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The multiple isoforms of the transmembrane glycoprotein CD44 are produced by alternative RNA splicing.
Expression of CD44 isoforms containing variable 5 exon (v5) correlates with enhanced malignancy and invasiveness
of some tumors. Here we demonstrate that SRm160, a splicing coactivator, regulates CD44 alternative splicing in
a Ras-dependent manner. Overexpression of SRm160 stimulates inclusion of CD44 v5 when Ras is activated.
Conversely, small interfering RNA (siRNA)-mediated silencing of SRm160 significantly reduces v5 inclusion.
Immunoprecipitation shows association of SRm160 with Sam68, a protein that also stimulates v5 inclusion in
a Ras-dependent manner, suggesting that these two proteins interact to regulate CD44 splicing. Importantly,
siRNA-mediated depletion of CD44 v5 decreases tumor cell invasion. Reduction of SRm160 by siRNA trans-
fection downregulates the endogenous levels of CD44 isoforms, including v5, and correlates with a decrease in
tumor cell invasiveness.

CD44 is a transmembrane glycoprotein that mediates the
response of cells to their cellular microenvironment. CD44 is
expressed in most tissues, where its gene products function in
lymphocyte homing, adhesion, migration, and regulation of
cell growth (for review, see reference 35). This variety of roles
results from multiple CD44 isoforms produced by alternative
splicing (3). The CD44 gene is composed of 10 constitutively
spliced exons and 10 variable exons, residing between consti-
tutive exons 5 and 6.

Interestingly, the peptides encoded by these variable exons
are located in the extracellular domain of the protein. Some of
these alternative spliced variants interact with growth factors
and render cells responsive to extracellular stimuli (2, 17, 33,
37–39, 43). The CD44 splice variant containing variable exon 6
(v6) can form a complex with the extracellular hepatocyte
growth factor (HGF) and its tyrosine kinase receptor Met (33).
Formation of this CD44 v6-HGF-Met complex stimulates the
activation of Met through autophosphorylation and further
activates Met-dependent Ras signaling, probably through the
association of ERM (ezrin-radixin-moesin) proteins to the cy-
toplasmic tail of CD44 (33). The net result is that the CD44
v6-HGF-Met complex activates Ras signaling and promotes
cell proliferation. Interestingly, Ras activation also stimulates
transcription of CD44 and promotes inclusion of its variable
exons (14, 19). This constitutes a CD44-mediated positive feed-
back loop in the activation of Ras signaling if a factor such as
HGF is present. Alternatively, the tumor suppressor protein
merlin can also bind to the cytoplasmic tail of CD44. Binding
of merlin to CD44 disrupts the interaction between ERM and
CD44 and therefore inhibits Ras activation (29). As a result,
Ras-dependent CD44 alternative splicing is inhibited, the pos-
itive feedback loop is disrupted, and cell growth diminishes.
Consistent with the above observations, the majority of CD44

expressed in resting lymphocytes is in the constitutively spliced
form (standard form), whereas the variants are commonly ob-
served only during activation.

When overexpressed in human colon cancer cells, the stan-
dard form of CD44 acts as a tumor suppressor and inhibits the
potential for metastasis (5, 34). Furthermore, a significant body
of evidence indicates a correlation between metastasis and
dysregulation of CD44 variants. For example, ectopically ex-
pressed CD44 v4-7 variant (containing variable exons 4, 5, 6,
and 7) confers metastatic potential to nonmetastatic cells (11).
Conversely, high levels of expression of CD44 variants corre-
late with tumors with a poor clinical prognosis (12, 13, 20, 30,
31, 46). Despite the significance of the association of CD44
variants with a variety of malignancies, insight into the regu-
lation of CD44 alternative splicing remains incomplete.

Regulation of CD44 alternative splicing has been studied
following mitogen stimulation. Using a splicing construct con-
taining the CD44 v5 exon flanked by its introns and two con-
stitutive exons, Konig and colleagues found that inclusion of v5
is activated by the Ras-Raf-MEK-Erk (extracellular signal-
regulated kinase) signaling cascade (23, 45). Addition of the
phorbol ester 12-o-tetradecanoylphorbol-13-acetate (PMA), a
Ras signaling activator, or ectopic expression of the above
signaling molecules elevates the inclusion of v5. Analysis of
cis-acting elements in the 117-nucleotide (nt) v5 exon revealed
the presence of both exonic splicing enhancers (ESEs) and
exonic splicing silencers. These cis-acting elements were iden-
tified by consecutively substituting 10-nt mutations through the
v5 region (19). Interestingly, in contrast to the broad distribu-
tion of experimentally identified exonic splicing silencers, the
v5 ESEs are located in two 10-nt segments. The most defective
mutant was created by the substitution of the v5 ATGAAG
AGGA sequence with random sequence. Mutational substitu-
tion of this region reduced basal level inclusion of the v5 exon
and decreased the response to PMA stimulation. The proteins
that specifically interact with this ESE in this context have yet
to be identified. Recently, a nuclear RNA binding protein,

* Corresponding author. Mailing address: Center for Cancer Research,
Massachusetts Institute of Technology, Cambridge, MA 02139-4307.
Phone: (617) 253-6421. Fax: (617) 253-3867. E-mail: sharppa@mit.edu.

362



Sam68, was shown to bind to a region of v5 containing the site
AAAAUU (21, 23). The activation of Ras signaling by PMA,
which phosphorylates and in turn activates Sam68, stimulates
v5 exon inclusion (23). Deletion of the Sam68 binding site does
not inactivate the PMA response, consistent with the notion
that other factors in addition to Sam68 are also important.

In this study, we show that SRm160, a splicing activator of
pre-mRNAs containing GAA repeats (4, 8), specifically stim-
ulates inclusion of CD44 v5 in a Ras-dependent manner.
Mutation of the above ATGAAGAGGA sequence abolishes
SRm160’s stimulation. SRm160 and Sam68 are detected in a
complex that probably regulates CD44 alternative splicing.
Moreover, we show that small interfering RNA (siRNA)
knockdown of CD44 v5 decreases tumor cell invasion. Reduc-
tion of SRm160 inhibits alternative splicing of endogenous
CD44 variants and results in a decrease in tumor cell invasive-
ness. These observations support a link between regulation of
alternative splicing and tumor cell invasiveness.

MATERIALS AND METHODS

Cells and transfection. Human HeLa cells and 293T cells were maintained in
Dulbecco’s modified Eagle’s medium containing 10% fetal bovine serum, peni-
cillin, and streptomycin. For transfection of 293T cells, cells were plated in
24-well plates 1 day before transfection. Cells were transfected with 0.8 �g of
plasmids (including v5 Photinus luciferase reporter and Renilla luciferase as an
internal transfection control) using Lipofectamine 2000 (Invitrogen) according
to the manufacturer’s instruction. At 24 h after transfection, cells were collected.
One-fifth of the cells was used for RNA analysis (see below). The remaining
four-fifths were lysed in 100 �l of passive lysis buffer. Luciferase activity was
assayed using a dual-luciferase kit (Promega).

RNA interference (RNAi) experiments were performed in HeLa cells using
100 pmol of siRNAs (control, SRm160, Sam68, or CD44 v5) and 5 �l of oligo-
fectamine for each well of a six-well plate. For cotransfection with the CD44 v5
reporter gene, siRNA-treated HeLa cells were trypsinized and plated in 12-well
plates 24 h after the first siRNA transfection. Twenty-four hours after the cells
were plated, the CD44 reporter construct was cotransfected with an H-Ras V12
plasmid and the same siRNAs transfected in six-well plates using Lipofectamine
2000. Cells were harvested 30 to 36 h posttransfection. siRNA sequences of the
sense strands are as follows: SRm160-1, CGACCCAAGAGAUCCCAUGdTdG;
SRm160-2, GAGACGUUCACCUUCAUUAdTdT; Sam68-1, CGGAUAUGA
UGGAUGAUAUdTdT; Sam68-2, CGCAGAACAAAGUUACGAAdTdT;
CD44 v5-1, CCACUGCUUAUGAAGGAAAdTdT; and CD44v5-2, AUGAGC
AUCAUGAGGAAdTdT.

RT-PCR. RNA was prepared using a QIAGEN RNeasy kit. A total of 0.25 �g
of RNA was used in a reverse transcription (RT) reaction in a 20-�l volume for
1 h. Two microliters of the resulting cDNA was subjected to PCRs using specific
primers. Each cycle of PCRs included 45 s at 94°C, 45 s at 55°C, and 45 s at 72°C.
Thirty cycles were performed to detect v5 inclusion using the v5 luciferase
minigene construct. For endogenous CD44, different cycles of PCR were per-
formed, as follows: 30 cycles for v8-10; 31 cycles for v3r; 32 cycles for v3, v7, v6r,
and v7r; 34 cycles for v2r; and 35 cycles for v2, v4, v5, and v6. Twenty-nine cycles
were used for amplifying standard CD44 and loading control dihydrofolate
reductase (DHFR). PCR products were analyzed on a 1.5% agarose gel.
SRm160 was amplified using the forward primer 5�-GTCGTGTTTCTGTGT
CTCCAG and the reverse primer 5�-TATGCTTGGATGATAATGAAGGTG.
DHFR was amplified using the forward primer 5�-GTTCTGCTGTAACGA
GCGG and the reverse primer 5�-AGGCATCATCTAGACTTCTGG. The
primers for amplifying the CD44 luciferase minigene and endogenous CD44
variants using forward individual variable exon primers were described previ-
ously (18, 45). A forward primer pairing to the 5� constitutive region is 5�-CAT
CCCAGACGAAGACAGTC. Reverse primers base pairing to specific variable
exons are as follows: v2r, 5�-TGTGAAGATGATTCTTTGACTC; v3r, 5�-CAT
CATCAATGCCTGATCCAGA; v6r, 5�-CAGCTGTCCCTGTTGTCGAA; and
v7r, 5�-TCCTGCTTGATGACCTCGTC.

Immunoprecipitation. 293T cells transfected with hemagglutinin (HA)-tagged
Sam68 or Flag-tagged SRm160 were lysed in NP-40 lysis buffer (150 mM NaCl,
50 mM Tris, 1% NP-40, 50 mM NaF, supplemented with protease inhibitors
[complete tablet from Roche]). Cell lysates were precleared with protein A beads

and incubated with HA or Flag antibody-conjugated beads (Roche and Sigma,
respectively). The immunoprecipitated complexes were washed five times with
NP-40 buffer and eluted in 2� sodium dodecyl sulfate (SDS) loading buffer by
incubation at 95°C for 5 min. The eluates were loaded onto an SDS-polyacryl-
amide gel for Western blot analysis.

Matrigel invasion assay. Biocoat Matrigel invasion chambers (Becton Dick-
inson) were used to assess the invasiveness of HeLa cells. Two days after siRNA
treatment, 5 � 104 cells were resuspended in 250 �l of serum-free Dulbecco’s
modified Eagle’s medium and added to the cell culture inserts of the invasion
chambers. Fetal bovine serum (10%) was used as a chemoattractant and placed
in the lower wells. After 22 to 24 h, cells on the upper surface of the membrane
were removed using cotton swabs, and the filters were fixed by immersion in 4%
formaldehyde for 10 min. After two washes with water, the invaded cells were
then stained with 0.2% crystal violet. Excess dye was rinsed off two times with
water. The stained cells were photographed using a digital camera and counted.

RESULTS

Overexpression of SRm160 stimulates CD44 v5 inclusion
dependent on Ras signaling. Because of the biological impor-
tance of CD44 splice variants in tumorigenesis, we explored the
regulation of CD44 alternative splicing. The CD44 variable exon
sequences were compared between species, and potential ESEs in
the v5 exon were computationally identified (9). Among the spe-
cies examined (human, rat, and mouse), conserved GAA repeats
were observed in the v5 exon. Both experimental and computa-
tional analyses indicate that GAA repeats are a hallmark of ESEs
that activate splicing (9, 40). Interestingly, SRm160, an SR-con-
taining splicing coactivator, has been shown to be important in the
splicing of pre-mRNAs that contain GAA repeats (8). These
observations suggested that SRm160 might be involved in the
regulation of v5 inclusion.

To determine whether SRm160 has an important role in
regulating CD44 alternative splicing, we used a CD44 v5 re-
porter minigene construct (23, 45). This minigene contains a
luciferase-based splicing reporter, in which the CD44 v5 exon
and its flanking introns were inserted upstream of an intact
Photinus luciferase gene (Fig. 1A). Inclusion of the v5 exon
produces a fusion protein containing the coding sequence of
the Photinus luciferase, whereas exclusion of the v5 exon po-
sitions a stop codon upstream of the luciferase coding region.
Thus, the luciferase activity directly indicates the levels of
CD44 v5 inclusion. Previous work has demonstrated that the
ratios of the v5 inclusion and exclusion are consistent whether
they are measured by RT-PCR of spliced mRNA or luciferase
assays (45).

The CD44 v5 minigene construct was cotransfected in 293T
cells with either a control vector or a plasmid ectopically ex-
pressing SRm160, and a Renilla luciferase plasmid served as an
internal transfection control. One transfection (Fig. 1B, vec-
tor) included the CD44 v5 minigene and an empty plasmid
vector. The second transfection (Fig. 1B, SRm160) included
the v5 minigene and the plasmid encoding SRm160. This series
was repeated with the addition of treatment with PMA, which
activates the Ras pathway. The level of luciferase was normal-
ized to 1.0 following transfection with the control plasmid, which
corrects for any stimulation by PMA alone of either transcription
or inclusion of v5. Under these conditions, SRm160 overexpres-
sion increased the level of luciferase, i.e., CD44 v5 inclusion, by
2.4-fold in comparison with control vector transfection (Fig. 1B).
This increase was entirely dependent upon PMA stimulation,
as very little change (1.1-fold) was produced by SRm160 over-
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expression in non-PMA-treated cells. These observations sug-
gested that stimulation of CD44 alternative splicing by SRm160 is
regulated by Ras signaling. To confirm this hypothesis, a con-
stitutively activated form of Ras, H-Ras V12, was ectopically
expressed in 293T cells along with either control or SRm160
expression plasmids using the same experimental design (Fig.
1C). As expected, SRm160 specifically stimulated luciferase
expression by �3.7-fold in cells that overexpressed H-Ras V12.
These results are consistent with the idea that the stimulation
of v5 inclusion by SRm160 is dependent on Ras signaling.

The stimulation of luciferase expression from the CD44 v5
minigene is an indirect measure of alternative splicing. To
directly assay the v5 inclusion in mRNA, we analyzed the ratios
of variants by RT-PCR with primers flanking the v5 exon
(Fig. 1A; the location of primers relative to spliced mRNAs is
indicated by arrows). Both the included and excluded variants
can be detected in one PCR, with the former yielding a longer
product. In the absence of Ras activation, the levels of v5
inclusion were similar in cells ectopically overexpressing
SRm160 or control vector (0.20 and 0.13, respectively). How-
ever, in the presence of cotransfected activated Ras, overex-
pression of SRm160 stimulated the level of v5 inclusion to 0.75
(Fig. 1D). These results show that SRm160 activity can regu-

late CD44 alternative splicing through processes influenced by
Ras signaling.

A potential mechanism explaining the activity of SRm160 in
stimulation of the v5 exon is the presence of GAA-containing
ESEs. This was addressed by testing the activity of a mutant
form of v5 exon where the 10-nt GAA-containing ESE seg-
ment (ATGAAGAGGA) was replaced with a random se-
quence (19). In agreement with previously described results
(19), we observed, in the presence of activated Ras, an �50%
reduction in inclusion of the v5 exon when this GAA mutant
was compared to the wild-type v5 construct. More importantly,
the SRm160 stimulatory effect on v5 inclusion was almost en-
tirely abolished by this mutation (0.10 versus 0.15, without and
with SRm160, respectively) (Fig. 1D). A control mutation with
a 10-nt substitution immediately downstream of this GAA seg-
ment displayed stimulatory effects very similar to the wild-type
v5 construct upon SRm160 overexpression (ratios of inclusion
to exclusion: 0.23 versus 1.09, without and with SRm160, re-
spectively) (data not shown). To test whether the 10-nt GAA-
containing ESE segment is sufficient to allow Ras-dependent
alternative splicing, we used a reporter construct, pSXN (6, 9),
that contains an alternatively spliced 33-nt exon 2. Random-
sequence insertion in this exon 2 predominantly results in exon

FIG. 1. SRm160 stimulates CD44 v5 inclusion. (A) The luciferase-based v5 minigene schematic. Exons are shown as boxes and introns are
denoted as straight lines. Lines above and below each intron illustrate different joining of exons by alternative splicing. Positions of the translation
start codon (ATG) and stop codon are shown. Inclusion of v5 results in expression of an in-frame luciferase protein, whereas exclusion of v5 yields
a stop codon upstream of the luciferase gene. The relative locations of the primers used in the PCRs to detect the included and excluded forms
are shown as arrows at the top of these forms. (B) Dual luciferase assay of 293T cells. Cells were transiently transfected with the v5 minigene
(Photinus luciferase), a Renilla luciferase plasmid (used as an internal transfection control), and either an empty vector (black bars) or SRm160
expression plasmid (gray bars). About 18 h after transfection, cells were treated without PMA (left panel) or with PMA (right panel) for 6 h. After
this treatment, cells were harvested and lysed. Luciferase activities were assayed using a Dual-Glo luciferase kit (Promega). The ratios of Photinus
and Renilla luciferase activities were normalized to the empty vector transfections (black bars). Error bars denote the range of experimental
variations. (C) Relative luciferase activity of cells transiently transfected with the v5 minigene plus either empty vector (black bars) or SRm160
plasmid (gray bars) and cotransfected without or with activated H-Ras V12 plasmid. The ratios of Photinus and Renilla luciferase activities were
normalized to the non-SRm160 (empty vector) transfections. (D) RT-PCR analysis of harvested RNA from cells transfected with the constructs
described in panel B (without or with SRm160 and without or with activated H-Ras V12) or with a GAA-mutant v5 construct (in the presence of
activated H-Ras V12, without or with SRm160). Relative locations of the PCR primers are shown in panel A. PCR products were analyzed in 1.5%
agarose gels. The inclusion and exclusion forms of v5 were detected in one PCR. Positions of these two forms are depicted on the left of the gel.
Calculated ratios between these forms are shown at the bottom of the gel.
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skipping. Interestingly, insertion of the 10-nt GAA segment
into the pSXN exon 2 promoted inclusion of this exon. This
inclusion was moderately stimulated (1.6-fold � 0.1-fold) in
response to SRm160 in a Ras signaling-dependent manner
(data not shown). These observations indicate that the v5
GAA-containing ESEs and possibly other elements are impor-
tant for SRm160’s stimulation of v5 inclusion.

Knockdown of SRm160 inhibits inclusion of the CD44 v5
exon. To further investigate the role of SRm160, we deter-
mined the effects of SRm160 reduction on v5 inclusion.
SRm160 siRNA transfection was used to reduce the level of
this protein. Transient transfection of the SRm160 siRNA pro-
duced an �10-fold knockdown of SRm160 mRNA as mea-
sured by RT-PCR analysis relative to cells transfected with a
control siRNA (Fig. 2A). Protein analysis using immunoblot-
ting with an SRm160-specific antibody showed that the levels
of a series of bands of the SRm160 protein were undetectable
in cells treated with SRm160 siRNA (Fig. 2B). These clustered
polypeptide bands for SRm160 have been described previously
and probably represent different degrees of phosphorylation of
this highly repetitive SR protein. In total, these results indicate
that RNAi knockdown was successful.

The v5-Photinus luciferase reporter construct was cotrans-
fected in HeLa cells with the H-Ras V12 plasmid, the internal

control Renilla luciferase plasmid, and either SRm160 siRNA
or control siRNA. Again, the level of expression of the v5-
Photinus luciferase reporter was normalized to 1.0 for the
control siRNA. There was about a fivefold reduction of v5
inclusion in cells treated with the SRm160 siRNA in compar-
ison to those treated with the control siRNA (Fig. 2C). These
results were verified by measuring mRNA levels of v5 inclusion
versus exclusion by RT-PCR. As anticipated, the inclusion
form of v5 was reduced in SRm160 siRNA-treated cells. The
ratio of included to excluded forms in SRm160 siRNA-treated
cells was reduced to 0.29 from 0.74, the level observed in
control siRNA-treated cells (Fig. 2D). To exclude the possi-
bility that the observed effect is due to nonspecific suppression
of off-target genes by the SRm160 siRNA, we tested a second
siRNA to SRm160. Indeed, expression of this second siRNA
also reduced the inclusion of CD44 v5 (data not shown), sug-
gesting that the reduction is specific to SRm160 silencing.
These observations indicate that the activity of SRm160 is
important for v5 inclusion.

SRm160 interacts with Sam68. The Src substrate and RNA
binding protein Sam68 have been reported to be important for
stimulation of v5 inclusion by Ras activation (23). Since both
SRm160 and Sam68 stimulate this inclusion, it is possible that
these two proteins might act in the same pathway and could
interact with each other. To test this possibility, immunopre-
cipitation experiments were performed. A plasmid containing
Flag-tagged SRm160 was transfected into 293T cells. Proteins
that interact with Flag-tagged SRm160 protein were precipi-
tated using anti-Flag antibody-coupled beads. The presence of
Sam68 in the immunoprecipitated fraction was detected by im-
munoblotting using a Sam68 antibody. Indeed, the result shows
that SRm160 and Sam68 coimmunoprecipitate (Fig. 3A). The
above observation was further confirmed by immunoprecipita-
tion using lysates from cells that overexpressed HA-tagged Sam68

FIG. 2. SRm160 knockdown inhibits v5 inclusion. (A) Quantitative
RT-PCR analysis of the SRm160 mRNA harvested from HeLa cells
transiently transfected with either control siRNA or SRm160 siRNA.
Primers specific to SRm160 were used. Amplification of DHFR
mRNA was used as an internal control. (B) Western blot analysis of
SRm160 protein levels in siRNA-transfected cells described in panel
A. The �-actin protein levels were used as a loading control. (C) Rel-
ative luciferase activities of HeLa cells transiently transfected with the
v5-Luc minigene, H-Ras V12 plasmid, and a control siRNA or
SRm160 siRNA. Ratios of the Photinus and Renilla luciferase activities
were normalized to the control siRNA transfections. (D) RT-PCR
analysis of RNA from siRNA-transfected cells described in panel C.
PCR primers are shown in Fig. 1A. PCR products were analyzed in
1.5% agarose gels. Inclusion and exclusion forms of v5 were detected
in one PCR. Positions of these two forms are indicated on the left of
the gel. Calculated ratios between these forms are shown at the bottom
of the gel.

FIG. 3. SRm160 and Sam68 coimmunoprecipitate. 293T cells were
transfected with plasmids containing either Flag-tagged SRm160 (A) or
HA-tagged Sam68 (B) or corresponding empty vectors. Cell lysates were
immunoprecipitated using anti-Flag or anti-HA antibodies, respectively
(indicated at the top of the gels). Total cell lysates (input) as well as
immunoprecipitants (IPs) were analyzed by SDS-polyacrylamide gel elec-
trophoresis. Western blot analyses were performed using antibodies of
Sam68 (A, Flag IP) or SRm160 (B, HA IP). The positions of Sam68 and
SRm160 are indicated on the right of the gels.
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protein and anti-HA antibody-coupled beads (Fig. 3B). Again,
we observed that SRm160 immunoprecipitated with Sam68.
Moreover, this coimmunoprecipitation was resistant to exten-
sive RNase treatment (data not shown), indicating that
SRm160 and Sam68 association was not dependent on RNA
bridging. We conclude that these two proteins can associate
through protein-protein interactions. In addition, we observed
that overexpression of Sam68 did not rescue the reduction of
v5-luciferase inclusion caused by SRm160 siRNA treatment,
suggesting that these two proteins may be functionally coop-
erative (data not shown).

SRm160 regulates splicing of endogenous CD44 variable
exons. The above results, obtained using a transfected plasmid
as a reporter for RNA splicing, suggest that SRm160 is impor-
tant for inclusion of CD44 v5. Therefore, we wanted to deter-
mine whether SRm160 regulates the alternative splicing of
endogenous CD44. First, the expression pattern of CD44 vari-
ants in Ras-activated HeLa cells was examined. As shown in
Fig. 4A, a set of 5� primers that specifically base pair to indi-
vidual variable exons and a common 3� constitutive exon were
used to detect CD44 variants using quantitative RT-PCR anal-
ysis. In this case, the length and sequences of the PCR products
from each primer pair should indicate the composition of the
CD44 variants containing the specific exon. Using this set of
primers, we observed that expression of variants containing v3
to v10 was detectable in HeLa cells. We were not able to assay
the levels of v2 since the amplification levels with v2 primers
were very low, probably due to the length of the v2 PCR
products. In addition, the mobility of the band amplified by the
exon 4 primer suggested that the v4 and v5 exons were spliced
together (this observation was also verified by sequencing the
PCR products). Similarly, exons v7 to v10 are apparently
spliced as one unit in these cells. The v6 exon is both joined to
the v7 to v10 exons and spliced directly to the 3� constitutive
exon (Fig. 4A).

Next, the effect of SRm160 knockdown by siRNA was ex-
amined. Following SRm160 siRNA treatment, the overall
splice patterns of CD44 variants were largely unchanged; how-
ever, the levels of expression of most variants were reduced
relative to the constitutive isoform (Fig. 4B). For v2, v3, v6, and
v7 variants, a second set of PCR primers was used for quanti-
tation. This set contained a 5� primer complementary to the
proximal 5� constitutive exon and 3� primers complementary to
these individual variable exons (Fig. 4A, v2r, v3r, v6r, and v7r).
Each set of primers amplified one major band, corresponding
to the joining of the variable exon to the 5� constitutive exon
(v2r, v3r, and v6r) or the joining of both v6 and v7 exons to the
constitutive exon (v7r). For quantitation, all of the PCRs were
monitored to ensure that measurement was done in a linear
range (data not shown). Amplification of the constitutive
spliced form of CD44, the product from the two flanking prim-
ers, was performed in parallel. Amplification of the DHFR
gene was used as an internal control. To compare the expression
levels of CD44 between samples (control siRNA- and SRm160
siRNA-treated cells), the CD44 PCR intensities were normalized
to those of the DHFR products to obtain relative levels of CD44
expression. Interestingly, we observed that the CD44 constitutive
isoform and v10 variant were expressed at similar levels in both
groups of siRNA-treated cells. However, expression levels of vari-
ants v2 to v9 were reduced in SRm160 siRNA-treated cells. In-

clusions of v4 and v5 were most dramatically affected, by five- to
sixfold. Inclusion of v3 was decreased by fivefold. Inclusions of v7,
v8, and v9 were reduced by three- to fourfold, and v2 and v6
inclusions were decreased by three- and twofold, respectively. As
mentioned above, exons v4 and v5 and exons v7, v8, and v9 are
spliced as units in HeLa cells (Fig. 4A). The similar degrees of
downregulation of these exons provide evidence for the accuracy
of the quantitations. Taken together, these results indicate that
SRm160 is important for the inclusion of most of the endogenous
CD44 variable exons.

Because of the involvement of Sam68 in CD44 alternative
splicing and the interaction between Sam68 and SRm160 de-
scribed above, it was important to determine whether Sam68 is
important for inclusion of the same subset of CD44 variable
exons as SRm160. To examine this, we knocked down Sam68
expression by siRNAs and examined the effect on CD44 inclu-
sion. RT-PCR analysis showed about a fourfold reduction of
Sam68 RNA expression in Sam68 siRNA-treated cells, and
Western blot analysis showed a similar reduction of Sam68
protein in these cells (Fig. 4C). Notably, we observed very
similar to CD44 inclusion patterns in cells treated with Sam68
siRNA those treated with SRm160 siRNA, with slight differ-
ences (Fig. 4B). For example, inclusion of v2 was more affected
in Sam68 siRNA- than in SRm160 siRNA-treated cells, with a
sevenfold versus a threefold reduction, respectively. Inclusion of
v5 was also less affected in the same comparison, with a threefold
versus a sixfold reduction, respectively. These results indicate that
knockdown of Sam68 impaired the inclusion of endogenous
CD44 variable exons to degrees similar to those found with the
knockdown of SRm160. Together with the coimmunoprecipita-
tion studies, these results indicate that SRm160 and Sam68 are
important for regulation of alternative splicing of the endogenous
CD44 gene in HeLa cells.

SRm160 and tumor cell invasion. CD44 variants have been
implicated in tumor invasion and metastasis (16, 22). There-
fore, it is tempting to speculate that the activity of SRm160
could influence tumor cell invasion by regulating the inclusion
of CD44 variable exons. Thus, we tested whether reducing
SRm160 levels in cells would affect their invasiveness. In order
to validate an invasion assay while performing an interesting
novel experiment, we tested whether inhibition of CD44 vari-
ants by RNAi would affect the invasive properties of cells. We
chose to target variants containing v5 exon because v5 inclu-
sion is elevated in some metastatic cells and tissues (12, 13, 20,
46, 47). We used human cervical carcinoma cells (HeLa) as
these cells are active in the invasion assay and are highly
transfectable (42). An siRNA designed to specifically target
the v5 exon was transfected into HeLa cells. As shown in
Fig. 5A, we observed a 3.5-fold knockdown of v5-containing
variants in cells treated with this siRNA. A control siRNA,
whose sequence does not match any known human genes, did
not cause a reduction of v5 expression.

At 48 h posttransfection, equal numbers of cells treated with
either v5 siRNA or control siRNA were added to invasion
chambers in the absence of serum. The bottom of the invasion
chamber contained a membrane with a layer of reconstituted
basement membrane matrix, which impedes noninvasive cells
from migrating through the membrane. Invasive cells are able
to digest and migrate through the matrix and thus the mem-
brane. Serum-containing medium was placed in the well sur-
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FIG. 4. SRm160 is required for splicing of endogenous CD44 variants. (A) Expression pattern of CD44 variants in HeLa cells. The relative
locations of PCR primers are depicted at the top of the gels. To analyze different variants of CD44, PCRs were performed using primers that
contain different specific 5� primers pairing to individual variable exons and one 3� primer pairing to a constitutive exon (filled arrows and indicated
as v2 to v10 on top of the gel). PCR amplifications of v2, v3, v6, and v7 variants were also performed using a 5� primer pairing to a constitutive
exon and specific 3� primers pairing to individual variable exons (open arrows and indicated as v2r, v3r, v6r and v7r). Primers that pair to 5� and
3� constitutive exons were used for detection of the CD44 standard form. An agarose gel of PCR products is shown with a 100-bp marker in the
left lane. Specific primers used in each PCR are indicated on the top of the gel. (B) RT-PCR analysis of CD44 variant exon inclusion. RNAs were
harvested from HeLa cells cotransfected with H-Ras V12 and siRNAs to control, SRm160, and Sam68. Primers for analysis of CD44 variants and
the standard form of CD44 are indicated on the left of gels. Amplification of the DHFR mRNA was used as an internal loading control. Agarose
gels of PCR analysis of CD44 variants are shown. The relative amounts of inclusion in cells treated with SRm160 and Sam68 siRNAs are
normalized to cells treated with control siRNA and plotted as a bar graph. (C) siRNA knockdown of Sam68. RNA analysis of Sam68 from cells
treated with control and Sam68 siRNAs is shown in the left panel using Sam68-specific primers. Amplification of the DHFR gene was used as an
internal loading control. Western blot analysis of Sam68 knockdown is shown in the right panel. The �-actin protein level was used as a loading
control.

367



rounding the chamber and acted as a chemoattractant for a
growth factor-induced invasion. After 22 to 24 h of incubation,
we fixed and counted cells that invaded through the matrigel
membrane and accumulated in the lower chamber. Interest-
ingly, v5 siRNA-treated cells were impaired in their invasive
potential (Fig. 5B and C). The number of v5 siRNA-treated
cells passing through the membrane was only approximately
20% of the control siRNA-treated cells. We observed similar
results when the above-described experiments were repeated
using a second v5 siRNA. These results demonstrate that re-
duction of the CD44 v5-containing variants inhibits tumor cell
invasion. It substantiates the previous suggestion that CD44
variants are involved in cell invasiveness.

Since reduction of SRm160 expression by siRNA knock-
down inhibited v5 inclusion, we tested whether treatment with
SRm160 siRNA would alter the invasiveness of cells. HeLa
cells were treated with siRNAs specific to either SRm160, v5,
or nonspecific control siRNA and tested as described above for
invasiveness. Interestingly, cells treated with SRm160 siRNA
showed a dramatic fivefold reduction in invasion activity (Fig.
5B and C), a reduction in invasiveness similar to that seen with
v5 siRNA-treated cells. These results suggested that SRm160
activity could have an important role in tumor cell invasion by
altering the level of CD44 variants in cells.

We have previously observed that SRm160 siRNA-treated
cells proliferate more slowly than control siRNA-treated cells
(unpublished observations). To confirm that the impaired in-
vasiveness by SRm160 was not due to slower cell proliferation,
the proliferation rate of these cells was monitored in parallel to
the invasion assay. In the invasion assay period, 22 to 24 h, the
cell numbers from these two populations differ by less than
15% (data not shown). Therefore, the reduction in cell number

in the lower chamber following SRm160 siRNA treatment is
not due to the decrease in rate of proliferation.

DISCUSSION

SRm160 regulates CD44 alternative splicing in a Ras-depen-
dent manner. Many studies have suggested that inclusion of the
variable exons of CD44 by alternative splicing correlates with
tumor development and metastasis (16, 22, 32, 36). This study
indicates that a splicing coactivator, SRm160, can regulate
CD44 v5 inclusion in a Ras signaling-dependent manner. We
found that ectopically expressed SRm160 stimulated the inclu-
sion of the v5 exon in a transient reporter when the Ras
pathway was activated. Furthermore, inclusion of v5 from the
same reporter was significantly inhibited when cells were
treated with SRm160 siRNA. Previous work has suggested that
the splicing factor Sam68 can also regulate the inclusion of the
v5 exon in a Ras-dependent manner. We also observed that
silencing of Sam68 by siRNA transfection reduced the level of
v5 inclusion. This is consistent with the finding that Sam68 and
SRm160 can be coimmunoprecipitated. Thus, it is likely that
these two splicing factors function in a common pathway in
controlling alternative splicing of at least some of the CD44
variable exons.

The ability to silence genes by transfection of mammalian
cells with siRNA permits a new test of the roles of particular
proteins in control of CD44 alternative splicing. In the case of
SRm160, we were able to show that knocking down the level of
this protein by more than fivefold after treatment with siRNA
resulted in a dramatic reduction in the level of inclusion of
several of the alternatively spliced exons expressed from the
endogenous CD44 gene. Specifically, inclusion of the v5 exon

FIG. 5. Knockdown of SRm160 reduces tumor cell invasiveness. (A) Quantitative RT-PCR analysis of the v5 mRNA from HeLa cells
transiently transfected with either control siRNA or v5 siRNA. Primers specific to v5 were used. Amplification of DHFR mRNA was used as an
internal control. (B) Invasion assays. HeLa cells were transfected with control, CD44 v5, or SRm160 siRNA for 48 h. These cells were then
suspended in serum-free medium and placed in an invasion chamber and induced to migrate toward serum-containing medium, requiring invasion
through a matrigel-coated membrane. After 22 to 24 h, cells that invaded through the membrane were fixed, stained, and counted. Representative
photographs of these cells are shown. (C) Quantitation of tumor cell invasion described in panel B. The percentage of cell invasion was normalized
to that of cells transfected with control siRNA.
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of CD44 was reduced by sixfold. The standard form of CD44
mRNA, however, was not affected. The activity of SRm160 as
a splicing factor for each of the variant exons is unclear. Com-
putational analysis indicates that most of the variable exons
could contain ESEs of the GAA-type elements that might
recruit SRm160. They also contain AT-rich elements that are
potential Sam68 binding sites. It is also possible that the ob-
served reduction in multiple variants after silencing of SRm160
could result from disruption of a positive feedback loop in-
volved in CD44 alternative splicing (our unpublished observa-
tions). Treatment of cells with siRNA specific to Sam68 also
reduced the levels of inclusion of CD44 variable exons, con-
sistent with the observation that these two splicing factors
interact. The similarity of the effects on inclusion of CD44
variable exons when either of these factors was silenced indi-
cates that CD44 alternative splicing is probably regulated by
SRm160 and Sam68 through a common pathway.

SRm160 is a coactivator of RNA splicing, which contains
many serine and arginine repeats. Some fraction of SRm160 is
associated with another highly repetitive protein, SRm300 (4).
The GAA-containing ESEs have been shown to be important
for recruiting SRm160 to pre-mRNA through interactions with
the RNA binding protein Tra2-beta (8, 40). Interestingly, we
observed that the function of SRm160 in stimulation of v5
inclusion is dependent on GAA-containing ESEs in this exon.
Mutation of this GAA segment abolishes the stimulatory effect
of SRm160. In addition, we have observed that SRm160 inter-
acts with another RNA binding protein, Sam68, which has
been shown to recognize an AAAUU-type sequence in v5.
Since the simultaneous activities of these proteins are neces-
sary for maximal stimulation of v5 inclusion, it is possible that
recruitment of SRm160 and Sam68 to v5 pre-mRNA is coop-
erative. Another indication that Sam68 and SRm160 might
have common activity are the recent reports that both factors
can stimulate the 3�-end processing of some pre-mRNAs (24,
25, 27).

The mechanism by which Ras activation stimulates CD44
alternative splicing has not been fully determined. Sam68 has
been shown to be a target of Erk phosphorylation (23). In
addition, the splicing factors, such as SRm160 and Tra2, that
contain many phosphorylation sites may also be regulated by
Ras signaling. As noted above, SRm160 can associate with
SRm300, which is frequently highly phosphorylated in tumor
verses normal cells (F. White, personal communication).

v5 inclusion, SRm160, and cell invasion. The expression of
the CD44 v5 variant has been correlated with tumor malig-
nancy in patients with poor clinical prognosis. The prognostic
significance of v5 expression has been observed in human thy-
mic epithelial neoplasms and gastric and renal carcinomas (12,
20, 46). Consistent with these clinical observations, our RNAi
experiments show that v5 knockdown drastically impairs inva-
sion by tumor cells. It is interesting that siRNA knockdown of
v5 in HeLa cells in culture resulted in reduction of other
variable exon inclusions (data not shown). This reduction is
probably due to inhibition of the positive feedback loop that
regulates CD44 alternative splicing (reviewed in the introduc-
tion). Thus, it is possible that the decrease in invasiveness of
the cells after transfection of the v5 siRNA could also reflect
decreases in other variable exons of CD44.

Silencing of SRm160 by siRNA treatment affects the inclu-

sion of CD44 variable exons v2 to v9 without significantly
decreasing the level of the constitutive mRNA isoform. The v4
and v5 exon inclusion was the most dramatically affected, with
a reduction of five- to sixfold. As might be expected, the de-
crease in SRm160 causes a parallel decrease in cell invasive-
ness. Cells treated with SRm160 siRNA had a much lower
invasive capacity than cells treated with control siRNA. The
phenotype of SRm160 siRNA-treated cells was very similar to
that produced by v5 siRNA treatment. This similarity suggests
that the primary effect of SRm160 reduction on cell invasion is
a consequence of the reduction in v5 levels. However, it is also
possible that the reduction of SRm160 by siRNA could also
affect invasion through other cellular pathways.

Previous work by others has described interactions between
SRm160 and other tumor oncogenes, such as TLS/FUS and
DEK (26, 28). TLS/FUS is a nucleic acid-binding protein, and
its N-terminal half functions as a transcriptional activator do-
main in fusion oncoproteins found in human leukemias and
liposarcomas (7, 15). Intriguingly, TLS/FUS interacts with
SRm160, PTBP, and a subset of the classical SR proteins. DEK is
a phosphoprotein that is often fused to the nucleoporin CAN in
a subset of acute myeloid leukemias (44). Moreover, as men-
tioned previously, SRm300, the binding partner of SRm160, was
identified as the protein that undergoes the most phosphorylation
in cancer cells (F. White, personal communication). Furthermore,
Sam68, another protein to interact with SRm160, associates with
the oncogenic kinase Src during M phase (10, 41). The acetylated
form of Sam68 has been implicated in tumor cell proliferation (1).
In view of these results, it is tempting to speculate that SRm160
may play a role in influencing the malignancy of tumor cells.

It has been known that oncogenes and tumor suppressors
control tumor growth and metastasis by regulating their down-
stream targets at the levels of transcriptional activation or
repression. This study suggests that regulation of alternative
splicing is yet another important mechanism in tumorigenesis.
More than half of all human genes are estimated to undergo
alternative splicing, some of which is regulated both temporally
and spatially. The roles of CD44 isoforms in invasion clearly
indicate that some of this alternative splicing is important in
tumorigenesis.
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