
Introduction

CD44 comprises a family of glycoproteins encoded by a single gene
[1], that vary in size due to N- and O-glycosylation and insertion of
alternatively spliced variable exon products in the extracellular
domains of the molecule [2]. CD44, besides many other activities
[3, 4], plays an important role in haematopoiesis [5]. More recently,
CD44 has been described as a cancer initiating marker in several
types of carcinoma [6], but also in leukaemia [7–10].

The importance of CD44 in haematopoiesis has first been
described in 1990 by Miyake et al. [11], noting that anti-CD44
prohibited the development of cobblestone areas and of non-
adherent progenitors in murine long-term bone marrow cultures
[11]. At least in vitro, bone marrow stroma formation also
requires CD44, which supports the process by induction of IL-6
secretion [12, 13]. Notably, the most primitive human and mouse
HSCs synthesize and express hyaluronan (HA) [14] and HA
expression correlates with selective migration of HSCs to the
endosteal niche [14]. HSC homing can be blocked by anti-CD44
or soluble HA or hyaluronidase treatment [15]. In addition,
CXCL12 stimulates adhesion of progenitor cells via CD44 demon-
strating a cross-talk between CD44 and CXCR4 signalling, which
suggests a key role of HA and CD44 in CXCL12-dependent
transendothelial migration of HSCs and their anchorage within
specific niches [15]. Thus, CD44 contributes to homing and set-
tlement of HSCs in the bone marrow niche [16]. In addition,
depending on associations with integrins, CD44 has been sug-
gested to promote quiescence versus differentiation [17].
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Two recent reports describe that CD44 also accounts for
leukaemia cell homing, some haematological malignancies reveal-
ing high CD44 expression particularly on the subpopulation of
cancer initiating cells [8]. The acute myeloid leukaemia stem cell
requires CD44 for the transport to the stem cell-supportive
microenvironmental niche and anti-CD44 alters the fate of acute
myeloid leukaemia stem cells by inducing differentiation [18]. In a
mouse model of chronic myeloid leukaemia, BCR-ABL1-trans-
duced progenitors from CD44-mutant donors were defective in
bone marrow homing, which resulted in decreased engraftment
and impaired CML-like disease induction. These studies provided
additional evidence for a higher degree of CD44 dependence of
leukemic than of haematopoietic stem cells [19]. The findings in
both studies suggest that anti-CD44 promoted death of
leukaemia-initiating cells, which possibly could be translated into
a therapeutic strategy to eliminate quiescent leukemic stem cells
(LSCs) by a blockade of CD44. However, because HSCs and LSCs
are CD44 dependent, it would be desirable to know the pathway of
anti-CD44-induced apoptosis and whether differences between
HSCs and LSCs can be elaborated, where death could be a conse-
quence of a deficit in survival signals from the haematopoietic
niche or CD44 occupancy could actively initiate signals that pro-
mote apoptosis, where both the receptor-mediated and mitochon-
drial pathway have been assigned to CD44 [20, 21].

During haematopoiesis as well as lymphocyte activation, CD44
has become assigned with promoting proliferation [22, 23],
cytokine secretion [24], apoptosis protection as well as induction
[8, 9]. CD44-induced apoptosis protection proceeds via activation
of anti-apoptotic molecules [25, 26]. CD44-induced apoptosis
obviously can proceed via different pathways [27]. CD44-initiated
apoptosis has been described to be accompanied by up-regulation
of apoptosis receptors [28, 29] or by HA binding in activated 
T cells, which has been CD95 and caspase independent [30] or by
CD40 and CD44v7 cross-linking, which also is CD95 independent,
but proceeds through caspase-3 and caspase-9 activation [31]
suggestive of the involvement of the mitochondrial apoptosis
pathway. In haematological malignancies, too, CD44 ligation can
induce cell cycle arrest [32, 33], differentiation and apoptosis
[34], which in erythroid leukaemia cells has been observed to be
caspase independent, but accompanied by mitochondrial mem-
brane destabilization and release of apoptosis-inducing factor, but
not of cytochrome c [35].

We have been particularly interested in the role of CD44 in
progenitor T-cell homing and maturation. CD44 is known as a
thymus homing receptor for T progenitor cells [36], which we
recently could confirm [37] for the subpopulation of common
lymphoid progenitor 2 cells (CLP2) [38]. Thus we asked,
whether leukemic T-cell growth in vivo also requires CD44 and
whether antibody occupancy of CD44 hampers settlement or
actively promotes apoptosis. Using the EL4 thymoma line we
demonstrate that CD44 contributes to T lymphoma homing and
that a blockade of CD44 drives thymoma cells into apoptosis.
Unravelling the molecular pathway of CD44-induced apoptosis in
T lymphoma revealed a new pathway, initiated via activation of
CD44-associated phosphatase 2A (PP2A), which inhibits ERK1/2

phosphorylation leading to mitochondrial membrane depolariza-
tion and caspase-9 activation.

Material and methods

Mice and tumours lines

C57BL6 (H-2b) mice were bred at the central animal facilities of the German
Cancer Research Center; 8–10-week-old mice were used for experiments.
The C57BL6 EL4 thymoma line and CD44v6 cDNA transfected EL4 cells
(EL4-v6) were maintained in RPMI1640, 10% FCS, L-glutamine and antibi-
otics. Cells were regularly screened for mycoplasma infection and were
mycoplasma free. Cells were split when reaching a density of 106/ml.

Antibodies

Hybridoma supernatant of anti-CD4, -CD8, -panCD44 (IM7), (European
Association of Animal Cell Cultures, Salisbury, England), anti-H-2Db

(K7–65) [39] and anti-CD49d (PS/2) [40] were purified by affinity chro-
matography. JO2 (hamster antimouse CD95) [41] was a kind gift from S.
Nagata (Kyoto University, Japan). Unlabelled, biotinylated or dye-labelled
anti-CD44v6, -CD95, -CD95L, -(p)c-jun, -NF�B, -TNFRI, -TNFRII, -TRAIL, 
-(p)ERK1,2, -pTyr, -pThr, -caspase-3, -caspase-9, -PI3K, -(p)Akt, -Ras, -Bcl-xL,
-(p)BAD, -BAX, -(p)PP1, -PP2A, -CK2 (casein kinase 2), -actin, biotiny-
lated, dye- or HRPO-labelled secondary antibodies and streptavidin were
obtained commercially (BD/Pharmingen, Heidelberg, Germany; Dianova,
Hamburg, Germany; Biotrend, Köln, Germany; Bender Medsystems,
Vienna, Austria; Santa Cruz, CA, USA).

Haematopoietic cell preparation

Bone marrow, thymus and lymph nodes were teased through fine gauze.
Bone marrow cells (BMC) were T-cell depleted by panning on anti-CD4-
and anti-CD8-coated Petri dishes (purity: ~98%). Where indicated, cells
were CFSE (Invitrogen, Karlsruhe, Germany) labelled.

Flow cytometry

Cells (5 � 105) were stained according to routine procedures. For intracel-
lular staining (cytokines, chemokines, signalling molecules) cells were
fixed and permeabilized in advance. Apoptosis was determined by
annexinV-FITC or -APC/PI staining. Mitochondrial integrity was determined
by DilC1 staining, measuring fluorescence in the FL4 channel. The cell cycle
was controlled by PI staining (1 �g/ml, 0.1% TritonX-100, RNAase A) after
fixation in ethanol. Samples were processed in a FACS-Calibur using the
Cell Quest program for analysis (BD, Heidelberg, Germany).

Apoptosis induction

Apoptosis was induced by death receptor cross-linking, or a CD44 block-
ade by anti-panCD44 (IM7) or anti-CD44v6 (10 �g/ml) or HA (15 �g/ml).
Campothectin (1 �M/ml) served as a positive control. The percentage of
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respiratory active cells was evaluated by DilC1 staining. Cells were treated
with SL327 (MEK1,2 inhibitor, 5 �M), tetra-bromo-benzotriazole (CK2
inhibitor, 2 �M), LEDH-CHO, (caspase-9 inhibitor, 2 �M), DEVD-CHO,
(caspase-3 inhibitor, 2 �M) or okadaic acid (OA) (1–20 �M).

Raf-GST fusion protein and pull-down assay

Escherichia coli were transformed with a GST-Raf (AA1–149 of cRaf1)
cDNA [42]. The purified fusion protein was incubated with cell lysate and
1/10 volume of glutathione beads. After washing, the beads were resus-
pended in 6� Laemmli buffer and run on SDS-PAGE.

Phosphatase assay

Cell lysates, centrifuged at 12,000 � g for 10 min., were incubated with anti-
PP2A and ProteinG-agarose (Roche, Mannheim, Germany) (2 hrs, 4�C). The
immunoprecipitate was washed and incubated with 900 �g/ml p-NPP 
(30 min., 37�C). The amount of para-nitrophenol produced by dephosphory-
lation was determined by measuring the absorbance at 405 nm.

Sucrose gradient centrifugation

Cells were lysed in 1% Lubrol, lysates were centrifuged (10 min., 20,000 � g),
adjusted to 40% sucrose (4.5 ml) and were layered on 1.3 ml of 50%
sucrose and overlaid with 2.3 ml of 30%, 2.3 ml of 20% and 1.3 ml of 5%
sucrose. After centrifugation (200,000 � g, 16 hrs), 12 fractions (1 ml)
were collected from the top of the tubes. Fractions 1–4, 5–8 and 9–12 were
pooled and precipitated with anti-CD44.

Cytosol, nuclei and mitochondria preparation

Cells were incubated in hypotonic buffer, homogenized and centrifuged at
800 rpm for pelleting the nuclei. For separating the cytosolic from the mito-
chondrial fraction, 2.5 � 106 cells were lysed in 0.5 ml lysis buffer. After
adding Nonidet-P40 (0.5%), vortexing and centrifugation (1600 rpm, 
5 min.), cytosolic proteins are recovered from the supernatant. The pellet
(mitochondria) and the pelleted nuclei were washed, resuspended in lysis
buffer (1% TritonX-100, 1% SDS) and sonicated (7 sec., nine cycles).

Immunoprecipitation

Cells (2 � 107) were washed twice in TNE-buffer (20 mM Tris-HCl, pH 7.4,
150 mM NaCl, 2 mM ethylenediaminetetraacetic acid, 1 mM Na2VO4, 
10 mM NaF) and lysed (TNE-buffer, 1% Lubrol, 1 mM PMSF, a protease
inhibitor mix) (Boehringer, Mannheim, Germany) (30 min., 4�C).
Centrifuged (13,000 � g, 10 min., 4�C) lysates were pre-cleared, incubated
with the indicated antibodies (1 hr, 4�C) followed by incubation with
ProteinG Sepharose (1 hr) and washing.

Western blot (WB)

EL4 cells were lysed in Laemmli buffer, sonicated and boiled (5 min.).
Lysates (30 �l) were resolved on 10% SDS-PAGE. Proteins were trans-

ferred to Nitrocellulose membranes (30 V, 16 hrs, 4�C) and detected by WB
with indicated antibodies using ECL (GE Healthcare, Munich, Germany)
detection system.

Reconstitution and tumour cell injection

C57BL6 mice received an i.v. or s.c. injection of 104 EL4 cells or were
lethally irradiated (9.5 Gy) and reconstituted with 1 � 107 T-cell-depleted
BMC and received EL4 cells 2 days after reconstitution. Both groups of
mice received twice per week an i.v. injection of 150 �g control IgG or
anti-panCD44 (IM7). Survival time and reconstitution were controlled. In
a second setting, C57BL6 mice were treated as described above, but
received 2 � 106 CFSE-labelled EL4 cells. The% of CFSE-labelled EL4
cells and of apoptotic (annexinV-APC stained) CFSE-labelled EL4 cells in
bone marrow, thymus and spleen was evaluated during 96 hrs. Animal
experimentations were approved by the governmental authorities of
Baden-Wuerttemberg, Germany.

Statistical analysis

Significance of differences was calculated according to the Wilcoxon rank
sum test (in vivo assays) or the Student’s t-test (in vitro studies). Mean val-
ues � S.D. of in vivo experiments are derived from 3–5 experiments with
2–3 mice/group in each experiment corresponding to 6–15 mice/group.
Mean � S.D. of in vitro studies are derived from three experiments and /or
are based on three to four replicates. P-values �0.05 were considered as
statistically significant.

Results

Anti-panCD44 interferes with haematopoiesis 
and thymoma growth

C57BL6 mice received 104 EL4 cells, i.v. or s.c., with/without anti-
panCD44 (IM7, 150 �g/ml, i.v.). The antibody application was
repeated two times per week. After s.c. application of the lym-
phoma cells the mean tumour diameter was measured twice per
week and mice were killed, when the mean diameter of the s.c.
growing tumour reached 2.5 cm. After i.v. lymphoma cell applica-
tion, mice were killed upon weight loss and fatigue (survival
time). The development of metastasis was evaluated microscop-
ically and by surveying lymphoma cell growth in cultures of 
dispersed BMC, thymocytes (TC), SC and liver. Subcutaneous
lymphoma growth was retarded by IM7 and the survival time sig-
nificantly exceeded the survival time of mice receiving control
IgG. After i.v. application of lymphoma cells, the survival time of
IM7 treated mice was prolonged, however, not at a statistically
significant level (Fig. 1A). Furthermore, after i.v. lymphoma appli-
cation, thymic metastasis developed in 3/10 anti-panCD44-
treated, but only in 1/10 mice not receiving IM7. After s.c. EL4
application, the number of mice that developed metastases was
also increased in IM7-tretaed as compared to control mice (Fig. 1A–C,
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Table 1). Distinct to immunocompetent mice, application of IM7
accelerated tumour growth in irradiated and reconstituted mice
(Fig. 1D). In addition, bone marrow and thymus reconstitution
was severely impaired by IM7 treatment in reconstituted,
leukaemia-bearing mice (Fig. 1E).

Evaluating short term recovery of CFSE-labelled EL4 cells in
spleen, bone marrow and thymus in dependence on concomitant
IM7 application revealed that IM7 interfered with the settlement of
EL4 cells in spleen, bone marrow and thymus in immunocompe-
tent mice. Instead, in line with the survival study, this effect was
not observed in irradiated and reconstituted mice (Fig. 1F). When
analysing the percentage of annexinV stained EL4 cells, it became
obvious that hampering EL4 settlement by anti-CD44 was accom-
panied by a significant increase in the percentage of apoptotic
cells between 24 and 48 hrs after intravenous application. Anti-
CD44-induced apoptosis of lymphoma cells was not seen in con-
comitantly reconstituted mice (Fig. 1G and H).

The data are in line with several reports demonstrating that
anti-CD44 interferes with thymoma growth, but concomitantly
severely hampers the reconstitution process [21, 24], such that
during reconstitution the benefit of retarding lymphoma growth
becomes overridden. In addition, our data provided evidence that
anti-CD44-mediated retardation of thymoma growth under steady
state conditions was accompanied by an increase in apoptotic
tumour cells. Thus, it became important to know, whether death

was a consequence solely of a failure to embed or whether IM7
may have actively triggered apoptosis.

Anti-CD44 promotes thymoma cell apoptosis

To control for this hypothesis and to evaluate the underlying
mechanism(s), EL4 and EL4v6 cells were cultured in the pres-
ence of 10 �g/ml anti-CD44. After 16 hrs of culture in the pres-
ence of IM7 the percentage of apoptotic EL4/EL4v6 cells was
measured by annexinV-FITC/PI staining. In the presence of solu-
ble anti-panCD44 the apoptosis rate was increased after 6 hrs
from ~2% to ~25% and after o/n culture from ~10% to ~30%
(Fig. 2A). Similar effects were observed with YC18 cells, a BALB/c-
derived lymphoma (data not shown). In order to check for the
specificity of apoptosis induction through CD44, we used HA and
for EL4v6 cells anti-CD44v6. HA and anti-CD44v6 induced apop-
tosis in EL4 and EL4v6 cells comparably to anti-panCD44.
Instead, the percentage of apoptotic cells was not increased in
cultures containing an anti-MHC antibody or anti-CD49d, CD49d
being expressed at a high level on EL4 cells (Fig. 2B). The
increase in apoptotic cells obviously is not a consequence of acti-
vation induced cell death, as the distribution of cells in G1, S and
G2 or M-phase did not vary significantly depending on the culture
condition (Fig. 2C).
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Fig. 1 The impact of anti-CD44 on thymoma growth in vivo: (A–E) C57BL6 mice received an i.v. (A) or s.c. (B, C) injection of 104 EL4 cells or (C, D)
were lethally irradiated and reconstituted with 1 � 107 T-cell-depleted BMC and received EL4 cells, i.v. 2 days after reconstitution. Mice received twice
per week an i.v. injection of 150 �g control IgG or IM7. (A) The survival time of mice receiving EL4 cells i.v. is shown. Survival was slightly, but not to
a significant level prolonged by IM7 application. (B, C) After s.c. application of EL4 cells, IM7 retarded the start of the tumour growth and the survival
time became significantly prolonged. (D) The survival time of IM7-treated, EL4 tumour-bearing reconstituted mice was significantly shortened as com-
pared to mice receiving control IgG and (E) the recovery of BMC, TC and SC (mean number � S.D. of three mice/group) was significantly delayed (*).
(F) C57BL6 mice were treated as described above, but received 2 � 106 CFSE-labelled EL4 cells. The% of CFSE-labelled EL4 cells in bone marrow, thy-
mus and spleen was evaluated during 96 hrs. Mean values � S.D. of three mice are shown. The recovery of tumour cells is significantly reduced in
IM7-treated, non-reconstituted mice (*), but unaltered or increased in IM7-treated reconstituted mice (�). (G) The percentage (mean � S.D.) of apop-
totic CFSE-labelled EL4 cells during the starting 96 hrs after i.v. application was evaluated by annexinV-APC staining. The percentage of apoptotic EL4
cells is significantly increased in non-reconstituted IM7-treated mice (*), but largely unaltered in reconstituted IM7-treated mice. (H) Examples of apop-
totic EL4 cells in the bone marrow 96 hrs and in the spleen 72 hrs after application of CFSE-labelled EL4 cells in naive and reconstituted C57BL6 mice.

Tumour cells (104) * No. of mice Application Treatment Survival time P-values Metastasis

EL4 10 s.c. rIgG 32.7 � 4.2 Spleen (1)

EL4 10 s.c. IM7 39.9 � 4.0 0.001 Spleen (4), liver (1)

EL4 10 i.v. rIgG 38.6 � 8.0 Thymus (1)

EL4 10 i.v. IM7 44.6 � 10.0 0.16 Thymus (3)

Table 1 Impact of anti-CD44 on EL4 tumour growth after subcutaneous and intravenous application

*Tumour cells were injected into immunocompetent, 8-week-old C57BL6 mice.



1458

Thus, occupancy of CD44, independently of the particular epi-
tope, can induce apoptosis in T lymphoma cells.

Apoptosis induction, loss of mitochondrial 
membrane polarization and caspase-9 activation

Asking for the molecular mechanism accounting for CD44-
induced apoptosis, expression levels of Fas, FasL, Trail, TNFRI and
TNFRII were evaluated. EL4 and EL4v6 cells express Fas at about
55–60%, FasL at less than 10%, TRAIL at 	70%, TNFRI and
TNFRII at ~10% to ~20%. Expression and intensity of expression
of these death receptors was not changed after overnight culture
in the presence of anti-CD44 (Fig. 3A and B). Moreover, EL4 and
EL4v6 cells were resistant to apoptosis by CD95 cross-linking
with the JO2 anti-CD95 mAb as well as to TNFRI and TNFRII
cross-linking. Death receptor cross-linking also did not strengthen

anti-CD44-induced apoptosis (Fig. 3C). In view of these findings
the possibility of death receptor-induced apoptosis by a cross-talk
between CD44 and the Fas machinery becomes unlikely.

To strengthen this interpretation, the involvement of caspase-3
and caspase-9 in anti-CD44-initiated apoptosis was evaluated. 
EL4 and EL4v6 cells were cultured overnight in the presence of IM7
and caspase-3 or caspase-9 inhibitors. Apoptosis was measured
by annexinV-FITC/PI staining. Caspase-3 and caspase-9 inhibitors
reduced IM7-induced apoptosis in EL4 and EL4v6 cells (Fig. 4A
and B). As revealed by WB, cleavage of caspase-9 and caspase-3
in EL4 and EL4v6 cells was more pronounced when cultured in the
presence of IM7 and caspase-9 cleavage was partly inhibited in
the presence of a caspase-9 inhibitor (Fig. 4C). Caspase-9 becoming
activated within the apoptosome after cytochrome c release from
the mitochondria, this result points towards anti-CD44-initiated
activation of the intrinsic apoptosis pathway, which is character-
ized by loss of mitochondrial membrane polarization. To confirm

© 2009 The Authors
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Fig. 2 CD44 ligation induces apoptosis in EL4 cells: (A and B) EL4 and EL4v6 cells were cultured for 6 hrs or o/n in the presence of 10 �g/ml IM7, 
anti-CD44v6 or rIgG or 15 �g/ml HA and, as controls, 10 �g/ml anti-H-2b or anti-CD49d. Cells were stained with annexinV-FITC/PI. A representative
example (A) and mean values � S.D. of apoptotic cells are shown (B). Significant differences in comparison to cells cultured in the presence of rIgG
are indicated by *. (C) Cells were stained with PI and cultured o/n in the presence of rIgG or IM7. The percentage of cells in G1, S and G2 or M phase
was evaluated by flow cytometry. Cell cycle progression did not vary significantly in dependence on the presence of IM7.
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the involvement of the mitochondrial pathway, we measured mito-
chondrial membrane depolarization using DilC1, which accumu-
lates in intact mitochondria [43]. Untreated cells show high level
of dye intensity. The intensity of fluorescence decreased already
after 2 hrs incubation with anti-CD44 (data not shown), and more
pronounced after 12 hrs (Fig. 4D). Also, cytochrome c was recov-
ered in the cytosol only in IM7-treated EL4 and EL4v6 cells, albeit
at a low level (Fig. 4E).

These results indicate that CD44-induced apoptosis proceeds
via caspase-9 and caspase-3 activation through the mitochondrial
pathway.

Anti-CD44 induces ERK inhibition through PP2A

To unravel the molecular pathway initiated downstream of CD44
engagement, we checked for early activation signalling events

which might be involved. EL4 cells stimulated with IM7 for up to
2 hrs did not reveal any change in the phosphotyrosine profile
(Fig. 5A), PI3K activation (data not shown) and Akt phosphoryla-
tion (Fig. 5B). Instead, ERK phosphorylation became strongly
inhibited. Inhibition of ERK phosphorylation started 15 min. after
IM7 addition and lasted for at least 1 hr in EL4 and EL4v6 cells
(Fig. 5C). Because the total amount of ERK remained stable, this
result rules out an effect of CD44 on ERK degradation. To differen-
tiate between the possibilities that a blockade of CD44 interferes
with ERK1/2 activation directly or via the Ras pathway, we used a
GST-raf fusion protein to pull down the active form of Ras. The
GST-raf pull-down experiment revealed no effect of IM7 treatment
on Ras activity in EL4 cells (data not shown). This finding sug-
gests that CD44 affects ERK phosphorylation independently of the
Ras pathway. Next we evaluated, whether a blockade of CD44
leads to ERK1/2 dephosphorylation via activation of a phos-
phatase. Addition of OA, an inhibitor of the protein phosphatases 1
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Fig. 3 EL4 and EL4v6 cells are resistant towards Fas-induced apoptosis: (A and B) CD44, CD44v6, CD95, CD95L, Trail, TNFRI and TNFRII expression
on EL4 cells and EL4v6 cells was evaluated after o/n incubation in the presence of rIgG, IM7 or anti-CD44v6 (10 �g/ml). (A) A representative example
and (B) mean values � S.D. are shown. IM7 had no impact on CD44 and apoptosis receptor expression. (C) EL4 and EL4v6 cells were cultured o/n on
uncoated or anti-CD95-, anti-TNFRI- or anti-TNFRII-coated plates. Cultures contained 10 �g/ml rIgG or IM7 or 1 �M/ml camptothecin (positive control).
The percentage (mean � S.D. of triplicates) of annexinV-FITC/PI stained cells is shown. EL4 and EL4v6 cells were resistant towards receptor-induced
apoptosis and IM7-induced apoptosis was independent of death receptor cross-linking.
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(PP1) and 2A (PP2A), to the culture stabilized ERK1/2 phosphory-
lation and reversed the effect of anti-CD44 (Fig. 5D).

These results suggesting that CD44 engagement leads to ERK
inhibition through the activation of PP1 or PP2A, we controlled for
the potential contribution of PP1 or PP2A. We did not observe PP1
phosphorylation concomitantly with ERK1/2 dephosphorylation
(Fig. 5E). In fact, PP2A, but not PP1 associates with CD44 upon
CD44 binding. EL4 cells, cultured in the presence of IM7 for dif-
ferent time-points, were lysed and immunoprecipitated with anti-
CD44 and the immunoprecipitate was blotted with anti-PP1 and -
PP2A. PP1 was not detected in the immunoprecipitates. PP2A was
absent from the IM7 precipitates at time 0, but was detected after

15 min. of activation. Immunoprecipitating PP2A and blotting with
anti-CD44 confirmed the association between CD44 and PP2A
upon CD44 ligation, the association remaining stable for at least 1
hr (Fig. 5F). The association of PP2A is accompanied by PP2A
activation as revealed by blotting the PP2A immunoprecipitates
with anti-pThr (Fig. 5G) and evaluating phosphatase activity of
PP2A immunoprecipitates after CD44 ligation (Fig. 5H).

Having demonstrated PP2A activation upon association with
CD44, we wanted to identify the mechanism responsible for PP2A
activation, expecting due to CD44 association-dependent activation
of PP2A that the upstream activator possibly may also be associated
with CD44. MALDI-TOF analysis of proteins co-immunoprecipitating
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Fig. 4 CD44 ligation induces apoptosis via the mitochondrial pathway: (A and B) EL4 and EL4v6 cells were cultured o/n in the presence of rIgG, IM7 or
anti-CD44v6. Cultures contained in addition DMSO (control) or 2 �M caspase-3 or caspase-9 inhibitor. Apoptosis was measured by annexinV-FITC/PI
staining. (A) A representative example and (B) mean values � S.D. of triplicates are shown. Significant differences in the percentage of apoptotic cells
in the presence of caspase inhibitors are indicated by *. (C) WB of caspase-3 and caspase-9 cleavage in lysates of EL4 cells cultured o/n in the pres-
ence of rIgG or IM7 or in the presence of a caspase-9 inhibitor. The mean values � S.D. of the ratio of caspase-3 : actin and cleaved : uncleaved cas-
pase-9 are shown. Significant differences by IM7 or a caspase-9 inhibitor are indicated by an asterisk. Caspase-3 and capase-9 cleavage is enhanced
in IM7 treated cells and caspase-9 cleavage is reduced in the presence of the caspase-9 inhibitor. (D) EL4 cells were stained with the mitochondrial dye
DilC1 and incubated with 10 �g/ml IM7 for 12 hrs. DilC1 staining was evaluated by flow cytometry. (E) EL4 cells were incubated with 10 �g/ml IM7 for
12 hrs. Mitochondria were separated from the cytosol. Lysates were separated by SDS-PAGE, proteins were transferred to a nitrocellulose membrane
and blotted with anti-cytochrome c. The mean values � S.D. of the ratio of cytochrome c in the cytosol : mitochondria is shown. Significant differences
by IM7 or anti-CD44v6 are indicated by an asterisk. (D and E) Mitochondria integrity is strongly affected after 12 hrs of culture in the presence of IM7.
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with CD44 revealed the presence of CK2, a constitutively active
ser/thr kinase, which has a wide range of substrates including PP2A,
which becomes threonine phosphorylated [44]. We confirmed a con-
stitutive, though weak association between CK2 and CD44 by WB,
which was increased after CD44 engagement (Fig. 6A). To
strengthen the assumption that CK2 and PP2A concomitantly asso-
ciate with CD44, EL4 cells, cultured in the presence of IM7, were

lysed and light and dense membrane fractions were separated by
sucrose gradient centrifugation. Light, medium dense and heavy
fractions were pooled and immunoprecipitated with IM7. After SDS-
PAGE and transfer, membranes were blotted with IM7, anti-PP2A
and anti-CK2. CD44 was recovered in all three fractions. Instead,
both PP2A and CK2 co-immunoprecipitated with CD44 exclusively in
the medium dense fractions of 1.15–1.21 (Fig. 6B). To see, whether

© 2009 The Authors
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Fig. 5 CD44 ligation induces PP2A activation and ERK1/2 dephosphorylation: (A) EL4 cells were cultured for 30 min. in the presence of IM7. Cells were
lysed and proteins were separated by SDS-PAGE, transferred to a nitrocellulose membrane and probed with anti-phosphotyrosine. (B and C) EL4 and
EL4v6 cells were cultured for 15–60 min. in the presence of IM7. After lysis, SDS-PAGE and transfer, membranes were incubated with (B) anti-Akt and
anti-pAkt and (C) anti-ERK1/2 and anti-pERK1/2. The mean values � S.D. of the ratio of pAkt : Akt and pERK1/2 : ERK1/2 are shown. Significant differ-
ences by IM7 are indicated by an asterisk. Tyrosine and Akt phosphorylation remained unaltered. ERK1/2 phosphorylation of EL4 and EL4v6 cells cul-
tured in the presence of IM7 becomes strikingly reduced. (D) EL4 cells were cultured in the presence of rIgG or IM7 and increasing amounts of OA.
Cells were lysed, lysates were separated by SDS-PAGE, transferred and blotted with anti-ERK1/2 and anti-pERK1/2. The mean values � S.D. of the ratio
of pERK1/2 : ERK1/2 are shown. Significant differences by OA are indicated by an asterisk. In the presence of the phosphatase inhibitor, the IM7-induced
reduction of ERK1/2 phosphorylation was prevented. (E) EL4 cells were cultured in the presence of rIgG or IM7. Cells were lysed, lysates were sepa-
rated by SDS-PAGE, transferred and blotted with anti-pPP1, anti-ERK1/2 and anti-pERK1/2. The mean values � S.D. of the ratio of pPP1 : ERK1/2 and
for comparison of pERK1/2 : ERK1/2 are shown. Significant differences by IM7 are indicated by an asterisk. PP1 did not become phosphorylated con-
comitantly with ERK1/2 dephosphorylation. (F) EL4 cells were cultured in the presence of IM7. Cells were lysed and immunoprecipitated with IM7 or
anti-PP2A. Precipitates were separated by SDS-PAGE, transferred and blotted with IM7, anti-PP2A and anti-PP1. The mean values � S.D. of the ratio
of PP2A : CD44, PP1 : CD44, respectively, of CD44 : PP2A are shown. Significant differences by IM7 are indicated by an asterisk. PP2A, but not PP1
co-immunoprecipitated with CD44 and vice versa. (G) EL4 cells were cultured in the presence of rIgG or IM7. Cells were lysed and lysates were immuno-
precipitated with IM7. Lysates were separated by SDS-PAGE, transferred and blotted with anti-PP2A and anti-pThr. The mean values � S.D. of the ratio
of pThr : PP2A are shown. Significant differences by IM7 are indicated by an asterisk. Threonine phosphorylation of PP2A became strengthened in the
presence of IM7. (H) Phosphatase activity of the anti-CD44 immunoprecipitate was tested by ELISA. Phosphatase activity was strongly increased after
culture of EL4 and EL4v6 cells in the presence of IM7.
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CK2 accounts for PP2A activation, EL4 cells, cultured in the presence
of anti-CD44, were pre-treated with a CK2 inhibitor to block its cat-
alytic activity. This treatment resulted in a mild reduction in PP2A
phosphorylation (Fig. 6C) and in a reduction of the basal level of

pERK1/2 (Fig. 6D). Instead, the CK2 inhibitor strongly interfered with
spontaneous and IM7-promoted apoptosis (Fig. 6E). These findings
suggest that CK2 does not exclusively account for PP2A activation,
despite that both molecules can become associated with CD44.

© 2009 The Authors
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Fig. 6 CK2 is associated with CD44 and promotes partial PP2A activation: (A) EL4 cells were cultured in the presence of rIgG or IM7. Cells were lysed
and lysates were immunoprecipitated with IM7. After SDS-PAGE of the precipitate, proteins were transferred and blotted with anti-CD44 and anti-CK2.
The mean values � S.D. of the ratio of CK2 : CD44 are shown. Significant differences by IM7 and anti-CD44v6 are indicated by an asterisk. The CD44
precipitate contained low amounts of CK2. (B) EL4 cells, cultured in the presence of IM7, were lysed and light and dense membrane fractions were sep-
arated by sucrose gradient centrifugation. Light, medium dense and heavy fractions were pooled and immunoprecipitated with IM7. After SDS-PAGE
and transfer, membranes were blotted with IM7, anti-PP2A and anti-CK2. PP2A and CK2 co-immunoprecipitated with CD44 in the pooled fractions of
density 1.15–1.21. (C) EL4 cells were cultured in the presence of IM7 and, where indicated a CK2 inhibitor (2 �M/ml). Cells were lysed and the lysates
were precipitated with anti-PP2A, separated by SDS-PAGE, transferred and blotted with anti-PP2A and anti-pThr. The mean values � S.D. of the ratio
of pThr : PP2A are shown. Significant differences by IM7 and the CK2 inhibitor are indicated. The CK2 inhibitor partly inhibited PP2A phosphorylation.
(D) EL4 cells were cultured in the presence of IM7 and, where indicated the CK2 inhibitor, lysates were precipitated by SDS-PAGE, transferred and blot-
ted with anti-ERK1/2 and anti-pERK1/2. The mean values � S.D. of the ratio of pERK1/2 : ERK1/2 are shown. Significant differences by IM7 and the
CK2 inhibitor are indicated. ERK1/2 phosphorylation was reduced in the presence of the CK2 inhibitor. (E) EL4 and EL4v6 cells were cultured in the pres-
ence of rIgG, IM7 or anti-CD44v6. Where indicated the cultures contained a CK2 inhibitor. Apoptosis was evaluated after 24 hrs by annexinV-FITC/PI
staining. The CK2 inhibitor interfered with apoptosis induction independent of the presence of IM7 or anti-CD44v6.



J. Cell. Mol. Med. Vol 14, No 6B, 2010

1463

Taken together, CD44 ligation is accompanied by apoptosis induc-
tion which becomes initiated by its association with PP2A. PP2A 
activation proceeds towards ERK1/2 dephosphorylation. CK2, also
associated with CD44, promotes PP2A activation. However, in view of
the low impact of a CK2 inhibitor on PP2A activation, an involvement
of additional molecules in PP2A activation becomes likely.

ERK1/2 inhibition promotes apoptosis 
and caspase-9 cleavage

Our data so far suggest that PP2A activation-induced apoptosis
proceeds through ERK1/2 inhibition. PP2A also is known to affect

the PI3K/Akt pathway, that has already been excluded (Fig. 5B), to
inhibit JNK or to regulate NF�B via IKKB/IKB [45]. However, we
did not obtain evidence for impaired c-Jun phosphorylation in EL4
cells cultured in the presence of IM7 (data not shown). NF�B did
not become regulated by CD44 occupancy and the low level of
nuclear NF�B in EL4 cells remained unaltered. In line with this
finding IKKB (data not shown) and IKB phosphorylation was not
affected (Fig. 7A).

IM7-mediated PP2A activation, at least predominantly, induc-
ing apoptosis through ERK1/2 inhibition, we evaluated whether an
ERK1/2 inhibitor would induce apoptosis and whether apoptosis
induction would proceed via caspase-9. EL4/EL4v6 cells show a
high basic level of ERK activation, which was significantly inhibited
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Fig. 7 ERK1/2 dephosphorylation promotes mitochondrial membrane disintegration and caspase-9 cleavage: (A) EL4 cells were cultured for 15–60 min.
in the presence of IM7. After separation of the cytosolic from the nuclear fraction, lysates were separated by SDS-PAGE, transferred and blotted with
anti-pIKB and anti-NF�B. Actin and HistoneH3 served as controls. The mean values � S.D. of the ratio of pIKB and NF�B : actin (cytosol) and of NF-kB :
HistoneH3 (nucleus) are shown. Significant differences by IM7 are indicated by an asterisk. IM7 treatment did not influence IKB phosphorylation and
did not significantly alter NF�B liberation. (B–F) EL4 and EL4v6 cells were cultured o/n in the presence of a MEK1,2 inhibitor. (B) The mean values �
S.D. of the ratio of pERK1/2 : ERK1/2 are shown. Significant differences by the MEK1,2 inhibitor are indicated by an asterisk. ERK1/2 phosphorylation
in EL4 and EL4v6 cells was inhibited in the presence of MEK1,2 inhibitor. (C) Apoptosis (annexinV-FITC/PI staining) was significantly increased in the
presence of the MEK1,2 inhibitor. (D) Cells were stained with DilC1 and mitochondrial membrane integrity was determined after 18 hrs incubation by
flow cytometry. In the presence of the MEK1,2 inhibitor, mitochondrial membrane integrity was decreased. (E) Cells were lysed, proteins were sepa-
rated by SDS-PAGE, transferred and blotted with anti-caspase-9. The mean values � S.D. of the ratio of cleaved caspase-9 : actin are shown. Significant
differences by IM7 and the MEK1,2 inhibitor are indicated by an asterisk. Caspase-9 cleavage was pronounced in the presence of the MEK1,2 inhibitor.
(F) Cells were cultured o/n in the presence of the MEK1,2 inhibitor or in the presence of IM7. Cells were lysed and proteins were separated by SDS-
PAGE, transferred and blotted with anti-BAX, anti-Bcl-2, anti-BAD and anti-pBAD. The mean values � S.D. of the ratio of BAX and Bcl-2 : actin and of
pBAD : BAD are shown. Significant differences by IM7 and the MEK1,2 inhibitor are indicated by an asterisk. The MEK1,2 inhibitor and IM7 promoted
BAX activation and prohibited Bcl-2 expression and BAD phosphorylation.
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in the presence of a MEK1,2 inhibitor (Fig. 7B). In fact, when EL4
and EL4v6 cells were cultured in the presence of a MEK1,2
inhibitor, apoptosis became increased (Fig. 7C), mitochondrial
membrane depolarization was strengthened, as shown by the
higher percentage of cells displaying reduced DilC1 staining (Fig. 7D),
and caspase-9 cleavage was pronounced (Fig. 7E). Concomitantly,
Bcl-2 expression and BAD phosphorylated was reduced and BAX
expression was up-regulated. The same findings accounted for
IM7-treated EL4 and EL4v6 cells (Fig. 7F).

Taken together, occupancy of CD44 drives leukemic T cells into
apoptosis. This is accompanied by PP2A associating with CD44
and PP2A activation, which strongly promotes ERK1/2 dephos-
phorylation, mitochondrial membrane depolarization and caspase-
9 cleavage.

Discussion

CD44 plays an important role in HSC homing and embedding in
the bone marrow niche, which is supposed to support HSC sur-
vival [5]. CD44 is also important for progenitor T-cell homing into
the thymus as well as for thymocyte differentiation via a crosstalk
with the thymic stroma [36–38, 46]. There is strong evidence that
leukaemia initiating cells may also require CD44 for niche embed-
ding and that an antibody blockade of CD44 can hamper
leukaemia growth such that LSC survival becomes impaired
and/or LSCs are driven into differentiation [16, 18, 19, 33–35].
Thus, anti-CD44 treatment could be considered as a therapeutic
option in leukaemia. However, because CD44 is also required dur-
ing haematopoiesis, it becomes important to elaborate possible
differences in CD44 activities in haematopoiesis versus
leukaemia growth.

T lymphoma cells are less CD44-dependent than
haematopoietic progenitors

Anti-CD44 treatment retards T lymphoma growth, particularly at a
subcutaneous site. This corresponds, although far less pro-
nounced, to the effect of anti-CD44 treatment in myeloid
leukaemia [18, 19]. However, IM7-treatment obviously affects
homing and settlement in the bone marrow more efficiently than
homing in the thymus and the liver, with the consequence that
metastatic growth in the thymus and the liver is more frequently
observed in anti-CD44- than control IgG-treated mice. The rea-
sons for this phenomenon have not yet been explored. However,
several reports [reviewed in 3] demonstrate convincingly that
there is a balance between CD44 isoform expression, HA binding
and settlement by lymphoma cells in lymphoid organs.
Accordingly, anti-CD44 inhibits metastasis formation in selective
organs, but may be ineffective in other organs. We would suggest,
in addition, that preventing settlement of lymphoma cells in one
organ may actively support lymphoma cell settlement in others,

which stroma provides ligands, including additional adhesion mol-
ecules, that allow lymphoma cell adhesion.

An even more serious drawback of anti-CD44 treatment has
been seen in irradiated and syngeneically reconstituted mice. In
anti-CD44-treated syngeneically reconstituted mice the recovery
of BMC, TC and SC was severely impaired and mice succumbed
with the tumour before regaining immunocompetence (data not
shown). Concomitantly, T lymphoma growth became accelerated.

Though differing from studies on the impact of anti-CD44 on
myeloid leukaemia homing, the finding that a CD44 blockade can
more efficiently interfere with progenitor than T lymphoma cell
homing is of clinical relevance, taking into account that BMC/HSC
reconstitution is frequently considered as a therapeutic option in
leukaemia. In clinical settings also the possibility of anti-CD44-pro-
moted metastasis formation should be taken into account.
Nonetheless, both these serious drawbacks should not hamper
considering anti-CD44 as a therapeutic option in leukaemia, as
these side effects possibly can be circumvented by the use of either
CD44 variant isoform (CD44v) specific or bispecific antibodies [3].
As far as the leukaemia strongly expresses a CD44v, the therapeu-
tic application of CD44v-specific antibodies may not attack HSC. A
bispecific antibody that recognizes CD44 and an additional
leukaemia marker, will also spare HSC and progenitor cells [47].
We plan to control this hypothesis in the murine leukaemia model.

A CD44 antibody blockade promotes death 
receptor-independent leukemic T cell apoptosis

Independently of these side effects, in the non-reconstituted
mouse anti-CD44 treatment retarded lymphoma growth. As a first
step towards a therapeutic exploitation, we aimed to clarify the
underlying mechanism. In line with several reports [16, 33–35],
our in vivo findings provided evidence that a blockade of CD44 can
drive leukemic T cells into apoptosis.

Though CD44 occupancy has repeatedly been described to
drive activated T cells into apoptosis [29–31, 48], possible path-
ways have not been elucidated for T-cell leukaemia. This knowl-
edge will be important when considering a blockade in signal
transduction as a therapeutic option.

In the presence of anti-panCD44, anti-CD44v6 or HA the rate of
apoptotic EL4 or EL4v6 cells increased 2–3 fold within 48 hrs of
culture. We interpret the observation that a CD44-specific anti-
body, that does not recognize the HA binding site as well as an
antibody specific for a variant isoform and HA supported apopto-
sis induction as an indication that apoptotic signalling likely pro-
ceeds directly via CD44 and not via associating transmembrane
molecules or a feedback via ligand binding. The finding does not
exclude apoptosis by neglect due to the absence of survival sup-
porting signals. Nonetheless, co-operative activity of CD44 with
receptor-mediated apoptosis was excluded by unaltered apoptosis
induction upon death receptor cross-linking, the failure to observe
cooperative activity in apoptosis induction by anti-CD44 plus
death receptor cross-linking and the unaltered death receptor
expression in EL4 cells cultured in the presence of anti-CD44.

© 2009 The Authors
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Anti-CD44-promoted apoptosis proceeds via CD44
redistribution and PP2A association

PP2A, that mostly resides in the cytosol, but can attach to the
plasma membrane depending on the activation state [49], acti-
vates pro-apoptotic and inhibits anti-apoptotic proteins of the Bcl-
2 family [50–52]. PP2A associated with CD44 only in cultures
containing anti-CD44, and became activated upon association.
PP2A regulation is a complex mechanism and the impact of PP2A
phosphorylation on its activation is debated [53–55]. However,
several publicatiobs showed that PP2A is a substrate for CK2 and
can become activated through CK2 [44, 53, 54]. Because we
observed that CD44 antibody occupancy was accompanied by
both PP2A and CK2 associating with CD44, we suggest that by the
induced proximity between CK2 and PP2A, CK2 may account for
PP2A activation. In fact, PP2A phosphorylation was slightly
reduced in the presence of a CK2 inhibitor. On the other hand,
spontaneous and CD44-induced apoptosis was strongly inhibited
in the presence of a CK2 inhibitor. Therefore we suggest that PP2A
activation does not exclusively rely on CK2. In line with this
hypothesis, the CK2
 association with PP2A can be disrupted by
activated raf [55], which could provide an explanation for the low
impact of CK2 on PP2A activation. However, we did not yet suc-
ceed in defining an additional upstream activator of PP2A.

CD44-associated PP2A promotes mitochondrial
membrane destabilization via ERK1/2 
dephosphorylation

EL4 cells show a high level of activated ERK1/2 in the absence of
an external stimulus. Upon IM7 treatment, ERK1/2 phosphoryla-
tion becomes strikingly diminished without evidence for ERK1/2
degradation. ERK activation mainly proceeding via Ras activation,
we first evaluated whether anti-CD44 treatment may alter Ras acti-
vation. This has not been the case. Ras is highly activated in EL4
cells and a pull down of activated Ras by a raf-GST fusion protein
provided no evidence for altered Ras activity in IM7-treated EL4
cells (data not shown). Alternatively, PP2A may account for ERK1/2
dephosphorylation [56, 57]. Indeed, ERK1/2 remained phosphory-
lated in the presence of OA. Furthermore, albeit less pronounced,
apoptosis could be induced by culturing EL4 cells in the presence
of MEK1/2 inhibitor. Both the antibody blockade of CD44 and the
blockade of ERK1/2 phosphorylation was accompanied by low level
of BAD phosphorylation and up-regulation of pro-apoptotic BAX, of
mitochondria depolarization and caspase-9 cleavage. Both inhibi-

tion of ERK1/2 phosphorylation and PP2A activation promoting
mitochondrial depolarization, caspase activation and apoptosis
induction, it becomes most likely that in EL4 cells pERK1/2 is the
preferential target of PP2A. Apoptosis induction by ERK1/2
dephosphorylation could proceed via preventing dissociation of
BAD from Bcl-2 [58]. Also, pERK1/2 is directly involved in Bcl-2
activation [59]. The missing support for Bcl-2 activation from
pERK1/2 may become aggravated by a direct interaction between
PP2A and Bcl-2 [51, 60]. Thus, IL-2 deprivation-induced apoptosis
operates by BAD dephosphorylation and proceeds directly via cas-
pase-9 dephosphorylation/activation by PP1 [61]. Whether this
pathway accounts for anti-CD44 initiated activation of caspase-9
via PP2A activation and ERK1/2 dephosphorylation remains to be
answered. PP2A can also interfere with activation of Akt, JNK and
NF�B inhibitors [45]. However, anti-CD44-initiated PP2A activation
did not display significant effects. Thus, in leukemic T cells PPA2-
mediated ERK1/2 dephosphorylation appears to be the dominating
theme in anti-CD44-induced apoptosis.

Taken together, the finding that anti-CD44 can interfere more
efficiently with HSC than leukemic T-cell homing into the bone
marrow is clinically important for patients with a T-cell leukaemia
that receive a HSC transplant. In addition, anti-CD44 may more
effectively block leukemic cell settlement in the bone marrow than
in the liver and the thymus, which could promote metastatic
growth. As both these drawbacks likely can be circumvented by
the use of selected CD44 antibodies, it became important to eval-
uate the consequences of a CD44 occupancy on leukemic T cells.

Anti-CD44 actively induces apoptosis in leukemic T cells. By
PP2A relocation in the proximity of CD44 and PP2A activation, the
basic level of ERK1/2 phosphorylation cannot be maintained,
which drives leukemic T cells into apoptosis by up-regulation of
pro- and down-regulation of anti-apoptotic proteins, mitochondr-
ial membrane destabilization and caspase activation. Unravelling
this new pathway of anti-CD44-initiated apoptosis in leukemic 
T cells strengthens the clinical relevance of anti-CD44 in T leukaemia
and should allow for well-targeted therapeutic interference.
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