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Abstract

Introduction

Pyruvate kinase M2(PKM2) is a key rate-limiting enzyme that regulates glucose metabolic
reprogramming(Warburg effect), but the correlation between PKM2 and PD-L1 or malignant behaviors
in hepatocellular carcinoma(HCC) cells remains unknown. This study explored the role of PKM2 and
the Warburg effect on the expression of PD-L1 and the malignant behaviors of HCC cells.

Material and methods

The relationship between the Warburg effect and key enzymes and signaling pathways was analyzed
using bioinformatics; the expression of PD-L1, PKM2, and hexokinase 2(HK2) in 30 patients HCC
tissues and paired para-cancerous tissues was detected by immunohistochemistry and Western
blotting. Short hairpin RNA(shRNA) silencing the expression of PKM2 was used to explore its
influence on the expression of PD-L1 in HCC cells. The malignant behaviors of HCC cells were
detected by scratch test, plate cloning experiment, Transwell migration experiment, and EdU staining;
the concentrations of lactic acid, pyruvate, ATP and the consumption of glucose were detected using
reagent kit.

Results

Biological information database and detection of HCC tissues and paired para-cancerous tissues
showed that the expression of PKM2 and PD-L1 were significantly higher in HCC tissues than in
paired para-cancerous tissues, and the expression of PKM2 was positively correlated with PD-L1
expression. PKM2 could promote the proliferation and migration of HCC cells, and stimulate the

expression of PD-L1 through activating PI3K/Akt signaling pathway in HCC cells.

Conclusions
PKM2 was able to upregulate the expression of PD-L1 and stimulate the malignant behaviors of HCC
cells. Targeting the PKM2 is a promising strategy for liver cancer treatment.
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Abstract

Introduction: Pyruvate kinase M2(PKM2) is a key rate-limiting enzyme that
regulates glucose metabolic reprogramming(Warburg effect), but the correlation
between PKM2 and PD-L1 or malignant behaviors in hepatocellular carcinoma(HCC)
cells remains unknown. This study explored the role of PKM2 and the Warburg effect
on the expression of PD-L1 and the malignant behaviors of HCC cells.

Methods: The relationship between the Warburg effect and key enzymes and
signaling pathways was analyzed using bioinformatics; the expression of PD-L1,
PKM2, and hexokinase 2(HK?2) in 30 patients HCC tissues and paired para-cancerous
tissues was detected by immunohistochemistry and Western blotting. Short hairpin
RNA(shRNA) silencing the expression of PKM2 was used to explore its influence on
the expression of PD-L1 in HCC cells. The malignant behaviors of HCC cells were
detected by scratch test, plate cloning experiment, Transwell migration experiment,
and EdU staining; the concentrations of lactic acid, pyruvate, ATP and the
consumption of glucose were detected using reagent kit.

Results: Biological information database and detection of HCC tissues and paired



para-cancerous tissues showed that the expression of PKM2 and PD-L1 were
significantly higher in HCC tissues than in paired para-cancerous tissues, and the
expression of PKM2 was positively correlated with PD-L1 expression. PKM2 could
promote the proliferation and migration of HCC cells, and stimulate the expression of
PD-L1 through activating PI3K/Akt signaling pathway in HCC cells.

Conclusions: PKM2 was able to upregulate the expression of PD-L1 and stimulate
the malignant behaviors of HCC cells. Targeting the PKM?2 is a promising strategy for
liver cancer treatment.

Keywords: Pyruvate kinase M2; Hepatocellular carcinoma; Warburg effect; PD-LI,;
Malignant behaviors; PI3K/Akt signaling pathway

Introduction

Hepatocellular carcinoma(HCC) is a global health challenge, and its incidence is
expected to exceed 1 million by 2025. HCC is the most common type of liver cancer,
and hepatitis B and C virus infections are the major risk factors for HCC
development[1,2]. Hepatectomy, liver transplantation, ablative therapy, and
transcatheter chemoembolization are the main treatment methods for early- and
middle-stage liver cancers. Systematic treatment is recommended for patients with
advanced liver cancer. Sorafenib and lenvatinib have been used as first-line treatments
for advanced liver cancer for more than 10 years. However, the response rate to these
tyrosine kinase inhibitors(TKI) is low, and adverse events often occur during
systemic therapy in advanced HCC patients[3]. In recent years, immune checkpoint
inhibitors (ICIs) have become a primary therapeutic approach for advanced HCC.
ICIs prevent T-cell inactivation by blocking the interaction between checkpoint
proteins and their ligands. For example, inhibitors of programmed cell death protein
1(PD-1)/ligand 1(PD-L1) have been used[4].

PD-1 is one of the key co-suppressor receptors expressed on T cells during T cell
activation and plays an important role in suppressing the immune response by
regulating T cell activity, activating apoptosis of antigenic T cells, and inhibiting

apoptosis of regulatory T cells(Tregs)[5]. PD-L1 is a transmembrane glycoprotein that



is overexpressed on the surface of malignant tumor cells[6]. In the HCC tumor
microenvironment, PD-L1 is mainly expressed in Kupffer cells but is less expressed
in other antigen-presenting cells(APC) or HCC cells. Moreover, the increased
expression of PD-L1 in liver cancer is positively correlated with poor prognosis in
patients with liver cancer and shorter overall survival[7]. The activation of PD-1 can
significantly inhibit T cell receptor(TCR), CD28 co-stimulator, and inducible T cell
co-stimulator(ICOS) signaling, effectively inhibiting T cell activation. Thus, tumor
cells evade immune surveillance[8].

Glucose metabolism is a complex process, and there is considerable evidence
that dysregulation of glucose metabolism is a recognized focus in the development
and progression of HCC[9-11]. Normal cells decompose glucose into lactic acid under
anaerobic or hypoxic conditions and simultaneously produce a small amount of ATP
at the same time. However, owing to the energy demand for rapid proliferation, tumor
cells also undergo glycolysis under aerobic conditions to rapidly produce ATP, which
is called aerobic glycolysis or the Warburg effect[12]. As glucose metabolism in
tumor cells and lactic acid secretion increases, the pH wvalue in the tumor
microenvironment(TME) decreases, and acidosis has multiple effects on tumor
cells[13]. On one hand, acidosis promotes local invasive growth and metastasis of
tumor cells, and the region with the highest tumor invasion corresponds to the region
with the lowest pH value[14,15]. The glucose consumption of tumors restricts the
metabolism of T cells, and nutrient competition between tumor cells and T cells
affects the activity and function of T cells and mediates their low reactivity of T
cells[16].

Pyruvate kinase(PK) is a the key enzymes in glycolysis that converts
phosphoenolpyruvate(PEP) to pyruvate. Pyruvate kinase M2(PKM2), an isoform of
PK, plays an important role in the occurrence and development of tumors[17,18].
Several studies have shown that PKM2 is significantly upregulated in breast19,
pancreatic[20], bladder[21], HCC[22], and other cancers. PKM2 exists in both the
dimer and tetramer forms and is allosterically regulated by exogenous activators and

inhibitors. When PKM?2 is in the tetramer state, it has a higher affinity for the



substrate PEP and higher enzyme activity, while PKM2 can enter the nucleus as a
transcription factor to activate the transcription of certain genes. It can also regulate
other proteins in the cytoplasm[23,24], activate the enzymatic activity of cytoplasmic
proteins.

The PI3K/Akt/mTOR signaling pathway is abnormally activated in many
tumorigenesis processes and plays a key role in tumorigenesis and development by
participating in the cell cycle and promoting angiogenesis, tumor invasion, and
metastasis[25]. The PI3K/Akt/mTOR signaling pathway can also regulate the
expression of PD-L1[26-28]. The use of PI3K/Akt/mTOR related inhibitors will
reduce the expression of PD-L1, while the stimulation of PI3K/Akt can increase the
expression of PD-L1[29]. In glioma cells with PTEN deletion, Akt is activated and
PD-L1 is significantly expressed after Akt activation. After treating cells with
phosphoinositol analogs to block Akt activation, the expression of PD-L1 is decreased,
and after transfecting cells with viruses to restore PTEN function, the expression of
PD-L1 is also decreased[30,31]. Interferon gamma(IFN-y) is the most important
cytokine in anti-tumor immunity and IFN-y induces PD-L1 expression in tumor cells.
Treatment of lung cancer cells with the PI3K inhibitor Ly294002 leads to the
downregulation of IFN-y-induced PD-L1 mRNA expression[32]. Since the
PI3K/Akt/mTOR signaling pathway is closely related to glucose metabolism in tumor
cells and regulates the expression of PD-L1 to a certain extent[33], we speculated that
there is a relationship between glucose metabolism reprogramming(Warburg effect),
PI3K/Akt/mTOR, and PD-L1. This study aimed to explore the influence of PKM?2 on
PD-L1 expression and malignant behaviors in HCC cells and its regulatory
mechanisms through biological information databases, clinical tissue, and cellular
molecular levels; and also exploration of the Warburg effect product, lactic acid
influences the expression of PD-L1 and malignant behaviors of liver cancer cells,

which provides a new idea for liver cancer immunotherapy.

Materials and methods

Collected and detected clinical patients samples



Thirty patients with a clinical or pathological diagnosis of liver cancer admitted
to the Second Affiliated Hospital of Hainan Medical University between January 2021
and December 2022 were enrolled. The exclusion criteria were as follows: active
bleeding within the last six months; patients with a history of blood transfusion within
the past 1 month; and patients who had an acute infection or inflammatory reaction
within the last 3 months. All subjects provided written informed consent, and the
collection and use of tissue specimens was approved by the Medical Ethics
Committee of the Second Affiliated Hospital of Hainan Medical University. Ethical
board approval number, Med-Eth-Re[2022]279, and informed consent were obtained
from all participants and the expression of target proteins was detected in the
samples(Medical Ethics Statement: This project collected more than 30 cases of
normal liver tissues, blood cells, other normal tissues and liver cancer tissues, and the
tissues were used for analysis by immunochemistry, Western blotting, fluorescence
chemistry and other techniques to detect the expression of PD-L1, PKM2 and HK2 in
these tissues, and to determine the highly specific expression of PD-L1, PKM2 and
HK2 in liver cancer cells. We believe that the above information is true and that this
study complies with the principles of the Declaration of Helsinki and the relevant
laws and regulations of our country. We promise to abide by medical ethics,
academic norms, consciously fulfill relevant obligations, and fully respect the rights
and interests of research subjects.).
Cell Culture

In this study, the human HCC cell lines, Bel7402 and Huh7 were selected,
among which Bel7402 cells were purchased from Bode Biological Company, and
Huh7 cells were obtained from the Joint Laboratory of Tropical Infectious Diseases of
Hainan Medical University and the Hong Kong University. Short Tandem Repeat
(STR) identification in Bel7402 and Huh7 cell lines. Frozen Bel7402 and Huh7 cells
were placed in a water bath at 37 °C. After the frozen solution was melted, it was
resuscitated in a sterile super-clean table sterilized by ultraviolet light. DMEM
containing 10% fetal bovine serum was used for the cell culture. Medium(5 mL) was

added to each cell culture bottle. It was then placed in a 5% CO> incubator at 37 °C.



After 24 h, the cells were observed under a microscope, and the culture medium was
replaced.
Bioinformatics analysis

The Gene Expression Omnibus(GEO) database of Clinical Health Trust Home
(http://www.aclbi.com) includes all tumor types, integrated dataset screening (in
Chinese and English), keyword screening for sample information, one-click probe ID
conversion, batch effect removal, and data standardization. Analyses, including
differential genes, gene correlations, and immune checkpoints were performed. The
TCGA  database was used to analyze the relevance of genes
(http://cancergenome.nih.gov), the RNA-seq data of PKM2 and CD274 were
downloaded from The Cancer Genome Atlas(TCGA) database, and the molecular
correlation analysis of PKM2 and CD274 was performed using R language (version
3.6.3). The R package ggplot(version 3.3.3) was used for analysis. The Search Tool
for the Retrival of Interacting  Genes/Proteins(STRING)  database
(http://cn.string-db.org/) provides a pathway in which the target protein may
participate. (1) Protein Name: Enter the protein name and click on the search. (2)
Select Homo sapiens and click continuously; (3) Proteins that can interact with PD-L1
can appear; (4) After the desired protein interaction interface appears, click the
Analysis-(Kyoto Encyclopedia of Genes and Genomes(KEGG) Pathways to query the
signaling pathways that PD-L1 may participate in.
Immunohistochemistry

First, the excised liver cancer tissues and paired para-cancerous tissues were
fixed with 4% paraformaldehyde for more than 24 h, and then dehydrated in a
dehydrator according to a certain concentration of ethanol. The dehydrated tissues
were then embedded. According to the specific requirements of the tissue chip matrix,
the removed tissue points were placed into the corresponding wax block holes in
sequence, the tissue points were fused with the wax block with the tissue chip fusion
instrument, and then the tissue chip was placed in the microtome to cut approximately
4 um of slices. The sections were then stained with hematoxylin-eosin(HE), and the

staining results were observed under a microscope. The sections also needed to be



dewaxed, soaked in water, repaired by antigen, blocked with hydrogen peroxide,
incubated at 4°C for the first antibody overnight, incubated at room temperature for
the second antibody for 1 h, DAB color developing solution was added for DAB color
development, cell nuclei were re-stained with hematoxylin, dehydrated, sealed,
observed under a microscope, and analyzed with Aipathwell software.
Lentivirus transfection and screening of stable expression cell lines

The number of Bel7402 cells and Huh7 cells in the logarithmic growth stage was
adjusted to 1.5x10° cells/mL, which were spread on 24-well plates at 500 uL/well
and incubated in a 5% CO; incubator at 37°C for 24 h. On the second day, the 24-well
plate culture medium was discarded, and 250 pL of fresh culture medium containing
infection booster solution 1xHitansG A or 1xHitansG P was added to each well. The
corresponding viral volume was converted according to the selected multiplicity of
infection(MOI) gradient, and the virus was added to the culture medium. Cells
transfected with the virus were cultured in an incubator for 4 h, after which 250 uL of
fresh medium(without infection-enhancing fluid) was added. The culture was
continued for approximately 15 h, the original culture medium was discarded, and the
fresh medium was replaced. Infection efficiency was examined under a fluorescence
microscope after 48 and 72 h. Before screening stable strains, the minimum
concentration of purinomycin to kill cells in the blank group was explored in advance,
and the cells in the blank group were spread on 24-well plates to ensure that the fusion
rate of cells reached approximately 80% on the second day. After 24 h, the cells were
replaced with fresh medium containing purinomycin, and the concentration gradient
of purinomycin was set as follows: 0, 0.5, 1, 1.5, 2, 2.5 pg/mL, The minimum
concentration that could completely kill cells in 5 days was selected as the screening
concentration for follow-up experiments. After 72 h of lentivirus infection, the stable
P1 cell line was obtained by screening with the discovered concentration of
purinomycin, the concentration of which was reduced to 50% of the original
concentration. The cell line was cultured with half of the concentration of
purinomycin to maintain the resistance of the cells.

Immunofluorescence



Cells with good growth status were selected, and the number of cells was
adjusted to 3x10%mL. 300uL cell suspension was placed at the bottom of a glass
substrate petri dish and cultured in an incubator for 24 h until the cells were attached
to the wall. The cells were then fixed with 4% paraformaldehyde for 30 min. After
fixation, quick block immunostaining blocking solution was added for sealing and
permeability. The primary antibody was diluted to 1:100 and incubated overnight at
4°C. The secondary antibody Alexa Fluor 647 with fluorescent labeling was incubated
at room temperature in the dark for 1 h the next day. 4',6-diamidino-2-phenylindole
(DAPI) staining solution was added for nucleation for 30 min, and an
anti-fluorescence quencher was added to seal the film and observed under a laser
confocal microscope.

Cell scratch test

A marker pen was used to mark the three horizontal lines evenly with a ruler
behind the 6-well plate, and an appropriate number of cells was added to the 6-well
plate. The inoculation principle was that the fusion rate could reach 100% after an
overnight incubation. The next day, when the cells were overgrown, scratches were
made with the gun head perpendicular to the cell plane, washed three times with PBS ,
and then the fresh medium was replaced. The cells were cultured in an incubator and
removed at appropriate time points(0, 24, 48, 72 h). The degree of healing was
observed under an inverted microscope and photographs were taken.

Plate cloning experiment

Cells with good growth status were selected and inoculated into 6-well plates at
approximately 500 cells/well and cultured in incubators. After two weeks, the 6-well
plate was removed, the culture medium was removed, the plate was fully cleaned with
PBS, and 1 mL of 4% paraformaldehyde was added to each well and fixed for 30 min.
Clean with PBS twice, add an appropriate amount of 0.1% crystal violet and dye for
30 min, clean the 6-well plate with running water, air dry, clone count, and take
photographs.

Transwell migration experiment

After centrifugation of the well-grown cells, the cell precipitate was diluted to



5x10°/mL with serum-free medium, and 500 L of 20% FBS medium was added to the
lower chamber a 24-well plate. The sterile Transwell chamber was placed into the
well, 200 pL of the cell suspension was added into the Transwell chamber, and the
culture was continued for 48 h in the incubator. The cells were then removed, washed
twice with PBS, and fixed in 4% paraformaldehyde for 20 min. After fixation, the
cells were placed in 0.1% crystal violet staining solution for 20 min and the number of
cells passing through the cells was observed under an inverted microscope.
EdU cell proliferation test, and reagent kit was applied to detect the contents of
lactic acid, pyruvate, ATP and the consumption of glucose

The EdU(5-ethynyl-2’-deoxyuridine) cell proliferation assay was performed
using an EdU-555 cell proliferation assay kit(Shanghai Beyotime Biotech Co., LTD).
The lactic acid content was detected using lactic acid assay kit(Nanjing Jiangjian Co.,
LTD). The pyruvate content was determined using a pyruvate acid assay kit (Beijing
Sarlobio Life Science Technology Co., LTD). ATP content was detected using an
enhanced ATP detection kit (Shanghai Beyotime Biotech Co., LTD), and glucose
content was detected using a glucose detection kit(Beijing Sarlobio Life Science
Technology Co., LTD).
Protein Immunoblotting

The cell precipitate was collected by centrifugation, and the total protein of the
cells was extracted according to the instructions of the Total Protein Extraction Kit
(Shanghai Sangon Biotech Co., Ltd.). The protein concentration of each sample was
measured using an enhanced BCA protein concentration kit (Shanghai Beyotime
Biological Technology Co., Ltd.). SDS-PAGE was performed using 10% separation
gel and 5% spacer gel. After electrophoresis, the gel with the corresponding bands
was cut off, and the membrane was transferred to a 0.45um PVDF membrane. The
PVDF membranes were incubated in a sealing solution(Shanghai Yase Biomedical
Technology Co., Ltd.) at 37°C for 15 min. The dilution ratio of hexokinase 2(HK?2)
and hypoxia-inducible factor 1a(HIF-1a) to the primary antibody was 1:2000, and the
dilution ratio of other primary antibodies was 1:1000. The PVDF membrane was

placed with primary antibody and incubated at 4°C for 16 h. The PVDF membrane



was placed into the diluted secondary antibody, incubated at 37°C for 1 h, and finally
developed and photographed. All the antibodies were purchased from Abcam,
Proteintech Group, and Affinity Biosciences.
Statistical analysis

The experiment was repeated at least three times in each group. Imagel image
software was used to analyze the strip gray value and scratch area, and the cell counts
were determined. Experimental data are represented as the mean standard +deviation
(x+s), and statistical analysis was performed using GraphPad Prism software
(version 9.0). The t-test or chi-square test was used for analysis between the two
groups, ANOVA was used for comparison among multiple groups, and Pearson or
Spearman correlation analysis was used for correlation analysis of the two variables.
P<0.05 meant that the difference was considered statistically significant.
Results
Expression and correlation analysis of PKM2 and PD-L1 in biological
information database

To understand the correlation between PKIM2 and PD-L1 in liver cancer tissues,
144 samples (72 liver cancer specimens and 72 normal tissues) in the GEO
(https://www.ncbi.nlm.nih.gov/geo/) database of clinical Bioinfo Home were first
analyzed, and it was found that the expression level of PKM2 in liver cancer tissues
was significantly higher than that in normal tissues (P<0.0001), as shown in Figure
1A. TCGA (/ccg/research/genome-sequencing/tcga) database was used to analyze the
correlation between PKM2 and PD-L1 in liver cancer tissues, and it was found that
the expression level of PKM2 was positively correlated with PD-L1 (P<0.001), as
shown in Figure 1B. Finally, the Analysis-KEGG(https:// www.genome.jp/kegg/)
Pathway analysis using the STRING database revealed that PD-L1 may be related to
the PI3K/Akt signaling pathway (P<0.001), as shown in Figure 1C.

Western blotting detected the expressions of PKM2 and PD-L1 in liver cancer
tissues and paired para-cancerous tissues

To explore the expression of PKM2 and PD-L1 in liver cancer, tissue samples



from 30 patients with liver cancer were analyzed, with T representing liver cancer
tissue and P representing the paired para-cancerous tissues. The results of Western
blotting experiments showed that the expression levels of PKM2 and PD-L1 in cancer
tissues were significantly higher than those in the paired para-cancerous tissues. The
gray values of the bands were analyzed using Imagel software, and the difference was
statistically significant(P<0.05), whereas the expression of HK2 in cancer tissues and

paired para-cancerous tissues was not statistically significant (Figure 2).

The expressions of PD-L.1, PKM2, and HK2 in liver cancer tissues and paired
para-cancerous tissues were detected by immunohistochemistry

Cancerous tissues and paired para-cancerous tissues of 30 HCC patients were
prepared into tissue chips, with T representing liver cancer tissue and P representing
the paired para-cancerous tissues, as shown in Figure 3A. The expression of PD-L1,
PKM2, and HK2 was detected by immunohistochemistry, and the density of positive
cells in the sections was analyzed using the Aipathwell software. The results showed
that the density of positive cells of PD-L1 in liver cancer tissues was higher than that
in paired para-cancerous tissues(Figure 3 B and 3C)(P<0.05). The expression of
PKM2 in liver cancer tissues was significantly higher than that in paired
para-cancerous tissues, as shown in Figure 3 B and 3D. PKM2 expression in liver
cancer tissues was positively correlated with the expression of PD-L1, which was
consistent with the results of bioinformatics analysis, and the difference was
statistically significant(P<0.05), as shown in Figure 3E. In addition, the expression of
HK2 in liver cancer tissues was significantly higher than that in paired para-cancerous

tissues(P<0.05)(Figure 3F).

Stable silencing the expression of PKM2 cell lines and stable overexpressing
PKM2 cell lines were successfully established

In the present study, we used Western blotting to detect the expression of PKM2
in the HCC cell lines, Huh7 and Bel7402. The results indicated that Bel7402 highly
expressed PKM2, Huh7 expressed low levels of PKM2, and the expression of PKM?2



in Bel7402 cells was significantly higher than that in Huh7 cells(Figure 4A). To
explore the influence of PKM2 in glucose metabolic reprogramming, Bel7402 and
Huh7 cells were selected for lentiviral(LV) transfection with short hairpin(sh) RNA to
interfere with PKM2-expressed vectors or PKM2-overexpressed vectors, respectively.
LV-shPKM2 lentivirus or short hairpin(sh) negative control(shNC) lentivirus were
used to infect the Bel7402 cell line(with relatively high PKM2 expression), and the
cell transfection rate was observed under an inverted fluorescence microscope after
infection with LV for 72 h, as shown in Figure 4B. Green fluorescent cells accounted
for more than 90%, and purinomycin was used for screening. Seven days later, the
expression of PKM2 was detected by Western blotting. The expression of PKM?2
protein in shPKM?2 vector-transfected group(Bel7402-shPKM2) was significantly
lower than that in cell transfected with the negative control(NC) vectors group
(Bel7402-shNC) and the control group(Bel7402) (P<0.01), as shown in Figure 4C.
These results indicated that the Bel7402-shPKM2 cell line was successfully
constructed to silence the expression of PKM2. To establish cell lines overexpressing
PKM2, Huh7 cells(PKM2 had relatively low expression) were infected with
PKM2-expressed lentivirus(LV-PKM2) or lentivirus negative control (LV-NC), and
the cell transfection rate was observed under an inverted fluorescence microscope
after transfection with LV for 72 h. Green fluorescent cells accounted for more than
90% of the cells, as shown in Figure 4D. Seven days later, the expression of PKM?2
was detected using Western blotting. As shown in Figure 4E, the expression of PKM?2
protein in the LV-PKM2 vectors group(Huh7-PKM2) was significantly higher than
that in the lentivirus negative control group(Huh7-NC) and control
group(Huh7)(P<0.01). These results indicated that Huh7-PKM2 cell lines
overexpressing PKM2 were successfully constructed.

The localization of PD-L1 in Bel 7402 and Huh7 cells was observed using laser
confocal microscopy. As shown in Figure 4F and 4G, blue DAPI is the nucleus and
red is the marked PD-L1. After the fusion of the two colors, it can be seen that PD-L1
was mainly located in the cytoplasm and cell membrane, and the expression level in

the nucleus was low. Moreover, the red brightness of the shPKM?2 vector-transfected



group (Bel7402-shPKM?2) was significantly lower than that of the negative control
vectors group(Bel7402-shNC) and control group(Bel7402)(Figure 4F), suggesting
that silencing the expression of PKM2 may reduce the expression of PD-L1. However,
in Huh7 cells, the red brightness in transfected with LV-PKM2 vectors
group(Huh7-PKM?2) was significantly higher than that in cells transfected with the
negative control vectors group(Huh7-NC) and control group(Huh7)(Figure 4G),
suggesting that overexpression of PKM2 may increase the expression level of PD-L1
in HCC cells. These results indicated that stability silencing the expression of PKM2
and stable overexpression of PKM2 was successfully established, and that PKM2 was

able to stimulate the expression of PD-L1 in HCC cells.

PKM2 stimulates malignant behaviors of HCC cells

The pivotal factors of poor prognosis in liver cancer are mainly intrahepatic
metastasis and distant metastasis, and the basic factor of cancer cell metastasis is the
increase in cell metastatic ability; however, whether PKM?2 affects the metastatic
ability is still unclear. Cell scratch experiments revealed that the healing ability of
Bel7402 cells(Bel7402-shPKM?2) that silenced with PKM?2 was significantly reduced,
whereas that of Huh7 cells(Huh7-PKM2) that overexpressing PKM2 was significantly
enhanced. These results suggested that PKM2 knockdown may weaken the healing
and repair abilities of HCC cells, and overexpression of PKM2 may enhance the
healing and repair abilities of HCC cells. The scratch area was analyzed using ImageJ
software, and the healing and repair rates were statistically analyzed, showing
statistically significant differences(P<0.01), as shown in Figure 5A and 5B. Distant
metastasis of malignant tumors usually occurs when a single cell or a small number of
cells enter the body fluid to spread and plant into other organs. The proliferation
ability of a single cell is key to metastasis. Clonal formation experiments reflect cell
population dependence and proliferation ability. Through single-cell cloning
experiments, we found that the number of colonies formed by Bel7402 cells that
silenced with PKM2(Bel7402-shPKM?2) was significantly reduced, whereas the

number of colonies formed by Huh7 cells overexpressing PKM2(Huh7-PKM?2) was



significantly increased. These results indicated that PKM2 knockdown may inhibit
clonal formation in HCC cells, and overexpression of PKM2 may increase clonal
formation in HCC cells. ImagelJ software was used for cell counting, and the number
of clones formed was calculated for statistical analysis. This difference was
statistically significant(P<0.01), as shown in Figure 5C and 5D.

Collective migration is considered the main type of cancer metastasis and
invasion, and in the process of collective migration, propagating cells are connected to
each other by adhesion molecules. Compared to single-cell transmission, the
collective migration of cancer cells has a higher invasion and metastasis potential.
Transwell experiments showed that the number of migratory Bel7402-shPKM2 cells
was significantly lower than that in the vectors negative control group(Bel7402-shNC)
and control group(Bel7402). However, the number of migratory Huh7-PKM?2 cells
was significantly higher than that of the vectors negative control(Huh7-NC) and
control groups(Huh?7). These results suggested that PKM2 knockdown may decrease
the migratory ability of HCC cells, whereas overexpression of PKM2 may enhance
the migratory ability of HCC cells. Image] software was used for cell counting, and
the number of migratory cells was calculated for statistical analysis; this difference
was statistically significant(P<0.01), as shown in Figure S5E and S5F. Newly
proliferated cells within 2 h were labeled using the EdU cell proliferation assay, and
cell proliferation was observed in each group. As shown in Figure 5G and 5H, blue
represents the nucleus of all cells, and red represents the nucleus of proliferating cells
within 2 h. The number of proliferating cells(red) of Bel7402-shPKM2 is significantly
reduced, while the number of proliferating cells(red) of Huh7-PKM2 is significantly
increased. It has been suggested that silencing PKM2 may inhibit the proliferation of
HCC cells and overexpression of PKM2 may promote the proliferation of HCC cells.
Imagel] software was used for cell counting, and the cell proliferation rate was
calculated for statistical analysis, and the difference was statistically
significant(P<0.01). These results indicated that PKM2 was able to promote the

migration and proliferation of HCC cells.



PKM2 enhances the concentrations of lactic acid, pyruvate, ATP and glucose
consumption in HCC cells

To detect the changes in the concentrations of lactic acid, pyruvate, ATP, and
glucose consumption of HCC cells after silenceing or overexpression PKM?2, we used
a chemical detection kit and performed the operations according to the manufacturer’s
instructions. The absorbance and RLU values were detected with an enzyme marker
and a microplate luminescence detector, respectively, and the corresponding
concentrations were calculated according to the formula. As shown in Figure 6A,
compared to the control group(Bel7402) and the vectors negative control
group(Bel7402-shNC), the levels of lactic acid, pyruvate, ATP, and glucose
consumption of cells in the shPKM?2 vectors group(Bel7402-shPKM?2) were reduced
to varying degrees. As shown in Figure 6B, compared to the control group(Huh7) and
the vectors negative control group(Huh7-NC), the concentrations of lactic acid,
pyruvate, ATP, and glucose consumption of cells in the LV-PKM?2 group(Huh7-PKM?2)
increased to varying degrees, and the data were analyzed and statistically significant
(P<0.01). These results indicated that silencing PKM2 could effectively reduce the
concentrations of lactic acid, pyruvate, ATP, and glucose consumption, and weaken
the Warburg effect. However, PKM2 overexpression effectively increased the
concentrations of lactic acid, pyruvate, ATP, and glucose consumption. These results

implied that PKM2 could enhance the Warburg effect in HCC cells.

Lactic acid promotes PD-L1 expression in HCC cells

Lactic acid is the end-product of aerobic glycolysis. To further verify whether
glycolysis productions can affect the expression of PD-L1 in HCC cells, we treated
Bel7402 cells with a lactic acid concentration of 2.3 mmol/L for 48 h and Huh7 cells
at a lactic acid concentration of 1.7 mmol/L for 48 h. The lactic acid concentration
used in this study was consistent with that detected using the kit described above in
Bel7402 and Huh7 cells. Western blotting was performed to detect the expression of
PD-L1 and key glycolytic enzymes. As shown in Figure 7A and 7B, after lactic acid
treatment of Bel7402 and Huh7 cells, the expression of PD-L1 and the key glycolytic



enzymes was significantly increased, and the gray values of the bands were analyzed
and found to be statistically significant(P<0.01). These results indicated that lactic
acid was able to stimulate the expression of PD-L1 and key glycolytic enzymes in

HCC cells.

PKM2 stimulates the expression of PD-L1 in liver cancer cells through the
PI3K/Akt/mTOR signaling pathway

The PI3K/Akt/mTOR signaling pathway is closely related to the Warburg effect
in cancer cells, and the PI3K/Akt/mTOR signaling pathway has a regulatory effect on
PD-L1 expression. Therefore, we speculated that glucose metabolism reprogramming
(Warburg effect) could regulate the expression of PD-L1 through the
PI3K/Akt/mTOR signaling pathway. Therefore, the PI3K inhibitor Ly294002 was
selected to treat Bel7402 and Huh7 cells for 48 h at a concentration of Ly294002 was
50 mol/L. The expression of PD-L1, key glycolysis enzymes, and PI3K-related
pathway proteins was detected using Western blotting. As shown in Figure 8A,
Bel7402 cells treated with Ly294002 showed the same effect as that of
Bel7402-shPKM2, which inhibited the expression of PKM2. The expression levels of
PD-L1, PKM2, phosphorylated-PKM2(p-PKM2), lactate dehydrogenase A(LDHA),
phosphorylated-LDHA(p-LDHA), HK2, phosphofructokinase 1(PFK1), HIF-1a, and
phosphorylated-Akt(p-Akt) decreased significantly, suggesting that silencing the
expression of PKM2 may inhibit the expression of PD-L1 by blocking the
PI3K/Akt/mTOR signaling pathway. The gray values of the strips were analyzed and
found to be statistically significant(P<0.01). As shown in Figure 8B, compared to
Huh7 and Huh7-NC, the protein expression levels of PD-L1, PKM2, p-PKM2, LDHA,
p-LDHA, HK2, PFK1, HIF-1q, and p-Akt in Huh7-PKM2 cells were significantly
increased. However, the expression levels of PD-L1, PKM2, p-PKM2, LDHA,
p-LDHA, HK2, PFKI1, HIF-1a, and p-Akt were significantly decreased, whereas
Huh7-PKM2 cells were treated with Ly294002. The gray values of the strips were
analyzed and found to be statistically significant(£<0.01). These results indicated that

PKM?2 may promote the expression of PD-L1 and Warburg effect-related enzymes by



activating the PI3K/Akt/mTOR signaling pathway. Thus, it was verified that PKM?2
regulates the expression of PD-L1 through the PI3K/Akt/mTOR signaling pathway,
and PKM2 also stimulates the expression of other enzymes that promote glucose

metabolic reprogramming in HCC cells.

Discussion

HCC is the most common primary liver cancer, and usually develops in the
context of chronic liver disease. Hepatitis virus infection, alcoholic liver disease, and
non-alcoholic fatty liver disease are the main causes, and it is an aggressive disease
with poor prognosis[34], and the incidence of this disease is increasing every year,
with a higher incidence in developing countries. The prognosis of liver cancer is very
poor; only 5%-15% of early stage patients are eligible for surgical resection, and the
treatment options for advanced stages are mainly arterial chemoembolization and oral
sorafenib, while long-term oral sorafenib is prone to drug resistance[35]. HCC
therapy has recently introduced immunotherapy strategies that selectively target
tumor cells by inducing or enhancing existing tumor-specific immune responses and
immune checkpoint pathway inhibitors. For example, anti-cytotoxic T
lymphocyte-associated antique-4(CTLA-4) antibodies and PD-1/PD-L1 inhibitors
have shown good therapeutic effects[36,37]. The combination of PD-1 and PD-L1 is
an important immune checkpoint and a major mechanism of immunosuppression in
the tumor microenvironment. Gao, et al.[38] demonstrated that increased expression
of PD-L1 in HCC is positively correlated with tumor aggressiveness and the risk of
postoperative recurrence, Pazgan-Simon M, et al found that high levels of chemerin in
the serum of HCC patients promote immune escape of liver cancer cells[39],
suggesting that PD-L1 in serum may also affect the immune surveillance of liver
cancer cells. Therefore, PD-L1 can be used as a target and biomarker for HCC
immunotherapy. Although immunotherapy has brought great hope and new
opportunities for the treatment of liver cancer patients, some HCC patients have little
positive clinical response to this treatment, so there is an urgent need for combination

therapy or personalized treatment options for anti-tumor responses[40]. Currently, a



variety of combination therapies have been reported, such as combination therapy
with  polyinosinic-polycytidylic acid(polyIC) and PD-L1 antibody[41], and
combination therapy with CTLA-4 and PD-L1 inhibitors[42]. Radiotherapy is a
combination of immunotherapy and adoptive cell therapy(ACT) combined with
ICIs[43].

The liver plays a key role in maintaining blood sugar levels through
glycogenolysis and gluconeogenesis, and glucose utilization(glycolysis) mainly
occurs after meals. One of the characteristics of tumor cells is that glucose
metabolism changes during proliferation and growth to meet the high energy
requirements[44]. As one of the key enzymes involved in glycolysis, PKM2 is widely
expressed during embryogenesis, regeneration, and cancer. Pyruvate kinase activity is
very important for cells with active proliferation[45], and PKM2 plays a regulatory
role in the tumor microenvironment[46]. There were obvious differences in glucose
metabolism between tumor and normal cells. In view of this feature of tumor cells,
some therapeutic drugs targeting tumor metabolism have shown significant cancer
cell toxicity in preclinical studies[47]. However, there are few reports on the
correlation between glucose metabolism and PD-L1 expression in liver cancer. To
explore the correlation between glucose metabolic reprogramming(Warburg effect)
and PD-L1 expression in liver cancer cells, we first analyzed the correlation between
PD-L1 and PKM2 using a biological information database and found that it was
positively correlated, and PD-L1 was associated with the PI3K/Akt signaling pathway
to some extent. Immunohistochemistry and Western blotting were used to detect the
expression of PD-L1 and PKM2 in liver cancer tissues of 30 patients with HCC. The
results showed that the expression of PD-L1 and PKM2 was significantly higher in
cancer tissues than that in paired para-cancerous tissues, and their expression levels
were positively correlated. This suggests that PD-L1 and PKM2 expression are
correlates with liver cancer.

In the in vitro experiments, we first infected Bel7402 cells with
lentivirus-shPKM2(LV-shPKM2) and constructed PKM2 silencing cell lines. To

observe the effect of PKM2 knockdown on the malignant biological behaviors of



HCC cells, we found that the healing ability, colony formation, migration, and
proliferation ability of HCC cells were significantly decreased after PKM?2
knockdown. The results of the kit detection showed that the concentrations of lactic
acid, pyruvate, ATP, and glucose consumption also significantly decreased after
silencing the expression of PKM?2. These results indicate that silencing PKM?2
expression weakens the Warburg effect and inhibits the malignant behaviors of HCC
cells. Simultaneously, we infected Huh7 cells with expressing the PKM2 lentivirus
and constructed stable cell lines overexpressing PKM?2. In order to observe the role of
PKM2 overexpression in the malignant behaviors of liver cancer cells, the results
indicated that after overexpression of PKM2, the healing ability of HCC cells was
enhanced, the number of colonies was increased, and the migration and proliferation
abilities were stimulated. After PKM2 overexpression, the levels of lactic acid,
pyruvate, and ATP in Huh7 cells were increased, and glucose consumption was
promoted. These results indicated that overexpression of PKM2 could enhance the
Warburg effect and thus stimulate the malignant behaviors of HCC cells. In the
present study, the localization of PD-L1 in HCC cells was observed using laser
confocal microscopy and a cellular immunofluorescence assays. It was found that
PD-L1 was mainly located in the cytoplasm and cell membrane, with low expression
in the nucleus. After silencing PKM2 in Bel7402 cells, the red brightness of PD-L1
significantly decreased. In contrast, after PKM?2 overexpression in Huh7 cells, the red
color of PD-L1 was significantly enhanced. These results indicated that PKM2 has a
regulatory effect on PD-L1 expression. The results of the kit detection showed that the
levels of lactic acid, pyruvate, ATP and glucose consumption decreased after inhibited
the expression of PKM2 by RNA interference, whereas the levels of lactic acid,
pyruvate, ATP and glucose consumption increased after PKM?2 overexpression. It has
been suggested that the expression level of PKM?2 is indeed related to the strength of
the Warburg effect.

In addition to PKM2, other key enzymes are involved in glycolysis to regulate
the glucose metabolism. Hexokinase(HK) is the first rate-limiting enzyme in

glycolysis that phosphorylates glucose to glucose-6-phosphate(G-6-P). HK belongs to



a ubiquitous family of extracellular phosphorylases. HK2 is the most active
isoenzyme in this family[48]. Previous reports have shown that HK2 is often
upregulated in tumor cells and is associated with poor patient prognosis[49]. Li, et
al.[50] used CRISPR/Cas9 in vivo to screen metabolic genes that determine
tumorigenicity of HCC and found that HK2 expression was increased in liver cancer.
HK2 is highly expressed in liver cancer stem cells(CSC) and is essential for
maintaining self-renewal and tumor spread in vivo. Phosphofructose-kinases 1(PFK1)
is an important rate-limiting enzyme that regulates glycolysis, and fructose-2,
6-diphosphate is the strongest allosteric activator of PFK1[51]. PFK1 and its product
fructose-1, 6-diphosphate(F-1,6-BP) can activate PI3K/AKT and YAP/TAZ through
independent mechanisms, and in turn, PI3K/AKT and YAP/TAZ can promote PFK1
and glycolysis in a feedback loop[52]. LDHA catalyzes the conversion of pyruvate to
lactic acid, and plays a key role in the regulation of glycolysis. This is usually
indicated by the upregulation of LDHA in cancer cells. Tyrosine phosphorylation of
LDHA can promote cancer cell metabolism and affect mitochondrial physiology,
whereas downregulation of LDHA can inhibit the growth and metastasis of mouse
liver cancer cells[53]. HCC cells were treated with lactic acid, and Western blotting
experiments showed that the expression of PD-L1 and key glycolytic enzymes PKM?2,
LDHA, HK2, and PFK1 increased, which proved that lactic acid could promote the
expression of PD-L1. To further explore how the Warburg effect regulates the
expression of PD-L1, Western blotting experiments were conducted to detect the
effect of PKM2 on the expression of PD-L1. The results showed that in Bel7402 cells,
while silencing the expression of PKM2, the protein expression of PD-L1 and other
key glycolytic enzymes decreased to varying degrees. In contrast, the protein
expression of PD-L1 and other key glycolytic enzymes significantly increased in
Huh7 cells while overexpressing PKM2. These results indicated that the Warburg
effect can stimulate the expression of PD-L1 in HCC cells.

The PI3K/Akt/mTOR signaling pathway is important for cell growth and survival.
Numerous experiments have shown that the PI3K/Akt/mTOR signaling pathway is

stably activated in liver cancer cells[54] and is closely related to glucose metabolism



in tumor cells. Akt enhances glucose uptake by promoting the plasma membrane
localization of glucose transporterl1(Glutl). Akt activation enhances the activity of
key glycolytic enzymes such as HK2 and PFKI1. The PI3K/Akt/mTOR signaling
pathway also promotes aerobic glycolysis by controlling downstream transcription
factors, and the PI3K/Akt/mTOR signaling pathway can regulate the expression of
hypoxia-inducible factor-1a(HIF-1a). HIF-1a is involved in glucose metabolism and
angiogenesis[55,56]. As tumors exist in an inherently stressful environment, this
pathway plays a crucial role in cancer. Activation of the PI3K/Akt/mTOR signaling
pathway may lead to cell growth disorders. Ultimately, this leads to competitive
growth, enhanced metastasis, angiogenesis, and resistance to treatment[57]. The
PIBK/Akt/mTOR signaling pathway is often abnormally activated in human cancers
owing to dysregulation of different signaling pathway components at the DNA
level(including gene amplification, deletion, mutation, and fusion), RNA(transcription
and post-transcriptional regulation), and proteins(including protein stability control
and post-translational modification)[58].  Activated PI3K  phosphorylates
phosphatidylinositol-4,5-bisphosphate(PIP2) and converts it to phosphatidylinositol-3,
4, and phosphatidylinositol-4. Phosphatidylinositol 3,4,5-triphosphate (PIP3) interacts
with each other. Moreover, 3-phosphoinositide dependent protein kinase 1(PDK1) and
Akt are recruited to the plasma membrane, and PDK1 phosphorylates Akt at Thr380
to activate part of it[59]. Bamodu, et al.[60] found that PDK1 is an independent driver
of the PI3K/Akt/mTOR signaling pathway, and its abnormal expression is
characteristic of poorly differentiated HCC cells. The decrease in PDK1 expression
may inactivate the PI3K/Akt/mTOR signaling pathway and render invasive HCC cells
sensitive to radiotherapy. Spalt-like transcription factor 4(SALL4) is an important
player in the early and middle stages of fetal liver development, as it is one of the few
embryonic stem cell(ESC) genes that are in contact with cancer cells. SALL4
activates the PI3K/AKT signaling pathway by targeting PTEN, thereby promoting the
migration, invasion, and proliferation of liver cancer cells[61]. Evidence showed that
blocking the PI3K/AKT signaling pathway can counteract drug treatment tolerance

and immune escape of cancer cells[62], indicating that the PI3K/AKT signaling



pathway plays a key role in the immune escape in liver cancer cells. In the present
study, after treating HCC cells with Ly294002, a PI3K/Akt signaling pathway
inhibitor, Western blotting was used to detect changes in PD-L1, key glycolytic
enzymes, and PI3K/Akt signaling pathway-related proteins. The expression levels of
PD-L1, PKM2, p-PKM2, LDHA, p-LDHA, HK2, PFKI1, HIF-la, and p-Akt
significantly decreased. These results prove that the Warburg effect may regulate the
expression of PD-L1 in HCC cells through the PI3K/Akt signaling pathway. Recently,
studies have found that lactic acid could inhibit the function of P53 and promoted the
occurrence of tumors[63], suggesting that lactic acid, a product of glucose metabolism
reprogramming, can promote the malignant behaviors of liver cancer cells. Although
the role of PD-L1 in the process of immune escape of cancer cells remains to be
further explored, the Warburg effect induced by PKM2 can increase the energy
synthesis of cancer cells[64,65], suggesting that the regulation of PD-L1 expression
by PKM2 plays an important role in the immune escape of liver cancer cells. Fig 9,
summarizes the mechanism by which lactic acid, the product of glucose metabolic
reprogramming, induces liver cancer cells to express PD-L1 and promote immune
escape.
Conclusions

We preliminarily demonstrated that the expression of PKM2 and PD-LI is
positively correlated in liver cancer tissues, and that PKM2, a key enzyme regulating
the Warburg effect, may regulate the expression of PD-L1 in liver cancer cells through
the PI3K/Akt signaling pathway. This study revealed the relationship between glucose
metabolic reprogramming and PD-L1, as well as the signaling pathways that may be
involved, providing new ideas for immunotherapy in liver cancer. Combining targeted
PKM2 therapy with immunotherapy may have synergistic effects and provide new
treatment options for patients with liver cancer. However, because the processes of
glucose metabolic reprogramming and the immune system are relatively complex,
other molecular mechanisms may be involved. The study results proved that PKM2 is
a pivotal factor in promoting the expression of PD-L1 and stimulating the malignant

behaviors of HCC cells, and the molecular mechanism maybe involved in activating



the PI3K/Akt signaling pathway. Targeting PKM2 is a promising strategy for liver

cancer treatment .
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Figure Legends

Figure 1. The expression and correlation of PD-L1 and PKM2 in liver cancer
tissues were analyzed by biological information database. (A) Expression of
PKM?2 in liver cancer tissues and normal tissues in GEO database, P<0.0001; (B) The
correlation between PD-L1 and PKM2 in liver cancer tissues was analyzed by TCGA
database, P<0.001; (C) KEGG Pathway analysis in String database, PD-L1 related

molecules and signaling pathways, P<0.001.

Figure 2. Western blotting results showed the expression of PD-L1, PKM2, and
HK2 in cancerous tissues and paired para-cancerous tissues. T is the liver cancer
tissues, P is the paired para-cancerous tissues, the protein sample size per pore is
20-50 g, the bottom chart is the statistical map of each group after gray scale
analysis, **P<0.01, *P<0.05. Data were shown as the means + SD (n = 14). P values

were calculated using unpaired two-sided Student’s t test.

Figure 3. Immunohistochemical results showed the expression of PD-L.1, PKM2
and HK2 in cancerous tissues and corresponding para-cancerous tissues. (A)
Histochip matrix of 30 cases of cancer tissues and paired para-cancerous tissues,
where T is cancerous tissues and P is paired para-cancerous tissues; (B and C) The
expression of PD-L1 in HCC tissues was detected by immunohistochemistry. The
PD-L1 staining intensity of cancer tissue is strongly positive, while the PD-LI
staining intensity of para-cancerous tissues is weakly positive. The section
magnification was 40, scale was 20 um, positive cell density = number of positive
cells/tissue area to be measured, and the chart on the right was the statistical graph
after analysis of PD-L1 positive cell density in sections by Aipathwell software,
*P<0.05. (D) The expression of PKM2 in HCC tissues was detected by
immunohistochemistry. The PKM2 staining intensity of cancer tissue is moderate

positive, while the PKM2 staining intensity of para-cancerous tissues is weakly



positive. The section magnification was 40, the scale was 20 um, and the density of
positive cells = the number of positive cells/the area of tissue to be measured. The
charts on the right were the statistical charts after analyzing the density of positive
PKM2 cells in the sections by Aipathwell software. (E) The correlation analysis
diagram of PD-L1 and PKM2 in 30 liver cancer tissues, *P<0.05; (F)
Immunohistochemistry was performed to detect the expression of HK2 in HCC
tissues of HCC patients. The HK2 staining intensity of cancer tissue is moderate
positive, while the HK2 staining intensity of para-cancerous tissues is weakly positive.
The section magnification was 40, the scale was 20 um, and the density of positive
cells = number of positive cells/area of tissue to be measured. The chart on the right
showed the statistical graph of HK2 positive cell density in sections analyzed by
Aipathwell software, * P<0.05. Data were shown as the means = SD (n = 60). P values

were calculated using unpaired two-sided Student’s ¢ test.

Figure 4. Establishment of stable silencing PKM?2 cell lines and stable
overexpressing PKM2 cell lines. (A)Western blotting detected the expression of
PKM2 protein in Bel7402 and Huh7 cells, and the protein sample size per well was
20-50 pg. The chart on the right was the statistical map of PKM2 bands after gray
scale analysis, **P<0.01; (B) Fluorescence expression of LV-shPKM?2 infected
Bel7402 cells. Fluorescence images were taken with 10x objective lens and 100 pm
scale; (C) Western blotting detected the expression of PKM2 in Bel7402-shPKM?2
cells, and the protein sample size per well was 20-50 pg. The chart on the right was
the statistical map of PKM2 bands after gray scale analysis, **P<0.01; (D)
Fluorescence expression of LV-PKM2 infected Huh7 cells. Fluorescence images were
taken with a 10x objective lens and the scale was 100 um; (E) Western blotting
detected the expression of PKM2 in Huh7-PKM2 cells, and the protein sample size
per pore was 20-50 pg. The chart on the right was the statistical map of PKM?2 bands
after gray scale analysis, **P<0.01; (F) The expression and localization of PD-L1 in

Bel7402 were observed by laser confocal microscopy; (G) The expression and



localization of PD-L1 in Huh7 cells were observed by laser confocal microscopy.
Data were shown as the means = SD from three independent experiments (n = 3).

Statistical differences were determined with one-way ANOVA.

Figure 5. Effect of silence or overexpression of PKM2 on malignant behaviors of
HCC cells. (A) Scratch test was used to detect the healing of liver cancer cells in
Bel7402 groups at 0, 24, 48 and 72 h. Scratch pictures were taken with 4 objective
lens and the scale was 200 um. The scratch healing rate of each group was statistically
analyzed, and the healing rate (%) = (0 hour scratch area - a certain hour scratch
area)/0 hour scratch area x100%. The chart below is a statistical analysis of the
healing rate, **P<0.01; (B) Scratch test was used to detect the healing of Huh7 cells
groups at 0, 24, 48 and 72 h. The chart below is the statistical analysis of the healing
rate, **P<0.01; (C) The number of clonal formation of cells in Bel7402 groups was
detected by plate cloning experiment, and the number of colony formation in each
group was statistically analyzed, **P<0.01; (D) The number of clonal formation of
Huh7 cells in each group was detected by plate cloning experiment, and the number
of colony formation in each group was statistically analyzed, **P<0.01; (E) The
number of migrating cells in Bel7402 groups at 48 h was detected by Transwell assay.
Transwell images were taken with 10 objective lens and 100 um scale, and the
number of migrating cells in each group was statistically analyzed, **P<0.01; (F) The
number of migrating cells in Huh7 groups at 48 h was detected by Transwell assay,
and the number of migrating cells in each group was statistically analyzed, **P<0.01;
(G) EdU test was conducted to detect the number of proliferating cells in the Bel7402
group at 2 h. The blue was the nuclei of all cells, and the red was the nuclei of
proliferating cells within 2 h. The fluorescence images were taken with 20 objective
lens and the scale was 50 pum. Proliferation rate(%)= (Number of proliferating
cells/total cell number in 2 h) x 100%, **P<0.01; (H) EdU test was conducted to
detect the number of proliferating cells of HCC cells in Huh7 groups at 2 h, and the
cell proliferation rate of each group was statistically analyzed, **P<0.01. Data were

shown as the means + SD from three independent experiments (n = 3). Statistical



differences were determined with one-way ANOVA.

Figure 6. The concentrations changes of lactic acid, pyruvate, ATP levels, and
glucose consumption in liver cancer cells were detected by reagent kit. (A) The
changes in the concentrations of lactic acid, pyruvate, ATP and glucose consumption
of cells in Bel7402 groups were detected by kit, and statistical analysis was performed,
*#P<0.01; (B) The changes in the concentrations of lactic acid, pyruvate, ATP and
glucose consumption of cells in Huh7 groups were detected by kit, and statistical
analysis was performed, **P<0.01. Data were shown as the means = SD from three
independent experiments (n = 3). Statistical differences were determined with

one-way ANOVA.

Figure 7. The effect of lactic acid on the expression of PD-L1 and key glycolytic
enzymes in HCC cells. (A) After lactic acid treatment for 72 h, Western blotting was
applied to detect the changes of PD-L1 and key glycolytic enzyme in Bel7402 cells.
The amount of protein samples per well was 20-50 pg. The chart on the right showed
the statistical diagram of bands after gray scale analysis for each group, **P<0.01; (B)
After lactic acid treatment of Huh7 cells for 72 h, Western blotting detected the
changes of PD-L1 and glycolytic enzyme in Huh7 cells, and the protein sample
amount per well was 20-50 pg. The chart on the right was the statistical graph of
bands after gray scale analysis for each group, **P<0.01. Data were shown as the
means = SD from three independent experiments (n = 3). P values were calculated

using unpaired two-sided Student’s ¢ test.

Figure 8. Effects of PI3K/Akt signaling pathway on PKM2 regulating the
expression of PD-L1 and another key glycolytic enzymes. (A) Western blotting
detected the expressions of PD-L1, key glycolytic enzymes, and PI3K/Akt signaling
pathway-related proteins in Bel7402, Bel7402-shNC, and Bel7402-shPKM2 cells
before and after treated with Ly294002 for 48 h. The amount of protein samples per

well was 20-50ug. The chart on the right showed the statistical map of each group



after gray scale analysis, **P<0.01. (B) Western blotting detected the expressions of
PD-L1, key glycolytic enzymes, and PI3K/Akt signaling pathway-related proteins in
Huh7, Huh7-NC, Huh7-PKM2 cells before and after treated with Ly294002 for 48 h.
The protein sample amount per pore was 20-50ug. The chart on the right is the
statistical graph of each group of strips after gray level analysis, **P<0.01. Data were
shown as the means + SD from three independent experiments (n = 3). Statistical

differences were determined with one-way ANOVA.

Figure 9. Schematic diagram of liver cancer cells expressing PD-L1 and
promoting immune escape induced by lactic acid, a product of glucose metabolic

reprogramming.
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