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ABSTRACT

IN VIVO ANALYSIS OF THE MOLECULAR MECHANISM OF REPRESSION OF
THE DROSOPHILA LONG-RANGE REPRESSOR HAIRY

By
Carlos Alberto Martinez
The Drosophila Hairy protein belongs to a widely conserved class of transcriptional
repressors called Hairy and Enhancer-of-Split (HES) proteins that have important roles in
embryogenesis and cell fate determination. HES family members are characterized by a
conserved basic helix-loop-helix DNA binding domain, an Orange domain, and a C-
terminal WRPW motif that binds the TLE/Groucho corepressor. While enormous
advances have been made in elucidating the biological functions of HES proteins, there is
very little molecular understanding of the mechanism by which they repress transcription.
To address this issue, Hairy repression was analyzed in the context of a highly defined
Drosophila embryo system. The system consisted of embryos carrying a lacZ reporter
transgene activated ubiquitously by the yeast Gal4 protein, the latter of which was
expressed under control of the daughterless promoter. Uniform repression of the system
was achieved by the heat shock induction of a LexA-Hairy fusion protein that can bind to
and repress the reporter. Using embryo chromatin immunoprecipitation, I have analyzed
the recruitment of activators, coactivators, repressors, corepressors, and chromatin
modifications associated with Hairy repression. The results show that during repression
activators and coactivators remain bound to the promoter, suggesting that Hairy does not
work by blocking activator and coactivator recruitment. Chromatin immunoprecipitation
analysis showed that during repression Groucho was recruited to the entire four kilobase

coding region of the /acZ reporter. Groucho binding was accompanied by recruitment of



the histone deacetylase Rpd3, a known Groucho interacting protein, and a subsequent
loss of H3 and H4 acetylation levels at the promoter and one kilobase downstream.
Concomitant with the loss of histone acetylation levels, a two-fold increase in total
histone H3 occupancy was seen at the promoter region, suggesting that Hairy repression
is associated with chromatin remodeling. Given that previous studies had characterized
Hairy as a long-range repressor capable of dominantly inhibiting distal elements, the
results suggest a model wherein Groucho spreading and subsequent histone deacetylation
can lead to long-range gene silencing. However, unlike previously characterized long-
range silencing mechanisms that involve corepressor spreading, the repression observed

in this system was transient.
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Chapter 1

Literature Review

The purpose of this project is to elucidate the molecular mechanism of repression
of the long-range repressor Hairy in the context of a Drosophila embryo. Hairy belongs
to a widely conserved family of transcriptional repressors called Hairy and Enhancer-of-
Split (HES) proteins that have important roles in development and in determining cell
fate decisions. While a wealth of information on the function of HES proteins exists,
relatively little is known about the underlying mechanism of repression [1, 2]. A
difficulty in studying developmental regulation in vivo is that only a specific subset of
genes are expressed in different tissues. Thus, in early Drosophila development only a
fraction of the cells express Hairy [3]. In order to solve this problem, I created an in vivo
system wherein a transcriptional switch homogenously regulates the expression of a lacZ
reporter within the Drosophila embryo. Activation of the switch was achieved by the
ubiquitous expression of the yeast Gal4 activator, while repression was brought about by
the heatshock induction of Hairy fused to the DNA-binding bacterial LexA protein.
Using this system, both the repressor and the activator could be tracked on the gene, as
well as the associated cofactors and chromatin modifications. Furthermore, by
manipulating the expression of Gal4 and LexA-Hairy, the system allowed the
differentiation between activator- and repressor-specific effects.

In this chapter I will review the literature with a focus on placing Hairy repression
in a developmental and mechanistic context. To that end, I will discuss the functional

roles of Hairy and related proteins in regulating Drosophila and vertebrate development.



I will also discuss in general terms the different mechanisms of transcriptional repression
and describe what is known about the mechanism of repression by HES proteins. Given
that the repression mechanism studied here takes place in the context of a reporter system
activated by Gal4, I will include a section on the mechanism of Gal4 activation.

The results of this study show several important aspects of Hairy repression. First,
tethering Hairy to the reporter silences the gene yet it does not displace the activator or
coactivator from the promoter (Chapter 2). Second, repression is associated with the
binding of the Hairy corepressor Groucho to an extensive region encompassing several
kilobases, suggesting that Groucho can spread throughout the gene (Chapter 3). Third,
repression was accompanied by recruitment of the Rpd3 histone deacetylase and a
subsequent loss of acetylated histones at the promoter (Chapter 3). Lastly, repression was
not permanent as it was readily reversed upon degradation of LexA-Hairy with a

corresponding increase in histone acetylation levels (Chapter 2 and 3).

Early developmental regulation in Drosophila

In recent years, great strides have been made in understanding how gene activity
is regulated in eukaryotes. The use of unicellular model systems such as yeast has
provided a wealth of information on the molecular mechanism of regulation [4].
However, much less is known about the mechanisms specifying the complex temporal
and spatial patterns of gene expression in developing organisms. One of the difficulties in
studying gene regulation in metazoans is that each different cell type requires a specific
genetic program that leads to the activation and repression of different subsets of genes

[5]. Thus, in order to elucidate the mechanistic details of transcriptional regulation in



multicellular organisms, it is necessary to take into account the tissue and developmental
time frame in which it occurs.

The fruitfly Drosophila melanogaster has been the organism of choice for
studying developmental regulation. Its relatively small genome and the abundance of
genetic tools provide an ideal platform for the systematic analysis of individual genes, as
well as for the study of gene networks. Another advantage is the rapid rate of Drosophila
development [6]. In only 24 hours, a single fertilized egg develops into a larva composed
of multiple different tissues and organs [6]. This rapid rate of development greatly
reduces the time needed to generate and characterize different Drosophila lines. In
addition, early development occurs in a scyncytial embryo containing only nuclei and no
cellular membranes, simplifying transcription regulatory models by allowing intercellular
signaling events to be ignored [6]. Multiple studies of Drosophila development have
shown that most regulatory mechanisms are conserved in higher organisms, including
humans [7].

Early Drosophila development is characterized by a hierarchical cascade of
transcriptional factors that progressively refine the expression patterns of genes involved
in the establishment of segment identity [8]. Initially, maternally deposited RNA at the
anterior and posterior poles of the embryo creates wide gradients of the maternal genes
(bicoid, hunchback, caudal, and nanos) that serve as a coordinate system for specifying
positional information [8]. In turn, the maternal genes regulate the expression of the
zygotically expressed gap genes (zygotic hunchback, knirps, kruppel, giant, tailless,
huckebein), so-called because null mutations cause a “gap” phenotype wherein multiple

contiguous segments of the larvae are missing [9]. Gap genes then function to specify the



seven-stripe pattern of the pair-rule genes (even-skipped, fushi-tarazu, hairy, runt, paired,
odd-skipped, odd-paired, sloppy-paired), mutations of which cause the loss of every
other segment [9]. Finally, pair-rule genes are involved in regulating the expression of the
segment polarity genes (wingless, hedgehog, and engrailed), which are expressed in a

series of 14 stripes and function to define the metameric segment boundaries [10].

Transcriptional repression in Drosophila

A common theme of Drosophila segmentation is that repressors play a critical
role in establishing the boundaries of gene expression domains [11]. For example,
formation of the seven stripe pattern of even-skipped (eve) involves the additive action of
modular cis regulatory elements or “enhancers” that establish stripes 3/7, 2, 4/6, 1 and 5
respectively [12]. Initially, broadly expressed activators such as Bicoid, Hunchback, and
Stat bind to these elements and activate expression throughout the embryo [8]. However,
as development progresses, stripes become more defined as the gap genes bind to these
modules and repress their activity in the interstripe regions [8]. Thus, formation of the eve
stripe 2, involves activation in the anterior half of the embryo by Bicoid and Hunchback
and repression by Giant and Kruppel at the anterior and posterior borders respectively [8,
11].

Despite the importance of repression in developmental regulation of eukaryotes,
early studies focused mostly on the mechanism of transcriptional activation [13]. This
focus was due to the idea that since only 7% of genes are transcribed at any one time in
an eukaryotic cell, it is more cost effective to activate the genes needed than it is to

repress the rest [13]. Thus, it was believed that most transcription factors should function



as activators [14]. In addition, repression was viewed simply as a disruption of the
activation process [13]. However, with the discovery and characterization of many
repressor complexes, it is now clear that repression plays a big part in transcriptional
regulation and can involve multiple mechanisms [15, 16].

In Drosophila, repressors are often grouped into two functional classes depending
on their range of activity [17]. Short-range repressors like Snail, Knirps, Kruppel, and
Giant can disrupt the functions of activators or the promoter only if they are bound within
100-150 bp (Figure 1-1A) [18-21]. Such a limited range seems well suited to maintaining
the enhancer autonomy of modular cis regulatory elements such as those found on eve
[18]. In contrast, long-range repressors like Hairy and Polycomb (Pc) can silence multiple
enhancers in a dominant fashion even when bound over 1 kb away from the nearest

activator or promoter (Figure 1-1B) [22-24].
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Figure 1-1. Long-range and short-range repression.

(A) Short-range repressors like Knirps, Snail, Giant, and Kruppel interfere with the
function of activators that lie within 100-150 bp from the repressor. By repressing
locally short-range repressors maintain enhancer autonomy. (B) Long-range repressors
like Hairy can dominantly repress distant enhancers over distances of several kilobases.
Repressors are represented by squares and activators by ovals. Images in this dissertation
are presented in color.



Mechanisms of transcriptional repression

Transcriptional repressors can be characterized as being global or gene-specific.
Global repressors typically function by sequestering or modifying components of the
basal transcriptional machinery, such that it is not available for transcription, resulting in
the down-regulation of genes that require that component [16]. For example, herpes virus
infection can lead to aberrant phosphorylation of the Pol II CTD, resulting in a down-
regulation of genes transcribed by Pol II [25]. Gene-specific repressors on the other hand
regulate a much smaller subset of genes. This type of repression can be effected by
disrupting the formation of an activator/DNA complex or by blocking their stimulatory
interactions with the promoter (Figure 1-2A) [16, 26]. Alternatively, gene-specific
repression can occur by interactions with the basal machinery at a particular promoter
(Figure 1-2B) [16]. In addition, repressors can recruit chromatin modifying enzymes to
locally alter the chromatin structure so that it becomes refractive to transcription (Figure
1-2C) [16]. Many gene-specific repressors contain DNA-binding domains that enable
them to specifically bind to their targets [26]. In contrast, some repressors are recruited to

genes via interaction with other DNA binding proteins [26].

Disruption of activator function

Transcriptional repression can be achieved by processes that degrade, sequester,
covalently modify, or alter the localization of activators in the nucleus (Figure 1-2A,
insets 1-4) [26]. Additionally, disruption of activator function can occur through binding
site competition, or by masking protein-protein interactions necessary for activation

(Figure 1-2A, insets 5 and 6) [16]. For example, ubiquitination of p53 by Mdm2 can



promote protein turnover and nuclear export [27]. Similarly, deacetylation of E2F1 by the
Rb complex can inhibit activator binding [28]. Another example of activator disruption is
the sequestration of the MyoD activator by heterodimerization to the non-DNA-binding
Id protein [26]. Other examples include masking of the Gal4 activation domain by the
Gal80 repressor, binding site competition between the Engrailed repressor and the Fushi-
tarazu activator, and blocking NFkB import into the nucleus by binding to the IxB

repressor [29-31].

Direct repression of the basal transcriptional machinery

Some transcriptional repressors can disrupt transcription by direct interactions
with the basal machinery in a promoter-specific manner (Figure 1-2B) [16]. Repressors
can target the basal machinery by three known mechanisms. The first is through
modification of the locally bound Pol II holoenzyme (Figure 1-2B, inset 1). For example,
the Tup1-Ssné6 repressor complex has been suggested to mediate repression by interacting
with the Srb10/11 cyclin/cyclin-dependent-kinase pair to misregulate Pol II CTD
phosphorylation [32-34]. The second mechanism is by blocking TBP binding to the
TATA box (Figure 1-2B, inset 2) [16]. The homeodomain-containing repressor Eve has
been shown to interact with TBP and disrupt formation of the pre-initiation complex
(PIC) [35]. Finally, repression can also involve inhibiting the protein-protein interactions
between the general transcription factors (GTF) (Figure 1-2B, inset 3) [16]. While
monomeric Kruppel can activate transcription, a Kruppel dimer can mediate repression

by interacting with the TFIIEP subunit and preventing PIC assembly [36].



Recruitment of chromatin modifying and remodeling complexes

Transcriptional regulation in eukaryotes takes place in a highly complex
environment consisting of a dense DNA/protein matrix called chromatin. Typical
eukaryotic genomes are in the order of 10%-10° bp, which uncoiled would be 10'-10> cm
long. Since an eukaryotic cell is approximately 10-100 um long, DNA must be tightly
packaged in order to fit inside the nucleus. The basic packaging unit is called the
nucleosome, which is a highly stable complex consisting of 147 bp of DNA wrapped 1.67
left-handed turns around an octamer of histone proteins (H2A, H2B, H3, and H4) [37].
The linker histone H1 loosely associates with the nucleosome and promotes chromatin
compaction [38]. When viewed under an electron microscope, chromatin has the
appearance of an 11-nm “beads on a string”, with the distance between each nucleosome
varying between 10-100 bp [38]. In turn, chromatin can be packaged in higher order
secondary and tertiary structures [39, 40]. Early studies on chromatin structure classified
chromatin as euchromatin or heterochromatin depending on the degree with which they
stained with DNA-specific dyes like Giemsa [41]. Thé lighter staining euchromatic
regions are characterized by being relatively gene rich and have a looser structure [40]. In
contrast, heterochromatic regions stain darkly, contain fewer active genes, and are highly
condensed [40]. Since then, studies have shown that euchromatin and heterochromatin
differ at a nucleosomal and DNA level, with specific covalent modifications of both
histones and DNA nucleotides associated with each region [16, 40].

Many repressors work by altering the chromatin structure in order to create a
repressive state (Figure 1-2C). A common mechanism is through the recruitment of

histone modifying enzymes such as histone deacetylases (HDACs) and histone



methyltransferases (HMTs) [26]. Active genes are generally associated with high levels
of histone acetylation, possibly because acetylation of the N-terminal histone tails might
decrease the stability of the nucleosome complex [42]. Alternatively, acetylation might
target the binding of chromatin remodeling complexes such as SWI/SNF to create a
looser chromatin structure [43]. Thus, recruitment of HDAC complexes like Rpd3, Hdal,
and Sir2 can decrease histone acetylation and create a more compact chromatin structure
[26]. Histone methylation is often associated with gene silencing [44]. Recruitment of
HMTs such as Su(var)3-9 and SET1 can result in the specific methylation of the lysine
residues H3 K9 and K27 respectively [26, 44]. Methylation of these residues can in turn
promote the binding of repressive complexes like HP1 and Pc to silence gene activity
[44]. Other known histone modifications include phosphorylation, ubiquitination,
sumoylation, ADP ribosylation, deimination, and proline isomerization [44].
Additionally, in many organisms DNA methylation plays an important role in gene

silencing [26].
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Figure 1-2. Mechanisms of transcriptional repression.

(A) Disruption of activator function can occur by degradation (1), covalent modification
(2), translocation outside of the nucleus (3), sequestration (4), competition for binding
sites (5), or blocking of activator interactions (6). (B) Alternatively, repressors can
directly target the basal machinery by modifying the Pol II CTD (1), preventing TBP
binding to the TATA box (2), or by blocking protein-protein interactions necessary to
promote PIC assembly (3). (C) Additionally, repressors can recruit chromatin remodeling
and modifying enzymes in order to create a repressive chromatin structure. Images in this

dissertation are presented in color.



Hairy

The hairy (h) pair-rule gene encodes a 337-amino-acid transcriptional repressor
that plays an important role in segmentation and sensory bristle formation in Drosophila
[45-47]. Hairy is closely related to a family of proteins belonging to the Enhancer of split
complex [E(spl)], which negatively regulate neurogenesis and are regulated by Notch
signaling [48, 49]. Homologs for the Hairy/E(spl) (HES) have been found in both
vertebrates and invertebrates, where they are involved in neurogenesis, neural cell fate,
vascular development, mesoderm segmentation, and myogenesis [1, 50-53]. Hairy/E(spl)
proteins are characterized by a conserved basic helix-loop-helix (b HLH) DNA-binding
domain, an Orange repression domain, and a C-terminal WRPW motif that binds to the
corepressor Groucho (Figure 1-3A) [54, 55]. Interestingly, studies of the mammalian
hairy/E(spl) homolog HES6 suggests that the WRPW motif also acts as a protein
degradation signal, promoting polyubiquitination and proteosomal degradation [56].
Hairy/E(spl) proteins are believed to bind to their targets as homodimers or heterodimers
through interactions in the bHLH and Orange domains, with the Orange domain
providing functional specificity [54, 57, 58]. However, yeast two-hybrid studies have
shown that Hairy does not interact with any of the E(spl) proteins and binds presumably
as a homodimer [57].

Initially Hairy is expressed in a seven stripe pattern in early Drosophila
blastoderm embryos where it helps to establish the borders of alternate metameric
segments in the fly by repressing the expression of the pair-rule genes fushi-tarazu, runt,

and oddskipped (Figure 1-3B) [59, 60]. Later, in the larval stage, Hairy is involved in the

12
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Figure 1-3. Conserved Hairy domains and expression pattern.

(A) Schematic diagram of Hairy showing the basic helix-loop-helix DNA-binding
domain (bHLH), the Orange domain, and the C-terminal WRPW motif. Arrows point to
the regions involved in interacting with the Sir2, CtBP, and Groucho corepressors. (B) in
situ of Hairy mRNA expression pattern in early blastoderm embryos. Images in this
dissertation are presented in color.



patterning of the sensory bristles in wing and leg imaginal discs through direct repression
of the proneural gene achaete [61].

In contrast to short-range repressors, Hairy is able to silence gene activity even
when bound 1 kb away from a heterologous enhancer [22]. However, in some cases
Hairy can allow enhancer autonomy and act in a non-dominant fashion to locally repress
enhancers [62]. The “hot chromatin model” has been proposed to explain the context
dependency in the range of Hairy repression, this model postulates that Hairy binding to
single sites might require the presence of nearby activators to “open” the chromatin.
Alternatively multiple Hairy binding sites placed close together could enable cooperative
protein-protein interactions, allowing Hairy to bind in the absence of activators [62].

Interestingly, while the long-range repression ability of Hairy has been studied
only in the context of transgenic reporter constructs, the few promoter sequences that
have been analyzed have Hairy binding sites placed very near activators or the
transcriptional start site [22]. For example a single Hairy binding site at -302, 50 bp
upstream of a cluster of 3 activator sites in the promoter region of achaete has been
shown to be critical for repression [61]. Similarly, the mouse Hairy/E(spl) homolog HES-
1 can negatively auto-regulate its own transcription by binding to 4 sites placed within
20-170 bp of the transcriptional start site [63]. Additionally, repression of sex lethal by
the Hairy-related protein Deadpan occurs by direct binding to a region between 93-125
bp upstream of the start site [64]. Therefore, it is unclear whether the long-range
repression activity of Hairy is actually required for silencing endogenous targets.
Interestingly, the Dorsal morphogenic protein, which also interacts with Groucho and has

long-range repression activity, can repress the zerknult gene by binding a silencer

14



element approximately 1 kbp upstream of the start site [65]. However, since it is not
known what activates this gene at the early blastoderm stage, it is difficult to determine if

Dorsal is behaving in a long-range fashion with respect to the activators.

Hairy/E(spl) repression mechanism

Basic HLH proteins bind as homo- or heterodimers to a consensus CANNTG
sequence known as an E-box. Both Hairy and E(spl) proteins have been shown to bind to -
E-boxes. However, Hairy homodimers prefers to bind to an alternate CACGCG sequence
[47, 61]. Interestingly, the E(spl) proteins and a heterodimer between the bHLH
activators Daughterless and Lethal-of-scute can both bind to the same consensus E-box in
vitro, suggesting that binding site competition could be a possible repression mechanism
in some contexts [66].

A conserved characteristic of Hairy/E(spl) proteins is the ability to interact with
the Groucho corepressor through a WRPW motif at the C-terminal end [55]. Multiple
lines of evidence have shown that Groucho plays a key role in mediating Hairy repression
[67, 68]. However, Groucho binding to Hairy is not the sole repression mechanism since
Hairy can still repress scute even without the WRPW motif [54]. Indeed, the corepressors
CtBP (C-terminal binding protein) and Sir2 (silent information regulator 2) have been
shown to interact biochemically and genetically with Hairy [69-71]. CtBP, like Groucho
is also a conserved transcriptional corepressor present in both vertebrates and
invertebrates, but unlike Groucho, CtBP is thought to mediate short-range repression by
binding to PXDLS-type motifs present on short-range repressors such as Knirps, Snail

and Kruppel ([72-74]. The Hairy CtBP binding region is located only 9 amino acids from
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the C-terminal WRPW and corresponds to a divergent PLSLV motif with weaker binding
affinity than the consensus [69, 72]. The functional importance of CtBP-Hairy interaction
is unknown, but genetic evidence suggests that CtBP can antagonize Hairy repression, as
reduction in CtBP levels suppresses the Hairy mutant phenotype [69]. Additionally,
Hairy mutations that enhance CtBP binding inhibit Hairy-mediated repression, while
mutations that block CtBP interaction have the opposite effect [72]). Since the CtBP
binding region is very close to the C-terminal WRPW, it has been suggested that CtBP
and Groucho compete for binding to Hairy. However, both CtBP and Groucho can
simultaneously bind a Hairy monomer in vitro [70, 72]. Intriguingly, CtBP seems to be
required for proper expression of three putative Hairy target genes identified by DamID
profiling, wherein tissue culture expression of a Hairy protein fused to the Dam
methyltransferase leads to the methylation of the DNA surrounding the sites of Hairy
recruitment [75]. However, it is unclear whether the CtBP requirement is direct or
indirect.

Unlike the effect seen with CtBP, reduction in the maternal dSir2 levels causes an
increase in the Hairy mutant phenotype, suggesting a positive contribution to Hairy
repression [71]. In vitro binding assays have shown that dSir2 can bind to Hairy, and that
the region of Hairy required corresponds to a RRAR motif present in the basic N-
terminal part of the bHLH domain [71]. Additionally, damID profiling in Kc cells,
wherein Hairy and dSir2 were fused to the DNA adenine methyltransferase (dam),
revealed a 30% overlap between Hairy and dSir2 targets [75]. It seems likely that dSir2-
Hairy interaction is important for Hairy repression, because a similar biochemical and

functional interaction was shown for two human Hairy/E(spl) homologs hHES1 and
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hHEY?2, indicating that dSir2-Hairy interaction is evolutionary conserved [76]. Sir2 was
first isolated as a gene involved in the repression of the yeast silent mating type locus;
later it was shown to be involved in the establishment of silent heterochromatic states at
yeast telomeres and rDNA [77, 78]. The molecular mechanism of Sir2 silencing seems to
involve a NAD-dependent histone deacetylation activity of Sir2 and the spreading of a
Sir2 complex over large distances [79]. This is accomplished by stepwise recruitment by
Sir2 of Sir3 and Sir4 to nearby hypoacetylated histones, which in turn recruit more Sir2,
generating a positive feedback loop [80]. This type of mechanism would be compatible
with the long-range repression activity of Hairy.

The Groucho (Gro) corepressor is a widely conserved metazoan protein that is
recruited by a large number of transcriptional repressors. Groucho does not have any
intrinsic DNA-binding ability, instead relying on direct protein interactions to bind to the
target gene. Two types of signature motifs have been found that interact with Groucho,
the C-terminal WRPW and a FxIxxIL motif called the Engrailed homology-1 (ehl) [81,
82]. In humans, Groucho homologs are called Transducin-like-enhancer-of-split (TLE)
and share with Groucho a glutamine-rich N-terminal tetramerization domain (Q-domain)
and seven WD repeats, each 40 amino acids long (WD-40), placed in tandem near the C-
terminus, which are thought to be involved in protein-protein interactions [83]. Gro/TLE
proteins exert their influence on gene activity by multiple mechanisms. Like Sir2,
Groucho-mediated repression appears to involve histone deacetylase activity, in this case
through direct interactions with Rpd3 [84]. Additionally, Groucho binds hypoacetylated
histone tails, suggesting a repression mechanism analogous to that of Sir2, wherein

Groucho spreads along the chromatin by means of a positive feedback loop involving
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Rpd3-mediated deacetylation of surrounding histones that could allow more Groucho
binding [85]. Post-translational modifications of Groucho play a role in its repression
activity, as phosphorylation of Groucho by dHIPK2 can relieve target gene repression
[86]. Interestingly, phosphorylation of mammalian TLE by CK2 on Ser 239 can enhance
its repression activity [87]. Genome-wide studies of Hairy, CtBP, Sir2, and Groucho
binding have shown that Hairy colocalizes with different combinations of cofactors at
multiple loci, suggesting that Hairy can repress by alternate mechanisms via context-
dependent cofactor recruitment [75].

The ability of HLH proteins to form homo- or heterodimers raises the possibility
of an additional repression mechanism involving heterodimerization between
Hairy/E(spl) proteins and bHLH activators in order to titrate them off the DNA. An
example of such a mechanism is the ability of the protein Extramacrochaetae (Emc) to
block DNA binding of Daughterless (Da) and members of the Achaete-Scute Complex
(AS-C) by heterodimerization through the mutually conserved HLH domain [88]. Some
Hairy/E(spl) proteins can heterodimerize with Da/AS-C, however it is unlikely they
work in this manner in vivo since target gene repression is abolished when the
Hairy/E(spl) binding sites are mutated indicating that the repressor needs to be present at
the gene for repression to occur [47, 61]. Furthermore, addition of Hairy/E(spl) proteins
does not displace Da/AS-C from E-boxes in vitro [64, 88]. Interestingly,
heterodimerization with activators does seem to play a role in repression for some
vertebrate Hairy/E(spl) homologs. For example, HESS5 can heterodimerize with the E47
HLH activator and prevent it from binding to DNA in vitro [89]. Similarly, the related

Heyl repressor can heterodimerize with MyoD to block myogenic terminal
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differentiation, while Hey2 can block DNA binding by the ARNT/EPAS (HIF2) complex
and suppress VEGF transcription [90, 91]. Likewise, HEY1, HEY2, and HESI can
interact with the PTF1-p48 activator to block exocrine cell differentiation in the

developing pancreas [92].

Hairy/E(spl) functions in Drosophila
The high degree of functional conservation of Hairy/E(spl) repressors and bHLH

activators that exist among different species has led some to speculate that both form part
of a functional “cassette” involved in the establishment of cell fate decisions [93]. The
best studied of these functions involves their role in prepatterning proneural clusters and
subsequent cell fate determination within the cluster. A model system for this process is
the formation of the Drosophila sensory bristles where precursor cells gives rise to shaft,
socket, glial, and neuronal cells that make up part of the peripheral nervous system (PNS)
[94]. Establishment of the proneural fate occurs through the activation of the proneural
genes achaete, scute, lethal of scute, and asense belonging to the AS-C, as well as
daughterless and atonal [95-97]. These activators belong to a class of bHLH proteins that
typically function in opposition to the Hairy/E(spl) repressors to establish cell fate
decisions. Along with hairy/E(spl), they have coevolved to regulate cell differentiation in
multiple tissues for both vertebrates and invertebrates [93]. In the case of PNS formation,
repression of these genes by members of the Hairy/E(spl) family has been shown to
prevent the formation of ectopic sensory organs [98-100] (Figure 1-4A). Initially,
prepatterning of the PNS is brought about by direct repression of achaete by Hairy in

cells outside of the proneural cluster, resulting in a complementary pattern between hairy
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and achaete gene expression [47] (Figure 1-4B, C, and D). Cells inside the proneural
cluster belong to a so-called equivalence group, where any one of them has the potential
to become a precursor cell [101] (Figure 1-4D). Only one cell within the equivalence
group will then go on to become a precursor cell, with the rest assuming an epidermal
cell fate by means of lateral inhibition of proneural genes by E(spl) proteins in response
to Delta/Notch signaling [95, 102] (Figure 1-4D).

In addition to regulating the formation of sensory bristles, hairy also plays a role
in the differentiation of the eye. Like other arthropods, flies have compound eyes
characterized by an array of repeating units called omatidia, each of which acts as an
independent photoreceptor. In the Drosophila eye imaginal discs, development of each
ommatidium starts with the differentiation of the R8 photoreceptor, which then recruits
the surrounding cells to form the lens, cone, pigment cells, and visual receptor that make
up the ommatidia [103]. The differentiation of the R8 cells is temporally and spatially
controlled by a wave of differentiation called the morphogenetic furrow that sweeps from
the posterior to the anterior of the eye imaginal disc [104]. Hairy has been shown to be
part of a network of genes regulating the progression of the morphogenetic furrow, acting
in conjunction with emc immediately ahead of the furrow to place undifferentiated cells
in a pre-proneural state [104].

Apart from their role in neurogenesis, Drosophila hairy/E(spl) genes are also
important in patterning of the somatic musculature. Analogously to PNS development,
muscle formation involves the establishment of a pluripotent field of cells expressing
high levels of the mesodermal specific twist activator [105, 106]. The regulatory

mechanism by which twist gene expression is prepatterned in the mesoderm has not been
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Figure 1-4. Hairy/E(spl) proteins pattern the PNS in Drosophila.

(A) Hairy mutants lead to formation of ectopic bristles which form part of the Drosophila
peripheral nervous system [107]. (B) Hairy prepatterns the PNS by repressing the
proneural gene achaete. (C) Schematic diagram of the achaete promoter showing binding
sites for the Hairy repressor and the HLH activators AS-C and Daughterless. (D)
Representation of the PNS patterning process by Hairy/E(spl) proteins. Hairy along with
emc initial represses achaete expression in cells outside a proneural cluster. A single cell
within the proneural cluster is selected to become the precursor cell. Selection occurs
through the process of lateral inhibition via the Notch signaling pathway. The resulting
precursor cell expresses genes that will lead to formation of the bristle sensory organ.
Images in this dissertation are presented in color.
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Figure 1-4. Hairy/E(spl) proteins pattern PNS formation in Drosophila.
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fully elucidated, but evidence points to a role of Notch signaling both in the activation of
twist inside the field as well as repression outside it through the actions of Supressor of
Hairless [Su(H)] and members of the E(spl) class of repressors [108]. Once the
pluripotent field has been formed, lateral inhibition of myogenic genes such as lethal of
scute by E(spl) proteins in response to Notch activation, allows for a single precursor cell
to be selected, which then divides into two myogenic founder cells that can in turn recruit
surrounding cells to form the muscle [109, 110].

The Drosophila Malpighian tubes are part of the fly excretory system and form as
invaginations between the hindgut and the foregut [111]. Following the same theme as
before, development of the Malpighian tubes are characterized by the formation of an
equivalence group of 6 to 8 cells that express the AS-C genes, followed by restriction of
expression to a single non-dividing cell that migrates to the tip of the developing tube and
regulates the invagination and growth of the tube [112]. It is likely that the selection of
the tip cell involves E(spl) proteins, because mutations in the Notch pathway have shown
misregulation of AS-C expression [112].

Deadpan is a transcriptional repressor involved in sex determination that is
structurally related to the Hairy/E(spl) class, in that it contains a bHLH DNA-binding
domain an Orange domain as well as a conserved WRPW motif [64, 100]. In flies, gender
is determined by the ratio of X to autosomal chromosomes (X:A), where X:A = 1 leads to
a female and a X:A = 0.5 leads to a male [64]. The genetic mechanism involves the
transcriptional repression of the female-specific sex-lethal gene by Deadpan in response
to the relative difference in X-linked sex determination genes or “numerator elements”

such as scute (also known as sis-B), sis-A, sis-C, and runt [113].
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Hairy has been found to regulate the formation of the Drosophila salivary gland
secretory tubes, which are unbranched tubular structures that connect the salivary ducts
with the larval mouth. Hairy works to suppress the formation of additional branches by
repressing genes required for apical membrane growth such as huckebein, in cells outside
the growth zone [114].

In summary, an important role of Hairy/E(spl) proteins in Drosophila is to
determine the outcome of binary cell fate decisions (Figure 1-4D). The process involves
establishment of an equivalence group of cells with the potential to assume a specific cell
fate. Cells outside the equivalence group are prevented from assuming the same fate
through repression of tissue-specific genes by Hairy. A single cell within the equivalence
group then is selected to become the precursor cell of a particular cell type. Selection of
the precursor cell is done by lateral inhibition of precursor-specific genes by E(spl)

proteins as a response to Notch signaling.

Hairy/E(spl) functions in vertebrates

Vertebrate Hairy/E(spl) homologs (HES) are involved in many of the same
processes seen in flies such as neurogenesis, myogenesis, and mesoderm segmentation, as
well as roles in angiogenesis, and oncogenesis [1]. Thus, understanding the molecular
basis by which these proteins work in flies would shed light on the transcription
regulation of multiple developmental pathways in a wide range of organisms.

Paralleling the fly system, mammalian Hairy/E(spl) homologs HES1 and HESS
work to select neuronal precursors from a population of pluripotent cells in the

developing nervous system [115]. Genetic interaction studies using mouse models
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suggest that HES protiens function to suppress the expression of proneural genes such as
achaete-schute homolog MASHI and neurogeninl (ngnl) in response to Notch signaling
[115-117]. Similarly, the zebrafish E(spl) homolog HER4 can inhibit neurogenesis by
repressing ngnl, while the Xenopus Enhancer-of-split related 1 (ESR1) protein can
repress the proneural gene Xath5 [118, 119]. In addition to their prepatterning role in the
nervous system, HES1, HESS, and the hairy/E(spl) related hesr2 (also known as Hey2)
have been implicated in determining the cell fate of neuronal precursors by dictating
whether they will become neurons or glial cells [120-122]. In contrast to the other HES
proteins, HES6 is expressed in neuronal precursors and promotes neuronal differentiation
by forming a non-functional heterodimer with HES1 [123]. Along with their role in
differentiating neurons, HES genes are also crucial for the maintenance of an
undifferentiated neuronal stem cell population [124]. Overexpression of HES! or HESS
in the developing mouse brain causes an overproliferation of undifferentiated neural stem
cells, while knockdowns of HESI, HES3, and HES5 cause premature neuronal
differentiation and brain malformations [125, 126]. Recently, HES! has also been
implicated in the formation of brain boundaries such as the zona limitans intrathalamica
and the isthmus, which separate thalamus/prethalamus and midbrain/hindbrain
respectively [127].

Another example of the importance of HES proteins in cell fate decisions can be
seen in the development of the vertebrate blood circulatory system, where these proteins
dictate whether cells will adopt a venous or arterial fate [128]. Evidence in zebrafish has
shown that hypomorphic mutations or knockdowns of hesr2 result in defects in dorsal

aorta formation, which is correlated with a decrease in the arterial marker ephrinB2a and
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an increase in the venal marker ephB4 [129]. The functional role of HES proteins in
blood vessel formation is likely to be conserved in vertebrates because mutations of the
mouse hesrl and hesr2 likewise result in a loss of arterial identity [130, 131]. Analogous
to other developmental processes, HES proteins act by repressing genes involved in vein
formation such as VEGF-A and VEGFR2 in response to Notch signaling [91, 132, 133]. It
is interesting to note that the process of blood vessel formation in vertebrates is similar to
the development of salivary ducts and Malpighian tubes in Drosophila, both of which are
tubular structures. Since flies and other arthropods have an open circulatory system, one
can speculate that evolution adapted a preexisting functional genetic cassette for
generating tubular structures in order to develop blood vessels. The roles that HES
proteins play in blood vessel formation suggest that they could be possible targets for
cancer therapies seeking to block angiogenesis in developing tumors.

Recent studies have also implicated HES proteins in the development of proper
heart morphology. Here, HES proteins are again involved in regulating cell fate decisions
by specifying a chamber myocardium identity versus an atrioventricular canal (AVC) and
inner curvature (IC) fate [134]. In chick embryos, the HES-related proteins Heyl and
Hey?2 function to repress the gene Bmp2 in cells destined to become part of the chamber
myocardium [134]. Bmp2 is exclusively expressed in the AVC/IC where it activates the
gene Thx2 which in turn represses Heyl and Hey2 expression; this feedback loop
allowing a sharp demarcation between the AVC/IC and the chamber region [134].
Interestingly, only Hey!l responds to Notch signaling, which makes it the direct effector

in this context [134]. The regulatory mechanism for negatively regulating AVC/IC cell
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fate seems to be evolutionary conserved, as similar mechanisms have been reported for
both zebrafish and mouse [134, 135].

In addition to their role in patterning the heart AVC/IC regions, HES proteins
have recently been discovered to be involved in valve and septum formation. Double
mutants of mouse HES homologs Hey! and HeyL show severe malformations in the
ventricular septum as well as in the pulmonary and atrioventricular valves. This was due
to a failure to establish a mesenchymal fate by the epithelial cell precursors in the AVC.
Establishment of the mesenchymal cell fate is likely to involve Notch signaling, since
Notchl, Notch2, and the notch ligand Jaggedl are coexpressed with Hey! and HeyL in
the endocardium of the AVC. Additionally, a Notchl knockout abolishes the epithelial to
mesenchymal transition [136]. It is interesting to note that Heyl and Hey2 also seem to
have a role in preventing calcification of the aortic valve (an important cause of heart
disease in humans) by repressing the activity of the osteoblast specific Runx2
transcriptional activator and downstream target gene expression [137]. It is likely that a
similar mechanism operates in humans because Notch! mutations have been shown to
lead to aortic valve defects [137].

In the vertebrate embryo, patterning of the mesoderm occurs through a process of
sequential segmentation from a terminal growth zone that leads to the development of
groups of mesodermal cells called somites placed symmetrically along the neural tube
[138]. In contrast, long germband insect segmentation like that of Drosophila occurs
simultaneously by the parallel formation of seven stripes of gene expression from the
pair-rule genes hairy, even-skipped, and fushi-tarazu in a syncytial embryo [45, 139].

Curiously, despite the difference in segmentation, Hairy functions in both insects and

27



vertebrates to prepattern the segmental body plan. Hairy regulates somitogenesis as part
of a molecular oscillator termed the “segmentation clock”, which generates waves of
transcriptional activity that move from the posterior to the anterior in the presomitic
mesoderm (PSM) [140]. For example, the chicken hairy homologs hairyl, hairy2, and
Hey?2 are each expressed cyclically in the PSM, with hairyl and Hey2 expressed in the
posterior or caudal half of the developing somite, while hairy2 is expressed in the
anterior or rostral half [138, 141, 142]. Similarly, mouse HES! and HES7 also show
oscillatory expression patterns as well as the zebrafish homolog her! [141, 143, 144].
The molecular mechanism by which these oscillations occur has not been completely
elucidated, but evidence points to the involvement of both extrinsic signaling via the
Notch pathway, as well as cell-autonomous oscillations consisting of a negative feedback
loop of HES proteins repressing their own transcription and subsequent proteosome-
mediated degradation and reactivation [145-147].

As in Drosophila, HES proteins have also been implicated in skeletal muscle
formation [90, 148, 149]. In the Xenopus embryo, overexpression of Hairyl leads to
repression of the myogenic inducing factor MyoD, while expression of a Hairy-VP16
chimera leads to MyoD upregulation, suggesting that Hairyl binds directly to the MyoD
promoter and represses it [148]. Furthermore, HES1 was shown to inhibit myogenesis in
both rat and mouse derived cell lines [50, 150]. Also, another HES member CHF2 was
shown to block Myogenin activation by MyoD in developing myoblasts by
heterodimerization with the activator [90]. In contrast, mouse HES6 seems to be able to
stimulate myogenesis by repressing transcription of the myogenic repressor MyoR [149].

Like other developmental processes where HES proteins are involved, it is likely that
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Notch signaling is also active in myogenesis; overexpression of the Notch ligand DI/ in
chick limb buds arrests myogenic differentiation and decreases MyoD expression [151].
Additionally, Notch signaling can inhibit myogenesis in both Xenopus embryos as well as
in frog- or mouse-derived cell lines [152, 153]. The importance of HES proteins in
myogenesis raises the possibility of a possible role in age or disease related muscle
deterioration.

Another recently discovered role of HES proteins is in the developing thymus
where they are required for proper T-cell differentiation and proliferation. In mice, HES!
mutants mostly lack a thymus and show arrested T-cell differentiation at an early stage
due to a lack of precursor cell proliferation [154]. It is not clear exactly how HES1
regulates T-cell differentiation, but it has been shown that HES1 directly repress the CD4
coreceptor by binding to a silencer element in the first intron of the gene [155, 156].
Proper transcriptional regulation of both CD4 and the similar coreceptor CD8 are crucial
for T-cell differentiation and subsequent maturation [155]. Regulation of precursor
proliferation has been suggested to occur through direct repression of the cyclin-
dependent kinase inhibitor p27(Kip1) [157].

HES proteins have also been implicated in the development of the digestive
system. For example, in the developing pancreas HES1 acts to maintain pancreatic stem
cells by repressing Ptfla, which promotes exocrine differentiation, as well as by
repressing Ngn3, which promotes endocrine differentiation. HES! knockout mice show
ectopic expression of Ptfla and Ngn3, which leads to the formation of an extra pancreas
[158, 159]. Similarly, HES1 is also important for the maintenance of the stem cell

progenitors in the mouse intestinal epithelium by repressing MASH1 [160-162]. Loss of
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HES]1 activity causes the differentiation of intestinal stem cells into an endocrine cell
fate, suggesting an involvement in specifying enterocyte versus non-enterocyte fates
[160, 161, 163, 164]. Additionally, HES1 knockout mice show lack of bile duct
formation in the liver, suggesting a role of HESI1 in establishing a hepatocyte versus
biliary epithelial cell fate [165].

In general HES proteins seem to have two crucial functions, the first one being to
maintain stem cells in an undifferentiated proliferating state, while the second one
involves regulating the outcome of binary cell fate decisions [124]. Disruption of HES
activity in either of these functions has been shown to have both a positive and negative
impact in oncogenesis. For example, some evidence suggests that HES! misregulation
could be involved in the development of sympathetic neuroblastomas, as neuroblastoma
cell lines show almost no HES! expression [166]. Furthermore, differentiating
neuroblastomas show an upregulation of HESI and a downregulation of the proneural
gene HASHI which is expressed in the sympathetic nervous system [166]. Similarly,
studies have shown that activation of the Notch pathway and the downstream HES!
effector can lead to inhibition of cellular proliferation in both gastrointestinal and lung
carcinoma cells and direct repression of HASHI [167-170]. In contrast, inappropriate
Notch signaling and HES activation is thought to promote the development of several T-
cell leukemias by promoting undifferentiated precursor cell proliferation [171-174].
Likewise, inhibition of Notch signaling leads to differentiation of mice intestinal
adenomas into post-mitotic goblet cells presumably by suppressing HES! expression

[175].
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Gal4

The yeast Gal4 protein has been used as a model for transcriptional activation for
the past 20 years. In yeast, Gal4 functions to activate the expression of the GAL regulon
when galactose is the sole carbon source [176]. Pioneering studies from several labs have
led to a significant level of understanding of the molecular mechanisms by which Gal4
exerts its activity. In Drosophila, the Gal4/UAS system for the spatial and temporal
control of gene activity has been a powerful tool for elucidating gene function [177].

Gal4 is an 881-amino-acid protein consisting of a Zn—Cys binuclear cluster-type
DNA-binding domain, a linker domain, a dimerization domain and two acidic activation
domains [176]. Gal4 binds as a homodimer to a 17-mer palindromic sequence 5° CGG
AGG AC(T/A) GTC CTC CG 3’ called the upstream activating sequence (UAS) [178].
DNA binding by Gal4 has been shown to be cooperative, with multiple UAS sites
showing synergistic activation [179].

The mechanism of Gal4 activation seems to involve both the creation of an
“open” chromatin state by recruitment of chromatin remodeling and histone modifying
enzymes, as well as direct targeting of the Mediatior complex and Pol II holoenzyme to
the promoter through interactions with its activation domain [180]. For example, in vitro
studies have shown that Gal4 can interact with both TBP and TFIID [181, 182].
Similarly, biochemical and genetic interactions with Gal4 have been shown for Cdk8,
Srb4, and Galll [183-185]. In addition, evidence has shown that Gal4 can also interact
with the SAGA histone acetylase (HAT), as well as with the SWI/SNF chromatin
remodeling complex [186, 187]. Interestingly, recent work has also implicated the

proteosome subunits Sugl and Sug2 as direct targets for Gal4 [188, 189].
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The yeast Gal4 protein belongs to the class of “acidic” activators which includes
the mammalian glucocorticoid receptor, c-myb, the viral VP16 protein, and the yeast
Gcen4 [190-192]. Acidic activators are characterized by having short modular domains
with a highly charged polar residues intcrspersed with hydrophobic groups [190]. The
ubiquitous nature of these domains and the fact that they can function across species
suggests an evolutionary conserved activation pathway. In Drosophila, the maternal
morphogen bicoid, which specifies the anterior half of the embryo, also contains an
acidic activation domain at the C-terminus [193]. Interestingly, expressing a chimeric
protein containing the DNA-binding domain of Bicoid fused to a heterologous acidic
activation domain can completely rescue the anterior pattern in a bicoid mutant embryo

[194].

Gal4 transcriptional activation

Multiple lines of evidence have implicated SAGA as one of the main players in
Gal4-mediated activation. Indeed, the importance of SAGA to gene activation has made
it into one of the most well characterized HAT complexes. SAGA, which stands for Spt-
Ada-GcenS-acetyl transferase complex, is a 1.8 MDa complex containing the histone
acetyltransferase GenS as well as three other groups of proteins [195]. The first class
consists of the Spt proteins Spt3, Spt7, Spt8, and Spt20/Ada$ that affect TBP function
[195]. Spt3 and Spt8 have been shown to directly interact with TBP, suggesting a direct
role in PIC assembly [195, 196]. The second class belongs to the Ada transcriptional
adapter proteins Adal, Ada2, Ada3. Previous work has shown that Ada2 and Ada3 are

crucial for Gen5 HAT activity in vivo and can also interact with TBP [197-199]. The
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third class corresponds to a group of TBP-associated factors (TAFs) and Tral, the latter
which is shared with the NuA4 HAT complex [200, 201]. Recently, it was found that the
deubiquitylase Ubp8 is also a part of the SAGA complex, this protein plays an important
role in regulating histone H2B ubiquitylation [202].

Chromatin immunoprecipitation studies have shown that recruitment of SAGA is
one of the earliest steps in an ordered process leading to Mediator recruitment and
subsequent assembly of the pre-initiation complex (PIC) [203, 204]. In vivo imaging
using fluorescence resonance energy transfer (FRET) has shown that Gal4 interacts
directly with the Tral subunit of SAGA [204]. This interaction requires the presence of
Spt20, a critical SAGA component required for complex integrity, suggesting that Tral
needs to be in a complex to interact with Gal4 [204]. Interestingly, binding of Tral to
Gal4 requires the presence of both the Gal4 DNA binding- and activation domains,
suggesting that Gal4 needs to be bound to the UAS in order to interact with Tral [204].
In support of a direct Gal4-Tral interaction is the fact that SAGA recruitment by Gal4
can occur on a minimal UAS site and in the absence of a promoter [186]. Curiously, it
seems that in some contexts GenS is not required for PIC assembly, raising the possibility
that SAGA actually acts as a scaffold for recruitment of the Mediator and Pol II
holoenzyme [186]. It should be noted however that SAGA HAT activity seems to be
important for the activation of some yeast genes such as PHO5 and PHOS8 [205, 206]. In
addition to its catalytic activity, GenS also contains a bromodomain that interacts with
acetylated lysine residues [207]. Importantly, functional homologs of the SAGA complex
have been characterized in Drosophila as well as in other metazoans, suggesting a

conserved mechanism of transcriptional activation [208].
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In addition to SAGA, Gal4 activity has also been associated with recruitment of
the SWI/SNF chromatin remodeling complex [187, 209]. SWI/SNF is an ATP-dependent
chromatin remodeling complex that plays a key role in “opening” the chromatin to
facilitate transcription. The exact mechanism of function is unclear, but recent in vivo
evidence suggests that it acts by directly displacing the histone octamers from the DNA
[210]. SWISNF consists of 11 subunits, of which the Swi2/Snf2 contains the ATP-
dependent catalytic activity. In addition, Swi2/Snf2 also has a bromodomain, suggesting
that histone acetylation can enhance SWI/SNF activity. Indeed, SAGA and SWI/SNF
complexes seem to work in concert for the activation of many genes [43]. Furthermore, it
has been shown that for some yeast genes like HO, SAGA-dependent histone acetylation
is required prior to SWI/SNF recruitment [211]. Additional evidence of the functional
importance of SWI/SNF in Gal4 activity comes from studies looking at the GAL genes.
In the inactive state the promoter region of the GAL genes contains nucleosomes
positioned over the TATA box and the transcriptional start site. Upon galactose induction
these nucleosomes become disrupted in a Gal4-dependent manner, facilitating the
recruitment of Pol II and PIC assembly [212]. It is likely that SWI/SNF is involved in this
process, as chromatin immunoprecipitation studies have shown binding of Swi2/Snf2 to
the GALI-10 promoter region upon Gal4 activation [213]. Like SAGA, functional
homologs of the SWI/SNF complex have been found conserved from yeast to humans
[214).

Apart from histone acetylation and nucleosome disruption, recent work has
uncovered a role for histone ubiquitylation in Gal4-dependent activation. Transient

monoubiquitylation of H2B K123 was shown to be required for maximum activation of
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GAL1 [202]. H2B ubiquitylation and deubiquitylation seems to be a tightly coordinated
process regulated by the Rad6 ubiquitin-conjugating enzyme and the deubiquitylation
activity of the SAGA subunit Ubp8 [202, 215]. Targeting of Rad6 to the Gall promoter is
dependent on the presence of both Gal4 and the E3 ligase Brel [215]. The kinetics of
Radé6 binding follows very closely that of H2B ubiquitylation and seems to occur at a
step immediately prior to SAGA recruitment [215]. After SAGA binding, monoubiquityl-
H2B levels quickly go down as a consequence of Ubp8 activity [202]. Concomitant with
the loss of monoubiquitylated H2B, Rad6 levels also drop, while SAGA remains bound
to the gene [215]. The functional importance of H2B K123 ubiquitylation seems to lie in
a “trans-tail” process whereby the ubiquitin moiety leads to the mono-, di-, and tri-
methylation of H3 K4 and K79, which are dual purpose marks important for the
activation and silencing of genes [202, 216, 217].

Mechanistic studies on the “trans-tail” process have uncovered close links
between H2B ubiquitylation and transcriptional elongation. For example, Rad6 has been
shown to interact genetically and biochemically with several elongation factors including
Pafl [218]. Furthermore, this interaction seems to be dependent on the presence of both
Brel and the elongating form of Pol II, which is phosphorylated on Ser5 of the CTD
[218]. Moreover, mutations that affect Pol II Ser5 phosphorylation or transcriptional
elongation abolish H2B ubiquitylation and reduce Rad6 binding, with a resulting loss in
H3 K4 and K79 methylation [218]. Like Pafl, the Setl histone methyltransferase (HMT),
which catalyze H3 K4 methylation, can also associate with the elongating Pol II [219].
This association is mediated by Pafl and requires phosphorylation of Pol II Ser5 by the

Kin28 kinase, which is part of the TFIIH complex [219]. It is likely that a similar
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association occurs with the Dotl HMT, which catalyzes H3 K79 methylation, as Pafl
knockouts result in complete loss of this modification [220]. Interestingly, it has been
shown that H2B ubiquitylation is not required for monomethylation of H3 K4 and K79,
rather it is needed for processive di- and trimethylation [221]. Lastly, recent studies
suggests that phosphorylation of Ser120 of Rad6 by the Burl/Bur2 cyclin-dependent
protein kinase is necessary for full ubiquitylase activity [222]. Since Burl is required for
efficient transcriptional elongation and is recruited to the elongating Pol II, it suggests a
model where Rad6-Pafl association allows Burl to activate Rad6 [223]. Thus, by
associating with the elongating transcriptional complex, Rad6-mediated histone
ubiquitylation could help target Setl and Dotl activity to the promoter and open reading
frame (ORF). The resulting methylation marks could flag these regions for remodeling by
the Iswl and Chd1 chromatin remodelers, which have chromodomains that recognize H3

K4 methylation [224, 225].
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Chapter 11

Recruitment of Gal4 and SAGA is not affected by Hairy-mediated repression’

Introduction

Transcriptional repression plays central roles in developmental gene regulation,
providing the temporal and spatial specificity required for complex expression patterns.
In Drosophila, the Hairy transcriptional repressor directs patterning of segmental pair-
rule stripes in the blastoderm embryo, and in later stages directs neuronal differentiation.
[47, 61, 98, 226]. Hairy and related transcription factors belong to a conserved metazoan
family of Hairy Enhancer of Split (HES) proteins involved in cell fate decisions in
neurogenesis, vascular development, mesoderm segmentation, and myogenesis [1, 227].
Understanding the molecular basis by which these proteins exert their function will shed
light on the transcriptional regulatory mechanism of multiple developmental processes.

In general, repressors can act by three basic mechanisms disruption of activator
function, direct targeting of the basal machinery, or by chromatin remodeling [16].
Repressors typically use a combination of all three mechanisms in a wide array of
alternate strategies. Thus, no common mechanism is shared by all repressors. However,
the high degree of conservation between the different HES proteins suggests a similar
mechanism of repression for this family.

The focus of this chapter is to investigate possible mechanisms by which Hairy
could disrupt activator function. Disruption of activator function can occur by

suppressing the formation of activator/DNA complexes or by blocking the protein-protein

! Parts of this chapter were excerpted from the paper titled “Spreading of corepressor linked to action of
long-range repressor Hairy” by Carlos Martinez and David Arnosti, submitted to Molecular and Cellular
Biology (2007)
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interactions that activators make when bound to the DNA. Therefore, a key question to
answer regarding Hairy repression is whether it is permissive to activator and coactivator
binding. To this end, a highly defined embryo system has been set up so that a reporter
construct behaves homogenously within the embryo in response to repressor and
activator inputs. In order to achieve a tight ON/OFF response a lacZ reporter was placed
under the control of a transcriptional switch. Activation of the reporter was accomplished
by the ubiquitous expression of the yeast Gal4 protein under control of the constitutive
daughterless promoter. Transcriptional repression was brought about by heatshock-
induced expression of a LexA-Hairy fusion protein that lacks the Hairy bHLH DNA-
binding domain as well as the Sir2 interaction domain (Figure 2-1A).

This approach provides several advantages. First, by studying Hairy-mediated
repression in the context of a Drosophila embryo, tissue-specific effects can be
minimized. Additionally, the highly defined nature of the system allows all possible
genotypic combinations of activator and repressor transgenes to be analyzed. Thus, the
individual contributions of the activator and repressor can be elucidated by studying the
promoter state when just the activator or repressor is expressed. Moreover, the
availability of high-grade LexA and Gal4 antibodies allows the tracking of both activator
and repressor binding. Lastly, the activation mechanism of Gal4 has been extensively
studied, simplifying the analyis of Hairy repression by providing an initial set of testable
hypotheses [180]. Thus, the role of Hairy in counteracting each step in Gal4-mediated

activation can be investigated.

38



Materials and Methods

Construction of a transcriptional switch system in Drosophila embryos. A Hairy-
repressible transcriptional switch pC2L5U2L was constructed by placing binding sites for
a LexA-Hairy fusion and the yeast Gal4 activator (UAS) into the P-element
transformation vector pC4PLZ [228], 55 bp from the basal transposase-lacZ reporter and
350 bp from the divergently transcribed mini white reporter. Based on the architecture of
previous modules shown to be effectively repressed in the embryo [229], the 212 bp
regulatory region contains two LexA binding sites inserted 5° and two LexA sites 3’ of
five high affinity UAS sites derived from a modified UAS-lacZ plasmid [230].
Oligonucleotides bearing 2 LexA binding sites (DA-721/722) were cloned 5’ of § tandem
UAS sites into Notl/HinDIII sites and 3’ into an Sphl site (DA-641/642) in pBluescript
SK+, and the regulatory switch was inserted as a Notl/Sphl fragment into pC4PLZ at -55
and -350 bp from the lacZ and white transcriptional start sites respectively (5° GCG GCC
GC CTG TAT ATA TAT ACA GCA TCT AGA ACC TGT ATA TAT ATA CAG
AAG CTT GCC TGC AGG T [CGG AGT ACT GTC CTC CGA G]x5 CGG AGA
CTC TAG CAT GG CTG TAT ATA TAT ACA GCA GGT ACC TGC TGT ATA
TAT ATA CAG CAT GC 3’, binding sites for LexA and Gal4 in bold, restriction sites
underlined). This construct was introduced into flies by P-element mediated germline
transformation as described [231] and inserted into the third chromosome. An auto-
activating fly line was then generated by crossing and recombining the reporter line to a
line containing a daughterless enhancer expressing Gal4 ubiquitously in the embryo
(Bloomington Stock Center #5460). Finally, a heat shock-inducible LexA-Hairy fusion

(hsp70 LexA-Hairy) was introduced by recombination onto the same chromosome. This
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gene was created by joining a BamHUKpnl fragment containing a Kozak sequence,
initiator ATG, and coding sequence for the entire LexA protein (amino acid residues 1-
202) in frame to a Kpnl/Xbal fragment containing the portion of Hairy C-terminal to the
DNA-binding domain (residues 93-337), and introducing it into the Bg/II and Xbal sites
of pCaSper-hs [232], (5° GGA TCC ACC AAA ATG AAA...TGG CTG GAA TTC
CCG GGC CGG GGT ACC GCA GCC...TGG TAG TCT AGA 3’; coding sequences
for LexA and Hairy in bold, restriction sites underlined, dots represent the rest of the
coding sequence). The resulting line, containing all three transgenes on the third
chromosome, behaves as a transcriptional switch in which the default state is ON before
heat shock and OFF after induction of the LexA-Hairy repressor. The triple recombinant
chromosome is carried over a TM3 Sb balancer chromosome and was found to be non-
homozygosable. The pKruppel-LexA-Hairy plasmid was constructed by exchanging the
Gal4 DNA-binding domain coding sequence from the pKreg vector [74] for LexA
(residues 1-202) via restriction digest with BamHI/Kpnl and ligation of a BamHU/Kpnl
LexA fragment PCR amplified from the pLexA vector (Clontech) using primer DA-645
(5’ GCG GAT CCA CCA AAA TGA AAG CGT TAA CGG CCA GG 3’) and DA-646
(5 CGG GGT ACC CCG GCC CGG GAA TTC CAG CCA GTC GC 3’. The reporter
shown in figure 2-2 containing LexA binding sites 3’ of the rho and twi enhancers was
constructed by removing the Giant binding sites in the gt-55 vector [21] by Sphl
digestion and insertion of DA-641/2 (5° CTG TAT ATA TAT ACA GCA GGT ACC

TGC TGT ATA TAT ATA CAG CCA TG 3’) containing two LexA binding sites.
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In situ hybridization and antibody staining of Drosophila embryos. Embryos were
fixed for in situ hybridization and stained using a digoxigenin-UTP labeled antisense
RNA probe to lacZ as described [231]. Antibody staining for LexA-Hairy expression was
done using a 1:2:1 mixture of three mouse monoclonal antibodies raised against LexA,
YN-lexA-2-12 (2 pg/ml, 1:2100), YN-lexA-6-10 (4 pg/ml, 1:2023), YN-lexA-16-7 (4
pg/ml, 1:3950) obtained as a gift from Steve Triezenberg [233]. Quantitation of lacZ
staining was done by scoring the stained embryos into unstained, lightly stained, and
darkly stained from 10-13 random fields. Total embryos scored per slide varied between

135 and 457.

Formaldehyde crosslinking of embryos for chromatin immunoprecipitation. For
chromatin immunoprecipitation assays, embryos (0.25-0.5 gm) were collected on 20%
apple juice plates supplemented with yeast paste from 25-50 plastic laying bottles
containing 300-500 flies each. Typically, fresh plates were placed in the laying bottles
and embryos were subsequently collected for 3 hours and aged for 2 hours at room
temperature. Low-level expression of the heat shock construct was observed in some
cases, but not enough to repress lacZ expression (in 20 biological replicates, some LexA-
Hairy signal was present prior to heat shock in half of the experiments, but most
experiments showed 8-10 fold increase in signal after induction). Depending on the
conditions of the experiment, embryos were then either immediately fixed, or heat
shocked (typically for 20 min) by floating plates in a 38°C water bath and allowed to
recover for a variable length of time at room temperature. Embryos were then collected in

a nylon mesh and dechorionated with 100% bleach for 2.5 min and washed with
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deionized water for 1 min For formaldehyde crosslinking, embryos were placed in a 50
ml Corning tube and fixed for 20 min with vigorous shaking in 10 ml 3% formaldehyde
fixing buffer (50 mM HEPES pH 7.6, 1 mM EDTA, 0.5 mM EGTA, 100 mM NaCl) and
30 ml heptane. The formaldehyde was added from 37% stock (J.T. Baker # 2106-01)
immediately before use. Embryos were then centrifuged at 3000 rpm (2000 x g) using a
clinical Beckman centrifuge. Supernatant was removed and the crosslinking reaction was
stopped by addition of 25 ml of crosslinking stop buffer (0.125 M glycine, 0.01% Triton
X-100 in phosphate-buffered saline (1.37 M NaCl, 27 mM KCI, 100 mM Na,HPO,, 18
mM KH,PO,, pH 7.4)) and shaking vigorously for 30 min After centrifugation as before
and removal of the supernatant, embryos were either immediately processed for

chromatin or flash frozen in liquid nitrogen and placed at -75°C.

Preparation of chromatin from whole embryos. 0.25-0.5 gm crosslinked embryos
were washed in 10 ml embryo wash buffer (10 mM HEPES pH 7.6, 1 mM EDTA, 0.5
mM EGTA, 0.1% sodium deoxycholate, 0.02% sodium azide) for 10 min with vigorous
agitation on a shaker, centrifuged at 3000 rpm (2000 x g) at 4°C and resuspended in 5 ml
of sonication buffer (10 mM HEPES pH 7.6, 1 mM EDTA, 0.5 mM EGTA, 0.1% Triton
X-100) and transferred to a 15 ml Corning tube. A proteinase inhibitor tablet (Roche,
11836153001) was added and the embryos were sonicated 30 sec (100% duty cycle) with
1 min cooling interval for a total of 12 times using a Branson sonicator S250 fitted with a
tapered microtip Smm in diameter. During each pulse the output was gradually increased
from setting 1 to 7 to avoid foaming. Crude chromatin samples were aliquoted into

microcentrifuge tubes, centrifuged at 14000 rpm (16000 x g) for 15 min at 4°C to remove
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debris, and without disturbing the pellet, supernatant was transferred to a 15 ml Corning
tube. An equal volume of 2xRIPA buffer (2% Triton X-100, 280 mM NaCl, 20 mM Tris-
HCl pH 8.0, 2 mM EDTA pH 8.0, 0.2% SDS) was added. In experiments with multiple
preparations, samples were visually inspected to match color and optical density, and in
cases where they differed due to a different starting amount of embryos, total volume was
adjusted by adding 1xRIPA, up to 20% of initial volume. Chromatin samples were then
precleared by adding 10 pul/ml of a 50% slurry containing a an equal mixture of agarose
beads coupled to protein A and protein G (Upstate, 16-125 and 16-266) that had been
previously washed 3 times with 1xRIPA buffer. Chromatin samples were then aliquoted
into microcentrifuge tubes in 1 ml fractions and either flash-frozen in liquid nitrogen and
stored at —75°C or immediately immunoprecipitated. The DNA size distribution
(measured after reversing cross-links) of typical chromatin preparations was less then

500-1000 bp.

Immunoprecipitation. Inmunoprecipitations were carried out in microcentrifuge tubes
by overnight incubation (12-16 hr) of 1 ml of precleared chromatin with the appropriate
antibody at 4°C on a rotary mixer. At the same time, protein A and protein G agarose
beads were mixed in equal proportions, washed 3 times with 1x RIPA buffer and then
incubated overnight with 0.1 mg/ml BSA and 0.2 mg/ml salmon sperm DNA in 1xRIPA
buffer. Before addition of mixed protein A/G agarose beads, chromatin/antibody
reactions were centrifuged at 14000 rpm (16000 x g) for 15 min to remove insoluble
material, 900 ul of the supernatant was transferred to a new tube, and 40 pl of 50% slurry

of blocked protein A/G beads were added and incubated 4 h at 4°C on a rotary mixer.
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Beads were centrifuged at 1000 rpm (80 x g) for 1 min and supernatant discarded, beads
were washed with 0°C buffer 3 times with 1 ml low salt buffer (0.1% SDS, 1% Triton X-
100, 2 mM EDTA, 20 mM Tris-Cl pH 8.0, 150 mM NaCl]), 3 times with 1 ml high salt
buffer (0.1% SDS, 1% Triton X-100, 2 mM EDTA, 20 mM Tris-Cl pH 8.0, 500 mM
NaCl), once with LiCl buffer (0.25 M LiCl, 1% NP-40, 1% sodium deoxycholate, 1 mM
EDTA, 10 mM Tris-Cl pH 8.0), and twice with Tris-EDTA (10 mM Tris pH 8.0, 1 mM
EDTA), 3 min per wash. Chromatin was eluted by incubating the beads at room
temperature in a rotary mixer with 250 ul freshly made elution buffer (1% SDS, 0.1 M
monobasic NaHCO;) pH 8.0, for 15 min Beads were centrifuged and the supernatant was
transferred to a screw cap microfuge tube, a second elution was performed, and
supernatants were combined giving a total of 500 ul. Twenty-five ul of 4 M NaCl was
added to each tube and crosslinks were reversed by overnight incubation at 65°C. In
parallel, 200 ul of input chromatin (20%) was mixed with 300 ul of elution buffer and
incubated overnight at 65°C for input titration controls. To each tube, 10 u1 0.5 M EDTA
pH 8.0, 20 pul 1 M Tris-Cl pH 6.5, 1 ul 10 mg/ml RNAse A, and 1 pl 20 mg/ml
Proteinase K were added and incubated for 2 h at 42°C. DNA was extracted with 500 ul
of phenol-chloroform, 400 ul of the aqueous phase was placed in a new microcentrifuge
tube, and DNA precipitated by adding 1 ul (15 ug) Glycoblue pellet paint (Ambion), 44
pl 3 M NaOAc pH 5.2, and 444 pl isopropanol. Tubes were incubated (at room
temperature to prevent SDS precipitation) for 1 h, centrifuged at 14000 rpm (16000 x g)
for 15 min, and pellets were carefully washed with 0.5 ml 70% ethanol, dried at 65°C
under vacuum for approximately 15-30 min and resuspended in 50 pl purified water

(Millipore) and analyzed by PCR with the appropriate primers.



Antibodies for chromatin immunoprecipitation. The antibodies and amounts used for
chromatin immunoprecipitation were as follows: non-specific mouse IgG (10 pg,
Upstate), Rabbit anti-LexA (3 pg, Upstate), Rabbit anti-Gal4-TA (5 pg, Santa Cruz),
Rabbit anti-dGCNS (2 pl, gift from Jerry Workman), Rabbit anti-dAda3 (1 pl, gift from

Jerry Workman), and Mouse monoclonal anti-Pol II-CTD 8WG16 (20 pul, Covance).

PCR analysis. Immunoprecipitated DNA was analyzed by PCR on a Robocycler
Gradient 96 using Platinum hot-start polymerase (Invitrogen) to reduce primer-dimer
formation. PCR analysis used 2 pul of immunoprecipitated or input DNA. The primer used
to amplify the different regions of the reporter were white forward (DA-1027: 5’ATA
CAG GCG GCC GCG GAT CTG AT 3’), white reverse (DA-1028: 5° AGA TAG CGG
ACG CAG CGG CGA A 3’), promoter forward (DA-942: 5° ATC AGA TCC GCG GCC
GCC TGT AT 3’), promoter reverse (DA-943: 5° CGT CCG CAC ACA ACC TTT CCT
CTC 3’), +1kb forward (DA-865: 5° CGG GCG CTG GGT CGG TTA CG 3’), +1kb
reverse (DA-873: 5° GGT GCC GCT GGC GAC CTG C 3’), +2kb forward (DA-948: 5’
AAC CGT CAC GAG CAT CAT CC 3’), +2kb reverse (DA-949: 5° ATT CAT TCC
CCA GCG ACC AG 3’), +4kb forward (DA 1012: 5° CGG TCG CTA CCA TTA CCA
GT 3’), +4kb reverse (DA 1013: 5> ATT GTA ACA GTG GCC CGA AG 3’). Primers
used to amplify intergenic regions were X intergenic forward and reverse (DA-954: 5’
CAC AGT GGA CAC ATA CCA TAG 3’ and DA-955: 5 CGG AAA ATA TCA GTG
CGA AAG 3’), and chromosome 3 intergenic forward and reverse (DA-960: 5> GTT
GAG AAT GTG AGA AAG CGG 3’ and DA-961: 5° CGA AAA AGG AGA AGG CAC

AAAG?3).
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Densitometric analysis of gel images was performed using ImageJ] software.
Briefly, images were background subtracted using the rolling ball algorithm with a ball
diameter of 50 pixels. A rectangular box was placed over the bands, and a plot profile
was generated and saved as a tab formatted file. Microsoft Excel software was then used
to analyze the plot profile, and a standard curve was generated using the area under the
peaks of the input titration. Corresponding input percentage for each band was calculated
by determining the area under the peak of each antibody, and interpolating against the
standard curve. Typical experiments showed R? values between 0.98-0.99.

Gel images shown in figures 2-5 were background subtracted and the brightness
and contrast adjusted so that the input titrations in experiments using multiple chromatin

samples matched as closely as possible.
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Results
Construction and characterization of a regulated Hairy repressible transgene. To
characterize the activity of the Hairy repressor protein, we employed chromatin
immunoprecipitation assays, which have been used extensively in yeast and cell-culture
studies to identify protein complexes and chromatin modifications associated with genes
during activation and repression. The advantage to these single-cell systems is that a
relatively homogenous population of cells can be obtained, providing a “snapshot” of the
promoters under different physiological states. Our objective was to study the activity of
Hairy in the context of embryo development, but due to the spatially and temporally
limited action of the endogenous Hairy protein, genes in a relatively small percentage of
the total nuclei of the embryo would be repressed by Hairy at any point in time.
Therefore, we engineered a gene regulatory system that allows us to place a constitutively
expressed activator on the promoter, and induce the expression of a LexA-Hairy fusion
protein in a facultative manner, converting the embryo from an “all on” to “all off” state
(Figure 2-1B). The target gene contains five binding sites for the Gal4 activator, flanked
by two pairs of LexA binding sites to accommodate the repressors; similar configurations
had already been tested and shown to be repressed by endogenous Hairy protein [229].
To test the ability of Lex A-Hairy to repress a Gal4-activated reporter in transgenic
embryos, we expressed LexA-Hairy in a central stripe in embryos with a lacZ reporter
regulated by the Gal4 activator or endogenous enhancers (Figure 2-2). Embryos
expressing the LexA-Hairy gene driven by the Kruppel enhancer showed a wide swathe
of understained nuclei in the central region, indicating that the repressor is functional

(Figure2-2). We therefore constructed an inducible form of the LexA-Hairy transgene
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Figure 2-1. Hairy-regulated gene system in the Drosophila embryo.

(A) Schematic diagram of the LexA-Hairy fusion construct. The bacterial LexA protein
was fused in frame to a Hairy fragment lacking the bHLH DNA-binding domain. The
resulting construct contains the Orange, CtBP binding, and Groucho binding domains.
(B) Three transgenes were combined onto a single chromosome to create a regulated
on/off system; a lacZ reporter containing Gal4 and LexA sites, Gal4 activator driven by
the daughterless (da) enhancer for broad expression in the embryo, and a heat-inducible
LexA-Hairy construct. Gal4 and LexA-Hairy are represented by circles and squares
respectively. Images in this dissertation are presented in color.
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Figure 2-2. LexA-Hairy can repress in vivo.

In situ hybridization of lacZ mRNA expression of embryos carrying either a reporter, or a
reporter and a LexA-Hairy transgene driven by a Kruppel enhancer. Upper, the lacZ
reporter construct shown in Figure 2-1; below, a reporter activated by rho and twi
enhancers, with LexA binding sites at promoter. In both cases, a central swathe of
repression demonstrates effect of the LexA-Hairy chimera. Gal4 and LexA-Hairy are
represented by circles and squares respectively. White rectangles represent enhancers.
Embryos are shown anterior to the left, dorsal surface up. Images in this dissertation are
presented in color.
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under control of the Asp70 promoter, allowing variable levels of induction by titration of
heat shock conditions. As measured by in situ hybridization, /acZ transcript levels in the
entire embryo dropped markedly after even a short (5 min) heat shock. Successively
longer heat shocks resulted in complete loss of lacZ staining (Figure 2-3, 2-4). It should
be noted however, that there was a great degree of heterogeneity in /acZ staining between
embryos within each treatment class. Therefore, in order to get a more accurate reflection
on the effect of LexA-Hairy repression, embryos within each group were scored with
respect to lacZ staining as either “dark blue” (high lacZ expression), “light blue” (low
lacZ expression), or “unstained” (no lacZ expression). Heat shock induction of LexA-
Hairy resulted in a very obvious shift in lacZ staining with most embryos being classified
as “unstained” by 30 and 60 min post-heat shock (Figure 2-5). In typical experiments, the
percentage of embryos showing strong staining dropped from almost half to less than 1%
one hour after induction of the repressor, indicating that the repression was effective in
the vast majority of nuclei and embryos (Figure 2-5). Embryos aged for two hours after
the heat shock induction showed restoration of lacZ expression, indicating that the
repression is reversible (Figure 2-4). Heat shock treatment had no effect on embryos
carrying the reporter gene and the activator in the absence of the LexA-Hairy repressor
protein, indicating that heat shock itself does not interfere with transcription of this gene

(Figure 2-3, lower panels).
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Figure 2-3. Expression of lacZ and LexA-Hairy in blastoderm embryos

Embryos containing transgenes were heat shocked for varying times and fixed for
analysis of lacZ expression by in situ hybridization against the mRNA (top) or antibody
staining of the LexA-Hairy protein (bottom). As LexA protein accumulates, JacZ mRNA
decreases. Heat shock has no effect on lacZ in embryos lacking the LexA-Hairy protein
(two lower embryos). Embryos are shown anterior to the left, dorsal surface up. Images
in this dissertation are presented in color.
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Figure 2-4. LexA-Hairy repression is reversible.

Repression and reactivation of transgenes in embryos after heat shocks of varying
duration. Shown, in situ hybridization against /lacZ mRNA. A 5 min induction of the
LexA-Hairy protein is sufficient to cause significant loss of lacZ mRNA within 30 min
RNA levels remain low at 60 min, and show recovery after 120 min (at this point, most
embryos have aged to germband extended stage). Longer heat shocks (10 and 20 min)
show similar recovery kinetics. Embryos are shown anterior to the left, dorsal surface up.
Images in this dissertation are presented in color.
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Figure 2-5. Q itation of /acZ staining after heat shock induction of LexA-Hairy.

3-5 hour old embryos were either immediately stained or first heat shocked for 20 min at
37°C and then recovered at room temperature for 30, 60, and 120 min Embryos were then
classified according to the level of /acZ staining as dark blue, light blue, or unstained.
The percentage of dark blue embryos, corresponding to those with the highest amount of
lacZ, drops dramatically after 30 and 60 min recovery. There is an apparent shift in the
amount of lacZ staining from dark blue to light blue, and light blue to unstained,
indicating that all embryos containing the reporter are becoming repressed. By 120 min
lacZ expression has restarted with an increase in the percentage of stained embryos.
Images in this dissertation are presented in color.
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Co-occupancy of activator and repressor during gene repression. After establishing
the efficacy of the system, large-scale collections were carried out, and 3-5 hour old
embryos were treated with formaldehyde prior to chromatin preparation for
immunoprecipitation reactions. We initially sought to detect the regulatory proteins that
bound the promoter region. As expected, Gal4 protein was detected at the promoter only
in lines carrying the da:Gal4 driver and the lacZ reporter gene (Figure 2-6A, top two
panels). LexA-Hairy was readily detected at the promoter region, only in the presence of
the lexA-hairy transgene. A very strong signal is detected at the promoter after the heat
shock induction; a weak signal was also sometimes detected prior to heat shock, which is
likely due to background expression of LexA-Hairy protein, although not at levels
sufficient to inhibit transcription or to be detected by antibody staining (Figure 2-3). As a
confirmation of the specificity of this interaction, neither Hairy nor Gal4 were found to
as;sociate with an intergenic region chosen randomly in another part of the genome
(Figure 2-6A, lower panels).

Strikingly, the appearance of the LexA-Hairy repressor at the promoter did not
preclude association of the Gal4 activator, indicating that the repressor appears not to rely
on displacement of the activator for its activity (Figure 2-6A, fourth and fifth panels). A
robust signal for the Gal4 protein was evident 30 minutes after induction of the repressor,
at a time point when most /lacZ mRNA has disappeared from the embryo (Figure 2-4,
Figure 2-6A). The Gal4 signal does not represent the reassembly of active promoter
complexes at this 30 min time point, because the embryos continue to show repression
even at 60 minutes (Figure 2-4). The persisting Gal4 signal also does not represent

material bound to a separate population of unrepressed promoters, because virtually all of
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the embryos are uniformly repressed at this stage. The signal for Gal4 and LexA was
strongly concentrated over the promoter region; considerably weaker signals were
detected further 3’ within the open reading frame (see Chapter3, Figure 3-1), possibly
because of a higher order chromatin structure, or the presence of a small fraction of larger
chromatin fragments >500 bp. In order to further confirm that Gal4 and LexA-Hairy can
co-occupy the promoter, sequential ChIPs were carried out. The results show a specific
signal for both LexA and Gal4 co-occupying the reporter during repression (Figure 2-
6B). As negative controls, a LexA or Gal4 immunoprecipitation followed by IgG did not
show any signal (Figure 2-6B). In contrast, LexA/LexA and Gal4/Gal4 sequential ChIPs

showed a strong signal (Figure 2-6B).

Transcriptional co-activators remain associated with repressed promoter. The
persistence of the activators at the promoter indicates that Hairy is not blocking their
access, raising the question of why the promoter is not activated by Gal4 in this situation.
We reasoned that repressor exclusion of co-activators might prevent Gal4 from having a
stimulatory effect on the promoter. The Gal4 activation domain has been reported to
recruit the SAGA co-activator complex [29, 234], therefore we carried out
immunoprecipitations using antibodies against the Ada3 and Gcn5 subunits of SAGA
(Figure 2-7). A promoter-localized signal for both of these proteins was detected in lines
carrying the Gal4 activator (Figure 2-7, compare top two panels), consistent with the
recruitment of the complex to the active promoter by Gal4. Binding of these coactivators
was not detected at an intergenic locus chosen randomly in another part of the genome

(Figure 2-7, lower panels). After induction of the Hairy repressor, the co-activators
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Figure 2-6. LexA-Hairy repression does not prevent Gal4 binding.

(A) Promoter occupancy by Gal4 activator and LexA-Hairy repressor measured by
chromatin immunoprecipitation. At top, no Gal4 or LexA-Hairy protein is detected with
chromatin prepared from a line containing solely the /acZ reporter gene, as expected. The
second panel contains a strong signal for the Gal4 protein, from chromatin containing the
activated reporter. These embryos were heat shocked and recovered to parallel the
treatment used for LexA-Hairy containing strains. Below, results from lines containing
all three transgenes prior to and directly after induction of the LexA-Hairy repressor.
Prior to induction, a signal for Gal4 is visible at the promoter, as well as a weak LexA-
Hairy signal due to low level expression. After 20 min heat shock and 30 min recovery, a
strong signal for LexA-Hairy is visible, in addition to the Gal4 signal. Both signals
remain visible after 60 min recovery. LexA-Hairy signal drops by 120 min No signals are
seen in the intergenic region on chromosome X. (B) Sequential chromatin
immunoprecipitation of embryos expressing LexA-Hairy and Gal4 show that both
proteins can co-occupy the promoter. Input titrations are shown for each chromatin
preparation (2%, 1%, 0.5%, 0.25%, 0.125%, and 0.0625%). At left, results of quantitative
PCR reactions, at right, heatshock and recovery conditions (heatshock done at 37 °C for
20 min, recovered at room temperature). Presence or absence of Gal4, and the heatshock-
inducible LexA-Hairy transgene noted by +/-. Images in this dissertation are presented in
color.
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Figure 2-7. LexA-Hairy repression does not block SAGA recruitment by Gal4.

Promoter occupancy by SAGA coactivator constituents Gen5 and Ada3 measured by
chromatin immunoprecipitation. Protein occupancy of /acZ reporter promoter region in
different states. The top panel shows no signal for these coactivators on the promoter
lacking Gal4 activators, as expected. Both proteins can be detected on the promoter in a
Gal4 activator containing strain, regardless of whether the embryos had been head
shocked or not, and whether or not LexA-Hairy had been induced. No signals are seen in
the intergenic region on chromosome X. Input titrations are shown for each chromatin
preparation (2%, 1%, 0.5%, 0.25%, 0.125%, and 0.0625%). At left, results of quantitative
PCR reactions, at right, heatshock and recovery conditions (heatshock done at 37 °C for
20 min, recovered at room temperature). Presence or absence of Gal4, and the heatshock-
inducible LexA-Hairy transgene noted by +/-. Images in this dissertation are presented in
color.

58



remained detectable at the promoter, at a point in time at which lacZ gene expression in
the embryo has ceased (Figure 2-7, fourth and fifth panels). Thus, Hairy apparently does

not exclude either activator or co-activator to effect repression of the promoter.
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Discussion

Previously, repression had been thought of as being either passive or active.
Passive repression was characterized as competition for binding sites between activators
and repressors or the formation of an inactive repressor/activator complex [16]. For
example the homeobox-containing repressor Engrailed competes for binding sites with
the Fushi-tarazu activator [31]. Similarly, the bHLH protein Extramachrochaetae can
bind to members of the Achaete-Scute complex and inhibit their binding to the DNA
[88]. In contrast, active repression involves direct recruitment of the repressor to the
locus where it can inhibit the basal machinery, block activator-promoter interactions, or
change the chromatin structure. Evidence that Hairy is an “active” repressor comes from
previous studies that have shown that Hairy can repress the proneural gene achaete by
binding to a noncanonical E-box 50 bp upstream of three activator binding sites [47].
Furthermore, Hairy binding does not prevent activator binding in vitro [88]. Moreover,
expression of a Hairy protein fused to a heterologous activating domain leads to
transcriptional activation of putative Hairy targets, suggesting that it binds these targets
directly [60]. In contrast, mutation of the Hairy binding site in the achaete promoter
abolishes Hairy-mediated repression [61].

Our finding that activators and coactivators are still present under conditions
when the gene is repressed by Hairy suggests that repression does not involve
activator/coactivator displacement. The Gal4 activator might represent a particularly
stably bound protein, as it does not show the high rate of exchange noted for other
transcriptional activators [235]. Thus, it is possible that Hairy mediated repression does

interfere with binding of some activators on endogenous loci. However, repression can be
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quite effective even in the absence of activator displacement, perhaps by targeting the
basal machinery, similar to Tupl-Mediator interactions seen in yeast [236-238]. One
might suppose that the promoter proximal location of the repressor in our system might
bias the system to such interactions, but this arrangement is physiologically relevant, as
Hairy is found in such proximal locations on endogenous genes. In addition, the LexA-
Hairy repressor is also active when bound at -2 kbp, indicating that promoter proximity
is not required for activity (L. Li, unpublished observations). Interestingly, a recent
chromatin immunoprecipitation survey of enhancers targeted by the Snail short-range
repressor suggests that this repressor can be bound to inactive enhancers simultaneously
with activators, raising the possibility that short-range repression might also involve
direct interactions with the basal machinery [239].

Intriguingly, the results presented here point to a possible threshold effect for
Hairy repression, where the levels of Hairy protein necessary to repress is directly
proportional to the levels of activator present. Chromatin immunoprecipitation of LexA-
Hairy and Gal4 in time course experiments showed a significant level of LexA-Hairy
remaining two hours after induction at a point when transcription is restarting (Figure 2-
4, 2-5, and 2-6). Similarly, before heat shock, there is a detectable LexA-Hairy signal
presumably due to leaky expression of the repressor, yet the embryos show robust lacZ
staining (Figure 2-4, 2-5, and 2-6). A possible explanation for these results is that it is not
the total level of repressor bound but rather the ratio of activator/repressor binding to the
gene that determines the transcriptional state. Thus, even in the presence of a significant
amount of LexA-Hairy, repression is readily reversed by relatively higher levels of Gal4

activator.
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The importance of such an effect to endogenous HES targets can be seen in the
regulation of the sex determinant gene sex-lethal. Sex determination in Drosophila is
determined by the ratio of X to autosomal chromosomes, where a ratio of 1 is female and
0.5 is male [64]. In males sex-lethal is repressed by the HES family member Deadpan by
binding to a region between 93-125 bp upstream of the start site [64]. In contrast, sex-
lethal becomes activated in females due to a higher transcription of X-linked activators
(numerator elements) to deadpan (denominator element) [113]. Since deadpan is an
autosomal gene, the concentration of the repressor will be the same in both females and
males. Assuming that the fractional occupancy of Deadpan depends solely on the K, and
repressor concentration, then it should be similar in both males and females. Therefore, in
order to maintain sex-lethal expression in females, activators must remain bound
simultaneously with Deadpan and overcome its repression mechanism.

As mentioned in the first chapter, even in the absence of the GcnS histone
acetyltransferase subunit, SAGA can still recruit the basal machinery through direct
protein-protein interactions [186]. Since SAGA is not displaced upon LexA-Hairy
repression, it is possible that Pol II is still being recruited to the promoter but is prevented
from transcribing the gene. Preliminary chromatin immunoprecipitation experiments with
Pol II antibodies showed a decrease in Pol II signal at the promoter after repression
(Appendix B). Paradoxically, there was an increase in Pol II in the coding region,

suggesting a paused complex (Appendix B).
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Chapter 111

Spreading of corepressor linked to action of long-range repressor Hairy’

Introduction

An important functional distinction between different repressors is their ability to
interfere with proximally- or distally-located activators. In Drosophila, Hairy can inhibit
the activity of activators located over 1 kbp away, leading to its characterization as a
long-range repressor [22]. In contrast, short-range repressors are limited to interfering
with activators bound within ~100 bp [18]. The limited range of short-range repressors
appears to be well adapted to the architectures of the regulatory regions they control. In
the Drosophila embryo, short-range repressors such as Knirps and Giant repress the
modular enhancers controlling pair-rule genes such as even-skipped and hairy. The
independent activity of such enhancers is guaranteed by the local action of the repressors;
if enhancers are brought into artificially close proximity, or if binding sites for short
range repressors are moved close to the transcriptional start site, unwanted cross-
regulation can occur [19, 240].

In contrast, the molecular logic of cis regulatory elements controlled by long-
range repressors is less obvious. At the Drosophila achaete gene, the long-range
repressor protein Hairy binds at -300 bp, 50 bp 5’ of a cluster of activator proteins, a
position from which short-range repressors would also presumably work well [61].
Similarly, the Hairy homolog HES1 binds to its own promoter at four sites 20-170 bp

from the transcriptional start site [63]. Dorsal protein-regulated ventral repression

2 Parts of this chapter were excerpted from the paper titled “Spreading of corepressor linked to action of
long-range repressor Hairy” by Carlos Martinez and David Arnosti, submitted to Molecular and Cellular
Biology (2007)
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elements (VRE) from Drosophila zen, tld, and dpp genes can similarly act over long
distances, but at least in the case of the zen VRE, the activators bind immediately 5’ of
the repression element [241]. Thus, it is not clear if the long range of activity in these
instances is essential to the normal regulatory function. Perhaps the strength of repression
of Hairy is the most important feature, which is only incidentally associated with long-
range effects.

Hairy/E(spl) proteins possess a conserved basic helix-loop-helix DNA-binding
domain and effector domains that include motifs important for interaction with
corepressors [1]. Hairy interacts physically and genetically with three corepressors:
Groucho, the C-terminal binding protein (CtBP), and the Sir2 histone deacetyla#e [55, 69,
71]. The C-terminus of Hairy contains a WRPW motif that directly contacts the Groucho
corepressor, and removal of the motif compromises the activity of Hairy. A motif
adjacent to the Groucho interacting region binds to the CtBP corepressor. Hairy protein
has been shown to possess CtBP-mediated repression activity in certain circumstances.
However, CtBP has also been suggested to play an antagonistic role in repression by
Hairy because binding of Groucho and CtBP might be mutually exclusive, and removal
of the CtBP interacting motif has a less drastic effect on repression than removal of the
Groucho motif [72]. The histone acetylase Sir2 interacts with the Hairy DNA-binding
domain, and genetic interactions between hairy and Sir2 have been reported [71].

Whole genome mapping of binding sites for Hairy and cofactors indicates that at
many loci, Hairy is not associated with all three cofactors. In fact, Hairy was rarely found
to colocalize with regions bound by Groucho, while colocalization with CtBP was

observed in a majority of cases [75]. These studies indicate that Hairy may associate with
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specific cofactors in a context-dependent manner, perhaps invoking different modes of
transcriptional regulation. A limitation of these studies is that the physical resolution is
limited, so that it is not known whether Hairy and the corepressor proteins are in direct
contact, or if in some cases other transcription factors might be recruiting these cofactors.
In addition, it is not known for most loci whether the observed binding event is
functional. Thus, while genetic and physical interactions hint at potential complexity, the
activity of Hairy and its set of possible corepressors is not understood at a molecular
level. To better understand molecular mechanisms of long-range repression, we have
employed a novel approach to measure the activity of the Hairy repressor on a highly
defined system in the Drosophila embryo.

Using transgenic lines containing a transcriptional switch that can be repressed
uniformly in the embryo, we have analyzed the recruitment of the corepressors and
histone modifications associated with Hairy repression. The results show that repression
is associated with binding and spreading of the Groucho corepressor and the histone
deacetylase Rpd3 throughout the coding region of a l/acZ reporter. In addition, Hairy
repression is associated with a marked decrease in histone acetylation levels and an
increase in total histone occupancy. These results strongly support a model of Hairy

repression involving the formation of a heterochromatin-like state.

65



Materials and Methods

Formaldehyde crosslinking of embryos for chromatin immunoprecipitation. For
chromatin immunoprecipitation assays, embryos (0.25-0.5 gm) were collected from
plastic laying bottles for 3 hours and aged for 2 hours at room temperature. Embryos
were then either immediately fixed, or heat shocked (20 min.) by floating plates in a 38°C
water bath and allowed to recover for a variable length of time at room temperature.
Embryos were collected and dechorionated with bleach. For single crosslinking, embryos
were fixed for 20 min with vigorous shaking in a 50 ml Coming tube in 10 ml 3%
formaldehyde fixing buffer [SO mM HEPES pH 7.6, 1 mM EDTA, 0.5 mM EGTA, 100
mM NaCl, with formaldehyde (J.T. Baker # 2106-01) added immediately before use from
37% stock] and 30 ml heptane. Embryos were then centrifuged at 2000 x g in a clinical
centrifuge, supernatant removed, and the crosslinking reaction stopped with 25 ml stop
buffer [0.125 M glycine, 0.01% Triton X-100 in phosphate-buffered saline (1.37 M NaCl,
27 mM KCl, 100 mM Na,HPO,, 18 mM KH,PO,, pH 7.4)], shaking vigorously for 30
min. Embryos were centrifuged as before and immediately processed for chromatin or

flash frozen and stored at -75°C.

Double crosslinking of embryos for chromatin immunoprecipitation. Embryos were
collected, heatshocked, and dechorionated as above, placed in a 50 ml Corning tube with
8 ml of phosphate-buffered saline. Two ml of a freshly prepared 25 mM
dithiobis(succinimidyl propionate (DSP) crosslinking solution in DMSO was added to

yield a final concentration of 5 mM DSP and 20% DMSO. Embryos were shaken
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vigorously for 30 min., centrifuged at 2000 x g, supernatant removed, and crosslinked

with formaldehyde as above.

Preparation of chromatin from whole embryos. 0.25-0.5 gm crosslinked embryos
were washed in 10 ml embryo wash buffer (10 mM HEPES pH 7.6, 1 mM EDTA, 0.5
mM EGTA, 0.1% sodium deoxycholate, 0.02% sodium azide) for 10 min with vigorous
agitation, centrifuged at 2000 x g at 4°C and resuspended in 5 ml of sonication buffer (10
mM HEPES pH 7.6, 1 mM EDTA, 0.5 mM EGTA, 0.1% Triton X-100) and transferred
to a 15 ml Coming tube. A proteinase inhibitor tablet (Roche, 11836153001) was added
and the embryos were sonicated 30 sec (100% duty cycle) with 1 min cooling interval 12
times using a Branson sonicator. With each pulse, the output was gradually increased
from setting 1 to 7 to avoid foaming. The embryo lysate was aliquoted into
microcentrifuge tubes, centrifuged at 16000 x g 15 min at 4°C, and without disturbing the
pellet, supernatant was transferred to a 15 ml Coming tube. An equal volume of 2xRIPA
buffer (2% Triton X-100, 280 mM NacCl, 20 mM Tris-HCI pH 8.0, 2 mM EDTA pH 8.0,
0.2% SDS) was added. For Groucho immunoprecipitation experiments from double
crosslinked embryos the SDS was omitted. Chromatin was precleared by adding 10 pl/ml
of a 50% slurry containing an equal mixture of agarose beads coupled to protein A and
protein G (Upstate, 16-125, 16-266) previously washed 3 times with 1xRIPA buffer.
Chromatin was then aliquoted into microcentrifuge tubes in 1 ml fractions and flash-

frozen and stored at —75°C or immediately immunoprecipitated.
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Immunoprecipitation. Immunoprecipitations were carried out by overnight incubation
on a rotary mixer of 1 ml of precleared chromatin at 4°C with the antibody. At the same
time, protein A and protein G agarose beads were mixed in equal proportions, washed 3
times with 1x RIPA buffer and then incubated overnight with 0.1 mg/ml BSA and 0.2
mg/ml salmon sperm DNA in 1xRIPA buffer. For Groucho immunoprecipitation
experiments, 20 ug of Rabbit anti-Mouse IgG bridging antibody was added and the tube
was incubated for an additional 1-2 hours. Before addition of mixed protein A/G agarose
beads, chromatin/antibody reactions were centrifuged at 16000 x g for 15 min, 900 ul of
the supernatant was transferred to a new tube, and 40 ul of 50% slurry of blocked protein
A/G beads were added and incubated 4 h on a rotary mixer. Beads were centrifuged at 80
x g for 1 min, washed (0 °C) 3 times with 1 ml portions of low salt buffer (0.1% SDS, 1%
Triton X-100, 2 mM EDTA, 20 mM Tris-Cl pH 8.0, 150 mM NaCl]), 3 times with high
salt buffer (0.1% SDS, 1% Triton X-100, 2 mM EDTA, 20 mM Tris-Cl pH 8.0, 500 mM
NaCl), once with LiCl buffer (0.25 M LiCl, 1% NP-40, 1% sodium deoxycholate, 1 mM
EDTA, 10 mM Tris-Cl pH 8.0), and twice with Tris-EDTA (10 mM Tris pH 8.0, 1 mM
EDTA. In Groucho immunoprecipitation experiments using double-crosslinked
chromatin, 6 washes were performed with 1xRIPA lacking SDS (1% Triton X-100, 140
mM NaCl, 10 mM Tris-HCI] pH 8.0, 1 mM EDTA). Chromatin was eluted at room
temperature in a rotary mixer with 250 ul elution buffer (1% SDS, 0.1 M monobasic
NaHCOs, pH 8.0), for 15 min. Beads were centrifuged and the supernatant was
transferred to a screw cap microfuge tube, a second elution was performed, supernatants
combined, 25 ul of 4 M NaCl added, and crosslinks were reversed overnight at 65°C. In

parallel, 200 pl of input chromatin (20%) was mixed with 300 ul elution buffer and
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incubated overnight at 65°C for input titration controls. Then, 10 ul 0.5 M EDTA pH 8.0,
20 ul 1 M Tris-Cl pH 6.5, 1 pul 10 mg/ml RNAse A, and 1 ul 20 mg/ml Proteinase K were
added and incubated for 2 h at 42°C. DNA was extracted with 500 ul of phenol-
chloroform, 400 ul of the aqueous phase was placed in a new tube and DNA precipitated
with 15 pg Glycoblue pellet paint (Ambion), 44 ul 3 M NaOAc pH 5.2, and 444 pul
isopropanol. Tubes were incubated (at room temperature to prevent SDS precipitation)
for 1 h, centrifuged at 16000 x g for 15 min, and pellets cafefully washed with 0.5 ml
70% ethanol, dried at 65°C under vacuum for approximately 15-30 min and resuspended
in 50 pl purified water for PCR analysis.

Using the simple formaldehyde crosslinking protocol, we sometimes obtained
crosslinking of Groucho to the transcribed region but never to the promoter proximal
sequences. This signal appears to be specific, because Groucho is never detected on other
regions. Using the double crosslinking protocol, we found that Groucho, when detected,
was also associated with the promoter, in addition to downstream regions. Even using
this protocol, we were not always successful in detecting Groucho, consistent with the
reported difficulty of detecting transcriptional cofactors indirectly bound to the DNA

[242).

Antibodies for chromatin immunoprecipitation. We used the following antibodies:
non-specific mouse IgG (10 ug, Upstate, cat # 12-371), rabbit anti-LexA (3 pug, Upstate,
cat # 06-719), rabbit anti-Gal4-TA (5 pg, Santa Cruz, cat # sc-429), mouse monoclonal
anti-Groucho (50, 100 pl, Iowa Hybridoma Bank), rabbit anti-HDAC1 (1-4 ul, Abcam,

cat # ab1767), rabbit anti-H3 (1 ul, Abcam, cat # ab1791), rabbit monoclonal anti-
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mono/di/trimethyl Histone H3 K4 (1 pl, Upstate, cat # 05-791), rabbit anti-acetyl Histone
H4 (5 pl, Upstate, cat # 06-598), rabbit anti-dimethyl Histone H3 K27 (5 pl, Upstate, cat
# 07-452), rabbit anti-acetyl Histone H3 (1 pl, Upstate, cat # 06-599), and rabbit anti-

Mouse IgG (20 pg, Upstate, cat # 06-371).

PCR analysis. 2 pl samples of immunoprecipitated DNA was analyzed on a Robocycler
Gradient 96 with Platinum hot-start polymerase (Invitrogen). Primers used were wﬁitc
forward (DA-1027: 5S’ATA CAG GCG GCC GCG GAT CTG AT 3’), white reverse
(DA-1028: 5> AGA TAG CGG ACG CAG CGG CGA A 3’), promoter forward (DA-
942: 5° ATC AGA TCC GCG GCC GCC TGT AT 3’), promoter reverse (DA-943: 5’
CGT CCG CAC ACA ACC TTT CCT CTC 3’), +1kb forward (DA-865: 5’ CGG GCG
CTG GGT CGG TTA CG 3’), +1kb reverse (DA-873: 5> GGT GCC GCT GGC GAC
CTG C 3’), +2kb forward (DA-948: 5° AAC CGT CAC GAG CAT CAT CC 3’), +2kb
reverse (DA-949: 5° ATT CAT TCC CCA GCG ACC AG 3’), +4kb forward (DA 1012:
5’ CGG TCG CTA CCA TTA CCA GT 3’), +4kb reverse (DA 1013: 5° ATT GTA ACA
GTG GCC CGA AG 3’). Primers used to amplify intergenic regions were X intergenic
forward and reverse (DA-954: 5° CAC AGT GGA CAC ATA CCA TAG 3’ and DA-
955: 5 CGG AAA ATA TCA GTG CGA AAG 3’), and chromosome 3 intergenic
forward and reverse (DA-960: 5° GTT GAG AAT GTG AGA AAG CGG 3’ and DA-
961: 5 CGA AAA AGG AGA AGG CAC AAA G 3).

Densitometric analysis of gel images was performed using ImageJ software. Gel

images shown in figures 2-5 were background subtracted and the brightness and contrast
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adjusted so that the input titrations in experiments using multiple chromatin samples

matched as closely as possible.
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Results

Association of Groucho and Rpd3 co-repressors with wide tracts of repressed gene.
Using the defined embryo system (described in Chapter 2), we tested whether the
corepressor Groucho was recruited to the lacZ reporter during repression (Figure 3-1).
Using formaldehyde crosslinking techniques, Groucho was detected after induction of the
Hairy repressor. No signal was detected at the promoter. However, strong signals were
evident at regions 3’ of the promoter at +1 kbp and +2 kbp, and less signal was detected
at +4 kbp (Figure 3-1B, lanes 6 and 7). Groucho was not found to crosslink to an
intergenic region, indicating that the signal is specific to the Hairy-repressed gene (Figure
3-1B). A similar pattern of crosslinking was obtained with the Rpd3 histone deacetylase,
with strongest signals observed at +1 and +2 kbp (Figure 3-1B, lanes 3-5). This
deacetylase has been identified as a Groucho-interacting protein in biochemical assays
[84].

Detection of Groucho using this crosslinking protocol was variable, therefore we
tested a double crosslinking procedure recently described for crosslinking of cofactors in
yeast, which involves a two-step treatment employing the bifunctional crosslinker DSP
first followed by formaldehyde [243]. Using this procedure we were again able to detect
Groucho on downstream regions of the lacZ reporter gene. Under these crosslinking
conditions, a strong signal was also detected over the promoter region (Figure 3-1C, lane
5). Again, no Groucho was found on intergenic regions, indicating the specificity of the
signal (Figure 3-1C). The signal seen for the LexA-Hairy protein in this experiment is
also detected more weakly at regions within the transcribed region, suggesting that there

are protein contacts with sites distal to the binding sites within the promoter (Figure 3-
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1C, lane 3). The extended signal is not simply the result of very long chromatin
fragments, because the average chromatin size in this experiment is less than 500 bp, and
the Groucho signal seen in Figure 3-1B is centered over the transcribed region, not the
promoter. These widespread contacts of Groucho with the transcribed region of the gene
are consistent with a model proposed by Courey, in which multimerization of protein
through the N-terminal domain forms an extended “spread” conformation that permits the
protein to influence multiple regions of the DNA, consistent with the long-range activity
of Hairy [244].

We tested whether Hairy recruits Groucho to upstream regions, similar to the
pattern seen on the transcribed locus. More distal regions could not be specifically
sampled because of the presence of three copies of the white gene on the different P-
element vectors in these strains. However, PCR primers specific to the promoter and the
upstream mini white transgene were used to amplify proximal regions 5’ of the promoter.
These experiments showed recruitment of Groucho in chromatin prepared using the
double crosslinking protocol (Figure 3-1C), suggesting that Groucho may be
bidirectionally disposed around the Lex A-Hairy binding sites.

We sought to detect the CtBP and Sir2 corepressors at this gene, but we did not
reliably detect signals above background. Sir2 interaction with Hairy has been mapped to
the DNA-binding domain, which is absent in this LexA-Hairy chimeric protein, thus it is
not surprising that no signal was detected for this protein [71]. The negative result
regarding CtBP is not very conclusive, because this particular antibody may not be

suitable for immunoprecipitations. Nonetheless, repressors such as Hairy can utilize a
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Figure 3-1. LexA-Hairy repression results in recruitment of Groucho and Rpd3 to
the entire gene locus.

Occupancy of promoter and transcribed regions of a lacZ transgene by Groucho and
Rpd3 corepressors during repression by LexA-Hairy. (A) Schematic diagram of LexA-
Hairy regulated gene, showing portions amplified. (B) PCR analysis of formaldehyde-
crosslinked chromatin immunoprecipitated from embryos that were induced for
expression of the LexA-Hairy repressor for 20 min. and allowed to recover for 30 min.
As expected, no signal was seen for the nonspecific IgG precipitation. A strong promoter-
localized signal was detected for Lex A-Hairy, with weaker signal on distal regions of the
gene. Signals for the Rpd3 histone deacetylase (1, 2, and 4 ul of Rpd3 antibody shown)
and the Groucho corepressor (50 and 100 ul of Groucho antibody shown) were detected
at +1 kbp and +2 kbp, with a weak signal for Groucho at +4 kbp No crosslinking was
detected for an intergenic region on chromosome 3. Input titration shown at right (2%,
1%, 0.5%, 0.25%, 0.125%). (C) PCR analysis of immunoprecipitated
DSP+formaldehyde crosslinked chromatin. LexA and Gal4 are detected at the promoter,
with weaker signals in 3’ regions. In contrast to results in (B), a strong Groucho signal is
detected at the start of the white gene (-350 bp), promoter, and throughout the transcribed
region. No crosslinking was detected for an intergenic region on chromosome X.
Groucho was not detected at the transgene locus in chromatin samples derived from
single or double crosslinked embryos that were not heat shock induced for LexA-Hairy,
or were heat shocked but lacked the lex4-hairy gene (not shown). Input titration shown at
right (10%, 2%, 1%, 0.5%, 0.25%). Images in this dissertation are presented in color.
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Figure 3-1. LexA-Hairy repression results in recruitment of Groucho and Rpd3 to
the entire gene locus.
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subset of corepressors for regulation of individual target promoters, and perhaps CtBP is

not recruited to this gene [75].

Chromatin modification associated with activation and repression of a target gene.
In light of the numerous connections between chromatin modifications and gene
regulation, and the association of the deacetylase Rpd3 with the reporter, we tested the
effects of gene repression on histones and chromatin modifications in the promoter region
(Figure 3-2). Chromatin was prepared from embryos carrying only the reporter gene
(unactivated state), embryos with both reporter and activator (activated state), embryos
with reporter, activator and repressor, induced and aged for 30 to 60 min (repressed
state), and 120 min (reactivated state). Recruitment of Gal4 to the reporter gene was
associated with an overall reduction of levels of histones, measured by anti-H3 antibody
(Figure 3-2B, third column). The levels of histone H3 and H4 acetylation, relative to total
histone H3, were elevated, consistent with the appearance of SAGA subunits at the
promoter (Figure 2-7, Chapter 2). Also associated with activation of the gene is a relative
decrease in histone H3 K27 methylation (Figure 3-2B, fourth column). The induction of
LexA-Hairy and repression of the gene is associated with an increase in overall H3
levels, and a relative decrease in H3 and H4 acetylation levels, consistent with the
recruitment of histone deacetylases to the gene (Figure 3-2B, first and second columns).
By these measures, the effect of the repressor is the opposite of the activator. However,
the drop in relative H3 K27 methylation levels is not reversed by recruitment of the
repressor, indicating an association of this modification with activation, but not

repression, pathways. None of these effects were noted on a distal intergenic locus,
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Figure 3-2. LexA-Hairy repression results in histone deacetylation and higher
histone occupancy at the promoter.

(A) Chromatin remodeling, assayed by chromatin immunoprecipitation. Total histone H3
levels, acetylation, and methylation were assayed in the promoter region of the reporter
gene in unactivated, activated, and repressed states, as well as with an unactivated
reporter gene with repressor bound. The top two panels demonstrate the effect of Gal4
activators on the promoter; in the presence of Gal4 (second panel), overall histone H3
levels drop, as do H3 K27 methylation levels, while relative acetylated histone H4 and
H3 levels increase. In the presence of the LexA-Hairy repressor (compare second and
third panels), 30 min after induction, total H3 levels increase modestly and relative H3
and H4 acetylation levels drop. In this experiment, H4 acetylation levels were more
affected. Relative levels of H3 K27 methylation remained low in the repressed state. The
binding of repressor to the nonactivated gene (compare first and fourth panels) did not
affect total histone H3 occupancy or H3 K27 methylation, and had only modest effects on
relative acetylation. Below, relative levels of histone modifications at an intergenic locus
on chromosome X are unchanged by the treatments. Immunoprecipitations were carried
out with antibodies that recognize total histone H3, K9/14 acetylation of histone H3,
K5/8/12/16 acetylation of histone H4, or K27 dimethylation of histone H3. Input titration
shown at right (10%, 2%, 1%, 0.5%, 0.25%, 0.125%). (B) Quantitation of chromatin
modifications at the promoter during activation, repression, and reactivation. Levels of
acetylation and methylation were determined using densitometry analysis. Signals were
normalized to the unactivated state. Shown are the average values and standard deviation
of at least 5 biological replicates for the activated and repressed states. The average value
of two biological replicates is shown for the reactivated state. Signals for AcH3, AcH4,
and H3 K27 methylation are divided by the signal value of H3 to take into account
differences in total histone levels. At left, results of quantitative PCR reactions, at right,
heatshock and recovery conditions (heatshock done at 37 °C for 20 min, recovered at
room temperature). Presence or absence of Gal4, and the heatshock-inducible LexA-
Hairy transgene noted by +/-. Images in this dissertation are presented in color.
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Figure 3-2. LexA-Hairy repression results in histone deacetylation and higher
histone occupancy at the promoter.
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indicating that the modifications were specific to the reporter gene (Figure 3-2A, lower
panels). In addition, heat shock alone did not visibly alter chromatin signals, indicating
that the heat induction regimen alone was not accountable for these changes (Figure 3-
2A, lower panels). During reactivation, the changes in acetylation levels of H3 and H4, as
well as total histone H3 were reversed back near the activated state (Figure 3-2B). No
change in H3 K27 methylation levels was observed (Figure 3-2B).

Previous studies of endogenous Hairy protein indicated that it is unable to repress
a distal enhancer if it binds in a regulatory region lacking activators, possibly because
Hairy cannot access a domain that has not been subject to remodeling induced by
activators — the so-called “hot chromatin” model [62]. Simulating this situation, we
performed chromatin immunoprecipitations in a strain lacking the Gal4 activator protein,
and found that the Hairy chimera is able to access the promoter (Figure 3-2A, fourth
panel). This result suggests that locally-acting activators were not required to recruit this
form of Hairy. However, the promoter context may be more permissive than distal
enhancer regions, or the endogenous Hairy protein may be subject to more stringent
requirements for DNA-binding. The binding of the repressor did not affect total histone
H3 levels, K27 methylation, and had only modest effects on histone acetylation levels
(most frequently a slight decrease in relative levels of histone H3 acetylation).

In light of the long-range contacts seen for the Groucho corepressor, we measured
histone levels and histone acetylation levels on the coding region of the reporter gene
(Figure 3-3). The results showed that changes in acetylation and histone levels associated
with repression could be observed up to a distance of 1 kb downstream from the

promoter. However, little change was observed at 2 kb and 4 kb downstream. Taken
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Figure. 3-3. Change in acetylation levels and histone occupancy is limited to 1 kb
from promoter.

Chromatin changes occurring on the transcribed region of the gene during activation,
repression, and reactivation assayed by chromatin immunoprecipitation. (A) Relative
histone H3 K9/14 acetylation levels (normalized to H3) at +1, +2, and +4 kbp. A strong
increase in relative H3 acetylation at +1 kbp is observed with Gal4 activator present, and
this acetylation decreases after induction of the repressor. No large changes at +2 and +4
kbp were observed. (B) Relative histone H4 K5/8/12/16 acetylation levels (normalized to
H3) at +1, +2, and +4 kbp. Promoter-proximal acetylation status was observed to increase
after activation, and decrease during repression. A smaller decrease in acetylation at +2
and +4 kbp was usually observed. During reactivation, a hyperacetylation of histone H4
was observed in the coding region. (C) Total relative histone H3 occupancy on reporter.
Overall levels of H3 at the promoter decreased in the activated state relative to the
unactivated gene, and increase again during repression. No change was observed at +2
and +4 kb. During reactivation H3 levels decreased throughout the coding region. Shown
are the average value and standard deviation of at least 4 biological replicates for the
activated and repressed states. Average value of 2 biological replicates is shown for the
reactivated state. Signals have been normalized to the unactivated state. Images in this
dissertation are presented in color.
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together, these results suggest that activation and repression of the reporter gene is
accompanied by changes in histone occupancy and acetylation, but that the changes
induced by activation are not completely reversed by repression.

We also analyzed the changes in chromatin modifications during reactivation of
the reporter. Intriguingly, a strong acetylation signal of histone H4 was observed
throughout the coding region during reactivation. In addition, total levels of histone H3
dropped throughout the coding region during reactivation. These results suggest that the

reactivated state is different then the activated state.
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Discussion

Despite the intensive study of Hairy and other HES proteins in development, little
is known of the mechanism of this model long-range repressor. Thus, we lack a full
understanding of how distinct corepressors may be implicated in different developmental
circuitry, or the logic of regulatory regions controlled by this protein. Our finding that
Groucho associates with a Hairy-repressed locus over the distance of several kilobases
provides a possible mechanism that explains how Hairy can influence the activity of
activator sites over a great distance. The molecular nature of the repression mechanism
may involve “spreading”, as suggested by Courey, involving progressive deacetylation
and binding to hypoacetylated histones [17, 244].

In support of this model, Groucho binds hypoacetylated histone H3 and H4 tails,
and mutations in its N-terminal oligomerization domain block its repression activity in
vivo [84, 244]. Recruitment of histone deacetylases may thus enhance Groucho binding to
adjacent histones in a positive feedback loop. A similar mechanism has been suggested
for Tupl, the Groucho homolog in yeast [85]. As with Groucho, histone deacetylases
have been shown to be crucial for Tupl repression [245]. Moreover, Tupl also has
affinity for hypoacetylated amino-terminal histone tails, and mutations or deletions of the
tails cause derepression of Tupl targets [246, 247]. As with the Hairy repressor here,
Tupl does not change methylation status of target genes, and deletion of histone
methyltransferases do not affect Tupl mediated repression [248]. This suggests that
methylation marks may not need to be reversed to achieve repression, but they may
facilitate ready reactivation seen upon depletion of Hairy. Regarding the extent of

association of Tupl with target genes in yeast, chromatin immunoprecipitation studies
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have yielded conflicting pictures. Tupl has been reported to interact with the a-cell
specific STE6 gene only at the promoter, or spread from 1-3.5 kbp, encompassing the
entire gene [249-251]. This discrepancy may be due to differences in crosslinking or
immunoprecipitation conditions, reflecting the difficulty in analyzing indirectly bound
factors. Indeed, in our study, promoter interactions by Groucho were observed only with
the use of a double crosslinking protocol.

The extensive contacts of Groucho over the repressed locus are strongly
reminiscent of the extended nucleoprotein structures deposited on regions repressed by
stable, heritably acting systems such as Polycomb group (PcG) proteins in animals and
Sir proteins in silent mating type loci and subtelomeric regions of yeast. There, chromatin
regions are modified and inhibited for formation of productive transcription complexes
[80, 252, 253]. Indeed, the association of activators and components of the transcriptional
machinery with repressed loci in these systems mirrors the continued binding of
activators and coactivators in the system we study here, suggesting that the limiting factor
for transcription occurs at a later stage [254-256]. What sort of inhibitory interaction
might be involved in this case? A number of recent reports have raised the possibility that
repressed, or non-activated promoters, feature RNA polymerase II that is blocked for
elongation, similar to the paused polymerase found at the Asp70 locus under noninducing
conditions [257]. Gergen and colleagues find that RNA polymerase II is not displaced
from the sipl gene upon repression with Runt, a Groucho-binding protein [258]. It is
possible that Groucho itself, through contacts with histone proteins, and/or recruitment of
deacetylases such as Rpd3, establishes a chromatin environment that is inhibitory for

transcriptional elongation. We were unable to obtain reliable signals for RNA polymerase
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II at this promoter, precluding a definitive statement about polymerase occupancy in
activated and repressed states, however.

A difference between the repression complex assembled by the Hairy repression
domain and by these other proteins is the transience of the effect; while PcG regulation is
linked to epigenetic modifications that allow repression to persist for an extended time
when PcG proteins are depleted [259], the regulation we see here is readily reversed upon
loss of the LexA-Hairy repressor. Similar effects are observed with elements regulated by
the endogenous Hairy protein; enhancers bearing Dorsal and Twist activator sites that are
repressed by Hairy in the blastoderm embryo are reactivated minutes later in the
germband extended stage (M. Kulkarni, unpublished). Thus, Hairy appears to be
designed for highly effective, but readily reversible, repression, which may be useful in
particular developmental settings.

In contrast to a linear spreading model, an alternative picture of Groucho
interaction that is consistent with our observations is that the corepressor may be tethered
to the promoter region, forming larger multimeric complexes around which proximal and
distal portions of the gene are wrapped (“turban” model). This model may explain why
we often detect downstream interactions, albeit weaker ones, of the LexA-Hairy
repressor, particularly when employing the more extensive double crosslinking protocol.
In either case, Groucho itself may be important for interfering with activity of
transcription factors, or transcription of distant loci. Both of these models suggest that the
extensive spread or extensive contacts of Groucho is mechanistically linked to
transcriptional repression. However, it is possible that Groucho’s extensive contacts with

downstream regions are not the main effector of Hairy-mediated repression. Promoter-
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proximal activities of Groucho, or of other Hairy corepressor proteins, may play the
decisive role in dictating long-range effects. However, extensive experimental evidence
indicates that Groucho plays a key role in repression mediated by Hairy, thus it seems
parsimonious to assume that Groucho activity on the repressed gene is important for
repression.

Our study demonstrates that repression by Hairy is associated with histone
deacetylation, which is certainly consistent with the nature of cofactors associating with
this protein. Interestingly, this modification appears to be restricted to regions close to the
repressor binding sites, which in our configuration places them close to the
transcriptional initiation site. How might this be related to the long-range effects
mediated by Hairy? One possibility is that Hairy, regardless of where it is bound, induces
characteristic changes on chromatin close to the transcriptional start site, which would
induce a dominant (and hence long-range) effect on target genes. Alternatively, the local
chromatin deacetylation may reflect the reversal of promoter-localized histone acetylases
(e.g. SAGA), and acetylation levels on other portions of the gene are already too low to
show robust deacetylation. A third possibility is that other Hairy-induced chromatin
modifications that are not assayed here are more extensive than the deacetylation.

Our study strongly supports a model for Hairy repression that involves contacts
between the Groucho corepressor and extended regions of the silenced gene, providing a
basis for the long-range repression observed for this protein that is independent of
activator displacement. An interesting question for future studies is how Groucho
spreading is limited, and whether specific chromatin signals modulate this activity. In

addition, such extended repression complexes might be specific to subsets of Hairy
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targets. Genomic surveys indicate that Hairy is likely to associate with distinct cofactors
at different loci; future work will focus on identifying the roles of individual cofactors of

this repressor at genes that represent the diversity of Hairy targets in Drosophila.
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Chapter IV

Conclusions and Future Directions

Development of a model system for the study of transcriptional regulation

Over the last 30 years, numerous studies have sought to understand the molecular
mechanism of repression by HES proteins [1, 2, 260, 261]. Functional characterizations
of multiple HES proteins have revealed a highly conserved role as regulators of cell fate
decisions (reviewed in Chapterl). In development, HES proteins typically function as
effectors of the Notch/Delta signaling pathway to negatively regulate genes involved in
establishing cellular identity [1, 2]. However, some HES proteins, like Drosophila Hairy,
are not under the control of Notch signaling and function instead to prepattern the initial
set of regulators specifying early pluripotent cellular precursors [2, 262, 263]. Members
of the HES family have a bHLH DNA-binding domain, a conserved Orange domain, and
a C-terminal WRPW motif that interacts with the corepressor Groucho [1]. The high
degree of homology between HES proteins suggests an evolutionarily conserved
repression mechanism. A detailed molecular analysis of HES-mediated repression would
lead to a deeper understanding of multiple developmental pathways and would provide
opportunities for developing novel treatments for diseases found to be associated with
disruption of normal HES function.

In this project I developed a highly defined embryo system to study Hairy
repression in vivo. As discussed in Chapter 2, the use of exogenous activator and
repressor transgenes allowed a great degree of control over the system. The spatial and

temporal control of the activator and repressor inputs permitted the embryos to be treated
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as a uniform collection of cells, analogous to tissue culture studies. Further analytical
power was afforded through the creation of alternate Drosophila lines carrying either the
reporter alone, reporter and activator, reporter and repressor, or all three transgenes. This
combinatorial analysis of promoter states proved extremely useful in validating the
conclusions presented here, and gave insights into both the transcriptional activation as
well as repression processes.

It should be noted that other groups have also succeeded in using whole embryo
systems to study the molecular mechanisms of transcriptional regulation [239, 258]. For
example, in a recent study, Drosophila Toll'™ mutant embryos were used to determine
the genome wide occupancy of the Twist, Dorsal, and Snail transcription factors [239].
These embryos express a constitutively active form of the Toll receptor leading to
translocation of Dorsal into the nucleus and the uniform expression of Twist and Snail
[264]. Similarly, overexpression of Ftz and Runt during the cellular blastoderm stage of
Drosophila development result in the uniform suppression of sloppy-paired-1 (sipl),
while overexpression of Ftz and Opa results in uniform activation [258]. However,
adapting these model systems to study different activators or repressors would require
extensive reengineering of the gene network that makes up the system. In contrast, the
embryo system developed here can readily be adapted to investigate the transcription
regulatory mechanisms of any protein containing modular repression or activation
domains.

While the repression observed in this study takes place in a short-range context,
there are two reasons why the conclusions of my study should also be valid in a long-

range context. First, the LexA-Hairy protein is able to suppress the activity of a
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rhomboid-twist driven reporter even when bound 2 kbp upstream, indicating that it can
also function in a long-range context (Li Li, unpublished results). Furthermore, the terms
short-range and long-range refer to a functional characterization of the repressor and do
not imply any particular molecular mechanism [16, 22]. Thus, the conclusions derived
using the model system developed here are relevant to the general mechanism of Hairy

repression.

Hairy repression mechanism does not rely on activator or coactivator displacement

Using the highly defined embryo system discussed previously, I was able to show
that the repression mechanism of Hairy works even when the activator and coactivator
remain bound to the gene (Figure 2-6, 2-7). This result raises the possibility that Hairy
repression could involve direct targeting of the basal machinery. Indeed, repression of
sipl by Ftz and Runt, the latter of which also binds Groucho, leads to the formation of a
paused Pol II complex downstream of the promoter [258, 265].

Preliminary experiments using the 8WG16 antibody showed a decrease in Pol II
signals at the promoter during LexA-Hairy repression when compared to the activated
state (Appendix B). Unexpectedly, the downstream Pol II signals were actually higher in
the repressed state than the activated state. A possible explanation for this result is that
LexA-Hairy repression could induce a transcriptional block near the 3’ end of the gene.
Studies in yeast have shown that both Gal4 and SAGA can directly interact with
components of the basal machinery and promote PIC assembly even in the absence of
Gcen5 HAT activity [181, 182, 186]. The continued presence of Gal4 and SAGA during

repression could lead to the observed accumulation of Pol II in the coding region.
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Unfortunately, the lack of downstream Pol II signals in the activated state and the poor
reproducibility of the Pol II immunoprecipitations prevented any definite conclusions to.
Therefore, future studies should focus on determining if Hairy repression involves
blocking PIC formation or inhibiting Pol II elongation.

Since Gal4 has been shown to “lock in” and form a highly stable Gal4-promoter
complex, it is possible that other activators with weaker DNA affinities could be
displaced by Hairy repression [235]. In order to test this possibility, binding sites for
endogenous activators could be used instead of Gal4 to drive expression of the reporter
construct. Antibodies against the activator of interest (if available) could be used to track
activator binding. Alternatively, the activators could be epitope-tagged, and expressed
using a ubiquitous driver.

Another possibility is to use the embryo system I have developed to study other
transcriptional repressors such as Knirps or Giant. In fact, the original goal of this project
was to understand the molecular mechanisms differentiating short- from long-range
repression by tethering a Knirps or Hairy repression domain to LexA and using the lacZ
reporter shown in Figure 2-1. While both LexA-Knirps and LexA-Hairy could repress the
reporter described in Chapter 2 (Figure 2-2), only LexA-Hairy could suppress gene
activation in the embryo system (Figure 2-1, Appendix A). This result was unexpected,
since it had previously been shown that the short-range repressor Giant can repress a
synthetic enhancer with a similar arrangement of activator and repressor binding sites (2
Giant, 5 UAS, 2 Giant) [229]. Since Knirps has been shown to be able to suppress the
activity of three high affinity UAS sites, the inability of LexA-Knirps to repress five

tandem UAS sites is not due to repressor-activator specificity [230]. Perhaps Giant is a
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stronger repressor then Knirps, and that is why it is able to repress 5 UAS sites. Indeed, a
comparison of the relative potency of the short-range repressors Giant, Knirps, and
Kruppel, in the context of three UAS sites, showed that in general Knirps has a lower
activity [230].

As discussed in the introduction, short-range repressors allow enhancer
modularity by blocking those activators bound within 150 bp from its target sequence
[18]. One possible mechanism by which short-range repressors could block nearby
activators is by displacing locally bound activators from the DNA. By modifying the
embryo system to include different short-range repressor domains, this hypothesis could
be directly tested. A recent genome-wide study looking at the binding of the short-range
repressor Snail, and the Twist and Dorsal activators show that all three proteins can bind
simultaneously to inactive enhancers, suggesting that short-range repressors also do not

displace activators [239].

Hairy repression is associated with Groucho binding to the entire gene locus

A key finding in this project is that the Hairy repression mechanism is associated
with Groucho binding to a wide region encompassing the gene (Figure 3-1). This result
provides strong evidence for a model, first proposed by Al Courey, that Hairy long-range
repression is mediated by a Groucho spreading mechanism, similar to the spreading of
the Sir2 complex in yeast ( Fig 4-1) [17, 79]. A similar mechanism has also been
proposed for the yeast homolog Tupl, but evidence of Tupl spreading has been

controversial [249-251]. Like Tup1l, Groucho has an affinity for hypoacetylated histones,
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Figure 4-1. Groucho spreading model

The model for Groucho spreading involves: 1) recruitment of Groucho by a long-range
repressor such as Hairy, 2) deacetylation of the surrounding histones by the associated
Rpd3 histone deacetylase, 3) Groucho binding to adjancent nucleosomes through
interactions with the hypoacetylated H3 and H4 histone tails. Images in this dissertation
are presented in color.
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suggesting a model wherein Groucho-mediated Rpd3 recruitment deacetylates
surrounding histones; local histone deacetylation in turn promotes further Groucho
spreading [17, 266]. The association of Groucho/Rpd3 to large tracts of the gene could
repress transcription by catalyzing the formation of a heterochromatin-like structure.
Interestingly, Sir2-dependent heterochromatic silencing of the yeast Hsp82 gene does not
prevent the HSF activator, or TBP, from binding to the promoter, suggesting possible
structural similarities between Sir2- and Groucho-remodeled chromatin [254]. In support
of the importance of Groucho spreading for long-range repression, mutations in the
Groucho oligomerization domain abolish its repressive activity [244].

Since the extensive Groucho binding observed in this study is in the context of an
artificial model system, future studies should focus on ascertaining the relevance of
Groucho spreading, by looking at Groucho binding to endogenous enhancers. A possible
approach could be to chromatin immunoprecipitate Groucho from embryos or tissue
culture cells, followed by hybridization to a tiled microarray (ChIP-chip), or by direct
sequencing of the immunoprecipitated DNA (ChIP-PET) [267].

As discussed in Chapter 3, this study raises the question of what regulates
Groucho spreading so that it does not interfere with the transcriptional activation of
nearby genes. Future studies should focus on elucidating the mechanism by which
Groucho spreading is limited and whether histone modifications have any role in
regulating this activity. Additionally, analysis of LexA-Hairy repression in a long-range
context could determine if Groucho spreading is limited to the basal promoter and ORF,
or if it can also spread through upstream cis regulatory regions. A related question

regarding Hairy repression is whether boundary elements can block Groucho spreading.
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For example, the Su(Hw) insulator protein can partially suppress heterochromatin
spreading in Drosophila [268]. Similarly, the vertebrate insulator element cHS4 functions
to prevent heterochromatin silencing in the chicken B-globin locus [269]. This type of
mechanism might account for why the Su(Hw) insulator can block Hairy repression of a
downstream enhancer while allowing closely linked activators to stimulate transcription
[22].

In addition to Groucho, Hairy has also been found to associate with the Sir2 and
CtBP corepressors [69, 71]. Future studies should address the role of these cofactors in
mediating Hairy long-range repression. Of particular interest would be to understand the
role of Sir2, because of its critical involvement in heterochromatin silencing. A genome-
wide survey of Hairy, Groucho, CtBP, and Sir2 binding, found that Hairy associates with
different combinations of cofactors at target loci, suggesting that Hairy cofactor
recruitment is context dependent [75]. Interestingly, only a small percentage of putative
Hairy targets were associated with Groucho, with the majority associated with CtBP and
Sir2 [75].

A possible explanation for the apparent context dependency of cofactor
recruitment is that the chromatin structure regulates cofactor binding. Indeed, Groucho
was found to bind preferentially to hypoacetylated histone H3 [85]. Similarly, the Sir2
complex preferentially binds deacetylated histones through the Sir3 and Sir4 subunits
[270]. However, initial binding of Sir2 does not require HDAC activity, suggesting that it
is not dependent on histone acetylation [271]. The role of chromatin in regulating
cofactor recruitment could be investigated by analyzing cofactor binding to the lacZ

reporter in the context of the reporter alone, reporter + activator, reporter + repressor, and
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reporter + repressor + activator, since each of these states is associated with a specific
chromatin structure. Binding of both LexA-Hairy and Gal4 to the promoter was
associated with a marked decrease in the acetylation level (Figure 3-2B). In contrast,
binding of LexA-Hairy alone has only a slight effect on H4 acetylation levels, suggesting
that in this context LexA-Hairy does not recruit a cofactor that mediates this activity

(Figure 3-2A, compare panels 3 and 4).

Hairy repression is associated with histone deacetylation and chromatin remodeling

It has been shown that Hairy associates with histone deacetylases [71, 84],
consistent with this finding, this study provides direct evidence of HDAC recruitment and
subsequent histone deacetylation by Hairy. As can be seen in Fig 3-1, the Rpd3 HDAC
was shown to track with Groucho up to 2 kbp downstream of the transcriptional start site.
Curiously, LexA-Hairy binding to the promoter resulted only in local histone H3
deacetylation up to a distance of 1 kbp (Figure 3-3A, B). However, it should be noted that
even in the unrepressed state, the histone H3 acetylation signals from the 3’ end of the
lacZ reporter decreased dramatically relative to the promoter, making the task of
detecting changes in histone acetylation more difficult (Figure 3-3A, B). Furthermore,
there is a 5’ to 3’ decrease of Groucho and Rpd3 signals, implying a smaller reduction in
acetylated histone levels.

In this project I have been able to show that chromatin remodeling is associated
with Gal4 activation as well as Hairy repression. Comparisons of histone H3 signals
between the unactivated and activated state revealed a marked decrease in H3 promoter

occupancy during Gal4-mediated activation (Figure 3-2B). This result is consistent with
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previous studies that Gal4 activation is associated with the loss of promoter-proximal
histones in yeast [212]. Importantly, during LexA-Hairy repression there was a
réproducible increase in promoter bound H3 signals. In yeast, repression by the Groucho
homolog Tupl has also been shown to involve nucleosome positioning, suggesting a
conserved repression mechanism [272]. In order to have a better understanding of Hairy-
dependent chromatin remodeling, micrococcal nuclease digestion can be used to
determine if repression involves nucleosome positioning such as that seen for a subset of

Tup1-Ssn6 repressed genes [272].

Gald activation is associated with demethylation of K27

Since K27 methylation is a mark of heterochromatin, I analyzed whether Hairy
repression was associated with K27 methylation. To this end, chromatin
immunoprecipitation assays were carried out using antibodies against dimethylated H3
K27. The result showed that this modification was not associated with Hairy-mediated
repression. Instead, K27 methylation was correlated with Gal4 activation (Figure 3-2B).
Future studies should continue to investigate the possible involvement of additional
histone marks such as H2B ubiquitylation. An exhaustive analysis of histone
modification marks would most likely yield additional insights into Hairy repression

activity.

Reactivation of gene activity after LexA-Hairy repression

Using the embryo system, I was able to show that induction of the LexA-Hairy

fusion protein led to transient repression of the lacZ reporter construct (Figure 2-4). In
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contrast, other long-range repression mechanisms such as those mediated by the
Polycomb, HP1, and Sir proteins, lead to stable gene silencing [16]. Reactivation of the
lacZ reporter was accompanied by a corresponding increase in histone H3 and H4
acetylation levels (Figure 3-2, 3-3). Unexpectedly, during reactivation H4 acetylation
levels in the coding region were higher than during the activated state (Figure 3-3B). One
possible model that could help explain the high H4 acetylation levels observed is that
Groucho/Rpd3 spreading primes the gene for reactivation. Studies in yeast have shown
that the Rpd3S HDAC complex is targeted to the open reading frame of active genes by
binding to methylated H3 K36 histones [273]. The Rpd3S subunit Eaf3 targets the
complex through its chromodomain which specifically recognizes methylated H3 K36
[274]. Since the Eaf3 protein is also shared with the NuA4/Tip60 complex that catalyzes
H4 acetylation, it suggests a reactivation model wherein the Rpd3S HDAC complex is
exchanged for the NuA4/Tip60 HAT complex, leading to generalized H4
hyperacetylation in the ORF [275]. Therefore, future studies could address whether
Groucho/Rpd3 spreading promotes NuA4/Tip60 recruitment during reactivation.

An alternative reactivation model involves Groucho-mediated deposition of the
conserved H2A.Z histone variant. In yeast, the SWR1 chromatin remodeling complex has
been shown to catalyze the exchange of H2A with the H2A.Z histone variant [276, 277].
H2A.Z deposition functions to prevent heterochromatin spreading and to promote
efficient reactivation at repressed promoters [278-280]. Importantly, the Groucho
homolog Tupl promotes the deposition of H2A.Z on the GAL! promoter nucleosome,
suggesting that it primes the promoter for reactivation [281]. Since NuA4 and SWRI1

share multiple subunits and are both conserved in Drosophila [282], 1 propose a
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reactivation model wherein Groucho/Rpd3 spreading induces recruitment of SWR1 and
NuA4 to the coding region (Figure 4-2). Recruitment of SWR1 and NuA4 could in tumn
catalyze the deposition of H2A.Z and hyperacetylate H4, respectively leading to a looser
chromatin structure and facilitating reactivation. In order to test this model, H2A.Z

recruitment during repression and reactivation can be determined.

Contrasting transcriptional states: Unactivated versus Repressed

An important observation of my study is that repression does not reset the
chromatin structure to the unactivated state. As can be seen in Figure 3-2B, in the
unactivated state there is a high level of methylated H3 K27 histones, suggesting that the
reporter gene is in a heterochromatic environment. Gal4-mediated activation leads to a
reduction of methylated K27, relative to H3, consistent with an activation mechanism that
remodels chromatin from a heterochromatic silenced state to a euchromatic active state.
Heat shock induction of LexA-Hairy leads to the suppression of /acZ expression, yet it
does not reverse the loss of K27 methylation seen during activation. Thus, the

unactivated transcriptional state is not equivalent to the repressed state.
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Figure 4-2. Proposed mechanism for Groucho-dependent reactivation

During repression Groucho and Rpd3 are found associated with the entire coding region.
H3 K36 methylation stabilizes the Rpd3 binding through direct interactions with the
chromodomain-containing Eaf3 subunit. Since the Eaf3 subunit is shared between Rpd3
and NuA4, reactivation could occur by a subunit exchange that allows NuA4 to be
recruited to the coding region. Subsequently, NuA4 can catalyze the hyperacetylation of
H4, creating a looser chromatin structure. NuA4 and the ATP-dependent chromatin
remodeling complex SWR1 share four subunits. SWR1 can catalyze the exchange of
H2A with H2A.Z to prime the gene for reactivation. Images in this dissertation are
presented in color.
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Short versus long-range repression: Two sides of the same coin

Previous functional characterizations of repressors in Drosophila pointed to a role
of CtBP in mediating short-range repression and a role of Groucho in mediating long-
range repression [72-74]. However, a recent study suggests that Groucho-mediated
repression can have a short-range activity [62, 283]. Additionally, biochemical
purification of the short-range repressor Knirps indicated that Groucho is a part of the
repressor complex (Sandhya Payankaulam, unpublished results). Similarly, the CtBP
cofactor which potentiates short-range repressors such as Knirps, has been found to
associate with the Hairy long-range repressor and to be important for the repression of
putative Hairy targets [69, 75]. Taken together, the evidence suggests that Groucho and
CtBP form part of a common repression pathway. Indeed, some repressors like the
Drosophila Hairless and Brinker have been shown to require both CtBP and Groucho to
for their activity [284, 285].

The fact that Groucho has been shown to be important for Hairy long-range
repression raises the question of what prevents Groucho-mediated long-range repression
in a short-range context [72]. Perhaps the range of Groucho repression is regulated by
limiting the degree to which Groucho can spread in chromatin. One possibility is that the
extent of Groucho spreading is determined by the total number of repressor binding sites
present. In support of this model is the fact that the range of Hairy repression increases
with additional Hairy sites [22]. Alternatively, the distance to which Groucho can spread
could depend on the chromatin context. An intriguing idea is that Groucho spreading
could be limited by the same mechanisms that limit the spreading of silent

heterochromatin.
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In yeast, there are several chromatin-based mechanisms that prevent the Sir2
complex from spreading into euchromatic regions [286]. The first is through site-specific
acetylation of H4 K16 by the Esal and Sas2 histone acetyltransferases [287, 288]. This
modification has been shown to be specifically enriched at heterochromatin-euchromatin
boundaries [289]. A second mechanism involves the exchange of H2A for the H2A.Z
histone variant catalyzed by the SWR1 complex [282]. Deposition and subsequent NuA4-
mediated acetylation of H2A.Z has been shown to be required for the formation of
heterochromatin borders [279, 290]. A third mechanism involves the creation of
nucleosome free regions [291]. In yeast, heterochromatic spreading from the silent
mating type locus HMR is blocked by the neighboring tRNA™ gene, which is partially
depleted of histones [292]. Recently, it has been reported that Set2 methylation of H3
K36 can also prevent heterochromatin spreading [293]. A combination of these
mechanisms could account for the observed differences in the range of Groucho

repression.

Contextual dependency of transcriptional repression: Implications for modeling cis

regulatory elements

One of the most pressing problems in the post-genome era is trying to develop a
conceptual framework that can be used to find and decode cis regulatory elements. The
Drosophila embryo has become an ideal model system because many of the transcription
factors and cis regulatory elements involved in early embryogenesis have been
characterized [294]. Currently, efforts are being made by several labs to develop

transcription regulatory models that can predict gene expression patterns directly from
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the DNA sequence [294-296]. An underlying assumption of these efforts is that the cis
regulatory elements under study are flexible with respect to their binding site
arrangement, with more then one “solution” leading to a particular gene expression
pattern [297]. Comparative phylogenetic analysis of the eve stripe2 enhancer supports
this idea, as the stripe 2 enhancers from four different Drosophila species show identical
stripe placement despite varying widely in binding site arrangement [298]. However, if
the range of Groucho repression is context dependent, it would place restrictions on the
evolution of cis regulatory elements that recruit Groucho-associated repressors.

The fact that Groucho-dependent repression can act in a short- or long-range
manner, suggests that new design principles are needed to model enhancer activity.
Previous work from the Amosti lab sought to discover “grammatical” rules governing the
function and design of modular enhancers [229, 299]. As a result, four basic parameters
were determined to be critical for modeling short-range transcriptional repression: 1) total
number of repressor binding sites, 2) repressor-activator stoichiometry, 3) binding site
affinity, and 4) binding site arrangement [229]. In order to extend the applicability of this
approach to include Groucho-associated repressors, additional grammatical rules must be
implemented. For example, if we assume that Groucho spreading, like Sir2, is blocked by
H4 K16 acetylation, then activators that recruit the NuA4/Tip60 HAT, which mediates
this modification, could result in short-range repression by Groucho-associated factors. In
addition, sequences that tend to exclude nucleosome binding could also have an impact
on the type of repression activity. Therefore, future studies should focus on discovering
novel grammatical rules that take into account those parameters that influence the range

of repression.
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Concluding remarks

In summary, I have presented strong evidence that Hairy long-range repression is
mediated by a mechanism involving Groucho spreading and chromatin remodeling. In the
literature, there are several examples of similar long-range repression mechanisms.
However, a key feature that differentiates the repression mechanism studied here from
previously characterized long-range mechanisms is the easy reversibility of the
repression. The transient nature of repression could be a reflection of an evolutionarily
conserved mechanism whereby the corepressor Groucho primes the gene for reactivation.
Efficient reactivation of HES target genes could be of critical importance for the proper
regulation of developmental pathways. For example, the role of HES proteins as part of
the “segmentation clock” requires repetitive repression-reactivation cycles in order to
generate waves of transcriptional activity [140, 145]. Inefficient reactivation of HES
target genes could lead to uncoordinated patterns of gene expression and disruption of the
segmentation process.

In addition, I have succeeded in developing and characterizing a highly defined
embryo system that can serve as a powerful platform for future studies of Hairy long-
range repression. Such studies could lead to a better understanding of the molecular
mechanisms by which cell fate decisions are regulated. Furthermore, the different
Drosophila lines 1 have created, capable of producing alternative promoter states, can be
used to provide novel insights into how the chromatin context affects transcriptional
repressor activity. A better understanding of the role of chromatin in regulating the range
of transcriptional repression is essential in order to develop predictive quantitative

models of enhancer function.
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APPENDIX A

Characterization analysis of the LexA-Knirps fusion protein

One of the initial objectives of the project was to understand the molecular
mechanism of short-range repression. To this end, a fusion construct of LexA and Knirps
was tested for its ability to repress in the embryo system and in a rhomboid-twist driven
reporter. The repression domain used for Knirps encompassed the amino acids 75-429.
This domain had previously been shown to be sufficient to mediate short-range
repression of a heterologous stripe2 enhancer when tethered by the Gal4 DNA-binding
domain [300]. The repression domain contains the CtBP PXDLS binding motif near the
C-terminus but lacks the endogenous DNA-binding domain. Previously, it had been
shown that a JacZ reporter containing tandem Knirps sites placed 5° and 3’ of three Gal4
UAS sites was repressed in the region of Knirps expression [229].

In order to test the repression activity of LexA-Knirps, a Kriippel promoter was
used to drive expression in a central band of the embryo. A transgenic line carrying the
LexA-Knirps construct was crossed to both the embryo system (carrying only the Gal4
activator and reporter), and a rhomboid-twist driven reporter with LexA sites near the
promoter. Using in situ hybridizations against lacZ, repression was observed only in the

rhomboid-twist reporter but not in the embryo system (Figure A-1).
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Figure A-1. LexA-Knirps does not repress in the model system

Top panel: A line containing a Kruppel driver expressing the LexA-Knirps (75-429) was
crossed to the defined embryo system; at left is a schematic diagram of the reporter
construct. Middle panel: LexA-Knirps mediates efficient repression of a rhomboid-twist
driven reporter when bound within 55 bp of the promoter. Bottom panel: Antibody
staining against LexA shows that LexA-Knirps is being expressed in these embryos.
Images in this dissertation are presented in color.
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Materials and Methods

Plasmids. The reporter constructs were constructed as described in Chapter 2. The LexA-
Knirps fusion construct was made by joining a BamHI/Kpnl fragment containing a Kozak
sequence, initiator ATG, and coding sequence for the entire LexA protein (amino acid
residues 1-202) in frame to a Kpnl/Xbal fragment containing the Knirps repression
domain (residues 75-429). The fusion construct was placed in a modified pKreg vector
containing the Kruppel driver. The resulting plasmids were introduced into the

Drosophila germline by P-element transformations as described [231].

In situ hybridization and antibody staining of Drosophila embryos. Embryos were
fixed for in situ hybridization and stained using a digoxigenin-UTP labeled antisense
RNA probe to lacZ as described [231]. Antibody staining for LexA-Hairy expression was
done using a 1:2:1 mixture of three mouse monoclonal antibodies raised against LexA,
YN-lexA-2-12 (2 pg/ml, 1:2100), YN-lexA-6-10 (4 pg/ml, 1:2023), YN-lexA-16-7 (4
pg/ml, 1:3950) obtained as a gift from Steve Triezenberg [233]. Quantitation of lacZ
staining was done by scoring the stained embryos into unstained, lightly stained, and
darkly stained from 10-13 random fields. Total embryos scored per slide varied between

135 and 457.
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APPENDIX B

Pol IT accumulates in the ORF during repression

As discussed in Chapter 4, one of the possible mechanisms of Hairy repression could be
blocking Pol II binding or elongation. Using the embryo system, I collected embryos
carrying either the reporter and activator; or the reporter, activator, and repressor
transgenes. After a 20 min heatshock and 30 min recovery a chromatin
immunoprecipitation assay against the Pol II CTD revealed a loss of Pol II from the
promoter during repression. At the same time there was an increase of Pol II in the open
reading frame, suggesting that Hairy repression does not suppress Pol II recruitment.

Instead, repression could involve a block to elongation near the 3’ end of the gene.
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Figure B-1. Chromatin immunoprecipitation of Pol II.

Embryos expressing only the activator or the repressor were collected and heatshocked
for 20 min at 37°C and recovered for 30 min at room temperature. Activated embryos
showed a strong Pol II signal at the promoter but no Pol II at + 1 kb. During repression
Pol II signals decreased slightly at the promoter but increased at +1 kb. PCR using
primers against an intergenic region of chromosome 3 did not give any signals indicating
that the signals observed are specific. Presence or absence of Gal4, and the heatshock-
inducible LexA-Hairy transgene noted by +/-. Input titration was 10%, 2%, 1%, 0.5%,
and 0.25%. Images in this dissertation are presented in color.
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