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ABSTRACT

Cancer cells develop resistance to therapy by adapting to hypoxic
microenvironments, and hypoxia-inducible factors (HIFs) play crucial roles in this
process. We investigated the roles of HIF-1a and HIF-2¢ in cancer cell death induced
by tumor necrosis factor (TNF)-related apoptosis-inducing ligand (TRAIL) using
human pancreatic cancer cell lines. siRNA-mediated knockdown of HIF-2q, but not
HIF-10, increased susceptibility of two pancreatic cancer cell lines, Panc-1 and AsPC-
1, to TRAIL in vitro under normoxic and hypoxic conditions. The enhanced sensitivity
to TRAIL was also observed in vivo. This in vitro increased TRAIL sensitivity was
observed in other three pancreatic cancer cell lines. An array assay of apoptosis-
related proteins showed that knockdown of HIF-2¢ decreased survivin expression.
Additionally, survivin promoter activity was decreased in HIF-20 knockdown Panc-1
cells and HIF-2a bound to the hypoxia-responsive element in the survivin promoter
region. Conversely, forced expression of the survivin gene in HIF-20 shRNA-expressing
Panc-1 cells increased resistance to TRAIL. In a xenograft mouse model, the survivin
suppressant YM155 sensitized Panc-1 cells to TRAIL. Collectively, our results indicate
that HIF-2a dictates the susceptibility of human pancreatic cancer cell lines, Panc-1
and AsPC-1, to TRAIL by regulating survivin expression transcriptionally, and that
survivin could be a promising target to augment the therapeutic efficacy of death
receptor-targeting anti-cancer therapy.

INTRODUCTION

Hypoxia is an important condition for solid tumors
to progress and metastasize. The concentration of oxygen
in normal tissues is approximately 5%, whereas in solid
tumors is usually below 1% [1]. Hypoxia leads to cellular
responses involving stabilization of hypoxia-inducible
factors (HIFs), which are transcription factors composed
of an inducible a-subunit (HIFs-10—3a) and a constitutive
B-subunit [2]. Under normoxic conditions, HIF-a proteins
are degraded through the ubiquitin-proteasome pathway [3],
whereas the HIF-a and B-subunit complexes accumulate
under hypoxic conditions. Subsequently, these complexes
translocate to the nucleus and bind to hypoxia-responsive
elements (HREs) in the promoter regions of targeted genes.

Although HIFs are inducible in normal cells [4, 5], their
expressions are frequently higher in various types of cancers
[6]. A representative example is renal cell carcinoma (RCC),
in which HIF is highly expressed due to frequent mutations
of the von Hippel-Lindau (VHL) gene [7]. Pancreatic cancers
are poorly vascularized and thus very hypoxic. In addition,
HIFs play critical roles in cancer cells resistant to therapy
[8, 9]. Although extensive studies have been performed on
HIFs, they have mainly focused on HIF-1a. Accordingly, the
roles of HIF-2a in cancers resistant to therapy have not been
fully investigated.

Immune cells lyse cancer cells via perforin/granzyme,
Fas ligand, tumor necrosis factor (TNF)-o, and TNF-
related apoptosis-inducing ligand (TRAIL). Among these,
TRAIL binds to death receptors (DRs) on cancer cells
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and triggers apoptosis while sparing normal cells [10,
11]. DR4 (TRAIL-R1) and DR5 (TRAIL-R2) belong to
the TNF receptor gene superfamily, all of which share a
similar, cysteine-rich extracellular domain and an additional
cytoplasmic death domain [12]. TRAIL also binds to two
decoy receptors, DcR1 (TRAIL-R3) and DcR2 (TRAIL-R4).
These DcRs lack the cytoplasmic signaling components
required for the transmission of the apoptosis signaling
[13]. When TRAIL binds to DR4 and DRS, caspase-8 is
recruited to a death-inducing signaling complex. Activation
of caspase-8 induces ‘extrinsic’ apoptosis, as well as
mitochondria-mediated ‘intrinsic’ apoptosis via activation
of caspase-9. Recombinant TRAIL and anti-DR agonistic
antibodies have attracted attention as potential therapeutics
for treating various malignancies, although the results of
clinical trials have been unsatisfactory. This has led several
researchers to propose that cancer cells gain resistance via
various possible mechanisms, such as downregulation of
DRs and/or upregulation of anti-apoptotic proteins including
cellular FLICE-like inhibitory protein (c-FLIP), the Bcl-2
family of proteins, and inhibitors of the apoptosis protein
family [14, 15]. Additionally, sensitivity of a panel of human
pancreatic cancer cell lines to TRAIL is inversely correlated
with their Bel-xL expression [16].

In this study, we investigated the roles of HIF-1a
and HIF-20 in TRAIL-induced human pancreatic cancer
cell death. We found for the first time that HIF-2a dictates
the susceptibility of pancreatic cancer cell lines, Panc-1
and AsPC-1, to TRAIL, by transcriptionally regulating
survivin, an anti-apoptotic molecule, and that survivin
may be a promising target to augment the therapeutic
efficacy of DR-targeting anti-cancer therapy.

RESULTS

siRNA-mediated knockdown of HIF-2a increases
TRAIL sensitivity of pancreatic cancer cells

We first confirmed the expression status of HIFs and
the efficiency of siRNA-mediated knockdown (Figure 1a).
Immunoblotting was performed using the nuclear lysates
because detection of HIFs in whole lysates was difficult.
In terms of Panc-1 cells, both HIFs were expressed at low
levels even under normoxic conditions. Hypoxia increased
their expression and the siRNA-mediated knockdown was
successful. Conversely, HIF-2a was clearly detected in the
nuclear lysate of AsPC-1 cells under normoxic condition
and siRNA transfection decreased their expression. Next,
we examined the sensitivity of these cell lines to TRAIL
and found that siRNA-mediated knockdown of HIF-2a,
but not HIF-1a, significantly decreased the cell viability of
the TRAIL-treated cell lines under normoxic and hypoxic
conditions (Figure 1b). In addition, the percentages of
Annexin V' apoptotic cells were significantly increased
in HIF-2a siRNA-transfected cancer cells under normoxic
(Figure lc and 1d) and hypoxic conditions (Supplementary

Figure 1a and 1b). We also examined the DRS expression
on Panc-1 and AsPC-1 cells transfected with control, HIF-
la, or HIF-2a siRNA and found that knockdown of HIF-1a
tended to decrease the DR5 expression on both cell lines
(Supplementary Figure 2). However, DR5 expression was
unchanged on HIF-2a siRNA-transfected cancer cell lines
under normoxic and hypoxic conditions.

Caspase-dependent apoptosis in HIF-20 siRNA-
transfected and TRAIL-treated Panc-1 cells

Next, we investigated the involvement of caspases
in apoptosis of HIF-2a siRNA-transfected and TRAIL-
treated Panc-1 cells. Knockdown of HIF-2a increased the
expression of cleaved caspase-3, -8, -9, and poly (ADP-
ribose) polymerase (PARP) in TRAIL-treated Panc-1
cells in a dose-dependent manner (Figure 2a). Bid, a
BH-3 domain-only protein, connects the extrinsic and
intrinsic apoptosis pathways. The expression of truncated
Bid was increased in HIF-2a siRNA-transfected and
TRAIL-treated Panc-1 cells. Additionally, the addition
of z-VAD-FMK, a pan-caspase inhibitor, significantly
inhibited apoptosis of HIF-2a siRNA-transfected and
TRAIL-treated Panc-1 cells (Figure 2b and 2c). The
addition of either caspase-8 or caspase-9 inhibitor partially
but significantly decreased the percentages of apoptosis.
We also examined the expression of c-FLIP and several
anti-apoptotic proteins, including those in the Bcl-2
family or inhibitors of apoptosis (IAP) family, which are
often involved in resistance to TRAIL. No changes in the
expression of either ¢-FLIP, or ¢-FLIP_ were observed
(Figure 2d). In addition, knockdown of HIF-2a did not
affect the expression of anti-apoptotic proteins (Bcl-2,
Bcl-xL, and Mcl-1), a member of the IAP family (XAIP)
and pro-apoptotic proteins (Bax and Bak) in Panc-1 cells
(Figure 2e). We also examined the expression of c-IAP2
and c-Myc in siRNA-transfected Panc-1 cells. The
results showed that knockdown of HIF-1a increased the
expression of c-IAP2, while HIF-2a knockdown decreased
expression. In addition, knockdown of HIF-1a decreased
the expression of c-Myc.

The varied roles of HIF-1o and HIF-2a in the
TRAIL sensitivity of other cancer cell lines

We further examined the TRAIL sensitivity of
other pancreatic cancer cell lines and of cell lines of other
cancer types under hypoxic conditions. siRNA-mediated
knockdown of HIF-1a or HIF-2a selectively decreased
expression of the respective protein in the three pancreatic
cancer cell lines MiaPaca-2, SW1990, and Panc10.05; in
the prostate cancer cell line DU145; and in the cervical
cancer cell line HeLa (Figure 3a). Next, we examined the
sensitivity of these cell lines to TRAIL and found that
siRNA-mediated knockdown of HIF-2a, but not HIF-1a,
significantly decreased the cell viability of the TRAIL-
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Figure 1: Transfection of HIF-2a siRNA increases TRAIL sensitivity of pancreatic cancer cells. (a) Panc-1 and AsPC-1
cells were transfected with the indicated siRNAs and cultured under hypoxic (1% O,) or normoxic conditions for 24 h, and then subjected
to immunoblotting using nuclear extracts. E2F-1 was used as a loading control. N: normoxic, H: hypoxic. (b) siRNA-transfected cancer
cells were cultured with TRAIL under normoxic or hypoxic conditions for 48 h. Cell viability was analyzed using the WST-8 assay. Similar
results were obtained from two independent experiments. *p <0.05, **p <0.01 were compared to negative control siRNA. (¢) Two cell lines
were incubated with TRAIL (100 ng/mL, 24 h for Panc-1 or 50 ng/mL, 12 h for AsPC-1) under normoxic conditions and flow cytometric
analysis was performed. Similar results were obtained from two independent experiments. (d) The results are presented as means + SD from
triplicate experiments. The open and closed bars represent the data of control and TRAILtreatment, respectively. ** p <0.01.
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Figure 2: Caspase-dependent apoptosis of HIF-2a siRNA-transfected and TRAIL-treated Panc-1 cells. (a) siRNA
transfected Panc-1 cells were treated with various doses of TRAIL for 6 h. Protein lysates from whole cells were assayed using
immunoblotting. o-tubulin was used as a loading control. (b) siRNA transfected Panc-1 cells were cultured with TRAIL (100 ng/mL) in the
presence of the indicated caspase inhibitors (20 pM). The cells were examined using flow cytometric analysis. The number represents the
percentages of each subset. zZVAD, pan-caspase inhibitor (z-VAD-FMK); C8i, caspase-8 inhibitor (z-IETD-FMK); C9i, caspase-9 inhibitor
(z-LEHD-FMK). Similar results were obtained from two independent experiments. (¢) The results of Annexin V* cells (%) are presented
as means + SD from triplicate experiments. **p < 0.01. (d) siRNA transfected Panc-1 cells were treated with the indicated concentration of
TRAIL for 6 h. The protein expression levels of c-FLIP were determined using immunoblotting. a-tubulin was used as a loading control.
(e) Similarly, the lysates were used for immunoblotting to examine the expression of the indicated proteins. B-actin was used as a loading

control.
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treated three pancreatic cancer cell lines under hypoxic
conditions (Figure 3b). However, knockdown of HIF-1a
or HIF-2a did not affect the TRAIL sensitivity of two
other human pancreatic cancer cell lines, CAPAN-2 and
CFPAC-1 (data not shown). As a whole, knockdown
of HIF-2a increased TRAIL sensitivity of five out of
the seven human pancreatic cancer cell lines evaluated.
Alternatively, although the difference was small, siRNA-
mediated knockdown of HIF-1a, but not HIF-20, increased
TRAIL sensitivity in a prostate (DU145) and a cervical
cancer cell line (HeLa) (Figure 3b).

A protective role of HIF-2a in apoptosis of
TRAIL-treated Panc-1 cells in vitro and in vivo

To further investigate the roles of HIFs in apoptosis
of TRAIL-treated Panc-1 cells, shRNA-expressing
Panc-1 cell lines were established. HIF-1ao shRNA or
HIF-20 shRNA-transduced Panc-1 cells decreased the
expression of HIF-la and HIF-2a, respectively (Figure
4a). Deferoxamine mesylate, an iron chelator, was used
as a hypoxia-mimetic agent. This agent increased the
expression of HIFs similarly with hypoxic conditions. As
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Figure 3: Effect of knockdown of either HIF-1a or HIF-20 on TRAIL sensitivity in other cancer cell lines. (a) Three
pancreatic cancer cell lines (MiaPaca-2, SW1990, and Panc10.05), a prostate cancer cell line (DU145), and a cervical cancer cell line
(HeLa) were transfected with the indicated siRNAs and cultured under hypoxic conditions (1% O,) for 24 h. Then, nuclear extracts of
the cells were subjected to immunoblotting. E2F-1 was used as a loading control. (b) siRNA-transfected cancer cells were cultured with
TRAIL under hypoxic conditions for 48 h. Cell viability was analyzed using the WST-8 assay. The results are presented as means + SD
from triplicate experiments. *p < 0.05, **p < 0.01 compared to negative control siRNA.
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observed in the siRNA-transfected Panc-1 cells (Figure
1b), HIF-20. shRNA-transduced Panc-1 cells increased
their sensitivity to TRAIL (Figure 4b) and the percentages
of Annexin V* apoptotic cells were increased only in HIF-
2a shRNA-expressing Panc-1 cells under normoxic and
hypoxic conditions (Figure 4c, Supplementary Figure 3).
In a xenograft mouse model, HIF-2a shRNA-expressing
Panc-1 cells were more susceptible to TRAIL in vivo
compared to the other groups (Figure 4d).

a b

Contribution of survivin to HIF-2a-associated
resistance of Panc-1 cells to TRAIL

To determine the mechanisms underlying the
increased sensitivity of HIF-2a-knocked-down Panc-
1 cells to TRAIL, we examined changes in a panel of
apoptosis-associated molecules using the Proteome
Profiler Human Apoptosis Array. The cell lysates were
prepared from Panc-1 cells pretransfected with either
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Figure 4: TRAIL sensitivity of HIF-2a shRNA-expressing Panc-1cells both irn vitro and in vivo. (a) The nuclear extracts of
Panc-1 cells were used for immunoblotting. E2F-1 was used as a loading control. N: normoxic, H: hypoxic (1% O, for 24 h), D: deferoxamine
mesylate (100uM, normoxic for 24 h). (b) shRNA-expressing Panc-1 cells were treated with TRAIL at the indicated concentrations under
hypoxia or normoxia for 48 h. Cell viability was assessed using the WST-8 assay. **p < 0.01 was compared to control shRNA-transduced
cells. Similar results were obtained from three independent experiments. (¢) sShRNA-expressing Panc-1 cells were incubated with 100 ng/
mL TRAIL for 24 h and analyzed using flow cytometry. The results of Annexin V" cells (%) are presented as means = SD from triplicate
experiments. **p < 0.01 (d) BALB/c nu/nu mice were inoculated with the indicated Panc-1 cells (5 x 10°) with Matrigel into the right upper
and lower two sites. On days 14, 15, and 16, vehicle (upper) control and TRAIL (1 pg; lower) at a volume of 50 uL were injected into the
tumor sites, respectively. Each group consisted of six mice. Similar results were obtained from two independent experiments. **p < 0.01.
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control, HIF-1a, or HIF-2a siRNA. The results showed
that survivin, a member of the IAP family, was reduced
in HIF-2a siRNA-transfected Panc-1 cells (Figure 5a,
Supplementary Figure 4a). No definite changes were
observed in the other IAP family members such as cIAP
and XIAP. In addition, siRNA-mediated knockdown of
HIF-20 markedly decreased the protein expression of
survivin in Panc-1 and AsPC-1 cell lines (Figure 5b).

Next, we searched for the potential HIF-2a-binding
sites in the proximal promoter of the human survivin
gene (BIRCS, NM 001168) and found two hypoxia-
responsive elements (HREs) containing the consensus
sequence (A/G) CGTG (Figure 5¢). We also compared
the survivin promoter activity of Panc-1 cells, which
were pre-transfected with either control, HIF-1a, or HIF-
2a siRNA. The HIF-2a siRNA-transfected Panc-1 cells
showed significantly decreased survivin reporter activity
compared to the other groups (Figure 5d). The survivin
reporter activity was decreased in HIF-lo siRNA-
transfected Panc-1 cells; the decrease was almost half that
of HIF-2a siRNA-transfected Panc-1 cells. We further
determined which HRE sites HIF-2a bound to using
ChIP assay (Figure 5e). As a result, HIF-2a preferentially
bound to the HRE-2 in the survivin promoter region and
this binding was abolished in HIF-2a siRNA-transfected
Panc-1 cells.

Next, we confirmed that transfection of the survivin
gene-encoding plasmid into HIF-2a shRNA-expressing
Panc-1 cells increased the expression of survivin protein
(Figure 5f). Because the survivin gene-encoding plasmid
also contained the GFP gene, we could discriminate
survivin-expressing GFP* Panc-1 cells from survivin-
negative GFP- Panc-1 cells. As shown in Figure 5g and 5h,
the forced expression of survivin protein rendered HIF-2a
shRNA-expressing Panc-1 cells more resistant to TRAIL
compared to the mock control group.

The survivin suppressant YM155 sensitizes
Panc-1 cells to TRAIL both in vitro and in vivo

The aforementioned results suggest that HIF-2a
controls sensitivity to TRAIL by regulating survivin
expression. Therefore, we tested if inhibition of survivin
could increase the sensitivity of human pancreatic
cancer cells to TRAIL using YM155, a novel survivin
suppressant used clinically [17, 18]. YM155 reduced
the cell viability of two pancreatic cancer cell lines in
a dose-dependent manner (Figure 6a) and decreased
the survivin protein levels in Panc-1 cells (Figure 6b).
Interestingly, the combination of TRAIL and YMI155
increased the percentages of Annexin V' apoptotic cells
compared to treatment with either alone (Figure 6c,
and Supplementary Figure 4b). We further examined
the in vivo effect of YM155 using a xenograft mouse
model. The in vivo treatment with YM155 significantly
decreased survivin protein expression in Panc-1 cells

that were subcutaneously (s.c.) established in nude mice
compared to the vehicle control (Figure 6d). Lastly, we
examined the combined effect of TRAIL and YM155 on
Panc-1 in vivo. The combination of TRAIL and YM155
significantly suppressed the growth of Panc-1 compared
to the treatment with either alone (Figure 6¢e). Although
the YM155 treatment alone or the combination of YM155
and TRAIL tended to decrease body weight, these changes
were transient and insignificant.

DISCUSSION

Hypoxia renders cancer cells resistant to therapy
and HIFs play central roles in this process [19]. Therefore,
the HIF-hypoxia system is a promising target for the
development of novel anti-cancer therapies [20]. Despite
the high homology between HIF-1o and HIF-2a, these
two molecules conversely regulate key downstream
genes. HIF-1a decreases c-Myc, mTOR, and B-catenin
and increases p53 activity, whereas HIF-2a has the
opposite effects [21]. To date, studies on HIF-2a in cancer
cell death have frequently been performed with those of
HIF-1a. One study reported that sorafenib, a multikinase
inhibitor, switches from HIF-la- to HIF-2a-dependent
pathways, resulting in resistance to sorafenib in hypoxic
hepatocellular carcinoma (HCC) by activating the TGF-o/
EGFR pathway [22]. In RCC, overexpression of HIF-
2a increases tumor growth, whereas HIF-lo shows a
reverse effect [23]. HIF-2a, but not HIF-1a, upregulates
the expression of the Snaill gene and induces resistance
to temozolomide and cisplatin [24]. Some other studies
have focused on HIF-2a. Several clinical studies have
demonstrated that high levels of HIF-20 are well
correlated with advanced clinical stage and poor prognosis
in neuroblastoma [25]. Conversely, other studies have
shown pro-apoptotic roles of HIF-2a in cancer cell death.
shRNA-mediated knockdown of HIF-2a inhibits TRAIL-
induced apoptosis in RCC by decreasing the DRS5 level
at the transcriptional level [26]. In our study, knockdown
of HIF-2a in pancreatic cancer cells did not affect DRS
expression (Supplementary Figure 2). A previous report
indicated that knockdown of HIF-1a in HCC enhances
HIF-2a expression and vice versa, and that, in both cases,
the expression of anti-apoptotic Bcl-xL was increased,
resulting in attenuated apoptosis and enhanced autophagy
[27]. Regarding Bcl-xL and sensitivity to TRAIL, we
recently revealed that sensitivity of a panel of pancreatic
cancer cell lines to TRAIL was inversely correlated with
their Bcel-xL expression [16]. However, in this study,
knockdown of HIF-2a in Panc-1 cells showed no effect
on Bcel-xL expression; it also did not affect the expression
of ¢c-FLIP (Figure 2d), or anti-apoptotic proteins (Bcl-2,
Bcl-xL, and Mcl-1) (Figure 2e).

Most studies have focused on HIF-la when
examining roles of HIFs in TRAIL-induced cancer
cell death. Knockdown of HIF-la can sensitize human
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treated with TRAIL (100 ng/mL) for 24 h. Flow cytometric analysis was performed. After gating on survivin-GFP* cells, the percentages
of Annexin V* apoptotic cells were determined. The numbers represent the percentages of each susbset. Similar results were obtained from
two independent experiments. (h) The results of Annexin V* cells (%) are presented as means + SD from triplicate experiments. **p < 0.01.
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Figure 6: Survivin suppressant YM15S sensitizes Panc-1 cells to TRAIL both in vitro and in vivo. (a) Two cancer cell lines
were treated with YM155 for 48 h. Cell viability was assessed using the WST-8 assay. Similar results were obtained from two independent
experiments. (b) Whole cell lysates from Panc-1 cells treated with YM155 for 24 h were used for immunoblotting. B-actin was used as a
control. (¢) Panc-1 cells treated with YM155 (5 nM) and/or TRAIL (25 ng/mL) were examined using flow cytometric analysis. Results
of Annexin V" cells (%) are presented as means + SD from triplicate experiments. **p < 0.01 was compared to untreated control. Similar
results were obtained from two independent experiments. (d) BALB/c nu/nu mice were inoculated s.c. with Panc-1 cells (5 x 10°) with
Matrigel into the right flank; the mice were pooled and divided into 2 groups. The mice were injected intraperitoneally (i.p.) with YM155 (5
mg/kg) or DMSO as a vehicle control (50 pL) for consecutive 3 days. Each group contained three mice. Protein lysates from tumor tissues
were used for immunoblotting. The band density of survivin was normalized to B-actin. *p < 0.05. (e) Similarly, BALB/c nu/nu mice were
inoculated subcutaneously with Panc-1 cells (5 x 10°). On day 14, the mice were pooled and divided into four groups. The mice were treated
with i.p. injection of YM155 (5 mg/kg) or DMSO as a vehicle control (50 pL) on days 14, 15, and 16. Each group contained six mice. After
grouping, mice were treated with i.p. injection of YM155 (5 mg/kg) for 5 consecutive days (on days 14, 15, 16, 17, and 18) and with or
without i.t. injection of TRAIL (1 pg) on days 16 and 18. Each group consisted of six mice. **p < 0.01 compared to vehicle control group.
Similar results were obtained from two independent experiments.
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colon cancer, neuroblastoma, uterine cervical cancer,
lung cancer, and gastric cancer cells to TRAIL-mediated
apoptosis [28, 29]. Since a previous report suggested
that c-Myc and c-IAP2 play positive and negative
roles in TRAIL-induced apoptosis of hypoxic human
colon cancer cells, respectively [28], we examined the
expression of these molecules in siRNA-transfected Panc-
1 cells. Knockdown of HIF-1a increased the expression
of c-IAP2 but decreased the expression of c-Myc,
whereas knockdown of HIF-2a decreased the expression
of c-IAP2 (Figure 2e). The similar result was observed
in the apoptosis array assay (Figure 5a). The decreased
expression of c-IAP2 in HIF-2a-knockdown Panc-1 cells
may partially explain why TRAIL-induced apoptosis was
induced in HIF-2a-knockdown cells, but not in HIF-1a-
knockdown cells. In this study, we examined the effects
of HIFs on the TRAIL sensitivity of a panel of human
pancreatic cancer cell lines and found that knockdown
of HIF-2a, but not HIF-1a, increased TRAIL sensitivity
in five out of the seven pancreatic cancer cell lines
evaluated. However, many other studies have indicated
that knockdown of HIF-1a sensitizes various types of
human cancer cell types to apoptosis [28, 29]. Actually,
we observed that knockdown of HIF-1a, but not HIF-2a,
increased the TRAIL sensitivity of a prostate (DU145)
and a cervical cancer cell line (HeLa) (Figure 3b). These
results suggest that there are differences in the roles of
HIF-1a and HIF-2a that are specific to each cancer type in
terms of TRAIL sensitivity. Further studies are needed to
elucidate the precise mechanisms.

To determine the regulatory role of HIF-2a in the
TRAIL-induced apoptosis of pancreatic cancer cells, we
examined changes in apoptosis-related molecules using
the Proteome Profiler Human Apoptosis Array. Survivin
was decreased in HIF-2a-knocked-down Panc-1 cells
(Figure 5a). In addition, the protein expression of survivin
was decreased in HIF-2a siRNA-transfected pancreatic
cancer cell lines (Figure 5b) and the forced survivin gene
expression in HIF-2a shRNA-expressing Panc-1 cells
increased their resistance to TRAIL (Figure 5g and 5h).
Survivin is a member of the IAP family that is highly
expressed in pancreatic cancer tissues but not in normal
pancreatic tissues [30] and has been implicated in both
suppression of apoptosis and regulation of mitosis [31].
Survivin is expressed at low levels or undetected in normal
cells but highly expressed in many types of tumors [32,
33]. Therefore, survivin can be considered a tumor antigen
for anti-cancer immunotherapy [34, 35]. To date, several
studies have suggested a relationship between HIF-1a and
survivin in several types of cancers. In contrast, only one
report has suggested an association between HIF-2a and
survivin in gastric cancer [36].

Because the two HREs contained the consensus
sequence in the promoter region of the survivin gene,
we performed the survivin promoter reporter assay and
found that survivin reporter activity decreased in HIF-2a

siRNA-transfected Panc-1 cells (Figure 5d). ChIP assay
revealed that HIF-2a bound to the HRE-2 in the survivin
promoter (Figure 5e). These results indicate that HIF-2a
regulates the survivin expression in Panc-1 cells at the
transcriptional level. Knockdown of HIF-1la decreased
the survivin reporter activity level by half compared to
knockdown of HIF-20. HIF-la could bind to HREs
in the promoter region of the survivin gene. Actually, a
previous study has shown that the expression of survivin
was positively correlated with HIF-1a[37]. Furthermore,
EGF-signaling induced HIF-1a expression and HIF-1a
is directly bound to HRE site, which corresponds to the
HRE-2 in Figure Sc, in the survivin core promoter [38].
Nevertheless, in this study, HIF-2a appears to play more
important roles in the regulation of survivin expression
than HIF-1a. We presently have no clear explanation on
this issue.

Because survivin plays an anti-apoptotic role
in cancer cells, it may be a promising target as a
therapeutic for anti-cancer treatment. Survivin inhibition
has been shown to sensitize cancer cells to several
chemotherapeutic drugs both in vitro and in vivo [39,
40]. YM155 is a survivin suppressant and can suppress
its expression in diverse human cancer cells. Xenograft
models have revealed antitumor activity of YM155 alone
or in combination with docetaxel [41]. Other reports have
also demonstrated antitumor activity of YM155 alone or
in combination with various anticancer drugs [42, 43].
YM155 alone or in combination has been used in clinical
trials against various types of malignancies, including
lymphomas, melanomas, prostate, lung, and colorectal
cancers [17, 18, 44]. We showed that YM155 significantly
augmented TRAIL-induced apoptosis in pancreatic cancer
cells both in vitro and in vivo (Figure 6¢ and 6e).

In conclusions, we demonstrated for the first time
that HIF-2a dictates the resistance of human pancreatic
cancer cells to TRAIL under normoxic and hypoxic
conditions and transcriptionally regulates survivin
expression. We also showed that a survivin suppressant,
YMI15S5, can sensitize human pancreatic cancer cells to
TRAIL both in vitro and in vivo. In addition to its tumor
antigen capabilities, survivin could be a target candidate
to augment the therapeutic efficacy of DR-targeting anti-
cancer therapy.

MATERIALS AND METHODS

Cell cultures

Panc-1 and MiaPaca-2 are human pancreatic cancer
cell lines [45]. Other human pancreatic cancer cell lines
(AsPC-1, SW1990, and Panc10.05) were purchased from
the ATCC. The human cervical cancer cell line HeLa was
kindly provided by Dr. H. Uemura (Kinki University).
All of the above cell lines were maintained in DMEM
(Nacalai Tesque) supplemented with 10% fetal bovine
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serum (Sigma-Aldrich), 1 mM sodium pyruvate (Nacalai
Tesque), and 20 pg/mL gentamicin (Nacalai Tesque). The
human prostate cancer cell line DU145 was obtained from
the ATCC and was maintained in RPMI-1640 medium
(Sigma-Aldrich) supplemented with 10% fetal bovine
serum (Sigma-Aldrich) and 20 pg/ml gentamicin. All
cells were maintained at 37°C in a 5% CO, incubator. For
hypoxic culture, cells were incubated under 1% O,/94%
N,/5% CO, conditions in a humidified automatic O,/CO,
incubator (Wakenyaku).

Reagents

Recombinant human TRAIL and IL-2 were
purchased from PeproTech. YMI155 (sepantronium
bromide) was purchased from Cayman Chemical.
Deferoxamine mesylate was purchased from Wako
Chemical. The following caspase inhibitors were added to
the in vitro proliferation assay 2 h before adding TRAIL
at a dose of 20 uM: pan-caspase inhibitor z-VAD-FMK
(Enzo Life Sciences), caspase-8 inhibitor z-IETD-FMK
(R&D Systems), and caspase-9 inhibitor z-LEHD-FMK
(R&D Systems).

Cell viability assay

Cell viability was analyzed using the WST-8 assay
(Nakalai Tesque). Briefly, cells were seeded into 96-well
flat-bottom plates, 10 uL. WST-8 solution was added to
each well at the end of the incubation, and the plates
were incubated for an additional 3 h. Absorbance in each
well was measured at 450 nm using a microplate reader
(Beckman Coulter).

siRNA transfection

siRNA transfection was performed using the
Lipofectamine =~ RNAIMAX  transfection reagent
(Invitrogen) according to the manufacturer’s instructions.
The following siRNAs were used: HIF-1a siRNA (Santa
Cruz Biotechnology [SCB]), HIF-2a siRNA (Invitrogen),
survivin siRNA II (Cell Signaling Technology [CST]), and
Silencer select negative control No. 1 siRNA (Ambion).
Cells were used for experiments 3 days after siRNA
transfection.

Establishment of shRNA-expressing cancer cell
lines

For stable knockdown of HIF-la or HIF-2a,
MISSION human HIF-loo shRNA or human HIF-2a
shRNA lentiviral vectors in the pLKO.1-puro plasmid
(Sigma-Aldrich) were used. For the controls, MISSION
pLKO.1-puro control transduction particles (SHC001v)
were used. Panc-1 cells were transduced with the
lentivirus stocks in the presence of Polybrene (8 pg/ml)

and then selected with puromycin (5 pg/ml) to allow for
the generation of the control cells (shCont) or of cells
displaying stable HIF-1a (shHIF-1a) or HIF-2a (shHIF-
20) downregulation.

Apoptosis assay

Apoptosis was examined using the Annexin V-FITC
Apoptosis Detection Kit (BioVision) according to the
manufacturer’s instructions. In brief, cells were stained
with FITC-conjugated or APC-conjugated Annexin V
and PI. Stained cells were analyzed using FACSCalibur
(BD Biosciences). Data were plotted using Flowlogic™
software (Inivai).

Immunoblotting

Whole cell lysates were extracted using M-PER
reagent (Thermo Fisher Scientific) with protease
inhibitor cocktail (Nacalai Tesque). To detect HIFs,
nuclear extracts from cultured cells were separated
using NE-PER nuclear and cytoplasmic extraction
reagents (Thermo Fisher Scientific). To analyze protein
expression in tissue samples from mice, T-PER tissue
protein extraction reagent (Thermo Fisher Scientific)
was used. NuPAGE Novex Bis-Tris gels (4-12% or
12%; Thermo Fisher Scientific) were used for protein
separation, and the proteins were immobilized onto
PVDF membranes (Thermo Fisher Scientific) using the
iBlot transfer system (Thermo Fisher Scientific). The
membranes were incubated with the following primary
antibodies: anti-HIF-1o (BD Transduction Laboratories),
anti-HIF-2a. (NOVUS Biologicals), anti-Bid (CST),
anti-caspase-3 (CST), anti-PARP (CST), anti-Bax
(CST), anti-Bak (CST), anti-survivin (CST), anti-XIAP
(CST), anti-c-IAP2 (CST), anti-c-Myc (Epitomics), anti-
Bcl-2 (CSB), anti-FLIP ., (SCB), anti-Mcl-1 (SCB),
anti-E2F-1 (SCB), anti-a-tubulin (SCB), anti-caspase-8
(Medical and Biological Laboratorie [MBL]), anti-
caspase-9 (MBL), anti-Bcl-X, (Biolegend), and anti-
B-actin (Biolegend). Protein bands were visualized using
AP Chemiluminescent Substrate (CDP-star; Thermo
Fisher Scientific) and photographed with an LAS-
4000 (GE Healthcare UK Ltd). The band intensities
were scanned and quantified using the ImageJ software
(http://rsb.info.nih.gov/ij/).

Proteome profiler apoptosis array

To examine the expression of a panel of apoptosis-
related molecules, cell lysates were analyzed using the
Proteome Profiler™ Human Apoptosis Array kit (R&D
Systems) according to the manufacturer’s protocol. In
array analyses, samples of 500 pg protein lysate from cells
were used. Densitometric analyses of array results were
performed using the ImagelJ software.
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Luciferase reporter assay

Panc-1 cells were transfected with control, HIF-1a,
or HIF-2a siRNA using lipofectamine RNAIMAX. On the
next day, the cells were additionally transfected with both
TransLucent Survivin Gene Promoter Reporter Vector
(Affymetrix) and pGL4.74(hRluc/TK) vector (Promega)
using Lipofectamine 3000 according to the manufacturer’s
instructions. After 24 h incubation, firefly and Renilla
luciferase activities were measured using the Dual-Glo
Luciferase assay system (Promega), and the ratio of firefly/
Renilla luciferase was determined.

Chromatin immunoprecipitation (ChIP) assay

Crosslinked chromatin was prepared from
siRNA-transfected Panc-1 cells, and ChIP assay was
performed by using SimpleChIP Enzymatic Chromatin
IP kit (CST) according to the manufacture’s protocol.
Antibody to HIF-2a (NOVUS) or normal rabbit IgG
(CST) was used to precipitate the protein-chromatin
complexes. Real-time PCR was performed using
SYBR Premix Ex Taq II (TaKaRa Bio). The following
primers (sense and anti-sense, respectively) were used:
HRE-1, 5’-TTGAACTCCAGGACTCAAGTGAT-3’
and 5’-CCCCTCGACTGCTTTCAAAGAAC-3>
and HRE-2, 5’-GCGTTCTTTGAAAGCAGT -3’ and
5’-ATCTGGCGGTTAATGGCG-3".

In vivo xenograft mouse models

Female BALB nu/nu mice (6—7 weeks old)
purchased from CLEA Japan (Tokyo, Japan) were
maintained under specific-pathogen-free conditions.
The protocols were approved by the Committee on the
Ethics of Animal Experiments of the Shimane University
Faculty of Medicine (Permit Number: 1227-130, 1Z27-
132). All efforts were made to minimize suffering. In one
experiment, nude mice were inoculated subcutaneously
(s.c.) in the right flank at two different (upper and lower)
sites with shRNA-expressing Panc-1 cells (5 x 10°)
with Matrigel Matrix (Corning) at a 1:1 volume ratio
in a total volume of 100 pL. When the tumor diameter
reached approximately 5—6 mm, the mice were pooled and
divided into four groups and injected with TRAIL (1 pg)
intratumorally (i.t.) into the lower tumors at a volume of
50 pL for 5 consecutive days. As a vehicle control, the
same volume of medium was injected i.t. into the upper
tumors. In another experiment, the mice were inoculated
s.c. in the right flank with Panc-1 cells (5 x 10°) with
Matrigel. When the tumor diameter reached approximately
5—6 mm, they were pooled and divided into four groups
and injected intraperitoneally (i.p.) with YM155 (5 mg/
kg) on days 1, 2, 3,4, and 5 after grouping and/or i.t. with
TRAIL (1 pg) on days 3 and 5 after grouping. As a TRAIL
vehicle control, the same volume of medium was injected.
As a YM155 vehicle control, 100 nL DMSO was injected

i.p. The tumor size was measured every 4 days. Each
group contained six mice.

Statistical analyses

Data were evaluated statistically using an unpaired
two-tailed Student’s #-test or ANOVA together with
Bartlett’s test. A p-value < 0.05 was considered to indicate
statistical significance.
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