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The hyaluronan (HA) receptor CD44 plays an essen-
tial role in cell–cell or cell–extracellular matrix com-
munications and is a bioactive signal transmitter. Al-
though a number of studies have described the
function of CD44 in breast cancer (BC) metastasis, the
underlying mechanisms have yet to be determined.
By using a validated tetracycline-off-regulated CD44
expression system in the MCF-7 cell line combined
with microarray analysis, we identified survivin (SVV)
as a potential downstream transcriptional target of
CD44. To test the hypothesis that SVV underpins
CD44-promoted BC cell invasion, we combined mo-
lecular and pharmacologic approaches and showed
that CD44 induction increased SVV expression levels,
which in turn promotes BC cell invasion. Further,
clinical analysis of breast tissue samples showed that
SVV expression patterns paralleled those of the stan-
dard form of CD44 during breast tumor progression.
More interestingly, we identified the PI3K/E2F1 path-
way as a potential molecular link between HA/CD44
activation and SVV transcription. In addition to iden-
tifying SVV as a target for HA/CD44 signaling, this
investigation provides a better understanding of the
molecular mechanisms that underpin the novel
function of SVV in breast cancer metastasis. (Am J

Pathol 2011, 179:555–563; DOI: 10.1016/j.ajpath.2011.04.042)

Breast cancer (BC) is the most common cancer and the
second most common cause of cancer-related deaths in
women in the United States, with more than 175,000
women being diagnosed annually.1,2 In the later stages

of progression, BC cells metastasize from the original
tumor site and travel through the vasculature to distant
organs such as liver, lungs, brain, and bone.2–5 Although
the involvement of cell adhesion molecules in cancer de-
velopment, progression, and metastasis has been estab-
lished and discussed extensively in the literature, the mech-
anisms underlying their implication is still nascent.6–9 The
hyaluronan (HA) receptor CD44, a multistructural and mul-
tifunctional cell adhesion molecule involved in cell–cell and
cell–extracellular matrix interactions, functions as a bio-
active signaling transmitter involved in a variety of cellular
responses, including lymphocyte homing, hematopoie-
sis, inflammation, tumorigenesis, angiogenesis, and me-
tastasis.10–13 The CD44–HA complex initiates a series of
intracellular signaling events that lead to migration, ad-
hesion, invasion, proliferation, and differentiation of a va-
riety of cells. The transduction of HA/CD44 signaling can
occur through various mechanisms including the follow-
ing: i) HA binding to CD44 can initiate the extracellular
clustering of CD44, resulting in the activation of down-
stream kinases,14 ii) CD44 can serve as a co-receptor
physically associated with other cell signaling recep-
tors,15–18 iii) CD44 can serve as a docking protein for
pericellular or cytoplasmic proteins,19,20 and iv) the trans-
membrane domain of CD44 can be cleaved, allowing the
translocation of the cytoplasmic domain to the nucleus,
where it functions as a transcription factor regulating the
expression of target genes such as CD44 itself.21,22

CD44 and its variants can induce chemoresistance and
invasion of human BC cell lines via different mecha-
nisms.23–27

Despite knowing the role that CD44–HA plays in pro-
moting BC invasion and metastasis, the underlying down-
stream signaling mechanism is nascent. In an attempt to
elucidate these downstream signaling mechanisms, we
generated a tetracycline (tet)-off–inducible system of
CD44 expression both in vitro14 and in vivo.16 These stud-
ies showed that induction of CD44 potentiated migration
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and invasion of BC cells14 and promoted BC metastasis
to the liver16 through the CD44–HA/NF-�B/cortactin sig-
naling pathway.14 In the same study,14 we identified the
anti-apoptotic protein survivin (SVV) as a potential tran-
scriptional CD44 downstream target gene involved in BC
invasion and metastasis. Several lines of evidence sup-
port the importance of SVV in BC metastasis. In a murine
BC model, the treatment of mice with a plasmid encoding
a construct of mouse SVV phosphorylation threonine 34
to alanine (T34A) mutant inhibited BC metastasis to the
lung.28 Also, siRNA inhibition of SVV markedly decreased
the growth of colorectal cancer cells and sensitized the
cells toward radiotherapy.29 On the other hand, the ex-
pression of a dominant-negative form of SVV inhibited the
growth as well as BC angiogenesis.30 In the present
report we show a novel relationship between CD44–HA
signaling and the transcription of SVV in BC cells. By
using molecular and pharmacologic approaches, we
have identified a novel signaling pathway and its molec-
ular components linking HA/CD44 activation to SVV tran-
scription that underpins CD44-promoted BC invasion.

Materials and Methods

Cell Culture

The MCF7, MDA-MB-231 (BC cell lines), were purchased
from American Type Culture Collection (Manassas, VA).
All cells were cultured in Dulbecco’s modified Eagle’s
medium containing 10% (v/v) fetal bovine serum, 2
mmol/L L-glutamine, and 1 mmol/L sodium pyruvate
(Gibco, Gaithersburg, MD). The MCF7-CD44 tet-off
(MCF7-B5) BC cell line with the inducible expression of
the CD44 standard isoform, previously established in our
laboratory,14 was maintained in Dulbecco’s modified Ea-
gle’s medium supplemented with 10% fetal bovine se-
rum, 2.5 �g/mL doxycycline (a tet analog that has a
greater chemical stability and therefore a longer duration
in the media), 100 �g/mL G418, and 1 �g/mL puromycin.

Antibodies, Chemicals, and Reagents

The following antibodies were used: mouse monoclonal
anti-CD44 (R&D, Minneapolis, MN), rabbit polyclonal
anti-SVV (Santa Cruz Biotechnology, Santa Cruz, CA),
rabbit polyclonal anti-E2F1 (Santa Cruz Biotechnology),
and goat anti-actin antibodies (Santa Cruz Biotechnol-
ogy), goat anti-rabbit IgG horseradish peroxidase, don-
key anti-mouse IgG horseradish peroxidase, and donkey
anti-goat IgG–horseradish peroxidase secondary anti-
bodies (Santa Cruz Biotechnology). Doxycycline (Sigma,
St. Louis, MO), BD Matrigel Matrix (BD Biosciences, San
Jose, CA), Puromycin and G418 (InvivoGen, San Diego,
CA), and citrate buffer (pH 6) (Invitrogen, Carlsbad, CA),
were all purchased from the indicated vendors.

Preparation of RNA Samples

RNA was harvested from MCF7-B5 cells cultured in the

absence (CD44 expression) and presence (no CD44
expression) of doxycycline for 12 and 24 hours using
the RNeasy Mini Kit (Qiagen, Valencia, CA), according
to the manufacturer’s protocol. Harvested RNA was
assessed for quantity and purity, then aliquoted and
stored at �80°C. Validation of the differential tet-regu-
lated CD44 expression within the MCF7-B5 cells at the
time of RNA sample extraction was performed in par-
allel immunoblotting experiments.

RT-PCR Analysis

Total RNA was isolated from MCF7–CD44 cells using the
RNeasy Mini kit (Qiagen), according to the manufactur-
er’s protocol. For RT-PCR analysis, 1.0 �g of total RNA
was reverse-transcribed using standard reagents. Sam-
ples were incubated in the PCR machine for reverse tran-
scription at 50°C for 30 minutes, initial PCR activation step
(95°C for 5 minutes), followed by 27 PCR cycles. Each cycle
consisted of 95°C for 30 seconds, 55°C for CD44 and E2F1,
54°C for SVV and STAT3, 56°C for specificity protein 1 (SP1)
and 58°C for glyceraldehyde-3-phosphate dehydrogenase
for 30 seconds each, and 72°C for 1 minute. Final extension
was at 72°C for 10 minutes. The oligonucleotide primers
used were CD44, 5=-TTTGCATTGCAGTCAACAGTC-3=
(sense) and 5=-TTACACCCCAATCTTCATGTCCAC-3= (an-
tisense); SVV, 5=-AGCCCTTTCTCAAGGACCA-3= (sense)
and 5=-TCAATCCATGGCAGCCAG-3= (antisense); E2F1,
5=-TGCCCTGAGGAGACCGTAG-3= (sense) and 5=-CTC-
CAAGCCCTGTCAGAAATC-3= (antisense); SP1, 5=-ATGG-
GGGCAATGGTAATGGTGG-3= (sense) and 5=-TCA-
GAACTTGCTGGTTCTGTAAG-3= (antisense); STAT3,
5=-ATTGACCAGCAGTATAGCCG-3= (sense) and 5=-TTCCA-
GCTGCTGCATCTTCT-3= (antisense); and glyceraldehyde-3-
phosphate dehydrogenase, 5=-ACCACAGTCCATGCCAT-
CAC-3= (sense) and 5=-TCCACCACCCTGTTGCTGTA-3=
(antisense).

The RT-PCR products were examined by electropho-
resis in 1% agarose gel containing 0.2 �g/mL ethidium
bromides.

Western Blot Analysis

Forty micrograms of total cell extracts, prepared as
previously described,16 were boiled for 5 minutes in
SDS-PAGE loading buffer, resolved by 12% SDS-
PAGE, and transferred to nitrocellulose membranes.
Membranes were probed with mouse monoclonal anti-
CD44 (1:1000 dilution), rabbit polyclonal anti-SVV (1:
500 dilution), rabbit polyclonal anti-E2F1 (1:500 dilu-
tion), or goat anti-actin antibodies (1:500 dilution),
followed by an incubation with goat anti-rabbit (1:2000
dilution), donkey anti-mouse (1:2000 dilution), or don-
key anti-goat IgG– horseradish peroxidase (1:2000 di-
lution) secondary antibodies, respectively. The pres-
ence of the protein then was detected using the West
Femto Supersignal chemiluminescence kit (Thermo

Scientific, Rockford, IL).
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siRNA-Mediated Depletion of CD44, SVV, and
E2F1

Oligonucleotides specific for human CD44, human SVV,
and human E2F1, along with a Silencer Negative Control
#1 small interfering RNA (siRNA), were synthesized com-
mercially (Ambion, Austin, TX) for use in the siRNA knock-
down of CD44, SVV, and E2F1. The sequences used
were as follows: CD44, 5=-GGAAAUGGUGCAUUUG-
GUGTT-3= (sense) and 5=-TTCCUUUACCACGUAAAC-
CAC-3= (antisense); SVV, 5=-GGACCACCGCAUCUC-
UACTT-3= (sense) and 5=-TTCCUGGUGGCGUAGAUGU-3=
(antisense); and E2F1, 5=-GGACCUUCGUAGCAUUGCA-
TT-3= (sense) and 5=-UGCAAUGCUACGAAGGUCCTG-3=.

Cells were seeded and grown to 50% confluency,
washed twice with sterile PBS, and then incubated with a
transfection cocktail comprising OPTI-MEM1, Lipo-
fectamine-2000 (Invitrogen), and the siRNA or scrambled
oligonucleotides at a final concentration of 50 nmol/L for
CD44 and E2F1, and 25 nmol/L for SVV at 37°C for 6
hours. After incubation, the media was replaced with 20%
(v/v) fetal bovine serum–enriched growth media and sub-
sequently incubated overnight at 37°C. Transfected cells
then were transfected a second time with the CD44 or
SVV siRNA transfection cocktail, as described previously.
Total RNA and protein lysates were harvested within 24 to
48 hours after the second hit, respectively. Depletion of
protein expression was confirmed by immunoblotting and
RT-PCR analysis.

Cell Invasion Assay

MCF7-B5 cells were cultured in the absence of doxycy-
cline and the presence of HA (100 �g/mL) for 24 hours to
continuously induce CD44 expression. Cells then were
treated with SVV-specific siRNA, described earlier, to
inhibit SVV expression. Twenty-four hours after siRNA
treatment, the cells were washed twice with sterile PBS
and harvested by trypsinization. The harvested cells then
were resuspended in Dulbecco’s modified Eagle’s me-
dium supplemented with 0.5% bovine serum albumin and
plated in Millicell culture inserts (12-�m pore size; Milli-
pore, Billerica, MA), which previously were coated with a
thin layer of 200 �g/mL of Matrigel (BD Biosciences). The
inserts containing the cells were placed into a tissue
culture dish (lower chamber) with the attracting medium,
which consisted of MCF7-B5 special medium supple-
mented with 200 �g/mL HA. Cells were incubated for 22
hours at 37°C, after which the Millicell culture insert was
removed and the upper surface of the insert was wiped
quickly with a cotton swab to remove noninvasive cells.
The cell culture inserts were dried under a laminar flow
hood for 4 hours, the cells present on the bottom of the
filter (the invasive cells) were stained using the Diff-Quick
staining kit (Dade Behring, Inc., Newark, DE), according
to the manufacturer’s protocol, and the stained cells were
counted under a phase-contrast microscope equipped
with ocular grids. By using the same experimental strat-
egy described earlier (except for HA sensitization), SVV

expression levels were inhibited in the invasive BC cell
line MDA-MB-231 (high endogenous level of CD44). Cells
were collected after the second treatment with human-
specific SVV siRNA and cultured in the cell inserts as
described earlier (8-�m pore size Boyden chamber; Mil-
lipore). The lower chamber attracting media consisted of
10% fetal bovine serum–enriched Dulbecco’s modified
Eagle’s medium supplemented with 100 �g/mL HA.

Inhibition of Survivin Pathways

MCF7-B5 cells, treated without doxycycline for 24 hours
to induce CD44 expression as described earlier, were
treated independently for either 1 hour or 24 hours with
inhibitors specific for a variety of signal transduction ki-
nases as follows: IKK2 (NF-�B kinase 2) inhibitor (SC-
514, 20 �mol/L), phosphatidylinositol 3-kinase (PI3K) in-
hibitor (LY294002, 10 �mol/L), Src-kinase inhibitor (PP2,
10 nmol/L), mitogen-activated protein kinase kinase 1
(MEK1) inhibitor (U0126, 5 �mol/L), and protein kinase C
inhibitor (bisindolemaleimide I, 10 nmol/L). CD44 was
activated with 100 �g/mL HA, in the presence of inhibi-
tors as described earlier (the cells were treated with 100
�g/mL HA in the presence of inhibitors, first for 1-hour
sensitization and then at the start of the 24-hour cell
treatment with inhibitors), and the expression levels of
SVV were determined by Western blot analysis. The ef-
fects of the various inhibitors on SVV level were com-
pared against a vehicle control using 0.1% (v/v) dimethyl
sulfoxide and HA untreated cells as a negative control.

IHC

Twenty-four paraffin blocks including normal and tumor
breast tissue were obtained from the archives of the
Department of Pathology at Louisiana State University
Health Sciences Center (New Orleans, LA). Ethical ap-
proval was obtained from the Louisiana State University
Health Sciences Center Ethical Committee. Immunohis-
tochemical (IHC) assays were performed as we have
described previously, with slight modifications.16,31

Briefly, adjacent sections were examined for both CD44
and SVV expression using mouse anti-human CD44 anti-
body (1:100 dilution; R&D) and rabbit polyclonal anti-SVV
antibody (1:100 dilution; Santa Cruz Biotechnology) after
antigen retrieval performed by boiling the samples in 500
mL of 9 mmol/L citrate buffer (pH 6) (Invitrogen) for 25
minutes. Staining was performed using the Ventana Nexus
immunostainer and Ventana detection kit system (Ventana
Medical Systems, Inc., Tucson, AZ). Adjacent sections also
were stained with H&E for histology. For the intensity of
immunostaining, we adopted a simple comparison of the
intensity of immunostaining using 1� for low expression, 2�
for intermediate expression, and 3� for high expression.

Statistical Analysis

Differences between mean values were assessed for sta-
tistical significance using the two-tailed Student’s t-test
comparisons (GraphPad Prism 4.0 software, La Jolla,
CA). P values � 0.05 were considered statistically signif-

icant.
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Results

Survivin Expression Is Dependent on HA–CD44
Signaling

Several reports have implicated SVV as a potential target
for cancer therapy because its expression is restricted to
cancer cells and absent from normal postmitotic adult
cells. Further, as its name suggests, SVV has anti-apop-
totic survival effects on cancer cells and is implicated in
resistance of tumor cells to chemotherapy and radiother-
apy.32,33 Despite this information, the mechanism by
which SVV expression is induced and regulated in
cancer cells is still unclear.34 –37 Therefore, we used
our previously described tet-controlled system (tet-off)
to regulate CD44 expression. In this system, the weakly
invasive breast adenocarcinoma cell line MCF7 was
engineered to contain the tet-inducible expression of
CD44, in which the removal of the drug regulates the
expression of CD44. The tet-off cell line, called MCF7F-
B5, allowed us to examine the ability of HA–CD44
signaling to regulate the transcription of SVV in a con-
trolled manner.

To examine the effect of CD44 on SVV expression
levels, MCF7F-B5 cells were cultured in the presence or
absence of the tet-related drug doxycycline for 24 hours
to repress or induce CD44 expression, respectively. The
cells subsequently were stimulated with the CD44 ligand
HA (100 �g/mL) for 18 and 24 hours, we isolated and
used the mRNA samples for microarray analysis. This
analysis showed a 3.2-fold increase in SVV mRNA levels
as a consequence of CD44 induction. To further investi-
gate these results, MCF7F-B5 cells were cultured in the
absence (induction of CD44) or the presence (no CD44)
of doxycycline after stimulation with HA. Total mRNA
samples and protein lysates were collected at various
time points after HA stimulation, and the levels of CD44
and SVV were determined by RT-PCR or Western blot
analysis, respectively. Consistent with previous results,14

we observed a significant increase in CD44 expression in
the absence of doxycycline at all time points of the ex-
periment (Figure 1A). To determine whether there was a
correlation between CD44 levels and expression of SVV,
we performed time-course RT-PCR using specific prim-
ers for SVV. We observed a nearly threefold to fourfold
increase in SVV mRNA levels at 9 and 12 hours (Figure
1B). Further, Western blot analysis confirmed the in-
crease in SVV protein levels in the presence of tet 18 and
24 hours after HA stimulation, consistent with the in-
creased levels of CD44 expression (Figure 1C).

To further investigate the relationship between HA–
CD44 interaction and regulation of SVV expression in BC
cell lines, we inhibited the expression of CD44 using the
RNAi method and determined the effect of this inhibi-
tion on the expression levels of SVV on HA stimulation.
The presence of CD44 and SVV were determined by
Western blot analysis. A nearly 80% decrease in the
expression of CD44 was observed in MCF7-B5 cells
after transfection with 25 nmol/L of CD44-specific
siRNA oligonucleotides (Figure 2A). A parallel de-

crease in the expression levels of SVV was observed
(Figure 2A), suggesting that SVV is a potential tran-
scriptional target of HA–CD44 signaling.

The cell-line specificity of the relationship between
CD44 and the regulation of SVV transcription/expres-
sion also was examined using the CD44-expressing
MDA-MB-231 BC cell line. As expected, quantitative
PCR analysis confirmed that inhibition of CD44 in the
MDA-MB-231 cells in the presence of 100 mg/mL HA
resulted in a nearly 90% decrease in CD44 and SVV
protein levels (Figure 2B), further validating the rela-
tionship between CD44 and SVV expression, indepen-
dent of BC cell type.

The temporal relationship of HA-induced CD44 signal-
ing to SVV gene regulation was investigated by analysis
of SVV protein levels by Western blot analysis in
MCF7F-B5 cells after exposure to 100 �g/mL HA. In-
creased SVV expression levels were detected as early as
3 hours after HA stimulation, reaching a fourfold peak

Figure 1. Validation of SVV as a downstream target for HA–CD44 signaling
in MCF7-B5 cells. A: Western blot analysis showing time-dependent CD44
expression in the presence and absence of doxycycline and stimulation with
HA (100 �g/mL). B: Semiquantitative RT-PCR showing regulation of SVV
mRNA transcription after the removal of doxycycline from the culture media.
GAPDH, glyceraldehyde-3-phosphate dehydrogenase. C: Western blot anal-
ysis illustrating the relationship between HA–CD44 induction and SVV ex-
pression increase. Total cell extracts were performed under the indicated
conditions and SVV protein was detected by Western blot analysis using
antibodies specific for SVV. In all graphs the error bars represent the SD from
the mean of at least three independent determinations and the expression
levels of CD44 or SVV were normalized for the �-actin loading control.
Expression of either CD44 or SVV in the presence of doxycycline (inhibition
of expression) was given a relative expression level of 1 and induction is
described relative to this negative control.
induction at the 12-hour time point (Figure 2C).



CD44-Downstream Signaling in Breast Cancer 559
AJP August 2011, Vol. 179, No. 2
Survivin Underpins CD44-Regulated
Invasiveness of BC Cells

The functional validation of HA/CD44-regulated SVV ex-
pression in BC cell invasion was studied using two BC
cell lines, MCF7F-B5 clone expressing CD44 (tet-free
media) and MDA-MB-231 cell line that expresses high
endogenous levels of CD44. Transfection of the cells with
SVV-specific siRNA oligonucleotide (50 nmol/L) signifi-
cantly reduced the endogenous levels of SVV expression
in each of the cell lines (data not shown). In comparison,
the transfection of the cells with scrambled RNAi oligo-

Figure 2. Validation of SVV as a transcriptional target for HA–CD44. siRNA
oligonucleotides specific for CD44 were transfected into MCF7F-B5 (A) and
MDA-MB-231 (B) cells and CD44 (black bars) and SVV (gray bars) protein
expression were determined by Western blot analysis using antibodies spe-
cific for each protein. C: CD44 induction of SVV expression is HA-dependent
in MCF7F-B5 cells. Cells were cultured for 24 hours in media without doxi-
cycline to induce the expression of CD44, after which the cells were stimu-
lated with HA (100 �g/mL). At the indicated time points total cell extracts
were performed and the expression levels of SVV were determined by
Western blot analysis. In all graphs the error bars represent the SD from the
mean of at least three independent determinations and the expression levels
of CD44 or SVV were normalized for the �-actin loading control. Expression
of either CD44 or SVV in the control sample was given a relative expression
level of 1 and all other expression levels are described relative to this
negative control.
nucleotides as negative control had nearly no effect on
SVV expression in either of the two cell lines (data not
shown). Subsequently, using an in vitro invasion assay,
the HA/CD44-promoted invasiveness of MCF7F-B5 cells
was attenuated markedly (�70% reduction) after RNAi-
mediated depletion of SVV expression in these cells in
comparison with scrambled oligonucleotides. Similarly,
abrogation of SVV expression in MDA-MB-231 cells at-
tenuated HA/CD44-promoted invasiveness of these cells
(�75% reduction), whereas scrambled oligonucleotides
had no effect on cell invasion (Figure 3, A and B).

Expression of Both SVV and CD44 in Normal
Versus Late-Stage Aggressive Breast Tumor
Tissues

Our results showing that HA/CD44-dependent SVV ex-
pression contributes to BC invasiveness would suggest a
significant increase of the expression of both CD44 and
SVV in late-stage, metastatic BC samples. Therefore, to
determine whether CD44 and SVV expression are in-
creased during late stages of BC, we performed IHC
analysis on breast tissues derived from highly aggressive
stage 3 breast adenocarcinoma and the neighboring nor-
mal human breast tissue from the same patient. A mini-
mal staining of both CD44 and SVV was observed in the
normal human breast tissue (Figure 4, C and E). In con-
trast, high expression of CD44 and SVV were detected in
the stage 3 breast adenocarcinoma tissues (Figure 4, D
and F), which suggests a correlation between CD44 and
SVV expression. Furthermore, these results indicate that
the high expression levels of both CD44 and SVV, known
to promote invasiveness in vitro, may contribute to the
metastatic potential of late-stage BC cells.

Figure 3. Functional validation of SVV expression in BC cell lines. A:
Invasion of both MDA-MB-231 and MCF7F-B5 breast cancer cells as
shown by a Boyden chamber invasion assay. Images of Boyden chamber
membranes represent the number of captured cells during the invasion
(original magnification, �4), illustrating the difference in the number of
invasive cells. B: Graphic representation of the quantitative determination
of the number of invasive cells in MDA-MB-231 cells (black bars) and the

inducible MCF7F-B5 cells (gray bars) (two-tailed Student’s t-test, ***P �
0.001).
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Elucidation of HA-CD44/SVV Signaling Pathway

To elucidate the signal transduction pathways coupling
CD44 to the regulation of SVV transcription, MCF7F-B5
cells were induced to express CD44 for 24 hours, after
which the cells were stimulated with 100 �g/mL HA in the
presence or absence of known and well-characterized
signal transduction: PI3K inhibitor LY294002 (10 �mol/L);
MEK1 inhibitor U0126 (10 �mol/L); IKK2 inhibitor SC-514
(20 �mol/L); protein kinase C inhibitor bisindolemaleim-
ide (10 nmol/L); and the Src inhibitor PP2 (5 nmol/L). Cells
also independently were treated with dimethyl sulfoxide
alone as a negative control. A nearly 80% decrease in
SVV expression was observed in the absence of HA
stimulation; a stimulation that was not effected by the
presence of dimethyl sulfoxide (Figure 5A). Furthermore,
no significant effects of the inhibitors specific for Src,
MEK1, �-kinase-2, or protein kinase C were observed
(Figure 5A). In contrast, a significant decrease of HA–
CD44–dependent SVV expression (�65%) was ob-
served in the presence of the PI3K inhibitor LY294002
(Figure 5A). This result implicates a PI3K-dependent sig-
nal transduction pathway in HA–CD44–dependent ex-
pression of SVV.

The PI3K signal transduction pathway is known to reg-
ulate many transcription factors, including E2F1, SP1,
and STAT3. To determine which of these factors may play
a role in HA–CD44–dependent expression of SVV,
MCF7F-B5 cells induced to express CD44 were stimu-
lated with 100 �g HA for 18 or 24 hours. The expression

Figure 4. Protein expression levels of CD44 and SVV in normal human
breast tissue and highly aggressive stage 3 breast adenocarcinoma tumor
cells. H&E-stained normal human breast tissue (A) and stage 3 breast ade-
nocarcinoma tissue (B). IHC analysis of CD44 expression in normal human
breast tissue (C) and breast adenocarcinoma tumor tissues (D). SVV protein
expression in normal human breast tissue (E) and in breast adenocarcinoma
tumor tissue (F).
levels of SVV, E2F1, SP1, and STAT3 were determined by
RT-PCR analysis (Figure 5B). The results showed no dif-
ferences in the expression levels of both SP1 and STAT3
either in the presence or absence of CD44 (Figure 5B). In
addition, Western blot analysis for phospho-STAT3 (the
activated form of STAT3) revealed no significant changes
(data not shown). However, on induction and activation of
CD44, a time-dependent increase in the expression of
both E2F1 and SVV was observed (Figure 5B), suggest-
ing a relationship between HA stimulation of CD44, acti-

Figure 5. Involvement of PI3K and E2F1 in the CD44-dependent induction
of SVV expression. A: MCF7-B5 cells induced to express CD44 were pre-
treated for 1 hour with different inhibitors specific for kinases involved in
different signal transduction pathways (PI3K inhibitor LY294002, 10 �mol/L;
MEK1 inhibitor U0126, 10 �mol/L; IKK2 inhibitor SC-514, 20 �mol/L; protein
kinase C inhibitor bisindolemaleimide, 10 nmol/L; and the Src inhibitor PP2,
5 nmol/L), after which the cells were stimulated with HA (100 �g/mL) for 24
hours in the presence of the same inhibitors. SVV protein levels were deter-
mined by Western blot analysis and SVV expression in the presence of HA
and induced CD44 was given the relative value of one (cont � HA). All values
were normalized against �-actin. The error bars represent the SD from at least
three independent experiments. DMSO, dimethyl sulfoxide. B: MCF7-B5 cells
were induced to express CD44 and stimulated with HA. At the indicated
periods of time mRNA was isolated from the cells and the expression levels
of SVV, E2F1, SP1, and STAT3 were determined by semiquantitative RT-PCR.
GAPDH, glyceraldehyde-3-phosphate dehydrogenase. C: MCF7-B5 cells, in-
duced to express CD44 and stimulated with HA, were transfected with
increasing concentrations of siRNA oligonucleotides specific for E2F1. The
expression levels of E2F1 and SVV were determined by semiquantitative
RT-PCR analysis on mRNA isolated from the cells. D: MCF7-B5 cells induced
to express CD44 were pretreated for 1 hour with the earlier-mentioned
kinase inhibitors, after which the cells were stimulated with HA (100 �g/mL)
for 24 hours, in the presence of the same inhibitors. E2F1 protein levels were
determined by Western blot analysis and E2F1 expression in the presence of
HA and induced CD44 were given the relative value of one (cont � HA). All

values were normalized against �-actin. The error bars represent the SD from
at least three independent determinations.
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vation of E2F transcription factor, and induction of SVV
transcription. To further support this finding, the expres-
sion of E2F1 was inhibited using the RNAi method and its
effect on SVV expression levels was examined by RT-
PCR (Figure 5C). The specific siRNA oligonucleotide was
effective in decreasing E2F1 expression with a concom-
itant decrease in SVV expression (Figure 5C). Finally,
similar experiments using signal transduction inhibitors
as described in Figure 5A were performed, and E2F1
expression levels were examined by Western blot analy-
sis (Figure 5D). The pattern of expression of E2F1 was
nearly identical to that observed for SVV (Figure 5, A and
D). Inhibitors specific for Src, MEK1, IKK2, and protein
kinase C had minimal effect on E2F1 expression, similar
to that seen in the absence of HA stimulation (Figure 5D).
However, significant inhibition of E2F1 was observed in
CD44-induced BC cells in the presence of the PI3K
inhibitor LY294002 (Figure 5D). Thus, taken together,
these results support our hypothesis that PI3K signal
transduction and the E2F1 transcription factor assist in
regulating the HA–CD44 – dependent expression of
SVV.

Discussion

The controversial function of CD44 in BC progression and
the impact of its signaling on the cellular transcriptome
initially prompted us to develop and validate a tet-off
CD44-regulated CD44 expression in the weakly invasive
MCF-7 B5 cell line.14 By using this system we showed
that the standard form of CD44 promotes breast tumor
cell invasion14 and metastasis to the liver.16 Our findings
indicated that the underlying mechanism involves an in-
teraction of CD44 with HA, leading to an induction and
nuclear localization of NF-�B, which subsequently binds
to the promoter of cortactin (CTN) and activates its ex-
pression, thereby promoting breast tumor cell invasion.14

The aim of the present study was to expand our knowl-
edge of the role that CD44 plays in BC tumor progres-
sion. By using similar strategies, we identified SVV as a
novel downstream target of CD44 signaling. Further, we
provide compelling evidence to support the hypothesis
that CD44 uses the PI3K signaling pathway and the tran-
scription factor E2F1 to induce the expression of SVV
leading to breast tumor invasion.

We initially were drawn to SVV as a potential target of
HA–CD44 signaling for a possible role in BC tumor de-
velopment because of its crucial role in anti-apoptosis,
contributions to cell survival, and resistance to chemo-
therapies.32–39 SVV is unique relative to other inhibitor of
apoptosis proteins because of three distinct features (re-
viewed by Ouhtit et al32) as follows: i) SVV expression is
virtually absent in a majority of normal adult tissues, how-
ever, it is overexpressed in many human tumors, ii) SVV
contains a baculovirus inhibitor of apoptosis proteins re-
peat domain that interacts with and inhibits the pro-apo-
ptotic functions of caspases, and iii) SVV is the only
inhibitor of apoptosis protein tightly regulated throughout
cell-cycle progression. The dual role in inhibiting apop-

tosis and contributing to cellular proliferation makes SVV
an attractive molecular target and a promising lead for
BC therapy.35 However, despite these correlations the
role that SVV plays in BC development and the upstream
factors regulating its expression are not known.

In this report we present compelling evidence that
supports our conclusion that HA–CD44 signaling induces
SVV expression, which in turn contributes to BC cell in-
vasiveness. This conclusion is based on our data show-
ing that SVV is a transcriptional target of HA–CD44 sig-
naling, as determined by microarray analysis (data not
shown) and RT-PCR analysis on mRNA samples isolated
from cells, specifically induced to express CD44 (Figures
1 and 2). Further, the specific inhibition of CD44 expres-
sion by siRNA, of either induced or endogenous CD44,
resulted in a specific decrease in SVV expression that
correlated with a significant loss of BC cell invasiveness
(Figure 3). Finally, an analysis of tissue samples derived
from normal human breast and from highly aggressive
stage 3 breast adenocarcinoma confirmed simultaneous
increased expression of both CD44 and SVV in late-stage
metastatic BC cells, expression that was absent in normal
breast tissue samples (Figure 4). Therefore, taken to-
gether, our results support our hypothesis that HA–
CD44–regulated expression of SVV promotes BC cell
invasiveness and may contribute to BC metastasis, a
result consistent with previous studies describing the role
of SVV in promoting BC cell motility.40,41

In addition to showing a link between HA–CD44 acti-
vation, SVV expression, and BC cell invasiveness, we
also have provided evidence to support a role of the PI3K
signaling pathway and the expression of E2F1 in the
regulation of SVV. By using a panel of inhibitors specific
for a variety of kinases involved in different signal trans-
duction pathways, we determined that the inhibitor spe-
cific for PI3K was able to reduce the expression of SVV
and E2F1 to background levels (Figure 5, A and D),
suggesting the involvement of PI3K in SVV regulation.
Further, siRNA reduction of E2F1 resulted in a concomi-
tant reduction in SVV levels (Figure 5C), supporting the
role of E2F1 in regulating the expression of SVV. Taken
together, our results allow us to propose a hypothetical
model (Figure 6) in which the binding of HA to CD44
activates a signal transduction pathway involving PI3K.
This pathway subsequently activates E2F1, which then

Figure 6. The proposed signal transduction pathway describing the
HACD44-dependent activation SVV transcription and BC invasion. HA bind-

ing to CD44 activates a signal transduction cascade involving PI3K and E2F1,
which subsequently activates SVV, leading to BC cell invasion and metastasis.
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up-regulates the expression of SVV, most likely through a
previously reported direct interaction with the SVV pro-
moter,42,43 thereby contributing to the invasive potential
of BC cells.

In summary, we used our previously described tet-
regulated standard form of CD44 expression system to
identify SVV as a transcriptional target for HA–CD44 sig-
nal transduction in BC cells. We validated SVV as a novel
downstream transcriptional target of HA–CD44 signaling,
and showed that SVV is functionally relevant in underpin-
ning CD44-promoted breast tumor cell invasion. This in-
vestigation shows that HA–CD44 signaling can increase
SVV expression in BC cells, showing for the first time that
an extracellular stimulus may influence the regulation of
SVV expression. Although the present investigation
strongly supports our proposed novel pathway linking
CD44 activation to SVV transcription and BC cell inva-
siveness, the molecular basis of additional downstream
effector(s) and mechanism(s) by which SVV ultimately
modulates cell migration and invasion remains to be de-
termined. Therefore, SVV may play an important role in
communicating cell motility signals initiated by CD44 sig-
naling in BC cells to other cell-surface receptors involved
in regulating cell migration and invasion.
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