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PDK1 promotes tumor cell proliferation and migration by
enhancing the Warburg effect in non-small cell lung cancer
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Abstract. Tumor cells prefer glycolysis (Warburg effect)
during the proliferation and metastasis. The precise mecha-
nism remains largely unknown. Here, we demonstrated that
pyruvate dehydrogenase kinase 1 (PDK1) was acritical enzyme
that functioned as an oncogene to promote non-small cell lung
cancer (NSCLC) growth and metastasis. We discovered that
PDK1 expression was significantly upregulated in NSCLC
tissues and correlated with advanced T stage. Moreover, high
expression of PDK1 was an independent prognostic factor
of NSCLC. Ectopic overexpression of PDK1 promoted cell
proliferation and inhibited apoptosis. Also it was shown that
PDKI1 increased the cell mobility when Transwell assay was
performed. Further experiments indicated that PDK1 had a
central role in metabolic reprogramming by phosphorylating
pyruvate dehydrogenase, leading to enhanced Warburg effect.
Collectively, our data reveal a new function for PDK1, which
could be used to indicate the prognosis of NSCLC, and
provide targeted therapeutic strategy for clinical treatment.

Introduction

Lung cancer is one of the most common malignancies and
results in large number of cancer-related deaths in the world.
Approximately 1.6 million new cases are diagnosed annu-
ally. More than 85% of those cases are defined as non-small
cell lung cancer (NSCLC) which is comprised of adenocar-
cinoma (ADC), squamous cell carcinoma (SCC), large-cell
carcinoma (LLC) and other types (1). The diagnosis and
clinical treatments of advanced NSCLC remains a great
challenge of medical oncology and the 5-year survival rates
is <16%, causing 1.4 million deaths annually (2). Hence,
therapies aimed at understanding the disease development
and progression, inhibiting further recurrences, or retarding
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the tumor colony growth are urgently needed. Recently, the
understanding of the molecular mechanisms of NSCLC has
progressed significantly. Several oncogene amplifications and
tumor-driven mutations have been identified such as KRAS,
EGFR and ALK (3,4). However, the biology of NSCLC still
remains to be well characterized.

In cancer cells, aerobic glycolysis is one of the most
important metabolic processes even if there is enough
oxygen (5). This metabolic decision which divert pyruvate
and its precursors undergo other anabolic processes or
convert to lactate for cancer cells is known as the Warburg
effect (6). Also the intermediates support nucleic, lipid
and protein synthesis during the rapid cell division. So the
Warburg effect supplies the high energy demands for cancer
cell and biosynthesis materials. During these molecular
adaptations, high pyruvate concentrations are maintained
in cancer cells, which results in HIF-1a stabilization (7).
Then HIF-1a acts as a key mediator that transcriptionally
regulates expression of a vast variety of genes to promote
cell proliferation, migration and metastasis (8-10). However,
the molecular mechanism of increased glycolysis in NSCLC
is largely unknown.

Pyruvate dehydrogenase (PDH) is a mitochondrial multi-
enzyme complex that catalyzes the oxidative decarboxylation
of pyruvate and is one of the major enzymes responsible
for the regulation of homeostasis of carbohydrate (11,12).
Pyruvate dehydrogenase kinases (PDKs) could regulate PDH
phosphorylation which leads to the inactivation of PDH (13).
PDK1 has frequently increased expression in cancer cells
including gastric cancer, colon cancer and acute myeloid
leukemia (14-16). Besides, Koukourakis er al performed
an immunohistochemical study and found that PDH/PDK
pathway was repressed in 73% of NSCLC (17). However, the
precise mechanisms and functions underlying the aberrant
expression of PDK1 in NSCLC are still largely unclear, even
controversy exist at present.

In this study, we used public database and our own clinical
tissue samples to evaluate the expression and significance of
PDKI1 in NSCLC. PDK1 was closely associated with advanced
T stage and multivariate analysis demonstrated that upregu-
lated PDK1 was an independent prognostic factor. Moreover,
ectopic expression or knockdown of PDK1 showed that PDK1
promoted cell proliferation and inhibited apoptosis via modu-
lating the Warburg effect. These results provided new insights
into the NSCLC progression.
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Materials and methods

Ethics and tissue specimens. Tissue microarray containing a
total of 132 NSCLC cases was obtained from Outdo Biotech
Co. (Shanghai, China). The age of these patients ranged from 20
to 84 (mean 60.5) and a 5-year follow-up was completed. The
study was approved by the Ethics Committee of Heilongjiang
Province Hospital.

Cell lines and transfection. NSCLC cell lines, including A549,
H1299 and NCI-H460 were obtained form Cell Bank (SIBS,
China). All cells were maintained in Dulbecco's modified
Eagle's medium (DEME), supplemented with 10% fetal bovine
serum and antibiotics (100 U/ml penicillin and 100 zg/ml strep-
tomycin). PDK1 overexpression plasmid pcDNA3.1-PDK1 and
empty plasmid were transiently transfected into cells using
Lipofectamine 2000 (Invitrogen, USA). Lentivirus containing
PDK1 shRNA (RiboBio, China) were used to infect cells to
establish the stable knock-down cell lines.

Immunohistochemical staining (IHC). The tissue microarray
slides were deparaffinized, rehydrated in xylene and graded
ethanol. Then antigens were retrieved at 95°C for 30 min.
After cooling to room temperature, the slides were incubated
with 3% hydrogen peroxide to block the endogenous peroxi-
dase activity. Anti-PDK1 antibody was added to the slides
overnight. After washing, the slides were incubated with
HRP-labeled secondary antibody and stained using diamino-
benzidine solution and counterstained with hematoxylin.

The THC results were measured using a semi-quantitative
score for both intensity and percentage of positive staining.
Briefly, the intensity of staining was scored as: 1 (no stain),
2 (weak stain), 3 (medium stain), 4 (strong stain) and the
percentage was scored as: 1 (<25%), 2 (25-50%), 3 (50-75%),
4 (>75%). Then, the final score was calculated by multiplying
the two scores and the overall score of 8 was the cut-off score
which classified them into low expression and high expression
groups.

Western blot analysis. Cell lysates were prepared using RIPA
buffer with protease inhibitor and phosphatase inhibitor
cocktail. Total protein (70 ug) was loaded to 10% SDS-PAGE
and transferred onto PVDF membranes. After blocking
with 5% BSA, the membranes were blotted with primary
antibody at 4°C overnight. Membranes were then incubated
with peroxidase-conjugated secondary antibody at 37°C. The
blotting was visualized by enhanced chemiluminescence
detection system. The antibodies used in this study were as
followed: anti-PDK1 (10026-1-AP) from ProteinTech Group,
Inc. (USA), anti-p-PDH (ab177461), anti-B-actin (ab8226) from
Abcam (Cambridge, MA, USA) and anti-PDH (#3205) from
Cell Signaling Technology (MA, USA).

RNA extraction and quantitative real-time PCR (qRT-PCR).
Total RNA was extracted by TRIzol reagent (Invitrogen)
according to the manufacturer's insturctions. The first-strand
cDNA was synthesized by PrimeScript RT Reagent kit
(Takara, Japan). Quantitative real-time PCR was performed by
SYBR Green method in ABI7500 system. The primers used in
the study were as follows: PDK1, forward, 5'-CTCAGGACA

LIU and YIN: PDK1 PROMOTES WARBURG EFFECT AND INDICATES POOR PROGNOSIS

CCATCCGTTCA-3"; reverse, 5'-ACCATGTTCTTCTAGGC
CTTTCAT-3". B-actin, forward, 5"TGATGATATCGCCGC
GCTC-3'; reverse, 5'-CCATCACGCCCTGGTGC-3". B-actin
was used as internal control and the level of PDK1 was normal-
ized using 24 method.

Cell viability assay. For analyzing the viability of PDK1 over-
expressing or knockdown cells, 2x10° cells/well were seeded
in 96-well plates. Cell Counting Kit-8 (CCK-8, Dojindo, Japan)
was used to measure the cell viability at 24, 48, 72 and 96 h
according to the manufacturer's insturctions. The absorbance
was tested at 450 nm. The experiments were repeated at least
three times.

Colony formation assay. Indicated cells were seeded into the
6-well plate at 500 cells per well after 48 hours of transfected
with vector, PDK1 plasmid or infected with PDK1 shRNA.
The medium was changed every four days. After 2 weeks of
incubation, colonies were fixed with 4% paraformaldehyde and
stained with crystal violet. The colony number was measured
under a microscope. All of the experiments were performed at
least three times.

Apoptosis assay. The apoptosis of cells with PDK1 ectopic
expression or knockdown was analyzed using Annexin V/PI
apoptosis detection kit (BD Bioscience, San Diego, CA, USA).
Cells were trypsinized, collected in PBS, and resuspended in
binding buffer. After incubation with Annexin V/PI for 30 min
the proportion of Annexin V-positive cells were analyzed by
FACSCalibur flow cytometer. All of the experiments were
performed at least three times.

Migration assay. To detect cell migration ability, indicated
cells (10* in serum-free medium) were seeded into the top
chamber of Transwell. The bottom chamber contained
complete medium with 20% serum. After 48 h of incubation at
37°C, cells on the lower membrane were fixed and stained with
0.1% crystal violet and imaged.

Lactate production, glucose uptake, oxygen consumption,
ATP level detection. For lactate production measurement, cells
were seeded into 96-well plates with phenol red-free medium
and determined using Lactate assay kit (BioVision, CA, USA).
For glucose uptake assay, the *H-2-deoxyglucose was detected.
Cells were cultured in 6-well plates and *H-2-deoxyglucose
was added to the cells and then washed with PBS and lysed in
SDS. The radioactivity of cell lysates were detected. For oxygen
consumption assay, the consumption rate was measured with
MitoCell system (Strathkelvin Instruments, UK). ATP levels
were measured using CellTiter-Glo Luminescent Viability
Assay kit (Promega).

Statistical analysis. Statistical analysis was performed with
SPSS 21.0 software (IBM, Chicago, IL, USA). The correla-
tion between PDKI1 expression and clinicopathological
parameters was measured by Chi-square test. Survival rate
was measured by Kaplan-Meier method and the significance
was calculated with log-rank test. Univariate and multivariate
analysis were performed by Cox regression model. Student's
t-test was used to compare the groups in the cell experiments.
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Table 1. Correlation between PDK1 expression and clinico-
pathological parameters of NSCLC.

PDK1 expression

Parameters No. Low High P-value

Overall 132 39 93

Gender
Male 69 17 52 0.196
Female 63 22 41

Age (years)
<60 60 10 42 0917
=60 72 21 51

Tumor size (cm)
<3 37 11 26 0977
=3 95 28 67

Tumor differentiation
Well 20 6 14 0.998
Moderate 75 22 53
Poor 37 11 26

pT status
pT1 30 14 16 0.019*
pT2-4 102 25 77

pN status
pNO 85 27 58 0.452
pN1-N2 47 12 35

P<0.05.

Data are presented as the mean + SEM of three independent
experiments. A P-value of <0.05 was considered statistically
significant.

Results

PDK] is upregulated in NSCLC tissues. To explore the rela-
tionship between the important enzymes involved in glycolysis
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and NSCLC progression, we analyzed the previous studies that
identified numerous deregulated genes in NSCLC and focused
on the glycolytic enzymes. We noted that PDK1 was upregu-
lated in several studies which presented expression profiling
by array. According to the GSE19188, containing a cohort of
91 tumor- and 65 adjacent normal lung tissue samples, PDK1
was significantly higher in tumor tissues compared to normal
tissues (Fig. 1A). More importantly, the PDK1 expression in
individual subtype of lung cancer, including adenocarcinoma
(ADC), squamous cell carcinoma (SCC) and large cell carci-
noma, was also enhanced (Fig. 1B). Furthermore, we employed
another dataset to validate the hypothesis. As shown in Fig. 1C,
the PDK1 expression in GSE10072 containing 180 cases of
paired tumor samples was in conformity with our observation.

Then we examined the protein level of PDKI1 in 132 pairs
of NSCLC samples by immunohistochemical staining. The
results revealed that PDK1 levels were significantly higher in
tumor tissues than that in non-tumor tissues (Fig. 1D). We also
analyzed the relationship between PDK1 and clinicopatho-
logical features. The results indicated that PDK1 expression
was correlated with T stage (P=0.019) (Table I). These data
suggested that PDK1 expression increased with the NSCLC
development.

PDK1 is an independent prognostic factor of NSCLC. We
explored the prognostic significance of PDK1 expression
in NSCLC patients. All 132 NSCLC patients were divided
into two groups: high expression (high PDK1, n=93) and low
expression (low PDK1, n=38). Using Kaplan-Meier methods,
we determined that patients with PDK1 high staining revealed
significantly shorter survival rate compared with those with
PDK1 low staining (Fig. 2A, P<0.0001, log-rank test). We
also performed univariate analysis to evaluate the asso-
ciations between prognosis and clinicopathological features
including age, gender, T stages, N stages, histological differ-
entiation, tumor size and PDK1 expression. Among these
features, advanced T stages (P=0.003), advanced N stages
(P<0.0001) and PDK1-positivity (P=0.001) were significantly
correlated with poor prognosis. Further multivariate regres-
sion analysis revealed that advanced N stages (P=0.001) and
PDK1-positivity (P=0.001) were independent prognostic
factors (Table II).

Table II. Univariate and multivariate analysis for ADC overall survival.

Univariate analysis

Multivariate analysis®

Parameters RR 95% CI P-value RR 95% CI P-value
Age 1.147 0.721-1.825 0.562 - - -
Gender 1.108 0.699-1.755 0.662 - - -
Histological differentiation 1.166 0.837-1.625 0.363 - - -
Tumor size 1.306 0.767-2.224 0.326 - - -
pT status 3.080 1.475-6.432 0.003 1.754 0.795-3.871 0.164
pN status 2.594 1.631-4.124 <0.0001 2262 1.376-3.718 0.001
PDK1 expression 3.062 1.609-5.829 0.001 2.879 1.500-5.527 0.001

“Final multivariate analysis includes only those covariates that were significantly associated with survival (P<0.05).
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Figure 1. PDK1 is overexpressed in NSCLC tissues compared to normal tissues. (A) Relative PDK1 expression in DataSet GSE19188 (N, non-tumor tissues,
T, tumors). (B) The expression of PDK1 in each subtype of NSCLC. (C) Relative PDK1 expression in DataSet GSE10072. (D) Representative images of the
PDKI1 expression in paired NSCLC tissues and non-tumor tissues (magnification, x200, left panel) and the statistical analysis of the IHC results (right panel).
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Figure 2. Kaplan-Meier analysis of PDK1 in NSCLC patients. (A) High and low expression of PDK1 were divided and survival in all NSCLC patients were
analyzed. Log-rank regression was used to test the significance. Subsets of patients with T1 stages (B) and T2-4 stages (C). Subsets of patients with NO
stages (D) and N1-2 stages (E). (F) Kaplan-Meier analysis of NSCLC patients in DataSet GSE30219 according to PDK1 expression.
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Figure 3. PDK1 promotes cell proliferation and migration of NSCLC cells. (A) Colony formation assay was used to measure the cell growth rate for ectopic
expression and knockdown of PDK1. (B) Statistical analysis of colony formation assay of each group. The results were described as the relative number
of five randomly selected fields. Cell viability of cells with PDK1 overexpression (C) and knockdown (D) were measured by CCK-8. Cell apoptosis rates
with PDK1 overexpression (E) and knockdown (F) were measured by Annexin V/7-AAD. Representative images and statistical analysis of migration cells
with PDK1 overexpression (G) and knockdown (H) (magnification, x200). Data are presented as the mean + SEM of triplicate independent experiments
("P<0.05, "P<0.01).

We then explored the correlations between PDK1 expres- revealed that PDK1 was associated with shorter survival
sion and prognosis using various subset analyzes. The results  regardless of T stages or N stages (Fig. 2B-E). Moreover, we
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Figure 4. PDK1 modulates Warburg effects of NSCLC cells. Western blot analysis of cells with PDK1 overexpression (A) and knockdown (B). p-pyruvate
dehydrogenase (p-PDH) and pyruvate dehydrogenase (PDH) were also detected. [3-actin was used as internal control. Lactate production of cells with PDK1
overexpression (C) and knockdown (D). Glucose uptake of cells with PDK1 overexpression (E) and knockdown (F). ATP levels of cells with PDK1 overex-
pression (G) and knockdown (H). Oxygen consumption of cells with PDK1 overexpression (I) and knockdown (J). Data are presented as the mean + SEM of
triplicate independent experiments ("P<0.05, “P<0.01).

analyzed the PDK1 expression in GSE30219 and demonstrated ~ PDKI promotes cell growth and inhibits apoptosis. For subse-
that PDK1 could be a prognostic factor of NSCLC. quent experiments, we performed ectopic expression of PDK1
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in A549 and H1299 cell lines and knockdown of PDK1 in H460
cells. The colony formation assay was carried out to evaluate
the functions of PDK1 on proliferation of NSCLC cell lines.
As shown in Fig. 3A and B, the statistical results indicated
that overexpression of PDK1 could significantly promote cell
growth while knockdown inhibited it. Moreover, the CCK-8
assay was used to further determine the growth effect of PDKI.
The results of CCK-8 assay is shown in Fig. 3C and D, and
were similar with colony formation assays. Also we performed
FACS to explore whether the growth suppression was caused
by apoptosis. Cell apoptosis was decreased after PDK1 over-
expression (Fig. 3E). Conversely, knocking down of PDK1
markedly increased the percentage of Annexin V-positive
cells (Fig. 3F). In addition, we employed Transwell assay
to examine the effect of PDK1 on cell mobility (Fig. 3G
and H). The number of migratory cells with overexpression of
PDKI1 was increased significantly compared to control cells.
Collectively, we suggested that PDK1 played oncogenic roles
in NSCLC cells.

PDK1 modulates Warburg effect of NSCLC cells. As PDK1
is a key enzyme in modulating tumor cell glycolysis, we
explored the function of PDKI1 in regulating the Warburg
effect. Western blot analysis was performed to measure the
PDKI1 overexpression or knockdown effects (Fig. 4A and B).
Besides, p-PDH expression was increased by PDK1 phos-
phorylation. Measurement of metabolic parameters revealed
that overexpression of PDK1 significantly increased cellular
glucose uptake and lactate production (Fig. 4C and E), while
knockdown of PDK1 decreased both glucose uptake and
lactate production (Fig. 4D and F). Moreover, forced expres-
sion of PDK1 led to increased ATP levels and reduced O,
consumption (Fig. 4G and I). Contrary results were observed
when we knocked down PDK1 (Fig. 4H and J). Collectively,
we suggested that PDK1 could promote Warburg effect to
facilitate cancer cell proliferation.

Discussion

Lung cancer is one of the most common malignant tumor
which leads to over quarter of million deaths in America each
year, and the 5-year survival is unfavorable. The heteroge-
neity of lung cancer is obvious, comprising adenocarcinoma,
squamous cell carcinoma, large cell carcinoma and small cell
carcinoma (18). Hence, the diagnosis and clinical treatments
are much more difficult. NSCLC is a major subtype of lung
cancer (19). Numerous studies have reported that metabolic
reprogramming is a hallmark of many tumors, such as hepa-
tocellular carcinoma, colorectal carcinoma, breast cancer and
NSCLC (20,21). So it is meaningful and urgent to identify new
markers and understand the mechanisms underlying the aber-
rant metabolism in cancer cells.

In this study, we analyzed the gene expression profiles
in some published reports (22-24). Through microarray, we
revealed that the expression of PDK1 was significantly upregu-
lated in NSCLC tissues compared to normal tissues. Also, the
immunohistochemical staining in protein level supported
the mRNA results. In fact, PDK1 was reported to be overex-
pressed in various types of cancers including acute myeloid
leukemia and colorectal carcinoma. Han ef al reported that
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miR-138, which could target PDK1, was found in sera and
had prognostic potential (25). These results prompted us to
further investigate PDK1 as an independent prognostic factor
of NSCLC. Our study implied that high expression of PDK1
was associated with advanced T stage (75.5 vs 53.3% in early
stage) and poor survival rate. Moreover, we determined the
prognostic value of PDK1 by multivariate regression analysis.
High expression of PDK1 was associated with poor prognosis
whether in T stage or N stages.

PDKI1 plays a critical role in regulating aerobic glycolysis
by phosphorylating pyruvate dehydrogenase. Also, other
substrates have been identified which were involved in tumor
progression. In the case of AKT, PDK1 phosphorylated it by
co-localizing in the plasma membrane (26). As for phosphory-
lation of S6K, SGK and RSK, the progress is dependent in
conformational change (27,28). As a consequence, the ability
of PDK1 to induce multiple key molecules and signaling might
participate in the development and progression of cancer. In
this study, we observed that overexpression of PDK1 increased
the cell proliferation rate and inhibited apoptosis while knock-
down of PDK1 had the opposite effect. The impact might
be due, at least partially, to enhanced Warburg effect as we
detected.

Warburg effect ws recognized decades ago and has been
paid attention to for a long time (29). The aberrant metabolic
reprogramming could confer tumor cell growth advantage,
drug resistance and metastasis not only by providing some
raw molecules and precursors, but also regulating the reactive
oxygen species (ROS) and tumor microenvironment (30,31).
Here, we detected the lactate production and glucose uptake
with PDK1 overexpression or knockdown. In addition, PDK1
inhibited tricarboxylic acid cycle (TCA), however, as we
observed, ATP level was increased with PDK1 overexpres-
sion. This could be due to the increased glucose uptake. So
these results supported that PDK1 regulated aerobic glycolysis
although there are still unknown factors that needed to be
further investigated.

In conclusion, PDK1 was demonstrated to be overex-
pressed in NCSLS tissues and promoted cell proliferation and
migration by modulating the Warburg effect. Importantly,
high expression of PDK1 was significantly associated with
advanced T stage and could act as an independent prognostic
factor of NSCLC. Hence, further studies would be focused on
the preferential inhibition of PDKI1 as a strategy for NSCLC
therapy.
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