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The actin cytoskeleton plays a significant role in changes of cell shape and motility, and interac-
tions between the actin filaments and the cell membrane are crucial for a variety of cellular
processes. Several adaptor proteins, including talin, maintain the cytoskeleton-membrane linkage
by binding to integral membrane proteins and to the cytoskeleton. Layilin, a recently character-
ized transmembrane protein with homology to C-type lectins, is a membrane-binding site for talin
in peripheral ruffles of spreading cells. To facilitate studies of layilin’s function, we have generated
a layilin-Fc fusion protein comprising the extracellular part of layilin joined to human immuno-
globulin G heavy chain and used this chimera to identify layilin ligands. Here, we demonstrate
that layilin-Fc fusion protein binds to hyaluronan immobilized to Sepharose. Microtiter plate-
binding assays, coprecipitation experiments, and staining of sections predigested with different
glycosaminoglycan-degrading enzymes and cell adhesion assays all revealed that layilin binds
specifically to hyaluronan but not to other tested glycosaminoglycans. Layilin’s ability to bind
hyaluronan, a ubiquitous extracellular matrix component, reveals an interesting parallel between
layilin and CD44, because both can bind to cytoskeleton-membrane linker proteins through their
cytoplasmic domains and to hyaluronan through their extracellular domains. This parallelism
suggests a role for layilin in cell adhesion and motility.

INTRODUCTION

Cell shape and movement form the basis for several biolog-
ical phenomena such as morphogenesis, invasion, and me-
tastasis. The actin cytoskeleton is a major determinant of
changes in cell shape, and interactions between actin fila-
ments and the cell membrane are essential for cell adhesion,
spreading, and migration, as well as for signal transduction
(Hall, 1998; Schoenwaelder and Burridge, 1999). Several
molecules have been recognized as linkers between the actin

cytoskeleton and the cell membrane. For example, members
of the band 4.1/ERM superfamily (band 4.1, talin, ezrin,
radixin, moesin, and merlin, the product of the neurofibro-
matosis type 2 tumor suppressor gene) are characterized by
the presence of a conserved N-terminal membrane-binding
domain, which is able to bind to the cytoplasmic region of
several transmembrane receptors, including CD44, CD43,
ICAM-2, and ICAM-3 (Sainio et al., 1997; Heiska et al., 1998;
Yonemura et al., 1998). The C-terminal regions of ERM pro-
teins are thought to bind to actin filaments, thereby linking
these transmembrane receptors to the cytoskeleton (re-
viewed by Mangeat et al., 1999).

Layilin is a recently cloned ;55-kDa membrane-binding
partner for talin (Borowsky and Hynes, 1998) that is widely
expressed in different cell types and tissue extracts. It is
found in peripheral ruffles of spreading cells and is recruited
to membrane ruffles in cells induced to migrate in in vitro
wounding experiments. Layilin colocalizes with talin in ruf-
fles and binds to talin’s ;50-kDa head domain (amino acids
280–435). Other parts of talin (the ;220-kDa tail fragment)
can bind b-integrin cytoplasmic tails, vinculin, and F-actin
and hence form an integrin-cytoskeleton linkage at sites of
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cell-substratum contact (reviewed by Critchley, 2000). Tal-
in’s head domain has been proposed to have a role in cell
motility and morphology (Hemmings et al., 1996; Bolton et
al., 1997) and an actin-binding site in the head domain may
provide a direct link between layilin and F-actin. Layilin
therefore represents a membrane-binding site for talin in
ruffles, whereas integrins anchor talin in focal contacts
where no layilin expression can be found. Although layilin’s
exact role in ruffles is currently unclear, one tempting model
is that layilin recruits talin to ruffles but is displaced by
integrins as more stable adhesions are established. This idea
is supported by the finding of Calderwood et al. (1999) that
b1-cytoplasmic domains can bind both to the head and rod
domain of talin and that the b1-binding site overlaps with
the layilin-binding site in talin’s head domain.

Layilin’s extracellular domain is homologous with the
carbohydrate-recognition domains (CRD) of C-type lectins.
Because layilin is a type I transmembrane protein, it has the
potential to mediate signals from extracellular matrix (ECM)
to the cell cytoskeleton, and, based on layilin’s homology to
E-selectin’s ligand-binding region (Graves et al., 1994;
Borowsky and Hynes, 1998), one could speculate that layilin
may act in a manner analogous to selectins in mediating
transient interactions with the ECM. However, because no
binding partners for layilin’s extracellular part have been
described, we were interested to identify layilin ligands. For
this purpose, we have developed a chimeric protein contain-
ing the layilin extracellular region and the hinge and con-
stant regions of human immunoglobulin (Ig)G1. In this pa-
per, we report that this soluble form of layilin binds to
hyaluronan (HA), an abundant component of the ECM, and
that the binding is specific for this glycosaminoglycan
(GAG). Because there is no sequence homology with any
previously known HA receptors, including CD44, RHAMM
(receptor for HA-mediated motility), or LYVE-1 (lymphatic
vessel endothelial HA receptor-1), layilin represents a novel
member of the HA-binding protein family (Stamenkovic et
al., 1989; Hardwick et al., 1992; Banerji et al., 1999). Thus, by
binding to HA, layilin may facilitate cell migration by me-
diating early interactions between spreading cells and the
ECM.

MATERIALS AND METHODS

Chemicals, Cells, and Antibodies
DNA-manipulating enzymes were from New England Biolabs (Bev-
erly, MA). Oligonucleotides and sequencing service were purchased
from Massachusetts Institute of Technology Cancer Center Biopoly-
mer Facility (Cambridge, MA). Chemicals were purchased from
Sigma Chemical (St. Louis, MO) unless otherwise indicated. Biotin-
ylated HA (bHA)-binding protein was from Seikagaku (Tokyo,
Japan). HA dodecasaccharides were a gift from Pipetten Biotech
(Uppsala, Sweden) and were .98% homogenous with regard to size
as judged from mass spectrometry and contained no contaminating
protein or nucleic acid.

Chinese hamster ovary (CHO) and NIH3T3 cells were grown as
described previously (Bono et al., 1998; Bloom et al., 1999). MCF-7
breast carcinoma cells were grown in DMEM supplemented with
10% fetal bovine serum. The preparation and purification of poly-
clonal antisera against layilin have been described in detail
(Borowsky and Hynes, 1998). Briefly, a synthetic peptide from the
20 carboxy-terminal amino acids was used to immunize rabbits, and
the resulting antisera were affinity purified with the peptide co-
valently coupled to thiopropyl-Sepharose 6B. Peroxidase-conju-

gated F(ab9)2 fragment of rabbit anti-human IgG was purchased
from DAKO (Glostrup, Denmark). Biotin-conjugated goat anti-hu-
man IgG (Fc) was from Rockland (Gilbertsville, PA), and peroxi-
dase-conjugated goat anti-human IgG (Fc-specific) was from Sigma.

Fc Fusion Plasmid Constructions
The extracellular region of layilin was amplified from layilin cDNA
by polymerase chain reaction using oligonucleotides IgGF1 (59-TCC
CGA ATT CTC TGC CTT AGT CCC G-39) and IgGR1 (59-TCC GCT
CGA GGC TTT CTT TGA ATG TTT C-39) as primers. Reaction
conditions for the amplification were 94°C for 1 min, 58°C for 1 min,
and 72°C for 1 min for 30 cycles. The amplified fragment was
digested with EcoRI and XhoI and introduced in-frame, upstream of
the hinge and Fc region of human IgG1 in a derivative of pCDM8
(pCDM8/Fc; Chen and Nelson, 1996) also cleaved with EcoRI and
XhoI. The integrity of the construct was determined by sequencing.
Thereafter, the layilin-Fc cDNA was excised from pCDM8 using
NotI and HindIII and ligated into expression vector pCEP4 (Invitro-
gen, Carlsbad, CA) cleaved with NotI and HindIII. Finally, the
layilin-Fc construct in the expression vector was sequenced before
making a large-scale preparation of DNA for transfections.

The cloning and detailed structures of CD44-Fc and E-cadherin-Fc
fusion plasmids were described earlier (Aruffo et al., 1990; Higgins
et al., 1998). CD44-Fc fusion protein (the extracellular region of CD44
fused to the hinge and Fc region of human IgG1) was a generous gift
of Dr. Ivan Stamenkovic (Massachusetts General Hospital, Charles-
town, MA).

Production of Fc Fusion Proteins
CHO cells (5 3 106/transfection) were stably transfected with 20 mg
of plasmid DNA using electroporation (0.3 kV, 960 mF, 0.4-cm
cuvette in RPMI plus 1 mM sodium pyruvate, 2 mM l-glutamine
without serum; Gene Pulser Apparatus, Bio-Rad, Hercules, CA).
After transfections, the cells were selected in the presence of 400
mg/ml hygromycin. After ;20 d, supernatants from wells contain-
ing resistant colonies were assayed for fusion proteins by Western
blot analysis.

To produce layilin-Fc fusion proteins on a large scale, stably
transfected CHO cells were grown in 175-cm2 flasks in 10% Ul-
tralow IgG fetal bovine serum (Life Technologies, Paisley, UK) and
400 mg/ml hygromycin. After the cells reached confluency, the
medium was harvested and purified with protein A-Sepharose
CL-4B beads (Amersham Pharmacia Biotech, Uppsala, Sweden).
After the sample was washed, the fusion proteins were eluted with
100 mM glycine, pH 3.0, and neutralized with one-tenth volume of
1 M Tris-HCl, pH 8.0. The purified fusion proteins were dialyzed
into phosphate-buffered saline (PBS) and stored at 220°C. Finally,
the concentrations of the purified proteins were determined with
Micro-BSA (bovine serum albumin) protein assay kit (Pierce, Rock-
ford, IL) using BSA as a standard, and the purity of the fusion
proteins was analyzed by SDS-PAGE and Coomassie staining.

Fc Fusion Protein Binding to HA Immobilized to
Sepharose
HA-EDA-Sepharose 4B (McCourt and Gustafson, 1997) was kindly
provided by Dr. Paraskevi Heldin (Uppsala University, Sweden).
Unsubstituted Sepharose 4B was used as a control in the binding
reactions. For the binding experiments, 0.5 mg of purified layilin-Fc
or E-cadherin-Fc was incubated in the presence of 5 mM Ca21 for
2 h at 4°C. After the sample was centrifuged, the beads were washed
three times with PBS/Ca21 and then eluted with 2 mg/ml HA-
specific dodecasaccharides or with 170 mg/ml N-acetyl-d-glu-
cosamine (2-acetamido-2-deoxy-d-glucose; Sigma). The elutions
were boiled in SDS-PAGE sample-loading buffer and loaded onto
SDS-PAGE gels. The eluted material was detected with horseradish
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peroxidase (HRP)-conjugated goat anti-human IgG (Fc-specific)
with an enhanced chemiluminescence system.

Cetylpyridinium Chloride (CPC) Precipitations
Confluent plates of NIH 3T3 cells (;4 3 106 cells) were washed
three times with PBS and lysed in 1 ml of PBS containing 0.5%
Nonidet P-40. After addition of protease inhibitors, lysates were
incubated on ice for 15 min and subsequently centrifuged for 10 min
to remove insoluble material. Aliquots of the lysate (50 ml) were
used to perform CPC precipitations essentially as described by Lee
et al. (1992), using 50 ml of 1 mg/ml aqueous solutions of different
GAGs (HA [Sigma H5388], heparin [heparan sulfate sodium salt
from porcine intestinal mucosa; Sigma H9902], or chondroitin sul-
fate sodium salt [Seikagaku] or N-acetyl glucosamine or H2O as
negative controls). After the sample was incubated at room temper-
ature for 1 h, CPC was added to the GAG/lysate mixture to a final
concentration of 1% (vol/vol) and incubated for 1 h. Precipitates
containing GAGs and bound proteins were pelleted by centrifuga-
tion, washed three times with 1 ml of 1% CPC, 30 mM NaCl, and
finally dissolved in 50 ml of sample-loading buffer and analyzed on
a 10% SDS-PAGE polyacrylamide gel under reducing conditions
(100 mM dithiothreitol).

SDS-PAGE and Western Blot Analysis
After proteins were electrophoretically resolved by size, they were
electrically transferred to nitrocellulose membranes, which were
stained using a Western blot chemiluminescence reagent from NEN
Life Science Products (Boston, MA) according to the manufacturer’s
recommendations. The detected signals were quantitated using Al-
phaImager 1220 documentation and analysis system (Alpha Inno-
tech, San Leandro, CA).

Binding of Layilin-Fc to Immobilized HA
Binding of layilin-Fc fusion protein to immobilized HA (from
rooster comb; Sigma H5388) was measured in 96-well microtiter
plates (Maxisorp plate, Nalge Nunc International, Rochester, NY).
The wells were coated overnight at 4°C with 2 mg/ml HA in coating
buffer (15 mM sodium carbonate and 34 mM sodium bicarbonate,
pH 9.3) and blocked for 2 h in 0.25% BSA and 0.05% Tween-20 in
PBS. After the plates were washed three times with PBS, they were
incubated with purified fusion proteins for 2 h at room temperature.
After the unbound proteins were washed from the plates, the plates
were incubated with HRP-conjugated anti-human IgG antibody (or
streptavidin-HRP for bHA-binding protein control reactions), the
reactions were developed using tetramethylbenzidine substrate
(DAKO TMB One-Step Substrate system), and the absorbances were
measured at 650 nm in a standard microplate reader. The values
expressed in Figure 5 represent averages of duplicate determina-
tions in at least three experiments with an SD # 10%.

To determine possible layilin-Fc binding to other GAGs, layilin-Fc
(10 mg/ml, a concentration from the linear part of the binding curve,
see Figure 5A) was preincubated with free GAGs (1.5–200 mg/ml)
for 30 min on ice before incubation with HA immobilized to the
wells as described above (Figure 5, C and D).

Binding of Soluble HA to Immobilized Layilin
Purified HA was biotinylated according to the method of Yu and
Toole (1995). Briefly, purified HA (40–60 kDa, from Seikagaku) was
dissolved in PBS at 5 mg/ml and dialyzed against 0.1 M 2-(N-
morpholino)ethanesulfonic acid, pH 5.5 (Sigma). Biotin-LC-hydra-
zide (Pierce) in dimethyl sulfoxide was added to give a final con-
centration of 1 mM in the presence of 10 mM 1,ethyl-3-[3-
dimethylaminopropyl]carbodiimide buffer (Pierce), dissolved in
2-(N-morpholino)ethanesulfonic acid buffer, and stirred overnight
at room temperature, followed by dialysis against PBS and a 15-h
centrifugation at 4°C to remove any precipitates. The biotinylation

reaction leads to a maximum of 1 in 10–20 carboxyl groups in HA
becoming labeled, which has been reported to be sufficient for
sensitive detection and to preserve full binding activity of the la-
beled HA.

Ninety-six–well polystyrene microtiter plates (Costar, Cam-
bridge, MA) were coated with Fc fusion proteins (1–50 mg/ml)
overnight at 4°C, washed three times to remove unbound material,
blocked, and incubated with bHA (10 mg/ml) for a further 2 h.
Bound bHA was detected by incubation with HRP-conjugated
streptavidin (Amersham Pharmacia Biotech) and tetramethylbenzi-
dine as a substrate. Absorbance was measured at 650 nm as de-
scribed above.

Layilin-Fc Staining of Tissue Sections
Tissue samples were freshly prepared from pancreata of RIP1-Tag2
transgenic mice that spontaneously develop solid tumors at the age
of 14 wk (Hanahan, 1985; Folkman et al., 1989). Sections were cut
from liquid nitrogen-frozen tissue samples and stored at 220°C.
The sections were air dried, fixed with acetone, and blocked for 30
min with 4% goat serum in PBS/0.05% Tween-20. After a brief
PBS/Tween-20 wash, sections were incubated at room temperature
for 45 min with 0.5 mg/ml purified layilin or E-cadherin-Fc fusion
proteins diluted in 4% goat serum including 5 mM Ca21. After the
sections were stained with the primary reagent, they were washed
and incubated for 45 min with biotinylated goat anti-human Fc
antibody diluted 1:200 in 2% mouse serum. The staining was visu-
alized by the avidin-biotin complex technique using Vectastain ABC
kit (Vector Laboratories, Burlingame, CA), and the sections were
finally slightly counterstained with hematoxylin.

For GAG digestions the sections were incubated for 45 min at
37°C with 100 mg/ml hyaluronidase (from bovine testes, type I;
Sigma) or heparitinase (gift from A. Lander; University of Califor-
nia, Irvine, CA) or with 0.5 U/ml chondroitinase (chondroitinase
ABC lyase from Proteus vulgaris; Sigma), followed by washes and
blocking steps as described above.

Adhesion Assays
Adhesion assays were conducted essentially as described previ-
ously (Li et al., 1999). The wells of Linbro 96-well microtiter plates
(ICN-Flow Laboratories) were coated with 100 ml/well of 0.5
mg/ml BSA or 1 mg/ml human umbilical cord HA and blocked
overnight with 1% (wt/vol) BSA in Tris-buffered saline. The wells
were subsequently washed two times with 20 mM HEPES, pH 7.4,
137 mM NaCl, and 3 mM KCl (HBS) before assays. Expression
construct consisting of layilin cDNA in pLEN/NEO vector
(Borowsky and Hynes, 1998) was used to generate stably trans-
fected MCF-7 cells after selection for 4 wk in the presence of 0.5
mg/ml Geneticin (Life Technologies). Layilin transfectants or mock
controls were released from culture dishes using 0.02% (wt/vol)
trypsin, 2 mM CaCl2, and HBS to minimize proteolysis. Cells were
labeled with 5 mg/ml calcein AM (Molecular Probes, Eugene, OR)
by adding the fresh label to the trypsin medium. After 2 volumes of
0.04% (wt/vol) soy bean trypsin inhibitor in HBS were added to the
sample and the sample was washed twice with HBS, the cells were
resuspended in HBS containing 0.1% (wt/vol) BSA and 1 mM
CaCl2, added to coated microtiter plate wells, and incubated for 90
min at 37°C. After one to six washings with HBS and 1 mM CaCl2
the fluorescence was measured with a 96-well plate reader. In each
assay, the percentage of adherent cells was determined by compar-
ison with wells containing cells treated identically but not subjected
to the washings.

RESULTS

Preparation of Soluble Layilin-Fc Fusion Protein
The soluble layilin-globulin was generated by in-frame fu-
sion of the cDNA segment encoding the extracellular do-
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main of layilin with a construct encoding the Fc region of
human IgG1 (including the hinge, CH2, and CH3 domains;
Figure 1A). Stably transfected cells expressing soluble layi-
lin-Fc protein were generated by selection of the transfec-
tants with hygromycin, and the secreted layilin-Fc chimeras
were purified with protein A-Sepharose. Western blot anal-
ysis of SDS-PAGE gels revealed the presence of protein of
the expected size (;64 kDa in reduced conditions and ;128
kDa in nonreduced conditions; Figure 1B). The purified

layilin fusion protein migrated as a single band when sub-
jected to SDS-PAGE and Coomassie blue staining (Bono,
Rubin, Higgins, and Hynes, unpublished results), which
further confirmed the identity and purity of the recombinant
protein. The purified and Coomassie-stained CD44-Fc and
E-cadherin-Fc migrated as described earlier (Bono, Rubin,
Higgins, and Hynes, unpublished results; Aruffo et al., 1990;
Higgins et al., 1998).

HA Is a Ligand for Layilin
We chose to test layilin binding to HA for several reasons.
First, layilin is widely expressed on different cell types and
tissues (Borowsky and Hynes, 1998); therefore, it seemed
plausible that a ligand for layilin might be a ubiquitous
component of ECM. Second, HA can promote cell adhesion
and motility (Knudson and Knudson, 1993; Entwistle et al.,
1996), which are processes in which layilin is likely to play a
role. Third, layilin’s extracellular domain is a C-type lectin,
and the three-dimensional structure of link domain (the
HA-binding domain found in many HA-binding proteins;
Neame and Barry, 1993; Kohda et al., 1996) has revealed an
interesting structural homology between C-type lectins and
the link module. The structure of the link domain showed
that the predicted HA-binding site in the link domain is at
an analogous position to the carbohydrate-binding pocket in
the CRD of E-selectin, and layilin’s CRD includes an iden-
tical insertion in the CRD loop as does E-selectin. Therefore,
we decided to test the binding of layilin-IgG to HA immo-
bilized on Sepharose beads.

HA is a linear polysaccharide, which can be immobilized,
for example, to EDA-Sepharose (McCourt and Gustafson,
1997). Because HA-binding proteins can be purified by af-
finity chromatography on immobilized HA (Tengblad,
1979), we incubated layilin-IgG as well as control IgG with
HA-Sepharose beads. The bound material was eluted with
HA dodecasaccharides, separated on SDS-PAGE gels, and
detected with anti-human IgG (Fc specific) antibody. As
shown in Figure 2A, layilin-IgG binds to HA-Sepharose but
not to control Sepharose beads. The bound layilin-IgG could
be released from the HA-Sepharose beads with HA dode-
casaccharides (Figure 2A) and also with glycine or EDTA
(Bono, Rubin, Higgins, and Hynes, unpublished results).
HA octasaccharides were less effective in eluting layilin-IgG
(Bono, Rubin, Higgins, and Hynes, unpublished results).
The E-cadherin control fusion protein did not show any
binding to HA-Sepharose; all the E-cadherin IgG was found
in the flow-through fraction (Figure 2B), confirming that the
layilin part of the IgG fusion protein (and not the Fc region)
is binding specifically to HA.

Layilin Binds to HA but Not to Other GAGs
To address further the specific interaction between layilin
and HA, we performed coprecipitation experiments with
HA, heparin, chondroitin sulfate or N-acetyl glucosamine. In
these experiments, NIH 3T3 cells were lysed in Nonidet P-40
buffer before addition of GAGs, bound proteins were pre-
cipitated by addition of 1% CPC, and the precipitates were
resolved on SDS-PAGE gels and probed using an anti-layilin
antibody. As shown in Figure 3A, layilin was coprecipitated
only with HA. Other GAGs tested did not significantly
precipitate layilin, as indicated by much weaker signals in

Figure 1. Structure and purification of recombinant layilin-Fc fu-
sion protein. (A) The protein domains of the layilin-Fc and wild-
type layilin are shown. Layilin’s extracellular part was cloned im-
mediately N-terminal to the hinge domain (H) of the human IgG1 so
that the chimera contains two cysteine residues (not shown) within
the hinge domain responsible for Ig dimerization. Sig, NH2-terminal
signal sequence, Lectin, layilin’s extracellular part, which is homol-
ogous with C-type lectins; TM, transmembrane domain; CH2 and
CH3, constant regions of the human IgG. (B) Purified layilin-Fc
fusion protein was analyzed on an SDS-PAGE gel under both re-
duced and nonreduced conditions and detected by immunoblotting
with the anti-human IgG (Fc-specific) antibody. Molecular masses
(in kDa) are shown at the left.
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the precipitation reactions. The results from two separate
experiments were quantitated to compare the binding of
layilin to different GAGs, and the quantitation clearly shows
that layilin binding is specific for HA (Figure 3B).

Layilin Binds Both Immobilized and Soluble HA
To study the interaction between layilin and HA, a binding
assay was developed in which soluble fusion proteins were
incubated with HA immobilized on 96-well plates. Bound
fusion proteins were detected by adding HRP-conjugated
anti-human IgG antibodies, which recognized the human
IgG portion of the fusion protein. Layilin-IgG bound to HA
in a concentration-dependent manner similar to the binding
of CD44-IgG or HA-binding protein (Figure 4A). The control
E-cadherin-IgG fusion protein did not show any significant
binding at similar concentrations. For all three HA-binding
proteins, the binding curves were biphasic, indicating com-
plex binding kinetics. Nevertheless, because the binding

curves showed similar patterns, it is possible to conclude
that the respective affinities are similar, differing not more
than two- to threefold. Estimates of Kd from the linear parts
of the binding curves gave values on the order of 1027 M.

The specificity of the layilin-IgG binding was examined
by competition experiments in which free GAGs were
incubated with layilin-IgG before the mixture was added
to the wells coated with HA (Figure 4C). The results
showed that neither heparin nor chondroitin sulfate could
block the binding at the tested concentrations (1.6 –200
mg/ml). In contrast, preincubation of layilin-IgG with
soluble HA efficiently competed with the binding of layi-
lin-IgG to immobilized HA in a manner almost identical
to its competition of CD44-IgG binding to HA (Figure 4D).
Thus, the affinity of layilin for HA is of similar range as
the affinity of CD44 for HA.

Reciprocally, layilin’s ability to bind soluble HA was
tested with soluble bHA. Ninety-six–well plates were coated
with layilin-IgG, blocked, and incubated with bHA, and the
bound bHA was detected with streptavidin-HRP secondary
reagent (Figure 4B). The results show that layilin-Fc immo-
bilized to polystyrene wells bound to bHA in a concentra-
tion-dependent manner, and the binding pattern resembled
closely the binding of bHA to CD44-Fc.

Figure 2. Purified layilin-Fc fusion protein binds to immobilized HA.
(A) Layilin-Fc fusion protein was incubated with HA-Sepharose or
with Sepharose control beads, and HA-specific dodecasaccharides
were used to elute the bound material from the beads. The flow-
through fractions (FT) and elutions were subjected to SDS-PAGE and
immunoblotting with anti-human IgG antibody. Note that in Sepha-
rose control lanes all the signal is found in the FT fraction. A small
aliquot of the purified (unbound) layilin Fc was run on a parallel lane
to show the location of the fusion protein in reduced conditions. (B) In
a similar binding experiment with the E-cadherin Fc fusion protein,
elution with HA oligosaccharides does not result in any detectable
signal, and all the fusion protein is found in the FT lane. Molecular
masses (in kDa) are shown at the left.

Figure 3. Layilin can be precipitated only in the presence of HA
but not other GAGs. (A) Total cell lysates of 3T3 cells were incu-
bated with different GAGs (50 mg each) and subjected to CPC
precipitation. Precipitates and total cell lysate were resolved on an
SDS-PAGE gel and stained with anti-layilin antibody after blotting
onto membrane. Control reactions were precipitated with CPC
without addition of any GAG or after addition of N-acetyl glu-
cosamine. The intensities of the precipitated layilin bands in two
similar experiments were quantitated, and the result is shown in B.
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Layilin-Fc Binding to Tissue Sections Is Abolished
by Hyaluronidase
To corroborate the results of the HA-Sepharose and micro-
titer binding experiments, we stained frozen tissue sections
using layilin-Fc fusion protein as a histochemical reagent in
conjunction with biotinylated anti-human IgG and the HRP-
ABC reagent. Because tumors are frequently characterized
by local accumulation of HA in vivo (Toole et al., 1979;
Knudson et al., 1984), we stained sections from pancreata of
RIP1-Tag2 transgenic mice, which spontaneously develop
pancreatic tumors.

Incubation of frozen sections from the pancreata of RIP-
Tag2 mice with layilin-Fc showed positive staining of the
ECM of the tumors (Figure 5B), whereas no staining was
observed with the E-cadherin-Fc control (Figure 5A). Posi-
tive staining with E-cadherin-Fc was observed in the epithe-
lial cells of the surrounding mucosal tissues (Bono, Rubin,
Higgins, and Hynes, unpublished results), as expected, be-
cause E-cadherin is abundantly expressed on epithelial cells
(Nose and Takeichi, 1986).

To examine the specificity of the layilin-Fc staining, sec-
tions were pretreated with different GAG-degrading en-
zymes before incubation with the fusion protein. Pretreat-
ment of the sections with hyaluronidase significantly
reduced the layilin-Fc reactivity (Figure 5C), confirming that

the staining of the ECM in Figure 5B is due to layilin-Fc
binding to HA present in the matrix. Treatment of sections
with chondroitinase or heparitinase (Figure 5, D and E,
respectively) did not significantly affect the layilin-Fc bind-
ing, indicating that HA is the predominant layilin ligand on
these tumor sections.

Layilin-transfected Cells Adhere to HA Substrates
Human MCF-7 breast cancer cells bind poorly to HA-coated
wells, and Western blotting with anti-layilin antibody (Fig-
ure 6A) revealed that these cells do not express endogenous
layilin. MCF-7 cells stably transfected with layilin cDNA
were compared with mock-transfected controls in cell-sub-
stratum adhesion assays. Figure 6B shows that layilin-ex-
pressing cells adhered to HA-coated wells much better than
did control cells, and the enhanced binding of layilin trans-
fectants could be detected even after repeated washes of
cells. Thus, layilin is a functional HA receptor on cells and
can mediate cell adhesion.

DISCUSSION

HA is a negatively charged high molecular mass polysac-
charide composed of repeated disaccharides of d-glucuronic

Figure 4. Binding of layilin-IgG
(L-IgG) to immobilized and solu-
ble HA. (A) Binding of varying
amounts of purified chimeras to
immobilized HA in the absence
of competing GAGs. The bound
layilin-IgG, CD44-IgG (positive
control), and E-cadherin-IgG
(negative control) fusion proteins
were detected with an anti-Fc an-
tibody in conjunction with HRP
and the bound bHA-binding pro-
tein was detected with HRP-con-
jugated streptavidin. (B) Binding
of soluble bHA to layilin-IgG (L-
IgG) or CD44-IgG immobilized
in microtiter wells. Varying
amounts of fusion proteins were
used to precoat the wells, which
were then incubated with 10
mg/ml bHA. (C) Binding of 10
mg/ml layilin-Fc in the presence
of free HA, chondroitin sulfate,
or heparin. (D) Similar competi-
tion as in C but with CD44-IgG
binding instead of layilin-IgG.
Results in A–D each represent an
average of duplicate determina-
tions from the same experiment.
Data presented are representa-
tive of three individual binding
experiments.
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acid and N-acetyl glucosamine (Goa and Benfield, 1994). It is
ubiquitously expressed in the extracellular space, represents
a major constituent of the ECM, and has a central role in
stability of ECM (Knudson and Knudson, 1993). Numerous
cellular processes including cell migration (Chen et al., 1989),
adhesion (Klein et al., 1996), and proliferation (Mast et al.,
1993; Wiig et al., 1996) are influenced by HA. Thus, HA has
an important role in such processes as morphogenesis
(Toole, 1997), wound healing (Nishida et al., 1991), inflam-
mation (Weigel et al., 1988), and immune cell trafficking
(Mohamadzadeh et al., 1998), as well as in many aspects of
tumor biology (Delpech et al., 1997).

Many of the effects of HA are mediated via its interaction
with HA-binding proteins and receptors. The majority of the
HA-binding proteins contain a common protein module
termed link module, which is a structural domain of ;100
amino acids in length (Neame and Barry, 1993; Kohda et al.,
1996). Link modules have been described in several ECM
molecules (link protein, aggrecan, versican, neurocan, and
brevican) as well as on cell surface receptors. However, not
all HA-binding proteins contain a link domain, namely,
RHAMM, Cdc37, inter-a-trypsin inhibitor, plasma HA-bind-
ing protein, fibroblast HA-binding protein (reviewed by
Day, 1999), and intracellular hyaluronate-binding protein
(Hofmann et al., 1998). The best characterized HA cell sur-
face receptors are CD44, RHAMM, ICAM-1, and LYVE-1
(Entwistle et al., 1996; Banerji et al., 1999), although there is
some controversy as to whether ICAM-1 is a genuine HA
receptor (McCourt and Gustafson, 1997).

In this work we searched for a ligand for layilin, a novel
talin-binding protein localized in membrane ruffles and
showed that layilin is a novel HA-binding cell surface re-
ceptor based on the following criteria: 1) layilin-Fc fusion
protein binds to HA immobilized on Sepharose, and the
bound material can be eluted with highly purified HA do-
decasaccharides; 2) HA, but not other tested GAGs, precip-
itates layilin in the presence of 1% CPC; 3) layilin binds to

HA immobilized in microtiter wells, and soluble HA binds
to immobilized layilin; 4) layilin-IgG stains HA on frozen
tissue sections in a hyaluronidase-sensitive manner, whereas
chondroitinase or heparitinase treatment of the sections did
not affect the staining intensity; 5) layilin-negative cells that
do not bind to HA in adhesion assays become adherent after
transfection with layilin. Thus, layilin is a member of the
family of HA-binding proteins and can serve as an HA-
binding cell adhesion receptor.

Layilin does not have obvious sequence identity with
previously cloned HA receptors and does not contain a link
module or a Bx7B motif (an a-helical sequence with clusters
of basic amino acids), which is the HA-binding sequence in
RHAMM (Yang et al., 1994), another HA receptor without a
link domain. However, the extracellular domain of layilin is
homologous with C-type lectins. The structural homology
between the link domain and C-type lectins probably ac-
counts for layilin’s ability to bind HA (Brissett and Perkins,
1996; Kohda et al., 1996).

Although layilin and CD44, a known HA receptor, do not
share any sequence homology, there is an interesting paral-
lel between layilin and CD44. They both bind to HA via their
extracellular part (link domain in CD44, lectin in layilin),
they both can bind to molecules of the ERM superfamily
with their intracellular parts because CD44 has been re-
ported to bind ezrin and merlin (Sainio et al., 1997; Heiska et
al., 1998; Yonemura et al., 1998), and layilin can bind talin
and radixin (Borowsky and Hynes, 1998; Cordero, unpub-
lished data). For CD44, the ERM-binding site has been
mapped to a positively charged 19-amino acid cluster in the
juxtamembrane region of the cytoplasmic domain (Yone-
mura et al., 1998). However, layilin does not have an obvious
positively charged amino acid cluster next to the membrane-
spanning region, and we have previously reported that the
shortest talin-binding motif is in the C terminus of layilin’s
cytoplasmic domain (Borowsky and Hynes, 1998). However,
similar extracellular and intracellular binding partners sug-

Figure 5. Histochemical staining of tumors derived from pancreata of RIP-Tag2 mice. Cryostat sections of mouse pancreas tumors were
reacted with chimeras (0.5 mg/ml) and processed for histochemistry as described in MATERIALS AND METHODS. Original magnification
503 in A and 4003 in B–E. (A) Control fusion protein (E-cadherin IgG) staining of tumor section. The ECM lacks staining. (B) Layilin-IgG
stains positively the ECM, and the staining is sensitive to hyaluronidase treatment before incubation with layilin-IgG (C). Similar
pretreatment of sections with chondroitinase (D) or heparitinase (E) did not abolish layilin-Fc reactivity.
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gest possible shared functions between these molecules, and
therefore, it will be of interest to investigate whether layilin
also has a role in the processes of leukocyte migration to
inflamed sites, cell adhesion and migration, and tumor me-
tastasis (Gunthert et al., 1991; Stamenkovic et al., 1991; De-
Grendele et al., 1996, 1997), all processes in which CD44 is
known to play a role.

CD44 is known to have several isoforms due to alternative
splicing (Haynes et al., 1991), although not all CD44 variants
can bind HA and/or mediate lymphocyte homing (Berg et
al., 1989; Stamenkovic et al., 1991). Although layilin genomic
clones have not yet been analyzed, it will be of interest to
study whether there also exist different layilin isoforms.
Based on a Northern blot analysis of CHO cell RNA
(Borowsky and Hynes, 1998), there is so far no evidence for
multiple layilin forms, although it should be remembered
that there may be species-specific differences.

Layilin’s binding to HA is not remarkably strong; the
affinity of layilin for HA is on the order of 1027 M. Based on

the similarities in the binding curves (Figure 4) layilin’s
affinity for HA appears similar to that of CD44. In compar-
ison with other cell adhesion mechanisms such as those
involving cadherins or integrins, the detected layilin affinity
for HA is fairly weak. However, there are situations in
which such weak binding may be an advantage. For exam-
ple, in transient interactions, strong binding can be a disad-
vantage, and it is tempting to speculate that layilin’s func-
tion is to mediate early cell-matrix interactions followed by
more stable binding mediated, for example, by integrins.

Layilin’s binding to HA may be affected by several factors
including layilin’s interactions with the cytoskeleton. The
cytoskeleton may indirectly control layilin’s binding to HA,
for example by controlling the distribution and clustering of
layilin on the cell surface. This could lead to possible mul-
tiple and higher affinity interactions between layilin and
HA, which may increase the binding avidity over that of a
monovalent interaction. Such multivalent interactions, in
which several molecules of CD44 bind to the same HA
molecule, have been reported (Underhill and Toole, 1980;
Underhill, 1992), and the importance of proper cytoskeletal
connection for CD44 binding to HA has also been suggested
by experiments in which cells transfected with CD44 with a
truncated cytoplasmic domain bind soluble HA less well
than do cells transfected with intact CD44 (Lesley et al.,
1992). Hence, it will be of interest to study whether cytoskel-
eton can regulate layilin’s distribution on the cell surface
and in this way regulate layilin’s binding to HA.

In conclusion, we have identified layilin as a novel recep-
tor for HA. Layilin binds specifically to HA but not to
heparin or chondroitin sulfate under the binding conditions
used in this study. Layilin’s binding to this ECM component
suggests a role for layilin in processes in which HA is known
to be involved, including cell adhesion and motility. The
identification of HA as a ligand for layilin defines this talin-
binding partner as a novel member of the diverse family of
HA-binding proteins and should facilitate attempts to find
the true biological role for layilin.
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