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Abstract

Ovarian clear cell carcinoma (CCC) exhibits an association with endometriosis, resist-
ance to oxidative stress, and poor prognosis owing to its resistance to conventional
platinum-based chemotherapy. A greater understanding of the molecular character-
istics and pathogenesis of ovarian cancer subtypes may facilitate the development of
targeted therapeutic strategies, although the mechanism of drug resistance in ovar-
ian CCC has yet to be determined. In this study, we assessed exome sequencing data
to identify new therapeutic targets of mitochondrial function in ovarian CCC because
of the central role of mitochondria in redox homeostasis. Copy number analyses re-
vealed that chromosome 17q21-24 (chr.17q21-24) amplification was associated with
recurrence in ovarian CCC. Cell viability assays identified an association between
cisplatin resistance and chr.17q21-24 amplification, and mitochondrion-related genes
were enriched in patients with chr.17g21-24 amplification. Patients with high ex-
pression of pyruvate dehydrogenase kinase 2 (PDK2) had a worse prognosis than
those with low PDK2 expression. Furthermore, inhibition of PDK2 synergistically
enhanced cisplatin sensitivity by activating the electron transport chain and by in-
creasing the production of mitochondrial reactive oxygen species. Mouse xenograft
models showed that inhibition of PDK2 with cisplatin inhibited tumor growth. This
evidence suggests that targeting mitochondrial metabolism and redox homeostasis

is an attractive therapeutic strategy for improving drug sensitivity in ovarian CCC.

Abbreviations: ARID1A, AT-rich interaction domain 1A; ATP, adenosine triphosphate; CCC, clear cell carcinoma; CDDP, cisplatin; CGH, comparative genomic hybridization; CNV, copy
number variant; CPT11, camptothecin; CTNNB1, catenin beta 1; DAVID, database for annotation, visualization and integrated discovery; DCA, sodium dichloroacetate; DXR,
doxorubicin; ETC, respiratory electron transport chain; FADH,, dihydro-flavin adenine dinucleotide; FDR, false discovery rate; GBE1, glycogen branching enzyme; GEM, gemcitabine;
GSH, L-glutathione reduced; GYS1, glycogen synthase; H,0,, hydrogen peroxide; HGSC, high-grade serous carcinoma; HIF1A, hypoxia-inducible factor-1a; HNF1B, HNF1 homeobox B;
HR, hazard ratio; IC50, half maximal inhibitory concentration; IHC, immunohistochemistry; MDM2, MDM2 proto-oncogene; NAC, N-acetyl-L-cysteine; NADH, nicotinamide adenine
dinucleotide hydrogen; OCR, oxygen consumption rate; OS, overall survival; OXPHOS, oxidative phosphorylation; PDC, pyruvate dehydrogenase complex; PDH, pyruvate
dehydrogenase; PDHE1, pyruvate dehydrogenase E1 component subunit; PDK, pyruvate dehydrogenase kinase; PDK2, pyruvate dehydrogenase kinase 2; PFS, progression-free
survival; PIK3CA, phosphatidylinositol-4,5-bisphosphate 3-kinase catalytic subunit alpha; PLD, doxorubicin hydrochloride liposome; PPGM1, phosphoglucomutase 1; PPM1D, protein
phosphatase, Mg2+/Mn2+ dependent 1D; PPP1R3C, protein phosphatase 1 regulatory subunit 3C; PTEN, phosphatase, tensin homolog; PTX, paclitaxel; PYGL, glycogen phosphorylase;
ROS, reactive oxygen species; SLC31A1, solute carrier family 31 member 1; SLC3A1, solute carrier family 3 member 1; TALEN, transcription activator-like effector nuclease; TCA,
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1 | INTRODUCTION

Ovarian cancer has the worst clinical behavior among gynecologic
malignancies.® Considerable heterogeneity exists within and be-
tween well-established ovarian cancer subtypes and their drug sen-
sitivities.? Four distinct nomenclatures are used to classify ovarian
cancer based on morphological criteria: high-grade serous carci-
noma (HGSC), mucinous carcinoma, endometrioid carcinoma, and
clear cell carcinoma (CCC).2 CCC is the second most common sub-
type after HGSC and accounts for 25% of all cases of ovarian cancer
in Japan.3 Ovarian CCC has a poor prognosis owing to its resistance
to conventional platinum-based chemotherapy at advanced stages.3
Therefore, specific therapeutic strategies for overcoming chemore-
sistance are urgently needed for ovarian CCC. Ovarian CCC-specific
somatic mutations have been reported in AT-rich interaction domain
1A (ARID1A), phosphatidylinositol-4,5-bisphosphate 3-kinase cata-
lytic subunit alpha (PIK3CA), phosphatase, tensin homolog (PTEN),
and catenin beta 1 (CTNNB1).* However, the pathway alterations
responsible for chemoresistance in CCC have not been identified.
Simply targeting these genes does not lead to effective therapy, in-
dicating the underlying genomic and epigenomic complexity of ovar-
ian CCC.” Elucidation of the biological mechanisms essential for the
survival of cancer cells is necessary to identify useful treatments for
ovarian CCC.

We previously reported that oxidative stress in an iron-rich en-
vironment induced accumulation of gene mutations and induced the
characteristic gene expression profile (OCCC signature) for ovarian
CCC.%” In the OCCC signature, we focused on HNF1 homeobox B
(HNF1B) in terms of glucose metabolism, redox homeostasis and cis-
platin resistance. HNF1B inhibits glucose influx into the tricarbox-
ylic acid (TCA) cycle and induces solute carrier family 3 member 1
(SLC3A1) expression, which decreases intracellular reactive oxygen
species (ROS) activity by promoting glutathione synthesis in ovarian
CCC cell lines.® These findings suggest that HNF1B, which is induced
in a persistent iron-rich oxidative stress environment, plays a crucial
role in glucose metabolism and controlling ROS production in ovar-
ian CCC, suggesting that one of the mechanisms of cisplatin resis-
tance in ovarian CCC is maintenance of redox homeostasis.

In living organisms, ROS are generated through the respiratory
electron transport chain (ETC) in mitochondria, a process called
oxidative phosphorylation (OXPHOS).” Either ETC overload or
disruption at any of these locations may lead to blockage of elec-
trons upstream, which allows the electrons to react with oxygen
to produce superoxide.®*! Thus, mitochondrial ETC plays the main
role in ROS production. The electrons are provided as nicotinamide

adenine dinucleotide hydrogen (NADH) and dihydroflavin adenine

dinucleotide (FADH,) from the TCA cycle into the OXPHOS path-
way. That is, the regulation of the flux into the TCA cycle can change
the production of ROS in the mitochondrial ETC, thereby reflecting
the changes in NADH and FADH2 production. One of the enzymes
controlling flux into the TCA cycle is pyruvate dehydrogenase ki-
nase (PDK). PDK suppresses the conversion of pyruvic acid to ace-
tyl coenzyme A, which enters the TCA cycle in mitochondria by
inhibiting pyruvate dehydrogenase (PDH) through phosphorylation
of Ser293 on the Ela subunit of PDH (PDHE1-aIpha).12'13 However,
the role of PDK in chemoresistance has not yet been elucidated in
ovarian CCC.

In this study, we present a new potential therapeutic target for
overcoming chemoresistance by targeting mitochondrial metabolism
and disrupting redox homeostasis through pyruvate dehydrogenase
kinase 2 (PDK2) based on the exploration of the essential biological

mechanisms in ovarian CCC.

2 | MATERIALS AND METHODS

The details are described in the Supporting Information. This study
was approved by the Kyoto University Graduate School and Faculty
of Medicine Ethics Committee.

2.1 | Whole-exome sequencing

Genomic DNA was extracted from 13 ovarian CCC cell lines using
QlAamp DNA Mini Kits (Qiagen) following the manufacturer’s proto-
cols. The quality of the DNA was assessed for purity and concentra-
tion using a NanoDrop spectrophotometer (Thermo Fisher Scientific
KK) according to the manufacturer’s quality control methods.
Whole-exome sequencing was performed using Agilent SureSelect

Human All Exon V5 (Agilent Technologies).

2.2 | Copy number analysis

Differential coverages between tumor and normal tissues from 39
patients were calculated with a custom script and used for copy
number analysis. For samples for which corresponding normal tis-
sues were not available, the average coverage of the exome se-
guencing data from normal tissues of the other 16 patients was used
as the coverage of normal tissue. For the 13 ovarian CCC cell lines,
the average coverage of the cell lines was used as the same com-

mon reference. The data are available at the repository website of
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the Human Genetic Variation Database (https://www.hgvd.genome.
med.kyoto-u.ac.jp/repository.html).

2.3 | Gene expression microarray analysis

Gene expression microarray data from the GSE39204* and
GSE55512%° datasets were used for gene expression analysis. Gene
expression microarray datasets for ovarian cancer cell lines that in-
cluded CCC and serous subtypes (GSE29175)” were obtained from

the Gene Expression Omnibus website.

2.4 | Immunohistochemical analysis of clinical
ovarian clear cell carcinoma

Immunostaining of PDK2 was evaluated using the immunohis-
tochemistry (IHC) score. The IHC score is defined by the staining
intensity score multiplied by the percentage of tumor cells with
staining. The staining intensity was classified as follows: O, negative;
1, weak; 2, moderate; and 3, strong expression (see Figure 2A). The
stained area ranged from 0% to 100% in increments of 10%. Cases
were divided into high and low PDK2 expression groups according
to the IHC score. The high-PDK2 group had IHC scores greater than
the median, and the low-PDK2 group had IHC scores lower than the
median.

2.5 | Cell viability assay

Thirteen ovarian CCC cell lines (RMG1, RMG2, RMG5, KOC5c,
KOC7¢, JHOCS5, JHOC7, JHOCS8, JHOCY9, TOV21G, OVTOKO,
OVISE, and TAYA cell lines) were described in detail in our previous
paper.” After exposure to the chemotherapeutic agents for 72 hours,
cell viability was assessed using a WST-8 assay with Cell Count
Reagent SF (NACALAI TESQUE). The chemotherapeutic agents
used were as follows: cis-diammineplatinum(ll) dichloride (cisplatin
[CDDP], Sigma-Aldrich Japan), camptothecin (CPT11, Sigma-Aldrich
Japan), paclitaxel (PTX, Bristol-Myers Squibb KK), gemcitabine
(GEM, Eli Lilly Japan KK), doxorubicin (DXR, Sigma-Aldrich Japan),
doxorubicin hydrochloride liposome (PLD, Janssen Pharmaceutical
KK), sodium dichloroacetate (DCA, Sigma-Aldrich Japan), N-acetyl-
L-cysteine (NAC, Sigma-Aldrich Japan), and c-glutathione reduced
(GSH, Sigma-Aldrich Japan).

2.6 | Stable knockdown using shRNA and
overexpression of pyruvate dehydrogenase kinase 2

RMG1 knockdown cells were generated by lentiviral transfection
using two different GIPZ lentiviral shRNA and a nonsilencing con-
trol RNA. PDK2 overexpression in RMG5 cells, which showed low

expression of PDK2, was generated by lentiviral transfection using a
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Precision LentiORF (Horizon Discovery Group). We used blasticidin
for selection and confirmed the overexpression of PDK2 by RT-PCR

and western blotting.

2.7 | Mitochondrial reactive oxygen species
production and mitochondrial membrane potential

After treatment with the drugs for 24 hours, mitochondrial ROS
generation was detected using the mitoSOX Red mitochondrial su-
peroxide indicator (Thermo Fisher Scientific KK). The mitochondrial
membrane potential was detected in cells that were incubated with
MitoTracker RedCM-H2Xros (Thermo Fisher Scientific KK).

2.8 | Measurement of the oxygen consumption rate

Mitochondrial stress tests were performed with an Agilent Seahorse
XF96 Extracellular Flux Analyzer (Agilent Technologies) following
the manufacturer’s instructions. The parameters were calculated

using Wave software (Agilent Technologies).

2.9 | Mouse xenograft models

Tumor cells were injected subcutaneously into the flanks of
6-week-old athymic ICR/nu female mice (5 x 10° cells). Tumors were
measured using a caliper, and tumor volume was calculated as fol-
lows: (length x width?)/2. Mice were randomized into four groups.
Experimental group 1 included RMG1-shcontrol treated with mock,
RMG1-shcontrol treated with CDDP, RMG1-shPDK2 treated with
mock, and RMG1-shPDK?2 treated with CDDP. Experimental group
2 included RMG1-WT treated with mock, RMG1-WT treated with
CDDP, RMG1-WT treated with DCA, and RMG1-WT treated with
CDDP and DCA. The animal study was performed according to pro-
tocols approved by the Institutional Animal Care and Use Committee
of Kyoto University.

3 | RESULTS

3.1 | Chromosome 17q21-24 amplification is
associated with recurrence, resistance to cisplatin,
and mitochondria in ovarian clear cell carcinoma

Samroc analysis between patients with recurrence and those with-
out recurrence identified that amplification on chromosome 17g21-
24 (chr.17q21-24) was significantly associated with a poor prognosis
in terms of progression-free survival (PFS) in 37 exome datasets
(false discovery rate [FDR] q < 0.01) (Figure 1A-upper). Using exter-
nal validation datasets of comparative genomic hybridization (CGH)
arrays and 111 CCC samples, we also identified chr.17q21-24 am-
plification in patients with recurrence (GSE58342, Figure 1A-lower).
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FIGURE 1 Chromosome 17q21-24 amplification is associated with recurrence, resistance to cisplatin, and mitochondria in ovarian clear
cell carcinoma (CCC). A, Copy number variants from the whole-exome sequencing of 37 ovarian CCC patients (upper graph) and array
comparative genomic hybridization (CGH) of 111 patients (GSE 58342, lower) showed the association between chr17q21-24 and cancer
recurrence. The lighter blue color indicates the amplified loci within the recurrent group (n = 12) or deleted loci within the nonrecurrent

(n = 25) group. The darker blue colors indicate the amplified loci within the nonrecurrent group or deleted loci within the recurrent

group. The plots above the red line indicate a significance level of less than .05 for FDR g-values. B, Amplification on chr17q21-24 was
positively correlated with the IC50 values of cisplatin (CDDP). Heat map representing values of Pearson’s correlation coefficients (r)
between the amplification of genes located on chr17q12-25 and the IC50 values of the six anticancer drugs (CDDP; cisplatin, CPT11;
camptothecin Il; PTX, paclitaxel; GEM, gemcitabine, PLD, doxorubicin hydrochloride (pegylated liposomal); DXR, doxorubicin; and ETP,
etoposide). C, The term associated with mitochondria (highlighted in red) was enriched in patients with 17q amplification. Bar and dotted
line chart representing enrichment scores and P-values, respectively, calculated by functional annotation analysis (DAVID 6.8, https://
david.ncifcrf.gov/home.jsp) of the genes upregulated in the patients with clinical 17q amplification. D, Schema of identifying the pyruvate
dehydrogenase kinase 2 (PDK2) gene from the overlapping 48 genes in 18 clinical samples (GSE 39204 and GSE 5512) and 13 cell lines (GSE
29175). These genes have a positive correlation (r > .4) between expression and amplification within chr17g21-24.
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FIGURE 2 High pyruvate dehydrogenase kinase 2 (PDK2) expression is associated with poor prognosis in 76 ovarian clear cell carcinoma
(CCC) patients. A, Representative images of immunostaining for PDK2 and H&E of its isotype control (magnification: x20, x30 [indicated by
the small box]). B-D, Correlation analysis of PDK2 amplification and mRNA expression in 18 clinical samples (GSE 39204 and GSE 5512) (B),
immunohistochemistry (IHC) score and PDK2 amplification in 39 clinical samples (C), and IHC score and PDK2 mRNA expression (two types
of probes were used to identify PDK2) in 18 clinical samples (GSE 39204 and GSE 5512) (D). The r values represent Pearson’s correlation
coefficient. E and F, Kaplan-Meier curve according to PDK2 expression (46 samples of PDK2 high and 30 samples of PDK2 low) representing

OS (E) and PFS (F). (*P < .05, Mantel-Cox Log-rank test)

To investigate the relationship between chr.17q21-24 amplifica-
tion and drug resistance, the correlation between the copy number
variant (CNV) values of the genes on 17q21-24 and the half maxi-
mal inhibitory concentration (IC50) values of six anticancer agents
was assessed (Table S1). The values of CNV on chr.17q21-24 were
positively correlated with the IC50 values of cisplatin (r > .7) but

not with other anticancer drugs in the 13 ovarian CCC cell lines,

suggesting that chr.17q21-24 is associated with resistance to cis-
platin (Figure 1B). Other regions also showed positive correlations
between the CNV and the IC50 value of cisplatin (Figure S1), but
we focused on chr.17q21-24 because of its relationship with poor
prognosis.

To identify important functions of chr.17q21-24 amplifica-

tion, Samroc analysis between amplified and nonamplified groups
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on chromosome 17qg.21 was performed using the correspond-
ing microarray datasets of the 18 Japanese ovarian CCC samples
(GSE39204 and GSE55512). The genes that were upregulated in
patients with 1721 amplification (FDR g < 0.05) were analyzed
using the Database for Annotation, Visualization and Integrated
Discovery (DAVID) functional annotation clustering, revealing that
mitochondrion-related categories were significantly enriched (en-
richment score 4.84, P < .001; Figure 1C). Next, overlapping genes
between clinical samples and cell lines that showed a positive cor-
relation between amplification and expression on chr.17q21-24 were
identified to focus on functionally important genes on chr.17q21-24.
Forty-eight genes had r values greater than .4 in both clinical pa-
tients and cell lines (Figure 1D, Table S2, and Figure S2A). Among
these 48 genes, we focused on PDK2 because PDK2 prevents py-
ruvate from entering the TCA cycle and regulates mitochondrial
metabolism. PDK2 amplification and expression were positively cor-
related with the IC50 values of cisplatin in 13 CCC cell lines (GSE
29175) (Figure S2B-D). PDK2 is one of four PDK isoforms, and by
using microarray datasets of the 13 ovarian CCC cell lines and 18
ovarian CCC patients, we evaluated the expression of PDK isoforms.
In the cell lines, the expression of PDK1 and PDK2 was higher than
that of PDK3 and PDK4 (Figure S2E). In contrast, PDK2 expression
was the second highest following PDK4 expression in clinical sam-

ples (Figure S2F).

TABLE 1 Clinical summary of the immunostaining results in 76
ovarian clear cell carcinoma patients

PDK2
expression
Parameter Case (n = 76) Low High P-value
Age,y
<60 53 31 22 .6198
260 23 15 8
FIGO stage
| 55 38 17 .0108
II, [l and IV 21 8 13
Residual tumor
Optimal 63 39 24 1.0000
Suboptimal 12 7 5

Note: P-values were calculated with the Fisher’s exact test. PDK2,
pyruvate dehydrogenase kinase 2.

3.2 | Pyruvate dehydrogenase kinase 2 is associated
with poor prognosis in ovarian clear cell carcinoma

Of 76 ovarian CCC patients, IHC showed high PDK2 expression in
46 patients and low PDK2 expression in 30 patients (Figure 2A and
Table 1). PDK2 mRNA expression was positively correlated with
PDK2 amplification (r = .43, P = .03; Figure 2B). The IHC score for
PDK2 expression was positively correlated with the PDK2 CNV
value (r = .35, P = .027; Figure 2C) and mRNA expression (r = .65,
P = .0035) (Figure 2D). High PDK2 expression was also associated
with advanced stage (Table 1). Kaplan-Meier curve and Cox regres-
sion analyses showed that patients with high PDK2 expression,
advanced-stage disease and suboptimal surgery had shorter overall
survival (OS) (hazard ratio [HR] 3.326 [1.100-8.86¢], P = .0326, HR
15.292 [4.28-54.68], P < .0001, HR 3.049 [1.04-8.94], P = .0421,
respectively; Figure 2E and Table S3) and shorter PFS (HR 2.45
[1.06-5.62], P = .0352, HR 26.34 [9.53-72.82], P < .0001, HR 5.91
[2.576-13.55], P < .0001, respectively; Figure 2F and Table S4)
than those with low PDK2 expression in the univariate analysis.
Multivariate analysis revealed that advanced stage was an independ-
ent prognostic factor for OS and PFS (P < .0001 for both, Tables
S3 and S4), and suboptimal surgery was an independent prognostic
factor for PFS (P =.0009, Table S4). We validated these results using
PrognoScan (Table S5), which showed the same trends.*® These re-
sults suggest that more aggressive disease occurs in patients with
higher expression of PDK2.

3.3 | Pyruvate dehydrogenase kinase 2 inhibition
has synergistic effects with cisplatin by enhancing
apoptosis in vitro

Because PDK2 amplification is associated with cisplatin resist-
ance in silico, the contribution of PDK2 to cisplatin resistance was
assessed in vitro. We first generated a PDK2-silenced cell line,
RMG1-shPDK2, using the PDK2-expressing ovarian CCC cell line,
RMG1, and confirmed the results with RT-PCR and immunoblotting
(Figure 3A-upper). The proliferation rate of RMG1-shPDK2 cells was
the same as that of a control cell line, RMG1-shcontrol. (Figure 3A-
lower). Cleaved caspase-3 was analyzed by immunoblotting and
immunofluorescence after 24 hours of exposure to cisplatin. In
RMG1-shPDK2 cells, significantly more cleaved caspase-3 was
detected than in RMG1-shcontrol cells at the same concentration

FIGURE 3 Pyruvate dehydrogenase kinase 2 (PDK2) inhibition has synergistic effects with cisplatin by enhancing apoptosis in vitro. A
and D, quantitative PCR (gPCR), immunoblotting and proliferation curves of RMG1-shPDK2 (A) and RMG5-PDK2 (D). B, E, and F, Western
blot analysis of cleaved caspase-3 after treatment with cisplatin for 24 h in RMG1-shPDK2 (B), RMG5-PDK2 (E), and RMG1-WT (F). C and
G, Immunofluorescence staining for cleaved caspase-3 in RMG1-shPDK2 cells after treatment with cisplatin for 24 h (C) and RMG1-WT cells
with cisplatin + 10 mmol/L DCA for 24 h (G). (magnification: x20). H and |, Growth inhibition curve of RMG1-shPDK2 with cisplatin (H) and
RMG1 with cisplatin + 10 mmol/L DCA (l). J-M, Growth inhibition curve of RMG1-shPDK?2 with cisplatin and in combination with 1 mmol/L
NAC for 24 h (J) and pretreatment with 2 mmol/L I-glutathione reduced (GSH) for 1 h before cisplatin (CDDP) for 24 h (L), and the viability
at 10 and 20 pmol/L cisplatin with or without 1 mmol/L NAC (K) and 2 mmol/L GSH (M), normalized by viability treated with vehicle. (DCA,
sodium dichloroacetate, NAC; N-acetyl-L-cysteine, GSH; L-glutathione reduced, *P < .05, **P < .01, ***P < .001, Ns, not significant, two-way
ANOVA followed by Sidak’s multiple comparison test)
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(Figure 3B,C). We also generated a PDK2-overexpressing cell line,
RMG5-PDK2 (Figure 3D). In RMG5-PDK2 cells, the production of
cleaved caspase-3 was suppressed more than in a control cell line at
the same concentration (Figure 3E). DCA, a PDK inhibitor, in combi-
nation with cisplatin induced more abundant cleaved caspase-3 in
ovarian CCC cells than in cells treated with a control, cisplatin or
DCA alone (Figure 3F,G). The IC50 values of RMG1-shPDK2 were
1.365 and 1.648 umol/L (shl and sh2, respectively), whereas the
IC50 value was 7.842 umol/L for RMG1-shcontrol (Figure 3H).
DCA also had a synergistic effect with cisplatin (combination index;
Cl < 1, Figure 3l). These results indicate that high PDK2 expression
leads to cisplatin resistance by suppressing apoptosis in vitro.

Next, we assessed the mechanism of cisplatin resistance in
PDK2. Inhibition of PDK2 by DCA did not change the expression of
CTR1, the CDDP transporter, also known as solute carrier family 31
member 1 (SLC31A1) (Figure S3). To determine the contribution of
ROS to cell killing by cisplatin, a viability assay with a combination
of cisplatin and an antioxidant reagent, N-acetyl-L-cysteine (NAC),
was performed. The addition of 1 mmol/L NAC to cisplatin reduced
the production of mitochondrial ROS (Figure S4A) and significantly
recovered the viability of RMG1-shPDK2 cells to the same level as
RMG1-shcontrol cells (Figure 3J,K), indicating that additional ROS
production leads to sensitivity to cisplatin in RMG1-shPDK2 cells.
The addition of another antioxidant regent, GSH, also recovered the
viability of RMG1-shPDK2 cells to the same level as RMG1-shcontrol
cells compared with RMG1-shPDK2 cells (Figure 3L,M). Again, we
confirmed that the addition of GSH to cisplatin reduced the produc-
tion of mitochondrial ROS (Figure S4B).

3.4 | Suppression of pyruvate dehydrogenase kinase
2 enhances reactive oxygen species production
through mitochondrial metabolism

The expression of the PDHE1-alpha subunit phosphorylated at 5293
(phospho-pyruvate dehydrogenase [PDH]) in RMG1-shPDK2 cells
was confirmed by immunoblotting. Suppression of PDK2 reduced
the ratio of phospho-PDH to PDH (Figure S5A). A decreased ratio
of phospho-PDH to PDH expression was observed in RMG1 cells
treated with DCA (Figure S5B). These findings suggest that PDK2
inhibits PDH function through phosphorylation of PDH.

To clarify the mechanism of the synergistic effect of PDK2 in-
hibition and cisplatin, the alteration in mitochondrial function in-
duced by PDK2 suppression was investigated by measuring the

oxygen consumption rate (Figure 4A). Suppression of PDK2 led to
increased adenosine triphosphate (ATP) production, basal respira-
tion, and maximum respiration (Figure 4B-D). These findings suggest
that the suppression of PDK2 induces OXPHOS in mitochondria. In
RMG1-shPDK2 cells, administration of 5 umol/L cisplatin induced
a decrease in the spare respiratory capacity and increased proton
leak compared to O umol/L cisplatin, suggesting that mitochondrial
function was restricted, whereas RMG1-shcontrol cells did not have
reduced mitochondrial spare capacity after treatment with 5 umol/L
cisplatin (Figure 4E,F). These results indicate that cisplatin disrupts
mitochondrial function due to the activation of OXPHOS induced by
suppression of PDK2.

Because suppression of PDK2 leads to increased OXPHOS
(Figure 4A), it has been suggested that suppression of PDK2
could produce more ROS in mitochondria. Mitochondrial ROS, as
assessed by MitoSOX Red Mitochondrial Superoxide Indicator,
showed that significantly more mitochondrial ROS were produced
in RMG1-shPDK2 than in RMG1-shcontrol (P < .001, Figure 4G and
Figure S6A-upper, and B-upper). When cisplatin was administered,
significantly more mitochondrial ROS were produced in RMG1-
shPDK2 cells than in RMG1-shcontrol cells (P < .001, Figure 4G and
Figure S6A-upper, and B-upper). When the PDK inhibitor, DCA, was
administered with cisplatin, significantly more ROS were detected
in RMG1 cells than in RMG1 cells without DCA (P < .001, Figure 4H
and Figure S6C-upper and D-upper).

Next, mitochondrial membrane potential was assessed by
MitoTracker Red-ros. With administration of cisplatin, the mitochon-
drial membrane potential was diminished in RMG1-shPDK2 cells
(Figure 41 and Figure S6A-middle, and B-lower). DCA administered
with cisplatin induced a decrease in the mitochondrial membrane
potential in RMG1 cells (Figure 4J and Figure S6C-middle, and D-
lower). These results suggest that suppression of PDK2 activated
mitochondrial OXPHOS and impaired the mitochondrial membrane
potential with cisplatin through the production of mitochondrial
ROS.

3.5 | Pyruvate dehydrogenase kinase 2 inhibition
has a synergistic effect with cisplatin in vivo

Although there was no difference between the tumor growth in
RMG1-shcontrol, RMG1-shPDK2, and RMG1-shcontrol cells treated
with cisplatin, the tumor growth of RMG1-shPDK2 cells treated with
cisplatin was significantly suppressed compared with that of the

FIGURE 4 Suppression of PDK2 with cisplatin enhances ROS production and reduces mitochondrial function. A, Measurement of OCR in
RMG1-shPDK2 control/sh2 cells with or without 5 umol/L cisplatin, as normalized by cell number. The downward arrows show the injection
points for oligomycin (1 umol/L), FCCP (1 umol/L), and rotenone/actinomycin (both 1 umol/L) from left to right. B-F, Quantification of ATP
production (B), basal respiration (C), maximal respiration (D), spare respiratory capacity (E), and proton leak (F) in RMG1-shPDK2 control/sh2
cells with or without 5 umol/L cisplatin. (*P < .05, **P < .01, ***P < .001; two-way ANOVA followed by Sidak's multiple comparison test). G
and H, Representative images of fluorescence for mitoSOX in RMG1-shPDK2 with or without 10 umol/L cisplatin (G) and RMG1-wild type
with or without 20 umol/L cisplatin + 10 mmol/L DCA (H). (DCA; sodium dichloroacetate), | and J, Representative images of fluorescence

for mitoTrackerRed in RMG1-shPDK2 cells with or without 10 umol/L cisplatin () and RMG1-wild type cells with or without 20 pmol/L

cisplatin + 10 mmol/L DCA (J). (magnification: G, H, |, and J x20)



KITAMURA ET AL. = 4635
Cancer Science gaii®a%
(A) RMG1-shPDK2
OCR
% @ PDK2_shcont+CDDP 0 uM
5 W PDK2_shcont+CDDP 5 M
= A PDK2_sh2+CDDP 0 uM
£
= W PDK2_sh2+CDDP 5 uM
g
x
(6]
o
0 20 40 60 80 100
Time(minutes)
(B) ATP production (C) Basal Respiration (D) Maximal Respiration (E) Spare Respiratory Capacity (F)  Proton Leak
*% Ns
2, *% P *%%
7/7199 *** Ns A4 Ns 225 * 2 5 *¥% 210 - *
g | o 320 g8 | x = 3 - 3 -
: 8 § :yZO N 4 < 8 T
g | T 1 T < I e ]
S 1 e S5 T T3 T o
£ £ E E £
3 4 £10 310 32 3 4
£ o £ £ £
& E = 2 T k=
EY % x ° e ! ¢ 2
o (3] Q Q [T}
g © o ©o ©y o
PDK2_shcont  PDKZ_sh2 PDK2_shcont  PDK2_sh2 PDK2_shcont PDK2_sh2 PDK2_shcont ~ PDK2_sh2 PDK2_shcont ~ PDK2_sh2
M CDDP 0pM M CDDP 0pM M CDDP 0pM M CODP 0pM M CDDP 0pM
CDDP 5uM CDDP 5uM CDDP 5uM CDDP 5uM CDDP 5uM
(G) RMG1-shPDK2 (H) RMG1-WT
=
O
@
=
IS
o™
<t
o
=
w
=
[&3
[0
o
T

Merge

—_

mitoTracker ~~

Hoechst3342

Merge

CDDP(pM)
PDK2

)

shcont sh2 shcont sh2
— 100um

CDDP(uM)
DCA (mM)

o o
o3
==
=
I=X=)




KITAMURA ET AL.

LEERVWTSZ Cancer Science

other groups (P < .01, Figure 5A,B). Next, tumor growth was assessed
using RMG1 subcutaneously inoculated mice administered a control,
cisplatin, DCA, or cisplatin and DCA. In the cisplatin and DCA group,
tumor growth was significantly suppressed compared with that in
the other groups (P < .01, Figure 5E,F), although in the cisplatin and
DCA alone groups, tumor growth was not significantly suppressed
compared with that in the control group. There was no difference in
the body weight change among these groups (Figure S7).

A significantly greater number of cells positive for cleaved
caspase-3 was detected in the tumors of RMG1-shPDK2 mice
treated with cisplatin than in the other mice (P < .05, Figure 5C,D).
In the TUNEL assay, a significantly greater number of positive cells
were identified in the tumors of RMG1-shPDk2 mice treated with
cisplatin than in the other mice (P < .05, Figure S8A and C). The tu-
mors of RMG1 mice treated with cisplatin and DCA had significantly
more cells that were positive for cleaved caspase-3 than RMG1 cells
treated with mock, cisplatin or DCA (Figure 5G,H). The TUNEL assay
showed that significantly many cells were detected in the tumors of
RMG1 mice treated with cisplatin and DCA compared with the oth-
ers (P < .05, Figure S8B,D). These results indicate that suppression of
PDK2 enhances the inhibition of tumor growth by cisplatin through

apoptosis in vivo.

4 | DISCUSSION

One of the significant findings in this study is that chr.17q21-24
amplification is associated with recurrence in ovarian CCC. Several
studies have also reported an association between genetic alteration
in this region and poor prognosis.“’18 Based on these findings, we
hypothesized that chr.17q21-24 amplification is related to chemore-
sistance and metabolism. In this study, the results of in silico analy-
ses suggested that chr.17q21-24 amplification is associated with
platinum resistance and mitochondrial metabolism in ovarian CCC.
One mechanism of cisplatin resistance is that in the cytoplasm, the
interaction between cisplatin and glutathione, metallothionein or
mitochondrial proteins, such as voltage-dependent anion channels,
results in the depletion of reducing equivalents and/or directly sus-
tains the generation of ROS. ROS can directly trigger mitochondrial
outer membrane permeabilization or exacerbate cisplatin-induced

DNA damage, thereby playing a dual role in cisplatin cytotoxicity.?

Another mechanism is reduced intracellular accumulation of cispl-
atin.? The mRNA expression of a major cisplatin transporter, CTR1,
was not affected by a PDK2 inhibitor. The other mechanism of cispl-
atin resistance is increased homologous recombination proficiency.
BRCA1, RAD51C, and BRIP1 were among 48 candidate genes that
showed a positive correlation between amplification and expression
on chr.17q21-24 (Table S2). BRCA1, RAD51C, and BRIP1 play impor-
tant roles in homologous recombination, and their genes are located
on chr.17q21.31, chr.17q22, and chr.17g23.2, respectively. It has also
been reported that BRCA1, RAD51C or BRIP1 overexpression in-
duces resistance to cisplatin by enhancing DNA repair.2>2! Although
our analysis did not identify the homologous recombination profi-
ciency for chemoresistance, this is another possible mechanism for
the cisplatin resistance of chr.17q21-24 amplification. DAVID func-
tional annotation clustering indicated that genes of the ubiquitin-
proteasome system were also represented among the 48 candidate
genes. TP53 mutation is rare in ovarian CCC, although genes func-
tionally inhibiting P53, such as MDM2 proto-oncogene (MDM2) and
protein phosphatase, Mg2+/Mn2+ dependent 1D (PPM1D), are known
to be upregulated.???® The ubiquitin-proteasome system not only in-
activates p53 but also contributes to chemoresistance in some types
of cancers.?* An association between 17g21-gter gain and chem-
oresistance has been reported in acute myelogenous leukemia,?
yet the contribution of 17g21 amplification to platinum resistance
and mitochondrial metabolism has not been elucidated, including in
ovarian cancer. Therefore, we focused on the ability of ovarian CCC
to maintain redox homeostasis in terms of mitochondrial metabolism
and further examined the biological mechanism of platinum resist-
ance through exploration of mitochondrial function in ovarian CCC.

The expression of PDK2, which is located on chr.17q21.33, is
upregulated according to the amplification in our clinical samples
and cell lines. We focused on PDK2 because its amplification is
accompanied by high expression. Gene amplification is not always
associated with expression level, and amplification, which involves
expression dosage, is important. PDK2 is associated with mitochon-
drial metabolism because it inhibits pyruvate dehydrogenase com-
plex (PDC) by phosphorylation of PDHE1-alpha on Ser293, which is
the gatekeeper of glucose oxidation.'® There are four PDK isozymes:
PDK1, PDK2, PDKS3, and PDK4. Using microarray datasets of the
13 ovarian CCC cell lines and 18 ovarian CCC patients, we evalu-

ated the expression of PDK isoforms. In the cell lines, the expression

FIGURE 5 Pyruvate dehydrogenase kinase 2 (PDK2) inhibition has synergistic effects with cisplatin in vivo. A and B, Growth curve (A),
tumor images (B-left), and tumor volume (B-right) of the mouse xenograft models inoculated subcutaneously with RMG1-shcontrol and
RMG1-shPDK2 cells treated with NS or cisplatin (5 mg/kg i.p. once a week) (n = 6, each group). C, Representative immunostaining image of
cleaved caspase-3 and H&E staining of the tumors using RMG1-shcontrol, RMG1-shPDK2, RMG1-shcontrol cells treated with cisplatin, and
RMG1-shPDK2 cells treated with cisplatin. D, Quantification of cleaved caspase-3- positive cells normalized to the number of nuclei in the
tumors using RMG1-shcontrol, RMG1-shPDK2, RMG1-shcontrol cells treated with cisplatin, and RMG1-shPDK2 cells treated with cisplatin.
E and F, Growth curve (E), tumor images (F-left), and tumor volume (F-right) of the mouse xenograft models inoculated subcutaneously

with RMG1 administered NS, cisplatin (5 mg/kg i.p. once a week), DCA (59 mg/kg gavage every day), or cisplatin + DCA (n = 7, each group).
G, Representative immunostaining image of cleaved caspase-3 and H&E staining of the tumors treated with a control, cisplatin, DCA, or
cisplatin + DCA. H, Quantification of cleaved caspase-3-positive cells normalized to the number of nuclear cells in the tumors treated with a
control, cisplatin, DCA, or cisplatin + DCA. (DCA; sodium dichloroacetate, NS; normal saline, magnification: C and G x20, *P < .05, **P < .01,
***P <.001; one-way ANOVA followed by Tukey’s multiple comparisons test)
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of PDK1 and PDK2 was higher than that of the other isoforms. In
contrast, PDK2 expression was the second highest following PDK4
expression in clinical samples. The activity of PDC is changed by
reversible phosphorylation, in which phosphorylation of any one
of three serine residues (site 1, serine 293; site 2, serine 300; site
3, serine 232) on the alpha subunit of E1 (E1la) component renders

the entire complex inactive. Each PDK exhibits different specificities

for phosphorylation of the Ela subunit; site 1: PDK2 > PDK4,
PDK1 > PDK3, site 2: PDK3 > PDK4, PDK2 > PDK1).}? Taken to-
gether with the results of in silico analyses, we propose that PDK2
plays crucial roles in ovarian CCC. Our data confirmed the mech-
anism that shows that the ratio of phosphorylation of Ser293 on
PDHE1-alpha to total pyruvate dehydrogenase is suppressed by
inhibiting PDK2 expression, indicating that PDK2 suppresses the
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conversion of pyruvic acid to acetyl coenzyme A, which enters the
TCA cycle in mitochondria. Thus, PDK2 can change the produc-
tion of ROS in the mitochondrial ETC by regulating influx into the
TCA cycle. Indeed, increased glycolysis and PDK2 overexpression
decrease the production of ROS in mitochondria, thereby inducing
resistance to oxidative stress, and are closely linked to cisplatin re-
sistance in head and neck cancer cells; the latter can be overcome by
DCA, which is a PDK inhibitor.?® Compared to normal cells, several
human cancer cells have high mitochondrial membrane potential and
low expression of the K+ channel, Kv1.5.2” Therefore, DCA shifts
metabolism from glycolysis to glucose oxidation, decreases mito-
chondrial membrane potential, increases mitochondrial hydrogen
peroxide (H,0,), and activates Kv channels in cancer cells, inducing
apoptosis, decreases in proliferation, and inhibition of tumor growth.
In this study, we demonstrated that suppression of PDK2-activated
OXPHOS may lead to ETC overload and greater production of ROS
in mitochondria. Moreover, we also demonstrated that inhibition of
PDK2 coupled with cisplatin treatment significantly reduced the mi-
tochondrial transmembrane potential, thereby inducing apoptosis by
increasing mitochondrial ROS generation. The ROS scavenger NAC
was found to reduce mitochondrial ROS production and inhibit cell
killing by cisplatin. Another ROS scavenger, GSH, also decreased the
cell viability by PDK2 knockdown with cisplatin. Rossella et al?® re-
ported that cisplatin exposure induced a mitochondria-dependent
ROS response that significantly contributed to cell death by en-
hancing the cytotoxic effect exerted by nuclear DNA damage. They
demonstrated that cisplatin-induced ROS generation occurred as a
consequence of its direct effect on mitochondrial DNA, resulting in
impaired ETC protein synthesis in cancer cell lines and a yeast model
system.28 These results suggest that in ovarian CCC, PDK2 inhibi-
tion produces more mitochondrial ROS by activating ETC and that
PDK2 inhibition coupled with cisplatin-induced ROS disturbs redox
homeostasis, resulting in apoptosis.

Ovarian CCC is characterized by its clear and glycogen-enriched
cytoplasm. PDK2 has been reported to be associated with hypoxia-
inducible factor-1a (HIF1A), which is overexpressed in ovarian
CCC.”% Sutendra et al®® showed that mitochondrial activation by
inhibiting PDK2 suppresses HIF1A signaling and angiogenesis in
cancer. Sun et al** showed that the mitochondrial ND2 mutation
contributes to HIF1A accumulation through increased ROS pro-
duction and upregulation of PDK2, attenuating PDH activity and,
thereby, increasing pyruvate, resulting in HIF1A stabilization. HIF-1
transactivates the genes encoding the enzymes required to convert
glucose to glycogen, including hexokinase (HK1 or HK2), phospho-
glucomutase 1 (PGM1), UDP-glucose pyrophosphorylase (UGP2),
glycogen synthase (GYS1), glycogen branching enzyme (GBE1), and
the gene encoding protein phosphatase 1 regulatory subunit 3C
(PPP1R3C), which activates GYS1 and inhibits liver-type glycogen
phosphorylase (PYGL), the enzyme that breaks down glycogen.®?
These findings suggest that the metabolic features of ovarian CCC
with high PDK2 expression can be related to its morphology.

We also demonstrated, using clinical data, that high expression

of PDK2 is associated with recurrence and advanced-stage disease

and, using ovarian CCC cell lines, with chemoresistance. In ovarian
cancer, advanced-stage disease is a risk factor for recurrence.®
Cancer recurrence after treatment is reported to be associated with
tumor progression, acquired drug resistance, cancer stemness, and
escape from immune surveillance.®* Mitochondria play crucial roles
in these processes.>> We demonstrated that PDK2 expression influ-
ences mitochondrial metabolism, mitochondrial function, and drug
resistance in vitro and in vivo. These findings suggest that PDK2 can
influence multiple processes during cancer progression, including re-
currence, through chemoresistance in ovarian CCC. Because ovarian

CCC shows frequent mutations in many genes,“'36

several oncogenic
pathways are activated synchronously in ovarian CCC. Therefore,
molecular targeted therapy, such as the use of mTOR inhibitors,
against ovarian CCC has failed to develop. In this way, although
CCC exhibits malignant behaviors, including chemoresistance, no
effective therapeutic agents have been developed. Targeting mito-
chondrial metabolism is a promising strategy because mitochondrial
metabolism fulfills a crucial role in ovarian CCC.

There are several limitations of our study. First, we did not
evaluate interactions between multiple genes on chr.17q21-24.
Arm-level chromosomal deletion and amplification are common in
cancer.’’ Cai et al stated that concomitant loss of multiple genes
triggered by large-scale deletions could create phenotypes that
fundamentally differed from those arising from the loss of a sin-
gle tumor-suppressor gene and should be considered and stud-
ied as distinct mutational events. To overcome this problem, they
modeled the loss of heterozygosity in chromosome 8p using tran-
scription activator-like effector nuclease (TALEN)-based genomic
engineering.®® Unfortunately, we could not evaluate the effect of
chr.17921-24 amplifications because there are no biomolecular
models that can induce large-scale amplifications. Second, the in-
tratumor heterogeneity of cancer metabolism was not evaluated.
Brooks et al presented a novel approach incorporating functional
imaging with multiregional gene expression profiling to facilitate
the assessment of intratumor heterogeneity. They demonstrated
that different subtypes of the same tumor had different glucose
metabolism.®? Third, we showed that high PDK2 expression is as-
sociated with advanced disease stages. Our clinical cases, however,
included limited numbers of advanced cases.

In summary, our work suggests that in ovarian CCC: (a)
chr.17q21-24 amplification is associated with recurrence and plati-
num resistance; (b) high PDK2 expression is a prognostic factor; and
(c) PDK2 inhibition with cisplatin upregulates mitochondrial ROS,
which disturbs redox homeostasis and leads to apoptosis and inhi-
bition of tumor growth in vitro and in vivo. This study provides new
insight for understanding drug resistance in ovarian CCC in terms of

mitochondrial metabolism and redox homeostasis.
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