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Knockdown of HIF-1ox by siRNA-
expressing plasmid delivered by
-attenuated Salmonella enhances
e the antitumor effects of cisplatin on
et prostate cancer

Junlian Gu?, Yang Li?, Jun Zeng?, Bo Wang*, Kun Ji®, Yufeng Tang® & Qing Sun?

. Resistance to cisplatin (DDP) and dose-related toxicity remain two important obstacles in the

. treatment of prostate cancer (PCa) patients with DDP-based chemotherapy. We have investigated

 whether the knockdown of hypoxia-inducible factor-1 alpha (HIF-1a) by siRNA could enhance the

© antitumor activity of DDP, and aimed to determine the underlying mechanisms. Intravenous injection
of attenuated Salmonella carrying a HIF-1a siRNA-expressing plasmid was used to knockdown HIF-1c
in a PC-3 xenograft model. The in vitro and in vivo effects of HIF-1c siRNA treatment and/or DPP on
PCa cell proliferation, apoptosis, glycolysis, and production of reactive oxygen species (ROS) were

. assessed by examining molecular markers specific to each process. The results demonstrated that

. the treatment of tumor-bearing mice with attenuated Salmonella carrying the HIF-1c siRNA plasmid

. greatly enhanced the antitumor effects of low-dose DDP. Further mechanistic studies demonstrated

. that knockdown of HIF-1c improved the response of PCa cells to DDP by redirecting aerobic glycolysis

. toward mitochondrial oxidative phosphorylation, leading to cell death through overproduction of ROS.

© Ourfindings indicate that DDP-based chemotherapy combined with targeting the HIF-1a-regulated
cancer metabolism pathway might be an ideal strategy to treat PCa.

Prostate cancer (PCa) has become the most common cancer in men, accounting for 26% of all cancers, and 9%
of cancer-related deaths in males'. Cisplatin (DDP) is an effective chemotherapeutic drug for many cancers?.
However, DDP therapy is not recommended for PCa patients due to drug resistance®*. Although DDP resistance
can be overcome by elevating the dosage, high doses of DDP often cause severe side effects such as ototoxicity,
nephrotoxicity, peripheral neuropathy, gastrointestinal dysfunction, and myelosuppression. These adverse events
usually lead to drug discontinuation and limited therapeutic efficacy”. One promising strategy is to pharmacolog-
ically or genetically (through gene therapy) sensitize cancer cells, enabling low-dose DDP to achieve a therapeutic
effect, while avoiding the severe side effects of high-dose DDP.
: Unlike normal tissue, PCa cells maintain high aerobic glycolytic rates and thus produce abundant lactate and
. pyruvate. This phenomenon has historically been known as the Warburg effect®. Importantly, cancer cells pref-
: erentially use the glycolysis pathway even in the presence of ample oxygen. The preferential reliance of cancers
© on glycolysis correlates with recurrence, progression, metastasis, and poor clinical outcomes in PCa patients’.
° Additionally, the activities of enzymes in the glycolysis pathway are consistently elevated in PCa cells®'2

!Department of Pathology, Qianfoshan Hospital Affiliated to Shandong University, Jinan, 250014, China.
2Department of Pathophysiology, Prostate Diseases Prevention and Treatment Research Center, Norman Bethune
College of Medicine, Jilin University, Changchun, 130021, China. 3Department of Medical Genetics and Cell Biology,
Guangzhou Medical University, Guangzhou, 510170, China. *Department of Pathology, The Second Clinical Medical
School of Inner Mongolia University for the Nationalities (Inner Mongolia General Forestry Hospital), Yakeshi,
022150, Inner Mongolia, China. *Department of Pathophysiology, Shenyang Medical College, Shenyang, 110034,
Liaoning, China. ®Department of Orthopedic Trauma, Qianfoshan Hospital Affiliated to Shandong University, Jinan,
250014, China. Correspondence and requests for materials should be addressed to J.G. (email: mypopular@126.
com) orY.T. (email: ttang1987 @163.com) or Q.S. (email: qingsw99@163.com)

SCIENTIFICREPORTS | 7: 7546 | DOI:10.1038/s41598-017-07973-4 1


mailto:mypopular@126.com
mailto:mypopular@126.com
mailto:ttang1987@163.com
mailto:qingsw99@163.com

www.nature.com/scientificreports/

Hypoxia-inducible factor-1 alpha (HIF-1q) is a critical transcription factor that activates the expression of nearly
all enzymes involved in glycolysis. It is well established that HIF-1a is upregulated and promotes tumor metas-
tasis in malignant tumors'®. The inhibition of HIF-1c may alter the preferential metabolic pathway in cancer
cells from glycolysis to oxidative phosphorylation to inhibit tumor metastasis'*. When HIF-1« is downregulated
in ovarian cancer cells, the cells become sensitive to chemotherapy through the downregulation of glycolytic
enzyme activity both in vitro and in vivo'®. Therefore, utilization of small interfering (si)RNA technology to
silence HIF-1a activity in PCa may be an effective gene therapy to overcome drug resistance through the regula-
tion of glycolysis.

A major challenge for gene therapy is to develop an efficient gene delivery system that can selectively target
tumors. Genetically attenuated bacteria such as attenuated Salmonella offers promise as an anticancer vector
and has been widely used as a tool to deliver plasmids that express siRNA in vivo'é-2!. Our previous studies have
demonstrated that a combination of low-dose DDP with gene therapy expressing tumor protein p53 (p53) and
mouse double minute 2 homolog (MDM2) siRNA, delivered by attenuated Salmonella enterica serovar Typhi
vaccine strain Ty21a (Salmonella Typhi Ty21a), synergistically inhibited ovarian cancer and PCa growth without
damaging normal tissues*>~2°. Here, we tested our hypothesis that knockdown of HIF-1ca by siRNA gene therapy
delivered by the attenuated Salmonella Typhi Ty21a is a promising strategy to increase the sensitivity of PCa to
DDP from the perspective of targeting cancer-specific metabolism. Our results showed that DDP combined with
the attenuated Salmonella carrying the HIF-10-siRNA plasmid had an optimally therapeutic effect on PCa when
compared to DDP alone in a nude mouse xenograft model. Mechanistic studies demonstrated that the combina-
tion therapy could effectively induce apoptosis of cancer cells by inhibiting glycolysis metabolism. Importantly,
few toxic side effects associated with the combination therapy were observed.

Results
HIF-1o was upregulated in PCa cell lines and primary human PCa cells.  Western blot analyses were
performed to compare HIF-1a protein expression in four representative PCa cell lines (androgen-receptor-neg-
ative PC-3 and DU145, androgen-responsive LNCaP, and castration-resistant 22RV'1) and in two non-malignant
prostatic epithelial cell lines (RWPE-1 and BPH1). HIF-1a protein levels were markedly elevated in malignant cell
lines compared to benign cell lines (Fig. 1a). Consistently, HIF-1o. mRNA (Fig. 1b) was also upregulated in the
PCa cell lines. Moreover, expression of vascular endothelial growth factor (VEGF) and glucose transporter type
4 (GLUT4), which are regulated by HIF-1a, were significantly increased as determined by quantitative real-time
PCR (qRT-PCR, Fig. 1¢,d). Furthermore, HIF-1o transcriptional activity, measured using a reporter gene assay,
was upregulated in the malignant cells compared to the benign cells (Fig. 1e). Moreover, immunohistochemical
(IHC) analysis showed a significantly higher percentage of HIF-1a-positive cells in primary PCa tissue (61.26%)
compared to normal tissue (9.44%), and HIF-1c expression was primarily localized in the nucleus (Fig. 1f).
Next, we aimed to determine whether treatment with DDP and/or the si-HIF-1a plasmid could efficiently
downregulate HIF-1a expression. Three PCa cell lines, PC-3, DU145, and LNCaP, were used to test the knock-
down efficiency of HIF-1a expression following treatment with si-HIF-1a plasmid and/or DDP. The si-HIF-1a
plasmid transfection alone significantly reduced HIF-1a protein expression in all three cell lines compared to the
vehicle group (Fig. 1g), suggesting effective silencing of HIF-1a expression by the siRNA-expressing plasmid.
DDP alone also slightly inhibited HIF-1« expression in PC-3, DU145, and LNCaP cells (Fig. 1g). The combina-
tion of DDP and the si-HIF-1a plasmid inhibited HIF-1a protein expression even further, reaching inhibition of
87.4%, 89.6%, and 80.7% in PC-3, DU145, and LNCaP cells, respectively. Consistently, VEGF and GLUT4, which
are both downstream of HIF-«, were also downregulated by DPP and si-HIF-1a alone, and the greatest reduction
occurred when the cells were treated in combination with DDP and si-HIF-1a (Fig. 1g).

Combination of si-HIF-1a. and DDP therapy markedly reduced cell viability, proliferation, and
colony formation capability in PCa cell lines. MTT (Fig. 2a) and EAU (Fig. 2b,c) assays were both used
to evaluate the effects of combination treatment on cell viability and cell proliferation in PC-3 and DU145 cells.
The results showed that treatment with DDP, si-HIF-1c, and DDP/si-HIF-1 resulted in a significant reduction
of cell viability and cell proliferation in PC-3 and DU145 cells 48 h after treatment, with a maximal reduction
obtained by the DDP/si-HIF-1a treatment (Fig. 2a—c).

Colony assays reflected the capability of single cells to survive and proliferate under various treatment condi-
tions. DDP or si-HIF-1a alone moderately but significantly inhibited colony formation, while the combination
treatment dramatically decreased the colony formation capability of the cells (Fig. 2d).

Combination treatment showed remarkable antitumor activity in a PCa xenograft model. PCa
xenografts were established through the subcutaneous injection of PC-3 cells on the right flank of male nude
mice. Two weeks after the cell injection, tumor-bearing mice received treatments with DDP, si-HIF-1a, or DDP/
si-HIF-1a. The representative tumor xenograft for each treatment is shown in Fig. 3a. All treatments caused a
significant inhibition of tumor expansion compared to the control, but the combination treatment with DDP and
si-HIF-1o had the greatest antitumor effect. At sacrifice, the average tumor size of the control, DDP, si-HIF-1q,
and combination groups were 1413 mm?, 932 mm?, 636 mm?, and 296 mm?, respectively (Fig. 3b). Consistently,
the average tumor weight in the DDP/si-HIF-1a group was significantly lower than those in the other groups
(Fig. 3¢). The combination treatment also led to a significantly greater decrease of HIF-1a protein in the PCa
xenograft compared to treatment with DDP or si-HIF-1o alone (Fig. 3d).

Combination treatment with DDP and si-HIF-1a caused tumor cell apoptosis, but not cell
cycle arrest in PCa xenografts. When examined by hematoxylin and eosin (H&E) staining, a number
of necrotic foci and tissue disorganization were observed in the DDP, si-HIF-1c, and DDP/si-HIF-1a groups,
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Figure 1. Upregulation of HIF-1cx in human PCa. (a) HIF-1a protein was detected by western blot in
nonmalignant (RWPE-1 and BPH1) and PCa cell lines (PC-3, DU145, LNCaP, and 22RV1) as indicated.

(b-d) Total RNA extracted from RWPE-1, BPHI1, PC-3, DU145, LNCaP, and 22RV1 cells was subjected

to qQRT-PCR for HIF-1a (b), VEGF (c) and GLUT4 (d). (e) The HIF-1o promoter-driven reporter (firefly
luciferase) and a control vector (Renilla luciferase) were co-transfected into RWPE-1, BPH1, PC-3, DU145,
LNCaP, and 22RV1 cells for measurement of luciferase activity. HIF-1a promoter activity was calculated as
aratio of firefly to Renilla activity. (f) Human normal and malignant tissue (Gleason score 9) sections were
probed with HIF-1a antibody (scale bars, 100 um). (g) Protein expression of HIF-1a, VEGE and GLUT4 were
examined with western blot, in PC-3, DU145, and LNCaP cells after various treatments as indicated. Data are
expressed as mean + SD of seven independent experiments. *p < 0.05 versus RWPE-1 or BPH1 cells or normal
tissue. *p < 0.05 versus control group. *p < 0.05 versus si-HIF-1a or DDP group. Original blots are shown in
Supplementary Figure 5. C: Ctrl; D: DDP; S: si-HIF-1c; D/S: DDP/si-HIF-1a.

with the combination group demonstrating the most serious injury (Fig. 4a). The expression of proliferation
cell nuclear antigen (PCNA), which is a marker for proliferation, was significantly reduced in groups treated
with combination therapy, compared to other treatments (Fig. 4b). The number of cells that stained positive for
TUNEL, a marker of DNA fragmentation and apoptosis, increased significantly in the DDP, si-HIF-1c, and DDP/
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Figure 2. Inhibition of PCa cell growth in vitro by various treatments. (a) Cell viability was assessed using a
MTT assay in PC-3 and DU145 cells after various treatments as indicated. (b,c) Cell proliferation was examined
using an EdU assay in PC-3 (b) and DU145 (¢) cells after various treatments as indicated (scale bars =25 pm).
(d) Colonies of PC-3 and DU145 cells were stained with crystal violet 14 days after treatment and counted.
Data were presented as mean = SD of three independent experiments. *p < 0.05 versus control group; “p < 0.05
versus si-HIF-1aor DDP group.

si-HIF-1a groups compared to control (Fig. 4c). The DDP/si-HIF-1o combination treatment caused the highest
level of apoptosis. Consistent with this, Western blot analysis revealed an increase in markers of apoptosis in the
DDP/si-HIF-1a group compared to the other groups, including an increase in the Bax/Bcl-2 ratio and the induc-
tion of caspase-3 and PARP cleavage (Fig. 4d,e). Differences in apoptosis and related protein changes were further
confirmed by an in vitro study using PC-3 cells, which showed that DNA fragmentation, as well as the Bax/Bcl-2
ratio and induction of caspase-3 and PARP cleavage, were significantly increased in the DDP/si-HIF-1a group
compared to the other groups (Supplementary Figure 2a,b).
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Figure 3. Inhibition of tumor growth in vivo by various treatments. (a) Macroscopic view of mouse tumors

at the end of the study. (b) Tumor growth curves from day 0 to 40, with tumor sizes measured every 5 days, in
various treatment groups as indicated. (c) Wet weight of tumors measured at the end of the study. (d) Protein
expression of HIF-1a examined by western blot in PC-3 xenografts exposed to various treatments. Data were
presented as mean + SD (n=6). *p < 0.05 versus control group; *p < 0.05 versus si-HIF-1a or DDP group. The
original blots are presented in Supplementary Figure 6.

Another possible reason for the regression of the PC-3 xenografts with DDP/si-HIF-1« therapy may be due to
cell cycle arrest. Therefore, the cell cycle distribution of xenografts was measured using flow cytometry. However,
there was no significant change in the percentage of G1-phase cells in the xenograft treated with DDP alone,
si-HIF-1a alone, or in combination (Fig. 4f). Consistently, the expression of cell cycle regulators such as p21,
cyclin-dependent kinase 4 (CDK4), and specificity protein 1 (SP1) also had no significant change among all
groups, as measured by Western blot analysis. These data suggest no significant change in cells arrested in the
Gl1-phase (Fig. 4g).

DDP and/or HIF-1c siRNA induced apoptosis mediated by reactive oxygen species overproduc-
tion. Next, we tested whether HIF-1a downregulation sensitized PC-3 cells to apoptosis through overproduc-
tion of ROS. We examined the effect of the combined treatment with DDP and si-HIF-1c on levels of ROS with a
dihydroethidium (DHE) assay. The combination treatment significantly enhanced DHE fluorescence intensity in
PCa xenografts and PC-3 cells (Fig. 5a and Supplementary Figure 3a, respectively). Further, the levels of cellular
malondialdehyde (MDA) were higher in PCa xenografts and PC-3 cells following combination treatment (Fig. 5b
and Supplementary Figure 3b). Moreover, the H,O, level was significantly increased in both the cytoplasm and
culture medium of PC-3 cells after the combined treatment of DDP with si-HIF-1a (Fig. 5¢,d). However, ROS
production induced by combination treatment was markedly abolished by ROS scavengers, including N-acetyl
cysteine (NAC) and dihydrolipoic acid (DHLA; Fig. 5¢,d and Supplementary Figure 3a,b). Consistently, caspase-3
and PARP cleavage induced by the combination treatment was remarkably decreased when treated with NAC
(Fig. 5e) or DHLA (Fig. 5f). These data clearly suggest that HIF-1a knockdown sensitizes PCa xenografts and cell
lines to DDP-induced apoptosis by overproduction of ROS.

Overexpression of LDH-A partially blocked apoptosis induced by combined treatment with
DDP and HIF-1a siRNA.  Glycolysis-related enzymes, such as hexokinase 2 (HK2), pyruvate kinase isozyme
M2 (PKM2), phosphoinositide-dependent kinase 1 (PDK1), and lactate dehydrogenase A (LDH-A), are known
to be regulated by HIF-1o. As expected, we found that LDH-A was significantly reduced at both the mRNA and
protein levels following combination treatment in PCa xenografts (Fig. 6a,b), as well as in PC-3 cells in vitro
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Figure 4. Effect of treatment with DDP and/or HIF-1a siRNA on the induction of apoptosis in PCa xenografts.
(a—c) Representative images of H&E (a), PCNA (b), and TUNEL (c) in the xenografts with treatments as
indicated (scale bars, 100 um). (d,e) Bax/Bcl-2 ratio (d) and protein abundance of cleaved forms of caspase-3
and PARP (e) were examined in PCa xenografts by western blot. (f) Values represent the percentage of cells

in each phase of the cell cycle that were detected by flow cytometry analysis. (g) Western blot for protein
expression of p21, CDK4, and SP1 after various treatments. Data were presented as mean +SD (n=6).

*p < 0.05 versus control group; “p < 0.05 versus si-HIF-1a or DDP group. The original blots are presented in
Supplementary Figure 7.

(Supplementary Figure 4a,b). Importantly, glucose uptake levels and lactate production are highly dependent on
the rate of glycolysis. Decreased lactate production and glucose uptake were observed in PC-3 cells when treated
with DDP/Si-HIF-1c, compared to other treatments (Supplementary Figure 4c,d).

LDH-A drives the switch of the metabolic pathway from mitochondrial oxidative phosphorylation to gly-
colysis. Thus, we tested whether overexpression of LDH-A could reduce DDP-triggered apoptosis. LDH-A
overexpression reduced PARP and caspase-3 cleavage, as determined by Western blot (Fig. 6¢), and reduced
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Figure 5. ROS overproduction mediated apoptosis induced by combined treatment of DDP and HIF-1a in
PC-3 xenografts and cell culture. (a) ROS monitored by DHE (red) and nuclei by DAPI (blue) staining in PCa
xenografts (scale bars, 50 um). (b) MDA formation of PCa xenografts was examined after various treatments
(c,d). PC-3 cells were treated with DDP, si-HIF-1« plasmid, or both, in the presence or absence of NAC (5mM)
or DHLA (0.25 mM) for 24 h. Total lysates (c) and culture media (d) were used to detect cellular H,O, level. (e,f)
Western analysis for HIF-1a as well as cleaved caspase-3 and PARP in PC-3 cells following various treatments.
Data were presented as mean + SD of three independent experiments. *p < 0.05 versus control group; *p < 0.05
versus si-HIF-1a or DDP group; *p < 0.05 versus DDP/si-HIF-1a group. The original blots are presented in
Supplementary Figure 8.

histone-associated DNA fragmentation, as determined by ELISA (Fig. 6d), following combination treatment in
PC-3 cells. The above data strongly suggests that HIF-1a-silencing enhances the sensitivity of PCa cells to DDP
through a change in the preferential metabolic pathway from glycolysis to oxidative phosphorylation, leading to
ROS production and subsequent induction of apoptosis.
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Figure 6. LDH-A overexpression blocked apoptosis induced by DDP and/or HIF-1c siRNA. (a,b) mRNA and
protein expression of HK2, LDH-A, PKM2 and PDK1 was examined with qRT-PCR (a) and western blot (b)
in PCa xenografts. (c,d) PC-3 cells were transfected with a human LDH-A cDNA construct or empty vector
(pcDNA) for 48 h. Following 24 h of cDNA treatment, the cells were treated by transient transfection with si-
HIF-1c alone, DDP alone, or both in combination. Cell lysates were subjected to western blot analysis with the
indicated antibodies (c) and an apoptosis ELISA (d). Data were presented as mean + SD of three independent
experiments. “p < 0.05 versus control group; *p < 0.05 versus si-HIF-1a or DDP group. The original blots are
presented in Supplementary Figure 9.

DDP/si-HIF-1a treatment caused little systemic toxicity in mice. We assessed systemic toxicity
in mice caused by the treatment of DDP alone, si-HIF-1a alone, and in combination. There was no difference
in body weight among the groups (Fig. 7a). Histopathological examination by H&E staining showed that DDP/
si-HIF-1o treatment caused only minor toxicity to the tissues of the major internal organs (Fig. 7b). There was
no difference in hepatic function caused by combination therapy, as measured by serum levels of aspartate
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Figure 7. Systemic toxicity caused by HIF-1c siRNA and/or DDP treatment in mice. (a) Mean body weights.
(b) H&E staining of the heart, liver, spleen, lung, and kidney, 40 days following various treatments as indicated
(scale bars=25um). (c) Effects of various treatments on activity of serum ALT and AST. Data were presented as
mean =+ SD (n=6).

aminotransferase (AST) and alanine aminotransferase (ALT; Fig. 7¢). Moreover, no abnormalities such as appe-
tite loss, fur ruffling, or behavioral changes were noticed following the combination treatment (data not shown).

Discussion
We tested our hypothesis that the sensitivity of PCa cells to DDP could be enhanced by reducing HIF-
la-regulated cancer metabolism. First, we demonstrated that downregulating HIF-1o through RNA interference
could sensitize PCa xenografts and cell lines to DDP-induced apoptosis. Next, we investigated the underlying
mechanisms of the enhanced sensitivity of cancer cells to DDP by HIF-1a downregulation, and found a switch
of the metabolic pathway from glycolysis to oxidative phosphorylation, which caused an increase in ROS and
sensitized the cells to DDP.

To overcome the resistance of the tumor to DDP and dose-related toxicity, efforts have been made to develop
a combination strategy to improve the therapeutic effects of DDP. Recently, a combination of DDP and gene ther-
apy aimed to improve antitumor efficacy has become appreciated®>-**2% 27, For instance, it has been shown that
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when combined with adenovirus-mediated phosphatase and tensin homolog (PTEN), DDP has powerful antitu-
mor activity in human small-cell lung cancer?®. Also, NK4 gene therapy combined with low-dose DDP has been
reported to be an effective regimen for oral squamous cell carcinoma®. Our previous study also demonstrated
that DDP combined with gene therapy for both p53 and MDM2-siRNA greatly suppressed PCa and ovarian
tumor growth in vitro and in vivo™ >,

It has been well established that HIF-1a is upregulated in primary PCa and is important for invasion and
migration in PCa®*-%2. Some patients with advanced PCa have high nuclear HIF-1a expression, which corre-
lates with metastases at relapse, as well as reduced disease-specific survival®’. We confirmed that HIF-1« was
remarkably upregulated in human prostate tumors and PCa cell lines, but not in corresponding normal tissues
or nonmalignant cells. Previous studies have also reported that HIF-1« is involved in promoting resistance of
tumors to chemo- and radiotherapy?®. This suggests that HIF-1 status might be a valid marker for predicting
the sensitivity of cancers to chemotherapies. It has also been reported that DDP could downregulate HIF-1a by
promoting HIF-1a degradation through the proteasome degradation pathway'®. In our model, we found that
HIF-1o was significantly decreased following combined treatment with DDP and si-HIF-1q, and the subsequent
transcriptional activation of HIF-1a target genes, such as VEGF and GLUT4, was blocked. In this study, we also
demonstrated for the first time that in vivo transfection of PC-3 xenografts with an HIF-1o-siRNA plasmid deliv-
ered by attenuated Salmonella Typhi Ty21a significantly improved the antitumor effects of DDP.

Next, we further explored the mechanism of the enhanced PCa sensitivity to DDP by downregulating HIF-1c
in cell lines and xenografts. One possible mechanism of drug resistance is through the inactivation of apoptosis.
Most anticancer therapies, including chemotherapy and radiotherapy, exert their efficacy by activating apoptosis
signaling pathways in cancer cells. This study revealed that downregulation of HIF-1a using siRNA combined
with DDP markedly increased apoptosis, as shown by multiple apoptosis markers such as cleaved caspase-3 and
PARP. Another possible reason for the regression of PC-3 xenografts with DDP/si-HIF-1a therapy might be due
to cell cycle arrest. To our surprise, combination therapy affects neither cell cycle distribution nor the expression
of cell cycle regulators such as p21 and CDK4 in PC-3 xenografts. It has been proposed that HIF-1c is a major
regulator of cell cycle arrest under hypoxic conditions®*. Knockdown of HIF-1ca can result in cell cycle disruption
and alters the cellular response to chemotherapeutic drugs in a SP1-dependent manner®. Therefore, we analyzed
the expression of SP1 and found no significant difference among all groups in our model. Taken together, these
data suggested that the principal cause of enhanced tumor regression in the PC-3 xenografts following combina-
tion therapy depended on the induction of apoptosis, not the promotion of cell cycle arrest. However, the latter
might still play a major role of tumor inhibition in other models®> 3.

Most chemotherapeutic agents, such as paclitaxel, doxorubicin, and cisplatin/DDP, could elicit mitochon-
drial permeabilization and intrinsic apoptosis by perturbing glycolysis. Increasing evidence has demonstrated
a possible link between glycolysis and resistance to apoptosis in tumor maintenance and progression®. For
example, HIF-1c engages the glycolysis pathway by inducing the expression of many glycolytic enzymes such
as HK1 and LDH-A to inhibit apoptosis'>*%. Additionally, downregulation of HIF-1c improves the response
of treatment-resistant cells and induces apoptosis through ROS production. It has been reported that oxidative
conditions or increased levels of ROS downregulates HIF-1cw expression, and decreased ROS levels upregulates
HIF-1 expression® . NAC or DHLA, as scavengers of ROS, have also been reported to stimulate HIF-1a
expression® 4=, which is consistent with our findings in this study. A recent study showed that reduction of
LDH-A, a direct target gene of HIF-1c, decreased cellular transformation and significantly increased apoptosis,
as well as delayed tumor development and metastases, indicating that LDH-A is involved in tumor initiation
and progression*. Consistent with the above studies, we also found that the key glycolytic enzyme LDH-A was
significantly reduced following combined treatment with si-HIF-1o and DDP. Further mechanistic studies found
that overexpression of LDH-A largely blocked apoptosis that was induced by the combination treatment. Taken
together, by reducing the glycolytic enzyme LDH-A, combined treatment of si-HIF-1o and DDP induces apopto-
sis in PCa cells, leading to increased ROS production, and subsequently inhibiting tumor growth.

In summary, we showed that silencing HIF-1« greatly enhanced the therapeutic efficacy of low-dose DDP
on PCa in a xenograft model. We further demonstrated that downregulation of HIF-1c overcame chemotherapy
resistance in PCa by redirecting the metabolic pathway from aerobic glycolysis to mitochondrial oxidative phos-
phorylation. This work provides novel insights into the role of HIF-1a in drug resistance, and our results may
help to develop new effective approaches to the treatment of patients with advanced PCa.

Methods and Materials

Ethics Statement. This study was carried out strictly following the recommendations in the Guide for the
Care and Use of Laboratory Animals, Eighth Edition (Library of Congress Control Number: 2010940400, revised
2011). All experimental procedures for animal studies were approved by the Institutional Animal Care and Use
Committee of the Shandong University affiliated Qianfoshan hospital (protocol number: S030). All appropriate
means were undertaken to minimize suffering.

Normal and cancerous human prostate tissues. Both normal and malignant prostate tissue (Gleason
score 9) were kindly provided by Inner Mongolia General Forestry Hospital (Yakeshi, China). Five samples of
normal prostate tissue from benign areas of the prostatectomy specimens, and six samples of cancer tissues from
radical prostatectomy specimens of patients with organ-confined tumors without previous therapy were used.
Patients did not have other systemic diseases. The studies involving human specimens were approved by the
Medical Ethics Committee of Inner Mongolia General Forestry Hospital Affiliated to Inner Mongolia University.
Informed consent was obtained from each patient under an institutionally approved protocol. All methods
were performed in accordance with the relevant guidelines and regulations of Inner Mongolia General Forestry
Hospital Affiliated to Inner Mongolia University.
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Cell culture and treatment. The PCa cell lines PC-3, DU145, LNCaP, 22RV1, RWPE-1, and BPH1 were
obtained from the Cell Bank of the Chinese Academy of Sciences (Shanghai, China) where they were charac-
terized by mycoplasma detection, DNA-fingerprinting, isozyme detection, and cell vitality detection. They
were cultured in Iscove’s modified Dulbecco’s medium (IMDM, Hyclone, Logan, UT, USA) supplemented with
10% (v/v) fetal bovine serum (FBS). The cells were treated with DDP (Sigma-Aldrich, St. Louis, MO) at 6 pg/
mL for 48h, as previously reported®. The transfection reagent used was Lipofectamine 2000 (Invitrogen, CA,
USA). Approximately 6 x 10° cells per well were transfected with the plasmids with or without DDP for 48 h,
then cell viability was determined by (3-(4,5-dimethylthiazolyl-2)-2,5-diphenyltetrazolium bromide (MTT,
Sigma-Aldrich) assay following standard protocols as previously described®.

Construction of the si-HIF-1a plasmid and transfection of attenuated Salmonella Typhi
Ty2la. The construction of the si-HIF-1a plasmid is shown in Supplementary Figure 1 and the attenu-
ated Salmonella Typhi Ty21a was generously provided by Dr. Hohmann* and stored in the Prostate Diseases
Prevention and Treatment Research Center of Jilin University. The plasmid was transfected into competent cells
by electroporation to generate bacteria expressing HIF-1ca siRNA.

Xenograft model. Athymic male nude mice (nu/nu; 8 weeks old; the Institute of Zoology, Chinese Academy
of Sciences, Beijing, China) were housed in standard microisolator conditions free of specific pathogens in
accordance with the Animal Care and Use protocol approved by Shandong university. These mice were used to
establish a xenograft model. The PC-3 suspension (2 x 10° cells in 100 uL PBS per mouse) was subcutaneously
injected into the right flank of the animals. The tumor sizes were measured from the first day until 40 days
post-cell injection, using calipers and the formula: V (volume) = LW? x 0.52, where “L” represents the great-
est length and “W” represents the perpendicular width. After tumors reached approximately 150-200 mm? (~2
weeks), the animals were randomized into four groups (n = 6/group): normal control group, with an intraperito-
neal injection (i.p.) of normal saline; DDP group, with i.p. injection of DDP; si-HIF-1a group, with transfection
of si-HIF-1a; and DDP/si-HIF-1a group, with combined treatment of si-HIF-1a and DDP. The bacteria, carrying
the si-HIF-1a plasmid at 1 x 107 CFU/100 pL, were injected through the tail vein at day 14 and day 28 post-PC-3
cell inoculation as previously described'® 2. After the first bacterial injection, DDP was administered (2.0 mg/kg,
i.p.) twice a week for 2 weeks as previously described* 4,

Western blot assay. Western blotting was performed as previously described? 2> 4, The lysates from the
xenografts or cell lines with different treatments were homogenized in RIPA lysis buffer using a homogenizer.
The supernatants were collected by centrifugation (12,000 rpm at 4 °C for 25 min; Beckman GS-6R). Protein was
resolved by electrophoresis and transferred onto polyvinylidene fluoride (PVDF) membranes (Millipore, Bedford,
MA, USA). The membranes were probed with monoclonal HIF-1a (NB100-105, Novus biological, Littleton, CO,
USA), Bax (27728, Cell signaling, Boston, MA, USA), Bcl-2 (3498S, Cell signaling), caspase-3 (96618, Cell sig-
naling), PARP (5625, Cell signaling), and PCNA (18197, Abcam, Cambridge, MA, USA), as well as p21 (Sc817,
Santa Cruz, CA, USA), CDK4 (Sc70831, Santa Cruz), SP1 (ab27595, Abcam), HK2 (27728, Cell signaling), PKM2
(40538, Cell signaling), LDH-A (35828, Cell signaling), and PDK1 (3820, Cell signaling). Following incubation
with the primary antibody overnight at 4 °C, membranes were washed with Tris-buffered saline (pH 7.2) contain-
ing 0.05% Tween-20 and subsequently incubated with horse radish peroxidase (HRP)-conjugated anti-mouse
(Sc-2005, Santa Cruz) or anti-rabbit (Sc-2357, Santa Cruz) secondary antibody for 1h at room temperature.
Bands of interest were analyzed using the ChemiDocTM Touch Imaging System (BIO-RAD, Hercules, CA, USA).

TUNEL and EdU labeling assays. Terminal deoxynucleotidyl transferase dUTP nick-end labeling
(TUNEL) staining was performed as previously reported®. Briefly, the xenografts from each treatment were
fixed in buffered neutral 10% formalin, dehydrated in a series of graded alcohol, embedded in paraffin, and
sectioned (5 pm). Deparaffinized and rehydrated slides were used for TUNEL staining following the manufac-
turer’s instructions (Promega, Madison, WI, USA). Apoptosis of cells was quantitatively analyzed by counting
TUNEL-positive cells from 10 randomly selected fields in three slides per mouse, from at least five mice in
each group. 5-ethynyl-2/-deoxyuridine (EdU) was detected with Click-iT® EQU Alexa Fluor® 647 Imaging Kit
(C10640, Invitrogen, Carlsbad, CA). Imaging was performed on a fluorescent microscope (Nikon, Melville, NY,
USA) and the signals were quantified by Image] software.

ROS measurement. PC-3 xenograft tissues were immediately frozen in optimal cutting temperature (OCT)
compound and frozen sections (10 um) were prepared at —20 °C using a cryostat (Leica, Electronic). The sec-
tions were thawed at room temperature for 30 min and then incubated in dihydrogen ethidium (10 p.M; DHE,
Sigma-Aldrich) for 30 min at 37 °C in the dark. Next, the sections were washed three times and incubated with
DAPI (2 ug/mL). Digital images were captured by a fluorescent microscope (Nikon), and the fluorescence inten-
sity, normalized to that of the control, was quantified using Image]J software.

Following treatment, PC-3 cells (1.0 x 10° cells/well) cultured on six-well plates were incubated with DHE dye
(5pm/mL) diluted in HanK’s balanced salt solution (HBSS) for 30 min at 37 °C in the dark. Images were captured
on a fluorescence microscope and ROS signals were quantified using Image] software. The H,0, concentrations
were measured using an H,0, assay kit (Beyotime, Beijing, China) according to the manufacturer’s instructions.

Colony formation analysis. Colony formation assays were performed as previously described?* 2>, Briefly,
cells were seeded in six-well plates (500 cells/well) and cultured for 14 days. Colonies were fixed with 10% for-
maldehyde for 15 minutes, and stained with 0.5% crystal violet for 30 minutes. The cells were then photographed
and counted.
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gRT-PCR. Total RNA of PC-3, DU145, LNCaP, 22RV1, RWPE-1 or BPH1 cells after various treatments was
extracted with TRIzol-reagent (Tel-Test; Austin, Texas, USA). First-strand cDNA was synthesized by reverse
transcription of 2 ug total RNA using a Takara RNA PCR Kit (TaKaRa, Japan). The primers used were: glyceral-
dehyde 3-phosphase dehydrogenase (GAPDH): Hs02758991; HIF-1a: Hs00153153; HK2: Hs00606086; PDK1:
Hs00176853; PKM: Hs00761782; and LDH-A: Hs01378790 (Invitrogen). The expression levels of target genes
were normalized to that of the housekeeping gene GAPDH.

Statistical analyses. Data from all replicates were presented as the mean =+ standard deviation (SD).
Comparisons among various groups were performed by two-way analysis of variance (ANOVA), followed by
post-hoc pairwise repetitive comparisons using Tukey’s test with Origin 9.0 Lab data analysis and graphing soft-
ware. Statistical significance was considered as p < 0.05.

Availability of data and materials. The datasets analyzed during the current study are available from the
corresponding author on reasonable request.

References

1. Siegel, R. L., Miller, K. D. & Jemal, A. Cancer statistics, 2015. CA: a cancer journal for clinicians 65, 5-29, doi:10.3322/caac.21254
(2015).

2. Dasari, S. & Tchounwou, P. B. Cisplatin in cancer therapy: molecular mechanisms of action. European journal of pharmacology 740,
364-378, doi:10.1016/j.ejphar.2014.07.025 (2014).

3. Zhou, P. et al. miR-17-92 plays an oncogenic role and conveys chemo-resistance to cisplatin in human prostate cancer cells.
International journal of oncology 48, 1737-1748, doi:10.3892/ij0.2016.3392 (2016).

4. Liu, Z., Zhu, G., Getzenberg, R. H. & Veltri, R. W. The Upregulation of PI3K/Akt and MAP Kinase Pathways is Associated with
Resistance of Microtubule-Targeting Drugs in Prostate Cancer. Journal of cellular biochemistry 116, 1341-1349, doi:10.1002/
jcb.25091 (2015).

5. Rossi, A., Maione, P. & Gridelli, C. Safety profile of platinum-based chemotherapy in the treatment of advanced non-small cell lung
cancer in elderly patients. Expert opinion on drug safety 4, 1051-1067, doi:10.1517/14740338.4.6.1051 (2005).

6. Warburg, O. On the origin of cancer cells. Science 123, 309-314 (1956).

7. Shiraishi, T. et al. Glycolysis is the primary bioenergetic pathway for cell motility and cytoskeletal remodeling in human prostate and
breast cancer cells. Oncotarget 6, 130143, doi:10.18632/oncotarget.2766 (2015).

8. Patra, K. C. et al. Hexokinase 2 is required for tumor initiation and maintenance and its systemic deletion is therapeutic in mouse
models of cancer. Cancer cell 24, 213-228, d0i:10.1016/j.ccr.2013.06.014 (2013).

9. Webb, B. A. et al. Structures of human phosphofructokinase-1 and atomic basis of cancer-associated mutations. Nature 523,
111-114, doi:10.1038/nature14405 (2015).

10. Christofk, H. R. et al. The M2 splice isoform of pyruvate kinase is important for cancer metabolism and tumour growth. Nature 452,
230-233, doi:10.1038/nature06734 (2008).

11. Diedrich, J. D. et al. Bone marrow adipocytes promote the warburg phenotype in metastatic prostate tumors via HIF-1alpha
activation. Oncotarget 7, 64854-64877, doi:10.18632/oncotarget.11712 (2016).

12. Wang, L. et al. Hexokinase 2-mediated Warburg effect is required for PTEN- and p53-deficiency-driven prostate cancer growth. Cell
reports 8, 1461-1474, doi:10.1016/j.celrep.2014.07.053 (2014).

13. Rankin, E. B. & Giaccia, A. J. Hypoxic control of metastasis. Science 352, 175-180, doi:10.1126/science.aaf4405 (2016).

14. Pathania, D., Millard, M. & Neamati, N. Opportunities in discovery and delivery of anticancer drugs targeting mitochondria and
cancer cell metabolism. Advanced drug delivery reviews 61, 1250-1275, doi:10.1016/j.addr.2009.05.010 (2009).

15. Ai, Z., Lu, Y., Qiu, S. & Fan, Z. Overcoming cisplatin resistance of ovarian cancer cells by targeting HIF-1-regulated cancer
metabolism. Cancer letters 373, 36-44, doi:10.1016/j.canlet.2016.01.009 (2016).

16. Guo, H. et al. Effect of vascular endothelial growth factor siRNA and wildtype p53 coexpressing plasmid in MDAMB231 cells.
Molecular medicine reports 13, 461-468, doi:10.3892/mmr.2015.4571 (2016).

17. Li, X. et al. Plasmid-based E6-specific siRNA and co-expression of wild-type p53 suppresses the growth of cervical cancer in vitro
and in vivo. Cancer letters 335, 242-250, doi:10.1016/j.canlet.2013.02.034 (2013).

18. Zhang, L. et al. Intratumoral delivery and suppression of prostate tumor growth by attenuated Salmonella enterica serovar
typhimurium carrying plasmid-based small interfering RNAs. Cancer research 67, 5859-5864, doi:10.1158/0008-5472.CAN-07-
0098 (2007).

19. Urashima, M. et al. An oral CD40 ligand gene therapy against lymphoma using attenuated Salmonella typhimurium. Blood 95,
1258-1263 (2000).

20. Bai, Y. et al. Oral delivery of RNase P ribozymes by Salmonella inhibits viral infection in mice. Proceedings of the National Academy
of Sciences of the United States of America 108, 3222-3227, doi:10.1073/pnas.1014975108 (2011).

21. Deng, J. et al. Enhancement of ovarian cancer chemotherapy by delivery of multidrug-resistance gene small interfering RNA using
tumor targeting Salmonella. The journal of obstetrics and gynaecology research 41, 615-622, doi:10.1111/jog.12598 (2015).

22. Gu, J. et al. Murine double minute 2 siRNA and wild-type p53 gene therapy interact positively with zinc on prostate tumours in vitro
and in vivo. European journal of cancer 50, 1184-1194, doi:10.1016/j.ejca.2013.12.027 (2014).

23. Gu, J. et al. Murine double minute 2 siRNA and wild-type p53 gene therapy enhances sensitivity of the SKOV3/DDP ovarian cancer
cell line to cisplatin chemotherapy in vitro and in vivo. Cancer letters 343, 200-209, doi:10.1016/j.canlet.2013.10.011 (2014).

24. Jiang, T. et al. Enhanced therapeutic effect of cisplatin on the prostate cancer in tumor-bearing mice by transfecting the attenuated
Salmonella carrying a plasmid co-expressing p53 gene and mdm2 siRNA. Cancer letters 337, 133-142, doi:10.1016/j.
canlet.2013.05.028 (2013).

25. Ji, K. et al. Synergistic suppression of prostatic cancer cells by coexpression of both murine double minute 2 small interfering RNA
and wild-type p53 gene in vitro and in vivo. The Journal of pharmacology and experimental therapeutics 338, 173183, doi:10.1124/
jpet.111.180364 (2011).

26. Zhang, Y. et al. eIF3a improve cisplatin sensitivity in ovarian cancer by regulating XPC and p27Kip1 translation. Oncotarget 6,
25441-25451, doi:10.18632/oncotarget.4555 (2015).

27. Wu, K,, Yang, Y., Zhao, J. & Zhao, S. BAG3-mediated miRNA let-7g and let-7i inhibit proliferation and enhance apoptosis of human
esophageal carcinoma cells by targeting the drug transporter ABCC10. Cancer letters 371, 125-133, doi:10.1016/j.canlet.2015.11.031
(2016).

28. Li, D. et al. Enhanced tumor suppression by adenoviral PTEN gene therapy combined with cisplatin chemotherapy in small-cell lung
cancer. Cancer gene therapy 20, 251-259, doi:10.1038/cgt.2013.14 (2013).

29. Matsumoto, G., Omi, Y., Lee, U., Kubota, E. & Tabata, Y. NK4 gene therapy combined with cisplatin inhibits tumour growth and
metastasis of squamous cell carcinoma. Anticancer research 31,105-111 (2011).

30. Ranasinghe, W. K. et al. The role of hypoxia-inducible factor lalpha in determining the properties of castrate-resistant prostate
cancers. PloS one 8, €54251, doi:10.1371/journal.pone.0054251 (2013).

SCIENTIFICREPORTS | 7: 7546 | DOI:10.1038/541598-017-07973-4 12


http://dx.doi.org/10.3322/caac.21254
http://dx.doi.org/10.1016/j.ejphar.2014.07.025
http://dx.doi.org/10.3892/ijo.2016.3392
http://dx.doi.org/10.1002/jcb.25091
http://dx.doi.org/10.1002/jcb.25091
http://dx.doi.org/10.1517/14740338.4.6.1051
http://dx.doi.org/10.18632/oncotarget.2766
http://dx.doi.org/10.1016/j.ccr.2013.06.014
http://dx.doi.org/10.1038/nature14405
http://dx.doi.org/10.1038/nature06734
http://dx.doi.org/10.18632/oncotarget.11712
http://dx.doi.org/10.1016/j.celrep.2014.07.053
http://dx.doi.org/10.1126/science.aaf4405
http://dx.doi.org/10.1016/j.addr.2009.05.010
http://dx.doi.org/10.1016/j.canlet.2016.01.009
http://dx.doi.org/10.3892/mmr.2015.4571
http://dx.doi.org/10.1016/j.canlet.2013.02.034
http://dx.doi.org/10.1158/0008-5472.CAN-07-0098
http://dx.doi.org/10.1158/0008-5472.CAN-07-0098
http://dx.doi.org/10.1073/pnas.1014975108
http://dx.doi.org/10.1111/jog.12598
http://dx.doi.org/10.1016/j.ejca.2013.12.027
http://dx.doi.org/10.1016/j.canlet.2013.10.011
http://dx.doi.org/10.1016/j.canlet.2013.05.028
http://dx.doi.org/10.1016/j.canlet.2013.05.028
http://dx.doi.org/10.1124/jpet.111.180364
http://dx.doi.org/10.1124/jpet.111.180364
http://dx.doi.org/10.18632/oncotarget.4555
http://dx.doi.org/10.1016/j.canlet.2015.11.031
http://dx.doi.org/10.1038/cgt.2013.14
http://dx.doi.org/10.1371/journal.pone.0054251

www.nature.com/scientificreports/

31. Kimbro, K. S. & Simons, ]. W. Hypoxia-inducible factor-1 in human breast and prostate cancer. Endocrine-related cancer 13,
739-749, d0i:10.1677/erc.1.00728 (2006).

32. Zhong, H. et al. Overexpression of hypoxia-inducible factor lalpha in common human cancers and their metastases. Cancer research
59, 5830-5835 (1999).

33. Elsberger, B., Lankston, L., Orange, C., Underwood, M. A. & Edwards, J. Expression of hypoxia inducible factor-1 alpha in matched
hormone naive and castrate resistant prostate cancer specimens. Cancer biomarkers: section A of Disease markers 8, 1-9, doi:10.3233/
DMA-2011-0805 (2010).

34. Goda, N. et al. Hypoxia-inducible factor lalpha is essential for cell cycle arrest during hypoxia. Molecular and cellular biology 23,
359-369 (2003).

35. Culver, C., Melvin, A., Mudie, S. & Rocha, S. HIF-1alpha depletion results in SP1-mediated cell cycle disruption and alters the
cellular response to chemotherapeutic drugs. Cell cycle 10, 1249-1260, doi:10.4161/cc.10.8.15326 (2011).

36. Li, S., Wei, Q. Li, Q.,, Zhang, B. & Xiao, Q. Down-regulating HIF-1alpha by lentivirus-mediated shRNA for therapy of triple negative
breast cancer. Cancer biology ¢ therapy 16, 866-875, d0i:10.1080/15384047.2015.1040958 (2015).

37. Otsuki, S. et al. Possible link between glycolysis and apoptosis induced by sodium fluoride. Journal of dental research 84, 919-923
(2005).

38. Semenza, G. L. HIF-1: upstream and downstream of cancer metabolism. Current opinion in genetics & development 20, 51-56,
doi:10.1016/j.gde.2009.10.009 (2010).

39. Haddad, J. J., Olver, R. E. & Land, S. C. Antioxidant/pro-oxidant equilibrium regulates HIF-1alpha and NF-kappa B redox sensitivity.
Evidence for inhibition by glutathione oxidation in alveolar epithelial cells. The Journal of biological chemistry 275, 21130-21139,
doi:10.1074/jbc.M000737200 (2000).

40. Yang, Z. Z., Zhang, A. Y., Yi, E X,, Li, P. L. & Zou, A. P. Redox regulation of HIF-1alpha levels and HO-1 expression in renal
medullary interstitial cells. American journal of physiology. Renal physiology 284, F1207-1215, doi:10.1152/ajprenal.00017.2002
(2003).

41. Guo, S. et al. Glucose up-regulates HIF-1 alpha expression in primary cortical neurons in response to hypoxia through maintaining
cellular redox status. Journal of neurochemistry 105, 1849-1860, doi:10.1111/§.1471-4159.2008.05287.x (2008).

42. Zhang, Z., Yan, J., Taheri, S., Liu, K. J. & Shi, H. Hypoxia-inducible factor 1 contributes to N-acetylcysteine’s protection in stroke. Free
radical biology & medicine 68, 8-21, doi:10.1016/j.freeradbiomed.2013.11.007 (2014).

43. Nikinmaa, M., Pursiheimo, S. & Soitamo, A. J. Redox state regulates HIF-1alpha and its DNA binding and phosphorylation in
salmonid cells. Journal of cell science 117, 3201-3206, doi:10.1242/jcs.01192 (2004).

44. Le, A. et al. Inhibition of lactate dehydrogenase A induces oxidative stress and inhibits tumor progression. Proceedings of the
National Academy of Sciences of the United States of America 107, 2037-2042, doi:10.1073/pnas.0914433107 (2010).

45. Hohmann, E. L., Oletta, C. A,, Killeen, K. P. & Miller, S. I. phoP/phoQ-deleted Salmonella typhi (Ty800) is a safe and immunogenic
single-dose typhoid fever vaccine in volunteers. The Journal of infectious diseases 173, 1408-1414 (1996).

46. Gu, J. et al. Metallothionein Is Downstream of Nrf2 and Partially Mediates Sulforaphane Prevention of Diabetic Cardiomyopathy.
Diabetes 66, 529-542, doi:10.2337/db15-1274 (2017).

Acknowledgements
This work was supported by research grants from the Natural Science Foundation of China (No. 81600631, to
J.G.), the Natural Science Foundation of Shandong province (No. ZR2015CL004, to Y.T.)

Author Contributions

J.G. set up the animal model and performed the research. Y.L,, J.Z., B.W.,, and K.J. contributed to the data
collection and analysis. J.G., Y.T., and Q.S. participated in the project design, manuscript draft preparation, and
revision. All authors read and approved the final manuscript.

Additional Information
Supplementary information accompanies this paper at doi:10.1038/s41598-017-07973-4

Competing Interests: The authors declare that they have no competing interests.

Publisher's note: Springer Nature remains neutral with regard to jurisdictional claims in published maps and
institutional affiliations.

Open Access This article is licensed under a Creative Commons Attribution 4.0 International

License, which permits use, sharing, adaptation, distribution and reproduction in any medium or
format, as long as you give appropriate credit to the original author(s) and the source, provide a link to the Cre-
ative Commons license, and indicate if changes were made. The images or other third party material in this
article are included in the article’s Creative Commons license, unless indicated otherwise in a credit line to the
material. If material is not included in the article’s Creative Commons license and your intended use is not per-
mitted by statutory regulation or exceeds the permitted use, you will need to obtain permission directly from the
copyright holder. To view a copy of this license, visit http://creativecommons.org/licenses/by/4.0/.

© The Author(s) 2017

SCIENTIFICREPORTS | 7: 7546 | DOI:10.1038/541598-017-07973-4 13


http://dx.doi.org/10.1677/erc.1.00728
http://dx.doi.org/10.3233/DMA-2011-0805
http://dx.doi.org/10.3233/DMA-2011-0805
http://dx.doi.org/10.4161/cc.10.8.15326
http://dx.doi.org/10.1080/15384047.2015.1040958
http://dx.doi.org/10.1016/j.gde.2009.10.009
http://dx.doi.org/10.1074/jbc.M000737200
http://dx.doi.org/10.1152/ajprenal.00017.2002
http://dx.doi.org/10.1111/j.1471-4159.2008.05287.x
http://dx.doi.org/10.1016/j.freeradbiomed.2013.11.007
http://dx.doi.org/10.1242/jcs.01192
http://dx.doi.org/10.1073/pnas.0914433107
http://dx.doi.org/10.2337/db15-1274
http://dx.doi.org/10.1038/s41598-017-07973-4
http://creativecommons.org/licenses/by/4.0/

	Knockdown of HIF-1α by siRNA-expressing plasmid delivered by attenuated Salmonella enhances the antitumor effects of cispla ...
	Results

	HIF-1α was upregulated in PCa cell lines and primary human PCa cells. 
	Combination of si-HIF-1α and DDP therapy markedly reduced cell viability, proliferation, and colony formation capability in ...
	Combination treatment showed remarkable antitumor activity in a PCa xenograft model. 
	Combination treatment with DDP and si-HIF-1α caused tumor cell apoptosis, but not cell cycle arrest in PCa xenografts. 
	DDP and/or HIF-1α siRNA induced apoptosis mediated by reactive oxygen species overproduction. 
	Overexpression of LDH-A partially blocked apoptosis induced by combined treatment with DDP and HIF-1α siRNA. 
	DDP/si-HIF-1α treatment caused little systemic toxicity in mice. 

	Discussion

	Methods and Materials

	Ethics Statement. 
	Normal and cancerous human prostate tissues. 
	Cell culture and treatment. 
	Construction of the si-HIF-1α plasmid and transfection of attenuated Salmonella Typhi Ty21a. 
	Xenograft model. 
	Western blot assay. 
	TUNEL and EdU labeling assays. 
	ROS measurement. 
	Colony formation analysis. 
	qRT-PCR. 
	Statistical analyses. 
	Availability of data and materials. 

	Acknowledgements

	Figure 1 Upregulation of HIF-1α in human PCa.
	Figure 2 Inhibition of PCa cell growth in vitro by various treatments.
	Figure 3 Inhibition of tumor growth in vivo by various treatments.
	Figure 4 Effect of treatment with DDP and/or HIF-1α siRNA on the induction of apoptosis in PCa xenografts.
	Figure 5 ROS overproduction mediated apoptosis induced by combined treatment of DDP and HIF-1α in PC-3 xenografts and cell culture.
	Figure 6 LDH-A overexpression blocked apoptosis induced by DDP and/or HIF-1α siRNA.
	Figure 7 Systemic toxicity caused by HIF-1α siRNA and/or DDP treatment in mice.


