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ABSTRACT

Emerging evidence has suggested that long noncoding RNAs (IncRNAs) play an essential role in the
tumorigenesis of multiple types of cancer including gastric cancer (GC). However, the potential biological
roles and regulatory mechanisms of IncRNA in response to cisplatin, which may be involved in cisplatin
resistance, have not been fully elucidated. In this study, we identified a novel IncRNA, cisplatin resistance-
associated IncRNA (CRAL), that was downregulated in cisplatin-resistant GC cells, impaired cisplatin-induced
DNA damage and cell apoptosis and thus contributed to cisplatin resistance in GC cells. Furthermore, the
results indicated that CRAL mainly resided in the cytoplasm and could sponge endogenous miR-505 to
upregulate cylindromatosis (CYLD) expression, which further suppressed AKT activation and led to an
increase in the sensitivity of gastric cancer cells to cisplatin in vitro and in preclinical models. Moreover,
a specific small molecule inhibitor of AKT activation, MK2206, effectively reversed the cisplatin resistance in
GC caused by CRAL deficiency. In conclusion, we provide the first evidence that a novel IncRNA, CRAL, could
function as a competing endogenous RNA (ceRNA) to reverse GC cisplatin resistance via the miR-505/CYLD/
AKT axis, which suggests that CRAL could be considered a potential predictive biomarker and therapeutic
target for cisplatin resistance in gastric cancer.
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Introduction mRNAs and noncoding RNAs (ncRNAs) has not been
fully elucidated [8]. Among these ncRNAs, long noncod-
ing RNAs (IncRNAs) have attracted of the interest of
many researchers and become a focus of attention.
LncRNAs are known to have many functions, such as
acting as scaffolds to regulate interactions between pro-
teins and genes, as decoys to bind miRNAs or proteins, or
as enhancers to modulate transcription of their targets [9-
13]. Interestingly, accumulating studies have suggested
that IncRNAs function as a sponge of miRNAs and con-
tribute to the carcinogenesis, progression, and metastasis
of GC and other tumours [14-19]. However, the potential
role of IncRNAs as ceRNAs in cisplatin-resistant GC
remains unclear.

Here, we established a regulatory ceRNA network related
to cisplatin resistance and found a novel IncRNA, termed as
CRAL, which was reduced in cisplatin-resistant GC cells.
Overexpression of CRAL could reverse cisplatin-induced

Gastric cancer (GC) is the fifth most common malignancy
and the second leading cause of cancer death worldwide
[1-3]. Chemotherapy is still the main treatment method
for patients with advanced stage cancer. Cisplatin is an
effective broad-spectrum anticancer drug used in first-line
cancer treatment for several types of cancer including GC
[4,5]. However, owing to intrinsic or acquired drug resis-
tance, relapse and metastasis are common and result in
the high mortality of GC [6]. Therefore, there is an urgent
need to elucidate the mechanism of cisplatin resistance
in GC.

To date, many molecular mechanisms of drug resis-
tance have been investigated, including increased drug
efflux, altered drug metabolism, enhanced DNA repair,
and activation of downstream or parallel signalling path-
ways [7], but the role of potential networks between
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DNA damage and apoptosis. Subsequent mechanistic
studies indicated that CRAL exerted its function by com-
petitively sponging miR-505 to augment CYLD expression,
which inhibits the activation of PI3K/AKT signalling.
Furthermore, the effects of CRAL deficiency could be
blocked by a PI3K/AKT-specific inhibitor. In conclusion,
our data demonstrated that CRAL could serve as an effec-
tive candidate prognostic biomarker for cisplatin resistance
and identified a putative drug target for reversing cisplatin
resistance in GC.

Results

CeRNA networks in cisplatin-resistant GC cells were
constructed

To identify differentially expressed IncRNAs and miRNAs,
which could be used as potential biomarkers for cisplatin
resistance, and elucidate the regulatory networks of
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IncRNAs, miRNAs and mRNAs in cisplatin-resistant GC,
we analysed two cisplatin-resistant GC cell lines (BGC823/
DDP and SGC7901/DDP) and their parental cells
(BGC823 and SGC7901) using the Arraystar Human
LncRNA microarray V2.0 together with the Affymetrix
Human MicroRNA microarray (Fig. 1A). The candidate
IncRNAs/mRNAs and miRNAs were selected based on the
following criteria: (1) both the ratios of BGC823/DDP to
BGC823 and SGC7901/DDP to SGC7901 were = 2 or <
0.5; (2) the miRNAs could predictively interact with
IncRNAs and mRNAs; (3) the IncRNAs/mRNAs were
upregulated while the miRNAs were downregulated, or
the IncRNAs/mRNAs were downregulated while the
miRNAs were upregulated (Fig. 1A).The ceRNA networks
were then constructed (Supplementary Figure S1A, B).
The candidate ceRNA networks in two pairs of cisplatin-
resistant GC cells overlapped; three candidate ceRNA clus-
ters were presented, including 8 IncRNAs and 4 mRNAs
with low expression levels, and 4 miRNAs with high
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Figure 1. The construction of a cisplatin resistance related competing endogenous RNA (ceRNA) network.

A, flowchart of the cisplatin resistance-related ceRNA network using the human LncRNA/mRNA Array v3 and Affymetrix microRNA Array. B, heat map showing 8
candidate IncRNAs that were differentially expressed between the BGC823/DDP and SGC7901/DDP cells and their parental cells. Red indicates upregulation; Green
indicates downregulation. C, the ceRNA networks containing upregulated miRNAs and downregulated IncRNAs and mRNAs were constructed.
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expression levels in cisplatin-resistant GC cells compared
with their counterparts (Fig. 1B, C). Moreover, using the
differentially expressed mRNAs as the input, we analysed
their biological functions using Gene Ontology (GO) ana-
lysis. We found that cell proliferation and apoptotic pro-
cesses were enriched (Supplementary Figure S1C), which
is consistent with our previous studies [20], suggesting
that cisplatin-induced cell death may be mainly involved
in cisplatin resistance.

To confirm the reliability of the candidate ceRNA net-
works, we verified the expression of these candidates in two
cisplatin-resistant GC cells lines and their parental cells lines
via qRT-PCR analysis. Three IncRNAs (PR5-1014C4.3, RP1-
228H13.5 and NOVA1-AS1) were significantly downregulated
in the BGC823/DDP and SGC7901/DDP cells compared to
those in the BGC823 and SGC7901 cells (Fig. 2A, B). In
addition, the levels of two miRNAs (miR-125 and miR-505)
were higher in the BGC823/DDP and SGC7901/DDP cells
than in their counterparts (Fig. 2C, D). Consistently, the
mRNA expressions levels of all four candidates were down-
regulated in the cisplatin-resistant GC cells (Fig. 2E, F). These
data suggested that the NOVA1-AS1-miR-125-SEPT3 and
RP1-228H13.5-miR-505-CYLD networks may contribute to
cisplatin resistance in GC.

CRAL enhances cisplatin-induced cell death through
regulation of DNA damage-induced apoptosis in GC cells

To investigate whether IncRNA NOVAI and RP1-228H13.5
could modulate the sensitivity of GC cells to cisplatin, we

transfected the BGC823 cells with siRNAs specifically target-
ing these molecules, and the expression levels of NOVA1 and
RP1-228H13.5 were substantially decreased (Supplementary
Figure S2A and Fig. 3A). Then, colony formation assays
were conducted, and we found that the colony numbers
were significantly increased in the RP1-228H13.5-deficient
BGC823 cells treated with 0.4 and 0.8 pg/ml cisplatin (Fig.
3B,C), whereas they were not changed in the NOVA1-AS1-
deficient BGC823 cells (Supplementary Figure S2B, C) com-
pared with their corresponding control cells. Additionally, to
further explore the function of RP1-228H13.5 in cisplatin
resistance, we constructed BGC823/DDP cells with stable
overexpression of RP1-228H13.5 and the corresponding con-
trol cells (Supplementary Figure S2D). The colony numbers
were significantly decreased by treatment with 5 and 10 pg/ml
cisplatin in the RP1-228H13.5-overexpressing BGC823/DDP
cells (Supplementary Figure S2E, F). These data revealed that
RP1-228H13.5 may play a critical role in the cisplatin resis-
tance of GC cells; thus, we referred to it in this study as CRAL
(Cisplatin Resistance-Associated LncRNA).

In addition, a terminal deoxynucleotidyl transferase-
mediated dUTP nick end labelling (TUNEL) assay was used
to examine whether CRAL affected cisplatin-induced apopto-
sis. The apoptotic rate was significantly decreased by treat-
ment with 0.8 pg/ml cisplatin for 48 h in the CRAL-silenced
BGC823 cells (Fig. 3D,E). The results were also confirmed by
the Annexin-V-FITC/PI assay for detection of apoptotic cells
(Fig. 3F,G). The apoptotic rate was significantly increased by
treatment with 5 pg/ml cisplatin for 48 h in the CRAL-
overexpressing BGC823/DDP cells (Supplementary Figure
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Figure 2. Validation of the candidate genes in the ceRNA network. The expression of 8 IncRNAs.

The expression of the candidate IncRNAs (A and B), miRNAs (C and D) and mRNAs (E and F) in the BGC823/DDP cells, SGC7901/DDP cells and their parental
counterparts were validated by qRT-PCR. The relative expression level of each gene was normalized by the respective internal reference genes. The data are the mean

+ SD of three independent experiments. *P < 0.05; **P < 0.01; ***P < 0.001.
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Figure 3. CRAL depletion promotes cisplatin resistance in gastric cancer cells.

A, the expression level of RP1-228H13.5 in the BGC823 cells transfected with two specific CRAL siRNAs or control siRNA were determined by gRT-PCR. B, the
clonogenic survival assay was performed using the BGC823 cells transfected with RP1-228H13.5 siRNAs or control siRNA, and then treated with or without 0.4 or

0.8 pg/ml cisplatin for 2 h. C, the colony numbers in each group were quantified, each colony containing > 50 cells was co

unted. D, BGC823 cells transfected with

CRAL siRNA or control siRNA for 48 h followed by exposure to 0.8 ug/ml cisplatin for 48 h were assessed, and the cell death rate was determined by TUNEL assays.
Scale bar = 50 um. E, quantification of TUNEL-positive cells in D. F, apoptotic cells were identified by the annexin-V-FITC/PI assay. G, Quantification of the apoptotic
cells in F. H, Western blot was applied to determine the expression of yH2AX and PARP1 in the BGC823 cells under the indicated conditions. The data are the mean +

SD of three independent experiments. **P < 0.01; ***P < 0.001.
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S2G, H). Moreover, the protein levels of phosphorylated his-
tone H2AX (yH2AX), a sensitive surrogate marker of DSB,
and the cleaved form (89 KDa) of poly(ADP-ribose) polymer-
ase 1 (PARP1), a biomarker of apoptosis, were detected.
YH2AX and the cleaved form of PARP1 were significantly
decreased in the CRAL knockdown BGC823 cells treated
with 0.8 pg/ml cisplatin for 48 h (Fig. 3H), but increased in
the CRAL-overexpressing BGC823/DDP cells treated with
5 pg/ml cisplatin for 48 h (Supplementary Figure S2I) com-
pared with their corresponding controls. These results suggest
that loss of CRAL expression in GC cells inhibited

cisplatin-induced DNA damage and apoptosis, which may
lead to cisplatin resistance in GC cells.

CRAL serves as a sponge for mir-505 to regulate cisplatin
resistance

The subcellular localization of IncRNA will affect their func-
tions in cells [21,22]. Thus, we examined CRAL expression in
the cytoplasmic and nuclear RNA fractions using qRT-PCR
analysis and found that CRAL mainly resided in the
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Figure 4. miR-505 interacts with CRAL and enhances cisplatin resistance in GC cells.

A, nuclear and cytoplasmic fractions were isolated to detect the localization of CRAL in BGC823 cells. U6 was used as a positive control for the nuclear fractions, 18s
rRNA was used as a positive control for the cytoplasmic fractions. B, schematic graph illustrating the potential binding sites between miR-505 and CRAL (WT or
Mutant). C, the luciferase reporter assay was used to detect the luciferase activity of LUC-CRAL or LUC-CRAL mutants in the BGC823 cells cotransfected with miR-505
mimics or the corresponding control. Data are presented as the relative ratio of renilla luciferase activity and firefly luciferase activity. D, relative expression level of
miR-505 in the BGC823 cells transfected with the mimic control or miR-505 mimic was detected by qRT-PCR. E, BGC823 cells were transfected with miR-505 mimics or
mimic control for 48 h and then subjected to clonogenic survival assays for 2 weeks after treatment with cisplatin for 2 h. F, quantification of the numbers of colonies
in E. G, Western blotting was applied to determine the expression of yH2AX and PARP1 in the BGC823 cells under the indicated conditions. H, Relative expression
levels of CRAL and miR-505 in the GC organoids transfected with CRAL or miR-505-overexpressing lentiviral plasmids. |, GC organoids were transfected with LV-CRAL
or LV-miR-505 and the corresponding control lentiviral vectors for 8 h. Then, the organoids were seeded into 24-well plates for 2 weeks with or without cisplatin
treatment (5 pg/ml). J, quantitative analysis of the organoid images. Scale bar = 50 pm. The data are the mean + SD of three independent experiments. **P < 0.01;

***p < 0.001.



cytoplasm (Fig. 4A). Moreover, CRAL was also high abundant
in the BGC823 and SGC7901 cells compared with several
well-known and highly expressed oncogenic IncRNAs (such
as HOTAIR [23,24] and MALAT1 [25-27]) in gastric cancer
(Supplementary Figure S3A). Based on the ceRNA network
described in Fig. 1C, CRAL may exert its function in the
cytoplasm through sponging miR-505. Considering that the
expression level of miR-505 was higher in the cisplatin-
resistant GC cells than in their parental cells, we examined
the miR-505 levels in the CRAL-deficient BGC823 cells or the
CRAL-overexpressing BGC823/DDP cells and their corre-
sponding controls. We found that the miR-505 levels were
not affected (Supplementary Figure S3B, C).

Further, to examine whether miR-505 could bind to CRAL,
the sequence of CRAL was analysed using an online bioinfor-
matics database (DIANA Tools) and found that CRAL con-
tains a potential miR-505 binding site (Fig. 4B). To further
assess the interaction of CRAL and miR-505, we inserted the
sequences with wild-type (CRAL WT) or mutated potential
binding sites (CRAL MUT) into a luciferase reporter vector
(Fig. 4B). We found that the transfection of miR-505 mimics
significantly inhibited the luciferase activity of the CRAL WT
reporter, whereas this effect was completely abolished for
CRAL MUT reporter (Fig. 4C), indicating that CRAL may
function as a sponge to bind with miR-505.

To investigate whether miR-505 is involved in modulating
cisplatin resistance in GC cells, we transfected the BGC823
and BGC823/DDP cells with miR-505 mimics (Fig. 4D) or
miR-505 inhibitor (Supplementary Figure S3D), respectively.
We found that the colony numbers were significantly
increased in miR-505-overexpressing BGC823 cells following
treatment with 0.4 or 0.8 ug/ml cisplatin (Fig. 4E,F), which
was also confirmed in the cells stably overexpressing miR-505
(LV-miR-505) (Supplementary Figure S3E-G). In contrast,
significantly decreased colony numbers were observed follow-
ing treatment with 5 or 10 pg/ml cisplatin in the miR-505
knockdown BGC823/DDP cells (Supplementary Figure S3H,
I) compared with their corresponding controls. Moreover, the
cleaved forms of PARP1 and the YH2AX levels were signifi-
cantly reduced in the miR-505-overexpressing BGC823 cells
treated with 0.8 pg/ml cisplatin for 24 h (Fig. 4G) but
increased in the miR-505-deficient BGC823/DDP cells treated
with 5 pug/ml cisplatin for 24 h (Supplementary Figure S3])
compared with their counterparts.

To further examine the roles of CRAL and miR-505 in
cisplatin-resistant GC cells, we established a preclinical orga-
noid model. The diameter of CRAL-overexpressing tumour
organoids was smaller than those in their counterparts after
treatment with 5 pg/ml cisplatin, but these effects were
reversed upon overexpression of miR-505 in these tumour
organoids (Fig. 4H,L]). Collectively, these results suggest
that CRAL serves as a ceRNA for miR-505, which could
impede cisplatin-induced DNA damage and apoptosis.

CYLD is a miR-505 target gene and enhances cisplatin
sensitivity of GC cells

The CRAL-miR-505-CYLD network has been identified and
may contribute to cisplatin resistance in GC cells (Fig. 1C),
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prompting us to investigate whether CRAL-miR-505 could
regulate CYLD expression and reverse cisplatin resistance
via CYLD. Intriguingly, Western blot analysis showed that
the CYLD protein levels in two pairs of cisplatin-resistant
GC cells (BGC823/DDP and SGC7901/DDP) were substan-
tially decreased compared with those of parental cells (Fig.
5A). Moreover, the miR-505 mimics significantly suppressed,
but the miR-505 inhibitor dramatically enhanced, the CYLD
protein levels in the BGC823 cells and BGC823/DDP cells,
respectively (Fig. 5B). Then, BGC823 cells were transfected
with CYLD-specific siRNAs to knock down the expression of
this molecule, which was confirmed by Western blot (Fig.
5C). The long-term clonogenic survival assay showed that
CYLD knockdown significantly increased the colony numbers
of the BGC823 cells after treatment with 0.4 or 0.8 ug/ml
cisplatin (Fig. 5D,E). Meanwhile, the cleaved PARP1 and
YH2AX levels were significantly decreased in the CYLD-
deficient BGC823 cells after treatment with 0.8 pg/ml cisplatin
(Fig. 5F). In contrast, overexpression of CYLD significantly
inhibited the colony formation of the BGC823/DDP cells
treated with 5 or 10 pg/ml cisplatin (Supplementary Figure
S4A-C). Accordingly, significantly increased yH2AX levels
and cleaved PARP1 levels were observed in the CYLD-
overexpressing BGC823/DDP cells after treatment with 5 ug/
ml cisplatin compared with the control cells (Supplementary
Figure S4D). Taken together, these results indicated that
CYLD may enhance cisplatin-induced DNA damage and
apoptosis in GC cells.

CRAL modulates cisplatin resistance via regulating CYLD
expression

To assess whether CRAL-enhanced cisplatin-induced apopto-
sis and DNA damage via regulation of the miR-505/CYLD
axis, we first examined CYLD expression in the CRAL-
deficient BGC823 cells or CRAL-overexpressing BGC823/
DDP cells. The expression of CYLD was significantly
decreased in the CRAL knockdown cells but increased in the
CRAL-overexpressing cells, compared with their correspond-
ing controls (Fig. 6A). Intriguingly, the colony numbers were
decreased in the CRAL-overexpressing BGC823/DDP cells
treated with cisplatin, but this effect was significantly inhib-
ited by knockdown of CYLD in these cells (Fig. 6B-D). In
addition, TUNEL assays showed that knockdown of CYLD
could suppress the CRAL-induced apoptosis in the BGC823/
DDP cells treated with 5 pg/ml cisplatin (Fig. 6E,F).
Overexpression of CRAL increased the levels of the cleaved
forms of PARP1 and yH2AX, which were reversed by CYLD
knockdown in the BGC823/DDP cells treated with 5 pug/ml
cisplatin (Fig. 6G). Therefore, these results indicate that CRAL
modulates cisplatin resistance in GC cells via regulating
CYLD expression.

CRAL depletion promotes cisplatin resistance via
activating the PI3K/AKT signalling pathway

CYLD was reported to negatively regulate PI3K/AKT activa-
tion [28,29], which was associated with drug resistance in
multiple cancers [30,31]. Intriguingly, based on the KEGG
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pathway analysis, we observed that AKT activation was also
dramatically increased in cisplatin-resistant GC cells (Fig. 7A).
As shown in Fig. 7B, we found that the level of AKT phos-
phorylation in the BGC823/DDP and SGC7901/DDP cells was
obviously higher than that in its parental cells (BGC823 and
SGC7901 cells, respectively). Therefore, we examined whether
the PI3K/AKT signalling pathway was involved in the CRAL/
CYLD-mediated cisplatin resistance. Knockdown of CRAL
significantly suppressed the CYLD expression and increased
the p-AKT level, which were reversed upon overexpression of
CYLD in BGC823 cells (Fig. 7C). Furthermore, TUNEL assays
showed that cell death was significantly decreased in the
CRAL-deficient BGC823 cells treated with 0.8 ug/ml cisplatin
for 48h but partly restored in the CRAL-deficient BGC823
cells pretreated with MK2206, a specific small molecule inhi-
bitor of AKT activation (Fig. 7D,E). Consistently, Western
blot confirmed that inhibition of AKT activation could sig-
nificantly re-induce the cleaved forms of PARP1 and yH2AX
in the CRAL-deficient BGC823 cells treated with 0.8 ug/ml
cisplatin (Fig. 7F).

CRAL is an independent predictor of GC survival

To further examine the clinical significance of CRAL-miR
-505-CYLD network in GC, we used data from The Cancer
Genome Atlas (TCGA). We found that miR-505 exhibited
a negative correlation with CRAL and CYLD expression in
the GC samples, while CRAL expression was positively
correlated with the expression of CYLD (Fig. 8A-C).

Moreover, the GC samples were divided into the CRAL
high expression (n = 113) and low expression (n = 38).
Kaplan-Meier analysis revealed that the GC patients with
low CRAL expression had a shorter survival time than those
with high CRAL expression (Fig. 8D). In addition, we found
that cervix neoplasia patients with high CRAL expression
had a longer survival time than those with low expression,
but this effect was not found in hepatocellular carcinoma
(Supplementary Figure S5A). Interestingly, a high expres-
sion level of miR-505 was a risk factor for the prognosis of
patients with GC, although it showed a borderline statistical
significance (P = 0.056) (Fig. 8E). Furthermore, miR-505
could act as a risk factor for patients with sarcoma, but as
a protective factor for the prognosis of patients with bladder
carcinoma (Supplementary Figure S5B). Moreover, high
CYLD expression was related to a good prognosis in
patients with GC, lung adenocarcinoma and breast cancer
(Fig. 8F and Supplementary Figure S5C). Taken together,
these results indicated that CRAL, miR-505 and CYLD
could function as independent predictors of survival for
GC patients.

Discussion

Increasing evidence on the role of IncRNA in chemothera-
peutic resistance has been reported. In this study, we used
IncRNAs and microRNA arrays to identify the regulatory
networks of mRNAs and ncRNAs in cisplatin resistance of
GC. We found that a novel IncRNA, CRAL, competitively
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ing CYLD expression.

A, the CYLD expression level was detected by western blotting in the CRAL-deficient BGC823 cells or CRAL-overexpressing BGC823/DDP cells. B, Western blotting was

applied to determine the expression of CYLD in the BGC823/DDP cells transfected

with a CRAL-overexpression plasmid for 12 h, followed by transfection with the

CYLD siRNAs or control siRNAs for 48 h. C, the CRAL-overexpressing BGC823/DDP cells treated with CYLD siRNAs and the corresponding control cells were subjected
to clonogenic survival assays 2 weeks after treatment with 0, 5, or 10 ug/ml cisplatin for 2 h. D, quantification of the number of colonies in C. E, TUNEL assays wre
used to assess the apoptotic cells in the CRAL-overexpressing BGC823/DDP cells transfected with CYLD siRNAs and then treated with 5 ug/ml cisplatin for 24 h, scale
bar = 50 pm. F, quantification of the TUNEL-positive cells in E. G, Western blotting was performed to determine the expression of the indicated proteins. The data are

the mean = SD of three independent experiments. **P < 0.01.

binds with miR-505, thus upregulating CYLD expression and
then suppressing PI3K/AKT signalling, which modulates the
cisplatin response in GC cells (Fig. 8F). Intriguingly, we found
that an inhibitor of PI3K/AKT signalling could effectively
reverse cisplatin resistance in GC cells with low expression
of CRAL, which provides new treatment options for GC
patients.

Many molecular mechanisms of GC drug resistance are
being revealed, and thousands of genes have been shown to
play a vital role in this process [20,32]. Genes rarely work
alone, and most of them always function through network
regulation based on their interactions. A growing body of
evidence has shown that IncRNAs are involved in a wide
range of biological functions through diverse molecular
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performed to assess apoptosis in the CRAL-deficient BGC823 cells treated with AKT inhibitor MK-2206 (5 uM) for 24 h, followed by exposure to 0.5 ug/ml of cisplatin
for 24 h, scale bar = 50 um. E, quantification of the TUNEL-positive cells in D. F, the expression of yH2AX and PARP1 was determined by Western blotting. The data

are the mean + SD of three independent experiments. **P < 0.01.

mechanisms. Some of them linked to the transcription site to
regulate the expression of genes in cis [33], while others
interact with chromatin-modifying complexes and lead them
to their genomic target in trans [34]. LncRNAs also function
as molecular decoys for miRNAs and modulate their target
genes expression [35]. Establishment of a coexpression

network of ceRNAs can be used to predict IncRNA/miRNA
functions, as these functions can be deduced from the coding
genes (mRNAs) [36,37]. Recent studies have also shown that
ceRNAs are widely involved in cancer drug resistance. For
example, Cao et al. showed that IncRNA-SNHG6-003 func-
tions as a ceRNA for miR-26 a/b, thereby promoting cell
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A, TCGA data analysis of the correlation of CRAL expression with miR-505 in the gastric cancer samples. B, TCGA data analysis of the correlation of miR-505 expression
with CYLD in the GC samples. C, TCGA data analysis of the correlation of CRAL expression with CYLD in the GC samples. D, Kaplan-Meier analysis of the association of
CRAL expression with overall survival in the GC patients from TCGA data. E, Kaplan-Meier analysis of the association of miR-505 expression with overall survival in the
GC patients from TCGA data. F, Kaplan-Meier analysis of the association of CYLD expression with overall survival in the GC patients from TCGA data. G, a schematic
model of CRAL functioning as a decoy by competitively binding miR-505 to prevent its interaction with CYLD and the degradation of CYLD mRNA, which suppresses

AKT activation and enhances cisplatin sensitivity in GC cells.

proliferation and inducing drug resistance [38]. Recent evi-
dence has showed that the IncRNA-LET/miR-145 axis could
promote gemcitabine resistance in bladder cancer through
enhancing cancer cell stemness [39]. Likewise, IncRNA-
ARSR can act as a ceRNA for miR-34 and miR-449 to

facilitate AXL and c-MET expression, thus promoting suniti-
nib resistance in renal cell carcinoma [18]. However, the
signature of ceRNAs in the development of cisplatin resis-
tance in GC has not been elucidated. In this report, our data
demonstrated that IncRNA-CRAL could function as an
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endogenous sponge to bind with miR-505 and modulate
CYLD expression, which could reverse cisplatin resistance
by increasing cell apoptosis and DNA damage. We also vali-
dated CRAL and its clinical functions in a public database and
found that CRAL could function as an independent predictor
of survival for GC and cervical neoplasia patients. However,
the patients with hepatocellular carcinoma and high CRAL
expression had a shorter survival time that those with low
expression, which was consistent with a previous study [40],
suggesting that CRAL may play different roles in multiple
types of cancer.

Several studies have reported that miR-505 acts as
a tumour suppressor by suppressing tumour growth in
hepatocellular carcinoma cells [41] and promoting cell
apoptosis in breast cancer cells [42] via targeting different
downstream genes. Other recent studies have also demon-
strated that miR-505 could suppress GC cell proliferation
and invasion [43]. However, Cao et al. showed that miR-
505 could mediate MTX (methotrexate) resistance in
human colorectal cancer, and downregulation of miR-505
expression weakened the proliferative ability and induced
cell cycle arrest and apoptosis [44]. Here, we employed
integrated analysis and found that miR-505 is upregulated
in cisplatin-resistant GC cells, affecting cisplatin-induced
DNA damage and cell apoptosis. By analysing TCGA data,
we also found that high miR-505 expressing acted as an
oncogene in sarcoma, but in bladder carcinoma, higher
miR-505 expression was associated with a better survival
rate, which fully demonstrated its role as a tumour sup-
pressor. Taken together, these results indicated that miR-
505 may have opposite functions in different tumours and
different physiological states.

Several studies have shown constitutively activated
PI3K/AKT signalling and upregulation of drug resistance-
associated proteins [45-47], such as multidrug resistance 1
(MDR1) and P-glycoprotein (P-gp), in various cancers
[48-50]. CYLD, a deubiquitination enzyme, acts as
a tumour suppressor in different types of cancer [51-54].
Currently, CYLD is known to function as a negative reg-
ulator of the PI3K/AKT/NF-«kB signalling pathway and is
closely involved in regulating the apoptosis of cancer cells
[30,55]. In addition, previous investigations have sug-
gested that inhibition of the PI3K/AKT pathway sensitized
cells to chemotherapeutic drugs in gastric cancer [56,57].
Recently, small molecule inhibitors targeting the pleckstrin
homology (PH) domains of AKT, e.g., MK2206, have been
used in clinical trials for aggressive cancers alone or in
combination with other pathway inhibitors, but the clin-
ical effect was disappointing due to toxicity and drug
resistance [58]. Here we found that CRAL-deficient GC
cells decreased the expression of CYLD and increased the
activation of AKT. However, blocking the PI3K/AKT sig-
nalling pathway can effectively reverse cisplatin resistance
in GC caused by CRAL deficiency. Therefore, GC patients
could be stratified based on the CRAL expression levels to
help determine the suitability of an individual for AKT
inhibitor treatment.

In summary, we provide the first evidence that a novel
IncRNA, CRAL, could function as a ceRNA to reverse GC

cisplatin resistance via the miR-505/CYLD/AKT axis, which
suggests that CRAL could be a potential predictive biomarker
and therapeutic target for cisplatin resistance in gastric cancer
in the future.

Materials and methods
Cell culture and reagents

The cells used in this study consisted of four cell lines,
two cisplatin-sensitive GC cells BGC823 and SGC7901 and
their parent cisplatin-resistant GC cell lines BGC823/DDP
and SGC7901/DDP. BGC823 and SGC7901 cells were pur-
chased from the Type Culture Collection of the Chinese
Academy of Sciences (Shanghai, China). The cells were
cultured with 5% CO, in RPMI 1640, supplemented with
100 U/ml penicillin, 100 pg/ml streptomycin and 10%
foetal bovine serum. AKT inhibitor MK-2206 was pur-
chased from CSNpharm (CSN15705, USA), Cisplatin was
purchased from SelleckChem (Houston, TX, USA).The
BGC823/DDP and SGC7901/DDP cells were developed
by chronic, repeated exposure to cisplatin, as described
in our previous studies [20,59]. For all experiments, the
cisplatin-resistant cells were cultured in drug-free RPMI
1640 medium for 2 weeks.

Microarray analysis

Microarray analysis was conducted to compare the differ-
entially expressed IncRNAs, miRNAs and mRNAs between
the cisplatin sensitive GC cells and cisplatin-resistant cells.
The human LncRNA/mRNA Array v3.0 was utilized to
analyse the IncRNA and mRNA profiles, and the
Affymetrix GeneChip miRNA 2.0 Array was used to ana-
lyse the miRNA profiles. Candidate genes with a fold
change > 2 or < 0.5 were used to construct ceRNA net-
work. The Cluster 3.0 and Tree View programs (Stanford
University, CA, USA) were used for visualization.

Plasmids, SiRNA, transfection and lentiviral transduction

The CRAL sequence was synthesized and subcloned into
a PCDNA3.1 vector. The HA-con and HA-CYLD plasmids
were purchased from Addgene (Addgene Plasmid
#22,544). CRAL siRNA, ENST00000548328 siRNA, CYLD
siRNA, miR-505 mimics, miR-505 inhibitor and their
respective negative controls were synthesized by RiboBio
(Guangzhou, China) (sequences of the siRNAs are listed in
Supplementary Table 1). Plasmids and miRNA mimics and
inhibitors were transfected into cells with Lipofectamine
2000 (Invitrogen), and the siRNAs were transfected into
cells with DharmaFECT4 (Dharmacon) according to the
manufacturer’s instructions.

For lentiviral transduction, virus-containing supernatant
was collected 48 h after the cotransfection of packaging plas-
mids (pCMV-VSV-G and pCMV-A8.2) and the CRAL-
overexpressing or miR-505-overexpressing vector (GV358)
into HER-293T cells, followed by its addition to the target



cells. Twenty-four hours later, the infected cells were selected
with 2 ug/ml puromycin (Gibco, A11138-03).

Quantitative real-time RT-PCR (qRT-PCR) assay

Total RNAs was extracted from the cells using TRIzol reagent
(Invitrogen, Carlsbad, CA, USA) according to the manufac-
turer’s instructions. The reverse transcription reaction (RT)
was performed with HiScript Q RT SuperMix for qPCR
(Vazyme, Jiangsu, China) The RT-PCR reactions were per-
formed with a SYBR Green PCR Kit (Vazyme, Jiangsu,
China), measured in triplicate and performed on an Applied
Biosystems 7900HT sequence detection system (Applied
Biosystems). GAPDH was used as an internal control for
IncRNA and mRNA, and expression levels of U6 were used
as a loading control for miRNA. The relative expression levels
of the target miRNAs were calculated using the comparative
2742 method. The quantification of miRNA was performed
using the specific primers for the reverse transcription and
RT-PCR reactions from the BulgeLoop™ miRNA qRT-PCR
Primer Set (RiboBio, China). The primers for the IncRNAs
and mRNAs are listed in Supplementary Table 1.

Nuclear-cytoplasmic fractionation

Nuclear/cytoplasmic fractionation was conducted via the
Protein and RNA Isolation System (Ambion) according to
the manufacturer’s protocols. U6 was used as a nuclear con-
trol while GAPDH was used as a cytoplasmic control.

Western blotting

The Western blot protocol was performed as previously
described [60]. The antibodies used were as follows: anti-
CYLD (Proteintech, Wuhan, China); anti-GAPDH and anti-
B-actin (Beyotime, Shanghai, China); anti-yH2AX (Abcam,
Shanghai, China); anti-PARPI1, anti-p-AKT and anti-AKT
(Cell Signalling Technology, Massachusetts, USA).

Luciferase reporter assay

Cells were seeded in 24 well plates (1 x 10> cells per well).
After 24 h, the cells were transiently cotransfected with 30 ng
of CRAL wild-type or mutant constructed pmiR-RB-
REPORTTM vectors (the primers of CRAL WT and MUT
are listed in Supplementary Table 1), and 50 nM of miR-505
mimics. After 48 h, the luciferase activity was measured with
a Dual-luciferase assay kit (Promega). Renilla luciferase activ-
ity was normalized to firefly luciferase activity.

Cell apoptosis assay

Apoptosis was assessed using TUNEL Apoptosis Detection
Kit (Yeasen, Shanghai, China) according to the manufac-
turer’s instructions. Cell nuclei were stained with DAPI. The
confocal images of the cells were sequentially acquired with
Zeiss AIM software on a Zeiss LSM 510 confocal microscope
system, and the TUNEL-positive cells were counted.
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In addition, the Annexin-V-FITC/PI method was used to
identify the apoptotic cells. Briefly, the cells were seeded in 24
well plates (1 x 10° cells per well) and then treated with the
indicated plasmids, siRNAs and cisplatin for the indicated
times. The cells were centrifuged and resuspended in cold
binding buffer. One hundred microliters of the sample solu-
tion were transferred to a 5 ml culture tube and incubated
with 5 pl of FITC-conjugated Annexin V and 5 pl of PI for
15 mins at room temperature in the dark. Four hundred
microliters of binding buffer were added to each sample
tube and subjected to a FACS Calibur flow cytometer
(Becton Dickinson, CA, USA). The results were analysed by
CellQuest software (BD Biosciences, NJ, USA).

Clonogenic survival assay

Cells were transfected with the indicated plasmids, siRNAs,
miRNA mimics or inhibitors for 48 h, and then the cells were
trypsinized and treated with cisplatin at the indicated doses for
2 h. The cells were then further cultured in 6 well plates with 500
cells/well for 2 weeks for the SGC7901 and BGC823 cells or
3 weeks for the SGC7901/DDP and BGC-823/DDP cells. For
scoring colonies, the cells were fixed in 1 ml methanol for
15 min and stained with Giemsa for 10 min. The number of
colonies was quantified, and each colony containing > 50 was
counted.

Organoid culture

This study was first approved by the Institutional Review Board of
Nanjing Drum Tower Hospital. The standard procedure for orga-
noid culture has been described previously [61]. Briefly, approxi-
mately 1 cm® of GC tumour tissues from cisplatin-resistant GC
patients was isolated and the organoids were generated.
Approximately 1 cm” of GC tissues from the cisplatin-resistant
GC patient was minced, placed in a 10 cm Petri dish, covered with
cold 1x chelating buffer (5.6 mM Na,HPO,, 8.0 mM KH,PO,,
962 mM NaCl, 1.6 mM KCl, 434 mM sucrose, 549 mM
D-sorbitol, and 0.5 mM DL-dithiothreitol (pH = 7)), and cut
into 20-50 small pieces of approximately 2-5 mm? in size.
A glass microscopy slide was placed on top of the tissue pieces
and pressed, and 10 ml of cold basal medium (Advanced DMEM/
F12 supplemented with HEPES, Glutamax and 1x Primocin) was
then added. The samples were centrifuged for 5 min at 200 x g
and 4°C. The supernatant was discarded, and approximately 100
glands per 50 ul of basement matrix were seeded in one well of
a 24-well plate warmed to 37°C. The plate was carefully trans-
terred back to the cell culture incubator, and 500 pl of medium
containing all growth factors (50 ng/ml EGF, 100 ng/ml noggin,
1 pug/ml R-spondinl, 50% Wnt-conditioned medium, 200 ng/ml
FGF10, 1 nM gastrin, 2 uM TGF-beta inhibitor and 10 uM
RHOKIi) was carefully added to each well without disturbing the
basement matrix. The medium was refreshed 3 times per week.
After the organoids formed, they were minced into pieces, redi-
gested, and transfected with CRAL, miR-505 overexpression or
the corresponding control lentiviral vectors for 8 h. Then, the
organoids were seeded into 24-well plates for 2 weeks with or
without cisplatin (5 pg/ml), and organoid images were acquired
with a Leica DMi8 system.
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Statistical analysis

Data in the graphs were generated from at least three independent
experiments and are expressed as the mean + SD as indicated. The
data were subjected to Student’s t test (two-tailed, with P < 0.05
considered significant) for simple comparison of two groups. The
correlation of the expression of CRAL, miR-505 and CYLD was
established by Pearson’s correlation analysis. For Kaplan-Meier
survival analysis, the expression of CRAL, miR-505 and CYLD
was treated as a binary variant and was divided into ‘high’ and
‘low’ levels. The 25th percentile of CRAL expression was used as
the cut-off value. All statistical tests were performed with the
statistical analysis software IBM SPSS Statistics 20 (International
Business Machines Corporation, New York, NY).
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