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Children with neurofibromatosis type 1 (NF1) are predisposed to juvenile myelomonocytic leukemia (JMML),
an aggressive myeloproliferative neoplasm (MPN) that is refractory to conventional chemotherapy. Condi-
tional inactivation of the NfI tumor suppressor in hematopoietic cells of mice causes a progressive MPN that
accurately models JMML and chronic myelomonocytic leukemia (CMML). We characterized the effects of NfI
loss on immature hematopoietic populations and investigated treatment with the MEK inhibitor PD0325901
(hereafter called 901). Somatic NfI inactivation resulted in a marked expansion of immature and lineage-
committed myelo-erythroid progenitors and ineffective erythropoiesis. Treatment with 901 induced a durable
drop in leukocyte counts, enhanced erythropoietic function, and markedly reduced spleen sizes in mice with
MPN. MEK inhibition also restored a normal pattern of erythroid differentiation and greatly reduced extra-
medullary hematopoiesis. Remarkably, genetic analysis revealed the persistence of Nfl-deficient hematopoi-
etic cells, indicating that MEK inhibition modulates the proliferation and differentiation of NfI mutant cells
in vivo rather than eliminating them. These data provide a rationale for performing clinical trials of MEK

inhibitors in patients with JMML and CMML.

Introduction

Neurofibromatosis type 1 (NF1) is a familial cancer syndrome
caused by mutations in the NFI gene (1). Children with NF1 are
at markedly increased risk of myeloid malignancies, particularly
juvenile myelomonocytic leukemia (JMML), a relentless myelopro-
liferative neoplasm (MPN) characterized by leukocytosis, dyspla-
sia, thrombocytopenia, and malignant organ infiltration (2). HSC
transplantation (HSCT) cures approximately 50% of patients (2).

NFI encodes neurofibromin, a GTPase-activating protein (GAP)
that negatively regulates Ras signaling (1). Consistent with this
biochemical activity, NFI functions as a tumor-suppressor gene in
JMML (3), and diseased BM cells exhibit aberrant Raf/MEK/ERK
signaling (4). The association with NF1 implicated hyperactive Ras
in the pathogenesis of JMML, and mutations in genes encoding
components of Ras signaling networks were subsequently identi-
fied in approximately 90% of JMML patients (2). Thus, JMML is
fundamentally a disease of hyperactive Ras.

Mx1-Cre;Nf1fo/flox mice develop an MPN with many similarities to
JMML (5). Insertional mutagenesis in this strain cooperates with
NfI inactivation to drive progression to acute myeloid leukemia
(AML) (6), which models transformation in patients with JMML
and chronic myelomonocytic leukemia (CMML) (7). The Raf/MEK/
ERK effector pathway is an appealing therapeutic target in JMML,
CMML, and AML (5). We previously evaluated CI-1040, a “first gen-
eration” MEK inhibitor, in MxI-Cre;Nf1**/flox mice with MPN and
in recipients that were transplanted with NfI mutant AML cells (6).
Whereas CI-1040 had no beneficial effects in MPN, dramatic, but
transient, regression of Nfl-deficient AMLs was observed (6).

Endogenous expression of oncogenic Kras in MxI-Cre;Krasi12P
mice causes an aggressive MPN, with death by 4 months of age (5).
Interestingly, treatment with PD0325901 (hereafter called 901), a
“second generation” MEK inhibitor with optimized pharmacologic
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properties (8), induced hematologic improvement and greatly pro-
longed survival in this model of JMML/CMML (9). Remarkably,
KrasG12P hematopoietic cells persisted after treatment, indicating
that MEK inhibition rebalanced growth and differentiation in
vivo. We considered 2 general explanations for this unexpected
response: (a) there is differential sensitivity of NfI and Kras hema-
topoietic cells to MEK inhibition; or (b) sustained Raf/MEK/ERK
pathway inhibition is essential for therapeutic efficacy. To address
this question, we administered 901 to Mix1-Cre;Nf1/o/fle¥ mice with
MPN. Here, we show that treatment with 901 reduces myeloprolif-
eration and enhances erythropoiesis by modulating the behavior
of NfI mutant cells in vivo.

Results and Discussion

We first assessed the pharmacodynamic properties of 901 in WT
and MxI1-Cre;Nf1/o¥/fex (Nfl mutant) mice that received an oral
gavage dose of 5 mg/kg/d for 5 days. Mice were euthanized 2,
12, and 24 hours after the final dose, and phosphorylated ERK
(p-ERK) levels were measured by flow cytometry in Mac1* BM cells
before and after GM-CSF stimulation (6, 9). GM-CSF induced
robust phosphorylation of STATS and ERK in cells from untreated
NfI mutant mice (Supplemental Figure 1; supplemental mate-
rial available online with this article; doi:10.1172/JC163193DS1).
Treatment with 901 abrogated ERK activation in BM cells for 12
hours, which was largely restored by 24 hours. In contrast, STATS
activation was not impaired. A similar pattern of inhibition was
observed in multipotent progenitors (c-kit", lin-, CD48") (data not
shown). In contrast, CI-1040 efficiently inhibits GM-CSF-induced
ERK activation for 2-4 hours (6).

We randomly assigned Mx1-Cre;Nf1fo*/flox mice (n = 35) and their
WT littermates (n = 38) to treatment with 901 (at a daily dose of
5 mg/kg) or control vehicle for 10 weeks or until the mice became
moribund. Blood leukocyte counts were elevated in NfI mutant
mice at entry (Supplemental Figure 2). NfI mutant mice that
were treated with 901 had a marked reduction in blood leukocyte
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Figure 1

901 reduces myeloproliferation and enhances erythropoiesis in Mx1-Cre; Nf1fex/fex (Nf1) mice. Nf1 and WT mice were treated with vehicle (Veh) or
901 for 10 weeks. (A) wbc counts, (B) hemoglobin (HB) concentrations, (C) and percentage of reticulocytes in the blood of Nf1 mice given vehicle
(blue) or 901 (orange) and of WT mice treated with vehicle (black) or 901 (gray). (D) Spleen weights at the end of the trial. Mean and SEM are
shown (n = 11-13 per group). Asterisks indicate significant differences between Nf7 mice that received 901 and vehicle (*P < 0.05; **P < 0.001;
***P < 0.0001). (E) Kaplan-Meier analysis revealed a trend toward enhanced survival in 901-treated Nf1 mice (P = NS). (F) PCR amplification of
BM DNA from individual WT and Nf7 mice at the end of the trial (n = 11-13 per group). Notably, both 901- and vehicle-treated Nf7 mutant mice

demonstrated complete excision of exon 31.

counts, enhanced erythropoiesis, and markedly smaller spleens
by the end of the trial (Figure 1, A-D). Whereas most NfI mutant
mice survived (Figure 1E), mice assigned to the vehicle group were
disheveled and losing weight by the end of the trial, while the
901-treated mice appeared well. Remarkably, we observed com-
plete excision of exon 31 in the BM of both 901- and vehicle-treated
NfI mutant mice that completed the trial (Figure 1F). These data
indicate that MEK inhibition modulates the behavior of NfI
mutant cells in vivo, but does not eradicate them.

Progressive anemia with elevated reticulocyte counts and mas-
sive splenomegaly suggested that MxI-Cre;Nf1fle</flox mice with
MPN have ineffective erythropoiesis. To investigate this possibility,
we grew erythroid burst-forming unit (BFU-E) and CFU (CFU-E)
colonies from the BM and spleens of 6-month-old WT and NfI
mutant littermates. BM cells from NfI mutant mice that received
the vehicle formed greater numbers of BFU-E and CFU-E colo-
nies than the WT controls (Supplemental Figure 3, A and B). We
observed more dramatic effects of NfI inactivation in the spleen,
with erythroid colony numbers increased 30-fold in NfI mutant
mice (Figure 2, A and B). In addition to greatly decreasing spleno-
megaly (Figure 1D), treatment with 901 reduced the frequency of
splenic BFU-E and CFU-E colonies and of BM CFU-E to near-nor-
mal levels and reverted splenic histology toward normal (Figure 2,
Aand B, and Supplemental Figure 3).

Erythroid precursors progressively downregulate the transferrin
receptor (CD71) and increase Ter119 expression as they mature
from proerythroblasts (region I; Ter119'°CD71") to late erythro-
blasts (region IV; Ter119MCD71%) (10). In WT mice, most splenic
336
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erythroid cells are late erythroblasts (region IV). In striking con-
trast, profiling revealed a largely inverted ratio of early-to-late
erythroblasts in Mx1-Cre;Nf1¥/flex mice, with 10-fold expansion
in the percentage of cells in region II, and a reciprocal decline in
the number of erythroblasts progressing to region IV (Figure 2C).
Treatment with 901 alleviated this block and restored a normal
pattern of erythroid differentiation (Figure 2C).

To further characterize the hematopoietic compartment in
Mx1-Cre;Nf1fle/flox mice with MPN, we enumerated KLS (c-Kit*lin-
Sca-1%) cells and myelo-erythroid progenitor populations by flow
cytometry (11, 12). The spleens of NfI mutant mice were heav-
ily infiltrated with KLS and myeloid lineage cells at all stages of
differentiation with extensive expansion of the megakaryocytic/
erythroid progenitor (MEP) compartment (Supplemental Figure
5A). While progenitor populations were also broadly increased
in the BM of NfI mutant mice, significant differences were only
observed in the number of KLS and pregranulocytic/macrophage
(pre-GM) cells (Supplemental Figure SB). The expanded KLS pop-
ulation (Supplemental Figure 4, A and C) likely includes cells that
are required for leukemia initiation and maintenance.

We compared the short- and long-term effects of MEK inhibi-
tion on hematopoiesis in NfI mutant mice that received 901 for
5 days or 12 weeks. Treatment induced a significant reduction in
the number of splenic myeloid progenitors, which was evident as
soon as 5 days after initiating treatment (Figure 3, B and C, and
Supplemental Figure SA). MEK inhibition also reduced the per-
centages of BM and splenic pre-GM progenitors in Nfl mutant
mice at both time points and normalized the ratio of pre-GM to
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Figure 2

901 restores normal erythroid differentiation in vivo. Hematopoietic tissues from 6-month-old Mx7-Cre;Nf1fex/fox (Nf1) and WT mice treated with
901 or vehicle were analyzed at the end of the trial. (A) BFU-E and (B) CFU-E colonies were grown from splenocytes in methylcellulose medium—

containing erythropoietin (100 ng/ml). Mean and SEM are shown (n = 1

1-13 per group). (C) Erythroid differentiation was analyzed by flow cytom-

etry using the cell-surface markers CD71 and Ter119. Contour plots of splenocytes from representative WT and Nf7 mutant mice that were treated

for 12 weeks are shown. The relative number of cells in each region as

a percentage of viable, nucleated erythroid cells is shown at the far right.

The error bars show SEM (n = 5-6 per group), and asterisks indicate significant differences between these groups (**P < 0.001;***P < 0.0001).

pre-megakaryocyte-erythroid progenitor (pre-MegE) cells (Fig-
ure 3B and Supplemental Figure 5B). Interestingly, while we also
observed reduced numbers of KLS cells after 12 weeks of 901 treat-
ment, there was no significant change at 5 days (Figure 3C). This
observation raises the possibility that immature Nfl-deficient
progenitors and HSCs are less dependent on the Raf/MEK/ERK
cascade to maintain a growth advantage, which is consistent with
persistence of mutant cells in 901-treated mice despite dramatic
hematologic improvement (Figure 1).

Our data show that NfI inactivation perturbs erythropoietic dif-
ferentiation and alters early progenitor populations in vivo. Addi-
tional investigation is required to address the consequences of Nfl
inactivation on signal transduction and the functional properties
of expanded stem and early progenitor populations. We also dem-
onstrate that sustained MEK inhibition results in durable hemato-
logic improvement in this accurate model of JMML. These results
were somewhat unexpected, as a previous study of CI-1040,a MEK
inhibitor with a much shorter duration of action, was ineffective
in MxI-Cre;Nf1fe¥/flex mice with MPN. We therefore considered the
possibility that the enhanced response to 901 might be due to
off-target effects. To address this question, we engineered a point
mutation that alters the allosteric site in MEK where CI-1040 and
901 bind and results in an approximately 100-fold increase in ICsg
(13). Expressing this mutant protein in primary hematopoietic
cells rescued myeloid progenitor colony growth and restored ERK
activation in the presence of 901, but did not overcome the inhibi-
tory effects of PD098059, a structurally unrelated MEK inhibi-
tor (Supplemental Figure 6, A-C). Together with the very similar
chemical structures of CI-1040 and 901 (14), these studies provide
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strong evidence that the degree and duration of target inhibition
is a critical determinant of efficacy in vivo.

In contrast to MPN, highly aggressive AMLs generated by retro-
viral mutagenesis in MxI-Cre;Nf1fe¥/flx mice were equally sensitive
to CI-1040 and 901 (6). These data support the idea that the muta-
tions that are acquired during progression to AML render leuke-
mia cells more dependent on Raf/MEK/ERK signaling. The distinct
clinical and biologic responses to MEK inhibitors in MPN and
AML initiated by NfI inactivation have therapeutic implications,as
they suggest that early stage and histologically benign NF1-associ-
ated neoplasms may respond differently to targeted agents than the
advanced multistep cancers seen in many NF1 patients.

The maximal dose of 901 currently administered to humans is
equivalent to approximately 1.5 mg/kg/d in mice. The aggressive
nature of the Mx1-Cre;KrasS12P MPN facilitates rapid compari-
sons of different drug doses in small cohorts, and we performed
a pilot experiment in this strain. Mice treated with either 1.5
or 5 mg/kg/d of 901 showed similar hematologic improvement
after 8 weeks, and pharmacodynamic analysis showed suppres-
sion of GM-CSF-induced p-ERK activation for at least 12 hours
(Supplemental Figure 7).

HSCT only cures approximately 50% of patients with JMML,
and this treatment carries a substantial risk of acute toxicities and
adverse late effects (2). Based on the efficacy of 901 in accurate
mouse models, we advocate initiating clinical trials of MEK inhi-
bition in JMML. The recent discovery of frequent somatic NFI
mutations in some sporadic cancers also supports evaluating MEK
inhibitors in these malignancies. Finally, as CMML shares many
clinical and molecular similarities with JMML and is largely refrac-
Number 1 337

Volume 123 January 2013



brief report

Figure 3
901 normalizes early myelo-erythroid

A WT Nf1
Veh 901 Veh 901
MP 1 wmp
0.684 0.0985 293 0.439
S—
—-—’_\

populations in Mx1-Cre;Nf1flox/flox
(Nf1) mice. (A) Representative pro-
files of myeloid progenitors (MP)
in the spleens of WT and Nf7 mice
treated with vehicle or 901 for 12
weeks. (B) Total numbers of splenic
myeloid progenitor cells in WT and
Nf1 mice treated with 901 for 5 days
or 12 weeks. (C) Total numbers of
KLS cells in spleen and BM. In B
and C, the error bars show SEM

B Pre-MegE Pre-GM (n = 5-10 per group), and aster-
*k isks indicate significant differences
| v a—
2.5x10° s 2a0° = between vehicle-and 901-treated
o 2x10° — 1.5x10° — Nf1 mice (*P < 0.05, **P < 0.01,
S 4 sxt0f 5 =P < 0.0001).
8" 8 1xi0s
§ 1x10° E
Sx10° i 5x10 ’—T—I
g1 O M
901 - + - + + 901 - + = + -
Duration 12wk - 5d 12wk Duration 12wk -  5d 12wk
Genotype WT Nf1 Genotype WT Nf1
KLS spleen KLS BM
1.5x16° 7 % * 2.5x10° *
I 10 1 LE—
- - 2x10° 1 Kk
S 1x16°] 5 1
o o 1.5%1084
(%] (%]
8 sx10°1 3 110
5%10°
0 T T T T i 0 -
901 - + - - + 901 - - - + +
Duration 12wk — 5d 12wk Duration - 12wk — 5d 12wk
Genotype WT Nf1 Genotype WT Nf1

tory to current therapies, our data provide a rationale for testing
MEK inhibition in this aggressive adult MPN.

Methods

Mice and treatment procedures. Mx1-Cre;Nf1fle¥/flex and control mice were gen-
erated and treated with pIpC (Sigma-Aldrich) at 3-5 days, as described pre-
viously (9). Mice were randomly assigned to receive either 901 (Pfizer) or
hydroxypropyl methylcellulose vehicle by oral gavage once daily. Blood cell
and reticulocyte counts were measured using a Hemavet (Drew Scientific)
and Retic-Count reagent (BD Biosciences). Mice were euthanized after
10 weeks or when they became moribund.

Flow cytometry. Nucleated BM and spleen cells were stained with the
specific antibody combinations indicated in the legend for Supplemental
Figure 4 to characterize stem/progenitor populations (11, 12). Intracellular
phospho-proteins were analyzed as described (9), with the addition of
staining for CD34 and CD105. Data were collected on an LSR II flow
cytometer (BD Biosciences) and analyzed with FlowJo (TreeStar).

Progenitor growth. A total of 5 x 10 nucleated BM cells or 1 x 105 sple-
nocytes were suspended in 1 ml of methylcellulose medium. Erythroid
progenitors were grown in M3434 medium (Stem Cell Technologies),
and granulocyte-macrophage progenitors were grown in M3231 medium
(Stem Cell Technologies) containing recombinant murine GM-CSF (10
ng/ml; PeproTech).
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Genotyping. A QIAamp DNA Blood Mini Kit was used to isolate DNA
(QIAGEN). Genotyping at the NfI locus was performed using primer 220
sequences and polymerase chain reaction amplification described (15).
Mx1-Cre genotyping was performed as described previously (16).

Retroviral infections. WT and L11SP MEK cDNA molecules were cloned
into the murine stem cell virus (MSCV), vector with GFP expression driven
by the internal ribosomal entry site (IRES). Retrovirally transduced E14.5
fetal liver cells sorted for GFP positivity were plated in methylcellulose to
assess CFU-GM growth as described previously (17). Biochemical analyses
were performed on cultured macrophages differentiated from transduced
GFP-positive fetal liver cells in 50 ng/ml M-CSF as described (17).

Pathologic examination. Paraffin-embedded spleen sections were stained
with H&E in the Mouse Pathology Core at the UCSF Comprehensive Cancer
Center. Photographs were taken on a Nikon Eclipse 80i microscope with a
Nikon Digital Sight camera using NIS-Elements F2.30 software at a resolu-
tion 0of 2560 x 1920. Using Adobe Photoshop CS2, images were set at a reso-
lution of 300 pixels/inch, and autocontrast and unsharp mask were applied.

Statistics. Data were analyzed using Prism 4.0 software (GraphPad). Stu-
dent’s ¢ tests, 2-tailed, unpaired, were used to compare complete blood
counts and spleen weights after treatment. Leukocyte counts were log
transformed to correct heteroscedasticity; Welsh’s correction was applied
when variances were unequal. For scatter plots, symbols represent individ-
ual samples, horizontal bars represent mean, and error bars show SEM. For
Number 1
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BM and spleen population frequencies and for colony counts, the effects
of genotype and treatment cohort were analyzed by 2-way ANOVA, and
Bonferroni’s post-test comparisons were performed within each popula-
tion against the WT/vehicle cohort. Kaplan-Meier survival analysis was
determined by the log-rank test (Mantel-Haenszel test) with a 2-tailed
Pvalue. P < 0.05 was considered significant.

Study approval. Animal use protocols were approved by the UCSF Com-

mittee on Animal Research.
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