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Abstract

Hepatic stellate cell (HSC) activation is a critical event in the development of hepatic
fibrosis and hepatocellular carcinoma (HCC). By the release of soluble cytokines,
chemokines, and chemotaxis, HSCs affect HCC cell phenotypes through a com-
plex tumor microenvironment. In this study, weighted gene co-expression network
analysis (WGCNA) was used to identify the TGF-p signaling pathway as a key sign-
aling pathway in Hep3B cells cultured in HSC conditioned medium. MIR4435-2HG
is a hub IncRNA associated with the TGF-p signaling pathway and HSC activation.
HSC-condition medium (CM) culture induced HCC cell malignant behaviors, which
were partially reversed by MIR4435-2HG silencing. miR-506-3p directly bound to
MIR4435-2HG and the 3'UTR of TGFB1. Similarly, overexpression of miR-506-3p also
attenuated HSC-CM-induced malignant behavior of HCC cells. In HSC-CM cultured
HCC cells, the effects of MIR4435-2HG knockdown on TGFB1 expression and HCC
cell phenotypes were partially reversed by miR-506-3p inhibition. HSCs affected HCC
cell phenotypes by releasing CXCL1. In an orthotopic xenotransplanted tumor model
of HCC cells plus HSCs in mice, CXCR2 knockdown in HCC cells significantly inhibited
tumorigenesis, which was partially reversed by MIR4435-2HG overexpression in HCC
cells. In HCC tissue samples, the levels of CXCL1, TGF-p1, and MIR4435-2HG were
upregulated, while miR-506-3p expression was downregulated. In conclusion, HSC-
released CXCL1 aggravated HCC cell malignant behaviors through the MIR4435-
2HG/miR-506-3p/TGFB1 axis. In addition to CXCL1, the MIR4435-2HG/miR-506-3p/
TGFB1 axis might also be the underlying target for HCC therapy.
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1 | INTRODUCTION

Hepatocellular carcinoma (HCC) accounts for 85% of primary liver
malignancies and is one of the most prevalent primary malignant
tumors, with a relatively high incidence, frequent recurrence and
poor prognosis.1 The close crosstalk between cancer cells and their
surrounding microenvironment exerts a crucial effect on the reg-
ulation of tumor biological behavior.? Hepatic stellate cells (HSCs)
are mysterious cells with multiple functions in the liver that secrete
soluble cytokines, chemokines, and chemotaxis to form a complex
tumor microenvironment.® Through the tumor microenvironment,
activated HSCs can induce the deregulation of several mutual sig-
nals between HSC and precancerous liver cells or liver cancer cells,
and promote tumorigenesis, migration, invasion, and metastasis of
tumors.*® For example, TGFp1 and the TGFB/Smad signaling are
important for the activation of HSC, leading to the epithelial to
mesenchymal transition (EMT),® maintaining the cancer stem cell
(CSC)-like properties of epithelial tumor cells, and finally promoting
HCC development and aggressiveness.”® Considering the crucial
role of HSCs and their related tumor microenvironment in HCC
pathogenesis, the study of its mechanism may provide novel strat-
egies for HCC therapy.

Noncoding RNAs, including long non-coding RNAs (IncRNAs)
and microRNAs (miRNAs), were originally regarded as “transcrip-
tional noise”, which could form functional network modules together
with noncoding RNAs and protein-coding RNAs, affecting the pro-
liferation, apoptosis, migration, and invasion of cancer cells.”10
Compared with traditional differentially expressed gene analysis,
weighted gene co-expression network analysis (WGCNA) has suc-
cessfully detected co-expressed modules and hub genes, miRNAs,
and IncRNAs from various aspects.!!1?

In the present study, the TGF-f signaling was chosen based
on integrative bioinformatics analyses and previous studies.’®1*
WGCNA was performed and MIR4435-2HG (LINC00978) was
identified as a hub IncRNA; the specific effects of MIR4435-2HG
on HSC activation were investigated. Since miRNAs could mediate
the crosstalk between IncRNA and mRNA,*16 miR-506-3p was
predicted to target MIR4435-2HG. The predicted targeting and
the dynamic effects of the MIR4435-2HG/miR-506-3p axis were
investigated. Finally, we examined the expression of key factors
within tissues. Collectively, the experiments were designed to
investigate the role and mechanism of the MIR4435-2HG/miR-
506-3p axis in HCC cell behaviors caused by the HSC-mediated

tumor microenvironment.

2 | MATERIALS AND METHODS
2.1 | Clinical sampling

With the approval of the Medical Ethics Committee of Xiangya

Hospital, 12 paired HCC and adjacent noncancerous tissue speci-
mens were collected from surgical tumor resection in the Xiangya

Hospital. Informed consent was obtained from all enrolled

patients.

2.2 | Celllineages

Hepatocellular carcinoma cell line Hep3B (CL-0102) and human he-
patic stellate cell line LX-2 (CL-0560) were purchased from Procell.
Huh7 cells were purchased from the Chinese Academy of Sciences
Shanghai Cell Bank. SNU-449 cells were purchased from the ATCC.
LX-2, SNU-449, and Huh7 cells were cultured in DMEM medium
(Gibco) supplemented with 10% FBS (Invitrogen). Hep3B cells were
cultured in MEM (Gibco) containing 10% FBS (Invitrogen). All cells
were cultured at 37°Cin 5% CO,,

2.3 | Collection of conditioned medium
The HSC-CM was collected from confluent cells after 48hours
of culture in a complete medium. At this point, the HSC-CM was
centrifuged and frozen at —20°C. A new aliquot was used for each
experiment.

Recombinant CXCL1 (rCXCL1) protein was obtained from
Abnova. rCXCL1 was added to the complete medium at a final con-

centration of 10 ng/ml and incubated for 48 hours.

2.4 | Cell transfection

Synthetic si-RNA pool of MIR4435-2HG and CXCL1, agomir-506-3p,
antagomir-506-3p, si-CXCR2 1/2/3, and the corresponding negative
controls (si-NC, agomir-NC, and antagomir-NC) were purchased
from GenePharma. Target cells were transfected for 48 hours with
siRNA, agomir, or antagomir using Lipofectamine 3000 (Invitrogen).
The sequence is listed in Table S1.

2.5 | gRT-PCR

Total RNA was extracted and evaluated by qRT-PCR. For mRNA ex-
pression, the complementary DNA (cDNA) was synthesized using a
RT-Master Mix (TaKaRa). The gRT-PCR after reverse transcription
was then performed using a StepOnePlus RT PCR system (Applied
Biosystems). As for the examination of miRNA levels, RNA was ex-
tracted using a miRNeasy isolation kit (Qiagen). The primers are
listed in Table S1.

2.6 | Wound healing

Target cells were cultured in a six-well plates to a confluency of
~100%. After treatment with mitomycin C (1 mg/ml) for 1 hour, the
cell layer was scratched with a 200-pl sterile pipette. After washing,
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the cells were incubated for 24 hours. Representative images were

taken before and after 24 hours of incubation.

2.7 | Transwell for invasion

Target cells were cultured at a density of 10°cells/well in serum-
free medium in the upper chamber containing Matrigel in Transwell.
The bottom chamber was filled with 600pl of complete medium or
HSC-CM. After 24 hours of incubation, the cells on the upper sur-
face of the upper chamber (noninvasive) were removed, and the cells
on the bottom surface (invasive) were fixed and stained with crystal
violet and observed.

2.8 | Immunofluorescent staining

Target cells or tumor tissues were fixed with 4% paraformalde-
hyde, and then incubated with anti-E-cadherin (1:200, 20874-1-
AP; Proteintech), anti-Vimentin (1:500, 10366-1-AP; Proteintech),
anti-AFP (1:200, 14550-1-AP; Proteintech), or anti-a-SMA (1:500,
14395-1-AP; Proteintech) overnight at 4 °C, and then incubated with
appropriate Alexa Fluor 488-labeled or Cy5-labeled secondary anti-
bodies (Invitrogen) for 30 minutes at room temperature in the dark.
The nuclei were counterstained with DAPI (Sigma-Aldrich). The cells

were subsequently scanned with a fluorescent microscope.

2.9 | RNA fluorescence in situ hybridization

A specific DIG-labeled MIR4435-2HG probe (5'-DIG-CCAGATGCC
GTTTTAGGGGGACAGGATGTATTG-DIG-3) and DIG-labeled miR-
506-3p probe (5-DIG-TCTACTCAGAAGGGTGCCTTA-DIG-3) were
obtained from Servicebio tech. After proteinase K digestion, the
fixed cells were prehybridized with a hybridization solution and then
incubated overnight with the MIR4435-2HG probe at 42°C. After
blocking, the cells were incubated with mouse anti-DIG-HRP for
50minutes at 37°C, and then with Cy3-TSA reagent for 5 minutes at
room temperature in the dark. Later, the cells were incubated with the
miR-506-3p probe, mouse anti-DIG-HRP, and FITC-TSA reagents as
described above. Cell nuclei were stained with DAPI. MIR4435-2HG
showed red inflorescence. miR-506-3p showed green inflorescence.

2.10 | Immunoblotting

Target cells were lysed using lysis buffer (Roche) containing pro-
tease inhibitors. Protein samples were collected and separated by
SDS-PAGE (10%-12%) and transferred to polyvinylidene fluoride
(PVDF) membranes (Beyotime). The membranes were first blocked
with 5% bovine serum albumin (BSA), followed by primary antibod-
ies against E-cadherin (20874-1-AP; Proteintech), Vimentin (10366-
1-AP; Proteintech), TGF-p1 (ab215715; Abcam), ZEB1 (66279-1-1G;
Proteintech), Smad2 (12570-1-AP; Proteintech), p-Smad2 (#18338;

CST), Smad3 (66516-1-lg; Proteintech), and p-Smad3 (1:2000,
ab52903; Abcam) overnight at 4°C. Then, membranes were incu-
bated with secondary antibodies and visualized using enhanced
chemiluminescent reagents (Beyotime). The relative protein expres-
sion was analyzed using ImageJ software.

2.11 | RNA immunoprecipitation assay

Hep3B cells (1x 107) were lysed using an RNA immunoprecipitation
(RIP) lysis buffer (Millipore). The cell lysates were then incubated
with RIP immunoprecipitation buffer containing magnetic beads of
human anti-argonaute2 (AGO2) antibody (Millipore) or negative con-
trol mouse IgG (Millipore). The samples were incubated with protein-
ase K. At the end of the incubation, the immunoprecipitated RNA
was isolated and the levels of MIR4435-2HG and miR-506-3p were
analyzed by qRT-PCR.

2.12 | Biotin-labeled RNA pulldown

HSC cells were seeded in a six-well plate and transfected with biotin-
labeled miR-506-3p or scramble sequence using Lipofectamine
3000 for 48 hours. Cells were then harvested and lyzed. Cell lysates
were incubated with C-1 magnetic beads (Life Technologies) at 4 °C
for 2 hours and then purified using an RNeasy Mini Kit (Qiagen).
The level of MIR4435-2HG in the purified RNA was analyzed using
gRT-PCR.

2.13 | Dual-luciferase reporter assay

The MIR4435-2HG fragment or TGFB1 3'UTR was cloned into
Psicheck-2 (Promega) to construct wild-type MIR4435-2HG and
TGFB1 3'UTR luciferase reporter vectors. Mutant-type MIR4435-
2HG and TGFB1 3'UTR luciferase reporter vectors were generated
by mutating the predicted miR-506-3p binding site within MIR4435-
2HG or TGFB1 3'UTR after transfection into 293T cells. The lucif-

erase activity was determined as previously described.'”

214 | ELISA
The Human CXCL1 ELISA kit (DY275; R&D Systems) was used to
determine the levels of CXCL1 in the culture medium according to

the protocols.

2.15 | Hematoxylin and eosin, and
immunohistochemical staining

Hematoxylin and eosin (H&E) and immunohistochemical (IHC)
staining were used as described above for histological analysis.*®
The clinical specimens were fixed with 4% paraformaldehyde in
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PBS overnight, embedded in paraffin, and cut into 5-pm-thick
slices. The IHC analysis was performed with primary antibody
against CXCL1 (1:500, ab89318; Abcam) and TGF-p1 (1:500,
ab215715; Abcam).

2.16 | Establishment of an orthotopic
xenotransplanted tumor model of HCC in mice

Hep3B cells were transfected with Iv-sh-NC, Iv-shCXCR2
(Genechem) for 48 hours and then collected for orthotopic injec-
tion. BALB/c nude mice (SJA Laboratory Animal Co., Ltd) were
divided into three groups: the Hep3B cells (transduced with Iv-
sh-NC)+HSC group (n = 6), the Hep3B cells (transduced with Iv-
sh-CXCR2)+HSC group (n = 6), and the Hep3B cells (transduced
with Iv-sh-CXCR2 + MIR4435-2HG)+HSC group (n = 6). A total
of 5x10° HSCs mixed with 1.5x10° Hep3B were suspended
in 20pl PBS and injected orthotopically into the liver of mice.
After 4 weeks, anesthetized mice were sacrificed and the tumor
numbers were examined. Tumor tissues were collected and sub-
jected to qRT-PCR and double-labeling immunofluorescence for
AFP (HCC cell marker) and a-SMA (hepatic stellate cell activation
marker) labeling.

2.17 | Statistics analysis

The results from at least three independent experiments were pro-
cessed using GraphPad and expressed as mean standard deviation
(SD). One-way analysis of variance (ANOVA) and Tukey's multiple
comparison test or Student's t-test were used to assess the statisti-

cal significance of differences.

3 | RESULTS

3.1 | Deregulated signaling pathways in Hep3B
cells cultured in HSC-conditioned medium based on
GSE62455

The differentially expressed genes in HCC cells in response to nor-
mal culture medium (CM) and HSC-obtained conditioned medium
(HSC-CM) were analyzed according to GSE62455 (log|FC|>0.45
and adjusted p value <0.05). GSE62455, using Affymetrix GeneChip
Human Gene 1.0 ST Array platform (HuGenelOstvl_Hs_ENSG,
Brainarray Version 12 CDF), contains gene expression profiles of
paired samples of HSC and hepatocyte cell culture treated with CM
of HSC cells to elucidate cell communication from HSC to HCC cells.
We performed Kyoto Encyclopedia of Genes and Genomes (KEGG)
signaling pathway enrichment annotation (Figure S1). Gene ontol-
ogy (GO) function annotation (Figure S1) and Gene Set Enrichment
Analysis (GSEA) (Figure S1) were used to analyze differentially ex-
pressed genes in Hep3B cells treated with CM or HSC-CM, with data
from GSE62455. Figure S1 shows that differentially expressed genes
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were enriched in TGF-B, cellular response to TGF-f, or TGF-p down-
stream EMT signaling.

3.2 | WGCNA identifying hub genes associated
with HSC effects on HCC cells

Next, we performed WGCNA analysis on differentially expressed
genes reported in GSE62455, which contained 15 HSC samples.
Fifteen HCC cell samples were treated with HSC-CM, and four HCC
cell samples were treated with CM to identify the hub genes associ-
ated with HSC-CM-caused changes in HCC cells. First, hierarchical
clustering was performed on all samples and outliers (15 HSC sam-
ples) were pruned (Figure S2A). Next, we selected the appropriate
adjacency matrix weight parameter to ensure scale-free distribution
as much as possible. The parameter f is the square of the coefficient
R and ranges from 1 to 20. A linear model of the logarithm of the con-
nectivity of a node log (i) and the logarithm of the probability of the
occurrence of a node log (p(i)) was established. The detected network
parameters are shown in Figure S2B. When g = 6, the evaluation
parameter of the scale-free network was close to 0.9, and the mean
connectivity was close to O (Figure S2B). Thus, g = 6 has a good dis-
criminant degree and was used for further analysis. The best $ value
was calculated by the powerEstimate (pickSoft Threshold function).

As shown in the cluster dendrogram in Figure S2C, the 4485 dif-
ferentially expressed genes formed 11 gene co-expression modules.
They are represented in black (230) turquoise (783), brown (657),
green (523), greenish-yellow,*® magenta (186), pink (220), purple
(53), red (274), blue (888) and yellow (565) colors. Gray represented
that genes were not successfully clustered. Next, the hierarchical
clustering method was used to calculate the network topological
overlap topological overlap matrix (TOM) (Figure S2D). A darker
color indicates a higher correlation or topological overlap between
genes, which indicates a closer relationship between genes. On
the upper left of the figure are the gene co-expression modules
shown in the cluster dendrogram. From the network heatmap, the
blue module was the most associated with the changes caused by
HSC-CM (Figure S2D).

The888genesclusteredinthe blue module were furtheranalyzed.
Among them, there were 12 IncRNAs, ANXA2P1, DLGAP1-AS1,
LINCO1124, MIR4435-2HG, MSL3P1, NMRAL2P, PSMB8-AS1,
RNUS5E-1, SNORD116-24, SNORD116-6, SNORD116-8 and ZFAS1,
respectively. Of these, five IncRNAs, MIR4435-2HG (upregu-
lated), LINC01124 (downregulated), DLGAP1-AS1 (upregulated),
PSMBB8-AS1 (upregulated), and NMRAL2P (downregulated), were
significantly changed by HSC-CM. MIR4435-2HG was the most up-
regulated IncRNA (Table S2).

GSE62455 confirmed that both MIR4435-2HG and TGFB1
expression were shown to be dramatically increased within
HSC-CM-stimulated HCC cells than control CM-treated HCC
cells (Figure S2E,F). Moreover, MIR4435-2HG was positively cor-
related with TGFB1 expression in samples (Figure S2G). MIR4435-
2HG has been identified as a hub IncRNA associated with
HSC-CM-caused changes in HCC cells.
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3.3 | Effects of HSC-CM on HCC cells

The specific effects of HSC-CM on HCC phenotypes were exam-
ined. In Hep3B cells, consistent with online dataset results, FISH
assay and qRT-PCR results showed that HSC-CM treatment signifi-
cantly upregulated MIR4435-2HG levels (Figure 1A,B). The TGFB1
expression was also increased (Figure 1C). As for the cellular func-
tions, HSC-CM treatment significantly promoted HCC malignant
features through enhancing cell migration (Figure 1D) and cell inva-
sion (Figure 1E). Consistent with the enhanced invasiveness of HCC
cells, the protein content of E-cadherin was decreased, whereas
vimentin was increased by HSC-CM treatment (Figure 1F). These
data confirmed that HSC-CM treatment induced upregulation of
MIR4435-2HG and TGFB1. In the meantime, HSC-CM enhanced
HCC cell malignant behaviors.

Moreover, concerning HCC cells, the specific effects of HSC-CM
on another two HCC cell lines, huh-7 and SNU-449, were investi-
gated. As shown in Figure S3, HSC-CM enhances the malignant
behaviors of huh-7 and SNU-449 cells, including cell migration
(Figure S3A) and cell invasion (Figure S3B). Regarding the metastatic
markers, the protein content of E-cadherin was decreased, whereas
vimentin was increased by HSC-CM treatment in huh-7 and SNU-
449 cells (Figure S3C). The changes in cellular phenotypes were sim-
ilar to those of Hep3B cells, suggesting that the role of HSC-CM in

HCC could be regarded as universal.

3.4 | MIR4435-2HG silencing inhibits HSC-CM-
induced HCC cell malignant behaviors

Since HSC-CM induces MIR4435-2HG upregulation in HCC cells,
we achieved MIR4435-2HG silencing in Hep3B cells and inves-
tigated the specific effects of MIR4435-2HG silencing on the
phenotypes of HCC cells. The si-MIR4435-2HG was transfected
to induce MIR4435-2HG silencing and gRT-PCR was performed
to verify MIR4435-2HG expression (Figure 2A). Then, we trans-
fected Hep3B cells with si-NC/si-MIR4435-2HG and cultured
them with CM or HSC-CM to detect changes in the cell pheno-
types and changes in key biomarkers. As for cellular functions,
MIR4435-2HG silencing significantly inhibited the capacity of
cells to migrate (Figure 2C) and to invade (Figure 2D) under ei-
ther HSC-CM or control CM. HSC-CM-induced HCC cell migration
and invasion were partially attenuated by MIR4435-2HG silenc-
ing (Figure 2C,D). HSC-CM decreased E-cadherin and increased
vimentin, whereas MIR4435-2HG silencing exerted the opposite
effect on EMT biomarkers. MIR4435-2HG silencing partially at-
tenuated HSC-CM-induced changes in E-cadherin and vimentin
(Figure 2B). As for TGF-p1 and TGF-p/Smad signaling, HSC-CM in-
creased TGF-p1 and ZEB1 protein contents and promoted Smad2
and Smad3 phosphorylation (Figure 2E), both of which were all
partially attenuated by MIR4435-2HG silencing (Figure 2E).

3.5 | miR-506-3p directly targets MIR4435-
2HG and TGFB1 3'UTR

MIR4435-2HG silencing partially reversed the inducible effects
of HSC-CM on TGF-f/Smad signaling activation, suggesting that
TGFB1 might be downstream of MIR4435-2HG. Considering that
miRNAs mediated the crosstalk between IncRNA and mRNA,>16
we next used TargetScan, StarBase V3, miRDB, and DIANA tools to
predict miRNAs that might target the 3'UTR of TGFB1 and the pre-
diction results intersected in miR-506-3p (Figure 3A). Importantly,
IncTar demonstrates that miR-506-3p can target MIR4435-2HG.
Thus, we first examined the subcellular localization of miR-506-3p
and miR-506-3p expression levels within HCCs in response to CM
or HSC-CM. Figure 3B shows that miR-506-3p was localized at
the cytoplasm, and the fluorescent signal intensity representing
miR-506-3p was decreased by HSC-CM incubation. Furthermore,
gRT-PCR also indicated that HSC-CM treatment significantly down-
regulated miR-506-3p expression (Figure 3C). Next, agomir-506-3p/
antagomir-506-3p transfection achieved miR-506-3p overexpres-
sion/inhibition in Hep3B cells, and the expression level of miR-
506-3p was determined by gRT-PCR (Figure 3D). In Hep3B cells,
the overexpression of miR-506-3p downregulated and the inhibition
of miR-506-3p upregulated MIR4435-2HG expression (Figure 3E).
Similarly, in Hep3B cells, MIR4435-2HG knockdown induced by
si-MIR4435-2HG significantly upregulated miR-506-3p expression
(Figure 3F). In the meantime, miR-506-3p overexpression decreased,
whereas miR-506-3p inhibition increased TGF-$1 protein contents
(Figure 3G).

Next, we constructed wild-type and mutant-type TGFB1 3'UTR
and MIR4435-2HG luciferase reporter vectors, and co-transfected
them to 293T cells with agomir-506-3p or antagomir-506-3p, re-
spectively. We determined the luciferase activity. Figures3H,I
shows that, when co-transfected with wt-TGFB1 3'UTR or wt-
MIR4435-2HG, the overexpression of miR-506-3p suppressed,
whereas the inhibition of miR-506-3p enhanced the luciferase
activity; when co-transfected with mut-TGFB1 3'UTR or mut-
MIR4435-2HG, both miR-506-3p overexpression and inhibition
failed to change the luciferase activity. Furthermore, RIP assay
was performed using anti-IgG or anti-AGO2. Figure 3J shows that
miR-506-3p and MIR4435-2HG levels in immunoprecipitate by
anti-AGO2 were significantly higher than that in anti-IgG immu-
noprecipitate. Biotin-labeled RNA pulldown was performed using
the biotin-labeled miR-506-3p. Figure 3K shows that the relative
enrichment of MIR4435-2HG was remarkably higher in the biotin-
labeled miR-506-3p group compared with the biotin-labeled
scrambled control. Moreover, the FISH assays further confirmed
that both MIR4435-2HG and miR-506-3p were mainly localized at
the cytoplasm, and the fluorescent signal representing MIR4435-
2HG and miR-506-3p existed in the same region (Figure 3L). In
summary, miR-506-3p might target TGFB1 and MIR4435-2HG,

respectively.
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FIGURE 3 miR-506-3p directly binds to MIR4435-2HG and the 3'UTR of TGFB1. (A) TargetScan, StarBase V3, miRDB, and DIANA tools
were used to predict miRNAs that might target the 3'UTR of TGFB1 and the prediction results intersected in miR-506-3p. (B) The subcellular
localization of miR-506-3p and (C) miR-506-3p expression levels within HCCs in response to CM or HSC-CM were examined using FISH and
gRT-PCR. (D) miR-506-3p overexpression or inhibition was achieved in Hep3B cells by transfecting agomir-506-3p or antagomir-506-3p.
miR-506-3p expression was examined by qRT-PCI. (E) Hep3B cells were transfected with agomir-506-3p or antagomir-506-3p and examined
for the expression levels of MIR4435-2HG by qRT-PCR. (F) Hep3B cells were transfected with si-MIR4435-2HG and examined for the
expression levels of miR-506-3p by qRT-PCR. (G) Hep3B cells were transfected with agomir-506-3p or antagomir-506-3p and examined

for the protein levels of TGF-p1 by immunoblotting. (H, 1) Wild-type and mutant-type TGFB1 3'UTR and MIR4435-2HG luciferase reporter
vectors were constructed and co-transfected to 293T cells with agomir-506-3p or antagomir-506-3p. The luciferase activity was examined.
(J) RIP assay was performed using anti-IgG or anti-AGO2. The levels of miR-506-3p and MIR4435-2HG in immunoprecipitate were
examined. (K) Biotin-labeled RNA pulldown was performed using biotin-labeled miR-506-3p, and the level of MIR4435-2HG in the pulled-
down complex was determined by qRT-PCR. (L) The colocation of MIR4435-2HG and miR-506-3p was determined by FISH assays. *p <0.05,

**p<0.01, ##p <0.01.

3.6 | miR-506-3p overexpression attenuates the
effects of HSC-CM on HCC cells

After confirming the binding of miR-506-3p to TGFB1 and MIR4435-
2HG, respectively, the present study investigated the function
of miR-506-3p within HSC-CM effects on HCC cells. Similar to
MIR4435-2HG silencing, miR-506-3p overexpression also inhibited
the migration and invasion capacity of HCC cells and attenuated
the promotive effects of HSC-CM on the aggressiveness of HCC
cells (Figure 4A,B). Consistently, the overexpression of miR-506-3p
downregulated the contents of vimentin, TGF-p1 and ZEB1, inhib-
ited Smad2 and Smad3 phosphorylation and upregulated E-cadherin
expression, as well as attenuating the effects of HSC-CM on these
proteins (Figure 4C,D). These data suggest that miR-506-3p over-
expression significantly attenuates HSC-CM-enhanced HCC cell
aggressiveness and TGF-B/Smad signaling activation, similar to
MIR4435-2HG silencing.

3.7 | Dynamic effects of MIR4435-2H and miR-
506-3p on TGF-$1 and HSC-CM cultured HCC cells

Since both MIR4435-2HG and miR-506-3p can reverse HSC-CM ef-
fects on TGF-B/Smad signaling and HCC cell phenotype, the pre-
sent study evaluated the dynamic effects of the MIR4435-2HG/
miR-506-3p on TGF-B1 and Hep3B cells to investigate whether
MIR4435-2HG mediates HSC-CM effects on HCC cells through miR-
506-3p and its target TGFB1. Hep3B cells were co-transfected with
si-MIR4435-2HG and antagomir-506-3p, and with HSC-CM to de-
tect the cell phenotypes. Under HSC-CM, the silencing of MIR4435-
2HG inhibited, whereas the inhibition of miR-506-3p enhanced
the migration and invasion of HCC cells. The miR-506-3p inhibi-
tion significantly attenuated the effects of MIR4435-2HG silencing
(Figure 5A,B). MIR4435-2HG silencing upregulated E-cadherin and
downregulate vimentin, TGF-B1 and ZEB1 expression, and inhibited
Smad2 and Smad3 phosphorylation, whereas miR-506-3p inhibition
dramatically attenuated the effects of MIR4435-2HG silencing on
EMT biomarkers and TGF-B/Smad signaling (Figure 5C,D). These data
confirmed the hypothesis that MIR4435-2HG mediates HSC-CM ef-
fects on HCC cells through miR-506-3p and its downstream TGFB1.

3.8 | HSCs function on HCC cells through
releasing CXCL1

Since the MIR4435-2HG/miR-506-3p/TGFB1 axis mediates
HSC-CM effects on HCC cells, next we continued to investigate
the way in which HSC-CM induces MIR4435-2HG upregulation in
HCC cells. According to a previous study,'” HSCs are the most influ-
ential stromal regulators of HCC. Furthermore, PGF,20 CXCLl,Zl’22
IGF2,2324 CSF1,% and HGF?%?” have been reported to be closely
associated with HSC activation, therefore we examined the levels
of PGF, CXCL1, IGF2, CSF1, and HGF in cancerous and paracancer-
ous samples. Figure 6A showed that CXCL1 mRNA expression was
sharply increased in cancer samples compared with that in paracan-
cerous samples. Then, we transfected HSCs with si-CXCL1, and de-
termined CXCL1 levels in the culture medium via ELISA; as shown in
Figure 6B, si-CXCL1 transfection significantly decreased the levels
of CXCL1 in the culture medium.

Then, we cultured HCC cells with HSCs transfected with si-NC,
and transfected HSCs with si-CXCL1 or control CM containing re-
combinant CXCL1 protein (rCXCL1-CM), and measured MIR4435-
2HG and miR-506-3p expression within HCCs. Compared with HCC
cells cultured with si-NC CM, si-CXCL1 CM significantly down-
regulated MIR4435-2HG and upregulated miR-506-3p, whereas
rCXCL1-CM upregulated MIR4435-2HG and downregulated miR-
506-3p (Figure 6C,D). As for cellular functions, si-NC CM and si-
CXCL1 CM significantly inhibited, whereas rCXCL1-CM promoted
cell migration and cell invasion (Figure 6E,F). As for EMT biomarkers
and the TGF-p/Smad pathway, si-CXCL1 CM increased E-cadherin
and decreased vimentin, TGF-f1, and ZEB1 protein contents and
inhibited Smad2 and Smad3 phosphorylation, whereas rCXCL1-CM
exerted opposite effects on these proteins (Figure 6G). HSCs might
affect HCC cells by releasing CXCL1.

3.9 | Dynamic effects of MIR4435-2HG and HSC-
released CXCL1 on an orthotopic xenotransplanted
tumor model of HCC in mice

Concerning the in vivo effects of HSC-released CXCL1, an ortho-
topic xenotransplanted tumor model of HCC was established in mice
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FIGURE 4 miR-506-3p overexpression attenuates the effects of HSC-CM on HCC cells. Hep3B cells were transfected with agomir-NC
or agomir-506-3p, cultured with CM or HSC-CM, and examined for cell migration by wound healing assay (A). Cell invasion by Transwell
assay (B). Protein levels of E-cadherin and vimentin by immunoblotting (C) and protein levels of TGF-p1, ZEB1, p-Smad2, Smad2, p-Smad3,
and Smad3 by immunoblotting (D). *p <0.05, **p <0.01, compared with the agomir-NC+ CM group; #p <0.05, ##p <0.01, compared with the

agomir-NC+HSC-CM group.

by injecting HSCs and transduced Hep3B cells. To further confirm
the function of CXCL1, the receptor of CXCL1 (CXCR2) was knock-
down down in Hep3B cells. Hep3B cells were transfected with si-
NC, si-CXCR2 1/2/3 for 48h, and the transduction efficiency was

confirmed using immunoblotting; due to the best interfering effi-
ciency, si-CXCR2 2 was chosen as the sequence used for lentivirus
construction and used for the following experiments (Figure 7A).
The mice were divided into three groups, Hep3B cells (transduced
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FIGURE 5 Dynamic effects of MIR4435-2H and miR-506-3p on TGF-p1 and HSC-CM cultured HCC cells. Hep3B cells were co-
transfected with si-MIR4435-2HG and antagomir-506-3p, cultured with HSC-CM, and examined for cell migration by wound healing assay
(A). Cell invasion by Transwell assay (B). Protein levels of E-cadherin and vimentin by immunoblotting (C), and protein levels of TGF-f1,
ZEB1, p-Smad2, Smad2, p-Smad3, and Smad3 by immunoblotting (D). *p <0.05, **p <0.01, compared with the si-NC+antagomir-NC group;
#p <0.05, ##p <0.01, compared with the si-NC+antagomir-506-3p group.

with lv-sh-NC) +HSC group (n = 6), Hep3B cells (transduced with sh- shows that the tumor number derived from the mixture of HSCs
lv-CXCR2)+HSC group (n = 6), and Hep3B cells (transduced with Iv- and Hep3B cells transduced with Iv-sh-CXCR2 was lower compared
sh-CXCR2+MIR4435-2HG)+HSC group (n = 6), and injected with a with the control group, whereas Hep3B cells co-transduced with
mixture of HSCs and transduced Hep3B cells accordingly. Figure 7B Iv-sh-CXCR2 and MIR4435-2HG significantly increased the tumor
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number. Consistently, IF staining confirmed the existence of HCC with lv-sh-CXCR2)+HSC group were the weakest (Figure 7C) and
cells (AFP positive) and activated HSC (a-SMA). The fluorescent sig- were partially restored in the Hep3B cells (transduced with Iv-sh-
nals representing AFP and a-SMA in the Hep3B cells (transduced CXCR2+MIR4435-2HG)+HSC group. Moreover, in the Hep3B
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FIGURE 7 Dynamic effects of MIR4435-2HG and HSC-released CXCL1 on an orthotopic xenotransplanted tumor model of HCC in mice.
(A) Hep3B cells were transfected with si-NC, si-CXCR2 1/2/3 for 48 h and the transduction efficiency was confirmed using immunoblotting.
si-CXCR2 2 was chosen as the sequence used for lentivirus construction and used in following experiments because of the best interfering
efficiency. (B-D) An orthotopic xenotransplanted tumor model of HCC was established in mice by injecting HSCs and transduced Hep3B
cells. Mice were divided into three groups: the Hep3B cells (transduced with Iv-sh-NC)+HSC group (n = 6), the Hep3B cells (transduced
with Iv-sh-CXCR2)+HSC group (n = 6), the Hep3B cells (transduced with Iv-sh-CXCR2 + MIR4435-2HG) + HSC group (n = 6), and injected
with a mixture of HSCs and transduced Hep3B cells accordingly. (B) Tumor numbers were monitored in each group. (C) Double-labeling
immunofluorescence for AFP (HCC cell marker) and a-SMA (hepatic stellate cell activation marker) labeling was performed. (D) The
expression levels of MIR4435-2HG, miR-506-3p, and TGFB1 in tumor samples were examined using gRT-PCR. *p<0.05, **p<0.01.

cells (transduced with Iv-sh-CXCR2)+HSC group, MIR4435-2HG
and TGFB1 expression were the lowest, whereas miR-506-3p ex-
pression peaked among the three groups (Figure 7D). In the Hep3B
cells (transduced with lv-sh-CXCR2 +MIR4435-2HG)+HSC group,
MIR4435-2HG and TGFB1 expression was partially elevated,
whereas miR-506-3p expression was partially downregulated com-
pared with the Hep3B cells (transduced with lv-sh-CXCR2)+HSC
group. These results indicated that the CXCL1/CXCR2 axis was in-
volved in the HSC-induced malignant behavior and aberrant upregu-
lation of MIR4435-2HG in HCC cells.

3.10 | CXCL1, TGF-p1, MIR4435-2HG, and miR-
506-3p levels within tissue samples

Finally, CXCL1, TGF-B1, MIR4435-2HG, and miR-506-3p levels in tis-
sue samples were examined as a further confirmation of the above in
vitro findings. HCC tissues and adjacent normal control tissues were
collected for H&E staining to confirm the histopathological features
(Figure 8A). The double-labeling immunofluorescence of AFP (HCC
cell marker) and a-SMA (hepatic stellate cell activation marker) con-
firmed that hepatic stellate cells were activated in HCC tissues com-
pared to adjacent normal control tissues (Figure 8B). In HCC tissue
samples, the levels of CXCL1 and TGF-$1 were higher than those in
adjacent normal control tissues (Figure 8C,D). Moreover, compared
with adjacent normal control tissues, MIR4435-2HG expression was
shown to be increased and miR-506-3p expression decreased within
HCC tissues (Figure 8E,F). According to TCGA data, MIR4435-2HG
expression was significantly higher in HCC tissue samples compared
with normal control (Figure 8G). Moreover, also based on TCGA-
liver hepatocellular carcinoma (LIHC) data, patients with higher
MIR4435-2HG expression had a significantly worse prognosis com-
pared with those with lower MIR4435-2HG expression (Figure 8H).

4 | DISCUSSION

In the present study, we identified TGF-p signaling as a critical signal-
ing pathway in Hep3B cells cultured in HSC-CM and MIR4435-2HG
as a hub IncRNA associated with TGF-$ signaling and HSC activa-
tion. HSC-CM culture could induce HCC cell malignant behaviors,
partially reversed by MIR4435-2HG silencing. miR-506-3p directly
binds to MIR4435-2HG and the 3'UTR of TGFB1 in HCC cells.

Similarly, miR-506-3p overexpression also attenuated HSC-CM-
induced behaviors of HCC cell malignant. In HSC-CM cultured HCC
cells, the effects of MIR4435-2HG knockdown on TGFB1 expression
and HCC cell phenotypes were partially reversed by miR-506-3p in-
hibition. HSCs affected HCC cell phenotypes by releasing CXCL1.
In an orthotopic xenotransplanted tumor model of HCC in mice,
CXCR2 knockdown in HCC cells significantly inhibited tumorigen-
esis, which was partially reversed by MIR4435-2HG overexpression
in HCC cells. In HCC tissue samples, the levels of CXCL1, TGF-p1,
and MIR4435-2HG were upregulated, whereas miR-506-3p expres-
sion was downregulated.

Smad proteins are intracellular signaling molecules of the TGF-$
superfamily?® that exert a critical effect on the activation of HSCs
and subsequent liver fibrosis, liver cirrhosis, and even HCC. After
HSC activation, the expression level and the production of TGF-p1
increase, which acts as an autocrine factor for stimulating fibrogenic
extracellular matrix production and perpetuation of HSC activa-
tion.?? Consistent with the above findings, differentially expressed
gene analysis based on GSE62455 indicated that differentially ex-
pressed genes in HCC cells in response to HSC-CM were signifi-
cantly enriched in TGF-p signaling and downstream EMT signaling.
Using WGCNA, IncRNA MIR4435-2HG was recognized as a hub
IncRNA in HCC cells in response to HSC-CM. More importantly,
MIR4435-2HG exhibited the same expression trend as TGFB1 and
was significantly correlated with TGFB1, suggesting that MIR4435-
2HG might mediate TGF-p-induced HSC activation and HSC-CM
functions on HCC cells.

MIR4435-2HG was abnormally upregulated within several

30,31 32,33 gastric

cancers, such as lung cancer, colorectal cancer,
cancer,** and prostate carcinoma.®® Interestingly, studies on lung
cancer®! and prostate carcinoma®® both indicated the same expres-
sion trend of MIR4435-2HG and TGF-p1 in tumor tissue samples.
In HCC, although abnormal upregulation of MIR4435-2HG has also
been reported,®®%” the reason why MIR4435-2HG was upregu-
lated within HCC has not yet been fully determined. Herein, both
bioinformatics and experimental analyses indicated the upregula-
tion of MIR4435-2HG might be a consequence of the HSC-CM cul-
ture condition. This speculation was evidenced by in vitro findings
that HSC-CM culturing significantly promoted HCC cell aggressive-
ness, increased the levels of mesenchymal marker vimentin, and
induced the activation of the TGF-p/Smad signaling, whereas si-
lencing MIR4435-2HG in HCC cells reversed these changes caused

by HSC-CM culturing.
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FIGURE 8 Levels of CXCL1, TGF-B1, MIR4435-2HG, and miR-506-3p in tissue samples. (A) HCC and adjacent noncancerous tissue
samples were collected and the histopathological characteristics were confirmed by H&E staining. (B) Double-labeling immunofluorescence
for AFP (HCC cell marker) and a-SMA (hepatic stellate cell activation marker) labeling was performed. (C, D) The levels of CXCL1 and TGF-p1
in tissue samples were examined by immunohistochemical (IHC) staining. (E, F) The expression levels of MIR4435-2HG and miR-506-3p in
tissue samples were examined by gRT-PCR. (G) The expression levels of MIR4435-2HG in tumor and normal samples according to TCGA-
LIHC data. (H) The correlation of MIR4435-2HG with HCC patients' prognosis was analyzed based on TCGA data.

miRNAs have attracted increasing attention because of their promote the capacity of tumor cells to proliferate. Herein, con-

role in mediating the crosstalk between IncRNAs and mRNAs.*>1¢ sidering the significant association between MIR4435-2HG and

Kong et al.¥” found that MIR4435-2HG upregulated miR-487a to TGFB1 expression, we searched for miRNAs that might mediate
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the crosstalk between MIR4435-2HG and TGFB1, and found
miR-506-3p. Previously, it was reported that miR-506-3p ex-
erted tumor-suppressive effects on cancers, including Hcc.38
miR-506-3p served as a tumor suppressor by targeting TGFB1 in
colorectal cancer.®? Under HSC-CM culturing, miR-506-3p over-
expression in HCC cells significantly reversed HSC-CM-induced
HCC cell aggressiveness, increased vimentin, and activated the
TGF-B/Smad pathway, confirming its tumor-suppressive effect
in HCC. More importantly, under HSC-CM culturing, miR-506-3p
inhibition within HCC cells reversed the effects of MIR4435-
2HG silencing, indicating that miR-506-3p was downstream of
MIR4435-2HG and MIR4435-2HG mediated the role of HSC-MC
affecting HCC cells through the miR-506-3p/TGFB1 axis.

Since HSC released soluble cytokines, chemokines, and chemo-
taxis, forming a complex tumor microenvironment,® we speculated
that HSC-released agents might be responsible for the aberrant
upregulation of MIR4435-2HG in HCC cells. CXCL1 was consid-

40,41 and

ered as a key factor with critical functions in HCC initiation
development.42 Herein, after silencing CXCL1 in HSCs, the condi-
tioned CM could no longer induce MIR4435-2HG upregulation and
miR-506-3p downregulation, the aggressiveness of HCC cells, and
the TGF-B/Smad pathway activation within HCCs. However, after
adding rCXCL1 to the culture medium, the effects of HSC-CM on
MIR4435-2HG expression and miR-506-3p expression, as well as
oncogenic effects on HCC cells, were even enhanced. More impor-
tantly, an orthotopic xenotransplanted tumor model of HCC was es-
tablished in mice by injecting a mixture of HSCs and differentially
transduced HCC cells. CXCR2 knockdown in HCC cells significantly
inhibited tumorigenesis, whereas MIR4435-2HG overexpression
in HCC cells partially restored the tumorigenesis, suggesting that
blocking the CXCL1/CXCR2 could inhibit the tumorigenesis in the
mice model, whereas overexpressing MIR4435-2HG in HCC cells
partially attenuated the inhibitory effects. These data suggest that
HSC-secreted CXCL1 might be the reason for the aberrant upregu-
lation of MIR4435-2HG in HCC cells. However, the specific mecha-
nism of upregulation of MIR4435-2HG by secreted CXCL1 needs to
be further investigated.

In conclusion, HSC-released CXCL1 aggravates HCC cell malig-
nant behaviors through the MIR4435-2HG/miR-506-3p/TGFB1 axis
(Figure S4). In addition to CXCL1, the MIR4435-2HG/miR-506-3p/
TGFB1 axis might also be an underlying target for HCC therapy.
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