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Abstract

Long non-coding RNAs (IncRNAs) play significant roles in different biological functions of cancers. However, their function
in the metabolism of glucose in patients with human hepatocellular carcinoma (HCC) remains largely unknown. In this study,
HCC and paired intact liver tissues were utilized to examine the miR4458HG expression using qRT-PCR and human HCC
cell lines to examine cell proliferation, colony formation, and glycolysis after transfection of siRNAs targeting miR4458HG
or miR4458HG vectors. The molecular mechanism of miR4458HG was clarified through in situ hybridization, Western
blotting, qRT-PCR, RNA pull-down, and RNA immunoprecipitation analysis. The results showed that the miR4458HG
affected HCC cell proliferation, activated the glycolysis pathway, and promoted the polarization of tumor-associated mac-
rophage in vitro and in vivo models. Mechanistically, miR4458HG bound IGF2BP2 (a key RNA m6A reader) and facilitated
IGF2BP2-mediated target mRNA stability, including HK2 and SLC2A1 (GLUT1), and consequently altered HCC glycolysis
and tumor cell physiology. At the same time, HCC-derived miR4458HG could be wrapped in the exosomes and promoted
the polarization of tumor-associated macrophage by increasing ARG1 expression. Hence, miR4458HG is oncogenic in
nature among patients with HCC. To develop an effective treatment strategy of HCC patients presenting with high glucose
metabolism, physicians should focus on miR4458HG and its pathway.
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Introduction

Hepatocellular carcinoma (HCC) ranks the sixth most com-
mon cancer worldwide and has a very poor prognosis [1]. To
reduce deaths due to HCC, a noninvasive diagnostic tool is
being developed for early identification of HCC or prediction
of an individual’s vulnerability [2]. However, there is a very
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little progression. HCC is characterized by a high metastatic
rate, potential to invade, and aggressive angiogenetic ability,
which are the primary challenges in the diagnosis and man-
agement of HCC [3]. Because the pathological mechanism
of progression is not completely clear, further investigations
are essential for finding and developing effective targets and
biomarkers for the treatment and diagnosis of HCC.

The rearrangement of energy metabolism in cancer cells,
especially the abnormal activation of glycolytic pathway, has
been recognized as a marker of the initiation and malignancy
of different cancers [4]. The cancer cells exhibit high glu-
cose metabolism with enhanced lactic acid formation (major
products of glycolysis pathway). These substances infiltrate
the microenvironment, which reduces extracellular pH dur-
ing glycolysis [5]. Lower levels of pH are closely correlated
to poor prognosis of HCC in the microenvironment [6, 7]
and increased cell proliferation and malignancy.

The IncRNAs are 200 bp in length that could affect
different biological functions either without or a weak
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Fig.1 miR4458HG IncRNA is clinically relevant in HCC. A
UMAP plot of all cells colored by each cell type in HCC patients
(GSE149614). B UMAP plot shows the expression of canonical
marker genes for hepatocyte cells. C Volcano plot shows the differ-
entially expressed genes between tumor cells and normal cells. The
most significant expressed IncRNA miR4458HG is highlighted in
red. D UMAP plot displays the expression of miR4458HG. E Vio-

protein-coding ability [8]. IncRNAs can influence cancer
initiation and development [9, 10]. These include HOTAIR,
MEG3, and MALAT-1 and play roles in various carcinogen-
esis [11, 12]. However, the specific mechanism of IncRNA
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lin plot shows the expression of miR4458HG in tumor cells and nor-
mal cells. F MiR4458HG expression in HCC tumor and the paired
adjacent normal tissues of the cohort 1. G Survival analysis and com-
parison among people with greater and lesser values of miR4458HG
expression in tumor in cohort 1; n=120, log-rank test. H Multivariate
Cox analysis of miR4458HG expression and clinicopathological vari-
ables

in HCC initiation and glucose metabolism remains to be
further studied.

Hence, in this study, we aimed to investigate the gene
expression, clinical importance, function, and possible



IncRNA miR4458HG modulates hepatocellular carcinoma progression by activating m6A-dependent...

Page3of18 99

mechanism of action of the novel IncRNA in HCC patients.
Single-cell RNA-seq data from GSE149614 database and
TCGA HCC bulk-RNA sequencing data were used to exam-
ine the expression of genome-wide IncRNA. MiR4458HG
is IncRNA highly expressed among HCC patients and cor-
related with poor prognosis and glycolysis. Mechanistically,
miR4458HG regulated the m6A modification and mRNA
stability of SLC2A 1 and HK?2 by promoting the binding effi-
ciency of IGF2BP2 to the m6A motif in these two genes,
which are the crucial limiting enzyme and glucose trans-
porter for the catalysis of glycolysis. MiR4458HG, HK2,
and GLUT]1 are associated with some malignant pathophysi-
ological features that result in clinically poor prognosis of
HCC. In addition, HCC-derived miR4458HG could be
wrapped in the exosomes and regulate the polarization of
tumor-associated macrophage in the tumor microenviron-
ment. Thus, miR4458HG-IGF2BP2-HK2/SLC2A1 (GLUT1)
as a cascade reaction may offer innovative and promising
treatment options for HCC.

Materials and methods
Clinical samples

Resected tumor was collected along with some normal tissue
attached to the affected tissues in HCC patients who pre-
ferred surgery at The Seventh People’s Hospital of Shanghai
University of Traditional Chinese Medicine. The research
was approved by institutional Ethics Committee, at The Sev-
enth People’s Hospital of Shanghai University of Traditional
Chinese Medicine, and informed consents were received.

HCC cell lines and culture conditions

Hep3B, BEL-7402, Huh7, and SMMC-7721 cell lines were
purchased from the American Type Culture Collection. All
cell lines were cultured in the suggested growth medium
augmented with 10% fetal bovine serum and incubated
at 37 °C under 5% CO,. In a 12-well Transwell system,
HCC cancer cells were added to the lower chamber, while
monocyte-derived macrophages (MDMs) were added to the
upper chamber. The pore size of the upper chamber was
0.4 pm. After a co-culture for 10 days, the macrophages
were removed, and the HCC cells were washed once with
phosphate buffered saline and cultured in fresh medium.

Bioinformatics analysis
The raw gene counts of HCC were obtained from GEO

source (https://www.ncbi.nlm.nih.gov/geo/query/acc.cgi?
acc=GSE149614). The unique molecular identifier value

was changed in to anndata objects (version 0.6.22) by a
Scanpy package v1.4.4. UMAP was utilized for identifica-
tion. Annotated cell types that evolved from the expression
of known marker genes were used. Effect size was evalu-
ated using Cohen’s d statistics to estimate the magnitude
of differentially expressed gene between normal cells and
tumor cells.

Plasmids and adenovirus renderings

The control pcDNA3.1 plasmid, miR4458HG overexpres-
sion plasmid, SLC2A1 overexpression plasmid, and HK2
overexpression plasmid were created by Generay Technol-
ogies (Shanghai, China). The control pShuttle-H1 shRNA
adenovirus, miR4458HG shRNA adenovirus, control pShut-
tle-CMV adenovirus, SLC2A1 overexpression adenovirus,
and HK?2 overexpression adenovirus were formulated by
Obio Technology Company (Shanghai, China). All these
information on the shRNAs are listed in Table S1.

Plasmids or siRNA transfection

The samples were infected with pcDNA3.1, pShuttle-CMV
or pShuttle-H1 plasmids using FuGENE HD transfection
reagent (Promega). Small interfering RNAs (Shanghai
GenePharma Co., Ltd) were added into the HCC cells by
DharmaFECT 1 siRNA infection reagent (Thermo Fisher
Scientific). Empty vector and non-specific siRNA were uti-
lized as negative controls. Complete sequences of siRNAs
are listed in Table S1.

Generation of miR4458HG-knockout BEL-7404 cells
(AmiR4458HG)

Lentiviral-based CRISPR gene editing system (LentiC-
RISPR) was used to establish miR4458HG-knockout
BEL-7404 cells. Genome engineering experiments utiliz-
ing CRISPR-Cas9 systems was conducted as previously
described [13].

Cell proliferation and colony formation assay

Cell proliferation was analyzed by Cell Counting Kit-8
(Dojindo, Japan). Briefly, control or transfected HCC sam-
ples were planted into 96-well culture plates with a primary
density of 3 x 10 cells per well. At the specified time points,
Cell Counting Kit-8 was installed into the cells. Then the
cells were incubated for 2 h at 37 °C, and the absorbance was
recorded based on the manufacturer’s directions.

For the colony formation assay, cells were transfected
with indicated plasmid or siRNA. A total of 600 treated cells
were placed in the 6-well culture plates. After 7-10 days
of culture, the cells were fixed with 4% paraformaldehyde,
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«Fig.2 miR4458HG is a carcinogenic IncRNA in HCC. A, B GSEA
data showed the enrichment of GLYCOLYSIS (A) and BEN-
PORATH_PROLIFERATION (B) peaks in subjects with high
miR4458HG expression compared with low miR4458HG expression.
NES, normalized enrichment score; FDR, false discovery rate. C,
D Cell proliferation assay was performed in BEL-7404 and Hep3B
cells transfected with miR4458HG siRNA. E, F EdU assay was per-
formed in BEL-7404 cells transfected with miR4458HG siRNA (E).
Scale bar, 100 pm. The quantification of EdU staining (F). G, H EdU
assay was performed in Hep3B cells transfected with miR4458HG
siRNA (G). Scale bar, 100 pm. The quantification of EdU** staining
(H). I Sample images of tumor among mice bearing BEL-7404 cells
treated using different treatment. J Tumor volume was evaluated after
miR4458HG shRNA adenovirus treatments in the xenograft mouse
model (n=6). K Weight of tumor quantified in mice following differ-
ent treatments (n=6). L, M Cell proliferation assay was performed in
SMMC-7721 and Huh7 cells infected using pcDNA3.1-miR4458HG

stained with 0.1% crystal violet, that was washed using
dH,O0 and then dried.

EdU assay

The proliferation ability of HCC cells was detected using
EdU assay. In brief, the cells were seeded into 24-well plates
and transfected with indicated siRNA for 24 h. Subsequently,
the cells were incubated with EdU solution for 2 h, washed
with PBS for three times, fixed with 4% paraformaldehyde,
and neutralized with glycine, reacted with Alexa fluorescent
dyes. Finally, DAPI was used to stain the nuclei. The results
were observed using an inverted fluorescence microscope
(Olympus, Tokyo, Japan). The proportion of EdU posi-
tively stained cells (green fluorescence) to DAPI-stained
cells (blue fluorescence) was calculated. The results were
analyzed using image J version 1.52 software.

RNA extraction and quantitative real-time PCR
(qRT-PCR)

Total RNAs were eliminated from HCC tissues or cell lines
using TRIzol reagent (Invitrogen), and 1 pg of the total
RNAs was reverse transcribed to synthesize cDNA utiliz-
ing PrimeScript RT Reagent Kit (Takara). qRT-PCR was
performed using Power SYBR Green PCR Master Mix
(Thermo). B-Actin was used as the internal control. Primer
sequences are listed in Table S2.

Western blot

HCC cells were collected and lysed on ice by lysis buffer
(50 mM Tris—HCI [pH 8.0], 150 mM NaCl, 1% NP-40
and 0.5% sodium deoxycholate, complete protease inhibi-
tor cocktail [Roche Applied Science]) and quantified by
BCA Protein Assay Kit (Beyotime Biotechnology). Subse-
quently, 40 pg protein was isolated by SDS—polyacrylamide
gels and then shifted to PVDF membranes (Millipore). The

membranes were masked with 5% non-fat milk for 1 h and
incubated with primary antibody anti-IGF2BP2 (Abcam;
ab124930), anti-HK2 (Abcam; ab209847), anti-GLUTI
(Abcam; ab115730), anti-RBMX (Abcam; ab244514),
anti-CLK1 (Abcam; ab74044), anti-UTP6 (Abnova;
HO00055813-K), anti-GIT1 (Abnova; PAB20257), and anti-
GAPDH (Abcam; ab9485) at room temperature for 1 h. Sec-
ondary antibodies were labeled with HRP. Visualization was
performed using an ECL detection system (Bio-Rad).

Immunohistochemistry and in situ hybridization
(ISH)

Immunohistochemistry was conducted based on the standard
protocols. In brief, HCC tissue was dissected and attached
with 4% PFA for a night at 4 °C prior to placement in paraf-
fin. Paraffin-embedded sections were rehydrated, and heat-
mediated antigen retrieval was carried out by microwave
with sodium citrate. At room temperature, the sections were
incubated in a blocking solution for 2 h. Then the sections
were incubated with indicated antibodies on a humidified
box for 24 h at 4 °C. These sections were cleansed and incu-
bated with secondary antibody. For the color reaction, DAB
substrate kit was utilized, and for nucleus counterstaining,
hematoxylin was preferred. The expression of miR4458HG
in HCC was evaluated by biotin-labeled miR4458HG ISH
probes (BOSTER, Wuhan, China) in line with manufac-
turer’s directions.

In vivo tumor formation

BEL-7404 cells or BEL-7404 miR4458HG-KO cells were
infused in the right flank of randomly selected 4-week-old
male BALB/c mice (Model Animal Research Center of Nan-
jing University, Nanjing, China). The organization, develop-
ment, and size of the tumor were documented every 3 days.
Seven days after immunization, the mice were infused with
adenovirus by multipoint intra-tumoral injection once in
every 2 days. Five weeks later, the experimental subjects
were sacrificed to extract the xenograft tumors for meas-
urement and analysis. Tumor volume (mm?®) was calcu-
lated: Tumor volume (mm?) =longer diameter X shorter
diameter?/2. The animal research was approved by the
Animal Care and Use Committee of The Seventh People’s
Hospital of Shanghai University of Traditional Chinese
Medicine.

RNA immunoprecipitation
RNA immunoprecipitation (RIP) experiments were per-

formed using the Megna RIP Kit (Millipore). RNA immu-
noprecipitation lysis buffer was used for cell preparation,
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«Fig.3 miR4458HG-influenced cell longevity is determined by gly-
colytic metabolism. A, B ECAR was detected in BEL-7404 (A) and
Hep3B (B) cells transfected with control or miR4458HG siRNA.
OM oligomycin, 2-DG 2-deoxyglucose. C, D Lactic acid production
was measured in BEL-7404 (C) and Hep3B (D) cells with control or
miR4458HG siRNA transfection. E, F ECAR was quantified after
transfecting with control or pcDNA3.1-miR4458HG in SMMC-7721
(E) and Huh7 (F) cells. G, H Lactic acid production was measured
in SMMC-7721 (G) and Huh7 (H) cells with control or pcDNA3.1-
miR4458HG transfection. I, J Cell proliferation was performed in
SMMC-7721 (I) and Huh7 (J) cells after transfection with control or
pcDNA3.1-miR4458HG, and followed by 5 mM 2-DG treatment

and the RNA—protein complexes were immunoprecipitated
using anti-IGF2BP2 antibody (Abcam; ab124930) and rabbit
IgG as the negative control. The co-precipitated RNAs were
detected by qRT-PCR.

HCC cells transfected with miR-100-3p or miR-NC were
collected 48 h post-transfection to conduct the RIP experi-
ments. The RNA—protein complexes were immunoprecipi-
tated using an AGO2 antibody (Abcam; ab186733). The
RNA fraction separated by RIP was analyzed by qRT-PCR.

RNA stability assay

Actinomycin D was used to treat HCC cells with or without
miR4458HG knockdown at 0, 3, and 6 h at a final concen-
tration of 5 pg/mL. Total RNAs were removed, and qRT-
PCR was performed to measure the relative mRNA values
of SLC2A1 or HK2.

Measurement of extracellular acidification rate

The extracellular acidification rate (ECAR) was measured
with the seahorse XF glycolysis stress test kit (Agilent
Technologies) and analyzed by the seahorse extracellu-
lar Flux analyzer XF96 (Seahorse Bioscience) as per the
manufacturer’s directions. The cells were transfected with
control siRNA, miR4458HG siRNA, control plasmid, or
miR4458HG overexpression plasmid and inserted into the
96-well cell culture plates and incubated at 37 °C overnight.
Afterward, the cells were used to measure ECAR. After
measurement of baseline concentration, glucose, oligomy-
cin, and 2-deoxyglucose (2-DG) were added one by one into
each well for ECAR measurement.

Lactate production analysis

L-Lactate Assay Kit (Colorimetric [Abcam]) was preferred
in quantifying the lactate production as per the manufac-
turer’s directions. The transfected cells were seeded into six-
well plates and subsequently they were incubated at 37 °C
overnight. Following a starvation period of 2 h, the culture
medium was collected to quantify the lactate formation at

450 nm in a microplate reader. The results were normalized
to the total protein strength of every sample.

RNA pull-down assay

Similar numbers of cell lysates along with biotin-labeled
anti-sense RNA, full-length sense RNA, and truncated RNA
were incubated with streptavidin beads. Following the pull-
down, the interacted proteins were eluted with 1x SDS load-
ing buffer. Proteins that interacted were isolated by SDS-
PAGE gel and then shifted to the PVDF membrane. The
IGF2BP2 antibody was used in the Western blot analysis.

Chromatin isolation by RNA purification (ChIRP)

HCC cells were collected and isolated using chromatin by
RNA purification (ChIRP) experiments. The RNA-RNA
complexes were immunoprecipitated using biotin-labeled
miR4458HG anti-sense RNA or control RNA. The RNA
fraction separated by ChIRP was analyzed by qRT-PCR. The
pull-down efficiency of miR4458HG was analyzed by qRT-
PCR, with 18S RNA as negative control. The miR-100-3p
level was analyzed by qRT-PCR and U6 was used as nega-
tive control.

Cytoplasmic and nuclear fraction

Cells were washed once with cold PBS and pelleted by cen-
trifugation. To collect the cytoplasmic fraction, the pellet
was then resuspended in five pellet volumes of hypotonic
lysis buffer (10 mM Tris [pH 7.5], 10 mM NaCl, 3 mM
MgCl12, 0.3% [vol/vol] NP-40, 10% [vol/vol] glycerol).
Cytoplasmic RNA was obtained by ethanol precipitation
followed by re-extraction using a TRIzol reagent. The
remaining nuclear pellet was washed three times with the
hypotonic lysis buffer, followed by extraction with TRIzol
reagent according to the manufacturer’s instructions.

Liquid chromatography-mass spectrometry (LC-
MS) analysis

LC-MS was performed as previously described [14]. Briefly,
cells were labeled with SILAC medium (DMEM containing
Leu-d3). The lighter (in normal medium) and heavy (in Leu-
d3 medium) cells were collected and lysed. The number of
proteins extracted from heavy and light cells were equal.
The proteins were incubated with biotin-labeled anti-sense
RNA and sense RNA, and then with streptavidin beads.
After RNA pull-down, the beads belonging to two fractions
were combined and proteins were eluted by 1 X SDS load-
ing buffer. 12% SDS-PAGE gel and stained with Coomassie
brilliant blue were used.
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«Fig.4 miR4458HG reacts with IGF2BP2 and regulates the stability
of SLC2A1 and HK2. A Schematic representation of SILAC-based
quantitative proteomic method to identify the miR4458HG-specific
interactors. B Proteome-wide accurate measure showed statistical
significance. C Western blot analysis of IGF2BP2 from miR4458HG
and anti-sense miR4458HG pull-down assay. D Western blot analy-
sis of IGF2BP2 in samples pulled down by anti-sense (F1), full-
length (F2), or truncated miR4458HG (F3: 1-1300, F4: 1-850, F5:
1-431, F6: 432-1731). E RNA immunoprecipitation was performed
using IGF2BP2 antibody, and specific primer was used to meas-
ure miR4458HG. F, G RIP-PCR showed the binding enrichment of
IGF2BP2 to HK2 and SLC2A1 (GLUTI1) was diminished with the
knockdown of miR4458HG in BEL-7404 cells (F) and Hep3B cells
(G). H, I The half-life of HK2 and SLC2A1 mRNA was measured by
qRT-PCR in BEL-7404 cells (H) and Hep3B cells (I) with control or
miR4458HG siRNA transfection. J, K The HK2 and SLC2A1 mRNA
were detected by qRT-PCR in BEL-7404 cells (J) and Hep3B cells
(K) with control or miR4458HG siRNA transfection. L. The relative
HK2 expression level in SMMC7721 cells transfected with pcDNA-
miR4458HG and indicated siRNAs. M The relative SLC2A1 expres-
sion level in SMMC7721 cells transfected with pcDNA-miR4458HG
and indicated siRNAs

Exosome experiment

Exosomes were separated from the cell culture medium by
ultracentrifugation. The medium was centrifuged at 1,000 g
for 10 min at 4 °C. Next, to remove the cellular debris,
the supernatant was centrifuged at 10,000g for 30 min at
4 °C. The resulting supernatant was then passed through a
0.22-pum filter and then subjected to ultracentrifugation at
100,000g at 4 °C for 90 min. The resulting pellet contained
the exosomes.

The purity of the exosome was examined by electron
microscopy. Primary antibodies against CD9, CD81, and
Alix were used to identify the exosomes.

Equal numbers of exosomes derived from the Hep3B
cells were treated with RNaseA and TritonX-100. RNA was
then extracted with TRIzol and normalized to cel-39-3p for
qRT-PCR.

For the visualization of IncRNA and exosome co-local-
ization, FAM-labeled miR4458HG (in vitro transcription)
were introduced into the exosomes by electroporation. The
exosomes were labeled with Dil (LMAI Bio.). MDMs were
incubated with Dil-labeled exosomes and visualized by laser
scanning confocal microscopy (TCS SPS, Leica).

Luciferase reporter assay

pGLO, pGLO-miR4458HG, or pGLO-miR4458HG mut
(miR-100-3p binding site), pGLO-ARGI, or pGLO-ARG1
mut (miR-100-3p binding site) was co-transfected with
miR-100-3p mimics or miR-Control in MDMs. The rela-
tive luciferase activity was normalized to Renilla lucif-
erase activity. Firefly luciferase activity and Renilla
luciferase activity were measured using a dual-luciferase

reporter assay system (Promega) according to the manu-
facturer’s protocol.

Quantification and statistical analysis

The results were interpreted using Mann—Whitney U test
in GraphPad Prism. Data are presented as mean + SEM. p
values < 0.05 were considered statistically significant.

Results

miR4458HG IncRNA is clinically relevant in HCC

Recent evidence suggest that IncRNAs play important
roles in the initiation and progression of HCC. We re-
analyzed the single-cell RNA-seq data from GSE149614.
Totally, 34,414 cells derived from HCC tumor tissues
(n=10) and 28,687 cells from adjacent normal tissues
(n=38) were analyzed. These cells were annotated by
marker genes as six cell types, hepatocyte, T cells, B
cells, myeloid cells, endothelial cells, and fibroblast
according to the original study [15] (Figs. 1A, S1A).
To investigate the IncRNA specifically expressed in the
HCC tumor tissue, the hepatocyte cells (n=22,461) were
extracted from the single-cell dataset (Fig. 1B). To deter-
mine whether the IncRNAs exert differential effects on
HCC tumorigenesis, the scRNA-seq transcriptome of
each hepatocyte cell was compared between the tumor
tissue and the normal tissue. Among the differentially
expressed transcripts, the miR4458HG was most signifi-
cantly expressed in the tumor tissue with a large effect
size (ICohens’ dI> 0.1 and p<0.01) (Fig. 1C). Uniform
Manifold Approximation and Projection (UMAP) anal-
ysis shows that the IncRNA miR4458HG was mainly
enriched in hepatocyte cell (Fig. 1D), especially in HCC
cell (Fig. 1E). Further, in 120 HCC patients (cohort 1 of
hospital), the expression of the IncRNA miR4458HG was
significantly higher in the tumor tissue than in the nor-
mal tissue (Fig. 1F). This result was confirmed by TCGA
HCC dataset (TCGA LIHC) (Fig. S1B). Further, we
analyzed the correlation among miR4458HG expression
level and different clinical presentations of pathophysiol-
ogy of HCC in hospital cohort 1 (Table S3). Results of
the survival analysis revealed that the HCC patients with
a higher miR4458HG expression had a short relapse time
in the TCGA cohort (»p=0.019, HR 1.4) (Fig. S1C) and
hospital cohort 1 (Fig. 1G). Based on the multivariable
Cox regression, IncRNA milR4458HG is independently
associated with the survival time of HCC in TCGA
cohort (Fig. 1H).
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«Fig.5 HK2 and SLC2A1 were functionally significant target genes
of miR4458HG in HCC. A Cell proliferation was performed after
the overexpression of SLC2A1 and HK2 in BEL-7404 miR4458HG-
knockout cells. B, C Colony formation assay was measured after
overexpression of SLC2A1 and HK2 in BEL-7404 miR4458HG-
knockout cells. D Sample picture of tumors in mice bearing BEL-
7404 WT and miR4458HG-knockout cells treated with control ade-
novirus, SLC2A1 overexpression adenovirus or HK2 overexpression
adenovirus (n=6). E Volume of the tumor was quantified after differ-
ent treatments in the xenograft mouse model (n=06). F Tumor weight
of mice was measured following respective treatments (n==6). G Lac-
tic acid production was examined in BEL-7404 miR4458HG-knock-
out cells with the overexpression of SLC2A1 and HK2. H ECAR was
detected in BEL-7404 WT and miR4458HG-knockout cells with the
overexpression of SLC2A1 and HK2. I The relative lactic acid level
was examined in SMMC-7721 cells co-transfected with control and
SLC2A1 siRNA/HK2 siRNA or co-transfected with pcDNA3.1-
miR4458HG and SLC2A1 siRNA/HK2 siRNA. J ECAR was
detected in SMMC-7721 cells with control, pcDNA3.1-miR4458HG,
and SLC2A1 siRNA transfection. K ECAR was detected in SMMC-
7721 cells with control, pcDNA3.1-miR4458HG, and HK2 siRNA
transfection

miR4458HG acted as an oncogenic IncRNA
among patients with HCC

To investigate whether miR4458HG plays an essential
role in HCC tumor progression in an unbiased man-
ner, GSEA analysis was performed using TCGA RNA
sequencing data (TCGA LIHC, n=419). Results showed
that a high miR4458HG expression was associated with
the gene signatures related to glycolysis and proliferation
pathways (Fig. 2A, B). Furthermore, miR4458HG expres-
sion was positively correlated to glycolysis-related genes,
including ENO1, ALDOA, and G6PD in TCGA database
(Fig. S2A). These findings indicated that miR4458HG
played an important catalytic role in HCC and glycolysis.

To evaluate the bioinformatics findings, miR4458HG
siRNAs were purposefully introduced into the HCC cells,
BEL-7404 and Hep3B. Higher levels of miR4458HG
were obtained in BEL-7404 and Hep3B cells (Fig. S2B).
miR4458HG knockdown markedly inhibited HCC cell
proliferation in vitro (Fig. 2C-H, Fig. S2C-D) and sup-
pressed BEL-7404 tumor volume (Figs. 21, J, S2E) and
tumor weight (Fig. 2K) in vivo. Ki67 staining revealed
that miR4458HG knockdown effectively inhibited the
in vivo multiplication of the tumor cells (Fig. S2F). In
addition, SMMC-7721 and Huh7 cells with lower lev-
els of miR4458HG demonstrated that cell proliferation
was enhanced after miR4458HG overexpression in vitro
(Figs. 2L, M, S2G-H). Our findings indicated that
miR4458HG could enhance HCC tumor growth by modu-
lating HCC cell multiplication.

miR4458HG influenced HCC cell survival
by activating glycolysis pathway

Next, the ECAR was measured to determine the direct
impact of the change in miR4458HG level on the gly-
colytic metabolism of HCC cells [16]. Indeed, com-
pared with control cells with control siRNA transfection,
miR4458HG knockdown markedly decreased ECAR in
BEL-7404 and Hep3B cells (Fig. 3A, B). Colorimetric
assay showed that miR4458HG downregulation markedly
reduced the production of lactic acid in BEL-7404 and
Hep3B cells (Fig. 3C, D). However, miR4458HG over-
expression significantly enhanced ECAR (Fig. 3E, F) and
lactic acid production (Fig. 3G, H) in SMMC-7721 and
Huh7 cells. Importantly, miR4458HG induced increases
in cell multiplication and lactic acid production in SMMC-
7721 (Figs. 31, S3A), and Huh7 cells were remarkably
blocked by 2-deoxy-p-glucose (2-DG), which is a suppres-
sor of glycolysis pathway (Fig. 3], Fig. S3B). Furthermore,
miR4458HG expression increased upon glucose starvation
in SMMC-7721 cells (Fig. S3C). These results suggested
that miR4458HG could be upregulated by glucose depriva-
tion and further modulate glycolysis in HCC.

miR4458HG interacted with IGF2BP2
and modulated the mRNA stability of HK2
and SLC2A1 depending on RNA m6A modification

The miR4458HG expression in the nuclear and cytoplasm
fractions was performed by qRT-PCR in HCC Hep3B cells.
MiR4458HG was predominant in the cytoplasm (Fig. S4A).
To analyze the mechanism of this IncRNA in tumorigenesis,
the SILAC-based proteomic method [17, 18] combined with
RNA pull-down assay was conducted to screen the proteins
that interacted with miR4458HG (Fig. 4A). Among the spe-
cific interactors of sense miR4458HG (log2(H/L ratio) > 1)
(Fig. 4B), the top five potential miR4458HG-binding pro-
teins were selected for further binding validation. Based on
the results of the RNA pull-down analysis, IGF2BP2 was
the only protein binding to miR4458HG (Figs. 4C, S4B).
These findings indicated that IGF2BP2 might interact with
miR4458HG. IGF2BP2 is an m6A reader protein, which is
important for the stability and function of many RNAs with
m6A modifications, and further regulates important biologi-
cal functions, including glycolysis and carcinogenesis [19].
To identify the exact location of the IGF2BP2-interacting
region of miR4458HG, we developed and biotinylated six
segments of miR4458HG (F1 denotes complete length of
anti-sense miR4458HG, F2 denotes complete length of sense
miR4458HG, F3: 1-1300 nt, F4: 1-850 nt, F5: 1-431 nt,
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Fig.6 The levels of miR4458HG and glycolysis components corre-
late and are clinically relevant in HCC patients. A The representative
images of ISH of miR4458HG and immunohistochemical staining
of GLUTI and HK2 in cohort 2. Scale bar, 100 pm. B Correlation
analysis between miR4458HG expression and GLUT1 IHC scores
(left) and between miR4458HG expression and HK2 (right) in HCC
tissues of cohort 2 (n=128). C Longevity was examined and associ-
ated among subjects with higher and lower miR4458HG expression
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(miR4458HG, GLUT1, and HK?2) in cohort 2
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F6: 432—-1731 nt), and then subjected to pull-down analy-
sis along with BEL-7404 cell lysates. Western blot assay
showed that the 5° terminal of miR4458HG was essential
for this IncRNA to interact with IGF2BP2 protein (Fig. 4D).
To validate the results, RIP assay was performed by qRT-
PCR and confirmed the interaction between miR4458HG
and IGF2BP2 in HCC cells (Fig. 4E).

IGF2BP2 functions as an m6A RNA reader and stabilizes
the m6A modification of target RNA in different biologi-
cal physiological processes and tumor signaling pathways.
This RNA m6A reader can also modify the m6A and mRNA
level of HK2 and SLC2A1, which are the key components of
glycolysis pathway in cancer biology [20]. Thus, we hypoth-
esized that miR4458HG was responsible for IGF2BP2-
mediated HK2 and SLC2A1 RNA stability depending on the
RNA m6A modification. RIP followed by qRT-PCR assay
demonstrated that miR4458HG downregulation significantly
suppressed the binding between IGF2BP2 and the mRNA
of HK2 or SLC2A1 in BEL-7404 (Fig. 4F) and Hep3B
cells (Fig. 4G). The half-life of SLC2A1 and HK2 mRNA
was markedly diminished in BEL-7404 cells (Fig. 4H) and
Hep3B cells (Fig. 41) after transfection with miR4458HG
siRNA. Furthermore, knockdown of miR4458HG substan-
tially reduced the RNA level of SLC2A1 and HK2 in BEL-
7404 cells (Fig. 4]) and Hep3B cells (Fig. 4K). In addi-
tion, overexpression of miR4458HG significantly increased
the HK2 and SLC2A1 expression, while knockdown of
IGF2BP2 impaired the miR4458HG-induced upregulation
of HK2 and SLC2A1 in SMMC-7721 cells (Figs. 4L, M,
S5). In brief, these results indicated that miR4458HG might
directly bound with IGF2BP2 and further regulate the m6A
modification and the mRNA stability of SLC2A1 and HK2
in HCC cells.

HK2 and GLUT1 mediated the biological function
of miR4458HG in HCC

Hexokinase 2 (HK2) is an essential kinase in glycolysis
and participates in different carcinogenesis, including HCC
[21]. SLC2A1 encodes GLUT1 (glucose transporter 1), a
key glycolytic transporter, is also specifically expressed in
HCC [22]. To the best of our knowledge, our study was able
to demonstrate for the first time that miR4458HG promoted
SLC2A1 and HK2 expression by increasing their mRNA
stability. Consequently, rescue experiments were performed
to examine the involvement of SLC2A1 and HK2 in the
effects of miR4458HG in HCC. The SLC2A1, HK2, or con-
trol overexpression plasmid was transfected into the BEL-
7404 with or without miR4458HG knockout (Fig. S6A, B).
miR4458HG knockout remarkably inhibited BEL-7404 cell
proliferation (Fig. 5A), colony formation (Fig. 5B, C), and
tumor growth (Fig. 5D-F), which was partially restored
by HK2 or SLC2A1 overexpression. Meanwhile, HK2 or

SLC2A1 siRNA was transfected into the SMMC-7721 cells
with miR4458HG overexpression plasmid or empty vector
transfection (Fig. S6C, D). miR4458HG overexpression-
induced cell proliferation (Fig. S6E) and colonization (Fig.
S6F, G) were markedly rescued via downregulating of HK2
or SLC2A1. This data subsequently supported HK2 and
SLC2A1 as important target genes of miR4458HG in HCC.

In glycolytic assays, the ectopic expression of HK2 or
SLC2A1 reversed the reduction of lactate formation and glu-
cose consumption, respectively, in BEL-7404 miR4458HG-
knockout cells (Fig. 5G, H). Furthermore, HK2 or SLC2A1
downregulation significantly inhibited the miR4458HG-
induced increase in lactate production (Fig. 5I) and glu-
cose uptake (Fig. 5J, K) in SMMC-7721 cells. Therefore,
SLC2A1 and HK2 participated in the biological function of
miR4458HG in HCC cells.

miR4458HG and glycolysis components are
pertinent clinically in patients with HCC

Immunohistochemical staining was performed on the tis-
sues of patients in the hospital cohort 2. IHC data showed
that strong staining of GLUT1 and HK2 was found in HCC
patients with increased miR4458HG expression and vice
versa (Fig. 6A), with statistical significance (Fig. 6B). More-
over, the miR4458HG expression was positively correlated
to the protein level of HK2 and GLUT1 in HCC tissues. Sub-
sequently, the strength of miR4458HG, glycolytic constitu-
ent, and overall longevity were further analyzed. Survival
analysis revealed higher expression of miR4458HG, GLUT1
or HK2 predicted robustly shorter clinical outcome in HCC
participants of cohort 2 (Fig. 6C-E). Patients with three
highly expressed markers showed the shortest overall sur-
vival time (Fig. 6F). Thus, a higher miR4458HG, GLUT]I,
and HK?2 expression might indicate poor prognosis in HCC
patients.

Exosomal miR4458HG promoted tumor-associated
macrophage polarization and induces tumor
progression

Results of the correlation analysis showed that the
miR4458HG expression was positively correlated to the
CD68 and ARG expression in macrophage cells (Fig. 7A),
indicating that miR4458HG might mediate the function of
tumor-associated macrophage cells. We next hypothesized
that miR4458HG was wrapped in the exosomes, which
was secreted from HCC cells and further entered the mac-
rophage cells to perform its biological function. gqRT-PCR
data showed that the exosomes of miR4458HG were sig-
nificantly increased in different HCC cells, compared with
those of LO2 hepatocytes (Fig. S7A). In addition, a high
exosomal miR4458HG level was detected in Hep3B HCC
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«Fig.7 Exosomal miR4458HG promotes tumor-associated mac-
rophage polarization and induces tumor progression. A Correla-
tion analysis between miR4458HG expression and ARGI expres-
sion (left) in HCC tissues of cohort 2 (n=128). Correlation analysis
between miR4458HG expression and CD68 expression (right) in the
HCC tissues of cohort 2. B Electron microscope observation of the
morphology of Hep3B exosomes. Western blot analysis of antigens
(CD9, CD81, and Alix) in Hep3B exosomes (Hep3B exo). Scale
bar, 200 nm. C qRT-PCR analysis of miR4458HG in the exosomes
derived from Hep3B cells treated with RNase A alone or combined
with Triton X-100. D Fluorescent staining was performed in MDMs
after incubation with Dil-labeled (red) exosomes derived from Hep3B
cells. Scale bar, 20 pm. E The expression level of M2 macrophages
markers (CD163, CCL17, and ARG1) and M1 macrophages mark-
ers (IL-1p and iNOS) in MDMs treated with exosome extracted from
LO2 cells (normal hepatocytes) or Hep3B cells as indicated. F The
expression level of M2 macrophages markers (CD163, CCL17, and
ARG1) and M1 macrophage markers (IL-1p and iNOS) in MDMs
with miR4458HG overexpression. G Hep3B cells cultured with
MDMs treated with exosome extracted from LO2 or Hep3B cells for
48 h in Transwell systems for 10 days, and then Hep3B cells were
collected for cell proliferation. H Hep3B cells were co-cultured with
MDMs-control and MDMs-miR4458HG in Transwell systems for
10 days and then collected for cell proliferation. I Anti-AGO2 RIP
was conducted in MDMs with transient transfection of miR-100-3p
and miR-NC, and qRT-PCR was performed to identify miR4458HG
associated with AGO2. J ChIRP followed by qRT-PCR to detect
miR-100-3p that endogenously related with miR4458HG. U6 was
used as a negative control. K Sequence alignment of miR-100-3p
with miR4458HG and miR4458HG mutant (top). Dual-luciferase
reporter assays of pGLO-vector, pGLO-miR4458HG, and pGLO-
miR4458HG mutant (pGLO-miR4458HG mut) (bottom). L. Sequence
alignment of miR-100-3p with ARG1 and ARG1 mutant (top). Dual-
luciferase reporter assays of pGLO-vector, pPGLO-ARG1, and pGLO-
ARGI1 mutant (pGLO-ARG1 mut) (bottom). M The RNA level of
ARG1 was detected in MDMs treated with the indicated microRNA
mimics or inhibitors of miR-100-3p. N The RNA level of ARGI
was detected in MDMs treated with the microRNA mimics of miR-
100-3p and miR4458HG as indicated. O Schematic diagram for the
mechanism showing that miR4458HG/IGF2BP2 regulates glycolysis
metabolism in HCC cancer development by stabilizing the transcrip-
tion of SLC2A1 and HK2

cells with more cellular miR4458HG, compared with LO2
hepatocytes (Fig. S7B). Furthermore, the exosomes were
isolated from HCC Hep3B cells by centrifugation. Electro-
microscopy data showed the presence of Hep3B exosomes
(Hep3B-exo) with a diameter of 40-140 nm (Fig. 7B). In
addition, Western blot analysis further showed that exosome
markers CD9, CD81, and Alix were identified in Hep3B-
exo (Fig. 7B). qRT-PCR also showed that the miR4458HG
expression level was significantly downregulated in Hep3B-
exo in response to RNase A and Triton X-100 simultane-
ous treatment, but not significantly altered upon RNase
A treatment alone (Fig. 7C), indicating that extracellular
miR4458HG was mainly wrapped in the exosomes. In con-
focal immunofluorescent assay, co-localization of FAM-
labeled miR4458HG (green) and Dil-labeled exosomes (red)
was observed in the human monocyte-derived macrophages
(MDMs) cells after exosome incubation, indicating that the

exosomes-mediated miR4458HG transferring could occur
between the macrophage and Hep3B cells (Fig. 7D).

To investigate the role of miR4458HG in tumor-associ-
ated macrophage polarization, the expression of immuno-
activating macrophages (M1) markers and immunosup-
pressive macrophages (M2) markers in human MDMs
was evaluated. qRT-PCR data showed that M2 markers of
the macrophage, but not M1 markers, were significantly
increased in MDMs cells after inoculation with Hep3B
exosomes with a higher level of miR4458HG (Fig. 7E). In
addition, the overexpression of miR4458HG significantly
increased the expression of M2 markers of the macrophage
in MDMs cells (Fig. 7F). To explore the role of human
MDMs with a higher miR4458HG expression in the regula-
tion of HCC tumor cell growth, Hep3B-derived exosomes
were first incubated with human MDMs (exo-MDMs) or
transfected pCDNA3.1-miR4458HG into MDMs. These exo-
MDMs and MDMs with a higher expression of miR4458HG
(miR4458HG-MDMs) were then respectively co-cultured
with Hep3B cells in a Transwell system, whereby the exo-
MDMs and miR4458HG-MDMs were not physically inter-
acting with the HCC cells. After 10 days of inoculation, the
Hep3B cells co-cultured with exo-MDMs or miR4458HG-
MDMs exhibited a higher level of cell proliferation (Fig. 7G,
H) compared with control cells. In clinical validation assay,
qRT-PCR was performed and confirmed the existence of
exosomal miR4458HG in the serum sample of HCC patients
(Fig. S7C). In addition, according to the expression level
of exosomal miR4458HG in the serum, HCC patients were
divided into high- and low-expression groups, respectively.
qRT-PCR assay showed the presence of higher levels of
CD163, CCL17, and ARG in tissue-isolated macrophages
of HCC patients with high miR4458HG expression (Fig.
S7D-F). These data indicated that miR4458HG might medi-
ate the polarization of tumor-associated macrophage.

Next, we explored the potential mechanism of exo-
miR4458HG in macrophage polarization. The exosome-
wrapped IncRNA usually acts as a ceRNA to perform
its biological function [23, 24]. Therefore, we next used
bioinformatical analysis tools (Eran Segal; http://132.77.
150.113/pubs/mir07/mir07_prediction.html) to predict
the potential target miRNA of miR4458HG. The analysis
data showed that miR-100-3p is the potential candidate
to bind miR4458HG. To verify the binding between miR-
100-3p and miR4458HG, RIP assay was performed with
anti-AGO2 antibody in MDMs. The data confirmed the
involvement of miR4458HG and miR-100-3p in the RISC
of MDMs (Fig. 71). Further, ChIRP validation assay showed
that miR4458HG could directly interact with miR-100-3 in
MDMs (Figs. 7], S7G). In addition, pGLO-miR4458HG
was constructed with the full-length of miR4458HG in a
luciferase reporter plasmid. miR-100-3p overexpression
significantly downregulated the luciferase activity of the
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miR4458HG reporter plasmid, but not the control plasmid
(Fig. 7K), and the pGLO-miR4458HG-mut with miR-100-3p
binding site mutation. Next, the target genes of miR-100-3p
and miR4458HG were predicted by Targetscan (http://www.
targetscan.org/). After bioinformatical analysis, we selected,
for further validation, ARG1, which plays important roles
in polarization of macrophage cells. Luciferase assays were
performed, and the data showed that the luciferase activity
was significantly reduced after transfection of miR-100-3p
mimics in MDMs cells with ARG reporter plasmid trans-
fection, but not the mutated plasmid (Fig. 7L). Next, qRT-
PCR (Fig. 7M) demonstrated that ARG1 expression was
reduced by miR-100-3p mimics and increased by miR-
100-3p inhibitors. Furthermore, miR4458HG overexpres-
sion significantly blocked the miR-100-3p-induced downreg-
ulation of ARG1 in MDMs (Fig. 7N). These data indicated
that ARG1 was the direct target of miR-100-3p in MDMs
cells, and miR4458HG-mediated macrophage polarization
depended on blocking the miR-100-3p-mediated ARG1
downregulation.

Discussion

Numerous oncogenic signal pathways may contribute
to HCC [25]. However, the influence of IncRNAs in the
arrangement of glucose metabolism and in human HCC is
poorly defined. Based on the results of genomic, biochemi-
cal, and functional analysis, we proved that miR4458HG
is a carcinogenic IncRNA in HCC and associated with cell
proliferation and glycolytic pathways. In in vitro and in vivo
experimental models, miR4458HG downregulation signifi-
cantly inhibits cell proliferation and glycolysis activation
in HCC, suggesting that a high miR4458HG expression is
essential to regulate human HCC malignancy.

The biological functions of IncRNAs usually depend on
their subcellular localizations [26]. The nuclear IncRNAs reg-
ulate the transcription or post-transcriptional modification of
target genes and further influence different signal transduction
pathways [26]. Yet, the mechanism by which the disease pro-
gress starts remains unexplored particularly in HCC. In this
study, LC-MS combined with RNA pull-down assay showed
that miR4458HG directly bound to the RNA m6A reader
IGF2BP2 and further facilitated the m6A modification level
and mRNA stability of target genes (HK2 and SLC2A1); sub-
sequently, glycolytic metabolic reactions were initiated. The
following findings in previous studies support these results:
(i) miR4458HG directly interacted with IGF2BP2 via its 5’
domain; (ii) downregulation of miR4458HG abrogated the
binding efficiency between IGF2BP2 and the mRNA region
of SLC2A1 and HK2; (iii) the breakdown of miR4458HG
effectively interferes with the m6A modification and RNA
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half-life level of the target genes of IGF2BP2, SLC2A1 and
HK?2, which are the key components of glycolysis pathway;
and (iv) miR4458HG, which could be wrapped in the exo-
some and secreted out by HCC cells, might act as an micro-
RNA sponge, increase ARG1 expression, and further promote
tumor-associated macrophage polarization (Fig. 70). To the
best of our knowledge, miR4458HG is the first IncRNA that
can modulate the target RNA stability by enhancing the bind-
ing and the recognition efficiency of m6A reader IGF2BP2 to
its target genes and by further altering the glycolytic metabo-
lism and cancer biology function and tumor microenviron-
ment in HCC tissue subunits.

On exploring the process by which miR4458HG enhances
the HCC, it was clear that HK2s and SLC2A1 (GLUT1) play
arole as important kinase in the glycolysis pathway [21]. A
recent study demonstrated an increased activity of HK2 in
HCC cells [27]. In addition, GLUT1 is the essential glucose
transporter expressed in hepatic cells and the major regula-
tor of glycolysis pathway [28]. In our study, we first showed
that miR4458HG facilitates IGFBP2 to recognize and sta-
bilize the mRNA level of SLC2A1 and HK2 dependent on
m6A modification and then further increase the mRNA and
protein scores of SLC2A1 and HK?2. In addition, HK2 and
SLC2A1 are involved in the miR4458HG-mediated glucose
metabolism and tumorigenesis in HCC.

Previous studies have demonstrated the Warburg effect
and its involvement in cell proliferation in several solid
tumors including HCC [29]. In the present study, we found
an increased miR4458HG expression upon glucose dep-
rivation, which assisted in achieving IGF2BP2-mediated
HK2 and SLC2A1 m6A RNA stability and promoted
glycolysis in HCC cells. The abnormal activation of
miR4458HG/IGFBP2/HK2/SLC2A1 glycolysis cascade
might be the new glucose metabolism pattern for HCC to
survive. Therefore, based on our results, miR4458HG was
a potential key component for HCC glucose metabolism
reprogramming. MiR4458HG, an oncogenic IncRNA, is
sufficient in moderating the m6A modification pattern of
IGF2BP2 and further stabilizing SLC2A1 and HK2 mRNA
and regulating glycolysis in HCC cells.

In addition, the present study revealed that HCC cells
may produce exosomes to transmit miR4458HG to mac-
rophage cells and further promote the polarization of
tumor-associated macrophage cells. Exosomes is com-
posed of a larger number of non-coding RNAs, includ-
ing microRNAs and IncRNAs. Exosome-wrapped non-
coding RNAs could be effectively delivered into target
cells to regulate their biological functions [30, 31]. Here,
miR4458HG, an HCC cell-derived IncRNA, is released via
exosomes from the HCC cells to the macrophage cells to
act as miR-100-3p sponge and further stabilize the mRNA
stability of ARG1, which is the major marker of tumor-
associated macrophage. This shows that miR4458HG
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IncRNA could mediate the communication between mac-
rophage and HCC cells, and further promote the genera-
tion of the immunosuppressive microenvironment in HCC.

Given the essential and pivotal role of miR4458HG
in HCC, we concluded that miR4458HG enhanced the
HCC tumor growth and glycolysis in vitro and in vivo
by directly interacting with IGF2PB2 to stabilize the
mRNA level of SLC2A1 and HK2, subsequently enhanc-
ing the HCC progression and glycolysis pathway. Thus,
miR4458HG and its associated pathway may be potential
tools to identify prognostic biomarkers and therapeutic
targets among patients with HCC.
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