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Abstract

Survivin, a member of the inhibitor of apoptosis family, is
upregulated in multiple cancers including ovarian cancer, but
is rarely detectable in normal tissues. We previously reported
that survivin promoted epithelial-to-mesenchymal transition
(EMT) in ovarian cancer cells, suggesting that survivin may
contribute to ovarian tumor metastasis and chemoresistance.
In this study, we tested whether knockout or pharmacologic
inhibition of survivin overcomes chemoresistance and sup-
presses tumor metastasis. The genetic loss of survivin sup-
pressed tumor metastasis in an orthotopic ovarian cancer
mouse model. To pharmacologically test the role of survivin
on ovarian tumormetastasis, we treated chemo-resistant ovar-
ian cancer cells with a selective survivin inhibitor, MX106, and

found that MX106 effectively overcame chemoresistance
in vitro. MX106 inhibited cell migration and invasion by
attenuating the TGFb pathway and inhibiting EMT in ovarian
cancer cells. To evaluate the efficacy of MX106 in inhibiting
ovarian tumor metastasis, we treated an orthotopic ovarian
cancer mouse model with MX106, and found that MX106
efficiently inhibited primary tumor growth in ovaries and
metastasis in multiple peritoneal organs as compared with
vehicle-treated control mice. Our data demonstrate that inhi-
bition of survivin using either genetic knockout or a novel
inhibitor MX106 suppresses primary ovarian tumor growth
and metastasis, supporting that targeting survivin could be an
effective therapeutic approach in ovarian cancer.

Introduction
Ovarian cancer has the highest mortality rate among women's

malignancies due to the lack of obvious symptoms at its early
stages, and often tumors were detected at the late stages and
tumors were disseminated in multiple peritoneal organs (1, 2).
The majority of patients with ovarian cancer suffer relapse fol-
lowing chemotherapy (3, 4). Ovarian cancer therapy is still a

major challenge and little progress has been made in overall
patient survival during last decades due to tumor metastasis and
chemoresistance (5–7).

Epithelial-to-mesenchymal transition (EMT) is a biological
process by which epithelial cells lose their cell polarity, and
acquire migratory and invasive properties, and is associated with
tumor metastasis and chemoresistance (8–10). The EMT pheno-
typic switch is accompanied by downregulation of epithelial
markers, such as E-cadherin or cytokeratin-7, and upregulation
of mesenchymal markers, such as vimentin, snai2, and
b-catenin (11). Multiple signaling pathways, including TGFb,
WNT, Notch, ERK1/2, and NF-kB regulate EMT (11–16). Several
studies also showed that EMT contributes to ovarian tumor
metastasis and chemotherapy drug resistance (10, 11, 17–19).
Inhibition of EMT is a strategy for cancer therapy. Several phar-
macologic inhibitors of TGFb-, EGFR-, or FAK-induced EMT
have been used in clinical trials, such as LY36497, ZD1839,
GSK2256098, or PF-573228 (20).

Survivin (BIRC5) is the smallest member of the inhibitors of
apoptosis protein (IAP) family, and found to be highly expressed
in a variety of human cancers, including breast cancer and ovarian
cancer, but low expression of survivin was observed in adult
normal tissues (21–24). Survivin expression is well-correlated
with tumor metastasis and chemoresistance in several cancer
types, such as melanoma, renal, prostate, breast (25–28), and
ovarian (10, 29–32). The significant difference in survivin expres-
sion between various types of tumors and normal tissues suggests
that survivin may be an important drug target for cancer treat-
ment.Wepreviously showed that survivinwas highly expressed in
ovarian cancer and correlated with overall patient survival.
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Survivin also promoted EMT in ovarian cancer cells by activating
TGFb pathway (24). Knockout (KO) of survivin using CRSIPR/
Cas9 nickase or inhibition of survivin expression using a small-
molecule inhibitor of survivin, YM155, leads to inhibitionof EMT
in ovarian cancer cells (24).

Several small-molecule inhibitors of survivin have been
developed and tested for efficacy in cancer cells. One of most
studied survivin inhibitors, YM155, underwent clinical trials but
failed to achieve adequate efficacy (33–35). YM155 is a known
substrate for the P-glycoprotein (Pgp) drug efflux pump, which
may compromise its effect in Pgp-mediatedmultidrug resistance
cancers (36). YM155 also has a short half-life in vivo; hence, it
requires continuous infusion (34). Recent evidence suggests
that YM155 is a DNA damage–inducing agent and that its
inhibition of survivin could be secondary to this event (37).
We have recently discovered a highly selective survivin degrad-
er, MX-106, which selectively degrades survivin via protea-
some-mediated degradation (38–40). MX-106 also effectively
overcomes Pgp-mediated multidrug resistance (38–40). In vivo
studies indicate that MX-106 maintains its ability to induce
survivin degradation and strongly suppresses melanoma tumor
growth (38).

To further determine the role of survivin in ovarian cancer, in
this study we tested the hypothesis that survivin contributes to
primary ovarian tumor growth and metastasis in an orthotopic
ovarian cancermousemodel by genetically knocking out survivin
or pharmacologically inhibiting survivin with MX106. We dem-
onstrate that both approaches significantly suppressed primary
ovarian tumor growth and metastasis by inhibiting EMT through
attenuating TGFb pathway.

Materials and Methods
Cell culture

Ovarian cancer cell lines, SKOV3 (HTB-77) and OVCAR3
(HTB-161) were obtained from ATCC and cultured as described
previously (24). Cell lines were authenticated using short tandem
repeat analysis by ATCC and tested negative for Mycoplasma
contamination using luciferase assay (Lonza). Cells were frozen
at early passages and used for less than 5 weeks in continuous
culture.

For establishment of the paclitaxel-resistant cell line OVCAR3/
TxR, paclitaxel-resistant OVCAR3/TxR cell line was established
from the parental OVCAR3 cells by a stepwise increase of pacli-
taxel concentration. Paclitaxel was doubled each passage and
concentration was increased from 20 nmol/L to 320 nmol/L. The
resistant cell line was established once cells remained viable after
320 nmol/L treatment during 2.5 month's culture. These cells
were cultured under the same conditions as the parental OVCAR3
cell line.

Lentiviral vector production
Survivin-KO and control SKOV3 and OVCAR3 cells were

generated using lentiviral CRISPR/Cas9 nickase as we described
previously (24). The lentiviral CRISPR/Cas9 nickase–mediated
TGFbR2 gene editing vectors were constructed using the same
method as we described previously (24) by annealing two guide
RNA oligonucleotide pairs, 50TTCCAGAATAAAGTCATGGT and
50TTCTCCAAAGTGCATTATGA to target exon 4. Lentivirus was
produced by packaging in 293FT cells as published
previously (41).

SMAD-dependent reporter gene luciferase assay
The lentiviral vector pGF-SMAD2/3/4-mCMV-Luciferase-EF1a-

puro (System Biosciences) containing SMAD2/3/4 transcription-
al response elements was used to transduce survivin-KO and
control SKOV3andOVCAR3 cells using amultiplicity of infection
of 10. This same amount of virus was also used to transduce wild-
type SKOV3 and OVCAR3 cells and then treated cells with
5 mmol/L MX106 or vehicle for 4 hours. Survivin KO, control
cells, or MX106-treated cells, were treated with 6 ng/mL TGFb for
12 hours to activate SMAD2/3/4 pathway. Luciferase activity was
measured and normalized by comparing with control or vehicle-
treated groups.

MX106 compound production
MX106 was synthesized and characterized as described

previously (42).

Orthotopic ovarian cancer mouse model
To track ovarian tumor growth andmetastasis in vivo, wild-type,

survivin-KO, and control SKOV3 cells were labeled with lucifer-
ase. To test the effect of survivin KO in ovarian cancer cells on
ovarian tumor metastasis, ten 2 months old immunocompro-
mised NOD.Cg Prkdcscid Il2rgtm1Wjl/SzJ (NSG) female mice
(#005557, the Jackson Laboratory) were randomized into two
groups, 5 � 105 survivin-KO and control SKOV3 cells were
intrabursally injected into themice. To test the efficacy ofMX106,
10NSG femalemicewere intrabursally injectedwith 5�105wild-
type SKOV3 cells and randomly divided into two groups after
1 week post-injection. One group of mice were treated with
MX106 (20 mg/kg body weight) and another group of mice were
treated with vehicle for 5 days a week through intraperitoneal
injection for 4 more weeks. Tumor growth and metastasis
were monitored by Xenogen bio-imaging system once a week.
All mice from each group were sacrificed at 5 weeks after cell
injection, and primary ovarian and metastatic tumors were
collected and subjected to double-blind histopathologic anal-
ysis. Animal work was performed in accordance with the
protocol (#16-161) approved by the Institutional Animal Care
and Use Committee of the University of Tennessee Health
Science Center (Memphis, TN).

MTT assay
OVCAR3 or OVCAR3/TxR cells (3,000/well) were plated into

96-well plates following treatment with different doses of MX106
or YM155 and cultured for 24 hours. Cell proliferation was
determined by measuring the absorbance at 570 nm wavelength
as described previously (24).

Cell migration assay
The cell migration assay was performed using the transwell

plates. Briefly, SKOV3 or OVCAR3 cells were treated with
5 mmol/L MX106 or vehicle for 4 hours and then 5 � 104 cells
in 300 mL serum-free DMEM were added to the top chamber.
DMEM containing 10% FBS was added into the bottom chamber
and incubated for 8 hours. The migrated cells were counted as
described previously (24).

Cell invasion assay
SKOV3 and OVCAR3 cells were treated with 5 mmol/L MX106

or vehicle for 4 hours and the invaded cells were stained and
counted as described previously (24).
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Immunofluorescence staining
To detect survivin, vimentin, cytokeratin-7, and cleaved-

caspase3 expression, the immunofluorescence staining was per-
formed as described previously (24). The primary antibodies
include survivin (1:200 dilution, #2808S, Cell Signaling
Technology), vimentin (1:200 dilution, #5741S, Cell Signaling
Technology), cytokeratin-7 (1:200 dilution, ab181598, Abcam),
and cleaved-caspase3 (1:200 dilution, 9661S, Cell Signaling
Technology).

Cell apoptosis
SKOV3 or OVCAR3 cancer cells were treated with MX106 at

different doses (0, 1, 2, and 4mmol/L) for 24hours. Apoptosiswas
detected using a Caspase3/7 Assay Kit (Promega). Cell apoptosis
was also examined in both SKOV3 andOVCAR3 cells treatedwith
MX106 at different doses (0, 1, 2, and 4 mmol/L) for 24 hours
using Western blot analysis to detect cleaved PARP and active
caspase 3.

Western blot analysis
Western blot analysis was performed as described previous-

ly (24).The primary antibodies were purchased from Cell Signal-
ing Technology including b-catenin (#8480S), snai2 (#9585S),
vimentin (#5741S), surviving (#2808S), XIAP (#14334S), cIAP1
(#7065S), cIAP2 (#3130S), livin (#5471S), cleaved-PARP
(#5625S), cleaved-caspase3 (#9661S), T-SMAD2/3 (#8685S),
and P-SMAD2 (#18338S). GAPDH was purchased from Sigma
(#G9545) and cytokeratin-7 was purchased from Abcam
(#ab181598).

Statistical analysis
Statistical analysis was performed from at least two indepen-

dent experiments in triplicate and presented asmeans� SD using
Student t test. P < 0.05 was considered significant. All data from
experiments were included in statistical analysis.

Results
KO of survivin using lentiviral CRISPR/Cas9 nickase vector
suppressed primary ovarian tumor growth and metastasis by
inhibiting EMT in an orthotopic ovarian cancer mouse model

We previously reported that the disruption of survivin inhib-
ited EMT in ovarian cancer cells by attenuating the TGFb path-
way (24), suggesting that survivin may contribute to ovarian
tumor metastasis. To test this hypothesis, we first established a
stable KO of survivin in the SKOV3 cell line with lentiviral
CRISPR/Cas9 nickase vector as described previously (24). We
then intrabursally injected 5� 105 ovarian cancer SKOV3-KOand
control cells into 2-month-old immunodeficient NSG female
mice. Tumor growth andmetastasis weremonitoredweekly using
live animal imaging. Mice xenografted with survivin-KO cells
showed inhibition of primary tumor growth in ovaries
(Fig. 1A). After 1 month, all mice xenografted with survivin-
KO SKOV3 and control cells were sacrificed and tumors in ovaries
were collected. Tumors were significantly smaller inmice injected
with survivin-KO cells compared with the control cells (Fig. 1B).
We examined EMT markers and pSMAD2 expression in primary
ovarian tumors using Western blot analysis, and KO of survivin
downregulated the mesenchymal marker including b-catenin,
snai2 (snail2), and vimentin and pSMAD2 expression, and upre-
gulated the epithelial marker cytokeratin-7 and Ecadherin

(Fig. 1C). Tumor sections of mouse ovary were immunostained
with survivin, vimentin, and cytokeratin-7 antibodies, and the
results were consistent with the Western blots (Supplementary
Fig. S1). We further examined multiple peritoneal organs and
found that tumors mainly metastasized into the liver (Fig. 2A)
and spleen (Fig. 2B) inmice injectedwith control cells. In contrast,
mice injected with survivin-KO SKOV3 cells did not display
detectable metastatic tumors in those organs. Tumors were
observed in livers of mice injected with control cells, but not
with survivin-KO cells as verified by hematoxylin and eosin
(H & E) staining (Fig. 2C). Our results indicated that loss of
survivin led to suppression of primary ovarian tumor growth and
tumor metastasis by inhibiting EMT and attenuating TGFb path-
way in this orthotopic ovarian cancer mouse model.

Selective survivin inhibitorMX106overcomes chemoresistance
in ovarian cancer cells

Tumor metastasis and chemoresistance are major issues for
cancer therapy. KO of survivin significantly inhibited tumor
metastasis by suppressing EMT in our orthotopic mouse model.
To test whether survivin inhibition also overcomes ovarian cancer
chemoresistance, we established a paclitaxel-resistant ovarian
cancer cell line OVCAR3/TxR by selection in the presence of
increased concentrations of paclitaxel. Western blot analyses
indicated that both survivin and Pgp (a well-known marker for
paclitaxel resistance; refs. 43–45) were significantly increased in
OVCAR3/TxR as compared with parent OVCAR3 cells (Fig. 3A).
To target survivin using a small-molecule inhibitor, we have
designed and developed a novel inhibitor MX106 to selectively
degrade survivin (42). MX106 treatment induced apoptosis in
both OVCAR3 and OVCAR3/TxR cells, whereas YM155 only
induced apoptosis in parent OVCAR3 cells as determined by
detection of cleaved-PARP using Western blot analysis
(Fig. 3B). We further determined the effects of survivin inhibitors
on cell proliferation by treating both parent and drug-resistant
OVCAR3/TxR cells for 24 hours with different doses of MX106 or
YM155. We found that MX106 efficiently inhibits cell prolifera-
tion in both OVCAR3 and OVCAR3/TxR cells (Fig. 3C), whereas
YM155markedly inhibited the proliferation of OVCAR3 cells but
not of OVCAR3/TxR cells (Fig. 3D).

MX106 inhibits EMT in ovarian cancer cells
We previously reported that KO of survivin using CRISPR/

Cas9 nickase-mediated editing resulted in the inhibition of EMT
in ovarian cancer cells (24). To test whetherMX106 inhibits EMT
in ovarian cancer cells, we examined EMT marker gene expres-
sion in both SKOV3 and OVCAR3 cells after treatment with
different doses of MX106. As shown in Fig. 4, MX106 inhibited
survivin and mesenchymal markers and promoted epithelial
marker in a dose-dependent manner. The epithelial cell marker
cytokeratin-7 was upregulated and mesenchymal markers
including vimentin, snai2, and b-catenin were downregulated
in both SKOV3 and OVCAR3 cells following MX106 treatment
for 24 hours (Fig. 4). To confirm the selective degradation of
survivin as compared with other members of the IAP family, we
also examined X-linked inhibitor of apoptosis protein (XIAP),
cIAP1, cIAP2, and Livin expression using Western blot analysis.
MX106 did not alter expression of other members of IAP family
in either SKOV3 or OVCAR3 cells (Fig. 4). Our data indicate that
the MX106 inhibits EMT by selectively degrading survivin in
ovarian cancer cells.

Inhibition of Survivin Suppresses Ovarian Tumor Metastasis
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MX106 inhibits ovarian cancer cell migration and invasion
EMT promotes cell migration and invasion, and we found that

MX106 inhibits EMT in ovarian cancer cells. We then examined
whether MX106 inhibits ovarian cancer cell migration and inva-
sion. SKOV3 and OVCAR3 cells were treated with 5 mmol/L
MX106 for 4 hours and cell migration was assayed in transwell
plates. MX106 significantly inhibited the migration in both
SKOV3 and OVCAR3 cells following MX106 treatment

(Fig. 5A) Cell invasion was also assessed using Matrigel-coated
transwell plates. Following5mmol/LMX106 treatment for 4hours
in SKOV3 and OVCAR3 cells, MX106 was found to significantly
inhibit invasion inboth cell lines (Fig. 5B). To exclude the effect of
apoptosis on cell migration and invasion, we treated both SKOV3
and OVCAR3 cells with 20 mmol/L caspase inhibitor Z-VAD for
2 hours followed by 5 mmol/L MX106 treatment for 4 hours and
then performed cell migration and invasion (46). Similarly, we

Figure 1.

KO of survivin inhibits primary ovarian tumor growth in an orthotopic ovarian cancer mouse model. A, Live animal imaging of primary tumors in ovaries of mice at
1 month following intrabursally injecting SKOV3 survivin-KO and control (Con) cells (��� , P < 0.001; n¼ 5). B, Tumors in ovaries of mice were dissected and
imaged (� , P < 0.05; n¼ 5). C,Western blot analysis and comparison of survivin, pSMAD2, and EMTmarkers in primary ovarian tumors from three different
xenograftedmice (�, P < 0.05; �� , P < 0.01).
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found that MX106 inhibited cell migration and invasion inde-
pendent of cell apoptosis (Supplementary Fig. S2). To exclude cell
toxicity induced by MX106, we also examined cell viability in the
top chambers of transwell following cell migration and invasion.
Cells treated with 5 mmol/L MX106 displayed similar viability to
vehicle-treated cells (Supplementary Figs. S3 and S4). Our results
demonstrated that MX106 effectively inhibits ovarian cancer cell
migration and invasion.

The association of survivin with the TGFb pathway and MX106
attenuated TGFb signaling pathway in ovarian cancer cells

As showed in our previous study, KOof survivin attenuated the
TGFb signalingpathway inovarian cancer cells (24). Todetermine
the correlation between survivin and this pathway, we knocked

down (KD) TGFb receptor 2 (TGFbR2) using lentiviral CRISPR/
Cas9 vector and then treated both control and TGFbR2-KD cells
with 6 ng/mL TGFb for 24 hours and examined survivin expres-
sion. Knockdown of TGFbR2 resulted in significant reduction of
survivin in both SKOV3 and OVCAR3 cells, while TGFb upregu-
lated survivin expression (Fig. 6A). We examined the TGFb
pathway in both TGFbR2 KD and control SKOV3 and OVCAR3
cells by detecting p-SMAD2 and total SMAD2 expression follow-
ing 6 ng/mL TGFb treatment for different time points. We found
that knockdown of TGFbR2 attenuated the TGFb pathway
(Fig. 6B). In addition to knocking down of TGFbR2 using lenti-
viralCRISPR/Cas9nickase vector,we also inhibited TGFb receptor
1/2 (TGFbR1/2) using its inhibitor SB431542 by pretreatingwild-
type SKOV3 and OVCAR3 cells with 20 mmol/L SB431542 for

Figure 2.

KO of survivin inhibits ovarian tumor metastasis in an orthotopic ovarian cancer mouse model. Metastatic tumors in liver (A) and spleen (B) of
xenografted mice were identified by live animal imaging. The maximal bioluminescence intensity was compared between control (Con) and
survivin-KO mice (��� , P < 0.001; n ¼ 5). C, H&E staining of metastatic tumors in livers of xenografted mice.

Inhibition of Survivin Suppresses Ovarian Tumor Metastasis
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24 hours, followed by 6 ng/mL TGFb treatment for 24 hours. The
TGFbR1/2 inhibitor suppressed survivin expression, while TGFb
upregulated survivin expression in both SKOV3 and OVCAR3
cells (Fig. 6C). We reported previously that KO of survivin
attenuated TGFb pathway (24). We further validated this finding
by using luciferase reporter gene assay. KO of survivin signifi-
cantly reduced SMAD2/3/4 transcriptional activity in both
SKOV3 and OVCAR3 ovarian cancer cells (Supplementary
Fig. S5A). We examined whether MX106 also attenuates TGFb
pathway by treating both SKOV3 and OVCAR3 cells with

5 mmol/L MX106 and then treating with 6 ng/mL TGFb for
different time points. We also determined reporter gene luciferase
activity following MX106 and TGFb treatment, and found that
MX106 significantly inhibited SMAD2/3/4 transcriptional activ-
ity in both SKOV3 and OVCAR3 cells (Supplementary Fig. S5B).
In addition, we examined non-SMAD pathway by detecting
phospho-ERK1/2 and AKT following 5 mmol/L MX106 and 6
ng/mL TGFb treatment in both SKOV3 and OVCAR3 cells (Sup-
plementary Fig. S6). We found that MX106 attenuated p-SMAD2
in both SKOV3 and OVCAR3 cells using Western blot analysis

Figure 3.

MX106 overcomes ovarian tumor chemoresistance.A,Western blot analysis and comparison of survivin and Pgp expression in parental OVCAR3 and OVCAR3/
TxR cells (� , P < 0.05; �� , P < 0.01). B, Apoptosis in OVCAR3 and OVCAR3/TxR cells was detected by examining for cleaved-PARP following different doses of
YM155 and MX106 treatment for 24 hours, the expression of cleaved-PARP was compared between vehicle and different doses (� , P < 0.05; �� , P < 0.01;
��� , P < 0.001). One representative Western blot was presented from three similar independent experiments. Cell proliferation was measured using MTT assay in
parent OVCAR3 and OVCAR3/TxR cells following MX106 (P < 0.05; C) and YM155 treatment (P < 0.05; D).
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(Fig. 6D). Our data indicated that survivin associates with TGFb
pathway, and inhibition of survivin using MX106 attenuates
SMAD-dependent TGFb pathway in ovarian cancer cells.

MX106 suppresses tumor metastasis in an orthotopic ovarian
cancer mouse model

KO of survivin inhibits primary tumor growth in ovaries and
tumormetastasis inmultiple peritoneal organs (Figs. 1 and 2). To
test whether MX106 suppresses ovarian tumor metastasis by
inhibiting survivin, we examined the efficacy of MX106 using an
orthotopic ovarian cancermousemodel by intrabursally injecting
SKOV3-Luc2 cells into 2-month-old immunodeficient NSG

femalemice and then treating themicewithMX106daily through
intraperitoneal injection for 4 weeks. Tumor growth and metas-
tasis were monitored using live animal imaging, and ovarian
tumor metastasis was observed approximately 2 weeks after cell
injection. At 5 weeks following cell injection, tumors were dis-
sected at necropsy. Primary tumors in ovaries were significantly
reduced in MX106-treated mice compared with vehicle control
(Fig. 7A andB).We also examined survivin, othermembers of IAP
family, and EMT markers from primary ovarian tumors using
Western blot analysis. The epithelial markers cytokeratin-7 and
Ecadherin were upregulated, while survivin, p-SMAD2, and mes-
enchymal markers including b-catenin, vimentin, and snai2 were

Figure 4.

MX106 inhibits EMT in ovarian cancer cells. Western blot analysis in both SKOV3 (A) and OVCAR3 (B) cells following treatment using different doses of MX106
for 24 hours, the expression of EMTmarkers and the other members of the inhibitor of apoptosis protein was compared between vehicle and different doses
(�� , P < 0.01; ��� , P < 0.001). One representative Western blot was presented from three similar independent experiments.
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downregulated in mice treated with MX106 compared with
vehicle-treated mice. In contrast, expression of other members
in IAP family was unaffected, indicating thatMX106 inhibits EMT
by selectively degrading survivin and attenuating the TGFb path-
way in vivo (Fig. 7C). To further assess the efficacy of MX106, we
also examined its effect on apoptosis by detecting cleaved-cas-
pase3 in ovarian tumors by immunostaining and Western blot-
ting. Strong staining for cleaved-caspase3 was observed in cell
nuclei from ovarian tumor sections in MX106-treated mice but
not in vehicle-treated mice (Fig. 8A). Similarly, cleaved-caspase3
expression was significantly induced in ovarian tumor following
MX106 treatment compared with vehicle-treated mice (Fig. 8B).

The ovarian tumor sections were also immunostained for the cell
proliferation marker proliferating cell nuclear antigen, survivin,
vimentin, and cytokeratin-7. MX106 inhibited EMT by upregulat-
ing cytokeratin-7 and downregulating vimentin and survivin
(Supplementary Fig. S7). Tumors were found to metastasize into
multiple peritoneal organs including the liver in vehicle-treated
mice but not in MX106-treated mice as shown in H&E–stained
sections (Fig. 8C), which is consistent with what was observed in
survivin-KO mice (Supplementary Fig. S1). Our data indicated
that MX106 significantly suppresses primary ovarian tumor
growth and metastasis by inhibiting EMT and attenuating TGFb
pathway in an orthotopic ovarian cancer mouse model.

Figure 5.

MX106 inhibits ovarian cell migration and invasion.A, Cell migration in SKOV3 or OVCAR3 cells was examined using transwell plates following 5 mmol/L MX106
treatment for 4 hours, and migrated cells were stained with crystal blue and counted (�� , P < 0.01; ��� , P < 0.001). B, Cell invasion in SKOV3 or OVCAR3 cells
following 5 mmol/L MX106 treatment was examined using Matrigel-coated plates, and invaded cells were stained with H&E and counted (�� , P < 0.01;
��� , P < 0.001). Veh, vehicle.
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Discussion
On the basis of the expression of survivin in ovarian cancer,

survivin is a potential biomarker for diagnosis and prognosis in
ovarian cancer, and also a potential drug target for therapy. In
particular, we reported previously that survivin promoted EMT in
ovarian cancer cells (24), suggesting a role in ovarian tumor
metastasis and chemoresistance. In this study we have demon-
strated that KO of survivin using lentiviral CRISPR/Cas9 nickase
vector suppresses primary tumor growth in ovaries, as well as
peritoneal metastasis in an orthotopic ovarian cancer mouse
model xenografted with survivin-KO and control SKOV3 cell line

(Figs. 1 and2). AlthoughSKOV3 cell line is not ahigh grade serous
carcinoma, (47) it is still the most frequently used ovarian
carcinoma cell line due to its aggressive properties in inducing
ovarian tumor metastasis in mouse models (48, 49) In addition,
survivin expression is higher than that in OVCAR3 cells. There-
fore, we selected SKOV3 cell line to investigate ovarian tumor
metastasis in this study. Our studies using this in vivo orthotopic
ovarian cancer mouse model indicate that survivin indeed con-
tributes to ovarian tumor metastasis by promoting EMT in vivo.
Furthermore, mice injected with survivin-KO cells displayed
reduced p-SMAD2 in ovarian tumors as compared with control
mice. For the first time we showed that loss of survivin inhibited

Figure 6.

Association of survivin with the TGFb pathway in ovarian cancer cells. A,Western blot analysis and comparison of survivin in TGFbR2 KD and control (Con)
SKOV3 and OVCAR3 cells following 6 ng/mL TGFb treatment for 24 hours, respectively (� , P < 0.05; �� , P < 0.01). B,Western blot analysis and comparison of
pSMAD2 and total SMAD2 expression in TGFbR2 KD and control SKOV3 and OVCAR3 cells following 6 ng/mL TGFb treatment at different time points,
respectively (�� , P < 0.01; ��� , P < 0.001). C,Western blot analysis and comparison of survivin in SKOV3 and OVCAR3 cells following TGFbR inhibitor treatment
for 24 hours and then treated with 6 ng/mL TGFb for 24 hours, respectively (�� , P < 0.01; ��� , P < 0.001). D,Western blot analysis and comparison of phospho and
total SMAD2 in SKOV3 and OVCAR3 cells following 5 mmol/L MX106 treatment for 4 hours and then 6 ng/mL TGFb at different time points, respectively (��� , P <
0.001). One representativeWestern blot was presented from three similar independent experiments.
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primary ovarian tumor growth and metastasis by attenuating the
TGFb pathway. Our study provided experimental evidence that
survivin is an EMT-associated drug target for ovarian cancer
therapy.

Although survivin as a therapeutic target for cancer has been
studied over a decade, only a few small-molecule inhibitors of
survivin have been developed. For example, YM155 was in
clinical trials for several different cancers, but was found to be
ineffective in lung cancer (50), lymphoma (51), and rectal
cancer (52), and had only modest activity in castration-

resistant taxane-pretreated prostate cancer (53). YM155 was
developed in screening for inhibitors of the promoter activity
of survivin, but was found not to directly bind survivin. In
contrast, MX106 was developed on the basis of its direct inter-
action with survivin, and selectively targets and degrades survi-
vin. We found that MX106 inhibited ovarian cancer cell migra-
tion and invasion.Moreover,MX106overcame chemoresistance
in OVCAR3/TxR paclitaxel-resistant ovarian cancer cells, and
induced ovarian cancer cell apoptosis and inhibited cell prolif-
eration. In contrast, YM155 had no effect in OVCAR3/TxR drug-

Figure 7.

MX106 inhibits primary ovarian tumor growth and EMT in an orthotopic ovarian cancer mouse model. A, Live animal imaging of primary tumor in ovaries at
1 month following intrabursal injection of wild-type SKOV3 cells and MX106 (20mg/kg body weight) or vehicle treatment daily. B,Ovarian tumors were
dissected and imaged. C,Western blot analysis and comparison of survivin, pSMAD2, and EMTmarkers in primary ovarian tumors from three different
xenograftedmice (�, P < 0.05; �� , P < 0.01). Veh, vehicle.
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resistant ovarian cancer cells (Fig. 3).However, YM155 increased
the toxicity of chemotherapydrugs if Pgp transportwas inhibited
in glioma (54). We further tested the efficacy of MX106 using
orthotopic ovarian cancer mousemodels andMX106 effectively
inhibited primary tumor growth in ovaries and metastasis in
peritoneal organs (Fig. 8). We found that MX106 mimics the
phenotype of survivin KO in ovarian cancer cells and orthotopic
ovarian cancer mouse models by degrading survivin and inhi-
bitingEMT(Fig. 4). Taken together, ourdata indicate thatMX106
functionally inhibits ovarian tumor metastasis and overcomes
chemoresistance by reversing EMT.

Our previous and current studies indicate that KOor inhibition
of survivin suppresses EMT in ovarian cancer cells in vitro or
orthotopic ovarian cancer mouse model in vivo. Although mul-
tiple signaling pathways are involved in EMT regulation, we
identified that survivin regulates EMT through its association
with the TGFb pathway in ovarian cancer cells. Genetic KO of
survivin or pharmacologic inhibition of survivin attenuates TGFb
pathway as evidencedby reducedp-SMAD2 inovarian cancer cells
in vitro and orthotopic ovarian cancer mouse model in vivo. Our
previouswork showed that TGFbpromotes EMT in ovarian cancer
cells (55). Therefore, we hypothesized that survivin promotes

Figure 8.

MX106 inhibits ovarian tumor
metastasis and induced cell
apoptosis in an orthotopic ovarian
cancer mouse model. A,Ovarian
tumor sections were
immunostained using cleaved-
caspase3 antibody following MX106
or vehicle (Veh) treatment. B, Cell
apoptosis in ovaries was detected
and compared by examining
cleaved-caspase3 usingWestern
blot analysis in primary ovarian
tumors from three different
xenograftedmice (�, P < 0.05). C,
H&E–stained metastatic ovarian
tumor in liver following MX106 or
vehicle treatment.
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EMT by activating the TGFb pathway. However, it is unclear how
survivin affects the TGFb pathway in regulating EMT in ovarian
cancer cells. XIAP, a member of the IAP family, directly interacts
with TGFbR1 through its baculovirus IAP repeat (BIR)
domain (56). It is possible that survivin as another IAP family
member interacts with TGFbR1/2 through its BIR domain, thus
regulating TGFb pathway in ovarian cancer cells.

To define the interaction between survivin and TGFb pathway,
we knocked down TGFbR2 in SKOV3 and OVCAR3 ovarian
cancer cells. Survivin levels were significantly reduced in
TGFbR2-KD cells as compared with control cells, indicating the
interplay between survivin and TGFb pathway in ovarian cancer
cells. It was reported previously that SMAD3/4 promoted survivin
expression through transcriptional regulation (57). Therefore, it is
possible that survivin may interact with SMAD3/4 complex to
form a positive feedback loop, thus regulating TGFb pathway in
ovarian cancer cells. However, further investigation is required to
determine whether the BIR domain of survivin or interactionwith
SMAD3/4 complex is responsible for this interaction in ovarian
cancer cells.

In conclusion, we demonstrated that survivin contributes to
primary ovarian tumor growth and metastasis and chemoresis-
tance by promoting EMT through activation of the TGFb pathway
in ovarian cancer. Survivin is a therapeutic drug target for ovarian
cancer.MX106 as a selective degrader of survivin inhibited survivin
expression but had no effect on other members of IAP family.
Compared with YM155, MX106 overcomes chemoresistance and
suppresses primary ovarian tumor growth and metastasis by inhi-
bitingEMT throughattenuating the TGFbpathway,whichprovides
a new approach for ovarian cancer therapy by targeting survivin.
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