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ABSTRACT
Dysregulation of inhibitor of apoptosis (IAP) proteins (IAPs) in hepatocellular
carcinoma (HCC) is often associated with poor prognosis. Here we showed that
AT406, an IAP antagonist, was cytotoxic and pro-apoptotic to both established
(HepG2, SMMC-7721 lines) and primary HCC cells. Activation of mTOR could be a key
resistance factor of AT406 in HCC cells. mTOR inhibition (by OSI-027), kinase-dead
mutation or knockdown remarkably enhanced AT406-induced lethality in HCC cells.
Reversely, forced-activation of mTOR by adding SC79 or exogenous expressing a
constitutively active S6K1 (T389E) attenuated AT406-induced cytotoxicity against
HCC cells. We showed that AT406 induced degradation of IAPs (cIAP-1 and XIAP), but
didn’t affect another anti-apoptosis protein Mcl-1. Co-treatment of OSI-027 caused
simultaneous Mcl-1 downregulation to overcome AT406’s resistance. Significantly,
shRNA knockdown of Mcl-1 remarkably facilitated AT406-induced apoptosis in HCC
cells. In vivo, AT406 oral administration suppressed HepG2 tumor growth in nude
mice. Its activity was potentiated with co-administration of OSI-027. We conclude
that mTOR could be a key resistance factor of AT406 in HCC cells.

INTRODUCTION

genes in HCCs [7], which are often associated with
patients’ poor prognosis [5, 7]. Therefore, IAPs represent
attractive therapeutic targets for HCC [8].
Recently, a novel and orally bio-available small
molecular IAP antagonist, AT406, was developed [9].
AT406 binds directly to several key IAPs to block their
activities [9]. Preclinical cancer studies have shown that
AT406 could provoke cancer cell apoptosis by blocking
IAPs, activating caspases, and inhibiting NFκB signalings
[10, 11]. It is being tested in Phase I clinical trial of its
safety, pharmacokinetics, and pharmacodynamics in
human [12].
Another aim of this study is to identify possible
AT406’s key resistance factors. mTOR (mammalian target
of rapamycin) signaling is often dysregulated and hyperactivated in HCC [13], which plays pivotal roles in cancer
initiation, progression and chemo-resistance [14, 15].
mTOR lies in two multiple protein complexes: the mTOR
complex 1 (mTORC1, rapamycin-sensitive) and mTOR
complex 2 (mTORC2) [14, 15]. Both are important for

Hepatocellular carcinoma (HCC) is one of the
leading cause of cancer-related mortalities in the World
[1, 2]. Only few early-stage and locally-defined HCCs
could be possibly cured via surgery resection [1, 2]. The
prognosis of HCC patients with recurrent and/or metastatic
tumors is extremely poor [1, 2]. Molecularly-targeted
therapy has become the research focus of the HCC therapy
[1, 2]. Groups all over the world are exploring novel and
more efficient anti-HCC agents [1, 2].
Apoptosis evasion is a major characteristic of
cancer cells [3]. Inhibitor of apoptosis (IAP) proteins
(IAPs), including the X-linked IAP (XIAP) and cellular
IAP-1 and 2 (cIAP-1/2), participate in cancer cell
progression [4]. XIAP directly inhibits several caspases,
including caspase-3 and -7, and -9 [4, 5]. cIAP-1/2 are
capable of disrupting the pro-apoptotic protein signalling
assemble [4–6]. Existing studies have reported mutations,
amplifications and chromosomal translocations of IAP
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cancer cell survival and apoptosis-resistance [14, 15]. Here
we show that mTOR could be a key resistance factor of
AT406. mTOR inhibition, on the other hand, dramatically
sensitizes HCC cells to the IAP antagonist.

activity in HepG2 cells, which was further augmented
with co-treatment of OSI-027. Meanwhile, AT406
provoked apoptosis activation in HepG2 cells, which
was evidenced by the ssDNA ELISA OD (Figure 2B)
and TUNEL percentage increase (Figure 2C). AT406induced apoptosis was further augmented with OSI-027
co-treatment in HepG2 cells. Further studies showed
that the caspase-3 specific inhibitor z-DEVD-fmk or the
general caspase inhibitor z-VAD-fmk largely attenuated
combination-induced apoptosis activation (Figure 2D)
and viability reduction (Figure 2E) in HepG2 cells. These
results suggested that OSI-027 facilitated AT406-induced
caspase-dependent apoptosis to promote HepG2 cell
death. Notably, in SMMC-7721 (Figure 2F) and primary
human HCC cells (Line-1/-2, Figure 2G and 2H), OSI-027
similarly potentiated AT406-induced apoptosis activation.

RESULTS
The mTOR kinase inhibitor OSI-027 potentiates
AT406’s cytotoxicity in HCC cells
Figure 1A demonstrates the molecular structure
of AT406, which has also been shown in other studies
[10, 11, 16]. HepG2 cells were treated with applied
concentrations of AT406, and MTT assay results in
Figure 1B demonstrated that AT406 inhibited HepG2 cell
survival in a dose-dependent manner. Meanwhile, the
number of viable HepG2 colonies was decreased by AT406
(1 and 10 μM) (Figure 1C). The AT406-induced cytotoxicity
against HepG2 cells was, however, relatively moderate
(Figure 1B and 1C). The IC-50 was 22.31 ± 1.57 μM
(Figure 1B and 1C). Intriguingly, co-treatment with OSI027, a mTOR kinase inhibitor [17], dramatically potentiated
AT406’s cytotoxicity, resulting in substantial HepG2 cell
death (MTT viability reduction, Figure 1B and 1C).
AT406’s IC-50 decreased to 0.25 ± 0.03 μM in the presence
of OSI-027 (Figure 1B). OSI-027 by itself only exerted
minor cytotoxicity to HepG2 cells, with the IC-50 over
100 μM (Figure 1B and 1C, and Supplementary Figure 1).
Notably, CalcuSyn software was applied to calculate
Combination Index (CI) using the Chou-Talalay method
[18]. The CI values for dose-response data in Figure 1B–1C
were all less than 1, indicating synergism between OSI-027
and AT406 in inhibiting HepG2 cells.
In SMMC-7721 HCC cells, OSI-027 (100 nM) again
dramatically facilitated AT406-induced viability reduction
(Figure 1D). AT406’s IC-50 in SMMC-7721 cells was
42.53 ± 3.41 μM, yet went down to 0.20 ± 0.04 μM when
combined with OSI-027 (Figure 1D). The CI value was
also < 1, indicating significant synergism between the two.
We also tested the activity of AT406, or plus OSI-027, in
the primary cancer cells. MTT assay results showed that
AT406 (10 μM) and OSI-027 (100 nM) co-treatment
induced dramatic viability reduction in primary human
HCC cells (Line-1/-2, Figure 1E and 1F). The combination
was significantly more potent than each single agent in
provoking HCC cell death (Figure 1E–1F). These results
demonstrate that AT406 is cytotoxic to HCC cells, and its
activity could be further potentiated with co-treatment of
the mTOR kinase inhibitor OSI-027.

mTOR knockdown or mutation potentiates
AT406’s cytotoxicity in HCC cells
The above results demonstrate that mTOR inhibition
by OSI-027 potentiates AT406-induced cytotoxicity
in HCC cells. To exclude the possible off-target effect
of OSI-027, genetic strategies were then used. First,
targeted shRNAs were applied to knockdown mTOR in
HepG2 cells (See methods). Western blot assay results
in Figure 3A demonstrated that the two non-overlapping
mTOR shRNAs (“-a/-b”) (from Dr. Liu’s group [19])
dramatically downregulated mTOR in HepG2 cells.
pS6K1, the indicator of mTOR activation, was almost
blocked in the mTOR-silenced cells (Figure 3A).
Consequently, AT406-induced cytotoxicity (Figure 3B)
and apoptosis (Figure 3C) were potentiated in mTORsilenced HepG2 cells.
Further, a kinase-dead (“kd”) mutation (Asp-2338Ala) of mTOR (from Dr. Liu’s group [19]) was introduced
into HepG2 cells, and two stable HepG2 cell lines (“-1/-2”)
with the mutated mTOR were established (Figure 3D).
Expectably, kd-mutation of mTOR almost blocked pS6K1
in the stable cells (Figure 3D). Importantly, HepG2 cells
with mTOR kd-mutation were hyper-sensitive to AT406
(more cell death and apoptosis, Figure 3E and 3F). In
the primary HCC cells, targeted-siRNA were utilized to
transiently knockdown mTOR. As shown in Figure 3G,
mTOR expression and S6K1 phosphorylation were
decreased in primary HCC cells with the mTOR siRNA.
AT406-induced cytotoxicity (Figure 3H) and apoptosis
(Figure 3I) were again potentiated with mTOR knockdown
in the primary cancer cells. Collectively, we show that
mTOR knockdown or mutation potentiates AT406’s
cytotoxicity in HCC cells.

OSI-027 potentiates AT406-induced HCC cell
apoptosis

Force mTOR activation decreases AT406’s
sensitivity in HCC cells

The potential effect of AT406 on HCC cancer cell
apoptosis was then tested. Results in Figure 2A showed
that AT406 dose-dependently increased caspase-3
www.impactjournals.com/oncotarget
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AT406 in HCC cells. mTOR over-activation may then
decrease AT406’s sensitivity. SC79, an Akt specific
inhibitor [20], was utilized. Western blotting assay results
in Figure 4A showed that SC79 enhanced phosphorylation
of Akt (the mTORC2 activation indicator) and S6K1 (the
mTORC1 activation indicator) in AT406-treated HepG2
cells. As a result, AT406-induced viability reduction
(Figure 4B) and apoptosis (Figure 4C) were attenuated.
We next introduced a constitutively-active S6K1 (T389E,
ca-S6K1-flag-puro) [21] to HepG2 cells, and stable cells
were established (Figure 4D). Expectably, S6K1 was
over-activated in the stable cells, suggesting mTOR hyperactivation (Figure 4D). Consequently, AT406-indued
cytotoxicity (Figure 4E) and apoptosis (Figure 4F) were
largely attenuated in ca-S6K1-expressing HepG2 cells.
Therefore, mTOR forced-activation decreased AT406’s
sensitivity in HCC cells.

treatment HepG2 cells with AT406 induced degradation
of IAPs (cIAP-1 and XIAP) but didn’t affect Mcl-1
expression (Figure 5A). Intriguingly, co-treatment with
OSI-027 simantanuously induced Mcl-1 degradation
(Figure 5A). To test the function of Mcl-1 in AT406’s
activity, we utilized siRNAs to knockdown Mcl-1 (See
[22]). As demonstrated, the two non-overlapping siRNAs
potently downregulated Mcl-1 in HepG2 cells (Figure 5B,
upper panel). Remarkably, AT406-induced cytotoxicity
(Figure 5B, lower panel) and apoptosis (Figure 5C) were
dramatically augmented in Mcl-1-silenced cells. Based on
these results, we proposed that although AT406 sequestered
IAPs, it didn’t not affect Mcl-1. Co-treatment with OSI-027
induced Mcl-1 degradation, which then overcame AT406’s
resistance. Indeed, only HepG2 cells treated with AT406 and
OSI-027 showed a profound PARP cleavage (Figure 5A),
indicating apoptosis activation (also see Figure 2). OSI027 alone had no effect on IAP protein expression, yet it
downregulated Mcl-1 in HepG2 cells (Figure 5A).

OSI-027 downregulates Mcl-1 to overcome
AT406’s resistance

The in vivo anti-tumor activity by AT406 or plus
OSI-027

We next tested the possible mechanism of OSI027-induced AT406 sensitization. A very recent study by
Shen et al., [22] showed that Akt-mTOR inhibition by
perifosine downregulated Mcl-1 (another anti-apoptosis
protein [23, 24]), which then sensitized Bcl-2 antagonist
ABT-737-induced HCC cytotoxicity. Here we showed that

At last, the in vivo anti-tumor activity of AT406, or
plus OSI-027, was tested. HepG2 cells were inoculated into
the nude mice. Within 2–3 weeks, the xenografted tumors
were established. Mice were then treated with AT406 and/or

Figure 1: OSI-027 potentiates AT406’s cytotoxicity in HCC cells. Established HCC cell lines (HepG2 and SMMC-7721) or the

primary human HCC cells (two lines, “HCC-1/-2”) were treated with AT406 (see molecular structure in (A) at applied concentrations) or
plus OSI-027 (“OSI”, 100 nM), cells were further cultured and subjected to MTT assay (B, D–F) or clonogenic assay (C, for HepG2 cells)
to evaluate cell survival. Data were means of three independent experiments ± SD (Same for all figures). IC-50 was calculated by the
GraphPad Prism software using a sigmoidal dose-response curve model. CalcuSyn software was utilized to calculate Combination Index
(CI). “Ctrl” indicated untreated control group (Same for all figures). *indicated statistically significant differences as compared to “Ctrl”
group. #indicated statistically significant differences as compared to “AT406” only group.
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OSI-027. Results in Figure 6A showed that oral gavage of
AT406 (50 mg/kg body weight, once every 2 days) inhibited
growth of HepG2 tumors in nude mice. The tumor volumes
in AT406-treated mice were lower than that of vehicle

(“Saline”) control mice (Figure 6A). The estimated daily
tumor growth (mm3 per day) was also decreased following
AT406 administration (Figure 6B). Significantly, coadministration of OSI-027 dramatically enhanced AT406’s

Figure 2: OSI-027 potentiates AT406-induced HCC cell apoptosis. HCC cell lines (HepG2 and SMMC-7721) or the primary

human HCC cells (“HCC-1/-2”) were treated with AT406 (at applied concentrations) or plus OSI-027 (“OSI”, 100 nM), cells were further
cultured for indicated periods of time, the caspase-3 activity (A, for HepG2 cells) was tested; Cell apoptosis was tested by the ssDNA
ELISA assay (B, F–H) or the TUNEL staining assay (C, for HepG2 cells). HepG2 cells were pretreated with the caspase-3 specific
inhibitor z-DEVD-fmk (50 μM) or the general caspase inhibitor z-VAD-fmk (50 μM) for 1 hour, followed by AT406 (10 μM) plus OSI-027
(100 nM) combination treatment (“Both”), cells were further cultured and subjected to ssDNA ELISA assay of apoptosis (D) and MTT
assay of cell viability (E). “Veh” stands for 0.2% of DMSO (D and E). *indicated statistically significant differences as compared to “Ctrl”
group. #indicated statistically significant differences as compared to “AT406” only group (A–C, F–H). ##indicated statistically significant
differences as compared to “Both” group (D and E).
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activity in vivo, leading to profound HepG2 tumor growth
inhibition (Figure 6A and 6B). OSI-027 alone only induced
minor inhibition of HepG2 tumors (Figure 6A and 6B).
Results in Figure 6C showed that mice body weight, the
indicator of general health, was not significantly different
between each group. Further, no apparent toxicities

were noticed in the mice with AT406 and/or OSI-027
administration. These results suggested that these nude
mice were well-tolerated with the tested regimens here.
Western blot assay results in Figure 6D showed that only
tumor tissues with the co-administration showed IAPs
(cIAP-1/XIAP) degradation, Mcl-1 downregulation as

Figure 3: mTOR knockdown or mutation potentiates AT406’s cytotoxicity in HCC cells. The stable HepG2 cells, expressing

mTOR shRNAs (“-a/-b”) or scramble non-sense control shRNA (“NS-shRNA”) (A–C), as well as kinase-dead (Asp-2338-Ala) mTOR
(“kd-mTOR”, two lines, “-1/-2”) or the empty vector (pSuper-puro) (D–F), were stimulated with AT406 (10 μM) for indicated periods of
time, expressions of listed proteins were shown (A and D); Cell viability (MTT assay, B and E) and cell apoptosis (ssDNA ELISA assay, C
and F) were also tested. The primary HCC cells (“HCC-1”) transfected with scramble non-sense control siRNA (“NS-siRNA”) or mTOR
siRNA (200 nM each, 24 hours) were stimulated with AT406 (10 μM) for indicated periods of time, expressions of listed proteins were shown
(G); Cell viability (H) and cell apoptosis (I) were also tested. *indicated statistically significant differences as compared to “Ctrl” group.
##
indicated statistically significant differences as compared to “NS-shRNA” (B and C)/“Vector” (E and F) /“NS-siRNA” group (H and I).
www.impactjournals.com/oncotarget
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well as S6K1 blockage and profound caspase-3 cleavage/
activation (the indicator of cell apoptosis). Either single
treatment only exerted partial or moderate activity to these
signaling proteins (Figure 6D).

AT406-induced anti-HCC activity, and blockage of mTOR
then sensitizes HCC cells to AT406.
Mcl-1 is a well-established anti-apoptotic Bcl-2
family protein [25, 26]. Like other Bcl-2 family members,
Mcl-1 localizes to the mitochondria, where it interacts
with and inhibits pro-apoptotic Bcl-2 family proteins
[25, 26]. Therefore, its main function is to inhibit apoptosis
activation by a number of stimuli [25, 26]. Intriguingly,
unlike other Bcl-2 family members, Mcl-1 could be
rapidly transcribed via PI3K-Akt-mTOR pathway [25, 26].
In the current study, we showed that OSI-027, the
mTOR kinase inhibitor, induced Mcl-1 downregulation,
which then sensitized AT406’s cytotoxicity in HCC cells.
Meanwhile, shRNA knockdown or kinase-dead mutation
of mTOR also induced Mcl-1 downregulation (Data not
shown) and AT406 sensitization (Figure 3) in HepG2
cells. Thus, mTOR is important for Mcl-1 expression
and AT406 resistance in HCC cells. Our results are
consistent with recent findings showing mTOR regulation

DISCUSSION
The results of the current preclinical study suggest
that mTOR could be a primary resistance factor of AT406
in HCC cells. mTOR inhibition (by OSI-027), kinase-dead
mutation or knockdown (by siRNA or shRNA) remarkably
potentiated AT406-induced cytotoxicity and apoptosis
in HCC cells. On the other hand, forced activation of
mTOR by SC79 or via ca-S6K1 expression attenuated the
AT406’s cytotoxicity in HCC cells. Importantly, AT406
oral administration only moderated suppressed HepG2
tumor growth in nude mice, and its activity in vivo was
significantly sensitized by co-administration of OSI-027.
Therefore, we propose that mTOR possibly antagonizes

Figure 4: Force mTOR activation decreases AT406’s sensitivity in HCC cells. HepG2 cells were treated with AT406 (10 μM)

and/or SC79 (10 μM) for indicated periods of time, expressions of listed proteins were tested by Western blotting assay (A); Cell viability
(MTT assay, (B) and cell apoptosis (ssDNA ELISA assay, (C) were also tested. The stable HepG2 cells, expressing a constitutively-active
S6K1 (T389E, “ca-S6K1-flag-puro”) or the empty vector, were stimulated with AT406 (10 μM) for indicated periods of time, expressions of
listed proteins were shown (D); Cell viability (E) and cell apoptosis (F) were also tested. “C” stands for non-infected control cells (E and F).
*indicated statistically significant differences as compared to “Ctrl” group. ##indicated statistically significant differences as compared to
AT406 (10 μM) only group (B and C). ##indicated statistically significant differences as compared to Vector group (E and F).
www.impactjournals.com/oncotarget
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Figure 5: OSI-027 downregulates Mcl-1 to overcome AT406’s resistance. HepG2 cells were treated with AT406 (10 μM) or

plus OSI-027 (“OSI”, 100 nM), cells were further cultured for indicated periods of time, expression of listed proteins was tested by Western
blotting assay (A). HepG2 cells transfected with scramble non-sense control siRNA (“NS-siRNA”) or Mcl-1 siRNA (“-1/-2”, 200 nM each,
24 hours) were stimulated with AT406 (10 μM) for indicated periods of time, Mcl-1 expression (B, upper panel); Cell viability (B, lower
panel) and cell apoptosis (C) were tested. *indicated statistically significant differences as compared to “Ctrl” group. ##indicated statistically
significant differences as compared to “NS-siRNA” group.

Figure 6: The in vivo anti-tumor activity by AT406 or plus OSI-027. Female nude mice bearing HepG2 tumors were treated

with AT406 (50 mg/kg body weight, oral gavage, once every two days) and/or OSI-027 (10 mg/kg body weight, oral gavage, once every
two days) for a total of 16 days (n = 10 per group), tumor volumes (in mm3, A) and mice body weights (in grams, C) were recorded every
4 days for a total of 24 days. Estimated daily tumor growth (in mm3 per day, B) was also presented. Two days after initial treatment, HepG2
tumors were isolated (one tumor per group), expressions of listed proteins in tumor tissues were tested by Western blotting assay (D).
Relative expressions of cIAP-1, XIAP, Cle-Caspase-3, and Mcl-1 were quantified (vs. Erk1/2, D). S6K1 phosphorylation (vs. regular S6K1)
was also quantified (D).*indicated statistically significant differences as compared to “Vehicle” group. #indicated statistically significant
differences as compared to “AT406” only group. ##indicated statistically significant differences as compared to “OSI-027” only group.
www.impactjournals.com/oncotarget
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of Mcl-1 [27, 28]. For instance, Mills et al., showed that
mTORC1 dictates Mcl-1’s translation [28]. Further, Koo
et al., demonstrated that mTORC2, the other mTOR
complex, is important for Mcl-1 stabilization [27]. The
detailed underlying mechanisms of mTOR regulation
of Mcl-1 expression in HCC cells may warrant further
investigations.
Molecularly-targeted therapy has drawn broad
attentions for better HCC treatment [1, 29]. Here we
showed that combination AT406 with OSI-027 induced
profound HCC cell death and apoptosis. The combined
activity was superior than each single agent. In vivo, the
two co-administration remarkably suppressed HepG2
tumor growth in nude mice. These preclinical results
suggest that AT406 plus OSI-027 (or possible other
mTOR kinase inhibitors [30]) could be further evaluated
as potential anti-HCC agents.

The OD value of treated group was always normalized as
percentage of untreated control group.

Clonogenic assay
HepG2 cells were seeded at a density of 4000 cells/
well. After overnight attachment, cells were treated with
applied agents. Colony formation was determined after
10 days, and the number of remaining survival colonies
was manually counted.

ssDNA ELISA assay of apoptosis
Single strand DNA (ssDNA) in apoptotic cells was
tested via a nucleosomal monoclonal antibody in an ELISA
format. Briefly, cells (1 × 104/well) were seeded onto
96-well plates. After treatment of cells, ssDNA content
was analyzed by the ssDNA ELISA kit from Chemicon
International (Temecula, CA). The ELISA OD value was
recorded as a quantitative measurement of cell apoptosis.

MATERIALS AND METHODS
Chemicals and reagents

Caspase-3 activity assay

OSI-027 and AT406 were provide by Selleck Co.
(Shanghai, China). Caspase inhibitors including z-VADfmk and z-DEVD-fmk were purchased from Sigma
(Shanghai, China). All kinase antibodies were purchased
from Cell Signaling Tech (Denver MA). The other
antibodies utilized in this study were obtained from Santa
Cruz Biotech (Santa Cruz, CA).

Following applied AT406 and/or OSI-027 treatment,
caspase-Glo reagent (100 µL/well) was added. Caspase-3
activity was determined via the caspase-3 Glo kit (Promega,
Shanghai, China). Caspase-3 activity in the treatment group was
normalized to the fold change of the untreated control group.

TUNEL staining assay of apoptosis

Culture of human HCC cell lines

Following the applied treatment, TUNEL (Terminal
deoxynucleotidyl transferase dUTP nick end labeling)
In Situ Cell Death Detection Kit (Roche, Shanghai, China)
was utilized to evaluate cell apoptosis. Cell apoptosis
ratio was calculated by the TUNEL percentage (TUNEL/
DAPI × 100%).

Established human HCC cell lines, including HepG2
and SMMC-7721, were cultured in RMPI-1640 medium
plus 10% heat-inactive FBS with necessary antibiotics [31].

Culture of primary human HCC cells

Western blotting assay

Two surgery removed early-stage HCC tumors
(labeled as “HCC-1/-2”) were obtained from the informconsent HCC patients (All male, 47 and 55 years old),
hospitalized at authors’ institutions. The HCC tissues were
washed and mechanically dissociated [31], which were
then subjected to digestion via incubation in triple enzyme
medium (1 × collagenase, 1 × hyaluronidase, and 1 × DNase)
at room temperature for 1 hour. The primary cells were
then filtered through a 70-μm nylon cell strainer (Becton
Dickinson, Shanghai, China) and suspended in complete
medium for primary cells [31]. The protocols requiring
clinical samples were approved by the Ethics Review Board
(ERB) of all authors institutions, and were in line with the
principles expressed in the Declaration of Helsinki.

Aliquots of 30 µg lysates per cell or tissue sample
were electrophoresed on 10–12% SDS-PAGE gels,
and protein lysates were then transferred to PVDF
(polyvinylidene fluoride) membranes. The blots were
subjected to blocking (10% BSA), followed by incubation in
the designated primary antibodies and appropriate secondary
antibodies. Antigen-antibody binding was detected via the
enhanced chemiluminescence (ECL) reagents.

mTOR shRNA knockdown
Two non-overlapping lentiviral mTOR shRNAs
(“mTOR shRNA-a/-b”) were gifts from Dr. Liu’ [19],
which were utilized to infect HepG2 cells for 24 hours.
Afterwards, puromycin (5.0 μg/ml, Sigma) was added to
select resistant stable HCC cells [19]. mTOR expression
in the stable cells was detected by Western blotting assay.

MTT assay of cell viability
After treatment of cells, the cell survival was
assayed by the routine MTT method as described [31–33].
www.impactjournals.com/oncotarget
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mTOR kinase-dead mutation

Statistical analysis

The construct with kinase-dead mTOR (“kd-mTORflag”, Asp-2338-Ala) and the empty vector (pSuper-puro)
were gifts also from Dr. Liu’s group [19]. The construct
was transiently transfected into HepG2 cells via the
Lipofectamine 2000 reagents (Invitrogen, Shanghai, China).
Cells were then selected by puromycin (5.0 μg/mL, Sigma)
for a total of 10–12 days until resistant single colony can
be identified. kd-mTOR expression in stable cells was
confirmed by Western blotting assay of mTOR and pS6K1.

The data presented in this study were means ± standard
deviation (SD). Statistical differences were analyzed by oneway ANOVA (SPSS). Values of p < 0.05 were considered
statistically significant. IC-50 was calculated by the GraphPad
Prism software using a sigmoidal dose-response curve model.
CalcuSyn software was utilized to calculate Combination
Index (CI), CI < 1 was considered as synergism.

The constitutively active S6K1 construct and
transfection

This work is supported by Medical Innovation
Foundation of Fujian Province (2009-CXB-56) and by
Natural Science Funds of Fujian Province (2015J01521).

ACKNOWLEDGMENTS

The constitutively active S6K1 (T389E, “ca-S6K1flag-puro”) and the empty vector (pGCL-flag-puro)
were gifts from Dr. Chen’s group [21]. The construct
was transfected to HepG2 cells via Lipofectamine 2000
protocol. Cells were also selected by puromycin (5.0 μg/mL,
Sigma). “ca-S6K1” expression in the stable cells was
confirmed by Western blotting assay.

CONFLICTS OF INTEREST
The authors declare no conflicts of interests.

Authorsʼ contributions
All the listed authors in the study carried out the
experiments, participated in the design of the study and
performed the statistical analysis, conceived of the study,
and helped to draft the manuscript.

siRNA transit knockdown
The two non-overlapping siRNAs against human
Mcl-1 (Mcl-1 siRNA-1 and Mcl-1 siRNA-2) were
provided by Dr. Zhao [22]. The mTOR siRNA and
scramble non-sense control siRNA were purchased from
Cell Signaling Tech (Shanghai, China). siRNA (200 nM
each) transfection was performed via the Lipofectamine
2000 reagents. The efficiency of siRNA was determined
by Western blotting assay testing expression of target
protein (Mcl-1 or mTOR).

REFERENCES
1. Singh S, Singh PP, Roberts LR, Sanchez W.
Chemopreventive strategies in hepatocellular carcinoma.
Nat Rev Gastroenterol Hepatol. 2014; 11:45–54.
2. Llovet JM, Bruix J. Systematic review of randomized trials for
unresectable hepatocellular carcinoma: Chemoembolization
improves survival. Hepatology. 2003; 37:429–442.

Tumor xenograft assay

3. Mohammad RM, Muqbil I, Lowe L, Yedjou C, Hsu HY,
Lin LT, Siegelin MD, Fimognari C, Kumar NB, Dou QP,
Yang H, Samadi AK, Russo GL, et al. Broad targeting of
resistance to apoptosis in cancer. Semin Cancer Biol. 2015;
35:S78–S103.

The animal protocols were approved by the
Institutional Animal Care and Use Committee (IACUC)
and the Ethics Review Board (ERB) of all authors
institutions. The female nude mice (18–20 grams,
Shanghai Experimental Animal Facility, Shanghai, China)
were applied to establish HCC xenograft tumors. HepG2
cells (ten million cells per mouse) were subcutaneously
injected at the right thigh of the nude mice, and treatment
was started when the tumors reached an average volume
of 100 mm3 (within two weeks). Mice were ear tagged
and randomized into four groups with 10 mice per group:
Vehicle (Saline), AT406 (50 mg/kg, oral gavage, once
every two days) and/or OSI-027 (10 mg/kg, i.p. once every
two days), for a total of 16 days. The mice were examine
daily for toxicity/mortality relevant to treatment, and the
tumor volume (in mm3) was calculated by the formula:
volume = (width)2 × length/2. At the end of experiment,
tumor xenografts were isolated and subjected to further
signaling test.
www.impactjournals.com/oncotarget

4. Salvesen GS, Duckett CS. IAP proteins: blocking the road
to death’s door. Nat Rev Mol Cell Biol. 2002; 3:401–410.
5. Fulda S, Vucic D. Targeting IAP proteins for therapeutic
intervention in cancer. Nat Rev Drug Discov. 2012; 11:109–124.
6. Berthelet J, Dubrez L. Regulation of Apoptosis by Inhibitors
of Apoptosis (IAPs). Cells. 2013; 2:163–187.
7. Augello C, Caruso L, Maggioni M, Donadon M, Montorsi M,
Santambrogio R, Torzilli G, Vaira V, Pellegrini C,
Roncalli M, Coggi G, Bosari S. Inhibitors of apoptosis
proteins (IAPs) expression and their prognostic significance
in hepatocellular carcinoma. BMC Cancer. 2009; 9:125.
8. Schimmer AD. Inhibitor of apoptosis proteins: translating
basic knowledge into clinical practice. Cancer Res. 2004;
64:7183–7190.

9474

Oncotarget

9. Cai Q, Sun H, Peng Y, Lu J, Nikolovska-Coleska Z,
McEachern D, Liu L, Qiu S, Yang CY, Miller R, Yi H,
Zhang T, Sun D, et al. A potent and orally active antagonist
(SM-406/AT-406) of multiple inhibitor of apoptosis proteins
(IAPs) in clinical development for cancer treatment. J Med
Chem. 2011; 54:2714–2726.

21. Xin Y, Shen XD, Cheng L, Hong DF, Chen B. Perifosine
inhibits S6K1-Gli1 signaling and enhances gemcitabineinduced anti-pancreatic cancer efficiency. Cancer
Chemother Pharmacol. 2014; 73:711–719.
22. Shen J, Xu L, Zhao Q. Perifosine and ABT-737
synergistically inhibit lung cancer cells in vitro and in vivo.
Biochem Biophys Res Commun. 2016; 473:1170–1176.

10. Zhao X, Sun B, Zhang J, Zhang R, Zhang Q. Short-chain
C6 ceramide sensitizes AT406-induced anti-pancreatic
cancer cell activity. Biochem Biophys Res Commun. 2016.

23. Chen S, Dai Y, Harada H, Dent P, Grant S. Mcl-1 downregulation potentiates ABT-737 lethality by cooperatively
inducing Bak activation and Bax translocation. Cancer Res.
2007; 67:782–791.

11. Jiang Y, Meng Q, Chen B, Shen H, Yan B, Sun B. The
small-molecule IAP antagonist AT406 inhibits pancreatic
cancer cells in vitro and in vivo. Biochem Biophys Res
Commun. 2016; 478:293–299.

24. van Delft MF, Wei AH, Mason KD, Vandenberg CJ, Chen L,
Czabotar PE, Willis SN, Scott CL, Day CL, Cory S,
Adams JM, Roberts AW, Huang DC. The BH3 mimetic
ABT-737 targets selective Bcl-2 proteins and efficiently
induces apoptosis via Bak/Bax if Mcl-1 is neutralized.
Cancer Cell. 2006; 10:389–399.

12. Hurwitz HI, Smith DC, Pitot HC, Brill JM, Chugh R,
Rouits E, Rubin J, Strickler J, Vuagniaux G, Sorensen JM,
Zanna C. Safety, pharmacokinetics, and pharmacodynamic
properties of oral DEBIO1143 (AT-406) in patients with
advanced cancer: results of a first-in-man study. Cancer
Chemother Pharmacol. 2015; 75:851–859.

25. Belmar J, Fesik SW. Small molecule Mcl-1 inhibitors for
the treatment of cancer. Pharmacol Ther. 2015; 145:76–84.

13. Villanueva A, Chiang DY, Newell P, Peix J, Thung S,
Alsinet C, Tovar V, Roayaie S, Minguez B, Sole M,
Battiston C, Van Laarhoven S, Fiel MI, et al. Pivotal
role of mTOR signaling in hepatocellular carcinoma.
Gastroenterology. 2008; 135:1972–1983, 1983 e1971–1911.

26. Quinn BA, Dash R, Azab B, Sarkar S, Das SK, Kumar S,
Oyesanya RA, Dasgupta S, Dent P, Grant S, Rahmani M,
Curiel DT, Dmitriev I, et al. Targeting Mcl-1 for the therapy
of cancer. Expert Opin Investig Drugs. 2011; 20:1397–1411.
27. Koo J, Yue P, Deng X, Khuri FR, Sun SY. mTOR Complex
2 Stabilizes Mcl-1 Protein by Suppressing Its Glycogen
Synthase Kinase 3-Dependent and SCF-FBXW7-Mediated
Degradation. Mol Cell Biol. 2015; 35:2344–2355.

14. Laplante M, Sabatini DM. mTOR signaling in growth
control and disease. Cell. 2012; 149:274–293.
15. Gomez-Pinillos A, Ferrari AC. mTOR signaling pathway
and mTOR inhibitors in cancer therapy. Hematol Oncol
Clin North Am. 2012; 26:483–505, vii.

28. Mills JR, Hippo Y, Robert F, Chen SM, Malina A, Lin CJ,
Trojahn U, Wendel HG, Charest A, Bronson RT, Kogan SC,
Nadon R, Housman DE, et al. mTORC1 promotes survival
through translational control of Mcl-1. Proc Natl Acad
Sci USA. 2008; 105:10853–10858.

16. DiPersio JF, Erba HP, Larson RA, Luger SM, Tallman MS,
Brill JM, Vuagniaux G, Rouits E, Sorensen JM, Zanna C.
Oral Debio1143 (AT406), an antagonist of inhibitor of
apoptosis proteins, combined with daunorubicin and
cytarabine in patients with poor-risk acute myeloid
leukemia--results of a phase I dose-escalation study. Clin
Lymphoma Myeloma Leuk. 2015; 15:443–449.

29. Tanaka S, Arii S. Molecular targeted therapies in
hepatocellular carcinoma. Semin Oncol. 2012; 39:486–492.
30. Zhou HY, Huang SL. Current development of the second
generation of mTOR inhibitors as anticancer agents. Chin J
Cancer. 2012; 31:8–18.

17. Bhagwat SV, Gokhale PC, Crew AP, Cooke A, Yao Y,
Mantis C, Kahler J, Workman J, Bittner M, Dudkin L,
Epstein DM, Gibson NW, Wild R, et al. Preclinical
characterization of OSI-027, a potent and selective inhibitor
of mTORC1 and mTORC2: distinct from rapamycin. Mol
Cancer Ther. 2011; 10:1394–1406.

31. Fu M, Wan F, Li Z, Zhang F. 4SC-202 activates ASK1dependent mitochondrial apoptosis pathway to inhibit
hepatocellular carcinoma cells. Biochem Biophys Res
Commun. 2016; 471:267–273.
32. Zhang YM, Zhang ZQ, Liu YY, Zhou X, Shi XH, Jiang Q,
Fan DL, Cao C. Requirement of Galphai1/3-Gab1 signaling
complex for keratinocyte growth factor-induced PI3KAKT-mTORC1 activation. J Invest Dermatol. 2015;
135:181–191.
33. Fu M, Shi W, Li Z, Liu H. Activation of mPTP-dependent
mitochondrial apoptosis pathway by a novel pan HDAC
inhibitor resminostat in hepatocellular carcinoma cells.
Biochem Biophys Res Commun. 2016.

18. Chou TC, Talalay P. Quantitative analysis of dose-effect
relationships: the combined effects of multiple drugs or
enzyme inhibitors. Adv Enzyme Regul. 1984; 22:27–55.
19. Fu M, Zhang D, Li Z, Liu H. mTOR inhibition sensitizes
human hepatocellular carcinoma cells to resminostat.
Biochem Biophys Res Commun. 2016.
20. Zhang D, Zhang H, Hao S, Yan H, Zhang Z, Hu Y, Zhuang Z,
Li W, Zhou M, Li K, Hang C. Akt Specific Activator SC79
Protects against Early Brain Injury following Subarachnoid
Hemorrhage. ACS Chem Neurosci. 2016.

www.impactjournals.com/oncotarget

9475

Oncotarget

