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Invasive tumour cells, such as gliomas, frequently express EGF
(epidermal growth factor) receptor at a high level and they ex-
hibit enhanced cell migration in response to EGF. We reported pre-
viously that tumour cell migration is associated with ectodomain
cleavage of CD44, the major adhesion molecule that is impli-
cated in tumour invasion and metastasis, and that the cleavage
is enhanced by ligation of CD44. In the present study, we show
that EGF promotes CD44 cleavage and CD44-dependent cell mig-
ration. Introduction of a dominant-negative mutant of the small
GTPase Rac1 or depletion of Rac1 by RNAi (RNA interference)
abrogated CD44 cleavage induced by EGF. Treatment with
PD98059, an inhibitor for MEK (mitogen-activated protein

kinase/extracellular-signal-regulated kinase kinase), also sup-
pressed the CD44 cleavage. Furthermore, RNAi studies showed
that EGF induced ADAM10 (a disintegrin and metalloproteinase
10)-dependent CD44 cleavage and cell migration. These results
indicate that EGF induces ADAM10-mediated CD44 cleavage
through Rac1 and mitogen-activated protein kinase activation,
and thereby promotes tumour cell migration and invasion.
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INTRODUCTION

CD44 is a major cell-surface adhesion molecule for hyaluronan,
a component of the extracellular matrix, and is implicated in
leucocyte rolling [1,2], tumour invasion and metastasis [3,4].
We reported previously that hyaluronan fragments enhance ecto-
domain cleavage of CD44 [5], and that the cross-linking effect
on CD44 elicits intracellular signals via Rac GTPase leading
to ADAM (a disintegrin and metalloproteinase)-mediated CD44
cleavage and tumour cell migration [6].

The migratory properties of invasive tumour cells were affec-
ted by growth factor receptor signalling in addition to the inter-
action between adhesion molecules on tumour cells and the sur-
rounding extracellular matrices [7]. One of the most prominent
abnormalities observed in tumour cells, such as gliomas, involves
overexpression of the EGFR [EGF (epidermal growth factor) re-
ceptor], a transmembrane tyrosine kinase receptor, and such
receptor defects may be relevant to tumorigenesis [8–13]. EGFR
overexpression contributes to migratory properties of tumour cells
in addition to tumour cell growth [7,14–17]. In certain glioma
cells, EGF up-regulates CD44-dependent cell migration [18],
although the mechanism that regulates the migration remains to
be fully elucidated.

In the present study, we examined the involvement of CD44
cleavage in EGF-induced cell migration. We demonstrate that
EGF induces CD44 cleavage in tumour cells and enhances cell
migration. By using an RNAi (RNA interference) technique, we
show direct evidence that EGF-induced CD44 cleavage is regu-
lated by Rac GTPase and is mainly mediated by ADAM10.

EXPERIMENTAL

Reagents

Human recombinant EGF was purchased from Boehringer
Mannheim. Tyrphostin A25 and AG1478 were purchased from
Sigma. A pAb (polyclonal antibody) against the cytoplasmic do-
main of CD44, anti-CD44cyo pAb [19] was provided by Dr
Hideyuki Saya (Kumamoto University, Kumamoto, Japan). Anti-
CD44 mAb (monoclonal antibody) IM7 was purified from rat
B-cell hybridoma obtained from the A.T.C.C. (Manassas, VA,
U.S.A.) Anti-CD44 mAb BRIC235 was purchased from the Inter-
national Blood Group Reference Laboratory (Bristol, U.K.). Anti-
β-tubulin mAb and anti-ADAM10 pAb were purchased from
Oncogene Research Products. Anti-Rac1 mAb was purchased
from Upstate Biotechnology. Anti-ERK (extracellular-signal-
regulated kinase) pAb and anti-phosphorylated ERK pAb were
obtained from Cell Signaling Technology. A MEK [MAPK
(mitogen-activated protein kinase)/ERK kinase] inhibitor
PD98059 was purchased from Calbiochem.

Cell culture and transfection

The human glioblastoma cell line U251MG was grown in
DMEM (Dulbecco’s modified Eagle’s medium)/F-12 medium
(Invitrogen) supplemented with 10% foetal calf serum, 100 units/
ml penicillin and 100 µg/ml streptomycin at 37 ◦C in an atmo-
sphere containing 5 % CO2. Introduction of the plasmid pEF-
BOS-myc-N17Rac1, kindly provided by Dr Yoshimi Takai
(Osaka University, Suita, Japan), was performed as follows: the
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cells were seeded in 24-well plates at 2.5 × 104 cells/well and
were transfected with plasmid using LipofectamineTM 2000
(Invitrogen) according to the manufacturer’s instructions. siRNA
(small interfering RNA) was introduced into the cells using Lipo-
fectamineTM 2000. siRNAs used were as follows: Rac1, 5′-GA-
GGAAGAGAAAAUGCCUGdTdT-3′ and 5′-CAGGCAUUU-
UCUCUUCCUCdTdT-3′; and scrambled irrelevant siRNA, 5′-
GCGCGCUUUGUAGGAUUCGdTdT-3′ and 5′-CGAAUCCU-
ACAAAGCGCGCdTdT-3′ (Dharmacon Research). Sequences
of the siRNA used for ADAM10 knockdown have been de-
scribed previously [6]. The silencing efficiency of Rac1 and
ADAM10 was determined by Western blotting using their specific
antibodies.

Western blot analysis

Cells were seeded in a 24-well plate at 5 × 104 cells per well and
were cultured overnight. After serum starvation for 4 h and pre-
incubation with 10 µM MG132 (benzyloxycarbonyl-leucinyl-
leucinyl-leucinal) (Peptide Institute) for 30 min, the cells were in-
cubated in the presence of EGF or other agents, and then directly
lysed with SDS sample buffer (2% SDS, 10% glycerol, 0.1 M
dithiothreitol, 120 mM Tris/HCl, pH 6.8, 0.02 % Bromophenol
Blue). Samples extracted from equal numbers of cells were sub-
jected to SDS/PAGE and transferred to a PVDF filter. For detec-
tion of CD44 cleavage, the filter was probed with anti-CD44cyto
pAb and HRP (horseradish peroxidase)-conjugated anti-rabbit
IgG and developed with ECL® (enhanced chemiluminescence)
Western blotting detection reagents (Amersham Biosciences). For
detection of β-tubulin, the filter was probed with anti-β-tubulin
mAb and HRP-conjugated anti-mouse IgG. For the inhibition
study, tyrphostin A25 or AG1478 was added 1 h before incubation
with EGF. The ‘cleavage index’ shows the CD44 cleavage product
band intensity and was expressed as a percentage of untreated
cells. Values were normalized to β-tubulin band intensity. Quanti-
tative analysis was performed by densitometry using NIH
(National Institutes of Health) Image software.

For detection of phosphorylated ERK MAPK, the filter was
probed with anti-phosphorylated ERK pAb and HRP-conjugated
anti-rabbit IgG. For detection of total ERK, the filter was probed
with anti-ERK pAb and HRP-conjugated anti-rabbit IgG. In ex-
periments with PD98059, the cells were pre-incubated with
PD98059 for 30 min before the incubation with EGF.

Immunofluorescence microscopy

Cells incubated with or without 10 ng/ml EGF were fixed with 4%
(w/v) paraformaldehyde, permeabilized with 0.2% (v/v) Triton
X-100 and blocked with 1% (w/v) BSA. Thereafter, the cells were
incubated with anti-CD44cyto pAb or normal rabbit IgG followed
by incubation with Alexa Fluor® 594-conjugated goat anti-rabbit
IgG and Alexa Fluor® 488-conjugated phalloidin (both Molecular
Probes). Fluorescence images were acquired using a TCS SL
confocal laser-scanning microscope (Leica Microsystems).

FRET (fluorescence resonance energy transfer) assay

In situ detection of Rac1 activation was carried out using FRET
probes as described previously [6]. Briefly, cells cultured on glass
coverslips were transfected with the plasmid pEYFP-Rac1 [6].
After incubation for 24 h followed by serum starvation for 2 h, the
cells were microinjected into the cytoplasm with BODIPY® TR–
GTP (Molecular Probes). After 10 min, the cells were incubated
with 10 ng/ml EGF, and were observed using an IX70 inverted
microscope (Olympus) equipped with a CSU10 confocal laser-
scanner unit (Yokogawa Electronic). The cells were excited with a

488-nm Ar+ laser (Uniphase), and images were obtained using
a MicroMAX 512BFT cooled charge-coupled device camera
(Princeton Scientific Instruments) through 515–550-nm and 615–
645-nm filters for YFP (yellow fluorescent protein) and FRET
channels respectively. Calculation of FRET signals using the
‘corrected FRET’ method [20] and conversion into multicolour
images were performed using MetaMorph software (Univer-
sal Imaging Co., Downingtown, PA, U.S.A.). FRET intensity was
displayed using a colour spectrum as indicated in the bar of
Figure 2.

Pull-down assay

Pull-down assay for detection of the active form of Rac1 was per-
formed as described previously [6].

Migration assay

Cell migration was assayed in Transwell chambers (Corning) with
6.5-mm-diameter polycarbonate filters of 8-µm pore size. The
filters were coated with 100 µg/ml hyaluronan (human umbilical
cord) (Sigma) or 4 µg/ml human plasma fibronectin (Cappel)
at 4 ◦C overnight. The lower compartments of the chambers were
filled with 0.6 ml of DMEM/F-12 medium containing 0.1 % (w/v)
BSA, and the filters were placed into the chamber. Cells treated
with or without siRNA were pre-incubated in the presence or
absence of 10 µg/ml BRIC235 mAb for 10 min. A 100 µl aliquot
of the cell suspension (2 × 104 cells) was added to the upper com-
partments and incubated at 37 ◦C for 24 h in an atmosphere con-
taining 5% CO2. After the cells on the upper surface of the filters
were removed with cotton swabs, the cells on the lower sur-
face were stained with haematoxylin and eosin, and were counted
under a light microscope in five defined high-power fields (×200
magnification).

RESULTS

EGF induces CD44 cleavage in tumour cells

We reported previously that engagement of CD44 up-regulates
CD44 cleavage from tumour cells [6]. In the present study, we
determined whether EGF induces CD44 cleavage as a physio-
logical inducer. For our studies, we selected U251MG, a highly
invasive human glioma cell line, because this cell line was shown
previously to have high CD44-cleavage activity [6,19,21] and ex-
hibited CD44-dependent cell migration in response to EGF [18].
U251MG cells expressed EGFR abundantly (results not shown)
in agreement with previous reports [15,18]. When U251MG cells
were incubated in the presence of EGF, CD44-cleavage products
of approx. 20–25 kDa were clearly detected in the cell lysates by
Western blotting (Figure 1A). The induction of CD44 cleavage
by EGF was dose-dependent and reached a plateau at 20 ng/ml.
Similar results were obtained in MIA PaCa-2 human pancreatic
carcinoma cells (results not shown). The EGF-induced CD44
cleavage was significantly inhibited by tyrphostin A25, an agent
that inhibits EGFR kinase activity (Figure 1B), indicating that
kinase activity of EGFR was critical for the CD44 cleavage.

EGF-induced CD44 cleavage is mediated by Rac GTPase

The U251MG cells treated with EGF showed intense membrane
ruffling and preferential localization of CD44 in the lamellipodia
(Figure 2A). The staining of CD44 was specific because no obvi-
ous signal was detected when a control normal IgG was used
instead (Figure 2A, panel a). It has been well documented that
EGF can induce activation of Rac GTPase and formation of lamel-
lipodia [22]. Thus we investigated the involvement of Rac in
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Figure 1 EGF induces ectodomain cleavage of CD44

(A) EGF induces CD44 cleavage in U251MG cells in a dose-dependent manner. U251MG cells
were incubated in the presence of EGF at the indicated concentrations for 2 h. To detect the
CD44-cleavage product, the cells were lysed and subjected to Western blot analysis using
anti-CD44cyto pAb. (B) Effects of tyrphostin A25 on EGF-induced CD44 cleavage. U251MG
cells were pre-incubated in the absence (lanes 1 and 5) or presence (lanes 2 and 6, 1 µg/ml;
lanes 3 and 7, 5 µg/ml; lanes 4 and 8, 20 µg/ml) of tyrphostin A25 for 1 h and were subsequently
treated with 10 ng/ml EGF (lanes 5–8) or left untreated (lanes 1–4) for 2 h. The cleavage index
represents the results of quantitative analysis of the CD44-cleavage product bands. Results are
means +− S.D. for three independent experiments.

EGF-induced CD44 cleavage. We reported previously a method
based on FRET that enables us to observe spatial and temporal reg-
ulation of Rac1 activity [6]. Using this method, we observed activ-
ation of Rac1 induced by EGF stimulation. When U251MG cells
harbouring YFP–Rac1 and BODIPY® TR–GTP were imaged for
FRET (615–645 nm), few FRET signals were detected before sti-
mulation (Figure 2B, panel e). When the cells were stimulated
with EGF, prominent membrane protrusion was initiated (Fig-
ure 2B, panels b–d) and a distinct FRET signal appeared at re-
gions, mainly of the leading edge, of the cells within 5 min (Fig-
ure 2B, panels f–h). It is of note that the area with intense FRET
signal (Figure 2B, arrowheads) exhibits lamellipodial outgrowth
(Figure 2B, arrows), where CD44 and F-actin were accumulated
and co-localized (Figure 2A, panels d and h). These results indi-
cate that EGF promotes Rac1 activation and membrane protrusion
at the peripheral leading edges, and suggest that these may lead
to CD44 cleavage at the ruffling area.

We next detected activation of Rac1 by using the pull-down as-
say for GTP-bound Rac1 (active Rac1), using a recombinant PBD
(p21-binding domain) of PAK1 (p21-activated kinase 1) fused
with GST (glutathione S-transferase). As shown in Figure 3(A),
the amount of Rac1–GTP was markedly increased within 5 min of
incubation with EGF and persisted for at least 30 min. This time

Figure 2 EGF induces redistribution of CD44 to the lamellipodial membrane
protrusion area and peripheral activation of Rac1

(A) Immunocytochemical staining of CD44. U251MG cells incubated with (panels c and g) or
without (panels a, b, e and f ) 10 ng/ml EGF were stained with anti-CD44cyto pAb (panels b and
c) or a control antibody (panel a). The cells were also stained with Alexa Fluor® 488-conjugated
phalloidin (panels e, f and g). Panels d and h are enlargements of the regions indicated in panels
c and g respectively. (B) In situ detection of Rac1 activation. U251MG cells were transfected
with YFP–Rac1 followed by microinjection with BODIPY® TR–GTP. The cells were treated with
10 ng/ml EGF, and the images after 0 (panels a and e; before EGF treatment), 5 (panels b and f), 10
(panels c and g) and 30 min (panels d and h) were acquired through the YFP (panels a–d) and
the FRET (panels e–h) channels under confocal microscopy. FRET signal intensity from 0 to
145 is displayed using pseudocolour as indicated by the scale bar. Arrowheads indicate the
areas where intense FRET signal was detected, and arrows show the areas of outgrowth. Scale
bar, 2 µm.

course corresponds to the results shown in Figure 2(B), confirming
that Rac1 activation is promoted in response to EGF in U251MG
cells.

To determine whether Rac1 activation is required for EGF-in-
duced CD44 cleavage, we introduced a dominant-negative form of
Rac1, N17Rac1, into U251MG cells. As shown in Figure 3(B), the
CD44 cleavage enhanced upon EGF stimulation was abrogated in
the cells transfected with N17Rac1. We next attempted to obtain
direct evidence that Rac1 is required for EGF-induced CD44
cleavage. To this end, we used an RNAi technique and achieved
efficient suppression of the Rac1 expression by introduction of
Rac1-specific siRNA (Figure 3C, middle panel). In the Rac1-
knockdown cells, CD44 cleavage was abrogated even after the
treatment with EGF (Figure 3C, top panel). These results con-
firmed that Rac1 is required for the EGF-induced CD44 cleavage
as a key regulatory molecule.

Relationship between EGF- and CD44-induced cleavage of CD44

We reported previously that Rac1 was also involved in CD44
cleavage induced by CD44 ligation [6]. Thus the relationship be-
tween EGF- and CD44-induced ectodomain cleavage of CD44 is
an interesting aspect in terms of intracellular signalling. To distin-
guish these two signalling pathways, we tested the effects of
AG1478, a selective inhibitor of EGFR phospholylation. As
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Figure 3 EGF-induced CD44 cleavage is mediated by Rac GTPase

(A) EGF induces Rac1 activation in U251MG cells. U251MG cells were incubated with 10 ng/ml
EGF for the indicated time periods. The cells were then lysed, and the extracts were incubated
with glutathione–agarose-bound GST–PBD. The bound Rac1 protein (Rac1–GTP, upper panel)
was detected by the pull-down assay. Lower panel, total cellular Rac1 protein. (B) Effect of
dominant-negative form of Rac1 (N17Rac1) on CD44 cleavage enhanced by EGF. U251MG cells
were transfected with the expression plasmid for N17Rac1 (pEF-BOS-myc-N17Rac1; lanes 2 and
4) or an empty vector (pEF-BOS; lanes 1 and 3). After incubation with (lanes 3 and 4) or without
(lanes 1 and 2) 10 ng/ml EGF for 2 h, the cells were lysed and subjected to Western blot analysis
using anti-CD44cyto pAb (top panel) or anti-β-tubulin mAb (bottom panel). Expression of
N17Rac1 was detected by Western blotting using anti-Rac1 mAb (middle panel). The histogram
shows the results of quantitative analysis of the CD44 cleavage product bands as means +− S.D.
for three independent experiments. (C) Effect of knockdown of endogenous Rac1 on CD44
cleavage enhanced by EGF. U251MG cells were transfected with siRNA for Rac1 (lanes 3 and 4)
or control scrambled siRNA (Ctrl; lanes 1 and 2). After incubation with (lanes 2 and 4) or without
(lanes 1 and 3) 10 ng/ml EGF for 2 h, the cells were lysed and subjected to Western blot analysis
using anti-CD44cyto pAb (top panel) or anti-β-tubulin mAb (bottom panel). Knockdown of
Rac1 was monitored by Western blotting using anti-Rac1 mAb (middle panel). The histogram
shows the results of quantitative analysis of the CD44 cleavage product bands as means +− S.D.
for three independent experiments. *, P < 0.01 compared with untreated cells; †, P < 0.01
compared with EGF-treated and mock-transfected cells (ANOVA with Dunnett’s post hoc test).

shown in Figure 4, AG1478 significantly inhibited the EGF-
induced CD44 cleavage at the concentration of 1 µM, whereas it
did not apparently inhibit the cleavage induced by CD44 ligation.
These results suggest that EGF regulates CD44 cleavage through
a new mechanism distinct from that of CD44 ligation signals.

EGF-induced CD44 cleavage is dependent on MAPK activation

Several reports have indicated that ectodomain cleavage of mem-
brane proteins such as L-selectin and HB-EGF (heparin-bind-
ing EGF-like growth factor) was abrogated by inhibitors of ERK/
MAPK signalling [23,24], suggesting that MAPK may act as a me-
diator in the regulation of the cleavage of these molecules. These
reports prompted us to examine whether EGF-induced CD44
cleavage is dependent on such MAPK activities. As shown in
Figure 5(A), the MEK inhibitor PD98059 abrogated the CD44
cleavage induction by EGF in a dose-dependent manner. Under

Figure 4 Difference between EGF- and CD44-induced CD44 cleavage

U251MG cells were pre-incubated in the absence (lanes 1, 4 and 7) or presence (lanes 2, 5 and
8, 0.1 µM; lanes 3, 6 and 9, 1 µM) of AG1478 for 1 h and subsequently treated with 10 ng/ml
EGF (lanes 4–6) or 1 µg/ml IM7 mAb (lanes 7–9), or left untreated (lanes 1–3) for 1 h. The
cleavage index was calculated by densitometric analysis as described under the Experimental
section. Results are means +− S.D. for three independent experiments. *, P < 0.01 compared
with bar 1; †, P < 0.01 compared with bar 4 (ANOVA with Dunnett’s post hoc test).

these conditions, ERKs were prominently activated in response to
EGF, and the activation was inhibited by PD98059 dose-depend-
ently (Figure 5B). In contrast, CD44 cleavage induced by its
ligation was not affected by PD98059 (results not shown). These
results demonstrate a novel aspect of EGF-induced CD44
cleavage, suggesting that the cleavage is regulated in an ERK/
MAPK pathway-dependent manner.

While hitherto Rac and ERK appear to be involved in EGF-
induced CD44 cleavage, it remains to be elucidated how these
molecules are regulated. To address this issue, ERK activation was
determined in Rac1-knockdown cells. As shown in Figure 5(C),
ERK activation was still induced upon EGF stimulation in Rac1-
knockdown cells, and the induction level seemed slightly lower
than in the control cells. These results suggest that EGF-induced
CD44 cleavage might be regulated by the Rac → ERK pathway
downstream of EGF transactivation signals.

ADAM10 is involved in EGF-induced CD44 cleavage

We previously reported that ADAM10/Kuzbanian is involved in
CD44 cleavage induced by CD44 ligation [6]. In the present study,
we determined whether the same protease is also involved in
EGF-induced CD44 cleavage. As shown in Figure 6(A), siRNA
to ADAM10 suppressed EGF-induced CD44 cleavage. Efficient
knockdown of ADAM10 was monitored by Western blot analysis
(Figure 6A, middle panel). To determine whether EGF promotes
CD44-dependent cell migration through ADAM10-medi-
ated CD44 cleavage, we performed Boyden chamber-type mi-
gration assays. As shown in Figure 6(B), EGF enhanced cell
migration on hyaluronan. The enhanced migration was inhibited
by pre-treatment with an anti-CD44 blocking mAb BRIC235,
indicating that the migration enhanced by EGF was dependent
on the CD44–hyaluronan interactions. The enhanced migration on
hyaluronan was inhibited by introduction of siRNA to ADAM10
(Figure 6B), whereas the migration on an alternative extracellular
matrix substrate, fibronectin, was not significantly affected by
ADAM10 siRNA (Figure 6C), indicating that ADAM10 is in-
volved in CD44-mediated cell migration enhanced by EGF. Taken
together, these results suggest that EGF-induced CD44 cleavage
mediated by ADAM10 is critical for the up-regulation of cell
migration through regulating CD44-hyaluronan interactions.
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Figure 5 Involvement of ERK/MAPKs in EGF-induced CD44 cleavage

(A) Effect of the MEK inhibitor PD98059 on EGF-induced CD44 cleavage. U251MG cells were pre-treated with 0 (lanes 1 and 6), 0.5 (lanes 2 and 7), 5 (lanes 3 and 8), 50 (lanes 4 and 9) or 100
(lanes 5 and 10) µM PD98059 for 30 min. The cells were treated with (lanes 6–10) or without (lanes 1–5) 10 ng/ml EGF for 1 h, and then lysed. CD44 cleavage was detected by Western blot
analysis (upper panel). β-Tubulin was detected as an internal control (lower panel). The histogram shows the results of quantitative analysis of the CD44 cleavage product bands as means +− S.D.
for three independent experiments. *, P < 0.01 compared with bar 1; †, P < 0.01 compared with bar 6 (ANOVA with Dunnett’s post hoc test). (B) Detection of activation of ERK/MAPKs. The cell
lysates prepared as described above were subjected to Western blot analysis using anti-phosphorylated ERK pAb (upper panel) or anti-ERK pAb (lower panel). (C) Dependence of EGF-induced
ERK/MAPK activation on Rac1. U251MG cells transfected with siRNA for Rac1 (lanes 3 and 4) or control scrambled siRNA (Ctrl; lanes 1 and 2) were incubated with (lanes 2 and 4) or without (lanes 1
and 3) 10 ng/ml EGF for 1 h. Thereafter, the cells were lysed and subjected to Western blot analysis using anti-phosphorylated ERK pAb (top panel) or anti-ERK pAb (middle panel). Bottom panel,
detection of Rac1.

DISCUSSION

CD44 cleavage has been reported to have some links with tumour
cell migration in vitro [5,6,19,25,26] and is detected in human
tumour tissues such as gliomas [27], suggesting that CD44 cleav-
age may play an important role in the pathogenesis of tumours.
However, physiological factors that induce CD44 cleavage in vivo
remain mostly uncharacterized, although we recently identified
hyaluronan oligosaccharides as such factors [5,6]. The present
study shows that EGF can also act as a physiological inducer of
CD44 cleavage (Figure 1). Rac1 is activated by EGF, and is indis-
pensable for EGF-induced CD44 cleavage (Figures 2 and 3). We
also found that other agonists of Rho family GTPases, platelet-
derived growth factor and bradykinin, could induce CD44
cleavage in U251MG glioma cells, and lysophosphatidic acid sup-
pressed it (results not shown), suggesting that various soluble fac-
tors are involved in tumour cell invasion by regulating CD44
cleavage through GTPases.

In the present study, we have demonstrated that the MEK inhibi-
tor PD98059 suppressed EGF-induced ERK activation and CD44
cleavage (Figure 5). While ERK/MAPK pathways are considered
to mediate gene expression and proliferation, the cleavage occur-
red within 10 min (results not shown). These results are similar
to the cases of L-selectin and HB-EGF cleavage [23,24]. These
suggest that ERK appears to be involved in CD44 cleavage by

activation of the cleavage enzyme through phosphorylation, but
not by induction of gene expression for de novo protein synthesis.
It has been reported that ERK phosphorylates the cytoplasmic re-
gion of ADAM17/tumour necrosis factor α-converting enzyme
and the phosphorylation may regulate the ectodomain cleavage
of TrkA neurotrophin receptor [28]. The minimum consensus se-
quence for phosphorylation by ERK is (Thr/Ser)-Pro [29,30], and
human ADAM10 contains a Thr703-Pro sequence in its cytoplas-
mic region. Considering these facts, it is feasible that a phos-
phorylation event in ADAM10 may play a role in the regulation
of CD44 cleavage upon EGF stimulation.

Knockdown of the ADAM10 expression by RNAi revealed
that the enzyme responsible in EGF-induced CD44 cleavage is
ADAM10 (Figure 6A). Knockdown of ADAM10 also abrogated
the migratory properties on hyaluronan enhanced by EGF (Fig-
ure 6B). These results suggest that ADAM10-mediated CD44
cleavage might enhance tumour cell migration in response to EGF.
Although ADAM10 might be activated by EGF (Figure 6A), no
detectable changes were observed in the overall expression level
of ADAM10 after 24 h of EGF treatment (results not shown).
Several membrane proteins such as c-Met, syndecan-1 and
syndecan-4 were reported to be cleaved upon EGF stimulation,
and the cleavage was inhibited by TIMP-3 (tissue inhibitor of me-
talloproteinases-3) and not by TIMP-1 or TIMP-2 [31–33]. Consi-
dering the fact that in vitro ADAM10 activity is inhibited by
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Figure 6 EGF-induced CD44 cleavage and CD44-dependent cell migration
are mediated by ADAM10

(A) Effect of ADAM10 siRNA on EGF-induced CD44 cleavage. U251MG cells were transfected
with ADAM10 siRNA (lane 3) or control siRNA (lane 4), and left untreated (lane 1) or treated with
10 ng/ml EGF for 2 h (lanes 2–4). CD44 cleavage product was detected by Western blot analysis
(top panel). Blocking of endogenous ADAM10 expression by siRNA was monitored by Western
blot analysis using anti-ADAM10 pAb (middle panel). β-Tubulin was detected as an internal
control (bottom panel). The histogram shows the results of quantitative analysis of the CD44
cleavage product bands as means +− S.D. for three independent experiments. (B) Effects of
EGF on the cell migration on hyaluronan. The U251MG cells transfected with ADAM10 siRNA
(bars 5 and 6) or control siRNA (bars 7 and 8) or the cells left untransfected (bars 1–4) were
pre-incubated in the presence (bars 2, 4, 6 and 8) or absence (bars 1, 3, 5 and 7) of 10 µg/ml
BRIC235 mAb for 10 min, and then incubated at 37◦C for 24 h in the absence (bars 1 and 2) or
presence (bars 3–8) of 10 ng/ml EGF in the hyaluronan-coated Transwell chambers. Results are
mean ratios of the control migration, expressed as means +− S.D. for triplicate determinations.
(C) Effects of EGF on the cell migration on fibronectin. The U251MG cells transfected with
ADAM10 siRNA (bar 3) or control siRNA (bar 4) or the cells left untransfected (bars 1–2)
were incubated for 24 h in the absence (bar 1) or presence (bars 2–4) of 10 ng/ml EGF in
the fibronectin-coated Transwell chambers. Results are mean ratios to the control migration,
expressed as means +− S.D. for triplicate determinations. *, P < 0.01 compared with untreated
cells; †, P < 0.01 compared with only EGF-treated cells (ANOVA with Dunnett’s post hoc test).

TIMP-1 and TIMP-3, but not by TIMP-2 [34], the cleavage
enzyme(s) for c-Met, syndecan-1 and syndecan-4 seems distinct
from that for CD44. We reported previously that the activation of
EGFR by binding of EGF could be detected at the single-mol-
ecule level by using fluorescent dye-labelled probes [35–37].
The technology we developed allowed us to visualize real-time
location and movements of each molecule during biological reac-
tions. Therefore application of this technology might pave the
way to analyse the mechanisms of the EGF-induced ectodomain
cleavage of membrane proteins including CD44.
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