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Introduction
Gastric cancer is among the most common malignancies; it is the
third leading cause of cancer-associated mortality worldwide and
is a serious threat to public health (1). Many factors are implicated
in the carcinogenesis and progression of gastric cancer, including
environmental risk factors, genetic alterations, and host factors.
Helicobacter pylori is a well-known risk factor for gastric cancer (1).
In 1994, the International Agency for Research on Cancer (IARC)
defined H. pylori as a class I carcinogen strongly associated with
gastric cancer (2). Chronic and persistent inflammation contrib-
utes to the initiation and progression of some kinds of tumors,
and H. pylori infection can stimulate chronic inflammation in the
gastric mucosa, which induces the normal gastric epithelium to
progress through a series of well-defined steps into carcinoma (3).
Epidemiological studies have confirmed the relationship between
H. pylori infection and gastric cancer, and this relationship has
also been demonstrated experimentally in rodent models using
C57BL/6 mice and Mongolian gerbils (3-5). However, the mecha-
nism by which H. pylori infection mediates gastric cancer progres-
sion is incompletely defined.

Gastric cancer develops after H. pylori infection via the long-
term accumulation of molecular alterations. H. pylori infection
induces chronic inflammation to trigger genetic alterations along
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Chronic infections can lead to carcinogenesis through inflammation-related mechanisms. Chronic infection of the human
gastric mucosa with Helicobacter pylori is a well-known risk factor for gastric cancer. However, the mechanisms underlying
H. pylori-induced gastric carcinogenesis are incompletely defined. We aimed to screen and clarify the functions of long
noncoding RNAs (IncRNAs) that are differentially expressed in H. pylori-related gastric cancer. We found that IncRNA
SNHG17 was upregulated by H. pylori infection and markedly increased the levels of double-strand breaks (DSBs). SNHG17
overexpression correlated with poor overall survival in patients with gastric cancer. The recruitment of NONO by overabundant
nuclear SNHG17, along with the role of cytoplasmic SNHG17 as a decoy for miR-3909, which regulates Rad51 expression,
shifted the DSB repair balance from homologous recombination toward nonhomologous end joining. Notably, during chronic
H. pylori infection, SNHG17 knockdown inhibited chromosomal aberrations. Our findings suggest that spatially independent
deregulation of the SNHG17/NONO and SNHG17/miR-3909/RING1/Rad51 pathways upon H. pylori infection promotes
tumorigenesis in gastric cancer by altering the DNA repair system, which is critical for the maintenance of genomic stability.
Upregulation of SNHG17 by H. pylori infection might be an undefined link between cancer and inflammation.

with DNA damage in gastric epithelial cells (6, 7). Recent global
analyses of gastric cancer genomes have provided valuable insight
into the molecular mechanisms underlying gastric carcinogenesis.
A study from The Cancer Genome Atlas (TCGA) Research Net-
work based on 295 primary gastric adenocarcinomas defined 4
major genomic subtypes of gastric cancer: EBV-infected tumors
(9%), microsatellite instability (MSI) tumors (22%), genomically
stable tumors (20%), and chromosomally unstable tumors (50%).
These classifications suggest that genomic instability is important
in gastric cancer progression (8).

Many pathogenic bacteria have been shown to cause host
cell DNA damage, often resulting in DNA double-strand breaks
(DSBs) (9, 10). Abnormalities in DNA damage repair may result
in genomic instability (11, 12). To manage these DSB-induced
lesions, eukaryotic cells have developed an intricate and efficient
DNA repair system. Homologous recombination (HR) and nonho-
mologous end joining (NHE]) are the major molecular pathways
responsible for DSB repair (13, 14). HR is an error-free repair path-
way that uses homologous DNA sequences as templates. In con-
trast, NHE] is an error-prone pathway initiated by recruitment of
the DNA-PKcs complex to the DNA break ends. NHE] joins 2 DNA
ends that are independent of the chromosome locus. This type of
repair occasionally results in chromosomal abnormalities, such
as chromosomal deletions and translocations. Therefore, NHE]
repair is relatively error prone and responsible for genome rear-
rangement (14). Thus, efficient and intricate repair of DSBs is cru-
cial for the maintenance of genomic integrity.

Many studies have reported that H. pylori infection induces
DNA damage and regulates DNA repair (15-19). These findings
were further supported by similar results in H. pylori-infected
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patients (20, 21). The regulation of gene expression by long non-
coding RNAs (IncRNAs) at the epigenetic, transcriptional, and
posttranscriptional levels has been widely studied (22). IncRNAs
are involved in many important pathological processes, such as
cell differentiation, cell death, and individual development (22).
Many IncRNAs that function as oncogenes or tumor suppressors
have been reported recently, suggesting that IncRNAs may be
useful in the future as diagnostic, prognostic, and therapeutic
tumor biomarkers (23). Recently, numerous studies have shown
the dysregulation of IncRNAs in gastric cancer. For example, H19
and uc001lsz play important roles in gastric cancer and might be
useful as biomarkers for the diagnosis of early gastric cancer (24,
25). In addition, IncRNA HOXA11-AS was reported to enhance
cell proliferation and migration in gastric cancer by scaffolding
the chromatin regulators EZH2, LSD1, and DNMT1 (26). We
hypothesized that many unidentified IncRNAs are dysregulated
in gastric cancer progression, especially in gastric cancer related
to H. pylori infection. To investigate the mechanism underlying
the association between H. pylori infection and genomic insta-
bility, we screened IncRNAs that are dysregulated in H. pylori-
related gastric cancer. We identified IncRNA-SNHG17, which was
upregulated by H. pylori infection and functionally increased the
DSB levels. The recruitment of NONO by overabundant nuclear
SNHG17, along with the role of cytoplasmic SNHG17 as a decoy
for miR-3909, which regulates RING1/Rad51 expression, shifted
the DSB repair balance from HR to NHE]. These results indicate
that spatially independent deregulation of the SNHG17/NONO
and SNHG17/miR-3909/Rad51 pathways promotes gastric cancer
progression by altering the DNA repair system, which is critical for
the maintenance of genomic stability.

Results
Identification of H. pylori infection-induced IncRNA SNHGI7. To
identify IncRNAs associated with H. pylori infection, we analyzed
IncRNA and mRNA expression in GES-1 normal gastric epithelial
cells infected with the H. pylori standard strain NCTC11637. Three
samples of H. pylori-negative normal gastric epithelial tissues, 6
samples of H. pylori-positive gastritis tissues, and 4 samples of H.
pylori-positive gastric cancer tissues were collected for the microar-
ray analysis of IncRNAs and mRNAs. As shown in Figure 1, A and B,
systematic variations were screened in the expression of IncRNAs
related to H. pylori infection status. To validate these results, quan-
titative real-time PCR (qRT-PCR) analysis of 6 randomly selected
IncRNAs from among the differentially expressed IncRNAs in H.
pylori-infected GES-1 cells confirmed that the trend in the expres-
sion levels of these IncRNAs was consistent with the microarray
results (Supplemental Figure 1A; supplemental material available
online with this article; https://doi.org/10.1172/JCI125581DS1).
Some statistically marked overlapping dysregulated IncRNAs in
the National Center for Biotechnology Information’s (NCBI) Gene
Expression Omnibus (GEO) GSE111762 and GSE111763 microarray
data sets were identified (Supplemental Table 1A).

Aberrations in DNA damage repair are an important cause
of genomic instability, a characteristic of most cancers (27, 28).
To identify the IncRNAs related to H. pylori infection-induced
genomic instability, genomic instability-related mRNAs differ-
entially expressed in H. pylori-infected cells were selected for
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clustering with deregulated IncRNAs. The degree of coexpres-
sion, which is defined as the number of directly linked neighbors
of an IncRNA, was ranked (Supplemental Table 1B). As shown in
Supplemental Figure 1B, several IncRNAs were located at cen-
tral nodes of the network. Therefore, based on the comparison of
the overlapping IncRNAs in the 2 microarrays and the coexpres-
sion network, SNHG17 was selected, as this IncRNA was not only
upregulated upon H. pylori infection, but also closely associated
with genomic stability.

Characterization of SNHGI7 expression in gastric tissues. qQRT-
PCR analysis showed that the expression level of SNHG17 was
gradually upregulated with increased gastric mucosal lesion
degree (Figure 2A). In addition, ISH in paraffin-embedded tis-
sue sections revealed a gradual increase in the expression level of
SNHG17, with an increase in the gastric mucosal lesion degree.

Moreover, we performed qRT-PCR analysis on 112 tumor/
matched normal gastric cancer samples. Comparison between the
H. pylori-negative and H. pylori-positive tissues showed a marked
enhancement of SNHG17 expression upon H. pylori infection
(Figure 2B). The results also confirmed that SNHG17 expression
was significantly higher in cancerous tissues (Figure 2C) than in
normal tissues and was upregulated in 74.11% of the gastric can-
cer patients (Figure 2D). No significant correlation was found
between SNHG17 expression and the age or sex of the patients
or the gastric cancer tissue differentiation degree. However, the
SNHGI17 expression level was correlated with the tumor node
metastasis (TNM) stage (P = 0.013) and H. pylori infection (P =
0.034) (Supplemental Table 2). ISH in paraffin-embedded tissues
further revealed higher SNHG17 expression in gastric cancer tis-
sues than in adjacent tissues (Figure 2E). These results suggest
that SNHG17 plays an important role in the progression of gastric
cancer in addition to participating in the progression of stages
upon H. pylori infection.

Furthermore, the SNHG17 expression level was markedly
upregulated in gastric cancer tissue relative to that in normal tis-
sue (Supplemental Figure 1D). Given that SNHG17 is a mature
splicing transcript of a small nucleolar RNA (snoRNA) SNORA
host gene, these snoRNAs were also analyzed based on the TCGA
database. As shown in Supplemental Figure 1D, the expression lev-
els of these snoRNAs were significantly increased in gastric can-
cer. Analysis of an additional public data set (GSE84787) further
validated the upregulation of SNHG17 in gastric cancer samples
versus matched normal gastric tissues (Supplemental Figure 1E).
Kaplan-Meier Plotter (29) (http://kmplot.com/analysis) analysis
revealed that the overall survival of gastric cancer patients with
high SNHG17 expression was significantly poorer than that of gas-
tric cancer patients with low SNHG17 expression (Supplemental
Figure 1F). In conclusion, SNHG17 is an H. pylori-induced IncRNA
and might be required for gastric cancer progression.

SNHGI7 expression was increased by H. pylori infection. To
determine whether H. pylori infection alters SNHG17 expression
in vitro, we first measured SNHG17 expression after coculture
of H. pylori with GES-1 cells and SGC-7901 gastric cancer cells.
SNHGI17 expression increased with H. pylori infection in a time-
and dose-dependent manner (Figure 3A). In addition, the expres-
sion of intronic snoRNAs was upregulated with H. pylori infection
(Supplemental Figure 2A).
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To investigate whether the effect of increasing SNHG17
expression is specific to viable H. pylori, we compared this capa-
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Figure 1. Identification of the H. pylori infection-induced
IncRNA SNHG17. (A) Heatmap of IncRNAs expressed differ-
entially in the nonmalignant gastric epithelial cell line GES-1
at 24 hours and 72 hours after infection with H. pylori (H.P)
standard strain NCTC11637 (MOI, 200:1). LncRNAs with
expression change fold over 2 (0 hours vs. 72 hours) and
gradually upregulated or downregulated during the process
of H. pylori infection are visualized here using color from
low (navy blue) to high (brick red). (B) Heatmap of IncRNAs
expressed differentially in H. pylori-negative normal gastric
epithelial tissues, H. pylori-positive gastritis tissues, and
H. pylori-positive gastric cancer tissues. INcRNAs with
expression change fold over 2 (normal group vs. tumor
group) and gradually upregulated or downregulated with
increased gastric mucosal lesion degree were screened. N,
normal group; |, inflammation group; T, tumor group.

by qRT-PCR (Figure 3B). Again, GES-1 cells were
infected with H. pylori for 6 hours, bacteria were
then eradicated by antibiotic therapy, and the cells
were allowed to recover for 48 hours. Antibiotic
eradication resulted in the recovery of SNHG17
expression to the baseline level (Figure 3C). These
data revealed that the ability to increase SNHG17
expression was specific to viable H. pylori.

The pathogenicity of H. pyloriis mainly due to its
multiple virulence components, especially the most
widely studied H. pylori virulence factor, CagA (26).
We further revealed that the expression of SNHG17
was upregulated when cells were cocultured with
clinically isolated strains positive for CagA expres-
sion (Supplemental Figure 2B). We next examined
the ability of isogenic gene deletion mutants in the
NCTCI11637 strain background lacking the entire
island (AcagPAl) to induce SNHG17 expression. As
shown in Figure 3D, mutants lacking the entire cag-
PAI exhibited no evident ability to induce SNHG17
expression. Moreover, transfection of a CagA over-
expression plasmid induced SNHG17 expression in
GES-1 cells (Figure 3E), suggesting that CagA might
be the critical virulence factor inducing the expres-
sion of SNHG17.

Characterization of SNHGI7. Bioinformatics
analysis confirmed that SNHG17 has no coding
capacity (http://genome.ucsc.edu/) (Supplemen-
tal Figure 3A). According to the NCBI database,
SNHGI7 exists as several splice variant transcripts
with a poly(A) tail structure. Primers were designed
according to the NCBI sequence to amplify the
full-length transcript of SNHG17. RT-PCR analysis
of GES-1 cells infected with H. pylori revealed that
the expression of SNHG17 resulted in 3 transcripts
of different lengths (Supplemental Table 3). Among

these transcripts, the full-length 818-nt transcript was the most
abundant in GES-1 cells infected with H. pylori based on TA clone
sequencing analysis. Therefore, the function of the 818-nt tran-
script was investigated in this study. The subcellular localization
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Figure 2. SNHG17 expression was increased by H. pylori infection. (A) gRT-PCR analysis of SNHG17 expression in normal stomach mucosa tissues (NG)

(n =10), intestinal metaplasia tissues (IM) (n = 15), dysaplasia tissues (Dys) ( n = 15), and gastric cancer tissues (AdCa) (n = 112). (B) Comparison of SNHG17
expression between H. pylori-negative and H. pylori-positive tissues. (C) SNHG17 expression was analyzed by gRT-PCR in gastric cancer samples and adja-
cent nontumor gastric tissues (n = 112). (B) Low and high SNHG17 expression in gastric cancer tissues and adjacent nontumor gastric tissues were analyzed
based on the data above. (E) SNHG17 expression detected by ISH in paraffin-embedded tissue sections. N, normal tissues; T, tumor tissues. Scale bars:
200 um. Data are represented as mean + SEM. *P < 0.05; **P < 0.01, ANOVA (A); 2-tailed Student’s t test (B and C).

of SNHG17 was detected by RNA FISH. Cells treated with probe
pools targeting SNHG17 exhibited staining in both the nuclear and
cytoplasmic compartments (Figure 3F), which was further con-
firmed by RT-PCR analysis of SNHG17 in the nuclear and cytosolic
fractions (Supplemental Figure 3B). We next quantified SNHG17
expression in the cytoplasmic and nuclear fractions of RNA from
cells infected with H. pylori. SNHG17 expression increased in both
the cytoplasmic and nuclear fractions of cells upon H. pylori infec-
tion, and the upregulation of SNHG17 among cytoplasmic RNA
was more marked than that among nuclear RNA, indicating that
both nuclear and cytoplasmic SNHG17 might play roles in H. pylori
infection (Figure 3G).

The expression of SNHG17 was higher in a panel of gastric can-
cer cell lines than in GES-1 normal gastric epithelial cells (Supple-
mental Figure 3C). The SGC-7901 and AGS cell lines exhibited the
highest expression of SNHG17 among these cell lines; therefore, in
the following studies, we investigated the function of SNHG17 in
SGC-7901 and AGS cells.

H. pylori activates various critical pathways, including NF-«B,
B-catenin, and PI3K/AKT pathways (26-28), in gastric epithelial
cells. Among these pathways, NF-kB pathway activation plays a
critical role in the H. pylori-induced transformation from inflam-
mation to cancer. In the present study, we demonstrated the acti-
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vation of NF-kB upon H. pylori infection (Supplemental Figure
3D). Given that a previous ChIP-Seq assay with NF-kB p65 showed
a strong signal at the SNHG17 locus (Supplemental Figure 3E), we
concluded that NF-kB activation may participate in maintaining
the high level of SNHG17 expression in H. pylori-infected cells. We
identified an imperfect kB element spanning nt positions +509 to
+518 with the sequence 5'-GGAAGCCTCC-3' in intron 1 of the
human SNHGI7 gene. To confirm the activity of the binding sites,
luciferase reporter plasmids containing WT and mutated NF-«B
(NF-«xB mut) binding sites were constructed (Supplemental Figure
3F). The reporter activity was decreased by single mutation of the
NF-kB-binding site (Figure 3H), suggesting that NF-xB might pro-
mote the transcription of SNHG17. The results of the ChIP assays
showed that the binding of NF-«kB p65 to the SNHG17 promoter
was significantly increased in H. pylori-stimulated GES-1 cells
compared with that in unstimulated GES-1 cells (Figure 3I).
SNHGI7 expression increased the accumulation of DSBs upon H.
pylorvi infection and shifted DSB repair toward NHE]. The results of
the IncRNA-mRNA coexpression network analysis revealed that
SNHG17 was coexpressed with many genomic stability-related
mRNAs, indicating that SNHG17 might mediate H. pyloriinfection-
induced DSBs. First, we depleted SNHG17 by siRNA in SGC-7901
cells (Supplemental Figure 4A). Knockdown of SNHG17 induced a
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Figure 3. SNHG17 expression was increased by H. pylori infection. (A) gRT-PCR analysis of SNHG17 expression in GES-1 (top) and SGC-7901 (bottom)
infected with H. pylori for the indicated times with MOI 100:1 or for indicated MOIs with 6 hours. (B) gRT-PCR analysis of SNHG17 expression in GES-1cells
infected with “dead” H. pylori for 24 hours. Ctrl, control. (C) SGC-7901 cells were infected with H. pylori for 6 hours, after which bacteria were eradicated by
antibiotic therapy and cells were allowed to recover for 24 hours. Then, gqRT-PCR analysis of SNHG17 expression was performed. ET, eradication therapy. (D)
RT-PCR analysis of SNHG17 expression in GES-1 cells infected with AcagA H. pylori for 24 hours. (E) CagA overexpression plasmid transfection into GES-1

cells induced increasing SNHG17 expression. (F) Fluorescence ISH of GES-1 cell

stained using DAPI (blue). Scale bars: 10 um. Samples were assayed 3 times. (G

(Nuc) fractions of RNA in GES-1 cells infected with H. pylori. (H) Luciferase (LU

s performed using a Cy3-labeled SNHG17 probe (red). Nuclei were counter-
) gqRT-PCR analysis of SNHG17 expression in cytoplasmic (Cyto) and nuclear
C) activity in 293T cells transfected with the reporter construct as indicated.

Mut, mutated. (I) ChIP-PCR analysis of p65-binding activity on the predicted sites in GES-1 cells infected with H. pylori. Data are represented as mean +

SEM. *P < 0.05; **P < 0.01, ANOVA (A-E and I); 2-tailed Student’s t test (H).

decrease in the levels of phospho-histone H2AX (y-H2AX), a mark-
er of DSBs (Supplemental Figure 4B); this finding was supported by
Western blot analysis results (Supplemental Figure 4C).

We further constructed SGC-7901 and AGS cell lines with
stable knockdown of SNHG17 via shRNA targeting SNHG17 (Sup-
plemental Figure 4D). Because SNHG17 was distributed in both
the nuclear and cytosolic fractions of cells, SNHG17 distribution
in the nuclear and cytosolic fractions of SNHG17-knockdown cells
was also detected. As shown in Supplemental Figure 4E, SNHG17
levels in the nuclear and cytosolic fractions were both decreased.
SNHG17 knockdown in gastric cancer cells resulted in a marked

decrease in the formation of y-H2AX foci upon H. pylori infection,
as demonstrated by immunofluorescence and Western blotting
(Figure 4 and Figure 5A). Moreover, SNHG17 knockdown also
resulted in a marked decrease in ATM phosphorylation upon H.
pylori infection, as demonstrated by immunofluorescence (Sup-
plemental Figure 4F). In addition, knockdown of SNHG17 in SGC-
7901 cells resulted in shorter comet tails than those in control cells
in the neutral comet assay (Figure 5B).

To analyze whether SNHG17 regulates DSB repair, we infect-
ed SGC-7901 with H. pylori for 6 hours and replaced the medi-
um with fresh medium to allow the cells to recover. As shown in

jci.org  Volume130  Number7  July 2020

3905


https://www.jci.org
https://www.jci.org
https://www.jci.org/130/7
https://www.jci.org/articles/view/125581#sd
https://www.jci.org/articles/view/125581#sd
https://www.jci.org/articles/view/125581#sd
https://www.jci.org/articles/view/125581#sd
https://www.jci.org/articles/view/125581#sd
https://www.jci.org/articles/view/125581#sd
https://www.jci.org/articles/view/125581#sd

3906

RESEARCH ARTICLE

sh-SNHG17 sh-NC

HP +
sh-NC

HP +
sh-SNHG17

01 *k *%

W sh-NC
W sh-SNHG17

yYH2AX-positive cells (%)

H.P. - +

The Journal of Clinical Investigation

yH2AX DAPI Merge

sh-NC

H.P +
sh-NC

HP +
sh-SNHG17

sh-SNHG17

*
*

*%

©
o

*k *% W sh-NC

W sh-SNHG17

[e2]
o

ey
o

N
o

yYH2AX-positive cells (%

o

o
o
+

I
o

Figure 4. SNHG17 knockdown decreased the accumulation of DSBs upon H. pylori infection. Representative photographs of y-H2AX* foci in the control
and SNHG17-knockdown SGC-7901 (left) and AGS (right) cells infected with H. pylori. Original magnification, x150 (left panels); x180 (right panels). Data are

represented as mean + SEM. n = 5. **P < 0.01, ANOVA.

Figure 5C, the level of DNA damage gradually returned to the
baseline level in the control cells after H. pylori infection, indicat-
ing efficient DSB repair; however, DNA repair was accelerated in
SNHG17-knockdown cells.

Conversely, transiently overexpressing SNHG17 in normal
gastric epithelial GES-1 cells (Supplemental Figure 5A) signifi-
cantly enhanced the y-H2AX levels (Figure 6, A and B). SNHG17
overexpression also resulted in a marked decrease in ATM
phosphorylation upon H. pylori infection (Supplemental Figure
5B). Moreover, DNA repair was delayed in cells overexpressing
SNHG17 (Figure 6C). Collectively, these data reveal the functional
role of SNHG17 in DSB repair.

To further explore the mechanistic insights into SNHG17-
mediated regulation of DSB repair during H. pylori infection,
we evaluated the selection of the NHE] or HR repair pathway by
the transfection of SNHG17-knockdown cells with a system that
enables flow cytometric analysis of the repair pathway selection at
I-Scel-induced DNA breaks (30, 31). The results shown in Figure
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6D revealed the SNHG17-dependent shift in the selected repair
pathway; compared with control cells, SNHG17-knockdown cells
showed decreased NHE] repair and increased HR repair.

Nuclear SNHGI7 directly interacted with NONO to regulate the
NHE] pathway of DSB repair. Because SNHG17 was located in the
nucleus and cytoplasm simultaneously, we attempted to explore
the possibility that SNHG17 functions by physically interacting
with proteins or miRNAs. A biotinylated SNHG17 RNA pull-down
assay and subsequent mass spectrometry (MS) analysis of the
differentially displayed bands revealed that NONO was the main
protein bound to SNHG17 (Supplemental Figure 6A and Supple-
mental Table 4). NONO is a characterized RNA- and DNA-bind-
ing nuclear factor. In addition, previous studies have shown that
NONO can participate in the NHE] pathway of DSB repair and
stabilize broken DNA ends (32, 33).

The association between SNHG17 and NONO was further sup-
ported by immunoblotting the proteins captured in the SNHG17
RNA pull-down assay (Figure 7A). Ultraviolet light-crosslinking
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Figure 5. SNHG17 knockdown decreased the accumulation of DSBs upon H. pylori infection. (A) Western blot analysis of phosphorylation of y-H2AX in
SNHG17-knockdown SGC-7901 (top) and AGS (bottom) cells infected with H. pylori. Samples were assayed 3 times. (B) H. pylori-induced DNA damage in
control and SNHG17-knockdown SGC-7901 cells, as measured by the comet assay. Scale bar: 10 um. Data are represented as mean + SEM. **P < 0.01,
ANOVA. (C) SGC-7901-knockdown cells were infected with H. pylori for 6 hours, after which media were replaced with fresh media to allow the cells to
recover. Western blotting analysis of phosphorylation of y-H2AX was performed. Samples were assayed 3 times.

RNA immunoprecipitation (UV-RIP) assays with a NONO-specif-
ic antibody confirmed the direct interaction between SNHG17 and
NONO (Figure 7B). Then, native RIP was performed to confirm
binding between SHNG17 and NONO (Figure 7B); this binding
was strengthened by H. pylori infection (Figure 7C). Moreover, the
colocalization of SNHG17 and NONO was enhanced by H. pylori
infection (Figure 7D).

We then sought to determine the SNHG17-binding sites with-
in the NONO protein. NONO consists of 2 tandem RRM domains
(Supplemental Figure 6B), putatively responsible for protein-pro-
tein interactions with itself or for sequence-specific RNA binding.
Glutathione-S-transferase (GST) pull-down assays using biotin-
labeled SNHG17 were performed. Protein fragments containing
either RRM1 or RRM2 or containing both RRM domains were
used for an in vitro SNHG17-binding assay (Supplemental Fig-
ure 6C). We noted that both RRM1 and RRM2 played a role in the
binding of NONO to SNHG17 (Figure 8A).

To identify the binding domain on SNHGI17 required for
its interaction with NONO, we generated different truncation
mutants of SNHG17. RNA pull-down assay suggested that the
region of SNHG17 between nt 603 and 818 is required for its
physical interaction with NONO (Figure 8B). We further used
the RBPDB (database of RNA-binding protein specificities) data-
base to predict and analyze the RNA-binding loci on SNHG17 and
found a NONO-binding site (AGGGA) spanning nt 716-720 of
SNHG17 (Figure 8C). After mutation of the predicted binding site,

the binding capacity of SNHG17 to NONO was significantly weak-
ened (Figure 8C), and SNHG17 was hypothesized to directly bind
the NONO protein at the nt 716 to 720 site.

CRISPR/Cas9 gene-editing technology was used to target
the NONO-binding site at nt 716 to 720 in order to generate
mutant SGC-7901 cells and assess the function of the binding
site. The homozygous SNHG17 mutant was validated by DNA
sequencing (Figure 8D). Mutation of the nt 716 to 720 sequence
did not alter the expression levels of either SNHG17 or the sno-
RNAs (Supplemental Figure 6D) but inhibited the binding of
NONO to SNHG17 (Figure 8E).

NONO-bound SNHG17 might participate in regulating DSB
repair and shift DSB repair toward NHE]. Next, we investigated
whether NONO binds to the ends of DSBs. ChIP qPCR was used
to determine the position of NONO relative to DSB ends with a
single I-Scel restriction site in SGC-7901 cells. Primers located at
increasing distances from the DSB ends were used to evaluate the
binding position of NONO (Figure 8F). NONO was detectable as
close as 384 to 612 bp to the DSB, with higher enrichment than the
IgG control. This localization resembled that of the NHE] factor
Ku80, as previously reported (34). However, when the expression
of SNHG17 was inhibited, the enrichment of NONO at the 384 to
612 bp region was decreased (Figure 8F).

To further investigate the mechanism underlying the regula-
tion of DSB by the binding of SNHG17 and NONO, we investigat-
ed whether SNHG17 and NONO regulate each other’s expression
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levels. As shown in Supplemental Figure 6, E and F, knockdown of
neither SNHG17 nor NONO influenced the expression of the other
molecule. The Ku70-Ku80 heterodimer binds to DSB ends as the
initial step in DSB repair. NONO was reported to immunoprecipi-
tate with Ku70 and Ku80, which participate in the NHE] pathway
of DSB repair (35). Thus, we examined whether SNHG17 interacts
with Ku70 and Ku80 and showed that SNHG17 did not immuno-
precipitate with Ku70 or Ku80 (data not shown). This observation
motivated us to propose that the physical association of SNHG17
and NONO might affect the interaction between NONO and
Ku70/Ku80 upon H. pylori infection.

Cytoplasmic SNHGI7 interacted with miR-3909 to regulate the HR
pathway of DSB repair. Our evidence revealed that NHE] activity was
decreased and HR activity was increased in SNHG17-knockdown
cells and that nuclear SNHG17 directly interacted with NONO to
regulate the NHE] pathway of DSB repair. We then investigated the
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mechanism by which SNHG17 regulates the HR pathway. As previ-
ously reported (6), expression of the central HR protein Rad51 was
decreased upon H. pylori infection. We then investigated Rad51
expression in SNHG17-knockdown cells and showed that H. pylo-
ri infection decreased Rad51 expression and SNHG17 knockdown
enhanced Rad51 expression, as shown in Figure 9A. The mechanism
by which the Rad51 increase was induced by SNHG17 knockdown
was further investigated. The Rad51 mRNA levels remained unal-
tered in SNHG17-knockdown cells (Supplemental Figure 7A), and
SNHG17 knockdown did not influence the degradation of Rad51
mRNA in the presence of actinomycin D (Act D) (Supplemental Fig-
ure 7B). Western blot analysis after the addition of cycloheximide
(CHX) to block translation indicated that SNHG17 knockdown did
not affect the regulation of Rad51 protein translation (Supplemen-
tal Figure 7C). Taken together, these results indicate that the altered
Rad51 level might be due to the regulation of Rad51 protein stability.
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Figure 7. Nuclear SNHG17 directly interacts with NONO. (A) RNA pull-down analysis of the binding of SNHG17 with NONO in total protein extracted

from SGC-7901 cells infected with H. pylori. Samples were assayed 3 times. (B) NONO UV-RIP or native RIP followed by gPCR analysis of copurified RNA

in SGC-7901 cells with H. pylori infection. Data are represented as mean + SEM. n = 3. *P < 0.05, 2-tailed Student's t test. (C) RNA pull-down analysis of
the binding of SNHG17 with NONO in SGC-7901 cells infected with or without H. pylori. Samples were assayed 3 times. (D) Confocal microscopy images of
SNHG17 stained with FISH probe (red) combined with immunofluorescence analysis of endogenous NONO (green) in SGC-7901 cells upon H. pylori infection.
Nuclei were stained with DAPI (blue). Scale bar: 10 um. Experiments were performed 3 times.

RING1 was reported to induce Rad51 degradation through the
ubiquitin-proteasome pathway (UPP) (36). We found that MG-132
treatment increased the Rad51 level (Figure 9B), indicating that
Rad51 is a target for degradation by the UPP. Recent accumulat-
ing evidence has shown that IncRNAs are regulated by miRNAs
through mutual combination as competing endogenous RNAs
(ceRNAs). The starBase, version 2.0 (http://starbase.sysu.edu.
cn/index.php), bioinformatics website predicted that SNHG17
could bind to miR-3909 (Figure 9C), an miRNA-targeting RING1.
Based on this prediction, we hypothesized that SNHG17 might act
as a sponge upon H. pylori infection. Correspondingly, miR-3909
expression was demonstrated to decrease upon H. pylori infection
(Supplemental Figure 7D).

miR-3909 expression was significantly decreased in cells
overexpressing SNHG17 compared with that in control cells (Fig-
ure 9D). However, SNHG17 affected the expression of neither pri-
miR-3909 nor pre-miR-3909, indicating that SNHG17-mediated
regulation of miR-3909 expression likely occurs through a post-
transcriptional mechanism. The effect of miR-3909 on SNHG17
expression was further analyzed by qRT-PCR. As shown in Figure
9E, the miR-3909 mimic significantly reduced SNHG17 expres-
sion; conversely, the miR-3909 inhibitor markedly increased
SNHG17 expression, demonstrating reciprocal repression between
SNHG17 and miR-3909.

To determine whether miR-3909 recognized the predict-
ed target site within SNHG17, we constructed luciferase vectors
expressing WT and mutant SNHG17 (in which the miR-3909-

binding motif was mutated). Using dual luciferase assays, we
found that transfection of the WT SNHG17 vector, but not the
mutant SNHG17 vector, with the miR-3909 mimic significantly
decreased luciferase activity (Figure 10A), indicating that miR-
3909 can bind to SNHG17 through an miRNA recognition site.

Next, we performed reporter assays with a luciferase plasmid
harboring the 3" UTR sequence of RINGI, which contains the
predicted miR-3909-binding site. Furthermore, we constructed
mutant reporter vectors containing a mutation in the miR-3909-
binding sites (RING1-3" UTR-Mut). These plasmids were cotrans-
fected into HEK293T cells with the miR-3909 mimic. Reporter
assays in 293T cells revealed miR-3909-dependent repression
of the RING1 3’ UTR. The mutation abolished repression by miR-
3909, indicating that miR-3909 specifically targeted the binding
sites in the RING1 3’ UTR (Figure 10B).

To determine whether SNHG17 was included in miRNA-con-
taining RNA-induced silencing complexes (RISCs), RIP exper-
iments were performed in SGC-7901 cell extracts using an
anti-Ago2 antibody. SNHG17 and miR-3909 were enriched in
miRNA-containing RISCs that included Ago2 relative to their lev-
els in control IgG immunoprecipitates, suggesting that the Ago2
protein bound directly to both SNHG17 and miR-3909 in SGC-
7901 cells (Figure 10C). Consistent with the results of the above
assay, Rad51 protein expression in SGC-7901 cells was decreased
in the presence of the miR-3909 inhibitor (Figure 10D). Converse-
ly, Rad51 expression levels increased after treatment with the
miR-3909 mimics (Figure 10D).
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To verify that SNHG17 interacted with miR-3909 as a ceRNA to
regulate the activity of the RING1 3’ UTR, we examined the RING1
protein levels by Western blot analysis. Upregulation of SNHG17
promoted RING1 protein expression and thus decreased Rad51 pro-
tein expression, which was rescued by overexpression of miR-3909
(Figure 10E). These results strongly indicate that SNHG17 regulates
RING1/Rad51 expression in a miR-3909-dependent manner.

SNHGI7 knockdown regulated genome rearrangements in gas-
tric cancer cells. Our results demonstrated that the nt 702 to 708
sequence of SNHG17 was complementary to the seed sequence of
miR-3909 and that the nt 716 to 720 region was the NONO-bind-
ing site. The binding sites for miR-3909 and NONO were very
close to each other, indicating that miR-3909 and NONO cannot
bind to SNHG17 simultaneously. To further clarify the mechanism
by which SNHG17 shifts DSB repair from the HR to the NHE]
pathway, Rad51 expression was investigated in SGC-7901 cells
expressing SNHG17 with a mutated nt 716 to 720 sequence. Rad51
inhibition induced by H. pylori infection was not altered by the
SNHG17 716 to 720 nt mutation (Figure 11A). In addition, the for-
mation of y-H2AX foci was increased in SNHG17 mutant-express-
ing SGC-7901 cells, as demonstrated by the immunofluorescence

3910 jei.org  Volume130  Number7  July 2020

RISPR/Cas9 gene-editing-generated mutant SGC-7901 cells were validated
in CRISPR/Cas9 mutant SGC-7901 cells with or without H. pylori infection.
cation of NONO relative to the DSB by qRT-PCR. Data are represented as

).

results (Figure 11B). Further, the expression of p-ATM is also
increased in SGC-7901 cells with SNHG17 mutation (Supplemen-
tal Figure 8A). Moreover, the results of the comet assay showed
that SNHG17 mutant-expressing SGC-7901 cells exhibited longer
comet tails than control cells infected with H. pylori (Supplemental
Figure 8B). The inhibition of DSB repair might be due to a defi-
ciency in NONO binding. These results provide convincing evi-
dence that the distinct mechanisms by which SNHG17 regulates
the DSB pathway are spatially independent.

Excessive NHE] activity leads to frequent chromosome aber-
rations and genome rearrangements that might contribute to
tumor progression (37). To determine whether the SNHG17-driv-
en upregulation of NHE] activity renders the gastric cancer cell
line more prone to genomic instability, a chronic H. pylori infec-
tion model was constructed; chronic H. pylori infection is a strong
risk factor for stomach cancer. To gain an overview of the land-
scape of genetic alterations that accumulated in the gastric cancer
cell line SGC-7901 with chronic H. pylori infection, we performed
whole-genome sequencing of the constructed chronic infection
cell model. Short insertions and deletions (indels), chromosomal
structural variations (SVs), fusion genes, and copy number variants
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Figure 9. SNHG17 interacts with miR-3909. (A) Western blot analysis of Rad51 expression upon H. pylori with SNHG17 knockdown. Samples were assayed
more than 3 times. (B) Western blot analysis of Rad51in cells expressing the indicated shRNA in the presence or absence of MG-132 treatment. Samples
were assayed more than 3 times. (C) Bioinformatics predicted miR-3909 and RING1-binding sites in SNHG17 sequence. Partial sequences of SNHG17 and
RING13’ UTR are shown. (D) gRT-PCR analysis of the expression levels of pri-miR-3909, pre-miR-3909, and mature miR-3909 in SGC-7901 cells overex-
pressing SNHG17. (E) gRT-PCR analysis for SNHG17 expression in SGC-7901 cells transfected for 24 hours with miR-NC, miR-3909 mimics, miR-NC inhibitor,
and miR-3909 inhibitor. Data are presented as mean + SEM. n = 3. *P < 0.05, 2-tailed Student’s t test.

(CNVs) were identified. We found that the genomes of SGC-7901
cells infected with H. pylori harbored significantly lower numbers
of CNVs and higher numbers of indels, SVs, and fusion genes than
did the genomes of SNHG17-knockdown SGC-7901 cells infected
with H. pylori (Figure 12A).

The sequencing data showed that SNHG17 knockdown reg-
ulated chromosomal aberrations and genome rearrangements,
a hallmark of cancer cells (38, 39). Thus, the growth of H. pylori-
infected SGC-7901 cells was evaluated in vivo to assess whether
SNHG17 could contribute to tumor progression. The growth of
SNHG17-knockdown SGC-7901 cells in subcutaneous xenografts
was not altered compared with that of control cells (Figure 12B).
However, the growth of SNHG17-knockdown SGC-7901 cells with
chronic H. pylori infection in subcutaneous xenografts was signifi-
cantly inhibited compared with that of control cells (Figure 12C).

In summary, our study revealed an IncRNA, SNHG17, asso-
ciated with H. pylori-infected gastric cancer that functions as a
regulatory IncRNA to control the selection of the DSB repair path-
way by facilitating the formation of the NHE] DSB repair com-
plex through interacting with NONO and by inhibiting HR activ-
ity through interacting with miR-3909 (Figure 13). Therefore, the
results of this study show that SNHG17 is a IncRNA that affects
gastric cancer cell genomic stability and might also be a biomarker
for the early diagnosis and treatment of gastric cancer.

Discussion

The results of this study revealed that SNHG17, identified by a
coexpression network based on microarray screening, is associated
with H. pylori-induced DSB repair and thus might promote gastric
cancer progression. According to previous studies, core gene net-
works and hub genes associated with progression of disease were

picked out by coexpression modules (40-42). In our study, differ-
entially expressed IncRNA and mRNA in H. pylori-infected GES-1
cells at different time points were chosen for calculating pairwise
Pearson’s correlation coefficient. In fact, we also reported SNHG17
upregulation in gastric cancer in a previous publication-based
panel of screened snoRNA host genes (SNHGs) (43). These results
suggest a critical role for snoRNAs or their host genes in cancer
progression. In addition to our study on SNHG5 and SNHG17 in
gastric cancer, other studies on the functions of SNHGs in cancer
progression have also been published (44). We found that the basal
expression levels of the majority of SNHGs were high. An absolute
copy number analysis revealed that SNHG17 was present at a high
level of 180 molecules per uninfected GES-1 cell and increased
to approximately 1450 copies per cell upon H. pylori infection for
24 hours (data not shown), a higher abundance than that of oth-
er IncRNAs (45), suggesting that alterations in SNHGs might
play important roles in cell behavior. Moreover, SNHG17 intronic
snoRNAs were upregulated upon H. pylori infection and in gastric
cancer tissues, indicating that these molecules might also be reg-
ulators in gastric cancer. However, the function of these snoRNAs
needs further investigation in the future.

Upon bacterial infection, a major challenge for host cells is
the maintenance of genomic integrity. H. pylori has been found
to cause several types of DNA damage, including single-strand
breaks and DSBs (6, 15, 17). In addition, H. pylori increases the
mutation rate and chromosomal instability of host cells (46, 47).
The results of high-throughput genomic analyses have shown
that H. pylori causes a specific pattern of DNA damage, targeting
transcribed and telomere-proximal regions correlating with the
previously described genomic alterations typical of gastric cancer
(17). These findings strongly support and emphasize the role of
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Figure 10. SNHG17 interacts with miR-3909 to regulate HR pathway of DSB repair. (A) Relative firefly luciferase activity derived from psiCHECK2-
SNHG17-WT or psiCHECK2-SNHG17-mut plasmid cotransfected with miR-3909 mimic into HEK293 cells for 48 hours. (B) Relative firefly luciferase activity
derived from psiCHECK2-RING1-WT or psiCHECK2-RING1-mut plasmid cotransfected with miR-3909 mimic into HEK293 cells for 48 hours. (C) RIP with an
anti-Ago2 antibody was used to assess endogenous Ago2 binding to RNA; IgC was used as the control. Levels of SNHG17 and miR-3909 were determined
by gRT-PCR. (D) Western blot analysis was performed to test Rad51 protein expression after SGC-7901 cells were transfected with miR-3909 mimic or
inhibitor for 48 hours. (E) Western blot analysis was performed to test RING 1and Rad51 protein abundance after SGC-7901 cells were transfected with
miR-3909 mimics and/or the SNHG17 overexpression vector. Samples were assayed more than 3 times. Data are represented as mean + SEM. n = 3.

*P < 0.05; **P < 0.01, 2-tailed Student’s test.

H. pylori-induced DNA damage in gastric carcinogenesis. Howev-
er, the mechanisms of H. pylori-induced host genomic instabilities
remain poorly understood. As a result of DNA damage, H. pylo-
ri infection leads to the activation of DNA damage repair. Under
conditions of chronic infection, DNA damage repair appears to
be insufficient for complete repair of DNA damage, thus result-
ing in mutations and chromosomal instability. H. pylori has been
demonstrated to systematically reduce or modulate the activity of
multiple cellular pathways involved in DNA damage repair, such
as base excision repair (BER), mismatch repair (MMR), NHE],
and HR (48). The latter 2 repair pathways (NHE] and HR) are
responsible for repairing DSBs, which are the most severe type
of DNA damage. A shift in the repair of DNA DSBs from HR to
NHE] during H. pylori infection, possibly leading to a more error-
prone repair process and thereby contributing to genetic insta-
bility in infected cells, was hypothesized (17). Indeed, our results
showed that the overexpression of SNHG17 and the recruitment of
NONO along with the role of cytoplasmic SNHG17 as a decoy for
miR-3909, which regulates Rad51 expression, shift the DSB repair
balance from HR toward NHE], supporting the hypothesis that H.
pylori-induced DSBs are preferentially repaired by the NHE] path-
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way (49). In our study, the shift in DNA repair from the HR toward
the NHE] pathway led to enhanced y-H2AX foci formation, indi-
cating a delay in DSB repair. This delay might be explained by the
observation that the decrease in HR pathway activity seemed to be
greater than the increase in NHE] pathway activity or possibly by
the increased abundance of SNHG17 in the cytoplasm relative to
that in the nucleus upon H. pylori infection.

Our results demonstrated that the nt 702 to 708 sequence of
SNHG17 was complementary to the seed sequence of miR-3909
and that the nt 716 to 720 region was the NONO-binding site. These
2 binding sites were very close to each other, indicating that miR-
3909 and NONO cannot bind to SNHG17 simultaneously. In this
study, we applied CRISPR/Cas9 gene editing technology to mutate
the NONO-binding site in SNHG17 in SGC-7901 cells to clarify the
function and mechanism of SNHG17. In the mutant cells, only the
NONO-binding site was edited by CRISPR/Cas9; the miR-3909-
binding site was not affected. The inhibition of DSB repair in the
mutant cells should thus be due to the deficiency in NONO binding
and unaltered Rad51 levels. The results provided convincing evi-
dence that the distinct mechanisms by which SNHG17 regulates the
HR and NHE] pathways simultaneously are spatially independent.
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Figure 11. SNHG17 NONO-binding site mutation inhibited DSB repair. (A) Western blot analysis of Rad51 expression in SNHG17 mutant SGC-7901 cells
infected with H. pylori. Samples were assayed more than 3 times. (B) Representative photographs of y-H2AX-positive foci in SNHG17 mutant SGC-7901
cells infected with H. pylori. Original magnification, x40. Experiment was conducted 3 times. Data are represented as mean + SEM. n = 5. **P < 0.01,

2-tailed Student’s t test.

The SNHGI17 target mutation constructed in this study is
site-directed mutation. Single-stranded oligonucleotides (ssODNs)
should be used as HR template, and CRISPR/Cas9 be used to con-
struct monoclonal cell lines carrying mutation, but the editing effi-
ciency is limited. Considering that only the 5-nt sequence needs
to be deleted, random deletion of DNA double strand by carrying
Cas9 to the target site by gRNA was produced. A large number
of clones were screened to obtain biallelic deletion clones for the
target site, and we have also obtained some clones with partial
deletion of the target site in this process. These clones could also
be used as research tools for further studying. At the same time,
we also used the HR method to screen the clones with target site
deletion and obtained the target clones with this method as well.

DSBs originate when both DNA strands are broken at the same
position or in sufficiently close proximity to allow the physical dis-
sociation of the double helix. In addition to loss of genetic infor-
mation, DSBs can lead to fragmentation, loss, or rearrangement of
chromosomes. Deregulated DNA repair can result in chromosomal
translocation, genomic rearrangement, and an increased mutation
rate, which might provide survival advantages to cancer cells (50-
52). Clearly, maintaining the proper balance of DSB repair is crit-
ical for preventing pathologic chromosomal rearrangements and
subsequent tumor development. Moreover, knowledge of defects
in DNA repair pathways provides a valuable opportunity for explor-
ing the potential of these pathways as therapeutic targets in cancer.
Some inhibitors designed as cancer therapeutics specifically tar-
geting DSB repair proteins have been reported (52, 53). However,
DSB repair pathway selection and the associated factors remain
poorly defined, especially regarding the mechanism by which

H. pylori-induced DSB repair accounts for gastric cancer devel-
opment. To elucidate the effect of abnormal DSB repair on tumor
growth, we established a modified chronic infection model based
on a previous report (46) to imitate in vivo infection conditions.
Furthermore, a subcutaneous transplanted tumor model in
nude mice was used to eliminate other possible influencing fac-
tors induced by H. pylori infection, such as cytokine variations,
immune cells, and epithelial cell interaction. We showed that
the growth of SNHG17-knockdown SGC-7901 cells with chronic
H. pylori infection in subcutaneous xenografts was inhibited com-
pared with that of control cells. Notably, sequencing results have
shown that abnormal expression of SNHG17 has a marked effect
on chromosome stability. These results provide clear evidence and
mechanistic insight into the means by which SNHG17 regulates
DSB repair to promote gastric cancer development.

When homology is not used to ensure that molecules are
rejoined in the correct positions, there is some probability that
genetic change will result (54). Although HR provides vital repair
mechanisms, it also can cause chromosomal structural change,
including CNV (55). Segmental duplication-related nonallelic
HR is an important mechanistic driver of SV hotspot formation
(56). Nonallelic HR is an important evolutionary mechanism for
the creation of pseudogenes and the creation of novel genes via
fusion (57). NHE] has been shown to underlie the rearrangements
causing genomic disorders (58). NHE] is capable of generating
deletions with microhomology at the break points. In the study of
Kidd et al. (59), an inferred 20.6% of the SVs were due to NHE],
36% due to NHE]J plus microhomology-mediated end joining
(MME]), and 10.0% due to NHE] plus fork stalling and template

jci.org  Volume130  Number7  July 2020

3913


https://www.jci.org
https://www.jci.org
https://www.jci.org/130/7

3914

RESEARCH ARTICLE

A
3x 104 2000+
) >
e 15004
£ 2x10¢4 e
5 o
g é 10004
E 1x10 3
z Z 500
0+ 04
sh-SNHG17 — + — + -
H.P. - + - +
B
sh-NC
sh-SNHG17 |

5> 2000+ > 2500

g @ sh-NC E

£ 45001 & sh-SNHG17 £ 2000
o

= :

§ 10004 §

S ' 5

g 500 g

oo =

5 8 11 14 17 20 23 2630 5

Days after cells injection

& sh-SNHG17 + H.P.
@ sh-NC + H.P.

10
Days after cells
injection

The Journal of Clinical Investigation

[ Large-scale amplification
[ Focal amplification

. 40 - 60- [ Large-scale deletion
Q I Focal deletion
I 2
5 30- =
§ O 404
@ G
2 20 5
o €20
5 -
S 10- >
IS P4
=}
P4 0 0
- + - + - + - +
- + - +

& sh-SNHG17 + H.P.
e @ sh-NC + H.P.

15 20 25 30

Figure 12. SNHG17 knockdown regulated genome rearrangements in gastric cancer cells. (A) Short indels, chromosomal SVs, CNVs, and fusion genes
detected by whole genome sequencing of the constructed chronic H. pylori infection SGC-7901 cell model. (B) Growth of SNHG17-knockdown SGC-7901 cells
injected subcutaneously into nude mice (subcutaneous xenografts). n = 7. (C) Growth of chronic infection SGC-7901 cells injected subcutaneously into nude
mice (subcutaneous xenografts). n = 10. Data are represented as mean + SEM. **P < 0.01, 2-tailed Student's t test.

switching (FoSTeS). NHE]J is also important for chromosome
translocations, which create neomorphic fusion genes occurring
in both lymphoid malignancies and solid tumors. Many transloca-
tions arise as a consequence of “classical” or “alternative” path-
ways of NHE] (60). The work of Shaw et al. has shown that andro-
gen stimulation increases the recruitment of several proteins
involved in the error-prone NHE] pathway to the TMPRSS2-ERG
fusion break points and that inhibiting various components of the
NHE] pathway decreased the generation of the TMPRSS2-ERG
gene fusions (58). The error-prone NHE] pathway often results in
small indels, while the HR pathway results in precise repair with a
homologous chromosome or an exogenous donor template (61).
H. pyloriinfection will induce DNA damage and regulate DNA
repair. Several studies have shown that H. pylori infection induces
genetic instability of both the nuclear and the mitochondrial DNA
(46). In the work of Bibi et al., copy number gains were more fre-
quent than losses throughout all GC samples compared with nor-
mal tissue samples. DNA copy number gains at 1p36.32, 2p1l.1,
4q23-q25, 5p12-pll, 6p21.33, 9q12-q21.11, 12q11-q12, 14q32.33,
16p13.3, 17p13.1, 17¢25.3, and 19q13.32 and losses at 1p36.23,
1p36.32, 1p32.1, 3q25.2, 6p21.33, 8pl11.22, and 16q24.2 may be
common in GC. Of these, 60% of the samples were positive for
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H. pylori infection (62). The API2-MALT1 fusion gene was origi-
nally identified from a t(11;18)(q21;q21) translocation, a specific
chromosomal abnormality that is found in mucosa-associated
lymphoid tissue (MALT) lymphoma. Gastric MALT lymphomas
positive for the API2-MALT1 fusion gene do not respond to H. pylo-
ri eradication therapy (63). Studies by Machado et al. show that the
majority of mutational events in H. pylori-infected cells were tran-
sitions (76.9%). Transversions were 7.7%, insertions were 11.5%,
and deletions were 3.8% (64). In our study, because the chronic
infection model was based on SGC-7901 cells, the sequencing data
were compared with a reference genome for data analysis. Then,
SGC-7901 cells were used as WT, and the sequencing data of other
groups were compared with SGC-7901 to quantify the differences
of variation. The results indicated that the genomes of SGC-7901
cells infected with H. pylori harbored substantially lower numbers
of CNVs and higher numbers of indels, SVs, and fusion genes than
did the genomes of SNHG17-knockdown SGC-7901 cells infected
with H. pylori. Indeed, these results supported that SNHG17 shift-
ed the H. pylori-induced DSB repair balance from HR to NHE].

In summary, SNHG17 was markedly upregulated in H. pylori-
positive atrophic gastritis and gastric cancer. Moreover, SNHG17
is an IncRNA that affects the genomic stability of gastric cancer
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cells, thus contributing to the progression of H. pylori-induced
gastric cancer. This assertion is supported by data implicating
aberrant SNHG17 expression in gastric cancer and indicating that
SNHG17 is a potential biomarker for the early diagnosis and treat-
ment of gastric cancer. Moreover, the results of this study provide
a basis for the future understanding of the response of gastric epi-
thelial cells to H. pylori and the contributing effect of this response
to gastric cancer development. Upregulation of SNHG17 by H.
pyloriinfection appears to explain at least one of the missing links
between cancer and inflammation.

Methods

Cell lines and siRNAs. The sources of the gastric cancer cell lines and
the normal gastric immortalized epithelial cell line GES-1 have been
described previously (39). HEK293T (ATCC) and MGC-803 cells
were cultured in DMEM (Gibco, Thermo Fisher Scientific), and all
other cell lines were cultured in RPMI 1640 medium (Gibco, Thermo
Fisher Scientific) supplemented with 10% FBS (Gibco, Thermo Fisher
Scientific). All cultures were maintained at 37°C and 5% CO,. Cells
were transiently transfected using Lipofectamine 2000 (Thermo Sci-
entific). SNHG17 siRNAs, NONO siRNAs, and control siRNAs were
obtained from Invitrogen, Thermo Fisher Scientific.

Bacterial strains and infection. H. pylori strain NCTC11637 was
purchased from ATCC. H. pylori was inoculated onto Columbia blood
agar base medium containing 10% defibrinated sheep blood and incu-
bated at 37°C in a microaerobic environment (5% O,, 10% CO,, 85%
N,). After culture for 3 days, H. pylori was harvested.

Clinically isolated strains were provided by the Fourth Affiliated
Hospital of Hebei Medical University. Antral gastric biopsy samples
obtained from microscopic examination were inoculated on Colom-
bia blood agar base medium containing 5% defibrinated sheep
blood and incubated at 37°C in a microaerobic environment (5%
0,,10% CO,, 85% N,). After culture for 3 to 7 days, single colonies
were picked and isolated. After staining and biochemical analysis,
all strains that were gram negative and urease, catalase, and oxidase

positive were identified as H. pylori. Then the H. pylori strains were
inoculated into brain heart infusion (BHI) broth containing 30%
glycerin and cryopreserved at-70°C. The genotypes of clinical strain
1 and clinical strain 2 were cagA*, cagE*, and vacA slml; and cagA®,
cagE*, and vacA s2m2, respectively.

For the acute infection model, cells grown to 80% confluence were
washed with PBS and incubated in antibiotic-free medium. Mature
colonies (72 hours) of H. pylori were collected, and the bacterial cells
were added to the human cells at the indicated MOL. For the chronic
infection model, SGC-7901 cells grown to 30% confluence were treat-
ed similarly to the cells in the acute infection model. Every 72 hours,
the cells were washed with PBS, and fresh antibiotic-free medium and
bacterial cells were added at an MOI of 10. This process was repeated
10 times to obtain chronically infected gastric cancer cells.

“Dead” H. pylori were obtained by incubation in 100% ethanol.
Bacteria cocultured with host cells were killed with penicillin/strep-
tomycin combined with 15 pg/mL metronidazole, 30 pg/mL tetra-
cycline hydrochloride (both from MilliporeSigma), and 4 pg/mL bis-
muth subcitrate (Selleck).

Patients and specimens. All clinical tissue samples from patients
were obtained from the Fourth Affiliated Hospital of Hebei Medical
University and the First Affiliated Hospital of Harbin Medical Univer-
sity between 2013 and 2018. H. pylori-infected gastric epithelial tis-
sues and premalignant tissues with intestinal metaplasia or dysplasia
were obtained endoscopically. Histological specimens were diagnosed
by 2 trained pathologists in a blinded manner. Gastric cancer tissues
originating from patients with primary gastric cancer with tumor stag-
es I to IV for whom surgery was the initial treatment approach were
included. The pathologic stage was assessed according to the revised
international system (Gastric Cancer, Version 3.2016, NCCN Clini-
cal Practice Guidelines in Oncology) (65). H. pylori infection status
was confirmed by a C-14 urea breath test and/or histological testing.
Patients were considered positive for H. pylori infection when at least
one of these examinations yielded positive results and were consid-
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ered H. pylori negative if all test results were negative.
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IncRNA expression microarray analysis. The IncRNA and mRNA
expression microarray was performed by KangCheng Biotechnolo-
gy Co. Total RNA was extracted from cells and biopsy tissues using
TRIzol reagent (Invitrogen, Thermo Fisher Scientific). The quantity
of extracted RNA was determined using a NanoDrop spectrophotom-
eter (Thermo Fisher Scientific). The quality of the total RNA was fur-
ther analyzed by electrophoresis to assess integrity or contamination.
Purified RNA was used to synthesize double-stranded cDNA, which
was labeled (Agilent Technologies, 5190-0442) and hybridized to
the human IncRNA/mRNA Array, version 2.0 (8 x 60 K; Arraystar).
The microarray was then scanned using an Agilent G2505B Microar-
ray Scanner (Agilent Technologies). Raw data were analyzed with
Feature Extraction software (version 11.0.1.1, Agilent Technologies).
Quartile normalization and data analysis were conducted using the
GeneSpring GX, version 11.5.1, software package (Agilent Technol-
ogies). Samples were grouped and then compared. Differentially
expressed IncRNAs were subjected to hierarchical clustering based
on Cluster/TreeView software from Stanford University. Microar-
ray data were deposited in the NCBI's GEO database (GSE111762,
GSE111763). Moreover, whole genome sequencing of SGC-7901 cells
chronically infected with H. pylori and subsequent bioinformatic
analysis were performed by Annoroad Genome Co. The sequenc-
ing data were deposited in the NCBI's Sequence Read Archive
(SRA BioProject SRR10448203, SRR7600350, SRR10447757, and
SRR10478832). The sequencing data were compared with a reference
genome for data analysis. Then SGC-7901 cells were used as WT, and
the sequencing data of other groups were compared with SGC-7901
to quantify the differences of variation.

Coexpression network. Gene coexpression networks were con-
structed according to the normalized signal intensity of specifically
expressed genes, performed for us by CNkingbio Co. For each pair of
genes, Pearson’s correlation coefficient was calculated by the R func-
tion cor.test, and the significantly correlated pairs, with cutoff defined
as 0.9999, were chosen to construct the network. Degree centrality
was defined as the number of links between 2 nodes. Visualization of
the network was built by the software Cytoscape, version 3.6.0.

Biotin-RNA pull-down assay and deletion mapping. pGEM-3zf(+)-
SNHG17 and pGEM-3zf(+)-SNHG17-antisense plasmids were lin-
earized by restriction enzyme digestion for use as templates for the
transcription of SNHG17 and SNHG17 antisense sequences and as
template DNAs for various fragments of SNHG17. Sequences were
amplified from GES-1 RNA by RT-PCR using primers listed in the
Supplemental Methods. Biotin-labeled RNAs were transcribed in
vitro using Biotin RNA Labeling Mix (Roche), treated with RNAse-
free DNase I (TaKaRa), and purified with an RNeasy Mini Kit (Roche).
Biotinylated RNA in RNA structure buffer (10 mM Tris [pH 7], 0.1 M
KCl, and 10 mM MgCl,) was heated to 98°C for 2 minutes, placed on
ice for 5 minutes, and then left at room temperature for 25 minutes
to allow proper secondary structure formation. Total protein lysates
of SGC-7901 cells infected with H. pylori (MOI, 200:1) were mixed
with the biotinylated RNA and incubated at 30°C. Streptavidin aga-
rose beads (GE Healthcare) were added to each binding reaction and
further incubated at room temperature with rotation. RNA-protein
bead complexes were washed with binding buffer, dissolved in nucle-
ase-free water and PBS, and boiled in SDS-PAGE loading buffer for
10 minutes. RNA affinity capture samples were subjected to 12% SDS-
PAGE and visualized by silver staining or immunoblotting. Protein

jci.org  Volume130  Number7  July 2020

The Journal of Clinical Investigation

bands were excised and identified by in-gel trypsin digestion followed
by liquid chromatography-tandem MS (LC-MS/MS) (nanoLC-LTQ-
Orbitrap XL, Thermo Fisher Scientific) or hybridization with anti-
NONO antibody (Abcam, catalog ab70335).

RIP and UV-RIP.RIPwas performed using a Magna RIP RNA-Bind-
ing Protein Immunoprecipitation Kit (MilliporeSigma) according
to the manufacturer’s instructions, with slight modifications. Brief-
ly, antibodies directed against NONO (Abcam, catalog ab70335) or
Ago2 (Abcam, catalog ab32381) were used. Coprecipitated RNAs
were adsorbed to magnetic beads and detected by reverse-transcrip-
tion PCR. Total RNA (input controls) and isotype control rabbit IgG
antibody were used simultaneously to demonstrate that the detected
signals arose from RNAs specifically binding to NONO or other pro-
teins. UV-RIP was performed according to the RIP protocol with the
following modifications: cells were incubated for 12 hours with 100
mM 4-thiouridine (4-SU) and were then cross-linked using 365 nm
UV light at a dose of 400 m]J/cm?. The primers used for RIP-qRT-PCR
analysis are listed in Supplemental Table 5.

Comet assay. Cells were mixed with 0.5% low-melting point aga-
rose. The mixture was spread on slides precoated with normal agarose
(1% in PBS) at 37°C and cooled to solidify using ice packs for 5 minutes.
After the agarose was solidified, cells were immersed in lysis solution
(2.5M NaCl, 100 mM EDTA, 10 mM Tris, 1% Triton X-100, and 10%
DMSO [pH 10]) for 1 hour at 4°C. Slides were placed in a gel electro-
phoresis apparatus containing 300 mM NaOH and 10 mM Na-EDTA
(pH 13) for 30 minutes. After electrophoresis, slides were rinsed 3
times with neutralizing buffer (0.4 M Tris, pH 7.5) for at least 5 minutes
each, dehydrated in absolute ethanol at 4°C, and allowed to dry. Cells
were stained with 20 pg/mL propidium iodide (PI) (MilliporeSigma).
Images were then captured using a fluorescence microscope. Quanti-
fication of tail DNA was performed with CASP software.

GST pull-down. cDNA of NONO or its domains was cloned into the
pGEX-6P-1vector (GE Healthcare) and expressed as a GST fusion pro-
tein in Escherichia coli. The expressed proteins were purified by Glu-
tathione Sepharose 4B. Probes for the full-length SNHG17 sequence
were transcribed in vitro from a plasmid containing the T7 promoter
by T7 polymerase using Biotin RNA Labeling Mix (Roche), treated
with RNAse-free DNase I (TaKaRa), and purified with the RNeasy
Mini Kit (Roche). Biotinylated RNA in RNA structure buffer (10 mM
Tris [pH 7], 0.1 M KCl, and 10 mM MgCl,) was heated to 98°C for 2
minutes, placed on ice for 5 minutes, and then left at room tempera-
ture for 25 minutes to allow proper secondary structure formation.
Purified GST fusion proteins were mixed with biotinylated RNA and
incubated at 30°C. Streptavidin agarose beads (GE Healthcare) were
added to each reaction and further incubated at room temperature
with rotation. RNA-protein bead complexes were washed with bind-
ing buffer, dissolved in nuclease-free water and PBS, and boiled in
SDS-PAGE loading buffer for 10 minutes. RNA affinity capture sam-
ples were subjected to 12% SDS-PAGE and transferred to PVDF mem-
branes. Membranes were probed with an anti-GST antibody (Cell Sig-
naling Technology, catalog 2624) and secondary antibodies, followed
by visualization with ECL (Amersham Biosciences).

CRISPR/Cas9 gene targeting, selection, and removal of selection
markers. To create cell lines expressing SNHG17 with deletion of the
NONO-binding site, HR with donor DNA based on CRISPR/Cas9
editing was not used in this study because of the low efficiency of this
approach. Two guide RNAs were cloned into the PX458 vector and
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individually transfected into SGC-7901 cells. GFP-expressing colo-
nies were then sorted by flow cytometry (BD FACSAria III Cell Sorter,
Beckman Coulter) to enrich for targeted cells. Clones were plated in
96-well plates via a limited dilution method at a density of 0.8 cells per
well. Deletion mutants were identified by sequencing.

Animal experiments. Six- to eight-week-old male BALB/c nude
(Weitong Lihua) mice were used to determine SNHG17 effects in vivo.
Nude mice were injected subcutaneously in the right armpit with 1 x
10¢ SGC-7901 cells. Tumor size was measured every 3 or 5 days until
the tumors attained a volume of approximately 1500 mm?.

TCGA data download and analysis. RNA-Seq data of gastric cancer
tissues and paracancerous tissues were searched in the TCGA cancer
database, and the RNA-Seq data were downloaded using the gdc-
client.exe tool and the manifest file provided in the TCGA database.
The download command is gdc-client.exe download -m manifest file-
name. Then we used Perl language to write scripts for the RNA-Seq
data format and ran the Perl script on a Linux server to extract and
integrate RNA-Seq data in order to obtain the RNA-Seq matrix of gas-
tric cancer and paracancerous tissues. At the same time, we download-
ed the Homo_sapiens.GRCh38.88.chr.gtf human genome annotation
file in the ENSEMBLE database and used the human genome annota-
tion file to convert the ensemble id in the matrix into the gene ID and
then obtained the RNA-Seq matrix containing the gene ID. The R lan-
guage script was used to analyze the differences in gene expression of
RNA-Seq data, and the logFC, logCPM, Pvalues, and FDR values of all
genes were obtained. Finally all the genes with differential expression
in gastric cancer were obtained.

Statistics. Statistical analyses were performed using SPSS, version
13.0, software. Results are expressed as mean + SEM and were analyzed
by 2-tailed Student’s ¢ test (unpaired) or 1-way ANOVA followed by Bon-
ferroni’s test. The y? test was used to analyze categorical variables. Pval-
ues of less than 0.05 were considered statistically significant.
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Study approval. Informed consent for the use of the samples was
obtained from all patients, and the study was approved by the ethics
committee of the Institute of Basic Medical Sciences, Chinese Academy
of Medical Sciences, and the ethical committees of the Fourth Affiliated
Hospital of Hebei Medical University and the First Affiliated Hospital of
Harbin Medical University. All mouse experiments were carried out in
accordance with institutional animal guidelines and were approved by the
IACUC of'the Center for Experimental Animal Research (Beijing, China).
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