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SNHG1 knockdown upregulates miR-376a
and downregulates FOXK1/Snail axis
to prevent tumor growth and metastasis in HCC
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Long non-coding RNAs (IncRNAs), microRNAs (miRNAs or
miRs), and genes are emerging players in cancer progression.
In the present study, we explored the roles and interactions
of oncogenic IncRNA small nucleolar RNA host gene 1
(SNHG1), miR-376, forkhead box protein K1 (FOXK1), and
Snail in hepatocellular carcinoma (HCC). Expression of
SNHGI1, miR-376, and FOXK1 in HCC was characterized in
clinical HCC tissues of 75 patients with HCC. The interactions
between SNHG1 and miR-376 and between miR-376 and
FOXK]1 were predicted and confirmed by dual-luciferase re-
porter gene and RNA immunoprecipitation assays. Overex-
pression and knockdown experiments were performed in
HCC cells to examine the effects of the SNHG1/miR-376/
FOXK1/Snail axis on viability, apoptosis, invasiveness, and
migrating abilities. Their effects on tumor growth and metas-
tasis were validated in nude mouse models. SNHG1 and
FOXK1 were upregulated, and miR-376a was downregulated
in HCC. SNHG1 knockdown contributed to suppression of
HCC cell viability, invasion, and migration properties and pro-
motion of apoptosis. SNHG1 could competitively bind to miR-
376a to upregulate its target gene FOXKI1, which upregulated
Snail. SNHG1 knockdown delayed cancer progression both
in vitro and in vivo by upregulating miR-376a and downregu-
lating FOXK1 and Snail. SNHG1 knockdown exerts anti-tumor
activity in HCC, suggesting a therapeutic target.

INTRODUCTION

It has been estimated that liver cancer is the fourth most deadly cancer
in the world in 2018." Hepatocellular carcinoma (HCC) is the most
frequent type of liver cancer. Many risk factors have been identified
for this malignancy, including exposure to dietary toxins, hepatitis
B and C infection, fatty liver disease, and heavy alcohol consump-
tion.”” Although global cancers in general are in the downward trend,
the incidence of HCC remains an upward trend, increasing by 4.6%
from 2005 to 2015." Recent years have witnessed highest age-adjusted
incidence rates attributed to chronic hepatitis B virus (HBV) in the
male population in Asian, particularly in immigrants from HBV-
endemic regions.” Fortunately, increasing studies have reported
many novel HCC biomarkers and imaging modalities, as well as mo-
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lecular targets for early detection, prevention, and treatment of this
6,7
cancer.

Long non-coding RNAs (IncRNAs) have emerged as novel therapeu-
tic targets for HCC because of their aberrant expression in disease
states and functional cellular roles from the cancer perspective.®
IncRNAs may participate in various aspects of cellular homeostasis,
such as proliferating, growth, and migrating processes or genomic
stability.” Recent studies have demonstrated IncRNA small nucleolar
RNA host gene 1 (SNHG1) as a tumor promoter in human cancers,
including breast, cervical, non-small cell lung, and gastric can-
cers.'””'? More importantly, SNHGI has been shown to facilitate
the development of HCC and hence exert promise functioning as a
therapeutic target for this malignancy.'*'> However, its downstream
mechanism in promoting HCC remains largely undefined.

An intricate interplay exists among various RNA species, consisting
of protein-coding mRNAs and non-coding RNAs, including
IncRNAs, which are considered as competing endogenous RNAs
(ceRNAs) or natural sponges of microRNAs (miRNAs or miRs) by
competing for binding to the shared miRNAs."’
implicated in diverse types of cancers and can inhibit or promote can-
cers, depending on the type. For example, miR-376a suppresses

miR-376a is also

proliferation and invasion of non-small-cell lung cancer and osteosar-
coma cells.'® By contrast, miR-376a also promotes the proliferation
and metastases of ovarian cancer.'” It appears that miR-376a sup-
presses the proliferation and promotes apoptosis in HCC."®

Forkhead box protein K1 (FOXK1) is a transcription factor that reg-
ulates aerobic glycolysis.'”” FOXK1 has been demonstrated as an
oncogene in various cancers through enhancing invasion and metas-
tasis, such as colorectal, prostate, and lung cancers.”’** Interestingly,
FOXKI1 has been revealed to upregulate zinc-finger protein SNAI1
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Figure 1. SNHG1 and FOXK1 expressions are increased, whereas miR-376a expression is decreased in HCC

(A) Expression of FOXK1 in normal and tumor samples based on GEO: GSE101728 (n = 7). (B) Expression of FOXK1 in HCC in GEPIA database (http://gepia.cancer-pku.cn/).
(C) Upstream miRNAs that could regulate FOXK1 predicted by starBase (http://starbase.sysu.edu.cn/) and TargetScan (http://www.targetscan.org/vert_71/) and miRNAs
downregulated in HCC obtained from GEO: GSE41077. (D) IncRNAs that bound to miR-376a predicted by starBase and IncRNAs upregulated in HCC obtained from GEO:
GSE101728. (E) Expression of SNHG1 in normal and tumor samples based on GEO: GSE101728 (n = 7).

(Snail).”® Snail has been shown to be critical to cancer invasiveness
and metastasis.”* Of crucial importance, Snail promotes the metas-
tasis of HCC by mediating epithelial-mesenchymal transition
(EMT).” In light of the predicted interaction between SNHG1 and
miR-376a, as well as between miR-376a and FOXKI, we investigated
whether SNHG1, miR-376a, FOXK]1, and Snail would be involved in
the growth and metastasis of HCC and substantiated their
interactions.

RESULTS

SNHG1 and FOXK1 are upregulated and miR-376a is
downregulated in HCC

FOXKI1 was found to be highly expressed in HCC based on Gene
Expression Omnibus (GEO): GSE101728 (Figure 1A), which was
consistent with the data obtained from the Gene Expression Profiling
Interactive Analysis (GEPIA) database (Figure 1B). Meanwhile, 120
and 1,500 upstream microRNAs (miRNAs) were predicted to target
FOXKI1 by starBase and TargetScan, respectively. By comparing the
aforementioned upstream miRNA candidates obtained from the

two databases and miRNAs that were downregulated in HCC based
on GEO: GSE41077, miR-199a-5p, miR-376a-3p, and miR-139-5p
were found in the intersection (Figure 1C). Through literature review,
the interaction between miR-376a and FOXKI1 has not been
mentioned yet, so we selected the miR-376a as our study object.
Furthermore, IncRNA SNHG1 was presumed to have a binding site
on miR-376a by starBase and was also significantly upregulated in
HCC based on GEO: GSE101728 (Figures 1D and 1E). Hence we
speculate that IncRNA SNHGI, miR-376a, and FOXK1 might partic-
ipate in the biology of HCC because of their dysregulation in HCC
and their putative interaction.

High expression of SNHG1 correlates with poor prognosis of
patients

By conducting quantitative reverse transcription polymerase chain
reaction (QRT-PCR) to quantify RNA levels in clinical HCC and
para-cancerous tissues, we confirmed SNHGI to be markedly
increased in cancerous tissues in patients with HCC (Figure 2A).
Consistently, SNHGI was also determined to be highly expressed
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Figure 2. SNHG1 high expression is associated with poor prognosis of patients with HCC

(A) SNHG1 expression in HCC tissues and para-cancerous tissue (n = 115) determined by gRT-PCR. (B) SNHG1 expression in liver cancer cell lines HepG2, SMMC-7721,
HuH-7, and Li-7 and normal liver cells HL-7702 determined by gRT-PCR. (C) The relationship between SNHG1 expression and patient survival analyzed by log rank test; *p <
0.05 versus para-cancerous tissues or normal liver cells. Data were expressed as mean + standard deviation. Data between two groups were compared with paired t test.
Data among multiple groups were compared with one-way ANOVA with Tukey’s post hoc test. Each experiment was repeated three times independently.

in liver cancer cell lines (HepG2, SMMC-7721, HuH-7, and Li-7) as
compared with normal liver cells HL-7702 (Figure 2B). Among
those liver cancer cell lines, HepG2 and HuH-7 cell lines exhibited
relatively higher expression of SNHGI; therefore, HepG2 and
HuH-7 cells were selected for subsequent experiments. Moreover,
we selected the median value of SNHG1 expression (2.204) as the
cutoff value and grouped the 115 patients into the high-expression
and low-expression groups. The results showed correlations of
high SNHGI1 expression with advanced tumor-node-metastasis
(TNM) stage, larger tumor diameter, and presence of lymph node
metastasis (Table 1), but no correlation with patient age and degree
of differentiation. Kaplan-Meier analysis also showed shorter overall
survival in patients with higher SNHGI expression in HCC tissues
(Figure 2C). Hence SNHG1 was speculated to potentially affect
the progression of HCC.

SNHG1 knockdown inhibits HCC cell proliferation and invasion
and promotes apoptosis

For verification purpose of the above speculation, we constructed two
short hairpin RNAs (shRNAs) to knock down SNHGI1. Both shRNA-
1 targeting SNHGI1 (sh-SNHGI1-1) and sh-SNHGI-2 successfully
reduced SNHGI expression in HuH-7 and HepG2 cells (Figure 3A),
among which sh-SNHGI1-1 was more effective, so sh-SNHG1-1 was
selected for subsequent experiments. Subsequently, the behaviors of
HuH-7 cells were evaluated by Cell Counting Kit-8 (CCK-8), flow cy-
tometry, and Transwell assays. SNHG1 knockdown functionally led
to suppressed cell viability (Figure 3B), enhanced cell apoptosis
(Figure 3C), and inhibited cell invasion and migration (Figure 3D).
At molecular levels, migration-associated proteins (matrix metallo-
proteinase-2 [MMP-2] and MMP-9), apoptosis-associated proteins
B cell lymphoma-2 (Bcl-2) and Bcl-2 associated protein X (Bax),
and EMT-associated proteins (N-cadherin and E-cadherin) were
measured by western blot assay. SNHG1 knockdown reduced the
expression of MMP-2, MMP-9, Bcl-2, and N-cadherin while
increasing the expression of Bax and E-cadherin (Figure 3E). To
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prove the silencing effect of sh-SNHG1-1 without off-target effects,
we overexpressed SNHG1 when SNHG1 was knocked down, followed
by determination on resultant SNHGI expression and expression of
migration and apoptosis-related proteins (Figure S1). Results vali-
dated the silencing efficiency of sh-SNHG1-1 without off-target ef-
fects. Additionally, expressions of SNHG1 and related proteins
affected by sh-SNHG1-2 were also measured. It was found that sh-
SNHGI-2 significantly silenced SNHG1 expression and suppressed
cell proliferation, migration, and invasion, as well as promoted cell
apoptosis. Also, SNHG1 knockdown upregulated migration and inva-
sion-related proteins (MMP-2, MMP-9, and N-cadherin), EMT-
related E-cadherin, and apoptosis-related Bax and downregulated
Bcl-2 (Figure S2). Taken together, these results demonstrated that
SNHGI downregulation exerted inhibitory effects on HCC prolifera-
tion and invasion in contribution to cell apoptosis.

SNHG1 binds to and downregulates miR-376a

The binding region between SNHGI and miR-376a was shown by
starBase (Figure 4A). Based on this binding region, we constructed
the wild-type (WT)-SNHG1 and mutant (MUT)-SNHGI plasmids
and conducted dual-luciferase reporter gene assay to verify their
binding relationship. miR-376a mimic had no significant effect on
luciferase activity of the MUT-SNHGI but reduced the luciferase ac-
tivity of WT-SNHG1 in 293T cells (Figure 4B). Furthermore, miR-
376a expression was determined to be reduced in HCC tissues
(Figure 4C) and HuH-7 and HepG2 cell lines (Figure 4D). RNA-fluo-
rescence in situ hybridization (FISH) showed that miR-376a and
SNHG1 were mainly expressed in the cytoplasm (Figure 4E). Pear-
son’s correlation analysis displayed a negative correlation between
SNHGI and miR-376a (Figure 4F). Finally, SNHG1 knockdown
increased miR-376a expression, while SNHGI1 overexpression
decreased miR-376 expression in HuH-7 and HepG2 cells
(Figure 4G), suggesting that SNHGI negatively regulated the expres-
sion of miR-376a.
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Table 1. Correlation analysis between SNHG1 expression and
clinicopathological characteristics in liver cancer

SNHGI expression

Variables Cases (n = 115) High (n = 58) Low (n = 57) p value
Age (years)
>46 56 30 26

0.577
<46 59 28 31
Tumor diameter (cm)
>7 59 47 12

<0.001
<7 56 11 45
Differentiation
High/moderate 64 30 34

0.455
Low 51 28 23
Lymph node metastasis
NO 66 13 53

<0.001
NI1/N2 49 45 4
TNM stage
Stage I-1I 64 11 53

<0.001
Stage III 51 47 4

xz test was used to test the association between two categorical variables; p < 0.05, which
was considered as a significant difference. SNHG1, small nucleolar RNA host gene 1;
TNM, tumor-node-metastasis.

SNHG1 upregulates FOXK1 expression through binding to miR-
376a

Based on the predicted binding region between miR-376a and
FOXK1 (Figure 5A), WT-FOXK1-3' untranslated region (UTR)
and MUT-FOXK1-3" UTR plasmids were designed and generated.
Dual-luciferase reporter gene assay was utilized to verify their binding
relationship. The results exhibited that miR-376a mimic had no sig-
nificant effect on the luciferase activity of MUT-FOXK1-3’ UTR while
reducing the luciferase activity of WT-FOXK1-3’ UTR in 293T cells
(Figure 5B). Additionally, miR-376a knockdown elevated the
FOXKI mRNA expression, while miR-376a overexpression dimin-
ished the FOXK1 mRNA expression in HuH-7 and HepG2 cells
(Figure 5C). FOXK1 was determined to be upregulated in HCC tis-
sues (Figure 5D) and cell lines (Figure 5E) by qRT-PCR. Pearson’s
correlation analysis revealed a negative correlation between miR-
376a and FOXK1 (Figure 5F) but a positive correlation between
SNHGI and FOXKI1 (Figure 5G). The evidence provided by RNA
binding protein immunoprecipitation (RIP) exhibited the enrich-
ment of miR-376a, SNHGI, and FOXKI in the anti-Argonaute 2
(AGO2) group (Figure 5H), suggesting that miR-376a, SNHG1, and
FOXKI could be co-precipitated with AGO2. Hence SNHGI and
FOXKI1 formed a complex with AGO2 to competitively bind to
miR-376a. Furthermore, SNHG1 overexpression enhanced the bind-
ing of miR-376a to SNHGI but suppressed the binding of miR-376a
to FOXK1 in the complex pulled down by AGO2 (Figure 5I). Also, the
binding of miR-376a to SNHG1 and FOXKI was significantly
elevated in the complex pulled down by AGO?2 relative to immuno-
globulin G (IgG). Moreover, SNHG1 knockdown impaired the

binding of miR-376a to SNHGI1 but potentiated the binding of
miR-376a to FOXK1 (Figure 5]). In comparison with IgG, binding be-
tween miR-376a and SNHG1 was reduced, while binding between
miR-376a and FOXKI1 was increased, in the presence of AGO2.
Knockdown of SNHG1 alone decreased the FOXK1 expression and
increased miR-376a expression, whereas miR-376a loss of function
rescued the FOXK1 expression in the presence of sh-SNHGI in
HuH-7 and HepG2 cells (Figures 5K and 5L). Therefore, we
concluded that SNHG1 upregulated FOXK1 expression by competi-
tively binding to miR-376a.

miR-376a downregulates Snail expression through targeting
FOXK1

After identifying the SNHG1/miR-376a/FOXK]1 axis, study focus was
subsequently shifted to the FOXK1 downstream Snail. Binding sites
between FOXK1 and Snail were predicted by UCSC and JASPAR.
Then, JASPAR was used to analyze binding motifs between FOXK1
and Snail as shown in Figure S3A. According to JASPAR, there
were three binding sites between FOXK1 and Snail, 251-264, 373—
386, and 1841-1854. Binding sites on Snail were mutated
(Figure S3B). Snail expression was determined to be highly expressed
in HCC tissues (Figure 6A) and cell lines (Figure 6B). Immunohisto-
chemistry consistently showed upregulation of positive FOXK1 and
Snail expression in HCC tissues (Figure 6C). Dual-luciferase reporter
gene assay was followed for whether FOXK1 could activate Snail
expression transcriptionally by binding to the Snail promoter region.
Results identified that FOXK1 could bind to the Snail promoter re-
gion (Figure 6D). Pearson’s correlation analysis concordantly sug-
gested a positive correlation between FOXK1 and Snail (Figure 6E).
Through transfection with overexpressed FOXKI1 (oe-FOXK1) in
HuH-7 and HepG2 cells, FOXK1 expression was elevated and Snail
expression was consequently increased (Figure 6F). On the contrary,
sh-FOXK1-1 and sh-FOXKI1-2 reduced the expression of FOXK1
(Figure 6G), where sh-FOXK1-2 with better efficiency was selected
for subsequent experiments. Meanwhile, miR-376a inhibitor effi-
ciently reduced the miR-376a expression and consequently upregu-
lated the FOXKI1 and Snail expression, while FOXK1 knockdown
diminished the Snail expression in the presence of miR-376a inhibitor
(Figures 6H and 6I). These results collectively suggested that miR-
376a downregulated Snail expression through binding to FOXKI1.

SNHG1 knockdown delays HCC progression in vitro through
downregulating the miR-376a/FOXK1/Snail axis

SNHGI knockdown by shRNA reduced the FOXK1 and Snail expres-
sion and increased miR-376a expression while Snail expression was
restored by co-transfection with plasmids harboring oe-Snail in
HuH-7 and HepG2 cells (Figures 7A and 7B). Subsequent CCK8
and Transwell assays revealed that SNHG1 knockdown resulted in
suppressed viability (Figure 7C), as well as cell invasion and migration
(Figure 7D). However, restoration of Snail normalized these effects.
Moreover, SNHGI1 knockdown decreased the expression of MMP-
2, MMP-9, Bcl-2, and N-cadherin and increased the expression of
Bax and E-cadherin, whereas restoration of Snail reversed the changes
caused by SNHGI knockdown (Figure 7E). Taken together, SNHG1
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Figure 3. SNHG1 knockdown impedes HCC cell proliferative, migrating, and invasive properties and promotes cell apoptosis

(A) Efficiency of SNHG1 knockdown in HuH-7 cells after transfection with shRNAs. (B) Cell viability after SNHG1 knockdown assessed by CCK8 assay. (C) Cell apoptosis after
SNHG1 knockdown assessed by flow cytometry. (D) Cell invasion and migration after SNHG1 knockdown assessed by Transwell assay. (E) Protein expression of MMP-2,
MMP-9, Bax, Bcl-2, E-cadherin, and N-cadherin. *p < 0.05 versus cells transfected with sh-NC. Data were expressed as mean + standard deviation. Data between two
groups were compared with unpaired t test. Data among multiple groups were compared with one-way ANOVA with Tukey’s post hoc test. Data comparison among groups
at different time points was performed using repeated-measures ANOVA with Bonferroni post hoc test. Each experiment was repeated three times independently.

knockdown impeded the malignant characteristics of HCC cells by
downregulating Snail.

SNHG1 knockdown restrains the tumor growth and metastasis
in vivo by downregulating Snail

Finally, in vivo tumor formation and metastasis were evaluated to
show the effect of the SNHGI1-mediated miR-376a/FOXK1/Snail
axis. SNHG1 knockdown reduced tumor volume and weight (Fig-
ure 8A) and lung metastasis (Figures 8B and 8C), while the restora-
tion of Snail reversed those reductions. SNHGI knockdown
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decreased MMP-2 but increased E-cadherin expression, whereas
Snail restoration normalized those changes caused by SNHG1 knock-
down (Figure 8D). Hence SNHGI1 knockdown slows down the
growth and metastasis of HCC by downregulating Snail.

DISCUSSION

In the current study, we attempted to better understand the patholog-
ical mechanisms in HCC, therefore seeking more effective and nonin-
vasive treatments. There are a few important findings in this study.
SNHGI was determined to be an upregulated IncRNA in HCC, and
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Figure 5. SNHG1 positively regulates FOXK1 expression through binding to miR-376a

(A) The binding region between miR-376a and FOXK1. (B) Binding relationship between miR-376a and FOXK1 determined by dual-luciferase reporter gene assay. (C) miR-
376a and FOXK1 expression after transfection with miR-376a mimic or inhibitor determined by gRT-PCR. (D) FOXK1 mRNA expression in HCC and para-cancerous tissues
(n=115) determined by gRT-PCR. (E) FOXK1 mRNA expression in liver cancer cell lines HepG2, SMMC-7721, HuH-7, and Li-7 and normal liver cells HL-7702 determined by
gRT-PCR. (F) Pearson’s correlation analysis between miR-376a and FOXK1 in cancerous tissues. (G) Pearson’s correlation analysis between SNHG1 and FOXK1 in
cancerous tissues. (H) Enrichment of miR-376a, SNHG1, and FOXK1 co-precipitated with AGO2 determined by RIP. (I) Binding relationship between miR-376a and SNHG1
or FOXK1 after SNHG1 overexpression determined by RIP. (J) Binding relationship between miR-376a and SNHG1 or FOXK1 after SNHG1 knockdown determined by RIP;
*p < 0.05 versus anti-IgG, p < 0.05 versus cells transfected with 0e-NC, *p < 0.05 versus cells transfected with sh-NC. (K) SNHG1 and miR-376a expression after
transfection with sh-SNHG1 or in combination with miR-376a inhibitor determined by gRT-PCR. (L) FOXK1 protein expression after transfection with sh-SNHG1 or in
combination with miR-376a inhibitor measured by western blot assay; *p < 0.05 versus para-cancerous tissues, normal liver cells, anti-IgG, or cells transfected with NC
mimic, NC inhibitor, sh-NC, or oe-NC. Data were expressed as mean + standard deviation. Data between two groups were compared with paired or unpaired t test. Data
among multiple groups were compared with one-way ANOVA with Tukey’s post hoc test. Each experiment was repeated three times independently.

its knockdown delayed the cancer progression in vitro and tumor
metastasis in vivo. Additionally, SNHGI could competitively bind
to miR-376a, leading to increased FOXK1 and Snail expression,
whereby promoting HCC progression.

We found that SNHG1 expression was increased in HCC tissues and
cell lines. In addition, its high expression correlated with poor outcome
of patients with HCC and advanced tumor stage, which was consistent
with the findings reported by Zhang and his team,'” suggesting a prog-
nostic value of SNHG1. SNHG1 was documented to be an upregulated
IncRNA in HCC and had a value of serving as a noninvasive
biomarker.”® Also, plasma SNHG1 holds potential as a sensitive and
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reliable diagnostic marker of HCC because of its close correlation
with tumor size and TNM stage.”” Consistently, ectopic SNHG4
expression shares an independent association with shorter overall sur-
vival in HCC.”® SNHG1 knockdown was demonstrated in the present
study to suppress the growth, migrating, and invading potentials while
accelerating apoptosis of HCC cells. Our study also determined the tu-
mor-suppressing function of SNHG1 knockdown at molecular levels,
corresponding to reductions in MMP-2, MMP-9, Bcl-2, and N-cad-
herin and elevations in Bax and E-cadherin. Hence SNHGI1 might be
a tumor promoter and pro-metastatic IncRNA. The tumor-promotive
role of SNHGI in HCC has also been evidenced by several recent
research studies.”” > These studies also demonstrated that PDCDA4,
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Figure 6. miR-376a negatively regulates Snail expression through downregulation of FOXK1

(A) Snail mMRNA expression in HCC and para-cancerous tissues (n = 115) determined by gRT-PCR. (B) Snail mRNA expression in liver cancer cell lines HepG2, SMMC-7721,
HuH-7, and Li-7 and normal liver cells HL-7702 determined by qRT-PCR. (C) FOXK1 and Snail expressions in HCC and para-cancerous tissues determined by immu-
nohistochemistry. (D) Binding relationship between FOX1 and Snail determined by dual-luciferase reporter gene assay. (E) Pearson’s correlation analysis between FOXK1
and Snail expression. (F) FOXK1 and Snail protein expression after transfection with oe-FOXK1 measured by western blot assay. (G) Efficiency of FOXK1 knockdown. (H) miR-
376a expression after co-transfection with miR-376a inhibitor and sh-FOXK1/sh-NC determined by gRT-PCR. (I) FOXK1 and Snail expression after co-transfection with miR-
376ainhibitor and sh-FOXK1/sh-NC measured by western blot assay. *p < 0.05 versus para-cancerous tissues, normal liver cells, anti-IgG, or cells transfected with sh-NC or
0e-NGC, or co-transfected with NC inhibitor and sh-NC. Data were expressed as mean + standard deviation. Data between two groups were compared with unpaired t test.
Data among multiple groups were compared with one-way ANOVA with Tukey’s post hoc test. Each experiment was repeated three times independently.

Akt pathway, miR-21, and miR-195 may be downstream signaling
molecules of SNHGI1-mediated promotion of HCC progression. A
recent identification of the ceRNA network in HCC suggested that
SNHGI potentially interacted with miRNAs and mRNAs to regulate
protein phosphorylation or cell-cycle pathways in HCC,” which was
also shown by a more recent study.”* In our study, SNHG1 was pre-
dicted to bind to miR-376a, and their binding relationship was identi-
fied by dual-luciferase reporter gene and RIP assays.

Another important finding of the study was that SNHG1 bound to
miR-376a and suppressed the expression of miR-376a. miR-376a
was determined to be downregulated in HCC tissues versus non-tu-
mor tissues.”” This was largely coincident with our findings. An
earlier study demonstrated that miR-376a suppressed the prolifera-
tion and promotes apoptosis of HCC.'® Our results agree with this
study and suggested that downregulation of miR-376a might underlie
the tumor-promotive action of SNHG1. Moreover, decreased expres-
sion of miR-376a led to increased FOXK1 expression as shown by our
study. miR-376a was confirmed to target FOXK1, while FOXK1 was
identified to bind to Snail through luciferase assay. FOXK1 has been
shown to promote other types of cancers, such as prostate, lung, and
colorectal cancers.”’ "> In addition to those cancers, FOXKI1 silencing
suppressed the proliferative, migrative, and invasive properties of
HCC cells.*® More recent research reported the prognostic value of
FOXK1 in HCC and its inhibitory function in the sphere-forming
ability of HCC stem cells.”” Furthermore, FOXK1 knockdown
repressed liver cancer cell viability through mediating glycolysis,

which was achieved by inhibition of the Akt/mammalian target of ra-
pamycin pathway.”® Furthermore, our results on Snail are also
comparable with a previous study showing that Snail is critical to
aggravate cancer invasiveness in liver cancer.”> Previous studies
showed that Snail overexpression could induce EMT in liver cancer,
contributing to the liver stem cells transforming to liver cancer
stem cells.”** Our study evidenced both in vitro and in vivo that
SNHGI knockdown impeded cancer progression and tumor metas-
tasis through downregulation of Snail. Of note, FOXK1 has been indi-
cated to facilitate gastric cancer cell growth, EMT, invasion, and
metastasis by transcriptionally activating c-jun.*' Additionally, action
of FOXK1 in HCC has been reported to depend on the Akt/mTOR
pathway as a downstream target of miR-329-3p.*” Further studies
are required to determine the exact regulatory mechanism of
FOXKI1 in HCC and identify its working partners.

In conclusion, we demonstrated that SNHGI facilitated HCC devel-
opment by inhibiting miR-376a and activating FOXK1/Snail
(Figure 9). These signaling molecules may be potential new therapeu-
tic targets for the treatment of HCC. However, results from this study
should be confirmed in other animal model and cell lines of HCC to
better mimic the heterogeneity of the human disease.

MATERIALS AND METHODS

Study subjects

Written informed consents were obtained from all patients, and our
experimental protocols were approved by the local ethics committee.
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Figure 7. SNHG1 accelerates HCC cell invasiveness and migration through upregulating Snail

(A) SNHG1 and miR-376a expression determined by gRT-PCR. (B) Snail and FOXK1 protein expression measured by western blot assay. (C) Cell viability assessed by CCK8
assay. (D) Cell invasion and migration determined by Transwell assay. (E) Expression of MMP-2, MMP-9, Bax, Bcl-2, E-cadherin, and N-cadherin proteins measured by
western blot assay; *p < 0.05 versus cells co-transfected with sh-NC and oe-NC; #p < 0.05 versus cells co-transfected with sh-SNHG1 and oe-NC. Data were expressed as
mean + standard deviation. Data among multiple groups were compared with one-way ANOVA with Tukey’s post hoc test. Data comparison among groups at different time
points was performed using repeated-measures ANOVA and Bonferroni post hoc test. Each experiment was repeated three times independently.

All in vivo experimental protocols were approved by the ethics com-
mittee and the review board of Linyi People’s Hospital, and the exper-
iments were conducted in accordance with national guidelines. The
use of human tissue samples in this project was approved by the Insti-
tutional Review Board of Linyi People’s Hospital, and written
informed consent was obtained from all patients. The study method-
ologies conformed to the standards set by the Declaration of Helsinki.

In silico analysis

HCC-related datasets GEO: GSE101728 and GSE41077 were ob-
tained from the GEO database (https://www.ncbi.nlm.nih.gov/geo/).
Differentially expressed genes/IncRNAs in GEO: GSE101728 were
defined at |log fold change (FC)| >0.75 and p <0.05 using R “limma”
package. Differentially expressed miRNAs in GEO: GSE41077 were
defined at |logFC| >1 and p <0.01 by GEO platform analysis tool
GEO2R.

Patient enroliment

One hundred fifteen patients (aged 37-56 years, an average age of
46.65 + 5.35 years) who were clinically and pathologically diagnosed
with HCC in Linyi People’s Hospital from November 2014 to June
2016, including 69 males and 46 females, were randomly selected.
The patient cohort was classified on the basis of tumor size and
TNM stage in line with American Joint Committee on Cancer tumor
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staging system (seventh edition). None of the enrolled patients
received treatment for HCC in the last 3 months. The complete
follow-up data for at least 5 years were collected. The patients who
received other therapies, such as radiotherapy, chemotherapy, or tar-
geted therapy, and who were not diagnosed to be HCC after surgical
operation were excluded. The cancerous tissues and para-cancerous
tissues (adjacent to cancerous tissues) were collected from the
enrolled patients with HCC.

Cell culture and transfection

Normal human liver cell line HL-7702 cells (3131C0001000200006;
China Center for Type Culture Collection) were cultured in Roswell
Park Memorial Institute (RPMI) 1640 medium (12633012; HaoRan
Bio, Shanghai, P.R. China) containing 10% fetal bovine serum (FBS).
Human liver cancer cell line HepG2 cells (3111C0001CCC000035;
China Center for Type Culture Collection) were cultured in standard
medium. SMMC-7721 cells (3111C0001CCC000087; China Center
for Type Culture Collection) were cultured with 20% FBS-supple-
mented RPMI 1640 medium (12633012; HaoRan Bio). HuH-7 cells
(3111C0001CCC000679; China Center for Type Culture Collection)
were cultured in basal culture medium. Li-7 cells (3111C00
01CCC000678; China Center for Type Culture Collection) were
cultured in RPMI 1640 medium containing 20% FBS. All cells were
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Figure 8. SNHG1 knockdown inhibits the tumor growth and metastasis by downregulating Snail

(A) Representative images, volume, and weight of tumors formed in nude mice. (B) Statistics of lung metastasis nodes in nude mice. (C) The metastasis nodes shown by H&E
staining (original magnification 200 x). (D) Invasion and migration-related proteins (MMP-2 and E-cadherin) detected by immunohistochemistry (original magnification 400 x);
#p < 0.05 versus nude mice experienced inoculation of the cells co-treated with sh-NC and oe-NC. Data were expressed as mean + standard deviation. Data among multiple
groups were compared with one-way ANOVA with Tukey’s post hoc test. Data comparison among groups at different time points was performed using repeated-measures
ANOVA and Bonferroni post hoc test. Each experiment was repeated three times independently.

cultured in a 5% CO, incubator at 37°C and collected at log growth
phase.

Transfection was performed using Lipofectamine 2000 kit (Invitro-
gen, Carlsbad, CA, USA). The plasmids employed in this study
contained sh-negative control (NC), sh-SNHGI, sh-FOXK1, oe-
NC, oe-Snail, NC inhibitor, and miR-376a inhibitor. In brief, 4 pg
of target plasmid and 10 pL of Lipofectamine 2000 were separately
diluted with improved Minimal Essential Medium (250 uL; GIBCO,
Waltham, MA, USA). The mixture of two dilutions was added into
cells. After incubation for 4 h, serum-free medium was discarded
and replaced with serum-containing medium. Following another 4-
h incubation, the cells were treated with G418 (400 ng/mL). The me-
dium was renewed every 3 days, and concentration of G418 was
reduced for screening until stable cell lines were obtained.

Dual-luciferase reporter gene assay

Synthesized FOXK1-3' UTR and SNHGI gene fragments were intro-
duced into pMIR-reporter (Huayueyang Biotechnology, Beijing, P.R.
China) using endonuclease sites Spel and Hind III to design WT
FOXK1 and SNHGI plasmids. The MUT FOXKI1 and SNHGI plas-
mids were generated with the binding sites mutated so that sequences
containing mutated sites were cleaved by restriction enzymes and the
target fragment was inserted into the pMIR reporter plasmid using T4
DNA ligase. Sequenced luciferase reporter plasmids WT and MUT
were co-transfected with miR-376a mimic into HEK293T cells (Insti-
tutes for Biological Sciences, Chinese Academy of Sciences, Shanghai,
P.R. China). Forty-eight hours after transfection, cells were collected
and lysed. Luciferase activity was detected using a luciferase detection
kit (K801-200; Biovision) and a Glomax20/20 luminometer (Prom-
ega, Madison, WI, USA).
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Figure 9. Schematic diagram showing potential mechanism of the SNHG1/
miR-376a/FOXK1/Snail axis in HCC growth and metastasis

SNHG1 competitively binds to miR-376a and inhibits the expression of miR-376a,
thereby promoting FOXK1 and Snail expression, leading to the promotion of tumor
growth and metastasis in HCC.

Based on prediction results available at http://jaspardev.genereg.net/,
FOXK1 could bind to the Snail promoter region of 251-264 sites (5'-
gaagtaaacagata-3'), 373-386 sites (5'-tccgtaaacactgg-3’), and 1,841-
1,854 sites (5'-tccgtaaacactgg-3’). WT and MUT Snail promoter
regions were constructed and inserted into pGL3-basic vector (Prom-
ega). HEK293 cells were seeded in 24-well plates at 3 x 10* cells/well.
WT-Snail and MUT-Snail were co-transfected with oe-NC and oe-
FOXKI, respectively, into HEK293T cells. Cells were collected and
lysed 48 h after transfection. Luciferase activity was determined by
luciferase detection kit (K801-200; Biovision) and a Glomax20/20 lu-
minometer (Promega).

FISH

Subcellular localization of SNHG1 and miR-376a in HCC cells was
determined by FISH using Ribo IncRNA FISH Probe Mix (Red)
(Ribo Biotechnology, Guangzhou, P.R. China). Cells were seeded at
6 x 10* cells/well in a 24-well culture plate. When cell confluence
was about 80%, cells were washed with phosphate-buffered solution
(PBS), and 1 mL of 4% paraformaldehyde was added. Cells were fixed
at room temperature and permeated with 0.2% TX-100 at ambient
temperature for 20 min. Cells were treated with Proteinase K (2 pg/
mL), glycine, and acetylphthalating reagent. Pre-hybridization solu-
tion (250 uL) was added and incubated at 42°C for 1 h. Hybridization
solution containing probe (250 pL, 300 ng/mL) was added and hy-
bridized overnight at 42°C. After being washed three times with
PBS buffer containing 0.1% Tween 20 (PBST), 4'-6-diamidino-2-phe-
nylindole (1:800; Thermo Fisher Scientific, Waltham, MA, USA) was
added to stain nucleus for 5 min. Cells were washed three times with
PBST for 3 min each. Cells were mounted with an anti-fluorescence
quencher. Five randomly selected fields were observed under a fluo-
rescence microscope (Olympus, Tokyo, Japan).

shRNA screening
The sh-SNHG1 and sh-FOXKI1 sequences were designed based on the
GenBank database. BLAST was utilized to exclude shRNAs that spe-
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Table 2. Sequences of shRNAs

shRNAs Sequences

sh-SNHG1-1 5'-CCTTAAAGTGTTAGCAGACACAGAT-3'
sh-SNHG1-2 5'-GATTAAGACACTGGGAGCCAATGAA-3
sh-FOXK1-1 5'-TGAACTTCTCCACGATGCACCTATG-3'
sh-FOXK1-2 5'-AACTTCTCCACGATGCACCTATGTT-3

Negative control 5'"TTCTCCGAACGTGTCACGTTT-3'

sh, short hairpin; shRNA, short hairpin RNA; SNHG1, small nucleolar RNA host gene 1.

cifically inhibit other gene fragments. Two optimal sequences were
selected (Table 2) and constructed into the PshRNA-neo plasmid.
The generated plasmids were named sh-SNHG1-1, sh-SNHG1-2,
sh-FOXK1-1, and sh-FOXKI1-2. After transfection into the primary
cultured HOSEpiC cells, qPCR was utilized to determine the expres-
sion of FOXK1 and SNHGI in cells in order to select effective shRNA
sequences for subsequent experiments.

RIP

Cells were lysed with an equal volume of Radio-Immunoprecipitation
Assay lysis buffer (P0013B; Beyotime, Shanghai, P.R. China) in an ice
bath for 5 min. Cells were centrifuged at 14,000 rpm at 4°C for 10 min
to obtain the supernatant. Part of the supernatant was preserved as
input. The remaining portion was incubated with antibody to
AGO2 (ab32381, 1:50; Abcam, Cambridge, UK) or IgG (1:100,
ab109489; Abcam) at ambient temperature for 30 min. Magnetic
beads (50 pL) were rinsed and resuspended in 100 puL RIP wash
buffer. Antibody (5 pg) was added and incubated for binding. The
magnetic bead-antibody complex was washed and resuspended in
900 pL RIP wash buffer. Cell lysate (100 uL) was added and incubated
overnight at 4°C. Samples were placed on a magnetic holder to collect
magnetic bead-protein complex. Samples and input were digested
with Proteinase K to extract RNA for subsequent PCR analysis for
SNHGI and FOXKI.

CCKS8 assay

Cells were seeded into a 96-well plate at 2 x 10> cells/well. Only me-
dium without cells was set for blank. After cell transfection for 24, 48,
72,and 96 h, 10 uL of CCK8 solution was added to each well and incu-
bated for 4 h at 37°C. Absorbance at 450 nm was measured using a
microplate reader (Bio-Rad, Hercules, CA, USA).

Flow cytometry

On the second day after transfection, cells were detached with 0.25%
trypsin, which was terminated by RPMI-1640 medium containing
10% FBS. Cells were centrifuged at 1,000 rpm for 5 min. Supernatant
was discarded. Cells were fixed by pre-cooled 70% ethanol at 4°C. Cell
concentration was adjusted to 1 x 10° cells/mL. Annexin V-fluores-
cein isothiocyanate/propidium iodide (FITC/PI) (10 mL, 556547;
Surej Biotechnology, Shanghai, P.R. China) was then added, and cells
were stained in a 4°C refrigerator for 15-30 min. FITC was detected at
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Table 3. Primer sequences for gRT-PCR

Primer Sequences
forward: 5'-GTGCAGGGTCCGAGGT-3'
miR-376a
reverse: 5'-ATCATAGAGGAAAATCCACG-3'
forward: 5'-CCGCTCGAGATTTAGGTGACACTATAGAAGTTCT
CATTTTTCTACTGCTCG-3'
SNHG1
reverse: 5’ -ATAGTTTAGCGGCCGCTTTTTTTTTTTTTTTTTAT
GTAATCAATCATTTTAT-3
forward: 5'-GCTTCGGCAGCACATATACTAAAAT-3
Ue
reverse: 5'-CGCTTCACGAATTTGCGTGTCAT-3'
forward: 5'-AAGAGCTACGAGCTGCCTGA-3'
B-actin

reverse: 5'-GGCAGTGATCTCCTTCTGCA-3'

miR, microRNA; qRT-PCR, quantitative reverse transcription polymerase chain reac-
tion; SNHG1, small nucleolar RNA host gene 1.

530 nm, and PI was detected at 575 nm on a flow cytometer (type XL;
Coulter, Brea, CA, USA) with an excitation wavelength of 480 nm.

Transwell assay

The cell invasion was assessed by Transwell assay using Matrigel-
coated Transwell chamber (MAMIC8S10; Millipore Corporation,
USA). In detail, cells 1 x 10° cultured in serum-free medium were
seeded into Matrigel-coated Transwell chamber. DMEM containing
10% FBS (500 uL) was added to the lower chamber. After 24 h of in-
cubation at 37°C and 5% CO,, the non-invaded cells were removed.
Transwell chamber was washed twice with PBS, fixed with 100%
methanol for 30 min, and stained with 0.5% crystal violet (C3886;
Sigma-Aldrich, St. Louis, MO, USA) for 20 min. The invaded cells
were observed under an inverted fluorescence microscope (TE2000;
Nikon, Tokyo, Japan). Five fields were randomly observed and
imaged.

The cell migration was also assessed by Transwell assay using Trans-
well chamber without Matrigel. The serum-free medium containing
1 x 10° cells/mL was added to the upper chamber. Cells were incu-
bated at 37°C for 20-24 h. The following procedures were the same
as the above-described Transwell assay for cell invasion. After drying,
cells in five random fields were counted under the inverted
microscope.

gRT-PCR
Total RNA was extracted using TRIzol kit (15596026; Invitrogen).
RNA was reversely transcribed to cDNA using a reverse transcription
kit (RR047A; Takara, Kyoto, Japan). RNA reaction system contained
20 pL, and reaction conditions consisted of 37°C for 15 min and 85°C
for 5's. TagMan MicroRNA Assay and TagMan Universal PCR Mas-
ter Mix were employed for real-time qPCR of miRNA. The PCR con-
ditions included 95°C for 2 min, followed by 45 cycles at 95°C for 15 s
and 60°C for 45 s. SYBR Premix EX Taq Kit (RR420A; Takara) was
utilized for gPCR of mRNA, which was performed in an ABI7500 sys-
tem (ABI, Foster City, CA, USA). Samples were tested in triplicates.
Primer sequences are shown in Table 3 (Sangon, Shanghai, P.R.

China). The expression of target genes relative to f-actin and miRNA
relative to U6 was calculated by the 27*4<" method.

Western blot assay

Total protein was extracted from cells. Protein concentration was
measured using a bicinchoninic acid kit (Thermo). Protein (30 pg)
was subjected to polyacrylamide gel electrophoresis at 80 V for
35 min and 120 V for 45 min. After the electrophoresis was
completed, proteins were transferred to a polyvinylidene fluoride
membrane. Membrane was blocked by 5% skim milk at ambient tem-
perature for 1 h. Membranes were incubated with rabbit anti-FOXK1
(1:1,000, ab18196; Abcam), rabbit anti-Snail (1:1,000, ab180714; Ab-
cam), rabbit anti-MMP-2 (1:1,000, ab97779; Abcam), rabbit anti-
MMP-9 (1:1,000, ab73734; Abcam), rabbit anti-Bcl-2 (1:2,000,
ab182858; Abcam), rabbit anti-Bax (1:2,000, ab32503; Abcam), rabbit
anti-E-cadherin (1:500,000, ab76319; Abcam), rabbit anti-N-cad-
herin (1:2,000, ab18203; Abcam), and rabbit anti-glyceraldehyde-3-
phosphate dehydrogenase (GAPDH; 1:2,500, ab9485; Abcam) at
4°C overnight. Membranes were incubated with horseradish peroxi-
dase-labeled goat anti-rabbit IgG antibody (1:10,000, ab6721; Abcam)
for 1 h at ambient temperature after PBST washing. Membranes were
washed three times with PBST buffer for 10 min each. After develop-
ment with an optical luminometer (GE, Boston, MA, USA), gray in-
tensity of protein bands was measured by Image ProPlus 6.0 (Media
Cybernetics, Rockville, MD, USA).

Immunohistochemistry

Sections were dewaxed with xylene and dehydrated with gradient
alcohol. Sections were heated with 0.01 M citrate solution and allowed
to cool down to room temperature after 20 min. After being main-
tained with 0.01 M PBS for 5 min, 3% hydrogen peroxide was added
for 15 min to remove endogenous peroxidase. After PBS washing for
15 min, the sections were blocked with goat serum at 37°C for 20 min.
The sections were incubated with primary rabbit anti-FOXK1
(1:1,000, ab18196; Abcam), rabbit anti-Snail (1:1,000, ab180714; Ab-
cam), rabbit anti-MMP-2 (1:1,000, ab37150; Abcam), and rabbit anti-
E-cadherin (1:500,000, ab76319; Abcam) overnight at 4°C. PBS
served as NC instead of primary antibody. Sections were washed three
times with PBS and incubated with goat anti-rabbit IgG (1:1,000,
ab150117; Abcam) at 37°C for 30 min. Sections were rinsed with
PBS for 15 min and incubated with streptavidin-biotin complex (Bos-
ter, Wuhan, P.R. China) at 37°C for 30 min. Color was developed by
3,3'-diaminobenzidine (DAB), followed by staining with hematoxylin
for 1 min. Sections were washed with water for 1 min, followed by re-
action in 1% hydrochloric acid and washing under running water.
Sections were dehydrated and stained with saturated aluminum car-
bonate for 30 s, rinsed for 1 min, and treated with xylene for 15 min.

Tumor xenograft in nude mice

Twenty-four specific pathogen-free male BALB/c nude mice (4 weeks
old, 18-25 g) were provided by Hunan SJA Laboratory Animal (Hu-
nan, P.R. China). The stably transfected HuH-7 cells were resus-
pended in 10 mg/mL Matrigel (BD Biosciences, Bedford, MA,
USA) at a volume ratio of 1:1. Cell concentration was adjusted to
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5 x 10° cells/mL. Single-cell suspension (0.2 mL containing 1 x 10°
cells) was subcutaneously injected into nude mice. Tumor size was
monitored with a vernier caliper every week after 8 days of injection.
Tumor volume (mm®) was calculated by the formula: tumor volume =
length x width? x 0.5. Six weeks after tumor cell inoculation, all
nude mice were euthanized by carbon dioxide asphyxiation. Tumors
were weighed.

Tumor metastatic model in vivo

Stably transfected HuH-7 cells (1 x 10° cells/mouse) were injected
into nude mice via tail vein under sterile condition. Two weeks later,
mice were euthanized by cervical dislocation to resect lung tissues.
Under anatomy microscope, grayish white nodes were observed on
the lung surface to be indicative of metastasis. Every five sites were
selected for observation in each sample of lung tissues for statistical
analysis.

Hematoxylin and eosin (H&E) staining

Lymph node tissues were fixed and then embedded in paraffin. Tis-
sues were sliced to 4-pm-thick sections, dewaxed with xylene, hydrat-
ed with gradient ethanol, and washed with distilled water for 2 min.
Sections were stained with hematoxylin for 5 min and rinsed in tap
water. Sections were differentiated with hydrochloric acid ethanol
for 30 s. Sections were then soaked in tap water for 15 min or
warm water (about 50°C) for 5 min. Sections were then stained
with eosin solution for 2 min. Sections were then treated with 95%
ethanol (I) for 1 min, 95% ethanol (II) for 1 min, 100% ethanol (I)
for 1 min, 100% ethanol (II) for 1 min, toluene carbonate (3:1) for
1 min, toluene (I) for 1 min, and xylene (II) for 1 min, in succession.
Sections were sealed with resin and observed under an inverted mi-
croscope (XSP-8CA; Shanghai Optical Instrument, Shanghai, P.R.
China).

Statistical analysis

SPSS 21.0 (IBM, Armonk, NY, USA) was employed for statistical
analysis. Data were expressed as mean + standard deviation. Data be-
tween two groups were compared using paired t test (cancer tissues
and para-cancerous tissues) or unpaired t test. Data among multiple
groups were compared by one-way analysis of variance (ANOVA)
with Tukey’s post hoc test. Data comparison between groups at
different time points was performed using repeated-measures
ANOVA with Bonferroni post hoc test. The correlation between
SNHGI and clinicopathological characteristics of patients with
HCC was analyzed by chi-square test while correlation between two
indicators was determined using Pearson’s correlation analysis. The
survival rate of patients was analyzed by Kaplan-Meier method.
Log rank test was utilized for univariate analysis. Differences were
considered statistically significant when p <0.05.
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