
MEK inhibition induces caspases activation, differentiation
blockade and PML/RARa degradation in acute promyelocytic
leukaemia

Acute promyelocytic leukaemia (APL) is a deadly disease,

resulting from the clonal expansion and accumulation of

haematopoietic stem cells arrested at the promyelocytic stage

of development. The APL phenotype depends on the expres-

sion of the promyelocytic leukaemia/retinoic acid receptor a
(PML/RARa) fusion product in 98% of cases, which results

from the recombination between the PML on chromosome 15

and RARA on chromosome 17 (t15;17) (Puccetti & Rhudardt,

2004). PML/RARa expression in haematopoietic precursor cell

lines induces differentiation blockade and promotes survival

(Sell, 2005). Recent studies have shown that, in addition to

transcription fusion proteins, genetic alterations are necessary

for the leukaemic transformation. In particular, aberrant

activation of the kinase-based signal transduction pathways

(that normally translate extracellular stimuli into appropriate

homeostatic responses), can powerfully contribute to leukae-

mogenesis by enabling leukaemic cells to grow autonomously

and to escape from programmed cell death (Dash & Gilliland,

2001). Thus, the PML/RARa fusion protein is necessary, but

not sufficient, for the development of APL, as demonstrated by

several studies with PML/RARa transgenic mice (Chan et al,

2006; Rego et al, 2006).

The mitogen-activated protein (MAP)/extracellular signal-

regulated kinase (ERK) kinases (MEK) constitute a key

integration point along the signal transduction cascades,

linking diverse extracellular stimuli to proliferation, differen-

tiation and survival (McCubrey et al, 2000). Recent evidence

indicated that blast cells from most acute myeloid leukaemias
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Sofı́a, Córdoba, Spain

Received 2 November 2007; accepted for

publication 29 January 2008

Correspondence: Nuria Barbarroja Puerto,

Unidad de Investigación, Hospital Universitario

Reina Sofı́a, Avda. Menéndez Pidal s/n, E-14004
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Summary

The hallmark of acute promyelocytic leukaemia (APL) is the reciprocal

translocation t(15;17), which leads to the expression of the promyelocytic

leukaemia/retinoic acid receptor a (PML/RARa) fusion protein and a cell

differentiation blockade at the promyelocytic stage. PML/RARa is directly

targeted by all-trans-retinoic acid (ATRA), which degrades the oncoprotein

and induces complete remission of malignancies. The aberrant function of

PML/RARa, together with the constitutive activation of the mitogen-

activated protein/extracellular signal-regulated kinase (MEK/ERK) signalling

pathway, regulates the ability of haematopoietic cells to proliferate,

differentiate, and escape from apoptotic episodes. The role of the MEK/

ERK pathway in PML/RARa expression, differentiation, proliferation and

apoptosis in APL cells was analysed using specific MEK inhibitors. The

blockade of MEK/ERK pathway resulted in caspase-dependent degradation of

PML/RARa, and attenuation of the cell differentiation induction. To our

knowledge, this is the first report to show that PML/RARa was suppressed by

MEK/ERK inhibition, through a mechanism dependent on caspase

activation. ATRA co-operated with MEK inhibitor to increase degradation

of PML/RARa and exhibited a convergence point in caspase activation with

MEK inhibitors. Taken together, our data suggest a new role of MEK/ERK

pathway in the pathogenesis of APL, thus supporting the use of MEK/ERK

inhibitors as an efficient therapeutic strategy for this haematological

malignancy.

Keywords: acute promyelocytic leukaemia, promyelocytic leukaemia/reti-

noic acid receptor a, MEK/ERK, all-trans-retinoic acid.
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(AML), including APL, showed constitutive activation of

extracellular signal-regulated kinases 1/2 (ERK 1/2) (Siendones

et al, 2007), as well as of the immediately upstream kinases

ERK (Platanias, 2003). The relevant role of this pathway in cell

survival and suppression of apoptosis in leukaemic cells has

been recently demonstrated by Milella et al (2001), who

showed that the downmodulation of MEK1 phosphorylation

induced apoptosis and inhibited the proliferation of primary

blasts, but not healthy cells. MEK/ERK pathway has profound

effects on the regulation of apoptosis, mainly through the

activation of several anti-apoptotic signals by the post-

translational phosphorylation of apoptotic regulatory mole-

cules, including caspase-9 (Allan et al, 2003). These features

make the MEK/ERK pathway an effective target for the

molecular therapy of APL, and support the use of MEK

inhibitors as therapeutic agents in this pathology (Milella et al,

2003, 2005; Platanias, 2003).

All-trans retinoic acid (ATRA) has proven to be very effective

in obtaining clinical remission (CR) in APL. ATRA is a potent

inducer of cellular differentiation and growth arrest of APL cells

in vitro and in vivo, through the activation of its nuclear retinoic

acid and retinoid-X receptors (RAR and RXR respectively).

Therapeutic doses of ATRA induce PML/RARa degradation

and release corepressors from PML/RARa and its targets,

allowing the recruitment of coactivators and reactivation of the

target genes. Downregulation of PML/RARa by ATRA mainly

occurs by caspase activation (Nervi et al, 1998), but is also

prevented by proteasome inhibitors (Zhu et al, 1999). Further-

more, this retinoid may mediate a number of non-transcrip-

tional changes in cell signalling, by mechanisms other than

direct effects of the nuclear receptor on transcription. In that

way, ATRA modulates a number of signalling pathways, which

also impact RAR function and mediate the cellular differenti-

ation (Kambhampati et al, 2004; Licht & Zelent, 2005). Among

them, MAPK activity was shown to be required to trigger

retinoid-induced myeloid differentiation (Miranda et al, 2002),

indicating that these two pathways are interconnected.

This study analysed the role of the MEK/ERK pathway in

PML/RARa expression by using specific MEK inhibitors, given

alone or combined with ATRA. To our knowledge, this is the

first report to show that PML/RARa is suppressed in APL by

MEK/ERK inhibition, through a mechanism dependent on

caspase activation. However, this degradation did not cause

granulocytic differentiation, probably due to the initiation of

the apoptosis programme in APL blasts. In addition, we

demonstrated that the interaction between the small-molecule

MEK inhibitor and ATRA to induce PML/RARa degradation

is strongly synergistic.

Materials and methods

Reagents

All-trans retinoic acid was purchased from Sigma-Aldrich (St

Louis, MO, USA) and dissolved in ethanol (0Æ1% final culture

medium concentration). The specific MEK inhibitors,

PD98059 (2¢-amino-3¢-methoxyflavone) and U0126 were

purchased from Calbiochem (La Jolla, CA, USA) and Promega

Biotech Iberica (Madrid, Spain) respectively. They were

dissolved in dimethyl sulphoxide (DMSO; 0Æ1% final culture

medium concentration).

The general caspases inhibitor z-VAD-fmk (Z-Val-Ala-DL-

Asp-fluoromethylketone) was obtained from Bachem (Weil

am Rhein, Germany) and dissolved in acetonitrile.

The following concentrations were used: 1 lmol/l ATRA,

5–20 lmol/l PD98059, 1–10 lmol/l U0126 and 100 lmol/l

z-VAD-fmk.

Cell line and primary APL blasts

NB4 cells [APL cell line carrying the t(15:17) chromosomal

translocation] (Lanotte et al, 1991) were obtained from the

German Resource Centre for Biological Material (DMSZ,

Braunschweig, Germany). They were seeded at 2Æ5 · 105 cells/

ml on fresh Roswell Park Memorial Institute (RPMI) 1640

medium (Cambrex Bio Science, Verviers, Belgium) supple-

mented with 10% fetal bovine serum, 100 U penicillin/ml and

100 lg streptomycin/ml; with or without the compounds

described above, in a humidified atmosphere of 5% CO2.

Acute promyelocytic leukaemia blast cells were obtained

from bone marrow aspirates after informed consent, according

to the ethical standards of the institutional guidelines. In all

analysed samples, the percentage of the leukaemic infiltration

exceeded 80%. Leukaemia cells were isolated on Ficoll–

Hypaque density gradient centrifugation. Cell number was

determined by trypan blue dye exclusion. APL blasts (5 · 105/

ml) were cultured in complete RPMI 1640 medium. The details

of patients examined in the study are indicated in Table I.

To measure the effects of the MAP kinase inhibitors alone or

in combined treatment with ATRA on PML/RARa degrada-

tion, NB4 cells were seeded at 5 · 105/ml in RPMI 1640

complete medium for 48 h. Inhibitors were added 30 min

prior to the addition of ATRA. The controls were performed

with vehicles of PD98059, U0126 or ATRA solvents. All the

experiments were carried out in duplicate and repeated at least

three times.

Western blot

Cells were washed twice in phosphate-buffered saline (PBS)

and lysed on ice for 10 min in Nonidet P-40 lysis buffer,

containing 10 mmol/l HEPES (pH 7Æ9), 10 mmol/l KCl,

0Æ1 mmol/l Na2-EGTA, 0Æ1 mmol/l Na2-EDTA, 1 mmol/l

sodium orthovanadate, 1% NP-40, 1 mmol/l dithiothreitol,

0Æ5 mmol/l phenylmethylsulphonyl fluoride (PMSF) and

10 lg/ml aprotinin. Samples were pelleted by centrifugation

at 15 000 g for 1 min at 4�C. The supernatant (whole cell

lysate) was recovered and frozen at )80�C. Protein concen-

trations were determined using a Bio-Rad protein assay (Bio-

Rad, Hercules, CA, USA).
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Whole cell lysates were separated by sodium dodecyl

sulphate-polyacrylamide gel electrophoresis (SDS-PAGE) in

10% and 6% gels, and immunoblots were incubated with

antibodies to human anti-phospho-Tyr204-ERK1/2 (E-4) and

anti-ERK1/2 and with antibodies to human anti-RARa and

anti-actin (Santa Cruz Biotechnology, Santa Cruz, CA, USA).

Immunocomplexes were detected with appropriate horserad-

ish peroxidase-conjugated secondary antibodies and detected

by enhanced chemiluminescence (ECL) (GE Healthcare, Little

Chalfont, UK).

Combined annexin V/propidium staining

Viability was assessed by using an annexin V staining kit (Bender

MedSystems, Vienna, Austria), according to the manufacturer’s

recommendations. Briefly, cells were harvested, washed in PBS

and finally dissolved in 1x 195 ll binding buffer and 5 ll

Annexin V, mixed and incubated in darkness for 10 min at room

temperature. Cells were then washed with PBS and dissolved in

190 ll in 1x binding buffer and 10 ll (20 lg/ml) propidium

iodide. Subsequently, binding of fluorescein-conjugated

annexin V and propidium (PI) was measured by fluorescent-

acivated cell sorting [FACS; Becton Dickinson (BD), Franklin

Lakes, NJ, USA].

Flow cytometric detection of cell surface CD11b expression

Flow cytometry analyses were performed as previously

described (López-Pedrera et al, 2001), by using specific

monoclonal antibodies to human human CD11b fluoroscein

isothiocyanate (FITC)-conjugated (Caltag Laboratories, San

Francisco, CA, USA). Flow cytometry analyses were performed

on a FACScan (BD).

Nitroblue tetrazolium reduction assay

The degree of differentiation was assessed by the ability of

cells to produce superoxide, as measured by reduction of

nitroblue tetrazolium chloride (NBT) (Wako Pure Chemical

Industries, Osaka, Japan). NB4 cells were incubated at times

and concentrations indicated in the presence or absence of

MEK inhibitors, PD98059 and U0126. The cells were then

harvested, resuspended in the culture medium with 0Æ1%

NBT. The obtained cell suspensions were then seeded

in 12-well plates and incubated at 37�C for 2Æ5 h. The

percentage of cells containing blue formazan deposits was

determined by counting at least 200 cells under a phase-

contrast microscope.

Cellular proliferation and caspase activation

Cell viability was assessed using an XTT colorimetric assay

(Roche Applied Science, Indianapolis, IN, USA). Cells were

seeded on 96-well plates at a concentration of 25 000 cells/well.

After treatment with PD98059 and U0126 at indicated times,

the XTT assay was performed following the protocol supplied

by the manufacturer. Briefly, 50 ll of XTT reagent was added

to each well, and the plates were incubated at 37�C for 4 h. The

plates were then analysed at a wavelength of 450 nm using a

GENios Reader (TECAN, Salzburg, Austria).

Caspase assay (DEVD-R110 substrate) was performed in

replicate wells using 96-well culture plates and detected by a

fluorimetric homogeneous caspase assay kit (Roche Applied

Science). Each sample was incubated for 2 h at 37�C with the

substrate solution. Fluorescence intensities were measured at

excitation and emission wavelengths of 485 and 520 nm

respectively. All experiments were performed in triplicate.

Statistics

All data are expressed as mean ± standard error of the mean

(SEM). Statistical analyses were carried out with the SigmaStat

software package (Systat, Point Richmond, CA, USA). Before

comparing two data groups, a normality test and an equal

variance test were performed. If data groups passed both tests,

a comparison was made by a parametric approach (paired

Student’s t-test). If the normality and/or equal variance test

was violated, a comparison was made by a non-parametric

method (Mann–Whitney rank sum test). Differences were

considered statistically significant at P < 0Æ05.

Results

MEK inhibitors induce reduced PML/RARa expression
in parallel to cell growth arrest, without induction of
cell differentiation

We investigated the functional consequences of the pharma-

cological disruption of the MEK/MAPK. The cell growth was

arrested in a dose- and time-dependent manner: high dose

(40 lmol/l PD98059 and 10 lmol/l U0126, 48 h) or long

exposure (20 lmol/l PD98059 and 5 lmol/l U0126, 96 h) of

Table I. Clinical details of M3 patients.

No. Sex Age (years) FAB Blasts (%) Karyotype WBC (·109/l)

1 M 49 M3 79 46,XY,t(15;17) 3Æ8
2 M 32 M3 84 46,XY,t(15;17), +add (12) 30Æ1
3 M 17 M3 65 46,XY,t(15;17) 2Æ4

FAB, acute myeloid leukaemia subtype, according to the French-American-British classification; WBC, white blood count.
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MEK inhibitors caused more than 50% decrease of absorbance

levels compared with the control values, which reflected a

significant change in the proliferation rate and/or the cell

viability (Fig 1).

Interestingly, the treatment with 20 lmol/l PD98059

and 5 lmol/l U0126 strongly reduced PML/RARa expression.

More reduced doses of PD98059 (5 and 10 lmol/l) or U0126 (1

and 2Æ5 lmol/l) did not promote detectable oncoprotein
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Fig 1. Effect of MEK/ERK blockade on cell proliferation in NB4 cells. NB4 cells were incubated with PD980859 or U0126 at different concentrations

for 48 h and 20 lmol/l PD98059 or 5 lmol/l U0126 for various time periods. Proliferation was measured by the XTT assay. The values shown are

averages (mean ± SE) of one representative experiment of three experiments performed in triplicate; *P < 0Æ05 versus untreated cells.
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Fig 2. MEK blockade with specific inhibitors (PD98059 and U0126) causes PML/RARa degradation in NB4 cells, but not cell differentiation. Western

blotting (A, B, C and D) was performed for PML/RARa and pERK after treatment with PD98059 or U0126 at different concentrations for 48 h and

20 lmol/l PD98059 or 5 lmol/l U0126 for various time periods. 0Æ1% DMSO control was used. Whole cell lysates were prepared; proteins (200 and

50 lg/lane) were subjected to 6% and 10% SDS-PAGE and transferred to nitrocellulose membranes. The filters were probed with anti-RARa
polyclonal and anti-phospho-Tyr204-ERK1/2 antibodies. To demonstrate equal protein loading, the anti-RARa and anti-phospho-Tyr204-ERK1/2

filters were stripped and reprobed with anti-actin and anti-ERK 1/2 antibodies. The presence of membrane CD11b (E and F) was assessed by

cytometric analysis. The panel shows one representative experiment of three independent experiments with similar results.
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degradation. The downmodulation reached maximum levels

after 96 h of treatment with 20 lmol/l PD98059 or 5 lmol/l

U0126. Moreover, doses of MEK inhibitors that induced PML/

RARa degradation, also promoted pERK inhibition (Fig 2A–D).

Although MEK inhibition reduced PML/RARa expression,

different doses and times of PD98059 or U0126 treatment did

not change the percentage of CD11b-expressing control cells

(Fig 2E and F) and NBT reduction ability (data no shown),

suggesting that other signals are needed to induce cell

differentiation.

MEK blockade induces caspase activation and apoptosis

To evaluate the underlying mechanism of PML/RARa degra-

dation accompanying the MEK/ERK pathway disruption, we

examined whether the decrease of PML/RARa expression by

MEK blockade might be due to induction of caspase activa-

tion. To this goal, we analysed the effect of specific MEK

inhibitors on the induction of apoptosis and caspase activa-

tion. Treatment of NB4 cells with 20 lmol/l and 40 lmol/l

PD98059 or 5 and 10 lmol/l U0126, caused a dose-dependent

increase in the percentage of annexin V-binding cells and

caspase activation (Fig 3A, C and E). Those levels reached a

maximum at 72 and 96 h, after treatment with 20 lmol/l

PD98059 or 5 lmol/l U0126 (Fig 3B, D, and F).

These results showed that apoptosis induction required

higher concentrations than those needed to inhibit cell

proliferation. Moreover, these data indicate that apoptosis

induction requires the same doses and time exposure to MEK

inhibitors than those promoting detectable PML/RARa deg-

radation, suggesting that caspase activation is associated with

downregulation of PML/RARa.

ATRA and MEK inhibition co-operate to induce
PML/RARa degradation

We examined the effects of the MEK inhibitors on the decrease

of PML/RARa expression and differentiation induced by

ATRA. After 48 h of treatment, the combined treatment with

ATRA and PD98059 or U0126 completely abolished PML/

RARa expression (Fig 4B and C). These data indicated a new

convergence point between retinoids and the MEK inhibitor in
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Fig 3. MEK blockade induces caspase activation and apoptosis in a dose- and time-dependent manner. NB4 cells were incubated with PD980859 and

U0126 at different concentrations for 48 h and 20 lmol/l PD98059 or 5 lmol/l U0126 for various time periods. Apoptosis (A, B, E and F) was

evaluated by the presence of Annexin V on the cell surface. Caspase activation (C and D) was measured with a homogeneous caspase assay kit (Roche

Applied Science). The values shown are averages (mean ± SE) of one representative experiment of three experiments performed in triplicate,

P < 0Æ05. *PD98059 treatment versus untreated cells, #U0126 treatment versus untreated cells.
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their anti-leukaemic effects. On the other hand, ATRA

treatment on NB4 cells resulted in high grade of differentiation

of APL cells (80 ± 5Æ6%), as determined by the induction of

CD11b presence on the surface of NB4 cells and NBT

reduction ability. Cotreatment of cells with PD98059 inhibited

the percentage of CD11b-expressing cells (45 ± 4%). These

data agree with previous findings, which indicated that the

MEK/ERK blockade inhibits the ATRA-induced differentiation

in different cellular models (Yen et al, 1998; Miranda et al,

2002).

Caspases mediate PML/RARa degradation induced
by MEK/ERK blockade

We investigated whether caspase activation induced by MEK

blockade was involved in PML/RARa degradation. To this end,

NB4 and APL blasts were treated with z-VAD-fmk, which is a

general caspase inhibitor. Pretreatment with z-VAD-fmk

inhibitor strongly restored the high levels of PML/RARa

found in control NB4 cells (Fig 4B and C) after 48 h of

treatment with MEK inhibitors, reducing apoptosis induced by

MEK blockade (Fig 4A). These data suggest that the PML/

RARa degradation induced by the MEK blockade could be a

mechanism dependent on caspase activation.

As ATRA was found to downregulate BCL2 mRNA

(Andreeff et al, 1999), the efficacy of a combination of MEK/

ERK blockade with ATRA in inducing apoptosis was assessed

in promyelocytic cells (Milella et al, 2001). Here, we show

these effects in NB4 cells (Fig 4A). Cotreatment with ATRA

and MEK inhibitors induced apoptosis (around 35% apoptotic

cells), causing an additive effect. Caspase inhibitor reduced

these levels of apoptosis, restoring oncoprotein PML/RARa
(Fig 5B and C).

Subsequently, fresh blasts from APL patients showing

constitutive MEK/ERK activation (Fig 5B) were treated with

20 lmol/l PD98059 with or without z-VAD-fmk pretreatment.

In primary APL blasts, MEK/ERK blockade induced 15% of

apoptosis, which was reduced by treatment with the caspase

inhibitor (Fig 5A). It was found that MEK blockade induced

PML/RARa degradation in APL cells (Fig 5C), as previously

demonstrated for NB4 cells. These findings indicate that the

MEK/ERK pathway could be a determinant in the develop-

ment of APL. Moreover, reduction of PML/RARa expression

by PD98059 was reversed by the caspase inhibitor, suggest-

ing that caspase activation might mediate PML/RARa
degradation.

Discussion

The MEK/ERK pathway is constitutively activated in the

majority of cases of AML (85%), conferring a poor prognosis

(Ricciardi et al, 2005). MAP kinase-dependent signalling

cascades play important roles in the regulation of apoptosis

and growth of malignant haematopoietic cells (Lee & McCu-

brey, 2002; Lunghi et al, 2003; Platanias, 2003; Steelman et al,

2004), which has led to extensive studies aiming to characterize

the precise mechanisms responsible for such effects. This study

provides the first evidence to show that the inhibition of MEK

activation reduced PML/RARa expression in both the NB4 cell

line and primary APL blasts. The MEK/ERK blockade caused

reduced expression of PML/RARa protein, marked growth

suppression and apoptosis, without inducing maturation of

promyelocytic cells.

Our results are consistent with previous studies showing that

low doses of the MEK/ERK inhibitor significantly reduced the

cell proliferation (Milella et al, 2005), while high doses of

PD98059 and long exposure times were necessary to induce

apoptosis. We further demonstrated that a high dose of MEK/

ERK inhibitors is also linked to undetectable PML/RARa
expression in APL cells.

Several studies have demonstrated the involvement of

caspase activation in the induction of PML/RARa degradation

(Nervi et al, 1998; Gianni & de Thé, 1999). Moreover, it is well

established that downmodulation of MEK/ERK activity
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Fig 4. Apoptosis and PML/RARa degradation induced by combined

treatment with ATRA and MEK inhibitors; effects induced by inhibitor

of caspases. (A) NB4 cells were preincubated with PD98059 (20 lmol/

l) and U0126 (5 lmol/l) for 30 min, followed by ATRA (1 lmol/l)

exposure for 48 h respectively (black bars). In parallel experiments, the

cell line was preincubated with z-VAD-fmk (100 lmol/l), which is a

general inhibitor of caspases (grey bars). The apoptosis was evaluated

by the presence of Annexin V on the cell-surface versus untreated

cells (a) and versus z-VAD-fmk treated cells (b). Results are the

mean ± SEM of three separate experiments, P < 0Æ05. (B and C)

Whole cell lysates were prepared and proteins (200 lg/lane) were

subjected to 6% SDS-PAGE and then transferred to nitrocellulose

membranes. The filters were probed with anti-RARa polyclonal

antibodies. To demonstrate equal protein loading, the anti-RARa filter

was stripped and reprobed with anti-actin antibodies. The panels show

one representative experiment of three independent experiments with

similar results.
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induces apoptosis of NB4 cells and primary AML blasts

(Lunghi et al, 2003; López-Pedrera et al, 2004; Siendones et al,

2007) through the activation of caspases (Allan et al, 2003).

Accordingly, we found that the combined treatment with

PD98059 and the caspase inhibitor (z-VAD-fmk) restored

PML/RARa expression in APL cells, suggesting that caspase

activation might be responsible for the degradation of PML/

RARa related to the MEK/ERK blockade. On the other hand,

our data suggest that the degradation of the PML/RARa
oncoprotein induced by MEK/ERK blockade was not related to

induction of cell differentiation. It has been demonstrated that

the catalytic reduction of PML/RARa expression leads to an

anti-leukaemogenic effect through the triggering of apoptosis

without inducing maturation of cells (Nason-Buchernal et al,

1998), because apoptosis and maturation programmes include

events that cannot occur simultaneously (Bruel et al, 1995).

Thus, the targeting of PML/RARa seems to discriminate

between growth and differentiation programmes.

Few studies have found down-stream targets of transloca-

tion products that could mediate transformation. In chronic

myeloid leukaemia, the tyrosine kinase transforming activity of

BCR/ABL1 is affected through antagonism of down-stream

RAS or MYC pathways that stimulate cell proliferation and

prevent apoptosis in haematopoietic cells (Nawata et al, 2003).

Accordingly, our results suggest that MEK/ERK activation

might be responsible for PML/RARa integrity in promyelocy-

tic cells, so that in APL cells, up-stream kinase activity might

modulate the translocation product.

Our findings also showed that the pharmacological inhibition

of MEK/ERK combined with ATRA caused a higher rate of PML/

RARa degradation than each compound administered sepa-

rately. ATRA promotes PML/RARa degradation (Yoshida et al,

1996; Zhu et al, 1997; Jing, 2004) and maturation of leukaemic

promyelocytes into cells resembling terminally differentiated

granulocytes (Tallman, 2001; Tallman et al, 2002). Then, it

initiates the apoptosis programme, modulating caspase proteins

(directly or indirectly) and at various levels (Gianni et al, 2000).

These proteases have been implicated in the degradation of

PML/RARa protein; specifically, caspases 1, 7, 8 and 9 (Nervi

et al, 1998). It has been also shown that the MEK blockade

efficiently and selectively sensitizes leukaemic cells to suboptimal

doses of other apoptotic stimuli, including ATRA, other

retinoids and arsenic trioxide. These MEK inhibition-based

combinations result in a striking pro-apoptotic synergism in

preclinical models (Milella et al, 2001, 2007; Bonati et al, 2006).

In agreement with these findings, we found that MEK/ERK

inhibitors combined with ATRA increased apoptosis. More-

over, the additional treatment with a general inhibitor of

caspases reversed the PML/RARa degradation and the apop-

totic programme induced by the combined treatment with

ATRA plus PD98059 or U0126. The reversion of PML/RARa
degradation induced by ATRA was partial, probably because,

as previously described (Nervi et al, 1998; Zhu et al, 1999),

ATRA degrades the PML/RARa oncoprotein by two mecha-

nisms (proteasome and caspase pathways). In addition, it has

been demonstrated that MEK/ERK blockade induces activation
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Fig 5. MEK/ERK blockade induces apoptosis and PML/RARa degradation mediated by caspases in primary blasts. APL cells were treated with

20 lmol/l PD98059 for 24 h alone or combined with 100 lmol/l z-VAD-fmk. (A) Apoptosis was evaluated by the presence of Annexin V on the cell

surface. Results are the mean ± SEM of three separate experiments. (B and C) Whole cell lysates from three APL samples were prepared and total

proteins (50 and 200 lg/lane) were subjected to 10% and 6% SDS-PAGE and then transferred to nitrocellulose membranes. The filters were probed

with anti-phospho-tyr204-ERK 1/2 and anti-RARa polyclonal antibodies. To demonstrate equal protein loading, the anti-phospho-tyr204-ERK 1/2

and anti-RARa filter were stripped and reprobed with anti-ERK 1/2 and anti-actin antibodies.
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of caspases (Allan et al, 2003). These results suggest caspase

activation as a possible point of convergence synergism

between ATRA and the MEK/ERK inhibitor in the PML/

RARa degradation.

In our experimental conditions, ATRA induced cell differ-

entiation after 48 h of treatment, being inhibited when MEK/

ERK was blocked. Previous studies have demonstrated that

retinoid-dependent differentiation and apoptosis are two

independent processes that involve RAR and RXR activation

respectively (Nagy et al, 1995). Thus, the signals of apoptosis

induced by the combined treatment probably did not give rise

to the granulocytic differentiation.

Taken together, our data suggest that, in promyelocytic

cells, MEK/ERK blockade induces PML/RARa degradation

though a mechanism dependent on caspase activation,

without induction of cell differentiation. This is probably

due to the initiation of an apoptotic programme. Further-

more, ATRA co-operates with MEK inhibitors to increase

the degradation of the PML/RARa oncoprotein, exhibiting a

convergence point in caspase activation with the MEK

inhibitor.

Our data indicate a new critical regulatory role for MEK/

ERK pathway in the induction of anti-leukaemic responses.

Further evaluation of MEK/ERK inhibitors in clinical trials of

APL should be considered.
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