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Background: MicroRNA-122 (miR-122), a pivotal liver-specific miRNA, is frequently repressed in hepatocellular
carcinoma (HCC) and associated with poor prognosis. Long non-coding RNA (lncRNA) HOTAIR has been proved
to function as an oncogene in multiple cancers including HCC. However, the relationship between HOTAIR and
miR-122 in HCC remains largely unknown.
Methods:We investigated the function of HOTAIR andmiR-122 inHCC cell models and a xenograft mousemodel.
The regulatory network between HOTAIR andmiR-122was further detected following overexpression or knock-
down of HOTAIR. DNA methylation status of miR-122 promoter region, as well as expression levels of DNMTs,
EZH2 and Cyclin G1 were analyzed.
Findings: In this study, we found that HOTAIR was highly expressed whereas miR-122 was suppressed in HCC,
and HOTAIR negatively regulatedmiR-122 expression in HCC cells. Furthermore, knockdown of HOTAIR dramat-
ically inhibited HCC cell proliferation and induced cell cycle arrest in vitro and suppressed tumorigenicity in vivo
by upregulating miR-122 expression. Mechanistically, a CpG island was located in the miR-122 promoter region.
HOTAIR epigenetically suppressed miR-122 expression via DNMTs-mediated DNA methylation. Moreover,
HOTAIR upregulated DNMTs expression via EZH2. In addition, suppression of miR-122 induced by HOTAIR di-
rectly reactivated oncogene Cyclin G1 expression. Collectively, our results suggest that HOTAIR epigenetically
suppressesmiR-122 expression via DNAmethylation, leading to activation of Cyclin G1 and promotion of tumor-
igenicity in HCC, which provide new insight into the mechanism of HOTAIR-mediated hepatocarcinogenesis via
suppressing miR-122.
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1. Introduction

Hepatocellular carcinoma (HCC) is the fifth most prevalent human
malignancy and the third leading cause of cancer-related mortality
worldwide [1,2]. In patients with HCC, the best treatment is surgical re-
section. However, only a little proportion of patients with HCC un-
dergoes a radical operation, and even in patients who are suitable for
radical surgery, the risk of recurrence is high. Despite the recent prog-
ress in HCC prevention, diagnosis and intervention, treatment for HCC
still remains unsatisfactory [2]. Thus, elucidating the underlying
coding RNA;
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mechanism of HCC progression and identifying novel potential targets
for HCC therapies are urgently needed. Recently, accumulating studies
demonstrated that non-coding RNAsplay a part in regulating various bi-
ological processes in cancers including hepatocarcinogenesis [3,4], sug-
gesting the potential role of non-coding RNAs for HCC diagnosis and
intervention.

MicroRNA-122 (miR-122) is a dominant liver-specific miRNA, ac-
counting for 70% and 52% of liver's total miRNAs in adult mouse and
human, respectively [5,6]. Consequently, miR-122 plays a pivotal role
in liver development, hepatocyte differentiation, lipidmetabolism, hep-
atitis C virus (HCV) replication and hepatocarcinogenesis [6–9]. Accu-
mulating studies demonstrated that miR-122 was significantly
suppressed in HCC tissues and cell lines. Decreased expression level of
miR-122 was correlated with hepatocarcinogenesis, metastasis and
poor prognosis of HCC [9,10]. Furthermore, deletion of miR-122 in
miR-122-knockout (KO) mice developed hepatosteatosis, fibrosis and
ultimately HCC, and restoration of miR-122 in HCC cells strongly
the CC BY-NC-ND license (http://creativecommons.org/licenses/by-nc-nd/4.0/).
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Research in context

Evidence before this study

MicroRNA-122 (miR-122) is a dominant liver-specific miRNA,
playing a pivotal role in liver development, hepatocyte differentia-
tion, as well as in hepatocarcinogenesis. MiR-122 has been re-
ported to be frequently repressed in HCC and associated with
poor prognosis. LncRNA HOTAIR has been proved to function as
an oncogene in multiple cancers including HCC, by inhibiting sev-
eral genes and microRNAs expression. However, the relationship
between HOTAIR and miR-122 in HCC is still ill-defined.

Added value of this study

HOTAIR was overexpressed while miR-122 was suppressed in
HCC, and HOTAIR negatively regulated miR-122 expression in
HCC cells. Knockdown of HOTAIR was sufficient to inhibit tumor-
igenicity both in vitro and in vivo by upregulating miR-122 expres-
sion Mechanistically, HOTAIR epigenetically suppressed miR-122
expression via DNMTs-mediated DNA methylation, leading to ac-
tivation of Cyclin G1 and promotion of tumorigenicity in HCC.

Implications of all the available evidence

Both HOTAIR and miR-122 play crucial roles in the development
of HCC. Our study provides new insight into the novel mechanism
of HOTAIR-mediated hepatocarcinogenesis via epigenetically sup-
pressing miR-122, and propose the HOTAIR/miR-122 negative
regulatory axis as a promising molecular target for HCC
intervention.
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reversed the tumorigenic properties of these cells and further prevent
HCC development in miR-122-KO mice [9]. Moreover, restoration of
miR-122 sensitized HCC cells to chemotherapeutic agents, aswell as so-
rafenib [11,12]. Additionally, a variety of validated miR-122 targets in-
cluding cyclin G1 (CCNG1), insulin-like growth factor 1 receptor
(IGF1R), A disintegrin and metalloprotease 10 (ADAM10), Wnt family
member 1 (WNT1) and pyruvate kinase M2 (PKM2) have been impli-
cated in hepatocarcinogenesis, epithelial-mesenchymal transition and
angiogenesis of HCC [12–15]. These findings support that miR-122
functions as a tumor suppressor against HCC. Although an increasing
number of studies have demonstrated that Peroxisome proliferator-
activated receptor gamma (PPARγ), hepatitis B virus X protein (HBx),
and REV-ERBα may be involved in the modulation of miR-122 down-
regulation [16,17], the precise mechanism underlying its suppression
in HCC has not yet been fully elucidated.

Recently, long non-coding RNAs (lncRNAs) have attacked particular
attentions in cancer research [3,18]. Accumulating evidences have re-
vealed that several lncRNAs are frequently dysregulated in a variety of
human cancers including HCC, and involved in pathogenesis and pro-
gression of cancers [18,19]. HOTAIR (Homeobox transcript antisense
intergenic RNA) is a known lncRNA located in the Homeobox C
(HOXC) gene cluster, and has been shown to regulate gene expression
via epigenetic modifications, such as histone methylation and DNA
methylation [20,21]. Numerous studies have revealed that HOTAIR
was highly expressed in multiple cancers, including breast cancer, pan-
creatic cancer, colorectal cancer, and HCC [20–23]. Overexpression of
HOTAIR in HCC was positively associated with poor prognosis, tumor
progression, and recurrence [22,23]. Knockdown of HOTAIR inhibited
cell proliferation, migration, invasiveness and autophagy in HCC cells
[24–26], implicating the important oncogenic role of HOTAIR in HCC
development. A recent study has demonstrated that HOTAIR mediates
tumorigenesis of HCC through inhibiting miR-218 expression [27], es-
tablishing a direct link between HOTAIR and miRNA dysregulation in
HCC development. Moreover, HOTAIR has also been documented to
negatively regulate the expression of miR-1 and miR-23b-3p in HCC,
contributing to the malignancy of HCC [28,29]. However, there is no
study investigating whether HOTAIR can regulate miR-122 expression,
the most bountiful and frequently repressed miRNA in HCC.

In the present study, we showed that HOTAIR was upregulated
whereas miR-122 was downregulated in HCC specimens, and HOTAIR
negatively regulated miR-122 expression in HCC cells. Knockdown of
HOTAIR was sufficient to inhibit tumorigenicity both in vitro and
in vivo by upregulating miR-122 expression. Mechanistically, HOTAIR
may epigenetically suppress miR-122 expression via DNA methylation,
mediated by DNMTs.Moreover, downregulation ofmiR-122 induced by
HOTAIR may directly reactivated Cyclin G1 expression. Collectively, our
findings provide new insight into the mechanism of HOTAIR-mediated
hepatocarcinogenesis via suppressing miR-122, and it would be helpful
to develop a promising therapeutic strategy for HCC intervention.

2. Materials and methods

2.1. Cell culture and tissue specimens

A set of HCC cell lines including HepG2, Huh7, Hep3B, SMMC7721,
MHCC97H, and immortalized non-tumorigenic hepatocyte MIHA cells
were maintained in Dulbecco's modified Eagle's medium (DMEM) sup-
plemented with 10% FBS and 1% Penicillin-Streptomycin. 30 paired
fresh clinic specimens including primary HCC specimens and their
peri-tumor counterparts were obtained from surgical tumor resections
of patients suffering HCC at the Sun Yat-Sen Memorial Hospital, Sun
Yat-Sen University (SYSU). The clinical data for these above patients
was described in the Supplementary Table SI. The use of human tissues
in this studywas approved by the Ethics Committee of Sun Yat-SenMe-
morial Hospital, Sun Yat-Sen University.

2.2. RNA oligoribonucleotides and cell transfections

The RNA oligoribonucleotides targeting human HOTAIR, EZH2 and
miR-122 were synthesized and purchased from Genepharma (Shang-
hai, China), and the sequences were listed in Supplementary Table SII.
Human DNMT1-siRNA, DNMT3A-siRNA and DNMT3B-siRNA were pur-
chased from Origene.

Lipofectamine 2000 (Invitrogen) was used for transfection of RNA
oligoribonucleotides [30], and X-tremeGENE (Roche) was used for
transfection of plasmid DNA, according to their manufacturer's instruc-
tions, respectively.

2.3. HOTAIR shRNA and overexpression plasmids

Lv-shHOTAIR and Lv-shNC (a small hairpin RNA which was nonho-
mologous to any human genome sequences, acted as negative control)
plasmids were purchased from Genepharma (Shanghai, China). The
HOTAIR overexpression plasmid (pHOTAIR) was purchased from
Addgene.

2.4. Lentiviral miR-122 expression plasmid construction and lentiviruses
production

A 160 bp sequence of pre-miR-122 containing the stem-loop
was amplified and cloned into a lentiviral vector (designated as
Lv-miR-122). Then lentiviruses were produced and purified. Briefly,
Lv-miR-122 vector and three packaging vectors (pRRE, pRSV-REV and
pCMV-VSVG) were co-transfected into 293 T cells to generate the



Fig. 1. HOTAIR negatively regulated miR-122 expression in HCC cells. (a–b) HOTAIR was upregulated in HCC specimens (a) and cell lines (b). (c–d) miR-122 was downregulated in HCC
specimens (c) and cell lines (d). (e–f) miR-122 was upregulated by siHOTAIR-1 (e) whereas downregulated by pHOTAIR (f) in HepG2 and Huh7 cells. Data are representative of three
independent experiments and are presented as mean± SD. *P b 0.05, **P b 0.01 (Student's t-test).
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pseudo-typed lentivirus. A lentiviral vector containing a non-targeting
scramble RNA was used as negative control (Lv-NC).
2.5. Quantitative reverse-transcription polymerase chain reaction
(qRT-PCR)

The total RNA was extracted from HCC specimens or cells by using
Trizol reagent (Invitrogen), and the reverse transcriptionwas processed
as described previously [30]. The specific Primers usedwere listed in the
Supplementary Table SIII. GAPDH or U6 were used as endogenous
controls.
2.6. Western blotting and immunocytochemistry

Protein lysates from HCC cells were subjected to Western blotting
analysis by using anti-EZH2 (Abcam), anti-DNMT1 (Abcam), anti-
DNMT3A (Abcam), anti-DNMT3B (Abcam), and anti-CCNG1 (Abcam)
according to standard protocols as previously described [24,30].
Formaldehyde-fixed, paraffin-embedded sections were subjected to
H&E staining and immunohistochemistry by using anti-Ki67 (Abcam)
following the routine protocols.
2.7. Bisulfite sequencing analysis

The methylation status of miR-122 promoter was determined by
Bisulfite sequencing PCR (BSP). Primers were listed in the Supple-
mentary Table SIV. miR-122 DNA was extracted using a DNA kit
(Qiagen), and the miR-122 DNA was subjected to bisulfite conver-
sion using an EpiTect Bisulfite Kit (Qiagen). The transformed DNA
was then PCR-amplified using the TaKaRa rTaq Kit (TaKaRa). The
PCR amplification products were sequenced by Invitrogen Corpora-
tion, Shanghai, China.
2.8. Chromatin immunoprecipitation (ChIP)

ChIP assaywas performed by using ChIP Kit (Millipore) according to
the manufacturer's instructions as previously described [30]. Briefly,
Chromatin was extracted, and DNA was sheared to 0.2- to 1-kb frag-
ments. The sheared chromatin was immunoprecipitated with anti-
DNMT1 (Abcam), anti-DNMT3A (Abcam), anti-DNMT3B (Abcam).
DNA released from precipitated complexes was amplified by qRT-PCR.
2.9. Cell viability assay

Cell viability was analyzed by the Cell Counting Kit-8 system
(Dojindo Laboratory, Kumamoto). Briefly, cells were seeded at 5 × 103

per well into 96-well plates and incubated under the indicated condi-
tions. After 72 h, cell viabilities were detected by using a Benchmarkmi-
croplate spectrometer (Bio-Rad).
2.10. Cell cycle analyses

For cell cycle distribution analysis, cells were seeded at 2 × 105 per
well into 6-well plates. After cultured for 72 h, cells were then labeled
with propidium iodide (PI) and analyzed by flow cytometry, as de-
scribed previously [30].
2.11. Xenograft mouse model

The xenograft mouse models were carried out using female BALB/c
nude mice at 4 weeks of age. HepG2 cells were infected with Lv-
shHOTAIR or Lv-shNC or Lv-miR-122 or Lv-NC, respectively. Mice
were injected subcutaneouslywith 1 × 106 infected cells into the dorsal
flank. Tumor volumes (V) were surveyed using calipers to measure
tumor length (L) and width (W) twice a week (V = 0.5 × L × W2 ).
Tumor weight was measured at the endpoint of the study.



Fig. 2. HOTAIR mediated cell growth through downregulating miR-122 expression in vitro. (a) knockdown of HOTAIR suppressed whereas HOTAIR overexpression promoted cell
viabilities in HCC cells. (b) miR-122 suppressed whereas anti-miR-122 promoted cell proliferation in HCC cells. (c–d) siHOTAIR-1 or miR-122 induced the G1-phase arrest in HCC cells.
(e–f) miR-122 reversed the enhanced proliferative effect of HOTAIR overexpression (e) whereas anti-miR-122 rescued the suppressive effect of shHOTAIR (f) on HCC cell growth. (g–j)
miR-122 reversed the cell cycle progression induced by HOTAIR overexpression (g–h) whereas anti-miR-122 abrogated the cell cycle arrest induced by shHOTAIR (i-j) in HCC cells.
Data are representative of three independent experiments and are presented as mean± SD. *P b 0.05, **P b 0.01 (Student's t-test).
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2.12. Statistical analysis

Data from three independent experiments were presented as the
mean ± SD. Statistical analyses were performed by using a two-tailed
Student's t-test or the Pearson's correlation in GraphPad Prism 7.0
(GraphPad Software, USA). P b 0.05 was considered to indicate a statis-
tically significant difference.
3. Results

3.1. HOTAIR negatively regulated miR-122 expression in HCC cells

Previous studies have documented that lncRNAHOTAIR could nega-
tively regulate a variety of miRNAs in several human cancers including
HCC [27,29]. MiR-122 is frequently suppressed in HCC. To investigate



Fig. 3. HOTAIR mediated tumorigenicity through miR-122 downregulation in vivo. HepG2 cells were infected with Lv-shHOTAIR or Lv-miR-122 injected subcutaneously into nude mice.
(a–d) Lv-shHOTAIR (a) and Lv-miR-122 (d) infected cells generated smaller tumors than their control cells. (b–e) the growth curves of tumor volumesweremeasured in the Lv-shHOTAIR
(b) and Lv-miR-122 (e) group. (c–f) the tumorweights were measured in the Lv-shHOTAIR (c) and Lv-miR-122 (f) group. (g) miR-122 expression was increased in the xenograft tumors
treated with Lv-shHOTAIR or Lv-miR-122. (h) the immunohistochemistry of Ki-67 stained sections followed by counterstaining with DAPI. Data are representative of three independent
experiments and are presented as mean± SD. *P b 0.05, **P b 0.01 (Student's t-test).
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whether HOTAIR plays a part in suppression of miR-122 in HCC devel-
opment, we first test the expression levels of HOTAIR and miR-122 in
HCC tissues and cell lines. Our results showed that HOTAIR was highly
expressed in HCC tissues, as compared with the peri-tumor tissues
(Fig. 1a). We also found that HOTAIR expression was markedly in-
creased in HCC cell lines (Fig. 1b). Additionally, miR-122 expression
was decreased in HCC tissues (Fig. 1c), as well as in HCC cell lines
(Fig. 1d), which were consistent with previous studies [9]. Therefore,
HOTAIR upregulation and miR-122 downregulation would be frequent
events in HCC development, and an inverse relationship between
HOTAIR and miR-122 in HCC would be observed. To further
investigate the negative regulatory role of HOTAIR on miR-122 ex-
pression, we used the specific siRNAs (siHOTAIR) to silence HOTAIR.
We found that HOTAIR expression was effectively knocked down by
siHOTAIR-1 and siHOTAIR-2 (Fig. S1). Then siHOTAIR-1 was selected
for silencing HOTAIR in the following experiments. Our results
showed that knockdown of HOTAIR by siHOTAIR-1 dramatically in-
creased the expression of miR-122 in HepG2 and Huh7 cells
(Fig. 1e). On the other hand, overexpression of HOTAIR by pHOTAIR
decreased miR-122 expression in HepG2 and Huh7 cells (Fig. 1f).
These data indicated that HOTAIR negatively regulated miR-122 ex-
pression in HCC cells.



Fig. 4. HOTAIR regulated DNAmethylation of miR-122 promoter region in HCC cells. (a) a CpG island was located in themiR-122 promoter region of−5000 bp upstream of themiR-122
stem-loop. (b) the sequence level detail of themiR-122promoter region (−4817 to−4526 bpupstreamof themiR-122 stem-loop). (c)miR-122promoter regionwas hypermethylated in
HCC cells, but unmethylated inMIHA cells analyzedbyMSP. (d) 5-Aza-dC treatment decreased theDNAmethylation level ofmiR-122promoter region inHCC cells analyzedbyMSP. (e) 5-
Aza-dC treatment increased the expression level ofmiR-122 inHCC cells. (f) knockdown of HOTAIR decreasedDNAmethylation level ofmiR-122 promoter region inHCC cells analyzed by
BSP. Data are representative of three independent experiments and are presented as mean± SD. *P b 0.05, **P b 0.01 (Student's t-test).
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3.2. HOTAIR promoted cell growth through downregulating miR-122
expression in vitro

Previous studies have revealed that lncRNA HOTAIR promotes tu-
morigenesis and metastasis in several human cancers [20,21,27]. To in-
vestigate whether HOTAIR promotes hepatocarcinogenesis via
suppressing miR-122 in HCC, we first test the proliferative function of
HOTAIR in HCC. The HCC cell lines HepG2 and Huh7 were transfected
with siHOTAIR or pHOTAIR, respectively, and cell proliferation were
tested. Our results showed that knockdown of HOTAIR by siHOTAIR-1
suppressed cell proliferation while overexpression of HOTAIR by
pHOTAIR promoted cell viability in HCC cells (Fig. 2a). Next, we studied
the role of miR-122 on HCC cell proliferation and our results showed
that miR-122 suppressed cell proliferation whereas anti-miR-122 pro-
moted cell viability in HCC cells (Fig. 2b). Furthermore, the cell cycle dis-
tribution revealed that knockdown of HOTAIR by siHOTAIR-1 or ectopic
miR-122 overexpression induced an enlarged percentage of HCC cells in
G1-phase and fewer cells in S-phase (Fig. 2c–d), suggesting that
siHOTAIR or miR-122 would inhibit HCC cell proliferation through in-
ducing the cell cycle arrest. To further investigate the antagonistic ef-
fects of HOTAIR and miR-122 on HCC cell proliferation and cell cycle
progression, miR-122 was transfected into the pHOTAIR-stably-
infected HCC cells and cell viabilities was tested. Our results showed
that overexpression of miR-122 reversed the cell proliferation induced
by pHOTAIR (Fig. 2e). On the other hand, anti-miR-122 was transfected
into the Lv-shHOTAIR-infected HCC cells and our result showed that in-
hibition ofmiR-122 by anti-miR-122 significantly abrogated cell growth
inhibition induced by shHOTAIR (Fig. 2f). Moreover, the cell cycle distri-
bution revealed that miR-122 reversed the cell cycle progression in-
duced by pHOTAIR (Fig. 2g–h), whiles, anti-miR-122 abrogated the
cell cycle arrest induced by shHOTAIR (Fig. 2i–j). These data suggested
that HOTAIR promoted cell growth through downregulating miR-122
expression in HCC cells.

3.3. HOTAIR mediated tumorigenicity through miR-122 downregulation
in vivo

To further confirm these above findings in vitro, we performed an
in vivo xenograft model that HepG2 cells transfected with Lv-
shHOTAIR or Lv-miR-122 were injected subcutaneously into the dorsal
flank of nude BALB/c mice. The in vivo results showed that the Lv-
shHOTAIR group displayed a significant reduction in tumor volume
andweight, as comparedwith the Lv-shNC group (Fig. 3a–c), and a sim-
ilar anti-tumor effect ofmiR-122 on HCC cells in vivowas also observed,
as compared with the Lv-NC group (Fig. 3d–f). Next, the xenograft tu-
mors were removed and the expression level of HOTAIR and miR-122
were detected. Our results showed that expression level of miR-122
was increased in the Lv-shHOTAIR group, as compared with the Lv-



Fig. 5. HOTAIR epigenetically suppressed miR-122 through DNMTs in HCC cells. (a–g) DNMT1, DNMT3A, and DNMT3B expression were suppressed by siHOTAIR-1 and promoted by
pHOTAIR at both mRNA (a–c) and protein (d–g) levels in HCC cells. (h) either siDNMT1, or siDNMT3A, or siDNMT3B increased miR-122 expression in HCC cells. (i) either siDNMT1, or
siDNMT3A, or siDNMT3B rescued the HOTAIR-induced miR-122 suppression in HCC cells. (j) knockdown of HOTAIR caused a significant reduction of DNMTs binding to the miR-122
promoter region in HCC cells analyzed by ChIP assay. Data are representative of three independent experiments and are presented as mean± SD. *P b 0.05, **P b 0.01 (Student's t-test).
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shNC group (Fig. 3g). In addition, the cell proliferationmarker Ki-67was
tested by immunohistochemistry (IHC) assay, and the results showed
that Ki-67 expression was decreased in xenograft tumors treated with
Lv-shHOTAIR or Lv-miR-122 (Fig. 3h). These data suggested that
HOTAIR may mediate tumorigenicity in HCC, at least in part, by sup-
pressing miR-122 expression.

3.4. HOTAIR regulated DNA methylation of miR-122 promoter region

We next sought to elucidate the molecular mechanism by which
HOTAIR mediates the downregulation of miR-122 in HCC. Previous
study has reported that cotreatment of DNA methylation inhibitor
(5-Aza-dC, AZA) and histone deacetylase inhibitor (PBA) restored
miR-122 expression in HCC cells [16]. Our preliminary experiment
found that AZA treatment without PBA also upregulated miR-122 ex-
pression inHCC cells (data unshown). Therefore, we focus on the poten-
tial role of DNA methylation in regulation of miR-122 expression. We
examined the 5 kb genomic region up-stream of miR-122 stem-loop,
where the putative promoter sequence of this miRNA is likely to be
found [31]. Indeed, a CpG island was located in the miR-122 promoter
region (Fig. 4a–b), suggesting a possible involvement of DNA methyla-
tion in the regulation ofmiR-122 expression. Next, we performedMeth-
ylation specific PCR (MSP) to evaluate the DNA methylation status of
miR-122 promoter region in HCC cells, we found that the promoter
region of miR-122 was hypermethylated in HCC cells, but
hypomethylated in the hepatocyte MIHA cells (Fig. 4c). Then HCC cells
were treated with 5-Aza-dC (AZA), a DNA methylation inhibitor, and
the results showed that AZA treatment significantly decreased the
DNA methylation level of miR-122 promoter region (Fig. 4d), and in-
creased the expression of miR-122 in HCC cells (Fig. 4e), suggesting
that suppression of miR-122 in HCC cells may be associated with DNA
methylation status at the promoter region of this gene. To validate the
regulatory effect of HOTAIR on DNA methylation level of miR-122
promoter region, Bisulfate sequencing PCR (BSP) was performed. Our
results showed that knockdown of HOTAIR by siHOTAIR-1 in HepG2
and Huh7 cells significantly decreased DNA methylation level at the
CpG island of miR-122 promoter region (Fig. 4f). These results sug-
gested that HOTAIR may epigenetically suppress miR-122 expression
via DNA methyaltion.

3.5. HOTAIR epigenetically suppressed miR-122 through DNMTs

Generally, DNMTs, including DNMT1, DNMT3A, and DNMT3B, are
responsible for the regulation of DNA methylation at CpG islands [32].
To better understanding whether DNMTs were involved in the regula-
tion of miR-122 methylation by HOTAIR, expression levels of DNMTs
were detected. Our results showed that DNMT1, DNMT3A, and
DNMT3B were upregualted in HCC cells (Fig. S2). Furthermore,



Fig. 6. EZH2 mediated HOTAIR-induced DNMTs expression in HCC cells. (a–e) knockdown of EZH2 by siEZH2-1 downregulated the expression levels of DNMT1, DNMT3A, and DNMT3B
mRNA (a–c) and protein (d–e) in HCC cells. (f–j) siEZH2-1 reversed the upregulation of DNMTs mRNA (f–h) and protein (i–j) expression induced by HOTAIR in HCC cells. (k) siEZH2-1
abrogated the suppression of miR-122 induced by HOTAIR in HCC cells. Data are representative of three independent experiments and are presented as mean± SD. *P b 0.05, **P b 0.01
(Student's t-test).
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DNMT1, DNMT3A, and DNMT3B were suppressed by siHOTAIR-1 and
promoted by pHOTAIR at both mRNA and protein levels (Fig. 5a–g), in-
dicating that HOTAIR are capable of inducing the upregulation of
DNMTs in HCC cells, contributing to regulation of DNA methylation. To
further determine whether DNMTs regulated miR-122 expression, the
specific siRNAs against DNMT1, DNMT3A and DNMT3B were used re-
spectively. Our results showed that either siDNMT1, or siDNMT3A, or
siDNMT3B increased the expression level of miR-122 (Fig. 5h). Further-
more, either siDNMT1, or siDNMT3A, or siDNMT3B rescued the
HOTAIR-induced miR-122 suppression (Fig. 5i). In addition, to assess
whether HOTAIR is required for DNMTs binding to the miR-122 pro-
moter region, ChIP was performed and our results showed that knock-
down of HOTAIR caused a significant reduction of DNMTs binding to
the promoter region of miR-122 (Fig. 5j). These data suggested that
HOTAIR may epigenetically suppress miR-122 through DNMTs-
mediated DNA methylation.

3.6. EZH2 mediated HOTAIR-induced DNMTs expression

Previous study have reported that HOTAIR promoted invasiveness
and metastasis by recruiting polycomb repressive complex 2 (PRC2),
thus leading to alteration of gene expression [20]. EZH2, an important
component of PRC2, is frequently overexpressed in multiple cancers,
acting as an oncogene [33]. Our results showed that EZH2was elevated
in HCC cells (Fig. S3). To further test whether HOTAIR could affect
DNMTs expression in HCC cells by recruiting EZH2, the specific siRNAs
against EZH2 (siEZH2) were used to silence EZH2 and its expression
was downregulated by siEZH2-1 and siEZH2-2 (Fig. S4). Then siEZH2-
1 was selected for silencing EZH2 in the following experiment. Our re-
sults showed that the expression levels of DNMT1, DNMT3A, and
DNMT3B were significantly decreased by siEZH2-1 (Fig. 6a–e). Further-
more, siEZH2-1 reversed the upregulation of DNMTs expression in-
duced by HOTAIR overexpression (Fig. 6f–j), indicating HOTAIR may
regulate DNMTs expression via EZH2. Additionally, knockdown of
EZH2 by siEZH2-1 not only increased the expression level of miR-122,
but also abrogated the suppression of miR-122 induced by HOTAIR
overexpression (Fig. 6k, Fig. S5). Collectively, these data suggested
that HOTAIR might upregulate DNMTs expression by EZH2, leading to
alterative expression of miR-122 via DNMTs-mediated DNA methyla-
tion in HCC cells.

3.7. HOTAIR upregulated Cyclin G1 via repressing miR-122

Our previous results have demonstrated that knockdown of HOTAIR
by siHOTAIR-1 or excess miR-122 induced cell cycle arrest (Fig. 2c–d).
Moreover, it has been proved that Cyclin G1 (CCNG1) is a functional tar-
get ofmiR-122,which contributes to cell proliferation and cell cycle pro-
gression [12–15]. Thus we suspected whether HOTAIR regulated cell
cycle progression through CCNG1. Our results showed that miR-122
dramatically suppressed the endogenous expression of CCNG1 at both
mRNA and protein levels, meanwhile, anti-miR-122 increased CCNG1
expression in HCC cells (Fig. 7a–d). As an oncogene, CCNG1 was fre-
quently upregulated in HCC cells. Furthermore, our results showed
that CCNG1 expression was suppressed by siHOTAIR-1 and increased
by pHOTAIR at bothmRNA and protein levels (Fig. 7e–h). In addition, ei-
ther siEZH2-1, or siDNMT1, or AZA treatment, or miR-122 treatment



Fig. 7. HOTAIR upregulated CCNG1 via repressing miR-122 in HCC cells. (a–d) miR-122 suppressed whereas anti-miR-122 increased the expression levels of CCNG1 mRNA (a-b) and
protein (c–d) in HCC cells. (e–h) CCNG1 expression was suppressed by siHOTAIR-1 whereas increased by pHOTAIR at both mRNA (e–f) and protein (g–h) levels in HCC cells. (i–l)
either siEZH2-1, or siDNMT1, or AZA treatment, or miR-122 treatment reversed the enhanced expression of CCNG1 induced by HOTAIR at both mRNA (i–j) and protein (k–l) levels in
HCC cells. Data are representative of three independent experiments and are presented as mean± SD. *P b 0.05, **P b 0.01 (Student's t-test).
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reversed the enhanced expression of CCNG1 induced by HOTAIR over-
expression (Fig. 7i–l). Collectively, these date suggested that HOTAIR
maymodulate carcinogenesis in HCC, at least in part, through suppress-
ing miR-122 and activating CCNG1.
3.8. HOTAIR expression negatively correlated with miR-122 and positively
correlated with Cyclin G1 in HCC

MiR-122 has been reported to be frequently repressed in HCC,
whereas HOTAIR and Cyclin G1 (CCNG1) were upregulated in HCC, re-
spectively [9,12,27]. To further study the correlation between HOTAIR,
miR-122 and CCNG1, the association analyses were performed and
our results showed that a significant negative relationship between
HOTAIR and miR-122 expression was found in these HCC specimens
(Fig. 8a). Moreover, a negative association between miR-122 and
CCNG1 (Fig. 8b) and a positive correlation between HOTAIR and
CCNG1 (Fig. 8c) were confirmed in these specimens. In addition, our
in vivo results showed that knockdown of HOTAIR caused the in-
creased expression of miR-122 and decreased expression of CCNG1,
as well as decreased DNMTs (Fig. 8d–f). Taken together, our data sug-
gested that lncRNA HOTAIR, upregulating DNMTs by EZH2, may epige-
netically suppress miR-122 expression via DNA methylation, therefore
leading to activation of CCNG1 and promotion of tumorigenicity in
HCC (Fig. 8g).
4. Discussion

Accumulating studies have demonstrated that abnormal expression
of non-coding RNAs including miRNAs and lncRNAs were associated
with carcinogenesis and poor prognosis in several human cancers, func-
tioning as oncogenes or tumor suppressors [3,4,15]. In this study, we
confirmed that HOTAIR was overexpressed whereas miR-122 was sup-
pressed in HCC specimens and cell lines, which were consistent with
previous studies [9,27], and for the first time, we identified that
HOTAIR negatively regulated miR-122 expression in HCC, which pro-
moted cell growth and hepatocarcinogenesis.

Emerging studies have documented that HOTAIR has a crucial role in
human cancers by inhibiting a list of miRNAs, including miR-130a in
gallbladder cancer [34], miR-331-3p in gastric cancer [35], miR-34a
and miR-663b in pancreatic cancer [36,37], miR-148a in cervical cancer
[38], as well asmiR-218 in HCC [27]. ConsideringmiR-122 is a dominant
liver-specific miRNA and its expression is decreased during
hepatocarcinogenesis [9,15], whether HOTAIR is involved in the sup-
pression of miR-122 in HCC remains unclear. In this study, we identified
that HOTAIR negatively regulatedmiR-122 expression inwhichHOTAIR
overexpression decreased miR-122 expression meanwhile knockdown
of HOTAIR increased miR-122 expression. Moreover, this negative cor-
relation between HOTAIR and miR-122 was confirmed in HCC speci-
mens. It has been showed that HOTAIR not only promoted cancer
metastasis, but also played key roles in cell proliferation and



Fig. 8. HOTAIR expression negatively correlated with miR-122 and positively correlated with CCNG1 in HCC. (a–c) the statistically significant association between HOTAIR, miR-122 and
CCNG1 expression in HCC specimens. (d–f) the expression of HOTAIR, CCNG1, DNMT1, DNMT3A, DNMT3B, and EZH2 in xenograft tumors were analyzed by qRT-PCR and WB. (g) the
schematic overview of HOTAIR/miR-122 mediated tumorigenesis in HCC. Data are representative of three independent experiments and are presented as mean ± SD. *P b 0.05, **P b

0.01 (Student's t-test).
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tumorigenicity of cancer cells [20,27,37]. Our results showed that
knockdown of HOTAIR inhibited HCC cell proliferation and induced
cell cycle arrest and effectively suppressed HCC tumor progression,
whichweremediated by negative regulation ofmiR-122 expression, in-
dicating that HOTAIR might promote hepatocarcinogenesis through
suppressing miR-122 expression. Nevertheless, the regulatory role of
HOTAIR in the expression of miR-122 in HCC remains elusive.

DNAmethylation has been recognized as one of the causes of tumor
initiation and development. A number of coding genes such as RASSF1A,
as well as non-coding miRNAs such as miR-124, containing CpG islands
at their promoter regions, were suppressed in human cancers by DNA
methylation [39,40]. We found that a CpG island was located in the
miR-122 promoter region, and treatment of HCC cells with DNA meth-
ylation inhibitor AZA dramatically increased the miR-122 expression
level, suggesting that miR-122 was epigenetically suppressed via DNA
methylation in HCC cells. Numerous studies demonstrated that a list
of lncRNAs could mediate the maintenance of DNA methylation status
and consequently repress their target genes in several cancers [41,42].
Our study showed that knockdown of HOTAIR in HCC cells decreased
DNA methylation level of miR-122 promoter region, resulting in ele-
vated expression of miR-122. These data suggested that HOTAIR could
modulate miR-122 expression via DNA methylation, thus contributing
to HCC tumorigenesis.
DNA methylation has been reported to be catalyzed by a family of
DNA methyltransferases (DNMTs). DNMT1 has an ability to induce
both de novo and maintenance of methylation. DNMT3A and DNMT3B
are mainly involved in the de novo methyltransferase [32]. Previous
studies showed that HOTAIR affected HOXA1 methylation through reg-
ulating DNMT1 and DNMT3B in small cell lung cancers [43]. Thus, we
hypothesized that HOTAIR-induced epigenetic suppression of miR-122
via DNA methylation was mediated by DNMTs. Indeed, we found that
HOTAIR-induced miR-122 suppression was associated with enhanced
expression of DNMTs, and abolished by inhibition of DNMTs, indicating
that HOTAIRwas capable of regulating DNMTs expression, leading to al-
teration of DNA methylation status. It has been proved that HOTAIR al-
tered gene expression by recruiting EZH2 [20], and EZH2 could facilitate
DNA methylation through DNMTs [44]. Besides, knockdown of EZH2
not only inhibited DNMT1 expression but also reduce DNMT1 presence
at the target promoter region [45]. To validate the potential role of EZH2
between HOTAIR and DNMTs expression, we founded that knockdown
of EZH2 decreased the expression of DNMTs, and further reversed the
HOTAIR-induced DNMTs upregulation, suggesting HOTAIR regulated
DNMTs via EZH2. Additionally, inhibition of either EZH2, or HOTAIR,
or DNMTs reactivated the expression of miR-122 in HCC cells. Alto-
gether, our data suggested that HOTAIR could upregulate DNMTs ex-
pression via EZH2, contributing to modulation of DNA methylation
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status at themiR-122 promoter region and consequently suppression of
miR-122 expression. These finding might enrich our understanding
about the regulatory mechanism of HOTAIR and DNA methylation in
HCC.

As a well-known tumor suppressor against HCC, miR-122 has been
reported to inhibit cell growth and suppress tumorigenesis by nega-
tively regulating its targets [13,15]. Cyclin G1, a key cell cycle protein,
plays an essential role in tumor growth, has been shown to be a target
ofmiR-122, and highly expressed inHCC cells [13]. Our study confirmed
that miR-122 negatively regulated Cyclin G1 expression in HCC cells.
Furthermore, we identified a novel relationship between HOTAIR and
Cyclin G1 inHCC that HOTAIRupregulatedCyclin G1 expression via sup-
pression of miR-122, implicating that HOTAIR would play an important
role in cell cycle regulation through the miR-122/Cyclin G1 pathway.
Thus, our finding that overexpression of HOTAIR in HCC cells induced
rapid cell proliferation and tumor growth, might at least in part be ex-
plained by miR-122-mediated upregulation of Cyclin G1 expression
and further alteration of cell cycle progression.

In summary, our study showed for the first time that HOTAIR played
a critical role in hepatocarcinogenesis through downregulation of miR-
122. HOTAIR epigenetically suppressed miR-122 expression through
DNMTs-mediated DNA methylation, leading to abnormal expression
of Cyclin G1 in HCC cells. Therefore, our results provide a novel glimpse
of themechanistic link between two essential non-coding RNAs in HCC:
HOTAIR andmiR-122, and propose theHOTAIR/miR-122 negative regu-
latory axis as a promising molecular target for HCC intervention.
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