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Introduction

Although ovarian cancer only ranks 7th in prevalence of cancers 
among woman, nearly 60% of patients diagnosed will succumb 
to this disease.1 This is largely due to the lack of effective early 
detection methods which manifests in approximately 70% of 
patients presenting with late stage III or IV disease at the time 
of diagnosis. Because the efforts to enhance screening techniques 
have not yet achieved intended goals, focus has been shifted to 
optimize the treatment strategy to improve clinic outcomes for 
ovarian cancer patients.2 However, despite advances in surgi-
cal debulking, radiation and chemotherapy over the past few 
decades, ovarian cancer prognosis still remains dismal. The cur-
rent first line therapy for ovarian cancer is a combination of plati-
num based therapies (cisplatin or carboplatin) and paclitaxel, 
which is effective in patients with advanced ovarian cancer and 
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approximately 80% of patients achieve a complete initial clini-
cal response.3 However, the majority of these patients eventually 
develop drug resistance and relapse.

The sensitivity of a cancer cell to a chemotherapeutic agent is 
dependent on its ability to response to the drug-induced apopto-
sis. Mounting evidence suggests that disruption of the balance of 
key pro- and anti-apoptotic proteins is the major reason underly-
ing the intrinsic and acquired chemoresistance.4-8 The regulators 
of apoptosis, including members of the inhibitors of apoptosis 
protein (IAP) family, are dysregulated in ovarian cancer and have 
been shown to contribute to its chemoresistance.4,9-11

Originally discovered in baculovirus, the IAP family con-
sists of a group of eight proteins: XIAP (X-linked IAP), c-IAP1 
(cellular IAP1), c-IAP2, LM-IAP (melanoma IAP)/Livin, ILP2 
(IAPlike protein-2), NAIP (neuronal apoptosis-inhibitory pro-
tein), Bruce/Apollon and survivin. Although their roles are not 
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for the first time the therapeutic efficacy of AT-406 as a single 
agent and in combination with carboplatin against ovarian can-
cer, and suggest that AT-406 has potential as a novel therapy 
for ovarian cancer patients, especially for the patients exhibiting 
resistance to the platinum-based therapies.

Results

XIAP is upregulated in human ovarian cancer. To determine 
the expression of XIAP by human ovarian cancers, we performed 
immunohistochemical analysis of paraffin sections of human 
ovarian cancers and normal ovary. Our results showed that 
human ovarian cancers express higher levels of XIAP comparing 
to their normal ovary counterparts (Fig. 1A and B). To assess 
the expression of endogenous apoptotic proteins by a panel of 
human ovarian cancer cells, we performed western blotting using 

limited to apoptosis, XIAP is the most well-
known IAP member for its tight and potent 
regulation of apoptosis. XIAP inhibits both 
the intrinsic and extrinsic apoptotic path-
ways by directly binding to caspase-3, cas-
pase-7 and caspase-9, key effector caspases 
that drive apoptosis.

Downregulation of XIAP by antisense 
XIAP oligonucleotides increased caspase-3 
activity and sensitized resistant ovarian can-
cer cells to chemotherapy.10,12,13 Furthermore, 
downregulation of XIAP expression inhib-
ited proliferation4 and significantly increased 
the death of ovarian cancer cells in vitro as 
well as reduced tumor viability in vivo and 
prolonged survival of experimental mice.14 
These studies suggest that interference of 
XIAP function primes cancer cells for death 
induced by cytotoxic agents.

Smac/DIABLO (second mitochon-
dria-derived activator of caspase or direct 
IAP binding protein with low pI) is an 
endogenous antagonist of XIAP, cIAP1 
and cIAP2.15,16 Efforts have been made to 
design small-molecule Smac mimetics as 
inhibitors of IAPs and novel cancer thera-
peutics. Previous observations suggested 
that the Smac mimetics may enhance effi-
cacy of chemotherapy in ovarian cancer.17,18 
AT-406 is an orally active Smac mimetic 
that been shown to effectively target XIAP 
and cIAP1/2.19 AT-406 has shown single 
agent activity in multiple cancer types 
including breast cancer.19 Little, however, 
is known about the efficacy of AT-406 in 
ovarian cancer as a single agent or in com-
bination with front-line chemotherapy, such 
as carboplatin, and its mechanism of action.

In the present study, we investigated the 
therapeutic potential and underlying mech-
anism of AT-406 in human ovarian cancer. We demonstrate that 
AT-406 has significant single agent activity in 60% of ovarian 
cancer cell lines tested and inhibits ovarian cancer progression in 
vivo, as well as prolongs survival of experimental mice, suggest-
ing the potential of AT-406 as a novel therapeutic agent against 
ovarian cancer. Moreover, 60% of carboplatin resistant ovarian 
cancer cell lines are sensitive to AT-406, highlighting the poten-
tial benefit of AT-406 as a therapeutic agent for the patients with 
inherent or acquired platinum resistance. In addition, our in vivo 
drug combination studies indicate that AT-406 enhances the car-
boplatin-induced ovarian cancer cell death and increases survival 
of the experimental mice, suggesting that AT-406 sensitizes the 
response of ovarian cancer cells to carboplatin. Mechanistically, 
we demonstrate that ovarian cancer cell apoptosis induced by 
AT-406 is correlated with the AT-406 mediated reduction of 
XIAP protein levels. Taken together, these results demonstrate 

Figure 1. XIAP is upregulated in human ovarian cancer. (A and B) XIAP levels in human ovarian 
cancer and normal ovary were assessed by immunohistochemistry using anti-human XIAP 
antibody (R&D). (C) Endogenous XIAP, cIAP1, Caspase-3, Caspase-8 and Caspase-9 expression in 
a panel of human ovarian cancer cell lines was determined by western blotting with anti-XIAP 
(Santa Cruz), -cIAP1, Caspase-3, -Caspase-8 or -Caspase-9 (Cell Signaling) antibodies. Actin (Neo-
markers) was used as a loading control.
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AT-406. These results indicated that the IC
50

 values of AT-406 in 
these ovarian cancer cells range from 0.05–0.5 μg/ml, indicating 
significant single agent activity in these cells (Fig. S1).

To determine the type of cell death induced by AT-406, we 
treated the panel of ovarian cancer cells with increasing doses of 
AT-406 for 24 h and assessed the level of cleaved-PARP, a directly 
downstream substrate of caspase-3, which has been used routinely 
as an indicator of apoptosis. These results indicate that AT-406 
promotes PARP cleavage in a dose-dependent manner (Fig. 2C), 
suggesting that AT-406 activates the apoptotic pathway.

AT-406 sensitizes the in vitro responses of ovarian cancer 
cells to carboplatin. Carboplatin is the standard first-line che-
motherapy for ovarian cancer. To determine whether AT-406 can 
sensitize the response of ovarian cancer cells to carboplatin, we 
first assessed the single agent activity of carboplatin on our panel 

protein lysates from eight human ovarian cancer cells and probed 
for the levels of XIAP, cIAP1, caspase-3, caspase-8 and caspase-9. 
Our results indicate that these ovarian cancer cells express these 
proteins, albeit at different levels (Fig. 1C).

AT-406 displays single agent activity in ovarian cancer cell 
lines. Smac mimetics have shown single agent activity in breast, 
leukemia, renal and non-small cell lung carcinoma cells in vitro.20 
In order to determine the sensitivity of our panel of ovarian can-
cer cells to AT-406, a newly developed and orally active Smac 
mimetic that targets XIAP and cIAP1/2,19 we treated these cells 
with increasing doses of AT-406 for 48 h. These results revealed 
that 60% of the ovarian cancer cell lines tested were sensitive 
to AT-406 as a single agent as evident by their IC

50
 < 10 μg/ml 

(Fig. 2A and B). To obtain more accurate IC
50

 values, additional 
cell viability assays were performed with additional lower doses of 

Figure 2. AT-406 displays single agent activity in ovarian cancer cell lines. (A) Eight human ovarian cancer cell lines were treated for 48 h with increas-
ing doses of AT-406 as depicted in the graphs. (B) Graphical representation of the cell viability curves for all eight ovarian cancer cell lines distinguish-
ing AT406 sensitive vs. insensitive cell lines. (C) OVCAR-3ip ovarian cancer cell line was treated with increasing doses of AT-406 for 24 h as indicated in 
the figure. Cells were lysed and probed for cleaved-PARP levels by western blotting. Actin was used as a loading control.
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Previous studies have suggested that reduction of XIAP lev-
els sensitizes cancer cells to chemotherapeutic agent such as cis-
platin.21 In order to determine whether AT-406 sensitizes the 
response of ovarian cancer cells to carboplatin, we first performed 
in vitro cell viability assays using the drug combination. Briefly, 
ovarian cancer cell lines were plated in triplicate (2 × 105 cells per 
well) in 96-well plates and treated for 48 h with increasing doses 
of carboplatin in the presence or absence of IC

25
 or IC

50
 doses 

of AT-406. Results from these experiments suggest that AT-406 
sensitizes a cohort of ovarian cancer cells to carboplatin treat-
ment (Fig. 4C).

AT-406 exhibits anti-ovarian cancer efficacy both as a single 
agent and in combination with carboplatin. To determine the in 

of ovarian cancer cells by treating the panel of ovarian cancer cells 
with increasing doses of carboplatin for 48 h and assessed the cell 
death via cell viability assays. We found that 50 percent of the cells 
tested showed responses to carboplatin at a dose range of 100–
250 μM (Fig. 3A and B). Consistent with the previous reports, 
we found that carboplatin induced apoptosis of these ovarian can-
cer cells as judged by the increased levels of cleaved-PARP upon 
the treatment with increased doses of carboplatin (Fig. 3C). Our 
results also showed that 3 out of 5 carboplatin resistance ovarian 
cancer cell lines, notably OVCAR-8, SKOV-3 and OVCAR-3ip, 
are sensitive to AT-406 treatment alone (Fig. 4A and B, blue, green 
and pink curves), suggesting that AT-406 may have potential as 
a single agent for the patients with carboplatin refractory tumors.

Figure 3. A panel of human ovarian cancer cells displays a range of IC50 to carboplatin. (A) Eight human ovarian cancer cell lines were treated for 48 h 
with increasing doses of carboplatin. Each graph represents the viability curve of an ovarian cancer cell line as detailed in the panel. (B) The graphical 
representation of cell viability curves for all eight ovarian cancer cell lines demonstrates the carboplatin-sensitive vs. -insensitive cell lines. (C) OVCAR3 
ovarian cancer cell lines were treated with increasing doses of carboplatin for 24 h as indicated in the panel. The cells were then lysed and probed for 
cleaved-PARP (Cell Signaling) via western blotting.
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Smac mimetics have been shown to induce apoptosis through 
promoting the degradation of IAP family members.22 To inves-
tigate the mechanism of action of AT-406, we examined the lev-
els of XIAP, cIAP1, and cleavage of PARP by western blotting. 
Our results showed that AT-406 induced downregulation of 
XIAP expression in AT-406 sensitive but not resistant cell lines 
(Fig. 6A and B). Consistent with a previous report in reference 
19, however, AT-406 treatment induced a rapid downregulation 
of cIAP1 in both sensitive and insensitive cell lines examined, 
suggesting that reduction of cIAP1 protein levels alone in these 
ovarian cancer cells is not sufficient to induce apoptosis (Fig. S3) 
and that the AT-406 sensitivity in ovarian cancer cell lines is 
associated with AT-406 mediated downregulation of XIAP but 
not cIAP1.

To elucidate whether the reduction of XIAP expression was 
mediated through the proteasome-mediated degradation, we 
treated AT-406-treated cells with MG132, a proteasome inhibi-
tor and assessed the XIAP levels in these cells. Our results dem-
onstrated that the reduction of XIAP protein is inhibited in the 
AT-406 sensitive cells concomitantly treated with AT-406 and 
MG132, indicating that the downregulation of XIAP is indeed 
mediated by proteasome (Fig. 6C).

vivo anti-ovarian cancer efficacy of AT-406 as a single agent and 
when used in combination with carboplatin, we treated Rag-1 
mice bearing intraperitoneally implanted OVCAR-3ip cells 
(Fig. S2) with different agents and the combination as detailed in 
the Materials and Methods section. Our results showed that both 
carboplatin and AT-406 as single agents significantly inhibited 
the progression of ovarian cancer and prolonged survival of the 
experimental mice (Fig. 5). In addition, AT-406 sensitized the 
anti-ovarian cancer activity of carboplatin and further extended 
the mouse survival (Fig. 5).

AT-406 induced degradation of XIAP in the drug sensitive 
ovarian cancer cell lines. To better our understanding of the 
mechanism underlying the anti-ovarian cancer activity of AT-406 
and the mechanism mediating the differential responses of ovar-
ian cancer cells to AT-406, we first assessed the ability of AT-406 
to induce the PARP cleavage, an indicator of apoptosis, in differ-
ent ovarian cancer cell lines. We found that the AT-406 insensitive 
cell lines, OVCAR-3 and IGROV1, displayed no PARP cleav-
age when they were treated with 30 μg/ml of AT-406 for 48 h, 
whereas the AT-406 sensitive cell lines, OVCAR-3ip and SKOV-3, 
responded with significant PARP cleavage at 6 and 12 h, respec-
tively, post treatment with 3 µg/ml of AT-406 (Fig. 6A and B).

Figure 4. AT-406 sensitizes the in vitro responses of ovarian cancer cells to carboplatin. (A and B) Graphical representation of ovarian cancer cells 
treated with carboplatin and AT-406 as single agents, highlighting that the carboplatin resistant cell lines are concurrently sensitive to AT-406 treat-
ment (blue, green and pink curves). (C) The Cell viability curves of ovarian cancer cells treated with increasing doses of carboplatin in the presence or 
absence of the IC25 or IC50 of AT-406. *Denotes ovarian cancer cell lines in which AT-406 sensitizes the carboplatin induced cell death.
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between AT-406 sensitive and resistant ovarian cancer cells at a 
molecular level. AT-406 markedly downregulated XIAP protein 
levels in the AT-406 sensitive but not resistant ovarian cancer 
cells whereas AT-406 induces rapid cIAP1 degradation in both 
sensitive and resistant cells, suggesting that reduction of XIAP 
mediates anti-ovarian cancer efficacy of AT-406.

Our data provides clear evidence for the single agent activity 
of AT-406 in ovarian cancer as well as the efficacy of AT-406 to 
sensitize the response of ovarian cancers to carboplatin, there-
fore increasing therapeutic efficacy of this front-line agent. 
Collectively, these studies suggest that AT-406 is an effective 
novel agent for a broad range of ovarian cancers.

Discussion

Resistance to current chemotherapies is the major 
obstacle for successful ovarian cancer treatment. 
Several recent studies have shown that dysregulation 
of the balance of pro- and anti-apoptotic proteins can 
lead to resistance to chemotherapeutic agents. XIAP, 
a potent inhibitor of cell death and a member of the 
IAP family, has been shown to be upregulated in che-
moresistant ovarian cancer cells.10,23 Furthermore, 
downregulation of XIAP can induce apoptosis in ovar-
ian cancer cells, as well as reverse chemoresistance.4,14 
These studies suggested therapeutic potential of Smac 
mimetics for ovarian cancer patients through concur-
rently targeting of multiple IAP proteins. In our pres-
ent study, we establish for the first time the therapeutic 
efficacy of a novel Smac mimetic, AT-406, for ovarian 
cancer. We demonstrate that AT-406 displays signifi-
cant single agent activity in 60% of ovarian cancer cell 
lines examined (Fig. 3). Furthermore, induction of 
cell death in the AT-406 sensitive cell lines required 
less than 1 μg of AT-406 (Fig. S1) and is associated 
with downregulation of XIAP but not cIAP1. This 
finding emphasizes the addiction of these cell lines to 
XIAP and is consistent with a previous study in which 
antisense oligonucleotide against XIAP alone was suf-
ficient to induced apoptosis of ovarian cancer cell lines 
in vitro.14 Furthermore, our studies demonstrated that 
three out of five carboplatin resistant human ovarian 
cancer cell lines are concurrently sensitive to AT-406 
treatment. Since 20–30% of ovarian cancers exhibit 
inherent resistance to platinum therapy,3 this result 
suggests that AT-406 has potential to be used as a 
novel frontline agent for this group of platinum resis-
tant patients.

Despite high rates of the platinum resistance in 
ovarian cancer patients, the initial responses to plati-
num-based drugs, such as carboplatin, are substantial. 
Over 80% of ovarian cancer patients treated with car-
boplatin display significant responses.3 Therefore, we 
were interested in determining whether AT-406 can 
sensitize ovarian cancer cells to carboplatin. Our in 
vitro studies indicate that AT-406 indeed enhances 
ovarian cancer cell death induced by carboplatin 
(Fig.  4). The fact that AT-406 is capable of sensitizing carbo-
platin responses in a number of carboplatin resistant cell lines 
suggests that XIAP contributes to the platinum resistance in 
these cell lines. In addition to our findings in vitro, our in vivo 
experiments utilizing the orthotopic ovarian cancer model dem-
onstrated that AT-406 displayed significant single agent activity 
as evident by prolonged mouse survival as compared with the 
control group. Additionally, AT-406 in combination with car-
boplatin further prolonged mouse survival compared with the 
single agents, suggesting a potential utility of AT-406 in the 
ovarian cancer patients who have become refractory to platinum-
based therapies (Fig. 5). Lastly, our study reveals the difference 

Figure 5. AT-406 displayed anti-ovarian cancer efficacy as a single agent and when 
used in combination with carboplatin and prolonged survival of experimental 
mice. (A) Schematic representation of in vivo treatment schedule. Briefly, 5 × 106 
OVCAR3ip cells were injected i.p. into a cohort of immunocompromised B6.129S7-
Rag1tmMom mice. The tumors were allowed to grow for a week and these mice were 
then randomly divided into the following treatment groups: Control (n = 9), Car-
boplatin (n = 7), AT-406 (n = 5) and Combination (n = 7). These groups were treated 
as depicted in the schematic and the followings: Control treatment, the vehicle 
(200 μl) by oral gavage everyday for 10 d, followed by a 3 d break and 6 subsequent 
treatments for a total of 16 treatments; AT-406 treatment, AT-406 at 100 mg/kg 
by oral gavage as described for the vehicle treatment; carboplatin treatment, 
40 mg/kg intraperitoneal injection of carboplatin twice weekly for two cycles; and 
the combination treatment, treating with AT-406 and carboplatin simultaneously 
adhering to the protocol described above for individual agents. Survival analysis 
was performed and mice were sacrificed when they appeared moribund or dis-
played signs of distress. (B) Kaplan-Meier survival curves that compare the control 
vehicle-treated (n = 9), carboplatin-treated (n = 7), AT-406-treated (n = 5) or AT-406 
plus carboplatin-treated (n = 7) mice. Group 1 = control, group 2 = carboplatin, 
group 3 = AT-406, group 4 = AT-406 plus carboplatin. **p > 0.005.
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described previously in reference 24. 
Actin was used as a loading control.

The effects of AT-406 on XIAP 
levels and PARP cleavage. SKOV-3, 
OVCAR-3, IGROV1 and OVCAR-
3ip cells were cultured until subcon-
fluence in 6-well plates. The cells were 
treated with fresh media containing 
3 or 30 μg/ml of AT-406 as detailed 
in the figure legends. The cells were 
then lysed at various time points over 
a 48 h period and equal amounts of 
extracted proteins were analyzed by 
western blotting with anti-XIAP or 
anti-cleaved PARP antibodies.

The effect of MG132 on the 
AT-406 induced downregulation of 
XIAP. OVCAR-3 and OVCAR-3ip 
cells were cultured until subconflu-
ence in 6-well plates. The cells were 
then treated with a vehicle (DMSO) 
or AT-406 (3 or 30 μg/ml). After 4 h, 
MG132 (10 μM/ml) was applied to 
these cells. After an additional 4 h, the 
cells were lysed and equal amounts of 
extracted proteins were analyzed by 
western blotting with anti-XIAP and 
anti-cleaved PARP and antibodies.

Cell viability assays. Cell viability 
assays were performed using the Cell 
Titer-Glo Luminescent Cell Viability 
Assay kit (Promega) as described previ-
ously in reference 25. Briefly, ovarian 
cancer cell lines were plated in tripli-
cate (2 × 105 cells per well) in 96-well 

plates and treated for 48 h with different doses of AT-406 and/
or carboplatin as detailed in the figure legends. The cell viabil-
ity was measured by the Modulus Microplate Multimode Reader 
(Turner Biosystems).

In vivo efficacy studies of AT-406. AT-406 was dissolved in 
DMSO as a stock solution at 200 mg/ml. The stock solution was 
diluted in the vehicle solution, which consists of 10 mg/ml hypro-
mellose (Sigma) and 1 μl of Tween 80 in PBS, to achieve the 
final concentration of 10 mg/ml. 5 × 106 OVCAR-3ip cells were 
injected intraperitoneally (i.p.) into each immunocompromised 
B6.129S7-Rag1tmMom mouse (Jackson Lab). Seven days after 
tumor implantation, the tumor bearing mice were randomly 
divided into the following treatment groups: control (n = 9), car-
boplatin (n = 7), AT-406 (n = 5) and combination of AT-406 and 
carboplatin (n = 7). These groups of mice were treated as follows: 
each control mouse received 0.2 ml of vehicle solution alone by 
oral gavage every day for 10 d, followed by a 3 d break and 6 
subsequent oral gavage treatments for a total of 16 treatments. 
AT-406 treatment mice received AT-406 (100 mg/kg) by oral 
gavage as described for the control treatment mice and the carbo-
platin treatment mice received carboplatin (40 mg/kg) through 

Materials and Methods

Patient ovarian samples, cells and reagents. Ovarian cancer 
and normal ovarian tissues were obtained from the Cooperative 
Human Tissue Network (CHTN) at University of Pennsylvania 
and the Ohio State University. Human ovarian surface epi-
thelial (HOSE) cells were from ScienCell Res Lab. OVCAR-
3, OVCAR-4, OVCAR-5, OVCAR-8, IGROV1 and SKOV-3 
cells were from the NCI (DTP, DCTD Tumor Repository). 
OVCAR-3ip cells were derived from the in vivo selection of 
parental OVCAR-3 cells that were capable of forming ascites 
tumors in immuno-compromised mice. These cells were main-
tained according to the providers’ and manufacturers’ instruc-
tions. Anti-XIAP (Santa Cruz), -cleaved PARP (Cell Signaling) 
and -Actin (Neomarkers) antibodies, as well as Cell Titer-Glo 
Luminescent Cell Viability Assay kit (Promega) were used in 
the experiments.

Immunoblotting. Cells were extracted with 4x SDS Laemmli 
sample buffer without the dye. Protein concentrations of all sam-
ples were determined using Bio-Rad Dc Protein Assay Reagents. 
Equal amounts of proteins were analyzed by western blotting as 

Figure 6. AT-406 reduces XIAP protein levels and induces PARP cleavage in the AT-406 sensitive 
but not AT-406 resistant ovarian cancer cell lines. (A and B) Ovarian cancer cells, OVCAR-3, IGROV1, 
OVCAR-3ip and SKOV-3, were treated with indicated amounts of AT-406 for 48 h. Cells were harvested 
at varying time points as indicated in the panels and probed for cleaved-PARP and XIAP. Actin was 
used as a loading control. (C) OVCAR3 and OVCAR-3ip ovarian cancer cell lines were treated with or 
without AT-406 (3 or 30 μg/ml, respectively) for 4 h. Cells treated with AT-406 were then treated with 
a vehicle (DMSO) or MG132 (10 μM/ml) for an additional 4 h before the cells were lysed and extracted 
for western blotting with anti-XIAP and cleaved-PARP antibodies.
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intraperitoneal injection twice weekly for two cycles. The com-
bination group received AT-406 and carboplatin treatments 
simultaneously adhering to the protocols described above for 
the individual treatment groups. Following an approved IACUC 
protocol, mouse survival analysis was performed and mice were 
sacrificed when they appeared moribund or displayed signs of 
distress, at which time, the mice were considered as dead. At the 
conclusion of the experiment, mouse tumors and vital organs 
were removed, fixed and sectioned for further analyses.

Histology and immunohistochemistry (IHC). Histology 
was performed as described previously in references 26 and 27. 
Paraffin sections derived from ovarian cancer patients and nor-
mal ovaries were stained with H&E (hematoxylin and eosin) or 
reacted with anti-XIAP antibody (R&D).

Statistics. Other than survival experiments, one-tailed 
Student’s t-tests were used to analyze statistical differences 
between the control and experimental groups. For mouse sur-
vival experiments, LogRank statistical analysis (SigmaPlot) was 
used to calculate the statistical differences between control and 
experimental groups. Differences were considered statistically 
significant at p < 0.05.
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