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Impact statement

Understanding the molecular pathways
leading to the development of tamoxifen-
resistance is an important research focus
as acquired tamoxifen-resistance is the
main cause of death in patients with benign
primary prognosis. Although WW domain-
containing oxidoreductase (WWOX) has
been related to breast tumorigenesis, its
role in acquired tamoxifen-resistance has
not yet been demonstrated. Our findings
show that WWOX might be a valuable
therapeutic target and prognostic marker
for tamoxifen-resistance.

Abstract

Acquired tamoxifen-resistance is an important cause of death in patients with hormone-
dependent breast tumors. Therefore, understanding the molecular mechanisms underlying
the development of tamoxifen-resistance is critical for successful endocrine therapy. This
study aimed to define the role of WW domain-containing oxidoreductase (WWOX) in
acquired tamoxifen-resistance. Our results show that low WWOX expression was signifi-
cantly related to tamoxifen-resistance. Moreover, WWOX-knockdown increased resistance
to tamoxifen, while WWOX overexpression decreased the resistance. Furthermore, WWOX
silencing decreased Yes-associated protein (YAP) phosphorylation and increased YAP
nuclear translocation. Finally, YAP silencing decreased tamoxifen-resistance in WWOX-
knockdown cells. Our findings demonstrate that WWOX downregulation can lead to the

development of tamoxifen-resistance by inactivating Hippo signaling. Thus, WWOX might be a valuable target and prognostic

marker for tamoxifen-resistance.
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Introduction

Endocrine therapy has been around for more than a centu-
ry. It suppresses accelerated cell proliferation by attenuat-
ing estrogen receptor (ER) activity and inhibiting estrogen
synthesis."? Tamoxifen, as a selective ER modulator blocks
the binding of estrogen with its receptor.>* However,
five years is the standard duration for endocrine therapy
based on tamoxifen treatment. Due to the development
prolonged treatment cannot
improve therapeutic efficacy. Therefore, it is necessary to
understand the molecular mechanisms underlying the
tamoxifen-resistance of breast cancer.

Recently, abnormal changes in Hippo signaling have
been confirmed to be responsible for the development of
drug resistance. The Hippo signaling pathway regulates

of acquired resistance,
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cell stemness, apoptosis, and proliferation under the
action of extensive intracellular and extracellular signal-
ing.5'6 However, the molecular mechanism underlying the
development of Hippo-regulated tamoxifen-resistance is
largely unknown. Understanding the detailed mechanism
of Hippo pathway-promoted development of tamoxifen-
resistance would help in the development of strategies
to prevent the development of tamoxifen-resistance
and in the adoption of appropriate treatment methods to
improve prognosis.

WWOX is tumor suppressor, and its dysregulation or
loss leads to the development of various cancers.” ™
WWOX knockout mice show abnormal mammary gland
branching.'” The reduction or loss of WWOX lead to
breast cancer progression and poor prognosis. In addition,
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some evidence suggests that high WWOX expression is
correlated with successful tamoxifen therapy. In patients
with breast cancer, high expression of WWOX might pre-
dict beneficial effects of adjuvant tamoxifen.”> However,
thus far, there is no clear evidence for the role of WWOX
in tamoxifen-resistance. This study aimed to reveal the role
of WWOX in acquired resistance to endocrine therapy.

Materials and methods

Immunohistochemistry and scoring

Tumor specimens were provided by the First Affiliated
Hospital of Jiaotong University. Breast cancer relapsed
after tamoxifen 20 mg/d conventional hormone therapy.
Immunohistochemistry (IHC) was performed on nine
pairs of paraffin sections of metastatic tamoxifen-resistant
tissues and matched primary tumor tissues obtained from
the same patients (Table 1) and 10 pairs of tamoxifen-
resistant breast cancer tissues and their matching primary
tumors obtained from different patients (Table 2). Tumor
specimens were embedded in paraffin wax. Five-
micrometer thick sections were mounted on glass slides
and deparaffinized in xylene. Heat-induced epitope
retrieval was performed with 0.0lmmol/L sodium citrate
for 10 min in a microwave oven (100w, 6min), followed by
20 min of cool down.The slides were incubated in blocking
solution (10% goat serum) for 15 min. Then the slides were
incubated with the primary WWOX antibody (1:200, SC-
20528, Santa Cruz) at 4°C overnight. After washing for
three times, the slides were incubated with horseradish per-
oxidase (HRP)-conjugated secondary antibody for 30 min
and then stained with 3,3'-diaminidin. The sections were
observed under a Leica microscope (SCN400; Mannheim,
Germany) and images were obtained.

Single-blind image analysis was performed. Three dif-
ferent microscopic fields on each image were scored twice
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by a pathologist who was unaware of the grouping. WWOX
expression was measured by the positively stained tumor
cells. IHC staining scores were assigned as 3, 2, 1, 0 and
respectively correspond strongly positive, moderately pos-
itive, weakly positive, and negative. Staining range was
defined as positively staining cells and scored as
3 (>70%), 2 (40-70%), 1 (10-40%), or 0 (<10%).

Cell culture

MCEF7 and T47D were provided by Jianmin Zhang (Roswell
Park Cancer Institute, Buffalo, NY, USA). The tamoxifen-
resistant (TamR) cell lines (MCF7-TR-1 and MCF7-TR-2)
were generated from MCF7 by continuous exposure to
tamoxifen as previously described.'* MCF7-TR-1/2 cells
were exposed to a final concentration of 5 uM 4-hydroxy-
tamoxifen (4-OHT) as previously reported.'>*¢

The WWOX overexpression vector was purchased from
GeneChem (Shanghai, China). Knockdown WWOX siRNA
was purchased from GenePharma (Shanghai, China) and
sequences (5'-3') were as follows: WWOX-1 sense, GGA
GAA GAC UCA GUG GGA ATT, WWOX-2 sense, GCA
CCA CUG CCA UGG AAA UTT.

Real-time PCR

The Script RT reagent Kit was used to synthesize the cDNA.
The primers were designed by TaKaRa. SYBR Premix
TapTM was purchased from TaKaRa. The primers used
are listed below.
WWOX-F, 5-GAACGCAGTGCATCCTGGAA-3'
WWOX-R: 5-AGCGGCAGCAGTTGTTGAAGTA-3
CTGF-F, 5-AGGTGTGGCTTTAGGAGCAG-¥
CTGEF-R, 5-TCTTGATGGCTGGAGAATGC-3
CYR61-F, 5-TGGAACTGGTATCTCCACACG-3
CYR61-R, 5-TACACTGGCTGTCCACAAGG-3
GAPDH-F, 5-CTCCTCCACCTTTGACGCTG-3
GAPDH-R, 5-TCCTCTTGTGCTCTTGCTGG-3'

Table 1. Clinicopathologic characteristics of nine pairs of tamoxifen-resistant breast cancer tissues and their matching primary tumors from the

same patients.

Type of breast

TAM therapy

Sample ID cancer tissues Site of breast cancer tissues ER PR received

TamM-1 Primary tumors RT-left breast S + Sep 2009
TamR-1 Metastatic breast cancer Recurrence to left chest wall and - - Mar 2011

diffuse lung metastasis

TamM-2 Primary tumors RT-left breast + + May 2008
TamR-2 Metastatic breast cancer Recurrence to left chest wall and right breast - - Mar 2011
TamM-3 Primary tumors RT-right breast + = Feb 2009
TamR-3 Metastatic breast cancer Recurrence to right chest wall - - Apr 2011

TamM-4 Primary tumors RT-left breast + + Jan 2007
TamR-4 Metastatic breast cancer Recurrence to left chest wall — — Jan 2011

TamM-5 Primary tumors RT-left breast + + Jul 2007

TamR-5 Metastatic breast cancer Recurrence to left clavicular lymph node - - Jan 2010
TamM-6 Primary tumors RT-left breast + + Apr 2007
TamR-6 Metastatic breast cancer Recurrence to left chest wall + + Feb 2011

TamM-7 Primary tumors RT-right breast + + Oct 2013
TamR-7 Metastatic breast cancer Recurrence to bone — — Aug 2015
TamM-8 Primary tumors RT-right breast + + Feb 2014
TamR-8 Metastatic breast cancer Recurrence to right chest wall — — Sep 2015
TamM-9 Primary tumors RT-right breast + + Jan 2009
TamR-9 Metastatic breast cancer Recurrence to bone - - Mar 2011
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Table 2. Clinicopathologic characteristics of tamoxifen-resistant breast cancer tissues and primary tumors from the different patients.

Sample ID Type of breast cancer tissues Site of breast cancer tissues ER PR
TamM-10 primary tumors RT-Left Breast + +
TamM-11 primary tumors RT-Left Breast + -
TamM-12 primary tumors RT-Right Breast + +
TamM-13 primary tumors RT-Left Breast + +
TamM-14 primary tumors RT-Right Breast + +
TamM-15 primary tumors RT-Left Breast + +
TamM-16 primary tumors RT-Left Breast + -
TamM-17 primary tumors RT-Left Breast + +
TamM-18 primary tumors RT-Right Breast + +
TamM-19 primary tumors RT-Right Breast + -
TamR-10 metastatic breast cancer Recurrence to Right Breast + -
TamR-11 metastatic breast cancer Recurrence to Right Breast - -
TamR-12 metastatic breast cancer Recurrence to Left Breast - -
TamR-13 metastatic breast cancer Recurrence to liver + +
TamR-14 metastatic breast cancer Recurrence to liver + -
TamR-15 metastatic breast cancer Recurrence to liver + -
TamR-16 metastatic breast cancer Recurrence to right chest wall - -
TamR-17 metastatic breast cancer Recurrence to right chest wall - -
TamR-18 metastatic breast cancer Recurrence to right chest wall - -
TamR-19 metastatic breast cancer Recurrence to bone - +

Western blotting

Western blotting was carried out as described previously."”
Proteins were separated by SDS/PAGE. The polyvinyli-
dene difluoride (PVDF) membranes were incubated with
primary antibodies at 4°C overnight. After washing three
times with Tris-buffered saline with Tween-20, the PVDF
membranes were incubated with HRP-conjugated second-
ary antibodies (Santa Cruz, CA, USA) for 2 h at room tem-
perature. Chemiluminescent signals were detected using
ECL Plus (Millipore, Temecula, CA, USA). Anti-WWOX
antibody (1:200, #sc-20528) was obtained from Santa Cruz
(Dallas, TX, USA). Anti-Mst2 (#3952), anti-Mst1 (#3682),
antiMobl  (#3863), anti-Latsl (#3477), anti-p-Latsl
(Thr1079, #8654), anti-p-Mstl/2 (#3681), anti-Savl
(#13301), anti-p-Mob1 (Thr35, #8699), anti-p-YAP (Ser127,
#13008), and anti-YAP (#4912) antibodies were obtained
from Cell Signaling Technology (Beverly, MA, USA) and
the anti-GAPDH antibody was from Proteintech
(Wuhan, China).

Immunofluorescence

The cells were fixed in 4% paraformaldehyde and permea-
bilized with 0.2% Triton X-100 for 10 min. The cells were
incubated with the primary antibodies anti-WWOX (1:50,
#5c-20528) and anti-YAP (1:200, #4912) overnight at 4°C.
The cells were incubated with the secondary antibodies
(donkey anti-goat 488 (1:200, #A-11055) and goat anti-
rabbit 546 (1:200, #A-11010) secondary antibodies B
(Thermo, San Jose, CA, USA), and then cells were observed
under a Leica TCS SP5 II Microscope (Leica, Wetzlar,
Germany) and the images were captured.

Statistical analysis

SPSS software (version 22) was used for statistical analysis.
The statistical differences between the two groups were
compared by double-tailed Student’s t test or Wilcoxon

signed-rank test; one-way ANOVA and Sidak multiple
comparison tests were used for comparison of three
groups. The results are represented as mean +SEM from
at least three independent experiments (***P <0.001,
**P <0.01, *P < 0.05).

Results

Low expression of WWOX was closely related to
tamoxifen-resistance

To study the relationship between WIVOX gene expression
and tamoxifen-resistance, we used the GEO profile
database of the National Center for Biotechnology
Information. This database provides the mRNA expression
profile of WWOX in tamoxifen-sensitive MCF7 and
tamoxifen-resistant subclone of MCF7. The expression
profile of WIWOX was compared in the gene expression
profiles of GDS4051 223868_S_at and 219077_S_at provided
in the database of the mRNA expression of WWOX
in tamoxifen-sensitive and tamoxifen-resistant MCF7
lines. The sample numbers of tamoxifen-sensitive lines
were GSM649484/485/486, and the sample numbers of
tamoxifen-resistant lines were GSM649496/497 /498 in the
gene expression profiles GDS4051 223868_S_at and
GDS4051 219077_S_at. The expression of WIWOX gene in
the tamoxifen-resistant MCF7 subclone was significantly
lower than the MCF7 subclone sensitive to tamoxifen
(P <0.05; Figure 1(a)).

To further examine this phenomenon, we assessed the
expression of WWOX protein in nine pairs of tamoxifen-
resistant breast cancer tissues and matching primary
tumors from the same patients (Table 1) and 10 pairs
of tamoxifen-resistant breast cancer tissues and matching
primary tumors from different patients (Table 2).

IHC showed that the expression of WWOX in tamoxifen-
resistant tissues was lower than that in the primary tumor
tissues (P < 0.05; Figure 1(b) and (c)).
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Figure 1. Tamoxifen-resistance is associated with loss of WWOX protein. (a) Tamoxifen-sensitive and tamoxifen-resistant MCF7 cells were cultured in estrogen-
depleted medium with or without 4-OHT for 4 h. We compared the WWOX expression profile in the gene expression profiles of GDS4051 223868_S_at and
219077_S_at in the mRNA expression database of WWOX in tamoxifen-sensitive and tamoxifen-resistant MCF7 lines. The sample numbers of tamoxifen-sensitive
lines are GSM649484/485/486, and the sample numbers of tamoxifen-resistant lines are GSM649496/497/498 in the gene expression profiles GDS4051 223868_S_at
and GDS4051 219077_S_at. (b) Micrographs showing WWOX staining in tamoxifen-resistant tissues and primary tumor counterparts. (c) WWOX total intensity (scored
as 0: absent, 1: weak, 2: medium, and 3: strong expression) and WWOX protein expression in tamoxifen-resistant tissues and primary tumor counterparts were
analyzed. (d) Analysis of WWOX protein expression in ER-positive and ER-negative breast tissue. (€) WWOX protein expression was analyzed in PR positive breast
tissues and PR negative breast tissues. (f) RT-PCR analyses of WWOX mRNA expression in MCF7 and corresponding tamoxifen-resistant cells (MCF7-TR-1 and
MCF7-TR-2). (g) Immunoblot analyses of WWOX protein expression in MCF7 and MCF7-TR-1/MCF7-TR-2 cells. (h) Immunofluorescence analyses of WWOX protein
expression in MCF7 and MCF7-TR-1/MCF7-TR-2 cells. (A color version of this figure is available in the online journal.)

Moreover, we statistically analyzed the relationship
between WWOX expression level and the ER/PR status
of the primary and relapsed lesion. The expression levels
of WWOX and ER/PR status showed a positive correlation
in tamoxifen-resistant and primary tumors (Figure 1(d) and
(e)). These results suggest that WWOX downregulation is
significantly related to tamoxifen-resistance.

To examine whether the observed expression pattern of
WWOX could be reproduced in vitro, we determined
mRNA and protein expression of the WIWOX gene in
MCEF7 and MCF7-TR-1 and MCF7-TR-2 (corresponding
tamoxifen-resistant cells). We had demonstrated the
tamoxifen-resistance of MCF7-TR-1 and MCF7-TR-2 in an
earlier study.">'® Results from the current study showed
that MCF7-TR-1 and MCF7-TR-2 cells had lower levels of
WWOX mRNA and protein expression (Figure 1(f)-(h)).
This expression pattern significantly suggests that
WWOX may be associated with resistance to tamoxifen.

Suppression of WWOX expression conferred
tamoxifen-resistance to breast cancer cells

To further investigate the effect of WWOX on tamoxifen-
resistance, siRNA was used to knock out the expression of

WWOX in MCF7 cells (Figure 2(a)). The sensitivity of the
WWOX knockout MCEF7 cells to tamoxifen was evaluated
using MTT assay and apoptosis. MCF7 cells were trans-
fected with siCon/siWWOX-1/siWWOX-2 and treated
with 5 uM 4-OHT for two, four, and six days. The results
showed that depletion of WWOX increased the viability of
MCEF?7 cells during tamoxifen treatment (Figure 2(b)). In
addition, WWOX-knockdown reduced 4-OHT treatment-
induced apoptosis (Figure 2(c)). These results indicate
that the downregulation of WWOX induced the develop-
ment of tamoxifen-resistance in the same ER-positive cells.

Overexpression of WWOX in tamoxifen-resistant cells
enhanced tamoxifen sensitivity

We next examined whether the altered expression
of WWOX in tamoxifen-resistant cells was correlated with
changes in tamoxifen-resistance. We overexpressed WWOX
in tamoxifen-resistant cells (MCF7-TR-1 and MCF7-TR-2)
by transfecting the pCDNA3.1 vector (Figure 3(a)) and
then measured the cellular response to 4-OHT. WWOX
overexpression led to decreased viability of MCF7-TR-1/
MCEF7-TR-2 cells (Figure 3(b)) and increased apoptosis
under 4-OHT treatment (Figure 3(c)). These results indicate
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Figure 2. WWOX downregulation induces tamoxifen-resistance in tamoxifen-
sensitive cells. (a) Control of WWOX protein levels in non-targeted siRNA (siCon)
and siWWOX-1/siWWOX-2 transfected MCF7 cells were detected by immuno-
blot. (b) The survival rates of siCon and siWWOX-1/siWWOX-2 cells were
assayed after treatment with 4-OHT for 2, 4, and 6 days. (c) siCon and siWWOX-
1/siWWOX-2 were treated with 4-OHT (5 M) for 2 days and examined by FACS.
(A color version of this figure is available in the online journal.)

that WWOX overexpression in tamoxifen-resistant cells
re-sensitizes to tamoxifen and could provide a novel ther-
apeutic strategy against the development of tamoxi-
fen-resistance.

WWOX downregulation conferred tamoxifen-
resistance through Hippo signaling

The Hippo signaling has been shown to be associated with
drug resistance, such as resistance to 5-fluorouracil and
doxorubicin."®'® In addition, the Hippo pathway is rich
in components in WW domains and their cognate
proline-interacting motifs.”*>* The role of WWOX is closely
related to WW domains. WWOX has been demonstrated to

interact with proteins containing the PPxY motif involved
in cell cycle and apoptosis, such as p73, AP-2y, ErbB4, and
C—]un.23‘26 More importantly, WWOX has been shown to
compete with Yes-associated protein (YAP; downstream
transcription co-activator of Hippo signaling) to interact
with p73, Ap-2g, and ErbB-4 to inhibit their transcription
factor activity.27 Therefore, we evaluated whether WWOX
could regulate tamoxifen-resistance via the Hippo path-
way. First, we examined the expression of Hippo pathway
components in siWWOX cells and OX/WWOX cells.
WWOX-knockdown reduced YAP phosphorylation in
tamoxifen-sensitive cells. However, the overexpression of
WWOX increased YAP phosphorylation in tamoxifen-
resistant cells. The expression of Mstl/2, Savl, Mobl, and
Lats1 and the phosphorylation of Mstl/2, Mobl, and Lats1
were not significantly altered in siWWOX and OX/WWOX
cells (Figure 4(a)). In addition, WWOX-knockdown
increased the relative level of nuclear YAP (Figure 4(b)).
YAP was localized in the cytoplasm of siCon cells and in
the nucleus of siWWOX cells (Figure 4(c)). Furthermore,
WWOX-knockdown significantly increased the mRNA
levels of YAP-targeted Cyr6l and CTGF in MCF7 cells,
whereas enhanced WWOX expression decreased the
mRNA levels of Cyr61 and CTGF in MCF7-TR-1 cells
(Figure 4(d)). Thus, WWOX was confirmed to be an
upstream regulator of the Hippo pathway and regulate
YAP localization.

We next examined whether the altered expression of
YAP in siWWOX cells was correlated with the changes in
tamoxifen-resistance. Endogenous YAP was knocked down
in MCF7-siCon and MCF7-siWWOX-1 cells using siRNA
(Figure 5(a)). We examined the viability of MCEF7-
siCon, MCF7-siYAP-1, MCF7-siYAP-2, MCF7-siWWOX-1,
MCF7-siWWOX-1/YAP-1, and MCF7-siWWOX-1/YAP-2
cells in the presence of 4-OHT. The knockdown of
YAP in MCF7-siwWWOX-1 (MCF7-siWWOX-1/YAP-1 and
MCEF7-siWWOX-1/YAP-2) cells significantly reversed the
tamoxifen-induced increase in cell viability and enhanced
apoptosis under 4-OHT treatment compared to that in
siRNA control cells (MCF7-siWWOX-1; Figure 5(b) and
(c)). To further verify the results, we used another
tamoxifen-sensitive breast cancer line, T47D, to examine
whether the downregulation of YAP decreased tamoxifen-
resistance of siWWOX cells. The results showed that
the knockdown of WWOX induced tamoxifen-resistance in
T47D breast cancer lines, and YAP downregulation in
T47D-siWWOX-1 reversed the tamoxifen sensitivity
(Figure 6(a)-(c)). This evidence supports the notion that the
downregulation of WWOX confers tamoxifen-resistance by
the inactivation of Hippo signaling (Figure 6(d)).

Discussion

WWOX is a tumor suppressor associated with the develop-
ment of endocrine carcinomas. When a single dose of the
enhanced mutagen ethylideneuron was used to treat
WWOX+/— mice, 80% of them developed mammary, lym-
phoblastic or lung tumors."'*?® On the other hand, it has
also been reported that WWOX expression was absent in
29% of breast cancer tissues and decreased in 55-63.2% of
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Figure 3. Overexpression of WWOX in tamoxifen-resistant cells re-sensitizes them to tamoxifen. (a) Tamoxifen-resistant cells (MCF7-TR-1 and MCF7-TR-2) were
transfected with pPCDNA3.1 vector (OX/Con) and pCDNA3.1-WWOX (OX/WWOX). (b) The cell survival rates of OX/Con and OX/WWOX cells after treatment with 4-OHT

for 2, 4, or 6 days. (c) OX/Con and OX/WWOX cells were treated with 4-OHT (5 «M) for 2 days and then examined by FACS. (A color version of this figure is available in
the online journal.)

breast cancer tissues.?’>' In addition, WWOX expression
has been found to be negatively related to clinical stages of
breast cancer and positively correlated with hormone
receptor status.’>>> Subgroup analysis of WWOX showed
that its expression was significantly reduced in invasive
breast cancers and triple-negative breast cancer compared
to that in normal subgroups.®>>°> WWOX expression is
highly correlated with ER/PR status, suggesting that it
may affect the tamoxifen treatment in breast cancer. These
conclusions specifically led us to hypothesize that WWOX
could be of value in endocrine treatment.

Tamoxifen is the most prolific drug used for endocrine
therapy at present. However, tamoxifen-resistance

has become a hindrance in the success of this treatment.
Thus, identifying the molecular mechanism that
induces tumor cells to resist endocrine therapy is urgently
warranted. In this report, we identified significant down-
regulation of WWOX in tamoxifen-treated breast
cancer tissues, which corresponds with the results of
Guler et al.3® Consistent with a causal role of WWOX in
tamoxifen-resistance,  WWOX-knockdown  conferred
tamoxifen-resistance to breast cancer cells, whereas
tamoxifen-resistant cells overexpressing WWOX were
more responsive to tamoxifen treatment. However,
the basis of the relationship between tamoxifen-resistance
and WWOX remains unclear. Nevertheless, a novel finding
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Figure 4. WWOX regulates Hippo signaling pathways. (a) The expression of Hippo pathway components in MCF7-siCon, MCF7-siWWOX-1, MCF7-siWWOX-2,
MCF7-TR-1-OX/Con, and MCF7-TR-1-OX/WWOX cells were analyzed by immunoblot. (b) Immunofluorescence analysis of YAP location in MCF7-siCon, MCF7-
siWWOX-1, MCF7-siWWOX-2, MCF7-TR-1-OX/Con, MCF7-TR-1-OX/WWOX, MCF7-TR-2-OX/Con, and MCF7-TR-2-OX/WWOX cells. (c) Immunoblot analysis of the
distribution of YAP in MCF7-siCon, MCF7-siWWOX-1, and MCF7-siWWOX-2 cells. (d) RT-PCR analysis of CTGF and CYR61 mRNA levels in MCF7-siCon,
MCF7-siWWOX-1, MCF7-siWWOX-2, MCF7-TR-1-OX/Con, and MCF7-TR-1-OX/WWOX cells. (A color version of this figure is available in the online journal.)

of this study was that the downregulation of WWOX con-
ferred tamoxifen-resistance through the inactivation of
Hippo signaling.

The Hippo signaling plays a key role in regulating cell
stemness, apoptosis, and proliferation under the action of
extensive intracellular and extracellular signaling.'”?*

This pathway has been shown to be associated with drug
resistance, such as resistance to 5-fluorouracil and doxoru-
bicin.*’?® LATS1/2 regulates YAP by regulating protein sta-
bility and localization. Phosphorylated YAP is bound to
14-3-3 and located in the cytoplasm.*®*° Yes-associated
protein (YAP) and transcriptional co-activator with PDZ-
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Figure 5. Downregulation of WWOX confers tamoxifen-resistance by inactivating Hippo signaling pathway. (a) Immunoblot analyses of WWOX and YAP expression
following siRNA-mediated WWOX and YAP knockdown in MCF7 cells. (b) The survival rates of siCon, siYAP-1, siYAP-2, siWWOX, siWWOX/YAP-1, and siWWOX/
YAP-2 cells after treatment with 4-OHT for 2, 4, or 6 days. (c) siCon, siYAP-1, siYAP-2, siWWOX-1, siWWOX-1/YAP-1, and siWWOX-1/YAP-2 cells were treated with 4-
OHT (5 uM) for 4 days and examined by FACS. (A color version of this figure is available in the online journal.)

binding motif (TAZ) is key downstream transcription coac-
tivators of Hippo signaling pathway. When the Hippo
pathway is inactivated, the dephosphorylated YAP/TAZ
complex is transferred to the nucleus and binds to tran-
scription factors to promote cell proliferation and surviv-
al.**? However, the role of YAP in breast cancer remains
controversial. In 2014, Goran Landberg and co-workers
published a report showing that the decreased expression
of YAP1 was an independent prognostic factor of luminal A
breast cancer and that YAP1 downregulation possibly con-
ferred decreased tamoxifen sensitivity.*> The present study
showed that WWOX-knockdown reduced YAP phosphor-
ylation, increased the levels of nuclear YAP, and increased
the expression of the YAP-downstream molecules CCCTC-
binding factor and Cyr6l in tamoxifen-sensitive cells.
However, enhanced WWOX expression decreased nuclear
YAP, Cyr61, and CTGF expression but increased YAP phos-
phorylation in tamoxifen-resistant cells. These studies indi-
cate that WWOX can increase YAP phosphorylation to
suppress YAP activity. Furthermore, the downregulation
of YAP resulted in partial recovery of tamoxifen sensitivity
in siWWOX tamoxifen-resistant cells, confirming an onco-
genic role of YAP in tamoxifen-resistant cells. Collectively,
these findings indicate that the downregulation of WWOX

confers tamoxifen-resistance by inactivating Hippo signal-
ing. However, the regulatory mechanism of WWOX-
mediated phosphorylation of YAP in breast cancer remains
to be clarified. Therefore, we analyzed the regulatory net-
work of WWOX using the STRING database (https://
string-db.org/cgi/). The database predicted the top 10
functional partners of WWOX. Mitogen-activated protein
kinase 8 (MAPKS) a serine/threonine-protein kinase was
one of the predicted proteins.**~*® Muranen and Laura
identified that p38 MAPK kinase cascade regulates YAP
activity and Hippo target expression by modulating F-
actin and Jub (Ajuba LIM protein) and is a new upstream
branch of the Hippo pathway.*” Meanwhile, the inhibition
of p38 upregulated YAP through the stabilization of cAMP
response element-binding protein.*® The relationship
between MAPK8 and WWOX leads us to speculate that
MAPKS is a link between WWOX and the Hippo pathway
and that WWOX-knockdown would increase MAPK kinase
activity and regulate YAP phosphorylation by promoting
the phosphorylation of Ajuba family proteins or the F-actin.
In addition to MAPKS, the network analysis provided
many other functional partners of WWOX, such as
SMAD4 and SRC, which are important components of
TGFf and epidermal growth factor receptor signaling.
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Figure 6. (a) Immunoblot analysis of WWOX and YAP expression following siRNA-mediated WWOX and YAP knockdown in T47D cells. (b) The survival rates of siCon,
siYAP-1, siYAP-2, siWWOX, siWWOX/YAP-1, and siWWOX/YAP-2 cells after treatment with 4-OHT for 2, 4, or 6 days. (c) siCon, siYAP-1, siYAP-2, siWWOX-1,
siWWOX-1/YAP-1, and siWWOX-1/YAP-2 cells were treated with 4-OHT (5 uM) for 4 days and examined by FACS. (d) Schematic diagram of the role of WWOX in
tamoxifen-resistance. (A color version of this figure is available in the online journal.)

The regulation of YAP activity by the above signaling path-
ways has been reported previously.** Thus, the regula-
tion of WWOX through YAP occurs via multiple channels
and pathways.

In summary, our data suggested that WWOX downre-
gulation is significantly associated with tamoxifen-
resistance. WWOX-knockdown in tamoxifen-sensitive
cells led to tamoxifen-resistance, and WWOX overexpres-
sion in tamoxifen-resistant cells re-sensitized them to

tamoxifen. The downregulation of WWOX conferred
tamoxifen-resistance by inactivating Hippo signaling.
Our findings may provide new insights into the molecular
mechanisms of tamoxifen-resistance in breast cancer.
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