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High PD-L1 expression drives glycolysis via an
Akt/mTOR/HIF-1a axis in acute myeloid leukemia
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Abstract. Acute myeloid leukemia (AML) is a hematological
malignancy derived from immature myeloid cells, which have
the characteristics of abnormal proliferation and differentia-
tion. Glycolysis has been a popular topic of research in recent
years, with increasing uptake and consumption of glucose. The
present study aimed to investigate the glycolysis of tumor cells
in patients with AML; in particular, how programmed cell
death 1 ligand 1 (PD-L1) regulates tumor cells glycolysis using
real time PCR (RT-PCR), western blotting and flow cytometry.
PD-L1 high expression predicted poor outcome in patients
with AML in the public database Gene Expression Profiling
Interactive Analysis. PD-L1 expression was decreased in the
samples from patients with AML with complete remission
compared to that in patients with relapsed or refractory AML.
In AML cell lines, glycolysis-associated genes ALDOA,
PGK1, LDHA and HK?2 were highly expressed in a PD-L1
high-expressed cell line. Overexpressed PD-L1 enhanced
glucose consumption and the extracellular acidification rate,
accompanied by decreased apoptosis and accumulation of cells
in the S phase. In contrast, the apoptosis rate of tumor cells
and the percentage of cells in the S phase were significantly
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increased following PD-L1 knockdown in the THP1 cell line.
HK?2 and LDHA expression decreased after AML tumor cells
were treated with Akt inhibitor or rapamycin. In addition, the
PD-L1-overexpressed cell line (PD-L1-OV) MOLM-13 exhib-
ited rapid tumor progression. Glycolysis-associated genes were
highly expressed in tumor tissues of PD-L1-OV MOLM-13,
with increased Ki67. Based on these findings, PD-L1 may be
considered as a suitable marker for prognosis and treatment in
the clinical setting.

Introduction

Acute myeloid leukemia (AML) is a complex and common
myeloid malignancy, which is accompanied by the abnormal
proliferation and differentiation of bone marrow precursor
cells in the hematopoietic system (1,2). At the present stage,
older adults with this disease have a worse prognosis (3). In
addition, although certain patients may attain complete remis-
sion, it is easy to relapse (4). In recent years, second generation
sequencing technology has been widely used in the clinic to aid
diagnosis (5). For example, NPM1 and CEBPA mutations are
favorable for clinical prognosis, but certain gene mutations are
associated with poor outcomes for patients with AML, such
as ACTN, TET2 and RUNXI1 (5-7). However, it is essential to
identify novel and effective targets for clinical treatment. To
further investigate the mechanism underlying AML develop-
ment, it is essential to better understand this disease and thus
find new therapeutic targets.

Immune checkpoint blockades, such as cytotoxic
T-lymphocyte-associated protein 4 (CTLA4) and programmed
death 1 (PD-1), have been widely used for different types of
cancer (8). Programmed cell death 1 ligand 1 (PD-L1) is one
of the ligands of PD-1, binding to PD-1 to inhibit activated
T-cell function (9). A large body of evidence has demonstrated
that PD-L1 was positively associated with immune system
suppression and tumor progression. High expression of PD-L1
was significantly associated with lower tumor-associated
antigen distribution and clinical recurrence in patients with
prostate cancer (10). PD-L1 expression in tumor cells could
protect those cells from interferon (IFN) impairment, and
the IFN signaling pathway was inhibited by PD-L1 (11).
Bertucci et al also demonstrated that metastatic relapse in
patients with soft-tissue sarcomas were strongly associated
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with PD-L1 expression (12). Following treatment with IFN-v,
PDL1 expression was upregulated in myeloid leukemia cell
lines via the STAT3 pathway (13). In symptomatic multiple
myeloma, PD-L1 expression in plasma cells was closely asso-
ciated with cancer progression (14). PD-L1 had been used as
a therapeutic target for various different types of cancer treat-
ment (15). Therefore, it is essential to research the impact of
PD-L1 expression in patients with AML.

In recent years, tumor cell metabolism has been a popular
topic for research, with several hallmarks including increasing
the uptake of glucose, amino acids and nitrogen, alteration of
metabolite-associated genes, and the interaction between metab-
olites and the tumor microenvironment (16). Mitochondrial
ROS in primary AML cells induced by drugs could be inhib-
ited by SIRT3, a SOD2 deacetylase, which could also protect
AML cells from chemokine-induced apoptosis (17). AML cells
exhibited high metabolism of the amino acid glutamine for
longer survival, and inhibiting this pathway induced AML cell
apoptosis (18). Although the cytoplasmic tail of PD-L1 is too
short to find evident signaling motifs, certain studies have still
reported that PD-L1 could induce cell signaling activation in
tumor cells, such as signaling from PD-1 toward PD-L1 (19).
PD-LI* tumor cells resisted apoptosis induced by the Fas-Fas
ligand pathway or cytokines secreted by T cells (20). It has
been reported that PD-L1-expressing tumor cells triggered cell
intrinsic glycolysis through the mTOR signaling pathway, which
could enhance tumor growth and progression (21). Currently, it
is unclear whether PD-L1 expressed in AML cells enhances cell
glycolysis or inhibits tumor cell apoptosis.

Poulain er al demonstrated that AML cells exhibited high
uptake of glucose, strong glycolysis ability and overactivated
mTOR signaling (22). The TP53-induced glycolysis and
apoptosis regulator (TIGAR) was highly expressed in patients
with cytogenetically normal AML, and knockdown of TIGAR
promoted tumor cell apoptosis and enhanced the sensitivity of
tumor cells to glycolysis inhibitor (23). Cascone et al demon-
strated that glycolysis-associated genes included HK2, LDHA,
ALDOA, ALDOC, ENO2 and PGK1 (24). It has also been
revealed that Glutl, associated with glycolysis, was regulated
by the PI3K/Akt/mTOR signaling pathway (19). Despite
glycolysis having been demonstrated in AML cells, the effects
of PD-L1 on glycolysis in patients with AML remain largely
unknown. The present study primarily investigated how
PD-LI regulates tumor cell glycolysis. First, the present study
collected AML patient samples and revealed that PD-L1 was
positively correlated with glycolysis-associated genes (HK?2,
PFKM, ALDOA, PGK1, PDK1 and LDHA). Overexpressed
PD-L1 in AML cell line MOLM-13 significantly upregu-
lated the expression of glycolysis-associated genes via the
AKT/mTOR signaling pathway, and downregulated tumor cell
apoptosis in vitro, indicating that PD-L1 could regulate tumor
cell metabolism and proliferation without PD-1 existence.

Materials and methods

Patients and ethical statement. The present study included
90 patients (52 males and 38 females; age range, 14-81 years) that
had been newly diagnosed with AML without any other disease
from the First Affiliated Hospital of Zhengzhou University
during January 2016 and May 2019. All patients provided
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written informed consent. Ethical approval was obtained
from the Human Research Ethics Committee (First Affiliated
Hospital of Zhengzhou University, China). The database GEPIA
(http://gepia.cancer-pku.cn/) was used for survival analysis and
correlation analysis in TCGA database of AML.

RNA extraction. Bone marrow mononuclear cells (BMMCs)
were obtained from patients and healthy donors through
density gradient centrifugation. BMMCs were washed with
phosphate-buffered solution (PBS) two times and 1 ml TRIzol
(Takara Bio, Inc.) was added. Chloroform was added to the
TRIzol and mixed immediately. After 10 min, BMMCs were
centrifuged for 10 min at 13,500 x g. The upper transparent
supernatant was isolated and mixed with isopropanol in new
tubes without RNase. This mixture was then centrifuged for
10 min at 13,500 x g. The white sediment was the separated
RNA. A total of 75% absolute ethyl alcohol were used to wash
the RNA twice. RNAs were stored in an ultra-low temperature
freezer.

Synthesis of cDNA and real time PCR (RT-PCR). cDNA was
synthesized using a PrimeScript RT reagent kit and a gDNA
Eraser kit (Perfect Real Time; Takara Bio, Inc.) according to
the manufacturer's protocol. In general, 1 ug RNA was used for
the cDNA synthesis. An equal amount of cDNA was used as
templates for RT-PCR to detect gene expression. The reaction
system included 2 pl diluted cDNA, 10 ul SYBR Premix Ex
Taq (Takara Bio, Inc.) and 1 yM primer forward and reverse.
Finally, water was added to reach a final volume of 20 ul.
Primers used for PCR were synthesized by Sangon Biotech
(Shanghai) Co., Ltd., and their sequences are presented in
Table S1. The thermocycling conditions for each reaction
included an initial hold at 95°C for 30 sec, followed by 40
denaturation cycles at 95°C for 5 sec and annealing/extension
at 60°C for 30 sec. CFX96 Touch Real-Time PCR Detection
System (Bio-Rad Laboratories, Inc.) was used for the RT-PCR
amplification. Finally, the relative level of each gene expres-
sion was calculated using the 222°4 method (25).

Cell culture, lentivirus package and infection. AML tumor cell
lines HL-60 and KG-1a (American Type Culture Collection)
were cultured in Iscove's Modified Dulbecco's Medium
(Thermo Fisher Scientific, Inc.) with 10% fetal bovine serum
(FBS; Thermo Fisher Scientific, Inc.) at 37°C in an incubator
with 5% CO,. MOLM-13 and THP1 cells lines were cultured
in RPMI-1640 medium (Thermo Fisher Scientific, Inc.) with
10% FBS at 37°C in an incubator with 5% CO,.

To induce overexpression and knockdown of PD-L1 in cells,
a FUA-CMSZ-GFP vector containing PD-L1 full length, and
GV493-GFP vector containing PD-L1 sh1/sh2 sequences were
constructed. An empty vector served as the negative control.
293T cells were cultured in 6-well plates to transfect PD-L1
overexpressed (PD-L1-OV) vector or PD-L1-sh1/2 vector with
package vector using Lipofectamine™ 3000 Transfection
reagent (Thermo Fisher Scientific, Inc.) according to the manu-
facturer's protocol. Lentiviruses were obtained after 3-7 days
and stored in an ultra-low temperature freezer for follow-up
experiments. Lentivirus of PD-L1-OV or PD-L1-sh1/2 were
also used to infect cell lines MOLM-13 and THP1 using
Lipofectamine™ 3000.
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Protein extraction and western blotting. AML cell lines
MOLM-13 or THP1 were lysed with RIPA lysis buffer
containing 1 mM PMSF (both from Beyotime Institute of
Biotechnology). BCA assay method was used to detected
the concentration of protein. Proteins (30 ug per 20 ul) were
separated via SDS-PAGE (10% gel) at 80 V for 2 h, and then
transferred to polyvinylidene fluoride membranes (Merck
Millipore) at 200 mA for 2 h. 10% skim milk powder were
incubated with protein at room temperature for 2 h. The
antibodies of glycolysis-associated proteins HK2 (product
code ab37593; dilution 1:500) and LDHA (product code
ab125683; dilution 1:1,000; both from Abcam), PD-L1 anti-
body (product no. 13684; dilution 1:1,000; Cell Signaling
Technology, Inc.), HIF-1a antibody (product code H1a:67; dilu-
tion 1:1,000; Abcam), AKT (catalog no. 60203-2-1g; dilution
1:2,000; ProteinTech Group, Inc.)/p-AKT antibody (product
code ab78403; dilution 1:2,000; Abcam), S6 (product no. 2217,
dilution 1:1,000;)/pS6 antibody (product no. 4858; dilution
1:2,000; both from Cell Signaling Technology, Inc.) and [3-actin
(product no. 3700; dilution 1:4,000; Cell Signaling Technology,
Inc.) were used as primary antibodies at 4°C overnight. In
addition, the secondary antibodies included anti-mouse IgG
(product code ab6728; dilution 1:5,000) and anti-rabbit IgG
(product code ab6721; dilution 1:5,000; both from Abcam)
which were incubated with proteins at room temperature for
1 h following incubation of the primary antibodies. Enhanced
chemiluminescence (ECL) reaction (Thermo Fisher Scientific,
Inc.) was used to detect protein bands and staining intensity
was analyzed with software AI600 control (version 1.2.0; GE
Healthcare, Inc.).

Cell apoptosis, proliferation and cell cycle detection.
MOLM-13 (Blank, NC, PD-L1-OV; 1x10°) and THP1 (NC,
PD-L1-sh1/sh2; 1x10%) were obtained from 6-well plates,
and the cell cycle and apoptosis rate were detected using an
Annexin V-FITC/PI Apoptosis Detection kit (Beijing Solarbio
Science & Technology Co., Ltd.) and a Cell Cycle and
Apoptosis Analysis Kit (Beyotime Institute of Biotechnology),
respectively. BD FACSCanto™ II (BD Biosciences) was
used to analyze data. In addition, the MOLM-13 (Blank, NC,
PD-L1-OV; 1x10°) cell line was cultured in 96-well plates for
1,2, 3,4 and 5 days to detect cell proliferation using a CCK-8
assay.

Glucose consumption assay. Tumor cells (Blank, NC and
PD-L1-OV) were cultured in 6-well plates for 24 h, and
the supernatants were collected for testing the glucose
consumption with a Glucose Assay kit (Sigma-Aldrich; Merck
KGaA).

Metabolism assay. The extracellular acidification rate (ECAR)
was measured using a Seahorse XF Glycolysis Stress Test
kit and Seahorse XF96 Extracellular Flux Analyzers (both
from Agilent Technologies, inc.). The data were analyzed and
exported from Wave software (version 2.3.0.19; Agilent).

Immunohistochemistry (IHC) staining. Tumor tissues
from mice were fixed with 4% paraformaldehyde at room
temperature for 30 min and embedded in paraffin for protein
detection. First, paraffin-embedded tumor tissues were
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dewaxed at 65°C for 30-60 min. Citrate buffer was used for
antigen retrieval using boiling water for 20 min. Nonspecific
blockage solution and 3% hydrogen peroxide was added on
the paraffin-embedded tumor tissues for blocking endogenous
peroxidase and nonspecific antigen after the tissues cooled
to the room temperature. Then, antibodies of glycolysis-asso-
ciated protein LDHA (product code ab125683) and Ki67
(product code ab15580; both from Abcam) were stained
at 4°C overnight. The next day, horseradish peroxidase-labeled
rabbit anti-mouse (product code ab6728; dilution 1:200)/goat
anti-rabbit (product no. 2217; dilution 1:500; both from
Abcam) secondary antibody was added for the interaction
with 3,3'-diaminobenzidine. Nuclear staining was performed
using hematoxylin. Finally, paraffin-embedded tumor tissues
were dehydrated and mounted by Permount TM Mounting
medium.

Mouse experiment. The 5-6-week-old female NOD/SCID
mice (NOD. CB17-Prkdcscid/NcrCrl) were obtained from
Beijing Vital River Laboratory Animal Technology Co., Ltd.
The formation of tumors were carried out as described in a
previous atudy (26). The mice were randomly assigned into
two groups [NC (n=5) and PD-L1-OV (n=5)]. The mice were
euthanized with 1% pentobarbital sodium (150 mg/kg of body
weight) by i.p. injection after the maximum diameter exceeded
2 c¢m during tumor growth. A density of 5x10° PD-L1-OV
MOLM-13 and NC MOLM-13 cells were re-suspended into
100 u1 PBS and injected subcutaneously into the right flank
of each mouse. The tumor volume and mouse weight were
measured at 8, 13 and 18 days. Eighteen days after tumor
formation, the mice with tumors were sacrificed in general
in 150 mg/kg of body weight with 1% pentobarbital sodium
through intraperitoneal injection and the animals were consid-
ered dead upon cardiac arrest. The mouse experiments were
approved by the Institutional Animal Care and Use Committee
of the First Affiliated Hospital of Zhengzhou University.

Statistical analysis. Analysis of the data was performed using
SPSS Statistics 16.0 (SPSS, Inc.) and GraphPad Prism soft-
ware 7.0 (GraphPad Software, Inc.). P<0.05 was considered
to indicate a statistically significant result. The results are
expressed as the mean + standard error. Statistical significance
was determined via one-way ANOVA, two-way ANOVA,
Tukey's multiple comparisons test or unpaired Student's t-test.
Pearson's %> test was used to analyze the relationships between
PD-L1 and glycolysis-associated genes.

Results

PD-LI expression is associated with glycolysis and prognosis
in patients with AML. A total of 90 patient samples, that
had been newly diagnosed with AML, were collected and
divided into two groups according to the expression of PD-L1.
The clinical characteristics of these patients are presented
in Table I. The present study first analyzed the association
between PD-L1 and prognosis in the public database GEPIA
(http://gepia.cancer-pku.cn/) based on cut-off-high (70%) and
cut-off-low (30%) expression (27). Samples with an expression
level >70% were considered as the high-expression cohort;
conversely, samples with an expression level <30% were
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Table I. Clinical characteristics in AML patients.

PD-L1 expression

Characteristics Total High Low
Agelyears, median (range) 43.5 (14-81) 48 (14-76) 42 (16-81)
Age group/n (%)
>60 years 16 (17.8) 9 (10) 10 (11.1)
<60 years 74 (82.2) 36 (40) 35(38.9)
Sex/n (%)
Male 52 (57.8) 28 (62.2) 24 (53.3)
Female 38 (42.2) 17 (37.8) 21 (46.7)
WBC/ x 10%/1, median (range) 17.1 (1.1-350.3) 13.6 (1.1-350) 39.4 (1.34-229)
BM blasts/%, median (range) 64.6 (20-99.6) 57.6 (22.3-99.6) 66 (20-94.8)
PB blasts/%, median (range) 38.5 (0-98) 50 (0-97) 38 (0-98)
FAB subtypes/n (%)
MO 33.3) 244 12.2)
M1 3(3.3) 2(44) 12.2)
M2 43 (47.8) 20 (44 .4) 23 (51.1)
M4 13 (14.4) 6(13.3) 7 (15.6)
M5 25 (27.8) 13 (28.9) 12 (26.7)
M6 22.2) 244 0(0)
M7 1(1.1) 0(0) 12.2)
Risk/n (%)
Good 14 (15.6) 3(6.7) 11 24.4)
Intermediate 47 (52.2) 26 (57.8) 21 (46.7)
Poor 28 (31.1) 19 (42.2) 9 (20)
Cytogenetics/n (%)
Normal 42 (46.7) 19 (42.2) 23 (51.1)
Complex 6(6.7) 1(2.2) 5(11.1)
inv(16)/CBF3-MYH11 9 (10) 244 7 (15.6)
t(8;21)/RUNX1-RUNXIT1 9 (10) 2(44) 7(15.6)
11q23/MLL 2(12.2) 2(44) 0 (0)
-1/17q- 5(5.6) 3(6.7) 2(44)
t(9;22)/BCR-ABLI1 2(2.2) 2(44) 3(6.7)
Others 15 (16.7) 9 (20) 6 (13.3)

AML, acute myeloid leukemia; PD-L1, programmed cell death 1 ligand 1; WBC, white blood cell; BM, bone marrow; PB, peripheral blood;

FAB, franch american britain.

considered as the low-expression cohort. The results revealed
that high PD-L1 expression predicted poor outcome in patients
with AML (Fig. 1A). The 90 patients with AML were clas-
sified into a complete remission group and a relapsed or
refractory group according to the clinical therapy responses.
PD-L1 expression was decreased in patients with AML with
complete remission compared with that in patients with
relapsed or refractory AML (Fig. 1B), which was consistent
with the results in the public database. Several studies have
indicated that PD-L1 could promote glycolysis in other types
of cancer (19). The present study observed a moderately
positive correlation of PD-L1 expression with rate-limiting
enzymes (HK2 and PFKM) in glycolysis (Fig. 1C). However,
PD-L1 also exhibited a moderately positive correlation with

other glycolysis-associated enzymes, including ALDOA,
PGK1, PDK1 and LDHA (Fig. 1D). It was demonstrated
that PD-L1 was correlated with PDK1 and PFKM in GEPIA
(Fig. S1A and B).

High PD-LI expression in AML cell lines exhibits strong
glycolysis ability. In order to better investigate the effect of
PD-L1 expression, the present study selected four AML cell
lines, HL-60, MOLM-13, KG-1a and THPI. First, the present
study detected PD-L1 expression through RT-PCR and flow
cytometry. The THPI cell line exhibited the highest PD-L1
expression at both the mRNA level (F=107.5) and protein
level (Fig. 2A and B). The present study also revealed that
the expression levels of HK2 (F=254.5), ALDOA (F=213.5),



ONCOLOGY REPORTS 43: 999-1009, 2020

>

Qverall survival

— Low CD27a TPM
= High CD274 TPM
Logrank p=0.03%
HRhigh}=2.2
P{HR=0.048
nfhighjs32
nilowj=32

LI

Relative expression UJ
of PD-L1

Complete
remission

Relapsed/
Refractory

Percent survival
000204 0608 1.0

o

20 40 60 80
Months

p=0.0017 -
r=0.33

[\
w

p=0.0021

15
r=0.32

—y
w

—y
o
e
L]
w

Expression of ALDOA
n
(=]

Expression of PGK

- |
o

0 10 20 30
Expression of PD-L1

0 10
Expression of PD-L1

20 30 40

1003
C
~ 20 p<0.0001 = 25 p=0.0004
?,:‘15 r=045 L,
s S1s .
210 210
g5 8 5
u% 0 . . . ._.% 0 — —
0 10 20 30 40 0 10 20 30 40
Expression of PD-L1 Expression of PD-L1
T 40
]
2 30
L=]
520
210
S o e 0 , , . .
W40 10 20 30 40 0 10 20 30 40

Expression of PD-L1 Expression of PD-L1

Figure 1. High PD-L1 expression represents poor prognosis and strong glycolysis metabolism in patients with AML. (A) Survival analysis of PD-L1 and prog-
nosis in GEPIA. The dotted lines represent the 95% confidence interval information. BMMCs were obtained from patients with AML and used to detect gene
expression. (B) PD-L1 expression was detected in 90 patients newly diagnosed with AML with complete remission and relapsed or refractory; the correlation
between PD-L1 and glycolysis-associated genes (C) HK2 and PFKM, and (D) ALDOA, PGK1, PDK1 and LDHA in 90 patients with AML. ““P<0.001. PD-L1,
programmed cell death 1 ligand 1; AML, acute myeloid leukemia; BMMCs, bone marrow mononuclear cells.

PGK1 (F=189.2) and LDHA (F=52.3) were highly expressed
in the PD-L1-high expressed cell line, THP1, indicating that
PD-L1 may control cell glycolysis (Fig. 2C).

Overexpressed PD-LI enhances cell glycolysis. In the
present study, the PD-L1-OV MOLM-13 cell line was first
obtained by infection. PD-L1 was successfully expressed in
the PD-L1-OV MOLM-13 cell line (F=36) (Fig. 3A and B).
Glycolysis-associated genes of PD-L1-OV MOLM-13 were
assessed. HK2 (F=91.04), ALDOA (F=24.53),PGK1 (F=31.16)
and LDHA (F=37.11) were highly expressed at the mRNA
level in PD-L1-OV MOLM-13 cells compared to the blank
and NC groups (Fig. 3C). HK2 is an important rate-limiting
enzyme in glycolysis and LDHA mainly catalyzes lactic acid.
To further confirm the change of HK2 and LDHA, the present
study determined that the protein level of HK2 and LDHA
was significantly increased in PD-L1-OV MOLM-13 cells
(Fig. 3D). Due to the changes in these enzymes, the glucose
consumption of PD-L1-OV MOLM-13 cells was enhanced
(F=69.29) (Fig. 3E). In addition, PD-L1-OV MOLM-13 cells
exhibited a higher level of ECAR, which could represent
the glycolysis (Fig. 3F). PD-L1 expression of THP1 was
knocked-down (F=794.9) (Fig. S2A and B), with a decrease
of glycolysis-associated enzymes (HK?2, F=135.9; ALDOA,
F=361.8; PGK1, F=58.73; LDHA, F=89.63) (Fig. S2C and D).

PD-LI inhibits tumor cell apoptosis and promotes tumor cells
into the S phase. A previous study demonstrated that glycolysis
could affect cell proliferation and apoptosis (28). Therefore,
the proliferation of PD-L1-OV MOLM-13 cells was enhanced
and verified using a CCK-8 assay (Fig. S3). Furthermore,
the apoptosis rate of PD-L1-OV MOLM-13 cells exhibited
a significantly decreasing trend (F=98.28) (Fig. 4A). The
process of cell proliferation can be classified into three phases:

G, /G, S and G,/M (29). PD-L1 promoted tumor cells into
the S phase (F=13.59), indicating that PD-L1 could promote
cell cycle progression (Fig. 4B). Conversely, the apoptosis of
tumor cells (F=466.5) was significantly increased and the
percentage of cells in the S phase (F=14.02) was significantly
decreased following PD-L1 knockdown in the THP1 cell line
(Fig. 4C and D), with a number of cells remaining in the G/G,
phase.

PD-L1 promotes tumor cell glycolysis through
AKT/mTOR/HIF-1a signaling. PD-L1 has been reported to
trigger the mTOR signaling pathway in a mouse sarcoma
model (21). Hypoxia is a major characteristic in the bone
marrow microenvironment (30). S6 was reported as a
downstream effector of mTOR signaling (31). The present
study demonstrated that PD-L1 expression was positively
correlated with HIF-1a in 90 patients with AML (Fig. 5A).
Furthermore, the present study demonstrated that the acti-
vation of the AKT/mTOR/HIF-1a signaling pathway was
different according to the PD-L1 expression in the 4 AML
cell lines (Fig. 5B). In order to further examine the regulatory
mechanism of PD-L1 it was observed that, phosphorylation
of Akt (F=9.485) and S6 (F=10.26) and HIF-1a (F=30.2)
expression was increased after MOLM-13 tumor cells over-
expressed PD-L1, while cleaved caspase-3 (F=44.31) was
decreased (Fig. 5C and D). In contrast, the Akt/mTOR/HIF-1a
signaling pathway (p-AKT, F=37.91; p-S6, F=39.84; HIF-1a
F=122.7) was inactivated in PD-L1-shl and PD-L1-sh2
THP1 cells while cleaved caspase-3 was activated (F=8.801)
(Fig. 5E and F).

As presented in Fig. 3C, HK2 and LDHA were the genes
that exhibited the greatest change in PD-L1-OV MOLM-13
cells, thus, the present study speculated that these two genes
may be the downstream target genes of AKT/mTOR/HIF-1a
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signaling. The present study also demonstrated that
phosphorylation of S6 and HIF-1a expression were down-
regulated concurrently following the phosphorylation of
Akt via the Akt inhibitor (p-AKT, F=6.227; p-S6, F=10.16;
HIF-la, F=8.113) (Fig. 6A and B). In addition, HK2
(F=9.961) and LDHA (F=9.848) expression was also signifi-
cantly decreased in PD-L1-OV MOLM-13 cells treated with
Akt inhibitor (Fig. 6A and B). In addition, rapamycin, an
inhibitor of mTOR, was used to treat PD-L1-OV MOLM-13
cells to inhibit phosphorylation of S6. The expression of
HK2 (F=8.949), LDHA (F=7.811) and HIF-la (F=14.66)
was decreased in PD-L1-OV MOLM-13 treated with
rapamycin compared to the PD-L1-OV MOLM-13 cells
(Fig. 6C and D).

Overexpressed-PD-LI promotes tumor growth in vivo.
In order to confirm the proliferative effect of PD-LI in
AML cells in vivo, mouse models of PD-L1-OV MOLM-13
cells and NC were established in the present study. Tumor
volumes of the PD-L1-OV MOLM-13 group were larger

at 8, 13 and 18 days compared with the NC MOLM-13 group
(Fig. 7A). The images of the tumor size at 18 days also
demonstrated the same result (Fig. 7B). Since it has been
confirmed that the aforementioned glycolysis-associated
genes were highly expressed in the PD-L1-OV MOLM-13
cell in vitro experiment, the genes were detected in
tumor tissues. Glycolysis-associated genes and HIF-la
were highly expressed in tumor tissues of the PD-L1-OV
MOLM-13 group (Fig. 7C), and Ki67, a hallmark of
proliferation, was increased in the PD-L1-OV MOLM-13
group (Fig. 7D). LDHA, regulated by PD-L1/AKT/mTOR,
exhibited a highly expressed trend in tumor tissue of the
PD-L1-OV MOLM-13 group (Fig. 7D). The data indicated
that PD-L1 promoted AML cell proliferation by enhancing
glycolysis.

Discussion

An inreasing number of studies have demonstrated that cell
metabolism adjusted AML cell occurrence and development.
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The notion that oxidative phosphorylation could result in
chemotherapy-resistant and tumor progression in patients
with AML has previously been verified (32,33). AML cell
proliferation and stemness were regulated by phospholipid
metabolism (34). The present study primarily focused on
the association between PD-L1 and glycolysis in AML cells.
Patients with AML who expressed high levels of PD-L1 exhib-
ited an enhanced glycolysis ability. However, it was revealed
that some patients with high levels of glycolysis gene expres-
sion exhibited low expression of PD-L1, the reason for this may
be individual heterogeneity. Further assays were performed to
investigate the correlations between PD-L1 and glycolysis in
the present study. By overexpressing PD-L1 in vitro, it was
revealed that the glycolysis-associated genes in tumor cells
were upregulated, with increasing proliferation and decreasing
apoptosis.

Mounting evidence has suggested that the glycolysis
pathway is a potent target of cancer treatment. In pancreatic
cancer, tumor cell invasion and metastasis could be promoted
by glycolysis, which indicates that targeting glycolysis may
be a new therapeutic approach (35). LDHA plays an impor-
tant role in glycolysis, and inhibited LDHA-impacted tumor
cell viability in both in vivo and in vitro preclinical models of
Ewing sarcoma, accompanied by weakened glycolysis (36).
HK2, known as a pivotal rate-limiting enzyme, mainly
regulates cell glycolysis. Targeting HK2 with costunolide
decreased the uptake of glucose and lactate accumulation,
resulting in suppression of hepatic stellate cell viability,
which is the major cell for hepatic fibrosis (37). It has been
demonstrated that glycolysis metabolism was associated
with tumor cell development and progression in oral tongue

squamous cell carcinomas (38). In the results of the present
study, regardless of whether PD-L1 was overexpressed or
knocked-down, the expression of HK2 and LDHA was
increased or decreased in AML cells MOLM-13 with
cell proliferation altered, which was consistent with the
results observed in other tumor types (38). Several studies
have reported the impact of glycolysis in AML. Inhibition
of PDK promoted tumor cell apoptosis, and it has been
demonstrated that PDK would be a poor prognostic marker
in patients with AML through The Cancer Genome Atlas
database (39). Song et al observed that glycolysis was
associated with resistance to chemotherapy (40). Although
glycolysis was researched in AML, the majority of studies
only reported the phenomenon, without investigating the
mechanism.

In breast cancer, PD-L1 could predict the outcome of
patients (41). PD-L1 promoted tumor cell growth through
mTOR signaling in head and neck squamous cell carcinoma
carcinogenesis cell lines Cal-27 and Fadu (42). Consistent
with these findings, the present study revealed that PD-L1
expression was decreased in patients with AML with complete
remission compared with that in patients with relapsed or
refractory in the 90 samples from patients with AML. In
addition, PD-L1-OV MOLM-13 demonstrated increasing cell
viability and decreasing apoptosis. Li et al demonstrated that
MET downregulated PD-L1 expression by activating GSK3B.
The invasion of liver cancer cells was increased after using
the MET inhibitor (43). Icotinib increased the proliferation of
hepatocellular carcinoma cell lines both in vitro and in vivo
by upregulating PD-L1 expression; this phenomenon would be
diminished when knocking-down PD-L1 expression in tumor
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cells (44). The results of the present study coincided with
previous research that revealed that Ki67 expression of tumor
tissue in the PD-L1-OV MOLMI13 group was higher than in
the NC group in mouse models, indicating that PD-L1 plays a
major role in regulating tumor growth. The molecular mecha-
nism of the pro-tumor effect of PD-LI is yet to be elucidated.

There have been a number of studies that have focused on
the regulatory mechanism of glycolysis. It was investigated
that glycolysis was regulated by the long non-coding RNA
HOTTIP/ miR-615-3p/HMGB3 axis to impact tumor cell
behaviors in non-small cell lung carcinoma (45). Another study
revealed that glycolysis metabolism could be controlled by
protein kinase C-iota, due to the progression of non-small-cell
lung carcinoma (46). PCK1 is another gene that participates in
cell glycolysis metabolism. Chen and Zhu reported that Sonic
Hedgehog upregulated cell glycolysis by promoting the phos-
phorylation of PI3K and Akt and induced the expression of
PCK1 47). In the present study, PD-L1-OV MOLM-13 cells were
treated with Akt inhibitor and rapamycin, and it was revealed
that glycolysis-associated proteins HK2 and LDHA were down-
regulated. PD-L1 has been reported to enhance the proliferation
and progression of tumor cells and trigger cell glycolysis through
the mTOR signaling pathway in a mouse sarcoma model (21).
Phosphorylation of Akt and S6 was enhanced following over-
expression of PD-L1 in AML tumor cells in the present study.
In the bone marrow microenvironment, oxygen pressure is
physiologically lower than culture medium, which induced
HIF-1a (30). Although hypoxia was a significant prognostic
factor in solid tumors, the conclusions of blood tumors, such
as AML, were similar (2). In addition, it was also revealed that
PD-L1 expression was positively correlated with HIF-1a both
in the present study and in publicly available data and HIF-1a
expression was affected by Akt/mTOR signaling. Therefore, it
was speculated that HIF-1a impacted by Akt/mTOR signaling
could control AML cell glycolysis and it would be further identi-
fied that HIF-1a directly regulates glycolysis-associated genes
in future research. In addition, due to the lack of knowledge
regarding the signaling motif and signaling transduction of
PD-L1, RNA-sequencing of NC and PD-L1-OV cell lines will
be performed our future study, for further analysis to identify the
signal molecules involved in signaling transduction.

In conclusion, high PD-L1 expression was associated with
high expression of glycolysis-associated genes and poor prog-
nosis in patients with AML. The present study investigated
and elucidated an important regulatory mechanism of PD-L1
in AML cell lines. PD-L1 increased glycolysis metabolism
through Akt/mTOR/HIF-1a signaling, leading to rapid cell
proliferation and progression. Based on these findings, PD-L1
may be considered as a suitable marker for prognosis and
treatment in a clinical setting.
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