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ABSTRACT 

 

 Sox6, a member of the Sox transcription factor family, is essential for the 

silencing of εy-globin gene expression in definitive erythropoiesis of mice and 

humans. Homozygous Sox6 null mice are neonatal lethal, precluding analysis at 

later stages. We created adult mice that are deficient in Sox6 specifically in 

hematopoietic tissues, by transplanting embryonic liver stem cells from Sox6-

deficient mice into lethally-irradiated congenic wild-type adult mice.  The mice 

receiving mutant stem cells (mutant-engrafted) showed high expression levels of 

εy in bone marrow, spleen and circulating blood compared to mice receiving wild-

type and heterozygous stem cells (control-engrafted). The level of expression of 

εy in circulating blood was directly correlated with the percentage of successful 

mutant donor cell engraftment. Additionally, the mutant-engrafted adult mice 

showed an increase in erythroid precursor cells in bone marrow, spleen and 

blood. Thus, Sox6 continues to function as a major regulator of εy in adult 

definitive erythropoiesis and is required for normal erythrocyte maturation. 

Moreover, Sox6 may provide a novel therapeutic target by reactivating εy in 

patients with hemoglobinopathies such as sickle cell anemia and beta-

thalassemia. 

 We have also identified another transcription factor, jumonji, as a 

downstream target of Sox6.  Jumonji is a crtitical transcription factor in neural, 

cardiac and erythroid development. We report here that jumonji is over-
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expressed in the fetal liver of Sox6-deficient mice (p100H/p100H).  Transfection 

assays in H2.35 cells reveal that a ~1.6-kb genomic fragment, including the 5’ 

UTR of jumonji, contains both promoter activity and Sox6-mediated repression.  

Chromatin immunoprecipitation and electromobility shift assays demonstrate that 

Sox6 binds to a region within the second exon of jumonji.  Further transfection 

analyses confirm that one of five putative binding sites for Sox6 in this region is 

required for the majority of Sox6-mediated transcriptional repression.  In 

irradiated mice engrafted with Sox6-deficient hematopoietic stem cells, jumonji 

expression levels are significantly elevated in blood and bone marrow.  These 

results demonstrate that Sox6 plays a major role in the direct repression of 

jumonji transcription, and it is likely that jumonji plays a cell-autonomous role in 

the subsequent hematopoietic cell phenotype seen in Sox6-deficient mice. 
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I. BACKGROUND AND INTRODUCTION 

 

I.A. Hematopoiesis and Erythrocyte Development 

 One of the most integral processes required throughout the life of a 

mammal is the delivery of oxygen throughout the body conducted by the 

circulating blood cells derived from the hematopoietic system.  What makes 

hematopoiesis so important is the continuous ability of hematopoietic stem cells 

to proliferate and differentiate, generating about 1 billion red blood cells (RBCs) 

per hour in humans (Nathan and Oski, 1993), vastly exceeding any other tissue 

of the body.  Because this process is required early in vertebrate development, 

the system must quickly become functional and adapt to the changing needs of 

the developing embryo and the eventual adult. 

 In the study of the vertebrate hematopoietic system, the mouse has 

become a leading model (Bahary and Zon, 1998).  In comparison to humans, 

there is abundant similarity both in structure and function (reviewed in Galloway 

and Zon, 2003).  However, one key mechanistic difference is the hematopoietic 

staging.  In mice, there are two major stages of hematopoietic activity.  The first 

is a transitory embryonic stage of hematopoiesis known as primitive, while the 

second develops into the persistent adult form known as definitive.  Humans 

have an additional intermediate stage known as fetal hematopoiesis.  Unique 

sets of globins and other factors are expressed at this stage that have no known 

parallels in mouse hematopoiesis.  Nevertheless, human and mouse 
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hematopoiesis do resemble each other both in the linear progression of 

hematopoietic activity and the embryonic tissues involved.  In both organisms, 

the hematopoietic progenitors of each stage arise sequentially and functionally 

overlap to produce a seamless transition during embryonic development.  Thus, 

the mouse is a key model organism for understanding vertebrate hematopoiesis, 

including the human system. 

 In the developing mouse embryo, the beginning of primitive hematopoiesis 

is evident in the yolk sac at around 7 days post coitum (dpc) (reviewed in 

Auerbach et al., 1996).  Structures known as blood islands reside within the yolk 

sac and contain hematopoietic progenitors intravascularly (Drake and Fleming, 

2000).  These cells are multipotent, but because they lack the ability to 

reconstitute an adult hematopoietic system, they are not classified as 

hematopoietic stem cells (Yoder and Hiatt, 1997).  At 8.5 dpc, the primitive 

erythrocytes that differentiate from these cells enter circulation (Palis et al., 

1999).  Unlike the adult RBCs, these primitive RBCs are nucleated and larger in 

diameter (10 μm) (Attfield, 1951; Mucenski et al., 1991).  Although their 

multipotent progenitors disappear from the blood islands shortly after the 

beginning of circulation, the primitive erythrocytes are present until 15 dpc. 

 A number of transcription factors have been shown to be integral to the 

establishment of primitive hematopoiesis.  Knockouts of the transcription factors 

Scl (Shivdasani et al., 1995), Gata-1 (Fujiwara et al., 1996) and Gata-2 (Tsai et 

al., 1994), the oncogene Lmo2 (Warren et al., 1994), and the VEGF receptor Flk-
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1 (Shalaby et al., 1995) all diminish the development of blood islands in the yolk 

sac of mice.  When both Gata-1 and Gata-2 are knocked out, yolk sac 

hematopoiesis is completely absent (Fujiwara et al., 2004), similar to the Scl 

knockout.  The primitive erythroid progenitors also express Scl, Gata-1 and Flk-1 

(Palis et al., 1999), indicating that they may play an ongoing role in the cell’s 

erythrocyte activity. 

 Primitive erythrocytes produce hemoglobin proteins that are functionally 

specific for the developing embryo.  There are two embryonic β-globin-like 

proteins (εy and βH1) and two α-globin-like proteins (ζ and α) (Whitelaw et al., 

1990).  Two identical proteins from each group will combine to form three 

possible types of tetrameric hemoglobin complexes: ζ2εy2, α2εy2 and α2βH12 

(Fantoni et al., 1967).  These complexes have a significantly higher oxygen 

binding affinity than the adult hemoglobin complexes.  This makes them specific 

for oxygen delivery within the embryo, which gets less oxygen and has less 

circulation than the developed adult organism (Bauer et al., 1975; Petschow et 

al., 1978; Leder et al., 1980). 

 Shortly after the onset of primitive hematopoiesis, the development of the 

definitive hematopoietic stem cell (HSC) begins.  Interestingly, the developing 

cells of this lineage seem to appear in an ontologically inverted manner.  At 9 

dpc, the first definitive cells, known as CFU-C, appear (Muller et al., 1994).  

These cells only show colony-forming activity.  The next cells (CFU-S) appear at 

10 dpc and demonstrate colony-forming activity along with some ability to 
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proliferate.  It isn’t until 11 dpc that the full HSC activity appears.  The fact that 

this development seems to occur in reverse is indicative of the important role that 

different microenvironments play in establishing the HSCs (Muller et al., 1994).  

Numerous sites in the embryo contribute to this development, both before and 

after the HSCs have appeared, facilitated by the movement of the definitive 

progenitors through the circulating blood. 

 The interplay of various hematopoietic sites in definitive hematopoiesis 

has been studied extensively, but due to its complexity there are still several 

unresolved issues surrounding them.  Most significantly, it remains unclear which 

site is the origin of the progenitor cells.  The hematopoietic sites of interest in this 

issue are the extraembryonic yolk sac (YS) and the intraembryonic aorta-

gonado-mesonephros (AGM).  Three scenarios have been hypothesized to 

explain their complex interation.  The first hypothesis states that hematopoiesis is 

monoclonal, arising from the YS hemogenic cells that were previously part of 

primitive hematopoiesis (Moore and Metcalf, 1970).  The second hypothesis 

states that definitive HSCs comprise a mixture of cells that arise biclonally from 

both the YS and the AGM.  The third hypothesis states that primitive and 

definitive progenitors arise independently and primitive (extraembryonic) 

progenitors do not contribute to definitive HSCs.  The nature of a system that 

involves circulating cells makes the exact progenitor origin difficult to discern at 

this time. 
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 There is no doubt that the AGM plays an important role in the 

development of definitive hematopoiesis.  Cells isolated from this region at 10-

11.5 dpc show long-term reconstituting HSC activity, a trait exclusive to the 

definitive lineage (Cumano et al., 2001).  However, the number of long-term 

replicating (LTR) units at this stage is lower than numbers seen in adult HSCs, 

suggesting that maturation of the stem cells is still not complete (Kumaravelu et 

al., 2002).  This is further supported by the enhancement to LTR activity in these 

cells by coculture with fetal liver stroma (Takeuchi et al., 2002).  In comparison, 

cells from the YS at 9.5 dpc are capable of transient LTR activity only in 

neonates (Yoder and Hiatt, 1997).  At this timepoint, the region that will become 

the AGM does not yet contain any sustained LTR activity, so it is possible that 

these YS cells will eventually migrate to the AGM to begin definitive maturation.  

However, hematopoietic progenitors are found in this pre-AGM region, thus the 

determination of origin is still unresolved.  Following the LTR activity of AGM cells 

(12 dpc), YS cells also begin to show similar LTR activity (Kumaravelu et al., 

2002).  Again, the nature of a circulatory system limits the determination of the 

origin of these new cells, but the timeline implicates the AGM, rather than the YS, 

as the likely source of these cells.  Whether as a source of progenitors or solely 

as a microenvironment, the AGM is certainly integral to HSC maturation. 

 By 10-11 dpc, the circulating blood is filled with HSCs exiting the AGM 

(Garcia-Porrero et al., 1995; Delassus and Cumano, 1996; North et al., 1999) 

and migrating to the next available site of hematopoiesis, the fetal liver.  At this 
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timepoint, the liver begins to protrude from the endodermal layer of the foregut, 

and contains a mesh of prehepatocytes that support the engraftment of HSCs 

(Rifkind et al., 1969; Medlock and Haar, 1983).  As soon as the HSCs begin 

circulating, the tissue is seeded (Johnson and Moore, 1975; Houssaint et al., 

1983).  It is at this point that the beginning of the definitive hematopoietic 

hierarchy is observed.   Along with the HSCs, the lineage-restricted progenitors 

for erythrocytes, myelocytes, lymphocytes and megakaryocytes are also present 

(Traver et al., 2001).  But despite the presence of all these progenitors, the 

predominant activity of the fetal liver is erythropoiesis (Delassus and Cumano, 

1996; Mebius and Akashi, 2000). 

 By 12 dpc, the definitive erythrocytes have begun circulating, and the 

primitive erythrocyte numbers begin to decline (Rifkind et al., 1969).  The size of 

definitive erythrocytes is smaller (8 um) than primitive erythrocytes, and they lack 

a nucleus.  The expression of globins is switched to the adult forms.  Three types 

are expressed predominantly: α-globin, βmajor-globin and βminor-globin.  These 

proteins will combine to form two possible tetrameric hemoglobins, α2βmaj2 or 

α2βmin2 (Wong et al., 1983).  These will become the dominant forms of 

hemoglobin in the late-stage embryo and the adult mouse. 

 As the embryo continues to develop, new tissues become involved in the 

hematopoietic system in a continuous transition to adulthood.  Around the same 

time that definitive erythrocytes begin circulating (12 dpc), the splenic rudiment 

has formed in the dorsal mesogastrium and HSCs begin to engraft (Godin et al., 
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1999).  By 16 dpc, the spleen has become hematopoietic, with erythroid and 

lymphoid progenitors being observed (Godin et al., 1999).  Simultaneously, the 

hematopoietic activity of the liver begins to decline (Sasaki et al., 1997; Sasaki 

and Sonoda, 2000), and the developed bone marrow becomes colonized 

(Ogawa et al., 1988).  By 18 dpc, full HSC activity and progenitors are observed 

in the bone marrow (Delassus and Cumano, 1996).  By the time of birth, all 

hematopoietic activity in the liver has disappeared (Sasaki and Sonoda, 2000), 

leaving the bone marrow as the predominant tissue for the adult steady-state 

hematopoiesis, with some ongoing contribution from the spleen as well. 

 With all the transitions and engraftments of HSCs occurring through 

embryonic development, questions arise concerning how these cells find the 

target tissues and how they are able to be retained.  The most likely hypothesis 

is that cellular localization occurs by chemotaxis, with the target tissue supplying 

the signal, followed by expression of cell-adhesion molecules that would allow for 

tissue-specific retention.  Evidence for this mechanism in bone marrow 

engraftment has been observed.  Knockout mice for the chemokine SDF-1 die 

embryonically or within one hour of being born, and show a severe hematopoetic 

abnormality (Nagasawa et al., 1996).  Although myeloid progenitors (and lowered 

lymphoid progenitors) were observed in the 18.5 dpc fetal liver of these mice, the 

bone marrow was almost completely absent of any hematopoietic cells.  In wild-

type mice, SDF-1 is expressed in the bone marrow.  This implicates SDF-1 as a 

potential signal for bone marrow chemotaxis.  Concordantly, knockout mice of 
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the SDF-1 receptor (CXCR4) have a very similar hematopoietic phenotype as the 

SDF-1 knockout mice (Zou et al., 1998).  In adult mice, it has been determined 

that application of cyclophosphamide, an agent used to induce the circulation of 

HSCs, leads to a transient proteolytic reduction of both SDF-1 and CXCR4 (Petit 

et al., 2002).  Thus, it seems that the SDF-1/CXCR4 pathway remains important 

throughout adult hematopoiesis for HSC engraftment in the bone marrow. 

 Several regulatory genes have been determined to play a key role in the 

development of definitive hematopoiesis.  Mutations in either the transcription 

factor AML-1 or the receptor tyrosine kinase Tie2 correlate with almost complete 

loss of hematopoietic activity in the AGM, while YS hematopoiesis appears 

normal (North et al., 1999; Takakura et al., 1998).  Similarly, loss of the 

oncogene c-myb shows an absence of hematopoietic cells in the liver, while YS 

hematopoietic cells are still found (Mucenski et al., 1991; Palis et al., 1999).  In 

mice with mutations in the transcription factor jumonji, there is a clear loss of 

definitive progenitors and the subsequent circulating erythrocytes, while primitive 

hematopoiesis appears unaffected (Kitajima et al., 1999) (discussed in detail 

later).  This indicates that these genes play a specific role in early definitive 

hematopoiesis.  Further investigation of these genes may help to elucidate the 

transition from primitive to definitive hematopoiesis. 

 The regulation of globin gene expression is also important for efficient 

erythrocyte activity at various stages of development.  In both mice and humans, 

two types of globin subunits comprise the tetrameric hemoglobin protein, and are 
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similarly encoded by two multigene clusters, the α- and β-globin loci (Jane and 

Cunningham, 1998).  This balance is maintained in part through tight regulation 

of globin expression.  Furthermore, each loci contains both the embryonic and 

adult globin genes, thus a key part of the developmental regulation involves the 

switch in globin gene expression from primitive to definitive hematopoiesis. 

 The α-globin locus of mice consists of three genes: ζ and two copies of the 

gene that transcribes for α.  During primitive hematopoiesis, erythrocytes will 

express all of the genes within the α-globin locus, but upon the switch to 

definitive hematopoiesis, expression of the embryonic globin ζ is downregulated.  

Each gene has its own proximal elements to regulate expression, but maximum 

activity of these genes is primarily controlled through a DNaseI hypersensitive 

site (HS-40) that lies ~40kb upstream of the locus (Higgs et al., 1990; Jarman et 

al., 1991).  However, this regulatory region does not exhibit locus control region 

(LCR) activity in transgenic studies (Grosveld et al., 1987; Higgs, 1998). 

 The β-globin locus of mice contains four globin genes: εy, βH1, βmajor 

and βminor.  εy and βH1 are only expressed in the primitive erythrocytes, but 

with the transition into definitive hematopoiesis and the reduction in primitive 

erythroids, definitive erythrocytes expressing only βmajor and βminor globins 

eventually replace them.  Each of the globin genes has a proximal promoter 

region that controls their developmental regulation.  However, the high 

expression activity of the β-globin locus predominantly occurs through four 

DNaseI hypersensitive sites spread over 25 kb upstream of the beta-globin locus 
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(Trimborn et al., 1999).  These sites make up an LCR, since they can convey 

tissue-specific and dosage-dependent expression of their linked genes from 

ectopic chromatin sites (Fraser and Grosveld, 1998; Li et al., 1999). 

 One of the unique traits of the promoter regions of the β-globin locus 

genes is that although there are distinct sequence differences, there is also a 

high level of homology.  Three major regulatory sequences (TATA box, CAAT 

box and CACCC box) that are required for normal globin expression are present 

in all the globin gene promoters (Myers et al., 1986).  In humans, it is known that 

the transcription factor EKLF (erythroid Kruppel-like factor) binds to the CACCC 

box sequence, and is involved in the switch from fetal to adult globin expression 

(Asano and Stamatoyannopoulos, 1998; Lee JS et al., 2000).  So, although 

certain sites and factors are shared between the globin genes, the interactions 

with the distinct sequences and protein complexes still conveys specificity of 

expression.  Further factors that might be responsible for globin regulation 

through these and other sites are still being investigated. 

 The transition from primitive to definitive hematopoiesis marks the 

transition in the subsequent erythrocytes from the embryonic εy-globin to the 

adult β-globin expression.  This switching must involve a repression of the 

proximally located embryonic globins and a correlated upregulation of the distal 

adult globins.  One way in which this process could be tightly controlled is 

through competition for expression between the two sets of genes.  In primitive 

erythropoiesis, it does appear that this competition occurs, based on the position 
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of the genes, with the proximal genes being upregulated and the distal genes 

being repressed (Tanimoto et al., 1999).  However, the switching seems to 

involve more than just positional competition (Raich et al., 1990; Harju et al., 

2002).  Part of this process involves PYR, a protein complex with SWI/SNF 

activity.  In humans, PYR binds to a DNA sequence between the embryonic and 

adult β-globin genes (O’Neill et al., 1999).  Defects in the DNA-binding subunit of 

PYR, Ikaros, lead to severe delays in the globin expression switch (O'Neill et al., 

1999; Georgopoulos et al., 1994; O'Neill et al., 2000).  Since SWI/SNF activity 

promotes chromatin modification and remodeling, it is likely that PYR is involved 

in producing structural changes that enhance the LCR activity on the adult globin 

genes. 

 Regulation of the β-globin locus during primitive hematopoiesis is 

predominantly through competition, but this regulation requires additional 

mechanisms of control in definitive hematopoiesis.  In particular, the embryonic 

εy-globin shows autonomous regulation activity during definitive hematopoiesis.  

The proximal promoter region for εy-globin contains all the elements necessary 

to repress εy expression during the later stages of embryonic development and 

adulthood, independent of its position in the β-globin locus (Raich et al., 1990; 

Harju et al., 2002).  Thus, it appears that although there are globin-wide 

processes involved in the globin switch, εy-globin repression requires a distinct 

autonomous system.  Several factors have been determined to play a role in this 

definitive repression of εy-globin.  A novel direct repeat binding protein known as 
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DRED (direct repeat erythroid-definitive) interacts with EKLF and binds in the 

epsilon promoter to partially repress epsilon expression (Tanimoto et al., 2000).  

Also, binding sites for GATA1 are observed, and their mutation leads to partial 

loss of εy-globin repression (Li et al., 1998).  Further examination of the factors 

involved in this process is currently being conducted in order to determine what 

factors are the predominant repressors of εy-globin activity. 

 Recently, our lab has determined the transcription factor Sox6 binds within 

the εy-globin proximal promoter region and is required for the majority of εy-

globin silencing in definitive erythrocytes (Yi et al., 2006).  Furthermore, the 

hematopoietic phenotype of a Sox6 deletion indicates that it plays a role in many 

other aspects of definitive hematopoiesis as well. Investigation into this 

regulatory gene and its role in hematopoiesis is important to understand the 

regulation of globin gene expression and the development of the definitive 

hematopoietic lineage. 
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I.B. Sox6 

 Sox6 is a member of the Sox family, a group of transcription factors that 

has been studied for the past 16 years.  This gene family was made known by 

the discovery of the testis-determining factor Sry (Sinclair et al., 1990; Gubbay et 

al., 1990).  All Sox family proteins contain a binding domain similar to HMG-1 and 

-2, thus they are a subgroup of the HMG box superfamily.  A unique feature of 

this binding domain is that it binds to the minor groove of DNA (Ferarri et al., 

1992; Connor et al., 1994).  This leads to a 70o-85o bend of the DNA, which 

consequently introduces local conformational changes.  Furthermore, since most 

transcription factors bind to the major groove, it is sterically possible for Sox 

proteins to interact in close proximity to other transcription factors.  Thus, it 

seems likely that Sox proteins function in part as architectural proteins that can 

affect changes in local chromatin structure and/or assemble other transcription 

factors into functional complexes (Wolffe, 1994; Werner and Burley, 1997).  This 

also leads to the possibility of Sox proteins recruiting other proteins that do not 

bind DNA, and may be involved in other related mechanisms, such as signal 

transduction pathways. 

 There are at least twenty different Sox proteins that have been identified in 

mice and humans, and most every tissue and cell type expresses at least one of 

them during development or adulthood (reviewed in Wegner, 1999; Schepers et 

al., 2002).  In several cases, an overlap in Sox protein expression has been 

observed (Stock et al., 1996; Collignon et al., 1996; Lefebvre and de 
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Crombrugghe, 1998).  When this occurs, some functional redundancy from co-

expressed Sox proteins is possible, even though each protein differs in its 

binding specificity.  Even so, most of the identified Sox proteins play unique and 

critical roles in one or more specific developmental process. 

 Sox6 is likely to be important in a number of mouse developmental 

processes.  Its expression pattern in mouse embryos shows that it is present as 

early as 11 dpc (Yi et al., 2006).  By 12.5 dpc, expression can be found in the 

liver, developing neural tissues, somites and craniofacial areas (Yi et al., 2006).  

Expression is widespread in adult mice as well, with transcripts present in testis, 

skeletal muscle, liver, kidney, brain, spleen and heart (Connor et al., 1995; 

Hagiwara et al., 2000).  Further examinations have revealed roles for Sox6 in 

some of these tissues.  In chondrogenesis, Sox6 works in concert with Sox5 to 

initiate cartilage formation in the vertebral column and growth plates (Smits and 

Lefebvre, 2003; Smits et al., 2004).  Overexpression of Sox6 in cultured 

embryonic cells has been shown to induce neuronal differentiation, while its 

suppression leads to loss of neuronal differentiation (Hamada-Kanazawa et al., 

2004, Hamada-Kanazawa et al., 2004).  In the adult pancreas, Sox6 regulates a 

protein in the mechanism for glucose-stimulated insulin secretion, and the 

expression of Sox6 appears to be reduced by obesity (Iguchi et al., 2005).  It is 

evident that Sox6 has acquired a diverse range of roles in development. 

 Several more roles for Sox6 in development have been revealed in our 

studies.  The basis of our work is a mutant mouse (p100H) which has a 
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chromosomal inversion that disrupts only two genes: the pigment gene, p, and 

Sox6 (Hagiwara et al., 2000).  Along with albinism (the sole phenotype 

associated with the loss of p), the mice homozygous for this inversion have 

delayed growth and limited movement.  Most die shortly after birth, and none 

have survived past two weeks of age.  EKG analysis revealed that the p100H 

mutant mouse has a cardiac arrhythmia that resembles arterioventricular heart 

block (Hagiwara et al., 2000).  Correspondingly, Electron micrograph (EM) 

examination of the heart muscle shows a pattern of progressive muscular 

dystrophy with degenerate fiber bundes as well as intracellular lipid deposits.  

Further experiments with cardiac myocytes revealed that Sox6 lies within the 

BMP pathway in cardiac differentiation (Cohen-Barak et al., 2003).  EM 

examination of the p100H mouse skeletal muscle showed similar degenerations to 

cardiac muscle.  Further analysis of this tissue showed that by 15 dpc, 

expression of slow fiber and cardiac isoform genes was higher than normal, while 

expression of fast fiber isoform genes was lower than normal (Hagiwara et al., 

2005).  Thus, Sox6 plays a critical role in both cardiac and skeletal muscle 

development. 

 Evidence of major roles for Sox6 in erythropoiesis has also been 

uncovered.  We have conducted microarray analysis to compare gene 

expression from 15.5 dpc livers of normal and p100H mice (unpublished data).  

Numerous potential targets with greater than 2-fold change in expression were 

revealed.  Several embryonic globins were significantly increased, most notably 
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εy-globin, in the p100H fetal liver.  This is most significant since embryonic globin 

expression is not normally detected in the liver at this stage.  Studies determined 

that Sox6 binds directly to the proximal promoter of εy-globin, repressing its 

transcription (Yi et al., 2006).  Its exact role in the regulation of the other globins 

is yet to be determined.  Since Sox6 is expressed in the fetal liver but not the yolk 

sac, it seems likely that Sox6 is one of the major factors involved in the globin 

switch in definitive erythropoiesis. 

 Following the connection between Sox6 and globin regulation, further 

examination of the p100H blood phenotype was conducted.  At 14.5 and 18.5 dpc, 

it was observed that p100H fetal livers contain significantly more hematopoietic 

precursor cells, including nucleated erythrocytes, than normal fetal livers (Yi et 

al., 2006).  Within the circulating blood of p100H mice, significantly more nucleated 

RBCs were found.  The expression pattern of Sox6 indicates that these RBCs 

are likely to be abnormal definitive RBCs.  Thus, it seems that Sox6 also plays a 

role in regulation of cell proliferation as well as differentiation.  Given the blood 

phenotype abnormalities, the microarray analysis was further examined to 

identify other genes that may be downstream targets of Sox6 and be involved in 

definitive erythropoiesis.  One transcription factor that was detected was jumonji, 

which showed a 2.6-fold increase in the p100H fetal liver.  Investigation into the 

connection between Sox6 and jumonji will help to elucidate the process by which 

definitive erythropoiesis is regulated. 
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I.C. Jumonji 

 

 Jumonji is a transcription factor that was identified about a decade ago in 

two independent gene trap screenings in mice (Takeuchi et al., 1995; Baker et 

al., 1997).  It was the first of many proteins discovered that are classified in the 

JMJ protein family (named after jumonji).  These proteins are defined by the 

presence of two conserved functional domains, jmjC and jmjN (Takeuchi et al., 

1995; Balciunas and Ronne, 2000).  The jmjC domain has been shown to have 

2-oxoglutarate-Fe(II)-dependent dioxygenase activity in the JMJ protein 

HIFAN/FIH (Hewitson et al., 2002).  This activity has been shown to be critical for 

histone demethylation, and given the high conservation of the domain, other JMJ 

proteins likely have similar activity of the jmjC domain (Elkins et al., 2003).  In 

fact, proteins within a subfamily of JMJ, known as JMJD2, have been determined 

to have histone demethylase activity (Tsukada et al., 2006; Chen Z et al., 2006; 

Klose et al., 2006).  Furthermore, these proteins have the potential to 

demethylate tri-methylated residues, suggesting that the jumonji family proteins 

can demethylate various residues in any of the three methylation states of 

histones (Tsukada et al., 2006).  The jmjN domain is less well characterized, but 

based on its structure, it is possible that it may act to recruit other proteins (Chen 

Y et al., 2006).  In some JMJ proteins, these domains are in close proximity to 

one another and have been shown to physically interact with eachother (Chen Y 

et al., 2006). 
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 Jumonji is within a subgroup of five JMJ proteins known as JARID that 

contain another conserved functional domain, the AT-rich interactive domain 

(ARID) (Wilsker et al., 2005; Takeuchi et al., 1995; Balciunas and Ronne, 2000).  

ARID is a DNA binding domain that was initially characterized in the mouse gene 

Bright, the human genes MRF-1 and MRF-2 and the Drosophila gene Dead 

ringer (Herrscher et al., 1995; Whitson et al., 1999; Gregory et al., 1996).  These 

genes play different roles in transcriptional regulation determination of tissue 

specificity (Kortschak et al., 2000, Wilsker et al., 2002).  A number of ARID 

proteins exhibit DNA binding in a non-sequence specific manner, but certain 

proteins bind with sequence specificity.  Bright and DRI bind to a similar binding 

motif, while MRF-2 binds to a distinctly different binding motif (Wilsker et al., 

2002).  This variability makes binding motif predictions more difficult for the ARID 

domain. 

 The functionality of jumonji is conferred by several distinct regions.  JmjN 

and ARID are part of a DNA binding region (528-798 aa) in jumonji that is 

necessary for its function as a transcriptional regulator (Kim et al., 2003).  The 

most significant domain for jumonji activity is a unique region (130-222 aa) which 

is critical for the majority of the transcriptional regulation (Kim et al., 2003), but 

remains uncharacterized.  Both of these domains are required for the complete 

repressor activity of jumonji.  The presence of a nuclear localization signal at the 

N-terminus, which is required for its activity, indicates that it functions within the 

nucleus (Kim et al., 2003).  No role has yet been identified for the jmjC domain in 
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the function of jumonji, but structural analysis shows that almost no residues 

binding to the cofactors 2-OG and Fe(II) are conserved (Takeuchi et al., 2006).  

Thus, jumonji is not likely to have histone demethylase activity, but this domain 

can still interact with other proteins involved in chromatin regulation (Takeuchi et 

al., 2006). 

 The expression of jumonji begins as early as 7.5 dpc in mice and is 

detected throughout adulthood.  Early expression is weak but present throughout 

the embryo. At 8.5 dpc, a banding pattern of expression is present at the future 

midbrain-hindbrain boundary, which becomes stronger and ring-shaped after 

neural tube closure (9 dpc) (Takeuchi et al., 1995).  Strong expression is also 

detected in the future outflow tract and right ventricle of the heart, the primitive 

pharynx and the posterior neuropore in the tail.  As development proceeds, 

jumonji expression may be transient in certain cell types, but often the initial 

limited expression spreads over time and persists into adulthood (Takeuchi et al., 

1995; Lee Y et al., 2000; Jung et al., 2005).  Jumonji is detected in most adult 

organs, with high levels in brain and heart tissue (Lee Y et al., 2000).  In some 

tissues, there seems to be a clear pattern for jumonji expression.  In the 

cerebrum and cerebellum, high expression of jumonji is detected in neurons after 

final mitosis (Takeuchi et al., 1995; Takeuchi, 1997). In cardiac ventricles, jumonji 

expression begins to increase when myocyte proliferation levels begin to 

decrease.  Thus, in these tissues, the timing of jumonji expression correlates with 

stages of cell proliferation and differentiation (Takeuchi et al., 2006). 
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 The phenotypes of jumonji-deficient mice illustrate the critical role of 

jumonji expression in development.  Although genetic background does create 

some variation in its effects, jumonji-deficient mice are embryonic lethal 

(Takeuchi et al., 1995; Lee Y et al., 2000).  The most notable defects are in 

neural tube and cardiac development.  While normal neural epithelial cells form a 

monolayer, those of jumonji-deficient mice are more abundant and form a 

multilayer (Takeuchi et al., 1995).  The cells also have a round shape as 

opposed to their normal elongated shape, potentially a result of reduced 

differentiation.  Cardiac myocytes in the trabecular layer of the ventricle also 

show hyperproliferation in jumonji-deficient mice (Takeuchi et al., 1999; Toyoda 

et al., 2003).  Furthermore, the expression levels of cardiac myocyte markers 

decreases significantly, indicating a reduction of differentiation (Takeuchi et al., 

1999).  Less critical to the embryonic lethality, hepatocytes of jumonji-deficient 

mice also shown impaired differentiation, although their proliferation is not 

affected (Anzai et al., 2003). 

 Examination of the hematopoietic system in jumonji-deficient mice 

illustrates a complex role for jumonji in its development.  Megakaryocyte 

progenitors show increased numbers and a delay of growth arrest in the liver of 

jumonji-deficient mice (Motoyama et al., 1997; Kitajima et al., 2001).  In contrast, 

erythrocyte and myocyte progenitors in the jumonji-deficient mouse show a 

reduction in proliferation and maintain their ability to differentiate (Motoyama et 

al., 1997; Kitajima et al., 1999).  This effect is seen in the fetal liver, thymus and 
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spleen.  In the normal fetal liver, Lin-/c-Kit+/Sca-1+ cells, which are known to have 

HSC activity, do not express jumonji, while unfractionated hematopoietic cells do 

(Kitajima et al., 1999).  Thus, it may be that jumonji expression is isolated to a 

subset or later stage of hematopoietic cells.  In a further examination of the role 

of jumonji in hematopoietic development, jumonji-deficient HSCs were 

transplanted into irradiated mice and were able to successfully engraft (Kitajima 

et al., 1999).  This indicates that jumonji expression is not required in HSCs for 

successful reconstitution and probably does not play a role in the migration and 

tissue retention of HSCs.  However, the hematopoietic phenotype of these mice 

has yet to be described beyond engraftment, so it is not clear what role jumonji 

might play in subsequent hematopoietic development. 

 

29



I.D. Current Studies 

 

 The hematopoietic system persists as an important system in the life of an 

organism, from its initial emergence in early development and throughout the 

adult state up until the organism’s death.  This ongoing importance of 

functionality means that developmental controls of hematopoietic cell 

differentiation and regulation of key proteins must undergo changes in state, from 

primitive to definitive, as the embryo develops into the adult.  Uncovering the 

mechanisms of this change is critical in understanding the development of the 

hematopoietic system. 

 In current studies, I (in collaboration with others) have worked to further 

elucidate the role of Sox6 in definitive hematopoiesis.  Previous analyses in p100H 

mice have been limited to embryonic stages due to the severe neonatal lethality.  

In experiments detailed in Chapter II, I overcame this limitation by harvesting 

hematopoietic stem cells from p100H fetal livers and engrafting them into lethally-

irradiated wild-type adult mice.  Two mice had successful mutant engraftment, 

and showed high levels of εy expression in spleen, bone marrow and circulating 

blood compared to the control engraftments.  The expression of εy-globin directly 

parallels the efficiency of the mutant engraftment.  Furthermore, these 

engraftments display an increase in erythroid precursor cells in bone marrow, 

spleen and blood.  Thus, I conclude that the critical role of Sox6 in erythropoiesis, 
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in general, and εy-globin silencing, in particular, remains important throughout 

adulthood. 

 In concurrent studies described in Chapter III, I have also investigated the 

connection between Sox6 and jumonji, and examined further the role of jumonji 

in definitive hematopoiesis.  These experiments show that jumonji is over-

expressed in the fetal liver of p100H homozygous mutant mice.  Promoter analysis 

reveals a ~1.6-kb genomic fragment including the 5’ UTR of jumonji that 

demonstrates both promoter activity and Sox6-mediated repression.  

Furthermore, experimental results show that Sox6 binds within the second exon 

of jumonji.  Over-expression of Sox6 represses jumonji promoter activity in H2.35 

cells and this effect is significantly diminished when one of five putative Sox 

binding sites in this region is mutated.  When we examined jumonji expression in 

the mutant engrafted mice from the parallel study, we observed that it is 

significantly elevated in blood and bone marrow.  Elevated levels of erythroid 

progenitors are also observed in these tissues.  Taken together, these results 

demonstrate that Sox6 plays a major role in the direct repression of jumonji 

transcription, and it is likely that jumonji plays a cell-autonomous role in the 

subsequent hematopoietic cell phenotype observed in Sox6-deficient mice. 
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II. STEM CELL TRANSPLANTATION DEMONSTRATES ROLES OF SOX6 IN 

DEFINITIVE ERYTHROPOIESIS OF ADULT MICE 

 

 This chapter describes work that has been submitted as a paper for 

publication.  I co-directed the experimental design, analysis of all experiments 

and writing the paper.  I also worked with others in conducting the stem cell 

transplants, preparing tissue for immunohistochemistry and genotyping analysis.  

I conducted the Real-Time PCR analysis. 
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II.A. Introduction  

 Sox6 is a member of the Sox transcription factor family that is defined by 

the conserved high mobility group (HMG) DNA binding domain.  This domain 

was first described in the mouse and human testis determining gene Sry 

(Gubbay et al., 1990; Sinclair et al., 1990).  Members of the Sox gene family 

have been found in both vertebrates and invertebrates and have highly 

conserved functional domains, an indication of the importance of this family in 

development. Sox transcription factors bind to the minor groove of DNA causing 

a 70o-85o bend of the DNA, consequently introducing local conformational 

changes (Ferrari et al., 1992; Connor et al., 1994), while most other transcription 

factors target the major groove of DNA (van de Wetering et al., 1993). Therefore, 

Sox proteins may perform part of their function as architectural proteins by 

organizing local chromatin structure and assembling other DNA-bound 

transcription factors into biologically active, sterically-defined multiprotein 

complexes (Werner et al.,1997; Wolffe, 1994). 

 Sox6 was initially isolated from an adult mouse testis cDNA library 

(Connor et al., 1995). Previous studies have suggested that Sox6 plays a role in 

central nervous system development (Connor et al., 1995; Hamada-Kanazawa et 

al., 2004a; Hamada-Kanazawa et al., 2004b; Scheel et al., 2005), and 

chondrogenesis (Lefebvre and de Crombrugghe, 1998; Lefebvre et al., 2003; 

Smits et al., 2001; Stokes et al., 2001; Fernandez-Lloris et al., 2003). A murine 

Sox6 null mutant (p100H) has been identified in our laboratory. Mice homozygous 
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for p100H show delayed growth, develop myopathy and arterioventricular (AV) 

heart block, and die within two weeks after birth (Hagiwara et al., 2000). The 

p100H mutant mouse also shows progressive degeneration of cardiac and skeletal 

muscle as well as slow and fast fiber isoform gene expression that is 

systematically altered in skeletal muscle in these mice (Hagiwara et al., 2005).  

Recently, it has been shown that Sox6 plays a major and important role in 

erythropoiesis.  Sox6 is up-regulated in long-term hematopoietic stem cells 

compared to multipotent progenitors of adult mouse bone marrow lineage 

(Forsberg et al., 2005). Sox6 stimulates erythroid cell survival, proliferation, and 

terminal maturation in definitive erythropoiesis in a cell-autonomous manner 

(Dumitriu et al., 2006).  More specifically, Sox6 plays a significant role in mouse 

globin gene regulation (Yi et al., 2006), and human globin gene regulation 

(Cohen-Barak et al., data in submission). 

 Globins are encoded by two multigene loci, the α- and β-globin clusters 

(Jane & Cunningham, 1998). The human β-globin locus consists of five functional 

β-like globin genes, while the mouse β-locus contains only four. Studies of cis-

linked regulatory elements that control β-like globin gene expression have 

revealed a variety of motifs that activate or repress various globin genes at the 

appropriate stage of development. The mouse β-globin genes (εy, βh1, β-major 

and β-minor) are clustered on Chromosome 7 and they are highly homologous to 

their human counterparts in organizational structure and function (Trimborn et al., 

1999). High-level expression of these genes requires a regulatory element, the 
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locus control region, that is characterized by a set of nuclease hypersensitive 

sites spread over 25 kb, located 5’ to the εy gene (Li et al., 2002). The β-globin 

genes are expressed in a tissue- and development-specific fashion. In mice, 

erythropoiesis originates in the embryonic yolk sac where primitive erythroid cells 

express εy and βH1 globins (Trimborn et al., 1999). At 11.5 dpc, erythropoiesis 

shifts to the fetal liver where definitive erythroid cells express adult β-globins (β-

major and minor) (Trimborn et al., 1999). In late mouse gestation, hematopoiesis 

expands from the liver into the spleen and is finally transferred to the bone 

marrow (Moore and Metcalf, 1970; Johnson and Moore, 1975; Dzierzak and 

Medvinsky, 1995). Therefore, hematopoiesis depends on the formation of bone 

and bone-marrow in late fetal development. The εy gene is silenced in definitive 

erythroid cells. The mechanism of silencing of its human counterpart, ε-globin, 

has been studied extensively. In definitive erythropoiesis, ε-globin is silenced 

autonomously (Raich et al., 1990; Harju et al., 2002), although in primitive 

erythropoiesis, ε-globin also appears to be regulated competitively (Tanimoto et 

al., 1999). The γ-globin to adult β-globin switch is controlled by promoter 

competition for the LCR (Raich et al., 1990; Harju et al., 2002). 

 Recently, we have shown that Sox6 directly silences εy-globin expression 

by direct binding to the εy promoter in murine definitive erythropoiesis (Yi et al., 

2006).  Moreover, Sox6 is also required to silence human ε-globin in mice 

carrying the entire human β-globin locus (Cohen-Barak et al., data in 
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submission).  These analyses have been limited to embryonic stages because 

the vast majority of Sox6-deficient mice die within the first day after birth 

(Hagiwara et al., 2000). To circumvent this neonatal lethality and investigate if 

Sox6 has a continuing function in definitive erythropoiesis, we harvested 

embryonic liver stem cells from Sox6 null mice and engrafted them into lethally-

irradiated wild-type adult mice. Mice with successful mutant engraftment show 

high levels of εy expression in spleen, bone marrow and circulating blood 

compared to the control engraftments. The expression of εy-globin directly 

parallels the efficiency of the mutant engraftment. Furthermore, these 

engraftments display an increase in erythroid precursor cells in bone marrow, 

spleen and blood.  Thus, the critical role of Sox6 in erythropoiesis, in general, 

and εy-globin silencing, in particular, remains important throughout adulthood. 
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II.B. Materials and Methods 

 Transplantation and mice: Heterozygous Sox6 null mice (p100H/+) were 

intercrossed and timed pregnancies were designated as 0.5 dpc on the morning 

a vaginal plug was noted. Liver cells were harvested for transplantation from 14.5 

dpc to 16.5 dpc, since it has been shown that the highest number of progenitor 

cells will be at these embryonic stages (Ema and Nakauchi, 2000). Two groups 

of embryonic liver cells were harvested for injections: (1) wild type and p100H/+ 

(control group), and (2) p100H/p100H Sox6 null (mutant group). Heterozygous 

p100H/+ mice have a wild type phenotype (Yi et al., 2006) and the p100H allele 

serves as a marker to identify the transplanted cells. 6.2 x 106 cells were injected 

into lethally-irradiated (900 rad) wild-type congenic siblings at 8 weeks of age 

(Harris et al., 1999). As negative controls, a small number of irradiated mice were 

not injected. Mice were kept in microisolator cages and received the antibiotic 

Sulfamethoxazole. Blood samples were taken at 30, 45, 60 and 75 days after the 

injections and RNA was prepared. After 75 days, samples for DNA, RNA and 

histology were taken from liver, spleen and bone marrow. 

 Quantitation of globin mRNA: RNA was first reverse transcribed to 

cDNA. Primers for PCR amplification of εy, βH1, ζ, βmaj/min globin genes are as 

previously described (Yi et al., 2006). The primers for α-globin (GenBank 

L75940) are: MHB1670, 5’CACCACCAAGACCTACTTTCC3’; and MHB1671, 

5’CAGTGGCTCAGGAGCTTGA3’. PCR amplification was run on an ABI7300 

(Applied Biosystems, Foster City, CA) at the University of Arizona core facility. All 
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PCR was performed in a 25-μl reaction using 12.5 μl SYBR green supermix with 

ROX (Bio-Rad, Hercules, CA). GAPDH mRNA levels were used as a 

normalization control for input RNA. Standard curve analyses were performed to 

test the efficiency of the amplifications and determine relative quantities of PCR 

products. Triplicates were done for each PCR reaction. Relative quantitative 

values were calculated using the ABI Prism 7300 SDS Software (Applied 

Biosystems, Foster City, CA) and normalized to GAPDH in Microsoft Excel 

(Redmond, WA).  

 Morphology and Immunohistochemistry: Bone marrow aspirate 

smears and spleen touch imprints were prepared from both mutant- and control-

engrafted mice. The slides were Wright-stained and read by DAF. Bone marrow 

and spleen tissue from the engrafted mice were fixed in 10% formalin, paraffin-

embedded, sectioned at 5 µm and stained with hematoxylin and eosin. Images 

were obtained with Nikon Labophot-2 microscope. The objective used was E 

Plan 100/1.25 oil 160/0.17 Nikon (100x objective). The camera was a Nikon 

Coolpix 4300. Original images are available. 

 Immunohistochemical staining was performed using purified anti-mouse 

TER-119/Erythroid cell marker raised in rat (Biolegend, San Diego, CA.) to detect 

early proerythroblasts to mature erythrocytes.  The formalin fixed, paraffin-

embedded mouse spleen and bone marrow (bone was decalcified before 

processing and embedding) were sectioned at 3 μm and baked for one hour at 

60°C.  Samples were processed using the Discovery XT Automated Staining 
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platform (Ventana Medical Systems, Inc., Tucson, Arizona).  Deparaffinization 

and antigen retrieval (Tris/Borate/EDTA buffer at pH 8 for 30 min at 37°C) of 

tissue sections was performed online.  TER-119 antibody was visualized using 

VMSI validated detection and counterstaining reagents.  Images were captured 

using an Olympus BX50 and Spot image software (Model 2.3.0, Diagnostic 

Instruments, Sterling Heights, MI).  Images were standardized for light intensity. 

 Genotyping analyses: DNA samples from liver, bone marrow and spleen 

were extracted using DNeasy Tissue Kit (Qiagen, Maryland, USA). The different 

DNA samples were screened for the wild-type and p100H alleles by PCR. The 

PCR primers are: MHB875 5’GGTTTGAAAAGCCACATTGACC3’ and MHB943 

5’CCCAGTGAGTAAACAAAGGC3’. PCR was performed under the following 

conditions: 94oC for 2 min followed by 26-30 cycles at 94oC for 30 sec, 58oC for 

30 sec and 72oC for 30 sec, ending with a final extension at 72oC for 5 min. The 

two diagnostic fragments are: a 550 bp fragment representing the wild-type 

allele, and a 410 bp fragment representing the p100H Sox6 null allele. PCRs were 

examined at different cycles to determine the linear range of amplification. 

Amplified products were separated by electrophoresis on a 2% agarose gel, 

visualized under UV light and analyzed using a densitometer (Gel Doc 1000; Bio-

Rad, Hercules, CA). 
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II.C. Results 

 

 Sox6-deficient hematopoietic stem cells successfully engraft into 

bone marrow and spleen of irradiated mice. 

 To examine the effects of a hematopoietic-specific knockout of Sox6, we 

performed hematopoietic stem cell (HSC) transplants in a congenic mouse strain.  

Two groups of five wild-type mice were subjected to radiation and then injected 

with HSC transplants harvested from 14.5-16.5 dpc fetal livers, which have been 

shown to contain the highest amount of progenitor cells (Ema and Nakauchi, 

2000). Transplants were derived either from phenotypically normal embryos 

(control), consisting of wild-type and carrier p100H/+ cells, or mutant embryos, 

consisting of homozygous mutant p100H/p100H.  After 75 days post-injection, it was 

determined that the animals had reached a stable state of erythropoiesis, based 

on analysis of globin mRNA levels in the blood every 15 days (data not shown).   

 To determine the engraftment efficiency, DNA was extracted from bone 

marrow, spleen and liver tissue for PCR genotyping.  Figure 1A shows that two of 

the mutant engrafted mice (8 and 9) had strong amplification of the p100H allele 

compared with the wild-type allele in spleen and bone marrow.  Since the p100H 

allele is solely contributed from the homozygous mutant engraftment, this result 

indicates these mice have significant engraftment of the mutant HSCs.  The 

absence of the p100H allele band in DNA extracted from the liver indicates that the 

engraftment was specific to spleen and bone marrow. Quantification of the ratio 
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of the p100H allele to wild-type allele shows that mouse 8 had a higher percentage 

of mutant engraftment than mouse 9 (Figure II.A.A).  Since the transplanted cells 

for the controls contained a heterozygous genotype (carriers for p100H), 

successfully engrafted mice had both wild-type and p100H alleles present in the 

spleen and bone marrow (Figure II.A.B).  The strength of both bands in spleen 

and bone marrow, as well as the absence of the p100H allele in liver DNA, 

indicated a successful and specific engraftment of the control HSC transplants. 

 The efficiency of engraftment was variable for both the control-engrafted 

and mutant-engrafted groups.  3 of the 5 control-engrafted mice showed efficient 

engraftment, while 2 of the 5 mutant-engrafted mice showed efficient 

engraftment.  Another 2 of the mutant-engrafted mice had engraftment that was 

minimally perceptible by PCR genotyping. 

 

 Mutant-engrafted mice show elevated levels of εy mRNA and other 

globins in blood, bone marrow and spleen. 

 To examine levels of different globin mRNAs in HSC-transplanted mice, 

Real Time PCR was conducted on tissue samples extracted 75 days after the 

transplant. Embryonic globins (εy, βh1, ζ) and adult globins (α, βmaj/min) were 

quantified in blood, bone marrow and spleen. The expression of εy in blood is 

significantly elevated in mutant-engrafted mice 8 and 9, with 2300-fold and 660-

fold increases, respectively, in comparison to control-engrafted mice (Figure 

II.B.A).  These levels correlate to the DNA ratios of mutant engraftments, 
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Figure II.A. Genotype analysis of HSC engraftment. (A) Level of genomic 
contribution as measured by densitometry of semi-quantitative PCR. The DNA 
samples were extracted from liver (L), spleen (S) and bone marrow (M) from 
mice engrafted with mutant fetal liver cells (mouse 8 and mouse 9). Upper 
panel shows the PCR products from the different tissues. Lower panel 
illustrates the ratio of the p100H and wild type allele bands that were quantified 
using densitometry. The ratio represents the level of the mutant engraftment. 
The recipients were wild-type mice, thus the p100H allele fragment is 
contributed solely by the engrafted cells. (B) Estimate of engraftment in a 
control recipient by semi-quantitative PCR. The control mouse was injected with 
a mixture of wild-type and heterozygous Sox6 mutant fetal liver cells. Only the 
wild-type allele is detected in the liver. However, both allele fragments are 
detected in spleen and bone marrow. Thus, the control group shows successful 
engraftment. (Details in Section II.B.)
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Figure II.B.  Real Time PCR analysis of globin expression. (A) Relative 
expression of εy, βh1, ζ, α and βmaj/min globins in blood, bone marrow and 
spleen tissue from control-engrafted (Cntl En, 3 and 5) and mutant-engrafted 
(Mut En, 8 and 9) mice. Note differences in the scales shown to the left of each 
row. Mutant-engrafted mouse 8 shows the most significant increase in εy globin
expression in blood.  Embryonic globin expression is elevated in both mutant-
engrafted mice.  Adult globin expression increases are also significant in mouse 
8. (B) Relative expression of εy and βmaj/min globins in blood from control-
engrafted (Cntl En, 3 and 5) and low-efficiency mutant-engrafted (Mut En, 7 and 
11) mice.  εy globin expression is elevated in 7 and 11, but to a lesser extent 
than the high-efficiency engrafted mice.  Data points were run in triplicate and 
normalized to GAPDH expression.  Standard deviation is indicated by bars.  
(Details in Section II.B.)
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indicating that εy expression in blood increases with mutant engraftment 

efficiency.  This correlation is further supported by modest increases in εy 

expression in the mice with lower mutant engraftment efficiency (Figure II.B.B). 

 Lesser effects on the expression of other globins in mutant-engrafted mice 

were also noted.  In the bone marrow, expression levels of all embryonic globins 

are significantly elevated in mutant-engrafted mice over control-engrafted mice, 

and no significant variation was seen among the mutant-engrafted mice.  

However, embryonic globin expression in the spleen shows a slightly higher level 

in mouse 9 than mouse 8, although expression in both mutant-engrafted mice is 

significantly higher than control-engrafted mice.  Expression levels of adult 

globins in bone marrow and spleen show only a small increase in mutant-

engrafted mice.  In the blood, no difference is apparent in adult globin expression 

between control-engrafted mice and mutant-engrafted mouse 9, whereas mutant-

engrafted mouse 8 shows moderate increases of adult globin expression. 

 

 Levels of εy globin are substantial in mutant engrafted mice. 

 Raw data from Real Time PCR analysis can be qualitatively examined to 

compare levels of εy-globin and βmaj/min-globin mRNA to each other.  Figure 3 

shows that  ~20 cycles (106-fold) separate the emergence of β and εy in the 

blood of control-engrafted mice.  By contrast, only ~5 cycles (20- to 30-fold) 

separate the emergence of β and εy in the blood of mutant-engrafted mice 

(Figure II.C). PCR primers for εy- and β-globin are both highly efficient, based on 
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Figure II.C.  Qualitative comparison of Real Time PCR data for εy- and β-
globin.  (A) Log(Δ quantity) vs. cycle number of εy- and β-globin expression for 
blood tissue from control-engrafted (5) and mutant-engrafted (8) mice.  ey-
globin levels are ~20 cycles lower than β-globin levels in blood from control-
engrafted mouse 5; whereas ey-globin levels are within ~5 cycles of β-globin
levels in blood from mutant-engrafted mouse 8.  (B) Log(Δ quantity) vs. cycle 
number of GAPDH levels for the control-engrafted (5) and mutant-engrafted (8) 
mice, demonstrating similar levels of expression.  (Details in Section II.B.)
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standard and dissociation curves (data not shown). This illustrates that, although 

εy-globin mRNA levels are lower than β-globin, they are elevated enough to be 

considered significant when compared with the extremely high levels of β-globin. 

 

 Bone marrow and spleen of mutant-engrafted mice show elevated 

numbers of erythroid precursor cells. 

 To examine the phenotypic effects of the mutant engraftments in 

hematopoietic organs, immunohistochemical studies of these tissues were 

performed.  The TER-119 antibody was used to stain erythroid cells.  In the bone 

marrow, it was evident that there were more erythroid precursors present in the 

mutant engraftments (Figure II.D.A).  Myeloid and erythroid precursors were also 

counted from bone marrow aspirate smears to compare amounts of each.  Figure 

II.D.B shows that the bone marrow of mutant-engrafted mice has levels of 

erythroid precursors ~2.6 fold higher than control-engrafted mice.   

 Immunohistochemical examination of engrafted mouse spleens was also 

conducted with the TER-119 antibody.  At the cross-sectional level, the red pulp 

area (TER-119 positive erythroid precursors) is much larger in mutant-engrafted 

mice and significantly more erythroid precursors are evident (Figure II.E.A).  

Additionally, examination of spleen touch imprints (Figure II.E.B) shows that an 

increased number of nucleated erythroid precursor cells are present in the 

mutant-engrafted mouse spleen. 
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Figure II.D. Erythroid/myeloid ratio in bone marrow from engrafted mice.
(A) Immunohistochemical analysis using TER-119 antibody on bone marrow 
slices from control-engrafted (i) or mutant-engrafted (ii) mice.  Bar represents 
10 mm. (B) Differential counts of bone marrow aspirate smears treated with 
Wright’s-stain were used to determine the erythroid/myeloid ratio. Control-
engrafted mice (Cntl En) show the normal distribution of hematopoietic cells, 
whereas mutant-engrafted mice (Mut En 8, 9) show predominance of erythroid
precursors.  (Details in Section II.B.)
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Figure II.E. Comparison of spleens of engrafted mice. (A) 
Immunohistochemical analysis using TER-119 antibody on spleen slices 
from control-engrafted (i, iii) or mutant-engrafted (ii, iv) mice.  Bar for 
panels i and ii represents 1 mm.  Bar for panels iii and iv represents 10 
mm.  (B) Spleen cells (touch imprints) from control-engrafted mice (i) or 
mutant engrafted mice (ii) were treated with Wright's-stain. The spleen 
touch imprints from the mutant-engrafted mice show many distinct 
nucleated erythroid cells (marked with arrows) compared with none seen 
in the control.  Bar represents 1 mm.  (Details in Section II.B.)
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 Mutant engrafted mice show mild polychromatophylia. 

 Blood smears from control- and mutant-engrafted mice were also 

compared (Figure II.F.A).  In mutant-engrafted mice there is a mildly elevated 

(<10%) number of polychromatophylic cells, that are likely to be reticulocytes. 

Morphological comparisons based on RDW values (control n=3, mutant n=2) 

also showed a ~20% increase of RDW in mutant engrafts (Figure II.F.B).  These 

abnormalities may indicate hematopoietic stress in the mutant-engrafted mice 

(Ou et al., 1980; Broudy et al., 1996), although analysis of hematocrit and 

hemoglobin levels did not indicate anemia (data not shown). 
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Figure II.F. Polychromatophilia in the blood of mutant-engrafted mice. (A)
Peripheral blood smears were prepared from control-engrafted (i) and mutant-
engrafted (ii) mice. The blood-smear from the mutant-engrafted mouse shows 
polychromatophylic erythroid cells (three examples of which are marked with 
arrows).  Bar represents 1 mm. (B) RDW shows 20% increase in the mutant 
Sox6 null engrafted mice.  (Details in Section II.B.)
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II.D. Discussion 

In this study, we show that Sox6 plays a role in the regulation of globin 

expression, especially εy globin, in the hematopoietic tissues of adult mouse.  

We also show that Sox6 continues to play a hematopoietic-specific role in the 

regulation of erythroid precursor proliferation in adult mice. 

 By transplanting HSCs harvested from Sox6-deficient fetal livers into 

irradiated mice, we were able to successfully produce adult mice with Sox6-

defiency specific to the hematopoietic system.  In the genotype examination of 

our HSC engrafted mice, we observed variability in engraftment efficiency for 

both control-engrafted and mutant-engrafted mice.  Since this variability exists 

when either wildtype or Sox6-deficient HSCs are transplanted, it appears that the 

absence of Sox6 does not have a specific effect on the ability of HSCs to engraft 

or sustain self-renewal of the HSC populations.  That these mice lived for over 2 

months after the transplantation also demonstrates that defects of the 

hematopoietic system are not sufficient to cause the neonatal lethality observed 

in p100H mutant mice. 

 We have shown that embryonic globin expression is elevated in blood, 

bone marrow and spleen in mutant-engrafted adult mice (Figure II.B).  Most 

significant is the effect of Sox6 deficiency on εy globin expression in the blood, 

which is elevated ~2300-fold in our most efficient mutant-engrafted mouse.  This 

extends our previous finding that Sox6 represses εy globin in early definitive 

erythropoiesis in the embryonic liver (Yi et al., 2006).  Thus, our current results 
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illustrate that Sox6 regulation is necessary for continued suppression of εy globin 

in the adult mouse. 

 Expression of εy globin in the mutant-engrafted mice seems to be less 

elevated in bone marrow and spleen than in circulating blood.  Since bone 

marrow and spleen contain a smaller percentage of erythropoietic cells, this 

difference may result from the higher proportion of erythroid cells in circulating 

blood.  Also, both spleen and bone marrow contain erythroid precursor cells at a 

variety of developmental stages, while circulating blood contains more mature 

cells, predominantly RBCs (Tada et al., 2006). This suggests the possibility that 

regulation of εy globin by Sox6 is most important during the later stages of 

erythroid maturation. 

 The fold change in expression of the other embryonic globins (βh1 and ζ) 

is dramatically lower than εy globin in mutant-engrafted mice compared to 

control-engrafted mice. βH1-globin expression is ~5-10 fold higher in the mutant-

engrafted mice in blood, bone marrow and spleen (Figure II.B). ζ-globin 

expression is ~2-3 fold higher in the mutant-engrafted mice in the bone marrow 

and spleen, but is minimal in blood. This suggests that, while Sox6 is a specific 

regulator of εy globin expression (Figure II.B) (Yi et al., 2006), its effects on the 

other embryonic globins are more general.  It is possible that these embryonic 

globins have other regulators of repression. 

Comparison of εy globin expression between the two mutant-engrafted 

mice shows that mouse 8 has significantly higher levels than mouse 9 in blood 
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(Figure II.B.A).  From genotype analysis (Figure II.A.A), it is evident that, 

although both mice had successful mutant engrafts, mouse 8 had a more 

efficient engraftment.  Thus, there are a higher proportion of Sox6-deficient HSCs 

in mouse 8, which directly correlates to the higher εy globin expression. Other 

mice with lower mutant engraftment efficiency also support this correlation 

between Sox6 deficiency and εy globin expression (Figure II.B.B). This 

correlation is not evident in bone marrow or spleen, but is clear in blood, further 

suggesting the importance of Sox6 regulation of εy globin in late erythroid 

maturation. 

Variations in adult globin expression between control and mutant-

engrafted mice are small in bone marrow and spleen.  It is possible that Sox6 

plays a minor role in adult globin regulation during early erythroid development, 

but it could also be that disruption of normal embryonic globin regulation 

indirectly effects adult globin regulation (Raich et al., 1990, Harju et al., 2002, 

Tanimoto et al., 1999).  In the blood, only mouse 8, the highest-efficiency mutant-

engrafted mouse, shows a significant increase in adult globin expression (Figure 

II.B.A).  Further examination of mice with near complete Sox6-deficienct 

hematopoietic system is needed to determine if this effect is related specifically 

to Sox6 deficiency.  

Although Real Time PCR analysis quantitatively compares expression of 

individual genes, qualitative examination of the data can be used to compare 

expression between genes.  εy-globin expression is ~20 cycles (106-fold) lower 
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than β-globin expression in the blood of control-engrafted mice, but εy-globin 

expression increases to within 5 cycles (20- to 30-fold) of β-globin expression in 

the blood of mutant-engrafted mice (Figure II.C).  Considering the similar levels 

of GAPDH and the high efficiencies of the individual primer sets, this data 

illustrates that εy-globin levels are around 3-5% of the β-globin levels in the 

mutant-engrafted mice.  This is enough to be considered substantial in 

relationship to the abundant adult β-globin mRNA. 

Previous studies have examined the erythroid cell phenotype of Sox6-

deficient mice at embryonic and neonatal stages (Yi et al., 2006; Dumitriu et al., 

2006).  Observations from these studies include an increased number of 

erythroid precursors and the appearance of nucleated erythroid cells in 

circulating blood.  In the mutant-engrafted mice, we were able to observe the 

adult status of Sox6 deficient erythroid cells in bone marrow, spleen and 

circulating blood.  Comparison of bone marrow from control- and mutant-

engrafted mice showed a 2.6-fold increase of erythroid precursors in the mutant-

engrafted mice (Figure II.D).  This demonstrates that the erythroid cell 

proliferation effect, previously observed in embryonic and neonatal stages, 

persists into adulthood. 

Although nucleated erythroid cells were not observed in the circulating 

blood of mutant-engrafted mice, they were observed in the spleen (Figure II.E.B).  

At the cross-sectional level, significantly more TER-119-staining erythroid cells 

were observed (Figure II.E.A).  It is understood that the spleen is also an 
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intermediate hematopoietic organ in mice, with splenic engraftment occurring in 

late gestation, followed by bone marrow engraftment shortly before birth (Tada et 

al., 2006).  Under situations that stress the hematopoietic system, the adult 

spleen has been shown to exhibit significant hematopoietic activity (Ou et al., 

1980).  It is possible that the spleens of mutant-engrafted mice exhibit an 

increase in erythroid precursors as a response to a stress induced by the Sox6 

deficiency in HSCs.  However, no specific stress condition has been determined. 

When the mutant-engrafted blood smears were compared to the control-

engrafted blood smears, phenotypic abnormalities were evident (Figure II.F).  

Using Wright’s-stain on blood smears, we observed an elevated number of 

polychromatophylic cells in mutant engrafts. This stain is specific to young 

reticulocytes (Perrotta and Finch, 1972).  Furthermore, a 20% increase in the 

RDW value was measured in mutant engrafts (Figure II.F.B), which is another 

indicator of young reticulocytes. These observations are also consistent with 

hematopoietic stress (Perrotta and Finch, 1972; Ou et al., 1980; Brody et al., 

1996). 

Our previous work elucidated the role of Sox6 in the regulation of εy globin 

mRNA and erythroid cell proliferation in fetal mouse development (Yi et al., 

2006).  Other evidence has demonstrated that this role persists into neonatal 

stages as well (Dumitriu et al., 2006).  Elucidation of a continuing role for Sox6 

into the adult stage is significant to the understanding of how hematopoiesis is 

regulated in its mature phase. Understanding this regulation may lead to new 
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treatments for hemoglobinopathias such as sickle cell anemia. In vivo and in vitro 

analyses suggest that reactivation of human ε-globin would be therapeutically 

beneficial to adults with sickle cell disease (He and Russell, 2002), providing a 

clinical rationale for detailed investigations into the molecular basis of ε-globin 

gene silencing. Using the HSC transplantation approach to circumvent neonatal 

lethality, we have shown that Sox6 is indeed still necessary for εy globin 

regulation and erythroid cell proliferation in adult mice.  This emphasizes the 

importance of Sox6 as a major factor in the regulation of the adult hematopoietic 

system.  
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III. SOX6 BINDS IN THE SECOND EXON OF JUMONJI AND REPRESSES ITS 

TRANSCRIPTION 

 

 This chapter describes work that has been submitted as a paper for 

publication.  I directed the experimental design, analysis of all experiments and 

writing the paper.  I also conducted the experiments. 
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III. A. Introduction 

 Sox6 is a member of the Sox transcription factor family that is defined by a 

conserved high mobility group DNA binding domain.  Members of the Sox gene 

family have been found in vertebrates and invertebrates and have highly 

conserved functional domains, an indication of the importance of this family in 

development. Sox transcription factors bind to the minor groove of DNA causing 

a 70o-85o bend of the DNA, consequently introducing local conformational 

changes (Ferrari et al., 1992; Connor et al., 1994), while most other transcription 

factors target the major groove of DNA (van de Wetering et al., 1993). Therefore, 

Sox proteins may perform part of their function as architectural proteins by 

organizing local chromatin structure and assembling other DNA-bound 

transcription factors into biologically active, sterically-defined multiprotein 

complexes (Werner et al.,1997; Wolffe, 1994). 

 Sox6 was initially isolated from an adult mouse testis cDNA library 

(Connor et al., 1995). Previous studies have suggested that Sox6 plays a role in 

central nervous system development (Connor et al., 1995; Hamada-Kanazawa et 

al., 2004a; Hamada-Kanazawa et al., 2004b; Scheel et al., 2005) and 

chondrogenesis (Lefebvre and de Crombrugghe, 1998; Lefebvre et al., 2003; 

Smits et al., 2001; Stokes et al., 2001; Fernandez-Lloris et al., 2003). A Sox6 null 

mouse (p100H) has been identified in our laboratory. Mice homozygous for p100H 

show delayed growth, develop myopathy and arterioventricular heart block, and 

die within two weeks after birth (Hagiwara et al., 2000). The p100H mutant mouse 
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also shows progressive degeneration of cardiac and skeletal muscle as well as 

systematically altered slow- and fast-fiber isoform gene expression in skeletal 

muscle (Hagiwara et al., 2005).  

 Recently, it has been shown that Sox6 plays a major and important role in 

erythropoiesis.  Sox6 is up-regulated in long-term hematopoietic stem cells 

(HSCs) compared to multipotent progenitors of adult mouse bone marrow 

lineage (Forsberg et al., 2005). Sox6 stimulates erythroid cell survival, 

proliferation, and terminal maturation in definitive erythropoiesis in a cell-

autonomous manner (Dumitriu et al., 2006; Chapter II).  More specifically, Sox6 

plays a major role in globin gene regulation (Yi et al., 2006; Chapter II). 

 Jumonji (jmj) has been identified as a developmentally important gene in 

two independent gene trap screenings in mice (Takeuchi et al., 1995; Baker et 

al., 1997).  It belongs to the JMJ protein family, defined by the presence of two 

conserved functional domains, jmjC and jmjN (Takeuchi et al., 1995; Balciunas 

and Ronne, 2000).  The jmjC domain has been shown to have 2-oxoglutarate-

Fe(II)-dependent dioxygenase activity (Elkins et al., 2003), that was determined 

to be critical for histone demethylation in other jumonji family proteins (Tsukada 

et al., 2006).  Less is known about the function of the jmjN domain, although in 

other JMJ family proteins, it has been shown to interact with the jmjC domain 

when proximal to it (Chen Y et al., 2006).  Based on its structure, it has been 

hypothesized that jmjN may act to recruit other proteins (Chen Y et al., 2006). 
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 Jumonji is also within a subgroup of the JMJ family, JARID, based on the 

presence of another conserved functional domain, the AT-rich interactive domain 

(ARID) (Takeuchi et al., 1995; Balciunas and Ronne 2000).  ARID is a DNA 

binding domain with several distinct binding sequences (Wilsker et al., 2002).  

Other proteins with ARID play a role in transcriptional regulation involving 

determination of tissue specificity (Wilsker et al., 2002).  JmjN and ARID are part 

of a DNA binding domain (528-798 aa) in jumonji that is necessary for its function 

as a transcriptional regulator (Kim et al., 2003).  An additional domain important 

for jumonji activity is a unique region (130-222 aa) also critical for its 

transcriptional regulation (Kim et al., 2003), but remains uncharacterized. 

 The expression of jumonji begins as early as 7.5 days post coitus (dpc) in 

mice and is detected throughout adulthood.  Early jumonji expression is seen in 

neural ectoderm and myocardium, and eventually it is detected in most adult 

organs, with high levels in brain and heart tissue (Lee Y et al., 2000).  In some 

cases, jumonji expression is cell-specific and temporally transient, while in other 

regions, limited expression spreads over time and persists into adulthood 

(Takeuchi et al., 1995, Lee Y et al., 2000, reviewed in Jung et al., 2005).  Often, 

jumonji expression is correlated with cell proliferation (reviewed in Takeuchi et 

al., 2006). 

 The phenotypes of jumonji-deficient mice illustrate the wide array of roles 

that jumonji plays in development.  Although genetic background does create 

some variation in its effects, jumonji-deficient mice are embryonic lethal, typically 
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with defects in neural tube and cardiac development (Takeuchi et al., 1995, Lee 

et al., 2000).  These defects involve an increase in progenitor cell proliferation 

and loss of differentiation.  Similar defects have also been seen in other tissue 

types (reviewed in Takeuchi et al., 2006). 

 In contrast to other tissues, erythroid and myeloid progenitors in the 

jumonji-deficient mouse show a reduction in proliferation and maintain their ability 

to differentiate (Motoyama et al., 1997; Kitajima et al., 1999).  This effect is seen 

in the fetal liver, thymus and spleen.  In the wildtype fetal liver, Lin-/c-Kit+/Sca-1+ 

cells, which are known to have HSC activity, do not express jumonji, while 

unfractionated hematopoietic cells do (Kitajima et al., 1999).  Jumonji-deficient 

HSCs transplanted into irradiated mice were able to successfully engraft, 

indicating that jumonji expression is not required in HSCs for successful 

reconstitution.  However, the phenotype of these mice has yet to be described, 

so it is not clear if jumonji plays a role in subsequent hematopoietic development. 

 In this report, we show that jumonji is over-expressed in the fetal liver of 

p100H homozygous mutant mice.  Promoter analysis reveals a ~1.6-kb genomic 

fragment including the 5’ UTR of jumonji that demonstrates both promoter activity 

and Sox6-mediated repression.  Furthermore, we show that Sox6 binds within 

the second exon of jumonji.  Over-expression of Sox6 represses jumonji 

promoter activity in H2.35 cells and this effect is significantly diminished when 

one of five putative Sox binding sites in this region is mutated.  In irradiated mice 

engrafted with Sox6-deficient HSCs, jumonji expression is significantly elevated 
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in blood and bone marrow.  Elevated levels of erythroid progenitors are also 

observed in these tissues.  Taken together, these results demonstrate that Sox6 

plays a major role in the direct repression of jumonji transcription, and it is likely 

that jumonji plays a cell-autonomous role in the subsequent hematopoietic cell 

phenotype observed in Sox6-deficient mice. 
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III.B. Materials and Methods 

 Quantitation of jumonji mRNA: Microarray analysis was previously 

conducted in our lab with RNA samples pooled from 13.5 dpc mouse livers 

(wildtype and p100H homozygous, data not shown).  For Real Time PCR analysis, 

RNA from 13.5 dpc mouse livers (wildtype and p100H homozygous) was reverse 

transcribed to cDNA.  Primers for jumonji are: MHB1578, 5’-

CAACAGCACagtggcggatg-3’; and MHB1579, 5’-cccacggcaagacttctgct-3’.  The 

PCR product is a 186-bp fragment (+3530 to +3716).  Positional numbering is 

based on the start of transcription site as +1 (GenBank NM_021878).  PCR 

amplification was run on an ABI7300 (Applied Biosystems, Foster City, CA) at 

the University of Arizona core facility.  All PCR was performed in a 25-μl reaction 

using 12.5 μl SYBR green supermix with ROX (Bio-Rad, Hercules, CA).  GAPDH 

mRNA levels were used as a normalization control for input RNA.  Standard 

curve analyses were performed to test the efficiency of the amplifications and 

determine relative quantities of PCR products.  Triplicates were done for each 

PCR reaction.  Relative quantitative values were calculated in the ABI Prism 

7300 SDS Software and normalized to GAPDH in Microsoft Excel (Redmond, 

WA).  

 Transient Transfection Assay: A genomic fragment for the jumonji 

promoter analysis was isolated by restriction enzyme digest of a BAC clone 

(RP23-257B17, BACPAC Resources Center, Oakland, CA).  A ~5-kb fragment 

was ligated into pGL3, a luciferase reporter vector (Promega, Madison, WI).  
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Subsequent digests truncated the 5’ sequence to four promoter fragments: PF2 

(-2538 to +932), PF3 (-1763 to +932), PF4 (-630 to +932) and PF5 (+276 to 

+932).  A fragment containing a mutated Sox binding site was constructed using 

PCR amplification with PF4 as a template and a 91-bp primer containing the 

M851 mutation (detailed in Electromobility shift assay).  The subsequent product 

was digested and ligated into PF4 in its appropriate position.  H2.35 cells were 

cultured in low-glucose DMEM with 5% fetal calf serum (Invitrogen, Carlsbad, 

CA), penicillin (100 units/ml), streptomycin (100 μg/ml), and 200 nM 

dexamethasone.  When the cells reached a count of 2×105 cells/ml, they were 

transfected with plasmids using FuGENE6 (Roche, Indianapolis, IN). For 

promoter analyses, plasmids used for transfection were the pGL3 luciferase 

reporter vector with one of the promoter fragments (500 ng) along with either 

empty vector or Sox6-over-expression vector (1000 ng).  For mutation analyses, 

plasmids used for transfection were the pGL3 luciferase reporter vector and PF4 

promoter fragment with either normal or mutated +851 Sox binding site (500 ng) 

along with either empty vector or Sox6-over-expression vector (1000 ng).  pRL-

CMV (15ng) (Promega, Madison, WI) was used as a control for transfection 

efficiency.  Empty pGL3 vector was used as a control for background luciferase 

activity. 

 Chromatin Immunprecipitation analysis: Methodology was as 

described previously (Nouzova et al., 2004).  In brief: H2.35 cells (2×107) 

(American Type Culture Collection, Manassas, VA) were treated with 1% 
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formaldehyde for 10 min at 37 °C, rinsed in ice-cold 1× Hanks' balanced salt 

solution with 0.1% EDTA and protease inhibitors, collected by centrifugation at 4° 

C, resuspended in a SDS lysis buffer containing protease inhibitors, and 

incubated on ice for 10 min. DNA-protein complexes were sonicated until the 

predominant size was around 500 bp. One-tenth of the sample was set aside for 

input control, and the remaining sample was precleared with protein-A 

Sepharose (Amersham Biosciences, Piscataway, NJ). Following preclearing, the 

samples were split into thirds: one sample treated with anti-Sox6 (Abcam, Inc., 

Cambridge, MA), a second treated with normal rabbit IgG (Abcam, Inc., 

Cambridge, MA), and the third sample without Ab. The last two were used as 

negative controls. The chromatin-antibody complexes were eluted, and the DNA 

protein cross-links were reversed with 5 M NaCl at 65° C for 4 h. Input DNA or 

immunoprecipitated DNA was used as a template in the PCR reaction. PCR 

amplification was narrowed to a region of interest that contained putative binding 

sites for Sox proteins.  The amplification yielded a 148-bp amplicon, 

corresponding to nucleotides +814 to +952 of the jumonji transcript (primers 

MHB1749, 5′-atctggttttgggggaag-3′; and MHB1750, 5′-tccaaatgctgattgcaaaa-3′). 

PCR was performed under the following conditions: 95° C for 15 min followed by 

35 cycles at 95° C for 30 s, 54° C for 30 s, and 72° C for 45 s, ending with a final 

extension at 72° C for 5 min. 

 Electromobility Shift assay:  Single-stranded complementary 

oligonucleotides were annealed and end-labeled with [γ-32P] ATP with T4 
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polynucleotide kinase. EMSA was performed with 6 μg of nuclear proteins from 

H2.35 cells in binding buffer: 2% glycerol, 50 ng/μl poly (dG-dC), 20 mM HEPES 

(pH 7.9), 1 mM DTT, 20 mM KCl, 7.5 mM MgCl2. For competition or supershift 

assays, the indicated unlabelled oligonucleotide competitor (200-fold molar 

excess) or Sox6 antibody (2 μl) (Abcam, Inc., Cambridge, MA) was added 30 min 

to 60 min prior to addition of radiolabeled probe. Following addition of the 

radiolabeled probe, the samples were incubated for 30 min or 60 min at room 

temperature and loaded on a 5% (w/v) polyacrylamide gel. Electrophoresis was 

performed at a constant 20 mAmp for 4–8 h at room temperature, and the gels 

were dried prior to autoradiography.  The probes cover the region +846 to +902 

and are as follows: For the WT binding site probe: 5′-

gattacaagatcaaccaccaccaacaacaataaaaaccaccaggatatttttttgc-3′ (MHB1761); for 

the mutant binding site probe (M851): 5′-

gattagctgatcaaccaccaccaacaacaataaaaaccaccaggatatttttttgc-3′ (MHB1790).  

Other mutations within this region were tested and failed to show loss of 

competition (data not shown). 

 HSC engraftment in irradiated mice: was performed as described in 

Chapter II.B. 
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III.C. Results 

 Jumonji expression is increased in Sox6-deficient mouse fetal livers. 

 A microarray screening was conducted previously in our lab to compare 

gene expression in pooled RNA samples from 13.5 dpc livers of wildtype and 

p100H homozygous mice (data not shown).  A number of genes were determined 

to have significantly elevated or decreased expression (≥2-fold change).  Genes 

were further evaluated based on possible functional connection to the p100H 

phenotype.  One gene that stood out as a potentially significant downstream 

target was jumonji, a transcription factor associated with regulation of definitive 

erythropoiesis (Motoyama et al., 1997; Kitajima et al., 1999). Jumonji expression 

showed a 2.5 (±0.6) fold increase over wildtype in the fetal liver of p100H 

homozygous mice.  To confirm this result, we re-examined the samples from the 

microarray using Real Time PCR analysis.  We also examined individual 13.5 

dpc livers (n=3) of both wildtype and p100H homozygous mice.  These analyses 

yielded relative expression increases of 1.7 (±0.4) fold for the pooled samples 

and 2.0 (±0.6) fold for the individual samples (Figure III.A).  These results verified 

that jumonji expression is increased in Sox6-deficient fetal livers. 

 A 1.6-kb genomic fragment including the 5’ UTR of jumonji exhibits 

both promoter activity and Sox6-mediated repression. 

 To examine the regulation of jumonji, we needed to identify the region 

exhibiting jumonji promoter activity.  We first isolated the jumonji promoter 

sequence through restriction enzyme digest of a BAC clone, which generated a 
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Figure III.A. Real Time PCR analysis of jumonji expression in Sox6-
deficient livers. Relative jumonji expression in wildtype and p100H/p100H
13.5 dpc livers as determined by Real Time PCR analysis.  Data points were 
run in triplicate and normalized to GAPDH expression.  Tissues from pooled 
samples show a 1.7-fold increase in expression, and independent samples 
(n=3) show a 2.0-fold increase in expression.  Error bars indicate standard 
deviation. (Details in Section III.B.)
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~5kb fragment upstream from the jumonji start codon.  From this sequence, we 

constructed four promoter fragments, with successive truncations of the 5’ 

region.  These promoter sequences were subcloned into pGL3 luciferase 

reporter vectors and transiently transfected into H2.35 (mouse hepatocyte) cells.  

Figure III.B shows that two of the intermediate fragments (PF3 and PF4) induce 

expression that is significantly above the larger and smaller fragments (PF2 and 

PF5).  Since PF5 does not contain a TATA box or the initiation codon, its level of 

activity is considered to be background expression.  Further, since PF4 is a 

truncation of PF3 and shows similar levels of activity, we conclude that the ~1.6 

kb PF4 fragment contains a minimal region with jumonji promoter activity. 

 To determine if Sox6 is involved in the regulation of the jumonji promoter, 

we examined the effects of Sox6 on expression induced from this promoter.  

When a Sox6 over-expression vector is co-transfected with the promoter vector 

(instead of a control vector), both PF3 and PF4 show a significant reduction of 

expression (2.2 ±0.2 fold and 2.3 ±0.3 fold respectively, Figure III.B).  These 

levels of repression correlate to the increase in jumonji expression seen in the 

Sox6-deficient samples examined by microarray and Real Time PCR analyses 

(Figure III.A).  Thus, PF4 also contains the region necessary for Sox6 regulation 

of jumonji. 

 Sox6 binds to a region within the second exon of jumonji. 

 To determine whether Sox6 directly regulates jumonji expression, we 

conducted a chromatin immunoprecipitation (ChIP) assay to ascertain if Sox6 
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Figure III.B. Transient transfection analysis of the jumonji promoter 
region.  H2.35 cells were transfected with a pGL3 luciferase reporter vector 
containing one of four jumonji promoter fragments.  Cells were also co-
transfected with a Sox6-over-expression vector, CMV-Sox6 (+), or empty vector 
(-).  Luciferase activity is elevated for PF3 and PF4 constructs, in comparison to 
background activity of the PF5 construct (lacking TATA box and initiation site).  
Activity of PF3 and PF4 is reduced 2.2- and 2.3-fold (respectively) in the 
presence of over-expressed Sox6. (Details in Section III.B.)
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directly binds within the PF4 fragment.  We examined the sequence of PF4 and 

found five putative binding sites for Sox proteins at the 3’ end.  These binding 

sites reside within the second exon of jumonji, corresponding to part of the 5’ 

UTR.  Primers were selected for the ChIP assay to detect this region (+814 to 

+952, Figure III.C.A).  Sox6 antibody was used to immunoprecipitate the cross-

linked protein/DNA complexes that contain Sox6 from H2.35 cell extracts.  The 

results of the subsequent PCR showed that the region with the putative Sox 

binding sites is significantly enriched by the Sox6 antibody treatment when 

compared to either IgG or no antibody treatments (Figure III.C.B).  This 

demonstrates that either Sox6 or a Sox6-containing protein complex binds to a 

region within the second exon of jumonji.  

 Sox6 binds to the +851 Sox binding site. 

 To determine which of the five putative Sox binding sites was directly 

involved in the Sox6/jumonji promoter interaction, we conducted an 

electromobility shift assay (EMSA) using a Sox6 antibody and a radiolabeled 

probe of the jumonji region that included the putative Sox binding sites.  Addition 

of the Sox6 antibody induces a specific band to disappear (Figure III.D.B, arrow).  

Given the presence of numerous larger bands, it seems likely that the specific 

band has supershifted and is occluded from direct detection by the other large 

bands.  This corroborates the ChIP analysis and also narrows the region of 

interaction to a 56-bp region containing the putative Sox binding sites.  We then 

constructed promoter fragment probes that contained mutations in each of the 
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Figure III.C. Chromatin immunoprecipitation assay of Sox6 binding to 
jumonji promoter. (A) Jumonji region of interest.  Primers were designed to 
amplify a 138-bp region (+814 to +952) of the jumonji region containing five 
putative binding sites for Sox6.  Binding sites are marked with ovals.  (B) PCR 
amplification of jumonji region of interest in H2.35 cell samples enriched through 
ChIP.  Sox6 antibody enrichment (S6Ab) is significantly higher than normal 
rabbit IgG (IgG) or no antibody (-Ab).  Input represents preprocessed sample. 
(Details in Section III.B.)
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Figure III.D. Electromobility shift assay for Sox6 binding to the jumonji
promoter. (A)  EMSA Probes.  Five putative binding sites for Sox6 are 
contained within the 57-bp probe.  Mutant 851 probe (M851) alters the CAA 
core to GCT in the Sox putative binding site starting at +851.  (B) EMSA was 
performed using nuclear extracts from H2.35 cells, the radio-labeled WT probe, 
a Sox6-antibody and unlabeled WT and M851 probes.  Lane 1: radio-labeled 
probe only.  Lane 2: no competing probe, no antibody.  Note band at arrow.  
Lane 3: Sox6 antibody, producing a supershift.  Note band absent at arrow.  
Lane 4: competition with 200-fold excess of unlabeled WT probe (W), showing 
competition with the radio-labeled probe.  Lane 5: competition with 200-fold 
excess of unlabeled M851 probe (M), showing less competition with the radio-
labeled probe than WT. Lanes 6-9: competition with 200-fold excess of other 
unlabeled mutant probes (M2-M5), showing similar competition to unlabeled WT 
probe.  (Details in Section III.B.)
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different putative Sox binding sites, changing the CAA core binding site to GCT.  

When compared to competition with the wildtype probe, competition with the 

mutant probe M851 was reduced (Figure III.D.B).  The other mutant probes were 

as effective in competition as the wildtype probe.  The mutation in M851 is in the 

core binding site at +851.  From these results, we deduce that the +851 putative 

Sox binding site plays a role in the binding of Sox6 or a Sox6-containing complex 

to this region of the jumonji gene. 

 Sox6 over-expression represses jumonji promoter activity in H2.35 

cells via the +851 Sox binding site. 

 After determining that Sox6 binds to the +851 site, we wanted to know if 

this site is directly involved in the transcriptional regulation of jumonji in vivo.  To 

do this, we conducted transient transfection assays in H2.35 cells with both 

normal (PF4) and mutated (PF4M851) promoter constructs subcloned into pGL3 

luciferase reporter vectors.  When a Sox6 over-expression vector is co-

transfected with the PF4 vector, luciferase activity levels drop 2.4 (±0.1) fold 

(Figure III.E).  However, with the PF4M851 vector, luciferase activity only 

decreases 1.3 (±0.2) fold.  With a 79% loss of transcriptional repression from 

normal to mutated site, it is evident that the mutations in the +851 binding site 

significantly diminish the Sox6-mediated repression of jumonji promoter activity.  

Thus, this region is likely to be a regulatory region for jumonji transcription, and 

Sox6 plays a critical role in mediating that regulation. 
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Figure III.E. Transient transfection analysis of the jumonji promoter region 
with a Sox binding site mutation. H2.35 cells were transfected with a pGL3 
luciferase reporter vector containing PF4.  Cells were also co-transfected with a 
Sox6-over-expression vector, CMV-Sox6 (+), or empty vector (-).  Luciferase
activity is reduced 2.4 fold in the presence of ove-rexpressed Sox6.  
Subsequent transfections were conducted with PF4 containing the mutated 
Sox6 binding site (PF4M851), where luciferase activity is reduced only 1.3 fold 
in the presence of over-expressed Sox6.  This represents a 79% loss of 
transcriptional repression from normal to mutated site. (Details in Section III.B.)
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 Irradiated mice engrafted with Sox6-deficient hematopoietic stem 

cells show increased levels of jumonji mRNA in blood and bone marrow. 

 Previous work has demonstrated that Sox6 plays a key role in definitive 

erythropoiesis (Yi et al., 2006, Dimutrui et al., 2006).  As a downstream target 

known to play a role in definitive erythropoiesis, jumonji may be an important 

mediator of the observed erythroid defects in Sox6-deficient p100H mice.  To 

examine the effects on jumonji expression in hematopoietic cells, we analyzed 

levels of jumonji expression in HSC-transplant mice from a parallel study 

(Chapter II).  Two groups of five wild-type mice were lethally irradiated and 

injected with HSC transplants harvested and pooled from 14.5-16.5 dpc fetal 

livers. Transplants were derived either from phenotypically normal embryos 

(control), consisting of wild-type and carrier p100H/+ cells, or mutant embryos, 

consisting of mutant p100H/p100H cells.  Two mutant transplants (8 and 9) 

successfully engrafted the Sox6-deficient HSCs with high efficiency.  Real Time 

PCR analysis of jumonji expression was conducted in blood and bone marrow.  

Jumonji expression levels in both tissues were significantly elevated for both 

mutant engrafts, particularly in the blood (Figure III.F).  This demonstrates that 

jumonji expression in the hematopoietic lineage persists into adulthood and is 

increased cell-autonomously in hematopoietic cells that are Sox6-deficient. 

 

77



Figure III.F. Real Time PCR analysis of jumonji expression in Sox6-
deficient HSC transplant mice. Relative jumonji expression in blood and bone 
marrow of control-engrafted (Cntl En) and mutant-engrafted (Mut En) mice.  
Data points were run in triplicate and normalized to GAPDH expression.  
Jumonji expression in both mutant-engrafted mice is significantly elevated from 
levels in control-engrafted mice.  Error bars indicate standard deviation. (Details 
in Section III.B.)
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III.D. Discussion 

 Microarray analyses previously conducted by our lab indicated that jumonji 

expression levels are increased 2.6 fold in fetal livers of p100H homozygous mice.  

Since this change is quite significant for a transcription factor and because 

jumonji was involved with cell activities that might be pertinent to the p100H 

phenotype, we evaluated jumonji as a downstream target of Sox6.  We confirmed 

this initial observation with Real Time PCR analysis (Figure III.A).  These results 

demonstrate that Sox6 deficiency leads to a significant increase in jumonji 

expression in the mouse fetal liver. 

 To elucidate the role of Sox6 in regulating jumonji, we first needed to 

determine the functionally active region of the previously uncharacterized jumonji 

promoter.  Transient transfection analysis of four jumonji promoter fragments 

showed that PF4, a ~1.6 kb genomic fragment 5’ proximal to the start codon, 

exhibited activity in H2.35 cells that was significantly above the background 

activity of PF5, which is missing both the TATA box and the initiation sequence 

(Figure III.B).  The activity of this promoter fragment was subsequently repressed 

2.3 fold by over-expression of Sox6.  This demonstrates that this fragment not 

only contains a region (-630 to +276) with significant promoter activity for jumonji, 

but that it also contains a region required for Sox6-mediated repression of this 

activity.  We also noted that the largest fragment (PF2) has less activity than PF3 

or PF4, which may indicate the presence of other repressor elements 5’ to the 

promoter.  Although this examination of the jumonji promoter is not exhaustive, 
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the Sox6-mediated repression of this promoter’s activity is consistent with our 

microarray and Real Time PCR analyses of jumonji levels in Sox6-deficient 

tissues. 

 To determine whether jumonji expression is directly regulated by Sox6 or 

indirectly altered by the pleiotropic effects of Sox6 deficiency, we examined the 

sequence of PF4 for potential binding sites for Sox6.  Five putative binding sites 

were found within the second exon of jumonji.  Primers were designed for this 

region and a chromatin immunoprecipiation assay was conducted with a Sox6 

antibody.  The results clearly demonstrate enrichment for genomic sequences 

containing the region with the putative binding sites (Figure III.C.B).  Results from 

the electromobility shift assay, in which a supershift was seen in the presence of 

the Sox6 antibody (Figure III.D.B, arrow), confirmed the connection between 

Sox6 and this region.  Since Sox6 is often involved in a complex (van de 

Wetering et al., 1993; Wolffe 1994), it seems likely that Sox6 may work with (or 

in) a repressor complex that interacts with this region of the jumonji sequence.  

Regulatory elements within the transcribed genomic sequence are not 

uncommon for tissue-specific transcriptional regulation, including in 

hematopoietic tissues (Peng and Jahroudi, 2002; Crable and Anderson, 2003).  

Given that Sox proteins introduce 70-85° bends in DNA (Ferrari et al., 1992; 

Connor et al., 1994), this site may also interact with more 5’ regulatory elements. 

 To verify that the interaction with this potential regulatory region was 

specific to one or more of the putative binding sites, we constructed probes with 
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individual mutations in the core binding sequence of each site for an EMSA test.  

One site (M851) showed a significant loss of competition when compared with 

the control probe (Figure III.D.B).  To determine the in vivo significance of this 

site, we transiently transfected H2.35 cells with luciferase reporter vectors 

containing either the normal (PF4 or mutated PF4M851) jumonji promoter 

sequence.  In the presence of a Sox6 over-expression vector, PF4 exhibits a 2.4-

fold repression of reporter activity (Figure III.E).  In comparison, PF4M851 exhibits 

only a 1.3-fold repression.  This represents a loss of 79% of transcriptional 

repression from the normal to the mutated site, and demonstrates that this 

particular putative Sox binding site is important for Sox6 regulation of jumonji.  

Since the loss of repression is not complete, and given the close proximity of 

other putative Sox binding sites, it is possible that Sox6 may still bind to one of 

the other sites when the +851 site is mutated.  However, EMSA probes that 

contained multiple mutations did not show further loss of competition (data not 

shown).  It is also possible that Sox6 is part of a repression complex required for 

jumonji regulation and residual binding of the complex can still occur (although 

with less efficiency) when the +851 site is mutated. 

 We initially studied Sox6 regulation of jumonji in 13.5 dpc mouse livers.  At 

this stage of embryonic development, the fetal liver is a hematopoietic organ with 

a large number of definitive erythroid precursors.  To isolate the effect of Sox6 

deficiency on jumonji expression in the hematopoietic lineage, we measured 

levels of jumonji mRNA in irradiated mice engrafted with HSCs from fetal livers of 
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p100H mutant mice.  Examination of blood and bone marrow of the mutant-

engrafted mice showed significantly elevated levels of jumonji over normal-

engrafted mice (Figure III.F).  This demonstrates that jumonji is expressed in the 

hematopoietic lineage and that Sox6 represses this expression in a cell-

autonomous manner. 

 Previous observations determined that Lin-/c-Kit+/Sca-1+ cells, which are 

known to have HSC activity, do not express jumonji in the fetal liver, while 

unfractionated hematopoietic cells do (Kitajima et al., 1999).  Jumonji-deficient 

HSCs transplanted into irradiated mice were able to successfully engraft, 

indicating that jumonji expression is not required in HSCs for successful 

reconstitution.  However, potential hematopoietic defects of these HSC-

transplant mice have yet to be described.  Thus, it is not clear whether loss of the 

jumonji hematopoietic expression might play a role in the hematopoietic cell 

proliferation defects observed in jumonji-deficient mice.  We note that jumonji is 

still expressed in the blood of adult mice (Figure III.F), indicating that it may 

continue to play an important role in hematopoietic cells into adulthood. 

 In other studies, we have observed that irradiated mice engrafted with 

HSCs from fetal livers of p100H mutant mice show a significant increase in 

erythroid precursors in blood and bone marrow (Chapter II).  In contrast, 

proliferation of erythroid progenitors is decreased in jumonji homozygous 

mutants (Kitajima et al., 1999).  Since the mutant-engrafted mice have an over-

expression of jumonji, it is possible that the increase in erythroid precursors 
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results from the increase in jumonji levels.  However, it remains to be determined 

if jumonji expression is limited to a subset of hematopoietic cells or is present 

throughout the lineage.  Future studies using transgenic mice that can knockout 

or over-express jumonji with greater tissue specificity can further elucidate this 

role. 

 Since both Sox6 and jumonji also play critical roles in other tissues, such 

as the nervous system and cardiac muscle, it is possible that a connection exists 

between jumonji and other Sox6-deficient phenotypes.  The regulation of jumonji 

by Sox6 may be conserved throughout different tissues, and thus be involved in 

a number of Sox6-mediated activities in development.  Future studies expoliting 

tissue-specific knockout or over-expression of Sox6 will assist in furthering our 

understanding of the functional connection between Sox6 and jumonji.  

Phenotypic correlations with tissue-specific knockout or over-expression of 

jumonji will further this understanding (Mysliwiec et al., 2006). 

 Previous work has demonstrated the important roles that Sox6 plays in 

erythropoiesis, such as cell proliferation (Yi et al., 2006, Dumitrui et al., 2006).  

Determination of the downstream targets of Sox6 will help further our 

understanding of how Sox6 activity mediates its effects.  Here, we have shown 

that Sox6 binds directly to a regulatory region in the second exon of jumonji and 

acts as a transcriptional repressor.  Furthermore, irradiated mice engrafted with 

Sox6-deficient HSCs show a significant increase of jumonji in hematopoietic 

cells.  The erythroid phenotype in these mice (Chapter II) correlates with previous 
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studies of a jumonji-deficient phenotype in definitive erythropoiesis (Motoyama et 

al., 1997; Kitajima et al., 1999).  Thus, it seems likely that jumonji is an important 

factor in the Sox6-mediated regulation of hematopoietic cell proliferation, and the 

connection between these two transcription factors may represent an important 

nexus in developmental processes. 
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IV. DIRECTIONS AND DISCUSSIONS 

 In the studies described in the previous chapters, I have examined the role 

of the transcription factor Sox6 in definitive hematopoiesis, and the regulation of 

jumonji, another transcription factor, by Sox6 in hematopoietic stem cells (HSCs).  

I was able to overcome the neonatal lethality of the Sox6-deficient mouse p100H 

through HSC transplant experiments, which revealed a Sox6-deficient phenotype 

specific to the hematopoietic system.  Most prominently, expression of the 

embryonic globin εy was significantly elevated in mutant-engrafted mice 

compared with control-engrafted mice, and an increased fraction of erythrocyte 

progenitors were observed in the circulating blood.  I also examined the promoter 

region of jumonji after its gene expression was shown to be elevated in the fetal 

liver of p100H mice.  I determined that Sox6 represses jumonji expression through 

a Sox binding site located in the second exon of jumonji, upstream to the start of 

translation.  Based on this regulation, I examined jumonji expression in the 

mutant-engrafted mice and saw elevated expression in circulating blood.  This 

demonstrates that Sox6 directly regulates jumonji expression in the 

hematopoietic system. 

 One of the conditions that made the HSC transplant experiment a success 

was that the hematopoietic-specific knockout of Sox6 did not cause neonatal 

lethality in the engrafted mice.  Previous work has identified cardiac arrhythmia 

and muscular degeneration as prominent defects due to Sox-deficiency in the 

p100H mouse (Hagiwara et al., 2000), but it has not been shown that these are the 
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only factors responsible for the lethality.  We can then exclude the subsequent 

erythrocyte phenotype as being sufficient to cause death in the p100H mouse, but 

it is possible that it does contribute in some instances to the overall risk of 

lethality.  The effects of elevated erythrocyte progenitors in circulation and altered 

globin expression may cause unusual stress on the circulatory system, the 

hematopoietic organs.  It is possible that this stress compounds with the cardiac 

arrhythmia and skeletal muscle (i.e. diaphragm) degeneration to create the lethal 

phenotype.  We should also consider the effects of altered oxygen delivery, 

which may also lead to stresses within the other tissues of the body.  The HSC 

transplant mice showed no signs of distress for up to 10 weeks after engraftment, 

which indicates that any potential stress is not significant enough to cause 

complications in an otherwise healthy organism.  However, the possibility of 

problems arising in later life has yet to be determined.  Observation of the HSC 

transplant mice as they age would be important in revealing any effects of the 

phenotype on survivability.  Examination of the lethality of a cardiac- and muscle-

specific knockout of Sox6 will also help answer this question. 

 Determining regulators of gene expression in the hematopoietic system is 

an important step toward developing treatments for hematopoietic medical 

disorders.  A potential application of such treatments could be for anemias, which 

involve defects in the ability of red blood cells (RBCs) to efficiently deliver oxygen 

throughout the body. One cause of this condition is a reduction in RBC 

proliferation (aplastic anemia).  The proliferation of RBCs is regulated in the 
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erythrocyte progenitors to respond accordingly to the needs of the organism.  

Direct activation of this pathway’s components, such as up- or downregulation of 

key regulators, might help correct a RBC reduction.  Since we know that jumonji 

has been connected to proliferation control in other cell types (Takeuchi et al., 

1995; Takeuchi et al., 1999; Toyoda et al., 2003; Motoyama et al., 1997; Kitajima 

et al., 1999; Anzai et al., 2003), it possibly also plays a role in the ongoing 

regulation of RBC proliferation in erythrocyte progenitors. 

 Another cause of anemia is an imbalance of the globins (thalassemia) 

which leads to improper oxygen binding and delivery.  In more severe conditions, 

it can also cause malformation of the RBC (e.g. Sickle Cell) or even destruction 

of RBCs (hemolytic anemia).  Some of these conditions involve mutations within 

one of the globin genes, but many also involve alterations of normal globin levels.  

The balance of globin production is tightly regulated on both the transcriptional, 

translational and protein degradation level.  Most identified globin disorders 

involve reduced levels of individual globins, rather than multiple globin reductions 

or globin overproduction.  This suggests that the affected mechanisms involve 

specific rather than global regulation.  Furthermore, induction of embryonic globin 

mRNA expression in adult erythrocytes yields active embryonic globin protein 

(He and Russell, 2006). This suggests that regulation of translation or protein 

degradation is not involved in most of these conditions.  Thus, most defects in 

these disorders lie at the transcriptional level. 
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 My examination of Sox6 regulation of globins demonstrates that Sox6 is 

most specific for εy globin regulation, with more moderate effects on other 

embryonic globins and no direct effect on adult globin expression.  This does not 

seem to make it ideal as a potential target for resolving adult stage blood 

disorders.  However, reactivating embryonic globins to correct for adult globin 

deficiencies has been explored as a treatment option.  Recently, it was 

demonstrated in transgenic mice that expression of human epsilon globin in adult 

Sickle Cell erythrocytes eliminates the abnormal sickling phenotype and 

alleviates the anemic condition (He and Russell, 2002).  Thus, the potential 

ability to manipulate Sox6 and other factors that repress embryonic globins offers 

a unique tool for the treatment of disorders involving adult globins.  However, 

further examination must be conducted on the effects of increased oxygen 

binding affinity of the embryonic globins and the potential for globin 

overexpression, which may lead to other anemic phenotypes. 

 Although my examination of Sox6 in definitive hematopoiesis revolves 

around its role in erythrocyte development and activity, the in vivo connection 

between Sox6 and jumonji involves the whole hematopoietic system.  Jumonji 

and Sox6 may be expressed in one or more of the cell types from the 

hematopoietic lineage.  Thus, their roles in other hematopoietic disorders should 

also be considered.  The immune system also requires regulation of cell 

proliferation (in particular, T- and B-cell) that responds according to immune 

system activity.  Defects in this proliferation can lead to forms of 
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immunodeficiencies or leukemias.  It is possible that Sox6 and jumonji could 

regulate proliferation or differentiation in these progenitors as well. 

 The possible connection between jumonji-deficiency in hematopoiesis and 

leukemia leads to other inquiries about its role in other tumorous or cancerous 

tissues.  Throughout the jumonji-deficient mouse, numerous tissues are clearly 

affected with cell proliferation defects.  Another subfamily of jumonji proteins 

(JMJD2) contains a large number of identified cancer-associated genes (Katoh et 

al., 2004), which may represent a connection to a functional role for the whole 

family.  As a regulator of jumonji, defects in Sox6 may also have a connection to 

oncogenic processes.  Even if jumonji or Sox6 is not a proto-oncogene, they may 

still be useful markers for tumorous or cancerous tissues.  It has been shown that 

transcription factors involved in regulating processes in cell progenitors from 

early development can be altered in tumorous tissues (Mansouri, 1998; Scholl et 

al., 2001).  Recently, Sox6 was shown to be upregulated in neuronal-glial tumors, 

making it useful as a marker in these specific tumors (Ueda et al., 2004).  Further 

examination of both jumonji and Sox6 expression in tumorous tissues should be 

conducted to reveal their usefulness both as markers and potential proto-

oncogenes. 

 Despite the potential for Sox6 and jumonji as therapeutic targets for 

medical disorders, a significant limitation exists.  We know that both have critical 

roles during development and that they continue to be widely expressed into the 

adult stages.  Their continued expression may play an ongoing important role in 
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adult tissues.  It is possible that, given their roles in differentiation during 

development, their expression in adult correlates with cellular replenishment from 

stem cells.  Furthermore, my experiments indicate how small changes in 

transcription factor levels can be significant, considering that a 2-fold increase in 

jumonji may be responsible for abnormally high levels of circulating erythrocytes 

and their progenitors.  Subsequently, systemic alteration of Sox6 or jumonji 

activity in adult organisms may lead to severe defects in several different regions.  

Further examination of the roles of these genes in adult tissues is necessary 

before they can be considered as targets for therapeutic treatments. 

 Even given possible limitations to treatment of certain medical disorder, 

there are still potential benefits to understanding Sox6 and jumonji.  The most 

prominent phenotype in Sox6- and jumonji-deficient mutants is prenatal and 

neonatal lethality.  Thus, as models for disease, they may represent severe 

developmental defects.  In humans, fetal defects and early infant mortality have a 

variety of possible causes that go undetermined, including environmental and 

genetic effects.  It is possible that some of these cases might involve 

morphologies that are similar to either Sox6- or jumonji-deficient phenotypes, 

such as abnormalities in differentiation or proliefation.  Connecting Sox6 and 

jumonji into these disorders will help us understand the condition of these 

disorders, even if their severity currently precludes treatment.  However, 

understanding the cause of the disorder is a decent step forward for eventual 

treatments. 
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 Along with εy-globin and jumonji, it would be interesting to investigate 

other downstream targets of Sox6.  Our microarray analysis uncovered a number 

of transcripts that were either increased or decreased from their wildtype levels in 

the p100H fetal liver.  Among them were a variety of transcription factors, signal 

transducers, receptors, transporters and structural proteins.  Some of the 

identified genes play roles in the other tissues already shown to be affected by 

Sox6 deficiency, including skeletal and cardiac muscle.  Others indicate possible 

roles for Sox6 in tissues where a Sox6-deficient phenotype has not yet been 

defined, including angiogenesis and neurogenesis.  Examining the role that Sox6 

plays in these individual genes’ regulation will help to clarify the mechanisms of 

Sox6 activity and the pathways that are involved. 

 The widespread expression of both Sox6 and jumonji suggests that Sox6 

and jumonji may play important roles in a variety of other tissues as well.  In 

particular, both Sox6 and jumonji have been shown to be involved in 

cardiomyocyte and neural differentiation.  Due to the severity of their respective 

phenotypes, it can be difficult to attribute specific defects to a particular cell type 

in the Sox6- or jumonji-deficient mice.  Through the creation of tissue-specific 

knockout mice, it should be possible to investigate the role of these genes in 

individual tissues.  For example, a cre-lox mouse line was recently constructed 

which generates a heart-specific knockout of jumonji (Mysliwiec et al., 2006).  

This and other tiussue-specific knockouts of Sox6 or jumonji can also help to 

show how individual tissue deficiencies contribute to the lethality of the complete 
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knockout mouse, and uncover important roles for these genes in other tissues 

which were previously obscured by the severity of the lethality.  These mice may 

also allow for examination at later stages of development and into adulthood. 

 The examination of Sox6 and jumonji activity in other tissues also raises 

the possibility that Sox6 regulates jumonji expression in these tissues as well.  

Subsequent comparison of Sox6-and jumonji-deficient mice, both in their 

phenotypes and downstream targets, will help to connect Sox6 to jumonji 

regulation in these other tissues.  In certain instances, the creation of tissue-

specific double knockout mice may also provide insight into the connection 

between Sox6 and jumonji.  Since Sox6 deficiency leads to an increase of 

jumonji in hematopoietic cells, we might expect that the loss of both jumonji and 

Sox6 should lead to a jumonji-deficient phenotype instead of a Sox6-deficient 

phenotype for those systems where Sox6 activity is mediated by jumonji.  The 

difficulty of the comparison is that not all of the phenotypes of the Sox6- or 

jumonji-deficient mice are clear examples of variant effects in a system.  For 

example, both Sox6- and jumonji-deficient mice show an increase in nucleated 

erythrocytes in circulating blood, with no clear way to distinguish the two.  

Alternatively, Sox6-deficient mice show an hyperproliferation of definitive 

erythrocytes, while jumonji-deficient mice show a reduction.  Thus, examination 

of tissue-specific double knockout mice would only work for those phenotypes 

with distinguishable effects by jumonji absence and overexpression. 
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 To overcome these potential limitations of Sox6 and jumonji double-

knockout mice, I have designed another approach with the construction of a 

mouse that is Sox6-null and heterozygous for the jumonji deficiency.  In p100H 

mouse fetal livers, jumonji levels are approximately 2-fold increased above their 

wildtype levels (Figure III.A).  I hypothesize that it may be possible to counteract 

this overexpression through the loss of one allele of jumonji, approximately 

reducing the jumonji levels back to wildtype levels.  The subsequent mouse 

model should show alleviation of the Sox6-deficiency phenotypes that are 

mediated through jumonji.  This would reveal the tissues in which jumonji is 

regulated by Sox6 and which Sox6-deficient phenotypes involve the regulation of 

jumonji.  I was successfully able to obtain blood and liver samples from a single 

14.5 dpc embryo that is Sox6-null and heterozygous for the jumonji deficiency.  

The mRNA level analysis and immunohistochemical stainings are still pending.  If 

these mice show levels of jumonji expression similar to wildtype mice, then my 

hypothesis will be validated. 

 In speculating on the potential regulation of jumonji by Sox6 in other 

tissues, it must be considered that the mechanism of regulation may differ 

significantly from one tissue to another.  Sox6 has been shown to act as both an 

activator and repressor, but not for the same gene in different tissues.  However, 

the repression or activation activity of transcription factors is dependent on the 

factors it interacts with, and different tissues may have different factors present.  

Although I have described the repressor activity of Sox6 on jumonji expression in 
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HSCs, the possibility exists that Sox6 may be an activator of jumonji in other 

tissues.  This potential may seem to add too much variability into a system of 

regulation, but the whole system needs to be considered.  The jumonji-deficient 

phenotype demonstrates a range of proliferation defects, where cardiocytes are 

hyperproliferative, erythrocytes are hypoproliferative, and hepatocytes show no 

effect on proliferation (despite differentiation effects).  Thus, it seems that jumonji 

has variation in its regulatory function in different tissues.  If the proliferation 

pathway needs to have a consistent response to the upstream signals, then this 

variation would need to be balanced.  Since variation in phenotype is observed in 

the absence of jumonji, we can deduce that this balance would not occur 

downstream of jumonji activity.  When we examine the upstream pathway, our 

first known factor is Sox6.  It is possible that variation in Sox6 activity balances 

the variation in jumonji activity, thus conserving the downstream functionality of 

the pathway.  This variation might have developed in a tissue specific manner to 

allow for the intersection of other pathways or signals to influence proliferation 

based on tissue-specific cues for developmental timing or spatial interactions.   

 In further considering the conservation of pathway functionality, we open 

the discussion to other factors within these pathways that are interacting with 

Sox6 and jumonji, both upstream and downstream.  The interplay between two 

transcription factors likely represents only a small part of the whole pathway, thus 

there may be other factors involved that also have variation in function from 

tissue to tissue, yet work in conserved pathways.  The activities of Sox6 and 
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jumonji must not only work in concert with eachother, but likely also with 

numerous other factors from a number of intersecting pathways. 

 The work described here and the subsequent directions for future work 

opened by these results underscore the importance of understanding 

transcription factors in the regulation of molecular and cellular activities.  As the 

regulators of gene transcription, they represent a pivotal moment in the initiation 

of various cellular mechanisms.  Often, the pathways they regulate demonstrate 

a strong sensitivity to fluctuations in the transcription factor levels, yet in normal 

operation, these regulators mediate an upstream signaling process into a precise 

downstream response by the pathway.  The intricate coordination of these 

pathways often involves multiple layers of regulation, with transcription factors 

regulating other transcription factors (such as in the case of Sox6 and jumonji).  

This not only demonstrates the evolutionarily conserved nature of these 

pathways and their components, but also the complex levels of interaction 

between various molecular signals and their eventual cellular functions.  The 

manipulation of gene transcription in these pathways represents a level of control 

that is admired by many scientists, and desired as a power to harness for new 

medical treatments and future notions of biological engineering.  As the 

prominent proteins in that mechanism, transcription factors are deserving of the 

scientific attention devoted to them. 
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