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Introduction: N6-methyladenosine (m6A) modification and long non-coding RNAs
(IncRNAs) play pivotal roles in the progression of hepatocellular carcinoma (HCC).
However, how their interaction is involved in the prognostic value of HCC and immune
checkpoint inhibitors (ICIs) therapy remains unclear.

Methods: The RNA sequencing and clinical data of HCC patients were collected from TCGA
database. The prognostic m6A-related IncRNAs were screened out with Pearson correlation test,
univariate Cox analysis and least absolute shrinkage and selection operator (LASSO) Cox regres-
sion. Patients with HCC were classified into 2 subtypes by consensus clustering. Survival analyses
were performed to assess the prognostic value of different clusters and risk models. Potential tumor
correlated biological pathways correlated with different clusters were explored through gene set
enrichment analysis. We also identified the relationship of the risk model and clusters with response
to immune checkpoint inhibitors (ICIs) therapy and tumor microenvironment (TME). Furthermore,
the prognostic value of the 9 m6A-related IncRNAs was validated in the external cohort. Finally,
the role of SNHG4 was explored by silencing and overexpression of SNHG4 through conducting
proliferation, migration and invasion experiments.

Results: Patients from 2 clusters and different risk groups based on m6A-related IncRNAs
had significantly different clinicopathological characteristics and overall survival outcomes.
Tumor-correlated biological pathways were found to be correlated with Cluster 2 through
GSEA. Moreover, we found that patients from different clusters and risk groups expressed
higher levels of immune checkpoint genes and had distinct TME and different responses for
ICIs therapy. Prognostic value of this risk model was further confirmed in the external
cohort. Finally, consistent with the discovery, SNHG4 played an oncogenic role in vitro.
Conclusion: Our study demonstrated that the 9 m6A-related IncRNA signature may serve
as a novel predictor in the prognosis of HCC and optimize (ICIs) therapy. SNHG4 plays an
oncogenic role in HCC.

Keywords: N6-methyladenosine, long non-coding RNAs, prognosis, immune checkpoints

inhibitors therapy, hepatocellular carcinoma

Introduction

As the fourth leading cause of cancer-related deaths, harboring aggressive char-
acteristics and dismal prognosis,' hepatocellular carcinoma (HCC) has higher level
of molecular heterogeneity, which contributes to various prognosis outcomes.”
Especially the development of single cell sequencing technology opens new
avenues to excavate the underlying mechanism of tumor microenvironment repro-
gramming from genetic and epigenetic levels. In addition to tumor cells, immune
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cell infiltration and stromal cells play even more crucial
parts in the development of HCC.?> As the most prevalent
mRNA modification, m6A acts dynamically in cancer
progression through various RNA metabolisms, such as
RNA processing, nuclear export and translation
regulation.* Recently, multiple studies have put efforts
into exploring the role of m6A in liver carcinogenesis.
According to Chen et al’ as one component of m6A
“writers” complex, METTL3 was up-regulated in HCC,
which was associated with poor prognosis. They illustrated
the interaction pattern among METTL3, SOCS2 and
YTHDEF2, which provided a new mechanism for HCC
progression. Two other categorical m6A regulators, “read-
ers” and “erasers”, also dynamically participate in carci-
nogenesis. For instance, FTO, as a stimulator of PKM?2
mRNA demethylation, is up-regulated in protein transla-
tion, thereby promoting HCC.® The absence of YTHDF2
in HCC impedes the decay of IL11 and SERPINE2.
Consequently, the up-regulated IL11 and SERPINE2 will
modulate the tumor microenvironment.” Long non-coding
RNAs (IncRNAs) can be divided into signaling, decoy,
scaffold IncRNAs their

functions.® Aberrant expression of IncRNAs will disrupt

guide and according to
the balance of normal biological environment as risk dri-
ver for various cancers. MALAT1, HULC and HOTAIR
are most implicated to be up-regulated in HCC.® The
interaction pattern between m6A and IncRNAs can be
classified into m6A-modified IncRNAs and IncRNAs reg-
ulating m6A-modified RNAs.'® The stability of IncRNAs
can be improved by m6A modification, which can facil-
itate the function of oncogenic IncRNAs mainly through
IncRNA-mediated ceRNA network.''"'* For instance, in
HCC, METTL3 modifies IncRNA LINC00958 and up-
regulates miR-3619-5p, the priority sponge of
LINCO00958, to increase the expression of HCC-derived
growth factor (HDGF).'* Conversely, as for the mechan-
ism of IncRNAs regulating m6A modifications, it has been
reported that GATA3-AS can promote m6A reader protein
KIAA1429 m6A modification of GATA3 pre-mRNA as
a guide IncRNA, and contribute to HCC progression.'”
Although some studies have described the interplay
between m6A and IncRNAs participating in HCC promo-
tion, more mutual regulatory mechanisms between them
need to be determined. Besides, their mutual role in the
formation of tumor-immune microenvironment still
remains elusive.

In this study, we attempted to analyze the role of m6A-

related IncRNAs in predicting prognosis and their

associations with clinicopathological features in patients
with HCC. SNHG4, as one of the prognostic m6A-related
IncRNAs, was demonstrated to promote HCC cell prolif-
eration, migration and invasion in our study. Moreover, we
also explored the correlation of m6A-related IncRNAs
with tumor microenvironment, immune checkpoint genes
and response to the immune checkpoint inhibitors (ICIs)
therapy, with the results providing insights into the poten-
tial new mechanism of tumor microenvironment modula-
tion and optimizing the selection criteria of patients
suitable for ICIs therapy.

Materials and Methods

Data Collection and Processing

RNA sequencing data and clinical data were downloaded
from TCGA database via the GDC data portal (https://
portal.gdc.cancer.gov/repository) for collecting the raw

count data of 374 HCC samples and 50 paired normal
samples. Then, a total of 14,086 IncRNAs were obtained
according to the Ensemble IDs of genes for further analy-
sis. Additionally, corresponding clinical data of patients
with HCC were also collected. Immunophenoscore infor-
mation (IPS) for each sample in TCGA-STAD were down-
loaded from The Cancer Immunome Database (TCIA)
(https://tcia.at/home). Patients with missing status or time

data of over survival (OS) were excluded. Ultimately, 370
HCC patients with IncRNA expression data and clinico-
pathological data including age, gender, grade, stage and
TNM staging were selected in the final cohort for analysis;
they were randomly assigned into the training or validation
cohort at the ratio of 7:3 with the caret package.
Continuous variables were converted to categorical vari-
ables for analysis, and variables in the training and valida-
tion cohort were compared with the chi-square test.

Identification of m6A-Related Genes and
Prognostic m6A-Related IncRNAs

Based on previous literature, expression matrixes of 23
moA-related genes were extracted according to the
mRNA expression data in TCGA-LIHC, including expres-
sion data on writers (METTL3, METTL14, METTLI16,
WTAP, VIRMA, ZC3H13, RBM15 and RBM15B), read-
ers (YTHDC1, YTHDC2, YTHDF1, YTHDF2, YTHDEFS3,
HNRNPC, FMRI1, LRPPRC, HNRNPA2B1, IGFBPI,
IGFBP2, IGFBP3 and RBMX) and erasers (FTO and
ALKBHS). Subsequently, m6A-related IncRNAs were
first filtered with the “limma” R package by setting cor
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>0.5 and P<0.001, and co-expression network graph was
plotted by the “igraph” R package. Then, the prognostic
mo6A-related IncRNAs with the criterion of P<0.05 were
screened through univariate Cox regression analysis. The
expression differences of IncRNAs between HCC tissue
and normal adjacent tissues were examined by Wilcoxon
test.

Identification of m6A-Related IncRNA

Subgroups by Consensus Clustering

To further explore the underlying biological characteristics
of m6A-related IncRNAs, patients with HCC were clus-
different
“ConsensusClusterPlus” R package with iterations of 50

tered into subtypes by the
and resample rate of 0.8. The optimal & value (k=2) was
determined to obtain a stable cluster. The subgroup analy-
sis was performed on clinicopathological factors between
two clusters by Kaplan—Meier survival method and log

rank test.

Analysis on Correlations of Different
Clusters with Immune
Checkpoint-Related Genes and Tumor

Microenvironment (TME)
Scores of immune, stromal and ESTIMATE were calcu-
lated with ESTIMATE algorithm by the “estimate” pack-
age. Between the two clusters, expression differences of
immune checkpoint molecules, and immune, stromal and
ESTIMATE score differences were analyzed by Wilcoxon
test. The correlations between m6A-related IncRNAs and
immune checkpoint genes were analyzed by Pearson cor-
relation test, with P<0.05 indicating statistical difference.
Through GSEA, 1000 permutations were randomly
sampled with the false discovery rate (FDR) <0.05 as the
cut-off value to study the difference in tumor signaling
pathways between patients of Cluster 2 and Cluster 1.

Construction and Validation of Risk
Model and Its Association with
Clinicopathological Features and Immune
Checkpoint Genes

The least absolute shrinkage and selection operator
(LASSO) regression algorithm was implemented to further
select the m6A-related IncRNAs in the training queue that

were associated with overall survival. Thereafter, the
expression levels of the 9 identified IncRNAs and

corresponding coefficients obtained by the LASSO regres-
sion algorithm were used to establish the risk model, and
the risk-scoring formula was as follows: Risk score =
coefl*x1+coef2*x2+coef3*x3+ ... +coefi*xi (coef refers
to the coefficient of each IncRNA, and x refers to the
expression level of each IncRNA). Patients were divided
into high-risk and low-risk group in both training and
validation cohorts according to the median risk score,
respectively. To evaluate the predictive accuracy of the
risk model, receiver operating characteristic (ROC) was
applied in training and validation cohorts. The calibration
curves and time-independent ROC analysis were con-
ducted in the external cohorts. The OS difference between
low-risk and high-risk group was detected by Kaplan—
Meier survival method and log rank test. Whether the
risk score was an independent prognostic factor was eval-
uated through univariate and multivariate Cox regression
analysis. The risk score differences concerning clinico-
pathological factors, immune score and two clusters were
further explored by Wilcoxon test, as well as the analysis
on expression differences of immune checkpoint genes and
the responses to ICIs therapy.

Patients and Follow-Up

Clinical tissues, tumors and areas adjacent to the margin of
the tumors were collected from HCC patients who under-
went surgical curative resection between 2015 and 2018 at
the Liver Cancer Institute of Fudan University (Shanghai,
China). Patients with incomplete detailed clinical informa-
tion were excluded, and 50 patients were finally selected.
Ethical approval was confirmed by the Zhongshan
Research  Ethics
informed consent was obtained from all of the patients
(Permit ID number: B2018-236). Follow-up time ranged
from 198 to 1386 days, and the median follow-up time

Hospital Committee, and written

was 893 days.

gRT-PCR Analysis

Total RNA was extracted using MolPure Cell RNA Kit
(YEASEN Biotech Co., Ltd). cDNA synthesis was carried
out by using Hifair III 1st Strand c¢cDNA Synthesis
SuperMix for qPCR (YEASEN Biotech Co., Ltd). The
relative IncRNA expression levels were calculated with
272CT method, and glyceraldehyde 3-phosphate dehydro-
genase (GAPDH) served as an internal control; the
sequences of qPCR primers are presented in Table SI.

All experiments were performed in triplicate.
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Cell Culture and Transfection
HCC cell lines Huh7, MHCCLM3 and PLC/PRF/5 were
purchased from the Cell Bank of the Chinese Academy of
Sciences (Shanghai, China). All the cell lines were cul-
tured in DMEM (Gibco, CA, United States) supplemented
with 10% fetal bovine serum (Australia Origin, Gibco,
Carlsbad, CA, United States), 1% penicillin/streptomycin
(Beyotime, China) and incubated at 37°C with 5% CO,.
siRNAs and negative control (si-NC) were synthesized
by Sangon (Shanghai, China). siRNA oligos targeting
SNHG4 were CCACUAGGACACACAGAUUTT for
sense and AAUCUGUGUGUCCUAGUGGTT for anti-
sense; for negative control siRNA, sense was
TU*1A*1C*IU*A*A*G*U*G*U*A*G*A*U*U*1C*1-
U*1G*1C. For SNHG4 overexpression, the full-length
SNHG4 cDNA was
pcDNA3.1 by Sangon (Shanghai, China). An empty vector

amplified and subcloned into
was used as a negative control. For transfection, 1x10°
cells were seeded in a six-well plate; 125 pL. Opti-MEM
medium and 5 pL lipofectamine3000 were incubated for
15 minutes at room temperature. Meanwhile, 125 pL Opti-
MEM medium and 2.5 pg siRNA were incubated for 15
minutes for transfection. For transfection of pcDNA3.1, 5

pL P3000 needs to be added for incubation. Then, si-RNA

RNA sequencing of 374 HCC
patients in the TCGA

/pcDNA3.1-lipid complex was added to cells. After 48 h,
the cells were harvested for further experiments.

Colony Formation

For colony formation assay, cells were digested into sin-
gle-cell suspension and 2000 cells seeded in a six-well
plate. To each well, 200 uL. complete medium was added
every 2 days to prevent drying, and they were incubated in
a 5% CO, incubator for 2 to 3 weeks. Colonies were fixed
with 4% paraformaldehyde and stained with 0.4% crystal
violet for 15 min. Then, the clones were washed with
2 mL PBS repeatedly. The colonies were imaged by the
microscope and quantified by ImagelJ (version 1.53).

Cell Migration and Invasion Assay

For cell migration assay, one hundred thousand cells were
cultured in the 24-well transwell plates (8 um pore size,
Corning, NY, USA), 0.3 mL serum-free medium was
added to coated filters and 0.8 mL DMEM containing
10% FBS was placed in the lower chamber. For Matrigel
invasion assays, 5 pL Matrigel (BD Biosciences, USA)
was diluted with DMEM at the ratio of 1:9. One hundred
thousand cells suspended in serum-free medium were pla-
ted in the upper chambers with diluted Matrigel, and

23 m6A related genes reported

in the previous study

2| Gene set enrichment analysis
14086 IncRNAs screened were associated
with m6A related genes

Cell function experiments

Univariate Cox regression analysis

25 candidate IncRNAs Consensus Clustering Method
were obtained identified 2 clusters

LASSO Cox Regression analysis genes

—————2| Prognosis analysis

Association with

Establishment of the 9 IncRNA
mo6A-related risk model

Prognosis value of the
risk score validated in
the external cohort
(n=50)

Kaplan Meier curve
Time dependent ROC curve
Calibration curve

3 Association with tumor
microenvironment

Total cohort (N=370)
Training cohort (n=259)

Validation cohort (n=111)

[ !

» Association with
Prognqsuc value of the immune checkpoints
risk model genes

Figure | Study flowchart of this study.

|

Correlation with
immunophenoscore (IPS)
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0.8 mL medium with 20% FBS was added to the lower
chamber. After incubation for a suitable amount of time,
the cells were fixed in 4% paraformaldehyde, stained by
crystal violet and counted under a microscope.

EdU Incorporation Assay

EdU incorporation assay was conducted by EdU assay kit
(Beyotime, Shanghai, China). Huh7 and MHCCLM3 were
transfected with si-NC and si-SNHG4, respectively;
MHCCLM3 and PLC/PRF/5 were transfected with
pcDNA3.1 and pcDNA3.1-SNHG4, respectively; and
cells were seeded in a 96-well plate with a density of
around 1x10* cells/ well. After culturing for 24 h, 100
pL EdU solution (20 uM) was added to each well and
incubated for 4 h. The cells were fixed in 50 uL PBS
containing 4% paraformaldehyde for 30 min. Then, 50
pL 2 mg/mL glycine was added for 5 min. After washing
with PBS, the cells were incubated with 100 pL 1xApollo
staining solution for 30 min. The staining solution was
discarded, and the cells were washed with 100 uL. PBS
containing 0.5% TritonX-100 for 10 min. After washing
again with PBS, 100 pL. 1xHoechst 33,342 was added for
a 30 min incubation at room temperature. After washing
with PBS, the positive cells were visualized under

® IncRNA e m6A

A

MCM3AP.
SNHG21
SNHG4

NRAV

i
Ivi

Gene expression
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WAC-AS1
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AC016394.2
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LINC00205
SREBF2-
DDX11-AS1

Type E3 Normal E3 Tumor

a microscope. The results were analyzed by Imagel (ver-
sion 1.53).

Western Blotting Analysis

Huh7 and MHCCLMS3 cells which were transfected with
si-NC and si-SNHG4, respectively, were harvested with
RIPA lysis buffer containing 1 mM Na;VO,, 1 mM
Cocktail and 1 mM PMSF. Cell debris was removed by
centrifugation. The total protein concentration was deter-
mined by the BCA protein assay. The protein samples
were boiled for 5 min in 1xSDS sample buffer and frac-
tionated by 12% SDS-PAGE and transferred to PVDF
membrane. The membrane was blocked with 5% nonfat
milk in TBST (20 mM Tris, pH 7.6, and 137 mM NaCl
containing 0.1% Tween-20) for 1 h at room temperature
and incubated with primary antibodies overnight at 4°C.
Then the membrane was washed and incubated with sec-
ondary antibody for 1 h. The protein bands were visualized
using enhanced chemiluminescence reagents (Thermo
Fisher Scientific, Inc., Rockford, IL, USA) and Tanon

5200 Chemiluminescent Imaging System (Tanon,

Shanghai, China) detection. The following primary anti-
bodies were used: GAPDH (1:1000, Proteintech), ki-67
(1:1000, Proteintech), PCNA (1:1000, Proteintech), Bax

P value
<0.001
<0.001
<0.001
<0.001
<0.001
<0.001
<0.001
<0.001
<0.001
<0.001
<0.001
<0.001
<0.001
<0.001
<0.001
<0.001
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<0.001
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14.008(4.327-45.347)
1.462(1.179-1.812)
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Figure 2 The IncRNA:s significantly correlated with méA-related genes. (A) Co-expression network of méA-related genes and IncRNAs. (B) Forest plot of the prognostic

ability of the 25 méA-related IncRNAs. (C and D) Heatmap (C) and expression value
*##%P<0.001. (E) Interrelationship between the 23 méA-related IncRNAs.

(D) of the 25 méA-related IncRNAs in 50 normal tissues and 374 tumor tissues.
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(1:1000, Cell Signaling Technology), Bcl-2 (1:1000,
Proteintech), Cleaved caspase-9 (1:1000, Cell Signaling
Cell
Signaling Technology). The following second antibody

Technology) and Cleaved caspase-3 (1:1000,

was used: goat anti-rabbit/anti-mouse-peroxidase-

conjugated second antibody (1:5000, Abcam).

Statistical Analysis

The initial processing of the expression data downloaded
from TCGA was conducted by the Perl (version 5.24.3).
All statistical analyses were performed using R software
(version 4.0.2) and GraphPad Prism (version 8.2.0).
A P-value <0.05 was considered to have statistical
significance.

Results
Identification of m6A-Related IncRNAs in

Patients with HCC

The study flowchart is displayed in Figure 1. A total of
14,086 IncRNAs and expression matrixes of 23 mo6A-
related genes were extracted from TCGA-LIHC RNA
sequencing dataset, with the value of Pearson correlation
>0.5 and P<0.01, which were set as the criteria for pre-
liminarily selecting m6A-related IncRNAs. A total of 338
IncRNAs were found to be significantly correlated with
mo6A-related genes with positive correlations. The co-
expression network graph is shown in Figure 2A.
Subsequently, 25 IncRNAs were obtained through univari-
ate Cox regression analysis (P<0.001) when the prognostic
data were integrated. The clinical baseline information of
370 HCC cases in TCGA database is presented at Table 1.
The forest plot showed that all the screened IncRNAs can
be risk factors with HR (hazard ratio) >1 (Figure 2B). The
heatmap (Figure 2C) and the boxplot (Figure 2D) demon-
strated that 25 IncRNAs can be up-regulated in the HCC
tissues compared with those in the normal tissues
(Figure 2C and D). Thereafter, we investigated the inter-
relationship between the 25 IncRNAs (Figure 2E), show-
ing that although the correlation between AC099850.2 and
AC026412.3 was weak, most of them were significantly
positive.

Consensus Clustering Identified Two
Clusters of HCC with Distinct Prognoses

Based on m6A-Related IncRNAs

Based on the similar expression of 25 IncRNAs in HCC
samples, the samples were clustered with consensus

Table | Clinical Characteristics of the HCC Cases in TCGA
Database

Characteristics Total TCGA (N=370)
Age (years) =65 232
>65 138
Gender Male 249
Female 121
Stage Stage |- 256
Stage IlI-IV 90
Unknown 24
Grade Grade 1-2 232
Grade 3 121
Grade 4 12
Unknown 5
T TI-2 274
T3-4 93
Unknown 3
M MO 266
MlI 4
Unknown 100
N NO 252
NI-3 4
Unknown 114

clustering method, to further elucidate the biological
discrepancies among subgroups. The CDF curves of
consensus matrix indicated that, when k=2, the interfer-
ence between subgroups is minimal and the distinction
is significant (Figure 3A—C). A total of 370 patients
with HCC were separated into Cluster 1 (n=313) and
Cluster 2 (n=57). As shown in the heatmap (Figure 3D),
the expression of 25 IncRNAs in Cluster 2 was drama-
tically higher than that in Cluster 1. Moreover, the
clinicopathological  characteristics were compared
between two subgroups. As expected, patients with
more advanced grade (grade 3 or grade 4) (P<0.05)
and stage (stage III-IV) (P<0.01) covered a larger pro-
portion in Cluster 2. Meanwhile, the patients in Cluster
2 were preferentially associated with the late T stage,
while no evident differences of N stage and M stage
were observed between the two groups. Also, we found
that, in Cluster 2, female patients were dominant
(P<0.05), with no statistically significant difference in
the distribution of age between the two subgroups. In
addition, the OS of the patients in Cluster 2 was shorter

than that in Cluster 1 (Figure 3E).
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Figure 3 Differential survival outcomes of HCC in Cluster 1/2 subtypes. (A) Consensus score matrix of all samples when k=2. (B) The cumulative distribution functions
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The association of the two clusters and the prognosis of
patients with HCC was indicated by comparing survival
rates of the two clusters in different clinical subgroups,
with the drawn survival plots (Figure S1A-I), indicating
that survival rates of two clusters have significant differ-
ences in age <65 (P<0.001), male (P<0.001), grade 1 +
grade 2 (P<0.001), stage Il + stage IV (P=0.001), MO
(P<0.001), NO (P<0.001), T1+T2 (P=0.034) and T3+T4
(P<0.01). As illustrated in the survival plots, patients in
Cluster 2 had worse OS than those in Cluster 1.

Association of TME and Immune
Checkpoint Genes with Two Clusters

Immune checkpoint blockade can increase antitumor
of

immunity by blocking intrinsic down-regulators

immunity. Recent evidences have suggested the interplay
between m6A modifications and IncRNAs on the biologi-
cal function involved in cancer progression, and m6A
modifications had the potential to to promote immunother-
apy. Herein, 5 immune checkpoint genes were selected,
including PD-L1, CTLA4, HAVCR?2, TIGIT and B7-H3,
which were reported as effective targets for immunother-
apy. The differential expression of these above immune
checkpoint genes in the two subtypes and the correlation
of these molecules with m6A-related IncRNAs were iden-
tified. All these findings show that CTLA4 (P<0.01,
Figure 4B), HAVCR2 (P<0.01, Figure 4C), TIGIT
(P<0.001, Figure 4D) and B7-H3 (P<0.01, Figure 4E) in
Cluster 2 had higher expression than the counterparts,
without any statistical difference with PD-L1 (P>0.05,
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Figure 4 Comparison of the expression levels of immune checkpoints genes between Cl

uster 1/2 subtypes. (A-E) The expression level of PD-LI (A), CTLA4 (B), HAVCR2

(C), TIGIT (D), B7-H3 (E) in two subtypes. (F) Correlation of the 23 méA-related IncRNAs with each immune checkpoint gene. **P<0.01, ***P<0.001.

Figure 4A). Moreover, the correlations between immune
checkpoint genes and mo6A-related IncRNAs were ana-
lyzed, with the results as shown in Figure 4F, suggesting
that AC099850.4 was positively correlated with the 5
immune checkpoint genes (P<0.05), which implied that
the potential role of m6A-modified IncRNAs in regulating
the immunomodulators may open new avenues to explore

the anticancer immunotherapy.

To get more insights into the interplay between mo6A-
related IncRNAs and immunity, TME has predominant
impact on the tumor progression as a crucial cellular milieu
for immune cells, stromal cells and extracellular matrix
molecules, hence, the distribution differences of the esti-
mated proportion of immune and stromal between the two
clusters were calculated by ESTIMATE algorithm. As shown
in Figure 5A—C, although the immune score had no signifi-
cant difference between the two clusters (P=0.14), Cluster 2
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Figure 5 ESTIMATE and GSEA analysis in Cluster 1/2. (A-C) Comparison of immune score (A), stromal score (B) and ESTIMATE score (C) in two subtypes. (D) GSEA
showed that cell cycle, Wnt signaling pathway, notch signaling pathway and RIG-1-like receptor signaling pathway are differentially enriched in Cluster 2. NES, normalized
enrichment score; NOM p-val, normalized P-value; FDR q value: false discovery rate q value.

harbored lower stromal score (P<0.01) and ESTIMATE
score (P=0.017). These findings revealed that a larger pro-
portion of stromal components in TME is likely associated
with lower expression of m6A-related IncRNAs.

For investigating the biological mechanism leading to
the heterogeneity of the two clusters, GSEA was imple-
mented and it was found that several tumor hallmarks
were dynamically enriched in Cluster 2 compared with
Cluster 1, including cell cycle (normalized enrichment
score [NES]=2.00, normalized P<0.001), WNT signaling
(NES=1.86, normalized P<0.001), NOTCH signaling
(NES=1.88, normalized P=0.002) and RIG-1-like receptor
signaling (NES=1.65, normalized P=0.004) (Figure 5D).
The
between the two clusters above indicated the potential
role of m6A-related IncRNAs in the development of HCC.

aforementioned multiple signaling differences

Construction and Validation of
a Prognostic Model for Patients with
HCC Based on m6A-Related IncRNAs

As assessed through the univariate Cox regression ana-
lysis, 25 differentially expressed m6A-related IncRNAs

were found to be significantly associated with OS. To
identify the most powerful prognostic mo6A-related
IncRNAs, nine IncRNAs containing SNHG4, KDM4A-
AS1, AC026356.1, SREBF2-AS1, AL031985.3,
ACO026412.3, AC074117.1, DDX11-AS1 and NRAV,
and coefficients of each of the IncRNAs were finally
identified through LASSO
(Figure 6A—C). Based on the regression coefficients

regression  analysis
and expressions of the 9 prognostic markers, a risk
model was constructed, and the formula was as fol-
lows: risk score = 0.4977 * expression (SNHG4) +
0.4692 * expression (KDM4A-AS1) + 0.1908 * expres-
sion (AC026356.1) + 0.1065 * expression (SREBF2-
AS1) + 0.0834 * expression (AL031985.3) + 0.3039 *
expression (AC026412.3) + 0.1935 *
(AC074117.1) + 0.0688 * expression (DDX11-ASI) +
0.0294 * expression (NRAV). According to the median
value of the risk score, patients with HCC were divided

expression

into high-risk and low-risk groups. The predictive per-
formance of the risk model was evaluated with ROC
curves, and the area under the ROC curve (AUC) for
OS was 0.805 in the training cohort (Figure 6D) and
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Figure 6 Construction of the HCC prognostic risk model based on 9 méA-related IncRNAs. (A and B) Least absolute shrinkage and selection operator (LASSO) regression
was performed; the penalization coefficient A in the LASSO model was tuned using |0-fold cross-validation and minimum criterion for the selection of méA-related
IncRNAs. (C) Barplot of the coefficients of selected IncRNAs. (D and G) Receiver operating characteristic (ROC) curves of risk model for predicting survival in the training
(D) and validation cohort (G). (E and F) Distribution of risk score, survival status of HCC patients and heatmap of the 9 méA-related IncRNAs in the high/low-risk group in

the training (H) and validation (I) cohort.

0.696 6G) in the wvalidation cohort.

Furthermore, the distributions of risk scores and survi-

(Figure

val status of each patient in both the training and the
validation cohorts are displayed in Figure 6E and F.
The figure indicates that with the increase of the risk
score the mortality rate increased and the survival time
The heatmap indicates that all the 9
IncRNAs were highly expressed in the high-risk

was shorter.

group in both training cohort and validation cohort
(Figure 6H and I). Taken together, our results sug-
gested that the risk scores based on the 9 mo6A-
related IncRNAs had optimal predictive ability of the
prognosis in patients with HCC.

Risk Score Based on mé6A-Related
IncRNAs Was an Independent Prognostic
Factor for Patients with HCC

Whether the risk model based on the mo6A-related
IncRNAs could independently predict the prognosis of
patients with HCC was determined by univariate and
multivariate Cox regression analysis. The results of
univariate Cox regression analysis showed that OS
was evidently associated with stage (HR, 1.636; 95%
CI, 1.232-2.173, P<0.001) and riskScore (HR, 1.154;
95% CI, 1.104-1.207, P<0.001) in the training cohort
(Figure 7A) and stage (HR, 1.706; 95% CI, 1.267—
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Figure 7 Univariate and multivariate analysis showed that the risk score calculated by LASSO model was an independent prognostic predictor. (A and B) Univariate (A) and
multivariate (B) Cox analysis in the training cohort. (C and D) Univariate (C) and multivariate (D) Cox analysis in the validation cohort. (E and F) Kaplan—Meier analysis
showed that the high-risk group exhibited worse survival outcome than the low-risk group in the training (D) and validation (E) cohort. (G and H) Subgroup Kaplan—Meier

analysis of HCC patients in the stage |-l group (G) and stage llI-IV group (H).

2.299, P<0.001) and riskScore (HR, 1.011; 95% CI,
1.003-1.018, P=0.005) the
(Figure 7C). After adjusting the clinicopathological

in validation cohort
factors in the multivariate Cox regression analysis,
stage (HR, 1.451; 95% CI, 1.072-1.963, P<0.001)
and riskScore (HR, 1.138; 95% CI, 1.085-1.193,
P<0.001) in the training cohort (Figure 7B) and stage
(HR, 1.824; 95% CI, 1.335-1.193, P<0.001) and
riskScore (HR, 1.012; 95% CI, 1.003-1.020, P=0.008)

in the validation cohort (Figure 7D) still acted as

powerful prognostic factors (Table 2). The survival
curves revealed that, both in the training and validation
cohorts, patients in the high-risk HCC group exhibited
worse OS compared with those in the low-risk group
(training cohort: P=0.006, validation cohort: P=0.008)
(Figure 7E and F). Furthermore, in the subgroup ana-
of HCC,
P-values were 0.02 and 0.007 for patients with stage

lysis for patients with different stages

I-1T and stage III-IV, respectively, which were calcu-

lated by log rank analysis (Figure 7G and H).
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group. The baseline clinical characteristics of different
risk groups are summarized in Table 3. Univariate and
multivariate Cox regression analysis confirmed that
risk score was notably associated with OS (Table 2).
The
showed that patients with high risk had a worse OS
than those with low risk (P=0.035) (Figure 11B). The
C-index for the risk score predicting OS of HCC
patients was 0.744 in the external clinical cohort
(Figure 11C). Time-dependent AUC ranged from
0.744 to 0.900, which indicated that the risk score
had a satisfactory prediction value with the fluctuation

baseline information of Kaplan—-Meier curve

of time (Figure 11D). The calibration plot graphically
showed relatively good agreement between the actual
survival status and predicted survival status
(Figure 11E). In the light of these results, we con-
cluded that the risk model constructed by 9 mo6A-

related IncRNAs had robust prognosis prediction value.

Silencing SNHG4 Inhibits HCC
Proliferation, Migration and Invasion

in vitro

SNHG4 had the highest coefficient of the risk model
constructed by LASSO regression model, which meant
that SNHG4 was highly associated with the prognosis of
HCC. However, the role of SNHG4 in the development of
HCC remains elusive. Therefore, we aimed to test whether
SNHG4 plays biological roles in HCC. We first evaluated
the transfection efficiency in the Huh7 and MHCCM3 by
qRT-PCR and found that the expression level of SNHG4
was significantly decreased after transfection of si-SNHG4
(Figure 12A and B). The EdU incorporation assay
revealed a significant suppression in the proliferation of
Huh7 and MHCCLM3 cells after transfection of si-
SNHG4 (Figure 12C and D). Then, colony formation
assays indicated that the silencing of SNHG4 could
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Figure 9 Relationships between risk score and expression level of immune checkpoint genes. (A) PD-LI, (B) B7-H3, (C) CTLA4, (D) HAVCR2 and (E) TIGIT.

significantly decrease the growth of both cell lines
(Figure 12E and F). Transwell migration and invasion
assays revealed that the down-regulation of SNHG4
could decrease the motility and invasiveness in both cell
lines (Figure 12G and H). Finally, we detected the expres-
sion of proliferation-related and apoptosis-related proteins
after silencing SNHG4 by Western blot analysis. As
shown, silencing SNHG4 resulted in decreased ki67,
PCNA and Bcl-2 expression, while it also led to increased
Bax, Cleaved caspase-3 (Cleaved casp-3) and Cleaved
caspase-9 (Cleaved casp-9) expression (Figure 121 and
J). Overall, the above results indicated that silencing
SNHG4 inhibits proliferation, migration and invasion
of HCC.

Overexpression of SNHG4 Accelerates
Proliferations, Migration, Invasion of

HCC Cells in vitro

Next, we transfected pcDNA3.1-SNHG4 plasmids into
MHCCLM3 and PLC/PRF/5 cells, and qRT-PCR analysis
showed that SNHG4 was greatly increased in cells over-
expressing SNHG4 compared to those in the control cells
(Figure 13A). Then we performed EdU incorporation
assays, colony formation, migration and invasion assays
to analyze the effect of SNHG4 on cell proliferations. Our

results showed that SNHG4-overexpressing cells had sig-
nificantly higher EdU incorporation (Figure 13B and C)
and colony formation (Figure 13D and E). Moreover,
SNHG4-overexpressing cells had increased abilities of
migration and invasion compared to control cells
(Figure 13F and G). Collectively, the above results demon-
strated that SNHG4 overexpression promotes proliferation,

migration and invasion of HCC.

Discussion
The interaction model between m6A and IncRNAs has
gained more and more attention in recent years. Their
regulatory network is involved in tumor cell proliferation,
invasion and metastasis of various cancers, thus providing
novel targets for cancer diagnosis and therapy.'® LncRNAs
and M6A have been demonstrated to play pivotal roles in
regulating cancer biological function, respectively, but the
mutual regulation mechanism between them remains
unclear. Therefore, it is of great value to explore the
potential biological response of these deregulated mo6A-
related IncRNAs in cancers.

In this study, first of all, we screened out the IncRNAs
related to m6A regulatory proteins in HCC samples from
TCGA database based on their prognostic value. All

selected IncRNAs were dramatically up-regulated in
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tumor tissues as risk factors for HCC prognosis. Then
these HCC samples were clustered into two subtypes
according to different expression patterns of IncRNAs.
Among the finally identified 9 IncRNAs, SNHG4 and
KDM4A-AS were the top two, which were highly corre-
lated with HCC prognosis. SNHG4 has been demonstrated
to be an oncogene in osteosarcoma by sponging miR-224-
3p, and KDM4A was implicated to enhance the malig-
nancy of various types of cancer including non-small cell
lung cancer, prostate cancer and HCC.'”2° Our results
unveiled that both of them probably interacted with m6A
modification, promoting the exploration of a more sophis-
ticated underlying mechanism of carcinogenesis. The risk

score was constructed based on LASSO regression algo-
rithm, with satisfactory prediction performance. Besides,
we observed that risk score was also tightly associated
with clinicopathological factors, such as stage and grade.
According to the univariate and multivariate analysis, risk
score was an independent factor affecting the prognosis of
patients with HCC. These findings could serve as signifi-
cant clinical prognosis indicators to some extent.
Mounting evidence demonstrated that m6A modifica-
tion is actively involved in the immune system: m6A
modification patterns were found to be associated with
different immune profiles in colon cancer and gastric can-

cer, PD-L1 expression level also varies among various
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mo6A patterns and thus m6A patterns could predict the
immune therapy response as an innovative indicator.”'**
Consumption of FTO has been reported to suppress the
expression of immune checkpoint genes, avoiding immune
escape.”” In another study, researchers found that
YTHDF1-deficient could enhance the antitumor response
of antigen-specific CD8+ T cell and the efficacy of PD-L1
checkpoint blockade therapy.”* However, whether m6A
regulators and IncRNAs can collaboratively influence the
immune landscape in HCC has not been recognized.
Herein, we revealed two distinct m6A-related IncRNA
expression patterns of HCC samples based on the
ESTIMATE algorithm, and found that the two distinct
clusters had remarkably different stromal scores, with no
statistical difference in immune scores. However, there

were significant differences in the distribution of immune

scores among different risk groups. Notably, patients from
the low-risk group had higher immune scores, which may
be related to infiltration of anti-tumor immune cells.
GSEA was performed to further investigate the activation
of biological pathways that differed in tumor prognosis
and tumor microenvironment between the two clusters.
The results indicated that cell cycle, Wnt signaling path-
way, notch signaling pathway and RIG-1-like receptor
signaling pathway were preferentially enriched in Cluster
2, with worse prognosis. Interestingly, the activation of
these pathways also plays indispensable roles in modulat-
ing tumor immune environment. Previous studies sug-
gested that Wnt overexpression disrupts immune cell
the CD8+ T

infiltration.”®> Notch signaling pathway can determine the

recruitment, thereby reducing cell

differentiation of T cells and myeloid cells; moreover,
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Table 3 Clinical Characteristics of HCC Patients in External
Cohort Stratified by Risk Status

Characteristics | High Risk Low Risk P-value*
(n=25) (n=25)

Age 0.024
=65 9 17
>65 16 8

Gender 0.571
Male 12 14
Female 13 I

Stage 0.008
Stage |- 7 18
Stage IlI-IV 18 7

Grade 0.027
Grade |-2 10 19
Grade 3 8 13
Grade 4 15 6

Risk score 4.0+0.7 2.1£0.6 <0.001

Notes: *P-value for category variables were calculated by ,(2 test or Fisher’s exact
test, for continuous variable, P-value was calculate by t test.

notch also regulates other components of TME and cancer
stem cells, participating in the complex cross-talk among
these tumor-related cells.”® RIG-1 was also found to
enhance anti-CTLA4 checkpoint blockade efficacy and
prolong clinical responses.?” In summary, we hypothesized
that m6A-related IncRNAs and these activated pathways
collaboratively controlled the different prognosis and TME
between two clusters.

For HCC, therapies are varied, including surgical
resection, radiofrequency ablation, transcatheter arterial
chemoembolization and liver transplant, but they are
often limited by inevitably high recurrence rates or low
candidate ratios.”> As a promising new therapy, immu-
notherapy has gradually changed the pattern of cancer
treatment.”® The most studied immune checkpoints are
PD-1 and CTLA4. The PD-1 pathway is involved in
inhibiting the late activation of T cells in surrounding
tissues, while CTLA4 regulates T cell immune responses
mainly at the priming phase in lymph nodes.”” However,
anti-PD-1 and anti-CTLA4 therapies often tend to be less
effective, and thus an increasing number of immune
checkpoints have been found, such as T cell immunoglo-
bulin and ITIM domain (TIGIT), V-domain Ig suppressor
of T cell activation (VISTA) and B7 homolog 3 protein
(B7-H3).*° Recent evidence suggests that a possible expla-
nation for different response rates of immune checkpoint

blockade might be epigenetic modifications.”'* We inves-
tigated the relationship between IncRNAs and immune
profiles in a variety of cancer types, and the results high-
lighted the potential role of IncRNAs in predicting immu-
notherapy responses.”>** Meanwhile, Sun et al** found
that inhibition of METTL3 and METTL4 could augment
response of anti-PD-1 treatment in colorectal cancer and
melanoma. In our study, we attempted to investigate the
mutual function of m6A and IncRNAs involved in con-
trolling the expression of immune checkpoint genes. We
found that Cluster 2 had higher expression of immune
checkpoint genes, and the high-risk group had consistent
results. Besides, the correlation of each m6A-related
IncRNA and immune checkpoint genes was also identified.
Most importantly our findings uncovered that different
expression patterns of m6A-related IncRNAs may have
potential to evaluate the response to immune checkpoint
blockade therapy.

Small nucleolar RNA host gene (SNHG) family has
been widely studied in the development of HCC by reg-
ulating the molecular signal networks. SNHG mostly acts
as a ceRNA binding miRNA to modulate diverse pathways
in HCC.* Elevated expression of SNHG16 is associated
with poor prognosis in HCC, and SNHG16 promotes HCC
progression through the miR-302a-3p/FGF19 axis.’
SNHG3 was determined to facilitate HCC invasion by
regulating the EMT via the miR-128/CD151/Akt/PI3K/
Snail pathway.”” SNHG4 has also been reported to parti-
cipate in diverse tumor biology; it can facilitate cervical
cancer progression by targeting miR-148a-3p to regulate
C-Met.*® In prostate cancer, SNHG4 could be up-regulated
by SP1 and regulating ZIC5 via miR-377.2° However, how
SNHG4 takes part in the HCC development is unclear. In
our study, qRT-PCR, EdU incorporation assays, transwell
migration and invasion assays and Western blot assays
were used to explore the correlation between HCC and
SNHG4, and we found that up-regulated SNHG4 was
positively correlated with HCC. The results were in accor-
dance with bioinformatics analysis. Bcl-2/Bax/Cleaved
caspase-3 as an apoptotic signaling pathway has been
implicated in various diseases.*>*' Our Western blot ana-
lysis revealed that silencing SNHG4 could down-regulate
Bcl-2 expression, while the expressions of Bax, Cleaved
caspase-3 and Cleaved caspase-9 increased, indicating that
SNHG4 might regulate apoptosis in HCC. However, as an
mo6A-related IncRNA, the in-depth regulation network of
SNHG4 in HCC should be further explored.
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Figure 12 Silencing of SNHG#4 inhibits proliferation, migration and invasion in vitro. qRT-PCR to detect the relative silencing levels of SNHG4 in Huh7 and MHCC-LM3 cells
(A and B). Representative images of EdU assay of Huh7 and MHCC-LM3 with si-NC, si-SNHG4 and wild-type cells (C and D). Colony formation ability of Huh7 and
MHCC-LM3 transfected with si-NC and si-SNHG4 and wild-type cells (E and F). Transwell assay for investigating migration and invasive properties Huh7 and MHCC-LM3
transfected with si-NC, si-SNHG4 and wild-type cells (G and H). Bcl-2, Bax, Cleaved casp-3, Cleaved casp-9, Kié7 and PCNA were assessed by Western blot analysis (I and

J). ¥¥P<0.01, ¥***P<0.001, n=3.

Our study also has several limitations. Firstly, the
results of the study should be further validated in external
cohorts with larger numbers. Secondly, more specific
mechanisms of interplay between m6A and IncRNAs and
how this regulatory pattern contributes to the reshape of
TME should be further explored. Thirdly, whether mo6A-
related IncRNAs participate in other biological processes
of cancer should be investigated. Finally, although the
correlations between the risk model and clinicopathologi-
cal features or TME have statistical differences, the clin-
ical differences should be further validated because the
mean differences were not so obvious.

In summary, patients from TCGA-LIHC database were
divided into Cluster 1 or 2 by consensus clustering analy-
sis according to expression patterns of mo6A-related
IncRNAs. Then, based on the prognosis value of mo6A-
related IncRNAs, a risk score was constructed with

satisfactory prognostic value, which was further confirmed
in the external clinical cohort. Meanwhile, patients in the
Cluster 1 or 2 or different risk groups were also signifi-
cantly associated with clinicopathological characteristics,
TME and immune checkpoint gene expression levels.
Finally, SNHG4 was identified as an oncogenic m6A-
related IncRNA for promoting HCC progression in vitro.

Data Sharing Statement
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Figure 13 Overexpression of SNHG4 promotes proliferation, migration and invasion in vitro. qRT-PCR to detect the relative transfection efficiency of pcDNA3.1-SNHG4
in MHCCLM3 and PLC/PRF/5 cells (A and B). Representative images of EdU assay in pcDNA3.] and SNHG4 of MHCC-LM3 and PLC/PRF/5 cells (C and D). Colony
formation ability of MHCC-LM3 and PLC/PRF/5 cells transfected with pcDNA3.| and SNHG4 (E and F). Transwell assay for investigating migration and invasive properties in
MHCC-LM3 and PLC/PRF/5 cells transfected with pcDNA3.I and SNHG4 (G and H). *¥P<0.01, **¥P<0.001, n=3.

and informed consent was obtained from all of the
patients. All the analyses of data and material have been
performed in accordance with the Declaration of Helsinki.
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