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ABSTRACT
Rac1b is an alternatively spliced isoform of the small GTPase Rac1 that includes the 57-nucleotide exon 3b. Rac1b was originally identified

through its over-expression in breast and colorectal cancer cells, and has subsequently been implicated as a key player in a number of different

oncogenic signaling pathways, including tumorigenic transformation of mammary epithelial cells exposed to matrix metalloproteinase-3

(MMP-3). Although many of the cellular consequences of Rac1b activity have been recently described, the molecular mechanism by which

MMP-3 treatment leads to Rac1b induction has not been defined. Here we use proteomic methods to identify heterogeneous nuclear

ribonucleoprotein (hnRNP) A1 as a factor involved in Rac1 splicing regulation. We find that hnRNP A1 binds to Rac1 exon 3b in mouse

mammary epithelial cells, repressing its inclusion into mature mRNA. We also find that exposure of cells to MMP-3 leads to release of hnRNP

A1 from exon 3b and the consequent generation of Rac1b. Finally, we analyze normal breast tissue and breast cancer biopsies, and identify an

inverse correlation between expression of hnRNP A1 and Rac1b, suggesting the existence of this regulatory axis in vivo. These results provide

new insights on how extracellular signals regulate alternative splicing, contributing to cellular transformation and development of breast

cancer. J. Cell. Biochem. 113: 2319–2329, 2012. � 2012 Wiley Periodicals, Inc.
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P re-messenger RNA (pre-mRNA) alternative splicing can

generate multiple protein variants from a single gene. It is

a highly controlled process and represents the major source of

protein diversity [Nilsen and Graveley, 2010]. One way alternative

splicing is regulated is by the interaction of splicing factors such as

serine–arginine-rich (SR) proteins and heterogeneous nuclear
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ribonucleoproteins (hnRNP proteins) with their target sequences in

the pre-mRNA [Black, 2003]. Typically, SR proteins recognize

intronic or exonic splicing enhancers (ISEs and ESEs, respectively)

and hnRNP proteins recognize intronic or exonic splicing silencers

(ISSs and ESSs, respectively) [Matlin et al., 2005]. In addition, the

regulation of alternative splicing by signaling pathways is an

important mechanism required for maintenance of cellular

homeostasis and deregulation of alternative splicing is associated

with pathological conditions and progression to cancer [Srebrow

and Kornblihtt, 2006; Blaustein et al., 2007; David and Manley,

2010; Dutertre et al., 2010]. There has been particular interest in

the association between tumor progression and alternative

splicing [Venables, 2004; Srebrow and Kornblihtt, 2006; Skotheim

and Nees, 2007], though our knowledge about how splicing

regulation is controlled by pro-tumorigenic stimuli is limited [Cheng

and Sharp, 2006; Cheng et al., 2006; Karni et al., 2007; Valacca et al.,

2010].

hnRNPs play important roles in every step of mRNA metabolism.

The human hnRNP family consists of at least 24 members, which are

among the most abundant nuclear proteins. hnRNP A1, a member of

the hnRNP A/B subfamily, has been studied extensively and

participates in the regulation of splicing, mRNA export, translation,

telomere regulation, and microRNA (miRNA) processing [Izaurralde

et al., 1997; LaBranche et al., 1998; Dreyfuss et al., 2002; Chabot

et al., 2003; Zhang et al., 2006; Cammas et al., 2007; Guil and

Caceres, 2007; Lewis et al., 2007]. Although hnRNP A1 localizes

predominantly in the nucleus, it shuttles continuously between the

nucleus and the cytoplasm [Pinol-Roma and Dreyfuss, 1992], and

this shuttling can be regulated by signaling cascades [van der

Houven van Oordt et al., 2000; Guil et al., 2006].

Rac1b, an alternatively spliced isoform of the small GTPase Rac1,

was initially identified as expressed in breast and colorectal cancer

cells [Jordan et al., 1999; Schnelzer et al., 2000]. Subsequent

investigations of purified recombinant Rac1b revealed that it

possessed limited GTPase activity, decreased affinity for nucleotides,

and differential association with effector proteins [Matos et al.,

2003; Orlichenko et al., 2010]. Functional investigation has revealed

that Rac1b transforms NIH3T3 cells [Singh et al., 2004], promotes

colorectal cancer cell survival [Matos and Jordan, 2008; Matos

et al., 2008], and is an essential intermediate in the induction

of epithelial–mesenchymal transition (EMT) in mouse mammary

epithelial cells exposed to matrix metalloproteinase-3 [Radisky

et al., 2005]. EMT is a highly regulated process in which epithelial

cells acquire the invasive, motile mesenchymal phenotype [Thiery

and Sleeman, 2006]. EMT has been best characterized for its

role in development, but recent studies have shown that EMT

processes are activated during tumor progression. Matrix metallo-

proteinases (MMPs) can trigger EMT both in vivo and in cell culture

[Egeblad and Werb, 2002; Thiery and Sleeman, 2006; Stallings-

Mann and Radisky, 2007]. Treatment of functionally normal

mammary epithelial cells with MMP-3 promotes cytoskeletal

modifications, loss of cell adhesion, acquisition of an invasive

phenotype, down-regulation of epithelial markers and up-regula-

tion of mesenchymal markers [Lochter et al., 1997, 1998; Sternlicht

et al., 2000], and was shown to require increased expression of

Rac1b [Radisky et al., 2005; Nelson et al., 2008]. However, the

processes by which exposure of cells to MMP-3 led to increased

expression of Rac1b were unclear.

In the present study we identify a key regulator of exon 3b

inclusion into Rac1 mRNA. Using a proteomic approach, we find

that hnRNP A1 binds to the alternative exon 3b and has a

strong repressor activity on this exon inclusion. We show that

MMP-3 treatment alleviates exon 3b from splicing inhibition by

the disassembly of a repressor complex composed of (at least)

hnRNP A1 and A2, leading to an enhanced inclusion of this

oncogenic exon. We also compare hnRNP A1 and Rac1b expression

in normal breast lobules and in breast cancer tissue, finding

that progression to cancer is associated with reduced expression

of nuclear hnRNP A1 and increased expression of Rac1b, consistent

with the loss of a hnRNP A1 repressive role in breast cancer. These

results shed light on how a transforming stimulus such as the

disturbed expression of MMPs leads to alternative splicing

regulation and ultimately to cellular transformation.

MATERIALS AND METHODS

CELL CULTURE AND MMP-3 TREATMENT

SCp2 and EpH4 stable cell lines bearing a tetracycline-regulated

MMP-3 transgene were maintained as described previously [Radisky

et al., 2005]. For transgene repression, a 5mg/ml stock solution of

tetracycline in ethanol was diluted 1:1,000 into culture medium and

changed daily. To stimulate cells with MMP-3, we used medium that

had been conditioned by cells grown in the absence of tetracycline.

Conditioned medium from cells grown in the presence of

tetracycline was used as control. These conditioned media were

analyzed by zymography to verify that MMP-3 was only expressed

upon removal of tetracycline [Supplementary Fig. 1; Lochter et al.,

1997], and that EMT was induced by extracellular proteolytic

activity (not shown). Cells were incubated for 3–5 days in the

presence of conditioned media.

CELL TRANSFECTIONS

For experiments requiring higher transfection efficiency in order to

analyze endogenous mRNAs, SCp2 cells were used. DNA transfec-

tions were carried out in 6-well plates using 6ml of Lipofectamine

2000 (Invitrogen) and 2mg of plasmid DNA in 2.5ml Opti-MEM.

RNAi transfections were performed with 5ml of Lipofectamine 2000

(Invitrogen) and siRNA concentration was 40 nM in a final volume

of 2.5ml Opti-MEM. Cells were plated 24 h before transfection

(3.5� 105 cells for DNA and 1.5� 105 for RNA). In both cases the

medium was changed 4 h after transfection.

CELLULAR FRACTIONATION

Nuclear and cytoplasmic fractions from either SCp2 or EpH4 cells

were obtained either by the NE-PER Nuclear and Cytoplasmic

Extraction Reagents (Pierce, for small scale) according to the

manufacturer instructions or by a commonly used laboratory

procedure (for large scale). In the latter case, cells were washed and

scraped from 10 10-cm plates in ice-cold PBS, spun, and

resuspended in 10mM HEPES–KOH pH 7.9, 1.5mM MgCl2,

10mM KCl, 0.5mM DTT, and 0.5mM PMSF. After incubation for

10min on ice, cells were dounce-homogenized (15 storkes with
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pestle B), and centrifuged at 12,000g for 10min. The supernatant

(cytoplasmic fraction) was placed in pre-cooled Eppendorf tubes,

adjusted to 10% glycerol and stored at�808C. The nuclear pellet was
resuspended in 25mM HEPES–KOH pH 7.9, 25% glycerol, 1.5mM

MgCl2, 1mM EDTA, 0.6M AcOK, 0.5mM DTT, and 0.5mM

PMSF, and kept on ice for 40min vortexing every 5min. After

a centrifugation step at 12,000g for 30min, the supernatant

(nucleoplasmic fraction) was placed in a pre-cooled Eppendorf tube

and stored at �808C. For RNA-binding studies, the nuclear extract

was dialyzed against 20mM HEPES–KOH pH 7.9, 100mM AcOK,

0.2mM EDTA, 20% glycerol, 0.5mM DTT, and 0.5mM PMSF for

2 h prior to the binding reaction. Protein concentration in the

extracts was measured either by the Bradford assay (BioRad) or with

the Quant-iT Protein Assay Kit using the Qubit Fluorometer

(Invitrogen).

IN VITRO TRANSCRIPTION

RNAs were synthesized with the Riboprobe in vitro Transcription

System (Promega) according to the manufacturer instructions. For

radioactively labeled RNAs, [a-32P]-CTP was added to the

transcription reactions. Reactions were treated with RQ1-DNase

(Promega) and run on a 10% acrylamide/8M urea gel. Bands were

cut, eluted overnight, quantified with a scintillation counter and

subsequently used for binding reactions.

RNA-BINDING ASSAYS

RNA-affinity purification, UV crosslinking/immunoprecipitation

and RNA EMSA assays were performed as described [Rothrock et al.,

2005]. Biotinylated RNA oligos were from Dharmacon. The wt exon

3b oligonucleotide sequence was (50–30): GTTGGAAGACACATG-

TGGTAAAGATAGACCCTCCAGGGGCAAAGACAAGCCGATTGCC.

For the binding reaction, 50 pmol of 50-biotinylated RNA

(Dharmacon) was incubated with 100mg of SCp2 nuclear extract

in a 500ml binding reaction (3.2mM MgCl2, 20mM phosphocrea-

tine, 1mM ATP, 1.3% polyvinyl alcohol, 25 ng of yeast tRNA, 1mM

DTT, 0.1ml RNasin (Invitrogen, 40U/ml), 75mM KCl, 10mM Tris, pH

7.5, 0.1mM EDTA). Binding reactions were incubated with gentle

agitation for 30min at 308C. Streptavidin agarose beads (Pierce)

were pre-blocked in GFB100 (100mM KCl, 20mM Tris–Cl, pH 7.5,

and 0.2mM EDTA, pH 8.0), plus 1mg/ml heparin and washed with

GFB100. Pre-blocked streptavidin beads (25ml) were added to

the RNA-binding reactions, with additional heparin, to a final

concentration of 0.5mg/ml, 1.6mM MgCl2, 100ml BC400, in a

final volume of 1ml, and incubated for 60min at 48C with

gentle agitation. RNA–protein-bead complexes were washed

with GFB100, resuspended in 2� SDS loading buffer, denatured

for 5min at 958C, resolved by SDS–PAGE (Acrylamide/Bis 37.5:1,

BioRad), and detected by Coomassie staining. The ‘‘B mut’’

oligonucleotide was identical to the wt 3b oligo except for

nucleotides at positions 16–25 that were replaced by a linker

containing the Mlu I restriction enzyme sequence as already

described [König et al., 1998].

Rac1 MINIGENE CONSTRUCTION

Two fragments of the murine Rac1 gene were PCR-amplified using

mouse genomic DNA as template and Platinum HiFi DNA

Polymerase (Invitrogen). One fragment contained Rac1 exon 3

and 50 portion of intron 3. The other fragment contained a 30 portion
of intron 3, exon 3b, the whole intron downstream, and part of

exon 4. Fragments were joined by overlapping PCR and cloned into

the pcDNA3.1(þ) vector (Invitrogen). The minigene was sequenced

and confirmed not to have any mutations within the exons, intron/

exon boundaries, or intron sequences at a distance of 600

nucleotides from exons. Mutations were performed using standard

PCR-mediated mutagenesis using the wild-type minigene as a

template.

RNA EXTRACTION, RT, PCR, AND qPCR

RNA was isolated with TRIZOL reagent (Invitrogen) or TRI reagent

(Molecular Research Center) and cDNA was synthesized using

MMLV-RT (Invitrogen). For quantitative real-time PCR analysis

of Rac1 splicing, oligonucleotide primers specific for the exon 3-

containing Rac1 splice isoform and for exon 3-excluding Rac1

isoform were used. PCR was carried out using Taq Platinum

(Invitrogen) and SYBR green dye. Regular (end point) RT-PCR of

Rac1 minigene-derived transcripts was performed by extracting

RNA and synthesizing cDNA with a minigene specific primer.

PCR was performed with Taq Platinum and minigene specific

primers. The ratios of the splicing isoforms were shown not

to change between 26 and 32 cycles of PCR, and 28 cycles

were routinely carried out. Primer sequences are available upon

request.

MASS SPECTROMETRY

Proteomic analysis was performed as described previously

[Orlichenko et al., 2010]. Briefly, isolated gel bands were excised,

destained, reduced and alkylated with dithiothreitol and iodoace-

tamide. Proteins were digested for 4 h with 0.6mg trypsin (Promega)

in digestion buffer (20mM Tris pH 8.1/0.0002% Zwittergent 3–16, at

378C) followed by peptide extraction with 60ml of 2% trifluor-

oacetic acid, then 60ml of acetonitrile. Pooled extracts were

concentrated and then brought up in 0.1% formic acid for protein

identification by nanoflow liquid chromatography tandem mass

spectrometry (nanoLC-MS/MS) analysis using a ThermoFinnigan

LTQ Orbitrap Hybrid Mass Spectrometer (Thermo Electron Bremen)

coupled to an Eksigent nanoLC-2D HPLC system (Eksigent, Dublin,

CA). The MS/MS raw data were converted to DTA files using

ThermoElectron Bioworks 3.2 and correlated to theoretical

fragmentation patterns of tryptic peptide sequences from the

NCBI nr database using both SEQUESTTM (Thermo Electron, San

Jose, CA) and the MascotTM 3 (Matrix Sciences, London, UK) search

algorithms running on a 10 node cluster. The mass spectrometry

analysis was done at Mayo Proteomics Research center (Mayo Clinic

College of Medicine, Rochester, MN).

HISTOLOGY AND IMMUNOHISTOCHEMISTRY

Non-malignant breast (cancer-free prophylactic mastectomy tissue)

and breast cancer biopsies were derived fromwaste surgical material

from different deidentified patients, and were formalin-fixed and

paraffin-embedded. Sections from four non-malignant and four

breast cancer samples were evaluated. For immunohistochemistry,

tissue sections were deparaffinized by placing them into three
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changes of xylene and rehydrated in a graded ethanol series. The

rehydrated tissue samples were rinsed in water and sections were

subjected to heat antigen retrieval as described by the manufacturer

(Dako, Carpinteria, CA). Slices were incubated with the appropriate

primary antibody (Rac1b, Millipore #09-271; hnRNP A1, Abcam

#ab5832) for 30min at room temperature. Sections were then rinsed

with Tris-buffered saline/Triton-X100 (TBST) wash buffer, and

secondary incubation was with DAKO DUALþ, horseradish

peroxidase (HRP) for 15min. Tissue slices were rinsed with TBST

wash buffer and then incubated in 3,30-diaminobenzidine (DABþ)

(K3467, DAKO), and counterstained with modified Schmidt’s

hematoxylin. Stained slices were scanned and the stain intensity

of hnRNP A1 and Rac1b was assessed using the Aperio positive pixel

count algorithm in the Imagescope software (Aperio, Vista, CA). The

algorithm used is based on spectral differentiation between brown

(positive) and blue (counter) staining.

STATISTICAL ANALYSIS

Statistical significance in the splicing assays, both for the minigene

and endogenous transcripts, was tested with a two-tailed t-test.

Whenever a difference is said to be observed between two

conditions, a P-value <0.05 was obtained except where otherwise

indicated.

RESULTS

hnRNP A1 BINDS TO Rac1 ALTERNATIVE EXON 3B

Rac1b, a splicing variant of Rac1, was shown to be necessary and

sufficient for mammary epithelial cell transformation [Radisky et al.,

2005]. Exposure of functionally normal mouse mammary epithelial

cell lines (SCp2 or EpH4) to MMP-3 activates a signaling pathway

that leads to the inclusion of exon 3b into Rac1mRNA, consequently

rendering a constitutively active Rac1 protein. In order to gain

insight into the mechanisms regulating Rac1 alternative splicing, we

investigated which nuclear proteins have the ability to bind the Rac1

mRNA. Comparing the human and murine exon 3b sequence and its

flanking introns, there are two conserved regions, one being the

exon itself and the other a region in the downstream intron. Taking

this into account, we performed RNA-affinity purification using

nuclear extracts from SCp2 cells and a 50-biotinylated murine exon

3b RNA probe. Upon incubation with nuclear extract, proteins

bound to the 3b RNA were pulled-down with streptavidin–agarose

beads and subjected to SDS-PAGE and Coomassie staining. A

doublet of approximately 35 kDa was consistently observed

(Fig. 1A) and these bands were isolated, subjected to in-gel trypsin

digestion, and analyzed by nanoLC-tandem mass spectrometry,

which identified the proteins as hnRNP A1 and hnRNP A2

Fig. 1. hnRNP A1 and hnRNP A2 bind to Rac1 exon 3b. A: RNA-affinity purification was performed using a 50-biotinylated exon 3b RNA oligo and nuclear extract frommurine

mammary epithelial cells. Proteins bound to the RNA were pulled-down with streptavidin beads and the samples were run on a 12% SDS–PAGE followed by colloidal Coomassie

staining. B: RNA-affinity purification was performed as in (A) either with a biotinylated exon 3b RNA (3b) or a control oligo of the same length (Ctl). RNA-bound proteins were

analyzed by Western blot with the indicated antibodies. C: Radioactive exon 3b RNA probes (either wild-type ‘‘wt’’ or mutated ‘‘B mut,’’ 2–3� 105 cpm each) were incubated

with nuclear extracts from untreated cells (20mg). Samples were crosslinked by irradiating with 254 nm UV light and treated with RNase. Aliquots of the crosslinking reaction

(with and without UV irradiation) were kept as input. Following immunoprecipitation with an anti-hnRNP A1 antibody (4B10, Sigma), samples were loaded on a 12% SDS–

PAGE. The gel was dried and exposed to film. D: RNA affinity purification was performed as in (A) but protein binding was competed by an excess of non-biotinylated wt 3b probe

(comp-3b: wt) or mutated one (comp-3b: B mut) and Western blot analysis of the bound proteins was performed with an antibody against hnRNP A1.
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(Supplementary Fig. 2). To confirm this finding, we performed

Western blot analysis of the samples subjected to mass spectrometry

analysis with different antibodies: anti-hnRNP A1, anti-hnRNP A2,

and anti-SRSF1 (as a control). We found that both hnRNP A1 and

hnRNP A2 were pulled down with the exon 3b RNA but not with a

control oligo of the same length, and that the splicing factor SRSF1

(previously known as SF2/ASF) did not bind to the Rac1 exon 3b

RNA under the same conditions (Fig. 1B). The interaction between

these hnRNPs and Rac1 exon 3b was confirmed by RNA

electrophoretic mobility shift assay (EMSA)/supershift (data not

shown). Similar results were obtained with the EpH4 cell line.

To characterize the hnRNP A1 binding sequence within Rac1

exon 3b RNA, we first searched along the 57-nt sequence for known

binding sequences. While no canonical hnRNP A1 consensus

sequences were found [Burd and Dreyfuss, 1994], we did identify a

6-nt sequence (UAAAGA) that closely resembles the consensus

reported by Chabot and colleagues, matching 5 out of 6 nucleotides

[Blanchette and Chabot, 1999] (Supplementary Fig. 3). We found

that replacing a 10-nt sequence (hereafter termed B element)

containing this putative hnRNP A1 binding site by an unrelated

sequence (‘‘B mut’’) substantially decreased hnRNP A1 binding to

exon 3b as measured by UV crosslinking followed by hnRNP A1

immunoprecipitation (Fig. 1C). To confirm this result, we performed

RNA affinity purification followed by Western blot as in

Figure 1B, but competed the binding reactions with either non-

biotinylated wt or non-biotinylated B mut exon 3b RNA oligos. We

found that a 30X molar excess of the wt exon 3b RNA greatly

diminished hnRNP A1 binding whereas the same molar excess of the

B mut exon 3b RNA had no effect (Fig. 1D). These results show that

the sequence UAAAGA within exon 3b functions as a bona fide

hnRNP A1 binding site.

hnRNP A1 IS A REPRESSOR OF Rac1 EXON 3B INCLUSION

Since hnRNPs are known to have a strong splicing inhibitory

activity, we tested whether hnRNP A1 could regulate Rac1 pre-

mRNA splicing. As observed in Figure 2A, over-expression of

hnRNP A1 diminished exon 3b inclusion into endogenous Rac1

mRNA. In agreement with the identification of hnRNP A2 by our

initial RNA affinity-purification experiments, over-expression of

hnRNP A2 also decreased exon 3b inclusion levels. We then

Fig. 2. Rac1 exon 3b splicing is repressed by hnRNP A1. A: SCp2 cells were transfected with expression vectors for hnRNP A1 (T7-A1) or hnRNP A2 (FLAG-A2) and

endogenous Rac1 mRNA isoforms containing (3bþ) or lacking (3b�) 3b exon were assessed by RT-PCR. The 3bþ/3b� ratio relative to the ratio from empty vector (�)

transfected cells is indicated under each lane. B: Schematic of the Rac1 splicing reporter minigene (left) and the oligonucleotides used for reverse transcription and PCR

amplification of minigene-derived mRNA (right). Transcription is driven by the cytomegalovirus (CMV) promoter. C: Co-transfection of the splicing reporter minigene shown in

B with an hnRNP A1-expressing vector leads to exon skipping as assessed by RT-PCR using primers specific for the minigene-derived transcripts (left panel). Over-expression of

T7-hnRNPA1 from the transgene was evaluated with a Western blot with an anti-T7 antibody (Novagen) and an anti-GAPDH antibody (Sigma) was used for loading control

(right panel). D: RNA–EMSA was performed using in vitro transcribed radioactive exon 3b RNA probes (either wild-type ‘‘3b’’ or mutated ‘‘UAGG 3b’’; �1.0� 107 cpm/mg,

5� 104 cpm per reaction) and 0.5mg of nuclear extract prepared from mammary epithelial cells. For supershifting, 2mg of each indicated antibody was added to the reaction

5min before addition of the probe. Migration of the free probe, shifted and supershifted complexes are indicated. E: SCp2 cells were transfected with wild-type or TAGG 3b

minigenes and their corresponding transcripts analyzed by RT-PCR as in (C).
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constructed a Rac1 splicing reporter minigene consisting of exon 3b,

part of its flanking exons (3 and 4), its complete downstream intron

and a shortened version of its upstream intron (Fig. 2B, left panel).

We found that over-expression of hnRNP A1 decreased Rac1 exon

3b inclusion in transcripts derived from the co-transfected minigene

by 10-fold as assessed by radioactive RT-PCR (Fig. 2B, right panel,

C). To further define the role of hnRNP A1 in Rac1 pre-mRNA

splicing, we created a core hnRNP A1 binding consensus (UAGG,

[Burd and Dreyfuss, 1994; Del Gatto-Konczak et al., 1999] within

exon 3b. The UAGG-containing exon 3b (termed ‘‘UAGG 3b’’ when

referring to RNA and ‘‘TAGG 3b’’ when referring to DNA) binds

hnRNP A1 with greater affinity than the wild-type exon as

determined by EMSA/supershift (Fig. 2D, compare lanes 4 and 8) and

the protein-UAGG 3b complex is more resistant to disruption by an

anti-hnRNP A1/A2 antibody that recognizes an epitope within one

of the RNA recognition motifs (RRMs) of hnRNP A1 and A2

(Fig. 2D, compare lanes 3 and 7). Consistent with a repressive role for

hnRNP A1, creation of this hnRNP A1 binding consensus completely

inhibited exon 3b inclusion into Rac1 minigene-derived mRNA

(Fig. 2E). Importantly, different mutations in the same region had no

effect on Rac1 alternative splicing, ruling out the possibility that the

splicing effect of the TAGG motif is due to disruption of a positive

regulatory sequence within the exon (Supplementary Fig. 4). These

results show that hnRNP A1 functions as a repressor of Rac1 exon 3b

splicing, as either its over-expression or its enhanced binding

diminish exon 3b inclusion into Rac1 mRNA.

MMP-3 TREATMENT DISASSEMBLES AN hnRNP A1-CONTAINING

COMPLEX FROM Rac1 EXON 3B

We then tested whether MMP-3-mediated signaling was acting

through an hnRNP A1-dependent pathway to regulate Rac1 pre-

mRNA splicing. We reasoned that MMP-3 treatment could be

altering the amount of the hnRNPA1-containing complex assem-

bled on Rac1 exon 3b. We assayed for protein complex binding to

exon 3b and found that nuclear extracts prepared from MMP-3-

treated cells displayed lower exon 3b–protein complex formation

than the nuclear extracts prepared from untreated cells (Fig. 3A, wt

3b probe, B). This MMP-3 regulatory effect was lost when using the

UAGG 3b as a probe (Fig. 3A, UAGG 3b probe, B). Consistent with

these findings, UV crosslinking followed by immunoprecipitation

with an anti-hnRNP A1 antibody showed decreased binding to exon

3b upon MMP-3 treatment (Fig. 3C), negatively correlating hnRNP

A1 binding with exon 3b inclusion. We also found that inclusion of

the 3b exon into minigene-derived mRNA was increased in SCp2

cells treated with MMP-3 (Fig. 3D, wt 3b minigene) as already

observed for endogenous Rac1 transcripts [Radisky et al., 2005], but

Fig. 3. MMP-3 treatment results in less hnRNP A1 bound to exon 3b. A: RNA-EMSA was performed as in Figure 2D, with increasing amounts (0.2, 0.4, and 0.8mg) of nuclear

extracts prepared from either untreated (Ctl) or MMP-3-treated SCp2 cells (MMP-3). B: Quantification of the results shown in (A), using the NIH image software. C: Radioactive

exon 3b RNA probe (2–3� 105 cpm) was incubated with the same nuclear extracts described in (A) (20mg). Samples were crosslinked by irradiating with 254 nm UV light and

treated with RNase. Aliquots of the crosslinking reactions were kept as input control while the rest of the reactions were subjected to immunoprecipitation with an anti-hnRNP

A1 antibody (4B10, Sigma). Following immunoprecipitation samples were loaded on a 12% SDS–PAGE. The gel was dried and exposed to a film. D: Cells were transfected with

wild-type or TAGG 3b minigene and treated with MMP-3-containing media or left untreated. Minigene-derived transcripts were analyzed by RT-PCR. E: Levels of hnRNP A1

mRNA in untreated and MMP-3 treated cells were analyzed by quantitative real time-PCR. F: hnRNP A1 protein levels in untreated and MMP-3 treated cells were analyzed by

Western blot with the indicated antibodies.
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that this effect was lost with the TAGG mutant minigene

(Fig. 3D, TAGG 3b minigene). Similar results were obtained with

EpH4 cells (data not shown). hnRNP A1 mRNA and protein levels

showed a slight decrease upon MMP-3 treatment (Fig. 3E,F). These

results provide a link between MMP-3-regulated Rac1 exon 3b

splicing and hnRNP A1 binding. Treatment with MMP-3 signifi-

cantly reduces its binding to exon 3b and inclusion of this exon is

triggered.

MMP-3-TRIGGERED Rac1 SPLICING REGULATION IS MODULATED

BY hnRNP A1

Considering that our results pointed to hnRNP A1 as a repressor of

exon 3b splicing, we investigated the effect of its knockdown on

exon 3b inclusion levels. To this end, a specific siRNA duplex

targeting the murine hnRNP A1 mRNA sequence was designed,

which caused a reduction of hnRNP A1 protein levels of

approximately 50% (Fig. 4A). Endogenous Rac1 pre-mRNA

alternative splicing was measured by quantitative real-time PCR

using specific primers for exon 3b-containing (3bþ) and exon 3b-

lacking (3b�) mRNA isoforms (Fig. 4B), and the results were

expressed as 3bþ over 3b� ratio. As observed in Figure 4C, cells

transfected with a control siRNA were still responsive to the MMP-3

treatment showing an increase in the 3bþ/3b� ratio (2.5-fold effect,

siRNA Ctl.). However, when cells were transfected with the hnRNP

A1-targeting siRNA, MMP-3 treatment exerted a greater effect (4.5-

fold, siRNA hnRNP A1). It is noteworthy that diminishing hnRNP A1

and/or hnRNP A2 protein levels in untreated cells did not relieve

exon 3b from repression, suggesting that in their absence other

unidentified factor(s) are responsible for maintaining splicing

repression (Fig. 4C, black bars and data not shown). Importantly,

over-expression of hnRNP A1 decreases exon 3b inclusion into

endogenous Rac1 mRNA in a dose dependent manner as assessed by

the same quantitative real time-PCR protocol (Fig. 4D). These results

suggest that Rac1 exon 3b inclusion is repressed under normal

conditions by several factors, including hnRNP A1. While a 50%

reduction in hnRNP A1 protein levels does not affect the repressed

state of exon 3b splicing, it apparently sensitizes the cells to MMP-3

treatment.

hnRNP A1 AND Rac1B SHOW INVERSE REGULATION IN VIVO

Rac1b was previously identified as overexpressed in breast cancer

tissue [Schnelzer et al., 2000]. Since we had identified an inhibitory

role for hnRNP A1 as a regulator of Rac1b, we assessed whether

progression from non-malignant breast to breast cancer was

associated with decreased expression of hnRNP A1. Immunohisto-

chemical analysis of non-malignant breast (obtained from prophy-

lactic mastectomy tissue and determined by pathologic analysis to

be cancer-free) and of breast cancer tissue revealed that normal

breast tissue showed high nuclear levels of hnRNP A1 and diffuse/

punctate cytoplasmic expression of Rac1b in the lobular epithelial

cells, while breast cancer tissue showed decreased levels of nuclear

hnRNP A1 and increased expression of Rac1b (Fig. 5). These results

are consistent with a repressive role for hnRNP A1 on Rac1b

expression in vivo.

Fig. 4. MMP-3 acts through an hnRNP A1-dependent pathway to control Rac1 pre-mRNA splicing. A: Levels of hnRNP A1 protein after transfecting SCp2 cells with a control

siRNA or with a siRNA targeted to hnRNP A1 were assessed by Western blot with the indicated antibodies. B: Schematic of the primers designed to amplify Rac1 mRNAs either

lacking (�3b) or containing (þ3b) exon 3b by quantitative real time PCR after reverse transcription. C: Endogenous Rac1 transcripts were analyzed in RNA samples prepared

from cells transfected with the indicated siRNA, either untreated (Ctl) or treated with MMP-3. Quantitative RT-PCR was performed with the primers shown in (B). Results are

shown as the ratio between 3b-containing and 3b-lacking mRNA (3bþ/3b�). Meanþ standard deviation of a representative experiment run in triplicate is shown. D: SCp2 cells

were transfected with empty vector (Ctl) or increasing amounts of hnRNP A1 expression vector (T7-hnRNP A1). Endogenous Rac1 transcripts from transfected cells were

analyzed by quantitative RT-PCR as indicated in (B) and (C) (upper panel). Over-expressed and endogenous hnRNP A1 proteins were assessed by Western blot (lower panel).

JOURNAL OF CELLULAR BIOCHEMISTRY hnRNPA1 REGULATES Rac1 SPLICING 2325



DISCUSSION

We show here that hnRNP A1 is involved in Rac1 alternative

splicing regulation in mouse mammary epithelial cells. Moreover,

our experiments provide insight into the mechanism by which

MMP-3 stimulates exon 3b inclusion into Rac1 mRNA. We find that

hnRNP A1 is bound to the alternative exon 3b under normal

conditions and is able to repress exon 3b splicing. Upon treatment

with MMP-3, hnRNP A1 is displaced from exon 3b, relieving it from

the splicing-repressive effect and leading to an enhanced inclusion

of the exon. As suggested by RNAi experiments, it is expected that

other proteins playing a repressive function cooperate with hnRNP

A1 to maintain low inclusion levels of 3b exon under normal

conditions. In addition, it is possible to speculate that not only

the displacement of hnRNP A1 but also the binding of a positive

regulator is required for MMP-3-triggered increase in 3b exon

inclusion (Fig. 6). This remains to be elucidated.

When exploring the link between cancer and splicing, two

kinds of cancer-associated alterations in splicing patterns can

be distinguished. One group is composed by alterations that are

attributable to mutations that create or disrupt splice sites or splicing

enhancers and silencers. However, in only few cases has a causal

relationship been determined [Venables, 2004; Srebrow and

Kornblihtt, 2006]. In the second group, no mutations have been

observed in cis-acting splicing elements within the involved genes,

suggesting that the alterations could be due to changes in the

activity of trans-acting splicing regulators [Ghigna et al., 1998;

Stickeler et al., 1999; Venables, 2006]. Rac1 belongs to this second

group, together with Ron, CD44, prolactin receptor, fibroblast

growth factor receptor, and MDM2 [Srebrow and Kornblihtt, 2006;

Fig. 5. Decreased hnRNP A1 in breast cancer is associated with increased Rac1b expression levels. A: IHC images of sectioned biopsies of normal (non-malignant) breast (left)

or breast cancer (right), stained for hnRNP A1 (top) or Rac 1b (bottom). Scale bar, 50mm. B: Quantification of IHC staining for hnRNP A1 and Rac1b in normal tissue and in

breast cancer. ��P< 0.005; ���P< 0.001.

Fig. 6. Schematic model summarizing the presented results.
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Ghigna et al., 2008]. In this respect, a strong connection between

expression levels of a splicing factor, alternative splicing and

changes in cellular behavior related to tumorigenesis has been

described for Ron pre-mRNA. Over-expression of SRSF1 has been

postulated to regulate malignant transformation by inducing

production of DRon, a constitutively active isoform of the Ron

receptor tyrosine kinase, in turn leading to the loss of epithelial

phenotype and acquisition of migratory capacity [Ghigna et al.,

2005]. SRSF1 is up-regulated in many human tumors, partially due

to an amplification of its gene SFRS1. By ectopic expression of

SRSF1 in cultured cell lines, this factor has been defined as an

oncoprotein that functions in establishment and maintenance of

cellular transformation by altering the splicing pattern of several

cancer-related genes [Karni et al., 2007]. Recently, SRSF1 and

SRSF3 (previously known as SRp20) levels have been shown to

regulate Rac1 splicing in human colorectal tumor cells in a PI3K-

and catenin/TCF4-dependent manner. It is noteworthy that although

the authors of this latter study did not assess hnRNP A1 involvement

in Rac1 splicing in these cells, a mutation that disrupts the hnRNP

A1 consensus binding site we report in the present work was found

to greatly increase exon 3b inclusion [Goncalves et al., 2009].

Culture and animal models in which de-regulation of MMPs

expression is associated with tumorigenesis have been well

described [Sympson et al., 1994; Lochter et al., 1997; Sternlicht

et al., 1999]. In particular, expression of an MMP-3 transgene

targeted to mouse mammary epithelial cells was shown to induce

spontaneous neoplastic progression in the mammary gland

[Sternlicht et al., 1999]; and aberrant MMP expression has been

linked to activation of EMT in human breast cancer progression as

well [Radisky and Radisky, 2010]. Here, we show an inverse pattern

of expression for hnRNP A1 and Rac1b in non-malignant breast

tissue and in breast cancer; further studies will be necessary to

define a potential role for MMPs in this process.

During the last few years, the involvement of alternative splicing

regulation in EMT has been the focus of gene-specific as well as high

throughput studies. Not only the expression of epithelial specific

splicing factors but also alternative splicing switches have been

proposed as crucial regulatory points for this cellular process and for

early steps of metastatic progression [Ghigna et al., 2005; Warzecha

et al., 2009; Valacca et al., 2010; Brown et al., 2011]. Recently, an

EMT-associated splicing signature controlled by different splicing

factors including members of the hnRNP family has been proposed

[Shapiro et al., 2011].

A vast body of work links hnRNP A1 activity with different

aspects of tumorigenesis. This protein functions as an auxiliary

factor for the processing of mir18-a, a microRNA that belongs to a

miRNA cluster with oncogenic potential [Guil and Caceres, 2007;

Michlewski et al., 2011]. hnRNP A1 is highly expressed in

proliferating and transformed cells [Biamonti et al., 1993] as well

as in breast, colon, and lung cancers, among others [Zerbe et al.,

2004]. Silencing of hnRNP A1 and A2 promotes apoptosis in a

variety of human and mouse cancer cell lines, while has no effect on

normal epithelial and fibroblastic cell lines [Patry et al., 2003], and

hnRNP A2 controls invasive cell migration of ovarian carcinoma

cells through alternative splicing of TP53INP2 [Moran-Jones et al.,

2009]. Our work provides another physio-pathological context in

which hnRNP A1 activity affects the malignant phenotype;

identification of the pathways that regulate hnRNP A1 function

may provide new insight toward early indicators of cancer

development as well as novel approaches to anticancer therapies.
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Guil S, Long JC, Cáceres JF. 2006. hnRNP A1 relocalization to the stress
granules reflects a role in the stress response. Mol Cell Biol 26(15):5744–5758.

Izaurralde E, Jarmolowski A, Beisel C, Mattaj IW, Dreyfuss G, Fischer U. 1997.
A role for the M9 transport signal of hnRNP A1 in mRNA nuclear export.
J Cell Biol 137:27–35.

Jordan P, Brazao R, Boavida MG, Gespach C, Chastre E. 1999. Cloning of a
novel human Rac1b splice variant with increased expression in colorectal
tumors. Oncogene 18:6835–6839.

Karni R, De Stanchina E, Lowe SW, Sinha R, Mu D, Krainer AR. 2007. The
gene encoding the splicing factor SF2/ASF is a proto-oncogene. Nat Struct
Mol Biol 14:185–193.

König H, Ponta H, Herrlich P. 1998. Coupling of signal transduction to
alternative pre-mRNA splicing by a composite splice regulator. EMBO J
1998; 17(10):2904–2913.

Labranche H, Dupuis S, Ben-David Y, Bani MRWellinger RJ Chabot B., 1998.
Telomere elongation by hnRNP A1 and a derivative that interacts with
telomeric repeats and telomerase. Nat Genet 19:199–202.

Lewis SM, Veyrier A, Hosszu Ungureanu N, Bonnal S, Vagner S, Holcik M.
2007. Subcellular relocalization of a trans-acting factor regulates XIAP
IRES-dependent translation. Mol Biol Cell 18:1302–1311.

Lochter A, Galosy S, Muschler J, Freedman N, Werb Z, Bissell MJ. 1997.
Matrix metalloproteinase stromelysin-1 triggers a cascade of molecular
alterations that leads to stable epithelial-to-mesenchymal conversion and
a premalignant phenotype in mammary epithelial cells. J Cell Biol 139:
1861–1872.

Lochter A, Sternlicht MD, Werb Z, Bissell MJ. 1998. The significance of
matrix metalloproteinases during early stages of tumor progression. Ann N Y
Acad Sci 857:180–193.

Matlin AJ, Clark F, Smith CW. 2005. Understanding alternative splicing:
Towards a cellular code. Nat Rev Mol Cell Biol 6:386–398.

Matos P, Jordan P. 2008. Increased Rac1b expression sustains colorectal
tumor cell survival. Mol Cancer Res 6:1178–1184.

Matos P, Collard JG, Jordan P. 2003. Tumor-related alternatively spliced
Rac1b is not regulated by Rho-GDP dissociation inhibitors and exhibits
selective downstream signaling. J Biol Chem 278:50442–50448.

Matos P, Oliveira C, Velho S, Goncalves V, Da Costa LT, Moyer MP, Seruca R,
Jordan P. 2008. B-Raf(V600E) cooperates with alternative spliced Rac1b
to sustain colorectal cancer cell survival. Gastroenterology 135:899–
906.

Michlewski G, Guil S, Caceres JF. 2011. Stimulation of pri-miR-18a Proces-
sing by hnRNP A1. Adv Exp Med Biol 700:28–35.

Moran-Jones K, Grindlay J, Jones M, Smith R, Norman JC. 2009. hnRNP A2
regulates alternative mRNA splicing of TP53INP2 to control invasive cell
migration. Cancer Res 69:9219–9227.

Nelson CM, Khauv D, Bissell MJ, Radisky DC. 2008. Change in cell shape is
required for matrix metalloproteinase-induced epithelial–mesenchymal
transition of mammary epithelial cells. J Cell Biochem 105:25–33.

Nilsen TW, Graveley BR. 2010. Expansion of the eukaryotic proteome by
alternative splicing. Nature 463:457–463.

Orlichenko L, Geyer R, YanagisawaM, Khauv D, Radisky ES, Anastasiadis PZ,
Radisky DC. 2010. The 19-amino acid insertion in the tumor-associated
splice isoform Rac1b confers specific binding to p120 catenin. J Biol Chem
285:19153–19161.

Patry C, Bouchard L, Labrecque P, Gendron D, Lemieux B, Toutant J, Lapointe
E, Wellinger R, Chabot B. 2003. Small interfering RNA-mediated reduction in
heterogeneous nuclear ribonucleoparticule A1/A2 proteins induces apopto-
sis in human cancer cells but not in normal mortal cell lines. Cancer Res
63:7679–7688.

Pinol-Roma S, Dreyfuss G. 1992. Shuttling of pre-mRNA binding proteins
between nucleus and cytoplasm. Nature 355:730–732.

Radisky ES, Radisky DC. 2010. Matrix metalloproteinase-induced epithelial–
mesenchymal transition in breast cancer. J Mammary Gland Biol Neoplasia
15:201–212.

Radisky DC, Levy DD, Littlepage LE, Liu H, Nelson CM, Fata JE, Leake D,
Godden EL, Albertson DG, Nieto MA, Werb Z, Bissell MJ. 2005. Rac1b and
reactive oxygen species mediate MMP-3-induced EMT and genomic insta-
bility. Nature 436:123–127.

Rothrock CR, House AE, Lynch KW. 2005. HnRNP L represses exon splicing
via a regulated exonic splicing silencer. EMBO J 24:2792–2802.

Schnelzer A, Prechtel D, Knaus U, Dehne K, Gerhard M, Graeff H, Harbeck N,
Schmitt M, Lengyel E. 2000. Rac1 in human breast cancer: Overexpression,
mutation analysis, and characterization of a new isoform, Rac1b. Oncogene
19:3013–3020.

Shapiro IM, Cheng AW, Flytzanis NC, Balsamo M, Condeelis JS, Oktay MH,
Burge CB, Gertler FB. 2011. An EMT-driven alternative splicing program
occurs in human breast cancer and modulates cellular phenotype. PLoS
Genet 7:e1002218.

Singh A, Karnoub AE, Palmby TR, Lengyel E, Sondek J, Der CJ. 2004. Rac1b,
a tumor associated, constitutively active Rac1 splice variant, promotes
cellular transformation. Oncogene 23:9369–9380.

Skotheim RI, Nees M. 2007. Alternative splicing in cancer: Noise, functional,
or systematic? Int J Biochem Cell Biol 39:1432–1449.

Srebrow A, Kornblihtt AR. 2006. The connection between splicing and
cancer. J Cell Sci 119:2635–2641.

Stallings-Mann M, Radisky D. 2007. Matrix metalloproteinase-induced
malignancy in mammary epithelial cells. Cells Tissues Organs 185:104–110.

Sternlicht MD, Lochter A, Sympson CJ, Huey B, Rougier JP, Gray JW, Pinkel
D, Bissell MJ, Werb Z. 1999. The stromal proteinase MMP3/stromelysin-1
promotes mammary carcinogenesis. Cell 98:137–146.

Sternlicht MD, Bissell MJ, Werb Z. 2000. The matrix metalloproteinase
stromelysin-1 acts as a natural mammary tumor promoter. Oncogene
19:1102–1113.

Stickeler E, Kittrell F, Medina D, Berget SM. 1999. Stage-specific changes in
SR splicing factors and alternative splicing in mammary tumorigenesis.
Oncogene 18:3574–3582.

Sympson CJ, Talhouk RS, Alexander CM, Chin JR, Clift SM, Bissell MJ, Werb
Z. 1994. Targeted expression of stromelysin-1 in mammary gland provides
evidence for a role of proteinases in branching morphogenesis and the
requirement for an intact basement membrane for tissue-specific gene
expression. J Cell Biol 125:681–693.

2328 hnRNPA1 REGULATES Rac1 SPLICING JOURNAL OF CELLULAR BIOCHEMISTRY



Thiery JP, Sleeman JP. 2006. Complex networks orchestrate epithelial–
mesenchymal transitions. Nat Rev Mol Cell Biol 7:131–142.

Valacca C, Bonomi S, Buratti E, Pedrotti S, Baralle FE, Sette C, Ghigna C,
Biamonti G. 2010. Sam68 regulates EMT through alternative splicing-acti-
vated nonsense-mediated mRNA decay of the SF2/ASF proto-oncogene.
J Cell Biol 191:87–99.

Van Der Houven Van Oordt W, Diaz-Meco MT, Lozano J, Krainer AR, Moscat
J, Caceres JF. 2000. The MKK(3/6)-p38-signaling cascade alters the subcel-
lular distribution of hnRNPA1 andmodulates alternative splicing regulation.
J Cell Biol 149:307–316.

Venables JP. 2004. Aberrant and alternative splicing in cancer. Cancer Res
64:7647–7654.

Venables JP. 2006. Unbalanced alternative splicing and its significance in
cancer. Bioessays 28:378–386.

Warzecha CC, Sato TK, Nabet B, Hogenesch JB, Carstens RP. 2009. ESRP1 and
ESRP2 are epithelial cell-type-specific regulators of FGFR2 splicing. Mol Cell
33:591–601.

Zerbe LK, Pino I, Pio R, Cosper PF, Dwyer-Nield LD, Meyer AM, Port JD,
Montuenga LM, Malkinson AM. 2004. Relative amounts of antagonistic
splicing factors, hnRNP A1 and ASF/SF2, change during neoplastic lung
growth: Implications for pre-mRNA processing. Mol Carcinog 41:187–
196.

Zhang QS, Manche L, Xu RM, Krainer AR. 2006. hnRNP A1 associates with
telomere ends and stimulates telomerase activity. RNA 12:1116–1128.

JOURNAL OF CELLULAR BIOCHEMISTRY hnRNPA1 REGULATES Rac1 SPLICING 2329


