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Abstract In hematological malignancies, constitutive activa-
tion of the RAF/MEK/ERK pathway is frequently observed,
conveys a poor prognosis, and constitutes a promising target
for therapeutic intervention. Here, we investigated the molec-
ular and functional effects of pharmacological MEK inhibition
in cell line models of acute myeloid leukemia (AML) and
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freshly isolated primary AML samples. The small-molecule,
ATP-non-competitive, MEK inhibitor PD0325901 markedly
inhibited ERK phosphorylation and growth of several AML
cell lines and approximately 70 % of primary AML samples.
Growth inhibition was due to G;-phase arrest and induction of
apoptosis. Transformation by constitutively active upstream
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pathway elements (HRAS, RAF-1, and MEK) rendered
FDC-P1 cells exquisitely prone to PD0325901-induced
apoptosis. Gene and protein expression profiling revealed
a selective effect of PD0325901 on ERK phosphorylation
and compensatory upregulation of the RAF/MEK and
AKT/p70°°% kinase modules, potentially mediating resis-
tance to drug-induced growth inhibition. Consequently,
in appropriate cellular contexts, both “vertical” (i.e., in-
hibition of RAF and MEK along the MAPK pathway)
and “lateral” (i.e., simultaneous inhibition of the MEK/
ERK and mTOR pathways) combination strategies may
result in synergistic anti-leukemic effects. Overall, MEK
inhibition exerts potent growth inhibitory and proapop-
totic activity in preclinical models of AML, particularly
in combination with other pathway inhibitors. Deeper
understanding of the molecular mechanisms of action of
MEK inhibitors will likely translate into more effective
targeted strategies for the treatment of AML.

Keywords MAPK - Hematological malignancies -
Sensitivity - Resistance - Combinations - Synergism

Introduction

The mitogen-activated protein kinase (MAPK) pathway is a
key integration point along the signal transduction cascades
that emanate from tyrosine kinases and links diverse extra-
cellular stimuli to an array of physiological responses, in-
cluding proliferation, differentiation, and survival [1].
Constitutive activation of either MAPK kinase (MEK) or
extracellular-signal activated kinase (ERK) is sufficient
to transform mammalian cells, and many upstream-acting
cellular oncogenes critically rely on activation of the MEK/
ERK pathway to induce a transformed phenotype. As a result,
constitutive MEK/ERK activation is detected in a significant
proportion of a variety of human tumors and has recently
emerged as a potential target for anticancer therapies [2].

In hematological malignancies, particularly acute leu-
kemias, MAPK is frequently dysregulated and portends
an aggressive, therapy-resistant clinical behavior [3-5].
Our group and others have provided compelling evi-
dence that pharmacological blockade of MEK-to-ERK
signaling profoundly impairs leukemic, but not normal,
cell proliferation, and clonogenic growth, and synergizes
with a variety of cytotoxics and biological agents in
inducing apoptosis [6—11]. These properties make the
MEK/ERK signaling module a prime target for the
molecular therapy of hematological malignancies, particularly
acute myelogenous leukemia (AML), and support the preclin-
ical/clinical development of MEK inhibitors as therapeutic
agents in this disease [5, 12, 13].
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Several MEK inhibitors have shown promising preclini-
cal activity in vitro and in vivo against a broad spectrum of
solid tumors and are currently in clinical testing [14]. Here,
we investigated the molecular and functional effects of the
MEK inhibitor PD0325901 [2], recently shown effective in
controlling KRAS-driven myeloproliferative disease in vivo
in transgenic mouse models [15], in preclinical models of
AML, acute lymphoblastic leukemia (ALL), and multiple
myeloma (MM). We found that PD0325901 effectively
blocks signaling through the MEK/ERK module and exerts
potent growth inhibitory and proapoptotic activity, particu-
larly in AML. Analysis of signaling perturbations induced
by PD0325901 revealed that, under certain conditions,
MEK inhibition leads to compensatory upstream hyperacti-
vation of RAF and/or parallel signaling through the phos-
phatidylinositol 3-kinase (PI3K)/AKT/mammalian target of
rapamycin (mTOR) pathway, both of which may function as
“escape” pathways. Consequently, in appropriate cellular
contexts, combined MEK/RAF and MEK/mTOR inhibition
may result in synergistic inhibition of leukemic cell growth,
paving the way for the design of rational, mechanism-based
combination strategies.

Experimental procedures
Pathway inhibitors

The MEK inhibitor PD0325901 [N-((R)-2,3-dihydroxy-
propoxy)-3,4-difluoro-2-(2-fluoro-4-iodo-phenylamino)-
benzamide] [2] was kindly provided by Pfizer Global
Research & Development, Ann Arbor, MI, USA. The
RAF/multikinase inhibitor Sorafenib was kindly provided
by Bayer Pharmaceuticals Co, West Haven, CT, USA.
The mTOR inhibitor Temsirolimus was kindly provided
by Wyeth-Ayerst Research.

Cell lines and primary samples

Human myeloid, lymphoid, and MM cell lines were main-
tained in RPMI 1640 medium containing 10 % heat-
inactivated fetal calf serum (FCS), 1 mM L-glutamine, and
50 pg/ml penicillin/streptomycin (Gibco, Milan), in a hu-
midified atmosphere containing 5 % CO, at 37°C. Cell lines
were harvested in log-phase growth for all experiments,
washed and seeded at the appropriate concentration in the
presence of PD0325901 (0.1-1,000 nM) or a matched con-
centration of vehicle (DMSO). For combination experi-
ments, synergism, additive effects, and antagonism were
assessed using the Chou—Talalay method [16] and the Cal-
cusyn software (Biosoft, Ferguson, MO, USA).



J Mol Med (2012) 90:1133-1144

1135

Oncogene-transformed FDC-P1 clones were obtained
as previously described [17]. Differential sensitivity of
oncogene-transformed FDC-P1 cells to the proapoptotic
effects of PD0325901 was determined by plating 10°
cells/well in six-well plates in RPMI1640 medium sup-
plemented with 10 % fetal bovine serum +/— IL-3 and
serial 10-fold dilutions (r=6 dilutions). Annexin V/PI
analysis was then performed after 72 h of incubation.

BM aspirates were obtained from 26 AML patients
(Table S2), who provided written informed consent, in
accordance with regulations and protocols sanctioned by
the Human Subjects Committee of Helsinki and ap-
proved by the Institutional Review Board of the Sapi-
enza University of Rome. Mononuclear cells (MNC)
were separated from AML samples by differential
Ficoll-Hypaque centrifugation (1.077 g/ml, Sigma). Cell
number and viability was assessed by triplicate trypan
blue exclusion counting. Cells were resuspended in
complete medium, and cell number was adjusted to a
starting concentration of 1.0x10%ml, before culture in
the presence of either 10 or 100 nM PD0325901 or a
matched concentration of vehicle. AML blast progenitor
colony assays were performed as previously described:
Briefly, 1x10° MNC from AML patients were plated in
0.8 % methylcellulose in Iscove’s modified Dulbecco’s
medium (Gibco-BRL) supplemented with 30 % FCS,
5x107° M p-mercaptoethanol, and 10 % of 5637 cell
line supernatant. Cultures were incubated in 35-mm
Petri dishes in duplicate for 10 days at 37°C and 5 %
CO, and evaluated for the number of clusters (8-10 cells) and
colonies (>20 cells).

Cell cycle and apoptosis analysis

Cell cycle distribution changes were evaluated using the
Acridine Orange (AO) technique, as previously de-
scribed. Cell-cycle distribution was determined by mea-
suring simultaneously the DNA and RNA total cellular
content and analyzed using the ModFit LT software
(Verity Software House, Topsham, ME, USA). The per-
centage of apoptotic cells was measured based on the
decreased stainability of apoptotic elements in DNA
green fluorescence (sub-G; peak) coupled with a higher
RNA red fluorescence. Induction of apoptosis was also
assessed by measuring annexin V binding to externalized
phosphatidylserine.

Western blotting and phospho-proteomic analysis
Protein expression was evaluated by Western blotting as

previously described [7]. Briefly, cells were washed
twice with a solution containing 10 mM NaF, 0.1 mM

Na3;VOy,, 0.1 % NaNjz, 4 mM EDTA, and lysed for
30 min on ice in a solution containing 10 mM NaF,
I mM Na3;VO,, 150 mM NaCl, | mM MgCl,, 1| mM
CaCl,, 0.1 % NaNj3, 10 mM iodoacetamide, 3 mM
PMSF, and 1 % Triton-X100 supplemented with protease
inhibitor cocktail (Roche Diagnostic Corp., Indianapolis,
IN, USA). Equal amount of proteins were subjected to
sodium dodecyl sulfate polyacrylamide gel electrophoresis
(Bio-Rad, Hercules, CA, USA), transferred to Hybond-P
membranes (Amersham Pharmacia Biotech, Buckingamshire,
UK), and immunoblotted with antibodies specific for p-Raf-1,
p-MEK, MEK, p-ERK, ERK2, p-AKT (S473, unless
otherwise specified), AKT (Cell Signaling Technology,
Inc., Beverly, MA, USA), p27 and cyclin E (PharMin-
gen, San Diego, CA, USA), Cyclin D1, Cyclin D3,
Cdc25a, and Cdc6 (Santa Cruz). Membranes were
probed with a horseradish peroxidase-conjugated sec-
ondary antibody and reacted with ECL reagent (Amersham).
Semiquantitative phospho-proteomic analysis was performed
after 1 and 6 h of treatment with either DMSO or PD0325901
(10 nM). The phosphorylation status of 18 different proteins
was assessed using a custom Kinexus KCPS-1.0 Phospho-
Protein Screen (Kinexus, Vancouver, BC, Canada). Proteomic
analysis was carried out using a high throughput Kinex™
Antibody Microarray (Kinexus).

Oligonucleotide arrays

RNA was extracted from either OCI-AML3 or U937
exposed to PD0325901 (10-1,000 nM) or to vehicle
(DMSO) for up to 24 h. Total RNA was extracted using
TRIzol reagent (Gibco BRL, Grand Island, NY, USA)
and further purified using the SV Total RNA Isolation
System (Promega, Madison, WI, USA) according to the
manufacturer’s protocol. For oligonucleotide array anal-
ysis, the HGU133 2.0 arrays were used. The detailed
protocol for sample preparation and microarray process-
ing is available from Affymetrix (www.affymetrix.com).
Experiments were run in duplicate. For statistical analy-
sis, Affymetrix gene expression data were processed with
dChip software, (www.dchip.org), which uses an invariant set
normalization method. The array with the median overall
intensity was chosen as the baseline for normalization.
Model-based expressions were computed for each array and
probe set, using only perfect match probes. For unsupervised
analysis, the following non-specific filtering criteria were used:
(1) Gene expression level was required to be higher than 100 in
at least 10 % of the samples; (2) the ratio of the standard
deviation to the mean expression across all samples
was required to be between 0.5 and 1,000. Supervised analy-
ses were performed to compare DMSO-treated cells with
PD0325901-treated cells at 6 and 24 h. For these comparisons,
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a t test was used: Only the genes with a p<0.05 and a fold
change >2 were retained.

Results

PD0325901 inhibits ERK phosphorylation and cell growth
in leukemic cell lines

PD0325901 dose dependently inhibited ERK phosphoryla-
tion, without affecting total ERK protein levels, in OCI-
AML3 cells, (Fig. la, b). PD0325901 also potently (ICso,
5-100 nM) inhibited the growth of several AML cell lines;
the APL cell line NB4 and MM cell lines displayed inter-
mediate sensitivity (ICsp, 150—800 nM), while the myeloid
cell lines U937 and KG-1 and all of the lymphoid cell lines
tested proved resistant, with ICsy >1,000 nM (Table S1).
PD0325901-sensitive cell lines displayed significantly
higher levels of unstimulated ERK phosphorylation (p=
0.049, Fig. S1A). In sensitive cell lines, PD0325901-induced
growth inhibition (Fig. 1¢) was a consequence of inhibition of
cell cycle progression and induction of apoptosis (Fig. S2).

PD0325901 inhibits the growth of primary AML cells

PD0325901 also induced a >30 % reduction in the number
of viable cells in 12 of 18 ex vivo-cultured primary AML
samples, with a significant (»p=0.01) reduction in the per-
centage of cells in the S-phase of the cell cycle and a
significant (»p=0.019) increase in the number of apoptotic
cells (Table S2 and Fig. S3A-C). As shown for cell lines,
PD0325901-sensitive primary AML samples displayed sig-
nificantly higher levels of unstimulated ERK phosphorylation
(»=0.032, Fig. S1B). A representative experiment demon-
strating the effect of PD0325901 in a “sensitive” primary
AML sample is shown in Fig. S3D. No obvious correlation
was observed between sensitivity/resistance to PD0325901
and cytogenetic/molecular profile in the patient samples ana-
lyzed (Table S2). PD0325901 also dose dependently inhibited

clonogenic growth in six of the eight samples tested (Fig. 1d).

Oncogene-transformed hematopoietic cells are differentially
sensitive to MEK inhibition by PD0325901

IL-3-dependent FDC-P1 cells transformed to cytokine inde-
pendency by gene transduction [17] with a panel of ten
different oncogenes (Table 1) were examined for their sen-
sitivity to the pro-apoptotic effects of PD0325901. Parental
FDC-P1 cells grown in IL-3 were highly resistant to
PD0325901-induced apoptosis (EDs, for apoptosis induc-
tion >5,000 nM); however, cytokine-independent, trans-
formed, FDC-P1 clones all became sensitive to MEK
inhibition by PD0325901, although to variable degrees
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(EDsp, 1-100 nM). In particular, IGF-1R-, v-Fms-, v-Ha-
Ras-, ARaf-1:ER-, and AMEK:ER-transformed FDC-P1
clones were exquisitely sensitive to the proapoptotic action
of PD0325901, with an EDs, of approximately 1 nM. Over-
all, these results suggest that the activation of oncogenes
that impinge directly on the MAPK pathway may result in
hypersensitivity to MEK blockade by PD0325901.

Gene and protein expression profiling

In OCI-AML3, a total of 80 genes were either up- (32
genes) or downregulated (48 genes) by 10 nM PD0325901
after 24 h, with a remarkable over-representation of genes
involved in DNA replication initiation and regulation of the
G,/S checkpoint among downmodulated genes (Fig. 2a and
Table S3). Conversely, only three genes were significantly
downmodulated upon treatment with 10 nM PD0325901 in
functionally resistant U937 cells, with no overlap with OCI-
AML3 cells (data not shown). Even after exposure of U937
cells to a 100-fold higher drug concentration (1,000 nM), most
of the PD0325901-modulated genes were related to stress
response (Fig. S4 and Table S4), and only six genes (DUSP6,
MCM4, RFC3, CCNE2, STIP1, and YPELS) were concor-
dantly modulated, as compared with OCI-AML3 cells. Com-
parative proteomic analysis of OCI-AML3 and U937 cells
demonstrated only minimal overlap in the pattern of proteins
whose phosphorylation and/or expression levels were signif-
icantly modulated by PD0325901 (Fig. 2b). The modulation
of CCNE2, Cdc25A, and Cdc6 was confirmed by Western
blot analysis in OCI-AML3, and cyclin D3 was also found to
be profoundly downregulated at the protein level (Fig. S5).

PD0325901 eftects on the phosphorylation status of selected
signaling proteins

To better understand the molecular mechanisms of action of
PD0325901, the phosphorylation status of different signal-
ing elements was tested in OCI-AML3 cells exposed to
PD0325901 (10 nM) for 1 and 6 h (Fig. 3). PD0325901
reduced ERK1/2 phosphorylation by >80 %; interestingly,
PD0325901 also transiently increased the phosphorylation
of the upstream kinases PKCo (+121 % at 1 h), Raf-1 (+80
to +160 % at 1 h), and MEK1/2 (+140 % at 6 h), as well as
AKT (+120 % at 1 h) and p70°°% (+180 % at 1 h) phos-
phorylation (Fig. 3). Overall, these data suggest that
PD0325901 may lead to compensatory upregulation of both
upstream and parallel signaling pathways.

Simultaneous inhibition of RAF and MEK results in highly
synergistic induction of apoptosis

Western blot analysis of OCI-AML3 cells exposed to in-
creasing PD0325901 concentrations demonstrated dose-
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Fig. 1 PD0325901 effects in
AML cell lines and primary
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samples. a Dose-response and
b time course: OCI-AML3 cells
were exposed to the indicated
concentrations of PD0325901
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dependent phosphorylation of both Raf-1 (S259) and MEK
(S217/8221) (Fig. 4a). Thus, we tested the hypothesis that a
“vertical” combination strategy, employing RAF and MEK
inhibitors, might enhance apoptosis induction. To this pur-
pose, OCI-AMLS3 cells were exposed to PD0325901 and the
RAF inhibitor sorafenib at their approximate ICsy (15 and
1,500 nM, respectively) for up to 72 h, alone or in

10
PD0325901 (nM)

100 1000

combination; both agents partially inhibited OCI-AML3
growth when used alone, while the combination com-
pletely suppressed cell growth (Fig. 4b). From a mecha-
nistic standpoint, the combination of PD0325901 and
sorafenib more efficiently suppressed cell cycle progres-
sion and strikingly enhanced apoptosis induction (>60 %
at 48 h), as compared to each agent alone (Fig. 4c).
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Table 1 Differential sensitivity of single oncogene-transformed FDC-
P1 cells to MEK inhibition by PD0325901

Cell line PD0325901 EDs, for apoptosis (nM)
FDC-P1* 5,000
FD/IGF-1R® 1
FD/v-Fms*® 1
FD/v-ErbB:ER* 8
FD/BCR-ABL 20
FD/v-Src 100
FD/v-Ha-Ras 1
FD/AB-Raf:ER 6
FD/ARaf-1:ER 1
FD/AA-Raf:ER 10
FD/AMEK1:ER 1

*FDC-P1 cells were grown in IL-3

®FD/IGF-IR cells were grown in medium supplemented with 10 nM
IGF-1

¢FD/v-Fms, FD/BCR-ABL, FD/v-Src, and FD/v-Ha-Ras were grown
in the absence of I1L-3

dFD/v-ErbB:ER, FD/AB-Raf:ER, FD/ARaf-1:ER, FD/AA-Raf'ER, and
FD/AMEKI1:ER cells were grown in medium containing {3-estradiol

When analyzed by conservative isobologram analysis,
the growth inhibitory interaction between PD0325901
and sorafenib at a fixed ratio of 1:100 was highly syn-
ergistic (Fig. 4d), with an average combination index
(CI) at the EDsy, ED75, and EDgy of 0.3+0.1. Similar
results, in terms of both rebound phosphorylation of Raf-1/
MEK and synergistic interactions between PD0325901 and
sorafenib, were obtained in the MOLM-13 cell line (average
CI: 0.4£0.1), when the optimal PD0325901/sorafenib ratio of
10:1 was used (data not shown).

Impaired ERK inhibition and increased AKT activation
correlate with resistance to PD0325901

We next tested the hypothesis that activation of “parallel”
signaling through the PI3K/AKT/mTOR pathway may play
a role in functional resistance to MEK inhibition. In sensi-
tive OCI-AML3 cells, high concentrations of PD0325901
ultimately led to concomitant inhibition of AKT (S473)
phosphorylation (Fig. 5a), although AKT was transiently
hyperphosphorylated at early time points (Fig. 3 and
Fig. S6). Conversely, in a resistant OCI-AML3 sub-line
(Fig. 5b and Fig. S7) and in U937 (Fig. 5c) cells, complete
inhibition of ERK phosphorylation required at least 100-
fold higher PD0325901 concentrations and AKT (S473)
phosphorylation was induced, particularly at suboptimal
PD0325901 concentrations. Similar results, in terms of
incomplete inhibition of ERK phosphorylation, were
obtained also in resistant lymphoid and breast cancer cell
lines (data not shown). Consistent with the concept that
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Fig. 2 Gene and protein expression profiling. a OCI-AMLS3 cells were p
exposed to either 10 nM PD0325901 or a matched concentration of
vehicle. At the indicated time points, cells were collected, total RNA
was extracted and purified, and gene expression profiles were per-
formed using Affymetrix UI33A 2.0 gene chips (see “Experimental
procedures”). Supervised analysis shows 80 genes differentially
expressed between PD0325901- and vehicle control-treated OCI-
AML3 cells, after 6 and 24 h (see Table S3 for a list of PD0325901-
modulated genes). Results relative to two independent experiments are
shown. b OCI-AML3 and U937 cells were exposed to PD0325901 (10
and 1,000 nM for OCI-AML3 and 1,000 nM for U937) or matched
vehicle control for 6 h, then lysed, and subjected to proteomic analysis
of 500 unmodified and 300 phosphorylated epitopes, using a high
throughput Kinex™ Antibody Microarray (Kinexus). Raw data were
then analyzed using specific filtering criteria, which included the
ILog,-ratio of treated and control averages, used to calculate the
differential signal intensities of each protein. Results are expressed
using a color code indicating epitopes upregulated (green), downregu-
lated (red), or without significant changes (white) in response to
PD0325901 treatment in each cell line. For OCI-AML3 cells, both
the 10 nM and the 1,000 concentrations were considered in the analysis
(significant changes with either dose and concordant changes with both
doses were retained, while discordant changes in response to the two
concentrations of PD0325901 were discarded)

MEK blockade may inhibit or activate the PI3K/AKT/
mTOR pathway in functionally sensitive and resistant
cells, respectively, transcriptomic analysis revealed that
PD0325901 upregulated PTEN expression in OCI-AML3
cells and mTOR expression in U937 cells (Fig. 5d). In
addition, PD0325901 also induced AKT expression and
phosphorylation (T308) and S6 phosphorylation in U937
cells, as evidenced by proteomic analysis (Fig. 2b). No-
tably, comparative transcriptomic and proteomic analysis
of PD0325901-sensitive (OCI-AML3) and PD0325901-
resistant (U937) cell lines revealed marked downregula-
tion of PTEN and upregulation of mTOR messenger
RNA, upregulation of PI3K expression, increased AKT1
expression and phosphorylation (T308 and S473), inhibitory
PTEN phosphorylation (S380+S382+S385), increased S6Ka
and b expression, and increased S6 phosphorylation (5235) in
resistant U937 cells (Fig. S8 and S9). From a functional
standpoint, combined MEK inhibition (by PD0325901) and
mTOR blockade downstream of AKT (by temsirolimus)
resulted in growth inhibitory synergism, up to a fraction af-
fected <0.8, in both OCI-AML3 (CI at the EDso, ED75, and
EDyg: 0.33, 0.55, and 0.95, respectively; Fig. 5e) and MOLM-
13 (CI at the EDsp, ED7s, and EDg: 0.12, 0.50, and 2.07,
respectively; Fig. 5f).

Discussion

The MEK/ERK kinase module is an attractive therapeutic
target in hematological malignancies [5, 13]. Here, we dem-
onstrate that the selective MEK inhibitor PD0325901 exerts
potent antileukemic effects, particularly in AML cell lines
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Fig. 3 PD0325901-induced changes in protein phosphorylation pat-
terns. OCI-AML3 cells were exposed to 10 nM PD0325901 or a
matched concentration of vehicle for 1 and 6 h. Protein were then
extracted and subjected to multiplex Western blotting with antibodies
specific for the phosphorylated form of 18 different proteins using a
custom Kinexus Phospho-Protein Screen assay (Kinetworks™ KCPS
1.1), as described in “Experimental procedures.” a The migration
positions of selected target phosphoproteins are indicated on a

and primary samples, through a combination of inhibition of
proliferation and induction of apoptosis. Using the FDC-P1
model, we also show that hematopoietic cell transformation
by activated oncogenes that lie immediately upstream of
MEK makes myeloid cells exquisitely sensitive to the proa-
poptotic action of PD0325901. Finally, phospho-proteomic
profiling shows that MEK inhibition by PD0325901 triggers
the activation of putative “escape” pathways, both with-
in the same signaling cascade (Raf-1, MEK) and
through parallel pathways (PI3K/AKT/mTOR), which
could be exploited therapeutically to build rational,
MEK inhibition-based combinations with synergistic anti-
leukemic effects.
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representative Western blotting map obtained after 1 h of exposure to
either vehicle control (DMSO, top panel) or 10 nM PD0325901
(bottom panel). b Densitometric quantification of the intensity of
individual bands corresponding to the indicated phosphoproteins.
Results represent the mean of two individual experiments and are
expressed as percent change in band intensity in PD0325901-treated
cells relative to vehicle control, after 1 (white bars) and 6 h (gray bars)
of exposure

In agreement with previous data from our group [7],
several AML cell lines were sensitive to PD0325901-
induced growth inhibition and apoptosis induction, which
were also evident in a substantial proportion of primary
AML samples. Of note, cell line models of MM also dis-
played an intermediate level of sensitivity to MEK inhibi-
tion by PD0325901, in accordance to the recently proposed
role for constitutive MEK/ERK activation as a promising
therapeutic target in this disease [18, 19]. PD0325901 exerts
its growth inhibitory effects primarily through inhibition of
cell cycle progression, consistent with the reported role of
ERK at the G1/S transition [20]. Several other genes/pro-
teins potentially relevant to the functional effects induced by
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Fig. 4 Effects of combined MEK and RAF blockade. a OCI-AML3
cells were exposed to PD0325901 for 1 h, lysed, and subjected to
Western blot analysis with the indicated antibodies. Western blot with
antibodies specific for GAPDH is shown as protein loading and blot-
ting control. Results from one experiment representative of at least
three independent experiments performed with superimposable results
are shown. b OCI-AML3 cells were exposed to PD0325901 (15 nM),
sorafenib (1,500 nM), or both for the indicated periods of time. Cell
counts and viability were then assessed by trypan blue exclusion
counting. Results are expressed as percentage of cells plated at the
beginning of the experiment (time 0) and represent the average+SD of
four independent experiments. ¢ OCI-AML3 cells were treated as in b
for 48 h. Distribution of cells in the different phases of cell cycle was
assessed by acridine orange DNA/RNA staining; apoptosis induction

PD0325901 were modulated in OCI-AML3, including
genes involved in DNA or ribosomal RNA synthesis, chro-
matin remodeling, and protein translation, genes directly
related to leukemia development (FLT3, WTI1, and
MAFB), genes involved in MAPK signaling (DUSP6),
and genes implicated in microenvironmental interactions
(SEMAG6A) (Table S3). Interestingly, a number of genes
are concordantly regulated by PD0325901 in both AML
and malignant melanoma models, suggesting that they
may be part of a “shared” signature of functional sensi-
tivity to MEK inhibitors [21, 22], as recently reported in
other model systems [23].

Unfortunately, the molecular basis for sensitivity to MEK
inhibitors remains elusive [23]. Although a general

C
75 T D C
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Hl PD+Sorafenib (1:100)
S-phase Apoptosis
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1,50
1,25
1,00
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Fraction affected

was assessed by annexin V/PI staining. Results are expressed as
percentage of cells in the S-phase of the cell cycle or as percentage
of apoptotic cells and represent the average+SD of four independent
experiments. d OCI-AML3 cells were exposed to a range of
PD0325901 (5-15 nM) and sorafenib (500—1,500 nM) concentrations,
either alone or combined at a fixed ratio (1:100). Growth inhibition, as
compared with vehicle control-treated cells, was then assessed after
72 h and CI were calculated by conservative isobologram analysis,
using the Chou-Talalay method and the Calcusyn software. Cls are
plotted against the fraction affected; continuous line represents calcu-
lated simulations, while solid dots represent actual experimental data
points for the combination. Using this method, CI values below 0.8
indicate strong synergism, between 0.8 and 1.2 additivity, above 1.2
antagonism

correlation between baseline levels of ERK phosphorylation
and sensitivity to PD0325901 was evident in both cell lines
and primary samples (Fig. S1), only a weak correlation
between ERK phosphorylation and clinical outcome has
been observed in clinical trials of MEK inhibitors reported
so far [24]. Data obtained in the oncogene-transformed
FDC-P1 model clearly indicate that constitutive activation
of pathway elements that lie immediately upstream of ERK
and/or overexpression of selected upstream tyrosine kinase
receptors powerfully sensitize leukemic cells to the proa-
poptotic action of PD0325901; however, no mutations in the
genes driving functional sensitivity/resistance to MEK inhi-
bition in other tumor models [25] were found in the panel of
hematological cell lines tested (Table S1). One possible
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Fig. 5 PD0325901-induced signaling perturbations in sensitive and
resistant AML model cell lines and growth-inhibitory effects of com-
bined MEK and mTOR blockade. a, b Parental OCI-AML3 (a) or
OCI-AML3 grown in the presence of 3 uM CI-1040 for prolonged
periods of time (b, see also Fig. S7) were exposed to PD0325901 at the
indicated concentrations for 1 h, lysed and subjected to Western blot
analysis using the indicated antibodies. Results from one experiment
representative of at least three independent experiments performed
with superimposable results are shown. ¢ U937 cells were exposed to
PD0325901 at the indicated concentrations for 1 h, lysed, and sub-
jected to Western blot analysis using the indicated antibodies. Results
from one experiment representative of at least three independent
experiments performed with superimposable results are shown. For
Western blot experiments (a—c), densitometric analysis is shown in
side panels; results represent the average+SEM of three independent
experiments and are expressed as the OD ratio of p-AKT/AKT for each
individual sample normalized to untreated control. d OCI-AML3 and
U937 cells were exposed to 10 or 1,000 nM PD0325901, respectively,
or a matched concentration of vehicle for 24 h. Cells were then

alternative is to pursue rational, mechanism-based combina-
tions with agents interfering with putative “escape” path-
ways. In agreement with data obtained in different tumor
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collected, total RNA was extracted and purified, and gene expression
profiles were performed using Affymetrix U133A 2.0 gene chips (see
“Experimental procedures”). Supervised analysis shows genes belong-
ing to the PI3K/AKT/mTOR pathway that are differentially expressed
between PD0325901- and vehicle control-treated cells, with their rel-
ative p value (see also Fig. 2, Figure S4, and Tables S3 and S4 for a
complete list of PD0325901-modulated genes). Results relative to two
independent experiments are shown. e OCI-AML3 cells were exposed
to a wide range of PD0325901 (1-10 nM) and CCI-779 (temsirolimus,
100-1,000 nM) concentrations, either alone or combined at a fixed
ratio (1:100). Growth inhibition, as compared with vehicle control-
treated cells, was then assessed after 72 h and CI were calculated by
conservative isobologram analysis, as described in Fig. 4d. f MOLM-
13 cells were exposed to a wide range of PD0325901 (5-100 nM) and
CCI-779 (temsirolimus, 50—1,000 nM) concentrations, either alone or
combined at a fixed ratio (1:10). Growth inhibition, as compared with
vehicle control-treated cells, was then assessed after 72 h, and CI were
calculated by conservative isobologram analysis, as described in
Fig. 4d

models [26], proteomic analysis and gene expression profil-
ing indicate that MEK blockade interrupts a negative feed-
back loop, by which ERK activation inhibits signaling
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through upstream components of the Ras/Raf/MEK/ERK
cascade. This is consistent with previous observations of
prolonged growth-factor-mediated RAF activation in re-
sponse to MEK inhibition [27] and appears to be mediated,
at least in part, by downregulation of dual-specificity phos-
phatases (DUSP-4 and DUSP-6) and adaptor proteins that
either positively or negatively regulate MAPK signaling
(SPRY-2 and SPRY-4, KSR1) (Table S3 and [21, 28]). In
addition, our data on combined MEK and RAF inhibition
provide unequivocal evidence of a striking pro-apoptotic
synergism of such a “vertical” combination strategy in
AML, extending findings recently reported in solid tumors
and lymphomas [29, 30] and providing the rationale for
ongoing clinical trials (www.clinicaltrials.gov/ct2/show/
NCT00785226).

Compensatory activation of parallel signaling through the
PI3BK/AKT/mTOR pathway in response to MEK inhibition
is an emerging theme in cancer cell signal transduction;
indeed, several recent reports highlight the importance of a
functional cross-talk between the MEK/ERK and PI3K/
AKT/mTOR in different models of cancer progression and
response to individual and combined pathway inhibitors
[31]. In AML models, under certain conditions, MEK
blockade may indeed cross-modulate signaling through the
PI3K/AKT/mTOR pathway: in PD0325901-sensitive cell
lines (OCI-AML3), MEK blockade transiently increases
AKT phosphorylation but ultimately results in inhibition
of AKT activity, as recently described in melanoma models
by different groups including ours [32, 33]; conversely, in
MEK inhibition-resistant cells, MEK blockade actually
induces AKT phosphorylation [32], particularly in inherent-
ly resistant cells, such as U937, in which the PI3K/AKT/
mTOR pathway is constitutively upregulated and further
activated by PD0325901, and in OCI-AML3 cells with
acquired resistance to MEK inhibition, in which AKT acti-
vation is induced at suboptimal PD0325901 concentrations
but can be overcome by increased concentrations of the
MEK inhibitor. As a consequence, functional synergism
with combined MEK and mTOR inhibition is observed in
MEK inhibition-sensitive OCI-AML3 and MOLM-13 cells
at suboptimal concentrations of each agent but is lost at a
fraction affected >0.8. The same situation is observed in
melanoma models, where PD0325901, at concentrations
that completely inhibit MEK-to-ERK signaling, is able to
cross-inhibit the AKT/mTOR module, resulting in the lack
of synergistic effects in terms of inhibition of VEGF pro-
duction and tumor cell growth by combined MEK/mTOR
blockade at fractions affected >0.8. This observation led us
to the identification of novel cross-talk mechanisms, where-
by constitutive ERK activity suppresses PTEN expression,
while its inhibition restores PTEN levels and results in the
concomitant inhibition of the PI3K/AKT/mTOR pathway
[33]. At concentrations of PD0325901 and temsirolimus

that are currently used in the clinic as single agents, phar-
macologic interactions between these two agents would
potentially be in the synergistic range in AML patients;
however, the role of rebound AKT activation upon MEK
inhibition will need to be comprehensively assessed in both
cell line models and primary samples and the conditions under
which combined MEK and PI3K/AKT/mTOR inhibition may
result in synergistic antileukemic activity will have to be
precisely defined before these results can be effectively trans-
lated into the clinical setting. In that respect, tumor genotype
will need to be taken into account, as our own data suggest
that PTEN status may play an important role in determining
the functional outcome of single and combined MEK and
mTOR inhibition [33] and recent clinical data highlight the
potential for increased antileukemic activity of single-agent
MEK inhibitors in RAS-mutant AML [34].

Overall, the findings reported herein support the contin-
ued development of MEK inhibitors as promising therapeu-
tic agents in hematological malignancies, particularly AML,
and support the investigation of both “vertical” and “lateral”
combination strategies that may result in synergistic antitu-
mor effects. Deeper insights into the molecular mechanisms
of action of PD0325901 and other MEK -targeted agents will
likely increase our chances to successfully translate such
exciting preclinical findings into effective new therapeutic
approaches for AML and, possibly, other cancers.
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