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4
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Abstract

The effects of cell adhesion on leukemia cell proliferation
remain poorly documented and somehow controversial. In
this work, we investigated the effect of adhesion to fibronectin
on the proliferation of acute myeloid leukemia (AML) cell
lines (U937 and KG1a) and CD34+ normal or leukemic primary
cells. We observed an increased rate of proliferation of AML
cells when adhered to fibronectin, concomitant with acceler-
ated S-phase entry and accumulation of CDC25A. Conversely,
normal CD34+ cell proliferation was decreased by adhesion to
fibronectin with a concomitant drop in CDC25A expression.
Importantly, we showed that both small interfering RNA
(siRNA)–mediated CDC25A down-regulation and a recently
developed CDC25 pharmacologic inhibitor impaired this
adhesion-dependent proliferation, establishing a functional
link between CDC25A accumulation and adhesion-dependent
proliferation in leukemic cells. CDC25A accumulation was
found only slightly dependent on transcriptional regulation
and essentially due to modifications of the proteasomal
degradation of the protein as shown using proteasome
inhibitors and reverse transcription-PCR. Interestingly, CDC25A
regulation was Chk1 dependent in these cells as suggested
by siRNA-mediated down-regulation of this protein. Finally,
we identified activation of the phosphatidylinositol 3-kinase/
Akt pathway as an adhesion-dependent regulation mechanism
of CDC25A protein expression. Altogether, our data show that
in leukemic cells adhesion to fibronectin increases CDC25A
expression through proteasome- and Chk1-dependent mech-
anisms, resulting in enhanced proliferation. They also suggest
that these adhesion-dependent proliferation properties of
hematopoietic cells may be modified during leukemogenesis.
(Cancer Res 2006; 66(14): 7128-35)

Introduction

Eukaryotic cells need interactions with their microenvironment
to regulate their proliferation. Adhesion to the extracellular matrix
(ECM) has been extensively described as a key positive regulator of
cell proliferation in various cell types (1), although in some cases

interaction with the ECM may inhibit cell proliferation (2, 3).
Various cell signaling pathways have been involved in this
regulation (4). In response to these signal transduction pathways,
cyclin D1, p21Cip1, and p27Kip1 appear as the main G1 cell cycle
regulators downstream of cell adhesion and can be considered as
molecular sensors of extracellular stimuli (5, 6). Both transcrip-
tional and post-translational regulations of these proteins have
been described in this context.
The microenvironment of hematopoietic stem cells and progen-

itors plays a crucial role in the normal and leukemic hematopoiesis
in the bone marrow. Stimulation by various cytokines and direct
interaction with the ECM and with neighbor cells determine
differentiation and proliferation cues at the progenitor cells levels
(7). For instance, a4 integrins regulate the proliferation/differenti-
ation balance of hematopoietic progenitors (8). However, the
functional and molecular effect of integrin-dependent cell adhesion
to ECM on proliferation has not been extensively investigated in
these cells. In normal human immature CD34+ cells, adhesion to
fibronectin, a major component of the ECM in the bone marrow,
inhibits cell proliferation (9, 10). Up-regulation of the cyclin-
dependent kinase (CDK) inhibitor p27Kip1 was correlated with this
inhibition. By contrast, this is apparently not the case in more
mature (CD34�) cells adhered to fibronectin (11). In acute myeloid
leukemia (AML) cells, the role of the adhesion to the ECM on cell
proliferation remains unclear, although in one study the adhesion to
fibronectin of AML cells from some patients was found to act in
synergy with stem cell factor (SCF) to induce proliferation (12).
CDC25A is a dual-specificity phosphatase mostly involved in the

G1-S transition of the cell cycle, although its implication in mitosis
has also been recently described (13). Dephosphorylation of Thr14

and Tyr15 residues on CDK2 by CDC25A leads to the activation of
the CDK2/cyclin E complex and participates to the G1-S-phase
transition. To this respect, CDC25A can be considered as a key
regulator of the G1 phase and as a potential sensor for extracellular
stimuli. Still, major regulatory factors of this protein in response to
mitogenic extracellular stimuli have not been extensively docu-
mented. E2F-dependent transcriptional regulation of CDC25A was
reported and found necessary for efficient E2F-dependent S-phase
entry (14). In an other study, this transcriptional regulation by E2F
was described as a serum-dependent mechanism (15). Transcrip-
tional regulation of CDC25A by c-myc was also reported, although
the physiologic context of this process remains unclear (16, 17).
In addition to transcriptional mechanisms, the CDC25A protein
can be subjected to proteolytic processing by the proteasome.
Double-strand breaks induced on DNA by genotoxic compounds or
by radiations lead to the checkpoint kinase Chk1 activation and
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subsequent CDC25A phosphorylation, triggering its degradation
by the proteasome through a SCFh-TrCP-dependent mechanism
( for a review, see ref. 18). Although this process was essentially
described in response to genotoxic stress, recent studies suggest
that this ubiquitin-proteasome system could also be involved in
stress-independent CDC25A regulation during normal cell cycle
(19). The question of how CDC25A levels are regulated seems of
outstanding interest in cancer because overexpression of the
protein has been described in various cancer cell types. In these
studies, post-translational mechanisms of regulation have been
found involved in the stabilization of the protein (20).
In this work, we investigated how cell adhesion to fibronectin

influences the proliferation of AML cells, and we established the
importance of CDC25A regulation in this context. In these malig-
nant cells, adhesion to fibronectin up-regulates CDC25A expres-
sion through regulation of its degradation, leading to increased
proliferation.

Materials and Methods

Cytokines, antibodies, and pharmacologic inhibitors. The phospha-
tidylinositol 3-kinase (PI3K) inhibitors LY294002 and wortmannin and the

mammalian target of rapamycin (mTOR) inhibitor rapamycin were

purchased from Sigma (St. Louis, MO). The p38 mitogen-activated protein
kinase (MAPK) inhibitor SB203580 and the proteasome inhibitors MG132

and lactacystin were purchased from Calbiochem (La Jolla, CA). UCN-01 was

provided by the National Cancer Institute (Rockville, MD). SCF, interleukin

(IL)-3, Flt3 ligand (FL), and granulocyte-macrophage colony-stimulating
factor (GM-CSF) were from R&D Systems (Minneapolis, MN). Antibodies

used were monoclonal anti-CDC25A, monoclonal anti–cyclin A, monoclonal

anti-Chk1, polyclonal anti-CDK2, and polyclonal anti-Akt1/Akt2 (Santa
Cruz Biotechnology, Santa Cruz, CA). Polyclonal anti-phospho-Ser473-Akt,

anti-phospho-p38, and anti-phospho-CDC2 were from Cell Signaling

(Beverly, MA). Actin monoclonal antibody (1:10,000) was from Sigma.

Cell lines and culture conditions. Leukemic immature KG1a and more
mature U937 and HL-60 cell lines were purchased from the German

Collection of Microorganisms and Cell Cultures (Braunschweig, Germany)

and grown in Iscove’smodified Dulbecco’smedium (IMDM) plus 20%FCS and

RPMI plus 10% FCS, respectively, in the presence of 100 units/mL penicillin/
100 Ag/mL streptomycin at 37jC and 5% CO2. Jurkat cells were purchased

from the German Collection of Microorganisms and Cell Cultures and grown

in RPMI plus 10% FCS. Normal bonemarrow CD34+ hematopoietic cells were
harvested from healthy volunteers upon informed consent after positive

selection of CD34-expressing cells by the means of immunomagnetic

separation column (Miltenyi Biotech, Bergisch Gladbach, Germany). The

purity of CD34+ cells reached 85% to 98% according to flow cytometry
analysis. Leukemic blasts from patients with newly diagnosed AML and

referred to the Toulouse Purpan University Hospital were obtained upon

informed consent from bone marrow aspirates by Ficoll-Hypaque density

gradient centrifugation. Frozen cells were thawed in EGM2 medium (ref. 21;
Cambrex, Walkersville, MD) supplemented with SCF (100 ng/mL), IL-3

(5 ng/mL), FL (100 ng/mL), and GM-CSF (10 ng/mL). Cells were left at

1� 106/mL for 24 hours in these conditions during whichmoderate cell death
occurred (10-40% of the cells depending of the patient). At that time, cells

were processed for the proliferation experiments described in Results.

Apoptotic cells were detected with the Annexin V-FITC detection kit from BD

PharMingen (San Diego, CA) used as recommended by the manufacturer.
Fibronectin matrix preparation and 3-(4,5-dimethylthiazol-2-yl)-

2,5-diphenyltetrazolium bromide proliferation assay. Six-well culture
dishes were coated overnight at 4jC with 40 Ag/mL human fibronectin

(Roche Molecular Biochemicals, Mannheim, Germany) in a final volume of
1 mL in PBS. Each well was rinsed twice with PBS before seeding the cells at

relevant concentration (usually 0.5 � 106/mL for proliferation conditions).

Quantification of living cells was quantified by 3-(4,5-dimethylthiazol-2-yl)-

2,5-diphenyltetrazolium bromide (MTT) assay (Sigma).

Differentiation of CD34+ normal progenitors in vitro . CD34+ cells
were cultured and differentiated in 12-well plates in IMDM plus 10% FCS

supplemented with SCF (100 ng/mL), IL-3 (5 ng/mL), FL (100 ng/mL), and

GM-CSF (10 ng/mL) for myelomonocytic differentiation. Cells were initially

seeded at 400,000/mL and diluted with fresh medium and cytokines every
2 days. Expression of the differentiation markers (CD34, CD38, CD33, and

CD11b) was assessed by flow cytometry (200,000 cells used). For each time

point, 300,000 cells were used for Western blot analysis.

Transfection of small interfering RNA. Transfection experiments were

done using the Amaxa nucleofection technology protocols (Amaxa, Cologne,

Germany). U937 cells were grown until subconfluence (1 � 106/mL) and

6 � 106 cells were resuspended in 100 AL Amaxa solution V. Eight picomoles

of Chk1 small interfering RNA (siRNA; Qiagen, Valencia, CA), CDC25A

SMARTpool, Akt1 siRNA, or scramble siRNA (Dharmacon, Lafayette, CO)

were added and cells were immediately transfected using the Amaxa

nucleofector device (program V-01 for U937 and C-16 for Jurkat cells).

For Akt, a second transfection was done in the same conditions 24 hours

after the first one to improve the siRNA efficiency. Cells were subsequently

resuspended in normal medium culture at 106/mL and processed after

8 (U937) or 24 ( Jurkat) hours for relevant experiments. Adhesion

experiments were usually done at 0.5 � 106 cells/mL in the presence of

1% FCS.
Western blot analysis and immunoprecipitation. Cells (2 � 106) were

usually reduced in 75 AL Laemmli sample buffer, sonicated for 6 seconds,

and boiled for 3 minutes. Proteins were then resolved on SDS-PAGE and

transferred to nitrocellulose membrane (Hybond-C Super, Amersham
Pharmacia Biotech, Piscataway, NJ). Saturation of the membrane was done

for 1 hour in TBS with Tween 0.05% (TBS-T) containing 5% nonfat milk.

Membranes were blotted with proper antibodies overnight at 4jC or for 1

hour at room temperature, washed thrice with TBS-T, and incubated for
30 minutes with horseradish peroxidase–coupled secondary antibody (Cell

Signaling). After three additional washes, detection was achieved with

Pierce Supersignal chemiluminescent substrate (Pierce, Rockford, IL).
Antibodies were used at the following dilutions: anti-CDC25A (1:200),

anti–cyclin A (1:1,000), anti-Chk1 (1:1,000), anti-Akt1/Akt2 (1:1,000), anti-

CDK2 (1:500), anti-phospho-Ser473-Akt (1:1,000), anti-phospho-Cdc2 (1:500),

anti-phospho-p38 (1:500), and anti-actin (1:10,000). Western blot quantifi-
cations were done with the Gene Tools software from SynGene (Cambridge,

United Kingdom). For CDK2 immunoprecipitation experiments, 5 � 106

cells were lysed in 1 mL immunoprecipitation buffer [50 mmol/L Tris

(pH 8), 150 mmol/L NaCl, 3 mmol/L EGTA, 1% NP40, 50 mmol/L NaF,
1 mmol/L sodium orthovanadate, 10 mmol/L h-glycerophosphate, protease
inhibitors] and kept for 20 minutes on ice. After centrifugation at 14,000

rpm for 10 minutes at 4jC, the supernatant was incubated with 5 Ag of
the anti-CDK2 antibody and 40 AL protein A-Sepharose overnight at 4jC.
Following two washes with the immunoprecipitation buffer, the immuno-

precipitated material was resuspended in 60 AL Laemmli sample buffer,

boiled for 3 minutes, and analyzed by Western blot with the anti-Tyr15

phosphorylated CDC2 antibody (1:1,000), which also recognizes the Tyr15

phosphorylated form of CDK2.

Real-time PCR. Total RNA was extracted by guanidine isothiocyanate-

phenol-chloroform extraction ready-to-use TRIzol reagent (Invitrogen,
Carlsbad, CA) according to the manufacturer. Extraction was done from

1 � 107 cells in 1 mL TRIzol solution. cDNA was generated from 5 Ag RNA,
with the SuperScript reverse transcriptase from the SuperScript III First-

Strand Synthesis System for Reverse Transcription-PCR (RT-PCR; Invitro-
gen) following the manufacturer’s suggestions. The PCR mixture containing

5 AL cDNA reactant and 0.5 Amol/L of each primer in a final volume of

25 AL prepared using the quantitative PCR Mastermix Plus SYBR Green I
(Eurogentec, Seraing, Belgium). In negative controls, the reverse transcrip-

tase was replaced by H2O. The primer sequences were as follows: CDC25A

5¶-ACCGTCACTATGGACCAGC-3¶ (sense; 0.5 Amol/L) and 5¶-TTCA-
GAGCTGGACTACATCC-3¶ (antisense; 0.5 Amol/L) and glyceraldehyde-3-
phosphate dehydrogenase (GAPDH) 5¶-TGCACCACCAACTGCTTAGC-3¶
(sense) and 5¶-GGCATGGACTGTGGTCATGAG-3¶ (antisense; 0.3 Amol/L).

To confirm product purity, melting curves were checked and in some cases

complemented by 1% agarose gel electrophoresis.
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Bromodeoxyuridine incorporation assay. The S phase of the cell cycle
was assayed by measuring the incorporation of bromodeoxyuridine

(BrdUrd). Cells were pulse labeled with 10 Amol/L BrdUrd for 30 minutes,

washed with PBS, and fixed in cold 70% ethanol for 20 minutes. BrdUrd

detection was done by use of the BrdUrd staining kit from BD PharMingen
(FITC-conjugated BrdUrd antibody set). The cells were then analyzed by

flow cytometry with a FACScan cytometer (Becton Dickinson, San Diego,

CA), and the percentage of cells synthesizing DNA was determined.

Results

Adhesion to fibronectin increases AML cell proliferation. To
establish the effect of integrin-dependent adhesion on AML cell
proliferation, U937 and KG1a cell lines were grown in suboptimal
(1% FCS) conditions and maintained in suspension or adhered on
a fibronectin matrix. Cells were counted daily by using a MTT
colorimetric method. The results of these experiments show that
after 3 days cell adhesion to fibronectin significantly increased the

proliferation rate of both U937 and KG1a leukemic cells (Fig. 1A).
Annexin V-FITC apoptosis detection experiments were done as a
control, indicating no significant difference of apoptosis between
adherent and nonadherent cells (data not shown). BrdUrd incor-
poration experiments indicated an increase of 21.4 F 2% (two
experiments) and 16.5 F 1.8% (three experiments) in S-phase entry
of U937 and KG1a cells, respectively, on adhesion to fibronectin. To
confirm this higher proliferation rate at the molecular level, we
checked the expression of cyclin A, which is considered as a
biochemical marker of the S-phase entry during the cell cycle. As
can be seen in Fig. 1A (insets), cyclin A expression was significantly
increased (1.9- and 2.7-fold in U937 and KG1a, respectively) when
cells were adhered to fibronectin for 14 hours, consistent with the
positive effect of cell adhesion on proliferation.
To confirm these data, we did similar experiments with AML

blasts from patients. Four patients with an immature phenotype
(CD34+, M1) were used for this experiment (see results in Fig. 2 for
justification). Cells were thawed in EGM2 medium in the presence
of SCF, GM-CSF, IL-3, and FL, placed on a fibronectin matrix or left
in suspension, and counted every 48 hours. As can be seen in Fig.
1B , AML blasts from three of these patients showed increased
proliferation when adhered to fibronectin, confirming the data
obtained with the established cell lines. Altogether, these data
show that cell adhesion to fibronectin increases the proliferation
of AML cells.
Adhesion to fibronectin differently affects the proliferation

of normal hematopoietic cells depending on their maturation
state. To establish whether the above-mentioned adhesion-
dependent proliferation increase was specific of AML cells, we
checked the effect of cell adhesion on the proliferation of normal
hematopoietic progenitors from healthy donors. For this purpose,
CD34+ normal hematopoietic cells were grown for 2 weeks in
cytokine-supplemented medium conditions, allowing their differ-
entiation along with the myelomonocytic pathway. This matura-
tion process was conducted either in suspension or in adhesion
conditions on fibronectin. The proliferation rate and the differen-
tiation state were monitored every 2 days by direct counting
of the living cells and by fluorescence-activated cell sorting (FACS)
analysis, respectively. The results of these experiments indicate
that proliferation of immature CD34+ cells is inhibited on binding
to the fibronectin matrix (Fig. 2, top). By contrast, adhesion to
fibronectin of more mature CD34� cells stimulated their prolifera-
tion (Fig. 2, bottom). These data suggest that the effect of
integrin-dependent adhesion on cell proliferation depends on the
differentiation stage of normal hematopoietic cells. They also point
to an opposite behavior of normal and leukemic (see results with
KG1a cell line and blasts from patients in Fig. 1) immature CD34+

cells in terms of adhesion-dependent cell proliferation.
Adhesion to fibronectin up-regulates CDC25A protein level

in AML cells. Cyclin D1, p27Kip1, and p21Cip1 are key cell cycle
regulators involved in extracellular signals integration during the
G1 phase of the cell cycle. To investigate the mechanisms of this
anchorage-dependent proliferation increase, we checked the
expression of these proteins by Western blot. In the experimental
conditions used for proliferation studies, we did not observe any
significant modification of the cellular expression levels for these
proteins (data not shown). By contrast, we observed a dramatic
increase of the dual-specificity phosphatase CDC25A, an other
important player of the G1-S transition (Fig. 3A). This process was
observed in the two previously described AML cell lines U937 and
KG1a but also in the myeloblastic CD34� HL-60 cell line. These

Figure 1. Adhesion to fibronectin increases the proliferation rate of AML cells.
A, U937 and KG1a cell lines were grown in the presence of 1% and 10%
FCS, respectively, in normal suspension conditions (Sp ; gray columns ) or in
the presence of a fibronectin matrix (Adh ; white columns ). Viable cells were
counted daily by the MTT method. The day 3/day 0 ratio was calculated from the
corresponding absorbance values. Columns, mean of four independent
experiments done in triplicate; bars, SD. **, P < 0.01; ***, P < 0.001, compared
with suspension conditions. U937 and KG1a cells were left in suspension or
adherent for 14 hours, and cyclin A expression was analyzed by Western blot
after that time. Densitometric quantification of the Western blot signal was done,
and the ratio between the CDC25A and the corresponding actin value was
indicated for each fraction. B, AML blasts from patients were processed as
described in Materials and Methods and used for proliferation experiment. The
number of cells was counted each 48 hours, and the proliferation rate was
calculated as in (A) and compared in the suspension (gray columns ) and
adhesion (white columns ) culture conditions. Except for patient 1, in which cells
underwent proliferation at day 1, proliferation between days 3 and 5 is shown
for the other three patients.

Cancer Research

Cancer Res 2006; 66: (14). July 15, 2006 7130 www.aacrjournals.org



results suggest for the first time the existence of an adhesion-
dependent regulation of CDC25A expression.
We then tested the effect of cell adhesion onCDC25A expression in

blasts frompatientswith immature CD34+ andM1 phenotype. As can
be seen in Fig. 3B , blasts from patients 2 and 3 showed increased
CDC25A expressionwhen adhered to fibronectin, in good correlation
with the proliferation experiments (see Fig. 1). Blasts from a third
patient (patient 5), not tested for proliferation, also showed CDC25A
expression increase in adhesive conditions. CDC25A level was
found unchanged in patients 1 and 4 (data not shown). These data
obtained with blasts from patients confirm that CDC25A protein is
up-regulated in AML cells following adhesion to fibronectin.
We then examined this regulation process in normal hemato-

poietic cells. As shown in Fig. 3C , CDC25A expression was high in
CD34+ immature cells and dramatically reduced on adhesion to
fibronectin. By contrast, the expression level of this protein was
lower in more differentiated CD34� cells and significantly
increased by the adhesion to fibronectin. These data suggest that
(a) CDC25A protein level is regulated along the hematopoietic
differentiation process and that cell interaction with the ECM may
differently affect this expression and (b) up-regulation of CDC25A
on adhesion is not maturation restricted in AML as opposed to
their normal counterparts.
We finally tested the adhesion-dependent regulation of CDC25A

in other hematologic malignancies. Jurkat cells, the Karpas large
cell anaplastic lymphoma cell line, the ES mantle lymphoma cell
line, and the follicular lymphoma RL and Karpas 422 cell lines were
tested to this respect. As shown in Fig. 3D , the effect of cell

adhesion on CDC25A protein level is clearly different from one
cell type to the other. On adhesion to fibronectin, CDC25A
increased in Jurkat and RL cells, decreased in Karpas 422 cells, and
remained low and apparently unchanged in Karpas and ES cells.
These data indicate that adhesion-dependent regulation of
CDC25A is not restricted to AML cells and they confirm that this
regulation may lead to opposite effects on CDC25A level.
CDC25A accumulation is involved in adhesion-dependent

proliferation. We then addressed the question of the functional
relationship between adhesion-dependent CDC25A expression and
increased cell proliferation. To this purpose, we down-regulated
CDC25A expression in U937 cells by a siRNA strategy and checked
the adhesion-dependent cyclin A expression by Western blot. As
observed in Fig. 4A , a moderate siRNA-induced down-regulation
of CDC25A significantly decreased the cyclin A protein level in
adherent cells. These data suggest that modifications of CDC25A

Figure 2. Adhesion to fibronectin inhibits or stimulates the proliferation of
normal hematopoietic cells depending on their maturation state. Adherent
(white columns ) or suspension (gray columns ) normal hematopoietic CD34+

cells were differentiated in vitro as described in Materials and Methods. The
proliferation was compared at two different stages (CD34+ and CD34�) of the
differentiation process. Results from two independent donors (donors 1 and 2).
The cell number 3 days after seeding was compared for the adhesion and
suspension conditions. Results are expressed in cell number/mL. For donor 1,
the proliferation experiments were done between days 3 and 5 and days 10 and
12 for CD34+ and CD34� cells, respectively. For donor 2, proliferations were
done between days 1 and 3 and days 8 and 10, respectively. This corresponded
to similar stages of differentiation for the two donors as judged by FACS
analysis of cell surface markers (data not shown).

Figure 3. CDC25A phosphatase expression is regulated by cell adhesion to
fibronectin. A, AML cell lines were either adhered to fibronectin for 14 hours or
left in suspension for the same time. CDC25A level was then visualized by
Western blot. Membranes were then stripped and blotted again with an antibody
against actin. B, blasts from patients were cultured on fibronectin or left in
suspension for 14 hours and then processed for Western blotting analysis. In all
cases, densitometric quantification of the Western blot signal was done, and
the ratio between the CDC25A and the corresponding actin value was indicated
for each fraction. C, normal hematopoietic CD34+ cells were subjected to a
differentiation process in vitro as described before. At day 0 (CD34+ status) and
day 7 (CD34� status), cells were collected and adhered to fibronectin matrix
or left in suspension for 14 hours. CDC25A expression was then detected by
Western blot analysis on the corresponding cellular extracts. These results
were reproduced in at least three independent experiments for each cell line
and twice for the primary cells. D, five cell lines, from various hematologic
malignancies, were tested by Western blotting for CDC25A expression in
suspension and adhesion conditions. Representative of two independent
experiments. ALL, acute lymphoblastic leukemia; ML, mantle lymphoma;
FL, follicular lymphoma; Ana.L, anaplastic lymphoma.
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expression drive the augmentation of proliferation triggered by cell
adhesion to fibronectin.
To reinforce these observations, we made use of BN82685, a

recently described CDC25 pharmacologic inhibitor (22). Because
we address a question concerning the G1-S transition, we reasoned
that in our experimental conditions the effect of this inhibitor
should essentially concern the CDC25A phosphatase and not
CDC25B or CDC25C, although these two isoforms are also inhibited
in these conditions. When U937 cells were adhered to fibronectin in
the presence of this inhibitor, we observed that cyclin A
accumulation was impaired, in good correlation with the siRNA
experiments (Fig. 4B). Altogether, these data show that CDC25A
up-regulation is involved in the adhesion-dependent proliferation
increase of AML cells. To confirm the effect of BN82685 on CDK2
activity, we did an immunoprecipitation of CDK2 from control and
BN82685-treated cells and detected the inactive form of the kinase
by Western blot with an antibody recognizing Tyr15-phosphorylated
CDK2. As shown in Fig. 4C , BN82685 indeed increased the
inhibitory phosphorylation state of CDK2 in these experiments.
Cell type–dependent variations of CDC25A mRNA on

adhesion to fibronectin. To establish if transcriptional activation
could control the CDC25A protein accumulation, we compared
CDC25A mRNA levels in adherent and nonadherent AML cells.
Quantitative RT-PCR was done for this purpose. GAPDH mRNA
levels were used to normalize the measured values, and the results

were expressed in fold increase between adhesion and suspension
conditions (Fig. 5). The results of these experiments indicate
almost no variation of CDC25A mRNA in U937 and HL-60 cell lines
(1.6 and 1.4, respectively) and a moderate increase in KG1a
adherent cells (4.5). These data suggest that transcriptional
increase and/or mRNA stabilization are probably not involved in
CDC25A protein accumulation in U937 and HL-60 cell lines,
although they possibly participate to this regulation in KG1a cells.
In consequence, they also suggest some cell type–dependent
variations of this regulation.
Involvement of Chk1 and proteasomal degradation in

CDC25A turnover. We then investigated whether the previously
described post-translational regulation of CDC25A was involved in
the accumulation of this protein on adhesion. We focused our
attention on proteasomal degradation of the protein and on the
potential role of the checkpoint kinase Chk1 in this process. When
AML cell lines were incubated with the proteasome inhibitor
MG132 for 5 hours in growing culture conditions, an accumulation
of CDC25A protein was observed in each cell line (Fig. 6A). When
U937 cells were transfected with Chk1 siRNA, leading to major
down-regulation of this protein, a significant increase of CDC25A
expression was also observed (Fig. 6B). Altogether, these data
suggest that phosphorylation by Chk1 and subsequent proteasomal
degradation are key regulators of CDC25A protein in the absence of
genotoxic stress in these cells. To confirm a role for Chk1 in the
adhesion-dependent regulation of CDC25A, adherent U937 and
KG1a cells were removed from the fibronectin matrix with EDTA in
the presence of the Chk1 inhibitor UCN-01. First, removing the cells
from the fibronectin matrix with EDTA induced rapid down-
regulation of the CDC25A protein, indicating that the adhesion-
dependent accumulation process was quickly reversible. As can be
seen in Fig. 6C , the presence of UCN-01 impaired this CDC25A
down-regulation, suggesting that Chk1 is actually involved in the
adhesion-dependent regulation of the phosphatase. We then
questioned the involvement of proteasome regulation in adhe-
sion-dependent CDC25A increase. To this aim, the same experi-
ment as in Fig. 6C was conducted in the presence of proteasome
inhibitors instead of UCN-01. The results of these experiments are
presented in Fig. 6D . The presence of proteasome inhibitors
completely or partially inhibited this down-regulation depending
on the cell type and on the pharmacologic inhibitor used.
Altogether, these data suggest that Chk1 and the proteasome
machinery are actually involved in the anchorage-dependent
CDC25A regulation.

Figure 4. CDC25A regulates adhesion-dependent proliferation of AML cells.
A, U937 cells were transfected by scramble (control; scr) or CDC25A siRNA
using the Amaxa nucleofection device. After 8 hours, cells were either adhered to
fibronectin or left in suspension for 14 additional hours. CDC25A and cyclin A
proteins levels were then detected by Western blot in the corresponding cellular
extracts. Representative of three independent experiments. B, U937 cells
were adhered or left in suspension for 14 hours in the presence (+) or absence
(�) of the CDC25 inhibitor BN82685 (100 nmol/L). Western blot analysis of the
cyclin A protein was then done. These experiments were done twice. In all cases,
densitometric quantification of the Western blot signal was done, and the ratio
between the CDC25A and the corresponding actin value was indicated for each
fraction. C, cells were treated with BN82685 (300 nmol/L) for 4 hours and
then processed for immunoprecipitation of CDK2 as described in Materials and
Methods. The inactive form of CDK2 was then detected by Western blot with
an anti-phospho-Tyr15 antibody, and total immunoprecipitated CDK2 was
detected with the antibody used for the immunoprecipitation.

Figure 5. RT-PCR analysis of CDC25A expression in adhesion and
suspension conditions. Total mRNA was prepared from adherent (14 hours) and
nonadherent cells and quantitative RT-PCR was done to quantify CDC25A
mRNA as described in Materials and Methods. The ratio for adherent versus
suspension cells from the three cell lines was then deduced and plotted.
Columns, mean of three independent experiments done in triplicate; bars, SD.
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PI3K/mTOR pathway is involved in adhesion-dependent
CDC25A regulation. Because the p38 MAPK pathway was recently
involved in CDC25A protein expression in T lymphocytes, we
investigated p38 involvement in U937 and KG1a cell proliferation
in suspension and adhesion conditions. The p38 inhibitor SB203580
did not affect CDC25A levels in any of the conditions or cell lines
tested, suggesting that p38 MAPK is not a major regulator of
CDC25A expression in AML (data not shown).
A few reports from the literature suggest that the PI3K/mTOR

pathway can regulate CDC25A level in certain conditions (23, 24).
Therefore, we tested the effect of PI3K and mTOR inhibitors on
anchorage-dependent CDC25A accumulation. First, we checked the
effect of cell adhesion on the activity of the PI3K pathway. For this
purpose, U937 were adhered to fibronectin for different times, and
the phosphorylation state of protein kinase B (PKB)/Akt was
detected by Western blot. As shown in Fig. 7A , rapid and sustained
activation of this pathway was observed on adhesion of U937 cells
to fibronectin. Interestingly, this adhesion-dependent activation of
PKB/Akt was also observed in AML primary cells from patients
(Fig. 7B). As shown in Fig. 7C and D , the PI3K inhibitors LY294002
and wortmannin and the mTOR-specific inhibitor rapamycin

strongly impaired the adhesion-dependent CDC25A up-regulation,
suggesting the participation of this pathway in this process. To
further show the involvement of the PI3K pathway in CDC25A
regulation, we aimed to perform siRNA-dependent Akt down-
regulation. Due to technical difficulties to use the U937 cells for this
purpose, we used the Jurkat cell line found previously (see Fig. 3) to
regulate CDC25A level through an adhesion-dependent mecha-
nism. BrdUrd incorporation experiments done with this cell line
showed increased DNA synthesis (17.7 F 2.5%) on cell adhesion to
fibronectin. We then verified that the PI3K inhibitors LY294002
and wortmannin impaired the CDC25A protein level in this cell
type (Fig. 8A ). In good agreement, siRNA-mediated down-
regulation of the Akt protein led to reduced expression of CDC25A
in adherent cells (Fig. 8B) despite incomplete (50%) down-
regulation of Akt protein in the conditions used. Altogether, these
data suggest that interaction with fibronectin activates the PI3K/
Akt/mTOR pathway, which participates to CDC25A up-regulation
in these conditions.

Discussion

In this work, we show that adhesion to fibronectin stimulates the
proliferation of AML cell lines. This question had not been
extensively addressed until now, although the proliferation state
of leukemic cells in the bone marrow may be of outstanding

Figure 7. PI3K pathway regulates adhesion-dependent CDC25A protein
accumulation. A, U937 cells were adhered to fibronectin for different times or left
in suspension, and CDC25A expression and Akt/PKB Ser473 phosphorylation
state (P-Akt ) were probed by Western blot. B, blasts from AML patients were left
in suspension or adhered to fibronectin for 14 hours, and Akt/PKB Ser473

phosphorylation and Akt protein level were then probed by Western blot analysis.
C, U937 cells were adhered to fibronectin for 14 hours in the absence (C ) or
presence of the PI3K inhibitors LY294002 at 10 (LY10 ) or 20 (LY20 ) Amol/L or
wortmannin at 50 (W50 ) or 100 (W100 ) nmol/L. CDC25A expression and Akt/
PKB Ser473 phosphorylation state were then probed by Western blot.
Representative of four independent experiments. D, U937 cells were left in
suspension conditions or adhered to fibronectin in the absence or presence of
the mTOR inhibitor rapamycin (Rap ; 10 nmol/L). Western blot analysis of
CDC25A expression was then done. Representative of two independent
experiments.

Figure 6. Proteasome- and Chk1-dependent regulation of CDC25A in AML
cells. A, U937, HL-60, and KG1a cells were incubated with the proteasome
inhibitor MG132 (MG ; 5 Amol/L) for 5 hours. CDC25A level was then detected
by Western blot. B, U937 cells were transfected with scramble or Chk1 siRNA
with the Amaxa nucleofection system. After 24 hours, cell extracts were prepared
and Chk1 and CDC25A expression was detected by Western blot. C, U937
and KG1a cells were adhered to fibronectin for 14 hours, removed from the
fibronectin matrix with EDTA (ReSp ), and left in suspension conditions in the
presence of UCN-01 (UCN ; 100 nmol/L) or with DMSO. D, as in (C ), U937,
HL-60, and KG1a cells were adhered to fibronectin for 14 hours, removed from
the fibronectin matrix with EDTA, and left in suspension conditions in the
presence of the proteasome inhibitors MG132 (5 Amol/L) and lactacystin (Lac ;
5 Amol/L) or with DMSO (C ). Western blot analysis of the corresponding cellular
fractions was then done to follow CDC25A expression. Representative data of
at least two independent experiments done from each cell line. In all cases,
densitometric quantification of the Western blot signal was done, and the ratio
between the CDC25A and the corresponding actin value was indicated for
each fraction.
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importance for their response to therapeutic drugs and/or relapse
of the disease. A synergistic effect of cell adhesion on SCF-mediated
AML cell proliferation has been already reported in some cases of
leukemic blasts from patients (12). Our experiments done on
established cell lines and blasts from patients further reinforce
these data and suggest that blast adhesion to fibronectin in the
bone marrow may be a key variable amplifying the abnormal
expansion of the leukemic clone. Of special interest are the results
obtained with normal immature (CD34+) cells. Adhesion onto a
fibronectin matrix inhibits their proliferation as already reported
by others (9, 10). One of the important observations is that this
phenotype apparently disappears along with the myeloid differen-
tiation process and mirrors the kinetics of CD34 antigen
expression. Indeed, a more mature phenotype corresponding to
CD34� committed precursors showed accelerated proliferation on
adhesion to fibronectin. Conversely, the maturation state, as
assessed by French-American-British classification, does not seem
anymore as a critical factor for the adhesion-dependent prolifer-
ation of leukemic cells, because both immature (CD34+) AML cells
(KG1a cell line and blasts from patients) and U937, a more mature
myelomonocytic (CD34�) cell line, showed increased anchorage-
dependent proliferation. The opposite effects on proliferation
triggered by adhesion observed between normal and leukemic
CD34+ cells suggest that modifications of the proliferative response
to cell adhesion could be a critical step occurring during the
leukemogenic process. Experiments are presently being done in our
laboratory to answer this question.
An other important observation is that CDC25A expression was

dramatically dependent on the adhesive status of the cells. To our
knowledge, this is the first report of an integrin-dependent
regulation of CDC25A. As a general matter, there are not many
reports of extracellular signal-dependent variations of CDC25A
protein level in the literature. Serum- and E2F-dependent increase

of CDC25A mRNA has been described, but the status of the protein
was poorly documented in these studies (14, 15). Furthermore, our
quantitative RT-PCR analysis of CDC25A mRNA does not argue for
a major transcriptional regulation of the protein in our system.
Our data are more in favor of post-translational regulation(s) of
the protein by the proteasome as suggested by the experiments
done with pharmacologic inhibitors of this machinery. However,
the 4.5-fold increase of CDC25A mRNA in KG1a cells on adhesion
may suggest that transcriptional or mRNA stability regulations
are active in certain cell types. Further experiments are needed to
confirm these hypotheses. One of the important questions ensuing
from our data is the cell specificity of this adhesion-dependent
CDC25A regulation. The experiments done with other hematologic
malignancies suggest that this regulation is not specific of AML
cells. Although we did not perform proliferation experiments
with these different cell lines, one may notice that increased
proliferation of Jurkat cells has been described in response to
cell adhesion (see ref. 25), in good agreement with the CDC25A
accumulation observed in these cells (see Fig. 3) and with the
increased BrdUrd incorporation that we observed on cell adhesion.
Finally, although preliminary experiments from our laboratory
indicate that nonhematopoietic cell lines (HeLa and HEK293) do
not significantly change their CDC25A expression on cell
anchorage removal, we cannot rule out the existence of this
regulation in such cell types.
Our data also suggest the involvement of the PI3K pathway and

of the Chk1 kinase in the adhesion-dependent regulation of
CDC25A. We did not detect any adhesion-regulated modulation of
Chk1 activity by Western blot with an anti-phospho-Ser345 antibody
(data not shown). This does not rule out the existence of some
other type(s) of regulation not detectable by this approach.
Interestingly, recent publications describe the phosphorylation of
Chk1 by Akt and the subsequent inactivation of the kinase by
cytoplasmic sequestration following monoubiquitination (26, 27).
This hypothesis would nicely fit with our observations. Indeed, cell
anchorage triggers Akt activation in our system and PI3K inhibition
impairs the adhesion-dependent CDC25A up-regulation. Interest-
ingly, a few data from the literature already ascribed a role for the
PTEN/PI3K (23) and/or mTOR (24) pathways in CDC25A protein
accumulation. Furthermore, the PI3K/Akt/mTOR pathway is
currently deregulated in AML cells from patients (28), and we
recently described the mTOR kinase as an interesting therapeutic
target in these pathologies (29). Whether an integrin/PI3K/Akt/
Chk1 pathway regulates CDC25A expression in AML cells is
currently under study in our laboratory.
As indicated in Results, a recent work (30) described a major role

for CDC25A in the proliferation of lymphocytes. Theses authors
described a direct phosphorylation of CDC25A by the p38 MAPK
pathway in cytokine-starved lymphocytes and the subsequent
down-regulation of the phosphatase. Although we observed some
regulation of the p38 MAPK activity on cell adhesion in KG1a cells,
this pathway is apparently not involved in the adhesion-dependent
CDC25A regulation. This discrepancy argues for different mecha-
nisms of CDC25A regulation downstream of various mitogenic
signals (growth factors, cell adhesion, etc.) and/or a cell type–
dependent regulation of the phosphatase.
Our data argue for the involvement of CDC25A in the adhesion-

dependent proliferation increase of AML cells. Whether cell adhe-
sion to the ECM participates to the leukemogenic proliferation
in vivo remains to be established, but if this was the case this would
make of CDC25A an interesting therapeutic target for these

Figure 8. PKB/Akt down-regulation affects CDC25A level in Jurkat cells.
A, Jurkat cells were left in suspension or adhered to fibronectin for 14 hours in
the absence (Cont ) or the presence of LY294002 (LY ; 20 Amol/L) or wortmannin
(Wort. ; 100 nmol/L). CDC25A expression, Akt protein level, and Akt/PKB
Ser473 phosphorylation state were then probed by Western blot. Representative
of three experiments. B, Jurkat cells were transfected with scramble (Scr ) or
Akt siRNA as described in Materials and Methods and then adhered to
fibronectin for 14 hours. Akt and CDC25A expression was then probed by
Western blot analysis. Representative of two independent experiments.
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pathologies. Of outstanding interest is the fact that the expression
of this protein seems regulated during the normal hematopoietic
process and permanently under the positive (mature progenitors)
or negative (immature progenitors) control of integrin functions.
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