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ABSTRACT 

My dissertation is focused on the genetics analyses of a mouse 

mutation, p100H. This mutation is caused by a radiation-induced 

chromosomal inversion that disrupts both the p gene and Sox6. The human 

counterparts of these two murine genes are either known to cause human 

disease (human P gene) or have potential implications in developing a new 

strategy to treat human disease (SOX6). 

In the first part of my dissertation (Chapter One, Part I) on the human 

P gene, I found that all Navajos with albinism carry a homozygous deletion 

of 122.5 kb of genomic DNA, including exons 10 20 of the P gene, 

indicating that albinism among the Navajos is OCA2. This deletion of P 

gene is Navajo-specific, since I did not find this deletion allele in 34 other 

individuals with albinism who list various other Native American origins. 

The Navajo-specific P gene deletion came from a founder mutation. The 

estimated age of the deletion is 400 1,000 years. In addition, as part of my 

dissertation (Chapter one, Part II), I found that many patients with 

Hermansky-Pudlak syndrome-like clinical presentations actually carry P 
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gene mutation. This highlights the importance of molecular analysis in 

clinical diagnosis. 

In the second part of my dissertation (Chapter Two), I characterized a 

novel function of the transcription factor Sox6 in red cell development and 

in the silencing of epsilon globin, an embryonic globin gene. This finding 

bears significance in the field of globin gene regulation and has an important 

potential in the development of new therapeutic strategies for treating sickle 

cell anemia and beta thalassemia. 
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INTRODUCTION 

Oculocutaneous albinism (OCA) is caused by a deficiency of melanin 

pigment in the skin, hair, and eye, leading to hypopigmentation in these 

tissues. Mutations in four genes have been reported in different types of 

human OCA. OCA1 is caused by mutations in the tyrosinase gene,1 and 

people lacking a functional tyrosinase gene do not make melanin pigment. 

OCA2 is caused by mutations in the P gene.2 OCA3 and OCA4 are due to 

mutations in the TYRP1 gene and the MATP gene, respectively.3,4 In all 

forms of oculocutaneous albinism, a deficit of melanin pigment in the 

developing eye leads to foveal hypoplasia and abnormal routing of the optic 

nerves, resulting in nystagmus, strabismus, and reduced visual acuity. The 

most common type of OCA is OCA2. In the United States, OCA2 

frequencies in African Americans and Caucasians are estimated to be 

1:10,000 and 1:36,000, respectively.5 The gene responsible for OCA2 

encodes the P protein that is predicted to have 12 transmembrane domains. 

Although its exact function is unknown, the P protein may play a role in the 

pH regulation of melanosomes.5 

Studies based on census data indicate high frequencies of albinism 

among several Native American populations. The frequencies of albinism in 
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Native American tribes were reported to vary from 1 : 140 in the Jemez to 

1 : 3,750 in the Navajo.6 To date, no genetic defect has been reported for the 

albinism in Native Americans. 

 We have observed a high occurrence of albinism in the Navajo, who 

primarily live in northeastern Arizona. The phenotype of Navajos with 

albinism overlaps those described for OCA2 and the recently documented 

OCA4. Molecular characterization of the genetic cause for albinism among 

the Navajos is the focus of the first part of my dissertation. In this part of my 

dissertation on the human P gene, I found that all Navajos with albinism 

carry a homozygous deletion of 122.5 kb of genomic DNA, including exons 

10 20 of the P gene, indicating that albinism among the Navajos is OCA2. 

This deletion of P gene is Navajo-specific, since I did not find this deletion 

allele in 34 other individuals with albinism who list various other Native 

American origins. The Navajo-specific P gene deletion came from a founder 

mutation. The estimated age of the deletion is 400 1,000 years.  

The OCA phenotype is also present as part of the clinical spectrum of 

disorders such as Hermansky-Pudlak syndrome (HPS).7 HPS is associated 

with OCA as part of a constellation of findings that include platelet storage 
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pool deficiency and, in some patients, accumulation of ceroid pigment, 

pulmonary fibrosis, and/or granulomatous colitis.7 As part of my 

dissertation, I found that many patients with Hermansky-Pudlak syndrome-

like clinical presentations actually carry P gene mutation. This highlights the 

importance of molecular analysis in clinical diagnosis. 

The mouse counterpart of the human P gene, the pink-eyed dilution 

(p) gene is on chromosome 7. Recessive mutations of the mouse p (pink-

eyed dilution) gene lead to hypopigmentation of the eyes and skin. In 

addition to known spontaneous p mutations, there are a series of radiation-

induced p mutations that are often associated with additional 

(nonpigmentation) phenotypes caused by chromosome deletions or 

rearrangements of adjacent genes. These radiation-induced p alleles have 

been extremely useful for the identification of the genes in the proximal 

region of mouse chromosome 7. The studies of these mutant alleles have led 

to discoveries such as involvement of the β3 subunit gene of the γ-

aminobutyric acid type A receptor (Gabrb3) in palate development8 and 

important roles for the HERC2 gene during development.9  
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One of the unique radiation-induced p alleles, p100H, was previously 

characterized in our laboratory as the result of a chromosomal inversion that 

disrupts the p gene as well as the Sox6 gene, encoding a transcription 

factor.10 Mice homozygous for p100H show delayed growth and die within 

two weeks after birth. Analysis of the p100H phenotype revealed that the p100H 

mutant develops myopathy and arterioventricular (AV) heart block, a 

cardiac conduction defect that is associated with lethality in human cardiac 

myopathies.10 The p100H mutant mouse also shows progressive degeneration 

of cardiac and skeletal muscle. The karyotype of p100H chromosomes 

indicated that the mutation is associated with a chromosome 7 inversion that 

disrupts both the p gene and the Sox6 gene.10 Because the p gene functions 

solely in pigmentation, the Sox6 transcription factor is implicated in all other 

non-pigmentation phenotypes.  

Mice carrying this chromosomal inversion are hypopigmented due to 

the loss of function of p gene. In addition, the mutant mice die prematurely 

with none surviving beyond postnatal two weeks. Previous work in our 

laboratory characterized the phenotypes of the mutant mice and found that 

these mice have defects in heart and muscle development.10 Because the 

mouse p gene only functions in pigmentation, other non-pigment phenotypes 
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are due to the loss of function of Sox6 gene. My second part of dissertation 

addresses a novel function of Sox6 in development. 

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

by the conserved high mobility group (HMG) DNA binding domain, first 

described in the mouse and human testis determining gene, Sry.11,12 

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. Sox transcription factors bind to the minor 

groove of DNA causing a 70º-85º bend of the DNA, consequently 

introducing local conformational changes13,14, while most other transcription 

factors target the major groove of DNA15. 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. As a 

transcription factor, Sox6 has been reported to be able to act as both an 

activator and a repressor depending on its interactors and its target promoter 

context.16,17 Intriguingly, Sox6 has also been shown to act as a general 

splicing factor that participates in pre-mRNA splicing.18 Depletion of SOX6 

in HeLa cell extracts blocked splicing of multiple substrates, and expression 
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of the HMG domain only of either SOX6, SOX9, or SRY restored splicing 

in the extracts, indicating functional overlap of the proteins in splicing.18  

Regardless of how Sox6 functions as a gene expression regulator, previous 

studies have suggested that Sox6 is an important molecule that plays a role 

in the central nervous system development, chondrogenesis, and heart 

development.  

In the second part of my dissertation, I characterized a novel function of 

Sox6 in red cell development and in the silencing of epsilon globin, an 

embryonic globin gene. This finding bears significance in the field of globin 

gene regulation and has an important potential in the development of new 

therapeutic strategies for treating sickle cell anemia and beta thalassemia.  

In the circulatory system, erythrocytes transport oxygen using 

hemoglobin, a molecule that consists of two alpha and two beta globin 

chains and four iron-coordinated heme moieties. The human alpha and beta 

globin loci, located on chromosomes 16 and 11, respectively, encode these 

proteins. During development, different alpha and beta globin genes are 

expressed to produce a developmental stage-specific hemoglobin molecule 

that meets the oxygen demand of the developing fetus. Naturally occurring 
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mutations within these loci cause the production of abnormal hemoglobins. 

Mutations in the adult ß-globin gene result in sickle cell disease (SCD) and 

ß-thalassemias, whereas mutations in the α-globin genes cause α-

thalassemias. In particular, one of 400 African Americans is afflicted with 

SCD (both heterozygotes and homozygotes).19 These diseases are major 

health problems, associated with severe morbidity and increased mortality. 

Interestingly, nature has taught us how to fight these diseases in this case.  

Individuals with sickle cell anemia and beta thalassemia are phenotypically 

normal if they carry compensatory naturally occurring mutations that result 

in increased synthesis of the fetal ß-like globin genes (Gγ- and Aγ-globin), a 

condition called hereditary persistence of fetal hemoglobin (HPFH).19 This 

observation has led to an effective strategy to use drugs to induce fetal 

globin gene expression in these patients. So far, 5-azacytidine, hydroxyurea, 

and butyric acid have been used to induce fetal globin expression.20  More 

recently, studies have also shown that that the embryonic beta globin, 

epsilon globin, can serve an important therapeutic role in beta thalassemia 

and sickle cell anemia as well.21 Therefore, defining the gene-specific 

mechanism of epsilon globin silencing may have significant clinical 

consequences, as pharmacological reactivation of the γ- and ε-globin genes 
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would likely permit the use of functionally independent agents with non-

overlapping toxicities.  

The potential medical application of epsilon globin begs the question:  

how is the epsilon globin gene silenced and how can it be reactivated in 

adults? Below, I review what is known about the regulation of beta globins, 

including epsilon globin. 

 

1. Dynamic gene regulation at the beta globin locus: 

The human β-globin locus consists of five functional β-like globin 

genes: ε, Gγ, Aγ, δ, and β arrayed on the chromosome in the order that they 

are expressed during ontogeny. Each globin gene is expressed at a particular 

period of time during development, as described below. Globin gene 

expression is regulated, in part, by the locus control region (LCR), that 

physically consists of five DNaseI-hypersensitive sites located 6-22 Kb 

upstream of the ε globin gene.22-24 During ontogeny, two switches occur in 

β-globin gene expression that are thought to reflect the changing oxygen 

requirements of the fetus. The first switch, from embryonic ε to fetal γ 

globin, occurs at six weeks of gestation. The second switch, from γ- to adult 
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δ and β-globin, occurs shortly after birth.25 Throughout the locus, cis-acting 

elements exist that are dynamically bound by trans-acting factors, including 

transcription factors, co-activators, repressors, and chromatin modifiers.  

 

In the mouse, similar events occur for beta globin gene switching. The 

murine beta-globin locus is also a multigene cluster and is located on 

chromosome 7.26 The murine β locus consists of four functional genes: εy, 

βH1, β-major (βmaj), and β-minor (βmin) that are controlled by the locus 

control region (LCR) located 5-25 kb upstream of the εy gene.27 They are 

highly homologous to their human counterparts in organizational structure 

and function. Like their human homologs, mouse beta globin genes are 

arranged in the order of their developmental expression. Embryonic yolk 

sac-derived erythroid cells express high levels of δ- and α-globin from the α 

globin locus and εy and βH1 globin, with small amounts of β maj and β min, 

from the β globin locus.28-30 At around 11 days of gestation, the major site of 

erythropoiesis switches from the yolk sac to the fetal liver. This switch is 

coincident with a change to definitive gene expression in the β cluster 

leading to predominant expression of the β maj and β min genes.26 The 
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definitive erythropoiesis that began in the fetal liver moves to bone marrow 

by the time of birth. Primitive and definitive erythrocytes can be 

distinguished morphologically. Primitive erythrocytes are macrocytic and 

their nuclei exhibit a coarse chromatin pattern, whereas definitive 

erythrocytes lack nuclei and are smaller in size.31   

 

Despite the overall similarity between mouse and human globin gene 

organization and regulation, there are a few important differences. First, 

unlike globin gene switching in humans, there is only one switch from εy to 

beta globin in mice. The ε to γ gene switch is a recent evolutionary addition 

in humans. Second, in mice, β maj and β min gene transcription is activated 

in the primitive lineage, although at a very low level, whereas human β gene 

transcription is entirely restricted to definitive erythroid cells.  

 

 

2. Mechanisms of β gobin switching 

Beta locus gene regulation is mediated by interaction between cis-

elements and trans-factors including transcription factors, co-activators, 

repressors, and chromatin modifiers. Studies utilizing transgenic mice 
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produced with a variety of constructs containing portions or the entire human 

ß-globin locus have provided insight into the cis-control of globin gene 

switching. Two mechanisms have been proposed that are not mutually 

exclusive.  These are the LCR competition theory and the autonomous gene 

silencing theory.   

 

LCR competition theory 

The locus control region (LCR) is required for high gene expression 

levels of all globin genes at the beta globin locus.22 The LCR competition 

theory reasons that the closer a given globin gene is to the LCR, the higher 

its expression in the absence of other factors.32 Therefore, the adult beta 

globin genes are silenced in the embryonic/fetal stage, at least in part, 

because of competition from the more proximal beta globins (ε and γ). In 

support of this hypothesis, the γ and β globin genes are active at all stages of 

development when the LCR is linked either to the γ gene alone or to the β 

globin gene alone.33 In these studies, β gene expression in embryonic stages 

was as abundant as β gene expression in adult cells. The γ genes were 

expressed in the embryo and the fetus and, although at a much lower level, 

they were still expressed in the adult. However, when the γ and β genes were 
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linked in tandem in a construct also containing LCR sequences, 

developmental control was restored: β gene expression was restricted to 

adult erythropoiesis, while γ gene expression was restricted to fetal 

erythropoiesis. Extensive experimental evidence indicates that competition 

by the upstream ε and γ genes silences the β gene in embryonic 

erythropoiesis.32 Since most of the work was done using mouse models 

transgenic for the human beta locus, the exact mechanism of in-cis 

regulation at the murine locus is not as clear.   

 

Autonomous silencing 

The silencing of the human ε gene occurs by a different mechanism. 

Like all other beta globin genes, epsilon gene expression requires the 

presence of an LCR. However, appropriate silencing of ε globin gene 

expression appears to be independent of its position in the beta globin 

cluster, as determined by transgenic mouse studies similar to those detailed 

in the previous section. Also, unlike the case of γ and β globin genes, ε gene 

expression is totally restricted to yolk sac erythropoiesis, independent of 

other globin genes. This finding led to the concept of autonomous 

silencing,34 whereby all the elements responsible for turning off gene 
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expression are contained within the canonical gene or the adjacent sequence. 

Using deleted promoter sequences to produce transgenic mice or to generate 

promoter reporter constructs in cell transfection assays, sequences 

participating in the ε globin silencing process were identified in both the 

proximal and the distal ε gene promoter.35-36 Also informative were studies 

in which specific motifs of the ε gene promoter were mutated to abolish 

specific protein binding. The effects on ε gene silencing were then assessed 

in transgenic mice.37 So far, mutations of GATA-1, YY1, or SP1 sites in the 

distal upstream ε promoter have been found to abolish ε gene silencing, 

raising the possibility that globin gene silencing is combinatorial with 

several transcriptional factors participating in the formation of a silencing 

complex.32 In addition, the proximal ε gene promoter has been shown to 

contain direct repeat sequences (DR1 box) located near the CAAT box.38 

These DR elements bind to the orphan nuclear receptor COUP-TF.39 

Mutations of the DR elements that inhibit protein binding also result in ε 

gene expression in adult mice, indicating that the DR elements participate in 

ε gene silencing. More recently, a high molecular weight complex, named 

DRED, has been shown to bind to the DR element of the ε gene promoter.39 
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The autonomous silencing of the ε globin gene thus appears to be a complex 

phenomenon that involves sequences in both the proximal and distal 

promoter and participation of several DNA binding proteins. It is currently 

assumed that the silencing complex turns off ε gene expression in definitive 

erythropoiesis by inhibiting the interaction between the ε gene and the LCR. 

Again, most of what we know is based on studies using transgenic mouse 

models of the human beta locus.  The silencing of the murine counterpart, εy 

globin, might as well operate similarly, given the high degree of 

conservation between the εy promoter and its human counterpart. The 

summary of repressors and silencers of  ε are depicted in figure 1. 

 

Genetics studies of the two genes (p and Sox6) disrupted in the mouse 

p100H  mutation are the focus of my dissertation. In summary, I characterized 

a P gene deletion among the Navajos and demonstrated for the first time that 

albinism among the Navajos is OCA2 (Chapter one, part I). Also, I found P 

gene mutations in HPS –like patients, highlighting the importance of 

molecular diagnosis (Chapter one, part II). In my work on the Sox6 gene, I 
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showed a novel function of Sox6 in erythropoiesis and epsilon globin 

silencing (Chapter Two).  
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Figure 1. Known human ε gene repressors and silencers.   
A summary of known human ε gene repressors. Human SOX6 
potentially acts as a repressor by binding the ε globin proximal 
promoter as a dimer. 
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ABSTRACT 

 

A reduction in melanin pigment biosynthesis results in albinism. In 

oculocutaneous albinism (OCA), the reduction in melanin pigment in skin 

results in increased sensitivity to sun and a predisposition to skin cancer. In 

addition, the reduction of pigment in the eye during development leads to 

foveal hypoplasia, nystagmus, and reduced visual acuity. Mutations in four 

different genes are responsible for the four types of OCA. Among the four 

major types of OCA, OCA2 is the most common type and is caused by 

mutations of the human P gene. In the United States, OCA2 frequencies in 

African American and white individuals are estimated to be 1 : 10,000 and 

1 : 36,000. The P gene encodes a 110 kDa protein containing 12 potential 

membrane spanning domains and is associated with melanosomal 

membranes. The specific function of the P protein is currently unknown but 

is thought to be involved in pH regulation of melanosomes. It has been a 

century-old observation that albinism is quite common among Native 

Americans. For example, there were reports of prevalence of albinism 

1 : 140 in the Jemez and 1 : 3,750 in the Navajo. However, no molecular 

mechanism has been defined for albinism among Native Americans. The 
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part I of this chapter presents the first molecular characterization of OCA 

among the Native Americans. 

 

Interestingly, there are other genetic disorders having OCA as a part 

of their clinical components. For example, Chediak-Higashi syndrome 

(CHS) is characterized by giant intracellular granules, an often fatal diathesis 

to infection, and variable degrees of hypopigmentation. Hermansky-Pudlak 

syndrome (HPS) involves OCA as part of a constellation of findings that 

include platelet storage pool deficiency and, in some patients, accumulation 

of ceroid pigment, pulmonary fibrosis, and/or granulomatous colitis. As part 

II of this chapter, I reported five cases in which patients present clinically as 

HPS actually carry mutations in the P gene, indicating they have OCA2. 

This study highlighted the importance of molecular diagnosis in medicine. 
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PART I 

 

Abstract:  

 

Oculocutaneous albinism (OCA) is a genetically heterogeneous 

disorder. There are four known types of OCA: OCA1 OCA4. The clinical 

manifestations of all types of OCA include skin and hair hypopigmentation 

and visual impairment. Although there are a few documented observations of 

high frequency of albinism among Native Americans, including the Hopi, 

Zuni, Kuna, Jemez, Laguna, San Juan, and Navajo, no causative molecular 

defect has been previously reported. In the present study, we show that 

albinism in one Native American population, the Navajo, is caused by a 

LINE-mediated 122.5-kilobase deletion of the P gene, thus demonstrating 

that albinism in this population is OCA2. This deletion appears to be Navajo 

specific, because this allele was not detected in 34 other individuals with 

albinism who listed other Native American origins, nor has it been reported 

in any other ethnic group. The molecular characterization of this deletion 

allele allowed us to design a three-primer polymerase chain reaction system 

to estimate the carrier frequency in the Navajo population by screening 134 
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unrelated normally pigmented Navajos. The carrier frequency was found to 

be 4.5%. The estimated prevalence of OCA2 in Navajos is between 1 per 

1,500 and 1 per 2,000. We further estimate that this mutation originated 400

1,000 years ago from a single founder. 

 

Introduction 

     Oculocutaneous albinism (OCA) is caused by a deficiency of melanin 

pigment in the skin, hair, and eye, which causes hypopigmentation in these 

tissues. Mutations in four genes have been reported in different types of 

human OCA. OCA1 is caused by mutations in the tyrosinase gene.1 and 

people lacking a functional tyrosinase gene do not make melanin pigment. 

OCA2 , OCA3 and OCA4 are due to mutations in the P gene2,40, the TYRP1 

gene3 and the MATP gene4, respectively. People with the last three types of 

OCA are hypopigmented but are still able to produce some melanin. In all 

forms of albinism, a deficit of melanin pigment in the developing eye leads to 

foveal hypoplasia and abnormal routing of the optic nerves, resulting in 

nystagmus, strabismus, and reduced visual acuity.5 
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     The most common type of OCA is OCA2. In the United States, OCA2 

frequencies in African American and white individuals are estimated to be 

1 : 10,000 and 1 : 36,000, respectively (60). The gene responsible for OCA2 

encodes the P protein that is predicted to have 12 transmembrane domains, 

and, although its exact function is unknown, it may play a role in pH 

regulation of melanosomes.5 

     Studies based on census data indicate high frequencies of albinism among 

several Native American populations. The frequencies of albinism in Native 

American tribes were reported to vary from 1 : 140 in the Jemez to 1 : 3,750 

in the Navajo. 6 To date, no genetic defect has been reported for the albinism 

in Native Americans. 

     We have observed a high occurrence of albinism in the Navajo, who 

primarily live in northeastern Arizona. The phenotype of Navajos with 

albinism overlaps those described for OCA2 and the recently documented 

OCA4.4 To identify the causative genetic defect, we screened for mutations 

in the P and MATP genes, associated with OCA2 and OCA4, respectively. 

Although no mutations in the MATP gene were found, all Navajos with 

albinism in the present study were found to have a homozygous deletion of 



 34

122.5 kb of genomic DNA, including exons 10 20 of the P gene. We did not 

find this deletion allele in 34 other individuals with albinism who list various 

other Native American origins. After characterizing the breakpoints of the 

deletion, we designed a three-primer system to screen 134 unrelated 

normally pigmented Navajos and 42 Apaches by PCR and estimated the 

carrier frequency in the Navajo to be 4.5%. In contrast, we did not find any 

carrier of the deletion allele in the Apache, a tribe closely related to the 

Navajo. In addition, we tested the hypothesis that the deletion came from a 

founder mutation. The estimated age of the deletion is 400 1,000 years. 

Subjects and Methods 

Subjects and DNA Extraction 

     Navajo individuals N1, N4, and N5 all display hypopigmentation of the 

skin and have yellowish hair and visual problems consistent with OCA2 (or 

OCA4) phenotypes. N2 and N3, the parents of N4, were also included in the 

study. A total of 142 normally pigmented Navajo volunteers, among whom 

134 are apparently unrelated, were chosen from different areas of the 

reservation, to obtain a representative and random sample of the Navajo 

tribe. A total of 42 normally pigmented Apache samples were also included 
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in this study. In addition, 34 individuals with albinism who listed full or 

partial Native American origins (non-Navajo) were included in the present 

study. Control samples used in Southern blot analysis and PCR are from 

white individuals without deletions of the P gene. Written informed consent 

(approved by the institutional review boards of all participating centers) was 

obtained from all subjects. N5 and the white control DNAs were extracted 

from transformed lymphocyte cell lines, as described elsewhere.41 The DNAs 

from all other individuals were extracted from buccal cells or from whole 

blood. Buccal cell DNA samples were isolated according to the procedure of 

Richards et al,42 whereas whole blood DNA was extracted using the 

procedure of Lahiri and Nurnberger. 43

PCR Screening of the P and MATP Genes 

Screening for mutations in the P and MATP genes that include 24 and 7 

exons, respectively, was performed using procedures described elsewhere.4,44 
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Southern Blot Analysis 

     N5 and control genomic DNAs (10 µg) were digested in parallel with 

different restriction enzymes, including BamHI, XbaI, and BglI. The 

digestion products were separated on 1% agarose gels and were transferred 

by the alkaline method to a nylon membrane (Hybond N+; Amersham). The 

membranes were hybridized with three distinct cDNA probes covering P 

gene exons 8 11, 11 15, and 15 20. The probes were obtained by PCR 

amplification from P gene cDNA. Probes were labeled with [32P]dCTP, using 

Random Primer labeling kit (Stratagene). The hybridization was performed 

in phosphate-buffered 7% SDS hybridization solution.41 Blots were washed 

with 0.2× standard sodium citrate (1% SDS) at 60°C, prior to exposure to x-

ray film (Kodak) at -80°C overnight. 

Characterization of the Breakpoints of the Deletion 

     Primer pairs were designed at 2-kb intervals within introns 9 and 20, on 

the basis of the sequence data from the Celera database.45 The exact 

breakpoints were obtained by direct sequencing of the TA-cloned PCR 

fragment (Invitrogen) spanning the juncture of the breakpoints. We used 

primer pair MHB1334 and MHB1359 to amplify across the breakpoints. The 
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sequences of the primers are as follows: MHB1334 (5 -

CCATTTCTGCTGTTCTTCATCCC-3 ) and MHB1359 (5 -

GCCCAACCTTGAAAGTCTTGC-3 ). The PCR was performed using 

ExTaq enzyme, as recommended by the supplier (Takara), in 50-µl reactions 

containing 100 ng genomic DNA, 0.5 µM of each primer, initially denatured 

for 2 min at 94°C, followed by 34 cycles of 1 min at 94°C, 1 min at 56°C, and 

90 s at 72°C, and ending with a 5-min extension. 

Estimation of the Deletion Frequency in the Navajo 

     A three-primer system was designed to distinguish the wild-type and the 

deletion allele in one PCR, using primers MHB1333, MHB1334, and 

MHB1370: MHB1333 (5 -CTGGAGGCAAGTAGATAGTGGAGC-3 ), 

MHB1370 (5 -ATCCAAACCCTTCCCTGACCAC-3 ), and the MHB1334 

primer sequence shown above. Some of the PCR amplifications were 

performed in 50-µl reactions, as described above, with the exception of the 

annealing temperature (62°C). PCR products were separated on a 2% agarose 

gel (1% SeaKem GTG/1% NuSieve [BioWhittaker Molecular 

Applications]). Because of limited amounts of DNA, other amplifications 

were scaled down to 10-µl reactions containing 5 ng of genomic DNA. 
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Haplotype Analysis 

     On the basis of the Celera sequence data,45 three microsatellite markers 

and an SNP (T/C) were found in close proximity to the deletion breakpoints. 

One microsatellite marker, MHB001, is 8.6 kb upstream of the intron 9 

breakpoint (IVS 9 +[5047 5093]), with 23 CA repeats in the Celera database. 

The other marker, MHB002, is 20 kb downstream of the intron 20 

breakpoint (IVS 21 +[15106 15140]) and includes 17 CA repeats in the 

Celera database. Fluorescence-labeled primers were designed to amplify 

MHB001 and MHB002, and the fragments were run on an ABI 3100 

sequencer. The data were analyzed by Genotyper (ABI). The sequences of 

the microsatellite primers are as follows: microsatellite MHB001 

(MHB1387: 5 -[6FAM] CTGAGACTTCCACTTTGACCCATAG-3 ), 

MHB1384 (5 -CATCTGTAATCCCAGCACTTTGG-3 ), microsatellite 

MHB002 (MHB1388: 5 -[5HEX] GACATTGCTGAGTCTTGCTTGTTG-3

), and (MHB1386 (5 -GACCTTGTCCTCCAAAAACTGTAGG-3 ). 

     Sequencing the PCR product amplified by MHB1334 and MHB1359 (that 

only amplify the deletion allele), allowed us to genotype the SNP T/C (IVS 9 

+12,934), which is located 703 bp upstream of the intron 9 breakpoint. In 
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addition, this product contained the (CA)10(TA)1(CA)4 repeat (MHB003) 

within the same PCR fragment that is 118 bp upstream of the intron 9 

breakpoint. These data were obtained for all individuals with albinism, as 

well as for carriers. 

Linkage Disequilibrium Analysis and Coalescence Estimates for the 

Founder Deletion 

     To choose the appropriate marker to date the deletion, it is important to 

use a marker with a high degree of variability to ensure generation of 

nonancestral genotypes. Also, the marker should not be too far from the 

deletion to equilibrate allele frequencies by recombination within the time 

frame of interest.46 Of the markers we have, MHB001 best meets the above 

criteria. MHB001 contains the largest number of repeats (23), and it is 

therefore likely to be the most variable, because long loci mutate more often 

than short loci.47 In addition, it is only 8.6 kb from the deletion. Linkage 

disequilibrium (LD) analysis of the specific 466-bp allele of the marker 

MHB001 with the deletion was performed by determining the allele 

frequency in 102 Navajo control chromosomes and 12 unrelated Navajo 

deletion-bearing chromosomes. Fisher's exact test was used to test the 
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significance of the association of the 466-bp allele with the deletion. LD was 

quantified by the calculation of the parameter δ.48 The δ value was 

calculated:  

 

 

 

where p is the frequency of the ancestral allele (466-bp allele) in the deletion-

bearing chromosomes and r is the frequency of the same allele in the control 

chromosomes. To estimate the coalescence time for the founder deletion, we 

used: 

 

 

where G is the generation number, r is the frequency of mutation and 

recombination events, and p is the proportion of the ancestral haplotype.46 To 

estimate p for dating the deletion, we used all 15 deletion-bearing 

chromosomes, regardless of whether or not they were related. This is because 

the age estimation is independent of the topology of the population tree, as 
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long as mutations at the marker locus have no selective effect; the 

correlations in the tree amount to a process of pseudoreplication of 

lineages.46 However, when estimating the variance of p to obtain the variance 

of the date of the deletion, the use of correlated or uncorrelated deletion-

bearing chromosomes in the analysis will result in a different estimation, 

because the variance of p is dependent on the demographic history of the 

population. For a tree typical of a constant-sized population with highly 

correlated lineages, the variance tends to be large. In contrast, in a tree typical 

of an expanding population with uncorrelated lineages, the variance tends to 

be smaller.46 We used only 12 unrelated deletion-bearing chromosomes to 

obtain the minimum interval for the date of the deletion. 

Results 

Characterization of the Deletion of the P Gene 

     We initiated our molecular analysis by focusing on DNA from one of the 

subjects with OCA, N5. In our attempts to screen for mutations of the P gene 

by PCR amplification and sequencing, we found that exons 10 20 could not 

be amplified, even though all other exons could easily be amplified. This 

suggested that exons 10 20 were deleted. All other amplified exons were 
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subjected to direct sequencing, and no mutations were found, with the 

exception of a few SNPs, all in homozygous states. In addition, no mutation 

was found when screening the MATP gene. To verify the existence of the P 

gene deletion, a series of Southern blot analyses were performed (figure 1-1). 

We used three separate cDNA probes, corresponding to exons 8 11, 11 15, 

and 15 20. As shown in figure 1-1, hybridization with the exon 8 11 

fragment revealed some missing fragments, whereas hybridization with the 

exon 11 15 or 15 20 fragments did not generate any signal for N5 DNA. 

This was in agreement with our prediction that exons 10 20 were deleted.  
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 Figure 1-1     Southern blot analysis of BamHI, XbaI, and BglI digests of
genomic DNA from both a Navajo individual with OCA2 (N5) and a control
subject (C). A, The hybridization was performed with a cDNA probe
corresponding to exons 8 11 of the P gene. The arrows show the fragments missing
in N5. B, The cDNA probe corresponds to exons 11 15 of the P gene. Note that no
hybridizing fragments are detected in N5. C, The cDNA probe corresponds to
exons 15 20 of the P gene. Note that no hybridizing fragments are detected in N5.
Sizes of the hybridization fragments (calculated from molecular standards) are
shown to the left of each panel. 
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To pinpoint the breakpoints of the deletion, a series of primer pairs 

corresponding to the genomic sequences within intron 9 and intron 20 were 

designed on the basis of genomic sequences from the Celera human genome 

database and were used to amplify genomic DNA from both N5 and control 

individuals. In this way, we narrowed down the breakpoints at each end of 

the deletion to 2-kb regions. Subsequently, we used pairs of forward 

primers within intron 9 and reverse primers within intron 20 to try to amplify 

across the breakpoints by PCR. As shown in figure 1-2A, primer pair 

MHB1334 and MHB1359 successfully generated a distinct fragment of 1.2 

kb in N5 DNA, whereas no fragment was amplified in the control DNA. The 

breakpoint-spanning PCR fragment was TA cloned and was then subjected 

to direct DNA sequencing. This resulted in the identification of breakpoints 

within intron 9 (IVS 9 +13,636 bp) and intron 20 (IVS20 -6,592 bp) (figure 

1-2B, 2C). 
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Figure 1-2     A, Breakpoint-spanning fragment amplified by primers MHB1359
and MHB1334. In a Navajo individual with OCA2 (N5), a 1.2-kb fragment
amplified, whereas in the control subject (C), no fragment was detected. B,
Sequences flanking the breakpoints. The breakpoints are represented as vertical
dashed lines, which are located at positions intron 9 + 13636 bp and intron 20 -
6592 bp. As shown above, 122.5 kb of the P gene is deleted, including exons 10
20. The primers, MHB1359/1334, were used to amplify across the breakpoints
(panel A) and the three primers, MHB1370/1333/1334, were used for detecting
carriers. Microsatellite markers MHB001, MHB002, MHB003, and the SNP were
used in haplotype analysis. MHB001, located 8.6 kb upstream of the left-hand
breakpoint, consists of a perfect (CA)23 repeat (corresponding to the 466-bp allele).
The SNP (T/C) is 703 bp upstream of the left-hand breakpoint. MHB003 is 118 bp
upstream of the left-hand breakpoint and consists of compound repeat
(CA) (TA) (CA) . MHB002 is 2010 1 4

 kb downstream of the deletion and consists of a
perfect (CA)  repeat17

 (corresponding to the 370-bp allele). At the breakpoint
juncture, two LINE sequences (thin arrows) are at each end and are oriented in
opposite directions. The two homologous LINE sequences (white arrows) are
3,032 bp downstream of the left-hand breakpoint and 1,481 bp upstream of right-
hand breakpoint. The homologous LINE sequences share 85% identity in a 745-bp
stretch and are oriented in the same direction. C, Chromatograph of the sequence
flanking the breakpoints. 
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Sequence analyses of the breakpoints and the flanking sequences 

revealed a few salient features (figure 1-2B and 1C). First, both breakpoints 

were found to be exactly end-joined. Second, both breakpoints were found 

within long interspersed nucleotide elements (LINEs) (revealed by 

Repeatmasker software). However, the breakpoint LINEs are oppositely 

oriented, and no sequence homology between them was found at the 

breakpoint juncture.  

Further analysis of the sequences flanking both breakpoints, using 

RepeatMasker revealed significant percentages of repeat sequences in both 

breakpoints' flanking regions. The BLAST2 analysis of the two flanking 

sequences revealed two homologous sequences of LINE/L1s in proximity to 

both breakpoints, oriented in the same direction, that share 85% identity in a 

stretch of 745 bp. One of them, which is part of the LIPA 3 family sequence 

of LINE/L1s, is 3,032 bp downstream of the intron 9 breakpoint. The other 

one, which is part of the LIPA10 family sequence of LINE/L1s, is 1,481 bp 

upstream of the intron 20 breakpoint. 
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The deletion removes 122,569 bp of the P gene, including exons 10

20, and leads to OCA2. Although the deletion does not disrupt the reading 

frame of the P gene, it removes 345 amino acids of the total 838 amino acids 

(41.1% of the P protein). Calculations performed with the use of TMHMM 

software predict that the topology of the encoded protein will be dramatically 

changed. The 12 transmembrane domains of the wild-type P protein are 

reduced to 5, and so the predicted orientation of some of the remaining 

transmembrane domains of the P protein is changed. Thus, we are confident 

that the deletion results in a null allele. Moreover, all of the Navajo 

individuals with OCA were homozygous for the deletion. In addition, 

pedigree analysis of proband N4 and his normally pigmented parents (N2/N3 

carriers; fig 1-3) is consistent with this deletion resulting in a null allele. 

Estimation of Albinism Frequency in the Navajo Population 

The identification of the breakpoints of the deletion allowed us to 

design a PCR system, using three primers to screen for carriers. As shown in 

fig 1-3, amplification of the deletion allele (N5 and N4) gave rise to a 606-bp 

fragment, and amplification of a nondeletion (control) allele gave a 257-bp 

fragment. DNA from obligate carriers (N2 and N3) gave both fragments after 



 48

PCR amplification. Using this PCR system, we screened 142 normally 

pigmented Navajos (134 of whom were unrelated) and detected 7 carriers, 

among whom 6 were unrelated (see table 1-1). On the basis of this 

observation, the carrier frequency is estimated to be 4.5% (95% CI 1.66%

9.49%). For a given allele frequency, the proportion of individuals 

homozygous for an allele is a function of the amount of inbreeding in the 

population. The OCA2 individual frequency can be estimated, according to 

Wright's equilibrium law, as R = q2 + αpq, where R is the frequency of the 

affected individuals, q is the frequency of the mutation allele, p is the 

frequency of wild type allele, and α is the inbreeding coefficient. Spuhler and 

Kluckhohn6 obtained an α value of 0.0080 for Ramah Navajo in New 

Mexico, a relatively low inbreeding coefficient. After adjustment for this 

coefficient, the calculated OCA2 frequency in the Navajo is 1 : 1,477. 

However, the Ramah Navajo are a relatively small and isolated community in 

comparison with the main Navajo reservation. Therefore, the α value for the 

majority of Navajos living on the main reservation could be smaller than that 

of the Ramah Navajo (but not less than zero). At an α value of zero, the 

estimation of the OCA2 frequency is 1 : 2,000. Thus, our estimation of the 

OCA2 frequency among the Navajo is 1 : 1,500 1 : 2,000, significantly 
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higher than that seen in African Americans (1 : 10,000) and white Americans 

(1 : 36,000). The estimation from the present molecular analysis is consistent 

with the estimation, reported by Woolf 6 and based on census data, that the 

frequency of albinism in Navajo is >1 : 3,750.  

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 



 50

 

 

 

 

 

 
 
 

 

 

 

 

 

Figure 1-3.  PCR analysis of the deletion in affected
individuals (N4 and N5), parents of N4 (N2 and N3, who
are obligate carriers), and a control subject (C). Primers are
shown in fig. 1-2B. In the control subject, amplification with
primers MHB1333/1334 results in a 257-bp fragment,
whereas, in carriers, primers MHB1370/1334 gave an
additional 606-bp fragment. In Navajos with OCA2, only the
606-bp fragment is amplified. M = molecular ladder. 
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Founder Effect of the Deletion 

     This deletion allele was found only in the Navajo population. We did not 

find this allele in 34 people with albinism who listed other Native American 

origins. This suggested that the allele is Navajo specific and that it probably 

came from a founder mutation. To define the haplotype(s) associated with the 

deletion, we genotyped the three microsatellite markers and one SNP that are 

in close proximity to the breakpoints in all deletion chromosomes. As shown 

in fig 1-2B, marker MHB001 is 8.6 kb upstream of the left-hand breakpoint, 

whereas MHB002 is 20.8 kb downstream of the right-hand breakpoint. These 

two markers were genotyped by PCR with fluorescence-labeled primers. To 

better define the phases of the other two markers, MHB003 and the SNP, we 

used the primer pair MHB1359 and MHB1334 for amplification. This primer 

pair amplifies only the deletion-bearing chromosomes. The PCR amplicons 

were then subjected to direct sequencing. The putative ancestral haplotype 

that is associated with the deletion was inferred from the genotypes of the 

markers. As shown in table 1-1, the haplotypes of markers MHB003 and the 

SNP, which are amplified only in deletion-bearing chromosomes, are (CA)15 

and C, respectively, in all affected individuals and carriers. The putative 

ancestral haplotypes for the other two markers, MHB001 and MHB002, are 
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inferred from the genotypes of the affected individuals to be 466 bp and 370 

bp, respectively. Furthermore, all carriers but one (NN2) have the same 

haplotypes for these two loci as do the affected individuals. Therefore, the 

most likely ancestral haplotype that is associated with the deletion is (listed 5  

to 3 ) MHB001 = 466 bp, SNP = C, MHB003 = (CA)15, and MHB002 = 370 

bp, (see table1-1; fig 1-2B). Furthermore, our sequence analysis of the 15 

deletion-bearing chromosomes (see table1-1; fig 1-2C) revealed that 13 of 

the 15 shared the exact same sequence throughout the 1.2-kb fragment 

(including the breakpoint). In the two remaining chromosome samples, the 

breakpoint region could not be unambiguously determined because of the 

absence of sufficient DNA. Given these data, the deletion is almost certainly 

from a founder mutation.  
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Table 1-1 
The Genotypes of the Markers in all Carriers and Affected Individuals 

Subject 
MHB001 

(bp) SNP T/C MHB003 
MHB002

(bp) Notes 

N1 466/466 C (CA)15 370/370 Affected 

N2 464/466 C (CA)15 370/370 Carrier N4 parent 

N3 464/466 C (CA)15 370/370 Carrier N4 parent 

N4 466/466 C (CA)15 370/370 Affected 

N5 466/466 C (CA)15 370/370 Affected 

JJDa 464/466 C (CA)15 370/370 Carrier 

JJSa 464/466 C (CA)15 370/370 Carrier 

4C 462/466 C (CA)15 370/370 Carrier 

Nav4 466/462 C (CA)15 370/370 Carrier 

NM9 466/458 C (CA)15 370/370 Carrier 

NN2 462/464 C (CA)15 370/370 Carrier 

NN13 462/466 C (CA)15 370/370 Carrier 

 NOTE. The study includes a group of three homozygotes and nine carriers, 
among whom the three homozygotes are unrelated to one another and the six 

carriers are not related. (Two carriers [N2 and N3] were not included in the 
carrier screening, because their status as obligate carriers had been known from 
their affected child, N4.) The marker MHB003 and the SNP were only 
genotyped in deletion-bearing chromosomes.  
     a JJD is the father of JJS. 
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Coalescence Estimates for the Founder Deletion 

     Founder mutations occur on a single chromosome and result in LD with 

the flanking polymorphic markers. With time, this disequilibrium will decay, 

because of recombination and new mutations of these polymorphic markers. 

Therefore, knowing the level of LD and the mutation and recombination rate 

of the markers, we can date the founder mutation by equation 2. Marker 

MHB001 was used to estimate the date of the founder mutation. To assess 

the variability of and the frequencies of different alleles of this marker, 15 

deletion chromosomes and 102 nondeletion (Navajo) chromosomes were 

genotyped at this locus (see table 1-2). MHB001 has six alleles, and the 

expected heterozygosity (H) of this marker is 70.2%. Fisher's exact test 

showed that there was a significantly higher frequency of the 466-bp allele in 

deletion chromosomes than in nondeletion ones (P = .0012), indicating that 

this allele is in pairwise LD with the deletion allele. A measure of LD, δ, was 

calculated, according to equation 1, to be 0.86 for the deletion and the 466-bp 

allele of MHB001. (Another marker, MHB002, was also genotyped in the 

Navajo background chromosomes; it has only two alleles in this population, 

with an H value of 0.053, which precludes its use for dating the deletion.) 

Thus, the variability of the MHB001 locus and the presence of LD between 
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the 466-bp allele and the deletion make it useful for dating the deletion. In 

our samples, 14 of 15 deletion-bearing chromosomes have alleles of 466 bp 

at the MHB001 locus. In dating the deletion by use of equation 2, we did not 

take the relationship of all 15 deletion-bearing chromosomes into 

consideration, for the reasons described in the “Subject and Materials” 

section. Thus, the p here is 14/15. The reported mutation rate of an autosomal 

CA repeat is 5.6 × 10-4/generation.49 On the basis of the data presented by 

Collins et al.,50 we calculated the local recombination rate of the 15q11-12 

region (where the P gene is located) to be 3.13 cM/Mb. Therefore, the 

recombination rate within 8.6 kb is 2.7 × 10-4/generation. The sum of the 

mutation rate and the recombination rate (8.3 × 10-4/generation) is the value r 

in equation 2. Applying p and r to equation 2 the mutation was calculated to 

have arisen 83.1 generations ago. If we assume 22 years for each generation, 

it occurred 1,828 years ago. 

However, both the variability of our estimation of the ancestral 

haplotype frequency (p) and the mutation rate of the marker could skew our 

mutation-age estimation. It is difficult to calculate a CI for the estimation of 

G, because the mutation-bearing chromosomes are not independent under the 

assumption of LD.51,52 The degree of nonindependence, the variance of p, 
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and the CI are strongly influenced by the demographic history of the 

population, as described in the “Subject and Materials” section. Here we 

provide a minimum CI for G by assuming the star genealogy typical of an 

expanding population in which all lineages are uncorrelated: p is the 

observed proportion of the ancestral haplotype (11 of the 12 independent 

chromosomes), and the 95% CI of the estimation of p will be 0.6462 0.9851 

for a binomial distribution. When this is applied to equation 2, the range of 

the mutation age is calculated to be 396 11,574 years. This interval is 

appropriate only for a rapidly expanding population (like the Navajo 

population), and the true CI may be even larger. To further assess the age of 

this deletion, we analyzed 42 normally pigmented Apache (a closely related 

Native American tribe) samples for this deletion, and no deletion was 

detected. Moreover, there are no reports of Apaches with OCA (J. Broon 

[Indian Health Service {IHS} White River] and B. Berkovich [IHS San 

Carlos], personal communications). These observations confirm the previous 

observation of absence of albinism among the Apache.6 It is believed that the 

Navajo and the Apache became distinct groups 600 1,000 years ago. If the 

deletion arose before the division into two populations, the deletion allele 

may also exist in the Apache population. The absence of albinism and of this 



 57

allele in the Apache population indicates that this deletion is unlikely to have 

occurred before the time when the Apache and the Navajo became distinct 

populations (unless the deletion allele was lost or is present at very low 

frequency in Apache). Thus, our best estimate of the age of the deletion is 

400 1,000 years.  
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Table 1-2 
Alleles of MHB001 in Navajo Control and Deletion Chromosomes 

FREQUENCY IN 

ALLELE SIZE 
(bp) Control Chromosomes

(n = 102) 
Deletion Chromosomes 

(n = 12) 

458 .02 0 

460 .04 0 

462 .127 .083a

464 .323 .083a

466 .412 .917 

468 .078 0 

 

      
NOTE. The expected heterozygosity of MHB001 is
calculated to be 70.2%. Fisher's exact test of frequencies of
466-bp allele in deletion and control chromosomes showed a
significant difference (P = .0012 in a two-tailed test).
     a The carrier NN2 has the genotype of 462/464, with the
deletion chromosome having either 462-bp or 464-bp allele
(see Table 1-1). 
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Discussion 

The mouse and human P proteins are predicted to have 12 

transmembrane domains and to share significant sequence homology with 

membrane transporters, some of which are involved in the transport of 

anions.5 It has been suggested that the P protein might function to regulate 

the pH of the melanosome.53 Whatever its exact function is, the P protein is 

required for normal pigmentation. In the present study, we identified the 

causative genetic defect for the high prevalence of albinism in the Navajo to 

be a 122.5-kb deletion of the P gene. This deletion removes 41.1% of the 

encoded P protein, including seven of the transmembrane domains, thus 

leading to loss of function of the protein. The prevalence of albinism is 

reported to be high among other Native American tribes, including the Hopi, 

Zuni, Kuna, Jemez, Laguna, and San Juan.6 Thus, the question arises of 

whether this deletion is also responsible for the albinism that occurs in other 

Native American populations. To answer this question, we screened for the 

presence/absence of this deletion in 34 individuals with OCA who listed 

other Native American origins, and no deletion was found in any of these 

individuals. This suggests that more than one genetic defect is responsible for 
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albinism in Native Americans. This is also in agreement with our conclusion 

that this deletion came from a Navajo founder 400 1,000 years ago. 

Either genetic drift (e.g., resulting from a bottleneck effect) or 

heterozygote advantage can explain the high frequency of a recessive allele. 

The Navajo tribe is located in the southwestern part of the United States, 

covering parts of Arizona, New Mexico, and Utah. The Navajo may have 

arrived in the southwest as early as 1000 AD.6 Many indigenous peoples 

suffered significant population losses after the arrival of Europeans in the 

region. During the late 1800s and early 1900s, a series of conflicts between 

the Navajo and U.S. Army led to forced relocation, during which many 

Navajos died and the total population dwindled to an estimated 8,000 10,000 

people. The actual number of Navajos from whom the current population is 

derived would be much smaller than the total population, because a 

significant fraction of the population would have been of post-breeding age 

and because as many as half of the population might have been children of 

the same founders.54 The population has subsequently greatly expanded, and, 

as of the year 2000, >180,000 Navajos live in Arizona, New Mexico, and 

Utah, according to the U.S. Census Bureau. Therefore, the population history 

of the Navajo includes one or more known bottlenecks that could have led to 
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the high frequency of the deletion allele from a single founder. In addition to 

the high frequency of OCA2 among the Navajo that is revealed by the 

present study, other uniquely frequent genetic disorders have been reported 

among the Southwestern Athabaskans (Navajos and Apaches) and are 

thought to result from a genetic bottleneck.54 Thus, it seems likely that the 

high prevalence of OCA2 among the Navajos could also be a consequence of 

a genetic bottleneck. Other explanations for the high frequency of albinism 

in the Hopi population have been proposed by Woolf and Dukepoo,6 who 

believed that in addition to genetic drift, positive cultural selection, including 

a male-mating advantage for individuals with albinism, contributed to the 

high incidence of albinism among the Hopi. However, as was pointed out in 

their article, this explanation could hardly account for the high frequency of 

albinism in other tribes, because their cultures are not necessarily all 

favorable to individuals with albinism. Furthermore, Hedrick recently tested 

the cultural-selection hypothesis by population modeling and pointed out that 

any mating advantage of men with albinism was not likely to be a significant 

factor in the high incidence of albinism among the Hopi, given the previously 

assumed viability selection against individuals with albinism. Finally, 

heterozygote advantage has been used to explain the high frequencies of 
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several recessive conditions, such as sickle cell anemia and cystic 

fibrosis.55,56 However, we are not aware of any such advantage for OCA2 

heterozygotes. The two possibilities of bottleneck effect and positive 

selection on heterozygotes could be ultimately distinguished by comparing 

the shape of the genealogy of the affected chromosomes with those of the 

genealogies of neutral genomic regions. 

Although we may never know the exact mechanism that led to the 

generation of the 122.5-kb deletion, the sequence itself contains some 

potential clues. Both breakpoints are within LINE sequences that lack any 

homology at the breakpoint juncture. In addition, the LINE sequences are 

oppositely oriented. These sequence features could not explain the 

occurrence of the deletion by homologous recombination.57 However, there 

are two homologous LINE sequences within the deletion that are oriented in 

the same direction. A LINE-mediated recombination between these 

homologous sequences would result in a smaller deletion than the one 

characterized in our study. However, the double-stranded breaks (DSBs) 

generated in the homologous recombination could be repaired by different 

mechanisms. Two major repair mechanisms for DSBs in mammals are 

homologous recombination repair (HRR) and nonhomologous end joining 
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(NHEJ).58 Inappropriate repair of DSBs will cause chromosome 

rearrangements, such as inversions, large deletions, or translocations.59 HRR 

requires extensive sequence homology between the two ends to join the 

breakpoints, whereas NHEJ simply ligates the two broken ends together 

without requiring sequence homology.60  In the present study, the lack of any 

homology between the two broken ends suggests that NHEJ was involved in 

the repair process. A salient feature of NHEJ is the further deletion of the 

junction sequences, enlarging the original deletion. Such deletions may result 

from DSB-flanking regions being degraded by exonucleolysis.60,61 A 

plausible scenario for the origin of the deletion characterized in this study 

includes LINE-mediated homologous recombination between the two 

flanking homologous sequences57,62,63 generating DSBs. Subsequently, the 

homology-independent repair mechanism for DSB caused a larger deletion 

by exonucleolytic degradation of DSB-flanking regions. Alternatively, there 

are reports of deletion in which only one breakpoint is within a LINE 

sequence and the other end lacks any apparent repetitive or homologous 

sequence.60,61 Mechanisms yet to be defined may have caused the deletion in 

this scenario. The deletion defined in this study is the second large deletion of 

the P gene reported so far. The first one is the 2.7-kb deletion that removes 
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exon 7 of the P gene. The P gene maps to a region very rich in repetitive 

sequences, in which chromosome rearrangements have been reported to 

cause disease. Examples include Prader-Willi syndrome and Angelman 

syndrome64. On the other hand, chromosome rearrangements are rarely 

reported in the P gene. The identification of this deletion in the P gene 

suggests that more chromosome rearrangements involving the P gene may 

exist than are detected. In addition, we and others often identify only one of 

the two mutations in PCR screening of individuals with albinism. This points 

to the possibility of the existence of other mutations (including deletions) that 

are missed by the widely used PCR mutation screen strategy. Application of 

highly variable intragenic microsatellites and SNPs can help to identify 

heterozygous deletions. 65,66

In conclusion, we identified the causative genetic defect responsible for 

the high prevalence of albinism in the Navajo population (1 : 1,500 2,000) 

and showed for the first time, to our knowledge, that albinism in the Navajo 

is OCA2. The fact that we did not find the deletion allele in individuals with 

albinism of other Native American origins suggests the existence of other 

genetic defect(s) responsible for albinism in Native Americans. 
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Part II 

Abstract. Oculocutaneous albinism (OCA) is a genetically heterogeneous 

disorder characterised by abnormally low amounts of melanin in the eyes, 

skin, and hair. In addition to hypopigmentation of the skin and eyes, OCA 

patients have ocular manifestations including nystagmus, foveal hypoplasia 

with reduced visual acuity, and strabismus.5 Several subtypes of OCA exist. 

OCA2, the most common subtype, results from mutations in the P gene.40,41 

OCA2 patients have a broad range of phenotypes, with minimal to moderate 

pigmentation of the hair, skin, and iris that may darken with age. OCA1 is 

the second most common type and is caused by mutations in the tyrosinase 

gene, TYR.1 The lack of functional tyrosinase results in the complete absence 

of pigmentation in hair and skin. Rarer forms of OCA include OCA3, also 

known as "rufous/red albinism" and associated with mutations in the TYRP1 

gene,3 and OCA4,4 associated with mutations in the MATP gene. Finally, 

some genetic defects in intracellular vesicle formation and trafficking have 

OCA as a major clinical component.67,68 For example, Chediak-Higashi 

syndrome (CHS) is characterised by giant intracellular granules, an often 

fatal diathesis to infection, and variable degrees of hypopigmentation.69 

Hermansky-Pudlak syndrome (HPS) involves OCA as part of a constellation 
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of findings that include platelet storage pool deficiency and, in some 

patients, accumulation of ceroid pigment, pulmonary fibrosis, and/or 

granulomatous colitis.7 The sine qua non of HPS is absence of platelet dense 

bodies on whole mount electron microscopy.70 CHS and HPS can have 

overlapping phenotypes. For example, HPS-2, associated with mutations in 

the ß3A subunit of adaptor complex-3,71 manifests with neutropenia and 

childhood infections reminiscent of CHS. 72,73

Patients 

All patients had OCA plus some suggestion of HPS or an HPS-related 

syndrome. Each was enrolled in a protocol approved by an NIH institutional 

review board and written informed consent was obtained from each patient 

or their parents.  

Electron Microscopy 

Platelets were examined for dense bodies by whole mount electron 

microscopy as previously described. 70 

 

 



 67

Mutation Analyses 

DNA was extracted from whole blood using standard techniques. HPS-

causing genes were screened using several different methods. HPS1 was 

investigated using Northern blotting and direct sequencing, AP3B1A using 

Western blot analysis with an antibody to the ß3A subunit of adaptor 

complex-3, and HPS3 by Northern blotting.74 For P gene mutation 

screening, primers covering all coding sequences and intron–exon 

boundaries were used to amplify the patients’ genomic DNA, as described 

elsewhere.44 PCR products were purified by the QIAquick Purification Kit 

and sequenced using an ABI 377 sequencer. Screening of the P gene 2.7 kb 

deletion was performed as previously described.41 The sequences were 

analysed with Sequencher 3.1.1 software. When necessary, clonal analysis 

was applied to determine heterozygosity using a TA cloning Kit 

(Invitrogen). 
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Result 

Molecular Findings 

 Initially, we used the criterion of absence or presence of dense bodies 

in platelets to categorize all our patients with clinical manifestations 

suggestive of HPS. Eight patients had dense bodies in their platelets and 

were subjected to further molecular analyses. No HPS1, AP3B1A, or HPS3 

mutations were identified in any of the eight patients in the initial molecular 

analyses using direct sequencing, Northern blotting, or Western blotting. 

Next, since OCA2 is the most common type of albinism, we screened for 

mutations in the OCA2 associated gene, the P gene. Five of the eight 

patients had previously reported P gene mutations. Both P allele mutations 

were identified in three patients, while only one mutation was found in other 

two patients (Table 1-3).   
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Table 1-3. Clinical and Molecular Findings in the five Patients 
 

Pt/Age/Sex
a 

Ethnicityb Visual 
Acuity  
 

Bleeding GI Infectionsf Pulmonary Mutation 

1/1/M AAm/ Ger-
Iri-PR 

20/300 None None Otitis (7), 
sinusitis (2), 
mastitis, 
impetigo 

NAc 2.7kb 
del(ex7)/ 
1327G>
A 

2/2/F Fre-Can/ 
Fre-Can 

NA Bruising Cramp Otitis (4), 
urinary tract 
infection 

Asthma 2207 
C>T/NA 

3/22/F Ger/Eng 20/50 None None Otitis 
frequent, 
pneumonias 
(5), sinusitis, 
yeast 

Asthma, 
normal CT 

1327G>
A/NA 

4/29/F Ash/Ash 20/100 ITPd IBSe Infectious 
mononucleosi
s 

None 79C>A/7
9C>A 

5/32/F AAm/Dut 20/250 Transfusion 
after 
surgery 

None Otitis 
frequent, 
pneumonias 
(3), urinary 
tract infection 

Asthma, 
dyspnea 

2.7kb 
del(ex7)/ 
819CTG
G> 
GGTC 

 
aPt, patient number. 
bAAm, African American; Ger, German; Iri, Irish; PR, Puerto Rican; Fre-Can, French 

Canadian; Eng, English; Ash, Ashkenazi Jewish; Dut, Dutch. 
cNA, not available. 
dITP, idiopathic thrombocytopenic purpura. 
eIBS, irritable bowel syndrome. 
fNumbers in the parentheses indicate the numbers of infections.  
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Clinical and Lab data: 

       In addition to having dense bodies in their platelets, the five OCA2 

patients also lacked giant inclusions in their leukocytes, eliminating any 

close resemblance to CHS. The patients ranged in age from 1 to 32 years and 

were of various ethnicities (table 1- 3). The severity of hypopigmentation 

and ophthalmic findings varied considerably. Skin and hair colour ranged 

from completely white to brown (fig 1-4) and visual acuities were between 

20/300 and 20/50. No OCA2 patient had any significant history of bleeding 

or granulomatous colitis. Only patient no 5 had pulmonary insufficiency; her 

forced vital capacity was 61% of predicted, total lung capacity 71% of 

predicted, and diffusing capacity for carbon monoxide 81% of predicted. She 

complained of dyspnea, but was pregnant at the time and, therefore, a chest 

CT scan was not performed. All five patients had varying histories of 

increased infections, including frequent episodes of otitis, sinusitis, 

pneumonias, and urinary tract infections (table 1- 3). 
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Figure 1-4.  Hair and skin of patients No. 1 (A), 
No. 2 (B), No. 3 (C), and No. 5 (D). 
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Discussion: 

 

Differentiating among the various types of albinism remains a difficult 

task. For example, many patients carrying the diagnosis of OCA or even 

ocular albinism actually have HPS. Conversely, patients thought to have 

HPS or an HPS-like syndrome may have another basis for their 

hypopigmentation. In fact, here we describe five patients referred to an HPS 

investigational protocol who actually had mutations in the P gene, giving 

them the diagnosis of OCA2. In these five cases, the findings suggestive of 

HPS-like disorders included a high frequency of infections, and indications 

of a bleeding diathesis (bruising, idiopathic thrombocytopenic purpura, 

history of transfusion) or pulmonary insufficiency. Because OCA2 is 

associated solely with hypopigmentation, these additional findings proved to 

be incidental and not related to the primary cause of albinism in these 

patients. 

Currently, the absence or presence of platelet dense bodies on whole 

mount electron microscopy makes or excludes the diagnosis of HPS. In 

contrast to the definitive studies of a whole mount examination, however, 

results of standard transmission electron microscopy of platelets can be 
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ambiguous, since electron-dense organelles such as lysosomes and -

granules can be mistaken for dense bodies. Moreover, reports indicate that 

HPS patients can have reduced numbers of dense bodies rather than a 

complete absence of dense bodies,75,76 although these studies lacked 

molecular verification of the diagnosis of HPS, and the dense body analysis 

was performed by transmission electron microscopy. Therefore, even though 

the eight patients described here had dense bodies in their platelets when 

examined by electron microscopy, we still subjected these patients to further 

molecular screening for HPS mutations. There is a possibility that Western 

blotting to detect AP3B1 gene mutations and Northern blotting to detect 

HPS3 gene mutations in this study may have missed some types of 

mutations. However, the identification of mutations in the P gene in these 

patients suggests that they likely do not carry mutations in AP3B1 or HPS3, 

since the coincidence of mutations in one of these HPS-causing genes and 

the P gene is highly unlikely. Our laboratories continue to search for HPS 

variants who have molecularly verified mutations in HPS-causing genes, 

along with dense bodies which are decreased in number but not completely 

absent. To date, no such patients have been identified. 
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Our findings also point to the phenotypic heterogeneity of OCA2. 

Patient #3 is heterozygous for the mutation, 1327G>A (V443I), which is 

consistent with P gene albinism. At the age of 2 months, she was diagnosed 

with albinism and had nystagmus, white hair, sun sensitivity, and a visual 

acuity of 20/50. Some of these signs decreased with age, as patient #3 

currently has medium brown hair and pigmented skin. We have not 

discovered this patient’s second P gene mutation. However, we do not 

always detect mutations in both alleles; the undetected allele could be 

located in a promoter region, an intron, or some other area not routinely 

sequenced. 

A complete characterization of the various subtypes of HPS requires 

examination of individuals who have OCA along with other HPS-related 

symptoms. Many of these subjects will prove to have common types of 

albinism such as OCA2, but this should not mitigate against an aggressive 

pursuit of the entire spectrum of disorders involving hypopigmentation, 

platelet storage pool deficiency, an infectious diathesis, pulmonary fibrosis, 

and/or granulomatous colitis.  
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CHAPTER TWO 

 

Sox6, a Transcription Factor, Plays 
Important Roles in Epsilon Globin Gene 

Silencing and Erythropoiesis 
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Abstract:  

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

by the conserved high mobility group (HMG) DNA binding domain, first 

described in the mouse and human testis determining gene, Sry. Previous 

studies have suggested that Sox6 plays a role in central nervous system 

development, chondrogenesis, and heart development. The present study 

shows that Sox6 is also an important regulator of erythropoiesis and is 

required for the silencing of an embryonic globin gene, εy globin. In our 

Sox6-deficient mouse model, there are a large number of abnormally 

nucleated erythrocytes in peripheral blood and a persistent expression of εy 

globin. Deletion analyses of the εy promoter in a transfection assay using 

GM979 (erythroleukemic) cells defined a 36-bp region within the εy 

proximal promoter that is critical for Sox6 repression. EMSA and chromatin 

immunoprecipitation (ChIP) assays demonstrated that Sox6 acts as a 

repressor by directly binding to the εy promoter. The temporal and spatial 

expression patterns of Sox6 suggest that it functions in definitive 

erythropoiesis.  
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Introduction:  

The mouse β-globin genes (εy, βh1, β-major, and β-minor) are 

clustered on chromosomes 7 and they are highly homologous to their human 

counterparts in organizational structure and function26. High-level expression 

of these genes requires a regulatory element, the locus control region (LCR), 

which consists of a set of nuclease hypersensitive sites (HSs) spread over 

25kb and located 5′ of the εy gene.77 These genes are expressed in a tissue- 

and developmental-specific fashion during development. In mouse, 

embryonic yolk sac derived erythroid cells in primitive erythropoiesis 

express εy and βh-1 globins26. At 11.5 dpc, erythropoiesis switches to the 

definitive erythropoiesis in fetal liver and this switch is accompanied by a 

change of globin gene expression from predominantly εy and βh1 to adult β 

globins (β major and minor), beginning definitive erythropoiesis26. This 

switch involves silencing of the εy gene and activation of adult beta globin 

genes. Autonomous silencing is believed to be the major mechanism for the 

silencing of its human counterpart, ε globin, i.e., all the elements responsible 

for silencing εy gene expression are within the ε gene or the adjacent 
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sequences32. Using promoter deletion analyses in transgenic mouse models 

and cell transfection assays, multiple DNA elements important in the 

silencing process have previously been identified in both the proximal and 

the distal ε gene promoter32. Their corresponding transcription factors and 

their complexes such as GATA-1, YY-1, COUP-TF, and DRED have been 

identified to directly bind to these DNA elements and regulate εy silencing.32 

Thus, it appears that the silencing of ε globin involves a complicated 

network of multiple cis elements and trans factors. Recently, in vivo and in 

vitro analyses suggest that reactivation of ε globin gene, the embryonic form 

of β-globin, would be therapeutically beneficial to adults with sickle 

phenotypes21, and provide a rationale for detailed investigations into the 

molecular basis for its developmental silencing and repressors. Thus, the 

elucidation of the mechanism of Sox6 repression of the εy gene will provide 

an additional opportunity for development of new therapeutical targets for 

the treatment of hemoglobinopathies such as SCD and ß-thalassemia.     

A murine Sox6 null mutant (p100H) has previously been identified in 

our laboratory10. Mice homozygous for p100H show delayed growth and die 

within two weeks after birth10. Analysis of the p100H phenotype revealed that 



 79

the p100H mutant develops myopathy and arterioventricular (AV) heart block. 

The p100H mutant mouse also shows progressive degeneration of cardiac and 

skeletal muscle. The karyotype of p100H chromosomes indicated that the 

mutation is associated with a chromosome 7 inversion that disrupts both the 

p gene and the Sox6 gene (and no other gene within 50,000 nucleotides)10. 

Because the p gene functions solely in pigmentation5, the Sox6 transcription 

factor is implicated in all other phenotypes.  We have also cloned and 

sequenced the human SOX6 cDNA, isolated from a myoblast cDNA 

library78. Human SOX6 protein shows 94.3% amino acid identity to mouse 

Sox6, and 100% identity in the critical HMG box and coiled-coil domains. 

The SOX6 protein is also highly conserved among widely divergent species, 

indication of the importance of Sox6, suggesting that its function is likely to 

be conserved during evolution. Northern blot analysis revealed that human 

SOX6, like mouse Sox6, is expressed in a wide variety of tissues78.  The 

study presented here demonstrates that Sox6 plays a key and direct role in 

the regulation of εy globin expression and erythropoiesis.   

 

 



 80

Results:  

 

1. Persistent expression of the embryonic globin, εy, in Sox6-deficient 

mice.  

 

The εy globin gene was initially identified as an up-regulated transcript in 

the p100H mouse using a cDNA display screening technique to identify Sox6 

downstream targets using heart RNA from dpc18.5 mice. Because heart 

tissue does not normally express εy globin, the globin RNA is likely from 

contaminated circulating red cells. Northern blots of RNA from the liver of 

15.5 dpc mice (the normal site of definitive erythropoiesis) consistently 

showed that the εy gene is specifically and dramatically up-regulated in 

mutant mice (Fig 2-1A). No difference was seen between wild type and 

herterozygotes. Real time PCR was then applied to quantify the expression 

levels of all globin genes (both alpha and beta loci), in mutant and wild type 

livers of different developmental stages (dpc 15.5, dpc18.5, and postnatal 

day 13.5). Consistent with the Northern blot data, the εy gene is persistently 

expressed at high levels in mutants throughout fetal development and post 

natal stages, as shown in figure 2-1B. Early lethality of the mutant mouse 



 81

(presumably from heart defect)10 precludes us from obtaining tissue from 

stages later than postnatal day 13.5. Therefore, the expression of εy beyond 

postnatal day 13.5 is unknown. Interestingly, the expression levels of zeta 

and Bh1 globins (the other two embryonic globin genes) are also higher than 

those of the wild type mouse, but to a much lesser extent than we see for εy 

globin (Fig. 2-1C and 1D). In addition, unlike the persistent expression of εy 

in mutant mice, zeta and βh1 expression is barely detectable by postnatal 

13.5 days (Fig. 2-1C and 1D).  No difference was seen between mutant and 

wild type mice in the expression level of the adult globins, including alpha 

and beta globins (data not shown). Moreover, in situ hybridization assays 

using an εy-specific RNA probe showed abundant εy mRNA in dpc14.5 

mutant liver in contrast to only background levels seen in wild type liver 

(Fig. 2-1E). This suggests that the persistent high level of εy gene expression 

is not due to circulating residual primitive erythrocytes. It is most likely a 

result of an intrinsic defect of the εy silencing mechanism in definitive 

erythropoiesis that takes place in the fetal liver.   
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Figure 2-1A. Expression level of εy globin is higher
in p100H mutant. Northern blots of RNA from liver
(dpc15.5) of both wild type (WT) and mutant (MT) measuring
expression levels of εy globin and β maj/min globin. GAPDH
was used as the internal control. 
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Figure 2-1B.  εy globin is not silenced in the p100H mutant. RNA from
liver of both mutant (MT) and wild type (WT) mice were subjected to
real time PCR. Relative expression levels of the εy globin gene at
different developmental stages (dpc 15.5, dpc 18.5 and postnatal day
13.5) are plotted.  
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Figure 2-1C. βΗ1 mRNA levels are higher in the p100H mutant.
RNA from liver of both mutant (MT) and wild type (WT) mice were
subjected to real time PCR. Relative expression levels of the βΗ1
globin gene at different developmental stages (dpc 15.5, dpc 18.5 and
postnatal day 13.5) are plotted.  
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Figure 2-1D. Ζeta mRNA levels are higher in the p100H mutant. RNA from
liver of both mutant (MT) and wild type (WT) mice were subjected to real time
PCR. Relative expression levels of the zeta globin gene at different
developmental stages (dpc 15.5, dpc 18.5 and postnatal day 13.5) are plotted.  
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Figure 2-1E: In situ hybridization of beta and εy transcripts in wt and mutant
liver.  
As shown, both wild type (wt) and mutant mouse livers express beta globin at dpc
14.5; εy gene expression can only be detected in mutant liver at dpc 14.5. This figure
was generated in collaboration with Dr. James Palis of the University of Rochester 
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2. Mutant p100H mice have abnormally nucleated red cells. 

 

Analysis of the peripheral blood of the mutant mouse revealed that most 

of the red blood cells are abnormally nucleated in p100H mutant mice at 

several developmental stages (dpc14.5, 17.5 and 18.5).  As shown in Fig. 2-2, 

when compared with primitive red cells, these abnormal cells seen in the 

mutant mice are small and have a high nuclear/cytoplasm ratio, 

morphologically consistent with definitive red cells before they lose their 

nuclei. Interestingly, red cells from postnatal day 10.5 mutant mice are 

anucleated (as in wild type mouse), suggesting that there is a delay in 

enucleation of definitive erythropoiesis. However, the expression level of εy 

globin remains high as late as postnatal day 13.5 when red cells are already 

anucleated. Therefore, it appears that the two phenotypes: the persistent 

expression of εy globin and the abnormally nucleated red cell, are two 

independent events that occur in the p100H mutants.   

 The delayed enucleation of erythrocytes in the mutant mice suggests 

that Sox6 plays a role in red cell terminal differentiation. Sox6 has been 

shown to be an important factor of cell differentiation in different systems. 
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Our lab has shown that Sox6 is important in cardiac differentiation using 

P19CL6 cells.79 Sox6 is expressed exclusively when the cells are committed 

to differentiate to beating cardiac myocytes.79 In addition, Hamada-

Kanazawa et al have shown in vitro that Sox6 is considered essential for 

neuronal differentiation.80 Suppression of Sox6 in P19 cells leads to failure 

of neuronal differentiation by retinoic acid and induces retinoic acid-

dependent apoptosis.80 More recently, it has been shown that over-expressed 

Sox6 is sufficient to induce astrocytic differentiation.81 Sox6 has also been 

shown in a number of studies to be required for the execution and 

maintenance of the cartilage differentiation program.82-86  
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Fig. 2-2. p100H mutant mice have abnormally nucleated red cells. 
Panels (A, B and C) show erythrocytes from 14.5, 17.5 and 18.5 dpc mice,
respectively. In each panel, the left picture is wild-type; the right picture is from
a p100H/p100H littermate. Panel A: blue arrows indicate putative primitive
erythrocytes, based on the size of the cells and the density of nuclei; green arrow
indicates a putative definitive erythrocyte (abnormally nucleated); black arrow
indicates an enucleated erythrocyte. Wright-Giemsa stained.  
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3. The expression pattern of Sox6 suggests a role in definitive 

erythropoiesis. 

 

 The observation that Sox6-deficient mice have persistent expression 

of εy globin suggests that Sox6 is an important regulator in εy globin gene-

specific silencing.  Additionally, the delay in enucleation of erythrocytes in 

mutant mice suggests that Sox6 plays an additional role in definitive 

erythropoiesis. To determine the temporal and spatial expression pattern of 

Sox6, Northern blot and in situ hybridization assays were used.  As shown in 

Fig. 2-3, the expression of Sox6 is detectable by Northern blot beginning at 

dpc10.5, coincident with the temporal onset of definitive erythropoiesis. 

Furthermore, in situ hybridization shows that Sox6 is highly transcribed in 

12.5 dpc liver, but not in yolk sac blood islands at 7.5 dpc (Fig. 2-4), again 

suggesting that Sox6 most likely plays a role in regulating definitive 

erythropoiesis. 
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 Figure 2-3. Mouse embryonic stage Northern blot. Each lane contains 20 µg

of total RNA from embryos whose ages are listed above each lane as days
postcoitum (dpc). The filter was hybridized with a 32P-labeled 575bp mouse
Sox6 cDNA fragment (nucleotides 1353-1927). Numbers on the left are sizes of
standard marker fragments in kb.  This northern was done by Dr. Nobuko
Hagiwara.  
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 Figure 2-4. Sox6 in situ hybridization. Panel A: Sagittal section through an

E12.5 mouse embryo hybridized with a radioactive [33P] antisense probe for
Sox6.  mRNA distribution is represented by pseudocolored red signal super-
imposed on the counterstained specimen.  Sox6 transcripts accumulate
primarily in the fetal liver, developing nervous system, chondrocytes and
craniofacial area.  Panel B: The sense control probe shows no signal above
background. Panel C: E7.5 embryo hybridized to antisense probe.  No signal is
detected above background (sense probe, not shown) specifically in blood
islands.  The size bars represent 100 µm. This in situ assay was performed  by
Dr. James Palis at the University of Rochester. 
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4. Transfection studies using GM979 cells indicate that Sox6 directly 

represses the εy gene promoter at the transcriptional level. 

 The Northern blot and real-time PCR experiments (figures 2-1A, 1B, 

and 1E) measure steady-state levels of εy mRNA, not the transcriptional 

activity of the εy promoter. Although Sox6 has been reported mostly as a 

canonical transcriptional factor that binds to its target gene promoter, it has 

also been shown to function as a general splicing factor in pre-mRNA 

splicing18.  In addition, the observed persistent expression of the εy gene in 

the Sox6-deficient mouse could also be due to an indirect effect as a result of 

a secondary response to other defects in the mutant mouse (such as the 

previously reported cardiac phenotype)10. To investigate whether Sox6 

directly acts on the εy gene promoter at the transcriptional level, we used an 

in vitro transient transfection assay and GM979 cells. GM979 cells are a 

variant of a murine erythroleukemic cell line that expresses both εy and 

adult beta globins87. We generated the εy promoter reporter construct (E-

Luc) by fusing a microLCR  (µLCR) element (2.5 kb) (see Materials and 

Methods) to the εy proximal promoter (2.2 kb), followed by the luciferase 

reporter gene, as shown in Fig. 2-5A (as detailed in materials and methods). 



 94

Over-expression of Sox6 in GM979 cells by transient transfection of this 

Sox6 expression construct leads to a Sox6 dosage-dependent repression of E-

Luc reporter activity (Fig. 2-5B).  In contrast, over-expression of a truncated 

Sox6 (Sox6 ∆HMG)84 that lacks its HMG domain (a phenocopy to the p100H 

mouse), does not repress E-Luc activity (Fig. 2-5B).  Sox6 has been shown 

to act as a repressor and interact with a widely expressed co-repressor, 

CtBP2, on the fgf-3 promoter88. CtBP2 is expressed in GM979 cells (data 

not shown). To investigate whether the interaction with CtBP2 is required 

for Sox6 repression of the εy promoter, we introduced a point mutation 

(L386H) in the coding sequence that has been previously reported to be 

sufficient to abolish Sox6-CtBP2 interaction88. However, this mutant version 

of Sox6 retains the ability to repress the εy promoter activity in the 

transfection assay (Fig. 2-5B), indicating that Sox6 represses the εy 

promoter in a CtBP2-independent manner. The above data indicate that Sox6 

acts directly as a repressor of the εy promoter at the transcriptional level. 

Deletion analysis οf the εy promoter, as shown in Fig. 2-5C, defined a 

region (-65 to -42) within the εy proximal promoter that is critical for Sox6 

repression. Analysis of this short region reveals two Sox6/Sox consensus 

binding sites88, as shown in Fig. 2-6 
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2.5 kb 2.2 kb εy promoter Luciferase pGL-3 

CMV promoter Sox6 coding sequence 
 

Figure 2-5A. Constructs of εy promoter reporter (E-luc) and Sox6 over-
expression vector.  E-luc reporter construct consists of a 2.5-kb µLCR
element, a 2.2-kb εy promoter, and the luciferase reporter in the pGL-3 basic
plasmid (Promega). Sox6 overexpression vector is driven by a CMV promoter.
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Figure 2-5B. Sox6 represses εy promoter activity in a dosage-dependent
manner.  In GM979 cells, the E-Luc εy promoter reporter construct was co-
transfected with either empty vector (1), or decreasing amounts of CMV-Sox6 over-
expression vector (2,3,4),  or a truncated version of Sox6 that lacks its HMG domain
(5), or a mutant version of Sox6 (L386H) that loses its ability to interact with CtBP2
(6). Column 7 represents a control of an empty reporter plasmid without εy promoter
and µLCR element. As shown, Sox6 represses the εy promoter activity in a dosage-
dependent manner. Moreover, the HMG domain of Sox6 seems to be essential for its
repressor activity  (6). Additionally, the point mutation (L386H) that abolishes the
ability of Sox6 to interact with CtBP2 does not have an impact on Sox6 repressor
activity on the εy promoter. 
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Figure 2-5C: Deletion analysis of the εy promoter defines a region
(-65 to -42) as the minimal sequence that responds to Sox6
repression. εy globin promoter deletion constructs were co-transfected
with CMV-Sox6 into the GM979 cells.  The fold of repression by Sox6
over-expression was shown. The region (-65 to -42) is critical for Sox6
repression on the εy promoter activity. 
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-58 -65 -43 -30

WT:   AATGCAGAACAAAGGGTCAGAACATTGTCTGCGAAG 

M1:          AACAAAGGGTCAGAACATTGTCTGCGAAG  

M2:   AATGCAGAACAAAGGGTCAGAtgagTGTCTGCGAAG 

M3:   AATGCAGtgccAAGGGTCAGAACATTGTCTGCGAAG 

Figure 2-6. The 36-bp critical region contains two putative Sox6/Sox
binding sites. The 36-bp DNA sequence (-65 to –30) of the εy globin proximal
promoter contains two Sox6/Sox consensus binding sites. This DNA sequence
was used for the gel shift assay. Different versions of this sequence with
truncation or mutagenized Sox6/Sox binding sites are shown (M1-M3). 
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5. EMSA and ChIP assays show that Sox6 directly binds to the εy 

promoter. 

 

 Sox6 can repress the εy promoter either through direct physical 

contact with the promoter or by regulating other intermediate regulators of 

the εy promoter.  To investigate whether Sox6 is directly associated with the 

εy promoter, we first performed EMSA using a c-Myc tagged Sox6 in a 

reticulocyte in vitro translation system (Promega). The data (Fig. 2-7A) 

show that Sox6 is able to physically associate with the 36-bp region within 

the εy promoter defined by the deletion analysis experiments detailed above. 

As shown, the 36-bp probe was shifted by the tagged Sox6 protein. 

Moreover, both c-Myc and Sox6 antibodies super shift the band, indicating 

that the binding is Sox6 specific. The empty vector without the Sox6 coding 

sequence does not shift the band. To rule out the possibility that the c-Myc 

tag binds to the probe, an HA-tagged Sox6 was used in another EMSA 

assay.  

There was also a supershift by Sox6 antibody (N-terminal)18 (Fig 2-7B). 

Next, nuclear extracts from MEL cells were used to perform the EMSA 

assay employing the same 36 bp probe. MEL cells are a murine 
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erythroleukemic cells that express adult beta globins, but not εy. We 

reasoned that Sox6 would bind to εy promoter as a repressor in this cell line. 

As expected, Sox6 can directly bind to this DNA sequence in MEL cells as 

well (Fig 2-7C). The intact consensus Sox/Sox6 binding sites of the DNA 

probe are required for the binding, as shown in the competition assay and the 

EMSA assay (Figs. 2-8A and 8B). Ablation of either of the two putative 

Sox/Sox6 binding sites abolishes its ability to compete or to bind to the 

probe in the ESMA assay (Fig. 2-8A and 8B), suggesting that Sox6 most 

likely binds to this region as a dimer.  
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Figure 2-7A: Sox6 translated in vitro and tagged with c-Myc is able to
bind to the 36-bp DNA sequence of the εy proximal promoter. EMSA was
performed using the radio-labelled probe (corresponding to the 36-bp WT
sequence of the εy promoter as shown in Fig. 2-6) and c-Myc Sox6 translated
in vitro by reticulocyte lysate.  As shown, Sox6 is able to bind to the 36-bp
sequence of the εy promoter. The specificity was shown by super-shift by Sox6
or c-Myc antibodies. Empty vector without Sox6 coding sequence was used as
negative control.  
 
1: free probe 
2: probe +c-Myc-Sox6 
3: probe +c-Myc-Sox6 + cold wild-type probe for competition 
4: probe + c-Myc-Sox6 + c-Myc antibody 
5: probe + c-Myc-Sox6 + Sox6 antibody (N-terminal) 
6: probe + empty vector as negative control 
7: probe + empty vector as negative control + cold competition 
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 Figure 2-7B. HA-tagged Sox6 translated in vitro is able to bind to the

36-bp probe.  EMSA was performed similarly as in fig. 2-7A. HA-
tagged Sox6 translated in vitro was used in the assay. As shown, HA-
tagged Sox6 is able to bind the 36-bp sequence of the εy promoter.  
 
1: free probe 
2: probe +HA-Sox6 
3: probe +HA + cold probe for competition 
4: probe +HA+ Sox6 antibody (N-terminal) antibody 
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 Figure 2-7C: EMSA using MEL cell nuclear extracts show that endogenous

Sox6 binds to the 36-bp probe. EMSA was performed using the same 36-bp
probe and MEL cell nuclear extracts. As shown, MEL cell endogenous Sox6 is
able to bind to the DNA sequence. Supershift was seen using Sox6 antibodies. 
 
1: Labeled 36-bp probe 
2. Labeled 36-bp probe +MEL cell nuclear extract 
3. Labeled 36-bp probe +MEL cell nuclear extract + cold competition probe 
4. Labeled 36-bp probe +MEL cell nuclear extract + Sox6 antibody (N-terminal)
5. Labeled 36-bp probe +MEL cell nuclear extract + Sox6 antibody (C-terminal)
 

* Done by Dr. Orit Cohen-Barak of our lab. 
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 Figure 2-8A.  Cold probes with mutagenized Sox/Sox6 binding site lose

their ability to compete in EMSA assay. EMSA assay was performed using
the radio-labelled 36-bp probe (WT) and the C-myc tagged Sox6 translated in
vitro. Competition was performed using 300 fold cold probes corresponding to
DNA sequences of WT, M1, M2, and M3 (Fig. 2-6), respectively.  
 
1: free probe 
2: probe +C-myc-Sox6 
3: probe +C-myc-Sox6 + cold wild-type probe for competition 
4: probe +C-myc-Sox6 + cold mutagenized probe (M1) 
5: probe +C-myc-Sox6 + cold mutagenized probe (M2) 
6: probe +C-myc-Sox6 + cold mutagenized probe (M3)  
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 Figure 2-8B. Disruption of Sox/Sox6 binding site of the 36-bp probe abolishes Sox6 binding

in the EMSA assay using c-myc tagged Sox6. EMSA was performed using radio-labeled
probes corresponding to the DNA sequences of the WT, M1, M2, and M3 (Fig. 2-6),
respectively.  C-myc tagged Sox6 translated in vitro was used 

 
1. M1 free probe;  
2:   M1 probe +C-myc tagged Sox6;  
3:   M1 probe +C-myc tagged Sox6 + 200 fold cold probe competition;  
4.   M1 probe +C-myc tagged Sox6 + anti-Sox6 antibody (C-terminal); 
5. M2 free probe;  
6. 6: M1 probe +C-myc tagged Sox6;  
7:   M2 probe +C-myc tagged Sox6 + 200 fold cold probe competition;  
8.   M2 probe +C-myc tagged Sox6 + anti-Sox6 antibody (C-terminal); 
9.   M3 free probe;  
10: M3 probe +C-myc tagged Sox6;  
11: M3 probe +C-myc tagged Sox6 + 200 fold cold probe competition;  
12. M3 probe +C-myc tagged Sox6 + anti-Sox6 antibody (C-terminal) 
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Chromatin immunoprecipitation assay (ChIP) was further applied to 

test whether Sox6 binds to the εy promoter in vivo (Fig.2-9). The Sox6-

containing complex was immunoprecipitated from GM979 cells transfected 

with CMV-Sox6 or from liver cells of dpc 15.5 mice using Sox6 antibody. 

Following crosslink reversal, PCR was used to amplify a 400-bp region 

flanking the εy promoter (nucleotides –103 to +296). Fig.2-9 shows that the 

εy proximal promoter is readily immunoprecipitated with Sox6 antibody in 

both GM979 cells transfected with Sox6 and liver cells. As negative 

controls, the α globin promoter and an intronic sequence of the P gene are 

not immunoprecipitated by Sox6 antibody. Thus, the ChIP assay shows that 

Sox6 binds to the εy proximal promoter in vivo. 

To investigate the functional significance of the intact Sox6/Sox 

binding sites, the εy promoter reporter constructs with mutagenized 

Sox6/Sox binding sites were co-transfected with the Sox6 over-expression 

vector into GM979 cells. Consistent with the protein-DNA binding assays, 

the mutagenzied εy promoter is less responsive to Sox6 over-expression in 

transfection studies (Fig.2-10). The above data clearly indicate that Sox6 
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acts as a repressor of the εy gene by directly binding to the εy promoter, 

consistent with the protein-DNA binding assays, 

 The murine cell line GM979 expresses both εy globin and Sox6. 

Therefore we examined whether or not the endogenous Sox6 of GM979 

cells binds to the 36-bp region of the εy promoter. Interestingly, there is no 

supershift of Sox6 using nuclear extracts from GM979 cells. On the other 

hand, we found that over-expression of Sox6 in GM979 cells represses εy 

promoter activity in a Sox6 dosage-dependent manner (Fig. 2-5B).  These 

results can be explained in following ways: First, it is possible that the 

endogenous Sox6 of GM979 cells is only capable of binding to the εy 

promoter with low affinity in GM979 cells or that the Sox6 expression level 

of GM979 cells is lower than in MEL cells. Only when it is over-expressed 

can Sox6 efficiently bind to the promoter and exert its repressor activity. 

This possibility is consistent with the dosage effect seen in transfection 

experiments (the more Sox6, the more repression of εy promoter).  Also, a 

lower binding affinity of the endogenous Sox6 in GM979 cells than in MEL 

cells may result from different interactors in the two cell lines. Second, the 

failure of the Sox6 antibody to super-shift the band may also reflect different 

binding partners that mask this same Sox6 epitope in GM979 cells. More 
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intriguingly, our preliminary results indicate that Sox6 exists in different 

isoforms in these two different cell lines (this will be further discussed at the 

section of “Remaining questions” of this chapter). This might also add to the 

complexity of the question: why is there a difference in Sox6’s function 

between these two cell lines?  
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Fig. 2-9. ChIP Assay showing that Sox6 binds to the εy promoter in 
vivo.  
 
GM979 cells (4x107) transfected with CMV-Sox6 (LEFT) or 15.5 dpc
fetal liver cells from three fetal livers  (RIGHT) were crosslinked with
formaldehyde and quenched with glycine. The DNA-protein complex
was sonicated (200-1,200 bp). Samples were then pre-cleared by pre-
immune goat serum and protein A sepharose overnight. 20% of sample
was saved as total input; remaining samples were incubated + goat anti-
Sox6 antibody (Santa Cruz). Samples were then washed and eluted.
The crosslink between protein and DNA was then reversed. PCR was
carried out using three primer pairs corresponding to genomic regions
of the εy promoter, α promoter, and intron 24 of the P gene. The PCR
amplicons are within the range of 400-600 bp. For all reactions, we
used 2 µl of immuno-precipitated DNA and 2 µl of 1/100 total input.
Semi-quantitative PCR was within the exponential range (32-38
cycles). A DNA(-) control was included in each amplification. 
 
 
 
 

 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 



 110

 
 
 
 
 
 

Epsilon promoter reporter constructs with mutagenized Sox6/Sox binding 
site are less responsive to Sox6 repression 
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Figure 2-10. Reporter constructs with mutagenized Sox/Sox6
functionally alleviate Sox6 repression. As shown, εy promoter
reporter constructs with Sox6/Sox sites mutagenized were co-
transfected with either empty vector or CMV-Sox6 into GM979 cells.
The fold of repression by Sox6 is presented. Triplicates were done for
each experiment. 
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Remaining questions and future directions: 

 

1. How does Sox6 act as a repressor on the εy promoter? 

 

Here we showed that Sox6 acts as a repressor of the εy globin gene by 

directly binding to its proximal promoter. Transcriptional repressors exert 

their functions via different mechanisms. Some counteract the activity of 

positively acting transcription factors. Others inhibit the basal transcriptional 

machinery. In addition, the repression of transcription is often intimately 

associated with chromatin remodeling. A recent study89 showed that a group 

of HDAC (histone deacetylase) inhibitors (the most potent of which is 

M344, an analogue of Trichostatin A) induced both human γ globin gene 

expression and the expression of murine embryonic genes including εy via 

increasing acetylation of histone H4.  The possibility that Sox6 represses εy 

globin via a mechanism associated with histone deacetylation was 

investigated. I used an HDAC (Histone Deacetylase) inhibitor, Trichostatin 

A (TSA) to test if HDAC is involved in Sox6 repression of εy globin. The 

idea is that if Sox6 acts as a repressor by recuiting histone deacetylase and 



 112

changing chromatin structure, the HDAC inhibitor would be able to alleviate 

or abolish the Sox6 repression on the εy promoter. However, Trichostatin A 

does not abolish Sox6 repression of the εy promoter in our GM979 

transfection assay, suggesting that histone deacetylation might not be 

important in the mechanism of Sox6 repression of the εy promoter. The 

more definitive answer to this question will be obtained by an experiment 

using the more potent HDAC inhibitor, M344. Interestingly, even though 

TSA did not abolish Sox6 repression, it did increase the εy promoter 

baseline activity tremendously, consistent with the previous reports that 

chromatin histone modification plays a role in εy gene regulation89. Sox 

proteins like other HMG box domain factors, bind and bend linear DNA by 

partial intercalation in the minor groove, and can also bind to four-way 

junctions13-15. Therefore, one attractive model to explain how Sox6 proteins 

control gene expression is that it functions as an architectural factor bound to 

DNA, influencing local chromatin structure through the capacity to bend 

DNA and to assemble multi-protein transcriptional complexes. By changing 

the local chromatin structure, Sox6 could interfere with binding of other 

activators to the promoter. An example of a repressor that interferes with an 

activator on the εy promoter is DRED. DRED interferes with EKLF, an 
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activator, in binding to the εy promoter.39 Identification of other components 

of the Sox6-containing complex within the εy promoter will shed light on its 

repression mechanism. Interestingly, further analysis of the defined 36-bp 

DNA sequence of the εy globin proximal promoter reveals a potential 

binding motif for glucocorticoid receptor (GR).  This raises the possibility 

that GR binds to this region as well. The EMSA assay using a c-Myc tagged 

Sox6 translated in vitro by reticulocyte lysate (Fig. 2-7A) reveals a very high 

molecular weight complex, suggesting that the complex contains other 

proteins in addition to Sox6. These proteins most likely come from the 

reticulocyte lysate. To test if GR binds to the 36-bp region of the εy globin 

proximal promoter, EMSA assay was performed. It showed that a GR-

specific antibody super-shifted the complex, suggesting GR binds to this 

DNA sequence (Fig.2- 11). Further in vivo experiments such as ChIP assay 

should be performed to verify that GR indeed binds to the εy proximal 

promoter. 
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Figure 2-11. EMSA using in vitro translated C-myc tagged Sox6 in
reticulocytes showed GR binds to the 36-bp region of the εy promoter. EMSA
was performed using the radio-labled 36-bp probe corresponding to the WT DNA
sequence (Fig. 2-7). C-myc-tagged Sox6 translated in vitro was used. Supershift
assay was performed using Sox6 or GR antibodies. 
 
1: Free radio-labeled probe 
2. 36-bp radio-labeled probe + C-myc tagged Sox6 
3. 36-bp radio-labeled probe + C-myc tagged Sox6 +200 fold excess cold probe 
competition 
4. 36-bp radio-labeled probe + C-myc tagged Sox6 + Sox6 antibody (C terminal) 
5. 36-bp radio-labeled probe + C-myc tagged Sox6 + GR antibody 
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2. Why are there abnormally nucleated red cells in Sox6-deficient 

mice? 

 

In the p100H mutants, there are a large number of abnormally nucleated 

red cells in both peripheral blood and liver. Based on their morphology, 

these cells are most likely defective definitive erythrocytes that are delayed 

to enucleate. This phenotype of p100H mice bears striking resemblance to that 

of mice deficient of Socs3, Rb, or DnaseII 90-94. Normally, red cells of 

mammals lose intermediate filaments and microtubules during terminal 

differentiation and enucleate prior to entering the bloodstream. Thus, 

erythrocytes of adult mammals are enucleated and contain only one 

filamentous system, a membrane cytoskeleton95. One of the molecular and 

structural changes that precedes enucleation in red cells of the definitive 

lineage is the cessation in the expression of the gene for the intermediate 

filament (IF) protein vimentin and the removal of all vimentin filaments 

from the cytoplasm95.  In addition, it appears that fetal liver macrophages 

(FLMs) are indispensable for definitive erythropoiesis96. The enucleation of 

red cells is aided by macrophages. The macrophages not only bind to 

immature nucleated erythrocytes (erythroblasts) to form 'islands' that nurture 
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red-cell synthesis but also gobble up the nuclei left behind by mature 

erythrocytes as they leave the island to enter circulation.97 Mice deficient of 

DNase II lose their ability to enucleate, most likely because Dnase II in 

macrophage is responsible for destroying the nuclear DNA expelled from 

erythroid precursor cells.94 In addition, it has been shown by others that Rb 

regulates the maturation of macrophages and Rb-deficient embryos have 

lethal anaemia and the persistence of nucleated erythroid cells in both the 

peripheral blood and liver, almost an identical phenotype to that of P100H 

mice.90-92 We can speculate what might cause the inability of definitive 

erythrocytes to enucleate in our P100H mice. First, loss of Sox6 has been 

shown to cause severe degeneration in skeletal and cardiac muscle.  

Therefore, it might be due to the deregulation of intermediate filaments, such 

as vimentin, in erythrocytes of the Sox6-deficient mice. Immunostaining 

with anti-vimentin antibody in fetal liver of both mutant and wild type mice 

will shed light to this possibility. Second, the P100H mice might have a defect 

in macrophage development, like in Rb-deficient mice. Checking the 

macrophage markers such as CSF-1R in the livers of P100H mice by western 

blot or immunopstaining technique would provide some insights to this 

possibility.  
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3.  Does human SOX6 acts as a repressor of the human ε promoter?  

 

We have shown here that Sox6 plays a major role in murine εy gene 

silencing. The question remains whether Sox6 also plays a role in the human 

εy gene regulation. When we transiently co-transfected over-expressed Sox6 

in a human cell line, K562, and a human ε proximal promoter reporter 

construct that is structurally similar to our mouse counterpart, we saw a 

repression of ε promoter activity by Sox6, though to a lesser extent (Fig. 2-

12). This suggests that Sox6 likely acts similarly as its mouse counterpart 

repressing ε gene in human. The definitive answer to this question can be 

addressed by crossing a mouse transgenic for the human beta-globin locus 

with our Sox6-deficient mouse.  
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Figure 2-12: Human epsilon proximal promoter responds to 
Sox6 over-expression. 
 
The human proximal promoter construct (-60 to +25) as shown
above was co-transfected with CMV-Sox6.  Repression was
detected, although to a much less extent as compared to its
murine counterpart. Triplicates were done for the experiments. 
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4.  Can manipulation of Sox6 expression cause re-activation of εy? 

 

We have shown that the lack of Sox6 during development causes 

persistent expression of εy globin. So, can we re-activate εy gene expression 

if we genetically silence Sox6 at a developmental stage when the εy gene is 

already silenced? This question is critical for determining the efficacy of 

Sox6 as a target for sickle cell anemia.  To begin to answer this, MEL cells 

were used as a model. MEL cells are a murine erythroleukemic cell line that 

only expresses adult beta globins. In our EMSA assay, we have already 

shown that Sox6 binds to the εy promoter and presumably acts as a 

repressor. What will happen if Sox6 expression is silenced in this cell line? 

SiRNA was used to target Sox6 expression and εy gene expression was then 

evaluated using RT-PCR.  A series of three Sox6 SiRNA constructs were 

built targeting different regions of Sox6 coding sequences. First, to estimate 

if the SiRNA constructs can efficiently target Sox6 expression, all of these 

constructs were transiently co-transfected with the E-luc reporter construct 

along with Sox6 over-expression vector in GM979 cells. All SiRNA 

constructs abolished Sox6 repression, suggesting these all SiRNA constructs 
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efficiently targeted Sox6 expression. All of these constructs were then 

transiently transfected in MEL cells and RNA from these cells was subjected 

to RT-PCR analysis of εy gene expression. However, repeated experiments 

demonstrated that no εy mRNA can be detected in MEL cells using RT-PCR 

despite a significant portion of Sox6 expression is targeted by transfected 

SiRNA constructs.  The result of this experiment can be interpreted in 

different ways. First, the εy gene promoter in MEL cells is already silenced 

and it may not be re-activated even though Sox6 could be efficiently silenced 

because the chromatin structure is already compacted. The silencing of εy 

gene apparently involves multiple factors, changes in only of them, Sox6, 

might not be sufficient to reactivate the gene again. Second, it is possible 

that the SiRNA does not knock down Sox6 expression enough for us to see 

an effect, since we know that a heterozygous mouse with only 50% of Sox6 

does not have persistent expression of εy. Even though these SiRNA 

constructs work well in targeting over-expressed Sox6, its exact efficiency is 

hard to know given the nature of transient transfection. Generating a stable 

MEL cell line with Sox6 targeted by SiRNA would answer this question 

more definitively. 
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5. Are there any functional differences for different Sox6 isoforms? 

 

At least four different Sox6 isoforms have been identified in mouse88. As 

shown in the figure 2- 13, primer pair No.1 does not amplify a band in 

GM979 cells as it does in MEL cells and liver RNA, indicating different 

Sox6 isoforms exist in GM979 cells and MEL cells.  The Sox6 over-

expression vector used in our transfection assay encodes an isoform that can 

be amplified by primer pair No.1.  Does the lack of the MEL cell type Sox6 

isoform in GM979 cells explain why the GM979 endogenous Sox6 does not 

bind to the εy promoter as its MEL counterpart? To answer this question for 

certain, the following experiments can be done. First we can isolate the 

GM979 -specific isoforms using RT-PCR. Then, these isoforms can be over-

expressed in GM979 cells to see if it can repress the εy promoter in our 

reporter transfection system.  
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Figure 2-13. Different isoforms of Sox6 in different cell lines. Four different
isoforms of Sox6: cc: coiled-coiled domain. As shown, primer pair 1 does not
amplify a band in GM979 cells as in MEL cells and liver RNA. Primer pair 2
amplify a band in GM979 cells, MEL cells, and liver RNA. 
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Materials and Methods: 

 

Plasmid construction: The εy promoter deletion reporter plasmid (E-luc) 

(Fig. 2-7A) was generated by PCR amplification of the εy proximal 

promoter.  2.2 kb upstream of εy promoter was first amplified because it has 

been shown that that all sequences required for ε gene silencing are located 

in a 3.7 kb EcoRI fragment containing about 2 kb of sequence upstream of 

the ε -globin gene cap site35.  The PCR primers (table 2-1) contain XhoI and 

HindIII sites that were used to clone the εy promoter fragment upstream of 

the firefly luciferase gene in pGL3 Basic (Promega). A 2.5-kb XhoI/SstI 

fragment of µLCRβ 9.3 Kb (micro LCR)  (gift of Dr. Elliot Epner) was then 

cloned upstream of the εy promoter in the above pGL3 Basic plasmid, 

resulting in A reporter construct with luciferase expression driven by the εy 

promoter.  NB: The LCR is required for a reasonable expression level of 

globin genes. Lack of an LCR would result in very low levels of expression 

that would preclude the promoter analysis. The micro LCR contains all the 

elements.  Sox6-pCDNA3.179 was used to over-express Sox6. A truncated 

version of the Sox6 over-expression construct (Sox6-∆HMG-pcDNA3.1) that 
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lacks the HMG domain was generated as described by others before84. 

Mutagenesis of Sox6/Sox consensus binding sites of the εy promoter was 

done by PCR. All the constructs were sequenced. 

 

Quantification of globin mRNA: Primers (table 2-2) for RT-PCR 

amplification of globin genes were obtained from Primerbank98. Using the 

Sybr-green assay kit, PCR amplification was run at a University of Arizona 

facility. GAPDH mRNA level was used as control for input RNA.  

 

Morphological examination of mouse blood:  

Periperal blood smears were prepared from both mutant and wild type mice 

at difference developmental stages (dpc14.5, 17.5 and 18.5). The slides were 

stained and read by Dr. Fuchs of the Department of Pathology, at the 

University of Arizona, College of Medicine. 
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Northern Blot:  

Cells from fetal liver were harvested for total RNA isolation using the 

UltraSpec RNA Isolation kit (Biotecx). For northern blot hybridization, 

equal amounts of total RNA (10 µg/lane) were subjected to electrophoresis 

on a 1.2% agarose gel in the presence of 5.5% formaldehyde and transferred 

by the alkaline method to a nylon membrane (Hybond N+; Amersham). The 

membranes were hybridized with distinct cDNA probes obtained by RT–

PCR and confirmed by sequencing. Probes were labeled with [32P]dCTP, by 

random primer labeling (RediprimeII; Amersham Pharmacia Biotech). The 

hybridization was performed in phosphate buffered 7% SDS hybridization 

solution. Blots were washed with 0.2x SSC, 1% SDS at 60°C prior to 

exposure to X-ray film (Kodak) at –80°C from 3 h to 6 days. A mouse 

embryonic tissue Northern blot filter was purchased from Clontech. The 

filters were hybridized with mouse globin gene probes (generated by RT-

PCR using primers listed table 2-3 or a Sox6 probe following the 

manufacturer’s protocols and exposed to X-ray film (Kodak) at –80°C for 19 

h. GAPDH probe was used as a control for the amount of RNA loaded. 
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Cell culture and transfections:  GM979 cells  (Coriell Cell Repositories) 

were cultured in Ham's F12 with 2mM L-glutamine supplemented with fetal 

calf serum (10%, HyClone), Penicillin (100 units/ml), Streptomycin 100 

µg/ml) and L-glutamine (2 mM). MEL cells were cultured in cultured in 

RPMI 1640 supplemented with fetal calf serum (10%, HyClone), Penicillin 

(100 units/ml), Streptomycin (100 µg/ml) and L-glutamine (2 mM). GM979 

cells and MEL cells (2 x106) in log phase of growth were transfected with 

plasmid by Fugene6 (Roche). Cells were transfected with E-luc reporter 

constructs along with either empty vector or with Sox6 over-expression 

vector. pRL-CMV (15ng, Promega) was used to control for transfection 

efficiency.  

 

Nuclear protein extract and in vitro translation of Sox6:  

Nuclear extract preparation: Nuclear extracts were prepared from MEL cells 

(2 x 107) using a kit from Activemotif.  In vitro translated Sox6 expression 

vector tagged with c-Myc was described as before79. The translation was 

performed in a reticulocyte in vitro translational system (Promega). A vector 

without the Sox6 coding sequence was also translated as a negative control. 
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EMSA: Single stranded complementary oligonucleotides (table 2-4) were 

annealed and end-labeled with [γ-32P] ATP with T4 polynucleotide kinase. 

EMSA was performed with 10 µg nuclear proteins form MEL cells or 3 µl 

in vitro translated Sox6 in binding buffer (100 mM NaCl, 10% glycerol, 200 

ng/µl BSA, 50 ng/µl poly (dI-dC), 10 mM HEPES (pH 7), 0.1 mM EDTA, 

0.25 mM DTT, 0.6 mM MgCl2). For competition or supershift assays, the 

indicated unlabelled oligonucleotide competitor (200-fold molar excess) or 

antibody (3 µl) were added 30 min prior to addition of radiolabeled probe. 

Following addition of the radiolabeled probe, the samples were incubated for 

30 min at room temperature and loaded on a 4 or 6% (w/v) polyacrylamide 

gel. Electrophoresis was performed at a constant 19 mAmp for 6-10 hrs at 

room temperature and the gels were dried prior to autoradiography. 

Antibodies used for supershift analysis included a polyclonal c-Myc and 

Sox6 antibodies. The DNA sequences of the oligonucleotides are shown in 

the table 2-4.   

 

ChIP assay Chromatin immunoprecipitation (ChIP):  GM979 cells (2 x 107) 

transfected with CMV-Sox6 or fetal liver cells from three dpc15.5 mice were 

incubated with formaldehyde (1%) for 10 minutes at 37oC. Glycine was 
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added to a final concentration of 125 mM to halt the cross-linking. Cells 

were harvested, washed with PBS supplemented with a protease inhibitor 

cocktail (Roche) and lysed in ChIP lysis buffer (Upstate Biotechnology) 

supplemented with protease inhibitors as above. Chromatin was sheared by 

sonication to an average length of 200–500 bp (5 x 10s pulses, 30% 

maximum, Microson XL200, Misonix) and diluted 10-fold in ChIP dilution 

buffer (Upstate Biotechnology) supplemented with protease inhibitors. One-

tenth of the total sample was removed to be used as input DNA. The 

remaining sample was pre-cleared with salmon sperm DNA/protein in an 

agarose slurry (Upstate Biotechnology) and divided into aliquots for 

immunoprecipitation. Each aliquot represented ~9 x 106 cells. 

Immunoprecipitation reactions were performed with 10 µL of antibody 

specific for Sox6 or with normal rabbit IgG (Upstate Biotechnology) 

overnight at 4oC with rotation. The chromatin-antibody complexes were 

collected with salmon sperm DNA/protein A agarose slurry and washed 

sequentially with low salt wash, high salt wash, LiCl wash and TE (ChIP 

Assay kit, Upstate Biotechnology) The chromatin-antibody complexes were 

eluted (1% SDS, 0.1M NaHCO3) and the DNA-protein cross-links were 

reversed at 65oC for 4 hs. All samples were recovered by phenol/chloroform 
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extraction and ethanol precipitation using glycogen (20 µg) as a carrier.  

Input DNA or immunoprecipitated DNA was used as template in the PCR 

reaction. PCR amplification of εy promoter was performed and yielded a 

352 bp amplicon, corresponding to nucleotides –103 to +296 of the εy 

promoter. PCR was performed under the following conditions: 95oC for 15 

min followed by 30 cycles at 95oC for 30 sec, 60oC for 30 sec and 72oC for 

45 sec, ending with a final extension at 72oC for 5 min.  

 

SiRNA: A DNA vector-based RNAi method was used to target Sox6 

expression.  I used the mU6pro vector (a gift from Dr. Robert Erickson) that 

contains the mouse U6 snRNA promoter (RNA polymerase III) with a Bbs1 

cloning site arranged to allow insertion of siRNA template sequences after 

the first nucleotide of the U6 RNA. Oligos with Bbs1/Xba1 overhang 

corresponding to different regions of Sox6 mRNA were annealed and cloned 

into the mU6pro vector. The sequences of these oligos are listed in the table 

2-5. 
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Table 2-1 εy deletion promoter cloning primers 
 

MHB 
1457 

CCGCTCGAGTGCTAGGCAAACACTCA 

MHB1477 CGGAAGCTTGGGAGGTTGCTGGTGA 
MHB 
1502 

CCGCTCGAGGGTCAACAGTTCTCTCACCTTAC 

MHB 
1503 

CCGCTCGAGTCTCTACACTGTCACTCCCTG 

MHB 
1505 

CCGCTCGAGGGAGCCAAAAAAAGAATGC 

MHB 
1506 

CCGCTCGAGCTGACCAATGGCTTCAAAG 

MHB 
1532 

CCGCTCGAGAATGCAGAACAAAGGGTCAGA 

MHB 
1507 

CCGCTCGAGGTCTGCGAAGAATAAAAGGC 

MHB 
1661 

CCGCTCGAGAATGCAGTGCCAAGGGTCAGAACATTGTCTGCGAAG 

MHB1662 CCGCTCGAGAATGCAGAACAAAGGGTCAGATGAGTGTCTGCGAAGAA 
MHB1663 CCGCTCGAGAATGCATGCCAAGGGTCAGATGAGTGTCTGCGAAGAA 
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Table 2-2 Real time PCR for mouse globin genes 
 

MHB1666 TGGCCTGTGGAGTAAGGTCAA 
MHB1667 GAAGCAGAGGACAAGTTCCCA 
MHB1668 CTACCCCCAGACGAAGACCTA 
MHB1669 CTTAACCGCATCCCCTACGG 
MHB1670 CACCACCAAGACCTACTTTCC 
MHB1671 CAGTGGCTCAGGAGCTTGA 
MHB1672 TGGACAACCTCAAGGAGACC 
MHB1673 ACCTCTGGGGTGAATTCCTT 
MHB1674 ATGGCCTGAATCACTTGGAC 
MHB1675 ACGATCATATTGCCCAGGAG 

 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 

 



 132

 
Table 2-3. Northern Blot probes generated by the following primers 
 

εy MHB1132 CTGTGGAGTAAGGTCAATGTTG 
 MHB1134 TGCTTTCAAGGAACAGTCC 
Beta 
major/minor 

MHB1136 TTGACTCACAACCCCAGAAACAG 

 MHB1137 GCCAACAACTGACAGATGCTCTC 
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Table 2-4. EMSA probes (only the forward oligo) 
 

MHB1556 AATGCAGAACAAAGGGTCAGAACATTGTCTGCGAAG 
MHB1644 AACAAAGGGTCAGAACATTGTCTGCGAAG  

 
MHB1648 AATGCAGAACAAAGGGTCAGAtgagTGTCTGCGAAG 
MHB1650 AATGCAGtgccAAGGGTCAGAACATTGTCTGCGAAG 
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Table 2-5 SiRNA cloning primers: 
 

MHB1486 TTTGCGACCAATGAATGCGTTCTTCAAGAGAGAACGCATTCATTGGTC
GCTTTTTTGGAA 

MHB1487 CTAGTTCCAAAAAAGCGACCAATGAATGCGTTCTCTCTTGAAGAACGC
ATTCATTGGTCG 

MHB1488 TTTGATTAATCTCCTGCAGCAATTCAAGAGATTGCTGCAGGAGATTAA
TCTTTTTTGGAA 

MHB1489 CTAGTTCCAAAAAAGATTAATCTCCTGCAGCAATCTCTTGAATTGCTGC
AGGAGATTATTA 

MHB1490 TTTGAAGCTGGAGGAGATGACTTTCAAGAGAAGTCATCTCCTCCAGCT
TCTTTTTTGGAA 

MHB1491 CTAGTTCCAAAAAAGAAGCTGGAGGAGATGACTTCTCTTGAAAGTCAT
CTCCTCCAGCTT 
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CHAPTER THREE: SUMMARY AND FUTURE 

DIRECTION 
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My dissertation is focused on the genetics analyses of a mouse 

mutation, p100H. This mutation is caused by a radiation-induced 

chromosomal inversion that disrupts both the p gene and Sox6. The human 

counterparts of these two murine genes are either known to cause human 

disease (human P gene) or have potential implication in developing new 

strategy to treat human diseases (SOX6). 

The p gene is a pigmentation gene that encodes a transmembrane 

protein. Mutations in both the murine p gene and its human counterpart, P, 

cause hypopigmentation. In humans, oculocutaneous type 2 (OCA2), the 

most common type of albinism, is caused by mutations in P gene. Part of my 

dissertation addresses P gene mutations in albinism. I found that albinism 

among a Native American tribe, the Navajos, is caused by a homozygous 

deletion of 122.5 kb of genomic DNA, including exons 10 20 of the P gene, 

indicating that albinism among the Navajos is OCA2. This deletion of P 

gene is Navajo-specific came from a founder mutation. The estimated age of 

the deletion is 400 1,000 years. In addition, I found that many patients with 

Hermansky-Pudlak syndrome-like clinical presentations actually carry P 

gene mutations. This highlights the importance of molecular analysis in 

clinical diagnosis. 
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Chapter Two of my dissertation revealed a novel function of Sox6. I 

found that Sox6 is an essential factor in mouse epsilon globin gene silencing 

and red cell development. The loss of function of Sox6 in our mouse model, 

p100H, causes a persistent expression of embryonic epsilon globin and a 

defect in the enucleation process during red cell maturation. Sox6 acts as a 

repressor of epsilon globin by directly binding to its proximal promoter, 

repressing its activity at the transcriptional level. The temporal and spatial 

expression pattern of Sox6 strongly suggests that it functions in definitive 

erythropoiesis.  Elucidation of how Sox6 represses epsilon globin 

mechanistically and how Sox6 gene expression, itself, is regulated in 

erythropoiesis may provide us with tools to develop a new strategy to 

reactivate epsilon globin expression in patients with diseases such as sickle 

cell anemia and thalassemia. Identification of interacting partners of Sox6 on 

the εy globin promoter will be most helpful for us to understand the 

mechanism by which Sox6 represses the εy globin.  
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