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Aberrant expression of long non-coding RNAs (IncRNAs) has
been reported in multiple cancers. However, the underlying
mechanisms mediated by super-enhancers remain elusive.
Here we sought to define the role of a novel IncRNA termed
IncRNA-DAW in tumorigenesis. Our results revealed that
IncRNA-DAW was driven by a liver-specific super-enhancer
and transcriptionally activated by HNF4G, leading to frequent
elevation in hepatocellular carcinoma (HCC) specimens.
Ectopic expression of IncRNA-DAW promoted both in vivo
and in vitro tumor growth. By using RNA sequencing, Wnt2
was screened out as a downstream effector of IncRNA-DAW.
We next found that IncRNA-DAW physically interacted with
EZH2, a negative regulator of Wnt2. This interplay subse-
quently potentiated CDK1-EZH2 interaction, leading to the
phosphorylation and ubiquitination of EZH2. The IncRNA-
DAW-mediated EZH2 degradation facilitated the de-repres-
sion of Wnt2 transcription, which eventually activated the
Wnt/B-catenin pathway. Furthermore, we verified that Wnt2
potentiated in vitro and in vivo cancer cell growth by activating
the Wnt/B-catenin pathway. Finally, Wnt2 amplification was
confirmed as a common event in liver cancer, and the expres-
sion of IncRNA-DAW was positively correlated with Wnt2 in
HCC specimens. Collectively, we are the first to identify
IncRNA-DAW as a novel candidate oncogene in liver cancer,
and this IncRNA may serve as a novel clinical diagnosis
biomarker for liver cancer.

INTRODUCTION

As the second leading cause of cancer-related death globally, hepato-
cellular carcinoma (HCC) is a devastating disease with limited thera-
peutic approaches and relatively low 5-year survival rate." Although
some HCC-related risk factors have been identified so far, a large
portion of cancer patients are still diagnosed in advanced stage.” In
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this stage, the conventional therapies such as liver resection and
chemotherapy are less effective compared with early tumor stage.
Despite recent progress in the diagnosis of primary liver cancer, the
diagnostic tools remain limited and novel tumor markers are urgently
needed.” Thus, detailed illustration of the genetic landscape during
hepatocarcinogenesis is of great importance to develop innovative
diagnostic and therapeutic strategies to improve the clinical outcome
of these cancer patients.

In the past decades, emerging innovative molecular approaches
have provided mechanistic insights into the pathogenesis of
HCC. It is well characterized that aberrant gene expression is
essential for cancer cells to acquire multiple cancer hallmarks. In
liver cancer, the oncogenic cancer driver genes are extensively acti-
vated, leading to the hyper-activation of key oncogenic signaling
pathways, such as PI3K/AKT and Wnt/B-catenin pathways.”®
Recent advance indicates that the robust gene transcription is
frequently driven by a cluster of enhancer regions, namely, the su-
per-enhancer. An enhancer is a distant non-coding DNA element
that cooperates with a promoter to reinforce the expression of a
target gene.” A super-enhancer is an exceptionally large cluster
of enhancers that synergistically drives gene transcriptions. As a
common trait, super-enhancers typically exhibited an enrichment
of histone-3-lysine-27 acetylation (H3K27Ac), which was densely
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Figure 1. IncRNA-DAW was driven by a liver-specific super-enhancer

L

(A) The H3K27ac ChIP-seq data of IncRNA-DAW (LINC01430) locus in a panel of normal human tissues. The yellow region indicates the gene locus of INcRNA-DAW. (B) The
ChlIP-seq data of super-enhancer histone markers of INncRNA-DAW locus in normal hepatocytes. (C) The RNA-seq data from NCBI showed that INncRNA-DAW (LINC01430)
was highly expressed in human liver tissues. (D) The RNA levels of IncRNA-DAW were measured across a panel of adult human tissues by using gRT-PCR assays. (E) Cellular
localization of INcRNA-DAW. The relative levels of cytoplasmic RNA transcript B-actin, nuclear RNA transcript U1, and IncRNA-DAW from different cell compartments were
assessed by gRT-PCR assays. The total levels for each gene were considered as 100% and results were presented as a relative percentage of total levels (n = 4). (F)
Compared with LO2 cells, INcRNA-DAW was upregulated in most of the HCC cell lines. (G) The expression levels of INcRNA-DAW in 50 pairs of HCC and adjacent normal

tissues were determined by qRT-PCR assays.

occupied by various transcription factors.” Emerging evidence in-
dicates that cancer cells may utilize the super-enhancers surround-
ing the cancer driver genes, ranging from protein-coding genes to
non-coding RNAs.®

It is known that the vast majority of the human genome is pervasively
transcribed into a wide spectrum of non-coding RNAs, such as micro-
RNA (miRNA), piwi-interacting RNA (piRNA), and long non-cod-
ing RNA (IncRNA).”'" Recent research progress has highlighted
the central roles of non-coding RNA in orchestrating gene expression.
As an active participant in gene regulation, IncRNAs are a class of the
non-coding RNA transcripts that surpass 200 nucleotides in length.
Emerging evidence indicates that IncRNAs are actively involved in
many important biological events, such as immune response, cell
fate determination, genome imprinting, as well as chromatin struc-
ture remodeling.’

In the present study, we identified a novel non-coding RNA driven by
a liver-specific super-enhancer, which was termed IncRNA-DAW
(Distant Activator of Wnt2). IncRNA-DAW was frequently upregu-
lated in liver cancer tissues, and its overexpression accelerated tumor
growth as well as cancer metastasis. Further mechanistic studies
discovered that IncRNA-DAW directly associated with EZH2, which
potentiated the EZH2-CDKI1 interaction and triggered the phosphor-
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ylation and ubiquitination of EZH2. Subsequent study showed that
IncRNA-DAW antagonized the suppressive effect of EZH2 on
Wnt2 expression, leading to the activation of the Wnt/B-catenin
pathway. Further clinical investigation revealed that Wnt2 was signif-
icantly upregulated in liver patients and high expression of Wnt2
indicated poor prognosis. Taken together, our study reveals a novel
mechanism by which IncRNA modulates the Wnt/fB-catenin pathway
through epigenetically activating Wnt2, which might provide mech-
anistic insights into the missing link between IncRNAs and cancer
progression.

RESULTS

IncRNA-DAW was driven by a liver-specific super-enhancer

In order to identify the potent super-enhancers in liver cancer, we
searched the public databases dbSUPER (https://asntech.org/
dbsuper/index.php) and Cistrome (http://cistrome.org/db/#/). Ac-
cording to these two databases, we found that chromosome
20q13.12 is one of the top chromosomal segments and it harbored
strong H3K27ac signal in normal hepatocytes compared with other
normal organs (Figure 1A). We next compared the hallmarks of su-
per-enhancers. We found that, in the normal hepatocytes, this region
harbored weak H3K27me3 signal plus strong H3K4mel and
H3K27ac signal (Figure 1B), suggesting that this locus might harbor
a liver-specific super-enhancer.


https://asntech.org/dbsuper/index.php
https://asntech.org/dbsuper/index.php
http://cistrome.org/db/#/
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Figure 2. Knockdown of HNF4G suppressed gene transcription of IncRNA-DAW

(A) The ChiP-seq data showed that HNF4G interacted with the super-enhancer region. (B) The binding affinity of HNF4G to super-enhancer region was determined by ChIP
experiments. (C) The luciferase activities of SE-1 and SE-2 were evaluated by luciferase assays (n = 3). (D) After silencing of HNF4G, the luciferase activities of SE-1 and SE-2
were evaluated by luciferase assays. (E) After silencing of HNF4G, the expression levels of INcRNA-DAW were determined by gRT-PCR assays.

To identify the potent genes driven by this liver-specific super-
enhancer, we scanned this locus and identified eight previously unre-
ported IncRNAs within this territory (Figure 1C). We first examined
the expression profiles of these IncRNAs across a panel of human tis-
sues. Among these candidate IncRNAs, linc01430, which was termed
IncRNA-DAW in our study, was found to be highly expressed in liver
tissues (Figure 1C). To further verify this finding, qRT-PCR was con-
ducted and the results showed that this IncRNA was a liver-enriched
RNA transcript among a variety of human tissues (Figure 1D). In
accordance with this finding, another high-throughput RNA
sequencing (RNA-seq) dataset also showed that IncRNA-DAW was
highly expressed in liver compared with other tissues (Figure S1). Sub-
sequent analysis found that IncRNA-DAW was composed of three
exons with a full length of 442 nt. Because some IncRNAs possess short
open reading frames and encode functional peptides,'* we thus con-
ducted protein-coding potential analysis. According to the bioinfor-
matics analysis, the exon sequence of IncRNA-DAW was found to
be less conserved across different species (Figure S2A). Subsequent
protein-coding potential analysis showed that the positive strand of
IncRNA-DAW might encode three peptides, but these peptides are
quite short and no similar experimentally verified protein sequence
was found in the human protein database UniProtKB/Swiss-Prot, sug-
gesting that IncRNA-DAW has a weak coding potential (Figure S2B).
To gain sights of the biological importance of IncRNA-DAW in liver
cancer, we investigated the expression profiles of IncRNA-DAW in
liver cancer cell lines as well as liver cancer tissues. We then determined

the cellular distribution of this IncRNA and found that this IncRNA
was predominantly accumulated in the nucleus (Figure 1E). We found
that IncRNA-DAW was upregulated in a panel of liver cancer cell lines
compared with normal liver cell line LO2 (Figure 1F). To examine its
clinical significance, we monitored its expression in 50 paired HCC
specimens and found that this IncRNA was significantly upregulated
in HCC tissues (Figure 1G).

HNF4G cooperated with super-enhancer to activate gene
transcription

As super-enhancer was frequently occupied by various transcription
factors, we next tried to screen out the candidate transcription factors
that contribute to aberrant activation of IncRNA-DAW in liver can-
cer. According to the chromatin immunoprecipitation sequencing
(ChIP-seq) data of HepG2 from UCSC Genome Browser (https://
genome.ucsc.edu/) and Cistrome (http://cistrome.org/db/#/), we
found that this gene locus was occupied by HNF4G, a member of
the hepatocyte nuclear factor family (Figure 2A). We then used
ChIP experiments and found that HNF4G physically interacted
with super-enhancer SE-1 and SE2 (Figure 2B). To further verify it,
we inserted the SE-1 and SE-2 DNA fragments into the pGL-3 control
vector. The luciferase assay showed that transfection with pGL-3 vec-
tor harboring enhancer element significantly increased the luciferase
activity (Figure 2C). To confirm the regulatory role of HNF4G in
these two elements, we knocked down HNF4G and then transfected
the pGL-3 vector harboring enhancer element in HepG2 cells. We
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Figure 3. IncRNA-DAW potentiated in vitro and in vivo tumor growth as well as cancer metastasis

(A) The RNA levels of INcRNA-DAW were examined in the INcRNA-DAW-overexpressing stable cell lines. (B) The effect of INcCRNA-DAW on cell growth was determined by
MTT assay (n = 4). (C) The effect of INcRNA-DAW on colony formation was evaluated by colony formation assay (n = 4). (D) The anchorage-independent growth was
monitored by soft agar assay (n = 4). (E) The ncRNA-DAW and corresponding control cells were subcutaneously injected into nude mice. The nude mice were sacrificed and
the tumor tissues were collected. Tumor weight and tumor volumes were measured and calculated (n = 5). (F) The IncRNA-DAW and vector-transfected stable cells were
introduced into nude mice through tail vein. The lung tissues were collected at the indicated time points. (G) The lung tissues were subjected to hematoxylin-eosin (H&E)
staining. Representative images were captured and the metastatic lesions from the indicated tissues were calculated (n = 5). (H) Survival rate of animals receiving tail vein
injection of B16-F10 cancer cells overexpressing INcRNA-DAW and corresponding control cells (n = 10). *p < 0.05; **p < 0.01; ***p < 0.001.

found that silencing of HNF4G significantly impaired the luciferase
activity compared with control groups (Figure 2D). Subsequently,
RT-PCR experiments further confirmed the siHNF4G-mediated sup-
pressive effects on IncRNA-DAW expression (Figure 2E).

IncRNA-DAW accelerated in vivo and in vitro tumor growth

In order to examine the functional characterization of IncRNA-DAW
in tumor growth, we first generated IncRNA-DAW-overexpressing
stable cell lines (Figure 3A). According to 3-(4,5-Dimethylthiazol-2-
yl)-2,5-diphenyltetrazolium bromide (MTT) assays, ectopic expres-
sion of IncRNA-DAW promoted cell proliferation (Figure 3B). The
subsequent study also confirmed that IncRNA-DAW enhanced col-
ony formation capacity (Figure 3C) and anchorage-independent
growth (Figure 3D). Consistent with the results of gain-of-function
study, we found that knockdown of IncRNA-DAW by small inter-
fering RNA (siRNA) impaired cancer cell growth based on MTT
assay and colony formation assay (Figure S3). In addition to the
in vitro study, we also analyzed the in vivo cell growth capacity by
xenograft tumor model. The IncRNA-DAW-overexpressing cells
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were subcutaneously injected into immunodeficient nude mice, and
overexpression of IncRNA-DAW could remarkably potentiate in vivo
tumor growth (Figure 3E; Figures S4A-S4D). In an attempt to eval-
uate the in vivo metastatic capacity, we delivered the cancer cells to
lung tissues through hydrodynamic tail vein injection in nude mice.
Mice were sacrificed and the metastatic nodules within indicated tis-
sues were counted (Figure 3F). More metastatic nodules were
observed within lung in the IncRNA-DAW-overexpressing groups
(Figure 3G). Similar results were also displayed in the in vivo study
of IncRNA-DAW-overexpressing B16-F10 cells (Figures S4E and
S4F). Further study indicated that ectopic expression of IncRNA-
DAW increased the tumor-induced mortality (Figure 3H), suggesting
that IncRNA-DAW might serve as a novel oncogene in liver cancer.

Ectopic expression of IncRNA-DAW activated Wnt/B-catenin
pathway through promoting Wnt2 expression

To investigate the mechanistic role of IncRNA-DAW in HCC, we con-
ducted transcriptome study in IncRNA-DAW-overexpressing cells.
The bioinformatics analysis of the RNA-seq data showed that enforced
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Figure 4. Wnt2 was a potential downstream target of IhcRNA-DAW

HepG2

(A) Gene Ontology enrichment analysis in the INcRNA-DAW-overexpressing cells. (B) gqRT-PCR was applied to validate the expression alteration from RNA-seq data. (C)
Silencing of INcRNA-DAW resulted in downregulation of Wnt2 (n = 4). (D) The protein levels of Wnt2 after ectopic expression or gene silencing of IncRNA-DAW were monitored
by western blotting (n = 4). (E) The immunohistochemical staining of Wnt2 in INcRNA-DAW-overexpressing tumor tissues (n = 4). (F) The protein levels of total and phos-
phorylated B-catenin as well as GSK3B were examined by western blotting (n = 4). (G) The luciferase assay was used to monitor the effects of INcRNA-DAW in TOPflash and

FOPflash vector (n = 4). (H) The RNA levels of B-catenin downstream target genes were determined by gRT-PCR (n = 4).

expression of IncRNA-DAW affected several signaling pathways (Fig-
ures 4A and S5). Considering that the cell surface receptor-linked signal
transduction is essential for the development of liver cancer, several
candidate genes from this category were chosen for further investiga-
tion, including Wnt2, Wnt9b, CCL8, and DKK4 (Figure 4A). Based
on the qRT-PCR results, among the selected candidate genes, Wnt2
gene displayed the most remarkable change after overexpression of
IncRNA-DAW (Figure 4B). To further validate this finding, we de-
signed the siRNA targeting IncRNA-DAW, and silencing of IncRNA-
DAW inhibited the Wnt2 RNA level (Figure 4C). Consistently, the
western blotting results also confirmed the overexpression of
IncRNA-DAW increased Wnt2 protein levels while knockdown of
IncRNA-DAW inhibited Wnt2 expression (Figure 4D). The expression
of Wnt2 was also increased in IncRNA-DAW-overexpressing tumor
tissues derived from xenograft tumor model (Figure 4E).

Increased expression of Wnt ligand can attenuate the inhibitory phos-
phorylation of B-catenin and thus activate this signaling. In order to
elucidate the effect of IncRNA-DAW on the Wnt/B-catenin pathway,
we evaluated the protein levels of phosphorylated and total B-catenin.

*p < 0.05; *p < 0.01; **p < 0.001.

Ectopic expression of IncRNA-DAW repressed the inhibitory phos-
phorylation of B-catenin and increased B-catenin expression (Fig-
ure 4F), while opposite results were achieved by silencing IncRNA-
DAW (Figure S6). Consistently, the luciferase assay showed that
IncRNA-DAW significantly activated the luciferase activity of TOP-
flash vector with B-catenin/LEF1 binding sites, while it did not affect
the luciferase activity of FOPflash vector with mutated B-catenin
binding sites (Figure 4G). Furthermore, ectopic expression of
IncRNA-DAW also activated the expression of several known B-cat-
enin target genes (Figure 4H). All these data suggest that IncRNA-
DAW overexpression activates Wnt/B-catenin signaling.

Wnt2 expression was suppressed by EZH2 in HCC cells

Previous study showed that IncRNAs might exert their function
through physically interacting with Polycomb Repressive Complex 1
(PRC1), Polycomb Repressive Complex 2 (PRC2), or other RNA bind-
ing proteins.'”'" Thus, we monitored the Wnt2 mRNA level after
ectopic expression of these proteins and found that overexpression
of the core components from PRC2, especially EZH2, significantly
suppressed Wnt2 mRNA expression (Figure 5A). Consistently,
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Figure 5. EZH2 epigenetically silenced Wnt2 expression

Vehicle DZNep

(A) The expression of Wnt2 was determined by gRT-PCR after ectopic expression of several epigenetic regulators (n = 4). (B) The protein level of Wnt2 was determined by
western blotting (n = 4). (C) Left: illustration of ChIP primer design within Wnt2 proximal promoter. Right: ChlP assay showed enrichment of EZH2 on Wnt2 promoter (n = 4),
and GAPDH antibody was used as a negative control. (D) ChlP assay data showed enrichment of H3K27me3 modification on Wnt2 promoter (n = 4), and GAPDH antibody
was used as a negative control. (E) The RNA level of Wnt2 after treatment with EZH2 inhibitor DZNep (n = 4). (F) The expression of Wnt2 was determined by gRT-PCR assay
after treatment with DZNep (n = 4). (G) ChlP assay showed enrichment of EZH2 on Wnt2 promoter after treatment with DZNep (n = 4), and GAPDH antibody was used as a

negative control. **p < 0.01; ***p < 0.001.

western blot also validated that Wnt2 was decreased after upregulation
of EZH2 (Figure 5B). Given that EZH2 epigenetically silences gene
expression through specifically inducing methylation on Lys-27 of his-
tone 3 (H3K27me3), we conducted a ChIP assay using EZH2 and
H3K27me3 antibodies and designed specific primers targeting Wnt2
promoter region. According to qRT-PCR results, these two antibodies
significantly enriched the DNA fragment from the Wnt2 promoter
compared with the negative control glyceraldehyde 3-phosphate de-
hydrogenase (GAPDH) antibody (Figures 5C and 5D). To further
evaluate the regulatory role of EZH2 in Wnt2 expression, we employed
the EZH2 inhibitor 3-deazaneplanocin A (DZNep) to perform a loss-
of-function study. It was shown that DZNep could attenuate the tran-
scriptional suppression on Wnt2 by EZH2 (Figure 5E) and increase
Wnt2 expression (Figure 5F). On the other hand, treatment with
DZNep also significantly reduced the EZH2’s occupancy of Wnt2 pro-
moter (Figure 5G), suggesting that EZH2 epigenetically suppresses
Wnt2 expression.

IncRNA-DAW recruited EZH2 and promoted EZH2
phosphorylation and degradation

Currently, it is recognized that EZH2 might physically interact with
several IncRNAs and trigger gene silencing.> We wondered whether
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IncRNA-DAW might directly associate with EZH2 and thus regulate
Whnt2 expression. To testify this hypothesis, we performed an RNA
immunoprecipitation (RIP) assay and found that EZH2 successfully
pulled down the IncRNA-DAW RNA transcript (Figure 6A) as well
as a previously reported RNA partner, HOX Transcript Antisense
RNA (HOTAIR), which has been demonstrated to recruit EZH2 in
breast cancer. Next, to better understand how Wnt2 expression was
regulated by IncRNA-DAW:EZH?2 interaction, we conducted a ChIP
assay to examine the EZH2’s occupancy on the Wnt2 promoter. Inter-
estingly, overexpression of IncRNA-DAW significantly reduced EZH2’s
binding to the Wnt2 promoter (Figure 6B), indicating that IncRNA-
DAW attenuated EZH2’s suppressive effect on the Wnt2 promoter.

As many IncRNAs are found to modulate the phosphorylation and
stability of the RNA binding proteins,'* we also examined the protein
levels of total and phosphorylated EZH2 mediated by IncRNA-DAW.
As expected, we found that EZH2 phosphorylation was enhanced
while total EZH2 protein was reduced in IncRNA-DAW-overexpress-
ing cells (Figure 6C). It was shown that the phosphorylation of EZH2
is crucial for modulating its protein stability. CDK1 and Akt are two
major kinases that mediate the phosphorylation of EZH2 and sup-

. P 15,16 5
press its methyltransferase activity, > ° so we next examined the
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Figure 6. IncRNA-DAW alleviated the EZH2-mediated suppression on Wnt2 promoter by inducing EZH2 phosphorylation and degradation

(A) The RNA IP assay was conducted to investigate the interaction between INcRNA-DAW and EZH2 (n = 4). (B) ChlP assay showed the relative enrichment of EZH2 on Wnt2
promoter after overexpression of INCRNA-DAW (n = 4). (C) Western blot analysis of total EZH2 and phosphorylated EZH2 proteins in control and IncRNA-DAW-over-
expressing cells (n = 4). (D) The protein levels of endogenous EZH2-associated CDK1 and Akt in control and INcRNA-DAW-overexpressing cells were determined by colP
assay in HepG2 cells (n = 4). (E) Western blots of endogenous EZH2-associated ubiquitination in control and INcRNA-DAW cells after IP with anti-EZH2 antibody in HepG2
cells (n = 4). (F) The EZH2 protein level was detected by western blot in the indicated cells after treatment with MG132 (10 uM) for 6 h (n = 4). *p < 0.05; **p < 0.01.

CDK1-EZH2 and Akt-EZH?2 interaction by co-immunoprecipitation
(coIP). We then immunoprecipitated endogenous EZH2 protein
from IncRNA-DAW-expressing HepG2 cells and control cells to
examine the CDK1-EZH2 and Akt-EZH?2 interaction. It was found
that EZH2 pulled down more CDKI1 protein in the IncRNA-DAW-
expressing cells compared with control cells (Figure 6D). However,
enhanced expression of IncRNA-DAW did not affect the mutual
interaction between Akt and EZH2 (Figure 6D).

Given that CDK1-mediated phosphorylation of EZH2 might trigger
EZH2 ubiquitination, we utilized EZH2 antibody to pull down endog-
enous EZH2 proteins and examined their modification by ubiquitin
antibody. According to the coIP results, we detected an increased
EZH2 ubiquitination in IncRNA-DAW-expressing cells (Figure 6E),
suggesting that IncRNA-DAW might modulate EZH2 stability by
enhancing its ubiquitination. Because the protein stability of EZH2
is tightly modulated by the ubiquitin-proteasome pathway, we treated
IncRNA-DAW-expressing cells or control cells with the proteasome
inhibitor MG132 to investigate the protein stability of EZH2 in the
presence or absence of MG132. Immunoblotting showed that the

transient overexpression of IncRNA-DAW decreased endogenous
EZH2 in a dose-dependent manner, whereas this decrease was sup-
pressed by MG132 treatment (Figure 6F). This result proposed that
destabilization of EZH2 mediated by IncRNA-DAW may depend
on the proteasomal function. According to these results, IncRNA-
DAW recruits EZH2 and induces EZH2 phosphorylation and degra-
dation, which leads to promoting Wnt2 expression.

Wnt2 promoted tumor growth through activation of Wnt/
B-catenin pathway

To disclose the regulatory role of Wnt2 in liver cancer cells, we eval-
uated the overexpression effect of Wnt2 on HepG2 and PLC/PRF/5
cells. The overexpression of Wnt2 was evaluated by qRT-PCR assays
(Figure 7A), and forced expression of Wnt2 significantly promoted
in vitro cell proliferation (Figure 7B) as well as colony formation ca-
pacity (Figure 7C). On the other hand, we also monitored Wnt2-
mediated in vivo tumor growth and found that ectopic expression
of Wnt2 enhanced tumor growth (Figure 7D; Figure S7). Moreover,
increased expression of cell proliferation marker Ki-67 was observed
in Wnt2-overexpressing tumor cells (Figure 7E).
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Figure 7. Wnt2 accelerated tumor growth via activation of Wnt/B-catenin pathway

(A) The RNA levels of Wnt2 were examined in the Wnt2-overexpressing stable cell lines (n = 3). (B) The effect of Wnt2 on cell growth was determined by MTT assay
(n = 4). (C) The effect of Wnt2 in colony formation was evaluated by colony formation assay (n = 4). (D) 1 x 10” Wnt2 and corresponding control cells were sub-
cutaneously injected into nude mice. The tumor weight and tumor volumes were measured and calculated (n = 5). (E) The Ki-67 staining in Wnt2-overexpressing
tissues. (F) The effect of Wnt2 in modulating core components of the Wnt/B-catenin pathway (n = 4). (G) The luciferase assay was used to monitor the effect of
Wnt2 in TOPflash and FOPflash vector (n = 4). (H) The RNA levels of B-catenin downstream target genes were determined by gRT-PCR (n = 4). *p < 0.05; **p < 0.01;

**p < 0.001.

As a ligand, Wnt2 mediates tumor formation via Wnt/fB-catenin
signaling. To explore the underlying molecular mechanism of
the proliferation-enhancing effect of Wnt2, the Wnt/B-catenin
pathway in liver cancer cells was characterized. Western blotting
results revealed that Wnt2 overexpression suppressed inhibitory
phosphorylation of B-catenin and increased total B-catenin level
(Figure 7F). To further evaluate the effect of Wnt2 on Wnt/B-cat-
enin signaling, we utilized the TOPflash and FOPflash vector as
described in Figure 4G. In addition, the luciferase assay showed
that Wnt2 enhanced the luciferase activity of TOPflash vector
but did not affect the luciferase activity of FOPflash vector (Fig-
ure 7G). Consistently, further studies demonstrated that Wnt2
also potentiated B-catenin’s transcriptional activity and activated
the gene expression of B-catenin downstream targets (Figure 7H;
Figure S8). To sum up, these findings indicated that Wnt2 exerted
its oncogenic function via direct activation of the canonical Wnt/
B-catenin pathway.
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Clinical association between IncRNA-DAW and Wnt2 was
identified in liver cancer tissues

To further evaluate the clinical implication of Wnt2 in human cancer,
we obtained its chromosome alteration status from the cBioPortal
website. It was found that the DNA copy number of Wnt2 was
frequently amplified across a variety of human cancer types (Fig-
ure 8A). Then we focused on the 50 pairs of liver cancer tissues and
their adjacent non-cancerous tissues and verified that Wnt2 was
significantly upregulated in liver cancer tissues (Figure 8B). In accor-
dance with our results, the dataset extracted from Oncomine website
confirmed that upregulation of Wnt2 was a frequent event in liver
cancer tissues (Figure 8C). Furthermore, Kaplan-Meier analysis ob-
tained from the PROGgene website revealed that patients with higher
Wnt2 expression usually had a poor survival rate (Figure 8D).

On the other hand, we then evaluated the expression profiles of
IncRNA-DAW and Wnt2 in 50 paired liver cancer tissues. Both
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Figure 8. Wnt2 was upregulated and IncRNA-DAW expression was positively correlated with Wnt2 in HCC specimens

(A) The chromosome alteration of Wnt2 in different cancer types. (B) Expression profiles of Wnt2 in paired HCC and adjacent normal liver tissues were monitored by gRT-PCR.
(C) The expression profiles of Wnt2 in liver cancer patients were obtained from the Oncomine database. (D) The Kaplan-Meier analysis of Wnt2 in liver cancer patients was
obtained from the PROGgene website. (E) Expression profiles of IncRNA-DAW and Wnt2 in paired HCC and adjacent normal tissues. (F) The statistical association between

INcRNA-DAW and Wnt2 expression in HCC specimens.

IncRNA-DAW and Wnt2 were upregulated in most of the HCC spec-
imens in our study (Figure 8E). More importantly, a significantly pos-
itive association between the expression of IncRNA-DAW and Wnt2
was identified in these HCC specimens (Figure 8F). To sum up, these
results indicated that increased IncRNA-DAW and Wnt2 expression
may be a frequent event in human HCC tissues (Figure 9), indicating
that IncRNA-DAW and Wnt2 might serve as putative therapeutic tar-
gets for liver cancer patients.

DISCUSSION

Hepatocarcinogenesis is regarded as a complicated and multi-step
process including both genetic and epigenetic alterations within the
human genome. Numerous oncogenes, including c-MYC, RAFI1,

CCND1, AKT, and ERBB2, are frequently amplified in a wide spec-
trum of human cancer types, suggesting that gene amplification is
an important event that occurs in the genetic landscape alteration
during hepatocarcinogenesis.'”'® Similar to other solid tumors,
amplification of genomic DNA copy number is also frequently de-
tected in HCC, including the amplification of 20q13.12. Previous
investigation showed that gain of 20q13.12 segment was significantly
associated with hepatic metastasis, overall survival, as well as unfavor-
able outcomes in patients with HCC."” By integration of array
comparative genomic hybridization (aCGH) and expression data
on the 20q13.12-13.33 locus in liver cancer patients, a panel of candi-
date genes correlated with 20q13.12-13.33 gain were identified."” For
instance, RNF114 is one of the candidate oncogenes within this locus

Molecular Therapy: Nucleic Acids Vol. 26 December 2021 1359


http://www.moleculartherapy.org

Coactivators
HNF4G

Q.

‘—t IncRNA-DAW
Super enhancer

Transcriptional activation by super enhancer
N
= g\
N
i

RNA Pol Il

Promoter

Depart from Wnt2 promoter

EZH2

Molecular Therapy: Nucleic Acids

Q.
~

~ Y OFF

‘—b

Wnt2 Promoter

\ Whnt2

ON Wnt2

EZH2

Wnt2 Promoter \Wnt2

Activation of Wnt/B-catenin pathway

Ubiquitination and degradation

Figure 9. Hypothetical model for IncRNA-DAW/EZH2/Wnt2 axis
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regulator of Wnt2. This interplay subsequently leads to the degradation of EZH2. IncRNA-DAW-mediated EZH2 degradation facilitates the de-repression of Wnt2 tran-

scription, which eventually activates the Wnt/B-catenin pathway.

and it may contribute to the unfavorable outcomes and cancer recur-
rence. RNF114 belongs to the ubiquitin ligase family and has a critical
regulatory role in modulating cell cycle progression, differentiation,
and apoptosis.”’ > RNF114 also displays frequent copy number
amplification and is commonly upregulated in a variety of human
cancer types,'””" suggesting its oncogenic potential during hepato-
carcinogenesis. Moreover, in addition to a vital role in carcinogenesis,
the 20q13.12 region has been implicated in several human diseases
like type II diabetes and obesity.”” It was found that this genomic lo-
cus harbored novel promoters and distal regulatory elements, which
might play a role in the development of diabetes and obesity. Taken
together, these findings highlight the physiological and pathological
importance of the 20q13.12 region in promoting cancer progression
and maintaining the balanced harmony of cellular homeostasis.

In the present study, we characterized a novel IncRNA from the
20q13.12 region, which was termed IncRNA-DAW. Consistent with
the previous cytogenetic study, IncRNA-DAW was frequently upre-
gulated in liver cancer tissues. Subsequent high-throughput screening
and functional studies identified Wnt2 as an important target of
IncRNA-DAW in mediating its oncogenic function. Wnt2, a member
of the WNT family, plays a critical role in orchestrating multiple bio-
logical events. In mouse, Wnt2 is essential for the proper vasculariza-
tion of placenta, and approximately 50% of Wnt2-deficient mice died
perinatally due to vascular defects.”* In Drosophila models, Wnt2 is
required for cell fate determination during the development of the
male reproductive tract, and the male Wnt2 null mutant flies have
development defects in the reproductive tract.”> Intriguingly, Wnt2
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upregulatlon was a common event in various human cancers. 6-28

It was demonstrated that Wnt2 played pro-oncogene roles in many
solid tumors, including non-small-cell lung cancer, esophageal can-
cer, pancreatic cancer, liver cancer, and gastro-intestinal cancer. Pre-
vious functional study verified that enhanced expression of Wnt2
promoted anchorage-independent cell growth, cancer metastasis,
and tumor invasion.”>*”*>*° Subsequent mechanistic study demon-
strated that the expression of Wnt2 was implicated in stabilizing
B-catenin protein by antagonizing the function of the B-catenin-
destruction complex, leading to the activation of the canonical
Wnt/B-catenin pathway.”® In spite of the significant role of Wnt2
in malignant cancer, it remains largely unknown how Wnt2 is regu-
lated under the epigenetic landscape.

Recent advances of genome-wide high-throughput sequencing data
have revealed the abundance of IncRNA elements in mammalian
transcriptomes. Surprisingly, many IncRNAs appear less conserved
than the protein-encoding genes. Therefore, due to the lack of func-
tional studies and sequence conservation, it is a great challenge to pre-
cisely predict the functional roles of IncRNAs under physiological or
pathological conditions. Nevertheless, a recent breakthrough on RNA
secondary structure indicates the importance of secondary structural
elements within IncRNAs. In spite of poor sequence conservation,
some IncRNAs display similar secondary structures. Therefore, it is
speculated that RNA secondary structures might be evolutionarily
conserved and the functional similarity of interspecies IncRNAs
might be structure dependent rather than sequence dependent. How-
ever, in spite of these recent advances, many further investigations are
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still required to better illustrate the biological function of IncRNAs
based on evolutionary conservation and RNA secondary structures.

Based on our results, we demonstrated that IncRNA-DAW could alle-
viate the suppressive effect of EZH2 on Wnt2 promoter, ultimately
leading to the transcriptional activation of Wnt2. As a core compo-
nent of PRC2, EZH2 epigenetically silences its target gene transcrip-
tion by catalyzing the addition of methyl groups to histone H3 at
lysine 27. In accordance with our results, previous study showed
that EZH2 specifically occupied the promoter of Wnt2 and thus initi-
ated histone modification H3K27me3 in HEK293T cells, which re-
sulted in transcriptional inactivation of Wnt2.>! Nevertheless,
whether any other player may get involved in this process remains
elusive. Emerging as a novel modulator in a wide range of cellular
events, IncRNAs exert their function through epigenetically modu-
lating the gene expression of oncogene or tumor suppressor. For
instance, the IncRNA HOTAIR promotes breast cancer metastasis
by physically interacting with PRC2 and subsequently epigenetically
silencing the HOXD gene cluster.”” These findings indicated that
IncRNA-DAW might follow a similar regulatory mechanism and
thus contribute to hepatocarcinogenesis. In this study, we identified
IncRNA-DAW as a novel pattern of EZH2 and revealed that their
mutual interaction may facilitate release of EZH2 from the Wnt2
proximal promoter, which shed light on the epigenetic dysregulation
of Wnt2 in liver cancer cells.

In conclusion, our study revealed the oncogenic role of a previously
unknown IncRNA in liver cancer. IncRNA-DAW was a liver-
enriched IncRNA and it was frequently upregulated in liver cancer
tissues. Subsequent functional studies demonstrated that overexpres-
sion of IncRNA-DAW significantly potentiated tumor growth and
in vivo cancer metastasis. Further investigation revealed the molecu-
lar mechanism by which IncRNA-DAW diminished PRC2-mediated
repression of Wnt2 by antagonizing the function of EZH2, eventually
leading to the activation of the Wnt/fB-catenin pathway and tumori-
genesis. This finding might provide mechanistic insights into the mo-
lecular mechanisms underlying hepatocarcinogenesis, and IncRNA-
DAW may serve as a therapeutic target for patients with HCC.

MATERIALS AND METHODS

Cell culture and retrovirus transduction

The HEK293T, B16-F10, LO2, Hep3B, Huh7, HepG2, and PLC/PRF/5
cells were all maintained in Dulbecco’s modified Eagle’s medium
(DMEM) supplemented with 10% fetal bovine serum plus strepto-
mycin (100 mg/mL) and penicillin (100 U/mL). The IncRNA-DAW-
overexpressing cells were produced by using the retroviral gene
delivery method. To generate virus particles, equal amounts of
pBABE-IncRNA-DAW plasmid and virus packaging vector pCL-
Ampho were co-transfected into HEK293T cells. The supernatant of
culture medium was harvested and the virus particles were enriched
by 0.45-um pore size nitrocellulose membranes (Millipore, United
States) at day 2. The virus concentration was determined by virus titer
assay under the microscope. The virus was diluted to 1 x 10°® TU/mL
and used for infection. The indicated cell lines were then incubated

with the above supernatant plus hexadimethrine bromide (Sigma-Al-
drich, United States). Then the retrovirus-infected cells were selected
with puromycin (Sigma-Aldrich, United States) at day 4. The virus-in-
fected cells were harvested after antibiotic selection and the relative
RNA levels were determined by qRT-PCR. As for the proteasome in-
hibitor experiment, HepG2 cells were transiently transfected with or
without IncRNA-DAW expression plasmid. HepG2 cells were exposed
to the proteasome inhibitor MG132 (20 uM) for 6 h before harvest.

Plasmid construction and siRNA synthesis
The IncRNA-DAW sequence was obtained from NCBI (http://www.
ncbinlm.nih.gov/) and the chemically synthesized DNA fragment
was inserted into pBabe-puro vector. The siRNAs against IncRNA-
DAW were synthesized by RiboBio Company (Guangzhou, China).
The related sequences are listed in Table S1.

RNA extraction and RT-PCR

The RNA samples were prepared as previously described.” >° The to-
tal RNA of various human tissues was purchased from Clontech
Company (TaKaRa, Japan). The RNA samples were extracted by
the FavorPrep Tissue Total RNA Mini Kit (Favorgen, Hong Kong)
following the manufacturer’s instructions. The isolated RNA samples
were subsequently converted into cDNA using High Capacity cDNA
Reverse Transcription Kit (Applied Biosystems, United States). The
relative expression levels of indicated genes were calculated by the
2724CT method. The primer sequences are listed in Table S1.

Western blot

The protein samples were harvested by Radioimmunoprecipitation
assay (RIPA) buffer (Sigma-Aldrich, United States) supplemented
with Complete Protease Inhibitor Cocktail (Roche, United States).
SDS-PAGE was conducted to separate the cellular proteins, and the
polyvinylidene fluoride (PVDF) membranes were then probed with
the indicated antibodies. The immunoblots were visualized on Kodak
film developer (Fujifilm, Japan).

Colony formation assay

The IncRNA-DAW-overexpressing stable cells and corresponding
negative control cells were plated into 12-well plates. After culturing
in the incubator for 2 weeks, cells were visualized by crystal violet
solution. The colony numbers were counted by ImageJ software
(National Institutes of Health, United States).

RNA immunoprecipitation and ChIP

RNA immunoprecipitation (IP) and ChIP were performed as previ-
ously described.'>***” For RNA IP, the cells were fixed by formalde-
hyde and collected by NP-40 lysis buffer (Sigma-Aldrich, United
States) supplemented with 1 mM PMSF, 1 mM DTT, 1% Protease In-
hibitor Cocktail (Sigma-Aldrich, United States), as well as RNase
Inhibitor (Life Technologies, United States). The supernatant of cell ly-
sates was incubated with Protein G Sepharose 4 Fast Flow bead slurry
(GE Healthcare, United States) pre-coated with the indicated antibody.
The co-precipitated RNAs were extracted using TRIzol reagent (Invi-
trogen, United States) and the target genes were detected by qRT-PCR.
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For ChIP assay, after cross-linking with 1% formaldehyde, the cells
were lysed by cold IP buffer (150 mM NaCl, 50 mM Tris-HCI [pH
7.5], 5 mM EDTA, 0.5% NP-40, 1% Triton X-100) and the chromatin
samples were isolated by centrifuge. After sonication, chromatin sam-
ples were incubated with the EZH2 or H2K27me3 antibodies over-
night at 4°C with gentle shaking. Then, the samples were mixed
with protein G beads at 4°C for 2 h. After several washes with cold
IP buffer, 10% Chelex 100 slurry suspension was added to the beads
and boiled for 10 min. The samples were centrifuged and the super-
natant was collected for subsequent PCR analysis. The ChIP primer
sequences are listed in Table SI.

ColP

The cells were lysed by cold lysis buffer (1% Triton X-100, 50 mM
Tris-7.5, 1 mM EDTA, 150 mM NaCl, and protease inhibitors).
The cell lysates were sonicated and centrifuged. The supernatant
was collected and incubated with indicated antibodies overnight at
4°C with gentle shaking. Then, the protein G beads were added to
the lysates at 4°C. After 2 h of incubation, the beads were washed
by cold lysis buffer. The washing buffer was removed and the protein
loading buffer was added to beads. The beads and protein loading
buffer were boiled and subjected to western blotting analysis.

Luciferase reporter assay

HEK293T cells were cultured and co-transfected with indicated lucif-
erase reporter plasmids. Then the HEK293T cells were lysed by lysis
buffer and the luciferase activity was measured by the Dual-Luciferase
Reporter Assay System (Promega, Hong Kong).

Animal study

For the xenograft tumor model, 1 x 10’ IncRNA-DAW -overexpress-
ing cells and their parallel control cells were subcutaneously im-
planted into nude mice. The tumor volume was calculated through
using the following formula: Volume = (Length x Width?)/2. The
nude mice were sacrificed at the indicated time points and the tumor
tissues were harvested for further investigation. For the in vivo metas-
tasis assay, the indicated cancer cells were introduced into C57BL/6
mice through hydrodynamic tail vein injection with slight modifica-
tion. Two milliliters of PBS solution containing tumor cells was intro-
duced to mice through the tail vein within 10 s. The C57BL/6 mice
were sacrificed and the indicated tissues were excised and subse-
quently fixed in paraformaldehyde solution for further investigation.
The animal handling procedure was conducted under the institu-
tional Laboratory Animal Services Centre (LASEC) Guidelines in
The Chinese University of Hong Kong.

Clinical tissue sample analysis

Fifty paired tumor tissues and normal adjacent tissues were collected
from tumor resection in the Prince of Wales Hospital (The Chinese
University of Hong Kong, Hong Kong) as previously described."”
All the human tissues were collected with informed consent from
patients, and this investigation was approved by The Joint Chinese
University of Hong Kong-New Territories Ease Cluster Clinical
Research Ethics Committee.
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Bioinformatics analysis

A total of eight RefSeq-validated long non-protein-coding RNA genes
were found in the chromosome 20q13.12 region. We retrieved the
reads per kilobase per million mapped reads (RPKM) of the eight
genes in 20 human tissues from NCBI BioProject RNA sequencing
of total RNA from 20 human tissues (PRJINA280600). Cross-tissue
expression patterns of the eight genes were illustrated in heatmap,
where the raw RPKMs were scaled by the tissue type. The plot was
generated in R with function heatmap.2. The online bioinformatics
programs, cBioPortal (http://www.cbioportal.org/index.do), Onco-
mine (https://www.oncomine.org) and PROGgene (http://watson.
compbio.iupui.edu/chirayu/proggene/database/?url=proggene) were
applied to analyze the clinical implication of Wnt2 in liver cancer
patients.

Ethics approval and consent to participate

The animal handling procedures were approved by the institutional
LASEC Guidelines in The Chinese University of Hong Kong. All
the tumor tissues were collected with consent forms prior to enroll-
ment, and this clinical study was approved by The Joint Chinese Uni-
versity of Hong Kong-New Territories Ease Cluster Clinical Research
Ethics Committee. The experimental methods complied with the Hel-
sinki Declaration.

Statistics

Experimental data are expressed as mean + SD. Significance of dif-
ference was evaluated using two-tail Student’s t test. The correla-
tion between IncRNA-DAW and Wnt2 in HCC specimens was
performed by using Pearson’s correlation in GraphPad Prism
5.0. Differences were considered to be statistically significant
when p < 0.05.

SUPPLEMENTAL INFORMATION

Supplemental information can be found online at https://doi.org/10.
1016/j.0mtn.2021.10.028.
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