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Overexpression of pyruvate dehydrogenase 
phosphatase 1 promotes the progression 
of pancreatic adenocarcinoma by regulating 
energy-related AMPK/mTOR signaling
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Abstract 

Background: Human pyruvate dehydrogenase phosphatase 1 (PDP1) plays an important physiological role in 
energy metabolism; however, its expression and function in human pancreatic adenocarcinoma (PDAC) remain 
unknown. This study aimed to investigate the expression pattern and mechanisms of action of PDP1 in human PDAC.

Methods: The expression pattern of PDP1 in PDAC was determined, and its correlation with patient survival was 
analyzed. Ectopic expression or knockdown of PDP1 was performed, and in vitro proliferation and migration, as well 
as in vivo tumor growth of PDAC, were measured. The mechanism was studied by biochemical approaches.

Results: PDP1 was overexpressed in human PDAC samples, and high expression of PDP1 correlated with poor overall 
and disease‑free survival of PDAC patients. PDP1 promoted the proliferation, colony formation, and invasion of PDAC 
cells in vitro and facilitated orthotopic tumor growth in vivo. PDP1 accelerated intracellular ATP production, leading to 
sufficient energy to support rapid cancer progression. mTOR activation was responsible for the PDP1‑induced tumor 
cell proliferation and invasion in PDAC. AMPK was downregulated by PDP1 overexpression, resulting in mTOR activa‑
tion and cancer progression.

Conclusion: Our findings suggested that PDP1 could be a promising diagnostic and therapeutic target for anti‑PDAC 
treatment.
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Introduction
Pancreatic adenocarcinoma (PDAC), which accounts 
for 90% of pancreatic cancer cases, is among the top 10 
life-threatening cancers, with a very high death rate and 
a survival rate of only approximately 5% [1]. The malig-
nancy of PDAC has been increasing in recent years, 

and this disease is estimated to be the second leading 
cause of cancer-related death in the USA [2]. The dismal 
prognosis of PDAC could be due to the lack of sensitive 
detection at its early stage, although many biomarkers 
have been suggested as indicators of PDAC in various 
experimental studies [3]. Effective treatments for PDAC 
are unavailable. Although surgical resection is recom-
mended as the only curative treatment [4], only a very 
low number of patients who have small tumors that are 
detected early are suitable for surgery [5]. Chemotherapy 
as the first-line treatment is applied to nonsurgical PDAC 
patients [6]; however, the response rate is low, and these 
drugs can only prolong survival by a few months, even in 
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responding patients [7]. Identifying new prognostic and 
therapeutic biomarkers for PDAC patients is important.

The human PDP1 gene encodes pyruvate dehydroge-
nase phosphatase (PDP) 1, one of the two PDP isoforms 
in mammalian cells [8]. Physiologically, PDP1 serves 
as a critical regulator of the pyruvate dehydrogenases 
complex (PDC); PDP1 positively regulates the catalytic 
activities of PDC by the removal of phosphates from the 
serine sites on E1α of the complex [9]. Upon activation by 
PDP1, the PDC irreversibly triggers oxidative decarboxy-
lation of pyruvate into acetyl-CoA, which is the main 
substrate for cellular energy production [10]. Mutation 
of PDP1 in some patients may cause PDC deficiency, a 
genetic disorder characterized by neurodegeneration and 
abnormal metabolism [11]. Loss of PDP1 may also cause 
intolerance to exercise and mild developmental delay in 
patients [8, 12] and may produce a lethal phenotype in 
infants [13]. The expression of PDP1 in muscle cells of 
obese and diabetic subjects was reduced and could be 
reversed by endurance training [14, 15]. The loss of PDP1 
in obesity was found to signal insulin resistance that 
could be reversed by plasma insulin supplementation 
[16]. Overexpression of PDP1 was also found in human 
prostate cancer and could promote cell proliferation and 
tumor growth [10]. The expression pattern and function 
of PDP1 in PDAC remain unclear.

In this study, we attempted to identify the expres-
sion and functional role of PDP1 in human PDAC. The 
expression pattern of PDP1 in human PDAC samples was 
illustrated by extracting data from the GEO database. 
The correlation between PDP1 expression and patient 
survival was profiled to evaluate its prognostic value. The 
functional role of PDP1 in the proliferation, growth, and 
invasion of PDAC cells was then evaluated in cellular and 
animal models. The signaling pathway involved in the 
regulation of PDP1 was elucidated. We believe this study 
will shed light on the prognostic and therapeutic value of 
PDP1 in PDAC.

Materials and methods
Reagents, plasmids, and antibodies
Sodium acetate and compound C were obtained from 
Sigma-Aldrich (USA). Human and murine ORF clones of 
PDP1 and shRNA against human PDP1 were purchased 
from Origene (USA). Antibodies against PDP1 (#65575), 
phospho-mTOR (#2974), mTOR (#2983), phospho-
AMPKα (#2535), AMPKα (#5831), PCNA (#2586) and 
β-actin (#4970) were purchased from Cell Signaling 
Technologies (USA).

Cell line and cell culture
The PDAC cell line KP3 was purchased from the Japa-
nese Collection of Research Bioresources Cell Bank. Cells 

were cultured in RPMI 1640 medium supplemented with 
10% fetal bovine serum (FBS) and 1% penicillin/strep-
tomycin under humid conditions of 5%  CO2 and 37  °C. 
Panc2 cells were obtained from the Frederick National 
Laboratory for Cancer Research (Frederick, MD, USA). 
Cells were cultured in DMEM supplemented with 10% 
FBS and 1% penicillin/streptomycin under humid condi-
tions of 5%  CO2 and 37 °C.

Animal study
The animal study was performed in accordance with 
the approved protocol by Fudan University (Ref. No.: 
2019-FUSCC-JS-017). In brief, Panc2 cells tagged with 
a luciferase reporter were mixed with Matrigel Matrix 
(BD Bioscience, USA). A 20 μl mixture containing 1 × 108 
Panc2 cells was injected into the pancreas of C57/BL/J 
mice. Measurement of orthotopic tumor size was per-
formed once per week from 1 week post-injection, using 
the IVIS Spectrum live animal imager (Perkin-Elmer, 
USA) with luciferin (30 mg/kg, i.p.) as a substrate. At the 
end of the study, the mice were sacrificed, and the pan-
creas was dissected.

Cell proliferation and colony formation assays
Cell proliferation was measured by cell counting. In brief, 
10,000 cells were seeded for growth and were counted 
at 3, 6 and 9 days of cultivation. The formation of colo-
nies was measured by colony formation assays. A total 
of 10,000 cells were seeded for growth for 12 days. Cells 
were fixed with 4% paraformaldehyde and stained with 
2% crystal violet. The number of colonies formed was 
counted.

Cell invasion assay
The invasiveness of PDAC cells was measured by cham-
ber assays. In brief, 200,000 cells were seeded onto the 
upper chamber of inserts precoated with Matrigel matrix 
(BD Bioscience, USA). The receiving chamber was filled 
with DMEM supplemented with 10% FBS. Forty-eight 
hours later, the medium on the upper chamber was 
removed, and cells that migrated through the Matrigel 
matrix were dissociated with calcein-AM-containing 
buffer. The fluorescence intensity, representing the num-
ber of invaded cells, was measured by a fluorescence 
microplate reader.

Immunoblotting
Total protein was extracted from the cell pellets using 
RIPA buffer and separated by SDS-PAGE. Protein was 
then transferred onto the PDVF membrane, which was 
blocked in 5% BSA blocking buffer for 2 h at room tem-
perature. Then, the membrane was incubated with pri-
mary antibodies overnight at 4 °C followed by secondary 
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antibody incubation for 2  h at room temperature. The 
membrane was visualized with chemiluminescence (Bio-
Rad, USA) using ECL Select as a substrate (GE Health-
care, Germany).

Intracellular ATP measurement
Intracellular ATP measurement was performed with a 
commercial kit (Biovision, USA). In brief, 1 × 106 cells 
were lysed with 100  μl of ATP assay buffer, followed by 
deproteinization through a 10  kDa spin column. Then, 
50 μl of flow through was mixed with 44 μl of ATP assay 
buffer, 2 μl of ATP probe, 2 μl of ATP converter, and 2 μl 
of developmental reagent for reaction in the dark for 
30  min at room temperature. The absorbance was then 
read at 570  nm. The concentration of ATP in the cell 
samples was calculated with a standard curve plotted 
using an ATP standard.

Histology
Paraffin-embedded pancreatic sections were prepared, 
and 5-mm slices were generated. For histological meas-
urement of PDAC, the slides were stained with hematox-
ylin & eosin (H&E). The image was captured under a light 
microscope.

Statistical analysis
Data are presented as the mean ± S.D. Data were ana-
lyzed by one-way ANOVA, and p < 0.05 was considered 
statistically significant. All experiments were performed 
in triplicate unless stated otherwise.

Results
PDP1 was overexpressed in PDAC and overexpression 
of PDP1 predicted poor prognosis of patients
The expression and function of PDP1 in PDAC have not 
been reported. A recent study showed that the expres-
sion of PDP1 was elevated in prostate cancer, in which 
ectopic expression of PDP1 promoted cancer growth 
and progression [10]. Another study, however, observed 
that phosphorylation of PDP1 at Tyr94 suppressed its 
activity and reduced tumor growth [17]. These diver-
gent observations indicated that PDP1 may have differ-
ent functions in particular types of cancers. To determine 
the role of PDP1 in PDAC, we first examined its expres-
sion in human PDAC samples. Data retrieved from two 
published datasets of PDAC, GSE15471 and GSE28735, 
revealed that PDP1 was overexpressed in human PDAC 
tissues compared with the nonmalignant normal pan-
creatic tissues (Fig. 1a, b). Immunohistochemical exami-
nation of the tissue blocks confirmed that the protein 
expression of PDP1 was substantially elevated in the 
PDAC tissues (Fig. 1c). To determine the clinical signifi-
cance of this elevation, we retrieved patient survival data 

from TCGA database. We found that the expression of 
PDP1 predicted poor overall survival and disease-free 
survival of the PDAC patients (p = 0.0285 and p = 0.0380, 
respectively), which indicates that PDP1 may be a poor 
prognostic factor in PDAC (Fig.  1d, e). Furthermore, 
PDP1 may be a marker for patient mortality, as its expres-
sion was significantly higher in patients who died than 
those who survived (p = 0.0123, Fig.  1f ). These findings 
suggested that PDP1 was overexpressed in PDAC tissues 
and its overexpression can predict a poor prognosis for 
patients.

PDP1 regulates the in vitro proliferation and invasion 
of PDAC cells
To further elucidate the functional role of PDP1 in 
PDAC cells1, we first identified its in  vitro function in 
a set of PDAC cells. The expression of PDP1 in differ-
ent PDAC cells, including MiaPaca2, Panc1, Panc2, KP3, 
and Capan1, was screened to select suitable cell lines for 
functional studies (data not shown). Panc2 and KP3 were 
selected due to their moderate level of PDP1 expression 
among the cell lines. We then overexpressed PDP1 by 
transfecting a plasmid encoding the ORF of the genes 
while knocking down its expression by shRNA against 
PDP1 and established stably transfected cell lines by 
selection (Fig.  2a). A proliferation assay was performed 
to examine whether PDP1 expression could alter cell 
growth in PDAC. We found that in both cell lines, PDP1 
overexpression significantly promoted the growth rate 
of the cells, while PDP1 knockdown had the opposite 
effects (Fig.  2b), suggesting that PDP1 expression may 
promote tumor cell proliferation in PDAC. This finding 
was further confirmed by colony formation assays, which 
showed that PDP1 overexpression potently increased the 
number of colonies formed by PDAC cells, while sup-
pression of PDP1 reduced the ability to form colonies 
(Fig. 2c). In addition, as the in vitro invasiveness of tumor 
cells indicates the in vivo locoregional and distant spread 
of cancer, we examined the invasion of PDAC cell lines 
with a chamber assay. Overexpression of PDP1 signifi-
cantly increased the number of cells invading through the 
extracellular matrix (Fig.  2d). These observations sug-
gested that PDP1 expression could promote the in vitro 
proliferation and invasion of PDAC cells.

PDP1 overexpression accelerated the in vivo tumor growth 
of PDAC
To further elucidate the in vivo functional role of PDP1, 
we established an orthotopic model of PDAC by injecting 
Panc2 cells into the pancreas of C57BL6/J mice. For non-
invasive monitoring of tumor growth, Panc2 cells with or 
without PDP1 overexpression were stably infected with 
a luciferase reporter, and luciferin could be catalyzed to 
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Fig. 1 PDP1 was overexpressed in PDAC. Data were retrieved from the GEO database, and PDP1 was found to be overexpressed in PDAC tissues 
compared with normal pancreatic tissues in (a) GSE15471 and (b) GSE28735. c Immunohistochemical staining of PDP1 was retrieved from the 
Human Protein Atlas, which suggested that PDP1 protein expression was upregulated in PDAC tissues. Survival of PDAC patients was retrieved from 
TGCA database, and patients with PDP1 expression above the median level had poor (d) overall survival and (e) disease‑free survival. f Surviving 
PDAC patients had lower expression of PDP1 than the censored patients

Fig. 2 PDP1 regulated PDAC cell proliferation and migration in vitro. a Transfection of the PDP1 ORF clone or shRNA regulated endogenous 
expression of PDP1 in PDAC cells. b Overexpression of PDP1 promoted PDAC cell proliferation, while PDP1 suppressed PDAC cell proliferation. c 
Overexpression of PDP1 promoted colony formation of PDAC cells, while PDP1 suppressed PDAC cell colony number. d Overexpression of PDP1 
promoted PDAC cell migration, while PDP1 suppressed PDAC cell migration. ***p < 0.001
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emit bioluminescent signals. Under an in vivo imager, we 
observed that overexpression of PDP1 could significantly 
increase the signal intensity of tumor cell-derived lucif-
erase, indicating a larger tumor formed by PDP1-over-
expressing PDAC cells than the control cells (Fig.  3a). 
End-point measurement of the dissected tumors showed 
that tumor growth was accelerated by PDP1 overex-
pression (Fig. 3b). Histological analysis by H&E staining 
showed that the PDP1-overexpressing PDAC cells had 
a more aggressive phenotype, e.g., an unclear border 
between pancreatic tissues and the tumor tissues, than 
the control cells (Fig. 3c). This result was further proven 
by the immunoblotting of PCNA, acellular marker of 
proliferation, in PDAC tissues; the expression was sig-
nificantly higher in the PDP1-overexpressing PDAC 
tumors than the control tumors (Fig. 3d). These findings 
suggested that PDP1 overexpression could substantially 
accelerate the in vivo tumor growth of PDAC.

PDP1 overexpression accelerated ATP‑associated tumor 
cell growth in PDAC
Mitochondrial PDP1 is an important regulator in energy 
production and metabolism in mammalian cells. PDP1 
catalyzes the dephosphorylation and concomitant reac-
tivation of the α subunit of the E1 component of the 
pyruvate dehydrogenase complex (PDC), whose activ-
ity is critical for energy metabolism through the TCA 
cycle and oxidative phosphorylation [11]. A previous 
study suggested that suppression of PDP1 expression 

in embryonic stem cells is associated with reduced pro-
duction of ATP, the product of energy metabolism that 
is essential for many cellular processes [18]. Therefore, 
we examined the cellular content of ATP in PDAC cells. 
Overexpression of PDP1 could significantly increase the 
cellular ATP content in PDAC cells, while knockdown 
of the protein showed the opposite effects (Fig.  4a). To 
determine whether cellular ATP content plays an impor-
tant role in mediating PDP1-induced cell proliferation, 
we supplied acetate as a substrate for ATP production 
by alternative mechanisms [19] in PDAC cells with PDP1 
knockdown. The reconstitution of cellular ATP by acetate 
supplementation significantly reversed tumor cell pro-
liferation in the cells with PDP1 knockdown (Fig.  4b). 
Colony formation and cell invasion assays proved that the 
suppressive effect of PDP1 knockdown was attenuated by 
ATP supplementation in PDAC cells (Fig.  4c, d). These 
observations suggested that PDP1-regulated cell prolifer-
ation and invasion in PDAC cells may be associated with 
the alteration of cellular ATP content and its related cel-
lular activities.

mTOR is a downstream signaling pathway that mediates 
PDP1‑driven tumor cell proliferation in PDAC
mTOR signaling is often aberrantly hyperactivated in 
various types of cancer cells in response to the abundant 
cellular ATP to promote tumor cell proliferation [20]. In 
our study, we examined the expression and activity of the 
mTOR pathway in PDAC cells with PDP1 knockdown. 

Fig. 3 PDP1 overexpression promoted PDAC growth in vivo. a PDP1 overexpression significantly increased the luciferase signal in the orthotopic 
tumors of PDAC in mice; b PDP1 overexpression increased the tumor size of the orthotopic PDAC model; c H&E staining suggested that more cells 
were undergoing mitotic proliferation in the PDP1‑overexpressing tumors than the control tumors; d PDP1‑overexpressing tumors expressed a 
higher level of PCNA than the control tumors. ***p < 0.001
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Upon knockdown of PDP1, mTOR phosphorylation was 
significantly downregulated without notable changes in 
total protein expression (Fig.  5a). To identify whether 
mTOR activity is crucial for PDP1-mediated tumor cell 
proliferation, we transfected a plasmid encoding the pro-
tein with a mutation that leads to constitutive activation 
of mTOR in PDAC cells with PDP1 knockdown (Fig. 5b). 
Constitutive activation of mTOR restored the prolif-
eration rate in the PDAC cells with PDP1 knockdown 
(Fig. 5c), suggesting that mTOR activation is essential for 
PDP1-driven tumor cell growth in PDAC. In addition, 
reactivation of mTOR in PDAC cells with PDP1 knock-
down reconstituted the capacity of PDAC cells to form 
colonies and pass through the ECM (Fig.  5d, e). These 
findings indicate that mTOR activation mediates PDP1-
driven cell growth and invasion in PDAC as the down-
stream effector.

AMPKα inhibition mediates PDP1‑induced mTOR 
activation in PDAC cells
When the cellular content of ATP is insufficient, cells 
tend to activate AMPKα as a stress response pathway to 
limit growth-related signaling [21]. Activation of AMPKα 
in PDAC was found to restrict cancer cell proliferation 
and aggressiveness in previous studies [7, 22]. As PDP1 
inhibition reduced ATP content, as we observed in the 
present study, we investigated whether AMPKα activ-
ity could be altered by PDP1. Overexpression of PDP1 
potently suppressed the basal level of phosphorylated 

AMPKα without changing its total protein level, while 
repressing PDP1 could activate AMPKα (Fig.  6a). Inhi-
bition of AMPKα in PDAC cells by its pharmacologi-
cal inhibitor compound C (CC) restored mTOR activity 
(Fig.  6b), suggesting that AMPKα acts as the upstream 
regulator of mTOR in the PDAC cells with PDP1 knock-
down. Furthermore, inhibition of AMPKα significantly 
reactivated the proliferation, colony formation, and inva-
sion of PDAC cells (Fig. 6c–e). A previous study showed 
that an increased AMP:ATP ratio would activate AMPK 
activity [23]. We then added AMP to the PDP1-overex-
pressing cells and found that an increased AMP:ATP 
ratio led to the restoration of AMPK in the these cells 
(Fig.  6f ). An opposite trend in mTOR activity was 
observed, as mTOR is a downstream effector of AMPK. 
These observations, together with the other findings in 
this study, indicated that PDP1 regulates PDAC growth 
by modulating the ATP/AMPKα/mTOR pathway.

Discussion
In this study, we observed that PDP1 was overexpressed 
in human PDAC. Overexpression of PDP1 in PDAC cells 
promoted cell proliferation and migration in  vitro and 
stimulated tumor growth in a murine model of PDAC, 
which could be related to the increase in intracellu-
lar energy production (Fig.  7). Expression of PDP1 was 
reported to be associated with ATP generation in previ-
ous studies; for instance, PDP1 expression and activity 
were shown to contribute to a higher aerobic capacity 

Fig. 4 PDP1 induced PDAC cell proliferation and migration by inducing intracellular ATP. a PDP1 overexpression induced intracellular ATP content, 
while its knockdown reduced ATP levels. Supplementation of an alternative substrate of ATP production, acetate, restored cell proliferation (b), 
colony formation (c) and migration of PDP1 knockdown PDAC cells (d). ***p < 0.001
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of the muscle, suggesting a sustainable level of oxidative 
phosphorylation-related ATP production [24]. Another 
study also suggested that activation of PDP1 in cancer 
cells could induce a switch from cellular glycolysis to 
oxidative phosphorylation, the more efficient method 
of ATP production [24]. The depletion of cellular ATP 
abolished PDP1-induced PDAC cell proliferation, migra-
tion, and invasion, suggesting that ATP generation was 
the essential step by which PDP1 triggers these cellular 
processes. PDP1 expression was also found to be critical 
in some other cellular processes, such as recovery from 
injury and cell differentiation [18, 25]. Given the impor-
tant regulatory role of PDP1 in the physiological function 
of PDC, our observations may suggest that overexpres-
sion of PDP1 in PDAC cells functions to hyperactivate 
the PDC system, overloading the cellular substrate of the 
tricarboxylic acid cycle, which in turn accelerates the oxi-
dative phosphorylation process that can generate more 
ATP essential for cellular processes.

We used acetate as an alternative carbon source in 
tumor cells with PDP1 knockdown. PDP1 is a criti-
cal enzyme involved in the pathway of ATP production 

by consuming glucose. PDP1 is involved the reaction of 
pyruvate to acetyl-CoA, the direct source of the TCA 
cycle. This facilitates the production of reducing equiva-
lents in the form of NADH, FADH2, etc. by TCA cycles, 
which can be used by oxidative phosphorylation for the 
production of ATP. Acetate has been reported as an 
additional source for ATP production in cancer cells, 
especially when glucose/glutamine is depleted [26]. The 
direct ligation of acetate to CoA by acetyl-CoA syn-
thetases can yield acetyl-CoA in the TCA cycle [27]. The 
TCA cycle can, therefore, produce reducing equivalents 
in the form of NADH, FADH2, etc., which were used for 
ATP production by oxidative phosphorylation in PDP1 
knockdown cells. As we assumed that suppression of 
ATP production in PDP1 knockdown cells is responsi-
ble for inhibition of tumor growth, we used acetate as an 
alternative source of ATP production in these cells, and 
our observations proved that ATP restoration in PDP1 
knockdown cells recovered tumor cell proliferation and 
growth, supporting our claims. We also observed that the 
addition of acetate had a minimal effect on tumor growth 
in mock tumor cells. Mock cells can consume glucose to 

Fig. 5 mTOR was responsible for PDP1‑mediated PDAC cell proliferation and migration. a The phosphorylation of mTOR in PDAC cells, 
representing its activity, was measured by immunoblotting. PDP1 overexpression activated mTOR signaling, while its knockdown suppressed mTOR 
phosphorylation. b Transfection of constitutively activated mTORC reactivated mTOR signaling in PDP1 knockdown PDAC cells. mTORC represents 
a plasmid encoding a mutated mTOR with a change from arginine 2505 to proline, which leads to constitutive activation of mTOR regardless of 
intracellular signaling. Reactivation of mTOR restored cell proliferation (c), colony formation (d), and migration of PDP1 knockdown PDAC cells (e). 
***p < 0.001
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produce acetate, which is then directly ligated by acetyl-
CoA synthetases in the TCA cycle. The reason for these 
results after addition of acetate to cells with an intact 

pathway of glucose metabolism is not fully understood; 
however, as the TCA cycle has a strict regulatory mecha-
nism that involves production of reducing equivalents as 

Fig. 6 AMPK inactivation was responsible for PDP1‑mediated PDAC cell proliferation and migration. a PDP1 overexpression suppressed AMPK 
signaling, while its knockdown induced activation via phosphorylation. b The presence of compound C (20 mM) inactivated AMPK signaling in 
PDP1 knockdown PDAC cells, which in turn reactivated mTOR signaling. Reactivation of mTOR restored cell proliferation (c), colony formation (d), 
and migration of PDP1 knockdown PDAC cells (e). f AMP was supplemented in the PDP1‑overexpressing cells to adjust the intracellular AMP:ATP 
ratio. Increased AMP:ATP ratio in the PDP‑overexpressing cells resulted in the restoration of AMPK activity but mTOR repression. ***p < 0.001

Fig. 7 Schematic regulation of PDP1 in PDAC. Overexpression of PDP1 may activate PDH, which in turn accelerates the TCA cycle, which provides 
reducing equivalents in the form of NADH, FADH2, etc. for the ATP production by oxidative phosphorylation. The abundance of cellular ATP inhibits 
AMPK activation, restoring the mTOR signaling that can promote proliferation and invasion of PDAC cells
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sources of ATP production, this complicated process has 
rate-limiting steps even when the acetyl-CoA amount is 
overwhelming. In this regard, the addition of acetate may 
not further accelerate cell proliferation and growth in 
mock cells, which can normally consume glucose to pro-
duce ATP.

We observed that AMPK/mTOR signaling was 
involved in PDP1 regulation of PDAC progression. As 
an energy sensor, AMPK is activated when the intra-
cellular ATP level is insufficient and triggers a series of 
downstream responses that inhibit rapid cell prolifera-
tion; hence, AMPK has been frequently identified as a 
potential target in anticancer treatment [28]. PDP1 over-
expression could induce activation of PDC, which in turn 
generates more substrate for the production of ATP. In 
this case, overexpression of PDP1 in our study resulted in 
sustained repression of AMPK signaling due to the abun-
dance of intracellular ATP that led to suppression of mul-
tiple downstream proliferation-associated mechanisms. 
mTOR is a key molecule that mediates rapid protein syn-
thesis during cancer progression [29]. Phosphorylation 
of mTOR signaling activates translational control by ini-
tiating the formation of the ribosome complex as well as 
the association of mRNA at its 5’-cap [30]. This process 
was halted under nutrient-deprived conditions, in which 
mTOR was dephosphorylated and could not initiate cap-
dependent translation [31]. The activation of AMPK as a 
nutrient sensor in some previous studies has been found 
to primarily downregulate mTOR activity in cancers [32, 
33]. PDP1-mediated AMPK repression therefore could 
be a possible mechanism to facilitate mTOR-associated 
PDAC progression, which was confirmed by our observa-
tion that suppression of AMPK in PDP1 knockdown cells 
revoked mTOR signaling.

Conclusion
In summary, in this study, we identified the expres-
sion pattern and function of PDP1 in PDAC. PDP1 was 
overexpressed in PDAC samples compared with nor-
mal pancreatic samples, and high expression of PDP1 
was correlated with a poor prognosis of PDAC patients. 
Overexpression of PDP1 promoted the in  vitro prolif-
eration, colony formation, and migration of PDAC cells, 
while knockdown of PDP1 had the opposite effects. 
Overexpression of PDP1 stimulated the in  vivo growth 
of orthotopic PDAC tumors in a murine model. PDP1 
regulated the production of intracellular ATP, and sup-
plementation with ATP recovered tumor cell prolifera-
tion and migration in PDP1 knockdown PDAC cells. This 
result could be related to the alteration of mTOR activity 
in PDAC cells, and recovery of mTOR activity in PDP1 
knockdown PDAC cells restored cell proliferation and 
migration. Mechanistically, PDP1 knockdown activated 

AMPK signaling, which in turn suppressed mTOR activ-
ity. Repression of AMPK in PDP1 knockdown cells 
restored the proliferation and migration of PDAC. Our 
study suggested that PDP1 may be an attractive target for 
the diagnosis and treatment of PDAC.
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