Tohoku J. Exp. Med., 2019, 249, 43-56

LncRNA SNHG3 Promotes Hepatocellular Tumorigenesis by
Targeting miR-326
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Small nucleolar RNA host gene 3 (SNHG3), a long noncoding RNA (IncRNA), acts as an oncogene in
hepatocellular carcinoma (HCC), whereas microRNA (miR)-326 plays an inhibitory role in some types of
human cancers, including melanoma, osteosarcoma, and gastric cancer. In the present study, by analyzing
47 tissue specimens of human HCC, we found that the relative expression levels of SNHG3 were
significantly higher in HCC tissues than those in the adjacent noncancerous tissues, whereas the relative
expression levels of miR-326 were significantly lower in HCC tissues. Furthermore, the relative mRNA
levels of Sma and Mad Related Family 3 (SMAD3) and zinc finger E-box binding homeobox 1 (ZEB1) were
significantly higher in HCC tissues compared with the adjacent noncancerous tissues. In human HCC cell
lines, SNHG3 overexpression promoted the proliferation, migration, and epithelial-mesenchymal transition
and inhibited apoptosis, whereas knockdown of SNHG3 expression exerted the opposite effects.
Importantly, miR-326 or miR-326 inhibitor restored the aforementioned effects of SNHG3 overexpression or
SNHG3 knockdown. We thus found that the miR-326-response element is present in SNHG3 and the
3'-untranslated region of SMAD3 mRNA. In fact, SNHG3 overexpression increased the expression levels
of SMAD3 and ZEB1, while miR-326 decreased the expression levels of SMAD3. These results suggest
that SNHG3 may function as a competing endogenous RNA (ceRNA) for miR-326, which in turn enhances
SMAD3 and ZEB1 expression. In conclusion, we propose that SNHG3 promotes HCC progression via the
miR-326/SMAD3/ZEB1 signaling pathway. The findings may provide novel targets for the diagnosis and
treatment of HCC.
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Introduction

With approximately 600,000 new cases annually,
hepatocellular carcinoma (HCC) is one of the most com-
mon malignancies and leading cause of cancer-related
deaths worldwide (Forner et al. 2012; Torre et al. 2015).
Most patients are diagnosed at advanced stages without the
opportunity for curative surgical resection; thus, the mortal-
ity of HCC is high (Wen et al. 2018). Despite the rapid
development in treatment strategies, including systemic
chemotherapy, transcatheter arterial chemoembolization,
and radiofrequency ablation, the outcomes of advanced
patients with HCC remain unsatisfactory (Maluccio and
Covey 2012). It is therefore necessary to elucidate the
detailed molecular bases involved in HCC progression and
explore new therapeutic strategies to improve the prognosis
of patients with HCC.

Long noncoding RNA (IncRNA) refers to a family of
RNAs greater than 200 nt in length but is not translated into
protein (Nagano and Fraser 2011). LncRNAs possess sig-
nificant biological functions in tumor progression, including
epithelial-mesenchymal transition (EMT), invasion-metas-
tasis, proliferation, apoptosis, and drug resistance (Ponting
et al. 2009; Esteller 2011). Dysregulated IncRNAs might
act as oncogenes or tumor suppressors during HCC pro-
gression (Wang et al. 2014a; Yuan et al. 2014; Ge et al.
2015; Wang et al. 2015). For instance, pituitary tumor-
transforming 3, pseudogene (PTTG3P), a IncRNA, pro-
moted the proliferation and metastasis of HCC by activat-
ing PTTG1 and the phosphatidylinositol-3-kinases/protein-
serine-threonine kinase (PI3K/AKT) pathway (Huang et al.
2018). Noncoding repressor of NFAT (NRON), a newly
identified repressor of nuclear factor of activated T cells
(NFAT), suppresses HCC growth and metastasis through
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inhibiting EMT (Yao et al. 2018). However, the functions
of many IncRNAs remain unclear.

Small nucleolar RNA host gene 3 (SNHG3; GenBank
accession no. NR 036473.1), located on 1q35.3, is a
IncRNA discovered by Pelczar and Filipowicz (1998).
SNHG3 is involved in various functional regulations.
SNHG3 regulated mouse embryonic stem cell self-renewal
and pluripotency (Lu et al. 2019). Moreover, the research
on SNHG3 has investigated the function on tumorigenesis
of certain cancers. SNHG3 promoted malignant develop-
ment of colorectal cancer (Huang et al. 2017b). Increased
expression of SNHG3 was associated with poor prognosis
and enhanced malignant progression of ovarian cancer
(Hong et al. 2018), lung adenocarcinoma (Liu et al. 2018),
and glioma (Fei et al. 2018). In addition, data mining of the
Cancer Genome Atlas and Oncomine databases indicated
that increased SNHG3 expression was correlated with the
malignant status and poor prognosis of patients with HCC
(Zhang et al. 2016; Zhang et al. 2019). Nonetheless, the
association of SNHG3 with the incidence and tumorigene-
sis of HCC remain unknown and should be addressed in
further investigations.

LncRNAs were observed to regulate mRNA expres-
sion as competitive endogenous RNAs (ceRNAs) of
microRNAs (miRNAs) after transcription (Salmena et al.
2011). For instance, X-inactive specific transcript (XIST)
could regulate the expression of gene of phosphate and ten-
sion homology deleted on the chromosome ten (PTEN) by
inhibiting miR-181a in the progression of HCC (Chang et
al. 2017), and 1linc00673 promoted the occurrence of non-
small cell lung cancer through regulating zinc finger E-box
binding homeobox 1 (ZEB1) by interacting with miR-
150-5p (Lu et al. 2017). ZEBI1 promoted invasion and
metastasis in several types of human cancer and had a prog-
nostic role in certain cancers (Lazarova and Bordonaro
2017). Additionally, ZEB1 was transcriptionally activated
by SMAD3 in HCC and promoted tumorigenesis (Ahn et
al. 2012).

MiRNAs, the same as IncRNAs, have long been
widely recognized in malignancies. MiR-326 acted as a
tumor suppressor in several malignancies and targeted dif-
ferent genes in glioma, endometrial cancer, and cervical
cancer (Li et al. 2015b; Wu et al. 2017; Zhang et al. 2017,
Yin et al. 2018). However, no studies have reported the
interaction between SNHG3 and miR-326 in HCC.

In this study, we hypothesized that SNHG3 might pro-
mote HCC progression by targeting miR-326 expression.
The expression levels of SNHG3 and miR-326 in HCC tis-
sues and paracancerous tissues were measured first. Then
the potential functions of SNHG3 and its relationship with
miR-326 were explored in vitro and in vivo. The results of
this study may contribute to the discovery of new therapeu-
tic targets for HCC.

Materials and Methods

Ethics statement and tissue specimens

Informed consent was obtained from all patients. All experi-
ments in humans and animals were approved by the Institutional
Review Board of Qilu hospital. All experiments were performed in
accordance with the approved guidelines and regulations, including
any relevant details. 47 pairs of HCC tissues and matched adjacent
noncancerous tissues were obtained from Qilu Hospital of Shandong
University. Each sample was rapidly frozen in liquid nitrogen and
stored at —80°C. The patients’ clinical characteristics are listed, with-
out any information that could identify patients (see Table 1).

Cell lines and cell culture

Human HCC cell lines (HepG2 and HCCLM3) and the normal
hepatocyte (L02) were purchased from the Chinese Academy of
Sciences Cell Bank (Shanghai, China). All cells were routinely cul-
tured in Dulbecco’s Modified Eagle Medium (DMEM, HyClone,
USA) supplemented with 10% fetal bovine serum (FBS, HyClone,
USA), and penicillin and streptomycin (100 units/ml, Gibco, USA) at
37°C under 5% CO,.

Quantitative reverse transcription-polymerase chain reaction (qRT-
PCR)

Total RNA was extracted from human HCC tissues and cells
with Trizol (Invitrogen, USA). ¢RT-PCR for mRNA and IncRNA
was performed with a HiScript 1st Strand cDNA Synthesis Kit and
SYBR Green I Real-Time PCR Kit (Vazyme Biotech Co. Ltd, China)
according to the manufacturer’s instructions. qRT-PCR for miRNA
was performed with a miScript II RT Kit and miScript SYBR Green
PCR Kit (Qiagen, Germany) according to the manufacturer’s instruc-
tions. Quantitative PCR was performed using a Bio-Rad CFX-96
detection system (Bio-Rad, USA). The relative expression levels of
miRNA, mRNA and IncRNA were normalized to those of U6 and
f-actin. Primers were supplied by Qiagen.

Cell transfection

For changing the expression levels of miR-326 in HCC cells,
miR-326 mimic, and miR-326 inhibitor (anti-326), and the corre-
sponding negative control (NC-mimic and anti-NC) were synthesized
and purified by Sangon (Shanghai, China). To reduce expression lev-
els of SNHG3 or ZEBI in HCC cells, the small interfering RNA
(siRNA) specifically targeting SNHG3 (si-SNHG3) or ZEB1 si-ZEB1
and matched negative control (si-NC) were purchased from Sangon
(Shanghai, China). Transfection was performed using Lipofectamine
2000 (Invitrogen Inc., Carlsbad, CA, USA) according to the manufac-
turer’s instruction, and subsequent experiments were performed after
48 hours. Lentiviral vector overexpressing SNHG3 (pLVX-SNHG3)
or ZEB1 (pLVX-ZEBI1) and the corresponding negative control
(pLVX) were purchased from Sigma (Sino Biological, China), and
transfections were performed using the recombinant lentivirus-trans-
ducing units plus 8 mg/ml polybrene. Three days later, the cells
transfected with the lentivirus were subjected to FACS analysis for
GFP to obtain the cells stably overexpressing SNHG3 or ZEBI.
Then, these cells were transfected with miR-326 mimic or NC mimic.
Transfection was performed using Lipofectamine 2000 (Invitrogen
Inc., Carlsbad, CA, USA) according to the manufacturer’s instruction,
and subsequent experiments were performed after 48 hours.
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Dual-luciferase reporter assay

A potential miR-326-binding sequence is present in SNHG3
and in the 3'-untranslated region (3’-UTR) of human SMAD3 mRNA.
Thus, the respective region containing the complementary sequence
to miR-326 was amplified and ligated to the dual-luciferase vector
(Promega, USA). Each mutant construct was also generated using
Quik Change II Site-Directed Mutagenesis Kit (Agilent Technologies,
USA). Cells were transfected with a luciferase vector containing the
wild-type miR-326-binding sequence of SNHG3 (SNHG3-WT) or its
mutated sequence (SNHG3-MUT) together with miR-326 mimic or
NC-mimic using Lipofectamine 2000 according to the manufacturer’s
instructions. Likewise, cells were transfected with a luciferase vector
containing the wild-type 3’-UTR of SMAD3 mRNA (SMAD3-WT)
or its mutated 3'-UTR (SMAD3-MUT) together with miR-326 mimic
or NC-mimic. Luciferase activity was measured using the Dual-
Luciferase Reporter Assay System (Promega, USA) and normalized
to that of Renilla luciferase.

Cell viability assay

The viability of transfected HCC cells was determined by the
MTT assay. Cells were seeded in 96-well plates at a density of
approximately 5 x 10° cells per well. MTT (5 mg/ml) was added to
each well for 4 hours after treatment, and then DMSO was added to
stop the reaction. Optical density at 490 nm was measured using an
Agilent Cary Eclipse (Agilent, USA) and subtracted from the absor-
bance of the medium. All samples were measured three times, and
the mean of each experiment was calculated.

Transwell assay

Transfected cells of each group (approximately 1.5 x 10*) were
seeded into transwell chambers (8 um, Corning, USA). The upper
chambers were coated with or without 10 ug/ml Matrigel and filled
with cells in serum-free media. Media containing 10% FBS was
added into the lower chambers. After 48 hours of incubation, the
cells in the lower chamber membrane were fixed with 4% polyoxy-
methylene and stained with 0.1% crystal violet. At least 6 fields were
selected; next, migrated cells were photographed and counted under a
microscope.

Apoptosis assay

After collected and resuspended in binding buffer, the treated
HCC cells were double stained with FTTC-Annexin V and propidium
iodide using an Annexin V-fluorescein isothiocyanate (FITC)
Apoptosis Kit (Beyotime, Jiangsu, China) according to the manufac-
turer’s instructions and then analyzed using flow cytometry (FACS
Calibur, Bio-Rad Laboratories, Inc. USA).

Western blot analysis

HCC cells were collected and lysed with SDS lysis buffer
(Sigma, USA), and protein lysates (30 ug) were separated by 10%
sodium dodecyl sulfate-polyacrylamide gel electrophoresis (SDS-
PAGE) and transferred to polyvinylidene difluoride (PVDF) mem-
branes (Roche, Switzerland). After being blocked with 5% skim milk
for 1 hour at room temperature, the PVDF membranes were incubated
with primary antibody for 12 hours at 4°C. The main biomarkers for
EMT are Vimentin, E-cadherin, and Snail. Primary antibodies against
Vimentin, E-cadherin, Snail, SMAD3, ZEBI, and glyceraldehyde-
3-phosphate dehydrogenase (GAPDH) and secondary antibodies were
purchased from Cell Signaling Technology (CST, USA) and diluted

at 1 :2,000 for use. The final signal was visualized using HRP.

Tumor formation in mice

Twelve female BALB/c nude mice (4-6 weeks old) were used
to establish mice xenograft models (n = 6 each group). After trans-
fecting HepG2 cells with si-NC or si-SNHG3, approximately 5 x 10°
cells of the aforementioned 2 groups were suspended in 100 z physi-
ological saline and injected subcutaneously on the right side of the
back. Tumor volume (V) was measured with callipers every 3 days
and calculated as V = A x B¥2 (mm®). Here, A referred to the largest
diameter, and B indicated the shortest diameter (Huang et al. 2017a;
Huang et al. 2019). Thirty-three days after injection, mice were sacri-
ficed with 1% pentobarbital sodium (Sigma, USA) followed by
decapitation, and the tumors were excised. Animal studies were per-
formed in accordance with the guidelines of Qilu Hospital of
Shandong University.

HE staining and Ki-67 immunostaining

The subcutaneous tumor tissues of transplanted HCC cells were
collected and fixed in 10% formaldehyde, embedded in paraffin, and
then sectioned. Ki-67 was used for immunohistochemical analysis,
the slides were counterstained with hematoxylin dehydrated and
fixed, and sealed with the neutral gum. The results were observed
under microscope (Olympus, Japan).

TUNEL assay

The apoptosis levels in the subcutaneously transplanted HCC
cells were measured by TdT-mediated dUTP Nick-End Labeling
(TUNEL) using a TUNEL kit (Roche TMR-RED, Switzerland)
according to the manufacturer’s instructions.

Statistical analysis

Data were obtained from 3 independent experiments and pre-
sented as the mean £ S.D. SPSS 16.0 software was used for statisti-
cal analyses. Intergroup comparisons were verified by Student’s t
tests. Multiple comparisons were analyzed by one-way analysis of
variance, and Pearson correlation analyses were performed. All sta-
tistical tests were two-sided, and a P value < 0.05 was considered sta-
tistically significant.

Results

Higher SNHG3 levels and lower miR-326 levels in HCC
tissues

The expression levels of SNHG3 and miR-326 in 47
pairs of HCC tissues and adjacent noncancerous tissues (as
normal controls, NCs) were analyzed using qRT-PCR. The
results revealed that SNHG3 levels were significantly
higher and miR-326 levels were lower in HCC tissues com-
pared with NCs (Fig. 1A, B). Further analysis indicated the
expression trend of SNHG3 in 47 pairs of tissues was oppo-
site to that of miR-326 (Fig. 1C). Patient characteristics
including tumor stage, lymph node metastasis, and distant
metastasis are summarized in Table 1. The relative expres-
sion levels of SNHG3 were closely correlated with TNM
stage (Table 1). Moreover, compared with normal hepato-
cyte (L02), the relative expression levels of SNHG3 were
higher in HCCLM3 and HepG?2 cells (Fig. 1D), and miR-
326 levels were lower in HCCLM3 and HepG2 cells (Fig.
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Fig. 1. Relative expression levels of SNHG3 and miR-326 in hepatocellular carcinoma tissues and cell lines.
(A, B) Relative expression levels of SNHG3 and miR-326 in HCC tissues (N = 47) and corresponding adjacent noncan-
cerous tissues, determined by qRT-PCR. Data represent mean + SD.
*P<0.05; **P<0.01.
(C) Relationship between SNHG3 and miR-326 in 47 HCC tissues. The data were analyzed by Pearson correlation
analysis.
(D, E) Relative expression levels of SNHG3 and miR-326 in HCC cells (HCCLM3 and HepG2) and normal liver cells
(L02), measured by qRT-PCR. Experiments were repeated at least 3 times; data represent mean + SD.
"P<0.01, vs. LO2.
(F) Predicted miR-326-binding sequence of SNHG3 (SNHG3-WT: SNHG3 wild type) and its mutant type (SNHG3-
MUT).
(G) Luciferase activity in HepG2 cells cotransfected with mi-R326 mimic or NC mimic and the luciferase vector contain-
ing sequence of SNHG3 wild type or mutant type. Experiments were repeated at least 3 times; data represent mean + SD.
#p <0.01, vs. NC mimic.
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Table 1. Correlation between SNHG3 expression and patient characteristics.

Relative expression

Characteristic Number (%) P value
levels of SNHG3
Age 0.497
<60 26 (55.3) 6.75+3.79
> 60 21 (44.7) 7.26 +£4.67
Sex 0.595
Male 31 (66.0) 7.36 +4.83
Female 16 (34.0) 6.65 +3.69
Tumor stage <0.001
T1 19 (40.4) 5.92+3.29
T2 13 (27.7) 7.68 +4.92
T3 9 (19.1) 9.69 £ 4.69
T4 6(12.8) 13.49 +5.61
Lymph node
‘ <0.001
metastasis
NO 30 (63.8) 5.23+3.29
N1 17 (36.2) 13.54+5.76
Distant metastasis <0.001
MO 33 (70.2) 6.19+4.19
M1 14 (29.8) 1529+7.29

Data are expressed as the number (percentage) and mean + SD.

1E). Because the expression level of SNHG3 was margin-
ally lower in HepG2 cells than in HCCLM3 cells, in the
subsequent experiments, SNHG3 was overexpressed in
HepG2 cells and silenced in HCCLM3 cells, unless other-
wise stated.

SNHGS3 binds to miR-326

To investigate the functional relationship between
SNHG3 and miR-326, we performed bioinformatics analy-
sis using miRcode, showing that SNHG3 contains the
potential binding sequence for miR-326 (Fig. 1F). To vali-
date the interaction between SNHG3 and miR-326, we used
a luciferase reporter vector containing a miR-326-binding
sequence of SNHG3 (SNHG3-WT) or its mutated binding
sequence (SNHG3-MUT). In Fig. 1G, luciferase activities
were significantly lower in HepG2 cells cotransfected with
SNHG3-WT and miR-326 mimic than those in cells
cotransfected with SNHG3-WT and NC-mimic, but the
luciferase activities were not altered with the mutant
SNHG3 vector. These results suggest that miR-326 may

bind to the target sequence of SNHG3.

SNHG3 regulates HCC proliferation, migration, apoptosis,
and EMT by interacting with miR-326

We then investigated the role of the interaction
between SNHG3 and miR-326 in HCC proliferation.
Overexpression of SNHG3 significantly increased prolifera-
tion and migration abilities of HepG2 cells (Fig. 2A, B), but
these enhancing effects of SNHG3 were not detected in
cells cotransfected with miR-326 mimic. By contrast, over-
expression of SNHG3 significantly decreased apoptosis
(Fig. 2C, D), while miR-326 mimic restored the degree of
apoptosis. We next performed the knockdown experiments
in HCCLM3 cells. SNHG3 depletion with si-SNHG3 sig-
nificantly reduced proliferation and migration abilities of
HCCLM3 cells (Fig. 3A, B) and conversely increased
apoptosis (Fig. 3C, D), while these effects were abolished
by anti-326 (Fig. 3). Taken together, these data indicate
that SNHG3 regulates proliferation, migration, and apopto-
sis of HCC cells by interacting with miR-326.
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Fig. 2. SNHG3 overexpression promotes HCC proliferation, migration, and inhibits apoptosis by interacting with miR-326.
HepG2 cells were transfected with pLVX, pLVX-SNHGS3 or cotransfected with pLVX-SNHG3 and miR-326 mimic or
NC mimic. Experiments were repeated at least 3 times; data represent mean + SD.

(A) Enhanced effects of SNHG3 on cell viability. pLVX-SNHG3 enhanced cell viability and miR-326 mimic reversed
the enhanced effect of pLVX-SNHG3 on cell viability, judged by MTT assays.

*P<0.01, vs. pLVX; "P<0.01, vs. pLVX-SNHG3+NC mimic.

(B) Enhanced effects of SNHG3 on cell migration. Transwell assays showed that SNHG3 enhanced cell migration and
miR-326 mimic resumed the increased migration ability.

*P <0.01, vs. pLVX; “P < 0.01, vs. pLVX-SNHG3+NC mimic.

(C, D) Suppressive effects of SNHG3 on apoptosis. Flow cytometry showed miR-326 mimic restored the suppressed
apoptosis.

*P <0.01, vs. pLVX; “P < 0.01, vs. pLVX-SNHG3+NC mimic.
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Fig. 3. SNHG3 knockdown suppresses HCC proliferation, migration, and promotes apoptosis by interacting with miR-326.
HCCLM3 cells were transfected si-NC, si-SNHG3, or cotransfected with si-SNHG3 and anti-326 or anti-NC. Experi-
ments were repeated at least 3 times; data represent mean £ SD.

(A) MTT assay showed anti-326 resumed decreased cell viability.

*P <0.01, vs. si-NC; “P < 0.01, vs. si-SNHG3+anti-NC.

(B) Transwell assays showed anti-326 resumed decreased migration ability.
*P<0.01 vs. si-NC; *P < 0.01, vs. si-SNHG3+anti-NC.

(C, D) Flow cytometry showed anti-326 restored promoted apoptosis.

*P < 0.01, vs. si-NC; “P < 0.01, vs. si-SNHG3+anti-NC.

We also analyzed the roles of SNHG3 and miR-326 in
EMT. Overexpression of SNHG3 significantly increased
the expression levels of Vimentin and Snail but decreased

promotes EMT by interacting with miR-326.

SNHG3 functions as a ceRNA for miR-326, promoting

the expression levels of E-cadherin in HepG2 cells, while
miR-326 mimic restored the aforementioned effects (Fig.
4A, B). Knockdown of SNHG3 expression caused the
opposite effects in HCCLM3 cells, while anti-326 could
resume them (Fig. 4C, D). These data indicate that SNHG3

SMAD3 expression

By searching the TargetScan website (http://www.tar
getscan.org/), we found that the 3'-UTR of SMAD3 mRNA
contains the sequence complementary to miR-326 (Fig.
S5A). Thus, luciferase reporter assays were performed to
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Fig. 4. SNHG3 regulates EMT process through binding with miR-326.
(A) Effects of SNHG3 on the expression levels of E-cadherin, Vimentin, and Snail mRNAs in HepG2 cells. qRT-PCR
showed miR-326 mimic reversed the altered expression of E-cadherin, Vimentin, and Snail mRNAs.
*P < 0.01, vs. pLVX; P < 0.01, vs. pLVX-SNHG3+NC mimic; **P < 0.001, vs. pLVX; *P < 0.001, vs. pLVX-

SNHG3+NC mimic.

(B) Western blot analysis showed that miR-326 mimic reversed the altered expression of E-cadherin, Vimentin, and

Snail proteins.

(C) qRT-PCR showed anti-326 reversed the altered expression of E-cadherin, Vimentin, and Snail at mRNA level in

HCCLMS3 cells.

*P<0.01, vs. si-NC; “P < 0.01, vs. si-SNHG3+anti-NC; **P < 0.001, vs. si-NC; #P < 0.001, vs. si-SNHG3+anti-NC.
(D) Western blot showed anti-326 reversed the altered expression of E-cadherin, Vimentin, and Snail at protein level.

test whether miR-326 interacts with the 3'-UTR of SMAD3
mRNA. As predicted, the luciferase activities were signifi-
cantly lower in HepG2 cells cotransfected with
SMAD3-WT and miR-326 mimic than those in cells
cotransfected with SMAD3-WT and NC-mimic (Fig. 5B),
while no apparent effect of miR-326 mimic was detected
with SMAD3-MUT. These results suggest that miR-326
may bind to 3'-UTR of SMAD3 mRNA. Subsequently, the
effect of miR-326 was analyzed on the expression levels of
SMAD mRNA and protein; miR-326 mimic decreased
SMAD?3 expression in HCCLM3 cells, whereas anti-326
increased SMAD3 expression in HepG2 cells (Fig. 5C-E).
These results indicate that miR-326 reduces the expression
levels of SMAD3 by interacting with its 3'-UTR.

Because SNHG3 and the 3'-UTR of SMAD3 mRNA

share the same miR-326-binding sequence (Figs. 1F and
SA), we assumed that SNHG3 may modulate SMAD3
expression as a ceRNA of miR-326 in HCC. qRT-PCR was
designed to investigate whether expression of SMAD3
mRNA is regulated by SNHG3. The results showed that
the SMAD3 mRNA level was elevated by SNHG3 overex-
pression, which was reduced by miR-326 mimic (Fig. 5F).
Conversely, SNHG3 knockdown decreased the SMAD3
mRNA level, which was reversed by anti-326 (Fig. 5G).
These results suggest that SNHG3 may increase SMAD3
expression by interacting with miR-326.

SNHG3 promotes the progression of HCC by regulating
ZEBI
It has been suggested that SMAD3 could directly bind
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Fig. 5. SMAD3 mRNA is a target of miR-326.

(A) Potential miR-326-binding site in 3'-UTR of SMAD3 mRNA. Wild-type 3’-UTR (SMAD3-WT) and mutated
3'-UTR (SMAD3-MUT) are shown.

(B) Interaction between miR-326 and 3'-UTR of SMAD3 mRNA, judged by Luciferase reporter assays. Shown are
luciferase activities in HepG2 cells cotransfected with mi-R326 mimic or NC mimic and the luciferase vector containing
sequences of SMAD3 wild type or mutant type. Experiments were repeated at least 3 times; data represent mean + SD.
*P<0.01, vs. NC mimic.

(C, D) Effects of mi-R326 on the expression levels of SMAD3 mRNA. qRT-PCR analyzed mRNA levels of SMAD3 in
HCCLM3 cells transfected with miR-326 mimic or NC mimic (C) and in HepG2 cells transfected with anti-326 or anti-
NC (D). Experiments were repeated at least 3 times; data represent mean + SD.

*P <0.01, vs. NC mimic; “P < 0.01, vs. anti-NC.

(E) Western blot analyzed protein levels of SMAD3 in HCCLM3 cells transfected with miR-326 mimic or NC mimic
and in HepG2 cells transfected with anti-326 or anti-NC.

(F) qRT-PCR analysis of SMAD3 mRNA levels in HepG2 cells transfected with pLVX, pLVX-SNHG3, or cotransfected
with pLVX-SNHG3 and miR-326 mimic.

*P<0.01, vs. pLVX; **P <0.01, vs. pLVX-SNHG3.

(G) qRT-PCR analysis of SMAD3 mRNA levels in HCCLM3 cells transfected with si-NC or si-SNHG3, or cotransfect-
ed with si-SNHG3 and anti-326.

#P<0.01, vs. si-NC; #P < 0.01, vs. si-SNHG3.
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Fig. 6. SNHG3 facilitates HCC progression through ZEB1 signaling.
Experiments were repeated at least 3 times; data represent mean + SD.
(A, B) Involvement of SNHG3 in ZEB1 expression. qRT-PCR and western blot analyses of ZEB1 expression in HepG2
cells transfected with pLVX or pLVX-SNHG3 and in HCCLM3 cells transfected with si-NC or si-SNHG3.
*P<0.01;*P<0.01.
(C, D) Knockdown of ZEB1 expression. HepG2 cells were cotransfected with pLVX-SNHG3 and si-NC or si-ZEB1.
MTT assays indicate the requirement of ZEBI1 for the enhancing effects of SNHG3 on cell viability (C).
*¥*P < 0.01, vs. pLVX (+) + si-NC (+); ***P < 0.01, vs. pPLVX-SNHG3 (+) + si-NC (+). Western blot analyses (D)
showed that ZEB1 was involved in the effects of SNHG3 on expression levels of E-cadherin, Vimentin, and Snail.
(E, F) Overexpression of ZEB1 in SNHG3 functions. MTT assays (E) and Western blot analysis (F) detected the cell
viability and expression of E-cadherin, Vimentin, and Snail in HCCLM3 cells transfected with si-SNHG3 or cotrans-
fected with si-SNHG3 and pLVX-ZEBI.
P <0.01, vs. pLVX(+)+si-NC(+); P < 0.01, vs. si-SNHG3+pLVX(+).
(G, H) Relative expression levels of SMAD3 and ZEB1 mRNAs in HCC tissues (N = 47) and matched adjacent normal,
measured by qRT-PCR analysis.
SP<0.001.
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Fig. 7. SNHG3 promotes HCC cell growth through ZEB1 signaling in mice.

(A) The excised tumor tissues of grafted HepG2 cells.

(B) Tumor volumes of grafted HCC cells from days 15 to 33. Experiments were repeated at least 3 times; data represent

mean + S.D.

*P <0.05, vs. si-NC; **P < 0.01, vs. si-NC; ***P < 0.001, vs. si-NC.

(C) Representative images of Ki-67 staining under microscope (% 100).

(D) Representative images of TUNEL staining under microscope (% 100).

(E) Western blot analyses of SMAD3, ZEB1, and EMT-related proteins in tumor tissues.

(F) A proposed role of SNHG3 in HCC.

to ZEB1 to activate its expression (Postigo 2003; Cao et al.
2018). We thus analyzed ZEB1 expression under the con-
ditions of altered SNHG3 expression in HCC cells. The
expression levels of ZEBI mRNA and protein were
increased by SNHG3 overexpression in HepG2 cells (Fig.
6A, B), whereas they were decreased by SNHG3 knock-
down in HCCLM3 cells. These results suggest the require-

ment of SNHG3 for ZEB1 expression. To explore whether
ZEBI1 is involved in the functions of SNHG3, we knocked-
down ZEB1 expression together with SNHG3 overexpres-
sion and determined the proliferation ability and EMT of
HepG2 cells. The results showed that si-ZEB1 abolished
the enhancing effects of SNHG3 on cell proliferation and
EMT in HepG2 cells (Fig. 6C, D). We then analyzed the



54 Q. Zhao et al.

effects of ZEB1 overexpression on the SNHG3 functions.
In this series of experiments, HCCLM3 cells overexpress-
ing ZEB1 were transfected with si-SNHG3 (Fig. 6E, F).
ZEBI1 overexpression restored the decreased cell viability
and enhanced EMT process caused by SNHG3 knockdown.
These results suggest that SNHG3 may accelerate HCC
progression through ZEB1 signal transduction. Lastly, we
confirmed that the expression levels of SMAD3 and ZEBI
mRNAs were significantly higher in human HCC tissues
compared with the matched adjacent noncancerous tissues
(Fig. 6G, H).

SNHG?3 expression correlates with HCC progression in vivo

The role of SNHG3 in HCC tumorigenesis was then
analyzed in vivo. SNHG3-silenced HCC cells and negative
control cells were established and transplanted into mice.
The results showed that SNHG3 knockdown significantly
inhibited tumor growth (Fig. 7A, B) and alleviated the
staining intensity of proliferating cell nuclear antigen Ki-67
(Fig. 7C). In addition, TUNEL staining demonstrated that
silencing SNHG3 led to increased apoptosis (Fig. 7D).
Western blot analyses indicated that SNHG3 depletion
reduced SMAD3, ZEBI1, vimentin, and Snai protein levels
and increased E-cadherin levels (Fig. 7E).

Taken together, we propose that SNHG3 promotes
HCC progression by reducing the expression level of miR-
326, which in turn activates the SMAD3/ZEB1 signaling
pathway (Fig. 7F).

Discussion

Many studies have verified that IncRNAs play vital
roles in the pathogenesis of HCC (Deng et al. 2015; Li et al.
2015a; Sui et al. 2016). However, the functions and mecha-
nisms of SNHG3 in HCC remain unclear. We demonstrated
that SNHG3 expression in HCC tissues was significantly
increased compared with corresponding adjacent noncan-
cerou tissues and was correlated with the TNM stage of
patients with HCC (Table 1). It has been reported that mul-
tiple IncRNAs in the SNHG family, such as SNHGI1 and
SNHGS, can sponge miRNAs to regulate their expression
in different cancers, including prostate cancer and gastric
cancer, thus participating in the tumor growth (Li et al.
2017; Zhao et al. 2017). In addition, miR-326 has been
demonstrated to inhibit the growth of various types of
tumors including HCC (Kim et al. 2014; Li et al. 2015b;
Cao et al. 2016; Wu et al. 2017; Zhang et al. 2017; Yin et
al. 2018). However, the relationship between SNHG3 and
miR-326 in HCC remains unclear. In this study, miR-326
levels were lower in HCC tissues, and the expression of
miR-326 showed an opposite trend with SNHG3 expression
in HCC tissues (Fig. 1).

SNHGS3 contains a miR-326-binding sequence, and the
dual-luciferase reporter assay suggests the interaction
between miR-326 and SNHG3 (Fig. 1). In addition,
SNHG3 overexpression significantly enhanced prolifera-
tion, migration, and EMT processes but reduced the apopto-

sis rate in HepG2 cells. By contrast, knockdown of SNHG3
significantly decreased proliferation, migration, and EMT
but promoted apoptosis in HCCLM3 cells. Importantly,
these effects were reversed by miR-326 mimic or anti-326,
respectively (Figs. 2, 3 and 4), indicating that SNHG3 could
exert oncogenic functions by regulating miR-326 in HCC.

SMAD3, a highly active and ubiquitous transcription
factor, is responsible for stimulating the transcription of
various target genes, thereby participating in the character-
istic manifestation of malignant tumors, including HCC
(Yang et al. 2006). Indeed, the high level of SMAD?3 is
confirmed to be related to the poor prognosis in HCC
(Zhang et al. 2016; Zhang et al. 2019). In this study, we
demonstrated that miR-326 could reduce SMAD3 expres-
sion, whereas anti-326 could increase SMAD3 expression.
Moreover, SNHG3 overexpression increased the level of
SMAD3 mRNA, which could be reversed by miR-326
mimic. Conversely, SNHG3 knockdown reduced level of
SMAD3 mRNA, which was reversed by anti-326 (Fig. 5).
These results indicate that SNHG3 modulates SMAD3
expression by interacting with miR-326.

As a member of the zinc finger protein family, ZEB1
was identified as a necessary mediator of cancer metastasis,
including HCC (Bai et al. 2014; Wang et al. 2014b).
Moreover, ZEB1 exerted oncogenic functions, including
promoting survival, proliferation, migration, invasion, and
the EMT phenotype of tumor cells and preventing tumor
cell apoptosis (Lee et al. 2014; Sanchez-Tillo et al. 2015;
Yun et al. 2015; Chang et al. 2016). SMAD?3 could directly
bind to ZEBI to induce its expression (Postigo 2003; Cao
et al. 2018). To assess whether SNHG3 could regulate
HCC activities through SMAD3/ZEBI signaling, we mea-
sured ZEB1 expression in HCC cells after altering SNHG3
expression. The results showed that SNHG3 overexpres-
sion significantly increased ZEB1 expression, whereas
SNHG3 silencing reduced ZEB1 expression. We also
observed that silencing ZEB1 inhibited the SNHG3 overex-
pression-mediated effects on proliferation and EMT pro-
cesses in HepG2 cells (Fig. 6C, D). Importantly, the
expression levels of SMAD3 and ZEB1 were significantly
higher in HCC tissues compared with adjacent noncancer-
ous tissues (see Fig. 6G, H). Taken together, we propose
that SNHG3 could promote HCC progression by activating
SMAD3/ZEBI signaling.
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