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Abstract 

Human patients with a t(9;11) translocation (MLL-AF9) develop acute myeloid 

leukemia (AML) but evidence suggests that the product of the translocation requires 

additional cooperating genetic events for full-blown disease to develop.  A retroviral 

insertional mutagenesis screen was performed in mice transgenic for the Mll-AF9 fusion 

oncogene, which also developed myeloid leukemia with a reduced latency compared to 

controls.  We identified 88 candidate cancer genes near common sites of proviral 

insertion, including Fosb and Mn1.  We found elevated expression of some candidate 

genes in leukemic tissues that were also upregulated in human AML harboring MLL 

gene translocations.  A functional validation of several candidate genes was performed 

using RNAi lentiviral vectors in vitro and BMTT assays in vivo.  We found the Open 

Biosystems libraries were not optimized for a hematopoietic system and shRNAs were 

not effective in all cells lines of causing gene knockdown or phenotype change.  

However, we still observed a requirement of FOSB for the maintenance the human 

U937 myeloid leukemia cell line.  We also showed MN1 cooperated with Mll-AF9 in 

leukemogenesis in an in vivo bone marrow viral transduction and transplantation assay.  

To further investigate these leukemias, we transplanted bone marrow from the infected 

Mll-AF9 leukemic mice into recipient animals, which also succumb to myeloid 

leukemia.  We established four AML cell lines from the recipient bone marrow with 

different signaling profiles and used them to test inhibitors against molecules in the 

receptor tyrosine kinase (RTK) and related pathways.  The inhibitors were mostly 

ineffective in low doses but when cells were treated with combinations of drugs, 
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dramatic changes in cell cycle and strong inhibitory effects on intracellular signaling 

were observed with variability for each cell line.  The best combinations in all cell lines 

affected more biochemical targets and caused a prolonged apoptotic induction and 

inhibition of cell proliferation after three days of treatment.  Our model of Mll-AF9 

myeloid leukemia, induced with cooperating mutations provided by MuLV, helps 

define the genetic alterations in genes and pathway that are important in progression of 

leukemia with an MLL fusion.  Furthermore, cell lines created from these leukemias are 

a valuable preclinical tool for assessment of cellular and biological response to 

inhibitors and therapeutic agents in AML cells with the Mll-AF9 translocation. 
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Chapter 1: Introduction 

NORMAL AND MALIGNANT HEMATOPOIESIS 

Normal hematopoiesis depends on a rare uncommitted hematopoietic stem cell (HSC) to 

retain self-renewal capabilities as well as generate mature forms of all the blood cell 

lineages.1  The development of the multiple cell types of the hematopoietic system is 

thought to occur by lineage commitment, in which a progenitor cells becomes continually 

restricted until it becomes part of a single cell lineage in a step-wise fashion.1,2  This is 

illustrated in Figure 1A, in which long-term HSCs develop into short-term HSCs, which 

become multipotent progenitors (MPPs).  The next level of lineage commitment is 

separation of cells into common lymphoid or common myeloid progenitor (CLP, CMP) 

cells.  The CLPs eventually give rise to cells of the lymphoid lineage (B cells, T cells and 

nature killer (NK) cells), while the CMPs give rise to cells of the myeloid lineage, 

including monocytes, granulocytes, megakaryocytes and erythrocytes (Figure 1A).   

 Leukemia is defined as a group of malignant diseases of the blood and bone 

marrow characterized by an uncontrolled overproduction of white blood cells.  Acute 

leukemias have a rapid build up of immature blast cells, while chronic leukemias have a 

slower expansion of terminally differentiated cells with some normal function.  

Leukemias are also classified based on the cell of origin.  Both types of leukemias can 

result from a malignant cell in a myeloid lineage or lymphoid lineage to form acute 

myeloid leukemia (AML), acute lymphoid leukemia (ALL), chronic myeloid leukemia 

(CML), and chronic lymphoid leukemia (CLL).  Other hematopoietic diseases include 

myeloproliferative disease (MPD), characterized by aberrant proliferation of mature cells 
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of the myeloid lineage (e.g. CML), myelodysplastic syndromes (MDS), in which normal 

differentiation is perturbed and which are often refractory in nature, and others defined by 

the World Health Organization (WHO) classification.3 

 Leukemia is a serious health problem.  It is estimated that 31,500 people in the 

United States will be diagnosed with leukemia each year (an incidence of 4.3 per 

100,000) and 21, 500 people will die of the disease.4  There are roughly 245, 000 people 

living with a history of leukemia in the United States and the overall 5-year survival for 

leukemia is 54%.5  Although acute leukemias account for less than 3% of all cancers, this 

is the leading cause of cancer death in children and young adults less than 39 years old.4 

Acute lymphoid leukemia (ALL) is the most frequently diagnosed childhood leukemia.  

This demographic has the highest survival rate of all leukemias (up to 89%).6  In contrast, 

AML is most frequent leukemia overall as over 13,000 Americans are expected to be 

diagnosed with acute myelogenous leukemia (AML) each year.6  The median age of 

patients with AML at diagnosis is 66 years old and the risk for developing AML 

increases over 10-fold with age.5  Since life expectancy has increased over recent 

generations, the incidence could also increase because people are living longer.  Despite 

treatments such as bone marrow transplantation, the overall 5-year survival rate for 

patients with AML is only 23.6%.5 

 Classification schemes for leukemia vary in complexity.  All patients with CML 

are associated with the t(9;22) BCL-ABL fusion protein and are either in a  chronic phase 

or blast crisis, which resembles AML.  Patients with CLL have mostly malignancies in B 

cells and are associated with several recurring chromosomal deletions.7  The French-
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American-British (FAB) cooperative group has published proposals for the morphologic 

classification of acute leukemias.   ALLs are classified into three major groups based on 

the size of neoplastic cells and are associated with multiple recurring cytogenetics events 

such as MLL fusions, the BCL-ABL fusion, and the TEL-AML1 fusion.3,7  The FAB group 

revised its morphologic classification of acute leukemias to account for the heterogeneity 

of AML with eight different categories based on morphology and differentiation.8,9  

These categories of AML are as follows: undifferentiated myeloblastic (M0), 

myeloblastic without maturation (M1), myeloblastic with maturation (M2), 

promyelocytic (M3), myelomonocytic (M4), monoblastic (M5a), monocytic (M5b), 

erythrocytic (M6), and megakaryoblastic (M7).  Certain cytogenetic and molecular 

abnormalities are associated with specific FAB classifications.  The WHO classification 

has been revised for AML to take into account cytogenetics and recurring chromosomal 

abnormalities to identify AML patients with a poor, unfavorable or favorable prognosis.10  

The t(8;21)(q22;q22) AML1-ETO fusion AMLs are classified as M2, the 

t(16;16)(p13;q22) CBFβ-MYH11 fusion or AMLs with inv(16)(p13q22) are part of the 

M4 class, patients with the t(15;17)(q22;q12) PML-RAR∝ fusion are M3 AMLs, 11q23 

MLL abnormalities are M4 and M5 AMLs while activating FMS-like tyrosine kinase 3 

(FLT3) mutations can be found in classes M0-M5.3,7,10  The leukemic blast cells for each 

of the FAB subclasses of AML are depicted in Figure 1B, outlined in red boxes, taken 

from a recent review.7     

 Another method for classification of acute leukemias, and especially AML, in the 

last ten years has been the use of gene expression profiling (GEP).  These studies have 
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been used to predict the cytogenetics and molecular classes of AML by specific 

chromosomal abnormalities (inv(16), PML-RARα, AML1-ETO, MLL rearrangements), 

and mutations in FLT3 and nucleolar phosphoprotein B23 numatrin (NPM1), commonly 

found in AML.11-15  GEP can also be used to subdivide cases of normal karyotype AML 

and find prognostically relevant subclasses.16-18  Using GEP to predict response to 

therapy has been investigated and it is thought that GEP could even detect new molecular 

targets for therapy in acute leukemia patients.19,20  Finally, GEP may become part of 

diagnosis and treatment in acute leukemia patients for better clinical care with the help of 

international, large multi-center studies such as the Microarray Innovations in LEukaemia 

(MILE) study, confirming array-based predictions of leukemia subtypes.20,21  

  

GENETICS OF AML 

Chromosomal translocations have long been known to be common in certain leukemias, 

lymphomas and sarcomas.22  These translocations were shown to be of clonal origin and 

are often used to diagnose specific hematopoietic malignancies.  In fact, a large 

percentage of ALL and AML patients have a chromosomal translocation.22  

Translocations typically found in myeloid diseases include BCR-ABL (CML), AML1-

ETO, PML-RAR, and MLL-AF9 while translocations found more often in B and T-

lymphoid diseases include TEL-AML1, MLL-ENL, MLL-AF4, and the TCR genes, 

respectively.22 

 AML has been hypothesized to be a “two-hit” disease: at least two types of 

genetic mutations are required for the malignant disease.  Kelly and Gilliland propose 
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that two distinct classes of mutations are required for the formation of AML (Figure 2).23  

The first class of mutations affects signal transduction molecules in the receptor tyrosine 

kinase (RTK) pathway that confer some proliferative and/or survival advantage to the 

precancerous cells but do not affect lineage differentiation.  Examples include activating 

KRAS and NRAS mutations, mutations in JAK2, and FLT3 activating mutations.23  The 

BCL-ABL translocation is also considered a class I mutation, and is sufficient to cause 

CML in patients.  It is thought that only one mutation in this class of genes is usually 

observed in AML patients as FLT3 and RAS mutations are virtually mutually exclusive.24  

The second class of mutations impairs hematopoietic differentiation and apoptosis.  

These mutations involve genes that tend to be transcription factors such as translocations 

of MLL or the core binding factor (CBF) gene, AML-ETO and PML-RARα translocations, 

and point mutations in AML1 or C/EBPα.23  Only when both classes of mutations are 

acquired will clinical AML (or blast crisis in the case of CML patients) be manifest 

(Figure 2).   

 RTK mutations are commonly found in myeloid neoplasia.  The FLT3 gene 

encodes a receptor that is part of the RTK subclass III family.  The FLT3 receptor is 

essential for stem cell differentiation and proliferation, found on all hematopoietic cells 

but lost as cells differentiate.24  A FLT3 internal tandem duplication (FLT3-ITD) or a 

point mutation in exon 17 occurs in 15-40% of all AML patients, one of the most 

frequent somatic mutations in AML.25  Either mutation results in constitutive activation 

of downstream targets.   Another member of the subclass III RTK family is the 

transmembrane glycoprotein c-KIT.   Activating mutations of KIT have been identified in 
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specific subsets of AML, including CBF AML while 70% of patients with KIT mutations 

are in the M2 class of AML.24  Activating point mutations in the RAS gene superfamily 

are common in AML and MDS patients (5-27%),26 and the presence of a RAS mutation 

has been significantly associated with progression from MDS to AML.27  There are other 

changes in signal transduction pathways due to gene mutation  that could lead to a 

proliferative advantages in a smaller subset of AML patients.  These include mutations in 

the PTPN11 gene (SHP-2), the recurrent JAK2V617F mutation in JAK2 tyrosine kinase, 

activation of phosphoinositide 3-kinase (PI3K), activation of STAT proteins, and G-CSF 

receptor mutations.24,26  Some of these mutations are poorly understood and the full 

extent of the class I mutations in AML is still not known.   

 Class II mutations involving transcription factors may be required for AML 

development.  Mutations in these transcription factors are thought to act to primarily 

impair hematopoietic differentiation and/or increase self-renewal.  Typical mutations are 

chromosomal translocations targeting transcription factors including CBF, retinoic acid 

receptor alpha (RARα) and members of the HOX family.  The most common 

translocations in AML involving the CBF are AML1-ETO, CBFβ-SMMHC, and TEL-

AML1.   PML-RARα is the most common translocation involving RARα and exclusively 

associated with acute promyelocytic leukemia (APL).23  Translocations can also involve 

proteins that are co-activators of transcription like p300, Creb-binding protein (CBP), and 

MLL.23  These include NUP98-HOXA9 and multiple MLL translocations such as MLL-

ENL and MLL-AF9.  Mutations in class II transcription factors can also occur by point 

mutations, such as in the AML1 gene, which encodes one of the subunits of the CBF.28 
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The CCAAT/enhancer binding protein, alpha (C/EBPα) is also frequently mutated in a 

loss-of-function point mutation that results in a dominant negative form of the protein.29   

 Many human AMLs have mutations in both a class I and a class II gene, giving 

validity to this “two-hit” hypothesis.  About a third of AML patients, including those with 

MLL-AF9 translocation, have activating FLT3 mutations.25,30 These patients have AML1-

ETO, CBFβ-SMMHC and PML-RARα fusion genes.  In a study of therapy-related MDS 

and AML (tMDS/tAML), there was a significant association between RAS/BRAF 

mutations and MLL rearrangements as well as between RAS mutations and AML1 point 

mutations.31  Furthermore, half of the patients with class I mutations in the RTK/RAS-

BRAF signal-transduction pathway also had mutations in class II transcription factors, a 

significantly positive association.31  These examples support the hypothesis that 

cooperation in required between the two classes for overt AML.   

 Several mouse models have been developed to assess cooperation between 

mutations in both classes of genes.  Co-expression of the BCR-ABL fusion oncoprotein 

and the AML1/MDS1/EVI1 fusion transcription factor causes a rapid onset myeloblastic 

leukemia compared to a MPD or long latency AML, respectively, with each fusion 

separately.32,33  Two mouse models of AML have been created by bone marrow 

transplant which show cooperation between FLT3 activation and the MLL fusion genes 

MLL-SEPT634 and MLL-AF9.35  Transgenic mice were bred to show NRAS was required 

for undifferentiated AML maintenance in the Mll-AF9/+ knock-in model.36  Finally, 

mosaic mouse models have been generated with viral injection of fetal liver HSCs to 

show cooperation between AML1-ETO and NRAS as well as MLL-ENL and NRAS.37   
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 Not all AMLs have both a known class I and class II mutation, implying that not 

all mutations are known that lead to progression of AML.  Furthermore, alterations in 

AML are most likely achieved by other mechanisms besides chromosomal translocation 

or point mutation.  Recent studies utilizing genome-wide single-nucleotide polymorphism 

(SNP) analyses reveal gene copy number alterations and uniparental disomy (UPD) in 

AML patients, but very few genetic mutations overall.38,39  Because mutations were 

recovered from a relatively small proportion of patients with AML, other changes are 

being investigated, such as epigenetic alterations.  The DNA methylation patterns of over 

300 AML patients showed that many previously known groups of AML with mutations 

in C/EBPα, ML1-ETO, CBFb-MYH11, and PML-RARA have a distinct epigenetic profile 

and a methylation classifier predictive of overall survival was developed.40,41  

 

MLL LEUKEMIA  

The MLL (mixed lineage leukemia or myeloid/lymphoid leukemia) gene found on 

chromosome 11q23, also called ALL1, is involved in translocations found in 5-10% of 

acute myeloid and lymphoid leukemias and up to 80% of children under the age of one 

with leukemia.22  MLL is also part of translocations in leukemias when topoisomerase II 

inhibitors were used as treatment for prior malignancies, called therapy-related AML (t-

AML).42-44  Most of the MLL translocations in t-AML are also observed in de novo AML 

(including MLL-ENL, MLL-AF9, and MLL-AF4) with the exception of t(11;16) involving 

the CREB binding protein (CBP), which is almost always associated with t-AML.43  MLL 

is reported to be involved in 104 different translocations with 64 partner genes that have 
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been characterized on the molecular level.45  All of these are thought to lead to fusion 

proteins.  Two main breakpoints in the MLL gene have been identified, which differs 

depending on whether the translocation is de novo or therapy-related.46  The fusion 

partner appears to be important in the leukemia lineage as MLL-AF4, t(4;11), is found 

primarily in patients with ALL while the MLL-AF9 fusion, t(9;11), is found mostly in 

AML patients, with the same MLL breakpoint in each case.22  Whether this indicates that 

these translocations are more likely in the target cells for ALL vs AML or that the 

translocation products are instructive to a target cell is unknown.   

 The MLL gene is a functional ortholog of the Drosophila trithorax (trx) gene, 

which encodes a protein responsible for positive gene expression maintenance during 

development.47  Based on genetic targeting in mice, Mll null mice were embryonic lethal 

and the heterozygous animals were haploinsufficient with hematopoietic and skeletal 

abnormalities, supporting a vital role for MLL in patterning and segmentation in 

mammals.48  The over 100 kilobases (KB) MLL gene encodes a large protein with 

transcriptional regulatory domains (Figure 3).49  On the N-terminus of MLL, three AT 

hooks for binding to the minor grove or AT-rich DNA and are thought to stabilize 

protein-DNA complexes or protein-protein interactions.50  A DNA methlytransferase 

homology domain, also called a repression domain, can recruit histone deacetylases 

(HDAC) for transcriptional repression by methylation.51  Downstream of the repression 

domain are plant homology domain (PHD) zinc fingers involved in protein-protein 

interactions, a transcriptional activation domain that binds to CBP, and a SET domain on 

the C-terminus which has histone methylation activity and may be used for chromatin 
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remodeling47,52-55  Only the aminoterminal AT hooks and methlytransferase homology 

domain are retained when MLL fuses to the C-terminus of a partner gene, at the 

breakpoint cluster region (Figure 3).47 

 The MLL protein, which is normally proteolytically processed, as well as the 

MLL fusion proteins, exist in large multi-protein super-complexes which are made up of 

at least 29 proteins.56  Components of the complex are involved in nucleosome 

remodeling and RNA processing as well as the histone modifications of methylation and 

deacetylation.56  The most well known targets of MLL are the homeobox (HOX) genes, 

which control developmental segmentation patterns and hematopoietic progenitor 

expansion.57,58  MLL complexes can bind to Hox regulatory elements or directly to the 

promotor regions of HOXA9 and Hoxc8.56  Indeed, HOX gene deregulation has been 

associated with all types of perturbations in the MLL gene including translocations, 

duplications, insertions and deletion of exon 8.49  Accordingly, leukemia cells from 

patients with MLL translocations have been shown be have high expression of HOXA9 

and other HOX genes, Hoxa9 influences the phenotype of Mll-AF9 disease, and human 

MLL-rearranged leukemia require HOXA9 for survival.11,55,59,60.  

 MLL fusions are thought to act as oncoproteins and cause MLL activation and 

leukemogenesis by several mechanisms.  First, fusion with a nuclear partner with 

transcriptional activity has been shown to result in transcriptional activation.61  Several 

well characterized examples include MLL fusions with transcriptional factors (AFX and 

FKHRL1),62,63,64 coactivation domains from genes such as CBP and p300,65,66 and other 

fusions (e.g. AF4, AF9, AF10, ENL, ELL).67-70  Fusion with cytoplasmic partners can also 
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induce transcriptional activation by inducing dimerization/oligomerization of the MLL 

N-terminus.49  This was first described in a lacZ gene model and later observed with 

other proteins like AF1p/Eps1, GAS7, and FKBP.71-73  Other cytoplasmic fusion partners 

thought to induce dimerization include AF6, EEN, and many others.70  MLL activation 

may also be influenced by the chromatin structure changes and signal transduction 

associations of the partner gene.70  Thus, MLL fusion oncoproteins can lead to 

leukemogenesis in a variety of ways. 

 While potent oncogenes, MLL fusion proteins are not thought to cause leukemia 

by themselves for several reasons.  First, the MLL translocations from childhood 

leukemias are often detected in cellular DNA isolated from Guthrie cards created at the 

time of birth.74  In these cases, an MLL gene translocation occurred in utero, but 

additional mutations were required for overt leukemia to develop.  Secondly, there are 

additional chromosomal abnormalities and commonly observed oncogene mutations, 

including NRAS, KRAS, and FLT3-ITD mutations present in some MLL translocation 

leukemia patients, suggesting more than one oncogenic event is required for leukemia 

development.75  Finally, knock-in mouse models have been developed for Mll gene 

translocations including Mll-Enl, Mll-AF4, Mll-AF9, Mll-Een, MLL-partial tandem 

duplication, and MLL-CBP.76-80  In these models, mice present with leukemia only after 

relatively long latency periods, or never, indicating that cooperating mutations are needed 

to contribute to leukemia progression.  
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MLL-AF9 IN LEUKEMIA 

The AF9 gene is over 100 KB and includes 10 exons and nine introns.81  The AF9 

structural breakpoint cluster region elements are similar to MLL in that both have two 

scaffold associated regions (SARs) with a topoisomerase II cleavage site and a DNase I 

hypersensitive site near or within a SAR, which lead to chromosomal breaks and 

recombination events.81  There is a high degree of homology between the AF9 protein 

and the ENL protein, another common fusion partner with MLL, and AF9 is suspected of 

have transcriptional activation function, though the specific function of AF9 is 

unknown.82,83  The MLL-AF9 translocation, t(9,11)(p22q23), is the most common MLL 

translocation observed in patients with de novo and therapy-related AML.46  Typically, 

most of the AF9 gene is fused to the N-terminus of MLL.46  This translocation is most 

often found in FAB classified M5 AML, acute monocytic leukemia.9  Rarely do patients 

with this translocation have ALL.  Interestingly, in ALL patients, different regions of the 

AF9 gene are fused to MLL compared to AML patients with MLL-AF9, suggesting a role 

for not only the fusion partner but also the amount of gene product of the partner gene in 

determining disease lineage84  

 A mouse model for the MLL-AF9 translocation and subsequent fusion protein was 

engineered in Terry Rabbitts’ lab by homologous recombination in embryonic stem cells.  

Human AF9 was fused in-frame with exon 8 of the mouse Mll locus in 129SvJ-derived 

ES cells, which were introduced into C57Bl/6 blastocyts.  Chimeric mice were created in 

this way with the fusion protein under control of the normal transcriptional elements of 

Mll, as would be seen human leukemia85.  The chimeras developed acute, mostly myeloid 
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leukemias starting at four months of age with enlarged pale spleens and livers and no 

evidence for B cell disease as measured by a lack of immunoglobulin gene 

rearrangements85.  When chimeras were crossed to wild type females, germline 

transmission was achieved producing mice heterozygous for the translocation (Mll-

AF9/+).  Homozygous mice were never generated, confirming embryonic lethality.  

Almost all mice succumbed to leukemia by one and a half years with 50% of the 

heterozygous cohort developing disease by five months of age.  The Mll-AF9/+ animals 

developed AML 75% of the time86.  Interestingly, prior to overt malignancy, 

myeloproliferative disease is seen in Mll-AF9/+.  There is an expansion of Mac-1/Gr-1 

double-positive cells in the bone marrow of these mice at six days of age compared to 

controls, indicating that myeloid precursor expansion is the first stage of leukemia in Mll-

AF9/+ animals86.  This may mean differentiation to the lymphoid lineage of the cells with 

the Mll-AF9 fusion is mostly blocked unless early secondary mutations confer lymphoid 

tumor development.  This Mll-AF9 AML model was analyzed by the University of 

Minnesota, who also found a preleukemic stage occurs before overt leukemia, and that 

Hox-a cluster genes are deregulated during this stage, influencing the phenotype of AML 

to consist of more immature myeloid cells.60,87  In another study with this model, Mll-

AF9 was shown to transform HSCs and CLPs better than CMPs, and were unable to 

transform GMPs, illustrating gene doses differences with transgenic models compared to 

retrovirally induced AML with MLL-AF9.88  They also found that a cell line established 

from a Mll-AF9/+ knock-in mouse could be used to assess the requirement of a gene in an 

MLL leukemia by shRNA technology in vitro and could be transplanted into recipient 
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mice.89  We found this heterozygous mouse model of Mll-AF9 to be an attractive model 

system as the AML induced closely mimics human disease in patients with the MLL-AF9 

translocation and its long latency indicates additional mutations were required for disease 

progression.  However, studies examining the phenotype of the Mll-AF9/+ mice have not 

disclosed the full spectrum of disease in these animals, partly because the panel of 

antibodies used did not detect all lineages,60,87 or a comparison of histology, FACS 

analysis, and rearrangement status was not performed.86  A different model for MLL-AF9 

AML was created by bone marrow cell transduction with MLL-AF9 encoded in an 

MSCV retrovirus.35  This transplant model was used to show cooperation between FLT3 

and MLL-AF9, demonstrating the utility of MLL-AF9 in assessing gene cooperation in 

AML.35  

  

MUTAGENESIS IN MOUSE MODELS OF LEUKEMIA 

The use of mutagens in forward genetic screens to accelerate disease and identify 

cooperating mutations in leukemia mouse models has been well documented.  Mutations 

can be induced by several widely used methods.  Examples include chemical mutagenesis 

(e.g. ENU to induce point mutations or alkylating agents to mimic tAML),90,91 radiation-

induced leukemia,92 or viral infection for insertional mutagenesis (Figure 4), reviewed in 

several reports.93-95 

 Retroviruses are attractive insertional mutagens for leukemia gene discovery.  The 

provirus can either insert near oncogenes and cause aberrant transcriptional activation via 

promoter enhancer elements driven by its long terminal repeat (LTR) or, rarely, insert 
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within tumor suppressor genes to inactivate them when the other allele is lost (Figure 

4).94  This system allows the precise determination of proviral integrations in the mouse 

genome by acting as a molecular tag for the insertion.  In previous retroviral studies, 

scientists have found that proviruses will repeatedly integrate in the same vicinity in more 

than one tumor.  These regions are called common insertion sites (CISs) and can be 

defined based on statistical criteria.96  Genes neighboring these CISs have been 

implicated in pathways that contribute to oncogenesis in other cancer-based screens.96-100   

 In retroviral mutagenesis, leukemias are induced by slow-transforming murine 

leukemia viruses (MuLVs) that have a preleukemic phase in which millions of insertion 

events occur during a chronic infection (Figure 5).  Rare mutations confer a growth 

advantage and a selection event but additional mutations are required for overt 

leukemia.95  Examples of viruses used in these studies include the Graffi-1.4 virus,101,102 a 

B-tropic MuLV expressed in the BXH-2 inbred mouse strain,103,104 mouse mammary 

tumor virus (MMTV),105,106 and most widely used, Moloney MLV (Mo-MuLV).  The 

most common phenotype induced by virus infection is a lymphoid neoplasia but myeloid 

disease has been induced with Friend MuLV, or Mo-MuLV, and others.93  MuLVs have 

also been used in leukemia-predisposed mutant strain backgrounds to identify 

cooperating gene mutations.  Mouse models used have mutations and chromosomal 

abnormalities such as Eµ-Myc, Cdkn2a(-/-) and deficiencies in p19ARF and p53.96,98,100  

These are examples of retrovirally accelerated leukemia, where there is an initiating 

germline mutation  in the preleukemic phase of chronic viral infection (Figure 6).  When 

a rare insertion is selected for, this is called a cooperating mutation.  Again, additional 
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mutations are acquired in leukemia progression before a malignant clone emerges to 

cause overt disease, but presumably this process is accelerated since the cells already 

have the first genetic mutation required for leukemogenesis (Figure 6).   

 Retroviral mutagenesis is a valid approach to identify novel cancer genes.   There 

are many examples of genes involved in human cancer processes first being identified as 

CISs in insertional mutagenesis screens.  These include Myc and Pim1 genes in T-cell 

neoplasia, and Evi1, Myb, Hox genes, Sox4, and Nf1 in myeloid neoplasia mouse 

models.93,107  Recent studies of insertional mutagenesis have incorporated so-called 

comparative oncogenomics to identify candidate genes.  In this method, insertion data 

from other screens as well as human comparative genomic hybridization (CGH) data, 

microarray expression studies and large-scale sequencing are compared with the murine 

insertion data to develop oncogenic networks and prioritize CISs for further study.95,108  

DNA transposons have recently been utilized to identify leukemia genes using insertional 

mutagenesis and one study compared retroviral insertion sites to transposon insertion 

sites as well as CGH data.109,110 

 Various retroviruses have been utilized as insertional mutagens in forward genetic 

screens to induce specific leukemia phenotypes.  Moloney murine leukemia virus (Mo-

MuLV) induces mostly lymphomas when injected into newborn mice and has been used 

to identify important lymphoid leukemia-associated genes.111  Virus 4070A has been 

shown to induce myeloid disease in a small subset of infected newborn mice in certain 

strains.111  4070A has been used to identify genes that cooperate with the fusion gene 

CBFB-MYH11 in myeloid leukemia formation.112  However, 4070A is N-tropic, meaning 
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its replication is restricted in common laboratory strains such as FVB and C57BL/6 due 

to the presence of Fv1 gene alleles.111  A recombinant virus was engineered to induce 

myeloid leukemia with a broad tropism compared to Mo-MuLV or 4070A individually. 

The U3 region of Mo-MuLV was replaced with that of the 4070A LTR and called 

MOL4070LTR (M4070).111  Indeed, it was found that myeloid disease was induced half 

the time with M4070 in FVB and BALB/c mice compared to Mo-MuLV which induced 

100% lymphoid disease.111  This virus functions in insertional mutagenesis studies to 

accelerate disease in cooperation with several mouse models of leukemia.113-116 

Therefore, this study proposes to use M4070 to accelerate AML and identify 

collaborating mutations in Mll-AF9/+ mice.  

  

FUNCTIONAL VALIDATION OF CANDIDATE LEUKEMIA 

GENES 

CISs identified in retroviral insertional mutagenesis screens indicate candidate cancer 

genes nearby but need to be functionally validated to illustrate a definitive role for the 

gene in disease progression or maintenance.  First, the CISs list needs to be scrutinized to 

choose the candidate genes associated with each CIS and the candidate genes prioritized 

further study.  The candidate genes chosen for functional validation can be determined by 

comparing CISs acquired in the murine screen to CISs in other insertional mutagenesis 

screens and genes commonly mutated in human cancer. In addition, CIS-associated gene 

can be compared to sequence, gene expression and CGH data from human studies in a 

comparative oncogenomics approach.  As previously mentioned, this approach allows 
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putting the candidate genes in oncogenic networks to identify cancer genes that may be 

more clinically relevant.95,108,110,117   

 Functional validation of the candidate genes can be done in several ways, both in 

vitro and in vivo.  Cooperation of candidate genes can be assessed in vitro using RNA 

interference (RNAi) technology to knockdown candidate gene expression in cultured 

cells.  Large-scale RNAi screens using short hairpin (shRNA) vectors in human cells 

have investigated genes involved in the cancer-associated p53 and PI3K pathways.118-121 

Several variations of shRNA vectors have been developed for inducing gene knockdown 

in human and mammalian cells.122-124  RNAi technology now has in vivo applications in 

mouse models for functional analysis.125,126  

 Cooperation of candidate genes can be investigated in vivo with mouse models 

using several methods.  First, the two genes of interest can be expressed using retroviral 

vectors, as in the example of co-expression of BCR-ABL and the AML1/MDS1/EVI1 

fusion.33  However, when viruses are used to express fusion oncoproteins, elevated and 

potentially non-physiological levels of expression can be achieved and effect 

transformation, as was found in the case of MLL-AF9.88  To circumvent this 

complication, bone marrow transduction and transplantation assays (BMTT) have been 

used in which retroviruses are used transduce transgenic bone marrow, followed by 

transplant into recipient mice.  This method has been utilized to investigate the 

AML1/MDS1/EVI1 fusion in AML,32 cooperation of the Plagl and PLAGL2 oncogenes 

in CBFB-MYH11 bone marrow,127 and cooperation of FLT3 activation with PML-

RARα,128 or MLL-AF9.35  Another method of in vivo validation is to breed transgenic 
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mice with potential cooperating mutations, such as when an inducible NRAS model was 

used show a requirement of NRAS in AML maintenance in the Mll-AF9/+ knock-in 

model.36  Lastly, mosaic mouse models have been generated by using fetal liver HSCs for 

the target of retroviral infection rather than bone marrow to show cooperation between 

genes, such as in a recent study with NRAS and two common AML translocations.37 

 

AML THERAPY: STANDARD TREATMENT AND NOVEL 

DEVELOPMENTS 

Standard treatments for AML are relatively unchanged for the last 25 years and few are 

directed at specific genetic or cellular events.  When adult patients aged 18-60 years 

present with AML, induction chemotherapy is employed to essentially get rid of all cells 

in the bone marrow and allow the normal cells to repopulate.129  Standard induction 

chemotherapy includes 3 days with the anthracylines daunorubicin or idarubicin, which 

are topoisomerase 2 inhibitors, in conjunction with the antimetabolite cytarabine (Ara-C) 

for 7 days.130,131  This “3 + 7” regimen has a high complete remission rate of  75-80% in 

younger adults but only 50% in older adults.129,132   Regardless, consolidation therapy is 

needed in all cases to further reduce the leukemic cell burden and ensure relapse free 

survival or complete cure. The choice for consolidation therapy depends on the risk 

stratification of the disease and consists of chemotherapy alone, autologous 

hematopoietic stem cell transplant (HSCT), or allogeneic HSCT.133  Risk stratification is 

based on the cytogenetics, morphological status and genetic alterations of the blast cells.  

AML with favorable-risk cytogenetics (such as translocations involving the core binding 
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factor) and specific gene mutations (such as C/EBPα and NMP1 in the absence of FLT3-

ITD) is treated with chemotherapy alone.134  AML with adverse risk features (such as 

complex karyotypic abnormalities) are treated with allogeneic HSCT.134  AML with 

intermediate-risk features includes FLT3-ITD with or without NPM1 mutations, 

intermediate cytogenetics, and the t(9;11) MLL-AF9 translocation, though recently this 

translocation was revised to be an adverse risk phenotye.134,135  The role of HSCT in 

intermediate risk disease is not clear at this time.  The presence of FLT3-ITD portends a 

higher risk of relapse and has been used, in some centers, to justify the use of allogeneic 

HSCT to treat AML with intermediate-risk cytogenetics.134,136  Treating leukemia 

patients remains challenging and is often inadequate.  However, most AML patients will 

still die after relapse or complications with therapy.25  Clearly new therapies are needed.  

  The first true ‘success story’ of a treatment for leukemia came just over 10 years 

ago with the development of a tyrosine kinase inhibitor imatinib (Gleevac) for patients 

with CML.  Imatinib targets the BCR-ABL protein usually expressed in CML cells and 

induces a durable complete hematological and molecular remission in a large majority of 

patients.137-139  Patients with a subtype of AML (APL), defined by the PML-RARα 

t(15;17) translocation, have significantly improved remission rates and long term cure 

rates with the use of all-trans-retinoic acid (ATRA) in combination with chemotherapy 

(anthracyclines).140,141  Arsenic trioxide is used to treat ATRA-resistant APL (Figure 8).6 

The use of targeted therapy makes APL the most curable subtype of AML patients.  

 Since the overall survival for leukemia patients is still only around 50%, 

additional therapy is needed.  AML is a heterogeneous disease characterized by many 
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different genetic defects affecting transcription factors, signaling transduction pathways 

and translocations or mutations involving oncogenes.25  Many of these pathways are 

connected so that inhibiting a few, or even one main target, may be helpful for 

management of the disease.  Current efforts are aimed at developing new therapies that 

target mutations in pathways that regulate proliferation, apoptosis and differentiation.  

 Novel treatments have been and are continually sought to find ways to prolong 

survival.  Tailored and/or targeted therapy is being introduced into the clinic to improve 

patient response and outcome.  Tailored or individualized therapy means using specific 

drugs, or combinations of drugs, in specific subgroups or individual patients based on 

risk factors or disease characteristics.142  These disease characteristics may include 

specific genetic mutations or response to treatment.  Targeted therapy means the use of 

drugs against specific genetic or biological characteristics of a given leukemia.142  With 

either tailored or targeted therapy, patients are not treated with the same protocols but are 

put into multiple subgroups.  Ideally, both methods would be employed to reduce toxicity 

in the patient and provide maximum efficacy in these subgroups of AML. 

 There are many examples of therapy targeted to molecules in the RTK pathway.  

Based on clinical trials, AML patients with refractory or resistant AML react well to 

multitargeted RTK inhibitors such as sunitinib and FLT3 selective lestaurtinib, especially 

in patients with FLT3 mutations.143-146  Human leukemia cell lines with mutated FLT3 are 

sensitive to inhibitors of heat shock protein (Hsp) 90 and specific FLT3 inhibitors.147,148  

The RTK inhibitor Sunitinib is also effective against leukemia cells with activated c-KIT, 

platelet-derived growth factor receptor (PDGFR), endothelial growth factor receptors 
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(VEGFR), as well as the downstream targets of mTOR: p70 S6 kinase (S6) and 

eukaryotic initiation factor 4D-binding protein 1 (eIF4E).145,149  Since inappropriate RTK 

receptor activation is found in an estimated 50-70% of AML samples, multiple other 

agents such as small molecule inhibitors are being developed for this class of targets.25  

Other targets include the PI3K pathway such as using rapamycin to affect the molecular 

target of rapamycin (mTOR).150 

  Another group of RTK pathway mutations common in AML patients (15-25%) 

involves activation of the RAS/MEK/ERK pathway.25  Activation of this pathway can 

occur due to activating mutations of KRAS or NRAS.  RAS proteins have GTPase activity 

and need to be post-transcriptionally modified for full biological function, starting with 

prenylation by farneslytransferase (FTase).151  Farneslytransferase inhibitors (FTIs) block 

this process and are thought to inhibitor RAS activity by preventing localization of the 

protein to the membrane as well as other general cellular processes like mitosis, cellular 

adhesion and survial.25,152  FTIs have been tested in multiple human and murine cell lines 

and mouse models, reviewed extensively in Reuter, et al.151  Multiple FTIs have been 

investigated in clinical trials of AML patients and two have recently been reported to 

have promising effects in specific subgroups of AML patients.151,153-156  However, there is 

some evidence for resistance to FTIs, the mechanism of active is still unclear and no 

correlations have been found between RAS mutation status and responsiveness to 

treatment.151,157,158  Downstream of RAS, inhibitors targeting MEK have been developed 

to block RAS pathway activation.  Furthermore, the JAK/STAT pathway is constitutively 

active in an estimated 70% of AML patients, presumably from upstream activation events 
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in KIT or FLT3.137  Using inhibitors against these kinases may also limit proliferation in 

AML patients.    

 In addition to developing drugs for specific molecular targets, immunological 

approaches to AML treatment are also being investigated.  CD33 is a glycoprotein 

expressed on more than 90% of AML blasts and is restricted to hematopoietic precursors 

in normal tissues.  A humanized unconjugated antibody was developed against CD33 

with mixed results.159  A new drug combining the anti-CD33 humanized antibody to a 

chemotherapeutic agent calicheamicin was developed to form the immunoconjugate 

gemtuzamab ozogamicin (GO).160  The Food and Drug Administration granted approval 

for the use of GO in patients over 60 years old with recurring CD33+ AML as a result of 

a trial showing an 28% overall remission in older patients.161  Another area being 

investigated is the use of tumor-associated antigens (TAAs) in AML patients.  

Correlations between high mRNA levels of TAAs and longer overall survival and 

subsequent T-cell responses could lead to immunotherapies such as vaccinations with 

these TAAs.162  These and other approaches like it are being tested in clinical trials.163   

 Other approaches to targeted therapy involve targeting the so-called “epigenome” 

of AML cells.  These approaches include using histone deacetylase inhibitors for aberrant 

transcriptional repression and methlytransferase inhibitors for hyper-methylation.142,164  

Perhaps suitable drugs will be developed to target the leukemic stem cell to eradicate 

residual disease.  Monitoring minimal residual disease (MRD) is has provided prognostic 

value for risk of relapse but is currently ineffective at predicting cures and it is unclear 

that treatment should be employed at the time of detection rather than at relapse.165  With 
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better detection methods and markers, such as novel stem cell populations found only in   

leukemic stem cells, MRD monitoring could lead to an important area of tailored therapy 

in AML patients.166  A diagram of an AML cell shows all the current and possible targets 

of therapeutic intervention with the inhibitor or reagent listed (Figure 7).   

 

THESIS STATEMENT 

This work describes the identification of leukemia genes that may cooperate with MLL-

AF9 in AML development as well as the characterization of some of the genes and 

leukemias arising from the study.  There are three data chapters presented in this thesis.   

In Chapter 2, we hypothesized that we could identify genes likely to cooperate with 

MLL-AF9.  We tested this hypothesis by performing an insertional mutagenesis screen 

with a murine leukemia virus (MuLV) to accelerate myeloid leukemia progression in Mll-

AF9/+ mice and identify common sites of proviral insertion.  These common insertion 

sites (CISs) indicate a selection event occurred, associated with nearby candidate 

leukemia genes.  We prioritized this list of candidate genes using a comparative 

oncogenomics approach by examining previously published data from other murine 

insertional mutagenesis screens and human gene expression and mutation data.  Then we 

focused on candidate genes found primarily in Mll-AF9/+ mice with myeloid disease to 

identify candidate MLL-AF9 cooperating genes.   

 In the end of Chapter 2, we hypothesized that we could functionally validate 

several candidate MLL-AF9 cooperating genes in vivo.  We tested this hypothesis by 

performing bone marrow transduction and transplantation (BMTT) assays in which bone 
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marrow was harvested from Mll-AF9/+ mice, infected with a retrovirus encoding one of 

the candidate cooperating genes, and transplanted into wild type recipients.  We 

successfully showed the candidate gene MN1 and Mll-AF9 can cooperate in the 

progression of myeloid leukemia at an accelerated rate compared to controls.  In Chapter 

3, and the end of Chapter 2, we hypothesized that we could functionally validate 

several candidate MLL-AF9 cooperating genes in vitro. We tested this hypothesis by 

utilizing RNAi technology in the form of lentiviral shRNA vectors to induce candidate 

gene knockdown in myeloid leukemia human and mouse cells.  We found the inducible 

shRNA vectors in human AML cell lines to be the optimal system for testing the effects 

of gene knockdown.  However, not all shRNA vectors induced knockdown and/or caused 

a phenotypic effect in the cell lines.  We did find the candidate gene FOSB was required 

for the maintenance of the U937 cell lines.  An outline for the analysis of candidate 

leukemia genes recovered in the retroviral insertional mutagenesis screen is shown in 

Figure 8.  A comparative oncogenomics approach was used to prioritize genes and then 

both in vitro shRNA knockdown studies and BMTT assays in vivo were employed to 

assess cooperation and provide functional validation of candidate genes. 

 In Chapter 4, we hypothesized that we could use murine AML cell lines 

established from Mll-AF9/+ mice in preclinical testing studies to identify the optimal 

drug combinations for MLL-AF9 patients.  To test this hypothesis, the cell lines were 

characterized by flow cytometry for phenotype and biochemical signaling before being 

scrutinized with inhibitors.  The cell lines were then treated with six different inhibitors 

against molecules in the receptor tyrosine kinase pathway in different doses individually 
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and then in 15 different combinations.  We found dramatic changes in cell cycle and 

strong inhibitory effects on intracellular biochemical signaling with many combinations 

in the cell lines.  The most effective combinations had the most significant effects on cell 

cycle and inhibited the most signaling targets after a prolonged time course.  Thus, we 

feel we have achieved a preclinical model for testing therapeutic reagents to be used in 

MLL-AF9 patients.     

 

FIGURES 

Figure 1. Normal hematopoiesis can be disturbed at different stages of development 

that correspond with different kinds of leukemia.  

(A) CLP-CMP model of normal hematopoiesis. The CLP-CMP model2 infers that the 

first lineage commitment step of HSCs or MPPs results in strict separation of common 

myeloid and common lymphoid commitment pathways, as supported by the identification 

of the CMP and CLP, respectively. LT-HSC, long-term hematopoietic stem cell; ST-

HSC, short-term hematopoietic stem cell; MPP, multipotent progenitor; CLP, common 

lymphoid progenitor; CMP, common myeloid progenitor; pro-B, B cell progenitor; pro-

T, T cell progenitor; pro-NK, NK cell progenitor; GMP, granulocyte/monocyte 

progenitor; MkEP, megakaryocyte/erythroid progenitor.  (This figure is copied from an 

original manuscript: Luc S, Buza-Vidas N, Jacobsen SE. Delineating the cellular 

pathways of hematopoietic lineage commitment.  Seminars in Immunology 2008 

Aug;20(4):213-20)  (B) Diagram of normal myeloid development and the relationship to 

leukemic cell populations. Multipotential stem and progenitor cells, including long-term 
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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; 

leukemic blasts for the different FAB subclasses of AML (M0 through M7) correspond 

approximately to the different normal blasts in each lineage, whereas CML chronic-phase 

cells correspond to terminally differentiated granulocytes. By contrast, the LSCs for acute 

and chronic myeloid leukemias are restricted to rare multipotential and committed 

progenitors, as indicated by the blue boxes.  (This figure is copied from an original 

manuscript: Krause DS and Van Etten RA.  Right on target: eradicating leukemic stem 

cells. Trends in Molecular Medicine. 2007 Nov;13(11):470-81) 

 

Figure 2. Model of the two class of mutations hypothesis for AML.   

This model hypothesizes that AML is the consequence of a collaboration between at least 

two broad classes of mutations.  Class I mutations, exemplified by constitutively 

activated tyrosine kinases or their downstream effectors, confer a proliferative and/or 

survival advantage to hematopoietic cells.  Class II mutations result in loss of function of 

transcription factors that are important for normal hematopoietic differentiation and serve 
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to impair hematopoietic differentiation and increase rates of progenitor cell self-renewal. 

(This figure is modified from an original manuscript: Kelly LM and Gilliland DG. 

Genetics of myeloid leukemias. Annu Rev Genomics Hum Genet. 2002;3:179-98.) 

 

Figure 3. Diagram of the MLL and MLL-AF9 proteins.   

The MLL protein has several distinct components starting with AT hooks on the N-

terminus, a methlytransferase homology domain, a zinc finger domain, a transcriptional 

activation domain, and  set domain on the C-terminus of the protein.  In the MLL-AF9 

protein, all MLL protein domains downstream of the methlytransferase domain are lost in 

the fusion to a partner gene, shown here as AF9.  

 

Figure 4. Retroviruses are the preferred insertional mutagen to clone proviral 

insertions and identify affected genes.  

 Top: Mll-AF9/+ animals succumb to AML but after a long latency, implying that 

cooperating mutations are required.  Middle: Historically chemical mutagens such as N-

ethyl-N-nitrosourea (ENU), gamma radiation, or murine leukemia retroviruses (MuLV) 

have been used to induce mutations and accelerate disease in mouse models.  Only 

retroviruses allow for the identification of the mutated gene by cloning proviral 

insertions.  Bottom: MuLV proviral insertions in the host cell genome can contribute to 

the development of the leukemia two general mechanisms.  The most common is when a 

provirus inserts near promoter or enhancer elements of a proto-oncogene and cause 

increased transcription.  The provirus can also insert within the genomic locus of a tumor 
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suppressor gene to disrupt its expression or truncate the gene product.  This event is then 

followed by loss of the remaining wild tumor suppressor gene by subsequent mutation.  

In both situations, the provirus serves as a molecular tag marking the mutated gene.  

 

Figure 5. Retrovirally induced leukemia.  

MuLV-induced leukemia is characterized by a preleukemic period during which many 

millions of infection events occur. Inevitably a rare cell suffers an initiating event, which 

is followed by a process of tumor progression, during which subclones are selected with 

increasing malignant potential and which have acquired additional mutations. Eventually 

a fully malignant tumor spreads and predominates in the animal.  (This figure is modified 

from an original manuscript: Largaespada DA. Genetic heterogeneity in acute myeloid 

leukemia: maximizing information flow from MuLV mutagenesis studies. Leukemia. 

2000 Jul;14(7):1174-84. Review.) 

 

Figure 6. Retrovirally accelerated leukemia.  

MuLV-induced leukemia is characterized by an initiating germline mutation such as a 

knock-in allele of a translocation found in every cell and a preleukemic period during 

which many millions of infection events occur. Inevitably a rare cell suffers an initiating 

event, which is followed by a process of tumor progression, during which subclones are 

selected with increasing malignant potential and which have acquired additional 

mutations. Eventually there is an emergence of a malignant clone after a cell acquires the 

necessary number of mutations for overt leukemia.  The process is presumably 
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accelerated since there is already an initiating mutation in these cells.  (This figure is 

modified from an original manuscript: Largaespada DA. Genetic heterogeneity in acute 

myeloid leukemia: maximizing information flow from MuLV mutagenesis studies. 

Leukemia. 2000 Jul;14(7):1174-84. Review.) 

 

Figure 7. Diagram of an AML cell with strategies for therapeutic targeting, both 

theoretical and existing.   

Red symbols represent a target for therapeutic intervention with the drug or probable 

mode of action for each target listed.  There are multiple drugs used either in the lab, in 

clinical trials or in clinic that target molecules of the receptor tyrosine kinase (RTK) 

PI3K/AKT/mTOR (pink), RAS/MEK/ERK (blue), or JAK/STAT (purple) pathways.  In 

the nucleus, the PML/RAR∝ translocation is being treated in the clinic with ATRA and 

arsenic for ATRA-resistant cases.  Targeting transcription, histone deacetlylase (HDAC) 

inhibitors and DNA methylation inhibitors have been investigated in clinical trials while 

more are being developed.  Antibodies have been developed against CD33 and are being 

used in some cases of AML in the clinic while Bcl inhibitors are being developed to 

induce apoptosis initiated in the mitochondria of the cell.   

 

Figure 8. Analysis of common insertion sites (CISs) identified in the insertional 

mutagenesis screen. 
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A total of 88 CISs were identified in the screen and the closest genes to each CIS were 

called the candidate leukemia genes.  We looked for enrichment of each candidate gene 

in Mll-AF9 mice with myeloid neoplasia. Candidate genes were also compared to 

published gene expression profile and gene copy number data in human patients with 

AML and MLL-AF9 AML.  These analyses led us to identify candidate Mll-AF9 

cooperating genes.  To functionally validate the role of these candidate genes, we 

performed in vitro assays using inducible lentiviral shRNA libraries targeting human 

annotated genes homolog to our candidate genes.  Human AML cell lines were 

transduced with lentiviruses encoding the shRNA.  After selection in puromycin, stable 

cell lines were treated with doxycycline to induce the shRNA.   We also performed in 

vivo bone marrow transduction and transplantation (BMTT) assays whereby bone 

marrow harvested from Mll-AF9 mice were transduced with retroviruses encoding the 

Mll-AF9 candidate gene MN1 or GFP and transplanted into recipient mice to assess 

cooperation between MN1 and Mll-AF9.    
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SUMMARY 

Human patients with a t(9;11) translocation (MLL-AF9) develop acute myeloid leukemia 

(AML) and mice transgenic for the Mll-AF9 fusion oncogene also develop myeloid 

leukemia after a long latency.  To identify cooperating mutations, neonatal wild type 

(WT) or Mll-AF9 mice were infected with a Murine Leukemia Virus (MuLV).  MuLV-

infected Mll-AF9 mice succumbed to disease significantly faster than controls and 

presented with mainly myeloid leukemia while infected WT animals mainly presented 

with lymphoid leukemia.  We identified 88 candidate cancer genes near common sites of 

proviral insertion.  We analyzed transcript levels of some genes for aberrant expression in 

leukemic tissues.  There was significantly elevated expression of Mn1, and a trend 

towards increased expression of Bcl11a and Fosb in Mll-AF9 murine leukemia samples 

with proviral insertions near those genes. Accordingly, FOSB and BCL11A are also 

upregulated in human AML harboring MLL gene translocations.  We observed that FOSB 

is essential for growth in a human myeloid cell line using shRNA lentiviral vectors in 

vitro.  Importantly, MN1 cooperated with Mll-AF9 in leukemogenesis in an in vivo bone 

marrow viral transduction and transplantation assay. Together, our data identified genes 

that may define important genetic pathways altered during progression of leukemia 

induced by MLL fusion oncogenes.  
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INTRODUCTION 

The MLL (mixed lineage leukemia or myeloid/lymphoid leukemia) gene found on 

chromosome 11q23 is involved in translocations in adult and infant leukemia.22  

Translocations involving MLL are also frequently found in therapy-related leukemia 

when patients have received topoisomerase II inhibitors as a chemotherapy treatment.167  

MLL is reported to be involved in translocations with over 60 genes, all of which are 

thought to result in fusion proteins.49  

The MLL-AF9 translocation, t(9;11)(p22;q23), is the most common MLL 

translocation observed in patients with de novo and therapy-related AML.82  A knock-in 

mouse model for the MLL-AF9 translocation was generated and mice heterozygous for 

the Mll-AF9 knock-in allele were reported to develop AML with 50% of the mice 

developing disease by five months of age.85-87  However, mice present with leukemia 

only after a relatively long latency period, indicating that cooperating mutations are 

needed to contribute to leukemia progression. 

Murine leukemia viruses (MuLV) have been used to identify important leukemia-

associated genes in various leukemia-predisposed mutant strain backgrounds, such as Eµ-

Myc, Cdkn2a(-/-), inversion 16, and Nf1-/+ mouse models.94,98,168  A recombinant MuLV 

that induces myeloid leukemia with a broad tropism in inbred mouse strains has been 

engineered by combining sequences from the amphotropic virus strain 4070A and 

Moloney murine leukemia virus (Mo-MuLV), designated MOL4070LTR.111  

MOL4070LTR (abbreviated here as M4070)  functions as an insertional mutagen to 

accelerate leukemia in at least two mouse models of AML.113,114  We used M4070 to 
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accelerate disease and identify collaborating mutations in Mll-AF9/+ mice.  A 

comparative oncogenomics approach with human patients was used to identify those 

genes most likely to play a role in progression of human leukemia induced by MLL 

fusion genes.  Functional validation was performed on two genes (FOSB and MN1), 

supporting the hypothesis that retroviral mutagenesis is an effective tool for discovering 

important Mll-AF9 interacting genes.  

 

MATERIALS AND METHODS 

Mice and retroviral infection.  Heterozygous Mll-AF9 C57BL/6J mice (provided by Dr. 

Terrance Rabbitts) were bred to wild type (WT) 129/SvJ mice (Jackson Laboratory, Bar 

Harbor, Maine) to produce F1 offspring.113  Two to four-day-old F1 offspring were 

inoculated intraperitoneally with 1 to 2 x 105 infectious particles in 0.1 mL of media.  

Control mice were injected with 0.1 mL of a non-viral supernatant.  Four experimental 

cohorts were established: infected Mll-AF9, infected WT, non-infected Mll-AF9, and 

non-infected WT.  Mice were observed daily for signs of morbidity such as labored 

breathing, immobility, and organomegaly, at which time they were sacrificed.  Mice were 

housed, bred, and manipulated according to specific pathogen free conditions set out by 

the University of Minnesota’s Institutional Animal Care and Use Committee.   

 

Immunophenotyping: Morphology, Histopathology, Flow cytometry, Southern blot, 

cytology, and immunohistochemistry.  See supplemental methods.  
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Proviral insertion site sequencing. PCR amplification of M4070 proviral insertions was 

performed essentially as described previously.114  See supplemental methods.  

Splinkerette PCR products were shotgun cloned into pCR4-Topo vector (Invitrogen), 

transformed into electrocompetent DH10B E.Coli (ElectroMax, Invitrogen), and plated 

onto selective medium with ampicillin (120 µg/mL).  Plasmid DNA was prepped from 

bacteria after 24-hour growth using alkaline lysis.  Plasmid DNA was sequenced using an 

M13R primer and BigDye 3.1 (Invitrogen), on 3730 DNA analyzer machines (Applied 

Biosystems Inc, Foster City, CA).  

 

Sequence processing and annotation.  26,160 initial ABI sequence reads were 

processed and analyzed using a custom, semi-automated processing pipeline first 

described in Starr et al., 2009.169  Non-redundant (NR) insertion positions were annotated 

using the EnsEMBL API170 with the name of the gene whose start site was closest to the 

position. CIS positions were annotated similarly using the median insertion position 

within the CIS as a reference point.  See supplemental methods. 

 

Quantitative real-time PCR.   See supplemental methods. 

 

Lentiviral production and shRNA knockdown analysis. 293T cells were transfected 

with TRIPZ lentiviral shRNAmir plasmids from Open Biosystems (Thermo Fisher 

Scientific, Waltham, MA) encoding shRNA to the human FOSB gene or a scrambled 

control.  Lentiviral supernatant was collected after 24 and 48 hours, filtered with a 45 µM 
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filter, and concentrated using the LentiX Concentrator (Clontech, Mountain View, CA).  

U937 leukemia cells.171,172 were transduced with the lentivirus for 6 hours, followed by 

puromycin selection to produce cell lines that stably express the shRNA plasmid.  To 

induce knockdown with the shRNA, cells were plated at 0.5 million cells per well in 6-

well plates with 2 mLs of media containing puromycin for 24 hours. The cells were then 

treated with 4 µg/µL doxycycline to induce the shRNAs.     

 

Western blot analysis.  Cells were incubated with lysis buffer for 20 minutes on a 

rotator and centrifuged at 14,000 RPM for 10 minutes, both at 4 degrees.  Samples were 

analyzed with a Bradford reaction and 40 µg of total protein were run with sample buffer 

on a prepared 10% Bis-Tris gel using an Invitrogen gel box at 200 volts and transferred to 

a nitrocellulose membrane using the iBlot system (Invitrogen).  Membranes were blocked 

with 5% non-fat milk, incubated with anti-Fosb rabbit polyclonal antibody (Cell 

Signaling Technology, Danvers, MA), and anti-rabbit secondary antibody (Dako, 

Carpinteria, CA) before developing using ECL (Thermo Scientific).  

 

Bone Marrow Transduction/Transplantation (BMTT) Assay.  Bone marrow cells 

were harvested from 8-13 week old Mll-AF9/+ and WT littermate control mice treated 

with 150 mg/kg 5-fluorouracil (5-FU) (InvivoGen, San Diego, CA) six days earlier.  E86 

cells (stably expressing retroviruses encoding either pSF91-MN1 or a GFP-only 

construct)173 were sub-lethally irradiated and plated in nutrient rich medium with a 

cytokine cocktail of 10 ng/mL mouse recombinant interleukin-6 (mIL-6), 50 ng/mL 
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murine recombinant stem cell factor (mSCF) (Invitrogen), and 5 ng/mL murine 

recombinant interleukin-3 (mIL-3) (Thermo Fisher Scientific).  Twenty-four hours later, 

the bone marrow cells were added with 5 µg/mL polybrene (Millipore, Billerica, MA).  

After 48 hours, bone marrow cells were collected and replated for expansion for 24 hours 

in nutrient-rich media.  Recipient 8-week-old C57BL/6J.BoyJ mice were lethally 

irradiated at 900 Rads the day before being injected intravenously with 106 transduced 

bone marrow cells each and followed for disease progression.   

 

RESULTS  

Mll-AF9/+ mice develop leukemia faster than wild type controls after infection with 

M4070 retrovirus 

F1 animals, heterozygous for Mll-AF9 or WT, were generated as shown (Figure 1A).  

Neonates were injected intraperitoneally with the M4070 virus or mock infected.112  

Ninety-eight percent of the animals in both M4070-infected groups and the mock-

infected Mll-AF9 group succumbed to overt leukemia within one year.  Infected Mll-AF9 

mice had a significantly decreased latency of disease with a median survival of 108 days 

compared to 165 days in non-infected Mll-AF9 mice (P < 0.0001).  The infected WT 

mice also developed leukemia but with a much longer latency (191 days median survival) 

compared to the infected Mll-AF9 group (P < 0.0001) (Figure 1B).  Interestingly, Mll-

AF9 female mice died significantly faster than their male littermates, regardless of 

whether they were injected with the M4070 virus or not (Supplemental Figure 1A-B).  
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This finding may be related to the higher frequency of MLL rearrangements observed in 

human female infant leukemia.174 

 

Virally-infected Mll-AF9/+ mice develop predominantly myeloid leukemia 

Moribund mice that died within one year after virus injection presented with 

hematopoietic malignancies, often exhibiting an enlarged spleen, lymph nodes, thymus, 

and occasionally liver.  Phenotypic analysis revealed that 44% of infected Mll-AF9 mice 

exhibited myeloid disease, characterized by a high Gr-1 and/or Mac-1 population, 

compared to 75% of non-infected Mll-AF9 mice and only 10% of infected WT mice 

(Figure 1C).  Only 17% of the infected Mll-AF9 mice had lymphoid disease, and 32% of 

infected Mll-AF9 mice exhibited distinct myeloid and lymphoid populations (MandL).  

Conversely, the vast majority of the infected WT mice presented with lymphoid disease 

(82%) and only 6.4% of mice had MandL mixed disease.  The lymphoid populations 

were characterized by an extra-thymic high CD4+ or CD8+ single-positive population, or 

dominant CD4+ and CD8+ double-positive population in the spleen or lymph nodes 

(Supplemental Figure 2A and data not shown).  This defines the first of two distinct 

classes of lymphoid disease in both virally infected groups, herein called L-1 (Figure 1C).  

The second class of mice were found to have T cell lineage lymphoid disease by 

immunohistochemistry but also expressed the Mac1 myeloid marker on the blast cell 

surface, herein called L-2, a phenotype not found in non-infected Mll-AF9 animals 

(Figure 1C).  A novel discovery is that 4/16 non-infected Mll-AF9 mice exhibited a 

mixed myeloid and lymphoid disease.  The total number and percent of mice with each 
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phenotype classification from each experimental cohort is shown in Supplemental Figure 

2.  

 When we looked at leukemias in all three cohorts (infected Mll-AF9, non-infected 

Mll-AF9, infected WT) for clonal Jß1 or Jß2 (T-cell) or JH (B-cell) receptor gene 

rearrangements, we frequently saw evidence of TCR and/or BCR rearrangements even if 

they were phenotypically determined to be myeloid disease.  In fact, most Mll-AF9 mice 

had myeloid disease but 50-60% of these myeloid tumors were positive for clonal TCR or 

BCR rearrangements.  By contrast, 13% of animals with lymphoid disease were negative 

for clonal T- or B-cell rearrangements.  Thus the presence or absence of a TCR and/or 

BCR rearrangement is neither completely sensitive nor specific to a lymphoid phenotype 

and is on its own insufficient to assess lineage.  To see which phenotype qualifiers were 

statistically significantly associated, Fisher’s Exact Tests were performed on each pair-

wise comparison of the total phenotype condition and each phenotype variable 

(Supplemental Table 1A).   There were multiple reciprocal positive correlations between 

lymphoid phenotypes, B-and/or T-cell receptor rearrangements, a normal spleen weight, 

and WT leukemias.  Conversely, a myeloid or MandL phenotype was positively 

correlated with a larger spleen weight, the Mll-AF9/+ genotype, and only in the case of 

myeloid disease, an extremely elevated WBC count.   

Pathological analyses illustrated the disruption of normal tissue architecture by 

tissue infiltration of leukemic blast cells in virally infected Mll-AF9 mice (Figure 1D).  

Mll-AF9 mice, both infected and non-infected, commonly showed a differentiated 

myeloid neoplasm in the marrow (panel Di).  A subset of both infected Mll-AF9 and 
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infected WT mice presented with mixed myeloid leukemia and T-cell 

lymphoma/leukemia in the liver, marrow, thymus and spleen of the animal, with CD3 

and myeloperoxidase positive cells detectable in infiltrating cells by 

immunohistochemistry (panels Dii-iv, vii-viii).  There were also mice that exhibited 

classic AML in the marrow and liver (panels Dv-vi).  Cytology was also performed to 

confirm the maturity and cell type of the disease in infected MLL-AF9 mice. Examples 

are shown in supplemental Figure 3A which includes cytology of a well-differentiated 

myeloid leukemia, a blastic myeloid leukemia, a lymphoid leukemia/lymphoma, and a 

moderately differentiated myeloid leukemia.  Supplemental Figure 3B depicts flow 

cytometry data from a representative mouse with two different diseases (mixed AML and 

T-cell lymphoma/leukemia) as was observed in both infected WT and infected Mll-AF9 

cohorts.  Its corresponding pathology is shown in Figure 1Dii-iv.  The myeloid 

immunophenotype characteristic of the Mll-AF9 mice is shown in Supplemental Figure 

3C, whose corresponding pathology is in Figure 1Di.   

Survival curves were generated to determine if the reduced latency in M4070 

infected Mll-AF9 mice was observed regardless of phenotype.  The survival of Mll-AF9 

mice was significantly decreased compared to WT mice in all three main phenotypic 

classes of myeloid, lymphoid and MandL (Supplemental Figure 1C-1E).  Importantly, 

there were no significant differences in disease latency between phenotypic classes 

within the WT or Mll-AF9 groups of mice, including the subtypes of lymphoid disease 

(Supplemental Figure 1F-H).  Thus, the genetic mutations initiated by the M4070 virus 
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accelerated mostly myeloid leukemia and to a lesser extent lymphoid disease in the Mll-

AF9/+ mice, inducing mostly lymphoid leukemia in WT mice.  

 

Cloning retroviral integrations leads to identification of common insertion sites 

(CISs)   

Linker-mediated PCR was used to amplify the M4070-genomic DNA junctions in 165 

independent M4070-infected leukemia samples (both Mll-AF9 and WT).  A total of 1,745 

NR insertions or unique reference sequences, representing an average of 10.8 insertions 

per tumor, were recovered.  Sequences are available through the public mouse Retroviral 

Tagged Cancer Gene Database (RTCGD).175  We analyzed all sequences together from 

both infected Mll-AF9 leukemia and infected WT leukemia as well as each group 

separately to statistically define CISs (see supplemental methods).  Eighty-eight different 

CISs were identified in this manner with the additional criterion that proviral insertions in 

leukemia samples must come from at least 3 mice (Table 1).  While 20 CISs were 

identified using insertions from infected WT mice (Supplemental Table 2) and 37 CISs 

came from analysis of only Mll-AF9 leukemic insertions (Supplemental Table 3), 69 

CISs were recovered by combining all insertions.  Southern blotting using an M4070-

specific probe showed that the proviral insertions in infected animals were clonal, while 

no proviral insertions were detected in non-infected animals (data not shown) 

(Supplemental Figure 4).  The CISs were distributed throughout the mouse genome 

(Figure 2A).  Examples of two CIS regions and the proviral insertions that define them 

are displayed in Figures 2B-C.  The gene with the transcription start site closest to the 
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median of the CIS region was called the CIS-associated gene, a candidate gene for a role 

in leukemia progression.    

Twenty-eight candidate genes have been previously identified in other genetic 

screens according to the RTCGD.175  Eighteen of the human homologs of candidate genes 

are mutated in human cancer according to the Catalog of Somatic Mutations In Cancer 

(COSMIC)176, and 13 are known cancer genes according to the Cancer Gene Census,177 

including genes associated with leukemia such as Cyclin D1, Fgfr3, Myc, Ikaros, Notch1, 

Myb, Bcl11a and Mn1 (Table 1).  Ingenuity pathway analysis shows that the top ten 

functions overrepresented in the candidate gene list fall into categories like 

transformation of cells, development process of blood cells, and differentiation of cells 

(Supplemental Table 4A).  In addition, the top five overrepresented canonical pathways 

from this list of candidate genes include acute and chronic myeloid leukemia genes 

(Supplemental Table 4B).  

   

Analysis of candidate leukemia genes leads to identification of candidate MLL-AF9 

cooperating genes  

 To prioritize genes that may cooperate with Mll-AF9 to cause leukemia 

progression, we determined the number of mice from each genotype with insertions in 

each of the 88 candidate genes as listed in Table 1.  The candidate genes are represented 

graphically in Figure 3 to show the percentage of leukemias containing an insertion 

within each independent gene out of the total number of leukemias with at least one 

insertion for each of the three analysis groups (WT, Mll-AF9, and combined).  The 
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candidate genes from each CIS analysis were sorted in alphabetical order and visualized 

in a heat map (Figure 3).  For example, a few genes suffer frequent insertions in all three 

groups including three of the four most frequently mutated genes (Gfi1, Myc, and Myb).  

In contrast, there were genes only found in a high percentage of leukemia in the WT CIS 

list but not the Mll-AF9 CIS list, such as Hhex and Ikaros (Ikzf1).  Interestingly, Notch1 

was one of only two CISs in the combined list without a single insertion found in Mll-

AF9 mice.  Conversely, a few genes were found in a high percentage of mice in the Mll-

AF9 CIS list but not the WT CIS list include Bcl11a, Fosb, Mn1, and a Gimap gene 

cluster.  

 Fisher’s Exact Tests were performed on each pair-wise comparison of the 

genotype, phenotype and CIS-associated gene.  In order to visualize the statistically 

significant pairs, a modified heat map was compiled dividing the tumors into the two 

infected genotypes on the x-axis with the phenotypes and genes on the y-axis.  All three 

lymphoid phenotype designations were enriched in the WT leukemia as well as five CIS-

associated candidate genes, including Notch1 and Ikaros (Figure 4A).  Conversely, the 

myeloid and MandL phenotype groups were enriched in the Mll-AF9 mice as well as 

three candidate genes, including Mn1 and Fosb genes (Figure 4B).  There were also 

several genes that did not have any insertions in WT mice and showed a trend towards 

enrichment in Mll-AF9 leukemias (P = 0.080).  The significant associations between 

phenotypes, genotypes and genes are displayed in a network where each line represents a 

significant pair-wise connection that allows visualization of all the associations 

simultaneously (Figure 4C).  The significant associations between phenotype variables 
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and specific candidate genes are listed in Supplemental Table 1B.  As expected, several 

genes already shown to be associated with the WT genotype and lymphoid disease such 

as Rasgrp1, Rras2, and Notch1 were also associated with Jß1 or Jß2 rearrangement.  

Likewise, several genes associated with myeloid disease or Mll-AF9 mice (Gmfg, Bcl11a, 

Mn1) were positively associated with a high spleen weight or high WBC count.  Fisher’s 

exact tests were also performed between each candidate gene pair to see if two genes 

occurred more frequently together than would be expected by chance.  These connections 

are also included in the enrichment network (Figure 4C).  Taken together, these data led 

us to pursue Mn1, Fosb, and Bcl11a for further study as potential MLL-AF9 cooperating 

genes. 

    

Candidate leukemia genes have correlating expression changes in human leukemia  

 To determine if the genes detected in this screen are relevant in human leukemia, 

we compared our CIS-associated candidate genes with published data on gene expression 

level in human leukemia samples.  Gene expression profile (GEP) analysis was 

performed on data from a cohort of 461 patients with AML from published datasets12,15 to 

look for expression of the human homologs of our top three candidate MLL-AF9 

cooperating genes: FOSB, MN1, and BCL11A.  We found expression of all three genes in 

AML patients but at varying levels, illustrating the heterogeneity of gene expression in 

human AML (Supplemental Figure 5A).  MN1 expression was low overall in human 

AML but higher on average in 2 AML subsets, including patients with 3q rearrangements 

and inversion 16 patients.  The inversion 16 observation is consistent with a previous 
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publication.178  Expression of FOSB was detected in about half of AML patients with 

either MLL-AF9 translocations or with other 11q23 translocations while BCL11A was 

expressed at varying levels in all MLL rearranged AMLs (Supplemental Figure 5B).  

 We then specifically compared the log2 transformed expression of FOSB and 

BCL11A from 10 AML patients with MLL-AF9 fusions and 11 AML patients with other 

MLL (11q23) translocations to normal total bone marrow (TBM) from 5 patients, and 

FACS-sorted normal CD34+ cells (CD34+) from 14 patients.15  Expression varied 

widely, even within groups, further reflecting the heterogeneity of gene expression in 

AML patients (Figure 5A).  There were no significant differences in expression for FOSB 

and BCL11A when comparing the means of MLL rearranged and MLL-AF9 AMLs to the 

means of TBM and CD34+ cells.  However, in the case of each gene, there were 

leukemia samples that had higher expression than the highest expressing TBM and/or 

CD34+ samples.  

 To determine if other genes from this screen could be involved in human 

leukemia, we also looked for recurrent changes in gene copy number in human AML and 

ALL in recent published datasets.  Regions of chromosome gain and loss in pediatric 

acute lymphoblastic leukemia (ALL) samples from St. Jude’s Children’s Hospital179 were 

compared to the map positions of the human homologs of all CIS-associated candidate 

genes.  We found that eleven of our candidate genes overlap with eight different areas of 

chromosomal deletion (Figure 5B).  There were also two regions of chromosomal gain 

that overlapped with two of our candidate genes (Figure 5C).  One is a novel gene 

(AC157924.6) and the other is MYB, the amplification of which has been implicated in 
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lymphoid and myeloid leukemia development.180,181  The same analysis was performed 

using data from human AML samples collected at Washington University in St. Louis.182  

Minimal recurring alterations were found in human AML and only one CIS overlapped 

with a region of chromosomal gain containing MYB.  These data suggest a possible role 

for the candidate MLL-AF9-cooperating genes identified in this screen in some MLL 

AMLs.   

 

Candidate MLL-AF9 cooperating genes have aberrant expression in mouse myeloid 

leukemia samples 

 To confirm that proviral insertions affect expression of CIS-associated candidate 

genes in leukemia samples with insertions near those genes, we compared expression to 

leukemia samples that do not contain proviral insertions near these genes.  Intron-

spanning primers were designed for 15 candidate genes and quantitative real time PCR 

(qRT-PCR) was performed on RNA isolated from leukemias and from the corresponding 

tissue (lymph nodes, thymus, or spleen) from normal WT animals as a baseline.  We 

found that Rras2 (P < 0.05) and Notch1 (P < 0.05) expression was significantly increased 

in infected WT leukemic tissues with insertions near those specific genes compared to 

infected WT leukemic tissues without insertions near those genes (data not shown).  Mn1 

expression was significantly increased in Mll-AF9 myeloid leukemia tissues with 

insertions near Mn1 compared to Mll-AF9 myeloid leukemia tissues without insertions 

near Mn1 (P < 0.05) (Figure 6A).  In this case, we found that distal insertions 100 KB 

downstream of Mn1, but near a novel gene called C130026L21Rik, also affected Mn1 
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expression.  A trend was also observed towards increased expression in myeloid 

leukemia from mice with insertions near Fosb and Bcl11a (Figure 6B-C).  

 

Functional validation of candidate genes cooperating with MLL-AF9 in AML 

leukemogenesis 

 Human myeloid cell lines stably expressing doxycycline inducible short hairpin 

RNAs (shRNA) versus FOSB were created.  U937 cells expressing shRNA constructs 

against FOSB or a scrambled shRNA were induced with doxycycline or treated with 

vehicle for 4 days.  The cell lines without induction of shRNA or with the scrambled 

construct showed normal proliferation in exponential growth phase while the two cell 

lines expressing shRNA against FOSB had significantly impaired growth over 5 days 

(Figure 7A). Western blot analysis was used to confirm FOSB knockdown (Figure 7B).  

This shows that continued expression of the FOSB gene is required for leukemia 

maintenance of the U937 cell line.   

 To determine if one of the candidate genes can cooperate with MLL-AF9 in vivo, 

retroviral BMTT assays were performed.  Bone marrow from 5-FU treated Mll-AF9 or 

WT mice was harvested, transduced with a retrovirus encoding a candidate gene (pSF91-

MN1173) or a GFP only construct, and transplanted back into 129/BL6 F1 syngeneic 

recipient mice.  Mice that received Mll-AF9 bone marrow transduced with the MN1 gene 

succumbed to disease significantly faster with a median survival of 43 days compared to 

52 days in mice transplanted with WT bone marrow expressing MN1 (P = 0.0046).  Mice 

transplanted with GFP-transduced Mll-AF9 bone marrow also developed disease but with 
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a much longer latency (136 days) than the MN1-transduced Mll-AF9 group (P < 0.0001) 

(Figure 7C).  The GFP vector DNA was detected in all animals, verifying the viral 

transduction was successful (data not shown).  The vast majority (25/27) of the animals 

from the three experimental groups with MN1 and/or Mll-AF9 had histopathology 

consistent with myeloid leukemia (data not shown).  Thus, MN1 can cooperate with 

MLL-AF9 in the induction of myeloid leukemia in vivo.  

  

DISCUSSION 

Here, we report the findings of a large-scale MuLV insertional mutagenesis screen in an 

MLL translocation mouse model.  We show that the M4070 chimeric retrovirus can 

accelerate myeloid and lymphoid disease in Mll-AF9 knock-in mice and can cause 

lymphoid disease in WT mice.  MuLV retroviral insertions in leukemias identified 88 

CISs, and the enrichment of insertion mutations in some CIS-associated candidate genes 

in Mll-AF9 leukemias suggested that they might cooperate with Mll-AF9 in the 

development of leukemia.  Human microarray expression data was examined for the 

altered expression of candidate genes and showed some MLL translocation-positive and 

MLL-AF9 AMLs had higher levels of these candidate genes than controls.  There was 

aberrant expression of candidate Mll-AF9 cooperating genes Mn1, Bcl11a, and Fosb in 

murine leukemia samples by qRT-PCR.  Finally, FOSB was shown to be essential to 

leukemia maintenance by in vitro shRNA knockdown and cooperation of MN1 with Mll-

AF9 was confirmed with in vivo transduction/transplantation studies.    
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The M4070 infected WT mice developed mostly T-cell ALL whereas the M4070 

infected Mll-AF9 transgenic mice mostly developed myeloid leukemia.  Moreover, the 

latency of disease was significantly longer for infected WT mice than for infected Mll-

AF9 mice (Figure 1B), suggesting that the mutations induced by M4070 cooperated with 

the Mll-AF9 allele in these mice.  The differences in phenotype may be caused by 

differences in target cell availability in the two groups as Mll-AF9 mice have 

myeloproliferation prior to development of leukemia.86 Interestingly, about one third of 

the animals in the infected Mll-AF9 group and 6% percent of the infected WT mice 

exhibited disease consisting of myeloid and lymphoid lineages.  Thus, M4070 seems to 

be able to accelerate ALL as well as AML, even in the same animal.  It also appears 

fewer mutations are needed for transformation to overt leukemia in the presence of Mll-

AF9 due to its potent oncogenic quality.  WT leukemias contain on average more highly 

penetrant CISs (CISs with insertions from at least five leukemias) (2.13) than Mll-AF9 

leukemias (1.43) (Supplemental Figure 6).  

 One of the goals of this paper was to define the phenotype of each mouse as 

accurately as possible by collecting extensive complementary data using several 

established methods.  For example, T- and B-cell receptor gene rearrangement status has 

often been used to diagnose lymphoid leukemia without other data.  Here, we show that 

this approach may be inadequate and that other methods must also be taken into account.  

Furthermore, about half of the mice with leukemia had a normal WBC count, thus an 

analysis of circulating cells also cannot be used alone to determine phenotype.  However, 

enlargement of tissues was a reliable way to grossly define myeloid leukemia.  Almost all 
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of mice with myeloid disease had a significantly greater than normal spleen weight, often 

presenting with over 10-fold enlargement, while mice with lymphoid leukemia tended to 

have had an enlarged thymus.  Flow cytometry was the main method used to define the 

phenotype of the mice, but histology and immunohistochemical analyses were also 

performed to avoid misclassification.  There were several cases in which the disease 

appeared to have a clear phenotype by flow but only advanced methods revealed the 

entire pathology of the animal, such as the L-2 animals, which had a lymphoid pathology 

with a myeloid surface marker.  Thus, M4070 infection can induce multiple and complex 

phenotypes, which must be carefully scrutinized in order to make meaningful conclusions 

about the corresponding CIS-associated genes.         

 The use of M4070 to accelerate myeloid leukemia has been established.114,183  

Similarly, we also were able to detect leukemia acceleration in a myeloid leukemia-

predisposed background and identified a longer list of CISs, all of which have at least 

three insertions in three mice/leukemias.  As expected, CIS-associated candidate genes 

identified almost exclusively in the infected WT cohort with T-cell ALL were known T 

cell leukemia genes, such as Ikaros, Pim1, Notch1, and Lmo2.177  We also identified 

candidate genes in this cohort that have not been implicated in lymphoid disease before, 

such as Armc2 and Taf8.  Several candidate genes observed in other MuLV-induced 

AML models such as Bcl11a, Mn1, and Myb were also found in our list.  To determine 

the genes that play an important role in Mll-AF9 leukemogenesis, the extensive candidate 

gene list was prioritized by the Mll-AF9 genotype and myeloid phenotype using Fisher’s 

Exact Tests.  This analysis allowed us to narrow the scope of candidate genes we chose 
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for further study.  We found several candidate genes in Mll-AF9-positive myeloid 

leukemia that had not been reported before and may specifically interact with Mll-AF9 in 

leukemogenesis, including Gimap genes,184 Fosb, and the novel gene B230118H07Rik in 

the RAG locus.185  However, relatively few CISs were found exclusively in myeloid 

leukemia from Mll-AF9 mice.  Therefore, we suspect that many of the CIS-associated 

candidate genes can contribute to myeloid leukemia initiated by Mll-AF9, and may also 

contribute to leukemia formation in other genetic contexts.  

 Human leukemia databases are important resources to determine if candidate Mll-

AF9 cooperating mouse genes could be clinically relevant.  There was extremely variable 

expression for the three top candidate genes (FOSB, MN1, and BCL11A) among all AML 

samples, even in the MLL rearranged AMLs.  There were also many candidate genes that 

overlapped with the COSMIC176 or Cancer Gene Census177 databases (Table 1).  These 

results suggest that there may not be only one particularly strong MLL-AF9 cooperating 

gene in all patients but several genes in different subsets of patients with increased or 

decreased expression that cooperate with MLL-AF9. 

 Functional tests both in vitro and in vivo were used to provide evidence for a 

gene’s role in MLL-AF9 leukemia.  We showed that knockdown of FOSB expression in a 

human myeloid cell dramatically impaired growth.  FOSB is one of four genes in the FOS 

gene family that are thought to be involved in cell processes including proliferation and 

transformation.  These results strongly suggest that FOSB is an important leukemia gene 

that may also cooperate with MLL-AF9 in our mouse model.  We also showed MN1 could 

cooperate in vivo with Mll-AF9 in myeloid leukemia.  MN1 may also be an important 
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AML cancer gene in additional genetic contexts.  Over-expression of MN1 is sufficient to 

cause AML in mice.173  Mn1 has also been identified as a CIS and cooperator with 

NUP98-HOXD13 and CALM-AF10 in two other mouse AML models using this same 

retrovirus.114,115  MN1 has been identified in the cancer gene census database as a known 

cancer gene and overexpression of MN1 has been found in both human and mouse 

AML.114,173,186  Finally, Mn1 insertions were found in leukemic mice induced by a 

retrovirus encoding MLL-ENL, knockdown of MN1 can impair growth of myeloid cell 

lines with MLL gene rearrangements and co-expression of MN1 and MLL-ENL with 

retroviruses can cooperate to induce a rapid AML-like disease.187  

 An important goal of this research was to establish novel MLL-AF9 cooperating 

genes that will ultimately lead to new therapeutic strategies for the treatment of AML in 

patients with this translocation.  Some of these may be known leukemia genes but with a 

yet unreported role in MLL-AF9 leukemia, such as FOSB or MN1, and some could be 

novel genes that need to be explored, such as B230118H07Rik.  Therapeutic targets may 

also be identified by defining candidate genes from CISs that co-occur, such as CyclinD2 

with Fosb and Sla or Pik3cd in the case of Mn1 (Figure 4C).  Future studies are intended 

to test drugs on AML cell lines and in vivo to serve as pre-clinical testing for eventual 

application in human patients with MLL-AF9 leukemia.    
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TABLES 

Table 1.  Common insertion site (CIS) list.   

List of all CISs from insertion site analysis.  Columns 1-2 are the chromosome and 

position of each CIS according to the NCBI build 37.  Column 3 shows the range of the 

CIS in kilobases (KB).  Columns 4 and 5 are the number of each genotype with 

contributing insertions to each CIS.  Columns 6-8 refer to the gene in bold in column 9.  

Column 6 indicates if the gene has previously been identified in the RTCGD,175 column 

7 indicates if the human homolog of the gene has been identified as a cancer gene in the 

Cancer Gene Census,177 and column 8 indicates if a mutation in the human homolog of 

the gene has been identified as a recurring somatic mutation in cancer (COSMIC).176  

Column 9 shows all the genes in or near the CIS region that may be affected by proviral 

insertions.  The genes in bold indicate the gene whose transcriptional start site is closest 

to the median of the CIS region, which were called the CIS-associated candidate genes, 

annotated using Ensembl release 55.  Genes highlighted in yellow are found only when 

analyzing CIS from infected Mll-AF9 mice and genes underlined are only found in the 

infected WT CIS analysis.   
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Chr CIS Position

CIS 

Range 

(KB)

Mll-AF9 

mice with 

insert

wild type 

mice with 

insert

RTCGD

Cancer 

Gene 

Census

COSMIC 

1 4485458-4486321 1 2 1

1 36823950-37002868 179 3 1

1 135756752-135974231 217 2 2

1 173849175-174012079 163 4 1 YES

2 11547443-11577841 30 3 0 YES

2 26315310-26525572 210 0 11 YES YES YES

2 90344091-90491625 148 3 1 YES

2 90919486-90925879 6 3 1 YES

2 101463219-101464091 1 4 0

2 103601727-103784302 183 1 3 YES YES

2 103601727-103784302 183 0 3

2 117168903-117367506 199 3 10 YES

2 152601718-152828604 227 2 2 YES

2 165712889-165837434 125 4 0

2 165781678-165837434 56 3 0

2 167625651-167785437 160 4 1

2 167750534-167785437 35 3 0

2 169958430-170046828 88 2 2 YES YES

3 94945270-95035953 91 3 0

4 32341351-32513306 172 3 3 YES YES

4 133220770-133371434 151 2 2

4 133652224-133867470 215 1 2 YES

4 149076009-149079348 3 2 1

5 34038901-34279652 241 1 3 YES YES YES

5 108078270-108186428 108 5 19 YES

5 111845647-112004142 158 10 3 YES YES

6 48598556-48720382 122 6 0

6 48630644-48720382 90 5 0

6 127104034-127281434 177 2 5 YES YES YES

7 19858212-20077994 220 6 0

7 29165895-29228553 63 4 0

7 121285480-121354575 69 5 11 YES YES

7 136903269-136957718 54 2 2 YES

7 152126941-152233702 107 3 2 YES YES

8 10856578-11099413 243 3 3

8 10910498-11099413 189 0 3

8 86266601-86296089 29 2 1

8 131049443-131116479 67 3 0

9 32416427-32624588 208 3 5 YES YES

9 44135577-44376194 241 2 1 YES

9 110800877-110812241 11 2 1 YES

9 123758644-123985636 227 3 1

10 20763054-20972634 210 8 9 YES YES

10 20811983-20972634 161 0 9

10 41658107-41790233 132 1 3

10 59615644-59634420 19 2 1

10 76990210-77085753 96 3 0

Table 1

Nat10, Lmo2, Caprin1, BX537331.1, 

AL928544.7 (miRNA), AL928544.5 

(miRNA)

Lmo2, Nat10, Caprin1,  BX537331.1, 

AL928544.7 (miRNA), AL928544.5 

(miRNA)

Slamf6, Copa, Vangl2, Nhlh1, 

AC158930.1, Ncstn 

Notch1, mmu-mir-126, Egfl7, Agpat2, 

Fam69b, AL732311

B230118H07Rik, Rag2

Als2cl

Myb, Ahi1, AC153556.5 (miRNA)

AC153556.5, Myb

Fosb, mmu-mir-343, Ercc1, Ercc2, 

Ppplrl3, Rtn2, Ckm, Exoc3l2, C79127, 

Vasp, Cd3eap, Klc3, Mark4

Itgb2, 181008A18Rik, Pttglip, Sumo3, 

Ube2g2 

Fyco1, Xcrl, CAAA01140679.1.6228.1, 

Ccr1, Ccr1l1, Ccr3 

Dpagt1, Bcl9l, H2afx, Hyou1, Rps25, 

Slc37a4, AC122428.3, C030014l23Rik, 

C2cd2l, Hmbs, Vps11, Trappc4, Ccdc84, 

Foxr1, Upk2, AC122428.2, Cxcr5

Chst3, Spock2

Rras2, Copb1

Ets1

Brwd2

All genes in/near CIS

Sox17

Il2ra

Ptprj

Slc39a13, Sfpi1

Rasgrp1

A530013C23Rik, Ptpn1

RP23-108D12.5

Ptpn1

Bcl2l1, Tpx2, Mylk2, Ttll9, Foxs1, 

Dusp15

Zfp217

Bach2

Pigv, Aridla

Pik3cd

Tnfaip8l2, Cdc42se1, Sema6c, Gabpb2, 

Mlt11, Gm128, Bnipl, Lysmd1, Scnm1

Cd52, Ubxn11, Aim1, Sh3bgrl3, Ccdc21, 

Gm7534, Catsper4, Cnksr1, Zfp593, 

Grrp1, Pdik1

Cd97

Ccnd1, Oraov1

3930402G23Rik, Irs2, 

AC116499.9, 3930402G23Rik, Irs2

Nrp1

Armc2

Gmfg, Paf1, Samd4b, Med29

Prkcbp1, Zmynd8, Ncoa3 

AC157924.6, Prelp, Fmod, Btg2, Optc

Tmem131, Zap70, AC123854.2 

Gimap4, Gimap cluster

Ccnd2, AC161597.1

Fgfr3, Tacc3

Gfi1, Evi5, Rpap2

Mn1, C130026L21Rik

Gimap8, Gimap cluster
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10 79452089-79621648 170 4 0

10 79895567-80140544 245 2 2

10 92532859-92627678 95 3 0

11 11465042-11679166 214 2 8 YES YES YES

11 23642090-23679371 37 2 1 YES YES

11 24098976-24156602 58 6 2 YES YES YES

11 51713117-51817285 104 4 0

11 52118189-52155248 37 2 2

11 68174513-68271352 97 1 4 YES YES

11 77601654-77615704 14 2 1

11 79467420-79566569 99 3 0

11 86407328-86438598 31 3 0

11 87565872-87567954 2 2 1 YES

11 100752419-100753004 1 2 1 YES

11 106548821-106782459 234 2 3

11 115872987-116120321 247 2 3

11 117205625-117212544 7 2 1 YES

11 120491729-120493009 1 3 0 YES

12 86976896-87168328 191 2 2

12 108362175-108363890 2 1 2

13 28644507-28873369 229 3 2

14 70133928-70229580 96 3 0

15 61815622-62044652 229 6 9 YES YES

15 62000405-62022073 22 3 0

15 66633426-66693812 60 3 1

15 66646986-66693812 47 3 0

15 80346987-80525653 179 4 2

15 96373651-96486074 112 3 0

15 96373651-96540760 167 3 2 YES

15 97443447-97669490 226 4 0

16 32433625-32549358 116 3 1

16 32517604-32549358 32 3 0

16 49771352-49938369 167 4 0 YES

16 49839166-49938369 99 3 0

17 29534871-29639166 104 6 7 YES YES YES

17 47649930-47875555 226 1 4

17 52420984-52490384 69 3 0

18 35900301-36089864 190 2 3

18 60962858-60989942 27 2 1 YES

19 37514331-37569767 55 4 6

19 37514331-37569373 55 0 6 YES

Stat3 

Ikzf1, 4930512M02Rik, AL596450.1, 

RP23-373H2

4930485B16Rik, Cdk17

Rpap3, Pp11r, Hdac7, Rapgef3, 

AC104225.2, Slc48a1, Vdr

Ift57, Cd47G, m5486, AC107830.1, 

AC107830.2

Taf8, Tcfeb, Med20, Frs3, Pgc, Usp49, 

Ccnd3, Bysl, Tomm6, Prickle4  

Rab11fip4, mmu-mir-193 (miRNA), 

mmu-mir-365-2 (miRNA), AL731726.1

Gm885, Pecam1, Polg2, AL593847.1, 

Smurf2, Ddx5, Ccdc45

Galk1, Trim65, Srp68, Itgb4, H3f3b, 

Unk, Uncl3d, Trim47, Mrpl38, Wbp2, 

Jdp2, Ttll5, 0610007P14Rik, Batf, 

Mfsd7c

Cnn2, Abca7, Hmha1, Gpx4, Stk11, 

Atp5d, Midn, ORF61, Polr2e, Sbno2, Dos

Mknk2 , Tcf3, Onecut3, Atp8b3, Rexo1, 

Klf16, Fam108a, Scamp4, Adat3, 

Csnk1g2, Btbd2

Rel

Bcl11a

Tcf7, Vdac1

Phf15, Cdkn2aipn1, Ube2b, Cdkl3

Pik3r5, Ntn1, AL606831.2 miRNA

Myo18a, AL591065.2

Tmem49

mmu-mir-142 

Sept9 

Mafg

AC163345.1

RP23-45H23.1, Sox4, RP23-371K8

Chmp7, Tnfrsf10b, Rhobtb2, Pebp4

Myc, Pvt1

Pvt1

Sla, Tg

Tg, Sla

Enthd1, Grap2, Fam83f

AC123606.11, Slc38a1, Slc38a2

Slc38a1, Slc38a2, AC123606.1

Pcyt1a, Zdhhc19, Osta, Tctex1d2

Zdhhc19

Cd47

Pim1, Fgd2

AC121600.2, AC121600.1 (miRNA)

Tmem173, Cxxc5

Cd74, Tcof1

Hhex, Exoc6

Exoc6, Hhex
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FIGURES  

Figure 1.  Insertion mutagenesis screen accelerates leukemia in experimental mice.  

(A) Mll-AF9/+ mice on a C57BL/6 genetic background were crossed to WT mice of the 

129/SvJ genetic background to generate experimental cohorts.  The resulting pups were 

infected by intra-peritoneal injection and followed for disease progression. Mice were 

sacrificed when moribund and tissues collected for cloning insertions, FACS analysis, 

and histology.  (B) Log-rank (Mantel-Cox) tests performed on a Kaplan-Meier survival 

plot indicate that infected Mll-AF9 mice develop disease with a reduced latency 

compared to infected WT mice (P < 0.0001) and non-infected Mll-AF9 mice (P < 

0.0001).  279 total mice were used in the study: infected WT (n = 114), infected Mll-AF9 

(n = 97), non-infected WT (n = 40), and non-infected Mll-AF9 (n = 28).  (C) Infected WT 

animals develop mostly lymphoid leukemia and Mll-AF9/+ animals develop mostly 

myeloid leukemia.  Pie charts depict the percent of each leukemia type in the 

experimental cohorts. Myeloid disease is displayed in red, both myeloid and lymphoid 

disease is blue, only lymphoid disease is orange, and other diseases are yellow.  

Lymphoid disease is further divided into L-1 (green) and L-2 (purple).  Both L-1 and L-2 

are characterized by a high CD4 or CD8 population but L-2 also has Mac1 positively on 

its surface. (D) Myeloid and mixed Myeloid/T-cell diseases in MLL-AF9 mice infected 

with retrovirus. i: Mouse 410, differentiated myeloid neoplasm common in Mll-AF9 mice 

(infected or uninfected). ii, iii, iv: Mouse 529, mixed AML and T-cell 

lymphoma/leukemia. v, vi: Mouse 522, acute myeloid leukemia. i, ii, v: Sternum. iii, vi: 

Liver. iv: Thymus.  Mouse 410 showed myeloid predominance with differentiated forms 
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in marrow (i) and spleen (not shown).  Mouse 529 showed immature myeloid forms in 

marrow (ii), infiltrate in the liver (iii), lymphoma in the thymus (iv), and a mixture of 

myeloid leukemia and lymphoma in the spleen (flow immunophenotype shown in 

Supplemental Figure 3B).  Mouse 522 showed moderate myeloid differentiation in the 

marrow (v), infiltrate in the liver (vi), and myeloid leukemia in the spleen (flow 

immunophenotype shown in Supplemental Figure 3C).  Hematoxylin & Eosin.  

Immunohistochemistry of mouse 539 shows CD3 (vii) and myeloperoxidase (viii) 

positivity in infiltrating cells in the liver; chromogen is DAB.  Scale bar represents 20 

microns in i, ii, iv & v; 50 microns in iii & vi; 100 microns in vii and viii.  

 

Figure 2.  Proviral insertions are randomly distributed throughout the genome and 

define CISs.  (A) Blue lines represent all the insertions recovered from the screen 

overlaid on the mouse chromosomes, labeled above.  Red lines represent all the resulting 

CISs.  (B-C) Two representative CISs with the distribution of insertions.  B shows 

insertions defining Fosb and C shows insertions defining Mn1.  The red bars define a CIS 

region.  The scale and chromosome region are above the CIS region while the insertions 

from the different mice in the screen are below.  With respect to the primary CIS-

associated genes, blue lines on the insertion track indicate positive orientation and green 

lines indicate a negative orientation.  RefSeq genes within the CIS are in blue at the 

bottom of each figure  

 



 

 69 

Figure 3.  Heat map shows the percentage of mice containing an insertion in each 

CIS out of the total number of mice with at least one insertion.  Combined, WT, and 

Mll-AF9 refers to the three different CIS analyses that were performed, where combined 

means all insertions from both genotypes were used. The darkest red color indicates that 

over ten percent of the mice in that CIS list have insertions in a given CIS-associated 

gene, while a white color indicates no mice had insertions near a given gene in that CIS 

list, as indicated in the legend.  

 

Figure 4.  There are significant associations between some CIS-associated candidate 

genes and disease phenotypes, experimental cohorts, and other CIS-associated 

candidate genes.  (A) Modified heat map of significant candidate gene and phenotype 

enrichment in wild type mice.  Each horizontal tick mark represents a proviral insertion 

identifying a CIS or a positive marker for a given phenotype in a given mouse leukemia.  

Mice are across the x-axis while significant phenotypes and candidate genes are along the 

y-axis.  Positive significant associations of phenotypes and candidate genes are shown (P 

< 0.05).  (B) Modified heat map of significant candidate gene and phenotype enrichment 

in Mll-AF9 mice.  Each horizontal tick mark represents a proviral insertion identifying a 

CIS or a positive marker for a given phenotype in a given mouse leukemia.  Mice are 

across the x-axis while significant phenotypes and candidate genes are along the y-axis.  

Positive significant associations of phenotypes and candidate genes are shown (P < 0.05).  

In addition, candidate genes are shown that were found in four separate animals and were 

only found in Mll-AF9 leukemias. (P = 0.08) (C) Network of significant associations 
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between phenotypes, genotypes and candidate genes. All associations with P values < 

0.05 were used. Genotypes are shown in squares, phenotypes are shown in blue diamonds 

and CIS-associated candidate genes are shown in red circles.  

 

Figure 5. Human GEP and gene copy number data for candidate Mll-AF9 

cooperating genes.  (A) Dot plots of expression of two CIS-associated candidate gene 

homologs in AML patients: FOSB and BCL11A.  A representative probe for BCL11A is 

shown.  Total bone marrow (TBM) and CD34+ cells from healthy patients were used as 

controls compared to AMLs with any MLL rearrangement and patients with MLL-AF9 

translocations.  The horizontal line represents the mean for each patient sample group.  

Data were log2 transformed.  (B) Murine genomic regions orthologous to regions of 

deletion in human patients with ALL.  In bottom panel, the human chromosome map is 

shown.  Blue blocks represent regions of chromosome deletion in ALL patients and red 

blocks represent the combined CISs from our murine screen.  Genes annotated using 

Ensembl release 55.  (C) Murine genomic regions orthologous to regions of duplication 

or gain in human patients with ALL.  In bottom panel, the human chromosome map is 

shown.  Blue blocks represent regions of chromosome gain in ALL patients and red 

blocks represent the combined CISs from our murine screen.  Genes annotated using 

Ensembl release 55.  * = Gene in region of gain in human AML that overlapped with a 

CIS from our murine screen.182 
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Figure 6.  Quantitative real-time PCR analysis indicates higher expression of CIS-

associated candidate genes in mice with insertions near those genes.  Candidate gene 

transcript expression in spleens or lymph nodes of mice with insertion events near or 

away from those genes.  Intron-spanning primers were designed.  Expression was 

calculated using the ∆∆CT method188 and is shown in log scale.  Expression level was 

normalized to the respective WT tissue. Each dot represents one PCR reaction. Reactions 

performed on cDNA isolated from leukemia with insertions near other CIS-genes labeled 

with ‘NO.’  (A) Reactions performed on cDNA isolated from leukemia with insertions 

near Mn1 and the novel gene C130026L21Rik labeled with ‘YES.’ (* = significant P 

value < 0.05) (B) Reactions performed on cDNA isolated from leukemia with insertions 

near Fosb labeled with ‘YES.’ (P = 0.153) (C) Reactions performed on cDNA isolated 

from leukemia with insertions near Bcl11a labeled with ‘YES.’ (P = 0.172) 

 

Figure 7.  Fosb and Mn1 can contribute to AML maintenance or development of 

AML with MLL-AF9.  (A) Growth curve of U937 cells with and without induction of 

shRNA against FOSB with doxycycline.  The x-axis represents days after plating cells at 

0.5 million cells per well and y-axis is the number of cells per well in millions of cells.  

Doxycycline was added 24 hours after plating.  Error bars reflect the standard deviation 

of three wells per condition per cell line.  Cell lines and conditions labeled according to 

the legend.  (* = significant P value < 0.05;  ** = significant P value < 0.01)  P values 

reflect paired t-test comparing E3 or F10 shRNA U937 cells to U937 cells with a 

scrambled control, all treated with doxycycline.  (B) Western blots showing expression of 
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FOSB in U937 cells.  The left panel represents the U937 cell line stably expressing the 

shRNA named F10, which the right panel shows the results of the U937 cell line stably 

expressing the E3 shRNA, both targeting the FOSB gene.  The numbers above each blot 

correspond to the days after plating shown in Figure 5A.  +/- Dox represents the presence 

or absence of doxycycline, which induces the short hairpin against FOSB.  ‘Scrmb’ 

stands for scrambled, as in the U937 cell line with an shRNA that should not target any 

gene for degradation.  β-actin is shown to demonstrate equal loading.  In both cell lines, 

levels were constant without the presence of doxycycline, when the shRNA was not 

induced, comparable to the U937 line with the scrambled shRNA.  When the shRNA was 

induced with doxycycline, FOSB levels rapidly decreased. (C) Kaplan-Meier survival 

curve of mice injected with bone marrow transduced with a retrovirus containing MN1 or 

GFP.  The x-axis is the number of days after injection of cells into irradiated recipient 

mice and the y-axis is the percent survival.  The study was ended at 150 days.  Survival 

of mice receiving MN1-transduced Mll-AF9 bone marrow was significantly shorter than 

that of mice with MN1-transduced WT bone marrow (P = 0.0046) and mice with GFP-

transduced Mll-AF9 bone marrow (P < 0.0001).  Fifty-two total mice were used in the 

study: Mll-AF9 bone marrow/MN1 (n = 20), WT bone marrow/MN1 (n = 6), Mll-AF9 

bone marrow/GFP (n = 21), and WT bone marrow/GFP (n = 5).  
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SUPPLEMENTAL METHODS 

Immunophenotyping: Morphology, Histopathology, Flow cytometry, Southern blot, 

cytology, and immunohistochemistry. Peripheral blood was collected from the retro-

orbital sinus for analysis.36
  Blood and bone marrow smears and spleen touch preps were 

stained using a modified Wright-Giemsa stain (Sigma Aldrich, St. Louis, MO).  

Formaldehyde-fixed tissues from a subset of leukemic mice were paraffin-embedded, 

sectioned, and stained with hematoxylin and eosin (H&E) for histopathological analysis.  

Leukemic cells were viably frozen for later flow cytometric analysis.  All leukemias were 

analyzed by flow cytometry using common T-cell (CD4, CD8, and TCRß), B-cell 

(B220), and myeloid surface markers (Mac-1/CD11b, Gr-1).  A subset of 21 leukemias 

was analyzed using additional markers as follows.  Cryopreserved tumor cell samples 

were briefly thawed in a 37°C water bath and then incubated for 15 min at 37°C in 

DMEM containing 20% FBS, 10 U/ml Heparin (Sigma, St. Louis, MO), and 0.25 mg/ml 

DNAse 1 (Roche, Basel, Switzerland).  Cells were pelleted and resuspended in Hank's 

balanced salt solution (HBSS) without Ca/Mg, 2% FBS, 2.5% cell dissociation buffer 

(GIBCO, Invitrogen, Carlsbad, CA), 100 U/ml Penicillin G, and 100 mg/ml 

streptomycin.  Tumor cell suspensions were preincubated with antibodies to FcgRII/III 

(BD PharMingen, San Jose, CA) for 3 min to prevent nonspecific binding of labeled 

antibodies to the cell surface.  Cells were washed and then stained with monoclonal 

antibodies conjugated with fluorescein-isothiocyanate (FITC), phycoerythrin (PE), or 

TRI-COLOR (TC) for 20 min at 4°C.  Cells were stained with antibodies to CD3, CD4, 

CD5, CD8a, CD11b (Mac1), CD19, CD41, CD45, CD45R (B220), CD71, CD86, 
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CD90.2, CD117 (Kit), CD138, IgD, IgM, IgK, TCR ab TCR gd, I-Ab, Ly-6G (Gr1), Ly-

71 (F4/80), and Ly-76 (Ter119).  All antibodies were purchased from BD PharMingen, 

except CD11b TC, F4/80 PE, CD19 TC, CD45 TC, CD4 TC, IgK FITC, TCR ab Biotin, 

and TCR gd FITC which were from CalTag (Invitrogen, Carlsbad, CA).  Cells were 

analyzed with a FACSCalibur flow cytometer (Becton Dickinson, Franklin Lakes, NJ) in 

four-color mode using CellQuest Pro software.  Cryopreserved specimens were thawed 

and partially depleted of dead cells with the use of Histopaque 1119 (Sigma) used 

according to the manufacturer’s directions.  Cytospins were prepared and stained with a 

Wright’s Giemsa stain with azure B.  Photographs were taken on a Nikon Eclipse 80i 

microscope with a Nikon Digital Sight camera using NIS-Elements F2.30 software at a 

resolution of 2560 ◊ 1920.  Using Adobe Photoshop CS2, images were re-sized and set at 

a resolution of 300 pixels/inch, autocontrast was applied, and unsharp mask was used to 

improve image clarity.  Southern blots were performed on genomic DNA from leukemias 

with probes detecting IgH and TCRß gene rearrangements as previously described.189,190  

For a smaller subset of animals, additional characterization of leukemia cells was 

performed by immunohistochemical staining of tissue sections for CD3, B220, and 

myeloperoxidase (MPO) using rat anti-human CD3 (Serotec, Raleigh, NC), rat anti-

mouse B220 (BD Pharmingen, San Diego, CA), and rabbit anti-human MPO (Thermo 

Fisher Scientific, Fremont, CA) antibodies.  Detection of CD3 and B220 was achieved 

using a Rat on Mouse HRP-Polymer detection system from Biocare Medical (Concord, 

CA), and of MPO using the Anti-Rabbit Envision+ System-HRP Labelled Polymer 

detection system from Dako (Carpinteria, CA).  All leukemias were immunophenotyped 
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with flow cytometry.  The B and T cell receptor rearrangements status provided 

complementary information, as did a white blood cell (WBC) count for each leukemia 

using a hemocytometer and observation of an enlarged spleen and/or thymus.  For 

leukemias with inconclusive data, Wright-Giemsa slides plus H&E slides were examined, 

with the addition of IHC in limited cases.  Note: for simplicity, T lymphoblastic 

leukemia/lymphoma is denoted as “leukemia” in the text although many animals 

exhibited only a lymphomatous component of T lymphoblastic disease.   

 

Linker-mediated PCR of M4070-induced leukemia.  In brief, 1-3 micrograms of 

spleen or lymph node genomic DNA from leukemic mice were digested overnight with 

both SauIIIA1 and Tsp509I in a 50 µl reaction.  A splinkerette linker sequence was made 

by heating equimolar amounts of the Splinklong primer (5’-CGAAGAGTAACCGT 

TGCTAGGAGAGACCGTGGCTGAATGAGACTGGTGTCGACACTAGTGG-3’) and 

the appropriate enzyme primer (Splinkshort-SauIIIA1 5’- GATCCCACTAGTGT 

CGACACCAGTCTCTAATTTTTTTTTTCAAAAAAA-3’ or Splinkshort-Tsp509I 5’- 

AATTCCACTAGTGTCGACACCAGTCTCTAATTTTTTTTTTCAAAAAAA-3’) to 

95°C for 3 min and allowing them to cool to RT.  The DNA fragments were ligated to the 

linkers in a 40 µl volume using 160 units of T4-Ligase at 16°C overnight. Another 

overnight digestion with EcoRV was performed before two rounds of PCR.  All enzymes 

were purchased through New England Biolabs (Ipswich, MA).  First round of PCR used a 

linker-specific primer (Splink1 5’-CGAAGAGTAACCGTTGCTAGGAGAGACC-3’) 

and a primer specific to the LTR of the M4070 virus (LTR5 5’-GCGTTACTTAAGCT 
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AGCTTGCCAAACCTAC-3’).  A 1 µL aliquot of the first PCR reaction product (1:50 

dilution) was the template for the second PCR (nested PCR) using a nested linker primer 

(Splink2 5’-GTGGCTGAATGAGACTGGTGTCGAC-3’) and a nested LTR primer 

(LTR3 5’-GCTAGCTTGCCAAACCTACAGGTGG-3’).  Purification with the QIAquick 

PCR purification kit  (Qiagen, Valencia, CA) was performed after each step followed by 

elution in 30 µl deionized water. 

 

Sequence processing and annotation.  Briefly, Fasta formatted sequences were obtained 

from ABI trace files using phred191 with the -alt_trim option. All raw sequences were 

scanned for LTR and linker recognition sequences using EMBOSS Vectorstrip192 with 

successively less stringent parameters (10%, 15%, and finally 20% mismatches allowed) 

until the maximum number of constructs (i.e., LTR: 'GCTAGCTTGCCAAACCTA 

CAGGTGGGGTCTTTCA' and linker sequence: 'CCACTAGTGTCGACACCAGTCT 

CATTCAG') were recognized and trimmed off. Only 12,312 sequences that had a 

matched LTR with an insert sequence of at least 16 base pairs were carried further for 

mapping to the mouse genome. These trimmed insert sequences were mapped to the 

mouse genome (NCBI build 37, Ensembl release 55) using BLASTN (DeCypher's 

TeraBLASTN, Active Motif), requiring query sequences to align within 5 bp of the end 

of the LTR sequence that was trimmed. Additionally, the query sequence was required to 

match with at least 95% identity. Ambiguous sequences that mapped to multiple genomic 

loci were removed. 7927 uniquely mappable inserts remained. All insertion sequences 

from a single mouse were grouped into a single library, regardless of sequencing date or 
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tissue of origin (e.g., thymus, lymph node, spleen). Redundant sequences from the same 

mouse that mapped to the same genomic position within 5 bp were coalesced into 4012 

non-redundant (NR) insertions. 2267 NR insertions from different mice that mapped to 

the same genomic location were removed as potential artifacts (e.g., endogenous pro-viral 

sites or PCR contaminants).  Unambiguously mapped non-redundant insertions were 

assigned to clusters of common integration sites (CIS) if the local density of insertions in 

a given window size exceeded that which would be expected by chance, as determined by 

Monte Carlo simulation.  CIS defined by only two mice were removed.  In the end, there 

were 700 NR insertions and 20 CIS for WT infected mice (threshold criteria: 3 or more 

insertions in 200,000 bp), 999 NR insertions and 37 CIS for MLL-AF9 mice (3+ in 

120,000 bp) and 1699 NR insertions and 69 CIS for the combined data set (number 4+ in 

250,000 bp or 3+ in 50,000 bp). 

 

Bioinformatic analysis.  Kaplan-Meier Survival curves were generated using Genedata® 

Expressionist Analyst http://www.genedata.com/products/expressionist/ (Basel, 

Switzerland).  The Log-Rank Test was used to assess significance. Visualization of 

genomic regions was generated using Caryoscope v_0_3_9.  CIS visualization was done 

via the University of California Santa Cruz (UCSC) mouse genome browser created by 

the Genome Bioinformatics Group of UC Santa Cruz (http://genome.ucsc.edu/cgi-

bin/hgGateway).  CIS-associated genes were compared to the Wellcome Trust Sanger 

Institute’s Consensus Cancer Gene database (http://www.sanger.ac.uk/genetics 

/CGP/Census/).  For the comparison of CIS to the data contained within the Catalog of 
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Somatic Mutations in Cancer (COSMIC) database v45_260110,176 human orthologs of 

genes associated with the murine CIS were obtained by using the Ensembl biomart web 

application http://www.ensembl.org/biomart/martview/.  A local copy of COSMIC 

database version was queried to generate the counts used to look for association by 

Fisher’s exact test.  Ingenuity Pathways Analyses http://www.ingenuity.com/ was used to 

look for Functions and Canonical Pathways overrepresented in the CIS list.  Heatmaps 

were generated using Java Treeview version 1.1.3.  Cytoscape v2.6.1 was used to 

generate networks based on associations.  The LiftOver web application on the 

University of California Santa Cruz website http://genome.ucsc.edu/cgi-bin/hgLiftOver 

was used to define orthologous regions of the murine genome that were found to be 

deleted or amplified in human tumors as previously described.179,182 

 

Quantitative real-time PCR.  RNA was isolated from spleen, thymus and/or lymph 

nodes using TRIzol reagent (Invitrogen).  1 µg RNA was then reversed transcribed using 

Superscript III reverse transcriptase (RT) with random hexamer primer (Invitrogen) to 

generate cDNA templates.  Quantitative real-time reverse transcription-PCR (qRT-PCR) 

was performed using Quantitect SYBR Green (Qiagen) on a Mastercycler® ep realplex 

machine (Eppendorf, Westbury, NY).  Primers used to amplify each product available 

upon request. Program is as follows: 95ºC for 15 minutes, 40 cycles of 94ºC for 15 

seconds, 60ºC for 30 seconds and 72ºC for 30 seconds followed by a melting curve.  A 

quantitative analysis was performed using the realplex software (Eppendorf) using beta-

actin as the endogenous control.  All reactions were performed in duplicate. The ∆∆CT 
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values were calculated for each sample and normalized to results from cDNA of 

hematopoietic tissues from wild-type mice.  

 

SUPPLEMENTAL TABLES 

Supplemental Table 1.  Significant pair-wise comparisons of phenotype-phenotype 

and phenotype-candidate gene by Fisher’s Exact Test.  The association being tested is 

in the left column while the P value is found in the right column in significant figures. 

(A) Associations between phenotype variables and designations are listed with a 

significance of < 0.05. (B) Associations between phenotype variables and CIS-associated 

genes are listed with a significance of < 0.05.   

 

Supplemental Table 2.  CIS list from infected wild type mice.  The list of CISs 

identified when only considering insertions from WT mice for the insertion site analysis.  

Columns 1-2 are the chromosome and position of each CIS according to the NCBI build 

37.  Column 3 shows the range of the CIS in kilobases (KB).  Column 4 shows the 

number of wild type mice with contributing insertions to each CIS.  Columns 5-7 refer to 

the gene in bold in column 8.  Column 5 indicates if the CIS-associated gene has 

previously been identified in the RTCGD,175 column 6 indicates if the gene has been 

identified as a cancer gene in the Cancer Gene Census,177 and column 7 indicates if a 

mutation in the human homolog of the gene has been identified as a recurring somatic 

mutation in cancer (COSMIC).176  Column 8 shows all the genes in or near the CIS 

region that may be affected by proviral insertions.  The genes in bold indicate the gene 
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whose transcriptional start site is closest to the median of the CIS region and what were 

called the CIS-associated candidate genes, annotated using Ensembl release 55.  

 

Supplemental Table 3.  CIS list from infected Mll-AF9 mice.  The list of CISs 

identified when only considering insertions from Mll-AF9 mice for the insertion site 

analysis.  Columns 1-2 are the chromosome and position of each CIS according to the 

NCBI build 37.  Column 3 shows the range of the CIS in kilobases (KB).  Column 4 

shows the number of Mll-AF9 mice with contributing insertions to each CIS.  Columns 5-

7 refer to the gene in bold in column 8.  Column 5 indicates if the CIS-associated gene 

has previously been identified in the RTCGD,175 column 6 indicates if the gene has been 

identified as a cancer gene in the Cancer Gene Census,177 and column 7 indicates if a 

mutation in the human homolog of the gene has been identified as a recurring somatic 

mutation in cancer (COSMIC).176  Column 8 shows all the genes in or near the CIS 

region that may be affected by proviral insertions.  The genes in bold indicate the gene 

whose transcriptional start site is closest to the median of the CIS region and what were 

called the CIS-associated candidate genes, annotated using Ensembl release 55. 

 

Supplemental Table 4.  CIS-associated candidate genes are overrepresented in 

Cancer Functions and Pathways according to the Ingenuity Pathway Analysis.  The 

significant function or canonical pathway are listed under ‘Function Annotation.’  P 

values are listed to show significance.  # genes means the number of candidate genes 

involved in that process.  The genes involved in each function or pathway are listed under 
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‘Gene Names.’ (A) Top 10 most enriched Functions in candidate gene list. (B) Top 5 

most enriched Canonical Pathways in candidate gene list. 
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Supplemental Table 1

A. Phenotype assocation P value B.
Phenotype-Candidate 

Gene Association
P value

L1__Any_Southern 1.84E-03 Any_Southern__Rasgrp1 2.51E-02

L1__JB1_Southern 7.27E-03 Any_Southern__Rras2 7.21E-03

L1__JB2_Southern 5.87E-05 JB1_Southern__Myc 7.27E-03

L1__SPL_WT_0 3.64E-03 JB1_Southern__Notch1 4.91E-03

L1__WT 1.43E-09 JB1_Southern__Rasgrp1 2.87E-02

L2__JB1_Southern 2.22E-03 JB1_Southern__Rras2 6.17E-05

L2__WBC_1 2.71E-02 JB2_Southern__Fgfr3 2.54E-02

L2__WT 2.00E-07 JB2_Southern__Galk1 9.86E-03

lymphoid__Any_Southern 5.17E-05 JB2_Southern__Rasgrp1 2.87E-02

lymphoid__JB1_Southern 4.00E-06 JB2_Southern__Rras2 1.56E-02

lymphoid__JB2_Southern 6.51E-04 SPL_WT_0__Ets1 4.21E-02

lymphoid__SPL_WT_0 3.58E-04 SPL_WT_0__Tmem173 9.25E-03

lymphoid__WT 2.20E-16 SPL_WT_2__Bcl11a 5.00E-02

WT__Any_Southern 2.93E-04 SPL_WT_2__Mn1 2.28E-02

WT__JB1_Southern 1.73E-06 SPL_WT_3__Ift57 1.47E-02

WT__JB2_Southern 9.97E-04 SPL_WT_3__Tmem49 4.30E-02

WT__SPL_WT_0 1.74E-05 WBC_0__Gimap8 4.74E-02

JB1_Southern__JB2_Southern 2.52E-03 WBC_0__Mknk2 2.93E-02

JB1_Southern__JH_Southern 8.31E-05 WBC_1__Tmem131 3.86E-02

JB1_Southern__SPL_WT_0 5.21E-02 WBC_2__Gmfg 3.79E-02

JB2_Southern__JH_Southern 3.03E-02

WBC_0__SPL_WT_0 7.16E-05

WBC_1__SPL_WT_1 6.12E-05

MandL__MllAF9 1.10E-05

MandL__SPL_WT_2 4.10E-04

MandL__SPL_WT_3 3.21E-02

MllAF9__SPL_WT_1 1.74E-05

MllAF9__SPL_WT_2 1.48E-10

MllAF9__SPL_WT_3 9.09E-11

myeloid__MllAF9 1.82E-08

myeloid__SPL_WT_1 2.59E-02

myeloid__SPL_WT_2 3.07E-02

myeloid__SPL_WT_3 3.23E-03

myeloid__WBC_2 2.53E-04
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Chr CIS Position

CIS 

Range 

(KB)

wild type 

mice with 

insert

RTCGD

Cancer 

Gene 

Census

COSMIC 

2 103601727-103784302 183 3

2 117168903-117249623 81 10 YES Rasgrp1

2 26315310-26400791 85 10 YES YES YES Notch1

4 32377612-32513306 136 3 YES YES Bach2

5 108136326-108186428 50 19 YES Gfi1, Evi5

5 34022070-34040387 18 3 YES YES YES Fgfr3, Tacc3

6 127104034-127281434 177 5 YES YES YES Ccnd2, AC161597.1

7 121285480-121316277 31 11 YES YES Rras2, Copb1

8 10910498-11099413 189 3 3930402G23Rik, Irs2

9 32416427-32424429 8 4 YES YES Ets1

10 20811983-20972634 161 9 AC153556.5 (miRNA), Myb

10 41691081-41790233 99 3 Armc2

11 11587106-11679166 92 8 YES YES YES Ikzf1, RP23-373H2

11 115872987-115992429 119 3

11 68174513-68245020 71 4 YES YES Pik3r5, Ntn1, AL606831.2 (miRNA)

15 61815622-61995612 180 8 YES YES Myc, Pvt1

17 29534935-29631800 97 7 YES YES YES Pim1, Fgd2

17 47649930-47669158 19 4 Taf8

18 35911356-36089864 179 3 Tmem173, Cxxc5

19 37514331-37569373 55 6 YES Hhex, Exoc6

Nat10, Lmo2, Caprin1, BX537331.1, 

AL928544.7 (miRNA), AL928544.5 (miRNA)

Galk1, Trim65, Itgb4, Mrpl38, Trim47, 

Uncl3d, Wbp2, Unk, H3f3b 

All genes in/near CIS

Supplemental Table 2



 

 91 

 

 

 

 

 

 

 

 

 

Chr CIS Position

CIS 

Range 

(KB)

Mll-AF9 

mice with 

insert

RTCGD

Cancer 

Gene 

Census

COSMIC 

1 173849175-173851212 2 3 YES Slamf6

2 11547443-11577841 30 3 YES Il2ra

2 90919486-90925879 6 3 YES Slc39a13, Sfpi1

2 101463219-101464091 1 4 B230118H07Rik, Rag2

2 165781678-165837434 56 3 RP23-108D12.5, Ncoa3

2 167750534-167785437 35 3 Ptpn1

3 94945270-95035953 91 3

5 108078270-108182241 104 5 YES Gfi1, Evi5, Rpap2

5 111861745-111980636 119 7 YES YES Mn1, C130026L21Rik

6 48630644-48720382 90 5

7 19858212-19895233 37 5 Fosb, Rtn2, Vasp, C79127

7 29165895-29228553 63 4

7 121304579-121354575 50 5 YES YES Rras2, Copb1

7 152231919-152233702 2 3 YES YES Ccnd1, Oraov1

8 10856578-10910346 54 3 AC116499.9, 3930402G23Rik

8 131049443-131116479 67 3 Nrp1

10 20907125-20956148 49 6 YES YES Myb, AC153556.2 (miRNA)

10 76990210-77085753 96 3

10 79452089-79515906 64 3

10 92532859-92627678 95 3 4930485B16Rik, Cdk17

11 24098976-24156602 58 6 YES YES YES Bcl11a

11 51713117-51817285 104 4 Phf15, Cdkn2aipn1, Ube2b, Cdkl3

11 79467420-79566569 99 3

11 86407328-86438598 31 3 Tmem49

11 120491729-120493009 1 3 YES Mafg

14 70133928-70229580 96 3 Chmp7, Tnfrsf10b, Rhobtb2, Pebp4

15 61815640-61816583 1 3 YES YES Myc

15 62000405-62022073 22 3 Pvt1

15 66646986-66693812 47 3 Tg, Sla

15 80398045-80402302 4 3 Enthd1, Grap2

15 96373651-96486074 112 3 AC123606.11, Slc38a1, Slc38a2

15 97443447-97559406 116 3 Rpap3, Pp11r 

16 32517604-32549358 32 3 Zdhhc19

16 49839166-49938369 99 3 Cd47, Gm5486, AC107830.1, AC107830.2

17 29534871-29639166 104 6 YES YES YES Pim1,  Fgd2

17 52420984-52490384 69 3 AC121600.2, AC121600.1 (miRNA)

19 37566911-37569767 3 4 Exoc6, Hhex

Supplemental Table 3

Cnn2, Abca7, Hmha1, Gpx4, ORF61, 

Polr2e, Sbno2

Rab11fip4, mmu-mir-193 (miRNA), mmu-

mir-365-2 (miRNA), AL731726.1

All genes in/near CIS

Tnfaip8l2 , Cdc42se1, Sema6c, Gabpb2, 

Mlt11, Gm128, Bnipl, Lysmd1, Scnm1

Gimap4, Gimap cluster, Al854703, Zfp775

Gmfg, Plekhg2, Zfp36, Med29, Paf1, 

Samd4b

Itgb2, 181008A18Rik, Pttglip, Sumo3, 

Ube2g2 
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Supplementary Table 4

A. Top 10 most enriched functions in CIS-associated candidate genes

Function Annotation P value # genes Gene Names

transformation of cells 2.65E-11 19

BCL11A, BCL2L1, CCND1, CCND2, ETS1, FGFR3, 

FOSB, HHEX, JDP2, MYB, MYC, NOTCH1, PIK3CD, 

PIK3R5, PIM1, RASGRP1, REL, RRAS2, STAT3

quantity of lymphocytes 6.74E-10 16

BCL2L1, CHST3, ETS1, FOSB, GFI1, IKZF1, IL2RA, 

MYC, NOTCH1, PIK3CD, PIM1, RASGRP1, REL, SLA, 

STAT3, TCF7

developmental process of 

lymphocytes
8.04E-10 17

BCL11A, BCL2L1, CCND1, CD74, ETS1, GFI1, IKZF1, 

IL2RA, MYB, MYC, NOTCH1, PIK3CD, PIM1, 

RASGRP1, REL, STAT3, TCF7

developmental process of 

blood cells
9.34E-10 20

BCL11A, BCL2L1, CCND1, CCND2, CD74, ETS1, 

GFI1, HHEX, IKZF1, IL2RA, LMO2, MYB, MYC, 

NOTCH1, PIK3CD, PIM1, RASGRP1, REL, STAT3, 

TCF7

developmental process of T 

lymphocytes
1.08E-09 15

BCL11A, CCND1, CD74, ETS1, GFI1, IKZF1, IL2RA, 

MYB, NOTCH1, PIK3CD, PIM1, RASGRP1, REL, 

STAT3, TCF7

differentiation of cells 7.25E-09 25

BCL11A, BCL2L1, CCND1, CCND2, CD74, ETS1, 

EVPL, FGFR3, GFI1, HHEX, IKZF1, IL2RA, JDP2, 

LMO2, MAFG, MYB, MYC, NOTCH1, PIK3CD, PIM1, 

RASGRP1, REL, RRAS2, STAT3, TAF8

transformation of eukaryotic 

cells
7.38E-09 15

BCL11A, CCND1, CCND2, ETS1, FGFR3, FOSB, JDP2, 

MYB, MYC, NOTCH1, PIK3CD, RASGRP1, REL, 

RRAS2, STAT3

development of leukocytes 7.38E-09 13
BCL2L1, CCND1, CD74, ETS1, GFI1, IL2RA, MYB, 

NOTCH1, PIK3CD, PIM1, REL, STAT3, TCF7

quantity of blood cells 7.86E-09 17

BCL2L1, CHST3, ETS1, FOSB, GFI1, IKZF1, IL2RA, 

MYB, MYC, NOTCH1, PIK3CD, PIM1, RASGRP1, REL, 

SLA, STAT3, TCF7

hematopoiesis 7.86E-09 17

BCL11A, BCL2L1, CCND1, CD74, ETS1, GFI1, HHEX, 

IKZF1, IL2RA, MYB, MYC, NOTCH1, PIK3CD, PIM1, 

REL, STAT3, TCF7

B. Top 5 most enriched canonical pathways in CIS-associated candidate genes

Function Annotation P value # genes Gene Names

 GM-CSF Signaling 1.30E-08 8
RRAS2, BCL2L1, PIK3CD, CCND1, STAT3, ETS1, 

PIM1, PIK3R5

 Acute Myeloid Leukemia                     

Signaling
2.00E-08 8 RRAS2, MYC, PIK3CD, CCND1, STAT3, PIM1, TCF7, 

PIK3R5

 Prolactin Signaling 1.52E-05 6 RRAS2, MYC, PIK3CD, STAT3, TCF7, PIK3R5

 HGF Signaling 4.09E-05 6 RRAS2, PIK3CD, CCND1, STAT3, ETS1, PIK3R5

 Chronic Myeloid Leukemia 

Signaling
4.11E-05 6

RRAS2, MYC, BCL2L1, PIK3CD, CCND1, PIK3R5
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SUPPLEMENTAL FIGURES 

Supplemental Figure 1.  Survival analyses reveal female Mll-AF9 female mice died 

significantly faster than male Mll-AF9 mice, Mll-AF9 mice die faster than WT mice 

regardless of phenotype, and phenotype does not alter latency of disease.  Kaplan 

Meier plots are shown.  (A) Survival of non-infected Mll-AF9 mice.  Female mice are 

represented in pink whereas male mice are represented in blue (P = 0.021).  (B) Survival 

of M4070 infected Mll-AF9.  Female mice are represented in pink whereas male mice are 

represented in blue (P < 0.0001).  (C) Survival of mice with lymphoid disease.  Mll-AF9 

mice are shown in red and WT mice are shown in black (P = 0.0034).  (D) Survival of 

mice with myeloid disease.  Mll-AF9 mice are shown in red and WT mice are shown in 

black (P = 0.0002).  (E) Survival of mice with both myeloid and lymphoid disease.  Mll-

AF9 mice are shown in red and WT mice are shown in black (P = 0.038).  (F) Survival of 

WT mice with lymphoid (blue), myeloid (green) or both myeloid and lymphoid leukemia 

(pink) (not significant).  (G) Survival of Mll-AF9 mice with lymphoid (blue), myeloid 

(green) or both myeloid and lymphoid leukemia (pink) (not significant).  (H) Survival of 

mice with either the L1 (brown) or L2 (blue) lymphoid phenotype (not significant).  

 

Supplemental Figure 2.  Number and percent of leukemias with each phenotype in 

each experimental cohort.  The ‘other’ disease group represents mice that could not be 

categorized as myeloid, lymphoid or both.  These include one mouse that had lymphoid 

disease but for which myeloid leukemia could not be definitively accessed (infected wild 

type cohort), histiocytic sarcoma, mast cell disease, or non-definitive phenotypes in the 
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infected Mll-AF9 cohort, and a mouse with myeloid disease for which lymphoid disease 

could not be accessed (non-infected Mll-AF9 cohort).  

 

Supplemental Figure 3. Multiple phenotypes were observed in the experimental 

cohorts.  (A) Cytology of myeloid and T-cell diseases in MLL-AF9 mice infected with 

retrovirus.  Upper left: Bone marrow, mouse 400, with myeloid neoplasm showing 

substantial differentiation (similar to mouse 410 shown in Figure 1Di).  Upper right: 

Bone marrow, mouse 429, with poorly differentiated acute myeloid leukemia 

(histopathology shown in Figure 1Dii).  Lower left: Thymus, mouse 544, composite 

image of thymic cells diagnosed by morphology and flow immunophenotyping as T-cell 

acute lymphoblastic leukemia (similar to thymus of mouse 429 shown in Figure 1Div).  

Lower right: Bone marrow, mouse 522, with moderately differentiated acute myeloid 

leukemia (histopathology shown in Figure 1Dv).  Scale bar represents 20 micrometers.  

Note: cells in upper and lower left panels with small condensed nuclei have an 

appearance consistent with apoptosis.  (B) Immunophenotype of leukemia from a 

representative mouse with both myeloid and lymphoid disease.  Flow cytometry data 

from mouse 529 splenocytes detected myeloid leukemia with mixed myeloid 

differentiation in which granulocytic cells expressed both Gr1 and CD11b (i) and in 

which monocytic cells lack Gr1 but expressed CD11b (i) and F4/80 (iii).  In addition, T-

cell leukemia was detected in which a sizable population expressed the T-cell markers 

CD5 (ii) and CD4 (iv), but lacked CD3 (data not shown).  Morphology of this leukemia is 

shown in Figure 1Dii-iv.  (C) Immunophenotype of representative Mll-AF9 myeloid 
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leukemia. Splenocytes from mouse 522 expressed Gr-1 and CD11b (i), with a 

subpopulation expressing F4/80 (iii); few residual T-cells were present (ii, iv).  

Morphology of this leukemia is shown in Figure 1Dv-vi. 

 

Supplemental Figure 4.  Southern blot showing clonal proviral insertion sites in 

tissues from M4070 infected animals.   DNA was isolated from enlarged spleens (Spl), 

and thymus (Thy) of infected animals.  Genomic DNA (30 µg) was cut with PvuII and 

separated on a 0.8% agarose gel.  After blotting onto Nitrocellulose, hybridization was 

performed with a M4070-specific LTR probe.111  

 

Supplemental Figure 5.  Human microarray analysis shows variable expression of 

MN1, FOSB and BCL11A in patients with AML.  All gene expression profiles using 

the Affymetrix U133Plus2 gene chips of the 461 AML cases15 are available at the Gene 

Expression Omnibus (accession number GSE6891).  For each probe set, the geometric 

mean of the hybridization intensities of all patients was calculated.  The level of 

expression of each probe set in every sample was determined relative to this geometric 

mean and logarithmically transformed (log2).  Pearson correlation clustering was 

performed using the Omniviz software (version 3.6), with the probe sets that had an 

absolute standard deviation larger than 4.0 among all samples (1538 probe sets).  Each 

row represents one human AML patient.  The Pearson correlation values are represented 

in colors corresponding to positive correlation (red) and negative correlation (blue).  The 

expression above baseline in all AMLs for each probe set, corresponding to a CIS-
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associated candidate gene, is shown in a black histogram per patient sample, scaled for 

each probe based on the highest value.  (A) The large heat map shows all AML patients 

stratified by karyotype and expression status.  Regions defined by specific translocations 

or genetic abnormalities are indicated on the right.  Patients with MLL-AF9 translocations 

are represented with a royal blue line to the right while all other patients with t(11q23) 

translocations are marked with an aqua blue line.  (B) Patients with MLL rearrangements 

are enlarged and shown together, separated by a horizontal black line dividing patients 

with MLL-AF9 translocations (royal blue) and all other MLL rearrangements (aqua blue).  

The MLL-AF9 AMLs were positively correlated by expression level, though they were 

not clustered together. 

 

Supplemental Figure 6.  Highly penetrant CISs occur more frequently in infected 

wild type leukemias than in infected Mll-AF9 leukemias.  Highly penetrant CISs are 

defined as having five or more leukemias contributing to the insertions sites of the CIS.  

The x-axis shows the number of highly penetrant CISs found in each leukemia while the 

y-axis shows the number of times each CIS number occurred.  Black bars represent Mll-

AF9 leukemia while gray bars represent WT leukemia.     
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SUMMARY 

We previously identified candidate MLL-AF9 cooperating genes by performing a 

retroviral insertional mutagenesis screen in Mll-AF9/+ mice, summarized in Chapter 2. 

To investigate the importance of these candidate genes in AML and myeloid leukemia, 

we utilized lentiviral shRNA libraries from Open Biosystems to knock down expression 

of these genes in mouse and human leukemia cell lines in vitro.  We found that different 

vectors in these libraries had variations in titer, fluorescent markers for detection of 

shRNA expression, and whether they provide an inducible system for shRNA expression.  

We preferred the inducible system, in which cell lines can be selected to stably harbor the 

shRNA and then be induced to express the shRNA with doxycycline, providing a 

renewable source of shRNA-stable lines for ease in reproducibility.  Human myeloid 

leukemia cell lines were used to create shRNA-stable cell lines.  Not all candidate genes 

are easily detected by Western blot or qRT-PCR, including our top candidate gene MN1.  

Furthermore, not all shRNAs caused a change in gene or protein expression even when 

induction of the shRNA affected the proliferative potential of the cell lines.  Other 

shRNAs seemed to reduce mRNA or protein levels did not cause a growth defect in the 

cell lines.  Induction of two shRNAs targeting FOSB in U937 cells caused a block in 

proliferation that correlated with a decrease in FOSB protein levels, consistent with a 

requirement of FOSB for the maintenance of U937 cells.   
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INTRODUCTION      

RNA interference (RNAi) is a biological response to double-stranded (ds)RNA which 

results in sequence-specific gene silencing, which was first observed in Caenorhabditis 

elegans193 (C. elegans) and is conserved in most eukaryotes.194  This process is a type of 

post-transcriptional gene silencing (PTGS) previously described in plants.195,196  RNAi is 

thought to work in a two-step mechanism where the first step is initiated by a dsRNA 

which is recognized by Dicer, a RNase II family nuclease, and cleaved into 21-23 

nucleotide (nt) small interfering RNAs (siRNAs), also called ‘guide sequences.’197  The 

second step involves incorporation of these guide sequences into the RNA-induced 

silencing complex (RISC) which recognizes mRNA with homology to the siRNAs and 

marks them for destruction and inhibits translation.198-200  It was shown that synthetic 21 

nt siRNAs could be transfected into mammalian cells and used to trigger the endogenous 

RNAi machinery.201  Another tool of RNAi was developed to mimic the endogenous 

trigger of RNAi, microRNAs (miRNAs).202-204  These molecules, called short hairpin 

RNAs (shRNAs), were first expressed from a RNA polymerase II or III promoter on a 

plasmid construct to activate sequence-specific gene silencing in mammalian cells.205-207 

 Systematic RNAi screens started being utilized to identify gene functions in 

Drosophila and C. elegans.208-211  Next, large-scale and genome-wide RNAi screens used 

shRNA vectors in human cells to look specifically involved in cancer processes including 

the p53 and PI3-kinase pathways.118-121  RNAi technology has been adapted for the use in 

mice, including efforts to suppress the function of tumor-suppressor genes in mammalian 

cells to promote tumorigenesis.212-214  More recently, an shRNA screen identified tumor-
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suppressor genes that accelerated carcinogenesis in an in vivo mouse model of 

lymphoma.215  RNAi technology is now routinely being used in both in vitro and in vivo 

applications in murine and mouse models for gene discovery, functional analysis and 

gene therapy, summarized in the following reviews.125,126,216  Several variations of 

shRNA vectors have been developed for the use of in vitro testing in human and 

mammalian cells.122-124   

 Open Biosystems (Thermo Scientific, Huntsville, AL) has developed three 

Expression Arrest™ lentiviral shRNA libraries targeting human and mouse annotated 

genes, starting in collaboration with the RNAi Consortium (TRC).  The first generation 

of TRC constructs has a shRNA driven by the human U6 promoter with a 21 basepair 

(bp) stem and 6 bp loop hairpin on a 7 kilobases (KB) pLKO.1 backbone (Figure 1A).  

The second generation of libraries is the GIPZ lentiviral microRNA-adapted shRNA 

(shRNAmir) library.  These constructs are on an 11.8 KB pGIPZ lentiviral vector 

backbone where the shRNA are expressed as microRNA-30 (miR30) primary transcripts, 

combining 22 bp of dsRNA for the stem with 19 bp of human miR30 for the loop, with 

125 bp of miR30 flanking sequence (Figure 1B).  Adding the microRNA components to 

the shRNA has been shown to significantly increase knockdown efficiency.122,217  These 

constructs also have a GFP maker driven by the same CMV promoter as the shRNAmir, 

separated by an IRES-puro.  The third generation of Open Biosystems shRNA vector is 

the TRIPZ lentiviral inducible shRNAmir vector, using the miR30 shRNA transcripts of 

the GIPZ vectors and the Tet-On® inducible system on the 13.3 KB pTRIPZ lentiviral 

vector backbone (Figure 1C).  The Tet-On® system uses a tetracycline response element 
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(TRE), and a pTRIPZ transactivator, called the reverse tetracycline transactivator 3 

(rtTA3), which causes activation of the TRE promoter in the presence of doxycycline.  

An ubiquitin C (UBC) promoter with 25-fold greater sensitivity to doxycycline drives 

expression of the rtTA3.218  The pTRIPZ vector also contains a TurboRFP (tRFP) 

reporter driven by the TRE promoter just upstream of the shRNAmir so one can visualize 

shRNA expression.  

 We used all three types of vectors offered by Open Biosystems to make 

lentiviruses harboring shRNA targeting several genes and transduced four human AML 

cell lines: U-937,171,172 K-562,219 MOLM-13220 and THP-1,221,222 herein called U937, 

K562, MOLM13 and THP1.  The two latter two cell lines have MLL-AF9 translocations, 

with a FLT3 mutation in MOLM13 cells,223 while U937 is a myelomonocytic cell line 

and K562 is derived from a patient with chronic myeloid leukemia (CML) in blast crisis, 

a similar state as AML.  Here, we report our findings from experiments using these 

lentiviral shRNA vectors to knock down Mll-AF9 candidate genes in leukemia cell lines 

to functionally validate their role in AML, particularly in lines with an MLL-AF9 

translocation.  If a candidate gene or a gene in its pathway has been mutated in a given 

cell line to allow for leukemic growth, then targeting that gene for knockdown may have 

an effect on the growth of those cells.  Most of the shRNAs did not have a strong effect 

on cell viability or proliferation.  Often, shRNA induction did not cause a significant 

change in gene expression levels.  However, we do show that FOB is required for the 

maintenance of the U937 cell lines and may be an important gene in AML progression 

and maintenance. 
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MATERIALS AND METHODS 

Cell lines. Human myeloid cell lines were purchased or borrowed: MOLM-13, THP-1, 

U-937 and K-562 (ATCC, Manassas, VA).  Murine cell lines were created from Mll-

AF9/+ mice in the insertional mutagenesis screen described in Chapter 2.  Cryopreserved 

bone marrow from six Mll-AF9/+ mice with myeloid disease were transplanted into 

recipient mice.  When the recipient mice were sacrifice, bone marrow was harvested and 

filtered through a 45 µM filter before being plated in nutrient rich medium with a 

cytokine cocktail of 10 ng/mL mouse recombinant interleukin-6 (mIL-6), 50 ng/mL 

murine recombinant stem cell factor (mSCF) (Invitrogen), and 5 ng/mL murine 

recombinant interleukin-3 (mIL-3) (Thermo Fisher Scientific) or just mIL-3.   Cells were 

periodically passaged in the same nutrient rich medium and cytokine cocktail until the 

line was stable. Four cell lines were created this way from leukemic bone marrow from 

different individual transplant recipient mice where the number reflects the bone marrow 

transplant donor and the letter reflects the transplant recipient, herein called 467D, 467B, 

417B, and 512C.  

 

Two step qRT-PCR (quantitative reverse transcription-PCR): cDNA production 

and PCR reaction.  RNA was isolated from human AML cell lines, murine cell lines, or 

tissues harvested from mice (lymph node (LN), spleen (Spl), bone marrow (BM), and 

thymus (Thy)) using the TRIzol® Reagent (Invitrogen, Carlsbad, CA) or with a 

RNA/DNA/Protein Purification Kit (Norgen biotek, Ontario, Canada).  The RNA was 
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DNase treated with a Turbo DNA-freekit (Applied Biosystems/Ambion, Austin, TX).  

1 µg RNA was reversed transcribed using the SuperScript III (SSIII) First-Strand 

Synthesis System for RT-PCR kit with oligo(dT)20 (Invitrogen).  pRT-PCR reactions 

were run using a QuantiTect SYBR Green PCR Kit (Qiagen, Valencia, CA) with Uracil-

DNA Glycosylase (UNG) (Roche Applied Sciences, Indianapolis, IN) on a 

Mastercycler realplex thermal cycler (Eppendorf, Hauppauge, NY).  Primers used to 

amplify each product available upon request. Program is as follows: 95ºC for 15 minutes, 

40 cycles of 94ºC for 15 seconds, 60ºC for 30 seconds and 72ºC for 30 seconds followed 

by a melting curve.  A quantitative analysis was performed using the realplex software 

(Eppendorf) using ACTB, the gene that encodes beta-actin (ßactin) as the endogenous 

control.  All reactions were performed in duplicate. The ∆∆CT values were calculated for 

each sample and normalized to results from cDNA of hematopoietic tissues from wild-

type mice. 

 

Western blot analysis.  Cells were incubated with lysis buffer for 20 minutes on a 

rotator and centrifuged at 14,000 RPM for 10 minutes, both at 4 degrees.  Samples were 

analyzed with a Bradford reaction and 40 µg of total protein were run with sample buffer 

on a prepared 10% Bis-Tris gel using an Invitrogen gel box at 200 volts and transferred to 

a nitrocellulose membrane using the iBlot system (Invitrogen).  Membranes were blocked 

with 5% non-fat milk, incubated with anti-FOSB, anti-MN1, or anti-BCL11A primary 

antibodies and corresponding secondary antibodies before developing using ECL 

(Thermo Scientific). 
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Lentiviral production and short hairpin RNA (shRNA) induction. 293T cells were 

transfected with Expression Arrest™ TRC, GIPZ, or TRIPZ lentiviral shRNA library 

constructs from Open Biosystems (Thermo Fisher Scientific, Waltham, MA) encoding 

shRNA to human or mouse genes or a scrambled control.  Lentiviral supernatant was 

collected after 24 and 48 hours, filtered through a 45 µM filter, and concentrated using an 

Optima™ L-90K Ultracentrifuge with a SW32 rotor (Beckman Coulter, Brea, CA) or the 

Lenti-X™ Concentrator (Clontech, Mountain View, CA).  AML cell lines leukemia cells 

were transduced with the lentivirus for 6 hours.  In the case of the TRIPZ vectors, 

puromycin selection was used to produce cell lines that stably expressed the shRNA 

plasmid.  To induce knockdown with the shRNA, cells were plated at 0.5 million cells 

per well in 6-well plates with 2 mLs of media containing puromycin for 24 hours. The 

cells were then treated with 4 µg/µL doxycycline to induce the shRNAs.     

 

RESULTS AND DISCUSSION 

Open Biosystems lentiviral shRNA libraries have varying features 

We have found that there are distinct advantages and disadvantages of each of the three 

different types of lentiviral shRNA vectors developed by Open Biosystems: TRC, GIPZ, 

and TRIPZ (Figure 1).  First, Open Biosystems has not provided as much genome 

coverage for the GIPZ and TRIPZ vectors as the original TRC vectors so there are less 

constructs to test for each gene.  Currently, there are only one to three clones per gene on 

average offered in the GIPZ and TRIPZ libraries.  In addition, there are more human 
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clones than mouse clones in the GIPZ library and clones targeting only human genes in 

the TRIPZ library.  In contrast, Open Biosystems offers four to five TRC constructs per 

gene with both mouse and human clones, in order to provide full coverage, predicting one 

or two would yield at least 70% knockdown of the gene.  If only one or two constructs 

out of five are thought to produce a 70% knockdown, there is no guarantee of knockdown 

if only two or three constructs are available for the GIPZ or TRIPZ vectors.  A second 

concern is that while the TRC library is more complete, the TRC vector does not have 

any kind of fluorescent marker to verify expression of the shRNA construct.  The GIPZ 

and TRIPZ vectors both have a marker driven by the same promoter as the shRNAmir, so 

that the activation of the shRNA is discernable by the presence of GFP or tRFP, 

respectively.  This provides a way to rapidly screen for shRNA expression prior to 

verification of gene knockdown by qRT-PCR or Western blot.   

 A third issue of concern is that the mechanism of shRNA expression for all 

lentiviral vectors is not the same.   For all three vectors, a cell line is transduced with a 

lentivirus encoding an shRNA against a gene of interest (Figure 2).  In the case of the 

TRIPZ vectors, the shRNA is expressed from a TRE regulated promoter but is not 

induced until the addition of doxycycline so the cells can be selected in puromycin prior 

to induction of the shRNA.  Then the cells can be cultured in the presence of doxycycline 

to induce expression of the shRNA, providing a renewable source of cells that can be 

used repeatedly after only one round of viral production and transduction.  Because the 

GIPZ and TRC vector shRNAs are not inducible, the shRNA is induced immediately 

upon transduction.  Thus, cells must be plated right into multi-well plates and monitored 
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for cell proliferation as soon after transduction as possible (Figure 2).  This means that for 

every transduction experiment, new virus needs to be produced and concentrated and 

cells grown, which required more resources and time.  

 A final overall concern is that the titer of lentiviruses made with each vector type 

is widely variable.  The average titer for each virus type without concentration is shown 

in Figure 3A.  The TRC vectors produce the viruses with the highest titers at around 10^5 

colony forming units per milliliter (CFU/mL), while the GFP viruses have titers lower by 

a factor of ten and the TRIPZ viruses having decreased titers by a factor of 100 compared 

to TRC.  Even with concentration, the titers are still separated by up to a factor of six 

(Figure 3A).  This could drastically affect the rates of shRNA induction, depending on 

how efficient the virus was at transduction of a given cell type.  

 The difference in titer between the lentiviruses created from each type of shRNA 

library construct may be due to a combination of two variables.  First, the size of the 

backbones is considerably different.  Where the TRC backbone is only about 7 KB, the 

more complicated, and not coincidentally, more useful GIPZ and TRIPZ vector 

backbones are about 11.8 and 13.3 KB, respectively.  The size differences correspond to 

the much higher titers of the lentiviruses using the TRC vectors compared to the low 

titers with the TRIPZ vectors, while the GIPZ titers were in between.  It appears that the 

bigger the construct, the less likely it is to get packaged into the viral particle.  This is 

consistent with the observation that typical genome capacity for viral vectors is between 

four and 12 KB for efficient delivery of cargo.224,225   
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 Another important difference between these shRNA vectors is the promoter used 

in each vector.  It has been reported that in hematopoietic cells, the cytomegalovirus 

(CMV) promoter does not induce robust expression of genes compared to other 

promoters such as PGK and EF1∝.226-229  Since both the GIPZ and TRIPZ vectors utilize 

a CMV promoter to express the shRNA (for GIPZ) or tRFP-shRNAmir (for TRIPZ the 

TRE promoter is fused to the CMV minimal promoter), the vectors may not work well in 

some AML cell lines. 

 We concluded after trying all three vectors that the TRIPZ vectors would be the 

least time-intensive and best method for shRNA lentiviral transduction and induction in 

our cell lines, particularly to study candidate oncogenes.  We thought the inducible 

properties of the TRIPZ vectors mostly offset the disadvantage of the low liter because 

the puro selection can insure all cells in an experiment have the shRNA construct stably 

integrated.  This also made it more feasible to repeat studies since the cell lines could be 

maintained for long periods of time and just needed to be treated with doxycycline to 

induce the shRNA.  Nevertheless, some cell lines were hard to transduce with TRIPZ 

vectors.  It took over three weeks for THP1 cells to become puro-resistant after TRIPZ 

transduction so that they could be propagated at regular intervals, and only two MOLM13 

cell lines stably expressed a shRNA from a TRIPZ vector.  This was perhaps because the 

TRIPZ viral titers were so low that not enough cells were transduced to survive the puro 

selection process.   
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Lentiviral preparations can be concentrated by various methods 

To obtain the highest titer possible for each virus preparation, they were concentrated 

before transduction.  The first method employed was ultracentrifugation, a widely 

accepted method to concentrate virus.  However, this method requires very high speeds 

of 23,000 RPM for 1.5 hours, which generate shearing forces and a visible pellet was 

never observed for virus samples.  When supernatant was discarded and the viral particle 

resuspended, variable results were achieved, in part because one could not tell where the 

viral particles were located in the tube.  While ultracentrifugation did increase the titer of 

the TRC and GIPZ vectors, it seems to be ineffective for the TRIPZ vectors (Figure 3A).  

Two other methods were employed to increase titers and provide more consistent results 

without the high centrifugal speeds: a chemical method and a physical method.  The 

physical method used a Centricon Plus-70 centrifugal filter (Millipore, Billerica, MA) at 

1640 RPM to decrease the volume of the virus without losing any particles.  The 

chemical method is a solution called Lenti-X™ concentrator (Clontech, Mountain View, 

CA).  In this method, the viral preparation is centrifuged at lower speeds (1500 RPM) but 

instead of using a filter, the virus is mixed with a liquid solution before centrifugation, 

which caused all viral particles to settle to the bottom of a tube in a visible pellet.  The 

liquid was then aspirated off and the pellet was resuspended in a volume of media 100x 

less than the original virus.   

 The physical filter method did increase the titer in the case of the TRC virus, 

while the chemical Lenti-X concentrator increased the titer even more (Figure 3B).  



 

 115 

While the Lenti-X method did not cause a drastic increase in the titer of the TRIPZ virus, 

it was higher than with the filter method and did not cause the titer to decrease, as was 

seen with ultracentrifugation (Figure 3A,B).  Furthermore, the physical method was 

difficult to work with as the filter needed to be modified to fit in the centrifuge buckets 

available to me.  In addition, the filter method was difficult to control for in terms of the 

final volume of the viral supernatant and required variable spin times while the Lenti-X 

concentrator worked consistently in 45 minutes every time.  Because there was a visible 

pellet, the final volume could be exactly 100 times more concentrated than the original 

virus using the Lent-X concentrator.  Another chemical reagent called PEG-it™ Virus 

Precipitation Solution (System Biosciences, Mountain View, CA) was also investigated 

with similar results to the Lent-X concentrator but at a higher cost (data not shown).  The 

Lenti-X concentrator was used for all future experiments because it yielded consistent 

results, was most convenient, and compared to the other chemical method, more cost-

effective.    

 

Analysis of gene expression changes 

To examine expression changes in mRNA levels, intron-spanning primers were designed 

for each gene that we attempted to target using shRNA vectors.  Before knockdown 

experiments were performed, the primers were tested in each cell line to make sure the 

gene could be amplified in a qRT-PCR reaction.  We were going to use shRNA vectors in 

the murine AML cell lines we created from transplanting bone marrow from Mll-AF9/+ 

mice: 417B, 512C, 467B, 467D (see materials and methods).  Therefore, we performed 
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qRT-PCR in these cell lines as well as tissues from wild type mice including lymph node, 

spleen, bone marrow, thymus, and a wild type embryo for genes targeted by the shRNA 

vectors.  We expected that a candidate MLL-AF9 cooperating gene (Mn1) would be over-

expressed in our cell lines since Mn1 was identified as a common insertion site (CIS)-

associated gene in our retroviral insertional mutagenesis screen.230  However, we found 

we were unable to consistently amplify Mn1 from cDNA from the murine samples (data 

not shown).  We tried nine different primer pairs to amplify Mn1, including one designed 

by Roche Applied Biosciences specifically for their Universal Probe Library (UPL) 

system, with little success.  We tried altering the following variables to obtain optimal 

conditions: annealing temperature using a temperature gradient, MgCl2 concentration, 

primer concentrations, and template levels.  An example of an electrophoresis gel run 

with PCR amplification products for Mn1 and Actb is shown where there was robust 

amplification of Actb in all murine tissues and the murine AML cell line 512C while the 

only Mn1 product that consistently amplified in a mouse cell was cDNA from a wild type 

mouse embryo (Figure 4A).  We speculate that Mn1 is expressed at low levels in normal 

murine tissues past the embryonic stage and these four cell lines do not have high levels 

of Mn1 because it was not a cooperating event in these particular cell lines.   

 Because we were unsuccessful at detecting mRNA levels in murine AML cell 

lines and normal mouse tissues, we performed qRT-PCR on cDNA from four human 

myeloid leukemia cell lines: U937, K562, THP1, and MOLM13.  In these cells we tried 

14 primer sets against MN1, including a primer pair designed by Roche as part of the 

UPL and several published primer pairs.178,187,231,232  This Roche primer was the most 
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successful in qRT-PCR tests; though the threshold of detection was not reached until 35 

cycles, indicating it was expressed at low levels in these human myeloid leukemia cell 

lines (Figure 4B).  Several labs have shown that MN1 is over-expressed in some patients 

with AML.178,232,233  Even so, we did not detect consistent expression, which implies 

U937, K562, THP1, and MOLM13 did not require mutations in the MN1 gene or 

pathway for leukemia progression and maintenance.  We did find primers able to amplify 

FOSB at an average of 34.5 cycles, and BCL11A at an average of 30.1 cycles but not 

consistently in all four cell lines (Figure 4C).    Because we were able to detect several 

human mRNAs of interest by RT-PCR and we found more Open Biosystems shRNA 

vectors available for these human genes, including all the TRIPZ vectors, we decided to 

perform all future experiments in the four human myeloid leukemia cell lines. 

 

Analysis of protein levels and phenotypic changes when cell lines were transduced 

with shRNA TRC or GIPZ vectors 

The four human myeloid leukemia cell lines were transduced with two TRC and two 

GIPZ vectors with shRNA targeting MN1.  There was some evidence of proliferation 

inhibition based on methylcellulose cultures and apoptosis induction based on flow 

cytometry after propidium iodide (PI) staining (data not shown).  However, we were 

unable to show evidence of mRNA or protein reduction as a result of the short hairpin 

because we were unable to consistently show gene or protein expression, even in the cell 

lines without shRNA induction (data not shown).   



 

 118 

 We then focused on vectors harboring shRNA targeting BCL11A and FOSB, as 

they were also identified as CIS-associated candidate MLL-AF9 cooperating genes in our 

previously mentioned screen.  Four TRC viruses with shRNA targeting each gene 

(BCL11A and FOSB) were used to transduce the U937, K562, THP1, and MOLM13 cell 

lines.  A scrambled shRNA virus and a positive control shRNA virus targeting eGFP 

were also used for a total of six TRC viruses in each cell line.  In our hands, the TRC 

viruses were not able to reduce protein levels in the cell lines and did not cause 

significant proliferative changes.  An example of time course experiments monitoring cell 

growth for two shRNA targeting BCL11A in THP1 cells is shown in Figure 5A.  It 

appears there may be a difference in growth between the two shRNA viruses (49 and 50) 

and the scrambled control at 48 hours, but not in other time points.  In the corresponding 

Western blots, however, the reduced protein level for shRNA at 48 hours corresponds to 

a reduction or absence of Bactin protein as well (Figure 5B).  There were no other 

changes in protein levels due to the expression of the shRNA.  Thus, no correlation 

between reduced protein levels and altered proliferation of the cell lines could be 

definitively made.  Producing the viruses also provided technical challenges mentioned 

earlier, making it time consuming and costly to the point of being prohibitive.  I 

concluded that cell lines stably expressing the TRIPZ shRNA vectors should be used for 

further experiments.   
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Analysis of protein levels and phenotypic changes when cell lines were transduced 

with TRIPZ lentiviral vectors 

The U937, K562, THP1, and MOLM13 cell lines were transduced with two TRIPZ 

viruses with shRNA targeting MN1.  U937, K562, and THP1 cells that stably expressed 

the shRNA transcripts were established.  An example is shown of a time course 

experiment with K562 and THP1 cells lines expressing the TRIPZ viruses after induction 

of doxycycline (Figure 5C).  It appears that the shRNA targeting MN1 (E3 and A4) may 

be causing a delay or inhibition of growth compared to controls.  Again, we were unable 

to correlate shRNA induction with a decrease in mRNA or protein levels because we 

were unable to amplify MN1 in these cell lines (data not shown).  

 Two TRIPZ viruses with shRNA targeting each gene (BCL11A and FOSB) were 

used to transduce the four human myeloid leukemia cell lines and produce stable cell 

populations after puro selection.  A scrambled shRNA virus and a positive control 

shRNA virus targeting GAPDH were also used for a total of four TRIPZ viruses in each 

cell line.  As previously mentioned, only two cell lines were able to stably express 

shRNA in the case of the MOLM13 cell line: one shRNA targeting FOSB and the 

scrambled control.   

 The BCL11A shRNA vectors were not equally effective at knocking down the 

gene and disrupting normal proliferation in all cell lines.  In THP1 cells stably expressing 

BCL11A shRNAs, there were no changes in protein levels with either shRNA after 

doxycycline induction compared to the positive or scrambled controls at any time point.  

The Western blot for the THP1 cells expressing the F9 shRNA and the scrambled control 
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(-) is shown in Figure 6A, left panel.  The consistent protein levels corresponded to the 

growth curves of the THP1 stable cells after induction of the shRNAs, which show 

similar rates of proliferation in the shRNA targeting BLC11A (E4 and F9) compared to 

the controls (Figure 6A, right panel).  All lines grew relatively slowly considering they 

only doubled after four days, indicating the presence of the shRNA may be interfering 

with normal proliferation or this was due to the effects of puromycin.  In contrast, the 

U937 lines stably expressing shRNAs targeting BCL11A have reduced growth compared 

to the scrambled control line when induced with doxycycline, especially in the case of the 

U937 line with the E4 shRNA (Figure 6B, left panel).  When cells were plated in 

methylcellulose cultures for eight days, the three plates with U937 line with a scrambled 

control had an average of 362 colonies compared to an average of only 42 colonies in the 

three plates with U937 E4 colonies, supporting the conclusion that the E4 shRNA impairs 

proliferation.  However, a decrease in protein levels could not be confirmed by Western 

blot as in every case there appears to be a slight decrease of BCL11A in the E4 lanes 

compared to the scrambled control, there is a corresponding decrease in the Bactin lanes 

(Figure 6B, right panel).  Thus, it was difficult to show that the decreased proliferative 

rates of a cell line were due to reduced expression of a candidate gene after shRNA 

induction. 

 FOSB shRNA induction caused variable results as well.  Again, shRNA-

expressing THP1 cells grew slowly overall but there did seem to be a difference in 

growth between the FOSB F10 line and the controls by day four (Figure 6C, upper left).  

This was verified by qRT-PCR where the expression of FOSB decreased modestly from a 
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1.89 to 0.737-fold difference from 24 to 96 hours.  However, the decrease in growth was 

not significant and not reproducible (data not shown).  Conversely, the FOSB shRNA 

stable MOLM13 cell line had a significantly impaired growth curve compared to the 

positive control after induction of the shRNA (data not shown).  However, there was 

growth impairment with this stable FOSB shRNA line when the shRNA was not 

expressed, implying that there may be a leaky effect of the shRNA in MOLM13 cells 

(data not shown).  When the cells were propagated without puromycin, knockdown and 

phenotypic changes were reduced, suggesting loss or silencing of the provirus in the 

absence of puro selection (data not shown). 

 When the time course experiment was repeated in U937 cells stably expressing 

TRIPZ shRNAs in the presence of puromycin with and without doxycycline, we see 

almost no growth in the cell lines expressing the shRNA targeting FOSB but not in the 

scrambled control with doxycycline or all three cell lines without shRNA induction 

(Figure 6C, right panel).  This result was significant and is the same graph shown in 

Chapter 2 Figure 7A.  This was the only experiment in which knockdown of the protein 

could be confirmed after a growth defect observed after shRNA induction, as shown in 

Chapter 2 Figure 7B, indicating that FOSB is required for adequate proliferation of the 

U937 cell line. 

 

CONCLUSIONS AND FUTURE DIRECTIONS  

We have shown that the Open Biosystems lentiviral shRNA libraries TRC, GIPZ, and 

TRIPZ are convenient vectors for introducing shRNAs into human leukemia cell lines.  
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Each type of vector has differences in titer, availability of shRNAs for mouse and human 

genes, shRNA inducibility, and the presence of useful markers.  These features need to be 

weighed when deciding on the right vector to use.  Based on the inducible property of the 

TRIPZ vectors, making the transduced stable cell lines a renewable source for shRNA 

induction, we concluded these provide the best option for reducing expression of genes 

required for growth, viability, and proliferation in human leukemia cell lines.  This 

system also allows for a side-by-side comparison of shRNA stable cell lines plated 

without shRNA induction as a control.  Importantly, we determined not all shRNAs 

actually reduce gene expression, even if there appears to be a difference in proliferative 

effects.  It could be that the change in gene expression due to the shRNA is too subtle to 

be detected by Western blot but still has an effect on cell growth.  Alternatively, the 

shRNA could be affecting other genes with off-target effects to cause aberrant 

proliferation.234  Another explanation for defects in growth rate could be that the shRNA 

induces a non-specific response to double stranded RNA (dsRNA) in the cell, where the 

shRNA is mistaken for an exogenous virus.234 

 Finally, not all shRNAs have the same effect in every leukemic cell line, which 

may result from the cell lines having different mutations affecting different gene 

pathways, creating differing sensitivities to gene knockdown.  In some ways, it is perhaps 

incredible that one of our three candidate leukemia genes happened to be essential for one 

of the four human myeloid leukemic cell lines.  There are most likely many mutations 

that contributed to the AML from which U937 is derived.  Nevertheless, we found FOSB 
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to be required for the growth of U937 cells.  FOSB is likely to be required for leukemia 

maintenance in other human AML cell lines and some primary AMLs.   

 One can imagine new shRNA viral vectors optimized for use in myeloid leukemia 

studies.  Ideally, a library with more available shRNA constructs per gene and promoters 

that are more active in hematopoietic cell line would be better than currently available 

options.122  However, the inducibility of the TRIPZ vectors is a highly desirable feature 

of a shRNA vector.  In addition, we learned it is essential to have a reliable way to detect 

gene expression by qRT-PCR or protein expression by Western blot to verify knockdown 

in cases where there is a phenotypic response to shRNA induction, even before deciding 

on a candidate gene.  We were never able to find a suitable antibody or primer pair to 

detect MN1, we were only able to perform Western blots with BLC11A and we tried 

three different FOSB antibodies before detecting the protein.  Unfortunately we were 

unable to show a candidate gene is required for the maintenance of cell line with an MLL-

AF9 translocation.  However, this does not mean the candidate genes did not contribute to 

leukemia in patients from which these cell lines were derived or that they are not 

important in any patients with MLL-AF9 translocation.  Further studies on additional 

candidate genes and in more human leukemia cell lines, including more lines with the 

MLL-AF9 translocation, murine cell lines created from our Mll-AF9/+ animals, or even 

primary AML samples with MLL-AF9 are warranted.  We suggest using two or more 

shRNA targeting multiple candidate genes would maximize effects and cause more 

robust synergistic proliferation and viability defects.  
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FIGURES 

Figure 1. Maps of vectors used in each of the Open Biosystems lentiviral shRNA 

libraries.  (A) The pLKO.1 HIV-based lentiviral vector used in the TRC library.  The 

human U6 promoter drives expression of the shRNA.  (B) The pGIPZ lentiviral vector 

used in the GIPZ library.  TurboGFP and the shRNAmir are part of a bicistronic 

transcript driven by the CMV promoter.  (C) The pTRIPZ lentiviral vector used in the 

TRIPZ library.  This vector is a Tet-On® system where the tRFP and shRNAmir are part 

of a single transcript driven by the TRE promoter while the rtTA3 is driven by the UBC 

promoter.   

 

Figure 2. Diagram of shRNA viral transduction and experimental design for 

TRIPZ, GIPZ and TRC lentiviral vector systems.  With all three vectors, lentiviruses 

encoding the shRNA were produced and used to transduce murine or human cell lines.  

For the TRIPZ vectors, cells were rested for 24 hours and then selected in puromycin for 

at least five days or until cells could be propagated normally.  The cells were then plated 

in the presence of doxycycline to induce the shRNA, which correlated with tRFP 

expression and could be observed when the cells turned red.  For the GIPZ or TRC 

vectors, cells were plated immediately after viral transduction.  The induction of the 

shRNA in the GIPZ vectors correlated with GFP expression, observed when the cells 

turned green.  In all cases, cells were monitored and counted after being plated for five 

days to look for proliferation changes.  Cells were also collected at each time point to 
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make RNA and protein to confirm shRNA-induced knockdown by qRT-PCR or Western 

blot. 

 

Figure 3. Comparing titers of virus produced from different lentiviral shRNA 

vectors with and without concentration by several methods.  (A) The first column 

shows the three vectors used; the second column shows the titers of the viruses produced 

from each vector without concentration; the third column shows the titers of the viruses 

produced from each vector after concentration using ultracentrifugation.  (B) The first 

column shows the two vectors being compared; the next three columns shows the titers of 

the viruses produced from the TRIPZ and TRC vectors without concentration, 

concentrated using a physical filter and concentrated with the Lenti-X chemical solution, 

respectively.   

 

Figure 4.  Reverse transcriptase (RT)-PCR results using primers for candidate 

MLL-AF9 cooperating genes in murine tissues and cell lines with mouse and human 

cells.  The row above each blot labeled ‘RT’ refers to whether the cDNA sample used for 

the reaction was produced in the presence of reverse transcriptase (+) or not (-).  L stands 

for a ladder used.  The horizontal lines below each blot show the samples from each 

tissue or cell line, listed below the line.  (A) Products amplified using primers for the 

Atcb gene encoding Bactin or Mn1 in wild type mouse tissues and a murine AML cell 

lines, 512C.  (B) Products amplified using Universal Probe Library primers for MN1 in 

four human myeloid leukemia cell lines.  (C) Products amplified using primers for FOSB 
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(left side) and BCL11A (right side) in human myeloid leukemia cell lines.  MOLM13 

represented by M13. 

 

Figure 5.  THP1 cells transduced with lentiviruses encoding TRC shRNAs did not 

have strong effects on proliferation or protein levels.  (A) Time course experiment 

with two TRC lentiviruses encoding shRNA targeting BCL11A (49 and 50) and a 

scrambled control (-).  The time in hours after cells were plated is indicated on the x-axis 

and the number of cells times 106 is shown on the y-axis.  (B) Western blot detecting 

BCL11A and Bactin protein levels in THP1 cells after transduction with lentiviral TRC 

vectors encoding shRNA targeting BCL11A.  The row of text above each blot shows the 

shRNA used for the experiment where ‘50’ anad ‘49’ are shRNAs targeting BCL11A and 

‘–‘ represents the scrambled control shRNA.  L stands for a ladder used.  The horizontal 

lines below each blot show the samples collected at each time point in hours after 

transduction, listed below the line. 

 

Figure 6.  Human myeloid leukemia cell lines transduced with lentiviruses encoding 

TRIPZ shRNA vectors exhibited variable effects on proliferation or protein levels.  

For time course experiments, the time in hours or days after cells were plated is indicated 

on the x-axis and the number of cells times 106 is shown on the y-axis.  The time point at 

which shRNA expression was induced with doxycycline is indicated with the black 

arrow.  (A) Time course experiment in K562 and THP1 cells stably harboring two TRIPZ 

lentiviral vectors encoding shRNA targeting MN1 (E3 and A4), a shRNA targeting 
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GAPDH as a positive control (+) and a scrambled control (-).  (B) Left panel: Time 

course experiment in THP1 cells stably harboring two TRIPZ lentiviral vectors encoding 

shRNA targeting BCL11A (F9 and E4), a shRNA targeting GAPDH as a positive control 

(+), and a scrambled control (-).  Right panel: Western blot detecting BCL11A and Bactin 

protein levels in THP1 cells after transduction with lentiviral TRIPZ vectors encoding an 

shRNA targeting BCL11A and the scrambled control.  The row of text above each blot 

shows the shRNA used for the experiment where ‘F9’ is the shRNA targeting BCL11A 

and ‘–‘ represents the scrambled control shRNA.  L stands for a ladder used.  The 

horizontal lines below each blot show the samples collected at each time point in days 

after transduction, listed below the line. (C) Left panel: Time course experiment in U937 

cells stably harboring two TRIPZ lentiviral vectors encoding shRNA targeting BCL11A 

(F9 and E4), and a scrambled control (-).  Right panel: Western blot detecting BCL11A 

and Bactin protein levels in U937 cells after transduction with lentiviral TRIPZ vectors 

encoding shRNAs targeting BCL11A and the scrambled control.  The row of text above 

each blot shows the shRNA used for the experiment where ‘F9’ and ‘E4’ are the shRNAs 

targeting BCL11A and ‘–‘ represents the scrambled control shRNA.  The horizontal lines 

below each blot show the samples collected at each time point in days after transduction, 

listed below the line. (D) Left panel: Time course experiment in THP1 cells stably 

harboring two TRIPZ lentiviral vectors encoding shRNA targeting FOSB (E3 and F10), a 

shRNA targeting GAPDH as a positive control (+), and a scrambled control (-).  Right 

panel: Time course experiment in U937 cells stably harboring two TRIPZ lentiviral 
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vectors encoding shRNA targeting FOSB (E3 and F10), and a scrambled control (-).  For 

samples labeled ‘no Dox,’ the shRNA was not induced with doxycycline.   
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SUMMARY 

We previously showed that chronic infection with Mu-LV can accelerate myeloid disease 

in Mll-AF9/+ heterozygous mice and we identified candidate cooperating genes by 

cloning proviral insertion sites.  To further analyze these leukemias and test the potential 

of specific pathway inhibitors in cells with the Mll-AF9 translocation, we transplanted 

bone marrow from the infected Mll-AF9/+ leukemic mice into recipient animals.  The 

recipient animals succumbed to rapid myeloid disease.  To determine the effectiveness of 

inhibitors against molecules in the receptor tyrosine kinase (RTK) pathway, we 

established four acute myeloid leukemia (AML) cell lines from the harvested bone 

marrow.  Two different signaling profiles were observed in the four cell lines with either 

low basal levels of phospho-proteins which could be activated upon mIL3 stimulation, or 

high basal levels with no effect of mIL3 stimulation.  We found that treatment with high 

doses of six drugs had inhibitory effects of varying degree on the phospho-proteins in the 

analyzed signaling pathways in each cell line, which correlated with a decrease in 

proliferating cells and increase in apoptosis.  When drug combinations were added to the 

cell lines in combination at lower, more clinically relevant doses, strong inhibitory effects 

were observed, but with some variation in the different cell lines.  The drug combinations 

that affected the most biochemical targets had the highest decrease in proliferating cells 

and increase in dead cells.  Finally, the cell lines were analyzed 72 hours after treatment 

with the best three combinations to determine the optimal combination with prolonged 

effects.   We believe we have generated a useful and renewable source of cells to study 
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AML response to pathway inhibition, as well as the platform to asses intra- and extra 

cellular effects of treatments to serve as a pre-clinical model for MLL-AF9 leukemia.   

 

INTRODUCTION      

 AML is the most common form of leukemia in adults has a poor overall survival rate of 

only 19.5%.6  One of the factors contributing to low survival is the presence of an 

unfavorable karyotype, such as the MLL-AF9 translocation t(9;11), commonly observed 

in adult AML patients.37  Normally such patients would receive a stem cell transplant 

after achieving remission with induction chemotherapy.  However, this translocation is 

very common in the elderly, who also are more sensitive to the harsh side effects of 

chemotherapy235 and the 25% mortality rate of stem cell transplants.  More effective 

treatments with fewer side effects are needed for patients with MLL-AF9 AML. 

 The RTK-phosphatidylinositol 3-kinase (PI3K)/Akt/mTOR signaling pathway is 

commonly activated in AML blasts.  The Class IA PI3K isoform p110δ has been found to 

be constitutively active in blast cells,236 and was identified as a common insertion site 

(CIS) in our retroviral insertional mutagenesis screen described in Chapter 2.230  These 

Class IA enzymes heterodimerize and cause Akt activation.237   mTORC1 (the 

mammalian target of rapamycin complex 1), a complex downstream of PI3K, has also 

shown to be active in up to 70% of AML samples.150  Because mTORC1 activation can 

also be independent of PI3K activation, a new pyridofuro-pyrimidine class drug was 

synthesized to target both mTOR and PI3K: PI-103.238,239  This inhibitor has recently 
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been shown to have antileukemic activity in primary blast cells from AML patients and 

human cell lines with limited effects on normal cells.240   

 Approximately 25-30% of AML patients have a Fms-like tyrosine kinase 3 

(FLT3) internal tandem duplication (ITD) that causes activation of downstream PI3K, 

RAS, and JAK2 pathways.30  Sunitinib was developed to target FLT3-ITD mutations and 

was found to have potent activity against AML cells in vitro and in vivo.241-244  Sunitinib 

has been used in clinical trials and recent studies to evaluate pathway disruption in 

different classes of AML patients.143,245-247 

 The RAS/MEK/ERK pathway is often deregulated in AML patients because of 

activating mutations of KRAS or NRAS.  These activating mutations have been found in 

about 25% of AML patients.248-250  FLT3-ITD mutations have also been shown to 

activate downstream effectors in this pathway.251  To target the downstream mitogen-

activated protein kinase (MEK), specific inhibitors are being developed to interfere with 

activation of this pathway.  One such MEK inhibitor, PD-0325901 (herein called PD-

901), has been used in multiple Phase I and Phase II clinical trials including recent trials 

in patients with advanced lung cancer and melanoma.252-254  

 The Janus Kinase 2-Signal Transducer and Activator of Transcription 5 

(JAK2/STAT5) signaling pathway is also frequently activated in up to 70% of patients 

with AML by constitutive STAT activation.255  FLT3-ITD and KIT mutations have been 

associated with STAT activation.251  A drug called Erlotinib was first developed as an 

epidermal growth factor receptor (EGFR) inhibitor256 but has been shown to have activity 

against JAK2 and STAT5.257  Erlotinib has also been shown to induce apoptosis in 
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preclinical studies for the use in AML and myelodysplastic syndrome (MDS).258,259  A 

novel JAK inhibitor called tetracyclic pyridone 6 (P6) has been shown to partially inhibit 

growth of myeloma cells with constitutive JAK/STAT signaling.260  

 In this study, we transplanted myeloid leukemia from Mll-AF9/+ heterozygous 

mice (Mll-AF9) with proviral insertions and established stable AML cell lines from the 

recipient bone marrow.  We used the following inhibitors to target commonly mutated 

molecules and pathways in AML patients in these murine AML cell lines: PI-103, 

Rapamycin, Sunitinib, PD-901, Erlotinib and P6 (Figure 4).  These inhibitors were also 

tested in combination since at low, clinically relevant doses as single agents, they showed 

limited efficacy in these cell lines.  Specific drug combinations showed strong induction 

of apoptosis and reduction in proliferating cells.  These cell cycle effects correlated with 

biochemical inhibition of intracellular signaling molecules in the pathways of each drug 

target.          

 

MATERIALS AND METHODS 

Primary transplant. Cryopreserved bone marrow from leukemic MOL4070LTR 

(M4070)-infected Mll-AF9 mice230  were briefly thawed in a 37°C water bath.  The bone 

marrow was from 6 different mice in the original screen, labeled MLL417, MLL435, 

MLL467, MLL487, MLL489, and MLL512.  Recipient 12-week-old B6129SF1/J F1mice 

(Jackson Laboratory, Bar Harbor, Maine) mice were sub-lethally irradiated at 450 Rads 

one hour before being injected intravenously with 106 bone marrow cells each and 

followed for disease progression.  Mice were observed daily for signs of morbidity such 
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as labored breathing, immobility, and organomegaly, at which time they were sacrificed.  

Each recipient leukemic mouse was labeled with the same number as its recipient bone 

marrow followed by a dash and a letter in the order in which it was sacrificed.  Mice were 

housed, bred, and manipulated according to specific pathogen free conditions set out by 

the University of Minnesota’s Institutional Animal Care and Use Committee.  

 

Immunophenotyping of transplant animals: Histopathology, and 

Immunohistochemistry.  Leukemic cells were viably frozen for later flow cytometric 

analysis.  Formaldehyde-fixed tissues were paraffin-embedded, sectioned, and stained 

with hematoxylin and eosin (H&E) for histopathological analysis.  Additional 

characterization of leukemia cells was performed by immunohistochemical staining of 

tissue sections for CD3, B220, and myeloperoxidase (MPO) using rat anti-human CD3 

(Serotec, Raleigh, NC), rat anti-mouse B220 (BD Pharmingen, San Diego, CA), and 

rabbit anti-human MPO (Thermo Fisher Scientific, Fremont, CA) antibodies.  Detection 

of CD3 and B220 was achieved using a Rat on Mouse HRP-Polymer detection system 

from Biocare Medical (Concord, CA), and of MPO using the Anti-Rabbit Envision+ 

System-HRP Labelled Polymer detection system from Dako (Carpinteria, CA). 

 

Generation of cell lines.  At the time of sacrifice, bone marrow was harvested from 

animals and filtered through a 45 µM filter before being plated in nutrient rich medium 

with a cytokine cocktail of 10 ng/mL mouse recombinant interleukin-6 (mIL-6), 50 

ng/mL murine recombinant stem cell factor (mSCF) (Invitrogen), and 5 ng/mL murine 
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recombinant interleukin-3 (mIL-3) (Thermo Fisher Scientific).   Cells were maintained at 

37°C with 5% CO2 in the same nutrient rich medium and cytokine cocktail until the line 

was stable. Four cell lines were created this way from leukemic bone marrow from 

different individual transplant recipient mice where the number reflects the bone marrow 

transplant donor and the letter reflects the transplant recipient, herein called 467D, 467B, 

417B, and 512C.  One cell line was created by combining bone marrow from several wild 

type animals in the same dish and achieving spontaneous immortalization, called the 

Rachel Bergerson-Normal 1 (RB-N1) cell line.  Cell lines also successfully grew with 

only the addition of 5 ng/mL mIL-3 once the line had been established.   

 

Flow Cytometric Analysis of cell lines. Cell lines were pelleted and resuspended in 

phosphobuffer solution (PBS) with 2% FBS.  Cells were washed and then stained with 

monoclonal antibodies conjugated with fluorescein-isothiocyanate (FITC), phycoerythrin 

(PE), phycoerythrin conjugated to sulphoindocyanine dye Cyanine-5.18 (PE:Cy5) or 

Adenomatous polyposis coli (APC) for 20 min at 4°C.  Cells were analyzed with a 

FACSCalibur flow cytometer (Becton Dickinson, Franklin Lakes, NJ) in four-color mode 

using CellQuest Pro software.  Cells were stained with antibodies to common T-cell 

(CD4, CD8, and TCRß), B-cell (B220), and myeloid surface markers (Mac-1/CD11b, Gr-

1).  All antibodies were purchased from BD Biosciences (San Jose, California).   

 

Drug Dose studies.  Cells were seeded at 0.3 x 10^6 cells/mL in nutrient rich media 

supplemented with mIL-3 and incubated with the drugs alone or in combination.  Cells 
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were analyzed after 24, 48 or 72 hours of drug exposure by BrdU staining in a flow 

cytometric assay using a FACSCanto Flow Cytometer (BD Biosciences).  Flow 

cytometry analysis was performed with the FlowJo Software (Tree Star, Ashland, OR).  

Results expressed in relation to the negative control of no treatment.  Each assay was 

performed in duplicate and with a negative control. 

 

Antibodies.  For FACS experiments, pERK (9101), pS6 (2211) were purchased from 

Cell Signaling Technology (Danvers, MA); pmTOR (44-1125G), peiF4E (44-528G), 

pPTEN (44-1066G), pSTAT5 (Tyr694; 44-390G), and p4EBP1 (44-1170G) were from 

Invitrogen. Primary antibodies were detected using anti-rabbit IgG conjugated to FITC 

(711-096-152) or APC (711-136-152) purchased from Jackson ImmunoResearch 

Laboratories (West Grove, PA). Phospho-STAT5 (Tyr 694) was detected using an 

antibody directly conjugated to Alexa 647 (612599) purchased from BD Biosciences. 

Surface proteins were detected using directly conjugated antibodies from BD Pharmingen 

(San Diego, CA) (CD11b/Mac1 (553311), Gr1 (553128)) and eBioscience (San Diego, 

CA) (CD117/c-kit (15-1171-320)).  Anti-CD16/CD32 (BD Biosciences 553142) was 

used to block Fc receptors.   

 

Flow Cytometric Analysis of Phospho-Proteins.  Cells were centrifuged at 1200 RPM 

for 5 minutes and resuspended in IMDM with 1%BSA to a concentration of 4-6 million 

cells per mL.  Allowed cells to rest at 37oC for 4 hours.  Cells were aliquoted into FACS 

tubes and stimulated with a cytokine for 10 minutes at the following concentrations: 
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murine granulocyte-macrophage colony-stimulating factor (mGM-CSF) (10 ng/mL), 

mSCF (100 ng/mL), mIL-3 (50 ng/mL), mIL-6 (50 ng/mL).  Cells were fixed with 2% 

paraformaldehyde (Electron Microscopy Science, Hatfield, PA) for 10 minutes and 

washed with PBS.  Cold 95% Methanol was added to cells slowly for storage at -20oC for 

later analysis. Cells permeabilized and analyzed as previously described in detail.261  

 

RESULTS 

Mll-AF9 myeloid disease is transplantable from bone marrow of affected mice and 

rapidly fatal  

Cryopreserved bone marrow, from an insertional mutagenesis screen with Mll-AF9 F1 

animals, was transplanted into recipient mice as shown (Figure 1A).  Bone marrow from 

six donor animals was transplanted into 30 recipient mice.  The original mice all 

exhibited myeloid disease while two also had evidence of a lymphoid neoplasm.  All 

animals infected with Mll-AF9 bone marrow succumbed to overt leukemia within 5 

months with an average of 65 days.  The median age of death for the mice in each group 

with the same recipient bone marrow ranged from 19 (MLL489) to 133 (MLL467) days: 

groups MLL487, MLL512, MLL435, and MLL417 died at a median age of 39, 42, 49, 

and 74 days, respectively. All mice had an elevated white blood cell (WBC) count and 

most had an enlarged spleen.  All 11 animals examined for immunophenotype by H&E 

and IHC slides and were determined to succumb to myeloid neoplasia (data not shown). 

 When flow cytometric analysis was performed on leukemic bone marrow 

harvested from the transplanted animals, two different profiles of myeloid disease were 
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found.  The first profile (profile A) consisted of cells with a high Mac1/Gr1 double 

positive population of at least 30% of the cells (Figure 2A, top panel).  The other profile 

(profile B) exhibited less then 10% of Mac1/Gr1 positive cells positive (Figure 2A, 

middle and bottom panels) and a higher percentage of c-kit positive cells than profile A 

(Figure 2B). This data indicates profile B defined mice with myeloid leukemia with 

undifferentiated or immature cells while profile A consisted of more differentiated or 

mature myeloid cells.  When phospho-protein analysis of multiple signaling pathways, 

including the receptor tyrosine-kinase (RTK) pathway, was performed on the bone 

marrow, there was an increase of phospho-ERK (pERK) and phospho-S6 (pS6) in the 

myeloid populations of the two more differentiated samples, which was not observed in 

the non-myeloid populations (Figure 2C).  Conversely, eiF4E levels were elevated in the 

myeloid population of the undifferentiated bone marrow (data not shown).  

   

Stable cell lines from transplanted myeloid disease have heterogeneous phenotypes 

and PI3-kinase pathway activation 

Bone marrow from the transplant animals was plated in nutrient-rich media with 

cytokines to generate stable cell lines (Figure 1A).  From the 20 leukemic mice from 

which we harvested bone marrow, four cell lines were successfully established from three 

donor mouse groups: 512C, 467B, 467D, and 417B.  One cell line was also 

spontaneously immortalized from bone marrow harvested from several wild type 

animals, called RB-N1.  The donor leukemic bone marrow came from mice that had 

specific M4070 insertion events near CISs that defined candidate Mll-AF9 cooperating 
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genes (Figure 1B).  Flow cytometric analysis was performed on these cell lines.  The cell 

lines appear to have comparable undifferentiated myeloid cell status to the respective 

bone marrow from which they were derived with the exception of the 512C cell line 

(Figure 3A).  An analysis of phospho-signaling protein levels in these four cell lines was 

performed under basal serum-starved conditions and then after stimulation with various 

cytokines.  The cell lines were analyzed for levels of phospho-mTOR (pmTOR), 

phospho-STAT5 (pSTAT5), phospho-PTEN (pPTEN), pERK, and pS6, as well as total 

eiF4E and Bcl-xl levels.  There was variation in the four cell lines and two distinct 

signaling profiles were observed.  The results of four representative phospho-proteins are 

shown in Figure 3B: pmTOR, pSTAT5, pERK, and pS6.  The first profile (outlined in 

black bracket) defined two cell lines (467D and 417B) that had low basal levels of 

phospho-signaling proteins (Figure 3B).  There was a marked activation of these 

phospho-proteins when these cell lines were stimulated with mIL-3, indicated with black 

arrows.  There was a reduced or no activation when the lines were stimulated with mSCF, 

mIL-6, or mGM-CSF (Figure 3B and data not shown).  This profile most closely 

resembled the signaling profile in RB-N1, except for the lack of strong activation of 

phospho-proteins with mSCF stimulation observed in the RB-N1 cell line.  The other two 

cells lines (512C and 467B) exhibited a second signaling profile (outlined in blue 

bracket) with high basal levels of pmTOR, pSTAT5, pERK, and pS6 (blue arrows, Figure 

3B).  Cells with this second profile did not show any additional activation of these four 

signaling proteins when stimulated with any of the four cytokines (Figure 3B and data not 

shown).  
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PI3-kinase pathway inhibitors have variable cell cycle effects in AML cell lines at 

high doses 

Because RTK-kinase signaling is activated in these four AML cell lines with an Mll-AF9 

translocation, we wanted to investigate whether the use of inhibitors targeting different 

molecules in this pathway will either inhibit proliferation or induce apoptosis.  We used 

six inhibitors targeting different molecules in altered signaling pathways with various 

specificity as illustrated in Figure 4.  Rapamycin targets mTOR, PI-103 targets PI3-

Kinase and mTOR, Sunitinib is a broad RTK inhibitor, Erlotinib is an EGFR/JAK/STAT 

inhibitor, PD-901 is a novel MEK inhibitor and P6 targets JAK2.  Different doses of 

inhibitors were tested in each cell line to establish a range of effectiveness.  In a 

representative cell line (512C), we see two different doses of PI-103 and Sunitinib had 

variable effects on proliferating cells in S phase and the number of dead cells.  The low 

doses had little or no effect on these cell cycle processes while the high doses caused a 

strong reduction in S phase and greatly increased apoptosis (Figure 5A).  This effect was 

consistently seen across the four cell lines when using these two drugs, whereas the other 

inhibitors had variable effects.  In 512C and 467D, P6 was much more effective at a high 

dose than low dose while PD-901 caused a greater high dose effect in 417B and 467B 

(data not shown). 

 In addition to measuring the drug affects on cell cycle, we analyzed the effect on 

phosphorylation in proteins of the MAPK pathway (pERK), JAK/STAT pathway 

(pSTAT5), PI3-K pathway (pS6, pPTEN, pmTOR), translational machinery (peiF4E, 
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p4EBP1 phosphorylated by mTOR), and a survival gene Bcl-xl.  Similar to the cell cycle 

effects, we observed that the low dose of each inhibitor causes little or no change in pS6 

activation (the most sensitive marker of drug response) from basal levels in 512C (black 

arrows, Figure 5B).  In contrast, the higher dose of most inhibitors causes a marked 

reduction in pS6 activation, while the effect is less dramatic with PD-901 and Erlotinib in 

this cell line.  

 

Effects of inhibitors on cell cycle correlates with intra-cellular effects on phospho-

proteins 

We then set out to investigate if the effects of the inhibitors on proliferation, as measured 

by BrdU staining, correlated with intracellular events mediating cell cycle, as measured 

by phospho-histone 3 (pH3, a marker of mitotic division), and triggering of apoptosis 

measured by cleaved caspase-3.  We found that these events mirrored each other in the 

different analyses.  That is, a decrease of S phase (BrdU staining, top right gate with 

green number, left panels) correlated with an increase in apoptosis (bottom left gate with 

red number) upon drug treatment.  Accordingly, the percentage of cells with cleaved 

caspase in the right panels also increased while the percentage of cells with pH3 (middle 

panels) decreased (Figure 5C). Two examples of inhibitor treatment are shown for 512C 

compared to no treatment with drugs.  As observed with the cell cycle events shown in 

Figure 5A and the reduction in pS6 signaling shown in Figure 5B, a high dose of PI-103 

greatly reduced the number of cycling cells (middle panel) with a concomitant increase in 

cleaved caspase levels (right panel), indicating induction of apoptosis (Figure 5C, middle 
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panels).  As mentioned above, despite a reduction in pS6 levels when 512C was treated 

with Rapamycin (Figure 5B), there was a modest reduction in the percentage of cells in S 

phase, corresponding to static cleaved caspase and pH3 levels (Figure 5C, bottom 

panels).  Because these analyses appeared to be redundant, only the BrdU staining and 

flow cytometric analysis of phospho-proteins was performed for all future experiments.     

 To obtain a baseline level of drug response for each inhibitor, we looked at the 

effects of the higher dose for each drug on each cell line for all of the biochemical 

phospho-protein targets.  Some inhibitors had an effect on only a few targets in 512C, 

such as Rapamycin and Erlotinib, while other inhibitors had effects on almost every 

molecular target, including PI-103 and P6 (Figure 6).  The inhibitory effects are indicated 

with colored arrows corresponding to each drug.  Interestingly, the inhibitors that had an 

effect on more molecular targets tended to have greatest overall effects on proliferation 

and apoptosis.  For example, a high dose of PI-103 caused a reduction in the levels of 

every phospho-protein except pSTAT5 and pPTEN (Figure 6), caused a large increase in 

the percentage of cleaved caspase and dead cells, while showing a dramatic reduction in 

proliferating cells  (Figure 5A,C).  Conversely, Rapamycin treatment hit only pS6 and 

p4EBP1 (Figure 6) and caused little change in cell signaling or apoptosis (Figure 5C).  

 

PI3-kinase pathway inhibitors have strong inhibitory effects in AML cell lines 

Although some single agents were effective in these cell lines at high doses, the doses are 

not clinically relevant and would be toxic if used in human patients.  Therefore, each 

inhibitor was used in combination with every other inhibitor at lower doses in each of the 



 

 149 

four cell lines in duplicate for a total of 15 different drug combinations.  In many cases, 

two inhibitors together had a dramatic effect on cell cycle events in the four cell lines.  

Figure 7A shows two examples of effective inhibitor combinations in the 512C cell line. 

The left panel shows a robust reduction in the percentage of cells in S phase when 512C 

was treated with a low dose of Rapamycin plus PD-901 or Rapamycin plus PI-103 

compared to modest effects with each drug alone (Figure 7A).  This is especially 

apparent with Rapamycin and PI-103 as the percentage of proliferating cells plummeted 

to 10%, suggesting that blocking mTOR with two different drugs might have a more 

profound effect.  In the corresponding right panel, we see there was only around a 30-

40% percent increase in the number of dead cells with a low dose of Rapamycin, PD-901, 

or PI-103 alone but when Rapamycin was combined with either PD-901 or PI-103, there 

was a 130% or over 300% increase, respectively (Figure 7A).  

 However, there was variation in the efficacy of inhibitor combinations in different 

cell lines.  A low dose of P6 caused only about a 10% decrease in cells in S-phase and 

10% increase in apoptosis in 512C (Figure 7B, top panel).  PI-103 was more effective in 

inducing apoptosis but did not cause a greater decrease in proliferating cells in 512C.  

Together, these drugs only reduced the proliferative cells by about 20% but caused a 

100% increase in the percentage of dead cells (Figure 7B, top panels).  In contrast, this 

same combination reduced the cells in S-phase by 80% and led to over a 160% increase 

in the apoptotic population in 467D cells (Figure 7B, bottom panel).  Notably, the drugs 

by themselves did not cause dramatically different results in the two different cell lines 

but the combinational effects were still much more obvious in 467D.  PI-103 had almost 
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the same cell cycle effects in 512C and 467D while P6 had about a 15% difference 

between the two cell lines (Figure 7B). 

 Phospho-protein levels were also analyzed for each combination of inhibitors.  

For each phospho-protein the effect at each low dose as well as the top five combinations 

in all four cell lines are shown in Figure 8 with a representative cell line (512C).  With 

the exception of the inhibition of pS6 from Rapamycin, the low doses of each inhibitor 

had little or no effect on the levels of phospho-protein above basal levels.   In contrast, 

multiple biochemical targets were hit with the five combinations of inhibitors, 

corresponding to changes in cell cycle as shown in Figure 7A for Rapamycin plus PI-103 

and Rapamycin plus PD-901, and intracellular changes in pH3 and cleaved caspase (data 

not shown).   

 Examining the 15 inhibitor combinations for the greatest changes in proliferation 

and apoptosis, as well as taking the biochemical events into account, we determined the 

top ten drug combinations effective in each of the four cell lines.  The ranking of the top 

five combinations for each cell line is listed in Table 1A.  Considering cell cycle and 

signaling effects of all combinations, we determined the top five combinations for all four 

cell lines (Table 1B).  Perhaps unexpectedly, only one of the top five combinations was 

first on the top ten list in more than one cell line (Sunitinib plus PD901).  Two 

combinations are even ranked last in one of the cell lines, illustrating the heterogeneity in 

these AML cell lines.  To determine the best possible combination in these AML cell 

lines for future use in pre-clinical testing, we looked at cell cycle effects 48 and 72 hours 

after each cell line was treated with the combinations of inhibitors in addition to the 24-
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hour time point.  For these experiments, the three most effective combinations were 

chosen: Sunitinib plus PD-901, Rapamycin plus PD-901, and Rapamycin plus Sunitinib 

(Table 1C).  The greatest sustained increase in apoptotic cells and decrease in 

proliferation was observed with Sunitinib plus PD-901.  

 

DISCUSSION 

For these studies, we use transplanted bone marrow from mice in a previously reported 

screen to investigate the signaling molecules active in myeloid murine cell lines with the 

Mll-AF9 translocation and the potential use of inhibitors for those molecules.  We found 

that from leukemic cells transplanted into recipient mice, only the myeloid disease was 

retained.  AML cell lines were derived from bone marrow of four mice transplanted from 

three different donor groups, which retained the phenotype of the respective bone 

marrow.  Signaling molecules of MAPK and PI3K pathways were active in all cell lines 

with differences in basal activation and stimulation with mIL-3.  When these cell lines 

were treated with six different inhibitors targeting the above mentioned pathways, high 

doses of the drugs had strong effects on cell cycle and biochemical signaling molecules, 

in varying levels for each cell line.  We observed a correlation between proliferative and 

apoptotic events on the surface and intracellular events.  A combinational approach of 

certain drugs at low doses showed clear interactive inhibition in different cell lines.  The 

best three pairs of drugs in the four cell lines were tested at 48 and 72 hours to find the 

best possible combination in this AML model.  It was interesting to observe a vast 
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heterogeneity in the four cell lines with the same initiating MLL-AF9 mutation, 

suggesting that cooperating mutations affect drug response 

 We have previously reported that Mll-AF9 mice infected with a M4070 virus 

succumb to myeloid disease 44 percent of the time compared to 75 percent myeloid 

disease in Mll-AF9 mice not infected with M4070.230   This virus also induced lymphoid 

disease in 17 percent of the infected Mll-AF9 mice compared to 83 percent of infected 

wild type mice.  This virus was used because it could induce either myeloid or lymphoid 

disease in a previous mouse model.111  We thought that since there was an expansion of 

myeloid progenitor cells in Mll-AF9 mice, the virus would be able to accelerate more 

myeloid disease in these animals.86  While myeloid disease was induced in the majority 

of the infected Mll-AF9 animals, it was accompanied by lymphoid disease in a third of 

the animals.230  To see if the disease was transplantable and establish cell lines from these 

mice, we performed a transplant experiment.  Interestingly, although we chose four mice 

with myeloid disease and two animals with a mix of myeloid and lymphoid disease, all of 

the recipient mice succumbed to myeloid disease, even the animals that had bone marrow 

from mice with evidence of lymphoid disease.  This implies that the lymphoid disease 

was a minor component of the total disease and it was the myeloid cells that were 

predominantly responsible for the death of these animals.   

   We then observed two different phenotypes of bone marrow from the recipient 

animals.  Even though all animals had a myeloid neoplasia, some bone marrow looked 

more differentiated with higher Mac1/Gr+ populations while others had lower levels of 

these surface markers and more ckit+ cells.  These differences were observed even within 
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the same donor bone marrow transplant group.  Interestingly, immortalized cells lines 

were only successfully cultivated from the bone marrow with the more immature profiles, 

showing this is the population with the self-renewing clone. There did not seem to be a 

determining factor for whether a given bone marrow sample could be cultured into a cell 

line.  The median age of death for each group of recipients from which the cell lines were 

derived varied from 42 to 74 to 133 days.  Three of the cell lines came from bone marrow 

transplanted from animals with myeloid and lymphoid disease while one line came from 

bone marrow transplanted from a myeloid leukemia.  This implies that a perfect mix of 

molecular and genetic events as well as density of bone marrow plating are required with 

an element of chance to grow an immortalized AML cell line.   This seemed to be the 

case for the primary transplant line, which had an immature phenotype and was 

spontaneously immortalized despite coming from bone marrow from wild type animals, a 

rare occurrence. 

 The myeloid phenotype and differentiation state of the cell lines were established 

by flow cytometric and biochemical analysis.  We found elevated expression of Hoxa9 

and Meis1 in these cell lines by qRT-PCR (data not shown), consistent with the presence 

of an Mll-AF9 translocation since these genes are downstream targets of MLL-AF9.  The 

cell lines generally retained their undifferentiated phenotypes, while 512C cell line was 

differentiated, though the differentiation state of the parental bone marrow was not 

studied.  We also observed two signaling profiles in the four cells lines.  It was interesting 

that there were differences in biochemical events in these cell lines, even though they all 

have the Mll-AF9 translocation.  This illustrates the heterogeneity of AML as modeled in 
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these cell lines and that the different cooperating mutations in each donor mouse had a 

substantial impact on the physiology of disease.  It is of note that two cell lines exhibited 

two different signaling profiles even though they were derived from the same bone 

marrow donor animal from the Mll-AF9 insertional mutagenesis screen (MLL467).  This 

indicates that the transplant recipient animals (467-B and 467-D) had possible differences 

at the molecular level of the disease, even though their bone marrow had the same 

secondary M4070-induced mutations and appeared to have similar characteristics.                            

 When the cell lines were treated with single inhibitors, the drugs that had an effect 

on more molecular targets tended to have greatest overall effects on proliferation and 

apoptosis.  These inhibitors were not always targeted to molecules in the same pathway 

but still had some effect.  For example, PI-103 is a dual mTOR and PI3-kinase inhibitor.  

At a high dose, this drug reduced levels of pmTOR, pS6, p4E-BP1, and peiF4E in the 

Pi3-kinase pathway but also inhibited levels of pERK in the RAS pathways (Figure 6).  

Likewise Sunitinib, a broad RTK inhibitor, affected the levels of almost every 

downstream phospho-protein analyzed.  In contrast, drugs with single specific targets 

were not effective as single agents, such as PD-901 targeting MEK.  This implies that 

targeting multiple pathways might be more efficient than targeting individual pathways, 

especially in combinational approaches.  In other words, the number of targets that are hit 

is more important than the specific target being inhibited.  Indeed, all of the most 

effective drug combinations on proliferation and apoptosis affected more than one 

signaling pathway.     
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 Interestingly, the P6 inhibitor was designed to be specific for JAK2 but affected 

almost all the other phospho-proteins in other arms of the RTK pathway such as pmTOR, 

and pERK, indicating that proximal events at the level of receptor have a deeper impact 

in downstream signaling.  This finding is consistent with the finding that activation of the 

JAK/STAT pathway can trigger activation of the RAS-MAPK and PI3K pathways 

through a direct interaction of Stat5a with the Grb2 scaffolding adapter.262  The P6 

inhibitor also decreased the levels of Bcl-xl.  This would be expected as the down-stream 

effects of STAT5 activation by JAK2 is translocation to the nucleus and triggering 

transcription of target genes like Bcl-xl to inhibit apoptosis and promote cell survival in 

leukemogenesis.263  We also looked at the levels of Bcl-xl protein in these cell lines 

because Bcl-xl is downstream of the small GTPase protein Rac-1, which may be an 

essential signaling molecule in cells with MLL-AF9.  The use of either a chemical 

inhibitor or lentiviral shRNA constructs targeting human Rac1 caused a loss of Rac 

signaling in cells with MLL-AF9 due to apoptosis and cell cycle arrest, accompanied by 

Bcl-xl or Rac1 protein degradation.264  However, we found that PI-103 was the only other 

inhibitor that affected Bcl-xl levels as a single agent though several of the combinations 

did have an effect on Bcl-xl.  Of all the signaling molecules investigated, there was little 

effect on levels of pPTEN in any cell line with any inhibitor by itself or in combination.  

This shows pPTEN activation (by dephosphorylation) is not a common effect of drugs 

targeting PI3K and MAPK pathways. 

 Using a combination of two drugs at clinically relevant levels showed strong 

inhibitory effects on each cell line.  It is somewhat surprising that Rapamycin was so 
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successful as part of three out of the five best combinations in the four cell lines, when it 

only affected the two downstream targets of mTOR (pS6 and p4E-BP1) by phospho-flow 

analysis without any other cell cycle or biochemical effects when used as a single agent.  

Likewise, PD-901 was also part of three of the best five combinations even though it only 

targeted MEK and did not have a strong cell cycle effect on its own.  Yet, the other drug 

in each case did target another arm of the pathway, either the PI3K or JAK/STAT 

pathway.  However, the same combination did not consistently cause differences in 

apoptosis and proliferating cells from one cell line to the next.  Notably, the drugs did not 

always cause dramatically different results in the two different cell lines by themselves 

but the combined effects were still much more pronounced in one line, as shown with the 

combination of P6 and PI-103 in 512C and 467D.  Again, the varying effects from cell 

line to cell line highlight the heterogeneity in AML cell lines, which might be expected 

based on the differences in signaling profiles.  Intriguingly, cell lines sharing signaling 

profiles, as determined using biochemical readouts, did not correlate with the same best 

combinations of inhibitors.  That is, cell lines with the profile of basal levels of each 

phospho-protein with activation upon mIL-3 stimulation (417B and 467D) had only two 

inhibitor combinations in common in the top five for each cell line.  Likewise the cell 

lines with the profile of basal activation of phospho-proteins in the RTK family (512C 

and 467B) had only one combination in common when looking at the top five in each cell 

line.  This indicates that broader biochemical characterization will be required to 

establish signaling signatures in leukemic cells.  It could also imply that other genetic or 

epigenetic events must be different in these four cell lines. 
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 The four cell lines are genetically similar with an Mll-AF9 translocation but 

biochemically heterogeneous.  This is likely due to the differences in cooperating 

mutations, such as the different CISs found in the donor mouse bone marrow from the 

insertional mutagenesis screen used to establish the cell lines.  To verify this point, the 

proviral insertions need to be characterized with further sequencing.  The cell lines will 

most likely need to be single-cell cloned to make sure the lines established did not drift 

on the genetic level away from the recipient bone marrow from which they were derived.  

Only when the genetic profile of the cell lines is more thoroughly analyzed, we can link 

specific genetic changes in the cell lines to the biochemical response to drug treatment.   

 These cell lines provide a tool to answer future questions about AML progression.  

The lines could be further scrutinized using additional novel inhibitors as well as drugs 

already FDA approved.  For example, we could treat these lines and transplant them back 

into Mll-AF9 or wild type mice and determine whether treatment affected the rate of 

leukemia progression.  More combinations could be use for analysis at longer time 

points.  We could also use the inhibitors that were most successful in this study for 

treatment directly into an in vivo model of AML like Mll-AF9 mice, providing a pre-

clinical model for therapeutic tests.  Based on this in vitro work, we might expect various 

responses.  If this variability translates into human patients harboring the same mutations, 

which is very likely, it will highlight the notion that personalized medicine will need to 

be done to generate effective treatments for individual cancers.  For such individualized 

therapy, generating human cell lines from individual patients and subjecting them to in 

vitro drug exposure prior to treatment will be a powerful tool to test and predict drug 
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response and relapse in individuals not only with MLL-AF9 AML but with other 

independent mutations as well. 

 

FIGURES 

Figure 1. Myeloid leukemic bone marrow from Mll-AF9 animals with proviral 

insertions is transplantable and can be used to establish AML cell lines.  (A) 

Diagram of experimental design where mice heterozygous for the Mll-AF9 knock-in 

allele were infected with a murine leukemia virus (MuLV) and succumb to myeloid 

leukemia.  Bone marrow was harvested from these animals and transplanted into 

recipient 129/BL6 F1 animals to recapitulate the myeloid disease.  Bone marrow 

harvested from these recipients was plated in mIL3, mIL6, and mSCF in culture to 

establish cell lines.  (B) The mice from the original insertional mutagenesis screen from 

which the donor bone marrow were used are listed on the left panel with the genes 

nearest the common insertion sites (CISs) recovered from these mice in parentheses.   

The right panel shows the corresponding cell lines established from each mouse’s donor 

bone marrow.  The “normal” RB-N1 cell lines achieved spontaneous immortalization 

from bone marrow harvested from wild type animals.   

 

Figure 2. Myeloid leukemic bone marrow samples from transplanted recipient mice 

have two different phenotypic profiles.  (A) Flow cytometry data from transplant 

recipient bone marrow stained with CD11b (Mac1) and Gr1 antibodies.  In the top panel, 

417-A and 417-C bone marrow have a large populations of cells expressing Mac1/Gr1 
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double positive cells while the bone marrow from 417-B, 467-B, 467-D have less than 

10% of cells expressing this mature myeloid signature.  (B) Flow cytometry data from 

transplant recipient bone marrow stained with a c-kit antibody.  In the top panel, 417-A 

and 417-C bone marrow have very few cells expressing c-kit while the bone marrow 

from 417-B, 467-B, 467-D have a larger population expressing c-kit, with less cells in 

417-B. (C) Flow cytometric analysis on bone marrow from the transplant recipient mice 

and RB-N1 stained with pERK and p-S6 intracellular biochemical markers.  The Mac1-

/Gr1- non-myeloid population was analyzed separately from the Mac1+/Gr1+ myeloid 

population.  Black arrows indicate an increase in pERK and pS6 signals only in myeloid 

compartments of 417-A and 417-C, the two more differentiated bone marrow samples.  

One red star indicates an AML bone marrow profile with differentiated myeloid cells and 

two red stars indicate an AML bone marrow profile with undifferentiated myeloid cells.    

 

Figure 3. AML cell lines established from leukemic bone marrow from transplanted 

recipient mice have two different phospho-signaling profiles.  (A) Flow cytometry 

data from the four AML cell lines stained with Mac1 and Gr1 antibodies.  The cell lines 

417B, 467B, and 467D retained the undifferentiated profile of the bone marrow from 

which they were derived with few cells expressing Mac1, indicated with two red stars.  

The 512C has a mature phenotype with almost all cells exhibiting Mac1/Gr1 double 

positivity.  (B) Histograms from flow cytometric analysis using antibodies for phospho-

proteins on the AML cell lines and RB-N1 under basal serum-starved conditions and 

after stimulation with mIL3 or mSCF.  The horizontal red lines indicate basal levels of 
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each protein in the RB-N1 line.  Black arrows indicate activation of pmTOR, pSTAT5, 

pERK, and pS6 in the RB-N1, 417B, and 467D lines when stimulated with mIL3 and 

mSCF in the case of the RB-N1 line.  Blue arrows indicate high levels of activation of 

pmTOR, pSTAT5, pERK, and pS6 compared to the red line with basal conditions in 

467B and 512C cell lines.   

 

Figure 4. Receptor Tyrosine Kinase (RTK) signaling pathway and inhibitors 

targeting specific molecules in the pathway.  The green symbol represents a RTK 

receptor such as FLT3 or EGFR, or VEGFR.  The molecules in pink are part of the 

PI3K/AKT/mTOR signaling pathway which results in changes in cell survival, cell 

growth and cell proliferation.  The molecules in blue are part of the RAS/MEK/ERK 

pathway, resulting in alterations in proliferation, cell survival and differentiation.  The 

molecules in purple are in the JAK/STAT pathway and lead to proliferation and cell 

surival changes.  The maroon arrows indicate specific members of each pathway as 

targets for the indicated inhibitors.   

 

Figure 5. High doses of single inhibitors have effects on cell cycle, which correspond 

with biochemical, and intracellular effects.  (A) Effects on apoptosis and proliferation 

when 512C cells were treated with two doses of PI-103 and Sunitinib.  The drugs and 

dose used are on the top x-axis and the percent change of cells in each cell cycle process 

are shown no the y-axis.  Blue bars represent apoptotic cells and pink bars represent 

proliferating cells in S phase as measured by BrdU staining.  (B) Histogram showing 
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effect on pS6 activation in 512C cells upon treatment with different doses of inhibitors.  

The shaded blue line represents the 512C cell line in basal conditions.  Black arrows 

indicate the lack of inhibition of pS6 with low doses of PI-103, Sunitinib, Erlotinib, PD-

901, and P6.  High doses of PI-103, Sunitinib, and P6 caused a strong decrease in pS6 

activation while high doses of Erlotinib and PD-901 caused a moderate reduction in pS6 

in 512C cells.  (C) Flow cytometric analysis of 512C cells stained with BrdU, pH3, and 

an antibody detecting cleaved caspase.  The stain used for each of the three columns is on 

the x-axis while the inhibitor condition for each row is on the y-axis.  The boxes and 

shapes in each plot outline the population being analyzed.  For the BrdU plot, the green 

numbers represent cells in S phase while the red numbers represent the percent of 

apoptotic cells, corresponding to the graph in Figure 5A.  The green numbers in the pH3 

column represent the percentage of cycling cells while the red numbers in the cleaved 

caspase column represent the percentage of cells positive for intracellular cleaved 

caspase.   

 

Figure 6. High doses of single inhibitors have variable biochemical effects on 

phospho-protein activation.  Histograms of flow cytometric analysis of phospho-

proteins after treatment of the 512C cell line with high doses of the indicated inhibitors.  

Basal activation of each phospho-protein for the 512C cell line is shown by the top 

shaded blue curve and horizontal red line in each histogram.  Arrows indicate an 

inhibitory effect of each phospho-protein using the drug dose in the left panel with the 

same color.  (A) Rapamycin, Sunitinib and P6 caused strong inhibition of pmTOR 
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activation while all drugs strongly inhibited pS6 activation. (B) All drugs except 

Rapamycin and PD-901 inhibited peiF4E activation while all drugs but Erlotinib greatly 

inhibited p4EBP1 activation.  (C) Only PI-103 and PD-901 had modest effects on Bcl-xl; 

Sunitinib, Erlotinib, and especially P6 inhibited pSTAT5 activation; Sunitinib and PD-

901 moderately inhibited pERK activation while stronger effects were observed for PI-

103 and P6. 

 

Figure 7. Combinations of drugs caused strong inhibitory effects on cell signaling 

with variation in the four cell lines.  The left panel shows the percentage decrease in 

proliferating cells in S phase in pink bars after treatment with low doses of two inhibitors 

and then with both inhibitors together.  The untreated control is set at 100 percent.  The 

right panel shows the percentage increase in apoptotic cells in blue bars after treatment 

with low doses of two inhibitors and then in combination.  The untreated control is set at 

zero.  (A) Two drug combinations that caused an interactive decrease in proliferation and 

increase in apoptosis in the 512C cell line.  PD-901, Rapamycin and PI-103 cause a 

maximum of a 25% decrease in proliferation and 40% increase in apoptosis. The 

combination of Rapamycin plus PD-901 caused a 70% decrease in proliferation and 

130% increase in apoptosis while Rapamycin plus PI-103 caused a 90% decrease in 

proliferation and over 300% increase in apoptosis.  (B) An ineffective drug combination 

on cell cycle in 512C cells.  PI-103 and P6 together only caused an additional 5% 

decrease in proliferating cells compared to either durg alone, even though there was a 

100% increase in apoptosis when used in combination.  (C) An effective drug 
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combination on cell cycle in 467D cells.  The combination of PI-103 plus P6 caused more 

than 80% decrease in proliferation compared to 25% or 20% with P6 or PI-103 alone, 

respectively.  PI-103 had the same effect on apoptosis as on the 512C cell line but in 

combination with P6, there was more than 160% increase in apoptotic cells.   

 

Figure 8. The top five drug combinations inhibit activation of multiple biochemical 

molecules.  Histograms of flow cytometric analysis of phospho-proteins after treatment 

of the 512C cell line with low doses of the indicated inhibitors and the top five 

combinations of inhibitors: Rapamycin plus PD-901, Rapamycin plus Sunitinib, Sunitinib 

plus PD-901, Rapamycin plus PI-103, and PI-103 plus PD-901.  Rapamycin is 

abbreviated with Rapa.  Basal activation of each phospho-protein for the 512C cell line is 

shown by the top shaded blue curve for the single drugs and green shaded curve for the 

drug combinations marked with a horizontal red line in each histogram.  Arrows indicate 

an inhibitory effect of each phospho-protein using the drug combination in the left panel 

with the same color.  Top panel: all five drug combinations caused a decrease in 

activation of pERK, pS6, and pmTOR.  Bottom panel: Rapamycin plus PD-901 inhibited 

activation of peIF4E and Bcl-xl, Sunitinib plus PD-901 inhibited activation of p4EBP1 

and peIF4E; Rapamycin plus PI-103 and PI-103 plus PD-901 inhibited activation of all 

three molecules (p4EBP1, peIF4E and Bcl-xl) while Rapamycin plus Sunitinib had no 

effect on activation.   
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TABLES  

Table 1. The most effective drug combinations vary by cell line. (A) The top five most 

effective drug combinations in each AML cell line.  The combinations are ranked from 

one to five.  Colors are consistent with Table 1B.  (B) The top five more effective drug 

combinations in all AML cell lines.  The combinations are ranked from one to five.  (C) 

Top three most effective drug combinations in all AML cell lines at 72 hours.  Colors are 

consistent with Table 1B. 
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Table 1
A. Top 5 most effective drug combinations in each AML cell line

512C 467D 417B 467B
Rapamycin + PI-103 PI-103 + P6 Sunitinib + PD-901 Sunitinib + PD-901

PI-103 + PD-901 PI-103 + PD-901 Rapamycin + PD-901 Rapamycin + Sunitinib

Rapamycin + PD-901 Rapamycin + PD-901 Rapamycin + Sunitinib Sunitinib + Erlotinib

Sunitinib + P6 PD-901 + P6 Rapamycin + PI-103 Sunitinib + PI-103

Rapamycin + Sunitinib Rapamycin + PI-103 Rapamycin + Erlotinib Sunitinib + P6

B. Top 5 most effective drug combinations in all AML cell lines

Rapamycin + PD-901

Rapamycin + Sunitinib

Sunitinib + PD-901

Rapamycin + PI-103

PI-103 + PD-901

C. Top 3 most effective drug combinations in all AML cell lines at 72 hours
Sunitinib + PD-901

Rapamycin + PD-901

Rapamycin + Sunitinib
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Chapter 5: Discussion and Future Directions 

Acute myelogenous leukemia (AML) is the most frequently diagnosed leukemia overall 

and has a dismal prognosis with an overall 5-year survival rate for patients in the United 

States at only 23.6%.5  The MLL (mixed lineage leukemia or myeloid/lymphoid 

leukemia) gene is frequently a target for chromosomal translocations in acute leukemia 

patients.22  MLL-AF9 is the most common MLL translocation in AML and indicates an 

adverse to intermediate cytogenetic risk in patients.46,134,135  MLL-AF9 AML usually 

occurs in adult patients, which are difficult to treat, and indicates a poor prognosis, 

leading to a high mortality rate with only 24% overall 5-year survival.5  Because mouse 

models of MLL-AF9 AML succumb to myeloid malignancy after a relatively long 

latency,76,78,80,85 this fusion oncoprotein is not likely to cause leukemia on its own but 

requires additional cooperating mutations for progression to overt malignancy.  To 

identify cooperating mutations, a chimeric murine leukemia virus (MuLV) was used in an 

insertional mutagenesis screen to infect Mll-AF9/+ (Mll-AF9) and wild type mice.  Viral 

infection accelerated mostly myeloid leukemia in Mll-AF9 significantly faster than 

control groups.  When proviral insertions were cloned from tumor material of all infected 

mice in the study, we identified 88 common insertion sites (CISs) and their associated 

candidate leukemia genes.   

 We found many candidate genes that have been previously identified as CISs in 

insertional mutagenesis screens, commonly mutated in human cancer or identified as 

consensus cancer genes, giving validity to this experimental approach.  In addition, some 

CIS genes were enriched in leukemias of either a lymphoid or myeloid phenotype.  Many 
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of the lymphoid-associated genes are known to have a role in lymphoid leukemia, such as 

Notch1, Pim1, and Lmo2.  The most frequently mutated gene overall was Gfi1, followed 

by Myb, Rras2, and Myc, all previously mutated in insertional mutagenesis screens and 

the latter three are identified as known cancer genes or being mutated in human cancer.  

As we were interested specifically in MLL-AF9 cooperating genes, we focused on 

candidate genes found in myeloid leukemia in Mll-AF9 mice.  Interestingly, there were 

few candidate genes only found in Mll-AF9 animals, implying many genes can cooperate 

with MLL-AF9 in leukemia progression. Kelly and Gilliland proposed the “two-hit” 

hypothesis for AML in which two classes of genetics mutations are required for 

progression to AML (Figure 2, Introduction).23  The first class of mutations confers a 

proliferative or survival advantage to the cell and tends to affect signal transduction 

molecules. The second class of mutations impairs hematopoietic differentiation and 

apoptosis and typically involves transcription factors, such as translocations like MLL-

AF9.  We believe that there is not one main cooperating class I mutation, but that many 

genes can provide the selection advantage for leukemia progression in cells with the 

MLL-AF9 translocation.    

 Perhaps surprisingly, few of these candidates were novel genes.  The most 

frequently mutated CIS in infected MLL-AF9 mice was near Mn1, a gene previously 

associated with myeloid leukemia.  MN1 has been shown to be a transcriptional activator 

and is over-expressed in several groups of leukemia including inv(16), CBFb-MYH11 

fusion AMLs, and AMLs with a normal karyotype.12,178,186,232,233  MN1 is also a target of 

a translocation in AML, MDS, and CML to form t(12;22)(p13;q12) MN1-TEL fusion 
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protein.186,265  In addition, MN1 overexpression in normal karyotype AML has been 

associated with shorter survival rate and poor prognosis and predicts resistance to 

ATRA.173,232  Finally, a knock-in chimera transplant mouse model confirmed cooperation 

between MN1 and CBFb-MYH11 in the formation of AML.178 

 By what mechanism could MN1 cooperate with MLL-AF9 in the induction of 

AML?  MN1 has been shown to be recruited by known co-activators of retinoic acid 

receptors, including p300/CBP, leading to synergistic induction of transcription through 

RAR/RXR interaction.44  HOXA9 overexpression cooperates with the MN1-TEL fusion 

oncoprotein in mouse leukemogenesis to cause AML.186,266  HOX genes have been shown 

to bind with p300.267,268  Since HOXA9 is a known transcriptional target gene of MLL, 

MN1 may interact with HOXA9 through p300/CBP recruitment in MLL translocation 

AML leukemogenesis. 

 Using a comparative oncogenomics approach to prioritize the CIS was effective 

as there were 88 possible candidate leukemia genes.  It was interesting that regions of 

chromosomal gain or loss from human CGH data from both ALL and AML patients 

overlapped with some of our candidate leukemia genes.  Perhaps it was not surprising 

that few genes did overlap since retroviral insertional mutagenesis has been shown to 

identify oncogenes much more frequently than tumor suppressor genes.  Investigating 

AML microarray data for overexpression of our top three candidate genes (FOSB, MN1, 

and BCL11A) illustrated how heterogeneous expression in AMLs can be since expression 

of these genes was variable in most patients, even within the 11q23 MLL abnormality 

subclass.  Nevertheless, a comparative oncogenomics approach is promising for future 
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gene discovery studies.  Additional approaches could be informative, such as pathway 

analysis examining CIS-associated candidate genes and human genes over-expressed in 

AML or CISs that are co-occurring or mutually exclusive.108   

 To functionally validate candidate MLL-AF9 cooperating genes, we used RNAi 

and BMTT assays.  We found that RNAi validation of cancer genes is complicated and 

difficult with many variables.  Not all shRNA lentiviral vectors targeting the candidate 

genes knocked down expression, or at least not enough to have a phenotypic effect.  In 

addition, all lentiviral vectors are not created equal and have differences in size, 

inducibility, detection of shRNA expression by fluorescent markers, and titers of the 

viruses produced.  Furthermore, knockdown was only guaranteed in about one out of five 

shRNA constructs but in some cases, only two constructs were available per gene per 

vector type.  We discovered that while the Open Biosystems lentiviral shRNA libraries 

were convenient and cost-effective, these vectors were meant for general use and not 

necessarily a hematopoietic system.  There is evidence that the CMV promoter used is 

not optimal in cells of the blood lineage and that the size of the vectors may be 

prohibitive for efficient transduction.225,228  Other systems for in vitro validation of 

candidate genes are warranted.  These could include using more than one RNAi construct 

per gene at one time with an siRNA pool, targeting more than one candidate gene at a 

time with a different shRNA vector system, or performing large-scale screens with 

shRNA-pools. 

 The BMTT assay was more reliable but provided its own set of challenges.  These 

studies require an extremely large number of mice to harvest enough bone marrow for 
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culture and transplant.  In our hands, at least 50% of the wild type bone marrow cells died 

from harvest to transplant and caused some morbidity due to red blood cells.  However, 

when the red blood cells were lysed, the normal 5-FU-treated bone marrow underwent 

lysis as well.  Our study needed to be repeated in order to obtain enough recipient 

animals for statistical power and significance.  Other current options for in vivo validation 

of candidate cancer genes include generating transgenic animals, chimeric mouse models 

or retroviral transduction experiments using fetal liver cells rather than bone marrow.  

These methods are either time-consuming in the case of transgenics or may cause 

expression of candidate genes beyond physiological levels when using a retrovirus.  

Clearly, new methods for efficient and rapid validation of candidate cancer genes are 

needed. 

  Among the cooperators identified in this study, there are likely to be signal 

transduction molecules, especially in the receptor tyrosine kinase (RTK) and related 

pathways, since these are commonly mutated in AML.  We did identify two CIS-

associated candidate genes in the PI3K family: phosphatidylinositol-4,5-bisphosphate 3-

kinase (Pik3cd) and phosphoinositide 3-kinase regulatory subunit 5 (Pik3r5).  Other 

candidate genes may act to deregulate genes in signaling pathways such as the 

JAK/STAT or the RAS/ERK/MEK pathways (e.g. signal transducer and activator of 

transcription 3 (Stat3), RAS guanyl-releasing protein 1 (Rasgrp1), Ras-related protein R-

Ras2 (Rras2), receptor-type tyrosine-protein phosphatase (Ptprj), or MAP kinase-

interacting serine/threonine-protein kinase 2 (Mknk2).  We could look for overexpression 

of and mutations in these and other genes in the RAS/MAPK, JAK/STAT or PI3K 
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pathways in our murine leukemia samples or the murine AML cell lines we established 

from the Mll-AF9 transplant recipient mice.  These molecules are attractive targets for 

therapeutic intervention since there are many inhibitors and drugs already synthesized 

that affect these molecules, which are tested in clinical trials or used in vitro.  A more 

detailed analysis of protein activation in other signaling pathways in our model of Mll-

AF9-initated AML may identify additional pathways and molecules to target in these 

studies.269  

 When we decided to use six different inhibitors against RTK molecules in the 

four murine AML cell lines established we found very promising results.  Low doses of 

each single inhibitor had minimal effects in each cell line but when 15 different 

combinations were used, a decrease in proliferation and increase of apoptosis was 

observed.  The cell cycle changes correlated with intracellular effects, including an 

increase in cleaved caspase and decrease of cycling cells as well as a biochemical 

inhibition of phospho-proteins in the correlating signaling pathways.  Interestingly, there 

was variability in the most effective combinations on each cell line, even though all cells 

contained the MLL-AF9 fusion.  However, the most effective drug combinations in all 

cell lines consistently affected more than one signaling pathway so that number of 

biochemical targets inhibited correlated with the degree of cell cycle changes observed.  

For example, Rapamycin plus PD-901 caused a decrease in proliferation cells, an 

increase in apoptotic cells (Chapter 4, Figure 7), and caused an inhibition in almost every 

phospho-protein in the 512C cell line (Chapter 4, Figure 8).  Thus, attacking the RTK and 
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related pathways is likely to be valuable in MLL-AF9, particularly when multiple points 

of the pathways are targeted.      

 In the future, I hope we are able to continue to merge the genetic discoveries 

made in basic science labs, like the Largaespada lab, with preclinical studies investigating 

the response of cancer cells and samples to inhibitors and chemicals.  In collaborating 

with the Stock lab at the University of Chicago, we have learned that clinical trials do not 

always use agents for which the mode of action is clear or because there is strong 

evidence the agent will show efficacy in a particular cancer type, but because that drug is 

available for study in patients.  This may be a slight exaggeration, but it was surprising to 

me how novel it was for the clinicians to have a system for preclinical testing of drugs 

that may be used in clinical trials for AML patients using the four AML cell lines we 

established from Mll-AF9 mice.  It was even more exciting to them that there was a 

genetic basis for why the drugs available might be effective in these cell lines.  

Unfortunately, using drugs on patients with genetic evidence for efficacy may be more 

rare rather than the norm. 

 The challenge for clinical labs may be finding suitable systems for preclinical 

study.  Primary human cancer samples can be genetically characterized and studied but 

there is a limit of the cells in each sample with a specific genetic mutation profile.  In 

some malignancies, including AML, cell lines are very difficult to generate from human 

cells, which is why there are only a definitive number of lines to study.  New genetic 

mutations and genetic combinations can be studied in cell lines established from 

transgenic murine models in basic science labs, particularly with known cooperating 



 

 181 

mutations induced by insertional mutagenesis screens.  Because AML in particular is so 

heterogeneous, using a variety of cell lines from mouse models with defined genetic 

mutations may be the best way to delineate the best drug combinations in specific sub-

types of AML.  If the field is ever going to achieve individualized therapy for cancer, a 

study of genetically well-defined cancer cell lines, such as those established from an 

insertional mutagenesis screen, may be the best method of full characterization of a 

disease, genetic pathways altered, and the correlating response to treatment. 
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