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Cell surface adhesion molecules are crucial for the
development and/or pathogenesis of various diseases
including cancer. CD44 has received much interest as
a major adhesion molecule that is involved in tumor
progression. We have previously demonstrated that
the ectodomain of CD44 undergoes proteolytic cleav-
age by membrane-associated metalloproteases in var-
ious tumor cell lines. The remaining membrane-
bound CD44 cleavage product can be detected using
antibodies against the cytoplasmic domain of CD44
(anti-CD44cyto antibody). However, the cleavage of
CD44 in primary human tumors has not been inves-
tigated. Using Western blots with anti-CD44cyto anti-
body to assay human tumor tissues, we show that the
CD44 cleavage product can be detected in 58% (42 of
72) of gliomas but not in normal brain. Enhanced
CD44 cleavage was also found in 67% (28 of 42) of
breast carcinomas, 45% (5 of 11) of non-small cell
lung carcinomas, 90% (9 of 10) of colon carcinomas,
and 25% (3 of 12) of ovarian carcinomas. Tumors
expressing a CD44 splice variant showed a signifi-
cantly higher incidence of enhanced CD44 cleavage.
The wide prevalence of CD44 cleavage suggests that it
plays an important role in the pathogenesis of human
tumors. (Am J Pathol 2002, 160:441–447)

CD44 is a widely distributed cell-surface adhesion mole-
cule that is implicated in a diverse range of physiological
and pathological processes, including lymphocyte hom-
ing and activation, cell-matrix interactions, cell migration,
and the regulation of tumor growth and metastasis.1 The
gene encoding the CD44 protein contains 20 exons of
which up to 10 variant exons encoding a portion of the
ectodomain are alternatively spliced in various combina-
tions, thereby generating numerous CD44 splice variant
isoforms (CD44v).1,2 The standard CD44 (CD44s) lacks
all variant exons. All forms of CD44 are heavily glycosy-
lated to varying degrees. The diversity of CD44 functions
is compounded by its variable structure.3–5 The expres-
sion of CD44 or its variants has been shown to be asso-
ciated with tumor progression; however, the data con-
cerning CD44v forms is controversial for some
tumors.1,6–13 Thus, the exact role of CD44 in the progres-
sion of human tumors remains obscure and increased
interest has been directed at elucidating the possible
mechanisms by which CD44 plays a role in human tu-
mors.

The extracellular domain of a number of membrane
proteins can be proteolytically cleaved on the extracyto-
plasmic side.14 The proteolytic cleavage of membrane
proteins has recently emerged as a key mechanism un-
derlying their functional regulation.15 We have previously
demonstrated a proteolysis-based model as one mech-
anism involved in the regulation of CD44 function.16–18

Our studies showed that CD44 is proteolytically cleaved
at the ectodomain through membrane-associated metal-
loproteases in various cancer cell lines to produce a
membrane-bound cleavage product of �25 kd.16 This
CD44 ectodomain cleavage was found to play a critical
role in CD44-mediated tumor cell migration by regulating
the dynamic interaction between CD44 and the extracel-
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lular matrix.16,19 Transfection studies on NIH3T3 fibro-
blasts have shown that overexpression of the oncogenic
mutant of Ha-Ras can result in enhancement of CD44
cleavage accompanied by the promotion of CD44-medi-
ated cell migration.18 We have also reported that CD44
cleavage is regulated by multiple signaling pathways, for
example, the activation of protein kinase C, the influx of
extracellular Ca2�, and members of the Rho family of
small GTPases.17 Based on these observations, CD44
cleavage seems to be a key event for the regulation of
CD44 function in human cancers.

Although the literature on CD44 in human tumors has
grown in recent years, no previous study has evaluated
clinical human tumor specimens for proteolytic cleavage
of CD44. We have generated an antibody (Ab) against
the intracytoplasmic domain of CD44 (anti-CD44cyto Ab)
that can detect the 25-kd cleavage product (Figure
1A).16 In this study, we have used this Ab to examine
whether CD44 cleavage occurs in several types of hu-
man tumor tissues. We demonstrate here for the first time
that the CD44 cleavage product is frequently detected in
brain, breast, lung, colon, and ovarian tumors and the
cleavage event may contribute to the oncogenesis of
human tumors.

Materials and Methods

Tumor Specimens, Cell Lines, and Reagents

Human tumor tissues and corresponding uninvolved nor-
mal tissues were obtained under Internal Review Board
(IRB)-approved protocols and the diagnoses confirmed
by standard histological analysis. All specimens were
snap-frozen and stored at �70°C until required. The nor-
mal human breast protein was purchased from Clontech
(Palo Alto, CA). U251MG cells and brain tumor-derived
cell lines were maintained in Dulbecco’s modified Eagle’s
medium (Life Technologies, Inc., Gaithersburg, MD)
supplemented with 10% fetal bovine serum, 100 U/ml
penicillin, and 0.1 mg/ml streptomycin. Normal human
astrocytes were purchased from Clonetics (San Diego,
CA) and cultured in specialized media (BioWhittaker,
Rockland, ME). Carbobenzoxyl-leucinyl-eucinyl-leucinal
(MG132) was purchased from Sigma (St. Louis, MO). The
hydroxamate-based metalloprotease inhibitor, BB94 (ba-
timastat), was kindly provided by William G. Stetler-
Stevenson (National Institutes of Health, Bethesda, MD).

Western Blot Analysis

Tissue specimens and cells were lysed with phosphate-
buffered saline (PBS)/TDS buffer (10 mmol/L Na2HPO4,
150 mmol/L NaCl, 1% Triton X-100, 0.5% sodium deoxy-
cholate, 0.1% sodium dodecyl sulfate, 0.2% NaH3,
0.004% NaF, 1 mmol/L NaVO4, 25 mmol/L �-glycero-
phosphate, 100 �g/ml phenylmethyl sulfonyl fluoride, and
1 �g/ml each aprotinin and leupeptin) and centrifuged at
15,000 � g to remove insoluble material. Protein concen-
trations were determined using the BioRad DC protein
assay (BioRad, Richmond, CA). Equal amounts of protein

were electrophoresed on 4 to 20% sodium dodecyl sul-
fate-polyacrylamide gel electrophoresis gels and trans-
ferred to nitrocellulose filters. The filters were blocked in
PBS containing 10% skim milk for 1 hour and then incu-
bated with either a 1:300 dilution of anti-CD44ecto mono-
clonal antibody (mAb) (F10-44-2; Novocastra, New-
castle, UK), a 1:750 dilution of anti-CD44cyto Ab or a
1:2500 dilution of anti-actin mAb (ICN, Costa Mesa, CA)
in PBS containing 0.03% Tween 20 for 50 minutes. The
filters were washed three times for 5 minutes each with

Figure 1. Detection of CD44 cleavage product in gliomas. A: Schematic
representation of CD44 cleavage. CD44 is proteolytically cleaved in the
membrane-proximal region of the extracellular domain by membrane-asso-
ciated metalloproteases. The CD44 cleavage produces soluble and mem-
brane-tethered fragments of CD44, the latter of which are detectable by
Western blot analysis with anti-CD44cyto Ab as a band that migrates at a
position corresponding to �25 kd. B: Western blot analysis of U251MG
human glioblastoma cell line, normal brain tissue, and WHO grades III and
IV glioma tissue specimens. Western blots containing 30 �g of lysates were
reacted with anti-CD44ecto mAb (F10-44-2) (top left), anti-CD44cyto Ab
(top right), or anti-actin mAb (bottom). Molecular-size standards are
shown at the left of each panel in kd. The bands corresponding to full-length
CD44s, CD44 cleavage products, and actin are indicated by the arrow. Actin
was used to demonstrate equal loading of protein in each lane. Numbers at
the top of lanes refer to patient numbers. C: Western blot analysis of normal
human astrocytes (NHA), U251MG cells, and brain tumor-derived cell lines
(1728 and 2005). The cells were incubated in the absence (minus) or
presence (plus) of 100 �mol/L of BB94, a metalloprotease inhibitor, as
indicated. Twelve hours before the harvest, all cells received 15 �mol/L of
MG132, an intracellular protease inhibitor, to prevent further intracellular
proteolytic processing of the CD44 cleavage product. Samples containing
equal amounts of protein were separated on 4 to 20% sodium dodecyl
sulfate-polyacrylamide gel electrophoresis gels and immunoblots were per-
formed using anti-CD44cyto Ab (top). Equal loading of samples was con-
firmed by blotting with anti-actin mAb (bottom). D: Western blot analysis of
WHO grades I and II glioma tissue specimens. Extracts (30 �g) from grades
I and II gliomas were analyzed by Western blot using anti-CD44cyto Ab
(top). Actin was used to demonstrate equal loading of protein in each lane.
Numbers at the top of lanes refer to patient numbers.
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PBS containing 0.3% Tween 20 and then incubated for 40
minutes with horseradish peroxidase-conjugated anti-
mouse IgG Ab (Amersham, Arlington Heights, IL) for
anti-CD44ecto mAb and anti-actin mAb, and with horse-
radish peroxidase-conjugated anti-rabbit IgG Ab (Amer-
sham) for anti-CD44cyto Ab. Secondary Abs were de-
tected using an enhanced chemiluminescence system
(Amersham).

Results

The CD44 Cleavage Is Highly Prevalent in
Human Brain Tumors

Initially, the expression of CD44 protein in normal human
brain and astrocytic tumors was analyzed by Western
blotting using anti-CD44ecto Ab or anti-CD44cyto Ab,
which are directed against an epitope in the CD44
ectodomain and CD44 cytoplasmic domain, respectively
(Figure 1A). The highly invasive human glioma cell line,
U251MG cells, served as a positive control because
these cells have previously shown evidence of high CD44
cleavage activity.16,17 The full-length standard CD44
(CD44s) protein (�85 kd) lacking all variant exons was
detected with both anti-CD44ecto Ab and anti-CD44cyto
Ab in all samples examined (Figure 1B). Consistent with
our previous demonstrations,16,17 the �25-kd CD44
cleavage product was detected in U251MG with anti-
CD44cyto Ab, but not with the anti-CD44ecto Ab (Figure
1, A and B). Notably, four glioma specimens (specimens
1728 and 1380, both glioblastomas; specimen 0952, a
gliosarcoma; and specimen 1289, an anaplastic oligo-
dendroglioma in Figure 1B) exhibited the �25-kd CD44
cleavage product as well as U251MG cells, whereas the
CD44 cleavage product was not observed in normal
brain specimens (Figure 1B, right). The anti-CD44ecto
Ab failed to detect this fragment (Figure 1B, left), indicat-
ing that it is derived from cleavage of the ectodomain.
Western blots with Abs against actin, Gab1, a 120-kd
cytoplasmic protein, or the epidermal growth factor re-
ceptor, a 180-kd transmembrane protein revealed no
proteolytic fragments (data not shown). This indicated
that the fragments observed with the anti-CD44cyto Ab
are not the result of protein degradation.

The CD44 ectodomain cleavage has been previ-
ously shown to be mediated through metalloprotease
activity.16,19 To verify that the metalloprotease-mediated
CD44 cleavage occurs in these human gliomas, we es-
tablished cell lines derived from the glioma tumor spec-
imens 1728 and 2005 and analyzed them by Western
blotting using anti-CD44cyto Ab. The 2005 cell line was
derived from a glioblastoma tumor in which the CD44
cleavage product was not detected (Figure 1B) and this
cell line did not show the CD44 cleavage product in
culture (Figure 1C). In contrast, the 1728 cell line was
derived from a recurrent glioblastoma tumor containing
the CD44 cleavage product (Figure 1B) and the cell
line also displayed the 25-kd CD44 cleavage product
(Figure 1C). Normal human astrocytes did not demon-
strate the CD44 cleavage product (Figure 1C). Consis-

tent with earlier observations,16 the production of CD44
cleavage products in both the 1728 and U251MG cells
was markedly reduced in the presence of BB94 (a syn-
thetic hydroxamate metalloprotease inhibitor) (Figure
1C), indicating that the proteolytic cleavage of CD44 in
these tumor cells was attributable to metalloprotease ac-
tivity. Taken together, these results demonstrate that
Western blot analysis using anti-CD44cyto Ab allows us
to reliably assess the occurrence of CD44 cleavage in
human tumor tissues and this method was chosen for
ensuing analyses.

CD44 cleavage was evaluated in 7 normal brain tissue
specimens and 72 astrocytic tumors comprised of 17
low-grade [World Health Organization (WHO) grades I
and II] and 55 high-grade (WHO grades III and IV) tu-
mors. Representative results of Western blot analysis are
shown in Figure 1, B and D. Full-length CD44s (�85 kd)
was expressed in all of these tissue specimens, and
gliomas generally exhibited higher expression of full-
length CD44s than normal brain (Figure 1, B and D). The
CD44 cleavage product was detected in 59% (10 of 17)
low-grade tumors, 58% (32 of 55) high-grade tumors, and
in none of the seven normal brain tissues (Table 1). These
results indicate that CD44 cleavage is a tumor-specific
phenomenon, although there was no significant associa-
tion between CD44 cleavage and pathological grade in
glioma. Recurrent high-grade tumors were more likely to
be positive (6 of 7, 86%) for CD44 cleavage compared to
primary high-grade tumor (26 of 48, 54%), but this did not
reach statistical significance in this sample size.

CD44 Cleavage in Multiple Human Tumors

CD44 cleavage was next evaluated in primary human
carcinomas of the breast, lung, colon, and ovary. We
examined 42 breast carcinomas (all invasive ductal car-
cinomas) by Western blotting using anti-CD44cyto Ab. All
of these samples, including the normal breast tissue
specimens, showed expression of full-length CD44s pro-
tein. The expression level of CD44 cleavage product was
much higher in 28 of 42 tumors than in a normal breast
specimen obtained from a patient with no evidence of
tumor (Figure 2A and Table 2). For 15 tumors, normal
tissue adjacent to the tumor was available and represen-
tative blots of these paired specimens are shown in Fig-
ure 2B. There was enhanced expression of the CD44
cleavage product as compared to the normal tissue (308
and 262 in Figure 2B). CD44 variant isoform (CD44v)

Table 1. CD44 Cleavage in Normal Brain and Gliomas

Tissues

No. of cases with
CD44 cleavage/

total (%)

Normal brain (cortex) 0/7 (0%)
Gliomas*

Grade I to II 10/17 (59%)
Grade III to IV 32/55 (58%)

Primary 26/48 (54%)
Recurrent 6/7 (86%)

*Tumors were graded using the WHO designation.
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expression has been described in multiple human tumors
including breast carcinomas.1,7,20–24 The expression of
the higher molecular weight CD44v protein was detected
in 11 of 42 (26%) breast carcinomas (Figure 2, A and B,
and Table 2). Interestingly, all 11 of the samples express-
ing CD44v protein also exhibited the CD44 cleavage
product.

To investigate the proteolytic cleavage of CD44 in lung
carcinomas, Western blot analysis with anti-CD44cyto Ab
was performed on 11 cases of non-small cell lung carci-
nomas and paired normal lung tissues. Small-cell lung
carcinomas were excluded in the present study, since we
and other groups have previously demonstrated that
small-cell lung carcinomas do not express any detect-
able CD44 protein.23,25,26 Representative results are
shown in Figure 2C. The enhanced CD44 cleavage was

observed in 45% (5 of 11) non-small cell lung carcinomas
(Table 2), including three of eight adenocarcinomas, one
of two squamous cell carcinomas, and one of one ade-
nosquamous cell carcinoma. We found expression of
CD44v protein in 27% (3 of 11) non-small cell lung car-
cinomas (Table 2). Two of the three non-small cell lung
carcinomas expressing CD44v protein also exhibited an
abundance of CD44 cleavage product (Table 2).

We found a very high incidence of CD44 cleavage in
colon carcinomas as compared to their matched normal
tissues. The CD44 cleavage product was detected in
90% (9 of 10) colon carcinomas, whereas no reactivity to
this product was found in 9 of the 10 paired normal colon
specimens (Figure 3A and Table 2). One normal colon
specimen displayed a detectable amount of CD44 cleav-
age product; however, the amount was much lower than

Figure 2. Western blot analysis for the presence of CD44 cleavage product in
breast and lung carcinomas. Extracts (30 �g) from breast carcinomas (A and
B), non-small cell lung carcinomas (C), and corresponding normal tissue
specimens were analyzed by Western blotting as described in Material and
Methods. Blots were probed with anti-CD44cyto Ab or anti-actin mAb.
Numbers at the top of lanes refer to patient numbers. T and N shown in B and
C denote primary tumors and their matched normal tissues, respectively.
Actin was used to demonstrate equal loading of protein in each lane.
Molecular-size standards are shown at the left in kd. The bands correspond-
ing to full-length CD44s, full-length CD44v cleavage product, and actin are
shown by the arrow.

Table 2. CD44 Cleavage and Expression of CD44 Variants in Breast, Lung, Colon, and Ovarian Carcinomas

Tissues
CD44

cleavage CD44v (�)
CD44 cleavage
and CD44v (�)

Breast carcinoma 28/42 (67%) 11/42 (26%) 11/11 (100%)
Lung carcinoma 5/11 (45%) 3/11 (27%) 2/3 (67%)
Colon carcinomas 9/10 (90%) 7/10 (70%) 7/7 (100%)
Ovarian carcinomas 3/12 (25%) 3/12 (25%) 2/3 (67%)
Total 45/75 (60%) 24/75 (32%) 22/24 (92%)

Figure 3. Western blot analysis for the presence of CD44 cleavage product in
colon and ovarian carcinomas. The top panels of A and B are Western blot
analyses of colon carcinomas (A) and ovarian carcinoma (B) incubated with
anti-CD44cyto Ab. Numbers at the top of lanes refer to patient numbers. T
and N denote primary tumors and their matched normal tissues, respectively.
Blots with anti-actin mAb (A and B, bottom) were used to demonstrate
equal loading of protein in each lane. The bands corresponding to full-length
CD44s, full-length CD44v, and CD44 cleavage product are shown by the
arrow.
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the matched tumor specimen (data not shown). Among
the panel of 10 colon carcinomas tested, 7 cases were
found to express CD44v protein, and all of the 7 tumors
also co-expressed the CD44 cleavage product (Table 2).

Twelve ovarian carcinomas (six serous, three undiffer-
entiated, and three endometrioid adenocarcinoma) were
analyzed by Western blots using anti-CD44cyto Ab.
CD44s expression in these tumors was higher than in
normal ovarian tissues (Figure 3B). We found CD44
cleavage product in 3 of 12 (25%) ovarian carcinomas
but not in any of three normal ovaries tested (Figure 3B
and Table 2). Expression of CD44v was detected in three
tumors and CD44 cleavage product was observed in two
of these three tumors (Table 2).

Overall, we found enhanced expression of the CD44
cleavage product in 60% (45 of 75) of these tumors,
whereas CD44v expression was observed in 32% (24 of
75) (Table 2). Interestingly, the percentage of CD44
cleavage was significantly higher in tumors expressing
CD44v than in tumors expressing only CD44s protein
(92% versus 45%, P � 0.001) (Table 3). We also obtained
data on histological grade of these tumors. There
seemed to be no direct correlation between the presence
of the CD44 cleavage product and the tumor grade (Ta-
ble 4).27,28

Discussion

There have been many reports studying the expression
patterns of CD44 and its variant protein in various human
tumors. To the best of our knowledge, these earlier stud-
ies uniformly used Abs directed against the ectodomain
of CD44. Thus, studies using these Abs would not have
detected membrane-tethered CD44 cleavage product
yielded by the CD44 ectodomain cleavage (Figure 1A).
Because the alternative splicing of CD44 occurs in the
ectodomain, CD44 variant exon-specific Abs also suf-
fered from this limitation. We have developed an Ab
raised to the COOH-terminal region of the CD44 cyto-
plasmic domain and demonstrated that it could detect
CD44 cleavage products in various cancer cell lines.16 In
the present study, we demonstrate for the first time that
the ectodomain cleavage product of CD44 is easily and
clearly detectable by Western blot in multiple human
tumor tissues using anti-CD44cyto Ab.

We have previously shown that CD44 ectodomain
cleavage can be induced in tumor cell lines by several
stimuli including Ca2� influx, Ras oncogene expression,
and TPA treatment of cells, and that this cleavage can be
inhibited by metalloprotease inhibitors.16–18 Our findings
have been supported by more recent reports demon-
strating that membrane type 1 matrix metalloprotease
(MT1-MMP) cleaves the CD44 ectodomain and promotes
cancer cell migration.19 Our present study demonstrates
that this metalloprotease-mediated CD44 cleavage is re-
produced in cell lines derived from tumor specimens
examined. This fact, and the fact that degradation of
other proteins was not observed in the primary tumor
samples examined indicate that the �25-kd CD44 frag-
ment is indeed generated endogenously in these tumors
and is not the result of protein degradation.

The CD44 cleavage product was never observed in
normal brain and ovary tissue specimens. We observed
detectable amounts of CD44 cleavage product on long
exposures of normal breast, lung, and colon specimens,
although the amount was much lower than that observed
in tumor specimens. There are several potential explana-
tions for this observation. The importance of continuous
cross talk between tumor cells and surrounding nontumor
cells during tumor progression has been described.29,30

Regarding the regulation of metalloprotease production
in the surrounding cells of tumors, tumor cell-derived
factors that increase the expression of several metallo-
proteases in fibroblasts have been reported.31 Further-
more, a recent report has shown a significantly higher
incidence of metalloprotease expression in normal colon
tissues of patients with liver metastasis than in those
without metastasis.32 Thus, malignant tumor tissues may
alter the expression profile of metalloproteases in their
adjacent normal tissues and induce CD44 cleavage. Al-
ternatively, because metalloproteases have been impli-
cated in a variety of normal cellular processes,33,34 CD44
cleavage may occur at a low level in these normal tissues
as part of a normal physiological process that is amplified
in tumors. Finally, we cannot completely exclude the
possibility that microscopically undetected tumor cells
may infiltrate into the adjacent normal tissues.

Table 3. Correlation between CD44 Cleavage and CD44v
Expression in Breast, Lung, Colon, and Ovarian
Carcinomas

Group No.

CD44
cleavage

(%) P value

CD44v protein (�) 24 92% (22/24) �0.001
CD44v protein (�) 51 45% (23/51) (CD44v (�) versus

CD44v (�))

Table 4. CD44 Cleavage and Tumor Stage/Histopathological
Grade in Breast, Lung, Colon, and Ovarian
Carcinomas

No. CD44 cleavage (%)

Breast carcinoma*†

Grade I to II 9 6 (67%)
Grade III 16 11 (69%)

Lung carcinoma
Stage I to II 3 3 (100%)
Stage III to IV 7 2 (29%)

Colon carcinoma
Dukes A 2 2 (100%)
Dukes B 4 4 (100%)
Dukes C 4 3 (75%)

Ovarian carcinoma‡

Stage I to II 4 1 (25%)
Stage III to IV 8 2 (25%)

*Histopathological grade was not available for all tumors.
†Tumors were graded using the modified criteria of Scarff, Bloom,

and Richardson.27

‡Tumors were staged in accordance with the International
Federation of Gynecology and Obstetrics (FIGO) surgical-staging
system.28
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In our analysis of brain tumors, we found the abundant
expression of CD44s protein, yet no detectable CD44v
protein was observed in any of these tumor tissues.
These results are consistent with earlier studies showing
that CD44s protein is the most dominant form of CD44
expressed in brain tumors.35–38 On the other hand, CD44
cleavage product was clearly detected in 58% (32 of 55)
of high-grade gliomas and 59% (10 of 17) of low-grade
gliomas, suggesting its potential as a target for new
diagnostic and therapeutic approaches. We and others
have previously reported that CD44 cleavage promotes
tumor cell migration in vitro.16,18,19 However, our present
finding that CD44 cleavage was also detected in low-
grade (I and II) tumors as well as high-grade (III and IV)
gliomas suggest that CD44 cleavage may not necessarily
contribute to tumor invasiveness in vivo, although WHO
grading of gliomas does not depend on invasiveness. On
the other hand, this discrepancy may also be attributable
to the complicated mechanisms underlying tumor inva-
sion in vivo, a highly regulated process requiring the
well-orchestrated interplay of various components (or-
gan-specific microenvironment, growth factor signaling,
adhesion molecule, proteolytic events, and so forth).

In contrast to brain tumors, 26% of breast carcinomas,
27% of lung carcinomas, 70% of colon carcinomas, and
25% of ovarian carcinoma expressed CD44v protein.
With the exception of colon carcinomas, the incidence of
CD44v protein expression seems to be lower than what
was reported in earlier studies, perhaps because of a
difference in methodology.20–22,39 These studies mainly
used reverse transcriptase-polymerase chain reaction to
detect expression of the variant forms or Abs specific for
the splice variants. In the present study, we demonstrate
that CD44 cleavage is more prevalent than CD44v ex-
pression in these tumors. Notably, tumors expressing
CD44v protein show a significantly higher incidence of
the enhanced CD44 cleavage than those expressing only
CD44s protein. Because both CD44s and CD44v would
generate the same size CD44 cleavage product16 and all
CD44v-expressing tumors co-express the CD44s protein,
we cannot conclude the exact origin (CD44s or CD44v) of
the CD44 cleavage product observed in these tumors at
this point.

The enhanced CD44 proteolytic cleavage was found
irrespective of the grade of malignancy in the tumor sam-
ples examined, hence CD44 cleavage may define a very
early event in tumorigenesis. More recently, we have dem-
onstrated the functional link between CD44 cleavage and
consequent signal transduction within cells.40 It is possible
that the CD44 cleavage might impact on a signaling path-
way to promote tumor development. The intracellular do-
main of CD44 has also been shown to bind to merlin and
this can send a growth inhibitory signal to cells when the
extracellular domain of CD44 is bound to its ligand.41 The
CD44 cleavage would result in loss of the extracellular
domain of CD44 and may abolish this inhibitory signal re-
sulting in unregulated cell proliferation. Considering these
potential roles for CD44 cleavage, its presence in multiple
human tumor types and its high frequency of occurrence
indicate that further work is warranted to establish its bio-
logical and clinical significance.

Acknowledgments

We thank W. G. Stetler-Stevenson for providing metallo-
protease inhibitors; A. Prowse, M. J. Sasaki, Y. Ichikawa,
S. Hirosako, Y. Kawano, K. Tada, and M. Obata for their
expert work.

References

1. Naot D, Sionov RV, Ish-Shalom D: CD44: structure, function, and
association with the malignant process. Adv Cancer Res 1997, 71:
241–319

2. Jackson DG, Buckley J, Bell JI: Multiple variants of the human lym-
phocyte homing receptor CD44 generated by insertions at a single
site in the extracellular domain. J Biol Chem 1992, 267:4732–4739

3. Bennett KL, Modrell B, Greenfield B, Bartolazzi A, Stamenkovic I,
Peach R, Jackson DG, Spring F, Aruffo A: Regulation of CD44 binding
to hyaluronan by glycosylation of variably spliced exons. J Cell Biol
1995, 131:1623–1633

4. Bartolazzi A, Nocks A, Aruffo A, Spring F, Stamenkovic I: Glycosyla-
tion of CD44 is implicated in CD44-mediated cell adhesion to hyalu-
ronan. J Cell Biol 1996, 132:1199–1208

5. Skelton TP, Zeng C, Nocks A, Stamenkovic I: Glycosylation provides
both stimulatory and inhibitory effects on cell surface and soluble
CD44 binding to hyaluronan. J Cell Biol 1998, 140:431–446

6. Günthert U, Hofmann M, Rudy W, Reber S, Zoller M, Haussmann I,
Matzku S, Wenzel A, Ponta H, Herrlich P: A new variant of glycopro-
tein CD44 confers metastatic potential to rat carcinoma cells. Cell
1991, 65:13–24

7. Wielenga VJ, Heider KH, Offerhaus GJ, Adolf GR, van den Berg FM,
Ponta H, Herrlich P, Pals ST: Expression of CD44 variant proteins in
human colorectal cancer is related to tumor progression. Cancer Res
1993, 53:4754–4756

8. Mulder JW, Kruyt PM, Sewnath M, Oosting J, Seldenrijk CA, Weidema
WF, Offerhaus GJ, Pals ST: Colorectal cancer prognosis and expres-
sion of exon-v6-containing CD44 proteins. Lancet 1994, 344:1470–
1472

9. Koretz K, Moller P, Lehnert T, Hinz U, Otto HF, Herfarth C: Effect of
CD44v6 on survival in colorectal carcinoma. Lancet 1995, 345:327–
328

10. Finke LH, Terpe HJ, Zorb C, Haensch W, Schlag PM: Colorectal
cancer prognosis and expression of exon-v6-containing CD44 pro-
teins. Lancet 1995, 345:583

11. Kaufmann M, Heider KH, Sinn HP, von Minckwitz G, Ponta H, Herrlich
P: CD44 isoforms in prognosis of breast cancer. Lancet 1995, 346:
502

12. Friedrichs K, Franke F, Lisboa BW, Kugler G, Gille I, Terpe HJ, Holzel
F, Maass H, Günthert U: CD44 isoforms correlate with cellular differ-
entiation but not with prognosis in human breast cancer. Cancer Res
1995, 55:5424–5433

13. Jansen RH, Joosten-Achjanie SR, Arends JW, Volovics A, Hupperets
PS, Schouten HC, Hillen HF: CD44v6 is not a prognostic factor in
primary breast cancer. Ann Oncol 1998, 9:109–111

14. Hooper NM, Karran EH, Turner AJ: Membrane protein secretases.
Biochem J 1997, 321:265–279

15. Werb Z: ECM and cell surface proteolysis: regulating cellular ecol-
ogy. Cell 1997, 91:439–442

16. Okamoto I, Kawano Y, Tsuiki H, Sasaki J, Nakao M, Matsumoto M,
Suga M, Ando M, Nakajima M, Saya H: CD44 cleavage induced by a
membrane-associated metalloprotease plays a critical role in tumor
cell migration. Oncogene 1999, 18:1435–1446

17. Okamoto I, Kawano Y, Matsumoto M, Suga M, Kaibuchi K, Ando M,
Saya H: Regulated CD44 cleavage under the control of protein kinase
C, calcium influx, and the Rho family of small G proteins. J Biol Chem
1999, 274:25525–25534

18. Kawano Y, Okamoto I, Murakami D, Itoh H, Yoshida M, Ueda S, Saya
H: Ras oncoprotein induces CD44 cleavage through phosphoinosi-
tide 3-OH kinase and the Rho family of small G proteins. J Biol Chem
2000, 275:29628–29635

19. Kajita M, Itoh Y, Chiba T, Mori H, Okada A, Kinoh H, Seiki M: Mem-

446 Okamoto et al
AJP February 2002, Vol. 160, No. 2



brane-type 1 matrix metalloproteinase cleaves CD44 and promotes
cell migration. J Cell Biol 2001, 153:893–904

20. Matsumura Y, Tarin D: Significance of CD44 gene products for can-
cer diagnosis and disease evaluation. Lancet 1992, 340:1053–1058

21. Tanabe KK, Ellis LM, Saya H: Expression of CD44R1 adhesion mol-
ecule in colon carcinomas and metastases. Lancet 1993, 341:725–
726

22. Woodman AC, Sugiyama M, Yoshida K, Sugino T, Borgya A, Goodi-
son S, Matsumura Y, Tarin D: Analysis of anomalous CD44 gene
expression in human breast, bladder, and colon cancer and correla-
tion of observed mRNA and protein isoforms. Am J Pathol 1996,
149:1519–1530

23. Sasaki JI, Tanabe KK, Takahashi K, Okamoto I, Fujimoto H, Matsu-
moto M, Suga M, Ando M, Saya H: Expression of CD44 splicing
isoforms in lung cancers: dominant expression of CD44v8–10 in
non-small cell lung carcinomas. Int J Oncol 1998, 12:525–533

24. Okamoto I, Morisaki T, Sasaki J, Miyake H, Matsumoto M, Suga M,
Ando M, Saya H: Molecular detection of cancer cells by competitive
reverse transcription-polymerase chain reaction analysis of specific
CD44 variant RNAs. J Natl Cancer Inst 1998, 90:307–315

25. Penno MB, August JT, Baylin SB, Mabry M, Linnoila RI, Lee VS,
Croteau D, Yang XL, Rosada C: Expression of CD44 in human lung
tumors. Cancer Res 1994, 54:1381–1387

26. Ariza A, Mate JL, Isamat M, Lopez D, Von Uexkull-Guldeband C,
Rosell R, Fernandez-Vasalo A, Navas-Palacios JJ: Standard and
variant CD44 isoforms are commonly expressed in lung cancer of the
non-small cell type but not of the small cell type. J Pathol 1995,
177:363–368

27. Elston CW, Gresham GA, Rao GS, Zebro T, Haybittle JL, Houghton J,
Kearney G: The cancer research campaign (King’s/Cambridge trial
for early breast cancer: clinico-pathological aspects. Br J Cancer
1982, 45:655–669

28. International Federation of Gynecology and Obstetrics (FIGO):
Changes in definition of clinical staging for carcinoma of the cervix
and ovary. Am J Obstet Gynecol 1987, 156:263–264

29. Matrisian LM, Cunha GR, Mohla S: Epithelial-stromal interactions and
tumor progression: meeting summary and future directions. Cancer
Res 2001, 61:3844–3846

30. McCawley LJ, Matrisian LM: Tumor progression: defining the soil
round the tumor seed. Curr Biol 2001, 11:R25–R27

31. Guo H, Zucker S, Gordon MK, Toole BP, Biswas C: Stimulation of
matrix metalloproteinase production by recombinant extracellular
matrix metalloproteinase inducer from transfected Chinese hamster
ovary cells. J Biol Chem 1997, 272:24–27

32. Masuda H, Aoki H: Host expression of matrix metalloproteinase-2 and
tissue inhibitor of metalloproteinase-2 in normal colon tissue affects
metastatic potential of colorectal cancer. Dis Colon Rectum 1999,
42:393–397

33. Johnsen M, Lund LR, Romer J, Almholt K, Dano K: Cancer invasion
and tissue remodeling: common themes in proteolytic matrix degra-
dation. Curr Opin Cell Biol 1998, 10:667–671

34. McCawley LJ, Matrisian LM: Matrix metalloproteinases: they’re not
just for matrix anymore! Curr Opin Cell Biol 2001, 13:534–540

35. Li H, Hamou MF, de Tribolet N, Jaufeerally R, Hofmann M, Diserens
AC, Van Meir EG: Variant CD44 adhesion molecules are expressed in
human brain metastases but not in glioblastomas. Cancer Res 1993,
53:5345–5349

36. Nagasaka S, Tanabe KK, Bruner JM, Saya H, Sawaya RE, Morrison
RS: Alternative RNA splicing of the hyaluronic acid receptor CD44 in
the normal human brain and in brain tumors. J Neurosurg 1995,
82:858–863

37. Eibl RH, Pietsch T, Moll J, Skroch-Angel P, Heider KH, von Ammon K,
Wiestler OD, Ponta H, Kleihues P, Herrlich P: Expression of variant
CD44 epitopes in human astrocytic brain tumors. J Neurooncol 1995,
26:165–170

38. Ylagan LR, Quinn B: CD44 expression in astrocytic tumors. Mod
Pathol 1997, 10:1239–1246

39. Schroder W, Rudlowski C, Biesterfeld S, Knobloch C, Hauptmann S,
Rath W: Expression of CD44(v5-10) splicing variants in primary ovar-
ian cancer and lymph node metastases. Anticancer Res 1999, 19:
3901–3906

40. Okamoto I, Kawano Y, Murakami D, Sasayama T, Araki N, Miki T,
Wong AJ, Saya H: Proteolytic release of CD44 intracellular domain
and its role in the CD44 signaling pathway. J Cell Biol 2001, 155:755–
762

41. Morrison H, Sherman LS, Legg J, Banine F, Isacke C, Haipek CA,
Gutmann DH, Ponta H, Herrlich P: The NF2 tumor suppressor gene
product, merlin, mediates contact inhibition of growth through inter-
actions with CD44. Genes Dev 2001, 15:960–980

CD44 Proteolytic Cleavage in Human Cancers 447
AJP February 2002, Vol. 160, No. 2


