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LncRNA HAND2-AS1 promotes liver cancer stem
cell self-renewal via BMP signaling
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Abstract

Hepatocellular carcinoma (HCC) is the most prevalent liver cancer,
characterized by a high rate of recurrence and heterogeneity. Liver
cancer stem cells (CSCs) may well contribute to both of these patho-
logical properties, but the mechanism underlying their self-renewal
maintenance is poorly understood. Here, we identified a long noncod-
ing RNA (lncRNA) termed HAND2-AS1 that is highly expressed in liver
CSCs. Human HAND2-AS1 and its mouse ortholog lncHand2 display a
high level of conservation. HAND2-AS1 is required for the self-
renewal maintenance of liver CSCs to initiate HCC development.
Mechanistically, HAND2-AS1 recruits the INO80 chromatin-remo-
deling complex to the promoter of BMPR1A, thereby inducing its
expression and leading to the activation of BMP signaling. Impor-
tantly, interfering with expression of HAND2-AS1 by antisense
oligonucleotides (ASOs) and BMPR1A by siRNAs has synergistic anti-
tumorigenic effects on humanized HCC models. Moreover, knockout
of lncHand2 or Bmpr1a in mouse hepatocytes impairs BMP signaling
and suppresses the initiation of liver cancer. Our findings reveal that
HAND2-AS1 promotes the self-renewal of liver CSCs and drives liver
oncogenesis, offering a potential new target for HCC therapy.
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Introduction

Hepatocellular carcinoma (HCC), the most common primary liver

tumor, is the second leading cause of cancer death worldwide with a

steady increase as a consequence of chronic hepatitis infection,

metabolic syndrome, and cirrhosis (Marquardt et al, 2015). In both

adult and pediatric settings, treatments are inadequate, and better

therapeutic targets are needed (Ji et al, 2009). New treatments are

likely from an improved understanding of the mechanism of HCC

oncogenesis. HCC is characterized by high recurrence and hetero-

geneity (Visvader, 2011). Heterogeneity is mainly caused by the hier-

archical organization of tumor cells with a subset of cells with stem/

progenitor cells known as cancer stem cells (CSCs; Meacham &

Morrison, 2013). These CSCs within tumor bulk display the capacity

to self-renew, differentiate, and give rise to a new tumor (Kaiser,

2015), accounting for a hierarchical organization of heterogeneous

cancer cells and a high rate of recurrence. However, how liver CSCs

maintain their self-renewal is unclear.

Long noncoding RNAs (lncRNAs) are a class of molecules with

transcripts longer than 200 nucleotides (nt), with weak coding

capacity. Compared with their protein-coding counterparts, lncRNAs

are composed of fewer exons, under weaker selective constraints

during evolution, and in relatively lower abundance. In addition,

the expression of lncRNAs is strikingly cell and tissue specific and,

in many cases, even primate specific (Fatica & Bozzoni, 2014). To

date, most of the well-characterized lncRNAs have been identified.

LncRNAs function in a wide range of biological processes and can

regulate gene expression by diverse mechanisms (Sallam et al,

2016; Xing et al, 2017; Kopp & Mendell, 2018), including self-

renewal maintenance of human liver cancer stem cells (Wang et al,

2015a; Zhu et al, 2016a,b). In cancer, lncRNAs have been reported

to act as a prominent layer of transcriptional regulation (Wang et al,

2018b), mRNA stabilization (Hosono et al, 2017), often by collabo-

rating with protein complexes. The ability of lncRNAs to control

gene expression makes them potential drug targets (Matsui & Corey,

2017). Antisense oligonucleotides (ASOs) that target lncRNAs

Ube3a-ATS (Meng et al, 2015) and SAMMSON (Leucci et al, 2016)

showed substantial therapeutic effects on Angelman syndrome and

melanoma. However, it is unknown whether lncRNAs can be used

as drug candidates in liver cancer.
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The ATP-dependent chromatin-remodeling complexes have

important roles in gene regulation via regulating the opening of the

chromatin. The INO80 remodeling complex is a conserved complex

that modifies chromatin using the energy of ATP (Ayala et al, 2018;

Eustermann et al, 2018). The INO80 complex controls gene expres-

sion, DNA damage repair and replication (Krietenstein et al, 2016),

as well as maintaining mammalian stem cell properties (Wang et al,

2014). However, how it functions in liver cancer and CSCs remains

unclear. Previous studies found that HAND2-AS1 inhibits cancer

migration, invasion, and metastasis (Yang et al, 2017, 2018). Here,

we reveal that a conserved lncRNA HAND2-AS1 is expressed at high

levels in liver CSCs. HAND2-AS1 associates with the INO80 complex
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to promote BMPR1A expression and activates BMP signaling for

increasing self-renewal of liver CSCs. Moreover, the addition of

ASOs of HAND2-AS1 along with siRNA against BMPR1A has potent

therapeutic effect on HCC.

Results

HAND2-AS1 expression is significantly increased in liver CSCs

We sorted a small population of liver CSCs from cell lines and clini-

cal samples with the two surface markers (CD13 and CD133; Wang

et al, 2015a; Zhu et al, 2015). We showed functions of several

lncRNAs in liver CSC stemness (Wang et al, 2015a; Zhu et al,

2016a,b). To further identify physiological lncRNAs involved in liver

CSCs, we compared with transcriptional difference between CSCs

and non-CSCs from three HCC primary tumor tissues. We found

1,077 differentially expressed lncRNA transcripts (Fig 1A), including

665 upregulated and 412 downregulated lncRNAs (Appendix Fig

S1A).

We concentrated on highly conserved lncRNAs in humans and

mice, which were also highly expressed in CSCs. Among these

lncRNAs, we found that the knockdown of HAND2-AS1 could signif-

icantly reduce the ability of sphere formation (Appendix Fig S1B).

So we focused on a divergent lncRNA, termed as HAND2-AS1 (gene

symbol ENSG00000237125), residing on chromosome 4 in humans

and on chromosome 8 in mice (termed as lncHand2) with the

nearby gene Hand2 (Appendix Fig S1C). HAND2-AS1 consisted of

four exons and spanning nearly 8.3-kilobase (kb), a conserved

locus. We examined its level in a cohort of 50 liver tumor and

paired peri-tumor tissues and eight normal tissues

(Appendix Table S1). HAND2-AS1 was highly expressed in liver

tumors, whereas it was nearly undetectable in normal liver tissues

by qRT–PCR analysis (Appendix Fig S1D and Table S2). Its high

expression was verified in liver cancer tissues by in situ hybridiza-

tion (Fig 1B). Furthermore, HAND2-AS1 showed high expression in

oncosphere cells (Appendix Fig S1E).

Then, we detected the transcripts of HAND2-AS1 in liver CSCs

using Northern blot. One major transcript of HAND2-AS1 was

detected, and its length was from 500 to 1,000 bases (Appendix Fig

S1F). The transcript with a length of 840 nt was identified by a rapid

amplification of cDNA ends (RACE) experiment (Appendix Fig

S1G), with no coding potentiality using PhyloCSF (Appendix Fig

S1H) and in vitro translation tests (Appendix Fig S1I). Furthermore,

HAND2-AS1 mainly expressed in the nuclei of liver cancer cells via

RNA fluorescence in situ hybridization (RNA FISH; Appendix Fig

S1J) and nuclear-plasmid separation assay (Appendix Fig S1K).

Thus, HAND2-AS1 level is significantly increased in liver CSCs.

HAND2-AS1 deficiency protects against chemically induced
HCC development

Given that human HAND2-AS1 was highly conserved with mouse

lncHand2, we previously generated lncHand2flox/flox mice by a

CRISPR/Cas9 approach (Wang et al, 2018a; Appendix Table S3). To

investigate a potential causative relationship between HAND2-AS1

and liver cancer development, we conditionally deleted hepatocellu-

lar lncHand2 by crossing lncHand2flox/flox mice with albumin (Alb)-

Cre mice. Then, we examined chemically induced tumor formation

by using diethylnitrosamine (DEN) administration in lncHand2+/+

and lncHand2 knockout (lncHand2�/�) mice. Macroscopic detection

showed a significant decrease in numbers and volumes of tumors in

lncHand2�/� mice compared with lncHand2+/+ littermates

(Fig 1C). There were few tumor areas in livers from lncHand2�/�

mice. By contrary, the livers from wild-type (WT) mice contained

several large HCC tumor foci (Fig 1D). Consistent with the signifi-

cantly decreased tumor areas in lncHand2�/� mouse livers, the

numbers of proliferating cells were also reduced by Ki67 staining

(Fig 1D and E).

We next used lncHand2 reporter mice as previously described

and treated them with DEN for tumor induction. lncHand2-RFP

hepatocytes mainly existed in the pericentral vein (Fig 1F). Intrigu-

ingly, lncHand2-RFP-positive cells diffused from the central vein to

the entire liver after DEN treatment (Fig 1F). Taken together,

HAND2-AS1 promotes chemically induced liver cancer develop-

ment.

HAND2-AS1 is required for liver CSCs self-renewal maintenance

For loss-of-function tests, a CRISPR/Cas9 knockout system and

lentivirus-mediated short hairpins RNAs (shRNAs) against HAND2-

AS1 were performed. We used six pairs of sgRNAs and eight

shRNAs to deplete HAND2-AS1 in liver CSCs. Of these sgRNAs and

shRNAs, sgRNAs (KO#1 and KO#2) and shRNAs (sh#1 and sh#2)

were identified as the most robust blockers of HAND2-AS1 expres-

sion by quantitative PCR with reverse transcription (qRT–PCR;

◀ Figure 1. HAND2-AS1 is highly expressed in liver CSCs and its knockout promotes chemically induced HCC development.

A Geometric mean-centered, hierarchical cluster heat map from microarray data. 1,077 annotated lncRNAs (P < 0.05) were represented in liver CSC (CD13+CD133+)
compared with non-CSC (CD13�CD133�) cells sorted from three HCC primary cells of three patients. Top 10 upregulated lncRNAs in CSCs are shown.

B In situ hybridization of HAND2-AS1 in HCC tumor tissues. HAND2-AS1 staining is shown in tumor tissues (left panel). Quantitation of HAND2-AS1+ cells in liver tissues
was examined in 10 high-power fields (HPF) of sections from 10 different HCC patients (right panel). Results are shown as means � SEM. Scale bar, 100 lm.

C Macroscopic appearance of livers in 12-month-old DEN-treated lncHand2+/+ and lncHand2 knockout (lncHand2�/�) mice (left panel). Black arrows indicate liver
tumors. Quantitation of tumor foci numbers and areas in DEN-treated livers (right panel). Results are shown as means � SD (n = 12).

D Representative H&E and immunohistological staining with Ki67 antibody of liver sections of 12-month-old DEN-treated lncHand2+/+ and lncHand2�/� mice. Scale bar,
100 lm.

E Quantitation of Ki67-positive cells in non-treated and DEN-treated mice. Bars represent average percentages and SD of cells positively staining for Ki67 cells
examined in 10 HPF of sections from five different mice. Data are shown as means � SD.

F Representative immunofluorescence staining of livers in 5.5-month-old DEN-treated and untreated lncHand2RFP reporter mice for indicated molecules (lower panel).
Scale bar, 100 lm. Upper panel: scheme of targeting strategy for IRES-RFP knockin allele.

Data information: **P < 0.01 and ***P < 0.001 by two-tailed Student’s t-test.

ª 2019 The Authors The EMBO Journal 38: e101110 | 2019 3 of 17

Yanying Wang et al The EMBO Journal



A

C

F

J

M N O P

K L

G H I

D E

B

Figure 2.

4 of 17 The EMBO Journal 38: e101110 | 2019 ª 2019 The Authors

The EMBO Journal Yanying Wang et al



Appendix Table S3, and Fig S2A and B). None of these sgRNAs or

shRNAs affected intracellular levels of HAND2 and other neighbor-

ing genes (Appendix Fig S2C). Notably, HAND2-AS1 deletion signifi-

cantly declined primary (1st), secondary (2nd), and third (3rd)

oncosphere formation of HCC cell lines (Fig 2A) and primary tumor

cells. HAND2-AS1 knockout significantly reduced the fraction of

CD13+CD133+ cells (CSCs; Fig 2B).

The gold standard method to assess CSC potential is the extreme

limiting dilutions of different cancer cell populations followed by

serial tumor transplantation into immunodeficient mice to measure

their ability to form secondary tumors (Boumahdi et al, 2014).

HAND2-AS1 deficiency impaired the ability to reform secondary

tumors after transplantation (Fig 2C and D), and this difference

increased in serial transplantation (Fig 2E and F). To evaluate the

enrichment of tumor-initiating cells (TICs) in cells expressing CD13,

CD133, and HAND2-AS1, we compared the ability to form secondary

tumors after transplanting with the four populations

(lnc+CD13+CD133+, lnc+CD13�CD133�, lnc�CD13+CD133+, and

lnc�CD13�CD133�). Interestingly, lnc+CD13�CD133� showed more

efficient than lnc�CD13+CD133+ populations to reform secondary

tumors (P = 0.0368, Fig 2G). Moreover, to assess the function of

HAND2-AS1 on orthotopic liver tumor growth, we used a CRISPR/

Cas9 knockout system to transduce sgRNAs against HAND2-AS1

into Huh7 cells containing luciferase vector (Huh7-Luc). HAND2-

AS1 deletion significantly reduced the growth of xenografts in situ,

with remarkable inhibition of bioluminescence (Fig 2H and I, and

Appendix Fig S2D). Inhibition of HAND2-AS1 also impaired liver

tumorigenesis in patient-derived xenograft (PDX) liver cancer

models (Appendix Fig S2E). As a complementary acute loss-of-func-

tion approach, we used antisense oligonucleotides (ASOs) to silence

HAND2-AS1 expression. Three different ASOs effectively blocked

hepatic HAND2-AS1 expression, but not ASO scramble controls

(Fig 2J), with no evidence of hepatotoxicity or Hand2 expression

changes (Appendix Fig S2F). Moreover, HAND2-AS1 ASOs adminis-

tration dramatically decreased tumor growth (Fig 2K).

In addition, HAND2-AS1 overexpression dramatically increased

oncosphere formation (Fig 2L and Appendix Fig S2G), and tumor-

initiating capacity using limiting dilution assays followed by serial

tumor transplantation (Fig 2M and N). Consequently, HAND2-AS1

overexpression dramatically augmented Huh7-Luc (Fig 2O and P,

and Appendix Fig S2G) and liver tumorigenesis in PDX liver

cancer models (Appendix Fig S2H). These data indicate that

HAND2-AS1 plays a critical role in the self-renewal maintenance of

liver CSCs.

HAND2-AS1 recruits the INO80 complex and INO80 knockout
suppresses liver cancer development

LncRNAs often exert their functions via RNA-interacting proteins.

We thus searched for potential HAND2-AS1 binding proteins by an

RNA pulldown assay. INO80 and RUVBL2 subunits of the INO80

complex associated with HAND2-AS1 in liver CSCs (Fig 3A, and

Appendix Fig S3A and B). The INO80 complex comprises the major

ATPase INO80, actin, and actin-related proteins Arp4, 5, 8 (INO80

subunits) Ies2, 4, 6, Taf14 and the AAA+ ATPases RUVBL1 and

RUVBL2 (Eustermann et al, 2018). The INO80 complex can change

H2A to H2A.Z as a chromatin-remodeling complex (Papamichos-

Chronakis et al, 2011). H2A.Z, a variant of H2A, plays an important

regulatory role in gene transcription (Albert et al, 2007). We con-

firmed their interaction by Western blotting (Fig 3B and

Appendix Fig S3C) and RNA immunoprecipitation (RIP;

Appendix Fig S3D), and by comprehensive identification of RNA

binding proteins (Chu et al, 2015) in primary hepatocytes (Fig 3C).

In contrast, HAND2-AS1 deletion did not affect expression levels of

INO80 and RUVBL2 (Appendix Fig S3E). Moreover, HAND2-AS1

co-localized with INO80 in the nuclei of HCC oncosphere cells

(Fig 3D). INO80 and RUVBL2 were highly expressed in HCC tumors

(Appendix Fig S4A and B) and liver CSCs (Appendix Fig S4C). These

data indicate that HAND2-AS1 associates with the INO80 complex in

the nuclei of liver CSCs.

◀ Figure 2. HAND2-AS1 is required for the self-renewal maintenance of liver CSCs.

A HAND2-AS1 knockout causes a declined oncosphere-forming capacity in HCC cells. The right panel represents statistical results as means � SD (n = 3 per group).
Overexpression of HAND2-AS1 (oelnc) rescued the sphere formation reduced by HAND2-AS1 deletion. Scale bar, 100 lm.

B CD13+CD133+ (CSC) subpopulations were detected in HAND2-AS1 knockout cells by FACS analysis. Results are shown as means � SD (n = 4 per group).
C Limiting diluted HAND2-AS1 depletion or Ctrl HCC cells were subcutaneously implanted into BALB/c nude mice. n = 12 for each group.
D Estimated frequency of TICs in HAND2-AS1 deficiency and control cells after the first transplantation using the extreme limiting dilution analysis. Data are shown

as the mean and 95% confidence interval. (n = 12 grafted tumors per dilution).
E, F Estimated frequency of TICs in HAND2-AS1 deficiency and control HCC cells during serial transplantations. Gray area indicates the 95% CI.
G Estimated frequency of TICs in different populations after the first transplantation (n = 15 grafted tumors per dilution). Data represent the mean and 95%

confidence interval.
H Representative whole-body imaging of Huh7-Luc cells transduced with control or HAND2-AS1 KO #1 or KO #2 vectors.
I Quantification of tumor numbers of 6 weeks after tumor cells orthotopically implanted to B-NSG mice. Data are shown as means � SD. One-way ANOVA with

Dunnett’s correction for multiple comparisons.
J HAND2-AS1 expression levels (normalized to 18S rRNA) in livers from BALB/c nude mice subcutaneously transplanted xenograft primary HCC cells then

intraperitoneally administered 25 mg/kg ASOs on days 15, 20, 25, 30, and 35 (n = 5 per group). Three ASOs (1, 2, 3) against HAND2-AS1 were used to treat mice and
showed similar depletion effects. Results are shown as means � SD. n = 6 mice per group.

K Mice were killed at the 40th day after HCC cell injection, and the tumors were excised and weighed. Representative tumors are shown. Scale bar, 1 cm. Statistical
data are shown as means � SD (n = 6 mice per group; right panel).

L HAND2-AS1 overexpression enhances the capacity of oncosphere formation. Scale bar, 100 lm. oe, overexpression. Right panel: Data are shown as means � SD
(n = 3 per group).

M, N Estimated frequency of TICs in HAND2-AS1 overexpression and control HCC cells during serial transplantations.
O Representative whole-body imaging of Huh7-Luc cells transduced with control or HAND2-AS1 overexpression vectors.
P Quantification for tumor numbers 1 month after tumor cells orthotopically implanted to B-NSG mice (n = 5 mice per group).

Data information: *P < 0.05 and **P < 0.01 by two-tailed Student’s t-test unless indicated otherwise.
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We used a series of HAND2-AS1 truncations to determine its

binding fragment with the INO80 complex. We found that nt 83–242

of HAND2-AS1 could bind INO80 and RUVBL2 (Fig 3E). The binding

of the fragment of HAND2-AS1 with INO80 was further confirmed

by an RNA electrical mobility shift assay (EMSA; Fig 3F and G). Six

loops at nt 83–242 were predicted (Appendix Fig S4D). We then

mutated each loops to determine the sufficient ones for this interac-

tion. The CTG (nt 228–230) to AAA mutation in SL5 abrogated the

interaction of HAND2-AS1 with INO80 (Fig 3H), suggesting SL5 is

required for this association of HAND2-AS1 with INO80.

To further determine the function of INO80 in liver cancer devel-

opment, we depleted INO80 expression in HCC primary cells by

shRNAs. Knockdown of INO80 with either of two different shRNAs

decreased xenograft tumor growth (Appendix Fig S4E) and impaired

self-renewal of liver CSCs (Appendix FigS4F–H). Furthermore,

INO80 deficiency significantly reduced the growth of xenografts

in situ, with remarkable inhibition of bioluminescence (Fig 3I and

J). We next generated Ino80flox/flox mice through insertion of loxP

sequences flanking between the exon 2 and exon 3 of Ino80 gene by

a CRISPR/Cas9 approach (Appendix Fig S4I). We conditionally

deleted Ino80 in hepatocytes by crossing Ino80flox/flox mice with

Alb-Cre mice. Ino80 was completely deleted in mouse livers

(Appendix Fig S4J). We observed that Ino80 knockout significantly

decreased chemically induced liver tumor growth and numbers

(Fig 3K). These data suggest that INO80 promotes liver oncogenesis

and tumor development.

HAND2-AS1 recruits the INO80 complex onto BMPR1A promoter
to initiate its expression and BMP signaling

To identify the targets of HAND2-AS1, we established HAND2-AS1

and INO80 depleted HCC primary CSC cells and performed tran-

scriptome microarray analysis. Of note, deficiency of HAND2-AS1

and INO80 displayed similar transcriptome patterns (Fig 4A and

Appendix Fig S5A), suggesting a functional relationship between

HAND2-AS1 and INO80. To further determine the functional role

that was mediated by HAND2-AS1, we performed gene ontology

(GO) analysis for the 2,954 genes regulated by both HAND2-AS1

and INO80. The most implicated biological processes included

pathways in response to hypoxia, cell adhesion, cell migration, and

BMP signaling (Appendix Fig S5B). Among these top enriched path-

ways, we wanted to focus on the pathway that was involved in the

stemness regulation. The BMP signaling has been reported to be

implicated in the regulation of stem cells, including hair follicle stem

cells (Genander et al, 2014), blood stem cells (Kirmizitas et al,

2017), and pluripotent stem cells (Andersen et al, 2018). Herein, we

mainly focused on the role of the BMP signaling in the modulation

of liver CSCs. Integrative gene set enrichment analysis (GSEA) of

the microarray data demonstrated the target genes in BMP signaling

that were remarkably repressed when both HAND2-AS1 and INO80

were depleted (q value = 0.0003; Fig 4B), suggesting the BMP

signaling was involved in the regulation of liver CSCs.

To examine genomic binding regions of HAND2-AS1, we

performed chromatin isolation by RNA purification (ChIRP)-seq for

HAND2-AS1 in HCC tumor sphere cells and liver CSCs derived from

HCC primary tumor samples. We showed HAND2-AS1 in HCC

tumor sphere cells remarkably enriched peaks compared to LacZ

control (Fig 4C). After aggregating peaks from all the samples, we

found 18,938 genome-wide binding sites for HAND2-AS1 (Fig 4C).

Of the 18,938 HAND2-AS1 peaks, 8,213 bound within 1 kb of a gene

transcription start site (TSS; Appendix Fig S5C). ChIRP-seq data

showed that HAND2-AS1 could bind to different loci in the genome

(Fig 4D). We performed GO analysis for genes bound by HAND2-

AS1 revealed by ChIRP-seq (Appendix Fig S5D), indicating the

enrichment of BMP signaling pathway. Furthermore, we analyzed

ChIRP-seq genes of the BMP signaling and found HAND2-AS1 RNA

enriched at BMPR1A, SMAD1, and SMAD9 loci (Fig 4E and

Appendix Fig S5E and F). To further test how HAND2-AS1 regulated

BMPR1A expression, we conducted ChIRP-PCR assays with biotin-

labeled HAND2-AS1 probes. We observed that more HAND2-AS1

transcripts were deposited on a specific region (nt �2,700 to

�2,500) of the BMPR1A promoter than on the promoter of SMAD1

or SMAD9 (Fig 4F and Appendix Fig S5G–I). In addition, we isolated

primary hepatocytes and carried out trimethylation of histone H3 at

Lys4 (H3K4me3) assays. We noticed that this region (nt �2,700 to

�2,500) of the BMPR1A promoter in HAND2-AS1 knockout hepato-

cytes was enriched less for H3K4me3 (Appendix Fig S5J). Conse-

quently, HAND2-AS1 deletion caused less RNA polymerase II

◀ Figure 3. HAND2-AS1 associates with the INO80 complex, and INO80 deficiency inhibits liver cancer development.

A Biotin RNA pulldowns were performed with nuclear extracts of oncosphere cells using full-length HAND2-AS1 transcript (sense), antisense, and one HAND2-AS1 intron
control, followed by mass spectrometry. Band 1: INO80, band 2: RUVBL2.

B Two core components of the INO80 complex were confirmed by immunoblotting.
C Immunoprecipitation assays of biotin-labeled CHIRP probes incubated with liver CSC lysates.
D HAND2-AS1 was visualized by RNA FISH, followed by immunofluorescence staining of INO80 in HCC primary oncosphere cells. Scale bar, 100 lm.
E Mapping analysis of INO80-binding domains of HAND2-AS1. Schematic diagram of HAND2-AS1 full-length and truncated fragments (top panel); Western blot of

INO80 and RUVBL2 in RNA pulldown samples by different HAND2-AS1 fragments (middle panel); different HAND2-AS1 fragments (bottom panel).
F EMSA of biotin-labeled HAND2-AS1 (nt 83–242) probes incubated with INO80 protein.
G Binding affinity of HAND2-AS1 with INO80 was determined by five independent EMSA assays. Non-linear regression curves were generated by GraphPad Prism.

Results are shown as means � SD.
H Interaction regions of INO80 with HAND2-AS1 mutations at nt 83–242 of exon 2 were detected using RNA pulldown assays. LR, loop region.
I Representative whole-body imaging of Huh7-Luc cells transduced with control or INO80 shRNA #1 or shRNA #2 vectors.
J Quantification of tumor numbers of 4 weeks after tumor cells orthotopically implanted to B-NSG mice. Data are shown as means � SD (n = 5 mice per group).

One-way ANOVA with Dunnett’s correction for multiple comparisons.
K Macroscopic appearance of livers in 10.5-month-old DEN-treated Ino80flox/flox (Ino80+/+) and Ino80 knockout (Ino80�/�) (left panel). Black arrows indicate tumors.

Quantitation of tumor foci numbers and areas in DEN-treated livers. Results are shown as means � SD (n = 10).

Data information: **P < 0.01 by two-tailed Student’s t-test.
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enrichment on the BMPR1A promoter, which was thus more resis-

tant to DNase I digestion (Appendix Fig S5K).

In addition, HAND2-AS1 deletion reduced BMPR1A expression

and BMP signaling activation (Fig 4G and Appendix Fig S6A). By

contrast, HAND2-AS1 overexpression could rescue BMPR1A expres-

sion and BMP signaling activation (Appendix Fig S6B). In addition,

HAND2-AS1 was co-localized with p-SMAD1/5 in liver tumor tissues

(Appendix Fig S6C). HAND2-AS1 and p-SMAD1/5 were highly

expressed in liver CSCs (Appendix Fig S6D). Consistent with the

human liver cancer results, we found that Bmpr1a and BMP signal-

ing were downregulated in liver cancer tissues from lncHand2

knockout mice compared with lncHand2+/+ mice (Appendix Fig

S6E).

Given that the INO80 complex regulated gene transcription by

binding to promoter loci and refolding chromatin, we then tested

whether HAND2-AS1 influenced INO80 occupancy of the promoter

locus of the BMPR1A gene. We analyzed a 3 kb locus region

upstream from the TSS of the BMPR1A gene. We observed that

HAND2-AS1 deletion abrogated the binding capacity of INO80 with

a �2,632 to �2,480 bp segment of BMPR1A promoter (Appendix Fig

S6F), suggesting that this segment was the binding site for HAND2-

AS1. However, the overexpression of HAND2-AS1 rescued this

phenomenon (Appendix Fig S6G). With cross-linking treatment,

BMPR1A was co-eluted with the INO80 complex in WT hepatocyte

lysates, but not in HAND2-AS1 knockout hepatocyte lysates

(Fig 4H). Additionally, BMPR1A promoter regions were also detect-

able in these eluates (Fig 4H). Importantly, EMSA showed that

HAND2-AS1 formed a complex with INO80 and BMPR1A promoter

regions (Fig 4I). Of note, INO80 and HAND2-AS1 overexpression

did not enhance BMPR1A expression in BMPR1A promoter deleted

liver cells (Fig 4J). Consistently, INO80 deficiency dramatically

suppressed BMP signaling (Fig 4K, and Appendix Fig S6H and I).

Taken together, these data indicate that HAND2-AS1 recruits the

INO80 complex onto the BMPR1A promoter to initiate its expression

and activate BMP signaling.

BMPR1A promotes liver CSCs self-renewal via BMP signaling

To further determine the clinical implications of BMPR1A in HCC

development, we analyzed the expression of BMPR1A in HCC tumor

and peri-tumor tissues based on Wang’s cohort (GSE14520). We

observed that BMPR1A was highly expressed in HCC tumors

(Fig 5A), and BMPR1A was also an ideal prognosis predictor of liver

cancers (Fig 5B). Its high expression in HCC tumor tissues was

further verified by immunohistochemistry (Fig 5C). We then

silenced BMPR1A in HCC primary cells and established stably

silenced cell lines. We observed that BMPR1A depletion dramati-

cally inhibited sphere formation and tumor-initiating capacity

(Fig 5D and E). Moreover, BMPR1A depletion significantly reduced

tumoral Huh7-Luc, with remarkable inhibition of bioluminescence

(Fig 5F and G).

We next generated Bmpr1a knockout mice by CRISPR/Cas9-

mediated genome editing in vivo (Appendix Fig S6J). We observed

that Bmpr1a deletion reduced liver tumor formation capacity after

treated with DEN compared with WT littermates (Fig 5H). Only few

focal nodular hyperplastic areas were detected in histological

sections of livers from DEN-treated Bmpr1a�/� mice. In contrast,

the livers of DEN-treated WT mice contained several large cancer-

ous foci with robust proliferating cells by Ki67 staining (Fig 5I). In

parallel, BMP inhibitor significantly reduced oncosphere formation

(Fig 5J). By contrast, overexpression of HAND2-AS1 or BMPR1A

could not rescue the oncosphere-forming capacity caused by BMP

inhibitor treatment (Fig 5J). Altogether, BMPR1A promotes liver

CSC self-renewal and liver cancer development via BMP signaling

pathway.

ASOs of HAND2-AS1 and siRNAs against BMPR1A have synergistic
anti-tumor effects on humanized HCC models

To examine the role of HAND2-AS1 depletion in liver cancer ther-

apy, we used Huh7-Luc and PDX models, which recapitulated the

complexity and phenotypic heterogeneity of human liver cancers

(Fig 6A). PDX liver cells or Huh7-Luc cells were orthotopically

transplanted into livers of NOD-Prkdcscid Il2rgtm1/Bcgen (B-NSG)

mice. One weeks after cell injection, mice were randomly assigned

to five groups to receive intraperitoneal injection of ASOs targeting

HAND2-AS1 or small interfering RNA (siRNA) that specifically

targeted BMPR1A, or these ASOs and siRNAs together (Fig 6B). We

observed that the addition of ASOs of HAND2-AS1 or siRNAs against

BMPR1A alone suppressed tumor growth and tumor numbers

compared to vehicle-treated group (Fig 6C–F). By contrast, treat-

ment with scramble RNAs for ASOs of HAND2-AS1 and/or siRNAs

against BMPR1A obtained similar results to vehicle-treated group

(Fig 6C and D, and data not shown). Interestingly, the combination

◀ Figure 4. HAND2-AS1 directly binds BMPR1A promoter to initiate its expression and activates BMP signaling.

A Heatmap results for HAND2-AS1 or INO80 deficiency in HCC cells.
B Based on GSEA results, significantly changed genes due to depletion of HAND2-AS1 and INO80 were attributed to the BMP signaling in HCC primary cells. NES,

normalized enrichment score; FWER, familywise error rate.
C ChIRP-seq analysis of HAND2-AS1 genomic binding at target sites in liver CSCs, using LacZ probes as negative control. A 10-kb interval centered on the called HAND2-

AS1 peak is shown.
D ChIRP-seq analysis of HAND2-AS1 bound regions in the genome of liver CSCs.
E Representative ChIRP-seq of HAND2-AS1 binding of BMPR1A.
F Gel analysis of HAND2-AS1 RNA binding BMPR1A promoter in liver CSCs. LacZ and PVT1 served as negative controls.
G HAND2-AS1 deletion in HCC cells decreases BMPR1A expression and inactivates BMP signaling.
H ChIRP-immunoblotting analysis of BMPR1A interaction with the INO80 complex in control and HAND2-AS1-knockout liver CSCs.
I EMSA analysis of the interaction of HAND2-AS1, INO80, and RUVBL2 with the BMPR1A promoter region.
J BMPR1A promoter binding region to HAND2-AS1/INO80 was deleted (BMPR1A-p-KO) in liver CSCs using lenti-Cas9, followed by HAND2-AS1 and INO80 overexpression

(oeHAND2-AS1, oeINO80) for 36 h. BMPR1A mRNA levels were examined by real-time PCR. Data are shown as means � SD. n = 5. **P < 0.01 by two-tailed Student’s
t-test.

K BMP signaling was examined in INO80-silenced liver CSCs by Western blot.
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of HAND2-AS1 ASOs and BMPR1A siRNAs displayed synergistic

therapeutic effects on humanized HCC models (Fig 6C–F). As

expected, administration of HAND2-AS1 ASOs and BMPR1A siRNAs

remarkably inhibited cell proliferation of xenografts (Fig 6G) as well

as expression of HAND2-AS1 and BMPR1A (Fig 6H). Consequently,

treatment with HAND2-AS1 ASOs and BMPR1A siRNAs prolonged

survival rates compared to that of vehicle-treated group (Fig 6I and

J). Collectively, targeting HAND2-AS1 and BMPR1A has synergistic

anti-tumor effects on humanized HCC models.

Discussion

LncRNAs play widespread roles in many cellular processes via

various mechanisms (Batista & Chang, 2013; Ulitsky & Bartel,

2013; Flynn & Chang, 2014). We previously sorted liver CSCs with

the combination of CD13 and CD133 and defined several lncRNAs

from liver CSCs of HCC cell lines that play important roles in the

regulation of liver CSC stemness (Wang et al, 2015a; Zhu et al,

2015). Here, we identified physiological lncRNAs in liver CSCs

from HCC primary samples. Of these high expressed lncRNAs in

liver CSCs, we focused on HAND2-AS1 that was a divergent

lncRNA against the HAND2 gene. HAND2-AS1 is highly conserved

in humans and mice. HAND2-AS1 is highly expressed in liver

CSCs and is required for the self-renewal maintenance of liver

CSCs. Mechanically, HAND2-AS1 recruits the INO80 complex onto

BMPR1A promoter to initiate its expression, leading to the activa-

tion of BMP signaling. Importantly, targeting HAND2-AS1 and

BMPR1A has synergistic anti-tumor effects on humanized HCC

models. Our findings indicate that lncRNAs play critical roles in

the maintenance regulation of liver CSCs and may serve as poten-

tial targets for cancer therapy.

Divergent lncRNAs are transcribed in the opposite direction to

their nearby protein-coding genes (Lau, 2014). Compared with 75%

of lncRNAs showing a cis-regulatory effect, only 20~25% of diver-

gent noncoding/coding genes appear to have effects on nearby tran-

scription upon deficiency, which suggests context-dependent

lncRNA regulation (Luo et al, 2016; Kopp & Mendell, 2018).

LncRNA/coding gene pairs showed significantly higher expression

correlation than coding/coding gene pairs. For instance, LncRNA

Fendrr deficiency specifically reduces levels of its divergent nearby

gene FOXF1, but not other neighboring genes. Knockdown of diver-

gent lncRNA Evx1as transcripts without altering genomic sequences

led to downregulation of EVX1 during mesendodermal differentia-

tion. However, in embryonic stem cells (ESCs), Evx1as might have

roles beyond controlling EVX1 expression (Luo et al, 2016). Deple-

tion of HAND2-AS1 transcripts by loss-of-function approaches in

HCC cells, including CRISPR, RNAi, and ASOs, does not affect

expression levels of its divergent protein-coding gene HAND2 and

other nearby genes. On the other hand, lncHand2 knockout does

not affect the expression of Hand2 and other neighboring genes in

mouse livers. In addition, transcriptomic analysis of HAND2-AS1

deletion and ChIRP-seq of HAND2-AS1 does not display additional

genomic effects on HAND2 and other nearby genes, ruling out its cis

function. We conclude that HAND2-AS1 modulates the self-renewal

maintenance of liver CSCs in trans.

Since most of lncRNAs are lack of evolutionary conservation in

humans and mice (Matsui & Corey, 2017), it is difficult to explore

their physiological roles and test their therapeutic effects with

animal models. We aimed to identify critically evolutionary conser-

vative lncRNAs in liver CSCs and reveal their real roles in the patho-

genesis and therapeutic targets of liver cancer. As this criterion,

HAND2-AS1 was highly conserved in various species, including

humans and mice. Its mouse ortholog is lncHand2, a divergent

lncRNA for murine Hand2 gene. We observed that Hand2 deletion

causes early embryonic lethality. HAND2 deletion in HCC tumor

cells does not affect cell growth and self-renewal of liver CSCs.

Thus, LncHand2 and HAND2 exert separate roles in the regulation

of liver oncogenesis. Intriguingly, human ortholog HAND2-AS1 is

highly expressed in liver CSCs, but almost undetectable in liver

cirrhosis samples and healthy liver tissues. What triggers high

expression of HAND2-AS1 in liver CSCs still needs to be further

investigated.

The BMP signaling plays a pivotal role in the regulation of self-

renewal and differentiation of stem cells (Genander et al, 2014; Jain

et al, 2015; Munera et al, 2017). Activation of BMP signaling is

mediated by ligand-induced heterotetrameric complex formation.

These complexes encompass two type I and two type II serine–thre-

onine kinase receptors on target cell membranes, and the BMP type

I receptors exert indispensable roles in transducing BMP signaling.

The BMP type I receptors can be classified into two groups: the BMP

type-IA receptor (BMPR-IA; also known as ALK3) and BMP type-IB

◀ Figure 5. BMPR1A promotes liver CSC self-renewal and liver cancer development.

A BMPR1A is highly expressed in HCC tumor tissues provided by Wang’s cohort (GSE14520).
B Kaplan–Meier analyses of liver cancer outcomes in the cancer genome atlas (TCGA). P-value for Kaplan–Meier curves was determined using a Mantel–Cox log-rank

test.
C Representative immunohistochemistry staining of BMPR1A was detected in HCC samples. Scale bar, 100 lm.
D BMPR1A overexpression rescues sphere formation ability reduced by HAND2-AS1 depletion in HCC samples. Representative sphere formation is shown on the left

panel. Scale bar, 100 lm. Percentages of sphere-forming cells were calculated as means � SD (right panel). n = 4.
E BMPR1A depletion reduces tumor-initiating capacity. n = 12 mice per group.
F Representative whole-body imaging of Huh7-Luc cells transduced with scramble (Ctrl) or BMPR1A shRNAs.
G Quantification for tumor numbers of 7 weeks after tumor cells orthotopically implanted to B-NSG mice. Calculated data are shown as means � SD (n = 5 mice per

group).
H Macroscopic appearance of livers from 10-month-old mice treated by DEN or vehicle. Scale bar, 1 cm. Black arrows indicate tumors.
I Representative H&E and immunohistological staining with Ki67 antibody in liver sections of 10-month-old DEN-treated WT and Bmpr1a�/� mice. Scale bar, 100 lm.

Right: Quantitation of Ki67-positive cells in DEN-treated mice. Data are shown as means � SD. n = 5.
J BMP signaling inhibitor noggin decreased tumor sphere formation. Scale bar, 100 lm. Right: Data are shown as means � SD (n = 4).

Data information: *P < 0.05, **P < 0.01, and ***P < 0.001 by two-tailed Student’s t-test unless indicated otherwise.
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receptor (BMPR-IB; also known as ALK6) group, and the serine/

threonine-protein kinase receptor R3 (SKR3, also known as ALK1)

and activin receptor type-1 (ACTR-I; also known as ALK2) group

(Morrell et al, 2016). Of note, these receptors are restrictedly

expressed on various target cells. Moreover, each BMP type I recep-

tor has a distinct role during embryogenesis in mammals. For

instance, knockout of Bmpr1a or Acvr1 causes embryonic lethality

at different stages of gastrulation (Mishina et al, 1995), whereas

knockout of Bmpr1b has no lethal influence during embryogenesis

(Beppu et al, 2000). It has been reported that aberrant activation of

the BMP signaling is implicated in the pathogenesis of pediatric

acute leukemia (Crispino & Le Beau, 2012) and lung cancer (Wang

et al, 2015b). However, how BMP signaling is activated and regu-

lates liver cancer development remains largely unknown. We

revealed that HAND2-AS1 can activate the BMP signaling to sustain

the self-renewal of liver CSCs. We showed that BMPR1A, as a direct

binding target of HAND2-AS1, is highly expressed in HCC tumors,

and it is also an ideal prognosis predictor for liver cancers. BMPR1A

depletion impairs sphere formation and tumor-initiating capacity.

Bmpr1a deletion in mice reduces liver tumor formation capacity

after treated with DEN. Moreover, administration of siRNAs against

BMPR1A can inhibit tumor growth and tumor numbers compared to
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vehicle-treated group. Our findings suggest that BMPR1A-mediated

BMP signaling plays a critical role in the self-renewal maintenance

of liver CSC and liver tumorigenesis.

Several studies have identified some lncRNAs as cancer biomark-

ers. For example, PCA3 serves as a biomarker for prostate cancer

diagnosis (Vlaeminck-Guillem et al, 2008; Hessels & Schalken,

2009), the first diagnostic lncRNA approved by FDA. Recent large-

scale transcriptome sequencing approaches have identified huge

amounts of lncRNAs (Mondal et al, 2018; Wang et al, 2018b),

suggesting more lncRNAs may play critical roles in the tumorigene-

sis and will be used as ideal biomarkers for cancer diagnosis and

potential drug targets. Therapies designed to target cancer-related

lncRNAs are also under intensive investigation. ASO therapy has

been applied in neural diseases in non-human primates and human

clinical trials through intrathecal administration, without serious

adverse reactions (Kordasiewicz et al, 2012; Miller et al, 2013). In

this study, we showed that ASOs of HAND2-AS1 combined with

siRNAs against BMPR1A can dramatically reduce tumor growth and

consequently improve overall survival in PDX hepatocellular carci-

noma models. In addition, only administration of ASOs against

HAND2-AS1 still has potent anti-tumor activity, suggesting that

targeting lncRNAs by ASOs could be potential therapeutic targets for

hepatocellular carcinoma. However, how to effectively deliver RNA-

based oligonucleotides into tumors and keep long-lasting efficacy

against tumors still requires to be intensively investigated in the

tumor biology field. In summary, HAND2-AS1 promotes the self-

renewal of liver CSCs and drives liver tumorigenesis, which may be

a potential biomarker for liver cancer diagnosis and target for HCC

therapy.

Materials and Methods

Antibodies and reagents

Antibodies used were as follows: Anti-Ki67 (ab15580), anti-INO80

(ab105451), anti-IES2 (ab175117), anti-HAND2 (ab10131), anti-

BMPR1A (ab38560), and anti-Digoxin (ab51949) antibodies were

purchased from Abcam. Anti-RUVBL2 (10195-1-AP), anti-RUVBL1

(10210-2-AP), anti-AMIDA (10097-2-AP), anti-ARP4 (18374-1-AP),

anti-ARP5 (21505-1-AP), anti-BAF53A (10341-1-AP), anti-IES6

(24793-1-AP), anti-YY1 (2E11C5), and anti-GFP (1E10H7) were from

Proteintech. Anti-phospho-Smad1/5 (Ser463/465) (41D10) was from

Cell Signaling Technology. Anti-b-actin was from Sigma-Aldrich.

Recombinant INO80 was from Abnova. Donkey anti-rabbit, anti-

mouse, anti-goat IgG secondary antibodies conjugated with Alexa-

594, Alexa-488, and Alexa-647-conjugated secondary antibodies

were purchased from Invitrogen. HRP-conjugated secondary

antibodies were from Santa Cruz. Tyramide signal amplification for

fluorescence in situ hybridization and immunohistochemistry kits

were from PerKinElmer. DAPI, DEN, and D-Luciferin were from

Sigma-Aldrich.

Cell lines and oncosphere formation assay

Human hepatocellular carcinoma (HCC) cell lines Hep3B, Huh7,

and PLC/PRF/5 were maintained in DMEM supplemented with

10% fetal bovine serum (FBS), 100 lg/ml penicillin G, and

100 U/ml streptomycin (Invitrogen, NY, USA). Cells were seeded

on ultra-low attachment culture dishes (Corning) in serum-free

medium. DMEM/F12 serum-free medium (Invitrogen) contained

2 mM L-glutamine, 1% sodium pyruvate (Invitrogen), 100 lg/ml

penicillin G, and 100 U/ml streptomycin supplemented with

20 ng/ml epithelial growth factor (Invitrogen), 10 ng/ml fibroblast

growth factor-2 (Invitrogen), N2 (Invitrogen), and B27 (Invitro-

gen).

Animals

LncHand2flox/flox and Ino80flox/flox mice were generated using

CRISPR/Cas9 approaches as previously described (Zhu et al, 2014;

Wang et al, 2018a). All mouse genotypes were verified by DNA

sequencing. Alb-Cre mice were from Shanghai Model Organisms

Center, Inc (China). Animals were killed when sick or when they

developed tumors larger than 15 mm in their greater diameter or

ulcerated lesions. Mouse experiments were approved by the Institu-

tional Animal Care and Use Committees at the Institute of Biophy-

sics, Chinese Academy of Sciences. We used littermates with the

same age (8–12 weeks old) and gender for each group. We excluded

the mice 5 g thinner than other littermates before any treatment or

analysis. We did not use randomization in our animal studies. We

were not blinded to the group in our animal studies.

◀ Figure 6. ASOs of HAND2-AS1 and siRNAs against BMPR1A have synergistic anti-tumor effects on humanized HCC models.

A Schematic representation of the experimental workflow. Patient-derived HCC cells or Huh7-Luc cell lines were orthotopically transplanted into livers of B-NSG mice.
Then, mice were treated with scramble RNAs, ASOs for HAND2-AS1, and/or combined with siRNAs for BMPR1A.

B Illustration of ASO/siRNA treatment timeline.
C Representative whole-body imaging of Huh7-Luc cells in different groups. Mice treated with scramble ASOs and/or siRNAs obtained similar results to vehicle

treatment. n ≥ 5 mice in each group.
D Quantification of tumor numbers treated with ASOs and/or siRNAs after Huh7-Luc tumor cells orthotopically implanted to B-NSG mice. Calculated data are shown

as means � SD (n = 5).
E Tumors were excised from livers of PDX liver cancer models. Scale bar, 0.5 cm.
F Representative H&E staining in liver sections from tumor-bearing mice treated with ASO1 and siBMPR1A in orthotopic transplants of tumors from HCC#50 and

HCC#51. Scale bar, 100 lm.
G Representative immunohistological staining with Ki67 antibody of tumor-bearing mice treated with ASO1 and siBMPR1A. Scale bar, 100 lm. Lower panel:

quantitation of Ki67-positive cells in different groups. Data are shown as means � SD (n = 5 per group).
H Northern blotting of HAND2-AS1 and immunoblotting of BMPR1A in tumors from PDX HCC#50 after treatment.
I, J Kaplan–Meier survival analysis of B-NSG mice orthotopically transplanted with PDXs HCC#50 (I) and HCC#51 (J). Treatment with ASO1 combined siBMPR1A causes

synergistic therapeutic effect than each treatment alone (n = 10 per group). P-value for Kaplan–Meier curves was determined using a Mantel–Cox log-rank test.

Data information: **P < 0.01 and ***P < 0.001 by two-tailed Student’s t-test unless indicated otherwise.
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Gene knockout by CRISPR/Cas9-mediated genome editing in vivo

Bmpr1a gene deletion mice were established by CRISPR/Cas9-

mediated genome editing in vivo as described (Platt et al, 2014).

Briefly, we cloned sgRNA into adeno-associated virus (AAV) vector

(Addgene #60231) and transfected into 293T cells along with

pHelper vector (Biovector NTCC Inc) and pAnc80L65 vector

(Addgene #68837) for 72 h. Then, transfected cells were lysed by

repeated unfreezing and AAV was purified for splenic injection into

CRISPR/Cas9 knockin mice (Jackson Laboratory, Stock no: 024857),

and gene deletion efficiency was examined by Western blot 1 week

post-injection. sgRNA sequences used for this study were listed in

Appendix Table S1.

Patients and sample collection

Primary HCC patients with hepatectomy were recruited in this

study. Pathological diagnosis was made according to the histology

of tumor specimens or biopsy and examined by experienced pathol-

ogists. Liver cirrhosis and normal livers were used as controls. The

diagnosis of cirrhosis was made according to histological findings in

liver explants or CT/MRI results. All tissue samples were obtained

from consenting patients and approved by the Institutional Review

Board of the Institute of Biophysics, Chinese Academy of Sciences.

All specimens were obtained from the partial hepatectomy series at

the Department of Hepatobiliary Surgery, PLA General Hospital

(Beijing, China). The clinical data for the above patients are summa-

rized in Appendix Table S2.

Patient-derived xenograft (PDX) liver cancer model and
RNA treatment

Patient-derived samples were obtained from patients who had given

informed consent. Human hepatocytes were isolated by a two-step

collagenase perfusion method with slight modification. Briefly, the

liver was perfused at 5 ml/min with EGTA buffer at 37°C for 5 min

via the portal vein. Subsequently, the liver was further perfused

using collagenase and dispase (collagenase IV dispase 4 mg/ml;

Invitrogen) at 37°C for 1 h. The liver was then dissociated in

suspension buffer and filtered with 100 lm cell strainer. Hepato-

cytes were collected by centrifugation at 50 g for 2 min. Passage-1

PDXs were then orthotopically transplanted into B-NSG mice via

injection with 2 × 105 hepatocytes. ASOs (30 mg/kg) and/or siRNAs

(30 mg/kg) were intraperitoneally injected on days 8, 12, 16, 20,

and 24. Tumor growth was detected after 28 days.

Microarray analysis

For liver CSCs and CSCs sorting, cocktail PE-conjugated anti-human

CD133 and FITC-conjugated anti-human CD13 antibodies were incu-

bated with HCC primary cells, followed by sorting with FACS Aria

III (BD Immunocytometry Systems, San Jose, CA, USA). Cells were

collected for total RNA extraction with Trizol reagent. Samples were

analyzed with Agilent lncRNA microarray.

Genome-wide expression profiling assay of cells with HAND2-

AS1 and INO80 being knocked down by shRNA as well as scramble

control was carried out in custom-designed microarray (Agilent Plat-

form). Feature extraction software was used to extract all features of

the data from the scanned images, followed by background subtrac-

tion and quality control. Quantile normalization was carried out on

the whole set of probes. Expression values were log2-scale trans-

formed, and then, probes for transcripts were collapsed down to

gene level.

In vitro coding potential assay

The potential ORF sequences of HAND2-AS1 and GFP were

cloned in frame into pcDNA3.1(+) with double enzyme digestion

reactions. GFP antibody was used to detect whether the

predicted HAND2-AS1 ORF sequence could be translated as a

fusion protein with GFP.

RNA fluorescence in situ hybridization (FISH)

Fluorescence-conjugated HAND2-AS1 probes were used for RNA

FISH. RNA FISH was performed as previously described. Hybridiza-

tion was carried out using DNA probe sets (Biosearch Technologies)

according to the protocol of Biosearch Technologies. Oncosphere

and control cells were observed with a FV1000 confocal laser micro-

scopy (Olympus).

RNA pulldown and mass spectrometry (MS) assay

RNA pulldown was performed as described (Klattenhoff et al,

2013). In vitro biotin-labeled RNAs (HAND2-AS1, its antisense

RNA, and an intron control RNAs of HAND2-AS1) were tran-

scribed with the biotin RNA labeling mix (Roche) and T7 RNA

polymerase (Roche) treated with RNase-free DNase I (Promega)

and purified with RNeasy Mini Kit (QIAGEN). Biotinylated RNA

was incubated with HCC oncosphere cell nuclear extracts, and

pulldown proteins were run on SDS–PAGE gels, followed by

mass spectrometry.

CRISPR–Cas9 knockout system in HCC cell lines

HAND2-AS1 Huh7, Hep3B, and Huh7-Luc cells were established

with a CRISPR-Cas9 system (Zhu et al, 2016a). For HAND2-AS1

rescue, HAND2-AS1-overexpressing lentivirus was co-infected, and

this was followed by puromycin and GFP sorting.

RNA-EMSA assay

EMSA experiments were performed using a LightShift Chemilumi-

nescent RNA EMSA Kit (Thermo Scientific).

Chromatin isolation by RNA purification-sequencing (ChIRP-seq)
and bioinformatics analysis

Chromatin isolation by RNA purification (ChIRP) was performed as

described previously (Chu et al, 2012). In brief, human liver cells

were cross-linked using glutaraldehyde. After glycine quenching,

the nuclear lysate was sonicated for 25–30 cycles, 30 s on 30 s off at

4°C, with BioRuptor twin sonicator (Diagenode). Ten HAND2-AS1

and eight LacZ pulldown probes with BiotinTEG were designed by

Biosearch Technologies and allowed to hybridize overnight with

sonicated chromatin at 37°C (100 pmol probe per 1 ml chromatin).
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After hybridization, C1 Dynabeads (Life Technologies) were added

and incubated for 30 min. For protein elution for mass spectrometry

analysis, washed beads were resuspended in 3 × original volume of

DNase buffer (100 mM NaCl and 0.1% NP-40), and protein was

eluted with a cocktail of 50 mM triethylammonium bicarbonate,

12 mM sodium lauryl sarcosine, and 0.5% sodium deoxycholate

supplemented with 100 lg/ml RNase A (Sigma-Aldrich) and 0.1 U/

ll RNase H (Epicentre), and 100 U/ml DNase I (Invitrogen). For

RNA isolation, beads were resuspended in proteinase K buffer

[100 mM NaCl, 10 mM Tris-Cl, pH 7.0, 1 mM EDTA, 0.5% SDS, 5%

by volume proteinase K (AM2546, Ambion) 20 mg/ml] and incu-

bated at 50°C followed by Trizol isolation and DNase treatment. We

repeated the ChIRP-seq experiments for three times.

The paired-end sequencing reads were mapped to the human

genome (hg19) sequence using bowtie2, and the duplicate reads

were subsequently removed by Picard with default parameters. The

enriched peaks were called by MACS2. For each peak, we filtered

for peaks that share the same shape from the three independent

experiments. Only peaks with high correlation of the raw data pro-

file and high coverage across the peak were accepted. Peaks from

all the samples were intersecting peaks from three replicative

ChIRP-seq experiments. For HAND2-AS1 ChIRP-seq sample, thresh-

olds of average coverage > 1.5, Pearson correlation > 0.3, and fold

enrichment against input > 2 were applied to filter MACS predicted

peaks. Regions overlapping any enriched peaks called by the nega-

tive controls (LacZ probes) were discarded, and only the regions

which share no sequence similarity with the LacZ probes were kept

for further analysis.

IVIS in vivo imaging

Detection of luciferase activity was performed in an IVIS-100 imag-

ing system. Five minutes before the procedure, mice were injected

intraperitoneally with D-luciferin, bioluminescence substrate

(Sigma) according to the manufacturer’s instructions. Living Image

4.3 software (PerkinElmer) was used for analysis of the images after

acquisition.

Immunohistochemistry

Tumor samples were fixed in 4% formaldehyde for 24 h at room

temperature, moved into 70% ethanol for 12 h, and then embedded

in paraffin. After cutting (Leica RM2235) and baking at 60°C for

20 min for de-paraffinization, slides were treated for antigen

unmasking. For immunohistochemical staining, endogenous peroxi-

dases were inactivated by 3% hydrogen peroxide at room tempera-

ture (RT) for 15 min. Non-specific signals were blocked with 5%

BSA and 5% goat serum for 1 h. Tissues were stained with primary

antibodies for 12 h at 4°C. After washing with PBS-T, tissues were

stained with secondary antibodies against mouse, rabbit, or goat for

1 h, RT. For immunofluorescence, secondary antibodies conjugated

to Alexa594 (Molecular Probes) were used. Images were captured

with Olympus confocal microscope.

Statistical analysis

Data were analyzed with a double-sided Student’s t-test using the

SPSS 13.0 software and GraphPad Prism 6. Tumorigenic cell

frequency was calculated based on extreme limiting dilution analy-

sis (ELDA) (http://bioinf.wehi.edu.au/software/elda/). P-values

less than 0.05 were considered statistically significant. For other

methods, see the Appendix.

Data availability

Microarray data and ChIRP-seq data have been deposited in the

NCBI GEO under accession numbers GSE122420 (https://www.ncb

i.nlm.nih.gov/geo/query/acc.cgi?acc=GSE122420) and GSE126123

(https://www.ncbi.nlm.nih.gov/geo/query/acc.cgi?acc=GSE126123).

Expanded View for this article is available online.
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