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Abstract The mitogen-activated protein kinase (MAPK)
and PI3K pathways are regulated by extensive crosstalk,
occurring at different levels. In tumors, transactivation of
the alternate pathway is a frequent “escape” mechanism,
suggesting that combined inhibition of both pathways may
achieve synergistic antitumor activity. Here we show that, in
the M14 melanoma model, simultaneous inhibition of both
MEK and mammalian target of rapamycin (mTOR)
achieves synergistic effects at suboptimal concentrations,
but becomes frankly antagonistic in the presence of relative-
ly high concentrations of MEK inhibitors. This observation
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led to the identification of a novel crosstalk mechanism, by
which either pharmacologic or genetic inhibition of consti-
tutive MEK signaling restores phosphatase and tensin ho-
molog (PTEN) expression, both in vitro and in vivo, and
inhibits downstream signaling through AKT and mTOR,
thus bypassing the need for double pathway blockade. This
appears to be a general regulatory mechanism and is medi-
ated by multiple mechanisms, such as MAPK-dependent
c-Jun and miR-25 regulation. Finally, PTEN upregulation
appears to be a major effector of MEK inhibitors’ antitumor
activity, as cancer cells in which PTEN is inactivated are
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consistently more resistant to the growth inhibitory and anti-
angiogenic effects of MEK blockade.

Keywords MAPK - PI3K - PTEN - Crosstalk - c-Jun -
miR-25

Background

Our knowledge of signal transduction pathways has recently
evolved from the classical notion of “linear” signaling path-
ways to the much more complex vision of “signaling net-
works,” in which every component is closely intertwined
with an array of different players in a complex signaling
circuitry [1, 2]. In this context, even highly specific inter-
ference with a single signaling component may actually lead
to unexpected, and sometimes “undesired” from a therapeu-
tic perspective, functional outputs. The RAF/MEK/ERK
and the PI3K/phosphatase and tensin homolog (PTEN)/
AKT/mammalian target of rapamycin (mTOR) signaling
pathways are two major regulators of cell growth, metabo-
lism, survival, and angiogenesis [3]; these two pathways are
interconnected through “vertical” and “lateral” feedback
loops operating at multiple levels along the signaling cas-
cades, and their dysregulation through genetic and epigenet-
ic mechanisms may cooperate in the transformation and
progression of experimental and human tumors [4]. Com-
pensatory signaling through the RAS/mitogen-activated
protein kinase (MAPK) pathway may mediate resistance to
selective PI3K/mTOR axis inhibition and vice versa, making
combined inhibition of the RAF/MEK/ERK and PI3K/AKT/
mTOR an attractive therapeutic strategy [4—6].

In malignant melanoma, uncontrolled MAPK pathway
activation is nearly ubiquitous and occurs most commonly
through gain-of-function mutations involving codon 600 of
the BRAF kinase (Y**°*BRAF in up to 70% of cases) [7].
BRAF mutations result in the aberrant activation of ERK
which, in turn, provides an essential tumor growth and main-
tenance signal, by fostering proliferation, survival, chemore-
sistance, and the autocrine production of pro-angiogenic
factors, such as vascular endothelial growth factor (VEGF).
Most interestingly, BRAF-mutated tumors appear to be ex-
quisitely sensitive to selective BRAF and/or MEK inhibitors
[8]. However, BRAF mutational status does not completely
explain sensitivity to MEK inhibitors ([9] and Ricciardi MR,
2010 manuscript submitted) and MAPK activation does not
account for all aspects of melanoma progression. Activation
of the PI3K/PTEN/AKT/mTOR pathway, on the other end,
occurs in 5-10% of melanomas by virtue of PTEN mutations,
receptor—ligand interactions, or NRAS-activating mutations
[10]. In melanoma and other cancers, the RAF/MEK/ERK
and PI3K/PTEN/AKT/mTOR pathways have partially
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overlapping functions and cooperate to promote resistance to
apoptosis and tumor progression [4, 11].

Here we set out to investigate the therapeutic potential of
pharmacologic modulation of the MEK/ERK and PI3K/
AKT/mTOR pathways and discovered a novel crosstalk
pathway that, through ERK-dependent upregulation of
c-Jun and miR-25, leads to suppression of PTEN expres-
sion. Moreover, we identify PTEN as a crucial mediator of
the growth inhibitory and anti-angiogenic effects of MEK
inhibition. These findings shed new light on the molecular
mechanisms of crosstalk between the RAF/MEK/ERK and
PI3K/PTEN/AKT/mTOR pathways and may be helpful in
selecting appropriate cellular contexts for the design of
rational therapeutic strategies based on single- or combined
pathway blockade.

Experimental procedures

Pathway inhibitors, cell cultures, and in vitro treatments
PD0325901 [N-((R)-2,3-dihydroxy-propoxy)-3,4-difluoro-
2-(2-fluoro-4-iodo-phenylamino)-benzamide] was obtained
from Pfizer Global Research and Development (Ann Arbor,
MI, USA). Temsirolimus (CCI-779) was obtained from
Wyeth-Ayerst Research (Pearl River, NY, USA). The MEK
inhibitor GSK1120212B was kindly provided by Glaxo
Smith Kline (Verona, Italy). Cell lines were routinely main-
tained in RPMI 1640 or DMEM medium supplemented with
10% fetal bovine serum, 2 mM L-glutamine, and antibiotics
in a humidified atmosphere with 5% CO, at 37°C. Cell
culture reagents were purchased from Invitrogen (Milan,
Italy). Melanoma CSC were generated in vitro as previously
reported for lung cancer [12]. Cell proliferation in response to
different treatments was evaluated by 3-[4,5-dimethylthiazol-
2-yl]-2,5-diphenyltetrazolium bromide (MTT) assay (Sigma-
Aldrich, St. Louis, MO, USA). The concentration of drug(s)
causing 50% reduction in cell viability (ICsy) was calculated
according to the Chou-Talalay method using the Calcusyn
software.

Western blot analysis and reverse transcription PCR For
western blotting, equal amounts of total cell lysate (35 pg
of proteins), prepared as described previously [13], were
fractionated by SDS polyacrylamide gel electrophoresis
and transferred to nitrocellulose membrane (Amersham).
Membranes were probed with primary antibody, and the sig-
nal was detected using peroxidase-conjugated antimouse or
antirabbit secondary antibodies (Cell Signaling Technology
Inc., Beverly, MA, USA). The enhanced chemiluminescence
system (Amersham, Arlington Heights, IL) was used for
detection (see “Electronic supplementary material” section
for a detailed list of antibodies employed). In vivo experi-
ments were conducted as described in [9], and lysates for
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western blot analysis were prepared from frozen tumor tissue.
The levels of PTEN mRNA were determined by reverse
transcription PCR (RT-PCR) as described previously [14].

Immunofluorescence Cells grown on coverslips were fixed
in 4% paraformaldehyde in phosphate-buffered saline (PBS)
for 10 min, permeabilized in PBS containing 0.5% Triton
X-100 for 10 min, and blocked with 3% BSA in PBS for
1 h. Coverslips were incubated overnight with primary anti-
bodies. Coverslips were then washed three times in PBS and
then incubated with one of the following secondary anti-
bodies for 1 h at a dilution of 1:200: goat antirabbit Alexa
Fluor 488 (A11034, Invitrogen) and goat antimouse Alexa
Fluor 594 (A11032, Invitrogen). After washing, the nuclei
were counterstained with DAPI. Cells were then washed
twice with PBS and observed under Zeiss Axiovert 200 M
fluorescence microscope. Specific fields were photographed
with a digital camera equipped with Zeiss Axiovision
acquisition software.

Luciferase reporter assay The plasmids encoding PTEN
promoter luciferase reporter vector or 10x PF-1-luc were
reported previously [14]. To study PTEN promoter activity,
1x10° cells/well (24-well plate) were seeded in triplicate
and 24 h later transfected using lipofectamine with an inter-
nal control PEQ-176 plasmid (0.1 png) and the luciferase
reporter vector 10x PF-1-luc (0.4 pg) carrying the PTEN
promoter (nucleotides 1348—1527 of the PTEN gene) or 10x
synthetic construct that contained the PF-1sequence of the
PTEN promoter repeated 10 times, respectively. The lucifer-
ase activity of each sample was normalized to 3-galactosidase
activity to calculate the relative luciferase activity.

Plasmids and transfection experiments M14 cells were
infected with retroviral vectors encoding DN-MEKI
(MEKLIDA) or an empty retroviral vector (pLXSN) [15].
ERK2/MEK1 and ERK2/MEK1 LA (kindly provided by
Melanie H. Cobb, University of Texas Southwestern
Medical Center, Dallas, TX, USA) and wild-type c-Jun (kindly
provided by Ze'ev Ronai, Sanford-Burnham Medical Research
Institute, La Jolla, CA, USA) expression vectors have been
previously reported [15-17]. The GFP-PTEN C124S mutant
expression construct encodes for a mutant PTEN(C124S) pro-
tein, lacking both lipid and protein phosphatase activities [18].
Transient or stable transfections of plasmids were performed
using Lipofectamine (Invitrogen, Carlsbad, CA, USA). For
RNA interference experiments, cells were transfected with
100 nM of siJUN smart pool (Dharmacon, Chicago, IL,
USA) in 35-mm petri dishes using Lipofectamine 2000 reagent
(Lipofectamine 2000, Invitrogen) for 72 h.

Immunohistochemistry For morphological and immunohis-
tochemical analysis, tumor sections were placed in 10%

buffered formalin for 24 h, dehydrated and embedded in
paraffin. Immunohistochemistry was performed on 4-um-
thick sections as reported [19]. Semiquantitative evaluation
of immunoreactions was performed at x200 magnification
in at least 10 randomly selected fields in double blind, with
an interobserver variability less than 5%, using a grading
system in arbitrary units as follows: 0, absent; 0.5, weakly
positive <50%; 1, weakly positive >50% or moderately
positive <50%; 2, moderately positive >50% or strongly
positive <50%; and 3, strongly positive >50%.

Statistical analysis Differences between treatment groups
were analyzed with a two-tailed Student’s # test for paired
samples. Synergism, additivity, and antagonism were
assessed by isobologram analysis with a fixed ratio
experimental design using the Chou-Talalay method
[20]. Results were analyzed with the Calcusyn software
(Biosoft, Cambridge, UK), and combination indexes
(CI) were appropriately derived. CI values <0.9, >0.9<1.2,
and >1.2 indicate synergism, additive effect, and antagonism,
respectively.

Results

Effects of combined MEK and mTOR inhibition in
melanoma Since both MEK (PD0325901) and mTOR
(temsirolimus) inhibitors partially offset VEGF production
and cell growth in melanoma models [9], we investigated
whether their simultaneous blockade would achieve syner-
gistic inhibitory effects. In the M14 model, both PD0325901
and temsirolimus partially inhibited VEGF production un-
der normoxic and hypoxic conditions, but their combination
did not increase VEGF inhibition over each agent alone
(Fig. 1a), particularly at relatively high PD0325901 concen-
trations (100 nM). Similar results were obtained in terms of
cell growth inhibition (Fig. 1b); conservative isobologram
analysis confirmed that the growth inhibitory effects of the
combination were in the additive/synergistic range (CI 0.2
to 0.8) up to a fraction affected of 0.7 and became frankly
antagonistic (CI 1.2 to 5.7) thereafter (Fig. 1c), suggesting
that the two agents may indirectly compete for the same
intracellular target(s). Indeed, in addition to inhibiting phos-
phorylation of canonical and/or putative targets along the
MAPK cascade (ERK, elongation initiation factor 4E—
elF4E, p705°% Thrd21/Ser424), PD0325901 also inhibited
targets along the PI3K/AKT/mTOR cascade, such as AKT,
p705%% Ser371, and Ser389, and initiation factor 4E binding
protein 1 (4E-BP1, Fig. 1d, e), particularly at relatively high
concentrations (100 nM); conversely, mTOR inhibition by
temsirolimus induced rebound ERK phosphorylation, as
previously described (see also Fig. S2C).
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Fig. 1 Effects of combined MEK and mTOR inhibition in M14 cells.
a M14 cells were treated with PD0325901 (PD) or temsirolimus (CCJ),
either alone or in combination, under normoxic (black bars) or hypoxic
(grey bars) conditions. VEGF release in conditioned medium after 24 h
was evaluated by ELISA. Results are expressed as pg of VEGF/10°
cells and represent the average+SD of three independent experiments.
b M14 cells were treated with PD0325901 (PD) and temsirolimus
(CClI), alone or in combination using a fixed ratio (1:50). Cell growth
and viability were assessed by MTT assay after 72 h. Results represent
the average+SEM of three independent experiments and are expressed
percentage of growth inhibition relative to untreated control. ¢ CI were
calculated by conservative isobologram analysis for experimental data

MEK inhibition induces PTEN expression Gene expression
profiling of M14 cells exposed to PD0325901 [9] revealed a
marked (>3-fold) upregulation of the expression of the
tumor suppressor PTEN (Fig. 2a). PD0325901-induced in-
crease in PTEN mRNA levels was confirmed qualitatively
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shown in panel B. CI are plotted against the fraction affected; contin-
uous line represents calculated simulations, while solid squares repre-
sent actual experimental data points for the combination. d, e M14 cells
were treated with PD0325901 for 24 h, lysed, and analyzed by western
blotting using antibodies specific for the phosphorylated or total forms
of the indicated proteins. Western blot with antibodies specific for (3-
actin or Hsp70 are shown as protein loading and blotting control.
Densitometric analysis of western blot data is shown in bottom panels;
results represent the average=SEM of three independent experiments
and are expressed as the OD ratio of specific antibody/{3-actin for each
individual sample

by RT-PCR and quantitatively by real-time PCR analysis
(Fig. 2b, c). Western blot analysis revealed a dose- and time-
dependent upregulation of PTEN protein levels in response
to PD0325901 in M14 cells (Fig. 2d and Fig. S1A) and in
two out of four patient-derived melanoma stem cell clones
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Fig. 2 MEK inhibition induces functional PTEN expression in vitro. a
M14 cells were exposed to 10 nM PD0325901 for 6 h, and gene
expression profiles were analyzed using the Affymetrix U133 Plus
2.0 Gene Chip. Supervised analysis displaying differences in the ex-
pression of the indicated transcripts are shown using color codes.
Average results from two indipendent experiments are shown. b M14
cells were exposed to PD0325901 (10 nM) for 24 h; equal amounts of
mRNA were then subjected to RT-PCR, using PTEN-specific primers.
Expression of {3-actin was used as an internal standard for RNA
loading. Results of one experiment representative of three independent
experiments performed with superimposable results are shown. ¢ M14
cells were treated as in b and PTEN mRNA quantified by quantitative
real-time PCR. Results represent the averagexSEM of three

(clones 3 and B; Fig. S1B, C). Immunofluorescence experi-
ments revealed that MEK inhibition-induced PTEN was
functionally active, as demonstrated by the striking decrease
in phosphatidylinositol (3,4,5)-trisphosphate (PIP3) levels in
M14 cells treated with 100 nM PD0325901 (Fig. 2¢). Most
importantly, PTEN upregulation was observed in vivo, in
M14-derived tumors growing in immunocompromised mice
subjected to oral PD0325901 treatment (Fig. 3, see also ref.
[9]) and was accompanied by a striking decrease in phos-
phorylated AKT levels (Fig. 3b, bottom panel). Similar

01 1 10 1001000 PDnM

independent experiments and are expressed as PTEN mRNA abun-
dance relative to untreated control. d M14 cell were exposed to
PD0325901 at the indicated concentrations for 24 h, lysed, and sub-
jected to western blot analysis using antibodies specific for the indi-
cated proteins. Densitometric analysis is shown in the bottom panel;
results represent the average+=SEM of three independent experiments
and are expressed as the OD ratio of specific antibody/(3-actin for each
individual sample. e M14 cells were exposed to PD0325901 (100 nM)
for 24 h; PTEN and PIP; levels were then assessed by immunofluo-
rescence using specific antibodies. Microphotographs were taken at
%63 magnification. Results from one experiment representative of at
least three independent experiments performed with superimposable
results are shown

results in terms of PTEN induction and inhibition of AKT
phosphorylation were also obtained with different MEK
inhibitors (PD98059 and GSK1120212B; Fig. S2A, B),
but not with temsirolimus (Fig. S2C).

PD0325901-induced PTEN upregulation correlates with
c-Jun downregulation Recent evidence indicates that c-Jun
promotes cell survival by negatively regulating PTEN expres-
sion [21]; we thus evaluated whether PD0325901-mediated
induction of PTEN expression might be related to c-Jun

@ Springer



672

J Mol Med (2012) 90:667-679

Fig. 3 MEK inhibition induces a
functional PTEN expression in
vivo. a M14-derived tumors

PD mg/Kg

growing in immunocompro- - 25

mised mice and subjected to
oral PD0325901 treatment

(25 mg/kg/day) or vehicle con-
trol [9] were assessed by west-
ern blotting using antibodies
specific for the phosphorylated
or total forms of the indicated
proteins. Densitometric analysis
is shown in the right panel,;
results represent the average+
SEM of two independent
experiments and are expressed
as the OD ratio of specific an-
tibody/[3-actin for each individ-
ual sample. b Effects of PD on
p-ERK1/2, PTEN, and pAKT in
M14 tumor xenografts. On the
left, serial paratfin-embedded
sections of M14 xenografts
obtained from tumor-bearing
mice untreated (vehicle) and
treated with PD at 25 and

50 mg/kg/day, stained with
hematoxylin—eosin (H-E) or
immunostained with anti-
phospho-p44/42 MAP kinase
(p-ERK1/2), anti-PTEN, or anti-
phospho-AKT specific antibod-
ies (scale bars 50 pm.) On the
right, semiquantitative evalua-
tion of immunostainings.
Student’s ¢ test *p<0.05,
**p<0.001

modulation. As shown in Fig. 4a and Fig. S1D, PD0325901
dose and time dependently reduced c-Jun protein levels in
M14 cells, in parallel to PTEN induction. Concomitant c-Jun
downregulation and PTEN induction, accompanied by inhi-
bition of AKT phosphorylation downstream of PTEN, were
also observed in other melanoma cell lines and short-term
primary cultures, regardless of their BRAF mutational status,
as well as in breast cancer (MDA-MB-231 and BT474)
and myeloid leukemia (OCI-AML3) cell lines (Fig. 4b—g).
In other cancer cell lines [Miapaca (pancreatic), HT29
(colorectal), H1299 and H1975 (lung)], MEK inhibition pro-
duced qualitatively similar effects on c-Jun downregulation
and PTEN induction, but a more variable response in terms of
AKT phosphorylation (data not shown).

@ Springer

1, mpERK
= PTEN

EM14
@ M14 (PD 25mg/Kg)
= M14 (PD 50mg/Kg)

i |
L.

-
- o

Arbitrary Units

o
w

Lo
hov

N

Arbitrary Units

(=]

PAKT (score) ‘

O =« NG AV OO DNGW

Causal relationship between ERK activity, c-Jun expression,
and PTEN suppression In order to confirm that PD0325901-
induced effects on c-Jun and PTEN were indeed specifically
due to modulation of MEK/ERK activity, we overexpressed
a dominant negative MEK1 construct (DN-MEK, [15]) in
M14 cells, thereby efficiently abrogating ERK phosphorylation
and resulting in concomitant c-Jun downregulation and PTEN
upregulation (Fig. 5a); conversely, enforced expression of a
constitutively active ERK2/MEKI1 construct [17] in NIH-3T3
cells resulted in activation of p90 ribosomal S6 kinase (p90™5¥)
downstream of ERK, increased c-Jun, and decreased PTEN
expression (Fig. 5b). Furthermore, transient transfection of
NIH-3T3 cells with a wild-type c-Jun construct [16] also
resulted in strongly reduced PTEN expression and increased
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Fig. 4 MEK inhibition-induced modulation of c-Jun, PTEN, and
phosphorylated AKT. a M14 cells were treated with PD0325901 at
the indicated concentrations for 24 h. Protein samples were analyzed
by western blotting using PTEN- and c-Jun-specific antibodies. b—g
Short-term melanoma primary cultures and tumor cell lines of different
histological origin were treated with PD0325901 at the indicated

p705%% T389 phosphorylation downstream (Fig. 5¢). Converse-
ly, in M14 cells, either stable expression of a c-Jun-directed
shRNA or transient transfection with multiple independent

concentrations for 24 h. Protein samples were analyzed by western
blotting using the indicated antibodies. Densitometric analysis is
shown in bottom panels; results represent the average+SEM of three
independent experiments and are expressed as the OD ratio of specific
antibody/f3-actin for each individual sample

shRNAs effectively reduced c-Jun protein expression, resulting
in increased PTEN expression (Fig. 5d—f); increased PTEN
expression was functionally relevant, as evidenced by reduced
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PIP; levels (Fig. 5g) and consequent suppression of AKT and
p70°°% posphorylation (Fig. 5d, e). Finally, transient transfec-
tion of M14 cells with a synthetic promoter-luciferase reporter
construct containing a 10x variant activator protein 1 (PF-1)
site, responsible for c-Jun-mediated suppression of PTEN tran-
scription [14], resulted in a dose-dependent increase in lucifer-
ase activity upon PD0325901 exposure (Fig. 5g), suggesting
that MEK inhibition relieves c-Jun-mediated transcriptional
repression. In parallel to c-Jun protein downregulation,
PD0325901 dose dependently inhibited cAMP response
element-binding (CREB), glycogen synthase kinase 3
(GSK3«, f3), and c-Jun N-terminal kinase (JNK) phosphor-
ylation (Fig. 6a), suggesting that MEK inhibition may af-
fect both c-Jun transcription and protein stability.

ERK activity controls miR-25 expression In addition to
trancriptional mechanisms, such as the one depicted above,
PTEN expression levels have recently been shown to be
tightly controlled by biologically active RNAs, such as the
PTENPI pseudogene and the miR-106b~25 microRNA
cluster [22, 23]. We therefore investigated whether MEK
inhibition regulates miR-106b and/or miR-25 expression in
M14 cells. Under experimental conditions in which MEK
inhibition by either PD0325901 or GSK1120212B induces
upregulation of PTEN protein levels (Fig. 6¢, inset), miR-25
expression was profoundly and selectively downregulated
(>80% reduction at 24 h, Fig. 6¢), while expression of miR-
106b was relatively less affected (<40% reduction at 24 h,
Fig. 6b). Modulation of miR-25 expression was functionally
relevant, as inhibition of its activity in M14 cells, using a
miR-25-specific antagomiR, resulted in an approximately
twofold induction of PTEN protein expression (Fig. 6d);
conversely, an miR-25 mimic decreased PTEN expression
by approximately 50% (Fig. 6e).

PTEN induction is a crucial mediator of PD0325901 growth
inhibitory and anti-angiogenic effects We next evaluated the
functional relevance of the observed induction of PTEN ex-
pression with respect to the growth inhibitory and anti-
angiogenic activity of PD0325901. Consistent with recent
literature reports, cancer cell lines of different histological
origin [BT549 (breast), U937 (myeloid leukemia), and
H1650 (lung)], in which PTEN is inactivated by either deletion
or mutation were functionally resistant to the growth inhibitory
effects of MEK blockade by PD0325901 (ICsq >1 uM,
Fig. 7a). In M14 cells, stable tranfection with a plasmid con-
taining a dominant negative PTEN construct (DN-PTEN [18])
resulted in increased phosphorylation of AKT, p70%°%, and 4E-
BP1 (Fig. 7b) and more rapid cell growth (Fig. S3A). DN-
PTEN-expressing clones produced significantly higher basal
and hypoxia-stimulated VEGF levels (Fig. S3B); moreover, in
DN-PTEN-expressing clones MEK inhibition by PD0325901
was less efficient at offsetting both VEGF production
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Fig. 5 ERK-dependent c-Jun modulation controls PTEN expression. a .
M14 cells were infected with either an empty retroviral vector control
(pLXSN, vector) or a retrovirus encoding a dominant negative MEK 1
construct (DN-MEK). Protein samples were analyzed by western blot-
ting using antibodies specific for the indicated proteins. Results of one
experiment representative of three independent experiments performed
with superimposable results are shown. b NIH-3T3 cells were trans-
fected with vectors encoding constitutively active ERK2/MEK1 fusion
proteins. After 72 h, protein samples were analyzed by western blotting
using the indicated antibodies. Anti-c-myc antibodies were used to
reveal c-myc-tagged ERK2/MEK1 constructs. Results of one experi-
ment representative of three independent experiments performed with
superimposable results are shown. ¢ NIH-3T3 cells were transfected
with a FLAG-tagged c-Jun construct. After 72 h, protein samples were
analyzed by western blotting using the indicated antibodies. Anti-
FLAG antibodies were used to reveal FLAG-tagged c-Jun constructs.
Results of one experiment representative of three independent experi-
ments performed with superimposable results are shown. d, e M14
cells were stably transfected with a vector encoding c-Jun shRNA
(clones 1 and 2) (d) or transiently transfected with multiple indepen-
dent shRNAs directed against c-Jun (e). Protein samples were analyzed
by western blotting using the indicated antibodies. Results of one
experiment representative of three independent experiments performed
with superimposable results are shown. f M14 cells were transiently
transfected with multiple indepndent shRNAs directed against c-Jun;
PTEN and PIP; levels were then assessed by immunofluorescence
using specific antibodies. Microphotographs were taken at x63 mag-
nification. Results from one experiment representative of at least three
independent experiments performed with superimposable results are
shown. g M14 cells were transiently transfected with a luciferase
reporter construct containing the multimerized 10x PF1-PTEN. Cells
were then exposed to the indicated PD0325901 concentrations for
24 h, and luciferase activity was measured by luminometer. Results
are expressed as luciferase activity fold induction relative to untreated
control cells and represent the average+SD of three indipendent
experiments. [3-galactosidase activity was used to standardize mesure-
ments. *p<0.01 by two-tailed Student’s ¢ test

(Fig. S3B and Fig. 7c) and in vitro cell growth (Fig. 7d),
resulting in an approximately fourfold higher I1Cs, (Fig. 7d,
inset), as compared to vector control-transfected cells. Most
importantly, in vivo PD0325901 significantly inhibited AKT
phosphorylation and cell proliferation, as assessed by Ki67
expression, only in xenografts derived from control vector-
transfected M14 cells (M14), but not in those derived from
DN-PTEN-expressing clone 2 (Fig. 7e, f).

Discussion

In this study, we show that the lipid phosphatase PTEN
constitutes a crucial point of crosstalk between the MAPK
and PI3K pathways. Our data indicate that MEK inhibition
is per se able to cross-modulate signaling through the AKT/
mTOR module and that, under certain conditions, combined
MEK/mTOR blockade may exert frankly antagonistic
effects in terms of inhibition of VEGF production and tumor
cell growth. This observation led us to the identification of a
novel crosstalk mechanisms, whereby constitutive ERK ac-
tivity suppresses PTEN expression, while its inhibition
restores PTEN levels and results in the concomitant
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inhibition of the PI3K/AKT/mTOR pathway. Originally
identified in melanoma models, this crosstalk is operational
in cancer and normal cells and appears to be mediated by
multiple mechanisms, such as modulation of c-Jun and miR-
25 expression. Finally, we suggest that MEK inhibition-
dependent PTEN induction plays an important, albeit not
exclusive, role in the growth inhibitory and anti-angiogenic
activity of MEK inhibitors.

The MEK/ERK and PI3K/AKT/mTOR pathways exten-
sively crosstalk to each other [4], providing the rationale for
combined therapeutic strategies that are currently being
tested with promise in experimental and human cancers

[5, 6]. However, the functional outcome of combined path-
way inhibition appears to be influenced by the genetic
background of the models employed to test therapeutic
synergism; for example, the cooperative tumor growth inhi-
bition observed with simultaneous MEK and PI3K/mTOR
blockade occurs most prominently in PTEN null mouse mod-
els of prostate cancer [6], suggesting that PTEN may be a
crucial point of convergence of these two signaling pathways.
Pharmacologic or genetic inhibition of the RAF/MEK/ERK
pathway induces PTEN expression not only in BRAF mutant
melanoma models but also in BRAF-wt melanomas
(ME1007, ME4686) and in a proportion of short-term human
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Fig. 6 PD0325901 inhibits c-Jun expression by multiple mechanisms
and modulates miR-25 expression. a M14 cells were exposed to
PD0325901 at the indicated concentrations for 24 h. Protein samples
were then analyzed by western blotting using the indicated antibodies.
Results of one experiment representative of three independent experi-
ments performed with superimposable results are shown. b, ¢ The
presence of miR-106b and miR-25 was detected by real-time PCR in
M14 cells exposed to PD0325901 at the indicated concentrations for
24 h. Results were evaluated as AAct of miRNAs tested relative to

melanoma cultures and patient-derived melanoma stem cells,
as well as in cancer cell lines of different histological origin.
Consistently, enforced expression of a constitutively active
MEK/ERK fusion protein [17] in nontransformed mouse
fibroblasts suppresses PTEN expression (Fig. 5b), suggesting
that ERK-dependent modulation of PTEN expression
may be a physiological regulatory mechanism that takes
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RNU19 and expressed as the ratio assuming the levels in untreated
control cells as 1.0. Average values+SE from triplicates of one exper-
iment representative of three independent experiments performed with
superimposable results are shown. d, e M14 cells were treated with
either an miR-25-specific antagomiR (d) or a miR-25 mimic (e) for
24 h; PTEN expression was then assessed by western blotting. Densi-
tometric analysis is shown in the bottom panels; results represent the
average+SEM of three independent experiments and are expressed as
the OD ratio of PTEN/f-actin for each individual sample

place in both normal and cancer cells, independent of
the specific oncogenic mutation. These findings are
consistent with previously reported evidence that tran-
scriptional PTEN suppression constitutes a critical step
in RAS-mediated transformation and is predominantly
sustained by the activation of the RAF/MEK/ERK, rath-
er than the PI3K/AKT, axis [21, 24].
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Fig. 7 PTEN induction is an important mediator of PD0325901
growth inhibitory and anti-angiogenic effects. a Tumor cell lines of
different histological origin with either wild-type (M14 and ME1007),
deleted (BT549 and H1650), or mutated (U937) PTEN were exposed
to PD0325901, and cell growth was assessed by MTT assay after 72 h.
PTEN levels were analyzed by western blot. b M14 clones stably
transfected with either an empty plasmid vector (pEGFP-C2, vector)
or a plasmid encoding a DN-PTEN construct (clone I and clone 2)
were analyzed by western blot using the indicated antibodies. GFP-Tag
identifies the transfected DN-PTEN construct as detected by an anti-
GFP antibody, while PTEN identifies the endogenous PTEN protein.
Results of one experiment representative of three independent experi-
ments performed with superimposable results are shown. ¢ Vector
control- and DN-PTEN-transfected clones were exposed to the indi-
cated concentrations of PD0325901 for 24 h under normoxic and
hypoxic conditions, as indicated. VEGF release in conditioned medium

Consistent with previous reports identifying c-Jun as a
transcriptional regulator of PTEN expression [14, 21], our

was evaluated by ELISA. Results are expressed as percentage inhibi-
tion of VEGF production induced by 10 nM PD0325901 (¥*p<0.007 by
two-tailed Student’s ¢ test for the comparison between vector control-
and DN-PTEN-transfected clone 2) (d). Vector control- and DN-
PTEN-transfected clones were exposed to PD0325901 and cell growth
was assessed by MTT assay after 72 h. Results are expressed as
percentage of untreated control cells and represent the average of three
independent experiments; continuous lines represent calculated simu-
lations, while solid dots and grey squares and triangles represent actual
experimental data points+SD for each cell line. Calculated ICs, are
shown in the inset. e, f Effects of PD on Ki67 and pAKT expression in
tumor xenografts derived from either control vector-transfected M14
cells (M14) or from DN-PTEN-epressing clone 2 (CS9). Results are
expressed as percentage of Ki67-expressing cells (e) or using a semi-
quantitative staining score taking into account both pAKT staining
intensity and percentage of positive cells (f). Student’s ¢ test, *p<0.05

findings indicate that c-Jun is a crucial effector of ERK-
dependent PTEN suppression: (1) c-Jun and PTEN are
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counterregulated with very close time and dose dependency
upon pharmacologic or genetic modulation of ERK activity
and (2) ERK-independent modulation of c-Jun by enforced
expression or shRNA-mediated knockdown exerts essential-
ly the same effects on PTEN expression as constitutive ERK
activation or its pharmacologic inhibition. The molecular
mechanisms by which ERK activation (or inhibition thereof)
controls c-Jun, and hence PTEN, expression, in turn,
appear to be consistent with a rewired ERK-JNK signaling
pathway recently described in melanoma [16]. Indeed,
MEK blockade by PD0325901 inhibits CREB and GSK3
phosphorylation, potentially affecting both c-Jun transcrip-
tion and protein stability [16, 25]. In M14 melanoma cells,
JNK phosphorylation was also strikingly inhibited by
PD0325901 (Fig. 6a). While studies on the isolated kinase
rule out the possibility that PD0325901-mediated inhibi-
tion of JNK phosphorylation is due to direct, off target
activity of the compound [26], whether JNK deactivation
in this context is the cause or consequence of c-Jun mod-
ulation remains to be addressed.

Our findings also suggest that, in addition to c-Jun mod-
ulation, MEK inhibition may regulate PTEN expression by
selectively interfering with the expression of miR-25, that
has recently been shown to finely regulate PTEN levels in
human tumors and contribute to experimental tumorigenesis
in vivo [23]. A possible relationship between these two mech-
anisms of regulation of PTEN expression (i.e. c-Jun activity
and miR-25 expression) remains speculative at present and
will require further studies.

PTEN is a major tumor suppressor, involved in cancer
development and progression [27]. Although PTEN is one
of the most commonly lost tumor suppressors in human
cancers, homozigous gene deletion/mutation is much less
frequent than partial loss of expression and it is now well
established that PTEN haploinsufficiency can promote
tumor development [28-30]. This seems to be the case
also for human melanoma where PTEN is frequently lost
during tumor progression [31, 32], can be suppressed by
UV radiation [24, 31], and, most importantly, critically
cooperates with oncogene aberrations such as NRAS and
BRAF mutations and AKT3 overexpression [10, 33].
PTEN mutations occur in approximately 20% BRAF-
mutated melanomas [34, 35], suggesting that deregulation
of both pathways is necessary for the full expression of
their malignant potential [11]; our data on ERK-mediated
PTEN suppression extend this concept further, suggesting
that in a proportion of cases, deregulation of the RAF/
MEK/ERK pathway per se is able to also inactivate PTEN,
without the need for a second genetic event, thereby fos-
tering melanoma (and possibly other cancers) progression.
Moreover, the data presented here on M14 melanomas in
which PTEN function is partially offset by the expression
of a DN-PTEN construct support an important role this
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tumor suppressor in the regulation of both melanoma cell
growth and production of pro-angiogenic factors, such as
VEGF [27]. Most importantly, from a therapeutic perspec-
tive, we identify here PTEN induction as a crucial effector
of the anti-angiogenic and growth inhibitory activity of
MEK  inhibitors, such as PD0325901. This is consistent
with recent data showing that breast cancer cell lines with
deleted/mutant or shRNA-silenced PTEN are functionally
resistant to MEK inhibition by PD0325901 [36] and that
functionally sensitive, but not MEK inhibition-resistant,
melanoma cell lines are able to upregulate PTEN in
response to MEK blockade [37], as well as with our own
data in acute myeloid leukemias and breast and lung can-
cers, showing that cell lines harboring a PTEN mutation/
deletion are consistently more resistant to MEK inhibitors,
including PD0325901.

Overall, these data describe a novel signaling pathway
proceeding from constitutive MEK/ERK activation to
c-Jun/miR-25 overexpression which, in turn, repress PTEN
expression, resulting in the transactivation of the PI3K/
AKT/mTOR cascade. This pathway, potentially operating
in multiple tumor models, can be dysrupted by pharmaco-
logical MEK blockade which leads, in cellular contexts
where PTEN protein expression is reversibly lost, to PTEN
re-expression and inhibition of cell growth and VEGF
production. In addition to depicting a novel crosstalk
mechanism between two major signaling pathways in-
volved in cancer development, these findings bear poten-
tially important clinical implications in that they suggest
that: (1) PTEN-deleted/mutant patients should probably be
excluded from MEK inhibitor treatment and (2) combined
inhibition of the MEK/ERK and PI3K/AKT/mTOR path-
ways could be more advantageous in PTEN-defective
tumors. This is important as several novel, potent, and
selective MEK inhibitors are entering the clinical arena,
and no suitable markers of sensitivity/resistance to such
therapeutic strategy have been identified, besides BRAF
mutations [8]; thus, successful clinical development of
MEK inhibitors will crucially depend upon the identifica-
tion of molecularly defined mechanisms of action, such as
the one involving c-Jun/miR-25 and PTEN modulation
described herein.
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