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The noncoding RNA HOXD-AS1 is a critical
regulator of the metastasis and apoptosis
phenotype in human hepatocellular
carcinoma
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Abstract

Background: Despite accumulating evidence that long noncoding RNAs (lncRNAs) are associated with cancer
development in multiple types of cancer, the biological roles of many lncRNAs in human hepatocellular carcinoma
(HCC) metastasis have not been well characterized.

Methods: A lncRNA+ mRNA human gene expression microarray analysis was used to identify differentially
expressed lncRNAs in metastatic HCC tissues compared to non-metastatic tissue.

Results: We observed remarkable overexpression of HOXD-AS1 in metastatic cancer tissues. In vitro and in vivo gain- or
loss-of-function studies re-affirmed that HOXD-AS1 is able to facilitate cancer metastasis and inhibit apoptosis. Moreover,
we identified that HOXD-AS1 upregulated the Rho GTPase activating protein 11A (ARHGAP11A) by competitively
binding to microRNA-19a (miR19a), resulting in induced metastasis. Interestingly, the regulator of G-protein signaling 3
(RGS3), a potential inhibitor of the MEK-ERK1/2 signaling axis, was also found to be downregulated by ectopic HOXD-
AS1 overexpression, leading to a remarkably reduced apoptotic effect.

Conclusions: The present investigation strongly indicates that HOXD-AS1 is an oncogenic lncRNA that promotes HCC
metastasis and that its pro-metastatic phenotype can partially be attributed to the HOXD-AS1/miR19a/ARHGAP11A
signaling axis.
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Background
Hepatocellular carcinoma (HCC) is the sixth most preva-
lent cancer and one of the leading causes of cancer-related
death in both men and woman. In 2008, HCC resulted in
the deaths of approximately 700,000 people worldwide,
with approximately half of these deaths occurring in
China [1, 2]. Despite current knowledge and scientific
advances in diagnosis and treatment modalities, the long-
term survival rate of HCC still remains dismal. The un-
favorable outcome could be attributed to two problems

causing recurrence, intrahepatic metastasis and/or the
development of de novo tumors in the remnant liver.
However, the underlying biological mechanisms may differ
greatly [3–5]. In particular, the molecular risk factors con-
tributing to intrahepatic metastasis and early recurrence
after hepatectomy have not been well characterized.
It is well-known that cancer metastasis is a complex

multistep process that involves a myriad of genetic alter-
ations. Previous studies have identified that signaling path-
ways such as transforming growth factor-β (TGF-β),
vascular endothelial growth factor (VEGF), Wnt/β-catenin,
MAPK and small G-protein signaling play important roles
in mediating HCC development [6–10]. Recently, more
functional players have been uncovered and are now being
integrated to explain HCC initiation and progression,
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including microRNAs (miRNAs), long non-coding RNAs
(lncRNAs) and epigenetic factors [11–14].
LncRNAs are a group of poorly conserved endogenous

RNA molecules longer than 200 nt in length. In the past
few years, several major reports have highlighted the im-
portance of lncRNAs in HCC metastasis, suggesting the
involvement of lncRNAs in cell signaling and cancer
progression. For instance, metastasis-associated lung
adenocarcinoma transcript-1 (MALAT1) and lncRNA-
activated by TGF-β (lncRNA-ATB) are upregulated in
HCC tissues, while lncRNA low expression in tumor
(lncRNA-LET) and lncRNA downregulated expression
by HBx (lncRNA-Dreh) are downregulated in HCC. Fur-
thermore, in vitro or in vivo studies have confirmed that
the aberrant expression of these lncRNAs is associated
with hepatoma cell proliferation or invasion [15–19].
Interestingly, two lncRNAs within the Class I homeobox
genes (HOX) chromosomal loci, namely, the hox tran-
script antisense intergenic RNA (HOTAIR) and the
HOXA transcript at the distal tip (HOTTIP), were iden-
tified as being correlated with the risk of recurrence and
the predicted outcomes in HCC patients [14, 20].
In mammals, 39 HOX genes cluster on four chromo-

somal loci, named HOXA through HOXD, and are import-
ant for body patterning coordination during embryonic
development [21, 22]. Currently, 231 HOX-related ncRNAs
have been identified including HOTAIR and HOTTIP. In
this study, we report that the lncRNA HOXD cluster anti-
sense RNA 1 (HOXD-AS1), which is expressed on the
HOXD locus located on chromosome 2q31.2, plays a cru-
cial role in HCC progression and is associated with metas-
tasis and apoptosis phenotypes in cancer cells.

Methods
Clinical materials
Fifty cancerous and adjacent noncancerous specimens
were obtained from patients with informed consent who
underwent surgery for primary HCC at the Eastern
Hepatobiliary Surgery Hospital (Shanghai, China) be-
tween 2010 and 2013. The study was approved by the
Committees for the Ethical Review of Research involving
Human Subjects from the Second Military Medical
University. Among the patients, 27 had primary HCC le-
sions accompanied by intrahepatic metastasis at surgery
(with tumor emboli in the major branches of the portal
vein) and 23 had solitary HCC with no metastasis or re-
currence during the two-year follow-up; the two groups
were defined as the metastatic and non-metastatic groups.
LncRNA and mRNA gene expression profiles were
generated from six primary HCCs (three from the
metastatic group and three from the non-metastatic
group) and from the corresponding noncancerous
hepatic fresh frozen tissues.

LncRNA microarray analysis
The LncRNA Human Gene Expression Microarray V4.0
(CapitalBio Corp, Beijing, China) was used. In brief,
double-stranded cDNAs were synthesized, purified and
eluted. Complementary RNA was synthesized from the
eluted dsDNA products using a T7 Enzyme Mix. After
amplification, the cDNA products were purified and
labelled. Array hybridization was performed in a CapitalBio
BioMixerTM II Hybridization Station overnight and
washed. Slides were scanned and the microarray image
information was converted into spot intensity values. The
signal after background subtraction was exported directly
into GeneSpring software for quartile normalization and
further data analysis. We selected differentially expressed
lncRNAs according to the following criteria: fold change >2
and P < 0.05. Hierarchical clustering analysis was employed
on differentially expressed lncRNAs.

Cell culture and transfection
HCCLM3, MHCC97H, MHCC97L, SMMC7721 and L02
cells were cultured in DMEM (Biowest, Loire, France) with
10% fetal bovine serum (FBS, Biowest, Loire, France) in
a humidified atmosphere containing 5% CO2 at 37 °C.
HOXD-AS1 overexpression and control pcDNA3.1
plasmids and siRNAs (GenePharma, Shanghai, China,
Additional file 1: Table S1) were transfected using Lipo-
fectamine 2000 (Invitrogen, CA, USA) according to the
manufacturer’s protocols.

RNA extraction, reverse transcription and QRT-PCR
Total RNA was isolated from the prepared liver samples
and cells using TRIzol reagent (Invitrogen, Carlsbad, CA,
USA). Complementary DNA was synthesized following
the manufacturer’s protocol (MBI Fermentas, Vilnius,
Lithuania). QRT-PCR was performed with a standard
SYBR-green PCR kit (TOYOBO, Osaka, Japan), and gene-
specific PCR amplification was performed using the ABI
7300 (Applied Biosystems, Darmstadt, Germany). The
primers are listed in Additional file 1: Table S2.

Analysis of cell motility
Cell motility was monitored using transwell and wound
scratch assays. Briefly, 1 × 104 plasmid or siRNA-treated
HCCLM3cells were added to the upper chamber and
allowed to migrate through the polycarbonate mem-
brane (8.0 μm PET, Millipore, Bedford, MA). After 24 h,
the cells that had migrated to the lower chamber were
fixed and stained with crystal violet. The wound scratch
assay was performed using a pipette tip to scratch the
cell layer 24 h after transfection, and phase contrast im-
ages of the wounds were recorded after 0 and 48 h.
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MTT assay for cell proliferation
After transfection, cells were plated in 96-well plates at a
density of 4 × 103 cells/well and incubated for the indi-
cated times. At the end of incubation, 10 μl MTT
(5 mg/mL, Sigma, USA) was added to each well, and the
cells were incubated for 4 h. After staining, the samples
were dissolved in DMSO, and the absorbance was
recorded at 595 nm.

Colony formation assay
After treatment, cells were re-seeded in 6-well plates at
a density of 500 cells/well and cultured to form nature
colonies. After 10 days, the cells were washed with PBS
twice and fixed with 4% paraformaldehyde for 20 min.
The fixed colonies were stained by crystal purple for
10 min, photographed and counted.

Construction of stable cell lines with overexpressed
HOXD-AS1 and the mouse xenograft model
To observe the effects of HOXD-AS1 overexpression on
growth and metastasis in vivo, luciferase tagged cancer
cells were stably infected with lentiviruses encoding
HOXD-AS1 with puromycin selection. Tumor cell in-
oculation into the nude mice were performed as de-
scribed in previously [19]. To investigate experimental
lung metastasis or liver metastasis, the anesthetized
nude mouse were inoculated with different stable cell
lines by tail vein injection or intra-spleen injection. Four
weeks after tail vein injection or six weeks after intra-
spleen injection of HCCLM3 cells, lung metastases and
liver metastases were monitored by using the IVIS@
Lumina II system. Error bars show standard deviation.
For tumor growth evaluation, the skin along back of
mouse is incised and injected with 1 × 107 tumor cells.
After 4 weeks the tumors in mice were removed, photo-
graphed and determined by tumor weight and tumor
volumn. The animal studies were approved by the
Institutional Animal Care and Use Committee of the
Second Military Medical University, Shanghai, China.

Apoptosis analysis
Apoptosis was analyzed by flow cytometry using the
Annexin V-PI detection kit. After transfection, cells were
treated with doxorubicin (Dox, 1 μM) for 24 h and then
harvested for Annexin V-PI staining according to the
manufacturer’s instructions (BD Biosciences PharMin-
gen). The double-stained cells were analyzed by flow
cytometry, and the early or late apoptotic cells were
measured.

Luciferase reporter assay
The 3′-UTR region of the Rho GTPase activating protein
11A (ARHGAP11A), which contains the miR-19a re-
sponse element, was cloned into the pGL4.13 luciferase

reporter vector to generate the luc vector. The miR-19a
binding site in the luc vector was mutated to generate the
luc mutant vector. To confirm the regulatory relationship
between miR-19a and ARHGAP11A, miR-19a mimics,
mimic NC, pcDNA3.1-HOXD-AS1, pcDNA3.1-HOXD-
AS1-mut (miR-19a binding site mutation) or empty vec-
tors were transfected into HCCLM3 cells. Forty-eight
hours later, all protein extracts were analyzed using the
dual luciferase reporter assay system (Promega).

Westernblot analysis
Cell samples were lysed in RIPA lysis buffer and centri-
fuged at 12,000 rpm at 4 °C for 15 min. Equal amounts
of protein were separated on a gel and transferred to
PVDF membranes (Millipore). The membranes were in-
cubated with antibodies specific for caspase 3, caspase 9,
PARP, phospho-ERK, phospho-MEK (Cell Signaling
Technology, Danvers, MA, USA) and GAPDH (Epi-
tomics, Burlingame, CA). The immunoblotting sample
was incubated with horseradish peroxidase (HRP)-
coupled anti-rabbit secondary antibodies (Santa Cruz,
CA, USA) and visualized using enhanced chemilumines-
cence (Pierce, Rockford, USA).

Statistical analysis
For statistical analysis, Student’s t test was used for para-
metric variables; chi-square test and Fisher’s exact test
(two-tailed) were used for nonparametric variables.
Disease-free survival (DFS) in patients from The Cancer
Genome Atlas (TCGA) dataset was analyzed using the
Kaplan-Meier method and using the Gehan-Breslow-
Wilcoxon test or the log-rank test for univariate analysis.
All tests were performed at least three times, and a P
value of less than 0.05 was considered statistically
significant.

Results
HOXD-AS1 is upregulated in Metastatic HCC tissue and is
associated with metastatic phenotypes in HCC cells
To identify potential molecular factors associated with
intrahepatic metastasis and early recurrence in HCC, we
used a lncRNA + mRNA human gene expression micro-
array to analyze differentially expressed lncRNAs in two
groups of HCC tissue samples. Group one contained
three samples (with poor prognosis) with intrahepatic
metastasis at the time of surgery and was defined as the
metastatic liver cancer group. Group two, which was de-
fined as the non-metastatic cancer group, contained
three samples (with favorable prognosis) with no evi-
dence of intrahepatic or extrahepatic metastasis at the
time of surgery and during the two-year follow-up. As
shown in Fig. 1a, hierarchical clustering analysis showed
the differential expression of 151 non-coding RNA tran-
scripts (over2-fold, P value < 0.01, data not shown)
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between metastatic and non-metastatic cancer tissues.
Among the top-ranked lncRNAs, four probes (Fig. 1b,
RNA177677, 177,678, 177,679 and 177,680) mapped to
the same lncRNA named HOXD-AS1 (Additional file 1:
Figure S1), indicating that HOXD-AS1 was increased by
10-fold in the metastatic group compared to the non-
metastatic group. Moreover, by comparing the six cancer
tissues in both groups and the respective adjacent non-
cancerous tissues in microarray analysis, HOXD-AS1
was also found to be significantly upregulated in cancer
tissues (Additional file 1: Figure S1c), suggesting that
HOXD-AS1 is involved in liver cancer progression and
metastasis.
The expressive pattern of HOXD-AS1 in HCC was

further confirmed in a panel of HCC tissue samples
(n = 44). Consistently, QRT-PCR analysis showed that
HOXD-AS1 was highly expressed in metastatic liver

cancer tissues compared to non-metastatic cancers (Fig.
1c). Moreover, upregulation of HOXD-AS1 was also ob-
served in most cancer tissues compared to the paired
adjacent non-cancerous tissues (Fig. 1d). Additionally,
the expression levels of HOXD-AS1 were strongly corre-
lated with the metastatic potentials of four HCC cell
lines and the human liver cell line L02 (Fig. 1e), indicat-
ing a role for HOXD-AS1 in regulating hepatoma cell
metastasis.

HOXD-AS1 promotes hepatoma cell metastasis and organ
colonization
Nuclear and cytoplasmic RNA were extracted from
HCCLM3 cells and the expressive pattern of HOXD-
AS1 was detected in both fractions (Additional file 1:
Figure S2a). To further explore the biological effect of
HOXD-AS1 in HCC metastasis, in vitro transwell assays

Fig. 1 HOXD-AS1 is involved in HCC metastasis. a LncRNA + mRNA expression profiles were generated from two groups of HCC tissue samples.
Three samples in the metastatic group (Group 1) were from patients who had intrahepatic metastasis at the time of surgery. For the non-metastatic
group (Group 2), three samples were from HCC patients with no metastasis or recurrence during the two-year follow-up. b Top-ranked upregulated
lncRNAs detected by the lncRNA + mRNA microarray. The four probes in red all mapped to lncRNA HOXD-AS1. c The expression levels of HOXD-AS1
in metastatic and non-metastatic HCC tissues. d The expression levels of HOXD-AS1 in cancerous and paired adjacent non-cancerous tissues in the
metastatic group. e The expression levels of HOXD-AS1 in human hepatoma carcinoma cell lines
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were performed in HCCLM3, MHCC97H, MHCC97L
and L02 cells. Overexpression of HOXD-AS1 signifi-
cantly augmented the metastatic potential of HCC can-
cer cells by more than 2-fold (Fig. 2a-c; Additional file 1:
Figure S2b), while silencing of HOXD-AS1 strongly
inhibited their metastatic potential (Fig. 2a-c; Additional
file 1: Figure S2c and d). Next, the pro-metastatic effect
of HOXD-AS1 in HCCLM3 cells was also confirmed by
wound scratch assays (Fig. 2d). Following the in vitro
study, the in vivo behavior of HOXD-AS1 was investi-
gated. Briefly, the firefly luciferase-labelled cells were
infected with HOXD-AS1-overexpressing or control
lentiviruses and then inoculated into nude mice by
intra-spleen injection (Fig. 2e and f) or tail vein injection
(Fig. 2g and h). Six weeks after intra-spleen injection of
HCCLM3 cells, liver metastasis was more significant
when HOXD-AS1 was overexpressed (Fig. 2e and f ).
Similar results were observed for lung metastasis
30 days after tail vein injection (Fig. 2g and h), sug-
gesting that HOXD-AS1 had a strong pro-metastatic
effect in liver cancer.

HOXD-AS1 accelerates cancer cell growth and inhibits
Dox-induced apoptosis
As shown in Fig. 1c and d, HOXD-AS1 was overex-
pressed not only in the metastatic group but also in can-
cer tissues when compared to the paired non-cancerous
tissue, indicating that HOXD-AS1 may participate in
both HCC development and progression. Therefore, we
investigated the biological function of HOXD-AS1 in
cancer cell growth, cell cycle control and apoptosis.
Interestingly, MTT assays revealed that HOXD-AS1
overexpression significantly accelerated HCCLM3 cell
proliferation, while HOXD-AS1 depletion inhibited the
growth of cancer cells (Fig. 3a and b). The pro-
proliferative effects of HOXD-AS1 were further deter-
mined by colony formation assays, which revealed that
the number of colonies was remarkably changed by
HOXD-AS1 overexpression or depletion (Fig. 3c and d).
However, we did not observe any differences in cell cycle
distribution after HOXD-AS1 plasmid or siRNA treat-
ment (Additional file 1: Figure S2e and f), suggesting
that HOXD-AS1 may play a regulatory role in cancer
cell apoptosis.
Next, the apoptotic rates induced by Dox treatment

were evaluated by flow cytometry, which revealed that
HOXD-AS1 ectopic overexpression significantly inhib-
ited the early and total apoptotic rates (Fig. 3e;
Additional file 1: Figure S2g). HOXD-AS1 depletion by
siRNA was able to augment the pro-apoptotic effect of
Dox treatment (Fig. 3f; Additional file 1: Figure S2h).
Similarly, the mouse xenograft models of HCCLM3 cells
showed significant increases in tumor volume and
weight by HOXD-AS1 ectopic expression (Fig. 3g-j). In

summary, HOXD-AS1 played an essential role in medi-
ating HCC cell growth, apoptosis and metastasis in both
the in vitro and in vivo models.

HOXD-AS1 upregulated ARHGAP11A by competitively
binding Mir-19a
To clarify the underlying mechanisms by which HOXD-
AS1 promotes metastasis and cell growth in HCC cells,
we performed a microarray analysis on HOXD-AS plas-
mid- or control vector-transfected HCCLM3 cells. The
differentially regulated genes were subjected to pathway
analysis using GeneMAPP, which revealed several signifi-
cantly changed pathways (Top 10 pathways, Additional
file 1: Figure S3a), including small GTPase-mediated sig-
nal transduction, GTPase activator activity, extracellular
matrix and regulation of cell proliferation. To identify
the potential target of HOXD-AS1, the gene list in
Additional file 1: Figure S3a was used for cross compari-
son between mRNA expression profiles obtained from
plasmid-treated HCCLM3 cells and HCC tissues. We
found that the expression levels of the Rho GTPase acti-
vating protein 11A (ARHGAP11A) and the regulator of
G-protein signaling 3 (RGS3) showed great consistency
in both in vitro and in vivo mRNA profiling analyses
(Additional file 1: Figure S3b). Moreover, HOXD-AS1
can be located within nuclear or cytosolic fractions
(Additional file 1: Figure S2a), suggesting that HOXD-
AS1 may function through different response regulators
via different regulatory mechanisms.
The lncRNA-miRNA and mRNA-miRNA interactions

are commonly involved in various biological processes.
Using an online database (http://starbase.sysu.edu.cn/),
we found that HOXD-AS1 has one predicted miR19a
target binding site (Fig. 4a) [23, 24]. Moreover, by com-
paring the miR19a target gene panel and the mRNA
profiling data from the lncRNA+ mRNA human gene
expression microarray analysis, we found that ARH-
GAP11A was significantly upregulated in metastatic HCC
tissue samples and was predicted to be a target gene of
miR19a (Fig. 4a). We hypothesized that HOXD-AS1 func-
tions as a competing endogenous RNA (ceRNA) by “spon-
ging” miR19a during HCC metastasis/recurrence. To test
this hypothesis, we first demonstrated that miR19a was
repressed or induced by HOXD-AS1 overexpression or
knockdown (Fig. 4b and c), respectively, and that the
expression levels of ARHGAP11A were downregulated by
miR19a mimic treatment as well (Fig. 4d). Second, the 3′-
UTR region of ARHGAP11A was inserted into a lucifer-
ase reporter system containing wild-type (wt) or mutated
miR19a binding sites (Fig. 4e). MiR19a was able to repress
the luciferase activity of the wt reporter vector but had no
effect on the mutant vector (Fig. 4f). Third, we also
constructed a pcDNA3.1-HOXD-AS1-mut vector, in
which the “sponging” sites for miR19a were mutated.
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Fig. 2 The effects of HOXD-AS1 on metastasis in vitro and in vivo. a-c The effects of HOXD-AS1 on HCC cancer cell metastasis were determined
by using the Millipore Transwell chambers. Representative images of the bottom surfaces of the chambers with different HCC cells are shown.
d Scratch wound healing experiments in HOXD-AS1-overexpressing or -silenced HCCLM3 cells. To evaluate the pro-metastatic potential of HOXD-AS1
in vivo, the firefly luciferase-labelled HCCLM3 cells were infected with HOXD-AS1-overexpressing or control lentiviruses for further bioluminescence
imaging. e The luciferase signal intensities of the mice were examined four weeks after intraspleen injection with 2 × 106 HCCLM3 cells. f The luciferase
intensity was analyzed in six mice in each group. g The luciferase signal intensities of the mice were examined at the indicated time points after tail
vein injection with 2 × 106 HCCLM3 cells. h The luciferase intensity was analyzed in six mice in each group. The data are shown as the mean ± SD,
Student’s t test, *p < 0.05
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Overexpression of HOXD-AS1 (wt) increased the lucifer-
ase activity of the ARHGAP11A 3′-UTR (wt) containing
vector; however, the pcDNA3.1-HOXD-AS1-mut treat-
ment group showed no changes (Fig. 4g). Additionally, ec-
topic expression of miR-19a abrogated the upregulating
effects of HOXD-AS1 (wt) on the ARHGAP11A 3′-UTR
(wt) containing luciferase activity (Fig. 4h). Therefore,
HOXD-AS1 could act as a ceRNA via its miR19a binding
site and could upregulate the expression of ARHGAP11A
in HCC cells.

ARHGAP11A downregulation repressed hepatoma cell
metastasis and was correlated with better outcomes in
HCC patients
Because HOXD-AS1 was able to upregulate ARH-
GAP11A expression in vitro, we next asked whether the
miR19a/ARHGAP11A axis contributes to HOXD-AS1-
mediated cancer cell metastasis. Notably, ectopic expres-
sion of miR19a strongly decreased cell migration by over
2-fold (Fig. 5a and b, p<0.01). This anti-metastatic effect
of miR19a was in accordance with a previous report by

Fig. 3 The effect of HOXD-AS1 on cancer cell growth in vitro and in vivo. a and b MTT assays were performed on HCCLM3 cells with HOXD-AS1
overexpressed or knocked down. c and d colony formation assays were performed on HCCLM3 cells with HOXD-AS1 overexpressed or knocked
down. e and f HCCLM3 cells were transfected with the HOXD-AS1-pcDNA3.1 overexpression plasmid or siRNAs, and apoptosis was induced by the
addition of doxorubicin (Dox,1 μM). Flow cytometry was used to determine the apoptotic rates in the different groups. g and h Representative
xenograft nude mouse model. HCCLM3 cells were transfected with HOXD-AS1-pcDNA3.1 or pcDNA3.1 control vectors and inoculated into the left or
right flank of nude mice. i Tumor volume and j tumor weight were analyzed by the two-sample t test. The data are shown as the mean ± SD,
Student’s t test, *p < 0.05, **p < 0.01, ***p < 0.001
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Han and his colleagues showing that miR19a was sig-
nificantly downregulated in a group of HCC samples
from patients who developed recurrent liver cancer
compared to those with non-recurrence. The expres-
sion levels of miR19a were correlated with patient
survival with a hazard ratio of 0.724 (p = 0.02) [25]. On
the other hand, siRNA knockdown of ARHGAP11A
markedly decreased cell migration compared to the

control (Fig. 5d and d), indicating that ARHGAP11A
had a pro-metastatic effect.
We next examined whether ARHGAP11A was aber-

rantly expressed in HCC tissue samples. However, we
found no obvious differences in its expression between
paired non-metastatic cancer and adjacent non-cancerous
tissues (Fig. 5e). On the other hand, ARHGAP11A was
significantly overexpressed in cancer tissue compared to

Fig. 4 HOXD-AS1 interacts with miR-19a and controls ARHGAP11A expression levels. a The prediction for miR-19a binding sites on the HOXD-AS1
transcript and the potential target gene ARHGAP11A. b and c Relative expression levels of miR19a (compared to U6) after pcDNA3.1-HOXD-AS1
or siRNA treatment measured by QRT-PCR. d Relative expression levels of ARHGAP11A (compared to GAPDH) after miR19a or mimic treatment
measured by QRT-PCR. e Schematic outlining the predicted binding sites and mutation site of miR19a on HOXD-AS1 and the ARHGAP11A
transcript. f Luciferase activity in HCCLM3 cells cotransfected with miR-19a and empty luciferase reporter or vectors containing the wildtype (luc
wt) 3'-UTR region of the ARHGAP11A transcript or mutant (luc wt) transcript. g Luciferase activity in HCCLM3 cells cotransfected with wildtype
(wt) or mutant (mut) HOXD-AS1 overexpression plasmids and empty luciferase reporter or vectors containing the wildtype (luc wt) 3'-UTR region
of the ARHGAP11A transcript or mutant (luc mut) transcript. h Luciferase activity in HCCLM3 cells transfected with ARHGAP11A 3'-UTR luciferase
reporter vectors, luc wt, luc mut or empty vectors. f-h The data are presented as the relative ratio of firefly luciferase activity to renilla luciferase
activity. The data are shown as the mean ± SD. Student’s t test, *p < 0.05, **p < 0.01, ***p < 0.001
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non-cancerous tissue in the metastatic group (Fig. 5f).
Intriguingly, a significant upregulation of ARHGAP11A
was observed in metastatic cancers compared to the non-
metastatic cancer tissues (Fig. 5g, p<0.01). Moreover, to

examine whether HOXD-AS1 was co-expressed with
ARHGAP11A in HCC samples, the expression levels of
both genes were measured in the panel of 44 HCC tissue
samples. As shown in Fig. 5h, there was a significant

Fig. 5 ARHGAP11A expression contributes to the metastatic phenotype of HCC. a-d Transwell assays on miR19a-treated or ARHGAP11A-silenced
HCCLM3 cells. e and f The expression levels of ARHGAP11A in cancerous and paired adjacent non-cancerous tissues in the non-metastatic and
metastatic groups. g The expression levels of ARHGAP11A in non-metastatic and metastatic HCC tissues. h The correlation between HOXD-AS1
transcript levels and ARHGAP11A mRNA levels was measured in 44 HCC tissues. The dCt values (normalized to GAPDH) were subjected to Pearson
correlation analysis. i and j The prognostic significance of ARHGAP11A in HCC patients. The Caner Genome Atlas project (TCGA) dataset was
analyzed to reveal the effect of ARHGAP11A mRNA levels on the overall survival (OS) or disease-free survival (DFS) of patients with HCC using
cBioPortal (http://cbioportal.org)
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positive correlation between the expression levels of
HOXD-AS1 and ARHGAP11A (r2 = 0.3393). In addition,
clinicopathological analysis revealed that the overexpression
of both genes was closely correlated with Grades III and IV
(HOXD-AS1, p = 0.0381; ARHGAP11A, p = 0.0006) and
with PVTT tumor invasion (HOXD-AS1, p = 0.0419;
ARHGAP11A, p = 0.0079) (Additional file 1: Table S3).
To explore the clinical significance of ARHGAP11A,

we also utilized The Cancer Genome Atlas (TCGA)
dataset and analyzed the association between mRNA ex-
pression Z-scores and patient survival (Fig. 5i and j).
The Kaplan–Meier survival analyses demonstrated that
HCC cancer patients with lower ARHGAP11A mRNA
expression exhibited better prognosis compared with
those patients with higher ARHGAP11A expression
(Gehan-Breslow-Wilcoxon test, p = 0.0094, log-rank test,
p = 0.059). The median overall survival of the high and
low expression groups was 27.5 months and 55.6 months,
respectively (Fig. 5i). We also observed a significant
difference in disease-free survival, measured in months,
between the two groups (Fig. 5j). The high expression
group showed poor prognosis compared to the low ex-
pression group (Gehan-Breslow-Wilcoxon test, p = 0.0161,
log-rank test, p = 0.0182), with median disease-free sur-
vival of 15.4 months and 32.5 months, respectively.

Downregulation of RGS3 expression by HOXD-AS1
contributes to the inhibition of Dox-induced apoptosis
Next, we examined the activation and cleavage of
caspases and poly (ADP-ribose) polymerase (PARP) to
identify molecular events that could account for the
inhibited Dox-induced apoptosis by HOXD-AS1 overex-
pression (Fig. 3e and f). Dox, as a broad-spectrum anti-
tumor anthracycline antibiotic commonly used for the
treatment of HCC, either by systemic delivery or by
means of transcatheter arterial chemoembolization
(TACE), [26] has been shown to induce caspase activa-
tion and apoptosis in cancer cells. In fact, we observed
that the overexpression of HOXD-AS1 significantly ab-
rogated the cleavage of caspase 9, caspase 3 and PARP
in HCCLM3 cells treated by Dox (Fig. 6a), reaffirming
the anti-apoptotic role of HOXD-AS1 in HCC cells.
Since miR19a inhibitor treatment did not show anti-
apoptotic effect (Additional file 1: Figure S4a and b), we
presumed that the anti-apoptotic effect of HOXD-AS1
was not induced by miR19a inhibition when HOXD-
AS1 was overexpressed. The microarray data and Gene-
MAPP analysis revealed that HOXD-AS1 upregulation
led to significant changes in genes that activate or inacti-
vate the activity of GTPases (Additional file 1: Figure
S3), which are a large group of key regulators that
participate in signal transduction through their ability to
cycle between an active GTP-bound state and an inactive
GDP-bound state. Interestingly, we noted a significant

activation of the MEK/ERK signaling cascade after
HOXD-AS1 overexpression (Fig. 6b). More importantly,
we identified that RGS3, a potential negative regulator of
MEK/ERK signaling, [27] was downregulated or upregu-
lated by HOXD-AS1 overexpression or siRNA treatment,
respectively (Fig. 6c and d). Further apoptotic assays by
flow cytometry showed that the depletion of RGS3 by
siRNA strongly inhibited Dox-induced apoptosis and
largely abrogated the increased apoptotic rate caused by
the HOXD-AS1 knockdown (Fig. 6e). Additionally, MTT
assays revealed that the RGS3 knockdown also led to a
significant increase in cell proliferation (Fig. 6f). Based on
the above evidence, we propose that inhibition of RGS3
expression by HOXD-AS1 contributes to the suppression
of Dox-induced apoptosis.

Discussion
Metastasis and the development of de novo HCC are two
main causes for the poor prognosis of cancer patients [3].
In the present study, we directly screened metastatic HCC
tissue samples and non-metastatic HCC samples and
identified a significantly upregulated lncRNA, HOXD-
AS1, in the metastatic group (Fig. 1; Additional file 2:
Table S5). HOXD-AS1 was also overexpressed in most
cancerous tissue compared to the paired adjacent non-
cancerous tissue (Fig. 1 and Additional file 1: Figure S1).
Moreover, clinicopathological analysis revealed that over-
expression of HOXD-AS1 was closely correlated with
higher tumor stage and PVTT tumor invasion (Additional
file 1: Table S3), indicating that HOXD-AS1 is a potential
oncogene in HCC progression and metastasis. Fur-
thermore, the pro-metastatic effect of HOXD-AS1
was demonstrated by in vitro transwell and wound
scratch assays and by in vivo xenograft mouse model
experiments (Figs. 1 and 2).
The underlying mechanisms by which HOXD-AS1

promoted cancer cell metastasis were then investigated.
Recently, several lncRNAs were reported to act as ceR-
NAs by competitively binding microRNAs. For instance,
linc-MD1 upregulates the expression of two transcrip-
tion factors (TFs) that control muscle-specific gene
expression by competitively binding to miR-133 [28].
LncRNA-activated by TGF-β (lncRNA-ATB) “sponges”
miR-200 family to regulate the expression of ZEB1 and
ZEB2 and then induces EMT [19]. Our data indicated
that HOXD-AS1 could also function as a ceRNA by
“sponging” miR19a, and that it could increase the ex-
pression levels of the miR19a target gene, ARHGAP11A
(Fig. 4). Indeed, aberrant expression of mir19a, a pos-
sible oncogene belonging to the miR-17-92 cluster, was
previously reported in multiple cancers, such as lung,
colon and gastric cancers [29–31]. However, a recent
clinical study of 165 HCC patients revealed a differential
role for miR-19a in cancer metastasis/recurrence in
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which miR19a was significantly downregulated in recur-
rent HCCs, and the miR19a downregulation was corre-
lated with patient survival with a hazard ratio of 0.724,
suggesting that miR19a is an anti-oncogene in HCC me-
tastasis/recurrence [25]. Consistently, our data revealed

that downregulation of miR19a expression correlated
well with higher tumor stage (p = 0.0023) and PVTT
tumor invasion (p = 0.0448) (Additional file 1: Table S4).
Therefore, our investigation provides a possible explan-
ation for miR19a downregulation contributing to liver

Fig. 6 HOXD-AS1 downregulated RGS3 expression and inhibited Dox-induced apoptosis. a The protein expression levels of cleaved caspase9, cleaved
caspase3 and cleaved PARP were determined by westernblot analysis after Dox treatment. b Quantification by westernblot of phosphorylated ERK and
MEK in HCCLM3 cells when HOXD-AS1 was overexpressed compared to pcDNA3.1 empty vector. c and d Quantification of RGS3 mRNA expression by
QRT-PCR when HOXD-AS1 was overexpressed or silenced by siRNA. e HCCL3 cells were treated with siRNA targeting HOXD-AS1 or RGS3 followed by
examination of Dox-induced apoptosis by flow cytometry. f MTT assays were performed after siRNA (siNC, si-HOXD-AS1 or si-RGS3) treatment.
g Schematic model of HOXD-AS1 functions during liver cancer progression
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cancer progression, specifically the upregulation of the
miR19a target gene, ARHGAP11A (Fig. 4). We only
noticed the decrease of miR19a in a number of cancer
tissues compared to the adjacent non-cancerous tissues
in the metastatic group (Additional file 1: Figure S4 c-e);
however, the differences in gene expression were not sig-
nificant. Future studies with a larger sample size will be
helpful in clarifying the biological significance of miR19a
in HCC metastasis and progression.
The Ras homology (Rho) subfamily of small GTPases

represents a family of small GTP-binding proteins in-
volved in cell migration, cytoskeleton organization and
proliferation. These proteins are emerging as a new class
of biomarkers for cancer prognosis [32–34]. ARH-
GAP11A belongs to the Rho GTPase activation protein
(RhoGAP) subfamily, members of which promote the
hydrolysis of GTP and inactivate Rho GTPases. The role
of ARHGAP11A in cancer, however, is controversial. Xu
and his colleagues demonstrated that ARHGAP11A
accumulated in the nuclei of colorectal cancer cells,
interacted with p53 and then induced apoptosis [35]. In
another study evaluating colorectal cancer development,
Kagawa et al. showed that ARHGAP11A was significantly
upregulated in colon cancers and that its expression levels
correlated with clinical invasion status, which may result
from suppression of RhoA and increased Rac1 activity
[36]. Our investigation provided evidence supporting the
oncogenic and pro-metastatic effects of ARHGAP11A
(Fig. 5), consistent with Kagawa’s observation.
We also examined the biological relevance of HOXD-

AS1 in cancer cell growth in vitro and in vivo. This
analysis revealed that HOXD-AS1 overexpression re-
markably decreased Dox-induced apoptosis in HCC (Fig.
3e and f). Intriguingly, HOXD-AS1 also activates the
best known G protein coupled receptor signal transduc-
tion MEK/ERK signal cascade (Fig. 6b), accompanied by
decreased expression of RGS3 (Fig. 6c), which is a po-
tential negative regulator of MEK/ERK signaling [27].
RGS proteins serve as GTPase-activating proteins for
heterotrimeric G proteins and, therefore, inactivate G
protein-coupled receptor signaling pathways [27]. Previ-
ous studies reported that several RGS proteins, including
RGS2, RGS4, and RGS5, were involved in cancer devel-
opment [37–39]. As a member of the RGS family, RGS3
controls the signaling mediated by the Gαq and Gαi pro-
teins by binding to the corresponding Gα subunits of
heterotrimeric G proteins, which may cause changes in
the activities of ERK, JNK and p38MAPK [40]. More-
over, RGS3 inhibits the activation of MAPK and Akt via
Gβγ subunits [41]. Additionally, RGS3 is known to protect
against cardiac hypertrophy by blocking the MEK/ERK
signaling pathway [27]. Therefore, we presumed that
HOXD-AS1 may activate MEK/ERK signaling by repres-
sing the expression levels of RGS3, which contributes to

the inhibited apoptosis and accelerated proliferation dur-
ing HCC progression. It has been reviewed that lncRNAs
work through multiple mechanisms including ceR-
NAs, chromatin remodeling and natural antisense
transcripts; and some lncRNAs even possess multiple
mechanism characteristics, [42, 43]. How HOXD-AS1
represses RGS3 expression in HCC cells still remain
elusive. Since HOXD-AS1 can be located within nu-
clear or cytosolic fractions, we presumed that HOXD-
AS1 may play a role in chromatin remodeling.

Conclusions
In summary, our investigation has presented evidence for
the essential role of the lncRNA HOXD-AS1 in liver can-
cer progression and metastasis (Fig. 6g). More importantly,
the discovery of the HOXD-AS1/miR19a/ARHGAP11A
signaling axis has provided new knowledge for under-
standing the molecular basis of liver cancer and for the de-
velopment of new diagnostic and therapeutic strategies.

Additional files

Additional file 1: Table S1. siRNAs and QRT-PCR primers. Table S2.
QRT-PCR primers. Figure S1. Overexpression of HOXD-AS1 in HCC tissue
samples. Figure S2. The biological roles of HOXD-AS1 in HCC. Figure S3.
Potential downstream effectors of HOXD-AS1. Table S3. Correlation be-
tween gene expression and clinicalpathological characteristics. Figure S4.
Biological roles of miR-19a in liver cancer. Table S4. Correlation between
miR-19a expression and clinicalpathological characteristics. (PDF 732 kb)

Additional file 2: Table S5. Data analysis of lncRNA microarray.
(XLSX 191 kb)

Abbreviations
ARHGAP11A: Rho GTPase activating protein 11A; Dox: Doxorubicin;
HCC: Human hepatocellular carcinoma; HOTAIR: Hox transcript antisense
intergenic RNA; HOTTIP: HOXA transcript at the distal tip; HOXD-AS1: HOXD
cluster antisense RNA 1; lncRNA-ATB: lncRNA-activated by TGF-β; lncRNA-
Dreh: lncRNA downregulated expression by HBx; lncRNA-LET: lncRNA low
expression in tumor; lncRNAs: long noncoding RNAs; MALAT1: Metastasis-
associated lung adenocarcinoma transcript-1; miR-19a: microRNA-19a;
PVTT: Portal vein tumor thrombi; TCGA: The Cancer Genome Atlas; TGF-
β: Transforming growth factor-β; VEGF: Vascular endothelial growth factor

Acknowledgements
Not applicable.

Funding
This study was supported by the National Natural Science Foundation (No.
31371362, No. 81602480, No. 41576160 and No. 81570569) and the National
High Technology Research and Development Program of China (863
Program, No. 2014AA093513).

Availability of data and materials
The datasets supporting the conclusions of this article are included within
the article and its Additional files.

Authors’ contributions
BJ and HC conceived of and designed the experiments; SL, JZ, YS and NL
performed the experiments; HC and SL analyzed the data; HC, YS and BJ
wrote the paper; MM and NL contributed reagents/materials/analysis tools.
All authors read and approved the final manuscript. All authors discussed the
results and commented on the manuscript.

Lu et al. Molecular Cancer  (2017) 16:125 Page 12 of 14

dx.doi.org/10.1186/s12943-017-0676-x
dx.doi.org/10.1186/s12943-017-0676-x


Competing interests
The authors declare that they have no competing interests.

Consent for publication
Not applicable.

Ethics approval and consent to participate
The study was approved by the Committees for the Ethical Review of
Research involving Human Subjects from the Second Military Medical
University.

Publisher’s Note
Springer Nature remains neutral with regard to jurisdictional claims in
published maps and institutional affiliations.

Author details
1Department of Biochemistry and Molecular Biology, Second Military Medical
University, 800 Xiangyin Road, Shanghai 200433, China. 2State Key Laboratory
of Proteomics, Beijing Proteome Research Center, Beijing Institute of
Radiation Medicine, Beijing 102206, China. 3National Engineering Research
Center for Beijing Biochip Technology, 18 Life Science Parkway, Beijing
102206, China. 4The Third Department of Hepatic Surgery, Eastern
Hepatobiliary Hospital, Second Military Medical University, Shanghai 200433,
China.

Received: 21 September 2016 Accepted: 7 June 2017

References
1. Forner A, Llovet JM, Bruix J. Hepatocellular carcinoma. Lancet. 2012;379:

1245–55.
2. Jemal A, Bray F, Center MM, Ferlay J, Ward E, Forman D. Global cancer

statistics. CA Cancer J Clin. 2011;61:69–90.
3. Budhu A, Jia HL, Forgues M, Liu CG, Goldstein D, Lam A, et al. Identification

of metastasis-related microRNAs in hepatocellular carcinoma. Hepatology.
2008;47:897–907.

4. Imamura H, Matsuyama Y, Tanaka E, Ohkubo T, Hasegawa K, Miyagawa
S, et al. Risk factors contributing to early and late phase intrahepatic
recurrence of hepatocellular carcinoma after hepatectomy. J Hepatol.
2003;38:200–7.

5. Budhu A, Forgues M, Ye QH, Jia HL, He P, Zanetti KA, et al. Prediction of
venous metastases, recurrence, and prognosis in hepatocellular carcinoma
based on a unique immune response signature of the liver
microenvironment. Cancer Cell. 2006;10:99–111.

6. Guichard C, Amaddeo G, Imbeaud S, Ladeiro Y, Pelletier L, Maad IB, et al.
Integrated analysis of somatic mutations and focal copy-number changes
identifies key genes and pathways in hepatocellular carcinoma. Nat Genet.
2012;44:694–8.

7. Moeini A, Cornella H, Villanueva A. Emerging signaling pathways in
hepatocellular carcinoma. Liver Cancer. 2012;1:83–93.

8. Sandhu DS, Baichoo E, Roberts LR. Fibroblast growth factor signaling in liver
carcinogenesis. Hepatology. 2014;59:1166–73.

9. Wong CC, Wong CM, Au SL, Ng IO. RhoGTPases and Rho-effectors in hepatocellular
carcinoma metastasis: ROCK N'Rho move it. Liver Int. 2010;30:642–56.

10. Furuse J. Growth factors as therapeutic targets in HCC. Crit Rev Oncol
Hematol. 2008;67:8–15.

11. He Y, Meng XM, Huang C, Wu BM, Zhang L, Lv XW, et al. Long
noncoding RNAs: novel insights into hepatocelluar carcinoma. Cancer
Lett. 2014;344:20–7.

12. Hung CH, Chiu YC, Chen CH, Hu TH. MicroRNAs in hepatocellular
carcinoma: carcinogenesis, progression, and therapeutic target. Biomed Res
Int. 2014;2014:486407.

13. Au SL, Ng IO, Wong CM. Epigenetic dysregulation in hepatocellular
carcinoma: focus on polycomb group proteins. Front Med. 2013;7:231–41.

14. Quagliata L, Matter MS, Piscuoglio S, Arabi L, Ruiz C, Procino A, et al. Long
noncoding RNA HOTTIP/HOXA13 expression is associated with disease
progression and predicts outcome in hepatocellular carcinoma patients.
Hepatology. 2014;59:911–23.

15. Huang JF, Guo YJ, Zhao CX, Yuan SX, Wang Y, Tang GN, et al. Hepatitis B
virus X protein (HBx)-related long noncoding RNA (lncRNA) down-regulated
expression by HBx (Dreh) inhibits hepatocellular carcinoma metastasis by

targeting the intermediate filament protein vimentin. Hepatology. 2013;57:
1882–92.

16. Lai MC, Yang Z, Zhou L, Zhu QQ, Xie HY, Zhang F, et al. Long non-coding
RNA MALAT-1 overexpression predicts tumor recurrence of hepatocellular
carcinoma after liver transplantation. Med Oncol. 2011;29:1810–6.

17. Yang F, Huo XS, Yuan SX, Zhang L, Zhou WP, Wang F, et al. Repression of
the long noncoding RNA-LET by histone deacetylase 3 contributes to
hypoxia-mediated metastasis. Mol Cell. 2013;49:1083–96.

18. Yang Z, Zhou L, Wu LM, Lai MC, Xie HY, Zhang F, et al. Overexpression of
long non-coding RNA HOTAIR predicts tumor recurrence in hepatocellular
carcinoma patients following liver transplantation. Ann Surg Oncol. 2011;18:
1243–50.

19. Yuan JH, Yang F, Wang F, Ma JZ, Guo YJ, Tao QF, Liu F, Pan W, Wang TT,
Zhou CC, et al. A Long noncoding RNA activated by TGF-beta promotes the
invasion-metastasis cascade in hepatocellular carcinoma. Cancer Cell. 2014;
25(5):666.

20. Geng YJ, Xie SL, Li Q, Ma J, Wang GY. Large intervening non-coding RNA
HOTAIR is associated with hepatocellular carcinoma progression. J Int Med
Res. 2011;39:2119–28.

21. Soshnikova N, Duboule D. Epigenetic temporal control of mouse Hox genes
in vivo. Science. 2009;324:1320–3.

22. Cillo C, Schiavo G, Cantile M, Bihl MP, Sorrentino P, Carafa V, et al. The HOX
gene network in hepatocellular carcinoma. Int J Cancer. 2011;129:2577–87.

23. Yang JH, Li JH, Shao P, Zhou H, Chen YQ, Qu LH. starBase: a database for
exploring microRNA-mRNA interaction maps from Argonaute CLIP-Seq and
Degradome-Seq data. Nucleic Acids Res. 2010;39:D202–9.

24. Li JH, Liu S, Zhou H, Qu LH, Yang JH. starBase v2.0: decoding miRNA-ceRNA,
miRNA-ncRNA and protein-RNA interaction networks from large-scale CLIP-
Seq data. Nucleic Acids Res. 2014;42:D92–7.

25. Han ZB, Zhong L, Teng MJ, Fan JW, Tang HM, Wu JY, et al. Identification of
recurrence-related microRNAs in hepatocellular carcinoma following liver
transplantation. Mol Oncol. 2012;6:445–57.

26. Carr BI. Hepatocellular carcinoma: current management and future trends.
Gastroenterology. 2004;127:S218–24.

27. Liu Y, Huang H, Zhang Y, Zhu XY, Zhang R, Guan LH, et al. Regulator of G
protein signaling 3 protects against cardiac hypertrophy in mice. J Cell
Biochem. 2014;115:977–86.

28. Cesana M, Cacchiarelli D, Legnini I, Santini T, Sthandier O, Chinappi M, et al.
A long noncoding RNA controls muscle differentiation by functioning as a
competing endogenous RNA. Cell. 2011;147:358–69.

29. Wang F, Li T, Zhang B, Li H, Wu Q, Yang L, et al. MicroRNA-19a/b regulates
multidrug resistance in human gastric cancer cells by targeting PTEN.
Biochem Biophys Res Commun. 2013;434:688–94.

30. Zhang J, Xiao Z, Lai D, Sun J, He C, Chu Z, et al. miR-21, miR-17 and miR-
19a induced by phosphatase of regenerating liver-3 promote the
proliferation and metastasis of colon cancer. Br J Cancer. 2012;107:352–9.

31. Hayashita Y, Osada H, Tatematsu Y, Yamada H, Yanagisawa K, Tomida S, et
al. A polycistronic microRNA cluster, miR-17-92, is overexpressed in human
lung cancers and enhances cell proliferation. Cancer Res. 2005;65:9628–32.

32. Citi S, Guerrera D, Spadaro D, Shah J. Epithelial junctions and Rho family
GTPases: the zonular signalosome. Small GTPases. 2014;5:1–15.

33. Parri M, Chiarugi P. Rac and Rho GTPases in cancer cell motility control. Cell
Commun Signal. 2010;8:23.

34. Zegers MM, Friedl P. Rho GTPases in collective cell migration. Small GTPases.
2014;5:e28997.

35. Xu J, Zhou X, Wang J, Li Z, Kong X, Qian J, et al. RhoGAPs attenuate cell
proliferation by direct interaction with p53 tetramerization domain. Cell Rep.
2013;3:1526–38.

36. Kagawa Y, Matsumoto S, Kamioka Y, Mimori K, Naito Y, Ishii T, et al. Cell
cycle-dependent Rho GTPase activity dynamically regulates cancer cell
motility and invasion in vivo. PLoS One. 2013;8:e83629.

37. Silini A, Ghilardi C, Figini S, Sangalli F, Fruscio R, Dahse R, et al. Regulator of
G-protein signaling 5 (RGS5) protein: a novel marker of cancer vasculature
elicited and sustained by the tumor's proangiogenic microenvironment. Cell
Mol Life Sci. 2012;69:1167–78.

38. Xie Y, Wolff DW, Wei T, Wang B, Deng C, Kirui JK, et al. Breast cancer
migration and invasion depend on proteasome degradation of regulator of
G-protein signaling 4. Cancer Res. 2009;69:5743–51.

39. Cao X, Qin J, Xie Y, Khan O, Dowd F, Scofield M, et al. Regulator of G-
protein signaling 2 (RGS2) inhibits androgen-independent activation of
androgen receptor in prostate cancer cells. Oncogene. 2006;25:3719–34.

Lu et al. Molecular Cancer  (2017) 16:125 Page 13 of 14



40. Goldsmith ZG, Dhanasekaran DN. G protein regulation of MAPK networks.
Oncogene. 2007;26:3122–42.

41. Shi CS, Lee SB, Sinnarajah S, Dessauer CW, Rhee SG, Kehrl JH. Regulator of
G-protein signaling 3 (RGS3) inhibits Gbeta1gamma 2-induced inositol
phosphate production, mitogen-activated protein kinase activation, and Akt
activation. J Biol Chem. 2001;276:24293–300.

42. Fang Y, Fullwood MJ. Roles, functions, and mechanisms of long non-coding
RNAs in cancer. Genomics Proteomics Bioinformatics. 2016;14:42–54.

43. Wang KC, Chang HY. Molecular mechanisms of long noncoding RNAs. Mol
Cell. 2011;43:904–14.

•  We accept pre-submission inquiries 

•  Our selector tool helps you to find the most relevant journal

•  We provide round the clock customer support 

•  Convenient online submission

•  Thorough peer review

•  Inclusion in PubMed and all major indexing services 

•  Maximum visibility for your research

Submit your manuscript at
www.biomedcentral.com/submit

Submit your next manuscript to BioMed Central 
and we will help you at every step:

Lu et al. Molecular Cancer  (2017) 16:125 Page 14 of 14


	Abstract
	Background
	Methods
	Results
	Conclusions

	Background
	Methods
	Clinical materials
	LncRNA microarray analysis
	Cell culture and transfection
	RNA extraction, reverse transcription and QRT-PCR
	Analysis of cell motility
	MTT assay for cell proliferation
	Colony formation assay
	Construction of stable cell lines with overexpressed HOXD-AS1 and the mouse xenograft model
	Apoptosis analysis
	Luciferase reporter assay
	Westernblot analysis
	Statistical analysis

	Results
	HOXD-AS1 is upregulated in Metastatic HCC tissue and is associated with metastatic phenotypes in HCC cells
	HOXD-AS1 promotes hepatoma cell metastasis and organ colonization
	HOXD-AS1 accelerates cancer cell growth and inhibits Dox-induced apoptosis
	HOXD-AS1 upregulated ARHGAP11A by competitively binding Mir-19a
	ARHGAP11A downregulation repressed hepatoma cell metastasis and was correlated with better outcomes in HCC patients
	Downregulation of RGS3 expression by HOXD-AS1 �contributes to the inhibition of Dox-induced apoptosis

	Discussion
	Conclusions
	Additional files
	Abbreviations
	Acknowledgements
	Funding
	Availability of data and materials
	Authors’ contributions
	Competing interests
	Consent for publication
	Ethics approval and consent to participate
	Publisher’s Note
	Author details
	References

