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Abstract

Mitochondrial pyruvate carrier 1 (MPC-1) appears to be a tumor suppressor. In this study, we determined the regulation of
MPC-1 expression by Lysine demethylase SA (KDMS5A) and critical impact of this novel KDM5SA/MPC-1 signaling on
PDA progression. TCGA database, paired PDA and adjacent normal pancreatic tissues, PDA tissue array and cell lines were
used to determine the levels of MPC-1 and KDMSA expression, and their relationship with the clinicopathologic
characteristics and overall survival (OS) of PDA patients. Both in vitro and in vivo models were used to determine biologic
impacts of MPC-1 and KDMS5A on PDA and mitochondrial pyruvate metabolism, and the mechanism underling reduced
MPC-1 expression in PDA. The expression of MPC-1 was decreased in PDA cell lines and tissues, and negatively associated
with tumor poorer differentiation, lymph nodes metastasis, higher TNM stages, and patients’ overall survival (OS).
Functional analysis revealed that restored expression of MPC-1 suppressed the growth, invasion, migration, stemness and
tumorigenicity. Re-expression of MPC-1 stimulated the mitochondrial pyruvate metabolism and inhibited glycolysis, while
MPC-1-specific inhibitor UK5099 attenuated these effects. Furthermore, KDMS5A bound directly to MPC-1 promoter region
and transcriptionally suppressed the expression of MPC-1 via demethylation H3K4. Consistently, KDM5A expression was
elevated in PDA and promoted PDA cell proliferation in vitro and tumor growth in vivo via suppressing the expression of
MPC-1. The expression of KDMS5A was inversely correlated with that of MPC-1 in PDA. KDM5SA/MPC-1 signaling
promoted PDA growth, invasion, migration, and stemness via inhibiting mitochondrial pyruvate metabolism. Targeting
KDMS5A/MPC-1 signaling may be an effective therapeutic strategy for PDA.

Introduction

Pancreatic ductal adenocarcinoma (PDA), the most com-
These authors contributed equally: Jiujie Cui, Quan Ming, mon type of pancreatic malignancy, is a deadly disease and
Dacheng Xie its 5-year survival rate is about 8% [1, 2]. Alarmingly, the
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of cancer-related death by 2030 [3]. It has been reported that
activating KRAS mutation and loss of function of CDKN2A,
TP53, and SMAD4 tumor suppressors play critical roles in
PDA development and progression [4]. Although recently,
many studies have tried to identify the subtypes of PDA, the
result could hardly be used in clinic and few readily
“druggable” targets has been identified in PDA [5, 6]. Thus,
there is an urgent need to study the molecular mechanism of
PDA development and progression, and identify new targets
for the treatment of PDA.

“Warburg effect”, the root of cancer development and
progression, has been first reported almost 100 years ago
that cancer cells tends to glycolysis, but not fully oxidize the
pyruvate [7]. This was originally proposed to be the result
of absent or dysfunctional mitochondria. However, it has
been increasingly clear that mitochondria remain functional
and crucial in most cancer cells, as essential steps in the
biosynthesis of nucleotide, amino acids, and lipid occur
therein [8—11]. The critical step of oxidative phosphoryla-
tion is import of pyruvate into the mitochondrial matrix.
However, the mechanism of decreased pyruvate in mito-
chondrion was difficult to demonstrate until recently two
groups discovered the mitochondrial pyruvate -carrier
(MPC), which was assembled with the two proteins MPC1
and MPC2 [12, 13]. This complex is necessary and suffi-
cient for pyruvate import into mitochondrion and serves as
the junction between cytoplasmic glycolysis and mito-
chondrial oxidative phosphorylation. Rutter, J’s group has
showed that the expression of MPC1 was decreased in
many types of cancers, which led to decreased expression
and activity of the MPC and promoted colon cancer cells to
form colonies in vitro and tumors in vivo [14]. Furthermore,
their group reported that decreased expression of MPCl1
controlled the intestinal stem cell function and proliferation
via mitochondrial pyruvate metabolism [15]. Recently, a
series of studies have published to demonstrate the roles of
MPCI in prostate cancer, esophageal squamous cell carci-
nomas, and liver cancer [16, 17]. However, the roles and
mechanisms of MPC-1 expression in PDA development and
progression are unknown.

Histone methylation is one of the important histone
modifications that play key roles in controlling gene
expression via methyltransferases and demethylases. A
number of histone lysine demethylases (KDMs) has been
identified recently and were reported to have critical roles in
PDA [18-20]. Lysine demethylase 5A (KDMS5A), also
known as JARIDIA or RBP2, is a newly found jumonji
domain-containing demethylase for H3 lysine 4 (H3K4)
trimethylation and demethylation [21]. KDMSA has been
reported to control differentiation and mitochondrial meta-
bolism [22-24]. Moreover, in study from Bardeesy group,
KDMSA was overexpressed in PDA by meta-analysis of
SAGE data and formed a complex with KDM2B, which

was required for the maintenance of a metabolic gene sig-
nature [19]. However, the mechanism of KDMS5A in pro-
moting PDA development and progression still needs
elucidating.

In the present study, we showed that the expression of
MPC-1 decreased in PDA, and restored expression of
MPC-1 suppressed PDA progression via increasing mito-
chondrial pyruvate metabolism. Furthermore, KDMS5A
transcriptionally suppressed the expression of MPC-1 by
H3K4me3 demethylation in PDA. Thus, this novel
KDMS5A/MPC-1 signaling pathway critically regulates the
PDA progression.

Results

Reduced expression of MPC-1 directly associated
with pathologic features in PDA

To determine the role of MPC expression in PDA patho-
genesis, we first investigated the messenger RNA (mRNA)
expression level of MPC-1 and MPC-2 in TCGA database
on the website of SurvExpress [1]. As shown in Supple-
mentary Fig. S1B, D, the gene expression levels of MPC-1
and MPC-2 were significantly higher in low-risk groups as
grouped prognostic index (P =5.91e-36 and P =2.61e-36,
respectively). Survival analysis showed that elevated
expression of MPC-1 on low-risk group had longer survival
time (P =0.02754, Log-rank test, Supplementary Fig.
S1A). However, elevated expression of MPC-2 on low-risk
group didnot significantly associate with longer survival
time (P =0.1131, Log-rank test, Supplementary Fig. S1C).
We then tested the mRNA levels of MPC-1 and MPC-2 in
14 paired PDA and adjacent normal pancreatic tissues using
real-time PCR. The mRNA levels of MPC-1 were sig-
nificantly lower in PDA tissues in 12 of 14 cases (Fig. la,
*P <0.05), however, the levels of MPC-2 were lower in
PDA samples in 4 of 14 cases (Fig. 1b, *P <0.05). The
result was consistent with Jared Rutter group’s study that
the expression of MPC-1 might be more important in MPC,
and the expression of MPC-2 was greatly varied in differ-
ently types of cancer [14]. We then focused our study on
MPC-1 and analyzed the protein levels of MPC-1 in PDA
tissue array via IHC. With a specific anti-MPC-1 antibody,
we observed MPC-1-positive staining in the cytoplasm
of adjacent normal pancreatic tissue and some cancer tis-
sues, and it showed a decreasingly positive staining activity
of MPC-1 among cancer tissues (Fig. 1c, d). The decreased
expression of MPC-1 was positively associated with tumor
poorer differentiation (Fig. le, f and Supplementary
Table SI1), lymph nodes metastasis (Supplementary
Table S1), and higher TNM stages (Fig. 1g, h and Sup-
plementary Table S1). Kaplan—Meier analysis and log-rank
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Fig. 1 Expression of MPC-1 in and its association with clinicopathologic features of PDA. a, b mRNA was extracted from 14 paired PDA and
adjacent normal pancreatic tissues for quantitative PCR analysis (*P < 0.05). TMA PDA specimens were immunostained with a specific anti-MPC-
1 antibody. ¢ Representative images of MPC-1 expression in PDA specimens and adjacent normal pancreatic tissue specimens were shown. Shown
was markedly high MPC-1 expression in adjacent normal (Normal, left panel), high MPC-1 expression in tumor tissue (Tumor-1, middle panel)
and low MPC-1 expression in tumor tissue (Tumor-2, right panel). d The expression of MPC-1 was significantly lower in tumors (TT) than in
adjacent normal tissue (TN) (left panel, P = 0.002, 4* test), and the percentage of high and low expression of MPC-1 in TT and TN were also
provided (right panel). e Representative images of high MPC-1 expression in well and moderate differentiation tissues (upper panel) and low
MPC-1 expression in poor differentiation tissues. f Negative association of the expression of MPC-1 with tumor differentiation (upper panel,
P <0.001, 5 test), and the percentage of high and low expression of MPC-1 in well and poor differentiation were also provided (lower panel).
g Representative images of high MPC-1 expression in early stages of PDA tissues (upper panel) and low MPC-1 expression in late stages of PDA
tissues (lower panels). h Negative association of the expression of MPC-1 with tumor clinical stages (upper panel, P <0.001, 5 test), and the
percentage of high and low expression of MPC-1 in early and advanced stages were also provided (lower panel). i the expression of MPC-1 was
positively associated with OS of PDA patients. j, k verification of the expression of MPC-1 protein in PDA cell lines and paired normal pancreas
tissues and PDA tissues by western blot
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test were used to investigate the prognostic value of MPC-
1 expression and classic clinicopathologic characteristics
on patient survival. In univariate analysis, MPC-1 was
closely associated with overall survival (OS) of PDA
patients (P <0.001; Fig.li and Supplementary Tables S2
and S3). Univariate analysis also indicated that tumor
differentiation, lymph nodes metastasis and clinical stages
correlated with patient OS (P =0.033, P =0.002, and P =
0.001, respectively. Supplementary Table S3). Multi-
variate analysis showed that MPC-1, tumor differentiation,
lymph nodes metastasis, and clinical stages were inde-
pendent prognostic factors for PDA patients (Supple-
mentary Table S3).

We then confirmed the protein levels of MPC-1 in three-
paired PDA and adjacent normal pancreatic tissues, and
cancer cell lines via western blot. The levels of MPC-1
were obviously lower in PDA tissues and cancer cell lines
(Fig. 1j, k). These findings indicated that lost expression of
MPC-1 played critical roles in PDA and might be a valu-
able biomarker for this disease.

Impact of MPC-1 expression on PDA cancer cell
biology

To assess the impact of MPC-1 expression on PDA cancer
cell biology, we infected PANC-1, BxPC-3, and AsPC-1
cells, which have very low or intermediate levels of endo-
genous MPC-1 expression, with retroviruses containing
MPC-1 (PANC-1/BxPC-3/AsPC-1-pMPC-1) and empty
retroviral expression vectors used as controls (PANC-1/
BxPC-3/AsPC-1-pControl). After selection of the infected
cells with puromycin, we found the pooled drug-resistant
cells to had elevated levels of MPC-1 expression (Fig. 2a).
Moreover, re-expression of MPC-1 also led to increased
expression of MPC-2, which was also consistent with Jared
Rutter group’s study, as MPC-1 and MPC-2 generated MPC
complex, which was much more stable (Fig. 2a) [14]. We
then tested the effect of re-repression of MPC-1 on PDA
cell proliferation in vitro. As shown in Fig. 2b, restored
expression of MPC-1 had limited effect on the proliferation
of PANC-1 and BxPC-3 cells via colony formation assay,
which was also consistent with Jared Rutter group’s study.
We then tested the role of MPC-1 in PDA cell spheroid
formation. The re-expression of MPC-1 significantly
decreased the number and size of the first and second
generations of spheroids in both PANC-1 and BxPC-3 cell
lines (Fig. 2c, d). We then further determined the effect of
re-expressed MPC-1 on PDA growth in vivo. We found that
restored expression of MPC-1 markedly suppressed tumor
growth (Fig. 2e—g). It has been reported that MPC-1
expression controls cancer epithelial-mesenchymal transi-
tion (EMT), and also MPC-1 could interact with signal
transducer and activator of transcription 3 (STAT3)

pathway, and lead to a decreased expression of SOX2, and
inhibit cancer proliferation and invasion [25, 26]. We then
further confirmed the expression of MPC-1, the proliferative
marker Ki-67 positivity, and SOX2 with xenograft tumors.
As revealed by western blot analyses, overexpression of
MPC-1 led to an increased expression of MPC-1, but
decreased expression of Ki-67 and SOX2 in vivo (Supple-
mentary Fig. S2).

It has been reported that during impaired mitochondrial
pyruvate transport, the glutamine oxidation maintains the
cell survival. Furthermore, also the in vivo tumors were lack
of oxygen. Thus, we further tested the roles of MPC-1 in
PDA cell biology under hypoxia and without glutamine
supplementary in vitro [27]. As shown in Fig. 3a, b, re-
expressed MPC-1 significantly suppressed the growth and
colony formation of PANC-1 and BxPC-3 cells (*P < 0.05).
Similarly, restored MPC-1 expression suppressed the
migration and invasion of PANC-1 and BxPC-3 cells (*P <
0.05) (Fig. 3c, d). Collectively, these data clearly demon-
strated that MPC-1 suppressed the growth, migration,
invasion, stemness, and tumorigenicy of PDA, and sup-
porting that MPC-1 might function as a tumor suppressor
for PDA.

Restored expression of MPC-1 stimulated the
mitochondrial pyruvate metabolism and inhibited
glycolysis

MPC-1 is the key subunit of MPC, thus, we sought to assess
the metabolic effects of MPC-1 re-expression by focusing
on PANC-1 and BxPC-3 cell lines. As shown in Fig. 4a, b,
re-expression of MPC-1 significantly increased the pyruvate
concentration in mitochondria and reduced the Ilactic
secretion in media. Furthermore, treated cells with MPC-1-
specific inhibitor UK5099 significantly attenuated the sti-
mulated effect of MPC-1 in mitochondrial pyruvate con-
centration and inhibitory effect of MPC-1 in lactate
production. To further demonstrate the effect of MPC-1 on
glycolysis, we test the utilization of glucose in different
MPC-1 expression level and activity. As shown in Fig. 4c,
re-expressed MPC-1 decreased the consumption of glucose,
meanwhile UK5099 increased the glucose consumption of
PDA cells and attenuated the inhibitory effect of MPC-1 on
glucose consumption. As mitochondrial pyruvate carrier,
MPC plays critical roles in transporting and promoting the
oxidative phosphorylation of pyruvate. Thus, we further
analyzed the effect of re-expressing MPC-1 on the expres-
sion of enzymes that were relevant to pyruvate metabolism.
We implemented these experiments on both cancer cell
lines and subcutaneous tumors in xenograft assays in nude
mice. Both in PANC-1 and BxPC-3 cells and xenograft
tumors, restored expression of MPC-1 had limited effect on
the abundance of LDHA, PKM1, PDK, and PDH, but led to
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decreased expression PKM2, which was important for the
promotion of aerobic glycolysis (Fig. 4d). Collectively, this
data demonstrated that re-expression of MPC-1 altered
mitochondrial pyruvate metabolism.

KDM5A demethylates H3K4 and transcriptionally
suppressed the expression of MPC-1

We further study the mechanism of decreased expression of
MPC-1 in PDA. We analyzed the MPC-1 gene in TCGA
database and found that the mutation of MPC-1 was rare in
PDA (data not show). We then analyzed the promoter
region of MPC-1 gene and found that the promoter of MPC-
1 was rich in CpG islands (Supplementary Fig. S3A).
Methylation-specific PCR was further performed to test
whether PDA cells were exhibited DNA hypermethylation
in the promoter region of MPC-1. However, the DNA of the
promoter region of MPC-1 was not hypermethylation in
most PDA cell lines, except for MiaPaca-2 cells (Supple-
mentary Fig. S3B). Therefore, promoter DNA hyper-
methylation might only contribute to suppressed MPC-1
expression in a small subset of PDA cases.
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In a study from Bardeesy group [19], the ChiP-seq
result revealed that MPC-1 was a downstream target of
KDM2B and EZH2, but not KDM5A. However, in the
study from Benevolenskaya group [28], the ChiP-seq
result showed that MPC-1 was the downstream target of
KDMS5A. We then knocked down KDM2B and EZH?2 in
PANC-1 and BxPC-3 cell lines. Decreased expression of
KDM2B resulted in increased expression of MPC-1,
while suppressed expression of EZH?2 had little effect on
MPC-1 (Fig. 5a). Furthermore, knocked down of KDMS5A
also led to increased expression of MPC-1 in both mRNA
and protein levels (Fig. 5c, d). It has been reported that
KDM2B regulated the levels of KDM5A [19]. We then
tested the effect of KDM2B and KDMS5A on the expres-
sion of MPC-1 in PDA. As shown in Fig. 5e, knocked
down both of KDM2B and KDMS5A resulted in further
increased expression of MPC-1, while overexpression of
KDMS5A attenuated the effect of knockdown of KDM2B
on MPC-1 and even further decreased MPC-1. These
results revealed that the effect of KDM2B on MPC-1
might via KDMS5A. Furthermore, the result of ChIP assay
revealed that KDMS5SA but not KDM2B directly bound to
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the promoter region of MPC-1 (Fig. 5b). KDMS5A is a newly
found demethylase for H3K4 trimethylation and dimethyla-
tion, and H3K4me3 is often the sign of activation of genes
[29]. In our study, H3K4me3 and H3K4me2 were both
existed in MPC-1 promoter region, and knocked down of
KDMSA indeed led to increased levels of H3K4me3, which
activated the transcription of MPC-1 (Fig. 5b, d). It has been
reported that KDMS5A contained an AT-rich interaction
domain usually binding to the 5-CCGCCC-3’ motif of genes’
promoter [30]. We then analyzed the promoter region of
MPC-1 and found that several 5-“CCGCCC-3’ motifs were
existed (Fig. 5f). We then generated MPC-1 promoter reporter
pMPC-1-773 and two deletion mutants pMPC-1-604 and
pMPC-1-332 (Fig. 5f, left panel). To determine if KDMS5A
regulates MPC-1 expression at the transcriptional level, we
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KDMSA, MPC-1, H3K4me3, H3K4me2, and total H3 (p-actin as
internal control). e shRNAs of KDM2B and KDM5A, KDMS5SA
overexpression vector (pKDMS5A) and control vectors were trans-
fected into PANC-1 cells alone or combining as indicated. The protein
levels of KDM2B, KDM5A, and MPC-1 were analyzed using western
blot (B-actin as internal control). f Constructions of MPC-1 promoter
reporter and its deletion mutants (pLuc-MPC-1-773, pLuc-MPC-1-
604, and pLuc-MPC-1-332). PANC-1 and BxPC-3 cells were co-
transfected with 0.2 pg of the MPC-1 promoter luciferase constructs
pLuc-MPC-1 and 0.2pg of KDMS5SA shRNA or control vector.
Promoter activity was examined using a dual luciferase assay kit
(*P<0.05)

co-transfected the prompter reporters with or without
shKDMS5A into PANC-1 and BxPC-3 cells. As shown in Fig.
5f, middle and right panel, ssIKDMSA increased the tran-
scriptional activity of all reporters. These results demonstrated
that MPC-1 was a direct downstream target of KDMS5A,
which regulated the expression of MPC-1 at the transcrip-
tional level via demethylating H3K4 for trimethylation.

The elevated expression of KDM5A directly
correlated with PDA progression and negatively
associated with MPC-1 expression

We have provided evidence that KDMS5A transcriptionally
suppressed MPC-1 expression. To further confirm our
hypothesis, we also investigated the mRNA level of



A novel KDM5A/MPC-1 signaling pathway promotes pancreatic cancer progression via redirecting. .. 1147

Normal

B H Low H High

3807 p=0001 — 100
2} — 8

CO. .

= Log-rank test
T © P <0.001
20
o]
%) =)
g3 I KDM5A(Low)
S ™ _I1 KDM5A(High)

o

o |

© L] L] T L] L] T

0.0 40.0 80.0 .
Survival time (Months) shControl - shKDMSA

H

KDMS5A

MPC-1

©
o 2 o
e
40 S
g 2 40
£20 S 20
Z0 -
TT TN T TN
E PANC-1 F
Pl G O P =0.005
< 120 T
Q —— o
2 ‘ Q $ b £ 100
< 2 g0/
WO jn2 3 4 s 6 7 8 9 10 [«5]
= < 604
X 9 4 0 & e 5 4]
G’ £ 20,
'_
KDMS5A o O
MPC-1 2 '5% ’54-0
p-actin (D GESESERED| %, 4@
CKCKGCK
I
KDM5A | KDM5A
. Total
low high
MPC-1 17 47 64
ow a7%) | @) | (©4%)
MPC-1 24 12 36
high @a%) | @2%) | (36%)
# 59 100
Total | 4190 | o%) | (100%)
=7
g ™ P<0.001 Fisher’s exact test

Fig. 6 The expressions of KDMSA related to PDA progression and
MPC-1. TMA PDA specimens were immunostained with a specific anti-
KDMS5A antibody. a Representative images of KDM5A expression in
PDA specimens and adjacent normal pancreatic tissue specimens were
shown. Shown was markedly low KDMS5A expression in adjacent nor-
mal (Normal, left panel), low KDMSA expression in tumor tissue
(Tumor-1, middle panel) and high KDM5A expression in tumor tissue
(Tumor-2, right panel). b The expression of KDM5A was significantly
higher in tumors (TT) than in adjacent normal tissue (TN). ¢ The
expression of KDM5A was negatively associated with the OS of PDA
patients. PANC-1 and BxPC-3 cells were infected with retroviruses and
stably knocked of KDMSA (shKDMSA and shControl). Colony for-
mation assay was performed with PANC-1 and BxPC-3 cells in 24-well

KDMS5A in TCGA database on the website of SurvExpress.
We found that KDMS5A level was significantly higher in
high-risk group as grouped prognostic index (P = 8.05e-31,
Supplementary Fig. S4A). Survival analysis showed that
increased expression of KDMSA in high-risk group has
shorter survival time (P =0.02962, Log-rank test, Supple-
mentary Fig. S4B). We then analyzed the protein level of
KDMS5A in the serial PDA tissue array of MPC-1 using

plates (mean+SD; *P<0.05). PANC-1 cells with shControl or
shKDM5A were injected subcutaneously (1 x 10° per mouse, 7 = 5) into
the right and left scapular region of the nude mice. The tumor-bearing
mice were sacrificed when they became moribund or on day 35. e Shown
was representative photo of gross tumors in the mice (the magnification
of the control group was 10:1, and the magnification of the shKDMSA
group was 14:1). f The weight of the tumors was measured. g Western
blot was used to test the levels of KDM5A and MPC-1 in gross tumors
(C=shControl, K=shKDM5A, and f-actin as internal control).
h, i KDMS5A and MPC-1 protein expression TMA tissue sections were
represented from the cohort described in Figs. lc and 6a. Negative
correlation of KDM5A with MPC-1 expression was assessed using
Pearson correlation coefficient analysis (n = 100; r = —0.391, P <0.001)

IHC. We observed KDMS5A mainly positive staining in the
nucleus of cancer tissues, but negative or weak expression
in the adjacent normal tissues (Fig. 6a, b). Furthermore, the
increased expression of KDMS5A was positively associated
with tumor poorer differentiation, lymph nodes metastasis,
and higher TNM stages (Supplementary Table S2).
Kaplan—-Meier analysis and log-rank test were used to
investigate the prognostic value of KDMS5A expression on
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PDA patient survival. In univariate analysis, KDM5A was
closely associated with OS of PDA patients (P<0.001;
Fig. 6¢c and Supplementary Table S3). Multivariate analysis
showed that KDMS5A was also an independent prognostic
factor for PDA patients (Supplementary Table S3).

Although there were a series of studies about KDMS5A,
the roles of KDM5A in PDA biology was not fully
demonstrated. We knocked down KDMS5A in PANC-1 and
BxPC-3 cell lines. The results of colony formation assay
and mice subcutaneous transplanted model revealed that
decreased expression of KDMS5A inhibited PDA cells pro-
liferation in vitro and growth in vivo (Fig. 6d—f). We further
confirmed the regulatory effect of KDM5SA on MPC-1
in vivo with the subcutaneous tumors. As the result of
western bolt, knocked down of KDMS5A led to increased
expression of MPC-1 in vivo (Fig. 6g). We then tested
whether KDMS5A had any effect on PDA biology and
mitochondrial pyruvate metabolism via regulating MPC-1.
As shown in Supplementary Fig. S5, under hypoxia and
without glutamine supplementary in vitro, knockdown of
KDMSA inhibited PANC-1 proliferation, invasion and
migration. However, MPC-1 inhibitor UK5099 significantly
attenuated the effect of knocking down KDMSA on PANC-1.
Furthermore, knocked down of KDMSA significantly
increased the pyruvate concentration in mitochondria, reduced
the lactic secretion in media, and decreased consumption of
glucose. Combining restored expression of MPC-1 with
suppressed expression of KDMS5SA could not further promote
mitochondrial pyruvate metabolism and inhibited glycolysis
than knocking down KDMS5A, but MPC-1 inhibitor
UKS5099 significantly attenuated the effect of knocking down
KDMS5A on metabolism (Supplementary Fig. S6A-S6D,
S6F, and S6G). These data demonstrated that KDMSA
regulated metabolism at least partly through transcriptionally
inhibiting MPC-1 expression. We then further analyzed the
correlated expression of MPC-1 and KDMS5A with the same
cohort. As shown in Fig. 6h, i, direct negative correlation
between KDMS5A and MPC-1 expression was found in PDA
tissues (r=—0.391, P<0.001).

Discussion

In the present study, we provided six lines of evidence to
define the critical roles of the KDM5A/MPC-1 signaling in
PDA mitochondrial pyruvate metabolism and progression.
First, we revealed that the expression of MPC-1 was
decreased in PDA cell lines and tissues, and negatively
associated with tumor poorer differentiation, lymph nodes
metastasis, higher TNM stages, and patients’ OS. MPC-1
was an independent prognostic factor for PDA patients.
These results indicated that MPC-1 might be a valuable
biomarker for PDA. Second, restored expression of MPC-1
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suppressed the growth, invasion, migration, and cell
spheroid formation of PDA in vitro and tumor growth
in vivo. Third, restored expression of MPC-1 stimulated the
mitochondrial pyruvate metabolism and inhibited glycolysis
via increasing mitochondrial pyruvate concentration and
decreasing lactate levels in the extracellular media and
glucose consumption. Furthermore, MPC-1-specific inhi-
bitor UK5099 attenuated the effect. Forth, the promoter
region of MPC-1 contains CpG islands. However, the main
mechanism of decreased expression of MPC-1 in PDA was
not DNA methylation, but the demethylation of H3K4 of
MPC-1 promoter by KDMS5A. Fifth, KDMS5A directly
bound to the promoter of MPC-1, suppressed the promoter
activity of MPC-1 and transcriptionally inhibited the MPC-
1 expression. Sixth, elevated expression of KDMS5A was
investigated in PDA and promoted PDA cell proliferation
in vitro and tumor growth in vivo via suppressing the
expression of MPC-1. Additionally, the expression of
KDMS5A was inversely correlated with that of MPC-1 in
PDA specimens. Collectively, these findings demonstrated
a novel KDM5A/MPC-1 signaling controlled pancreatic
cancer progression via mitochondrial pyruvate metabolism.

About 50 years ago, a study made a hypothesis that cells
contained mitochondrial pyruvate carriers that assisted pyr-
uvate entry the mitochondrial matrix [31]. However, the
carrier was not identified till 2012. Two groups reported that
two paralogous subunits, MPC1 and MPC2, were expressed
in mammals and formed multimeric MPC complex mount-
ing in the inner mitochondrial membrane and controlled
pyruvate transportation [12, 13]. Studies revealed that MPC-
1 was the key subunit in the MPC complex and mutations or
lack expression of MPC-1 caused illness, including hyper-
pyruvatemia, lactic acidosis, and other severe diseases in
humans [12, 32]. Recently, it has been reported that the
decreased expression of MPC-1 played critical roles in colon
cancer, ovarian cancer, esophageal squamous cell carcino-
mas, and prostate cancer development and progression via
regulating mitochondrial pyruvate metabolism and glyco-
lysis [15-17, 33]. Furthermore, MPC-1 was crucial for can-
cer stem cell maintenance [15, 16]. However, the roles of
MPC-1 in PDA development and mechanism of regulating
MPC-1 expression have not been studied.

In our study, we focused on the key MPC subunit MPC-1
and tested the expression of MPC-1 in both mRNA and
protein levels with multiple methods, including TCGA
database, paired PDA and adjacent normal pancreatic tissues,
PDA tissue array and cell lines, and demonstrated that MPC-
1 was decreased expression in and an independent prognostic
factor for PDA. This result was consistent with Jared Rutter’s
study that analyzed the expression of MPC-1 in Oncomine
database. All these data indicated a valuable biomarker of
MPC-1 for PDA. Furthermore, Jared Rutter’s study revealed
that restored expression of MPC-1 did not change the
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proliferation, apoptosis, or necrosis of colon cancer cells
in vitro, but inhibited colony formation and tumor growth
in vivo [15]. Our study found that the expression levels of
MPC-2 were also slightly increased in the MPC-1 restored
groups, which might due to the stability of MPC complex
[14]. Furthermore, the proliferation of PDA in vitro was not
affected but the sphere formation and xenograft growth
in vivo was suppressed. In another research, it has been
demonstrated that glutamine oxidation could maintain the
TCA cycle and cell survival with MPC deficiency and fur-
thermore the in vivo tumors grew in a hypoxia condition
[27]. We then further found that restored expression of MPC-
1 in PDA inhibited cell proliferation, invasion and migration
in vitro under the condition of hypoxia (1% oxygen) and
without glutamine supplement. These results revealed that re-
expression of MPC-1 suppressed PDA progression via
inhibiting growth, metastasis, and stemness of PDA cells. Ki-
67 is a typical biomarker of cell proliferation. We tested the
effect of MPC-1 expression on Ki-67 positivity in xenograft
tumors. The results showed that overexpression of MPC-1
led to a decreased expression of Ki-67. These results further
confirmed that restored expression of MPC-1 inhibited PDA
cell proliferation. Indeed, knockdown of MPC-1 expression
promoted colon cancer EMT; and MPC-1 interacted with
mito-STAT3, and disrupted STAT3 pathway, and further led
to decreased expression of SOX2, and inhibited lung cancer
proliferation and invasion [25, 26]. We then further tested,
investigated the effect of restored expression of MPC-1 on
SOX2 in xenograft tumors. The results showed that over-
expression of MPC-1 led to a decreased expression of SOX2.
These data consistently indicated that the suppression effect
of MPC-1 on PDA progression be at least in part through
regulating SOX2 expression and function. The molecular
mechanisms of suppressive effect of MPC-1 on PDA pro-
gression warrant further investigations.

The import of pyruvate into the mitochondrial matrix is
the critical step of pyruvate oxidative phosphorylation. We
then investigated the metabolic effects of MPC-1 re-
expression. We revealed that restored expression of MPC-1
significantly increased the pyruvate concentration in mito-
chondria, reduced the lactic secretion in media, and con-
sumption of glucose. Moreover, MPC-1-specific inhibitor
UKS5099 significantly attenuated the effect of MPC-1.
Meanwhile, we tested the effect of re-expressing MPC-1 on
the expression of enzymes that were relevant to pyruvate
metabolism, and found that re-expression of MPC-1 had
limited effect on the levels of LDHA, PKM1, PDK, and
PDH, but decreased the expression of PKM2 in vitro and
in vivo, which might reflect adaptation to the enhanced
metabolic demand with MPC-1 re-expression [15]. These
data demonstrated that re-expression of MPC-1 promoted
the mitochondrial pyruvate metabolism, which might be the
mechanism of MPC-1 in inhibiting PDA progression.

The roles of MPC-1 in PDA progression have been
revealed, however, the mechanism of decreased expression
of MPC-1 in PDA has not been demonstrated. The data of
TCGA showed that the mutation of MPC-I was rare in
PDA, and we found that the promoter region of MPC-1
gene was rich in CpG islands. However, the result of
Methylation-specific PCR revealed that the promoter region
DNA of MPC-1 in most PDA cells were not hypermethy-
lation. In the study from Bardeesy group, they reported that
the binding pattern of KDM2B was shifted depending on
the EZH2 or KDM5A, and KDM2B-EZH?2 cobound genes
were mostly involved in developmental and pluripotency
networks, meanwhile, the KDM2B-KDMS5A cobound
genes mainly participated in metabolic processes [19].
Furthermore, methylation pattern revealed that the pro-
moters bound by KDM2B-EZH2 were DNA methylated
regardless of the presence of CpG islands. However, the
promoters bound by KDM2B-KDMS5A were unmethylated.
The ChiP-seq result of this study revealed that MPC-1 was a
downstream target of KDM2B-EZH2, but not KDM2B-
KDMS5A. In another study, Benevolenskaya and coworkers
[24] have shown that MPC-1 was the downstream target of
KDMSA via ChiP-seq [34]. Our results showed that the
promoter region of MPC-1 was unmethylated. We then
tested the roles of KDM2B, EZH2, and KDM5A on MPC-1
expression in PDA and showed that decreased expression of
KDM2B and KDMS5A led to increased levels of MPC-1.
However, EZH2 did not show any effect on MPC-1
expression. KDM5SA was regulated by KDM2B in PDA, so
we tested the effect of KDM2B and KDMS5SA on MPC-1,
and revealed that knocked down both of KDM2B and
KDMSA further increased MPC-1, while overexpression of
KDMS5A attenuated the effect of KDM2B on MPC-1 and
even further decreased MPC-1. These results revealed that
MPC-1 was a downstream target of KDMS5A and the effect
of KDM2B on MPC-1 might be via KDMS5A. Further ChIP
assay revealed that KDMS5SA but not KDM2B directly
bound to the promoter region of MPC-1, and H3K4me3 and
H3K4me?2, the products of KDMS5A, both existed in MPC-1
promoter region. KDMS5A wusually binds to the 5-
CCGCCC-3’ motif of genes’ promoter and several of these
motifs were found in MPC-1 promoter. The result of luci-
frease assay is that KDMSA regulates MPC-1 expression at
the transcriptional level. We then further analyzed the cor-
related expression of KDMS5A and MPC-1 in PDA array
with the same cohort. The result further confirmed a direct
correlation between KDMSA and MPC-1 expression. These
data demonstrated that KDMSA transcriptionally regulated
the expression of MPC-1 via directly binding to the pro-
moter region of MPC-1, and demethylasing H3K4 for
trimethylation.

KDMS5A was originally identified as a retinoblastoma-
binding protein and reported to play critical roles in multiple
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types of cancer [35-39]. It has been reported that KDM5A
induced histone demethylation and regulated the expression
of genes involved in cancer metabolism and cell cycle
[28, 36]. However, the roles of KDMS5A had not been
reported in PDA. In our study, we showed that the
expression of KDMS5A was elevated in PDA via TCGA
database and PDA tissue array, and KDM5A was also an
independent prognostic factor for PDA patients. Further-
more, knocking down of KDMS5A let to inhibited PDA
growth. As MPC-1 was a directly downstream target of
KDMS5A. We then further demonstrated that the effect of
KDMSA on PDA was at least partly through regulating
MPC-1. Our results revealed that suppressed expression of
KDMSA increased MPC-1 expression, elevated pyruvate
concentration in mitochondria, and reduced lactic secretion
in media and consumption of glucose. Furthermore,
restored expression of MPC-1 with knocking of KDM5A
could not further enhance the effect of KDMS5A, but MPC-1
inhibitor UK5099 significantly attenuated the effect of
knocking down KDMS5A. These data demonstrated that
KDMS5A also played critical roles in PDA progression and
the effect at least partly through transcriptionally inhibiting
MPC-1 expression.

In summary, this study for the first time provided both
clinical and mechanistic evidence supporting that KDM5A
transcriptionally regulates MPC-1 expression and that
KMDS5A/MPC-1 signaling has a critical role in PDA
mitochondrial pyruvate metabolism and promotes PDA
progression. Therefore, we have not only identified a novel
molecular mechanism underling a decreased expression of
MPC-1 in PDA, but also revealed a promising molecular
target for potentially new therapeutic strategies for con-
trolling PDA progression.

Materials and methods
Mouse model of pancreatic tumor growth

Pathogen-free female athymic nude mice were purchased
from the National Cancer Institute (Bethesda, MD). The
animals were maintained in facilities approved by the
Association for Assessment and Accreditation of
Laboratory Animal Care International in accordance with
the current regulations and standards of the U.S.
Department of Agriculture and Department of Health and
Human Services. Tumor cells (1 x10% in 0.1 mL of
Hank’s balanced salt solution were injected sub-
cutaneously of nude mice. The tumor size was measured
every week. The tumor-bearing mice were sacrificed on
day 35 after inoculation and the tumors were removed and
weighed.
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Mitochondrial pyruvate, lactate production, and
glucose utilization assay

Tumor cells were transfected with different plasmids, and
the mitochondria of 1x 10° cells were isolated using the
Mitochondria/Cytosol Fractionation Kit (BioVision, K256-
25, California, USA) as the instructions. Mitochondrial
pyruvate concentration was determined by pyruvate assay
kit (BioVision, K609-100, California, USA) according to
the instructions.

Tumor cells were transfected with different plasmids,
1 x 10° cells were prepared for lactate production assay with
Lactate Assay Kit (Sigma, Louis, MO, US) according to the
manufacturer’s protocol.

For glucose utilization assay, tumor cells were trans-
fected with different plasmids, and the cultures were incu-
bated for 24 h. The media were replaced with phenol-red
free RPMI with 1% FBS to continuous culture for 2 days.
Glucose concentrations in media were measured using a
colorimetric glucose assay kit (Biovision, US) and nor-
malized with cell number.
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