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Abstract

Long noncoding RNAs (IncRNAs) have been investigated in multiple human cancers
including gastric cancer (GC). Our research aims to explore the role of H19 in aerobic
glycolysis, proliferation, and immune escape of GC cells. The expression of H19 in
GC samples was analyzed using Gene Expression Profiling Interactive Analysis, Gene
Expression Omnibus data, and real-time quantitative PCR analysis. Relative quantifi-
cation of glucose consumption and lactate production from cell supernatant were ap-
plied to assess the aerobic glycolysis of GC cells. Subcellular fractionation, luciferase
reporter, and western blot assays certified the binding between genes. Cell Counting
Kit-8 and colony formation assays were used to determine GC cell proliferation. Flow
cytometry, ELISA, and real-time quantitative PCR assays were applied to analyze the
immunosuppressive effect of H19. H19 was highly expressed in samples of patients
with GC, and associated with tumor growth in vivo. H19 knockdown suppressed glu-
cose consumption, lactate production, and proliferation of GC cells by regulating the
microRNA (miR)-519d-3p/lactate dehydrogenase A (LDHA) axis. Both miR-519d-3p
depletion and LDHA overexpression could reverse the H19 knockdown-induced de-
crease in aerobic glycolysis and proliferation. Moreover, conditioned medium from
stable knockdown H19 GC cells modulated the activity of immune cells including

yoT cells, Jurkat cells, and tumor-associated macrophages in a miR-519d-3p/LDHA/

Abbreviations: ceRNA, competitive endogenous RNA; CM, conditioned medium; GC, gastric cancer; GEPIA, Gene Expression Profiling Interactive Analysis; HIF-1a, hypoxia-inducible
factor-1a; IFN-y, y-interferon; IL-2, interleukin-2; LDHA, lactate dehydrogenase A; IncRNA, long noncoding RNA; miR, microRNA; miRNA, microRNA; NK, natural killer; PDK1,
phosphoinositide-dependent kinase-1; PKM2, pyruvate kinase M2; RT-qPCR, real-time quantitative PCR; sh-NC, negative control; TAM, tumor-associated macrophage; TCGA, The

Cancer Genome Atlas.
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1 | INTRODUCTION

Gastric cancer ranked fifth in prevalence and third in mortality
around the world according to the 2018 Global Cancer Statistics
analysis.! Although endoscopy, surgery, and standard chemotherapy
have improved the 5-year survival rate of GC patients, the patients
with advanced stages and metastasis had an unfavorable prognosis.?
Consequently, it is worth seeking out new therapeutic targets and
clarifying the pathogenesis of GC.

Long noncoding RNA is a type of RNA more than 200 nt in
length without protein-coding function.® As shown in recent stud-
ies, IncRNAs were implicated in multiple human cancers and in-
volved in diverse biological processes of cancers, such as growth,
metastasis, drug resistance, metabolism, and immune escape.“'7
Among the IncRNAs associated with tumor progression, H19 is one
of the most well-characterized IncRNAs. A large and growing body
of work has shown that H19 was overexpressed and served as an
oncogene in diverse tumors, including breast cancer, colorectal
cancer, pancreatic cancer, and GC.B12 Zhang et al noted that H19
was overexpressed in GC tissues compared with adjacent normal
tissues, and was positively correlated with poor overall survival
time.X® Furthermore, studies have revealed that H19 exerts cru-
cial roles in the regulation of GC cell proliferation, migration, and
invasion.***> However, many undefined molecular mechanisms by
which H19 contributes to the progression of GC need to be thor-
oughly investigated.

As a distinctive hallmark of cancer, the Warburg effect or aer-
obic glycolysis confers on cancer cells a growth advantage by pro-
viding energy and biosynthesis building blocks even in the presence
of abundant oxygen.16 Aerobic glycolysis is now widely accepted
and serves as an antitumor therapeutic target,'” but the molecular
mechanisms controlling aerobic glycolysis have not been elucidated.
Accumulating evidence has indicated that IncRNAs can regulate glu-
cose metabolism in cancer cells by directly regulating the glycolytic
enzymes and glucose transporters, or indirectly modulating signal-
ing pathways.*® For instance, INcRNA AGPG enhanced glycolysis ac-
tivity and cell proliferation in esophageal squamous cell carcinoma
by stabilizing PFKFB3.1” Zhao and coworkers noted that IncRNA
MACC1-AS1 promoted GC cell metabolic plasticity through AMPK/
Lin28-mediated mRNA stability of MACC1.%° Although increased
H19 was involved in glycolysis and stemness maintenance in breast
cancer stem cells through the let-7/HIF-1a/PDK1 pathway signaling
cascade,?! the effect of H19 on aerobic glycolysis in GC remains

largely unknown.

lactate axis-dependent manner. The H19/miR-519d-3p/LDHA axis mainly contributed
to aerobic glycolysis, proliferation, and immune escape of GC cells.

aerobic glycolysis, gastric cancer, H19, immune escape, miR-519d-3p/LDHA axis

Mounting evidence suggested that aerobic glycolysis in cancer
cells has the ability to regulate the immune response in the tumor
microenvironment.??2% Lactate, a kind of glycolytic metabolite, has
been identified as a crucial component that contributes to the immu-
nosuppressive tumor microenvironment.?* Brand et al showed that
tumor-secreted lactate could dampen IFN-y production by CD8+ T
and NK cells and inhibiting their cytolytic activity.?> Nonetheless,
the link connecting H19, aerobic glycolysis, and immune escape in
GC cells is still not fully characterized.

In this study, we investigated whether and how H19 modu-
lated aerobic glycolysis, cell proliferation, and immune evasion.
Our results showed that the levels of H19 were significantly in-
creased in GC tissue specimens and were associated with a poor
prognosis. We further showed that H19 knockdown suppressed
aerobic glycolysis and cell proliferation through the miR-519d-3p/
LDHA axis in GC cells. Moreover, H19 knockdown modified
the activity of y8T cells, T cells, and TAMs, which participate in
tumor immune response, in a miR-519d-3p/LDHA/lactate axis-

dependent manner.

2 | MATERIALS AND METHODS
2.1 | Clinical tissue specimens

Twelve paired fresh tumor tissue specimens and adjacent nor-
mal tissue specimens were obtained from patients with GC at
the First Affiliated Hospital of Soochow University (Suzhou,
China) between May 2017 and August 2018. All tissue specimens
were snap-frozen in liquid nitrogen. This study was approved by
the Institutional Review Board of the First Affiliated Hospital of
Soochow University. Written informed consent was obtained from
each patient. Basic clinicopathological information is provided in
Table S1.

2.2 | Cell culture

Human GC lines AGS, SGC-7901, and MKN-45, normal gastric mu-
cosa cell GES-1, Jurkat, and THP-1 cells were purchased from the
Chinese Academy of Sciences Cell Bank. All cells were cultured in
RPMI-1640 (Biological Industries) supplemented with 10% FBS
(Biological Industries) and 1% penicillin-streptomycin (Beyotime,
#C0222) in a humidified incubator with 5% CO, at 37°C.



SUN ET AL. = 2247
Cancer Science gi4is %
(A) TCGA (B) GSE2685 GSE13861 (©)
(5]
— 1.—.—' . 20 c -
: 1000 [ 5 g2 .
§ & 5 800 S5 $15] -
w2 2| * = y = y S
a < 3 2 600 { @ : g
o 2 2 - @ 107
g §_ 400 E_ 101 s 'in %; "
Q (4] ]
> © o 200 2 o E e s
T T o - I £ 0]
% R
o b b -200 ' . 0 . : & 5 T v
QQSTA[L\\ oS ,é)\ O //"'D X
& v \\Q \‘\, \“// & \“,,
AN & &L o & o >
&0 &Q R éoﬁ &0& O&& &Q O‘&
«\) ‘\o‘ < 23 <
(D) Overall Survival (E) GSE26253 () 45
_ 100 Lo 19 TP _100- - Low expression of H19 _5 I i i
< Logrank p-0018 S - High expression of H19 ) 12
.2 HR(high)=1.7 — g p N
> 80 - p(HR)=0.019 2 75 <
5 UL 3 S 9
60 - L )
% g 5 50 - Ll ]
© 40 1 e T 6
= E O
<] a ] Sekk
S04 il 251 p=0.0381 £ 3
©
0 ] T T T ] T T 0 N v v ' m 0 - L] L]
0 20 40 60 80100 120 0 50 100 150 200 N o N B
. . Q,"O o7 o K
Months recurrence free survival time (months) 1<) Ao % \gls\
‘.90
(G) (H) U]
< sh-NC - sh-H19 MKN-45 1.5
~ 10007
m —
E 800 sh-NC b e ¢ £
re * ' z
£ 600 £
3 2
2 400 sh-H19 ;
=
'—
0 L) L L) L] L] 1

o
0 3 6 9 121518 2

Time (days)

sh-NC

sh-H19

FIGURE 1 H19 was overexpressed in gastric cancer (GC) tissue specimens and promoted tumor growth in vivo. A, Expression of H19
in GC tissue samples from The Cancer Genome Atlas (TCGA) data based on Gene Expression Profiling Interactive Analysis (GEPIA). B,
Expression of H19 from GSE2685 and GSE13861 datasets. C, Expression of H19 in 12 pairs of GC and adjacent normal tissue specimens.
D, Relationship between the expression of H19 and the overall survival of GC patients from TCGA data based on GEPIA. E, Relationship
between the expression of H19 and recurrence-free survival of GC patients from the GSE26253 database. F, Expression of H19 in GES-

1, AGS, SGC-7901, and MKN-45 cells. G-I, Tumor volume (G), image (H), and weight (I) of H19 knockdown MKN-45 tumors in nude mice.

n = 4 mice per group. Each experiment was carried out in triplicate. Data are presented as the mean + SD and analyzed by Student’s t-test.
*P < .05, **P < .01, ***P < .001. HR, hazard ratio; sh-NC, negative control; TPM, transcripts per million
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FIGURE 2 H19 knockdown inhibited aerobic glycolysis in gastric cancer cells. A, H19 levels in SGC-7901 and MKN-45 cells were analyzed by
real-time quantitative PCR after transfection with siRNA negative control (si-NC), H19 siRNA-1 (si-H19-1), or H19 siRNA-2 (si-H19-2). B, C, Glucose
consumption (B) and lactate production (C) were measured in SGC-7901 and MKN-45 cells after transfection with si-NC, si-H19-1, or si-H19-2. D,
E, Glucose consumption (D) and lactate production (E) were measured in both stable knockdown H19 (sh-H19) SGC-7901 and MKN-45 cells. Each
experiment was carried out in triplicate. Data are presented as the mean + SD and analyzed by Student’s t-test. *P < .05, **P < .01, ***P <.001

2.3 | RNAisolation and RT-qPCR

Total RNA from tissue samples or cells was extracted using
TRIzol reagent (TaKaRa) according to the manufacturer’s in-
structions. For gene expression analysis, a total of 1 ug RNA was
reverse-transcribed into cDNA using PrimeScript RT Master Mix
(Takara, #RR0O36A). The RT-qPCR reactions were undertaken
on a CFX96 Touch real-time PCR system (Bio-Rad) using AceQ
universal SYBR gPCR Master Mix (Vazyme, #Q511) according to

the manufacturer’s instructions. For miRNA expression analysis,
1 ug total RNA was used for first-strand DNA synthesis using a
miRNA 1st Strand cDNA Synthesis Kit (Vazyme, #MR101-02), and
RT-gPCR was carried out using a miRNA universal SYBR gPCR
Master Mix kit (Vazyme, #MQ101-02). Sample and reference
genes were analyzed in triplicate. Individual gene expression was
normalized to p-actin, and miRNA expression was normalized to
small nuclear RNA Ué. The primer sequences for RT-gPCR are
provided in Table S2.
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FIGURE 3 H19 knockdown inhibited aerobic glycolysis through lactate dehydrogenase A (LDHA). A, The expression of glycolysis-related
genes was examined by real-time quantitative PCR in SGC-7901 and MKN-45 cells after transfection with siRNA negative control (si-NC),
H19 siRNA-1 (si-H19-1), or H19 siRNA-2 (si-H19-2). B, LDHA protein level was detected by western blot in SGC-7901 and MKN-45 cells
after transfection with si-NC, si-H19-1, or si-H19-2. B-Actin served as a loading control. C, LDHA immunohistochemical staining in xenograft
tumor tissues from the sh-H19 or sh-NC group. One representative image is shown. D, LDHA protein level was detected by western blot in
both sh-H19 SGC-7901 and MKN-45 cells after transfection with negative control plasmid (NC) or LDHA overexpression plasmid (LDHA). -
Actin served as a loading control. E, F, Glucose consumption (E) and lactate production (F) were examined in sh-H19 SGC-7901 and MKN-45
cells after transfection with NC or LDHA. Each experiment was carried out in triplicate. Data are presented as the mean + SD and analyzed
by Student’s t-test. *P < .05, **P < .01, ***P < .001. GLUT1, glucose transporter type 1; HK2, hexokinase 2; LDHB, lactate dehydrogenase B;
ns, not significant; PDK1, phosphoinositide-dependent kinase-1; PKM2, pyruvate kinase M2
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2.4 | Conditioned medium

Cells (3 x 10°) were seeded in 6-well plates and cultured overnight.
The culture medium was changed to fresh medium in each well.
After 24 hours, the CM was collected.

2.5 | v8T cell separation and culture

ydT cells were isolated from human PBMCs and cultured as previ-

ously described.?®

2.6 | Other methods

Detailed descriptions of other methods used in this study are pro-
vided in Appendix S1.

2.7 | Statistical analysis

All data were presented as mean + SD. Student’s t-test was used for
comparisons between two groups. For survival curves, the Kaplan-
Meier method with log-rank or Gehan-Breslow-Wilcoxon test was
used. Significant differences were displayed as follows: *P < .05,
**P <.01, and ***P < .001.

3 | RESULTS

3.1 | H19 was overexpressed in GC tissue
specimens and promoted tumor growth in nude mice

Based on a new database visualization website of GEPIA with TCGA
data (http://gepia.cancer-pku.cn/), the expression of H19 was sig-
nificantly increased in GC tissue samples compared with normal
samples (Figure 1A). GSE2685 and GSE13861 microarray data from
Gene Expression Omnibus databases (http://www.ncbi.nlm.nih.
gov/gds/) also showed that the H19 levels were upregulated in GC
tissue samples (Figure 1B). To corroborate the above results, we
investigated the H19 expression levels in 12 pairs of fresh GC tis-

sues and corresponding normal adjacent tissues by RT-qPCR assay,

and found that the relative expression of H19 was higher in tumor
tissues than that in normal tissues (Figure 1C). We further evalu-
ated the prognostic value of H19 in GC using GEPIA with TCGA
data and GSE26253 microarray data. As shown in Figure 1D, GC
patients with high H19 expression had a shorter overall survival in
TCGA data. Moreover, high expression of H19 predicted shorter
recurrence-free survival in GSE26253 microarray data (Figure 1E).
Next, the expression levels of H19 in normal gastric mucosa cell
GES-1 and three GC cell lines AGS, MKN-45, and SGC-7901 cells
were examined. The RT-qPCR results noted that H19 was overex-
pressed in GC cell lines (Figure 1F).

We further used two nonoverlapping siRNAs targeting H19 (si-
H19-1 and si-H19-2) to knock down the expression of H19 in GC cells
(Figure 2A). The sequences of si-H19-2 were chosen to construct
the shRNA lentivirus (sh-H19), which mediated stably downregulat-
ing H19 expression in MKN-45 and SGC-7901 cells (Figure S1A-D).
To investigate the effect of H19 on tumor growth in vivo, we es-
tablished a nude mouse xenograft tumor model using stable knock-
down H19 MKN-45 cells (Figure 1G-I). The tumor sizes, images, and
mass revealed that H19 knockdown significantly suppressed MKN-
45 tumor growth (Figure 1G-I). Collectively, these data showed that
H19 was highly expressed in a subset of patients with GC, and was

positively associated with tumor growth in vivo.

3.2 | H19 knockdown inhibited glucose
consumption and lactate production in GC cells

Given that H19 could regulate aerobic glycolysis in breast cancer
stem cells and ovarian cancer cells,?>?” we hypothesized that H19
might be involved in the glycolysis process in GC cells. Hence, the
H19 knockdown cell model was established by transfecting SGC-
7901 and MKN-45 cells with two siRNAs (si-H19-1 and si-H19-2)
(Figure 2A). As shown in Figure 2B, H19 depletion dramatically re-
duced the glucose consumption in SGC-7901 and MKN-45 cells.
Moreover, we also analyzed the effect of H19 suppression on lac-
tate production and found that the silencing of H19 significantly
inhibited lactate production (Figure 2C). Consistent with the above
results, the glucose consumption and lactate production were also
clearly decreased in stable knockdown H19 SGC-7901 or MKN-45
cells (Figure 2D,E). These results indicated that H19 knockdown in-
hibited aerobic glycolysis in GC cells.

FIGURE 4 H19 sponged microRNA (miR)-519d-3p in gastric cancer cells. A, Subcellular distribution of H19 and lactate dehydrogenase

A (LDHA) was examined by nuclear and cytoplasmic separation experiments with real-time quantitative PCR (RT-gPCR) in MKN-45 cells. B,
Three putative miRNAs targeting both H19 and LDHA were predicted by three different algorithms (starBase 3.0 for H19, TargetScan 7.2 for
LDHA, and miRcode for H19). C, Levels of miR-519d-3p, miR-216b-5p, and miR-17-5p were detected by RT-gPCR in SGC-7901 and MKN-45
cells after transfection with siRNA negative control (si-NC), H19 siRNA-1 (si-H19-1), or H19 siRNA-2 (si-H19-2). D, Levels of miR-519d-3p

in the xenograft tumor tissues from the sh-H19 or sh-NC group were measured by RT-qPCR. E, Hybridization models between H19 and
miR-519d-3p. F, Luciferase reporter assay showed the binding of miR-519d-3p and WT H19 but not mutant (MUT) H19. G, mRNA levels of
H19 were measured by RT-gPCR in both SGC-7901 and MKN-45 cells after transfection with inhibitor negative control (NC), miR-519d-3p
inhibitor, mimic NC, or miR-519d-3p mimic. Each experiment was carried out in triplicate. Data are presented as the mean + SD and analyzed
by Student’s t-test. *P < .05, **P < .01, ***P < .001. ns, not significant
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3.3 | H19 regulated aerobic glycolysis via LDHA

To elucidate the mechanisms that H19 knockdown suppressed
aerobic glycolysis, a spectrum of key glycolysis-related genes was
examined in H19 knockdown SGC-7901 and MKN-45 cells by RT-
qPCR. The results showed that compared with glucose transporter
type 1, LDHB, hexokinase 2, PKM2, and PDK1, the mRNA expres-
sion level of LDHA was positively correlated with the expression
level of H19 in SGC-7901 and MKN-45 cells (Figure 3A). Moreover,
H19 knockdown reduced the protein expression of LDHA in SGC-
7901 and MKN-45 cells (Figures 3B and S2A). Importantly, the
immunohistochemistry and RT-gPCR assays revealed that the
protein and mRNA expression of LDHA was much lower in the
xenograft tissues from the sh-H19 group than in the sh-NC group
(Figures 3C and S2B).

To explore whether LDHA contributed to H19-mediated gly-
colysis, we obtained a commercial LDHA overexpression plasmid
(LDHA), which markedly upregulated the LDHA protein level in SGC-
7901 and MKN-45 cells (Figure S2C). As shown in Figure 3D, trans-
fection with LDHA overexpression plasmid abolished the effect of
H19 suppression on the protein expression of LDHA in SGC-7901
and MKN-45 cells (Figures 3D and S2D). More importantly, LDHA
overexpression reversed the H19 depletion-induced decrease in glu-
cose consumption and lactate production (Figure 3E,F). In addition,
we found that transfection with si-H19-1 significantly inhibited glu-
cose consumption and lactate production, whereas cotransfection
of si-H19-1 and LDHA overexpression plasmid could cancel out this
effect in SGC-7901 and MKN-45 cells (Figure S3).

3.4 | H19 regulated LDHA expression and glycolysis
in a miR-519d-3p-dependent manner

To explore how H19 regulated LDHA expression in GC cells, we
carried out cytoplasmic and nuclear separation experiments with
RT-gPCR to determine the subcellular localization of H19 and
LDHA. The results showed that H19 was distributed in both the
nucleus and cytoplasm, whereas LDHA was predominantly local-
ized in the cytoplasm (Figure 4A). Moreover, the predicted results
of IncATLAS (http://Incatlas.crg.eu/) also indicated that H19 was
localized in both the nucleus and cytoplasm (Figure S4). Therefore,
we speculated that H19 might function as a ceRNA to regulate
LDHA expression by sponging one or several specific miRNAs.
Hence, we predicted the possible binding miRNAs of H19 and

LDHA by using three publicly available prediction tools starBase
3.0 (for H19), TargetScan 7.2 (for LDHA), and miRcode (for H19).
As shown in Figure 4B, three miRNAs (miR-519d-3p, miR-216b-5p,
and miR-17-5p) could bind to both H19 and LDHA. Subsequently,
the levels of the three candidate miRNAs were detected by RT-
gPCR, and the results revealed that miR-519d-3p expression was
significantly increased in H19 knockdown SGC-7901 and MKN-
45 cells (Figure 4C). In addition, the expression of miR-519d-3p
was markedly upregulated in the xenograft tissues from the sh-
H19 group compared with the sh-NC group (Figure 4D). As shown
in Figure 4E, we showed the hybridization models between H19
and miR-519d-3p. Next, we undertook luciferase reporter assays
to determine whether miR-519d-3p could directly regulate H19.
Overexpression of miR-519d-3p impaired the luciferase activity
of the pmirGLO-H19-WT vector but failed to reduce that of the
pmirGLO-H19-MUT vector (Figure 4F). Moreover, the results of
RT-gPCR also indicated that the downregulation of miR-519d-3p
significantly increased the levels of H19 in SGC-7901 and MKN-45
cells, whereas miR-519d-3p overexpression reduced the levels of
H19 (Figure 4G).

The hybridization models between LDHA and miR-519d-3p are
shown in Figure 5A. Luciferase reporter assays confirmed the di-
rect interaction between LDHA and miR-519d-3p. The miR-519d-3p
mimic reduced the luciferase activity of the pmirGLO-LDHA-WT
vector but failed to decrease that of the pmirGLO-LDHA-MUT vec-
tor (Figure 5B). MicroRNA-519d-3p knockdown elevated, whereas
miR-519d-3p overexpression reduced, the mRNA and protein ex-
pression of LDHA in SGC-7901 and MKN-45 cells (Figures 5C,D and
S5A).

We also undertook the rescue experiments. The results indicated
that downregulation of miR-519d-3p could counteract the increases
in miR-519d-3p expression induced by H19 knockdown in SGC-7901
and MKN-45 cells (Figure S5B). Additionally, miR-519d-3p inhibitor
reversed the decreases in LDHA mRNA and protein expression in
stable knockdown H19 SGC-7901 and MKN-45 cells (Figures 5E,F
and S5C). Furthermore, miR-519d-3p knockdown abolished the ef-
fect of H19 suppression on glucose consumption and lactate pro-
duction in SGC-7901 and MKN-45 cells (Figure 5G,H). Additionally,
H19 knockdown could inhibit glucose consumption and lactate pro-
duction, whereas cotransfection of si-H19-1 and miR-519d-3p inhib-
itor had no effect on glucose consumption and lactate production in
SGC-7901 and MKN-45 cells (Figure Sé). These data suggested that
H19 could modulate LDHA expression and glycolysis by sponging
miR-519d-3p.

FIGURE 5 H19 regulated lactate dehydrogenase A (LDHA) expression and glycolysis through microRNA (miR)-519d-3p. A, Hybridization
models between LDHA and miR-519d-3p. B, Luciferase reporter assay showed the binding of miR-519d-3p and WT LDHA 3'-UTR but not
mutant (MUT) LDHA 3'-UTR. C, D, mRNA (C) and protein (D) levels of LDHA were measured in both SGC-7901 and MKN-45 cells after
transfection with inhibitor negative control (NC), miR-519d-3p inhibitor, mimic NC, or miR-519d-3p mimic. p-Actin served as a loading
control. E, F, mRNA (E) and protein (F) levels of LDHA were measured in both sh-H19 SGC-7901 and MKN-45 cells after transfection with
inhibitor NC or miR-519d-3p inhibitor. p-Actin served as a loading control. G, H, Glucose consumption (G) and lactate production (H) were
examined in both sh-H19 SGC-7901 and MKN-45 cells after transfection with inhibitor NC or miR-519d-3p inhibitor. Each experiment was
carried out in triplicate. Data are presented as the mean + SD and analyzed by Student’s t-test. *P < .05, **P < .01, ***P < .001
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3.5 | H19 knockdown suppressed GC cell
proliferation through the miR-519d-3p/LDHA axis

Notably, H19 has been reported to promote cancer cell proliferation
through multiple mechanisms.?®%° Herein, we investigated the ef-
fect of H19 knockdown on GC cell proliferation and explored the un-
derlying molecular mechanisms. The CCK-8 assay indicated that H19
knockdown significantly decreased the proliferation rate of GC cells
(Figure 6A,B). These results were further confirmed by clonogenic
assay (Figure 6C,D). Given that H19 modulated glycolysis through
regulating LDHA expression in a miR-519d-3p-dependent manner,
we next determined whether H19 was involved in GC cell growth
through the miR-519d-3p/LDHA axis. Rescue experiments validated
that the effect of H19 knockdown on GC cell proliferation rate and
colony formation was reversed by miR-519d-3p depletion and LDHA

overexpression (Figure 6).

3.6 | H19 modulated immune escape through the
miR-519d-3p/LDHA/lactate axis

Previous studies have shown that lactate, a major glycolytic
metabolite, could modify tumor immune response.zs’31 Also,
our results indicated that H19 knockdown markedly decreased
the accumulation of extracellular levels of lactate (Figure 2C,E).
Therefore, we asked whether H19 was able to modulate tumor
immune response through the miR-519d-3p/LDHA/lactate axis.
As shown in Figure 7A, CM from stable knockdown H19 GC cells
clearly elevated the population of IFN-y-positive (IFN-y*) y8T

cells, an important antitumor immune cell.%?

Moreover, treatment
with lactate counteracted the increases in the population of IFN-
v y8T cells induced by CM from stable knockdown H19 GC cells
(Figure 7A). Conditioned medium from stable knockdown H19 GC
cells treated with miR-519d-3p inhibitor or LDHA overexpression
plasmid had similar results (Figure 7A). Furthermore, the addi-
tion of lactate or treatment with CM from stable knockdown H19
GC cells transfected with miR-519d-3p inhibitor or LDHA over-
expression plasmid also reduced the IL-2 expression in PMA and
ionomycin-activated Jurkat cells, which was enhanced by CM from
stable knockdown H19 GC cells (Figure 7B).

We also investigated whether H19 signaling could modulate TAM
generation from human monocyte cell line THP-1. After treatment
with PMA for 24 hours, THP-1 cells were cultured with CM from sta-
ble knockdown H19 GC cells. The results of RT-qPCR showed that
macrophages treated with CM from stable knockdown H19 GC cells
showed higher levels of M1 markers nitric oxide synthase 2, C-X-C

motif chemokine ligand 9, tumor necrosis factor-a, and HLA-DR, but

lower levels of M2 markers arginase 1 and transforming growth fac-
tor-p (Figure 7C). Treatment with lactate or CM from stable knock-
down H19 GC cells transfected with miR-519d-3p inhibitor or LDHA
overexpression plasmid abolished the effect of CM from stable
knockdown H19 GC cells on TAM generation (Figure 7C). In addi-
tion, the population of CD163* TAMs was significantly decreased in
nos2xenograft tissues from the sh-H19 group compared with the sh-
NC group (Figure S7). The above results indicated that H19 signaling
modulated the activity of immune cells including y8T cells, Jurkat
cells, and TAMs, which might contribute to the immune escape of
GC cells.

4 | DISCUSSION

H19 has been identified to act as an important regulator in the tu-
morigenesis and progression of GC. For instance, upregulated H19
was associated with lymph node metastasis and TNM stage of GC
patients and promoted cell growth and metastasis through the
miR-22-3p/Snaill signaling pathway in GC.23 H19-derived miR-675
was reported to enhance the proliferation and invasion of GC cells
through RUNX1.34 Herein, findings from our study were consistent
with previous reports that H19 was highly expressed in GC tissues
and was associated with the poor prognosis of patients with GC.
Using a nude mouse xenograft tumor model, H19 knockdown was
found to significantly suppress tumor growth in vivo. More impor-
tantly, we found that H19 modulated the aerobic glycolysis, prolif-
eration, and immune escape of GC cells by sponging miR-519d-3p to
induce the expression of LDHA (Figure 8).

Previous studies noted that H19 participated in cancer cell aero-
bic glycolysis. The H19/let-7/HIF-1a signaling-mediated PDK1 could
regulate glycolysis, and further contribute to breast cancer stem cell
maintenance under hypoxic conditions.?* In ovarian cancer, H19
overexpression increased glucose consumption, lactate produc-
tion, and PKM2 expression in SKOV3 and A2780 cells treated with
ginsenoside 20(5)-Rg3.27 The above studies showed the important
roles of H19 in the regulation of aerobic glycolysis in cancers, but
the effect of H19 on aerobic glycolysis in GC remains largely un-
known. In this study, we found that H19 knockdown decreased glu-
cose consumption and lactate production in GC cells. Moreover, the
mRNA and protein levels of LDHA were positively associated with
H19 levels in GC cells. Importantly, LDHA was highly expressed in

GC samples,3>3¢

and involved in glucose metabolism, proliferation,
and migration of GC cells.®”8 Therefore, we inferred that H19 par-
ticipated in GC aerobic glycolysis by regulating LDHA. Our results
indicated that LDHA overexpression reversed the H19 depletion-

induced decreases in glucose consumption and lactate production

FIGURE 6 H19 knockdown suppressed gastric cancer cell proliferation through the microRNA (miR)-519d-3p/lactate dehydrogenase

A (LDHA\) axis. A, B, Cell viability of sh-H19 SGC-7901 and MKN-45 cells was analyzed by CCK-8 after transfection with miR-519d-3p
inhibitor (A) or LDHA overexpression plasmid (B). C, D, Colony formation assay of sh-H19 SGC-7901 and MKN-45 cells after transfection
with miR-519d-3p inhibitor (C) or LDHA overexpression plasmid (D). Each experiment was carried out in triplicate. Data are presented as the
mean + SD and analyzed by Student’s t-test. *P < .05, **P < .01, ***P < .001. OD, optical density
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FIGURE 7 H19 knockdown affected tumor immune response through the microRNA (miR)-519d-3p/ lactate dehydrogenase A (LDHA)/
lactate axis. A, Population of interferon-y (IFN-y)* y8T cells among y8T cells treated with conditioned medium (CM) from sh-H19 SGC-7901
and MKN-45 cells (sh-H19), CM from sh-H19 SGC-7901 and MKN-45 cells after transfection with miR-519d-3p inhibitor (sh-H19 + miR-
519d-3p inhibitor), or CM from sh-H19 SGC-7901 and MKN-45 cells after transfection with LDHA overexpression plasmid (sh-H19 + LDHA)
or lactate. B, Concentrations of interleukin-2 (IL-2) in the supernatants of PMA and ionomycin-activated Jurkat cells treated with sh-H19,
sh-H19 + miR-519d-3p inhibitor, sh-H19 + LDHA or lactate. C, Expression of the markers of M1 and M2 macrophages in PMA-treated THP-1
macrophages treated with sh-H19, sh-H19 + miR-519d-3p inhibitor, sh-H19 + LDHA or lactate. Each experiment was carried out in triplicate.
Data are presented as the mean + SD and analyzed by Student’s t-test. *P < .05, **P < .01, ***P < .001. ARG1, arginase 1; CXCL9, C-X-C motif
chemokine ligand 9; NOS2, nitric oxide synthase 2; PE, phycoerythrin; TGF-, transforming growth factor-p; TNF-a, tumor necrosis factor-a

in SGC-7901 and MKN-45 cells. In breast cancer stem cells, H19
knockdown decreased PDK1 expression through the let-7/HIF-1a
axis in hypoxia, and ablation of PDK1 counteracted H19-mediated
glycolysis, suggesting that H19 modulated glycolysis through the
let-7/HIF-10/PDK1 axis.?! In the current study, our data suggested
that the important effect of H19 on GC aerobic glycolysis is LDHA-
dependent in the presence of a rich oxygen supply. We cannot ex-
plain the roles of H19 in modulating aerobic glycolysis in GC cells
under hypoxic conditions. Further investigations are required to an-
swer this question.

It is well known that the biological function of IncRNAs is largely
dependent on their subcellular localization.®? Herein, our results
showed that H19 and LDHA were colocalized in the cytoplasm.
Therefore, we speculated that H19 might function as a ceRNA to
regulate LDHA expression by sponging miRNAs. Subsequently,
there was a negative correlation between miR-519d-3p and H19 or
LDHA in GC cells. Importantly, miR-519d-3p functioned as a tumor
suppressor in multiple malignant tumors, such as colorectal cancer,*°

breast cancer,* pancreatic ductal adenocarcinoma,*? and GC.*®

Glucose

FIGURE 8 H19 modulated the aerobic
glycolysis, proliferation, and immune
escape of gastric cancer cells by sponging
microRNA (miR)-519d-3p to induce the
expression of lactate dehydrogenase

A (LDHA). TAM, tumor-associated Tumor cell

Glucose —G6P—F1,6P —— Pyruvate———Lactate

Herein, in vitro luciferase assays indicated that both H19 and LDHA
were direct targets of miR-519d-3p. Moreover, miR-519d-3p knock-
down abolished the effect of H19 suppression on LDHA expression,
glucose consumption, lactate production, and cell proliferation in
GC. The above results revealed that H19 regulated glycolysis and
cell proliferation through the miR-519d-3p/LDHA axis.

As a major glycolytic metabolite, lactate functioned as a mod-
ulator of immune response and tumor progression.Z“'zs’31 Lactate
dehydrogenase A-associated lactate accumulation blunted tumor
surveillance by inhibiting the function and survival of T and NK
cells.?® Chen et al reported that lactate could activate macrophage
G protein-coupled receptor 132 (Gpr132) to promote the alterna-
tively activated macrophage (M2)-like phenotype.** Furthermore,
lactate was markedly upregulated in GC tumor-infiltrating T cells
and associated with decreased T helper 1 cells and CTLs.** Based on
our data that H19 affected lactate accumulation, we concluded that
H19 might modulate tumor immune response in a lactate-dependent
manner. Our and others’ studies showed that y8T cells have import-

ant roles in tumor immunosurveillance against multiple malignancies,
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such as colorectal cancer and leukemia.?®*¢ Importantly, tumor-
infiltrating y8T cells were an independent prognostic factor in GC
patients and could predict the survival benefit of adjuvant chemo-
therapy in patients with TNM Il and Il diseases.”” Therefore, we
explored the effect of CM from stable knockdown H19 GC cells on
ydT cells. Our results indicated that CM from stable knockdown H19
GC cells elevated the population of IFN-y* y8T cells, while lactate
or treatment with CM from stable knockdown H19 GC cells after
transfection with miR-519d-3p inhibitor or LDHA overexpression
plasmid counteracted this effect. In addition, we also asked how H19
knockdown affected T cells and TAMs. The addition of lactate or
treatment with CM from stable knockdown H19 GC cells after trans-
fection with miR-519d-3p inhibitor or LDHA overexpression plasmid
abolished the increase in IL-2 expression in activated Jurkat cells and
TAM generation induced by CM from stable knockdown H19 GC
cells. These data indicated that H19 signaling could modulate the ac-
tivity of y8T cells, T cells, and TAMs. Nevertheless, the effect of the
H19/miR-519d-3p/LDHA/lactate axis on other immune cells, such as
NK cells, myeloid-derived suppressor cells, and Foxp3 regulatory T
cells, requires investigation in our future study.

In summary, our results indicated the novel role of H19 in mod-
ulating aerobic glycolysis, proliferation, and immune escape of GC.
Moreover, H19 mediated the effect on aerobic glycolysis, proliferation,
and immune escape of GC cells through the miR-519d-3p/LDHA axis.
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