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To study the oncogenic role of the NRAS
oncogene (NRASG12V) in the context of
acute myeloid leukemia (AML), we used a
Vav promoter–tetracycline transactivator
(Vav-tTA)–driven repressible TRE-
NRASG12V transgene system in Mll-AF9
knock-in mice developing AML. Condi-
tional repression of NRASG12V expression
greatly reduced peripheral white blood
cell (WBC) counts in leukemia recipient
mice and induced apoptosis in the trans-
planted AML cells correlated with re-

duced Ras/Erk signaling. After marked
decrease of AML blast cells, myeloprolif-
erative disease (MPD)–like AML relapsed
characterized by cells that did not ex-
press NRASG12V. In comparison with pri-
mary AML, the MPD-like AML showed
significantly reduced aggressiveness, re-
duced myelosuppression, and a more dif-
ferentiated phenotype. We conclude that,
in AML induced by an Mll-AF9 transgene,
NRASG12V expression contributes to acute
leukemia maintenance by suppressing ap-

optosis and reducing differentiation of
leukemia cells. Moreover, NRASG12V onco-
gene has a cell nonautonomous role in
suppressing erythropoiesis that results
in the MPD-like AML show significantly
reduced ability to induce anemia. Our
results imply that targeting NRAS or RAS
oncogene-activated pathways is a good
therapeutic strategy for AML and attenuat-
ing aggressiveness of relapsed AML.
(Blood. 2009;113:1086-1096)

Introduction

Kelly and Gilliand have proposed that acute myeloid leukemia
(AML) is induced by the cooperation of 2 general classes of
mutations.1 Class I mutations confer cell survival and proliferation
advantages and generally result from mutations in genes encoding
cell-signaling molecules like NRAS and FLT3. Class II mutations
impair differentiation and subsequent apoptosis and, in general,
result from mutations in genes encoding transcription factors or
chromatin-modifying proteins such as AML1 or mixed lineage
leukemia (MLL). Most studies to develop new anticancer drugs
have focused on finding efficient inhibitors against the mutant
products of class I oncogenes such as ABL, c-KIT, and FLT3.2-8

Although previous studies showed that FLT3 inhibition effectively
suppresses the cell growth of leukemia induced by the cooperation
of an FLT3-activating mutation and an MLL translocation,9,10 the
appropriateness of class I oncogene inhibitors for AML therapy has
not been well studied, particularly in leukemia induced in coopera-
tion with a class II oncogene. Conditionally expressed transgenes
in mice provide an ideal setting in which to address this issue.
Studies have shown that continued expression of oncogenes such
as c-Myc or Bcr/Abl is required for maintaining leukemia in
transgenic mouse models.11-13 Cancer cells in these models are said
to have “oncogene addiction,” because they die, differentiate, or
become quiescent upon shutting off oncogene expression.13 To
study the functions of a class I mutation in AML, we investigated
the role of an NRAS-activating mutation, NRASG12V, in murine
AML induced in combination with the Mll-AF9 oncogene.

RAS mutants, which abnormally stimulate RAF/MEK/ERK,
PI3K/AKT, and other pathways, are frequent in human can-
cers.14,15 RAS mutations are commonly single amino acid

substitutions such as G12V and G13R that reduce guanine
triphosphate (GTP) activating protein sensitivity of RAS, thus
causing maintenance of high levels of RAS-GTP.14,16 Among the
RAS family mutations, NRAS activating mutations are found in
around 30% of hematopoietic malignances including AML,
myelodysplastic syndrome, and myeloproliferative diseases
(MPD).17,18 To study the function of oncogenic NRAS in
hematopoietic malignancies, we previously developed a Vav
promoter–tetracycline transactivator (Vav-tTA)–driven repress-
ible system for tetracycline response element (TRE)–NRASG12V

expression in mice, and found that NRASG12V expression induces
a mast cell disease similar to human aggressive systemic
mastocytosis (ASM).19 Our data are consistent with other results
showing that an activated NRAS mutant can induce mastocytosis
as well as AML or a chronic myeloid leukemia (CML)–like
leukemia when delivered to mice using a retroviral vector.15,19,20

The MLL gene encodes a trithorax-homologous transcription
factor and is a positive regulator of HOX gene expression in
development. MLL translocations resulting in fusions with other
genes are common in AML and acute lymphoblastic leukemia
(ALL), and more than 40 fusion partners are known.21-23 The
MLL-AF9 translocation is the most common MLL gene fusion
found in AML and is associated with a poor prognosis.24,25

Mll-AF9 knockin mice provide a model of human t(9;11)(p22;
q23) translocation.26 These mice significantly expand nonmalig-
nant myeloid progenitor cells during fetal development and
most of them develop AML after 5 to 6 months.27,28 It has been
suggested that the MLL-AF9 oncogene disrupts the normal
proliferation and/or survival of myeloid progenitors and that

Submitted January 3, 2008; accepted October 6, 2008. Prepublished online as
Blood First Edition paper, October 24, 2008; DOI 10.1182/blood-2008-01-132316.

The online version of this article contains a data supplement.

The publication costs of this article were defrayed in part by page charge
payment. Therefore, and solely to indicate this fact, this article is hereby
marked ‘‘advertisement’’ in accordance with 18 USC section 1734.

© 2009 by The American Society of Hematology

1086 BLOOD, 29 JANUARY 2009 � VOLUME 113, NUMBER 5

D
ow

nloaded from
 http://ashpublications.net/blood/article-pdf/113/5/1086/1309432/zh800509001086.pdf by guest on 04 June 2024

https://crossmark.crossref.org/dialog/?doi=10.1182/blood-2008-01-132316&domain=pdf&date_stamp=2009-01-29


secondary oncogenic mutations are required for full hematopoi-
etic malignancy.27-29 The MLL-AF9 translocation occurs predomi-
nantly in monocytic AML (AML-M5; French-American-British
classification).30 Previous studies found that mutations of FLT3,
RAS, or BRAF genes are associated with the MLL-AF9–
mediated leukemogenesis in 140 therapy-related MDS and AML
(tMDS/tAML) patients.21,31

Here we report a model of AML development using transgenic
mice coexpressing NRASG12V and Mll-AF9 and a requirement of
continuous NRASG12V expression for maintaining the AML.
NRASG12V-independent MPD-like AML occurring upon subse-
quent relapse is less myelosuppressive and more differentiated than
AML before the suppression of NRASG12V.

Methods

Mice and treatment

To generate Vav-tTA; TRE-NRASG12V; Mll-AF9 triply transgenic (TRM-
transgenic) and control mice under the same strain (FVB/n � C57BL/
6J) F1 background, we crossed the Vav-tTA; TRE-NRASG12V doubly
transgenic (TR-transgenic) FVB/n line previously developed in our
laboratory and the Mll-AF9 knockin C57BL/6J strain kindly provided by
Dr Terence H. Rabbitts (MRC Laboratory of Molecular Biology,
Cambridge, United Kingdom; Figure 1A).19,26,27 Severe combined
immunodeficiency (SCID)/NCr-Balb/c (SCID) mice were purchased
from National Cancer Institute (Frederick, MD) for transplantation of
leukemia cells. To repress Vav-tTA–mediated TRE-NRASG12V transgene
expression, we added doxycycline hyclate (Dox; Sigma-Aldrich, St
Louis, MO) to sterilized drinking water with 0.1% sodium saccharin
(Alfa Aesar, Ward Hill, MA) to a final Dox concentration of 5 mg/mL.20

To repress the NRASG12V expression in TR-transgenic new litters, we
treated parental mice with Dox during the pregnancy (approximately
21 days) and maternal feeding periods (21 days) before weaning. For
continuous treatment, the Dox solution was changed every 5 to 6 days
and protected from light. For temporary treatment, normal drinking
water bottles replaced the Dox-treated water bottle after 6 hours.
Because some SCID mice were moribund with fulminant AML, we also
washed mice’s mouths with 250 �L Dox-treated water to ensure the
uptake of the Dox in drinking water. The transgenic mice were housed
under specific pathogen–free conditions and cared for by protocols
approved by the Institutional Animal Care and Use Committee at the
University of Minnesota. The SCID mice were housed under the aseptic
conditions with autoclaved cages, beds, water, bottles, and irradiated
foods. When mice were moribund they were humanely killed in a CO2

chamber for harvesting the required tissues.

Cell preparation and transplantation

Bone marrow (BM) cells were flushed from the femurs and tibias with
1� Dulbecco modified Eagle medium (DMEM; Cellgro, Herndon, VA).
The single-cell suspensions from spleen, thymus, lymph node, and
mastocytosis tumors were prepared by grinding tissues with glass caps
and screening with 70-�m cell strainers (BD Falcon, Bedford, MA). As
described in our previous paper,20 nucleated cells were isolated from the
prepared cells and were viably saved in liquid nitrogen for further
experiments.

BM cells from 4 independent TRM-transgenic mice and BM cells
from 2 independent Vav-tTA; Mll-AF9 cotransgenic (TM-transgenic)
FVB/n � BL6 F1 mice with AML were transplanted into 16 primary
recipient SCID mice by intravenous injections at 1.6 to 2.6 � 106 cells
per mouse and into 8 primary recipient SCID mice at 2.0 to 2.8 � 106

cells per mice, respectively (Figure 2A). Furthermore, BM cells
originating from 2 independent TRM-transgenic mice with AML and
from 1 TM-transgenic mouse with AML that were previously engrafted
on the primary recipient SCID mice without Dox treatment (Figure 2A)

were intravenously injected into secondary recipient SCID mice at 0.9 to
1.3 � 106 cells per mouse (7 and 8 mice used for the repeated
transplantation experiments of AML2, and 8 mice used for a transplanta-
tion of AML4) and at 1.2 to 1.4 � 106 cells per mouse (12 mice),
respectively (Figure 3A). At last, the BM cells from the secondary
recipient SCID mice that showed NRASG12V-independent relapsed MPD-like
AML after temporary (6-hour) or chronic Dox treatment (Figure 3A) were
transplanted into 8 or 5 tertiary SCID mice, respectively, at 0.8 to 1.2 � 106 cells
per mouse (see Figure 6A). As a control, TM-transgenic AML BM cells from
previously xenografted SCID mice were also transplanted into 8 other SCID
mice at 1.1 � 106 cells per mouse.

Peripheral blood analysis

We obtained peripheral blood by retro-orbital puncture every 4 weeks for
the FVB/n � C57BL/6J F1 mice that developed AML and every 2 days for
the SCID mice 2 to 3 weeks after AML BM transplantations. After
anesthetizing eyes with 0.5% ophthalmic solution of proparacaine hydro-
chloride (Falcon Pharmaceuticals, Fort Worth, TX), 200 �L blood were
collected with EDTA-coated capillary tubes (Drummond Scientific,
Broomall, PA) and transferred to a blood collection tube (Ram Scientific,
Needham, MA). The peripheral blood samples were analyzed by an
automated veterinary blood analyzer (MASCOT; CDC Technology, Ox-
ford, CT) to measure the concentrations of white blood cells (WBCs), red
blood cells (RBCs), and other blood components. To analyze the nuclear
shapes in leukemia blast cells and differentiated leukocytes under the
microscopes, we stained peripheral blood smears on glass slides using
modified Wright-Giemsa staining methods.19

Flow cytometry

To test the immunophenotypes of nucleated cells, 106 BM, 3 � 106

spleen, 106 thymus, or 106 lymph node cells from TRM-transgenic and
control mice were used. The hematopoietic cells were suspended in
200 �L phosphate-buffered saline (PBS) buffer (2% fetal bovine serum,
0.1% sodium azide). We used allophycocyanin (APC)–anti-Mac1 and
phycoerythrin (PE) or PE-Cy7–anti-Gr1 antibodies to sort myeloid cells,
APC anti–T-cell receptor � (TCR�) antibodies to sort T lymphoid cells,
and PE anti-CD19 antibody to sort B lymphoid cells from the green
fluorescent protein (GFP)–expressing TRE-NRASG12V–transgenic mice.
Fluorescein isothiocyanate (FITC) anti-Mac1 or FITC anti-CD19 anti-
bodies were used to sort myeloid and B cells, respectively, from
wild-type mice. All fluorochrome-conjugated antibodies were purchased
from BD Biosciences (San Jose, CA). The staining procedures were the
same as described in our previous paper.20 The sorting procedures and
conditions using the FACSAria Cell-Sorting System (BD Biosciences)
were according to the manufacturer.

Reverse transcription polymerase chain reaction (RT-PCR) and
cDNA cloning

Using a direct mRNA micro kit (QIAGEN, Valencia, CA), we prepared
mRNA from BM cells or mastocytosis tumors in variously transgenic
FVB/n � C57BL/6J F1 mice, as shown in Figure 1A. To avoid DNA
contamination, we treated mRNA samples with DNaseI (Invitrogen,
Carlsbad, CA) according to the manufacturer’s instructions. To detect the
expression of transgenic NRASG12V, we used a pair of DNA primers,
5�-GTTATAGATGGTGAAACCTGTT-3� and 5�-ATCTTGTTACATCAC-
CACACAT-3�, and RT-PCR conditions previously applied in our paper.19

Endogenous glyceraldehyde 3-phosphate dehydrogenase (GAPDH) tran-
scripts as a loading control were also amplified using another pair of DNA
primers, 5�-AACGACCCCTTCATTGAC-3� and 5�-TCCACGACATACT-
CAGCAC-3�. RT-PCR was performed using the Robust-RT kit (Finnzymes;
MJ Research, Waltham, MA). We also performed RT-PCR without reverse
transcriptase to ensure the RT-PCR products were not amplified from
contaminated chromosomal DNA.

To clone the cDNA of endogenous Nras transcripts in BM cells of the
secondary recipient SCID mice shown in Figure 3A, we prepared mRNA
using the same method described above. To amplify the endogenous Nras,
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we designed a pair of DNA primers, 5�-GGAGTTTGAGGTTTTT-
GCTG-3� and 5�-GTGTCTTACTACATCAGCAC-3�, to anneal the
5� untranslated region (UTR) and the 3� UTR expanded to coding region,
respectively. Using the Robust-RT kit, RT-PCR, entailed incubation at 45°C
for 45 minutes was followed by 5 minutes at 94°C, then 40 cycles at 94°C
for 30 seconds, 45°C for 1 minute, and 72°C for 1 minute. These cycles
were followed by a final extension at 72°C for 10 minutes. The cDNA was

purified using the agarose gel extraction, and cloned into pCR-XL-TOPO
vector (Invitrogen). Using the EcoRI restriction enzyme reaction, we
confirmed that the plasmid prepared from 10 independent transformant
Escherichia coli colonies contained the RT-PCR products. The cloned
plasmids were sent to an automated sequencing core facility with universal
sequencing primers, M13 reverse primer and M13 forward primer, to learn
whether any mutations occurred in the endogenous Nras.

Figure 1. AML is induced by the combination of NRASG12V and Mll-AF9. (A) Breeding scheme for generating experimental animals. Boxes indicate transgenes present.
(B) Kaplan-Meier survival curve. Vav-tTA; TRE-NRASG12V; Mll-AF9 triply transgenic (TRM-transgenic) and Vav-tTA; Mll-AF9 doubly transgenic (TM-transgenic) mice
developed AML and died significantly earlier than Vav-tTA; TRE-NRASG12V doubly transgenic (TR-transgenic) mice (P � .05). The TRM-transgenic mice showed a trend of
decreased latency for AML compared with those carrying the TM transgene (P � .072). Bidirectional arrow indicates the prenatal period of Dox treatment.
(C) Immunophenotypes of BM and spleen cells in AML mice. Mac1 and Gr1 double-positive cells are greater than those of FBV/n � C57BL/6J F1 mice. (D) NRASG12V

transcription is repressed by Dox treatment. Vav-tTA-driven TRE-NRASG12V expression is found in all Vav-tTA; TRE-NRASG12V cotransgenic BM cells with or without Mll-AF9
transgene and mastocytosis tumor cells (lanes 2, 5, 6, and 7). The NRASG12V expression is completely repressed by Dox treatment (lane 1). GAPDH is used as a loading
control. No RT-PCR products were found in the same procedures without reverse transcriptase (data not shown). The genotypes and cell types along with numbers indicate the
transgenic cells used for mRNA preparations. BM indicates bone marrow; MT, mastocytosis tumor; and W, water control.
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Western blot analysis

Spleen cells from engrafted or relapsed AML SCID mice were lysed in
RIPA buffer (0.05 M Tris [pH 8.0], 0.15 M NaCl, 0.005% sodium deoxy-
cholate, 0.01% Igepal CA-630, and 0.1% sodium dodecyl sulfate [SDS])
containing protease inhibitors (Complete Mini; Roche, Indianapolis, IN).
Each protein extract (40-50 �g) was separated by the electrophoresis on
4%-12% gradient polyacrylamide gels (Invitrogen) and transferred to
nitrocellulose membranes (Trans-Blot Transfer Medium; Bio-Rad Labora-
tories, Hercules, CA). The protein-blotted membrane was blocked with
TBS-T (1 M Tris base, 18% NaCl, 0.05% Tween 20, pH 7.4) solution
containing 1% skim milk (Difco, Sparks, MD) and 4% bovine serum
albumin (BSA; Sigma-Aldrich). Then, a mouse monoclonal antibody
anti-Nras (Santa Cruz Biotechnology, Santa Cruz, CA), a mouse monoclo-
nal antibody anti-Erk1/2, a rabbit polyclonal antibody anti–phospho-
Erk1/2, or a rabbit monoclonal antibody anti-GAPDH (Cell Signaling
Technology, Danvers, MA) was used as a primary antibody to detect the
target proteins. The horseradish peroxidase linked whole antibody anti–
mouse immunoglobulin G (IgG; from sheep) or anti–rabbit IgG (from
donkey) purchased from GE Healthcare BioScience (Piscataway, NJ) was
used as a secondary antibody. The antibody-labeled proteins were illumi-
nated with chemiluminescent substrates (Pierce Biotechnology, Rockford,
IL) and exposed to imaging films (Kodak, Rochester, NY).

Histopathologic analysis

Tissues (spleen, liver, lymph node, thymus, lung, and sternum containing
BM) collected from the mice were fixed in 10% neutral-buffered formalin
for 24 hours and transferred into 70% ethanol for storage. Tissues were
processed by standard methods and embedded in paraffin. Four-micrometer-
thick sections were cut and stained with hematoxylin and eosin. Tissues
were read by American College of Veterinary Pharmacists (ACVP)
board-certified veterinary pathologist (I.M.) to determine whether hemato-
poietic neoplasia was present and to classify lesions further as lymphoid or
nonlymphoid hematopoietic neoplasia when possible. Bethesda guidelines
for classification of nonlymphoid hematopoietic malignancies in mice were
followed.32

Apoptotic cell staining

For cleaved caspase-3 detection in the tissues, 4-�m formalin-fixed paraffin
sections of spleen and BM were cut, deparaffinized, and rehydrated. Except
for antigen retrieval and counterstaining, all procedures were carried out on

a DAKO autostainer (DAKO, Carpinteria, CA) using a rabbit monoclonal
antibody against human cleaved Caspase-3 (clone Asp175 5A1; Cell
Signaling Technologies) diluted at 1:200. Immunocytochemical staining
procedure for detection of cleaved caspase-3 in peripheral blood smears
was similar except for following details: air-dried blood smears were fixed
in 10% neutral-buffered formalin for 2 minutes, antigen retrieval was not
performed, and endogenous peroxidase was blocked with 0.3% hydrogen
peroxide solution at room temperature for 15 minutes.

Terminal deoxynucleotidyl transferase (TdT)–mediated dUTP-biotin
nick end labeling (TUNEL) staining was performed on 4-�m formalin-
fixed paraffin sections of BM in selected mice using the ApopTag Plus kit
(Chemicon, Temecula, CA). The sections were deparaffinized, rehydrated,
and incubated with protease K (20 �g/mL; R&D Systems, Minneapolis,
MN) for 15 minutes at room temperature. The staining procedures were
performed according to manufacturer protocols. Methyl Green was used as
the counterstain. Equilibration buffer was substituted for the volume of TdT
enzyme to serve as a negative control. For semiquantitative evaluation of
the extent of apoptosis in the BM, the number of positive (dark brown cells)
were counted in 3 representative fields at �400 magnification, and the
average per field was estimated in selected mice. No attempts were made to
distinguish between neoplastic cell apoptosis and background tissue cell
apoptosis when evaluating the extent of apoptosis. For estimation of
apoptosis in the peripheral blood smears, the number of positive (brown)
staining cells was counted in 40 to 50 nonoverlapping fields starting from
the feathered edge and ending at the thickest portion of the smear.

Statistical analysis

All graphs were generated using Microsoft Excel. Statistical differences (P
values) were determined by the 2-tailed Student t test assuming equal
variances of the Microsoft Excel data analysis program. Kaplan-Meier
survival curve generation and statistical analysis were performed using
Prism 4 (GraphPad Software, San Diego, CA).

Results

NRASG12V and Mll-AF9 coexpression induces AML

To test the hypothesis that 2 classes of mutations could
cooperate to induce leukemia, we generated Vav-tTA; TRE-
NRASG12V; Mll-AF9 triply transgenic (TRM-transgenic) mice by

Figure 2. NRASG12V expression is required for AML
persistence. (A) Transplantation of AML BM cells via
intravenous injection. Half of the transplanted SCID mice
were continuously treated with Dox. (B) Kaplan-Meier
survival curve in mice with or without Dox treatment.
Chronic Dox treatment significantly delays or sup-
presses the establishment of AML in SCID mice after
transplantation of the BM cells from triply transgenic
mice with AML (P � .012). The numbers in circles
represent each of the 4 independent AML BM cells
(AML1, 2, 3, and 4) transplanted into SCID mice.
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Figure 3. Conditional repression of NRASG12V expression after the establishment of AML results in remission, prolong survival, and relapse. (A) Serial
transplantation of previously engrafted AML BM cells into secondary recipient SCID mice. The secondary recipient SCID mice were treated with Dox either chronically or for
6 hours at a time after the establishment of full-blown AML. (B) Kaplan-Meier survival curve of all AML2 and AML4 transplantations shows that both chronic and temporary Dox
treatments significantly increase the survival time compared with those transplanted mice not treated with Dox after the establishment of AML (P � .001). The arrow indicates
the time that chronic or 6-hour Dox treatment started. (C) WBC concentration in the peripheral blood of the secondary recipient SCID mice that were transplanted with AML2 BM
cells from TRM-transgenic mice. The first Dox in the arrowed square means the start of chronic and temporary (6-hour) Dox treatments. Other Dox in the arrowed squares
indicated the repeated 6-hour Dox treatment. Chronic Dox in the top panel means the continuous Dox treatment instead of the 6-hour Dox treatment was started at this time
point. In the top panel, n � 4 were treated with chronic and n � 3 with 6-hour Dox. In the bottom panel, n � 2 were treated with chronic, n � 2 with 6-hour, n � 4 with no, and
n � 3 (Mll-AF9 only) with chronic Dox. Narrow bars show standard deviations for WBC concentration at each measurement. (D) Flow cytometry of spleen cells from the
engraftment, remission, and relapse in secondary recipient SCID mice. The spleen of engrafted mice contains greater than 50% of myeloid (Mac1/Gr1�) lineage. After 8 days of
chronic Dox treatment, most GFP-positive cells are eliminated. However, after relapse, the spleen contains more than 70% GFP/Mac1 or GFP/Gr1 double-positive cells.
(E) Western blot analysis for transgenic NRASG12V and endogenous Nras proteins. Due to the EE tag at the N terminus of NRASG12V, the molecular weight of NRASG12V is
approximately 1 kDa larger than endogenous Nras. Both NRASG12V and endogenous Nras proteins are decreased at day 4 and not detected at day 8 after chronic Dox
treatment. GAPDH is used as a loading control.
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crossing Vav-tTA; TRE-NRASG12V doubly transgenic (TR-
transgenic) FVB/n mice to Mll-AF9 knockin C57BL/6J mice
(Figure 1A). The TRM-transgenic mice developed AML along
with mastocytosis and showed a trend toward disease accelera-
tion (P � .072) compared with Vav-tTA; Mll-AF9 doubly trans-
genic (TM-transgenic) control mice developing AML without
mastocytosis (Figure 1B and Figure S1, available on the Blood
website; see the Supplemental Materials link at the top of the
online article). The TR-transgenic mice developed mastocytosis
with no evidence of AML. Dox treatment before weaning as
described in “Mice and treatment” did not significantly alter
survival rates of TRM- and TM-transgenic mice (Figure S2).

The AML phenotype in TRM-transgenic mice was verified by
flow cytometry. Mac1/Gr1 double-positive cells were enriched
in BM (� 50% 	 70%) and spleen (� 20% 	 25%) of the
TRM-transgenic and TM-transgenic mice, compared with only
40% and 1% in BM and spleen of wild-type mice, respectively
(Figure 1C). The hematopoietic malignancies were also pheno-
typed by histopathologic analysis as described in Figure S3.
Using RT-PCR, we determined that Dox treatment conditionally
repressed the Vav-tTA–driven TRE-NRASG12V expression BM
cells (Figure 1D). In conclusion, addition of an NRASG12V

mutation to AML predisposed mice harboring an Mll-AF9 fusion
knock-in causes a trend toward decreased latency for developing
AML, although NRASG12V is not specifically required for AML
development in cooperation with Mll-AF9.

Continuous NRASG12V expression is required for leukemia
persistence and apoptosis suppression in AML induced in
combination with Mll-AF9

To determine whether NRASG12V expression is essential for AML
persistence, we transplanted BM cells from a single TRM-
transgenic mouse into 4 SCID mice. Two of the transplanted mice
were continuously treated with Dox, while the other 2 did not
receive Dox (Figure 2A). We repeated this experiment 4 times with
4 different TRM-transgenic AML samples (Figure 2B, AML1, 2, 3,
and 4). The transplantability of 3 of 4 established AMLs were
significantly attenuated after Dox treatment (overall P � .012;
Figure 2B). The survival rate of SCID mice transplanted with AML
cells from TM-transgenic mice was not altered by Dox treatment
(P � .508; data not shown). Mastocytosis was not transplantable as
previously reported.19 Using flow cytometry and histopathologic
analysis, we confirmed that the engrafted leukemia was equivalent
to the AML seen in the donor mice (data not shown). Taken
together, these data show that AML induced by the cooperation of
NRASG12V and Mll-AF9 is transplantable and loss of NRASG12V

expression significantly reduces the aggressiveness of the disease
as indicated by survival time.

To test whether NRASG12V is required for persistence of
established AML, we performed a serial BM transplantation
experiment. We selected BM originating from 2 different TRM-
transgenic mice (Figure 2B, AML2 and AML4). BM cells from
“No Dox” primary recipients of AML2 were pooled and trans-
planted into secondary SCID recipients. This was repeated using
AML4 BM cells (Figure 3A). By measuring the WBC concentra-
tion in peripheral blood every 2 days from 21 days after transplan-
tation, we determined when AML had become established in
recipient mice. Once the AML was established in the secondary
recipients, we chronically or temporarily (6 hours) treated mice
with Dox in drinking water. The conditional repression of NRASG12V

expression after the establishment of full-blown AML (n � 17)

significantly prolonged the survival time compared with recipients
without Dox treatment (n � 6; P � .001; Figure 3B).

Four days after starting either chronic or 6-hour Dox treatment,
WBC concentration in peripheral blood was dramatically reduced
in all recipients of AML2 BM cells and completely normalized in
6 to 10 days (Figure 3C top panel). The regression of WBC was less
dramatic in the secondary recipients of AML4 BM cells (Figure
S4). We repeated the transplantation using the AML2 BM cells, but
began Dox treatment earlier when the WBC concentration was in
the range of 80 to 100 K/�L (Figure 3B bottom panel). Interest-
ingly, however, the 6-hour Dox treatment could reduce WBC count
twice in the first experiment, but only once in the second
experiment before Dox resistance developed (Figure 3C).

To examine the phenotypes of the transplanted AML in the
secondary recipient SCID mice, we used flow cytometry to
measure Mac1 and Gr1 levels in GFP-positive cells. Both GFP/
Mac1 and GFP/Gr1 double positive AML cells were greatly
reduced by chronic Dox treatment for 8 days (Figure 3D). Since the
transgenic NRASG12V cDNA is expressed with a glutamic acid–
glutamic acid (EE) tag at the N terminus, the molecular weight of
the NRASG12V protein is approximately 1 kDa greater than endoge-
nous Nras. Due to the protein size difference, we could confirm the
NRASG12V expression was repressed by the Dox treatment using
Western blot analysis, and this correlated with the RT-PCR results
shown in Figure 1D (Figure 3E).

To determine whether the regression of transplanted AML is
correlated with the induction of apoptosis, BM tissues from
transplanted mice were stained for double-strand DNA breaks
(Figure 4A,B). Dox treatment for 4 to 8 days significantly increased
the number of apoptotic cells in BM from TRM-transgenic AML
recipients (P � .021), but not from TM-transgenic AML recipients
(P � .259; data not shown). Moreover, the number of apoptotic
cells stained for cleaved caspase-3 in peripheral blood was
increased in TRM-transgenic AML recipients after 12 to 24 hours
after Dox treatment (P � .045; Figure 4C). These data showed that
repression of NRASG12V by Dox treatment induced apoptosis of
TRM-transgenic AML cells in vivo, which are completely or
partially addicted to NRASG12V oncogene in spite of the presence of
other oncogenic mutations including the Mll-AF9 transgene.

NRASG12V-independent relapsed MPD-like AML is more
differentiated and less myelosuppressive than primary AML

The regression of AML blast cells after the conditional repression
of NRASG12V expression was followed later (after approximately
21-25 days) by an increase of NRASG12V-independent WBC
number in peripheral blood (Figure 3B). Using flow cytometry with
spleen cells from secondary recipients, we found that the relapsed
cells were GFP/Mac1 and GFP/Gr1 double-positive cells trans-
planted from the TRM-transgenic AML (Figure 3D). Morphologi-
cally, the blood smears from SCID mice with relapsed myeloid
leukemia contained fewer large, undifferentiated blasts (	20%-
25%) than mice with primary AML before Dox treatment (	85%-
90%; Figure 5A). Mice with the NRASG12V-independent relapsed
leukemia were histopathologically determined to have MPD-like
AML and showed blast cells less than 20% in BM and spleen
(Figure S5). The MLL protein was found in most (	80%-90%)
BM cells of engrafted AML and relapsed MPD-like AML in
recipient SCID mice transplanted with TRM-transgenic AML cells.
(Figure S6). Because the expression of both endogenous Mll and
Mll-AF9 are regulated by the endogenous promoter of the mouse
Mll gene, these results imply that Mll-AF9 is constantly expressed
in TRM-transgenic AML and relapsed MPD-like AML cells
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independent of NRASG12V suppression. In addition, we analyzed the
mRNA expression patterns of endogenous Mll, Mll-AF9, endoge-
nous Nras, and NRASG12V in GFP-positive and GFP-negative BM
cells of transplanted SCID mice. The NRASG12V transgene is
expressed only in GFP-positive cells, but is completely repressed
by Dox treatment. The Mll-AF9 transgene mRNA is only expressed
in GFP-positive AML cells, but is not repressed by Dox treatment
(Figure S7). Unlike the myelosuppressive effect of the TRM-
transgenic primary AML evidenced by pronounced anemia, the
numbers of RBCs in the relapsed MPD-like AML cases were
significantly higher than that in mice with established AML
expressing NRASG12V, in which the concentration of peripheral
WBCs was more than 200 K/�L (Figure 5B). The activation of
Ras/Erk signaling pathway was reduced after the conditional
repression of NRASG12V expression, but up-regulated again in the
NRASG12V-independent MPD-like AML as much as that of the
engrafted AML before Dox treatment (Figure 5C). By analyzing

27 independent cDNA of Nras transcripts from the relapsed
MPD-like AML and TM-transgenic AML cells, we found that the
reactivation of Ras/Erk signaling pathway was not caused by an
activating mutation (ie, 12, 13, or 61 amino acid substitution) of the
endogenous mouse Nras gene (data not shown). Taken together, we
concluded that the NRASG12V-independent relapsed MPD-like
AML cells have reduced myelosuppression and are more differenti-
ated than primary AML, although the Ras/Erk signaling pathway is
reactivated without NRASG12V expression in relapsed disease.

Relapsed MPD-like AML is transplantable, but shows greatly
attenuated myelosuppression

To test the transplantability of the relapsed MPD-like AML, we
transplanted 2 independent Dox-resistant MDP-like AML and
Dox-sensitive primary AML BM cells from secondary SCID mice
into tertiary recipient SCID mice (Figure 6A). The relapsed

Figure 4. Conditional repression of NRASG12V expres-
sion induces apoptosis in the BM and circulating
leukemia cells. (A) Apoptotic cell staining in the sternal
BM with TUNEL method and Methyl Green as a counter-
staining. Four days after Dox treatment, the number of
apoptotic (brown) cells in the BM are increased in SCID
mice transplanted with TRM-transgenic AML cells. Bars
represent 50 �m. (B) Numerical comparison of apoptotic
cells in BM. The average numbers of TUNEL-stained
(TUNEL �) cells are shown with the standard deviation
bars. The results indicate that conditional repression of
NRASG12V expression significantly increases apoptotic
death rates in the BM cells (P � .021). Apoptotic cell
number is the average of stained cells in 3 fields.
(C) Cleaved caspase-3 staining in peripheral WBCs.
Apoptosis in peripheral bloods is observed 12 to 24 hours
after Dox treatment. The number of apoptotic cells 12 to
24 hours is significantly increased in comparison with
that of 0 to 6 hours (P � .045). The average number of
apoptotic, cleaved caspase-3 positive cells was calcu-
lated by counting the stained cells in 41-45 fields at �400
magnification. The narrow bars indicate the standard
errors.
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MPD-like AML, whether from mice given repeated 6-hour or
chronic Dox treatment, were transplantable. The concentration of
peripheral WBCs in all SCID recipients reached 150 to more than
200 K/�L3 weeks after transplantation in all tertiary recipients.
However, SCID mice harboring the relapsed MPD-like AML lived
significantly longer before becoming morbid than SCID mice
harboring the primary AML (P � .001; Figure 6B), because
anemia and/or thrombocytopenia in the MPD-like AML recipients
appeared much later and was less severe than that in primary AML
recipients. NRASG12V expression recurred in AML cells from the
spleen of 6-hour Dox-treated MPD-like AML recipients, but not in
the chronic Dox-treated MPD-like AML recipients in spite of
reactivated Ras/Erk signaling in both cases (Figure 6C). Interest-
ingly, the NRASG12V re-expression was correlated with the increase

of undifferentiated cells in the peripheral blood in 6-hour Dox-
treated MPD-like AML recipients, which looked like the estab-
lished AML cells in the secondary recipient mice (Figure 5A).

To determine whether the Dox-sensitive AML and relapsed
Dox-resistant MPD-like AML cells were clonally related, we used
the comparative genome hybridization (CGH) technique with
spleen cells from AML recipients. Compared with genomic DNA
from a FVB/n � C57BL/6J F1 control mouse, we could find a
unique gain on chromosome 12q in both samples (primary AML
and relapsed MDP-like AML). Control SCID cell DNA did not
show this chromosomal gain compared with FVB/n � C57BL/6J
F1 DNA either (data not shown). Thus, the Dox-resistant,
NRASG12V-independent disease is a subclone of the primary AML.
From these results, we conclude that NRASG12V-independent

Figure 5. Relapsed NRASG12V-independent MPD-like AML has become less myelosuppressive and more differentiated. (A) Modified Wright-Giemsa staining of
peripheral blood shows more differentiated myeloid lineage cells in the relapsed disease. In the blood smear from a mouse with established AML, more than 80% of WBCs have
undifferentiated blast morphology. In the blood smear from the same mouse with relapsed MPD-like AML after Dox treatment, most cells are differentiated granulocytes
(neutrophils, eosinophils) and less than 20% are undifferentiated blasts. Images taken at �1000 magnification. Bars represent 25 �m. (B) For 0 through 6 days during which
the WBC concentration reaches 200 K/�L or more, the RBC concentration in the relapsed MPD-like AML mice is significantly higher than in the mice harboring AML expressing
NRASG12V (P � .001). Narrow bars indicate standard deviations. (C) Western blot analysis shows that the Ras/Erk pathway is inactivated with Dox treatment during AML
regression, but is reactivated in the NRASG12V-independent relapsed MPD-like AML. The NRASG12V protein is not detected in Dox-resistant relapsed MPD-like AML. The
Erk1/2 proteins acted as loading controls. Vertical lines have been inserted to indicate a repositioned gel line.
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MPD-like AML is a transplantable disease, but is less myelosuppres-
sive than initial NRASG12V-dependent AML. These results provide
evidences suggesting that NRASG12V expression suppresses the
differentiation of AML cells maintaining a blastlike phenotype and
induces a myelosuppressive phenotype in AML induced in coopera-
tion with Mll-AF9.

Discussion

Based on the hypothesis that AML develops due to the cooperation
of class I and II mutations,1 we sought to understand oncogenic
roles of NRASG12V as a model class I mutation in the context of
AML induced in combination with Mll-AF9 as a model class II
mutation. Using a conditional repression system for NRASG12V

expression, we found that continuous NRASG12V expression is
required for AML persistence. Moreover, an initial apoptotic
response is followed by some kind of signal pathway reprogram-
ming and altered leukemic phenotypes upon relapse after the
repression of NRASG12V expression.

Transgenic mice expressing both NRASG12V and Mll-AF9 devel-
oped AML (Figure 1). Although the difference in latency between
NRASG12V/Mll-AF9 and Mll-AF9 alone was not statistically signifi-
cant (Figure 1B), it is possible that by using more mice, we would
detect a statistically significant acceleration of AML. Another
possibility33,34 is that additional mutations may be required to
induce oncogenic signaling pathways and/or inhibit tumor suppress-
ing mechanisms despite the presence of NRASG12V and Mll-AF9. It
is also possible that our Vav promoter-tTA–driven TRE-transgene

system may not express the level of NRASG12V expression needed to
shorten the latency of AML development in cooperation with
Mll-AF9. We previously found that myeloid lineages and hemato-
poietic progenitor cells do not express very high levels of
Vav-tTA–driven luciferase expression mice.20

Although the NRASG12V expression could not significantly
shorten the latency of AML development induced in combination
with Mll-AF9, most AML required ongoing NRASG12V expression
for AML persistence (Figure 2B). The essential role of NRASG12V

was revealed in the apoptosis of AML cells upon conditional
repression of NRASG12V expression after the establishment of
full-blown AML (Figures 3,4). This phenomenon has been ob-
served and described as “oncogene addiction” or “oncogene
shock.”5,6,13 The oncogene addiction hypothesis proposes that a
single oncogene could be required for persistence of cancer cells,
even though other mutations are present. Our data are consistent
with this hypothesis and prove the situation exists for the NRAS
oncogene even in AML cells cotransformed by a strong second
oncogene. Our results show that the NRASG12V oncogene in AML
induced in cooperation with Mll-AF9 could be a good molecular
target for AML treatment. However, our data suggest that NRAS
oncogene independence is likely to evolve, perhaps with an altered
phenotype.

The pathogenic features of the NRASG12V-independent MPD-
like AML were dramatically attenuated compared with NRASG12V-
expressing primary AML. Our results suggest that NRAS oncogene
may induce signals in AML cells that suppress the development of
other myeloid lineages or allow AML cells to “outcompete” other
lineages (Figure 5B). Others have shown that KRASG12D expression

Figure 6. Relapsed MPD-like AML is transplantable
but requires a longer latency for disease induction.
(A) BM cells from secondary recipient mice with MPD-
like AML (after chronic or temporary Dox treatment) were
transplanted into tertiary recipient SCID mice. As a
control, BM cells from previously transplanted AML (not
treated with Dox) were intravenously injected into control
SCID mice. (B) Kaplan-Meier survival curve shows that
the SCID recipients of BM from relapsed MPD-like AML
cases have significantly longer survival time in compari-
son with those mice transplanted with AML that were
never treated with Dox (P � .001). (C) Western blot
analysis of spleen cells shows that the NRASG12V trans-
gene is expressed again in the engrafted AML after BM
transplantation with the relapsed MPD-like AML that has
been treated with Dox for 6 hours, but not with chronic
Dox treatment. Circled numbers over each lane indicate
each protein sample from tertiary recipient mice with
(1) AML engraft without Dox treatment; (2) AML regres-
sion after 4-day Dox treatment; (3) AML relapse after
6-hour Dox treatment; (4) AML engraft without Dox
treatment after relapsed AML (with 6-hour DOX) trans-
plantation; (5) AML relapse with chronic Dox treatment;
(6) AML engraft after relapsed AML (with chronic Dox)
transplantation; and (7) TM-transgenic AML.
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autonomously suppresses erythrocyte differentiation during embry-
onic hematopoiesis.35 Our results suggest that the NRASG12V

oncogene has a cell nonautonomous role in suppressing erythropoi-
esis in SCID recipients with AML.

Previous studies found that NRAS, KRAS, cKIT, and FLT3
induced MPD in mice and concluded that the class I mutations
mainly induce myeloid proliferation, but may not be associated
with differentiation.15,36,37 However, other studies suggested that
RAS oncogenes appear to promote the differentiation of monocytes
and granulocytes in mouse and human hematopoiesis, but inhibit
the differentiation of erythroid progenitors.38-43 Myeloid dysplasia,
which was previously found in other mutant NRAS models, was not
detected in our experiments for unknown reasons.44,45 Our results
showed that NRASG12V expression is associated with not only
inducing proliferation and survival, but also suppressing differentia-
tion of myeloid lineage cells in the context of an AML cell (Figures
3-5 and Figure S5). Consequently, we conclude the oncogenic roles
of NRASG12V expression in AML induced in cooperation with
Mll-AF9 are (1) to induce proliferation of AML blast cells, (2) to
induce cell nonautonomous myelosuppression, (3) to suppress
apoptosis in AML blast cells, and (4) to inhibit differentiation of
AML blast cells.

Since Mll-AF9 mutation expands the nonmalignant myeloid
progenitor cells as in an MPD,27 we hypothesize that oncogenic
NRASG12V induces proliferation and suppresses the differentiation
of the expanded myeloid progenitors resulting in AML develop-
ment, probably with other cooperating mutations. When NRASG12V

expression is repressed, 2 processes are probably triggered in AML
cells: (1) an apoptosis induction of most AML blast cells perhaps
because of “oncogene shock”6 and (2) the return to MPD-like AML
showing less myelosuppression and more differentiation after
bypassing apoptosis that could be linked with other spontaneous
mutations. The therapeutic implications of these results are that
NRAS or RAS oncogene-activated pathways are good molecular
targets and that a subset of cells escapes apoptosis and is
responsible for relapse in a RAS oncogene-independent form. It

will be important to determine what mechanisms are involved in
substituting for the loss of the RAS oncogene. Our results suggest
that this mechanism involves ERK activation. In addition, methods
to prevent escape from this apoptotic response should be sought to
achieve a better therapeutic outcome when RAS signal pathway
inhibition is used for AML.
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