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RBM24 suppresses cancer progression by
upregulating miR-25 to target MALAT1 in
nasopharyngeal carcinoma

Wen-Feng Hua1,4, Qian Zhong1,4, Tian-Liang Xia1, Qi Chen1, Mei-Yin Zhang1, Ai-Jun Zhou1, Zi-Wei Tu1, Chen Qu1, Man-Zhi Li1,
Yun-Fei Xia1, Hui-Yun Wang1, Dan Xie1, Francois-Xavier Claret2, Er-Wei Song3 and Mu-Sheng Zeng*,1

Abnormal interaction between non-coding RNAs has been demonstrated to be a common molecular event in various human
cancers, but its significance and underlying mechanisms have not been well documented. RNA-binding proteins (RBPs) are key
regulators of RNA transcription and post-transcriptional processing. In this study, we found that RNA-binding protein 24 (RBM24)
was frequently downregulated in nasopharyngeal carcinoma (NPC). The restoration of RBM24 expression suppressed NPC cellular
proliferation, migration and invasion and impeded metastatic colonization in mouse models. Microarray analyses revealed that
miR-25 expression was upregulated by RBM24 expression in NPC cells. Similarly, ectopic miR-25 expression suppressed NPC
cellular growth and motility by targeting the pro-oncogenic lncRNA MALAT1, and the knockdown of MALAT1 expression exhibited
similar effects as RBM24 restoration in NPC cells. Overall, these findings suggest a novel role of RBM24 as a tumor suppressor.
Mechanistically, RBM24 acts at least in part through upregulating the expression of miR-25, which in turn targets MALAT1 for
degradation.
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Nasopharyngeal carcinoma (NPC) is a highly malignant
cancer that often invades adjacent regions and metastasizes
to regional lymph nodes and distant organs. Although early-
stage NPC is highly radiocurable, the treatment results of
locoregionally advanced NPC have been disappointing.1,2

Therefore, elucidation of the molecular mechanisms under-
lying the tumorigenicity, invasion and metastasis of NPC is
very important for the treatment of this disease.
Recently, comprehensive microarray analysis has revealed a

microRNA (miRNA) signature that is significantly associated
with the prognosis and progression of NPC.3–5 Among the
numerous differentially expressed miRNAs in NPC, three
miRNAs, including miR-29c, miR-9 and miR-26a, have been
shown to be significantly downregulated and have been
extensively studied in association with this disease.5–12

Accumulating evidence indicates that long noncoding RNAs
(lncRNAs) are frequently deregulated in the malignant trans-
formation and progression of various types of cancer, including
NPC.13–18 Nie et al. have shown that HOX antisense intergenic
RNA (HOTAIR) is significantly upregulated in fresh primary
NPC tissues and paraffin-embedded samples compared with
non-cancer tissue samples. Moreover, patients with a high
HOTAIR level have been shown to have a poor clinical outcome,
including tumor recurrence and distant metastasis.19 In addi-
tion, metastasis associated with lung adenocarcinoma

transcript 1 (MALAT1) has been demonstrated to be extremely
abundant in many human malignancies, including cancers of
the prostate, bladder, breast and nasopharynx.20–23 Xie et al.
have reported that MALAT1 is significantly upregulated in
poorly differentiated NPC cell lines, including 5-8 F, CNE-2,
C666-1 and HONE-1, while it is downregulated in highly
differentiated CNE-1 cells and immortalized NP69 epithelial
cells. Functional studies have shown that MALAT1 promotes
the proliferation,migration and invasion ofCNE-1 cells in vitro.23

Although the particular molecular mechanism involving
MALAT1 is currently under debate, functional studies have
confirmed that its deregulation influences the proliferation,
invasion and/or metastasis of multiple types of cancer cells.24

RBM24, an RNA-binding protein (RBP) with a single
conserved RNA recognition motif (RRM) domain, has been
found to be preferentially expressed in cardiac and skeletal
muscle tissues25,26 and to play important roles in myogenic
differentiation and heart development.26–29 Furthermore,
recent studies have demonstrated that it may regulate the
stability of p21 and p63 mRNA transcripts in different human
cancer cell lines.30,31 However, the exact functions of RBM24
in tumorigenesis and cancer progression are largely unknown.
In the present study, we found that RBM24 was down-

regulated in NPC. The restoration of RBM24 expression in
NPC cells suppressed cellular proliferation, motility and
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invasion. Next, we performed xenograft experiments to show
that RBM24 overexpression caused the inhibition of NPC
tumorigenesis and conveyed a survival advantage through its
propensity to suppress tumor metastasis. Furthermore, we
performed miRNA array analysis and found that miR-25 was
the most highly upregulated miRNA in response to RBM24
overexpression and that this miRNA silenced MALAT1
in an Argonaute2 (Ago2)-dependent manner. This post-
transcriptional regulation may lead to inhibition of the growth,
invasion and metastasis of NPC cells. Taken together, our
results demonstrate that RBM24 functions as a novel tumor
suppressor in NPC by repressing tumorigenicity and invasion.
It possibly exerts its tumor suppressor function via increasing
the expression of miR-25, which directly targets MALAT1 for
degradation.

Results

RBM24 is frequently downregulated in NPC. To identify
the differentially expressed RBP-encoding genes in NPC, we
comparatively analyzed mRNA expression profiles of NPC
cells and tumor samples from our previous RNA-seq study.32

Four common RBP-encoding genes were found to be
significantly differentially expressed in both the NPC cells
and tumor samples compared with primary NPEC1 cells and
non-tumor tissues, respectively (Figure 1a). One of the
downregulated genes, RBM24, was further characterized.
We performed qRT-PCR analysis using an additional 40
primary NPC samples, 12 non-cancerous nasopharyngeal
tissues and 6 NPC cell lines. As shown in Figures 1b and c,
RBM24 was significantly downregulated in the tumor tissues
and NPC cells compared with the non-tumor tissues and
immortalized NPEC1 Bmi-1 cells, respectively. To further
verify that the downregulation of RBM24 is a common event
in NPC, we retrieved the mRNA expression profiles from two
data sets (GSE12452 and GSE53819). The results also
showed that RBM24 was significantly downregulated in the
tumor tissues compared with non-tumor tissues
(Supplementary Figure S1). In addition, western blot revealed
that RBM24 protein expression was consistently lower in all
six NPC cell lines compared with immortalized NPEC1 Bmi-1
cells (Figure 1d).

Restoration of RBM24 expression in NPC cells sup-
pressed cellular proliferation, migration and invasion.
The downregulation of RBM24 in NPC suggests that it might
function as a novel tumor suppressor. To assess whether
RBM24 possesses a tumor suppressive function, 5-8 F and
CNE-2 cells, which expressed the lowest RBM24 levels
among all of the tested NPC cell lines, were selected for
generation of Tet-Off-inducible RBM24 expression cells, and
the induction of RBM24 expression was confirmed by
western blotting (Figure 2a). In vitro functional assays were
performed to investigate the tumor suppressive role of
RBM24. The CCK8 assay results indicated that RBM24
substantially reduced the rate of cell proliferation (Figure 2b).
Foci formation revealed that RBM24 significantly reduced the
frequency of colony formation on solid plates (Figure 2c). A
similar result was obtained from soft agar assay, in which the

induction of RBM24 expression resulted in a reduction in the
colony formation efficiency in 5-8 F and CNE-2 cells from an
average of 22.3 to 4.4% and 17.8 to 4.2%, respectively
(Figure 2d). These results indicated that it inhibited tumor
growth in both anchorage-dependent and -independent
manners. We also studied the effects of RBM24 on the
migratory and invasive capacities of NPC cells by transwell
assays, which showed that they were efficiently suppressed
(Figure 2e). To further confirm the tumor suppressive function
of RBM24, endogenous RBM24 expression was silenced in
an immortalized NPEC1 Bmi-1 cell line using two siRNAs
targeting RBM24 (Figure 3a). As expected, the cell prolifera-
tion, migration and invasion abilities of NPEC1 Bmi-1 cells
were significantly increased following the knock down of
RBM24 (Figures 3b and c). Moreover, the silencing of RBM24
in Tet-Off-inducible RBM24-stable cells partly relieved the
proliferative inhibitory effect of RBM24 expression and
restored the migration and invasion abilities of the cells
(Figures 3d–f). Taken together, these findings demonstrate
that RBM24 suppresses the proliferation, migration and
invasion of NPC cells in vitro.

RBM24 upregulates miR-25 expression in NPC cells. In
search of the underlying mechanisms by which RBM24
inhibits NPC cell proliferation and mobility in vitro, we
reasoned that miRNAs are critical regulators of these
processes because RBPs play important roles in producing
miRNAs by promoting the efficient processing of miRNA
precursors.33 We first compared the miRNA expression
profiles of RBM24-induced cells and control cells using a
human miRNA microarray. As expected, microarray analysis
revealed 11 commonly upregulated and 12 commonly
downregulated miRNAs in the RBM24-induced cells
(Figure 4a and Supplementary Table S1). These 23 miRNAs
were sorted in descending order according to their fold
changes, and miR-25 was ranked the highest out of all of the
common upregulated genes. Further, qRT-PCR analysis of
three Tet-Off-inducible RBM24-stable cells showed that the
induction of RBM24 expression significantly increased the
miR-25 level (Figure 4b). In addition, qRT-PCR analysis also
identified a few others commonly upregulated miRNAs
expression was significantly increased with induction of
RBM24 expression in the Tet-Off-inducible RBM24-stable
cells (Supplementary Figure S2).

MiR-25 suppresses the proliferation, migration and
invasion of NPC cells. The observation that miR-25
expression was upregulated after the induction of RBM24
expression prompted us to further investigate the biological
function of miR-25. Tet-Off-inducible RBM24-stable cells
were transfected with miR-25 mimics or inhibitor to over-
express or suppress miR-25 expression, respectively. As
shown in Figure 4c, CCK8 assay revealed that the ectopic
expression of miR-25 slowed the propagation of NPC cells.
Conversely, suppression of endogenous miR-25 expression
resulted in significant attenuation of the proliferative inhibitory
effect of RBM24 expression. Next, we investigated whether
miR-25 overexpression has suppressive effects on migration
and invasion. Transwell assays revealed that miR-25 over-
expression suppressed the migration and invasion abilities of
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the 5-8 F and CNE-2 Tet-Off-inducible RBM24-stable cells
(Figure 4d). In contrast, the miR-25 inhibitor significantly
attenuated the inhibitory effects of RBM24 expression on
migration and invasion (Figure 4d). Taken together, these
data indicate that miR-25 can be considered a downstream
effector molecule for the inhibitory effects of RBM24
expression in NPC cells.

MiR-25 directly targets the lncRNA MALAT1. To gain
insights into the mechanisms underlying the tumor suppres-
sive function of miR-25, we next identified its target genes in
NPC. We have recently reported that miR-103 and miR-107
degrade the lncRNA NKILA in breast cancer cells.34 Based
on these results, we used a miRNA-lncRNA interaction
analysis program, starBase v2.0, which employs a database
containing a large set of Ago and RBP binding sites derived
from all available CLIP-Seq experimental techniques, to
screen for potential lncRNAs targeted by miR-25. The results
showed that 33 lncRNAs were possible targets of miR-25
(Supplementary Table S2). Notably, the lncRNA MALAT1, an

oncogenic lncRNA that is overexpressed in various human
cancers, was the most common lncRNA target of miR-25 in
all cancers according to the analysis results. Next, we used
RNA hybrid programs to identify two putative binding sites for
miR-25 in the MALAT1 sequence (NR_002819.2) at positions
640 and 2857 (Figure 5a and Supplementary Figure S3). To
validate the predicted miR-25-binding sites, luciferase repor-
ter assay was performed, which showed that miR-25 over-
expression resulted in a significant decrease in luciferase
activity, whereas the opposite effect was observed when this
miRNA was inhibited (Figure 5b). Moreover, mutation of the
predicted miR-25-binding sites abolished this effect
(Figure 5b). Furthermore, we found that MALAT1 expression
was significantly reduced by transfection with miR-25 mimic
compared with negative control miRNA mimic (NC mimic)
(Figure 5c). In contrast, miR-25 inhibitor significantly restored
the MALAT1 RNA level in RBM24-induced cells (Figure 5d).
Moreover, we also observed that the increase or decrease in
the expression of lncRNA XIST was consistent for the
expression of MALAT1 when suppressing or overexpressing

Figure 1 The downregulation of RBM24 in NPC. (a) Upper: Venn diagram showing the overlap of RBP genes with different expression levels in NPC cells and tumor samples.
Lower: Hierarchical clustering of gene RPKMs of four RBP-encoding genes across NPEC1, NPC cells and patient samples. (b) qRT-PCR showing the relative RBM24 expression
levels in 40 NPC samples versus 12 non-cancerous nasopharyngeal tissue samples. (c and d) The relative RBM24 mRNA and protein levels in NPC cells, as determined by
qRT-PCR and immunoblotting, respectively. The error bars represent the mean±S.E.M. from three independent experiments
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Figure 2 RBM24 suppresses NPC proliferation, migration and invasion in vitro. (a) Western blotting analysis verifying the overexpression of RBM24 in 5-8 F and CNE-2 Tet-
Off-inducible RBM24-stable cells treated with or without doxycycline. (b) The cell growth rates were determined by CCK8 assay (**Po0.01, Student’s t-test). (c) Induction of foci
formation and (d) colony formation in soft agar of 5-8 F and CNE-2 Tet-Off-inducible RBM24-stable cells treated with or without doxycycline. The numbers of foci and colonies
were calculated and are depicted in the bar chart. The values indicate the mean standard deviation of three independent experiments (magnification, × 200; **Po0.01, Student’s
t-test). (e) Transwell assay showing the migration and invasion of 5-8 F and CNE-2 Tet-Off-inducible RBM24-stable cells treated with or without doxycycline. Migrating and invaded
cells were fixed and stained with crystal violet (magnification, × 100). The number of migrating and invaded cells were calculated and are depicted in the bar chart. All data are
shown as the mean±S.E.M. of three independent experiments (*Po0.05 and **Po0.01, Student’s t-test)

Figure 3 RBM24 knockdown attenuates the inhibitory effect of RBM24 expression in vitro. (a) Western blot analysis of RBM24 expression in NPEC1Bmi-1 cells that were
transiently transfected with siRNAs (50 nM final concentration) against RBM24 or scramble siRNAs as controls. (b) The cell growth rates were determined by CCK8 assay
(*Po0.05 and **Po0.01, Student’s t-test). (c) Quantification of the indicated migrating and invaded cells by transwell assay for NPEC1Bmi-1 cells treated as in (a) (*Po0.05 and
**Po0.01, Student’s t-test). (d) Western blot analysis of RBM24 expression in 5-8 F and CNE-2 Tet-Off-inducible RBM24-stable cells that were transiently transfected with
siRBM24 or siNC after the removal of doxycycline for 24 h. (e) CCK8 assay of proliferation of 5-8 F and CNE-2 Tet-Off-inducible RBM24-stable cells treated as in (d) (**Po0.01,
Student’s t-test). (f) Quantification of the indicated migrating and invaded cells by transwell assay for 5-8 F and CNE-2 Tet-Off-inducible RBM24-stable cells treated as in (d). All
data are shown as the mean± S.E.M. of three independent experiments (*Po0.05 and **Po0.01, Student’s t-test)
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miR-25 expression in the 5-8 F and CNE-2 cells
(Supplementary Figure S4). Altogether, these results suggest
that MALAT1 is a target of miR-25.

RBM24 inhibits MALAT1 expression by upregulating the
miR-25 level. To assess whether and how RBM24

expression inhibits MALAT1 expression, we found that
MALAT1 expression was significantly increased (Figure 6a),
while miR-25 expression was significantly decreased
(Figure 6b), in RBM24-induced cells following the knock down
of RBM24 compared with that in the respective control cells.
Moreover, the silencing of endogenous RBM24 in NPEC1
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Bmi-1 cell line resulted in a significant reduction in the miR-25
expression and increase in the MALAT1 expression compared
with scramble siRNAs (Figure 6c). Next, we compared miR-25
and MALAT1 expression following transfection of NPC cells
with an RBM24 overexpression vector versus a control vector.
As shown in Figures 6d–f, RBM24 overexpression resulted in
a significant increase in the miR-25 expression and reduction
in the MALAT1 RNA level compared with control vector

transfection in 5-8 F and CNE-2 cells, whereas deletion of the
RRM of RBM24 abolished the effects of miR-25 upregulation
and MALAT1 inhibition. To determine whether the reduction in
MALAT1 expression by RBM24 was mediated by miRNA, we
knocked down the expression of Ago2 in RBM24-induced cells
and subsequently observed an increase in MALAT1 RNA
expression (Figures 6g and h). This increase may have been
due to the inhibition of miR-25 function in the RBM24-induced

Figure 4 RBM24 upregulates miR-25 expression. (a) Microarray profiling results showing the miRNAs that were regulated by RBM24. (b) QRT-PCR analysis of miR-25
expression in 5-8 F, CNE-2 and HONE-1 Tet-Off-inducible RBM24-stable cells treated with or without doxycycline (*Po0.05 and **Po0.01, Student’s t-test). (c) CCK8 assay of
proliferation of 5-8 F and CNE-2 Tet-Off-inducible RBM24-stable cells that were transfected with miR-25 mimic (50 nM), NC mimic, miR-25 inhibitor (100 nM) or NC inhibitor after
treatment with doxycycline or removal of doxycycline for 24 h (**Po0.01, Student’s t-test). (d) Quantification of the indicated migrating and invaded cells by transwell analysis for
5-8 F and CNE-2 Tet-Off-inducible RBM24-stable cells treated as in (c). All data are shown as the mean± S.E.M. of three independent experiments (*Po0.05 and **Po0.01,
Student’s t-test)

RBM24 regulates miR-25 and MALAT1 expression
W-F Hua et al

6

Cell Death and Disease



cells following Ago2 knockdown. Taken together, these finding
demonstrate that RBM24 inhibits the expression of MALAT1
through upregulation of the expression of miR-25, which
directly targets MALAT1 for degradation.

RBM24 suppresses NPC tumor formation and metasta-
sis. To investigate whether RBM24 is crucial for the
regulation of NPC tumor growth and metastasis in vivo and
to determine the survival period of tumor-bearing mice,

1 × 106 highly metastatic 5-8 F Tet-Off-inducible RBM24
stable cells were injected into nude mice. Although the
palpable tumors formed from the induced cells and control
cells appeared at similar times and grew at comparable rates,
the Kaplan–Meier survival curves showed a greater survival
rate when RBM24 was induced (Figure 7a). When the mice
were killed at 9 weeks after injection, we observed pulmonary
metastases in all mice from the control group (Figure 7b). In
contrast, there were no obvious pulmonary metastatic nodes

Figure 5 miR-25 reduced the MALAT1 level. (a) Schematic constructions of the wild type and mutant pMIR-REPORT-MALAT1 miRNA expression vectors used in luciferase
reporter assays. The five altered nucleotides in the mutant binding site are colored in red. (b) The relative luciferase activities in the 5-8 F and CNE-2 cells after transfection with
the pMIR-REPORT-MALAT1 reporter and miR-25 mimic, NC mimic, miR-25 inhibitor or NC inhibitor. (c) QRT-PCR analysis of MALAT1 expression in 5-8 F and CNE-2 cells that
were transfected with miR-25 mimic (50 nM) or NC mimic. (d) QRT-PCR analysis of MALAT1 expression in 5-8 F and CNE-2 Tet-Off-inducible RBM24-stable cells that were
transfected with miR-25 inhibitor (100 nM) or NC inhibitor after the removal of doxycycline for 24 h. All data are shown as the mean± S.E.M. of three independent experiments
(*Po0.05 and **Po0.01, Student’s t-test)
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Figure 6 RBM24 reduced the MALAT1 level by upregulating miR-25. (a and b) QRT-PCR, revealing MALAT1 and miR-25 expression following RBM24 knockdown in 5-8 F
and CNE-2 Tet-Off-inducible RBM24-stable cells after the removal of doxycycline for 24 h. (c) QRT-PCR analysis of miR-25 and MALAT1 expression in NPEC1 Bmi-1 cells that
were transiently transfected with siRNAs (50 nM) against RBM24 or scramble siRNAs as controls. (d) Western blotting analysis of RBM24 expression in 5-8 F and CNE-2 cells
that were transfected with RBM24 overexpression vector, RRM deletion vector or control vector for 48 h. (e and f) QRT-PCR analysis of miR-25 and MALAT1 expression in 5-8 F
and CNE-2 cells treated as in (d). (g) Western blotting analysis, verifying the knockdown of Ago2 in 5-8 F and CNE-2 Tet-Off-inducible RBM24-stable cells after the removal of
doxycycline for 24 h. (h) QRT-PCR analysis of MALAT1 expression in 5-8 F and CNE-2 Tet-Off-inducible RBM24-stable cells treated as in (g). All data are shown as the
mean± S.E.M. of three independent experiments (*Po0.05 and **Po0.01, Student’s t-test)
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in the RBM24-induced mice (Figure 7c). The pulmonary
metastatic tumors were examined using hematoxylin and
eosin staining (Figure 7b). Because there was no significant
difference in tumor growth when the mice were inoculated

with a large amount of cancer cells, we assessed the effects
of RBM24 on NPC cell growth in vivo with a reduction in the
number of inoculated cells to 5 × 104 cells. The tumor growth
curves derived from the xenograft experiments indicated that

Figure 7 RBM24 suppresses the growth and metastasis of NPC tumors in vivo. (a) Kaplan–Meier survival curves of overall survival duration based on RBM24 expression in
the nude mice that were treated with or without doxycycline. (b) Upper: representative images of macroscopic lung metastases; the arrowheads indicate the metastatic nodes.
Lower: representative H&E staining of the lung metastatic tumors is shown. (c) Quantification of the average number of metastatic nodes on the surfaces of the lungs (the data are
presented as the mean±S.D., Student’s t-test). (d) The growth curve indicates that the growth of 5-8 F Tet-Off-inducible RBM24-stable cells was suppressed in vivo after the
removal of doxycycline (n= 8 per group, the data are presented as the mean± S.D., **Po0.01, Student’s t-test). (e) Representative images of xenograft tumors in nude mice
after treatment with or without doxycycline. (f) The terminal tumor weight was measured for each group. Representative tumor sizes are shown (the data are presented as the
mean±SD, **Po0.01, Student’s t-test). (g) Upper: Pearson correlation analysis of the RBM24, miR-25 and MALAT1 RNA levels in the freshly xenografted tumors, as
represented by Pearson R scores (n= 16, Ro0 denotes negative correlation). Lower: the relative levels of RBM24 protein in the freshly xenografted tumors, as determined by
immunoblotting. (h) Model of RBM24-induced modulation of the stability and tumorigenesis of MALAT1 by miR-25
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induction of RBM24 expression impeded the growth of NPC
cells in nude mice (Figure 7d). The final tumor weights and
photographs of the isolated tumors are shown in Figures 7e
and f. To further investigate the correlations between
RBM24, miR-25 and MALAT1 expression in vivo, we
performed qRT-PCR to determine the RBM24, miR-25
and MALAT1 RNA levels in the xenografted tumors. As
shown in Figure 7g, the RBM24 mRNA level was positively
associated with miR-25 expression (P=0.0002, r= 0.8026)
and negatively associated with MALAT1 expression
(Po0.0001, r=−0.8874). We also observed a negative
association between miR-25 and MALAT1 expression
(P=0.005, r=− 0.6647). In addition, similar results were
obtained from correlation analysis among the expression
levels of RBM24, miR-25, and MALAT1 in the primary NPC
fresh tumor tissues (Supplementary Figure S5). Taken
together, these results suggest that the suppression of
tumorigenicity and invasiveness by RBM24 depends, to a
certain extent, on upregulation of the level of miR-25, which in
turn targets MALAT1 for degradation.

Discussion

RBPs are known to play key roles in co-transcriptional and
post-transcriptional regulation, including alternative splicing,
alternative polyadenylation, transcript stability, translation and
other processing steps.35–37 The interactions of RBPs and
their RNA targets are often mediated by one or more RNA-
binding domains, such as the RRM and hnRNPK-homology
domains. The precise regulation of RNA metabolism is
fundamental to the generation of biological complexity in both
disease and normal states.38,39 Recently, a great deal of
attention has been paid to the essential roles played by
miRNAs and RBPs, which interact with the cis-regulatory
elements of transcripts to regulate gene expression. Accumu-
lating evidence indicates that the dysregulation of RBPs leads
to alterations in cellular processes and normal development
and results in the development of various disorders.33,40

In the present study, we conducted in vitro and in vivo
assays, demonstrating that RBM24 had a strong tumor
suppressive potential in NPC cells. RBM24 has been shown
to alter the mRNA stabilities of p21 and p63 in different cancer
cell lines.30,31 Many recent studies have found that the
dysregulation of miRNAs in NPC is related to disease
prognosis and clinical outcome.16–19 We compared the
miRNA expression profiles of three Tet-Off-inducible
RBM24-stable cell lines and found that miR-25 was the most
significantly upregulatedmiRNA in RBM24-induced cells. This
miRNA is hosted by the minichromosome maintenance
protein-7 gene and is transcribed as part of the miR-106b ~ 25
cluster.41 Previous reports have demonstrated that miR-25 is
overexpressed in a number of cancers, including gastric, lung,
liver and ovarian cancers.42–45 However, it has also been
shown to be downregulated in colon cancer compared with its
expression in matched non-tumor tissues, whereas the
restoration of its expression inhibits cell proliferation and
migration.46 Similarly, an elevated miR-25 level in NPC cells
has been associated with the significant inhibition of cell
proliferation, migration and invasion.

In recent years, dysregulated lncRNAs have been shown to
function as tumor suppressors or oncogenes.13–15 However, the
precise mechanisms and functions of most of these lncRNAs
remain largely unknown. In this study,we searchedadatabaseof
miRNA-lncRNA interactions using starBase v2.0 47 and found
that miR-25 bound to numerous lncRNAs. Interestingly, a well-
known oncogenic lncRNA, MALAT1, was the most common
among 33 lncRNAs that were bound by miR-25 in all cancers.
Thus, we conducted experiments to confirm that miR-25 can
bind to and inhibit the expression of MALAT1 in NPC cells.
Furthermore, we observed that the knockdown of Ago2
expression, which is the only component of the human RNA-
induced silencing complex to have slicer activity,48 blocked the
inhibitory effects of miR-25 on MALAT1-regulated processes.
Functional assays revealed that the knockdown of MALAT1
expression in stable cellswithout induction of RBM24 expression
had similar or even stronger inhibitory effects on cellular
proliferation, motility and invasion compared with the induction
of RBM24 expression, and these inhibitory effects were
negatively correlated with MALAT1 expression in various cells
(Supplementary Figure S6). On the basis of our findings, we
propose a model in which RBM24 plays a role as a tumor
suppressor through the upregulation of miR-25, which directly
targetsMALAT1 for degradation (Figure 7h).Other recent studies
have reported that miR-9, miR-101 and miR-217 target MALAT1
for degradation in other human cancer cell lines.49,50 This
evidence also supports our finding that miR-25 downregulates
MALAT1 expression in NPC.
In summary, we identified RBM24 as a novel tumor

suppressor in NPC. RBM24 exerts its inhibitory effects, at
least in part, by upregulating the level of miR-25, which in turn
targets MALAT1 for degradation in an Ago2-dependent
manner. Further studies of RBM24 expression in patient-
derived tumor tissues will help to determine its clinical
significance in NPC diagnosis and treatment. In addition,
identifying whether RBM24 plays a role as a tumor suppressor
in other human malignancies will be of great interest.

Materials and Methods
Clinical specimens and cell lines. Primary NPC fresh tumor tissues and
fresh non-cancer nasopharyngitis tissues were acquired from the Tumor Tissue
Bank of Sun Yat-Sen University Cancer Center, and the detailed relevant information
has been described previously.32 This study was approved by the Institute Research
Medical Ethics Committee of Sun Yat-Sen University Cancer Center, and written
informed consent was obtained from all patients. NPC cell lines were maintained in
RPMI 1640 medium (Life Technologies, Carlsbad, CA, USA) supplemented with
10% fetal bovine serum (FBS) in a humidified 5% CO2 incubator at 37 °C. Primary
NPEC1 cultures and immortalized NPEC1 cells induced by Bmi-1 were established
as described previously51 and grown in keratinocyte/serum-free medium (Invitrogen,
Carlsbad, CA, USA). Tet-Off-inducible advanced cell lines were maintained in RPMI
1640 medium supplemented with 10% Tet-System Approved FBS (Clontech,
Mountain View, CA, USA) with both G418 (400 μg/ml) and doxycycline (200 ng/ml).
Tet-Off-inducible RBM24 stable cells were maintained in RPMI 1640 medium
supplemented with 10% Tet-System Approved FBS (Clontech) with G418 (400 μg/
ml), puromycin (0.5 μg/ml) and doxycycline (200 ng/ml).

Antibodies and reagents. Rabbit anti-RBM24 was obtained from Sigma
(St. Louis, MO, USA) (SAB1103678); mouse anti-Ago2 was purchased from Abcam
(Cambridge, MA, USA) (ab57113); mouse anti-α tubulin was purchased from
Abcam (ab7291). Goat anti-mouse and goat anti-rabbit peroxidase-conjugated
secondary antibodies were obtained from Amersham Pharmacia Biotech
(Piscataway, NJ, USA). Doxycycline was obtained from Clontech (631311). The
siRNAs, miR-25 mimic, miR-25 inhibitor and scrambled negative control were
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purchased from Ribobio Co (Guangzhou, China). The siRNAs sequences are listed
in Supplementary Table S3.

RNA extraction, cDNA synthesis and qPCR. Total RNA was extracted
using TRIzol reagent (Invitrogen). First-strand cDNA was synthesized from 1 μg
total RNA using a GoScript Reverse Transcription System (Promega, Madison, WI,
USA) and was then used for qPCR analysis. For analysis of miRNA expression,
RNA was reverse transcribed using Bulge-Loop miRNA-specific RT primers
(Ribobio). qPCR was carried out using SYBR Green PCR master mix (Bio-Rad,
Hercules, CA, USA) and a LightCycler 480 II System (Roche, Indianapolis, IN,
USA). The snRNA U6 or GAPDH was used as an internal control to normalize the
expression levels of the different genes. The primers used for amplification of the
indicated genes are listed in Supplementary Table S4.

Western blot analysis. Total cell and tissues lysates were prepared in RIPA
buffer (100 mM Tris-HCl, 300 mM NaCl, 2% NP40 and 0.5% sodium deoxycholate)
supplemented with Protease Inhibitor Cocktail (Roche). Protein concentrations were
assayed using a BCA Protein Assay Kit (Pierce Biotechnology, Rockford, IL, USA).
Identical quantities of proteins were separated by SDS-PAGE and transferred to
polyvinylidene difluoride membranes (Millipore, Billerica, MA, USA). After blocking
with 5% skim milk or BSA in Tris-buffered saline/Tween-20 (TBST), the membranes
were incubated with the primary antibodies overnight at 4 °C and then with the
respective horseradish peroxidase-conjugated secondary antibodies at room
temperature for 2 h. Protein bands were visualized using a chemiluminescence
kit (Pierce, Billerica, MA, USA). α-Tubulin was used as a loading control for the
western blots.

Cell proliferation and foci formation assays. Cell proliferation rates
were determined with a Cell Counting Kit-8 (CCK-8), which is used to perform a
sensitive colorimetric assay of viable cells, according to the manufacturer’s protocol
(Dojindo Laboratories, Kumamoto, Japan). Briefly, 1 × 103 cells/well were seeded in
triplicate in 96-well culture plates. Parallel culture plates were harvested at various
time points post-seeding, and 10 μl CCK-8 solution was added to each well. The
solution was incubated with the cells for an additional hour, and optical density (OD)
was then measured at 450 nm. For cell foci formation assay, cells were seeded in
triplicate in six-well culture plates at a density of 1000 cells/well. The culture medium
was subsequently changed every 3 days. After 2 weeks, the resulting colonies were
fixed with methanol and stained with 0.1% crystal violet. Colonies that contained
greater than 50 cells were counted.

Anchorage-independent growth assays. Six-well plates were covered
with a layer of 0.6% agar in medium supplemented with 20% FBS. Cells were
prepared in 0.3% agar and seeded in triplicate at three different dilutions, ranging
from 1 × 103 to 5 × 105. The plates were incubated at 37 °C in a humid atmosphere
of 5% CO2 for 4 weeks. Each experiment was repeated at least three times.
Colonies were photographed between 18 and 24 days at an original magnification of
× 200 under phase contrast.

Migration and invasion assays. Migration and invasion assays were
performed using cell culture inserts with 8-μm pore transparent polyethylene
terephthalate filters (Becton Dickinson, Bedford, MA, USA) coated with (for invasion
assays) or without (for migration assays) Matrigel. A total of 3 × 104 cells suspended
in 200 μl serum-free culture medium were added to each insert, and 500 μl culture
medium containing 10% FBS was added to the bottom chamber. After incubation for
24 h at 37 °C, the cells on the upper filter were removed, and those that migrated or
invaded the lower surface of the membrane were fixed in methanol and stained with
crystal violet. Five optical fields (×100 magnification) for each filter with triplicate
inserts were randomly selected to calculate the number of migrated or invaded cells.

Luciferase reporter assay. Two putative miR-25 binding sites in the
MALAT1 RNA were cloned downstream of the cytomegalovirus (CMV) promoter in a
pMIR-REPORT vector (Ambion, Carlsbad, CA, USA). The MALAT1-binding sites at
positions 640 and 2857 containing partial MALAT1 sequences were located at 484–
878 nt and 2628–3102 nt, respectively. Luciferase activity was measured using a
Dual-Luciferase Reporter Assay System (Promega) according to the manufacturer’s
instructions. Briefly, pMIR-REPORT-MALAT1 or pMIR-REPORT-MALAT1-mut was
cotransfected with miR-25 mimic, inhibitor, or the corresponding negative control
into 5-8 F and CNE-2 cells by Lipofectamine-mediated gene transfer. Relative

luciferase activity was normalized to Renilla luciferase activity at 48 h after
transfection.

Microarray analysis. Tet-Off-inducible RBM24 stable cells were cultured with
doxycycline. For miRNA array analysis, doxycycline was removed from the culture
medium after 48 h, and total RNA was isolated as described previously.52 Next, a
microarray containing 873 miRNA probes was employed according to previously
described miRNA probe design, RNA labeling and microarray hybridization
methods.53,54 Briefly, 2.5 μg total RNA was labeled with pCp-DY647 (Dharmacon,
Lafayette, CO, USA). After hybridization, the arrays were scanned with a LuxScan
10 K Microarray Scanner (CapitalBio, Beijing, China), and the resulting images were
analyzed with GenePix Pro 6.0 software (Axon Instruments, Foster City, CA, USA).

In vivo experiments. Female 4- to 5-week-old athymic mice were purchased
(BALB/c nu/nu; Guangdong Medical Laboratory Animal Center, Guangzhou, China)
and were maintained under a specific pathogen-free environment. All animal
experiments were approved by the Institutional Animal Care and Use Committee of
Sun Yat-sen University Cancer Center. For the tumor xenograft experiments, tumor
cells (5 × 104 or 1 × 106 cells/tumor in 100 μl of serum-free culture medium) were
suspended in 200 μl RPMI 1640 complete culture medium with 25% Matrigel (BD
Biosciences, Bedford, MA, USA) and inoculated subcutaneously into the right flanks
of the nude mice. The mice were monitored daily for palpable tumor formation, and
tumors were measured using a Vernier caliper, weighed and photographed. Tumor
width (W) and length (L) were measured every 2 days. RBM24 expression was
repressed by the addition of doxycycline (1 g/l) to the drinking water until the mice
were killed at 3 (5 × 104 cells/tumor, n= 16) or 9 weeks (1 × 106 cells/tumor, n= 22)
after inoculation. Then, the tumors were isolated and weighed. Tumor volumes were
calculated using the formula V= 1/2 (L ×W2).

Accession numbers. The Gene Expression Omnibus database accession
number for the miRNA array data reported in this paper is GSE66878.

Statistical analysis. All in vitro experiments were repeated at least three times
unless stated otherwise. Differences among the groups and treatments were
determined by Student’s t-test unless stated otherwise. Kaplan–Meier survival
analyses were performed to compare the survival times between the RBM24-
induced and non-induced mice, and the log-rank test was used to generate P-
values. The differences were considered significant at a Po0.05.
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