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NRAS is frequently mutated in hemato-
logic malignancies. We generated Mx1-
Cre, Lox-STOP-Lox (LSL)-Nras©'2P mice
to comprehensively analyze the pheno-
typic, cellular, and biochemical conse-
quences of endogenous oncogenic Nras
expression in hematopoietic cells. Here
we show that Mx7-Cre, LSL-NrasG12D
mice develop an indolent myeloprolifera-
tive disorder but ultimately die of a
diverse spectrum of hematologic can-
cers. Expressing mutant Nras in hemato-
poietic tissues alters the distribution of
hematopoietic stem and progenitor cell

populations, and Nras mutant progeni-
tors show distinct responses to cyto-
kine growth factors. Injecting Mx17-Cre,
LSL-Nras%'2P mice with the MOL4070LTR
retrovirus causes acute myeloid leuke-
mia that faithfully recapitulates many
aspects of human NRAS-associated leu-
kemias, including cooperation with de-
regulated Evi1 expression. The disease
phenotype in Mx1-Cre, LSL-Nras®'2D
mice is attenuated compared with Mx1-
Cre, LSL-Kras%'2D mice, which die of
aggressive myeloproliferative disorder
by 4 months of age. We found that

endogenous Kras®'?D expression re-
sults in markedly elevated Ras protein
expression and Ras-GTP levels in Mac1+
cells, whereas Mx1-Cre, LSL-NrasG12D
mice show much lower Ras protein and
Ras-GTP levels. Together, these studies
establish a robust and tractable system
for interrogating the differential proper-
ties of oncogenic Ras proteins in pri-
mary cells, for identifying candidate co-
operating genes, and for testing novel
therapeutic strategies. (Blood. 2011;
117(6):2022-2032)

Introduction

Ras proteins regulate cell growth by cycling between active
guanosine triphosphate (GTP)-bound and inactive guanosine diphos-
phate (GDP)-bound states (Ras-GTP and Ras-GDP).!”> Ras-GTP
binds to and activates downstream effectors, such as Raf, phospho-
inositide 3-kinase (PI3K), and Ral-GDS. The HRAS, KRAS, and
NRAS genes encode 4 highly homologous proteins (H-Ras,
K-Ras4A, K-Ras4B, and N-Ras) that share a conserved mechanism
of action. The first 85 amino acids are identical and include the
effector binding domains and the P loop, which binds the y-phos-
phate of GTP. Ras proteins are 85% conserved over the next
80 amino acids, and only diverge substantially over the last 24 amino
acids. This “hypervariable region” specifies post-translational modifica-
tions that are essential for targeting Ras proteins to cellular membranes.*
Somatic RAS mutations are found in approximately 30% of human
cancers and are common in myeloid malignancies.>® These alleles
encode mutant Ras proteins that accumulate in the GTP-bound confor-
mation because of defective intrinsic GTP hydrolysis and resistance to
GTPase activating proteins.'>’

Genetic studies imply unique functional properties of different
Ras isoforms. Murine Ras genes have distinct roles in develop-
ment. Whereas homozygous Kras inactivation is lethal during
murine embryogenesis, Hras, Nras, and Hras/Nras doubly mutant
mice appear normal.? Potenza et al® showed that targeting an Hras

c¢DNA to the murine Kras locus rescues the embryonic lethality in
Kras mutant animals, suggesting that regulated expression of Ras
isoforms modulates developmental programs. In human cancer,
KRAS, HRAS, and NRAS are preferentially mutated in distinct
tumor types with KRAS mutations highly prevalent in epithelial
malignancies. By contrast, NRAS mutations predominate in mela-
noma and hematopoietic cancers, whereas HRAS mutations are
relatively rare>® Understanding the mechanisms that underlie
these differences will not only improve our understanding of
disease pathogenesis but has implications for developing more
selective cancer therapeutics.

Strains of mice in which oncogenic Ras alleles are expressed
from the endogenous loci are novel in vivo platforms for investigat-
ing the tumorigenic effects of individual isoforms. In the first such
model, a “latent” Kras®/?P oncogene that is activated by spontane-
ous recombination induced lung cancer and T lineage leukemia.’
Tissue-specific control of Kras®?P expression from the endoge-
nous locus was subsequently achieved by engineering strains of
mice in which a LoxP-STOP-LoxP (LSL) cassette is excised by Cre
recombinase.!%!! This general strategy initiated lung and pancreatic
cancers and cooperated with Apc inactivation in colon carcinogen-
esis.!12 A recent study in which mutant K-Ras and N-Ras proteins
with the same glycine-to-aspartate (G12D) oncogenic substitution
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were expressed at endogenous levels in colonic epithelium ex-
tended this paradigm and illustrated that functional differences
between Ras isoforms have important effects in tumorigenesis. In
this system, Kras®/?P, but not Nras®/?P, cooperated strongly with
loss of Apc in tumorigenesis.'?

Somatic NRAS and KRAS mutations occur in diverse myeloid
malignancies, including juvenile myelomonocytic leukemia, chronic
myelomonocytic leukemia (CMML), myelodysplastic syndrome
(MDS), and acute myeloid leukemia (AML).>!3-16 Overall, NRAS is
mutated 2 to 3 times more frequently than KRAS in hematologic
cancers.>!® Clinical and molecular data further suggest that RAS
gene mutations initiate or are early events in juvenile myelomono-
cytic leukemia and CMML but cooperate with antecedent muta-
tions in AML.!7 Consistent with this idea, using MxI-Cre, which is
broadly expressed in hematopoietic cells, to activate the condi-
tional LSL-Kras®?P allele results in an aggressive myeloprolifera-
tive disorder (MPD) that closely models juvenile myelomonocytic
leukemia and CMML.!7-18

In this study, we generated Mx/-Cre, LSL-Nras®'?P mice and
report that endogenous Nras®/?P expression perturbs steady-state
hematopoiesis, deregulates cytokine responses, and induces a
spectrum of fatal hematologic disorders. Injecting MxI-Cre, LSL-
Nras®?P mice with the MOL4070LTR retrovirus results in AML
that faithfully recapitulates many aspects of human NRAS-
associated leukemias. The in vitro and in vivo effects of oncogenic
Nras@?P are distinct from Kras®'?P. Interestingly, Kras is ex-
pressed at higher levels in myeloid lineage cells, and its expression
is further elevated in Kras mutant Macl™® cells. This increased
expression is associated with higher Ras-GTP levels and may
partially explain the more aggressive MPD phenotype observed in
Mx1-Cre, LSL-Kras®?P mice. Together, these studies establish a
robust system for interrogating the distinct biochemical properties
of oncogenic Ras proteins in primary cells, for identifying candi-
date cooperating genes, and for testing novel therapeutic strategies.

Methods

Mouse strains and poly I:C injection

All experimental procedures involving animals were approved by the
Committee on Animal Research at the University of California, San
Francisco. LSL-Nras®’?P mice have been described,'?> and heterozygous
mutant animals were used in all experiments. Mx/-Cre, LSL-Nras®'?P and
MxI-Cre, LSL-Kras®?P mice received a single intraperitoneal injection of
polyriboinosinic acid/polyribocytidylic acid (poly I:C; 250 wg) at 21 days
of age (Sigma-Aldrich). Genotyping was performed as described.!>!7

Pathologic examination

Mice were observed for signs of disease and were killed when moribund.
Cardiac blood was obtained in Microvet EDTA tubes (BD Biosciences) for
complete blood cell counts using a Hemavet 850FS (Drew Scientific).
Blood smears were stained with Wright-Giemsa (Sigma-Aldrich). Tissue
sections of formalin-fixed solid organs were prepared by, and immunohisto-
chemical staining was performed in, the Mouse Pathology Shared Resource
at the University of California, San Francisco Comprehensive Cancer
Center.

Insertional mutagenesis

Retroviral stocks of MOL4070LTR were generated from a NIH-3T3
producer cell line, and viral titers were assayed as previously described.!”
Briefly, pups received a single intraperitoneal injection containing approxi-
mately 2 X 10° viral particles between 3 and 5 days of age. Genomic DNA
was extracted from the bone marrow and/or spleen of mice that developed

Nras@'2P IN HEMATOPOIESIS AND LEUKEMOGENESIS 2023

AML, and the host-viral junction fragments were cloned and mapped as
described.?-2

DNA purification and southern blot analysis

Genomic DNA was purified from hematologic tissues using PUREGENE
DNA Isolation Kit (Gentra Systems) according to the manufacturer’s
protocol. A probe containing MOL4070LTR long-term repeat (LTR)
sequences was purified from a sequence-verified vector. Southern analysis
was performed as previously described.??

Progenitor colony assays

Atotal of 5 X 10* nucleated bone marrow cells or 1 X 10° splenocytes were
suspended in 1 mL methylcellulose (M3231 for colony-forming unit
granulocyte-macrophage [CFU-GM] and M3234 for burst-forming units-
erythroid, Stem Cell Technologies) supplemented with various cytokines.
After 8 days of incubation in 35-mm plates at 37°C, 5% CO,, colonies of
more than 50 cells were enumerated by direct visualization using indirect
microscopy. All assays were performed with at least 3 to 5 mice.

Flow cytometry

Hematopoietic stem cells and progenitors were collected, stained, and
analyzed, or isolated as previously described.?? Fluorescence-activated cell
sorter (FACS) data were acquired with LSRII (BD Biosciences) using
FACSDiva V6.1.2 software and analyzed with FlowJo Version 8.8.7
software (TreeStar).

Biochemistry

Western blot and flow cytometric analyses to measure the levels of total and
phosphorylated proteins in primary hematopoietic cells were performed as
previously described.* Ras-GTP levels were determined as reported
previously'® using a fragment of Raf to immunoprecipitate GTP-bound
Ras. Anti-K-Ras (F234) and N-Ras (F155) antibodies were purchased from
Santa Cruz Biotechnology.

Proliferation assay

DNA synthesis was assessed by measuring the incorporation of 5-bromo-
2-deoxyuridine (BrdU), which was administered intraperitoneally (150 mg/
kg) 2.5 hours before death. Bone marrow cells and splenocytes were
harvested into FACS buffer (Hanks buffer containing 3% fetal bovine
serum) on ice. Red blood cells were lysed, and mononucleated cell number
was determined in a ViCell instrument (Beckman Coulter). The cells were
then stained, fixed, and permeabilized according to the manufacturer’s
protocol. The cells were then stained with an anti-BrdU antibody conju-
gated, and DNA content was measured by 7-amino-actinomycin D. BrdU
incorporation was then measured by flow cytometry in an LSRII instrument
(BD Biosciences) using FACSDiva V6.1.2 and FlowJo Version 8.8.7
software.

RNA purification and quantitative PCR analysis

Total RNA was purified from bone marrow using the RNAeasy kit
(QIAGEN). A total of 1 pg of total RNA was reverse transcribed using the
iScript cDNA Synthesis Kit (Bio-Rad), and the resulting cDNA was used as
template for quantitative polymerase chain reaction (PCR). The sequence
for murine glyceraldehyde-3-phosphate dehydrogenase (GAPDH) was
used to normalize the amount of total cDNA. The premixed probe and
primer assay mixtures that were used to quantify Nras, Kras, and GAPDH
expression were purchased from Applied Biosystems.

Results
MPD in Mx1-Cre, LSL-Nras®'2P mice

We intercrossed LSL-Nras®?P12 and MxI-Cre mice and adminis-
tered a single dose of poly I:C at weaning to activate the Mx/
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Figure 1. Reduced survival of Mx1-Cre, Nras%'2D mice. (A) Injecting Mx1-Cre,
Nras@'2P mice with poly I:C excises a transcriptional repressor (“STOP”) cassette and
induces Nras@'2P expression from the endogenous genetic locus. (B) The recom-
bined Nras@'2P allele is detected in blood cells 3 weeks after a single injection of poly
I:C (250 pg) in mice that inherited the Mx7-Cre transgene (Mx1-Cre™) but not in
Mx1-Cre~ littermates. The DNA fragments amplified from the WT and recombined
alleles migrate at 500 and 534 bp, respectively. (C) Kaplan-Meier survival curves of
Mx1-Cre, Nras@20 (n = 22) and control WT littermates (n = 38) in the C57BL6/129Sv/
jae F1 background (P < .0001).

promoter (Figure 1A). Excision of the inhibitory LSL cassette was
readily detected in blood 3 weeks later (Figure 1B). To quantify the
recombination rate in myeloid progenitors, we enumerated CFU-GM
colonies in methylcellulose medium containing a saturating concen-
tration of granulocyte-macrophage colony stimulating factor (GM-
CSF) and picked individual colonies for molecular analysis. These
studies revealed activation of the latent Nras®'?P allele in approxi-
mately 70% of CFU-GM in 6-week-old animals (data not shown).

Mx1-Cre, LSL-Nras®'?P mice appeared well until after 200 days
of age and survived for a median of 363 days on a C57BL6 X 129Sv
F1 strain background (Figure 1C). We electively killed mutant and
littermate control mice at 6 months of age to analyze the
hematopoietic compartment. Nras mutant mice consistently devel-
oped MPD with elevated white blood cell counts, splenomegaly,
and myeloid infiltration of bone marrow and spleen, which were
confirmed by flow cytometric analysis (Figure 2A-B). The spleno-
megaly and myeloid infiltration can be detected as early as 2 weeks
after poly I:C injection, suggesting a direct effect of Nras®/?P
activation (supplemental Figure 1, available on the Blood Web site;
see the Supplemental Materials link at the top of the online article).
Nras mutant bone marrow contained small numbers of cytokine-
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independent colonies and yielded more CFU-GM colonies than
wild-type (WT) marrow when grown in saturating concentration of
GM-CSF (Figure 2C). Interestingly, the morphologies of Nras%/?P
and WT CFU-GM colonies were similar (Figure 2D). By contrast,
Mx1-Cre, LSL-Kras®?P bone marrow cells form very large mono-
cytic colonies under these conditions (Figure 2D). The spleens of
MxI-Cre, LSL-Nras®’?P mice also contained many CFU-GM,
including some that showed cytokine-independent growth (Figure 2C).

Ineffective erythropoiesis and lymphoproliferation in Mx1-Cre,
LSL-NrasG'2P mice

Hemoglobin levels were consistently reduced in MxI-Cre, LSL-
Nras®?P mice by 6 months of age (Figure 2A). Interestingly,
however, histopathology revealed an increased number of erythroid
precursors in these mice (data not shown). To assess the erythroid
progenitor compartment, we compared burst-forming units-
erythroid colony growth from the bone marrows and spleens of
3- to 6-month-old WT and Nras mutant littermates in cultures
containing a saturating dose of erythropoietin. Under these condi-
tions, MxI-Cre, LSL-Nras®?? mutant bone marrow cells and
splenocytes formed 2.5 and 10 times more burst-forming units-
erythroid colonies than the controls, respectively (supplemental
Figure 2A). We also labeled Mac1~/Grl1~ bone marrow cells from
3- to 6-month-old mice with antibodies to CD71 and Ter119 and
performed flow cytometry.?-?” MxI-Cre, LSL-Nras®'?? mice showed
an expanded population of immature CD71Me"/Ter119% cells
(72% * 3.4% vs 3.7% £ 1.9% in WT mice) and a reciprocal
decrease in the more mature CD71heb/Terl119bigh compartment
(252% = 1.3% vs 34.6% = 2.3%, supplemental Figure 2B). To-
gether, these studies demonstrate that endogenous Nras®/?P expres-
sion results in ineffective erythropoiesis because of a cell intrinsic
defect at the proerythroblast stage of differentiation.

In addition to myeloid hyperplasia and a mild defect in
erythroid maturation, all Mx/-Cre, LSL-Nras®?P mice had lympho-
proliferation by 6 months of age. This was characterized by
increased peripheral blood lymphocyte counts, expansion of the
splenic white pulp, and perivascular infiltration of lymphocytes
within the liver and lungs (Figure 2A, supplemental Figures 3, 4C;
and data not shown). Enlarged lymph nodes or extranodal lym-
phoid hyperplasia was also seen in some mice (supplemental
Figure 4C; and data not shown). Immunohistochemical stains
showed a mixture of T and B cells typical for polyclonal lymphoid
expansion (supplemental Figure 3).

Incidence and spectrum of fatal hematologic disorders

Most Mx1-Cre, LSL-Nras®'?P mice died of hematologic disease by
15 months of age on a C57BL6/129Sv/jae F1 strain background.
Moribund mice displayed phenotypes that were broadly character-
ized into 4 categories, which occurred at approximately equal
frequencies: (1) MPD, (2) a disorder that was reminiscent of human
MDS, (3) lymphoid expansion (hereafter referred to as lymphopro-
liferation), which was found concomitant with myeloid disease,
and (4) histiocytic sarcoma. Mice that died of MPD showed
marked peripheral leukocytosis, splenomegaly, and extensive infil-
tration of mature myeloid cells into hematopoietic and nonhemato-
poietic tissues (supplemental Figure 4A; and data not shown). By
contrast, the MDS-like disorder was characterized by normal or
decreased white blood cell counts, severe anemia, mild spleno-
megaly, and morphologic changes consistent with dysplasia (supple-
mental Figure 4B; and data not shown). Lymphoproliferation was a
prominent finding in the lymph nodes and lungs of a third group of
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Figure 2. Myeloproliferation in Mx1-Cre, Nras®'2P mice. Hematopoietic tissues from F1 Mx1-Cre, NrasG'20 mice (Nras, n = 14) that appeared well at 6 months of age were
analyzed in parallel with specimens from WT littermates (n = 10). (A) Peripheral blood analysis and spleen weight from Mx1-Cre, Nras@'2P mice and WT littermates. P value for
the mean white blood cell counts, hemoglobin concentrations (Hb), peripheral lymphocyte and myeloid cell (neutrophils and monocytes) counts, and spleen (SP) weights are
.0356, .1825, .0084, .1093, and .0053, respectively. (B) Flow cytometric analysis of bone marrow cells (BM) and splenocytes (SP) with the myeloid markers Gr1 and Mac1. The
frequency of the cells in the red gate (mac1+Gr1'°¥ and Mac1*Gr1+) was used to calculate the percentage of myeloid cells. Asummary of 14 Nras mutant and 10 WT animals is
shown on the right. P values for bone marrow and spleen are .0015 and .0379, respectively. (C) CFU-GM colonies were enumerated from WT and Nras mutant BM and SP in
methylcellulose cultures containing no cytokines or a saturating dose concentration of GM-CSF (10 ng/mL). (D) Morphology of CFU-GM colonies from WT, Mx1-Cre, Nras@'2D
(Nras), and Mx1-Cre, Kras®'2P (Kras) BM (original magnification x 40).

mice that also showed myeloproliferation (supplemental Figure displayed marked enlargement of the liver and spleen with multiple
4C). The remaining animals developed histiocytic sarcoma and  involved areas within these organs and variable involvement of the
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Figure 3. Effects of Nras'2D expression on hematopoietic stem cell and myeloid progenitor populations. (A) Flow cytometric analysis was performed on 3 months old
F1 WT (open bars) and Mx1-Cre, Nras@'2P (solid bars) bone marrow that were stained with a combination of cell surface markers to characterize HSC, MPP, CMP, GMP, and
MEP populations. The absolute numbers of cells in each compartment were calculated using an established formula that estimates that 2 femurs and 2 tibiae contain 20% of
total nucleated bone marrow cells.?® P values for LSKF*, CMPs, GMPs, and MEPs are .0578, .0166, .0272, and .0665, respectively. (B) BrdU incorporation by hematopoietic
cells enriched for myeloid progenitor activity (CMPs, GMPs, and MEPs as sorted in panel A) and for HSCs (LSK as sorted in panel A) from 3-month-old F1 WT (open bars) and

Mx1-Cre, Nras@12D (solid bars) bone marrow. P value for LSK is .0596.

bone marrow and of other nonhematopoietic tissues (supplemental
Figure 4D). Importantly, pathologic sections of the bone marrow
and spleen revealed underlying myeloproliferation regardless of
the assigned cause of death. Whereas mice that died with MDS had
relatively short survival and those with MPD or histiocytic sarcoma
showed longer latency, there was a wide range within each
subgroup (data not shown).

Nras®'?P expression also induced myeloproliferation in C57B1/6
mice, but the phenotype was attenuated with median survival
extended to 588 days (supplemental Figure SA-B). Histopathologic
analysis of moribund C57BL/6 mice revealed a preponderance of
histiocytic sarcoma, with MPD, MDS, and lymphoproliferation
occurring less often. Thus, strain background modulates both
survival and the cause of death in MxI-Cre, LSL-Nras®'?P mice.

Effects of endogenous Nras®12P expression on hematopoietic
stem and progenitor populations

Generating MxI-Cre, LSL-Nras®'?P mice on a C57BL6/129Sv/jae
F1 strain background allowed us to directly compare them with
MxI-Cre, LSL-Kras®?P mice, which have been characterized
extensively in this background.'” MxI-Cre, LSL-Kras®’?P mice
died of an aggressive MPD by the age of 4 months,!” which is
remarkably different from the prolonged survival in MxI-Cre,
LSL-Nras®'?P mice. Because MxI-Cre, LSL-Kras®'?P mice die by
the age of 4 months, we enumerated hematopoietic stem cells
(HSCs), multipotent progenitors (MPPs), common myeloid progeni-

tors (CMPs), granulocyte/macrophage progenitors (GMPs), and
megakaryocytic/erythroid progenitors (MEPS) in 3- to 4-month-old
MxI-Cre, LSL-Nras®?P mice to compare these populations with
published data from age-matched Kras mutant mice.”* Flow
cytometric analysis revealed similar numbers of HSC-enriched
LSKF (Lin~cKit*Scal "Flk2~) cells in the marrows of MxI-Cre,
LSL-Nras®?P and WT mice (Figure 3A). We also detected an
expansion of the MPP (Lin cKit*Scal *Flk2*) and immature
myeloid (CMP, GMP, and MEP) populations in Nras mutant mice
(Figure 3A). The spleens of MxI-Cre, LSL-Nras®'?? mice were
infiltrated with immature hematopoietic cells, including long-term
HSCs, MPPs, and myeloid progenitors (supplemental Figure 6).
Labeling with BrdU revealed a similar percentage of proliferating
cells within myeloid progenitor populations (CMP, GMP, and
MEP) from Nras®?P and WT mice, but more cell division in the
early progenitor-enriched Lin~cKit*Scal* (LSK) fraction in Nras
mutant mice (Figure 3B). These results suggest that increased
proliferation leads to the expansion of the early hematopoietic
progenitors in Nras mutant animals.

Cytokine responses of myeloid progenitors

To determine whether the distinct myeloid phenotypes in Nras®/?P
and Kras®!? mutant mice are associated with differential responses
to cytokines, we next grew bone marrow-derived CFU-GM
colonies over a range of GM-CSF, interleukin 3 (IL-3), and stem
cell factor (SCF) concentrations. Nras and Kras mutant progenitors
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Figure 4. Mx1-Cre, Nras®'2D myeloid progenitors
show distinct patterns of cytokine hypersensitivity. A
(A). CFU-GM colony growth from WT (blue lines), Mx1-
Cre, Nras@'2D (red lines), and Mx1-Cre, Kras®'2P (black
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Kras@12D (right panel) marrow. The data are derived from
5 independent experiments. Well-appearing 3-month-old
F1 Nras and Kras mutant mice were used.
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demonstrated cytokine-independent growth and hypersensitivity to
GM-CSF and IL-3 (Figure 4A). KrasC?P expression was associ-
ated with a more dramatic leftward shift in the dose-response curve
to GM-CSF (Figure 4A) and with much larger CFU-GM colonies
in the presence of saturating concentrations of either GM-CSF or
IL-3, which is consistent with the more aggressive MPD (Figure
2D; and data not shown). Interestingly, whereas higher concentra-
tions of SCF enhanced CFU-GM growth from WT and Nras®/?P
bone marrow, Kras mutant cells showed no significant response
(Figure 4A). Consistent with these observations, SCF and IL-3 had
synergistic effects on the growth of WT and Nras, but not Kras,
CFU-GM colonies (Figure 4B).

Differential activation of Ras effectors

The differential responses of Nras and Kras mutant progenitors to
cytokines prompted us to look at activation of downstream Ras
effectors. We performed flow cytometric analysis to measure levels
of phosphorylated proteins in the Macl~/Grl~/c-Kit™ marrow
fraction (Figure 5A), which is enriched for HSCs and progenitors.>*
Analysis of Macl~Grl cKit" cells revealed a distinct pattern of
basal pERK and pS6 levels and cytokine responses. The WT, Nras,
and Kras mutant cells showed similar pERK levels after IL-3
stimulation (Figure 5B-5C). As previously reported,?* pERK levels
increased in response to SCF in WT cells, but this induction was
not observed in Kras mutant cells (Figure 5B-C). By contrast, Nras
mutant cells showed a robust pERK response to SCF (Figure
5B-C). Whereas basal pS6 levels were similar in WT and Nras
mutant Macl~Grl cKit" cells, they were elevated in Kras mutant
cells (Figure 5B-C). IL-3 induced similar activation of pS6 in all 3
genotypes after 30 minutes; however, Kras®/?P-expressing cells
showed no response to SCF, whereas WT and Nras®/?P increased
pS6 levels. We also measured basal and cytokine-stimulated

0 0001 001 01 1 0

IL-3 ng/ml

0.001 0.01 01 1

IL-3 ng/ml

0001 001 04 1 0

IL-3 ng/ml

pSTAT5 and p-mTOR levels in Macl Grl cKit" cells of all
3 genotypes and did not observe consistent differences (supplemen-
tal Figure 7A). Of note, the levels of c-Kit, which is the receptor for
SCEF, are similar in all 3 genotypes (supplemental Figure 7B).
Together, these data demonstrate that Ras-regulated signaling
networks are differentially perturbed by endogenous Nras®’?P or
Kras®'?P expression in primary hematopoietic cells.

Ras expression levels and Ras-GTP levels

Because differential expression of Nras and Kras might underlie
the phenotypic differences between Mx/-Cre, LSL-Nras®'?P and
Mx1-Cre, LSL-Kras%'?P mice, we examined mRNA levels in WT
mouse marrow. To account for the differences in the efficiency of
PCR amplification, expression of Nras and Kras in whole bone
marrow was normalized to a value of 1 and compared with the
respective levels of Nras and Kras in different subpopulations.
Nras and Kras are ubiquitously expressed in HSCs, MPPs, early
myeloid progenitors (CMPs, GMPs, and MEPs), granulocytes
(Grl* cells), B lymphocytes (B2207 cells), and in CD4 and CD8"
T lymphocytes (Figure 6A). Interestingly, early hematopoietic
progenitors and myeloid restricted progenitors expressed much
higher levels of both Nras and Kras compared with mature myeloid
cells, which is consistent with an important role of Ras proteins in
regulating cell fate decisions in HSCs and progenitors. The level of
Kras, however, is significantly higher in mature myeloid cells
(Gr1* fraction). Consistent with this, K-Ras protein levels are
significantly higher than N-Ras in sorted Gr1* cells (Figure 6B).
To extend this analysis to Nras and Kras mutant mice, we
performed Western blotting and used a Raf-binding domain
pulldown assay to assess Ras protein expression and levels of
active, GTP-bound Ras in primary WT, Nras mutant, and Kras
mutant bone marrow cells. To eliminate potential confounding
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Figure 5. Cytokine-induced activation of Ras effec-

A : :
. tors in Mx1-Cre, NrasG'?? myeloid cells. (A) The
Mac1-Gr1 Mac1-Gr1-ckit+ Mac1-Gri'owcKitt gate was used to enrich for immature
myeloid lineage cells. (B) Levels of phosphorylated ERK
1054 and S6 (pERK and pS6) were assayed in 3-month-old F1
WT, Mx1-Cre, NrasG'2D, and Mx1-Cre, Kras®'2l cells
, 104 before and after stimulation with a saturating dose of IL-3
g E (50 ng/mL) or SCF (100 ng/mL) for 10 and 30 minutes.
X % The vertical line in each panel indicates the basal level of
3‘ S protein phosphorylation in unstimulated WT cells.
£ v (C) Levels of pERK and pS6 were quantitated by median
fluorescence signal from pFACS in panel B and compared
with WT basal level, which was assigned a value of 1.
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effects of the different proportions of myeloid and nonmyeloid cells in
WT, Nras mutant, and Kras mutant mice, we assayed Macl™ bone
marrow cells from mice of each genotype. These studies unexpectedly
revealed markedly elevated levels of total Ras proteins and Ras-GTP in
MxI-Cre, LSL-Kras®"?P mice (Figure 6C). Overall, Ras protein expres-
sion was similar in WT and Nras mutant Macl™ cells, and the
percentage of Ras-GTP was higher in Nras mutant versus WT mice
(Figure 6C). Quantitative PCR analysis showed significantly higher
Kras expression in Kras®?P mutant Macl™ cells (Figure 6D), whereas
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the expression of Nras is similar in Macl™ cells of all 3 genotypes.
These data infer that the higher levels of Ras-GTP in Kras mutant
Macl™ cells are the result of increased K-Ras protein expression. By
contrast, endogenous Nras®’?P expression does not alter total Ras
protein levels and is associated with a modest increase of Ras-GTP
levels in myeloid lineage cells.

We also performed flow cytometric analysis to compare the
levels of phosphorylated effectors in mature myeloid (Macl*Grl ™)
cells. Interestingly, despite the marked differences in Ras-GTP levels in
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Figure 6. Ras expressions and protein activities. (A) Quantitative reverse-transcribed PCR was performed to determine Nras and Kras mRNA levels in normal
hematopoietic cells that were sorted from bone marrow of 3-month-old WT F1 mice. Different populations were defined according to Figure 3A. The level of GAPDH was used
as a loading control. The relative levels of Nras or Kras to GAPDH were determined in 4 independently sorted bone marrow samples. Expression in whole marrow (WBM) was
normalized to a value of 1 for comparison with subpopulations. (B) Western blot of subpopulations from 3-month-old F1 bone marrow probed with N-Ras and K-Ras specific
antibodies. Actin level was used as a loading control. (C) Activated, GTP-bound Ras proteins were immunoprecipitated from WT, Kras mutant, and Nras mutant cells and
probed with pan Ras antibody (top). Total protein lysates were probed with pan Ras (middle) and actin (bottom) antibodies. (D) Quantitative reverse-transcribed PCR of Nras

and Kras mRNAs from WT, Kras mutant, and Nras mutant bone marrow cells.

WT, Nras mutant, and Kras mutant Mac1 ™ marrow, we only observed a
modest increase in basal pERK levels in Kras mutant cells. Cells of all 3
genotypes that were stimulated with a saturating concentration of IL-3
increased pERK levels 30 minutes later with Kras mutant cells showing
the most robust response (supplemental Figure 7C). pS6 levels in-
creased to a similar extent in Nras and Kras mutant cells after IL-3
(supplemental Figure 7C). Kras mutant cells also showed higher
pSTATS levels than Nras mutant or WT cells. Whereas the basal level of
pmTOR in Kras mutant cells was higher than Nras mutant or WT cells,
there was a minimal response to IL-3 in cells of all 3 genotypes
(supplemental Figure 7C).

Retroviral mutagenesis induces AML in Mx1-Cre, Nras®12P mice

To identify genes that might cooperate with Nras®/?P expression in
leukemogenesis, we injected Mx1-Cre, Nras®/?P mice with the
MOLA4070LTR retrovirus shortly after birth and administered a
single dose of poly I:C at weaning. This protocol induced AML in
30 of 32 MxI-Cre, LSL-Nras®'?P animals (Figure 7A). The blood
of affected mice contained myeloblasts (Figure 7B) that expressed
myeloid lineage markers (Figure 7C) and had a morphologic
appearance that is most similar to the French-American-British
M4/MS5 subtype of human AML (Figure 7B; and data not shown).
These leukemias demonstrated a clonal pattern of retroviral
integrations (Figure 7D), and many also showed complete or partial
loss of the WT Nras allele (Figure 7E). Biochemical analysis
revealed hyperactivation of the Raf/MEK/ERK and PI3K/Akt/
mTOR pathways in most of these AMLs (supplemental Figure 8).
However, this pattern was not uniform, and a subset of the AMLs
that developed in MxI-Cre, Nras®’?P mice demonstrated PI3K
pathway activation but attenuated Raf/MEK/ERK signaling.

Sublethally irradiated recipients that are transplanted with
MOLA4070LTR-induced leukemias develop AML with similar
phenotypic features and the same clonal pattern of proviral
restriction fragments seen in primary mice (Figure 7D). We
performed linker-mediated PCR and DNA sequencing to identify
MOL4070LTR integrations in a pilot group of 6 Nras®/?P AMLs.
Analysis of 87 independent viral insertion sites revealed 5 common
insertion sites that appeared in at least 2 independent AMLs
(supplemental Table 1). One common insertion site (Evil) was
identified in 5 of 6 leukemias. The insertion sites in these AMLs
were uniformly identified in the “sense” orientation 5" of Evil and
were associated with a 60- to 1800-fold increase in expression
(Figure 7F).

In a model of AML initiated by hyperactive Ras signaling
resulting from inactivation of the Nf/ tumor suppressor in which
MOLA4070LTR induces cooperating mutations, progression from
MPD to AML is associated with enhanced in vitro and in vivo
sensitivity to MEK inhibitors.?? Similarly, we found that blast
colony formation from MxI-Cre, Nras®?P AMLs is abrogated at
markedly lower concentrations of the MEK inhibitor PD0325901
compared with normal myeloid progenitor growth (Figure 7G).

Discussion

The prevalence of NRAS mutations in hematopoietic cancers
stimulated efforts to generate mouse models for biologic and
preclinical studies. Mice in which Nras®/?P was expressed under
the control of the AMRPS promoter or through a Vav-tTA/TRE2
transgene showed impaired neutrophil maturation and aggressive
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systemic mastocytosis, respectively.?$?° Coexpressing Nras®/?P
with myeloid fusion oncogenes (PEBP2B-MYH1I or MII-Af9) or
with BCL-2 induced MDS and AML.?83031 These variable pheno-
types probably reflect the promoters used to drive Nras®'?P
expression and the modifying effects of broadly expressing differ-
ent cooperating mutations. Other groups used a retroviral transduc-
tion/transplantation approach to investigate the transforming poten-
tial of Nras®!?P. In one study, expressing oncogenic Nras under the
Moloney murine leukemia virus LTR induced myeloid malignan-
cies with prolonged latency and incomplete penetrance.’?> More
recently, Parikh et al®} engineered retroviral vectors in the murine
stem cell leukemia backbone in which they expressed a green
fluorescent protein (GFP) marker gene immediately after the viral
LTR followed by an internal ribosomal entry site preceding
Nras®'?P, Transplanting irradiated recipients with bone marrow
cells that were infected with this MSCV-GFP-IRES-Nras®'?P
vector rapidly caused a CMML-like MPD or AML.3? Importantly,
all of these malignancies harbored clonal murine stem cell leuke-
mia integrations, which infers the need for cooperating mutations
in vivo. Taken together, whereas data from transgenic and retroviral
transduction/transplantation experiments indicate that oncogenic
Nras initiates leukemic growth under some experimental condi-
tions, it has not been possible to distinguish Nras®?P intrinsic
phenotypes or to directly assess the functional output of endoge-
nous Nras®!?P expression in hematopoietic cells.

123456

3
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Figure 7. Nras®12D cooperates with MOL4070LTR to
induce AML. (A) Kaplan-Meier survival curves of WT and

Mx1-Cre, NrasG'2D pups that were injected with
MOL4070LTR (+MOL) and of litermate controls that did
not receive this virus (—MOL). Mx1-Cre, Nras@'2P mice in
the +MOL cohort show significantly shorter survival than
WT littermates +MOL (P < .0001) or the Mx1-Cre,
NrasG20 —MOL group ( < .0001). (B) Blood smear from

a Mx1-Cre, Nras®'20 mouse with AML. Slides were
examined by Nikon Eclipse E400 microscope with
40x%/0.75 NA oil objective. Picture was taken with Nikon
Coolpix 5000 camera and analyzed with Adobe Photo-
shop CS3. (C) Flow cytometry demonstrating Mac1 and
Gr1 expression on myeloblasts. (D) Southern blot analy-
sis with a probe to the MOL4070 LTR sequences demon-
strates that Mx71-Cre, NrasG'2P |leukemias are clonal.
Primary AMLs (1, 2, and 3) were transplanted into
sublethally irradiated recipients (labeled as 1T1, etc).
(E) Semiquantitative PCR with primers that amplify both
WT and mutant Nras allele demonstrates the loss of the
WT allele in most Nras mutant AMLs (the amplification
product corresponding to the WT Nras allele is not visible
in lanes 1 and 2, and greatly reduced in intensity in lanes
3, 5, and 6). (F) Evi1 expression measured by quantita-
tive reverse-transcribed PCR in WT whole bone marrow
(WT), AML that does not have EviT integration (Neg), and
3 AMLs that harbor Evi1 integrations (Pos1, Pos2, and
Pos3). The level of Evi1 was normalized to expression of
GAPDH and presented as fold increase compared with
the level in the WT whole bone marrow. Error bars
represent SD from triplicates. (G) Blast colony growth
from Nras mutant AMLs (red line) is hypersensitive to the
MEK inhibitor PD0325901 compared with CFU-GM colony
growth from WT marrow (blue line). Colony growth was
assayed in methylcellulose cultures containing a saturat-
ing dose of GM-CSF (10 ng/mL) over a range of
PD0325901 concentrations.
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We generated MxI-Cre, LSL-Nras®'?P mice to determine whether
endogenous Nras®/?P expression is sufficient to initiate malignant
hematologic disease and to assess the effects of endogenous
Nras®'?P expression on hematopoiesis. MxI-Cre, LSL-Nras®'?P
mice show extended survival and ultimately die of a spectrum of
hematologic malignancies. Whereas these mice do not spontane-
ously develop acute leukemia, endogenous Nras®/?P cooperates
strongly with the MOL4070LTR virus to induce AML. Analysis of
young MxI-Cre, LSL-Nras®'?P mice revealed intrinsic cellular and
biochemical effects of oncogenic Nras expression in hematopoietic
cells, but it is unclear whether secondary mutations that lead to
clonal outgrowth contribute to the development of fatal MPD and
MDS. The long latency and variable spectrum of malignant
hematologic disease suggest the need for cooperating mutations.

We unexpectedly observed that the myeloid phenotype is
greatly attenuated in MxI-Cre, LSL-Nras®'?P mice compared with
MxI-Cre, LSL-Kras®'?P animals, which uniformly die of an
aggressive MPD by 3 to 4 months of age.!”'® Endogenous Nras%/?P
expression also had less pronounced effects on steady-state hema-
topoiesis than Kras®?P in age-matched mice. Whereas Kras®/?P
and Nras®?P hematopoietic progenitors form cytokine-indepen-
dent CFU-GM in methylcellulose medium, Nras mutant cells are
more dependent on growth factors, and the morphology of colonies
grown in the presence of saturating concentrations of GM-CSF and
IL-3 is normal. The differential response of Kras and Nras mutant
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progenitors to SCF further suggests that Kras®/?P expression has
more severe functional consequences. Whereas SCF acts synergis-
tically with IL-3 or GM-CSF to promote WT and Nras®/?P
CFU-GM growth, it does not further augment the profoundly
hypersensitive growth of Kras®'?P progenitors.

Flow cytometric analysis of WT, Nras mutant, and Kras mutant
hematopoietic cells revealed discrete differences in basal phosphor-
ylation of Ras effectors and variable responses to cytokine
stimulation, which did not reflect Ras-GTP levels. These findings
are consistent with the emerging view that primary cells remodel
signaling networks in response to oncoprotein expression. We also
observed greatly increased Ras-GTP levels in Macl™ cells from
MxI-Cre, LSL-Kras®?P mice, which suggests that endogenous
Kras®?P expression initiates a “feed forward” loop in myeloid
lineage cells that increases the levels of oncogenic K-Ras and
Ras-GTP. We speculate that this, in turn, contributes to the more
aggressive MPD in Mx!-Cre, LSL-Kras®'?P mice. However, differ-
ential expression of Nras and Kras does not readily explain all the
differences we observed. The distinct patterns of effector phosphor-
ylation and cytokine responses suggest intrinsic differences in
N-Ras®1?P and K-Ras®!?P, which probably result from differential
posttranslational modifications of their hypervariable domains.3*3>
These modifications regulate intracellular trafficking and target
N-Ras and K-Ras to distinct microdomains of the plasma mem-
brane and other endomembranes,*3*+38 Differential subcellular
localization of N-Ras and K-Ras probably modulates access to
upstream regulators and downstream effectors and could lead to
activation of distinct signaling pathways. Consistent with this idea,
a recent study revealed that the hypervariable domains of onco-
genic K-Ras and H-Ras regulate self-renewal versus differentiation
fates in the F9 mouse embryonal stem cell model.>

Experimental data support the idea that AML is frequently
initiated by a transcription factor fusion (class 1 mutation) but also
requires a cooperating class 2 mutation that deregulates cellular
signaling networks.*® Consistent with this idea, some AML speci-
mens contain subclones with independent RAS mutations, and RAS
mutations that are detected at diagnosis may disappear over
time.'3#142 We designed our screen to model this proposed
pathogenic sequence by first injecting neonatal mice, and inducing
Nras®'?P expression 3 weeks later by administering poly I:C. Using
this strategy, we found that the Mx1-Cre, Nras®'?P mice developed
AML with more than 90% penetrance. Importantly, these leuke-
mias resemble the M4 and M5 subtypes of human AML, which
show the highest frequency of NRAS mutations.!>1® We also
demonstrated selection for clones that have deleted the normal
Nras allele, and found that this system reliably identified authentic
cooperating genes. Evi-I was detected as a common insertion site
in Nras AMLs. EVI-1 encodes a zinc finger transcription factor that
functions in stem cell renewal and is the target of multiple different
chromosomal rearrangements in human AMLs, including the
1,(3,3)inv(3), 1(3;21), 1(3,8), and #(3,12). Importantly, 2 large series
of mutational analysis of human AML samples revealed an
association between NRAS mutations and translocations that deregu-
late EVI-1 expression.'>1® By contrast, MxI-Cre, Kras®'?P pups
that were injected with the same MOLA4070LTR viral stock and
treated with an identical poly I:C protocol did not spontaneously
developed acute leukemia before dying from MPD at approxi-
mately 4 months of age.?! Transplanting bone marrow from these
animals induced AML in a small percentage of the recipients, with
the majority developing T lineage acute lymphoblastic leukemia
with prolonged latency.?!
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Together, these observations raise the question of how to
reconcile the profound effects of Kras®?P expression in the
myeloid compartment with the potent ability of a “weaker”
Nras®?P mutation to cooperate in AML induction. We speculate
that this may be true because Kras®’?P drives cellular proliferation
and differentiation so strongly that it does not cooperate effectively
with mutations that perturb self-renewal. By contrast, our data infer
that Nras®?P expression confers a proliferative and survival
advantage that does not overwhelm the ability of cooperating genes
to simultaneously enhance self-renewal and block differentiation.

Chemical carcinogenesis experiments demonstrated loss of the
WT Hras or Kras alleles in mouse skin and lung tumors.** Our data
extend this paradigm to a model that involves spontaneous loss of
the normal Nras allele in retrovirally induced AML. The emerging
genetic evidence that normal Ras alleles have tumor suppressor
activity is supported by limited functional data.*** Because
oncogenic Ras proteins accumulate in the GTP-bound conforma-
tion and should therefore markedly out-compete their normal
counterparts for access to effectors, it is unclear how loss of the WT
allele confers a growth advantage in vivo. Genetically accurate
mouse cancer models provide new tools for addressing this
fundamental question.

We have comprehensively characterized the consequences of
endogenous Nras®’?P expression in hematopoietic cells and ob-
tained disease phenotypes that model the spectrum of myeloid
malignancies associated with NRAS mutations in human patients.
MOL4070LTR-induced AMLs from MxI-Cre, Nras'?P mice can
also be used to test targeted and conventional cytotoxic agents, and
the retroviral insertions in these leukemias provide molecular
sequence tags for indentifying candidate genes that modulate drug
response and resistance.?? A recent screen that identified STK33 as
synthetic lethal with oncogenic KRAS, but not NRAS, in myeloid
leukemia and epithelial cancer cell lines underscores the functional
importance of isoform-specific differences.*® MxI-Cre, Nras@'?P
mice provide a robust and tractable platform for addressing the
molecular mechanisms underlying these differences and for ap-
proaching the central problem of how to effectively interfere with
oncogenic Ras signaling in cancer.
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