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INcBNA SNHG11 Promotes Gastric Cancer
Progression by Activating the Wnt/B-Catenin
Pathway and Oncogenic Autophagy

Qiong Wu,' Jiali Ma,! Jue Wei,! Wenying Meng,' Yugang Wang,' and Min Shi'

!Department of Gastroenterology, Tongren Hospital, Shanghai Jiao Tong University School of Medicine, 1111 Xianxia Road, Shanghai 200336, China

Long non-coding RNAs (IncRNAs) are under active investiga-
tion in the development of cancers, including gastric cancer
(GC). Oncogenic autophagy is required for cancer cell survival.
The present study aimed to investigate the regulatory role of
IncRNA small nucleolar host gene 11 (SNHG11) in GC. We
show that SNHGI11 is upregulated in GC, and that its upregu-
lation correlated with dismal patient outcomes. Functionally,
SNHGI11 aggravated oncogenic autophagy to facilitate cell
proliferation, stemness, migration, invasion, and epithelial-
to-mesenchymal transition (EMT) in GC. Mechanistically,
SNHGI11 post-transcriptionally upregulated catenin beta 1
(CTNNBI) and autophagy related 12 (ATG12) through miR-
483-3p/miR-1276, while the processing of precursor (pre-)
miR-483/pre-miR-1276 was hindered by SNHG11. SNHG11
induced GSK-3B ubiquitination through interacting with
Cullin 4A (CUL4A) to further activate the Wnt/B-catenin
pathway. Intriguingly, SNHG11 regulated autophagy in a
manner dependent on ATGI12 rather than the Wnt/B-catenin
pathway, whereas SNHG11 contributed to the malignant be-
haviors of GC cells via both pathways. Finally, SNHG11 upre-
gulation in GC cells was shown to be transcriptionally induced
by TCF7L2. In conclusion, we reveal that SNHG11 is an onco-
IncRNA in GC and might be a promising prognostic and ther-
apeutic target for GC.

INTRODUCTION

Globally, gastric cancer (GC) is the fourth most common malignancy
and the second major cause of cancer-related deaths." The high mor-
tality of GC is mainly attributed to tumor metastasis, tumor recur-
rence, and treatment resistance.’ Unfortunately, diagnostic and ther-
apeutic methods still need to be further developed before achieving a
significant improvement on the prognosis of GC patients at the
advanced stage.*> Therefore, it is necessary to further understand
the key molecular events behind GC development and metastasis.

Long non-coding RNAs (IncRNAs) are RNA transcripts with a
sequence of greater than 200 nt and without protein-coding func-
tion.® Numerous studies have shown that IncRNAs could affect a
wide spectrum of biological behaviors in tumor cells, such as cell pro-
liferation,” apoptosis,8 stemness,” metastasis,'® and autophagy.'l
IncRNAs fulfill their tumor-driving or tumor-repressing functions
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in cancer cells by dysregulating certain genes, and the underlying
mechanism varies depending on their subcellular localization and
interaction with different biomolecules.'” So far, the association be-
tween IncRNAs and carcinogenesis and metastasis in GC has been
well established based on multiple studies.'>'* Small nucleolar host
gene 11 (SNHG11) is a newly identified IncRNA that has been sug-
gested as a prognostic marker in prostate cancer and ovarian can-
cer.">'® Additionally, a study has also indicated the upregulation of
SNHGI11 in pancreatic cancer.'” However, the relationship of
SNHGI11 to GC development remains unknown.

Autophagy is a cellular self-degradative process responding to various
cellular stresses such as hypoxia and starvation. During this process,
cytoplasm, organelles, and cellular proteins are engulfed, digested,
and then recycled, so that cellular metabolism is sustained.'*'” On
the one hand, autophagy has been proven to suppress the growth of
primary tumors in genetically engineered mouse models,”>*' On
the other hand, autophagy has been demonstrated to be required
for the maintenance and progression of tumors.”>** Cytoprotective
autophagy functions as a survival mechanism under nutrient starva-
tion conditions. When extracellular nutrient supplies are sufficient to
support cellular metabolism, the cytopreotective function of auto-
phagy is attenuated and the effects on facilitating cell death are
augmented.”* Notably, although autophagy is thought to mediate
the balance between cell survival and death, more evidence supports
the role of autophagy in cell survival."” Particularly, substantial re-
ports indicate that autophagy contributes to the survival and mainte-
nance of tumor cells in response to metabolic stress in vitro, as well as
in hypoxic tumor regions in vivo.”*>* Besides the regulation on cell
survival, recent studies have revealed that autophagy also aggravates
metastasis by influencing anoikis resistance, cell migration and
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invasion, and epithelial-to-mesenchymal transition (EMT) progres-
sion.”” Moreover, the oncogenic autophagy in GC has been evidenced
by a number of studies. For example, autophagy protects GC cells
from vincristine-induced apoptosis.”® The miR-423-3p-Bim axis acti-
vates oncogenic autophagy to accelerate GC progression.”’ However,
it is unclear whether SNHGI11 regulates autophagy during GC
development.

The canonical Wnt/fB-catenin pathway is widely acknowledged as an
oncogenic signaling that regulates cell survival, stemness, and metas-
27%* Its activation is characterized by
cytoplasmic accumulation and nuclear translocation of B-catenin, fol-
lowed by the formation of complexes with transcription factors like
TCF7L2 and LEF1, eventually inducing the target genes such as
EMT-related genes.””® Mounting studies have suggested the impli-
cations of Wnt/B-catenin pathway for the carcinogenesis of cancers
including GC.*”*®* However, the relationship between SNHG11 and
Wnt/B-catenin signaling in GC remains to be investigated.

tasis in diverse carcinomas.

RESULTS

Expression Pattern and Prognostic Significance of SNHG11 in
GC

To identify the IncRNAs related to GC development, we applied a
IncRNA PCR array to test the level of 38 IncRNAs identified by a pre-
vious study in two GC cell lines (SGC-7901 and MKN-45) relative to
the normal gastric epithelial cells (GES-1) (Figure S1A). Among
them, eight IncRNAs were upregulated with the fold change >2 in
SGC-7901 cells while nine IncRNAs were upregulated in MKN-45
cells when compared to GES-1 cells, and seven IncRNAs (including
LINC00032, LSAMP-AS3, SNHG3, SNHG11, DLEU2, LINC00271,
and HTTAS) were shared in the above two GC cell lines (Figure 1A).
Additionally, quantitative real-time RT-PCR analysis revealed that
HTTAS, LINC00271, and SNHGI11 were significantly upregulated
in 50 GC tissues compared with matched non-tumor tissues (Fig-
ure 1B). To further narrow our selection, the prognostic values of
these three IncRNAs were assessed in GC patients. The results of Ka-
plan-Meier analysis depicted that a high SNHGI1 level predicted
poor overall survival in GC patients (p = 0.009) (Figure 1C). In addi-
tion, tissues from GC patients at an advanced stage or with metastasis
expressed a higher SNHG11 level than did the corresponding controls
(Figure 1D). Therefore, we conducted a further investigation on the
role of SNHGI11 in GC. Also, we verified through quantitative real-
time RT-PCR that the SNHG11 level was elevated in six GC cell lines
(AGS, BGC-823, HGC-27, MGC-803, SGC-7901, and MKN45)
compared to the normal GES-1 cells (Figure 1E). Moreover, the out-
comes of fluorescence in situ hybridization (FISH) staining of
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SNHGI1 validated the strong fluorescence intensity of SNHG11 in
GC cells versus the normal GES-1 cells, and they indicated that
SNHGI11 was mainly distributed in the cytoplasm of all of these cells
(Figures 1F and S1B). In addition, the UCSC genome browser (http://
genome.ucsc.edu/) revealed that SNHG11 has two homologous small
nucleolar RNAs (snoRNAs), ACA39 and ACA60. We verified that the
expression levels of both snoRNAs presented no significant difference
between GC tissues and paired non-tumor ones (Figure SI1C),
excluding the potential participation of them in GC progression.
These results indicated that SNHGI1 upregulated in GC might
participate in tumor progression and metastasis, and its elevation
led to poor prognosis of GC patients.

Inhibiting SNHG11 Hampers the Proliferative Ability and the
Stem Cell Properties of GC Cells In Vitro

Next, to detect the impact of SNHG11 on cell proliferation and stem-
ness, we designed loss-of-function assays in two GC cell lines (SGC-
7901 and MKN-45) expressing high SNHG11 levels. Quantitative
real-time RT-PCR data confirmed the significant knockdown of
SNHGI1 in both cells, and that short hairpin RNA (shRNA) (sh)/
SNHGI11#1/2 presented higher knockdown efficiency than did
sh/SNHG11#3 (Figure 2A). We also confirmed the efficient depletion
of SNHG11 by sh/SNHG11#1/2 in two GC cells via FISH staining, as
evidenced by the significant weakening of SNHGI11 fluorescence in-
tensity under the respective transfection of the two shRNAs (Fig-
ure S2A). Then, we found that the viability and clonogenic capability
of GC cells were attenuated by sh/SNHG11#1/2 transfection (Figures
2B, 2C, S2B, and S2C). Likewise, the number of 5-ethynyl-2’-deoxy-
uridine (EdU)-positive GC cells decreased upon SNHG11 knock-
down (Figures 2D and S2D). Since cancer cells are able to acquire
stem cell properties that contribute to tumorigenesis, invasive growth,
and metastasis,””** we then probed the influence of SNHG11 on the
stemness of GC cells. As expected, knockdown of SNHG11 impeded
the sphere formation capacity of GC cells (Figure 2E). According to
the results of flow cytometry analysis, the population of CD133"
GC cells was reduced due to SNHG11 knockdown (Figure 2F). More-
over, the protein levels of stemness-related genes were also reduced by
silenced SNHG11 in GC cells, including Twist, Nanog, OCT4, LGRS5,
EpCAM, CD133, and SOX2 (Figure 2G). Additionally, although a few
studies have argued that B-actin, the loading control we applied here,
is highly expressed in GC samples,"** we verified that it presents no
significant change between GC tissues and paired non-cancerous
ones collected in this study (Figure S2E), which validated that B-actin
was allowed to be used as a loading control here. Furthermore, we
identified that the fluorescence intensities of both SNHG11 and the
stemness marker ALDH]1 were higher in the tumor spheres derived

Figure 1. SNHG11 Is Upregulated in GC and Indicates Poor Prognosis of GC Patients

(A) Quantitative real-time RT-PCR was applied to detect the level of 38 IncRNAs in GC cells (GSC-7901 and MKN-45) relative to normal gastric epithelial cells (GES-1). (B)
Expressions of the selected seven INcRNAs in GC tissues and paired adjacent normal tissues were detected by quantitative real-time RT-PCR. (C) Association of HTTAS,
LINC00271, and SNHG11 with the prognosis of 50 GC patients was determined by Kaplan-Meier analysis and a log-rank test. (D) Expression of SNHG11 in tissues from GC
patients at different stages (stages I/Il and III/IV) or with metastasis or not (non-metastasis and metastasis) was determined by quantitative real-time RT-PCR. (E) SNHG11
expression in six GC cell lines (AGS, BGC-823, HGC-27, MGC-803, SGC-7901, and MKN-45) and normal GES-1 cells was determined by quantitative real-time RT-PCR. (F)
FISH staining of SNHG11 in six GC cell lines and GES-1 cells. Scale bars, 10 um. Error bar denotes SD. *p < 0.05, “*p < 0.01.
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from GC cells than in the monolayer of GC cells (Figures 2H and
S2F). The above data suggested that losing SNHG11 hampers cell pro-
liferation and stemness in GC in vitro.

Silencing SNHG11 Hinders Cell Migration and Invasion and EMT
by Inhibiting Autophagy in GC

Then, the influence of SNHGI1 on in vitro GC metastasis was inves-
tigated. Through transwell assays, we observed that the absence of
SNHGI1 prevented the migration and invasion of GC cells (Figures
3A and S3A). Immunofluorescence (IF) staining and western blot
analysis confirmed the increased E-cadherin level and the decreased
N-cadherin, MMP2, and MMP?7 levels in GC cells responding to
the deficiency of SNHGI11 (Figures 3B, S3B, and 3BC), indicating
that SNHG11 knockdown hampers EMT in GC cells. Moreover, can-
cer metastasis is a multistep process during which cancer cells pos-
sessing anoikis resistance and less adhesion to the extracellular matrix
or to neighboring cells metastasize to and grow in other tissues.**™*
The results of the cell-matrix adhesion assay revealed that knocking
down SNHGI11 strengthened the adhesion of GC cells to matrix (Fig-
ure 3C). Additionally, we detected the effect of SNHG11 on the anoi-
kis resistance of GC cells. GC cells were cultured in the culture dishes
pre-coated with poly(2-hydroxyethyl methacrylate) (poly-HEMA),
and the apoptosis-related genes were detected by western blot at 12,
24, and 48 h after suspension.“’"“’ Data showed that the levels of
pro-apoptotic Bax and ITGB1 were induced, whereas the level of
anti-apoptotic Bcl-2 was reduced at 12, 24, and 48 h in GC cells
with SNHG11 knockdown (Figure 3D), indicating that downregulat-
ing SNHG11 attenuated anoikis resistance of GC cells. Later, we
found that the apoptosis of GC cells was facilitated under the knock-
down of SNHGI11 (Figures 3E and S3D). Consistently, the level of
Bcl-2 was decreased, whereas the levels of cleaved caspase-3, cleaved
caspase-6, and cleaved poly(ADP-ribose) polymerase (PARP) were
increased upon SNHGI11 knockdown (Figure 3F).

It has been documented that autophagy can influence cell viability,
differentiation, anoikis resistance, migration, invasion, EMT progres-
sion, as well as tumor cell dormancy.” However, it has also been
stated that autophagy can exert either a survival-supporting or
death-promoting function in cancer cells.”” In this study, we wanted
to determine the role of autophagy in GC. We found that compared
with GES-1 cells, GC cells (SGC-7901 and MKN-45) presented much
increased intensities of LC3-II during starvation (Figure S4A). Then,
SGC-7091 and MKN-45 cells were treated with bafilomycin Al
(BafAl) to inhibit the merge of autophagosomes and lysosomes,
thereby preventing autophagy. Consequently, cell viability, migration,
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and invasion were all inhibited after the treatment with BafA1l (Fig-
ures S4B and S4C). Also, inhibiting autophagy by BafAl led to
increased levels of E-cadherin and decreased levels of N-cadherin,
MMP2, MMP7, and Twist in GC cells (Figure S4D). These data
corroborated that autophagy facilitates cell survival, migration, inva-
sion, and EMT in GC. Thereafter, we detected whether SNHG11
affected autophagy in GC cells. As proved by the results of IF staining,
knockdown of SNHGI11 reduced LC3 dots in GC cells (Figures 3G
and S4E). Moreover, to further observe autophagy flux, GC cells
were transfected with GFP-monomeric red fluorescent protein
(mRFP)-LC3. As a result, SNHG11 inhibition reduced both red and
yellow puncta in GC cells, while the treatment with rapamycin
(Rapa) but not BafAl rescued such reduction; additionally, BafAl
treatment alone reduced red puncta, and treatment of Rapa alone
increased both red and yellow puncta (Figures 3H and S4F). Further-
more, western blot results revealed that the loss of SNHG11 decreased
the ratio of LC3-1I/LC3-I and the level of LAMP1, and increased the
level of p62 in GC cells (Figure 3I), while LAMP1 was the key regu-
lator in promoting the fusion of autophagosomes and lysosomes.*®
Hence, we discovered that SNHGI11 positively regulates autophagy
in GC cells. Taken together, these data suggested that SNHG11
knockdown restrains cell migration, invasion, and EMT, but induces
cell apoptosis in GC by inhibiting autophagy.

SNHG11 Overexpression Triggers the Proliferation, Stemness,
Migration, Invasion, and Autophagy of Normal GES-1 Cells and
GC Cells In Vitro

Subsequently, we overexpressed SNHG11 by pcDNA3.1/SNHGI11 in
AGS cells, which expressed a relatively low SNHG11 level among the
six detected GC cell lines, and in normal GES-1 cells as well. Quanti-
tative real-time RT-PCR data validated the pronounced upregulation
of SNHGI11 in these cells after transfecting pcDNA3.1/SNHGI11
versus the empty pcDNA3.1 vector (Figure S5A). Consequently, the
proliferation of GES-1 and AGS cells was aggravated under
SNHGI1 overexpression (Figures S5B and S5C). Similarly, GES-1
and AGS cells with overexpressed SNHGI11 exhibited enhanced
sphere formation efficiency and CD133" ratio (Figures S5D and
S5E). Also, the levels of stemness-associated genes, including Twist,
Nanog, OCT4, LGR5, EpCAM, CD133, and SOX2, were increased
in these two kinds of cells under SNHG11 upregulation (Figure S5F).
These data indicated that ectopic expression of SNHG11 not only
enhanced the stemness of GC cells, but also helped normal gastric
cells to acquire stem cell-like characteristics. Additionally, the abilities
of AGS and GES-1 cells to migrate and invade were facilitated upon
SNHGI11 overexpression (Figure S5G). Accordingly, the level of

Figure 2. SNHG11 Positively Regulates Cell Proliferation and Stemness in GC In Vitro

(A) Knockdown of SNHG11 by three shRNAs in SGC-7901 and MKN-45 cells was confirmed by quantitative real-time RT-PCR analysis. (B) A CCK-8 assay was applied to
detect cell viability at indicated time points in SGC-7901 cells transfected with shCtrl, sh/SNHG11#1, or sh/SNHG11#2. (C) Representative images and quantification of
colony formation efficiency of SGC-7901 cells with indicated transfections. (D) Representative images and quantification of EAU* cell percent in SGC-7901 cells with
indicated transfections. Scale bars, 50 um. (E) Images of tumor spheres formed by two GC cell lines and the quantity of sphere formation efficiency. Scale bars, 100 um. (F)
Flow cytometry analysis was applied to detect CD133* GC cells under SNHG11 knockdown. (G) Western blots of stemness markers in GC cells transfected with shCirl,
sh/SNHG11#1, or sh/SNHG11#2. (H) Quantification of the fluorescence intensity of SNHG11 assayed by FISH and the fluorescence intensity of stemness marker ALDH1
assayed by IF in a monolayer of GC cells or the tumor sphere formed by GC cells. Error bar denotes SD. **p < 0.01.
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Figure 3. SNHG11 Facilitates Metastasis and Autophagy in GC Cells

(A) The invasion and migration abilities of GC cells under SNHG11 knockdown were monitored through a transwell system with or without Matrigel. Scale bars, 100 um. (B)
Western blots of EMT markers (E-cadherin, N-cadherin, MMP2, and MMP?7) in SGC-7901 cells. (C) Matrix adhesion assay of SGC-7901 and MKN-45 cells at 90 min under
the knockdown of SNHG11. (D) Western blots of Bax, Bcl-2, and ITGB1 in GC cells upon the pre-treatment of anoikis assay. (E) Quantification of apoptotic ratio according to
flow cytometry analysis of GC cells upon SNHG11 knockdown. (F) Western blots of Bcl-2, cleaved caspase-3, cleaved caspase-6, and cleaved PARP in GC cells under
SNHG11 knockdown. (G) Quantification of endogenous LC3 dots assessed by IF staining in SGC-7901 and MKN-45 cells during starvation at 24 h following the transfection
of shCtrl, sh/SNHG11#1, or sh/SNHG11#2. (H) Numbers of acidified autophagosomes (GFP~RFP*) (red) compared to neutral autophagosomes (GFP*RFP™) (yellow) per cell
of each group were quantified. (I) Western blots of autophagy-related proteins (LC3-IlI/LC3-I, p62, and LAMP1) in GC cells under SNHG11 knockdown. Error bar denotes SD.

*p < 0.05, *p < 0.01. n.s., not significant.

E-cadherin declined, while the levels of N-cadherin, MMP2, and
MMP7 were augmented in these cells under SNHGI11 upregulation
(Figure S5H). In addition, their ability of adhesion to matrix was
weakened by upregulated SNHG11 (Figure S5I). These data suggested
that SNHG11 overexpression facilitated the metastasis of GC cells as
well as the normal GES-1 cells in vitro. Additionally, we observed the
increase of LC3 dots, elevation of the LC3-II/LC3-I ratio and LAMP1
level, and reduction of the p62 level in GES-1 and AGS cells after
SNHG11 overexpression (Figures S5] and S5K). In summary, the
abovementioned data indicated that SNHG11 overexpression triggers

the proliferation, stemness, migration, invasion, and autophagy of
normal GES-1 cells and GC cells in vitro.

SNHG11 Induces the Wnt/B-Catenin Pathway to Regulate GC
Progression and Metastasis, but Not Autophagy

We then proceeded to investigate the regulatory mechanism of
SNHG11 in GC. First, we detected the effect of SNHG11 on several
well-known signaling pathways responsible for cancer progression,
including the Wnt/B-catenin, mitogen-activated protein kinase
(MAPK), phosphatidylinositol 3-kinase (PI3K)/AKT, Hedgehog,
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Figure 4. SNHG11 Decoys miR-483-3p and miR-1276 to Upregulate CTNNB1
(A) Cytoplasmic localization of SNHG11 was confirmed in GC cells through subcellular fractionation. (B) starBase 3.0 prediction identified seven miRNAs shared by SNHG11
and CTNNB1. Expression levels of seven miRNAs in SGC-7901 and MKN-45 cells versus GES-1 cells were determined by quantitative real-time RT-PCR. (C) Expressions of
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and signal transducer and activator of transcription (STAT) path-
wz:t}rs.‘m’d“)’32 As a result, we found that knockdown of SNHG11 led
to the specific downregulation of B-catenin, but had no apparent
impact on the level of phosphorylated (p-)MAPK, p-PI3K, p-AKT,
GLI1, GLI2, GLI3, and p-STAT3 in GC cells (Figure S6A). Then,
the outcomes of the TOP/FOP flash assay confirmed that SNHG11
knockdown markedly reduced the activity of the Wnt/B-catenin
pathway (Figure S6B). Also, we observed the decrease of nuclear
B-catenin level in both GC cells with depleted SNHG11 (Figure S6C).
The data above validated that SNHGI1 positively regulates the Wnt/
B-catenin pathway in GC.

Later, we detected whether SNHGI11 affects GC progression depend-
ing on the Wnt/B-catenin pathway. We discovered that silencing
SNHGI11 reduced cell proliferation, stemness, migration, and inva-
sion, and EMT, while such inhibitory impacts were partly recovered
after adding LiCl, which is commonly used to activate the Wnt/
B-catenin pathway (Figures S6D-S6H). However, we found that the
treatment with LiCl failed to reverse the reduction of LC3 dots and
the inhibition on autophagy flux caused by SNHGI11 knockdown in
GC cells (Figures S7A and S7B). Also, LiCl treatment resulted in no
evident alteration on the affected LC3-II/LC3-I ratio and LAMP1
and p62 levels in GC cells with SNHG11 knockdown (Figure S7C).
These data suggested that Wnt/B-catenin is not required for the regu-
lation of SNHG11 on autophagy in GC cells.

Knocking Down SNHG11 Impedes the Tumorigenesis and
Metastasis of GC via the Wnt/p-Catenin Pathway /n Vivo

Next, we tested whether the function of SNHG11 in GC is mediated by
the Wnt/B-catenin pathway in vivo. We carried out xenograft trans-
plantation in mice by subcutaneous injection of MKN-45 cells trans-
fected with shRNA control (shCtrl) or sh/SNHG11#1. The mice
injected with sh/SNHG11#1-transfected MKN-45 cells were treated
without or with LiCl. We observed that sh/SNHGI11#1-transfected
MKN-45 cells presented a slower tumor growth rate and generated
smaller and lighter tumors than did the control group, indicating
that inhibiting SNHG11 suppressed in vivo tumor growth. Then, treat-
ment with LiCl reversed the growth-inhibitory effect of sh/SNHG11#1
in vivo (Figure S7D). Importantly, the xenografts with depleted
SHNGI1 presented a lower staining ratio of the proliferation marker
Ki67 and stemness marker CD133 in tumors, and such phenomena
were also reversed after further treatment with LiCl (Figure S7E).
Concordantly, the protein levels of stemness-related genes were less-
ened in xenografts with SNHG11 knockdown and were restored after
the co-treatment of LiCl (Figure S8A). Moreover, we validated that in
the xenografts with inhibited SNHG11, E-cadherin and p62 levels were
increased, whereas N-cadherin, MMP2, and MMP7 levels and the
LC3-II/LC3-I ratio were decreased compared to the control group,

and LiCl treatment reversed the above changes induced by SNHG11
suppression (Figure S8B). In the meantime, we also performed in vivo
metastasis experiments, and H&E staining data showed that tail vein
injection of MKN-45 cells with downregulated SNHG11 in mice re-
sulted in fewer metastatic nodes compared to the control, and such
an effect of SNHG11 knockdown was reversed by LiCl treatment (Fig-
ure S8C). These results indicated that knockdown of SNHG11 hinders
GC tumorigenesis and metastasis in vivo.

SNHG11 Upregulates CTNNB1 through miR-1276 and miR-
483-3p

Since the accumulation and nuclear translocation of B-catenin are key
steps in Wnt/B-catenin activation,”” we explored the mechanism
whereby SNHG11 regulates B-catenin. Subcellular location is known
to be informative with regard to the regulatory function of
IncRNAs.”* Through bioinformatics prediction via IncLocator
(http://www.csbio.sjtu.edu.cn/bioinf/IncLocator/), we identified that
SNHGI11 was mainly located in cytoplasm, and this phenomenon
was further proven by the results of subcellular fractionation (Fig-
ure 4A), which are consistent with previous FISH staining outcomes
(Figure 1F). Therefore, we tried to probe whether SNHG11 regulates
B-catenin at the post-transcriptional level by serving as a competing
endogenous RNA (ceRNA) of CTNNBI, the coding gene of B-cate-
nin. starBase 3.0 (http://starbase.sysu.edu.cn/) predicted seven
microRNAs (miRNAs) shared by SNHG11 and CTNNBI (Figure 4B).
Among them, only miR-483-3p, miR-1276, and miR-224-5p pre-
sented significant downregulation in SGC-7901 and MKN-45 cells
versus GES-1 cells (Figure 4B). Additionally, the three miRNAs
were also confirmed to be lowly expressed in GC tissues compared
with para-tumorous tissues (Figure 4C). However, only miR-1276
and miR-483-3p were negatively correlated with SNHG11 in expres-
sion in GC samples (Figure S9A). Hence, the two miRNAs were
selected for further investigation. Interestingly, we found that knock-
ing down SNHG11 markedly elevated the expression of both miR-
1276 and miR-483-3p in SGC-7901 and MKN-45 cells (Figure 4D),
whereas overexpressing neither miR-1276 nor miR-483-3p altered
the level of SNHG11 in the two GC cells (Figure S9B). The immuno-
precipitation (IP) of SNHG11, miR-1276, miR-483-3p, and CTNNB1
by Ago2 indicated that miR-1276 and miR-483-3p potentially inter-
acted with SNHG11 or CTNNBI in RNA-induced silencing com-
plexes (RISCs) (Figure 4E). Quantitative real-time RT-PCR results
confirmed the enrichment of SNHGI11 and CTNNBI in the
compounds pulled down by Bio-miR-483-3p wild-type (WT) and
Bio-miR-1276 WT rather than by the biotin-labeled mutant (Mut) se-
quences (Figure 4F). In addition, the binding sequences on SNHG11
and CTNNBI for miR-483-3p and miR-1276 are depicted in
Figure 4G. Then, we discovered that respective overexpression of
miR-483-3p or miR-1276 reduced the luciferase activity of the

miR-483-3p, miR-1276, and miR-224-5p in GC tissues versus matched para-tumorous tissues were examined by quantitative real-time RT-PCR. (D) Expression levels of
miR-483-3p and miR-1276 in GC cells under SNHG11 knockdown were assessed by quantitative real-time RT-PCR. (E and F) Interaction of miR-483-3p and miR-1276 with
SNHG11 and CTNNB1 was investigated through the RIP and pull-down assays. (G) Interacting sequences on SNHG11 and CTNNB1 for miR-483-3p and miR-1276 were
predicted by starBase 3.0. (H) A luciferase reporter assay was used to determine the Iuciferase activity in HEK293T cells of indicated groups. Error bar denotes SD. *p < 0.05,

**p < 0.01.
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CTNNBI1 3" UTR WT reporter, and co-overexpression of them
further enhanced such an effect, while such a reduction was
fully recovered under the co-transfection of pcDNA3.1/SNHGII.
However, the luciferase activities of empty pmirGLO reporter and
CTNNBI1 mutant reporter (with both miR-483-3p and miR-1276
sites mutated) presented no significant changes (Figure 4H). Further-
more, quantitative real-time RT-PCR data demonstrated that knock-
down of SNHG11 reduced the CTNNBI1 level, while such an effect
was partially reversed by respective inhibition of miR-1276 or miR-
483-3p and fully recovered when co-inhibiting both of them (Fig-
ure S9C). Also, we verified that in GC tissues, CTNNBI1 was nega-
tively correlated with miR-483-3p and miR-1276 and positively
correlated with SNHGI11 (Figure S9D). Collectively, it was suggested
that SNHG11 enhances CTNNBI expression in GC through miR-
1276 and miR-483-3p.

SNHG11 Inhibits miR-1276 and miR-483-3p by Inhibiting Their
Pre-miRNA Processing

Previously, we have found that besides acting as the sponge of miR-
1276 and miR-483-3p, SNHGI11 also negatively affects their expres-
sions in GC cells. Hence, we tried to explore the underlying mecha-
nism for the next step. A former study showed that a cytoplasmic
IncRNA can interact with pre-miRNAs at the DICER splice cleavage
sites to influence pre-miRNA processing, thus affecting the level of
mature miRNA.” As expected, we found that depletion of
SNHGI1 resulted in increased levels of pre-miR-1276 and pre-miR-
483 in two GC cell lines (Figure S10A). Importantly, we found that
SNHGI1 contained sequences complementary to the DICER cleavage
sites on pre-miR-1276 and pre-miR-483, with a free energy of
—9.4 kcal/mol for SNHGI1 binding to pre-miR-1276 and
—12 kcal/mol for the binding to pre-miR-483 (Figure S10B). We
then showed that only the SNHG11 biotin probe could pull down
pre-miR-483 and pre-miR-1276 in GC cells, while the biotinylated
sequence with mutant binding sites for pre-miR-483 or pre-miR-
1276 lost such function (Figure S10C). It is known that the posi-
tioning loop within the RNase III domains of DICER is important
for cleavage of the pre-miRNA 3’ arm and 5 arm, and that TRBP
forms a complex with DICER to regulate the recruitment of the
pre-miRNA 3’ end to the PAZ domain of DICER.”>”” After validating
the binding of SNHG11 to the loop region of pre-miR-1276 and
pre-miR-483, we then detected whether SNHGI11 influenced the
interaction of the DICER-TRBP complex with pre-miR-1276 and
pre-miR-483. The data for an RNA-binding protein IP (RIP) assay
showed that inhibiting SNHGI1 in MKN-45 and SGC-7901 cells
increased the enrichment of pre-miR-1276 and pre-miR-483 in the
precipitates induced by anti-TRBP and anti-DICER (Figure S10D).
On the contrary, overexpressing SNHGI11 reduced the enrichment
of pre-miR-483 and pre-miR-1276 in the RIP products of antibodies
against DICER and TRBP, while the overexpression of SNHG11 with
mutated binding sites for pre-miR-483 or pre-miR-1276 failed to
reduce the interaction of DICER and TRBP with pre-miR-483 or
pre-miR-1276 in AGS cells (Figure S10E). Hence, we validated that
SNHGI11 not only acts as a ceRNA that interacts with mature miR-
1276 and miR-483-3p to block their inhibitory effect on CTNNBI,
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but it also binds to pre-miR-1276 and pre-miR-483 to block their pro-
cessing into mature miR-1276 and miR-483-3p.

miR-483-3p and miR-1276 Elicit Tumor-Suppressive Functions

in GC

Then, we tested the functions of miR-483-3p and miR-1276 in GC. As
a result, overexpression of miR-483-3p or miR-1276 alone reduced
the proliferation of SGC-7901 and MKN-45 cells, and co-overexpres-
sion of miR-483-3p and miR-1276 further enhanced the reductive
effect (Figure S11A and S11B). Also, both the sphere formation effi-
ciency and CD133" ratio of GC cells were lowered under respective
overexpression of miR-1276 or miR-483-3p, and co-overexpression
of both miRNAs further strengthened such an effect (Figures S11C
and S11D). Moreover, the migration and invasion of two GC cell lines
were hindered under respective transfection of the miR-1276 mimic
or miR-483-3p mimic, and the motilities were further restrained in
response to the co-transfection of the miR-1265 mimic and miR-
483-3p mimic (Figures SI1E and S11F). Meanwhile, the capacities
of GC cells to adhere to matrix were increased under respective upre-
gulation of miR-1276 or miR-483-3p, and further enhanced after
co-overexpressing both miRNAs (Figure S11G). Altogether, miR-
483-3p and miR-1276 inhibited cell proliferation, stemness, migra-
tion, invasion, and matrix adhesion in GC.

SNHG11 Regulates the Wnt/B-Catenin Pathway and GC
Progression Partly through miR-483-3p/miR-1276

Intriguingly, we found that either the respective inhibition or co-inhi-
bition of miR-483-3p and miR-1276 could only partly reverse the
induction of E-cadherin and the reduction of N-cadherin, MMP2,
MMP7, Twist, Nanog, and OCT4 in SNHG11-silenced GC cells (Fig-
ure S12A). Neither respectively inhibiting miR-483-3p and miR-1276
nor jointly inhibiting them resulted in a full recovery of Wnt/
f-catenin activity and nuclear expression of B-catenin in GC cells
with SNHG11 knockdown (Figures S12B and S12C). Functionally,
we verified that the suppressive impacts of deficient SNHG11 on
GC cell proliferation, stemness, migration, and invasion were only
partially counteracted by respective knockdown of miR-483-3p or
miR-1276. Co-inhibition of miR-483-3p and miR-1276 further
enhanced the recovery, but a full recovery was still not achieved (Fig-
ures S12D-S12G). In short, these data proved that SNHGI1 regulates
the Wnt/B-catenin pathway and the biological processes in GC partly
through miR-483-3p/miR-1276.

SNHG11 Induces the Ubiquitination of GSK-38 by Interacting
with CUL4A to Activate the Wnt/p-Catenin Pathway

Since we have found that regulating miR-483-3p/miR-1276 is not the
only way for SNHGI11 to affect the Wnt/B-catenin pathway, we
continued to explore other manners in which SNHG11 regulates
this pathway. It is known that GSK-3f is a key inhibitor of the
Wnt/B-catenin pathway, which triggers the phosphorylation and
degradation of B-catenin.”® Therefore, we wondered whether
SNHGI11 might also regulate GSK-3B in GC. Results showed that
the absence of SNHG11 induced the protein level of GSK-3p rather
than the mRNA level of GSK-3B (Figure S13A), indicating that
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SNHGI1 regulated GSK-3 at the protein level. To find out how
SNHGI1 regulates GSK-3p, we conducted an RNA pull-down assay
and then mass spectrometry analysis of the proteins potentially inter-
acting with SNHG11. Results indicated that CUL4A interacted with
SNHGI1 in both of the GC cell lines (Figures 5A and 5B). CUL4A
is a ubiquitin ligase predominantly expressed in cytoplasm, and it
has been reported to drive cancer progression through inducing the
ubiquitination of several tumor-suppressive proteins such as
LATSI, p21, and p53.”° Therefore, we speculated that SNHG11 might
regulate GSK-3f through CUL4A. To testify this speculation, we car-
ried out a series of experiments. The results of RIP analysis evidenced
the abundant existence of SNHG11 in the immunoprecipitated prod-
ucts of anti-CUL4A (Figure 5C). Then, to determine the precise inter-
acting part, we predicted the secondary structure of SNHG11 and
design oligonucleotide probes accordingly. We observed that
CULA4A protein was specifically captured by WT SNHG11 and P1,
indicating that P1 was required for the interaction of SNHG11 with
CUL4A (Figure 5D). Furthermore, the winged helix-turn-helix
DNA-binding domain (WHDD) domain of CUL4A has been re-
ported to be crucial for the binding of CUL4A to DNA or RNA.*
Hence, we tried to detect whether the WHDD domain is responsible
for the interaction of CUL4A with SNHG11. As expected, the Myc-
tagged WT CUL4A was enriched whereas the Myc-tagged CUL4A
with the WHDD domain mutation was undetectable in the pull-
down of the SNHG11 WT (Figure 5E). Also, the results of FISH
and IF staining unveiled the co-localization of SNHGI11 and
CUL4A in the cytoplasm of GC cells (Figure 5F). Later on, a coimmu-
noprecipitation (colIP) assay showed that CUL4A was enriched in the
immunoprecipitated products of GSK-3f and vice versa, indicating
the interaction between CUL4A and GSK-3f. Also, when knocking
down SNHGI11, the interaction between GSK-3p and CUL4A was
decreased, with the GSK-3B level in input increased and the
CUL4A level unchanged (Figure 5G). We further validated that the
ubiquitination level of GSK-3 was reduced in response to the knock-
down of either SNHGI11 or CUL4A. The addition of MG132, the
proteasome inhibitor, further enhanced the inductive effect of
sh/SNHG11#1 on the level of GSK-3f (Figures 5H and S13B). Of
note, after the addition of cycloheximide (CHX) to inhibit protein
generation, we observed through western blot that the degradation
of GSK-3p was retarded under the knockdown of SNHGI1, but
such a retarding effect was offset in the face of upregulation of
CULA4A (Figure 5I). Moreover, the knockdown of SNHGI1 induced
the GSK-3p level and reduced the B-catenin level without affecting
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CUL4A, and the co-transfection of pcDNA3.1/CUL4A increased
the CUL4A level and reversed the alteration of GSK-3f and B-catenin
levels (Figure 5J). In sum, SNHGI1 induced the ubiquitination of
GSK-3P by interacting with CUL4A to activate the Wnt/B-catenin
pathway.

SNHG11 Induces Autophagy and Activates the Wnt/B-Catenin
Pathway to Promote GC Progression

To assess whether SNHG11 regulates the Wnt/B-catenin pathway
and GC progression through miR-483-3p/miR-1276 and GSK-38,
we designed and conducted corresponding rescue assays. Similarly,
respective inhibition of miR-483-3p/miR-1276 or GSK-3B partly
counteracted the suppressive effect of silenced SNHG11 on Wnt/
f-catenin activity and nuclear expression of B-catenin, and a full
counteraction was achieved by the joint inhibition of miR-483-3p/
miR-1276 and GSK-3f (Figures SI4A and S14B). These data sug-
gested that SNHGI11 activated Wnt/B-catenin through miR-483-3p/
miR-1276 and GSK-3B. However, western blot analysis revealed
that either respective or joint inhibition of miR-483-3p/miR-1276
or GSK-3p only partially counteracted the effect of SNHGI11 on the
levels of N-cadherin, N-cadherin, MMP2, MMP7, Twist, Nanog,
and OCT4 (Figure S14C), indicating that SNHGI11 regulated EMT
and stemness of GC cells partly depending on the Wnt/B-catenin
pathway. Because we showed that autophagy aggravated GC cell pro-
gression, Rapa was applied in subsequent rescue assays. As antici-
pated, we found that the repressive influences of SNHG11 depletion
on cell viability, stemness, migration, and invasion were only partly
restored after jointly inhibiting miR-483-3p/miR-1276 and GSK-38,
but inhibiting miR-483-3p/miR-1276 and GSK-3B jointly with
Rapa treatment led to a full restoration of these processes (Figures
S14D-S14G). These findings suggested that SNHGI11 accelerates
the malignant behaviors of GC cells depending on its modulation
on autophagy and the Wnt/B-catenin pathway.

SNHG11 Is Transcriptionally Induced by TCF7L2 in GC Cells

Thereafter, we tried to explain the upregulation of SNHG11 in GC
cells. Transcription factors are commonly considered to be respon-
sible for the dysregulation of certain genes in cancer cells. Intrigu-
ingly, we found through the UCSC genome browser (http://
genome.ucsc.edu/) that the promoter of SNHG11 harbors potential
TCF7L2 binding sites (Figure SI5A). As is widely known, TCF7L2
forms a transcriptional complex with B-catenin to activate down-
stream factors.®! In this way, TCF7L2 exerts vital effects on cellular

Figure 5. SNHG11 Interacts with CUL4A to Induce the Ubiquitination of GSK-38

(A) Proteins interacting with SNHG 11 were identified through a pull-down assay and mass spectrometry analysis in GC cells. (B) Western blot analysis of pull-down products
in GC cells confirmed the interaction between CUL4A and SNHG11. (C) Quantitative real-time RT-PCR analysis of RIP products validated the interaction of SNHG11 with
CUL4A. (D) Secondary structure of SNHG11 was predicted through a biocinformatics tool (http://rna.tbi.univie.ac.at//cgi-bin/RNAWebSuite/RNAalifold.cgi). The pull-down
assay plus western blot detected CUL4A in the pull-down products of indicated biotinylated RNAs. (E) Pull-down experiments and western blot detected Myc-tagged CUL4A
(with wild-type or mutated WHDD domain) in the pull-down products of biotinylated SNHG11 in GC cells. (F) FISH and IF staining confirmed the co-localization of SNHG11
and CUL4A in GC cells. Scale bars, 20 um. (G) colP followed by western blot detected CUL4A and GSK-3B in the products precipitated by anti-GSK-3 or anti-CUL4A versus
anti-IlgG in GC cells transfected with shCtrl or sh/SNHG11#1. (H) Ubiquitination of GSK-3p in GC cells transfected with shCtrl or sh/SNHG11#1 and treated with or without
MG-132, as well as GSK-3 level in inputs, was determined by western blot. (I) Level of CUL4A in GC cells of indicated groups was determined at the indicated time points,
and the corresponding quantification curve was exhibited. (J) Western blots of CUL4A, GSK-3B, and B-catenin in GC cells of each group. Error bar denotes SD. **p < 0.01.
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Figure 6. SNHG11/Wnt/B-Catenin Forms a Positive Feedback Loop

SNHG11 promoter

(A) Knockdown of TCF7L2 in GC cells by three shRNAs was determined by quantitative real-time RT-PCR and western blot. (B) Expression of SNHG11 in GC cells under
TCF7L2 knockdown was determined by quantitative real-time RT-PCR. (C-E) ChIP analysis, a luciferase reporter assay, and a pull-down assay determined the relationship
between TCF7L2 and the SNHG11 promoter. Error bar denotes SD. *p < 0.05, **p < 0.01. n.s., not significant.

behaviors such as cell proliferation, cell death, stress response, meta-
bolism, and differentiation.®” Hence, we wondered whether SNHG11
could be regulated at the transcriptional level by the TCF7L2/B-cate-
nin complex. We knocked down TCF7L2 using three shRNAs and
confirmed the overt reduction of TCF7L2 mRNA and protein expres-
sions in SGC-7901 and MKN-45 cells (Figure 6A). The knockdown of
TCF7L2 reduced the SNHGI11 level in GC cells (Figure 6B). To inves-

tigate the detailed relationship between TCF7L2 and SNHGI11, we
identified two potential TCF7L2 binding sites on the SNHG11 pro-
moter through JASPAR (Figure S15B). In the meantime, primers
were designed for two parts of SNHG11 promoter fragments respec-
tively containing the predicted binding sites 1 and 2 (P1 and P2), and
for a region that does not contain predicted TCF7L2 sites (P3) (Fig-
ure S15B). As a result, we discovered that P1 and P2, instead of P3,
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of the SNHG11 promoter were enriched in the precipitates of TCF7L2
(Figure 6C), indicating that TCF7L2 binds to the SNHGI11 promoter
at both sites 1 and 2. Moreover, we illustrated that silencing TCF7L2
attenuates the luciferase activity of SNHG11 promoter, which was
partly recovered by the respective mutation of site 1 or 2 on the
SNHGI11 promoter; however, TCF7L2 knockdown could not alter
the luciferase activity of reporters covering both site-mutated
SNHGI11 promoter sequences (Figure 6D). The pull-down assay illus-
trated that TCF7L2 was enriched in the pull-down by the WT
SNHGI1 biotin probe, and such enrichment was lessened in the
pull-down of SNHG11 with site 1 or site 2 mutation, whereas no
TCF7L2 was captured by SNHGI11 with the mutation of both sites
(Figure 6E). Taken together, the aforementioned data suggested
that SNHG11 is transcriptionally activated by TCF7L2 in GC cells,
which means that SNHG11/Wnt/B-catenin forms a positive feedback
loop in GC.

SNHG11 Induces Autophagy and Activates the Wnt/B-Catenin
Pathway to Promote GC Tumorigenesis In Vivo

In vivo assays were further carried out to examine whether the Wnt/
B-catenin pathway and autophagy mediate the impact of SNHGI1
on tumorigenesis and metastasis in GC. The tumor growth rate and
tumor weight of xenografts were decreased by sh/SNHG11#1, and
the effect of sh/SNHG11#1 was partially countervailed by anti-miR-
483-3p+anti-miR-1276+small interfering RNA (siRNA) (si-)GSK-38,
and further addition of Rapa achieved a full reversion (Figures 7A
and 7B). Meanwhile, the lowered positivity of Ki67 and CD133 in xe-
nografts with SNHG11 knockdown was partly restored by the co-inhi-
bition of miR-483-3p/miR-1276 plus GSK-3P, and was fully reversed
with additional treatment of Rapa (Figures 7C and S15C). Also, west-
ern blot data confirmed that the induction of E-cadherin and the
reduction of N-cadherin, MMP7, and MMP2, as well as the decline
of stemness markers, in xenografts with SNHGI11 inhibition were
partly reversed by anti-miR-483-3p +anti-miR-1276+si-GSK-3, but
were fully recovered after additional Rapa treatment (Figure 7D).
Also, the number of metastatic nodes reduced by sh/SNHG11#1 in vivo
were partly recovered by co-inhibition of miR-483-3p/miR-1276 and
GSK-3p, and further addition of Rapa led to a full recovery (Figure 7E).
Interestingly, we also found that co-inhibiting miR-483-3p, miR-1276,
and GSK-3P partly reversed the reduction of LC3-I/LC3-II rate and
LAMP1 level, and the induction of p62 caused by SNHGI11 knock-
down in xenografts and a full reverse were observed when further
adding Rapa (Figure 7F). Since we had previously demonstrated that
Wnt/B-catenin cannot mediate the activating effect of SNHG11 on
autophagy in GC cells, we deduced that it is miR-483-3p and miR-
1276 that cause the recovery. Altogether, it was suggested that
SNHGI1 induces autophagy and activates Wnt/B-catenin pathway
to promote GC tumorigenesis and metastasis in vivo.

SNHG11 Upregulates ATG12 through miR-483-3p/miR-1276 to
Induce Autophagy

Finally, we tried to investigate whether SNHG11 regulates autophagy
in GC through miR-483-3p and miR-1276. We found that the inhibi-
tion of either miR-483-3p or miR-1276 partially reversed the reduced
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LC3-II/LC3-I ratio and LAMPI level and the elevated p62 level
caused by sh/SNHG11#1 in GC cells, and such reversion was further
strengthened by the co-inhibition of both miRNAs (Figure 8A and
S16A), indicating that both miR-483-3p and miR-1276 were impli-
cated in the facilitation of SNHG11 on autophagy in GC cells. We
then browsed starBase3.0 and found that MAP1LC3B, GABARAPL1,
and ATGI2 are target genes shared by miR-483-3p and miR-1276,
and these three factors are central participants in autophagy, as re-
ported in previous studies.*”*> However, the outcomes of a luciferase
reporter assay showed that only the luciferase activity of the pmir-
GLO-ATGI12 3’ UTR reporter was reduced by both miR-483-3p
and miR-1276 mimics in two GC cell lines (Figures 8B and S16B).
ATGI12 is referred to as the “core” of autophagy machinery, which
participates in autophagy by forming a complex with ATGS5-
ATG16 to decorate and expand phagophores.”*** Also, ATG12 has
been reported to positively regulate oncogenic autophagy in GC.*°
miR-1276 also presents an inhibitory effect on the luciferase activity
of MAP1LC3B, indicating the interaction between miR-1276 and
MAPILC3B. It is known that MAP1LC3B encodes LC3, and the
transformation from one isoform LC3-I to another isoform LC3-II
is an important indicator of autophagy activation.”” Nonetheless, it
has also been reported that artificially tethering LC3 to organelles is
not sufficient to trigger autophagy,”® indicating that the increase of
LC3 alone by regulating miR-1276 might be insufficient to explain
the alteration of autophagy. Therefore, we only focused on the explo-
ration on ATG12 in the present study. We verified that ATG12 was
upregulated in GC specimens and cells (Figure S16C). Also, in GC tis-
sues, the ATG12 level was negatively associated with miR-483-3p and
miR-1276 levels, whereas it was positively related to SNHG11 expres-
sion (Figure S16D). Additionally, RIP analysis data illustrated that
ATG12, SNHGI1, miR-1276, and miR-483-3p were all enriched in
the immunoprecipitated products of anti-Ago2 (Figures 8C and
S16E). The binding sequences on the ATG12 3’ UTR for miR-483-
3p and miR-1276 are presented in Figure 8D. Our results showed
that co-overexpression of miR-483-3p and miR-1276 reduced the
luciferase activity of the WT ATGI12 3’ UTR reporter, and the reduc-
tion was more significant than that induced by overexpression of
either the two miRNAs; moreover, such and effect was countervailed
by the overexpression of SNHG11, with the luciferase activity of re-
porters with the mutant ATG12 3’ UTR (both sites mutated) having
been unchanged all along (Figure 8E). Also, co-inhibition of miR-
483-3p/miR-1276 counteracted the suppression of SNHG11 defi-
ciency on ATG12 mRNA and protein levels, while the rescuing effect
was more evident than the respective knockdown of miR-483-3p or
miR-1276 (Figures 8F and S16F). Importantly, inhibiting miR-483-
3p/miR-1276 restored SNHG11 suppression-inhibited autophagy in
GC cells, while such restoration was abrogated in response to
ATGI12 silence (Figures 8G, 81, and S16G). In conclusion, these
data convincingly demonstrated that SNHG11 upregulates ATG12
through miR-483-3p/miR-1276 to induce autophagy.

DISCUSSION
IncRNAs have been suggested as promising diagnostic biomarkers
and therapeutic targets in various types of cancers,”’ including
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Figure 7. SNHG11 Promotes GC Progression through Wnt/B-Catenin and Autophagy In Vivo

(A and B) Growth curve (A) and tumor weight (B) of xenografts from mice in indicated groups. (C) The quantification of Ki67 and CD133 positivity determined by IHC staining in
xenografts of each group. (D) Western blot results of EMT markers and stemness markers in xenografts of each group. (E) H&E staining of lung metastatic nodes and the
quantification in mice from indicated groups. Scale bars, 200 um. (F) Western blot results of autophagy-related proteins in xenografts of each group. Error bar denotes SD.
*p < 0.05, *p < 0.01. n.s., not significant.
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GC.">'* In the present study, we discovered that SNHG11 was upre-
gulated in GC cell lines and specimens from GC patients. Further-
more, we suggested that SNHG11 upregulation predicted unfavorable
survival outcomes and was related to advanced clinical stage and
distant metastasis in GC patients. These data suggested that
SNHGI1 potentially participated in the tumor progression and
metastasis in GC. As expected, we demonstrated that SNHG11 posi-
tively regulated in vitro cell proliferation and stemness, and in vivo
tumorigenesis in GC. Additionally, SNHGI1 also attenuated matrix
adhesion and promoted GC cell migration, invasion, EMT, and anoi-
kis resistance, as well as in vivo metastasis. These findings showed that
SNHGI1 played a positive regulatory role in tumorigenesis and
metastasis of GC.

Moreover, we discovered that SNHG11 functioned as a positive regu-
lator of autophagy in GC. Other studies have suggested that the effect
of autophagy is controversial, because it either contributes to cell sur-
vival or to cell death depending on the cellular context.”” Interest-
ingly, Mowers et al.”’ pointed out that autophagy not only facilitates
cell viability and differentiation, but it also regulates tumor metastasis
through influencing anoikis resistance, migration, invasion, and EMT
progression in tumor cells. Also, the oncogenic function of aberrant
autophagy in GC has been recognized in several studies.’>" Accord-
ingly, our data showed that the autophagic level in GC cells was
higher than that in normal gastric cells, and inhibiting autophagy
circumscribed the proliferation and metastasis of GC cells under star-
vation, indicating the oncogenic role of excessive autophagy in GC
cells. Importantly, we first demonstrated that SNHG11 knockdown
impaired autophagy in GC, indicating that SNHG11 regulated GC
progression through inducing autophagy.

Wnt/B-catenin signaling is a well-known pathway participating in the
regulation of cell survival, stemness, metastasis, and apoptosis in
numerous cancer types,”” >* including GC.””® This study first found
that SNHGL11 positively regulated the Wnt/B-catenin pathway in GC
cells. Intriguingly, Wnt/B-catenin mediated the contribution of
SNHGI1 to cell proliferation and metastasis, but it was not implicated
in SNHG11-modulated autophagy in GC. The relationship between
Wnt/B-catenin and autophagy is complicated and controversial.
Some reports have illustrated that activation of Wnt/B-catenin leads
to increased autophagy,”' whereas others have argued that Wnt/
B-catenin exhibits a suppressive effect on autophagy.”>””
studies have raised interesting findings that B-catenin induces p62
expression and inhibits autophagic flux in cancer cells under either
stress or normal conditions.”® Therefore, it was possible that acti-

Previous

vating Wnt/B-catenin could induce GC cell progression but inhibit
autophagy. Considering that SNHGI11 knockdown resulted in
impaired autophagy in GC cells, it was possible that the activation
of Wnt/B-catenin failed to have further suppressive effects on auto-
phagy in such cells. Also, it is justified to suggest that the activation
of SNHGI1 on autophagy was independent of the Wnt/B-catenin
pathway.

Mechanistically, we validated the cytoplasmic localization of
SNHGI1 in GC cells. In recent years, cytoplasmic IncRNAs have
been disclosed to regulate target genes through various manners
such as sponging miRNAs or interacting with RNA-binding pro-
teins.'?> Herein, we first demonstrated that SNHG11 worked in GC
through multiple mechanisms. As for the regulation of SNHGI11 on
Wnt/B-catenin, we first elucidated that SNHG11 sponged miR-483-
3p and miR-1267 to protect CTNNBI from the downregulation of
miRNAs. Intriguingly, we also discovered that SNHGI11 negatively
regulated the expressions of miR-483-3p and miR-1267 by affecting
the processing of their pre-miRNAs, as is a reported manner whereby
cytoplasmic IncRNAs regulate miRNA expression.”” Herein, we also
first demonstrated that SNHG11 not only acted as a sponge of mature
miR-483-3p and miR-1276, but it also bound to the loop residue of
pre-miR-483 and pre-miR-1276 to block the DICER-TRBP-mediated
splicing of pre-miRNA, reducing the expression of mature miR-483-
3p and miR-1276. Furthermore, the partial recovery of Wnt/
B-catenin activity by miR-483-3p and miR-1267 co-inhibition indi-
cated that SNHGI1 also regulated this pathway in other manners.
Considering that the accumulation of cytoplasmic B-catenin could
be impaired by GSK-3B-mediated phosphorylation,”® we deduced
that SNHG11 negatively regulated GSK-3B. We first demonstrated
that SNHG11 induced the ubiquitination of GSK-3f by interacting
with CUL4A, a cytoplasmic ubiquitin ligase contributing to cancer
progression.”” A former study indicated that CUL4A can be inhibited
by IncRNA uc.134 to repress HCC progression,”” while the relation-
ship between CUL4A and SNHG11 was first revealed by our study.
Moreover, we discovered that TCF7L2 bound to the SNHGI11
promoter and induced the transactivation of SNHGI11, indicating
that SNHG11/Wnt/B-catenin formed a positive feedback loop
in GC. Additionally, we found that SNHGI11 could regulate auto-
phagy through miR-483-3p/miR-1276-targeted ATG12, a pivotal
regulator of autophagy, by forming a complex with ATGS5-
ATG16.°*°° However, the partial rescue of autophagy by ATG12 in
GC cells with SNHG11 knockdown indicated that SNHG11 might
regulate autophagy through alternate targets, which remain to be
further identified.

Figure 8. SNHG11 Induces Autophagy through miR-483-3p/miR-1276/ATG12 Axis

(A) Western blot results showed the level of autophagy-related proteins in GC cells under different transfections. (B) A luciferase reporter assay was used to determine
the interaction of miR-483-3p and miR-1276 with three mRNAs (MAP1LC3B, GABARAPL1, and AGT12). (C) A RIP assay confirmed the interaction of miR-483-3p and
miR-1276 with ATG12 and SNHG11. (D) Interacting sequences on ATG12 for miR-483-3p and miR-1276 were predicted through starBase 3.0. (E) A luciferase
reporter assay indicated that SNHG11 regulated ATG12 through miR-483-3p and miR-1276. (F) Quantitative real-time RT-PCR and western blot results of ATG12
expression in GC cells of each group. (G) Western blot results of ATG12 and several autophagy-related proteins (LC3-1I/LC3-1, p62, and LAMP1) in GC cells with
indicated transfections. (H and |) Quantification of endogenous LC3 dots and exogenous GFP-mRFP-LC3 dots in GC cells with indicated transfections. Error bar

denotes SD. **p < 0.01.
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MATERIALS AND METHODS

Tissue Specimens

50 GC specimens and the matched 50 para-tumorous specimens were
included in this study. The histologic diagnosis of these clinical tissues
was confirmed by three pathologists. Patients involved in the study
received surgery at Tongren Hospital, Shanghai Jiao Tong University
School of Medicine, and the fresh tissues were snap-frozen in liquid
nitrogen and maintained at —80°C for subsequent studies. Written
informed consent was obtained from all patients, and the study was
approved by the Ethics Committee of Tongren Hospital, Shanghai
Jiao Tong University School of Medicine.

Cell Lines and Cell Culture

The normal human gastric epithelial cell line GES-1 and six types of
GC cell lines (SGC7901, BGC823, MGC-803, MKN45, HGC27, and
AGS) were used in this study. These cell lines were all purchased
from the Cell Bank of the Chinese Academy of Sciences (Shanghai,
China). All cells were maintained in RPMI 1640 (Gibco, El Paso,
TX, USA) with 10% fetal bovine serum (FBS, Gibco). Human embry-
onic kidney (HEK) 293T cells were obtained from the American Type
Culture Collection (ATCC, Manassas, VA, USA) and maintained in
DMEM (Gibco) with 10% FBS. Cell culture was carried out in a hu-
midified incubator under 37°C with 5% CO.,.

IncRNA PCR Array

To find out the differentially expressed IncRNAs in GC cells versus
normal GES-1 cells, a IncRNA PCR array was applied. The total
RNAs extracted from GES-1, SGC-7901, and MKN-45 cells were
subjected to reverse transcription by the rtStar first-strand cDNA
synthesis kit (AS-FS-001, Arraystar) to obtain cDNA. Then, the
c¢DNA and RNA were mixed with Arraystar SYBR Green quantitative
real-time PCR master mix (AS-MR-005, Arraystar) and underwent
quantitative real-time PCR to analyze the levels of 38 IncRNAs
reported previously.”*

Cell Transfection

To knock down SNHG11, CUL4A, or TCF7L2, the pLKO.1 con-
structs with sh/SNHG11#1/2/3, sh/CUL4A, or sh/TCF7L2#1/2/3
were applied. To knock down GSK-3, si-GSK-3B was applied.
Scrambled shRNAs (shCtrl) or siRNAs (si-Ctrl) were used as
the negative controls. The sequences of shRNAs are provided
in Table S1. To overexpress SNHGI11 or CUL4A, pcDNA3.1
vectors inserted with a full-length cDNA sequence of SNHGI1
or CUL4A were applied, and the recombinant plasmids were
named as pcDNA3.1/SNHG11 or pcDNA3.1/CUL4A. The empty
pcDNA3.1 vector was used as the negative control. To overexpress
miR-483-3p and miR-1276, miR-483-3p mimics and miR-1276
mimics were applied, with miR-negative control (miR-NC) as the
control. To inhibit miR-483-3p and miR-1276, anti-miRNA
oligonucleotides (anti-miR-483-3p and anti-miR-1276) were
applied, with anti-miR-NC as the negative control. Plasmids above
were bought from Shanghai GenePharma (Shanghai, China) and
transfected into SGC-7901 or MKN-45 cells as required by use
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of Lipofectamine 3000 (Thermo Fisher Scientific, Waltham, MA,
USA).

Quantitative Real-Time RT-PCR

Total RNAs were extracted from GC specimens and indicated GC
cells applying TRIzol reagent (Invitrogen), followed by reverse tran-
scription using EvoScript Universal cDNA Master (Roche). Quantita-
tive real time RT-PCR was conducted to examine the relative RNA
level based on the SYBR Green method on the Roche LightCycler
480 PCR system, with B-actin as the endogenous control. The reverse
transcription of miRNAs was conducted by a TagMan miRNA
reverse transcription kit (Applied Biosystems, Foster City, CA,
USA). Quantitation of miRNAs was carried out by applying TagMan
miRNA assays (Applied Biosystems), with U6 small nuclear RNA as
the internal control. Data were calculated based on 2~**“* method.
Primer sequences are provided in Table S2.

Western Blot

Total proteins were isolated from GC tissues and cells using radioim-
munoprecipitation assay (RIPA) lysis buffer (Beyotime, Shanghai,
China), loaded on and separated by the 10% SDS-PAGE (Bio-Rad,
Hercules, CA, USA), and then transferred to the polyvinylidene
fluoride (PVDF) membranes (Millipore, Bedford, MA, USA).
Membranes were sealed in 5% nonfat milk, probed by primary anti-
bodies overnight, and then incubated with secondary antibody for 1 h.
An enhanced chemiluminescence (ECL) reagent (Pierce, Rockford,
IL, USA) was used to visualize the immunoblots.

Antibodies and Reagents

Rabbit anti-Bcl2 (WL01556), rabbit anti-cleaved caspase-3
(WL01992), rabbit anti-cleaved PARP (WL01932), rabbit anti-
BECN1 (WL02237), rabbit anti-B-catenin (WL0962a), rabbit anti-
BAX (WL01637), and rabbit anti-ITGB1 (WL02236) were bought
from Wanlei Biotechnology (Shanghai, China). Rabbit anti-p62
(A0682), rabbit anti-LC3II (A7198), and rabbit anti-p-AKT1-5473
(AP0140) were bought from ABclonal (Woburn, MA, USA). Rabbit
anti-B-actin (ab8227), rabbit anti-Nanog (ab109250), mouse anti-
Oct4 (ab184665), rabbit anti-SOX2 (ab137385), mouse anti-Twist
(ab175430), goat anti-LGR5 (ab75850), rabbit anti-EpCAM
(ab71916), rabbit anti-CD133 (ab19898), rabbit anti-LAMP1
(ab24170), rabbit anti-Glil (ab49314), rabbit anti-GLI2 (ab26056),
rabbit anti-GLI3 (ab123495), anti-rabbit MMP2 (ab37150), rabbit
anti-MMP7 (ab5706), mouse anti-E-cadherin (ab1416), rabbit anti-
N-cadherin (ab18203), rabbit anti-CUL4A (ab72548), rabbit anti-
ATGI2 (ab155589), rabbit anti-cleaved caspase-6 (ab2326), rabbit
anti-Ki67 (ab833), mouse anti-DICER (ab14601), and rabbit anti-
TRBP (ab18094) were purchased from Abcam (Cambridge, UK).
Rabbit anti-p-PI3K (Tyr458) (#4228), rabbit p-MAPK (Thr180/
Tyr182) (#4511), rabbit p-STAT3 (Tyr705) (#9145), mouse anti-
GSK-3p (#9832), mouse anti-Myc-tag (#2276), rabbit anti-ALDH1
(#36671), and rabbit anti-TCF7L2 (#2569) were purchased from
Cell Signaling Technology (Danvers, MA, USA). Rapa (S1039) was
purchased from Selleck Chemicals (Shanghai, China), while BafAl
(B1793) was purchased from Sigma-Aldrich (St. Louis, MO, USA).
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Cell Proliferation Assay

Cell proliferation was evaluated through Cell Counting Kit-8 (CCK-
8), colony formation, and EQU experiments as described previously.””
The viability of SGC-7901 and MKN-45 cells was detected by a
CCK-8 assay (Dojindo). The absorbance value was examined at
450 nm by applying the ELx800 microplate reader (BioTek, USA).
For the colony formation assay, GC cells (5 x 10°/well) were seeded
in six-well plates, cultured for 2 weeks, and stained by crystal violet
(Solarbio, G1062) after fixation. Colonies formed by >50 cells were
counted manually. The colony formation efficiency was calculated
as the number of colonies/number of seeded cells x 100%, and that
of control groups was set as 1.0. For the EdU assay, an EdU label-
ing/detection kit (Ribobio, Guangzhou, China) was applied to stain
the proliferative GC cells, and DAPI was used to stain cell nuclei.
EdU-positive cells were observed through fluorescence microscopy,
and the results were analyzed by the ratio of EdU-positive cell number
versus DAPI-stained cell number.

Sphere Formation Assays

SGC-7901 and MKN-45 cells were plated into ultra-low attachment
surface six-well culture plates (Corning Life Sciences, Corning, NY,
USA) with the concentration of 3 x 10> cells/mL in DMEM/F12 me-
dium (Gibco). The medium contained 20 ng/mL basic fibroblast
growth factor (bFGF), 20 ng/mL epidermal growth factor (EGF),
and 2% B27. Diameters of spheres were measured every 7 days after
seeding. Images of five randomly chosen regions in each group were
captured with a fluorescence microscope (Leica, Wetzlar, Germany).
The sphere formation efficiency was calculated as the number of
spheres/number of seeded cells x 100%, and that of control groups
was set as 1.0.

Flow Cytometry Assay

The apoptosis of GC cells was analyzed via a fluorescence-activated
cell sorting (FACS) flow cytometer (BD Biosciences, San Jose, CA,
USA) after annexin V-fluorescein isothiocyanate (FITC)/propidium
iodide (PI) staining. The procedure followed previous descriptions.”®

For flow cytometry analysis of cell surface expression of CD133" in
GC cells, CD133-phycoerythrin (PE) antibodies (Miltenyi Biotec,
Auburn, CA, USA) were applied. In short, the harvested GC cells
were washed twice and underwent re-suspension in Hanks’ balanced
salt solution (HBSS). After incubation with antibodies in darkness for
30 min at room temperature, cells were washed and detected by a flow
cytometer (BD Biosciences) and analyzed on FlowJo software (BD
Biosciences).

Transwell Migration and Invasion Assay

To evaluate cell invasion and migration, a transwell assay was
conducted. GC cells were plated into the upper transwell chamber
(8-um pore size; Millipore) in non-serum media. The upper chamber
of the insert was pre-coated with Matrigel (Sigma-Aldrich) for the in-
vasion assay rather than for the migration assay. Medium in the lower
chamber contained 10% FBS. Cells were cultured for 24 h, and those
migrating or invading to the lower chamber were respectively fixed

and stained using methanol and crystal violet, followed by imaging
and counting under the inverted microscope (Olympus, Tokyo,
Japan).

Cell Matrix Adhesion Assay

96-well plates were coated with FN1/fibronectin (10 mg/mL, Sigma,
10838039001) overnight at 4°C and blocked by 1% (w/v) BSA (Sigma,
A7030). GC cells (5 x 10%/well) seeded in the plates were allowed to
adhere at 37°C for 10 min and underwent a PBS wash three times.
Then, cells were fixed and stained using 4% paraformaldehyde
(Sigma, V900894) and 0.5% crystal violet (Solarbio, G1062) and lysed
using 30% (v/v) glacial acetic acid (Aladdin, A116172). An Olympus
IX 71 was used to image the cells on the substrate 1.5 h later and then
the results were analyzed by Image-Pro Plus software.

FISH and IF

FISH and IF staining assays were performed according to former
descriptions.”” For FISH staining, a QuantiGene ViewRNA miRNA
ISH cell assay kit (Affymetrix, Santa Clara, CA, USA) was applied
with the probe targeting SNHG11 in line with the manufacturer’s
guidance. For IF staining, antibodies against LC3 (SRP01707,
Saier Biotechnology), E-cadherin (ab1416, Abcam), N-cadherin
(ab18203, Abcam), ALDH1 (#36671, Cell Signaling Technology),
and CUL4A (ab72548, Abcam) were applied. The samples were
then observed under a fluorescence microscope (DMI4000B, Leica).

GFP-mRFP-LC3 Adenoviral Transfection

GC cells were plated on the glass-bottomed cell culture dishes and
infected with GFP-mRFP-LC3 adenoviral vectors (HanBio Technol-
ogy, Shanghai, China). After replacing the culture medium with fresh
medium, GC cells were incubated for 1 d. The yellow and green dots
were observed under a confocal laser scanning microscope (LSM 880
with Airyscan; Zeiss, Dublin, CA, USA) to determine autophagy flux.

TOP/FOP Flash Reporter Assays

A TOP/FOP flash reporter assay was applied to determine the activity
of the Wnt/B-catenin pathway. The TOP-flash Wnt signaling re-
porter and FOP-flash negative control reporter were co-transfected
with indicated plasmids into GC cells obeying the manufacturer’s
protocol (Millipore, 17-285). GC cells underwent transfection with
pTOP-Flash (TCF reporter plasmid) or pFOP-Flash (mutant, inactive
TCF binding site) plasmids, with the pSV40-Renilla plasmid (Prom-
ega, E6911) as the internal control. 48 h after transfection, the lucif-
erase activities were analyzed by the Dual-Luciferase reporter assay
system (Promega, €1910).

ChlP, RIP, and Pull-Down Assay

A chromatin IP (ChIP) assay was carried out using the MagnaChIP
kit (Millipore) with antibodies against TCF7L2 (#2569, Cell Signaling
Technology) referring to the manufacturer’s guidance as described
previously.”® A RIP assay was conducted using a Magna RIP (Milli-
pore, Bedford, MA, USA) following the manufacturer’s instructions.
Antibodies against Ago2 (ab32381, Abcam), immunoglobulin G
(IgG) (ab190475, Abcam), and CUL4A (ab72548, Abcam) were
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applied. The immunoprecipitated products were analyzed through
quantitative real-time RT-PCR.

For the pull-down assay, the biotin-labeled RNA SNHG11 and anti-
sense SNHG11 sequences were transcribed in vitro using biotin RNA
labeling mix (Roche) and T7 RNA polymerase (Roche) following
treatment with RNase-free DNase I (Roche) and 0.2 M EDTA to
block the reaction. GC cells were transfected with pcDNA3.1(+)/
CUL4A-Myc (WT) and pcDNA3.1(+)/CUL4A-Myc (WHDD
mutant) with the WHDD domain of CUL4A mutated. After the bio-
tinylated RNAs and streptavidin agarose beads (Life Technologies,
Gaithersburg, MD, USA) were mixed for 12 h at 4°C, cell lysates
and RNase inhibitor were added and incubated for another 4 h on
ice. After the mixture was boiled in the SDS buffer, the proteins
were detected by western blot. The SNHG11-interacting proteins
were eluted and resolved via gel electrophoresis, and then subjected
to staining via SilverQuest silver staining kit (LC6070, Thermo Fisher
Scientific). The excised protein bands were de-stained and digested,
followed by the analysis via liquid chromatography-tandem mass
spectrometry sequencing (LCMS-8060, Shimadzu, Japan).

IP and Ubiquitination Assays

An IP assay was conducted applying the Thermo Scientific Pierce
Classic IP kit (Thermo Fisher Scientificc MA, USA) in accordance
with the manufacturer’s instructions. GC cells with indicated trans-
fections were treated with or without MG-132 (2 uM; the inhibitor
of proteasome) for 48 h. Then, cells were lysed in the IP lysis/wash
buffer with protease inhibitors and RNase inhibitor (Promega, Mad-
ison, WI., USA) followed by centrifugation. The protein A/G beads
(Life Technologies) conjugated with antibodies against GSK-38
(#9832, Cell Signaling Technology) or CUL4A (ab72548, Abcam)
were mixed with cell lysates for 12 h at 4°C with rotation, and boiled
in the SDS buffer. Thereafter, the eluted proteins were analyzed by
western blot.

Animal Experiments

Male BALB/c nude mice (age, 4-6 weeks) were purchased from the
Medical Laboratory Animal Center (Guangdong, China). The exper-
iments were approved by the Institutional Animal Care and Use
Committee of Tongren Hospital, Shanghai Jiao Tong University
School of Medicine. All mice were kept under a specific pathogen-
free condition with free access to food and water. To establish
xenografts, mice were injected subcutaneously with MKN-45 cells
transfected with indicated plasmids. The size of tumors was measured
every 4 days. After 28 days of injection, the tumors were resected for
further assays. To monitor the impact of SNHGI11 on GC metastasis,
transfected MKN-45 cells were injected into mice via the tail vain. Six
weeks later, mice were sacrificed and the metastatic nodes in lung or
liver tissues were observed by H&E staining.

Immunohistochemistry (IHC) and H&E Staining
IHC staining of the xenografts from mice was conducted following a
previous description.”” The antibodies against Ki67 (ab833, Abcam)
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and CD133 (ab19898, Abcam) were applied. The metastatic nodules
were observed by H&E staining as formerly described.*’

Statistical Analysis

To analyze data, SPSS version 13.0 (SPSS, Chicago, IL, USA) software
was applied. Data were expressed based on mean + standard devia-
tion (SD) unless otherwise indicated. Statistical methods for data
analysis were one-way analysis of variance (ANOVA) or Student’s
t tests, as needed. All experiments were performed in triplicate. Statis-
tical significance was determined by a p value <0.05.
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