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Abstract

Imitation Switch (ISWI) is a member of the Switch2/Sugar Non-Fermenting2 

(SWI2/SNF2) superfamily of ATP (adenosine triphosphate) - dependent chromatin 

remodelers. Twenty different ISWI complexes have been identified so far in yeast, 

Drosophila, Xenopus and mammals. Three ISWI-containing complexes, WSTF-ISWI 

chromatin remodeling complex (WICH), ATP-dependent chromatin assembly and 

remodeling factor (ACF) and chromatin accessibility complex (CHRAC), have been 

characterized in Xenopus. Loss of ISWI function in Xenopus embryos results in severe 

defects in neural and eye development, including loss of retinal differentiation and 

formation of cataracts. We have begun to dissect the contributions of individual ISWI- 

dependent complexes to development, by using in situ hybridization and antisense 

morpholino knockdowns against subunits unique to different ISWI-containing 

complexes. Here I have investigated the WICH complex in and have targeted

the WSTF subunit. Whole mount in situ hybridization shows WSTF localized in the 

neural tissue including eye, brain, branchial arches and neural tube/ spinal cord. Injection 

of antisense morpholino oligonucleotides into fertilized eggs leads to misregulation and 

aberrant expression of genes involved in neural patterning and development, such as 

Bone morphogenetic protein 4 (BMP4) and Sonic hedgehog (Shh). Whole mount in situ 

hybridization shows mislocalization of BMP4 in the probable deformed neural tube of 

WSTF knockdowns. All these data suggest that WSTF is critical for neural development.
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Chapter 1 

Introduction 

1.1: Chromatin structure and remodeling

In eukaryotic cells, DNA, the genetic material, is housed within the nucleus. For 

a cell to survive and function, the DNA must be transcribed into RNA, which in turn 

must be translated into functional protein molecules. The resulting proteins have 

countless critical roles in the body, including structural and enzymatic functions.

The nucleus of a mammalian cell is typically 5-50jxm in diameter while the total 

DNA is approximately over 2 meters in length. Despite this length, the nucleus is able to 

house the DNA, because the DNA is highly condensed into a complex structure called 

“chromatin”, which is a complex of DNA and proteins. The basic structural unit of 

chromatin is the nucleosome (Figure 1.1).

Each nucleosome consists of 147bp of DNA coiled around a histone octamer 

leading to the first order of compaction. The histone octamer consists of two copies each 

of four core histones: H2A, H2B, H3 and H4. All histones have N-terminal tails that 

extend beyond the DNA in the nucleosome, while histone H2A has both N- and C- 

terminal tails (note that these tails are not visible in the ribbon diagram constructed from 

the crystal structure shown in Figure 1.1). Nucleosomes are rich in basic amino acids 

(lysine and arginine) and the histone core domains are among the most highly conserved 

protein domains in eukaryotes.
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Figure 1.1. Nucleosome core particle: Ribbon diagram for the 147-bp DNA 

phosphodiester backbones (brown and light green). The eight histone protein core 

domains are shown in blue: H3; green: H4; yellow: H2A; red: H2B (adapted from Luger 

et al., 1997).



Nucleosomes are connected by variable lengths of linker DNA. This nucleosomal 

organization is repeated throughout the length of the DNA forming a “beads on string” 

arrangement that forms a DNA fiber 11 nm in diameter. Besides the core histones there 

are linker histones like HI that interacts with nucleosomal core as well as linker DNA. 

Linker histones bind the entry and exit site of the nucleosome. The basic amino acids on 

histones tails also interact with the negatively charged DNA on other nucleosomes 

through electrostatic interactions. All these interactions facilitate the formation of the 

second order of compaction, which is a chromatin fiber 30 nm in diameter. Beyond this, 

the chromatin folds into higher order chromatin structures, which include loops and 

superhelical structures that are poorly understood, ultimately leading to the highly 

compacted metaphase chromosome that is 1400 nm in diameter (Figure 1.2).

This high level of compaction of the DNA in eukaryotic nucleus renders it 

inaccessible to the general transcription machinery. Thus transcriptional regulation is not 

only dependent upon the activation of the transcription factors but also on the complex 

chromatin structure. There are also specific histone modifications on histone tails that lay 

down the ‘histone code’ that also contribute towards the transcriptional profile of a 

particular cell type in a specific developmental stage.

Thus, chromatin remodeling is essential for altering chromatin compaction so that 

cells can function. This remodeling is achieved by two general mechanisms by two 

groups of chromatin remodeling enzymes: histone modifying enzymes and ATP- 

dependent chromatin remodeling complexes.
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Figure 1.2. Condensation of DNA: DNA is wound around the octamer of core 

histones forming the nucleosomes, which further condense ultimately forming the 

1400 nm mitotic chromosome, so that the DNA can fit inside the eukaryotic 

nucleus. Higher order structures are hypothetical (Felsenfeld and Groudine, 2003).
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Histone modifying enzymes covalently modify particular amino acid residues on 

histone tails. Many histone modifications have been described, but the best characterized 

are acetylation, phosphorylation, methylation and ubiquitylation. These covalent 

modifications alter the interactions between DNA and histones and produce new binding 

surfaces for other factors to bind (Imhof, 2006). Some of these modifications are 

correlated with activation of certain genes while some of them lead to repression.

Figure 1.3 illustrates two examples of how histone modifications work. The 

unmodified histones have a high degree of positive charge, mainly from lysine and 

arginine residues, that allows the negatively charged DNA to associate tightly with the 

histones in a closed configuration. This DNA-histone contact is altered through changes 

in electrostatic interaction. For example, lysine 16 (K16) residue on H4 tail has a 

positive charge when unmodified. This residue can be acetylated by KATs (lysine 

acetyltransferases, previously known as HATs, or histone acetyltransferases). This leads 

to neutralization of the positive charge leading to the formation of a more open chromatin 

structure making the chromatin environment conducive to gene activation (reviewed in 

Wang et al., 2007a).

On the other hand, some modifications can form binding surfaces for specific 

non-histone proteins. These proteins have domains that recognize only specific 

modifications on histone tails. For example, the ‘bromodomains’ recognize only 

acetylated lysine (Zeng and Zhou, 2002) while ‘chromodomains’ bind to methylated 

lysine (Bannister et al., 2001). Bromodomains are involved in gene activation.
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Figure 1.3. Histone covalent modifications: Mechanisms of covalent modifications of 

histone tails (adapted from Wang et ah, 2007a). SWI/SNF subfamily proteins contain 

bromodomains. Me: methylated; Ac: acetylated.
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For example, Rsc4, a component of yeast chromatin remodeling complex RSC, contains 

two bromodomains that bind acetylated lysine 14 (K14) on H3 (H3K14ac), resulting in 

gene activation (Kasten et al., 2004). Recognition of histone acetylation by 

bromodomains is also selective in nature. For example, Gcn5 binds to H4K16ac (Owen 

et al., 2000) while Brd2 protein recognizes H4K12ac (Kanno et al., 2004). 

Chromodomains, on the other hand, are involved in either gene activation or repression 

depending on which lysine has been methylated. An example of a chromodomain 

containing protein is HP1 that recognizes methylated lysine (K9) on histone H3 

(H3K9me3), facilitating the formation of a closed conformation leading to gene 

repression or heterochromatin formation (reviewed in Wang et al., 2007a). On the other 

hand, the bromodomain of Chdl protein interacts with H3K4me which is associated with 

active transcription (Pray-Grant et al., 2005).

The second group of chromatin modifiers, the ATP-dependent chromatin 

remodelers, works through two distinct mechanisms (Figure 1.4). They utilize the energy 

of ATP hydrolysis to alter the DNA-histone interactions. Firstly, they can slide and 

displace the nucleosome along the DNA. Secondly, they can also exchange one 

nucleosomal subunit (like H2A-H2B dimers with H2A variants etc, which can be 

unmodified or pre-modified) for another. These activities expose or conceal specific sites 

on the DNA to cellular machinery, or alter the basic chromatin composition by 

exchanging one histone variant for another (Cairns, 2005; Johnson et al., 2005).
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Figure 1.4. ATP-dependent chromatin remodeling: Schematic showing the two 

general mechanisms (A and B) of ATP-dependent chromatin remodeling as described in 

text. The red mark indicates some histone modification (adapted from Wang et al., 

2007b).



All of these ATP-dependent chromatin remodelers belong to the SW12/SNF2 

superfamily, which has at least 7 major subfamilies. These subfamilies include SNF2, 

CHD1, INO80, CSB, RAD54, DDM1 and ISWI. Many of these have been identified in 

several organisms and their structures and functions characterized. All contain a catalytic 

subunit belonging to the SWI2/SNF2 superfamily of proteins (Eisen et al., 1995). The 

structure and function of these enzymes are highly conserved in eukaryotes from yeast to 

humans. Subfamilies are defined by the degree of similarity between their ATPase 

domains and the presence of other characteristic domains. Members of the SNF2 

subfamily contain a bromodomain (Marmorstein and Berger, 2001). Members of the 

CHD (Chromodomain Helicase DNA binding) protein family contain two tandem 

chromodomains and may also contain PHD fingers; both of which interact with 

methylated histone tails (Li et al., 2006a; Pena et al., 2006; Shi et al., 2006; Woodage et 

al., 1997; Wysocka et al., 2006). All INO80 homologs found in humans, Drosophila, 

yeast and plants contain a conserved domain known as DBINO (DNA binding INO) 

(Bakshi et al., 2004); this domain of human INO80 has been shown to bind DNA non- 

specifically (Bakshi et al., 2006). The CSB subfamily members enable transcription- 

coupled repair (Laposa et al., 2007). Members of the ISWI (Imitation Switch) subfamily 

contain a HAND-SANT domain in the carboxy-terminal half of the protein (Boyer et al.,

2002) which is linked to a SLIDE domain by an alpha-helical spacer (Grune et al.,

2003); the SLIDE domain interacts with nucleosomal DNA (reviewed in Dirscherl and 

Krebs, 2004; Mellor, 2006).
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There is evidence of cross talk between the two kinds of remodelers. For 

example, Gcn5 (a KAT), acetylates lysine 753 on ISWI and lysine 14 on H3 both vitro

and in vivo, suggesting a direct cross-talk between two different remodeling mechanisms 

(Ferreira et al., 2007). Also, in Drosophila, NURF (an ISWI complex) is suggested to 

recruit AD AC (a KAT) to enable H4-K12 acetylation in order to regulate global 

chromosome structure (Carre et al., 2007). Thus the distinct affinity of a chromatin 

remodeler for one or more specific histone modifications may serve to target it to a point 

in the chromatin that has been specifically marked by the gene regulatory apparatus. This 

may impart to it distinct roles in developmental processes (reviewed in de la Cruz et al., 

2005; de la Serna et al., 2006). All of the SWI2/SNF2 ATPases function as subunits of 

larger protein complexes. While the ATPase subunit serves as the motor that hydrolyses 

ATP and translocates histone cores along the DNA, the non-ATPase subunits of 

remodeling complexes may interact with tissue-specific transcription factors to target 

remodeling activity to specific genes, or may alter other structural features of the 

complex. The targeting of remodeling complexes both by specific histone marks and by 

tissue-specific transcription factors can exquisitely regulate remodeling activities to play 

a variety of roles in development (Cairns, 2005; Saha et al., 2006).

This thesis describes the expression patterns and developmental function of 

WSTF, which is a subunit of WICH - an ISWI-dependent complex in Therefore

in the next section, I will discuss in detail the role of Imitation Switch (ISWI) subfamily 

in development of different organisms known to date.
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1.2: The role of ISWI subfamily in development

The ISWI family is the largest and most diverse subfamily of ATP-dependent 

remodelers characterized thus far. In addition to the SWI2/SNF2 superfamily ATPase 

domain, members of the ISWI family are distinguished by the SANT-SLIDE domains in the 

C-terminal half of the protein. The ISWI protein was first identified in Drosophila, in which 

it is found in three different chromatin remodeling complexes: NURF (nucleosome 

remodeling factor), ACF (ATP-dependent chromatin assembly and remodeling factor), and 

CHRAC (chromatin accessibility complex) (Becker et al., 1994; Ito et al., 1997; Tsukiyama et 

al., 1994; Tsukiyama et al., 1995; Tsukiyama and Wu, 1995). Subsequently, ISWI-containing 

complexes have been identified in yeast, Xenopus, Arabidopsis and mammals. There are two 

ISWI homologs in budding yeast, Iswland Isw2 (Tsukiyama et al., 1995), that are present in 

the lsw la, Iswlb, and Isw2/yCHRAC complexes (Iida and Araki, 2004; Tsukiyama et al., 

1999; Vary et al., 2003). In Xenopus three ISWI-containing complexes have been 

characterized: ACF, CHRAC and WICH (Bozhenok et al., 2002; Guschin et al., 2000). 

Mammals have two ISWI homologs, SNF2L and SNF2H, which show tissue-specific 

expression patterns (Barak and Shiekhattar, 2004). SNF2H is present in at least 7 different 

complexes, including RSF (remodeling and spacing factor) (LeRoy et al., 1998; Loyola et al.,

2003), hACF/WCRF (WSTF-related chromatin-remodeling factor) (Bochar et al., 2000; 

LeRoy et al., 2000), hCHRAC (Poot et al., 2000), hWICH (Bozhenok et al., 2002), hB-WICH 

(Cavellan et al., 2006), and NoRC (nucleolar remodeling complex) (Strohner et al., 2001). 

SNF2H has also been found to be associated in a large complex containing cohesin and 

subunits of the NuRD complex (nucleosome remodeling and histone deacetylase complex)

11



that also contains the Mi-2 ATPase (a member of the CHD subfamily) (Hakimi et al., 2002). 

SNF2L is the catalytic subunit of the hNURF complex (Barak et al., 2003) and CERF 

(CECR2 containing remodeling factor) complex (Banting et al., 2005). Recently, a 

Caenorabditis elegans ISWI homolog (isw-1) was identified, which appears to be present in a 

C. elegans NURF complex along with a nematode ortholog of NURF301 called NURF-1 

(Andersen et al., 2006). The next section will concentrate on the developmental roles of these 

ISWI complexes in multicellular organisms.

1.2.1: Developmental roles of the ISWI ATPase

Because ISWI is present in so many different complexes, studies of vivo roles 

for ISWI are complicated by the need to dissect the role of ISWI in the context of these 

different complexes. Two general strategies are generally taken: interference with the 

function of ISWI itself, which is assumed to impact all ISWI-dependent complexes, and 

inhibition of specific subunits within individual ISWI-containing complexes. I will first 

discuss the developmental roles of ISWI itself, and then I will discuss data that address 

the roles of specific ISWI complexes in development. The known developmental roles of 

these ISWI complexes have also been summarized in Tables 1.1 and 1.2.

In Drosophila, null mutations in ISWI are lethal, resulting in death at the late 

larval/early pupal stages (Deuring et al., 2000). In order to study the role of this essential 

gene, these researchers used somatic clonal analysis (in which patches of ISWI mutant 

tissue are generated in viable heterozygous animals) and dominant-negative mutants 

to study the effects of loss of ISWI in different tissues during development.

12
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Table 1.1. Developmental roles of ISWI subfamily members across species: The

known expression patterns and developmental functions of ISWI subfamily members are 

listed for several metazoan species. In many cases these proteins are essential for early 

development or for viability of individual cells; therefore some functions listed reflect 

data utilizing partial loss-of-function strategies, d; Drosophila melanogaster, x; Xenopus 

laevis, m; mammals (mouse or human).

PROTEINS EXPRESSION
PATTERNS FUNCTIONS REFERENCES

dISWI

- Restricted to 
CNS and gonads 
after germ band 

retraction

- Essential for late 
larval /early pupal 

development 
- Self renewal of GSCs

Elfring et al., 1994; 
Deuring et al.,2000

xISWI - Brain, neural 
tube, eye

- Essential for normal 
neural and eye 
development

Dirscherl et al., 2005

mISWI

- (mouse) 
SNF2H is

ubiquitously 
expressed but 

SNF2L is 
restricted to 

brain and 
gonads

- (human) 
SNF2L and 
SNF2H are 

ubiquitously
expressed

- Normal 
differentiation and 
survival of embryo

- Corpus luteum
formation 

- Blood cell formation
- engrailed genes

expression

Stopka and Skoultchi 
2003; Lazzaro et al., 

2006;
Barak et al., 2004

dNURF301a
- Not Done 
except wing 
expression

- Essential for late 
larval/early pupal 
metamorphosis

Badenhorst et al., 
2002; Badenhorst et 
al., 2005; Deuring et 

al., 2000

° subunit o f  NURF complex; subunit o f  NURF complex
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Table 1.2. Developmental roles of ISWI subfamily members across species: The

known expression patterns and developmental functions of ISWI subfamily members are 

listed for several metazoan species. In many cases these proteins are essential for early 

development or for viability of individual cells; therefore some functions listed reflect 

data utilizing partial loss-of-function strategies and therefore cannot be considered an 

exhaustive list of functions, d; Drosophila melanogaster, x; Xenopus laevis, m; 

mammals (mouse or human). Hippocampus is a part of the brain involved in memory 

and spatial navigation; CNS, Central Nervous System; GSC, Germline Stem Cell.

PROTEINS EXPRESSION
PATTERNS FUNCTIONS REFERENCES

xBPTFb - Not Done
- Essential for normal 

body axis, gut 
development

Wysocka et al., 2006

mBPTF

- Hippocampus 
and cerebellum 
of adult mouse 

brain

- Required for normal 
expression of engrailed 
genes involved in mid

brain development

Barak et al., 2003

dTauc

- Dorsal most 
thoracic region, 
wing imaginal 

disc, wing 
pouch

- Essential for sensory 
organ development 

(Dorso-Central bristle)
Vanolst et al., 2005

xWSTFe
- Eye, brain, 
neural crest 

cells

- Essential for normal 
eye and CNS 
development

Cus et al., 2006; S. 
Malakar, J. Henry, J. 
Krebs, unpublished 

results

mCECR2d - Throughout 
nervous tissue

- Essential for 
neurulation

Banting et al., 2005

"TIP-5 related protein;d subunit o f  CERF com plex;c subunit o f  WICH complex



In fact, any tissue expressing dominant-negative ISWI results in subsequent loss 

of corresponding adult structures derived from that tissue, indicating that ISWI is 

globally required for either cell viability or division. Before death at early pupal stages, 

iswi mutants also show defects in transcription of the segmentation gene engrailed and 

the homeotic gene Ultrabithorax. In addition, the structure of polytene chromosomes is 

altered in iswi mutants, particularly the male X chromosome, which is much shorter and 

broader than wild type. This could reflect a defect in replication or chromatin assembly 

in these mutant larvae.

Drosophila ISWI is also required for the maintenance of the self-renewal activity 

of germline stem cells (GSC) in the ovary (Xi and Xie, 2005). A FLP-mediated 

recombination method was used to eliminate ISWI function in GSCs. 99% of the 

homozygous iswi mutant germline stem cells are lost within a two-week period after 

elimination of ISWI, compared to 35% loss of wild type GSCs. The GSC division rates 

in iswi mutants are also reduced compared to wild type, suggesting that ISWI is required

to stimulate division of GSCs.

In Xenopus, ISWI is essential for survival during early development, particularly 

neurulation, and is also critical for later stages of neural development and retinal 

differentiation (Dirscherl et al., 2005). Inhibition of ISWI vivo with anti-ISWI 

morpholinos or a dominant negative ISWI mutant leads to defects in gastrulation and 

neural fold closure, aberrant eye development, and formation of cataracts. It also leads to 

misregulation of a number of genes required for neural patterning and development, such 

as Sonic hedgehog (Shh) and Bone Morphogenetic Protein 4 (BMP4).
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The two ISWI homologs in mammals, SNF2H and SNF2L, perform different 

functions in vivo. While both of these genes are expressed in nervous tissue and gonads 

in mice, they are expressed at different times or in different subpopulations within these 

tissues (Lazzaro and Picketts, 2001). SNF2H is transiently up regulated in proliferating 

neural cell populations during embryogenesis and early post-natal development, while 

SNF2L expression is increased in terminally differentiated neurons after birth and in 

adult animals. Similarly, SNF2H is also expressed in proliferating cells within the ovary 

and testis, while SNF2L is prevalent in differentiated cells in these tissues.

The expression patterns of SNF2H and SNF2L differ somewhat between mouse 

and human. In adult mice, SNF2H is expressed ubiquitously and SNF2L is restricted to 

the brain and gonad, while in humans, SNF2H and SNF2L are both ubiquitously 

expressed (Barak et al., 2004). However, in humans, a splice variant of SNF2L called 

SNF2L+13 is highly expressed in non-neuronal tissue. SNF2L+13 lacks chromatin- 

remodeling activity; therefore, functional SNF2L dominates in the nervous system, while 

in other tissues the inactive isoform is the predominant source of SNF2L. This limits the 

major activity of SNF2L to the nervous system, as in mice. This differential pattern of 

expression probably suggests different developmental functions of these two homologs.

Consistent with the ubiquitous expression of SNF2H, and its upregulation in 

highly proliferative cells, snf2h homozygous mutant mice embryos die at the peri- 

implantation stage (Stopka and Skoultchi, 2003). Outgrowth of blastocysts in vitro is 

also impaired in these mutant mice due to growth arrest, loss of normal differentiation of 

the trophoectoderm and inner mass cells, and ultimately cell death within 3-6 days of

16



culture. These researchers also inhibited SNF2H in human primary hematopoietic 

progenitors, which then failed to differentiate into mature erythroid cells upon cytokine 

induction, indicating roles for SNF2H in both embryonic and adult differentiation 

programs.

Recent studies indicate that SNF2L may play a key role in the development of the 

corpus luteum in mammalian cells (Lazzaro et al., 2006), consistent with the restriction of 

mouse SNF2L expression to gonad and brain. While SNF2H is strongly expressed 

during growth of preovulatory follicles, SNF2L expression peaks during the process of 

luteinization, which represents the final stage of differentiation of the ovarian follicle. 

SNF2L interacts directly with Progesterone Receptor A, which is essential for activation 

of genes required for ovulation. Gonadotropin stimulation, which initiates luteinization, 

leads to binding of SNF2L to the proximal promoter of the StAR (Steroidogenic acute 

regulatory protein) gene, which is essential for steroidogenesis. Elimination of SNF2L 

results in a failure to activate StAR, interfering with a key stage in the luteinization 

process.

All the findings described above indicate that ISWI proteins play a wide and 

crucial role in development, including fundamental roles in cell viability, as well as more 

specific functions in embryogenesis, development of normal reproductive organs, and 

development of neural tissues. In the following section, we will dissect the developmental 

roles of individual ISWI complexes, where the functions of individual complexes have 

been addressed.

17



1.2.2: Developmental roles of individual ISWI complexes

In this section we will focus on the NURF, NoRC, CERF, WICH, and CHRAC 

complexes. The WICH and CHRAC complexes have some functional links, in that both 

may be involved in preventing the spread of heterochromatin and aiding in the movement 

of the replication fork through heterochromatin (Bozhenok et al., 2002; Collins et al.,

2002). On the other hand NURF, NoRC, and WICH/B-WICH complexes have all been 

shown to have roles in transcriptional regulation. The NURF complex in humans is 

known to be involved in transcriptional activation (Barak et al., 2003), while other ISWI 

complexes appear to be primarily involved in transcriptional repression. NoRC is 

involved in repression of Pol I transcription (Zhou et al., 2002), and the yeast ISWI 

complexes repress a wide variety of genes (Fazzio et al., 2001; Goldmark et al., 2000; 

Kent et al., 2001; Ruiz et al., 2003; Vary et al., 2003). The conservation of different 

ISWI complexes may also reflect similar developmental roles of these complexes in 

different species. Most is known about the NURF complex; therefore, I will begin by 

illustrating its developmental role in different species.

NURF complex

The NURF complex was first identified in Drosophila. It consists of four 

subunits: ISWI, NURF38 (inorganic pyrophosphatase), NURF 301, and NURF55 (Gdula 

et al., 1998; Martinez-Balbas et al., 1998). In vivo studies show that null mutations of 

nurfSOI result in embryonic lethality during late larval/early pupal stages (Badenhorst et 

al., 2002). Like the iswi mutants, nur/301 mutations result in impaired transcription of 

Ultrabithorax (Ubx) and engrailed (en). In homozygous nurf30l mutants, expression of
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ubx is undetectable in haltere and third leg discs of third instar larvae. Loss of UBX 

protein leads to homeotic transformation where the third thoracic segment (which 

normally includes the vestigial haltere and no sensory bristles) transforms into the second 

thoracic segment, resulting in increased size and sensory bristle development, and 

transformation of the haltere towards the wing fate. Also, normal expression of EN in the 

posterior compartment of the haltere and the leg discs in these mutants is reduced. In 

nurf301 mutants the females are sterile and the males have highly aberrant X 

chromosome that is reduced in length and breadth, again consistent with the effect of an 

iswi mutant, suggesting that the major developmental phenotypes observed in 

mutants are primarily due to loss of the NURF complex (Badenhorst et al., 2002; Deuring 

et al., 2000).

Comparison of genome-wide expression profiles of wild type and nur/301 flies 

reveals that NURF regulates a large number of ecdysone-responsive genes (Badenhorst et 

al., 2005). Upon ecdysone binding, the ecdysone receptor activates numerous genes 

during larval-pupal development in wild type flies; however, these transcriptional 

changes are absent in nurf301 mutants. Purified NURF complex physically associates 

with ecdysone receptor. The data indicate that the Drosophila NURF complex is 

required for ecdysteroid signaling and metamorphosis.

Human NURF, containing the SNF2L ATPase, has been implicated in 

transcriptional activation of genes involved in neuronal development in the mid-hindbrain 

(Barak et al., 2003). Depletion of snf2l by RNAi results in downregulation of the human 

engrailed genes en-1 and en-2 (regulators of midbrain development), which are homologs
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of the Drosophila en gene that also requires NURF for its proper expression (described 

above). Likewise, depletion of the human NURF301 homolog, BPTF (Bromodomain 

and PHD finger Transcription Factor) results in reduced expression of en-1 and probably 

en-2. Transfection of a mouse neuroblastoma cell line with wild type SNF2L results in 

significant potentiation of neurite outgrowth, also consistent with the role of NURF in 

promoting neural development in mammals.

Recent work has uncovered a developmental role for a C.elegans NURF complex, 

containing ISW-1 and a NURF301 homolog NURF-1 (Andersen et al., 2006). This study 

implicated worm NURF in promoting vulval cell fates, in opposition to several negative 

regulators of vulval development, such as the worm homolog of the NuRD complex.

Recent in vitro and in vivo studies in mammals and in vitro studies in Drosophila 

suggest that BPTF in humans and NURF301 in Drosophila, through their PHD zinc 

finger domains, specifically associate with trimethylated lysine 4 of histone H3 (H3K4) 

(Wysocka et al., 2006). Trimethylated H3K4 marks the transcription start site for almost 

all active genes (Ruthenburg et al., 2007). Depletion of trimethylated H3K.4 results in 

dissociation of BPTF and SNF2L from the HOXC8 promoter, which results in a 

compromised pattern of expression of this gene during development. In 

depletion of BPTF mRNA by anti-BPTF morpholino injections leads to axial deformities, 

gut mis-patterning, and blood defects. Xenopus BPTF depletion also causes deregulation 

of HOXC8 expression, leading to posteriorization of Hox expression by several somite 

lengths (Wysocka et al., 2006). Thus the axial deformities and posteriorization of Hox 

expression in BPTF-depleted Xenopus embryos and homeotic transformation in nurf301
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mutant flies (as mentioned earlier) might indicate a general role of NURF complex in 

proper patterning of cells leading to a normal morphology during development.

NoRC complex

The mammalian NoRC complex consists of a heterodimer of SNF2H and TIP5.

It is responsible for transcriptional repression of Pol I genes, and acts by recruiting co

repressors to the rDNA promoters and by positioning nucleosomes to silence 

transcription (Li et al., 2006b; Zhou et al., 2002); recruitment of NoRC appears to require 

intergenic transcription from the rDNA intergenic spacers (Mayer et al., 2006). While a 

role for NoRC in mammalian development has not been investigated, in Drosophila the 

TIP5-related Tou (Toutatis) protein is necessary for sensory bristle development in 

association with Pnr (Pannier, a transcription factor that binds dorsocentral enhancer) and 

its co-factor Chip (Vanolst et al., 2005). Tou interacts directly with Iswi in both yeast 

and Cos cells, and Iswi also positively regulates Pnr/Chip function. This suggests that 

Tou and ISWI may act as subunits of the same multiprotein complex influencing sensory 

organ development. It is not yet known whether a Drosophila NoRC complex also 

represses Pol I transcription, or whether the mammalian NoRC complex has additional 

roles in regulation of Pol II genes.

CERF complex

CERF (CECR-2 containing remodeling factor) is a heterodimeric chromatin 

remodeling complex identified in mouse, which consists of CECR-2 (cat eye syndrome 

chromosome region candidate-2) and SNF2L (Banting et al., 2005). CECR-2 is mostly 

concentrated in nervous tissue. Homozygous mutant mice, generated by a Cecr2 gene-
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trap-induced mutation, exhibit exencephaly, a neural tube defect which is similar to 

human anencephaly and arises due to failure of neural tube closure in the midbrain. This 

is reminiscent of the neural tube closure defects observed in ISWI knockdowns in 

Xenopus (Dirscherl et al., 2005). There is also a lack of cranium formation and lack of 

eyelids in exencephalic cerc-2 mice. As discussed above, murine SNF2L has 

previously been proposed to have a role in neural development, particularly in later stages 

of differentiation; however, there is not a snf2l knockout mouse available for study. The 

identification and characterization of this SNF2L-containing CERF complex provides 

direct evidence for a role of SNF2L in normal neurogenesis.

WICH complex

The WICH complex has been identified in both mammals and Xenopus, and consists 

of WSTF (Williams Syndrome Transcription Factor) and ISWI/SNF2H. The main focus 

of this thesis is the expression and function of WSTF subunit of the WICH (WSTF-ISWI 

chromatin remodeling complex) complex. Therefore, I will discuss WSTF in detail in the 

following section.
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1.3: Williams syndrome transcription factor

Williams syndrome transcription factor (WSTF) was first identified in search for 

genes deleted in Williams syndrome (WS), which is an autosomal dominant hereditary 

disorder characterized by mental retardation, growth deficiency, elfin face, congenital 

vascular lesions, and other deficits (Lu et al., 1998). These developmental defects cannot 

necessarily all be attributed to lack of WICH function, as other genes are also deleted in 

Williams syndrome patients (Ewart et al., 1993).

WSTF exists in at least three different complexes: the WICH complex in 

and mammals and the B-WICH and WINAC (WSTF including nucleosome assembly 

complex) complexes in mammals (Figure 1.5).

The WICH complex consists of WSTF and ISWI/SNF2H. In B-WICH, the 

WICH interacts with several nuclear proteins to form a 3 MDa complex. The B-WICH 

complex consists of core proteins WSTF, SNF2H and NM1 (nuclear myosinl). Nuclear 

proteins involved in transcription and processing of rRNA, such as RNA helicase II/Gua, 

the myb-binding protein la, CSB and the proto-oncogene Dek are also found in B- 

WICH. Besides, during active transcription, the core becomes associated with 45Sr 

RNA, 5s rRNA, 7SLRNA and U2 small nuclear RNA indicating its possible role in Poll 

and PolIII transcription (Cavellan et al., 2006). The WINAC complex on the other hand 

does not contain SNF2H as its catalytic subunit. Instead, it has the ATPase subunits, 

BRG1, which are components of the SWI2/SNF2 subfamily and not ISWI. It consists of
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WICH B-WICH WINAC

Figure 1.5. Subunit composition of WSTF-containing complexes: WICH has been characterized in both and

mammals, while the B-WICH and WINAC complexes have only been identified in mammals thus far. WICH (WSTF-ISWI 

chromatin remodeling complex); WSTF (Williams syndrome transcription factor); SNF2H (sugar non-fermenting 2H); 

RHII/Gua (RNA helicasell/Gua); Mybbpla (myb-binding protein la); Sapl55(splisosome associated protein 155); Dek 

(proto-oncogene)WINAC (WSTF including nucleosome assembly complex); BRGl(brahma related gene-1); Baf 53(BRG1 

associated factor 53); Baf 60a(BRGl associated factor 60a); Baf 70 (BRG1 associated factor 70); Baf 250 (BRG1 associated 

factor 250); TopoII(3 (topoisomerase 11(3); FACTpl40 (chromatin specific transcription elongation factor); CAF(CREBBP 

associated factor).
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at least 13 subunits. Two of these subunits, Topolip and CAF-lpl50, are DNA 

replication factors. Another subunit called FACTpl40 is involved in transcriptional 

elongation. None of the above three subunits has been identified in any other known 

chromatin remodeling complexes. Besides, there are several BAFs (Baf53, Baf60a, 

Baf70, Bafl55 and Baf250) which are chromatin remodelers consisting of BRGl/hBrm 

as their ATPase subunit (Kitagawa et al., 2003). Baf60 is a common subunit found in all 

BAF complexes and therefore found in WINAC as well. This subunit is known to 

interact with nuclear receptors and form a bridge between them and other BAF 

complexes (Debril et al., 2004; Hsiao et al., 2003). Recently it was found to play a role 

in development of heart and formation of right-left axis symmetry in mouse (Lickert et 

al., 2004; Takeuchi et al., 2007).

WSTF, the common subunit in all of these complexes, is a large protein of 1442 

amino acids in length (Lu et al., 1998). WSTF contains three conserved domains -  the 

DDT domain, the PHD domain and the Bromo domain (Lu et al., 1998 and Figure 1,6A). 

Alignment of the predicted domains of Xenopus WSTF proteins show that all these 

domains are well conserved among major model organisms (Cus et al., 2006).

In WSTF, only the structure of the PHD domain has been determined by Wright 

laboratory as a conserved interdigitated zinc finger motif with two variable loops 

(Pascual et al., 2000) and Figure I.6.B. The variable loops vary in both length and 

sequence in all proteins containing PHDs, and might mediate a wide variety of functions. 

In WSTF, the variable loops form a deep cavity on the surface of the molecule. This 

architecture may indicate formation of a binding site for specific physiological partners.
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Figure 1.6. Schematic representation of the WSTF protein: WSTF is 1442 a.a in length. (A) The conserved domains of 

WSTF are indicated. DDT (yellow) PHD (purple) and bromodomain (teal). (B) Ribbon diagram of the PHD domain from 

human WSTF showing zinc ions in blue (adapted from Pascual et al., 2000).
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No data is currently available on its function or binding specificity. However, some 

details on PHD domains in other proteins have been identified which might throw some 

light on the possible function of PHD finger of WSTF as well.

The PHD of human BPTF, the largest subunit of the NURF complex in humans, 

binds trimethylated lysine 4 at H3 (H3K4me3) (Li et al., 2006a). H3K4me3 is associated 

with the transcription start site of almost all active genes (Bernstein et al., 2005;

Pokholok et al., 2005; Schneider et al., 2004). Both vitro and vivo assays show that 

human or mouse BPTF bind specifically to H3K4me3 peptides and nucleosomes and not 

to its di-/mono-methylated forms. Mutation of the PHD finger in human BPTF abolishes 

recognition of this mark. In Xenopus, BPTF knockdown compromises expression of the 

Hoxc8 gene and produces axial, blood and gut defects in the developing embryo 

(Wysocka et al., 2006). Blood defects are also observed in patients with Omenn 

syndrome where the PHD finger of a protein called RAG2 (involved in maturation of 

antigen receptors) is severely mutated (Sobacchi et al., 2006). The PHD finger of RAG2 

binds both lysine and arginine at H3K4me3 and H3R2me2 respectively (Ramon-Maiques 

et al., 2007). In mouse, the PHD domain of ING2, a tumor suppressor, also targets the 

trimethylated lysine3 mark. In vivo, substitution of the histone binding residues of PHD 

finger in ING2 prevents its ability to induce apoptosis (Pena et al., 2006). ING2 is also a 

part of the repressor complex mSin3a-HDACl (Doyon et al., 2006). As a DNA damage 

response, ING2 binds to H3K4me3 through its PHD domain and stabilizes the repressor 

complex at the promoters of proliferating genes, thus playing a role in gene repression as
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well (Shi et al., 2006). This is the first evidence of H3K4me3 involved in active gene 

repression.

On the other hand, Bromodomains bind acetylated lysines on histone tails, and 

like PHD domains, they show specificity for particular modified lysines in specific 

histone tails. In vitro experiments show that in the context of the WINAC complex, 

WSTF interacts physically with acetylated histones through its bromodomain in order to 

recruit vitamin-D receptors (VDR) to the promoter regions of vitamin D-regulated genes 

(Fujiki et al., 2005).

The third domain, DDT, is a conserved structures present in numerous PHD- 

containing proteins, and is considered a putative DNA binding motifs, although this has 

not been confirmed experimentally (Doerks et al., 2001).

The expression pattern of WSTF mRNA has been characterized in both humans 

and Xenopus. In humans, WSTF is expressed in almost all tissues of the body including 

brain, heart, skeletal muscle, lung, liver, spleen, thymus, prostrate, testis, ovary, small 

intestine, colon, placenta, kidney and pancreas. Northern blot analysis reveals stronger 

expression in the brain than in the lung, liver or kidney in adult tissues, while there were 

similar levels of expression in all these tissues in fetuses (Lu et al., 1998). In Xenopus 

embryos in situ hybridization reveals that WSTF is differentially expressed in neural 

tissue, especially in the eye, brain and neural crest cells (Cus et al., 2006), and our 

unpublished results). Defects resulting from WSTF depletion in embryos are

discussed in detail in the results section of this thesis.

28



Several possible roles of WSTF in transcription have been identified. Studies 

have shown that the B-WICH complex may be involved in both Poll and PolIII 

transcription. A ChIP (chromatin immunoprecipitation) using human autoimmune serum 

that recognizes the largest subunit of Poll, show that the core of B-WICH that includes 

WSTF-SNF2H-NM1, is physically associated with RNA Pol I. Inhibition of WSTF 

proteins in vivo by anti-WSTF antibody prevents Poll transcription on pre-assembled 

chromatin templates but not on naked DNA suggesting that SNF2H of the B-WICH is 

involved in remodeling during Poll transcription. A ChIP assay using NM1 antibody 

revealed that WSTF, SNF2H and NM1 also occupy the rDNA promoter and coding 

regions. In addition, WSTF silencing by RNAi in HeLa cells results in a 39% reduction 

of 45s pre-rRNA transcript (Percipalle and Farrants, 2006; Percipalle et al., 2006). The 

transcription of genes associated with PolIII, like 5SrRNA and 7SLRNA, is also 

markedly reduced in cells depleted of WSTF, pointing towards the involvement of B- 

WICH in PolIII transcription (Cavellan et al., 2006).

Unlike B-WICH that supports active transcription, WINAC complex acts as a 

repressor of vitamin-D receptor (VDR) associated genes. VDRs belong to the nuclear 

receptor (NR) gene family and are ligand-inducible transcription factors. ChIP reveals 

that WINAC is associated with ligand binding domain (LBD) of unliganded VDR. VDR 

recruitment to the target promoters is impaired in patients with WS. Over expression of 

WSTF in the fibroblast cells of Williams syndrome patients rescues recruitment of VDRs 

to their targets, indicating that WINAC helps in the recruitment of unliganded VDR to 

the VDR response elements on target gene promoters (Kato et al., 2004; Kitagawa et al.,
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2003). In vitro histone binding experiments with purified histone octamers from HeLa 

cells show that WSTF interacts with histone octamers through its bromodomain. This 

may suggest that besides interacting with VDR before recruitment to the DNA, WSTF 

also interacts with acetylated lysines on the promoter through its bromodomain. 

Supporting this, a mutant WSTF lacking its bromodomain acts as dominant-negative and 

prevents normal repression of 1-alpha hydroxylase gene which is a Vitamin-D regulated 

gene (Fujiki et al., 2005).

Interestingly, WSTF has also been implicated in replication.

Immunofluorescence experiments in HeLa cells indicate that WSTF accumulates at 

pericentric heterochromatin during replication and is stably associated with mitotic 

chromosomes, suggesting a role of WSTF in the replication of heterochromatin 

(Bozhenok et al., 2002). WSTF interacts directly with the DNA clamp, PCNA, at the 

replication foci and recruits SNF2H to the replication site. Depletion of WSTF or 

SNF2H by RNAi leads to aberrant compaction of newly replicated heterochromatin and 

increased amounts of heterochromatin markers vivo. These studies suggest that WSTF 

is important in maintaining the proper chromatin structure during and immediately after 

DNA replication. A model has been proposed in which WSTF (WICH complex) keeps 

the chromatin structure open immediately after replication, thus allowing the 

reassociation of DNA-binding factors so that the proper epigenetic state of the chromatin 

is maintained in the newly replicated DNA (Poot et al., 2005, 2004). Recently, 

chromatographic and spectrometric studies also showed that WSTF is associated with
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Cdtl, a protein central to DNA replication and cell cycle, reconfirming the role of WSTF 

in replication (Sugimoto et al., 2007).

WINAC is also involved in replication. In vitro assays determined that WINAC 

could facilitate formation of chromatin structure on newly replicated DNA by 

nucleosomal arrangement (Kitagawa et al., 2003). WINAC is also detected throughout 

all stages of cell cycle. In addition, RNAi mediated depletion of WSTF or BRGl/Brm 

ATPases results in reduced DNA synthesis in cultured human cells (Kitagawa et al.,

2003; Sugimoto et al., 2007).

In brief, WSTF resides in several complexes and is involved in both transcription 

activation and repression, as well as in replication, where it may be important for the 

proper epigenetic inheritance of the newly replicated DNA. In addition, the presence of 

splicing factor Sf3b/SAP155 and DNA repair factor CSB in the B-WICH complex 

(Cavellan et al., 2006) might indicate its involvement in splicing and DNA repair as well. 

All these essential and intriguing functions demand further investigation of the WSTF 

protein.

Previous work in our lab showed that in , ISWI is essential for early

embryonic development, and is also critical for later stages of neural development and 

retinal differentiation (Dirscherl et al., 2005). In vivo, inhibition of ISWI led to defects in 

neural fold closure, aberrant eye development, formation of cataracts and misregulation 

of certain genes required for neural patterning and development, such as Shh and BMP4.

I hypothesize that the WICH complex, being an ISWI-dependent complex, might play a 

critical role in the normal neural development of the Xenopus embryos as well.
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Inhibition of this complex might lead to abnormalities that would represent a subset of 

defects (morphological, histological and transcriptional) that we observe in the ISWI 

knockdown Xenopus laevis embryos. These abnormalities might include neural defects 

involving the eye (especially the retina and the lens), brain and the spinal cord as well as 

perturbation of transcription of certain neuro-developmental genes.

So the overall goal of this research is to understand the role of the WICH complex 

in the neural development of Xenopus, particularly the eye, and how this WICH complex 

functions to contribute to the global role of all the ISWI complexes. As a first step in this 

evaluation of WICH function, I performed whole mount in situ hybridization to detect the 

expression pattern of the WSTF subunit that is unique to the WICH complex that would 

distinguish it from the other ISWI complexes characterized in Xenopus. Next I analyzed 

the phenotypes of embryos in which WSTF has been knocked down via anti-WSTF 

morpholino injections. I also performed Western analysis of protein extracts obtained 

from embryos injected with morpholinos in order to confirm that the defects observed in 

the WSTF knockdowns were actually due to reduced levels of endogenous WSTF 

protein. To further characterize the defects that I observed, I also obtained histological 

sections of the eye of the deformed embryos from our collaborator Dr Jonathan Henry 

(University of Illinois Urbana). I also measured the effects of WSTF knockdown on 

transcription and of Shh and BMP4 through rtRT-PCR. These genes are critical for eye 

development and were also found to be perturbed in the ISWI knockdowns. I also 

performed whole mount in situ hybridization to detect the changes in the spatial 

localization of BMP4 in WSTF knockdowns.
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Chapter 2

Materials and Methods 

2.1: Morpholinos:

A 25-mer antisense morpholino was designed against the 5’ UTR o f Xenopus 

WSTF(5’- GCTTCTCGTGGGATGATAGTCCCGC-3’) adjacent to the translation start 

site (Gene Tools, LLC, Philomath, OR). A 25-mer inverse-WSTF morpholino (5’- 

CGCCCT GAT AGT AGGGT GCT CTT CG-3 ’) was used as a control. As recommended 

by Gene Tools, these morpholinos were resuspended in sterile nanopure water at ImM 

and injected into embryos to give a final concentration in the range of 250 to 500pM.

2.2: Microinjection:

Adult Xenopus laevis were purchased from Xenopus Express (Plant City,

Florida). Eggs were collected from female frogs (induced by injection of 0.8 ml of 

chorionic gonadotropin at a potency of 14000 IU/ mg) and fertilized in vitro using 

surgically isolated testes. Microinjections were performed at the one-cell stage using 

standard protocols (Sive et al., 2000). Morpholinos were injected at 500 pM and 250 pM 

concentrations (equivalent to 4.2 ng/nl and 2.1 ng/nl). Each embryo received 10 nl 

injection volume. The injected embryos were incubated at 16°C for 24-48 hrs and staged 

according to Nieuwkoop and Faber (Nieuwkoop and Faber, 1967).

2.3: Protein isolation and immunoblotting:

Total proteins were collected at stages 37/38, 41 and 45 from both normal and 

WSTF knockdown embryos, using the protocol of (Merzdorf and Goodenough, 1997) 

with the following modifications: chymostatin, DIFP and Trasylol were omitted from the
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protein isolation buffer and a final concentration of 1 pM PMSF was added to the buffer. 

SDS-gel electrophoresis was performed with these samples and transferred using 

standard methods (Sambrook and Gething, 1989). Dr. Paul Wade (NIEHS) generously 

provided us with WSTF and ISWI antibodies. E-Cadherin antibody (Developmental 

Studies Hybridoma Bank, University of Iowa) was used as a loading control.

2.4: Whole mount in situ hybridization:

After in vitro fertilization, embryos were collected and fixed in MEMFA and

stained (Sive et al., 2000), with the following changes: A preantibody incubation step was 

added with 2% BMB (10% w/v BMB in MAB) blocking reagent and 20% MAB (100 

mM maleic acid, 150 mM NaCl; pH 7.5) at room temperature for 1 hour. The RNase 

treatment step was omitted. AP buffer without levamisol (lOOmM Tris; pH 9.5, 50mM 

MgCb, lOOmM NaCl, 0.1% Tween20) was used as a detection buffer. BM purple 

(Roche Diagnostics, Mannheim, Germany) was used for the detection method. WSTF 

and BMP4 sense RNA was used as negative controls respectively for WSTF and BMP4 

situs. Digoxygenin (DIG)-labelled RNA antisense probe was prepared for both WSTF 

(446 bp) and BMP4 (400bp). A fragment (corresponding to nucleotide 1790 -  2236) was 

amplified from complete WSTF cDNA (kindly provided by Dr. Paul Wade, NIEHS) and 

inserted into pGEM vector (Promega) and in vitro transcribed into WSTF in situ probe. 

For BMP4 probe, all the procedures were exactly the same, except the fragment (2102 to 

2502) inserted into pGEM was amplified from genomic DNA. All antisense and sense 

probes for both the genes were used at a concentration of 0.5pg/ml.
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2.5: rtRT-PCR:

Total RNA was isolated from Xenopus embryos at several stages with RNA 

WIZ™ (Ambion). Real time reverse transcriptase PCR was performed on a Cepheid 

Smartcycler using Lightcycler ™ reagents. Each reaction contained 1 pg total RNA and 

2.5 pmoles of primers and subjected to 40 cycles. Annealing temperatures were 

optimized for each primer set. Products were detected with Sybr Green. A standard 

curve was prepared for each gene of interest. For making this standard curve several 

dilutions of total RNA was made. RT-PCR reactions were performed (40 cycles) for 

each primer set (each gene of interest) and the amounts of DNA produced were detected 

by a fluorescent signal (using Sybr Green). The intensity of the signal is proportional to 

the amount of double-stranded DNA formed in the reaction. This standard curve was 

then used as a reference to compare and quantitate the total amount of double-stranded 

DNA produced in the experimental samples. The quantitation was performed using the 

Cepheid SmartCycler® 3.0 software loaded on the rtPCR machine (Smartcycler). For 

each reaction, a growth curve was plotted as the fluorescence intensity of the product 

increased. The cycle threshold for the sample was then quantitated relative to the cycle 

threshold values for the standard curve generated with the same primers. Primers were 

obtained from Sigma Genosys (St. Louis, MO). Sequences for the primers used are as 

follows:

EF1 alpha: 5-CAGATTGGTGCTGGATATGC-3 + 5’- 

ACTGCCTT GAT G ACTCCT AG-3 ’
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BMP4: 5’- GGAGCTTCCATCACGAGGAGCAT-3' + 5’- 

C ACGCT GGACC AT GGT CT ATTT GTT-3'

Shh; 5’-GTCTTTGCCAGCAACATCCAACCA-3'+ 5’- 

TT AG AGGCGC AT A AGCT CC AGT GT-3'
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Chapter 3 

Results

3.1: Xenopus WSTF is expressed primarily in anterior neural tissue

As a first step towards understanding the contribution of WSTF in laevis

development, I performed in situ hybridization to determine the expression pattern of 

WSTF. Figure 3.1 shows in situ hybridization for WSTF mRNA expression in 

embryos at different stages of development. The sense controls are shown in the 

Appendix. In the embryos probed with the antisense probe, I observed very strong 

expression of WSTF in the anterior neural structures such as the brain, eye, branchial 

arches and much weaker expression at the posterior part of the embryo. This is consistent 

with results from the Kiihl laboratory, which have also recently shown similar patterns of 

expression for WSTF at a later stage, as well as expression in the migrating neural crest 

cells in some earlier stages of development (Cus et al., 2006). Strong WSTF expression 

is also seen in the fetal and adult brain tissues of humans (Lu et al., 1998). WSTF 

expression data show high overlap with ISWI expression in the brain, eye and branchial 

arches (Dirscherl et al., 2005). Overlap of expression might indicate overlap of functions 

- both ISWI and WSTF knockdown embryos have neural defects, which I discuss next. 

3.2: Xenopus WSTF is critical for normal development of the eye and brain 

Previous study in our lab found that complete ISWI knockdown embryos in 

had failure of neural tube closure and a lethal phenotype at an early stage while partial 

ISWI knockdowns developed congenital cataract in the eyes (Dirscherl et al., 2005).



Figure 3.1. WSTF expression in Xenopus embryos: A-D: Whole mount in situ 
hybridization of Xenopus embryos using a 468 base WSTF digoxigenin-labeled probe.
Left lateral views of stage 24 (A), 26 (B), 33 (C), and 45 (D) embryos showing 
expression of WSTF mRNA in neural tube, brain and eye. All embryos are oriented with 
the anterior end to the left side of the figure, and dorsal to the top. Eye (e) designates the 
optic vesicle at stage 24; the primary eye vesicle at stage 26; the optic cup at stage 33 and 
optic ventricles at stage 41. e: eye; nt: neural tube; br: brain; ba: branchial arches.



Since I observed overlap of expression between WSTF and ISWI, I wanted to determine 

the contribution of WSTF (or WICH complex) in the neural development of Xenopus. I 

hypothesized that WSTF knockdown embryos might have neural abnormalities that 

might indicate a subset of defects seen in ISWI knockdown embryos.

In order to determine WSTF function, I injected 42 and 21ng of anti-WSTF 

morpholino (MO) into fertilized eggs to inhibit the translation of endogenous WSTF 

mRNA. I also injected a lower concentration (10 ng) without any obvious phenotype.

For negative controls, I used identical concentrations of inverse morpholino. After 

injection, I incubated the embryos at 16°C.

Representative injected embryos are shown in Figure 3.2. The WSTF 

knockdowns (Figure 3.2 B, D, F, H, J) have extremely reduced or absent eye 

development and their brains are highly deformed compared to the wild type (Figure 3.2 

A, C, E, G, I), as revealed by the undersized and misformed heads of the knockdowns. 

The pattern of head deformation suggests that these embryos have severely defective 

forebrain and midbrain structures; this could be confirmed by in situ hybridization to 

detect markers of forebrain and midbrain development.

The embryos first start showing defects at stage 37/38 (53.5 hours post

fertilization); this stage in eye development marks the beginning of arrangement of the 

three retinal layers and differentiation of visual cells. Defects become more pronounced 

in the later stages (like stage 41 and stage 45), during which more mature brain and optic 

structures (like optic ventricles, rods and cones in the retina, cerebral hemispheres) are
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Stages Control WSTF Morpholino Anti-WSTF Morpholino

45 I  »  
%

37/38

41

Figure 3.2. Phenotypes of embryos lacking WSTF: Xenopus laevis embryos were 

injected with control morpholino (A,C,E>G,I) or anti-WSTF morpholino (B,D,F,H,J). The 

embryos were either injected with 2.1 ng/nl (A-F) or 4.2 ng/nl (G-J) of morpholino. A-B, 

G-H: Embryos photographed when control embryos reached approximately stage 37/38. 

C-D, I-J: Embryos photographed when control embryos reached stage 41. E-F: Embryos 

photographed when control injected embryos reached stage 45. Embryos injected with 

4.2ng/nl of anti-WSTF morpholino did not survive to stage 45.



formed. All WSTF knockdowns injected with 42 ng of morpholino died shortly after 

stage 41, and very few of the 21 ng-injected embryos survived until stage 45, and even 

these died shortly thereafter. The early lethality seen in higher dosage injections might be 

due to complete knockdown of all WICH complexes. Besides, like mammals, Xenopus 

might have other WSTF containing complexes, other than WICH, that are important for 

neural development, and the knockdown of all those complexes might contribute to the 

lethality.

To quantitate the effects of anti-WSTF morpholino injections, for every 

experiment I also counted the number of defects that present in both the knockdowns and 

the controls. Table 3.1 shows the summarized data for multiple injection experiments. 

Out of 441 embryos injected with 41 ng of anti-WSTF morpholino that survived until 

stage 37/38, 80% exhibited defects in neural development. Embryos injected with 21 ng 

exhibited neural defects in 57% of survivors. In contrast, injection of the control 

morpholino resulted in only 12-13% defective embryos, and these included a variety of 

non-specific defects (compared to the consistent phenotypes of the WSTF knockdowns), 

which is a typical outcome of any injection.

There is no significant qualitative phenotypic difference between the embryos 

injected with the two different morpholino concentrations. These abnormalities are 

consistent with the strong expression of WSTF in neural tissue at later stages of 

development. Although, complete knockdown of ISWI leads to neural defects and 

lethality early on, no observable defects are seen in the earlier stages of development for
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Table 3.1. Neural phenotypes in injected embryos: includes brain, eye and spinal 

deformities. Total number of embryos was counted at stage 37/38 where the embryos first 

start showing defects. The numbers are a total from at least three different injections.

MO stands for morpholino. There was 52% death in the embryos injected with 4.2ng/nl 

of anti-WSTF MO before it reached stage 37/38. This percentage was substantially 

higher than 19% death observed in the control injections. No such substantial difference 

was observed in the lower concentration injections.

Concentration 
(x lOnl injected 

embryos)

Total # of 
embryos

Total # of
defective
embryos3

% o f
defective
embryos

Uninjected 1764 33 2%
Control MO 2.1ng/nl 774 103 13%

4.2 ng/nl 643 82 12%
Anti-WSTF MO 2.1ng/nl 839 480 57%

4.2ng/nl 441 351 80%



WSTF knockdowns, in spite of the fact that Cus et al. (2006) observed expression of 

WSTF in the migrating neural crest cells. This might indicate that the WICH complex is 

redundant in the earlier stages or that later defects are a downstream effect of early 

depletion of WSTF.

3.3: WSTF is specifically inhibited in the WSTF knockdowns

Next, I wanted to confirm that the abnormalities seen in the knockdowns were 

actually due to inhibition of endogenous WSTF and not due to any non-specific 

interactions in the embryo. So, I performed Western analysis to compare the level of 

expression of WSTF proteins in the WSTF knockdowns with those of the controls. Total 

protein was isolated from embryos injected with either 42 ng or 21 ng of morpholino.

The collected samples were run on an SDS-page gel and probed with anti-WSTF 

antibody, kindly provided by Dr. Paul Wade (NIEHS).

Western analysis revealed that WSTF protein is significantly reduced in WSTF 

knockdowns throughout several stages of development as indicated in the blot itself 

(Figure 3.3 A) as well as the bar chart depicting its quantitation (Figure 3.3 B). I used E- 

Cadherin as a loading control, which showed similar levels of expression in all the 

samples. I also detected ISWI levels in these samples. All the samples showed similar 

levels of ISWI indicating that the ISWI levels remain unperturbed in the WSTF 

knockdowns.

Taken together, these results indicate the specificity of the anti-WSTF 

morpholino, and confirm that the abnormalities observed in the WSTF knockdowns are 

due to reduced levels of endogenous WSTF protein.
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Figure 3.3: WSTF protein levels in injected embryos. (A) Western blot showing 

decreased levels of WSTF protein in embryos injected with 21 ng or 42 ng of antisense 

WSTF MO. indicates samples collected from embryos injected with control MO. ‘+’ 

indicates samples collected from embryos injected with antisense MO. Lanes 1, 2, 7, 8: 

stage 37/38; lanes 3, 4, 9, 10: stage 41; lanes 5,6: stage 45. E-Cadherin is a loading 

control. (B) Quantitation of Western blot (21 ng MO) where blue bars represent WSTF 

protein levels in controls (bars 1, 5 and 9) and in WSTF knock-down embryos (bars 2, 6 

and 10), yellow bars represent ISWI protein levels in controls (bars 3, 7 and 11) and in 

ISWI knock-down embryos (bars 4, 8 and 12). Bars 1, 2, 3 and 4: stages 37/38; bars 5, 6, 

7 and 8: stage 41; bars 9, 10, 11 and 12: stage 45. Samples normalized to E-Cadherin. 

Vertical axis represents percentage expression.
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3.4: WSTF knockdowns have severely impaired eye development

Morphologically, the ISWI deficient embryos show cataract in their eyes and 

histological sections show posterior subscapular cataract, small lens and defects in retinal 

differentiation (Dirscherl et al., 2005). In contrast, the eyes in WSTF knockdowns are 

extremely reduced or absent. So I wanted to further characterize these abnormalities in 

the WSTF deficient embryos, and therefore, fixed and shipped the embryos to our 

collaborator Dr. Jonathon Henry (University of Illinois-Urbana) for histological 

sectioning.

Sections of some representative stages are presented in Figure 3.4. The eye 

development in these WSTF knockdowns is delayed and highly abnormal. Retinal 

differentiation is almost absent, resulting in a solid mass of undifferentiated cells, 

especially the sensory retinal epithelium, which is highly disorganized. The rest of the 

undifferentiated retinal tissue is dissociated from the pigmented epithelium.

In some embryos injected with 21 ng of morpholino, some primary lens fibers are 

formed but there is complete absence of secondary lens fibers (Figure 3.4B). In embryos 

injected with 42 ng of morphlino, the furthest development observed is the presence of a 

lens placode (a thickening of the overlying ectoderm), but there is no differentiation of 

any lens fiber (Figure 3.4D). These deformed lens placodes are intimately associated 

with the surface ectoderm and are herniated outward through the surrounding epithelium 

away from the optic vesicle (red star in Figure 3.4D). Corresponding defects were also 

seen in the central nervous system, which reveals a disorganized brain and spinal cord 

(data not shown),
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Figure 3.4: Impaired eye development in WSTF knockdowns. A-B. Eye sections of 

embryos injected with 21ng of control (A) and anti-WSTF morpholino (B). C-D. Eye 

sections of embryos injected with 42 ng of control (C) and anti-WSTF morpholino (D). 

All embryos are at stage 41. Note that normal eyes (A, C) at this stage consist of a well- 

defined lens, and a retina differentiated into several retinal layers. Red arrows: pigmented 

retinal epithelium; Black arrows: sensory retinal epithelium; Red stars: lens/ presumptive 

lens. Sectioning kindly performed by Dr. Jonathon Henry (University of Illinois-Urbana).



Therefore, in compliance with the more deformed eye morphology seen in the 

WSTF knockdowns as compared to the ISWI knockdowns, the histological sections also 

show severe abnormalities. This might indicate that the WICH complex is more critical 

for eye development or WSTF might exist in other complexes, other than WICH, that 

play important role in neural development of Xenopus.

3.5: WSTF is required for normal expression of genes involved in neural patterning 

and development

ATP-dependent chromatin remodelers are known to be involved in the regulation 

of transcription of several genes. Previous work in our lab showed that inhibition of 

ISWI leads to aberrant expression of several genes critical for neural development and 

differentiation, such as BMP4 (bone morphogenetic protein 4) and Shh (sonic hedgehog) 

(Dirscherl et al., 2005). In ISWI knockdowns, BMP4 mRNA is upregulated, while Shh 

mRNA levels decrease, consistent with the loss of neural structures in ISWI knockdowns. 

Since WSTF is complexed with ISWI in the WICH complex and there is an overlap of 

expression of these two proteins in Xenopus, I wanted to determine if these two neural 

regulatory genes are also influenced by WSTF depletion.

I performed real time reverse transcriptase PCR (rtRT-PCR) on total RNA 

samples collected from anti-WSTF morpholino-injected embryos. Figure 3.5 shows 

quantitation of rtRT-PCR products. Expression levels were normalized to the mRNA 

levels of the ubiquitously expressed EFla.

I looked at Shh expression at the neural fold stage (stage 15). Shh is an early 

notochord marker first expressed at gastrulation, which gives a neural fate to ectodermal
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Shh BMP4 

Figure 3.5: Shh and BMP4 are misexpressed in WSTF knockdowns. Real time-RT- 

PCR for Shh and BMP4 in anti-WSTF morpholino injected embryos. The bar graph 

shows levels of expression of each Shh and BMP4 expressed as a percentage of the 

expression levels in the control-injected embryos. Both Shh and BMP4 are normalized to 

E F la  levels. Data is the average from three injections. Shh was measured at stage 15 

while BMP4 was measured at stage 37/38.



cells. In early developmental period, Shh is required for neural fold patterning and 

ventral specification of the central nervous system by influencing the fate of neural 

precursors (Di Marcotullio et al., 2006; Palma and Ruiz i Altaba, 2004; Ruiz i Altaba et 

al., 2002). At stage 15, the neural folds become distinct and the initial sharp inner ridges 

on the neural folds become prominent. This is also the stage when Shh is first expressed 

in the dorsal-midline area of the neural fold (Rorick et al., 2007).

I observed that, at this stage, similar to the phenotype of ISWI knockdowns, the 

level of expression of Shh is decreased, to about 4 percent of normal levels in the WSTF 

knockdowns. This indicates that WSTF acts directly or indirectly as an activator of Shh, 

although apparently neural fold patterning is not affected. This might also indicate that 

the defects seen at the later stages may be due to an effect of early depletion of Shh.

In contrast to Shh function, BMP4 is an inhibitor of neural tissue formation. Prior 

studies on BMP4 expression focused primarily on early stages of development, and 

indicated that BMP4 is crucial for early eye patterning and growth. However, recently 

the McFarlane lab observed expression of BMP4 and its receptors in later stages of eye 

development in Xenopus and found that it is also expressed in the eye between stages 26 

and 35/36 (Hocking and McFarlane, 2007). This finding, as well as the fact that we saw 

neural and eye phenotypes at these later stages of development, prompted us to look at 

the expression of BMP4 in the WSTF knockdowns at late stages.

I observed that BMP4 expression increases significantly to about 250% of wild 

type in the WSTF knockdowns at stage 37/38 (stage at which the defects were first 

detected), indicating that WSTF is formally acting as a repressor of BMP4 at least in this
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stage. However, we do not know for sure if WSTF is a direct repressor of BMP4 or not. 

ChIP data on ISWI indicates that ISWI binds directly to BMP4 promoter and the pattern 

of BMP4 expression in the ISWI knockdowns are similar to WSTF knockdown embryos 

(Dirscherl et al., 2005). Therefore, there is a strong possibility that WSTF (at least in 

WICH) may be involved in direct repression of BMP4 as well.

3.6: BMP4 is spatially misregulated in WSTF knockdowns

Development of an organism not only depends on the proper levels of expression 

of developmental genes, but also on the precise temporal and spatial localization. As my 

r/RT-PCR data showed misexpression (250% more than normal) of BMP4 in WSTF 

knockdowns, I hypothesized that the expression pattern of BMP4 may also be affected in 

the knockdown embryos. I wanted to confirm if the over expression of BMP4 seen in the 

WSTF knockdowns was within the same domains of normal BMP4 expression or in 

domains where normally BMP4 is not expressed.

Therefore, I performed, whole mount situ hybridization to detect the spatial 

expression of BMP4 mRNA. BMP4 was detected in the head and eye of the normal 

Xenopus embryo (Figure 3.6). Previous studies have also detected expression of BMP4 

in the retina of late-stage embryos (Hocking and McFarlane, 2007). In chicken, BMP4 is 

expressed in the dorsal neural retina and lens placode at later stages of development. In 

the dorsal optic cup, it is responsible for creating a balance between cell proliferation and 

programmed cell death to allow proper eye development (Trousse et al., 2001). As 

hypothesized, the WSTF knockdowns showed an aberrant pattern of BMP4 expression
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Figure 3.6: Aberrant expression of BMP4 in WSTF knockdown. Whole mount 

situ hybridization of Xenopus embryos with a 400 base BMP4 digoxigenin labeled probe. 

A. Control embryo showing expression of BMP4 mRNA in the head and heart. B. WSTF 

knockdown embryo showing expression of BMP4 in a structure resembling a deformed 

neural tube. Both embryos are oriented with the anterior end to the left side of the figure. 

Both embryos are at stage 41. h: head; e: eye; red arrow: deformed neural tube.



(Figure 3.6). No expression was detected in the anterior region of the body like the 

control embryos. This result is surprising. Given, the anterior neural abnormalities 

detected in the WSTF knockdowns, one would expect very strong expression in the head 

region. Instead, strong expression was detected in a structure running through the dorsal 

region of the embryo, which resembles a deformed neural tube. This indicates that 

WSTF acts as a direct or indirect repressor of BMP4 in the neural tube in the later stages 

of development.
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Chapter 4 

Discussion

I have shown that in Xenopus WSTF mRNA is expressed in the neural tissue 

especially in the eye, brain, branchial arches and the spinal cord. This expression 

overlaps with the expression of ISWI (Dirscherl et al., 2005). However, WSTF shows 

lower expression in the spinal cord compared to ISWI.

The WSTF knockdowns also have extremely defective eye and brain 

development, obvious in both the whole mount and sectioned embryos shown in Figures 

3.1 and 3.4. These defects correspond well to the strong localization of WSTF mRNA in 

the anterior neural tissue. WSTF knockdowns have underdeveloped, disorganized retinas 

and failure of lens formation in the later stages of development, while the late survivors 

of ISWI knockdowns, that survive due to partial inhibition of ISWI, have congenital 

cataracts. The complete ISWI knockdown embryos have a lethal phenotype due to 

neurulation failure (Dirscherl et al., 2005). These differences in expression patterns as 

well as the greater severity in eye and brain development of WSTF knockdowns 

compared to ISWI knockdowns suggests two alternative models: (1) that the WICH 

complex is central to eye development, and that more severe phenotypes result from the 

more complete (and specific) knockdown of the WICH complex, or (2) that WSTF exists 

in other complexes other than WICH and functions independently of ISWI in the 

development of the nervous system.

As discussed in the Introduction, three ISWI-containing complexes have been 

biochemically characterized so far in Xenopus (Guschin et al., 2000) and three WSTF-
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containing complexes have been identified in mammals (Bozhenok et al., 2002; Cavellan 

et al., 2006; Kato et al., 2004). In Xenopus,BPTF, a subunit of the ISWI-dependent

NURF complex, has been identified, although a xNURF complex has not yet been 

characterized (Wysocka et al., 2006). However, it will not be surprising if other ISWI- 

dependent chromatin remodeling complexes are p r e s e n t o r  that WSTF will 

be shown to be present in other complexes in X  as well.

I have observed that mRNA levels of the neurogenic gene Shh is greatly reduced 

in the WSTF knockdowns during the beginning of neural crest formation at stage 15.

Shh is expressed in the dorsal midline at this stage (Rorick et al., 2007) and is responsible 

for the induction of two symmetrical retinal primordia (Chow and Lang, 2001).

Depletion of Shh is associated with cyclopia or holoprosencephaly in , chick,

mice and humans (Chiang et al., 1996; Li et al., 1997; Roessler et al., 1996; Wallis and 

Muenke, 2000). Cyclopia has been observed in some ISWI knockdowns and ISWI 

knockdowns show reduced Shh levels (Dirscherl et al., 2005). However, I did not 

observe any morphological abnormalities in the WSTF knockdowns at early stages, nor 

did I observe cyclopia at later stages. The knockdown phenotype seen in the later stages 

of development may be partially due to an effect of depletion of Shh (and probably other 

neural specific genes) early on. The level of expression of Shh in the WSTF knockdowns 

was one third of that of the ISWI knockdowns. This might indicate that there was more 

complete knockdown of WSTF in the WSTF knockdowns than there was for ISWI in the 

ISWI knockdowns, which led to more decrease in expression of Shh in the WSTF 

depleted embryos as compared to ISWI deficient ones.
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Shh is expressed in the mouse retina and is required for retinal progenitor cell 

(RPC) proliferation (Jensen and Wallace, 1997; Levine et al., 1997; Wang et al., 2005, 

2002). It also plays an important role in the retinal cell fate determination including 

specification of ganglion, photoceceptor and Muller glial cells (Jensen and Wallace,

1997; Levine et al., 1997; Stenkamp et al., 2000). It induces the formation of ciliary 

marginal zone (CMZ) in chick eye and retinal margin in the eye of rodents (Moshiri et 

al., 2005; Moshiri and Reh, 2004). The CMZ and the retinal margin harbors 

undifferentiated progenitor cells (stem cells) which is important for specification of post 

embryonic neurons and glia (Goodrich and Scott, 1998). Given all these functions that 

Shh has in retinal development, the undifferentiated, malformed retina observed in the 

WSTF knockdowns may be wholly or partially attributed to loss of Shh signaling.

I have also observed that the WSTF knockdown embryos show BMP4 over

expression and in situs for BMP4 show aberrant expression throughout a structure that 

appears to be a deformed neural tube. This strongly suggests that WSTF acts as a 

repressor of BMP4 in the neural tube. Therefore, WSTF may facilitate the formation of 

neural tissue by repressing genes that prevent neural tissue formation like BMP4. 

However, we do not know for sure if BMP4 is a direct target for WSTF or whether it is 

acting further downstream in a WSTF-dependent pathway. A ChIP analysis would help 

answer this question. ChIP with ISWI antibodies indicate that ISWI binds directly to 

BMP4 gene (Dirscherl et al., 2005). As WSTF is a specific ISWI complex and the BMP4 

over expression in the ISWI and WSTF knockdown embryos are similar, therefore there 

is a strong possibility that WSTF may directly bind to BMP4 as well.

55



In chicken, BMP4 is expressed in the overlying optic vesicle (Muller et al., 2007) 

and in mice it is expressed in the presumptive lens ectoderm (Furuta et al., 1997). In 

mice BMP4 is responsible for proper patterning of gene expression in the ectoderm 

overlying the optic cup from where lens is formed (Furuta and Hogan, 1998; Sasagawa et 

al., 2002). Optic vesicle explants cultured from Bmp4 null mice only forms lens when 

treated with exogenous BMP4 indicating that BMP4 is essential for lens formation 

(Furuta and Hogan, 1998). In Bmp4 +/' mice, the optic cup is formed, but the eyes are 

smaller in size (micropthalmia) (Chang et al., 2001). BMP4 over expression in chick and 

Xenopus embryos induces ectopic Tbx5 (dorsal optic cup marker) expression in the retina 

(Koshiba-Takeuchi et al., 2000; Sasagawa et al., 2002). Increasing BMP4 signaling by 

addition of exogenous BMP4 alters the patterns of gene expression and results in a 

reduced retinal volume, primarily due to reduced cell proliferation and alterations in the 

axial length of the optic cup, indicating that correct levels of BMP signaling are 

important for the growth and the shape of the embryonic eye (Behesti et al., 2006). 

Besides cell proliferation, BMP4 is also implicated in programmed cell death in the 

dorsal optic cup in chick retina and in the proper distribution and localization of retinal 

ganglion cells (Koshiba-Takeuchi et al., 2000; Trousse et al., 2001).

In the nervous system, BMPs have important roles to play in inhibition of neural 

induction, cell fate determination, proliferation and apoptosis (Mehler et al., 1997). Thus, 

lack of normal neural development, especially the lack of proliferation and proper 

differentiation in the lens tissue in the WSTF knockdowns may be associated with 

misexpression of BMP4.
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This study has focused on the role of WSTF in Ultimately we hope to

determine if there are any functional differences between the PHD, bromo and DDT 

domains of WSTF, by mutation and deletion studies.

In WS, the whole WSTF gene is deleted. But we do not know the effect of only 

PHD domain impairment. This would be interesting to see because many mutations in 

the PHD motifs of several proteins are associated with a variety of developmental 

disorders. Mostly, mutations in the first Zn binding site and the nearby putative 

interaction surfaces are related to human diseases. For example, in XLMR syndrome (X- 

linked mental retardation which has characteristic facial dysmorphic features), a point 

mutation in the ATRX gene is found (Gibbons et al., 2000). This mutation also 

corresponds to the same amino acid residue that is present in the predicted functional 

region of the WSTF-PHD.

The other domain in WSTF, the bromodomain, interacts with acetylated histone 

tails and helps in the recruitment of VDR to its targets. Impaired recruitment of VDR is 

found in WS patients. In cells isolated from WS patients this condition is rescued by 

over expression of WSTF (Fujiki et al., 2005). The structure of bromodomain was first 

revealed from a human transcriptional co activator PCAF (Dhalluin et al., 1999). 

Eventually, structures of bromodomains in several proteins including Brgl and BPTF 

have been identified (Li et al., 2006a; Shen et al., 2007). All of these consist of 4 

conserved helices with two inter-helical loops with variable length and sequences. These 

loops are known to stabilize the protein and interact with acetyl lysine. Since the amino 

acid residues in bromodomains involved in acetyl lysine recognition are highly conserved
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in the large bromodomain family of proteins, mutation of the corresponding residues in 

the bromodomain of WSTF protein may throw some light on its function.

The third domain in WSTF protein is the DDT domain. These are putative DNA 

binding motifs (Doerks et al., 2001) but their binding specificity and functional 

significance is not known. So it will also be interesting to see if the deletion of this 

domain in WSTF protein has any functional role during development.

Besides, the mutation and deletion analysis, determination of transcriptional 

profiles of some lens, retina and brain specific markers in the WSTF knockdowns will 

help us understand which developmental genes are under the control of WSTF protein. 

Some of these markers include Pax-6, Six-3, Sox-2, Sox-3, XlNLRR-6, Slug, Snail and 

HoxB9. Pax-6 is a central player in eye development and can induce ectopic eye 

formation in vertebrates (Chow et al., 1999; Pichaud and Desplan, 2002). Six3, Sox2 and 

Sox3 are homeodomain transcription factors required for normal lens development 

(Kamachi et al., 2001; Zhou et al., 2000; Zuber et al., 2003; Zygar et al., 1998). XINLRR- 

6is a leucine-rich repeat protein essential for retina, lens and cornea development, and is 

necessary for differentiation of cell layers in the retina (Wolfe and Henry, 2006). Since 

previous study in our lab has also shown reduced expression of the neural crest genes like 

Slug and Snail, and the general CNS/spinal cord marker HoxB9 in the ISWI knockdowns 

it will be useful to evaluate their expression in the WSTF knockdowns as well (Dirscherl 

et al., 2005).

WSTF knockdowns also show severe disorganization of anterior neural structures. 

So it will also be useful to measure expression of genes specific for different structures
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within the CNS like Xaxin(anterior midbrain marker), Krox20 (hindbrain marker), and

Xbcan (notochord and hindbrain marker) (Hedgepeth et al., 1999; Sander et al., 2001).

Real time RT-PCR will determine any perturbation in the level of expression of 

these genes in the WSTF knockdowns while in situs will decipher any difference in their 

spatial expression. It will also assist in deciphering the specific defects in the neural 

development in WSTF knockdowns. We also hope to find some genes that are directly 

activated or repressed by WSTF through chromatin immunoprecipitation (ChIP) assays. 

This will help us understand the specific interaction of the WICH complex with its targets 

during neural development in Xenopus.
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Figure A.l: Representative negative controls for situ hybridization. A-C.

Represents embryos incubated with WSTF sense strand digoxygenin labeled probe. E-F. 

Represents embryos incubated with BMP4 sense strand digoxygenin labeled probe. 

A:stage 24; B: stage 28; C: stage 33/34; D: stage 45; E: stage 41(normal); F: stage 41 

(WSTF knockdown).


