL and paclitaxel combination. To evaluate the efficacy
of PFL and paclitaxel combination in vivo, highly aggressive 4T1PR murine breast tumor cells were implanted
orthotropically in left and right 3" mammary fat pad of female Balb/c mice. Our results demonstrated that the
group of mice receiving combination of PFL (10 mg/kg, every day) and paclitaxel (5mg/kg, every 3™ day) showed
significant (p=0.0012) tumor growth suppression (55%) when compared to paclitaxel, whereas group receiving
PFL alone showed 40% of tumor reduction (Fig. 7A). Notably, Paclitaxel treatment alone showed almost no
effect in suppressing tumor growth. Tumors were collected and weighed at the day of termination of experiment.
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Figure 4. PFL suppresses cell survival of paclitaxel sensitive and resistant cells. (A) MCF-7, (B) MCF-7PR,

(C) 4T1, (D) 4T1PR, and (E) MCF-7HH cells were treated with different concentrations of PFL at 24, 48 and
72hours. Cell survival was measured by SRB assay to estimate ICs, values. The experiments were repeated three
times with 8 replicates in each experiment. Colony formation assay was performed by seeding 500-600 cells/
well. Cells were fixed and stained using crystal violet (0.5%) after 9 days. Number of colonies formed in control
and PFL treated wells were quantitated using Image J software. Representative Images of colonies and their
quantification in (F-G) 4T1 cells and (H-I) 4T1PR cells. Data shown as mean + SD; (n=3). All the statistical
comparisons were made by Student’s ¢ test for unpaired samples.

Average weight of tumors in the combination group was about 40% (p =0.003) less as compared with control
group (Fig. 7B). In addition, there was no significant change in the mice weight throughout the study, suggesting
no toxicity with drug combination. (Fig. 7D).
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Figure 5. Suppression of HER2/B3-catenin and associated signaling by PFL treatment. (A) MCF-7, (B) MCF-
7PR, (C) 4T1 and (D) 4T1PR cells were treated with different concentrations of PFL for 72 hours. Representative
blots showing concentration dependent effect of PFL on HER?2, 3-catenin, TCF-1, TCF-4, p-GSK3, c-Myc,
cyclinD1, MMP-7, cleaved PARP and cleaved Caspase-3. Actin was used as a loading control. Each experiment
was repeated at least three times.

PFL and paclitaxel combination suppresses HER2 and induces apoptosis in vivo. 1In order to
confirm the in vitro findings, tumors from mice from different groups were evaluated by western blot analysis.
Tumors obtained from the combination group (PFL + paclitaxel) showed reduced expression of HER2, 3-catenin
and cyclin D1 as compared to tumors from mice treated with paclitaxel alone (Fig. 8A,B). Interestingly, we also
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Figure 6. Pre-treatment with PFL sensitizes breast cancer cell lines to paclitaxel cytotoxicity. Percentage cell
viability of breast cancer cells when pre-treated with PFL at indicated concentrations for 2 hours followed by
paclitaxel treatment for 72 hours in (A) MCF-7 cells (B) MCF-7PR (C) 4T1 and (D) 4T1PR cells at indicated
concentrations. Western blot showing a downregulation in resistant markers: HER2, 3-catenin, c-Myc and an

increase in Cl-Caspase-3 and CI-PARP levels ata 2

hours pre-treatment combination of PFL and paclitaxel in

(E) MCE-7PR cells and (F) 4T1PR cells analyzed 72 hours post paclitaxel exposure. Data shown as mean + SD
of at least three independent experiments, n = 3. All the statistical comparisons were made by Student’s ¢ test for

unpaired samples.

observed that paclitaxel treatment alone in these mice resulted in the increased expression of HER2, 3-catenin

and cyclin D1 as seen by western blotting (Fig. 8A). Although, we did not see similar results with in vitro treat-

ment of paclitaxel in 4T1PR cells (Fig. 6F). One explanation could be that long term exposure of paclitaxel is
causing enhanced expression of these resistant markers in vivo. In agreement with our in vitro observations, our
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Figure 7. PFL and paclitaxel combination suppresses the growth of orthotropically implanted paclitaxel
resistant breast tumor. (A) Analysis of tumor volume at various time points after orthotropically injecting
approximately 0.07 X 10° 4T1PR breast cancer cells in the left and right 3" mammary fat pads of 4-6 weeks old
female Balb/c mice. Group I served as control and received the vehicle only. Group II received 10 mg/kg PFL
by oral gavage everyday whereas group III received 5 mg/kg paclitaxel (i.p) every 3™ day. Group IV received

10 mg/kg PFL every day and 5 mg/kg paclitaxel (i.p) every 3 day. Values were plotted as mean & SEM (n=10).
(B) Analysis of tumor weight from different treatment groups. (C) Representative image showing tumors from
different treatment groups. (D) Analysis of mice body weight from different treatment groups. Data shown as
mean £ SEM. Statistical differences were calculated by Student’s ¢ test.

in vivo results also demonstrated increased levels of CI-PARP in the tumors from mice treated with combination
of PFL and paclitaxel as compared to paclitaxel treatment alone indicating apoptosis (Fig. 8A). These observations
were further confirmed by immunohistochemical staining (IHC) of tumors from different groups for HER2,
3-catenin and cleaved PARP. Our results demonstrated reduced expression of HER2 and 3-catenin as well as
increase in cleavage of PARP in combination group as compared to paclitaxel treatment alone (Fig. 8C).
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Figure 8. Suppression of HER2/3-catenin signaling by PFL in combination with paclitaxel in vivo. (A) Tumors
were aseptically removed after terminating the experiments and lysed, homogenized and analyzed for HER2,
(-catenin, cyclin D1 and cleaved PARP levels by Western blotting. Actin was used as a loading control, each
lane of blots represents tumor from individual mouse. (B) Blots were quantified, normalized with actin, and
represented as a bar graph. (C) IHC analysis of excised tumor sections for HER2, 3-catenin and cleaved PARP.

Discussion
Paclitaxel is a widely used chemotherapeutic agent for the treatment of various types of cancers: breast, ovary,
lung and pancreas®~*2. However, paclitaxel resistance is one of the primary obstacle leading to chemotherapy
failure in breast cancer®. Investigating the molecular mechanisms responsible for chemotherapeutic resistance
is highly desirable in identifying new drug targets. There are few mechanisms which have been reported to be
involved in paclitaxel resistance; such as activation of PI3K/Akt, hedgehog/GSK33, drug transporters and (3 tubu-
lin mutation®#4-46,

In the present study, we developed paclitaxel-resistant MCF-7 and 4T1 cells to investigate the molecular mech-
anisms leading to acquired chemoresistance in breast cancer cells. Human epidermal growth receptor 2 (HER2)
is an oncogene that plays an important role in the progression of aggressive breast cancer leading to poor disease
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prognosis*~#’. The role of HER2 in taxane resistance is controversial and needs to be validated'’-'>!. With that

in mind, we explored the role of HER2 in inducing paclitaxel resistance. Hitherto, we observed that gradual
exposure of breast cancer cells to paclitaxel over time leads to the upregulation of HER2 in low HER2 expressing
MCEF-7 and 4T1 cell lines. In addition, we observed increased sensitivity to paclitaxel in resistant cells after HER2
knockdown. On the other hand, paclitaxel sensitivity was reduced in cells with HER2 overexpression-indicating
a crucial role of HER2 in inducing resistance towards paclitaxel in the forementioned cell lines.

Very few studies have shown the correlation of HER2 with (3-catenin in HER2 positive breast cancer?%.
Herein, we observed a cross-talk between HER2 and (3-catenin involved in inducing paclitaxel resistance.
(3-catenin is a proto-oncogene which imparts stem cell-like characteristics to cancer cells and is responsible for
tumor progression and metastasis*®. Literature suggests targeting Wnt/3-catenin signaling by inhibiting 3-catenin
or Mcl-1 enhances sensitivity towards taxanes in ovarian and prostate cancer*>. In line with the existing results,
we observed upregulation of 3-catenin, c-Myc and other downstream molecules in breast cancer cell lines. Hence,
we established that HER2/(3-catenin mediates paclitaxel resistance in breast cancer and that suppression of HER2
and {3-catenin signaling could overcome paclitaxel resistance.

Few studies including those from our laboratory have investigated the anti-cancer effects of PFL3>36°152, We
have previously demonstrated that PFL suppresses metastatic breast tumor growth in the brain by inhibiting
integrin signaling®. PFL is also known to induce ROS in breast cancer cells leading to apoptosis, concomitant
with downregulation of Sp transcription factors®®. Furthermore, PFL suppresses glioblastoma tumor growth by
Akt mediated inhibition of Gli1*. However, none of the previous studies have investigated the effects of PFL in
suppressing chemo-resistance, or modulation of HER2/3-catenin signaling in breast cancer. Our results showed
that PFL was equally cytotoxic to paclitaxel-sensitive and paclitaxel-resistant cells. Treatment with PFL resulted
in downregulation of chemo-resistant markers such as HER2, (3-catenin, c-Myc and cyclin D1; with an increase
in the pro-apoptotic markers such as Caspase-3 and PARP in MCF-7, MCF-7PR, 4T1 and 4T1PR cells. In addi-
tion, pretreatment with PFL restored the sensitivity of paclitaxel-resistant MCF-7 and 4T1 cells to paclitaxel as
indicated by decreased cell viability in the combination treatment groups. Furthermore, treatment with PFL in
combination with paclitaxel reduced tumor volume by more than 50% as compared to paclitaxel treatment alone.
Paclitaxel treatment (5 mg/kg) alone does not seem to be effective at all in inhibiting tumor growth. However, PFL
was able to suppress resistant tumor growth as a single agent as well as in combination with paclitaxel. Moreover,
no change in mouse body weight was observed; indicating that the combination dose was effective and well tol-
erated. Dose of PFL used in the current study is 10 mg/kg, which when converted to human equivalent dose is
0.83 mg/kg. Therefore, human equivalent dose of PFL would be approximately 50 mg for a person weighing 60 Kg.

We demonstrate the novel role of 3-catenin in conferring resistance to paclitaxel through HER2 overexpres-
sion in breast cancer. To the best of our knowledge, the present study provides a first evidence of the involve-
ment of HER2/3-catenin signaling as a potential target in paclitaxel-resistant breast cancer, along with the
observation that PFL was able to inhibit the expression of HER2, 3-catenin and its downstream molecules in
paclitaxel-sensitive and resistant cells. Our study also provides convincing results to establish a combination
therapy of PFL with paclitaxel for the treatment of breast cancer—eventually leading to a reduction of the clinical
dose of paclitaxel, consequently reducing the toxic side effects.

Taken together, PFL can reverse paclitaxel resistance by suppressing HER2/3-catenin signaling. These results
not only provide the potential application of PFL as a novel therapeutic agent in sensitizing breast cancer cells
to paclitaxel but also highlight the potential role of HER2/3-catenin signaling in the development of paclitaxel
resistance in breast cancer.

Materials and Methods

Cell culture. Human breast cancer cell line MCF-7 and murine breast cancer cell line 4T1 were purchased
from ATCC and were maintained in DMEM supplemented with 10% FBS and 5% PSN (Penicillin, Streptomycin,
Neomycin) at 37 °C under a humidified atmosphere of 5% CO,. MCF-7HH cells were kindly provided by Dr.
Huang Fei and maintained under similar conditions as MCF-7 cells. Resistance to paclitaxel in MCF-7 and 4T1
cells were developed in our laboratory and resistant cells were named as MCF-7PR and 4T1PR, respectively. The
culture conditions for MCF-7PR and 4T1PR cells were same as those of the parent cell lines, with the exception
of the addition of 8 nM and 50 nM paclitaxel respectively. All the cells used in this study are periodically authen-
ticated by short tandem repeats (STR) analysis in our core facility.

Development of paclitaxel resistant MCF-7 and 4T1 cells. MCF-7 and 4T1 cells were exposed to
increasing concentrations of paclitaxel for several months. The treatment of MCF-7 cells started with 2.5nM
paclitaxel (half of the ICs;) and was gradually increased to 300 nM over a period of 10 months. Similarly initial
treatment of 4T1 cells was 4 nM paclitaxel (1/10 of the IC,) that was increased to 300 nM over the period of 10
months. SRB assay was used to evaluate the cytotoxicity of paclitaxel in these cell lines and to confirm the resist-
ance at different time points during the process.

Cytotoxicity Studies. Cells were plated at a density of about 2000-4000 cells/well in 96 well plates and the
treatment agents (PFL and/or paclitaxel) were added the following day. After desired duration of treatment (24,
48 and 72 h with PFL and 72 hours with paclitaxel), cells were fixed using 200 pl of ice cold 10% trichloroacetic
acid followed by washing and staining with Sulforhodamine B (SRB) dye (0.4% SRB in 0.1% acetic acid). After
incubation for 1 h at room temperature, plates were rinsed three times with 1% acetic acid and air-dried. Tris base
solution (10 mM) was then added to the wells to solubilize the protein-bound dye and the optical density was
measured using plate reader (BioTek Instruments, VT) as described by us previously™.
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Colony formation Assay. Approximately 500-600 cells/well were seeded in a 6-well plate. Next day, cells
were treated with various concentrations of PFL. After 72 hours of PFL treatment, media was re-placed with fresh
medium in all the wells and then cultured for another 5 days. At day 9, cells were fixed and stained with 0.5%
crystal violet solution after washing with PBS. Finally, the colonies with >50 cells were counted under an image
J-software.

Immunofluorescence Analysis. Paclitaxel sensitive MCF-7 and paclitaxel resistant MCF-7 (MCE-7PR)
cells were plated on a coverslip and allowed to attach overnight. The cells were then washed with ice-cold PBS
twice and fixed with formalin and permeabilized using Triton-X100 solution. After blocking with 5% goat serum
for 60 min, cells were incubated overnight with primary antibodies specific to HER2 or 3-catenin at 4 °C, followed
by incubation with Alexa Flour 594 secondary antibodies for 1 h by gentle rocking at room temperature. After
washing the cells with PBS, nucleus was counterstained with DAPI and images were taken using fluorescence
microscope (Olympus, Center Valley, PA) after mounting the coverslips on the slides.

HER2 silencing. MCF-7PR cells were transfected with HER2 siRNA (Cell Signaling Technologies, Danvers,
MA) using siPORT (Ambion Inc, Austin, TX) transfection reagent as per manufacturer’s protocol. Briefly,
approximately 0.2 x 10° cells/well were plated in 6 well plate and left overnight for attachment. Next day, cells
were transfected with 100 nM HER2 siRNA or scrambled siRNA using siPORT reagent and 8 h post transfection,
cells were treated with 20 nM of paclitaxel for additional 72 h. The cells were collected after treatment and pro-
cessed for western blot analysis.

Western Blot Analysis. The cells were harvested and rinsed twice with ice-cold PBS and whole cell lysates
were prepared using 4% (w/v) CHAPS in urea-tris buffer. Cell lysates were kept on ice for 60 minutes, followed
by sonication and centrifugation at 13,000 rpm for 20 minutes at 4 °C. The supernatant was collected and pro-
tein concentration was quantified using Bradford assay. Equal amount of protein (30-50 pg) were subjected to
SDS-PAGE and resolved proteins were transferred to PVDF membrane. The membranes were probed for pri-
mary antibodies against HER2, 3-catenin, pGSK3(3, TCF-1, TCF-4, Cyclin D1, c-Myc, CI-PARP, Cl-Caspase-3,
B-actin. All primary antibodies were purchased from Cell Signaling Technologies (Danvers, MA) except 3-actin
which was obtained from Sigma Aldrich, (St Louis, MO). The membranes were developed as described by us
previously*”*,

Equipment and settings. Western blots were developed using X-ray film based on the principle of chemi-
luminescence (ECL) substrates for horseradish peroxidase (HRP). Films were scanned and blots were quantified
using UN-SCAN-IT gel 7.1 software. No post-processing was done (eg. Photoshop, brightness contrast changes
etc.). Different markers of the same figure were either obtained from the same experiment or that gels/blots were
processed in parallel. Full length blots including different exposure times are provided in Supplementary Figs 2-6.
All the animal experiment protocols were approved by Institutional Animal Care and Use Committee (IACUC),
Texas Tech University Health Sciences Center (Amarillo, Texas).

Orthotropic breast tumor model. Female Balb/c mice (4-6 weeks old) purchased from Envigo
(Indianapolis, IN, USA) were used for this study. Exponentially growing 4T1 paclitaxel resistant cells were har-
vested, washed twice with PBS and re-suspended in 1:1 PBS/matrigel at a density of 0.7 x 10° cells/ml. Further,
0.07 x 10° cells were implanted in the left and right 3" mammary fat pads of each mouse. Tumor volumes were
measured three times a week using Vernier Calipers and animal weights were taken twice a week. Tumor volume
was calculated using the formula (length x (width)?/2). When tumor volume reached 70-100 mm? (day 4), mice
were randomly divided into four groups with 5 mice per group. Group I served as control and received vehicle
only. Group II was administered with 10 mg/kg PFL by oral gavage daily, whereas group III received 5 mg/kg
paclitaxel (i.p) every 3™ day. Group IV was administered with 10 mg/kg PFL daily as well as 5 mg/kg paclitaxel
(i.p) every 3 day respectively. Mice were euthanized on day 23™ with CO, overdose and death was confirmed
by cervical dislocation in accordance with IACUC guidelines. The tumors were removed aseptically from each
mouse, weighed and snap frozen in liquid-nitrogen for western blot analysis or fixed in formalin for IHC analysis.
Experiments were conducted in strict compliance with the regulations of IACUC, Texas Tech University Health
Sciences Center.

Immunostaining of tumor sections. The IHC was done as previously described by us®>. Tumors col-
lected from in vivo study were dehydrated, embedded in paraffin and sectioned into 5-10 micron sections using
microtome. The sections were gently placed on positively charged slides, deparaffinized and rehydrated using
xylene, ethanol and double-distilled water. The sections were further boiled in 10 mM sodium citrate buffer
(pH 6.0) for antigen unmasking and incubated in 3% hydrogen peroxide solution. After blocking with 5% goat
serum, sections were incubated overnight with primary antibodies for HER2, (3-catenin and cleaved PARP. Next
day, using Ultravision ONE HRP polymer kit (Thermofisher scientific, Fremont, CA), the slides were stained
as per the manufacturer’s instructions. Further, these sections were counterstained with Mayer’s hematoxylin,
dehydrated and mounted using Permount and then imaged using Olympus microscope (Olympus America Inc,
Center Valley, PA).

Statistical Analysis. Experiments were repeated at least thrice and represented as mean + SD or SEM.
Students ¢ test was used to compare the statistical significance between two groups. Statistical significance was
calculated using the using Prism 7.0 (GraphPad software Inc., San Diego, CA, USA). A p value of less than 0.05
was considered statistically significant (*).

SCIENTIFICREPORTS| (2019) 9:5066 | https://doi.org/10.1038/s41598-019-41632-0 12


https://doi.org/10.1038/s41598-019-41632-0

www.nature.com/scientificreports/

References

AU W

10.

11.

12.

13.

19.

20.

21.

22.

23.

24.

25.

26.
27.

28.

29.
30.

31.

32.
33.

34,

35.

36.

37.

38.

39.

40.

41.

42,

43.

44,

. Society, A. C. https://www.cancer.org/content/dam/CRC/PDF/Public/8577.00.pdf (2017).

. O’Shaughnessy, J. Extending survival with chemotherapy in metastatic breast cancer. The oncologist 10, 20-29 (2005).

. Gliick, S. nab-Paclitaxel for the treatment of aggressive metastatic breast cancer. Clinical breast cancer 14, 221-227 (2014).

. Ghersi, D. et al. Taxane-containing regimens for metastatic breast cancer. The Cochrane Library (2015).

. Martin, M. nab-Paclitaxel dose and schedule in breast cancer. Breast Cancer Research 17, 81 (2015).

. Megerdichian, C., Olimpiadi, Y. & Hurvitz, S. A. nab-Paclitaxel in combination with biologically targeted agents for early and

metastatic breast cancer. Cancer treatment reviews 40, 614-625 (2014).

. Rivera, E. & Gomez, H. Chemotherapy resistance in metastatic breast cancer: the evolving role of ixabepilone. Breast Cancer

Research 12, S2 (2010).

. Yardley, D. A. Drug resistance and the role of combination chemotherapy in improving patient outcomes. International journal of

breast cancer 2013 (2013).

. Zhang, W. et al. Paclitaxel resistance in MCF-7/PTX cells is reversed by paeconol through suppression of the SET/phosphatidylinositol

3-kinase/Akt pathway. Molecular medicine reports 12, 1506-1514 (2015).

De Moraes, G. N. et al. Forkhead box K2 modulates epirubicin and paclitaxel sensitivity through FOXO3a in breast cancer.
Oncogenesis 4, €167 (2015).

Zheng, X. et al. Salvianolic acid A reverses the paclitaxel resistance and inhibits the migration and invasion abilities of human breast
cancer cells by inactivating transgelin 2. Cancer biology & therapy 16, 1407-1414 (2015).

Liu, P. et al. Disulfiram targets cancer stem-like cells and reverses resistance and cross-resistance in acquired paclitaxel-resistant
triple-negative breast cancer cells. British journal of cancer 109, 1876-1885 (2013).

Pavlikovd, N. et al. Differentially expressed proteins in human MCF-7 breast cancer cells sensitive and resistant to paclitaxel.
Experimental cell research 333, 1-10 (2015).

. Kim, C. G. et al. In Seminars in cancer biology. 142-151 (Elsevier).
. Wilks, S. T. Potential of overcoming resistance to HER2-targeted therapies through the PI3K/Akt/mTOR pathway. The Breast 24,

548-555 (2015).

. Yu, D. et al. Overexpression of c-erbB-2/neu in breast cancer cells confers increased resistance to Taxol via mdr-1-independent

mechanisms. Oncogene 13, 1359-1365 (1996).

. Corkery, D. P. et al. PRP4K is a HER2-regulated modifier of taxane sensitivity. Cell Cycle 14, 1059-1069 (2015).
. Colomer, R. et al. Circulating HER2 extracellular domain and resistance to chemotherapy in advanced breast cancer. Clinical Cancer

Research 6, 2356-2362 (2000).

Baselga, J., Seidman, A. D., Rosen, P. P. & Norton, L. HER2 overexpression and paclitaxel sensitivity in breast cancer: therapeutic
implications. Oncology-Huntington 11, 43 (1997).

Konecny, G. E. et al. Her-2/neu gene amplification and response to paclitaxel in patients with metastatic breast cancer. Journal of the
National Cancer Institute 96, 1141-1151 (2004).

Di Leo, A. et al. HER-2/neu as a predictive marker in a population of advanced breast cancer patients randomly treated either with
single-agent doxorubicin or single-agent docetaxel. Breast cancer research and treatment 86, 197-206 (2004).

Cuello-Carridn, E. D. et al. HER2 and f3-catenin protein location: importance in the prognosis of breast cancer patients and their
correlation when breast cancer cells suffer stressful situations. Clinical & experimental metastasis 32, 151-168 (2015).

Finigan, J. H. et al. HER2 activation results in 3-catenin-dependent changes in pulmonary epithelial permeability. American Journal
of Physiology-Lung Cellular and Molecular Physiology 308, L199-1207 (2014).

Fu, Q. et al. 3-Catenin expression is regulated by an IRES-dependent mechanism and stimulated by paclitaxel in human ovarian
cancer cells. Biochemical and biophysical research communications 461, 21-27 (2015).

Won, H. S, Lee, K. M., Oh, J. E., Nam, E. M. & Lee, K. E. Inhibition of 3-Catenin to Overcome Endocrine Resistance in Tamoxifen-
Resistant Breast Cancer Cell Line. PloS one 11, 0155983 (2016).

Morin, P. . beta-catenin signaling and cancer. Bioessays 21, 1021-1030, https://doi.org/10.1002/(sici)1521-1878 (1999).

Thakur, R. & Mishra, D. P. Pharmacological modulation of beta-catenin and its applications in cancer therapy. Journal of cellular and
molecular medicine 17, 449-456 (2013).

Prosperi, J. R. & Goss, K. H. A Wnt-ow of opportunity: targeting the Wnt/3-catenin pathway in breast cancer. Current drug targets
11, 1074-1088 (2010).

Luu, H. H. et al. Wnt/3-catenin signaling pathway as novel cancer drug targets. Current cancer drug targets 4, 653-671 (2004).

Lai, S.-L., Chien, A. ]. & Moon, R. T. Wnt/Fz signaling and the cytoskeleton: potential roles in tumorigenesis. Cell research 19, 532
(2009).

Yao, H., Ashihara, E. & Maekawa, T. Targeting the Wnt/3-catenin signaling pathway in human cancers. Expert opinion on therapeutic
targets 15, 873-887 (2011).

Reya, T. & Clevers, H. Wnt signalling in stem cells and cancer. Nature 434, 843 (2005).

Ranjan, A., German, N., Mikelis, C., Srivenugopal, K. & Srivastava, S. K. Penfluridol induces endoplasmic reticulum stress leading
to autophagy in pancreatic cancer. Tumor Biology 39, 1010428317705517 (2017).

Ranjan, A. & Srivastava, S. K. Penfluridol suppresses glioblastoma tumor growth by Akt-mediated inhibition of GLI1. Oncotarget 8,
32960 (2017).

Ranjan, A., Gupta, P. & Srivastava, S. K. Penfluridol: an antipsychotic agent suppresses metastatic tumor growth in triple-negative
breast cancer by inhibiting integrin signaling axis. Cancer research 76, 877-890 (2016).

Ranjan, A. & Srivastava, S. K. Penfluridol suppresses pancreatic tumor growth by autophagy-mediated apoptosis. Scientific reports
6, 26165 (2016).

Verma, K. et al. AKR1C3 Inhibitor KV-37 Exhibits Antineoplastic Effects and Potentiates Enzalutamide in Combination Therapy in
Prostate Adenocarcinoma Cells. Molecular cancer therapeutics, molcanther. 1023,2017 (2018).

Verma, K., Zang, T., Gupta, N., Penning, T. M. & Trippier, P. C. Selective AKR1C3 Inhibitors Potentiate Chemotherapeutic Activity
in Multiple Acute Myeloid Leukemia (AML) Cell Lines. ACS Med Chem Lett 7, 774-779, https://doi.org/10.1021/
acsmedchemlett.6b00163 (2016).

Subramanian, I. et al. AAV-P125A-endostatin and paclitaxel treatment increases endoreduplication in endothelial cells and inhibits
metastasis of breast cancer. Gene therapy 18, 145-154 (2011).

Li, F. et al. A water-soluble nucleolin aptamer-paclitaxel conjugate for tumor-specific targeting in ovarian cancer. Nature
Communications 8, 1390 (2017).

Li, R, Moudgil, T., Ross, H. J. & Hu, H.-M. Apoptosis of non-small-cell lung cancer cell lines after paclitaxel treatment involves the
BH3-only proapoptotic protein Bim. Cell Death & Differentiation 12, 292-303 (2005).

Neesse, A., Michl, P, Tuveson, D. & Ellenrieder, V. nab-Paclitaxel: novel clinical and experimental evidence in pancreatic cancer.
Zeitschrift fiir Gastroenterologie 52, 360-366 (2014).

Wee, Z. N. et al. IRAK1 is a therapeutic target that drives breast cancer metastasis and resistance to paclitaxel. Nature communications
6, 8746 (2015).

Yin, S., Zeng, C., Hari, M. & Cabral, F. Random mutagenesis of 3-tubulin defines a set of dispersed mutations that confer paclitaxel
resistance. Pharmaceutical research 29, 2994-3006 (2012).

SCIENTIFICREPORTS| (2019) 9:5066 | https://doi.org/10.1038/s41598-019-41632-0 13


https://doi.org/10.1038/s41598-019-41632-0
https://www.cancer.org/content/dam/CRC/PDF/Public/8577.00.pdf
https://doi.org/10.1002/(sici)1521-1878
https://doi.org/10.1021/acsmedchemlett.6b00163
https://doi.org/10.1021/acsmedchemlett.6b00163

www.nature.com/scientificreports/

45. Zhang, J. et al. Establishment of paclitaxel-resistant cell line and the underlying mechanism on drug resistance. International Journal
of Gynecological Cancer 22, 1450-1456 (2012).

46. Wu, C.-H., Hong, B.-H., Ho, C.-T. & Yen, G.-C. Targeting cancer stem cells in breast cancer: potential anticancer properties of
6-shogaol and pterostilbene. Journal of agricultural and food chemistry 63, 2432-2441 (2015).

47. http://www.breastcancer.org/symptoms/diagnosis/her2.

48. Atlasi, Y., Looijenga, L. & Fodde, R. Cancer stem cells, pluripotency, and cellular heterogeneity: a WNTer perspective. Curr Top Dev
Biol 107, 373-404 (2014).

49. Zhang, C., Zhang, Z., Zhang, S., Wang, W. & Hu, P. Targeting of Wnt/{3-catenin by anthelmintic drug pyrvinium enhances sensitivity
of ovarian cancer cells to chemotherapy. Medical science monitor: international medical journal of experimental and clinical research
23,266 (2017).

50. Flores, M. L. et al. Loss of PKC? induces prostate cancer resistance to paclitaxel through activation of Wnt/3-Catenin pathway and
Mcl-1 accumulation. Molecular cancer therapeutics (2016).

51. Wu, L. et al. Anti-tumor effects of penfluridol through dysregulation of cholesterol homeostasis. Asian Pac ] Cancer Prev 15, 489-494
(2014).

52. Ranjan, A., Wright, S. & Srivastava, S. K. Inmune consequences of penfluridol treatment associated with inhibition of glioblastoma
tumor growth. Oncotarget 8, 47632 (2017).

53. Hedrick, E., Li, X. & Safe, S. Penfluridol represses integrin expression in breast cancer through induction of reactive oxygen species
and downregulation of Sp transcription factors. Molecular cancer therapeutics 16, 205-216 (2017).

54. Gupta, P. & Srivastava, S. K. Antitumor activity of phenethyl isothiocyanate in HER2-positive breast cancer models. BMC medicine
10, 80 (2012).

55. Gupta, P,, Gupta, N., Fofaria, N. M., Ranjan, A. & Srivastava, S. K. HER2-mediated GLI2 stabilization promotes anoikis resistance
and metastasis of breast cancer cells. Cancer Lett 442, 68-81, https://doi.org/10.1016/j.canlet.2018.10.021 (2019).

Acknowledgements
This work was supported in part by RO1 grant CA129038 (to Sanjay K. Srivastava) awarded by the National
Cancer Institute, NIH. Kind gift of MCF-7 (HH) cells by Dr. Huang Fei are greatly appreciated.

Author Contributions

N.G. was responsible for designing the study, performing the experiments, formal analysis, writing the original
draft. S.K.S. was responsible for designing the experiment, conceptualization, analyzing the data, writing, review
and editing the manuscript. P.G. was responsible for performing several experiments, writing, review and editing
the manuscript.

Additional Information
Supplementary information accompanies this paper at https://doi.org/10.1038/s41598-019-41632-0.

Competing Interests: The authors declare no competing interests.

Publisher’s note: Springer Nature remains neutral with regard to jurisdictional claims in published maps and
institutional affiliations.

Open Access This article is licensed under a Creative Commons Attribution 4.0 International

Cam | icense, which permits use, sharing, adaptation, distribution and reproduction in any medium or
format, as long as you give appropriate credit to the original author(s) and the source, provide a link to the Cre-
ative Commons license, and indicate if changes were made. The images or other third party material in this
article are included in the article’s Creative Commons license, unless indicated otherwise in a credit line to the
material. If material is not included in the article’s Creative Commons license and your intended use is not per-
mitted by statutory regulation or exceeds the permitted use, you will need to obtain permission directly from the
copyright holder. To view a copy of this license, visit http://creativecommons.org/licenses/by/4.0/.

© The Author(s) 2019

SCIENTIFIC REPORTS |

(2019) 9:5066 | https://doi.org/10.1038/s41598-019-41632-0 14


https://doi.org/10.1038/s41598-019-41632-0
http://www.breastcancer.org/symptoms/diagnosis/her2
https://doi.org/10.1016/j.canlet.2018.10.021
https://doi.org/10.1038/s41598-019-41632-0
http://creativecommons.org/licenses/by/4.0/

	Penfluridol overcomes paclitaxel resistance in metastatic breast cancer 

	Results

	Paclitaxel-resistant cells exhibit significantly low sensitivity towards paclitaxel as compared to parent cells. 
	HER2 and β-catenin signaling is activated in paclitaxel resistant cells. 
	MCF-7PR cells show morphological differences as compared to parent cells with increased expression of HER2 and β-catenin. 
	Role of HER2 in paclitaxel resistance. 
	Cross talk between HER2 and β-catenin. 
	PFL reduces the survival of resistant cells by downregulating the expression of HER2 and β-catenin. 
	PFL increases the sensitivity of 4T1PR and MCF-7PR cells towards paclitaxel. 
	Suppression of breast tumor growth by PFL and paclitaxel combination. 
	PFL and paclitaxel combination suppresses HER2 and induces apoptosis in vivo. 

	Discussion

	Materials and Methods

	Cell culture. 
	Development of paclitaxel resistant MCF-7 and 4T1 cells. 
	Cytotoxicity Studies. 
	Colony formation Assay. 
	Immunofluorescence Analysis. 
	HER2 silencing. 
	Western Blot Analysis. 
	Equipment and settings. 
	Orthotropic breast tumor model. 
	Immunostaining of tumor sections. 
	Statistical Analysis. 

	Acknowledgements

	Figure 1 Development of paclitaxel resistance in MCF-7 and 4T1 cells show induced expression of HER2 and β-catenin.
	Figure 2 HER2 plays a crucial role in imparting paclitaxel resistance.
	Figure 3 Cross talk between β-catenin and HER2.
	Figure 4 PFL suppresses cell survival of paclitaxel sensitive and resistant cells.
	Figure 5 Suppression of HER2/β-catenin and associated signaling by PFL treatment.
	Figure 6 Pre-treatment with PFL sensitizes breast cancer cell lines to paclitaxel cytotoxicity.
	Figure 7 PFL and paclitaxel combination suppresses the growth of orthotropically implanted paclitaxel resistant breast tumor.
	Figure 8 Suppression of HER2/β-catenin signaling by PFL in combination with paclitaxel in vivo.




