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Background: Our previous study indicated that WW domain binding protein 5 (WBP5) expression was elevated significantly in a
drug-resistant cell compared with its parental cell. Nevertheless, its functional role and underlying mechanisms remain unknown.

Methods: In this study, WBP5 was examined in 62 small cell lung cancer (SCLC) patient samples by immunohistochemical
technique. Stable WBP5-overexpressed and WBP5-underexpressed cells were further established to assess the role of WBP5 in
drug resistance, apoptosis and tumour growth. We also conducted western blot to detect the expression of MST2 and YAP1 and
their phosphorylated protein.

Results: The results revealed that WBP5 expression was significantly associated with the shorter survival time in SCLC patients.
Upregulation of WBP5 induced multidrug resistance (MDR) and decreased apoptosis, whereas downregulation of WBP5
enhanced drug sensitivity and increased apoptosis. We also found that miR-335 negatively regulated the MDR of WBP5 by
targeting its 30UTR. Furthermore, WBP5 can lower YAP1 phosphorylation at Serine 127 and induce nuclear accumulation of YAP1.
Inhibition of YAP1 by Verteporfin could blunt the MDR phenotype of WBP5.

Conclusions:WW domain binding protein 5 can modulate MDR through the Hippo pathway under the regulation of miR-335. WW
domain binding protein 5 may be a prognostic predictor and a potential target for interfering with MDR in SCLC.

Small cell lung cancer (SCLC) is the most aggressive form of lung
cancer, accounting for approximately 13% of all lung cancers,
which is characterised by short doubling time, fast growth speed,
highly invasive ability and distant metastasis (Reinke et al, 2016).
Although presenting a better initial reactivity to the front-line
standard chemotherapy regimen (etoposide or irinotecan plus
cisplatin), SCLC recurs shortly after the first successful treatment
with multidrug resistance (MDR) phenotype, and the 2-year

survival rate is less than 5% (Metro et al, 2012; Nagy-Mignotte
et al, 2012). Hence, the understanding of the mechanisms
contributing to chemotherapy drug resistance, particularly MDR,
will be paramount to the treatment of SCLC.

WW domains are typically 35–40 amino acids in length that
interact with a variety of distinct peptide ligands, including
motifs with core proline-rich sequences (Bork and Sudol, 1994;
Sudol et al, 1995a, b). WW domain binding protein 5 (WBP5)
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was first identified as one of eight ligands (WBP3 through
WBP10) that can bind to FBP11 WW domain in a mouse limb
bud expression library (Bedford et al, 1997). WW domain
binding protein 5 can also bind to Abl, which may be a novel
upstream activator of MST2 in the Hippo pathway (Liu et al,
2012). Despite some studies showed that WBP5 is lower in
advanced gastric cancer with aggressive lymph node metastasis
than that in advanced tumour stage but without lymph node
metastasis (Suh et al, 2015) and that WBP5 is one of the 15
candidate oncogenes in human colorectal cancers with micro-
satellite instability (Gylfe et al, 2013), little is known about WBP5,
especially in SCLC.

MicroRNAs (miRNAs) are a class of conserved small non-
coding RNAs of 18–24 nucleotides. They have important roles in
cell growth, differentiation and apoptosis through regulating
translation and stability of their target mRNAs mainly by binding
to the 30-untranslated region (30-UTR) of their target mRNAs (Lan
et al, 2015). Recently, some studies also suggested that miRNAs are
closely related to chemotherapy resistance (Hummel et al, 2010;
Bai et al, 2014; Zhang et al, 2015). MiR-335 was reported to act as a
novel tumour suppressor to regulate clear cell renal cell carcinoma
cell proliferation and invasion through downregulation of BCL-W
expression (Wang et al, 2015). MiR-335 may confer sensitivity to
anti-cancer drugs by targeting SIAH2 (Kim et al, 2015). Loss of
miR-335 promoted SCLC metastatic skeletal lesions via deregula-
tion of IGF-IR and RANKL pathways (Gong et al, 2014). However,
there is still no report available about miR-335 functions in SCLC
drug resistance until now.

The Hippo pathway was originally identified as the signalling
that controls organ size in Drosophila, with the core architecture
conserved in mammals. The central components of the mamma-
lian Hippo pathway include MST1/2 (mammalian Ste20-like
kinases), LATS1/2 (large tumour suppressor kinases), YAP1
(transcriptional co-activators, Yes-associated protein) and TAZ
(Transcriptional co-activator with a PDZ-binding motif) (Kodaka
and Hata, 2015). YAP1/TAZ can shuttle between the cytoplasm
and the nucleus. YAP1/TAZ can induce the expression of cell-
proliferative and anti-apoptotic genes via interactions with
transcription factors particularly TEA domain family members
(TEADs) in the nucleus (Mo et al, 2014; Moroishi et al, 2015).
When the inhibitory Hippo kinase module is ‘on’, MST1/2
phosphorylate LATS1/2, and then LATS1/2 phosphorylate YAP1/
TAZ. Once YAP1 is phosphorylated by LATS1/2 at serine 127,
YAP1 is sequestrated in the cytoplasm because of binding to the
14-3-3 protein, and the output gene production (e.g., CTGF,
AREG,Gli2 and so on) (Zhao et al, 2008, 2010; Haskins et al, 2014)
is therefore ‘turned off’ (Basu et al, 2003). In contrast, when the
Hippo pathway is ‘off’, YAP1/TAZ translocate into the nucleus
(Johnson and Halder, 2014). In non-SCLC, YAP1 protein acts as a
transcriptional co-activator of Oct4. The physical interaction
between YAP1 and Oct4 is necessary for self-renewal and vascular
mimicry of stem-like cells (Bora-Singhal et al, 2015). YAP1 may
have an important role in the prognosis of small-cell lung cancer
patients treated with platinum-based chemotherapy, as YAP1
variants are associated with survival of small-cell lung cancer
patients (Wu et al, 2010). Nevertheless, the role of Hippo pathway
in SCLC remains to be fully elucidated.

Our previous study indicated that WBP5 expression was
significantly elevated in drug-resistant cell compared with its
parental cell (Guo et al, 2010). To assess the biological role of
WBP5 in SCLC, we examined WBP5 expression in 62 SCLC
patient samples. We also evaluated the relevance of WBP5
expression to clinical prognosis of SCLC. Then, we investigated
the role of WBP5 in MDR in vitro and in vivo. We also confirmed
the interaction between WBP5 and miR-335 by luciferase reporter
assays. Furthermore, we revealed that the MDR phenotype of
WBP5 was modulated by the Hippo pathway.

MATERIALS AND METHODS

Patient samples. Sixty-two SCLC patient samples were collected
from patients who had received bronchofiberscopy or biopsy
between January 2008 and March 2012. They all received care and
follow-up in Southern Medical University affiliated Zhujiang
Hospital (Guangzhou). Under the protocol approved by the
Institutional Review Board, informed consent was obtained from
the patients or their guardians. The Ethical Committee of Zhujiang
Hospital approved the tissue collection and studies with collected
tumour tissues. Clinical characteristics included the patient’s age,
sex and disease stage, and follow-up is collected and summarised.

Immunohistochemical staining. Immunohistochemical staining
was undertaken using the En Vision two-step method (DAKO,
Glostrup, Denmark) following the manufacturer’s instruction. The
formalin-fixed, paraffin-embedded tissues were sectioned and
deparaffinised and rehydrated routinely. The slides were then
incubated with a primary antibody, directed against WBP5 (Santa
Cruz, Dallas, TX, USA; 1 : 100 dilution), at 4 1C overnight. The
biotinylated secondary antibody (1 : 500 dilution; Dako, Carpin-
teria, CA, USA) and the avidin–biotin complex (Vector Labs,
Burlingame, CA, USA) were then applied according to the
manufacturer’s recommendations.

All slides were assessed by two pathologists. The results were
classified semiquantitatively based on the total scores of the percent
positivity of stained tumour cells and the staining intensity. The
percent positivity was scored as 0 if o5% (negative), 1 if 5–30%
(sporadic), 2 if 30–70% (focal) and 3 if 470% (diffuse) of cells
stained, whereas staining intensity was scored relative to the known
positive and negative controls as 0 if no staining, 1 if weakly to
moderately stained and 2 if strongly stained (Takahashi et al,
2009). The scoreX2 is regarded as ‘High’ and the score o2 is
regarded as ‘Low’ in immunohistochemical staining.

Cell culture. The human small lung cancer cell lines NCI-H69,
NCI-H446 and the drug-resistant subline H69AR were obtained
from the ATCC. The adriamycin resistant subline H446AR was
obtained by our team as previously described (Bai et al, 2014). All
cells were maintained in RPMI1640 (Hyclone, Logan City, UT,
USA) with 10% FBS (Gibco, Logan City, UT, USA) and grown in a
humidified atmosphere of 5% CO2 and 95% air.

Transfection. For miRNA and siRNA transient transfection, cells
were placed in standard media for 24 h before being transfected
with miR-335 mimics, inhibitors, miRNA negative control (miR-
NC) and siMST2 (GenePharma, Shanghai, China) using Lipofec-
tamine 2000 and OPTI-MEMI (Invitrogen, Carlsbad, CA, USA)
according to the manufacturer’s protocol.

For stable transfection, pGPU6/GFP/Neo-shWBP5 (GenePharma)
was transfected into H69AR and H446AR cells by Lipofectamine
2000 (Invitrogen), a nonsilencing plasmid pGPU6/GFP/Neo-shNC
was used as control; H69 and H446 cells were transfected
with PEX2-WBP5 or PEX2 empty vector (GenePharma) using
Lipofectamine 2000 according to the manufacturer’s instructions.
Positive transfectants were selected with G418 (H69AR,
300 mgml� 1; H446AR, 500 mgml� 1; H69, 200 mgml� 1; H446,
300 mgml� 1) in 1 month. G418-resistant cells were ring-cloned
and expanded to establish stable transfectants (H69-WBP5, H69-NC,
H69AR-shWBP5, H69AR-shNC, H446-WBP5, H446-NC, H446AR-
shWBP5, H446AR-shNC). Infection efficiency was confirmed by
quantitative RT–PCR (qRT–PCR) and western blot.

RNA isolation, reverse transcription and quantitative real-time
PCR. Total RNA, including miRNA, from sorted cells was
extracted using RNeasy kits (Qiagen, Dusseldorf, Germany) or
the miRNeasy kit (Qiagen) and reverse-transcribed into cDNA
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using Tiangen reverse transcription reagents (Tiangen, Beijing,
China) according to the manufacturer’s instructions.

The quantitative PCR reaction was carried out in a ABI Illumina
Instrument (Foster City, CA, USA) using SYBR Green (Tiangen).
The miRNA sequence-specific reverse transcription qRT–PCR
for miR-335 and endogenous control U6 were performed
using the Hairpin-it miRNAs qRT–PCR quantisation kit and
U6 snRNA real-time PCR normalisation kit (GenePharma,
Shanghai, China). GAPDH or U6 snRNA was used as an
endogenous control.

All samples were normalised to the internal controls, and fold
changes were calculated through relative quantification (2�DDCt).

Western blot. Total protein was extracted from cells using RIPA
lysis buffer (Sigma-Aldrich, Shanghai, China) and equilibrated
using Pierce BCA protein assay reagent (Logan City, UT, USA).
Lysates were resolved on 10% SDS–PAGE gels and electroblotted
onto PVDF membrane (Bio-Rad, Hercules, CA, USA). After the
PVDF membranes were blocked with 5% BSA, they were incubated
with primary antibodies (WBP5, Santa Cruz, 1 : 500 dilution;
MST2, Abcam (Cambridge, UK), 1 : 500 dilution; phospho-MST1
(Thr183)/MST2 (Thr180), Cell Signaling Technology (Shanghai,
China), 1 : 500 dilution; YAP1, Abcam, 1 : 1000 dilution; YAP1
(phosphor S127), Abcam, 1 : 500 dilution; GAPDH, Abcam,
1 : 10 000 dilution), followed by the appropriate peroxidase-linked
secondary rabbit anti-goat IgG antibody or goat anti-mouse IgG or
goat anti-rabbit IgG antibody. GAPDH was used as control. The
immune complexes were detected by chemiluminescence.

Colony-forming assay. Cells were plated in six-well culture plates
at various cell densities (50–200 cells per well), then cultured for an
additional 14 days, and the surviving colonies (a colony was
defined as 450 cells) were counted.

Cell counting kit-8 (CCK-8) assay. Transient or stable transfected
cells were cultured at 5� 103 cells per well in triplicate in 96-well
plates. Following a 6-h culture, the cells were treated with drugs
(Adriamycin (ADM; Yifei Biotech, Jiangsu, China), Cisplatin
(cDDP; qilu pharma, Shandong, China), Etoposide (VP-16; Yifei
Biotech)) for 24 h. After incubation with 10 ml of CCK-8 reagent
(Dojindo, Kumamoto, Japan) for about 4 h, the absorbance at
450 nm was measured. Absorbance values were expressed as
percentages relative to the controls; IC50 was calculated according
to the percentages. Each experiment was performed in triplicate
and then averaged.

Flow cytometric analysis. Cells were treated with drugs for 10 h
and then washed twice in cold PBS and fixed with 70% ethanol.
Apoptosis was detected by Annexin V-fluorescein isothiocyanate
according to the manufacturer’s protocol. The samples were all
analysed by flow cytometry (FACS Calibur, Becton Dickinson,
Franklin Lakes, NJ, USA) using CellQuest software (BD Bioscience,
San Jose, CA, USA).

Luciferase reporter assays. The full-length 30UTRs and coding
sequences or mutated untranslated regions sequences of WBP5
were cloned into the psiCheck2 dual luciferase reporter vector
(Promega, Madison, WI, USA), and then co-transfected with
miR-335 mimic or antagomir into H69AR cells. Cells were
harvested for luciferase activity assays 48 h after transfection.
A luciferase assay kit (Promega) was used according to the
manufacturer’s protocol.

In vivo chemosensitivity experiments. Male BALB/c nude mice
aged 4–6 weeks were purchased from Guangdong Medical
Laboratory Animal Center (Foshan, Guangdong, China); all
procedures were performed according to the guidelines of the
Association for the Assessment and Accreditation of Laboratory
Animal Care International. The mice were randomly separated
into four groups. Exponentially growing SCLC cells (H69-WBP5,
H69-NC, H69AR-shWBP5, H69AR-shNC) were injected subcuta-
neously into the flanks of mice (5� 106 cells in 100 ul of PBS
per animal). Tumour volume was calculated using the formula
V¼ (L�W2)� 1/2, where V¼ volume, L¼ length, W¼width.
Tumour size was monitored every 3 days.

When the tumours had reached an average volume of about
150mm3, the mice were treated with Adriamycin (ADM) (2mgkg� 1,
every 3 days), cisplatin (cDDP) (2mgkg� 1, every week), etoposide
(VP16) (5mgkg� 1, every 3 days) (Hillgenberg et al, 1999; Nemati
et al, 2000; Jafri et al, 2010). The relative tumour volume (V/V0) was
calculated for each animal (ratio of the tumour volume (V) compared
with the tumour volume at the beginning of administration (V0)).
The mice were euthanised 18 days after administration.

Immunofluorescence. Cells were seeded into 24-well plates 12 h
before being fixed with 4% paraformaldehyde. Then, the fixed cells
were solubilised in PBS–0.1% Triton-X100 for 20min at room
temperature. After washing by PBS three times, cells were
incubated with 5% normal calf serum for 30min, then incubated
with rabbit anti-human YAP1 monoclonal antibody (Abcam, 1 : 200
dilution) at 4 1C overnight. The cells were stained with conjugated
secondary antibody (1 : 100) for 1.5 h at RT in PBS–1% BSA in the
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dark at room temperature. Then, capture images using a fluorescence
microscope (model Eclipse 660, Nikon, Tokyo, Japan).

Statistical analysis. All experiments were run in triplicate.
Quantitative data are presented as means±standard deviation
(s.d.). All statistical analyses were carried out with SPSS19.0
software. P values were calculated by applying the either an
analysis of variance or Student’s t test to data from independent
experiments. The multiple comparisons were carried out by Dunnett-t
(Homogeneity of variance). The association between WBP5 expres-
sion and clinical features were analysed by Fisher’s exact test.
Survival curves were examined by the Kaplan–Meier method.
Death as a result of SCLC was the primary end point. Prognostic
factors were obtained by Cox hazards model. A difference was
considered statistically significant when the Po0.05.

RESULTS

WBP5 expression is correlated with clinical stage and survival in
SCLC patients. To investigate the clinical features of WBP5
expression in human SCLC, we performed immunohistochemical

staining to examine WBP5 protein expression in 62 cases of
SCLC samples. WW domain binding protein 5 immunoreactivity
was predominantly detected in the cytoplasm of cancer cells
(Figure 1A and B). The positive rate of WBP5 expression was
54.8.5% (34 out of 62) in SCLC (Supplementary Table S1).
WW domain binding protein 5 expression was significantly more
frequent at the extensive disease stage (17 out of 19) than at the
limited disease stage (17 out of 43) (Supplementary Table S1).
Correlation analysis showed that WBP5 expression was signifi-
cantly associated with clinical stage of SCLC patients (P¼ 0.000),
but not with gender (P¼ 0.306) (Supplementary Table S1). The
Kaplan–Meier method revealed that WBP5 expression is correlated
with the shorter survival time of the SCLC patients (Figure 1C)
(P¼ 0.002).

In addition, we conducted Cox regression analysis using age,
sex, stage and WBP5 expression as input variables. The result
showed that WBP5 was an independent predictor of survival with a
hazard ratio of 8.012 and a 95% confidence interval ranging from
2.107 to 29.588.

These findings suggest that expression of WBP5 is associated
with clinical prognosis, and WBP5 may be an independent
predictive indicator of SCLC.
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WBP5 expression is associated with SCLC MDR. Our previous
data showed that WBP5 expression was 9.67-fold elevated in the
H69AR cells as compared with the parental H69 cells using cDNA
expression profile analysis (Guo et al, 2010). We then confirmed
the WBP5 expression in mRNA and protein level in two pairs of
drug-resistant cells (H69AR and H446AR) and their parental cells
(H69 and H446) by qRT–PCR and western blot (Supplementary
Figure S1A). Using CCK-8 assay, it was demonstrated that H69AR
and H446AR cells showed a significantly increased resistance
to ADM, cDDP or VP-16 compared with H69 and H446
(Supplementary Figure S1B).

To investigate the biological roles of WBP5 in human SCLC, we
developed WBP5 overexpressed cells by transfecting PEX2-WBP5
plasmid into H69 and H446 cells. We also downregulated WBP5
in H69AR or H446AR cells using pGPU6/GFP/Neo-shWBP5
(Figure 2A and B; Supplementary Figure S2A and B).

Upregulation of WBP5 in H69 and H446 resulted in a
significant increase of IC50 values after being treated with ADM,
cDDP or VP-16 (Figure 2C; Supplementary Figure S2C). In
contrast, the IC50 values of WBP5-inhibited transfected cells
significantly decreased (Figure 2D; Supplementary Figure S2D).

The effect of WBP5 on cell proliferation was assessed by plate
clone forming experiment. The results showed that the number of
colonies decreased significantly in H69AR-shWBP5 (Figure 2E and
F) compared with control cells. A similar result was observed in
H446-WBP5 (Supplementary Figure S2E and F).

Cell apoptosis was determined by flow cytometric analysis after
drug exposure. Apoptosis rates significantly decreased in WBP5
upregulated cells, while markedly increased in WBP5 down-
regulated cells after ADM (Supplementary Figure S3), cDDP
(Supplementary Figure S4) and VP16 treatment (Supplementary
Figure S5).

Those observations suggested that WBP5 may induce MDR by
promoting cell proliferation and inhibiting cell apoptosis of SCLC.

Regulation of MDR by WBP5 is partly subject to miR-335. Our
previous study revealed a 7.28-fold decrease of miR-335 expression in
H69AR cells compared with H69 cells by miRNA microarray
analysis (Guo et al, 2010)and was verified by qRT–PCR (Figure 3A).

To investigate the effect of miR-335 on MDR in SCLC cells, we
transfected SCLC cells with the miR-335 mimics, inhibitor and
their corresponding NC, and the infection efficiency was
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confirmed by qRT–PCR (Supplementary Figure S6A, Ba and Ca).
The IC50 were increased significantly when the expression
of miR-335 was suppressed by miR-335 inhibitor (Figure 3B;
Supplementary Figure S6Bb), whereas IC50 values were signifi-
cantly decreased after transfecting with miR-335 mimics
(Figure 3C; Supplementary Figure S6Cb).

By searching three prediction algorithms (PicTar, TarScan and
miRBase database), we found that miR-335 has potential
interaction sites in the 3030UTR of WBP5 mRNA (Figure 3D).
To detect whether WBP5 is subject to miR-335, we analysed the
expression of WBP5 by qRT–PCR and western blot when miR-335
is up-regulated or down-regulated. The results showed that WBP5
increased significantly when miR-335 was suppressed by miR-335
inhibitor (Figure 3E; Supplementary Figure S6Bc), whereas WBP5

decreased markedly when miR-335 was upregulated (Figure 3F;
Supplementary Figure S6Cc).

To verify whether WBP5 is a direct target of miR-335, we
constructed luciferase reporters with mutated (psiCHECK2-
WBP5-mut-30UTR) and wild type (psiCHECK2-WBP5 -30 UTR)
of 30-UTR of WBP5. Both the wild-type and the mutant-type
reporters were introduced into H69AR cells and co-transfected
with miR-335 mimics or inhibitors. The luciferase activity of
WBP5 was measured by the dual luciferase assays. Compared with
the miR-335 NC, miR-335 mimics significantly inhibited 30UTR
WBP5 activity and miR-335 inhibitor significantly increased the
activity (Figure 3G).

These results suggest that miR-335 may be responsible for the
effect of WBP5 on chemosensitivity of SCLC.

H69
**

MST2 YAP1 CTGF
0.0

0.5

1.0

1.5

2.0

2.5

3.0

R
el

at
iv

e 
ex

pr
es

si
on

 o
f

M
S

T
2/

Y
A

P
1/

C
T

G
F

H69-WBP5
H69-NC

H69AR

MST2

MST2

GAPDH

H69AR-sh
NC

H69AR

H69AR-sh
WBP5

H69-N
C

H69-W
BP5

H69

YAP1

YAP1

CTGF

pYAP1-S127

pMST2-T180

0.0

0.2

0.4

0.6

0.8

1.0

1.2

1.4

R
el

at
iv

e 
ex

pr
es

si
on

 o
f

M
S

T
2/

Y
A

P
1/

C
T

G
F

H69AR-shWBP5
H69AR-shNC

*

H446-WBP5

H446-NC

H446AR-shWBP5

H446AR-shNC

YAP1

20 μm

20 μm

20 μm

20 μm

DAPI Merge

A B

C

D

Figure 4. WBP5 may induce SCLC MDR through the Hippo pathway. (A) qRT–PCR showed that upregulation of WBP5 could increase the
expression of CTGF. (B) While downregulation of WBP5 could reduce the expression of CTGF, the expression of WBP5 and YAP1 /MST2 was
independent. (C) Western lot showed that upregulation of WBP5 could reduce the phosphorylation of pMST2-T180, thus reducing the
phosphorylation of pYAP1-S127; downregulation of WBP5 could increase the phosphorylation of pMST2-T180, thus increasing the
phosphorylation of pYAP1-S127. (D) The nucleus location of YAP1 was increased in H446-WBP5 compared with H446-NC; the cytoplasm location
of YAP1 was decreased in H446AR-shWBP5 compared with H446AR-shNC (magnification �400). *Po0.05, **Po0.01, compared with control.

BRITISH JOURNAL OF CANCER WBP5 induces MDR of SCLC through Hippo pathway

248 www.bjcancer.com |DOI:10.1038/bjc.2016.186

http://www.bjcancer.com


WBP5 may induce SCLC MDR through the Hippo pathway.
WBP5 has been reported to bind to Abl, which may be a novel
upstream activator of MST2 in the Hippo pathway (Bedford et al,
1997; Liu et al, 2012). We hypothesised that WBP5 may be
involved in SCLC MDR through the WBP5-Abl-MST2-YAP1
pathway (Figure 5A).

CTGF is a downstream gene of the Hippo pathway (Zhao et al,
2010). To assess whether WBP5 is involved in the Hippo pathway,
we then conducted qRT–PCR. We found that WBP5 is positively
correlated with CTGF, whereas WBP5 showed no correlation
with MST2 and YAP1 (Figure 4A and B; Supplementary Figure
S7A and B). These findings suggested that WBP5 may affect the
Hippo pathway but not on the mRNA level of MST2 and YAP1.

Whether WBP5 affects the Hippo pathway at the protein level,
we then conducted western blot to detect the expression of MST2
and YAP1 and their phosphorylated protein when WBP5 was
upregulated or downregulated. The results showed that upregula-
tion of WBP5 did not change the expression of MST2 and YAP1,
but inhibited the phosphorylation of MST2 (pMST2-T180) and
YAP1 (pYAP1-S127). A similar result was observed when WBP5
was downregulated (Figure 4C; Supplementary Figure S7C).

Furthermore, we performed immunofluorescence to observe
YAP1 localisation in SCLC cell lines. The result showed that
upregulation of WBP5 induced the nuclear accumulation of YAP1.
In contrast, downregulation of WBP5 increased the sequestration
of YAP1 in cytoplasm (Figure 4D).

Then, we performed gain-of-function and loss-of-function
studies to further assess whether the role of WBP5 in MDR is
mediated by the Hippo pathway. In WBP5 upregulated cells, we
inhibited the activation of YAP1 by Verteporfin (VP) (Liu-
Chittenden et al, 2012) and found that IC50 values decreased
significantly compared with control (Figure 5C; Supplementary
Figure S8B). Whereas in WBP5 downregulated cells, YAP1 was
activated by knocking down MST2 (Figure 5B; Supplementary
Figure S8A) and the drug sensitivity was turned over (Figure 5D;
Supplementary Figure S8C). Those results showed that WBP5 may
induce SCLC MDR through the Hippo pathway.

WBP5 promotes the resistance of SCLC cells to drugs
in vivo. To substantiate the MDR effect of WBP5, in vivo
studies were conducted in tumour xenograft models. Four
exponentially growing SCLC cells (69-WBP5, 69-NC, 69AR-shWBP5,
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69AR-shNC) were injected subcutaneously into the flanks of mice.
The result showed that upregulation of WBP5 can enhance SCLC
tumour growth in vivo (Po0.01), whereas downregulation of WBP5
can decrease SCLC tumour growth (no statistical difference)
(Figure 6A).

When the tumours had reached an average volume of
about 150mm3, the mice were treated with Adriamycin (ADM),
cisplatin (cDDP) and Etoposide (VP16) (Figure 6B). The tumours
formed from H69-WBP5 and H69AR-shNC declined slower
than tumours formed from H69-NC and H69AR-shWBP5 after
ADMþ cDDPþVP16 administration (H69-WBP5 VS H69-NC
(Po0.05); H69AR-shWBP5 VS H69AR-shNC (no statistical
difference)) (Figure 6C and D).

These findings suggested that WBP5 can promote tumour
growth and induce SCLC MDR in vivo.

DISCUSSION

Some studies have showed that WBP5 is 1 of the 15 candidate
oncogenes in human colorectal cancers with microsatellite
instability and its expression is associated with advanced gastric
cancer with lymph node metastasis (Gylfe et al, 2013; Suh et al,
2015). To the best of our knowledge, the clinical features of WBP5
expression in SCLC have not been reported. In this study, we first
analysed 62 cases of SCLC samples and found that WBP5 protein
expression is significantly associated with the shorter survival time
and clinical stage of the SCLC patients. Cox regression analysis
showed that WBP5 was an independent predictor of survival.
These data suggested that WBP5 may be an independent predictive
indicator of SCLC.

To further validate the biological function of WBP5 in SCLC, we
established stable WBP5-overexpressed cells (H69-WBP5 and
H446-WBP5) and WBP5-underexpressed cells (H69AR-shWBP5
and H446AR-shWBP5). CCK-8 and flow cytometric analysis
indicated that WBP5 can induce MDR by inhibiting apoptosis of
SCLC. Tumour xenograft experiments showed that WBP5 can
enhance SCLC tumour growth and induce MDR in vivo. Those
results suggested that WBP5 may have an important role in growth
and MDR of SCLC.

Our previous research has shown miR-335 underexpression and
WBP5 overexpression based on genome-wide gene expression
profiling analyses in SCLC multidrug resistant cells H69AR
compared with parental H69 cells (unpublished data). Upregula-
tion of miR-335 by miR-335 mimics could enhance the drug
sensitivity of SCLC cells. In contrast, downregulation of miR-335
using miR-335 inhibitor could induce the MDR. Using PicTar,
TarScan and miRBase database, miR-335 was predicted to have
potential interaction sites in the 30UTR of WBP5 mRNA. qRT–
PCR and western blot showed that miR-335 could negatively
regulate WBP5. We further confirmed the interaction between
miR-335 and WBP5 by dual luciferase reporter assays. According
to those data, we concluded that miR-335 may be involved in
SCLC MDR by binding to the 30UTR of WBP5.

WBP5 has been reported to bind to Abl, which may be a novel
upstream activator of MST2 in the Hippo pathway. We hypothesised
that WBP5 may induce SCLC MDR through the WBP5-Abl-MST2-
YAP1 pathway. Autophosphorylation of MST2 at Thr180 (MST1 at
Thr183) is critical for MST1/2 kinase activity (Deng et al, 2003;
Praskova et al, 2004). We then detected whether the expression of
pMST2-T180 is changed when WBP5 is upregulated or down-
regulated. The results showed that upregulation of WBP5 can
inhibit the phosphorylation of MST2 (pMST2-T180) and YAP1
(pYAP1-S127), thus inducing the nuclear accumulation of YAP1.
A similar result was observed when WBP5 was downregulated. These
findings demonstrate that WBP5 is involved in the Hippo pathway.

To further confirm whether WBP5 modulates the MDR of
SCLC by YAP1 activation, we performed loss-of-function study
using YAP1 inhibitor (VP) (Perra et al, 2014). The result showed
that the inhibition of YAP1 by VP could blunt the MDR effects of
WBP5. We also performed a gain-of-function study by knocking
down MST2; the drug sensitivity was turned over. These data
reveal that WBP5 modulates the MDR by Hippo pathway.

In conclusion, our study revealed that WBP5 expression is
correlated with clinical stage and survival in SCLC patients; we first
reported that WBP5 may be an independent predictive indicator of
SCLC. This study provides a mechanism of MDR mediated by
WBP5 through the Hippo pathway under the regulation of miR-
335, suggesting that WBP5 may be a candidate target for
developing therapeutic strategy to overcome MDR of SCLC.
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