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Abstract 

Hemogen is a murine protein expressed in active sites of hematopoiesis during 

embryogenesis and in the adult. Hemogen's function has not been clearly elucidated. 

Evidences suggest Hemogen's role in erythroid differentiation. Hemogen expression 

coincides with active sites of erythropoiesis. p-globin expression is a hallmark of 

erythroid differentiation. Proteomic data suggests that Hemogen associates with MafK 

which is part of the NF-E2 complex that acts as an activator of fi-globin during erythroid 

differentiation. To gain insight into Hemogen's mechanistic function during erythroid 

differentiation, we attempted to decipher Hemogen's associating proteins during 

erythroid differentiation. We generated a Hemogen antibody functional in Hemogen 

immunoprecipitation (IP). We performed Hemogen IP and used mass spectrometry to 

identify putative Hemogen interacting proteins within the Hemogen IP elution. Our 

immuno-fluorescence microscopy (IFM) images of endogenous Hemogen revealed 

Hemogen as a nuclear protein within murine eiythroleukemia cells before and after 

differentiation. In line with our IFM images, the majority of candidates identified within 

our putative list of Hemogen associating proteins are transcription regulators. Hemogen 

expression progressively increased with erythroid differentiation. Hence, Hemogen may 

function as a transcriptional regulator during erythroid differentiation. 
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Chapter 1: Introduction 

1.1 Overview 

This thesis provides the initial description of Hemogen expression and possible 

function during erythroid differentiation in murine erythroleukemia (MEL) cells. Chapter 

1 of this thesis introduces main themes of the thesis and rationale for the hypothesis. This 

chapter begins by introducing the process of erythrocyte differentiation and MEL cells 

used in this study as the model system of erythroid differentiation (1.2). The next sections 

introduce transcriptional regulation during erythroid differentiation (1.3) and structure 

(1.4) and regulation of the human P-globin locus (1.4). The previously identified 

associating Hemogen protein, MafK is introduced along with its role in P-globin 

regulation (1.5). Hemogen's expression dynamics and a summary of its possible role in 

erythroid differentiation are outlined (1.6). The final sections are statements of the 

objective (1.7) and the hypothesis (1.8). 

1.2 Erythropoiesis 

Mammalian erythrocytes or red blood cells are specialized cells that carry oxygen 

from the lungs and facilitate oxygen and carbon dioxide exchange within internal tissues 

of aerobic organisms (Hoffman et al. 2005). Erythrocytes are the most abundant cell in 

the human body with more than 25 trillion in the blood stream (Palis 2009). Erythrocyte 

lack organelles and are composed mainly of hemoglobin which constitutes more than 

90% of the protein content in the mature erythrocyte (Palis 2009). Hemoglobin attributes 

to erythrocyte function (Hoffman et al. 2005). In adults, hemoglobin is a tetramer of two 

a- and two p-globin polypeptides. Each globin chain associated with an iron ion (Fe2-f)-

containing heme group to which oxygen reversibly binds. Mature mammalian red cells 

1 



are biconcave discs (Palis 2009). This shape allows for cellular deformability and 

facilitates navigation through capillary networks (Palis 2009). In adult, erythrocytes have 

a life-span of approximately 120 days in humans and 50 days in mice, therefore 

erythrocytes must be constantly replenished (Palis 2009 and Saxena et al. 2009). 

Hematopoietic stem cells (HSC) are self-renewing cells that give rise to all mature blood 

cells including erythrocytes (Hoffman et al. 2005) (figure 1). 

Erythropoiesis is the differentiation program that results in the production of 

erythrocytes from hematopoietic stem cells. Erythropoiesis proceeds through cell 

intermediates and can be considered as three stages (Palis 2009). The first stage consists 

of early erythroid progenitors. Erythroid progenitors are sparse and difficult to isolate in 

sufficient numbers and purity. Their existence is therefore inferred in their capability to 

generate hemoglobinized progeny in ex vivo colonal erythroid cultures (Hoffman et al. 

2005). The earliest erythroid-specific progenitor is the BFU-E (burst forming unit-

erythroid) (Ingley et al. 2004; Hoffman et al. 2005 and Palis 2009). BFU-Es are not 

actively proliferating with most cells in the Go/Gi phase of cell cycle (Koury et al. 2002 

and Hoffman et al. 2005). BFU-E generates the more mature erythroid-committed 

progenitors or CFU-E (colony forming units-erythroid) (Hoffman et al. 2005). CFU-Es 

are actively proliferating with most cells in S phase (Koury et al. 2002). 

The second stage of erythroid differentiation consists of morphologically 

identifiable erythroid precursors. In mammals, this stage is characterized by progressive 

accumulation of hemoglobin, decrease in cell size and chromatin condensation (Palis 
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2009). As erythroid precursors differentiate, they cease to divide and accumulate at Go 

phase before enucleation (Koury et al. 2002). Proerythroblasts derived from CFU-E are 

the first morphologically recognizable erythroid cells (Ingley et. al 2002 and Hoffman et 

al. 2005). The cells are smaller than previous stages of differentiation (Hoffman et al. 

2005). As proerythroblasts develop into basophilic erythroblasts, chromatin condensation 

occurs and an increased abundance of ribosomes causes the cytoplasm to become 

basophilic when stained by basic dye haematoxylin (Hoffman et al. 2008). As mitotic 

divisions continue, cells develop into polychromatophilic erythroblasts and produce 

hemoglobin making the cytoplasm both basophilic and eosinophilic (stained pink with 

acidic dye eosin Y) (Hoffman et al. 2008). Hemoglobin continues to accumulate in the 

cytoplasm making it more eosinophilic thus resulting in acidophilic orthochromatic 

erythroblasts (Hoffman et al. 2008). Orthochromatic erythroblasts eventually extrude 

their nuclei giving rise to enucleated reticulocytes (Palis 2009). 

The third stage of erythroid differentiation consists of reticulocyte maturation. 

Transcription ceases with the degradation of ribosomal machinery as reticulocytes 

terminally differentiate into erythrocytes (Palis 2009). Active loss of all other organelles 

including endoplasmic reticulum and mitochondria occurs through internal degradation. 

Reticulocytes enter the bloodstream where the remaining ribosomes are lost and mature 

into erythrocytes (Palis 2008 and Palis 2009) (figure 1). 

Murine erythroleukemia cells (MEL) are an established model system used to 

understand the mechanism of erythroid differentiation and leukemogenesis (Tsiftsoglou 
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et al. 2003a and Tsiftsoglou et al. 2009). MEL cells were created from murine tumors of 

Friend virus induced erythroleukemia (Friend et al. 1966). MEL cells are committed to 

the erythroid lineage and resemble proerythroblasts (Tsiftsoglou et al. 2009). Grown in 

suspension culture, MEL cells can proliferate indefinitely. However upon exposure to 

dimethyl sulfoxide (DMSO), MEL cells terminally differentiate into erythroid cells 

resembling orthochromatic erythroblasts (Tsiftsoglou et al. 2009). Over four days of 

DMSO treatment, cellular alterations of differentiated MEL cells include: decrease in cell 

size, activation of iron-transport, de novo heme biosynthesis, hemoglobin production, 

expression of erythrocytic antigens and spectrin, nuclear condensation and limitation in 

proliferative capacity leading to growth arrest at Gi phase (Tsiftsoglou and Wong 1985 

and Tsiftsoglou et al. 2003b). The emergence of erythroleukemias in Friend virus-

infected mice is often associated with proviral insertion at the Spi-1 locus which leads to 

deregulated expression of the PU.l transcription factor (Paul et al. 1989). PU.l inhibits 

GATA-1, a key stimulator of red blood cell differentiation, by direct interaction. 

Chemical induction of MEL differentiation results in early down-regulation of PU.l 

levels thereby allowing GATA-1 to mediate erythroid differentiation (Delgado et al. 1994 

andRaoetal. 1997). 

4 
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( A B Lymphocyte 

T Lymphocyte 

Mast Cell 

BFU-E>CFU-E 

RBC 

Undifferentiated 
MEL 2% DMSO 

Differentiated 
MEL 

Figure 1: Schematic of erythropoiesis in the context of hematopoiesis. The pluripotent 
hematopoietic stem cell (HSC) can give rise to multipotent progenitors such as common 
myeloid progenitor (CMP) and common lymphoid progenitor (CLP). CMP can give rise 
to megakaryocyte/erythroid progenitors (MEP) and granulocyte/macrophage progenitors 
(GMP). Through a series of committed precursors, CLP can give rise to mature B 
lymphocytes or T lymphocytes, GMP can give rise to mature cells, eosinophil, neutrophil 
or monocyte and MEP can give rise to megakaryocytes (MK) or mature red blood cells 
(RBC). In erythropoiesis, erythroid progenitors such as BFU-E and CFU-E differentiate 
into pro-erythroblasts (ProE). Pro-erythroblasts give rise to basophilic erythroblasts 
(BasoE), polychromatophilic erythroblasts (PolyE) and orthochromatic erythroblasts 
(OrthoE). Enucleation of orthochromatic erythroblasts results in reticulocytes (RET). 
Reticulocytes mature in the blood-stream into red blood cells (RBC) or erythrocytes. 
Undifferentiated MEL cells resemble proerythroblasts. Differentiated MEL cells using 
2% DMSO resemble orthochromatic erythroblasts. 
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1.3 Transcriptional Regulation of Erythroid Differentiation 

Erythroid cells exert their function through the expression of erythroid specific 

genes that are regulated by lineage-specific transcription factors (Kim and Bresnick 

2007). As intrinsic determinants of cellular phenotype, the study of transcription factor 

function provides insight into understanding the developmental program of erythroid 

differentiation (Perry and Soreq 2002 and Orkin and Zon 2008). Gene knockout 

experiments in transgenic mice and other model organisms as well as forced expression 

experiments of transcription factors revealed their importance in erythroid differentiation 

(Pevny et. al. 1991; Tsang et al. 1998; Iwasaki et al. 2003 and Mikkola et al. 2003). 

Moreover proper function and regulation of transcription factors is necessary to normal 

hematopoiesis as the aberrant function of many hematopoietic transcription factors are 

involved in human hematopoietic malignancies (Tenen et al. 2003; Shimizu et al. 2008 

and Orkin and Zon 2008). 

The eukaryotic genome along with chromosomal proteins is organized into 

chromatin. The nucleosome is the fundamental organizational unit of chromatin and 

consists of a core histone octamer (two copies of H2A, H2B, H3 and H4) encircled by 

146 bp of DNA (Ruthenburg et al. 2007). Sequence specific hematopoietic transcription 

factors bind to DNA motif within chromatin and recruit co-factors via protein-protein 

interactions (Demers et al. 2007; Kim et al. 2007; Chaturvedi et al. 2009 and Kim, S-I. et 

al. 2009). Co-factors usually exist within multi-protein complexes. These protein 

complexes can have chromatin modifying and/or chromatin remodeling enzymatic 

activities that mediate transcriptional activation or repression (Kim and Bresnick 2007). 
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Chromatin modifying enzymes catalyze the addition and removal of post-

translational modifications or epigenetic marks (such as acetylation, methylation 

ubiquitination and sumoylation) that commonly occur on N-terminal tails of core histones 

(Weaver 2005 and Kim and Bresnick 2007). Epigenetic marks on histone tails may affect 

DNA-histone interaction within a nucleosome and/or the folding of nucleosome arrays. 

The significance of most epigenetic marks are not fully understood, however lysine 

acetylation and methylation are recognized as modulator marks for transcriptional 

activation or repression (Kouzarides 2007). Acetylation of lysines on H3 and H4 usually 

correlates with chromatin accessibility and transcription. Acetylation of histone tails 

neutralizes positive charge of the lysines on histone tails thereby destabilizing DNA-

histone and nucleosomal array interactions (Wolffe et al. 2000 and Weaver 2005). This 

results in an open chromatin environment for transcription factor access to nucleosomal 

DNA. Histone acetylation is a reversible process. Histone tail deacetylation catalyzed by 

histone deacetylases reverses these effects and results in a more repressive chromatin 

environment (Kim, J. et al. 2009). In addition, specific epigenetic marks such as acetyl-

lysine can function as ligands to recruit additional regulatory factors (Fischle et al. 2003). 

Histone lysine methylation has varied effects depending on the number of methyl groups 

and position of lysine residues. For example, trimethylation of lysine 9 and 27 on H3 are 

localized to inactive genes while trimethylation of H3 lysine 4 is associated with active 

transcription. In some cases, H3 K9 tri-methylation has also been found in actively 

transcribed genes (Vakoc et al. 2006). 
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In addition to histone modifications, DNA methylation is another epigenetic mark 

(Kim, J. et al. 2009). The addition of methyl group to the fifth carbon position of cytosine 

bases CpG dinucleotides is associated with transcription repression. DNA methylation 

may directly interfere with transcription factor binding or through the recruitment of 

methyl cytosine-binding proteins that recruit repressive histone modifying co-repressor 

complexes (Fuks 2005 and Kouzarides 2007). DNA methylation can be inherited 

through generations of somatic cells and is mediated by DNA methyltransferases. 

Mammalian DNA methyltransferases (DNMT) can be grouped into two major classes. 

DNMT3A and DNMT3B are de novo methyltransferases that establish cytosine 

methylation patterns at unmethylated DNA during early embryogenesis while DNMT1 

copies pre-existing methylation patterns onto newly synthesized DNA strands during 

replication (Jones and Liang 2009). In human, CpG dinucleotides are clustered into CpG 

islands. CpG methylation is generally associated with repetitive sequences that must 

remain silent. CpG dinucleotides within CpG island promoters of constitutively active 

genes, such as housekeeping genes, are typically unmethylated in normal tissues (Kim, J. 

etal.2009). 

Chromatin remodeling complexes alter histone-DNA interaction by ATP 

hydrolysis to regulate nucleosomal DNA accessibility. Nucleosomes may occupy key 

ds-regulatory binding sites of regulated genes. These cw-regulatory sites may be reliant 

on chromatin remodeling complexes to 'uncover' these sites (Cairns 2009). 

Transcriptional activation may occur by transcription factor binding to exposed binding 

sites in the linker DNA or nucleosome edge followed by the recruitment of remodeling 
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and modifying complexes to expose additional cw-regulatory sites. Alternatively, 

remodeling complexes may cause nucleosomes to mask binding sites of transcription 

factors (Cairns 2009). All chromatin remodeling complexes consist of a catalytic subunit 

with an ATPase domain (Saha et al. 2006). Several chromatin remodeling families have 

evolved distinct mechanisms of restructuring the nucleosome. Remodellers can organize 

nucleosomal arrays to promote repression (ISWI and NURF families), incorporate 

histone variants to promote activation (SWRl family) or slide and eject nucleosome 

(SWI/SNF family) (Cairns 2009). Chromatin remodeling complexes also work in concert 

with chromatin modifying complexes. The NuRD complex consists of the chromatin 

remodeling CHD ATPase as well as histone deacetylases HDAC1/2. In some cases 

epigenetic marks also serve as ligands to attract additional regulatory factors to the 

chromatin. Bromodomains of the catalytic subunit of the SWI/SNF remodeling complex 

recognize acetylated histones while chromodomains of CHD recognize repressive 

methylated histones (Becker and Horz 2002 and Cairns 2009). 

Erythropoiesis progresses through cellular hierarchies with differential gene 

expression. Hematopoietic stem cells are 'primed' to develop into blood cell types by 

expressing lineage restricted genes from multiple lineages. Gene expression during 

erythropoiesis is characterized by global gene repression and expression of erythroid 

specific genes (Ney 2006). Transcription regulatory motifs are constructed based on 

current data to understand how transcription regulators mediate erythroid lineage 

specifications. Lineage choices during hematopoiesis can be controlled by the levels of 

key transcription factors with a mutually antagonistic relationship. For instance, the 
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mutually antagonistic relationship between PU.l and GATA-1 is hypothesized to be 

important in the choice between myeloid or megakaryotic/erythroid lineage. PU.l and 

GATA-1 directly inhibit one another's activity (Swiers et al. 2006). Temporal control of 

gene expression can be mediated by feed-forward motifs. Feed-forward motifs arise when 

one transcription factor regulates an intermediate with either or both needed for 

regulation of the third target gene. For instance, c-myb is a transcription factor associated 

with erythroid progenitor proliferation and erythroid commitment during early stages of 

hematopoiesis but must downregulated during terminal erythroid differentiation (Greig et 

al. 2008). Expression of GATA-1 initally activates c-myb however as GATA-1 activates 

its co-factor FOG-1, c-myb is downregulated by GATA-1 and FOG-1 (Swier et al. 2006). 

1.4 p-GIobin Locus 

The fi-globin locus serves as a model for studying tissue-specific gene expression. 

Gene activity during erythroid maturation is dominated by globin expression (Hoffman 

2005). The human fi-like globin locus contains a group of genes, e-G y-A y- S- P ordered 

in sequence to their expression during development (figure 2) (Stamatoyannopoulos 

2005). During human development, there are two major transitions in fi-globin gene 

expression that occur: one from the embryonic e-globin gene to fetal y-globin genes and 

another from fetal y-globin genes to adult 6 and P globin genes. In primitive human 

embryonic erythropoiesis, e-globin is expressed in large nucleated erythroid cells of the 

yolk sac blood islands. During fetal development, definitive erythropoiesis takes place in 

the fetal liver and produce circulating enucleated erythrocytes in which y-globin 

expression predominates. Close to the time of birth and post-natally, the bone marrow 

10 



becomes the major site of erythropoiesis and fi-globin gene becomes highly transcribed 

along with low levels of d-globin expression (Kiefer et al. 2008). Epigenetic marks of the 

P-globin genes change during various developmental stages with the transcriptional 

activity of the gene. For instance, methylation of CpGs found in the 5' regions of /?-

globin genes at various stages of development is inversely correlated with the 

transcriptional activity of the gene. Positive histone modifications are acquired at active 

globin genes during differentiation while silencing histone modifications are associated 

with genes before their activation and after they are silenced (Kiefer et al. 2008). 

High expression of the fl-globin genes in erythoid cells depends upon an upstream 

enhancer region known as the locus control region (LCR) (Grosveld 1999). The LCR is 

approximately 6-25 kb upstream of the e-globin gene (Tuan et al. 1985) and comprises of 

four erythroid-specific DNAse I hypersensitivity sites (HS) and one ubitquitous HS each 

200-400 bp in size separated by 2-4 kbp of DNA (Liang et al. 2008). HSs contain binding 

sites for erythroid-specific transcription factors (such as EKLF, GATA-1 and NF-E2) and 

ubiquitous transcription factors (such as Spl and USF) (Liang et al. 2008). Its has been 

proposed that transcription factors bound at the LCR interact with each other to 

efficiently capture transcriptional complexes which are then recruited to basal globin 

promoters. This model suggests that the LCR and the globin promoter are brought into 

close proximity via looping of the intervening DNA to form an active chromatin hub 

(Tolhuis et al. 2002 and de Laat and Grosveld 2003). Recent assays that determine 

proximity between genes and regulatory elements demonstrate a close proximity between 
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Figure 2: Diagram of the human ft-globin locus. The five p-like globin genes are 
arranged in order of their expression during development. The locus control region is an 
upstream enhancer that is made of five DNAse I hypersensitive sites (grey arrows) 
containing many transcription factor binding sites including the Maf recognition element. 

Locus Control Region 
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5'HSs Embryonic Fetal liver/Bone Marrow 
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ey $hl 0maj (Imin 
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P Globin Genes 

Figure 3: Diagram of the mouse fi-globin locus. Embryonic globin genes are expressed 
in the yolk sac with the onset of erythropoiesis and silenced during definitive 
erythropoiesis in the fetal liver. The adult fimaj and pmin genes are expressed in the fetal 
liver and later in the bone marrow. . The locus control region is an upstream enhancer 
that is made of five DNAse I hypersensitive sites (grey arrows) containing many 
transcription factor binding sites including the Maf recognition element. 
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the LCR and actively transcribed globin genes at the active chromatin hub (Palstra et al. 

2003). 

1.5 MafK 

The potential role of MafK in [S-globin expression and erythroid differentiation 

was first noticed when 5'HS2 of t\\Q P-globin LCR was discovered to contain tandem Maf 

recognition elements (MARE) and conferred strong erythroid-specific enhancer activity 

(Mignotte et al. 1990; Moi and Kan 1990 and Ney et al. 1990). MafK is a basic leucine 

zipper (bZIP) transcription factor and belongs to the Maf family of transcription factors 

(Motohashi et al. 2002). bZIP proteins consist of a basic domain for DNA binding and an 

a-helix leucine zipper involved in dimer formation with other Mafs or bZIP proteins. Maf 

proteins are ubiquitously expressed (Motohashi et al. 2002). 

Investigation of the protein that bound to the Maf recognition element (MARE) 

motif resulted in the identification of the NF-E2 complex (Andrews et al. 1993). NF-E2 is 

an obligate heterodimer composed of two subunits: MafK and a hematopoietic bZIP 

factor p45 (Andrews et al. 1993). NF-E2 is expressed in erythroid, megakaryocytic and 

mast cells (Andrews et al. 1993). During terminal erythroid differentiation, NF-E2 binds 

to its recognition element within the HS2 of the fi-globin locus (Brand et al. 2004). 

Activity of the NF-E2 complex is necessary for fimaj globin expression within murine 

erythroleukemia (MEL) cells (Kotkow and Orkin 1995). 
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MafK's role in fi-globin expression regulation was observed in a quantitative 

proteomic screen of MafK before and after erythroid differentiation in MEL cells (Brand 

et al. 2004). The study revealed MafK as a "dual function" protein that dynamically 

associates with co-repressive complexes before differentiation and co-activators after 

differentiation at the fi-globin LCR and fimaj promoter (Brand et al. 2004). MafK 

preferentially associates with deacetylase complexes such as NuRD and SIN3 before 

differentiation which may actively repress fi-globin activity (Brand et al. 2004). In 

response to DMSO erythroid differentiation, MafK preferentially associates with 

activating TAL-1 complexes and acetyltransferases such as TIP and CBP (Brand et al. 

2004). Interestingly, the proteomic screen of MafK also identified a protein called 

Hemogen that preferentially associates with MafK after erythroid differentiation (Brand 

et al. 2004). 

1.6 Hemogen 

Hemogen is a murine protein with a theoretical molecular weight of 55.043 KDa (Yang 

et al. 2001) of unclear function. Analysis of Hemogen's primary sequence revealed an N-

terminal basic domain and a C-terminal acidic domain (Yang et al. 2001). The functions 

of these domains have not been elucidated. Embedded within the N-terminal basic 

domain is a nuclear localization signal and a coiled-coil domain implicated in protein-

protein interactions (figure 4). The human homolog of Hemogen known as erythroid 

differentiation-associated gene protein (EDAG), shares 43% identity with Hemogen 

while the rat homolog Hemogen, PR59 shares 70% identity with Hemogen (Yang et al. 

2001) (figure 5). 
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Figure 4: Schematic of Hemogen primary sequence features. N-terminal Hemogen 
has a cluster of basic residues. Embedded within the basic domain are a coil-coiled 
domain and a nuclear localization sequence (NLS). C-terminal Hemogen has a cluster of 
acidic residues. 
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Hemogen expression is present within active hematopoietic sites during murine 

embryonic ontogeny (Yang et al. 2001). At E8.5 of mouse embryogenesis, in situ 

hybridization experiments revealed Hemogen transcripts within the blood islands of the 

yolk sac and primitive circulating blood cells (Yang et al. 2001). Hemogen transcripts 

were found at E9.5 and E10 in circulating blood cells (Yang et al. 2001). Around the 

same time, primitive nucleated erythrobasts appear within the vasculature of the yolk sac 

between E7.25-E9.0 (Palis 2008) and enter circulation at E8.25 (Palis 2008). At E9.5, the 

fetal mouse liver is colonized by external hematopoietic elements soon after it begins to 

form as an organ (Palis 2008). Later at El 1.5, Hemogen is expressed exclusively in the 

fetal liver while its expression within circulating blood cells is down-regulated to 

undetectable levels (Yang et al. 2001). 

In adult mice, Hemogen is expressed within adult hematopoietic compartments 

(Yang et al. 2001). Northern blot analysis of Hemogen tissue expression revealed 

Hemogen expression within the bone marrow and spleen. Hemogen is weakly expressed 

in peripheral blood (Yang et al. 2001). To determine which hematopoietic cells express 

Hemogen, adult mouse bone marrow cells were FACS sorted into multipotential HSCs 

and mature blood cells such as CD3+T cells, B220+B cells, Ter-119+erythrocytes and 

granulocytes (Yang et al. 2001). Hemogen is primarily expressed in HSCs and not 

expressed in mature blood cell lineages investigated (Yang et al. 2001). Hemogen 

transcripts were also found within the red pulp of the spleen where erythropoiesis 

predominates (Yang et al. 2001). 
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Interestingly, Hemogen deregulation is associated with hematological neoplasm. 

Levels of EDAG mRNA found in peripheral blood cells of acute myeloid leukemia 

(AML) patients correlated to pathological processes (An et al. 2005). High levels of 

EDAG mRNA were detected in peripheral blood cells of de novo acute AML patients and 

patients who were refractory to treatment while lower levels of EDAG mRNA were 

observed in AML patients experiencing complete remission (An et al. 2005). High EDAG 

transcripts were also found in the peripheral blood mononuclear cells of other leukemias 

(Li et al. 2004). The over-expression EDAG within HSCs in transgenic mice was 

insufficient to induce leukemia but led to a myeloproliferative disorder resembling 

human chronic myeloid leukemia (Li et al. 2007). Transgenic mice over-expressing 

Hemogen within HSCs resulted in disrupted hematopoietic homeostasis and led to 

enhanced extramedullary myelopoiesis in the spleen and reduced lymphopoiesis (Li et al. 

2007). Over-expression of Hemogen in hematopoietic cell line studies implicated 

Hemogen's ability to promote proliferation (Li et al. 2004). 

The function of Hemogen has not been clearly elucidated at the molecular level. 

However evidences suggest that Hemogen is a transcription factor. Primary sequence 

analysis of Hemogen suggests a putative nuclear localization sequence at the N-terminal 

region (Yang et al. 2001). Immuno-staining of exogenous Flag-tagged Hemogen 

expressed in COS-7 cells revealed Hemogen's nuclear localization (Yang et al. 2001). 

Moreover, a luciferase reporter assay revealed that the Gal4 fusion human homolog of 

Hemogen, EDAG is a transcriptional activator in 293 cells (Li et al. 2007). 
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Several lines of evidence implicate Hemogen's involvement in erythroid 

differentiation. Hemogen transcripts were found within active sites of erythropoiesis. In 

situ hybridization of mRNA during embryogenesis revealed Hemogen's expression in 

murine yolk sac (Yang et al. 2001), where primitive erythropoiesis predominates (Orkins 

and Zon 2008 and Palis 2008), as well as in circulating primitive erythrocytes (Yang et 

al. 2001). Moreover, Hemogen transcripts are exclusively expressed within the red pulp 

of the adult mouse spleen where erythropoiesis predominates (Tsiftsoglou et al. 2009). In 

addition, the rat homolog of Hemogen, RP59 is expressed within erythroid precursors of 

fetal liver and circulating blood during late prenatal stages. RP59 was also observed in 

erythroid precursors within the red pulp of the adult spleen (Kruger et al. 2002). 

Moreover, evidences suggest that the Hemogen gene is a direct target of GATA-1 

(Yang et al. 2006 and Li, et al. 2008), an important transcriptional stimulator of 

erythropoiesis (Fujiwara, Y. et al. 1996). GATA-1 binding sites were found in the 

Hemogen promoter (Yang et al. 2006). Electrophoresis mobility shift assay and 

chromatin-immunoprecipitation experiments demonstrate the association of GATA-1 to 

the Hemogen promoter (Yang et al. 2006). Luciferase assays and gene-knock down 

experiments suggest that GATA-1 is an activator of human Hemogen's (EDAG) 

expression in erythroid cells (Li et al. 2008). Furthermore, EDAG transcript levels 

correlate to GATA-1 levels within normal and leukemic peripheral mono-nuclear blood 

cells (Yang etal. 2006). 
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1.7 Statement of Intent 

The mechanistic function of Hemogen has not been elucidated. Interestingly, 

several reports implicated Hemogen's involvement in erythroid differentiation. Hemogen 

transcripts were found in active sites of erythropoiesis and the rat homolog of Hemogen, 

RP59 was found within erythroid precursors. Hemogen expression may be activated by 

GATA-1; the key stimulator of erythropoiesis. Moreover, Hemogen may associate with 

the NF-E2 complex which activates [t-globin expression, a hallmark of erythroid 

differentiation. Elucidating Hemogen's associating partners during erythroid 

differentiation will provide insight into the mechanistic function of Hemogen during 

erythroid differentiation. 

1.8 Hypothesis 

We hypothesize that Hemogen functions as a transcriptional regulator. Hemogen 

is localized to the nucleus and has transactivation activity. Moreover, a proteomic screen 

of MafK indicated that Hemogen associates with transcription regulators during erythroid 

differentiation. 
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Chapter 2: Materials and Methods 

2.1 Vector Design and Cloning 

Using an antigenicity plot (http://www.bioinformatics.Org/JaMBW/3/l/7/), the primary 

sequence of Hemogen was assessed for regions of high antigenicity. The N-terminal 

segment of Hemogen was selected and cloned into a bacterial expression vector that 

conferred a histidine tag. Primers (5'ATGGATCCTATGGACATGGGGAAGGG 

(BamHl), 5'ACGCGTCGACTTATCCTTGGCATGTGGTAGGAGAGAGGT(&//I)) 

were designed to amplify the N-terminal Hemogen from a plasmid containing the mouse 

full-length Hemogen cDNA (pET28b+ Hemogen full-length). After PCR amplification, 

the amplified product was digested with BamHl/Sall restriction enzymes and sub-cloned 

into pET28b+ vector to generate the recombinant vector (pET28b+ N-terminal Hemogen) 

using standard cloning techniques (figure 6). 

3' Sad-N-terminal Hemogen 
cDNA- 5'BamHl 

pET28b+ N-terminal 
Hemogen 

Figure 6: Vector map of pET28b+ N-terminal Hemogen. Vector map of pET28b+ N-
terminal Hemogen vector used for protein expression in bacteria. The pET28b+ N-
terminal Hemogen vector encodes a hexa-histidine tag N-terminal to the N-terminal 
Hemogen insert. Kanamcyin resistance gene allowed for the use of drug selection during 
cloning in DH5a E.coli. Vector map is not to scale. 
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The full-length Hemogen was expressed as a triple Flag -fusion protein in MEL cells. 

Primers (5'CCCAAGCTTATGGACATGGGGAAGGGC (HindRl), 

5'CTAGTCTAGAAAATAGAGCAGAGCTGTAGATGCCA (Xbal)) were designed to 

amplify the full-length Hemogen from pET28b+ Hemogen full-length. After PCR 

amplification, the amplified product was digested with HindlRIXbal restriction enzymes 

and sub-cloned into p3xFlag-CMV-14 vector to generate a recombinant vector (p3xFlag-

CMV-14-Hemogen full-length) using standard cloning techniques (figure 7). 

5'- /////dfll-Full-Length 
Hemogen cDNA- 3' Xbal 

J, 
^ ^ ~ J \ 3x Flag 

Neomycin 
Resistance 
Gene 

p3xFlag-CMV-14-
Hemogen Full-Length 

Figure 7: Vector map of p3xFlag-CMV-14-Hemogen-Full-Length. The p3xFlag-
CMV-14-Hemogen-Full-Length vector encodes a triple Flag tag C-terminal to the 
Hemogen insert. AmpiciUin resistance gene allowed for the use of drug selection during 
cloning in DH5a E.coli. Neomycin resistance gene allowed for the use of drug selection 
during MEL cell culture. Vector map is not to scale. 
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2.2 N-terminal Hemogen Expression and Purification 

E.coli strain HD5a was transformed with the ligation product after sub-cloning. Positive 

clones were sequenced to ensure no sequence mutations occurred during PCR. One 

positive clone was transformed into E. coli strain BL21. The transformed BL21 E. coli 

was used to inoculate a 1L of LB medium. This culture was incubated at 37 °C until an 

OD600 of 0.5. Protein expression was induced with ImM IPTG for four hours at 37 °C. 

Following induction, the bacteria was pelleted by centrifugation (10,000xg for 15 

minutes at 4 °C). The supernatant were removed and the pellet was stored overnight at -

80 °C. The next day, the pellet was resuspended in 60ml of sonication buffer (50mM 

NaH2P04 pH7.6, 300mM KCl, lOmM Imidazole and Complete Mini EDTA-free 

Protease Inhibitor Cocktail tablets (Roche)). The resuspended pellet was sonicated at 4 °C 

at 3x 20%, 2x 25%, lx 30% and lx 35% with 30 second pulses and 30 second wait-time 

in between on ice. The sonicated bacteria solution was centrifuged (10,000xg, 30 minutes 

at 4 °C) to remove insoluble cell debris. The supernatant after centrifugation was 

collected and incubated with inversion (2 hours at 4 °C) in 2ml suspension volume of 

Talon Metal Affinity Resin (Clontech) equilibrated in sonication buffer. The protein-

bounded resin suspension was centrifuged (200xg, 5 minutes) to pellet the beads and 

washed (2x for 10 minutes at 4 °C) in 6 bead suspension volumes of wash buffer (50mM 

NaH2P04 pH7.6, 5mM Imidazole, 500mM KCl, 8 mM p-mercaptoenthanol (Fisher) and 

Complete Mini EDTA-free Protease Inhibitor Cocktail tablets (Roche)). The protein-

bound resin was subsequently rinsed 2x with 10 suspension volumes of wash buffer. The 

resin was loaded into a gravity flow column (Biorad) and the protein was eluted in six 

500 pi fractions using (50mM NaH2P04 pH7.6, 400mM Imidazole, 500mM KCl, 8 mM 
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P-mercaptoenthanol (Fisher), 10% glycerol and Complete Mini EDTA-free Protease 

Inhibitor Cocktail tablets (Roche)). 

2.3 Cell Culture 

Murine erythroleukemia (MEL) cells, strain 745A, were cultured in RPMI-1640 medium 

(Sigma R8758 containing L-glutamine) supplemented with 10% fetal bovine serum 

(Sigma) and 1% penicillin/streptomycin (Hyclone). MEL cells were cultured in 

suspension using a spinner flask (Bellco) and placed in a 37 °C humidified incubator with 

5% CO2 in air. MEL cells arrested at the proerythroblast stage were induced to 

differentiation using 2% DMSO (Sigma) at 0.25 x 106 cells/ml. 

2.4 Immunofluorescence Microscopy 

Undifferentiated and MEL cells differentiated for three days were removed from culture 

medium and resuspended in sterile PBSlx at 106 cells/ml. Coverslips (22x22 Fisher 

Scientific) were rinsed 3x with 70% ethanol, 3x with double distilled water and washed 

for 5 minutes in 0.1 M HC1. After coverslips were dried under UV, they were coated with 

0.01 mg/ml poly-L-ornithine. The cell suspension was placed on poly-L-ornithine coated 

coverslips for 20 minutes for cell attachment. Coverslips were rinsed with PBSlx to 

remove unattached cells. Cells were fixed with 4% paraformaldehyde (diluted from 16% 

EM grade paraformaldehyde, Electron Miscroscopy Science) in PBSlx for 10 minutes. 

Coverslips were washed with 50 mM NH4CI for 5 minutes and rinsed 2x with PBSlx. 

Cells were permeablized with 1 % Triton X-100 in PBSlx for 5 minutes and washed (2x 5 

minutes) with PBSlx. Coverslips were incubated with 3% bovine serum albumine (BSA) 
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(Hyclone) in PBSlx for 2 hours at room temperature. Incubation with Hemogen antibody 

(1:300) (sc-68360; Santa Cruz Biotechnology) in 3% BSA was carried out overnight at 4 

°C in a humidified chamber. After incubation, cells were washed (2x 10 minutes) in 

PBSlx. Incubation with anti-rabbit secondary antibody conjugated to FITC (1:300) 

(Jackson ImmunoResearch Laboratories Inc.) was carried out for 2 hours at room 

temperature. Coverslips were washed (2x 10 minutes) in PBSlx before they were 

mounted onto slides using hardset antifade media with DAPI (Vector Laboratories, Inc.). 

Data were collected from confocal microscope (Zeiss LSM 510) using LSM 510 digital 

image processing software. 

2.5 Nuclear Extraction 

MEL cells differentiated for three days were suspended at 108 cells/ml and stored in MS-

30 buffer (50 mM Tris-HCl, pH 7.9, 0.625 mM EDTA, 27.6% Glycerol). The cell 

suspension was thawed on ice and washed once with five pack cell volume (PCV) of 

PBSlx buffer. Cells were incubated with five PCV of buffer A (lOmM Kepes K+, pH7.9, 

1.5 mM MgCl2, lOmM KC1, 0.5 mM dithiothreitol and Complete Mini EDTA-free 

Protease Inhibitor Cocktail tablets (Roche)) for 10 minutes and resuspended in two PCV 

of buffer. A Kontez homogenizer (type B pestle) was used to disrupt cell membranes. 

The pellet recovered following centrifugation corresponded to crude nuclei. Nuclei were 

resuspended in one PCV of buffer C (20mM Kepes K+, pH7.9, 1.5 mM MgCl2, 600mM 

KC1, 25% Glycerol, 0.2 mM EDTA and 0.5 mM dithiothreitol and Complete Mini 

EDTA-free Protease Inhibitor Cocktail tablets (Roche)) was homogenized by Kontez 

homogenizer (type B pestle) and was incubated on rotator for 30 minutes at 4 °C. Soluble 
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nuclear proteins are recovered after centrifugation. The nuclear extract is dialyzed against 

50 times its original volume using buffer D (20mM Kepes K+, pH7.9, 5 mM MgCh, 

lOOmM KC1,20% Glycerol, and 0.5 mM dithiothreitol and ImM PMSF). 

2.6 Antibody Cross-linking and Immunoprecipitation 

The anti-Hemogen serum was cross-linked to sepharose protein-A resin (Invitrogen). 100 

ju.1 of Protein-A sepharose resin were rinsed twice with 500 ul of 0.1 M phosphate buffer, 

pH 8.2 with 0.1% (w/v) ovalbumine. 100 ul of antibody solution (33% (v/v) anti-

Hemogen serum, 0.1 M phosphate buffer, pH 8.2) was incubated with 100 ul Protein-A 

sepharose resin for 1 hour. The supernatant was removed. The resin was washed once 

with 500 ul of 0.1 M phosphate buffer, pH 8.2 containing 0.1% (w/v) ovalbumine and 

twice with 500 ul 0.2 M triethanolamine (Fluka), pH 8.2. The resin was washed with 

5mg/ml (w/v) dimethyl pimelimidate (Pierce, Rockford, USA) in 0.2 M triethanolamine, 

pH 8.2 for 30 minutes to cross-link the antibody to the resin. The cross-linking reaction 

was stopped by washing the resin once with 500 ul of 50 mM Tris, pH 7.4. The resin was 

washed 3x with 500 ul of PBSlx with 0.1 % (w/v) ovalbumine and 3 minutes in 100 mM 

glycine, pH 3. Resin was washed 3x with 500 ul of IP100 buffer (25mM Tris, pH 7.9, 

5mM MgCb, 100 mM KC1, 10% glycerol, 0.1% (v/v) NP-40, 0.3 mM DTT and 

Complete Mini EDTA-free Protease Inhibitor Cocktail tablets (Roche)). MEL nuclear 

extract (NE) was incubated with antibody bound resin for 15 hours at 4 °C. The NE was 

removed. Proteins bound beads were washed with IP300 buffer (25mM Tris, pH 7.9, 

5mM MgCk, 300 mM KC1, 10% glycerol, 0.1% (v/v) NP-40, 0.3 mM DTT and 

Complete Mini EDTA-free Protease Inhibitor Cocktail tablets (Roche)) and equilibrated 
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with same IP buffer containing 100 mM KC1. Bound proteins for western blot analysis 

were eluted with loading buffer (143mM Tris, pH 6.8, 28.6% Glycerol, 5.7% SDS, 286 

mM DTT) for five minutes at 72 °C. Bound proteins for mass spectrometry (MS) analysis 

were eluted with loading buffer (50 mM Tris pH 6.8, 20% Glycerol, 4% SDS, ImM 

DTT) at 50 °C. MS elution samples volumes (400 jul) were reduced by two fold using a 

speed vacuum centrifuge. Mock IP using pre-immune serum was done in parallel as the 

specific Hemogen IP. MafK IP was performed similarly to Hemogen IP. 

2.7 Silver Staining for Mass Spectrometry 

IP protein samples in loading buffer (50 mM Tris pH 6.8, 20% Glycerol, 4% SDS, ImM 

DTT) were denatured at 95°C for 5 minutes and resolved on 10% SDS-polyacrylamide 

gel (375mM Tris-HCl, pH 8.8, 0.1% (v/v) SDS, 0.05% (v/v) APS, 0.05% (v/v) TEMED) 

at a constant 30 mA. High molecular weight protein molecular standard (Bio-Rad 

Latoratories Inc.) was used to denote molecular weight. The resolving gel was fixed 

overnight in 50% ethanol and 10% acetic acid and placed in 30% ethanol for 15 minutes. 

The gel was washed (3x 5 minutes) in ddH20 and placed in 0.2g/L Na2S203 solution. The 

sensitized gel was washed (3x 30 seconds) in ddYbO and incubated in 2.0g/L AgN03 for 

25 minutes. The gel was washed (3x 30 seconds) in ddH20 to remove AgNCb solution. 

The gel was placed in developing solution ( 60g/L Na2CO3,0.2g/L Na2S203 and 500 /*1/L 

37% formaldehyde) until the desired level of staining was achieved. The development 

was stopped by discarding the developing solution and adding 6% acetic acid for 10 

minutes. The gel was washed (4x 15 minutes) in ddH20. 
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2.8 Reduction, Alkylation and Trypsin Digestion of Silver Stained Gel Bands for 

Mass Spectrometry 

Gel bands were cut from sliver stained gel compatible to mass spectrometry and 

individually cut into pieces by individual surgical razor blades (Feather). Gel pieces were 

washed (lx 10 minutes) in ddthO and destained in destain solution (15 mM potassium 

ferricyanide and 50 mM sodium thiosulfate) with gentle vortexing for 15 minutes. The 

destain solution was made fresh by mixing equal volumes of 30 mM potassium 

ferricyanide and 100 mM sodium thiosulfate. The gel pieces were then washed (lx 10 

minutes) in ddthO with gentle vortexing. Gel pieces were washed in destain solution and 

subsequently in ddtbO for a total of 5 times. Gel pieces were dehydrated by adding 

100% acetonitrile for 5 minutes at room temperature and dried in a vacuum centrifuge for 

10 minutes. For reduction, 10 mM DTT was added to gel pieces for 30 minutes at 37 °C. 

Gel pieces were cooled to room temperature and alkylated using 100 mM iodoacetamide 

for 30 minutes at room temperature in the dark. 100% acetonitrile was added (lx 5 

minutes) at room temperature to dehydrate the gel pieces. The gel pieces were 

rehydrated (lx 10 minutes) with 50 mM ammonium bicarbonate. One hundred percent 

acetonitrile was added (lx 5 minutes) at room temperature to dehydrate the gel pieces 

followed by completely drying the gel pieces (lx 10 minutes) at room temperature in a 

vacuum centrifuge. Gel pieces were rehydrated on ice for 20 minutes using 30 JX\ of 

trypsin solution. Stock trypsin solution was prepared by suspending 20 fig of porcine 

trypsin (Promega) in 100 fil of the accompanying cold resuspension buffer. The working 

trypsin solution was made by diluting the stock trypsin solution lOx using 50 mM 

ammonium bicarbonate. Sufficient 50 mM ammonium bicarbonate was added to 
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submerge all gel pieces. Gel pieces were gently mixed (lx 30 seconds) and incubated at 

37 °C overnight. 30 fi\ of ddH20 was added to each digested sample and incubated (lx 10 

minutes) with gentle vortexing. Samples were sonicated (lx 10 minutes) and centrifuged 

(lx 30 seconds). The supernatant was collected. 30 /*1 of extraction buffer (50% (v/v) 

acetonitrile and 5% (v/v) formic acid) was added (lx 10 minutes) with gentle vortexing. 

The samples were sonicated (lx 10 minutes) and centrifuged (lx 30 seconds). The 

supernatant was collected. The procedure of adding sonication buffer, sonication and 

collection of supernatant was performed for a total of two times. The supematants 

containing protein extracts were reduced to approximately 5 ju.1 in a vacuum centrifuge at 

room temperature. The final volume of the sample was adjusted to 10 /L*1 using 0.22 jinn 

filtered ddtbO (by using Corning 0.22 fim 150 ml filters). 

2.9 Zip Tip™ Cleanup 

10 fil protein extract samples were acidified with 1 fx\ of 1% trifluoroacetic acid and 

mixed by pipetting. 10 ul Zip tip™ (Millipore) contains a Ci8 resin that binds to acidified 

peptides. Zip tips™ were equilibrated by pipetting (2x 10 ul of 50% acetonitrile) 

followed by pipetting 3x using 10 /il of 0.1 % trifluoroacetic acid. Acidified peptides were 

bound to zip tip™ resin by pipetting 10 times using the acidified extracts. Zip tips™ resin 

was washed 5x using 10 /xl of 0.1% % trifluoroacetic acid. Peptides were eluted from the 

zip tips™ by pipetting 5 times 5 ul of 50% acetonitrile. Peptide elution was repeated for 

a total of two trials. 
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2.10 jiLC-ESI-MS-MS 

Each peptide sample treated with zip-tips was diluted in 0.1 % trifluoroacetic acid to 45 ul 

and loaded into a 96-well plate. The Finnigan Surveyor Autosampler Plus and Finnigan 

Surveyor MS Pump Plus HPLC system was used to automatically inject each sample into 

a trap column (Michrom Ci8 CapTrap) at 20 ul/minute. Peptides retained within the trap 

column were eluted over a 32 minutes gradient from 98% (v/v) HPLC Buffer A (0.2% 

(v/v) formic acid in water) and 2% (v/v) HPLC Buffer B (0.2% formic acid in 

acetonitrile) to 60% (v/v) HPLC Buffer A and 40% (v/v) HPLC Buffer B. Peptides that 

eluted from the trap enter an analytical column consisting of a Picofrit (New Objectives) 

column packed with Zorbax 5-micron Ci8 chromatographic packing material (Agilent). 

The Picofrit column is constructed with an integrated nanospray emitter that sprayed the 

chromatographically separated peptides into a nanospray ionization source. A split flow 

system was used to produce a column flow of approximately 250-300 nanolitres/minute 

through the Picofrit column. Charged peptides were analyzed by a Finnigan LTQ ion trap 

mass spectrometer. The mass spectrometry was set to scan from 400-1500 Da followed 

by data dependent MS/MS scans of the four most abundant ions. The software system 

used to control the HPLC and mass spectrometer was Xcalibur 2.0 SUR 1 (Thermo). 

Dynamic exclusion was used to exclude repetitive scanning of the same ions. The 

dynamic exclusion duration was 30 seconds. A permanent exclusion list was also used to 

reject background ions commonly seen in nanospray ionization. Sequest (Eng 1994) and 

Mascot (Perkins et al. 1999) algorithms were used to correlate the observed mass spectra 

with the theoretic mass spectra of peptides from a murine database to determine the 
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peptide sequence. The identification probability of each peptide identified from Sequest 

was determined by proteinprophet (Keller et al. 2002). 

2.11 Silver Stain Analysis for Small-scale IP Elution 

IP protein samples in loading buffer (143mM Tris, pH 6.8, 28.6% Glycerol, 5.7% SDS, 

286 mM DTT) were denatured at 95 °C for 5 minutes and resolved on 10% SDS-

polyacrylamide gel (375mM Tris-HCl, pH 8.8,0.1 % (v/v) SDS, 0.05% (v/v) APS, 0.05% 

(v/v) TEMED) at a constant 30 mA. High molecular weight protein molecular standards 

(Bio-Rad Latoratories Inc.) were used to denote molecular weight. The resolving gel was 

fixed in 50% ethanol and 10% acetic acid overnight. The gel was placed in staining 

solution (0.8% (w/v) silver nitrate, 0.08% (v/v) sodium hydroxide, 1.6% (v/v) ammonia) 

for 15 minutes and then washed (lx 5 minutes) with ddH20. The gel was gently washed 

in developing solution (0.25% (v/v) citric acid, 0.6% (v/v) formaldyhyde) to reveal the 

proteins. Once the desired level of staining was achieved, the developing solution was 

removed and the stopping solution (50% (v/v) ethanol and 10% (v/v) acetic acid) was 

added. The gel was washed (lx 30 minutes) in stop solution and (lx 5 minutes) in gel 

drying solution (25% (v/v) ethanol and 5% (v/v) glycerol). The gel was stored by drying 

between cellophane sheets using the DryEase® Mini-Gel Drying System (Invitrogen) as 

per the manufacturers' instructions. 

2.12 Western Blot 

Protein extracts and immunoprecipitation elutions were heated at 95 °C for 5 minutes in 

loading buffer and separated by SDS-PAGE as previously described. All Blue Precision-
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Blue protein standards (Bio-Rad Laboratories Inc.) were used as molecular weight 

markers. Briefly, proteins from SDS-PAGE were transferred to a nitrocellulose 

membrane (Bio-Rad Latoratories Inc.) and blocked with 5 % (w/v) skim milk powder in 

PBSlx for 30 minutes on a rocking platform. The protein blot was incubated in primary 

antibody in PBSlx for 1 hour at room temperature or overnight at 4 °C on a rocking 

platform. The blot was washed (3x 10 minutes) with 0.05% (v/v) Tween-20 in PBS lx 

and blotted with an appropriate secondary antibody conjugated to horseradish peroxidase 

(BioRad) for 1 hour at room temperature in 3% (w/v) skim milk powder in PBSlx. The 

blot was washed (3x 5 minutes) in 0.05% (v/v) Tween-20 in PBSlx. Proteins within the 

blot were visualized by horse radish peroxidase chemiluminescent reaction using Pierce 

ECL Western Blot Substrate (Rockford, IL, USA) and exposed on autoradiographic film 

(Kodak). Anti-Hemogen serum and pre-immuno serum were dilute at 1:5000 for western 

blot. Commercial antibodies against MafK (1:1000) (sc-16), p45 (1:500) (sc-19), 

Hemogen (1:1000) (sc-68360), (1:500) TFIIH (sc-20697) and Dnmt-1 (1:500) (sc-20701) 

were used for western blot. 

2.13 Size Exclusion Chromatography 

Proteins from differentiated MEL nuclear extract were separated by size using a 6 10/300 

GL column (GE Healthcare) on the FPLC AKTA system. Collected fractions were 500 fil 

each. Fractions were collected starting at elution volume of 5ml. The void volume was 

7.87 ml as approximated by the elution volume of Blue Dextran. To concentrate the 

fractionated proteins for western blot, proteins within each fraction were precipitated 

overnight using 10% trichloroacetic acid (TCA). Protein pellets were recovered by 
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centrifugation. Subsequent acetone wash removed residual TCA. Precipitated protein 

pellets were dissolved in lOOmM KC1 containing loading buffer (143mM Tris, pH 6.8, 

28.6% Glycerol, 5.7% SDS, 286 mM DTT) for western blot. Antibodies against MafK 

(1:1000) (sc-16), p45 (1:500) (sc-19), Hemogen (1:1000) (sc-68360) and Dnmt-1 (1:500) 

(sc-20701) were used. 

Chapter 3: Results 

3.1 Hemogen Antibody Production 

At the start of the project, there was no commercially available Hemogen 

antibody. To study Hemogen by western blot and immuno-precipitation, we decided to 

produce a rabbit polyclonal Hemogen antibody. Firstly, we assessed the primary 

sequence of Hemogen to select a region of high antigenicity (figure 8). The N-terminal 

region consists predominantly of hydrophilic residues that could serve as epitopes for 

antibodies. Therefore, we used PCR to amplify the N-terminal region of Hemogen from a 

plasmid containing full length Hemogen cDNA. Full length Hemogen cDNA was 

previously amplified by reverse-transcription PCR from Hemogen mRNA in MEL cells 

and cloned into a pET28b+vector (Novagen). We cloned the N-terminal Hemogen in the 

pET28b+bacterial expression vector that conferred a N-terminal his-tag (figure 9). The 

recombinant plasmid was submitted for sequencing and no mutations were found within 

the protein coding regions of the plasmid (data not shown). We therefore transfected the 

N-terminal Hemogen expression vector into BL21 E.coli (Stratagene), induced protein-

production using IPTG and purified the synthesized his-tagged N-terminal Hemogen 

using metal affinity chromatography. 

32 



N-Terminal Segment 

61 0pl|q|t|gJc gfiktgflqqg, nveq1ka|$Ws qtie»rv:«p.F4vsaeeejehT|5gBsate{plp 
121 S^pJtewp^̂ fcSfeMllqesiqĉ iî inljsqthlspttcqgiavlqh spkmcqdmae 
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,-> a , ^ ' > 
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Middle Segment 
181 pevfspnmcq etavpqtvpp kaleemaaae plspkmcqet tvspnhsskv pqdmagpeal 
241 spnmcqeptv pqehtlkmch dvarpevlsp kthqemavpk afpcvtpgda aglegcapka 
301 lpqsdvaegc pldttptsvt peqttsdpdl gmavtegffs earectvseg vstkthqeav 

' > . V \ i 

C-Terminal Segment 
361 epefishety keftvpivss qktiqespep eqyspetcqp lpgpenysle tchemsgped 
421 lsiktcqdre epkhslpega qkvggaqgqd adaqdsenag afsqdfteme eenkadqdpe 
481 apaspqgsqe tcpengiyss alf 

Figure 8: Antigenicity plot of three Hemogen segments. Each amino acid within the 
primary sequence was assessed for its surface accessibility and hydrophilicity. High 
scores on the y-axis indicate high antigenicity. The linear sequence of each domain is 
above its respective antigenicity plot. Highlighted Hemogen residues correspond to 
sequence used for our Hemogen antibody. Underlined Hemogen residues correspond to 
sequence used for the commercial sc-68360 Hemogen antibody. The antigenicity plot 
was calculated from (Hopp and Woods 1981). More information can be found at: 
http://www.bioinformatics.Org/JaMBW/3/l/7/. 
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Figure 9: Cloning N-terminal of Hemogen cDNA into pET28b+ bacterial expression 
vector. 

2% DNA agarose gel of digested pET28b+ vector (Novagen) and N-terminal Hemogen 
cDNA insert. N-terminal Hemogen cDNA was PCR amplified from a pET28b+ vector 
containing full length Hemogen. PCR products were 493 base pairs in size and had 5' 
BamHl and 3' Sail restriction enzyme recognition sites. PCR products (insert) and 
pET28b+ back bone (5369 base pairs) were digested with BamHl and Sail and ligated to 
generate the pET28b+ N-terminal Hemogen recombinant vector. 
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Figure 10: Purification of His N-terminal Hemogen from E.coli extracts. 

Black arrows indicate N- terminal Hemogen. 

(A) Coomassie Blue gel of His-tagged N-terminal Hemogen purification. BL21 E.coli 
was transformed with pET28b+ N-terminal Hemogen vector. After transformation, E.coli 
culture was grown to 0.5 O.D. and sampled as uninduced total bacterial proteins. N-
terminal Hemogen production was induced by ImM IPTG for four hours. N-terminal 
Hemogen was released from bacteria by sonification. After centrifugation, soluble 
bacterial proteins were incubated with TALON metal affinity resin (Hyclone). Unbound 
proteins were sampled as flow-through. Salt wash of 0.5mM KC1 was used to remove 
non-specific proteins on the resin. His-tagged proteins were eluted from the resin using 
0.5 M imidazole. The molecular weight is indicated on the left side. See materials and 
methods for details. 

(B) His-tag western blot of purified N-terminal Hemogen protein. Proteins were 
separated by 12% SDS-PAGE, transferred to nitrocellulose membrane and revealed using 
His-tag antibody. The molecular weight is indicated on the right side. 

35 



Protein: IPI:IPI00458120.2|SWISS-
PROT:Q9ERZ0|ENSEMBL:ENSMUSP00000066383:ENSMUSP00000103393|REFSEQ:NP_444379|VEGA:OTTMUSP00000007304;OTTMUSP0C 

> I P I : IP 100458120 . 2 I SWISS-PROT: Q9EBZ0 IEHSEMBL :EHSMUSPO 0000066 383 ;EHSMUSP00005303393 |REFSEQ:HP 444379 
|VEGft:0TTfflfSP000P00O7304:0TTHUSP0OO0O0O7305 Tax Id=1009O Cene Syraho l=HemgntHej !^en^ 
HDHGKGRPRlL KLPOHPEAHE OKSCAPDXIG SffSLHlWREOL RKRKAEAOGR lOI^QHLLGEO H!KRKYORTGK~GWKRGRKROG HVEOidftEPHS OTEBJERltfflEV LVSflEEETEri 
frGHSATEALP LVPSPTBJAVP ADQCSEAHQE 5IQCQERAIQ NHSQTHLSPT TCqjjEAVLQH SPKHCQDHAE PEVFSPHHCQ ETAVPQTYPP KALEEHAAAE PL3PKHCQET 
TVSPNHSSKV PQDMAGPEAL SPNHCQEPTV PQEHTLKHCH DVARPEVLSP KTHQEHAVPK AFPCVTPGDA AGLEGCAPKA LPQSDVAEGC PLDTTPTSVT PEQTTSDPDL 
GHAVTEGFFS EARECTVSEG VSTKTHQEAV EPEFISHETY KEFTVPIVSS QKTIQESPEP EQYSPETCQP IPGPEMTSLE TCHEHSGPED LSIKTCQDRE EPKH3LPEGA 
QKVGGAQGQD ADAQDSENAG AFSQDFTEHE EEHKADQDPE APA5PQG5QE TCPEMGIYSS ALF 

MONOMW 55008.pl 4.84 
Database = <l:D,inl.,iSfi i|»i.MOUSE.3.41.f,»sin 

Links Gooale Google Scholar NCBI ExPASy 5GD 

Observed Peptides 

Position Mass Peptide 
10-22 1515.82 LKLPQHPEAHPQK 

13-22 1161 .56 PQHPEAHPQK 

16-22 B05 .41 PEAHPQK 

16-35 2 1 9 1 . 0 6 PEAHPQKSCAPDIIG3IJSLR 

2 2 - 3 5 1 5 3 1 . 7 8 KSCAPPIIGSCTSLR 

2 3 - 3 5 1403 . 69 SCAPDIIGSHSLR 

2 5 - 3 5 1213 . 65 APPIIGSUSLR 

2 6 - 3 5 1142.61PDIIGSHSLR 

5 1 - 6 1 1316 . 67 gTSQTHLLGEQK 

8 6 - 9 4 1102 . 50 AEPPSQTER 

97-112 1751.82 VQEVLVSAEEETEHPG 

9 7 - 1 1 3 1865 .86 VQEVLVSAEEETEHPGH 

97-119 2 4 3 6 . 14 VQEVLVSAEEETEHPGHSATEAL 

9 7 - 1 2 7 3 2 5 7 . 63 VQEVLV5AEEETEHPGHSATEALPLVP3PTK 

102-127 2 689 • 3 1 VSAEEETEHPGHSATEALPLVP3PTK 

104-127 2503 • 2 1 AEEETEHPGH3ATEALPLVP3PTK 

107-127 2174 • 09 ETEHPGNSATEALPLVP3PTK 

114-127 1409 • 78 5ATEALPLVPSPTK 
Coverage: AA 15.3* (77 / 503 residues) MASS 15.5% (.8524 / 55008 Da) 

Figure 11: Sequest mass spectrometry identification of the ~30 KDa band from 
purified N-terminal Hemogen. 

A sample of purified N-terminal bacterial Hemogen was loaded into 12% SDS-PAGE gel 
stained with Coomassie Blue. The -30 KDa band was cut, treated with trypsin and loaded 
into the auto-sampler for subsequent mass spectrometry analysis. The red oval outline 
indicates the identification of Hemogen. The green oval outline indicates where the N-
terminal Hemogen terminates. There Is 43% coverage of the N-terminal Hemogen 
primary sequence. 
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iraWiEwJirtf] IMffil Protein: II 
PROT.Q9ERZO|ENSEMBL:ENSMUSPO0000066383;ENSMUSP00000103393|REFSEQ:NP_444379|VEGA:OTTMUSP00000007304;OTTMUSP00( 

>IPI:IPI00458120•2|SWISS-PHOT:Q9ERZ0 IEITSEMBL:EHSMUSPO0000066383 ;EHSMUSP0000^341^393 |BEfSEQ:HP 444379 
|VE6A:0TmUSP0OQ00007304;OTTMUSP000QOQ07305 Tax Ict=10090 Bene Syinbol=Hemgn'^HeMggn^ 
HDHGKGRPPJL KLPOMPEAMP PKSCAPDIIC SPSLRiHREQL RKRKAE&OGR laTSflBLLSEP HJKRKYORTGK "GMRGRKROG MVEOKlBJEPffS! OT^E^gDEV LVSAEBETBH 
frOHSATEfttP LVPSPTlJAVP ADQCSEAHQE SIQCQERAIQ MHSQTHLSPT TC<QlAVLQH SPKHCQDHAE PEVFSPNHCQ ETAVPQTYPP KALEEHAAAE PL3PKHCQET 
TVSPNH3SKV PQDHAGPEAL SPNHCQEPTV PQEHTLKHCH DVARPEVLSP KTHQEHAVPK AFPCVTPGDA AGLEGCAPKA LPQSDVAEGC PLDTTPTSVT PEQTTSDPDL 
GHAVTEGFFS EARECTVSEG VSTKTHQEAV EPEFISHETY KEFTVPIVSS QKTTQE5PEP EQYSPETCQP IPGPENYSLE TCHEHSGPED LSIKTCQDRE EPKH3LPEGA 
QKVGGAQGQD AD&QD3EHAG ATSQDFTEHE EEHKADQDPE APASPQG3QE TCPEMGIYSS ALF 

MONO MW 55008 pi 4.84 
Database = t l : Database i|>i.MOU$E.3.41.fas» 

Links Gooale Gooale Scholar NCBI EKPASY SGD 

Observed Peptides 

Position Maes Peptide 
10-22 1515.B2 LKLPQMPEAHPQK 

13-22 1161 .56 PQHPEAHPQK 

16-22 8 0 5 . 4 1 PEAHPQK 

16-35 2 1 9 1 . OS PEAHPQKSCAPDIIOSWSLR 

22-35 1531 .78 KSCAPDIIGSEISLR 

23 -35 1403 • 69 5CAPDIIGSBSLR 

25-35 1213 .65 APDIIGSBSLR 

26-35 1 1 4 2 . 6 1 PDIIGSJSLR 

5 1 - 6 1 1316 .67 QTSQIiJLLGEQK 

B6-94 1102 . 50 AEPM3QTER 

97-112 1751.82 VQEVLVSAEEETEHPG 

97-113 1865 .86 VQEVLV3AEEETEHPGW 

97-119 243B. 14 VQEVLV3AEEETEHPGH3ATEAL 

97-127 3257 . 63 VQEVLVSAEEETEHPGH3ATEALPLVPSPTK 

102-127 2689• 3 1 VSAEEETEHPGMSATEALPLVPSPTK 

104-127 2503 . 2 1 AEEETEHPGH3ATEALPLVP3PTK 

107-127 2 1 7 4 . 0 9 ETEHFGH5ATEALPLVP3PTK 

114-127 1409. 7B SATEALPLVP3PTK 

Coverage: AA 15.3% (77 / 503 residues) M.iss 15.5% (8524 / 55009 Da) 

Figure 12: Sequest mass spectrometry identification of the ~19 KDa band from 
purified N-terminal Hemogen. 

A sample of purified N-terminal bacterial Hemogen was loaded into 12% SDS-PAGE gel 
stained with Coomassie Blue. The -19 KDa band was cut, treated with trypsin and loaded 
into the auto-sampler for subsequent mass spectrometry analysis. The red oval outline 
indicates the identification of Hemogen. The green oval outline indicates where the N-
teinnninal Hemogen terminates. There is 49% coverage of the N-teraninal Hemogen 
primary sequence. 
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Protein: IPI:IPI0045B120.2|SWISS-
PROT:O9ERZ0|ENSEMBL:ENSMUSP00000066383;ENSMUSP00000103393|REFSEQ:NP_444379|VEGA:OTTMUSP00O0O0O73O4;OTTMUSPO0 

> I P I : I P I 0 0 4 5 8 1 2 0 . 21 SfflSS-PROT: Q9ER20 IEHSEMBL :EHSHUSPOOOO0066383 ;EHSjPt^gSaeg j4339 3 jREFSEQ: HP 444379 
|VEGft:OTTMUSPOOQ000073D4;OTTM»SP00000007305 Tax !<*= 10090 Gene Symboj^Hentgn Hemogen^ 

HPHGKGRPRJL KLPPJHPEAHP Q K S C A P D I I G SWSLPJWREQL RKRKAEAQGR QTSQULLGEQ K K G J ^ K T ^ I ^ ^ K R G R K R Q G HVEQKAEPGS QTERER|GQEG L V S A E B B T E ^ 

E B H S A T E A L P LVPSPTK|AVP ADQCSEAHQE S I Q C Q E R A I Q NHSQTHLSPT T C ^ A V L Q H SPKHCQDMAE PZVFSPNMCQ ETAVPQTYPP KALEEMAAAE P L S P K H C Q E T 

TVSPNHSSKV PQDMAGPEAL SPNHCQEPTV PQEHTLKHCH DVARPEVLSP KTH^EHAVPK AFPCVTPGDA AGLEGCAPKA LPQSDVAEGC P L D T T P T S V T P E Q T T S D P D L 

GMAVTEGFFS EARECTV3EG VSTKTHQEAV E P E F I S H E T Y K E F T V P I V S S Q K T I Q E S P E P EQY3PETCQP I P G P E N Y S L E TCHEHSGPED LSIKTCQDRE E P K H 3 L P E G A 

QKVGGAQGQD ADAQDSEMAG AFSQDFTEHE EEHKADQPPE APASPQG5QE T C P E H O I Y S S ALF 

MONO MW 55008, pi 4.84 
Database = <t:>0dt.i1).is« ipi.MOUSE.3.41.fost.i 

Unks Gooale Google Scholar NCBI ExPASv SGD 

Observed Peptides 

Position Macs Peptide 

10-22 1515 .82 LKLPQHPEAHPQK 

16-35 2 1 9 1 . 0 6 PEAHPQKSCAPPIIG3HSLR 

9 7 - 1 1 1 1694 • 30 VOEVLV5AEEETEHP 

9 7 - 1 2 7 3257 • 63 VQEVLVSAEEETEHPGNSATEALPLVPSPTK 

Coverage: AA 11.3% (57/503 residues) Mass 11.2'. (6141 / 55008 Da) 

Figure 13: Sequest mass spectrometry identification of the -17 KDa band from 
purified N-terminal Hemogen. 

A sample of purified N-terminal bacterial Hemogen was loaded into 12% SDS-PAGE gel 
stained with Coomassie Blue. The -17 KDa band was cut, treated with trypsin and loaded 
into the auto-sampler for subsequent mass spectrometry analysis. The red oval outline 
indicates the identification of Hemogen. The green oval outline indicates where the N-
terminal Hemogen terminates. There is 35% coverage of the N-terminal Hemogen 
primary sequence. 
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We observed by Coomassie Blue staining, three species with molecular weights: 

30 KDa, 19 KDa and 17 KDa within the purified Hemogen fraction (figure 10). To assess 

whether each species was derived from the vector encoding his-tagged N-terminal 

Hemogen, we performed a his-tag western blot of the purified fraction. All three species 

had a his-tag suggesting that all three species represented recombinant N-terminal 

Hemogen (panel B of figure 10). To verify this, we cut out the gel bands, digested and 

extracted the peptides and submitted our samples for mass spectrometry analysis. Each 

species was identified by mass spectrometry as Hemogen (figures 11-13). 

We sent the purified protein to a commercial antibody production company (R 

and R Research, Seattle, Washington, USA) for antibody production in two rabbits. The 

immunization procedure involved collection of pre-immune serum, initial antigen 

exposure injection, followed by five immune-response boosting injections. The entire 

procedure took four months. We monitored the efficacy of the anti-Hemogen serum 

throughout the immunization procedure by performing western blot of differentiated 

MEL nuclear extract using test sera (figure 14). Western blot using pre-immune (pre-

bleed) sera from both rabbits 9474P and 9520P, which served as our negative control, 

revealed no signal (figure 14). Western blot signal increased from first test serum to 

second test serum of both rabbits indicative of an increase in immune-response toward 

Hemogen. 
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Figure 14: Western blot of differentiated MEL nuclear extracts using anti-Hemogen 
sera. Anti-Hemogen sera from two rabbits were received at scheduled time-points from 
R and R Research, Seattle, Washington, USA. Differentiated MEL nuclear extracts were 
loaded into a single large well of a SDS-PAGE gel. Proteins separated by electrophoresis 
were transferred onto nitrocellulose membrane. Membranes were cut into 0.4 cm wide 
stripes. Anti-Hemogen sera (1:5000) were individually applied to membrane stripes. See 
Materials and Methods for western blot details. 

Table 1: Description of Figure 14. Collection time point is with respect to initial antigen 
exposure. Highlighted rows correspond to rabbit 9474P sera western blot. Rows not 
highlighted correspond to rabbit 9520P sera western blot. Commercial Hemogen 
antibody (sc-68360) was used in lane 13. 

Lane 
Number 

1 
2 
3 
4 
5 
6 
7 
8 
9 
10 
11 
12 

Test 
Serum 
Order 

pre-bleed 
1st 
2nd 
3rd 
4th 
last 

pre-bleed 
1st 
2nd 
3rd 
4th 
last 

Collection Time 
Point 

1 week before 
1 month after 

2.5 months after 
3 months after 
4 months after 

4.5 months after 
1 week before 
1 month after 

2.5 months after 
3 months after 
4 months after 

4.5 months after 

40 



The serum from rabbit 9474P produced a more intense signal in the Hemogen western 

blot (figure 14). Rabbit 9474P may have developed more Hemogen antibodies or 

antibodies that more efficiently recognized Hemogen. 

From a Hemogen western blot of differentiated MEL nuclear extract, we observed 

a predominant band at 100 KDa (figure 14). However, the theoretical size of Hemogen is 

approximately 55 KDa. We performed several experiments to verify that our antibody is 

specific to Hemogen. Primarily, we performed a N-terminal Hemogen western blot using 

our Hemogen antibody. The antibody recognized the recombinant Hemogen protein 

previously identified by mass spectrometry (figure 15). To verify that the 100 KDa band 

corresponded to Hemogen within MEL nuclear extracts, we created Flag-tagged full-

length Hemogen expression vector (figure 16) and developed stable MEL cell clones. A 

Flag western blot of nuclear extract containing Rag-tagged Hemogen revealed a 100 

KDa band (figure 17). Flag was not present in untransfected MEL cells (figure 17). Since 

the known cDNA sequence of Hemogen was transfected into MEL cells, the 100 KDa 

band observed in our Rag western blot should correspond to Hemogen. During the 

course of this experiment, an anti-Hemogen antibody was commercialized by Santa-Cruz 

(sc-68360). In contrast to our antibody, sc-68360 was raised against the mid-section of 

Hemogen (residues 181-360). We used the commercial Hemogen antibody as a control in 

our experiments (figure 14). We performed a Hemogen western blot of MEL nuclear 

extracts using the commercial Hemogen antibody (figure 14) in parallel with our 

Hemogen antibody (figure 14). Each antibody was raised to recognize non-overlapping 
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Figure 15: Western blot of His N-terminal Hemogen using anti-Hemogen sera. 

N-terminal Hemogen western blot using anti-Hemogen sera. Purified his N-terminal 
Hemogen (from figure 10) was loaded into a single large well of a SDS-PAGE gel. 
Proteins separated by electrophoresis were transferred onto nitrocellulose membrane. 
Membranes were cut into 0.4 cm wide stripes. Each membrane stripe contains 
approximately 0.89 ug of protein. The anti-Hemogen and pre-bleed sera from two rabbits 
were individually applied to membrane stripes. See Materials and Methods for western 
blot details. 

(1) Pre-bleed serum from rabbit 9474P (Serum collected 1 week before initial antigen 
exposure). 

(2) 1st test bleed serum from rabbit 9474P (Serum collected 1 month after initial antigen 
exposure). 

(3) Pre-bleed serum from rabbit 9520P (Serum collected 1 week before initial antigen 
exposure). 

(4) 1st test bleed serum from rabbit 9520P (Serum collected 1 month after initial antigen 
exposure). 
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Figure 16: Cloning full-length Hemogen cDNA into p3xFlag-CMV-14 mammalian 
expression vector. 

1% DNA agarose gel of digested p3xFlag-CMV-14 (Invitrogen) vector and Hemogen 
cDNA insert. Hemogen cDNA was PCR amplified from a pET28b+ vector containing 
full length Hemogen. PCR products (inserts) were approximately 1.5 kilobase pairs in 
size and had 5' HindRl and 3' Xbal restriction enzyme recognition sites. PCR products 
and p3xFlag-CMV-14 back bone (6.3 kilobase pairs) were digested with BamHl and 
Xbal and ligated to generate the p3xFlag-CMV-14-Hemogen-Full-Length recombinant 
vector. 
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Figure 17: Western blots of stable MEL Clones expressing Flag tagged full-length 
Hemogen. 

(A) Flag western blot of nuclear extracts from untransfected MEL cells or Hag-Hemogen 
expressing clones (clone 1, clone 2 and clone 3). Western blot of the hematopoietic 
specific transcription factor, p45 was performed on the same blot as a loading control. 

(B) Hemogen western blot (sc-68360) of nuclear extracts from untransfected. MEL cells 
or Flag-Hemogen expressing MEL clones (clone 1, clone 2 and clone 3). Western blot of 
the hematopoietic specific transcription factor, p45 was performed on the same blot as a 
loading control. 
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primary sequences (residues 181-360) of Hemogen (figure 8). The two Hemogen 

antibodies both recognized the same 100 KDa protein within differentiated MEL nuclear 

extracts (figure 14). This and other results indicate that our Hemogen antibody is specific 

to Hemogen. As with the recombinant N-terminal Hemogen, we performed our SDS-

PAGE under denaturing and reducing conditions. 

Our polyclonal Hemogen antibody is functional in Hemogen immuno-

precipitation (IP) (figure 18). As a negative control for our IP, we performed a mock IP 

using pre-immune serum in parallel with Hemogen specific IP. Hemogen was absent in 

our mock IP and present only within Hemogen specific IP. Moreover, Hemogen is 

immuno-depleted in specific IP flow-through (figure 18) and is enriched in specific IP 

elution with respect to the input (figure 18). These observations indicate the efficacy of 

our antibody for Hemogen IP. Therefore, the Hemogen antibody provided us the means 

to purify Hemogen complexes for the identification of Hemogen associating proteins. 

3.2 Characterization of Hemogen Expression within MEL Cells 

To investigate the cellular localization of endogenous Hemogen within MEL 

cells, we performed Hemogen immuno-staining in both undifferentiated (figure 19) and 

differentiated (figure 20) MEL cells using commercial Hemogen antibody. Secondary 

antibody alone was used as a negative control (figures 19 and 20). Our immuno-

fluorescent microscopy (IFM) results revealed that Hemogen is localized to the nucleus. 
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Figure 18: Hemogen IP of differentiated MEL nuclear extract using anti-Hemogen 
sera. 

MEL nuclear extracts made from cell differentiated for three day were incubated with 
Hemogen anti-serum or pre-immuned conjugated protein-A sepharose resin. Captured 
proteins were eluted by boiling in SDS buffer and separated by 12% SDS-PAGE. 
Individual immunoprecipitations were performed with the Hemogen serum (9474P) 
received at various time points or with pre-immune serum as negative control (mock). 
Western blots were revealed with the commercial Hemogen antibody (sc-68360). Equal 
sample volumes were loaded. 
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DAPI Secondary Antibody Merge 

Figure 19: Immuno-fluorescence staining of endogenous Hemogen within 
undifferentiated MEL cells. 

Cellular localization of endogenous Hemogen in undifferentiated MEL cells. Cells were 
affixed to poly-lysine coated slides and immunostained with commercial Hemogen 
primary antibody sc-68360 (1:300). FITC- conjugated anti-rabbit secondary antibody 
(1:300) was visualized in green. DAPI in blue was used to visualize DNA. First column 
exhibits DAPI staining of cellular DNA. Regions intensely stained by DAPI are highly 
condensed chromatin. Third column is a merge of both DAPI and FITC signals. 

(A) Cells were treated only with FITC- conjugated secondary antibody. The absence of 
FITC emitted signal serves a negative control for the secondary antibody. 

(B) Cells were treated with both primary Hemogen and anti-rabbit FITC- conjugated 
antibodies. 
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DAPI Secondary Antibody Merge 

Figure 20: Immuno-fluorescence staining of endogenous Hemogen within 
differentiated MEL cells. 

Cellular localization of endogenous Hemogen in differentiated MEL cells. Cells were 
affixed to poly-lysine coated slides and immunostained with commercial Hemogen 
primary antibody sc-68360 (1:300). FITC- conjugated anti-rabbit secondary antibody 
(1:300) was visualized in green. DAPI in blue was used to visualize DNA. First column 
exhibits DAPI staining of cellular DNA. Regions intensely stained by DAPI are highly 
condensed chromatin. Third column is a merge of both DAPI and FITC signals. 

(A) Cells were treated only with FITC- conjugated secondary antibody. The absence of 
FITC emitted signal serves a negative control for the secondary antibody. 

(B) Cells were treated with both primary Hemogen and anti-rabbit FITC- conjugated 
antibodies. 
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To determine the expression dynamics of Hemogen during erythroid 

differentiation of MEL cells, we performed a western blot of endogenous Hemogen from 

nuclear extracts of undifferentiated and 24 hours, 48 hours and 72 hours differentiated 

MEL cells (figure 21). Hemogen protein levels progressively increased with 

differentiation. As a positive control for MEL differentiation, we detected a progressive 

up-regulation of p45 after DMSO-induced differentiation (figure 21) as previously 

reported (Nagai, Igarashi et al. 1998 and Johnson, Christensen et al. 2001). Levels of the 

p89 subunit of the general transcription factor complex TFIIH were constant indicating 

similar protein amounts between samples (figure 21). 

3.3 Investigation of Hemogen Associating Proteins 

Hemogen was previously identified by a proteomic screen of MafK to 

preferentially interact with MafK after MEL differentiation (Brand et al. 2004). To 

confirm the interaction between MafK and Hemogen, we performed a MafK IP using 

differentiated MEL nuclear extracts. We performed MafK IP in parallel with mock IP 

using iso-type matched IgG as our negative control. We observed MafK solely within 

MafK IP (figure 22). The absence of MafK in mock IP confirmed the specificity of our 

IP. Moreover, we observed Hemogen solely within specific MafK IP (figures 22). The 

observation of MafK within Hemogen IP elution provided confirmation of the MafK and 

Hemogen interaction. 

The observed MafK and Hemogen interaction and the fact that MafK is part of 

large multi-protein complexes in both undifferentiated and differentiated MEL cells 
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Figure 21: Western blot of MEL differentiation time-course. Western blot of 
Hemogen (sc-68360), TFIIH (sc-20697) and p45 (sc-291) of MEL nuclear extracts before 
DMSO-induced differentiation (0 hr) and 24, 48 and 72 hours after 2% DMSO-induced 
differentiation in MEL cells. 

Total protein amounts between samples were equilibrated using Bradford assay. TFIIH 
was used as a loading control. The increase in p45 levels during MEL differentiation was 
used as a positive control for MEL differentiation (Nagai, Igarashi et al. 1998; Johnson, 
Christensen et al. 2001). 
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Figure 22: MafK IP of differentiated MEL nuclear extract. 

MafK and Hemogen western blots of MafK IP indicated MafK and Hemogen interaction 
within differentiated MEL nuclear extract. 

Three days differentiated MEL nuclear extracts were incubated with commercial 
Hemogen antibody or isotype-matched IgG conjugated protein-A sepharose resin. 
Captured proteins were eluted by boiling in SDS buffer and separated by 12% SDS-
PAGE. MafK IP was performed with the MafK antibody (sc-C16) in parallel with mock 
IP using IgG. Western blots were revealed with the commercial Hemogen antibody (sc-
68360) or MafK antibody (sc-C16). Equal sample volumes were loaded. 
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implicated that Hemogen may exist in protein complexes. We performed Hemogen IP 

using our polyclonal Hemogen antibody (9474P) in parallel with mock IP using cognate 

pre-immunized rabbit serum. In preparation for large-scale Hemogen IP for mass 

spectrometry, we optimized the endogenous Hemogen IP by minimizing the amount of 

non-specific proteins in the mock IP visualized by silver staining (figure 23) by 

optimizing the elution temperature and buffer. 

For mass spectrometry analysis of Hemogen associating proteins, we performed a 

large scale IP of differentiated MEL nuclear extract. We used our polyclonal Hemogen 

antibody for Hemogen specific IP. As a negative control, we used the pre-immune serum. 

We separated proteins within the IP elution by SDS-PAGE and silver stained the SDS-

PAGE gel using a protocol compatible for subsequent mass spectrometry analysis. Gel 

sections were cut from the specific IP lane and equivalent sections were cut from the 

mock IP lane (figure 24). Peptides were extracted from the gel pieces and subjected to 

mass spectrometry analysis. 

By mass spectrometry, we observed Hemogen solely in our specific IP. Proteins 

identified within mock IP elution are considered non-specific and were excluded from 

our list of candidate Hemogen interactors (tables 2 and 3). Our list of putative Hemogen 

interactors after erythroid differentiation included members of the chromatin remodeling 

and modifying complexes, sequence-specific DNA-binding transcription factors, basal 

transcription factors, members of the mediator complex, anaphase promoting complex 

and architectural proteins. 
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Figure 23: Silver stain of Hemogen IP elutions of differentiated MEL nuclear 
extracts. 

Silver stained SDS-PAGE gel of small-scale mock IP elution (mock IP EL) and 
Hemogen IP elution (Hemogen IP EL). Three days differentiated MEL nuclear extracts 
were incubated with Hemogen anti-serum or pre-immuned serum conjugated protein-A 
sepharose resin. Captured proteins were eluted by boiling in SDS buffer and separated by 
12% SDS-PAGE. Immunoprecipitation (IP) was performed with the Hemogen serum 
(9474P) or pre-immune serum (mock). Molecular weights are indicated to the right. 
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Figure 24: Silver stain of Hemogen IP elutions of differentiated MEL nuclear 
extracts for mass spectrometry. 

Silver stained SDS-PAGE gel of mock IP elution (mock IP EL) and Hemogen IP elution 
(Hemogen IP EL) for mass spectrometry analysis. Silver stained SDS-PAGE gel of 
small-scale mock IP elution (mock IP EL) and Hemogen IP elution (Hemogen IP EL). 
Immunoprecipitation (IP) was performed with the Hemogen serum (9474P) or pre-
immune serum (mock). Molecular weights are indicated to the right. Gel sections were 
cut and numbered as indicated on the left. Gel sections 2 to 7 contain Hemogen (see table 
3). 
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Table 2: Tandem mass spectrometry identification of specific Hemogen associated proteins 
by IP after MEL erythroid differention classified by function. Sequest and Mascot algorithms 
were used to correlate observed mass spectrum with therotical mass spectrum from a database to 
determine peptide sequence. IPI- international protein index number. Table does not include 
Hemogen. 

Name IPI 
MW 

(KDa) 

Number of 
Unique 
Peptide 

(Sequest) 

Coverage 
(%) 

(Sequest) 

Identification 
Probability 

(%) (Sequest) 
Mascot 
Score 

Gel Band 
# (fig 24) 

TRANSCRIPTION 
Sequence-specific 

DNA-bmding 

CEB/Pp 
E12ofE2-a 

POU2F2 
TAL-1/SCL 

116613.1 
122714.2 
230116.3 
123645.1 

31.2 
67.7 
60.1 
34.3 

9.8 
2.2 
2.9 
2.2 

52.8 
98.77 
79.7 
78.3 

n/a 
n/a 
n/a 
n/a 

12 

14 
10 

Basal Machinery ; 
TAF5 
TAF10 

Mediator Complex 
MED12, Isoform 2 

MED17 

223695.1 
321331.3 

620781.4 
459787.2 

87.2 
21.8 

242.2 
72.4 

2 
2 

1 
1 

5 
17 

0.6 
3.7 

n/a 
n/a 

99.62 
99.2 

47 
76 

60 
n/a 

5 
13 

2 
7 

Cofactors 
Bcor 

CHD5, Isoform 2 
DNMT-1 
FOG-1 
INO80 
RBBP6 
SAF-B 
TRRAP 

NnRB/Mi-2 
Complex 

CHD4 
MTA2 
p66a 
p66p 

RBBP4 
RBBP7 

BAF Complex 
(SWBSNFtype) 

BAF53a 
BAF60b 
BRG-1 

229530.4 
608001.5 
469323.1 
132648.1 
378561.2 
551082.3 
3785612 

330902.4 

396802.1 
128230.1 
229784.2 
128615.! 
122696.5 
552530.2 

323660 
115461.4 
4606682 

111.33 
222.52 
183.1 
105.9 
176.4 
195.2 
116.85 

291.5 

217.6 
75 

67.3 
65.4 
47.6 
47.8 

47.4 
55.4 
181.7 

1 
1 
5 
1 
2 
1 
3 

1 

3 
3 
1 
; 
1 
3 

1 
1 
3 

1.5 
0.6 
3.9 
2.2 
2.7 
0.7 
2.7 

0.4 

2.8 
2.4 
1.9 
5.2 
5.5 
11 

3 
10 
2 

99.6 
n/a 
100 

95.12 
100 
99.4 
100 

99.81 

100 
99.56 
96.4 
99.6 
99.74 

n/a 

n/a 
83.73 
100 

71 
62 
95 
52 
n/a 
58 
53 

n/a 

67 
75 
n/a 
78 
n/a 
84 

81 
n/a 
n/a 

2 
2 
2 
3 
2 
2 
2 
1 

12 
8 
8 
8 
9 
9 

9 
9 
2 

Transcription 
Cycltos 
Cyclin-K 
Cyclin-Tl 

153134.1 
316214.3 

61.3 
80.5 

1 
2 

4.7 
4 

99.1 
100 

n/a 
n/a 

5 
5,6 
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IPI 
MW 

(KDa) 

Number 
of Unique 

Peptide 
(Sequest) 

% 
coverage 
(Sequest) 

Identification 
Probability 

(%) (Sequest) 
Mascot 
Score 

Gel 
Band 
#(fig. 

24) 

CELL CYCLE MODULATOR 

APC1 

APC5 

137228 1 

380355 1 

218 1 

83 

4 

2 

33 

37 

100 

100 

80 

75 

2 

7 

CHROMOSOME 
CONDENSATION/SEGREGATION 

smcHDl 

NSBPl 

137433 3 

311626 5 

225 5 

45 3 

6 

3 

48 

69 

100 

995 

130 

63 

2 

8 

PROTEINS OF 
UNKNOWN/UNCLEAR FUNCTION 

WDC146 

ZC3H18 

170242 1 

648513 1 

145 8 

105 6 

5 

1 

44 

26 

100 

99 6 

101 

n/a 

2 

2 

OTHERS 

Cblll 

Nucleoponn 

Microspherule protein 1 

310594 2 

330624 1 

222228 5 

54 3 

45 3 

58 2 

1 

1 

1 

6 

69 

22 

99 7 

99 5 

862 

n/a 

n/a 

n/a 

9 

8 

9 
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Table 3: Tandem mass spectrometry identification of specific Hemogen associated proteins 
by IP after MEL erythroid differention within each gel band. Hemogen identification is 
highlighted. Sequest and Mascot algorithms were used to correlate observed mass spectrum with 
therotical mass spectrum from a murine database to determine peptide sequence. IPI-
international protein index number. 

Gel Band 1 

Name 

CHEW 

TRRAP 

IPI 

396802.1 

330902.4 

MW 
(KDa) 

217.8 

291.5 

Number 
of Unique 
Peptide 

(Sequest) 

1 

1 

Coverage 
(Sequest) 

(%) 
0.7 

0.4 

Identification 
Probability 

(%) (Sequest) 

98.3 

99.8 

Mascot 
Score 

n/a 

n/a 

Number 
of 

Unique 
Peptide 

(Mascot) 

n/a 

n/a 

Coverage 
(%) 

(Mascot) 

n/a 

n/a 

Gel Band 2 

Name 

APC1 

BCOR 

BRG-1 

CHD4 

CHD5,Isoform2 

DNMT-1 

Hemogen 

INO80 

MED12,Isoform2 

Nucleoporin 

RBBP6 

SAF-B 

smcHDl 

WDC146 

ZC3H18 

IPI 

137228.1 

229530.4 

460668.2 

396802.1 

608001.5 

469323.1 

458120.2 

378561.2 

620781.4 

330624.1 

551082.3 

378561.2 

137433.3 

170242.1 

648513.1 

MW 
(KDa) 

218.1 

111.33 

181.7 

217.6 

222.52 

183.1 

55 

176.4 

242.2 

45.3 

195.2 

116.85 

225.5 

145.8 

105.6 

Number 
of Unique 
Peptide 

(Sequest) 

4 

1 

3 

3 

n/a 

5 

4 

2 

1 

1 

1 

3 

6 

5 

1 

Coverage 
(Sequest) 

(%) 
3.3 

1.5 

2 

2.8 

n/a 

3.9 

10.6 

2.7 

0.6 

6.9 

0.7 

2.7 

4.8 

4.4 

2.6 

Identification 
Probability 

(%) (Sequest) 

100 

99.6 

100 

100 

n/a 

100 

100 

100 

99.62 

99.5 

99.4 

100 

100 

100 

99.6 

Mascot 
Score 

80 

71 

n/a 

67 

62 

95 

346 

n/a 

60 

n/a 

58 

53 

130 

101 

n/a 

Number 
of 

Unique 
Peptide 

(Mascot) 

3 

2 

n/a 

6 

3 

3 

11 

n/a 

5 

3 

2 

3 

12 

3 

n/a 

Coverage 
(%) 

(Mascot) 

2 

3 

n/a 

5 

1 

2 

30 

n/a 

4 

3 

2 

2 

8 

4 

n/a 

Gel Band 3 

Name 

FOG-1 

ttetftogeft 

IPI 

132648.1 

458120.2 

MW 
(KDa) 

105.9 

55 

Number 
of Unique 
Peptide 

(Sequest) 

1 

2 

Coverage 
(Sequest) 

(%) 
2.2 

6.2 

Identification 
Probability 

(%) (Sequest) 

95.12 

100 

Mascot 
Score 

52 

126 

Number 
of 

Unique 
Peptide 

(Mascot) 

2 

4 

Coverage 
(%) 

(Mascot) 

3 

13 

Gel Band 4 

Name 

Hemogen 

IPI 

458120.2 

MW 
(KDa) 

55 

Number 
of Peptide 

Unique 
(Sequest) 

1 

Coverage 
(Sequest) 

(%) 
8.1 

Identification 
Probability 

(%) (Sequest) 

99.8 

Mascot 
Score 

284 

Number 
of 

Unique 
Peptide 
(Mascot) 

6 

Coverage 
(%) 

(Mascot) 

19 

57 



Gel Band 5 

Name 

Cyclin-Tl 

Heraogen 

TAF5 

IPI 

316214.3 

458120.2 

223695.1 

MW 
(KDa) 

80.5 

55 

87.2 

Number 
of Peptide 

Unique 
(Sequest) 

2 

4 

n/a 

Coverage 
(Sequest) 

(%) 
4 

8.3 

n/a 

Identification 
Probability 

(%) (Sequest) 

100 

100 

n/a 

Mascot 
Score 

n/a 

912 

47 

Number 
of 

Unique 
Peptide 

(Mascot) 

n/a 

14 

2 

Coverage 
(%) 

(Mascot) 

n/a 

42 

5 

Gel Band 6 

Name 

Cyclin-Tl 

HBahofM 

IPI 

316214.3 

4581202 

MW 
(KDa) 

80.5 

55 

Number 
of Peptide 

Unique 
(Sequest) 

2 

6 

Coverage 
(Sequest) 

(%) 
4 

8.3 

Identification 
Probability 

(%) (Sequest) 

100 

100 

Mascot 
Score 

62 

n/a 

Number 
of 

Unique 
Peptide 

(Mascot) 

3 

n/a 

Coverage 
(%) 

(Mascot) 

5 

n/a 

Gel Band 7 

Name 

APC5 

Cyclin-K 

fteWeii 
MED 17 

IPI 

380355.1 

153134.1 

458120.2 

459787.2 

MW 
(KDa) 

83 

61.3 

55 

72.4 

Number 
of Peptide 

Unique 
(Sequest) 

2 

1 

2 

1 

Coverage 
(Sequest) 

(%) 
3.7 

4.7 

6.2 

3.7 

Identification 
Probability 

(%) (Sequest) 

100 

99.1 

100 

992 

Mascot 
Score 

75 

n/a 

174 

n/a 

Number 
of 

Unique 
Peptide 

(Mascot) 

2 

n/a 

7 

n/a 

Coverage 
(%> 

(Mascot) 

3 

n/a 

22 

n/a 

Gel Band 8 

Name 

E12ofE2a 

p66a 

p66(3 

MTA1/2 

NSBP1 

IPI 

122714.2 

229784.2 

128615.1 

128230.1 

311626.5 

MW 
(KDa) 

67.7 

67.3 

65.4 

75 

45.3 

Number 
of Peptide 

Unique 
(Sequest) 

1 

1 

1 

3 

3 

Coverage 
(Sequest) 

(%) 
22 

1.9 

5.2 

2.4 

6.9 

Identification 
Probability 

(%) (Sequest) 

98.77 

96.4 

99.6 

99.56 

99.5 

Mascot 
Score 

n/a 

n/a 

78 

75 

63 

Number 
of 

Unique 
Peptide 

(Mascot) 

n/a 

n/a 

1 

3 

2 

Coverage 
(%) 

(Mascot) 

n/a 

n/a 

5 

5 

9 

58 



Gel Band 9 

Name 

CBLL1 

BAF53a 

BAF60b 

RBBP4 

RBBP7 

Microspherule protein 
1 

IPI 

310594 2 

323660 

1154614 

122696 5 

552530 2 

222228 5 

MW 
(KDa) 

54 3 

47 4 

55 4 

47 6 

47 8 

58 2 

Number 
of 

Peptide 
Unique 

(Sequest) 

1 

n/a 

1 

1 

n/a 

1 

Coverage 
(Sequest) 

(%) 
6 

n/a 

10 

55 

n/a 

22 

Identification 
Probability 

(%) 
(Sequest) 

99 7 

n/a 

83 73 

99 74 

n/a 

86 2 

Mascot 
Score 

n/a 

81 

n/a 

n/a 

84 

n/a 

Number of 
Unique 
Peptide 

(Mascot) 

n/a 

3 

n/a 

n/a 

3 

n/a 

Coverage 
(%) 

(Mascot) 

n/a 

3 

n/a 

n/a 

7 

n/a 

Gel Band 10 

Name 

TAL-1/SCL 

IPI 

123645 1 

MW 
(KDa) 

34 3 

Number 
of 

Peptide 
Unique 

(Sequest) 

1 

Coverage 
(Sequest) 

(%) 
22 

Identification 
Probability 

(%) 
(Sequest) 

78 3 

Mascot 
Score 

n/a 

Number of 
Unique 
Peptide 

(Mascot) 

n/a 

Coverage 
(%) 

(Mascot) 

n/a 

Gel Band 11 
No unique specific IP protein identified 

Gel Band 12 

Name 

CEB/PP 

IPI 

116613 1 

MW 
(KDa) 

312 

Number 
of 

Peptide 
Unique 

(Sequest) 

1 

Coverage 
(Sequest) 

(%) 
98 

Identification 
Probability 

(%) 
(Sequest) 

52 8 

Mascot 
Score 

n/a 

Number of 
Unique 
Peptide 

(Mascot) 

n/a 

Coverage 
(%) 

(Mascot) 

n/a 

Gel Band 13 

Name 

TAF10 

IPI 

3213313 

MW 
(KDa) 

218 

Number 
of 

Peptide 
Unique 

(Sequest) 

n/a 

Coverage 
(Sequest) 

(%) 
n/a 

Identification 
Probability 

(%) 
(Sequest) 

n/a 

Mascot 
Score 

76 

Number of 
Unique 
Peptide 

(Mascot) 

2 

Coverage 
(%) 

(Mascot) 

17 

Gel Band 14 

Name 

P02F2 

IPI 

230116 3 

MW 
(KDa) 

601 

Number 
of 

Peptide 
Unique 

(Sequest) 

1 

Coverage 
(Sequest) 

(%) 
29 

Identification 
Probability 

(%) 
(Sequest) 

79 7 

Mascot 
Score 

n/a 

Number of 
Unique 
Peptide 

(Mascot) 

n/a 

Coverage 
(%) 

(Mascot) 

n/a 

Gel Band 15 
No unique specific IP protein identified 
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To approximate the size of the Hemogen complexes and to investigate whether 

there are multiple Hemogen complexes within the nuclear extract, we fractionated protein 

complexes within differentiated MEL nuclear extracts by size using size exclusion 

chromatography (SEC). We used superose 6 10/300 GL column with an optimal 

separation range of 500 KDa to 5 KDa. We performed Hemogen western blot on every 

second SEC fraction to determine the fractions most abundant in Hemogen (figure 25). 

Once we determined the elution profile of Hemogen by SEC, we compared Hemogen's 

elution profile with the elution profiles of purified globular proteins of known molecular 

weights to approximate the size of the Hemogen complex (figure 26). The majority of 

Hemogen within differentiated nuclear extract was approximately between 382 KDa to 

117.46 KDa (figure 26). We observe only one peak in which Hemogen eluted out of the 

SEC column (figure 25). Therefore Hemogen may belong to one complex or within 

several Hemogen complexes similar in size. 

Western blot of SEC fractions can provide an indication of protein-protein 

interactions if two proteins are detected within the same fraction. Since we observed an 

interaction between MafK and Hemogen by IP, we assessed whether MafK 

cofractionated with Hemogen. Hemogen eluted out of the size exclusion column slightly 

before MafK. However there was an overlap in the elution patterns of Hemogen and 

MafK in which both proteins are co-eluted (figure 25). 

Since five peptides of Dnmt-1 were identified within Hemogen specific IP by 

mass spectrometry analysis, we investigated whether Dnmt-1 co-fractionated with 
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Hemogen and observed the presence of Dnmt-1 in all fractions containing Hemogen 

(figure 25). 



250 KDa 

150 KDa 
V. 

669KDa 440KDa 158KDa 75KDa 

I I I I 
6 8 JO 12 14 16 _18 20 22 24 26 28 30 32 

Dnmt-1 

100 KDa Hemogen 

20 KDa 
^^m ^^^F ~mP ^jpt MafK 

Figure 25: Western blot of size exclusion chromatography (SEC) fractions using 
differentiated MEL nuclear extracts. 

Differentiated MEL nuclear extract were loaded into Superose 6 10/300 column. 500 ul 
fractions were initially collected at elution volume of 5 ml. The fraction number is 
labeled across the top. The void volume, approximated by Dextran blue, is within the 5th 

fraction collected. Approximate sizes of fractions are labeled in kilodaltons across the top 
according to globular protein standards of known molecular weight (table 3). 
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Size Exclusion Chromatography Calibration Curve 

Compi»x 381 66 kDa 

Smallest Hemogen 
Complex 117 46 kDa 

y = -0 2559x + 9 1643 
RM09116 

6 8 10 12 

Elution Volume (Ve) ml 

14 16 18 

Figure 26: Size exclusion chromatography (SEC) calibration curve. 

Size exclusion chromatography calibration curve using protein standards (table 3). 
Hemogen complex elution volumes were obtained from Hemogen western blot of SEC 
fractions. Size of Hemogen complexes were calculated from trend-line equation of the 
calibration curve. 

Table 4- Data Points for SEC Calibration Curve 

Protein Standards 

thyrogioouun 

ferritin 

aldolase 

conalbumin 

albumin 

Molecular Weight 
(Da) 

669000 

440000 

158000 

75000 

66000 

log(Molecular Weight) 

58 

5.6 

5.2 

4.9 

4.8 

Elution Volume 
(Ve, ml) 

12.6 

14.52 

15.78 

16.62 

16.51 

63 



Chapter 4: Discussion 

Hemogen is a murine protein expressed in active sites of hematopoiesis during 

embryogenesis and adulthood (Li et al. 2001). The mechanistic function of Hemogen has 

not been currently elucidated. However, several reports indicate that Hemogen 

deregulation is associated with neoplasm. Hemogen is over-expressed in the peripheral 

blood cells of several types of leukemias (Li et al. 2004) and is associated with poor 

prognosis in patients suffering from acute myeloid leukemia (An et al. 2005). Over-

expression of Hemogen in HSCs disrupted hematopoietic homeostasis and resulted in 

extramedullary myelopoiesis in the spleen and reduced lymphopoiesis (Li et al. 2007). 

Moreover, evidence also support Hemogen's role in erythroid differentiation. Hemogen 

or its homologs are expressed in primitive erythrocytes, erythroid precursors and tissues 

of active erythropoiesis (Kruger et al. 2002 and Yang L.V. et al. 2001). One of the 

hallmarks of erythroid differentiation is the expression of hemoglobin. Hemogen 

associates with MafK, a subunit of the NF-E2 complex that activates P-globin expression 

during erythroid differentiation (Johnson et al. 2001). Moreover, the key stimulator of 

erythroid differentiaton, GATA-1 activates the expression of human Hemogen homolog, 

EDAG (Li et al. 2008). Hemogen's association to leukemogenesis and the erythroid 

differentiation perhaps warrants the study of Hemogen's role in erythroid differentiation. 

Investigating the associating partners of Hemogen is a step into understanding 

Hemogen's mechanistic function. 

Previous evidence suggested that Hemogen is a nuclear protein. Immuno-staining 

of exogenous Hemogen within COS-7 cells revealed Hemogen's nuclear localization (Li 
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et al. 2001). However the cellular localization of endogenous Hemogen within erythroid 

cells has never been investigated. Therefore to investigate Hemogen's cellular 

localization within MEL cells, we performed immunostaining of endogenous Hemogen 

in both undifferentiated and differentiated MEL cells. We used DAPI, which stained 

DNA, to demark the nuclear region. Hemogen was found within the nucleus of 

undifferentiated and differentiated MEL cells (figures 19 and 20). 

To investigate whether Hemogen protein levels are influenced by erythroid 

differentiation, we performed western blot of MEL nuclear extracts at different time 

points of differentiation. As terminal erythroid differentiation progressed in MEL cells, 

we observed a progressive up-regulation of Hemogen protein (figure 21). Since GATA-1 

is an activator of Hemogen (Li et al. 2008) and GATA-1 activity increases during MEL 

erythroid differentiation (Choe et al. 2001), the increase in Hemogen levels may be 

associated with increases in GATA-1 activity. 

Previous MafK proteomic screen implicates an interaction between MafK and 

Hemogen in MEL cells. We performed a co-IP experiment and confirmed this interaction 

(figure 22). The observed MafK and Hemogen interaction and the fact that MafK is part 

of large multi-protein complexes in both undifferentiated and differentiated MEL cells 

(Brand et al. 2004) implicated that Hemogen may exist in protein complexes. 

Hence we created Hemogen antibodies that were applicable in Hemogen IP to 

identify its associating partners. N-terminal Hemogen bacterial protein was used as 
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antigen for Hemogen antibody production in two rabbits. We observed three proteins 

species within our purified fraction (figure 10). Each species was identified as Hemogen 

by mass spectrometry (figures 11-13). The approximate theoretical size of N-terminal 

Hemogen is 17 KDa. Since we used denaturing conditions to reduce secondary and 

tertiary protein structures, size discrepancy between the three species observed may be 

due to post-translation modification and the inherent character of the primary sequence. 

A report demonstrated that SDS has different affinity for free amino acids. Specially, 

acidic amino acids do not associate with SDS (Maley et al. 1977). Proline minimally 

associates with SDS (Maley et al. 1977). Glutamic acid attributes to 11.9% of Hemogen's 

total residue content while proline contributes to 10.3% (Li et al. 2001). Both the 

prevalence of glutamic acid and proline in Hemogen are higher than average levels 

(Brendel et al. 1992). Therefore it is possible that SDS did not efficiently confer negative 

charge to the protein thereby reducing the speed of migration during electrophoresis. 

Similar discrepancy between theoretical and observed molecular weight in SDS-PAGE 

was detected for proliferation cell nuclear antigen (PCNA) (Liang et al. 1992). Both in 

vitro translation and bacterial expressed PCNA migrated at the same rate as endogenous 

PCNA suggesting that this discrepancy in size may be due to the inherent residue content 

of the PCNA (Liang et al. 1992). Since, the 30 KDa Hemogen species is the most 

abundant species, the faster migrating Hemogen species at approximately 19 KDa and 17 

KDa may be degradation products of the 30 KDa species. 

We performed Hemogen western blot with differentiated MEL nuclear extracts 

using rabbit anti-Hemogen serum and pre-serum as a negative control. We detected a 100 
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KDa species with the anti-Hemogen sera but not in the pre-immuned sera (figure 14). 

Since the theoretical size of Hemogen was 55KDa, we assessed whether the 100 KDa 

band detected by our anti-Hemogen sera corresponded to Hemogen. We expressed Flag-

Hemogen in MEL cells and performed a Rag western blot in parallel with a Hemogen 

western blot using MEL nuclear extracts. A 100 KDa was observed in both western blots 

(figure 17). In addition, a commercial Hemogen antibody also recognized the same 100 

KDa species (figure 14). The commercial Hemogen antibody was generated using a 

Hemogen primary sequence distinct from the sequence used to generate our anti-

Hemogen sera. These observations suggested that the 100 KDa species detected by the 

anti-Hemogen serum corresponded to Hemogen. The specificity of the anti-Hemogen 

serum was further confirmed when we observed Hemogen as the predominant protein 

within Hemogen IP elution from our mass spectrometry analysis (table 3). The size 

discrepancy between theoretical size and observed size in a SDS-PAGE gel may be due 

to post-translational modifications as well as an over-representation of glutamic acid and 

proline residues which have low affinity to SDS. We did not detect sumoylation within 

Hemogen IP elution by sumo-1 and sumo2/3 western blot (data not shown). Moreover, 

we did not observe ubitquitin by mass spectrometry (data not shown). It is possible that 

sequence coverage was not comprehensive to detect ubiquitin. We are unsure whether 

other post-translational modifications may result in the observed size difference. 

From our list of putative Hemogen associating proteins, many were involved in 

transcriptional regulation (table 2). Interestingly, members of the NuRD complex were 

identified as putative interactors of Hemogen. The NuRD complex is a multi-subunit 
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protein complex generally associated with gene repression. Identified members of the 

NuRD complex included: CHD4, MTA2, RBBP4, RBBP7, p66a and p66p\ Moreover, 

we also identified FOG-1. The NuRD complex subunits we identified were similar to the 

subunits previously identified to associate with FOG-1 in MEL cells (Hong et al. 2005). 

Members of the erythroid NuRD complex includes: MTA-1, MTA-2, p66a, HDAC1, 

HDAC2, RBBP4, RBBP7, CHD4, MBD3, and MBD2 (Hong et al. 2005). Many 

members of this NuRD complex such as MTA-1, MTA-2, RBBP4 and RBBP7 directly 

interact with the N-terminus of FOG-1 (Hong et al. 2005). 

Along with FOG-1 and members of the NuRD complex, we identified GATA-1. 

FOG-1 associates with GATA-1 (Rodriguez et al. 2005). Hemogen may be part of the 

FOG-l/NuRD/GATA-1 complex (Hong et al. 2005). Previous reports revealed similar 

FOG-1 and GATA-1 knockout phenotypes (Tsang et al. 1998 and Pevny et al. 1991) and 

suggested that FOG-1 mediates the expression of a large number of GATA-1 target 

genes. GATA-1 is considered as a master regulator of erythroid differentiation. 

Microarray gene expression analysis of GATA-1 induced erythroid differentiation 

revealed that GATA-1 is involved in the activation and repression of target genes 

implicated in all aspects of erythroid cell maturation. A wave of early gene repression 

including mitogenic genes and genes of early acting transcription factors occurs in 

GATA-1 mediated erythroid differentiation (Welch et al. 2004). GATA-1 proteomic 

screen performed in MEL cells during erythroid differentiation and ChIP data suggested 

that the FOG-l/NuRD/GATA-1 complex mediated the repression of mitogenic genes and 

genes of early acting transcription factors such as kit and GATA-2 (Hong et al. 2005 and 
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Rodriguez et al. 2005). In vivo disruption of the FOG-1/NuRD interaction in mice also 

revealed abberant expression of alternative hematopoietic lineage genes within erythroid 

cells (Gao et al. 2009). If Hemogen associates with the GATA-1/FOG-l/NuRD complex, 

then Hemogen may be recruited to GATA-1 repressed target genes such as GATA-2, kit 

or genes of alternative hematopoietic lineages. It should be noted that GATA-1 was 

identified in both specific and mock IP. There is a possibility that GATA-1 was more 

abundantly found within our specific IP in comparison to our mock IP. Since our mass 

spectrometry analysis was not quantitative we cannot dispel this possibility. 

Recent ChIP experiments revealed that members of the NuRD complex along 

with FOG-1 and GATA-1 were found not only at repressed genes but also at 

transcriptionally activated genes in erythroid cells. Genes actively expressed prior to 

erythroid differentiation were targets of the NuRD complex (Miccio et al. 2010). 

Moreover, active genes in megakaryocytes were also targeted by members of the NuRD 

complex (Miccio et al. 2010). Hemogen's possible association with the NuRD/FOG-

1/GATA-1 complex does not necessarily implicate Hemogen's role as a repressor. The 

NuRD complex has histone deacetylation mediated by HDAC1/2 and chromatin 

remodeling ATPase activities mediated by CHD4 (Wolffe et al. 2000). RBBP4 and 

RBBP7 are structural subunits that act as an interface for protein-protein interaction 

(Wolffe et al. 2000). RBBP4 interacts with histone-fold domain of histone H4 (Wolffe et 

al. 2000). It is hypothesized that CHD4 disrupts the nucleosome to permit RBBP4 access 

to the histone-fold domain of histone H4 which normally lies sequestered inside the coils 

of nucleosomal DNA (Wolffe et al. 2000). RBBP4 can then directly interact with 
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HDAC1/2 and tether the deacetylase to the target site for deacetylation at the N-terminal 

tail of histone H4 (Wolffe et al. 2000). Perhaps deacetylation depends on efficient 

engagement of the NuRD complex with the chromatin (Miccio et al. 2010). 

Interestingly, reporter assays revealed that NuRD may act as a co-activator 

(Miccio et al., 2010). Significantly reduced levels of the reporter gene expression were 

observed upon knockdown of members of the NuRD complex. It would be insightful to 

investigate whether Hemogen is enriched to transcriptionally active or to repressed genes 

previously observed to be targets of NuRD. 

It is also possible that Hemogen may associate with NuRD in alternative 

complexes in the absence of GATA-1 and FOG-1. Primarily, we would need to perform 

co-IP experiments on Hemogen and members of the NuRD complex to validate our mass 

spectrometry identifications. Subsequently, to determine whether Hemogen associates 

with NuRD independent of FOG-1 and GATA-1, we can perform sequential co-IP. 

GATA-1 and NuRD do not exist in a complex without FOG-1 within MEL cells 

(Rodriguez et al. 2005). Immuno-depleted FOG-1 nuclear extracts may be used for IP of 

a member of the NuRD complex followed by Hemogen western blot. This will determine 

the existence of the NuRD/Hemogen interaction in the absence of FOG-1 and GATA-1. 

In MEL cells, NuRD preferentially associated with MafK before erythroid differentiation 

(Brand et al. 2004). Hemogen may be associated to NuRD through interaction with 

MafK. Since we used MEL nuclear extracts after erythroid differentiation, perhaps the 

majority of the MafK complexes do not contain members of the NuRD complex. 
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We observed TAL-1 as a putative associating partner of Hemogen. TAL-1 is part 

of a multi-protein pentameric complex consisting of LM02, E47, Ldbl and GATA-1 

(Wadman et al. 1997). The pentameric complex recognizes TAL-1 and GATA-1 

composite motifs in regulatory elements of many erythroid specific genes (Anderson et 

al. 1998; Valverde-Garduno et al., 2004 and Fujiwara, T. et al. 2009). A recent report 

suggested that TAL-1/GATA-1 interaction is associated with active eythroid genes 

(Tripic et al. 2009). If Hemogen associates with the TAL-1 containing pentameric 

complex, then Hemogen may be involved in gene expression. 

Hemogen also putatively associated with BRG-1 the catalytic subunit of the 

SWI/SNF-like Baf complex (Wu et al. 2009). BRG-1 occupies the enhancers and 

promoters of fi-globin and a-globin loci (Kim et al. 2007 and Kim, S-I. et al. 2009). 

BRG-1 is recruited to the major-regulatory element (MRE) enhancer and to the a-globin 

promoter within the a-globin locus. BRG-1 can also be found in the fi-globin locus. 

BRG-1 occupies HS4, HS3, HS2 and the fi-major promoter (Kim et al. 2007). BRG-1 is 

required for chromatin looping that facilitates an interaction between MRE and a-globin 

promoter (Kim, S-I. et al. 2009). The putative interaction between Hemogen and BRG-1 

may suggest Hemogen's recruitment to the two globin loci. 

Interestingly, we also identified smcHDl as a putative interactor of Hemogen. Six 

unique peptides were identified in our Hemogen specific IP. The identification 

probability according to Proteinprophet was 100%. SmcHDl is an uncharacterized 

protein with an N-terminal ATPase domain and a C-terminal SMC hinge domain (Blewitt 
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et al. 2008) normally found in SMC proteins (Hirano et al. 2006). Evidence suggested 

that SMC members of the cohesin complex play an active role in regulating gene 

expression by facilitating interactions between far upstream enhancers and promoters 

(Rollins et al. 2004). It is unknown whether smcHDl is recruited to the [}-globin locus; 

however its unique protein structure implicates a possible role in facilitating chromatin 

looping along with BRG-1 within the globin loci. 

The transcriptional co-factor, DNA methytransferase-1 (DNMT-1) was observed 

as a possible interactor of Hemogen. DNMT-1 is involved in the maintenance of DNA 

methylation patterns set during embryogenesis (Jones and Liang 2009). DNMT-1 

interacts with PCNA during DNA replication to methylate nascent DNA at the replication 

fork (Jones and Liang 2009). However recent evidence showed that the function of 

DNMT-1 is not always linked with DNA replication (Spada et al. 2007). The disruption 

of PCNA and DNMT-1 interaction did not abrogate DNMT-1's catalytic activity 

suggesting that the maintenance of DNA methylation by DNMT-1 is not strictly linked to 

its interaction with replication machinery (Spada et al. 2007). We would confirm the 

DNMT-1 and Hemogen the interaction by co-IP. Interestingly, SmcHDl mouse mutants 

are associated with DNA hypomethylation of x-inactivated genes (Blewitt et al. 2008). 

The assessment of whether SmcHDl and DNMT-1 are associating proteins might 

provide insight into the DNA methylation defect in smcHDl mutants. 

To determine the size and number of Hemogen complexes present within 

differentiated MEL nuclear extracts, we fractionated the nuclear extract by size using size 
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exclusion chromatography (SEC). Using Hemogen antibody to detect Hemogen within 

each fraction, we observed a single, broad, Hemogen elution peak (figure 25). We 

performed SEC using molecular weight standards of known size to approximate the 

molecular weight of the fractionated Hemogen complexes. The majority of Hemogen 

eluted between 382 KDa to 117.46 KDa. The size of Hemogen complexes was relatively 

small if we consider Hemogen's putative association partners, NuRD/FOG-1 complex to 

have an approximate size of 1.3 MDa (Rodriguez et al. 2005). It is conceivable that the 

association between Hemogen and NuRD is weak and may be disrupted during the 

process of SEC. 

Since we observed MafK to associate with Hemogen by co-IP in differentiated 

MEL nuclear extracts, we assessed whether MafK co-eluted out of the SEC column with 

Hemogen. MafK eluted from the SEC column slightly prior to Hemogen. There is 

however overlap between the elution profile of MafK and Hemogen. This observation 

suggested that MafK may not consistently interact with Hemogen. Hemogen complexes 

range in size from approximately 382 KDa to 117.46 KDa. Therefore we cannot exclude 

the possibility that Hemogen may exist in different complexes. It is conceivable that 

Hemogen may exist in at least two different complexes: one that contain MafK and one 

that does not. Since we observed five DNMT-1 peptides with Hemogen IP in our mass 

spectrometry analysis, we studied the elution profile of DNMT-1 to assess whether it co-

elutes with Hemogen. DNMT-1 was present at every fraction containing Hemogen. This 

observation is a preliminary indication that Hemogen may be associated with DNMT-1. 

A co-IP of Hemogen and DNMT-1 would further confirm this observation. 
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For future work, we would perform reporter assays in an erythroid background 

such as MEL cells to assess Hemogen's possible role as a transcriptional regulator. 
* 

Reporter assays of exogenous Hemogen within COS-7 and 293 cells suggested Hemogen 

as a transcriptional activator (Li et al. 2007). The cellular backgrounds of these reporter 

assays do not entirely reflect the erythroid background. Erythroid proteins identified in 

this report to putatively associate with Hemogen such as FOG-1 and TAL-1 are not 

expressed in COS-7 or in 293 cells. 

Since Hemogen protein levels increase with erythroid differentiation, it would be 

interesting to assess whether the composition of Hemogen complexes also change during 

differentiation. Moreover, possible Hemogen target genes may vary throughout erythroid 

differentiation. Expression profile of Hemogen knock-down MEL cells as compared to 

wild-type MEL cells before and after erythroid differentiation may provide candidate 

target genes. MafK is essential in ft-major expression and is enriched in p-globin locus of 

MEL cells. Since Hemogen associated with MafK, it would be interesting to assess 

Hemogen's localization to the P-globin locus and whether fl-major expression is affected 

by Hemogen knock-down. 

It should be noted that aberrant Hemogen expression is associated with 

leukemogenesis (An et al. 2005). Primary Ter 119 positive cells purified from murine 

bone marrow cells do not express Hemogen transcripts (Li et al. 2001). The murine Ter 

119 surface antigen is used as a specific marker of erythroid lineage and is expressed 

from the proerythroblast stage to late stage erythroid cells (Kina et al. 1999). However, 
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Hemogen transcripts are found within the red pulp of adult mouse spleen where 

erythropoiesis predominates (Li et al. 2001). Moreover, the rat homolog of Hemogen, 

RP59 is found within erythroblasts of the adult spleen expressing hemoglobin (Kruger et 

al. 2002). Perhaps Hemogen is expressed within erythroid precursors of the spleen. Since 

we used an immortalized cell line, Hemogen expression within primary erythroid cells 

may be different from MEL cells. Investigating Hemogen's target genes may require 

reference to primary erythroid cells. The identification of possible Hemogen target genes 

may provide insight into Hemogen association with leukemogenesis. 

Our results suggest that Hemogen may function as a transcriptional regulator. Our 

immuno-staining results implicate that Hemogen is localized in the nucleus before and 

after erythroid differentiation. From our proteomic screen of Hemogen after erythroid 

differentiation, we also observed many transcriptional factors such as TAL-1 and E2A as 

well as co-factors such as the NuRD complex, DNMT-1, BRG-1 and FOG-1 as putative 

Hemogen associated proteins. The SMC protein may be involved in fi-globin locus 

looping mediated by BRG-1. For future work, we would confirm these interactions by 

co-IP. Increasing evidence suggests an association between Hemogen deregulation and 

hematological neoplasm. The implication that Hemogen may function as a transcriptional 

regulator may inspire the elucidation of Hemogen target genes as a means of 

understanding disease states caused by Hemogen deregulation. 
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