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Abstract

Deregulation of glycolysis is a common phenomenon in human non-small cell lung cancer (NSCLC).
In the present study, we reported the natural compound, piperlongumine, has a profound
anti-tumor effect on NSCLC via regulation of glycolysis. Piperlongumine suppressed the
proliferation, colony formation and HK2-mediated glycolysis in NSCLC cells. We demonstrated
that exposure to piperlongumine disrupted the interaction between HK2 and VDACI, induced the
activation of the intrinsic apoptosis signaling pathway. Moreover, our results revealed that
piperlongumine down-regulated the Akt signaling, exogenous overexpression of constitutively
activated Aktl in HCC827 and H1975 cells significantly rescued piperlongumine-induced glycolysis
suppression and apoptosis. The xenograft mouse model data demonstrated the pivotal role of
suppression of Akt activation and HK2-mediated glycolysis in mediating the in vivo antitumor effects
of piperlongumine. The expression of HK2 was higher in malignant NSCLC tissues than that of the
paired adjacent tissues, and was positively correlated with poor survival time. Our results suggest
that HK2 could be used as a potential predictor of survival and targeting HK2 appears to be a new
approach for clinical NSCLC prevention or treatment.
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Introduction

Non-small cell lung cancer (NSCLC) is the most
common type of human lung cancer, which encompa-
sses adenocarcinoma, squamous cell carcinoma, and
large cell carcinoma. Despite advances in combinator-
ial therapy using both traditional chemotherapy/
radiotherapy and target therapy, the patient outcome
has not improved at a satisfactory rate. Low survival
is attributed to drug resistance and metastasis, and
the treatment options for advanced NSCLC has

limited currently [1-5]. Discovery of novel targets and
development of new anti-tumor agents with fewer
side effects will provide more effective strategies for
NSCLC treatment.

Glucose is the energy source and the metabolic
intermediate in mammalian cells. Different from
normal cells, most cancer cells preferentially take
glycolysis as their energy source even in the presence
of oxygen. This phenomenon, which is often named
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“Warburg effect,” is a new hallmark of human cancer
cells [6]. Hyperactivation of glycolysis supplies a large
number of intermediate for macromolecular
biosynthesis. Importantly, the accumulation of lactate
in tumor tissue resulted in an acidic microenviron-
ment which is benefited for chemotherapy resistance
and metastasis [7, 8]. Hexokinase 2 is a rate-limiting
enzyme which catalyzes the first committed step of
glycolysis. Exception from other Hexokinase family
members, HK2 is always overexpressed in human
cancers. Previous studies have shown that HK2 is
required for tumor initiation and maintenance, and
targeting HK2 or HK2-mediated glycolysis has been
recognized as a therapeutic target in multiple cancers
[9-11]. Besides the acceleration of glucose uptake,
mitochondrial localization of HK2 can form a complex
with the pore-like protein voltage-dependent anion
channel (VDAC) to maintain the mitochondrial
potential and inhibits apoptosis [12]. Thus, targeting
HK2 may provide a potential therapeutic target for
cancer prevention and treatment.

Recently, the evidences from experimental
studies have shown that piperlongumine (PL), a
natural compound isolated from long pepper piper
longum L, possess multiple anti-tumor effects for a
wide range of human malignancies, including lung
[13], liver [14], prostate [15], breast [16], and colorectal
[17] cancer. Suppression of kinase activity, regulation
of the expression of the transcription factor, and
dysfunction of signaling transduction were identified
to be the underlying mechanisms [18]. However, there
has been no study regarding the mechanisms of PL on
the regulation of glycolysis in human NSCLC. In this
study, we demonstrated that PL has a potential
inhibitory effect on NSCLC both in vitro and in vivo.
PL decreased HK2 expression, down-regulated
glycolysis, and promoted mitochondrial apoptosis
signaling pathway. Importantly, the Akt signaling
pathway was confirmed to be crucial for
piperlongumine-mediated glycolysis suppression.
Overall, we evaluated the anti-tumor effects and
possible mechanisms of PL on NSCLC cells.

Materials and Methods

Reagents and Antibodies

The compound piperlongumine (>99%) was
obtained from Selleck Chemicals (Houston, TX). SDS,
Tris, and NaCl for molecular biology and buffer
preparation were purchased from Sigma (St. Louis,
MO,). Cell culture media, FBS and supplements were
from Invitrogen (Grand Island, NY). Antibodies
against HK2, cleaved-PARP, cleaved-caspase 3,
cytochrome C, Bax, VDAC1, p-Akt, Akt, p-S6, and S6
were purchased from Cell Signaling Technology, Inc.

(Beverly, MA). Antibody against -actin was from
Sigma. The anti-ki67 antibody was from Abcam
(Cambridge, United Kingdom).

Cell Culture and Transfection

Human NSCLC cells, including H1975, H23, and
HCC827 Cells were purchased from American Type
Culture Collection (ATCC, Manassas, VA). The cells
were cultured at 37°C in a humidified incubator with
5% CO; according to ATCC protocols. The cells were
authenticated and frozen. Each vial of frozen cells was
maintained no more than 10 passages. For transfec-
tion experiments, the jetPEI (Qbiogene, Inc., Montreal,
Canada) transfection reagent was used following the
manufacturer’s instructions. The transfected cells
were cultured for another 36-48 h, and whole cell
lysate was extracted for further analysis.

Immunoblotting and Co-immunoprecipitation
(Co-IP) assays

The whole cell lysate was extracted using the
RIPA buffer (Thermo Fisher, Waltham, MA). For
immunoblotting, proteins (20 pg) were detected with
specific primary antibodies and an HRP-conjugated
secondary antibody. Antibody conjugates were
visualized by the ECL chemiluminescence (Thermo
Fisher). The Co-IP assays were performed as
described previously [19]. Antibodies were used for
immunoprecipitation: HK2, VDAC1 or normal rabbit
IgG. Immunocomplexes were resolved by SDS-PAGE,
and co-immunoprecipitated proteins were detected
via western blot.

MTS Assay

NSCLC cells were seeded (2x10° /well/100 pl)
into 96-well plates and treated with various
concentrations of piperlongumine as indicated, and
proliferation was assessed by MTS assay (Promega,
Madison, WI) according to instructions provided.

Anchorage-independent Growth Assay

The anchorage-independent growth assays were
performed as described previously [20]. Briefly, the
cells were suspended (8,000 cells/ml) in 1 ml of 0.3%
agar with Eagle’s basal medium containing 10% FBS
and different concentrations of piperlongumine over-
laid into 6-well plates containing a 0.6% agar base.
The plates were cultured in a 37 °C, 5% CO; incubator
for 2 weeks. The colony number was counted under a
microscope using the Image-Pro Plus software
program (Media Cybernetics, Silver Spring, MD).

Flow Cytometry

The treated cells were suspended in 1x10°
cells/ml, 5 ul Annexin V and Propidium Iodide were
added to the cell suspension and incubated 10-15 min
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at room temperature in the dark, stained cells were
assayed and quantified using a FACSort Flow
Cytometer (BD, San Jose, CA, USA).

Glucose Uptake and Lactate Production
Measurement

NSCLC Cells were seeded in 10-cm plates and
treated with different doses of piperlongumine for 24
h. Cells were trypsinized and seed in 6-well plates
(5%10%), after incubation for 6 h, the medium was
discarded, and cells were incubated in fresh medium
for another 8 h. Glucose and lactate levels were
measured (Automatic Biochemical Analyzer; 7170A,
HITACH]I, Tokyo, Japan) at the Clinical Biochemical
Laboratory of Xiangya Hospital (Changsha, China).
The relative glucose consumption rate and lactate
production rate were normalized by the protein
concentration of samples.

In Vivo Tumor Growth

All the experimentation for animals was
approved by the Animal Ethics Committee of Central
South University. H1975 (1 x 10°) or HCC827 (3 x 10°)
cells in 100 pL. RPMI-1640 were injected into the right
flank of 6-week-old female athymic nude mice. The
body weight of each mouse was recorded, and tumor
volume was determined by vernier caliper twice a
week. When the tumor volume reached 100 mmb3, the
mice were given an i.p. injection of piperlongumine at
a dose of 10 mg/kg every two days, whereas control
mice were administered vehicle. Tumor volume was
calculated following the formula of A x B2 x 0.5,
wherein A is the longest diameter of tumor, B is the
shortest diameter, and B2 is B squared.

Immunohistochemical Analysis of Tumor
Tissue

A human NSCLC tissue array (Hlug-NSCLC150
PT-01) from Shanghai Outdo Biotech Co., Ltd.
(Shanghai, China) and included 37 cases of adenocar-
cinoma, 30 cases of squamous cell carcinoma, 3 cases
of large cell carcinoma, 5 cases of bronchioloalveolar
carcinoma and 75 cases of matched adjacent tissue. A
Vectastain Elite ABC Kit (Vector Laboratories;
Burlingame, CA) was used for immunohistochemical
staining following the protocol. Briefly, after
deparaffinized, and rehydrated, the slide was
unmasked by submersion into boiling sodium citrate
buffer (10 mM, pH 6.0) for 10 min, and then treated
with 3% HO; for 10 min. 50% goat serum albumin in
1xPBS was used for blocking, the slides were
indubated with the primary antibody at the cold room
in a humidified chamber overnight. After washed and
hybridized with the secondary antibody for 1 h at
room temperature, the slides were stained using the

Vectastain Elite ABC kit. The intensity was estimated
using Image-Pro PLUS (v.6) and Image ] (NIH)
software programs. Statistical analyses were
performed using Prism 5.0.

Statistical analysis

Statistical analysis was performed with SPSS 16.0
(SPSS, Inc, Chicago, IL). Results expressed as mean +
SD were analyzed using the Student’s ¢ test.
Differences were considered significant when p <0.05.

Results
Piperlongumine inhibits NSCLC cells growth

Previous studies have demonstrated that piperl-
ongumine (Figure 1A) can act as a novel anti-tumori-
genic agent in numerous types of human cancer [18].
In this study, we first tested the inhibitory effect of
piperlongumine against cell proliferation in H23 (left),
HCC827 (middle) and H1975 (right) cells. Our data
indicated that low concentration of piperlongumine (2
pm) had a negligible effect on cell growth inhibition.
However, while the level reached over 5 pM,
piperlongumine substantially suppressed the prolife-
ration of NSCLC cells. Moreover, the inhibitory effect
of piperlongumine was enhanced in a time-dependent
manner (Figure 1B). However, piperlongumine had
no inhibitory effect on the growth of normal bronchial
epithelial HBE cells (Figure 1C). We then investigated
the effects of piperlongumine on the anchorage-
independent growth of these three NSCLC cells. As
data shown in Figure 1C, piperlongumine significan-
tly decreased the anchorage-independent growth of
NSCLC cells even at the concentration of 2 pM.
Importantly, treatment of NSCLC cells with 10 pM
piperlongumine almost blocked the colony formation
in soft agar. These results indicate that piperlongum-
ine suppresses the growth of NSCLC cells in a time
and dose-dependent manner.

Piperlongumine suppresses HK2 expression
and glycolysis in NSCLC cells

Deregulation of glycolysis is involved in the
tumorigenesis of human NSCLC. Hexokinase 2, the
first rate-limiting enzyme of glycolysis, is required for
tumor initiation and maintenance in the mouse
models of human lung cancer [9]. Based on the
previous data, we then determined whether piperlon-
gumine had any effect on HK2 expression in H23
(left), HCC827 (middle) and H1975 (right) cells. The
immunoblotting data showed that the expression of
HK2, but not HK1, was decreased in response to
piperlongumine treatment (Figure 2 left). To further
explore the efficiency of piperlongumine on glycolysis
regulation, we examined the relative glucose
consumption rate and lactate production rate in
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piperlongumine treated NSCLC cells. We found that
accompanied by the down-regulation of HK2 protein
level, piperlongumine significantly impaired the
glycolytic rate in all tested NSCLC cells (Figure 2
middle and right). These results suggest that
piperlongumine dose-dependently inhibits glycolysis
in human NSCLC cells.

Piperlongumine disrupts the interaction of
HK2 and VDACI and induces apoptosis

Localization of HK2 on mitochondrial confers
apoptosis resistance. We further determined the
interaction between HK2 and VDAC1 in HCC827
(Figure 3A, left) and H1975 (Figure 3A, left) cells. The
results indicated that the endogenous binding activity
of HK2 and VDAC1 were substantially decreased
after treatment with piperlongumine. Because the
phosphorylation of HK2 on Thr473 is required for its
localization on mitochondria [21], we then determ-
ined HK2 phosphorylation in HCC827 cells. The
result showed that piperlongumine significantly
suppressed Thr473 phosphorylation in a dose-depen-
dent manner (Figure 3B). We next generated the HK2
phosphomimetic T473D mutant and transfected into
HCC827 cells, the co-IP data indicated that T473D
compromised piperlongumine-induced the suppress-
ion of interaction between HK2 and VDAC1 (Figure
3C). Piperlongumine promoted the activation of
intrinsic apoptosis signaling pathway, including the
release of cytochrome ¢ and Bax translocation to
mitochondria (Figure 3D). As data shown in Figure
3E, the protein levels of cleaved-PARP and -caspase 3
were significantly up-regulated in piperlongumine-
treated HCC827 (Figure 3E, left), H1975 (Figure 3E,
middle) and H23 (Figure 3E, right) cells. As expected,
the flow cytometry data also indicated that
piperlongumine induced apoptosis in HCC827 cells in
a dose-dependent manner (Figure 4F), compared with
the untreated group, the ratio of apoptosis cells
reached to around 20%. To further confirm that
down-regulation of HK2 is required for the anti-
tumor effect of piperlongumine, we constructed HK2
knock-down stable cell lines in HCC827 and H1975
cells. As data shown in Figure 3G and 3H, depletion
of HK2 decreased the sensitivity of NSCLC cells to
piperlongumine treatment. These results suggest that
piperlongumine-mediated decrease of mitochondrial-
associated HK2 is related to apoptosis upregulation.

Akt inhibition is required for
piperlongumine-mediated glycolysis
suppression in NSCLC cells

To further explore the underlying mechanism,
we determined the modulation of signaling pathway
in piperlongumine-treated NSCLC cells. The results
showed that piperlongumine dramatically impaired

the phosphorylation of Akt, as well as the activation
of downstream target S6 in a dose-dependent manner
in HCC827 (Figure 4A, left), H1975 (Figure 4A,
middle) and H23 (Figure 4A, right) cells. Importantly,
treatment with the Akt signaling pathway inhibitor,
wortmannin, also suppressed the activation of Akt
and decreased the protein level of HK2 and glycolysis
in HCC827 (Figure 4B) and H1975 cells (Figure 4C).
We next transfected constitutively activated Aktl
(myr-Aktl) into HCC827 and H1975 cells. The results
showed that overexpression of myr-Aktl significantly
promoted the protein level of HK2, and rescued the
deficient glucose consumption and lactate production
in piperlongumine-treated HCC827 (Figure 4D) and
H1975 (Figure 4E) cells. Moreover, myr-Aktl transf-
ection rescued piperlongumine-induced apoptosis in
HCC827 (Figure 4F, left) and H1975 (Figure 4F, right)
cells. To understand the molecular mechanism
underlying how Akt upregulates HK2, we examined
HK2 mRNA level in piperlongumine-treated NSCLC
cells by real-time PCR. HK2 mRNA expression was
dramatically decreased in piperlongumine-treated
cells (Figure 4G). Previous studies have demonstrated
that the GSK3pB-FBW? axis is crucial for the degrada-
tion of c-Myc [22]. Our data showed that piperlongu-
mine inhibited the phosphorylation of GSK3 on Ser9
and decreased the protein level of c-Myc (Figure 4H).
To determine the role of c-Myc in HK2 regulation, we
overexpressed c-Myc in HCC827 cells. Western blot
result showed that high expression of c-Myc rescued
piperlongumine-mediated down-regulation of HK2,
but not the p-Akt and p-GSK3p (Figure 4I), indicating
c-Myc is a crucial downstream target of Akt-GSK3(
and is required for HK2 expression. These results
imply that piperlongumine-mediated modulation of
glycolysis and apoptosis in human NSCLC cells are
partly dependent on the suppression of Akt
activation.

Piperlongumine inhibits tumor growth in the
xenograft mouse model

We then examined the in vivo antitumor effects
of piperlongumine using a human NSCLC xenograft.
HCC827 or H1975 cells were injected (s.c.) into the
right flank of six-week-old female athymic nude mice.
Piperlongumine treatment was initiated when the
tumors were established around100 mm?3. Results
indicated that in HCC827 xenograft model, the
average tumor size of the vehicle-treated group was
498 + 112 mm?3, whereas average tumor size of the
piperlongumine -treated group was 197 * 43 mm?
(Figure 5A). The similar inhibitory effect of piperlon-
gumine also observed in H1975 xenograft mouse
model, the tumor volume of vehicle-treated and
piperlongumine-treated groups were 635 + 143 mm?

http://www.ijbs.com



Int. J. Biol. Sci. 2019, Vol. 15 830

and 285 = 63 mm3, respectively (Figure 5B). The  did not affect the body weight of the mice (Figure 5E
average tumor weights of the piperlongumine-treated  and 5F). Tissue samples were taken from several
group were significantly smaller than those in the organs, including the liver, lung, kidneys, and spleen
vehicle-treated group in both HCC827 (Figure 5C)  of piperlongumine-treated mice, revealed no patho-
and H1975 (Figure 5D) tumor-bearing mice. More-  histological changes (data not shown).

over, during the treatment period, piperlongumine
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Figure 1. Inhibitory effects of piperlongumine on NSCLC cells. A, the chemical structure of piperlongumine. B, piperlongumine inhibits anchorage-dependent growth
in a panel of human lung cancer cells, including H23 (left), HCC827 (middle) and H1975 (right). Cell proliferation assay was performed as described in the “Material
and Methods” section. Data shown are the proliferation ability of human lung cancer cells treated with different concentrations of piperlongumine compared with the
dimethyl sulfoxide-treated group. C, the effect of piperlongumine on anchorage-dependent growth of HBE cells. D, A colony formation assay was performed as
described in the “Material and Methods” section. Data shown are the colony formation ability of H23 (top), HCC827 (middle) and H1975 (bottom) cells treated with
different concentrations of piperlongumine compared with the dimethyl sulfoxide-treated group. The average colony number was calculated from three separate
experiments. Asterisk, significant (¥p<0.01, *p<0.01, ***5<0.001) suppression of colony formation by piperlongumine compared with DMSO treated group. PL,
Piperlongumine.
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Figure 2. Piperlongumine regulates glycolysis in NSCLC cells. NSCLC cells, including H23 (A), HCC827 (B) and HI1975 (C) were treated with different
concentrations of piperlongumine for 24 h. Western blotting was performed to detect HK2 expression (left). The levels of glucose consumption (middle) and lactate
production (right) were examined in these cells. Columns, mean of the number of colonies as determined from three independent experiments; bars, standard
deviation; asterisk, significant (*p<0.05, **p<0.01, ***p<0.001) suppression of HK2 expression or glycolysis by piperlongumine compared with DMSO treated group.

PL, Piperlongumine.

Additionally, immunohistochemical staining
analysis of piperlongumine-treated HCC827 xenogr-
aft tumors was conducted to evaluate the expression
level of p-Akt, p-56, HK2, VDAC1, and Ki-67. Our
data showed that the positive staining of p-Akt, p-56,
HK2, and Ki-67 were significantly suppressed in the
piperlongumine-treated group compared with the
vehicle-treated group (Figure 5G). These results
demonstrated a pivotal role of suppression of Akt
activation and HK2-mediated glycolysis in mediating
the in vivo antitumor effects of piperlongumine.

HK2 is over-expressed in NSCLC and
positively correlated with poor patient
outcomes

To further support the role that HK2 is involved
in the regulation of tumorigenesis of NSCLC, the
expression of HK2 was examined by IHC in NSCLC
tissue and the normal adjacent tissues, using tissue
microarray. Our data showed that HK2 is overexpre-
ssed in NSCLC tissues compared with the adjacent
tissue (Figure 6A). To further extend our observations
to a clinicopathologically relevant context, we perfor-
med Kaplan-Meier survival analysis of HK2 with an
online tool (http://kmplot.com/analysis/). The
results showed that higher HK2 expression was

associated with a worse Overall Survival (Figure 6B,
OS, P=7.3e-0.6), while there was no significant differ-
ence in First Progression (Figure 6C, FP, P=0.058) and
Post Progression Survival (Figure 6D, PPS, P = 0.15) of
NSCLC patients. These data indicate that HK2 could
be used as a potential predictor of survival.

Discussion

Lung cancer still represents one of the most
common and fatal neoplasms, accounting for nearly
30% of all cancer-related deaths [23]. Over 85% of all
lung cancers diagnosis are NSCLC. Each year, rough-
ly 1.3 million new cases of NSCLC are diagnosed
worldwide, and only less than 25% being suitable for
surgery [24, 25]. Current therapeutic protocols for
NSCLC are based on chemo/ radiotherapy or target
therapy regimens focusing on histology and targeted
agents for patients with specific gene mutations, such
as epidermal growth factor receptor (EGFR) and
re-arranged anaplastic lymphoma kinase (ALK)
[26-28]. However, many patients with NSCLC do not
achieve durable and stable disease control, and
survival rates are still low. Therefore, it is of utmost
importance to develop treatment designs that ensure
prolonged disease control without serious adverse
events.
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Figure 3. Piperlongumine disrupts the interaction of HK2 and VDACI and induces apoptosis. A, HCC827 (left) and H1975 (right) cells were treated with
piperlongumine for 24 h, co-immunoprecipitation was conducted to detect the interaction between HK2 and VDACI. B, HCC827 cells were treated with
piperlongumine for 24 h, co-immunoprecipitation and western blot were performed to identify the phosphorylation of HK2. C, HK2-WT or HK2-T473D was
transfected into HCC827 cells, the co-immunoprecipitation and western blot were conducted to determine the interaction between HK2 and VDACI as indicated.
D, HCCB827 (left) and H1975 (right) cells were treated with piperlongumine for 24 h, cytosolic fractions and mitochondrial fractions were isolated, western blot was
conducted to detect the target proteins as indicated. E, HCC827 (left) and H1975 (right) cells were treated with piperlongumine for 24 h, the whole cell extract was
subjected to western blot analysis as indicated. F, HCC827 (left) and HI1975 (right) cells were treated with piperlongumine for 24 h, the flow cytometry was
conducted for apoptosis analysis. PL, Piperlongumine. G and H, HCC827 (G) and H1975 (H) stable cells were treated with piperlongumine for 48 h, western blot and
MTS assay were conducted. Asterisk, significant (*p<0.05, **p<0.01) difference between groups as indicated. ns, not statistically significant.
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Figure 4. Down-regulation of Akt signaling is required for piperlongumine-mediated glycolysis suppression. A, HCC827 (left), H1975 (middle) and H23 cells were
treated with piperlongumine for 24 h, western blot was conducted to detect the target proteins as indicated. B and C, HCC827 (B) and H1975 (C) cells were treated
with piperlongumine or wortmannin for 24 h, the whole cell extract was subjected to western blot analysis as indicated, glucose consumption and lactate production
were measured as described in the “Material and Methods” section. D and E, HCC827 (D) and H1975 (E) cells were Transient transfected with Myr-Aktl or vector,
24 h later, the transfected cells were treated with piperlongumine for another 24 h. Then the cells were seeded into 6-well plate at the concentration of 5%105/well,
and cultured for another 12 h. The western blot was conducted to detect the target proteins, and glucose consumption and lactate production were measured as
indicated. F, HCC827 cells were treated as described in Figure 4D, and western blot was conducted to detect the cleaved-PARP and —caspase 3. G, Real-time RT-PCR
analysis of total HK2 mRNA levels in HCC827 and H1975 cells. H, HCC827 cells were treated with piperlongumine, western blot was conducted to detect the target
proteins as indicated. H, HCC827 cells were transfected with c-Myc and treated with piperlongumine for 24 h, western blot was performed to identify the target
proteins as indicated. Asterisk, significant (¥p<0.01, **p<0.01, **p<0.001) suppression of glycolysis by piperlongumine compared with DMSO treated group or Akt
transfected group. PL, Piperlongumine.
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Figure 5. Piperlongumine inhibits tumor growth in NSCLC xenograft mouse models. A and B, the tumor volumes of HCC827 (A) and H1975 (B) xenograft were
measured twice a week. C and D, at the treatment endpoint, the HCC827 (C) and H1975 (D) tumor-bearing mice were sacrificed, and tumors were removed,
photographed and weighed. E and F, during the treatment period, the body weight of HCC827 (E) and H1975 (F) tumor-bearing mice were measured twice a week
to determine the toxicity of piperlongumine. For A-E, data are shown as mean values + S.D. obtained from 6 mice in each group. E. Imnmunohistochemical staining
detection of Ki67, p-Akt, p-S6, VDACI, and HK2 in tumor sections from Piperlongumine or vehicle-treated group mice. All panels are of the same magnification. The
integrated optical density (IOD) was evaluated using the Image-Pro Plus software (version 6.2) program. Data are shown as mean values * S.D. Asterisk, significant
(*p<0.05, **p<0.01, ***p<0.001,) suppression of tumor growth between piperlongumine- and vehicle-treated group. PL, Piperlongumine.
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Figure 6. HK2 is over-expressed in NSCLC and positively correlated with poor patient outcomes. A, Immunohistochemical staining was performed on a lung cancer
tissue array using the HK2 antibody. The intensity was evaluated using Image-Pro PLUS (v.6) and Image ] (NIH) computer software. The representative image (left)
and density of each sample (right) are shown. The asterisk indicates a significant difference (***p < 0.001, Mann-Whitney U-test) between tumor and adjacent tissue
as indicated. B-D, Kaplan-Meier survival analysis for the relationship between survival time and HK2 signature in NSCLC was performed by using the online tool
(http://kmplot.com/analysis/). B, OS, Overall Survival. C, FP, First Progression Survival. D, PPS, Post Progression Survival. p < 0.05 was considered to be a statistically

significant difference.

In contrast to the small molecule through
rational chemical design, natural products have more
potential to be applied to tumor chemotherapy owing
to their structural diversity. Recently, numerous
natural compounds have been demonstrated exerting
anti-tumor activity through the suppression of cell
cycle progression, impairment of angiogenesis,
induction of apoptosis, and inhibition of glycolysis

[20, 29-34]. Piperlongumine is an amide alkaloid
constituent of the Piper longum L. (long piper), which
is also named as piplartine and used as an Ayurvedic
medicine for a long time. Over the past decades, PL
was reported to possess diverse biological activities,
including anti-nociceptive, anti-depressant, neuro-
protective, and especially, anti-tumor properties.
Induction of cell cycle arrest and apoptosis,
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suppression of migration and metastasis, and
restriction of angiogenesis were reported to be the
underlying mechanisms in PL-mediated anti-tumor
activity [18, 35]. PL induces G2/M phase arrest in
cholangiocarcinoma and gastric carcinoma [36, 37],
promotes apoptosis in colon cancer in a p53-
dependent manner [38], inhibits the migration and
metastasis in glioblastoma and other types of human
cancer cells [39-41]. Despite the anti-tumor activity of
PL being studied in the past decade, the underlying
mechanism, especially the anti-tumor effect in
NSCLC, remains limited. Here, we found that PL had
profound potency against NSCLC in vitro and in vivo
via down-regulation of glycolysis. For the first time,
we discovered that, with the suppression of HK2, the
glucose consumption and lactate production in
NSCLC cells was markedly inhibited after PL
treatment.

Hyperactivation of glycolysis is a hallmark of
cancer and is closely correlated with the dysfunction
of glycolytic enzymes, such as GLUT1, HK-2, and
PKM2 [42]. Increased HK2 expression is associated
with poor patient survival in colon cancer,
hepatocellular carcinoma, and glioblastoma [43, 44],
and targeting HK2, and HK2-mediated glycolysis
suppressed tumor cell growth in a panel of human
cancer types. Up-regulation of glycolytic enzymes
was found to be in NSCLC tissue and cell lines [45-47].
Here, we found that HK2 is overexpressed in human
NSCLC tissue, using the online tool (http://kmplot.
com/analysis/) analysis, we further confirmed that
up-regulation of HK2 is positively correlated with
poor patient outcomes in NSCLC (Figure 6).

Akt signaling plays a crucial role in the
regulation of cancer cell metabolism, especially the
glycolysis. Loss of PTEN or mutation of the PIK3CA
gene, which result in the constitutive activation of Akt
in NSCLC, promotes cancer cell growth, survival, and
confer resistance to chemo/radiotherapy or targeted
therapy [48-50]. Previous studies have demonstrated
that Akt signaling is required for maintaining of HK2
expression [51]. However, the regulation of HK-2 in
cancer cells is complicated. The expression level of
HK2 is dominantly controlled by the oncogenic
pathways, including PI3K/Akt, c-myc, NF-xB, and
HIF-1a [52-55]. In the present study, we found that
accompanied by the inhibition of Akt activation, PL
significantly suppressed the expression of HK2.
Overexpression of constitutively activated Aktl partly
rescued PL-mediated glycolysis suppression, which
suggested that disturbance of other oncogenic
pathways also involved in PL-induced HK2
regulation. Although PL processes the potential in
decreasing the activity of c-Myc and NF-xB [56, 57],

the underlying mechanisms and details correlated to
HK?2 regulation in NSCLC need further illumination.

Translocation to the mitochondrial outer
membrane and interacts with the pore-like protein
voltage-dependent anion channel (VDAC) to
maintain the mitochondrial potential is required for
HK2-promoted cancer cell survival [12, 58]. Our data
showed that PL significantly inhibited the interaction
between HK2 and VDAC1, and promoted the
activation of mitochondrial apoptosis signaling
pathway in NSCLC cells. Recent studies have
demonstrated that overexpression of HK2 was
involved in chemotherapy resistance in human
cancers. Given the effect of PL on HK-2, which may
further help us to understand the mechanism why PL
has the synergistic effect to promote the anti-tumor
effect of chemotherapy drugs, such as cisplatin and
5-Fu [59, 60]. Briefly, the present study identified PL
as a novel therapeutic agent to regulate glycolysis in
NSCLC cells and could provide a new option for
clinical combination treatment of NSCLC.
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