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Previous studies have demonstrated that CD44 iso-
forms containing the alternatively spliced exon v10 pro-
mote cell-cell adhesion via a mechanism that involves
the recognition of chondroitin sulfate side chains pre-
sented on the surface of interacting cells in association
with other CD44 molecules. Sequence analysis revealed
the presence within exon v10 of two motifs that may be
relevant to this interaction, a B[X7]B motif that may
contribute to the recognition and binding of chon-
droitin sulfate and a serine-glycine motif that may serve
as a site of chondroitin sulfate attachment. To deter-
mine whether either of these two motifs explain the
unique adhesive activity of exon v10-containing CD44
isoforms, each was targeted by site-directed mutagene-
sis, and the adhesive activity of the resultant mutants
was determined using a quantitative cell-cell binding
assay. The data obtained demonstrate conclusively that
it is the exon v10-encoded B[X7]B motif that is solely
responsible for the enhanced adhesive activity of exon
v10-containing CD44 isoforms.

Numerous studies have documented a striking correlation
between the presence of certain alternatively spliced isoforms
of the adhesion protein CD44 on the surface of tumor cells and
both metastatic propensity and poor prognosis (1). For exam-
ple, in the case of colorectal carcinoma, patients with Duke’s C
and D tumors that express high levels of CD44R1, a CD44
isoform that contains sequences encoded by the alternatively
spliced exons v8, v9, and v10, exhibit a far worse 5-year dis-
ease-free survival rate than equivalent patients with tumors
that express predominantly CD44H, an isoform that lacks
these differentially utilized exons (2, 3). Similar findings have
been reported for a wide range of other hemopoietic and non-
hemopoietic malignancies (1, 4). Recent studies from our group
and others have provided insights into the molecular mecha-
nisms that underlie this important relationship. Thus, al-
though CD44H and the exon v10-containing CD44 isoforms
CD44R1 and CD44R2 appear equivalent in their ability to bind
the glycosaminoglycan hyaluronan (HA)1 (5), only exon v10-

containing CD44 isoforms possess the unique ability to directly
bind to one another when expressed on the cell surface (5). The
novel adhesive phenotype conferred by the inclusion of se-
quences encoded by exon v10 appeared not to be dependent
upon the presence of HA but instead involved the recognition of
chondroitin sulfate (CS) moieties presented in association with
other CD44 molecules (6). This finding is in agreement with
previous studies showing that CD44 can bind a variety of
CS-modified protein ligands, including serglycin (7), the invari-
ant chain of major histocompatibility complex/HLA class II (8),
aggrecan (9), and versican (10).

The precise molecular nature of the CS-dependent interac-
tion that occurs between exon v10-containing CD44 isoforms
remains to be determined. Exon v10 encodes an additional
B[X7]B motif that in CD44 and other proteins has been shown
to play a pivotal role in mediating the binding of HA and CS
(11), although this conclusion has not been borne out in all
studies (12, 13). The inclusion of an additional B[X7]B motif in
v10-containing CD44 isoforms could potentially enhance the
avidity of the CD44 molecule for CS allowing homotypic adhe-
sion between v10-containing CD44 isoforms to occur. Exon v10
also encodes a serine-glycine motif that could be differentially
modified by the attachment of CS in certain cell types. Con-
ceivably, CS moieties attached at this site may be preferen-
tially recognized by other CD44 molecules thereby promoting
cell-cell adhesion. To differentiate between these two possibil-
ities, site-directed mutagenesis was used to abrogate each of
the two functionally important motifs encoded by exon v10, and
the effect on cellular adhesion was determined. The results
obtained demonstrate clearly that it is the additional B[X7]B
motif encoded by exon v10 that is responsible for the enhanced
cellular adhesion mediated by exon v10-containing CD44 iso-
forms. These data provide an explanation for the observed
relationship between expression of exon v10-containing CD44
isoforms and enhanced metastatic propensity.

MATERIALS AND METHODS

Cell Lines—The adherent SV40-transformed simian fibroblastoid
cell line, COS7 (14), was obtained from the American Type Culture
Collection (Rockville, MD). COS7 cells were cultured in Dulbecco’s
minimum essential medium (DMEM) (Invitrogen, Grand Island, NY)
supplemented with 10% fetal bovine serum (FCS, Sigma, St. Louis,
MO), 1000 units/ml penicillin-streptomycin (Invitrogen), and 0.3 mg/ml
L-glutamine (Invitrogen) (DMEM plus 10% FCS). Cells were main-
tained at 37 °C in an atmosphere containing 5% CO2.
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The CD4/CD8 double-positive, CD44-negative murine T cell line
TIL1 was isolated and characterized as described previously (15). TIL1
cells, stably expressing human CD44H or CD44R1 were generated by
retroviral-mediated gene transfer. Briefly, cDNAs encoding CD44H and
CD44R1 (16) were cloned into the Moloney murine leukemia virus-
based retroviral vector Jzen.1 (17) and plasmid DNA transfected into
the ecotropic packaging cell line GP�E-86 (18) by calcium phosphate
precipitation. Transfectants were selected in G418 (0.5 mg/ml active
weight, Invitrogen), and tissue culture supernatants conditioned by the
packaging line by overnight incubation in the absence of G418 were
collected and used to infect TIL1 cells. Transduced TIL1 cells were
selected in G418 (0.3 mg/ml active weight, Invitrogen) and checked
periodically by flow cytometry to ensure the maintenance of high levels
of CD44 isoform expression (see below).

Monoclonal Antibodies—The generation and characterization of the
anti-CD44 mAb 4A4 has been described in detail previously (5, 15). The
phycoerythrin-conjugated anti-CD44 antibody, PE-G44–26, was ob-
tained from BD Pharmingen (San Diego, CA).

Preparation of CD44R1 Site-directed Mutants—Full-length CD44H,
CD44R1, and CD44R2 cDNAs in the episomal expression vector
pCDM8 (Invitrogen, Carlsbad, CA) were isolated as described in detail
previously (16).

A PCR-based site-directed mutagenesis approach was used to inac-
tivate the exon v10-encoded B[X7]B motif in CD44R1. Briefly, PCR
primers were designed to separately amplify both the 5�- and 3�-ends of
CD44R1 such that a defined mutation is introduced upon ligation of the
fragments to regenerate the full-length cDNA. The two primer pairs
used were as follows. The 5�-end of the CD44R1 cDNA was amplified
using 5�-GCAAGCTTGGTCCGCCATCCTCGTCCC-3� (CD44 exon 1)
and 5�-CCATTCGAATTGCTTGATGTC-3� (CD44 exon v10). The 3�-end
of the CD44R1 cDNA was similarly amplified using 5�-GCAATTC-
GAATGATGTCACAGG-3� (CD44 exon v10) and 5�-CGCGGCCGCAAT-
GAAACAATCAGTAGC-3� (CD44 exon 20). A full-length CD44R1 cDNA
(16) in pBluescript KS� (Stratagene, La Jolla, CA) was used as a
template. PCR reactions were carried out in a Hybaid thermocycler
(Omnigene, Cambridge, MA) using a standard program (95 °C for 30 s,
56 °C for 30 s, then 72 °C for 90 s, for 35 cycles). PCR products were
separated on a 1% (w/v) agarose gel, and appropriate bands were
excised, purified by Geneclean (BIO 101, Inc., Vista, CA), and the ends
were filled/blunted with T4 DNA polymerase (Invitrogen). The blunt
fragments obtained were ligated into the EcoRV site of pBluescript
KS�, transformed into competent Escherichia coli strain TOP10 (In-
vitrogen), and plated on 5-bromo-4-chloro-3-indolyl-�-D-galactopyrano-
side (X-gal)-containing ImMedia (Invitrogen) plates. White colonies
were picked the following day, plasmid DNA was isolated, and appro-
priate clones were identified by restriction enzyme digestion. A frag-
ment corresponding to the 3�-end of CD44R1 was isolated from a suit-
able clone by digestion with NspV and NotI and ligated into a
pBluescript KS� vector clone containing the 5�-end of CD44R1 that had
been digested with the same two enzymes. This approach generates a
full-length mutant cDNA designated CD44R1.R288S in which the first
arginine residue within the exon v10 encoded B[X7]B motif (position
288) is converted to a serine with the concomitant introduction of a
NspV restriction site that can be used for diagnostic purposes (Fig. 1).
For expression studies, the full-length CD44R1.R288S cDNA was iso-
lated by digestion with HindIII and NotI and ligated into the multiple
cloning site of the pCDM8 expression vector (Invitrogen).

Site-directed mutagenesis was similarly used to functionally inacti-
vate the putative CS attachment site found at the junction of exon v10
and exon 16 in CD44R1. This was achieved using the Chameleon
double-stranded site-directed mutagenesis kit (Stratagene) according to
the manufacturer’s instructions. Briefly, a full-length CD44R1 cDNA in
pBluescript KS� was used as a template. The common 5� primer
included in the kit was used to target the KpnI restriction site within
the pBluescript KS� multiple cloning site. A second unique primer,
designated R1mutC, with the sequence 5�-CGTTCCTTATCAGCAGAC-
CAAGACAC-3�, was used to convert the glycine residue in the serine-
glycine motif generated at the junction of exon v10 and exon 16 to an
alanine. PCR reactions were carried out using the enzyme mix and
dNTPs supplied by the manufacturer, and the products were digested
with KpnI. Successful incorporation of the 5� primer inactivates the
KpnI site in the pBluescript KS� polylinker, thereby greatly enriching
it for plasmids that carry mutated sequences after transformation into
competent XLmutS, an E. coli strain deficient in mismatch repair. After
overnight culture, miniprep plasmid DNA was recovered digested once
again with KpnI and retransformed into the standard bacterial host
XL2-blue (Stratagene). Individual colonies were then picked, tested to
ensure loss of the KpnI site. This CD44R1 mutant is designated

CD44R1.G355A (Fig. 1). Both CD44R1 mutants were sequenced to
confirm that the desired mutations were successfully introduced.

Introduction of pCDM8 Constructs into COS7 Cells—COS7 cells were
electroporated with each of the pCDM8 constructs (pCDM8 vector only,
pCDM8.CD44H, pCDM8.CD44R1, pCDM8.CD44R2, pCDM8.
CD44R1.R288S, and pCDM8.CD44R1.G355A) using DNA purified with
the Qiagen Midi Prep DNA isolation kit (Qiagen, Valencia, CA). Log
phase COS7 cells were harvested by gentle trypsinization, resuspended
in DMEM plus 10% FCS, and pelleted by centrifugation. Cells were
washed once in PBS and resuspended at �2 � 107 cells/ml in PBS.
400-�l aliquots of the cell suspension were mixed with 20 �g of plasmid
DNA and transferred to a 2-mm gap electroporation cuvette (BTX, San
Diego, CA). Samples were incubated on ice for 10 min before being
electroporated at 280 V, capacitance setting 325 microfarads, resistance
R3 (48 �) using a BTX600 electroporator (BTX). Time constants gen-
erally ranged around 4.5 ms. The contents of each cuvette were imme-
diately resuspended in 30 ml of prewarmed DMEM plus 10% FCS and
plated in a 15-cm Integrid tissue culture dish (Falcon/Becton-
Dickinson, Franklin Lakes, NJ). Cells were incubated at 37 °C for 72 h
to allow expression of the introduced cDNAs.

Western Blot Analysis—Transfected COS7 cells (see above) were
harvested 72 h after electroporation by brief incubation in PBS contain-
ing 5 mM EDTA, washed twice with PBS, and resuspended at 2 � 107

cells/ml in PBS containing 1% (v/v) Nonidet P-40, 1 mM EDTA, 150 mM

NaCl, and 10 mM Tris (pH 7.4). After incubation on ice for 10 min with
repeated vortexing, the lysates were centrifuged for 10 min to pellet
nuclei and other cellular debris. Supernatant aliquots were stored at
�70 °C until required. Samples were rapidly thawed, added to an equal
volume of non-reducing buffer containing 125 mM Tris, 20% (v/v) glyc-
erol, and 4.6% (w/v) SDS (pH 6.8), and incubated at 100 °C for 5 min.
Total cellular proteins were separated by SDS-PAGE using a Mini
Protean III apparatus (Bio-Rad, Richmond, CA) and transferred onto
nitrocellulose membranes (Bio-Rad). Membranes were blocked in PBS
containing 5% (w/v) skim milk protein by overnight incubation at 4 °C.
After extensive washing in Hanks’ balanced salt solution (HBSS), mem-
branes were incubated in HBSS containing a 1:100 dilution of mAb 4A4
tissue culture supernatant for 4 h at room temperature. Membranes
were washed in HBSS for 30 min and then incubated for a further 1 h
with a 1:100 dilution of horseradish peroxidase-conjugated goat anti-
mouse IgG (Sigma). After extensive washing in HBSS, the reaction was
developed in PBS containing 0.06% (w/v) 3,3�-diaminobenzidine (DAB,
Sigma) and 0.012% (v/v) hydrogen peroxide (Sigma).

FACS Analysis—The expression and HA binding activity of the var-
ious wild-type and mutated CD44 constructs in transfected COS7 cells
was determined by FACS analysis. Sub-confluent COS7 cell cultures
were harvested 72 h after electroporation by brief incubation in PBS
containing 5 mM EDTA and washed once in DMEM plus 10% FCS.
Approximately 2 � 105 cells were resuspended in 0.5 ml of HBSS
containing 2% FCS (HBSS plus 2% FCS), a 1:100 dilution of anti-CD44
mAb PE-G44–26 (BD Pharmingen), and a 1:1000 dilution of fluorescein
isothiocyanate-conjugated hyaluronan (FITC-HA, �50 �g/ml final), and
the mixture was incubated for 1 h at 4 °C. Following repeated washing
with HBSS plus 2% FCS, cells were resuspended in HBSS plus 2% FCS
and analyzed on a FACSCalibur (BD Biosciences, Immunocytometry
Systems, San Jose, CA).

Cell-Cell Binding Assay—Adhesive interactions between the various
wild-type and mutant CD44 isoforms were quantitated using an in vitro
cell-cell binding assay. Briefly, transfected COS7 cells were harvested
48 h after electroporation with the various pCDM8-based constructs
(see above), and 2 � 104 cells in a final volume of 1 ml of DMEM plus
10% FCS were added to the wells of a 24-well plate into which had been
placed tissue culture-treated glass coverslips (Nalgene Nunc Interna-
tional). The plates were incubated overnight at 37 °C to allow the
transfected COS7 cells to attach to the coverslips, after which the
culture medium was removed and the adherent monolayers were
washed twice with PBS. 5 � 105 TILJNeo, TILJhCD44H, or
TILJhCD44R1 cells in a final volume of 0.5 ml of PBS (no Ca2�, no
Mg2�) were added to triplicate wells, and the plates were incubated for
15 min at 4 °C to allow the added cells to settle and interact with the
adherent COS7 cells. Coverslips were then removed from the wells,
washed three times in PBS, and fixed with methanol for 30 s. COS7
cells expressing CD44 were identified by indirect immunoperoxidase
staining. Briefly, coverslips were incubated for 1 h with 0.5 ml of mAb
4A4 tissue culture supernatant. After extensive washing in PBS, 0.5 ml
of a 1:100 dilution of horseradish peroxidase-conjugated goat anti-
mouse IgG in DMEM plus 10% FCS was added, and incubation contin-
ued for a further 1 h at room temperature. After extensive washing the
coverslips were developed in PBS containing 0.06% (w/v) DAB and
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0.12% (v/v) hydrogen peroxide, washed with H2O, counterstained with
hematoxylin (Sigma), and mounted onto slides using Paramount fixa-
tive (Fisher). The percentage of CD44-positive COS7 cells binding three
or more TIL1 cells was determined using an inverted-phase microscope.
TIL1 cells are substantially smaller and have a very different morphol-
ogy than adherent COS7 cells enabling the two cell types to be readily
distinguished.

To confirm the importance of CS recognition in the adhesive inter-
action between the various wild-type and mutant CD44 isoforms, in
some experiments, transduced TIL1 cells were treated with chondroiti-
nase ABC (Sigma, 5 units/ml final) or hyaluronidase purified from
Streptomyces hyalurolyticus (Sigma, 20 units/ml final) for 1 h at 37 °C
prior to being added to the adhesion assay, and the effect on binding to
transfected COS7 cells was determined as before. To exclude the pos-
sibility that any inhibition of cellular adhesion induced by chondroiti-
nase ABC treatment may reflect an effect of the enzyme on the ligand
binding function of the CD44R1 molecule, treated TIL1 cells were also
tested for their ability to bind to transfected COS7 cells that had been
preincubated with HA (Sigma) at a final concentration at 1 mg/ml on ice
for 1 h. As shown previously (7), assuming the CD44 molecules present
on both transduced TIL1 cells and transfected COS7 cells retain ligand
binding function, then HA can act as a linker or bridge promoting a high
level of cell-cell adhesion that is not dependent upon the presence of CS.

RESULTS

Examination of the sequence of CD44 exon v10 revealed two
motifs that could potentially contribute to the unique CS-de-
pendent adhesive interaction that occurs between v10-contain-
ing alternatively spliced CD44 isoforms. The first is B[X7]B, a
motif that has been implicated in the HA and CS binding
ability of a wide range of cell surface proteins, including CD44
itself. The second is a serine-glycine dipeptide generated at the
junction of exon v10 and the “constant” exon 16 that could

potentially serve as a site of CS attachment. As shown in Fig.
1, a PCR-mediated site-directed mutagenesis approach was
used to inactivate each of these sites, and the ability of the
mutated proteins to facilitate enhanced cell-cell adhesion was
determined. Specifically, the first basic residue in the exon
v10-encoded B[X7]B motif (arginine 288) was converted to ser-
ine generating a mutant cDNA designated CD44R1.R288S.
The putative serine-glycine CS attachment site was similarly
inactivated by converting the glycine residue at position 355 to
an alanine generating a mutant designated CD44R1.G355A.

To compare their functional activity, the wild-type and mu-
tant CD44R1 cDNAs were cloned into the episomal expression
vector pCDM8 and introduced into COS7 cells by electropora-
tion. As shown in Fig. 2, Western blot analysis indicated that
both the CD44R1.R288S and CD44R1.G355A mutants were
expressed by transfected COS7 cells and that the protein prod-
ucts are identical in size to CD44R1. As expected, COS7 cells
transfected with cDNAs encoding CD44H or the exon v10-
containing isoform CD44R2 produced smaller protein products
with molecular masses of �90 and 115 kDa, respectively.

The CD44R1 mutants were next tested for their ability to
bind soluble HA. COS7 cells transfected with CD44H, CD44R2,
and wild-type or mutant CD44R1 cDNAs were harvested 72 h
post-electroporation, and CD44 expression and HA binding
activities were determined by flow cytometry. Representative
dot plots for each transfectant are shown in Fig. 3. On average
�15–20% of COS7 cells transiently transfected with each of the
pCDM8-based CD44 constructs expressed CD44 proteins on
the cell surface as determined by reactivity with the PE-conju-
gated anti-CD44 mAb G44–26. Importantly, the levels of ex-
pression were similar for all the CD44 constructs tested, in-
cluding the two exon v10 mutants (CD44R1.R288S and
CD44R1.G355A). Double labeling with anti-CD44-PE and
FITC-HA indicated that only the subset of transfected COS7
cells that express CD44 are able to bind HA and that CD44H,
CD44R1, and CD44R2 appear similar in this regard. Moreover,
it is evident that the mutations introduced into the
CD44R1.R288S and CD44R1.G355A constructs do not ad-
versely affect the ability of the CD44 proteins produced to bind
HA.

The ability of the various wild-type and mutant CD44 pro-
teins to mediate CS-dependent cell-cell adhesion was also de-
termined using a quantitative cell binding assay. As shown in
Fig. 4, control CD44-negative TILJneo cells lack the ability to
bind to COS7 cells transfected with any of the CD44 constructs
tested. In contrast, a low level of binding is evident between

FIG. 1. Mutation of exon v10-encoded motifs within CD44R1.
Sequence analysis identified two motifs within exon v10, a B[X7]B motif
and a serine-glycine motif, that may be responsible for the enhanced
CS-dependent adhesive activity of exon v10-containing CD44 isoforms.
Using a PCR-based site-directed mutagenesis approach, the arginine at
position 288 within the B[X7]B motif was converted to a serine residue
generating a mutant designated CD44R1.R288S. Similarly, the glycine
at position 355 within the serine-glycine motif found at the junction
between exon v10 and exon 16 was converted to an alanine generating
a mutant designated CD44R1.G355A.

FIG. 2. Western blot analysis of CD44 expression of COS7 cell
transfectants. Approximately 2 � 105 cell equivalents were run in
each lane of a 7.5% SDS-PAGE gel, transferred to a nitrocellulose
membrane, and probed with the anti-CD44 mAb 4A4 followed by a
peroxidase conjugated goat anti-mouse IgG secondary antibody. The
reaction was developed in PBS containing 0.06% (w/v) DAB and 0.012%
(v/v) hydrogen peroxide.
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CD44H-expressing TIL1 cells (TILJhCD44H) and COS7 cells
transfected with CD44H. Significantly enhanced binding is
observed between TILJhCD44H cells and COS7 cells express-
ing the CD44R1 isoform. A similar increased level of binding to
COS7 cells expressing CD44R2 is also observed suggesting that

the enhanced adhesion seen for CD44R1 can be attributed
solely to the presence within this molecule of sequences en-
coded by exon v10, because only this additional exon is present
in CD44R2. Mutation of the serine-glycine motif in CD44R1
(CD44R1.G355A) did not impact on the cell-cell binding ability
of the molecule. In contrast, mutation of the B[X7]B motif
abrogated the enhanced adhesive function mediated by the
presence of exon v10 reducing cell binding to the level obtained
for CD44H.

High level reciprocal binding is observed for the interaction
between TILJhCD44R1 and COS7 cells transfected with
CD44R1 (Fig. 4). Once again, CD44R2, which contains addi-
tional sequences encoded only by exon v10, had a binding
activity similar to CD44R1. As before, although mutation of the
exon v10-encoded serine-glycine motif had no effect on the
enhanced adhesive ability of the CD44R1 molecule, mutation of
the B[X7]B motif reduced the binding obtained to a level similar
to that seen for CD44H.

As shown in Fig. 5, treatment with chondroitinase ABC also
reduced the binding of TILJhCD44R1 to COS cells expressing
CD44R1 or CD44R1.G355A to a level similar to that obtained
for CD44H. Hyaluronidase treatment had no such effect. Im-
portantly, the adhesive interaction between chondroitinase-
treated TILJCD44R1 cells and the various wild-type and mu-
tant CD44R1 molecules could be reconstituted by the addition
of HA, which functions as a linker or bridge between the CD44
molecules present on the surface of the interacting cells. These
data confirm that chondroitinase treatment affected only the
presentation of CS by CD44R1 and not the ligand binding
function of molecule. Finally, as expected, the low level binding
of TILJhCD44R1 cells to COS cells expressing CD44R1.R288S
was not further reduced by chondroitinase ABC treatment,
strongly suggesting that it is the recognition of CS, mediated by
the presence within exon v10 of an additional B[X7]B motif,
that is primarily responsible for the reciprocal adhesive inter-
action between exon v10-containing CD44 isoforms.

FIG. 3. CD44 expression and HA-binding efficiency of COS7
cell transfectants. COS7 cells were electroporated with each of the
various wild-type or mutant CD44 constructs in the expression vector
pCDM8. Cells were harvested 72 h after electroporation and incubated
with a PE-conjugated anti-CD44 antibody and FITC-conjugated HA for
�1 h at 4 °C. Following extensive washing the labeled cells were ana-
lyzed on a FACSCalibur for CD44 expression (FL2) and FITC-HA
binding (FL1).

FIG. 4. Analysis of exon v10-encoded motifs on CD44-mediated
cell-cell binding. COS7 cells electroporated with the indicated CD44
constructs in the expression vector pCDM8 were harvested after 48 h,
and 2 � 104 transfected cells allowed to adhere overnight onto glass
coverslips in the wells of a 24-well plate. Culture media was removed
and 5 � 105 control TIL1 cells (TILJNeo), or TIL1 cells expressing
CD44H (TILJhCD44H), or CD44R1 (TILJhCD44R1) in 0.5 ml of PBS
were added and allowed to bind for 15 min at 4 °C. Unbound TIL1 were
removed by gentle washing, and the coverslips were fixed and stained
for CD44 expression using an indirect immunoperoxidase technique.
The percentage of CD44-positive COS7 cells binding three or more TIL1
cells was determined by counting on an inverted-phase microscope.

FIG. 5. Involvement of CS in the adhesive interaction between
wild-type CD44 and exon v10 site-directed CD44 mutants. 2 �
104 COS7 cells harvested 48 h after transfection with pCDM8.CD44H,
pCDM8.CD44R1, or the exon v10 site-directed CD44 mutants
pCDM8.CD44R1.G355A or pCDM8.CD44R1.R288S were allowed to ad-
here overnight onto glass coverslips in the wells of a 24-well plate. Next
day, HA was added to some wells at a final concentration of 1 mg/ml,
and the plates were incubated for a further 1 h at 0 °C. Supernatants
were then removed, and 5 � 105 untreated TILJhCD44R1 cells or
equivalent numbers of cells that had been treated with chondroitinase
ABC (5 units/ml) (C’ase) or hyaluronidase (20 units/ml) (H’ase) for 1 h at
37 °C, were added in a final volume of 0.5 ml of PBS and allowed to bind
for 15 min at 4 °C. Unbound TIL1 cells were removed by gentle wash-
ing, and the coverslips were fixed and stained for CD44 expression
using an indirect immunoperoxidase technique. The percentage of
CD44-positive COS7 cells binding three or more TIL1 cells was deter-
mined by counting on an inverted-phase microscope.
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DISCUSSION

Although previous studies have demonstrated a correlation
between the expression of certain exon v10-containing CD44
isoforms and enhanced tumor metastasis and/or poor prognosis
(1, 2, 4), the molecular mechanisms that underlie this impor-
tant relationship have yet to be elucidated. Some initial exper-
iments suggested that CD44H and CD44R1 may differ in their
ability to bind the extracellular matrix glycosaminoglycan HA
(19, 20). However, this finding has not been borne out in all
studies (5, 21, 22) and can perhaps be best explained by cell-
specific differences in the post-translational modification of the
two CD44 isoforms (23, 24). In this and previous studies we
have shown that CD44H, CD44R1 (v8–10-containing), and
CD44R2 (v10-containing) are all equivalent in their HA-bind-
ing function when expressed in either TIL1 cells or COS7 cells
(5, 6). However, unlike CD44H, the exon v8–10-containing
isoform CD44R1 was capable of promoting cell-cell adhesion (6,
15). Because CD44R2 has a similar activity, it was concluded
that this unique function was conferred by the presence of
sequences encoded by exon v10 (6). Moreover, the sensitivity of
the binding process to chondroitinase indicated that CD44 exon
v10-mediated cell-cell adhesion involved the recognition of CS
side chains (6). Because COS7 cells transfected with CD44R1
or CD44R2 do not bind control TILJneo cells but only TIL1 cells
transfected with CD44H or CD44R1, it must be assumed that
the CS-modified proteoglycan recognized and bound by the
exon v10-containing isoforms must be CD44 itself (6, 15).

An examination of the sequence encoded by CD44 exon v10
revealed two sites that could potentially contribute to the en-
hanced cellular adhesion mediated by v10-containing CD44
isoforms, namely a B[X7]B motif that has been suggested to
function as a HA/CS binding site (11) and a serine-glycine motif
that could potentially serve as a site of CS attachment (25).
Using site-directed mutagenesis it was shown conclusively in
the present study that it is the B[X7]B motif encoded by exon
v10 that confers the unique adhesive phenotype on cells ex-
pressing exon v10-containing CD44 isoforms. When this motif
is mutated, as is the case in the CD44R1.R288S construct, the
CD44R1 molecule now exhibits an adhesive activity similar to
CD44H, which of course completely lacks v10-encoded se-
quences. This result can perhaps be best explained if CD44
exon v10-containing isoforms interact with one another in re-
ciprocal fashion. When two interacting cells both express exon
v10-containing CD44 molecules, the B[X7]B motifs in both pro-
teins recognize and bind CS side chains covalently attached to
the CD44 molecules present on the opposing cell surface pro-
moting a high level of cellular adhesion. Conversely, if only one
cell expresses exon v10-containing CD44 molecules, the inter-
action would be non-reciprocal in nature and a lower level of
binding is expected to occur. This is exactly what is seen in the
interaction between CD44R1- and CD44H-expressing cell
types or when the B[X7]B motif is mutated in one of the inter-
acting CD44R1 proteins.

CD44H already contains two B[X7]B motifs encoded, respec-
tively, by exon 2 and exon 5 (26). This raises the question as to
why inclusion of an additional motif in sequences encoded by
exon v10 has such a profound effect on the adhesive activity of
the CD44 molecule. The three B[X7]B motifs are, of course, not
identical and may differ from one another with respect to their
affinity for CS. It has already been demonstrated, for example,
that the inclusion of acidic amino acid residues within the motif
reduces its ability to bind HA, whereas the presence of addi-
tional basic residues enhances the affinity of this interaction
(11). On the other hand, it is possible that the positioning of the
exon v10-encoded motif may, as a result of spatial consider-
ations, favor interaction with CS moieties attached to CD44

proteins on the surface of interacting cells. Alternatively, the
presence of an additional B[X7]B motif may simply increase the
avidity of the CD44 molecule for CS raising the level above the
threshold necessary for CS binding. It is noteworthy in this
regard that the binding of HA by CD44 is of low affinity and
that a certain cell-specific level of CD44 expression is necessary
before HA binding can occur.2 A non-mutually exclusive possi-
bility that incorporates both the preceding arguments could be
that the exon v10-encoded B[X7]B motif may cross-link CD44
proteins in the plane of the membrane through recognition of
CS, inducing receptor aggregation thereby enhancing avidity
and promoting the recognition and binding of CD44 on the
surface of interacting cells. Studies to differentiate between
these various alternatives are currently under way.

There are four serine-glycine sites within CD44H that could
potentially be modified by attachment of CS (27, 28). Although
an additional serine-glycine motif is generated at the junction
of exon v10 and exon 16 in CD44R1 and CD44R2 (16), inacti-
vation of this site by site-directed mutagenesis had no appre-
ciable effect on the ability of v10-containing CD44 isoforms to
promote enhanced cell-cell adhesion. Thus, although recogni-
tion of CS plays a critical role in the adhesive interactions
mediated by the presence of CD44 exon v10 (6, 15), the actual
site at which the glycosaminoglycan side chains are attached
remains to be determined.

The enhanced ability of exon v10-containing CD44 isoforms
to promote cell-cell adhesion may explain the observed corre-
lation between expression of such isoforms on tumor cells and
metastatic propensity and/or poor patient prognosis. The pres-
ence of exon v10-encoded sequences may promote the formation
of tumor cell microemboli that survive better in the circulation
and trap more readily in capillary beds. The expression of
alternatively spliced CD44 isoforms may also promote the ad-
hesion of tumor cells to vascular endothelial cells in target
organs, whereas adhesive interactions between CD44 isoforms
may transduce signals that protect tumor cells from various
naturally occurring or therapeutically induced pro-apoptotic
stimuli.
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