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CHAPTER I 

Introduction 

Hematopoiesis  

 Hematopoiesis is a hierarchal system that originates with the 

hematopoietic stem cell (HSC) (Figure 1). The multipotent compartment consists 

of cells with decreasing levels of self-renewal ability and increasing levels of 

mitosis1.  The stem and progenitor compartment is comprised of long-term HSCs 

(LT-HSCs), short-term HSCs (ST-HSCs), and multipotent progenitors (MPPs). 

The myeloid and lymphoid branch of development each consist of a common 

progenitor; the common myeloid progenitor (CMP) and the common lymphoid 

progenitor (CLP)2,3. The CLP gives rise to committed precursors that later 

differentiates into B-, T- and NK cells of the lymphoid system while the CMP 

differentiates into the granulocyte-monocyte progenitor (GMP) which is the 

common progenitor for granulocytes, monocytes and the megakaryocyte-

erythrocyte progenitor (MEP)3. Recently, a common progenitor, known as the 

lymphoid-primed multipotent progenitor (LMPP), that gives rise to CLP and the 

GMP, has been identified4.  

The maintenance of the hematopoietic system depends on the ability of 

hematopoietic stem cells (HSCs) to self-renew and differentiate into all blood cell 

lineages. These blood cells originate and mature in the bone marrow where they 

exist as a heterogeneous population of less differentiated and mature blood 

types.  Amongst these varying cell types are hematopoietic stem cells. The idea 

that a hematopoietic stem cell existed was proposed when a cell with   colony 
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forming unit – spleen (CFU-S) action was identified5. Since this discovery, further 

research has led to the development of in vitro and in vivo assays that evaluate 

the differentiation and self-renewal abilities 
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Figure 1. Cellular hierarchy of the hematopoietic system. 

Hematopoietic cells originate from hematopoietic stem cells (HSCs). HSCs 

have self-renewal capacity as well as the ability to give rise to multipotent 

progenitor cells. Multi-potent progenitors have lost their self-renewal ability but 

still have the ability to give rise to multi-lineage committed progenitors such as 

MEPs, CLPs and GMPs. Committed progenitors further differentiate into 

lineage restricted precursors which differentiate into mature lineages 
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of HSCs and the identification of cell surface markers used to purify populations 

of HSCs. 

Identification and characterization of HSCs 

Hematopoietic cells can be identified based on specific cell surface markers. No 

particular antigen can be used to specifically detect HSCs. While HSCs do not 

express lineage specific cell surface markers, HSCs can be enriched 20-500 fold 

by using antibodies against lineage markers to exclude more mature cells6. 

HSCs also express the cell surface markers c-Kit and Sca1, these cells are 

referred to as Lineage- Sca1+ c-Kit+ (LSKs)7-10. Although, HSCs are known to 

have this LSK phenotype only 3-10% of LSKs are actually long-term 

hematopoietic stem cells (LT-HSCs)11,12. Additional markers such as Thy1.1, 

CD34, Flt3, IL7Rα, CD150 and CD48 are used to delineate other progenitor 

populations2,13-18. In the last few years, many immunophenotyping schemes have 

been established to identify hematopoietic stem and progenitor cells (HSPCs) 

population (Table 1,Table 2 and Table 3). While stem cells can be purified by cell 

surface markers, there are also functional assays that are used to identify 

purified HSCs.  

 Multiple in vitro and vivo assays have been developed to test the 

functionality of hematopoietic stem and progenitor cells (HSPCs) by measuring 

two fundamental properties of these cells; 1) their ability to differentiate and 2) 

their ability to self-renew. These assays include the long-term colony-initiating 

cell (LTC-IC) assay, colony-forming cell (CFC) assay, cobblestone area-forming 

cells (CAFCs) assay and the colony- forming unit-spleen (CFU-S) assay7,9.  
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Table 1. Cell surface markers used to distinguish HSPC populations. 

  

Marker Phenotype Populations 

Lineage-Sca1+c-kit+ (LSK) Hematopoietic stem and progenitor cells (HSPCs) 

LSK Flt3- Long-term HSCs (LT-HSCs) 

LSK Flt3int Short-term HSCs (ST-HSCs) 

LSK Flt3hi Multipotent Progenitors (MPPs) 

LSK IL7Rα+ Common Lymphoid Progenitors (CLPs) 
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Table 2. Cell surface markers used to distinguish HSPC populations. 

 

  

Marker Phenotype  Populations  

Lineage-Sca1+c-kit+ (LSK) Hematopoietic stem and progenitor cells 

(HSPCs) 

LSK CD34- CD48- CD150+ flt3- Hematopoietic stem cells (HSCs) 

LSK CD34+ CD48- CD150+ flt3- Multipotent progenitor 1 (MPP1)  

LSK CD34+ CD48+ CD150+ flt3- Multipotent progenitor 2 (MPP2) 

LSK CD34+ CD48+ CD150- flt3- Multipotent progenitor 3 (MPP3) 

LSK CD34+ CD48+ CD150- flt3+ Multipotent progenitor 4 (MPP4) 
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Table 3. Option 3: Cell surface markers used to distinguish HSPC 
populations. 

  

Marker Phenotype Populations 

Lineage-Sca1+c-kit+ (LSK) Hematopoietic stem and progenitor cells (HSPCs) 

LSK flt3-CD34- Long-term HSCs (LT-HSCs) 

LSK flt3-CD34-CD48-CD150+ Long-term HSCs SLAM (SLAM) 

LSK flt3-CD34+ Short-term HSCs (ST-HSCs) 

LSK flt3+CD34+ Multipotent Progenitors (MPPs) 

LSK IL7Rα+ Common Lymphoid Progenitors (CLPs) 

Lin-sca1-c-kit+ Myeloid Progenitors 

Lin-sca1-a-kitCD34+FcγRint Common myeloid progenitors (CMPs) 

Lin-sca1-a-kitCD34+FcγR- Megakaryocyte-erythrocyte progenitors (MEPs) 

Lin-sca1-a-kitCD34+FcγR+ Granulocyte-macrophage progenitors (GMPs) 
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The CFC assay is a short term assay (less than 3 weeks) in which bone 

marrow cells are grown in semisolid media, usually a methylcellulose-based 

media, with cytokines. Since the resulting colonies have single cell origins, 

different lineage specific progenitors can be identified and quantified based on 

output colonies.  Both the LTC-IC and the CAFCs assays are long-term co-

culture assays that are used to predict the frequency of HSCs. The LTC-IC assay 

is defined by its ability to produce daughter CFCs after co-culture within 5-12 

weeks. The CAFCs assay is defined by its ability to produce “cobblestone”-like 

colonies in culture. Although the LTC-IC and CAFC assays overlap they are not 

identical as the LTC-ICs represents more of an immature cell type19,20. While 

these assays may be useful in limiting dilution format to quantify HSC number, 

their reliability has been controversial because of variable culture conditions and 

the use of different feeder layers9. The CFU-S assay is a short term (1-3 weeks) 

in vivo assay that measures cells that home to the spleen, rapidly proliferate and 

form macroscopic colonies after being injected into irradiated recipient mice. The 

CAFC, LTC-IC and CFU-S assays reveal cells that are more mature than HSCs 

but are more primitive than CFCs.  

 In vivo transplantation is the benchmark for LT-HSC function7,9,12. These 

assays are readily performed in mice, by transplanting test cells (e.g.. knockout 

cells) from a donor mouse to a congenic recipient (e.g. expression of a different 

isotype of a commonly expressed cell surface antigen such as the pan 

hematopoietic marker CD45, the two isotypes are CD45.1 and CD45.2). This 

competitive repopulation assay (CRA) assesses the ability of test cells to sustain 
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long-term engraftment in the presence of control congenic cells. The competitive 

repopulating unit (CRU) can be calculated by co-transplanting decreasing 

numbers of test cells together with a fixed number of control cells into a lethally 

irradiated recipient21. In order to demonstrate long-term reconstitution, donor 

cells should be able to contribute to multiple lineages 16 weeks post-transplant.  

Moreover, serial transplantation can be used to determine the self-renewal ability 

of the LT-HSC.  

Fate and commitment  

 At any given moment, HSCs face several possible cell fate decisions such 

as self-renewal, differentiation, quiescence and apoptosis (Figure 2).  Whether 

fate decision is stochastic or deterministic is controversial5,22-24. 

Quiescence  

Most cells tend to remain quiescent, which seems to be essential for adult 

HSCs. One hypothesis for choosing to remain quiescent is suggests that 

quiescence  limits the chances of mutation to occur and allows cells time to 

repair DNA damage25. There are two competing models used to describe the 

mechanisms that lead to the notion of quiescence as a stem cell fate choice. The 

clonal succession model suggests that quiescent HSCs are recruited to divide 

and differentiate, and when exhausted are replaced from a new set of HSCs 

activated from a quiescent state26. Today the preferred model is the clonal 

maintenance model, which suggests that after an initial flux of clones following 

HSC transplantation, engraftment is maintained by a few stable clones 

throughout the individual’s life27-29.   
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Self-renewal  

 A stem cell has the ability to self-renew by two different cell divisions; 

symmetrical or asymmetrical division. Symmetrical division is when both 

daughter cells are stem cells, while asymmetrical division is when one daughter 

is a stem cell and the other undergoes differentiation. Regardless of the mode of 

cell division chosen, stem cells can preserve themselves and serve their host 

during a lifetime. Various signaling pathways have been implicated in the 

influencing of HSC self-renewal. These pathways include Wnt, Notch, Hoxb4, 

Bmi-1, sonic hedgehog (Shh), thrombopoietin, and Lnk30-37.  

Apoptosis 

 The death of unwanted cells by apoptosis is vital for the development and 

maintenance of all life. Apoptosis controls our immune system by eliminating B 

and T cells producing dangerous self-reactive receptors or failing to produce 

useful antigen-specific receptors38. Whenever apoptosis is deregulated it can 

result in a wide range of disorders such as autoimmunity, cancer and 

neurodegenerative diseases. Apoptosis has been implicated as an important 

alternative fate for HSCs24,39. For example, overexpression of the anti-apoptotic 

gene Bcl-2 led to an increase in HSC pools, which indicates that apoptosis plays 

a role in the regulation of HSC pool size40.  

Differentiation  

 Humans produce approximately 1X1012 new blood cells daily. This 

requires a massive expansion somewhere between the mainly quiescent HSC 

and the mature, non-dividing blood cells. Cytokines and transcription factors 
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usually govern lineage specification41. When a HSC is fated for differentiation, it 

will upregulate lineage-specific genes and abolish the transcriptional program of 

the unselected lineages42,43. This suggests that key lineage-specific factors must 

promote their own lineage differentiation, while simultaneously shutting off factors 

that are specific for other lineages. When hematopoiesis is blocked in 

differentiation or has deregulated self-renewal, leukemia or lymphoma can result 

44. Two transcription factors important for normal hematopoiesis are E2A and 

Hhex.   
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Figure 2. HSC fate options.  

During cell division HSCs face different fate decisions. These decisions 

include the decision to remain a HSC via self-renewal, to differentiate 

into a more mature lineage, to undergo apoptosis or to remain quiescent.  
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 E proteins 

Identification and function 

E proteins are transcription factors that contain a DNA-binding domain known 

as the basic helix-loop-helix (bHLH) domain45. Class I bHLH E proteins, E47, 

E12, E2-2, and Heb can heterodimerize with class II bHLH proteins such as 

TAL146. The heterodimers function as transcription activators and repressors by 

recruiting co-activator or co-repressor complexes47. Class I bHLH proteins can 

also form homodimers, which act as transcriptional activators.  E47 and E12 are 

encoded by the E2A gene (TCF3) and are identical except for residues at the 

carboxyl-terminus that result from alternative splicing48. Heb is encoded by the 

TCF12 gene and also has multiple isoforms from alternative splicing and 

promoter usage49. E proteins are widely expressed in various hematopoietic 

lineages and play important roles in cell fate decisions, differentiation and 

proliferation50.  

 E protein function has been studied extensively in B-cell development. E 

proteins were first identified by their ability to bind to E-box sequences in the 

enhancer regions of both Igκ and IgH46,50. E2A null mice are unable to develop 

pro-B cells, and do not express most B-cell-lineage-associated genes. The fetal 

liver and bone marrow of E2A null mice did not show VDJ recombination. Along 

with the direct role of E2A proteins during recombination at the Igκ and IgH loci, 

E proteins are responsible for regulating the transcription of both Rag1 and 

Rag2.  The knockout of the E2A gene results in a high incidence of T-ALL 
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development51. This finding suggests that E2A is not only important for B-cell 

development but also acts as a tumor suppressor.  

Hematopoietically expressed homeobox (Hhex)   

Structure and function 

Hematopoietically expressed homeobox protein (Hex or Hhex), also 

known as proline- rich homeodomain (PRH) protein is a transcription factor that 

contains three main domains: a proline-rich N-terminal domain, a homeodomain 

and an acidic C-terminal domain52. Crosslinking studies have shown that the 

HHEX protein is able to form oligomers within cells53-55. The N terminal of Hhex 

contains two regions that allow for the protein to associate with itself. Both the 

homeodomain and the C-terminal domain are important for the activation 

functions of Hhex56,57.  

 Hhex has both repressive and activation effects on transcription via direct 

and indirect mechanisms53,54,58-66.  Hhex can directly bind to the promoter sites 

and intronic regions of genes and cause transcriptional repression by recruitment 

of Groucho/TLE family co-repressor proteins54. Hhex may also repress 

transcription by competing with TATA Binding Protein (TBP) at TATA boxes64. 

Hhex can activate transcription by directly binding to promoters and forming 

complexes with other DNA binding proteins to activate transcription such as at 

the Na+-dependent bile acid co-transporter (NTCP) promoter56,57. Hhex also acts 

as cell proliferation inhibitor by repressing the transport of mRNA important for 

proliferation.   
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Role in hematopoiesis 

Hhex is a transcription factor that has an important role in embryonic 

development and hematopoiesis54,64,26. Hhex regulates embryonic development 

transcriptionally and post transcriptionally64 and is important for cell proliferation. 

Knockout of Hhex resulted in embryonic lethality at embryonic stage E10.567,68. 

During the early stages of embryonic development, Hhex is expressed in tissues 

that contribute to hematopoiesis. In mice, Hhex is expressed in the blood islands 

of the yolk sak69,70. Later in embryonic development, Hhex is expressed in fetal 

liver.     

Role in Leukemia  

 Hhex has been implicated in many human leukemias. Hhex is a common 

integration site in retroviral insertional mutagenesis studies and it induces T-ALL 

in bone marrow transduction and transplantation mouse models71. Transgenic 

mouse models show that overexpression of Hhex results in  aberrant T-cell 

proliferation72. HHEX is hypothesized to be a tumor suppressor gene in acute 

myeloid leukemia (AML) based on an unusual post-transcriptional regulation by 

repressing mRNA transport and translation of CCND1 by disrupting the activity of 

the eukaryotic initiation factor 4E (eIF-4E)73. Hhex is down-regulated and mis-

localized in some subsets of human leukemias, as loss of nuclear Hhex resulted 

in the loss of proliferation inhibition by Hhex54,73-76.  
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T-cell Acute Lymphoblastic Leukemia (T-ALL) 

Description of disease 

T-cell acute lymphoblastic leukemia (T-ALL) is an aggressive leukemia that is 

characterized by elevated levels of bone marrow and circulating blasts, enlarged 

lymph nodes and often involves the central nervous system77,78. Similar to other 

forms of leukemia, T-ALL is caused by genetic alterations in hematopoietic 

precursors. These genetic changes can result in various abnormalities such as 

loss of cell cycle control, unlimited self-renewal capacity, impaired differentiation, 

hyper proliferation and resistance to death signals78. T-ALL accounts for about 

15% of childhood leukemias and 25% of adult leukemias.  

 Historically, T-ALL in children has an overall poor prognosis when 

compared to all other subtypes of childhood leukemias and lymphomas79. With 

all the research done on pediatric T-ALL, the 5-year event-free survival is 

approximately 75%. Unfortunately, the biology and outcome of adult T-ALL is not 

well understood80. This may be due to the rarity of adult T-ALL which makes the 

clinical and biological factors that may determine disease outcome in adults 

difficult to study.  

 A common theme in acute leukemias is transcriptional deregulation. In the 

case of T-ALL, the transcriptional deregulation of normal transcription factor 

proteins results in their ability to exert oncogenic potential by altering various 

gene regulation programs important for hematopoietic differentiation78. Two 

genes frequently deregulated in T-ALL are LIM-domain only proteins, LMO1 and 

LMO281-83. 
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Lim-domain only proteins 

Identification and function 

The LIM domain Only-2 (LMO2) gene is frequently deregulated in human 

acute T-cell lymphoblastic leukemias (T-ALL). The first member of the LMO (Lim-

domain only) family was LMO182,84. LMO2 was later discovered due to its 

association with the t(11;14) (p13;q11) and t(7;11) (q35;p13) chromosomal 

translocations81,83.  LMO2 was first cloned from T-ALLs with chromosomal 

translocation breakpoints at 11p1385 but, LMO2 and its paralog, LMO1, are 

deregulated by diverse mechanisms86. Fifty percent of all acute T cell leukemias 

that carry one frequent reciprocal translocation involving LMO2 and TAL1/SCL 

are the most prevalent87. The LMO2-associated chromosomal translocations 

occur by abnormal activity of the RAG recombinase. Since RAG recombinase 

mediates normal V-J and VDJ rearrangement of the T-cell receptor (TCR) genes, 

irregular function results in interchromosomal translocation rather than normal 

intrachromosomal rearrangement88.  

 Lmo2 was also activated by retroviral insertion in a gene therapy trial for 

X-linked severe combined immunodeficiency (X-SCID)89-91. Patients with X-SCID 

received gene therapy treatment using retrovirally expressed IL2RG, which 

resulted in five (5) out of twenty (20) patients developing a T-ALL like syndrome 

due to an integration into the LMO2 gene.  

 Lmo2 is necessary for early stages of hematopoiesis92. A study of Lmo2 

knockout mice found that Lmo2 null mice are unable to undergo yolk sac 

erythropoiesis; leading to death around E10.593. In addition, Xenopus and 
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zebrafish embryos that Lmo2 was important for primitive erythropoiesis94,95. 

Using Lmo2-/- embryonic stem (ES) cells injected into C57BL/6 blastocysts, failed 

to contribute to the hematopoiesis of adult mice96. Null mutations of the Lmo2 

gene revealed there was no obligatory role for Lmo2 in lymphopoiesis. These 

findings suggest Lmo2 has a crucial role in hematopoietic development.  

Molecular Binding Partners 

The LMO2 protein serves as a bridging protein in a multiprotein DNA-binding 

complex97-100. LMO2, the best characterized member of the LMO gene family, 

encodes an 18 kilo Dalton (kDa) protein that has two Zinc-binding domains called 

LIM domains that serve as interfaces for interactions with class II basic helix-

loop-helix (bHLH) proteins, GATA (1-3) proteins, and the scaffolding protein, LIM 

domain binding 1 (LDB1)101-103. In erythroid cells, this Lmo2 complex is able to 

bind to DNA through the GATA-1 Zinc fingers and the bHLH motifs of TAL1 and 

E47 (Figure 3A). This complex recognizes a unique bipartite DNA sequence that 

is comprised of an E-box separated by about one helix turn from a GATA 1 site.  

An Lmo2 multiprotein complex, analogous to the complex found in erythroid 

cells, was found in Lmo2-induced T-ALLs taken from CD2-Lmo2 transgenic mice. 

In T-ALL, the LMO2-associated complex may differ in content from the complex 

described in erythroid cells and may occupy sites other than E box-GATA 

motifs97,104,105. For example, the Lmo2 complex found in leukemias were only 

comprised of LMO2, TAL1, E47 and LDB1 and was bound to a bipartite E box-E 

box motif97 (Figure 3B). There are two E box binding sites in the bipartite DNA 

binding elements, in CD4 and CD8 double negative immature thymocytes. This 
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finding corresponds with the observed increase in double negative thymocytes in 

Lmo2 transgenic mice. 

Role in leukemogenesis   

Gene expression studies of human and murine T-ALL show remarkable 

correlation between gene expression of LMO2 (and LMO1) and class II bHLH 

genes, TAL1, LYL1, or OLIG2, implying that LMO2 and the bHLH proteins 

cooperate in T-ALL pathogenesis 106,107. Indeed, Tal1/Scl transgenes are weak 

tumor initiators but the co-expression of LMO genes can accelerate T-ALL onset 

and increase penetrance in these mouse models108-110.  
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Figure 3. LMO2 is a bridging molecule in multiprotein complexes.   

(A) In normal erythroid cells LMO2 is found associated with the proteins TAL1, 
E47, LDB1 and GATA1 in a DNA binding complex that acts as a transcription 
factor. (B) In T cell leukemia cells Lmo2 is found to be associated with the proteins 
Tal1, E47 and Ldb1 on different DNA binding sequences.   

A 

B 
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Lmo2 and E2A 

Studies show Lmo2 Tg and E2A-/- mice spontaneously develop T-ALL. 

E2A-/- and Lmo2 overexpressing thymocytes undergo a differentiation arrest at 

the same double negative stage (DN2-3) prior to expression of CD4 and 

CD8111,112. McCormack and colleagues found that Lmo2 also requires class II 

bHLH for the induction of T-ALL113.  

Lmo2 and Hhex 

Lmo2-associate complexes occupy the promoter and enhancer of 

Hhex104. Gene expression analysis of both human T-ALL and CD2-Lmo2 

transgenic mouse models revealed that Lmo2 is expressed in two mutually 

exclusive profiles, one of which includes Hhex104. Hhex is a direct target of Lmo2 

in which Lmo2 occupied the Hhex promoter. Lmo2, Lyl1 and Hhex were all 

upregulated in a very difficult to treat subset of T-ALL known as ETP-ALL. T-ALL 

patients with Hhex overexpression have a significantly worse prognosis. 

Hypotheses  

Two major hypotheses have been put forward to explain the role of Lmo2 

containing complexes in T-ALL induction (Figure 4): 1) Lmo2 containing 

complexes may result in the inhibition of other partners and their normal function. 

One such possibility is the Lmo2-containing complex may be inhibiting the 

normal function of E2A homo/heterodimers. 2) Recognition of the dual E-box 

motif by the Lmo2-containing complexes may result in the abnormal regulation of 

target genes. Lmo2-associatied complexes in hematopoietic cells can bind DNA 



23 
 

and either activate or repress gene expression. The Lmo2 complex may be able 

to activate genes involved in leukemogenesis such as Hhex.  
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Figure 4. Models of Lmo2 induced T-ALL. 

In T cell leukemia cells Lmo2 is found to be associated with the proteins Tal1, E47 and 

Ldb1. (A) It has been hypothesized that Tal1 sequesters E47 which results in the 

redirection of E47 and the downregulation of E47 targets. (B) The binding of Lmo2 

associated complexes to GATA sites have been hypothesized to upregulate 

oncogenes such as Hhex.  
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CHAPTER II 

Materials and Methods 

Mice 

Floxed Hhex mice were created at NCI Frederick. Briefly, the murine Hhex gene 

was cloned from a 129 BAC by retrieval methods previously described114. A 

single lox and a loxP plus Frt-flanked neo cassette were targeted to the resulting 

construct in two steps in EL350 cells through recombineering. First, to insert the 

single 5′ loxP site, a targeting cassette containing Pgk-em7-neo flanked by 

homology arms to 1st intron of Hhex was constructed in PL400. The homology 

arms are PCR amplified using the following primers:  

5′-arm sense, 5′- CGC GAA GCT TGC AGA ACA TGA GTG TGA CCG-3′ 

5′-arm antisense, 5′- CGC GGA ATT CAT GAG AGC ACT TCC CAA GGC-3′; 

3′-arm sense, 5′- CGC GCT CGA GAA AGA GCG CAC CCT GAG TCT -3′;  

3′-arm antisense, 5′- CGC GGG ATC CCC AGA ACG CAA CCA TGT TCC -3′.   

The homology arms were sequence verified, restriction digested, and cloned into 

PL400 via four-way ligation. The targeting cassette was released by a 

BamHI/HindIII double digest and targeted through co-electroporation into heat 

shock-induced EL350 cells. The Pgk-em7-neo sequence was then removed by 

electroporation into arabinose-induced Cre-expressing EL350 cells, leaving 

behind a single loxP site. To insert the second loxP site after exon 4 of Hhex, a 

targeting cassette containing frt-Pgk-Em7-neo-frt-loxP flanked by homology arms 

to targeting site was constructed in PL451.  Homology arms were amplified using 

the following primers:  
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5′-arm sense, 5′- CGC GAA GCT TCC TAA ACA TGA CAC CTA AAG -3′;  

5′-arm antisense, 5′- CGC GGA ATT CCA CCC TGC TTG GTC CTC TTC-3′;  

3′-arm sense, 5′- CGC GGG ATC CGA TTG GAG CTG CCA CTG AGT -3′;  

3′-arm antisense, 5′- CGC GGC GGC CGC AGC AGC TGG AAC CTG ACA AC -

3′.  

The targeting cassette was released by NotI/HindIII double digest and targeted 

similarly as described above.   The conditional targeting vector was then 

linearized by NotI digestion and electroporated into 129-derived CJ7 embryonic 

stem (ES) cells, using standard procedures. G418 (180 μg/ml) and ganciclovir (2 

μM) double-resistant clones were analyzed by Southern blotting hybridization, 

using both 5′ and 3′ external probes. External probes were PCR amplified using 

the following primers:  

5′ probe, sense, 5′- CCC CAC TAC ACC TGG CTA AC -3′ 

5′ probe, antisense, 5′- ACG TGG ATG GTA TCA AAG CC -3′ 

3′-probe, sense, 5′- GGG ATT TGT TGT TGC TGT GC-3′ 

3′-probe, antisense, 5′- CTG GAT GCT GGT GAC TCA GA -3′ 

Correctly targeted clones were then injected into C57BL/6 blastocysts using 

standard procedures, and resulting chimeras were mated with C57BL/6 females 

to obtain germline transmission of the targeted allele.  The Neo cassette was 

removed by crossing to the Flp recombinase strain. The floxed Hhex mice were 

generated by backcrossing Hhexlox/+ to B6 for 10 generations followed by 

intercrossing to create homozygous floxed mice, Hhexlox/lox. Control littermates 

were of equivalent genetic backgrounds. B6.Vav-iCre transgenic mice were 
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purchased from Jackson Laboratories and were crossed with the floxed mice to 

create Hhex conditional knockout mice (Hhex cKO). Both Hhexlox/lox and cKO 

mice were used for in vitro and in vivo studies with the former called WT.  

B6.SJL (CD45.1) mice were purchased from Charles River and used as host 

mice for transplantation. All mice were kept in a specific-pathogen-free animal 

facility at Vanderbilt University with approved protocols from the IACUC. 

Genotyping 

Genomic DNA was isolated from mouse bone marrow, spleen and thymus using 

Qiagen DNeasy Blood and Tissue kit per manufacturer’s instructions 

(cat#69504). Primer sequences for PCR amplification of the Hhex floxed and 

cKO allele were 5’-GCTCTCCAGCCACTTTGGAG-3’, 5’-

GCACACCTGTGGCTAAATGCA-3’ and 5’-CATCAGGGTATGAGGAGAAG-3’. 

Primer sequences for PCR amplification of the Lmo2 transgene were 5’- 

ATGTCCTCGGCCATCGAAAGGAAGAGCC-3’ and 5’- 

CCCATTGATCTTGGTCCACT-3’.  

Plasmid constructs 

The E47/estrogen receptor (E47-ER) 115,116 plasmid was graciously provided by 

Dr. Cornelis Murre (UC San Diego, California). This vector expresses a chimeric 

protein contain amino acids 1-651 of human E47 fused to amino acid 251-599 of 

the murine estrogen receptor (Figure 5). The E47-ER plasmid also encodes the 

human CD25 (hCD25) which allows for rapid selection of transduced cells.  



29 
 

Retroviruses 

To produce virus, the E47-ER and pCL-Eco plasmids were co-transfected into 

the Phoenix packaging cell line (ATCC) using calcium phosphate precipitation as 

described117,118. Viral supernatant was collected 48 hours after transfection from 

transfected Phoenix cells and titered on 3T3 cells by FACS and detection 

hCD25. The T-ALL cell lines were transduced by spinfection; cells were pelleted 

at 2000 rpm with 8 µg/mL of polybrene for 1 hour at 4°C. On average, 50-90% of 

cells expressed hCD25 at the cell surface which were sorted and maintained in 

culture.  

Cell culture  

Four B6 T-ALL cell lines; 007,020, 027, and 080 were maintained in IMDM 

medium containing 10% fetal bovine serum and 1% penicillin and streptomycin. 

For E47-ER stably expressing lines, 007,020, 027, and 080 cells were 

transduced with E47-ER using spinfection and then selected with hCD25. We 

analyzed growth by counting cells directly by hemacytometer and by CyQuant 

Cell Proliferation Assay kit (Life Technologies, Grand Island, New York). 

OP9 assay 

OP9-DL1 and OP9-GFP cells were maintained in culture as described119. Cells 

were cultured in α-MEM media with 20% fetal calf serum and 1% 

penicillin/streptomycin. Stem cells from the bone marrow of 6-8 week old mice 

were harvested and sorted using flow cytometry and Lineage- Sca1+ c-Kit+ 

(LSK) cells were collected. LSK cells were cultured in 24 well plates containing 

75% confluent irradiated OP9-GFP cells with 6ng/mL murine IL-7 and murine Flt-
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3 ligand. Cells were collected seven days post plating. Double negative 

thymocytes from the thymi of 8 week old mice were harvested by depleting CD8 

and CD4 positive cells. DN cells were then cultured in 24 well plates containing 

75% confluent irradiated OP9-DL1 cells with 6ng/mL murine IL-7 and murine flt-3 

ligand. Cells were collected, washed and plated on fresh OP9-DL1 cultures every 

7 days.  
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hCD25

LTR LTR

1 651

Figure 5. A schematic showing retroviral vector used in 
experiments. 

An E47-ER fusion encoding cDNA followed by an internal ribosomal 

entry site followed by human CD25 cDNA driven by the LTR of a 

gamma retrovirus.  
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Histology and peripheral blood analysis 

For complete blood counts, peripheral blood was collected retro orbitally and 

analyzed by Hemavet (Drew Scientific Inc., Dallas, Texas).  

Flow cytometry analysis 

FACS analysis was done using anti-CD4 (FITC-conjugated Rat anti-mouse, 

553650, BD Pharmingen) and anti-CD8 (PE Rat anti-mouse, 55032, BD 

Pharmingen).  Sorting was done using FITC-conjugated anti-hCD25 (347643, BD 

Biosciences).  

Mononuclear cells were purified by lysis of erythrocytes. For analysis and sorting, 

antibodies (BD Pharmingen and eBiosciences) directed against B220(RA3-6B2), 

CD19(1D3), CD4(GK1.5), CD8a(53-6.7), Mac1(M1/70), Gr1(RB6-8C5), c-kit 

(ACK2), Sca1(D7), Ter 119(TER-119), CD135(A2F10), CD48(C7), CD150(9D1), 

CD21/CD35(7G6), IgM(R6-60.2), CD23(B3B4), CD127(SB/199), CD44(IM7), and 

CD25 (PC61) were used. To distinguish donor from host cells in transplanted 

mice, cells were stained with anti-CD45.1 (A20) and CD45.2 (104). FacsARIA, 

LSRFortessa, LSRIII, and FACS Canto II flow cytometers were used for sorting 

and analysis.    

Apoptosis 

Cleaved caspase 3 was analyzed by FACS using antibody 9661 per 

manufacturer’s instructions (Cell Signaling Technology).  
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Table 4. Antibodies used in experiments. Marker column shows the cell 
surface antigen; 1 denotes BD Pharmingen as the source; 2 denotes 
eBiosciences. The clone numbers are shown. 

  
Marker Clone 

CD45R/B220 1,2 RA3-6B2 

CD19 1 1D3 

CD4 1 GK1.5 

CD8a 1 53-6.7 

Mac1 1,2 M1/70 

Gr1 1,2 RB6-8C5  

c-kit 1,2 ACK2  

Sca1 1 D7  

Ter 119 1,2 TER-119  

CD135 2 A2F10  

CD48 1 C7  

CD150 2 9D1  

CD21/CD35 1 7G6  

IgM 1 R6-60.2  

CD23 1 B3B4  

CD127 1,2 SB/199  

CD44 1 IM7 

CD25 1 PC61 

CD3e 1 145-2C11 

CD45.1 1 A20 

CD45.2 1 104 
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Cell cycle 

In vitro 

FACS data was imported into Flojo for further analysis. Bromodeoxyuridine 

(BrdU) incorporation was analyzed per manufacturer’s instructions (BD 

Biosciences, San Jose, California). Briefly, cells were incubated with 1 mM of 

BrdU for 1 hour then collected and analyzed by FACS using anti-BrdU and 7-

aminoactinomycin D (7-AAD) incorporation. Intracellular cleaved caspase 3 

staining was performed using the BD Cytoperm/ Cytofix kit (BD Biosciences, San 

Jose, California). Statistical analyses were done using GraphPad Prism 6.0.  

In vivo 

Mice were injected with 1 mg of BrdU in 150 uL PBS via intraperitoneal 

injections. Two hours post injection mice were sacrificed and bone marrow was 

harvested to quantify the stem and progenitor populations via flow cytometry.  

Bromodeoxyuridine (BrdU) incorporation was analyzed per manufacturer’s 

instructions (BD Biosciences, San Jose, California). 

IgH rearrangement PCR 

PCR analysis of IgH rearrangement was used to determine the ability of Hhex 

cKO B cells to undergo normal gene arrangement. Genomic DNA from B220+ 

cells from Hhex cKO and WT spleens were subjected to nested PCR analysis. 

Primers were designed to amplify four possible junctions between D-Q52 and JH 

regions120. The first round of PCR was completed using the following primers and 

PCR conditions: DH1 Q52-1 5’- CACAGACCTTTCTCCATAGTTGATAACTCAG- 

3’ and JH4-1 5’- AGGCTCTGAGATCCCTAGACAG-3’; denaturing at 95C for 1 
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min, annealing at 60C for 1 min, extension at 72C for 2.5 min (28 cycles). The 

second round of PCR was completed using 4% of the reaction from round one 

with the following primers and PCR conditions: DH Q52-2 5’- 

GCCTCAGAGTCCCTGTGGTCTCTGACTGGT-3’ and JH4-2 5’- 

GGGTCTAGACTCTCAGCCGGCTCCCTCAGGG-3’; denaturing at 95C for 20 

sec, annealing at 60C for 1 min, extension at 72C for 2 min (35 cycles). 

Cell fractionation and western blotting 

Western blot analysis was done with anti-E47 (sc-763, Santa Cruz 

Biotechnology), anti-Lmo2 (monoclonal antibody provided by Dr. Ron Levy, 

Stanford), and anti-tubulin (sc-55529, Santa Cruz Biotechnology) antibodies. Cell 

fractionation was done as previously described. Quantification of proteins by 

Western blotting was done using 680nm and 800nm infrared dye-conjugated 

secondary antibodies (LI-COR) on the Odyssey machine. 

Gene expression analysis 

Total RNA was purified by TRIzol (Life Technologies, Grand Island, New York) 

per manufacturer’s instructions. First strand cDNA was synthesized using oligo-

dT primers, random hexamers and reverse transcriptase enzyme (Omniscript, 

Qiagen, Valencia, California). Quantitative PCR was performed on cDNA using 

Sybr green (Bio-Rad, Hercules, California) and the MyIQ (Biorad) with the 

following primers:  
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Table 5. Primers used for qRT-PCR . 

 Forward Reverse 

CD4 AGTTCTCTCCATGTCCAACCTAAGGGTTCA TCCGCTGACTCTCCCTCACTCTTATAGGC 

p21 TTCCGCACAGGAGCAAAGT CGGCGCAACTGCTCACT 

Cdk6 GGCGTACCCACAGAAACCATA AGGTAAGGGCCATCTGAAAACT 

Cyclin E1 GCAGCGAGCAGGAGACAGA GCTGCTTCCACACCACTGTCTT 

Cyclin E2 CGCAGCCGTTTACAAGCTAAG TGGGTTTCTTGCGGAGAGTCT 

Rb TCTACCTCCCTTGCCCTGTTT CAGAAGGCGTGCACAGAGTGT 

E2F4 AAGCTGGCAGCCGACACT AGCACGTTGGTGATGTCGTAGAT 

P19 CGGTATCCACTATGCTTCTGGAA CCGCTGCGCCACTCAA 

P16 GGGTTTCGCCCAACGCCCCGA TGCAGCACCACCAGCGTGTCC 

Cyclin D3 TGCCAAAACGCCCCAGTAC CGGGATGCCCGAAGGA 

P57 CAGCGGACGATGGAAGAAC CTCCGGTTCCTGCTACATGAA 

P27 GGCCCGGTCAATCATGAA TTGCGCTGACTCGCTTCTTC 

S16 AGGAGCGATTTGCTGGTGTG GCTACCAGGGCCTTTGAGAT 

Hex CTGGTTTCAGAATCGCCGAGCT ATGTCCACCTCCTGGTCGGAATCC 

HHEX CCTCTGCATAAAAGGAAAGGCGG TCTGATCACAGGAACTGTCCAAACTTTC 

GUSB CTCATTTGGAATTTTGCCGATTTCATGACTGA CTCTCTCGCAAAAGGAACGCTGCACTTTTT 
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RNA-seq was performed as previously described121. Briefly, whole RNA was 

isolated by RNeasy kit (Qiagen) using established protocols. For RNA isolated 

from the LSK-OP9 co-culture, no amplification was performed. RNA was checked 

for quality on the Bioanalyzer. For RNA isolated from sorted LSK; Flt3 lo and LSK; 

Flt3hi sorted cells, we had low input RNA (range 4.8ng-11.9ng) and was therefore 

subjected to cDNA amplification using the SMARTer Ultra Low RNA Kit 

(Clontech, Catalog # 634936). The cDNA was sheared using the Covaris S2 

instrument with the following parameters: duty 10%, Intensity 5, 200 Cycles/Burst 

Time 5 minutes, and mode frequency sweeping. Once the cDNA was sheared, 

the entire volume was used as input into the Illumina TruSeq ChIP Sample Prep 

Kit (Catalog #IP-202-1012) and the Illumina protocol was primarily 

used.  However, instead of the Illumina PCR ChIP master mix, the KAPA Hot 

Start PCR Kit (Kapa Biosystems) was used with only 15 cycles PCR to minimize 

duplication.  The samples were then quality controlled, normalized, clustered, 

and sequenced according to Illumina’s best practices. Multiple stage of quality 

control (QC) of sequencing data was carried out 122. Raw data and alignment QC 

were performed using QC3 123, expression analysis were carried out using 

MultiRankSeq 124. All data passed QC.  Raw data were aligned with TopHat 2 125 

and gene expression levels were quantified using Cufflinks 126. RPKM (reads per 

kilobase per million reads) based approaches (Cuffdiff) were used to detect 

differentially expressed genes. False discovery rate (FDR < 0.05) was used to 

correct for multiple testing. To identify lincRNA, we performed gene annotation 

using lincRNA reference Gencode v19 released by the ENCODE project 127. 
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In vivo stem and progenitor assays 

Competitive Bone Marrow Transplant Assays  

Competitive bone marrow transplantation assays were performed by intravenous 

injection of mixed CD45.2 donor whole bone marrow cells with CD45.1 

competitor bone marrow. Hhexlox/lox and Hhex cKO carried the CD45.2 allele. 

Recipient mice were lethally irradiated with 9.5 Gy.  

Sublethal Irradiation Assay  

Hhex lox/lox and Hhex cKO littermates were sublethally irradiated with a dose of 

6.5 Gy and allowed 3, 6 and 9 weeks to recover post irradiation.  

Homing and Engraftment Assays 

To analyze homing, bone marrow from WT and Hhex cKO mice were harvested 

and used for transplantation. BM cells (80,000) were first plated in 

methylcellulose culture media for the CFU-C assay to quantify the input number 

of HSPCs. Ten million donor cells were retro-orbitally injected into lethally 

irradiated CD45.1+ host mice; 16 hours post-transplant, bone marrow from 

recipient mice were collected and cultured in triplicate for CFU-C assay. Homing 

was calculated using the following equation: 

Homing (%) =
𝑛𝑢𝑚𝑏𝑒𝑟 𝑜𝑓 𝑜𝑢𝑡𝑝𝑢𝑡 𝑐𝑜𝑙𝑜𝑛𝑖𝑒𝑠/𝑑𝑖𝑠ℎ

𝑛𝑢𝑚𝑏𝑒𝑟 𝑜𝑓 𝑖𝑛𝑝𝑢𝑡 𝑐𝑜𝑙𝑜𝑛𝑖𝑒𝑠
× 2 × 4 ×

100

18
∗ 100 

To analyze engraftment, recipient CD45.1 mice were lethally irradiated and 

injected with donor bone marrow from either WT or Hhex cKO CD45.2 mice. 7 

days post injection mice were sacrificed and flow cytometry was used to assess 

the presence of both CD45.1 and CD45.2 in bone marrow, spleen, thymus and 

peripheral blood.  
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CHAPTER III 

Enforced E47 expression has differential effects on Lmo2 induced T-ALLs 

Background and Significance  

 The LIM domain only (LMO2) gene and its paralogue LMO1  are 

frequently deregulated in T-cell acute lymphoblastic leukemia (T-ALL) via various 

mechanisms78,86,92. LMO2 interacts with class II bHLH proteins, GATA proteins 

and LIM domain binding 1 protein (LDB1)86,92,103,128,129. It forms macromolecular 

complexes at E-boxes and GATA sites in the promoter and enhancer regions of 

genes99,100,130,131. The LMO2 complex may occupy other sites besides E-

box/GATA sites and have different binding partners in T-ALL versus erythroid 

cells97,104,105.  

 Class II bHLH proteins heterodimerize with class I bHLH proteins such as 

E proteins E47, E12, E2.2 and Heb46. Both E proteins E47 and E12 are encoded 

by the same gene, E2A. Knockout of E2A results in profound defects in the 

development of T- and B-cells and the spontaneous development of T-

ALL51,111,132,133. E2A-/- thymocytes have a differentiation block similar to one 

observed in Lmo2 transgenic thymocytes. These findings have played an 

important role in the paradigm in understanding the oncogenic function of Lmo2. 

One hypothesis is that the Lmo2/Tal1-associated complex binds to E proteins 

and directs them away from their normal targets (Figure 4A).  By understanding 

the role of E47 in Lmo2-induced T-ALL we hoped to better understand the 

mechanism of Lmo2 oncogenesis.  
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Results  

Enforced E47-ER homodimerization causes attenuated growth in some 

Lmo2-induced T-ALL cell lines  

 E47-ER expression was enforced in four previously described Lmo2-

induced T-ALL cell lines134 (03007, 03020, 03027, 32080 abbreviated 007, 020, 

027 and 080) using a retroviral vector that expresses E47-ER-ires human CD25 

(referred to as E47-ER) (Figure 5). Cells expressing the E47-ER ires-hCD25 

vector were selected by flow cytometry using an anti-hCD25 antibody (Figure 6). 

Western blot analysis was performed to analyze the protein levels of E47-ER, 

endogenous E47, and Lmo2 (Figure 7). All cell lines except 027 (lane 10),which 

had less, had comparable expression of E47-ER. Upon enforced E47-ER 

homodimerization, using 300nM 4HT, all four cell lines showed marked increases 

in E47-ER expression (lanes 4,8,12 and 16). Stable expression of E47-ER had 

no effect on growth of the T-ALL cell lines; however, enforced homodimerization 

resulted in attenuated growth in both 020-E47 and 080-E47 cell lines (Figure 8).  

Lmo2-induced T-ALL cell lines sensitive to E47-ER homodimerization 

undergo G1 growth arrest  

 In order to understand the mechanism for attenuated growth observed 

post E47 homodimerization in 020-E47 and 080-E47, we assessed proliferation 

using BrdU and 7AAD. Lines 007-E47, 020-E47, 027-E47 and 080-E47 showed 

comparable numbers of BrdU positive cells to their parental counterparts (Figure 

9). Enforced homodimerization via 4HT treatment showed a marked decrease in 
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BrdU positive cells and a reciprocal increase in G0/G1 populations in both 020 

and 080 cell lines (Figure 9 and Figure 10).  
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Figure 6. E47-ER expressing cells sorted using hCD25. 

FACS plots of four Lmo2-induced T-ALL cell lines 007, 020, 027, and 080 

after being transduced with the E47-ER retrovirus. The x-axis shows 

expression of human CD25 and the y-axis shows side scatter. Cells selected 

as CD25 positive shown in blue boxes.  
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Figure 7. Western blot analysis of T-ALL cell lines. 

Whole cells lysates were subjected to SDS-PAGE and analyzed by western for E47, 

tubulin and Lmo2. The E47-ER fusion protein had a slower migration than endogenous 

E47. Lysates from cells with enforced homodimerization via 4HT treatment showed 

greater E47-ER protein.  
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Figure 8. Enforced E47 homodimerization results in growth arrest in 2 T-ALL cell lines. 

The four Lmo2-induced T-ALL cell lines and those expressing E47-ER were analyzed for 

growth with or without 4HT treatment. The x-axis shows days and the y-axis shows arbitrary 

fluorescence units. Each point of the growth curve was compared by 2-way ANOVA. Cell lines 

007 and 027 showed no statistically significant difference in growth upon 4HT treatment 
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Figure 9. Representative flow plots for BrdU and 7-ADD.  

Cell lines, either parental or stably expressing E47-ER, were treated with 4HT for 24 

hours, then pulsed for 45 minutes with BrdU. Percentage of S phase cells are shown in 

parentheses.  
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Figure 10. Cell cycle profiles of Lmo2-induced T-ALL cell lines. 

Bar graphs show the mean and the standard error of the mean for three independent cell 

cycle analyses. Pairwise comparisons of the proportion of cells in each phase of the cell cycle 

was done using student’s t-test. Asterisks denote statistically significant comparisons: P=.002 

for G1phase and P=.002 for cells in G1 and S phase comparisons of 080-E47-4HT versus 

080-4HT; P=.0007 for G1 phase and P=.003 for S phase comparisons of 020-E47-4HTversus 

020-4HT. 
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We also analyzed the proportion of cells undergoing apoptosis using intracellular 

staining for cleaved caspase 3 (Figure 11). Cell line 007 showed a reduction in 

apoptosis in E47-ER stably expressing lines and 020-E47 showed a decrease in 

apoptosis upon E47 homodimerization (Figure 11). There was no change in 

apoptosis in 027 cell lines. The 080-E47 showed an increase in apoptosis upon 

E47 homodimerization. These data show that cell lines sensitive to E47 

homodimerization (020 and 080) underwent G1 arrest and decreased S phase 

entry but did not show a consistent pattern of apoptosis as a result of E47 

homodimerization.  

Enforced E47-ER homodimerization activated CD4 expression  

 Based on their CD4 and CD8 expression, the four Lmo2- induced T-ALL 

cell lines bear resemblance to various stages of T-cell development134 (Figure 

12). The cell lines 007 and 080 have a mixture of CD8 intermediate single 

positive (ISP)-like and CD4 and CD8 double positive (DP)-like cells. The 007 line 

has fewer DP-like (18%) and more ISP-like (82%) cells than the 080 (50% ISP-

like and 50% DP-like). The 020 cell line expresses both CD4 and CD8; 

resembling DP-like cells.  The 027 cell line does not express CD4 or CD8 and 

resembles double negative (DN) cells. Stable expression of E47-ER increased 

CD4 protein expression in the 007 cell line, and was markedly increased upon 

enforced homodimerization (Figure 12).  There was no difference in CD4 and 

CD8 protein expression in 020-E47 lines even after enforced homodimerization. 

The 027-E47 cell line showed an increase in CD8 ISP-like and DP-like cells.  
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The increased abundance of CD4 protein shown by flow cytometry 

correlated with increased CD4 mRNA expression (Figure 13). Interestingly, 

transcriptional profiling revealed genes such as IL2ra (-2 fold compared to 027-

E47, -6.2 compared to 080-E47) and CD24a (-1.2 fold compared to 027-E47 and 

080-E47) were repressed upon E47-ER  
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Figure 11. Apoptosis analysis using intracellular staining for cleaved caspase 3.  

Parental cell lines and those stably expressing E47-ER, were treated with 4HT and then 

analyzed for intracellular cleaved caspase 3 by flow cytometry. The bar graphs show the 

mean and standard error for triplicate analyses. P-values were generated by pairwise 

comparison by Student’s t-test.  
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Figure 12. Enforced E47 expression activates CD4 protein. 

Parental cell lines and those stably expressing E47-ER, with and without 4HT treatment, 

were analyzed for CD4 and CD8 expression using flow cytometry. The x-axis shows 

CD4 and the y-axis shows CD8, 24 hours after 4HT treatment.    
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Figure 13. CD4 mRNA expression. 

Parental cell lines and those stably expressing E47-ER, with and without 4HT treatment, 

were analyzed for CD4 mRNA expression using quantitative RT-PCR analysis. The y-axis 

represents fold change from baseline which is the mRNA present in the parental line. The 

mean and standard error of mean are shown for triplicate analyses.  
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homodimerization while genes such as CD8a (1.93-fold in 080-E47-4HT v. 080-

E47) were activated upon E47-ER homodimerization. These findings suggest 

that enforced E47 homodimerization promoted differentiation in Lmo2-induced T-

ALLs.  

Enforced E47 homodimerization has no effect on E47 localization 

 Our CD4 transcription data suggests that E47-ER is able to enter the 

nucleus of cells and activate transcription. Also, we were able to determine that 

enforced E47-ER homodimerization was able to increase transcriptional 

activation. To confirm our findings, we fractionated all cell lines into nuclear and 

cytosolic fractions and blotted for E47 (Figure 14). We observed that absolute 

E47-ER protein levels in the nucleus and cytosol did not correlate with sensitivity 

or resistance to the growth inhibition observed upon E47-ER homodimerization 

(Figure 15). We also assessed endogenous E47 protein levels and did not 

discern a correlation between sensitive or resistant cell lines and the amount of 

nuclear or cytosolic protein and nuclear to cytosolic ratio of protein (Figure 16).  

We did observe that E47-ER and E47 protein levels were more concentrated in 

the cytosol versus the nucleus in all cell lines.  

Differential gene regulation by E47-ER in sensitive vs resistant cell lines   

 In order to analyze the transcriptional effects of enforced 

homodimerization of E47-ER, we performed RNA-seq on 027, 027-E47 and 027-

E47_4HT and compared it to 080, 080-E47 and 080-E47_4HT (Table 6). This 

also allowed us to identify E47 targets that may be associated with sensitivity 

and/or resistance to enforced E47-ER homodimerization. RNA-seq data analysis 
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revealed 830 genes were differentially expressed between 027-E47 and 027-

E47_4HT and 820 genes were differentially expressed between 080-E47 and 

080-E47_4HT with a corrected P-value less than 0.05. 
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Figure 14. Fractionation of E47 expressing T-ALL cell lines.   

Each Lmo2-induced T-ALL line was fractionated into cytoplasmic and nuclear fractions. The 

proteins were then separated by SDS-PAGE and blotted for either E47 or tubulin.  
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Figure 15. E47-ER protein levels. 

SDS-PAGE gels were blotted and labeled with infrared-dye labeled secondary antibodies 

for quantification using the Odyssey instrument. Graphs show quantification of E47-ER 

protein and standard error of mean for parental lines (007, 020, 027, 080) and stable lines 

(with E47-ER) with and without 4HT. The y-axis shows the intensity of infrared dye in K 

count.  
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Figure 16. E47 protein levels. 

SDS-PAGE gels were blotted and labeled with infrared-dye labeled secondary 

antibodies for quantification using the Odyssey instrument. Graphs show quantification 

of endogenous E47 protein and standard error of mean for parental lines (007, 020, 

027, 080) and stable lines (with E47-ER) with and without 4HT. The y-axis shows the 

intensity of infrared dye in K count.  
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Table 6. RNA-seq analysis of cell lines sensitive (080) and resistant (027) to 
E47-ER homodimerization. 

Values shown are reads per kilobase of gene per million reads (RPKMs). Fold 

change is the RPKM in E47_4HT divided by RPKM in the parental lines. The 

RPKMs of 027-E47_4HT And 080-E47_4HT were compared to generate P 

values which were corrected for multiple hypothesis testing.  
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Gene 027 
027 

+E47 

027 

+E47 

+4HT 

080 
080 

+E47 

080 

+E47 

+4HT 

027 

Fold 

080 

Fold 
P 

Rorc 8.83 10.47 46.83 67.96 137.47 296.75 5.30 4.37 0 

Gpr56 4.00 2.34 19.17 46.41 59.10 232.03 4.79 5.00 0 

Dhrs3 0.17 0.16 0.34 6.93 10.60 33.41 1.98 4.82 0 

Ptpre 3.69 2.97 15.21 1.94 2.07 8.72 4.13 4.49 ns 

Socs3 3.60 6.80 14.13 5.91 10.85 28.05 3.93 4.75 ns 

Hes1 68.13 84.25 89.60 86.98 79.80 99.06 1.32 1.14 ns 

Xbp1 63.19 51.87 114.16 20.14 23.59 89.72 1.81 4.45 ns 

Sell 146.66 58.62 23.07 37.84 8.61 1.71 0.16 0.05 3.17E-05 

Cdk6 8.30 10.39 4.83 40.91 34.75 20.25 0.58 0.49 0.000202 

Jund1 5.48 9.77 12.48 4.92 4.50 5.45 2.28 1.11 ns 

E2F4 106.34 106.85 169.67 66.65 76.60 142.67 1.60 2.14 ns 

Myc 93.28 113.12 68.88 141.58 142.05 104.76 0.74 0.74 ns 

Axin2 12.51 12.82 8.75 22.58 22.03 15.04 0.70 0.67 ns 

Casp3 49.44 48.61 46.91 75.02 42.59 33.55 0.95 0.45 ns 

Casp6 22.14 20.14 21.17 18.13 18.71 24.72 0.96 1.36 ns 

Bid 25.21 36.76 38.04 63.15 64.15 75.51 1.51 1.20 0.022 

Gadd45a 47.14 50.36 98.81 23.31 14.65 11.85 2.10 0.51 5.10E-11 

Gadd45b 0.86 0.97 2.80 0.16 0.12 0.18 3.27 1.13 0.0003 

Cdkn1a 6.36 14.27 25.26 25.42 9.27 34.82 3.97 1.37 ns 

Ccne1 20.20 21.76 48.01 12.47 3.26 9.39 2.38 0.75 1.38E-05 

Rb1 8.40 8.37 4.77 14.06 10.32 5.42 0.57 0.39 0.057 

Cyp11a 0.00 0.05 0.36 0.05 0.00 0.43 n/c 8.17 ns 

Plcg2 9.03 9.93 10.69 0.04 0.04 0.03 1.18 0.68 0 

Dgke 10.69 10.55 10.43 11.65 11.54 10.29 0.98 0.88 ns 

Cerk 8.47 10.34 12.98 10.22 20.97 36.83 1.53 3.60 1.40E-05 

Ets2 42.79 48.63 65.48 11.08 12.53 32.64 1.53 2.95 0.021 

Cd3e 196.58 181.08 210.60 158.37 170.44 243.32 1.07 1.54 ns 

Gfi1b 0.80 1.03 16.05 0.03 0.06 3.01 19.96 107.53 0.001965 

Gfi1  46.91 46.10 59.53 41.81 43.80 69.94 1.27 1.67 ns 

Gata3 60.01 62.01 33.15 147.97 124.04 43.43 0.55 0.29 ns 

Foxo1 31.54 33.88 29.69 11.60 13.10 17.68 0.94 1.52 ns 

Cd1d1 14.51 14.54 9.78 14.37 11.59 9.40 0.67 0.65 ns 

Id2 83.67 85.46 492.49 19.57 27.32 248.41 5.89 12.69 ns 

Rag2 27.48 22.95 21.51 27.35 33.94 57.96 0.78 2.12 0.027 

Rag1 91.24 83.49 95.22 89.96 96.59 250.49 1.04 2.78 0.005 

Id1 30.47 36.62 171.36 10.80 25.35 284.40 5.62 26.33 0 

Cd4 1.68 8.37 30.05 27.49 67.63 257.12 17.91 9.35 4.43E-12 
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In the 027-E47 cell line, 486 genes were downregulated upon enforced 

homodimerization with 4HT, while 334 genes were upregulated (Figure 17). This 

trend was different in the 080-E47 cell line where there were 377 upregulated 

genes and 453 downregulated genes upon enforced homodimerization. Between 

the 027-E47_4HT and 080-E47_4HT cell lines, there were 268 genes in 

common. We found that there were 561 genes differentially expressed in 080-

E47_4HT and not in 027-E47_4HT. This led us to hypothesize that of those 561 

genes, some may account for the growth arrest phenotype seen in 080-E47_4HT 

cells.  

 To test this hypothesis, we narrowed down the list of genes using pathway 

analysis by Ingenuity on the genes differentially expressed between 027-E47 and 

027-E47_4HT and 080-E47 and 080-E47_4HT. The key upstream regulators for 

the 027 cells were Tp53, IL2, Tgfb1, Myc and E47 (Tcf3), while the key 

regulators in 080 cells were TCR, IL2, Tp53 and E47. E47 was identified as the 

upstream driver of gene expression in both cell lines; confirming that our pathway 

analysis was accurate. Pathway analysis revealed that the top canonical 

pathways in 027 cells were Molecular Mechanisms of Cancer (P=1.19E-9), and 

GADD45 signaling (P=1.98E-8) and more (Table 7). The top canonical pathways 

in 080 cells were Glioblastoma multiforme signaling (P=3.01E-6), Granzyme A 

signaling (P-3.68E-6), PTEN signaling (P=8.68E-6) and more (Table 8).   

 The Glioblastoma multiforme signaling pathway contains many of the 

same genes that are also present in the PI3K/AKT pathway. These genes 

include but are not limited to PIK3CG and PIK3CD (Table 9) which are also in the 
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PTEN pathway (Table 10). Previous studies have not shown these two genes as 

targets of E47; however, the mRNAs for both genes were repressed upon 

enforced homodimerization of E47 in 080  



62 
 

  

551 268 561 

080 E47_4HT 
 

377 downregulated 

453 upregulated 

027 E47_4HT 
 

486 downregulated 

377 upregulated 

P<0.0001 

Figure 17. Venn diagram of global gene expression changes in Lmo2-induced 
T-ALLs resistant and sensitive to E47-ER’s effects. 

Gene expression was compared in 027-E47 and 080-E47 cell lines after treatment 

with 4HT. The Venn diagram shows the number of genes statistically upregulated or 

downregulated after 4HT treatment.  The distribution of genes was compared 

between parental lines by Chi-square analysis generating a P-value less than 

0.0001. The Venn diagram also shows the number of genes differentially and 

similarly expressed between 027-E47_4HT and 080-E47_4HT cell lines. 
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Table 7. Top canonical pathways for 027 cell line.  

 

 

  

Ingenuity Canonical Pathways for 027  -log(p-value) Ratio 

Molecular Mechanisms of Cancer 8.93E+00 1.01E-01 

GADD45 Signaling 7.71E+00 3.75E-01 

Estrogen-mediated S-phase Entry 6.88E+00 3.21E-01 

Cell Cycle: G1/S Checkpoint Regulation 6.81E+00 1.94E-01 

Antiproliferative Role of TOB in T Cell Signaling 5.43E+00 3.08E-01 

Factors Promoting Cardiogenesis in Vertebrates 5.17E+00 1.41E-01 

Cyclins and Cell Cycle Regulation 5.00E+00 1.35E-01 

Protein Kinase A Signaling 4.91E+00 8.07E-02 

Chronic Myeloid Leukemia Signaling 4.88E+00 1.32E-01 

Glioma Signaling 4.18E+00 1.15E-01 

Aryl Hydrocarbon Receptor Signaling 4.03E+00 9.36E-02 

HER-2 Signaling in Breast Cancer 3.85E+00 1.34E-01 

Breast Cancer Regulation by Stathmin1 3.79E+00 8.88E-02 

Glioblastoma Multiforme Signaling 3.78E+00 9.52E-02 

Cell Cycle: G2/M DNA Damage Checkpoint Regulation 3.64E+00 1.63E-01 

NF-ÎºB Activation by Viruses 3.30E+00 1.20E-01 

Phospholipase C Signaling 3.15E+00 7.55E-02 

Pancreatic Adenocarcinoma Signaling 3.09E+00 9.38E-02 

Mouse Embryonic Stem Cell Pluripotency 3.00E+00 1.11E-01 

T Helper Cell Differentiation 2.91E+00 1.25E-01 

PEDF Signaling 2.82E+00 1.14E-01 

Regulation of the Epithelial-Mesenchymal Transition Pathway 2.79E+00 8.16E-02 

TGF-Î² Signaling 2.75E+00 1.06E-01 

LPS-stimulated MAPK Signaling 2.74E+00 1.08E-01 

Cell Cycle Regulation by BTG Family Proteins 2.71E+00 1.54E-01 

ATM Signaling 2.71E+00 1.21E-01 

Acute Myeloid Leukemia Signaling 2.58E+00 1.07E-01 
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Table 8. Top canonical pathways for 080 cell line. 

 

  

Ingenuity Canonical Pathways for 32080  -log(p-value) Ratio 

Glioblastoma Multiforme Signaling 5.52E+00 1.13E-01 

Granzyme A Signaling 5.43E+00 3.50E-01 

Cell Cycle: G1/S Checkpoint Regulation 5.22E+00 1.67E-01 

PTEN Signaling 5.06E+00 1.16E-01 

T Helper Cell Differentiation 5.01E+00 1.67E-01 

Chronic Myeloid Leukemia Signaling 4.93E+00 1.32E-01 

Small Cell Lung Cancer Signaling 4.88E+00 1.28E-01 

Estrogen-mediated S-phase Entry 4.67E+00 2.50E-01 

HER-2 Signaling in Breast Cancer 4.57E+00 1.46E-01 

Lymphotoxin Î² Receptor Signaling 4.52E+00 1.61E-01 

UVA-Induced MAPK Signaling 4.43E+00 1.33E-01 

Thrombin Signaling 4.40E+00 9.48E-02 

Breast Cancer Regulation by Stathmin1 4.33E+00 9.35E-02 

Glioma Signaling 4.23E+00 1.15E-01 

Protein Kinase A Signaling 4.22E+00 7.58E-02 

T Cell Receptor Signaling 4.13E+00 1.19E-01 

Aryl Hydrocarbon Receptor Signaling 4.08E+00 9.36E-02 

Prolactin Signaling 4.05E+00 1.31E-01 

ILK Signaling 4.03E+00 9.27E-02 

PI3K Signaling in B Lymphocytes 3.99E+00 1.05E-01 

Telomerase Signaling 3.95E+00 1.23E-01 

Non-Small Cell Lung Cancer Signaling 3.81E+00 1.20E-01 

Calcium Signaling 3.76E+00 8.29E-02 

Cyclins and Cell Cycle Regulation 3.68E+00 1.15E-01 

Prostate Cancer Signaling 3.54E+00 1.07E-01 

Cell Cycle Regulation by BTG Family Proteins 3.54E+00 1.79E-01 

Neuropathic Pain Signaling In Dorsal Horn Neurons 3.40E+00 1.10E-01 
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Table 9. Glioblastoma multiforme signaling was a top canonical pathway 
enriched in 080-E47 cells treated with 4-hydroxytamoxifen by Ingenuity 
pathway analysis. 

  

Symbol Ensembl Log Ratio p-value False 

Discovery 

Rate (q-

value) 

Networks 

PDGFRB ENSMUSG00000024620 -1.350 1.73E-06 7.06E-05 10 

PLCL1 ENSMUSG00000038349 -1.333 6.88E-04 1.27E-02 7 

PLCL2 ENSMUSG00000038910 -1.298 6.73E-04 1.25E-02 7 

CCND1 ENSMUSG00000070348 -0.984 2.11E-04 4.75E-03 6 

PIK3CG ENSMUSG00000020573 -0.882 2.47E-03 3.74E-02 20 

CDK6 ENSMUSG00000040274 -0.855 3.12E-06 1.17E-04 5 

PIK3CD ENSMUSG00000039936 -0.642 2.34E-04 5.12E-03 4 

MYC ENSMUSG00000022346 -0.526 2.51E-04 5.43E-03 1 

FNBP1 ENSMUSG00000075415 -0.373 3.43E-03 4.89E-02 8 

CTNNB1 ENSMUSG00000006932 0.495 6.12E-10 4.53E-08 11 

PLCB2 ENSMUSG00000040061 0.602 2.08E-05 6.26E-04 18 

CDKN1B ENSMUSG00000003031 0.798 2.04E-05 6.17E-04 6 

RND2 ENSMUSG00000001313 0.883 3.36E-06 1.25E-04 14 

ITPR1 ENSMUSG00000030102 1.018 4.38E-04 8.77E-03  

PIK3R5 ENSMUSG00000020901 1.373 3.30E-10 2.57E-08 20 

CCNE1 ENSMUSG00000002068 1.472 7.96E-07 3.45E-05 8 

E2F2 ENSMUSG00000018983 1.567 1.58E-11 1.55E-09 12 

EGFR ENSMUSG00000020122 1.738 7.39E-04 1.35E-02 4 

CDKN1A ENSMUSG00000023067 1.937 4.53E-14 6.62E-12 9 
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Table 10. Genes within PTEN signaling pathway that were differentially 
expressed in 080- E47 after 4-HT treatment are shown. 

  

Symbol Ensembl Log 

Ratio 

p-value False 

Discovery 

Rate  

(q-value) 

Networks 

PDGFRB ENSMUSG00000024620 -1.350 1.73E-06 7.06E-05 10 

CCND1 ENSMUSG00000070348 -0.984 2.11E-04 4.75E-03 6 

PIK3CG ENSMUSG00000020573 -0.882 2.47E-03 3.74E-02 20 

FOXO3 ENSMUSG00000048756 -0.787 9.37E-04 1.66E-02 9 

PIK3CD ENSMUSG00000039936 -0.642 2.34E-04 5.12E-03 4 

PDPK1 ENSMUSG00000024122 0.613 1.83E-03 2.88E-02 9 

RPS6KB2 ENSMUSG00000024830 0.636 2.50E-03 3.77E-02 9 

CDKN1B ENSMUSG00000003031 0.798 2.04E-05 6.17E-04 6 

BCL2L11 ENSMUSG00000027381 0.835 6.84E-08 3.62E-06 16 

GSK3A ENSMUSG00000057177 0.897 1.51E-03 2.46E-02  

DDR1 ENSMUSG00000003534 1.143 0.00E00 0.00E00 23 

PIK3R5 ENSMUSG00000020901 1.373 3.30E-10 2.57E-08 20 

NTRK3 ENSMUSG00000059146 1.431 3.35E-04 6.99E-03 4 

EGFR ENSMUSG00000020122 1.738 7.39E-04 1.35E-02 4 

CDKN1A ENSMUSG00000023067 1.937 4.53E-14 6.62E-12 9 

BCL2L1 ENSMUSG00000007659 2.042 0.00E00 0.00E00 11 
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cells (1.53- and 1.56 fold respectively). Remarkably, the Pik3cg and Pik3cd 

enzymes have been targets of kinase inhibitors in various cancer types including 

T-ALL and chronic lymphocytic leukemia (CLL)135-137. We believe the Granzyme 

A pathway was significantly enriched  in 080 cells due to the downregulation of 

the Histone 1 cluster in this cell line (Table 11).    

 One top canonical pathway of both 027 and 080 cell lines was the cell 

cycle G1/S checkpoint (Table 7 and Table 8). Ccne1 is responsible for the G1/S 

transition. Due to the arrest seen in the G1 S transition, we hypothesized that 

there would be a decrease of Ccne1 mRNA in the lines that underwent growth 

arrest upon E47 homodimerization. Cdkn1b is important for inhibiting the function 

of cyclins important for the G1/S transition, therefore we hypothesized that there 

will be an increase in Cdkn1b transcripts in the lines that underwent growth arrest 

upon E47 homodimerization. As expected the 027-E47-4HT cells showed a 2.4 

fold increase in Ccne1 mRNA while the 080-E47_4HT cell line showed a 1.3 fold 

decrease in Ccne1 mRNA. Likewise, Cdkn1b mRNA was decreased 1.3 fold in 

027-E47_4HT cells but showed a 1.6 fold mRNA increase in 080-E47_4HT cells.    
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Table 11. The Granzyme A signaling pathway was enriched in 080-E47. 

 

  

Symbol Ensembl Log Ratio p-value 

False 

Discovery 

Rate  

(q-value) 

Networks 

HIST1H1B ENSMUSG00000058773 -2.959 8.56E-06 2.88E-04 22 

HIST1H1E ENSMUSG00000051627 -2.638 1.06E-08 6.47E-07 22 

GZMA ENSMUSG00000023132 -2.159 4.77E-13 5.94E-11 17 

HIST1H1A ENSMUSG00000049539 -2.087 8.92E-07 3.79E-05 12 

HIST1H1D ENSMUSG00000052565 -2.002 2.04E-06 8.13E-05 22 

APEX1 ENSMUSG00000035960 -0.455 2.18E-04 4.85E-03 12 

H1F0 ENSMUSG00000096210 0.847 2.73E-03 4.06E-02 22 
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Discussion 

 Both human T-ALL studies and mouse models of T-ALL suggest that 

LMO2 and its paralogs are responsible for inducing T-ALL via a functional defect 

of E2A proteins, E12 and E47. E47-/- mice spontaneously develop T-ALL and 

upon rescue of E47, cells undergo apoptosis. We predicted that if Lmo2 induced 

a functional deficiency of E47, then enforced expression should cause similar 

effects observed in rescued E47-/- T-ALL cells. E47 expression was enforced 

using an E47-ER fusion protein allowing homodimerization to be induced using 

4HT. Stable Lmo2 induced T-ALL cell lines expressing E47-ER were established 

and grew similar to their parental counterparts. Upon E47-ER homodimerization 

using 4HT, two cell lines underwent growth arrest while two cell lines continued 

to grow similar to their parental lines, unresponsive to E47 homodimerization. We 

were able to determine that the growth arrest was in the G1S transition of the 

cell cycle using BrdU labelling. Surprisingly, apoptosis was only induced in one of 

four cell lines (080) upon E47-ER homodimerization. We also found that the CD4 

gene was activated in all the cell lines independent of the growth arrest seen with 

E47-ER homodimerization. These data suggest that apoptosis is not a prominent 

cellular pathway employed by E47 in Lmo2-induced T-ALLs.  

 In our studies we assessed the cellular distribution of E47-ER in all four 

cell lines and found that there was no difference in E47-ER distribution between 

the cell lines sensitive to inhibitory growth effects versus the cell lines that were 

resistant. Using RNA-seq we analyzed global gene expression in one cell line 

that was resistant (027) to E47-induced growth inhibitory effects and a cell line 



70 
 

that was sensitive (080) to E47-induced growth inhibitory effects. Gene 

expression analysis revealed striking similarities and differences between the two 

cell lines. Upon E47 homodimerization in 027 cells there were more genes 

downregulated compared to 080-E47 cells. One explanation for this trend is that 

080 cells are lacking co-repressors that are necessary for gene expression 

regulation. For instance, the 080 cell line lacked the myeloid translocation gene 

16(Mtg16), a component of the Lmo2 complex, while it was present in the 027 

cell line. Mtg16 binds both E2A proteins and in instances of Mtg16 loss there 

may be a disruption in protein balance that may result in the regulation of 

transcription targets. Although Mtg16 is required for normal T-cell development, it 

does not seem to be required for the development of Lmo2-induced T-ALL 

because of its absence in 080 cells. To determine whether the lack of Mtg16 in 

080 cell lines played a role in E47-homodimerization growth arrest, we tried to 

express Mtg16 in 080-E47 cells. Unfortunately, coexpression of E47-ER and 

Mtg16, using retroviral transductions, was not achieved which may suggest that 

they may work together to induce growth arrest in T-ALL cells. On the other 

hand, validated targets that are repressed by E47 were effectively downregulated 

in 080 cell lines upon E47 homodimerization. This would suggest that Mtg16 is 

not a vital co-repressor for these targets. Instead, Mtg16 function may be 

compensated for by another protein such as myeloid translocation gene, related-

1 (Mtgr1) which was present in both cell lines.  

 Gene expression analysis also revealed similar patterns in the induction 

and repression of genes involved in the G1 S phase transition. We found that 
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in both cell lines the G1/S checkpoint pathway was a significant pathway 

regulated by E47 in both cell lines. An explanation for this similarity in gene 

expression and difference in growth inhibitory effect of E47 in 080 cells may be 

post-transcriptional. One main example is that CD4 mRNA was upregulated in 

both cell lines but the level of protein expression was different.  

 One intriguing observation we made was that the two cell lines (020 and 

080) that were sensitive to E47 homodimerization inhibitor effects are more 

mature than the cell lines that were resistant. One explanation for this finding is 

that the E47 targets may have different chromatin states based on the 

differentiation state of the cell line. Although the molecular basis for E47-induced 

growth arrest is still unclear, our results show that E47 deficiency is not a 

universal feature of Lmo2-induced T-ALL. This finding supports an important role 

for Lmo2 in transcriptional regulation and argues for further analysis of its 

chromatin occupancy and its binding partners in T-ALL.   
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CHAPTER IV 

Hhex plays a role in T-ALL development 

Background and Significance 

 The deregulation of homeodomain transcription factor expression has 

been a common characteristic of many neoplasms138-140. Homeodomain genes 

are often targets of retrovirus-induced hematological malignancies141,142. The 

oncogenic potential of many of these genes has been assessed through 

insertional mutagenesis studies; which have been crucial for identifying genes 

involved in the induction of hematological malignancies.  One such gene 

identified is the homeodomain transcription factor hematopoietically expressed 

homeodomain (Hhex) which when misexpressed, can induce the onset of 

hematological malignancies71.  

 Lmo2-associated complexes occupy the promoter and enhancer of Hhex. 

Gene expression analysis of both human T-ALL and CD2-Lmo2 transgenic 

mouse models revealed that Lmo2 is expressed in two mutually exclusive 

profiles, one of which includes Hhex104. Hhex is a direct target of Lmo2 in which 

Lmo2 occupies the Hhex promoter and enhancer104. Lmo2, Lyl1 and Hhex are all 

upregulated in a very difficult to treat subset of T-ALL known as ETP-ALL. T-ALL 

patients with Hhex overexpression have a significantly worse prognosis.  

Results 

Enforced Hhex expression in T-cells results in differentiation block 

 To assess the ability of Hhex to induce T-ALL independent of Lmo2, we 

retrovirally transduced double negative thymocytes from WT mice with either 
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mouse stem cell virus ires GFP-Hhex (MIG-Hhex) or empty MIG virus. 

Thymocytes were co-cultured on OP9-DL1 stromal cells with cytokines Fl3L and 

IL-7121. Retrovirus expression was assessed weekly by flow cytometry for GFP. 

We found that GFP was higher in the group that received Hhex versus the group 

that received empty MIG vector (Figure 18). This would suggest that MIG-Hhex 

provides thymocytes with a growth advantage. We also consistently observed an 

accumulation of double negative (DN) cells in the cultures that received MIG-

Hhex, while the MIG only (data not shown) and untransduced WT cultures were 

able to differentiate to double positive (DP) cells (Figure 19). DN thymocytes can 

be further divided into four subpopulations (DN1-4) based on CD44 and CD25 

expression143. Further analysis into the differentiation of these cells revealed that 

the MIG-Hhex cells were blocked at the DN2 stage of T-cell development (Figure 

20).  Surprisingly, while these cells were T-cells the MIG-Hhex population had 

high B220 antigen, a marker of B cells (Figure 21). 

Loss of Hhex attenuates Lmo2-induced T-ALL  

 In order to analyze the role of Hhex in the development of Lmo2-induced 

T-ALL, we bred Hhex lox/lox and Hhex cKO mice to CD2-Lmo2 transgenic mice; 

which are known to spontaneously develop T-ALL. We found that there was a 

significant difference between T-ALL onset in CD2-Lmo2 transgenic and CD2-

Lmo2;Hhex cKO. While all CD2 Lmo2 transgenic mice developed T-ALL, only 3 

out of 16 CD2-Lmo2; Hhex cKO mice developed T-ALL (Figure 22). At steady 

state Hhex cKO mice had normal thymic cellularity and phenotype.   
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We performed PCR analysis to determine knockout efficiency of Hhex in 

the three tumors that developed in the CD2-Lmo2; Hhex cKO mice. We found 

that one tumor sample showed incomplete knockout of Hhex while the other two 

showed complete knockout of Hhex (Figure 24). This data suggests that Hhex 

plays a crucial role in the development of Lmo2-induced T-ALL.  
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Figure 18. GFP expression in thymocytes transduced with MIG-Hhex or empty 
vector.  

Double negative thymocytes were transduced with either MIG-Hhex or empty vector and 

plated on OP9-DL1 cells in the presence of cytokines. Every 7 days cells were tested for 

GFP using flow cytometry.  The x-axis shows the number of times each group was 

passaged and the y-axis shows the proportion of cells that were GFP positive.  
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Figure 19. MIG-Hhex cells accumulate at the DN stage of differentiation. 

Double negative thymocytes were transduced with either MIG-Hhex or empty 

vector and plated on OP9-DL1 cells in the presence of cytokines. Every 7 days 

cells were analyzed for CD4 and CD8 using flow cytometry. Cells transduced 

with retrovirus was gated on GFP and then analyzed for CD4 and CD8 

expression. *, P ≤ 0.05; **, P ≤ 0.01; ***, P ≤ 0.001; ****, P ≤ 0.0001 
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Figure 20. Enforced Hhex expression results in an accumulation of DN2 
block cells. 

Double negative thymocytes were subtyped, by flow cytometry, for DN1-4 

using CD44 and CD25 staining. Bar graphs show percent of cells per 

subtype. *, P ≤ 0.05; **, P ≤ 0.01; ***, P ≤ 0.001; ****, P ≤ 0.0001 
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Figure 21. Hhex expression results in increased B220 expression. 

Double negative thymocytes were assessed for B220 expression using 

flow cytometry. Bar graphs show percent of cells that were B220 positive. 

***, P ≤ 0.001;  
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Figure 22. Loss of Hhex attenuates Lmo2 induced T-ALL.  

Graph shows survival analysis of Lmo2/Hhex cKO and Lmo2/Lmo2lox/lox mice (n=16 

per genotype). The median survival of Hhex lox/lox mice was 306 days. P-value 

represents the comparison of survival by Log-rank test. 
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Figure 23. Genotyping of T-ALL tumors. 

Genomic DNA was prepared from T-ALL thymic tumors from Lmo2/Hhexlox/lox (n=3) 

and Lmo2/Hhex cKO (n=2) mice.  
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Discussion  

 We demonstrated that Hhex enforced expression in thymic progenitors 

resulted in a differentiation block similar to Lmo2.  This would suggest that Hhex 

may be functioning downstream of Lmo2. We showed that Hhex expressing 

thymocytes show impaired development at the DN2 stage of differentiation in 

vitro. These cells were also able to survive longer in culture than WT cells. Little 

is known about the mechanism by which Hhex induces T-ALL. To further 

understand the role Hhex is playing in vitro T-cell differentiation we will assess 

proliferation and quiescence of Hhex overexpressing thymocytes versus WT 

thymocytes using BrdU labelling and Hoechst 33342 and pyronin Y staining. 

In vitro, Hhex is able to induce T-ALL after bone marrow transduction and 

transplant. Using various Hhex point mutations we can elucidate the 

structure/function mechanism behind Hhex induction of T-ALL. We predict that 

the DNA binding activity of Hhex will be important for T-ALL induction.   

Although the mechanism for how Lmo2 leads to Hhex activation is still 

unknown, we found that Hhex is important for the oncogenic activity of Lmo2; as 

demonstrated by the difference in T-ALL latency in CD2-Lmo2 transgenic mice 

when Hhex was deleted versus when Hhex was expressed. This was also 

demonstrated by the incomplete loss of Hhex in one T-ALL developed in CD2-

Lmo2; Hhex cKO mouse. Further analysis of CD2;Hhex lox/lox T-ALL cells can 

yield valuable information needed to understand whether Hhex is also required 

for the maintenance of T-ALL by using Cre to knockdown Hhex in these tumor 

cells. We predict that Hhex is also required to maintain Lmo2-induced T-ALL 
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therefore knockdown of Hhex in these tumor cell lines will result in the inability of 

these cells to proliferate similarly to their parental counterparts.   
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CHAPTER V 

Hhex is required for B cell development 

Background and Significance  

Hematopoietically expressed homeobox protein (Hex or Hhex), also 

known as proline- rich homeodomain (PRH) protein is a transcription factor that 

contains a well characterized DNA binding homeodomain. Hhex has both 

repressive and activating effects on   transcription via direct and indirect 

mechanisms53,54,58-66.  Hhex is a transcription factor that has an important role in 

embryonic development and hematopoiesis54,64,26. Hhex regulates embryonic 

development transcriptionally and post transcriptionally 64 and is important for cell 

proliferation. Hhex can directly bind to the promoter sites and intronic regions of 

genes and cause transcriptional repression by recruitment of Groucho/TLE family 

co-repressor proteins54. Hhex may also repress transcription by competing with 

TATA Binding Protein (TBP) at TATA boxes64. Hhex can activate transcription by 

directly binding to promoters and forming complexes with other DNA binding 

proteins to activate transcription such as at the NTCP promoter56,57.  

The role of Hhex in specific hematological malignancies has been 

previously studied.  Hhex is a common integration site in retroviral insertional 

mutagenesis studies and it induces T-ALL in bone marrow transduction and 

transplantation mouse models71. HHEX is hypothesized to be a tumor suppressor 

gene in acute myeloid leukemia (AML) based on an unusual post-transcriptional 

regulation by repressing mRNA transport and translation of CCND1 by disrupting 

the activity of the eukaryotic initiation factor 4E (eIF-4E)73.  
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Data from the Immunological Genome Project revealed that Hhex 

expression is  

observed in many hematopoietic lineages. Hhex expression is highest in 

hematopoietic stem and progenitor, myeloid and developing B cells. Hhex 

expression is also high in ETP cells and double negative T-cell progenitors but is 

not expressed in subsequent T-cell differentiation stages. Knockout of Hhex 

results in embryonic lethality at embryonic stage E10.567,68. Due to embryonic 

lethality, little is known about the role of Hhex in normal adult hematopoiesis. To 

study the role of Hhex in adult hematopoiesis, we created Hhex cKO mice and 

characterized the role of Hhex in normal adult hematopoiesis. Using flow 

cytometry we quantified lymphoid and myeloid mature lineages.  

Results 

Hhex conditional knockout mice show reduced bone marrow and splenic 

cellularity 

 In order to study the role of Hhex in adult hematopoiesis we created Hhex 

cKO mice by crossing mice with lox P sites flanking Hhex exons 2-4 (Hhex lox/lox) 

to Vav-iCre transgenic mice.  When Vav-iCre mice are bred to mice containing 

lox P sites flanking a gene of interest, Cre-mediated recombination results in the 

deletion of the gene in the entire hematopoietic compartment of the 

offspring144,145. Deletion via Cre-mediated recombination occurs around E12.5; 

which is consistent with vav itself being undetectable prior to E11.5146,147. These 

Hhex cKO mice were viable and born in normal litter sizes. PCR analysis of 

genomic DNA taken from bone marrow, spleen and thymus revealed highly 
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efficient knockout of the Hhex gene, with no presence of the floxed alleles 

(Figure 24). Peripheral blood counts were performed on WT and Hhex cKO mice.  

  



86 
 

  

cKO

flox

fl/fl cKO fl/fl cKO fl/fl cKO

1 2 3 4 5 6 7 8 9 10 11 12 13 14 15 16 17 18 19 20 21 22

Figure 24. Knockout efficiency in Hhex cKO mice. 

PCR genotyping of bone marrow, spleen and thymus cells taken from WT and Hhex 

cKO mice. Genotyping for splenocytes was carried out in both B220+(lanes 

6,8,10,12,14,and 16) and B220-(lanes 7,9,11,13,15,and 17) splenocytes. 
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Figure 25. Hhex cKO mice show normal blood counts at steady state. 

Peripheral blood cells and hemoglobin were analyzed by an automated Hemavet (cell 

counter) machine for WT (n=5) and Hhex cKO (n=6) mice at steady state. Bar graphs 

show the means ± SEM for RBC, red blood cells; WBC, white blood cells; Hb, 

Hemoglobin; PLT, platelets; NE, neutrophils; and, LY, lymphocytes. White bars are WT 

and black bars are Hhex cKO samples. 
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We determined that Hhex cKO mice had normal peripheral blood counts (Figure 

25). Next we investigated total cellularity of the bone marrow, spleen and thymus 

of Hhex cKO mice. We found that while Hhex cKO mice showed normal 

cellularity in their thymi, there was a significant reduction in bone marrow and 

spleen cellularity; this defect in cellularity was seen in both young and adult Hhex 

cKO mice (Figure 26).   

Hhex cKO mice have markedly reduced numbers of B cells  

 Flow cytometry analysis using lineage specific antibodies confirmed all 

hematopoietic lineages were present in Hhex cKO mice (Figure 27, Figure 28, 

and Figure 29), but there was a significant reduction in B cells in both the bone 

marrow and the spleen (Figure 30). Gross dissection of the spleen revealed that 

Hhex cKO mice had smaller spleens with distorted architecture (Figure 31). 

Immunohistochemical staining revealed that the spleens of Hhex cKO mice had 

T cells (CD3+) but significantly reduced B cells (B220+) (Figure 31).  

 Next, we wanted to determine at what stage of B-cell development Hhex 

was necessary. We used flow cytometry to analyze immature and mature B-cell 

subsets of the bone marrow and the spleen using previously described B cell 

markers (Figure 32 and Figure 33). Hhex cKO mice had reduced numbers at all 

stages of B-cell differentiation from as early as the pro-B stage to as late as the 

recirculating B cell (Figure 34). We quantified the IL7R on pro-B cells and 

showed significantly reduced levels in Hhex cKO mice compared to WT mice. 

This was expected because the number of pro-B cells were markedly reduced; 

however, the mean fluorescent intensity was significantly higher in Hhex cKO 
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pro-B cells compared to WT (Figure 35). This would suggest that these pro-B 

cells may have more IL7R molecules on their surface when compared to WT. We 

then looked at V-D-J recombination in splenic B220+ and B220- cells (Figure 36).  
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Figure 27. Comparison of T cells in WT and Hhex cKO mice.  

Representative flow cytometry plots are shown for CD4 and CD8 stained cells in the 

bone marrow, spleens and thymi isolated from WT and Hhex cKO mice. The bottom 

panels shows bar graphs representing the proportions and absolute numbers of each T-

cell population. Total cells were calculated based on the total number of cells multiplied 

by the percentage of each population and represented as mean ± SEM, n=9-10 for WT 

and cKO. P-values were generated by student’s t-test.  
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Figure 28. Comparison of macrophages and granulocytes in WT and Hhex cKO 
mice. 

Representative flow cytometry plots for Mac-1 (or CD11b) and Gr-1 are shown for 

stained cells from the bone marrow and spleen of WT and Hhex cKO mice.  Bar graphs 

show the proportions and absolute number of each myeloid population in the bone 

marrow, and spleen. Total cells were calculated based on the total number of cells 

multiplied by the percentage of each population and represented as means ± SEM, n=9-

10. P-values were generated by student t-test.  
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Figure 29. Comparison of erythroid progenitors in WT and Hhex cKO mice. 

Histograms show flow cytometry analysis for Ter119 staining done on bone 

marrow and spleen cells isolated from WT and Hhex cKO mice. Bar graphs 

show the proportion and absolute number of erythroid cells in the bone marrow 

and spleen. Total cells were calculated based on the total number of cells 

multiplied by the percentage of each population and represented as means ± 

SEM, n=9-10. P values were generated by Student t-test.   



97 
 

  WT cKO

C
D

1
9

B220

B22
0-

/C
D19

+

B22
0+

/C
D1

9+

B
22

0+
/C

D19
-

0

5

10

15

20

%
liv

e
c

e
lls

****

****
**

B22
0-
/C

D
19

+

B
22

0+
/C

D
19

+

B22
0+

/C
D19

-

0

2×10 6

4×10 6

6×10 6

T
o
ta

l
ce

ll
s

*

**

***

BM

WT
cKO

B
22

0-
/C

D19
+

B
22

0+
/C

D1
9+

B
22

0+
/C

D1
9-

0

20

40

60

%
liv

e
c
e
lls

****

****

****

B
22

0-
/C

D
19

+

B
22

0+
/C

D
19

+

B
22

0+
/C

D
19

0
2.5×104
5.0×104

5.5×105
1.6×106

4.0×106
1.4×107
2.4×107
3.4×107

T
o

ta
l

c
e

ll
s

***

**

Spleen

A 

B 

C 



98 
 

  

Figure 30. Loss of Hhex results in B-cell defects.  

(A) Representative FACS plots for B220 and CD19 for bone marrow and spleen 

cells isolated from WT and Hhex cKO mice. (B) Bar graphs show mean (± SEM, 

n=9) proportions (% live cells) and absolute numbers of B cells in the bone 

marrow. Absolute numbers were calculated based on the total number of cells 

multiplied by the percentage of each population. (C) Bar graphs show mean (± 

SEM, n=8) proportions (% live cells) and absolute numbers of B cells in the bone 

marrow. Calculation was same as for BM. 
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WT cKO

H&E

anti-B220

anti-CD3

Figure 31. Immunohistochemical analysis of spleens.  

Sections were stained with H&E (hematoxylin and eosin), 

anti-B220 or anti-CD3 antibodies. 
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cKO

WT

Figure 35. Mean fluorescent intensity of IL7R on pro B cells. 

Histogram depicting the mean fluorescence intensity (MFI) of IL7R staining in the bone 

marrow of WT and Hhex cKO mice.  Graph representing MFI of IL7R in bone marrow of 

WT and Hhex cKO mice. Bars represent mean of n=9. P value was generated by 

Student t test. 
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Figure 36. IgH recombination in splenic cells.  

Nested PCR analysis of DJ recombination was used to amplify four possible 

junctions between D-Q25 and JH regions from genomic DNA. IgH rearrangement 

was analyzed in B220+ (odd lanes) and B220- (even lanes) sorted splenocytes from 

WT and Hhex cKO mice. Both Hhex cKO and WT gDNA showed the same pattern 

of DJ recombination.  
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While V-D-J recombination occurs in Hhex cKO cells, the bands were fainter than 

WT which may be due to fewer cKO cells. These data suggest that Hhex cKO 

mice are able to produce major B cells but at numbers well below WT mice.  

To further determine at what stage is Hhex important for B cell 

development we performed an OP9-GFP assay to differentiate lineage- sca1+ c-

kit+ (LSKs) cells to B cells in vitro. We found that LSKs plated on OP9-GFPs had 

a proliferation defect when compared to WT cells (Figure 37A). Flow cytometry 

analysis, looking at the B cell markers CD19 and B220, one week post plating 

revealed that Hhex cKO LSKs were also unable to differentiate into B cells in 

vitro (Figure 37B). Next, we used flow cytometry to determine whether Hhex cKO 

LSKs were differentiating to myeloid cells instead by assessing the antigens Gr1 

and Mac1. We were able to determine that there were no more myeloid cells 

present in Hhex cKO cultures when compared to WT cultures (Figure 37C). 

While there was less proliferation in Hhex cKO cultures, surprisingly, Hhex cKO 

cultures did not show an increase in cell death (Figure 37D). RNA-seq analysis 

was carried out on samples prior to plating and one week post plating and we 

found  that WT cells turned on a B-cell specific transcriptional program, 

consisting of genes such as Blk, Cd19, Ebf1, Vpreb1-3 and Clec7a, while Hhex 

cKO cells were unable to upregulate these same genes (Figure 38). Taken 

together, these data suggest that Hhex is important for the earliest stages of B 

cell development.  
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Figure 37. Hhex LSKs are unable to proliferate and differentiate. 

(A) Graph shows fold change versus passage number for WT and Hhex cKO cells 

plated on irradiated OP9-GFP stromal cells. (B) 7 days after the initiation of culture, the 

remaining cells were stained for B220 and CD19. Bar graphs represent percentage of B 

cell populations. Values are means ± SEM. (C) 7 days after the initiation of culture, the 

remaining cells were stained for CD11b and Gr1. Bar graphs represent myeloid 

populations. Values are means ± SEM. (D) Apoptosis was measured by flow cytometry 

7 days after the initiation of culture, using Annexin V and PI. Bar graphs represent 

percentage of populations. Values are means ± SEM. 
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Discussion  

 Our data show a defect in bone marrow and splenic development in Hhex 

cKO mice. Further dissection of these organs revealed a profound defect in B cell 

development. Our data show that loss of Hhex results in impaired B-cell 

development in the bone marrow and spleen of Hhex cKO mice. Hhex cKO mice 

have markedly reduced absolute numbers of the earliest B-cell progenitors, pro-B 

cells. This would suggest a defect in B-cell commitment. The data obtained from 

the in vitro OP9 assay were consistent with our in vivo assay, by demonstrating 

an impaired proliferation and commitment of LSK cells to B cells. The intense 

loss of B cell progenitors and mature B cells at steady state implicated Hhex in 

the development of the B cell lineage at an early point of commitment (i.e. MPP, 

LMPP or CLP) to pro-B cells.  

 Hhex has been implicated in embryonic development60,67,148-153; however, 

little is known about Hhex regulated target genes. Mechanistically, the defect in 

B-cell development can be traced to changes in gene expression patterns that 

are associated with B-cell development. These genes include Blk, Cd19, Ebf1, 

Vpreb1-3 and Clec7a. Gene expression profiling identified a decrease in mRNA 

transcripts; providing a potential mechanism for how loss of Hhex affects B-cell 

development. Further studies will be required to determine the exact nature of 

regulation of these genes by Hhex.  

 Further studies to determine the transcript levels of lymphoid priming 

genes in Hhex overexpressing T-ALL samples may yield new targets for T-ALL 

treatment. We predict that there will be an increase in lymphoid priming genes in 
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ETP-ALL T-cells. These studies may also yield potential mechanisms for how 

Hhex affects T-ALL development.  
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CHAPTER VI 

Hhex is critical for normal stem cell function  

Background and Significance 

 In order to maintain homeostasis, the balance between hematopoietic 

stem cell (HSC) differentiation and self-renewal must be maintained154. HSCs are 

able to differentiate to form mature blood cells and at the same time they can 

replicate themselves, a process known as self-renewal.  Loss of this balance can 

negatively affect the viability of long-term stem cells and lead to bone marrow 

failure or the development of cancer. By identifying genes that control this 

balance we can study their role in tumorigenesis and use the information in 

clinical applications.  

 Homeobox proteins play a role in stem cell functions155. Overexpression of 

the homeobox proteins Hoxb434 and Hoxa9156 results in an expansion of stem 

cell pools. Additionally, gene expression data show that Hhex is expressed in 

hematopoietic stem and progenitor populations; suggesting Hhex may be 

important for stem cell function.  

Results 

Hhex cKO bone marrow is compromised in competitive repopulation of 

lethally irradiated host mice  

 Competitive repopulation bone marrow transplant experiments were 

performed to prove a cell-autonomous role for Hhex in B-cell development. First, 

Hhex cKO or WT B6.CD45.2 (donor) bone marrow was mixed with B6.CD45.1 

(host) congenic bone marrow at a ratio of 4:1, then injected into lethally irradiated 
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CD45.1 host mice (Figure 39).  We analyzed peripheral blood of host mice 3-9 

weeks after transplant, for CD45.1 and CD45.2 via flow cytometry. We found 

there were very few Hhex cKO donor cells in peripheral blood (Figure 40). To 

assess donor contributions to hematopoiesis we assessed host and donor 

contributions to blood cells 12 weeks post-transplant (Figure 41).  We found that 

while WT donor cells were able to contribute to the mononuclear cells of the 

bone marrow, spleen and thymus of host mice, Hhex cKO bone marrow 

contributed to the repopulation of the host mice at a reduced ratio than the input 

of 4:1 and the contribution to the spleen and thymi was minor (Figure 41). Upon 

rescue with WT Hhex, the donor contribution of Hhex cKO increased in the 

thymus of host mice. 

Next, Hhex cKO or WT B6.CD45.2 (donor) bone marrow was mixed with 

B6.CD45.1 (host) congenic bone marrow at a ratio of 6:1, then injected into 

lethally irradiated CD45.1 host mice (Figure 42).  We analyzed peripheral blood 

of host mice 3-12 weeks after transplant, for CD45.1 and CD45.2 via flow 

cytometry. We found there were very little Hhex cKO donor cells in peripheral 

blood (Figure 43). To assess donor contributions to long-term hematopoiesis we 

assessed host and donor contributions to blood cells 16 weeks post-transplant. 

While WT donor cells contributed to mononuclear cells of the bone marrow, 

spleen and thymus of host mice, Hhex cKO bone marrow contributed to the 

repopulation of host  bone marrow at a reduced ratio than the input of 6:1 and the 

contribution to the spleen and thymi was minor (Figure 44).  
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Figure 39. BMT schematic. 

Lethally irradiated CD45.1 mice were injected with mixed bone marrow from CD45.1 

and CD45.2 mice at an input ratio of 1:4. Twelve weeks post-transplant mice were 

sacrificed and flow cytometry was used to quantify CD45.1 and CD45.2 in the bone 

marrow, spleens and thymi of mice.  
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Figure 40. Peripheral blood analysis of recipient mice. 

Donor chimerism shown as the percentage of peripheral blood of 

recipient mice that were CD45.2+ 3, 6, and 9 weeks post-transplant.  
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1 B6.CD45.1 (host) 

6 B6.CD45.2 (donor) 

BM 

B6.CD45.1  

CD45.1 and 
CD45.2 

Mature Lineages

Figure 42. Schematic of competitive BMT. 

Schematic of BMT experiments; lethally irradiated recipient mice (CD45.1) were transplanted 

with whole bone marrow (CD45.2) from WT or Hhex cKO mice; 6-fold more Hhex cKO was 

injected. Recipient mice were analyzed 16 weeks after injection. 
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Figure 43. Peripheral Blood analysis of recipient mice.  

Donor chimerism is shown as the percentage of peripheral blood of 

recipient mice that were CD45.2+ at the time points indicated. 
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Not only did the bone marrow transplant reveal a cell-autonomous role for 

Hhex in hematopoiesis but it also revealed a T-cell defect that was not apparent 

at steady state in Hhex cKO mice.  

Hhex cKO bone marrow cells are able to home to and engraft in the bone 

marrow 

The reduced levels of Hhex cKO donor cells in host bone marrow could be 

due to a homing or engraftment defect in Hhex cKO cells. To assess the homing 

ability of Hhex cKO cells, bone marrow from B6.CD45.2 donor mice were 

injected into lethally irradiated mice. Twenty four hours later, the bone marrow of 

host mice was analyzed by flow cytometry for CD45.2 contribution. We further 

examined stem and progenitor cells by performing methylcellulose colony 

formation after bone marrow transplantation and calculated the percentage of 

stem and progenitor cells that homed to the bone marrow (Figure 45). We found 

that there was no significant difference in the homing of WT vs Hhex cKO cells. 

Next we assessed the ability of Hhex cKO cells to engraft in the bone 

marrow. Bone marrow cells from B6.CD45.2 donor mice were injected into 

lethally irradiated CD45.1 host mice. Seven (7) days later mice were assessed 

for CD45.2 cells in the bone marrow, spleen, thymus and peripheral blood 

(Figure 46). We found that Hhex cKO cells were able to engraft in lethally 

irradiated host mice (Figure 47).  

We then repeated the Hhex cKO bone marrow transplantation after 

transduction with empty retrovirus (MIG) or MIG-Hhex to test whether we could 

rescue the defect in reconstitution. MIG-Hhex-transduced bone marrow showed 
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the highest levels of donor chimerism but not to the same extent as 

untransduced WT bone marrow. Nevertheless, since both transduced and 

untransduced bone marrow cells were transplanted into lethally irradiated mice, 

the MIG-Hhex-transduced GFP+ and untransduced GFP- were compared for their 

contribution to mature cell lineages. The GFP+ graft (i.e. expressing Hhex) 

contributed significantly to the B and T cells of the bone marrow and spleen 

compared to the GFP- graft (Figure 48 and Figure 49). The proportion of Gr-

1+Cd11b+ progenitors was the same between GFP+ and GFP- grafts although 

there were decreased Mac1+ and increased Gr-1+ cells in GFP+ grafts compared 

to WT; these mature populations were at comparable proportions at steady state 

(Figure 50). Thus, MIG-Hhex was able to rescue the T and B cells reconstitution 

defects observed after Hhex cKO bone marrow transplantation albeit at lower 

efficiency probably due to poor retroviral transduction and a possible functional 

defect of LT-HSCs. 
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Figure 45. Homing of HSCPs to bone marrow. 

In vivo homing assay: colony forming units were 

quantified from bone marrow of lethally irradiated mice 

16 hours after injection with WT or Hhex cKO bone 

marrow. 
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Figure 47. Hhex cKO mice are able to engraft in lethally irradiated 
host. 

In vivo engraftment assay: bar graphs represent percent donor and host 

cells in bone marrow, spleen, thymus and peripheral blood of host mice 7 

days post-transplant. Values are means ± SEM. 
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Figure 48. WT Hhex is able to rescue B cell defect. 

Proportion of donor B cells in the bone marrow and spleen of host mice 16 weeks after MIG-Hhex 

transduction and BMT are shown gating on GFP+ and GFP- cells. Values are means ± SEM, n=7. 

Two-tailed Student t tests generated P values as shown: *, P ≤ 0.05; **, P ≤ 0.01; ***, P ≤ 0.001; 

****, P ≤ 0.0001.  
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Sublethal irradiation reveals lymphoid defect in Hhex cKO mice 

 The stress hematopoiesis of bone marrow transplantation revealed a T-

cell defect that was not present at steady state in Hhex cKO mice. To further 

assess lymphoid development under stress conditions we induced stress 

hematopoiesis by sublethally irradiating WT and Hhex cKO mice at 6.5 Gy and 

then allowing their hematopoietic organs to be repopulated by endogenous stem 

and progenitor cells (Figure 51). We then assessed cellularity of the bone 

marrow, spleen and thymus after 3, 6, or 9 weeks. We found that the bone 

marrow of Hhex cKO mice was able to repopulate at levels similar to WT mice; 

however, the spleens and thymi of Hhex cKO mice showed reduced cellularity as 

late as 9 weeks post irradiation (Figure 52). We found that myeloid populations 

were similar in Hhex cKO and WT mice at 6 weeks (Figure 53). The previously 

described B-cell defect observed at steady state was still evident under stress 

conditions (Figure 54). Hhex cKO mice showed a decrease in T-cell populations 

in both the spleen (Figure 55) and thymus (Figure 56) at 3, 6 and 9 weeks post 

irradiation. Analysis of thymic progenitors revealed a reduction in early thymic 

progenitor (ETP) cells at 6 weeks post irradiation in Hhex cKO mice (Figure 57).  

We also analyzed stem and progenitor populations at 3, 6 and 9 weeks post 

irradiation and at 3 weeks we observed a significant increase in stem and 

progenitor populations in Hhex cKO bone marrow when compared to WT (Figure 

58).  
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Figure 50. Loss of Hhex results in an increase in Mac1+ cells. 

Proportion of donor myeloid cells in the bone marrow and spleen of host mice 16 weeks 

after MIG-Hhex transduction and BMT are shown gating on GFP+ and GFP- cells. 

Values are means ± SEM, n=7. Two-tailed Student t tests generated P values as 

shown: *, P ≤ 0.05; **, P ≤ 0.01; ***, P ≤ 0.001; ****, P ≤ 0.0001.  
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Figure 51. Schematic shows the experiment outline of sublethal 
irradiation experiment. 

WT and Hhex cKO mice were irradiated with 6.5 Gy and bone marrows, 

spleens, and thymi were analyzed at 3,6, and 9 weeks. 
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Figure 53. Myeloid cells are able to repopulate the BM and spleen of 
sublethally irradiated mice.  

Bar graphs show the mean numbers of myeloid in the bone marrow and spleens 

of WT and Hhex cKO mice at 6 weeks post irradiation. WT in white bars, Hhex 

cKO in black bars. Total cells were calculated based on the total number of cells 

multiplied by the percentage of each population. 
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Figure 54. Hhex cKO show a B cell defect post sublethal irradiation. 

Bar graphs show the mean numbers of B cells in the bone marrow at 6 weeks (column 1), 

and 9 weeks (column 2) post sublethal irradiation. WT in white bars, Hhex cKO in black bars. 

Total cells were calculated based on the total number of cells multiplied by the percentage of 

each population. Two tailed Student t test was done to generate P values:  *, P ≤ 0.05; **, P 

≤ 0.01; ***, P ≤ 0.001; ****, P ≤ 0.0001. 
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Figure 55. Hhex cKO mice have a defect in splenic T cells post sublethal irradiation.  

Bar graphs show the mean ± SEM of mature T cell populations in the spleen; WT; n=3, cKO; 

n=5. Two tailed Student t test was done to generate P values:  *, P ≤ 0.05; **, P ≤ 0.01; ***, P 

≤ 0.001; ****, P ≤ 0.0001.  
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Hhex cKO mice have reduced numbers of LT-HSCs at steady state 

 The competitive bone marrow transplant suggests that there may be a 

defect in the stem cell populations, while the sublethal irradiation experiment 

suggests a defect in progenitor populations of Hhex cKO mice. To further 

determine where the Hhex cKO hematopoietic defect is occurring we used 

previously established cell surface markers to quantify the stem and progenitor 

populations in Hhex cKO mice. We quantified LSK cells which contain stem and 

progenitor populations. Analysis revealed no difference in the absolute numbers 

of LSKs in WT and Hhex cKO mice (Figure 59). To differentiate between stem 

and progenitor populations the LSK population was further divided based on flt3 

expression (Figure 60A). The long-term HSCs (LT-HSCs) population, defined as 

LSKflt3-, was significantly reduced in Hhex cKO mice while short-term HSCs (ST-

HSCs), and multipotent progenitors (MPPs) showed no significant difference 

(Figure 60B). To confirm the reduction in the LT-HSC population, the LSKflt3- 

population was further fractionated using SLAM markers CD48 and CD150. The 

LSKfl3-CD48-CD150+ population was also significantly reduced in absolute 

number in Hhex cKO mice compared to WT mice (Figure 60B).  

Hhex cKO mice show an increase in the proportion of CD34- CD150+ CD48- 

LSK highly enriched HSC population  

 CD150+ CD48- LSK cells are able to generate mature lineages over a long 

period of time15. Previous studies have shown that CD34- LSK cells have more 

HSC activity while CD34+ LSK cells have more MPP activity16,31. These findings 
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led to the identification of a highly enriched functional HSC population (LSK 

CD150+CD48-CD34- cells)157.  

 



137 
 

  

lineage

c
-K

it

Sca-1

c
-K

it

LK LK

LSK LSK



138 
 

 

  

Figure 59. Hhex cKO mice show no defect in absolute LSK numbers.  

A) Representative flow cytometry analysis of the hematopoietic stem populations from the 

bone marrow of WT and Hhex cKO mice at 7-16 weeks of age. The sizes of gated populations 

as percentages of the parental populations are shown. The plot shows the absolute numbers 

of LSK: Lin-Sca-1+Kit+ cells in the bone marrow of WT or Hhex cKO mice. Total cells were 

calculated based on the total number of cells multiplied by the percentage of each population, 

WT, n=15; cKO, n=12. P values were generated by two tailed Student t test:  *, P ≤ 0.05; **, P 

≤ 0.01; ***, P ≤ 0.001; ****, P ≤ 0.0001. 
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Figure 60. Hhex cKO show a decrease in LT-HSCs.  

(A) Representative flow cytometry analysis of the hematopoietic stem and progenitor 

populations from the bone marrow of WT and Hhex cKO mice at 7-16 weeks of age. The 

sizes of gated populations as percentages of the parental populations are shown. (B) Plots 

show the absolute numbers of each stem and progenitor population in the bone marrow of 

WT or Hhex cKO mice. HSPCs; MPP: multipotent progenitors; ST-HSC: short term HSC; 

SLAM: CD150; LT-HSC: long term HSC. Total cells were calculated based on the total 

number of cells multiplied by the percentage of each population, WT, n=15; cKO, n=12. P 

values were generated by two tailed Student t test:  *, P ≤ 0.05; **, P ≤ 0.01; ***, P ≤ 0.001; 

****, P ≤ 0.0001.  
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To improve our ability to identify HSCs we also assessed CD34 expression in 

stem cell populations. Using the gating scheme described by Wilson et al., we 

again assessed the frequency of various stem and progenitor populations158 

(Table 2 and Figure 61). We found that Hhex cKO mice showed an increase in 

the proportion of HSC cells and a reduction of more differentiated MPP cells 

(Figure 62). This quantitative defect shown in the proportion of these cells was 

not evident in total cells. Next we quantified the common lymphoid progenitor 

(CLP) frequency using flow cytometry and found a significant increase in the CLP 

population (Figure 63). Together, these data would suggest a functional defect in 

stem populations of Hhex cKO mice that results in a defect in lymphoid 

progenitor populations.   

Hhex cKO stem and progenitor cells have enhanced proliferation activity 

 While ST-HSCs, MPPs and CLPs are progeny of LT-HSCs, there was 

only a defect in CLPs and no defect in parental population. This led us to 

hypothesize that increased CLPs, in the setting of reduced LT-HSCs (Figure 60), 

is due to increased proliferation. Stem and progenitor populations underwent in 

vivo BrdU labeling. We observed significantly higher BrdU labeling in Hhex cKO 

LSKs when compared to WT (Figure 64A). Hhex cKO had twice the amount of 

BrdU incorporation into HSCs and MPPs compared to WT. Hhex cKO and WT 

CLP populations showed comparable levels of BrdU labeling (Figure 64B).  
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Figure 61. Representative flow cytometry of HSC populations. 

Representative flow cytometry analysis of the hematopoietic stem and progenitor 

populations from the bone marrow of WT and Hhex cKO mice. The sizes of 

gated populations as percentages of the parental populations are shown. 

  

  



144 
 

  

Figure 62. Hhex cKO show an increase in HSC populations. 

Bar graphs show the absolute numbers of each stem and progenitor population in the bone marrow 

of WT or Hhex cKO mice. Total cells were calculated based on the total number of cells multiplied 

by the percentage of each population, WT, n=10; cKO, n=11. P values were generated by two tailed 

Student t test:  *, P ≤ 0.05; **, P ≤ 0.01; ***, P ≤ 0.001; ****, P ≤ 0.0001.  

 



145 
 

   

  

Figure 63. Hhex cKO mice show increase in CLP 
population. 

The plot shows the absolute numbers of common 

lymphoid progenitors (CLPs) in the bone marrow of WT 

or Hhex cKO mice. Total cells were calculated based on 

the total number of cells multiplied by the percentage of 

each population. P value was generated by two tailed 

Student t test: 
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Figure 64. Hhex cKO shows significantly higher BrdU labelling. 

Representative flow cytometry analysis of the BrdU in stem and progenitor populations 

in the bone marrow of WT and Hhex cKO mice. (B) Bar graphs representing the 

proportion of BrdU in each stem and progenitor population. Values are means ± SEM 

for WT, n=3; cKO, n=5. Two tailed Student t test was done to generate P values:  *, P ≤ 

0.05; **, P ≤ 0.01; ***, P ≤ 0.001; ****, P ≤ 0.0001. 
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Gene expression analysis reveals lymphoid priming defect in Hhex cKO 

cells  

 Our data suggests that Hhex is required for LT-HSC maintenance, 

lymphoid differentiation and cell cycle regulation. To further analyze the role of 

Hhex in these processes we sorted HSCs and MPPs based on Flt3 expression in 

the LSK compartment (Figure 65) and performed RNA-seq. We identified genes 

that varied by at least 2-fold in pairwise comparisons. MPPs sorted from both WT 

and Hhex cKO mice had marked downregulation of mRNAs that are associated 

with megakaryocyte and erythrocyte progenitor (MEP) lineages (Figure 66). This 

is consistent with the idea that Flt3+ MPPs have little to no MEP potential4. Prior 

to lineage commitment, Flt3+ MPPs upregulate a lymphoid transcriptional 

program, a process known as lymphoid priming159.  We observed an increase in 

lymphoid priming genes (i.e. Blk, Blnk, Rag1, Rag2, Cd79a, Dntt, Vpreb2, and 

Il7r) in the differentiation of WT HSCs to MPPs (Figure 67). However, the 

upregulation of these genes was attenuated in Hhex cKO HSC to MPP 

differentiation.  

HHEX regulated the EIF4E-directed transport and stability of CCND1 

mRNA in U937 acute myeloid leukemia cells73. We also analyzed RNA-seq data 

to determine if there was a difference in the mRNA of cell cycle regulators 

between WT and Hhex cKO stem and progenitor populations. Transcripts for cell 

cycle regulators associated with stem and progenitor cell proliferation and 

quiescence were comparably expressed between WT and Hhex cKO mice 

except for Cdkn1a, which was reduced in Hhex cKO cells (Figure 68). This 
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reduction in Cdkn1a in Hhex cKO HSCs and MPPs may account for the 

enhanced proliferation in Hhex cKO stem and progenitor populations.  
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Figure 65. Stem and progenitor cells were sorted for RNA-seq 
analysis. 

Representative flow cytometry analysis of the HSCs and MPPs sorted 

based on Flt3 expression from the bone marrow of WT and Hhex cKO mice. 
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Figure 66. Hhex cKO MPPs are able to downregulate genes involved in MEP. 

RNA-seq analysis of sorted HSC and MPP cells from WT and Hhex cKO bone marrows. 

Genes are specific to the megakaryocytic-erythroid lineage. Y-axes values are in RPKM, reads 

per kilobase of gene per million reads total. Brackets show log2 changes between HSC and PP 

differentiation.   
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Figure 67. Hhex cKO MPPs are unable to upregulate lymphoid priming genes. 

Genes are lymphoid specific transcripts that prime MPPs for lymphoid differentiation. Y-axes 

values are in RPKM, reads per kilobase of gene per million reads total. Brackets show log2 

changes between HSC and MPP differentiation. 
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Figure 68. RNA seq analysis reveals a downregulation of Cdkn1a in Hhex cKO cells. 

Bar graphs show RPKM values for RNA-seq of HSC and MPP cells sorted from WT or Hhex cKO 

mice for genes encoding cell cycle regulators. Brackets show log2 fold changes with HSC to MPP 

differentiation. 

Ccnd1 Ccnd2 Ccnd3

Cdkn1bCdkn1a Cdkn2c
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Discussion  

 Our data suggests that Hhex plays a role in the maintenance and 

proliferation of stem and progenitor cells. While at steady state, Hhex cKO mice 

showed a severe B-cell defect; however, stressed hematopoiesis revealed a 

more severe phenotype. In a bone marrow transplant setting we observed a lack 

of hematopoiesis from Hhex cKO donor cells in lethally irradiated host mice. In 

the setting of sublethal irradiation, Hhex cKO mice showed normal myeloid 

repopulation of the bone marrow but had a severe defect in B- and T-cell 

reconstitution of the bone marrow.  

 Quantification of the stem and progenitor populations revealed that the LT-

HSCs were severely reduced in number at steady state, but all other progenitor 

populations were equivalent to WT. Proliferation studies showed that all the stem 

and progenitor populations had increased proliferation activity in Hhex cKO mice 

compared to WT mice. These data would suggest that the loss of Hhex may be 

perturbing the balance between differentiation and proliferation. The increased 

cycling in the stem and progenitor populations would explain the decreased 

number of total LT-HSCs and the inability of LT-HSCs to competitively repopulate 

irradiated host mice. Cdkn1a knockout mice showed increased cycling that led to 

stem cell exhaustion160. Gene expression analysis does suggest that this may be 

a result of reduced Cdkn1a mRNA but we have not investigated whether this 

may be a direct or indirect effect of Hhex.  

 Some transcription factors act as master regulators of HSCs, then are 

downregulated in progenitor cells and are subsequently upregregulated in 
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specific lineages. We believe that Hhex has a role in HSCs and a separate role in 

lymphoid development. Transcriptionally, Hhex cKO MPPs are able to 

downregulate genes with megakaryocyte-erythrocyte progenitor (MEP) potential 

but were unable to upregulate genes important for lymphoid priming.  
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CHAPTER VII 

Hhex may require DNA binding for normal function 

Background and Significance 

DNA binding transcription factors are important regulators of gene 

expression. They often work in combination with non-DNA binding co-repressors 

and co-activators. Hhex is a DNA-binding transcription factor that is able to 

regulate genes through various mechanisms64. When Hhex is bound to DNA it 

can act as a transcriptional repressor by recruiting co-repressors such as 

members of the Groucho/TLE family54,161-163. Hhex can also act as an activator of 

transcription56. Hhex regulates transcription in a non-DNA binding manner by 

regulating the activity of other DNA binding transcription factors164-166.  

While extensive biochemical work on various point mutants of the Hhex 

protein has been done, little is known about the molecular requirements within 

the Hhex protein that are necessary for Hhex to function normally. To investigate 

the molecular determinants for Hhex function we used previously described Hhex 

mutants62,161 (Figure 69) to determine if they rescued the lymphoid abnormalties 

seen in previous in vitro and in vivo studies.  
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Figure 69. Hhex mutants tested. 

The F32E point mutation is unable to bind members of the 

Groucho/TLE repressor proteins. The L23A, L24A double 

mutant is unable to bind to eIF-4E and is consequently 

defective in regulating Cyclin D1 mRNA. The N187A mutant is 

unable to bind DNA.  
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Preliminary results  

Hhex requires DNA binding to induce T-cell differentiation block 

 To assess the molecular determinants for Hhex function in vitro, we 

retrovirally transduced double negative thymocytes from WT mice with mouse 

stem cell virus ires GFP(MIG) that expressed either WT Hhex, F32E Hhex, L23A, 

L24A Hhex, N187A Hhex or GFP only. Thymocytes were cocultured on OP9-DL1 

stromal cells with cytokines Flt3L and IL7. To assess the expression of each 

retroviral construct GFP expression was quantified weekly using flow cytometry. 

GFP expression was lower in N187A Hhex when compared to WT Hhex, F32E 

Hhex, and L23A, L24A Hhex (Figure 70). This would suggest that unlike WT 

Hhex, the N187A mutant does not provide a growth advantage in thymocytes. 

Similar to previous studies, we observed an accumulation of double negative 

(DN) cells in the cultures that expressed WT Hhex. This accumulation was also 

observed with the expression of the F32E Hhex and L23A, L24A Hhex mutants, 

while the N187A mutant culture was able to differentiate to CD4 and CD8 double 

positive (DP) cells similar to WT and GFP only cultures (Figure 71). This would 

suggest that Hhex DNA binding ability is important for T cell transformation. 

Previously we observed an increase in the B cell antigen, B220, on T-cells 

expressing WT Hhex. We observed this trend in the F32E and L23A, L24A 

mutants but to a lesser extent compared to WT Hhex (Figure 72). This would 

suggest that the repressive activity of Hhex is important for B220 expression.  
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Figure 70. GFP expression in thymocytes transduced with Hhex mutants. 

Double negative thymocytes were transduced with either MIG-WT Hhex, MIG-L23A, 

L24A Hhex, MIG-F32E Hhex, MIG-N187A Hhex or empty vector in the presence of 

cytokines. Every 7 days cells were analyzed for GFP positivity via flow cytometry. The 

x-axis shows the number of times each group was passaged and the y-axis shows the 

proportion of cells that were GFP positive.  
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Figure 71. MIG-N187A Hhex cells do not accumulate at the DN stage of T cell 
differentiation. 

Double negative thymocytes were transduced with either MIG-WT Hhex, MIG-L23A, 

L24A Hhex, MIG-F32E Hhex, MIG-N187A Hhex or empty vector in the presence of 

cytokines. Every 7 days cells were analyzed for CD8 and CD4 positivity via flow 

cytometry. Cells transduced with retrovirus were gated on for GFP+ cells and then 

analyzed for CD4 and CD8 expression.  
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Figure 72. Loss of Hhex repression activity is important for 
B220 expression. 

Double negative thymocytes were transduced with either MIG-

WT Hhex, MIG-L23A, L24A Hhex, MIG-F32E Hhex, MIG-N187A 

Hhex or empty vector in the presence of cytokines. GFP+ cells 

were assessed for B220 expression.  
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Hhex repression activity mutants are able to rescue Hhex defect in 

competitive repopulation bone marrow transplant  

 To assess the molecular determinants for Hhex in vivo, we performed a 

competitive repopulation bone marrow transplant assay. Hhex cKO bone marrow 

cells were retrovirally transduced with WT or mutant Hhex (Figure 69). Hhex cKO 

cells were mixed with B6.CD45.1 congenic bone marrow at a ratio of 6:1 CD45.2 

to CD45.1. To assess the role of the various mutants in long-term hematopoiesis 

we assessed host and donor contributions in blood cells 16 weeks post-

transplant. All mutant cells were able to contribute to the repopulation of the 

mononuclear cells of the bone marrow (Figure 73).  

 Since both transduced and untransduced CD45.2 donor cells were 

transplanted into lethally irradiated mice, GFP+ and GFP- cells were compared 

for their contributions to mature lineages. The GFP+ mutant expressing cells 

contributed more to the B cells of the bone marrow and spleen compared to GFP- 

cells (Figure 74). The proportion of myeloid cells was the same between GFP+ 

and GFP- cells in both bone marrow and spleen samples (Figure 75). Lastly, we 

observed an increase in the proportion of DN thymocytes expressing the L23A, 

L24A mutant (Figure 76). This result is similar to the results observed in the in 

vitro OP9-DL1 experiment.  

Discussion 

 Our in vitro data suggests that DNA binding is critical for Hhex function. 

Expression of the N187A mutant in double negative thymocytes did not result in 

a T cell differentiation block. Both the F32E mutant and the L23A, L24A mutants 
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were able to induce similar differentiation blocks. In vivo analysis suggests Hhex 

can still function similar to WT Hhex. Further analysis will have to be done to fully 

elucidate the structure/function mechanism behind the role of Hhex in 

hematopoiesis.  
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Figure 74. Hhex mutants are able to rescue B cell defect in Hhex cKO cells. 

Proportion of donor B cells in the bone marrow and spleen of host mice 16 weeks 

after MIG-WT Hhex, MIG-L23A, L24A Hhex, or MIG-F32E Hhex, transduction 

and BMT are shown, gating on GFP+ and GFP- cells. 
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Figure 75. Hhex mutants have no effect on myeloid cells in BMT.  

Proportion of donor myeloid cells in the bone marrow and spleen of host mice 16 weeks 

after MIG-WT Hhex, MIG-L23A, L24A Hhex, or MIG-F32E Hhex, transduction and BMT 

are shown, gating on GFP+ and GFP- cells. 
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Figure 76. L23A, L24A mutant Hhex induced DN differentiation block in the 
thymus of lethally irradiated mice. 

Proportion of donor T cells in the thymus of host mice 16 weeks after MIG-WT Hhex, 

MIG-L23A, L24A Hhex, or MIG-F32E Hhex, transduction and BMT are shown, gating on 

GFP+ and GFP- cells. 
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CHAPTER VIII 

Summary and Future Directions 

Summary 

 One of the most commonly mutated oncogenes in T-ALL is LMO2. 

Molecular studies and gene expression studies have led to two major 

mechanisms for Lmo2 induced T-ALL (Figure 4). One hypothesis is that Lmo2 

and its binding partners create a functional deficiency of E2A proteins; which 

results in the inhibition of E2A target genes. The second hypothesis is that Lmo2-

associated complexes can bind DNA and activate the Hhex gene; which plays a 

role in leukemogenesis. The primary goal of this work was to investigate both 

hypotheses to determine how Lmo2 induces T-ALL.  This research also resulted 

in an understanding of the role of Hhex in normal adult hematopoiesis. 

 First we investigated whether Lmo2 induced T-ALLs require an E47 

functional deficiency. CyQuant in vitro proliferation assay revealed that enforced 

E47 expression had no effect on Lmo2-induced T-ALL cell lines. However, two of 

the four Lmo2 induced T-ALL cell lines showed growth arrest upon enforced E47 

homodimerization (Figure 8). Gene expression analysis of one sensitive and 

resistant cell line revealed striking differences in gene expression (Figure 17). 

One interesting finding was the lack of known Lmo2 binding partners in the 

sensitive lines, 020 and 080. Our data suggests that a functional defect of E47 is 

not a universal mechanism of Lmo2-inducing T-ALL.  

 To further investigate the development of Lmo2-induced T-ALL we looked 

at the role of Hhex in Lmo2-induced T-ALL development. We found that by 
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knocking out Hhex in an Lmo2 transgenic mouse model we were able to increase 

T-ALL latency in these mice, which spontaneously develop T-ALL (Figure 22). 

This information suggests that Hhex is important for T-ALL induction. While Hhex 

seemed to be a valuable target for T-ALL treatment, there was still more to learn 

about the role of Hhex in normal adult hematopoiesis.  

 To further understand the role of Hhex in adult hematopoiesis we 

characterized hematopoiesis in Hhex cKO mice induced by the vav-Cre 

transgene. While these mice appeared normal at birth, under closer inspection 

they exhibited three noteworthy phenotypes. At steady state, these mice showed 

severe absence of all B-cell subsets (Figure 34). Upon stressed hematopoiesis 

these mice showed a striking defect in stem and progenitor populations along 

with a T-cell deficiency that was not obvious at steady state (Figure 55, Figure 

56, Figure 57, and Figure 58). Lastly, the Hhex cKO mice had significantly fewer 

long-term HSCs and increased cycling stem and progenitor cells when compared 

to WT mice (Figure 60 and Figure 64). 

 While Hhex may be a good target for T-ALL treatment, it may also play a 

significant role in adult hematopoiesis. Our Hhex cKO mouse model models 

various clinical situations; such as inadequate recovery of B- and T-cell immunity 

after incidences of stressed hematopoiesis such as post bone marrow 

transplantation, after chemotherapy, and after AIDS patients undergo highly 

active antiretroviral therapy (HAART). It would be interesting to determine 

whether variants within human HHEX or expression levels of this protein, 

influence this phenotype.  
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 The loss of Hhex in Hhex cKO mice makes these cells unable to 

repopulate irradiated mice. Increased cycling of these cells may be exhausting 

the stem and progenitor populations in the Hhex cKO mice. It will be interesting 

to assess the ability of these cells to be serially transplanted. Since stem and 

progenitor cells in G1 phase of the cell cycle are unable to engraft compared to 

those in G0 phase. The increased cycling observed in Hhex cKO mice may be 

the reason for Hhex cKO cells being unable to compete with WT cells in 

competitive bone marrow transplant assays.  

 The loss of all B cell populations observed at steady state would suggest 

that Hhex is important for the transition from CLP to pro-B cells. On the other 

hand, the bone marrow transplant and sublethal irradiation experiments suggest 

that Hhex has a role in stem and progenitor differentiation as well. Transcription 

factors are active regulators of HSCs, then are downregulated in progenitors, 

then are upregulated again in lineage-specific gene regulation. We believe Hhex 

may be playing such a role in HSCs and also playing a separate role in B-cell 

development. Because Hhex cKO mice show defects in both myeloid and 

lymphoid development in sublethal irradiation experiments, we favor a role for 

Hhex in stem and progenitor differentiation.  

 Network analysis revealed an upregulation of the LPS and interferon beta 

1 pathways, which may be driving the cycling and differentiation of HSCs. This 

may be also suggesting constitutive inflammatory stress in Hhex cKO stem and 

progenitor populations. It would be interesting to analyze these cells at steady 

state for markers of inflammatory stress.  
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Future Directions  

Determine whether E2A proteins are important for the development of 

Lmo2-induced T-ALL 

 We will determine whether E2A proteins are important for the 

development of Lmo2-induced T-ALL. To determine whether E2A proteins are 

important for the development of Lmo2-induced T-ALL Lmo2TG/+ mice that 

spontaneously develop T-ALL will be crossed with previously described E2AER/ER 

mice167. Some mice will be treated with 4-hydroxytamoxifen, which will induce 

E2A protein expression and homodimerization. These mice will be aged to 

determine the onset of T-ALL. Upon development of T-ALL and we will treat mice 

with 4-hydroxytamoxifen to determine if E2A homodimerization is important for 

the development of T-ALL.  

Assess Lmo2 and E47 binding partners in E47 resistant and sensitive lines 

 We propose to identify the binding partners of Lmo2 and E47 before and 

after enforced homodimerization in both sensitive and resistant cell lines. To 

identify binding partners, we will perform co-immunoprecipitations (co-IP) using 

antibodies against Lmo2 and E47. The identification of proteins interacting with 

these proteins will be identified using mass spectrometry. We can also identify 

complex sizes containing these proteins by performing HPLC analysis of the co-

IP samples. This will give us preliminary insight into whether complexes are 

different between sensitive and resistant lines.  
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Identify direct targets of Hhex 

 Hhex has the ability to induce leukemia when overexpressed in T-cell 

lineages168,169. When expressed at elevated levels, Hhex also influences T-cell 

proliferation in transgenic mouse models72. It has also been shown that in the T-

cell lineage Hhex functions as an oncogene71. Hhex is also upregulated in Lmo2 

overexpressing T-cell acute lymphoblastic leukemia (T-ALL). Previous studies 

have shown Lmo2 and Hhex are coexpressed in an oncogenic gene signature170. 

 We will identify genes that are directly regulated by Hhex in T-ALL 

induction. Unfortunately, current commercially available antibodies are 

inadequate to perform chromatin immunoprecipitations. However, we have found 

other methods for identifying Hhex target genes171.  

Timing has been shown to be an important criterion for identifying target 

genes. It has been shown that genes that are switched on shortly after the 

activation of a transcription factor are more likely to be activated by that 

transcription factor. Because there will not have been enough time for another 

gene to be activated and then activate the target gene172-174.   

We will transduce HSCs and T-cell progenitors taken from Hhex cKO mice 

with an inducible Hhex vector. Hhex expression will be induced in the presence 

of cyclohexamide. In the presence of cyclohexamide target genes cannot be 

translated so they cannot switch on further downstream genes as indirect targets.  

We will also use the DNA adenine methyltransferase identification 

(DamID)175-177 method to identify Hhex targets. Hhex will be fused to DNA 

methyltransferase. The binding of Hhex to DNA will localize the 
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methyltransferase in the region of the binding site. Adenosine methylation does 

not occur naturally in eukaryotes and therefore the presence of adenine 

methylation in any region can be concluded to have been caused by Hhex 

binding, which would imply that the region is located near a binding site. 
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