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The hyaluronan receptor CD44 plays an important
role in facilitating invasion and metastasis of a variety
of tumors, including breast carcinomas. CD44 func-
tions as a bioactive signaling transmitter. Although a
number of studies have implicated CD44 in breast
tumor invasion, the evidence is still circumstantial.
We have developed a tetracycline-regulated CD44s
(standard form) system in the weakly metastatic
breast cancer cell MCF7, which exhibits low endoge-
nous expression of CD44 and generated a new cell
line, MCF7F-B5. Induction of CD44s alone affected the
growth characteristics of MCF7F-B5 cells by increas-
ing their abilities to proliferate, migrate, and invade
in vitro. In addition, we have identified and validated
cortactin as a novel transcriptional target of hyaluro-
nan/CD44s signaling in underpinning breast tumor
invasion. To test these observations in vivo , we devel-
oped a doxycycline (DOX)-regulated CD44s breast
cancer xenograft model. Induction of CD44s did not
affect the growth rate or local invasion of the primary
tumor. However, although no mice from the �DOX
group developed metastasis, 8 of 11 mice from the
�DOX group developed secondary tumors to the liver
only. Interestingly, metastatic breast tumors ex-
pressed high levels of CD44. This study provides in
vivo evidence for the role of the standard form of
CD44 in promoting breast tumor invasion and metas-
tasis to the liver. (Am J Pathol 2007, 171:2033–2039; DOI:
10.2353/ajpath.2007.070535)

Breast cancer cells metastasize from the original tumor site
through the vasculature to distant organs such as the liver,
lungs, brain, and bones. These cells also invade and exfo-

liate into body cavities, especially the pleural space, where
they grow in suspension within effusions.1 Invasion is the
defining event for cancer and the recurring step in the
metastatic process. Cell invasion depends, in great part, on
the ability of invading cells to attach to and then detach from
various types of cells and extracellular components. Al-
though moving to secondary sites, tumor cells use a new
set of adhesion, migration, and homing proteins. The adhe-
sion molecule CD44 (also known as homing protein, PGP-1,
Hermes antigen, and HUTCH-1) is the principal cell surface
receptor for hyaluronic acid (HA), although other extracel-
lular matrix (ECM) proteins, including collagen, fibronectin,
and osteopontin, can bind CD44.2 Via its interaction with
HA, CD44 functions as a bioactive signaling transmitter,
leading to diverse effects on cellular adhesion, migration,
and invasion—all of which are important processes in can-
cer progression as well as in hematopoietic development
and wound healing.3–5

CD44 is a ubiquitous multistructural and multifunc-
tional cell surface adhesion molecule involved in cell-cell
and cell-matrix interactions. It is the most studied alter-
natively spliced gene in cancer. Of its 20 exons, the first
and last five exons are constant, whereas the 10 interme-
diate exons are subject to alternative splicing, resulting in
the generation of a variable region. Differential utilization
of the 10 variable region exons generates multiple iso-
forms of different molecular sizes (85 to 230 kDa), as do
variations in N-glycosylation, O-glycosylation, and glyco-
saminoglycanation. This fact implicates CD44 in a variety
of responses, including lymphocyte homing, hematopoi-
esis, inflammation, tumorigenesis, angiogenesis, and
metastasis. The smallest CD44 molecule (85 to 95 kDa),
which lacks the entire variable region, is the standard
form (CD44s). CD44s is a single-chain molecule com-
posed of a distal extracellular domain (containing the
ligand-binding sites), a membrane-proximal region, a
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transmembrane-spanning domain, and a cytoplasmic
tail. A CD44 isoform containing the last three exon prod-
ucts of the variable region, CD44V8–10 (also known as
epithelial CD44 or CD44E), is preferentially expressed on
epithelial cells. Whereas the CD44s is widely expressed
and HA is ubiquitous in most extracellular spaces, variant
isoforms of CD44 have restricted expression to specific
conditions, such as transformation, wound healing, and
lymphocyte activation.6

In theory, CD44 has the basic structure necessary to
function in signal transduction. However, the CD44
cytoplasmic tail exhibits no inherent receptor kinase or
phosphatase activity. ECM outside-in CD44 signaling
is communicated through various mechanisms: 1) di-
rect CD44 signaling, for which HA binding initiates
extracellular clustering of CD44, resulting in the acti-
vation of kinases, such as c-Src and FAK as well as
Rho and Rac7–9; this activation leads to enhanced
association of CD44 into actin cytoskeleton complexes
as well as recruitment and activation of additional sig-
naling partners that potentiate cell migration10; 2)
CD44 serving as a co-receptor physically linked to
other classical signaling receptors, such as c-Met,11

members of the ErbB family of receptor tyrosine ki-
nases,12,13 and transforming growth factor-�R1,14 –16

and in the process, facilitating the association of intra-
cellular mediators of signal transduction; 3) CD44 func-
tioning as a docking protein for pericellular proteins,
such as matrix metalloproteinases,17,18 or for cytoplas-
mic proteins, such as kinases, Smad1, actin-binding
proteins, and other adapter proteins that can subse-
quently activate signaling pathways; 4) direct CD44-
mediated signaling occurring as a two-step process:
�-secretase cleavage of the transmembrane domain
and the subsequent release of CD44 intracellular do-
main, which exhibits nuclear translocation and func-
tions as a transcription factor of target genes, such as
CD44 itself.19

Although a number of studies have implicated CD44s
as a facilitator of breast tumor invasion,5,20,21 the evi-
dence is circumstantial22 and based on the clinical cor-
relation between metastatic capacity and the expression
of CD44s and specific splice variants.23 Nevertheless,
strong evidence from our own work and others has sug-
gested that CD44s-mediated adhesion and signaling are
required for cell growth and the dissemination of breast
tumors.23–25 Therefore, we focused our investigation on
CD44s. Having recently developed a tetracycline (Tet)-
Off-regulated expression of CD44s in the poorly invasive
breast cancer cell line MCF-7, we were able to show that
Tet-regulated induction of CD44 expression increased
migration and invasion of the inducible cells. These ob-
servations suggested that CD44s can promote breast
tumor cell invasion in vitro.26 To understand better the
function of the standard form, CD44s, in breast cancer
invasion and metastasis, and to elucidate further the
downstream signaling of this adhesion molecule, we de-
veloped a Tet-regulated induction of CD44s system in
vivo, using a breast tumor cell xenograft model.

Materials and Methods

Cells and Compounds

The breast cancer cell line MCF7F-B5 clone with inducible
CD44s expression26 was maintained in Dulbecco’s modi-
fied Eagle’s medium-supplemented media containing 10%
(v/v) fetal calf serum, 2.5 �g/ml Tet, 100 �g/ml G418 [Roche
Diagnostics Ltd. (GmBH), Lewes, UK], and 1 �g/ml puro-
mycin. Chemicals were supplied by Sigma Chemical Co.
(St. Louis, MO) unless otherwise stated. HA of molecular
weight 220 kDa and medical grade purity was purchased
from Lifecore Biomedical Inc. (Chaska, MN).

Animal Studies

The nonmetastatic MCF-7 continuous line of human breast
cancer cells requires that immune-deficient mice receive
supplemental estrogen so that inocula can produce pro-
gressively growing tumors. Therefore, 24 female SCID (CB
17 immune-deficient) mice purchased from Harlan (Oxon,
UK) were randomly divided into two groups (n � 12 per
group). One week after their arrival to the animal facility,
they were implanted with a 60-day, slow release of 17-�-
estradiol at 1.7 mg/pellet into a small subcutaneous pocket
fashioned between the shoulder blades (behind the neck).
For in vivo induction of the Tet-responsive promoter, the
control group received doxycycline (�DOX) daily by ga-
vages (2 mg/ml in 2.5% sucrose), whereas the other group
received 2.5% sucrose only (�DOX). Three days after es-
trogen-pellet implantation, 106 of MCF7F-5B cells in 0.2 ml
of serum-free culture medium were injected subcutane-
ously. After tumors became visible, body weight and tumor
size were measured twice a week. Five weeks later, all
animals developed primary tumors at the site of inoculation.
The mice were humanely sacrificed, and the primary tumors
were removed and dissected into two pieces, one for ex-
traction of protein lysates and the other to be fixed in for-
malin for histology. Brain, bone, lung, and liver tissues (po-
tential target tissues for breast tumor metastasis) were also
removed and fixed in formalin for analysis of breast
metastasis.

Histology and Immunohistochemistry (IHC)

IHC assays were performed as we have previously de-
scribed27 with slight modifications. Briefly, adjacent sec-
tions were examined for CD44 expression using mouse
anti-human CD44 antibody (1:30 dilution, clone DF1485;
DAKO, Carpinteria, CA). Staining was performed using
the Ventana Nexus immunostainer and Ventana detection
kit system (Ventana Medical Systems Inc., Tucson, AZ).
Adjacent sections were also stained with hematoxylin
and eosin for histology.

Western Blotting

The MCF7F-B5 cells were induced after withdrawal of Tet
at different time points, and protein lysates were col-
lected as previously described.26 A primary tumor sam-
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ple from each mouse was homogenized, and proteins
were extracted with a lysis buffer and precipitated using
RIPA buffer. Protein samples were centrifuged to remove
cell debris, and the final concentration in the resulting
supernatant was determined using the BCA protein as-
say reagent (Pierce, Rockford, IL). Protein samples (30
�g) were boiled for 5 minutes in an equal volume of
reducing buffer (5 mmol/L Tris/HCl pH 7.4, 4% (w/v)
sodium dodecyl sulfate, 20% (v/v) glycerol, 10% (v/v)
mercaptoethanol, 0.2% (w/v) bromophenol blue), re-
solved on 12% polyacrylamide gels, and electroblotted
onto nitrocellulose membranes. Membranes were probed
with mouse anti-human CD44 monoclonal antibody (1:
500 dilution; R&D Systems, Minneapolis, MN) and then
treated with a sheep anti-mouse IgG/horseradish perox-
idase conjugate (1:2000 dilution; Amersham, Bucking-
hamshire, UK); immunoreactivity was detected using
chemiluminescence (Super signal, Pierce). Equal loading
of the protein samples was assessed by reprobing the
membrane with a 1:2000 dilution of the �-tubulin antibody
(Sigma).

Results

In Vitro Characterization of the Tet Off-
Regulated CD44s Expression System

We have previously generated a Tet Off-regulated CD44
expression in the parental MCF-7 cells (with minimal
CD44 expression) and obtained the inducible MCF7F-B5
breast cancer cell line.26 To ensure that this system is
functional in vitro, the expression of CD44 protein in the
MCF7F-B5 clone was studied throughout a 48-hour time
course in the presence and absence of Tet. Protein was
extracted at 0, 6, 12, 18, 24, and 48 hours (Figure 1),
resolved by sodium dodecyl sulfate-polyacrylamide gel
electrophoresis, and probed for CD44 expression using a
mouse anti-human CD44 monoclonal antibody. In the
absence of Tet, a single immunoreactive band was de-
tected at a molecular mass equivalent to 85 kDa, consis-
tent with the presence of CD44s. The level of expression
of CD44s showed a time-dependent increase with peak
overexpression that was detectable at 48 hours and was
maintained out to 96 hours in this system (data not
shown). However, MCF7F-B5 cells cultured in Tet
showed barely detectable CD44 expression (Figure 1),
indicating that the Tet-regulated CD44s suppression sys-
tem was functional in the MCF7-B5 breast cancer cell
line.

In Vivo Validation of the Tet Off-Regulated
CD44s Expression System

To test whether the in vitro Tet Off-regulated CD44 ex-
pression system is also functional in vivo, we developed
the Tet Off-regulated CD44 expression system, using a
xenograft breast cancer model by subcutaneous injec-
tion of the MCF7F-B5 cells into immune-deficient mice
fed with or without DOX. Five weeks after the inoculation
of MCF7–5B clone, the primary tumors were collected
from the CD44-induced group (�DOX) as well as the
CD44-noninduced group (�DOX) and were analyzed for
CD44s expression by Western blot as well as IHC. Protein
was extracted from the primary tumors, resolved by so-
dium dodecyl sulfate-polyacrylamide gel electrophore-
sis, and probed for CD44 expression, using a mouse
anti-human CD44 mAb. Compared to CD44s expression
in the MCF7-B5 cell cultured in the absence of Tet (pos-
itive control), Figure 2 shows a barely detectable expres-
sion of CD44 in the �DOX group. In contrast, strong
expression of CD44 was found in the primary tumors from
the �DOX group. Similar results were obtained by IHC
(Figure 3), and CD44-immunostaining detected on the
cell membrane was highly expressed in the primary
breast tumor tissue from the �DOX group. Together,
these data indicate that the inducible CD44s-expression
breast model is properly functional in vivo.

Effect of CD44 Induction on Metastasis of
MCF7F-B5 Breast Cancer Cells

Using in vitro cell migration and invasion assays, we
previously studied the effect of induced CD44s expres-
sion on the invasive potential of MCF7F-B5 cells, and this
study showed that induction of CD44 expression in the
poorly invasive MCF7F-B5 cells increased the migratory
and invasive potential of these cells.26 To test this obser-
vation in vivo, we examined mice for breast cancer me-
tastases to different tissues after primary tumors had
been established after the subcutaneous injection of the
MCF7F-B5 cells into the immune-deficient mice fed with
or without DOX. Induction of CD44s did not affect the
growth rate or local invasion of the primary tumor (data
not shown). Histopathological analysis of the collected
organs (brain, bone, liver, and lung) from the �DOX
group showed no micrometastases. Surprisingly,
whereas none of the �DOX mice showed any metastasis

Figure 1. Induction of CD44s expression in the Tet-regulated MCF7F-B5
breast cancer cell line. The immunoblot demonstrates a time-dependent
induction of CD44s (85-kDa band) protein expression in MCF7F-B5 cells
after the removal of Tet (�) from the growth media, after the indicated time
in hours.

Figure 2. In vivo characterization of the inducible Tet Off-regulated CD44
expression system by Western blot analysis using MCF7-B5 breast cancer
xenograft model. Compared to the expression of CD44s induced in the
MCF7F-B5 (B5) cell line, CD44 was highly induced in the primary tumors
from the mice not supplemented with DOX (�DOX), but very low expres-
sion was detected in the primary tumors of mice that were given DOX
(�DOX). Lanes 1 to 4: four representative mice from �DOX group; lanes
5 to 8: four representative mice from �DOX group.
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(Table 1; Figure 4), 8 of 11 mice from the �DOX group
had a large secondary tumor to the liver. When second-
ary breast tumors to the liver were analyzed by IHC for
CD44s expression, CD44s immunostaining was detected
in the cells of breast secondary tumor tissue, but no
CD44s expression was found in the adjacent liver tissue
(Figure 4). Collectively, these data suggest that up-reg-
ulation of the CD44s in the MCF7F-B5 cells promotes
breast tumor metastasis.

Discussion

Mammary cancer is the most common cancer among
women, excluding nonmelanoma skin cancers. Although
50% of mammary cancers are surgically curable, 50% of
patients experience metastasis within 5 years after sur-
gery. Key to increasing the patient’s quality of life and
long-term survival is the development of improved early
detection methods and targeted therapies for controlling
cancer metastasis. As a crucial first step, we are attempt-
ing to gain a better understanding of the molecular mech-
anisms associated with breast cancer invasion/metasta-
sis. Regulation of cell-cell and cell-matrix interactions via
cell adhesion molecules is a critical step during the met-
astatic spread of tumors. CD44 plays an essential role in
regulating invasion and metastasis of breast tu-
mors.5,28,29 Although upstream signaling mechanisms

controlling CD44 activity have been well established,7 the
downstream signaling processes are poorly understood.

Recently, we have generated a Tet Off-regulated CD44
expression in a weakly metastatic breast cancer cell line
exhibiting low endogenous expression of CD44 and have
demonstrated that induction of CD44s increased the mi-
gration and invasiveness of MCF7F-B5 cells through an
experimental matrix.26 To test this in vitro observation and
determine the precise role of CD44s in tumor growth and
metastasis, we developed an in vivo Tet Off-regulated
CD44 expression system, using a breast cancer xeno-
graft mouse model. Comparing these mice to control
mice, we showed that: induction of CD44s resulted in
metastasis of MCF7F-B5-primary breast tumors to the
liver but did not affect either the formation or growth rate
of the primary tumor, and both primary and secondary
tumors expressed high levels of CD44. These data con-
firmed our previous in vitro results,26 clearly demonstrat-
ing that up-regulation of CD44s can promote breast tu-
mor metastasis to the liver. To understand better the
molecular mechanisms implicated in CD44s downstream
signaling-mediated breast tumor invasion, we used gene
profiling technology, which allowed us to identify a num-
ber of potential CD44s downstream transcriptional tar-
gets,26 and experiments aiming to validate their func-
tional role in CD44s-promoted breast cell invasion and
metastasis are underway.

Several researchers have concluded that CD44s pro-
motes tumor progression and metastasis, whereas others
maintain that CD44s inhibits this process. Using MMTV-
PyV mT mice crossed onto a CD44�/� background,
Lopez and colleagues30 reported the absence of CD44-
induced breast cancer metastasis to the lung, suggest-
ing that HA binding to an alternate receptor, such as
RHAMM or LYVE-1, may attenuate breast cancer cell
invasion. It has to be emphasized that, although breast
cancer cell lines can express both standard and variant
isoforms, the CD44�/� mouse model cells are lacking all
forms of CD44.30 Compared to the MMTV-PyV mT/

Figure 3. In vivo validation of the inducible Tet
Off-regulated CD44 expression system by IHC
using MCF7F-B5 breast cancer xenograft model.
a and b: Primary tumors from the CD44 on-
induced group (�DOX) and the CD44-induced
group (�DOX), respectively, showing H&E
staining. c and d: The same primary tumors
showing IHC analysis. Compared to �DOX
group, CD44 was highly expressed in the pri-
mary tumors from the CD44-induced group
(�DOX). Original magnifications, �200.

Table 1. Metastasis of the Primary Breast Tumors to the
Liver after Induction of CD44s

Tumor type Primary tumor Metastasis to the liver

Group
�DOX 12 of 12 0 of 12
�DOX 11 of 11 8 of 11

Upon induction of CD44s (�DOX group), the primary breast tumors
generated from subcutaneous injection of the MCF7F-B5 cells
metastasized to the liver only in 8 of 11 mice, whereas no mice from
the control group (�DOX) developed any metastasis.
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CD44�/� mouse model,30 the advantage of the Tet Off-
regulated CD44 expression breast cancer xenograft
mouse model described in the present study is that the
effect of a selected human CD44, CD44s, can be evalu-
ated. Several studies have provided strong evidence to
support our findings that CD44s can facilitate breast
tumor cell invasion and metastasis.30–34 The hypothesis
that CD44 plays a potential role in metastasis originated
from the simple observation that the CD44v6 variant con-
ferred metastatic ability to a previously nonmetastatic rat
pancreatic carcinoma cell line.31 Conversely, antisense
CD44 transfection has been shown to inhibit tumor
growth and metastasis in highly metastatic mammary
carcinoma cells.35 Human breast carcinoma samples ex-
amined by different techniques were found to contain
primarily CD44E isoform in the normal breast tissue
whereas metastatic breast carcinomas appeared to over-
express CD44s and variant isoforms.5

Previous studies using IHC have reported a wide
range of anti-CD44s positivity in invasive breast carci-
noma, from 26 to 62%.36–39 The expression of CD44s
and CD44v6 was associated with the invasion and me-
tastasis of breast carcinoma.40 CD44-HA interaction
seemed to be cell-type-specific and dependent on CD44
isoform expression during cancer progression and met-
astatic spread. Also, HA has been shown to promote
breast cancer cell invasion in vitro through activation of
CD44.41 Additional studies have also identified a number
of partners that CD44 may interact with to promote cell
signaling that mediates tumor progression. Examples in-
clude c-Src, ErbB2, ankyrin, and the ERM proteins.7,12,42

Whereas HA is highly expressed and even induced in the
ECM of these tumors, induction of its primary receptor in
weakly invasive MCF7F-B5 breast cancer cell line re-
sulted in an increase in tumor metastasis to the liver. This
finding implicates CD44s/HA interaction in breast tumor

Figure 4. In vivo induction of CD44s promotes metastasis of breast cancer cell line MCF7F-B5 to the liver. The breast secondary tumor (BST) to the liver from
�DOX group (CD44s-induced) showed intense CD44 expression (d and f) compared to the liver tissue from the �DOX control group (CD44s-inhibited) where
CD44 was absent (c and e). e and f represent magnified portion of c and d, respectively. Original magnifications, �200 (e, f).
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invasion. Previous studies have established a positive
correlation between cell invasiveness and increased ex-
pression of HAS2 (HA synthase 2), HA, HYAL2 (hyaluron-
idase 2), and CD44.43 Udabage and colleagues43 have
recently shown that antisense inhibition of HAS2 resulted
in accumulation of high molecular weight HA and a de-
crease in CD44 and HYAL2, resulting in attenuated cel-
lular proliferation and in vitro invasiveness, and inhibited
the formation of primary and secondary tumors in vivo.44

Expression levels of HAS2, HA, and HYAL2 will be exam-
ined in the same samples obtained in the present study.
These data support our finding that CD44s might play an
important role, not only in the initiation of secondary tu-
mors but also in their growth. Furthermore, our previous in
vitro model strongly supports the present data.26 Induc-
tion of CD44 expression on the weakly motile MCF7F-B5
cells increased the migratory and invasive properties of
this breast cancer cell line in HA-supplemented Matrigel.
In addition, depletion of CD44 expression on the breast
cancer cell lines MDA-MB-231 and MDA-MB-157 cells
both reduced the invasiveness of these cells and de-
creased the adhesion of these cells to human bone mar-
row endothelial cells.45 Conversely, the adhesion of each
of the CD44-negative breast cancer and prostate cancer
cell lines (T47D, MCF-7, and DU145) to human bone
marrow endothelial cells was dramatically increased after
transfection of these cells to express CD44s.45

Studies using MCF-7 breast xenograft models have
observed metastasis to the liver and other organs such
as bone and lung.46,47 In the present study, metastasis of
the primary breast tumor cells MCF7F-B5 was seen in the
liver only. This observation might be explained by the
activation of specific pathway(s) on induction of CD44s in
the MCF7-B5 cells leading to a liver-specific metastasis.
Breast cancer cells with CD44�/CD24� subpopulation
have been shown to express higher levels of proinvasive
genes and have highly invasive properties,21 supporting
cortactin as a newly identified target for CD44-promoted
breast tumor invasion/metastasis.26 Ongoing validation
experiments in our laboratory are aiming to further iden-
tify potential CD44s downstream target genes that might
play a key role in the organotropism of breast cancer
metastasis.48 Although metastasis to the liver is observed
infrequently in patients with breast cancer at initial pre-
sentation, it portends a worse clinical outcome.49 Meta-
static breast cancer to the liver contributes to a shorter
median survival rate, reported to be in the range of 3 to 14
months.50 Although the liver is the site of metastasis in 5
to 20% of women with metastatic breast cancer,50 liver
metastasis rarely occurs in women with ductal carcinoma
in situ. Our data indicate that CD44s might be involved in
facilitating aggressive dissemination of breast cancer tu-
mors to the liver.

In summary, our model provides compelling evidence
for a role of CD44s in promoting breast cancer metastasis
to the liver. The cell adhesion mechanisms play an im-
portant role in tumor invasion, including those mediating
the attachment of tumor cells to the ECM and basement
membranes. Both the degradation of basement mem-
branes and migration through the ECM are facilitated by
the interaction of CD44 with hyaluronic acid. Several lines

of evidence from our work and others suggest that up-
regulation of CD44s in the primary tumors provides the
cells with an increased potential of adhesion, migration,
and invasion. However, more basic studies are needed to
understand better the role of specific CD44 isoforms,
induced selectively or in combination, in cell invasion
signaling. In addition, validation of these mechanisms in
human clinical tumor specimens is required to shed light
on the precise role and signaling mechanism of CD44
isoforms in breast tumor progression and metastasis.
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