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RNA-binding proteins (RBPs) play critical roles in tumor
progression by participating in the posttranscriptional regula-
tion of RNA. However, the levels and function of RBPs in
nasopharyngeal carcinoma (NPC) remain elusive. Here we
identified a noncanonical RBP RAN that has the most signifi-
cant role in NPC progression by a small siRNA pool screening.
Functionally, RAN facilitates NPC proliferation and metastasis
in vitro and in vivo. High levels of RAN are associated with
poor prognosis of NPC patients and can be performed as a
prognostic biomarker. Mechanistically, RAN increases the
nucleus import of TDP43 and enhances TDP43 nuclear dis-
tribution. On the other hand, RAN is directly bound to the
coding sequence of G3BP1 mRNA and serves as an adapter to
facilitate TDP43 interacting with G3BP1 mRNA 30 UTR. These
contribute to increasing G3BP1 mRNA stability in the nucleus
and lead to upregulation of G3BP1, which further enhances
AKT and ERK signaling and ultimately promotes NPC prolif-
eration and metastasis. These findings reveal that RAN stabi-
lizes intranuclear G3BP1 mRNA by dual mechanisms:
recruiting TDP43 into the nucleus and enhancing its interac-
tion with G3BP1 mRNA, suggesting a critical role of RAN in
NPC progression and providing a new regulation framework of
RBP-RNA.

RNA binding proteins (RBPs) are a type of proteins that can
bind RNA and regulate RNA metabolism (1). The number of
RBPs was extended to 1542 in 2014, about 75% of them are
noncanonical RBPs which do not contain classical RNA-
binding domains (2). RBPs are important participants in the
posttranscriptional regulation of RNA and are closely related
to the homeostasis of the intracellular environment, substance
metabolism, and organization development (3). RBPs are
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widely involved in the stabilizing, splicing, translation, editing,
and localization of RNA, which are indispensable factors for
maintaining the normal life cycle of RNA (4). Thus, abnormal
expression of RBPs can lead to extensive aberrations in RNA
regulation and is closely associated with a variety of diseases
(5). IGF2BP2 can bind and stabilize TAB3 mRNA in an m6A-
dependent manner, promoting acute kidney injury (6). RBP
TDP43 directly interacts with N1-methyladenosine in RNA,
which leads to its cytoplasmic mislocalization and induces
neurodegenerative diseases (7).

Increasing evidence suggests that RBPs are aberrantly
expressed in different types of tumors, RBPs play crucial roles in
tumor progression and can also be used as a prognostic
biomarker for tumors (8). Disturbance of the RBPs-RNA regu-
latory network is an important mechanism leading to tumor
development (9). For example, estrogen receptor alpha can act as
an RBP to regulate the posttranscriptional expression of stress
response genes. Estrogen receptor alpha controls XBP1 mRNA
alternative splicing and promotes the translation of eIF4G2 and
MCL1 mRNAs, ultimately facilitating breast tumor growth and
enhancing therapeutic response (10). RBP RPS7 binds to the 30

UTR of LOXL2 mRNA and stabilizes it, further promoting he-
patocellular carcinoma metastasis, which can perform as a
prognostic biomarker for hepatocellular carcinoma patients (11).

Nasopharyngeal carcinoma (NPC) is a malignant tumor
with Chinese endemic, and 47% of the global cases occur in
China, among which the Guangdong region has the highest
incidence (12). NPC is prevalent in young and middle-aged
adults and can greatly impact family labor and socio-
economics (13). Currently, distant metastasis is the main
reason for treatment failure in NPC, about 70 percent (14).
Once distant metastases are present, the median survival time
for patients is only 20 months, even when treated with stan-
dard regimens (15). Studies have shown that RBPs are
important in NPC progression and metastasis. MEX3A is
proven to increase NPC cell proliferation and migration by
interacting with hsa-miRNA-3163 and enhancing the level of
SCIN (16). Through interacting with JAK2 mRNA and then
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activating the JAK2/STAT3 signaling pathway, G3BP1 facili-
tates NPC progression and can be used as a biomarker for
NPC patients’ outcomes (17). IGF2BP3 can directly bind to
lncRNA TINCR and inhibit its degradation, then elevate
TINCR level and promote NPC development (18). However,
the studies of RBPs in NPC are limited and lack systematic
analysis, and none of the studies clarified the expression level
of 1547 RBPs in NPC, and further detected the biological
function of aberrantly expressed RBPs in NPC cell lines.

In the present study, we identified a noncanonical RBP RAN
that was upregulated in NPC and had the most significant
influence on NPC progression. RAN has a classical role in
regulating the protein exchange between cytoplasm and nu-
cleus that is associated with the development of several tumors
(19). However, the posttranscriptional regulation mechanism
of RAN and its role in NPC progression are still lacking. We
discovered that RAN is associated with poor prognosis of NPC
and facilitates NPC proliferation, migration, and invasion
in vitro and in vivo. RAN increases the nucleus import of
TDP43 and acts as an adapter to enhance its interaction with
G3BP1 mRNA, thus increasing the stability of intranuclear
G3BP1 mRNA and further enhancing AKT and ERK signaling,
ultimately promoting NPC proliferation and metastasis.
Results

RAN is upregulated and associated with poor prognosis in
NPC

To clarify the relationship between RBP levels and NPC
progression, we analyzed the levels of the 1542 RBPs between
three NPC tissues and three normal nasopharyngeal tissues
from our previous database (GSE126683). The result showed
that 30 RBPs were upregulated, and eight RBPs were down-
regulated in NPC (Fig. 1A). Next, the top 10 upregulated RBPs
were individually knocked down using two siRNAs in HONE-
1 cells (Fig. 1B). Transwell assays showed that silencing of
RAN, RDM1, HRSP12, and ALYREF inhibited the migration of
HONE-1 cells, while others did not (Fig. 1C and Fig. S1, A and
B). Cell Counting Kit-8 (CCK-8) assays showed that silencing
of RAN, EZH2, and ALYREF inhibited the proliferation of
HONE-1 cells, while others did not (Fig. 1D and Fig. S1C). The
aberrant upregulation of these 10 RBPs in NPC tissues was
validated by another Gene Expression Omnibus (GEO) data-
base consisting of 18 NPC tissues and 18 normal nasopha-
ryngeal tissues (GSE53819). Nine of these RBPs, except SF1,
were indeed elevated in NPC (Fig. 1E and Fig. S1D).

Since the upregulation of RAN in NPC tissues was
confirmed by two individual GEO databases (GSE126683 and
GSE53819), and knockdown of RAN had the most significant
inhibition on both migration and proliferation of NPC cells,
RAN might act as the most critical RBP in NPC progression,
which needs further investigation. RAN has been reported to
play an important role in the progression of several tumors
(20–22), but its role in NPC remains elusive. RAN has also
been identified to be a noncanonical RBP in several large-scale
RBP census experiments (2, 23, 24), but the posttranscriptional
regulation mechanism of RAN is still lacking.
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To further investigate the expression level and clinical sig-
nificance of RAN, we first showed that RAN expression levels
were significantly elevated in NPC cell lines compared with
two immortalized nasopharynx epidermal cells (N2Bmil and
NP69), both in RNA and protein levels (Fig. 1F). We then
analyzed the clinical significance of RAN in an NPC cohort
(n = 211). The expression levels of RAN were detected by
immunohistochemistry (IHC) staining and quantified by the
immunoreactivity score (IRS) system (Fig. S2A). According to
the IRS system, patients were divided into two groups: low
levels of RAN (IRS = 0–6, n = 109) and high levels of RAN
(IRS = 7–12, n = 102), (Fig. 1, G and H). High levels of RAN
were significantly correlated with a poor clinical prognosis of
NPC patients (Table S6). Kaplan–Meier analysis also showed
that patients with higher RAN were associated with shorter
overall survival (the period after treatment with death from
any cause, Fig. 1I), distant metastasis-free survival (the period
after treatment with no signs of cancer distant metastasis,
Fig. 1J), and disease-free survival (the period after treatment
with no signs of cancer recurrence, Fig. 1K). Multivariable Cox
regression analysis showed that RAN levels, age, and TNM
stage were independent prognostic factors for NPC patients
(Fig. S2B). To further evaluate the prognostic value of RAN
levels in NPC patients, we constructed an integrated risk
prognostic model by combining RAN levels and TNM stage.
NPC patients were divided into three groups, low risk (low
levels of RAN and I–III TNM stage, n = 75), medium risk (high
levels of RAN or IV TNM stage, n = 90), and high risk (high
levels of RAN and IV TNM stage, n = 46). Kaplan–Meier
analysis revealed that the high-risk group was significantly
correlated with death, distant metastasis, and tumor relapse
(Fig. S2, C–E). These results suggested that RAN is upregu-
lated in NPC and can be performed as a prognostic biomarker
for NPC patients.
RAN facilitates NPC proliferation and metastasis

To further investigate the biological function of RAN in
NPC, we first performed a gene set enrichment analysis based
on data from the GEO database GSE53819. The result showed
that expression levels of RAN were positively correlated with
NPC progression and metastasis (Fig. 2A). We then silenced
RAN in HONE-1 and SUNE-1 cells using two individual siR-
NAs (si-RAN 1# and si-RAN 2#, Fig. 2B). CCK-8 assays and
colony formation assays showed that knockdown of RAN
impaired the proliferation ability of HONE-1 and SUNE-1 cells
(Fig. 2, C and D). Transwell assays showed that silencing of
RAN inhibited the migration and invasion capacity of NPC
cells (Fig. 2E). To assess off-target effects of siRNAs, we
overexpressed RAN tagged with Human influenza hemagglu-
tinin in cells and silenced endogenous RAN by siRNA-
targeting 30 UTR of RAN mRNA. The exogenous RAN
overexpression could not be impaired by si-RAN 30 UTR
(Fig. 2F). Subsequently, CCK-8 and transwell assays showed
that overexpression of exogenous RAN rescued the impaired
proliferation, migration, and invasion ability of NPC cells with
endogenous RAN silencing (Fig. 2, G and H). Altogether, these



Figure 1. Aberrant levels of RBPs are related to NPC progression. A, heat map was performed to illustrate the differently expressed RBPs between 3 NPC
tissues and three normal nasopharyngeal tissues from our previous database (GSE126683). B, siRNA-mediated interference was used to knockdown selected
RBPs in HONE-1 cells, and RT-qPCR was applied to determine knockdown efficiency. Data are presented as the mean ± SD (n = 3). C, representative images
(left) and quantified results (right) of the transwell migration assays in HONE-1 cells. The scale bar represents 200 mm. Data are presented as the mean ± SD
(n = 4). D, identification of cell proliferation ability by CCK-8 assays after 96 h of siRNA interference. Data are presented as the mean ± SD (n = 6). E,
validation of RAN, EZH2, RDM1, HRSP12, and ALYREF expression levels in NPC tissues (n = 18) and normal nasopharyngeal tissues (n = 18) based on data from
GEO database GSE53819. Data are presented as the mean ± SD (n = 18). F, evaluation of RAN expression level in two immortalized nasopharynx epidermal
cells (N2Bmil and NP69) and NPC cell lines. RNA levels were indicated by RT-qPCR (upper), and protein levels were detected by Western blotting (lower). Data
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findings suggested that RAN facilitates NPC proliferation,
migration, and invasion in vitro.

The functions of RAN are further investigated in vivo by
establishing a xenograft tumor model and an inguinal lymph
node metastasis model. SUNE-1 cells stably transfected with
scrambled control shRNA or sh-RAN were constructed.
Xenograft tumors of nude mice subcutaneously injected with
RAN-silenced cells grew slower and had lower tumor volume
and weight (Fig. 3, A–C). Knockdown efficiency of RAN was
verified by IHC (Fig. 3D). Furthermore, nude mice whose
footpads were injected with RAN-silenced cells have smaller
volumes of footpad tumors and inguinal lymph nodes(Fig. 3,
E–G). H&E staining of footpad tumor sections showed that the
tumor is well demarcated from the muscle tissue and
lymphatic vessels maintained simple epithelium after RAN
silencing, suggesting that knockdown of RAN inhibited tumor
invasion from footpad into muscle tissues and lymphatic ves-
sels (Fig. 3H). Inguinal lymph nodes were stained by pan-
cytokeratin to detect metastatic tumor cells. Less metastatic
inguinal lymph nodes were detected in the RAN-silenced
group (Fig. 3, I and J). Collectively, RAN facilitates the pro-
liferation and metastasis of NPC in vitro and in vivo.
RAN binds and stabilizes G3BP1 mRNA

Since RAN is a noncanonical RBP facilitating the prolifer-
ation and metastasis of NPC, we urgently need to identify the
RNAs specifically bound by RAN. To obtain more accurate
data, RNA immunoprecipitation sequencing (RIP-seq) was
conducted in two NPC cell lines HONE-1 and SUNE-1,
respectively. RIPSeeker software package was used to identify
protein-associated transcripts (http://www.bioconductor.org/
packages/release/bioc/html/RIPSeeker.html) (25). Transcripts
of 165 genes could specifically bind to RAN in both HONE-1
and SUNE-1 cells (logOddScore > 1, Fig. 4A). Kyoto Ency-
clopedia of Genes and Genomes pathway analysis showed that
the 165 overlapping genes were enriched in cancer-related
pathways, suggesting that RAN may promote NPC develop-
ment by its RNA binding ability (Fig. S3A). Since the regula-
tion of nucleo-cytoplasmic substance transport is an important
function of RAN (19), we first detected whether RAN silencing
could lead to nuclear retention of transcripts of the top eight
genes identified by RIP-seq. Disappointingly, we did not detect
elevated RNA levels in the nucleus, as well as decreased RNA
levels in the cytoplasm after RAN silencing (Fig. S3, B–D).
These results suggested that RAN may be unable to regulate
mRNA nuclear export, consistent with recent research (26).

Due to the preference for RAN binding to the coding
sequence (CDS) and the 30 UTR of transcripts (Fig. 4B), RNA-
are presented as the mean ± SD (n = 3). G–K, the prognostic value of RAN expre
G, RAN expression level was identified using the immunoreactivity score (IRS)
0 to 6 were categorized as RAN low levels (upper), and 7 to 12 were categorize
of RAN IRS in the NPC cohort, consisted of RAN low levels (n = 109) and RAN
metastasis-free survival (J), and disease-free survival (K) according to RAN leve
*p < 0.05 and **p < 0.01. The significant differences were assessed using one-
binding protein; GEO, Gene Expression Omnibus; RT-qPCR, reverse transcript
ryngeal carcinoma.
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seq was performed to search transcripts bound and regulated
by RAN. After knockdown of RAN, 1718 differentially
expressed genes were detected (|log2(fold change (FC))| >1
and p < 0.05, Fig. S4A). The Gene Oncology analyses, Kyoto
Encyclopedia of Genes and Genomes pathway analysis, and
gene set enrichment analysis of data from RNA-seq further
confirmed the important role of RAN in NPC development
(Fig. S4, C–G). Twelve of 1718 genes could be found in the
RIP-seq data of HONE-1 and SUNE-1 cells (Fig. 4C and
Fig. S4B), among which eight genes were downregulated and
four genes were upregulated. The RNA expression levels of
eight downregulated genes were verified by reverse transcrip-
tion quantitative real-time PCR (RT-qPCR) in RAN-silenced
HONE-1 and SUNE-1 cells, and the expression level of
G3BP1 was most significantly decreased (Fig. S5A).

G3BP1 has multiple important roles in tumor progression
(27). Knockdown of RAN significantly inhibited the RNA and
protein expression levels of G3BP1 (Fig. 4, D and E). Since
RAN is distributed both inside and outside the nucleus, we
isolated the nucleus and cytoplasm RNA to identify the loca-
tion of G3BP1 mRNA regulated by RAN, GAPDH was selected
as cytoplasm internal control and U3 was selected as nucleus
internal control (Fig. 4F). Silence of RAN decreased the levels
of G3BP1 mRNA both in the cytoplasm and the nucleus
(Fig. 4G). Moreover, G3BP1 mRNA degraded more quickly
and had a shorter half-life in RAN-silenced HONE-1 and
SUNE-1 cells after treatment with actinomycin D (Fig. 4H).
G3BP1 levels assessed by IHC staining were also remarkably
decreased in xenograft tumors of the RAN-silenced group
(Fig. 3D). Correspondingly, the levels of RAN were positively
correlated with G3BP1 levels in several GEO databases based
on RNA-seq from NPC tissues (Fig. 4I and Fig. S5B). These
findings suggested that RAN increases G3BP1 mRNA stability
and leads to upregulation of G3BP1.

RIP-qPCR assay by anti-RAN or anti-IgG antibodies confirmed
that RAN can specifically bind G3BP1 mRNA (Fig. 4J). The
interaction of RAN protein and G3BP1 mRNA was further veri-
fied by using biotin-labeled G3BP1 mRNA probes from in vitro
transcription or control antisense probes. RAN was specifically
pulled down by G3BP1 mRNA probes rather than antisense
probes detected by silver staining and Western blotting (Fig. 4K
and Fig. S6A). The intracellular distribution of RAN proteins was
recognized by immunofluorescence (IF) and the distribution of
G3BP1 mRNA was recognized by FISH. The colocalization of
RAN andG3BP1mRNAwas observed by confocal microscopy in
the cytoplasm and the nucleus of HONE-1 and SUNE-1 cells
(Fig. 4L). Radial line profile analysis also showed that the fluo-
rescence intensity of RAN and G3BP1mRNA displayed a similar
distribution pattern (Fig. S5C). Taken together, these results
ssion levels in NPC was assessed by IHC staining in the NPC cohort (n = 211).
system. Representative images of IHC staining for RAN were provided, and
d as RAN high levels (lower). The scale bar represents 100 mm. H, distribution
high levels (n = 102). I–K, Kaplan–Meier curves of overall survival (I), distant
ls. The log-rank test was used to compare differences in survival outcomes.
way ANOVA (B–D and F) and t test (E). CCK-8, Cell Counting Kit-8; RBP, RNA-
ion quantitative real-time PCR; IHC, immunohistochemistry; NPC, nasopha-
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Figure 2. RAN facilitates NPC cell proliferation, migration, and invasion in vitro. A, GSEA based on data from the GEO database (GSE53819) found that
RAN expression levels were positively correlated with NPC progression and metastasis. B, siRNA-mediated interference was used to knockdown RAN in
HONE-1 and SUNE-1 cells, and Western blotting was applied to validate knockdown efficiency. C, cell proliferation ability was evaluated by CCK-8 assays in
HONE-1 and SUNE-1 cells after silencing of RAN. Data are presented as the mean ± SD (n = 6). D, cell proliferation ability was evaluated by colony formation
assays in HONE-1 and SUNE-1 cells after silencing of RAN. Data are presented as the mean ± SD (n = 3). E,migration and invasion capacity were analyzed by
transwell assays in RAN-silenced SUNE-1 and HONE-1 cells. The scale bar represents 200 mm. Data are presented as the mean ± SD (n = 4). F, Western
blotting was applied to confirm the cotransfection efficiency of scrambled control or siRNA-targeting RAN 30 UTR, together with empty vector or HA-tagged
RAN overexpression vector. G, cell proliferation was evaluated by CCK-8 assays in SUNE-1 and HONE-1 cells after cotransfected with scrambled control or si-
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RAN 30 UTR, together with empty vector or HA-tagged RAN overexpression vector. Data are presented as the mean ± SD (n = 6). H, migration and invasion
capacity were analyzed by transwell assays in SUNE-1 and HONE-1 cells after cotransfected with scrambled control or si-RAN 30 UTR, together with empty
vector or HA-tagged RAN overexpression vector. Data are presented as the mean ± SD (n = 4). *p < 0.05, **p < 0.01. The significant differences were
assessed using one-way ANOVA (D, E, and H) and two-way ANOVA (C and G). CCK-8, Cell Counting Kit-8; GEO, Gene Expression Omnibus; NPC, naso-
pharyngeal carcinoma; GSEA, gene set enrichment analysis; HA, hemagglutinin.

Figure 3. Silencing RAN impairs NPC proliferation and invasion in vivo. A–D, SUNE-1 cells stably transfected with scrambled control shRNA or sh-RAN 1#
were subcutaneously injected in nude mice to construct a xenograft tumor model. A, a representative image of the xenograft tumors. B, the tumor growth
curves of the xenografts. Data are presented as the mean ± SD (n = 8). C, the tumor weights of the xenografts. Data are presented as the mean ± SD (n = 8).
D, xenograft tumors were paraffin-embedded and sectioned. Then, the expression levels of RAN and G3BP1 were assessed by IHC staining. The scale bar
represents 100 mm. E–J, SUNE-1 cells with or without RAN stable silencing were injected into the footpad of nude mice to establish an inguinal lymph node
metastasis model. E, representative image of the inguinal lymph node metastasis model. F, representative images of the primary footpad tumors (left) and
metastatic inguinal lymph nodes (right). G, the volume of the inguinal lymph nodes was calculated. Data are presented as the mean ± SD (n = 8). H,
representative images of footpad tumor sections stained with H&E showing tumor cells invasion into muscle tissues (left) or lymphatic vessels (right). The
scale bar represents 100 mm. I, representative images of IHC staining with pan-cytokeratin in metastatic (upper) or nonmetastatic (lower) inguinal lymph
nodes. The scale bar represents 100 mm. J, the quantitative result of the ratios of inguinal lymph nodes metastasis. *p < 0.05 and **p < 0.01. The significant
differences were assessed using two-way ANOVA (A) and t test (B and G). GEO, Gene Expression Omnibus; RT-qPCR, reverse transcription quantitative real-
time PCR; IHC, immunohistochemistry; NPC, nasopharyngeal carcinoma.
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Figure 4. RAN directly binds and stabilizes G3BP1 mRNA. A, Venn diagram of genes identified by RIP-seq in HONE-1 or SUNE-1 NPC cell lines (log-
OddScore >1). B, pie charts showing the distribution of reads recognized by RIP-seq on gene functional elements. C, venn diagram of differentially
expressed genes identified by RNA-seq after RAN silencing and overlapping genes identified by RIP-seq. D, relative levels of G3BP1 mRNA level with or
without RAN silencing were detected by RT-qPCR. Data are presented as the mean ± SD (n = 3). E, G3BP1 protein level with or without RAN silencing was
detected by Western blotting. The blots are the representation of three independent experiments. Data are presented as the mean ± SD (n = 3). F, nuclear/
cytosol RNA fractionation assays were used to identify the suitable internal control. Data are presented as the mean ± SD (n = 3). G, relative levels of G3BP1
mRNA level in cytoplasm or nucleus, which were normalized to GAPDH or U3, was indicated by RT-qPCR upon knockdown of RAN in HONE-1 and SUNE-
1 cells. Data are presented as the mean ± SD (n = 3). H, after treatment with actinomycin D (10 mg/ml), G3BP1 mRNA level was quantified at indicated times
in control and RAN-silenced cells. The half-life of G3BP1 mRNA was analyzed by plotting degradation curves. Data are presented as the mean ± 95%CI (n =
3). I, Pearson correlation analysis of RAN and G3BP1 levels in different GEO databases (GSE53819 and GSE103611). J, relative enrichment of G3BP1 mRNA
immunoprecipitated by anti-RAN or anti-IgG antibody was indicated by RT-qPCR. Data are presented as the mean ± SD (n = 3). K, enrichment of RAN
proteins pulled down by biotin-labeled G3BP1 probes from in vitro transcription or control antisense probes was detected by Western blotting. L, RAN
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indicated that RAN can bind to G3BP1 mRNA and maintain its
stabilization, further leading to the elevation of the G3BP1 protein
level.
RAN, TDP43, and G3BP1 mRNA form a complex in the nucleus

To clarify the specific binding region between RAN and
G3BP1 mRNA, we constructed G3BP1 mRNA deletion frag-
ments of different lengths step by step (Fig. 5A). Surprisingly,
RNA pull-down assays showed that RAN tended to bind the
CDS of G3BP1 mRNA rather than its 30 UTR (Fig. 5B). These
results suggested that RAN may not directly regulate G3BP1
mRNA stability (28), but may act as an adapter to promote
another factor binding to G3BP1 mRNA. Based on the G3BP1
gene exons, 3 shorter deletion fragments of the G3BP1 mRNA
CDS were constructed (Fig. S6B). The secondary structure and
minimum free energy structure of the G3BP1 mRNA CDS
were predicted by using the online tool RNAfold WebServer
(http://rna.tbi.univie.ac.at/) (Fig. S6C). RNA pull-down and
Western blotting assays showed that the 352- to 843-nt region
of G3BP1 mRNA was necessary for its interaction with RAN,
which is consistent with website predictions (Fig. 5C). The
motif discovery algorithm DREME (https://meme-suite.org/
meme/tools/dreme) was used to recognize the top consensus
motif based on the RIP-seq data (Fig. 5D). Then seven mutant
fragments were constructed based on predicted motifs
(Fig. 5E). Interestingly, among seven mutant fragments, only
mutating CTCCAGC sequence to ACAAGTA (A to G, G to T,
T to C, C to A) impaired the pull down of RAN (Mut1, Mut4,
Mut5, and Mut7), suggested that the CUNCAGC motif (N
corresponding to A, U, C, G) of G3BP1 mRNA was necessary
for its interaction with RAN (Fig. 5F).

To identify the candidate that directly stabilizes G3BP1
mRNA, the enriched proteins pulled down by G3BP1 probes
and anti-RAN antibody were subjected to mass spectrometry
(MS) analysis. Both analyses identified the TDP43 protein
(Fig. S6, D and E), which was reported to regulate mRNA
stability by directly binding to the 30 UTR (29). Western
blotting confirmed that TDP43 was immunoprecipitated by
anti-RAN antibody in HONE-1 and SUNE-1 cells (Fig. 5G).
Coimmunoprecipitation (Co-IP) assays also showed that RAN
could be immunoprecipitated by anti-TDP43 antibody
(Fig. 5H). A remarkable colocalization of RAN and TDP43 in
the nucleus can be observed by IF in HONE-1 and SUNE-
1 cells (Fig. 5I). Radial line profile analysis also showed that the
fluorescence intensity of RAN and TDP43 displayed a similar
distribution pattern (Fig. S6F). We then verified the interaction
of TDP43 with G3BP1 mRNA. RIP-qPCR assay by anti-TDP43
confirmed that TDP43 can specifically bind G3BP1 mRNA
(Fig. 5J). Proteins were enriched by RNA pull-down assays and
detected by silver staining and Western blotting, TDP43 was
specifically pulled down by G3BP1 mRNA probes rather than
protein distribution in cells was recognized by IF (green), G3BP1 mRNA distribu
DAPI (blue). The scale bar represents 10 mm. *p < 0.05 and **p < 0.01. The sig
way ANOVA (H), and t test (J). The significant differences in correlations were
Omnibus; RT-qPCR, reverse transcription quantitative real-time PCR; NPC, nas
orescence; CI, confidence interval.
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antisense probes (Figs. 5K and Fig. S6A). As expected, RNA
pull-down assays showed that TDP43 tended to bind the 30

UTR of G3BP1 mRNA rather than its CDS (Fig. 5L). FISH
accompanied by IF showed that TDP43 colocalized with
G3BP1 mRNA in the nucleus of HONE-1 and SUNE-1 cells
(Fig. 5M). Radial line profile analysis also showed that the
fluorescence intensity of RAN and TDP43 displayed a similar
distribution pattern (Fig. S6G).

To further verify whether G3BP1 mRNA is directly bound
to RAN and TDP43, in vitro purified RAN-glutathione-S-
transferase (GST) and TDP43 proteins were used to perform a
cell-free RNA pull-down experiment. In vitro purified eEF2-
His protein, which has a broad mRNA binding capacity (30),
acted as the positive control, and in vitro purified GST protein
acted as the negative control. Western blotting showed that
RAN, TDP43, and eEF2 proteins were pulled down by biotin-
labeled G3BP1 probes from in vitro transcription, but GST
protein was not. Additionally, the addition of RAN enhanced
the enrichment of TDP43 pulled down by G3BP1 mRNA.
These suggested that both RAN and TDP43 bind directly to
G3BP1 mRNA and RAN increases the binding of TDP43 to
G3BP1 mRNA (Fig. 5N). A cell-free co-IP assay using anti-
GST magnetic beads also showed that in vitro purified
TDP43 protein could be immunoprecipitated by in vitro pu-
rified RAN-GST protein but not GST. It suggested that RAN
binds directly to TDP43 (Fig. 5O). These results demonstrated
that RAN, TDP43, and G3BP1 mRNA can directly bind with
each other to form a complex in the nucleus, thereby main-
taining the stability of intranuclear G3BP1 mRNA.
RAN increases the nucleus import of TDP43 and facilitates
TDP43 binding to G3BP1 mRNA

To verify the regulatory relationship between TDP43 and
G3BP1 mRNA, G3BP1 mRNA expression levels in whole-cell
lysate, cytoplasm, and nucleus were detected upon knock-
down of TDP43 in HONE-1 and SUNE-1 cells. The result
showed that knockdown of TDP43 decreased the levels of
G3BP1 mRNA in the nucleus, which led to decreased cyto-
plasmic and whole-cell G3BP1 mRNA expression levels
(Fig. S7A). G3BP1 mRNA degraded more quickly and had a
shorter half-life in TDP43-silenced HONE-1 and SUNE-1 cells
after treatment with actinomycin D (Fig. S7B). Knockdown of
TDP43 also significantly inhibited the protein levels of G3BP1
in HONE-1 and SUNE-1 cells (Fig. S7C). Consistent with these
results, the levels of TDP43 were positively correlated with
G3BP1 levels in several GEO databases (Fig. S7D). We
simultaneously explored the biological function of TDP43 in
NPC. The knockdown efficiency of TDP43 is verified by RT-
qPCR and Western blotting (Fig. S8, A and B). CCK-8 assays
and colony formation assays showed that knockdown of
TDP43 impaired the proliferation ability of HONE-1 and
tion in cells was recognized by FISH (red), and cell nuclei were stained with
nificant differences were assessed using one-way ANOVA (D, E, and G), two-
assessed using the Pearson correlation analysis (I). GEO, Gene Expression

opharyngeal carcinoma; DAPI, 40 , 6-diamino-2-phenylindole; IF, immunoflu-
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Figure 5. RAN, TDP43, and G3BP1mRNA form a complex in the nucleus. A, diagrams of full-length G3BP1 transcript consist of CDS and 30 UTR, as well as
its deletion fragments. B and C, the in vitro–transcribed full-length G3BP1 transcript and deletion fragments with the correct sizes were indicated (upper).
RNA pull-down assay and Western blotting showed whether these biotin-labeled G3BP1 fragments could pull down RAN in cell lysates (lower). D, the motif
discovery algorithm DREME was used to recognize the top consensus motif based on the RIP-seq data. E, construction of mutant fragments based on
predicted motifs. F, the in vitro–transcribed D2 fragments and mutant fragments with the correct sizes are indicated (upper). RNA pull-down assay and
Western blotting indicated whether these biotin-labeled fragments could pull down RAN in cell lysates (lower). G, the interaction between endogenous RAN
and TDP43 was evaluated by Co-IP assays using anti-RAN antibody or normal rabbit IgG in HONE-1 and SUNE-1 cell lysates. H, the interaction between
endogenous TDP43 and RAN was evaluated by Co-IP assays using anti-TDP43 antibody or normal rabbit IgG in HONE-1 and SUNE-1 cell lysates. I, RAN (red)
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SUNE-1 cells (Fig. S8, C and D). Transwell assays showed that
TDP43 silencing inhibited the migration and invasion capacity
of NPC cells (Fig. S8E).

To verify RAN stabilizes G3BP1 mRNA via TDP43, we
simultaneously silenced RAN and TDP43 in HONE-1 and
SUNE-1 cells. Simultaneously silencing RAN and TDP43 did
not further decrease the stability of G3BP1 compared to
silencing TDP43 simply. It suggested that RAN is dependent
on TDP43 to stabilize G3BP1 mRNA (Fig. 6A). However,
knockdown of RAN did not affect TDP43 levels (Fig. 6B). After
RNA immunoprecipitating by anti-TDP43 antibody with or
without RAN silencing, the relative enrichment of G3BP1
mRNA was detected by RT-qPCR. RAN silencing resulted in a
10- to 50-fold reduction in G3BP1 mRNA enrichment in
HONE-1 and SUNE-1 cells, indicating a crucial role for RAN
in the binding of TDP43 to G3BP1 mRNA (Fig. 6C). RAN has
an extensive role in nucleo-cytoplasmic transport of proteins
(31), and TDP43 nuclear location is vital for its function (32),
so we isolated the nucleus and cytoplasm proteins in HONE-1
and SUNE-1 cells by nuclear/cytosol fractionation assays.
Knockdown of RAN increased TDP43 in the cytoplasm and
decreased TDP43 in the nucleus, suggesting that knockdown
of RAN leads to cytoplasmic retention of TDP43 (Fig. 6D).
Subsequently, the intracellular distribution of TDP43 was
detected by IF in HONE-1 and SUNE-1 cells. TDP43 was
completely distributed in the nucleus of control cells, but more
TDP43 could be observed in the cytoplasm of RAN-silenced
cells (Fig. S7E). After calculating the average fluorescence in-
tensity of TDP43 in the nucleus or cytoplasm per cell, we
confirmed that knockdown of RAN increased the cytoplasmic
distribution of TDP43 and decreased the TDP43 nucleus dis-
tribution (Fig. S7F). Then, to avoid the influence of TDP43
which had already entered the nucleus before RAN silencing,
TDP43-GFP overexpression vectors were transfected in
HONE-1 and SUNE-1 cells after RAN silencing for 24 h after
TDP43-GFP transfection, the intracellular distribution of
TDP43-GFP was observed by confocal microscopy. A signifi-
cantly increasing distribution of TDP43-GFP in the cytoplasm
and a significantly decreasing distribution of TDP43-GFP in
the nucleus could be observed in RAN-silenced cells (Fig. 6E).
This result was also confirmed by calculating the average
fluorescence intensity of TDP43-GFP in the nucleus or cyto-
plasm per cell (Fig. 6F). Collectively, these results demon-
strated that RAN increases the nucleus import of TDP43 and
acts as an adapter to enhance TDP43 binding to G3BP1
mRNA, thereby increasing the G3BP1 expression level.
or TDP43 (green) protein distribution in cells was recognized by IF, and cell nuc
enrichment of G3BP1 mRNA immunoprecipitated by anti-TDP43 or anti-IgG ant
3). K, enrichment of TDP43 pulled down by biotin-labeled G3BP1 probes from
blotting. L, RNA pull-down assay and Western blotting showed whether biotin
TDP43 in cell lysates. M, TDP43 protein distribution in cells was recognized by I
cell nuclei were stained with DAPI (blue). The scale bar represents 10 mm. N, in
control) proteins were used to perform a cell-free RNA pull-down experiment.
(left). Enrichment of proteins pulled down by biotin-labeled G3BP1 probes fro
purified RAN-GST, TDP43, and GST (negative control) proteins were used to pe
the purification of these proteins (left). Enrichment of proteins immunoprecipi
*p < 0.05 and **p < 0.01. The significant differences were assessed using
nasopharyngeal carcinoma; Co-IP, coimmunoprecipitation; GST, glutathione-S-t
coding sequence.
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RAN promotes AKT and ERK signaling via G3BP1 to facilitate
NPC progression

To confirm RAN promotes NPC progression via G3BP1,
we verified the biological function of G3BP1 in HONE-1 and
SUNE-1 cells. G3BP1 was silenced using two individual
siRNAs (si-G3BP1 1# and si-G3BP1 2#, Fig. S9A). Similar to
that of RAN silencing, knockdown of G3BP1 impaired the
proliferation ability and the migration and invasion capacity
of NPC cells (Fig. 7, A–C). The in vitro functional rescue
experiments were conducted by overexpressing HA-tagged
G3BP1 in HONE-1 and SUNE-1 cells (Fig. S9B), with or
without RAN silencing. Matching our expectations, CCK-8
assays showed that overexpression of G3BP1 rescued the
impaired proliferation ability of RAN-silenced NPC cells
(Fig. 7D and Fig. S9C), transwell assays showed that over-
expression of G3BP1 rescued the suppressive effect of RAN
silencing on the migration and invasion capacity of NPC
cells (Fig. 7E and Fig. S9D).

We then explored the downstream signaling pathway of
RAN–G3BP1 axis. AKT and MAPK signaling have been
proven to play important roles in NPC proliferation and
metastasis (33, 34), so we first detected the expression level of
AKT and ERK after RAN or G3BP1 silencing in HONE-1 and
SUNE-1 cells. RAN or G3BP1 silencing did not affect total
AKT and ERK levels, but both significantly decreased the level
of phosphorylated AKT and ERK (Fig. 7F and Fig. S10A),
consistent with previous evidence that G3BP1 could promote
PI3K/AKT activation (35). The rescue experiments were
conducted by cotransfected with HA-tagged G3BP1 over-
expression vector and si-RAN in HONE-1 and SUNE-1 cells.
Western blotting showed that overexpression of G3BP1
rescued the decreased level of phosphorylated AKT and ERK
in RAN-silenced NPC cells (Fig. S10B). Taken together, these
results revealed that RAN promotes the phosphorylation of
AKT and ERK via G3BP1, and ultimately facilitates NPC
proliferation and metastasis.

Discussion

In the present study, we elucidated that RAN is upregulated
in NPC and can be performed as a prognostic biomarker for
NPC patients. RAN increases the nucleus import of TDP43
and directly binds to the CDS of G3BP1 mRNA to enhance
TDP43 interaction with the 30 UTR of G3BP1 mRNA. These
dual functions of RAN increase G3BP1 mRNA stability in the
nucleus and lead to upregulation of G3BP1, further enhancing
lei were stained with DAPI (blue). The scale bar represents 10 mm. J, relative
ibody was indicated by RT-qPCR. Data are presented as the mean ± SD (n =
in vitro transcription or control antisense probes was detected by Western
-labeled full-length G3BP1 transcript or deletion fragments could pull down
F (green), G3BP1mRNA distribution in cells was recognized by FISH (red), and
vitro purified RAN-GST, TDP43, eEF2-His (positive control), and GST (negative
Coomassie brilliant blue staining showed the purification of these proteins
m in vitro transcription was detected by Western blotting (right). O, in vitro
rform a cell-free co-IP experiment. Coomassie brilliant blue staining showed
tated by anti-GST magnetic beads was detected by Western blotting (right).
t test (J). RT-qPCR, reverse transcription quantitative real-time PCR; ; NPC,
ransferase; IF, immunofluorescence; DAPI, 40 , 6-diamino-2-phenylindole; CDS,



Figure 6. RAN increases TDP43 nucleus import and facilitates TDP43 binding G3BP1 mRNA. A, after treatment with actinomycin D (10 mg/ml), G3BP1
mRNA level was quantified at indicated times in control, RAN-silenced, TDP43-silenced, and both RAN and TDP43-silenced cells. The half-life of G3BP1mRNA
was analyzed by plotting degradation curves. Data are presented as the mean ± 95%CI (n = 3). B, TDP43 protein levels with knockdown of RAN were
detected by Western blotting. The blots are the representation of three independent experiments. Data are presented as the mean ± SD (n = 3). C, relative
enrichment of G3BP1 mRNA immunoprecipitated by anti-TDP43 or anti-IgG antibody was indicated by RT-qPCR upon knockdown of RAN. Data are pre-
sented as the mean ± SD (n = 3). D, the nucleus and cytoplasm proteins in HONE-1 and SUNE-1 cells were isolated by nuclear/cytosol fractionation assays.
TDP43 distribution in the nucleus or cytoplasm was identified by Western blotting with or without RAN silencing, GAPDH as the cytoplasm marker, and
Lamin B as the nucleus marker. The blots are the representation of three independent experiments. Data are presented as the mean ± SD (n = 3). E, TDP43-
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AKT and ERK signaling and ultimately facilitating NPC pro-
liferation and metastasis (Fig. 8).

Except for RAN, the other four RBPs (EZH2, RDM1,
HRSP12, and ALYREF) were also upregulated in NPC and
promoted NPC cell migration or proliferation. The main
function of EZH2 is trimethylating lysine 27 of histone H3
(H3K27me3) to silence gene transcription. But EZH2 also can
act as an RBP to bind lncRNA and then be recruited to the
promoters of downstream genes (36). RDM1 has a classical
RNA binding domain called RNA recognition motif, but the
downstream RNAs that can be bound and regulated by RDM1
remain unclear (37). HRSP12 can directly bind to m6A-
containing RNAs and bridge interaction between YTHDF2
and RNase P/MRP, which promotes RNA degradation (38).
ALYREF specifically binds to the m5C-modified RNAs and
regulates their transportation between cytoplasm and nucleus
(39). Moreover, these RBPs have been reported to be closely
associated with various tumor proliferation, metastasis, im-
munity, and chemoresistance and can serve as prognostic
markers (40–43). However, their biological function and
posttranscriptional regulation mechanism in NPC remain to
be explored systematically. In future studies, we will also
investigate whether RAN and the other four RBPs can serve as
a gene signature to predict the survival of NPC patients.

RAN promotes tumor progression through a variety of
mechanisms, and the classical one is regulating the nuclear
import of critical tumor-promoting transcription factors and
the cytoplasmic retention of tumor-suppressing transcription
factors (31). For example, the silencing of RAN leads to a
decreased nuclear localization of b-catenin and NF-kB, but an
increased nuclear localization of p53 and p27, further inducing
tumor cell apoptosis (44). As the research continues, more
tumor-promoting mechanisms of RAN have been gradually
discovered. Overexpression of LIN28B in neuroblastoma in-
creases the levels of RAN by directly binding RAN mRNA, and
then RAN induces phosphorylation of threonine 288 of
AURKA and increases AURKA enzymatic activity, ultimately
facilitating neuroblastoma progression (20). In ovarian cancer
cells, RAN can interact with the RhoA protein dependent on
its serine 188. After that, RAN can prevent the degradation of
RhoA by impairing the proteasome pathway, and then facili-
tate the plasma membrane/ruffles distribution of RhoA. This
special localization of RhoA is critical to ovarian cancer cell
proliferation and invasion (21). A recent study has brought
more attention to the ability of RAN to bind RNAs. RAN is
involved in the nuclear export of circular RNAs, which is
necessary for circular RNAs to perform their function in the
cytoplasmic. Concretely, RAN is recruited to the circular RNA
and directly binds to it after the interaction between this cir-
cular RNA and IGF2BP1. RAN can also act as an adapter to
enhance the binding of IGF2BP1 to the circular RNA.
GFP overexpression vectors were transfected in HONE-1 and SUNE-1 cells after
1 and SUNE-1 cells after 24 h of TDP43-GFP overexpression vectors transfected,
the nucleus or cytoplasm, cell nuclei were stained with DAPI (blue). The scale b
the nucleus (lower) and cytoplasm (upper) of each cell was calculated. Data
significant differences were assessed using one-way ANOVA (B, D, and F), two-w
time PCR; DAPI, 40 , 6-diamino-2-phenylindole; CI, confidence interval.
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Subsequently, RAN binds to exportin-2 and facilitates the
nuclear export of circular RNA (26). Similarly, we found that
RAN can not regulate mRNA nuclear export, but we suggested
that RAN can directly bind and stabilize G3BP1 mRNA in the
nucleus. This finding has significance for refining the RAN’s
posttranscriptional regulation mechanisms of downstream
RNAs, but whether this regulatory mechanism can apply to
other mRNAs needs to be further investigated.

G3BP1 is well known for its function in stress granule as-
sembly and dynamics (45). Besides, G3BP1 can take part in Ras
signal transduction via binding to the Ras-GTPase–activating
protein, participate in the posttranscriptional regulation of
RNA via its RNA binding ability, and control cellular senes-
cence via the cyclic GMP-AMP synthase pathway (26, 46, 47).
The multifunctional protein G3BP1 also has an important role
in a variety of tumors which has been extensively investigated
(48). The upregulation and the tumor-promoting function of
G3BP1 in NPC were reported recently (17), but the factors
increasing the level of G3BP1 in NPC remain elusive. TDP43
plays a crucial role in the amyotrophic lateral sclerosis and
frontotemporal dementia disease spectrum (49). In the field of
cancer, TDP43 also has an important function via directly
binding RNA (29). TDP43 can bind to the UG-rich sequence in
30 UTR of ABHD2 mRNA and enhance its stability, further
suppressing hepatocellular carcinoma cell apoptosis (50).
TDP43 can regulate the alternative splicing ofCD44 pre-mRNA
via binding to a UG repeat sequence between CD44 pre-mRNA
variant exon 10 and standard exon 6, ultimately facilitating the
stemness of breast cancer stem cells (51). In our study, RAN acts
as an adapter to facilitate direct binding of TDP43 to G3BP1
mRNA 30 UTR, thereby increasing G3BP1 mRNA stability.
Different from most of the RBPs regulating the mRNA stabili-
zation in the cytoplasm (52, 53), we indicated that TDP43 sta-
bilizes G3BP1 mRNA in the nucleus, consistent with the
evidence that the depletion of nuclear TDP43 is enough to
suppress G3BP1 protein levels (54). Subsequent research has
shown that RAN increases the nucleus import of TDP43 and
enhances TDP43 nuclear distribution. Since TDP43 can also
bind DNA (55), TDP43 nuclear depletion by RAN silencing
might lead to aberrant expression of various genes in tran-
scriptional or posttranscriptional ways, which can be focused on
next research. Increasing AKT and ERK signaling has been
observed in numerous types of tumors, including NPC. AKT
and ERK signaling are key regulators in tumor progression and
metastasis, which are crucial targets for tumor precision therapy
(56, 57). Our study uncovered the mechanism for the increasing
AKT and ERK signaling in NPC, which is helpful to the devel-
opment of targeted medicine for NPC patients.

In conclusion, we discovered a new prognostic biomarker
for NPC, high levels of RAN are associated with poor prog-
nosis of NPC patients. This suggested that RBPs have great
RAN silencing. Recognizing TDP43-GFP protein distribution (green) in HONE-
range indicator was performed to show clearer distribution of TDP43-GFP in
ar represents 10 mm. F, the average fluorescence intensity of TDP43-GFP in
are presented as the mean ± SD (n = 20). *p < 0.05 and **p < 0.01. The
ay ANOVA (A), and t test (C). RT-qPCR, reverse transcription quantitative real-



Figure 7. RAN facilitates AKT/ERK phosphorylation via G3BP1 and further promotes NPC progression. A and B, cell proliferation ability was evaluated
by CCK-8 assays in SUNE-1 and HONE-1 cells after silencing of G3BP1. Data are presented as the mean ± SD (n = 6). B, cell proliferation ability was evaluated
by colony formation assays in SUNE-1 and HONE-1 cells after silencing of G3BP1. Data are presented as the mean ± SD (n = 3). C, migration and invasion
capacity were analyzed by transwell assays in G3BP1-silenced SUNE-1 and HONE-1 cells. The scale bar represents 200 mm. Data are presented as the
mean ± SD (n = 4). D, cell proliferation ability was evaluated by CCK-8 assays in HONE-1 cells after cotransfected with scrambled control or si-RAN, together
with empty vector or HA-tagged G3BP1 overexpression vector. Data are presented as the mean ± SD (n = 6). E, migration and invasion capacity were
analyzed by transwell assays in HONE-1 cells after cotransfected with scrambled control or si-RAN, together with empty vector or HA-tagged G3BP1
overexpression vector. Data are presented as the mean ± SD (n = 4). F, AKT, p-AKT, ERK, and p-ERK protein levels with knockdown of RAN or G3BP1 were
detected by Western blotting in HONE-1 cells. The blots are the representation of three independent experiments. Data are presented as the mean ± SD
(n = 3). *p < 0.05 and **p < 0.01. The significant differences were assessed using one-way ANOVA (B, C, and F) and two-way ANOVA (A and D). CCK-8, Cell
Counting Kit-8; HA, hemagglutinin; IHC, immunohistochemistry; NPC, nasopharyngeal carcinoma.
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Figure 8. Example diagram of RAN–TDP43–G3BP1 axis modulation. RAN increases the nucleus import of TDP43 and acts as an adapter to facilitate
TDP43 direct binding to G3BP1 mRNA in the nucleus, thereby increasing G3BP1 mRNA stability and leading to upregulation of G3BP1, which further en-
hances AKT and ERK signaling and ultimately facilitates NPC proliferation and metastasis. NPC, nasopharyngeal carcinoma.

RAN stabilizes the mRNA of G3BP1 in NPC
potential in the prediction of NPC prognosis. We found RAN
facilitates NPC proliferation, migration, and invasion in vitro
and in vivo, providing a possible therapeutic target of NPC.
Furthermore, we showed that RAN is a noncanonical RBP that
can bind and stabilize RNA. It expands the mechanism of RAN
regulating tumor progression and emphasizes the importance
of noncanonical RBPs in tumor regulation. We also discovered
a new regulation model of RAN with dual functions. By
recruiting TDP43 into the nucleus and enhancing its interac-
tion with G3BP1 mRNA, RAN can stabilize G3BP1 mRNA in
the nucleus. These suggested that RAN takes part in the
posttranscriptional regulation of mRNA by combining its
ability to regulate nucleo-cytoplasmic transportation of pro-
teins and bind RNAs. In summary, our findings reveal a critical
role of RAN in NPC progression and provide a new regulation
framework for RBP-RNA.
Experimental procedures

Clinical specimens

This study was approved by the Institutional Ethical Review
Board of Sun Yat-sen University Cancer Center (GZR2021-177).
14 J. Biol. Chem. (2024) 300(12) 107964
The study abided by the principles of the Declaration of Helsinki.
A clinical cohort ofNPCpatients thatwere treated at SunYat-sen
University Cancer Center (SYSUCC) between 2013 and 2014 and
had formalin-fixed paraffin-embedded tumor samples stored at
the PathologyDepartment of SYSUCCwas established (N= 211).
All patients received radical radiotherapy and had tumor biopsy
before treatment initiation. The baseline characteristics of pa-
tients are shown in Table S5.
Cells and culture conditions

All cell lines (HONE-1, SUNE-1, S26, S18, 6-10B, 5-8F,
CNE-1, CNE-2, HNE-1, C666, HK-1, N2Bmil, and NP69) were
authenticated and generously provided by Dr M. Zeng (Sun
Yat-sen University Cancer Center) (58–62). Human NPC cells
(HONE-1, SUNE-1, etc.) were cultured in Roswell Park Me-
morial Institute-1640 medium (Invitrogen) or Dulbecco’s
modified Eagle’s medium (Invitrogen) based on the addition of
10% fetal bovine serum (ExCell Bio). Human immortalized
nasopharyngeal epithelial cell lines (NP69 and N2Bmil) were
cultured in keratinized cell serum-free medium (Invitrogen)
containing bovine pituitary extract (BD Biosciences). HONE-1
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and SUNE-1 cell lines were predominantly used because they
derived from poorly differentiated NPC primary cultures (61,
62). All cell lines were stored in a humidified environment at
37 �C, 95% air, and 5% CO2. Cells were ensured to be passaged
every 1 to 3 days during the experiment.

Reverse transcription quantitative real-time PCR

Total RNA extraction from tissues or cells requires TRIzol
Reagent (Ambion). Total RNA was reverse transcribed and
synthesized into complementary DNA (cDNA) using
HiScript III RT SuperMix (Vazyme) (63). The cDNA was
then used as a template. The appropriate reagents were
added to form a system for real-time fluorescence quanti-
tative PCR (qPCR) detection using the CFX96 Touch and
CFX384 Touch real-time PCR Detection System (Bio-Rad)
or the LightCycler 480II (384 wells or 96 wells; Roche) and
confirming that the Platinum SYBR Green qPCR SuperMix-
UDG reagent (Vazyme) for real-time fluorescent qPCR
detection. Threshold cycle counts were analyzed in triplicate
for each sample. GAPDH or U3 acted as an internal refer-
ence for cycle count value normalization. All the reactions
were performed in triplicate. The primers required for this
reaction are shown in Table S2.

Western blotting

The cells to be studied were first lysed by adding radio-
immunoprecipitation assay buffer (Millipore) containing pro-
tease and phosphatase inhibitors (Thermo Fisher Scientific) to
the cells. Then the cell lysates were extracted to obtain total
protein. Before Western blotting, the bicinchoninic acid Pro-
tein Assay Kit (Thermo Fisher Scientific) was used to deter-
mine the protein concentration. Then add 5 × loading buffer,
mix, and boil at 90 �C to 100 �C for about 10 min. The sample
was run at 10% homemade SDS polyacrylamide gel (Epizyme
Biotech) or 4 to 20% preformed SDS-polyacrylamide gel
(GeneScript) and transferred to polyvinylidene fluoride
membranes (Millipore) (64). It was blocked with 5% skimmed
milk or blocking solution and incubated overnight at 4 �C with
the corresponding primary antibody. The membrane was
washed three times with Tris-buffered saline with Tween 20
buffer and incubated with the corresponding secondary anti-
body for 1 h at room temperature. Finally, the membrane was
washed three times with Tris-buffered saline with Tween 20
buffer. Imaging was performed on the appropriate lumin-
ometer. The results were quantified by gray-scale statistics
using ImageJ (https://imagej.net/ij/). The antibodies used in
this study are as follows: RAN (1:1000, Abcam, ab155103),
TDP43 (1:1000, Abcam, ab190963), G3BP1 (1:2000, Pro-
teintech, 13057-2-AP), eEF2 (1:2000, Proteintech, 20107-1-
AP), GAPDH (1:5000, Abcam, ab181602), LaminB (1:1000,
Proteintech, 12987-1-AP), phospho-AKT (1:2000, CST,
#4060), AKT (1:2500, Beyotime, AF1777), phospho-ERK
(1:1000, Beyotime, AF1891), ERK (1:2500, Beyotime,
AF1051), a-tubulin (1:5000, Abcam, ab7291), HA-tag (1:5000,
Abcam, ab9110), GST-tag (1:5000, Proteintech, 66001-2-Ig),
and HSP90 (1:5000, Proteintech, 13171-1-AP).
Plasmid construction, cell transfection, and lentiviral infection

When RNA was knocked down, duplex RNAi oligonucleo-
tides targeting human RAN, G3BP1, TDP43, EZH2, RDM1,
HRSP12, ALYREF, SF1, RNASEH2A, C1QBP, NCBP2, and
MAGOHB mRNA sequences were first purchased synthetically
from Suzhou GenePharma (Table S1). A scrambled duplex RNA
oligonucleotide was used as an RNA-negative control. The
designed specific shRNAagainst RANor scrambled shRNAwere
cloned into pLKO.1 vector (Tsingke). See Table S3 for specific
primers. For gene overexpression, cDNAs comprising theORF of
human RAN, TDP43, and G3BP1 with N-terminal HA-tag, as
well as TDP43 with GFP-tag sequences were cloned into the
pcDNA3.1(−) and pcDNA3.1(+). Cells were transiently trans-
fected with Lipofectamine 3000 (Invitrogen) plasmid according
to the manufacturer’s instructions. To stably knock down RAN,
lentiviruses expressing shRNA-targeting RAN or shRNA control
were cotransfected with lentiviral packaging plasmids into the
human embryonic kidney 293T cells. The lentivirus-containing
supernatant was collected and filtered after 48 h of incubation.
Follow the manufacturer’s instructions to infect HONE-1 and
SUNE-1 cells with the viral solution. The full-length, antisense,
deletion fragment, andmutant fragment sequences of theG3BP1
transcript were synthesized by Tsingke Biotechnology and
cloned into the pcDNA3.1(−) vector to generate plasmids for T7
transcription in vitro.

Cell proliferation and colony formation assays

In the cell proliferation assays, the transfected cells were
inoculated with 1 × 103 cells per well in a 96-well plate, ac-
cording to the production company’s instructions. Cell
viability was assayed using CCK-8 (APE x BIO) every 24 h for
5 days. In colony formation assays, transfected cells were
inoculated with 1 × 103 cells per well in a 6-well plate and
cultured for about 7 days, when colonies could be detected,
they were fixed in methanol and stained with hematoxylin. The
results were analyzed using ImageJ software, a free and open-
source software developed by the National Institutes of Health.

Transwell migration and invasion assay

For the transwell migration and invasion assay, transfected
cells were cultured at 5 × 104 (migration assay) or 1 × 105

(invasion assay) in 200 ml of serum-free medium. They were
inoculated into the upper chamber for migration (without
Matrigel) and invasion (with Matrigel) tests, respectively.
Medium containing 10% fetal bovine serum was added to the
lower chamber. Migration was incubated for 12 h and
invasion was incubated for 16 h. Cells located on the lower
surface of the upper chambers were fixed with methanol,
stained with hematoxylin, and observed by an inverted
microscope.

RIP-seq and RIP-qPCR

Before performing the RIP assay, experiments were initiated
according to the Magna RIPTM Kit (Millipore) following the
manufacturer’s protocol. Cell lysates were incubated with
protein A/G magnetic beads coated with 5 mg of specific
J. Biol. Chem. (2024) 300(12) 107964 15
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antibody or normal IgG overnight at 4 �C. The immunopre-
cipitated RNA was separated with elution buffer and purified
for next-generation sequencing (RiboBio) or Quantitative real-
time reverse transcription PCR. The primers required for the
reaction are shown in the Table S4.

Coomassie brilliant blue stain assay

The Coomassie brilliant blue stain assay was performed us-
ing the fast Coomassie brilliant blue stain kit (Beyotime), and
experiments were initiated according to the manufacturer’s
instructions. After the gel electrophoresis, a suitable volume of
Coomassie brilliant blue fast staining solution was added to gel
according to its size. After 30 min of the staining, the gel was
washed using ddH2O until the stained background was
removed. The gel images were then photographed and saved.

T7 transcription in vitro

Utilizing the Ribo RNAmax-T7 biotin-labeled transcription
kit (RiboBio) according to the manufacturer’s instructions. The
preparation of linearized DNA template was carried out, the
T7 in vitro transcription reaction system was constructed ac-
cording to the instructions, 1 ml of DNase I was added to the
reaction system to remove the DNA template, and then the
purification system of RNA product was formulated according
to the instructions. Finally, the resolubilization of the RNA
product and the quality inspection were carried out to obtain
the RNA probes.

RNA pull-down assay

Biotin-labeled RNA pull-down probes were obtained with
the Ribo RNAmax-T7 biotin-labeled transcription kit (Ribo-
Bio), According to the manufacturer’s instructions, the biotin-
labeled RNA probes were incubated with cell lysate at 4 �C
overnight and pulled down by the action of streptavidin-coated
magnetic beads (Invitrogen). The bound proteins were ob-
tained and then analyzed by Western blotting or sent to LC/
MS analysis (Win Innovate Bio). The MS results were obtained
and analyzed. For a cell-free RNA pull-down experiment,
purified proteins were purchased from TargetMOl: RAN-GST
(Escherichia coli protein purification system, Human, TMPH-
01419), TDP43 (E. coli protein purification system, Human,
TMPH-02178), eEF2 (E. coli protein purification system, Hu-
man, TMPH-01286), and GST (Baculovirus Insect Cells pro-
tein purification system, Schistosoma japonicum, TMPY-
02157). The biotin-labeled RNA probes were incubated with
purified proteins (5 mg) at 4 �C overnight and pulled down by
the action of streptavidin-coated magnetic beads (Invitrogen).
The bound proteins were obtained and then analyzed by
Western blotting.

FISH and IF

The colocalization and interaction of G3BP1 mRNA and
RAN or TDP43 protein were detected by FISH and IF cos-
taining. Cy3-labeled G3BP1 FISH probes were purchased and
synthesized by RiboBio. G3BP1 FISH probes consist of mul-
tiple 21-nt ssDNA sequences of G3BP1 which are labeled by
16 J. Biol. Chem. (2024) 300(12) 107964
Cy3. They can specifically recognize and bind to G3BP1
mRNA. After the sample was fixed, permeated, and washed,
the cells were incubated with G3BP1 probes overnight and
then washed with saline-sodium citrate buffer. Subsequently,
the sample was blocked with the IF blocking solution and
incubated with an anti-RAN antibody (1:100, Abcam,
ab155103) or anti-TDP43 antibody (1:100, Abcam, ab190963).
40, 6-diamino-2-phenylindole staining of the nucleus. Finally,
the samples were scanned and analyzed using a confocal mi-
croscope (Carl Zeiss AG, LSM 980). The colocalization and
interaction of RAN and TDP43 protein, and TDP43 protein
distribution with or without RAN silencing were detected by
IF staining. After the sample was fixed, permeated, and
washed, the cells were incubated with an anti-RAN antibody
(1:100, Abcam, ab155103) and an anti-TDP43 antibody (1:100,
Abcam, ab190963). 4’, 6-diamino-2-phenylindole staining of
the nucleus. Finally, the samples were scanned and analyzed
using a confocal microscope (Carl Zeiss AG, LSM 980). For
radial line profile analysis, the fluorescence intensity of RAN,
TDP43, and G3BP1 mRNA was been assessed by line scans of
captured images. The spatial distribution curves of fluores-
cence intensity were used to analyze the colocalization.

Cytoplasmic and nuclear RNA purification assay

Isolation of cytoplasmic and nuclear RNA using cytoplasmic
and nuclear RNA purification kit (NORGEN). The cultured
cells, after washing, were lysed by adding 200 ml of ice-cold
Lysis buffer, centrifuged, and the supernatant (containing
cytoplasmic RNA) and precipitate (containing nuclear RNA)
were retained. After that, the nuclear RNA from the
precipitate and cytoplasmic RNA from the supernatant were
purified separately. After that, the nuclear RNA from the
precipitate and cytoplasmic RNA from the supernatant were
purified separately. Cytoplasmic RNA and nuclear RNA were
available for subsequent RT-qPCR.

Cytoplasmic and nuclear protein extraction assay

Extraction of nuclear and cytoplasmic proteins from samples
using the ProteinExt Mammalian Nuclear and Cytoplasmic
Protein Extraction Kit (TransGen Biotech). CPEB I and CPEB II
were added to the cells and incubated on ice with shaking and
mixing. After centrifugation to collect the supernatant (cyto-
plasmic proteins), the precipitate was added to CPEB I. After
centrifugation with shaking, the precipitate was added to nu-
clear protein extraction buffer, and incubated on ice with
shaking. Centrifuge to collect the supernatant (nuclear pro-
teins). The cytoplasmic and nuclear proteins final storage at −80
�C for subsequent experiments.

Silver stain assay

The silver staining test was performed using the Fast Silver
Stain Kit (Beyotime), and experiments were initiated according
to the manufacturer’s instructions. After electrophoresis, the
gel is fixed in 100 ml of fixative, and silver stained by step.
Stained bands were used to observe differential enrichment
proteins.
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Measurement of RNA stability

RNA stability was detected by RNA decay assay. NPC cells
were first inoculated in 6-well plates and cultured until fusion.
Actinomycin D (HY-17559, MedChemExpress) was added to
each well until the final concentration was 10 mg/ml. The
abundance of G3BP1 mRNA and 18S rRNA (normalized to
time 0) was detected by quantitative PCR. The control RNA
was 18S rRNA because actinomycin treatment did not affect
18S rRNA levels.

Coimmunoprecipitation

Co-IP assays were performed using the PierceTM Co-IP Kit
(Thermo Fisher Scientific). Immunoprecipitation (IP) buffers
containing protease and phosphatase inhibitors (Thermo
Fisher Scientific) were added to lysate the cells and cen-
trifugated to obtain the lysate supernatant. The lysate was
incubated overnight with corresponding specific antibodies in
mild rotation at 4 �C. Immunocomplexes were recovered and
washed 10 times with IP buffer. The enriched proteins are used
for Western blotting analysis or sent to LC/MS analysis (Win
Innovate Bio). The MS results were obtained and analyzed.
The antibodies used in this study are as follows: RAN (1:50,
Abcam, ab155103), TDP43 (1:50, CST, #3448). For a cell-free
co-IP experiment, 5 mg purified TDP43 protein was mixed
with 5 mg purified RAN-GST or GST protein. Then, anti-GST
magnetic beads (Beyotime) were added to the protein solution
and incubated overnight in mild rotation at 4 �C. Immuno-
complexes were recovered and washed 10 times with IP buffer.
The enriched proteins are used for Western blotting analysis.

In vivo tumor xenograft models

All animal experimental procedures were approved by the
Institutional Animal Care and Use Committee of Sun Yat-sen
University Cancer Center (L025501202305016). Female
BALB/c nude mice of about 19 g at 6 weeks of age were
purchased from Guangdong Vital River Lab Animal Tech-
nology. For establishing a subcutaneous xenograft model,
1 × 106 SUNE-1 cells stably expressing scrambled or sh-RAN
were inoculated subcutaneously into the axilla of nude mice.
Tumor volumes were measured every 2 days. After 20 days of
growth, mice were executed, and subcutaneous tumors were
isolated. For the inguinal lymph node metastasis model,
2 × 105 scrambled or sh-RAN SUNE-1 cells were injected into
mouse foot pads. After 4 weeks of growth, mice were executed,
and footpad tumors and inguinal lymph nodes were isolated.
Subcutaneous and footpad tumors and lymph nodes were
paraffin-embedded and subjected to immunohistochemical
analysis.

IHC staining

For immunohistochemical staining assays, after the pre-
processed description in our previous study (65), the sections
from NPC patients were incubated with RAN antibody (1:400,
Proteintech, 10469-1-AP) or anti-pan-cytokeratin antibody
(ZSGB-BIO) overnight at 4 �C. On the next day, these sections
were incubated with the corresponding secondary antibody
(ZSGB-BIO) at 37 �C for 30 min. IHC-stained sections were
finally obtained after the DAB chromogenic reaction. IHC
staining analysis was performed using the semiquantitative
scoring criteria of the IRS system, which was previously
described (66). The IRS system categorizes the intensity of
staining as nonexistent (0), weak (1), moderate (2), or strong
(3), and the percentage of cellular staining as unstained (0), less
than 25% stained (1), 25 to 50% stained (2), 51 to 75% stained
(3), or more than 75% stained (4). IRS was calculated by the
multiplication of these two variables. NPC patients were
categorized into two groups of low RAN levels (IRS 0�6) and
high RAN levels (IRS 7�12) for statistical analysis.

Statistical analyses

GraphPad Prism (version 9.0; GraphPad Inc), IBM SPSS
(version 24.0; IBM Corp), and R (version 3.6) software for
Windows were used for statistical analysis. Data are expressed
as mean ± SD or mean ± 95% confidence interval. Continuous
variables were compared using Student’s t test (unpaired, two-
tailed), and categorical variables were compared using the chi-
square test. One-way ANOVA and two-way ANOVA followed
by the Bonferroni test were used for multiple comparisons.
The significant differences in correlations were assessed using
the Pearson correlation analysis. Survival curves were assessed
using the Kaplan–Meier method. The log-rank test was used
to compare differences in survival outcomes. Single and
multifactor Cox regression analyses were used to calculate
hazard ratios and 95% confidence intervals. A p value of <0.05
was considered statistically significant. *, p < 0.05; **, p < 0.01.

Data availability

RIP-seq and RNA-seq data are accessible at the GEO Re-
pository Knowledge base (GSE262035). The MS proteomics
data and detailed approaches have been deposited to the
ProteomeXchange Consortium (https://proteomecentral.
proteomexchange.org) via the iProX partner repository
(67, 68) with the dataset identifier PXD056577. The GEO
accession numbers referenced in the manuscript are
GSE126683, GSE53819, GSE103611, GSE13597, GSE68799,
and GSE102349. In addition to the RNA-seq data of NPC
tumor tissue measured by our team (GSE126683), The others
(GSE53819, GSE103611, GSE13597, GSE68799, and
GSE102349) were taken from RNA-seq datasets of tumor
tissue from NPC patients collected from different hospitals
over the past 15 years. The data used and analyzed in this
article, as well as the source data supporting the results of this
study, are available from the corresponding author upon
request.

Supporting information—This article contains supporting
information.
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