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Abstract
Background: Pyruvate kinase M2 (PKM2) is a key rate-limiting enzyme in glycolysis, and which plays a
critical role in tumor progression in various malignancies. However, whether PKM2 can promote head and
neck squamous cell carcinoma (HNSCC) progression and immunosuppression remains unknown.

Methods: PKM2 expression was evaluated using immunohistochemical staining. The biological
functions of PKM2 were investigated in vitro and in vivo. Lactate production and the expression of
galectin-9, a critical immunosuppression molecule, were detected after PKM2 knockdown and
overexpression in HNSCC cells.

Results: Overexpression of PKM2 correlates with poor prognosis in HNSCC patients. Silencing PKM2
markedly inhibits proliferation and metastasis capacity in vivo and in vitro, and vice versa. Furthermore,
lactate production induced by PKM2 signi�cantly promotes migration and invasion. A positive correlation
between PKM2 and galectin-9 expression is observed in HNSCC tissues. Finally, the induction of galectin-
9 expression by PKM2 can be affected by a lactate transporter inhibitor.

Conclusion: Our �ndings demonstrate that PKM2 promotes tumor progression and galectin-9-mediated
immunosuppression via NF-κB signaling inhibition in HNSCC, which bridges metabolism and
immunosuppression. The novel PKM2-lactate-galectin-9 axis might be a potential therapeutic target in
HNSCC.

Background
Head and neck cancer is the eighth most common cause of cancer death worldwide [1], and head and
neck squamous cell carcinoma (HNSCC) accounts for most of those [2]. Although the �ve-year survival
rate has improved with great achievements [3], cachexia still seriously impacts the quality of life in most
patients with advanced disease. Any kind of life activity is inseparable from the corresponding material
and energy basis. For carcinoma, rapid proliferation, distant metastasis and immune escape rely heavily
on energy metabolism. Energy reprogramming, one of the hallmarks of cancer, shows that tumors have to
adjust their energy metabolism in order to fuel cell growth [4]. Glucose, as the main energy supply
material, is preferentially used. As we all know, the energy metabolism capacity of tumor cells is
characterized by the Warburg effect, such that even in the presence of oxygen, cancer cells increase
glucose uptake and conversion to lactic acid, which is termed “aerobic glycolysis” [5]. 18F-deoxyglucose
positron emission tomography (FDG-PET) is the classical application of the Warburg effect to detect
multiple metastases of malignant tumors [6]. Today, the crosstalk between oncogenic signaling and
metabolites is a prominent research area [7]. However, how metabolism reprogramming promotes tumor
progression and immune escape remains unclear.

Hexokinase (HK), phosphofructokinase-1 (PFK-1) and pyruvate kinase (PK) are the three key enzymes in
the glycolysis pathway. PK is a kinase that physiologically irreversibly catalyzes phosphoenolpyruvate to
produce pyruvate as the last step of glycolysis [8]. There are four pyruvate kinase isoenzymes, PKR, PKL,
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PKM1 and PKM2, which depend on different metabolic functions in various tissues [9, 10]. The
embryonic M2 isoform of pyruvate kinase (PKM2) is exclusively expressed in tumor tissues [11]. PKM2
overexpression has been reported in several types of human cancers, including oral squamous cell
carcinoma [12, 13]. However, how PKM2 promotes tumor progression and its mechanism remain obscure.

Cancer cells could escape from immune surveillance by increasing lactate output [14]. Tumor
microenvironment acidi�cation drives immune escape by destroying the killing function of T and NK cells
[15]. Galectin‐9, a member of the β‐galactoside lectin family, is involved many processes of T
cell‐mediated diseases and immunomodulation of macrophages [16]. Today, it is recognized as a critical
immunosuppression molecule on tumor surfaces that binds to T cell immunoglobulin and mucin domain-
containing protein 3 (TIM-3) on immune cells to inhibit the killing effect of immune cells [17].
Immunosuppression facilitates tumor immune escape by inhibiting antitumor immune responses, which
plays a critical role in malignant progression and tumor metastasis [18]. However, how a metabolite such
as lactate promotes immunosuppression requires further investigation.

In this study, we demonstrate that overexpression of PKM2 can drive tumor proliferation and metastasis
in HNSCC. Moreover, lactate secreted by PKM2 signi�cantly promotes galectin-9-mediated
immunosuppression through NF-κB pathway inhibition, which bridges metabolites with
immunosuppression and indicates a promising therapeutic target in HNSCC.

Materials And Methods

Patient and tissue samples
We collected 70 HNSCC tissue samples and samples from 18 healthy subjects from January 2007 to
December 2008 to be assessed by immunohistochemical staining. Informed consent was obtained for all
participants. All enrolled patients were pathologically diagnosed with squamous cell carcinoma and had
complete clinical data. This study was approved by the Ethics Committee of the Ninth People’s Hospital,
Shanghai Jiao Tong University School of Medicine and that it conformed to the provisions of the
Declaration of Helsinki.

Cell culture
The HNSCC cell lines Cal27, HN4, HN6, HN30, SCC4 and SCC25, along with primary normal tongue
epithelia cells, were used in this study. SCC4, SCC25 and Cal27 were purchased from the American Type
Culture Collection (Manassas, VA). HN4, HN6 and HN30 were kindly provided by the University of
Maryland Dental School, USA. All cell lines except SCC4 and SCC25 were cultured in Dulbecco’s Modi�ed
Eagle’s Medium (Gibco, Grand Island, NY, USA) supplemented with 1% glutamine, 1% penicillin-
streptomycin and 10% fetal bovine serum. SCC4 and SCC25 were cultured in Dulbecco’s Modi�ed Eagle’s
Medium/F12 medium. Cells were cultured in a standard humidi�ed atmosphere of 5% CO2 at 37 °C.
Lactate was purchased from Sigma-Aldrich (St. Louis, MO, USA), and Compound 3K (a PKM2 inhibitor)
and AZD3965 (a MCT1 inhibitor) were from Selleck (Houston, TX, USA).
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Cell transfection
Small interfering RNA (siRNA) for PKM2 (RiboBio, Guangzhou, China) and the scramble sequence were
transiently transfected into HN4 and Cal27 using Lipofectamine™ 3000 (Invitrogen, Carlsbad, CA, USA)
according to the manufacturer’s instructions, and plasmids encoding PKM2 (BioLink, Shanghai, China)
and empty vector were transfected into HN4 and HN30. Treatments were administered 24 h after
transfection. The sequences of PKM2 siRNA were: #1, 5’-CCAACACCATGCGTGTTGT-3’ and #2, 5’-
GGATGTTGATATGGTGTTT-3’ and # 3,5’-GTGGTGATCTAGGCATTGA-3’. The sequence of #2 was chosen
for the lentivirus package since it has perfect silencing e�ciency. The siRNA sequences of galectin-9 were
5’-GAGGGUACGUGGUGUGCAA-3’.

Immunohistochemistry
Immunohistochemical (IHC) staining was performed to detect PKM2 expression in HNSCC patient tissue
samples. Brie�y, depara�nized tissue was rehydrated with a graded series of ethanol, followed by
antigen retrieval with citrate buffer (pH 6.0) in a water bath at 100 °C for 20 min, and then cooled at room
temperature. Rabbit anti-human PKM2 (1:400 dilution, CST, Danvers, MA, USA), galectin-9 (1:800 dilution,
CST, Danvers, MA, USA) and ki-67 (Proteintech, Rocky Hill, NJ, USA) antibodies were incubated at 4 °C in a
humidi�ed chamber overnight and then visualized using a 3,3'-diaminobenzidine (DAB) detection kit
(Dako Cytomation, Denmark) containing secondary antibody. The intensity of PKM2 and galectin-9
immunoreaction was scored as follows: 0 = negative, absence of stained cells; 1 = weak; 2 = moderate; 3 
= strong. The immunoreaction score (IRS) was calculated by multiplying the percentage of positive cells
and the staining intensity as described in the literature [19].

Cellular proliferation capacity assay
Cell Counting Kit-8 (CCK8, Dojindo, Kumamoto, Japan), colony formation and EdU assays were used to
analyze cell growth capacity, as described in our previous study [20]. First, 500 ~ 1000 cells were plated in
6-well plates for 2 weeks until macroscopically visible colonies formed. Then, the colonies were �xed and
stained using crystal violet. The EdU assay was performed with the Cell-Light EdU Apollo in vitro Imaging
Kit (Ribobio, Guangzhou, China) according to the manufacturer’s instructions.

Cell migration and invasion assay
Migration ability was examined by both a wound healing assay and a transwell assay (uncoated insert).
After yielding 90% con�uent monolayers, the cells were scratched using a 10 µl pipette tip under FBS-free
medium. Photographs were taken at 0 h and 24 h with a Nikon DMCI microscope (Nikon, Tokyo, Japan).
For the transwell assay, 1 ~ 6 × 104 cells were seeded in the upper chambers with coated and uncoated
inserts with serum-free medium. The lower chambers held 600 µl medium containing 20% FBS in 24-well
plates. After 24 ~ 36 h, the migrating and invading cells were stained using 5% crystal violet and then
counted and analyzed. All the experiments were performed in triplicate.

Real-time PCR assay
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TRIzol Reagent (Takara, Japan) was used to extract total RNA from the indicated cell lines. Then, cDNA
was synthesized from RNA using the PrimeScript RT reagent Kit (Takara, Japan). PKM2 mRNA
expression was quanti�ed using the SYBR Premix Ex Taq Reagent Kit (Takara, Japan) on an ABI StepOne
real-time PCR system (Applied Biosystems, USA) as described in our previous study [21]. The PKM2 primer
sequences were 5’-TGACGAGAACATCCTGTGGC-3’ (forward), 5’-TTTTCCACCTCCGTCACCAG-3’ (reverse),
and the GAPDH sequences were 5’-CCTCTGACTTCAACAGCGAC-3’ (forward), 5’-
TCCTCTTGTGCTCTTGCTGG-3’ (reverse).

Western blot analysis
The cell protein was extracted in SDS lysis buffer (Beyotime, Shanghai, China). The protein samples were
electrophoresed on 4–20% polyacrylamide gels (Genshare Biological, China) and transferred to
polyvinylidene �uoride (PVDF) membranes (Merck Millipore, USA). The PVDF membranes were blocked
with 5% skim milk for 1 h at room temperature and then incubated with speci�c primary antibodies
overnight at 4 °C. The antibodies for PKM2, ERK, AKT, galectin-9, E-cadherin, MMP2 and MMP9 were
purchased from Cell Signaling Technology (Danvers, MA, USA). β-actin, α-tubulin and GAPDH antibodies
(Proteintech, Rocky Hill, NJ, USA) were used as internal controls. After incubation with an HRP-conjugated
secondary anti-mouse or anti-rabbit antibody (Sangon, Shanghai, China), the immunoreactive bands were
visualized with ECL Ultra (New Cell and Molecular Biotech, Suzhou, China).

Co-Immunoprecipitation (Co-IP) analysis
Cells were lysed with RIPA lysis buffer on ice. The lysis buffer was incubated with speci�c antibodies and
normal IgG overnight at 4 °C, followed by incubation with Protein A/G Magnetic Beads (Bimake, Houston,
TX, USA) for an additional 30 min at room temperature. After washing according to the manufacture’s
instruction, the proteins were separated from the beads by using immunoblotting loading buffer for 5 min
at 105 °C. Then collect supernatants for subsequent experiments.

Chromatin immunoprecipitation (ChIP)
As described in our previous study, the chromatin immunoprecipitation (ChIP) assay was performed
according to the manufacturer’s instructions of a SimpleChIP Enzymatic Chromatin IP kit (CST, Danvers,
MA, USA)[20]. NF-κB p65 antibody was used to pull down the promoter regions of galectin-9. The DNA
fragments were puri�ed analyzed by qPCR after the treated cells were �xed, lysed and sonicated.

Dual-luciferase reporter assay
293T cells were transfected with promoter-luciferase construct, and cotransfected with pRL-TK Renilla
luciferase construct as an internal control (30:1). After 36 hours, the cells were harvest in lysis buffer and
luciferase activity was detected using a dual luciferase reporter assay system (Beyotime, Shanghai,
China).

Immuno�uorescence
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The cells were �xed with 4% paraformaldehyde and permeabilized with 0.1% Triton X-100. After blocking
in 3% BSA for 30 min, cells were incubated with primary antibodies against NF-κB p65 (1:100 dilution) at
4ºC overnight and with secondary antibodies for 1 h at room temperature. The cells were costained with
DAPI (Beyotime) for 5 min to detection of nuclei and then visualized using a �uorescence microscope
(Zeiss, Jena, Germany) and a laser scanning confocal microscope (Zeiss, Jena, Germany).

Enzyme-linked Immunosorbent assay (ELISA)
Galectin-9 levels in medium supernatant were quanti�ed using an enzyme-linked immunosorbent assay
(ELISA) kit (R&D, Minneapolis, MN). The cell supernatant was collected and measured according to the
manufacturer’s instructions. The concentration was determined spectrophotometrically at 450 nm and
540 nm. The supernatant lactate was measured according by a lactate assay kit (Sigma-Aldrich, St.
Louis, MO, USA).

Flow cytometry
A FITC Annexin V Apoptosis Detection Kit (BD Biosciences, USA) was used for detecting cell apoptosis.
Brie�y, the cell suspension was incubated with 5 µl of annexin V and propidium iodide at room
temperature for 30 min in the dark and then analyzed with a BD Beckman cytometer (BD Biosciences,
Franklin Lakes, NJ, USA). PI/RNase staining buffer (BD Biosciences, USA) was used for detecting cell
cycle distribution. A single-cell suspension was permeabilized with 75% ethanol at 4 °C overnight. Then,
cells were suspended in 500 µL PI/RNase staining buffer and analyzed using a BD Beckman cytometer.

Actin-Tracker Green assay
Cell morphology was detected by Actin-Tracker Green staining (Beyotime, Shanghai, China). HN4, HN30
and Cal27 were washed twice with phosphate-buffered saline solution (PBS) and then �xed with 3.7%
formaldehyde solution. Then, cells were incubated with Actin-Tracker Green working buffer (1:200
dilution) for 1 h. Cell morphology was observed under an AxioVert A1 �uorescence microscope.

Natural killer (NK) cell lysis assay
The transfected cells were cocultured with NK cells at different effector-to-target (E:T) cell ratios as
indicated for 4 h. The cytotoxicity of NK cells was assessed using a Lactate Dehydrogenase (LDH)
Cytotoxicity Assay Kit (Beyotime, Shanghai, China) following the manufacturer’s instructions. Brie�y, after
working solution was added, the absorbance of each well was read at 490 nm on a Spectra Max i3
(Molecular Devices, Bedford, MA, USA).

Animal studies
Six-week-old male BALB/c nude mice purchased from the Shanghai Laboratory Animal Center (Shanghai,
China) were used for our studies. Lentivirus stably transfected cells were established with Cal27 and
HN30 cells. For the xenograft model, a total of 1 × 106 Cal27 cells were injected into the left or right �ank
of the mouse. Then, the tumor volume was measured once a week. For the lung metastasis model, a total
of 1 × 106 HN30 cells were intravenously injected into the lateral tail vein. At the end point, the nude mice
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were sacri�ced, and the xenograft tumors and lungs were excised. The lungs were �xed in Bouin’s �xative
diluted 1:5 with neutral buffered formalin. Both lung and tumor tissues were �xed and stained for
microscopic analysis. The animal studies were approved by the Animal Care and Use Committee of Ninth
People's Hospital, Shanghai Jiao Tong University School of Medicine.

Terminal deoxynucleotidyl transferase dUTP nick end
labeling (TUNEL) assay
The TUNEL assay was performed following the manufacturer’s instructions (Beyotime, Shanghai, China).
Brie�y, tissue sections were incubated with �uorescein-labeled dUTP. After staining the nucleus with DAPI,
the apoptotic cells (green) were observed and analyzed using an AxioVert A1 �uorescence microscope.

Statistical analysis
Statistical analyses were performed with SPSS 13.0 for Windows (SPSS Inc., Chicago, IL). Excel and
GraphPad Prism version 6 (GraphPad Software, San Diego, CA, USA) were used to process the raw data
and plot the results. We performed student’s t-test to assess the statistical signi�cance of differences. P
values < 0.05 were considered signi�cant (* P < 0.05, and ** P < 0.01). The data are presented as the
means ± SD.

Results

Overexpression of PKM2 correlates with poor prognosis in
HNSCC patients
Firstly, we detected the PKM2 expression in HNSCC tissues and normal oral mucosa using
immunohistochemical staining. We observed that PKM2 was mainly expressed in cytoplasm (Fig. 1A).
The IRS of PKM2 was signi�cantly higher in HNSCC samples than normal samples (Fig. 1B, P < 0.01).
Furthermore, we found that HNSCC patients with high PKM2 expression had worse outcomes in The
Cancer Genome Atlas (TCGA) dataset (Fig. 1C, P = 0.022). The expression level of PKM2 correlated with
advanced TNM stage (Fig. 1D, P = 0.0426). However, there was no correlation between PKM2 expression
and other factors, including pathological grade (Fig. 1E), gender (Fig. 1F) and age (Fig. 1G). PKM2 was
higher expressed in tumor cells compared with adjacent normal tissues (Fig. 1H). We observed that PKM2
was upregulated in HNSCC after detecting the PKM2 mRNA in six HNSCC cell lines and normal primary
oral keratinocytes (Fig. 1I). Similarly, PKM2 was upregulated in HNSCC cell lines compared with normal
tissues (Fig. 1J).

PKM2 enhances cell proliferation capacity in HNSCC cells
To further explore the biological role of PKM2 in OSCC cells, silencing and ectopic expression models
were established in HNSCC cell lines (Fig. 2A, B, C). Knockdown of PKM2 signi�cantly inhibited cell
proliferation, colony formation and DNA replication capacity compared to the scramble control (Fig. 2D, E,
H). To the contrary, overexpression PKM2 promoted cell proliferation, colony formation and DNA
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replication (Fig. 2F, G, H). Moreover, knockdown of PKM2 promoted G1 arrest and induced apoptosis in
HN4 and Cal27 (Fig. 2I, J). Furthermore, we detected the proliferation-related signaling to observe that
knockdown of PKM2 expression increased the level of p-ERK, but not AKT, in both HN4 and Cal27 cells
(Fig. 2K). Conversely, overexpression of PKM2 inhibited p-ERK expression in HN4 and HN30 cells
(Fig. 2L). These results indicated that overexpression of PKM2 notably promoted proliferation capacity in
HNSCC cells.

PKM2 promotes migration and invasion in HNSCC cells
In addition, the proliferation, migration and invasion capacity were also explored. The number of invading
and migrating cells was signi�cantly decreased after PKM2 knockdown in HN4 and Cal27 cells (Fig. 3A,
B). However, ectopic expression of PKM2 enhanced migration and invasion in HN4 and HN30 cells
(Fig. 3C, D). The wound healing assay also showed that cells after PKM2 silencing migrated more slowly
than the scramble control, and the opposite was true for cells overexpressing PKM2 (Fig. 3E).
Furthermore, MMP9 and MMP2, two metastasis-related proteins, were inhibited after PKM2 knockdown
(Fig. 3F), while they increased after upregulation of PKM2 (Fig. 3G). These results demonstrated that
PKM2 could accelerate the aggressive progression in HNSCC cells, though the mechanism needs further
investigation.

Lactate released by PKM2 overexpression promotes
migration and invasion in HNSCC
A positive correlation between PKM2 and LDHA was observed in the HNSCC dataset from the TCGA
database (Fig. 4A). PKM2 was a critical enzyme in aerobic glycolysis, we �rstly detected the pH
alterations after PKM2 overexpression (Fig. 4B). The pH was decreased after PKM2 overexpression,
which indicated that PKM2 might promote the secretion of certain acidic materials into the medium.
Then, we found that the lactate concentration in medium supernatant was increased after PKM2
upregulation, while it decreased after PKM2 knockdown (Fig. 4C). Interestingly, we observed that the cell
morphology was dramatically altered from a typical cobblestone appearance into a star-like or shuttle
shape (Fig. 4D, Fig. S1), which indicated that lactate might promote the epithelial-to-mesenchymal
transition (EMT) in HNSCC cells. Mechanistically, 50 mM lactate could signi�cantly inhibit the expression
of E-cadherin, a speci�c EMT marker (Fig. 4E). Then, the transwell assay revealed that lactate promoted
cell migration and invasion capacity in HN4, Cal27 and HN30 cells (Fig. 4F, G). These results indicated
that overexpression of PKM2 enhanced the secretion of lactate, which promoted the EMT process in
HNSCC cells.

PKM2 promotes galectin-9-mediated immunosuppression
through lactate secretion
As galectin-9 was known as an immunosuppression molecule. We found that PKM2 knockdown inhibited
galectin-9 expression in HN4 and Cal27 cells (Fig. 5A), while ectopic expression of PKM2 promoted it
(Fig. 5B). Compound 3K, a PKM2 inhibitor, inhibited galectin-9 expression in a dose- and time-dependent
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manner in HN4 and Cal27 cells (Fig. 5C, D). Furthermore, lactate stimulation can promote not only
galectin-9 expression in a dose-dependent manner (Fig. 5E) but also its secretion into the medium
(Fig. 5F). To further explore the role of lactate in PKM2-induced galectin-9 expression, AZD3965, an
inhibitor of monocarboxylate transporter 1 (MCT1), was used in our study. AZD3965 increased
intracellular lactate and signi�cantly reduced lactate intake [22, 23]. AZD3965 can signi�cantly induce
galectin-9 expression in a dose-dependent manner in HN4, Cal27 and HN30 (Fig. 5G). AZD3965 can
reverse the downregulation of galectin-9 mediated by PKM2 silencing in HN4 and Cal27 cells (Fig. 5H),
while synergistically increasing galectin-9 expression after ectopic expression of PKM2 (Fig. 5I). These
results demonstrated that PKM2 promoted galectin-9 expression through lactate secretion in HNSCC. To
further verify the immune function of galectin-9, a knockdown model was established (Fig. 5J). We found
that knockdown of the galectin-9 level notably enhanced the killing effect of NK cells (Fig. 5K). These
�ndings suggested that PKM2 promoted galectin-9-mediated immunosuppression through lactate
secretion in HNSCC.

Knockdown of PKM2 expression inhibits tumor proliferation
and lung metastasis in vivo
An in vivo study was performed to further demonstrate the study results. The lentivirus transfection
e�ciency was con�rmed in Cal27 and HN30 cells (Fig. 6A). Knockdown of PKM2 expression notably
inhibited tumor growth in the xenograft model (Fig. 6B-E). Moreover, lower expression of PKM2, galectin-9
and ki-67 was observed in xenograft tissue from the PKM2 knockdown group compared to the control
(Fig. 6F). In addition, the percentage of apoptotic cells increased in PKM2 expression in the PKM2
knockdown group (Fig. 6G). The lung metastasis assay showed that knockdown of PKM2 expression
signi�cantly inhibited lung metastasis, which was diagnosed using HE staining (Fig. 6H). The number of
metastasis nodules was notably decreased after PKM2 knockdown (Fig. 6I). These results demonstrated
that PKM2 played an oncogenic role during tumor proliferation and metastasis in HNSCC.

Lactate induced galectin-9 expression through inhibition of
NF-κB signaling
We sought to determine the transcription factors involved in lactate-mediated galectin-9 expression.
Accumulating studies have reported that NF-κB play an essential role in in�ammation and innate
immunity[24], which suggested that NF-κB might be involved in lactate-induced galectin-9 expression. To
verify this hypothesis, the phosphorylation of IκBα, IKKα/β and NF-κB p65 signi�cantly attenuated after
lactate treatment in a dose-dependent manner, which indicated notably suppression of NF-κB signaling
(Fig. 7A). Similar results were observed with different lactate incubation time (Fig. 7B). Moreover, galectin-
9 is suppressed in a dose- and time-dependent manner after incubation with TNF-α, a well-known NF-κB
activator (Fig. 7C, D). Betulinic acid, another activator of NF-κB, obviously inhibited the expression of
galectin-9 in HN4 and Cal27 cells (Fig. 7E). Meanwhile, we used different concentration of BetA to
stimulate HN30 cells and observed a dose-dependent decrease of galectin-9. The effects were also



Page 10/39

detected in a time-dependent manner in HN30 cells (Fig. 7F). Lactate and TNF-α was used in HN4 and
Cal27 cells to illustrate the role of NF-κB in lactate-mediated galectin-9. These data indicated that both
TNF-α and BetA could inhibit galectin-9 expression induced by lactate in HN4 cells (Fig. 7G, 7H). To
assess the effect of lactate on translocation of NF-κB p65 into the nucleus, we treated HN4 cells with
lactate, TNF-α and BetA. Confocal microscopy analysis showed that lactate inhibited NF-κB p65 nuclear
translocation mediated by TNF-α and BetA (Fig. 7I).

NF-κB is a major proin�ammatory modulator. In our study we observed that lactate promoted galectin-9
expression while inhibited NF-κB p65 signaling. So we speculated that NF-κB might have the function of
transcription inhibition. It has been reported that histone deacetylase-3 (HDAC3), a component in the
corepressor complex, was a co-inhibitor of NF-κB [25]. We speculate that HDAC3 may play a role in the
transcription inhibition of NF-κB. Immunoprecipitation assay revealed that HDAC3 bound to NF-κB p65
after TNF-α stimulation in HN4 and Cal27 cells (Fig. 7J). Knockdown of HDAC3 reversed the inhibition of
galectin-9 mediated by TNF-α (Fig. S2, Fig. 7K) and BetA (Fig. 7L) in HN4 cells. BetA suppressed the
transcription activity of LGALS9, which was reversed after HDAC3 silencing (Fig. 7M). We focused on
possible transcriptional regulation of galectin-9 by NF-κB p65 and investigated whether NF-κB p65 was
able to bind the promoter of galectin-9. Database mining indicated that the galectin-9 promoter presented
a putative binding region for NF-κB p65 (Fig. 7N). Compared with TNF-α group, knockdown of HDAC3 can
effectively promote the enrichment of NF-κB p65 in promoter regions of galectin-9 (Fig. 7O, Fig.S3). These
results demonstrated that HDAC3 bound and restrict the transcription activity of NF-κB p65, which
explained lactate-induced galectin-9 expression.

Overexpression of PKM2 correlates with lactate
dehydrogenase and galectin-9 expression in HNSCC tissues
To analyze whether lactate induced by PKM2 upregulation had an effect on immunosuppression, both
PKM2 and galectin‐9 were detected in paired HNSCC tissues. A positive correlation between PKM2 and
galectin-9 expression was observed in HNSCC tissues (Fig. 8A, D). Moreover, there was also a positive
correlation between PKM2 and other immunosuppression-related molecules, CD274 (encoding PD-L1),
HLA-E and FGL1 in HNSCC datasets (Fig. S4). Moreover, the IRS of galectin-9 and lactate dehydrogenase
(LDH) in HNSCC patients was higher than that in normal controls (Fig. S5). The expression level of
galectin‐9 correlated with pathological grade (Fig. S5, P = 0.0012), but there was no correlation between
galectin‐9 expression and other factors, including advanced TNM stage, gender and age (Fig. S5). LDH is
essential for the conversion of pyruvate into lactate. A positive correlation between LDH and PKM2 and
galectin‐9 was observed in the HNSCC tissues (Fig. 8B, C, E, F). To sum up, this study demonstrates that
PKM2-induced lactate production promotes galectin-9 expression by inhibition of transcriptional
suppression complex forming by NF-κB P65 and HDAC3 in HNSCC (Fig. 8G).

Discussion
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Nowadays metabolism reprogramming and immune escape have become a research focus. We
demonstrated that PKM2 acted not only as an enzyme for glycolysis but as an oncogene driving tumor
progression in HNSCC. These results showed that PKM2 promoted tumor progression and galectin-9-
mediated immunosuppression by lactate production in HNSCC. Our study makes a novel connection
between tumor metabolites and immune checkpoints in HNSCC.

PKM2 has been reported to act as an oncogene in several carcinomas, but its oncogenic mechanism is
still obscure. The PKM gene can be alternatively spliced to either the PKM1 or PKM2 transcript, while the
PKM2 isoform is almost invariably expressed in cancer cells [26]. PKM2 attracted our attention because it
is the last rate-limiting enzyme in glycolysis. However, accumulating evidence suggested that PKM2 was
not just an enzyme but had diverse functions during tumor progression [27]. In cardiovascular disease,
PKM2 serves as a molecular integrator of metabolic dysfunction, oxidative stress and tissue
in�ammation [28]. In pancreatic adenocarcinoma, abrogation of PKM2 resulted in impaired proliferation
and increased apoptosis [29]. Indeed, PKM2 overexpression in HNSCC patients has been reported, but
there was no further study concerning the biological function of PKM2 and its carcinogenesis
mechanism [30–32]. In our study, we also observed that overexpression of PKM2 indicated poor
prognosis in HNSCC patients. Moreover, we thoroughly investigated its effect on proliferation and
metastasis capacity using silencing and an ectopic expression model in vivo and in vitro. These results
deepen our understanding of oncogenic characteristics mediated by PKM2 overexpression in HNSCC.

In this study, we found that overexpression of PKM2 could acidify the tumor microenvironment by lactate
secretion. Lactate, as a malignant biomarker, is strongly produced within the tumor microenvironment
[33]. It plays an important role in cancer aggressiveness and poor survival [34, 35]. Lactate not only
affects epigenetic modi�cation but also harbors hormone-like properties [36]. It was also observed that
lactate had a paracrine effect on hypoxia-inducible factor 1 and vascular endothelial growth factor
signaling [37]. Moreover, lactate import could augment the aggressive features of cancer cells [38]. In our
study, lactate notably promoted cell migration and invasion capacity through the EMT process in HNSCC.

It has been reported that lactate-mediated motility inhibition inactivated CD4 + and CD8 + T cell subsets
[39]. Furthermore, tumor-derived lactate inhibits the function of NK cells [40]. In addition, acidi�cation of
the microenvironment has been shown to disturb in�ammatory cytokine production[41]. These studies
indicated that lactate plays a critical role in immune escape. A recent study showed that lactate activated
the programmed death ligand-1 PD-L1/PD-1 immune checkpoint and impaired T cell function [42].
Meanwhile, PKM2 was required for the expression of PD-L1 [43]. This indicated that lactate might
regulate the expression of immunosuppression molecules. Galectin-9, a ligand for TIM-3, impairs innate
immunity by downregulating NK cell function [44]. Our results demonstrated that PKM2 could enhance
galectin-9 expression by promoting the secretion of lactate. We also found a positive correlation between
PKM2 and other immune checkpoint molecules, such as CD274, FGL1 and HLA-E, in the TCGA database.
Unfortunately, PKM2 failed to upregulate PD-L1 protein expression in HN4 and Cal27 cells (data not
shown). Moreover, the MCT1 inhibitor could regulate PKM2 induced galectin-9 expression through
disturbing lactate transport, which suggested that lactate secretion played a crucial role in PKM2-induced
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immunosuppression in HNSCC. Moreover, lactate secretion promotes immunosuppression formation via
NF-κB signaling in HNSCC. Lactate can suppress the T and NK cells leading to tumor immune escape.
In�ammation process is associated with activation of the NF-κB. But our results showed that lactate
inhibited NF-κB p65 and thereby increased the expression of galectin-9. It needed to further elucidate how
NF-Κb p65 inhibits galectin-9 expression. NF-κB molecules have been shown to interact with histone
deacetylase to exert the function of transcription inhibition[45]. Our data indicated that knockdown
HDAC3 can reverse the inhibition of NF-κB on galectin-9 promoter, which releases the transcription
activation capacity of NF-κB p65.

Conclusion
In summary, this study demonstrated that oncogenic PKM2 drive tumor progression and galectin-9-
mediated immunosuppression by lactate production. Moreover, lactate inhibited NF-κB signaling and it
acted as a transcription suppressor through binding to HDAC3 in HNSCC. The PKM2/lactate/NF-
κB/galectin-9 axis represented a novel bridge and potential therapeutic target between a metabolite and
immunosuppression in HNSCC.
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Figure 1

Overexpression of PKM2 correlates with poor prognosis. a Representative images of high, moderate and
low expression of PKM2 in HNSCC were shown. bar: 50 μm. b IHC score of PKM2 in HNSCC patients
(n=70) and normal controls (n=18) was analyzed. c Overall survival analysis was performed based on
PKM2 expression in 144 HNSCC patients. d-g The correlation between PKM2 expression and TNM stage,
pathological grade, gender and age was analyzed in HNSCC patients. h PKM2 protein levels were
determined in 5 paired HNSCC samples using western blotting (N, adjacent normal tissue; T, tumor
tissue). i PKM2 mRNA expression in HNSCC cell lines and primary normal oral keratinocytes was
detected using qRT-PCR. j The relative expression of PKM2 in HNSCC cell lines and normal oral epithelial
cells (Normal cell) as determined by western blotting. * P < 0.05, ** P < 0.01.
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Figure 2

PKM2 enhances cell proliferation capacity in HNSCC cells. a, b Transfection e�ciency was detected
using PCR and Western blot after PKM2-speci�c siRNA transfection for 48 h. c PKM2 expression was
detected after plasmid transfection for 48 h in HN4 and HN30 cells. The CCK8, colony formation, and EdU
assay were applied to detect proliferation ability after PKM2-speci�c siRNA (d, e, h) or plasmid
transfection for 24 h (f, g, h). i The cell cycle was analyzed using PI staining after siRNA transfection for
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48 h. j The proportion of apoptotic cells (lower and upper right fraction) after transfection with siRNA for
48 h was analyzed using PI and Annexin V staining. k ERK, p-ERK, AKT and p-AKT were detected after
PKM2-speci�c siRNA transfection for 48 h. l ERK and p-ERK levels were detected after PKM2
overexpression for 48 h. * P < 0.05, ** P < 0.01.

Figure 2
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PKM2 enhances cell proliferation capacity in HNSCC cells. a, b Transfection e�ciency was detected
using PCR and Western blot after PKM2-speci�c siRNA transfection for 48 h. c PKM2 expression was
detected after plasmid transfection for 48 h in HN4 and HN30 cells. The CCK8, colony formation, and EdU
assay were applied to detect proliferation ability after PKM2-speci�c siRNA (d, e, h) or plasmid
transfection for 24 h (f, g, h). i The cell cycle was analyzed using PI staining after siRNA transfection for
48 h. j The proportion of apoptotic cells (lower and upper right fraction) after transfection with siRNA for
48 h was analyzed using PI and Annexin V staining. k ERK, p-ERK, AKT and p-AKT were detected after
PKM2-speci�c siRNA transfection for 48 h. l ERK and p-ERK levels were detected after PKM2
overexpression for 48 h. * P < 0.05, ** P < 0.01.
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Figure 3

PKM2 promotes migration and invasion in HNSCC cells. a, b Migration and invasion ability was studied
using a transwell assay after siRNA transfection for 24 h in HN4 and Cal27 cells. c, d Migration and
invasion ability was performed using the transwell assay after plasmid transfection for 24 h in HN4 and
HN30 cells. e A wound healing assay was conducted to detect the migration ability of HNSCC cells after
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PKM2-speci�c siRNA or plasmid transfection for 24 h. f, g MMP9 and MMP2 were detected after the
indicated transfection for 48 h. * P < 0.05, ** P < 0.01.

Figure 3

PKM2 promotes migration and invasion in HNSCC cells. a, b Migration and invasion ability was studied
using a transwell assay after siRNA transfection for 24 h in HN4 and Cal27 cells. c, d Migration and
invasion ability was performed using the transwell assay after plasmid transfection for 24 h in HN4 and
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HN30 cells. e A wound healing assay was conducted to detect the migration ability of HNSCC cells after
PKM2-speci�c siRNA or plasmid transfection for 24 h. f, g MMP9 and MMP2 were detected after the
indicated transfection for 48 h. * P < 0.05, ** P < 0.01.

Figure 4

Lactate released by PKM2 overexpression promotes migration and invasion in HNSCC. a The correlation
between PKM2 and LDHA in HNSCC datasets from the TCGA database was analyzed. b An electronic PH
detector was used to measure pH in the medium supernatant of HN4 and HN30 after plasmid
transfection for 48 h. c Lactate concentration was detected in medium supernatant after transfection
with siRNA or expression plasmids for 48 h. d The morphology of Cal27 was detected by Actin-Tracker
Green after 50 mM lactate stimulation for 24 h. bar: 200 μm. e E-cadherin levels were detected after the
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indicated lactate stimulation for 24 h. f, g Migration and invasion assays were performed using the
transwell assay after 10 mM lactate treatment for 24 h. * P < 0.05, ** P < 0.01.
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indicated lactate stimulation for 24 h. f, g Migration and invasion assays were performed using the
transwell assay after 10 mM lactate treatment for 24 h. * P < 0.05, ** P < 0.01.

Figure 5

PKM2 promotes galectin-9-mediated immunosuppression through lactate secretion. a Galectin-9
expression was detected after PKM2-speci�c siRNA transfection in HN4 and Cal27 cells for 48 h. b
Galectin-9 expression was detected after transfection with PKM2-expressing plasmid transfection for 48
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h. c Galectin-9 expression was detected after treatment with Compound 3K, a PKM2 inhibitor, at the
indicated doses for 24 h. d Galectin-9 expression was detected after 40 μM Compound 3K treatment at
the indicated times. e After lactate stimulation for 24 h, galectin-9 expression was detected using Western
blotting. f Galectin-9 concentration in medium supernatant after 10 mM lactate treatment for 24 h was
detected using ELISA. g Galectin-9 was assessed after treatment with the indicated dose of AZD3965, a
MCT1 inhibitor, for 24 h. After PKM2-speci�c siRNA h or plasmid transfection i for 24 h, cells were treated
with 10 μM for 24 h and then galectin-9 was analyzed. j The knockdown e�ciency of galectin-9 was
validated after transfection for 48 h. k Transfected cells were seeded at a density of 1 × 103 cells per well
in a 96-well plate and then incubated with NK cells for 4 h at various (E:T) ratios as indicated. The
speci�c lysis was analyzed by the LDH kit. * P < 0.05, ** P < 0.01.
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Figure 5

PKM2 promotes galectin-9-mediated immunosuppression through lactate secretion. a Galectin-9
expression was detected after PKM2-speci�c siRNA transfection in HN4 and Cal27 cells for 48 h. b
Galectin-9 expression was detected after transfection with PKM2-expressing plasmid transfection for 48
h. c Galectin-9 expression was detected after treatment with Compound 3K, a PKM2 inhibitor, at the
indicated doses for 24 h. d Galectin-9 expression was detected after 40 μM Compound 3K treatment at
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the indicated times. e After lactate stimulation for 24 h, galectin-9 expression was detected using Western
blotting. f Galectin-9 concentration in medium supernatant after 10 mM lactate treatment for 24 h was
detected using ELISA. g Galectin-9 was assessed after treatment with the indicated dose of AZD3965, a
MCT1 inhibitor, for 24 h. After PKM2-speci�c siRNA h or plasmid transfection i for 24 h, cells were treated
with 10 μM for 24 h and then galectin-9 was analyzed. j The knockdown e�ciency of galectin-9 was
validated after transfection for 48 h. k Transfected cells were seeded at a density of 1 × 103 cells per well
in a 96-well plate and then incubated with NK cells for 4 h at various (E:T) ratios as indicated. The
speci�c lysis was analyzed by the LDH kit. * P < 0.05, ** P < 0.01.
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Figure 6

Knockdown PKM2 expression inhibits tumor proliferation and lung metastasis in vivo. a PKM2
expression was detected in Cal27 and HN30 after lentivirus stable transfection. b, c Representative
images of mice and tumors derived from the xenograft model were shown. d Tumor weight was
measured after excision from mice. e The tumor volume was measured and analyzed once a week. f
Representative images of the HE, PKM2 galectin-9 and Ki-67 staining by IHC in tumor sections were
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shown. bar: 50 μm. g TUNEL staining was performed to measure the apoptotic cells in tumor sections.
bar: 50 μm. h Representative images of lung metastasis in each group was shown and the number of
metastasis nodules was compared in two groups. i Lung metastasis was diagnosed by pathological
examination. bar: 50 μm. * P < 0.05, ** P < 0.01.

Figure 6
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Knockdown PKM2 expression inhibits tumor proliferation and lung metastasis in vivo. a PKM2
expression was detected in Cal27 and HN30 after lentivirus stable transfection. b, c Representative
images of mice and tumors derived from the xenograft model were shown. d Tumor weight was
measured after excision from mice. e The tumor volume was measured and analyzed once a week. f
Representative images of the HE, PKM2 galectin-9 and Ki-67 staining by IHC in tumor sections were
shown. bar: 50 μm. g TUNEL staining was performed to measure the apoptotic cells in tumor sections.
bar: 50 μm. h Representative images of lung metastasis in each group was shown and the number of
metastasis nodules was compared in two groups. i Lung metastasis was diagnosed by pathological
examination. bar: 50 μm. * P < 0.05, ** P < 0.01.
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Figure 7

Lactate induced galectin-9 expression through inhibition of NF-κB signaling. a, b p-IKKα/β, NF-κB p65 and
IκBα expression were detected after lactate stimulation in HNSCC cells for 24 h or 10 mM. The protein
levels of galectin-9 was detected after treatment of HN4 and Cal27 cells with TNF-α for 1 h (c) or 50μg/ml
(d). e After treatment with BetA, galectin-9 was assessed using western blot. f The protein levels of NF-κB
p65 and galectin-9 were detected after treatment of HN30 cells with BetA. g After treatment with 50 μg/ml
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TNF-α and 10 mM lactate in HN4 and Cal27 cells, NF-κB p65 and galectin-9 was assessed using western
blot. h The expression of NF-κB p65 and galectin-9 was determined in HN4 cells after incubation with
10μM BetA and 10mM lactate. i An immuno�uorescence assay was used to visualize the localization of
NF-κB p65 after treatment with 50μg/ml TNF-α,10mM lactate or 10μM BetA. j Immunoprecipitation assay
was performed using anti-NF-κB p65 antibody or IgG in HN4 and Cal27 cells after treatment with 50μg/ml
TNF-α. After HDAC3-speci�c siRNA transfection for 24 h, HN4 cells were treated with 50μg/ml TNF-α for
15min (k) or 10μM BetA (l) for 24 h and then galectin-9 was analyzed. m Transcriptional activity was
detected using dual-luciferase reporter assays with LGALS9 promoter-luciferase plasmids after treatment
with 10mM lactate or 10μM BetA and HDAC3-speci�c siRNA in 293T cells. n The binding sites of NF-κB
p65 in the galectin-9 promoter was predicted according to JASPAR database. o ChIP assays were
performed after treatment with 50μg/ml TNF-α and HDAC3-speci�c siRNA. * P < 0.05, ** P < 0.01
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TNF-α and 10 mM lactate in HN4 and Cal27 cells, NF-κB p65 and galectin-9 was assessed using western
blot. h The expression of NF-κB p65 and galectin-9 was determined in HN4 cells after incubation with
10μM BetA and 10mM lactate. i An immuno�uorescence assay was used to visualize the localization of
NF-κB p65 after treatment with 50μg/ml TNF-α,10mM lactate or 10μM BetA. j Immunoprecipitation assay
was performed using anti-NF-κB p65 antibody or IgG in HN4 and Cal27 cells after treatment with 50μg/ml
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p65 in the galectin-9 promoter was predicted according to JASPAR database. o ChIP assays were
performed after treatment with 50μg/ml TNF-α and HDAC3-speci�c siRNA. * P < 0.05, ** P < 0.01
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Figure 8

Overexpression of PKM2 correlates with galectin-9 expression in HNSCC tissues. a, b, c Representative
images of PKM2, galectin-9 and LDH in HNSCC tissues are shown. bar: 50 μm. d, e, f Correlation between
PKM2, LDH and galectin-9 expression was analyzed in HNSCC patients. g Schematic diagram show that
lactate secreted by PKM2 upregulation promoted galectin-9-mediated immunosuppression through
inhibiting NF-κB pathway in HNSCC. * P < 0.05, ** P < 0.01.



Page 38/39

Figure 8

Overexpression of PKM2 correlates with galectin-9 expression in HNSCC tissues. a, b, c Representative
images of PKM2, galectin-9 and LDH in HNSCC tissues are shown. bar: 50 μm. d, e, f Correlation between
PKM2, LDH and galectin-9 expression was analyzed in HNSCC patients. g Schematic diagram show that
lactate secreted by PKM2 upregulation promoted galectin-9-mediated immunosuppression through
inhibiting NF-κB pathway in HNSCC. * P < 0.05, ** P < 0.01.



Page 39/39

Supplementary Files

This is a list of supplementary �les associated with this preprint. Click to download.

supplementary�gures.docx

supplementary�gures.docx

https://assets.researchsquare.com/files/rs-113414/v1/e2896dc4c6bd8718c215927f.docx
https://assets.researchsquare.com/files/rs-113414/v1/07c1a26098db6ef94f7e9c2b.docx

