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Introduction
Alternative splicing (AS) of pre-mRNA is a vital post-transcriptional 
process determining the proteomic complexity of mammals (1). 
Generally, AS regulation depends on the strength of intrinsic cis 
elements, including intronic and exonic enhancers and silencers, 
which recruit trans-acting splicing factors to promote or suppress 
the utilization of adjacent splice sites (2, 3). Failure to accurately 
recognize spice sites due to either splice site mutation or splicing 
factor dysregulation ultimately leads to the generation of abnor-
mal mature mRNA variants encoding for deleterious isoforms 
and contributes substantially to tumor malignancy (1, 4, 5). The 
“cancerous” splice variants of specific genes have turned into 
novel molecular biomarkers as well as therapeutic targets to out-
wit cancer treatment (6).

Serine/arginine-rich splicing factors (SRSFs) are well charac-
terized for their roles in AS and are composed of 1 or 2 RNA rec-
ognition motifs (RRMs) and a serine/arginine-rich (RS) domain 
(7). Among these SRSFs, SRSF1 is a prototypical splicing factor 
that specifically binds to exonic enhancers and stimulates splicing 
(8). Increasing evidence demonstrates that SRSF1, predominate-

ly driven by the transcription factor MYC (9), is overexpressed in 
multiple human cancers and exerts oncogenic roles via control of 
AS of cancer-related genes (10–12). Recently, genome-wide stud-
ies have extensively identified the AS targets of SRSF1 (13, 14) and 
established its concentration/position-dependent splicing model 
(12, 15). The emerging roles of SRSF1 in AS regulation in cancer are 
opening up a new therapeutic avenue.

Gliomas are the most frequent primary brain tumors (16, 17). 
Malignant glioma, especially glioblastoma (GBM), is associated 
with dismal prognoses, primarily due to its infiltrating properties 
and the emergence of chemoresistance (18). Treatment options 
remain limited in part due to the still poor understanding of the 
basic biology of glioma. Given the complexity of splicing regula-
tion in brain, abnormal splicing may be a significant but yet under-
explored contributor to gliomagenesis. Indeed, functional studies 
have revealed several splicing factors as oncogenic candidates by 
switching the AS products toward tumor-promoting isoforms in 
glioma cells (19–21). However, whether SRSF1 participates in glio-
ma onset and progression remains unknown.

In the present study, we sought to elucidate the expression, 
clinical relevance, biological function, and underlying mecha-
nism of SRSF1 in gliomas, focusing on the aspect of AS control. 
Upregulation of SRSF1 was observed in gliomas and predicted 
patients’ adverse prognoses. Through RNA sequencing (RNA-
Seq) and motif analyses, we systematically identified hundreds 
of SRSF1-affected AS events and described a position-dependent 
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lines expressing control shRNA (sh-NC; WT) and SRSF1 shRNA 
(sh-SRSF1; KD), we found that SRSF1 knockdown also severely 
impaired cell survival and invasion as shown by colony formation 
(P < 0.001; Supplemental Figure 2C) and Transwell assays (P < 
0.001; Supplemental Figure 2D), respectively.

To confirm whether SRSF1 is essential for SRSF1-mediated 
oncogenic roles in glioma, we infected the KD sub–cell line with 
a lentivirus coexpressing luciferase and an shRNA-resistant syn-
onymous mutant of SRSF1 (SRSF1-mu; Supplemental Figure 2E) 
to restore SRSF1 expression (KD+SRSF1-mu) and infected the 
WT and KD sub–cell lines with a control lentivirus expressing 
luciferase alone (vec; WT+vec and KD+vec) as controls (Figure 
2A). The 3 groups of stable sub–cell lines undergoing sequential 
lentivirus infection and antibiotic selection were used in the fol-
lowing experiments both in vitro and in vivo. Consistent with the 
previous results, SRSF1 knockdown severely impaired the prolifer-
ation, survival, and invasion abilities, while SRSF1 restoration sig-
nificantly rescued the above defects (P < 0.001; Figure 2, B–D). In 
the SW1088 cell line (a grade III astrocytoma cell line with a lower 
level of endogenous SRSF1; Figure 1C and Supplemental Figure 
1C), we also observed the promoting effects of SRSF1 on glioma 
cell proliferation and invasion (P < 0.001; Supplemental Figure 2, 
F–H). All these results demonstrate that SRSF1 is a potent promot-
er of glioma cell proliferation, survival, and invasion.

In addition, we also observed changes in actin organization 
following SRSF1 knockdown in U87MG and U251 cells. Phalloidin 
labeling showed the appearance of diffused actin stress fibers with 
reduced fluorescence intensities in KD cells, whereas in control 
(WT) cells, F-actin was centralized mostly on the cell cortex or 
lamellae (Figure 2E). Alterations in actin organization are accom-
panied by the formation of focal adhesion at the edges of cells, 
consistent with a more spread-out cell morphology and larger KD 
cell area (Figure 2E).

For animal experiments, the abovementioned 3 groups of 
U87MG stable sub–cell lines (WT+vec, KD+vec, KD+SRSF1-mu) 
were transplanted into nude mice. IHC results showed that xeno-
grafts of the KD+vec group retained SRSF1 silencing, while those 
of the WT+vec and KD+SRSF1-mu groups expressed high lev-
els of SRSF1 (Supplemental Figure 3A). Our results showed that 
SRSF1 knockdown (KD+vec) clearly inhibited the growth of the 
glioma xenografts and increased the OS rates of the nude mice, 
and these effects were almost completely reversed by replenish-
ment of SRSF1-mu (KD+SRSF1-mu; Supplemental Figure 3, A–C). 
Combined with our in vitro findings, these results demonstrate that 
SRSF1 increases the tumorigenic potential of glioma cells by facili-
tating their proliferation, survival, and invasion.

Global landscape of the SRSF1-affected AS and gene expression in 
GBM cells. To screen SRSF1-regulated AS events involved in glio-
magenesis, we conducted high-throughput sequencing of RNA 
(RNA-Seq) on the WT and KD sub–cell lines of U87MG and U251. 
With approximately 100 million 150-nt paired-end reads, we 
identified a total of 1,348 and 1,332 SRSF1-regulated AS events in 
U87MG and U251 cells, respectively, which could be classified into 
5 AS categories (Figure 3A and Supplemental Table 3). The major-
ity of these AS events belonged to the skipped exon (SE) category.

Subsequent analysis indicated the dual role of SRSF1 as a 
splicing activator and repressor, as it induced similar percentages 

modulation of AS by SRSF1 in glioma. We further verified that 
SRSF1 promotes the proliferation, survival, and invasion of glioma 
cells by switching the AS of the myosin IB (MYO1B) gene. Taken 
together, our findings highlight a role for SRSF1 as a splicing reg-
ulator in glioma biology, which contributes to multiple aspects of 
the glioma phenotype.

Results
SRSF1 is increased in gliomas, and its higher expression predicts worse 
prognosis. To investigate whether SRSF1 was involved in gliom-
agenesis, we first explored alteration of its expression in glioma 
tissues. In silico analysis of the 3 published datasets from Onco-
mine (http://www.oncomine.org) revealed a significant increase 
in SRSF1 mRNA content in GBM tissues as compared with nor-
mal brain (NB) tissues (P < 0.001; Supplemental Figure 1A; sup-
plemental material available online with this article; https://doi.
org/10.1172/JCI120279DS1). This result was reinforced by the 
quantification of SRSF1 mRNA in 14 glioma tissues (including 
6 lower-grade gliomas [LGGs; WHO grade II–III] and 8 GBMs 
[WHO grade IV]) and 5 NBs (Figure 1A). Western blot analysis ver-
ified that human GBM tissues and cell lines showed significantly 
higher levels of SRSF1 protein when compared with NBs and the 
human immortal astrocyte cell line UC2, respectively (Figure 1, B 
and C, and Supplemental Figure 1, B and C). SRSF1 IHC confirmed 
its nuclear localization and a progressive increase in its labeling 
index (LI) with the elevation of glioma grade (P < 0.001; Figure 
1D). Moreover, SRSF1 expression was positively correlated with the 
proliferation index (Ki-67 LI; r = 0.839, P < 0.0001; Figure 1E and 
Supplemental Figure 1, D and E). Importantly, SRSF1 overexpres-
sion was clearly associated with older age (P < 0.0001), advanced 
grade (P < 0.0001), higher Ki-67 LI (P < 0.0001), and WT isoci-
trate dehydrogenase 1 and 2 (IDH1/2) status (P < 0.0001; Table 1).  
Kaplan-Meier analyses showed that patients with higher levels of 
SRSF1 had shorter disease-free survival (DFS; P < 0.0001) and 
overall survival (OS; P < 0.0001; Figure 1F). The prognostic value 
of SRSF1 was further verified by The Cancer Genome Atlas (TCGA) 
data analysis (OS: P < 0.0001; Supplemental Figure 1F). Further-
more, even within the cohort of glioma patients of similar ages (age 
≥ 50, age < 50), identical IDH1/2 gene type, and similar Karnofsky 
Performance Status (KPS; <90, ≥90), the association between high 
SRSF1 expression and poor prognosis remained apparent (DFS:  
P < 0.01–0.0001; OS: P < 0.01–0.0001; Figure 1, G and H, and Sup-
plemental Figure 1G). Cox regression showed that SRSF1 LI was an 
independent predictor of DFS and OS (Supplemental Tables 1 and 
2). Taken together, these data strongly indicate that upregulation of 
SRSF1 is closely associated with glioma progression, and SRSF1 is a 
potential prognostic biomarker for glioma patients.

SRSF1 increases tumorigenic potentials of glioma cells. Prompted 
by the above findings, we examined whether SRSF1 exerted onco-
genic functions in glioma. First, we transiently silenced endoge-
nous SRSF1 expression with 2 independent siRNAs. Western blot 
analysis confirmed efficient knockdown of SRSF1 in 4 GBM cell 
lines, including U87MG, U251, LN229, and SNB19 (P < 0.001; 
Supplemental Figure 2A). Compared with the control siRNA, 
SRSF1 siRNAs significantly inhibited the growth of these cell 
lines, as gauged by Cell Counting Kit-8 (CCK-8; Dojindo) assays 
(P < 0.001; Supplemental Figure 2B). Using the stable sub–cell 
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Figure 1. SRSF1 overexpression is correlated with excessive glioma cell proliferation and predicts poor prognoses of glioma patients. (A) Relative SRSF1 
mRNA levels in glioma tissues as detected by qRT-PCR. The mean of the normal brain (NB) group was arbitrarily set to 1.0. Data are presented as mean ± 
SD, n = 3. (B and C) Western blot of SRSF1. The expression levels of SRSF1 were compared between GBM tissues and NBs (B), as well as among the GBM cell 
lines, UC2 (an immortal astrocyte cell line) and SW1088 (an anaplastic astrocytoma cell line, WHO grade III) (C). Loading control: β-actin. (D) Left: IHC stain-
ing of SRSF1 in control (nontumoral brain tissues) and glioma tissues. The negative control was established by using PBS as a substitute for the primary 
antibody. Scale bar: 20 μm. Right: Comparison of SRSF1 expression levels among 20 NB tissues and 120 gliomas of various grades. The expression levels are 
represented by labeling indexes (LIs [%]), which were calculated with Leica Image Pro Plus 5.0 software as the percentage of total cells that were positive 
cells. Data are presented as box plots. Boxes represent the 25th and 75th percentiles, lines represent the median, and whiskers show the minimum and 
maximum points. ***P < 0.001 by 1-way ANOVA with Tukey’s post test. (E) Pearson correlation analysis between the LIs of SRSF1 and Ki-67 in the glioma 
samples (n = 120). Pearson correlation test, r and P values are shown. (F–H) Kaplan-Meier analyses of the DFS and OS of all glioma patients (F) and patients 
of similar age (G) and identical IDH1/2 gene status (H). Patients were stratified into high- and low-expression groups using the medians of the SRSF1 LIs of 
the corresponding cohorts as cutoffs. The P values of the log-rank (Mantel-Cox) tests are presented.
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closely associated with its modulating effects on global 
AS and gene expression.

Validation and mechanistic exploration of SRSF1-guided 
AS in glioma. To verify the accuracy of our RNA-Seq results 
on AS, we subsequently validated the top 50 SRSF1-affect-
ed AS events shared by U87MG and U251 cells (Supple-
mental Table 4). Representative results of 12 validated AS 
events are shown in Figure 4, A and B. These results con-
firmed that SRSF1 either activated (Figure 4A) or repressed 
(Figure 4B) the splicing of the target exons/introns.

To determine whether the distribution of the SRSF1- 
binding motifs differs between SRSF1-activated and 
-repressed cassette exons, we performed de novo discov-
ery of the SRSF1-binding motif using the sequences of 
60 (30 activated and 30 repressed) validated SRSF1-reg-
ulated SE events shared by U87MG and U251 cells. The 
motifs derived from the SRSF1-activated training set indi-
cated a predominant enrichment of GAGGGG within the 
cassette exons over the flanking constitutive exons and 
introns (Figure 4C). However, SRSF1-repressed exons 
showed enrichment of the putative binding motifs in the 
flanking constitutive exons and introns (Figure 4C).

Among the validated SRSF1-affected AS events, we 
focused on the myosin IB (MYO1B) gene, since its tran-
scripts dramatically switched to the exon-skipped iso-
form upon SRSF1 knockdown (Figure 5A, primer set 1). 
The human MYO1B gene has 31 exons, of which exons 23 
and 24 are subject to AS regulation. Therefore, this gene 
theoretically generates 4 different transcripts depend-
ing on the inclusion/exclusion of the 2 alternative exons. 
However, we could only distinguish 3 isoforms, because 
exons 23 and 24 are of the same length. Reverse tran-
scriptase PCR (RT-PCR) using primer set 2, which could 
amplify all of the exon-including or -skipping isoforms, 
revealed that SRSF1 knockdown significantly result-
ed in skipping of the 2 adjacent exons and facilitated 
the expression of the truncated MYO1B isoform in the 

KD sub–cell line (MYO1B-t; Figure 5A). The splicing effect was 
quantified by determining the percentage of the total MYO1B 
transcripts that were full-length transcripts containing exons 23 
and 24 (MYO1B-fl) (fl%; Figure 5A). Meanwhile, the exogenous 
HA-tagged SRSF1-mu dose-dependently increased the fl% and 
recovered the WT splicing pattern of MYO1B in the KD sub–cell 
line (Figure 5B and Supplemental Figure 5A). Similar results were 
also obtained in SW1088 cells (Supplemental Figure 5B). How-
ever, introduction of domain deletion mutants of SRSF1 (SRSF1- 
ΔRRM1, -ΔRRM2, -ΔRS) failed to recover or only weakly restored 
the WT splicing of MYO1B (Figure 5C), suggesting that all 3 domains 
of SRSF1 are required for efficient splicing of MYO1B pre-mRNA.

To further examine whether SRSF1 binds to MYO1B exons 
23 and 24 in vivo, we overexpressed HA-tagged SRSF1-wt or its 
domain deletion mutants in U87MG cells (Figure 5D). To rule out 
experimental artifacts caused by the HA antigen, we also trans-
fected the cells with HA-vector (vec) or HA-SRSF2-wt (SRSF2-wt) 
plasmids as controls (Figure 5D). In vivo crosslinking followed 
by immunoprecipitation (CLIP) and the subsequent RT-PCR 
results showed that SRSF1-wt bound to exons 23 and 24 with high 

of exon/intron inclusion (activation) and exclusion (repression; 
Figure 3B and Supplemental Table 3) events.

Among all the SRSF1-regulated AS events, we found multiple 
events shared by U87MG and U251 cells, most of which belonged 
to the SE category (Figure 3C and Supplemental Table 3). Impor-
tantly, these overlapping SRSF1-affected splicing targets were 
associated with tumor-related functions in the areas of cell cycle 
control, RNA splicing, cytoskeleton organization, and focal adhe-
sion (Figure 3, D and E).

Apart from splicing control, we also observed the effects of 
SRSF1 on global gene expression. Heatmap analysis of the dif-
ferentially expressed coding genes revealed cell type–specific 
variations in U87MG and U251 cells (Supplemental Figure 4A). 
The overlapping genes were also involved in the tumor-related 
functions mentioned above (Supplemental Figure 4, B and C), 
reiterating the roles of SRSF1 in gliomagenesis. Furthermore, we 
spotted the impacts of SRSF1 on the expression of numerous non-
coding RNAs, which also exhibited both generality and specificity 
between U87MG and U251 cells (Supplemental Figure 4D). These 
results propose that the glioma-promoting roles of SRSF1 are 

Table 1. Relationship between SRSF1 expression and the 
clinicopathological characteristics of the 120 glioma patients

Feature Non-increased  
(SRSF1 LI ≤ 51.5%)  

n = 60

Increased  
(SRSF1 LI > 51.5%)  

n = 60

Test of  
significance

Sex
 Male 31 40 χ2 = 2.7939
 Female 29 20 P = 0.0946
Age
 <50 44 17 χ2 = 24.3068
 ≥50 16 43 P < 0.0001
Predominant side
 Left 26 31
 Right 30 26
 Middle 4 3 P = 0.6936
Predominant location
 Frontal lobe 45 30
 Temporal lobe 11 16
 Parietal lobe 1 8
 Occipital lobe 1 2
 Others 2 4 P = 0.0228
Grade
 II 40 0
 III 20 20 χ2 = 80.0000
 IV 0 40 P < 0.0001
Ki-67 LI
 ≤16.7 50 9 χ2 = 56.0489
 >16.7 10 51 P < 0.0001
IDH1/2 status
 WT (IDH1/2) 8 42 χ2 = 39.6343
 Mutant type (IDH1 R132H) 52 18 P < 0.0001
KPS score
 <90 37 36 χ2 = 0.0350
 ≥90 23 24 P = 0.8516
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Figure 2. SRSF1 increases the tumorigenic abilities of GBM cells and induces reorganization of the cytoskeleton. (A) Western blot of endogenous (endo) 
SRSF1 and exogenous (exo) SRSF1-mu (HA-tagged product of the SRSF1 synonymous mutant) in the extracts of cells as indicated. Loading control:  
β-actin. (B) Images of EdU staining (left) and the comparison of EdU-positive rates among the indicated cells (right). (C) Colony formation assay results. 
(D) Transwell invasion assay results. Original magnification (B and D), ×400. (E) Left: The cytoskeleton was labeled with Phalloidin (green), and cell nuclei 
were counterstained with DAPI. Scale bar: 20 μm. Right: Green fluorescence (Phalloidin) intensities were profiled along the red lines (upper and middle 
panels). Cell areas were compared between the WT and the KD sub–cell lines. Data are presented as box plots, n = 300. ***P < 0.001 by 2-tailed Student’s 
t test (bottom panel). Data in A–D are presented as mean ± SD, n = 3 for A and n = 5 for B–D. ***P < 0.001 by 1-way ANOVA with Dunnett’s post test. Rep-
resentative images from biological triplicate experiments are shown for B–E.
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affinity. However, the affinities of the 3 SRSF1 domain deletion 
mutants and SRSF2-wt to exons 23 and 24 were low or even neg-
ligible, similar to those to the flanking exons 22 and 25 (Figure 
5E). This finding is consistent with the motif distribution feature 
of SRSF1-activated exons, which is characterized by the predom-
inant enrichment of SRSF1-binding motifs within the cassette 
exons over the flanking constitutive exons.

To gain more mechanistic insights into SRSF1-regulated AS 
of the MYO1B gene, we constructed a minigene reporter spanning 
the genomic DNA fragment of MYO1B exons 22–25 (MYO1B-wt; 
Figure 5F). Splicing was assayed following transient transfection 

of WT and KD sub–cell lines of U87MG. In accordance with the 
endogenous splicing pattern, exons 23 and 24 were nearly 40% 
included in the WT sub–cell line (lane 1), whereas SRSF1 knock-
down markedly inhibited the inclusion of the 2 exons (lane 2), 
indicating that the inclusion of MYO1B exons 23 and 24 is SRSF1 
dependent (Figure 5F). Sequence analysis revealed several poten-
tial SRSF1-binding motifs in exons 23 and 24 of MYO1B mRNA 
(Supplemental Figure 5C). We then examined the role of internal 
binding motifs in exon inclusion in detail. To this end, we designed 
a series of motif deletion mutants of the MYO1B minigene, with 
the motif elements within exons 23 and 24 deleted individually 

Figure 3. Global profiles of SRSF1-affected AS in GBM cells. (A) SRSF1-affected AS events in U87MG (left) and U251 (right) cell lines. The AS events are 
classified into 5 categories: skipped exon (SE), retained intron (RI), alternative 5′ splice site (A5SS), alternative 3′ splice site (A3SS), and mutually exclusive 
exon (MXE). (B) Relative fraction of AS events affected positively (activation) or negatively (repression) by SRSF1 in each category. (C) Overlapping AS events 
in each category of the activation/repression groups between U87MG and U251 cell lines. (D) Gene ontology of the common AS targets shared by U87MG 
and U251 cell lines. Fisher’s exact P values (–log2 transformed) are plotted for each enriched functional category. (E) Functional association network of the 
SRSF1-affected AS targets. Genes incorporated in D were analyzed using the STRING database, and the subgroups are marked according to their functions.
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(MYO1B-del1 and -del2) or simultaneously (MYO1B-del3; Figure 
5F). Strikingly, MYO1B-del1 and -del2 displayed minor effects in 
exon exclusion and remained responsive to SRSF1 knockdown  
(Figure 5F, lanes 3–6 compared with lanes 1–2). However, simul-
taneous deletion of the 2 motif elements (-del3) almost abolished 
the inclusion of exons 23 and 24, similar to the effect of SRSF1 
deprivation (Figure 5F, lanes 7–8 compared with lanes 1–2). More-
over, inserting 3 copies of GAGGGG (SRSF1-binding motif) into 
MYO1B-del2 (MYO1B-del2in) substantially restored the WT splic-
ing pattern, and this effect was completely abrogated by SRSF1 
knockdown (Figure 5F, lanes 9–10 compared with lanes 1–2). Col-
lectively, these results demonstrate that enrichment of SRSF1- 
binding motifs within the cassette exon results in exon inclusion.

MYO1B-fl isoform increases the oncogenic capacities of GBM cells. 
Given that SRSF1 facilitated the expression of full-length MYO1B 
protein (MYO1B-fl, containing 58 unique amino acids encoding 2 
more IQ motifs in the C-terminus; Supplemental Figure 5, C and 
D), we next investigated whether and how MYO1B-fl contributes 
to gliomagenesis. We designed 2 different siRNAs targeting exons 
23 and 24, and verified their isoform-specific silencing effects on 
MYO1B-fl by Western blot analysis (P < 0.001; Figure 6A). CCK-8 
assays showed that MYO1B-fl knockdown efficiently suppressed 
the growth of GBM cells (P < 0.001, Figure 6B). Using the stable 
sub–cell lines expressing control shRNA (sh-NC) and MYO1B-fl 
shRNA (sh-MYO1B-fl), we found that MYO1B-fl knockdown con-
siderably suppressed cell invasion (P < 0.001; Figure 6C). More-

over, MYO1B-fl knockdown (sh-MYO1B-fl) caused the MYO1B 
immunofluorescent signal at the cytomembrane to clearly fade, 
leaving only scattered fluorescence diffuse in the cytoplasm 
(Figure 6D) sh-MYO1B-fl cells also showed diffused actin stress 
fibers with reduced intensities (cytoskeleton disorganization) and 
enlarged cell areas (Figure 6D and Supplemental Figure 6A).

Prompted by the above results, we questioned whether the 
2 MYO1B isoforms (MYO1B-fl and -t) differ in their subcellular 
localization. To this end, we expressed EGFP-fused MYO1B-fl or 
-t in U87MG and U251 cells (Supplemental Figure 6B) and found 
that MYO1B-fl-EGFP localized mainly on the cytomembrane, 
while MYO1B-t-EGFP was dispersed in cytoplasm (Figure 6E 
and Supplemental Figure 6, C and D). Furthermore, we found 
that SRSF1 knockdown induced a switch of MYO1B protein from 
cytomembrane aggregation to cytoplasmic dispersion (Supple-
mental Figure 6E). All of these results strongly indicate a discrep-
ancy in the subcellular localization among MYO1B isoforms.

To investigate whether subcellular localization determines 
the biologic functions of MYO1B isoforms, we designed 2 shRNAs 
targeting the 3′-UTR of MYO1B mRNA (sh-MYO1B-total 1# and 
2#) to simultaneously knock down all the MYO1B isoforms (Sup-
plemental Figure 7A). We then established the sh-MYO1B-total 
sub–cell line using the more efficient shRNA (Figure 7A). There-
after, we infected the sub–cell line with the control lentivirus 
expressing luciferase alone (vec; sh-MYO1B-total+vec) or the len-
tivirus coexpressing luciferase plus the fusion proteins MYO1B-fl- 

Figure 4. Validation and motif discovery of SRSF1-mediated AS in GBM cells. (A and B) RT-PCR validation of SRSF1-affected AS events. Representative 
images from 3 independent experiments are presented. The structure of each PCR product is indicated schematically on the right. Alternative exons/introns 
affected by SRSF1 are painted in orange. The 4 lanes for GOLGA4 (B) are on the same gel but noncontiguous. The percentage of total products that were 
exon or intron inclusion products (in%) are provided below each gel. (C) Left: Flowchart of SRSF1 motif discovery from the RNA-Seq data. Right: The sum of 
the log2-transformed fold change (FC) of the GA-rich 6-mers overrepresented within the 5 regions around the regulated cassette exons is compared with that 
around the control cassette exons. The red line represents SRSF1-mediated cassette exon activation, and the blue line represents SRSF1-mediated cassette 
exon repression. Potential SRSF1 motifs derived from the 6-mers overrepresented in the activated or repressed cassette exons are also given.
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U87MG WT and KD sub–cell lines with the control lentivirus 
expressing luciferase alone (vec; WT+vec, KD+vec) and infected 
the KD sub–cell line with the lentivirus coexpressing luciferase 
plus the fusion proteins SRSF1-mu-HA (SRSF1-mu; KD+SRSF1-
mu), MYO1B-fl-EGFP (MYO1B-fl; KD+MYO1B-fl), or MYO1B-t-
EGFP (MYO1B-t; KD+MYO1B-t) to overexpress the corresponding 
protein (Figure 8A). Using the 5 groups of stable sub–cell lines, we 
found that restoration of SRSF1-mu (KD+SRSF1-mu) and MYO1B-
fl (KD+MYO1B-fl), but not MYO1B-t (KD+MYO1B-t), efficient-
ly reversed the adverse effects of SRSF1 knockdown (KD+vec) 
on GBM cell proliferation, survival, and invasion (Figure 8B and 
Supplemental Figure 8, A and B), underscoring the importance of 
SRSF1-regulated MYO1B splicing in gliomagenesis.

We then investigated the functional significance of MYO1B-fl  
in mediating the oncogenic effects of SRSF1 in vivo. The above-
mentioned 5 groups of U87MG stable sub–cell lines (WT+vec, 
KD+vec, KD+SRSF1-mu, KD+MYO1B-fl, KD+MYO1B-t) were 
transplanted into nude mice. Consistent with the in vitro results, 

EGFP (MYO1B-fl; sh-MYO1B-total+MYO1B-fl) or MYO1B-t-EGFP 
(MYO1B-t; sh-MYO1B-total+MYO1B-t) to investigate the individu-
al functions of MYO1B isoforms (Figure 7A). Notably, knockdown 
of all MYO1B isoforms suppressed the proliferation, survival, and 
invasion abilities of U87MG and U251 cells. While MYO1B-fl mark-
edly reversed the above defects, MYO1B-t exerted almost no rescue 
effects (Figure 7, B and C, and Supplemental Figure 7B). Accord-
ingly, MYO1B-fl overexpression significantly increased the colony- 
forming efficiency of U251 cells, while MYO1B-t had no obvious 
effect (Supplemental Figure 7C). In animal experiments, glioma 
xenografts of the MYO1B-fl overexpression group exhibited high-
er growth rates as compared with the control group (Supplemental 
Figure 7, D and E). These results demonstrate that MYO1B-fl strong-
ly promotes the proliferation, survival, and invasion of GBM cells, 
whereas MYO1B-t lacks the above oncogenic properties.

Restoration of MYO1B-fl reverses the antiglioma effects of SRSF1 
knockdown. To provide more evidence that SRSF1 promotes gli-
omagenesis by inducing MYO1B-fl expression, we infected the 

Figure 5. SRSF1 mediates inclusion of exons 23 and 24 in MYO1B pre-mRNA. (A) Top: Diagram of the splicing variants of MYO1B mRNA and the primers 
for RT-PCR detection of exon 23 (primer set 1) and exons 23 and 24 (primer set 2) inclusion/exclusion. Bottom: AS of exon 23 (primer set 1) and exons 23 
and 24 (primer set 2) and expression of MYO1B isoforms were examined by RT-PCR and Western blot, respectively. (B) Western blot of SRSF1 and the 
corresponding results of RT-PCR of MYO1B mRNA fragments (primer set 2). (C) Top: Schematic diagram of SRSF1 domains and construction of 3 SRSF1 
mutants: ΔRRM1 (deleted RRM1), ΔRRM2 (deleted RRM2), ΔRS (deleted RS). All mutants were HA tagged. Bottom: Western blot of endogenous and 
exogenous SRSF1 with anti-HA and anti-SRSF1 antibodies. AS of exons 23 and 24 was detected by RT-PCR (primer set 2). (D) Western blot of exogenous 
SRSF1 and its mutants using anti–HA tag antibody. (E) Direct binding between indicated proteins and endogenous MYO1B RNA fragments was verified by 
CLIP. (F) Left: Schematic diagram of the MYO1B minigene with the potential SRSF1-binding sites marked in red. MYO1B splicing reporters with the indicated 
deletion (del1-del3) or insertion (del2in) were generated. Right: Splicing of the MYO1B minigene and the reporters was verified by RT-PCR (primer set 2). 
The percentages of MYO1B-fl within the total MYO1B transcripts are presented using fl% in A–C and F.
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the MYO1B splicing pattern and favoring the expression of the 
full-length MYO1B isoform.

Increased MYO1B-fl levels correlate with SRSF1 expression and 
predict poor prognoses of glioma patients. We next examined the 
splicing pattern of MYO1B exons 23 and 24 in 14 gliomas and 5 
NBs, as mentioned above. Much in agreement with the oncogen-
ic potentials of MYO1B-fl, inclusion of exons 23 and 24 was more 
frequent in gliomas than in NBs and more frequent in GBMs than 
in LGGs (Figure 9A). A positive correlation was observed between 
the SRSF1 mRNA level and MYO1B-fl% in gliomas (P < 0.01; Fig-
ure 9B). These findings were further reinforced by analyzing RNA-
Seq data of a large cohort of glioma patients obtained from the 
TCGA database: MYO1B-fl% was higher in GBMs than in LGGs  
(P < 0.001; Figure 9C) and positively correlated with SRSF1 lev-
el (P < 0.0001; Figure 9D). Furthermore, higher MYO1B-fl% was 
closely associated with worse OS of the patients (P < 0.0001; 

both SRSF1-mu and MYO1B-fl abrogated the suppressive effects 
of SRSF1 silencing on xenograft growth and tumor cell prolif-
eration (as assessed by Ki-67 index), and the 2 groups of nude 
mice showed lower survival rates (Figure 8, C–F, and Supple-
mental Figure 8C). SRSF1 silencing and restoration were con-
firmed by IHC (Figure 8F). Most prominently, in contrast to the 
WT+vec controls, xenograft tumors formed by SRSF1-silenced 
cells (KD+vec) showed no sign of invasion (Figure 8F). Although 
SRSF1 reexpression (KD+SRSF1-mu) completely restored the 
growth and invasion of the xenografts, MYO1B-fl exerted only 
partial effects (Figure 8, C–F), suggesting the existence of oth-
er SRSF1-regulated AS targets. However, unlike MYO1B-fl, 
MYO1B-t failed to exert any “rescue” effects on tumor growth 
and invasion (Figure 8, C–F, and Supplemental Figure 8C). Col-
lectively, these data indicate that SRSF1 facilitates GBM cell pro-
liferation, survival, and invasion at least partially by switching 

Figure 6. MYO1B-fl promotes GBM malignancy, and MYO1B isoforms differ in subcellular localization. (A) Endogenous MYO1B-fl was efficiently knocked 
down in U87MG and U251 cells by MYO1B-fl siRNA (si-MYO1B-fl-1#, si-MYO1B-fl-2#) transfection, as verified by Western blot. Loading control: β-actin. (B) 
Growth curves of U87MG and U251 cells transfected with the siRNAs as indicated. (C) Transwell invasion assay results. Original magnification, ×400. (D) 
Fluorescence images of the cells as indicated. MYO1B was stained by immunofluorescence (red) and the cytoskeleton was labeled by phalloidin (green). 
Cell nuclei were counterstained with DAPI (blue). Scale bars: 20 μm. (E) Subcellular distribution of EGFP-fused MYO1B. Cell nuclei were counterstained with 
DAPI (blue). Scale bars: 20 μm. Data in A–C are presented as mean ± SD, n = 3 for A and n = 5 for B and C. ***P < 0.001 by 1-way ANOVA with Dunnett’s 
post test for A and B, 2-tailed Student’s t test for C. Representative images from triplicate biological experiments are shown for C and D.
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the pyruvate dehydrogenase kinase 1 (PDK1)/AKT pathway. With-
in this group, the levels of phospho-PDK1 (Ser241), phospho-AKT 
(Ser473), cyclin-dependent kinase 2 (CDK2), and cyclin E2 were 
decreased, while that of cyclin-dependent kinase inhibitor 1A 
(p21WAF1) was increased upon SRSF1 knockdown and rescued by 
MYO1B-fl overexpression (Figure 10C). These changes were per-
fectly simulated by wortmannin, a specific PI3K inhibitor, which 
completely abrogated the rescue effects of MYO1B-fl as well (Sup-
plemental Figure 9B, top).

The second group comprised phospho-p21 (RAC1) activated 
kinase 1/2/3 (PAK1/2/3; Thr423/402/421), phospho-LIM domain 
kinase 1/2 (LIMK1/2; Thr508/505), and phospho-cofilin (Ser3). 
All of these belong to the PAK/LIMK pathway, and their levels 
were decreased upon SRSF1 silencing and rescued by MYO1B-fl 
overexpression (Figure 10C). The PAK inhibitor IPA-3 efficiently 
mimicked the effects of SRSF1 silencing and abolished the rescue 
effects of MYO1B-fl (Supplemental Figure 9B, bottom). We also 
observed that MYO1B-t overexpression failed to reverse the activ-
ities of the PDK1/AKT and PAK/LIMK pathways (Figure 10C). All 
of these findings clearly verify that PDK1/AKT and PAK/LIMK are 
key pathways mediating the oncogenic functions of SRSF1 and its 
splicing target, MYO1B-fl, in glioma.

Membrane-localized PI3K is known to catalyze the phos-
phorylation of phosphatidylinositol-4,5-bisphosphate (PIP2) 
to phosphatidylinositol-3,4,5-trisphosphate (PIP3). PIP3 then 

Figure 9E). Together, these results validate the mechanistic link 
between MYO1B-fl and SRSF1 overexpression in gliomas and sug-
gest that MYO1B splicing can be used as a novel independent prog-
nosis factor for glioma patients.

SRSF1-guided MYO1B splicing determines cell fate through the 
PDK1/AKT and PAK/LIMK pathways. To better understand the 
intracellular signaling network underlying the antiglioma effects 
due to SRSF1 knockdown, we surveyed potential cancer-related  
signaling pathways using phospho-antibody microarrays. We 
identified a spectrum of proteins whose phosphorylation lev-
els were more than 15% increased (upregulation) or decreased 
(downregulation) in SRSF1-silenced U87MG cells (Figure 10A). 
Many of these proteins in the phosphorylated form are of great 
importance for tumor cell proliferation and invasion. Analysis of 
the array revealed a reduction in phosphorylation of several key 
components crucial for AKT signaling, actin organization, and 
MAPK signaling upon SRSF1 knockdown (Figure 10B). Among 
these proteins, several could be rephosphorylated by MYO1B-fl 
overexpression (Supplemental Figure 9A), illustrating the impor-
tance of these molecules in mediating the oncogenic roles of the 
SRSF1/MYO1B-fl axis in GBM cells.

Using Western blot analysis, we screened 2 groups of phos-
phoproteins whose levels were obviously impacted by SRSF1 
knockdown and rescued by MYO1B-fl but not MYO1B-t. The first 
group included the key components and downstream effectors of 

Figure 7. MYO1B isoforms differ in their biological functions. (A) Western blot of endogenous MYO1B and exogenous MYO1B-fl/t expression. MYO1B was 
knocked down by the specific shRNA (sh-MYO1B-total) in U87MG and U251 cells, and the EGFP-fused full-length and truncated isoforms were overex-
pressed individually. Loading control: β-actin. (B and C) Images of EdU staining and Transwell invasion assays (B) and the statistical analysis results (C). 
Representative images from triplicate biological experiments are shown for B. Data in C are presented as mean ± SD, n = 5. **P < 0.01; ***P < 0.001 by 
1-way ANOVA with Dunnett’s post test. Original magnification, ×400.



The Journal of Clinical Investigation   R E S E A R C H  A R T I C L E

6 8 6 jci.org   Volume 129   Number 2   February 2019

Figure 8. MYO1B-fl partially recapitulates the SRSF1-mediated tumor-promoting phenotypes in GBM cells. (A) Western blot of endogenous and exog-
enous MYO1B and SRSF1 in U87MG cells. Loading control: β-actin. (B) EdU staining and Transwell invasion assays of U87MG cells as indicated. Repre-
sentative images from triplicate biological experiments are shown. Original magnification, ×400. (C) Bioluminescence images of the intracranial glioma 
xenografts formed by the indicated U87MG cells. Images of representative mice are shown. (D) Bioluminescence quantification results at days 4, 11, 18, 
and 25 after implantation (n = 8 for each group). Data are presented as mean ± SD. **P < 0.01; ***P < 0.001 by 1-way ANOVA with Dunnett’s post test. 
(E) Kaplan-Meier analysis of the OS of the glioma-bearing nude mice. **P < 0.01 for the difference of WT+vec vs. KD+vec, KD+SRSF1-mu vs. KD+vec, 
WT+vec vs. KD+MYO1B-t, and KD+SRSF1-mu vs. KD+MYO1B-t; *P < 0.05 for the difference of KD+MYO1B-fl vs. KD+vec and KD+MYO1B-fl vs. KD+MYO1B-t 
by the log-rank (Mantel-Cox) test. (F) IHC of SRSF1 and Ki-67 in outgrowing tumor slices and H&E staining images showing the junctions between glioma 
xenografts and surrounding brain tissues. Red dotted lines outline the boundaries of the tumors, and red double-sided arrows indicate invasion distances. 
Scale bars for IHC: 20 μm. Scale bars for H&E: 100 μm (×100) and 50 μm (×400). Images of representative tumors are shown.
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Discussion
Our present work represents a comprehensive study of the splic-
ing factor SRSF1 and its downstream AS landscape in glioma. 
During this study, we identified a key AS target, MYO1B, whose 
full-length isoform (MYO1B-fl) was closely associated with the 
onset and progression of glioma and the outcome of the patients. 
We concluded that SRSF1 promotes gliomagenesis by controlling 
the AS of tumor-associated genes, further highlighting the impor-
tance of AS as a crucial contributor to tumorigenesis.

The human SRSF1 gene is located on chromosome 17q23. 
Amplification of this locus is frequently seen in various kinds of 
tumors and is correlated with poor prognoses (23, 24). Additional-
ly, insightful reports from other scholars have demonstrated that 
SRSF1 is overexpressed in extracranial tumors and plays onco-
genic roles via control of the AS of several tumor-related genes 
(10–12). Here, we provide evidence that SRSF1 is overexpressed 
in gliomas, and its overexpression is associated with a higher 
malignancy grade and poorer survival. The subsequent function-
al study verified that SRSF1 knockdown inhibits the prolifera-
tion, survival, and invasion of GBM cells in vitro and suppresses 
the growth and infiltration of intracranial glioma xenografts in 
vivo. All of these defects could be rescued by SRSF1 restoration. 
Additionally, SRSF1 overexpression promoted the proliferation 
and invasion of a lower-grade glioma cell line (SW1088). These 
findings indicate that SRSF1 is an important promoter of glioma-
genesis and suggest its potential value as a prognostic biomarker 
in glioma patients.

recruits effectors (e.g., PDK1, AKT) and induces their activa-
tion (22). Based on the above finding of MYO1B-fl cytomem-
brane localization, we wondered whether MYO1B-fl directly 
recruits PI3K to the cytomembrane to activate PDK1/AKT 
and PAK/LIMK signaling in glioma cells. Coimmunoprecipi-
tation (Co-IP) assays demonstrated that exogenous MYO1B-fl 
bound to endogenous p85, a regulatory subunit of PI3K, while 
MYO1B-t showed only very weak binding to p85 (Figure 10D). 
Immunofluorescence detection also verified that MYO1B-fl 
and p85 colocalized on the cytomembrane in U87MG cells 
overexpressing MYO1B-fl-EGFP, while MYO1B-t and p85 scat-
tered separately in the cytoplasm in U87MG cells overexpress-
ing MYO1B-t-EGFP (Figure 10E and Supplemental Figure 9C). 
The membrane recruitment of PI3K by MYO1B-fl ultimately 
resulted in the activation of PDK1/AKT and PAK/LIMK signal-
ing (Supplemental Figure 9D).

To understand the role of AKT activation in the tumor-promot-
ing effects of MYO1B-fl, we introduced constitutively active myris-
toylated AKT (myr-AKT) into the sh-MYO1B-fl and sh-MYO1B- 
total sub–cell lines. Strikingly, overexpression of myr-AKT effec-
tively rescued the expression of the downstream effectors (p21WAF1, 
CDK2) as well as the proliferation and survival of GBM cells (Fig-
ure 10, F and G, and Supplemental Figure 9, E and F). Therefore, 
AKT activation is crucial for the functions of the tumor promoter 
MYO1B-fl. To conclude, all of these results demonstrate that PDK1/
AKT and PAK/LIMK are important pathways linking SRSF1-regu-
lated AS of MYO1B and glioma progression.

Figure 9. AS of MYO1B is correlated with SRSF1 levels and predicts poor prognoses. (A) Splicing pattern of MYO1B in glioma tissues as detected by 
RT-PCR (primer set 2). MYO1B-fl% is presented as mean ± SD, n = 3. (B) Pearson correlation analysis between SRSF1 mRNA levels and MYO1B-fl% in tissue 
samples (n = 19) as indicated in (A); r and P values by Pearson correlation test are presented. (C) Comparison of MYO1B-fl% between LGGs (n = 120) and 
GBMs (n = 120) using TCGA RNA-Seq data. ***P < 0.001 by 2-tailed Student’s t test. (D) Pearson correlation analysis between SRSF1 mRNA levels and 
MYO1B-fl% using the above TCGA data (n = 240). Pearson correlation test, r and P values are presented. (E) Kaplan-Meier analysis of the OS of the above 
patients in TCGA database. Patients were stratified into high and low expression subgroups using the median of MYO1B-fl% as the cutoff. P < 0.0001 by 
log-rank (Mantel-Cox) test.
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Golgi organization, actin organization, and actin polymerization 
(29). Previous studies have shown that MYO1B is highly expressed 
in metastatic prostate cancer and head and neck squamous cell 
carcinoma (30, 31). Importantly, knockdown of MYO1B signifi-
cantly inhibited the migratory and invasive abilities of the tumor 
cells by influencing actin organization (30, 31). In agreement with 
these reports, we found that the full-length isoform of MYO1B 
(MYO1B-fl) displayed glioma-promoting activities by enhancing 
the proliferation, survival, and invasion of GBM cells. We also 
found that exogenous MYO1B-fl, but not MYO1B-t (the isoform 
preferentially expressed after SRSF1 knockdown), partially res-
cued the malignant phenotypes and the tumorigenic abilities of 
the SRSF1-silenced GBM cell lines. Although these results cannot 
exclude the existence of other mediators, they are still adequate 
to demonstrate that MYO1B-fl is a crucial “bridge” molecule that 
mediates the oncogenic effects of SRSF1 in glioma. Since we have 
also shown in human glioma samples that the level of MYO1B-fl 
mRNA was increased in parallel with that of SRSF1 and the tumor 
grade and occupied a considerable proportion of the total MYO1B 
mRNA in GBM, we can safely conclude that SRSF1 participates 
in glioma formation and malignant progression by inducing the 
expression of the full-length MYO1B isoform.

Furthermore, we observed that the distribution of MYO1B 
changed from cytomembrane aggregation to cytoplasmic disper-
sion upon SRSF1 knockdown. This is an interesting phenomenon, 
since the localization of MYO1B is strictly controlled in mamma-
lian cells. Previous studies reported that MYO1B-fl concentrates 
mainly within the dynamic areas of the actin cytoskeleton, most 
notably in membrane ruffles, and the artificial truncated mutants 
containing the motor or IQ tail domains show a partial overlapping 
cytoplasmic localization with MYO1B-fl but never concentrate in 
membrane ruffles (30, 32). Using EGFP fusion proteins, we pro-
vided evidence that EGFP-fused MYO1B-fl localized mainly on 
the cytomembrane, while EGFP-fused MYO1B-t was dispersed 
in the cytoplasm. Thus, the redistribution of MYO1B upon SRSF1 
knockdown could be perfectly explained by the switch in RNA 
splicing and the decrease of the MYO1B-fl isoform. Our results 
provide an interpretation of the diversity of MYO1B localization 
naturally seen in normal and tumor cells and lead us to postu-
late that, although encoded by the same gene, different isoforms 
of MYO1B differ greatly in their molecular features and biologic 
functions. Indeed, cellular experiments demonstrated that exoge-
nous MYO1B-fl, but not MYO1B-t, could fully reverse the antineo-
plastic effects of MYO1B-total knockdown on GBM cells.

In the identification of the downstream pathways mediating 
the oncogenic effects of SRSF1 and MYO1B-fl, we adopted the cri-
teria that the phosphorylation profiles of the key components are 
changed by SRSF1 knockdown and reversed by the replenishment 
of MYO1B-fl, but not MYO1B-t, as this criteria helped to guaran-
tee the specificity of the cause and effect. Two pathways, PDK1/
AKT and PAK/LIMK, attracted our attention. Activated through 
a series of phosphorylation events, including the ones mediated 
by PDK1, the AKT signaling pathway plays an important role in 
glioma progression and aggressiveness (33). Different from the 
previous finding that SRSF1 bypasses the upstream AKT pathway 
to activate mTOR complex 1 (mTORC1) (34), we found that SRSF1 
knockdown severely repressed the phosphorylation of PDK1 and 

Recently, genome-wide studies have extensively identified 
the endogenous AS targets of SRSF1 (13, 14) and established a 
concentration/position-dependent splicing model (12, 15). How-
ever, partly due to the context-dependent nature of SRSF1 target 
selection, the key SRSF1-governed AS networks responsible for 
tumorigenesis usually differ greatly among different tumor types 
(13–15), and unfortunately, little is known about SRSF1-affected 
AS in glioma up to now. In the present study, taking advantage of 
RNA-Seq and other validating methods, we identified hundreds of 
SRSF1-affected AS events in U87MG and U251, 2 GBM cell lines. 
Most of these events belong to the skipped exon category, and they 
participate in a wide range of tumor-related functions in the areas 
of cell cycle control, RNA splicing, cytoskeleton organization, and 
focal adhesion. Among these events, the common events shared 
by U87MG and U251 represent only a relatively small fraction, and 
this could be explained by the discrepancies in the genomic and 
proteomic backgrounds of the 2 cell lines (25, 26). Nevertheless, 
the “common” events still deserve further study, for they may 
reflect the generality of GBMs. In the following mechanistic inves-
tigations, including motif analyses, CLIP, and minigene reporter 
assays, we found that enrichment of SRSF1-binding motifs within 
the cassette exons always led to exon inclusion, while enrichment 
of the motifs in the flanking constitutive exons and introns always 
led to exon exclusion. These findings strongly indicate that, like 
several other splicing factors (27, 28), SRSF1 determines exon 
inclusion/exclusion in a position-dependent manner.

Among the numerous AS targets of SRSF1 identified in glioma, 
we focused on the MYO1B gene, as its mature mRNA products were 
dramatically switched to the exon-skipped isoform upon SRSF1 
knockdown. In the following experiments, we found that SRSF1 
participated in the AS of MYO1B pre-mRNA by facilitating the 
inclusion of exons 23 and 24, and thereby induced the expression 
of the full-length MYO1B isoform (MYO1B-fl; Figure 11). During 
this process, the 2 RRM domains and the RS domain of SRSF1 were 
all required, since the corresponding deletion mutants showed 
decreased affinities to the core elements within exons 23 and 24 
and failed to recover the splicing pattern after SRSF1 knockdown.

MYO1B, a member of the class I myosin family, is a widely 
expressed, single-headed, actin-associated molecular motor that 
is associated with organelle trafficking, membrane tethering, 

Figure 10. SRSF1-guided MYO1B splicing determines cell fate through 
the PDK1/AKT and PAK/LIMK pathways. (A and B) Phosphoproteome 
array analysis of the expression changes of phosphoproteins upon SRSF1 
knockdown in U87MG cells. The levels of the individual proteins were 
normalized to total protein levels. Phosphoproteins whose levels increased 
or decreased by more than 15% were labeled red and blue, respectively. 
(C) Western blot of the indicated proteins in the extracts of U87MG cells. 
(D) Co-IP confirmation of the interaction between EGFP-fused MYO1B 
proteins (MYO1B-fl and MYO1B-t) and endogenous p85 PI3K in U87MG and 
U251 cells. (E) Subcellular distribution of exogenous MYO1B-fl or MYO1B-t 
(green) and endogenous p85 PI3K (red) in U87MG cells. Scale bar: 20 μm. 
Representative images from triplicate biological experiments are shown. 
(F) Western blot of the indicated proteins in U87MG cells. The lanes for 
MYO1B were on the same gel but noncontiguous. (G) Representative 
images of EdU staining from triplicate biological experiments (left) and 
quantification (right). Original magnification, ×400. Data are presented as 
mean ± SD, n = 5. ***P < 0.001 by 1-way ANOVA with Tukey’s post test.



The Journal of Clinical Investigation   R E S E A R C H  A R T I C L E

6 9 0 jci.org   Volume 129   Number 2   February 2019

In summary, in the present study, we demonstrated that 
unlike the truncated isoform of MYO1B, full-length MYO1B serves 
as an oncogenic factor for glioma by increasing the proliferation, 
survival, and invasion of glioma cells. The splicing factor SRSF1 
promotes gliomagenesis and malignant progression by facilitating 
the inclusion of exons 23 and 24 in MYO1B pre-mRNA and induc-
ing the expression of the full-length isoform. SRSF1 and MYO1B-fl 
represent prognostic biomarkers and potential targets for the ther-
apy of malignant gliomas.

Methods
Tissue samples and clinicopathological data. The surgical specimens of 
120 astrocytic gliomas and 20 nontumoral brain tissues (control) were 
collected from Tianjin Medical University General Hospital (TMUGH) 
with written consent. After surgical excision, specimens were fixed 
immediately in 3.7% buffered formaldehyde solution and embedded 
in paraffin. Then, 5 μm continuous sections were prepared for IHC of 
SRSF1 and Ki-67. Histopathological diagnoses were made independent-
ly by 2 neuropathologists according to the 2016 WHO classification of 
central nervous system tumors (39). Sanger sequencing was adopted to 
verify the gene type of IDH1/2 (39). The WHO grades, IDH1/2 statuses, 
KPS scores, and patients’ clinical features are summarized in Supple-
mental Table 5. All 120 glioma patients had complete information and 
were followed from the date of operation until December 31, 2013, with 
the follow-up time ranging from 4.5 to 89 months.

Oncomine data and TCGA RNA-Seq data analysis. Oncomine data 
analysis was performed as previously described (28). RNA-Seq data 
from a total of 240 human glioma samples (120 cases of GBM and 120 
cases of LGG) were downloaded from TCGA (https://cancergenome.
nih.gov/). The percentage of all MYO1B transcripts that were MYO1B-fl  
transcripts (MYO1B-fl%) was calculated based on the number of reads 
supporting inclusion and exclusion events. SRSF1 gene expression 
was calculated by counting the number of reads falling into the SRSF1 
gene. Linear analysis was performed between the 2 variables.

IHC. IHC was performed with mouse anti–human SRSF1 (sc-
33652, Santa Cruz Biotechnology Inc.) and mouse anti–human Ki-67 
primary antibodies (sc-23900, Santa Cruz Biotechnology Inc.) as previ-
ously described (40). PBS was used as a substitute for the primary anti-

AKT, led to the increase of p21WAF1 and the decrease of CDK2, and 
thereby inhibited the growth of glioma cells.

Downstream members of the Rho-GTPase pathway are criti-
cal intracellular mediators of actin modeling. These factors control 
directional cell migration and are frequently dysregulated in GBM 
(35). PAK-phosphorylated LIMK functions as a key promoter of 
mesenchymal and amoeboid migration, largely through phosphor-
ylating cofilin at the serine-3 (Ser3) residue and blocking its actin 
binding ability (36). Screening of the invasion-associated proteins 
found upregulated LIMKs and phospho-cofilin accumulating in 
the periphery of GBM (37). In the present study, we observed that 
SRSF1 knockdown markedly repressed PAK/LIMK phosphoryla-
tion and thereby blocked the phosphorylation of cofilin. Moreover, 
MYO1B-fl could rescue the activity of the PDK1/AKT and PAK/
LIMK signaling pathways in SRSF1-knockdown GBM cells, while 
MYO1B-t exerted no rescue effects. Combined with the observa-
tion that specific inhibitors of the PI3K and PAK pathways abro-
gated the rescue effects of MYO1B-fl, our findings confirmed that 
these 2 pathways are the key pathways that mediate the promoting 
effects of SRSF1 and MYO1B-fl on glioma cell growth and invasion.

As is known, PI3K is activated via membrane translocation 
induced by RTK, and then activated PI3K triggers AKT and PAK 
signaling by catalyzing PIP2 phosphorylation to produce PIP3 
in the cytomembrane (38). Our co-IP and immunofluorescence 
results identified that MYO1B-fl, but not MYO1B-t, bound to p85 
with high affinity, recruited p85 to the cytomembrane, and sub-
sequently activated PDK1/AKT and PAK/LIMK signaling (Fig-
ure 11). Moreover, myr-AKT overexpression effectively abolished 
the suppression by MYO1B-fl or MYO1B-total knockdown on 
the proliferation and survival of GBM cells, further demonstrat-
ing the importance of AKT activation in mediating the oncogen-
ic functions of MYO1B-fl in glioma. These findings indicate that 
SRSF1-upregulated MYO1B-fl can activate the PDK1/AKT and 
PAK/LIMK signaling pathways by directly binding and recruit-
ing PI3K to the cytomembrane, therefore revealing a new mech-
anism by which the SRSF1/MYO1B axis promotes gliomagenesis 
and highlighting the importance of PI3K in mediating the above 
MYO1B-fl oncogenic effects.

Figure 11. Schematic illus-
tration of the molecular 
pathways by which SRSF1 
promotes gliomagenesis by 
regulating the AS of MYO1B 
pre-mRNA.



The Journal of Clinical Investigation   R E S E A R C H  A R T I C L E

6 9 1jci.org   Volume 129   Number 2   February 2019

by colony formation assays as described previously (39). Transwell 
invasion assays were performed as described previously (41).

Immunofluorescence staining. Cells grown on glass coverslips were 
fixed with 4% paraformaldehyde (PFA, Sigma-Aldrich), permeabilized 
with 0.2% Triton X-100, and stained following standard procedures 
(42). Rabbit anti-human MYO1B antibody (catalog HPA013607) was 
purchased from Sigma-Aldrich. Fluorescent Alexa Fluor 488 Phal-
loidin (catalog A-12379), rabbit anti-human p85 (PIK3R1) antibody 
(catalog 710400), and TRITC-labeled goat anti-rabbit IgG antibody 
(catalog A-16101) were all purchased from Thermo Fisher Scientific. 
DAPI reagent was used to stain cell nuclei. Cells were imaged using an 
FV-1000 laser-scanning confocal microscope (Olympus).

Measurements of fluorescent labeling, cell area, and protein colo-
calization. To accurately identify the effects of SRSF1 and MYO1B-fl 
knockdowns on F-actin distribution in the cytoskeleton and on cell 
morphology, we measured the line profile intensity of fluorescence 
labeled by phalloidin and cell area of the sub–cell lines in the WT/
sh-NC, KD, and sh-MYO1B-fl groups. To detect differences between 
the subcellular localizations of MYO1B-fl and MYO1B-t, we expressed 
the exogenous EGFP fusion proteins, MYO1B-fl-EGFP or MYO1B-t-
EGFP, in U251 cells, measured the fluorescence density (pixels) of the 
border (membrane location) and total in single cells of each group, 
and calculated the percentage ratio (membrane index) of the border 
pixels to total pixels. All measurement analyses were completed using 
ImageJ software (NIH) as described previously (43, 44). The above 
experiments were repeated independently 6 times. The mean ± SD of 
the cell area and membrane index was identified using 50 cells ran-
domly selected from each of the 6 replicates (300 cells in total). The 
correlation of the subcellular localization of endogenous p85 (red) and 
exogenous MYO1B-fl-EGFP or MYO1B-t-EGFP (green) was detected 
by the colocalization finder plugin in ImageJ software.

Intracranial xenograft assay in nude mice. Female BALB/C athymic 
nude mice at 4 weeks of age were purchased from the animal center 
of the Cancer Institute of Chinese Academy of Medical Science (Bei-
jing, China). The pooled cultures of stable sub–cell lines sequentially 
infected with dual lentiviruses and selected with puromycin and blas-
ticidin (i.e., control group [WT+vec], SRSF1-KD group [KD+vec], and 
rescue groups [KD+SRSF1-mu, +MYO1B-fl, +MYO1B-t]) were trans-
planted intracranially (3 × 105 cells per mouse) under the guidance of a 
stereotactic instrument, as described previously (41). Bioluminescent 
imaging was used to monitor intracranial tumor growth, and the sur-
vival of the animals was recorded every day. After sacrifice, the mouse 
brains were collected and subjected to IHC and H&E staining.

RNA isolation, quantitative reverse transcriptase PCR (qRT-PCR), 
RT-PCR, and in vivo CLIP. Total RNA was isolated using the TRIzol 
reagent (Invitrogen) following the standard protocol. Quantitative 
reverse transcriptase PCR (qRT-PCR) of the mRNAs under study was 
performed using the SYBR Green PCR kit (Takara Bio). The specific 
primers were synthesized by Beijing Genomics Institute (BGI), and 
their sequences are listed in Supplemental Table 9. The fold changes 
of the mRNA levels were calculated by the 2–ΔΔCt method. To discrimi-
nate the mRNA variants of SRSF1-guided AS, RT-PCR was performed 
as described previously (27). In vivo CLIP assays were performed as 
described previously (42). In brief, the plasmids coding for HA-tagged 
SRSF1 and its domain deletion mutants as well as the empty vector 
were transiently transfected into U87MG cells. After ultraviolet cross-
linking, IP was performed using the Magna RIP kit (Millipore). RNA 

body as a negative control (only with bio-IgG and the ABC complex). 
IHC images were acquired under a DM6000B microscope (Leica).

Cell culture and reagents. The human GBM cell line U87MG and 
the anaplastic astrocytoma (WHO grade III) cell line SW1088 were 
obtained from the American Type Culture Collection (ATCC). LN229, 
U251, U343, and SNB19 cells were purchased from the China Aca-
demia Sinica Cell Repository. The GBM cell line TJ905, from a Chi-
nese patient, was established and maintained in house. The human 
immortalized astrocyte cell line UC2 was maintained by our lab and 
was used as the nontumoral control. All cells were cultured in DMEM 
(Gibco) containing 10% FBS (Gibco) at 37°C in a humidified incubator 
with 5% CO2. Wortmannin (PI3K inhibitor) and IPA-3 (PAK inhibitor) 
were ordered from Selleck (China).

siRNAs, plasmids and lentiviruses. The siRNAs targeting SRSF1 or 
MYO1B-fl were synthesized by Gene Pharma and transfected with 
Lipofectamine RNAiMAX (Invitrogen). Their sequences are listed in 
Supplemental Table 6.

The plasmids expressing HA-tagged WT SRSF1 (SRSF1-wt), syn-
onymous mutated SRSF1 (SRSF1-mu), and SRSF1 domain deletion 
mutants (SRSF1-ΔRRM1, -ΔRRM2, -ΔRS) were constructed using the 
pCDNA3.0-HA vector. The plasmids expressing EGFP-fused full-
length MYO1B (MYO1B-fl) and truncated MYO1B (MYO1B-t) were 
constructed using the pEGFP-C1 vector. The MYO1B minigene was 
constructed by amplifying the genomic sequence spanning exons 
22–25 of the human MYO1B gene and cloning into the pCMV-Tag2b 
vector, and mutants in which a specific sequence was deleted or insert-
ed were made based on the primary minigene. All cloning primers are 
listed in Supplemental Table 7. The expression plasmid for constitutive-
ly active AKT (myr-AKT) was obtained from Addgene (plasmid 9008).

The knockdown lentiviruses expressing negative control shRNA 
(sh-NC) and shRNAs targeting SRSF1 (sh-SRSF1), full-length MYO1B 
(sh-MYO1B-fl), or all isoforms of MYO1B (sh-MYO1B-total) were 
constructed using the PLKO.1-puro lentiviral vector and packaged in 
293T cells (puromycin resistance). Their sequences are listed in Sup-
plemental Table 8. The overexpression lentiviruses expressing lucif-
erase alone (vec) as well as those coexpressing luciferase plus fusion 
proteins SRSF1-mu-HA (SRSF1-mu), MYO1B-fl-EGFP (MYO1B-fl), 
or MYO1B-t-EGFP (MYO1B-t) were constructed and packaged by 
Applied Biological Materials (Canada; blasticidin resistance).

Stable sub–cell line. First, 4 kinds of stable sub–cell lines were indi-
vidually established from GBM cell lines by infecting with knockdown 
lentivirus expressing sh-NC, sh-SRSF1, sh-MYO1B-fl, or sh-MYO1B- 
total and selecting with puromycin. They included a control group 
(WT/sh-NC) and the knockdown groups of SRSF1 (KD), MYO1B-fl 
(sh-MYO1B-fl), or MYO1B-total (sh-MYO1B-total). Their pooled cul-
tures were infected again with the corresponding lentiviruses in order 
to overexpress the indicated proteins and were selected with blastici-
din. The stable sub–cell lines infected by dual lentiviruses included 
the control group (WT+vec), knockdown groups (KD+vec, sh-MYO1B- 
total+vec), rescue groups (KD+SRSF1-mu, KD+MYO1B-fl, KD+ 
MYO1B-t, sh-MYO1B-total+MYO1B-fl, sh-MYO1B-total+MYO1B-t), 
and the overexpression group (WT+MYO1B-fl), and their pooled cul-
tures were used for the present study.

Cell growth, proliferation, survival, and invasion assays. Cell growth 
was quantified with CCK-8, and the proliferating cells were labeled by 
5-ethynyl-2′-deoxyuridine (EdU) staining as described previously (39). 
The ability of anchorage-dependent growth (cell survival) was assessed 
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of the corresponding cohort of glioma patients. A P value of less than 
0.05 was considered statistically significant. All experiments on cell 
lines were performed at least in triplicate. All quantitative data are pre-
sented as mean ± SD.

Study approval. Collection of human surgical specimens from 
TMUGH was approved by the Ethics Committee of TMUGH, and 
written informed consent was received from participants. qRT-PCR, 
Western blot analysis, and IHC on human samples were carried out 
in accordance with the principles of the Helsinki Declaration and 
approved by the Ethics Committee of TMUGH. The animal experi-
ments were conducted strictly in accordance with a protocol approved 
by the Institutional Animal Care and Use Committee of TMUGH.
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enrichment was measured by RT-PCR. Specific primers for RT-PCR 
were synthesized by BGI (Supplemental Table 10).

RNA-Seq and data analysis. Total RNA isolated from the stable WT 
and KD groups of U87MG and U251 cells were subjected to paired-end 
RNA-Seq using the Illumina HiSeq 2000 system according to the man-
ufacturer’s instructions. Read mapping and data analysis for differen-
tially spliced exons/introns were carried out as described previously 
(27). All raw RNA-Seq data were deposited in the NIH Gene Expression 
Omnibus database (accession 109436).

Western blot analysis and Co-IP. Western blot analysis was carried 
out as described previously (39). The detailed information regarding 
the commercially available primary antibodies is summarized in Sup-
plemental Table 11. For co-IPs, cell extracts were incubated succes-
sively with GFP antibody (T0005, Affinity Biosciences) for 4–6 hours 
and with protein A/G agarose beads (sc-2003; Santa Cruz Biotechnol-
ogy) for 12 to 16 hours. Bound proteins were then washed in lysis buf-
fer (P0013J, Beyotime Biotechnology), resuspended in protein sample 
buffer, separated by SDS-PAGE, and detected by immunoblot.

Motif analysis of SRSF1-regulated cassette exons. Based on the pre-
viously CLIP-identified (15) and RNA-Seq–predicted (13) consen-
sus sequences for SRSF1, and also taking into account the degener-
ate nature of RNA-binding sequences, we defined GA-rich 6-mers 
that include at least 1 G and 1 A with GA content ≥50% as potential 
SRSF1-binding sites. Motif analysis for SRSF1 in U87MG and U251 
cells was performed as described previously (27).

Cancer signaling phosphoprotein profiling using an antibody array. 
Cell lysates were applied to the Phospho Explorer Antibody Array, 
which was designed and manufactured by Full Moon Biosystems. Data 
were collected and analyzed by Wayen Biotechnologies. A ratio com-
putation was used to measure the extent of protein phosphorylation:  
phosphorylation ratio = phosphorylated value/unphosphorylated value.

Statistics. Statistical analyses were performed using SPSS 21.0 
software (International Business Machines Corporation). Two-tailed 
Student’s t tests, Mann-Whitney U tests, 1-way ANOVAs, Pearson cor-
relation analyses, Kaplan-Meier analyses, log-rank tests, Cox’s propor-
tional hazards regression model, and χ2 tests were used to analyze the 
corresponding data. The medians of the SRSF1 LIs, SRSF1 mRNA lev-
els, and MYO1B-fl% were used as the cutoffs in the survival analyses 
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