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Abstract

Background and Aims: Chronic hepatitis caused by hepa-
titis B virus (HBV) infection is a leading cause of hepatocel-
lular carcinoma (HCC). We investigated the roles of onco-
genic HBV infection-associated long noncoding RNAs in HCC.
Methods: Bioinformatics analysis of data from the Cancer
Genome Atlas (TCGA) was performed to screen potential
oncogenic HBV-related IncRNAs. Next, we assessed their
expression in clinical samples and investigated their cor-
relation with clinical characteristics. The detailed oncogenic
effects were analyzed by performing in vitro and in vivo
studies. Results: RP11-40C6.2, an HBV infection-related
IncRNA, was identified by analysis of the TCGA-Liver Hepa-
tocellular Carcinoma database. Gene Set Enrichment Analy-
sis and Kyoto Encyclopedia of Genes and Genomes (KEGG)
enrichment analysis of differentially expressed genes re-
vealed a strong association of RP11-40C6.2 with the Hippo
signaling pathway. RP11-40C6.2 was overexpressed in HCC
patients with HBV infection compared to those without HBV
infection. RP11-40C6.2 transcription showed a positive as-
sociation with HBV-X protein (HBx), but not HBV core pro-
tein (HBc) expression, both of which are carcinogenic pro-
teins. Luciferase gene reporter and ChIP assays revealed
that YAP1/TAZ/TEADs complex enhanced RP11-40C6.2
transcription by binding to its promoter area. RP11-40C6.2
showed oncogenic characteristics in HCC cell lines and in
animal models that were mediated via activation of YAP1.
In vitro ubiquitylation assay revealed that RP11-40C6.2 can
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promote the stabilization of YAP1 by stopping phosphoryla-
tion at its s127 residue and further stopping its degradation
through binding to 14-3-3. Conclusions: RP11-40C6.2 is
an HBV infection-related IncRNA that exerts its oncogenic
effects by targeting the Hippo signaling pathway.
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Introduction

Chronic hepatitis caused by hepatitis B virus (HBV) infec-
tion is a leading cause of hepatocellular carcinoma (HCC).!
Epidemiological studies have demonstrated a strong asso-
ciation between HBV infection and HCC; however, the ex-
act molecular mechanisms underlying this association have
not been elucidated in detail.2 Studies have demonstrated
the contribution of HBx and HBc oncoproteins of HBV to
carcinogenesis owing to their effect on the cellular biologi-
cal processes,? especially by their participation in various
tumor-associated pathways including p53 and DR5.4> For
example, HBx protein was shown to promote a variety of
growth factors and stimulate the regulatory subunits p85
and the catalytic subunits p110 of PI-3K to form the p85-
p110 complex, enhancing the activity of the PKB/Akt path-
way.® Moreover, HBx protein was reported to suppress the
function of p53 and to be involved in several tumor-related
pathways including JAK/STAT,” JNK,8 and NF-kB® to pro-
mote cell proliferation, invasion, and migration. HBc pro-
tects hepatocytes against TRAIL-induced apoptosis by in-
hibiting DR5 expression, contributing to the development
of chronic hepatitis and HCC.> In addition to the regulatory
effect of HBx/HBc on encoded genes, a few groups have
focused on the effect of HBx/HBc protein on the expression
of long noncoding RNAs (IncRNAs). For instance, Guerrieri
F et al.10 recently reported that HBx binds to the promoter
area of Inc-DLEU2, strengthens the transcription and caus-
es the accumulation of Inc-DLEU2 in infected hepatocytes.
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They observed that HBx and the histone methyltransferase
enhancer of zeste homolog 2 (EZH2), the catalytic active
subunit of the polycomb repressor complex 2 (PRC2) com-
plex, are directly bound by nuclear Inc-DLEU2. EZH?2 is dis-
placed from the viral chromatin by HBx and Inc-DLEU2 co-
recruitment on the cccDNA to drive transcription and viral
replication in HBV-associated HCCs. Moreover, Xiao et al.1t
revealed that HBV-associated HCC is promoted by HBx/ERa
complex-mediated 1inc01352 downregulation via the miR-
135b-APC axis. In this study, we found overexpression of
HBV infection-related IncRNA, RP11-40C6.2 in HBV-positive
HCC. Our study indicated that this IncRNA was not only a
HBx protein-related IncRNA, but also closely related to YAP/
TAZ activation. Moreover, we explored its effect on the pro-
motion of cell proliferation and invasion and the related mo-
lecular mechanisms.

Methods
Patients

A total of 40 patients with HCC were enrolled in this hospi-
tal-based case-control research. All were enrolled from the
Hepatobiliary Center, The First Affiliated Hospital of Nan-
jing Medical University between January 2016 and January
2019. All patients had undergone surgery for primary HCC.
Patients with a history of cancer or chemotherapy were ex-
cluded. Cancer-free controls were from the same geograph-
ic region and had no evidence of a genetic connection with
the HCC patients. The ethics committee of The First Affiliat-
ed Hospital of Nanjing Medical University approved this re-
search, and all patients provided written informed consent.

Bioinformatics analysis

http://ibl.mdanderson.org/tanric/_design/basic/download.
html! provided RNA sequencing data for the Cancer Genome
Atlas (TCGA) human liver cancer (LIHC) program. Accord-
ing to Tang et al.,12 we obtained 18 non-HBV-infected sam-
ples and 55 samples with HBV infection from the TGCA-LIHC
database. R packages including limma, pheatmap, cluster-
profiler were used to identify differentially expressed IncR-
NAs and generate heatmaps. Gene Set Enrichment Analysis
(GSEA) (http://software.broadinstitute.org/gsea/index.jsp)
was used to analyze the gene sets.

Cell lines and reagents

Human HCC cell lines SMMC-7721, Huh7, MHCC-97H, and
Hep3B were obtained from the American Type Culture Col-
lection. All cells were cultured in Dulbecco’s Modified Eagle’s
Medium purchased from Gibco (Waltham, MA, USA) with
10% fetal bovine serum (Invitrogen, Carlsbad, CA, USA)
and kept in a humidified atmosphere containing 5% CO, at
37°C. Lysophosphatidic acid (LPA) was obtained from ENZO
(BML-LP100-0025). YAP1/TAZ Inhibitor was purchased from
Selleckchem (s8661).

Real-time polymerase chain reaction (RT-PCR)

TRIzol reagent was used to isolate total RNA from human
HCC tissues. The expression of RP11-40C6.2 was detected
using the sybr-green-based real-time PCR. The following
primers were used for PCR: forward primer: GCATGGGATTCT-
GACTGAG, reverse primer: AGAGAAGAGATCTATCGCT, am-

Zhuo H. et al: RP11-40C6.2 affects HCC via Hippo

plicon size 157bp for RP11-40C6.2, and forward primer:
TGTGGGCATCAATGGATTTGG, reverse primer: ACACCATG-
TATTCCGGGTCAAT, amplicon size 110bp for GAPDH.

RNA pull-down, in vitro ubiquitination, and Co-IP
assay

Thermo Scientific Pierce Magnetic RNA-Protein Pull-Down
Kits (ThermoFisher, Waltham, MA, USA) were used for
the RNA pull-down assay. Briefly, total RNA was extracted
from SMMC-7721 and Hep3B cells, and magnetic beads
were incubated with probes for biotin-labeled RP11-40C6.2
(Genescript Co., Nanjing, China) (sequence: ACAGGCT-
GATGCATGGGATTCT) and U6 control (sequence: TTGGAAC-
GATACAGAGAAGATT). For in vitro ubiquitination detection,
whole cell lysates were obtained using a lysis buffer con-
taining 10 mM N-Ethylmaleimide. YAP1 was immunopre-
cipitated and anti-ubiquitin antibody (1:1,000, ab7254; Ab-
cam, Cambridge, UK) was used to detect ubiquitination. To
examine the interaction of TAZ with HBx or HBc, Hep3B cells
were transduced with HBx or HBc. Cellular TAZ was immu-
noprecipitated with its antibody (ab652; Abcam) using Dy-
nabead Protein A Immunoprecipitation Kits (ThermoFisher).
The presence of HBx and HBc in the immune complex was
assayed by western blotting and anti-HBx (ab203540; Ab-
cam) or anti-HBc antibodies (ab8637; Abcam).

Chromatin immunoprecipitation (ChIP) assay

Chromatin immunoprecipitation assays were performed
with a commercially available kit (Millipore, Temecula,
CA, USA) with anti-TEAD1, anti-TEAD2, anti-TEAD3, anti-
TEAD4, and p65 antibodies; IgG antibody was the nega-
tive control. A 200-bp fragment corresponding to the core
RP11-40C6.2 promoter was amplified by ChIP primers: 5’-C
GAGGGGGCGGTGACAGCA-3’ and 5’-CCTCGCTAGCTTTGAT-
GCGCAGA-3’. Analysis of samples included at least three
independent assays.

IHC and multiple color IHC

After deparaffinization and rehydration process of tissue
sections, the endogenous peroxidase activity was blocked
by a 30-minute treatment with 1% H,O, in methanol. Then
the tissue sections were rinsed twice in phosphate-buffered
saline for 5 m each, followed by blocking with 10% normal
goat serum. After rinsing, the samples were incubated with
a primary anti-YAP1 (#4912; Cell Signaling Technology,
Danvers, MA, USA), anti-YAP1 (s127) (#13008, Cell Sign-
aling Technology). Then the sections were incubated with
secondary antibodies, followed by staining with 3,3’-diami-
nobenzidine based on the manufacturer’s protocol. The sec-
tions were then mounted on slides, and photographed with
a digital microscope camera (Nikon, Tokyo, Japan). Multiple
color staining was performed with Opal 4-anti-rabbit auto-
mation IHC kits (NEL830001KT, AKOYA science) following
the manufacturer’s instructions. The sections were incubat-
ed overnight with primary antibodies to AXL (#8661; Cell
Signaling Technology), HBx (ab203540; Abcam) and HBc
(ab8637; Abcam) at 4°C. Subsequently, photographs were
obtained with a digital microscope camera (Nikon).

Western blotting

For western blotting, proteins were extracted from cultured
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cells using RIPA buffer with phenylmethanesulfonylfluoride
(PMSF; Beyotime, Nantong, China) and 100 pg samples of
total protein were resolved by 7.5%/12.5% sodium dode-
cyl sulfate-polyacrylamide gel electrophoresis (SDS-PAGE).
Proteins were transferred to polyvinylidene fluoride (PVDF)
membranes for staining. Primary polyclonal antibodies tar-
geting anti-YAP1 (#4912; Cell Signaling Technology), anti-
YAP1 (s127) (#13008; Cell Signaling Technology), LATS1
(#9153; Cell Signaling Technology), 14-3-3 (#8312; Cell
Signaling Technology), anti-HBx (ab203540; Abcam), anti-
HBc antibodies (ab8637; Abcam), and anti-TAZ (ab652; Ab-
cam) were used. The secondary antibody was anti-rabbit
HRP-conjugated IgG (Abcam), and an enhanced chemilumi-
nescence reagent (Millipore) was used to develop the blots.
A beta actin antibody was used to confirm equal amounts of
protein loading in each lane. Integrated band densities were
read using Image] software (La Jolla, CA, USA).

Cell counting kit (CCK)-8 and Transwell cell migra-
tion assays

Cells treated differently were seeded into the upper surface
of 8 um Transwell chamber (Millipore) membranes coated
with Matrigel (BD Biosciences, San Jose, CA, USA) for the
invasion assay or without Matrigel for the migration assay.
After incubation for 24 h, cells on the upper membrane of
the Transwell chambers were removed with cotton wool and
the cells that had migrated or invaded the membrane were
fixed for 10 m with methanol and stained with 0.1% crystal
violet for 30 m at 37°C. Three randomly chosen microscopic
fields were counted in each study group. The assays were
independently repeated three times.

Luciferase reporter assay

The promoter region of RP11-40C6.2 with the wild-type or
mutant potential target site for TEADs was designed and
synthesized by Genescript Co. and inserted into the pGL4
Vector (Promega, Madison, WI, USA). For luciferase assay,
C33A was transfected with pGL4-RP11-40C6.2 wild-type
(WT) pro or pGL4-RP11-40C6.2 MU pro, with pCMV-HBX,
pCMV-HBc or control (GenePharma, Shanghai, China) using
Lipofectamine 2000 (ThermoFisher). The LPA-treated cells
were harvested 48h after transfection for luciferase assay
with a Dual-Luciferase® Reporter Assay System (Promega)
based on the manufacturer’s protocol.

Animal experiments

To further investigate the biological role of RP11-40C6.2
on tumor development in vivo, 6-week-old male nude mice
(BALB/c background) were given subcutaneous xenografts
of HCC cells. Transfected SMMC-7721 cells (5x108) were
injected into the left or right flanks of mice. The mice were
sacrificed mice 4 weeks later, the calculation of the volume
of every tumor was performed (lengthxwidth2x0.5). For the
lung metastasis model, all lungs were stained with hema-
toxylin and eosin, and the number of metastases was de-
termined. The animal procedures were performed following
the Institutional Animal Care and Use Committee guidelines
of The First Affiliated Hospital of Nanjing Medical University.

Statistical analysis

Data were reported as means+standard deviations (SDs).

Between-group differences in demographic and clinical
characteristics were assessed with Student’s t-tests and
analysis of variance. All in vitro expression assays were re-
peated at least three times. The significance of correlations
between two factors was analyzed by Pearson’s correlation
coefficient. STATA 9.2 was used for the statistical analysis,
and data were presented using GraphPad Prism software
(San Diego, CA, USA). P-values <0.05 were considered sta-
tistically significant.

Results

RP11-40C6.2 is an HBV infection-specific IncRNA in
HCC

To explore human HBV infection-specific IncRNAs, we
screened hepatocellular carcinoma RNA sequencing (RNA-
seq) data from the TCGA database. As reported by Tang et
al.,12 we obtained data from 18 samples from patients with
HCV infection, which also promotes the development of liver
cancer, and 55 samples of patients with HBV infection from
the TGCA_LIHC database. After statistical analysis (t-test),
we identified 13 IncRNAs that were significantly different
expression in HBV and non-HBV infection. Four were down-
regulated and nine were upregulated IncRNAs (adjusted p-
value <0.05, Fig. 1). Of the 13 IncRNAs, only RP11-40C6.2
(ENSG00000219928.2) was found to be significantly up-
regulated in tumors after comparison of normal tissues fol-
lowing a search of the online TCGA using the Gepia tool
(Fig. 1B). After obtaining genes that were differentially ex-
pressed between the top and low 20 RP11-40C6.2 expres-
sion HCC samples in the TCGA database, Gene Ontology
(GO), and KEGG enrichment analyses were carried out. The
GO enrichment results (Biological Process, BP) using up-
regulated differentially expressed genes (DEGs) are shown
in Fig. 1C. The BPs associated with high expression of RP11-
40C6.2 included “DNA replication,” “chromosome segrega-
tion,” and “DNA-dependent DNA replication.” On KEGG en-
richment analysis, the signaling pathways associated with
high expression of RP11-40C6.2 included “cell cycle,” “cel-
lular senescence,” and “Hippo signaling pathway” (Fig. 1D).
We speculated that the cell cycle or DNA replication related
features of RP11-40C6.2 were associated with activation of
the Hippo signaling pathway. We also performed GSEA of
the DEGs. Interestingly, high expression of RP11-40C6.2
had a positive correlation with the Hippo signaling path-
way (Fig. 1E). Next, we performed a single sample GSEA
(ssGSEA) adopting RP11-40C6.2 top20 and low 20 samples
using C6 gene sets. The results also found significant dif-
ferences in Hippo signaling pathway between RP11-40C6.2
high and low expression samples (Fig. 1F). Next, the upreg-
ulated genes were mapped in the sketch of Hippo signaling.
We found that RP11-40C6.2 enhanced the transcription of
YAP1, which is a core protein in Hippo signaling (Fig. 1G).

The clinical relevance of RP11-40C6.2 was discussed
in terms of early diagnosis of HCC as well as prog-
nostication after treatment of HCC as a biomarker

In the current study, 120 HCC samples pathologically di-
agnosed (including tumor tissues, matched adjacent non-
cancerous liver tissues and preoperative/ postoperative
serum) acquired between September 2013 and December
2014 at the First Affiliate Hospital of Nanjing Medical Uni-
versity (Nanjing, Jiangsu, China) were extra collected. We
used the gRT-PCR assay to detect the expression level of
RP11-40C6.2 in HCC tumor tissues and adjacent ones. As
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Fig. 1. RP11-40C6.2 is specifically overexpressed in human HBV-infected HCC. (A) Heatmap showing 13 differentially expressed Inc-RNAs in HBV-positive and
HCV-positive human hepatocellular carcinoma (HCC) tissues in the Cancer Genome Atlas (TCGA) database. (B) Comparison of the expression of RP11-40C6.2 in tumor and
normal tissues with the Gene Set Enrichment Analysis (GSEA) dataset in TCGA. GO (C) and KEGG (D) enrichment analysis was performed using differentially expressed
genes (DEGs) by comparing top20 and low20 linc000925 expression HCC samples in TCGA database. (E) GSEA targeting high and low expression of RP11-40C6.2 displayed
that the expression of RP11-40C6.2 was related to Hippo signaling pathway. (F) A single sample GSEA (ssGSEA) was performed using RP11-40C6.2 top20 and low20
samples using C6 gene sets. g) DEGs identified on comparing top20 and low20 1inc000925 expression HCC samples were mapped in human Hippo signaling pathways.
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presented in Supplementary Figure 1A, RP11-40C6.2 in
tumor tissues was obviously higher than that in adjacent
ones (P<0.05). We also used the gRT-PCR analysis to detect
serum RP11-40C6.2 in each group and found that RP11-
40C6.2 in preoperative serum was higher than that in in
postoperative serum among 120 HCC patients (Supplemen-
tary Fig. 1B, P<0.01). The results of Supplementary Figure
1C also demonstrated that serum RP11-40C6.2 expression
was increased in preoperative serum compared with other
benign liver diseases and healthy controls (P<0.01). The
findings above suggested that serum RP11-40C6.2 expres-
sion could distinguish HCC patients from people with benign
liver diseases.

Next, to assess whether the aberrant expression of RP11-
40C6.2 was associated with HCC progression, the clinical
and pathological information of HCC patients mentioned
above was collected and analyzed. As presented in Supple-
mentary Table 1, 120 patients were fallen into RP11-40C6.2
high group and RP11-40C6.2 low group in accordance
with the median value of RP11-40C6.2. Statistical analysis
shown that up-regulation of RP11-40C6.2 was positively as-
sociated with tumor size (P=0.011), microvascular invasion
(P=0.044), portal vein tumor thrombus (P=0.016) and TNM
stage (P=0.004).

To explore the diagnostic value of RP11-40C6.2, we per-
formed the ROC curve. The results in Supplementary Figure
2A showed an AUC of 0.669 with a sensitivity of 72.1% and
a specificity of 62.3%. The ideal cut-off value was 0.227.

To study the prognostic value of RP11-40C6.2 in HCC, we
performed Kaplan-Meier and Cox regression analyses. The
results of Kaplan-Meier analysis showed that overall sur-
vival of HCC patients with low RP11-40C6.2 expression was
longer than the high RP11-40C6.2 expression group (Sup-
plementary Fig. 2B). Log-rank testing showed the result
possessed statistical significance (P=0.004). Additionally,
multivariate analysis was conducted through Cox regres-
sion analysis. High expression of RP11-40C6.2 (HR=2.195,
95CI%=1.165 -4.134, P=0.015) appear to be related to the
poor prognosis of HCC (Supplementary Table 2).

RP11-40C6.2 is an HBx protein-associated IncRNA

As HBV has two vital oncogenic proteins, HBx, and HBc,
we evaluated AXL, the downstream target gene for YAP1
activation,!3 HBx, and HBc protein expression levels in HCC
tissues using multicolor staining. The 40 HCC patients were
further categorized into HBx+HBc+ (nine cases), HBx+
HBc— (six cases), HBx—HBc+ (five cases), and HBx—HBc—
(20 cases) groups (Fig. 2A). RP11-40C6.2 had a significant
positive correlation with AXL protein expression level (Fig.
2B). We divided the 40 patients with HCC based on RP11-
40C6.2 expression (Fig. 2C) and found a significant associa-
tion of RP11-40C6.2 level with HBx but not HBc (Fig. 2D, E).

HBx-associated RP11-40C6.2 is closely associated
with the expression and nuclear localization of YAP1

We investigated the relationship between HBV infection and
activation of YAP1 protein in HCC by immunohistochemis-
try (IHC) and found that YAP1 expression in HBx+ groups
(HBx+ HBc— and HBx+ HBc+) was significantly higher than
that in HBx— groups (HBx— HBc— and HBx— HBc+) (Fig.
3A). The nuclear localization of YAP1 in HBx + groups was
much greater than that in HBx— groups (Fig. 3A). As the
nuclear localization of YAP1 is closely related to its activa-
tion,13 the findings suggest that HBx expression was as-
sociated with the activation of YAP1. To confirm that obser-
vation, we assayed YAP1(s127), YAP1 degradation-related

phosphorylation residue, and found it to be much lower in
HBx+ HCC than in HBx— HCC (Fig. 3B). We also analyzed
the correlation of nuclear YAP1 or YAP1(s127) with RP11-
40C6.2 in HCC. The expression of RP11-40C6.2 was posi-
tively correlated with nuclear YAP-1 but negatively corre-
lated with YAP1(s127) (Fig. 3C-E).

A previous study has shown that HBx protein promoted
YAP1/TAZ translational activity by binding to the promoter
of YAP1.14 We found that the HBx level was positively cor-
related with RP11-40C6.2. We investigated the potential
binding site of TEADs, cotranscriptional factors of YAP1/
TAZ, in the promoter region of RP11-40C6.2 and found a
potential binding site (Fig. 3F). We mutated the binding site
and found a significant decrease in the promoter activity
compared with the WT promoter following treatment with
HBx, LPA (YAP-1 activator), HBx + LPA, or HBc + LPA. HBc
protein alone had no apparent effect on the promoter activ-
ity of RP11-40C6.2 (Fig. 3G). To further confirm that TEADs
bind to the promoter region of RP11-40C6.2, we performed
ChIP assays using antibodies to TEAD1-4 and p65. The re-
sults demonstrated that TEAD1-4 bound to the promoter
region of RP11-40C6.2 (Fig. 3H).

Co-immunoprecipitation (co-IP) with Hep3B and Hep3B,
HBx/HBc (Hep3B cells overexpressing HBx and HBc) cells
with TAZ antibody revealed that HBx, but not HBc, bound to
TAZ (Fig. 3I). The results show that the enhanced expres-
sion of RP11-40C6.2 in HCC was attributed to the increase
in the transcriptional activity of YAP1/TAZ/TEADs promoted
by HBx. We speculate that RP11-40C6.2 may serve as an
HBx -specific INcCRNA.

RP11-40C6.2 enhances the proliferation and inva-
sion of HCC cells by YAP1 activation

To examine the biological functions of RP11-40C6.2, we
studied the expression of RP11-40C6.2 in different HCC cell
lines, including Hep3B, SMMC-7721, MHCC-97H, and Huh7.
SMMC-7721 and MHCC-97H had very low HBx and RP11-
40C6.2 expression levels, but Huh7 and Hep3B cells had
significantly higher expression of HBx and RP11-40C6.2.

Proliferation and invasion were significantly lower in
SMMC-7721 and MHCC-97H cells than in Hep3B and Huh7
cells (Fig. 4B, C). We induced overexpression of RP11-
40C6.2 in SMMC-7721 cells (SMMC-7721-RP11-40C6.2)
and knocked down its expression in Hep3B cells (Hep3B-
RP11-40C6.2 short-hairpin RNA [shRNA]) (Fig. 4D). The
proliferation and invasion abilities were significantly in-
creased in SMMC-7721-RP11-40C6.2 cells but decreased
in Hep3B -RP11-40C6.2 shRNA cells (Fig. 4E, F). We also
found that CA3, a specific inhibitor of YAP1/TAZ, signifi-
cantly decreased the proliferation and invasiveness of SM-
MC-7721-RP11-40C6.2 and Hep3B cells (Fig. 4G, H). In
addition, mouse subcutaneous xenograft models were es-
tablished, and SMMC-7721 cells with stable overexpression
of RP11-40C6.2 were injected subcutaneously in nude mice.
Tumor xenografts originating from cells with overexpression
of RP11-40C6.2 were larger and weighed more than con-
trol cells (Supplementary Fig. 3A-C). To further investigate
the effect of RP11-40C6.2 on HCC metastasis in vivo, we
knocked down RP11-40C6.2 expression in Hep3B cells with
shRNA. Treated cells were injected into mouse tail veins to
construct lung metastasis models. Four weeks later, the
mice were killed, and lung tissues were harvested. Because
of the short time after injection, we did not find visible me-
tastases on the surface of the lung tissues. However, hema-
toxylin and eosin staining confirmed that overexpression of
RP11-40C6.2 significantly increased the number of lung of
metastatic nodes (Fig. S3D, E).

On investigating the activation of YAP1 by western blot-
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ting analysis, the level of total YAP1 was found to be the
highest and that of YAP1(s127) was the lowest in Hep3B
cells (Fig. 4I). Furthermore, we activated YAP1 by lysophos-
phatidic acid (LPA) (0.1 uM), and found a decrease in
YAP(s127) level and an increase in total YAP1 level in all cell
lines, especially Hep3B cells (Fig. 4]). Total YAP1 activation
increased in SMMC-7721-RP11-40C6.2 cells but decreased
in Hep3B-RP11-40C6.2 shRNA cells with or without treat-
ment with LPA (Fig. 4K, L). The results suggest that RP11-
40C6.2 promoted the proliferation and invasion of HCC cells
by YAP1 activation.

RP11-40C6.2 stabilizes YAP-1 by binding to YAP1
(s127)

We used the online tool catRAPID to predict the possibil-
ity of binding between RP11-40C6.2 and YAP1. The results
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suggested that RP11-40C6.2 (201-252 nt) has the greatest
potential to directly bind to YAP1 protein at the region of
amino acids 102-154 (Fig. 5A, B). Next, we found that the
sense probe, but not the antisense probe, of RP11-40C6.2
could pull-down YAP-1 (Fig. 5C). To verify the specific bind-
ing site of RP11-40C6.2 on YAP1, we constructed a mutated
form (201-252 deletion) of RP11-40C6.2 (RP11-40C6.2
MU) and found that the 201-252 fragment of RP11-40C6.2
was essential for its binding to YAP1 (Fig. 5D).

To investigate the effect of RP11-40C6.2 on YAP1 nu-
clear translocation, we performed immunofluorescence (IF)
staining and found that overexpression of RP11-40C6.2, but
not RP11-40C6.2 MU, in SMMC-7721 and Hep3B cells en-
hanced the nuclear translocation of YAP1 (Fig. 5E). Next, we
investigated the role of YAP-1 and RP11-40C6.2 integration
in promoting cell proliferation and invasion. We found that
RP11-40C6.2 MU overexpression significantly attenuated
the positive effects of RP11-40C6.2 on cell proliferation and
invasion (Fig. 5F, G).
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Discussion

This study identified an IncRNA, RP11-40C6.2, which en-
hanced nuclear translocation of YAP1 by binding to amino
acids 101-125 amino acids, which carry an important phos-
phorylation residue of YAP1 (s127). The s127 residue of YAP1
caused proteasome-induced degradation by 14-3-3-derived
ubiquitination. Overexpression of RP11-40C6.2 blocked the
binding of 14-3-3 and YAP1 by facilitating its binding to the
s127 region, thereby reducing protein degradation. YAP1 is
a core protein of the Hippo signaling pathway that plays
an important role in cell proliferation, apoptosis, and organ
development.!> YAP1 itself has no transcriptional activity,
but is a transcriptional co-activator when combined with its
TAZ and TEADs.16 All of these three components are indis-
pensable for downstream transcripts boost; therefore, the
nuclear translocation of YAP1 is the key regulatory event,
and the process is blocked by the Hippo pathway when it
is in the “on” state. The “on” state of the Hippo pathway
is considered to have tumor suppressive activity. Several
studies have revealed that its “on” state is capable of stop-
ping cell proliferation, drive apoptosis, and regulating stem/
progenitor cell expansion.1?

We also found that the positive effects of RP11-40C6.2
on cell proliferation and invasion were attributed to YAP1
activation, and that the YAP/TAZ activation inhibitor CA3
completely blocked the carcinogenic effects of RP11-
40C6.2. Several other IncRNAs have been reported to ex-
ert tumorigenic effects by targeting Hippo signaling. Li et
al.18 reported that the crosstalk between ROR1-HER3 and
the Hippo signaling pathway promoted bone metastasis of
breast cancer. Zhu et al.1® also reported that IncBRM as-
sociated with BRM initiates the BRG1/BRM switch and that
the BRG1-embedded BAF complex triggers the activation of
YAP1 signaling.

We investigated the expression of RP11-40C6.2 in HCC
and found that the transcription of RP11-40C6.2 was as-
sociated with HBV infection and driven by HBx. HBx protein
is a multifunctional regulatory protein of approximately 17
kDa. It contains 154 amino acids including nine cysteine
residues, which are required for four main functions. (1)
HBx protein is known to have both pro-apoptotic and anti-
apoptotic roles. The anti-apoptotic activity of HBx protein
may be attributable to its association with p53, a tumor
suppressor gene.20 (2) HBx acts as a transcriptional activa-
tor by interacting with the nuclear transcription element and
controlling cytoplasmic signal transduction pathways such
as Ras, Raf, mitogen activated protein kinase, Janus fam-
ily tyrosine kinase-signal transducer and activators of tran-
scription, focal adhesion kinase, and protein kinase cascade
pathways.2! (3) HBx regulates hepatocyte proliferation,
apoptosis, and cell development.?2 (4) HBx has a regula-
tory effect on nucleotide excision repair (NER).23 We found
that RP11-40C6.2 is one of the downstream products of
HBx/TAZ/TEADs complex in HBV-infected human HCC cells.
Similar results have also been reported by other research
groups. Thus, RP11-40C6.2 was driven by HBx/YAP1/TAZ/
TEADs and promoted proliferation and invasion of HCC cells
by preventing YAP1 degradation by the E3 ubiquitination
ligase 14-3-3. We believe that high expression of RP11-
40C6.2 is an important cause of HCC and that RP11-40C6.2
may serve as a potential therapeutic marker of HCC.

In summary, on exploring the TCGA database, we discov-
ered an HBV infection-related IncRNA, RP11-40C6.2 in HCC.
High expression of RP11-40C6.2 was associated with TMN
stage and HBx protein expression. Further study revealed
that RP11-40C6.2 was driven by HBx/YAP1/TAZ/TEADs, and
that it promotes proliferation and invasion of HCC cells by
binding to YAP1 in the region containing s127, preventing
YAP1 degradation by E3 ubiquitination ligase 14-3-3. We
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believe that high expression of RP11-40C6.2 is an important
cause and potential therapeutic target for HCC.

Funding

This work was supported by grants from the National Natu-
ral Science Foundation (Grant Number 81972675 to T.Z.M.)

Conflict of interest

The authors have no conflict of interests related to this pub-
lication.

Author contributions

ZT and YT designed the research; HZ and CW wrote the pa-
per; HZ, JT performed the in vitro and in vivo experiments;
YT, HZ, FZ, ZX and DS analyzed data.

Ethical statement

The ethics committee of The First Affiliated Hospital of Nan-
jing Medical University approved this research, and all pa-
tients provided written informed consent.

Data sharing statement

Data are available on request to the authors.

References

[1] Mak LY, Wong DK, Pollicino T, Raimondo G, Hollinger FB, Yuen MF. Occult
hepatitis B infection and hepatocellular carcinoma: Epidemiology, virology,
hepatocarcinogenesis and clinical significance. J Hepatol 2020;73(4):952-
964. doi:10.1016/j.jhep.2020.05.042, PMID:32504662.

[2] Papatheodoridis GV, Chan HL, Hansen BE, Janssen HL, Lampertico P. Risk
of hepatocellular carcinoma in chronic hepatitis B: assessment and modi-
fication with current antiviral therapy. J Hepatol 2015;62(4):956-967.
doi:10.1016/j.jhep.2015.01.002, PMID:25595883.

[3] Cheng ST, Hu JL, Ren JH, Yu HB, Zhong S, Wai Wong VK, et al. Dicoumarol,
an NQO1 inhibitor, blocks cccDNA transcription by promoting degradation
of HBx. J Hepatol 2021;74(3):522-534. doi:10.1016/j.jhep.2020.09.019,
PMID:32987030.

[4] Ueda H, Ullrich SJ, Gangemi 1D, Kappel CA, Ngo L, Feitelson MA, et al.
Functional inactivation but not structural mutation of p53 causes liver can-
cer. Nat Genet 1995;9(1):41-47. doi:10.1038/ng0195-41, PMID:7704023.

[5] DuJ, Liang X, Liu Y, Qu Z, Gao L, Han L, et al. Hepatitis B virus core protein
inhibits TRAIL-induced apoptosis of hepatocytes by blocking DR5 expres-
sion. Cell Death Differ 2009;16(2):219-229. doi:10.1038/cdd.2008.144,
PMID:18927587.

[6] Chung TW, Lee YC, Kim CH. Hepatitis B viral HBx induces matrix metal-
loproteinase-9 gene expression through activation of ERK and PI-3K/AKT
pathways: involvement of invasive potential. FASEB J 2004;18(10):1123-
1125. doi:10.1096/fj.03-1429fje, PMID:15132991.

[7] Arbuthnot P, Capovilla A, Kew M. Putative role of hepatitis B virus X pro-
tein in hepatocarcinogenesis: effects on apoptosis, DNA repair, mitogen-
activated protein kinase and JAK/STAT pathways. J Gastroenterol Hepatol
2000;15(4):357-368.d0i:10.1046/j.1440-1746.2000.02069.x,PMID:1082
4878.

[8] Levrero M, Zucman-Rossi J. Mechanisms of HBV-induced hepatocellu-
lar carcinoma. ] Hepatol 2016;64(1 Suppl):S84-S101. doi:10.1016/j.
jhep.2016.02.021, PMID:27084040.

[9] Caselmann WH. Transactivation of cellular gene expression by hepatitis B
viral proteins: a possible molecular mechanism of hepatocarcinogenesis. ]
Hepatol 1995;22(1 Suppl):34-37. PMID:7602073.

[10] Salerno D, Chiodo L, Alfano V, Floriot O, Cottone G, Paturel A, et al.
Hepatitis B protein HBx binds the DLEU2 IncRNA to sustain cccDNA and
host cancer-related gene transcription. Gut 2020;69(11):2016-2024.
doi:10.1136/gutjnl-2019-319637, PMID:32114505.

[11] Huang P, Xu Q, Yan Y, Lu Y, Hu Z, Ou B, et al. HBx/ERa complex-mediated
LINC01352 downregulation promotes HBV-related hepatocellular carci-
noma via the miR-135b-APC axis. Oncogene 2020;39(18):3774-3789.

332 Journal of Clinical and Translational Hepatology 2023 vol. 11(2) | 323-333


https://doi.org/10.1016/j.jhep.2020.05.042
http://www.ncbi.nlm.nih.gov/pubmed/32504662
https://doi.org/10.1016/j.jhep.2015.01.002
http://www.ncbi.nlm.nih.gov/pubmed/25595883
https://doi.org/10.1016/j.jhep.2020.09.019
http://www.ncbi.nlm.nih.gov/pubmed/32987030
https://doi.org/10.1038/ng0195-41
http://www.ncbi.nlm.nih.gov/pubmed/7704023
https://doi.org/10.1038/cdd.2008.144
http://www.ncbi.nlm.nih.gov/pubmed/18927587
https://doi.org/10.1096/fj.03-1429fje
http://www.ncbi.nlm.nih.gov/pubmed/15132991
https://doi.org/10.1046/j.1440-1746.2000.02069.x
http://www.ncbi.nlm.nih.gov/pubmed/10824878
http://www.ncbi.nlm.nih.gov/pubmed/10824878
https://doi.org/10.1016/j.jhep.2016.02.021
https://doi.org/10.1016/j.jhep.2016.02.021
http://www.ncbi.nlm.nih.gov/pubmed/27084040
http://www.ncbi.nlm.nih.gov/pubmed/7602073
https://doi.org/10.1136/gutjnl-2019-319637
http://www.ncbi.nlm.nih.gov/pubmed/32114505

Zhuo H. et al: RP11-40C6.2 affects HCC via Hippo

doi:10.1038/s41388-020-1254-z, PMID:32157216.

[12] Tang KW, Alaei-Mahabadi B, Samuelsson T, Lindh M, Larsson E. The land-
scape of viral expression and host gene fusion and adaptation in human
cancer. Nat Commun 2013;4:2513. doi:10.1038/ncomms3513, PMID:2408
5110.

[13] Totaro A, Panciera T, Piccolo S. YAP/TAZ upstream signals and downstream
responses. Nat Cell Biol 2018;20(8):888-899. doi:10.1038/s41556-018-
0142-z, PMID:30050119.

[14] Zhang T, Zhang J, You X, Liu Q, Du Y, Gao Y, et al. Hepatitis B virus X
protein modulates oncogene Yes-associated protein by CREB to pro-
mote growth of hepatoma cells. Hepatology 2012;56(6):2051-2059.
doi:10.1002/hep.25899, PMID:22707013.

[15] Luo M, Meng Z, Moroishi T, Lin KC, Shen G, Mo F, et al. Heat stress acti-
vates YAP/TAZ to induce the heat shock transcriptome. Nat Cell Biol 2020;
22(12):1447-1459. doi:10.1038/s41556-020-00602-9, PMID:33199845.

[16] Dey A, Varelas X, Guan KL. Targeting the Hippo pathway in cancer, fi-
brosis, wound healing and regenerative medicine. Nat Rev Drug Discov
2020;19(7):480-494. doi:10.1038/s41573-020-0070-z, PMID:32555376.

[17] Moya IM, Castaldo SA, Van den Mooter L, Soheily S, Sansores-Garcia L,
Jacobs J, et al. Peritumoral activation of the Hippo pathway effectors YAP

and TAZ suppresses liver cancer in mice. Science 2019;366(6468):1029-
1034. doi:10.1126/science.aaw9886, PMID:31754005.

[18] Li C, Wang S, Xing Z, Lin A, Liang K, Song J, et al. A ROR1-HER3-IncR-
NA signalling axis modulates the Hippo-YAP pathway to regulate bone
metastasis. Nat Cell Biol 2017;19(2):106-119. do0i:10.1038/ncb3464,
PMID:28114269.

[19] Zhu P, Wang Y, Wu ], Huang G, Liu B, Ye B, et al. LncBRM initiates YAP1
signalling activation to drive self-renewal of liver cancer stem cells. Nat
Commun 2016;7:13608. doi:10.1038/ncomms13608, PMID:27905400.

[20] Kann M, Lu X, Gerlich WH. Recent studies on replication of hepatitis B
virus. J Hepatol 1995;22(1 Suppl):9-13. PMID:7602085.

[21] Cromlish JA. Hepatitis B virus-induced hepatocellular carcinoma: possible
roles for HBx. Trends Microbiol 1996;4(7):270-274. doi:10.1016/0966-
842x(96)10046-9, PMID:8829335.

[22] Slagle BL, Andrisani OM, Bouchard MJ, Lee CG, Ou JH, Siddiqui A. Techni-
cal standards for hepatitis B virus X protein (HBx) research. Hepatology
2015;61(4):1416-1424. doi:10.1002/hep.27360, PMID:25099228.

[23] Slagle BL, Bouchard MJ. Hepatitis B Virus X and Regulation of Viral
Gene Expression. Cold Spring Harb Perspect Med 2016;6(3):a021402.
doi:10.1101/cshperspect.a021402, PMID:26747833.

Journal of Clinical and Translational Hepatology 2023 vol. 11(2) | 323-333 333


https://doi.org/10.1038/s41388-020-1254-z
http://www.ncbi.nlm.nih.gov/pubmed/32157216
https://doi.org/10.1038/ncomms3513
http://www.ncbi.nlm.nih.gov/pubmed/24085110
http://www.ncbi.nlm.nih.gov/pubmed/24085110
https://doi.org/10.1038/s41556-018-0142-z
https://doi.org/10.1038/s41556-018-0142-z
http://www.ncbi.nlm.nih.gov/pubmed/30050119
https://doi.org/10.1002/hep.25899
http://www.ncbi.nlm.nih.gov/pubmed/22707013
https://doi.org/10.1038/s41556-020-00602-9
http://www.ncbi.nlm.nih.gov/pubmed/33199845
https://doi.org/10.1038/s41573-020-0070-z
http://www.ncbi.nlm.nih.gov/pubmed/32555376
https://doi.org/10.1126/science.aaw9886
http://www.ncbi.nlm.nih.gov/pubmed/31754005
https://doi.org/10.1038/ncb3464
http://www.ncbi.nlm.nih.gov/pubmed/28114269
https://doi.org/10.1038/ncomms13608
http://www.ncbi.nlm.nih.gov/pubmed/27905400
http://www.ncbi.nlm.nih.gov/pubmed/7602085
https://doi.org/10.1016/0966-842x(96)10046-9
https://doi.org/10.1016/0966-842x(96)10046-9
http://www.ncbi.nlm.nih.gov/pubmed/8829335
https://doi.org/10.1002/hep.27360
http://www.ncbi.nlm.nih.gov/pubmed/25099228
https://doi.org/10.1101/cshperspect.a021402
http://www.ncbi.nlm.nih.gov/pubmed/26747833

	﻿﻿﻿Abstract﻿

	﻿﻿﻿﻿﻿Introduction﻿

	﻿﻿﻿﻿Methods﻿

	﻿﻿﻿Patients﻿

	﻿﻿﻿﻿Bioinformatics analysis﻿

	﻿﻿﻿﻿Cell lines and reagents﻿

	﻿﻿﻿﻿Real-time polymerase chain reaction (RT-PCR)﻿

	﻿﻿﻿﻿RNA pull-down, in vitro ubiquitination, and Co-IP assay﻿

	﻿﻿﻿﻿Chromatin immunoprecipitation (ChIP) assay﻿

	﻿﻿﻿﻿IHC and multiple color IHC﻿

	﻿﻿﻿﻿Western blotting﻿

	﻿﻿﻿﻿Cell counting kit (CCK)-8 and Transwell cell migration assays﻿

	﻿﻿﻿﻿Luciferase reporter assay﻿

	﻿﻿﻿﻿Animal experiments﻿

	﻿﻿﻿﻿Statistical analysis﻿


	﻿﻿﻿﻿﻿Results﻿

	﻿﻿﻿RP11-40C6.2 is an HBV infection-specific lncRNA in HCC﻿

	﻿The clinical relevance of RP11-40C6.2 was discussed in terms of early diagnosis of HCC as well as prognostication after treatment of HCC as a biomarker﻿

	﻿﻿﻿﻿﻿RP11-40C6.2 is an HBx protein-associated lncRNA﻿

	﻿﻿﻿﻿﻿HBx-associated RP11-40C6.2 is closely associated with the expression and nuclear localization of YAP1﻿

	﻿﻿﻿﻿RP11-40C6.2 enhances the proliferation and invasion of HCC cells by YAP1 activation﻿

	﻿﻿﻿﻿RP11-40C6.2 stabilizes YAP-1 by binding to YAP1 (s127)﻿


	﻿﻿﻿﻿﻿Discussion﻿

	﻿﻿﻿﻿﻿﻿Funding﻿

	﻿﻿﻿﻿Conflict of interest﻿

	﻿﻿﻿﻿Author contributions﻿

	﻿﻿﻿﻿Ethical statement﻿

	﻿﻿﻿﻿Data sharing statement﻿

	﻿﻿﻿﻿References﻿


