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Wnt/b-catenin signalling is widely implicated in embryogenesis, tissue homeo-

stasis and tumorigenesis. The key event in Wnt signalling activation is b-catenin

accumulation, which is controlled by both its production and degradation.

However, much more emphasis has been placed on the understanding of its

degradation. Here, we show that the synthesis of b-catenin protein, which

requires a group of serine/arginine-rich splicing factors (SRSF), also contributes

to its tumorigenic activity. Overexpression of SRSF1 and SRSF9 promote

b-catenin accumulation via the recruitment of b-catenin mRNA and by enhan-

cing its translation in an mTOR-dependent manner. We further demonstrate that,

like SRSF1, SRSF9 is also an oncogene, and is frequently overexpressed in multiple

types of human tumours. Finally, our results suggest that promoting degradation

and blocking production of b-catenin synergistically reduce b-catenin levels under

pathological conditions and that a combinational therapy could be a promising

approach for the treatment of cancer patients.
INTRODUCTION

The canonical Wnt/b-catenin signalling pathway plays funda-

mental roles in regulating cell fate during embryonic develop-

ment and tissue homeostasis (Chien et al, 2009; Clevers, 2006;

Klaus & Birchmeier, 2008; Logan & Nusse, 2004; MacDonald

et al, 2009; van Amerongen & Nusse, 2009). It is also crucial for

tissue stem cells regulation, and its impairment is heavily linked

to tumorigenesis (Clevers & Nusse, 2012; de Sousa et al, 2011;

Polakis, 2012b; Schepers & Clevers, 2012). In the canonical Wnt

signalling cascade, the protein level of b-catenin, the key

effector functioning as a transcriptional coactivator, is critical

for its target gene expression and cell fate determination

(Jamieson et al, 2012; MacDonald et al, 2009; Valenta et al,
tion, School of Life
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2012). In the absence of Wnt ligand, b-catenin is captured by

the scaffold protein, Axin, which facilitates sequential phos-

phorylation by casein kinase 1 (CK1) and glycogen synthase

kinase 3b (GSK3b) in the destruction complex (Liu et al, 2002;

Xing et al, 2003). Phosphorylated b-catenin is recognized

and ubiquitinated by E3-ubiquitin ligase b-TrCP in an APC-

(adenomatous polyposis coli) dependent manner and is

subsequently degraded rapidly through the proteasome (Hart

et al, 1999; Liu et al, 1999; Rubinfeld et al, 1993; Su et al, 2008).

Upon Wnt ligand binding to the Frizzled and LRP5/6 (low

decently lipo-protein receptor 5/6) complex, the b-catenin

destruction complex becomes dysfunctional by a mechanism

that is not fully understood. As a result, the newly synthesized

b-catenin accumulates in the cytosol, translocates to the nucleus

and forms a complex with transcription factor TCF/LEF, leading

to transcriptional activation of the target genes (Archbold et al,

2012; Mosimann et al, 2009). Among these hundreds of target

genes, c-myc, cyclin D1 and Axin2 are the most often mentioned

ones. b-Catenin accumulation not only occurs upon extra-

cellular Wnt ligand stimulation, but also results intracellularly

from mutation or overexpression of other regulatory genes.
s is an open access article under
se, distribution and reproduction

EMBO Mol Med (2013) 5, 737–750 737



Research Article www.embomolmed.org
SRSF1 and SRSF9 promote b-catenin synthesis

738
Genes encoding components of the destruction complex, for

example APC or Axin, are often mutated, resulting in b-catenin

accumulation in cancer samples (Jin et al, 2003; Morin et al,

1997; Polakis, 2007). Mutations in the b-catenin gene (CTNNB1)

itself also leads to uncontrolled protein accumulation (Morin

et al, 1997). Overexpression of Dvl, ATDC, and deubiquitinating

enzyme Fam, which also affects the degradation of b-catenin,

has been reported to elevate b-catenin level (Schwarz-Romond

et al, 2007; Taya et al, 1999; Wang et al, 2009). b-Catenin protein

is believed as a fast turnover protein with a half-life about 1–2 h

(Hannoush, 2008; Salic et al, 2000). Theoretically, the final

protein level inside a cell should be balanced by its production

and degradation together. Therefore, the regulation of its

production and degradation should be of equal importance.

However, little is known about the regulation of b-catenin

protein synthesis, particularly the factors that are involved and

are able to enhance this process. HuR, an RNA binding protein,

is the only known factor able to stabilize b-catenin mRNA and to

enhance b-catenin protein production, and it contributes to

b-catenin accumulation in colon cancer (Lopez de Silanes et al,

2003). On the other hand, factors that destabilize b-catenin

mRNA or reduce b-catenin protein production have also been

identified, including KSRP, eIF6 and Quaking (Bikkavilli &

Malbon, 2010; Gherzi et al, 2006; Ji et al, 2008; Ruggiero et al,

2007; Yang et al, 2010). Compared with our understanding of

b-catenin degradation, the regulation of b-catenin protein

production is far less clear and therefore requires further

investigation.

The regulation of protein synthesis occurs at multiple steps

including splicing, mRNA transport, formation of the transla-

tional initiation complex, and synthesis of the polypeptide.

Among many other proteins, the SR proteins (serine/arginine-

rich splicing factor, SRSF) are essentially involved in almost

every step of the process (Bourgeois et al, 2004; Long & Caceres,

2009; Manley & Tacke, 1996; Shepard & Hertel, 2009; Zhong

et al, 2009). The human SR protein family is composed of 12

structurally conserved members (Manley & Krainer, 2010). All

SR proteins have one or two N-terminal RNA-binding domains

(RBDs; also known as RNA recognition motif [RRM]) that

provide RNA-binding specificity, and a C-terminal domain

rich in Arg-Ser dipeptides (RS domain) that act as nuclear

localization signals and facilitate interaction between different

splicing factors (Caceres et al, 1997; Hertel & Graveley, 2005;

Manley & Krainer, 2010). Although SR proteins predominantly

localize in the nucleus, a subset of them shuttles continuously

between the nucleus and the cytoplasm, indicating that SR

proteins may function beyond splicing (Sanford et al, 2004;

Twyffels et al, 2011). Indeed, considerable findings highlight

that SR proteins are involved in many diverse cellular processes

in addition to splicing, including mRNA nuclear export, stability

control, translation, maintenance of genomic stability and

oncogenic transformation (Graveley, 2000; Huang & Steitz,

2005; Twyffels et al, 2011).

The best-studied SR protein is SRSF1, previously called

SF2/ASF, which was proved to be a proto-oncogene over-

expressed in many cancers (Karni et al, 2007). Several

mechanisms were proposed as to how SRSF1 promotes tumour
� 2013 The Authors. Published by John Wiley and Sons, Ltd on behalf of EMBO.
development. Alternative splicing of key mRNAs, including the

tumour suppressor BIN1, was proposed to be the major event

that caused cell transformation upon SRSF1 overexpression

(Karni et al, 2007). SRSF1 is able to activate mTOR pathway

which is essential for SRSF1-mediated transformation (Karni

et al, 2008; Michlewski et al, 2008). Subsequently, SRSF1 was

found to enhance the expression of anti-apoptotic protein

Survivin partially via mTOR pathway-dependent mechanism

and thus promote tumorigenesis in non-small cell lung cancer

(Ezponda et al, 2010). More recently, SRSF1 was demonstrated

to cooperate with MYC in promoting mammary epithelial cell

transformation (Anczukow et al, 2012). SRSF3 (SRp20) was also

suggested to be a proto-oncogene that regulates cell proliferation

(Jia et al, 2010). All these reports suggest that overexpressed

SR proteins contribute to cancer progression via multiple

mechanisms.

In this study, we demonstrate that SRSF1 and SRSF9, two

closely related SR proteins, are able to promote Wnt signalling

by elevating b-catenin levels. Biochemical experiments indicate

that both SR proteins bind to b-catenin mRNA and enhance

b-catenin synthesis. Importantly, the b-catenin accumulation

induced by either Wnt ligand stimulation or mutation of

APC/b-catenin in colon cancer cells is dependent on SRSF1 and

SRSF9. Furthermore, we provide evidence suggesting that

SRSF9, like SRSF1, is also a proto-oncogene and b-catenin is

involved in SRSF1- and SRSF9-induced cell transformation.

These results not only suggest b-catenin is a novel target of

cancerous SR proteins, but also highlight the significant

contribution of protein synthesis in b-catenin accumulation.
RESULTS

A subset of SR proteins enhances b-catenin accumulation

and Wnt signalling activation

In a Wnt-responsive reporter-based functional screen carried

out in HEK293T cells (Davidson et al, 2005), SRSF9 (serine/

arginine-rich splicing factor 9), the Xenopus tropicalis homo-

logue of human SRSF9, was identified as potent Wnt signalling

enhancer (Supporting Information Fig S1A). Since SRSF9 is

closely related to SRSF1, which is studied extensively, we

focused our characterization on these two proteins in the

following study. Using Wnt-responsive reporter assay, we found

that human SRSF1 and SRSF9 were also able to enhance Wnt1-

as well as b-catenin-induced reporter expression, whereas

SRSF2 could not (Fig 1A and B). Their enhancing activity was

Wnt/b-catenin signalling-specific since neither TGF-b nor Notch

signalling was significantly affected (Supporting Information

Fig S1B and C).

Since b-catenin accumulation is the key event in Wnt

signalling activation, we measured b-catenin protein level after

SRSF1 or SRSF9 co-expression. As indicated in Fig 1C, total

b-catenin level was significantly elevated upon SRSF1 or SRSF9

co-transfection, but not with SRSF2, consistent with the reporter

assay results (Fig 1A). These b-catenin proteins were expressed

from transfected plasmids (constructed in pCS2þ vector), in

which the b-catenin coding region was flanked by alpha-globin
EMBO Mol Med (2013) 5, 737–750
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Figure 1. A subset of SR proteins promotes

b-catenin accumulation and Wnt signalling

activation.

A,B. SRSF1 and SRSF9, but not SRSF2 enhanced

b-catenin-(A) or Wnt1-(B) activated reporter

expression. HEK293T cells were transfected

with Wnt-responsive TOPFLASH luciferase

reporter together with indicated plasmids.

C. SRSF1 and SRSF9, but not SRSF2 enhanced

b-catenin accumulation. Myc-b-catenin/GFP

mix was transfected alone or co-transfected

with FLAG-tagged SRs as indicated into

HEK293T cells and total cell lysate was sep-

arated by SDS–PAGE and proceeded by Western

blotting using different antibodies as indicated.

Equal GFP plasmid was co-transfected with

each sample to control transfection efficiency.

Tubulin was used to control equal loading.

D. Endogenous b-catenin protein level was also

elevated by SRSF1 or SRSF9 over-expression in

transfected HEK293T cells. Control, FLAG-

SRSF1 or FLAG-SRSF9 transfected HEK293T

cells were fractionated into the cytosol and

nuclear parts and proceeded by SDS–PAGE and

Western blotting with indicated antibodies.

E. SRSF1, 3, 5, 7, 8, 9, 10, 12, but not SRSF2, 4,

6, 11 promote b-catenin accumulation in

HEK293T cells. Myc-b-catenin/GFP mix was

co-transfected with indicated SRSF plasmids

and total cell lysates were proceeded by

SDS–PAGE and Western blotting.
50UTR and SV40 30UTR/polyadenylation signal. To exclude

the possibility that these artificial UTRs might contribute to

b-catenin protein production, we subcloned full-length human

b-catenin cDNA (accession number NM_001904.3) into a vector

without exogenous UTR (pEGFP-C1 vector digested by NheI

and MluI). Co-transfection of SRSF1 or SRSF9 with this ‘real’

human b-catenin cDNA also produced much more b-catenin

protein (Supporting Information Fig S1D). Finally, to test

whether SRSF1 and SRSF9 are able to elevate endogenous

b-catenin levels, we measured b-catenin protein in the cytosolic

and nuclear fractions of transfected HEK293T cells. As shown in

Fig 1D, b-catenin levels in the cytosol fraction were clearly

elevated upon SRSF1 or SRSF9 over-expression. In the nucleus,

however, the total b-catenin protein level was not significantly

elevated but the active, non-phosphorylated form of b-catenin

(non-phospho-b-catenin) was slightly but constantly enhanced.

The effect on b-catenin protein was rather specific since several
EMBO Mol Med (2013) 5, 737–750 �
other Wnt signal pathway components, including Dvl2, LRP6

and GSK3b, were not changed (Supporting Information Fig S1E

and F). These results suggested that SRSF1 and SRSF9, but not

SRSF2, were able to potentiate Wnt/b-catenin signalling via

elevation of b-catenin protein level.

The canonical human SR protein family contains 12

members (Manley & Krainer, 2010). To test whether other

SR proteins have the same effect on b-catenin accumulation,

we cloned the cDNAs of all 12 human SR genes. In a co-

transfection assay, SRSF1, 3, 5, 7, 8, 9, 10 and 12 were all able

to cause b-catenin accumulation, while SRSF2, 4, 6 and 11

could not (Fig 1E). These results suggest that a subset of

human SR proteins was able to promote b-catenin accumula-

tion and hence potentiate Wnt signalling. Moreover, these

results also suggest that the SR family proteins could be

classified into two distinct groups according to their ability to

elevate b-catenin.
2013 The Authors. Published by John Wiley and Sons, Ltd on behalf of EMBO. 739



Research Article www.embomolmed.org
SRSF1 and SRSF9 promote b-catenin synthesis

740
SRSF1 and SRSF9 enhance b-catenin synthesis in an

mTOR-dependent manner

Cellular b-catenin level at steady state is determined by its

production and degradation rate. Our results show that the half-

life of b-catenin protein did not change upon overexpression of

SRSF1 or SRSF9 (Fig 2A, Supporting Information Fig S2A),

suggesting that SR protein-induced b-catenin accumulation was

not due to decreased b-catenin degradation. To further validate

this hypothesis, we show that the level of S37A-b-catenin (SA-b-

catenin), a stabilized form in which the GSK3 phosphorylation

site is mutated, could be further elevated by overexpression of

SRSF1 or SRSF9 (Supporting Information Fig S2C), suggesting
� 2013 The Authors. Published by John Wiley and Sons, Ltd on behalf of EMBO.
that the effect of SR proteins was independent of b-catenin

degradation. Furthermore, the b-catenin mRNA levels did

not change upon overexpression of SR proteins (Supporting

Information Fig S2B). Therefore, it is most likely that SR proteins

regulate b-catenin at the mRNA translational step.

Next, we assayed the domain contribution of SR proteins

in mediating b-catenin accumulation. Structurally SRSF1 and

SRSF9 are quite similar, containing RRM1, RMM2 and RS

domains (Screaton et al, 1995). RRM1 and RRM2 are responsible

for RNA binding, and the RS domain is required for their nuclear

localization and splicing activity (Philipps et al, 2003; Shepard &

Hertel, 2009). Full-length SR proteins are largely localized to the
Figure 2. Mechanism of b-catenin accumulation

induced by SRSF1.

A. b-Catenin protein stability was not affected by

over-expressed SRSF1. Myc-b-catenin was

transfected alone or co-transfected with FLAG-

SRSF1 and 36 h later cells were treated with

cycloheximide (CHX, 100 mg/ml) and then har-

vested at the indicated time points (hours post

adding). In order to have the same b-catenin level

at the starting point, 300 ng b-catenin plasmid

was used for tranfection alone and 200 ng for co-

transfection with 10 ng SRSF1 plasmid.

B. Schematic diagram showing mutations and

deletions of SRSF1.

C. Wnt-responsive reporter assay showing that

SRSF1 and its deletions/mutations exerted

different activities on b-catenin signalling.

Results are representative of at least three

experiments.

D. SRSF1 and its deletions/mutations exerted

different activities on b-catenin protein pro-

duction. Myc-b-catenin/GFP mix was transfected

alone or co-transfected into HEK293T cells with

indicated SRSF1 mutations/deletions and the

total cell lysates were proceeded by SDS–PAGE

and Western blotting. WT means wide type.

E. S6K phosphorylation (an indication of mTOR

activation) was enhanced by over-expression of

SRSF1 or SRSF9. HEK293T cells were transfected

as indicated and 36 h later, total cell lysates were

prepared and analysed by SDS–PAGE and Wes-

tern blotting with indicated antibodies. p-S6K

means antibody recognizes phosphorylated S6K.

F. RIP results showing that over-expressed FLAG-

SRSF1 and FLAG-SRSF9 bound to endogenous

b-catenin mRNA. HEK293T cells were transfected

as indicated and 36 h later, cell lysates were

prepared and SR proteins were immunoprecipi-

tated using FLAG-beads and bound RNA was

extracted and analysed using RT-PCR. Upper row

shows RT-PCR results and bottom row shows

Western blotting results.

G. RIP results showing that endogenous SRSF1

bound to endogenous b-catenin mRNA. Total

lysates from HEK293T cells were immunopreci-

pitated with anti-SRSF1 antibody or a control IgG

immunoglobulin (IgG; bottom row) and bound

RNA was extracted and analysed by RT-PCR to

detect endogenous b-catenin mRNA (upper row).

EMBO Mol Med (2013) 5, 737–750
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nucleus, with a small fraction shuttling between cytosol and

nuclei, whereas RS domain-deleted SR proteins are distributed

more in the cytosol (Caceres et al, 1997). SRSF1 or SRSF9

without its RS domain (DRS) retained Wnt signalling and

b-catenin promoting activity (Fig 2B–D and Supporting

Information Fig S2D–F), suggesting the nuclear localization

or splicing activity was not stringently required. This is

consistent with the fact that b-catenin production from

transfected plasmids is splicing-independent (which contains

no intron). These results suggested that SRSF1 and SRSF9 likely

promoted b-catenin accumulation in the cytosol.

By contrast, both RRM1 and RRM2 were required for SR-

promoted b-catenin accumulation and Wnt signalling (Fig 2B–D

and Supporting Information Fig S2D–F). It has been reported

that a FF–DD mutation within the RRM1 domain impaired RNA

binding of SRSF1. We therefore tested corresponding mutants of
EMBO Mol Med (2013) 5, 737–750 �
SRSF1 and SRSF9 and found indeed, they had lost b-catenin

promoting activity, suggesting the RNA binding was necessary.

In addition to splicing, SRSF1 has been suggested to regulate

protein translation by recruiting mTOR via its RRM2 domain,

and an AAA mutation within this domain abolishes this

interaction (Michlewski et al, 2008). We also created the

AAA mutation in SRSF1 and SRSF9 and revealed that these

mutations were completely non-functional in promoting

b-catenin accumulation (Fig 2B–D and Supporting Information

Fig S2D–F). These results suggested that RNA binding and

mTOR interacting motifs were necessary but splicing activity

was dispensable for SRSF1 and SRSF9 to promote b-catenin

accumulation.

SRSF1 has been reported to have a role in promoting mTOR-

mediated protein translation (Karni et al, 2008; Michlewski et al,

2008), yet that for SRSF9 has not been verified. We performed
Figure 3. SRSF1 and SRSF9 are required for Wnt-

induced b-catenin accumulation.

A. SRSF1 and SRSF9 are required for Wnt1-

stimulated reporter expression. HEK293T cells

were transfected with Wnt-responsive TOP-

FLASH reporter, Wnt1 plasmids, human SRSF1-

siRNA-2 and SRSF9-siRNA-1 as indicated.

Mouse SRSF1 (mSRSF1) or Xenopus SRSF9

(xSRSF9) was able to rescue the b-catenin

reporter activation.

B,C. RKO cells were transfected with siRNAs as

indicated and 48 h later, the cells were treated

with Wnt3a protein (100 ng/ml) for 1 h and

total cell lysates were harvested and proceeded

by SDS–PAGE and Western blotting. The

relative expression of b-catenin against

Tubulin were quantified with three indepen-

dent experiments.

D,E. HCT116 cells were transfected with siRNAs as

indicated and 48 h later, total cell lysates were

prepared and proceeded by SDS–PAGE and

Western blotting with indicated antibodies.

The relative expression of b-catenin against

Tubulin were quantified with three indepen-

dent experiments.

2013 The Authors. Published by John Wiley and Sons, Ltd on behalf of EMBO. 741
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Western blotting experiments after overexpression of SRSF1 and

SRSF9 and observed enhanced p70S6K phosphorylation, an

indication of mTOR activation (Fig 2E). This result suggested

that, like SRSF1, SRSF9 was also able to promote mTOR

activation upon overexpression. In order to confirm that SRSF1

and SRSF9 were indeed promoting b-catenin protein synthesis,

we carried out RNA immunoprecipitation (RIP) experiments.

Both overexpressed FLAG-tagged-SRSF1 and -SRSF9 (Fig 2F), as

well as endogenous SRSF1 (Fig 2G), were able to pull-down

b-catenin mRNA specifically. As a final proof, we performed

sucrose sedimentation experiments and observed increased

b-catenin mRNA levels in ribosome fractions upon SRSF1

overexpression (Supporting Information Fig S2G). Collectively,

these results strongly suggest that SRSF1 and SRSF9 promote

b-catenin accumulation via binding b-catenin mRNA and

enhancing its protein synthesis in an mTOR-dependent manner.

The splicing activity of SR proteins is rather not related to this

process.

SRSF1 and SRSF9 are required for b-catenin accumulation

and Wnt signalling

Cellular b-catenin proteins that transduce Wnt signalling

are under the control of phosphorylation/ubiquitination-

mediated proteasome degradation, therefore, Wnt signalling-

induced b-catenin accumulation depends extensively on newly

synthesized proteins (Clevers & Nusse, 2012). To determine

whether SRSF1 and SRSF9 are required for Wnt signalling,

HEK293T cells were transfected with siRNA against SRSF1 or

SRSF9 and Wnt-responsive reporter assays were performed.

As shown in Fig 3A, both siSRSF1 and siSRSF9 reduced Wnt

signalling. The siRNA effects were specific since the down-

regulation of Wnt signalling was rescued by the introduction of

mouse SRSF1 or Xenopus SRSF9, respectively, which were

resistant to corresponding siRNA. To directly demonstrate that

SR proteins participated in b-catenin synthesis, we knocked-

down SRSF1 or SRSF9 in RKO cells, a human colon cancer cell

line in which Wnt signalling is relatively low. Wnt3a treatment

induced rapid and dramatic b-catenin accumulation, and the

induction was reduced in SRSF1 or SRSF9 knockdown cells

(Fig 3B and C). These results suggested that SRSF1 and SRSF9

were indeed involved in Wnt signalling-induced b-catenin

accumulation. Next, we asked whether b-catenin accumulation

in colon cancer cell lines harbouring mutations impaired

b-catenin degradation, for example HCT116 with b-catenin

mutation or SW480/SW620 cells with APC mutation, was also

dependent on SR proteins. Knockdown of SRSF1 or SRSF9 in

these cell lines also reduced b-catenin levels (Figs 3D, E and 6C,

D). Importantly, Cyclin D1, one of the major Wnt target genes,

was also down-regulated (Fig 3D). From these results, we

concluded that SRSF1 and SRSF9 are required not only for Wnt-

induced but also tumorigenic b-catenin accumulation in cancer

cells harbouring mutations that impair b-catenin degradation.

SRSF9 is a proto-oncogene

Because over-accumulated b-catenin is tumorigenic, and SRSF1

has been suggested as a proto-oncogene (Anczukow et al, 2012;

Ezponda et al, 2010; Karni et al, 2007), we hypothesized that
� 2013 The Authors. Published by John Wiley and Sons, Ltd on behalf of EMBO.
SRSF9 may also be an oncogenic SR protein. To verify whether

SRSF9 is overexpressed in cancer samples, we performed

immunohistochemistry staining on cancer arrays with different

tissue origins (Fig 4A). The results indicated that SRSF9

expression levels, in comparison with corresponding normal

tissue, were elevated with high frequency in multiple types of

cancer samples including glioblastoma (18/20), colon adeno-

carcinoma (18/20), squamous cell lung carcinoma (19/20) and

malignant melanoma (15/20). To further confirm that SRSF9 gene

is indeed over-expressed in tumour samples, we searched the

oncomine cancer microarray database (http://www.oncomine.

com), and found a significant increase (p< 0.05) of SRSF9

(SRp30c) expression in tumour tissues over the expression

in corresponding normal tissues in 156 of 360 studies.

Fisher’s meta analysis indicated that the observed increase

in those paired studies was extremely significant (meta

p-value< 0.0001). These results demonstrate that SRSF9 is

broadly upregulated in tumour samples.

To test the oncogenic activity of SRSF9, we applied the

standard NIH3T3 cell transformation assay. Control, SRSF1- or

SRSF9-overexpressing cell lines were established, and their

tumorigenic potential were verified in anchorage-dependent

colony formation assays and nude mice xenograft experiments.

Consistent with previous reports (Anczukow et al, 2012; Karni

et al, 2007), SRSF1 overexpression promoted colony formation.

Similar results were obtained in SRSF9-overexpressing NIH3T3

cells (Fig 4B). Furthermore, we implanted these cells in nude

mice and measured tumour growth throughout the subsequent

3 weeks. As shown in Fig 4C–E, both SRSF1- and SRSF9-

overexpressing cells were tumorigenic and the SRSF9-induced

tumours seemed even larger than those of SRSF1. Together,

these data suggested that SRSF9 is a proto-oncogene.

b-Catenin is partially required for SR protein-mediated cell

transformation

The above results suggested that b-catenin could be another

major target of SRSF1 as well as SRSF9, in addition to previously

identified BIN1 and Survivin (Ezponda et al, 2010; Karni et al,

2007). In order to verify the contribution of b-catenin to

SR-induced cell transformation, we first detected b-catenin

accumulation in SRSF1- or SRSF9-overexpressing NIH3T3 cells.

Similar to the results shown in Fig 1D, b-catenin levels in the

cytosol were clearly elevated upon SRSF1 or SRSF9 over-

expression, while in the nucleus, although the total b-catenin

was not significantly elevated, the active form was constantly

enhanced (Fig 5A and B). More importantly, when we knocked-

down b-catenin expression in SRSF1-transformed NIH3T3

cells, their colony formation ability was dramatically reduced

(Fig 5C), suggesting that b-catenin was indeed required for

SRSF1-mediated cell transformation. To further confirm that

the translation-promoting ability of SRSF1 was involved in

b-catenin accumulation and cell transformation, we established

NIH3T3 cells overexpressing AAA-SRSF1, which have normal

splicing activity but impaired mTOR interaction and therefore

reduced translation-promoting activity. As shown in Fig 5D,

elevation of cytosolic b-catenin did not occur in AAA-SRSF1-

expressing cells, consistent with the result shown in Fig 2D. As
EMBO Mol Med (2013) 5, 737–750
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Figure 4. SRSF9 is a proto-oncogene.

A. Representative immunohistochemical images of SRSF9 expression in human cancer samples (lower panels) and paracancerous normal tissue (upper panels).

Scale bar, 200 mm.

B. Quantification of colony formation assay results with control NIH3T3 cells or cells stably expressing SRSF1 or SRSF9. The expression levels were shown in

inset. p Values in pairwise comparisons to the control group, �p<0.05. (mean� SD, n¼3)

C–E. Tumour volumes were evaluated in mice injected with 2.5� 105 control NIH3T3 cells or cells stably expressing SRSF1 or SRSF9 at the indicated days post

injection. Each group contained eight mice. Error bars, s.d. The tumour weight (D) was measured when the mice were sacrificed on day 19 (mean� SD, n¼8,
��p< 0.01). Tumours from each group are shown (E).

EMBO Mol Med (2013) 5, 737–750 � 2013 The Authors. Published by John Wiley and Sons, Ltd on behalf of EMBO. 743
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Figure 5. b-Catenin is partially required for SR

proteins-mediated cell transformation.

A,B. Control NIH3T3 cells, cells stably expressing

myc-SRSF1 (A) or myc-SRSF9 (B) were fractio-

nated into cytosol and nuclear parts and the

lysates were proceeded for SDS–PAGE and

Western blotting with indicated antibodies.

Endogenous b-catenin protein level in the

cytosolic fraction was significantly enhanced

by over-expression of either SR protein. Active

b-catenin (non-phospho-b-catenin) was

increased in the nuclear fraction by SR over-

expression.

C. Down-regulation of b-catenin in SRSF1-over-

expressing NIH3T3 cells reduced their capacity

of colony formation (mean� SD, n¼ 3,
��p<0.01). Two independent shRNA constructs

were applied to knock-down b-catenin and

their efficiency was shown below by Western

blotting.

D,E. AAA-SRSF1 was not as active as wide type

SRSF1 in causing b-catenin accumulation and

cell transformation. (D) Cell fractionation

experiment was performed with control

NIH3T3 cells, cells stably expressing SRSF1 or

AAA-SRSF1. Please note that the wide type

SRSF1 caused cytosolic b-catenin elevation

while AAA-SRSF1 did not. (E) Colony formation

assay with the same cells as in (D). p Values in

pairwise comparisons to the control:
��p¼0.009, �p¼ 0.032.
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expected, colony formation of AAA-SRSF1-expressing cells was

reduced (Fig 5E). These results suggested that b-catenin was one

of the major targets of both SRSF1 and SRSF9 in promoting cell

transformation.

Together, these results indicated that in NIH3T3 cells

transformed by SRSF1 or SRSF9 over-expression, not only that

b-catenin level is elevated, but also that b-catenin is partially

required for this cell transformation.

SRSF1 and SRSF9 are involved in cancerous cell proliferation

The results from the above-mentioned immunohistochemistry

experiments, as well as previous reports, indicated that SRSF1

and SRSF9 were frequently overexpressed in several types of

tumour samples; thus, we next addressed their contribution in

cancer cell proliferation. We monitored their expression in colon

cancer cell lines including SW480, SW620, HCT116, HT29, RKO,

and detected relatively high expression in HCT116 and SW620

cells (Supporting Information Fig S3). We then applied siRNAs

against SRSF1 and SRSF9 to HCT116 cells and measured their

proliferation. As shown in Fig 6A and B, b-catenin protein levels

were reduced upon SR down-regulation, and consistently, cell

proliferation was also reduced. We then reduced SRSF1 and
� 2013 The Authors. Published by John Wiley and Sons, Ltd on behalf of EMBO.
SRSF9 expression separately in SW620 cells using a shRNA-

mediated gene knockdown approach, and detected b-catenin

levels as well as the colony formation ability. As shown in Fig 6C

and D, b-catenin protein levels were down-regulated in SRSF1 or

SRSF9 knockdown cells. Consistently, colony formation capa-

city in soft agar was also reduced in these cells (Fig 6E and F).

Taken together, these results suggest that overexpressed SRSF1

and SRSF9, at least partially, contribute to cancerous cell

proliferation via regulating b-catenin level.

Reducing cancerous b-catenin level by simultaneously

enhancement of degradation and blockade of synthesis

Reducing b-catenin level is considered as a very promising

approach to target cancerous cell proliferation and thus

cancer therapy. Luckily, several small molecules were recently

identified to promote b-catenin degradation via diverse

mechanisms, which provided candidate leading compounds

for drug development (Polakis, 2012a). Furthermore, inhibition

of mTOR or eukaryotic translation initiation factors (eIFs) has

also been applied for cancer treatment (Meric & Hunt, 2002;

Silvera et al, 2010). Our results suggested that the accumulation

of b-catenin in cancer samples resulted from both impaired
EMBO Mol Med (2013) 5, 737–750
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Figure 6. SRSF1 and SRSF9 are required for colon

cancer cell proliferation.

A. Western blotting results showing that knock-

down SRSF1 or SRSF9 in HCT116 cells by

indicated siRNA down-regulated b-catenin

protein level.

B. MTS cell proliferation assay results showing

that knock-down of SRSF1 or SRSF9 in HCT116

cells by indicated siRNA reduced cell prolifer-

ation. Results represent at least three inde-

pendent biological replicates. Error bars, s.d.

C,D. Western blotting results showing that knock-

down SRSF1 (C) or SRSF9 (D) in SW620 cells by

indicated shRNA reduced b-catenin protein

level.

E,F. Colony formation assay results showing that

knock-down of SRSF1 (E) or SRSF9 (F) in SW620

cells by indicated shRNA reduced cell pro-

liferation and tumorigenic activity. Results

represent three independent biological repli-

cates. p Values in pairwise comparisons to the

control: �p< 0.05, ��p< 0.01, ���p<0.001.
degradation as well as enhanced protein synthesis; therefore,

simultaneous reversal of these two independent branches

should be more effective than manipulation of either of them

alone. As a proof of principle experiment, we took XAV939 and

JW74 as compounds that promote b-catenin degradation via

blockade of tankyrase and therefore stabilizing Axin (Huang

et al, 2009; Waaler et al, 2011). Rapamycin, an mTOR inhibitor

and Ribavirin, an eIF4E inhibitor, were applied to block protein

synthesis (Ballou & Lin, 2008; Kentsis et al, 2004). After careful

titration, cooperative effects in reducing b-catenin level in

SW620 cells were observed between the degradation enhancers

and the translation inhibitors, with XAV939/rapamycin com-

bined having the most significant effect (Fig 7). Importantly, the

transcriptional active, non-phospho-b-catenin was also signifi-

cantly reduced. These results demonstrated, in principle, that

these two approaches could be simultaneously applied for

cancer therapy against Wnt signalling over-activated tumours.
DISCUSSION

Our results demonstrated that SRSF1 and SRSF9 are able to

promote b-catenin protein synthesis. We further showed that
EMBO Mol Med (2013) 5, 737–750 �
these SR proteins are generally involved in Wnt- or upstream

mutation-induced b-catenin accumulation. b-catenin therefore

is proposed as a target of SR proteins in tumorigenesis upon their

overexpression. Regarding b-catenin over-accumulation in

cancer cells, our study emphasizes that the impairment of

degradation and enhancement of synthesis make simultaneous

contributions and therefore, approaches targeting both paths

should be considered during therapy.

SRSF9 is a proto-oncogene

Among the 12 canonical SR splicing factors, SRSF1 and SRSF3

have been suggested as proto-oncogenes (Anczukow et al, 2012;

Ezponda et al, 2010; Jia et al, 2010; Karni et al, 2007). SRSF2

caused NIH3T3 cell transformation in colony formation assays

but failed in xenograft assays. In the same report, SRSF6 was

indicated inactive in both assays (Karni et al, 2007). More

recently, SRSF9 was implicated in the proliferation of a bladder

cancer cell line via an unknown mechanism (Yoshino et al,

2012). Here, we provided compelling evidence to demonstrate

that SRSF9 is a proto-oncogene: (i) SRSF9 is frequently

overexpressed in a wide range of tumour types; (ii) SRSF9

overexpression is able to transform NIH3T3 cells to form colonies

in vitro and to form tumours in nude mice; (iii) down-regulation
2013 The Authors. Published by John Wiley and Sons, Ltd on behalf of EMBO. 745



Research Article www.embomolmed.org
SRSF1 and SRSF9 promote b-catenin synthesis

Figure 7. A combined approach to decrease b-catenin level in colon

cancer cells. SW620 cells were treated with indicated small molecules alone

or in combination for 24 h and the total cell lysates were proceeded for SDS–

PAGE and Western blotting with antibodies against total or non-phospho-b-

catenin. Small molecules used were XAV939 (XAV, 2 mM), JW74 (JW, 2 mM),

Rapamycin (Rap, 200 nM), Ribavirin (Rib, 10 mM).
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of SRSF9 in colon cancer cell lines reduced their colony

formation ability. With the exception of the above-mentioned SR

proteins, the other members of this protein family have not been

studied regarding their role in tumorigenesis. Our results

suggested that b-catenin could be a target of some SR proteins,

and their ability to cause b-catenin accumulation might be an

indication of the tumorigenic activity. This is consistent with the

correlation that all known oncogenic SR proteins (SRSF1, SRSF3

and SRSF9) are able to promote b-catenin accumulation, and all

non-tumorigenic ones (SRSF2 and SRSF6) cannot. These results

promote us to speculate that there are additional canonical SR

proteins that are potentially oncogenic. It would be interesting in

the future to systemically verify, among all canonical SR proteins,

their expression in tumour samples as well as their tumorigenic

activities, assuming specific antibodies are available.

b-Catenin is a novel target of a subset of SR proteins

How a splicing factor promotes tumorigenesis is not obvious

at first glance. The physiological function of SR proteins is

implicated in genomic stability, pre-mRNA splicing, RNA

transportation, RNA stability control and translation. SRSF1

was the first SR protein shown to be oncogenic via promoting

alternative splicing of oncogenes including BIN1, MNK2

and S6K1 (Karni et al, 2007). More recently, TEAD1, BIM

and Caspase-9 were identified as oncogenic splicing targets

(Anczukow et al, 2012; Karni et al, 2007; Shultz et al, 2011). In

2010, the anti-apoptotic protein Survivin was identified as the

first translational oncogenic target of SRSF1 in non-small cell

lung cancer. SRSF1 was able to promote Survivin protein

translation in an mTOR-dependent manner, and was correlated

with Survivin expression in tumour samples (Ezponda et al,

2010). Here, we identified SRSF1 and SRSF9 as enhancers of

Wnt/b-catenin signalling in an unbiased expression screen.

We further provided evidence to suggest that the oncogene

b-catenin, the key effector of the Wnt/b-catenin signalling

pathway, is a translational target of SRSF1 and SRSF9. Our

results indicated that: (i) SR proteins bind to b-catenin mRNA

and enhance its protein production without interfering with
� 2013 The Authors. Published by John Wiley and Sons, Ltd on behalf of EMBO.
its degradation; (ii) SR proteins’ splicing activity is not

absolutely required, but their mRNA binding and mTOR

activation domains are indispensable for promoting b-catenin

accumulation; (iii) these SR proteins are required for b-catenin

accumulation; and (iv) b-catenin is critically involved in SRSF1-

and SRSF9-induced cell transformation and tumorigenesis. Our

results also suggested that the 12 canonical SR proteins have

distinct ability to act on b-catenin, supporting the idea that this

effect is specific. Our conclusion is strongly supported by

previous reports showing that the tumorigenic activity of SRSF1

is mTOR- and therefore translation-promoting activity-depen-

dent (Anczukow et al, 2012; Karni et al, 2008). Results from this

study and previous investigations support the idea that SR

proteins may contribute to tumorigenesis by affecting several

aspects of the cellular processes, including alternative splicing

and the translational state of critical oncogenes or tumour

suppresser genes. Considering that each SR protein may

recognize hundreds of different mRNAs (Long & Caceres,

2009), it is reasonable to speculate that overexpressed SR

protein may cause global changes in cells. A recent report

suggested that SRSF1, as a transcriptional target of MYC,

played an important role mediating the oncogenic activity of

MYC (Das et al, 2012). All these studies gradually placed SR

proteins in a central position during cell transformation, as they

are in physiological conditions, and suggested that targeting

SR activities should be considered during the development of

therapeutics against cancer.

Control of b-catenin protein level, synthesis versus

degradation

b-Catenin is the key mediator of Wnt signalling, and its

accumulation is found in a wide spectrum of solid tumours. Its

normal function implicates the regulation of self-renewal of

tissue stem cells. However, once out of control and ectopically

accumulated, b-catenin triggers cancerous cell proliferation,

promotes anti-apoptotic activities and induces telomerase

expression, all leading to tumour development (Chen et al,

2001; Hoffmeyer et al, 2012; Shkreli et al, 2012; Ueda et al, 2011;

Verma et al, 2003). The key question therefore focuses on the

understanding of mechanisms that are utilized to control

cellular b-catenin protein level. Much is known about the

regulation of b-catenin degradation, while relatively little is

known about its protein synthesis. In 2003, HuR, a RNA binding

protein, was shown to stabilize b-catenin mRNA, and once

overexpressed enhances b-catenin production. This activity

contributed to proliferation of colon cancer cells (Lopez de

Silanes et al, 2003). In contrast to HuR, KSRP was reported to

de-stabilize b-catenin mRNA and provide a platform on which

both Wnt stimulation and the PI3K/AKT pathway could trigger

b-catenin accumulation by counteracting the activity of KSRP

(Bikkavilli & Malbon, 2010; Gherzi et al, 2006; Ruggiero et al,

2007). Yet, in a third mode, Quaking was suggested to repress

b-catenin mRNA translation (Yang et al, 2010), further

complicating the regulation at the level of b-catenin mRNA.

Besides RNA binding proteins, eIF6, an essential factor for

ribosome biogenesis, has also been found to negatively regulate

b-catenin production via a mechanism that remains unclear
EMBO Mol Med (2013) 5, 737–750
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(Ji et al, 2008). In this study, we proposed that b-catenin mRNA

is also under the control of SR proteins, being captured and

facilitated toward translational machinery, though mRNA

levels were not dramatically altered upon SR overexpression.

All these studies together clearly indicate that the regulation at

the level of b-catenin protein production is complex and further

characterization is needed.

It is generally believed that Wnt stimulation blocks b-catenin

degradation and consequently allows accumulation of newly

synthesized b-catenin protein (Clevers & Nusse, 2012). In

2010, a new model was proposed in which Wnt3a-stimulated

b-catenin accumulation was suggested to be the result of

b-catenin mRNA stabilization (Bikkavilli & Malbon, 2010).

In either case, synthesis of b-catenin protein is absolutely

required for signalling, and theoretically slowing-down protein

synthesis should weaken b-catenin accumulation in physio-

logical as well as pathological conditions. Regarding protein

synthesis, it was reported that Wnt could activate mTOR via

GSK3 inhibition, but whether b-catenin protein translation was

stimulated by Wnt was not firmly tested (Inoki et al, 2006).

In this study, we show that SR proteins are generally involved in

b-catenin accumulation and once overexpressed, they are able

to elevate b-catenin protein production. Considering that SRSF3

is a transcriptional target of Wnt/b-catenin signalling (Corbo

et al, 2012; Goncalves et al, 2008), and SRSF1 is a target of

MYC (Das et al, 2012), which itself is also a major transcriptional

target of the Wnt signalling (He et al, 1998), we tend to speculate

that a positive feedback loop exists between Wnt/b-catenin

signalling and some of the SR proteins.

The contribution of SR proteins on b-catenin accumulation is

not as strong as that from impairment of degradation. However,

as suggested by Goentoro and Kirschner using mathematic

modelling and experimental testing, cells sense a robust fold-

change in response to Wnt stimulation and, more importantly,

the Wnt-induced fold-change is sensitive to perturbations in

the synthesis rate of b-catenin in the responding cells (Goentoro

& Kirschner, 2009). In other words, if a cell has a higher basal

level of b-catenin, it would obtain a higher fold-change response

to the same Wnt stimuli. The overexpressed SR proteins, with

their complex activities on mRNA biogenesis, stability control

and protein translation, are good candidates for fulfilling such a

role. In cells that have higher expression of SRSF genes, an

elevated b-catenin basal level would meet this condition,

resulting in the cells becoming super-sensitive to stimuli from

the environment or internal mutations and accelerating their

transformation. In this sense, reduction in the protein synthesis

rate in a cell is of great importance in respect of cancer therapy,

and this is beautifully demonstrated in APC mutant mice in

which inhibition of mTOR drastically suppressed intestinal

polyp formation and reduced mortality (Fujishita et al, 2008).
MATERIALS AND METHODS

Cell culture

HEK293T, NIH3T3, RKO, HT29 and SW620 cell lines were maintained

in Dulbecco’s modified Eagle’s medium (DMEM), SW480 cell line was
EMBO Mol Med (2013) 5, 737–750 �
cultured in L15 medium and HCT116 cell line was cultured in Mccoy’s

5A medium. All culture medium were supplemented with 10% foetal

bovine serum (FBS), penicillin and streptomycin.

Plasmids, siRNA and shRNA

Human SRSF1 and SRSF9 plasmids were kindly given by Prof. Benoit

Chabot (University of Sherbrooke, Canada) and Prof. Javier F. Caceres

(Medical Research Council Human Genetics Unit, Western General

Hospital, UK). Other human SR plasmids of proteins were bought

from Origene (OriGene Technologies, Rockville, MD). The expression

constructs were generated using PCR and subcloned into pCS2þ
vectors with a N-terminal FLAG tag. SRSF1 and SRSF9 were also

subcloned into pEF6/Myc-His vector, which were used for establish-

ing stable NIH3T3 cell lines. Using the QuikChange strategy

(Stratagene), we generated the point mutations of SRSF1 and SRSF9.

All plasmid constructs were verified by sequencing. siRNA synthesis

was performed by GenePharma (Shanghai GenePharma Co., Ltd.,

China) and the siRNA sequence for human SRSF1 and SRSF9 were as

follows, human SRSF1-1: GGAAAGAAGATATGACCTA, SRSF1-2:

GAAGTTGGCAGGATTTAAATT; human SRSF9-1: GCTGATGTGCAGAAG-

GATG, SRSF9-2: GGAATATGCCCTGCGTAAA. Transfection of plasmid and

siRNA were performed as described previously (Wang et al, 2010;

Zhu et al, 2012). The GIPZ lentiviral shRNA constructs targeting

human SRSF1, SRSF9 and mouse b-catenin were ordered from Open

Biosystems (Thermo Fisher Scientific, USA), and the catalogue

numbers were RHS4531- NM_006924, RHS4531-NM_003769.2

and RMM4532-NM_007614, respectively. Lentivirus production and

infection was carried out following the protocol described previously

(Li et al, 2012).

Luciferase reporter assay

Wnt responsive Super-TOPFLASH luciferase reporter assays in

HEK293T cells were performed in 96-well plates with triplicate as

described previously (Wang et al, 2010). DNA per well used:

b-catenin 3 ng, SR proteins 5 ng, Wnt1 15 ng. Notch and TGF-b

signalling responsive luciferase reporter assays were carried out

using the same protocol, except that pGa981-6 luciferase reporter

(Kurooka et al, 1998) and CACG luciferase reporter was used as

30 ng/well. All luciferase activities were normalized to Renilla

activity.

Protein stability assay, cell fractionation and Western

blotting

Protein stability assay, cell fractionation and Western blotting were

performed as described previously (Liang et al, 2011; Wang et al,

2010). Antibodies used as following: SRSF1 (Santa Cruz sc-73026),

SRSF9 (Santa Cruz sc-134036), FLAG (Sigma F3165), Myc (Santa

Cruz sc-40), b-catenin (BD Biosciences 610154), non-phospho-

b-catenin (Cell signalling #4207), CyclinD1 (MBL MD-17-3S),

Phospho-p70 S6 Kinase (Cell signalling #9205), p70 S6 Kinase (Cell

signalling #9202).

RNA-binding protein immunoprecipitation (RIP)

RIP assay was performed using Magna RIP RNA-Binding Protein

Immunoprecipitation Kit (Millipore, Bedford, MA) following the

instruction of the manufactory. FLAG (Sigma F3165) and SRSF1

(Santa Cruz sc-73026) antibodies were used in RIP assays.
2013 The Authors. Published by John Wiley and Sons, Ltd on behalf of EMBO. 747
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The paper explained

PROBLEM:

Wnt/b-catenin signalling plays significant roles in embryogen-

esis, tissue homeostasis and tumorigenesis. b-Catenin degra-

dation has been the centre of attention in targeting Wnt

signalling-mediated tumorigenesis. However, b-catenin syn-

thesis is undeservedly neglected, which also contributes to

b-catenin accumulation in cancer cells. The mechanisms

mediating the control of b-catenin synthesis remain largely

unknown, an issue we addressed by a family of important RNA

binding proteins, SR proteins.

RESULTS:

In our study, we show that SRSF1 and SRSF9 promote b-catenin

accumulation via enhancing b-catenin mRNA translation. Similar

with SRSF1, SRSF9 also has oncogenic activity, which at least

partially due to promoting b-catenin accumulation. Corre-

spondingly, depletion of either SR proteins reduced colon cancer

cell proliferation. Moreover, considering the importance of

b-catenin’s production and degradation, we demonstrated in

principle that promoting degradation and blocking production of

b-catenin synergize in reducing cancerous b-catenin level.

IMPACT:

Our study establishes a novel link between the Wnt/b-catenin

signalling and the SR proteins and indicates that some of the SR

proteins contribute to b-catenin accumulation. Our results

suggest that b-catenin is a major translational target of a subset

of SR proteins, mediating their tumorigenic activity. Further-

more, our work demonstrates the importance of b-catenin

synthesis during tumour progression and emphasizes that

promoting degradation and blockage production of b-catenin

protein should be equally considered during therapeutic

treatment of Wnt signalling-mediated tumour.
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Sucrose gradient sedimentation

Sucrose gradient sedimentation was carried out as previously described

(Sanford et al, 2004) with minor modification. After transfection with

empty vectors or SR plasmids in HEK293T cells, the cytoplasmic extracts

was loaded on top of an 11ml 10–45% sucrose gradient and

ultracentrifuged for 2h at 36,000 rpm in a SW41Ti rotor (Beckman).

The gradient fractions were obtained and analysed using a Teledyne Isco

fractionation system. mRNAs from these fractions were extracted and

their abundance were detected using RT-PCR. Primers for human

b-catenin are following, forward: CAAGCCACAAGATTACAAGAAACGG,

reverse: CCATCAACTGGATAGTCAGCACC.

MTS cell proliferation assay

HCT116 cells were seeded into 96-well plates with 5000 cell per well

and transfected with siRNAs. CellTiter 961 AQueous One Solution Cell

Proliferation Assay kit (Promega) was used to determine the number of

viable cells in each well. Triplicates were included for each sample. The

absorbance at 492nm was measured using a 96-well plate reader.

Soft agar assay for anchorage-independent colony formation

NIH3T3 cells were transfected with pEF6/Myc-His-SRSF1 or -SRSF9,

selected with blasticidin (10mg/ml) and a mixture of SRSF1 or

SRSF9-over-expressing NIH3T3 cell lines were obtained. 1�104

NIH3T3 cells were suspended in 0.3% low melting point agarose

and then laid onto a bottom layer containing 1% agarose in six-well

plates with triplicate. Colonies were stained and counted 4 weeks

later. For SW620 cells, 500 cells were suspended in 0.3% top agarose

and laid on top of the 0.6% bottom agarose in six-well plates with

triplicate. Colonies were stained and counted 2 weeks later.

Immunohistochemical analysis

Immunohistochemistry was performed with human colon carcinoma

(grades I–III with normal controls) tissue array (BC05118a) and
� 2013 The Authors. Published by John Wiley and Sons, Ltd on behalf of EMBO.
multiple organ tissue array (MC5003a) by Cybrdi, Inc. (Xi’an, China).

Anti-SRSF1 (Invitrogen 325600), SRSF9 (Santa Cruz sc-134036) and

b-catenin (BD Biosciences 610154) antibodies were used at 1:50,

1:10 and 1:200 dilutions, respectively. A semi-quantitative analysis in

stained sections was performed by an independent pathologist.

Tumour induction in nude mice

BALB/c nude mice were injected subcutaneously with 2.5�105

NIH3T3 cells stably expressing pEF6-vectors or stably expressing SR

proteins, with eight mice in each group. Tumour size was measured

with vernier caliper at Day 7, 13, 16, 19 after implantation, and

tumour volume was calculated with the following formula:

volume¼ (width)2� length/2. Tumour weight was recorded when

the mice were received euthanasia at Day 19.
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