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The adhesion molecule, CD44, interacts with ankyrin within its cytoplasmic
domain and binds to hyaluronic acid (HA) at its extracellular domain. In this
study, we focused on the functional domain in ankyrin (in particular, the ankyrin
repeat domain [ARD]) responsible for CD44 binding and its role in regulating
HA-mediated ovarian tumor cell function. Using recombinant fragments of
ankyrin (e.g., ARD and subdomain 1 [S1, aa1-aa217], subdomain 2 [S2, aa218-
aa381], subdomain 3 [S3, aa382-aa612], and subdomain 4 [S4, aa613-aa834])
and in vitro binding assays, we determined that the S2 but not S1, S3, or S4 of
ARD is the primary ankyrin binding region for CD44. Microinjection of antiglu-
tathione S-transferase (GST)-tagged S2 or GST-tagged ARD fusion protein into
CD44-positive ovarian tumor cells (e.g., SKOV3 cell line) promotes ankyrin
association with CD44 in plaque-like structures and membrane projections.
Additionally, we demonstrated that transfection of SKOV3 cells with S2cDNA or
ARD cDNA results in an upregulation of HA-mediated tumor cell migration.
Taken together, we believe that the S2 of the ARD plays a pivotal role in the direct
binding to CD44 and promotes the cytoskeleton activation required for HA-
mediated function such as ovarian tumor cell migration. J. Cell. Physiol. 183:
182–195, 2000. © 2000 Wiley-Liss, Inc.

Ovarian carcinoma is the most lethal tumor of the
female genital tract and continues to be the major
cause of mortality in female cancer patients. Ovarian
cancer has a unique pattern of spreading that is pri-
marily by intraperitoneal seeding (Piver et al., 1991).
However, very little is known about the molecules in-
volved in the initial attachment of the metastatic tu-
mor cells to the peritoneal mesothelial lining. A num-
ber of studies have been aimed at identifying the
specific molecules expressed by ovarian tumor cells
that correlate with metastatic behavior. One candidate
is the cell adhesion molecule, CD44 (e.g., CD44s and/or
variant isoforms), which is overexpressed on the sur-
face of ovarian tumor cells (Gardner et al., 1995). It has
been reported that a significant reduction in tumor
implants occurred in nude mice 5 weeks after intra-
peritoneal injection of ovarian cancer cells incubated
with anti-CD44 antibody, compared to injected cells
pretreated with antibodies to other cell surface pro-
teins (Cannistra et al., 1993, 1995). Therefore, CD44
has been suggested to play an important role in ovarian
cancer metastasis (Gardner et al., 1995).

CD44 exists in different isoforms, including CD44s
(the standard form) and CD44v (variant forms)
(Screaton et al., 1992). Overexpression of certain CD44
isoforms are preferentially detected on the surface of
tumor cells (Matsumura and Tarin, 1992; Iida and

Bourguignon, 1995; Bourguignon, 1996; Bourguignon
et al., 1997; 1998a,b; Kalish et al., 1999) during the
progression of various carcinomas including ovarian
cancers (Gardner et al., 1995; Bourguignon et al.,
1997). As a family of transmembrane glycoproteins,
CD44 isoforms bind extracellular matrix components
(ECM) (e.g., hyaluronic acid [HA]) at its extracellular
domain and contains an ankyrin binding domain
within the cytoplasmic tail (Bourguignon et al., 1986;
Lokeshwar et al., 1994; Bourguignon, 1996; Zhu and
Bourguignon, 1998). The cytoplasmic domain of CD44
(approximately 70 amino acids long) is highly con-
served in most of the CD44 isoforms, and is clearly
involved in specific ankyrin binding (Lokeshwar et al.,
1994; Zhu and Bourguignon, 1998). Deletion mutation
analysis indicates that at least two subregions within
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the CD44 cytoplasmic domain constitute the ankyrin-
binding region I (the high-affinity ankyrin-binding re-
gion) and region II (the regulatory region) (Lokeshwar
et al., 1994). In particular, it has been found that the
region I ankyrin-binding subregion (“NGGNGTVEDR-
KPSEL” between aa306 and aa320 in the mouse CD44
[Lokeshwar et al., 1994] and “NSGNGAVEDRKPSGL”
aa304 and aa318 in human CD44 [Zhu and Bour-
guignon, 1998]) plays an important role in HA-medi-
ated functions. Further studies have shown that the
ankyrin-binding region of CD44 isoforms is necessary
for both oncogenic signaling and tumor cell transfor-
mation (Bourguignon et al., 1993b, 1997; Lokeshwar et
al., 1994; Zhu and Bourguignon, 1998). Therefore, we
proposed that the binding of HA to the external region
of CD44 and the linkage of ankyrin to the internal tail
of the CD44 region are directly involved in tumor cell
adhesion, invasion, and metastasis in a variety of hu-
man solid neoplasms, particularly those of gynecologic
origin (e.g., ovarian cancers). However, the precise
functional domain(s) of ankyrin involved in CD44-me-
diated oncogenic signaling remain(s) to be determined.

Ankyrin is a family of membrane-associated cy-
toskeletal proteins expressed in a variety of cells and
tissues including brain, skeletal muscle, erythrocytes,
platelets, neutrophils, lymphocytes, cultured fibro-
blasts, and a variety of epithelial tissues (Bennett and
Stenbuck, 1980; Bennett, 1992). Presently, at least
three ankyrin genes have been identified: ankyrin 1
(ANK 1 or ankyrin R), ankyrin 2 (ANK 2 or ankyrin B),
and ankyrin 3 (ANK 3 or ankyrin G) (Lambert et al.,
1990; Lux et al., 1990; Tse et al., 1991; Otto et al., 1991;
Peters and Lux, 1993; Kordeli et al., 1995; Peters et al.,
1995). These molecules belong to a family of related
genes that probably arose by duplication and diver-
gence of a common ancestral gene. All ankyrin species
(e.g., ANK 1, ANK 2, and ANK 3) are monomers com-
prising two highly conserved domains and a variable
domain (Davis et al., 1992). Both conserved domains
are located in the N-terminal region and include a
membrane-binding site (molecular weight, ' 89–95
kDa, also called the ankyrin repeat domain [ARD])
(Davis and Bennett, 1990; Lux et al., 1990), and a
spectrin-binding domain (SBD) (molecular weight, '
62 kDa) (Platt et al., 1993). The striking feature shared
by all three forms of ankyrins is the repeated 33-amino
acid motif present in 24 contiguous copies within the
ARD. The ARD (also referred to as cdc 10 repeats,
cdc10/SW16 repeats, and SW16/ANK repeats) has been
detected in a number of functionally distinct proteins
participating in protein-protein binding and protein-
DNA interactions (Lux et al., 1990; Gallagher et al.,
1997). The sequence of the ankyrin repeats among
members of similar gene families (e.g., IkBa, BCL3,
and NFkB2, members of IkBa family) is highly con-
served, suggesting a common ancestor prior to diver-
gence of individual members of a gene family. The ARD
of ANK 1, ANK 2, and ANK 3 is also highly conserved.
The question of whether the membrane-binding do-
main of ankyrin (in particular, ARD) is involved in
CD44 binding has not been addressed at the present
time.

In this study, we demonstrate that the ARD is di-
rectly involved in the binding of ankyrin to CD44. In
fact, the subdomain 2 (S2, aa218–aa381) of ankyrin is

the only ARD sequence that binds strongly to CD44.
Other ankyrin subdomains such as subdomain 1 (S1),
subdomain 3 (S3), or subdomain 4 (S4) do not bind to
CD44. Overexpression of S2 ankyrin fragment or ARD
by microinjection of S2 or ARD fusion proteins into
CD44s-positive ovarian tumor cells (e.g., SKOV3) in-
duces CD44-ankyrin association in the membrane pro-
jections. We have also observed that transfection of
SKOV3 cells with S2cDNA or ARDcDNA promotes HA-
mediated ovarian tumor cell migration. These findings
support the notion that interaction between the ARD
and the cytoplasmic region of CD44 is required for
HA-regulated CD44 function including ovarian tumor
cell migration.

MATERIALS AND METHODS
Cell culture

SKOV3 human ovarian carcinoma cell line was ob-
tained from the American Type Culture Collection
(Rockville, MD). Cells were grown in Dulbecco’s modi-
fied Eagle’s medium/F12 medium supplement (GIBCO,
Grand Island, NY) supplemented with 10% fetal bovine
serum (FBS).

Antibodies and immunoreagents
Monoclonal rat antihuman CD44 antibody (Clone:

020; Isotype: IgG2b; obtained from CMB-TECH, Inc.,
Miami, FL) used in this study recognizes a common
determinant of the CD44 class of glycoproteins includ-
ing CD44s and other variant isoforms (Chaitin, et al.,
1994; Iida and Bourguignon, 1995) and is capable of
precipitating all CD44 variants. Mouse monoclonal
ankyrin (Ank1) antibody was prepared as described
previously (Bourguignon et al., 1993a). Rabbit anti-
Ank3 antibody was kindly provided by Dr. L.L. Peters
(Jackson Laboratory, Bar Harbor, ME) (Peters et al.,
1995). Mouse monoclonal antigreen fluorescent protein
(GFP), antiglutathione S-transferase (GST) and anti-
Xpress were purchased from PharMingen (San Diego,
CA), Pharmacia (Piscataway, NY), and Invitrogen
(Carlsbad, CA), respectively.

Cloning, expression and purification of
Escherichia coli-derived GST-tagged

ARD fusion protein
pGEX-2TK recombinant plasmid expressing GST-

tagged ankyrin repeat domain (GST-ARD) (N-terminal
portion of ankyrin, residues 1–834) was constructed as
follows. Two pGEX-2TK recombinant plasmids pA3–79
(expressing epithelial Ank3 N-terminal 1–455 amino
acids) and pA3–88 (expressing epithelial Ank3 N-ter-
minal 317–834 amino acids) (Peters et al., 1995) were
kindly provided by Dr. Peters (Jackson Laboratory).
The two plasmids were digested by EcoRI (one of
pGEX-2TK vector cloning sites) and NheI (in ankyrin
cDNA 1176 bp) sequentially. The digested products
were run in 1% agarose gel and purified with Qiagen
purification kit (Qiagen Inc., Chatsworth, CA). The
larger cDNA fragment in pA3–79 digested products
(containing the pGEX-2TK vector and ankyrin cDNA
1–1176 bp) and the smaller one in pA3–88 digested
products (containing ankyrin cDNA 1176–2556 bp)
were cut and purified. Then these two cDNA fragments
were ligated and transformed to INVaF9 competent
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cells. The obtained clones were sequenced to verify the
correct generation of the full-length ARD.

DNA encoding various repeat subdomains were gen-
erated by polymerase chain reaction using the full-
length ARD cDNA. The primers used for various sub-
domains are as follows: R1 and R6 for S1 (aa1–aa217);
R7 and R12 for S2 (aa218–aa381); R13 and R18 for S3
(aa382–aa612), and R19 and R24 for S4 (aa613—
aa834). The amplified DNA fragments were one-step
cloned into a pCR2.1 vector and sequenced. Then the
DNA fragments were cut out by double digestion with
BamHI and EcoRI and subcloned into BamHI/EcoRI
double-digested pGEX-2TK vector. All cDNAs were se-
quenced for verification. The specific sequence of PCR
primers are as follows:

R1: 59GGATCCATGAGTGAAGAGCCAAAG 39
R6: 59GAATTCTTTGACTCCACGTCCGC 39
R7: 59GGATCCAGTGGCTTCACCCCGCCTC 39
R12: 59GAATTCTCGGTTACGGCTTGAAT 39
R13: 59GGATCCTCGGGCCTTACCCCAATC 39
R18: 59 GAATTCTTTGCGGCTGCGTGGGG 39
R19: 59 GGATCCAACGGCTATACACCACTG 39
R24: 59 GAATTCTTCATCGTCTGACATATC 39
All these plasmids were transformed into E. coli

strain BL21-DE3 (Stratagene, La Jolla, CA) for protein
expression. The host cells were cultured in 1 l of LB
medium containing 0.6 M sorbitol, 2.5 mM betaine, 50
mg/ml ampicillin to A600 nm 5 0.8 at 25oC. The expres-
sion of GST-ARD was induced with 1 mM isopropyl-b-
D-thiogalactopyranoside (Sigma Co., St. Louis, MO) at
25oC overnight. The cells were harvested by centrifu-
gation at 5,000 3 g for 10 min, suspended in ice-cold
lysis buffer (phosphate-buffered saline [PBS], 1 mM
EDTA, 10 mg/ml phenylmethylsulfonyl fluoride, 10
mg/ml leupeptin, 10 mg/ml aprotinin) and disrupted by
sonication on ice. The resulting lysate was incubated
with one-twentieth volume of 20% Triton X-100 for 30
min and centrifuged at 12,000 3 g for 20 min. The
supernatant was then incubated with 2 ml 50% gluta-
thione-agarose (Pharmacia Biotech, Uppsala, Sweden)
at 4oC overnight. After loading the agarose-beads onto
a 10-ml column, the column was washed with 10 bed
volumes of PBS. The expressed GST-ARD was eluted
with a solution containing 10 mM reduced glutathione
in 50 mM Tris-HCl (pH 8.0). The purity of eluted pro-
tein in each fraction was examined by 7.5% SDS-
PAGE. The fractions containing recombinant protein
were pooled and purified by HiTrap desalting column
(Pharmacia Biotech, Uppsala, Sweden). The purity of
GST-ARD fusion protein was verified by SDS-PAGE
analyses.

Cloning, expression and purification of E. coli-
derived FLAG-tagged CD44 cytoplasmic

domain fusion protein
The cytoplasmic domain of human CD44s was cloned

into pFLAG-AST using the PCR-based cloning strat-
egy. Using human CD44s cDNA as template, one PCR
primer pair (left, FLAG-EcoRI; right, FLAG-XbaI) was
designed to amplify complete CD44 cytoplasmic do-
main. The amplified DNA fragments were one-step
cloned into pCR2.1 vector and sequenced. Then the
DNA fragments were cut out by double digestion with
EcoRI and XbaI and subcloned into EcoRI/XbaI double-
digested pFLAG-AST (Eastman Kodak Co.-IBI, Roch-

ester, NY) to generate FLAG-tagged CD44 cytoplasmic
domain (FLAG-CD44cyt). The nucleotide sequence of
FLAG-CD44cyt junction was confirmed by sequencing.
The recombinant plasmids were transformed to BL21-
DE3 for protein expression. Cultures of E. coli BL21-
DE3 transformed with FLAG-CD44cyt were grown at
37oC in LB medium containing 0.4% glucose and 50
mg/ml ampicillin to A600nm 5 0.8. Isopropyl-bD-thioga-
lactopyranoside was added to a final concentration of
0.5 mM, and growth was continued for an additional
2 h at 37oC. Cells were first harvested by centrifugation
at 5,000 3 g for 10 min and washed twice with 10 mM
Tris-HCl (pH 8.0), and once in 0.5 M sucrose, 0.03 M
Tris (pH 8.0), 1 mM EDTA at room temperature. Cells
were then resuspended in ice-cold distilled water and
supernatant was collected immediately after centrifu-
gation. One-tenth volume of 10-fold concentrated TBS
(500 mM Tris-HCl [pH7.4], 1.5 M NaCl) was added to
the supernatant. Subsequently, the supernatant was
centrifuged at 25,000 3 g for 1 h at 4oC and the cleared
solution on the top of the tube was applied to the
anti-FLAG M2 affinity gel column (Eastman Kodak
Co.-IBI) at room temperature. The column was washed
with three 10-ml aliquots of TBS. Bound FLAG fusion
protein was eluted with six 1-ml aliquots of FLAG
peptide (25 mg/ml, 50 mg/ml, 100 mg/ml, 200 mg/ml, 400
mg/ml, 800 mg/ml) in TBS. The eluted fusion protein
was further purified using HiTrap desalting column.
The yield of FLAG-CD44cyt from 1 l of bacteria is
usually approximately 0.1 mg. The nucleotide sequence
of primers used in this cloning protocol are:

FLAG-EcoRI: 59-GAGAATTCGAACAGTCGAAGAA-
GGTGTCTCTTAAGC-39; FLAG-XbaI: 59-AGCTCTA-
GATTACACCCCAATCTTCAT-39.

Ankyrin purification and protein iodination
The procedures for preparing human erythrocyte

ankyrin (Bennett and Stenbuck, 1980) and protein io-
dination (Frank and Speck, 1978) were performed as
described previously.

In vitro binding of ankyrin to CD44
Aliquots (0.5–1 ng protein) of purified FLAG-

CD44cyt fusion protein bound to anti-FLAG M2 anti-
body immunoaffinity beads were incubated in 0.5 ml of
binding buffer (20 mM Tris-HCl [pH 7.4], 150 mM
NaCl, 0.1% bovine serum albumin [BSA], and 0.05%
Triton X-100) containing various concentrations (10–
800 ng/ml) of 125I-labeled ankyrin (purified from hu-
man erythrocyte ghosts according to the procedure de-
scribed by Bennett and Stenbuck [Bennett and
Stenbuck, 1980]) (5,000 cpm/ng protein) or 125I-labeled
GST-ARD (3,000 cpm/ng protein) at 4oC for 4h. Specif-
ically, equilibrium-binding conditions were determined
by performing a time course (1–10 h) of 125I-labeled
ankyrin (or GST-ARD) binding to CD44 at 4oC. The
binding equilibrium was found to be established when
the in vitro ankyrin (or ARD)-CD44 binding assay was
conducted at 4oC after 4 h. After binding, the beads
were extensively washed in the binding buffer and the
beads bound radioactivity was counted. Nonspecific
binding was determined using a 50-fold to 100-fold
excess of unlabeled erythrocyte ankyrin or GST-ARD
in the presence of the same concentration of 125I-la-
beled ankyrin or 125I-labeled GST-ARD. Nonspecific
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binding, which was approximately 20% of the total
binding, was always subtracted from the total binding.
Our binding data are highly reproducible. The values
expressed in the results section represent an average of
triplicate determinations of three to five experiments
with a standard deviation less than 6 5%.

In some cases, 0.1 95 g of FLAG-CD44cyt was biotin-
ylated with EZ-link Biotin-LC-Hydrazide (Pierce Co.,
Rockford, IL) and incubated with GST-ARD or GST-
coated glutathione beads at room temperature in the
binding buffer (20 mM Tris-HCl [pH 7.4], 150 mM
NaCl, 0.1% BSA, and 0.05% Triton X-100) for 1 h. After
binding, protein bound to the beads was eluted with
glutathione and analyzed by ExtrAvidin (Sigma) West-
ern blot.

In the analyses of CD44 binding to various ARD
subdomains/fragments (e.g., S1, S2, S3, or S4), FLAG-
CD44cyt was coated to anti-FLAG affinity agarose
beads as solid phase. Then, 0.5 mg of GST-tagged
ankyrin fragments (e.g., S1, S2, S3, or S4) were incu-
bated with CD44-coated beads at room temperature for
1 h. After binding, protein bound to the beads was
analyzed by anti-GST Western blot.

Microinjection procedures
Cells (e.g., SKOV3 [a CD44s-positive cell line] or

COS-7 cells [a CD44s-negative cell line]) were plated
onto glass coverslips and cultured in high-glucose Dul-
becco’s modified Eagle’s medium (DMEM) supple-
mented by 10% FBS and 2 mM glutamine. Both S2
subdomain or ARD fusion protein (50 mg/ml) (in a mi-
croinjection buffer containing 50 mM Hepes [pH 7.2],
100 mM KCl, 5 mM NaHPO4 [pH 7.0]) or buffer alone
(as a control) was microinjected into cytosol of cells
(e.g., SKOV3 or COS-7 cells) using Micromanipulator
5171 and Transjector 5246 (Eppendorf, Germany). Six
hours after injection, cells were fixed with 2% formal-
dehyde in PBS for 1 h and processed for double immu-
nocytochemical staining as described below.

Double immunofluorescence staining
SKOV3 cells or COS-7 cells (microinjected with

GST-S2 ankyrin fragment or ARD fusion protein or
buffer alone) were first washed with PBS buffer and
fixed by 2% paraformaldehyde. Subsequently, cells
were surface stained with fluorescein isothiocyanate
(FITC)-labeled rat anti-CD44 antibody (50 mg/ml) or
FITC-labeled hyaluronic acid (HA)-binding peptide (50
mg/ml) (derived from tryptic digests of proteoglycan
core protein of bovine nasal cartilage; a gift kindly
provided by Dr. Robert Stern, University of California
at San Francisco, CA). These FITC-labeled cells were
then rendered permeable by ethanol treatment fol-
lowed by incubating with rhodamine (Rh)-conjugated
rabbit antiankyrin immunoglobulin G (IgG) or rhoda-
mine (Rh)-conjugated mouse anti-GST IgG. To detect
nonspecific antibody binding, FITC-anti–CD44 labeled
cells were incubated with Rh-conjugated preimmune
rabbit IgG or normal mouse IgG. No labeling was ob-
served in such control samples. The fluorescein-labeled
and rhodamine-labeled samples were examined with a
confocal laser scanning microscope (MultiProbe 2001
Inverted CLSM system, Molecular Dynamics, Sunny-
vale, CA).

Cell transfection
For protein expression in eukaryotic cells, cDNAs

encoding the full-length ARD or S2 subdomain were
double-digested with BamHI and EcoRI and ligated
in-frame into pcDNA3.1/HisC vector that contains
Xpress-epitope. The full-length cDNA construct of 270-
kDa ankyrinG (GFP-Ank270 or GFP-Ank3) was kindly
provided by Dr. Vann Bennett (Duke University, NC).
To establish a transient expression system, cells were
transfected with various plasmid DNAs (e.g., His-ARD-
cDNA, His-S2cDNA, GFP-Ank3cDNA, or vector alone)
using GenePORTER methods according to the protocol
provided by the manufacturer (Gene Therapy Systems,
Inc., San Diego, CA). Briefly, SKOV3 cells were plated
at a density of 2 3 106 cells per 100-mm dish and
transfected with 5 mg or 10 mg per dish of plasmid
cDNA mixed with the same volume of GenePORTER.
Transfected cells were grown in the culture medium for
24–48 h. Various transfectants were then analyzed for
their protein expression by immunoblot with anti-
Xpress antibody (Invitrogene) or anti-GFP, which rec-
ognizes fusion protein with Xpress epitope or GFP,
respectively.

Immunoprecipitation/immunoblot and in vitro
binding assay

CD44 expression in SKOV3 cells was analyzed by
surface biotinylation of SKOV3 cells and monoclonal
rat anti-CD44-mediated immunoprecipitation. Briefly,
SKOV3 cells grown in 100-mm tissue culture dish (107

cells per plate) were incubated with Sulfo-NHS-LC-
Biotin (Pierce Co.) (0.5 mg/ml) in PBS for 30 min at
room temperature. Cells were then washed with PBS
to remove free biotin. Subsequently, the biotinylated
cells were solubilized by 1 ml RIPA buffer (1% Triton
X-100, 50 mM Tris-HCl [pH 7.4], 150 mM NaCl, 5 mM
EDTA, 5 mM iodoacetamide, 10 mg/ml leupeptin, 10
mg/ml aprotinin, and 1 mM phenylmethylsulfonyl flu-
oride). CD44 was purified from the cell lysate by se-
quential WGA-Sepharose and anti-CD44 immnoaffin-
ity column as described previously (Lokeshwar et al.,
1994). The purified CD44 was mixed with ARD-GST,
S1, S2, S3, S4, or GST-coated glutathione beads at
room temperature in the binding buffer (20 mM Tris-
HCl pH 7.4, 150 mM NaCl, 0.1% BSA, and 0.05%
Triton X-100) for 1 h. After binding, proteins bound to
the beads were eluted with glutathione. All eluant plus
the total CD44 used in the binding assay were analyzed
by Western blot with ExtrAvidin-peroxidase (Sigma Co.).

In some cases, the SKOV3 cell lysate was immuno-
blotted with mouse anti-Ank1 antibody (5 mg/ml) or
rabbit anti-Ank3 antibody (5 mg/ml) for 1 h at room
temperature followed by incubation with horseradish
peroxidase-conjugated goat antimouse IgG or goat an-
tirabbit IgG (1:10,000 dilution) at room temperature
for 1 h. The blots were developed using ECL chemilu-
minescence reagent (Amersham Life Science, England)
according to the manufacturer’s instructions.

Tumor cell migration assays
Twenty-four transwell units were used for monitor-

ing in vitro cell migration as described previously (Hoo-
sein et al., 1991; Bourguignon et al., 1998a). Specifi-
cally, the 8-mm porosity polycarbonate filters (CoStar
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Corp., Cambridge, MA) were used for the cell migration
assay. SKOV3 cells (' 1 3 104 cells per well in PBS [pH
7.2]; in the presence or absence of rat anti-CD44 anti-
body [50 mg/ml]) were placed in the upper chamber of
the transwell unit. In some cases, cells were trans-
fected with either His-ARDcDNA, His-S2cDNA, GFP-
Ank270 (Ank3) cDNA or vector alone. The growth me-
dium containing high-glucose DMEM supplemented
with 200 mg/ml HA acid was placed in the lower cham-
ber of the transwell unit. After 18-h incubation at 37oC
in a humidified 95% air/5% CO2 atmosphere, vital stain
MTT (Sigma Co.) was added at a final concentration of
0.2 mg/ml to both the upper and the lower chambers
and incubated for additional 4 h at 37oC. Migrative
cells at the lower part of the filter were removed by
swabbing with small pieces of Whatman filter paper.
Both the polycarbonate filter and the Whatman paper
were placed in dimethylsulfoxide to solubilize the crys-
tal. Color intensity was measured in 450 nm. Cell mi-
gration processes were determined by measuring the
number of cells that migrate to the lower side of the
polycarbonate filters by standard cell number counting
methods as described previously (Hoosein et al., 1991;
Bourguignon et al., 1998a). The CD44-specific cell mi-
gration was determined by subtracting nonspecific cell
migration (i.e., the number of cells migrate to the lower

chamber in the presence of anti-CD44 antibody treat-
ment) from the total migrative cells in the lower cham-
ber. Each assay was set up in triplicate and repeated at
least three times. All data were analyzed statistically
using the Student’s t test and statistical significance
was set at P , 0.01.

RESULTS
Cloning, expression and purification of

E. coli-derived GST-ARD fusion protein and
FLAG-CD44cyt fusion protein

The N-terminal region of ankyrin’s membrane bind-
ing domain (Fig. 1A-a) comprises a tandem array of 24
ankyrin repeats (so-called ARD) (Fig. 1A-b). ARD is
organized into four 6-repeat folding subdomains (e.g.,
subdomain 1 [S1; Fig. 1A-b], subdomain 2 [S2; Fig.
1A-b], subdomain 3 [S3; Fig. 1A-b], and subdomain 4
[S4; Fig. 1A-b]). Three subdomains of ARD (e.g., sub-
domain 1 [S1] subdomain 2 [S2], and subdomain 3 [S3])
contain the repeated 33-amino acid motif, whereas sub-
domain 4 (S4) has only a 31-amino acid motif. Fifteen of
the 33 (or 31) amino acids are well conserved and
comprise the signature consensus sequence (Davis and
Bennett, 1990; Lux et al., 1990). Most importantly,
ARD subdomains form binding sites for certain mem-

Fig. 1. Schematic illustration of ankyrin structure. A: Schematic illus-
tration of ankyrin repeat domain (ARD) full-length cDNA (a) and various
subdomain cDNA (b) constructs. Both ARD and various subdomains
were constructed according to the strategy described in Materials and
Methods. These constructs include ARD full-length cDNA, encoding for
the N-terminal region of the ankyrin membrane binding domain with a
tandem array of 24 ankyrin repeats, and four subdomain cDNAs, e.g.,
subdomain 1 (S1, aa1–aa217), subdomain 2 (S2, aa218–aa381), subdo-

main 3 (S3, aa382–aa612), and subdomain 4 (S4, aa613–aa834). Each
subdomain construct encodes for proteins consisting of 6 ankyrin repeat
sequences (b). B: Detection of ankyrin expression in SKOV3 ovarian
tumor cells. Lane 1: Immunoblot of SKOV3 cell lysate with normal
mouse immunoglobulin G (IgG). Lane 2: Immunoblot of SKOV3 cell
lysate with mouse anti-Ank1 antibody. Lane 3: Immunoblot of SKOV3
cell lysate with preimmune rabbit IgG. Lane 4: Immunoblot of SKOV3
cell lysate with rabbit anti-Ank3 antibody.
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brane proteins, including ion transporters and cell ad-
hesion molecules (Michaely and Bennett, 1995b).

The question of whether ARD is involved in the bind-
ing interaction with CD44 is addressed in this study.
First, the pGEX-2TK recombinant plasmid encoding
ARD (N-terminal portion of ankyrin, from aa1 to
aa834) was constructed with a GST-tag and expressed
in E. coli. As shown in Figure 2A, the purified GST-
tagged ARD fusion protein is expressed as a 116-kDa
protein (Fig. 2A, lane 1). After the removal of GST-tag
(Fig. 2A, lane 3) by thrombin digestion, the ARD itself
is found to be a 89-kDa polypeptide (Fig. 2A, lane 2),
which is similar to the 89-kDa ARD obtained by enzy-
matic digestion of erythrocyte ankyrin (Davis and Ben-
nett, 1990).

Next, a FLAG-tagged CD44 cytoplasmic domain
(FLAG-CD44cyt) expressed in E. coli as a periplasmic
protein was prepared. These FLAG-CD44cyt fusion
proteins were then bound to an anti-FLAG M2 affinity
gel column and eluted with various concentrations of
FLAG peptides. As shown in Figure 2B, the FLAG-
CD44cyt can be eluted with a high concentration of
FLAG peptide (200–400 mg/ml; Fig. 2B, lane 3), but not
with a FLAG peptide concentration lower than 100
mg/ml (Fig. 2B, lane 2). In fact, the FLAG-CD44cyt
fusion protein is shown to be a '10-kDa polypeptide as
indicated by various molecular markers (Fig. 2B, lane
1) and SDS-PAGE analysis (Fig. 2B, lane 3). Subse-
quently, both GST-ARD and FLAG-CD44cyt were used
in the binding assay to test for the direct interaction
between ARD and CD44 in vitro as described below.

In vitro binding between E. coli-derived
GST-ARD and E. coli-derived FLAG-CD44cyt
Previous studies have shown that intact ankyrin in-

teracts with the cytoplasmic domain of CD44 both in
vitro and in vivo (Lokeshwar et al., 1994; Zhu and
Bourguignon, 1998). In this study, we used the ARD
domain of Ank3 (GST-ARD) and the cytoplasmic do-
main of CD44 (FLAG-CD44) to identify the exact CD44

binding site on the ankyrin molecule. Specifically, bio-
tinylated FLAG-CD44cyt (Fig. 2C, lane 1) was incu-
bated with GST-ARD–coated beads or GST-coated
beads alone in vitro. The results indicate that a signif-
icant portion of the total biotinylated FLAG-CD44cyt
fusion protein (Fig. 2C, lane 1) becomes associated with
the GST-ARD beads (Fig. 2C, lane 2) but not with
GST-beads only (Fig. 2C, lane 3). The binding of FLAG-
CD44cyt to 125I-labeled GST-ARD (or 125I-labeled in-
tact erythrocyte ankyrin) under equilibrium binding
conditions was also tested. Scatchard plot analyses pre-
sented in Figure 3 indicate that ARD binds to the
cytoplasmic domain of CD44 (CD44cyt) at a single site
(Fig. 3 A-a) with high affinity (an apparent dissociation
constant [Kd] of ' 1.0 nM). This ARD-CD44 binding
interaction is comparable in affinity to CD44 binding
(Kd ' 2.0 nM) to intact erythrocyte ankyrin (known as
Ank1) (Fig. 3B-a). Specifically, the Hill coefficient has a
value of 1.22 (Fig. 3A-b) for CD44 binding to GST-ARD,
and 1.40 (Fig. 3B-b) for CD44 binding to intact eryth-
rocyte ankyrin. Theoretically, a Hill coefficient in the
range of 1.0 to 2.0 indicates no cooperativity is present
when multiple binding sites are involved in the binding
reaction. Based on the in vitro binding information
(Fig. 3), we conclude that there is no cooperativity
among GST-ARD and/or intact erythrocyte ankyrin for
CD44 binding. These findings indicate that the ARD
contains the CD44 binding site.

In CD44-positive human ovarian tumor cells such as
SKOV3 cells, both Ank1 and Ank3 can be detected by
anti-Ank1 (Fig. 1B, lane 2) and anti-Ank3 (Fig. 1B,
lane 4), respectively. No ankyrin-containing material
was observed in control samples when normal mouse
IgG (Fig. 1B, lane 1) or preimmune rabbit serum was
used (Fig. 1B, lane 3). The coexpression of Ank1 and
Ank3 in CD44-positive SKOV3 cells (Bourguignon et
al., 1997) supports the notion that the in vitro binding
of CD44 to both recombinant fragment of Ank3 (Fig.
3A) and/or intact Ank1 (Fig. 3B) is biologically rele-
vant.

Fig. 2. Characterization of various recombinant proteins used in the
in vitro binding assay. A: Coomassie blue staining of glutathione
S-transferase-tagged ankyrin repeat domain (GST-ARD) fusion pro-
tein purified by affinity column chromatography (lane 1) followed by
thrombin digestion (lane 2); and purified GST (lane 3). B: Coomassie
blue staining of various molecular weight markers (33.0 kDa, carbonic
ankydrase; 24.6 kDa, trypsin inhibitor; 17.4 kDa, lysozyme; 7.6 kDa,
aprotinin) used in these experiments (lane 1) and FLAG-tagged CD44

cytoplasmic domain (FLAG-CD44cyt) fusion protein eluted from af-
finity column chromatography with either 25–100 mg/ml FLAG pep-
tide (lane 2) or 200–400 mg/ml FLAG peptide (lane 3) followed by
Hitrap desalting column as described in Materials and Methods. C:
Total biotinylated FLAG-CD44cyt fusion protein used in the in vitro
binding assay (lane 1); and biotinylated FLAG-CD44cyt becomes as-
sociated with GST-ARD–coated beads (lane 2) but not GST-coated
beads alone (lane 3).
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Fig. 3. Binding of 125I-labeled ankyrin (e.g., ankyrin repeat domain
[ARD] or erythrocyte ankyrin) to FLAG-tagged CD44 cytoplasmic
domain (FLAG-CD44cyt). Various concentrations of 125I-labeled
ankyrin (e.g., antiglutathione S-transferase-tagged ankyrin repeat
domain [GST-ARD] or erythrocyte ankyrin) were incubated with
FLAG-CD44cyt–coupled beads at 4oC for 4 h. Nonspecific binding was
determined in the presence of 50-fold excess of unlabeled ankyrin
(e.g., GST-ARD or ankyrin) and subtracted from the total binding
(designated as the “Bound” material). “Free” represents the unbound
portion of the ligand (125I-labeled ankyrin [e.g., GST-ARD or erythro-

cyte ankyrin]) in the binding assay. Results represent an average of
triplicate determinations from the same experiment. Data represent
an average of three individual binding experiments. A-a: Scatchard
plot analysis of the equilibrium binding data between 125I-labeled
GST-ARD and FLAG-CD44cyt. A-b: Hill plot analysis of the interac-
tion between 125I-labeled GST-ARD and FLAG-CD44cyt. B-a: Scat-
chard plot analysis of the equilibrium binding data between 125I-
labeled intact erythrocyte ankyrin and FLAG-CD44cyt. B-b: Hill plot
analysis of the interaction between 125I-labeled intact erythrocyte
ankyrin and FLAG-CD44cyt.
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In addition, a panel of E. coli-derived GST-ARD sub-
domains (designated as subdomain 1 [S1, aa1–aa217],
subdomain 2 [S2, aa218–aa381], subdomain 3 [S3,
aa382–aa612], and subdomain 4 [S4,aa613–aa834])
was prepared to further dissect which ankyrin subdo-
main(s)/ankyrin fragment(s) is(are) responsible for the
binding to CD44. The results of SDS-PAGE analyses
indicate that all four GST-tagged subdomains (e.g., S1,
S2, S3,and S4) are expressed as 60-Da polypeptides
(Fig. 4A, lane 1–4). Because the size of GST is approx-
imately 30 kDa (Fig. 4A, lane 5), the actual molecular
mass of each individual ARD subdomain is estimated
to be 30 kDa (Fig. 4A, lane 1–4). Furthermore, we have
used biotinylated FLAG-CD44cyt to bind various
ankyrin fragment-coated beads (e.g., GST- S1, GST-S2,
GST-S3, or GST-S4–coated beads). In this binding
analysis, the S2 ankyrin fragment is the only ARD
subdomain (Fig. 4B, lane 2) that has a significant bind-
ing affinity for the cytoplasmic domain of CD44. Other
ankyrin fragments such as S1 (Fig. 4B, lane 1), S3 (Fig.
4B, lane 3), and S4 (Fig. 4B, lane 4), do not bind to
CD44 (at least under these in vitro conditions). There-
fore, we believe that the S2 ankyrin fragment of ARD
may be the primary ankyrin binding region for CD44.

Interaction between CD44s (isolated from
ovarian tumor cells) and E. coli-derived

GST-ARD/subdomains
CD44 expression in ovarian tumor cells. The

expression of CD44 is known to be closely correlated
with the proliferative and metastatic behavior of a
variety of tumor cells including human ovarian tumor
cells (Screaton et al., 1992; Gardner et al., 1995; Iida
and Bourguignon, 1995; Bourguignon et al., 1997,
1998a,b). To examine CD44 expression on the surface
of ovarian tumor cells, we utilized surface biotinylation
techniques and a specific monoclonal anti-CD44 anti-
body that recognizes the standard form of CD44
(CD44s) as well as the other variant isoforms (Iida and
Bourguignon, 1995; (Bourguignon et al., 1997). These
results indicate that a single surface-biotinylated
polypeptide displaying immunologic cross-reactivity

with CD44s is expressed on the cell surface of human
ovarian cells (Fig. 5, lane 1). The molecular mass of
CD44s ranging between 80–90 kDa in Figure 5 is pos-
sibly due to posttranslational modifications (e.g., N-
glycosylation or O-glycosylation and/or glycosamino-
glycan [GAG] addition) (Lokeshwar and Bourguignon,
1991, Lokeshwar et al., 1996) of this molecule in hu-

Fig. 4. SDS-PAGE of glutathione S-transferase-(GST)-tagged
ankyrin fragments (e.g., S1, S2, S3, S4)/GST and in vitro binding
between various ankyrin fragments (e.g. S1, S2, S3, or S4) and FLAG-
tagged CD44 cytoplasmic domain (FLAG-CD44cyt). A: GST-tagged
ankyrin fragment fusion proteins such as S1 (lane1), S2 (lane 2), S3
(lane 3), S4 (lane 4), and GST (lane 5) were purified by affinity
chromatography followed by Hitrap desalting column as described in
Materials and Methods and analyzed by SDS-PAGE in a 10% gel. B:

FLAG-CD44cyt was first conjugated to anti-FLAG affinity agarose
beads. Subsequently, 0.5 mg of GST-tagged ankyrin fragments such as
S1 (lane 1), S2 (lane 2), S3 (lane 3), or S4 (lane 4) were individually
incubated with FLAG-CD44cyt–coated beads in the binding buffer
(20 mM Tris-HCl pH 7.4, 150 mM NaCl, 0.1% bovine serum albumin
and 0.05% Triton X-100) at room temperature for 1 h. After binding,
proteins bound to the beads were eluted with FLAG peptide and
analyzed with anti-GST Western blot.

Fig. 5. In vitro binding between ankyrin (e.g., ankyrin repeat do-
main [ARD] or various subdomains) and SKOV3 cell’s CD44s. CD44s
(the standard form) was immunoprecipitated from surface biotinyl-
ated SKOV3 cells by rat anti-CD44 antibody as described in Material
and Methods. Subsequently, purified surface biotinylated CD44 was
incubated with antiglutathione S-transferase-tagged ankyrin repeat
domain (GST-ARD) or individual subdomain S1-, S2-, S3-, S4-coated
beads in the binding buffer (20 mM Tris-HCl pH 7.4, 150 mM NaCl,
0.1% bovine serum albumin (BSA) and 0.05% Triton X-100) at room
temperature for 1 h. After extensive washing, proteins bound on the
beads were eluted with glutathione and analyzed with extravidin
(horseradish peroxidase conjugated). Lane 1: Expression of CD44s
(the standard form) in SKOV3 cells analyzed by rat anti-CD44-medi-
ated immunoprecipitation of surface biotinylated SKOV3 cells. Lane
2: Control samples using surface biotinylated SKOV3 cells and nor-
mal rat immunoglobulin G (IgG)-mediated immunoprecipitation.
Lane 3: Binding of CD44s to ARD-conjugated beads. Lane 4: Binding
of CD44s to S1-conjugated beads. Lane 5: Binding of CD44s to S2-
conjugated beads. Lane 6: Binding of CD44s to S3-conjugated beads.
Lane 7: Binding of CD44s to S4-conjugated beads. Lane 8: Binding of
CD44s to GST-conjugated beads.
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man ovarian tumor cells. No CD44s-containing mate-
rial is observed in control samples using normal rat
IgG (Fig. 5, lane 2). Therefore, we believe that the
major CD44 isoform expressed on the surface of the
human ovarian tumor cells (e.g., SKOV3 cells) is
CD44s. These observations are consistent with previ-
ous findings indicating ovarian cancer cells express
predominantly CD44s (Gardner et al., 1995).

In vitro binding of ovarian tumor cells’ CD44s
to ankyrin (GST-tagged ARD and/or various sub-
domains). In order to determine whether a direct in-
teraction occurs between CD44s (isolated from the
ovarian tumor SKOV3 cells) and ankyrin (e.g., ARD or
various ankyrin fragments [e.g., S1, S2, S3, and S4]),
an in vitro binding assay using highly purified surface-
biotinylated 85 kDa CD44s and GST-tagged ankyrin
(e.g., ARD and/or various ankyrin fragments: S1, S2,
S3, and S4) was used. In these experiments, surface-
biotinylated CD44s was incubated with ankyrin (e.g.,
GST-ARD and/or various GST-ankyrin fragments, e.g.,
S1, S2, S3, and S4)-conjugated beads. As shown in
Figure 5, surface-biotinylated CD44s is preferentially
associated with ARD (Fig. 5, lane 3) and the S2 subdo-
main (Fig. 5, lane 5) but not the other ankyrin frag-
ments (e.g., S1, Fig. 5, lane 4; S3, Fig. 5, lane 6; or S4,
Fig. 5, lane 7). No biotinylated CD44 is detected in
GST-coated beads (Fig. 5, lane 8). These data support
the notion that the ovarian tumor cells’ CD44 binding
site is also located within the S2 ankyrin fragment of
the ARD.

Effects of S2 ankyrin fragment or ARD
on ovarian tumor cell shape changes

and cell migration
Previous studies have indicated that the invasive

phenotype of tumor cells, characterized by an “inva-
dopodia” structure (or membranous projections) (Mon-
sky et al., 1994; Mueller and Chen, 1991) and tumor
cell migration (Lauffenburger and Horwitz, 1996;
Boyd, 1996), is closely associated with CD44-ankyrin
linked cytoskeleton function (Bourguignon et al.,
1998a,b). In this study, we found that microinjection of
S2 ankyrin fragment (Fig. 6 A,B) or ARD (Fig. 6C,D)
fusion proteins into SKOV3 cells, but not buffer alone
(Fig. 6E,F), promotes dramatic cell shape changes. In
particular, double immunolabeling data indicate that
microinjection of S2 ankyrin fragment (Fig. 6A,B) or
ARD fusion proteins (Fig. 6C,D) induces CD44s (Fig.
6A,C) colocalization with ankyrin (Fig. 6B,D) in the
dense plaque region, and in the plasma membrane-
related projections. In contrast, both CD44s-mediated
(Fig. 6G) and ankyrin-mediated (Fig. 6H) structures,
e.g., adhesion plaque formation and membrane projec-
tions, are present at significantly lower levels in
SKOV3 cells microinjected with buffer alone (Fig.
6G,H). Cells that are not injected (Fig. 6E,F), and COS
cells that do not express CD44, but were injected with
ARD or S2 ankyrin fragment (data not shown), fail to
display CD44s (Fig. 6E) and ankyrin (Fig. 6F) complex
formation in plaque-like structures or membrane mo-
tility (e.g., membrane projections).

The level of anti-CD44 labeling in S2 ankyrin frag-
ment-injected cells (Fig. 7A) is also found to be signif-
icantly higher than the control (noninjected) cells (Fig.
7a). Microinjection of the S2 ankyrin fragment induces

cell shape changes (e.g., the formation of membrane
projections and plaque-like structures) (Figs. 6 and 7).
The fact that some of these plaque-like structures and
membrane projections are closely associated with
densely clustered/aggregated HA in S2 ankyrin frag-
ment-injected cells (Fig. 7C) suggests that these HA
clusters/aggregates are bona fide adhesion plaque
markers. In contrast, HA distribution appears to be
random and diffuse in noninjected control samples
(Fig. 7D). Thus, the S2 ankyrin fragment is very likely
to be involved in the formation of CD44/HA-associated
adhesion plaques and membrane motility in human
ovarian tumor cells.

Furthermore, we have used anti-ankyrin antibody
and anti-GST antibody to detect total intracellular
ankyrin (including endogeneous ankyrin and injected
GST-S2 ankyrin fragment) and injected S2 ankyrin
fragment, respectively. Our results demonstrate that
both total ankyrin (Fig. 6A,B) and injected S2 ankyrin
fragment (Fig. 7A,B) are redistributed together with
CD44 in cells microinjected with GST-S2 ankyrin frag-
ment. No significant redistribution of cellular ankyrin
(or GST-S2) and CD44 is detected in noninjected cells
(Fig. 6E,F and Fig. 7a,b) or control cells (microinjected
with buffer alone) (Fig. 6G,H). Therefore, it is possible
that overexpression of the S2 subdomain of ARD stim-
ulates ankyrin interaction with CD44 in vivo in human
ovarian tumor cells.

Human ovarian tumor cells (e.g., SKOV3 cells) were
then transiently transfected with Xpress-epitope–
tagged ARD cDNA and Xpress-epitope–tagged S2 sub-
domain cDNA. The ARD and S2 ankyrin fragments are
found to be expressed as 89 kDa protein (Fig. 8A, lane
c and d) and 30 kDa protein (Fig. 8B, lane e and f),
respectively using anti-Xpress–mediated immunoblot
in CD44s-positive ovarian tumor cells (SKOV3). No
protein band was detected in vector-transfected
SKOV3 cells by anti-Xpress immunoblot (Fig. 8A, lane
a and b). As shown in Figure 8B, SKOV3 cells trans-
fected with ARDcDNA (Fig. 8A-c and d) or S2 cDNA
(Fig. 8A-e,f) display different levels of CD44-dependent
and HA-mediated ovarian tumor cell migration (Fig.
8B-c, 8B-d, 8B-e, and 8B-f). In contrast, vector-trans-
fected SKOV3 transfectants do not display any signif-
icant CD44/HA-specific cell migration (Fig. 8A-a,b and
B-a,b). When the amount of ARD expression is minimal
(Fig. 8A-c), the rate of CD44/HA-mediated cell migra-
tion is also very low in ARD cDNA-transfected SKOV3
cells (Fig. 8B-c). If the expression level of ARD is ele-
vated (Fig. 8A-d), the tumor cell migration rate is also
proportionally increased (Fig. 8B-d). It is also notewor-
thy that SKOV3 transfectants expressing a low level of
the S2 subdomain (Fig. 8A-c) is capable of stimulating
tumor cells to undergo a significantly higher rate of
CD44/HA-mediated migration (Fig. 8B-c) as compared
to SKOV3 cells with overexpressed ARD (Fig. 8B-c,d).
This suggests that the S2 ankyrin fragment acts as a
potent activator of CD44/HA-mediated function. Con-
sequently, increases in S2 ankyrin production (Fig.
8A-f) result in an additional number of tumor cells
undergoing migration in a CD44-specific and HA-de-
pendent manner (Fig. 8B-c).

As a control, SKOV3 cells were also transfected with
full-length of GFP-tagged Ank3 (or Ank G)cDNA. Pre-
liminary data indicate that intact Ank3 has no signif-
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icant effect on HA-specific and CD44-mediated cell mi-
gration. The facts that (1) S2cDNA transfected cells
display a greater HA-mediated migration than ARD-
cDNA transfected cells (Fig. 8) and (2) overexpression
of intact Ank3 fails to stimulate or inhibit CD44/HA-
mediated tumor cell migration suggest that other ARD
subdomains (e.g., S1, S3, or S4) and/or ankyrin’s spec-
trin binding/regulatory domains are involved in down-
regulation of S2 interaction with CD44 in vivo. Because
Ank1cDNA is not available for transfection experi-

ments, we can not preclude the possibility that intact
Ank1-CD44 interaction may influence certain CD44-
mediated cellular functions. These experiments await
future investigation.

DISCUSSION
Ankyrin, including its various isoforms, e.g., ANK1,

ANK2, and ANK3, (Lambert et al., 1990; Lux et al.,
1990; Tse et al., 1991; Otto et al., 1991; Kordeli et al.,
1995; Peters and Lux, 1993; Peters et al., 1995), belong

Fig. 6. Double immunofluorescence staining of CD44 and ankyrin in
SKOV3 cells microinjected with S2 ankyrin fragment or ankyrin
repeat domain (ARD) fusion proteins. SKOV3 cells microinjected with
S2 ankyrin fragment or ARD fusion proteins were fixed by 2% para-
formaldehyde. Subsequently, cells were surface labeled with fluores-
cein isothiocyanate conjugated (FITC)-labeled rat anti-CD44 anti-
body. These cells were then rendered permeable by ethanol treatment
and stained with rhodamine (Rh)-labeled rabbit antiankyrin immu-
noglobulin G (IgG). To detect nonspecific antibody binding, FITC-
anti–CD44-labeled cells were incubated with Rh-conjugated rabbit
preimmune serum. No labeling was observed in such control samples.
A,B: Staining of surface CD44 with FITC-conjugated rat anti-CD44
antibody (A) and intracellular labeling of ankyrin with Rh-conjugated
rabbit anti-ankyrin antibody (B) in SKOV3 cells microinjected with

S2 ankyrin fragment (arrowheads indicate the plaque-like structure
and membrane projections). C,D: Staining of surface CD44 with
FITC-conjugated rat anti-CD44 antibody (C) and intracellular label-
ing of ankyrin with Rh-conjugated rabbit anti-ankyrin antibody (D) in
SKOV3 cells microinjected with ARD fusion protein (arrowheads in-
dicate the plaque-like structure and membrane projections). E,F:
Staining of surface CD44 with FITC-conjugated rat anti-CD44 anti-
body (E) and intracellular labeling of ankyrin with Rh-conjugated
rabbit anti-ankyrin antibody (F) in SKOV3 cells without any injection
treatment. G,H: Staining of surface CD44 with FITC-conjugated rat
anti-CD44 antibody (G) and intracellular labeling of ankyrin with
Rh-conjugated rabbit anti-ankyrin antibody (H) in SKOV3 cells in-
jected with buffer alone.
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to a family of cytoskeletal proteins that associate with
a variety of integral membrane proteins (Lambert and
Bennett, 1993; De Matteis and Morrow, 1998). They
are known to link membrane proteins with the spec-
trin-based skeleton to proteins in the plasma mem-
brane and organelle membranes (Kordeli and Bennett,
1991; Lambert and Bennett, 1993; Peters and Lux,
1993). Specifically, ankyrin binds to a number of
plasma membrane-associated proteins including two
other members of the anion exchange gene family
(Michaely and Bennett, 1995a), Na1/K1-ATPase
(Zhang et al., 1998), the amiloride-sensitive Na1 chan-
nel (Smith et al., 1991), the voltage-dependent Na1

channel (Kordeli and Bennett, 1991), Ca21 channels
(Bourguignon et al., 1993a, 1995; Bourguignon and Jin,
1995) and the adhesion molecule, neurofascin
(Michaely and Bennett, 1995b, Lauffenburger and Hor-
witz, 1996), and CD44 (Lokeshwar et al., 1994; Bour-
guignon, 1996; Bourguignon et al., 1998b; Zhu and
Bourguignon et al., 1998). At the present time, the
mechanism of the ankyrin association with different
membrane proteins is not well understood. At least two

hypotheses have been proposed: (1) a conserved se-
quence within certain membrane proteins may be re-
sponsible for the direct binding to ankyrin or (2) certain
membrane proteins may independently develop a high-
affinity binding to ankyrin in a process analogous to
antigen-antibody interactions (Michaely and Bennett,
1995b). The fact that there is a lack of obvious sequence
homology among various ankyrin-binding membrane
proteins suggests that a simple linear amino acid se-
quence of ankyrin may not be sufficient to establish an
ankyrin recognition site. Therefore, the initial step re-
quired to elucidate interaction between ankyrin and
certain membrane proteins is to precisely define the
binding site of ankyrin for each membrane protein.

New evidence is presented in this study showing that
the CD44 binding site is located within the ankyrin
membrane binding domain (also called the ARD). Spe-
cifically, several recombinant proteins, including GST-
ARD) (Fig. 2A) and FLAG-CD44cyt (Fig. 2B) were used
to examine the interaction between CD44 and ankyrin
in vitro (Figs. 2C and 3). Our results indicate that the
ARD is directly involved in binding to CD44 cytoplas-

Fig. 7. Immunofluorescence staining of CD44, ankyrin, and hyal-
uronic acid (HA) in SKOV3 cells microinjected with antiglutathione
S-transferase (GST)-tagged S2 ankyrin fragment. SKOV3 cells micro-
injected with GST-tagged S2 ankyrin fragment (A, B, and C) or
without any injection (a, b, and D) were fixed by 2% paraformalde-
hyde. Subsequently, cells were surface labeled with fluorescein iso-
thiocyante conjugated (FITC)-labeled rat anti-CD44 antibody (A and
a) or FITC-labeled HA-binding peptide (C and D). Some FITC-anti–

CD44 stained cells were then rendered permeable by ethanol treat-
ment and stained with rhodamine (Rh)-labeled mouse anti-GST IgG
(B and b). To detect nonspecific antibody binding, FITC-anti-CD44–
stained cells were incubated with Rh-conjugated normal mouse im-
munoglobulin G (IgG). No labeling was observed in such control
samples (arrowheads indicate the presence of clustered/aggregated
HA, an adhesion marker, in the plaque-like structure and membrane
projections).
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mic domain (Fig. 3A). In fact, the binding affinity of
ARD to CD44 is slightly higher than that of intact
erythrocyte ankyrin binding to CD44 (Fig. 3B). Thus, it

is quite likely that ARD is directly involved in the
recognition of CD44’s cytoplasmic domain. The 24
ankyrin repeats within the ARD have been shown to
form binding sites for at least seven distinct membrane
protein families (Michaely and Bennett, 1995b). Often,
the ARD is organized into four folding subdomains:
subdomain 1 (S1), subdomain 2 (S2), subdomain 3 (S3),
and subdomain 4 (S4). The mechanism by which the
membrane binding domains achieve the observed bind-
ing site diversity is likely to be complex. Our in vitro
binding assay using fusion proteins containing a de-
fined ARD subdomains, e.g., subdomain 1 (S1), subdo-
main 2 (S2), subdomain 3 (S3), and subdomain 4 (S4)
(Fig. 4), shows that S2 ankyrin fragment is the only
region that binds significantly to CD44. The other
three ankyrin fragments, S1, S3, and S4, do not display
any interaction with CD44 (Fig. 5). The involvement of
one specific ankyrin subdomain/fragment (S2) in CD44
binding appears to be rather unique compared to
known ankyrin interactions with other membrane pro-
teins. For example, it has been demonstrated that dif-
ferent combinations of ARDs form two distinct and
independent high-affinity binding sites for neurofascin
(Michaely and Bennett, 1995b). One site requires both
subdomain 3 (S3) and 4 (S4). The other site involves
both subdomains 2 (S2) and 3 (S3), although subdo-
main 2 (S2) has significant activity alone (Michaely
and Bennett, 1995b). In the case of anion exchanger
(band 3 protein)-ankyrin interaction, it has been found
that the repeat motifs are not interchangeable and that
ankyrin contains two separate binding sites for anion
exchanger dimers. One site utilizes subdomain 2 while
the other requires both subdomains 3 and 4 (Michaely
and Bennett, 1995a). It has also been reported that
both the anion exchanger and neurofascin can interact
simultaneously with sites formed by subdomains 3 (S3)
and 4 (S4). The fact that the combination of S2 and
other subdomains (e.g., S1, S3, or S4) does not show
any additional enhancement of CD44 binding in our
preliminary study suggests that at least two levels of
diversity in membrane binding sites on ankyrin. It is
possible that one requires the presence of certain ARD
subdomains (either individually or in combination) to
bind various membrane proteins, and another uses
different determinants within the same combination of
ARD subdomains to link target membrane molecules.
Recently, a study shows that both two distinct ankyrin
domains, including the distal 12 ankyrin repeats, e.g.,
subdomain 3 (S3) and subdomain 4 (S4), and the SBD
are required for the interaction between a novel
ankyrin isoform (AnkG190) and a-Na1, K1-ATPase
(Thevananther et al., 1998). The questions of whether
other ankyrin functional domains (e.g., SBD and/or
regulatory domain) are also involved in CD44 binding
are currently undergoing investigation in our labora-
tory.

HA is one of the major components of the extracellu-
lar matrix glycosaminoglycan. It is known to cause cell
aggregation with a number of different cell types
(Green et al., 1988), and has been implicated in the
stimulation of cell proliferation (West and Kumar,
1989), cell migration (Turley et al., 1991), cell adhesion
(Miyake et al., 1990; Bourguignon et al., 1993b), and
angiogenesis (Rooney et al., 1994). CD44 is considered
to be one of the major HA receptors. In the peritoneum,

Fig. 8. Transfection of SKOV3 cells with ankyrin repeat domain (ARD)
cDNA or S2cDNA and its effect on cell migration. A, top: Detection of
ARD or S2 ankyrin fragment in SKOV3 cells transfected with ARD
cDNA or S2 cDNA. Lanes a and b: Immunoblot of pcDNA3.1/His vector
transfected SKOV3 cells with anti-Xpress antibody to detect Xpress
epitope. Lanes c and d: A low level (c) and a high level (d) of ARD (a
89-kDa protein) expression in pcDNA3.1/His-ARD–transfected SKOV3
cells using anti-Xpress–mediated immunoblot to detect Xpress epitope.
Lane e and f : A low level (e) and a high level (f) of S2 ankyrin fragment
expression (a 30-kDa protein) in pcDNA3.1/His-S2–transfected SKOV3
cells using anti-Xpress–mediated immunoblot to detect Xpress epitope.
A, bottom: Immunblot of various SKOV3 transfectants with ant-actin
antibody to monitor the amount of cellular protein loaded onto each lane
(lane a–f). B: Analyses of hyaluronic acid (HA)-mediated cell migration of
SKOV3 cells transfected with pcDNA3.1/His vector (a and b); pcDNA3.1/
His-ARD (c and d); pcDNA3.1/His-S2 (e and f). Cells (' 1 3 104 cells per
well in PBS, pH 7.2) in the presence or absence of rat anti-CD44 antibody
(50 mg/ml) were placed in the upper chamber of the transwell unit. The
growth medium containing high-glucose Dulbecco’s modified Eagle’s me-
dium (DMEM) supplemented with 200 mg/ml of HA was placed in the
lower chamber of the transwell unit. After 18-h incubation at 37oC in a
humidified 95% air/5% CO2 atmosphere, cells on the upper side of the
filter were removed by wiping with a cotton swap. Cell migration pro-
cesses were determined by measuring the cells that migrate to the lower
side of the polycarbonate filters by standard cell number counting meth-
ods as described previously (Hoosein et al., 1991; Bourguignon et al.,
1998a). The CD44-specific cell migration was determined by subtracting
nonspecific cell migration (i.e., the number of cells migrate to the lower
chamber in the presence of anti-CD44 antibody treatment) from the total
number of migrative cells in the lower chamber. Each assay was set up
in triplicate and repeated at least three times. All data were analyzed
statistically using the Student’s t test and statistical significance was set
at P , 0.01.
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HA is present in a large amounts in the mesothelial
lining (Gardner et al., 1995). In fact, it has been pos-
tulated that CD44 interaction with HA may be one of
the important requirements for the peritoneal spread
of ovarian cancer. Nevertheless, the cellular and mo-
lecular mechanisms affecting the ability of CD44-posi-
tive ovarian tumor cells to migrate and implant at
HA-enriched locations within the peritoneal cavity re-
main unclear.

The metastatic phenotype of ovarian tumor cells
characterized by tumor cell migration appears to be
closely linked to cytoskeletal function. Recent studies
have shown that CD44-cytoskeleton interaction re-
quires Rho-kinase (ROK) activation (Bourguignon, et
al., 1999) and Tiam1-Rac1 signaling (Bourguignon, et
al., 2000) during the formation of tumor-specific phe-
notypes (Bourguignon et al., 1998a,b; Zhu and Bour-
guignon, 1998). Further dissection of the transmem-
brane pathways controlling CD44-mediated cytoskeletal
activities should aid considerably in understanding the
intracellular events underlying ovarian tumor metas-
tasis and progression. In this study we have deter-
mined that CD44s expressed in ovarian tumor cells,
e.g. SKOV3 cells, binds specifically to the cytoskeletal
protein, ankyrin, and in particular to the S2 ankyrin
fragment but not other ankyrin fragments such as S1,
S3, and S4 of the ARD (Fig. 5). Previous studies have
identified that a particular 15-amino acid sequence in
CD44s (aa304–aa318 [in humans] and aa306–aa320
[in mouse]) is critical for CD44 binding to ankyrin
(Lokeshwar et al., 1994; Kalomiris and Bourguignon
1988; Zhu and Bourguignon, 1998). Posttranslational
modification of CD44’s cytoplasmic domain by either
acylation (Bourguignon et al., 1991), protein kinase C,
and ROK-mediated phosphorylation (Kalomiris and
Bourguignon 1988; Bourguignon et al., 1999), or GTP
binding (Lokeshwar and Bourguignon, 1992) signifi-
cantly enhances the binding between CD44 and cy-
toskeletal proteins. The transmembrane interaction
between CD44 and ankyrin provides a direct link be-
tween the extracellular matrix materials (e.g., HA) and
the cytoskeleton. In this study, both ankyrin (Fig. 1)
and CD44s (Fig. 5) are shown to be expressed in ovar-
ian tumor cells (e.g., SKOV3 cells). In particular,
CD44s binds to the S2 ankyrin fragment but not other
ankyrin fragments such as S1, S3, and S4 (Fig. 5).
Additionally, overexpression of ARD and/or the S2 sub-
domain (by microinjecting ARD/S2 fusion protein) pro-
motes colocalization of CD44 and ankyrin at plaque-
like structures (containing the adhesion marker, HA)
and induces membrane projections (Figs. 6 and 7). Fur-
thermore, transfection of SKOV3 cells with ARDcDNA/
S2cDNA enhances HA-mediated cell migration in a
CD44-dependent manner (Fig. 8). The fact that
S2cDNA transfected cells displays a greater HA-medi-
ated migration than ARD cDNA transfected cells sug-
gests that (1) other subdomains, e.g., S1, S3, or S4, are
involved in downregulation of S2 interaction with
CD44 in vivo and (2) the S2 subdomain (in the absence
of other subdomains, e.g., S1, S3, and S4) is a potent
activator for both the CD44 binding and HA function.
Taken together, our findings support the hypothesis
that the interaction between the ARD of ankyrin, in
particular, S2 subdomain, and the cytoplasmic domain
of CD44 is required for HA-mediated oncogenic signal-

ing leading to ovarian tumor membrane motility and
cell migration.
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