(2022) 13:23
Zhang et al. Cancer Nanotechnology
https://doi.org/10.1186/s12645-022-00129-8

RESEARCH

Cancer Nanotechnology

Open Access

Retro‑inversion follicle‑stimulating hormone
peptide‑modified nanoparticles for delivery
of PDK2 shRNA against chemoresistant ovarian
cancer by switching glycolysis to oxidative
phosphorylation
Meng Zhang1†, Ming Du1†, Xingling Qi1, Yumeng Wang1, Guiling Li1,2, Congjian Xu1,2* and Xiaoyan Zhang1,2*

†

Meng Zhang and Ming Du
contributed equally to this work
*Correspondence:
xucongjian@fudan.edu.cn;
zhxy@fudan.edu.cn

1
Obstetrics and Gynecology
Hospital, Fudan University,
Shanghai 200011, China
2
Shanghai Key Laboratory
of Female Reproductive
Endocrine Related Diseases,
Shanghai 200011, China

Abstract
Background: Most ovarian cancers are diagnosed at advanced stages characterized by abdominal dissemination and frequently exhibit chemoresistance. Pyruvate
dehydrogenase kinase 2 (PDK2) regulates the switch between glycolysis and oxidative
phosphorylation and contributes to tumor progression and chemoresistance. Here, we
investigated the effects of PDK2 blockade on metabolic reprogramming and cisplatin
sensitivity and evaluated the in vivo antitumor effects of PDK2 shRNA in chemoresistant ovarian cancer using retro-inverso follicle-stimulating hormone peptide-modified
nanoparticle as carriers.
Methods: The expression of PDK2 was detected by immunohistochemistry, Western
blot and real-time PCR. Cell proliferation and apoptosis were detected using CCK-8
and flow cytometry. Cell migration was detected by Transwell assay. Seahorse Analyzer
was used to evaluate metabolic changes. The cisplatin-resistant ovarian cancer cells
A2780cp were used to establish the mouse model of peritoneal metastatic ovarian
cancer.
Results: A higher expression level of PDK2 was observed in chemoresistant ovarian
cancer tissues and cell lines and was associated with shorter progression-free survival.
PDK2 knockdown inhibited proliferation and migration and promoted apoptosis of
both cisplatin-sensitive and cisplatin-resistant ovarian cancer cells. Cisplatin sensitivity was increased even in cisplatin-resistant ovarian cancer cells. Mechanistically, PDK2
knockdown resulted in an increased oxygen consumption rate and decreased extracellular acidification rate, along with reduced lactate production, increased PDHC activity
and increased levels of electron transport chain complexes III and V. The metabolism
switched from glycolysis to oxidative phosphorylation. Finally, to specifically and effectively deliver PDK2 shRNA in vivo, we formulated a targeted delivery system containing
retro-inverso follicle-stimulating hormone peptide as a targeting moiety and polyethylene glycol–polyethylenimine copolymers as carriers. The nanoparticle complex
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significantly suppressed tumor growth and peritoneal metastasis of cisplatin-resistant
ovarian cancer without obvious toxicities.
Conclusions: Our findings showed the link between metabolic reprogramming and
chemoresistance in ovarian cancer and provided an effective targeting strategy for
switching metabolic pathways in cancer therapy.
Keywords: Ovarian carcinoma, Pyruvate dehydrogenase kinase 2, Chemoresistance,
Targeted drug delivery, Follicle-stimulating hormone

Background
Ovarian cancer is the most lethal gynecological cancer with a low early detection rate
and high recurrence rate. Approximately 80% of patients have entered stage III or IV at
the time of diagnosis, with a 5-year survival rate of less than 30% (Narod 2016; Lheureux
et al. 2019). Cytoreductive surgery combined with platinum-based chemotherapy is the
primary treatment for advanced ovarian cancer. The R0 resection rate of stage IV epithelial ovarian cancer is only 8.1%, making chemotherapy an independent approach (Winter
et al. 2008). However, more than 80% of patients with advanced-stage disease undergo
chemoresistance and recurrence and have a poor prognosis (Bowtell et al. 2015).
Aerobic glycolysis, or the well-known “Warburg effect”, is a phenomenon in which
cancer cells prefer glycolysis to oxidative phosphorylation (OXPHOS) to produce energy,
even under aerobic conditions (Warburg et al. 1927; Lunt and Vander Heiden 2011).
But there is some evidence that cancers are not inherently aerobically glycolytic, but
anaerobically glycolytic driven by a hypoxia-driven Pasteur effect (Zu and Guppy 2004).
And OXPHOS is the main ATP supply pathway under normoxia in some cancer cells
such as metastatic triple negative breast cancer cells MDA-MB-231 and MDA-MB-468
(Moreno-Sánchez et al. 2014; Pacheco-Velázquez et al. 2018). The active mitochondrial
metabolism is supported by β-oxidation of free fatty acids in hepatoma and cervical cancer cells, which is necessary for ATP demands in the process of cell proliferation (Rodríguez-Enríquez et al. 2015). Nevertheless, accumulated evidence has demonstrated that
cancer cells undergo metabolic reprogramming to achieve rapid proliferation and escape
the killing effect of chemotherapeutics. Aberrant reprogrammed energy metabolism
plays a key role in the tumor microenvironment, initiation, progression and chemoresistance (Xing et al. 2015; Pavlova and Thompson, 2016; Vander Heiden and DeBerardinis 2017; Bergers and Fendt 2021).
Pyruvate dehydrogenase kinases (PDKs), a class of serine/threonine kinases, negatively
regulate the activity of the pyruvate dehydrogenase complex (PDHC) through reversible phosphorylation to restrain the transformation of pyruvate to acetyl-coenzyme A
(acetyl-CoA). PDKs’ overexpression regulates the metabolic switch between glycolysis
and OXPHOS and contributes to the growth, angiogenesis, metastasis, and chemoresistance of cancer, supporting the potential of targeting PDKs in cancer treatment (Wang
et al. 2019; Siu et al. 2020; Venturoli et al. 2021; Yao et al. 2021).
Four PDK isoforms have been identified: PDK1, PDK2, PDK3 and PDK4. Among them,
PDK2 shows the broadest tissue distribution and the strongest sensitivity to acetyl-CoA
and nicotinamide adenine dinucleotide (NADH) (BOWKER-KINLEY et al. 1998; Baker
et al. 2000; Harris et al. 2001). PDK2 overexpression is involved in the proliferation and
migration of cancer cells and promotes resistance to cisplatin and paclitaxel (Gang et al.
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2015; Roh et al. 2016; Sun et al. 2017; He et al. 2018; Hu et al. 2019; Liang et al. 2020).
An analysis from TCGA database suggested a positive correlation between higher PDK2
expression and shorter event-free survival or overall survival (Hu et al. 2019; Cui et al.
2020). Inhibition or knockdown of PDK2 could regulate metabolism and reverse chemoresistance of cancer cells using dichloroacetate (DCA) or RNA interference (RNAi)
(Roh et al. 2016; Sun et al. 2017; Kitamura et al. 2021). However, the side effects, weak
antitumor activity and excessive drug dose limit the clinical application of DCA (Wang
et al. 2021).
Additionally, there remain some challenges in terms of stability and transfection efficiency of in vivo delivery for RNAi blocking PDK2. The nanotechnology-based carriers exhibit the potential to overcome these difficulties (Shi et al. 2017; Xin et al. 2017;
Mohammadinejad et al. 2020). Moreover, the modification of targeted ligands on nanocarriers facilitates the drugs to be delivered into specific lesions (Aghamiri et al. 2019).
Peptide-modified delivery system holds great potential because of their high biocompatibility, specific targeting, chemical variety and low toxicity (Tesauro et al. 2019). The
binding peptides of follicle-stimulating hormone (FSH) receptor could be appropriate
ligands for ovarian cancer (Zhang et al. 2009; Fan et al. 2014; Wang et al. 2018).
In this study, we examined the effects of PDK2 blockade on glucose metabolism and
cisplatin sensitivity in ovarian cancer cells. Moreover, to specifically and effectively
deliver PDK2 shRNA to ovarian cancer in vivo, we formulated a targeted delivery system containing retro-inverso FSH peptide as a targeting moiety and polyethylene glycol
(PEG)-polyethylenimine (PEI) copolymers as carriers. We further investigated the antitumor effects of this targeting strategy for PDK2 in chemoresistant ovarian cancer via
the mouse xenograft models of peritoneal metastasis.

Results
Expression of PDK2 in ovarian cancer tissues and cell lines

To evaluate the relevance of PDK2 in ovarian cancer, we first analyzed 185 cases of
ovarian cancer from GEO datasets. A higher expression level of PDK2 was observed in
ovarian cancer tissues than in normal tissues (Fig. 1A) and was associated with shorter
progression-free survival (PFS) (Fig. 1B). Furthermore, our immunohistochemical staining data revealed higher PDK2 protein levels in chemoresistant ovarian cancer tissues
(n = 11) than in chemosensitive ovarian cancer tissues (n = 31) (Fig. 1C). Compared with
A2780 ovarian cancer cells, the cisplatin-resistant counterpart A2780cp cells showed
higher levels of PDK2 protein according to our Western blot data (Fig. 1D). Together,
these data suggested a relationship between higher PDK2 expression and chemoresistance in ovarian cancer.
Effects of PDK2 knockdown on the cisplatin sensitivity of ovarian cancer cells

To clarify the effects of PDK2 knockdown on cisplatin sensitivity, we examined cell proliferation and apoptosis in cisplatin-sensitive and cisplatin-resistant ovarian cancer cells.
Both A2780 and A2780cp cells were transfected with PDK2 shRNA or scramble shRNA for
24 h before cisplatin treatment. As a result, the expression of PDK2 was strongly silenced at
the mRNA and protein levels (Fig. 2A, B). Cell growth was inhibited by PDK2 knockdown
in A2780 and A2780cp cells. Notably, the inhibitory effects of cisplatin were significantly
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Fig. 1 Expression of PDK2 in ovarian cancer tissues and cell lines. A Expression of PDK2 in ovarian cancer and
normal tissues of the GEO database (GSE26712). **P < 0.01. B Kaplan–Meier survival curve delineating PFS
between the low and high PDK2 expression groups from the GEO database (GSE26712). C Representative
images of immunohistochemical staining for PDK2 in ovarian cancer tissues (200X). 1–2, chemosensitive
ovarian cancer tissues. 3–4, chemoresistant ovarian cancer tissues. D Expression of PDK2 protein in A2780,
A2780cp, Caov3, HEY, SKOV3 and ES2 ovarian cancer cell lines via Western blot

enhanced even in cisplatin-resistant cells. The IC50 of cisplatin was substantially reduced
after PDK2 knockdown (12.5 μg/ml versus 5 μg/ml) (Fig. 2C, D). Accordingly, the proportions of apoptotic cells increased in the cisplatin-treated A2780 and A2780cp cells at 24 h
after transfection with PDK2 shRNA (Fig. 2E, F). The cisplatin sensitivity of ovarian cancer
cells was substantially enhanced by PDK2 knockdown.
PDK2 knockdown inhibited the migration of ovarian cancer cells in vitro

Next, to further investigate the effects of PDK2 knockdown on the malignant biobehaviors
of cisplatin-resistant ovarian cancer cells, we examined migration via Transwell assays. As
shown in Fig. 3, migration was decreased in the PDK2-depleted A2780 and A2780cp cells
compared with the control cells transfected with scramble shRNA. Notably, PDK2 knockdown and cisplatin treatment exhibited strong inhibitory effect on migration, even in cisplatin-resistant ovarian cancer cells. In vitro data showed that PDK2 knockdown in ovarian
cancer cells suppressed malignant biobehaviors and increased cisplatin sensitivity.
PDK2 knockdown reprogrammed glucose metabolism in cisplatin‑resistant ovarian cancer
cells

As important rate-limiting enzymes in glycolysis, PDKs play pivotal roles in regulating glycolysis and OXPHOS. We explored the changes in metabolism after PDK2

Page 4 of 15

Zhang et al. Cancer Nanotechnology

(2022) 13:23

Fig. 2 Effects of PDK2 knockdown on the cisplatin sensitivity of ovarian cancer cells. A PDK2 protein
expression in A2780 and A2780cp cells by Western blot. B PDK2 mRNA expression in A2780 and A2780cp
cells by real-time PCR. Both A2780 and A2780cp cells were transfected with PDK2 shRNA or scramble shRNA.
The viability of A2780 (C) and A2780cp (D) cells measured by CCK-8 assays. Cells transfected with scramble
shRNA were used as controls. Both PDK2-depleted and control cells were treated with a concentration
gradient of cisplatin for 24 h. The apoptosis of A2780 (E) and A2780cp (F) cells was analyzed using flow
cytometry. Both PDK2-depleted and control cells were treated with 5 μg/ml cisplatin for 24 h. ***P < 0.001,
**P < 0.01

knockdown in cisplatin-resistant ovarian cancer cells by Seahorse analysis. After treatment with cisplatin and PDK2 shRNA, the non-glycolytic acid production, glycolysis
and glycolytic capacity were decreased (Fig. 4A–D), whereas the ATP production, basal
respiration and maximum respiration were increased in cisplatin-resistant A2780cp
ovarian cancer cells (Fig. 4E– H). Moreover, the effects of cisplatin on metabolism were
significantly enhanced by PDK2 knockdown. We further investigated the effects of PDK
knockdown on lactate production. Reduced levels of lactate were found in the supernatants from the PDK2-depleted A2780cp cells compared with the control cells transfected
with scramble shRNA (Fig. 4I). Reversely, PDHC activity was increased in the PDK2depleted A2780cp cells (Fig. 4J). Notably, these metabolic changes were accompanied by
increased levels of electron transport chain complexes III and V in the PDK2-depleted
A2780cp cells, which was detected via Western blot (Fig. 4K). Taken together, these data
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Fig. 3 Effects of PDK2 knockdown on the migration of ovarian cancer cells. Both A2780 and A2780cp cells
were transfected with PDK2 shRNA or scramble shRNA and then treated with 5 μg/ml cisplatin for 24 h.
Representative microscopy images and cell numbers of A2780 (A, C) and A2780cp (B, D) cells. **P < 0.01,
*P < 0.05

suggested that PDK2 knockdown promoted a shift from glycolysis to OXPHOS in cisplatin-resistant ovarian cancer cells as well as restored cisplatin sensitivity.
PDK2 knockdown suppressed tumor growth and peritoneal metastasis
of cisplatin‑resistant ovarian cancer

The difficulties of specific and stable delivery in vivo limit the clinical application of RNA
interference drugs. We previously developed FSH peptide-modified nanoparticles that
can effectively deliver drugs in vivo (Zhang et al. 2009). In this study, we synthesized
retro-inverso FSH β 33–53 peptide-conjugated PEG-PEI (DFPP), and then PDK2 shRNA
plasmids were loaded into the copolymers. The 1H-NMR spectra of DFPP exhibited the
peaks at 3.5–3.6 ppm (from PEG), 2.4–3.0 ppm (from PEI) and 7.0–7.2 ppm (from FSH
peptide) (Fig. 5A). The copolymers containing PDK2 shRNA showed spherical shapes
under transmission electron microscopy (Fig. 5B). The average DLS particle size of
DFPP-PDK2 with an N/P ratio of 25 was 140.6 ± 29.6 nm, and the zeta potential value
was − 30.4 ± 1.8 mV.
Then, we used this drug carrier to deliver PDK2 shRNA in vivo and investigated
the effects of PDK2 knockdown on tumor growth and metastasis of cisplatin-resistant ovarian cancer. Since ovarian cancer tends to peritoneal disseminate and rapidly accumulate ascetic fluid, a mouse model of peritoneal metastatic ovarian cancer
was used in this study. A2780cp cells were injected intraperitoneally into female
nude mice to establish the model. Cisplatin, DFPP-PDK2 and the combination of
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Fig. 4 PDK2 knockdown induced a switch from glycolysis to OXPHOS. A The ECAR measured by Seahorse
analysis in cisplatin-resistant A2780cp ovarian cancer cells. Cells were transfected with PDK2 shRNA and
then treated with 5 μg/ml cisplatin for 24 h. Quantification of non-glycolytic acid production (B), glycolysis
(C) and glycolytic capacity (D). E The OCR measured by Seahorse analysis in A2780cp cells. Quantification of
basal respiration (F), ATP production (G) and maximum respiration (H). I Lactate level in supernatants. J PDHC
activity in A2780cp cells. A2780cp cells were transfected with PDK2 shRNA (PDK2shRNA group) or scramble
shRNA (control group) for 24 h. Then, both PDK2-depleted A2780cp cells and control cells were treated with
5 μg/ml cisplatin for 24 h (cis + PDK2shRNA group vs. cisplatin group). K The levels of electron transport
chain complexes in the PDK2-depleted A2780cp cells detected via Western blot. ***P < 0.001, **P < 0.01, and
*P < 0.05

cisplatin and DFPP-PDK2 were administrated, respectively. The changes in abdominal circumference during the study and the number of tumor foci at the end point
were measured to reflect the tumor burdens. As shown in Fig. 6, the growth of the
abdominal circumference was significantly delayed by the combined administration of DFPP-PDK2 and cisplatin. The number of tumor foci at the end point was
the lowest and the inhibition rate was 62.5% in the combination group. Consistent
with this finding, the expressions of the proliferation marker Ki67 and the antiapoptotic B-cell lymphoma-2 (Bcl-2) protein obviously decreased in the combination
group (Fig. 6E, F). Together, these data showed that DFPP-PDK2 significantly suppressed peritoneal dissemination of chemoresistant ovarian cancer without obvious
toxicities.
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Fig. 5 Characterization of nanoparticle complexes. A 1H-NMR spectroscopy of DFPP copolymer. B
Transmission electron microscopy images of PP-PDK2 and DFPP-PDK2. Bar, 100 nm

Discussion
Most ovarian cancer patients are diagnosed at an advanced stage and present abdominal
dissemination and rapidly accumulating ascetic fluid. Moreover, acquired chemoresistance is a challenge for the majority of these patients.
In contrast to normal cells, cancer cells, fibroblasts and macrophages in the tumorassociated microenvironment prefer aerobic glycolysis (DeBerardinis et al. 2007; Xing
et al. 2015). But there are also some cancer cell types that mainly rely on mitochondrial
metabolism for ATP supply (Moreno-Sánchez et al. 2014). Cancer cells obtain ATP
and intermediates via aerobic glycolysis and/or mitochondrial metabolism to meet the
requirements of proliferation and biosynthesis as well as the demands for a beneficial
microenvironment (Gatenby and Gillies, 2004; Rodríguez-Enríquez et al. 2015). The
untreated cisplatin-resistant ovarian cancer cells A2780cp exhibited a high level of glycolysis in our study. Recent researches have shown that modulating glycolysis could regulate the metastasis and chemosensitivity of ovarian cancer cells (Shi et al. 2018; Tian
et al. 2021). PDK2, a primary gatekeeper of glycolysis, contributes to tumor progression and chemoresistance and could be an effective target for cancer treatment (Anwar
et al. 2021). Suppression of PDK2 can shift glucose utilization and metabolism and then
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Fig. 6 PDK2 knockdown suppressed tumor growth and peritoneal metastasis of cisplatin-resistant ovarian
cancer in vivo. The nude mouse model of cisplatin-resistant peritoneal metastatic ovarian cancer was
intraperitoneally injected with cisplatin, DFPP-PDK2 and the combination of cisplatin and DFPP-PDK2 twice
a week for 3 weeks. A Representative images of peritoneal tumor foci. B The number of tumor foci at the end
point. C The changes of abdominal circumference of the mice. D HE staining in tumor xenografts. Ki67 (E)
and Bcl-2 (F) expression via immunohistochemistry in tumor xenografts. (1) control group. (2) cisplatin group.
(3) DFPP-PDK2 group. (4) cis + DFPP-PDK2 group. Bars, 50 μm. ***P < 0.001, **P < 0.01, and *P < 0.05

inhibit tumor growth (Byun et al. 2015). In this study, we investigated the link between
metabolic reprogramming and chemoresistance and evaluated the antitumor effects of
targeting PDK2 in chemoresistant ovarian cancer.
PDK2 can be blocked by synthetic small-molecule inhibitors and PDHC reaction products. PDK2 inhibition activates PDHC, resulting in a reduction in the levels of end products and further inhibition of PDK2 (Rahman et al. 2016; Shi and McQuibban, 2017). We
designed shRNA plasmids to suppress PDK2 expression in vitro and explored metabolic
reprogramming after PDK2 knockdown. Cisplatin-resistant ovarian cancer cells showed
a lower ECAR and higher OCR after PDK2 knockdown, along with reduced lactate production and increased PDHC activity. The metabolism switched from glycolysis to mitochondrial OXPHOS. As a result, cisplatin sensitivity was restored, cell proliferation and
invasion were decreased, and apoptosis was increased. PDK2 blockade could increase
the activity of PDHC, regulate the glycolytic phenotype and lactate production, and then
induce cell apoptosis or death (Gang et al. 2014, 2015; Hui et al. 2017).
PDK2 is more sensitive to DCA, a small-molecule inhibitor of PDK family members,
than the other three isoforms, and this drug has been used in clinical trials for cancer
treatment (BOWKER-KINLEY et al. 1998; Tataranni and Piccoli 2019). However, the
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low efficiency of suppressing tumor growth and systemic toxicity limit its clinical use
(Kaufmann et al. 2006; Deuse et al. 2014; Stacpoole et al. 2019; Wang et al. 2021). Other
chemical compounds that can inhibit PDK2 activity, such as 2-chloropropionate, also
show toxicity (Yount et al. 1982). Because of the ubiquitous tissue distribution of PDK2,
precise targeting of PDK2 inhibitors is necessary for their clinical application.
RNAi can efficiently block the genes of interest in vitro and could be a potential tool to
target PDK2 expression. In this study, FSH receptor-mediated nanocarrier was used to
deliver PDK2 shRNA in vivo. FSH receptor is mainly expressed in ovaries and could be a
specific targeting site for ovarian cancer (Perales-Puchalt et al. 2017). The FSH β 33–53
peptide containing natural l-amino acids is able to bind specifically to the FSH receptor and used as targeting moiety in drug delivery system in our previous study (Zhang
et al. 2009). However, instability due to protease degradation limited the application
of natural peptides as intracellular targets. D-counterparts of L-configuration peptides
have inherent proteolytic hyperstability and high binding affinity (Tesauro et al. 2019;
Kannan et al. 2020). Retro-inverso FSH peptide containing D-amino acids was used as
a targeting moiety to deliver gene drugs into FSH receptor-positive ovarian cancer cells,
and showed high affinity and strong stability in our previous and present studies (Zhang
et al. 2018). The in vivo data also suggested that PDK2 blockade via this delivery system significantly suppressed peritoneal dissemination of chemoresistant ovarian cancer
without obvious toxicities.
This study still has some limitations. Tumors are always heterogeneous, and the
expression of PDK2 and FSH receptor varies in different cancer cells. The efficiency
of targeted delivery by the FSH receptor-mediated system could be limited. Different
histological types of ovarian cancer might have different responses to PDK2 blockade.
The effects of PDK2 in different histological types of ovarian cancer need to be further
studied.

Conclusions
PDK2 blockade switched glycolysis to OXPHOS in cisplatin-resistant ovarian cancer
cells, along with inhibition of cell proliferation and migration as well as increase of cell
apoptosis. Retro-inverso FSH peptide-conjugated nanoparticles effectively delivered
PDK2 shRNA in vivo and then suppressed peritoneal dissemination of chemoresistant ovarian cancer. This study showed the link between metabolic reprogramming and
chemoresistance in ovarian cancer and provided an effective in vivo targeting strategy
for switching metabolic pathways in cancer therapy.
Methods
Cell culture and treatment

The A2780 ovarian adenocarcinoma cell line and its cisplatin-resistant counterpart,
the A2780cp cell line, were obtained from Professor Yu Yinhua (M.D. Anderson Cancer Center, Houston, TX, USA). The cells were maintained in a 37 °C incubator with
5% CO2. The culture medium was RPMI 1640 containing 10% fetal bovine serum (FBS)
(Gibco, South America) and 1% penicillin–streptomycin. For transfection, cells were
treated with shRNA plasmid and Lipofectamine 2000 (Invitrogen, USA). Four shRNA
sequences of PDK2 were screened and the sequence of 5ʹ-ACATAGAGCACTTCAGCA
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A-3ʹ was selected due to its high efficiency. The scramble shRNA was used as control.
Then, both PDK2-depleted cells and control cells were treated with a concentration gradient of cisplatin (Sigma, USA) for 24 h.
Western blot

Cells were treated with lysis buffer for 30 min and then centrifuged at 20,000 rpm
for 15 min at 4 °C. The supernatant was collected, and the protein concentration was
detected using a bicinchoninic acid assay (Beyotime, China). Total protein was separated
by sodium dodecyl sulfate-polyacrylamide gel electrophoresis (SDS-PAGE) and transferred to PVDF membranes. Then, the membranes were incubated with primary antibodies, including PDK2 antibody (Abcam, UK), total OXPHOS human antibody cocktail
(Abcam, UK) and β-actin antibody (CST, USA), and HRP-conjugated secondary antibody (Beyotime, China) was added. The protein bands were imaged by chemiluminescence using the ImageQuant LAS4000 system (GE Healthcare Life Sciences, USA).
Real‑time PCR

Total RNA was extracted from cells using TRIzol buffer, and then, reverse transcription
was performed. Afterward, the reverse transcription products were analyzed by realtime PCR via an ABI PRISM 7900 system (Applied Biosystems, USA). The primers were
synthesized by the BioTNT Company (China). The primer sequences were as follows.
PDK2: 5ʹ- CGGCTGGCTAACACAATG-3ʹ and 5’-TCCTCAGGGCTCTTATTTTC-3ʹ.
GAPDH: 5’GGGAAGGTGAAGGTCGGAGT-3ʹ and 5ʹGGGGTCATTGATGGCAAC
A-3ʹ. Relative mRNA expression levels were calculated using the 2
 − ΔΔCT method.
Immunohistochemistry

Human tissues were collected from ovarian cancer patients admitted to the Obstetrics and Gynecology Hospital of Fudan University, which was approved by the Ethics
Committee at Obstetrics and Gynecology Hospital of Fudan University. For immunohistochemistry, tissues were fixed in 4% paraformaldehyde, embedded in paraffin and
sectioned. The tissue sections were sequentially incubated with primary antibodies,
including PDK2 antibody (Abcam, UK), Ki-67 antibody (Abcam, UK) and Bcl-2 antibody (Abcam, UK), and HRP-conjugated secondary antibody. Diaminobenzidine and
hematoxylin were used to stain tissues, and then, images were obtained under light
microscopy.
Cell viability assay

A CCK-8 kit (Dojindo, Japan) was used to assess cell viability. Cells (3 × 103) were seeded
in 96-well plates. After treatment with PDK2 shRNA and cisplatin for 24 h, cell viability
was examined according to the manufacturer’s instructions.
Cell migration assay

Transwell chambers (Corning, USA) were used to assess cell migration in vitro. After
treatment with PDK2 shRNA and cisplatin for 24 h, cells were seeded in the upper Transwell inserts in serum-free medium. The bottom 24-well plate contained medium supplemented with 10% FBS. After culture for 24 h, the cells remaining inside the inserts
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were removed with cotton swaps. The cells that migrated to the lower surface of the
inserts were fixed with 4% paraformaldehyde, stained with crystal violet and counted
under light microscopy.
Cell apoptosis assay

Cell apoptosis was examined using a PE-Annexin V apoptosis detection kit (BD Biosciences, USA). After treatment with PDK2 shRNA and cisplatin for 24 h, cells were
repeatedly washed with cold PBS and then resuspended in binding buffer at a density of
1 × 106 cells/ml. Next, 5 μl of PE-Annexin V and 5 μl of 7-aminoactinomycin D (7-AAD)
were sequentially added to binding buffer for 15 min. Cells were detected and analyzed
by FACStation cytometry (BD Biosciences, USA). PE-Annexin V-positive and 7-AADnegative cells were considered apoptotic cells.
Seahorse metabolic assay

The extracellular acidification rate (ECAR) and oxygen consumption rate (OCR) of
treated cells were determined by a Seahorse Bioscience XF96 Analyzer (Agilent, USA)
according to the manufacturer’s protocol. Briefly, 1 × 105 cells were seeded in an XF96
culture plate. Glycolysis stress and mitochondrial stress tests were performed. The glycolysis, glycolytic capacity and glycolytic reserve were detected by adding glucose, oligomycin and 2-deoxyglucose (2-DG). The basal values before addition of glucose were
non-glycolytic acid production. The basal respiration, proton leak, maximum respiration
and spare respiratory capacity were detected by adding oligomycin, carbonylcyanide-ptrifluoromethoxyphenylhydrazone (FCCP), rotenone and antimycin A.
Lactate detection

Cells were cultured in phenol red-free RPMI 1640 after treatment with the indicated
drugs for 24 h. Then, the culture medium was collected to measure lactate levels using
a lactate assay kit (BioVision, USA) according to the manufacturer’s protocol. The detection value was normalized to the total protein level of cells.
PDHC activity measurement

PDHC activity was measured by a PDH Enzyme Activity Microplate Assay Kit (Abcam,
UK). Samples were loaded onto the microplates coating with anti-PDHC antibody and
incubated at room temperature. After 3 h, 200 μL assay solution was added into each
well. Absorbance at OD450 nm was measured according to the manufacturer’s protocol.
Preparation and characterization of copolymer‑containing PDK2 shRNA

Retro-inverso FSH β 33–53 peptide-modified PEG-PEI copolymers were prepared and
conjugated with shRNA plasmids as previously described (Zhang et al. 2018). The conjugation of the copolymer was confirmed by 1H nuclear magnetic resonance (1H-NMR)
spectroscopy (Bruker BioSpin International, Switzerland). The dynamic light scattering
(DLS) particle size, zeta potential and morphology were examined by Malvern Zetasizer
Autosizer (Malvern, UK) and transmission electron microscope (JEOL, Ltd., Japan). The
retro-inverso FSH peptide-modified PEG-PEI copolymers containing PDK2 shRNA
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(named as DFPP-PDK2) with an nitrogen to phosphorus (N/P) ratio of 25 were used in
next experiments.

Tumor model of peritoneal metastatic ovarian cancer

A total of 1 × 107 A2780cp cells were injected intraperitoneally into the right lower
quadrant of 5-week-old female BALB/c nude mice (SLAC Laboratory, Shanghai, China)
to establish the model of peritoneal metastatic ovarian cancer. The mice were randomly
divided into 4 groups with 6 mice per group using simple random number. All mice
were included in this study. Cisplatin, DFPP-PDK2 and the combination of cisplatin and
DFPP-PDK2 were injected intraperitoneally twice a week for 3 weeks. The control group
was injected with saline. The dose of DFPP-PDK2 was 2.5 mg/kg body weight, and that
of cisplatin was 2.5 mg/kg body weight. A first investigator was aware of the treatment
group allocation and administered the treatment. A second investigator performed the
measurement procedure. The abdominal circumference was measured during the study,
and the number of tumor foci was counted at the end point. The animal experiments
followed the principles for laboratory animal use and care and with approval from the
Institutional Animal Care and Use Committee of SLAC.

Statistical analysis

Student’s t test and one-way analysis of variance were used. P values < 0.05 were considered significant. Statistical Package for the Social Sciences (SPSS) version 16.0 and
GraphPad Prism 6.0 were used for data analyses.
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FCCP	Carbonylcyanide-p-trifluoromethoxyphenylhydrazone
1
1
H-NMR	
H nuclear magnetic resonance
DLS	Dynamic light scattering
PFS	Progression-free survival
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