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Abstract 
Three main sections are presented in this thesis. First, we investigated which 

hematopoietic cells express TRE-driven transgenes when combined with Vav-tTA, 
because mastocytosis was developed in Vav-tTA; TRE-NRASG12V transgenic mice without 
detectable other diseases. We assayed Vav-tTA-driven luciferase expression in 
hematopoietic cells including bone marrow-derived mast cells (BMMC) and CD34 
positive hematopoietic progenitor cells (HPC) as well as myeloid and lymphoid lineages 
by live mouse imaging and relative light unit measurement before or after treating Vav-
tTA; TRE-luciferase co-transgenic mice with doxycycline (Dox). We found that B cells in 
the bone marrow and T cells in the thymus expresses Vav-tTA-driven luciferase at much 
higher levels than in myeloid cells, BMMC and CD34 positive HPC, which showed 
relatively low levels. Thus, we conclude that Vav-tTA-driven NRASG12V expression is 
sufficient for mastocytosis development but not for myeloid leukemia, and lymphoid 
cells are resistant to NRASG12V transformation despite high level of expression.  

Second, experiments were performed to study the oncogenic role of the NRAS 
oncogene (NRASG12V) in the context of acute myeloid leukemia (AML). We transplanted 
AML, which was developed in Vav-tTA TRE-NRASG12V; Mll-AF9 transgenic (TRM-
transgenic) mice, into recipient SCID mice. Conditional repression of NRASG12V 
expression greatly reduced peripheral white blood cell (WBC) counts in leukemia 
recipient mice and induced apoptosis in the transplanted AML cells correlated with 
reduced Ras/Erk signaling. After marked decrease of AML blast cells, myeloproliferative 
disease (MPD)-like AML relapsed characterized by cells that did not express NRASG12V. 
In comparison with primary AML, the MPD-like AML showed significantly reduced 
aggressiveness, reduced myelosuppression and a more differentiated phenotype. We 
conclude that, in AML induced by an Mll-AF9 transgene, NRASG12V expression 
contributes to acute leukemia maintenance by suppressing apoptosis and reducing 
differentiation of leukemia cells. Moreover, NRASG12V oncogene has a cell non-
autonomous role in suppressing erythropoiesis that results in the MPD-like AML showed 
significantly reduced ability to induce anemia.  

Third, based on the results finding the relapse of NRASG12V-independent AML, we 
tested a hypothesis that chemotherapeutic cytarabine (AraC) treatment in addition to the 
RAS oncogene suppression would prevent or delay the relapse of AML. After the 
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establishment of full-blown AML, We treated recipient mice with Dox and/or AraC (50 
mg/kg/day). Compared with recipient mice treated with either Dox or AraC, we found 
that co-treatment significantly postponed the relapse of resistant AML and increased the 
survival days of the TRM-transgenic AML recipient mice. These results suggest that 
oncogenic RAS-targeting therapy may increase the therapeutic potential against drug-
resistant AML when combined with chemotherapeutic AraC treatments. 
     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 non-autonomous myelosuppression, 3) to suppress apoptosis in AML blast 
cells, and 4) to inhibit differentiation of AML blast cells. In treatment of AML, oncogenic 
RAS suppression combined current chemotherapy may improve the therapeutic potential 
and achieve longer remission period. 
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I. Overview of Acute Myeloid Leukemia (AML) 

Leukemia is a group of malignant diseases of the bone marrow and blood 

characterized by uncontrolled overproduction of white blood cells (leukocytes).1,2 The 

major types of leukemia are divided by the malignant leukocyte origin. Leukemia can be 

of myeloid lineage (granulocyte, monocyte, erythroid or megakaryocyte) or lymphoid 

lineage (B cell, T cell or natural killer cell).1 Leukemia can be further subdivided by acute 

and chronic forms: acute or chronic myeloid leukemia and acute or chronic lymphoid 

leukemia.2 In contrast to chronic leukemia that slowly progresses with the great number 

of terminally differentiated leukocytes carrying out some normal functions, acute 

leukemia is a rapid progressing disease of non-functional immature cells.1,2  

Because acute myeloid leukemia (AML) is a genetically and phenotypically 

heterogeneous disease, the French-American-British (FAB) classification system 

classified acute myeloid leukemias (AMLs) into eight categories based on morphological, 

cytochemical, and immunophenotypic characteristics of the leukemia blasts: 

undifferentiated myeloblastic (M0), non-maturated myeloblastic (M1), maturated 

myeloblastic (M2), promyelocytic (M3), myelomonocytic (M4), monocytic or 

monoblastic (M5), erythrocytic (M6), and megakaryocytic (M7) AMLs (Figure 1).1,3,4 

Recently, the World Health Organization (WHO) classification system has been adopted 

to acknowledge the more-recently described cytogenetic abnormalities that could provide 

additional cytogenetic and molecular characteristics to reclassify AML patients into those 

with a favorable, intermediate, or poor prognosis.5,6 For example, AMLs are reclassified 

based on recurrent genetic abnormalities: FAB M2 and others with t(8;21)(q22;q22) 
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(AML1-ETO), FAB M4 with abnormal bone marrow eosinophils and inv(16)(p13q22) or 

t(16;16)(p13;q22) (CBFβ-MYH11), FAB M3 with t(15;17)(q22;q12) (PML-RARα) and 

variants, and FAB M4/M5 and others with 11q23 (MLL) abnormalities.1,6 Moreover, the 

WHO classification system categorizes the chronic myeloproliferative diseases (CMPDs) 

as a subdivision of myeloid neoplasms, which has been replaced by myeloproliferative 

neoplasms (MPNs) in 2008, including myeloproliferative disorders (MPDs; chronic 

myelogenous leukemia, polycythemia vera, essential thrombocythemia and primary 

myelofibrosis), chronic neutrophilic leukemia, chronic eosinophilic 

leukemia/hypereosinophilic syndrome, unclassifiable CMPD, and mast cell disease.6,7 

Annually, approximately 31,500 individuals in the United States will be diagnosed 

with one form of leukemia and approximately 21,500 patients die of leukemia.8-11 

Although the incidence rate of leukemia is about 3% of all cancers, acute leukemias lead 

the high death rate in children (almost 15% of acute childhood leukemia) and young 

adults age < 39 years.9,11 The risk for developing AML increases more than 10-fold from 

age 25 – 29 years (≈1 case/100,000 people) to age 65 – 69 years (≈11 cases/100,000 

people) (Figure 2).12 The age-adjusted incidence rate and death rate of AML in the United 

States in the years 2001 – 2005 was approximately 3.6 and 2.8 per 100,000 persons, 

respectively.12 According to the Cancer Facts and Figures published by American Cancer 

Society in 2008, an estimated 44,270 people will be diagnosed as new leukemia patients 

in the United States and, of those, approximately 13,290 will be acute myeloid leukemia 

(AML) patients.13 Leukemia is expected to cause 21,710 deaths in the United States in 

2008 and 8,820 of those will be due to AML.13 The death rate of AML accounts for 
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approximately 41% of all leukemias that is the highest lethality of all leukemia types.13   

 

II. Chemoresistance in Treatment of AML  

AML is a uniformly fatal disease, if not immediately and intensively treated, 

because AML patients ultimately die of the leading complications, that is bone marrow 

failure resulting in anemia, infection, or bleeding (median survival, 11 – 20 weeks).8,14,15 

Although remission induction chemotherapy has improved and led to remarkable 

progress in the treatment of AML after diagnosis, only 60 – 80% of children and younger 

AML patients under the age of 60 years achieve complete remission (CR) and 40% of 

those who achieve remission are expected to get long-term disease-free survival (usually 

>5 years).16-18 In older patients (>60 years of age), however, 50% or lower remission rates 

are frequent and 15% or less of patients survive 2 years.19 Unfortunately, the majority of 

AML patients who achieve their first CR are not expected to enjoy long-term disease-free 

survival, because 75 – 80% of those are predicted to relapse in only 12 months (median 

time) after remission and the chance of long-term survival after relapse is less than 10% 

with current therapies.17,20  

Chemotherapies, bone marrow/hematopoietic stem cell transplantations, and 

targeted therapies are currently use to treat AML based on prognostic factors such as 

karyotype, age and white blood cell count, and molecular markers.1,21-25 

Chemotherapeutic treatments are initially used to achieve CR in most AML patients by 

combining at least two drugs.2 The combination of chemotherapeutic drugs acting in 

different pathways is to efficiently prevent DNA synthesis in leukemia cells.2 For 
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example, anthracycline drugs (i.e. daunorubicin and doxorubicin) interact directly with 

DNA in the nucleus of cells and interfere with cell survival. Antimetabolite drugs as 

analogs of nucleosides (i.e. cytarabine (AraC) and cladribine) replace normal nucleotides 

with active triphosphorylated forms in DNA and prevent cell growth. Various inhibitors 

of DNA repair system or DNA synthesis are also used to prevent normal DNA formation. 

In most cases, AML patients are treated with standard induction chemotherapy combining 

cytarabine (AraC) and an anthracycline.2,17 Since chemotherapeutic drug-resistant AML 

relapse is commonly found in patients treated with conventional therapies, stem cell 

transplantations and molecularly targeted therapies may be considered for treatment in 

first CR to decrease the relapse risk.25-27  

Several mechanisms of chemotherapeutic drug resistance have been investigated in 

patients with AraC-resistant AML. The multidrug resistant phenotype associated with 

overexpression of transmembrane efflux pumps, such as P-glycoprotein (P-gp), multidrug 

resistance-associated protein (MRP) and lung resistance-related protein (LRP), has been 

most widely studied.28-30 Although overexpression of P-gp, MRP and LRP in AML 

patients treated with combining AraC and anthracyclines is associated with lower CR 

rates and shorter overall survival, a significant number of patients cannot achieve CR 

without the expression of these proteins.31-34 Other studies analyzing the expression of 

proteins involved in AraC metabolism and catabolism suggested that expression of 

cytoplasmic 5′-nucleotidase (5NT) or equilibrative nucleoside transporter 1 (hENT1) 

deficiency in leukemia blasts may play a role in resistance mechanisms to AraC in 

patients with AML.35 Using murine AML cell lines resistant to AraC, it is found that 
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overexpression of Bcl2 gene encoding an apoptosis inhibitor is related with 

chemoresistance in murine AML cells.36  

 

III. Genetic Abnormalities in AML Development  

Like other human cancers, AML is the consequence of multiple genetic events. 

AML represents a group of clonal hematopoietic stem cell disorders that develop as a 

result of cumulative genetic and epigenetic abnormalities that affect key regulatory genes 

conferring a proliferative growth, survival advantage or differentiation in the 

myelogenous stem/progenitor cells.23,36,37 Based on previous evidence demonstrating that 

multiple mutations are required to transform human cells, Kelly and Gilliland have 

hypothesized that cooperation of two classes of mutations induces the development of 

AML (Figure 3).38 Briefly, Class I mutations confer a proliferative and/or survival 

advantage to hematopoietic progenitors. This class includes BCR-ABL and TEL-PDGFβR 

translocations, FLT3 internal tandem duplication (ITD), and RAS activating mutations.39-

42 Class II mutations, which impair differentiation of hematopoietic cells and confer self 

renewal capacity, include AML1 or C/EBPα point mutation and various balanced 

translocations such as AML1-ETO, MLL-AF9, MLL-ENL, CBFβ-SMMHC, and PML-RAR

α.43-49 

The oncogenes of the class I family constantly activate multiple signaling pathways 

to promote proliferation and cellular survival of transformed leukemia cells. The 

oncogenes encoding receptor tyrosine kinases such as ABL, KIT, and FLT3 are 

frequently mutated in myeloid leukemia and activate intracellular signal transduction 
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pathways such as the PI3K/AKT, JAK/STAT, RAS/ERK pathways.50,51 BCR-ABL, which 

is generated by a balanced translocation between the Philadelphia chromosome 22 and 

chromosome 9 and frequently found in chronic myeloid leukemia (CML), elevates the 

intrinsic tyrosine kinase activity of ABL and a reduction in growth factor dependence and 

an enhancement of viability.52 In AML, distinct gain-of-function mutations of KIT are 

mostly found in exon 8 (encoding the extracellular domain) and exon 17 (encoding the 

second part of the kinase domain) that result in a hyperactive response to stem cell factor 

binding and enable ligand-independent activation of the c-kit receptor, respectively.53 The 

mutations of FLT3 are found in about 30% of myeloid leukemia. An internal tandem 

duplication (ITD) in the juxtamembrane domain of FLT3 (FLT3-ITD) is more frequent in 

leukemia than the overexpression or point mutation of FLT3.41,52 In addition to upstream 

signal amplification caused by the oncogenic mutations of receptor tyrosine kinases, 

RAS/ERK signaling pathway is also activated by a point mutation in RAS itself or a loss 

of GTPase activating protein (GAP) that is found up to 30% of hematopoietic 

malignances including AML, myelodysplastic syndrome (MDS), and myeloproliferative 

diseases (MPD).54,55 Point mutations on amino acid 12, 13, and 61 of NRAS and KRAS 

(i.e. G12V and G13D) cause longer association of RAS with GTP by reducing GAP 

sensitivity of RAS, thus enabling to maintain active formation, and upregulate cell 

proliferation and survival of transformed leukemia cells.55-59  

The balanced chromosome translocations of the class II mutations are associated 

with genes encoding transcription factors or transcriptional co-activators such as MLL (a 

homolog of trithorax as a positive regulator of HOX gene), AML1/CBFA (a core binding 
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factor), TEL (an ETS family transcription factor), RARA (a retinoic acid ligand-dependent 

transcription factor), and NUP98/NUP214 (a subset of nucleoporins containing FG 

repeats).37,60-65 Of these, the multiple distinct translocations targeting multiple lineage 

leukemia (MLL) gene or the acute myeloid leukemia 1 (AML1) gene are frequently found 

in AML that predict poor prognosis.23,44,66-68 Since MLL and AML1 genes are required for 

the development of some or all of the definitive hematopoietic lineages, a null mutation 

of either gene results in the incomplete or absent development of hematopoietic stem and 

progenitor cells in vivo and in vitro.67,69-73 The oncoproteins fused with MLL or AML1 

induce epigenetic changes such as aberrant methylations in CpG islands and/or histones 

that result in abnormal transcriptional regulation.69   

 

IV. Oncogene Addiction and Molecularly Targeted Therapy 

     Although cancer cells contain multiple genetic and epigenetic abnormalities, the 

growth and survival of cancer cells can be impaired by the inactivation of a single 

oncogene.74 The hypothesis of “oncogene addiction” was suggested to describe the 

apparent acquisition of dependency by tumor and cancer cells on a single oncogenic 

activity.74,75 The hypothesis has been tested in several different transgenic mouse models 

of tumorigenesis and the phenomenon is characterized by the cell cycle arrest, 

differentiation induction, and apoptotic response of tumor cells by the acute inactivation 

of an oncogene that initially and mainly contributes to the tumor development. For 

instance, switching off the Myc oncogene caused leukemia cells to undergo growth arrest, 

differentiation, and apoptotic cell death after T cell and myeloid leukemia development, 
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which resulted from the overexpression of transgenic Myc oncogene in mice.76 In another 

transgenic model of BCR-ABL-induced leukemia development, conditional repression of 

BCR-ABL expression resulted in rapid apoptosis of leukemic cells.77 The acute 

inactivation of the RAS oncoprotein in mouse model of melanoma and lung 

adenocarcinoma, which were induced by HRAS and KRAS oncogenes, respectively, 

provided evidence that addiction to the RAS oncoprotein results in tumor cell apoptosis. 

78,79 The phenomenon of “oncogene addiction” was found in cell lines as well. Antisense 

RNA-mediated MYC disruption in human tumor-derived cell lines and murine leukemia 

cells led to inhibition of proliferation and induction of differentiation.80,81 An alternate 

explanation for the phenomenon of oncogene addiction, the “oncogene shock” hypothesis 

was suggested, which described that the apoptosis found in tumor cells upon acute 

disruption of an oncogene product is caused by the different decay rates of the 

prosurvival and proapoptotic signals emanating from the oncoprotein following its 

inactivation (Fig. 4).82 

In addition to the acute inactivation of addicting oncogenes, reintroduction or 

restoration of wild-type tumor suppressor genes that are frequently inactivated in cancer 

cells results in cancer cell ablation or senescence in a context-specific manner, referred to 

as "tumor suppressor hypersensitivity" or "addiction to lack of tumor suppressor 

genes".75,83 The phenomenon of "tumor suppressor hypersensitivity" may describe another 

site of the establishment of the oncogene addicted state, because the prerequisite may 

involve the removal of regulatory systems supporting normal cell survival. This 

phenomenon has been mainly found in the case of the p53 tumor suppressor, which is 
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frequently inactivated in human cancers. Reintroduction or stabilization of wild-type p53 

into cancer cell lines harboring mutant p53 or p53-deficient cancer cells led to apoptosis 

or senescence in a context-dependent manner.84,85  

This phenomenon of "oncogene addiction" provides a rationale for molecular 

targeted therapy.74,83,86 The correlation between the presence of activating mutations 

and/or gene amplifications of the target oncogenes and the response to treatment with 

clinically effective inhibitors highlights the potential importance of oncogene addiction in 

molecularly targeted therapy.83,86 To apply this strategy requires novel diagnosis methods, 

including integrative genomics and systems biology, to identify the state of oncogene 

addiction in cancers.74 The “oncogenic shock” model may provide an optimal strategy for 

treating patients with molecularly targeted therapy.83 Alternative "pulse" treatment 

involving on–off cycles of drug administration may lead more opportunities to induce 

signal attenuation and increase probability of oncogenic shock. Moreover, combination 

therapy may also be required to prevent the escape of cancer cells from a given state of 

oncogene addiction.74 For example, clinical studies revealed that the efficacy of 

molecularly targeted agents can be improved by combining them with cytotoxic agents 

inhibiting DNA or chromosomal replication.74 However, because most chemotherapy 

drugs inhibit cell cycle progression, the cell cycle arrest might reduce the ability of cells 

to undergo cell cycle-dependent apoptosis with addicting oncogene-targeted therapy.83  

 

V. RAS Gene and Myeloid Malignancy 

Ras proteins are signal switch molecules by cycling between active GTP-bound and 
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inactive GDP-bound states that regulate cell fates by coupling receptor activation to 

downstream signaling events that control cellular responses including proliferation, 

differentiation and survival.87-90 Guanine nucleotide exchange factors (GEF), such as 

SOS1, which are activated by growth-promoting signals from membrane receptors, 

displace guanine nucleotides from Ras. Active Ras-GTP interacts with Raf, PI3K, and Ral 

proteins to activate downstream signaling cascades.91 A slow intrinsic GTPase activity, 

which is accelerated by GTPase activating proteins (GAP), such as NF1, hydrolyzes 

RAS-GTP to RAS-GDT and terminates signaling. The three Ras genes encode four 

homologous 21 kD proteins: HRAS, NRAS, KRAS4A and KRAS4B.87 KRAS4A and 

KRAS4B result from alternative splicing product encoding the C-terminus of KRAS. The 

N-terminus of all RAS homologs is highly conserved and has a common structure, but 

the C-terminus is known as the hypervariable region. All Ras proteins are farnesylated at 

a terminal CAAX motif (C is cysteine, A is an aliphatic amino acid and X is any amino 

acid). Post-translational isoprenylation is essential for targeting Ras proteins to the 

cytosolic cellular membranes. Since the post-translational modification is essential for the 

biological activity of Ras proteins, farnesyltransferase inhibitors were developed for 

cancer therapy.92-94 However, clinical efficacy of these drugs was disappointing, because 

KRAS and NRAS are activated by another post-translational modification of 

geranylgeranylation.90 

In the Ras-knockout mouse models, mice could survive without both Hras and 

Nras genes.95 Individually, Hras-knockout mice did not have an obvious phenotype, but 

Nras-knockout mice showed defective immune response and T cell function.96-98 

http://www.ncbi.nlm.nih.gov/entrez/query.fcgi?db=gene&amp;cmd=Retrieve&amp;dopt=full_report&amp;list_uids=4893
http://www.nature.com/nrc/journal/v7/n4/glossary/nrc2109.html#df3
http://www.nature.com/nrc/journal/v7/n4/glossary/nrc2109.html#df5
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However, Mice without Kras die in the mid-embryonic stage (E12 – E14) due to fetal 

liver defect and anemia.99,100 Although the specific role of individual RAS homolog is not 

clear, diverse RAS downstream pathways including mitogen-activated protein kinase 

(MAPK) pathway and phosphatidylinositol 3-kinase (PI3K) pathway have been deeply 

studied as the most exciting periods in molecular oncology.88 The list of RAS effectors 

has provided links between RAS activity and diverse biological responses, including not 

only cell proliferation and survival associated with oncogenic responses, but also growth 

arrest, senescence, differentiation, and apoptosis involved in tumor suppression 

mechanisms (Fig. 5).88  

Activating RAS mutations are found in up to 30% of acute myeloid leukemia 

(AML), myeloproliferative disease (MPD), and myelodysplastic syndrome (MDS) 

patients.57,101-104 Compared with mutant KRAS that is frequently found in solid and blood 

tumors, NRAS mutations are mainly found in blood tumors, especially in myeloid lineage 

disorders such as MPD, MDS, and AML.105,106 Activating RAS, which is transformed by 

amino acid substitution (i.e. G12V or G13D) of codon 12, 13, or 61, can predominantly 

associate with GTP by reducing GTPase activity and the sensitivity to GTPase activating 

protein (GAP) thus maintaining an active conformation.107-110 Mouse models harboring 

the RAS activating mutations could be useful for studying these hematopoietic diseases.  
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Figure 1. Relationships to leukemic cells and leukemia stem cells in normal myeloid 

development. Multipotential stem and progenitor cells, including long-term repopulating (LTR) 

and short-term repopulating (STR) stem cells and multipotential progenitors (MPPs), are depicted 

in blue on the left. Committed progenitors, including common myeloid progenitors (CMPs), 

granulocyte–macrophage progenitors (GMPs), megakaryocyte–erythroid progenitors (MEPs) and 

the colony-forming units (CFUs) for granulocytes (CFU-Gs), macrophages (CFU-Ms), erythroid 

(CFU-E) and megakaryocytes (CFU-Mks), are depicted in orange in the middle. Differentiating 

myeloid cells, recognizable by their distinct morphology, are shown at the right. The malignant 

cells in acute and chronic myeloid leukemia are indicated by red boxes. By contrast, the LSCs for 

acute and chronic myeloid leukemias are restricted to rare multipotential and committed 

progenitors, as indicated by the blue boxes. (The figure is copied from the original paper 

published in Trends in Molecular Medicine. Daniela S. Krause and Richard A. Van Etten. Right on 

target: eradicating leukemic stem cells. Trends Mol Med. 2007 Nov;13(11):470-81)

 

http://www.sciencedirect.com/science/journal/14714914
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Figure 2. Age-Specific Incidence Rate of AML in the United States. The horizontal axis shows 

five-year age intervals. The vertical axis shows the frequency of new cases of AML per 100,000 

in a given age-group (The figure is copied from the Surveillance, Epidemiology, and End Results 

[SEER] Program; National Cancer Institute [NCI]; 2008)   
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Class I Mutations          
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▶BCL-ABL, TEL-PDGFR            
▶NRAS and KRAS mutations       
▶FLT3 activating mutations 
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Transcription factors       
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AF9 and MLL-ENL)  
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▶CBFβ-SMMHC and PML-RARα 
translocations

 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 

Figure 3. Model of the hypothesis of two class mutations in AML development. The model 

hypothesizes that AML is the consequence of a collaboration between at least two broad classes 

of mutations. Class I mutations Confer proliferation and/or survival advantage, but do not 

differentiation. Class II mutations Serve primarily to impair hematopoietic differentiation and 

subsequent apoptosis. (Adapted from Kelly, L.M. and Gilliland, D.G. Genetics of myeloid 

leukemias. Annu Rev Genomics Hum Genet 3, 179-198 (2002)) 
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Figure 4. Model of the relationship between oncogene addiction and oncogenic shock. In 

normal cells, numerous prosurvival signals (thin green arrows) predominate and keep the various 

proapoptotic stimuli (thin red arrows) in check, thus leading to normal cell homeostasis. In cancer 

cells, the activation of an oncogene results in an oncogene-addicted cancer cell (indicated by the 

black shaded box). In oncogene-addicted cancer cells, the pre-eminence of an oncoprotein 

results in the atrophy of other survival (dashed green arrows) and death (dashed red arrows) 

signals and the dominance of oncoprotein-dependent survival (thick green arrow) and death 

(thick red arrow) outputs. Even in this oncogene-addicted state, the survival outputs from the 

actively signaling oncoprotein predominate, thereby keeping the oncoprotein-induced death 

signal in check. Upon acute inactivation of the oncoprotein, “oncogenic shock” results in 

differential signal attenuation, associated with the rapid attenuation of oncoprotein-generated 

prosurvival signals, whereas the oncoprotein-induced proapoptotic signals linger sufficiently long 

such that the cell becomes committed to an apoptotic death. During this vulnerable window of 

time (indicated by the blue shaded box), the longer-lived proapoptotic signals gain the upper hand 

and cause the cells to irrevocably undergo apoptosis. (The figure and legend are copied from the 

original paper published in Clinical Cancer Research. Sharma, S.V., Fischbach, M.A., Haber, D.A. 

& Settleman, J. "Oncogenic shock": explaining oncogene addiction through differential signal 

attenuation. Clin Cancer Res 12, 4392s-4395s (2006)) 

http://www.sciencedirect.com/science/journal/14714914
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Figure 5. Overview of RAS effectors and corresponding biological responses. Active RAS 

proteins activate a wide variety of cell signalings, such as transcription, translation, cell-cycle 

progression, apoptosis or cell survival. The blue boxes represent adaptor complexes. (The figure 

is copied from the original paper published in Nature Reviews Cancer. Malumbres, M. & Barbacid, 

M. RAS oncogenes: the first 30 years. Nat Rev Cancer 3, 459-465 (2003)) 
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I. Abstract 

We previously showed that Vav promoter-tetracycline transactivator (Vav-tTA)-

driven tetracycline-regulated element (TRE)-NRASG12V expression resulted in 

mastocytosis development in mice. To investigate which hematopoietic cells express 

TRE-driven transgenes when combined with Vav-tTA, we assayed hematopoietic cells 

including bone marrow-derived mast cells (BMMC) and CD34 positive hematopoietic 

progenitor cells (HPC) as well as myeloid and lymphoid lineages. To determine if 

suppression of NRASG12V expression early in life would delay mastocytosis we treated 

developing and juvenile mice with Dox. Vav-tTA-driven luciferase expression was 

assayed by live mouse imaging and relative light unit (RLU) measurement before or after 

treating Vav-tTA and TRE-luciferase (TRE-Luc) co-transgenic mice with doxycycline 

(Dox). Magnetic cell sorting (MACS) and fluorescence-activating cell sorting (FACS) 

methods were used to sort hematopoietic cells. To suppress TRE-mediated luciferase or 

NRASG12V expression in Vav-tTA co-transgenic mice, we added Dox into the drinking 

water. We found that B cells in the bone marrow and T cells in the thymus expressed Vav-

tTA-driven luciferase at much higher levels than in myeloid cells, BMMC and CD34 

positive HPC, which showed relatively low levels. Dox treatment completely eliminated 

the luciferase expression from all hematopoietic cells. Repression of TRE-NRASG12V 

expression early in life was sufficient to increase the latency of mastocytosis 

development. Thus, we concluded that the Vav-tTA transgenic line will be very useful for 

conditional transgene expression in developing B and T cells. Vav-tTA-driven NRASG12V 

expression is sufficient for mastocytosis development but not for myeloid leukemia. 
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Lymphoid cells are resistant to NRASG12V transformation despite high level of expression. 

 

II. Introduction 

Hematopoietic cell-specific promoters are essential for the study of leukemia-

associated genes and potential therapeutic targets, as well as to study normal 

hematopoiesis. HS21/45 transcriptional regulatory sequences of the Vav protooncogene, 

the Vav promoter/enhancer construct, were developed by Ogilvy et. al. and have been 

shown to express exogenous transgenes in all hematopoietic cells.111-113 The Vav 

protooncogene, a guanine nucleotide exchange factor, is known to be mainly expressed in 

all hematopoietic cells beginning from the fetal stage (E11.5) at liver.114-117 Although Vav 

is essential for the proper development and function of lymphocytes, it is not required for 

mouse development.115,116,118 The Vav protooncogene product transduces signals from 

various surface receptors to calcium, ERK, and NF-κB pathways by regulating GDP/GTP 

exchange of Rho-like G proteins.119-122 To study hematopoietic neoplasia, the Vav 

promoter has been used in vivo to induce transgenic oncogene expression, including Bcl-

2 and the activated FLT3 gene in hematopoietic cells.123-126 Although previous papers 

presented Vav promoter-mediated reporter gene expression in various hematopoietic cell 

lineages, the differential lineage-specific levels of Vav promoter-induced transgene 

expression still remain unclear.112,127,128 Moreover, no Vav-tetracycline transactivator 

(Vav-tTA) transgene has been extensively analyzed. The tTA/TRE-transgene repressible 

system has been used to conditionally regulate transgene expressions in vivo by 
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doxycycline (Dox) treatment in various studies.129-131  

Oncogenic RAS gene activating mutations are found in up to 30% of acute myeloid 

leukemia (AML), myeloproliferative disease (MPD), and myelodysplastic syndrome 

(MDS) patients.57,101-104 The activating NRAS G12V substitution results in its longer 

association with GTP by reducing GTPase activity and the sensitivity to GTPase 

activating protein (GAP) thus maintaining an active conformation.107-110 Mouse models 

harboring the NRASG12V activating mutation could be useful for studying these 

hematopoietic diseases. We previously developed the Vav-tTA and TRE-NRASG12V co-

transgenic FVB/n line to study the Vav-tTA-driven NRASG12V oncogene expression in 

hematopoietic malignancy. Interestingly, the doubly transgenic mice developed a unique 

model of mast cell disease similar to human aggressive systemic mastocytosis (ASM) 

without other detectable hematopoietic defects or malignancy.126 This raised a question as 

to why Vav-tTA-driven NRASG12V expression induces only mast cell disease in these mice.  

To address this question, we analyzed Vav-tTA-driven TRE-transgene expression levels in 

different hematopoietic cell lineages. The Vav-tTA transgene was combined with a Tet-

regulated element promoter-firefly luciferase (TRE-Luc) transgene expression. Here we 

report the expression levels of luciferase in hematopoietic lineage cells in Vav-tTA and 

TRE-Luc co-transgenic mice. In addition, the effect of NRASG12V expression on the 

mastocytosis development during early development is also described. 

 

III. Results  

1. Vav promoter drives tTA-mediated transgene expression in all hematopoietic 
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tissues, which are conditionally repressed by Dox treatment 

To explore Vav-tTA-driven transgene expression in hematopoietic tissues, we 

generated three independent founder lines of Vav-tTA transgenic mice, tTA6035, tTA6043 

and tTA6916 [16]. Two founder lines (tTA6043 & tTA6916) were identified that express 

identical patterns of luciferase in TRE-Luc co-transgenic mouse hematopoietic organs 

(data not shown). So, a Vav-tTA transgenic line (tTA6916) was used to generate TRE-Luc 

or TRE-NRAS(V12) co-transgenic mice. The luciferase expression was detected by live 

imaging after intraperitoneal injection of D-luciferin (Fig. 1A). Ventral imaging of the 

doubly transgenic mice presented luciferase expression in the region around the sternum, 

thymus, and heart and to a lesser extent the spleen and lymph node loci. By treating with 

Dox for 7 days, detectable in vivo luciferase expression was completely eliminated to 

background level seen in TRE-Luc singly transgenic mice. Moreover, we prepared 

hematopoietic cells from bone marrow, spleen, thymus, lymph node, and peripheral blood 

to measure the Vav-tTA-driven luciferase expression (Fig. 1B). After removing the RBC, 

we measured RLU of luciferase activity in each total cell lysate. The Vav-tTA-driven 

luciferase expression was two to many orders of magnitude higher in all cell lysates than 

the background expression in the control cell lysates of the same tissues from TRE-Luc 

singly transgenic mice. Comparing the RLU of various cell lysates with the lowest 

luciferase expression in lymph node cells, the Vav-tTA-driven luciferase expression was 

found at the highest level in thymus (p = 0.006) and at significantly higher levels in bone 

marrow (p = 0.013) and spleen (p = 0.046). The luciferase expression in peripheral blood 

(p = 0.033) was similar to the RLU of bone marrow or spleen cell lysates (p = 0.155 or p 
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= 0.202, respectively). The luciferase expression was completely repressed as low as the 

detectable background level by treating with Dox for 4 days. Combining these two results, 

we found that Vav-tTA-driven TRE-transgene expression was obviously distinct among 

different hematopoietic tissues, and was conditionally repressed by Dox treatment in our 

transgenic mouse lines similar to previous studies 112,113,128,132,133. 

 

2. Vav promoter-driven tTA-mediated transgene expressions in developing B and T 

cells are significantly higher than in myeloid and other lymphoid cells 

To study the patterns of Vav-tTA-driven luciferase expression in myeloid and 

lymphoid cells, myeloid cells from bone marrow or spleen were sorted by individual 

incubation with the anti-Mac-1 or anti-Gr-1 microbead antibodies. Lymphoid cells from 

bone marrow, spleen, and thymus were also separated by using anti-CD19 microbead 

antibody for B cells and anti-CD4 or anti-CD8a microbead antibody for two different T 

cell populations, respectively (Fig. 2A). In bone marrow and spleen cells, the Vav-tTA-

driven TRE-luciferase expression was much lower in myeloid or T cells than in CD19-

positive B cells (p = 0.014). The RLU value of T cell lysates sorted from thymus cells 

presented more luciferase expression, but not significantly (p = 0.101), than that of B cell 

lysates from bone marrow or spleen cells. Combining these results, we hypothesized that 

the Vav-tTA-driven TRE-luciferase expression in CD4 or CD8 positive T cells in thymus 

and CD19 positive B cells in bone marrow or spleen comprised most of the RLU value of 

total cell lysates prepared from the individual tissues.  

To explore Vav-tTA-driven TRE-transgene expression levels in different 
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developmental stages of hematopoietic lineage cells, we also analyzed the luciferase 

expression in hematopoietic cells that were doubly positive (DP) or singly positive (SP) 

by applying the FACS method (Fig. 2B & C). Fluorochrome-conjugated anti-Mac-1, anti-

Gr-1, anti-CD4, anti-CD8a, or anti-CD19 antibody was used for the hematopoietic 

lineage-dependent cell sorting. We measured RLU of all the cell lysates sorted by every 

SP and DP combination of myeloid or lymphoid cells if more than 5 x 104 cells could be 

obtained. Vav-tTA-driven luciferase expression in all myeloid lineage cells was at the low 

levels similar to that in the myeloid cells sorted by MACS, although the RLU value of 

bone marrow Mac-1 and anti-Gr-1 DP myeloid cell lysates was significantly lower (p = 

0.006) than that of spleen SP myeloid cell lysates. Vav-tTA-driven luciferase expressions 

in different lymphoid lineages varied. Anti-CD4 and anti-CD8a DP T cells from thymus 

showed significantly more luciferase expression (p < 0.001) than in SP T cells from 

thymus and spleen. Anti-CD19 positive B cells in bone marrow also showed notably 

higher RLU value (p < 0.001) than in spleen and lymph node. These results show that 

developing B and T lymphoid cells strongly induce Vav-tTA-driven TRE-luciferase 

expression at significantly higher levels than in myeloid lineage cells and more 

differentiated lymphoid lineage cells. Moreover, this data support that the CD4 or CD8a 

positive thymus T cells expressing luciferase at high levels shown in Fig. 2A are mostly 

CD4 and CD8a DP T cells. 

 

3. Hematopoietic progenitor cells (HPC) and bone marrow-derived mast cells 

(BMMC) activate the Vav promoter at low levels similar to the myeloid cells in bone 
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marrow  

Since the previous experiments showed that Vav-tTA and TRE-NRASG12V co-

transgenic mice developed a unique mast cell disease,126 hematopoietic progenitor cells 

and mast cells in bone marrow were also analyzed for Vav-tTA-driven luciferase 

expression. After purifying CD34 positive HPC with or without lineage depletion from 

the bone marrow cells of Vav-tTA and TRE-Luc co-transgenic mice, the Lin- CD34 

positive HPC (3.5 x 105) and the CD34 positive HPC (1.4 x 105) without lineage 

depletion showed Vav-tTA-driven luciferase expression at levels similar to that seen in 

Mac-1 and Gr-1 positive myeloid cells in bone marrow (Fig. 3). 

After culturing the bone marrow cells of Vav-tTA and TRE-Luc co-transgenic mice 

in the BMMC culture media 134 for 4 weeks, about 38% of the cells were mast cells 

similar to the 46% mast cells in the 4 week BMMC culture from Vav-tTA and TRE-

NRASG12V transgenic mice. The cultured BMMC were lysed to measure the RLU of cell 

lysates (Fig. 4). Vav promoter-driven TRE-luciferase expression in BMMC was detected 

at low level similar to that previously found in Mac-1 and Gr-1 positive myeloid cells. So, 

we conclude that mastocytosis development does not require high expression of 

NRASG12V in CD34 positive HPC and mast cells of Vav-tTA and TRE-NRASG12V co-

transgenic mice. 

 

4. Doxycycline treatment during embryogenesis and before weaning is sufficient to 

lengthen the latency of the mastocytosis development 

To study whether temporal repression of Vav-tTA-driven NRASG12V expression in 
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embryonic and pre-weaning periods will delay the development of mast cell disease, we 

treated parental mice only with Dox in while mating, pregnant, and feeding new litters 

(Fig. 5). Mast cell tumors were obvious on mouse skin around eyes, mouth, and neck 300 

to 503 days after birth after temporally treating Dox (n = 11), but in 176 to 288 days 

without Dox treatment (n = 4) (p < 0.01). The phenotype of the mast cell disease, similar 

to human aggressive systemic mastocytosis, was identical to that previously 

described,126,135 although in this case the strain background was FVB/n x BL6 F1 mice 

rather than FVB/n mice. These results implied that the suppression of Vav promoter-tTA-

driven TRE-mediated NRASG12V expression in the prenatal and pre-weaning periods is 

sufficient to dramatically delay mast cell disease. 

         

IV. Discussion 

We found that our Vav promoter-tTA-driven TRE-transgene expression system is 

significantly more active in developing B and T cells in bone marrow and in thymus, 

respectively, than in other hematopoietic cell lineages including myeloid, CD34 positive 

HPC and BMMC (Fig. 2, 3, & 4). In contrast, a previous study of Vav promoter-driven 

Cre expression showed similar loxP recombination levels in all hematopoietic 

lineages.128,136 However, those results may conflict with ours, because a low amount of 

Cre may be sufficient to recombine loxP sites. Our results are similar to the data from 

another previous study of the Vav promoter-driven human CD4 expression,112 but showed 

more distinct transgene expression levels among hematopoietic lineages, with expression 

levels showing a several log change between lineages and stages of development.  
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Lymphoid lineage-specific enhancers/promoters have been used to induce 

transgene expressions in transgenic mice. Human CD2 gene regulatory elements have 

been used to induce the expressions of c-Myc or Cre in B and T cells.136,137 The distal 

promoter of mouse Lck gene has been used to drive Cre expression or an ion channel 

transgene from an avian influenza virus in thymic T cells.138-140 Mouse IgH (Eμ) gene 

intron enhancer linked with SV40 early promoter also drives a transgene expression in B 

and T lymphocyte lineages.141-143 In contrast, regulatory elements that express tTA in 

progenitor cells and the myeloid lineage have been used to create transgenic mice. SCL 

(TAL-1) regulatory element-tTA-driven transgene expression was detected in erythrocytes 

at high level and in megakaryocytes, granulocytes, and c-Kit+/Lin- bone marrow cells at 

low levels.144 Human CD34-tTA-mediated transgene expressions in bone marrow and 

other tissues is similar to the expression pattern of human CD34 in multipotent stem 

cells.145 In this study, we have extensively characterized one Vav-tTA transgenic line 

among three founder lines that combines the features of the lines described above showed 

developing lymphoid lineage cells highly expressed Vav promoter-tTA-driven TRE-

luciferase that was completely eliminated by the short-term Dox treatment (Fig. 1 & 2). 

Furthermore, the suppression of Vav promoter-tTA-driven transgene expression likely 

occurs prenatally in developing embryos of female mice treated with Dox, since the 

temporal Dox treatment during the early development period significantly increased the 

latency of mastocytosis development in Vav-tTA and TRE-NRASG12V co-transgenic mice 

(Fig. 4). Consequently, we believe our Vav promoter-tTA-driven conditional transgene 

expression system will be very useful for studying malignancies of developing B and T 
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cells and their normal development in mice. 

These results also imply that the mastocytosis development in mice we observed 

before126 might be not caused by mast cell-specific high expression of Vav promoter-

driven NRASG12V. Instead, our results suggest that mast cells are hypersensitive to 

NRASG12V expression. The interpretation is supported by another study using the mouse 

bone marrow transduction and transplantation model with retrovirus encoding the 

activated NRASG12D gene,146 since they also found mastocytosis along with chronic 

myeloid leukemia and acute myeloid leukemia. Consequently, we conclude that mast 

cells are very sensitive to activated RAS oncogenes, but lymphoid cells are very 

insensitive in mice. 

 

V. Materials and Methods 

Transgenic mice and treatment 

To generate Vav-tTA and TRE-Luc co-transgenic mice, we crossed the Vav-tTA 

transgenic FVB/n line, we previously developed,126 and the Tg(tetL)1Bjd/J strain, a TRE-

Luc transgenic line, purchased from Jackson Laboratories and originally described in 

Kistner et. al. 130. Vav-tTA and TRE-NRASG12V co-transgenic FVB/n x C57BL/6J (BL6) F1 

mice were generated by mating Vav-tTA and TRE-NRASG12V co-transgenic FVB/n mice126 

and wild-type (WT) BL6 mice. To repress TRE-mediated luciferase and NRASG12V 

expression in Vav-tTA co-transgenic mice, we added doxycycline hyclate (Dox) (Sigma-

Aldrich, St. Luis, MO) to sterilized drinking water with 0.1% sodium saccharin (Alfa 

Aesar, Ward Hill, MA) to a final Dox concentration of 5 mg/ml.147 The solution was 
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changed every 4 to 6 days and protected from light by wrapping with autoclaved paper 

towels or aluminum foil. To repress the NRASG12V expression in Vav-tTA and TRE-

NRASG12V co-transgenic new litters, we treated parental mice with Dox during the 

pregnancy (about 21 days) and maternal feeding periods (21 days) before weaning. 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 mice were humanely sacrificed in a carbon dioxide chamber for 

harvesting the required tissues.  

 

Live imaging for luciferase expression 

Three-month-aged Vav-tTA and TRE-Luc co-transgenic and TRE-Luc singly 

transgenic mice were used in experiments to detect luciferase expression in vivo. We 

intraperitoneally injected avertin (2, 2, 2-tribromoethanol; Sigma-Aldrich, St. Luis, MO) 

at approximately 250 mg/kg dose, and shaved hairs on the abdomen and chest of mice 

after anesthetizing mice. At the indicated times, 100 ul of 28.5 mg/ml D-luciferin 

potassium salt (Xenogen, Alameda, CA) solution was intraperitoneally injected. Five 

minutes later after the luciferin injection, transgenic mice were imaged from 1 to 5 

minutes depending on the signal intensity by using a Series 100 intensified CCD camera 

(Xenogen, Alameda, CA) according to the manufacturer’s instructions.   

      

Hematopoietic cell preparation 

Bone marrow cells were flushed from the femurs and tibiae with 1x Dulbecco’s 
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Modification of Eagle’s Medium (Cellgro, Herndon, VA) and washed with 1x ice-cold 

phosphate-buffered saline (PBS). The single cell suspensions from spleen, thymus, or 

lymph node were prepared by grinding tissues with glass caps and screening with 70 μm 

cell strainers (BD Falcon, Bedford, MA). Peripheral blood was obtained by retro-orbital 

puncture. After anesthetizing eyes with 0.5% ophthalmic solution of proparacaine 

hydrochloride (Falcon Pharmaceuticals, Fort Worth, TX), 200 μl blood was collected 

with EDTA-coated capillary tubes (Drummond Scientific, Broomall, PA) and was 

transferred to a blood collection tube (Ram Scientific, Needham, MA). To isolate 

nucleated cells, we lysed red blood cells (RBC) by suspending each pelleted cells in 4 ml 

RBC lysis buffer (0.15 M NH4Cl, 1.0 M NaHCO3, 0.1 M Na2EDTA) for 3 minutes. The 

nucleated cells were washed once in 1x PBS and stored in ice after discarding supernatant 

from pelleted cells for further experiments. 

 

Relative light unit (RLU) measurement 

To measure the luciferase activity, the nucleated cells prepared from bone marrow, 

spleen, thymus, lymph node, or peripheral blood were lysed and homogenized in 100 or 

200 μl 1x lysis reagent (Promega, Madison, WI) depending on the number of prepared 

cells. After spinning down insoluble cell debris, 10 μl of each cell lysate was added into 

one glass luminometer tube (Corning, NY) of 100 μl Promega’s Luciferase Assay 

Reagent containing luciferase substrates. Immediately, RLU were measured by a 2 

second measurement delay followed by a 10 second measurement with Lumat LB 9507 

luminometer, (Berthold Tech., Germany). The RLU values of luciferase activity were 
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adjusted by subtracting the background value from the measured RLU. The final RLU 

value was then expressed as RLU per microgram (μg) of protein in the 10 μl protein 

lysate. The protein concentration was measured by Bradford method with the 

standardized protein curves using 2 mg/ml bovine serum albumin (BSA; Pierce, 

Rockford, IL) or 1 mg/ml BSA (New England BioLabs, Beverly, MA).   

       

Magnetic cell sorting (MACS) 

Hematopoietic cells from Vav-tTA and TRE-Luc co-transgenic mice were separately 

collected by using metal microbead-conjugated mouse antibodies, which were anti-

CD11b (Mac-1) and anti-Ly-6G (Gr-1) microbead antibodies for myeloid cells, anti-CD4 

and anti-CD8 microbead antibodies for T lymphoid cells, and anti-CD19 microbead 

antibodies for B lymphoid cells (Miltenyi Biotec, Auburn, CA). Partially modified 

manufacturer’s instructions were followed as described below. To test activation of the 

Vav promoter between myeloid and lymphoid cells, we used a mix of anti-Mac-1 and 

anti-Gr-1 antibodies and another mix of anti-CD4, anti-CD8a, and anti-CD19 antibodies 

to positively sort myeloid and lymphoid cells, respectively, from 1 x 107 bone marrow, 3 

x 107 spleen, or 1 x 107 thymus cells. We also sorted single antibody-positive cells from 

the total bone marrow, spleen, or thymus cells by using single microbead antibodies. 

Alternatively, we depleted lineage-positive cells to isolate lineage negative (Lin-) 

bone marrow cells, which were collected through two steps of negative sorting. Anti-

Mac-1 and anti-Gr-1 microbead antibodies were mixed to deplete Mac-1 and Gr-1 

positive myeloid cells from 3 x 107 bone marrow cells, and then anti-CD4, anti-CD8a, 
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and anti-CD19 microbead antibodies were used together to remove CD4, CD8a, or CD19 

positive lymphoid cells from the Mac-1 and Gr-1 negative bone marrow cells. The Lin- 

bone marrow cells were used to sort CD34 positive hematopoietic progenitor cells (HPC) 

by FACS. The lineage-positive depleted bone marrow cells were also collected to check 

the precision of the sorting method. 

 

Fluorescence-activating cell sorting (FACS) 

To test the Vav-tTA-mediated luciferase expression in single or double antibody-

positive cells, 1 x 107 bone marrow, 3 x 107 spleen, 1 x 107 thymus, or 1 x 107 lymph 

node cells from Vav-tTA and TRE-Luc co-transgenic mice were sorted by FACS. The 

hematopoietic cells were suspended in 200 μl FACS buffer (PBS, 2% fetal bovine serum, 

0.1% sodium azide). We used FITC-anti-Mac-1 and PE-anti-Gr-1 antibodies to sort 

myeloid cells, FITC-anti-CD4 and PE-anti-CD8 antibodies to sort T lymphoid cells, and 

PE-andti-CD19 antibody to sort B lymphoid cells. All fluorochrome-conjugated 

antibodies were purchased from BD Biosciences (San Jose, CA). The hematopoietic cells 

were incubated with the fluorochrome-conjugated antibodies for 45 minutes, and then 

washed. After simple centrifugation, the cells were resuspended in FACS buffer and 

stored in ice until analysis. All procedures were performed in ice or pre-chilled 4°C 

centrifuge and protected from light. The antibody-labeled cells were filtered through 70 

μm cell strainers (BD Falcon, Bedford, MA) and then sorted by the fluorescence of 

antibody-conjugated fluorochromes. The cell sorting was performed by FACSDiva Cell-

Sorting System (BD Biosciences, San Jose, CA) through 90 μm nozzle under cooling 
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conditions.  

To sort Lin- CD34 positive HPC cells, we used the Lin- bone marrow cells, which 

were collected by the two-step deletion described in MACS method. The Lin- bone 

marrow cells were incubated with Biotin-conjugated anti-CD34 antibody for 6 hours (BD 

Biosciences, San Jose, CA). PE-conjugated streptavidin was added into the anti-CD34 

antibody-labeled cells for 2 hours (BD Biosciences, San Jose, CA). Also, total CD34 

positive hematopoietic progenitor cells were collected from bone marrow cells by the 

same FACS method without lineage depletions. All incubations were performed in ice 

followed by one-time washing with FACS buffer. The sorting procedures and conditions 

using FACSAria Cell-Sorting System (BD Biosciences, San Jose, CA) were same as the 

cell sorting described previously.  

 

Bone marrow-derived mast cell (BMMC) culture and staining 

To culture BMMC in vitro, we used the BMMC in vitro culture method described 

in a previous paper 134. Bone marrow cells from Vav-TA and TRE-Luc co-transgenic or 

Vav-tTA and TRE-NRASG12V co-transgenic mastocytosis mice. 3 x 107 bone marrow cells 

from each mouse were incubated in BMMC culture medium composed of αMEM, 10% 

fetal calf serum, 5 μM 2-mercaptoethanol, 2 mM glutamine, 5 ng/ml mouse interleukin 

(IL)-3, 2 ng/ml mouse IL-4, 100 IU/ml Penicillin, and 100 ug/ml Streptomycin. A half 

amount of culture medium was replaced with fresh BMMC culture medium every week 

for 4 weeks. Resulting cells were lysed to measure the RLU in BMMC. To stain BMMC 

on glass slides, 10% of total 4-week-cultured BMMC were resuspended in 70 ul αMEM 
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containing 1% BSA and fixed in Carnoy’s solution (30% chloroform and 10% acetic acid 

in ethanol) for 20 minutes followed by staining the cells with 0.5% alcian blue in 0.3% 

acetic acid for 60 minutes, and then with 0.1% safranin in 1% acetic acid for 5 minutes 

along with a simple washing in water. The stained BMMC were counted by microscopy 

to identify the mast cell proportion in cultured total cells. 

 

Statistical Analyses 

All graphs were generated by using Microsoft Excel. Statistical differences (p 

values) were determined by the two-tailed t-test assuming equal variances of the 

Microsoft Excel data analysis program. Kaplan-Meier survival curve generation and 

statistical analysis was performed by using Prism 4 (GraphPad Software, San Diego, CA). 
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Figure 1. Repressible Vav promoter-driven luciferase expression in Vav-tTA and TRE-Luc 

co-transgenic mice. (A) Live imaging for detecting Vav-tTA-driven luciferase expression and 

Dox-treated repression. Three month-old co-transgenic FVB x BL6 F1 mice were used for live 

imaging (6-month-old mice showed same level, data not shown). Transgenic genotypes are 

written by italic letters and imaging times are in parenthesis. (B) Luciferase expression in 

hematopoietic cells prepared from bone marrow, spleen, thymus, lymph node, and peripheral 

blood. Y axis indicates log scale RLU per microgram of each cell lysate. The nucleated cells in 

bone marrow, spleen, thymus, and peripheral blood showed significant differences (p = 0.013, 

0.046, 0.006, and 0.033, respectively), compared with those cells in lymph node. Standard error 

bars are marked. 
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Figure 2. Vav-tTA-driven luciferase expression in sorted myeloid and lymphoid cell 

lineages. Bone marrow, spleen, thymus, and lymph node cells in Vav-tTA and TRE-Luc co-

transgenic mice were sorted by MACA and/or FACS. Anti-Mac-1 and anti-Gr-1 antibodies for 

sorting myeloid cells, anti-CD4 and anti-CD8 antibodies for T cells, and anti-CD19 antibodies for 

B cells were used. (Sorted cells on X axis, tissue names on Y axis, and RLU/μg values on the Z 
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axis) (A) Luciferase expression in myeloid (Left) and lymphoid (Right) cells sorted by MACS. 

CD19 positive cells in bone marrow and CD4 or CD8 positive cells in thymus showed 

significances (p < 0.05). (B) Fluorescence-associated cell sorting data to analyze the luciferase 

expressions in hematopoietic lineages shown in the figure B and C. Mac1 and Gr1 positive cells 

sorted with bone marrow cells or spleen cells, CD19 positive cells sorted with bone marrow or 

spleen cells, and CD4 and CD8 positive cells sorted with thymus or spleen cells are presented. 

(C) Luciferase expressions in single (SP) and double (DP) positive cells sorted by FACS. All 

luciferase expressions were analyzed with only the convincing cell number (> 5.0 x 104) collected 

by FACS (blank indicates the collected cell number < 5.0 x 104). CD4 and CD8 DP cells in thymus 

and CD19 SP cells in bone marrow showed significances (p < 0.001). 
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Figure 3. Vav-tTA-driven luciferase expression in CD34 positive hematopoietic progenitor 

cells (HPC). CD34 positive bone marrow (BM; abbreviated) HPC of Vav-tTA and TRE-Luc co-

transgenic mice were collected by FACS without (Total BM) or with lineage depletions (Lin-) by 

MACS. The Vav promoter-driven luciferase expression levels in CD34 positive HPC were not 

significant, compared with Mac-1 and Gr-1 mixed-positive cells. Standard error bars with average 

RLU/μg values are marked. 
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Figure 4. Bone marrow-derived mast cells (BMMC) in vitro expressed Vav promoter-driven 

luciferase at low level. BMMC cultured for 4 weeks in vitro showed the Vav-tTA-driven luciferase 

expression similar to Mac-1 or Gr-1 positive myeloid cells in bone marrow (BM; abbreviated). 

BMMC proportion in total cultured cells was about 34% identified by alcian blue and safranin 

staining and microscopy. Standard error bars with average RLU/μg values are marked. 
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Figure 5. Lengthened latency of mastocytosis development caused by temporal Dox 

treatment. Dox treatment (via drinking water) of parental female mice during pregnancy (about 

21 days) and pre-weaning (21 days) showed the increased latency of mastocytosis development 

(p < 0.01) in Vav-tTA and TRE-NRASG12V co-transgenic mice (n = 11), compared with no Dox 

treating condition (n = 4). Arrowed line bar indicates Dox treatment period. 
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I. Abstract 

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. Conditional repression of NRASG12V expression greatly reduced 

peripheral white blood cell (WBC) counts in leukemia recipient mice and induced 

apoptosis in the transplanted AML cells correlated with reduced Ras/Erk signaling. After 

marked decrease of AML blast cells, myeloproliferative disease (MPD)-like AML 

relapsed characterized by cells that did not express NRASG12V. In comparison with 

primary AML, the MPD-like AML showed significantly reduced aggressiveness, reduced 

myelosuppression and a more differentiated phenotype. We conclude that, in AML 

induced by an Mll-AF9 transgene, NRASG12V expression contributes to acute leukemia 

maintenance by suppressing apoptosis and reducing differentiation of leukemia cells. 

Moreover, NRASG12V oncogene has a cell non-autonomous role in suppressing 

erythropoiesis that results in the MPD-like AML showed 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 attenuating aggressiveness of 

relapsed AML.  

 

II. Introduction 

Kelly and Gilliand have proposed that acute myeloid leukemia (AML) is induced 

by the cooperation of two general classes of mutations.38 Class I mutations confer cell 
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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 MLL. 

Most studies to develop new anti-cancer drugs have focused on finding efficient 

inhibitors against the mutant products of class I oncogenes such as ABL, c-KIT and 

FLT3.75,82,148-152 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,153,154 the appropriateness of class I oncogene 

inhibitors for AML therapy has not been well studied particularly in leukemia induced in 

cooperation 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.76,77,86 Cancer cells in these models are said to be “oncogene 

addiction”, because they die, differentiate or become quiescent upon shutting off 

oncogene expression.86 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 cooperation with the Mll-AF9 oncogene. 

RAS mutants, which abnormally stimulate RAF/MEK/ERK, PI3K/AKT and other 

pathways, are frequent in human cancers.146,155 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-
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GTP.155,156 Among the RAS family mutations, NRAS activating mutations are found in 

around 30% of hematopoietic malignances including AML, myelodysplastic syndrome, 

and myeloproliferative diseases (MPD).54,55 To study the function of oncogenic NRAS in 

hematopoietic malignancies, we previously developed a Vav promoter-tetracycline 

transactivator (Vav-tTA)-driven repressible 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).126 Our data are 

consistent with other results showing that an activated NRAS mutant has the ability to 

induce mastocytosis as well as AML or a CML-like leukemia when delivered to mice 

using a retroviral vector.126,146,157   

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 ALL and more than 40 fusion 

partners are known.158-160 The MLL-AF9 translocation is the most common MLL gene 

fusion found in AML and is associated with a poor prognosis.161,162 Mll-AF9 knock-in 

mice provide a model of human t(9;11)(p22;q23) translocation.163 These mice 

significantly expand non-malignant myeloid progenitor cells during fetal development 

and most of them develop AML after 5 – 6 months.164,165 It has been suggested that the 

MLL-AF9 oncogene disrupts the normal proliferation and/or survival of myeloid 

progenitors and that secondary oncogenic mutations are required for full hematopoietic 

malignancy.164-166 The MLL-AF9 translocation occurs predominantly in monocytic AML 

(AML-M5; French-American-British classification).167 Previous studies found that 
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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.158,168 

     Here we report a model of AML development using transgenic mice co-expressing 

NRASG12V and Mll-AF9, and a requirement of continuous NRASG12V expression for 

maintaining the AML. NRASG12V-independent MPD-like AML occurring upon 

subsequent relapse is less myelosuppressive and more differentiated than AML prior to 

the suppression of NRASG12V. Our results suggest that the activated RAS protein could be 

a good molecular target to treat AML even in the presence of a strong cooperating 

mutation (i.e. MLL-AF9). Furthermore, these results suggest that RAS oncogene 

expression influences AML class I phenotypes such as apoptosis as well as the class II 

phenotype differentiation.    

 

III. RESULTS 

1. NRASG12V and Mll-AF9 co-expression induces AML. 

To test the hypothesis that two classes of mutations could cooperate to induce 

leukemia, we generated Vav-tTA; TRE-NRASG12V; Mll-AF9 triply-transgenic (TRM-

transgenic) mice by crossing Vav-tTA; TRE-NRASG12V doubly-transgenic (TR-transgenic) 

FVB/n mice to Mll-AF9 knock-in C57BL/6J mice (Fig. 1A). The TRM-transgenic mice 

developed AML along with mastocytosis and showed a trend toward disease acceleration 

(p=0.072) compared with Vav-tTA; Mll-AF9 doubly-transgenic (TM-transgenic) control 

mice developing AML without mastocytosis (Fig. 1B and Supplementary Fig. 1).The TR-

transgenic mice developed mastocytosis with no evidence of AML. Dox treatment prior 
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to weaning as described in the Experimental Procedures did not significantly alter 

survival rates of TRM- and TM-transgenic mice (Supplementary Fig. 2).  

The AML phenotype in TRM-transgenic mice was verified by flow cytometry. 

Mac1/Gr1 double positive cells were enriched in bone marrow (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 (Fig. 1C). The 

hematopoietic malignancies were also phenotyped by histopathologic analysis as 

described in the Experimental Procedures (Supplementary Fig. 3). Using RT-PCR, we 

determined that Dox treatment conditionally repressed the Vav-tTA-driven TRE-NRASG12V 

expression BM cells (Fig. 1D). In conclusion, addition of an NRASG12V mutation to AML 

pre-disposed mice harboring an Mll-AF9 fusion knock-in causes a trend towards 

decreased latency for developing AML. 

 

2. Continuous NRASG12V expression is required for leukemia persistence and 

apoptosis suppression in AML induced in cooperation with Mll-AF9. 

To determine whether NRASG12V expression is essential for AML persistence, we 

transplanted BM cells from a single TRM-transgenic mouse into four SCID mice. Two of 

the transplanted mice were continuously treated with Dox, while the other two did not 

receive Dox (Fig. 2A). We repeated this experiment four times with four different TRM-

transgenic AML samples (AML1, 2, 3 and 4 in Fig. 2B). The transplantability of three out 

of four established AMLs were significantly attenuated after Dox treatment (overall 

p=0.0119) (Fig. 2B). The survival rate of SCID mice transplanted with AML cells from 
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TM-transgenic mice was not altered by Dox treatment (p=0.508) (data not shown). 

Mastocytosis was not transplantable as previously reported.126 Using flow cytometry and 

histopathological 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 two 

different TRM-transgenic mice (AML2 and AML4 in Fig. 2B). BM cells from “No Dox” 

primary recipients of AML2 were pooled and transplanted into secondary SCID 

recipients. This was repeated using AML4 BM cells (Fig. 3A). By measuring the white 

blood cell (WBC) concentration in peripheral blood every two days from 21 days post 

transplantation, we determined when AML had become established in recipient mice. 

Once the AML was established in the secondary recipients, we chronically or temporarily 

(6hr) 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 < 0.0001) (Fig. 

3B).  

Four days after starting either chronic or 6hr Dox treatment, WBC concentration in 

peripheral blood was dramatically reduced in all recipients of AML2 BM cells and 

completely normalized 6 – 10 days (Fig. 3C upper panel). The regression of WBC was 
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less dramatic in the secondary recipients of AML4 BM cells (Supplementary Fig. 4). We 

repeated the transplantation using the AML2 BM cells, but began Dox treatment earlier 

when the WBC concentration was in 80 – 100 K/μl range (Fig. 3B lower panel). 

Interestingly, however, the 6hr Dox treatment in the first experiment could reduce WBC 

count twice, but in the second experiment only once before Dox-resistance developed 

(Fig. 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 (Fig. 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 ~1 kDa greater than endogenous Nras. Due to the 

protein size difference, we could confirm the NRASG12V expression was repressed by the 

Dox treatment using western blotting and this correlated with the RT-PCR results shown 

in Fig. 1d (Fig. 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 (Fig. 4A and 4B). Dox treatment for 4 – 8 days significantly increased the 

number of apoptotic cells in bone marrow from TRM-transgenic AML recipients 

(p=0.021), but not from TM-transgenic AML recipients (p=0.259) (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 – 24 hours post Dox 
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treatment (p=0.045) (Fig. 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. 

 

3. 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 ~21 – 25 days) by an increase of NRASG12V-

independent WBC number in peripheral blood (Fig. 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 transplanted from the TRM-transgenic AML (Fig. 3D). 

Morphologically, the blood smears from SCID mice with relapsed myeloid leukemia 

contained fewer large, undifferentiated blasts than mice with primary AML prior to Dox 

treatment (Fig. 5A). Mice with the NRASG12V-independent relapsed leukemia were 

histopathologically determined to have MPD-like AML and showed blast cells less than 

20% in bone marrow and spleen (Supplementary Fig. 5). Unlike the myelosuppressive 

effect of the TRM-transgenic primary AML evidenced by pronounced anemia, the 

numbers of red blood cells (RBC) 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 WBC was more than 200 K/μl (Fig. 5B). The 

activation of Ras/Erk signaling pathway was reduced after the conditional repression of 
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NRASG12V expression, but upregulated again in the NRASG12V-independent MPD-like 

AML as much as that of the engrafted AML prior to Dox treatment (Fig. 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 (i.e. 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 has reduced 

myelosuppression and is more differentiated than primary AML, although the Ras/Erk 

signaling pathway is reactivated without NRASG12V expression in relapsed disease.          

 

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

myelosuppression. 

     To test the transplantability of the relapsed MPD-like AML, we transplanted two 

independent Dox-resistant MDP-like AML and Dox-sensitive primary AML BM cells 

from secondary SCID mice into tertiary recipient SCID mice (Fig. 6A). The relapsed 

MPD-like AML, whether from mice given repeated 6hr or chronic Dox treatment, were 

transplantable. The concentration of peripheral WBC in all SCID recipients reached 150 

– >200 K/μl 3 weeks post  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<0.0001) (Fig. 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 
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in AML cells from the spleen of 6hr 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 (Fig. 6C). Interestingly, the NRASG12V re-expression was correlated with the 

increase of undifferentiated cells in the peripheral blood in 6hr Dox-treated MPD-like 

AML recipients which looked like the established AML cells in the secondary recipient 

mice (Fig. 5A).  

To determine if 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 x 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 to FVB/n x 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 MPD-

like AML is a transplantable disease, but is less myelosuppressive than initial NRASG12V-

dependant AML. These results provide evidences suggesting that NRASG12V expression 

suppresses the differentiation of AML cells maintaining a blast-like phenotype and 

induces a myelosuppressive phenotype in AML induced in cooperation with Mll-AF9. 

 

IV. DISCUSSION    

Based on the hypothesis that AML develops due to the cooperation of class I and II 

mutations,38 we sought to understand oncogenic roles of NRASG12V as a model class I 
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mutation in the context of AML induced in cooperation 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 reprogramming and 

altered leukemic phenotypes upon relapse after the repression of NRASG12V expression. 

Transgenic mice expressing both NRASG12V and Mll-AF9 developed AML (Fig. 1). 

Although the difference in latency between NRASG12V/Mll-AF9 and Mll-AF9 alone was 

not statistically significant (Fig. 1B), it is possible that by using more mice we would 

detect a statistically significant acceleration of AML. Another possibility is that additional 

mutations may be required to induce oncogenic signaling pathways and/or inhibit tumor 

suppressing mechanisms despite the presence of NRASG12V and Mll-AF9.106,169 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 hematopoietic 

progenitor cells do not express very high levels of Vav-tTA-driven luciferase expression 

mice.157 

     Although the NRASG12V expression could not significantly shorten the latency of 

AML development induced in cooperation with Mll-AF9, most AML required ongoing 

NRASG12V expression for AML persistence (Fig. 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 (Fig. 3 and 4). This phenomenon 

has been observed and described as “oncogene addiction” or “oncogene shock”.82,86,150 
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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 co-transformed by a strong second oncogene. The “oncogene shock” 

hypothesis is slightly different and suggests that cancer cells may undergo apoptosis 

when the oncogene is suppressed because less labile oncogene-induced pro-apoptotic 

signalings temporarily exceed pro-survival signals. This hypothesis will be the subject of 

further work in our model. In any cases, 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 to 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 “out compete” other 

lineages (Fig. 5B). Others have shown that KRASG12D expression autonomously 

suppresses erythrocyte differentiation during embryonic hematopoiesis.170 Our results 

suggest that the NRASG12V oncogene has a cell non-autonomous role in suppressing 

erythropoiesis 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.146,171,172 However, other studies suggested that RAS 
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oncogenes appear to promote the differentiation of monocytes and granulocytes in mouse 

and human hematopoiesis, but inhibit the differentiation of erythroid progenitors.173-178 

Our results showed that NRASG12V expression is associated with not only inducing 

proliferation and survival, but also suppressing differentiation of myeloid lineage cells in 

the context of an AML cell (Fig. 3, 4, and 5, and Supplement Fig. 5). 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 non-

autonomous myelosuppression, 3) to suppress apoptosis in AML blast cells, and 4) to 

inhibit differentiation of AML blast cells. 

Since Mll-AF9 mutation expands the non-malignant myeloid progenitor cells as in 

an MPD,164 we hypothesize that oncogenic NRASG12V induces proliferation and 

suppresses the differentiation of the expanded myeloid progenitors resulting in AML 

development, probably with other cooperating mutations. When NRASG12V expression is 

repressed, two processes are probably triggered in AML cells; 1) An apoptosis induction 

of most AML blast cells perhaps because of “oncogene shock”.82 2) The other is 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 1) NRAS or RAS oncogene activated 

pathways are good molecular targets, 2) a subset of cells escape apoptosis and are 

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 
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prevent escape from this apoptotic response should be sought to achieve a better 

therapeutic outcome when RAS signal pathway inhibition is used for AML. 

 

V. Materials and 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 x C57BL/6J) F1 background, we crossed 

the Vav-tTA; TRE-NRASG12V doubly-transgenic (TR-transgenic) FVB/n line previously 

developed in our lab and the Mll-AF9 knock-in C57BL/6J strain kindly provided by Dr. 

Terence H. Rabbitts (Fig. 1A).126,163,164 SCID/NCr-Balb/c (SCID) mice were purchased 

from National Cancer Institute for transplantation of leukemia cells. To repress Vav-tTA-

mediated TRE-NRASG12V transgene expression, we added doxycycline hyclate (Dox) 

(Sigma-Aldrich, St. Luis, MO) to sterilized drinking water with 0.1% sodium saccharin 

(Alfa Aesar, Ward Hill, MA) to a final Dox concentration of 5 mg/ml.157 To repress the 

NRASG12V expression in TR-transgenic new litters, we treated parental mice with Dox 

during the pregnancy (about 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. Since some SICD mice were moribund with 

fulminant AML, we additionally washed mice’s mouths with 250 μl of 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 
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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 and 

bottles, and irradiated foods. The mice were humanely sacrificed in a carbon dioxide 

chamber for harvesting the required tissues when the mice were moribund.  

 

Cell preparation and transplantation 

Bone marrow (BM) cells were flushed from the femurs and tibiae with 1x 

Dulbecco’s Modification of Eagle’s 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 μm cell strainers (BD 

Falcon, Bedford, MA). As describing our previous paper,157 nucleated cells were isolated 

from the prepared cells and were viably saved in liquid nitrogen for further experiments. 

BM cells from four independent TRM-transgenic mice and BM cells from two 

independent Vav-tTA; Mll-AF9 co-transgenic (TM-transgenic) FVB/n x BL6 F1 mice with 

AML were transplanted into sixteen primary recipient SCID mice by intravenous (I.V.) 

injections at 1.6 – 2.6 x 106 cells per mouse and into eight primary recipient SCID mice 

at 2.0 – 2.8 x 106 cells per mice, respectively (Fig. 2A). Furthermore, BM cells 

originating from two independent TRM-transgenic mice with AML and from one TM-

transgenic mice with AML that were previously engrafted on the primary recipient SCID 

mice without Dox treatment (Fig. 2A) were I.V. injected into secondary recipient SICD 

mice at 0.9 – 1.3 x 106 cells per mouse (7 and 8 mice used for the repeated transplantation 

experiments of AML2 and 8 mice used for a transplantation of AML4) and at 1.2 – 1.4 x 
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106 cells per mouse (12 mice), respectively (Fig. 3A). At last, the BM cells from the 

secondary recipient SCID mice that showed NRASG12V-independent relapsed MPD-like 

AML after temporary (6hr) or chronic Dox-treatment (Fig. 3A) were transplanted into 

eight or five tertiary SCID mice, respectively, at 0.8 – 1.2 x 106 cells per mouse (Fig. 6A). 

As a control, TM-transgenic AML bone marrow cells from previously xenografted SCID 

mice were also transplanted into other eight SCID mice at 1.1 x 106 cells per mouse. 

 

Peripheral blood analysis 

We obtained peripheral blood by retro-orbital puncture every four weeks for the 

FVB/n x C57BL/6J F1 mice that developed AML, and every two days for the SCID mice 

2 - 3 weeks after AML BM transplantations. After anesthetizing eyes with 0.5% 

ophthalmic solution of proparacaine hydrochloride (Falcon Pharmaceuticals, Fort Worth, 

TX), 200 μl blood was 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 Inc., Oxford, CT) to measure the 

concentrations of WBC, RBC, 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.126 

 

Flow cytometry 
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To test the immunophenotypes of nucleated cells, 1 x 106 bone marrow, 3 x 106 

spleen, 1 x 106 thymus, or 1 x 106 lymph node cells from TRM-transgenic and control 

mice were used. The hematopoietic cells were suspended in 200 μl PBS buffer (2% fetal 

bovine serum, 0.1% sodium azide). We used APC-anti-Mac1 and PE or PE-Cy7-anti-Gr1 

antibodies to sort myeloid cells, APC-anti-TCRβ antibodies to sort T lymphoid cells, and 

PE-anti-CD19 antibody to sort B lymphoid cells from the GFP expressing TRE-NRASG12V 

transgenic mice. FITC-anti-Mac1 or FITC-anti-CD19 antibodies 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 same as described in our previous paper.157 The sorting procedures and conditions 

using FACSAria Cell-Sorting System (BD Biosciences, San Jose, CA).  

 

RT-PCR and cDNA cloning 

Using a direct mRNA micro kit (Qiagen Inc., Valencia, CA), we prepared mRNA 

from bone marrow cells or mastocytosis tumors in variously transgenic FVB/n x 

C57BL/6J F1 mice shown in Fig. 1A. To avoid DNA contamination, we treated mRNA 

samples with DNaseI (Invitrogen, Calsbad, CA) according to manufacturer instructions. 

To detect the expression of transgenic NRASG12V, we used a pair of DNA primers, 5’-

GTTATAGATGGTGAAACCTGTT-3’ and 5’-ATCTTGTTACATCACCACACAT-3’, and  

RT-PCR conditions previously applied in our paper.126 Endogenous GAPDH transcripts 

as a loading control was also amplified using another pair of DNA primers, 5’-

AACGACCCCTTCATTGAC-3’ and 5’-TCCACGACATACTCAGCAC-3’. RT-PCR was 
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performed by 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 bone marrow cells of the 

secondary recipient SCID mice shown in Fig. 3A, we prepared mRNA using the same 

method described above. To amplify the endogenous Nras, we designed a pair of DNA 

primers, 5’-GGAGTTTGAGGTTTTTGCTG-3’ and 5’-GTGTCTTACTACATCAGCAC-

3’, to anneal 5’ untranslated region (UTR) and 3’ UTR expanded to coding region, 

respectively. Using the Robust-RT kit (Finnzymes; MJ Research, Waltham, MA), RT-

PCR entailed incubation at 45°C for 45 minutes 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 by 

using the agarose gel extraction, and cloned into pCR-XL-TOPO vector (Invitrogen, 

Calsbad, CA). Using the EcoRI restriction enzyme reaction, we confirmed that the 

plasmid prepared from ten independent transformant E. coli colonies contained the RT-

PCR products. The cloned plasmids were sent to automated sequencing core facility with 

universal sequencing primers, M13 reverse primer and M13 forward primer, to identify if 

any mutations occurred in the endogenous Nras. 

 

Western blot analysis 

Spleen cells from engrafted or relapsed AML SCID mice were lysed in RIPA buffer 

(0.05M Tris (pH 8.0), 0.15M NaCl, 0.005% sodium deoxycholate, 0.01% Igepal CA-630, 
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and 0.1% SDS) containing protease inhibitors (Complete Mini; Roche, Indianapolis, IN). 

40 – 50 μg of each protein extract was separated by the electrophoresis on 4 – 12% 

gradient polyacrylamide gels (Invitrogen, Carlsbad, CA), and transferred to nitrocellulose 

membranes (Trans-Blot Transfer Medium; Bio-Rad, Hercules, CA). The protein-blotted 

membrane was blocked with TBS-T (1M 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, St. Luis, MO). Then, a mouse monoclonal antibody anti-Nras (Santa Cruz 

Biotechnology, Inc., Santa Cruz, CA), a mouse monoclonal antibody anti-Erk1/2, a rabbit 

polyclonal antibody anti-phospho-Erk1/2, or a rabbit monoclonal antibody anti-GAPDH 

(Cell Signaling Technology Inc., Danvers, MA) was used as a primary antibody to detect 

the target proteins. The horseradish peroxidase linked whole antibody anti-mouse IgG 

(from sheep) or anti-rabbit IgG (from donkey) purchased from GE healthcare Bio-

Science Corp. (Piscataway, NJ) was used as a secondary antibody. The antibody-labeled 

proteins were illuminated with chemiluminescent substrates (Pierce Biotechnology, Inc., 

Rockford, IL) and exposed to imaging films (Kodak, Rochester, NY). 

 

Histopathological analysis     

Tissues (spleen, liver, lymph node, thymus, lung and sternum containing bone 

marrow) collected from the mice were fixed 10% neutral buffered formalin for 24 hours 

and transferred into 70% ethanol for storage. Tissues were processed by standard 

methods and embedded in paraffin. 4 µm thick sections were cut and stained with 

hematoxylin and eosin (H&E). Tissues were read by ACVP board certified veterinary 
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pathologist (IM) to determine whether hematopoietic neoplasia was present and to 

classify lesions further as lymphoid or non-lymphoid hematopoietic neoplasia when 

possible. Bethesda guidelines for classification of non-lymphoid hematopoietic 

malignancies in mice were followed.179  

 

Apoptotic cell staining 

For cleaved caspase-3 detection in the tissues, 4 µm formalin fixed paraffin 

sections of spleen and bone marrow were cut, deparaffinized, and rehydrated. Except for 

antigen retrieval and counterstaining, all procedures were carried out on DAKO 

autostainer (Carpinteria, CA) using a rabbit monoclonal antibody against human cleaved 

Caspase-3 (Cell Signaling Technologies, Danvers, MA; clone Asp175 5A1) 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-mediated dUTP-biotin nick end labeling 

(TUNEL) staining was performed on 4 µm formalin fixed paraffin sections of bone 

marrow in selected mice using the ApopTag Plus kit (Chemicon, Temekula, CA). The 

sections were deparaffinized, rehydrated, and incubated with Protease K (R&D, 

Minneapolis, MN; 20 µg /ml) for 15 minutes at room temperature. The staining 

procedures were performed according to manufacturer protocols.  Methyl Green was 



A Thesis by WON-IL KIM 
 

 62

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 bone marrow, number of positive (dark brown cells) were counted in 3 

representative fields at 400x magnification and average per field 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 – 50 non-overlapping fields starting from the feathered edge and 

ending at the thickest portion of the smear.  

 

Statistical analysis 

All graphs were generated by using Microsoft Excel. Statistical differences (p 

values) were determined by the two-tailed student t-test assuming equal variances of the 

Microsoft Excel data analysis program. Kaplan-Meier survival curve generation and 

statistical analysis was performed by using Prism 4 (GraphPad Software, San Diego, CA). 
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Figure 1. AML is induced by the cooperation 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<0.05). The TRM-
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transgenic mice showed a trend of decreased latency for AML compared with those carrying the 

TM-transgene (p=0.072). Bidirectional arrow indicates the prenatal period of Dox treatment. (C) 

Immunophenotypes of bone marrow and spleen cells in AML mice. Mac1 and Gr1 double positive 

cells are greater than those of FBV/n x 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 co-transgenic bone marrow 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 – bone marrow; MT – mastocytosis tumor; W – water control. 
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Figure 2. NRASG12V expression is required for AML persistence. (A) Transplantation of AML 

bone marrow 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 suppresses the establishment of AML in 

SCID mice after transplantation of the bone marrow cells from triply-transgenic mice with AML 

(p=0.0119). The numbers in circles represent each of the four independent AML bone marrow 

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, prolonged survival, and relapse. (A) Serial transplantation of previously 

engrafted AML bone marrow cells into secondary recipient SCID mice. The secondary recipient 

SCID mice were treated with Dox either chronically or for 6hrs at a time after the establishment of 

full-blown AML. (B) Kaplan-Meier survival curve of all AML2 and AML4 transplantations shows 
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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<0.0001). The 

arrow indicates the time that chronic or 6hr Dox treatment started. (C) WBC concentration in the 

peripheral blood of the secondary recipient SCID mice that were transplanted with AML2 bone 

marrow cells from TRM-transgenic mice. The first “Dox” in the arrowed square means the start of 

chronic and temporary (6hr) Dox treatments. Other “Dox” in the arrowed squares indicated the 

repeated 6hr Dox treatment. “Chronic Dox” in the upper panel means the continuous Dox 

treatment instead of the 6hr Dox treatment was started at this time point. n=4 were treated with 

chronic and n=3 with 6hr Dox in upper panel. n=2 were treated with chronic, n=2 with 6hr, n=4 

with no, and n=3 (Mll-AF9 only) with chronic Dox in lower panel. 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 for 

transgenic NRASG12V and endogenous Nras proteins. Due to the EE tag at the N-terminus of 

NRASG12V, the molecular weight of NRASG12V is about 1 kDa bigger than endogenous Nras. Both 

NRASG12V and endogenous Nras proteins are decreased at day 4, and not detected at day 8 post 

chronic Dox treatment. Gapdh is used as a loading control. 
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Figure 4. Conditional repression of NRASG12V expression induces apoptosis in the bone 

marrow and circulating leukemia cells. (A) Apoptotic cell staining in the sternal bone marrow 

with TUNEL method and methylgreen as a counterstaining. Four days after Dox treatment 



A Thesis by WON-IL KIM 
 

 70

number of apoptotic (brown) cells in the bone marrow are increased in SCID mice transplanted 

with TRM-transgenic AML cells. Bars represent 50 μm. (B) Numerical comparison of apoptotic 

cells in bone marrow. 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 bone marrow cells (p=0.021). 

Apoptotic cell number is the average of stained cells in three fields. (C) Cleaved Caspase-3 

staining in peripheral white blood cells. Apoptosis in peripheral bloods is observed 12 – 24 hours 

after Dox treatment. The number of apoptotic cells 12 – 24 hours is significantly increased in 

comparison with that of 0 – 6 hours (p=0.045). The average number of apoptotic, cleaved 

Caspase-3 positive cells was calculated by counting the stained cells in 41 – 45 fields at 400x 

magnification. The narrow bars indicate the standard errors. 
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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 WBC has undifferentiated blast 

morphology. In the blood smear from the same mouse with relapsed MPD-like AML after Dox 

treatment most cells are differentiated granulocytes (neutrophiles, eosinophiles) and less than 

20% are undifferentiated blasts. Images taken at 1000x magnification. Bars represent 25 μm. (B) 

For 0 – 6 days during which the WBC concentration reaches 200 K/μl or more, the RBC 

concentration in the relapsed MPD-like AML mice is significantly higher than in the mice harboring 

AML expressing NRASG12V (p<0.001). 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. 
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Figure 6. Relapsed MPD-like AML is transplantable, but requires a longer latency for 

disease induction. (A) Bone marrow (BM) cells from secondary recipient mice with MPD-like 

AML (after chronic or temporary Dox treatment) were transplanted into tertiary recipient SICD 

mice. As a control, BM cells from previously transplanted AML (not treated with Dox) were I.V. 

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 comparison 

with those mice transplanted with AML that was never treated with Dox (p<0.0001). (C) Western 

blot analysis of spleen cells shows that the NRASG12V transgene is expressed again in the 

engrafted AML after BM transplantation with the relapsed MPD-like AML that has been treated 
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with Dox for 6 hours, but not with chronic Dox treatment. Circled numbers indicate each protein 

sample from tertiary recipient mice with:  AML engraft without Dox treatment,  AML regression 

after 4 day Dox treatment,  AML relapse after 6hr Dox treatment,  AML engraft without Dox 

treatment after relapsed AML ( ) transplantation,  AML relapse with chronic Dox treatment,  

AML engraft after relapsed AML ( ) transplantation,  TM-transgenic AML. 
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Supplementary Figure 1. Phenotypic profiles of the triply- or doubly-transgenic mice 

generated by crossing Vav-tTA; TRE-NRASG12V co-transgenic FVB/n to Mll-AF9 knock-in 

C57BL/6J mice. Table shows survival time, WBC concentration, size/weight of spleen, and size 

of lymph node in TRM-, TM-, and TR-transgenic mice when they were moribund or died after the 

development of AML, mastocytosis, or both. 
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Supplementary Figure 2. Dox treatment during prenatal periods does not have an effect on 

survival time. Vav-tTA; TRE-NRASG12V; Mll-AF9 triply-transgenic and Vav-tTA; Mll-AF9 doubly-

transgenic FVB/n x C57BL/6J F1 mice developed AML and had similar survival time regardless 

whether they were or were not treated with Dox during the prenatal period (Dox treatment 

indicated with bidirectional arrow). 
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Supplementary Figure 3. Histopathology of bone marrow and spleen in transgenic F1 mice. 

Bone marrow of a Vav-tTA; Mll-AF9; TRE-NRASG12V triply-transgenic mouse with AML contains 

large numbers of myeloid cells in various stages of differentiation (including ~30% of blasts) 

suggestive of myeloid neoplasia. Spleen contains large number of mast cells consistent with 

diagnosis of mastocytosis. Bone marrow and spleen of a Vav-tTA; Mll-AF9 doubly-transgenic 

mouse with AML contain large numbers of blasts suggestive of myelomonocytic lineage 
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constituting 50 – 80% of total cell population. Bone marrow and spleen from a Vav-tTA; TRE-

NRASG12V doubly-transgenic mouse contain large numbers of mast cells occupying 80 – 90% of 

sections consistent with systemic mastocytosis. All sections were stained with hematoxylin and 

eosin stain. 
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Supplementary Figure 4. AML4 bone marrow transplantation into secondary recipient SCID 

mice is less sensitive to Dox treatment after the establishment of AML. Slight and brief 

reduction in peripheral WBC concentration after treatment with Dox is followed by rapid relapse in 

secondary recipient SCID mice transplanted with the bone marrow cells of AML4. The first “Dox” 

in the arrowed square means the start of chronic and 6hr Dox treatments. Other “Dox” in the 

arrowed squares indicated the repeated 6hr Dox treatment. Mouse numbers are n=3 treated with 

6hr Dox, n=3 with chronic Dox, and n=2 with no Dox. Narrow bars show standard deviations at 

each measurement. 
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Supplementary Figure 5. Histopathology of bone marrow and spleen in secondary 

recipient SCID mice is compatible with MPD-like AML. Bone marrow and spleen of both mice 

contain predominantly myeloid cells (M) including mature neutrophiles. Blasts are less than 20%. 

Erythroid cell clusters are present (E). Spleen of the mouse temporary treated with Dox contains 

a population of mast cells (MC). Based on histologic findings and WBC count data, relapsed 

disease in Dox-treated mice was diagnosed as MPD-like AML. All sections were stained with 

hematoxylin and eosin stain. 
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I. Abstract 

Chemotherapeutic resistance to anticancer drugs is a main issue in the successful 

treatment of acute myeloid leukemia (AML), because the chemoresistant relapse of AML 

is pathologically more aggressive and associated with poor prognosis. To achieve 

complete remission and prevent relapse of AML, two or more drugs acting in different 

pathways are generally combined. We previously found that conditional repression of 

NRASG12V expression greatly reduced peripheral white blood cell (WBC) counts in Vav-

tTA; TRE-NRASG12V; Mll-AF9 triply-transgenic (TRM-transgenic) AML recipient mice 

and induced apoptosis in the transplanted AML cells. However, relapse of NRASG12V-

independent MPD-like AML occurred in several weeks after the first remission induction. 

Based on the previous results, we hypothesized that chemotherapeutic cytarabine (AraC) 

treatment in addition to the RAS oncogene suppression would prevent or delay the relapse 

of AML. To test this hypothesis, we chronically treated the TRM-transgenic AML 

recipient mice with doxycycline (Dox) in drinking water after the establishment of full-

blown AML. These mice also were treated with AraC (50 mg/kg/day) for five 

consecutive days from the first date of monitoring high WBC counts ≥ 180 K/μl. 

Compared with control recipient mice treated with either Dox or AraC alone, we found 

that the temporary AraC treatment combined with chronic Dox treatment significantly 

postponed the relapse of resistant AML and increased the survival days of the TRM-

transgenic AML recipient mice. Taken together, the results of this study suggest that 

oncogenic RAS-targeting therapy may increase the therapeutic potential against drug-

resistant AML when combined with AraC treatment. 
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II. Introduction 

Approximately 31,500 individuals will be diagnosed with one form of leukemia 

and about 21,500 patients die of leukemia in the United States in each year.8-11 The death 

rate of acute myeloid leukemia (AML) accounts for approximately 40% of all leukemias, 

the highest lethality of all leukemia types.13 To achieve complete remission (CR) in most 

AML patients, chemotherapeutic treatments are initially used by combining at least two 

drugs, which act in different pathways to efficiently prevent DNA synthesis in leukemia 

cells.2 For example, anthracycline drugs (i.e. daunorubicin and doxorubicin) interact 

directly with DNA in the nucleus of cells and interfere with cell survival. Antimetabolite 

drugs as analogs of nucleosides (i.e. cytarabine (AraC) and cladribine) replace normal 

nucleotides with active triphosphorylated forms in DNA and prevent cell growth. To 

achieve complete remission and prevent relapse of AML, two or more drugs acting in 

different pathways are generally combined to treat AML. In most cases, AML patients are 

mainly treated with standard induction chemotherapy combining AraC and an 

anthracycline.2,17 Although these regimens induce CR rates in 65-80% of newly 

diagnosed AML patients, most of the patients who achieve a CR will relapse within 2 

years from diagnosis. Relapsed AML is commonly associated with resistant disease and 

poor response to subsequent therapy.17,20,180 Because the chemoresistant relapse of AML 

is pathologically more aggressive and associated with poor prognosis, chemotherapeutic 

resistance to anticancer drugs is a main issue in the successful treatment of AML.  

Since 1970s, AraC has been used as a very efficient antimetabolite drug to mainly 
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treat acute myeloid leukemia and lymphoma.181,182 High dose cytarabine treatment causes 

severe side effects associated with myelosuppression such as leukopenia, 

thrombocytopenia, and anemia.183,184 Because AraC is metabolized as a nucleotide 

precursor in the cell, the initial step in the activation of AraC is phosphorylation into 

monophsphorylated AraC (AraCMP) by deoxycytidine kinase.185 The AraCMP is further 

phophorylated by pyrimidine-nucleoside monophosphate kinase and diphosphate kinases 

to AraCDP and AraCTP, respectively.186 Then, the active triphosphorylated form of AraC 

replaces normal CTP in DNA and prevents cell growth. In contrast, cytidine deaminase 

catabolizes AraC into the non-toxic metabolite AraU by a rapid deamination and 

cytoplasmic 5-nucleotidase prevents the production of active form by dephosphorylating 

AraCMP. 187,188 The half life of AraC, which is mainly catabolized in liver by the 

deamination, is up to three hours after intravenously injecting a dose of AraC and the 

excretion of AraC is via the kidney with 70 – 80% of a dose administered within 24 

hours.189-191 

Because chemotherapeutic AraC-resistant AML relapse is commonly found in 

patients treated with conventional therapies, several possible strategies has been 

suggested to overcome drug resistance by: 1) increasing intracellular levels and DNA 

incorporation of AraCTP, 2) combining molecular targeting drugs inducing apoptotic 

responses, and 3) transplanting normal bone marrow/hematopoietic stem cells.25-27,180,192 

Of these, the molecular targeting therapy has become a good strategy to improve 

therapeutic potential in the treatment of leukemia.193,194 Many studies showed that 

inhibitors targeting cell signaling molecules induce apoptotic responses in AML cells in 
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vivo and/or in vitro: small molecule inhibitors of receptor tyrosine kinases such as FLT3, 

KIT, and ABL (i.e. Sorafenib, AS602868, Dasatinib, and Imatinib), MEK (i.e. CI-1040), 

farnesyltransferase (i.e. Tipifarnib), PI3K (i.e. Deguelin), and AKT/NF-kappaB (i.e. 

Xanthohumol).195-201 The apoptotic responses induced by the cell signaling inhibitors are 

associated with “oncogene addiction” and “oncogene shock” hypotheses.82,86,150 The 

oncogene addiction hypothesis suggests that a single oncogene could be required for 

persistence of cancer cells, even though other mutations are present, and the oncogene 

shock hypothesis proposes that cancer cells may undergo apoptosis when the oncogene is 

suppressed because less labile oncogene-induced pro-apoptotic signals temporarily 

exceed pro-survival signals.82,86,150  

In Chapter 3, we found that conditional repression of NRASG12V expression by 

doxycycline (Dox) treatment in drinking water induced apoptosis of Vav-tTA; TRE-

NRASG12V; Mll-AF9 triply-transgenic (TRM-transgenic) murine AML cells and greatly 

decreased the AML cells in recipient mice. The results observed in the previous 

experiments could be described as a phenomenon of the oncogene shock. However, 

relapse of NARSG12V-independent MPD-like AML was also found within several weeks 

from the first suppression of RAS oncogene. The relapsed AML was more differentiated 

and less myelosuppressive than primary AML prior to Dox treatment, but still 

transplantable. The previous results encouraged us to study whether a combined 

treatment with AraC and Dox dismisses or delays the relapse of TRM-transgenic AML. 

To test the hypothesis, we used recipient SCID mice transplanted with bone marrow of 

the TRM-transgenic AML and temporarily treated the mice with AraC via intraperitoneal 
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injection along with constant Dox treatment after the establishment of full-blown AML. 

The dual treatments with AraC and Dox significantly increased survival time of the AML 

recipient mice and delayed the relapse of co-resistant AML. However, both cases of 

single treatment with either AraC or Dox showed similar latency upon the relapse of 

resistant AML. The results suggest that targeting oncogenic RAS may improve the result 

of prognosis against drug-resistant AML when combined with chemotherapeutic AraC 

treatments. 

   

III. Results 

1. Dual treatment with AraC chemotherapy and NRASG12V suppression increase 

survival time of AML recipient mice. 

To test the hypothesis that chemotherapeutic cytarabine (AraC) treatment in 

addition to the RAS oncogene suppression dismisses or delays the relapse of AML, we 

transplanted bone marrow (BM) cells from “No doxycycline (Dox)” recipients of Vav-

tTA; TRE-NRASG12V; Mll-AF9 triply-transgenic (TRM-transgenic) AML (“AML2” 

described in Chapter 3) into fifteen SCID mice (Fig. 1A). By measuring the white blood 

cell (WBC) concentration in peripheral blood every two days from 25 days post 

transplantation, we could monitor the changes of WBC counts in recipient mice. After the 

establishment of full-blown AML, we chronically treated mice with Dox in drinking 

water and temporarily treated mice with AraC (50 mg/kg/day) via intraperitoneal 

injection for five consecutive days from the first date whenever high WBC counts ≥180 

K/μl was measured (n=4). As controls, two groups of four mice were chronically or 
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temporarily treated with Dox (n=4) or AraC (n=4), respectively, and the rest three mice 

were not treated with any one (n=3).  

The dual treatment with Dox and AraC after the establishment of full-blown AML 

(n=4) significantly prolonged the survival time compared with recipients with either 

AraC (n=4) or Dox (n=4) treatment (p ≤ 0.0379) (Fig. 1B). Although the temporary AraC 

treatment extended survival time compared with recipients without treatment (p = 

0.0169), 50% of mice died within six days after the first five-day AraC treatment because 

of severe anemia (Fig. 1B). The recipient mice with chronic Dox treatment lived 

significantly longer before becoming morbid than the mice with AraC treatment (p = 

0.0140) (Fig. 1B). These results suggest that AraC chemotherapy may improve the 

prognostic outcome in the treatment of AML when combined with a molecular targeting 

therapy suppressing oncogenic RAS. 

 

2. Co-treatment of AraC and Dox extends the remission time and postpones the 

relapse of co-resistant AML.        

After the first five-day treatment with AraC along with chronic Dox treatment, 

WBC concentration in peripheral blood was dramatically reduced in all recipients treated 

with both and either AraC or Dox (Fig. 2). However, relapse of AraC and/or Dox-

resistant AML was detected in the peripheral blood of all recipients after the first 

remission. By analyzing the latency of AML relapse until the peripheral WBC count ≥ 

100 K/μl and ≥ 200 K/μl, we found that the first co-treatment with AraC and Dox 

significantly postponed the relapse of resistant AML compared with mice treated with 
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either AraC or Dox after the establishment of full-blown AML (p = 0.034 at the 

peripheral WBC ≥ 100 K/μl and p = 0.038 at the peripheral WBC ≥ 200 K/μl) (Fig. 2). 

The latency of AML relapse was not different between two control groups with single 

treatment with either AraC or Dox (p = 0.160 at the peripheral WBC ≥ 100 K/μl and p = 

0.392 at the peripheral WBC ≥ 200 K/μl) (Fig. 2A and 2B). These results suggest that 

AraC chemotherapy combined with another therapy suppressing oncogenic RAS may 

extend remission time longer than either single treatment does.  

Although high WBC counts after the relapse of Dox-resistant AML was constantly 

maintained in mice with chronic Dox treatment, peripheral WBC counts in mice with 

AraC treatment or combined treatments fluctuated by additional AraC treatment after the 

relapse of AraC-resistant or co-resistant AML (Fig. 2). Interestingly, relapse of co-

resistant AML in mice initially treated with both AraC and Dox was detected after 

repeating AraC treatment up to eight times along with chronic Dox treatment, however, 

the relapse of AraC-resistant AML was found with only one or two additional AraC 

treatment in mice initially treated with AraC alone (Fig. 2B and 2C). When peripheral 

WBC count ≥200 K/μl with morbidity was constantly monitored for four days while 

recipient mice were treated with AraC, we determined that final relapse of AraC-resistant 

AML had been established. Based on these criteria, we concluded that AraC treatment 

added to the chronic Dox treatment greatly postponed the relapse of drug-resistant AML. 

These results provided a therapeutic strategy that the combination of AraC chemotherapy 

and oncogenic RAS targeting therapy may achieve a better prognosis in treatment of AML 

when the AML is addicted to RAS oncogene. 
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IV. Discussion 

     Although chemotherapy in treatment of AML is mainly used to induce complete 

remission (CR), most AML patients who achieve their first remission experience relapse 

of drug-resistant AML.17,20 Because the relapsed AML is generally more aggressive and 

resistant to chemotherapy, many studies have been performed to completely cure patient 

from the relapse of resistant AML. Of these studies, molecularly targeted therapy 

combined with current chemotherapy has become a good strategy to treat AML.193,194 To 

find a possible molecular target to treat AML, we induced Vav-tTA; TRE-NRASG12V; Mll-

AF9 triply-transgenic (TRM-transgenic) murine AML in the previous experiment. 

Conditional repression of NRASG12V expression by treating doxycycline (Dox) greatly 

decreased AML cells along with an increase of apoptotic cells. In several weeks after the 

remission, we found relapse of NRASG12V-independent AML that was more differentiated 

and less myelosuppressive like MPD-like AML. The relapse of NRASG12V-independent 

AML encouraged us to hypothesize that chemotherapeutic cytarabine (AraC) treatment in 

addition to the RAS oncogene suppression dismisses or delays the relapse of AML. 

To test the hypothesis, we transplanted AML bone marrow into recipient mice and 

treated mice with both or either AraC or Dox after the establishment of full-blown AML. 

While monitoring the changes of peripheral WBC count every two days after the first 

five-day AraC treatment and chronic Dox treatment, we found that dual treatments with 

AraC and Dox significantly increased the remission time and delayed the relapse of 

resistant AML (Fig. 2). AraC chemotherapy inhibits DNA replication by the incorporation 
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of active triphosphate AraC and arrests cell growth in the S phase of cell cycle.202,203 

Targeting farnesyl transferase or Ras/Erk pathway induces apoptosis resulting from the 

cell cycle arrest in the G0/G1 or G2/M phase that associates with lower expression of 

cyclin D/E.204-206 AraC chemotherapy and Dox-treated oncogenic RAS suppression trigger 

the two different apoptotic mechanisms in AML cells that may result in more arrest of 

cell cycle and better induction of apoptosis in AML than when one of the two apoptotic 

mechanisms is induced. Because more AML stem cells might undergo apoptosis due to 

dual apoptosis inductions in AML cells,207,208 the co-treatment with AraC and Dox 

induced the longer remission time followed by the late relapse of co-resistant AML. 

After the relapse of resistant AML in recipients initially treated with AraC alone or 

the combination of AraC and Dox, we repeated AraC treatment for five days whenever 

peripheral WBC count was more than 180 K/μl (Fig. 2B and 2C) The repeats of 

temporary five-day AraC treatment greatly decreased WBC counts again in peripheral 

blood, however, chronic Dox treatment combined with the repeats of AraC treatment 

postponed the final relapse of co-resistant AML compared with the cases of AraC 

treatment only (Fig. 2B and 2C). Based on these results, we concluded that continuous 

suppression of RAS oncogene may efficiently suppress the relapse of AraC-resistant AML 

when combined with AraC chemotherapy. Our previous results showed that repression of 

NRASG12V expression induced apoptosis followed by NRASG12V-independent MPD-like 

AML (described in Chapter 3). Therefore, we predict that the relapsed AML after 

apoptosis, which was induced by the first temporary AraC and chronic Dox treatments, 

was likely similar to NRASG12V-independent MPD-like AML that showed a longer 
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latency to obtain the final AraC resistance after repeating AraC treatment compared with 

the relapse of AraC-resistant AML without RAS oncogene suppression. 

In summary, oncogenic RAS suppression not only induces apoptosis in AML 

induced by cooperation with Mll-AF9, but also efficiently postpones the relapse of drug-

resistant AML when combined with AraC chemotherapy. These results provide the 

evidence that the combination of therapy with molecularly targeted therapy (i.e. RAS 

oncogene) and chemotherapy (i.e. AraC) may improve the prognostic outcome in 

treatment of AML with RAS oncogene expression. However, we still do not understand 

why the relapse of drug-resistant AML occurs after the apoptosis induced by both or 

either the AraC chemotherapy and oncogenic RAS suppression. In order to identify genes 

and signaling pathways which might be related to the relapse of drug- resist AML, we 

will analyze gene expression patterns in AML cells of mice with drug-resistant AML 

after both or either AraC or Dox treatments.209 Further studies including microarray and 

western blot analysis will be focused on known or potential resistance mechanisms 

against AraC chemotherapy and oncogenic RAS targeting treatment. 

 

V. Materials and Methods 

1. Bone marrow (BM) transplantation and drug treatment 

Viably preserved Vav-tTA; TRE-NRASG12V; Mll-AF9 triply-transgenic (TRM-

transgenic) BM cells from previous recipient mice without Dox treatment (Fig. 6 in 

Chapter 3) were transplanted into fifteen recipient SCID/NCr-Balb/c (SCID) mice by 

intravenous (I.V.) injections at 0.98 x 106 cells per mouse (Fig. 1A). SCID mice were 
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purchased from National Cancer Institute for transplantation of leukemia cells. To repress 

Vav-tTA-mediated TRE-NRASG12V transgene expression, we added doxycycline hyclate 

(Dox) (Sigma-Aldrich, St. Luis, MO) to sterilized drinking water with 0.1% sodium 

saccharin (Alfa Aesar, Ward Hill, MA) to a final Dox concentration of 5 mg/ml.157 

Recipient mice included in single cytarabine (AraC)-treated and combined AraC-treated 

groups were treated with 50 mg/kg/day dose of AraC via intraperitoneal (I.P.) injection. 

In contrast to the chronic Dox treatment after the establishment of full-blown AML, AraC 

was temporarily treated for five consecutive days from the first date whenever peripheral 

WBC concentration was more than 180 – 200 K/μl in recipient mice. 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 and bottles, and irradiated foods. The mice were humanely sacrificed 

in a carbon dioxide chamber for harvesting the required tissues when the mice were 

moribund.  

 

2. Drug-resistant AML cell preparation 

BM cells were flushed from the femurs and tibiae with 1x Dulbecco’s Modification 

of Eagle’s Medium (DMEM) (Cellgro, Herndon, VA). The single cell suspensions from 

spleen, thymus, and lymph node were prepared by grinding tissues with glass caps and 

screening with 70 μm cell strainers (BD Falcon, Bedford, MA). As describing our 

previous paper,157 nucleated cells were isolated from the prepared cells and were viably 
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saved in liquid nitrogen for further experiments. 

 

3. Peripheral blood analysis 

We obtained peripheral blood by retro-orbital puncture every two days for the 

SCID mice 25 days after AML BM transplantations. After anesthetizing eyes with 0.5% 

ophthalmic solution of proparacaine hydrochloride (Falcon Pharmaceuticals, Fort Worth, 

TX), 200 μl blood was 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 Inc., Oxford, CT) to measure the 

concentrations of WBC, RBC, 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.126 

 

4. Statistical analysis 

All graphs were generated by using Microsoft Excel. Statistical differences (p 

values) were determined by the two-tailed student t-test assuming equal variances of the 

Microsoft Excel data analysis program. Kaplan-Meier survival curve generation and 

statistical analysis was performed by using Prism 4 (GraphPad Software, San Diego, CA). 
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Figure 1. Chronic Dox treatment and temporary AraC chemotherapy after the 

establishment of AML results in prolonged survival compared with either single treatment. 

(A) Transplantation of previously engrafted AML bone marrow cells into recipient SCID mice. The 

recipient SCID mice were treated with both or either Dox or AraC after the establishment of full-

blown AML. (B) Kaplan-Meier survival curve of recipients shows that co-treatment with Dox and 

AraC (n=4) significantly increases the survival time compared with those transplanted mice 

treated with either Dox (n=4) or AraC (n=4) (p ≤ 0.0379). The arrow indicates the time that chronic 

Dox treatment and temporary (five-day) AraC treatment started. 
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Figure 2. Constant repression of NRASG12V expression combined with AraC chemotherapy 

after the establishment of AML extends the remission time and postpones the relapse of 

co-resistant AML. WBC concentration in the peripheral blood of the recipient SCID mice that 

were transplanted with TRM-transgenic AML bone marrow cells. These figures show change of 

peripheral WBC in mice after (A) chronic Dox treatment, (B) temporary AraC treatment, and (C) 

Co-treatment of Dox and AraC. Co-treatment significantly delayed the relapse of resistant AML 

compared with either single treatment (p ≤ 0.034 at WBC ≥ 100K/μl and p ≤ 0.038 at WBC ≥ 

200K/μl). No statistic difference was found between two single treatments. 
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I. Oncogenic roles of RAS in AML cooperated with MLL-AF9 

Activating RAS mutations are found in up to 30% of acute myeloid leukemia 

(AML), myeloproliferative disease (MPD), and myelodysplastic syndrome (MDS) 

patients.57,101-104 Among the HRAS, KRAS, and NRAS homologs sharing a highly 

conserved N-terminus, activating mutations of NRAS are mainly associated with 

hematopoietic malignancies, such as MPD, MDS, and AML, rather than solid 

tumors.105,106 However, current understanding of activating NRAS mutations in the 

context of myeloid diseases is limited to the unregulated stimulation of cell growth and 

survival resulting from the constant activation of RAS effectors. To investigate the 

oncogenic role of the RAS gene in the context of AML, we generated a mouse model of 

AML development by combining the activating NRASG12V and the MLL-AF9 fusion 

oncogenes. Compared with AML development in Mll-AF9 knock-in mice, AML 

developed in NRASG12V and Mll-AF9 co-transgenic mice showed a trend toward disease 

acceleration (Fig. 1 in Chapter 3). Thus, we conclude that activating NRASG12V mutations 

may shorten the latency of AML development in cooperation with MLL-AF9. This 

finding is likely related to the role of activating RAS mutations in upregulation of 

signaling pathways that facilitate cell growth.87-90 Next, we examined whether continuous 

NRASG12V expression is required for AML persistence. Vav-tTA-driven TRE-mediated 

NRASG12V expression system enabled us to conditionally repress the NRASG12V transgene 

expression in AML cells by doxycycline (Dox) treatment in mouse drinking water. After 

a transplant using NRASG12V and Mll-AF9 co-transgenic AML bone marrow, we treated 

recipient mice with Dox from the beginning of transplantation or after the establishment 
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of full-blown AML (Fig. 2 and 3 in Chapter 3). From these experiments, we found that 

the repression of NRASG12V expression delayed the engraftment of transplanted AML and 

induced apoptosis in AML with other strong mutations (i.e. MLL-AF9). These results can 

support the idea that constant expression of oncogenic RAS is required for AML 

persistence and AML blast cell survival.87-91 

We observed an interesting phenomenon upon relapse of NRASG12V-indepent AML 

that may help reveal the oncogenic roles of an activating RAS mutation in AML cells. 

After the repression of NRASG12V expression followed by apoptosis in AML blast cells, 

we found the relapse of NRASG12V-independent AML that was more differentiated and 

less myelosuppressive than primary AML prior to Dox treatment. Because Ras/Erk 

pathway was reactivated in the relapsed NRASG12V-independent AML as much as that 

found in Mll-AF9 transgenic AML without spontaneous mutation of endogenous Nras (i.e. 

point mutations in amino acid 12, 13, or 61) and NRASG12V expression (described in 

Chapter 3), we predict that other oncogenic mutations occurred in AML development. 

Because the phenotypes of more differentiation and less myelosuppression were observed 

in the relapsed NRASG12V-independent AML only, we suggest two possibilities to explain 

these changes of AML cells: 1) NRASG12V expression inhibits differentiation and induces 

myelosuppression in AML blast cells while developing and maintaining AML, and/or 2) 

cell signaling is reprogrammed in a few AML stem cells that escape apoptosis. Although 

many studies present convincing results supporting the first possibility,146,171,172 other 

studies provide results describing the opposite activity of RAS oncogene.173-178 Thus, the 

cellular signal transduction via activity of oncogenic RAS is still under debate in different 
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contexts. The second possibility seems more difficult to test since the mechanisms of 

signal reprogramming that might occur are completely unknown. Some reviews have 

suggested a few models for signal reprogramming related with escape of apoptosis and 

differentiation. For example, cytoprotective reprogramming induced by cellular stresses 

such as temperature, radiation, hypoxia, nutrients and drugs control the balance between 

noxious and protective signal transduction pathways associated with cell death, survival, 

and differentiation.210 Metabolic reprogramming is another candidate pathway related 

with evading apoptosis.211 Because metabolism of glucose is altered by RAS mutations, 

oncogenic RAS suppression may induce signal reprogramming via normalizing glucose 

metabolism. Based on current knowledge, we think that the first possibility is currently 

acceptable, because oncogenes rely on diverse signal transduction including not only cell 

proliferation and survival associated with oncogenic responses, but also growth arrest, 

senescence, differentiation, and apoptosis involved in tumor suppression mechanisms 

(Fig. 5 in Chapter 1).88 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 non-autonomous myelosuppression, 3) to suppress 

apoptosis in AML blast cells, and 4) to inhibit differentiation of AML blast cells (Fig. 1).  

For further experiments, I would suggest that an analyses of gene expression and 

signal transduction using Mac1/Gr1 double positive cells after inducing apoptosis (Fig. 

3D in Chapter 3). Even though very small population of the double positive cells is 

remaining, the cells may represent NRASG12V-independent AML stem cells and acquire 

additional mutations that enable the escape from apoptosis and subsequent proliferation 
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with MPD-like phenotypes. Another approach is to inactivate MAPK, PI3K, or other 

signaling pathways using proper inhibitors (i.e. MEK/ERK inhibitors or PI3K/AKT 

inhibitors) in vivo or in vitro. These experiments may provide important information of 

signal transduction pathways that associate with signal reprogramming, apoptosis, and 

NRASG12V-resistance.   

 
II. NRASG12V oncogene addiction in AML induced in cooperation with MLL-
AF9 

     The NRASG12V expression in AML induced in cooperation with Mll-AF9 was 

essential for AML persistence, although NRASG12V-independent AML appeared in 

several weeks after the repression of NRASG12V expression (Fig. 2 in Chapter 3). 

Furthermore, temporary or chronic repression of NRASG12V expression efficiently induced 

apoptosis in the NRASG12V and Mll-AF9 co-transgenic AML after the establishment of 

full-blown AML in recipient mice (Fig. 3 and 4 in Chapter 3). These results provide a 

convincing model showing the phenomenon of oncogene addition to activating RAS 

mutations in AML induced in cooperation with MLL-AF9 fusion. Although we could not 

obtain good data from the analysis of proapoptotic signaling (i.e. phosphorylated p38), 

prosurvival signaling (i.e. phosphorylated Erk) showed the acute inactivation of Ras/Erk 

signal in AML cells after turning off the expression of NRASG12V transgene (Fig. 5C in 

Chapter 3). Since Vav promoter does not highly induce luciferase expression in myeloid 

lineage and CD34+ progenitor cells compared with the expression level in developing 

lymphoid lineage cells (described in Chapter 2), we predict that NRASG12V expression 

level is not high as well in AML cells, but similar to the expression level of endogenous 



A Thesis by WON-IL KIM 
 

 101

Nras as shown in Fig. 3 and 5 in Chapter 3. So, we think that the oncogene addition to 

NRASG12V in the AML is unlikely dependent on overexpression of NRASG12V oncogene. 

Otherwise, the phenomenon of oncogene addition in these experiments may be caused by 

the strong dependence of oncogenic role of NRASG12V or high susceptibility of myeloid 

cells, especially AML cells. We would suggest further studies to test the hypothesis of 

oncogene shock in vivo or in vitro. To solve the problem in the analysis of signaling 

changes upon apoptosis, we are currently trying to test the hypothesis using the NRASG12V 

and Mll-AF9 co-transgenic AML cells cultured in vitro. 

 

III. NRASG12V oncogene suppression combined with AraC chemotherapy 

     Conditional repression of NRASG12V expression induced apoptosis in AML induced 

in cooperation with Mll-AF9 (Fig. 3 in Chapter 3). However, relapse of NRASG12V-

indepent AML was allowed with the oncogenic NRASG12V suppression. To prevent or 

postpone the relapse of resistant AML, we co-treated AML-recipient mice with Dox and 

cytarabine (AraC) after the establishment of full-blown AML (described in Chapter 4). 

Consequently, we found that combined treatments with Dox and AraC chemotherapy 

significantly extended remission time compared with either single treatment. Furthermore, 

chronic Dox treatment postponed the final relapse of co-resistant AML when the relapsed 

AML was not sensitive to temporary AraC treatment compared with single AraC 

treatment. This synergic effect of co-treatment can be explained by dual arrests of AML 

cell, because AraC inhibits DNA replication resulting in cell cycle arrest at S phase and 

RAS inactivation arrests cell cycle at G0/G1 or G2/M stages related with lower 
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expression of cyclin D/E.204-206 These results suggest that chemotherapy combined with 

molecularly targeted therapy may improve the therapeutic outcomes in treatment of 

AML.74,83  To compare gene expression patterns, which may present drug-resistant gene 

profile in the co-resistant AML and either single drug-resistant cells, we are planning to 

conduct the microarray analysis using the relapsed AML bone marrow cells.          
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Figure 1. Model of describing the oncogenic roles of NRASG12V expression in AML induced 

in cooperation with MLL-AF9. Oncogenic NRAS expression induces proliferation of AML blast 

cells, induces cell non-autonomous myelosuppression, suppresses apoptosis in AML blast cells, 

and inhibits differentiation of AML blast cells in cooperation with MLL-AF9. (Arrows indicate 

induction and activation. End-blocked lines indicate suppression and inhibition)  
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