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Abstract
Background: Angiogenesis is described as a complex process in which new microvessels sprout from endothelial cells of existing 
vasculature. This study aimed to determine whether long non-coding RNA (lncRNA) H19 induced the angiogenesis of gastric 
cancer (GC) and its possible mechanism.
Methods: Gene expression level was determined by quantitative real-time polymerase chain reaction and western blotting. Cell 
counting kit-8, transwell, 5-Ethynyl-2′-deoxyuridine (EdU), colony formation assay, and human umbilical vein endothelial cells 
(HUVECs) angiogenesis assay as well as Matrigel plug assay were conducted to study the proliferation, migration, and 
angiogenesis of GC in vitro and in vivo. The binding protein of H19 was found by RNA pull-down and RNA 
Immunoprecipitation (RIP). High-throughput sequencing was performed and next Gene Ontology (GO) as well as Kyoto 
Encyclopedia of Genes and Genomes (KEGG) analysis was conducted to analyze the genes that are under H19 regulation. 
Methylated RIP (me-RIP) assay was used to investigate the sites and abundance among target mRNA. The transcription factor 
acted as upstream of H19 was determined through chromatin immunoprecipitation (ChIP) and luciferase assay.
Results: In this study, we found that hypoxia-induced factor (HIF)-1a could bind to the promoter region of H19, leading to 
H19 overexpression. High expression of H19 was correlated with angiogenesis in GC, and H19 knocking down could inhibit 
cell proliferation, migration and angiogenesis. Mechanistically, the oncogenic role of H19 was achieved by binding with the N6-
methyladenosine (m6A) reader YTH domain-containing family protein 1 (YTHDF1), which could recognize the m6A site on the 
3′-untransated regions (3′-UTR) of scavenger receptor class B member 1 (SCARB1) mRNA, resulting in over-translation of 
SCARB1 and thus promoting the proliferation, migration, and angiogenesis of GC cells.
Conclusion: HIF-1a induced overexpression of H19 via binding with the promoter of H19, and H19 promoted GC cells proliferation, 
migration and angiogenesis through YTHDF1/SCARB1, which might be a beneficial target for antiangiogenic therapy for GC.
Keywords: Gastric cancer; H19 long non-coding RNA; Angiogenesis; YTHDF1 protein, human; SCARB1 protein, human; 6-
methyladenine

Introduction

Gastric cancer (GC) is the third leading cause of cancer-
related death and the fifth most frequently diagnosed 
cancer worldwide, and the incidence rates in Eastern 
Asia occupy the first place worldwide in both sexes.[1,2] 
To make matters worse, most cases are already in 
advanced state when they are diagnosed, which is one of 
the reasons that the 5-year survival rate is so poor.[3] 
Lymph node metastasis is also the reason for its difficult 
treatment and poor prognosis. Therefore, a better grasp 
of mechanism underlying metastasis in GC cells will 
help identify new approaches to improve treatment effi-
cacy for GC patients.

Angiogenesis is described as a complex process, in 
which new microvessels sprout from endothelial cells in 
existing vasculature under the action of some factors in 
the extracellular matrix that are released from cancer 
cells.[4,5] Soluble factors such as growth factors, cyto-
kines, and chemokines such as angiopoietin-2 (ANGII), 
vascular endothelial growth factor (VEGF), vasohibin 2 
(VASH2), and hypoxia-induced factor (HIF) can 
promote endothelial cell migration and angiogenesis in 
an autocrine and/or paracrine manner.[4,6] The imbal-
ance of these factors contributes to the formation of 
tumor microvessels.[7] The lack of nutrients in solid 
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tumors is one of the important factors that promotes 
angiogenesis, and molecules of the HIF family play a 
crucial role in this process. HIF is a heterodimer of an 
oxygen-regulated a subunit and a stably expressed b 
subunit. HIFa protein is stabilized and translocates into 
the nucleus under hypoxic condition, where it dimerizes 
with HIFb, allowing the heterodimer to bind hypoxia 
response elements (HREs) and then activate the tran-
scription of downstream target genes.[8,9]

Long non-coding RNAs (lncRNAs) are determined as 
transcripts larger than 200 nucleotides that participate 
in many biological activities, such as apoptosis, cell 
differentiation, metastasis, and angiogenesis, thus contrib-
uting to cancer progression.[3,10] H19, located in 11p15.5 
was found decades ago and acts as oncogene in various 
cancers. Previous studies have verified that H19 promoted 
glioma cell proliferation, migration, and angiogenesis 
via the miR-342/Wnt5a/b-catenin axis which provided 
a new therapeutic target for glioma treatment.[11,12] 
Although several studies have reported that H19 regu-
lates angiogenesis in cancers, its mechanism needs to be 
further explored.

In mammalian cells, N6-methyladenosine (m6A) is the 
most prevalent modification of mRNA and is a dynamic 
RNA modification and this kind of modification can 
influence various biological functions, including mRNA 
structure, maturation, and stability.[13,14] Nevertheless, 
there are few reports on the study of m6A in GC and its 
regulatory relationship with angiogenesis-related factors. 
This study aimed to elucidate the effect of HIF-1a/H19/
YTH protein 1 (YTHDF1)/scavenger receptor class B 
member 1 (SCARB1) axis in the proliferation, migration 
and angiogenesis process of GC cells.

Methods

Ethical approval

This study was performed strictly in accordance with 
the recommendations in the Guide for the Care and Use 
of Laboratory Animals of the National Institutes of 
Health (1601248-4). The protocol was approved by the 
Animal Ethical and Welfare Committee of Nanjing 
Medical University. Written informed consent was obtained 
from all patients and this study was approved by the 
Ethics Committee of the First Affiliated Hospital 
of Nanjing Medical University (2017-SRFA-049). All 
operations complied with the Declaration of Helsinki.

Human tissues and tissue microarrays

Fresh tumor samples as well as adjacent tumor samples 
were collected from 48 GC patients operated in the First 
Affiliated Hospital of Nanjing Medical University from 
December 2018 to July 2019. Clinical and pathological 
data were integrated including gender, age, tumor size, 
pathologic tumor node metastasis (pTNM), lymph node 
metastasis, general classification, and Lauren’s classifica-
tion. All samples were not treated with radiotherapy, 
chemotherapy or other therapy aimed at tumors. We 
reviewed the whole hematoxylin–eosin (H&E) stained 

sections of the 48 patients and selected the representa-
tive cores including GC areas and regular tissue areas 
for tissue microarray analysis. Tissue microarray blocks 
were divided into GC blocks and normal tissue blocks 
which were constructed by the diameter of 1.5 mm 
representative cores taken from formalin-fixed paraffin-
embedded (FFPE) tissue using the Manual Tissue 
Arrayer (Beecher Instruments, Sun Prairie, WI, USA).

Cell lines and cell culture

The human GC cell lines BGC-823, AGS, SGC-7901, 
MKN-45, and NCI-N87 were cultured in RPMI-1640, 
GES-1 was cultured in Dulbecco’s modified Eagle’s 
medium (DMEM, Gibco, Life Technologies, Carlsbad, 
CA, USA), and human umbilical vein endothelial cells 
(HUVECs) were cultured in Endothelial Cell Medium 
(ECM, ScienCell, Santiago, USA). All media were supple-
mented with 10% fetal bovine fetal (FBS, AusGeneX, 
Brisbane, Australia) and 1% penicillin and streptomycin 
(Invitrogen Co., Ltd., Carlsbad, CA, USA), and incuba-
tion condition was 37℃ with 5% CO2.

Transfection

We constructed sh-H19 for in vivo experiments using 
pRNA1.1-Neo-GFP-U6 vector. The sequence and the 
details of small interfering RNA (siRNA) as well as sh-
H19 were listed in Supplementary Table 3, http://
links.lww.com/CM9/B581. Lip3000 (Invitrogen Co., Ltd., 
Carlsbad, CA, USA) and FuGENE® HD Transfection 
Reagent (Promega Corporation, Wisconsin, USA) were 
used to transfect si-H19 and overexpression plasmid 
targeted H19 (pcDNA-H19) and their corresponding 
control sequences, respectively, after dilution with Opti-
MEM™ Reduced Serum Medium (opti-MEM) (Gibco, 
USA).

Extraction of RNA and quantitative Real-time Polymerase 
Chain Reaction (qRT-PCR)

Total RNA was extracted from tissues and cells using 
TRIzol reagent (Invitrogen Co., Ltd., Carlsbad, CA, 
USA), trichloroethane, and isopropanol. To determine 
the expression level of mRNA, we used PrimeScript™ RT 
reagent Kit with genomic DNA (gDNA) Eraser (Perfect 
Real Time) (Takara, Shiga, Japan) to reverse transcrip-
tion into cDNA. After this, qRT-PCR was conducted 
with TB Green Premix Ex Taq™ (Tli RNaseH Plus) 
(Takara, Japan). The primer sequences were listed in 
Supplementary Table 1, http://links.lww.com/CM9/B581.

Cell proliferation assay

Cells were seeded into a 96-well plate after transfection 
for 24 h and added 10 mL/well CCK8 (Bimake, Houston, 
USA) for every 24 h, and the plate was incubated for 2 h 
in 37℃. Then the absorbance was measured at 450 nm. 
Colony formation assay was performed using a 6-well 
plate that was seeded the same amount of treatment or 
control cells and incubated for 2 weeks before crystal 
violet staining. 5-Ethynyl-2′-deoxyuridine (EdU) assay 

1720

http://links.lww.com/CM9/B581
http://links.lww.com/CM9/B581


Chinese Medical Journal 2023;136(14) www.cmj.org

was also used to examine the ability of cell proliferation 
according to the manufacturer’s instructions (Ribobio, 
Guangzhou, China).

Transwell migration assay

To verify the ability of cell migration, we conducted a 
transwell assay using a 24-well plate and transwell 
chambers (Corning Incorporated, New York, USA). After 
transfection for 24 h, 300 mL cell suspension (15,000 cells/
well) were seeded into the upper chambers while the 
lower chambers were added 700 mL medium with FBS. 
After incubation at 37℃ for 48 h, the chambers along 
with the cells were stained by crystal violet before 
methanol fixation for 30 min. Then we counted the 
number of cells passing through the basement membrane.

Angiogenesis assay in vitro

After the GC cells were transfected with si-H19/si-SCARB1/
si-HIF-1a or pcDNA-H19 for 24 h, a new complete medium 
was changed and continue culturing for 24 h. The super-
natant was collected and centrifuged at 4℃ to remove 
cell debris and other impurities. Human umbilical vein 
endothelial cells (HUVECs) were planted on the Matrigel 
Matrix (Corning, Shanghai, China) at a density of 
20,000 cells per well in a 96-well gel plate. The same 
volume of GC cell supernatant was added into the 96-
well plate for co-incubation, then we observed and taken 
pictures at an appropriate time. Tube numbers were 
analyzed by Image J software (http://rsb.info.nih.gov/ij/).

Nuclear/cytoplasmic separation assay

The nuclear/cytoplasmic separation assay was performed 
to determine the subcellular localization of H19 and the 
experiment process was performed according to the 
manufacturer’s instructions (Life Technologies, CA, USA). 
The internal reference included b-actin which was mainly 
expressed in cytoplasm and U6 which was mainly expressed 
in nucleus.

In vivo assay and Matrigel plug assay

Four weeks female BALB/c-nude mice were purchased 
from Charles River (Beijing, China). shRNA control 
(empty vector) and sh-H19 were transfected into BGC-
823 cells for 24 h. The cells were collected after digested 
by trypsin. The cells were washed using phosphate buff-
ered saline (PBS) (Gibco, USA) twice and resuspended 
with PBS before being subcutaneously injected into nude 
mice. When we conducted the Matrigel plug assay, we 
mixed the hypertension matrigel matrix (Corning, 
Shanghai, China) with cell suspension and then subcuta-
neously injected it into nude mice using the same 
method as above. The longest and shortest diameters of 
tumors were measured every 3 days. The tumor volume 
was calculated according to the formula: tumor volume 
(mm3) = (the longest diameter × the shortest diameter2)/
2. The mice were sacrificed after 2 weeks, then 
H&E and immunohistochemistry (IHC) staining were 
conducted.

IHC　

FFPE tissues of the subcutaneous tumors were cut into 
4 mm tissue slices before being deparaffinized and rehy-
drated for 15 min. Antigen repair was conducted by 
ethylene diamine tetra acetic acid (EDTA) loading buffer 
under high pressure. Sections were incubated with 
primary antibodies at 4°C overnight. Secondary anti-
body was added and incubated at room temperature for 
17 min. Incubated with 3,3-N-diaminobenzidine tetrahy-
drochloride (DAB) for 3–5 min, sections were counter-
stained with hematoxylin followed by differentiation, 
dehydration, transparency, and sealing. The details of 
the antibodies were listed in Supplementary Table 2, 
http://links.lww.com/CM9/B581.

High-throughput sequencing

To investigate the downstream target genes regulated by 
lncRNA H19, we conducted a microarray analysis. H19 
siRNA was transfected into BGC-823 cell lines for 24 h 
and then lysing cells with TRIzol. High-throughput 
sequencing was performed and next Gene Ontology 
(GO) as well as Kyoto Encyclopedia of Genes and 
Genomes (KEGG) analysis was conducted to analyze the 
genes that are under H19 regulation.

RNA pulldown assay and mass spectrometer analysis

A biotin-coupled H19 probe (sense and antisense) was 
specially designed using Thermo Scientific Pierce™ RNA 
3′ End Desthiobiotinylation Kit (Thermo Fisher Scien-
tific, Waltham, MA, USA). Cell lysate of BGC-823 cells 
was prepared using Thermo Scientific Pierce IP Lysis 
Buffer (Thermo Fisher Scientific, Waltham, MA, USA). 
Incubated cell lysate with 50 pmol biotin-labeled probes 
and streptavidin magnetic beads for 1 hour. After eluting 
the protein, mass spectrometry was used to detect the 
proteins binding with H19.

RNA immunoprecipitation (RIP)

RIP assay was conducted according to Magna RIP™ 
RNA-Binding Protein Immunoprecipitation Kit (Milli-
pore, USA). In general, cell lysate using RIP Lysis Buffer 
with protease inhibitor cocktail and RNase inhibitor 
was essential for the experiment. After rotating protein 
A/G magnetic beads with IgG or anti-YTHDF1 [Supple-
mentary Table 2, http://links.lww.com/CM9/B581] for 
30 min at room temperature, cell lysate was incubated 
with antibody-beads mixture for at least 6 h. And then 
RNA was eluted, purified and resuspended with RNase-
free water. Next, qRT-PCR was used to quantitatively 
detect the RNA (H19 and SCARB1) binding to YTHDF1.

Methylated RNA immunoprecipitation (Me-RIP)

Total RNA was extracted using FastPure® Cell/Tissue 
Total RNA Isolation Mini Kit (Vazyme, Nanjing, China). 
Next Me-RIP assay was according to the protocol of 
Magna MeRIP™ m6A Kit (Millipore, Billerica, MA, 
USA). Breifly, the total RNA extracted from cells were 
fragmented into 100–200 bp, and the methylated RNA 
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was extracted through the magnetic bead–m6A antibody–
RNA complex. The abundance of m6A was quantita-
tively detected by qRT-PCR. The primers that were used 
were listed in Supplementary Table 1, http://links.lww.
com/CM9/B581.

Chromatin immunoprecipitation (ChIP)

Chromatin with formaldehyde (1% final concentration) 
(BOSTER Biological Technology, Wuhan, China) was 
cross-linked for 10 min at 37℃ and cells were collected. 
According to nuclear lysis buffer in Magna CHIP™ Kit 
(Millipore, Billerica, MA, USA), cell pellets were resus-
pended and then nuclear lysate was sonicated to shear 
DNA to an average length between 200 and 1000 bp. 
Cell lysate was incubated with protein A/G magnetic 
beads and primary antibody of HIF-1a for immunopre-
cipitated. qRT-PCR was performed directly after DNA 
elution. Primer sequence that was used was listed in 
Supplementary Table 1, http://links.lww.com/CM9/B581.

Western blotting

The total proteins were isolated with radio-immunopr- 
ecipitation assay (RIPA) lysis buffer (Beyotime, Shanghai, 
China). The proteins were transferred to polyvinylidene 
fluoride (PVDF) (Millipore, Billerica, MA, USA) membrane 
after electrophoresis on SDS-PAGE. Incubated with anti-
bodies. The signal was developed using enhanced chemilu-
minescence (ECL) fluid (Beyotime, China). The anti-
bodies used were listed in Supplementary Table 2, http://
links.lww.com/CM9/B581.

Dual-luciferase assay

Wild-type (WT) and mutant-type (MUT) plasmids of 
HRE1 and /HRE2 plasmids were constructed. HIF-1a 
siRNA and HRE1/HRE2 double reporter gene carrier (WT) 
or MUT) was transfected into BGC-823 and AGS cell lines 
for 24 h and then cells were lysed. The activity of luciferase 
was tested according to the protocol of Dualucif® Firefly & 
Renilla Assay Kit (US EVERBRIGHT®INC, Suzhou, 
China).

Statistical analysis

All statistical analyses were performed by SPSS 17.0 soft-
ware (IBM, Armonk, NY, USA). Relationships between 
clinicopathologic parameters were calculated by the chi-
squared test. P <0.05 was chosen for statistical signifi-
cance. Statistical analysis data were expressed as the 
mean of three experiments ± standard deviation.

Results

H19 was highly expressed and was associated with 
angiogenesis in GC

Solid tumors such as GC often show obvious angiogen-
esis. We performed immunohistochemical staining of the 
vascular marker CD34 in 30 pairs of GC and adjacent 
normal tissues using microarray. The CD34-positive site 

was the cytoplasm of vascular endothelial cells and the 
blood vessels were cord-shaped or had obvious lumens. 
The microvessel density (MVD) per unit area was used 
to assess MVD [Figure 1A]. We identified a clear angio-
genesis trend in GC compared with the normal gastric 
epithelium [Figure 1B]. LncRNAs have been reported to 
participate in regulating the angiogenesis of tumors and 
H19 can promote the angiogenesis of glioma.[4,15] The 
role of H19 in GC has been studied, but its mechanisms 
still need to be further explored.[16] Using the bioinfor-
matics network TANRIC (https://ibl.mdanderson.org/
tanric/_design/basic/main.html), we first predicted that 
the expression level of H19 in GC is significantly 
increased compared to that in normal tissues [Figure 1C], 
and the overall survival of patients with high H19 
expression was significantly lower than that of those 
with low H19 expression (P = 0.019) (data from: 
http://gepia.cancer-pku.cn/) [Figure 1D]. Subsequently, 
the expression of H19 was verified in 48 pairs of fresh 
GC tissues and adjacent normal tissues [Figure 1E], and 
the results showed that H19 expression was significantly 
increased in 37 pairs of GC tissues and was positively 
correlated with MVD [Figure 1F]. We divided 48 GC 
patients into the H19 low expression group (n = 24) 
and the H19 high expression group (n = 24). The corre-
lation between the expression of H19 and clinicopatho-
logical parameters (including gender, age, tumor size, 
pTNM stage, Lauren’s classification, and lymph node 
metastasis) showed no significant difference, but the 
expression of H19 showed obvious correlation with 
general classification [Table 1]. We next verified the 
expression level of H19 in various human GC cell lines 
(including BGC-823, AGS, SGC-7901, MKN-45, NCI-
N87, and MGC-803) as well as a normal gastric epithelial 
cell line (GES-1), and the results suggested that H19 was 
highly expressed in BGC-823 cells and moderately 
expressed in AGS and SGC-7901 cells [Figure 1G].

H19 promoted the proliferation, migration, and angiogenesis 
of GC cells in vitro

SiRNA (si-H19) and an overexpression plasmid (pcDNA-
H19) were constructed, and the expression level of H19 
was significantly reduced after transfection with si-H19 
in BGC-823 and AGS cells. The pcDNA-H19 plasmid 
led to overexpression in SGC-7901 and AGS cells 
[Figure 2A, B]. Next, we performed functional experi-
ments such as CCK8, colony formation, EdU, transwell 
and HUVECs angiogenesis assay to verify that H19 
knockdown could reduce GC cell proliferation, migration, 
and angiogenesis in vitro, while overexpression of H19 by 
pcDNA-H19 had the opposite effects [Figure 2C–H and 
Supplementary Figure 1A–D, http://links.lww.com/CM9/
B581]. We then used qRT-PCR to determine the expres-
sion of downstream genes related to angiogenesis, 
including matrix metallopeptidase 9 (MMP9), vascular 
endothelial growth factor A (VEGFA), and ANGII, after 
transfection with si-H19, and pcDNA-H19, and found 
that expression of these genes were changed along with 
H19 expression [Figure 2I, J]. Our preliminary research 
proved that H19 was upregulated in GC tissues and cell 
lines compared with normal controls. H19 expression 
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was positively correlated with MVD in GC and H19 
knockdown could inhibit the proliferation, migration, 
and angiogenesis of GC cells in vitro.

H19 promoted the proliferation, migration, and angiogenesis 
of GC cells in vivo

Given that we have verified that H19 could promote the 
proliferation, migration, and angiogenesis of GC cells in 
vitro, we wanted to further verify whether H19 could 
play the same role in vivo. We next constructed a 
plasmid targeting H19 (sh-H19) that could markedly 
downregulate H19 expression [Figure 3A]. Nude mice 
were subcutaneously injected with BGC-823 cells trans-
fected with sh-H19 for 24 h. As expected, H19 signifi-
cantly reduced the proliferation ability of BGC-823 cells 
in vivo [Figure 3B] according to a significant reduction 
in tumor weight and tumor volume [Figure 3C,D]. Next, 
qRT-PCR was conducted to confirm that the H19 

expression level was also suppressed [Figure 3E]. H&E 
and IHC staining of Ki-67 indicated significant inhibi-
tion of tumor proliferation in vivo [Figure 3F]. On the 
other hand, we employed a mouse Matrigel plug angio-
genesis assay and mice were also subcutaneously injected 
with Matrigel plugs containing BGC-823 cells trans-
fected with either sh-H19 or empty vector. The Matrigel 
plug angiogenesis assay showed that BGC-823 cells 
transfected with sh-H19 presented a significant decrease 
in blood vessel formation ability in vivo [Figure 3G]. 
There were fewer microvessels containing red blood 
cells (RBCs) which are marked by green arrows, in the 
Matrigel plugs of the H19 knockdown group than in 
those of the empty vector group [Figure 3H]. IHC 
staining of the angiogenesis markers CD34 and VEGF 
also showed a significant reduction after sh-H19 trans-
fection [Figure 3H]. Taken together, these results indi-
cated that H19 could promote the proliferation, migra-
tion, and angiogenesis of GC in vivo.

Figure 1: H19 was overexpressed in GC and was correlated with angiogenesis in GC patient. (A) The immunohistochemical staining of CD34 in GC tissues and the adjacent normal 
tissues. Bar: 100 mm. (B) The MVD in GC was higher than adjacent normal tissues. (C) H19 was elevated in GC in TCGA database (TANRIC). (D) GEPIA database showed that H19 
was negatively related to OS in GC patients. (E) H19 was up-regulated in 37 of 48 GC tissues compared to adjacent normal tissues. (F) The MVD of patients with H19 high 
expression was significantly higher than H19 low expression and normal gastric epithelial tissues. (G) The expression level of H19 in GC cell lines and GES-1. *P <0.05, †P <0.01, 
‡P <0.001, FC: Fold change; GC: Gastric cancer; MVD: Microvessel density; NS: Not significant; OS: Overall survival; GES-1: Human gastric mucosal epithelial cells; 
TPM: Transcripts per million.
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SCARB1 is up-regulated in GC tissues as a downstream of 
H19 and promoted proliferation, migration, and angiogenesis 
of GC

To further study the downstream target genes regulated 
by H19, we performed high-throughput sequencing after 
knocking down H19 in BGC-823 cells and found that 
89 genes were differentially expressed in all three si-H19 
repeat groups and the genes were mostly downregulated 
[Figure 4A, B]. We assessed the expression levels of 12 
significantly downregulated factors of interest in BGC-823 
and AGS cells after knocking down H19, and the most 
downregulated gene in both cell lines was SCARB1 
[Supplementary Figure 2A,B, http://links.lww.com/CM9/
B581]. We further verified that the mRNA level of 
SCARB1 decreased significantly after H19 knockdown 
in BGC-823 and AGS cells and increased after H19 was 
overexpressed in SGC-7901 and AGS cells. The scav-
enger receptor class B type I (SR-BI) encoded by 
SCARB1 showed the same results [Figure 4C, D]. Data 
in the TCGA database showed a significant upregula-
tion of SCARB1 in GC and a positive correlation 
between SCARB1 and H19 [Supplementary Figure 2C,
D, http://links.lww.com/CM9/B581]. These results were 
consistent with those of our experimental assay in 48 
GC tissues [Figure 4E, F and Supplementary Figure 2E, 
http://links.lww.com/CM9/B581].

We constructed a small interfering RNA targeting SCARB1 
(si-SCARB1), which could significantly reduce its mRNA 
and protein expression in GC cells after exploration of 
the expression level of SCARB1 in several GC cell lines 

as well as GES-1 [Supplementary Figure 2F, G, http://
links.lww.com/CM9/B581]. We further performed in 
vitro experiments to assess the function of SCARB1. 
CCK8, colony formation assay, EdU, transwell, and 
HUVECs angiogenesis assay indicated that the prolifera-
tion, migration, and angiogenesis of GC cells after 
SCARB1 knockdown were significantly reduced [Figure 
4G and Supplementary Figure 3A–E, http://links.lww.
com/CM9/B581]. Next, rescue experiments showed that 
SCARB1 knockdown could partially eliminate the 
cancer-promoting effect of H19 on proliferation, migra-
tion, and angiogenesis [Figure 4H–J and Supplementary 
Figure 3F, http://links. lww.com/CM9/B581]. These results 
indicated that SCARB1 acts as a downstream of H19, 
and was upregulated in GC tissues and promotes prolif-
eration, migration, and angiogenesis of GC.

H19 recognized the m6A site on SCARB1 mRNA through 
YTHDF1 to promote SCARB1 translation

Our previous study found that H19 could affect the 
mRNA and protein expression of SCARB1. To further 
study the mechanism by which H19 regulates SCARB1, 
we conducted a nuclear/cytoplasmic separation assay 
and found that H19 was mainly located in the cyto-
plasm [Figure 5A], which was consistent with the litera-
ture.[17] We used an RNA pull-down and mass spectrom-
etry assay to explore the proteins that interacted with 
H19 directly in the BGC-823 cells, and YTHDF1 
showed obvious direct binding [Figure 5B and Supple-
mentary Figure 4A, http://links.lww.com/CM9/B581]. RIP 

 Table 1: Correlation between clinicopathological characteristics and H19 expression level.

Clinicopathological parameters

Gender
Male
Female

Age
≤65 years
>65 years

Tumor size
≤5 cm
>5 cm

pTNM stage
I–II
III–IV

General classification
Ulcer type
Non-ulcer type

Lauren’s classification
Intestinal type
Diffuse type
Mixed type

Vascular tumor thrombus
No
Yes

Lymph node metastasis
No
Yes

H19 expression level

High expression (n = 24)

15
9

12
12

14
10

8
16

16
8

6
8

10

9
15

5
19

Low expression (n = 24)

19
5

11
13

15
9

9
15

22
2

12
6
6

15
9

5
19

c2

1.613

0.083

0.087

0.091

4.547

3.286

3.000

0

P value

0.204

0.773

0.768

0.763

0.033

0.193

0.083

1.000
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experiments further proved the combination of YTHDF1 
with H19 and SCARB1 mRNA in BGC-823 cells 
[Figure 5C, D], but H19 did not influence either the 
mRNA or protein levels of YTHDF1 [Figure 5E, F]. 
Existing literature has shown that YTHDF1 could recog-
nize methylation sites on mRNA, thereby promoting the 
translation of downstream target genes.[18] We suspect 
that H19 can promote the translation of downstream 
target genes by binding to YTHDF1.

YTHDF1 knockdown decreased the protein level of 
both YTHDF1 and SR-BI, but did not affect SCARB1 
mRNA levels [Supplementary Figure 4B and Figure 5G,
H, http://links.lww.com/CM9/B581]. YTHDF1 knock-
down partially reversed the increase in expression of 
SR-BI caused by pcDNA-H19 [Figure 5I and Supplemen-

tary Figure 4C, D, http://links.lww.com/CM9/B581]. 
Since studies have shown that YTHDF1 can promote 
the translation of downstream target genes mainly by 
recognizing the m6A site in the 3′-untransated regions 
(3′-UTR) of mRNA, and then recruit translation initia-
tion factors to form a complex thus promoting gene 
translation.[19] Me-RIP assay was conducted to verify 
the location and abundance of m6A on SCARB1 mRNA 
as described in the methods [Figure 5J]. These results 
indicated that YTHDF1 protein could recognize the 
m6A site in the 3′-UTR of SCARB1 mRNA and promote 
the translation of SCARB1 into SR-BI, thereby exerting 
GC angiogenesis in which H19 played a penetrating role 
[Figure 5K]. In summary, we proved that H19 promoted 
the proliferation, migration, and angiogenesis of GC 
cells through YTHDF1/SCARB1.

Figure 2: H19 could promote the proliferation, migration, and angiogenesis of GC cells in vitro. (A) Both si-H19 1#, 2#, and 3# could reduce the expression level of H19 in BGC-823 and 
AGS cell lines. (B) The expression of H19 was up-regulated after transfecting with pcDNA-H19 plasmid in SGC-7901 and AGS. (C,D) CCK8 proliferation assays after transfection of si-
H19 (C) and pcDNA-H19 plasmid (D). (E, F) The transwell assay after transfection of si-H19 (E) and pcDNA-H19 plasmid (F) by crystal violet staining. Bar: 100 mm. (G, H) The 
angiogenesis assay after transfection of si-H19 (G) and pcDNA-H19 plasmid (H). Bar: 100 mm. (I,J) The expression level of the relative genes of angiogenesis including VEGFA, MMP9, 
ANGII after transfection of si-H19 (I) and pcDNA-H19 plasmid (J). *P <0.05, †P <0.01, ‡P <0.001. ANGII: Angiopoietin-2; FC: Fold change; CCK8: Cell counting kit-8; GC: Gastric cancer; 
VEGFA: Vascular endothelial growth factor A.
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HIF-1aa upregulated the expression of H19 by binding to the 
promoter region of H19 and promoting angiogenesis of GC

Thus far, we have studied the mechanism by which 
downstream H19 regulates the angiogenesis of GC, but 
the upstream H19 needs to be further explored. Hypoxia 
can promote angiogenesis in the process of tumorigen-
esis and development, so we considered whether the 
ability of H19 to promote angiogenesis in GC was initi-
ated by HIF. We detected the expression levels of HIF-
1a, HIF-2a, and HIF-3a in the TCGA and GC tissues 
and cell lines. The results indicated that HIF-1a showed 
a significantly high expression in GC tissues and cell 
lines [Figure 6A– D] and only knocking down HIF-1a 
could significantly reduce the expression of H19 in BGC-
823 and AGS cells [Figure 6E and Supplementary Figure 
4E–G, http://links.lww.com/CM9/B581]. It has been 
reported that HIF-1a can transcriptionally activate the 
expression of H19 and elevate the downstream miR-612/
Bcl-2 pathway to promote cholangiocarcinoma. [20] We 
next confirmed that the expression of HIF-1a was posi-

tively correlated with the expression of H19 and MVD 
in GC [Figure 6F,G]. JASPAR (http://jaspar.genereg.net/) 
was used to predict that there were two HIF-1a binding 
sites (HRE1 and HRE2) in the promoter region of H19. 
Dual-luciferase assays and ChIP experiments verified 
that HIF-1a could bind to the promoter region of H19 
directly in BGC-823 and AGS cells and transcriptionally 
upregulate H19 in GC [Figure 6H–J].

Functional experiments in vitro showed that knocking 
down HIF-1a could significantly inhibit the prolifera-
tion, migration, and angiogenesis of BGC-823 and AGS 
cells [Supplementary Figure 5A–D, http://links.lww.com/
CM9/B581]. Rescue experiments showed that overex-
pression of H19 reversed the downregulated prolifera-
tion, migration, and angiogenesis caused by knocking 
down HIF-1a [Supplementary Figure 5E–H, http://links.
lww.com/CM9/B581]. HIF-1a could act as the upstream 
of H19 by binding to HREs in the promoter, thus 
promoting the expression of H19 and played the role of 
a pro-oncogene in GC cells.

Figure 3: H19 could promote the proliferation, migration, and angiogenesis of GC cells in vivo. (A) sh-H19 plasmid could reduce the expression level of H19 in BGC-823 and AGS cells. 
(B) Xenograft tumors derived from BGC-823 cells with H19 knockdown. (C) Tumor weight of xenograft tumors after 2 weeks. (D) Tumor size measured every 3 days. (E) The H19 
expression level in the xenograft tumors transfected with sh-H19 vs. empty vector. (F) H&E and IHC staining of Ki-67 in xenograft tumors. Bar: 100 mm. (G) Matrigel plug assay 
indicated that the angiogenesis was downregulated after H19 knockdown in vivo. The arrows of green indicated the blood vessels on the surface of the tumors. (H) Tumors of Matrigel 
plugs assay were stained with H&E, Ki-67, CD34, and VEGF antibodies. Short arrows of green indicated the matured microvessels which containing RBC and the red arrows showed 
the microvessels unmatured. Bar: 100 mm. †P <0.01, ‡P <0.001. FC: Fold change; GC: Gastric cancer; H&E: hematoxylin–eosin; IHC: Immunohistochemistry; RBC: Red blood cells; 
VEGF: Vascular endothelial growth factor.
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Discussion

Invasive tumor growth and metastasis rely on angiogen-
esis, which allows vessels to effectively deliver nutrients 
and remove metabolic wastes.[21,22] Angiogenic switch is 
turned on surprisingly early in the development of inva-
sive cancer when proangiogenic factors such as VEGF 
become dominant over antiangiogenic factors.[22] LncRNAs 
play pivotal roles of angiogenesis especially in tumors, 
and previous studies revealed that H19, which is upregu-
lated by oxidative stress could regulate cell migration 
and invasion via competing endogenous RNA mecha-
nisms involving sponging of targeting genes such as Bcl2 

and VASH2, thus suppressing tumor angiogenesis.[4,20] 
Zhao et al[21] clarified that plasmacytoma variant trans-
location 1 (PVT1) could bind to nuclear phosphorylated 
signal transducer and activator of transcription 3 (p-
STAT3) protein, thus protecting it from poly-ubiquitin-
proteasomal degradation to enhance the activation of 
STAT3 signaling pathway, thereby increasing VEGF 
expression to induce angiogenesis. Bao et al[23] proved 
that LINC00657 acts as a miR-590-3p sponge to attenuate 
the suppressive effect of miR-590-3p on HIF-1a and 
then promotes angiogenesis through VEGF, matrix metal-
lopeptidase 2 (MMP2), and MMP9. Our previous study 

Figure 4: SCARB1 was up-regulated in GC tissues and could promote the proliferation, migration, and angiogenesis of GC. (A) High-throughput sequencing revealed that 89 genes 
were differentially expressed in all three repetition groups with H19 knockdown in BGC-823 cell lines. (B) Volcano plot of high-throughput sequencing. (C,D) The mRNA and protein 
level of SCARB1 in GC cell lines was down-regulated after transfected with si-H19 while up-regulated transfected with pcDNA-H19 plasmid. (E) SCARB1 mRNA was highly expressed 
in 33 of 48 pairs of GC tissues compared to adjacent normal tissues. (F) There was a positive correlation between the expression of H19 and SCARB1 in 48 GC tissues. (G) The 
angiogenesis assay after transfection of si-SCARB1 in BGC-823 and AGS cell lines. Bar: 200 mm. (H–J) Rescue assay of CCK8 and angiogenesis by co-transfection of si-SCARB1 and 
pcDNA-H19 in BGC-823 and AGS cells. Bar: 200 mm. *P <0.05, †P <0.01, ‡P <0.001. FC: Fold change; CCK8: Cell counting kit-8; GC: Gastric cancer; SR-BI: Scavenger receptor class 
B type I.
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revealed that the expression of HIF-1a is positively 
correlated with the level of angiogenesis and the expres-
sion of H19 in GC. Knocking down HIF-1a could defi-
nitely inhibit the expression of H19 by binding to HREs 
in the H19 promoter region.

Although H19 is known for its role in GC, further 
studies are required to more rigorously determine the 
role of H19 in GC angiogenesis.[24] We found that H19 
showed high expression in GC and the results were the 
same as the bioinformatics analysis which was related to 

Figure 5: H19 recognized the m6A site on SCARB1 mRNA through YTHDF1 thus promoting SCARB1 translation. (A) Nuclear/cytoplasmic separation assay was conducted to determine 
that H19 was mainly localized in cell plasma of BGC-823, AGS, and SGC-7901 cell lines. (B) RNA pulldown-western blotting was used to verify that H19 could bind to YTHDF1 directly. 
(C,D) RIP assays for YTHDF1 were performed and qRT-PCR was used to examine H19 (C) and SCARB1 mRNA (D). (E,F) Knockdown of H19 in BGC-823 and AGS cells did not affect the 
expression of YTHDF1 both in mRNA and protein level. (G,H) YTHDF1 knockdown could reduce the expression of SR-BI in protein without mRNA change. (I) The western blotting was 
conducted to detect the protein level of SR-BI after co-transfection with si-YTHDF1 and pcDNA-H19 in BGC-823 and AGS cell lines. (J,K) Me-RIP experiments and qRT-PCR methods 
were conducted to determine that the location and abundance of m6A mainly in 3′-UTR on SCARB1 mRNA. FC: Fold change; me-RIP: Methylated RNA immunoprecipitation; NS: Not 
significant; qRT-PCR: Quantitative real-time polymerase chain reaction; RIP: RNA Immunoprecipitation; SR-BI: Scavenger receptor class B type I; 3′-UTR: 3′-untransated regions; 
5′-UTR: 5′-untransated regions; CDS: Coding sequence; SCARB1: Scavenger receptor class B member 1; YTHDF1: YTH domain-containing family protein 1.
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the general classification and MVD of patients. Knocking 
down H19 could significantly reduce the proliferation, 
migration, and angiogenesis of GC both in vitro and in 
vivo. SCARB1 was the downstream target gene of H19 
which was highly expressed in GC. The SCARB1 gene 
encodes SR-BI, which is an 82,000 glycoprotein with 
two transmembrane domains associated with two intra-
cellular N-termini and C-termini and an extracellular 

glycosylated central domain which mediates the selective 
high-density lipoprotein-cholesterol (HDL-C) uptake of 
cells.[25,26] The mechanisms by which H19 regulates 
SCARB1 to promote GC angiogenesis need further explo-
ration.

As mentioned above, current researche on H19 has focused 
on its ability to act as a molecular sponge to adsorb 

Figure 6: HIF-1a promoted the expression of H19 by binding to the promoter region of H19 and promoted angiogenesis of GC. (A) The expression levels of HIF-1a, HIF-2a, and HIF-3a 
in TCGA. The red columns represented tissues of stomach adenocarcinoma (STAD) and the gray columns represented normal tissue. (B) The expression levels of HIF-1a, HIF-2a, and 
HIF-3a in 48 GC tissues. (C) HIF-1a was up-regulated in 31 of 48 GC tissues compared to adjacent normal tissues. (D) The expression levels of HIF-1a in GC cell lines and GES-1. 
(E) HIF-1a knockdown could reduce the expression level of H19 in GC cells compared with si-HIF-2a and si-HIF-3a. (F) The expression level of HIF-1a was positively correlated with 
H19 in 48 GC tissues. (G) The expression level of HIF-1a was positively correlated with MVD in 29 GC tissues. (H) The predicted binding sites between HIF-1a and H19 promoter. 
(I) Luciferase activity in BGC-823 and AGS cells after co-transfecting with si-HIF-1a and luciferase reporters including WT and MUT. Data were presented as the relative ratio of firefly 
luciferase activity to renal luciferase activity. (J) ChIP assay was conducted in BGC-823 and AGS cells to prove that HIF-1a can bind with the HREs which were existed in the promoter 
of H19. (K) Summary of HIF-1a target H19 promotes angiogenesis through YTHDF1/SCARB1 in GC. Statistical analysis data were expressed as the mean of three 
experiments ± standard deviation, *P <0.05, †P <0.01, ‡P <0.001, FC: Fold change; ChIP: Chromatin Immunoprecipitation; GC: Gastric cancer; HIF-1a: Hypoxia-inducible factor 1a; 
HIF-2a: Hypoxia-inducible factor 2a; HIF-3a: Hypoxia-inducible factor 3a; GES-1: Human gastric mucosal epithelial cells; HREs: Hypoxia response elements; MUT: Mutant type; 
MVD: Microvessel density; NS: Not significant; WT: Wild type; SCARB1: Scavenger receptor class B member 1; YTHDF1: YTH domain-containing family protein 1.
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miRNAs and free downstream target genes to perform 
corresponding biological functions in tumor cells.[27,28] H19 
binding protein is lack of research. YTHDF1 was identi-
fied as an H19 binding protein in our previous research, 
which could identify m6A in the 3′-UTR of mRNA and 
promote the translation of target genes. m6A is the most 
prevalent internal modification for eukaryotic mRNA 
and influences nearly every stage of RNA metabolism, 
including splicing, decay, export, and translation.[29] 
YTHDF1 is a key regulator of m6A methylation and can 
accelerate the translational output of Frizzled 5 (FZD5) 
and FZD7 mRNA in a m6A-dependent manner and 
function as an oncogene through Wnt signaling.[18,30] 
Studies have clarified the role of YTHDF1 in delivering 
cellular mRNAs to the translation machinery to facilitate 
translation initiation directly. YTHDF1 can act with trans-
lation initiation complexes including eukaryotic initiation 
factor (eIF) 3, eIF4G, and eIF4E which can bind both cap 
and poly(A) of mRNA to form a “closed loop,” and then 
translation initiation complex initiaties translation of 
target genes.[31] In the pathological process, m6A meth-
ylation is dynamically required for maintaining the func-
tions and characteristics of tumor cells during tumori-
genesis and development.[32] Previous studies have 
shown that m6A is catalyzed by a multicomponent 
protein complex consisting of the “writers” including 
methyltransferase-like 3/14 (METTL3/14) and Wilms 
tumor 1-associated protein (WTAP), among which 
METTL3 methyltransferase is the key catalytic 
subunit.[19,33] The study of Zhao et al[34] determined that 
METTL3 targets the 3′-UTR (near to stop codon) of 
c-Myc to install the m6A modification, thereby enhancing 
the stability of c-Myc and enhancing YTHDF1-mediated 
translation. In our study, m6A was found to be signifi-
cantly enriched in the 3′-UTR of SCARB1 mRNA. The 
results of me-RIP assay verified our conjecture that H19 
regulated the protein of SR-BI through YTHDF1-medi-
ated translation in GC.

Nevertheless, the mechanism of YTHDF1 and m6A 
inducing deregulation of SCARB1, and other possible 
relationship between H19 and SCARB1 remain to be 
further investigated. Our findings have identified novel 
potential therapeutic targets for GC. But this research 
still has some limitations, such as the specific binding 
sites of YTHDF1 with H19 and SCARB1. As a high-
density lipoprotein (HDL) receptor, whether SCARB1 
regulated metabolism of HDL cholesterol and the details 
of SCARB1 downstream mechanism in regulating the 
development of GC still needs further research. Future 
studies should examine the specific binding sites on H19/
SCARB1 and the mechanism of SCARB1 in regulating 
the development of GC.

In conclusion, our study proved that HIF-1a could bind 
to HREs in the promoter region of H19, thus promoting 
the transcription of H19, and enhancing angiogenesis 
mediated by H19. High H19 expression in GC could 
promote proliferation, migration, and angiogenesis both 
in vitro and in vivo. Mechanically, H19 could directly 
bind with YTHDF1 which could recognize m6A in the 
3′-UTR of SCARB1 mRNA and then facilitate transla-
tion of SCARB1 into SR-BI which also played an onco-

genic role in GC. This research showed the mechanisms 
of HIF-1a/H19/YTHDF1/SCARB1 in the regulation of 
GC angiogenesis, and provided a detailed description of 
the m6A-related mechanism of GC metastasis.
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