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renewal of liver cancer stem cells via activation of
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e Long non-coding RNA IncHDAC2 is highly expressed in liver
cancer stem cells.

e LncHDAC2 promotes the self-renewal of liver cancer stem
cells.

e LncHDAC2 associates with HDAC2 in liver cancer stem cells.

e LncHDAC2-mediated PTCH1 downregulation promotes Hh
signaling, driving self-renewal of liver cancer stem cells.
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Lay summary

Liver cancer stem cells harbor high
tumor-initiating potential and confer
resistance to typical therapies, but the
mechanism underlying their self-renewal
remains elusive. LncHDAC2 augments the
self-renewal of these cells, promoting
tumor propagation. In liver cancer stem
cells, IncHDAC2 activates Hedgehog sig-
naling to initiate liver tumorigenesis.
Therefore, IncHDAC2 and the Hedgehog
signaling pathway may serve as biomark-
ers and potential drug targets for hepato-
cellular carcinoma.
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Background & Aims: Liver cancer is the second leading cause of
cancer death worldwide. Hepatocellular carcinoma (HCC) is the
most common type of primary liver cancer in adults. The aim of
this study was to define the role of the long non-coding RNA
IncHDAC2 in the tumorigenesis of HCC.

Methods: CD13"CD133" cells (hereafter called liver cancer stem
cells [CSCs]) and CD13°CD133" cells (referred to as non-CSCs)
were sorted from 3 primary HCC tumor tissues and followed
by transcriptome microarray. The expression and function of
IncHDAC2 were further assessed by northern blot, sphere forma-
tion and xenograft tumor models.

Results: LncHDAC?2 is highly expressed in HCC tumors and liver
CSCs. LncHDAC2 promotes the self-renewal of liver CSCs and
tumor propagation. In liver CSCs, IncHDAC2 recruits the NuRD
complex onto the promoter of PTCH1 to inhibit its expression,
leading to activation of Hedgehog signaling. Moreover, HDAC2
expression levels are positively related to HCC severity and
PTCH1 levels are negatively related to HCC severity. Addition-
ally, the Smo inhibitor cyclopamine was shown to impair the
self-renewal of liver CSCs and suppress tumor propagation.
Conclusion: Our findings reveal that IncHDAC2 promotes the
self-renewal of liver CSCs and tumor propagation by activating
the Hedgehog signaling pathway. Downregulating IncHDAC2
is a promising antitumor strategy in HCC.

Lay summary: Liver cancer stem cells harbor high tumor-
initiating potential and confer resistance to typical therapies,
but the mechanism underlying their self-renewal remains elu-
sive. LncHDAC2 augments the self-renewal of these cells, pro-
moting tumor propagation. In liver cancer stem cells,
IncHDAC?2 activates Hedgehog signaling to initiate liver tumori-
genesis. Therefore, IncHDAC2 and the Hedgehog signaling path-
way may serve as biomarkers and potential drug targets for
hepatocellular carcinoma.
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Elsevier B.V. All rights reserved.
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Introduction

Hepatocellular carcinoma (HCC), the most common type of pri-
mary liver cancer, is one of the leading causes of cancer death
globally. The highest incidence of HCC is in East and South-
East Asia and Northern and Western Africa.! However, the inci-
dence of liver cancer, including HCC, has risen in areas with his-
torically low rates, for instance, Western Europe, Northern
America and parts of Oceania. Infection with hepatitis B virus
and hepatitis C virus, as well as metabolic disorders, are etiolog-
ically responsible for HCC.” The high rate of recurrence and
heterogeneity render HCC intractable.> Therefore, the mecha-
nism underlying liver carcinogenesis remain elusive.

Most human tumors exhibit cellular heterogeneity due to
inherently high genetic instability, resulting in the evolution
of cells with the capacity of tumor initiation. Cancer stem cells
(CSCs) refer to a subset of tumor cells with many phenotypic
and functional properties of normal stem cells, including the
ability of self-renewal and differentiation.*"® Numerous cell sur-
face markers have been identified to isolate liver CSCs, including
CD13, CD133, EpCAM, CD24, CD90 and CD44.”® CSCs display
some characteristics of embryonic or tissue stem cells, and typ-
ically harbor persistent activation of one or more highly con-
served stemness signaling pathways, such as Hedgehog (Hh),
Notch, and Wnt pathways.”"!! Activation of the Hh signaling
pathway is implicated in the initiation of distinct cancers of
the liver, brain, muscle and skin.'?"!> The Hh ligands include
Sonic (Shh), Desert (Dhh) and Indian (Ihh) Hh, which initiate a
signaling cascade via binding with their common receptor
Patched 1 (PTCH1).!°® Following Hh engagement, PTCH1 stops
inhibiting the regulatory transmembrane protein Smoothened
(Smo), allowing it to migrate to the tip of the primary cilium
and activate Gli transcription factors that drive tumor initia-
tion.!” However, how Hh signaling regulates liver CSCs remains
largely unknown.

Over the past 2 decades, overwhelming evidence has demon-
strated the regulatory roles of different classes of non-coding
RNAs (ncRNAs) in liver carcinogenesis.'®!° Among these
ncRNAs, transcripts longer than 200 nucleotides are termed
long non-coding RNAs (IncRNAs). LncRNAs are involved in a
wide range of biological processes.’’?> We recently defined
several IncRNAs that promote the self-renewal of human liver
cancer stem cells.>>>° In this study, we identified another
highly expressed IncRNA in primary liver CSCs that we called
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IncHDAC2 (IncRNA for association with HDAC2, gene symbol
ENST00000601096). LncHDAC2 associates with HDAC2 to sup-
press PTCH1 expression, which activates Hh signaling and sus-
tains the stemness of liver CSCs.

Materials and methods

Antibodies and reagents

Phycoerythrin (PE)-conjugated CD133 (cat. no. 130098826)
antibody was obtained from MiltenyiBiotec. Fluorescein isothio-
cyanate (FITC)-conjugated CD13 antibody (cat. no. 11-0138)
was purchased from eBioscience. Anti-HDAC2 (cat. no. 5113P)
antibody was purchased from Cell Signaling Technology. Anti-
PTCH1 (cat. no. LS-C114391) antibody was from LifeSpan BioS-
ciences. Anti-HDAC1 (cat. no. ab53091), anti-CHD3 (cat. no.
ab85428) and anti-LSD1 (cat. no. ab17721) antibodies were
obtained from Abcam. Anti-c-Myc (cat. no. sc-70469) and
anti-GLI2 (cat. no. sc-271786) antibodies were from Santa Cruz.
Alexa-594 and Alexa-488-conjugated secondary antibodies and
horseradish peroxidase (HRP)-conjugated secondary antibodies
were purchased from Invitrogen. N2 supplement and B27 sup-
plement were from Invitrogen. bFGF (cat. no. GF446-50UG)
was from Millipore. Anti-B-actin antibody (cat. no. A1978), DAPI
(cat. no. 28718-90-3), EGF (cat. no. E5036-200UG) and PEG 5000
(cat. no. 175233-46-2) were from Sigma-Aldrich. The Chemilu-
minescent Nucleic Acid Detection Module (cat. no. 89880) and
LightShift™ Chemiluminescent RNA EMSA kit (cat. no. 20158)
were purchased from Thermo Scientific. Ultra-low attachment
plates (cat. no. 3471) were from Corning Company.

Cell lines

HCC cell lines PLC/PRF/5 (PLC), Huh7 and HepG2 were from Dr.
Zeguang Han (Shanghai Jiaotong University School of Medicine,
Shanghai, China). HCC cells were maintained in DMEM medium
supplemented with 10% fetal bovine serum, 100 pg/ml peni-
cillin and 100 U/ml streptomycin. For preparation of HCC pri-
mary cells, HCC samples were immediately obtained after
resection. Tumor bulk was cut into 1 mm® with scissors, fol-
lowed by digestion with collagenase IV for 40 min (0.05% colla-
genase [V, 0.05% proteinase, 0.01% DNase and 5 mM CaCl, in
HBS), with shaking every 10 min. Then the samples were passed
through a 70 mm cell strainer and centrifuged at 50 g for 1 min.
Supernatant fractions were collected and further centrifuged at
150 g for 8 min and HCC cells were enriched in pellets. After red
cell elimination, HCC primary cells were obtained and used for
other experiments.

Mice

Six-week-old female BALB/c nude mice were purchased from
Beijing Vital River Laboratory Animal Technology Co. Ltd. Mice
were housed 4 per cage in individually ventilated cage systems
in specific-pathogen-free grade animal room and fed standard
laboratory diet with water and food. Mouse were kept under a
12 h/12 h light/dark cycles. All experiments involving mice
were approved by the institutional committee of Institute of
Biophysics, Chinese Academy of Sciences.

LncHDAC2 knockdown

Antisense oligonucleotides (ASOs) against IncHDAC2 were
custom-designed using Exiqon’s Antisense LNA GapmeR
designer and a non-targeting ASO was included as a control.
ASOs were resuspended in water to a final concentration of
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100 mM. Primary HCC cells were nucleofected with 100 pmol
of ASO. Changes in IncHDAC2 expression were determined by
quantitative PCR.

CRISPR/Cas9 knockout system

HDAC2 knockout (KO) and PTCH1 KO cells were established via
CRISPR/Cas9 approaches according to standard protocol pro-
vided by Zhang’s lab. sgRNAs were generated by online CRISPR
Design Tool (http://tools.genome-engineering.org) and cloned
into LentiCRISPRv2 (puro, catalog 52961) vector. We generated
lentivirus in 293 T cells and infected cells, followed by puromy-
cin selection. To generate IncHDAC2 KO and PTCH1 promoter KO
cells, we also used modified lentiCRISPRV2(GFP). A pair of
sgRNAs from the left and right locus of the target region were
cloned into puro lentiCRISPRv2 and GFP lentiCRISPRv2. Cells
were infected and treated with puromycin and GFP double
selection.

RNA EMSA assay
EMSA experiments were performed using a LightShift Chemilu-
minescent RNA EMSA Kit (Thermo Scientific).

RNA antisense purification and mass spectrometry

For probe screening, imbricate DNA probes against IncHDAC2
transcript were designed, and incubated with nuclear fractions
separated from oncospheres, followed by RNase H digestion
for 1 h. Samples were analyzed for IncHDAC2 integrity using
northern blot (data not shown). Probes were grouped into
Probeset-LncHDAC2 when IncHDAC2 was digested and grouped
into Probeset-Ctrl when there was no influence on IncHDAC2
integrity. Probes were then labeled with digoxin and incubated
with nuclear fractions separated from oncospheres. After cap-
ture with digoxin antibody and protein A/G beads, RNase A
and DNase were added to clean out nucleic acid. Enriched pro-
teins were analyzed by SDS-PAGE gels, followed by mass
spectrometry.

RNA immunoprecipitation (RIP)

Oncospheres were collected and treated with 1% formaldehyde
for 15 min, then dissolved with RNase free RIPA buffer (150 mM
NaCl, 0.5% sodium deoxycholate, 0.1% SDS, 1% NP40, 1 mM
EDTA, 50 mMTris [pH 8.0]), supplemented with cocktail pro-
tease inhibitors and RNase inhibitor (Roche). The samples were
sonicated on ice 3 times, followed by centrifugation at 12,000g
for 10 min. Supernatants were then collected and incubated
with protein A/G beads for pre-clear, followed by antibody incu-
bation overnight, then protein A/G beads were added. Total RNA
was extracted from the eluent, and LncHDAC2 enrichment was
examined by quantitative PCR.

Northern blot

Total RNA was extracted from HCC samples or oncospheres
using standard TRZIOL methods, followed by electrophoresis
with formaldehyde denaturing agarose gel. Samples were trans-
ferred to positively charged NC film (Beyotime Biotechnology)
using 20x SSC buffer (3.0M NaCl, 0.3 M sodium citrate,
pH7.0). After UV cross-linking, membrane was incubated with
hybrid buffer for 2 h prehybridization, followed by incubation
with biotin labeled RNA probes generated by in vitro transcrip-
tion at 65 °C for 20 h. Biotin signals were detected with HRP-
conjugated streptavidin according to the introduction of Chemi-
luminescent Nucleic Acid Detection Module (Thermo Scientific).
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For northern blot, the biotin labeled RNA probe matching the
exon-exon junction was used.

Chromatin isolation by RNA purification-PCR assay
Chromatin isolation by RNA purification (ChIRP) assay was per-
formed according to the standard procedure. Briefly, onco-
spheres were cross-linked with 1% glutaraldehyde, followed
by lysis buffer treatment and subsequent sonication. Two sets
of digoxin labeled LncHDAC2 probes (Probeset-LncHDAC2 and
Probeset-Ctrl) were added into samples for incubation at 37 °C
for 4h with shaking. Combined chromatin fragments were
enriched by digoxin antibody and protein A/G before being puri-
fied for quantitative PCR examination.

Chromatin immunoprecipitation

Chromatin immunoprecipitation (ChIP) was performed accord-
ing to the standard protocol (Upstate Biotechnology, Inc.). In
brief, oncospheres were fixed in 1% formaldehyde for 10 min
at 37 °C, and then cracked by SDS lysis buffer for 10 min on
ice, followed by sonication to shear DNA into fragments
between 200 and 500 base pairs. Anti-HDAC2 antibody was
used for the ChIP assay as described.

Sphere-formation assay

One thousand PLC or Huh7 cells were grown in sphere-
formation medium (DMEM supplemented with 20 ng/ml bFGF,
20 ng/ml EGF, N2 and B27). Two weeks later, spheres larger
than 100 pm were counted and photographs were taken. For
HCC samples, 5,000 primary cells were used for sphere forma-
tion. The spheres were fixed for immunofluorescence staining
or digested for co-immunoprecipitation and western blot
assays. For non-sphere cell separation, we collected sphere-
formation medium that contains non-sphere cells and sphere
cells in an Eppendorf tube and let this stand for 5 min, at this
stage the pellets contained sphere cells. Supernatants were
then moved into a new Eppendorf tube carefully with trans-
ferpettor and collected by centrifugation at 1,500g for 5 min.
Pellets now contained non-sphere cells which were used
directly for subsequent experiments. We cultured these non-
sphere cells under the same non-adherent conditions as
sphere cells.

Flow cytometry

Cells were labeled with FITC-conjugated CD13 and PE-
conjugated CD133 antibodies followed by CSC isolation. For
FACS analysis, cells were incubated with fluorescence-
conjugated antibodies or with primary antibodies and further
fluorescence-conjugated secondary antibodies.

Xenograft growth in nude mice

For subcutaneous injection models, gradient dilutions of control
and treated cells were implanted into mice (male BALB/c nude
mice), aged 6 weeks, with a matrigel scaffold (BD matrigel
matrix, BD biosciences) into 2 sides of the same nude mice at
the posterior dorsal flank region (n = 6 to 12 per group). Tumors
were measured every 4 days.

Diluted xenograft tumor formation

BALB/c nude mice were injected with 10, 1 x 102, 1 x 10,
1 x 10* and 1 x 10° cells. Three months later, tumor formation
was counted, followed by calculation of ratios of tumor-free
mice and tumor-initiating cells.
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Luciferase reporter assay

Luciferase reporter assay was performed according to the stan-
dard protocol of Dual-Luciferase Reporter Assay system (Pro-
mega). Briefly, indicated fragments of PTCH1 promoter were
cloned into the pGL3 luciferase reporter vector and transfected
into HDAC2 or IncHDAC2 overexpression and control Huh7 cells.
For each sample, 1 ng pRL-TK was transfected as loading con-
trol. Cells were collected and lysed by lysis buffer 36 h later,
after which luciferase activity was determined.

Immunohistochemistry assay

Formalin-fixed tumor tissue sections were deparaffinized in
xylene (10 min, twice), rehydrated in graded alcohols (100%,
100%, 95%, 85%, and 70% alcohols), and finally submerged in dis-
tilled water. After treated in 3% hydrogen peroxide (H,0,) for
15 min, the slides were processed for antigen retrieval in Tris-
EDTA buffer (10 mM, pH 8.0), 121 °C for 5 min, and then cooled
down slowly. After blocking with 10% goat serum for 30 min,
the sections were incubated in primary antibodies overnight.
After washing 3 times with PBS, the sections were incubated
in HRP-conjugated secondary antibodies, and subsequent detec-
tion was performed using the standard substrate detection of
HRP. Then, the sections were stained with hematoxylin and
dehydration in graded alcohols and xylene.

Immunofluorescence staining

Cells were fixed by 4% paraformaldehyde (PFA) for 20 min and
penetrated by 0.5% tritonX-100 for 30 min. After blocking with
10% fetal bovine serum, primary antibodies were added and
incubated overnight at 4 °C. After washing 3 times with PBS,
fluorescence-conjugated secondary antibodies were added for
observation by confocal microscopy.

Study approval

All HCC specimens were obtained from the partial hepatectomy
series at the Department of Hepatobiliary Surgery, PLA General
Hospital (Beijing, China) with informed consents, according to
the Institutional Review Board approval. We numbered HCC pri-
mary samples according to the date received and utilized the
samples without artificial bias.

HTA 2.0 transcriptome microarray assay

Total RNA was isolated with Trizol from CD133*CD13* cells and
CD133°CD13" cells derived from HCC primary samples. Biotiny-
lated cDNA was prepared according to the standard Affymetrix
protocol from 250 ng total RNA by using Ambion® WT Expres-
sion Kit. Following labeling, 5.5 g of cDNA was hybridized for
16 h at 45°C on GeneChip Human Transcriptome Array 2.0.
GeneChips were washed and stained in the Affymetrix Fluidics
Station 450. GeneChips were scanned by using Affymetrix®
GeneChip Command Console (AGCC) that installed in Gene-
Chip® Scanner 3000 7 G. Data were analyzed with Robust Mul-
tichip Analysis (RMA) algorithm using Affymetrix default
analysis settings. Values presented are log2 RMA signal inten-
sity. Microarray data have been deposited in the NCBI GEO
under accession number GSE122420.

Statistical analysis

For statistical evaluation, an unpaired Student’s t test was
applied for calculating statistical probabilities in this study.
For survival analysis, the Kaplan-Meier survival analysis was
used. Statistical calculation was performed using Excel 2010.
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p<0.05 was considered significant (*p<0.05; **p<0.01;
***p <0.001); p > 0.05, non-significant. All flow cytometry data
were analyzed with Flow]Jo (Treestar).

For further details regarding the materials used, please refer
to the CTAT table.

Results

LncHDAC2 is highly expressed in liver CSCs

We previously identified several IncRNAs from liver CSCs of
HCC cell lines and defined their roles in the modulation of liver
CSC stemness.?>"2° To further identify physiological IncRNAs
involved in liver CSCs, we conducted transcriptome microarray
analysis of CD13"CD133" cells (hereafter called liver CSCs) and
CD13°CD133" cells (referred to as non-CSCs) sorted from 3 HCC
primary tumor tissues (Fig. S1A). Indeed, CD13*CD133" cells
harbored stemness capacity through oncosphere formation,
stemness analysis and tumor formation in xenograft models
(Fig. S1B-D). Through analysis of these transcriptome profiles,
665 upregulated and 412 downregulated IncRNAs were identi-
fied (Fig. 1A). Among the top 20 upregulated intergenic
IncRNAs in liver CSCs, we focused on the IncHDAC2 (gene sym-
bol: ENST00000601096), whose depletion most significantly
suppressed oncosphere formation (Fig. 1B). LncHDAC2, located
on chromosome 9 in humans, containing 2 exons and com-
prised 834 nucleotides (Fig. 1C), whose full-length was further
amplified by RACE (rapid-amplification of cDNA ends) and val-
idated by sequencing (Fig. S2A). In addition, IncHDAC2 showed
no protein coding potentiality (Fig. S2B, C). LncHDAC2 was
expressed in HCC primary tumor tissues through in situ
hybridization (Fig. 1D) and further validated by Northern blot
(Fig. 1E).

Owing to high expression levels of IncHDAC2 in liver CSCs
based on transcriptome data, we next verified IncHDAC2 expres-
sion in liver CSCs from HCC primary samples. We found that
IncHDAC2 was indeed highly expressed in liver CSCs derived
from HCC primary samples (Fig. S2D). We noticed that
IncHDAC2 was also highly expressed in oncosphere cells derived
from HCC primary samples and HCC cell lines (Fig. 1F, G and
Fig. S2E, F). In addition, IncHDAC2 mainly located in the nuclei
of HCC cells by RNA fluorescence in situ hybridization (RNA-
FISH) (Fig. 1F). These observations were further validated by
nuclear and cytoplasmic fractionation of liver CSCs (Fig. 1H
and Fig. S2G). Altogether, IncHDAC2 is expressed in HCC tumor
tissues and highly expressed in liver CSCs.

LncHDAC2 promotes the self-renewal of liver CSCs

We next wanted to explore the role of IncHDAC2 in the self-
renewal of liver CSCs. We depleted IncHDAC2 in 6 HCC primary
tumor cells by ASOs (Fig. 2A and Fig. S3A), followed by sphere-
formation assays. We observed that IncHDAC2 depletion mark-
edly inhibited sphere formation (Fig. 2A). Reduced self-
renewal capacity was further validated in IncHDAC2 silenced
cells through serial sphere-formation assays (Fig. 2B). We also
established IncHDAC2 KO cells (Fig. S3B) and injected 1 x 108
IncHDAC2 KO and sgCtrl cells into BALB/c nude mice, followed
by measurement of tumor volumes every 4 days. LncHDAC2
KO cells significantly reduced tumor propagation compared to
sgCtrl treated cells (Fig. 2C). Furthermore, IncHDAC2 KO dis-
played much weaker tumor initiation and tumorigenic cell fre-
quency as assayed by a limiting dilution xenograft analysis
(Fig. 2D). These data suggest that IncHDAC2 deletion impairs
the stemness of liver CSCs.
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We then established IncHDAC2 stably overexpressing HCC
primary cells via lentivirus and examined oncosphere formation
and self-renewal capacities. We found that IncHDAC2 overex-
pression promoted in vitro oncosphere formation (Fig. 2E, F),
as well as augmented in vivo tumor propagation and tumori-
genic cell frequency (Fig. 2G, H). Taken together, IncHDAC2 pro-
motes the self-renewal of liver CSCs and in vivo tumor
propagation.

LncHDAC2 associates with HDAC2 in liver CSCs

LncRNAs are considered to exert their regulatory functions in
trans or in cis.>®~2® Of note, we observed that IncHDAC2 deple-
tion did not impact the expression of its nearby genes
(Fig. S4A), suggesting that IncHDAC2 exerts its function in trans.
RNA antisense purification has been used as a critical strategy to
identify RNA-binding proteins.?® We then screened probes
against IncHDAC2 transcript with RNase H treatment and
labeled them with digoxin. These labeled probes were incu-
bated with oncosphere cell lysates and analyzed by silver stain-
ing (Fig. 3A). With mass spectrometry, the differential band
binding to IncHDAC2 was identified to be HDAC2, a major com-
ponent of the NuRD remodeling complex.?>! The interaction of
IncHDAC2 with HDAC2 was further confirmed by western blot
(Fig. 3B) and RNA immunoprecipitation assay (Fig. 3C). The
co-localization of IncHDAC2 with HDAC2 in oncosphere cells
derived from HCC primary cells was validated by immunofluo-
rescence staining and mainly distributed in the nucleus
(Fig. 3D). A stable stem-loop structure at the IncHDAC2 exonl
was predicted by RNA folding analysis (Fig. S4B). Through
domain mapping, we identified that region of IncHDAC2 exonl
(nucleotide 1-364) was necessary and sufficient to bind HDAC2
(Fig. 3E). LncHDAC2 depletion impaired the self-renewal and
tumor propagation capacity of HCC primary cells (Fig. 2A, C).
However, overexpression of mutant IncHDAC2 without the
HDAC2 binding domain in IncHDAC2 depleted cells failed to res-
cue the phenotype (Fig. 3F, G). Altogether, IncHDAC2 interacts
with HDAC2 in liver CSCs.

LncHDAC2 recruits the NuRD complex onto the promoter of
PTCH1 gene to suppress its expression

We next detected expression levels of main self-renewal-
related pathways in IncHDAC2 KO oncosphere cells. We found
that IncHDAC2 deletion dramatically suppressed Hh signaling
(Fig. 4A). Through ChIRP assay, we found that IncHDAC2 was
enriched on the 1,200-1,400 bp region of the PTCH1 promoter,
upstream of the transcriptional start site (Fig. 4B). By contrast,
IncHDAC2 did not bind to other gene promoters of Hh signaling
target genes (Fig. S5). We thus focused on the PTCH1 gene in the
regulation of Hh signaling mediated by IncHDAC2 in liver CSCs.
In addition, HDAC2 also bound to the same region of PTCH1 pro-
moter as IncHDAC2 did via ChIP assay (Fig. 4C). Of note, the
interaction of IncHDAC2 and HDAC2 with the PTCH1 promoter
was validated by the EMSA assay (Fig. 4D). With cross-linking
treatment, IncHDAC2 was co-eluted with the NuRD complex in
oncosphere lysates via ChIP and ChIRP assays (Fig. 4E, F). We
also noticed that IncHDAC2 or HDAC2 deletion significantly
facilitated PTCH1 promoter activation by DNase I sensitivity
assays (Fig. 4G). To confirm that PTCH1 was suppressed by
IncHDAC2 and HDAC2, we performed luciferase reporter assays.
We observed that IncHDAC2 and HDAC2 bound to PTCH1 pro-
moter, whereas the mutant IncHDAC2 without HDAC2 binding
domain did not (Fig. 4H). In parallel, anti-HDAC2 antibody did
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Fig. 1. LncHDAC2 is highly expressed in liver CSCs. (A) Geometric mean-centered, hierarchical cluster heat map from microarray data. 665 annotated non-
coding RNAs were represented in liver CSC (CD13*CD133") compared with non- CSC (CD13°CD133") cells sorted from HCC samples. Black arrowhead denotes
IncHDAC2. (B) Top 20 upregulated IncRNAs in liver CSCs were depleted in HCC cells. Their sphere formation was tested via in vitro assays. Significance was
calculated vs. shCtrl. Data are shown as means + SD. *p <0.05 and ***p <0.001 by 2-tailed Student’s t test. Data are representative of at least 3 independent
experiments. (C) Schematic annotation of IncHDAC2 genomic locus on chromosome 9. Red rectangles denote exons. (D) Human HCC tumor and peri-tumor
tissues were used for IncHDAC2 hybridization. Six HCC samples showed similar results. Upper scale bars, 50 um, lower scale bars, 20 pm. (E) Northern blots
with IncHDAC2 and 18S rRNA (loading control) probes. HCC samples were total RNA extracted from peri-tumor and tumor tissues. (F) Confocal micrographs of
IncHDAC2 and CD13, representing 3 independent experiments. DAPI, 4',6-diamidino-2-phenylindole. Scale bars, 10 um. (G) LncHDAC2 and 18S rRNA (loading
control) were examined by Northern blot. Total RNAs were extracted from spheres and non-spheres derived from HCC primary samples. (H) Cytoplasmic and
nuclear fractionation of HCC oncosphere cell lysates followed by qRT-PCR detection. U1 RNA served as a positive control for nuclear location. Data are shown as
means £ SD. (n=3 cell cultures). CSCs, cancer stem cells; HCC, hepatocellular carcinoma; N, non-spheres; P, peri-tumor; qRT-PCR, quantitative reverse
transcription PCR; S, spheres; T, tumor.
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Fig. 2. LncHDAC2 promotes the self-renewal maintenance of liver CSCs. (A) LncHDAC2 silenced HCC primary tumor cells were established using ASOs and
confirmed by Northern blot (left panels), followed by sphere-formation assays. Typical images (middle panels) and sphere-formation ratios (right panels) are
shown. Scale bars, 500 pm. Data are shown as means + SD. (n = 3 cell cultures) (B) Sphere-formation ratios of serial sphere formation. Six HCC primary tumor
cells showed similar results. Error bars, SD (n =3 cell cultures). (C) Tumor-volume curves of IncHDAC2 knockout tumors. 1 x 10% IncHDAC2 KO and control
primary HCC cells were injected into BALB/c nude mice. Error bars, SD (n =5 mice). Images of tumors are shown in right panel. (D) Ratios of tumor-free mice
after 3 months’ tumor formation after injection of increasing numbers of IncHDAC2 KO and control cells. Images of tumors are shown in right panel. n = 6 mice
for each group. (E) LncHDAC2 expression, typical sphere images and plots of sphere-formation ratios of IncHDAC2-overexpressing (oeLncHDAC2) and empty
vector control (oeVec) cells. Scale bars, 500 pm. Data are shown as means * SD. (n = 3 cell cultures). (F) Sphere-formation ratios of serial sphere formation with
overexpressing IncHDAC2. Six HCC primary tumor cells showed similar results. Data are shown as means + SD. (n = 3 cell cultures). (G, H) Corresponding in vivo
tumor propagation (G) and tumorigenic cell frequency (H) assays with overexpressing IncHDAC2 (oeLncHDAC2). Throughout fig., *p <0.05; **p <0.01; ***p <0.001
by 2-tailed Student’s t test. ASOs, Antisense oligonucleotides; CSCs, cancer stem cells; HCC, hepatocellular carcinoma; KO, knockout.

not enrich on the PTCH1 promoter region in IncHDAC2 KO onco-
spheres (Fig. 41). As a consequence, H4K5 and H3K9 acetylation
levels were improved (Fig. 4]). Overexpression of IncHDAC2 in
IncHDAC2 deleted cells could rescue the phenotypes, while over-
expression of the mutant IncHDAC2 failed (Fig. 41, ]). These data
indicate that IncHDAC2 recruits the NuRD complex onto the pro-
moter of PTCH1 gene to suppress its expression.

LncHDAC2-mediated PTCH1 downregulation promotes Hh

signaling activation and drives the self-renewal of liver CSCs
PTCH1 is a twelve-pass transporter-like Hh receptor that pre-
vents the 7-transmembrane protein Smo from coupling to Gli

Journal of Hepatology 2019 vol. 70 | 918-929

transcription factors.>> We deleted HDAC2 and PTCH1 in HCC
primary cells and HCC cell lines (Fig. S6A, B). We found that
PTCH1 deletion augmented Smo activity, whereas IncHDAC2 or
HDAC2 deletion decreased the activity of Smo by GloSensor
cAMP assay>? (Fig. 5A). The absence of HDAC2 promotes protea-
somal degradation of the Gli transcription factors GLI2 and GLI3,
resulting in increased production of their corresponding repres-
sor forms, GLI2R and GLI3R.>**3 Of note, we showed that PTCH1
deletion decreased GIliR levels, whereas IncHDAC2 or HDAC2
deletion increased the GliR levels (Fig. 5B). In addition, we found
that GLI2 was strongly stained in the nuclei of liver CSCs by
immunohistochemical staining (Fig. S7A). Through RNA-FISH
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Fig. 3. LncHDAC2 associates with HDAC2 in liver CSCs. (A) Digoxin RNA antisense purification (RAP) was performed using HCC primary oncosphere lysates,
followed by mass spectrometry. Antisense, IncHDAC2 reverse-complement transcript; sense, IncHDAC2 transcript. A major differential band was identified to be
HDAC2. (B) HCC samples were performed for RNA pulldown from oncospheres derived from HCC cell lines, followed by immunoblotting. (C) RNA
immunoprecipitation (RIP) from HCC primary oncospheres with anti-HDAC2. Fold enrichment relative to IgG-precipitated ACTB was plotted. Data are shown as
means * SD. (n =4 independent experiments). (D) Co-localization of IncHDAC2 probes and anti-HDAC2 staining in oncospheres (top) and non-sphere cells
(bottom). Scale bars, 10 um. (E) Mapping analysis of HDAC2-binding domains of IncHDAC2. Schematic diagram of full-length and truncated fragments of
IncHDAC?2 (top panel), western blot of HDAC2 in RNA pulldown samples by different iIncHDAC2 fragments (bottom panel). (F) Sphere formation was performed
with IncHDAC2-depleted HCC primary cells and overexpressing IncHDAC2 (oeLnc) or mutant IncHDAC2 without HDAC2 binding domain (oeLncA1-364) in
IncHDAC2-depleted cells. Scale bars, 500 um. Six HCC samples obtained similar results. (G) Tumor-volume curves of 1 x 10° IncHDAC2 knockdown cells,
IncHDAC2 knockdown cells overexpressing IncHDAC2 (oeLnc) or mutant IncHDAC2 without HDAC2 binding domain (oeLncA1-364), and control cells injected
into BALB/c nude mice. Red *, for Control vs. IncHDAC2 ASO #1; blue *, for IncHDAC2 ASO #1 + oelncHDAC2 vs. IncHDAC2 ASO #1 + oelncHDAC2 A1-364. Data are
shown as means + SD. (n = 5 mice). Images of tumors are shown in left. Throughout fig., ns, no significance; *p <0.05; **p <0.01; ***p <0.001 by 2-tailed Student’s
t test. ASOs, antisense oligonucleotides; CSCs, cancer stem cells; HCC, hepatocellular carcinoma; MW, molecular weight.

assay, GLI2 was co-localized with IncHDAC2 in oncosphere cells
(Fig. S7B), suggesting that IncHDAC2 activates Hh signaling. Con-
sequently, PTCH1 deletion promoted downstream target genes
of Hh signaling, while IncHDAC2 or HDAC2 deletion suppressed
these target genes (Fig. 5C). We next deleted the HDAC2-
binding region of PTCH1 promoter (PTCH1 PKO) using a
CRISPR/Cas9 approach. As expected, PTCH1 PKO cells could pro-
mote oncosphere formation and tumor propagation capacity
(Fig. 5D-F, Fig. S8A). In PTCH1 PKO cells, IncHDAC2 depletion
has no effect on oncosphere formation and tumor propagation
capacity (Fig. 5D-F, Fig. S8A), suggesting IncHDAC2-mediated
promotion of liver CSC self-renewal is dependent on the PTCH1
expression. Since cyclopamine is a specific inhibitor against
Smo, we then used cyclopamine to treat cells for oncosphere
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formation assays. We observed that cyclopamine treatment
could impair PTCH1 deletion-induced oncosphere formation
and tumor propagation capacity (Fig. 5G-I), suggesting PTCH1-
mediated Hh signaling is required for the self-renewal of liver
CSCs. Collectively, IncHDAC2-mediated PTCH1 downregulation
promotes Hh signaling activation and drives the self-renewal
of liver CSCs and tumor propagation.

HDAC2 and PTCH1 expression levels are related to HCC
severity

We analyzed the expression levels of HDAC2 using online avail-
able data sets. We noticed that HDAC2 was highly expressed in
HCC tumors, especially in tumors with high rates of metastasis
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Fig. 4. HDAC2 and IncHDAC2 enrich on PTCH1 promoter to suppress its expression. (A) Indicated main stemness signaling pathways were analyzed in
IncHDAC2 KO spheres by qRT-PCR. (B) PTCH1 promoter enrichment of IncHDAC2 by ChIRP eluates. Probeset-Ctrl, Probeset-lncHDAC2 were used for ChIRP assay,
and enrichment of the indicated regions were examined by qPCR. (C) Huh7 cell lysates were performed for chromatin immunoprecipitation with HDAC2 or
control (IgG) antibodies, followed by qPCR. IgG enrichment served as a control. (D) PTCHI promoter, HDAC2 protein, IncHDAC2 transcript and anti-HDAC2
antibody were incubated for EMSA. PTCH1 promoter was obtained by PCR and IncHDAC2 was achieved using in vitro transcription. (E) ChIP eluates against
HDAC2 were conducted for sucrose gradient ultracentrifugation, and elution fractions were analyzed by Western blot (upper panel) and PCR (lower panels).
(F) ChIRP assay with Probeset-IncHDAC2. Eluents were subjected to sucrose gradient ultracentrifugation, followed by Western blot (upper panel) and PCR
(lower panel). (G) IncHDAC2 KO or HDAC2 KO increases chromatin accessibility at the promoter of PTCH1 by DNase I digestion assays. (H) PTCH1 promoter
engagement by HDAC2 and IncHDAC2 was validated by luciferase assay. IncHDAC2 KO cells, IncHDAC2 KO cells overexpressing IncHDAC2 or mutant IncHDAC2
without HDAC2 binding domain were used. (I) Indicated oncosphere lysates were prepared for chromatin immunoprecipitation with HDAC2 or control (IgG)
antibodies, followed by examination of PTCHI promoter enrichment. (J) Indicated oncosphere lysates were prepared for chromatin immunoprecipitation with
H4K5ac, H3K9ac or control (IgG) antibodies, followed by qPCR. IgG enrichment served as a control. Throughout fig., ***p <0.001 by 2-tailed Student’s t test. ChIP,
chromatin immunoprecipitation; CHIRP, chromatin isolation by RNA purification; CSCs, cancer stem cells; HCC, hepatocellular carcinoma; KO, knockout; qPCR,
quantitative PCR; qRT-PCR, quantitative reverse transcription PCR.

(Fig. 6A). High expression levels of HDAC2 in HCC tumors also immunohistochemical staining (Fig. 6E). Moreover, HDAC2
appeared in the TCGA dataset (Fig. S9A). In parallel, expression was highly expressed in oncosphere cells by western blot
levels of HDAC2 were also positively related to HCC severity (Fig. 6F) and immunofluorescence staining (Fig. 6G). As compo-
(Fig. 6B). These observations were further validated by exami- nents of the NuRD complex, HDAC1 and CHD3 were also highly
nation of HCC samples with immunoblotting (Fig. 6D) and expressed in HCC and liver CSCs (Fig. 6D, F). High expression
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Fig. 5. PTCH1 suppresses self-renewal of liver CSCs via blocking Hedgehog signaling. (A) Live-cell luminescence traces from Huh7 cells transfected with
indicated plasmids. Baseline luminescence was recorded for 10 min, followed by forskolin treatment and continued monitoring at 2 min intervals. (B) Whole-
cell lysates of IncHDAC2, HDAC2 or PTCH1 KO cells were immunoprecipitated with anti-GLI3 antibody. GLI3A, full-length GLI3. GLI3R, repressor form of GLI3. (C)
Hedgehog signaling target genes were examined in IncHDAC2, HDAC2 or PTCH1 KO cells by qRT-PCR. Data are shown as means * SD. Data are representative of
at least 3 independent experiments. (D) PTCH1 promoter deletion in primary HCC cells (PTCH1 PKO) and IncHDAC2 depletion in PTCH1 PKO cells (PTCH1 PKO
+Lnc ASO #1) were performed for sphere formation. Representative sphere formation is shown. Scale bar, 500 um. (E) 1 x 10® PTCH1 PKO cells, PTCH1 PKO cells
depleting IncHDAC2 and control cells were injected into BALB/c nude mice, and Images of tumors are shown. (F) Tumor-volume curves of 1 x 106 PTCH1 PKO,
PTCH1 PKO + LncHDAC2 ASO #1 and control cells injected into BALB/c nude mice. Data are shown as means * SD. (n = 5 mice). (G) Smo inhibitor cyclopamine
blocks the increased self-renewal caused by PTCH1 KO. Representative sphere formation is shown. Scale bars, 500 pum. (n = 6 cell cultures). (H) 1 x 10° PTCH1
KO cells, PTCH1 KO cells with cyclopamine, control cells and control cells with cyclopamine were injected into BALB/c nude mice. Images of tumors are shown.
(I) Tumor-volume curves of 1 x 10 PTCH1 KO cells, PTCH1 KO cells with cyclopamine, control cells and control cells with cyclopamine injected into BALB/c
nude mice. Data are shown as means  SD. (n = 5 mice). Red *, for sgCtrl vs. sgPTCH1 #1; green *, for sgCtrl vs. sgPTCH1 #2; pink *, for sgPTCH1 #1 vs. sgPTCH1
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2-tailed Student’s t test. ASOs, antisense oligonucleotides; CSCs, cancer stem cells; KO, knockout; PKO, promoter KO; qRT-PCR, quantitative reverse
transcription PCR.

levels of HDAC1 and CHD3 in HCC tumors also displayed in
TCGA dataset (Fig. S9A). In addition, patients with HCC and
higher expression of HDAC2 displayed worse prognosis in
Wang'’s cohort (GSE14520) (Fig. 6C). Finally, HDAC2 deletion
or suppression markedly suppressed in vitro oncosphere forma-
tion as well as in vivo tumor propagation (Fig. 6H, I, Fig. S9B, C).
These data indicate that HDAC2 expression levels are positively
related to HCC severity.

Based on analysis of Wang’s cohort (GSE14520) and the
TCGA dataset, we found that PTCHI was poorly expressed in
patients with HCC (Fig. 6], Fig. S9D). This observation was veri-
fied by examination of HCC samples and oncospheres with
immunoblotting (Fig. 6K, M) and immunohistochemical stain-
ing (Fig. 6L), indicating that PTCH1 expression levels are nega-
tively related to HCC severity. Altogether, HDAC2 and PTCH1
expression levels are related to HCC severity.
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Discussion

Nowadays, the CSC model has been verified in a variety of solid
tumors.*>%37 These CSCs within tumor bulk display the capacity
to self-renew, differentiate, and give rise to a new tumor.>>9
We previously isolated a small subpopulation from HCC cell
lines and HCC samples with 2 combined surface makers
(CD13 and CD133) and defined this subset of CD13*CD133* cells
as liver CSCs.®*° In this study, we identified a IncRNA termed
IncHDAC2 that is highly expressed in HCC tumors and liver CSCs.
LncHDAC2 is required for the self-renewal of liver CSCs and
tumor propagation. In liver CSCs, IncHDAC2 interacts with
HDAC2, which recruits the NuRD complex onto the promoter
of PTCH1 inhibiting its expression and leading to activation of
Hh signaling. Moreover, HDAC2 expression levels are positively
related to HCC severity and PTCH1 levels are negatively related
to HCC severity.
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The non-coding RNA family includes more than 16 categories
of long and short RNA molecules with different functional and
structural characteristics.*'~** Long non-coding RNAs (IncRNAs)
are defined as transcripts longer than 200 nucleotides that are 5
capped and 3’ polyadenylated, yet this class of transcripts has
weak coding potential. Accumulating evidence shows that a
bunch of IncRNAs are implicated in the regulation of tumorige-
nesis.** We previously identified several IncRNAs from liver
CSCs of HCC cell lines and revealed their roles in the regulation
of liver CSC stemness.>> 2> To further identify physiological
IncRNAs involved in liver CSCs, we conducted transcriptome
microarray analysis of liver CSCs and non-CSCs sorted from 3
HCC primary tumor tissues. Among the most upregulated
IncRNAs, we identified IncHDAC2 which promotes the self-
renewal of liver CSCs by initiating Hh signaling pathway activa-
tion. Of note, IncHDAC2 depletion by ASOs markedly reduced the
self-renewal capacity of liver CSCs. We found that Inc-g-Catm
was highly expressed in HCC sample #2 of the 3 HCC primary
tumor tissues used for the transcriptome assay. Since there is
great heterogeneity in HCC, some IncRNAs are only expressed
in certain populations of patients with HCC. In addition, we
observed that IncHDAC2 knockdown did not affect the expres-
sion levels of IncTCF7, Inc-g-Catm, and IncBrm. Meanwhile,
knockdown of IncTCFZ, Inc-p-Catm, or IncBrm did not influence
the expression level of IncHDAC2 and did not impact Hh signal-
ing in liver CSCs either. These data suggest that these IncRNAs
have redundant functions in the regulation of liver CSC stem-
ness. Here we showed that IncHDAC2 bound to the 1,200-
1,400 base pair region of the PTCH1 promoter to regulate its
transcription. Through analysis of their primary sequences, this
binding of IncHDAC2 to the PTCH1 promoter did not rely on
sequence complementary. Since IncHDAC2 harbors several
stem-loop structures, IncHDAC2 may form tertiary topological
structures that may mediate the binding of IncHDAC2 to the
PTCH1 promoter. Another reason could be that IncHDAC2-
interacting proteins mediate the binding of IncHDAC2 to the
PTCH1 promoter. How IncHDAC2 binds to PTCH1 promoter needs
to be investigated further.

The NuRD (also known as Mi-2) complex is a multisubunit
chromatin remodeling complex.*® It contains 2 core subunits,
CHD3 and CHD4 ATP-dependent chromatin remodeling cata-
lases, and HDAC1 with HDAC2 mediating histone or protein
deacetylation.’® The NuRD complex has been reported to play
a critical role in transcriptional repression. Like other chromatin
remodelers such as SWI/SNF and Polycomb complexes, the
NuRD complex has been implicated in the transcriptional regu-
lation involved in oncogenesis and cancer progression.*”*® For
instance, a truncated mutation of HDAC2 has been documented
in sporadic carcinomas with microsatellite instability.*? We pre-
viously showed that Sox2 recruits the NuRD complex to inhibit
mTOR transcription, leading to cellular reprogramming.“® Here
we demonstrated that IncHDAC2 interacts with HDAC2 that
recruits the NuRD complex to repress PTCH1 expression. The
suppression of PTCH1 expression promotes Smo activity, initiat-
ing Hh signaling, which is involved in the self-renewal of liver
CSCs.

Hh signaling is essential for various processes during organ
development and maintenance of organ functions.’® The ability
of the Hh pathway to modulate cell differentiation and renewal
also means that deregulation of this pathway may result in
uncontrolled cell fate.”! Misregulation of Hh signaling has been
reported to cause formation of basal-cell medulloblastoma and
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myeloid leukemia.>? We previously showed that Hh signaling is
required for the self-renewal of bladder cancer CSCs and that
the Smo inhibitor cyclopamine abrogates bladder tumorigene-
sis.!® Of note, we showed that IncHDAC2-mediated Hh signaling
drives the stemness of liver CSCs and cyclopamine can impair
the self-renewal of liver CSCs and suppress tumor propagation
as well. Therefore, our findings suggest that downregulating
IncHDAC2 will provide a potent antitumor strategy against HCC.
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