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SUMMARY

CD44 is an abundant, widely expressed transmembrane
glycoprotein which can act as a receptor for the extracel-
lular matrix glycosaminoglycan, hyaluronan. Biochemical
and morphological studies have demonstrated that in
fibraoblasts a significant proportion of the CD44 population
is resistant to Triton X-100 extraction and that the
detergent insoluble protein is co-localized with components
of the cortical cytoskeleton. Surprisingly, this distribution
isnot abrogated upon deletion of the CD44 cytoplasmic tail
indicating that mechanisms other than a direct interaction
with the cytoskeleton can regulate CD44. In this manu-
script, the mechanisms under lying this deter gent-insoluble
association arefurther investigated. Therewas no evidence
that the Triton X-100 insolubility of CD44 resulted from
homotypic aggregation, an association with hyaluronan or

from a direct, or indirect, association with the cytoskel-
eton. Instead, evidenceispresented that the deter gent insol-
ubility of fibroblast CD44 at 4°C results from an associa-
tion of the CD44 transmembrane domain with Triton
X-100resistant, lipid rich, plasma membrane domains. The
proportion of the CD44 found in these Triton X-100
insoluble structur esis dependent upon cell type and cannot
be altered by changing cell motility or extracellular matrix
associations. These studies provide evidence for a novel
mechanism regulating this adhesion protein in the plasma
membrane.
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INTRODUCTION

Currently there is intense interest in the mechanisms by which
adhesion proteins are involved in both outside-in signalling, in
which interactions of the adhesion protein with the extracellu-
lar milieu influence intracellular events, and inside-out sig-
nalling in which intracellular events leads to modulation of the
adhesion protein extracellular activity. CD44 is a hyaluronan
receptor which has been implicated to play arole in a variety
of physiological processes including cell adhesion, cell
migration, developmental tissue morphogenesis and metastatic
spread (reviewed by Lesley et al., 1993; Herrlich et al., 1993;
Knudson and Knudson, 1993). Recent studies on the regula-
tion of CD44 have begun to elucidate how this single gene is
involved in such a diverse range of cellular events.

Structural modification of CD44 occurs at the level of alter-
native splicing whereby up to 10 variant exons can be inserted
in multiple combinations into a single site in the extracellular
domain (reviewed by Lesley et al., 1993; Milde et al., 1994b).
It has yet to be determined how alternative splicing modifies
CD44 function, although at least in some cases, the expression
of these additional exons confers a metastatic phenotype to
non-metastatic cells (Gunthert et al., 1991; Rudy et al., 1993).
Alternative splicing is cell type dependent in that the majority
of lymphoid and fibroblast lines constitutively express the 80-

100 kDa haematopoietic form of CD44 (CD44H) which does
not contain any alternatively spliced exons while many epithe-
lia cells, tumours and activated lymphocytes express one or
more higher molecular mass CD44 isoforms (Arch et al., 1992;
Koopman et a., 1993; Mackay et al., 1994; Jackson et a.,
1995). Both the core CD44 protein and the alternatively spliced
exons are also subject to N- and O-linked glycosylation and
the variable addition of glycosaminoglycan side chains (Camp
et al., 1991; Jalkanen et al., 1988; Faassen et a., 1992
Haggerty et al., 1992; Jackson et al., 1995). Again, the extent
of thisglycosylation is cell type dependent (Camp et al., 1991)
and these modifications can regulate function, for example by
increasing the affinity for non-hyaluronan ligands such as
collagen and fibronectin (Faassen et al., 1992; Jakanen and
Jalkanen, 1992) and heparin-binding growth factors (Bennett
et a., 1995). It has yet to be determined whether such variation
has a role to play in the observed cell type dependence of the
CD44H isoform to act as a hyaluronan receptor (Lesley et al.,
1990; Liao et a., 1993; Ledley et a., 1993; Murakami et al.,
1994).

The highly conserved 71 amino acid CD44 cytoplasmic
domain (reviewed by Isacke, 1994; Milde et a., 1994a) has
also been implicated in the regulation of CD44 function. For
example, truncated tailless molecules have a reduced or
abolished ability to bind hyaluronan (Lesley et al., 1992;



3128 S. J. Neame and others

Thomaset a., 1992; Liao et ., 1993; Lokeshwar et al., 1994;
Perschl et al., 1995b). Early data suggested that between 30-
70% of the CD44 was associated with the intracellular
cytoskeleton. Such conclusions were drawn from classic non-
ionic detergent extraction assays and from membrane mobility
studies (Jacobson et al., 1984a,b; Tarone et ., 1984; Lacy and
Underhill, 1987; Carter and Wayner, 1988; Camp et al., 1991).
However, attemptsto identify a cytoskeletal component which
interacts with the cytoplasmic tail and modulates ligand
binding have produced contradictory data with reports of an
association of CD44 with actin filaments (Lacy and Underhill,
1987), ankyrin (Kalomiris and Bourguignon, 1988; L okeshwar
and Bourguignon, 1991; L okeshwar et al., 1994) and members
of the ERM (ezrin, radixin, moesin) family (Tsukita et al.,
1994). Finally, evidence for a mechanism(s) other than, or in
addition to, a direct interaction with the cytoskeleton which
regulates CD44 function comes from further mutation analysis
and detergent solubility studies. Perschl and colleagues
(1995b) have generated a series of CD44 cytoplasmic deletion
constructs and demonstrated that efficient hyaluronan binding
requires aminimal 14 amino acid cytoplasmic domain but not
a specific cytoplasmic domain sequence. Truncation of the
CD44 cytoplasmic domain does not increase the amount of
CD44 extracted into a Triton X-100 soluble phase nor ater the
celular distribution of the Triton X-100 insoluble protein
(Neame and Isacke, 1993). This manuscript details further
investigations into the nature of this cytoplasmic tail-indepen-
dent detergent insolubility of CD44.

MATERIALS AND METHODS

Reagents

The human specific anti-CD44 mAb, E1/2, the species cross reactive
anti-CD44 mAb, IM7, and the anti-annexin |l rabbit polyclonal
antiserum have been described previously (Isacke et a., 1986; Trow-
bridge et a., 1982; Cooper and Hunter, 1983). mAb D1/93 raised
against human CD44 (Isacke et al., 1986) cross reacts with monkey
CD44. HRP-conjugated anti-mouse and anti-rat 1g antisera were
purchased from Jackson Immunoresearch. Rhodamine-conjugated
rabbit anti-mouse and FI TC-conjugated rabbit anti-rat |g antiserawere
purchased from Dako laboratories and Vector Laboratories, respec-
tively. Cytochalasin B and nocodazole (Sigma) were made up as 10
mg/ml solutions in DMSO. Heparan sulphate, chondroitin sulphate
and phalloidin (Sigma) and Streptococcus hyaluronan (Cal biochem)
were made up a 5 mg/ml in water. Purified murine recombinant
scatter factor was a generous gift from E. Gherardi (Department
Medicine, Addenbrooke's Hospital, Cambridge). To obtain MRC-5
cell conditioned medium, cells were cultured to approximately 70%
confluence in DME plus 10% FCS, the medium was removed and
replaced with DME alone and incubated for 3 days. The medium was
then collected and filtered through a 0.2 pum filter. Conditioned
medium refers to MRC-5 medium mixed 1:1 with DME and sup-
plemented with 10% FCS.

Cell culture

All cell lines were maintained in DME supplemented with 10% FCS.
The generation of wild-type (WT) and tailless (T-) human CD44 and
the expression of these proteins in MDCK and Swiss 3T3 cells has
been previously described (Neame and Isacke, 1992, 1993). To
culture cells on hyaluronan coated substratum, plates were coated for
2 hours at 37°C with 5 mg/ml hyaluronan, washed three times with
DME and then cells added immediately. For culture in semi-solid

medium, cells were resuspended in pre-swollen methylcellulose
(27,4410-0, Aldrich) at afinal density of 10° cells/ml and plated into
10 cm Petri dishes. After incubation for 24 or 48 hours, the methyl-
cellulose was diluted in 50 ml of PBS, the cells recovered by cen-
trifugation at 1,000 g for 15 minutes and then subjected to detergent
extraction.

To induce CD44 patching, clonal lines of Swiss 3T3 expressing
WT or T- human CD44 were cultured on glass coverdips for 24
hours. Cells were then washed in ice-cold DME buffer (DME con-
taining 10 mM HEPES, 0.1% BSA, 10% FCS) and incubated on ice
in DME buffer containing a 1:100 dilution of mAb E1/2 ascites prepa-
ration for 45 minutes. Cells were then washed for 15 minutes and
incubated on ice with DME buffer containing 10 pg/ml rhodamine-
conjugated anti-mouse |g. Cells were washed in DME buffer and then
incubated in DME buffer for 30 minutes onice or at 37°C. Cellswere
then fixed in 3% paraformal dehyde, stained with mAb IM7 hybridoma
supernatant diluted 1:3 in DME buffer supplemented with 10% rabbit
serum and 10% mouse serum followed by FITC-conjugated anti-rat
Ig diluted to 10 pg/ml in DME buffer supplemented with 10% rabbit
serum and viewed using a Nikon Optiphot microscope in conjunction
with a Bio-Rad MRC600 confocal laser scanning unit which allows
simultaneous collection of the FITC and rhodamine images.

Detergent extraction of cells

Unless otherwise stated, cells were washed with ice-cold Tris saline
(15 mM Tris-HCl, pH 7.5, 120 mM NaCl) and 200 or 400 ! of extrac-
tion buffer (150 mM NaCl, 15 mM Tris-HCI, pH 7.5, 1 mM CaCly,
1 mM MgCly) containing 0.4% or 0.5% Triton X-100 was added. The
cellswere scraped into Eppendorf tubes and kept onice for 15 minutes
before centrifugation a 15,000 g in an Eppendorf microfuge to
separate detergent soluble from detergent insoluble material. The
detergent insoluble pellet was resuspended in an equal volume of
extraction buffer, both samples sonicated for 10 seconds at 18
amplitude microns, 40 or 80 pl of 6x non-reducing sample buffer was
added and the samples heated to 90°C for 3 minutes. Aliquots (5 pl)
of each sample were resolved on 10% mini-SDS-polyacrylamide gels
and then blotted onto nitrocellulose membrane (Hybond C extra;
Amersham). Detection of CD44 was as described previously (Neame
and Isacke, 1993) and the blots developed using the enhanced chemi-
luminescence (ECL) kit (Amersham) and exposure to X-ray film (Fuji
XR) at room temperature.

RESULTS

Mechanism to retain CD44 in a fibroblast Triton X-
100 insoluble fraction

We have previously demonstrated that removal of the CD44
cytoplasmic tail does not increase the amount of this protein
released into the Triton X-100 soluble fraction (Neame and
Isacke, 1993; see Fig. 3) leading to the suggestion that any
association of CD44 with the detergent-insoluble cytoskeleton
must be indirect. One possibility is that since in these experi-
ments wild-type (WT) and tailless (T-) human CD44 are
expressed in rodent fibroblasts which already contain
endogenous CD44, the inability of T-— CD44 to be released into
the detergent soluble phase could result from an association
with endogenous WT protein which in turn is directly associ-
ated with the cytoskeleton. To address this, clonal cell lines of
Swiss 3T3 cellsexpressing transfected WT or T— human CD44
were induced to patch by the addition of a human specific anti-
CD44 mAb followed by a polyclonal second layer Ab. When
the cells are kept at 4°C, patching is inhibited and there is a
complete co-localization of transfected and endogenous CD44



Fig. 1. Transfected CD44 does not associate with endogenous CD44.
Swiss 3T3 cells expressing WT (a,b) or T- (c) human CD44 were
incubated with mAb E1/2 and a rhodamine-conjugated anti-mouse
Ig. Cells were then incubated at 4°C (@) or 37°C (b,c) for 30 minutes,
fixed and stained with mAb IM7 and a FITC-conjugated anti-rat 1g.
Cellswere viewed in the confocal microscope. Bars, 20 um.

(Fig. 1a). When paralld cultures are incubated at 37°C, the
majority of transfected WT or T—- human CD44 is found
patched on the cell surface whereas there is little movement of
the endogenous murine CD44 (Fig. 1b and c). In these cultures
the minor amount of overlap in antibody staining is not suffi-
cient to account for the approximately 50% of transfected
human CD44 which is resistant to Triton X-100 extraction.
Parallel experimentswere conducted using human CD44 trans-
fected BW5147 T lymphoma cells. BW5147 cells express high
levels of endogenous murine CD44 of which >95% is soluble
in 0.5% Triton X-100 (see Fig. 8). In these cells there is no
evidence for co-localization of either WT or T- transfected
CD44 with endogenous CD44 after incubation at 37°C (data
not shown). These experiments indicate that CD44 does not
form multimeric homotypic complexes in the membrane.

A second explanation for the retention of CD44 in the
detergent-insoluble fibroblast fraction is through the binding
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Fig. 2. Retention of CD44 in the
fibroblast detergent insoluble fraction is
not dependent on an association of CD44
with hyaluronan. Semi-confluent cultures
of FO184 fibroblasts were treated for 30
-6 minuteswith 0 (a), 750 (b) or 5,000 U (c)
sebdeememed -84  povinetesticular hyaluronidase
-58 (Calbiochem). Cells were then rinsed
with PBS and extracted with 0.5% Triton
X-100 for 15 minutes on ice. The
distribution of CD44 between the
detergent insoluble pellet (P) and soluble supernatant (S) was
assessed by immunobl otting using mAb E1/2 followed by HRP-anti-
mouse |g. Blots were developed using the ECL reagent and exposed
to film for 20 seconds. Molecular size markers are in kDa.

of extracellular matrix components by the CD44 extracellu-
lar domain. It is well established that the CD44 ligand,
hyaluronan, is synthesised and deposited by fibroblasts in
culture (Chen et al., 1989; Heldin et al., 1989) raising the pos-
sibility that aggregation of CD44 with hyaluronan gives rise
to detergent-insoluble CD44:hyaluronan complexes. In order
to address this, cultures of human fibroblasts were treated
with hyaluronidase which removes al cell associated
hyaluronan as detected with a bovine proteoglycan probe
(Green et al., 1988; data not shown). Prior removal of this
major CD44 ligand (Fig. 2) or inclusion of hyaluronan in the
extraction buffer (Fig. 4) had no significant effect on Triton
X-100 solubility of CD44. Recently it has been demonstrated
that the detergent insolubility of another transmembrane gly-
coprotein, syndecan-1, is mediated by its heparan sulphate
side chains and that inclusion of heparan sulphate in the
detergent extraction buffer increases the Triton X-100 solu-
bility (Miettinen and Jalkanen, 1994). In similar experiments,
no increased CD44 solubility was detected when either
heparan sulphate or chondroitin sulphate were included in the
detergent extraction buffer (Fig. 4).

If fibroblast CD44 is associated with the cytoskeleton,
whether directly or indirectly viaalinker protein, disruption of
the cytoskeleton might be expected to increase the detergent
solubility. Lacy and Underhill (1987) demonstrated that
cytochalasin B treatment reduced the levels of hyaluronan
bound by detergent extracted cells. It was suggested that this
was due to a disruption of an actin:CD44 interaction leading
to increased levels of detergent soluble CD44. Treatment of
fibroblasts with this drug causesthe cellsto radically alter their
morphology such that the cytoplasm retracts around the
nucleus leaving branched processes radiating from this central
mass (data not shown; Morris and Tannenbaum, 1980). When
cytochalasin B treated and untreated cells are extracted with
Triton X-100 no change in the detergent solubility of endoge-
nous CD44 or of WT and T- transfected CD44 is observed
(Fig. 3). Similar results have recently been reported using
cytochalasin D (Perschl et al., 19958). As CD44 was not
examined directly in the original studies (Lacy and Underhill,
1987) this discrepancy in results may well be due to the fact
that the redistribution of CD44 after cytochalasin treatment
reduces its hyaluronan binding capacity rather than its
detergent solubility. Stabilization of the actin network by
culturing F1084 fibroblasts (Fig. 4), Swiss 3T3 fibroblasts or
HT-29 cells (data not shown) in the presence of phalloidin
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Fig. 3. Disruption of the actin cytoskeleton does not alter the
detergent extraction profile of CD44. FO184 human fibroblasts (a),
Swiss 3T3 cells expressing WT CD44 (b), T- CD44 (c) and Swiss
3T3 cellstransfected with the pSRa vector alone (d) were cultured
for 24 hours and then for a further 3 hours with 10 pl/ml DM SO (-)
or 10 pg/ml cytochalasin B (+). Cells were then extracted with 0.4%
Triton X-100 for 15 minutes on ice and the distribution of CD44
between the detergent insoluble cell pellet (P) and soluble
supernatant (S) was assayed by immunoblotting using mAb E1/2
followed by an HRP-conjugated anti-mouse Ig (ato ¢) or mAb IM7
followed by an HRP-conjugated anti-rat 1g (d). Blots were devel oped
using the ECL reagent and exposed to X-ray film for 10 minutes.
Molecular size markers arein kDa.
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Fig. 4. Solubilization of CD44 from fibroblasts under altered culture
and extraction conditions. Semi-confluent dishes of F1084 fibroblasts
cultured for 48 hours were then left untreated (a,d-h) or treated for 3
hours with 25 uM phalloidin (b) or 20 UM nocodazole (c). Cells
were then extracted for 15 minutes on ice in extraction buffer
containing 0.5% Triton X-100 containing no additional additives (a
C), 25 uM phalloidin (d), 20 uM nocodazole (€), 0.5 mg/ml
hyaluronan (f), 0.5 mg/ml chondroitin sulphate (g) or 0.5 mg/ml
heparan sulphate (h). The distribution of CD44 between the
detergent insoluble cell pellet (P) and soluble supernatant (S) was
assayed by immunoblotting with mAb IM7 followed by an HRP-
conjugated anti-rat 1g. Blots were developed using the ECL reagent
and exposed to X-ray film for 1 minute. Molecular size markers are
in kDa

again had no effect on the solubility of CD44, nor did noco-
dazole-induced disruption of microtubules (Fig. 4).

Together these studies indicate that the ability of CD44 to
be retained in the detergent insoluble cytoskeletal fraction of
fibroblasts at 4°C does not result from: (a) a direct interaction
of the cytoplasmic domain with intracellular components; (b)
the formation of multimeric homotypic complexes in the
plasma membrane; (c) an association of the extracellular
domain with its mgjor characterized ligand, hyaluronan; or (d)
an indirect interaction with microfilaments or microtubules.

Finally, to determine whether the highly conserved trans-
membrane domain has a role in regulating CD44 solubility,
F1084 or Swiss 3T3 fibroblasts were subjected to a number of
different extraction conditions (Fig. 5). As previously reported
(Neame and Isacke, 1993), extraction with Triton X-100 at 4°C
results in approximately 50% of the CD44 being detergent
soluble and 50% being retained with the insoluble cell matrix.

Table 1. The association of CD44 with Triton X-100
detergent insoluble material is cell type dependent

TX-100 TX-100

Cell line Species  soluble insoluble Cell type
A Swiss3T3 m ++ ++ Fibroblast
NIH-3T3 m ++ ++ Fibroblast
SM-3T3 m ++ ++ v-Fms transformed
fibroblast
P19-DMSO* m ++ ++ Differentiated embryonal
carcinoma
NRK r ++ ++ Fibroblast
PrC-NRK r ++ ++ v-Src transformed fibroblast
Flow 2000 h ++ ++ Diploid fibroblast
F1084 h ++ ++ Diploid fibroblast
AG1523 h ++ ++ Diploid fibroblast
MRC-5 h +++ + Diploid fibroblast
HT1080 h +++ + Fibrosarcoma
MG63 h +++ + Osteosarcoma
HelLa h +++ + Epitheloid cervical
carcinoma
B HC11 m ++++ - Mammary epithelial
4104 m ++++ - Mammary epithelial
C57MG m ++++ - Mammary epithelial
HEp2 h ++++ - Epidermoid laryngeal
carcinoma
HT-29 h ++++ - Colonic adenocarcinoma
A431 h ++++ - Epidermoid carcinoma
MDCK c ++++ - Madin-Darby canine kidney
epithelia
MDBK b ++++ - Madin-Darby bovine
kidney epithelia
COs-1 mo ++++ - SV40 T antigen expressing
fibroblast
C BWH5147 m ++++ - T lymphoma
AKR1-tf m ++++ - T lymphoma expressing
human CD44
D P19 m - - Embryonal carcinoma
AKR1 m - - T lymphoma
HepG2 h - - Hepatoma

Semi-confluent cell cultures were extracted on ice for 15 minutes in buffer
containing 0.5% Triton X-100 and the proportion of CD44 in the detergent
insoluble and soluble fractions assessed by immunoblotting. Rat (r) cells were
probed with an anti-rat CD44 mAb, OX50, and monkey (mo) cells were
probed with mAb D1/93 (Isacke et al., 1986) followed by an HRP-anti-mouse
Ig. Human (h), mouse (m), bovine (b) and canine (c) cells were probed with
mAb IM7 followed by an HRP-anti-rat 1g. Blots were devel oped with the
ECL reagent and exposed to X-ray film for 20-120 seconds. ++++, greater
than 90%; +++, 60-90%; ++, 40-60%; +, 10-40%; —, less than 10%. * P19
cellswere induced to differentiate by the addition of DM SO. Undifferentiated
P19 embryonal carcinoma cells do not express CD44. After differentiation in
the presence of DM SO, CD44 positive fibroblastic cells can be identified
(Wheatley and Isacke, 1995).

Under these conditions greater than 95% of the transferrin
receptor is extracted indicating essentially complete solubi-
lization of plasma and endosomal membranes. No change in
CD44 solubility is observed when higher concentrations of
sodium chloride are present in the extraction buffer, if Ca2*
and Mg?* are removed or if Triton X-114 substitutes for Triton
X-100. By contrast, treatment of the cells with either Triton X-
100 or Triton X-114 at 37°C or with n-octylglucoside at 4°C
results in greater than 95% of the CD44 being sequestered into
the detergent soluble pool. Comparable results were obtained
with Swiss 3T3 fibroblasts (Fig. 5b) and with transfected WT
and T- CD44 (data not shown). The behaviour of CD44 in
these different detergent extraction conditionsis reminiscent of
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Fig. 5. Solubility of fibroblast CD44 is dependent upon
detergent and temperature but not salt concentration or the
presence of Ca?*: 1x106 F1084 fibroblasts (A) or Swiss

-116  3T3fibroblasts (B) were cultured in 6 cm plates for 48
:gg hours. Cells were subjected to detergent extraction for 20

minutes under the following conditions; 0.5% Triton X-100
onice (a), 0.5% Triton X-100 at 37°C (b), 0.5% Triton X-
114 onice (c), 0.5% Triton X-114 at 37°C (d), 60 mM n-
octylglucoside on ice (€), 0.5% Triton X-100 onicein

extraction buffer containing 0.3 M (f), 0.6 M (g), 1.2 M (h), 1.8 M (i) or 2.4 M (j) NaCl, 0.5%
Triton X-100 on ice in extraction buffer without Ca2* or Mg2* (k). The distribution of CD44
between the detergent insoluble (P) and soluble (S) fractions was assessed by immunoblotting.

In A, human CD44 was detected using mAb E1/2 followed by HRP-anti-mouse Ig. In B
parallel blots were incubated with mAb IM7 followed by HRP-anti-rat Ig and an anti-annexin

Annexin |l = w, - = -36

=26

that reported for glycosylphosphatidylinositol (GPI) anchored
proteins which are found associated with membrane subdo-
mains enriched in glycolipids (Brown and Rose, 1992). Fur-
thermore, a similar extraction pattern is observed with annexin
Il (Fig. 5b) which again is found associated with Triton X-100
insoluble, lipid rich domains (Lisanti et al., 1994).

A cell type dependence of CD44 Triton X-100
solubility

In fibroblasts, 30-70% of CD44 is recovered in a non-ionic
detergent insoluble fraction (Tarone et a., 1984; Lacy and
Underhill, 1987; Carter and Wayner, 1988; Figs 2,34). As
reported previously, we have been unable to demonstrate any
association of CD44 with a detergent insoluble fraction in
polarized MDCK epithelial cells (Neame and Isacke, 1992,
1993). We describe here experiments to investigate this cell
type dependence. First, these previous results are not an
artefact of the cell lines originally employed as this difference
between fibroblastic and epithelioid cells extends to a wide
range of cell lines originating from a number of different
species (Table 1). The only exceptions are the cervical epi-
thelioid Hela cell line which has a profile characteristic of
fibroblasts with approximately 25% of the CD44 retained in
the detergent insoluble fraction, and the SV40 T antigen
expressing COS-1 monkey fibroblast line which has no
detectable CD44 retained in the Triton X-100 insoluble cell
fraction. Two lymphoid cell lines were also examined: AKR1
cells, which are CD44-negative; and BW5147 cells, which
express large amounts of endogenous CD44 (Trowbridgeet a.,
1982). Like epithelial cells, greater than 95% of the AKR trans-
fected CD44 and BW5147 endogenous CD44 is detergent
soluble.

In al of the fibroblast cell lines examined, the predominant
CD44 species expressed is the 80-100 kDa CD44H isoform
(Figs 2 to 5) which contains none of the aternatively spliced
exons. By contrast the majority of the epithelioid cell lines
express one or more CD44 splice variants (for example HC11
cells (Wheatley and Isacke, 1995); MDCK cells, Fig. 6; HT-
29 cdls, Fig. 8). However, there is no evidence that the
detergent solubility of CD44 in epithelia cellsisrelated to the
presence of the alternatively spliced exons as no difference is
observed in the detergent solubility of the different isoforms
over a range of detergent concentrations, and transfected

Il antiserum followed by HRP-anti-rabbit |g. Blots were devel oped using the ECL reagent and
exposed to X-ray film for 15 seconds (A) and 1 minute (B). Molecular size markers arein kDa.

CD44H in epithelia cells exhibits an identical extraction
profile to the endogenous epithelial CD44 (Fig. 6; Neame and
Isacke, 1993).

The distinctly different detergent solubility of CD44
expressed in fibroblastic cells compared to that expressed in
epithelial/lymphoid cells suggests the possibility of different
functions for CD44 in these functionally distinct cell types.
The most obvious differences between these cell types is that
fibroblasts have a motile solitary nature involving cell:extra-
cellular matrix interactions as opposed to the more stationary
cell:cell oriented interactions of the epithelia cell types. To
address these issues, the migration of cells was manipulated.
By time lapse video microscopy it can be seen that exponen-
tially growing MDCK cells exhibit limited motility which
becomes completely restricted as the cells assume confluence
(data not shown). A comparison of sparse and stationary
cultures reveds no difference in the detergent solubility of
either transfected or endogenous CD44 (Fig. 6A). To exert a
more dramatic change, MDCK cells were cultured in the
presence of scatter factor (reviewed by Furlong, 1992). Scatter
factor/hepatocyte growth factor obtained either in purified
form or as a component of MRC-5 fibroblast conditioned
medium induces the breakdown of epithelial junctions and the
migration of cells across the tissue culture plates (Fig. 6B).
However, there is no increase in the detergent insolubility of
endogenous CD44 (Fig. 6C) or transfected human CD44H
(Fig. 6D) after 24 hours. Similarly, culturing cells for between
1 and 9 hours (data not shown) or for periods of time longer
than 24 hours (Fig. 6C) in the presence of scatter factor has no
effect. As an alternative approach, fibroblasts were cultured in
semi-solid medium to prevent their migration on a tissue
culture substratum. A comparison of cells extracted from
methylcellulose after 24 or 48 hours with cells growing on
plates revealed no differences in the detergent solubility of
CD44 (Fig. 7).

To address the issue as to whether an association with extra-
cellular matrix induces the association of CD44 with the Triton
X-100 insoluble fraction, the interaction of CD44 with
hyaluronan was examined. We have already demonstrated that
removal of fibroblast associated hyaluronan does not increase
the amount of detergent soluble CD44 (Fig. 2). An dternative
approach was to determine whether there was an increase in
the amount of Triton X-100 insoluble CD44 in BW5147 cells
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cultured on a hyaluronan-coated substratum or in the presence
of soluble hyaluronan. These cells are competent to bind
hyaluronan in solution and adhere to hyaluronan-coated plates
(Lesley et a., 1990) but the presence of hyaluronan does not
increase the detergent insolubility of BW5147 CD44 (Fig. 8A).
Similarly, if MDCK cells are plated onto a hyaluronan-coated
substratum, there is no change in the detergent extraction of
the WT transfected human CD44 (Fig. 8B) or endogenous
canine CD44 (data not shown). One problem with this latter
approach is that if hyaluronan is responsible for retaining
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m a8l -5 matrix attachment.
=58 1x106 Swiss3T3
. fibroblasts (a-d) or NIH
Swiss 3T3  NIH3T3 373 fibroblasts (e/f)

were cultured for 24
(ab,ef) or 48 (c,d) hours on tissue culture plates (a,c,€) or suspended
in methylcellulose (b,d,f). Cells were extracted on ice with 0.5%
Triton X-100 for 15 minutes and the distribution of CD44 between
the detergent insoluble cell pellet (P) and the soluble supernatant (S)
was assessed by immunoblotting using mAb IM7 followed by an
HRP-anti-rat |g. Blots were developed using the ECL reagent and
exposed to X-ray film for 40 seconds. Molecular size markersarein
kDa

Fig. 6. Detergent solubility of CD44 is not modulated by the growth state
or motility of epithelial cells. Epithelia cells were cultured at different
cell densities (A) or treated with scatter factor or scatter factor
conditioned medium (B-D). Cells were inspected visually (B) or subjected
to 0.5% Triton X-100 detergent extraction on ice for 15 minutes (A,C,D).
The distribution of CD44 between the detergent insoluble cell pellet (P)
-84 and detergent soluble supernatant (S) was assessed by immunoblotting.
-58 Blots were developed using the ECL reagent and exposed to X-ray film
for 45 seconds. Molecular size markers arein kDa. (A) 1x108 MDCK
cellstransfected with WT human CD44 (a,b), T- CD44 (c,d) or pSRa
vector alone (ef) were plated into 6 cm tissue culture dishes and either
cultured for 24 hours (a,c,e) or for 7 days (b,d,f) to obtain sparse and fully
polarized cultures, respectively. Transfected CD44 was detected using
mAb E1/2 (a-d); endogenous CD44 was detected using mAb IM7 ().
D (B) MDCK cellswere cultured for 24 hours and then for a further 24
hours alone (@), in the presence of MRC-5 conditioned medium (b) or in
the presence of 5 ng/ml purified scatter factor (c). Bar, 100 pm. (C) 1x106
MDCK cells were plated onto 6 cm tissue culture plates and cultured for
-116 24 hours. The medium was then removed and replaced either with MRC-5
-84 fibroblast conditioned medium for 0 (a), 1 (b), 2 (c) or 3 (d) days. CD44
-58 was detected using mAb IM7. (D) 1x10% MDCK cells expressing WT
human CD44 were cultured for 24 hours and then for a further 24 hoursin
the presence of 0 (a), 2 (b), 10 (c) or 50 (d) ng/ml scatter factor.
Transfected CD44 was detected using mAb E1/2.

fibroblast CD44 in the detergent insoluble fraction, this effect
may require further modification of the ligand by the secreting
cell. To address this, HT-29 epithelial cells were co-cultured
with Swiss 3T3 fibroblasts and then the detergent solubility of
HT-29 CD44 was determined using a human CD44 specific
mAb, E1/2. Co-culture did not alter the detergent solubility of
HT-29 CD44 (Fig. 8C) or Swiss 3T3 CD44 (data not shown).

Together these data indicate that the mechanism which
retains the CD44 molecules in the detergent insoluble fraction
of fibroblasts is not down regulated when fibroblasts lose their
attachment to the substratum, nor is it upregulated when
epithelial cells are induced to migrate and lose their intimate
association with neighbouring epithelial cells.

DISCUSSION

It is often considered that adhesion protein function is influ-
enced by interactions with intracellular components as well as
interaction with extracellular ligand. One frequently cited
method to examine transmembrane protein associations with
the underlying cytoskeleton is extraction of cells at 4°C with
non-ionic detergents. Proteins which are not solubilized are
considered to be cytoskeletally associated. In the case of
fibroblasts, 30-70% of CD44 isfound to beinsoluble in Triton
X-100. This together with membrane motility and in vitro
studies was taken as supporting evidence that CD44 is associ-
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Fig. 8. Addition of hyaluronan does not induce an association of
epithelial or lymphoid CD44 with the detergent insoluble fraction.
Cells were cultured on hyaluronan coated plates, with soluble
hyaluronan or in the presence of hyaluronan producing cells.
Subsequently cells were extracted with 0.5% Triton X-100 for 15
minutes on ice and the distribution of CD44 between the detergent
insoluble pellet (P) and the detergent soluble supernatant (S) was
assessed by immunabl otting. Blots were devel oped using the ECL
reagent and exposed to film for 45 seconds. Molecular size markers
arein kDa. (A) 1x10° BW5147 cells were cultured in 24-well plates
previously coated with 5 mg/ml hyaluronan (a), in the presence of
0.5 mg/ml soluble hyaluronan (b) or in the absence of hyaluronan (c)
for 2 hours. CD44 was detected using mAb IM7. (B) 1x10° MDCK
cells expressing WT human CD44 were cultured on 35 mm plates
previously coated with 5 mg/ml hyaluronan (a) or uncoated dishes
(b) for 24 hours. Transfected human CD44 was detected using mAb
E1/2. (C) 1x10% HT-29 cells were cultured alone (a) or co-cultured
with 1x10° Swiss 3T3 cells for 48 (b) or 72 (c) hours. Human CD44
was detected using mAb E1/2.

ated with the underlying cytoskeleton (reviewed by |sacke,
1994; Tsukita et al., 1994; Lokeshwar et al., 1994). However,
we have previously observed that a cytoplasmically truncated
T- CD44 is also retained in the detergent insoluble cytoskele-
tal fraction and that the distribution of detergent insoluble T—
CD44 is identical to that of detergent insoluble WT CD44
(Neame and Isacke, 1993). This behaviour of T- CD44 is not
due to the Arg-Arg-Arg seguence remaining as a cytoplasmic
stub as substitution of these three amino acids with Arg-Trp-
Thr (Neame and Isacke, 1993), with Arg-Ser or with Pro (data
not shown) generates tailless proteins with properties identical
to T— CD44. Therefore, the most likely explanations for the
Triton X-100 insolubility of T- CD44 are: (a) that transfected
T- CD44 interacts with endogenous WT CD44 and that the
latter is directly associated with the cytoskeleton. If this were
the case it would be expected that the proportion of detergent
insoluble CD44 would decrease with increased expression
levels. Such a dilution effect is not observed. Moreover,
antibody patching experiments provide no evidence for an
homotypic association of CD44 (Fig. 1). Similarly, Herrlich et
al. (1993) have reported that in cross-linking experiments there
is no evidence for the formation of dimers or oligomers of the
CD44H isoform. (b) That CD44 binding via its extracellular
domain to hyaluronan causes the formation of detergent
insoluble multimeric structures or links CD44 indirectly to
other hyaluronan-binding cytoskeletally-attached proteins.
Hyaluronan is a large (up to 5x10% Da), unbranched gly-
cosaminoglycan composed of repeating D-glucuronic acid and
N-acetyl glucosamine which when hydrated can form random
coils of up to 500 nm in diameter (reviewed by Laurent, 1989).
It has been well documented that fibroblasts synthesise and
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secrete hyaluronan, and hyaluronan can be detected associated
with the fibroblasts employed here using a bovine proteogly-
can probe (Whesatley and Isacke, 1995). Moreover, the obser-
vation that addition of hyaluronan to some CD44-positive
lymphoid cells results in cell aggregation (Lesley et al., 1990)
demonstrates that this ligand has multiple CD44 binding sites.
However, experiments shown here suggest that such a
mechanism is not responsible for the detergent insoluble pool
of CD44 in fibroblasts. Fibroblast associated hyaluronan can
be removed with hyaluronidase but this removal does not
increase the amount of Triton X-100 soluble CD44 (Fig. 2).
BW5147 cells which have the capacity to bind hyaluronan
(Lesley et d., 1990) can be cultured either on hyaluronan
coated plates or in the presence of soluble hyaluronan. Neither
treatment increases the proportion of detergent insoluble CD44
(Fig. 8). Similar experiments employing MDCK and HT-29
epithelial cell lines including the co-culture with hyaluronan
producing Swiss 3T3 cells similarly has no effect (Fig. 8).
Finaly, the observation that the presence of hyaluronan,
heparan sulphate or chondroitin sulphate in the extraction
buffer does not increase the solubility of fibroblast CD44 (Fig.
4) argues against a role for glycosaminoglycan side chains in
mediating CD44 insolubility. (c) That the transmembrane
domain of CD44 is associated with a transmembrane
cytoskeletally-associated linker protein. Chimera experiments
in which the transmembrane domain of CD44 has been
replaced with that from the CD45 molecule or the CD3 ¢ chain
of the T cell receptor have demonstrated that it is the trans-
membrane domain of CD44 which is responsible for retaining
a proportion of the protein in the fibroblast Triton X-100
insoluble fraction (Perschl et a., 1995a). The evidence indi-
cating that the Triton X-100 insolubility of fibroblast CD44
does not result from the CD44 transmembrane domain inter-
acting with a cytoskeletally-associated linker protein is that
Triton X-100 insoluble CD44 migrates in sucrose density
gradients to the upper part of the gradient indicating an asso-
ciation with more buoyant material whereas Triton X-100
soluble CD44 is found predominantly in the 40% sucrose
cushion (Perschl et al., 1995a). Plasma membrane domains
which have identical buoyancy characteristics to these CD44
containing domains are stable under the same detergent con-
ditions in which CD44 is insoluble, and are destabilized by
detergent conditions that solubilize CD44 (Fig. 5; Brown and
Rose, 1992). In similar experiments sucrose gradient buoyancy
has been used to isolate a caveoli rich fraction which contains
GPI linked proteins, transmembrane proteins and plasma
membrane associated cytosolic proteins (Lisanti et al., 1994).
One of these latter proteins, annexin |1, also shows increased
solubility in n-octylglucoside and has a similar detergent sol-
ubility profile to that of CD44 (Fig. 5b).

Taken together these data indicate that the transmembrane
domain of CD44 ensures its inclusion in Triton X-100
insoluble, lipid rich, plasma membrane complexes. However,
although there are striking similarities between the detergent
extraction of GPI linked proteins such as PLAP from the
apical surface of MDCK cells (Brown and Rose, 1992) and
CD44 from fibroblasts, several issues remain unresolved: (a)
CD44, unlike PLAP, isatransmembrane protein and therefore
the association with plasma membrane lipids must be func-
tionally distinct. It remains to be determined whether asisthe
case for PLAP, CD44 associated membrane structures are
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enriched in glycosphingolipids. Certainly CD44 cannot be
associated with the same glycosphingolipid enriched
complexes as PLAP because both PLAP and T- CD44 are
expressed on the apical plasma membrane of MDCK cells and
yet there is no evidence of T- CD44 Triton X-100 insolubil-
ity in these cells (Brown and Rose, 1992; Neame and | sacke,
1993). This indicates that T- CD44 and PLAP are in distinct
apical plasma membrane subdomains. Furthermore in these
experiments we cannot determine whether the retention of
CD44 in Triton X-100 insoluble complexes results from an
association with lipids and/or with other transmembrane
proteins concentrated in such domains. (b) It is not known
why there is always a significant proportion of Triton X-100
soluble CD44 in fibroblasts in addition to the 30-70%
detergent insoluble fraction. This is not due to saturation by
CD44 of a detergent-insoluble complex as transfection of
CD44 into fibroblasts does not change the proportion of
detergent insoluble endogenous material and moreover, the
behaviour of transfected CD44 mirrors that of endogenous
CD44. Jacobson et al. (1984a,b) found that CD44 was more
rapidly redistributed in the leading edge of fibroblasts than in
the trailing edge and proposed that CD44 associated with
cellular componentsin a dynamic manner with the association
being weaker at the leading edge. Together, these data would
be consistent with a model whereby the association of CD44
with the detergent-insoluble complexes in fibroblasts is
transient. (c) The ability of CD44 to associate with Triton X-
100 insoluble, lipid rich, complexes is cell type dependent
(Table 1). No CD44 is found associated with a Triton X-100
insoluble fraction in epithelial cells and yet such cells contain
Triton X-100 insoluble lipid complexes (Brown and Rose,
1992). This suggests that there is a significant difference
between the localization of CD44 in membrane subdomains
between fibroblasts and epithelial/lymphoid cells and raises
the question as to how this difference in distribution might be
regulated and whether it reflects different functions for CD44
in different cell types. The most obvious differences between
fibroblasts and epithelial/lymphoid cells is that the former
have a migratory phenotype and are primarily involved in
cell:matrix interactions whereas the latter are non-motile cells
involved in cell:cell interactions. However, although cell
motility and interaction with the extracellular matrix can be
mani pulated, such manipulations do not ater the Triton X-100
solubility of CD44 (Figs 2,6,7,8). In conclusion, the data
presented here argues for a mechanism whereby CD44 asso-
ciates with Triton X-100 insoluble, lipid rich, complexesin a
transient, cell type and temperature dependent manner.
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