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Long non-coding RNA DLGAP1-AS1 facilitates
tumorigenesis and epithelial-mesenchymal
transition in hepatocellular carcinoma via the
feedback loop of miR-26a/b-5p/IL-6/JAK2/STAT3
and Wnt/f-catenin pathway
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Abstract

Hepatocellular carcinoma (HCC) is one of the most common and lethal malignancies worldwide, and
epithelial-mesenchymal transition (EMT) is a crucial factor affecting HCC progression and metastasis. Long noncoding
RNAs (IncRNAs) have been validated to act as critical regulators of biological processes in various tumors. Herein, we
attempted to elucidate the uncharacterized function and mechanism of IncRNA DLGAP1-AST in regulating
tumorigenesis and EMT of HCC. In our study, DLGAP1-AS1 was shown to be upregulated in HCC cell lines and capable
to promote HCC progression and EMT. Besides, DLGAP1-AS1 was proven to serve as a molecular sponge to sequester
the HCC-inhibitory miRNAs, miR-26a-5p and miR-26b-5p, thus enhancing the level of an oncogenic cytokine IL-6,
which could activate JAK2/STAT3 signaling pathway and reciprocally elevate the transcriptional activity of DLGAP1-
AST1, thus forming a positive feedback loop. Moreover, we elaborated that the cancerogenic effects of DLGAP1-AST in
HCC cells could be effectuated via activating Wnt/-catenin pathway by positively regulating CDK8 and LRPé,
downstream genes of miR-26a/b-5p. In conclusion, our results demonstrated the detailed molecular mechanism of
DLGAP1-AST in facilitating HCC progression and EMT in vitro and in vivo, and suggested the potentiality of DLGAP1-
AS1 as a therapeutic target for HCC.

Introduction

Hepatocellular carcinoma (HCC), which is known as the
most prevalent (75-85%) type of liver cancer, is a severe
malignant tumor torturing patients from all over the
world'. HCC is ranked the sixth most common cause of
neoplasm and the third most frequent cause of cancer
mortality worldwide®. Although numerous progress on
surgical and medical techniques for HCC treatment have
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been made, the prognosis for HCC patients still remains
poor with an overall 5-year survival rate of 5% approxi-
mately, largely owing to lack of more effective therapeutic
methods, delayed diagnosis, as well as high rates of
postoperative recurrence and metastasis®*. Therefore, it is
of considerable importance to elucidate underlying
molecular mechanisms in relation to HCC progression to
exploit novel therapeutic strategies.
Epithelial-mesenchymal transition (EMT) is character-
ized as a crucial biological process by which cells lose their
epithelial features and acquire properties for migration and
invasion®. In HCC, specifically, EMT has been proven to be
crucial in determining tumor progression and metastasis,
and can be accelerated by various biological factors, such as
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inflammatory cytokine interleukin 6 (IL-6), JAK2/
STAT3 signaling, and dysregulation of Wnt/B-catenin
pathway®’. Therefore, our research principally focused on
mechanisms to trigger EMT process of HCC cells in order
to search for appropriate therapeutic approaches.

Long non-coding RNAs (IncRNAs) have been engaging
great interest of scientific researchers. Basically, IncRNAs
are classified as a sort of RNA transcripts containing more
than 200 nucleotides in length with poor or no protein-
coding ability®®. Recently, it has been verified by accu-
mulating evidence that IncRNAs are playing remarkable
roles in regulating the multifarious processes of many
diseases, including cancers such as HCC'>'", For instance,
researchers have made numerous discoveries in recent
years to disclose that various IncRNAs, such as TSLNCS,
HNF1A-AS1, and PTTG3P, display aberrant expressions
in HCC, and can act as tumor suppressors or oncogenes
to regulate HCC progression and metastasis'*'?,

In this study, we investigated the function and
mechanism of the IncRNA named “discs, large (Droso-
phila) homolog-associated protein 1 antisense RNA 17, or
DLGAPI1-AS1 for short, whose involvement in HCC
remains uncharacterized. The results of our study
demonstrated the participation of DLGAP1-AS1 in reg-
ulating tumorigenesis and metastasis of HCC in vitro and
in vivo, and suggested that DLGAP1-AS1 could be a
potential target for the treatment of HCC.

Materials and methods
Tissues specimen

A total of 60 primary HCC tissue samples and adjacent
normal tissues were collected at Guangdong Provincial
People’s Hospital. This study was approved by the Research
Ethics Committee of Guangdong Provincial People’s Hos-
pital. Written informed consents were obtained from all
patients. Patients participating in this research did not
receive treatment before surgery, chemotherapy or radio-
therapy. The tumor samples were immediately frozen in
liquid nitrogen and then kept at —80 °C.

Cell culture and treatment

Normal liver cell (THLE-3), human HCC cells (SNU-
387, Hep3B, SNU-182 and HepG2), and human
embryonic kidney cell (HEK-293T) were obtained from
American Type Culture Collection (ATCC; Manassas,
VA, USA). Cells were cultured following the previous
description'*', Human recombinant IL-6, JAK2/STAT3
pathway inhibitor Cucurbitacin I and Wnt/B-catenin
pathway activator CHIR99021 were all obtained from
Sigma-Aldrich (St. Louis, MO, USA).

Cell transfection

Specific small interfering RNAs (siRNAs) against
DLGAPI1-ASI (si-DLGAP1-AS1#1, si-DLGAP1-AS1#2 and
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si-DLGAP1-AS1#3), negative control (si-NC) along with
the pcDNA3.1 vector targeting DLGAP1-AS1, STAT3,
CDKS8 or LRP6 and the empty vector, were all acquired
from Genechem (Shanghai, China). Besides, miR-26a/b-5p
mimics, miR-26a/b-5p inhibitors, and NC mimics, NC
inhibitors were from GenePharma (Shanghai, China).
HepG2 or SNU-387 cells were separately transfected with
these plasmids using Lipofectamine 3000 (Invitrogen,
Carlsbad, CA, USA).

Quantitative real-time PCR (qRT-PCR) analysis

For isolation of total RNA from cells, TRIzol reagent
(Invitrogen) was employed in line with the supplier's
protocol. Afterward, the reverse transcription was carried
out with total RNA applying Transcriptor First Strand
c¢DNA Synthesis Kit (Roche, Mannheim, Germany). qRT-
PCR was implemented with SYBR Green I Master (Roche)
on the LightCycler® 480 System (Roche). Relative gene
level was normalized to GAPDH or U6 and expression
fold change was calculated using the 2~ **“* method.

CCK-8 assay

Cell proliferation was measured via Cell Counting Kit-8
(CCK-8) assay. Briefly, Transfected HepG2 or SNU-387
cells were transplanted in 96-well plates. CCK-8 solution
(Sigma-Aldrich) was added to each well at 0, 24, 48, 72,
and 96 h, respectively, and then cells were incubated for
3 h. Absorbance was measured at 450 nm with a micro-
plate reader (BioTek, Winooski, VT, USA).

Wound healing assay

Transfected HepG2 or SNU-387 cells were cultured till
confluence was up to greater than 90%. Then, cell layers
were scratched utilizing a plastic scriber. Upon that, cells
were washed twice by phosphate buffer saline (PBS;
Sigma-Aldrich) and incubated for 36 h. The wound was
visualized and images were taken at 0 and 36 h with the
inverted microscope (Nikon, Tokyo, Japan).

TUNEL assay

Cell apoptosis was detected by terminal deoxynucleotidyl
transferase-dUTP nick end labeling (TUNEL) assay.
Transfected HepG2 or SNU-387 cells were washed by the
use of PBS, followed by fixation with 1% paraformaldehyde
(Sigma-Aldrich). TUNEL reagents (Millipore, Burlington,
MA, USA) were applied for staining apoptotic cells, while
cell nuclei were visualized using 4’,6-diamidino-2-pheny-
lindole (DAPI) staining (Invitrogen). Optical microscopy
(Olympus, Tokyo, Japan) was finally applied for analyzing.

Western blot (WB) analysis

On the basis of previous description, western blot was
carried out'®. Following primary antibodies were bought
from Abcam (Cambridge, UK): anti-E-cadherin (ab1416),
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anti-N-cadherin (ab18203), anti-Vimentin (ab8978), anti-
Twist (ab175430), anti-JAK2 (ab108596), anti-p-JAK2
(ab32101), anti-STAT3 (ab119352), anti-p-STAT3
(ab32143), anti-CDKS (ab224828), anti-LRP6 (ab75358),
anti-pB-catenin (ab32572), anti-p-B-catenin (ab27798),
anti-Cyclin D1 (ab16663), anti-c-Myc (ab32072), anti-
MMP9 (ab38898) and anti-GAPDH (ab8245).

RNA immunoprecipitation (RIP) assay

RIP were implemented by employing a Magna RIP"
RNA-Binding Protein Immunoprecipitation Kit (Milli-
pore). Ago2 antibody or IgG antibody was purchased from
Abcam. Precipitated RNAs were subjected to qRT-PCR.

RNA pull-down assay

The miRNAs were individually labeled with biotin
through a Pierce RNA 3’ End Desthiobiotinylation Kit
(Thermo Fisher Scientific, Waltham, MA). Bio-miR-26a-
5p-WT/Mut or Bio-miR-26b-5p-WT/Mut was incubated
with HepG2 or SNU-387 cell lysates adding magnetic
beads (Invitrogen). After washing, qRT-PCR was con-
ducted for the eluted pulled-down complex.

Luciferase reporter assay

The wild-type or mutant interacting sequences of miR-
26a/b-5p in DLGAP1-AS1 sequence or in 3'-UTRs of
IL-6, CDKS8, and LRP6 were subcloned into the pmirGLO
dual-luciferase plasmid (Promega, Madison, WI, USA).
They were named as DLGAP1-AS1-WT/Mut, IL-6-3'-
UTR-WT/Mut, CDK8-3'-UTR-WT/Mut, and LRP6-3'-
UTR-WT/Mut. These vectors were co-transfected into
HEK-293T cells with indicated transfection plasmids.
After 48 h of co-transfection, relative luciferase activities
were examined utilizing dual-luciferase reporter assay
system (Promega).

Chromatin immunoprecipitation (ChIP) assay

After sonication of chromatin into fragments (500 bp),
immunoprecipitation was carried out by adopting anti-
STATS3 antibody or anti-IgG antibody. Precipitated DNA
fragments were eventually extracted and subjected to
qRT-PCR.

TOP/FOP flash assay

HepG2 cells were treated with various transfection
plasmids and TOP/FOP Flash plasmids (Upstate Bio-
technology, Lake Placid, NY, USA). Relative luciferase
activities were examined utilizing dual-luciferase reporter
assay system (Promega).

Xenograft in vivo analysis

The animal experiments were approved by the Ethics
Committee of Guangdong Provincial People’s Hospital,
according to the Guide for the Care and Use of
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Laboratory Animals by the National Institute of Health.
Four-week-old BALB/c nude mice were purchased from
Shanghai SLAC Laboratory Animal (Shanghai, China).
Transfected HCC cells were injected into mice sub-
cutaneously. Five mice in each group were measured. The
tumor volume was measured every 4 days. After 4 weeks,
mice were sacrificed and tumors were weighed.

In vivo metastasis assay

In vivo metastasis assay was conducted as previously
described'”. Four-week-old SCID-Beige female mice were
provided by the medical college of Guangdong Provincial
People’s Hospital. All animal experiments were performed
and finished in accordance with protocols provided by the
Institutional Animal Care and Use Committee of
Guangdong Provincial People’s Hospital.

Enzyme-linked immunosorbent assay (ELISA)

Relative expression of IL-6 was detected with the ELISA
kit (NeoBioscience, Shenzhen, China). Optical density was
read with the microplate reader Victor X3 (PerkinElmer,
Waltham, MA, USA) at 450 nm.

Bioinformatics analysis

Tissue-specific or tumor-specific expressional pattern of
DLGAPI1-AS1 was obtained from UCSC Genome Brow-
ser online database (https://genome.ucsc.edu) and GTEx
was displayed using the online database of Gene Expres-
sion Profiling Interactive Analysis (GEPIA; http://gepia.
cancer-pku.cn). Interaction and binding site between
RNAs were identified by starBase v3.0 online database
(http://starbase.sysu.edu.cn). Transcription factor binding
sites within DLGAP1-AS1 promoter were identified using
JASPAR database (http://jaspar.genereg.net). MicroRNA
(miRNA) family conservation and annotation confidence
were evaluated by use of miRBase (http://www.mirbase.
org) and TargetScan (http://www.targetscan.org/vert_72).

Statistical analysis

Results were acquired from assays implemented thrice
and presented as mean + SD. P<0.05 was considered
statistically significant. Variance analyses were conducted
via Student's f-test or one-way ANOVA. Statistical ana-
lyses were carried out by the use of SPSS 22.0 (IBM,
Armonk, NY, USA). Pearson correlation test was applied
for analyzing expression correlation.

Results
Upregulation of DLGAP1-AS1 was correlated with
tumorigenesis of HCC

First of all, according to UCSC Genome Browser online
database, DLGAP1-AS1 expression level was relatively
low in normal human liver tissues (Fig. 1la). Compara-
tively, the significantly elevated DLGAP1-AS1 expression
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mean + SD of three independent experiments. *p < 0.05, **p < 0.01.

Fig. 1 Upregulation of DLGAP1-AS1 was correlated with tumorigenesis of HCC. a DLGAP1-AST expression in normal human tissues (n = 570)
were displayed by UCSC Genome Browser. b DLGAP1-AS1 expression levels in LIHC (red; n = 369) and normal (gray; n = 160) datasets obtained from
GEPIA boxplot analysis. ¢ DLGAP1-AS1 expression levels were assessed using gRT-PCR in four HCC cell lines and normal human liver epithelial cells
THLE-3. d DLGAP1-AS1 knockdown and overexpression efficiencies were evaluated using qRT-PCR. e, f CCK-8 assay and TUNEL assay assessed the
influence of DLGAP1-AS1 knockdown or overexpression on proliferation or apoptosis of Hep G2 and SNU-387 cells. Scale bar = 200 um. g Wound
healing assay was performed to determine the effect of DLGAP1-AST on HCC cell migration. Scale bar = 200 pm. h, i EMT-related factors in Hep G2 or
SNU-387 cells after DLGAP1-AS1 knockdown or overexpression were respectively detected using gRT-PCR and WB. All data are presented as the

in liver hepatocellular carcinoma (LIHC) dataset in
comparison with normal dataset was presented using
GEPIA online database (Fig. 1b). Subsequently, DLGAP1-
AS1 expression is upregulated in four individual HCC cell
lines (Hep G2, SNU-182, Hep 3B, and SNU-387) in
comparison with normal human liver epithelial cells
THLE-3, where Hep G2 showed the highest level and
SNU-387 showed the lowest level of DLGAP1-AS1
expression among these HCC cell lines, consistent with
the results from bioinformatics analyses (Fig. 1c). There-
fore, we established knockdown and overexpression
models for DLGAP1-AS1 in HCC cell lines, respectively
by transfecting DLGAP1-AS1 siRNAs into Hep G2 cells,
and DLGAP1-AS1 overexpression plasmid into SNU-387
cells (Fig. 1d).

CCK-8 assay illustrated that the proliferation rate of
Hep G2 cells transfected with DLGAP1-AS1 siRNAs was
decreased compared with the si-NC group, while the
proliferation rate of SNU-387 cells was increased in
pcDNA3.1/DLGAP1-AS1 group compared with the vec-
tor control (Fig. 1e). As for cell apoptosis, TUNEL assay
showed that DLGAP1-AS1 knockdown enhanced the
apoptotic level of Hep G2 cells, whereas DLGAP1-AS1
overexpression reduced apoptosis in SNU-387 cells
(Fig. 1f). Besides, wound healing assay illustrated that
DLGAP1-AS1 knockdown reduced, while DLGAP1-AS1
overexpression enhanced the migration ability of HCC
cells (Fig. 1g). In order to explore whether DLGAP1-AS1
could promote EMT process, we measured the levels of
several representative EMT markers, and found that the
mRNA and protein levels of the epithelial marker E-
cadherin were raised by DLGAP1-AS1 knockdown and
reduced by DLGAP1-AS1 overexpression, whereas the
levels of the mesenchymal markers N-cadherin, Vimentin,
and Twist showed the opposite tendency (Fig. 1h, I).
These results suggested that DLGAP1-AS1 was closely
correlated with tumorigenesis of HCC.

DLGAP1-AS1 acted as a molecular sponge for miR-26a-5p
and miR-26b-5p

In order to examine the molecular mechanism of
DLGAP1-AS1, we hypothesized that DLGAP1-AS1 might
act as a ceRNA and resorted to starBase v3.0 online
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database to search the candidate miRNAs sequestered by
DLGAPI1-AS1. we found 19 miRNAs that can bind with
DLGAPI1-AS1. RNA pull-down assay revealed that miR-
26a/b-5p showed the highest enrichment in DLGAP1-
AS1-bound probe (Fig. Sla). Moreover, miR-26a-5p and
miR-26b-5p, a couple of representative candidates which
belong to the same miRNA family and have been occa-
sionally investigated together, enormously attracted our
interest for research. More importantly, both of them
have been frequently reported to exert significant antic-
ancerous functions on tumorigenesis and EMT in various
cases of cancer, including HCC'®. In consequence, we
chose miR-26a-5p and miR-26b-5p as our objects of
investigation. The binding sites within DLGAP1-AS1
sequences where they were predicted to be sponged were
also illustrated (Fig. 2a).

First, opposite with DLGAP1-AS1, miR-26a-5p and
miR-26b-5p were downregulated in HCC cell lines in
comparison with normal cells (Fig. 2b). Besides,
DLGAPI1-AS1 knockdown led to elevated levels of miR-
26a/b-5p in Hep G2 cells, whereas DLGAP1-AS1 over-
expression resulted in miR-26a/b-5p downregulation in
SNU-387 cells, implying that miR-26a/b-5p were nega-
tively regulated by DLGAP1-AS1 (Fig. 2c). In order to
determine the molecular interaction, we conducted RIP
assay using antibodies against Ago2, and the enrichment
of DLGAP1-AS1 and miR-26a/b-5p with Ago2 anti-
bodies was observed, indicating that they were recruited
to RNA-induced silencing complexes (RISCs) and might
have functional interactions (Fig. 2d). Besides, RNA
pull-down assay illustrated the direct bond between
DLGAP1-AS1 and miR-26a/b-5p at the correct binding
sites, because only wild-type probes for miR-26a/b-5p
could significantly pull-down DLGAP1-AS1 (Fig. 2e).
Moreover, DLGAP1-AS1 luciferase reporters containing
wild-type and mutant binding sites were constructed
and transfected into HEK-293T cells. Wild-type repor-
ters displayed a significantly repressed luciferase activity
with miR-26a/b-5p overexpression, while luciferase
activity of mutant reporters could barely be lowered
(Fig. 2f). In conclusion, DLGAP1-AS1 was proven to act
as a molecular sponge to sequester miR-26a-5p and
miR-26b-5p.
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IL-6 was targeted by miR-26a/b-5p and was under
regulation of DLGAP1-AS1

Based on our preceding study on the interaction
between DLGAP1-AS1 and miR-26a/b-5p, we proceeded
to search for potential genes targeted by miR-26a/b-5p.
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Using three online bioinformatics tools, we found that
there were 380 mRNAs that can be regulated by both
miR-26a-5p and miR-26b-5p (Fig. S1b). Next, these can-
didate mRNAs were subjected to qRT-PCR analysis in
response to the upregulation of miR-26a-5p or miR-26b-
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5p. Top five downregulated mRNAs were shown in Fig.
Slc, among which IL6 was expressed lowest in cells
transfected with miR-26a-5p mimics or miR-26b-5p
mimics. With the aid of starBase that the mRNA of
IL-6, a characteristic inflammatory cytokine closely
involved in cancers, was an appropriate target for them
(Fig. 3a). IL-6 is noteworthy owing that it has been
broadly characterized as a major cancerogenic factor
contributing to malignancy, EMT and metastasis of
multifarious cancers, including HCC'®. Hence IL-6 was
selected as our following study object. First, IL-6 mRNA
expression was detected in HCC cell lines and normal
cells, confirming its upregulation in HCC cells (Fig. 3b).
Additionally, IL-6 protein level was quantified using
ELISA, showing the same tendency (Fig. 3c). The influ-
ence of DLGAP1-AS1 knockdown or overexpression on
IL-6 was assessed on levels of mRNA and protein, indi-
cating IL-6 was positively related with DLGAP1-AS],
which could sponge miR-26a/b-5p and deregulate IL-6
expression (Fig. 3d, e). As for the molecular mechanism,
RIP assay illustrated that DLGAP1-AS1, miR-26a/b-5p,
and IL-6 mRNA were enriched in anti-Ago2 groups
(Fig. 3f). RNA pull-down assay verified the binding
capacity of IL-6 mRNA with wild-type biotinylated probes
for miR-26a/b-5p (Fig. 3g). To determine the molecular
regulation between miR-26a/b-5p and IL-6 mRNA, luci-
ferase activity of wild-type IL-6-3'-UTR reporters was
initially lowered by miR-26a/b-5p, and then partially
recovered with DLGAP1-AS1. Meanwhile, the luciferase
activity of mutant reporters was barely affected (Fig. 3h).
In conclusion, DLGAP1-AS1 could function as a ceRNA
in HCC cells to competitively bind to miR-26a-5p and
miR-26b-5p, thus upregulating the downstream gene IL-
6.

The inhibitors for miR-26a/b-5p and IL-6 treatment both
rescued the anti-oncogenic effects of DLGAP1-AS1
knockdown

In order to elucidate that the biological effects of
DLGAP1-AS1 were mediated through regulating miR-26a/
b-5p and IL-6, we treated Hep G2 cells, which were pre-
viously transfected with si-DLGAP1-AS1#1, with miR-26a/
b-5p inhibitors and human recombinant IL-6. Transfection
efficiency was assessed by detecting the change of miR-26a/
b-5p levels (Fig. 4a). For IL-6 treatment, the cells were
incubated with 100 ng/mL of IL-6 for 48 h, and IL-6 levels
were assessed using ELISA (Fig. 4b). The suppressed pro-
liferation of Hep G2 cells with DLGAP1-AS1 knockdown
was partially raised by both transfecting miR-26a/b-5p
inhibitors and treating with IL-6 (Fig. 4c). The inhibited cell
migration was partially enhanced by both miR-26a/b-5p
inhibitors and IL-6 (Fig. 4d). Besides, cell apoptotic level
initially enhanced by DLGAP1-AS1 knockdown was atte-
nuated by both miR-26a/b-5p inhibitors and IL-6 (Fig. 4e).
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As for the influences on EMT-related factors, E-cadherin
level enhanced by DLGAP1-AS1 knockdown was partially
reduced, while N-cadherin, Vimentin and Twist levels sup-
pressed by DLGAP1-AS1 knockdown were partially elevated
(Fig. 4f, g). Similarly, we designed rescue assays in SNU-387
cells to demonstrate the DLGAP1-AS1/miR-26a/b-5p/IL6
axis. As expected, proliferation, apoptosis, migration and
EMT process of SNU-387 cells that were regulated by
DLGAP1-AS1 overexpression were recovered partly by
overexpression of miR-26a/b-5p or silencing of IL6 (Fig.
S2a—e). These results indicated that miR-26a/b-5p and IL-6
took part in the implementation of the regulatory functions
of DLGAP1-AS1 in HCC cells.

IL-6 transcriptionally elevated DLGAP1-AS1 expression in
HCC cells through JAK2/STAT3 signaling pathway

It is acknowledged that transcriptional activation
mediated by transcription factors (TFs) or co-factors plays
a critical role in contributing to the aberrant expression of
cancer-related genes’. In order to explore the mechanism
by which DLGAP1-AS1 was upregulated in HCC, we
applied the online bioinformatics tools UCSC and JAS-
PAR to examine the promoter region of DLGAP1-AS1
gene. Consequently, 17 potential binding sites for an
important human TF, signal transducer and activator of
transcription 3 (STAT3), were predicted within DLGAP1-
AS1 promoter sequence (Fig. 5a). STAT3 is prominent as
a typical transcriptional activator which plays a key role in
many cancer types, such as HCC, by regulating the
expression of important genes associated with cancer,
thus arousing our interest’. In order to verify that
DLGAP1-AS1 was transcriptionally under the regulation
of STAT3, we constructed a variety of reporter plasmids,
containing several truncations of potential region for
DLGAPI1-AS1 promoter (2000bp upstream), and per-
formed luciferase reporter assay in Hep G2 cells. We
observed that higher luciferase activity was associated
with the region between —500~ —1, while the whole
sequence (—2000 ~ —1) was used as a positive control.
Moreover, luciferase activity of —250 ~ -1 reporter, rather
than —500 ~ —250 reporter, was elevated, suggesting that
the region was most likely to be responsible for STAT3
interaction and transcriptional activation (Fig. 5b). Since
the region had been shown in silico to contain one
potential binding site (—73 ~ —63) for STAT3, ChIP assay
using STAT3 antibodies was subsequently conducted,
illustrating that the fragment of DLGAP1-AS1 promoter
containing the STAT3 motif at —73 ~ —63 region was
enriched in anti-STAT3 groups, further confirming the
interaction between STAT3 and DLGAP1-AS1 promoter
at the predicted binding site (Fig. 5c¢).

The levels of phosphorylated STAT3 (p-STAT3, the
activated form) were detected in HCC and normal cells,
illustrating that STAT3 activation was promoted in HCC
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cells, to which the elevated DLGAP1-AS1 level could be
attributed (Fig. 5d). Intriguingly, it has been elucidated
that STAT3 can be activated by IL-6 through Janus kinase
2 (JAK2), and IL-6/JAK2/STAT3 has been implied as a
crucial accelerator for tumorigenesis and EMT in many
cancer types, including HCC?*?. Since IL-6 had been
proven to be positively regulated by DLGAP1-AS1, we
wondered whether DLGAP1-AS1 could be reciprocally
upregulated by IL-6 through activating JAK2 and STATS3.
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Therefore, we established STAT3 overexpression model
in SNU-387 cells where DLGAP1-AS1 expression was
relatively moderate (Fig. 5e). We performed WB analysis
in SNU-387 cells, and found that STAT3 and p-STAT3
levels were enhanced by pcDNA3.1/STAT3, implying the
overexpression efficiency. Furthermore, phosphorylated
JAK2 (p-JAK2, the activated form) and p-STAT3 were
upregulated after IL-6 treatment. Nevertheless, a supple-
ment of 0.5uM Cucurbitacin I, a specific inhibitor of
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Fig. 5 IL-6 transcriptionally elevated DLGAP1-AS1 expression in HCC cells through JAK2/STAT3 signaling pathway. a The STAT3 motif
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JAK2/STATS3 pathway, notably attenuated the expression
and activation of JAK2 and STAT3. These results verified
that IL-6 could activate STAT3 via JAK2 (Fig. 5f).
Subsequently, we performed luciferase reporter assay
using DLGAP1-AS1-promoter reporters containing wild-
type and mutant STAT3 motifs. STAT3 overexpression
or IL-6 treatment significantly elevated luciferase activity
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AS1 promoter

of wild-type reporters, and Cucurbitacin I reversed the
promotional effect of IL-6 on luciferase activity. However,
luciferase activity of mutant reporters could scarcely be
affected. These results suggested that IL-6 could enhance
the transcriptional activity of DLGAP1-AS1 through
facilitating the interaction between STAT3 and DLGAP1-
at the predicted motif (Fig. 5g).
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Additionally, DLGAP1-AS1 expression was enhanced by
STAT3 overexpression or IL-6 treatment, and reduced by
Cucurbitacin I supplementation, exhibiting the same
tendency as luciferase reporter assay did (Fig. 5h). Alto-
gether, IL-6 could reciprocally elevate DLGAP1-AS1
transcription via JAK2/STAT3 signaling pathway, thus
forming a positive feedback loop for enhancing DLGAP1-
AS1 expression.

CDK8 and LRP6 were targeted by miR-26a/b-5p and were
under regulation of DLGAP1-AS1

Considering the partial rescue of 1L6 for DLGAP1-AS1
in HCC cells, we further investigated whether some other
downstream targets exerted functions in DLGAP1-AS1-
induced HCC cell activities. Our research continued to
pursue potential downstream genes that could participate
in hepatocarcinogenesis via activating Wnt/p-catenin
pathway. Then, we analyzed whether DLGAP1-AS1 and
miR-26a/b-5p could regulate the activity of Wnt/
B-catenin pathway by directly regulating CTNNBL.
Through luciferase reporter assays, we determined that
DLGAP1-AS1 and miR-26a/b-5p could not directly reg-
ulate CTNNB1 (Fig. S3a—c), thus to activating Wnt/
B-catenin pathway. With the help of starBase, we dis-
covered the binding sequences between miR-26a/b-5p
and the 3’-UTR regions of cyclin-dependent kinase 8
(CDK8) and low density lipoprotein receptor-related
protein 6 (LRP6) (Fig. 6a). CDK8 has been identified to
be a hallmark regulator to activate Wnt/B-catenin sig-
naling through B-catenin stabilization®®. LRP6 has been
recognized as a co-receptor to facilitate Wnt/f-catenin
signaling via promoting B-catenin nuclear translocation®*,
Besides, both CDK8 and LRP6 have been reported to act
as oncogenes in HCC?®. As a consequence, these two
genes were chosen as our study objects. The expression
levels of CDK8 and LRP6 were evaluated likewise using
qRT-PCR for mRNAs and WB for proteins, illustrating
their increase in HCC cells compared with normal cells
(Fig. 6b, c). Besides, CDK8 and LRP6 were positively
regulated by DLGAP1-AS1 on mRNA and protein levels
(Fig. 6d, e). To demonstrate the molecular mechanism,
the enrichment of DLGAP1-AS1, miR-26a/b-5p and
mRNAs of CDK8 and LRP6 in anti-Ago2 groups was
exhibited by RIP assay, indicating the recruitment of these
molecules in RISCs (Fig. 6f). RNA pull-down assay
showed that wild-type miR-26a/b-5p probes could sig-
nificantly pull-down mRNAs of CDK8 or LRP6, illus-
trating their binding capacity (Fig. 6g). Moreover,
luciferase activity of wild-type CDK8 or LRP6-3'-UTR
reporters, not of mutant reporters, was reduced by miR-
26a/b-5p, and partially enhanced by addition of
pcDNA3.1/DLGAP1-AS1 (Fig. 6h). In conclusion,
DLGAP1-AS1 could also act as a ceRNA to sponge miR-
26a/b-5p and regulate CDK8 and LRP6.
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DLGAP1-AS1 promotes HCC development and EMT via
Wnt/B-catenin pathway activation through CDK8 and LRP6

We subsequently discussed the involvement of CDKS8
and LRP6 in facilitating HCC progression and EMT via
activating Wnt/p-catenin pathway. First, CDK8 or LRP6
overexpression plasmids were transfected into Hep G2
cells which had been transfected with DLGAP1-AS1
siRNAs previously. The transfection efficiency was eval-
uated by detecting the variation of CDK8 or LRP6
expression (Fig. 7a). Next, TOP/FOP flash assay was
conducted to detect the degree of [B-catenin-mediated
T-cell factor/lymphoid enhancer factor (TCF/LEF) tran-
scriptional activation. The result illustrated the inhibitory
effect of DLGAP1-AS1 knockdown, and the promotional
effect of CDK8 or LRP6 overexpression on Wnt/(3-catenin
pathway activity (Fig. 7b). It was also illustrated that
DLGAP1-AS1 knockdown reduced total protein level of
B-catenin, facilitated P-catenin phosphorylation (a label
for degradation), and inhibited f-catenin nuclear trans-
location, while CDK8 or LRP6 overexpression could
partially rescue these effects (Fig. 7c). Furthermore, sev-
eral typical downstream genes of Wnt/p-catenin pathway,
namely Cyclin D1, c¢-Myc and MMP9, were down-
regulated by DLGAP1-AS1 knockdown, and partially
upregulated by CDK8 or LRP6 overexpression (Fig. 7d).
These results demonstrated that DLGAP1-AS1 could
positively regulate Wnt/B-catenin pathway activity via
CDKS8 and LRP6. Then we evaluated how the properties
of DLGAP1-AS1-silenced Hep G2 cells were affected by
CDK8 or LRP6 overexpression, or by treatment of 6 uM
CHIR99021, a typical Wnt/B-catenin pathway activator.
As a result, cell proliferation and migration suppressed by
DLGAP1-AS1 knockdown were partially reversed (Fig. 7e,
f), cell apoptosis enhanced by DLGAP1-AS1 knockdown
was partially attenuated (Fig. 7g), the enhanced level of E-
cadherin was downregulated, and the suppressed levels of
N-cadherin, Vimentin, and Twist were upregulated (Fig.
7h, i). In summary, our results demonstrated that
DLGAPI1-AS1 could up-regulate CDK8 and LRP6 to
activate Wnt/B-catenin pathway in HCC cells, thus pro-
moting tumorigenesis and EMT.

DLGAP1-AS1 contributed to HCC growth and metastasis
in vivo

We further investigated the contribution of DLGAP1-
AS1 to promoting HCC growth and metastasis by
adopting an in vivo tumor model. After the xenograft
tumor model had been established, compared with sh-NC
group, tumors with significantly smaller size and lighter
weight were developed in sh-DLGAP1-AS1 group, while
miR-26a/b-5p suppression or IL6 overexpression rescued
the inhibitory effect of DLGAP1-AS1 knockdown on
tumorigenicity in vivo (Fig. S4a and Fig. 8a, b). Further-
more, the expression levels of genes involved in our study
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0.05, **p < 0.01, **p < 0.001.

Fig. 6 CDK8 and LRP6 were targeted by miR-26a/b-5p and were under regulation of DLGAP1-AS1. a The binding sites for miR-26a-5p (left)
and miR-26b-5p (right) within the 3/-UTR sequences of CDK8 (top) and LRP6 (bottom) were exhibited through starBase prediction. b gRT-PCR
evaluated CDK8 and LRP6 mRNA levels in HCC cell lines and in normal cells. ¢ WB analysis evaluated CDK8 and LRP6 protein levels in HCC cell lines
and in normal cells. d, e The effects of DLGAP1-AS1T knockdown in Hep G2 cells and DLGAP1-AST overexpression in SNU-387 cells on CDK8 or LRP6
expression were exhibited using gRT-PCR and WB. f RIP assay was performed using the Ago2 antibody to demonstrate the enrichment of DLGAP1-
AS1, miR-26a/b-5p and mRNAs of CDK8 and LRP6 in HCC cells. g RNA pull-down assay was performed to detect the binding ability of CDK8 or LRP6
mRNA with miR-26a/b-5p. h Luciferase reporter assay elucidated the interaction between CDK8 or LRP6 mRNA and miR-26a/b-5p, and the
competing effect of DLGAP1-AS1 to interact with miR-26a/b-5p. All data are presented as the mean + SD of three independent experiments. *p <

were measured using qRT-PCR, ELISA and WB from
xenograft tumor tissues, showing that the expression
tendencies of these genes were in consistence with those
in vitro (Fig. 8c—e). Eventually, we evaluated the capacity
of tumor metastasis through observing and measuring the
metastatic nodules transferring to lung tissues, illustrating
that HCC lung metastasis was prominently inhibited by
DLGAP1-AS1 knockdown, and the inhibitory effect could
be reversed by knockdown of miR-26a/b-5p or the
upregulation of IL6 (Fig. 8f). Moreover, SNU-387 cells
transfected with pcDNA3.1, pcDNA3.1/DLGAP1-ASI,
pcDNA3.1/DLGAP1-AS1, pcDNA3.1/DLGAP1-AS1+miR-
26a/b-5p antagomir or pcDNA3.1/DLGAP1-AS1+sh-IL6
were injected into the nude mice. Afterward, we observed
that the tumor growth and metastasis were promoted by
the upregulation of DLGAP1-AS1, while were inhibited
after overexpression of miR-26a/b-5p or silencing of IL6
(Fig. S4b—d). To be concluded, our results validated the
cancerogenic function of DLGAP1-AS1 in vivo.

Next, clinical significance of DLGAP1-AS1/miR-26a/b-
5p/IL6 axis was analyzed in HCC patients. At first, the
expression of DLGAP1-AS1 was elevated in HCC samples
compared to adjacent normal samples (Fig. S5a). In
addition, high expression level of DLGAP1-AS1 was
observed in tissues collected from patients with metastasis
and recurrence (Fig. S5a). After grouping the patients into
two groups (high and low) in accordance with the mean
value of DLGAP1-AS1 expression, Kaplan—Meier analysis
was made. The results showed that patients in high
expression group had a poorer prognosis than those in
low expression group (Fig. S5b). Furthermore, the low
expression of miR-26a/b-p and high expression of IL6
were assessed in HCC tissues compared with adjacent
normal tissues (Fig. S5¢, d). Accordingly, Pearson corre-
lation test showed that miR-26a/b-5p was negatively
correlated with DLGAP1-AS1 or IL6 (Fig. S5e, f), whereas
the DLGAP1-ASI and IL6 were positively correlated with
each other (Fig. S5g).

Discussion

HCC remains a major health issue worldwide with
increasing occurrence and poor prognosis. The majority
of HCC cases take place in developing countries, among
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which China is one of the most high-risk areas world-
wide?®, EMT is a complicated biological process involving
many regulating elements and signaling pathways. Our
research herein discussed a potential mechanism that
could facilitate EMT capacity of HCC cells.

Since numerous studies have reported that IncRNAs
can exert their regulatory functions in HCC progression
in a miRNA-dependent pattern to protect target mRNAs
from being degraded*’®, we assumed DLGAP1-ASI to
act as a ceRNA, and found using starBase that DLGAP1-
AS1 sequence contained the binding sites for miR-26a-5p
and miR-26b-5p, whose lowered expression in HCC cells
and downregulation by DLGAP1-AS1 were illustrated.
RIP, RNA pull-down and luciferase reporter assays were
subsequently conducted, thus verifying the prediction that
DLGAP1-AS1 directly interacted with miR-26a/b-5p.
Both miR-26a-5p and miR-26b-5p have been reported as
HCC suppressors'®*’, Moreover, miR-26a-5p and miR-
26b-5p together have been reported to be able to inhibit
carcinogenesis and metastasis in many cancers, such as
oral squamous cell carcinoma®’, prostate cancer’ and
bladder cancer”. Therefore, the involvement of miR-26a/
b-5p in DLGAPI1-AS1-induced biological effects was
explored.

IL-6 is an inflammatory cytokine with multiple essential
physiological and pathological functions. Autocrine,
paracrine or circulating IL-6 acting on cancer cells has
long been regarded as a major oncogenic factor®>. In the
present study, IL-6 was proven to be targeted by miR-26a/
b-5p through bioinformatics analysis and detecting
molecular interaction. Besides, IL-6 was upregulated and
under the regulation of DLGAP1-AS1 in HCC cells.
Furthermore, the influences of DLGAP1-AS1 knockdown
on proliferation, migration, apoptosis and EMT-related
factors were rescued by overexpression of miR-26a/b-5p
inhibitors or IL-6 treatment, indicating the ceRNA net-
work concerning DLGAP1-AS1, miR-26a/b-5p and IL-6
in HCC cells.

Subsequently, we investigated the potential transcrip-
tion activator responsible for DLGAP1-AS1 upregulation.
With the help of bioinformatics tools, we found that the
motif of STAT3, which is noteworthy as a key regulator
for transcription of various cancer-related genes®', existed
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Fig. 7 DLGAP1-AS1 promotes HCC development and EMT via Wnt/f-catenin pathway activation through CDK8 and LRP6. a qRT-PCR
detected that CDK8 or LRP6 level in Hep G2 cells with DLGAP1-AST knockdown was upregulated by transfection of pcDNA3.1/CDK8 or pcDNA3.1/
LRP6. b TOP/FOP flash assay was performed to verify the deactivating effect of DLGAP1-AS1 knockdown on TCF/LEF transcription, which was
reactivated by CDK8 or LRP6 overexpression. ¢ The influences of DLGAP1-AST knockdown and CDK8 or LRP6 overexpression on (3-catenin expression,
phosphorylation, and nuclear translocation were evaluated using WB analysis. d WB analysis displayed the protein levels of several typical
downstream genes of Wnt/B-catenin pathway, which were downregulated by DLGAP1-AS1 knockdown and then upregulated by transfection of
pcDNA3.1/CDK8 or pcDNA3.1/LRP6. e, f CCK-8 assay and wound healing assay showed that the inhibitory effects on cell proliferation and migration
of DLGAP1-AST knockdown were attenuated by overexpression of CDK8 and LRP6, as well as by treatment with CHIR99021. g TUNEL assay showed
that the promotional effect on cell apoptosis of DLGAP1-AST knockdown was attenuated by CDK8, LRP6 or CHIR99021. h, i The influences of CDK8
and LRP6 overexpression and CHIR99021 treatment on EMT-related factors in Hep G2 cells with DLGAP1-AS1 knockdown were respectively analyzed
using gRT-PCR and WB. All data are presented as the mean + SD of three independent experiments. *p < 0.05, **p < 0.01.
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Fig. 8 DLGAP1-AS1 contributed to HCC growth and metastasis in vivo. a Tumor volume from different treatment groups was measured after
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related with the present study from each group of xenograft were evaluated using gRT-PCR, ELISA and WB. f Representative images of HE-stained
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and analyzed accordingly. All data are presented as the mean + SD of three independent experiments. *p < 0.05, **p < 0.01.
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within DLGAP1-AS1 promoter sequence, indicating that
STAT3 could be a potential TF for DLGAP1-AS1. Sub-
sequently, luciferase reporter assay and ChIP assay illu-
strated the molecular interaction of STAT3 and
DLGAPI1-AS1 promoter at the predicted binding site.
The level of activated STAT3 was enhanced in HCC cell
lines, consistent with that of DLGAP1-AS1. IL-6, as a
cytokine, is capable to act on cancer cells to activate JAK-
STAT pathway, thus inducing carcinogenic effects such as
proliferation, apoptosis inhibition, metastasis, and angio-
genesis®*. Here, we hypothesized that IL-6 could reci-
procally promote DLGAP1-AS1 transcriptional via
activating JAK2 and STAT3. Our results elucidated that
IL-6 enhanced the levels of activated JAK2 and STAT3,
and both STAT3 overexpression and IL-6 treatment ele-
vated the transcriptional activity and the expression level
of DLGAP1-AS1. Additionally, these effects were reversed
by addition of JAK2/STAT3 pathway inhibitor Cucurbi-
tacin I. The feedback loop by which DLGAPI1-AS1
expression was enhanced in return was therefore
discovered.

Wnt/B-catenin pathway, also known as the canonical
Wnt pathway, is a highly conserved signaling pathway
whose activation has an association with multiple cancer
types, including HCC’. Besides, many crucial genes rela-
ted with cancer progression, such as Cyclin D1, c-Myc,
and MMP9, are modulated by Wnt/B-catenin pathway.
Herein, our research continued to pursue potential
downstream genes participating in hepatocarcinogenesis
via activating Wnt/[-catenin pathway. We found through
bioinformatics analysis, RIP, RNA pull-down and luci-
ferase reporter assays that CDK8 and LRP6, both of which
have been proven as oncogenes in HCC and able to
activate Wnt/B-catenin pathway”, were targeted and
regulated by miR-26a/b-5p. CDK8 and LRP6 were also
upregulated and under the regulation of DLGAP1-AS1 in
HCC cells. Furthermore, the biological functions of
DLGAPI1-AS1 knockdown were partially reversed by
CDKS8 or LRP6 overexpression, or by addition of Wnt/
[-catenin pathway activator CHIR99021, indicating the
ceRNA network concerning DLGAP1-AS1, miR-26a/b-
5p, and CDKS8/LRP6 to activate Wnt/p-catenin pathway.
Finally, the in vivo experiments on xenograft models
further verified the cancerogenic effect of DLGAP1-AS1
on tumor growth and metastasis of HCC, suggesting the
potential clinical value of DLGAP1-ASI.

In conclusion, the present study demonstrated that
DLGAP1-AS]1 facilitated HCC tumorigenesis and EMT by
sponging miR-26a-5p and miR-26b-5p in vitro and
in vivo. The participation of IL-6/JAK2/STAT3 pathway
and Wnt/p-catenin pathway was also demonstrated to
play important roles in mediating the oncogenic function
of DLGAP1-AS1. Our results suggest the potentiality of
DLGAPI1-AS1 as a biomarker for HCC treatment, and
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provide a new insight for understanding the molecular
mechanisms associated with HCC.
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