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Tumor suppressor INc-CTSLP4 inhibits EMT
and metastasis of gastric cancer by attenuating
HNRNPAB-dependent Snail transcription
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Tumor metastasis is a crucial impediment to the treatment of
gastric cancer (GC), and the epithelial-to-mesenchymal transi-
tion (EMT) program plays a critical role for the initiation of GC
metastasis. Thus, the aim of this study is to investigate the
regulation of Inc-CTSLP4 in the EMT process during GC
progression. We found that Inc-CTSLP4 was significantly
downregulated in GC tumor tissues compared with adjacent
non-tumor tissues, and its levels in GC tumor tissues were
closely correlated with tumor local invasion, TNM stage, lymph
node metastasis, and prognosis of GC patients. Loss- and
gain-of-function assays indicated that Inc-CTSLP4 inhibited
GC cell migration, invasion, and EMT in vitro, as well as
peritoneal dissemination in vivo. Mechanistic analysis demon-
strated that Inc-CTSLP4 could bind with Hsp90a/heteroge-
neous nuclear ribonucleoprotein AB (HNRNPAB) complex
and recruit E3-ubiquitin ligase ZFP91 to induce the degrada-
tion of HNRNPAB, thus suppressing the transcriptional activa-
tion of Snail and ultimately reversing EMT of GC cells. Taken
together, our results suggest that Inc-CTSLP4 is significantly
downregulated in GC tumor tissues and inhibits metastatic po-
tential of GC cells by attenuating HNRNPAB-dependent Snail
transcription via interacting with Hsp90o and recruiting E3
ubiquitin ligase ZFP91, which shows that Inc-CTSLP4 could
serve as a prognostic biomarker and therapeutic target for met-
astatic GC.

INTRODUCTION

Gastric cancer (GC) is the fifth most common malignancy and the
third leading cause of cancer-related death worldwide, with particu-
larly high morbidity and mortality in China."”> Approximately 50%
of GC patients present with metastases, and the 5-year overall survival
(OS) rate of these patients is no more than 25%.>* Tumor metastasis
is a crucial impediment to the successful treatment for GC,” however,
the mechanisms underlying GC metastasis have yet to be comprehen-
sively elucidated.’ The epithelial-to-mesenchymal transition (EMT)
program is a developmental process hijacked by cancer cells to facil-
itate their dissemination and metastatic cascade,’ during which
epithelial cells progressively lose their cell identity and acquire a
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mesenchymal phenotype.® Aberrant activation of EMT has been
shown to play a key role in tumor metastatic cascade. Thus, under-
standing the molecular regulation of EMT is critical for elucidating
the mechanism of GC metastasis and designing new therapeutic
strategies.

Molecular networks involving the regulation of the EMT program are
highly complicated, including various extracellular stimuli, classical
growth factors, and other signaling pathways including Wnt, Notch,
JAK-STAT, and nuclear factor kB (NF-kB).” In response to these
EMT-inducing pathways, a majority of EMT-inducing transcription
factors (EMT-TFs), including SNAIL family (Slug, Snail, and
Smuc), Twist, and ZEB family (ZEB1 and ZEB2), are activated to
orchestrate the EMT program. Among these EMT-TFs, Snail is a
zinc finger TF and is first described in Drosophila melanogaster."’
As a critical transcriptional repressor of E-cadherin expression, Snail
plays an important role in the developmental and oncogenic EMT
program.'"'* Recent studies have revealed that the expression of Snail
is regulated by a complex signaling network at the transcriptional and
post-translational level, and various signaling molecules within the
tumor microenvironment, such as transforming growth factor beta
(TGF-B), epidermal growth factor (EGF), tumor necrosis factor alpha
(TNF-a.), and fibroblast growth factor (FGF), have been shown to
induce Snail expression in different cellular contexts. Snail protein
stability, subcellular localization, and activity are regulated by various
post-translational modifications, including phosphorylation, ubiqui-
tination, and lysine oxidation." Notably, long non-coding RNAs
(IncRNAs), eukaryotic cell genome-encoded transcripts of more
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Table 1. Correlation between the clinicopathological features and
expression of Inc-CTSLP4

Clinicopathologic =~ Number
parameters of cases Inc-CTSLP4 FISH p value
Low expression High expression
157 (n=129) (n=28)
Age (years)
>60 89 75 14
0.431
<60 68 54 14
Gender
Male 112 91 21
0.636
Female 45 38 7
Tumor size (cm)
>5 102 89 13
0.023
<5 55 40 15
Local invasion
T1, T2 18 9 9
<0.001
T3, T4 139 120 19
Lymph node metastasis
No 27 15 12
<0.001
Yes 130 114 16
TNM stage
L1II 34 17 17
<0.001
1IL IV 123 112 11

than 200 nucleotides and generally lacking obvious open reading
frames,'* have attracted more attention in the regulation of tumor
progression, and a number of researchers have shown that IncRNAs
can participate in the regulation of the EMT process."” 7
due to the large quantities and complex mechanisms, the vast major-
ity of IncRNAs and their roles in the regulation of EMT and GC
metastasis remain functionally uncharacterized.

However,

In the present study, we identify that Inc-CTSLP4, a novel IncRNA, is
significantly downregulated in GC tumor tissues and cell lines. Inc-
CTSLP4 plays a role as a tumor suppressor by binding with
Hsp90a. and recruiting E3 ubiquitin ligase ZFP91, then decreases
the stability and promotes the degradation of heterogeneous nuclear
ribonucleoprotein AB (HNRNPAB), a TF of Snail, thus suppressing
Snail transcription and ultimately reversing EMT.
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RESULTS

Lnc-CTSLP4 expression is downregulated in tumor tissues and
inversely associated with the prognosis of GC patients

We have previously discovered that Inc-CTSLP4 is obviously dysre-
gulated in GC."® To identify the levels of Inc-CTSLP4 in GC, tumor
tissues and adjacent non-tumor tissues from 43 GC patients (GC
cohort 1) were subjected to qRT-PCR assays, and the results showed
that the expression of Inc-CTSLP4 was decreased in 77% of GC tumor
tissues (Figure 1A). Notably, Inc-CTSLP4 expression was significantly
lower in GC tumor tissues than that in the adjacent non-tumor tissues
(Figure 1B). We performed rapid amplification of ¢cDNA ends
(RACE) to identify the full sequence of Inc-CTSLP4 in GC cells
(Figures S1A-S1F), and the protein-coding potential of Inc-CTSLP4
was predicted according to the CPC2 website (http://cpc2.gao-lab.
org/) and CPAT website (http://lilab.research.bcm.edu/cpat/index.
php; Figure 1C), which confirmed that Inc-CTSLP4 was affiliated to
the non-coding RNA class. Furthermore, we checked Inc-CTSLP4
expression in 157 GC patients (GC cohort 2) by RNA-fluorescence
in situ hybridization (RNA-FISH), and the results showed that Inc-
CTSLP4 high expression rate was lower in GC tumor tissues
(18.0%, 28 of 157) than that in adjacent non-tumor tissues (62%,
97 of 157; Figures 1D and 1E). In addition, we demonstrated that
the expression of Inc-CTSLP4 was correlated with local invasion,
lymph node metastasis, and TNM stage (Table 1; Figures S2A and
S2B). Our data also revealed that low expression level of Inc-CTSLP4
in GC tumor tissues was positively correlated with shorter survival for
patients with GC significantly (Figure 1F). Univariate analysis indi-
cated that Inc-CTSLP4 expression in GC tumor tissues (hazard ratio
(HR) = 3.819, 95% confidence interval [CI] [1.386-10.522], p = 0.01)
was related to OS of GC patients (Figure 1G). Multivariate Cox anal-
ysis indicated that Inc-CTSLP4 expression in GC tumor tissues
(HR = 2.922, 95% CI [1.041-8.198], p = 0.042) was an independent
prognostic risk factor related to OS (Figure 1H).

Consistent with the downregulated expression of Inc-CTSLP4 expres-
sion in GC tumor tissues, GC cell lines also expressed relatively low
levels of Inc-CTSLP4 compared with a normal gastric epithelium cell
line, GES-1 (Figure 1I). To further define the cellular localization of
Inc-CTSLP4 in GC cells, qRT-PCR and RNA-FISH were performed,
and the results showed that Inc-CTSLP4 localized in both cytoplasm
and nucleus of GC cells (HGC27 and MGC803, Figures 1] and 1K).
Taken together, these results suggest that downregulated Inc-CTSLP4
is associated with the aggressive progression of GC, and Inc-CTSLP4
could be a potential prognostic indicator for patients with GC.

Figure 1. Lnc-CTSLP4 expression is downregulated in tumor tissues and inversely associated with prognosis of GC patients

(A) The expression of Inc-CTSLP4 in 43 GC tissues (GC cohort 1, the ratio of GC tumor tissues versus adjacent non-tumor tissues [—ACt]). (B) Expression levels of Inc-
CTSLP4 in GC tumor tissues (GC cohort 1) and adjacent normal tissues (—ACt, *p < 0.05, **p < 0.01, ***p < 0.001). (C) The coding ability of Inc-CTSLP4 calculated by CPC2
and CPAT. (D) RNA-FISH analysis of Inc-CTSLP4 expression in the paraffin-embedded GC tumor tissues and adjacent non-tumor tissues (red: Inc-CTSLP4; blue: nuclear;
n =157, scale bars: 100 pm and 200 um). (E) Inc-CTSLP4 high and low expression rate in GC (GC cohort 2, RNA-FISH). (F) Kaplan-Meier analysis of the overall survival of GC
(GC cohort 2, n = 157). The log-rank test revealed statistical significance between the low CTSLP4 expression group (n = 129) and the high CTSLP4 expression group
(n =28). (G and H) Univariate (G) and multivariate (H) analysis for prognostic features of GC patients (n = 157). (I) Expression of Inc-CTSLP4 in GC cell lines and a normal gastric
epithelium cell line, GES-1. (J) The expression of Inc-CTSLP4 in the subcellular fractions of GC cells MGC803 and HGC27, gRT-PCR; U6 and S14 were used as nuclear and
cytoplasmic markers, respectively). (K) Representative RNA-FISH imaging of Inc-CTSLP4 (red) in GC cells (red: Inc-CTSLP4; blue: DAPI; magnification: 200x and 400x).
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Lnc-CTSLP4 overexpression inhibits GC cell EMT, migration,
and invasion in vitro

To determine the biological function of Inc-CTSLP4 in the GC cells,
we constructed Inc-CTSLP4-overexpressing cells (MGC803-CTSLP4
and AGS-CTSLP4) and Inc-CTSL4-knockdown cells (HGC27-sh-
CTSL4 and MKN28-sh-CTSL4) by transfecting GC cells with Inc-
CTSLP4 AV-CTSLP4 or short hairpin RNA (shRNA), respectively
(Figures 2A and 2B). EMT, a fundamental cell-biological process dur-
ing embryonic development and organogenesis, is often hijacked
by malignant cells to facilitate their dissemination to distant or-
gans.”'>*" We first determined whether Inc-CTSLP4 could affect
GC cell morphology. GC cells expressing empty vector retained
dispersed and mesenchymal properties. In contrast, GC cells overex-
pressing Inc-CTSLP4 exhibited a typical rounded (or amoeboid-like)
morphology and reduction of lamellipodia formation, which indi-
cated that Inc-CTSLP4 could potentially inhibit EMT of GC
(Figure 2C). To further investigate the function of Inc-CTSLP4 in
GC progression, we conducted PCR-array assays to detect the
changed expression of EMT-associated genes in GC cells overexpress-
ing Inc-CTSLP4. The results showed that the expression of Snail, the
key EMT-inducing TF, and CDH2 (N-cadherin, the mesenchymal
marker) was significantly decreased, and the expression of CDH1
(E-cadherin, the epithelial marker) was remarkably increased when
Inc-CTSLP4 was overexpressed (Figure 2D). Consistent with these
findings, the expression of E-cadherin, N-cadherin, and Snail in
MGC803-AV-CTSLP4 cells and HGC27-sh-CTSLP4 cells was
further confirmed by qRT-PCR, Western blot, and immunofluores-
cence (Figures 2E and 2F; Figures S3A and S3B). We validated the
relationship between the Inc-CTSLP4 expression and EMT characters
in 157 pairs of GC tumor tissues and adjacent non-tumor tissues, and
the results showed that E-cadherin expression (based on immunobhis-
tochemistry [IHC] scores) in the low Inc-CTSLP4 expression group
was significantly decreased when compared with that in the high
Inc-CTSLP4 expression group; N-cadherin expression (based on
IHC scores) in the low Inc-CTSLP4 expression group was signifi-
cantly higher than that in the high Inc-CTSLP4 expression group
(Figures 2G-2I). To further examine the effect of aberrant Inc-
CTSLP4 expression on GC cell migration and invasion, we performed
Transwell assays, and the results revealed that overexpression of
Inc-CTSLP4 reduced the migratory and invasive capacity of
MGC803-AV-CTSLP4 and AGS-AV-CTSLP4, while knockdown
of Inc-CTSLP4 expression led to increased migratory and invasive ca-
pacity of HGC27-sh-CTSL4 and MKN28-sh-CTSL4 (Figure 2J).
Moreover, wound healing assay confirmed that overexpression of

Molecular Therapy: Nucleic Acids

Inc-CTSLP4 markedly reduced cell migration, whereas knockdown
of Inc-CTSLP4 had the opposite effect (Figures 2K and 2L). Thus,
these data demonstrate that Inc-CTSLP4 overexpression inhibits
the metastatic capacity and the EMT program of GC cells.

Lnc-CTSLP4 binds to Hsp90« and promotes the degradation of
HNRNPAB protein by recruiting ZFP91

To explore the molecular mechanism and binding partners of Inc-
CTSLP4 in GC cells, we performed RNA-pulldown assays with
biotin-labeled Inc-CTSLP4 (Inc-CTSLP4 full-length sense and anti-
sense), and the retrieved proteins were subjected to SDS-PAGE elec-
trophoresis and mass spectrum analysis. Hsp90a was identified as a
clear binding partner of Inc-CTSLP4 (Figures 3A-3C; Table S1).
The specific interaction of Inc-CTSLP4 and Hsp90a was confirmed
by Western blot using the proteins isolated from the RNA-pulldown
assays (Figure 3D). RNA immunoprecipitation (RIP) assay was per-
formed to confirm that Hsp90a could specifically bind to Inc-CTSLP4
using a specific Hsp90a. antibody (Figures 3E and 3F). Hsp90a is
known as a molecular chaperone that is essential for maintaining
the proper folding and stability of specific target proteins (Hsp90 cli-

).>" We therefore performed co-immunoprecipitation (Co-IP)

ents
analysis with Hsp90a.-specific antibody to evaluate binding affinity al-
terations of Hsp90a and its potential client proteins in MGC803-AV-
CON cells and MGC803-AV-CTSLP4 cells, and the retrieved proteins
were then subjected to SDS-PAGE electrophoresis and mass spec-
trum analysis. The results showed that Hsp90a could potentially
bind 486 proteins in Inc-CTSLP4-overexpressing GC cells and 479
proteins in the AV-CON GC cells. 263 proteins were identified
only in the AV-CON GC cells, and HNRNPAB, a member of ubiqui-
tously expressed heterogeneous nuclear ribonucleoproteins
(hnRNPs), was found to bind to Hsp90a in the absence of Inc-
CTSLP4 (Figure 3G; Table S2).

To determine whether HNRNPAB requires Hsp90o to maintain
its structural stability, Co-IP was performed with Hsp90a- or
HNRNPAB-specific antibodies (Figure 3H). The results confirmed
that Hsp90a. and HNRNPAB formed a complex in MGC803 cells.
Glutathione S-transferase (GST)-pulldown experiments were then per-
formed to detect the direct interactions of HNRNPAB and Hsp90a.,
and the results showed that GST-fused HNRNPAB, but not GST, could
pulldown Hsp90a, which confirmed the direct interactions between
HNRNPAB and Hsp90a (Figure 3I). Furthermore, the interaction be-
tween Hsp90o. and HNRNPAB in MGC803 was markedly reduced in
MGC803-CTSLP4 (Figure 3]). To confirm that HNRNPAB is a client

Figure 2. Lnc-CTSLP4 overexpression inhibits GC cell EMT, migration and invasion in vitro

(A and B) gRT-PCR analysis of Inc-CTSLP4 expression in GC cells after shRNA knockdown (A) or overexpression (B) of Inc-CTSLP4. *p < 0.05, **p < 0.01. (C) Morphological
change of MGC803 cells after overexpression of CTSLP4 (100x). (D) PCR-array analysis of EMT-associated genes in MGC803-AV-CTSLP4 and MGC803-AV-CON cells. (E)
gRT-PCR analysis of E-cadherin, N-cadherin, and Snail mRNA in GC cells after overexpression or shRNA knockdown of Inc-CTSLP4. **p < 0.01, ***p < 0.001. (F) Western
blot analysis of E-cadherin, N-cadherin, and Snail protein in GC cells (MGC803, AGS, HGC27, MKN28 cells) after knockdown of Inc-CTSLP4 (*p < 0.05, **p < 0.01, **p <
0.001). (G and H) Representative IHC imaging of E-cadherin and N-cadherin (magnification: 25x and 100x). (I) Correlation of Inc-CTSLP4 expression (RNA-FISH) and EMT
makers (E-cadherin and N-cadherin, IHC) in GC (GC cohort 2, *p < 0.05, **p < 0.01). (J) The migration and invasion abilities of GC cells after overexpression or knockdown of
Inc-CTSLP4 (Transwell assay, **p < 0.01, **p < 0.001, 200x). (K and L) Wound-healing assays of GC cells after transfection with AV-CTSLP4 or sh-CTSLP4 (*p < 0.01,

***p < 0.001, magnification: 200x).

1292 Molecular Therapy: Nucleic Acids Vol. 23 March 2021



www.moleculartherapy.org

A B C D
= 1 MPEETQTOD) PHEEEEVETF AFOAETAQLY SLIINTFYSN KEIFLRELIS
P 51 NSSDALDKIR YESLTDPSKL DSGKELHINL IPNKQDRILT IVDIGIGHTR
@ 101 ADLINNLGTI AKSGTRAPME ALQMGADISH IGQFGVCFYS AYLVAERVIV
5 Score  emPAl  Matches 151 ITRHNDDEQY AVESSAGGSF TVRTDTGEPM GRGTKVILEL KEDQTEVLEE HSP90a -
B 201 RRIKEIVKRH SQPIGYPITL FVEKERDKEV SODEAEEKED KEEEKEKEEK !
= 1 Hsp90o 495 098 58(29) 251 ESEDKPEIED VGSDEEEEKK DGDKRRKKKI KEKYIDOEEL NKTRPIHTRN
< s 2 TUBAIC 179 056 18(10) 301 PDDITNEEYG EFYKSLTNDH EDHLAVKHFS VEGQLEFRAL LFVPRRAPFD
) 351 LFENRKKKNN IKLYVRRVFI MDNCEELIPE YLNFIRGVVD SEDLPLNISR
:‘ = oy 3 HBB 157 361 16(9) 401 EMLOQSKILK VIRKNLVKKC LELFTELAED KENYKKFYEQ FSKNIKLGIH
1 ” 451 EDSONRKKLS ELLRYYISAS CDEMSLKDY CTRMKENQKH IYYITGETKD
g 4 EEFIAIPS 154 046 16() 501 QVANSAFVER LRKHGLEVIY MIEPIDEYCY QQLKEFEGKT LUSVIKEGLE
g 5 T6M2 133 015 17(7) 551 LPEDEEERKK QEERKTKFEN LCKIMKDILE KRVEKVVVSN RLVISPCCIV
@ 601 TSTYGHTANM ERTHKAQALR DNSTHGYMAA KKHLEINPDE SIIETLRQKA 3 1
651 EADRNDRSVK DLVILLYETA LLSSGPSLED PQTHANRIYR MIKLGLGIDE : e 3
701 DDPTADDISA AVIEEMPPLE GDDDTSRMEE VD X &
CJ >
Qo & )
E G + DA
19G 1 >
I Hsp90a z
g *x 8 El AV-CON
=4 z ~ _ HNRNPAB
Q
g - 216 263
5 S
= Q
S >
XN N
R
» O - -
Sl q&g : GST * +
H P P GST-HNRNPAB I ; I -I-
Input HSP90a IgG Input HNRNPAB IgG His-HSP90a
10 22 1.0 12 - - o=
HSP90a — - [ s N S - ‘ ==
1B T o i1 - -~ _— -
) 2 : nput
HNRNPAB - S T °
~ —— —
GAPDH WD % P b e S
K 7 Conconiraongivy 1 Timehouy 7 L IP: HNRNPAB 16
J : H Mock Vector CTSLP4 Mock Vector CTSLP4
IP: HSP90«  IgG ; L . -
Inplnt(:) Veclto‘l;' CTiLsP‘i Vector CTSLP4 " MGE 10.5 0.25 0.05 0 2416 8 0 g '
. 2| o 2 H . 8 : g v
HSP90a ™ — ok R T [
IB 1.0 06 0.2 ! : | Z BN e e
ENRNeAB D 8 L wor ™ MW S aAN E —— -
>
GAPDH "™Ow e mwny vl oo cmon?--.--' ;-‘--g w
Treatment for 24 hours Treatment at 0.5 pM GAPDH
M IP: HNRNPAB IsG (0] B AV-CON sh-Ctrl
Vector CTSLP4 Vector CTSLP4 _ El AVCTSLP4 B sh-CTSLPA
- - . I MGCS803 AGS HGC27 MKN28 26
ZFPI91 e S 8 58
1.0 03 HNRNPABS o st a / g oue D ;51.(:
: » 2
-_— ER
IB HSP0a GAPDH o O0F GED cub GED cus = S £ '—éo.s
2 S
1.0 0.9 fF S T S g§=
HNRNPAB S s ;90,0&6\) Y'Q'CJ p&%" & o&%v 6“«6‘% g °° MGC-803 AGS HGC-27 MKN-28
A A & b
A4 v
GAPDH S s e
N P Q
Biotinylated RNA pulldown CTsLP4-sens} 130 2330 3690 HGC27
5. k i PR
wpy . CTSLP4 antisense o Sioimyiatec A A pRldons

CTSLP4-C1

HSP90a ' e

e

3 : LRGN
CTSLP4-C2 & o FLN AN
3 o' hale LRy b
S & & S 4 B W
\QQ & &2‘9 CTSLP4-C3 P c,’ﬁ%‘x C C
V'°

Molecular Therapy:

(legend on next page)

Nucleic Acids Vol. 23 March 2021 1293


http://www.moleculartherapy.org

of Hsp90, MGC803 cells were exposed to 17-AAG, an Hsp90 inhibitor,
for a range of times and doses, and then the expression of HNRNPAB
was analyzed. The results verified that upon HSP90a. inhibition, the
levels of HNRNPAB were reduced (Figure 3K; Figures S4A-S4D).
Interestingly, the ubiquitin modification of HNRNPAB in MGC803-
CTSLP4 cells was more enhanced than that in controls (Figure 3L).
ZFP91 has been reported to regulate HNRNP F (a member of the
hnRNP family) by its E3 ubiquitin ligase activity.”” We further per-
formed Co-IP analysis to investigate the potential effect of Inc-CTSLP4
on the interaction of ZFP91 and HNRNPAB; we found that
HNRNPAB could bind more ZFP91 and less Hsp90o in Inc-
CTSLP4-overexpressing MGC803 cells compared with the control
group, which indicated that the HNRNPAB-ZFP91 interaction was
increased in GC cells after overexpression of Inc-CTSLP4, coincident
with the decreased Hsp90a-HNRNPAB interaction (Figure 3M).
RNA-pulldown assays verified that Inc-CTSLP4 could specifically
bind to ZFP91 (Figure 3N). We determined the expression levels of
HNRNPAB in GC cells and its potential correlation with Inc-CTSLP4
expression levels. The results showed that HNRNPAB protein expres-
sion was remarkably downregulated in MGC803-CTSLP4 and AGS-
CTSLP4 cells, while it was upregulated in HGC27-sh-CTSLP4 and
MKN28-sh-CTSLP4 cells (Figure 30).

To further identify the site that mediates the interaction between Inc-
CTSLP4 and Hsp90a, we predicted RNA-protein interactions and
domains using CatRAPID (http://s.tartaglialab.com/page/catrapid_
group), an online algorithm for estimating the protein-RNA binding
propensity based on the secondary structure, hydrogen bonding, and
molecular interatomic forces. Two regions (region 1 located around
469~626 bp; region 2 located around 3,065~3,222 bp) of Inc-CTSLP4
exhibited the greatest probability of binding Hsp90a (Figure S5A
and S5B). Based on the predicted RNA secondary structure of Inc-
CTSLP4 via the RNAfold website (http://rna.tbi.univie.ac.at//cgi-bin/
RNAWebSuite/RNAfold.cgi; Figures S5C and S5D), we truncated
Inc-CTSLP4 into four fragments (Figure 3P). RNA-pulldown assays
demonstrated that the Hsp90a-binding activity mapped to
1~1,130 bp of Inc-CTSLP4 (Figure 3Q). Together, these data indicate
that HNRNPAB is a new client of Hsp90a., and that Inc-CTSLP4 over-
expression attenuates the interaction between HNRNPAB and
Hsp90a, which promotes ZFP91-induced HNRNPAB ubiquitination
and degradation.
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Lnc-CTSLP4 inhibits EMT via suppressing HNRNPAB-mediated
Snail transcriptional activation in GC cells

HNRNPAB is a member of hnRNPs and has been reported to act as a
TF in activating Snail transcription.”” To better understand how Inc-
CTSLP4 regulates GC cell metastatic potential, we considered the
possibility that HNRNPAB-mediated Snail transcription and EMT
were suppressed by Inc-CTSLP4 in GC cells. The expression of
EMT markers was therefore assessed in both HNRNPAB-overex-
pressing and HNRNPAB-knockdown GC cells. Overexpression of
HNRNPAB promoted the protein expression of Snail and N-cadherin
and reduced the expression of E-cadherin, while knockdown of
HNRNPAB had the reverse effect (Figure 4A). Moreover, chromatin
IP (ChIP)-PCR and dual-luciferase reporter assays confirmed that
HNRNPAB could bind the Snail promoter (Figure 4B) and induce
Snail expression via its —866 to —862 bp promoter region (Figures
4C and 4D). To further ascertain whether Inc-CTSLP4 inhibits GC
cell EMT by repressing the HNRNPAB/Snail pathway, we performed
the rescue experiment. The results showed that the Inc-CTSLP4-
mediated suppression of EMT was reversed by HNRNPAB overex-
pression, while inhibition of Snail expression blocked the
HNRNPAB-induced EMT (Figures 4E and 4F). Taken together, these
data indicate that Inc-CTSLP4 inhibits GC cell EMT via suppressing
HNRNPAB-mediated Snail transcriptional activation.

HNRNPAB is inversely correlated with Inc-CTSLP4 in human GC

and rescues the suppressive effects of Inc-CTSLP4 on GC cells

To investigate the relationship between the expression of Inc-CTSLP4
and HNRNPAB in subjects with GC, we analyzed the public database
and 157 pairs of human GC tumor tissues and adjacent non-tumor
tissues from Ruijin Hospital, Shanghai Jiao Tong University School
of Medicine. The results indicated that HNRNPAB was obviously up-
regulated in GC tumor tissues (Figures 5A and 5B), which was verified
by GEPIA based on The Cancer Genome Atlas (TCGA) and GTEx
database (http://gepia.cancer-pku.cn) (Figure 5C), and the expression
of HNRNPAB in GC tumor tissues was positively correlative with tu-
mor size, local invasion, lymph node metastasis, and TNM stage
(Figure 5D; Figures S6A-S6C; Table 2). Based on Kaplan-Meier
plotter analysis (http://kmplot.com/analysis) and our data, we found
that HNRNPAB expression in GC tumor tissues was inversely pro-
portional to the survival time of the patients with GC (Figures 5E-
5G; Figures S6D-S6G). Univariate analysis showed that HNRNPAB

Figure 3. Lnc-CTSLP4 binds to Hsp90« and promotes the degradation of HNRNPAB protein by recruiting ZFP91

(A and B) RNA-pulldown assays and LC-MS/MS analysis of proteins that are specifically bound to Inc-CTSLP4 (anti-sense RNA as a negative control, A represents proteins
that bound to sense or antisense of Inc-CTSLP4 and B represents top 5 proteins identified). (C) The peptide sequences of Hsp90a binding with Inc-CTSLP4 (red: matched
peptide sequences). (D) Hsp90a was detected by Western blot after RNA-pulldown assays (A). (E and F) RIP and gRT-PCR analysis for the specific binding of Hsp90e. to Inc-
CTSLP4. **p < 0.01. (G) Co-IP followed by LC-MS/MS analysis showed that the Hsp90a could bind to HNRNPAB in the absence of Inc-CTSLP4. (H) The interaction of
Hsp90a and HNRNPAB was verified by Co-IP in MGC803 cells. () GST-pulldown analysis of the binding of Hsp90a and HNRNPAB. (J) Analysis of proteins obtained in Co-IP
in Inc-MGC803-AV-CTSLP4 and MGC803-AV-CON cells. (K) The protein levels of HNRNPAB and Hsp90a in MGC8083 cells treated with 17-AAG (an Hsp90 inhibitor) for the
indicated doses and times. (L) Ubiquitin modification of HNRNPAB in MGC803-AV-CTSLP4 and MGC803-AV-CON cells. (M) Co-IP and Western blot analysis of the binding
of HNRNPAB to ZFP91 or Hsp90a in MGC803-AV-CTSLP4 and MGC803-AV-CON cells. (N) The specific binding of ZFP91 to Inc-CTSLP4 verified by RNA-pulldown assays
(negative control: anti-sense). (O) Western blot analysis of HNRNPAB protein in GC cells (MGC8083, AGS, HGC27, MKN28) after overexpression (AV-CTSLP4) or shRNA
knockdown of Inc-CTSLP4 (sh-CTSLP4). (P) Truncated versions of Inc-CTSLP4, C1 (1-1130 bp), C2 (1-2330 bp), C3 (1-3690 bp), and C4 (1130-3690 bp) according to the
predicted Inc-CTSLP4 structure. (Q) Western blot detection of Hsp90a after RNA-pulldown with biotinylated RNAs for different constructs of Inc-CTSLP4 or its antisense
strand (negative control).
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Figure 4. Lnc-CTSLP4 inhibits EMT via suppressing HNRNPAB-mediated Snail transcriptional activation in GC cells
(A) The expression level of E-cadherin, N-cadherin, HNRNPAB, and Snail in MGC803 and HGC27 cells after shRNA knockdown (sh-HNRNPAB) or overexpression
(HNRNPAB) of HNRNPAB (*p < 0.01, **p < 0.001). (B) The binding of HNRNPAB to the Snail promoter in GC cells (ChIP-PCR assays, **p < 0.01, **p < 0.001). (C and D)

(legend continued on next page)
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expression in GC tumor tissues (HR = 2.580, 95% CI [1.371-4.854],
p = 0.003) was related to OS in GC patients (Figure 5H). Multivariate
analysis indicated that Inc-CTSLP4 expression in GC tumor tissues
(hazard ratio (HR) = 2.580, 95% CI [1.371-4.854], p = 0.003) was
an independent prognostic risk factor related to OS (Figure 5I). We
also analyzed the association of the expression levels of HNRNPAB
and Inc-CTSLP4 in GC tissues. We found that the HNRNPAB expres-
sion level was higher in the Inc-CTSLP4-low expression group
compared with that in the Inc-CTSLP4-high expression group
(Figure 5]). Pearson correlation analysis revealed that the expression
level of HNRNPAB was correlated with E-cadherin (r = —0.4121, p <
0.001) and N-cadherin (r = 0.7322, p < 0.001) expression, which was
verified by GEPIA (Figure 5K-5M). Meanwhile, bioinformatics anal-
ysis showed that the expression level of HNRNPAB was positively
correlated with Snail expression based on GEPIA (Figure 5N). To
further evaluate the biological function of HNRNPAB in GC progres-
sion, we performed Transwell assays, and the results revealed that up-
regulation of HNRNPAB promoted the migratory and invasive ability
of GC cells, while knockdown of HNRNPAB expression inhibited GC
cell (MGC803 and HGC27) migration and invasion (Figures 50-5R).
In addition, the inhibition of migratory capacity of GC cells induced
by Inc-CTSLP4 was reversed by HNRNPAB, which was dependent on
Snail expression (Figures 5S and 5T). Thus, these data demonstrate
that HNRNPAB is inversely correlated with Inc-CTSLP4 in human
GC and can rescue the suppressive effects of Inc-CTSLP4 on GC cells.

Lnc-CTSLP4 overexpression inhibits tumor growth, invasion,
and metastasis in vivo

Next, we examined the effects of Inc-CTSLP4 on tumor growth and
metastasis in vivo. MGC803-AV-CON, MGC803-AV-CTSLP4,
HGC27-sh-Ctrl, and HGC27-sh-CTSLP4 cells were subcutaneously
transplanted into nude mice and tumor growth was monitored. Over-
expression of Inc-CTSLP4 resulted in dramatic inhibition of tumor
growth, while genetic inhibition of Inc-CTSLP4 led to aggressive pro-
gression of tumor size. (Figures S7A-S7H). To directly verify that Inc-
CTSLP4 overexpression attenuates the in vivo metastatic potential of
GC cells, MGC803 cells transfected with AV-CTSLP4 or AV-CON
were intraperitoneally inoculated into immunodeficient nude mice,
and the occurrence of peritoneal metastases was assessed. GC cells
transfected with AV-CTSLP4 developed fewer peritoneal metastatic
nodules than those transfected with AV-CON (Figures 6A and 6B).

The expression of Inc-CTSLP4 was detected in the tumor tissue of the
mice model by qRT-PCR. The results showed that Inc-CTSLP4 was
significantly upregulated in the AV-CTSLP4 group and downregu-
lated in the sh-CTSLP4 group in comparison with the control group,
respectively (Figure 6C). IHC staining revealed that N-cadherin,
HNRNPAB, and Snail expression were increased in the sh-CTSLP4
xenograft tumor tissues and reduced in the AV-CTSLP4 xenograft
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tumor tissues in comparison with the control group, respectively.
However, E-cadherin expression was reduced in the sh-CTSLP4
xenograft tumor tissues and increased in the AV-CTSLP4 xenograft
tumor tissues in comparison with the control group, respectively
(Figures 6D and 6E). Together, these data demonstrate that Inc-
CTSLP4 overexpression inhibits the proliferative and metastatic ca-
pacity of GC cells in vivo.

DISCUSSION

Most GC patients diagnosed with advanced-stage disease present
with cancer metastases, which leads to poor prognosis, less effective
surgical treatment, and more resistant to drug therapy.”>*> Thus,
there is an urgent need to explore more about the regulatory mecha-
nisms underlying GC metastasis and to develop new therapeutic stra-
tegies. EMT describes a reversible phenotypic transformation from an
epithelial form to a mesenchymal form and is a vital biological cellular
process implicated in cancer metastasis, which could facilitate the ad-
hesive and invasive ability of cells during the tumor development and
progression.”>”” EMT could be regulated at multiple levels, including
the epigenetic, transcriptional, posttranscriptional, translational, and
posttranslational levels.”” LncRNAs have been demonstrated to affect
gene regulation through various mechanisms and play important reg-
ulatory roles in tumorigenesis and cancer progression. In this study,
we identify that Inc-CTSLP4 is a novel IncRNA in regulating GC
cell EMT and metastasis and reveal that Inc-CTSLP4 is significantly
downregulated in GC tissues, and low expression of Inc-CTSLP4 is
positively correlated with advanced TNM stage, local invasion, lymph
node metastasis, and poor prognosis. We further demonstrate that
Inc-CTSLP4 significantly inhibits the metastatic potential of GC cells
in vitro and in vivo by attenuating HNRNPAB-mediated Snail tran-
scription. Our findings indicate that Inc-CTSLP4 is a novel EMT
regulator in suppressing GC progression and could serve as an inde-
pendent prognostic indicator and therapeutic target for metastatic
GC.

LncRNAs mainly exert their functions upon formation of IncRNA-
protein complexes. In this study we determine that Inc-CTSLP4 binds
to Hsp90a.. Hsp90a. is an isoform of the Hsp90 family and has been
shown to be upregulated in various human cancers.”®° Recent
studies have showed that Hsp90a, as a molecular chaperone, plays
an important role in the post-translational conformational matura-
tion, stabilization, and activation of numerous client proteins, many
of which participate in signal transduction pathways that regulate
proliferation, apoptosis, or metastasis of cancer cells.”>*"** The
Hsp90-client complexes vary in their forms, and increasing numbers
of IncRNAs have been discovered to interact with Hsp90 and regulate
their client proteins, leading to the term “Hsp90-associated
IncRNAs”.>*** In our study, integrative analysis including RNA-pull-
down-mass spectrometry (MS) and RIP assays in GC cells identify

pGL3-Basic-SNAIL and pGL3-Basic-SNAIL-del (deletion at position —866 to —862 bp) constructs, along with the pRL-TK plasmid, were transfected into HGC27-HNRNPAB
cells and HGC27-Vector cells, and then the relative luciferase activity was measured (**p < 0.01, **p < 0.001). (E and F) Western blot (E) and densitometric analysis
(F) of E-cadherin, N-cadherin, HNRNPAB, and Snail in MGC803 and AGS cells transfected with AV-CTSLP4, HNRNPAB-expressing vector, or Snail si-RNA (*p < 0.01,

=*p < 0.001).

1296 Molecular Therapy: Nucleic Acids Vol. 23 March 2021



www.moleculartherapy.org

>

Low Expression

Negative Weak

Normal
200x

400x

Univariate risk factors for
overall survival

Gender L,
(Male vs Female)

Age (260 vs < 60)

‘Tumor size

ot
le—t
LNM (Yes vs No)

Local invasion Je

TNM stage
(LI vs TTLIV)

HNRNPAB
(High vs Low)

Multivariate risk factors for
overall survival

LNM (Yes vs No) [F—e——

HNRNPAB
(High vs Low)

Vector  HNRNPAB

MGC803
Lnc-CTSLP4

HNRNPAB
si-Snail

S

MGC803

AGS

Migration Invasion Migration Invasion

sh-Ctrl  sh-HNRNPAB

. ;

2

E

£

.§ . .

MGC803

+ -
- -+

Strong

95% CI

1.242 (0.703 to 2.193)
1.304 (0.782 to 2.173)

1.377 (0.795 to 2.385)

————————— 3.718 (1.349 to 10.245)

1.675 (0.671 to 4.180)
2.128 (1.012 to 4.473)
3.819 (1.386 to 10.522)

95% CI
3.314 (1.200 to 9.151)

2.580 (1.371 to 4.854)

High Expression

p value

0.456
0.309
0.254
0.011

0.269
0.046

0.01%

p value

0.021

0.003*

HNRNPAB IHC Score

w)

16
10:

HNRNPAB IHC Score

2k

Probabilty

04

08

02

06

HNRNPAB (201277_s_at)

Expression

HNRNPAB (201277_5_at)

Probablty

HR=124(1.02-1.52)
logrank P=0.034
n=502

Molecular Therapy: Nucleic Acids Vol. 23 March 2021

log2(HNRNPAB TPM)

Cell Number

Cell Number

INVASION

sh-Ctrl

5t o s 4 %
=) Time (months)
Normal  Tumor Mediansuival
e ghexp
mTesSa =211
154 81 259 172
— 100
[
. G g
2
...} 3
9 ke
e 50
Q
& o
I~
& =157 = Low HNRNPAB Expression
o|P=00005 High HNRNPAB Expression
i 1] m v 0 20 40 60 80 100
Time
1 Low Lnc-CTSLP4 expression 1t F';’::f N
1< 0.
169 1 High Lnc-CTSLP4 expression 4 P o - p-value = 0.00039
S o oo . =015
o ok 3
S 1] -
® < H
g’ =
H
g 3 z.
x Q 3
o -
z z N
[ T T 7
= 5 10 15
= I HNRNPAB IHC Score o s . i i ‘
T T o : . . o
log2(HNRNPAB TPM)
K =04121 M L [ prvawe=on
1 1 R=-0.12
p<0.001
e
s e
gt £ -]
z <
£ é o
5 1
3 g .
7
Q
w

sh-HNRNPAB

ot Number

Vigaion

I AAV VectorVector'SHNG
17 CTSLPANectorVectorSHNC
I AAV VectorHNRNPABISHNG
I AAV VectorHNRNPABIS Snail
I CTSLPAHNRNPABISING
[ CTSLP4HNRNPABISISnail

B AAV VectorVector/SkNC

1771 CTSLP4NectorVector/SHNG
I AAV VeclorHNRNPAB/SING
I AAV VectorHNRNPAB/SI-Snail
I CTSLP4/HNRNPABISHNC
B CTSLP4/HNRNPAB/SI-Snail

MIGRATION

(legend on next page)

1297


http://www.moleculartherapy.org

Table 2. Correlation between the clinicopathological features and
expression of HNRNPAB

Clinicopathologic Number
parameters of cases HNRNPAB immunostaining p value
Weak positive Strong positive
157 (n=57) (n = 100)
Age (years)
>60 89 33 56 0.818
<60 68 24 44
Gender
Male 112 42 70 0.623
Female 45 15 30
Tumor size (cm)
=5 102 31 71 0.036
<5 55 26 29
Local invasion
T1, T2 18 8 10 0.445
T3, T4 139 49 90
Lymph node metastasis
No 27 16 11 0.006
Yes 130 41 89
TNM stage
L1I 34 18 16 0.023
111, IV 123 39 84

Inc-CTSLP4 as an Hsp90a-associated IncRNA, and binding of Inc-
CTSLP4 to Hsp90a blocks the interaction of Hsp90o with
HNRNPAB, thus leading to the degradation of HNRNPAB via re-
cruiting E3 ubiquitin ligase ZFP91. HNRNPAB belongs to the sub-
family of hnRNPs, and we find that HNRNPAB is a TF of Snail in
GC cells and promotes GC cell EMT by activating Snail transcription,
indicating that Inc-CTSLP4 (an Hsp90-associated IncRNA) and
HNRNPAB (an Hsp90-client protein) form an important pathway
in regulating EMT during GC progression. Consistently, HNRNPAB
is upregulated in GC tissues and predicts shorter OS of patients with
GC. Moreover, HNRNPAB rescues the suppressive effects of Inc-
CTSLP4 in GC cells. Thus, our findings reveal a novel mechanism

Molecular Therapy: Nucleic Acids

of EMT regulation and provide a potential approach in preventing
GC metastasis by targeting the Inc-CTSLP4-HNRNPAB pathway.

Epigenetic modulation of regulators in the Snail-mediated EMT
program by ncRNAs has been studied previously,'>” which
showed that biotherapeutics based on IncRNA was a promising
strategy for both vaccines and protein replacement therapy. Here,
we find that Inc-CTSLP4 is a powerful suppressor of EMT, which
may serve as an alternative target to treat metastatic GC. Although
the detailed regulation of Inc-CTSLP4 in GC cells needs further
investigation, our findings indicate that the activation of Inc-
CTSLP4, such as via small activating RNA (saRNA) or via ad-
eno-associated virus (AAV), could block the combination of
Hsp90a. and HNRNPAB to inhibit the transcription of Snail and
EMT in vivo; thus, Inc-CTSLP4 may provide an alternative
approach to treat metastatic GC. This is also the focus of our
further research.

In summary, our findings support a model in which high levels of Inc-
CTSLP4 recruit ZFP91 (E3 ubiquitin ligase) and bind Hsp90a/
HNRNPAB complex in normal gastric epithelial cells, which prevents
Hsp90a. from binding HNRNPAB and promotes the degradation of
HNRNPAB (a TF of Snail). While in GC cells, where Inc-CTSLP4
expression was downregulated, the Hsp90a-HNRNPAB interaction
is increased, causing the stable expression of HNRNPAB and subse-
quent activating transcription of Snail, which leads to EMT and GC
metastasis (Figure 7). Our findings suggest that Inc-CTSLP4 repre-
sents an additional layer in the regulation of GC progression and
may serve as a novel prognostic biomarker and therapeutic target
in GC.

MATERIALS AND METHODS

Cell culture and patient samples

GC cell lines HTB-103, AGS, and NCI-N87 used in our study were
purchased from American Type Culture Collection (ATCC), and
MGC803, MKN45, MKN28, HGC27, and GES-1 cell lines were
purchased from Shanghai Institutes for Biological Sciences, Chi-
nese Academy of Sciences. All GC cell lines were authenticated
by short tandem repeat analysis and had negative results for myco-
plasma. HTB-103, AGS, NCI-N87, MKN45, MKN28, and HGC27
were cultured at 37°C in a humidified atmosphere of 5% CO, with

Figure 5. HNRNPAB is inversely correlated with Inc-CTSLP4 in GC tissues and rescues the suppressive effects of Inc-CTSLP4 on GC cells

(A) Representative immunohistochemical staining of HNRNPAB in GC tumor tissues and adjacent non-tumor tissues (magnification: 200x and 400x). (B) The expression
levels of HNRNPAB in 157 pairs of GC patients based on HNRNPAB IHC score (GC cohort 2, ***p < 0.001). (C) Validation of HNRNPAB expression in GEPIA. (D) The
expression levels of HNRNPAB in GC patients with different pathological stages based on HNRNPAB IHC score (*p < 0.01, **p < 0.001). (E and F) The correlation of
HNRNPAB expression levels and overall survival in the GSE14210 dataset (n = 118) and GSE14210, GSE15459, GSE22377, GSE29272, and GSE51105 dataset (n = 592)
was analyzed by Kaplan-Meier plotter. (G) Kaplan-Meier survival analysis for OS of 157 patients with GC (GC cohort 2) reveals a statistically significant difference between the
low HNRNPAB expression group (n = 129) and the high HNRNPAB group (n = 28). (H and I) Univariate (H) and multivariate (I) analysis of for prognostic features of GC patients
(n = 157) showed that the expression of HNRNPAB was an independent prognostic factor for survival. (J) HNRNPAB is downregulated in the high Inc-CTSLP4 expression
group compared to the low Inc-CTSLP4 expression group (GC cohort 2, “**p < 0.001). (Kand L) Correlation analysis of HNRNPAB with E-cadherin (K) or N-cadherin (L) in GC.
(M and N) Validation of the relationship between HNRNPAB and E-cadherin (M) or Snail (N) based on GEPIA. (O-R) The metastatic abilities of GC cells (MGC803 and HGC27)
after overexpression or sShRNA knockdown of HNRNPAB (Transwell assays, magnification: 200x). (S and T) The metastatic abilities of GC cells (MGC803 and AGS cells)
transfected with Inc-CTSLP4, HNRNPAB-expressing vector, or Snail si-RNA (Transwell assays, magnification: 200x, **p < 0.001).
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Figure 6. Lnc-CTSLP4 overexpression inhibits GC cell invasion and metastasis in vivo

(A) The effect of CTSLP4 overexpression in MGC803 cell-derived peritoneal nodules in nude mice (n = 5 per group, *p < 0.05). (B) Average numbers of peritoneal nodules from
nude mice. (C) The levels of Inc-CTSLP4 expression in tumor tissues formed from MGC803 cells (transfected with AV-CTSLP4 or AV-CON) and HGC27 cells (stably
transfected with sh-CTSLP4 or sh-Ctrl lentivirus, **p < 0.001). (D) Representative immunohistochemical staining for E-cadherin, N-cadherin, HNRNPAB, and Snail in
xenograft tumors derived from MGC803 cells transfected with AV-CTSLP4 or AV-CON (n = 5 per group, magnification: 200x). (E) Representative immunohistochemical
staining for E-cadherin, N-cadherin, HNRNPAB, and Snail in xenograft tumors derived from HGC27 cells transfected with sh-CTSLP4 or sh-Citrl lentivirus (n = 5 per group,

magnification: 200, *p < 0.05).

RPMI-1640 medium (Gibco, San Francisco, CA, USA) containing
10% fetal bovine serum (Gibco) with 100 U/mL penicillin and
100 U/mL streptomycin (Sangon Biotec, Shanghai, China).
GES-1 and MGC803 were cultured at 37°C in a humidified atmo-
sphere of 5% CO, with DMEM medium (Gibco) containing 10%
fetal bovine serum with 100 U/mL penicillin and 100 U/mL
streptomycin.

A total of 200 patients in this study underwent D2 gastrectomy at Rui-
jin Hospital, Shanghai Jiao Tong University School of Medicine be-
tween 2011 and 2016. All the samples were obtained with the patients’
informed consent and were histologically confirmed. Forty-three
pairs of GC tumor tissues and adjacent non-tumor tissues (GC
cohort 1) were stored in RNA-latter reagent at —80°C for RNA

extraction, and another 157 paired GC tumor tissues and adjacent
non-tumor tissues (GC cohort 2) were fixed with formalin and
made into tissue microarrays.

Plasmid construction, virus production, and infection

Full-length Inc-CTSLP4 sequence obtained by RACE analysis was con-
structed to a pAV-MCMV-EGFP-3FLAG vector using Ready-to-Use
Seamless Cloning Kit (Sangon, Shanghai, China). Adenoviruses AV-
CTSLP4 and AV-CON were generated in HEK293A cells and purified
by cesium chloride (CsCl) density-gradient ultracentrifugation. Adeno-
viruses were added into the culture medium of HGC-27 and MGC-803
2 days before further experiments. ShRNA sequences targeting Inc-
CTSLP4 were designed by BLOCK-iT RNAi Designer (https://
rnaidesigner.thermofisher.com/rnaiexpress/sort.do) and constructed
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to pLKO.1-puro plasmid. The lentiviruses were generated by co-trans-
fecting shRNA plasmid with psPAX2 and pMD2.G plasmid to 293T
cells. Lentivirus was precipitated by ultra-speed centrifugation. ShRNA
lentivirus was added to the supernatant of HGC-27 and MGC-803
cells, and puromycin was used for screening stable clones.

RNA extraction, qRT-PCR, and RACE

Total RNA was extracted with Trizol reagent (Invitrogen, Carlsbad,
CA, USA) and was reversely transcribed into cDNA using Reverse
Transcription system (Toyobo, Kita-ku, Osaka, Japan). qRT-PCR
was performed to quantify CTSLP4 mRNA level with the SYBER
Green PCR Master Mix (Applied Biosystems, Foster City, CA,
USA). The primers for the PCR reaction are listed in Table S3. The
272 method was used to calculate the relative abundance of
RNA normalized to GAPDH. 5-RACE and 3’-RACE analyses of
CTSLP4 were performed using a GeneRacer Kit (Invitrogen, Carls-
bad, CA, USA) according to the manufacturer’s manual. The primers
for the qQRT-PCR reaction and RACE are listed in Table S3.

Western blot

Cells were lysed using RIPA lysis buffer (Solarbio, Beijing, China)
with proteinase inhibitor cocktail (Sigma, St. Louis, MO, USA)
and phosphorylase inhibitor cocktail II and IIT (Sigma). The concen-
tration of protein lysates was detected by BCA protein concentration
detection kit (Thermo Fisher, San Francisco, CA, USA). A total of
30 pg protein is used at each Western blot. The protein was loaded
to vertical electrophoresis and transferred to a 0.22 pm polyvinyli-
dene fluoride (PVDF) membrane. The membrane was incubated
with primary antibody and subsequent secondary antibody. The
bands were detected by a Tanon ECL imaging system. Image]J soft-
ware was used to quantify the immunoblots. Area, mean gray value,
and integrated density of immunoblots were measured during the
process. For detailed description and the antibodies used this
process, see Table S4.
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Figure 7. Schematic of the proposed mechanism of
Inc-CTSLP4 in GC progression

Lnc-CTSLP4, as a regulator with decreased levels in GC,
binds to Hsp90a and recruits the E3 ubiquitin ligase
ZFP91, which can block the interaction of Hsp90a with
HNRNPAB and decreases the stability of HNRNPAB,
subsequently promotes its degradation, thus reducing the
transcriptional activation of Snail and inhibiting Snail-
mediated EMT.
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IP and Co-IP

IP and Co-IP were performed using a magnetic
Co-IP kit (Thermo Fisher, San Francisco, CA,
USA) according to its user guide. Briefly, a total
of 1 x 107 cells were seeded in a 10 cm plate, and
500 pL IP lysis buffer was used to obtain the cell
lysate. After centrifugation, cell lysate was added
with 5 uL magnetic beads pre-coupled with pri-
mary antibody and incubated at room temperature for 1 h. After
washing with IP lysis buffer and followed by ultrapure water, the pro-
tein-protein complex was eluted from the magnetic beads with
Elution buffer. After adding SDS loading buffer (Thermo Fisher),
denaturation of the protein samples were performed at 100 degree
for 10 minutes. The protein samples were then subjected to further
analysis.

Tumor

IHC staining and FISH

For THC staining, the slides were incubated at 60°C for 60 min and
immersed in xylene for 10 min. After that, the slides were soaked
sequentially in anhydrous ethanol, 95% ethanol, and 75% ethanol for
5 min. Then the slides were incubated in 0.01 M sodium citrate solution
for 15 min. After H,O, incubation and sheep serum incubation, a pri-
mary antibody was added to the slides, and they were incubated at 4°C
overnight. After incubation of horseradish peroxidase (HRP)-labeled
secondary antibody, the slices were treated with DAB and hematoxylin.
The resin was added and covered with a glass slide. Three pathologists
evaluated the staining separately. The staining intensity and percentage
were used to score the overall tissue sections. The intensity was graded
as follows: 0 points (no staining), 1 point (light-brown staining), 2
points (brown staining), and 3 points (dark-brown staining). Percent-
age of positive cell number was divided into four grades: 0 points
(<5%), 1 point (5%-30%), 2 points (31%-60%), and 3 points (61%—
100%). Staining score was calculated as follows: overall staining score =
intensity score x percentage score. A final score <3 was considered as
negative staining and >3 as positive staining. The antibodies used are
listed in the Supplemental information.

For FISH staining, the paraffin sections were taken out and sequen-
tially put into xylene-xylene II-anhydrous alcohol-I-anhydrous
alcohol 1I-85% alcohol-75% alcohol 5 min-diethyl pyrocarbonate
(DEPC) water. The slides were boiled in the repair fluid and cooled
naturally. They were digested for 25 min by adding protease K
(20 pg/mL) at 37°C. After adding pre-hybrids, the Inc-CTSLP4 probe
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hybridization solution-containing probe was added to the slides. The
slides were incubated at 37°C overnight. Then the slides were added
sequentially with 2 x SSC for 37°C wash 10 min, 1 x SSC for 37°C
wash 25 min, and 0.5 x SSC for room temperature wash 10 min.
The slides were dripped with 2-(4- Amidinophenyl)-6-indolecarbami-
dine dihydrochloride (DAPI) dye and incubated for 8 min. After
washing, the anti-fluorescence quenching tablets were dripped. The
images were observed and collected under a fluorescence microscope.
The intensity was graded as follows: percentage of positive cell num-
ber was divided into four grades: 0 points (<5%), 1 point (5%-30%), 2
points (31%-50%), and 3 points (51%-100%). Percentage score <
Iwas considered as negative staining or weakly positive staining
(low Inc-CTSLP4 expression) and >2 as strongly positive staining
(high Inc-CTSLP4 expression).

RNA pulldown and MS analysis

In vitro transcription of Inc-CTSLP4 full-length sense, antisense, and
serial truncated sequences were performed using T7 or SP6 RNA Po-
lymerase (New England Biolabs, Ipswich, Suffolk, England) according
to the manufacturer’s instructions (T7 RNA polymerase was used to
perform in vitro transcription of Inc-CTSLP4 full-length sense and
SP6 RNA polymerase was used for Inc-CTSLP4 full-length antisense).
RNA pulldown assays were performed with the Pierce Magnetic
RNA-Protein Pull-Down Kit according to the manufacturer’s instruc-
tions (Thermo Fisher Scientific, Waltham, MA, USA). IncRNA-inter-
acting proteins were obtained and subjected to MS analysis. LC-MS/
MS detection was carried out on a hybrid quadrupole-TOF mass
spectrometer (TripleTOF 5600+, SCIEX) equipped with a nanoLC
system (nanoLC-Ultra 1D Plus, Eksigent).

RIP assays

RIP experiments were performed by using an RNA binding protein IP
kit (Millipore). Generally, adherent cells were collected by RNase-free
scraps and re-suspended in RIP lysis buffer. After freeze and thaw
cycle to swell the cells, the RNA-protein complex was IP by magnetic
beads pre-coupled with antibodies or immunoglobulin G (IgG) iso-
type. After washing with RIP wash buffer, the RNAs captured were
extracted by phenol-chloroform-isoamylalcohol (125:25:1) extraction
and were reverse transcribed to cDNA. RT-PCR was used for the
detection of the protein-binding RNAs.

ChIP assays

ChIP assays were performed using a Simple ChIP Plus Enzymatic
Chromatin IP Kit according to the manufacturer’s instructions
(Cell Signaling Technology, Beverly, MA, USA). Briefly, cells were
cross-linked by formalin and collected into an Eppendorf tube. After
ultra-sonication, the chromosome was broken into small fragments.
The lysates were added by primary antibody and stored at 4°C over-
night. A total of 5 pg antibodies were used in 100 pL lysate originated
from 1 x 10° cells in one experiment. Protein A/G beads were added
into the lysate to capture antibody-protein-DNA complex. After
centrifugation and washing, the DNA sequences were obtained by
reverse-crosslinking and purification. Quantification of ChIP DNA
was performed using qPCR. ChIP data were calculated as percentages

relative to the input DNA using the equation: 2(Input Ct — Target Ct)
x 100 (%). The primers used in QRT-PCR are listed in Table S3.

Dual-luciferase reporter assay

Full-length DNA sequences and mutated DNA sequence were synthe-
sized and constructed to pGL3-basic plasmid via Ready-to-Use Seam-
less Cloning Kit (Sangon). pcDNA3.1-HNRNPAB plasmid was
purchased from PPL (Nanjing, China). HGC27-vector and HGC27-
HNRNPAB cells were obtained by transfecting with pcDNA3.1-
HNRNPAB or pcDNA 3.1 plasmids to HGC-27 using Lipofectamine
3000 Transfection Reagent (Invitrogen). G418 was used to select stable
clones. For dual-luciferase reporter assay, HGC27-vector and HGC27-
HNRNPAB cells were seeded in 24-well plates and transfected with
pGL3-Basic-SNAIL, pGL3-Basic-SNAIL(del), and pRL-TK plasmid
using a Lipofectamine 3000 Transfection Reagent. Three days after
transfection, dual-luciferase reporter assay was performed using
Dual-Luciferase Reporter Assay System (Promega) according to the
manufacturer’s instructions.

GST pulldown assay

6 x His tag sequences followed by CDS sequence of HSP90AA1 were
synthesized and constructed to pET24a (+) plasmid. GST tag sequences
followed by CDS of HNRNPAB were synthesized and constructed to
pGEX-4T-1 plasmid. pET28a-HSP90AA1 or pGEX-4T-1-HNRNPAB
plasmid was transformed to BL21(DE3) E. coli. IPTG was used to
induce the expression of His-HSP90AA1 and GST-HNRNPAB. After
incubation and collection, 400 pL Ni-IDA binding buffer was used to
re-suspend the bacteria. Ultrasound sonication was used to release
the intracellular proteins. The fusion proteins were purified by Ni-
IDA-Sepharose CL-6B affinity chromatography column. After washing
and elution, the proteins were subjected to further analysis.

The GST pulldown assays were performed using Pierce GST Protein
Interaction Pulldown Kit (Thermo) as per its instructions. Briefly,
100 pg GST tag (Sangon, Shanghai, China) or GST-HNRNPAB was
immobilized to 50 pL glutathione agarose (50% concentration).
800 pL pulldown-lysis buffer with 100 pg His-HSP90AA1 was added
to immobilized GST or GST-HNRNPAB protein. After incubation at
4°C for 1 h, the uncaptured proteins were washed, and the captured
proteins were eluted by glutathione elution buffer. The samples ob-
tained were subjected to Western blot analysis. The materials used
are listed in Table S4.

Cell migration and invasion assay

For the migration assay, cells were suspended in serum-free medium
(1 x 10° cells/insert) and added to the upper chamber of the 24-well
insert (membrane pore size, 8 pum; Corning Life Sciences, MA, USA).
Medium containing 10% serum was added to the lower chamber. Af-
ter incubation for 12 h, the cells that migrated to the bottom of the
membranes were fixed and stained with 0.1% crystal violet for
30 min. For the invasion assay, chamber membranes were coated
with diluted Matrigel (BD Bioscience, San Jose, CA, USA). After in-
cubation for 24 h, the cells that invaded to the bottom of the mem-
brane were fixed and stained with 0.1% crystal violet for 30 min.
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The stained cells were counted using a microscope and photographed.
Ten fields were randomly selected to count, and the average number
was presented.

In vivo tumorigenesis and peritoneal dissemination
Four-week-old male BALB/c nude mice were purchased from Insti-
tute of Zoology Chinese Academy of Science and housed at a specific
pathogen-free environment in the Animal Laboratory Unit, Ruijin
Hospital, Shanghai Jiao Tong University School of Medicine, China.
MGC803 cells transduced by AV-CTSLP4 or AV-CON adenoviral
particles (2 x 10”) were harvested and resuspended in 500 pL of
PBS and then were injected subcutaneously or peritoneally into the
mice (4 x 10%/100 uL PBS/mouse). HGC27 cells transduced by sh-
CTSLP4 or sh-Ctrl lentivirus (2 x 107) were harvested and resus-
pended in 500 pL of PBS and then were injected subcutaneously
into the mice (4 x 10°/100 uL PBS/mouse). For tumorigenesis in vivo,
all mice were sacrificed after 28 days, and the subcutaneous lump was
removed, imaged, and placed into 4% formaldehyde for paraffin
embedding. For the peritoneal dissemination model, all mice were
sacrificed after 30 days and peritoneal metastasis nodules were
counted.

Statistical analysis

All experiments were repeated at least three times and the results were
summarized as means + SD. The Student t test and one-way analysis
of variance (ANOVA) were used to analyze the data, and chi-square
tests were used to analyze categorical variables. All statistical tests
were performed with SPSS 16.0 (SPSS, Chicago, IL, USA), and
p values <0.05 were regarded as indicating statistically significant dif-
ferences (*p < 0.05, **p < 0.01, **p < 0.001).

Availability of data and materials
All data and details can be obtained by contacting the corresponding
author.
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The experimental protocol for animal studies was reviewed and
approved by Ruijin Hospital Institutional Ethics Committee.
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