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Abstract

Essentially all higher organisms are made up of two or more types of
tissues. The specific identity of those tissues is dependent on the genes that are
expressed within the cells of the particular tissue type. The correct set of genes
must be expressed and genes, that are not part of the set specific to that tissue,
must be kept silenced. In addition, in most cells, the decision whether a gene
will be active or not is made early in development and therefore must be passed
on to daughter cells. The focus of this thesis is an investigation into the
mechanism or mechanisms employed by eukaryotes to silence genes and to
maintain that silenced state throughout de\‘/elopment. The model system our
laboratory has been using to investigate silencing is position effect variegation
(PEV) in D. melanogaster. In PEV a gene is silenced in a certain proportion of the
cells of a tissue in which it is normally expressed due to its proximity to an
heterochromatic breakpoint. The decision whether a gene will be active or
inactive is made early in development and that decision is passed on to
daughter cells with reasonable fidelity. Thus PEV mimics normal development
in many ways. This has led our lab, and several others, to try to dissect the
mechanisms underlying PEV with the hope they will shed some light on the
more general silencing mechanisms that occur during normal development.

In Chapter 2 of this thesis I describe the cloning and characterization of a
gene identified in a screen for dominant suppressors of the variegation

associated with PEV [Su(var)s]. The gene encodes HDACI, an histone

deacetylase homologous to HDAC1 from mammals and Rpd3 from S. cerevisiae.




Specific mis-sense mutations in HDACI cause strong dominant suppression of
PEV while null or hypomorphic mutations have no effect on the variegating
phenotype. I present a model proposing that the mis-sense mutations are
acting as anti-morphic mutations that "poison" the deacetylase complex.

The level of variegation of a gene subject to PEV is very sensitive to a
wide variety of factors, some, which may be acting directly and some, which
may be acting indirectly. HDACI localizes to a large number of sites on the
polytene chromosomes of D. melanogaster (Pile and Wasserman, 2000) and
therefore appears to regulate a large number of genes. Thus it is a possibility
that the Su(var) mutations in HDACI are affecting PEV indirectly. In Chapter 3
I present data frbm chromatin immuno-precipitation experiments (X-ChIP) that
provides compelling evidence that HDACI is acting directly on the
euchromatic region subject to silencing in PEV. I propose a model linking the

histone deacetylase activity of HDAC1 to the function of other proteins known

to be involved in the silencing associated with PEV.
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Literature Review

Eukaryotes are complex organisms that must precisely regulate their
genes to survive. As an example, in a multicellular organism, with many
different tissue types, the identity of a tissue is determined by the combination
of genes that are active. Thus mechanisms must exist to activate the correct
genes in a particular tissue and then remember that pattern through subsequent
cell divisions. On the other hand, it would be deleterious or lethal, if genes that
were supposed to be inactive, were expressed, and therefore complementary
mechanisms must exist to inactivate specific genes and maintain that inactive
state throughout subsequent cell divisioné. This thesis will be éoncerned with
the latter problem: what is the mechanism or mechanisms that eukaryotes
employ to silence genes and then to pass this decision on to daughter cells? The
model system our lab has used to address this question is position effect

variegation in Drosophila melanogaster.

Gene Silencing and Position-Effect Variegation (PEV)

Classical PEV occurs when a chromosomal rearrangement abuts a
normally euchromatic region of a chromosome to an heterochromatic
breakpoint. Genes located in the euchromatin, immediately adjacent to the
breakpoint, often display a mosaic phenotype in the tissues in which they are
normally expressed. In some cells the gene or genes are fully active and the
cells appear normal, however, in others, the gene(s) is silenced, and the tissue
appears mutant. This silencing phenomenon mimics normal development in
that the decision as to whether a gene will be active or silenced appears to be

made early and then is passed on to daughter cells. Since the genes in




euchromatin are not mutated (see below) but are silenced due to the proximity
of the heterochromatic breakpoint, PEV has been employed as a model system
for dissecting the silencing effects of chromatin structure, in particular
heterochromatin. More details on the nature of PEV will be provided below.
For now suffice it to say this approach has been fruitful and the dissection of
PEV has provided tremendous insights into the structure of heterochromatin
and some of the mechanisms of silencing employed by eukaryotes to control
gene expression. One feature of gene expression that has become apparent in
recent years is that regulation of gene expression, including silencing, is
dependent on chromatin structure.

This chapter will provide a brief review of chromatin structure and its
role in gene regulation followed by a review of the phenomenon of PEV and the
role of some of the more well characterized chromatin proteins that have been
isolated as modifiers of PEV. The focus of the thesis will be histone deacetylase
one (HDAC1), a protein that was identified in a screen for mutations that

modify PEV.

Chromatin Structure

Much is now known about the basic structure of chromatin. Chromatin
is a dynamic assemblage consisting of approximately 50% DNA and 50%
protein. About one-half of the proteins are histones, a group of five basic
proteins, which are among the most highly conserved proteins in all
eukaryotes. Histones H2A, H2B, H3 and H4 are known as the core histones

and they associate to form an octamer. Initially, H3 and H4 form heterodimers

that associate to form a tetramer. The tetramer then associates with two




heterodimers of H2A and H2B to form an octamer that is shaped like a flattened
sphere. Approximately 146 base pairs of DNA wind about 1.7 times around the
outside of the sphere in a left-hand supercoil. This structure, the nucleosome,
forms the basic building block of all eukaryotic chromatin. The fifth histone,
histone H1, also called the "linker histone", binds to nucieosomes and protects
approximately 20 additional base pairs of DNA outside the nucleosome (Horn
and Peterson, 2002; Luger et al., 1997; Turner, 2002; Workman and Kingston,
1998).

X-ray crystallographic analysis of the nucleosome at a resolution of 2.8 A
has been completed and provides the following picture of nucleosome structure
(Luger et al., 1997). The core histones contain two functionally separable
regions, the central "histone fold" domain, and the amino- and carboxy-terminal
tail domains. The histone fold domains of the histones are involved in
histone/histone interactions that stabilize the nucleosome and also make
contact with the DNA as it winds around the nucleosome. Where the DNA
makes contact with the nucleosome, its structure is highly ordered. Those
regions of the histones not in contact with DNA, the amino- and carboxy-
terminal tails, appear to be much more flexible and extend out and between the
DNA gyres.

The apparently simple structure of the nucleosome led early
investigators to assume it was a passive structure that formed a scaffold for
DNA architecture but did not play a role in regulating genetic activity.
However, the first indications that this was far from accurate were reported

almost 40 years ago when Allfrey et al. (1964) observed a correlation between

acetylation of histone residues and active transcription of genes. With the




emergence of a possible role for histone modification in the regulation of gene
activity, the search for further histone modifications revealed that histones are
subject to a surprising number of post-translational modifications. These
modifications include lysine acetylation, lysine and arginine methylation, serine
phosphorylation and ubiquination of H2A (Spotswood and Turner, 2002). As
noted above, the amino- and carboxy-terminal tail domains of all core histones
extend out from the core nucleosome particle and it was initially assumed that
all modifications would occur in these domains. However very recent
experiments have revealed modifications occur to the globular, histone fold
domain, as well (Briggs et al., 2002)._ The existence of further modifications
cannot be ruled out. All of the modifications have the potential to alter the
structure of the nucleosome and/or the structure of the chromatin fiber.

It has been suggested the pattern of modification on a nucleosome forms
a "histone code" which not only regulates whether a gene is expressed or not,
but also modulates expression levels of active genes. In addition, the histone
code could provide the epigeneﬁc mark that allows a cell to pass expression
patterns on from one generation to the next (Strahl and Allis, 2000). The large
number of potential modifications combined with the wide variety of sites
available for modification creates the opportunity for an extremely complex
code to be created on a nucleosome; in fact, several thousand different patterns
are possible (Turner, 2002). Histone H3 alone can be acetylate‘d at six lysines,
methylated at five lysines (and this can be mono-, di- or trimethylation),
methylated at one arginine and phosphorylated at serine 10. A similar

complexity of modifications exists on H4, slightly less on H2B and still less on

H2A. In addition, since the nucleosome is an octamer containing two of each of




the core histones, it is possible that each histone maybe modified
independently.

Finally, there is the potential for, and the likelihood of, inter-nucleosomal
interactions that are also affected by histone modifications. Complete
elucidation of the histone code, if indeed it does exist, will require that many
genes be probed for every possible modification and the pattern observed must
be correlated with transcriptional activity, or the potential for activity, and
transcription levels. The pattern observed at one locus must then be compared
to that of other genes to determine similarities and differences. However, this is
only the first level of analysis. The pattern may also control the positioning or
location of a gene within specific compartments of the nucleus (see below) or
play a role in heritability of the expression pattern and thus cell lineages will
also have to be examined before a complete picture will be generated. While
this task may appear daunting, this area of research is one of the most active in
molecular biology and some consensus, regarding the effect of histone
modifications, is emerging. For example methylation of histone H3 lysine 4
appears to be a widely used mark for gene activity, while methylation of lysine
9 on H3 appears to mark a gene for repression (see below).

The nucleosome is only the first level of chromatin packaging. A typical
cell may contain about one meter of DNA that must be packaged into an
organelle as small as the nucleus and thus chromatin can not exist as a string of
nucleosomes. Exactly what the higher order structure of chromatin is has been
the subject of intensive study and remains contentious (Horn and Peterson,

2002). In vitro chromatin reconstitution studies suggest that, as the divalent

cation concentration is increased to physiological levels, the nucleosome first




condenses into a 30 nm fiber and then into higher order irregular aggregates.
The formation of these higher order aggregates in vitro requires the histone tails
to be present on the core histones (Hansen, 2002; Luger et al., 1997). The higher
order irregular aggregates were made more regular, stabilized and compacted
by the addition of a linker histone, such as H5 (Carruthers and Hansen, 2000).
In vivo, studies that followed decondensation of the chromosomes following
mitosis suggest they first decondense to a 100 - 130 nm fiber that may further
decondense to a 60 - 80 nm fiber for short intervals. Only occasional, very
short, stretches of a 30 nm fiber were observed (Belmont and Bruce, 1994). This
observation suggests that the basic structural unit of chromatin is a 100 nm fiber
(Tumbar et al., 1999) that may present a considerable obstacle to factors that
must modify the histones on a nucleosome to Iregulate gene expression.

How then, do the factors that regulate transcription gain access to a
gene? This is accomplished with two types of cellular complexes, one which
relies on adenosine triphosphate (ATP) to provide the energy to remodel
chromatin and one which modifies the histones to stabilize an active or inactive
state (Narlikar et al., 2002). Three types of ATP dependent remodeling
complexes have been classified based on the kind of ATPase employed by the
complex: the SW12/SNF2 family; the ISW1 family; and, the Mi-2 family. Each
family may have several different complexes that differ in the proteins
associated with the ATPase. Although each family increases the accessibility of
nucleosomal DNA, they appear to do so by slightly different mechanisms that
may reflect the different chromosomal context in which the genes they regulate

are located (Narlikar et al., 2002).



ATP dependent remodeling complexes work in conjunction with
complexes that, on one hand, contain histone acetyltransferases (HATSs) that
hyperacetylate histone tails creating a chromatin structure correlated with
transcriptional activation (Reid et al., 2000; Vogelauer et al., 2000). On the
other, they either contain, as in the case of the NuRD complex, or work with
complexes that contain, histone deacetylases (HDACs) that hypoacetylate
histones creating a structure correlated with repression of gene activity and
heterochromatin (Xue et al., 1998; Zhang et al., 1998). Exactly how these
complexes are targeted to a specific site is not known for certain but evidence is
accumulating that at least some sequence specific factors can recognize their
cognate sequences in the context of the chromatin fiber and recruit both an ATP
dependent remodeling complex and a histone modifying complex (Narlikar et

al., 2002).

Heterochromatin and Euchromatin

Early cytologists studying eukaryotic cells identified two types of
chromatin: heterochromatin and euchromatin. Euchromatin, which becomes
diffuse and lightly staining in the interphase cell, contains most, but not all, of
the active genes. Hetérochromatin, on the other hand, remains darkly staining
throughout the cell cycle, contains relatively few genes and is found primarily
associated with the centromeres and telomeres.

' Subsequent work has shown that heterochromatin in characterized by a
number of structural features (Henikoff, 2000; Richards and Elgin, 2002).

Heterochromatin contains an abundance of repetitive DNA sequences,

including satellites sequences, derivatives of viruses and transposons. It is




often characterized as being genetically inert, but it is not entirely devoid of
genes. Approximately 40 to 50 genes have been identified in the pericentric
heterochromatin of D. melanogaster (Eberl et al., 1993; Weiler and Wakimoto,
1995). These genes are also subject to PEV but react in a manner
complementary to euchromatic loci (see below). Heterochromatin displays low
levels of meiotic recombination and replicates late in S phase.

Heterochromatin has also been characterized, to a limited extent,
biochemically. It has a lowered accessibility to nucleases, suggesting it has an
altered, closed, form of packaging. Analysis of euchromatin suggests the
nucleosomal arrays are irregular and contain nucleosome-free, nuclease
hypersensitive sites associated with active genes. In contrast, the nucleosomes
in heterochromatin are regularly spaced over large regions and a higher
proportion of the DNA is associated with the nucleosomal core (Grewal and
Elgin, 2002; Sun et al., 2001). The histones of heterochromatic regions are
hypoacetylated relative to those found in euchromatin. Interestingly, when a
gene is inactivated in euchromatin, inactivity is often associated with
hypoacetylation of the nucleosomes at or near the promoter. More recently it
has been discovered that another histone modification is strongly associated
with the heterochromatic state. The methylation of lysine 9 on histone H3 (H3
mK9) is found in the pericentric heterochromatin of Drosophila and on the
largely heterochromatic fourth chromosome (Jacobs et al., 2001). Chromatin
immuno-precipitation experiments in Schizosaccharomyces pombe show the silent
mating locus is enriched in H3 mK9 while flanking euchromatic regions contain

little or no H3 mK9 (Noma et al., 2001). The methylation H3 K9 is also found

on facultative heterochromatin, such as the inactive X chromosome in




mammalian females (Boggs et al., 2002; Heard et al., 2001; Peters et al., 2002).
However, this modification is not restricted to heterochromatin. It has also
been associated with the silencing of genes in euchromatin (Hwang et al., 2001)
but unlike in heterochromatin, where H3 mK9 is widely dispersed, in
euchromatin it occurs at a'single nucleosome at the promoter of the inactivated
gene (Nielsen et al., 2001).

Another biochemical marker frequently found in heterochromatin is the
presence of methylation of cytosine residues in the DNA. It is only found at
very low levels in Drosophila but in most other higher organisms it is the most
common form of DNA modification. The modification is also found at some
silenced loci located in euchromatin. Not only is it important for the stability of
the pericentric heterochromatin (Bachman et al., 2001; Okano et al., 1999; Xu et
él., 1999) but it also plays a role in maintaining the epigenetic expression
pattern both in heterochromatin and euchromatin (Jones and Takai, 2001;

Martienssen and Henikoff, 1999).

History of Position-Effect Variegation

Position-effect variegation (PEV) was first documented over 70 years ago
when Muller (1930) observed mosaic expression in the colour of eyes of D.
melanogaster that had been exposed to X-rays. Normally the eyes of this species
are bright red, but in these mutant lines, the eyes were a patchwork of normal
red eye cells and colourless eye cells. Mosaic gene expression, as a result of
PEV, has since been observed in vertebrates (Cattanach, 1974), lower eukaryotes
(Clutterbuck and Spathas, 1984; Ekwall et al., 1997) and plants (Catcheside,

1947). Thus it occurs in representatives from all eukaryotic kingdoms.



However, since it has been most extensively studied in Drosophila (reviewed in
(Baker, 1968; Grigliatti, 1991; Henikoff, 1994; Spofford, 1976; Spradling and
Karpen, 1990), this review will focus on the work done in fruit flies.
Accordingly, unless otherwise specified, all studies of PEV described herein
employed D. melanogaster as the experimental organism.

PEV typically occurs when, as the result of chromosome breakage, a
normally euchromatic region of the chromosome is rejoined to a
heterochromatic breakpoint. A gene or, in some cases several genes, in the
euchromatin immediately adjacent to the heterochromatic breakpoint, often
display a mosaic phenotype in the tissues in which they are normally
expressed. In some cells the gene is on, and the tissue appears wild-type, while
in others, the gene is off, and the cells display a mutant phenotype. Virtually all
genes that display a cell autonomous phenotype and have been tested, can be
made subject to PEV. However, exceptions have been noted: ebony (Brosseau,
1970) and the bithorax complex (E.B. Lewis, cited in Henikoff, 1990).

Classical PEV involves the association of a euchromatic gene with
heterochromatin but the complementary situation also occurs. Variegation for
genes located in B-heterochromatin also occurs when chromosomal
rearrangemehts juxtapose them to euchromatic DNA. The light" gene, located
in the B-heterochromatin at the base of the left arm of chromosome 2, and the
cubitus interruptus® gene, located on the largely heterochromatic fourth

chromosome, will variegate when moved to a euchromatic environment (Hearn

et al., 1991; Hessler, 1958; Stern and Kodani, 1955).




There is now overwhelming evidence that the mosaic expression
observed in PEV is not the result of mutation of the variegating gene, but is the
result of the new association between the euchromatic region and
heterochromatin located at the illicit breakpoint. The first of these studies
demonstrated that the variegating gene was still intact by moving it away from
the heterochromatic breakpoint, either by recombination (Judd, 1955) or by
further chromosomal rearrangement (Hinton and Goodsmith, 1950). These
studies confirmed that the variegating gene had not been mutated and could be
restored to full expression by removing it from the vicinity of heterochromatin.

Further evidence that it was proximity to the heterochromatic breakpoint
that was causing mosaic expression came from studies involving
rearrangements in which the expression pattern of more than one gene could be
observed. It was noted that the gene closest to the breakpoint was inactivated
at a higher frequency than genes located further away. This was particularly
evident in the T(1;4)w”*? strain, which variegates for white”, a gene required for
the normal red eye colour of D. melanogaster and for roughest’, a gene which
causes disorganized eye facets when silenced. These genes are very tightly
linked and in this strain the translocation places roughest* closer to the
breakpoint than white®. Careful analysis of the eye revealed that white” clones
were always smaller and completely contained within roughest clones. There
were no examples reported of clones in which white” was silenced but roughest'
was active. This suggests that inactivation is spreading out from the

heterochromatic breakpoint. (Demeric and Slizynska, 1937; cited in (Cohen,

1962)). Spreading appears to occur at heterochromatic genes as well since a




similar spreading effect has been reported for such loci in Drosophila hydei
(Hess, 1970).

Cytological observations also seem to support the model that silencing is
a polar phenomenon that emanates from the heterochromatin at the breakpoint.
In polytene chromosome preparations from variegating strains, the
euchromatic region adjacent to the breakpoint often adopts a morphology
similar to B-heterochromatin, darkly staiﬁing and unbanded (Hartmann-
Goldstein, 1967). The translocation T(1,4)wm™**! variegates for white®, located at
band 3C2 and for notch®, located at 3C7. In this strain the band containing white
is closer to the breakpoint than the band containing notch”. In polytene
preparations from this strain, one either sees both bands, the band at 3C7 or
neither band. The band at 3C2 was never visible when the band at 3C7 was not
(Schultz, 1936).

This notion has been recently challenged by a careful analysis of several
X chromosome inversions that variegate for white” and roughest” (Talbert and
Henikoff, 2000). The authors found that in two strains, In(1)w™" and In(1)w"",
patches of eye cells could be found that were mutant for roughest’ gene but
normally pigmented suggesting that the white* gene was fully active. In these
strains white* is closer to the heterochromatic breakpoint than roughest’, and
therefore this appears to be an exception to the notion that silencing occurs in a
polar fashion extending out from the heterochromatic breakpoint. However,
unknown to these authors, there is evidence that, over time, these two strains
have acquired modifiers that radically affect expression of the white" gene. In
lab stocks of these strains the eyes are very red, almost indistinguishable from

wild-type eyes, and therefore the white® gene is not silenced in very many cells.
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V. Lloyd (personal communication) outcrossed the lab stocks for five
generations and found that the eye colour became almost completely white, -
indicating the lab stocks had acquired modifiers that either prevented silencing
of the white* gene or reactivated it in most cells after it had been silenced by
PEV. If the latter is the case then an alternative explanation for the observations
of Talbert and Henikoff is that the modifiers reactivate white” in some cases
without reactivating roughest”. Alternatively, it may simply be the case that the
factors that silence genes do spread out from the heterochromatin at the
breakpoint, but do not necessarily silence every gene they encounter. A
particular promoter may be strong enough to overcome the repression. Finally,
it is possible the silencing process may occasionally skip regions in the
euchromatin and therefore genes in that region will escape repression.

The polarity displayed by neighbouring genes with respect to the
breakpoint led Schultz (1939) to propose that an inactivation process spreads
out from the heterochromatic breakpoint causing PEV. In some cases the
inactivation process spreads far enough to silence a gene while in other cells the
process does not spread as far as the gene and it retains its normal function.
This theory, the “Spreading Model”, has endured for over 60 years, but other
models have been proposed.

An alternative theory, which initially generated a lot of attention, posits
that it is the position in the nucleus that determines whether a variegating gene
will be on or off. This theory is based on the observation that the
heterochromatic regions of chromosomes occupy distinct regions or
compartments in the nucleus. The chromosomes adopt a conformation with the

heterochromatic regions surrounding the centromere and at the telomeres
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occupying the periphery of the nucleus while euchromatin, containing most of
the active genes, occupies the interior region (Ferreira et al., 1997; Rabl, 1885;
Sadoni et al., 1999). A locus subject to PEV can be located in a euchromatic
compartment, which contains all the factors required for transcription, where it
is expressed normally. However, due the to nearby heterochromatin it can also
be mis-located to a heterochromatic compartment on the nuclear periphery. In
this compartment the factors necessary for transcription are either absent or in
very short supply and therefore the variegating gene is not expressed (Sass and
Henikoff, 1999).

The evidence for this model is, for the most part, circumstantial. It is
based primarily on the correlation between the nuclear localization of a
variegating gene and its level of expression (Sass and Henikoff, 1999).
However, studies on the location of developmentally regulated genes in B and
T lymphocytes also demonstrated an expression dependent location in the
nucleus; when the genes were inactive they were associated with
heterochromatin at the nuclear periphery (Brown et al., 1999; Brown et al,,
1997). However, subsequent studies indicate that, even though the silenced
gene was associated with the pericentric heterochromatin, it was not packaged
as heterochromatin (Sabbattini et al., 2001). Thus, while it may indeed be the
case that a silenced gene is located in a specific compartment at the nuclear
periphery, there is no evidence to distinguish whether this is the cause of
silencing or the result of silencing.

In any event these models are not mutually exclusive and PEV may in
fact be the result of contributions from both models. For example, as putative

silencing factors begin to spread out from the heterochromatic breakpoint they
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might increase the likelihood the surrounding region will be localized to the
nuclear periphery where the concentration of sﬂeﬁcing factors is increased and
the concentration of transcriptional activators is decreased. This in turn could
increase the likelihood that the variegating gene is silenced. Failure to relocate

to the nuclear periphery would reduce the spread of "heterochromatic factors"

and increase the likelihood the gene was expressed.

Timing of PEV

Careful examination of the mosaic phenotype associated with PEV
suggests that the initial decision as to whether a variegating locus will be on or
off is made early in development and the decision, once made, is then passed
on to daughter cells with reasonable fidelity (Janning, 1970). In some
rearrangements, the fields of cells that are either mutant or wild-type were
large and roughly followed boundaries similar to cell lineages. Several other
studies indicate the on/off decision is made early. The strain, In(1)sc”,
variegates for the ribosomal DNA genes. In X/0 males, newly hatched larvae
already had levels of rDNA 14% lower than their wild-type counterparts
indicating that silencing had occurred prior to hatching (Puckett and Snyder,
cited in Spofford, 1976). Similar results were found for the variegating peach’
gene in Drosophila virilis (Baker, 1967). Evidence from variegation of the yellow*
gene and white" gene in D. melanogaster suggest the initial determinative event
occurs at the time of blastoderm formation (Baker, 1967; Janning, 1970).

PEV is sensitive to temperature (see below) and this sensitivity has been
employed to determine the temperature sensitive period (tsp) of the variegating

phenotype. Temperature shift studies reveal two main temperature sensitive
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periods: one during early embryogenesis and a second during pupation
(Spofford, 1976). The early tsp was the most sensitive, again pointing to early
embryogenesis as the time for the initial determinative decision (Spofford,
1976).

Finally, flies reared on Na-butyrate or propionate show strong
suppression of PEV (Mottus, 1979; Mottus, 1983) and see below). Studies in
which embryos, larvae and pupae were reared on media containing these
compounds for defined developmental periods also showed definite times
during development that were sensitive to the effects of these chemicals.
Again, the most sensitive period was in embryogenesis, although deveioping
flies were also sensitive at other periods during their development that roughly
followed the cell division patterns in the eye imaginal disk (Mottus, 1983).
These'data suggest that butyrate and propionéte affect both the early
determinative decision and the maintenance of that decision, perhaps through a
common mechanism.

Is there an event that occurs at blastoderm formation that could be this
determinative event? After fertilization Drosophila embryos undergo 13 rounds
of rapid nuclear division without cell division (Lawrence, 1992). The
embryonic genes are not expressed and the chromosomes are uniformly
staining and do not appear to be packaged as heterochromatin. However, at
about the time of blastoderm formation, the embryonic genome begins to
function, the chromosomes undergo a change in morphology and distinct
regions of euchromatin and heterochromatin appear. Since PEV is obviously
closely linked to heterochromatin, this suggests the formation of

heterochromatin as a likely candidate for the early determinative event. If this
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is the case, then one would expect factors that affect the formation of
heterochromatin would modify PEV.

While this initial decision is passed on with reasonable fidelity in most
rearrangements, in others one can readily observe cells or patches of cells of
wild-type tissue within a large clone of mutant cells (unpublished
observations). Thus it appears the early decision can be unstable and the
variegating locus may be subject to reactivation. In addition, when variegating
strains are kept in lab stocks without selection for long periods of time, the
number of cells in which the gene is silenced becomes reduced, sometimes
markedly. Outcfossing the strain for several generations returns the level of
silencing to initial levels (V. Lloyd, personal communication), suggesting that
the strains have acquired modifiers that decrease the likelihood a gene will be
silenced. This phenomenon has not been well characterized and it is not clear
whether the modifiers are acting on the initial determinative event(s), are

affecting the maintenance of that decision or both.

Factors that modify PEV

Over the last 60 years many factors have been identified that modify
PEV. Some, apparently disparate modifiers, appear to act through a common
route, developmental rate. It appears, broadly speaking, that most factors that
slow development cause enhancement of PEV, as seen by an increase in the
number of cells in which the variegating gene is silenced. |

Temperature was one of the first modifiers of PEV identified. Rearing
flies at high temperature suppresses PEV, that is, decreases silencing, while low

temperature has the opposite effect and enhances PEV (Gowen and Gay, 1934).
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Fruit flies, like all insects, are cold-blooded and therefore at higher temperature
develop at a much faster rate than at cold temperatures. For example, flies
reared at 25°C develop from egg to adult in approximately 12 days, while flies
reared at 18°C require 21 days. |

Hinton (1949) first noted that flies reared in crowded cultures showed
enhanced variegation relative to non-crowded cultures. Competition for
nutrients in crowded cultures slows development.

Many chemicals have been tested for their effect on PEV. Predictably,
most, if not all, chemicals that are added to growing cultures slow
development. For example a nurﬁber of DNA synthesis inhibitors caused
delayed development and enhanced PEV (Schultz, 1956) and rearing flies in
acidic culture conditions of pH 2.6 also delayed development and enhanced
PEV (Michailidis et al., 1988).

However, one exception occurred when flies were reared on Na-butyrate
or propionate. These chemicals were tested for their effects on PEV because it
was suspected that histone proteins, the basic building blocks of chromatin,
might be involved in the mechanism of PEV. It had been shown that exposure
of Friend leukemia cells to butyrate, which was associated with an increase in
the level of acetylated histones in the cell, caused them to differentiate (Reeves
and Cserjesi, 1979). In addition, deletion of the histone gene cluster caused
suppression PEV. In spite of the fact both chemicals caused prolonged
development, they strongly suppressed PEV (Mottus, 1983; Mottus et al., 1980;
Rushlow et al., 1984). It was suggested that butyrate's effects were the result of
inhibition of an, as yet unidentified, histone deacetylase (Candido et al., 1978;

Mottus et al., 1980). However, exposure to butyrate was shown to have a large
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number of effects on other cellular processes (Boffa et al., 1981; Christman et al,,
1980) and it might have been butyrate's effect on these that caused suppression
of PEV. More recent work has confirmed that butyrate does affect chromatin
structure (Annunziato et al., 1988) and confirmed it is a potent inhibitor of
certain classes of histone deacetylases (Barlow et al., 2001; Emiliani et al., 1998).

Why would an increase in development time cause an increase in the
number of cells in which a gene is silent? Zuckerkandl (1974) proposed that the
silencing observed in PEV is dependent upon the formation of macromolecular
complexes. Delayed development allows more time for these complexes for
form and thereby increases silencing. Surprisingly, this hypothesis, or perhaps
a slightly more sophisticated version of it, still seems plausible today.

Several genetic factors have also been shown to modify the variegating
phenotype including the amount, and perhaps the kind, of heterochromatin.
The Y chromosome in Drosophila is almost completely heterochromatic. An
extra Y chromosome, for example in XYY males, suppresses PEV (Gowen and
Gay, 1934) while loss of the Y chromosome (X0 males) enhances PEV. It has
been reported the strength of this effect is proportional to the amount of Y
chromosome material (Dimitri and Pisano, 1989) however there is some
evidence from more detailed studies, employing small fragments of the Y
chromosome, that some regions of the Y exert a stronger effect on PEV than
others (T. Grigliatti, personal communication). That this effect is due to the
heterochromatin of the Y chromosome is supported by studies that show
duplications and deficiencies of autosomal heterochromatin modify variegation

in a similar manner (Spofford, 1976).
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Histones are one of the basic building blocks of chromatin, and since
PEV appears to be related to chromatin structure, this led some groups to ask
whether modifying the dosage of the histone genes would have any effect on
PEV. Two groups reported that deficiencies for the histone gene cluster caused
strong suppression of the white" gene in the strain In(1)w" (Khesin and
Leibovitch, 1978; Moore et al., 1979). It was originally proposed that haploidy
for the histone cluster would cause a reduction in the cellular histone pool.
Since heterochromatin replicates late in the cell cycle, at a time when histone
proteins might be limiting, their short supply would impede the formation of
the silencing structure (Moore et al., 1979). Surprisingly, however, more recent
work has shown that a deficiency for the histone cluster actually increases
transcription from the remaining genes and the cell accumulates more histone
mRNAs than normal (Ner et al., 2002). This increased transcription of the
histones may lead to a slight increase in protein levels and this may favour the
formation of euchromatin at the variegating locus thereby suppressing PEV.
Alternatively, mis-regulation of histone metabolism caused by deficiencies of
the histone cluster may be acting indirectly on PEV to suppress variegation
(Ner et al., 2002).

The Polycomb Group (PcG) of proteins maintain silencing of HOX genes
in multicellular organisms (Breiling et al., 2001). The founding member of that
group, POLYCOMB, and a known suppressor of PEV, HP1, have a domain in
common, the chromo domain (see below). The observation that both
POLYCOMB and HP1 contain chromo domains coupled with the known
function of the PcG suggested the PcG might also be involved in silencing at

variegating loci. However, most PcG proteins do not have a marked effect on
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PEV (Sinclair et al., 1998) with only Enhancer of Polycomb showing strong
suppression and Additional sex combs showing strong enhaﬁcement of PEV.
. Thus it appears that, while there may be some very limited interaction between
these silencing phenomena, for the most part, they represent two distinct

silencing mechanisms in the cell.

Isolation and Characterization of Dominant Mutations Affecting PEV

During the course of investigating PEV over the years, several
spontaneous mutations were identified that dominantly modified the
variegating phenotype (Spofford, 1976). The fact that single site modifiers of
PEV could be isolated, coupled with the relationship between PEV and
chromatin structure, led several labs to undertake large scale genetic screens to
isolate and identify dominant mutations that either suppress, Su(var)s or
enhance, E(var)s, the variegating phenotype. The hope was that such screens
would identify factors involved in chromatin structure and shed light, not only
on the mechanism underlying PEV but provide some insight into gene
regulation generally. A large number of single site modifiers have been
described (Locke et al., 1988; Mottus, 1983; Reuter and Wolff, 1981; Sinclair et
al., 1983) and over 40 E(var)s and more than 140 Su(var)s are currently listed on
Flybase (http:/ /flybase.bio.indiana.edu:82/). This number closely matches the
number of genes of these classes that were predicted to exist from
duplication/ deficiencies studies of the Drosophila genome (Locke et al., 1988;
Reuter et al., 1987; Reuter and Spierer, 1992; Wustmann et al., 1989). Although
most have been recombinationally mapped the vast majority of these mutations

have not been cloned. This is despite numerous attempts to use conventional P

21




element gene tagging to clone Su(var)s (Locke et al., 1988; Tschiersch et al.,
1994). Only a single gene, Su(var)3-9 has been cloned using this method. The
reasons for this have not been clear. During the course of these screens
numerous new Su(var) mutations were recoyered, but with the exception of
Su(var)3-9, none of them contained P elements. Analysis of the newly induced
mutations indicated they were duplications or deficiencies (Locke et al., 1988),
suggesting that P elements were indeed transposing into genes that were
involved in PEV, but it was only when they improperly excised, that a visible
mutation was created. The inability to clone these genes has been a major
impediment to advancing our understanding of PEV.

Since there are a large number of mutations that modify PEV and only a
few have been cloned and characterized, I will limit my review to those that
have been cloned and characterized to the extent that their role in silencing has
been partly elucidated. In addition, most of the research in this area has
concentrated on the Su(var) class of mutations. This was a reflection of opinion
about the mechanism of PEV. The evidence overwhelmingly indicates that PEV
is a silencing phenomenon related to the new association with heterochromatin.
Accordingly, mutations that disrupt the formation of heterochromatin would
be expected to decrease silencing and therefore be Su(var)s. The E(var) class of
mutations were thought to represent mutations in factors that affect the
function or structure of euchromatic loci. This might include a variety of
transcription factors (both general and specific) as well as transcription
associated regulatory proteins. Obviously these factors are interesting in their
own right but would not shed any light directly on the silencing associated with

PEV. This view may have been short-sighted. The recent cloning of E(var)93D,
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also known as mod(mdg4), is a case in point. It encodes a factor involved in the
regulation of numerous genés and is believed to act at euchromatic boundary
elements where it functions in maintaining an open chromatin conformation
(Gerasimova and Corces, 2001). The failure of this protein to act at a boundary
element may allow silencing complexes to spread more efficiently from the
heterochromatic breakpoint and thereby enhance PEV. Thus E(var)s and
Su(var)s may work antagonistically and thus a complete understanding of PEV
will require characterization of both classes of modifiers.

Approximately a dozen Su(var)s have now been cloned but, for most,
their involvement in PEV has remained unclear. Accordingly, the remainder of
this review will focus on several Su(var) genes that have been cloned and for
which a potential role in PEV has been determined. The first Su(var) cloned
was Su(var)3—7. A small deficiency, that only removed two coding regions,
enabled Rueter et al. (1990) to clone the gene using germ-line transformation. It
codes for a peptide of 932 amino acids with 7 widely spaced, atypical zinc
fingers (Cleard et al., 1995). Domain analysis of SU(VAR)3-7 revealed the
protein consists of two complementary domains. The N-terminal domain, that
contains the seven atypical zinc fingers, confers DNA binding with a preference
for the repeat sequences of satellite DNA located in pericentric heterochromatin
(Cleard and Spierer, 2001). The C-terminal portion of the protein promotes
dimerization through a BESS motif (Jaquet et al., 2002). Immunoprecipitation
studies suggest that SU(VAR)3-7 interacts with h~et'.er0chro‘matic protein 1 (HP1,
see below), although this interaction is probably indirect (Jaquet et al., 2002)

and the domain required for the interaction has not been characterized.
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Immunostaining of Drosophila polytene chromosomes reveals that
SU(VAR)3-7 is primarily associated with pericentric heterochromatin, although
a few euchromatic sites are also detected by immunostaining (Delattre et al.,
2000). This staining pattern is almost identical to that observed for HP1 (James
et al., 1989). The similar staining pattern and the immunoprecipitation studies
suggest SU(VAR)3-7 and HP1 may be acting together in the silencing that
occurs in PEV. Given the DNA binding preference of SU(VAR)3-7 for
pericentric satellite sequences, it is tempting to speculate that SU(VAR)3-7
binds to heterochromatin and recruits other proteins, including HP1, to
establish a silencing complex. However, the failure to demonstrate a direct
interaction between HP1 and SU(VAR)3-7 (Jaquet et al., 2002) suggests other
proteins must exist that bridge the gap between SU(VAR)3-7 and HP1.

The best characterized suppressor of PEV is heterochromatic protein 1,
HP1, originally identified in Drosophila (Eissenberg and Elgin, 2000; James and
Elgin, 1986). HP1 was cloned by raising antibodies to proteins enriched in
héterochromatin and, using reverse genetics, the gene was localized to band
294, a site where the suppressors, Su(var)205 (Mottus, 1983; Sinclair et al., 1983)
and Su(var)2-5 (Reuter and Wolff, 1981), had been independently localized.
Subsequent analysis demonstrated the mutations were in the same gene and
had created single base pair substitutions in HP1 (James and Elgin, 1986). HP1
homologues have been identified in organisms from yeast to humans. Most
organisms have three closely related HP1-like proteins coded for by different
genes. For example, HPla, b, and c are found in Drosophila, and HPla, B and y
in humans. S. pombe, on the other hand, appears to have only one member,

Swi6 (Eissenberg and Elgin, 2000). All contain an amino-terminal chromo
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domain, a hinge region and a carboxy-terminal chromo shadow domain. The
chromo domain is an approximately 44 amino acid region shared by the
POLYCOMB protein in Drosophila (Paro and Hogness, 1991). Domain
swapping studies (Messmer et al.,, 1992; Platero et al., 1999) implicated the

chromo domain in protein-protein interactions, however, more recent studies

have shown the chromo domains of Swi6, HP1a and M31 (HP1a from mouse)
are capable of recognizing the tail of histone H3 but only when it is methylated
at lysine 9 (H3 mK9) (Bannister et al., 2001; Jacobs et al., 2001; Lachner et al.,
2001; Nakayama et al., 2001; Nielsen et al., 2001). Interestingly, the protein
responsible for methylating H3 K9 is SU(VAR)3-9 (see below) and SU(VAR)3-9
interacts with both HP1 and SU(VAR)3-7 (Schotta et al., 2002).

The hinge and chromo shadow domains appear to be responsible for the
chromosomal targeting of the HP1 family (Smothers and Henikoff, 2000) to
different locations on the chromosome. Studies in humans and mouse suggest
HP1la and § are enriched in heterochromatin while HP1y is found exclusively in
euchromatin (Horsley et al., 1996; Minc et al., 1999). These studies were
extended and confirmed by Smothers and Henikoff (2001) who created
antibodies specific for each of the family members. They demonstrated that, in
Drosophila, HP1c is localized exclusively to euchromatin, HP1b is found in both
heterochromatin and euchromatin and HP1a, the founding member, localizes
primarily to heterochromatin. In domain swapping experiments they went on
to show the HP1a hinge and chromo shadow domains can separately target

heterochromatin, while the HP1c chromo shadow domain exclusively targets

euchromatin. Thus, although the chromo domain is capable of binding to H3




mKO9, this bmdmg capacity is not responsible for localizing the HP1 proteins.
The targetlng functlon of the HP1 family members is contained in the hinge and
chromo shadow domains (Smothers and Henikoff, 2000).

Several groups, employing a wide Variéty of techniques, have identified
more than 40 proteins that interact with HP1. The proteins are from almost all
aspects of chromosomal metabolism including: transcriptional
regulation/chromatin modifying proteins; DNA replication and repair; nuclear
architecture; ahd, other chromosome-associated proteins (Li et al., 2002). Thus
it appears the HP1 family of proteins are involved in a wide variety of
processes in the nucleus which may account for the presence of three different
HP1 genes. What then is its function with respect to silencing and PEV? No
mutations are available for HP1b and ¢, however deficiency studies indicate
that absence of these HP1 family members does not have any dominant effect
on PEV (Greg Doheney, personal communication). In contrast a duplication for
HP1a enhances PEV while a deficiency suppresses (Wustmann et al., 1989) and,
as noted above, the only mutations that affect PEV have been recovered in
HP1a, despite extensive screening, (Locke et al., 1988; Mottus, 1983; Reuter and
Wolff, 1981; Sinclair et al., 1983). This suggests that only HP1a is involved in
the silencing associated with PEV.

Immunostaining studies with a monoclonal antibody for HP1
demonstrated HP1 is associated with the euchromatin silenced due to PEV.
This association was abolished in HP1 mutants (Belyaeva et al., 1993). As noted
above, an euchromatic region subject to silenciﬁg due to PEV, displays a
reduced accessibility to nucleases. However, in strains bearing an HP1

mutation that suppresses PEV, the region shows increased accessibility to
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nuclease attack (Cryderman et al., 1998). These experiments suggest HP1a is
acting directly at the variegating locus and participates in creating a
heterochromatic environment that is more compact and less accessible to
chromosomal proteins, like transcription factors. This has led to the notion that
HP1la is a "bifunctional cross-linker, perhaps organizing higher order chromatin
structure by linking or anchoring chromatin subunits” (Eissenberg and Elgin,
2000). There is now additional evidence that this may indeed be the case. HP1
interacts with SU(VAR)3-7 and SU(VAR)3-9 (Schotta et al., 2002) and the
chromo domain of HP1 binds H3 mK9.

The only Su(var) that has been cloned in a screen for P element-induced
mutations is Su(var)3-9 (Tschiersch et al.,, 1994). Analysis of the protein
revealed that it contained a chromo domain, similar to the ones found in HP1
and POLYCOMB. In addition, it contains a SET domain so called because it
was found in SU(VAR)3-9 and two other known chromatin proteins,
ENHANCER OF ZESTE and TRITHORAX, (Tschiersch et al., 1994). The SET
domain has now been found in a number of chromatin proteins (Jenuwein et
al., 1998). SU(VAR)3-9 is highly conserved in homologues from yeast to
humans as is its distribution pattern in the nucleus. In all organisms examined
SU(VAR)3-9 is associated primarily with heterochromatin. In Drosophila it is

found at the chromocenter and in a banded pattern at the largely

 heterochromatic fourth chromosome (Schotta et al., 2002). In S. pombe it is

associated with the regions flanking the centromere and with the silent mating
locus (Hall et al., 2002; Nakayama et al., 2001; Noma et al., 2001) and in mice at
the pericentric heterochromatin (Peters et al., 2001). However, its localization is

not exclusively heterochromatic and it has been shown to localize to and
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regulate euchromatic genes in Drosophila (Hwang et al., 2001; Ner et al., 2002)
and human cell lines (Nielsen et al., 2001).

It has been shown in a number of organisms that SU(VAR)3-9, and its
homologues, are the primary enzymes responsible for the methylation of lysine
9 on histone H3 (H3 mK9) (Rea et al., 2000) which creates a site for HP1
binding. S. pombe and Drosophila have a single gene, clr4 and Su(var)3-9
respectively (Noma et al., 2001; Schotta et al., 2002), while in mice and humans
there are two very closely related genes, SUV39H1 and SUV39H2 (Nielsen et al.,
2001; Peters et al., 2001). Single knock-outs of the S. pombe gene, and double
knock-outs of the mammalian genes, leads to chromosome instability and
mitotic defects. Surprisingly, null mutations of Drosophila Su(var)3-9 are
homozygous viable and show no segregation defects (Tschiersch et al., 1994).
Perhaps, in Drosophila, there may be a second, as yet unidentified, Su(var)3-9-
like gene. However, in Su(var)3-9 null mutations, H3 mK9 at the chromocenter
is severely reduced suggesting this is the major histone methyltransferase
(HMT) specific for H3 K9 (Schotta et al., 2002).

Mutational analysis in Drosophila and S. pombe has confirmed the SET
domain is responsible for SU(VAR)3-9's HMT activity (Nakayama et al., 2001;
Schotta et al., 2002) while the chromo domain, the SET domain and the cysteine-
rich domain adjacent to the SET domain all participate in heterochromatic
targeting to H3 (Rea et al., 2000; Schotta et al., 2002).

As noted above SU(VAR)3-9 associates with HP1 and SU(VAR)3-7. The
domain that interacts with both proteins maps to the amino terminus of HP1 in
Drosophila (Schotta et al., 2002). These interaction studies were done in the

yeast dihybrid system suggesting a direct interaction between SU(VAR)3-9,
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HP1 and SU(VAR)3-7. However, this result has not been confirmed employing
a more direct technique, such as GST pull-down assays. In addition to these
associations, immunoprecipitation of SU(VAR)3-9 from embryo extracts in
Drosophila also precipitated an histone deacetylase activity which proved to be
the histone deacetylase, HDAC1. However, SU(VAR)3-9-GST fusions did not
precipitate HDACI suggesting the association between these proteins is
indirect (Czermin et al., 2001). Interestingly, the activity of Clr4, the SU(VAR)3-
9 homologue in S. pombe, is dependent on the activities of two HDACs, Clr3 and
Clr6. Clr6 is the S. pombe homologue of HDACT and Clr3 is the homologue of
the S. cerevisiae histone deacetylase, Hdal (Nakayama et al., 2001). Thus it
appears that SU(VAR)3-9 is in a complex with two other suppressors of PEV
and with one or perhaps two histone deacetylase enzymes.

While SU(VAR)3-7 has not been shown to have homologues outside
Drosophila, HP1 and SU(VAR)3-9 are conserved from yeast to humans. In S.
pombe the roles of and relationships between these proteins has been analyzed
in considerable detail. In S. pombe the silent mating-type region occupies about
twenty kilobases of DNA and has many of the characteristics of
heterochromatin. The histone tails are hypoacetylated, the DNA shows
reduced accessibility to nucleases, recombination is suppressed and reporter
genes inserted into the region are silenced (Nakayama et al., 2001; Noma et al.,
2001). The region includes the mat2 and mat3 loci and an interval between them
known as the K-region. Mutational analysis had identified several genes which,
when mutated, resulted in expression of a reporter gene that had been silenced
because it was inserted in the mating-type region. These genes included

HDACsS, clr3 and clr6, the Su(var)3-9 homologue, clr4, and the HP1 homologue,
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swib, (Grewal et al., 1998). Sevefal landmark papers in the-past two years have
employed mutational studies and X-ChIP analysis to provide evidence for a
model that explains, not only how genes are silenced when they are in or near
heterochromatin, but offers an explanation about how this on/off decision is
established and then passed on by way of an epigenetic mark (Hall et al., 2002;
Nakayama et al., 2001; Noma et al., 2001).

The model proposes that a requirement for heterochromatin (and
heterochromatic silencing) in S. Pombe is that H3 K9 be methylated by Clr4, the
SU(VAR)3-9 homologue. However, if, on the H3 tail, K 14 or K 9 is acetylated,
H3 K9 methylation is inhibited. Accordingly, a necessary step in the process is
deacetylation of K14 by Clr3, the Hdal homologue and deacetylation of K9 by
Clr6, the HDAC1 homologue. At this point, Clr4 is recruited to the cenH
repeats, located in the K-region, and Clr4 methylates H3 K9. Concomitantly,
either directly or with other partners, Clr4 recruits Swi6 that binds to H3 mK9
through its chromo domain. This recruitment is reciprocal and localization of
Clr4 and Swi6 are mutually dependent. This provides the basics for the
heterochromatic structure and it spreads from the cenh repeats until it reaches
specialized boundary elements that prevent the silencing from spreading into
the adjacent euchromatin. The mutual recruitment of Clr4 and Swi6 was
demonstrated by removing the boundary elements. When Clrd was
overexpressed, it spread into the adjacent euchromatin as did Swi6. When Swi6
was overexpressed it spread into the neighbouring euchromatin, as did Clr4
(Noma et al., 2001).

While silencing of a reporter gene is complete when it is inserted at most

places in the mating-type region, when a reporter gene replaces the cenH
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repeats in the K-region it displays a metastable state, the reporter can be on or
off, and this decision is stable through mitosis and meiosis. This may be
analogous to the early decision made regarding a variegating locus in PEV (see
above). Accordingly, in both cases, there must be a mechanism that passes the
decision on to daughter cells. Several groups have suggested this epigenetic
mark is simply methylation of K9 on H3 (Czermin et al., 2001; Richards and
Elgin, 2002; Schotta et al.,, 2002; Turner, 2002). However, Hall et al, (2002)
provide compelling evidence that both Clr4 and Swi6 are required for accurate
maintenance of the decision and suggest the epigenetic mark also requires the
function of both proteins.

Hall et al. (2002) then went on to ask how the initial decision was made
in S. Pombe. Recent work in their lab had shown that the formation of
heterochromatin at centromeric repeats required a functional RNA interference
(RNAI) system (Volpe et al., 2002). They extended this analysis by examining
the effect of deletion of any one of three genes involved in RNAI on silencing of
a reporter gene introduced at the mating-type region. Repression of the
reporter gene was abolished in the deletion strains and the mating-type region
could not recruit and/or maintain Swi6 and methylation at H3 K9. However, if
they used genetic crosses to introduce a reporter gene, from a wild-type strain
in which silencing had been established, into strains bearing mutations in the
RNAI genes, silencing remained intact. Thus the RNAi genes Were not required
to maintain repression once it had been established but perhaps were required
to initiate formation of heterochromatin. To confirm this result they treated
strains bearing a reporter inserted in the mating-type region with Trichostatin

A (TSA), a potent inhibitor of histone deacetylases. Exposure to TSA had
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previously been shown to erase the silencing of genes repressed by insertion
into centromeric heterochromatin (Ekwall et al., 1997) or the mating-type region
(Grewal et al., 1998). After exposure to TSA for ten generations, silencing of the
reporter in wild-type strains and in strains bearing deletions for the RNAi genes
was abolished. They removed the TSA and allowed the cells to grow for
another 10 generations. In the wild-type.‘ cells, silencing was completely
reestablished. However, in the RNAi deletion strains only a few cell were able
to reestablish silencing. They speculate that the cenH region, a region which can
recruit Clr4 in an HDAC dependent manner, produces transcripts that are
processed by RNAi. The processed transcripts are required to recruit HDACs
and Clr4 to the mat locus to initiate the formation of heterochromatin.

How does this model relate to PEV? The parallels are obvious and
compelling and several groups have suggested the model outlined above, with
minor variations, is applicable to PEV and perhaps to the formation of
heterochromatin in general (Czermin et al., 2001; Richards and Elgin, 2002;
Schotta et al.,, 2002; Turner, 2002). I have taken the liberty of extending the
model to accommodate more recent work. The unusual zinc fingers of
SU(VAR)3-7 bind DNA with a preference for the satellite sequences found in
pericentric heterochromatin. Accordingly, the zinc fingers of SU(VAR)3-7
target it, and the complex that contains it, to the centromeric heterochromatin.
That complex contains HP1, SU(VAR)3-9 and one or more HDACs. The
HDACs deacetylate the histone tails creating the hypoacetylated tails found in
heterochromatin and clearing the way for methylation of H3 K9 by SU(VAR)3-
9. This creates a binding site for HP1 and some or all members of this compléx

initiate the formation of heterochromatin and propagate it along the
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chromosome into the euchromatin, silencing any gene in its path. The process
continues until it reaches some as yet unknown boundary element or until the
components of the complex become limiting. This initial spreading occurs in
Drosophila at blastoderm formation when heterochromatin first forms. Whether
initiation involves RNA molecules processed by the RNAi system has yet to be
examined in published work. However, preliminary results with a mutation in
one of the components of the RNAIi system, argonaute, indicates it is a strong
suppressor of PEV (S. Ner, personal communication). Once the extent of the
initial spreading is established at blastoderm, the decision is passed on by an
epigenetic mark, either methylation of H3 K9, the presence of SU(VAR)3-9, the
presence of HP1 or a combination of some or all of these potential markers.

This model for PEV is highly speculative, but does make some
predictions that are testable. One prediction is that one or more HDACs should
be involved in establishing and maintaining the silencing associated with PEV.
This prediction is also suggested by the observation that PEV is strongly
suppressed when flies are grown on media supplemented with butyrate, a
potent inhibitor of some HDACs (Mottus, 1979; Mottus, 1983).

This thesis presents the cloning and characterization of the Drosophila
HDACI gene and provides evidence that it is directly involved in the silencing
associated with PEV. The starting point for this analysis was the cloning and
characterization of a set of strong Su(var) mutations that formed a single
complementation group that had been identified in our original screen for
dominant suppressors of PEV (Mottus, 1983; Sinclair et al., 1983). In order to do
so, I developed a new method for cloning essential Su(var) mutations in

Drosophila which should be of widespread utility. As noted above, the gene I
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cloned with this technique was the Drosophila HDAC1 gene. This data is
presented in Chapter 2 and has been publishéd (Mottus ét al., 2000).

The HDAC s in eukaryotes are a surprisingly large group of proteins.
Taunton et al. (1996) were the first to isolate and characterize a mammalian
histone deacetylase, HDAC1 and showed that it had a high degree of homology
to a well-known transcriptional repressor in S. cerevisiae, Rpd3. This discovery
paved the way for the identification of a large number of proteins with histone
deacetylase activity that have been divided into three classes: Class I HDACs,
which include HDACI, that are homologous to Rpd3; Class II HDACs, that are
homologous to the S. cerevisiee HDAC, Hdal; and, Class III HDACs, that are
homologous to Sir2, an NAD dependent HDAC first identified in S. cerevisiae.
Class I and Class I HDACs are related in sequence but the Sir2-like HDACs do
not show any strong relatedness to the other classes, demonstrating that at least
two distinct mechanisms have evolved to deacetylate histones. This leaves
open the possibility there may be additional classes of proteins with the ability
to deacetylate histones that have yet to be identified.

In most eukaryotes there are multiple members in each class, for
example, in humans five Class I and six Class Il HDACs are known (Hook et al.,
2002). In D. melanogaster, three Class I HDACs (HDACI aka RPD3, HDAC3 and
CG10899), two Class II HDACs (HDAC4 and HDACS®6), and five Class III
HDACs (SIR2, CG5085, CG11305, CG3187, and CG6284) have been identified
based on sequence similarity and listed on Flybase
(http:/ / flybase.bio.indiana.edu:82/). An obvious question is why would such
a diversity of HDACs have evolved? If a "histone code" does indeed exist, it

might require a large number of enzymes that target specific residues or
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specific histones. Alternatively, nuclear HDACs are always found in large
multi-protein complexes and the HDACs could be promiscuous with targeting
directed by other members of the complex. These alternatives are not mutually
exclusive and evidence exists that a combination of the two may be at work. In
S. cerevisiae, X-Chip studies, with antibodies to acetylated lysine residues, have
shown that Rpd3 is responsible for deacetylating all four core histones (Kadosh
and Struhl, 1998; Rundlett et al., 1998; Suka et él., 2001) indicating it is relatively
promiscuous. Similar studies with Hdal suggest its activity is restricted to
histones H3 and H2B (Wu et al., 2001).

The subject of this study, HDAC], is a Class I HDAC. In most cases,
Class I HDACs are 500-600 amino acids in length, share a similar structure and
are related by their sequence similarity to S. cerevisize, Rpd3. The amino-
terminal 200 - 300 amino acids are highly conserved and similar to Rpd3. This
region contains the domain required for histone deacetylation. The carboxy-
terminal halves of the proteins do not share a high degree of sequence
similarity and it is presumed they are involved in protein/protein interactions
with members of the HDAC complexes (Khochbin and Wolffe, 1997).

HDACT1 is a transcriptional repressor used by a wide variety of cellular
systems (for more details see Chapter 2) and therefore it is possible that
mutations in this gene suppress PEV indirectly. Chapter 3 presents evidence
that HDAC1 is not normally associatéd with the white” gene of Drosophila.
However, when the white" gene is subject to silencing due to PEV, HDACT is
present in abundance at the white” gene regulatory regions. This association is

abolished in the mutations that suppress PEV. Iinterpret these results to mean
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that HDAC1 is acting directly at the variegating locus and plays an integral role

in maintaining the gene silencing observed in PEV.
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Chapter 2
Mutational Analysis of a Histone Deacetylase in Drosophila melanogaster:

Missense Mutations Suppress Gene Silencing Associated with

Position Effect Variegation

The following Chapter is essentially the same as that published under the same

title:

 Mottus, R., R. E. Sobel and T. A. Grigliatti

Genetics 154: 657-668 (2000)




Introduction‘

The basic unit of chromatin is the nucleosome which consists of
approximately 146 bp of DNA wrapped around the four core histones arranged
in an octamer. The amino terminal tails of the histones, in particular H3 and
H4, are highly conserved and contain four lysine (K) residues which can be
reversibly acetylated (Felsenfelrd, 1996, Workman and Kingston,-1998). It was
first noted over 30 years ago that there is a correlation between acetylation of
histones and transcriptional activity or the potential for transcriptional activity
(Allfrey et al., 1964), but the significance of this observation has only become
apparent in recent years.

It has now been demonstrated that some transcriptional activators and
members of the transcriptional machinery, including GCN5 (Brownell et al.,

1996; Wang et al., 1997), PCAF (Yang et al., 1996b), p300/CBP (Ogryzko et al.,

1996) and TAF;230/250 (Mizzen et al., 1996) are capable of acetylating H3 and

H4 both in vitro and in vivo. These histone acetyl transferases (HATSs) are

members of large protein complexes which are targeted to the genes they-

regulate by members of the complex which have DNA binding activity (Grant
et al., 1997).

Conversely, histone hypoacetylation is generally correlated with
transcriptional inactivity, telomeric and centromeric heterochromatin and
silenced areas of the genome such as the donor mating-type loci in yeast

(Turner, 1998; Workman and Kingston, 1998). As is the case with the HATS,

histone deacetylases (HDACS) also exist as members of large multi-protein

complexes. However, an unexpected finding was that some HDAC complexes,




in both yeast (Rundlett et al., 1996) and mgmmals (Hassig et al., 1998), contain
more than one deacetylase, suggesting that each deacetylase may have a
specific target and that full represéion may require the activity of more than one
HDAC (Kuo and Allis, 1998). The HDACs isolated thus far do not appear to
have any DNA binding activity and therefore targeting of the HDAC
complexes to the genes they regulate appears to depehd on association with
DNA binding co-repressor proteins, such as MAD (Laherty et al., 1997), UME6
(Kadosh and Struhl, 1997), YY1 (Yang et al., 1996a), SMRT (Nagy et al., 1997),
N-CoR (Ailand et al., 1997; Heinzel et al., 1997) and RB (Brehm et al., 1998; Luo
et al., 1998; Magnaghi-Jaulin et al., 1998), that have the ability to bind to specific
target loci.

It has been suggested that acetylation of the lysines in the N-terminal
tails of the histones may function by opening up chromatin structure because it
eliminates positive charges which may reduce nucleosome/DNA or
ﬁucleosome/nucleosome interactions (Workman and Kingston, 1998).
Accordingly, one would predict that mutations in HATs or members of their
complexes, should result in reduced histone acetylation, and thus impair gene
activation (Grunstein, 1997). This prediction appears to be true. GCN5 was first
identified as a transcriptional activator before its HAT function was elucidated
because mutations in the gene reduce activation of target loci. Conversely,
mutations in an HDAC or members of its complex, should impair deacetylation
of the histones at target genes, and thus result in de-repression of the targets.
This also appeared to be the case. Mutational analysis in S. cerevisiae identified
RPD3 as a global repressor before its function in histone deacetylation was

known.
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However, a number of unexpected observations have been documented
in HDAC null mutations. In RPD3 deletion lines of S. cerevisiae, a small subset
of genes were more strongly repressed rather than activated. In addition,
careful analysis of the genes normally subject to regulation by RPD3
demonstrated that when they were activated in the RPD3 null strains, the level
of transcription of target genes was lower than in wild-type strains (Vidal and
Gaber, 1991). Finally, the straightforward prediction that mutations in HDACs
would result in de-repression of silenced genes was confounded when it was

reported, in both S. cerevisiae and Drosophila, that mutations which reduced or
eliminated a histone deacetylase resulted in transcriptional silencing of genes

subject to telomeric and heterochromatic position effect variegation (De

Rubertis et al., 1996).

Position effect variegation (PEV) most often occurs when a chromosomal
rearrangement abuts a normally euchromatic region of a chromosome,
containing active genes, to a breakpoint in centromeric heterochromatin
(Grigliatti, 1991; Henikoff, 1992; Reuter and Spierer, 1992). In tissues where the
relocated euchromatic genes are usually active, some cells express the genes
normally, whereas in neighboring cells, the genes are transcriptionally silent,
resulting in a mosaic pattern of gene expression. An analogous situation is
thought to occur in the phenomenon of telomeric position effects (TPEV). This
occurs when a reporter gene is inserted in or near to the heterochromatin of the
telomeres of S. cerevisine chromosomes (De Rubertis et al., 1996; Grewal et al.,
1998; Grunstein, 1998). In some cells the reporter is transcr_iptionally silent
while in others the gene is transcribed normally. In both systems there is a

correlation between position relative to the heterochromatic material and

40



silencing. In TPEV and PEV the likelihood of silencing is dependent on how
close the reporter is to the telomere or centromeric heterochromatin
respectively; if inserted closer it is more often silent. Mosaic gene expression in
both cases is believed to reflect differences in chromatin structure; when the
gene is active, it is packaged normally, however, when the gene is inactive, it is
packaged more like heterochromatin and is therefore transcriptionally silent.
Here we report the isolation and characterization of six new mutations in
the HDACI gene of D. melanogaster. This is the first instance of a mutational
analysis of an HDAC in a multi-cellular eukaryotic organism. In contrast to
previous findings, we report that specific mis-sense mutations in the structural
gene of HDACI suppress silencing and increase the expression of a w* gene
subject to PEV. We propose that these mis-sense mutations are acting as anti-
morphic mutations that poison the deacetylase complex, without eliminating it,
and that this in turn causes hyperacetylation of histones and activation of genes
normally subject to silencing as a result of PEV. Furthermore, we show that
null, or very severe hyPomorphic mutations, have no significant effect on PEV.
We further propose that the unexpected observations noted above in the RPD3
deletion strains in S. cerevisiae, the P insertion line in D. melanogaster and the
phenotypes of our mis-sense, hypomorphic and null mutations can be
explained by a model based on the observations that HDAC1, and its
homologues, are members of a structurally related, multi-domain family of
proteins which forms part of a large multi-protein complex. Finally, we argue
that this model will be relevant in a wide variety of biological applications and
as such suggests a need for the isolation and characterization of dominant

mutations.
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MATERIAL AND METHODS

Fly Stocks

Flies were reared on standard Drosophila media at 22°. Genetic markers
used here are described in the text or can be found in Lindsley and Zimm
(1992). The putative histone deacetylase described herein has a high level of
sequence similarity to RPD3 from S. cerevisize and HDAC1 from humans and
other mammals (De Rubertis et al.,, 1996). The initial report and some
subsequent reports (for example (Mannervik and Levine, 1999)) regarding the
Drosophila histone deacetylase relied on the similarity to the yeast gene and
called the Drosophila homologue an RPD3-like deacetylase or the RPD3
homologue. In yeast, RPD3 (for reduced potassium dependency 3) was named
prior to the discovery that it has histone deacetylase activity and describes only
one of the phenotypes associated with lesions in the gene (Vidal and Gaber,
1991). For this reason we prefer the mammalian nomenclature:. HDAC, for
histone deacetylase, followed by a number indicating to which, of the several
similar deacetylases that exist in each organism, it is most similar (Taunton et
al., 1996). Accordingly, since the Drosophila deacetylase described here has the
highest degree of similarity to HDAC1 from mammals we prefer the name
Drosophila HDACTI for Drosophila histone deacetylase one and will use that
nomenclature in this manuscript

The HDAC1 mutations that suppress PEV (hereafter called the Su(var)
HDACT1s) described here were induced in a previously described ethyl methane
sulfonate screen for dominant suppressors of PEV (Sinclair et al., 1983). The

mutations are maintained in stocks balanced over TM3 Sb Ser or TM6 Tb. Tb
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was employed because it allows one to readily identify homozygous mutant
larvae by the morphology of their spiracles. Late third instar homozygous
mutant larvae were selected from cultures and used to obtain the DNA
sequence of HDACI in the various mutant strains.

P element insertion strains were obtained from the Bloomington Stock
Center and were screened for lethality with the Su(var) HDACIs. One insert
line, 1(3)04556 (hereafter called P-UTR), was almost completely lethal under
normal culture conditions with all member of the Su(var) HDAC1 group.
However, significant numbers of male and female adults could be reared to
adulthood if the fly cultures were uncrowded and the media supplemented
with live yeast but survivors are sterile and die within a few days.

The Su(var) HDAC1 group was originally localized because all members
failed to complement a small deficiency, DA3L)GN24, Since, in addition to
many other loci, this deficiency completely removes the HDACI gene it was
employed in the lethal phase analysis as a null allele. Males of the constitution
w4 | Y ; Df(3L)GN24 | + were generated by crossing wmd | wmd ;4 [+
females to + / Y ; Df(3L)GN24 /| TM3 Sb Ser males. F1 males bearing the
deficiency chromosome were collected and crossed to 5-7 day old virgin
females of each of the various mutant HDAC1 strains and allowed to lay eggs
on petri plates overlaid with an agar, vinegar and ethanol mixture
supplemented with live yeast. Eggs were collected by washing with dH20,
batches of approximately 100 eggs were counted out on construction paper and
placed in shell vials. A minimum of five shell vials was set up for each mutant

strain. The construction paper was removed after three days and the number of
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unhatched eggs counted. Unhatched eggs that failed to darken were
considered unfertilized and subtracted from the total number of eggs. Eggs
that darkened, but failed to hatch, were scored as embryonic lethals. The
number of animals reaching pupation and adulthood were counted and the
lethality at each developmental stage determined from the totals. In all cases
the results of each group were pooled. In these crosses, the only animals
expected to die were those that carried the mutant HDACI allele and
Df(3L)GN24. All other genotypes were expected to survive. We did not
observe any flies that survived and bore a mutant HDACI allele and
DF(3L)GN24. These flies would have been readily identifiable because of the
suite of defects observed in homozygous HDACI mutant lines (see Results).

In the recombination experiment in which we tried to separate the lethal
lesion in HDAC1I in the HDAC1328 strain from a possible second site
suppressor of PEV, the female parents were produced by crossing wmé | wmé
+/+ females to w4 / Y ; HDAC1328 | TM3 Sb Ser males. Virgin F1 females of
the constitution, w M4 |/ wm4; HDAC1328 | + , were collected and crossed to
wm4 | Y ; P-UTR / TM3 Sb Ser males. All flies that displayed suppression of
w4 variegation were progeny tested to determine whether they were

recombinants or rare surviving HDAC1328 | P-UTR flies.

Determination of the level of variegation

To determine the levels of variegated gene expression in the w4 and

bwVDeZ2 strains, eye pigment assays were performed employing previously

published techniques (Sinclair et al., 1983) and the amount of eye pigment

44




observed in the variegating strain expressed as a percentage of the amount

observed in the wild-type strain, Oregon-R. The level of variegation in the SbV
strain was determined by assaying the percentage of fourteen bristles

displaying a Sb phenotype as previously described (Sinclair et al., 1983).

Remobilization of the P element

The P element in the P-UTR strain carries the ry* gene and therefore

excision of all or part of the P element can monitored by loss of ry*. The P

element in the P-UTR strain was remobilized by crossing + / +; P-UTR / TM3
Sb Ser females tow™4 |/ Y ; Ly /| TM3 ryRK Sb e P[ry* A2-3] males. The TM3
ryRK S e P[ryt A2-3] chromosome carries a P element transposase source (42-3)
which is required to remobilize the defective P element in the P-UTR strain.

The F1 + / Y ; P-UTR / TM3 ryRK Sb ¢ P[ry* A2-3] males were collected and

crossed to + / + ;ry506 / 14506 females and ry~ F2 males collected and stocks

established.

DNA manipulations

All standard DNA manipulations were performed as described in
SAMBROOK et al. (1989).

Plasmid rescue of the DNA surrounding the insertion of the P element in
P-UTR was performed according to previously published techniques (Karpen
and Spradling, 1992).

Genomic DNA for sequencing from each of the HDACI mutant strains

was obtained from cultures in which the HDAC1 mutation is balanced over the
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TM6 Tb balancer chromosome (see above). Homozygous mutant late third
instar larvae were collected and the DNA isolated by standard protocols.
Specific fragments of HDACI were amplified using Pfu polymerase and
primers which were designed from the published sequence of HDAC1. The

PCR products were gel purified and sequenced employing dye terminators in

an automated sequencing facility (UBC NAPS Unit).

Isolation and Analysis of RNA

Total RNA was isolated from either adult females or adult males of each
strain using the TRIzol® Reagent according to manufacturers instructions (Life
Technologies). Poly (A) RNA was subsequently isolated employing the
Oligotex mRNA Mini Kit produced by Qiagen following the manufacturers
instructions. Approximately 1.5 ug of poly (A) RNA for each gender and strain
was separated on a formaldehyde agarose denaturing gel prepared according
to the protocol provided by Qiagen in the Oligotex Mini Kit. The gels were run

at 7 V/cm, transferred to nylon membranes according to the manufacturer's

instructions (Amersham) and probed with DNA labeled with [32P]dATP using
Boehringer Mannheim's Random Primed DNA labeling kit. The DNA probe
for the HDACI mRNA was prepared by PCR employing Pfu polymerase and
primers for the carboyx! terminal coding regions generated from a cloned
cDNA kindly provided to us by Pierre Spierer's laboratory. The relative
amounts of poly(A)RNA loaded in each lane was determined by re-probing the

Northern blots with a probe for the mRNA for the ribosomal protein, DUb80

(Mottus et al., 1997). Autoradiograms were scanned into a computer and the




amount of poly(A) RNA in each lane was quantified, relative to DUDb80, using

NIH Image (data not shown)




RESULTS

Isolation and characterization of mutations in Drosophila HDACI1 that

suppress PEV

Several groups, including ours, have conducted large genetic screens to
isolate Suppressors of position effect variegation or Su(var)s in D. melanogaster .
These screens were based on the assumption that these mutations should
identify factors involved in the process of chromatin packaging (Locke et al.,
1988; Reuter and Wolff, 1981; Sinclair et al., 1983), either structural components
of chromatin or factors that modify chromatin structure. Our screen was

designed to isolate dominant Su(var)s by selecting progeny from ethyl methane
sulfonate (EMS) mutagenized males in which expression of the wt gene in the
strain, In(1)wm4 (w4), was significantly increased. In the w4 strain, an
inversion juxtaposes the w* gene to the centromeric heterochromatin of the X

chromosome. This causes the w* gene to be transcriptionally inactivated in

most pigment cells in the fly's eye and since its product is required for

deposition of pigment, the eyes of flies in the wm#4 strain generally have about
5% to 15% of the wild-type levels of eye pigments. Four of the dominant

Su(var) mutations isolated comprise a single complementation group (hereafter
referred to collectively as Su(var) HDACIs or individually as HDAC1303,

HDAC1313, HDAC1326 and HDAC1328). All are strong dominant suppressors of

- .PEV and, in addition to the dominant phenotype, all four alleles are recessive

lethal. In w4 strains bearing the Su(var) HDACls, pigments in the eyes of
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Figure 1 Examples of eyes from male flies bearing the In(1 )w™ chromosome

and third chromosomes of the following constitutions: (A) +/+;
(B) P-UTR /+ ; (C) HDAC194f8 / + ; (D) HDAC19€f24 / + ;

(E) HDAC1303 / + ; (F) HDAC313/ + ; (G) HDAC326 / + and

(H) HDAC328 / + .
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TABLE 1

The effects of selected Su(var) HDAC1 mutations on various genes

subject to PEV
Genotype Sex wmd bwvDe2 spo
+/ + F 8+2 38+24 56420
M 1343 55415 69+16
HDAC1326 | + F 8315 55+4 72422
M 855 55+4 9149
HDAC1328 [ + F 7248 49422 72#15
M 8846 5048 93+10

a4 the percentage of eye pigments compared to the amount observed

in the wild-type strain, OR-R

b the percentage of bristles displaying the Sb phenotype




both males and females are increased from 5-15% to 60-90 % of the pigment
levels observed in the wild-type strain, OR-R (Figure 1 and Table 1).

In order to determine whether the effect of these mutations was
generally applicable to PEV or specific to the w™ gene, we monitored the effects
of two of the strdngest alleles of the Su(var) HDAC1s, HDAC1326 and
HDAC1328, on two other variegating rearrangements: In(2R)bw?Pe2 (bwV) which
juxtaposes the bw* locus to the centromeric heterochromatin of chromosome 2,
and; T(2,3)Sb? (Sbv) which abuts the dominant third chromosome mutation, Sb-,
to the centromeric heterochromatin of chromosome 2 (Table 1). In females, the
mutations caused significant suppression of both bwV and SbV. In males, Sb¥
was also strongly suppressed by the mutations, but bwV was either not affected
or somewhat enhanced. Heterogeneity in the response of genes subject to PEV
when exposed to suppressor mutations is not uncommon. Each rearrangement
abuts the euchromatic variegating gene to a unique region of heterochromatin
and therefore a variation in the level of response to trans-acting factors is not
unexpected (Lloyd et al., 1997). However, it is clear that although the strength
of the suppression of PEV varies, the Su(var) HDACls suppress the gene

silencing associated with PEV and are not mutations in factors which

specifically modify the wt gene.

Mapping the Su(var) HDACls

We mapped the recessive lethality associated with the Su(var) HDACls

to 64B17-64C13-15 employing deficiencies and confirmed the Su(var)
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phenotype recombinationally mapped to approximately the same location in all
four mutant lines. This placed the complementation group very close to a
recently cloned RPD3-like HDAC (De Rubertis et al., 1996). This Drosophila
HDAC (hereafter referred to as HDAC1) was cloned as a result of a P’ insertion
1.8 kb 5' to the gene which causes strong dominant enhancement of PEV, but is
homozygous viable and fertile. However, complementation analysis with the
Su(var) HDAC1s and the P insert line (hereafter referred to as P-1.8) revealed
all combinations were viable and fertile (data not shown) suggesting that
perhaps P-1.8 and the Su(var) HDACls represented two different genes.

We then crossed the Su(var) HDACTIs to a series of recessive lethal,
modified P inserts generated by the Berkeley Drosophila Genome Database and
localized to the 64B-64C region. The Su(var) HDAC1s were almost completely
lethal when heterozygous with the P insert line, 1(3)04556 (hereafter called P-
UTR). Plasmid rescue of the genomic DNA surrounding the insertion point of
the P element revealed it hr;;lci inserted into the 5' UTR of HDAC1 (Figure 2).
Surprisingly, while P-UTR is homozygous lethal and lethal with the Su(var)
HDACIs, it has no dominant effect on variegation of w™ in the In(1)w"4 strain
(Figure 1 and Table 4). Since P-UTR had an insertion into HDACI, but did not
have a dominant affect on PEV, this raised the possibility that the P-UTR strain
contained a second site mutation that was causing the lethality with the Su(var)
HDAC1s. Alternatively, it was possible that the Su(var) HDACls, in addition
to a recessive lethal lesion in HDAC]I, carried a second site mutation that was

causing the dominant Su(var) phenotype. We addressed these possibilities in

two ways.
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Figure 2 Genomic organization of the HDACI gene. The approximate
location of each of the Su(var) HDACI group mutatations is shown,
the insertion points of the P elements in the P-1.8 and P-UTR
strains are indicated by the triangles, and the dashed line indicate

the extent of the deficiencies in the deletions strains.




First, in order to determine whether P-UTR also contained a second site

lethal mutation, we generated revertants of P-UTR by remobilizing the P
element, which is marked with ry*, and recovering males that were ry~. We

recovered 25 ry- revertants. Four of the revertants are homozygous viable,
viable as heterozygotes with P-UTR and viable as heterozygotes with all
members of the Su(var) HDAC1s. Subsequent analysis by PCR indicated that
three of the revertants are precise excisions of the:P element while the fourth
retains a small piece of the P element. Since a precise or nearly precise excision
of the P element insertion results in a homozygous viable chromosome, the only
lethal lesion on the P-UTR chromosome is caused by the insertion of the P
element into HDACI and therefore the Su(var) HDAC1s also have a lethal

lesion in the HDACI gene.

Second, in order to determine whether the Su(var) HDACls, in addition

to the lethal lesion in HDACI, carried a dominant second site Su(var) mutation,
we tried to separate the lethal phenotype from the Su(var) phenotype by
recombination. The cross is outlined in Figure 3 and is based on the
observations that: (1) HDACI1328 is almost completely lethal when

heterozygous with P-UTR, and; (2) P-UTR does not have any dominant effect

on PEV. Accordingly, any flies that survive and displayed suppression of wmé
variegation would be the result of a recombination event between the lethal
lesion in HDAC1 and the putative second site Su(var). We scored 6125
recombinants but we were unable to separate the lethal phenotype from the
Su(var) phenotype. Accordingly, if the lethality and the dominant Su(var)

phenotypes are caused by different mutations, then these mutations are less
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22 X e

wild-type TM3 Sb Ser

Figure 3 The cross employed to attempt to generate a recombinant

between the lethal lesion in the histone deacetylase gene in

the HDAC1328 strain and a possible second site suppressor
of position effect variegation. In the Fy, HDAC1328 / p-UTR

is almost completely lethal. All non-Sb Ser flies were examined
for suppression of PEV. Suppressed flies are either rare
HDAC328 / p-UTR survivors or represent potential recom-
binants between a possible second site suppressor of PEV

and HDAC1328, Despite examining >6000 recombinant

chromosomes, we did not isolate a second site suppressor
of PEV
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than 1.6 x 10-2 map units apart, a distance representing approximately 4 to 7 kb
of DNA in a typical region of the Drosophila genome (Lefevre, 1976). Since
transcript analysis has shown that there are no other transcripts within
approximately 8 kb of the 3' end or 12 kb of the 5' end of HDACI (De Rubertis et
al., 1996), it is unlikely that the lethality and the Su(var) phenotype are caused
by separate mutations.

Based on the results of the reversion experiments with P-UTR and the
failure to separate the lethal lesion and the Su(var) phenotypes by
recombination, we conclude that both phenotypes are the result of lesions in

HDACI.

Mutant phenotypes associated with lesion in HDAC1

During the course of the recombination experiment we observed that
some P-UTR/HDAC1328 adult male flies did eclose but only survived for a few
days. These animals displayed very strong suppression of PEV and several
other phenotypes. In order to further examine these phenotypes we generated
HDAC1303/P-UTR flies. In this cross, under carefully maintained culture
conditions, adult males eclosed at approximately 40 % of expected and females
at approximately 30 % of expected. Both sexes only survived for several days
and the females produced a small number of eggs which appeared to be
unfertilized. These animals displayed a suite of defects including: very strong
suppression of w™4; wings that were severely notched; bristles that were

smaller, malformed, often curved and duplicated; alula that were larger than

normal; and, a reduction in the number of sex combs on the legs of the males

56




from a mean of 10.7+ 0.9 to a mean of 7.7+ 1.0. This suggests that mutations in
the histone deacetylase, HDACI, cause defects in a variety of cellular systems, a
phenotype that is consistent with its proposed role as a global transcriptional
regulator. It also suggests that the Su(var) HDACIs retain at least some of their
functions, since P-UTR is lethal when homozygous, yet appreciable numbers of
adults can be recovered when P-UTR is heterozygous with members of the
Su(var) HDACls.

Since P-UTR and the Su(var) HDACIs are recessive lethal it appears that
HDAC1 function is essential for survival in D. melanogaster, unlike in §.
cerevisige, where null alleles of the RPD3 gene are viable but display a suite of
phenotypes. In order to further characterize the requirements for HDACI we
determined the developmental time at which HDACI is required for survival in
D. melanogaster. Since P-UTR is a very strong hypomorph (Mannervik and
Levine, 1999) and we were unable to determine whether or not the Su(var)
HDACTs are complete null alleles of the gene and residual gene activity would
mask the earliest requirement for HDACI, we generated null alleles of HDACI

(see below for details). The results of our lethal phase analysis are presented in

Table 2. Null alleles (HDAC149¢8 and HDAC19€f24) of HDACI die during larval
stage of life. Surprisingly, inspection of the stock cultures revealed that a large
percentage of the homozygous mutant Jarvae survive until very late in third
instar. These larvae were readily identifiable because in the stock cultures the
mutations are balanced over TM6Tb. Larvae bearing the balancer chromosome
can be distinguished from larvae homozygous for the HDACI mutations

because Tb alters the morphology of the larval spiracles. This suggests three
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TABLE 2
Lethal phase analysis of mutations in HDAC1. Percentage of animals that

die at the indicated developmental stage

Mutant Strain ~ Embryonic ~ Larval Pupal Male
Tested Lethality  Lethality  Lethality Viabilitya

HDAC14ef8 6.8 24.7 3.9 93
HDAC14ef24 6.3 25.9 7.6 91
HDAC1303 3.9 13.3 17.0 71
HDAC1313 3.4 28.4 2.3 51
HDAC1326 2.9 30.7 6.5 - 88
HDAC1328 4.1 16.4 16.8 78

4 viability of males expected to survive as compared to their

female siblings




possible scenarios: 1) maternal HDACI is perduring until very late in
development; 2) HDAC1 is required during embryogenesis and not required
again until late in third instar and maternal HDACI provides sufficient activity
for this early function; or, 3) HDAC1 is not required for the early stages of
Drosophila development. Based on a recently published report investigating
the phenotypes associated with P-UTR, we favour the second of the above three
possibilities. We also conducted lethal phase analyses of the Su(var) HDACls.
HDAC1313 and HDAC1326 also died during the larval period. Inspection of the
stock cultures revealed a large number of homozygous mutant larvae at the
third instar stage and therefore these alleles cause deéth at approximately the
same time as the null alleles. However, only approximately fifty percent of
larvae bearing HDAC1303 and HDAC1328 died during the larval period while
about 50% survived into pupation. This is consistent with the sequencing data
(see below) which demonstrated these mutations are caused by identical base
pair substitutions. Thus, with regard to lethality, it appears that H DAC1313

and HDAC1326 are indistinguishable from null alleles while H DAC1303 and

HDAC1328 retain some HDACI activity.

An unexpected observation from the lethal phase analysis was that the
Su(var) HDAC1s appeared to have a dominant semi-lethal affect on males
regardless of their genotype. In the lethal phase analysis, three of the four
genotypes produced are expected to survive (see Materials and Methods) and

one of the classes ( +/TM3) does not carry any chromosomes with a mutation in

HDACI1. In the crosses with the null alleles, HDAC19ef8 and HD AC14ef24,

males and females in the classes expected to live, appear in approximately the
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same numbers (Table 2). However, in the Su(var) HDACI1 crosses, males of
genotypes expected to survive, including males that have completely wild-type

HDACI genes survived at significantly lower rates than expected. For example

males in the cross involving HDAC1313 only survived at about 50% the level of
their genotypically identical female siblings in the same cross. Males in crosses
involving the other Su(var) HDAC1s also survived at significantly lower levels
than females. Since, in these crosses the mothers carried the Su(var) HDAC1
mutations, one explanation for this observation may be that these mutations
may be exerting a dominant maternal effect on the dosage compensation
mechanism. In Drosophila, dosage compensation occurs as a result of hyper-
transcription of the male X chromosome. The male X chromosome adopts a
special conformation which is believed to be necessary for enhanced
transcription (Bashaw and Baker, 1996). Accordingly, if histone deacetylation is
an essential step in establishing the specialized chromatin structure required in
the male, the Su(var) HDAC1s may be defective in this process. Alternatively,
although most genes on the male X chromosome are transcribed at double the
normal rate, there are loci that are not subject to dosage compensation and
therefore need to be silenced or repressed on the specialized male X
chromosome (Baker et al., 1994). In the Su(var) HDACT strains these loci may

escape repression resulting in reduced male viability in the sons of mutant

mothers.




Sequence analysis of the Su(var) grou

EMS-induced changes in the Su(var) complementation group were
identified by sequencing the genomic DNA encoding HDACI from the four
Su(var) lines and from the chromosome which was originally employed in the
screen for Su(var) mutations. The results of this analysis are presented in
Figure 2 (Accession Num. AF086715). The genomic organization in our strains
is slightly different than that presented in the previously published report (De
Rubertis et al., 1996) . The coding sequence is interrupted by three introns
rather than two and the conceptual translation of the protein yields a product of
521 amino acids rather than 520. The extra amino acid is produced at the
additional intron/exon boundary in our sequence. DNA sequencing revealed
that there is a single amino acid substitution in each of the four mutant lines
that suppress PEV. The locations of the amino acid substitutions are indicated
in Figure 2. In two of the strains, HDAC1303 and HDAC1328, we observed
identical base pair substitutions. These mutations were recovered from
unrelated bottles in the original EMS screen and therefore most likely represent
independent events.

Each single nucleotide substitution resulted in changing an amino acid
that is not only perfectly conserved in homologues from Yeast and human, but
the substitutions are located in regions of the protein that are almost perfectly
conserved in these diverse organisms (Table 3). The functions of these
particular residues and the regions in which they occur have not yet been

determined. However, evolutionary analysis of the deacetylase proteins and

some limited mutational analysis suggest that the amino one-half of the protein




Table 3

Comparison of amino acid substitutions in the Su(var) HDAC1 group with

conserved regions in human and yeast homologues.

HDAC1313 HDAC1303 HDAC1326
HDAC1328
R30C C98Y P204S
D. melanogaster GHPMKPHRIRM FNVGEDCPVFDGL SFHKYGEYFPGTG
HDACI1 Mutant Strain  — - - = ——— Coome mmmee o Yoo mm e S
H. sapiens HDAC1 =~ - -_ Rece  —m—eo - Commmmme e mmm Po—-
S. cerevisine RPD3 — e —— Ree= ———- 15 T o J FePew-

i“”worn

indicates identity.
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is the domain responsible for catalytic activity (Khochbin and Wolffe, 1997). It
is interesting to note that each of the substitutions occurs in the region of the

protein thought to be required for deacetylase activity.

Interaction with an P-1.8, an E(var) allele

The HDACI locus has previously been cloned as a dominant enhancer of
PEV or E(var) (De Rubertis et al. 1996). The phenotype results from the
insertion of a P element 1.8 kb 5' to the start site of HDAC1I which reduces or
eliminates transcription of the gene in the eye imaginal disk but not in other
imaginal disks from the same animals. Surprisingly, heterozygous flies bearing
P-1.8 and any one of members of the Su(var) HDACls were viable and fertile.
In addition, in these heterozygotes, the eyes of flies bearing w4 show a weak
to moderate suppressioni of PEV (data not shown). Since the eyes appear to be
normal in these crosses, with the only apparen.t phenotype being an effect on
PEV, and P-1.8 flies are viable as homozygotes, these observations suggest that
either HDAC1 does not perform any essential function in the eye disk or

alternatively, that P-1.8 may be a hypomorph.

Generation of null alleles

Work by Mannervik and Levine (1999) and this study (see below) show
that P-UTR produces a message at significantly lower levels than wild-type and
thus is likely to be a strong hypomorph. As noted above, we were surprised
that P-UTR had no effect on PEV since it is lethal when homozygous. One

possible explanation is that, although this mutation is a hypomorph which is
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Jethal as a homozygote, it produces sufficient activity in a heterozygote such
that PEV is not affected. If this were the case then one would predict that a null
allele of HDAC1 would have a dominant effect on PEV. Accordingly, we
generated null alleles of HDACI by remobilizing the P element in P-UTR to
induce deficiencies of the coding regions of the gene as a result of imperfect
excisions of the P element. The P element, which is marked with ry*, was
remobilized by crossing P-UTR to the transposase source, In(3LR)TM3, A2-3 Sb,
and recovering males that were ry~. From 560 potential excision events we
recovered 25 ry~ males, 19 of which were still lethal over P-UTR and the Su(var)
HDACI1s and therefore represented potential improper excisions. DNA
sequence analysis has shown we generated two deficiencies which begin at the
insertion point of P-UTR and remove amino terminal coding regions of HDACI;
HDAC149¢f8 deletes approximately 440 bp and HDAC 1def24  deletes
approximately 870 bp (see Figure 2). Conceptual translations from the first
seven AUG codons remaining in HDAC19¢f8 and the first three start codons of
HDAC19¢f24 would produce peptides that bear no similarity to HDAC1, and

therefore we believe these represent null alleles of the gene. Surprisingly, we
found that null alleles of HDACI have no dominant effect on silencing of the w*

gene in the w4 strain (Figure 1).

Northern Analysis
Since we had generated a variety of mutations in the HDACT locus it was
of considerable interest to determine how the mutations affected the level of

transcription. Figure 4 shows Northern blots indicating the levels of
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transcription of HDACT in the mutant lines identified in this study. To
determine the relative loading in each lane, the Northerns were also challenged

with a probe for the ribosomal protein, DUb80 (see Materials and Methods).

The transcript levels of HDAC1326 are approximately the same as that observed
in the wild-type strains indicating that the Su(var) phenotype is not a result of
hyper-transcription of the locus. In the P-UTR strain, as is often the case with P
insertions, the level of transcription is reduced relative to wild-type levels and
therefore P-UTR is likely a hypomorph. This is in accord with the findings of
Mannervik and Levine (1999), who showed the maternal contribution of
HDACI in the P-UTR strain was approximately five fold less that wild-type. In
a strain heterozygous for the deficiency, HDAC14¢f8, the message produced
from the deleted chromosome is reduced in amount and evident as a widening

of the 2.2 kb band produced from the non-deleted homologue. In the strain -

heterozygous for the deficiency, HDAC14¢f24, two different sized transcripts
are clearly visible indicating both homologues are transcribed, but the amount
of the smaller transcript produced from the deleted chromosome is very much
reduced. Since the smaller transcripts in both deficiency strains are very
unlikely to produce functional proteins, we believe these mutations represent

null alleles.
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HDAC1

DUDb80

Figure 4 Northern analysis of poly(A) RNA isolated from adults
bearing HDACI mutations. Lanes 1 and 6 are from wild-
type female controls and lane 7 is from wild-type male

controls. Lanes 2-4 are from females of the constitution
HDAC19¢8 / TM3 Sb Ser, HDAC19€24 / TM3 Sb Ser and

P-UTR / TM3 Sb Ser, respectively. The approximate amount
of poly(A) RNA loaded in each lane was determined by re-
probing the blots with a probe specific for the message for
the ribosomal protein DUb80. Loading in lanes 1-4 is
approximately equivalent and show that the levels of total
HDACI1 message in lanes 1-3 are approximately the same.
However, in lane 4 the amount of message is reduced to
~50-60% of Lane 1. Lane 5 contains ~1.6 times the amount

of poy(A)RNA as lane 6, and when taken into account, the
levels of HDAC1 poly(A)RNA in HDAC1320 females (lane 5)

and control females (lane 6) are approximately equivalent, as

are the amounts in HDAC1320 males (lane 8) and control males

(lane 7).
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DISCUSSION

In this study we report the isolation and characterization of a number of
new mutations in the D. melanogaster putative histone deacetylase, HDACI, and
test their effects on gene silencing that occurs as a result of PEV. Models of
gene regulation, based on the correlation between histone acetylation and gene
activity, would predict that mutations in an histone deacetylase gene, which
reduce or eliminate histone deacetylase activity, ought to lead to increased
levels of histone acetylation which, in turn, would lead to de-repression of
silenced genes. Surprisingly, this straightforward prediction was not born out.
Instead the effect on gene silencing is dependent upon the nature of the
mutation in HDACI (for summary see Table 4).

How then can one explain the apparently contradictory affects on PEV
and TPEV of the various kinds of mutations in the histone deacetylase genes in
Yeast and Drosophila? It may be that histone deacetylases belong to a growing
class of genes which have the following characteristics: 1) they are members of a
closely related gene family; 2) they encode multi-domain proteins, and; 3) null
mutations have little or no obvious phenotypic effect while point mutants have
profound, often dominant effects. One recent example of this class of genes in
lower eukaryotes is the FUS3/KSS1 gene pair of S. cerevisize. Normally, these
closely related proteins function in separate pathways. Single deletion strains
of either gene are still proficient for mating because when Fus3p is deleted, and
only when it is deleted, Ksslp acts as an impostor and replaces Fus3p.
However, deletion of both proteins renders the strain sterile (Madhani and

Fink, 1998; Madhani et al., 1997). Examples of this class of gene is certainly not
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TABLE 4
Summary of the effects of various mutations in HDAC1 on viability and PEV

in D. melanogaster

Mutation’ Dominant  Homozygous Heterozygous with
Effect on PEV Viability Su(var) HDACIs

P-1.8
P element insert 1.8 kb enhancer viable moderate
5' to gene suppression of PEV
P-UTR strong semi-lethal; in
P element insert into no effect lethal rare survivors, PEV
the 5' UTR strongly suppressed
Su(var) HDACIs strong
point mutants suppressors lethal lethal
HDAC1def8 no effect lethal lethal
HDAC1def24 no effect lethal lethal
Deletions

“ for a complete description of mutations see text




limited to lower eukaryotes. For example, gene knockout experiments in mice
have revealed a surprising number of genes in which the phenotype of the
homozygous null mutation is either not detectable or very minor. A cursory
examination of the Mouse Knockout Database
(http:/ / www.biomednet.com/db/mkmd) identifies at least 13 such genes. In
contrast to the mild phenotypes of knockout alleles, analysis of mutations in
some of these genes has shown that point mutations can have very profound,
often dominant effects. One example is the SRC oncogene, a member of a
closely related family of proteins. The knockout causes only minor dental
abnormalities, yet almost all known point mutations have severe phenotypic
consequences, including cancer (Lowell and Soriano, 1996).

Recently a model has been proposed to account for the maintenance of
closely related gene families during evolution (Gibson and Spring, 1998). By
extending this model we believe we can provide an explanation for these
apparently contradictory observations regarding relatively benign
knockout/null mutations and dominant point mutations which have severe
phenotypic consequences. It is now apparent that most, if not all, of the
biological activities in the cell are carried out by large, multi-protein complexes.
A single type of complex may have multiple targets or functions that are
dependent on the specific members of the complex at a particular time during
the cell cycle or at a particular location in the cell. If one of the proteins of the
complex is absent, as in a null mutation, and that protein is a member of a
closely related family, then another member(s) of the family may substitute for
the missing protein. Since they are closely related, the impostor can provide

partial activity and, as a consequence, a null mutation may have no obvious
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phenotype. In contrast, point mutations that only alter a single domain, may
allow the aberrant protein to be incorporated into its complex(es). In cases in
which the mutation occurs in a domain required for a specific function, the
complex would then be completely inactive for that particular function.
Accordingly, a point mutation may have a dominant negative effect and
display a much more severe phenotype than a null mutation (see Figure 5).
This model may accommodate our observations of the various
Drosophila HDACI mutations. In eukaryotes, the HDACs are a closely related
family of proteins that form complexes with other proteins including other
HDACs. For example in Yeast, two different HDACs, RPD3 and HDA], have
been isolated and characterized, and sequence analysis of the yeast genome
suggests there may be at least three additional HDACs. Two large multi-
protein complexes, HDA and HDB, containing histone deacetylase activity have
been isolated and analysis of HDA has shown that it contains at least two
HDACSs (Carmen et al., 1996; Rundlett et al., 1996). Similarly, in mammals, five
different HDACs have been identified and a complex containing the human
RPD3-like deacetylase, HDACI, also contains HDAC2 (Hassig et al., 1998). In
Drosophila, two more HDACs has now been identified, HDAC2 and HDAC3
(]ohnson et al., 1998; Mannervik and Levine, 1999). It seems likely that more
candidate deacetylases will be identified as thé genome sequencing projects
proceed. Accordingly, the biochemical and sequence analysis of HDACs in
Yeast and mammals sﬁggest that HDACs are members of a related gene family

and, more importantly to our model, function as members of large protein

complexes.




HDAC1
A. ‘
Complex —

Normally HDAC1 participates in a complex which is targeted to

DNA by other members of the complex

HDAC family
member

However, when HDAC]1 is absent, another member of the HDAC family
binds to the complex, is targeted correctly to the DNA but produces an

aberrant pattern of histone deacetylation

Su(var) HDAC1

A Su(var) HDAC1 mutation, which has only a single amino acid
change, will occupy its normal place in the complex and be

targeted correctly, however the Su(var) HDAC1 will be unable to
deacetylate its target histone residues leading to increased acetylation

and suppression of PEV.

Figure 5 A model to explain the various phenotypes associated with

mutations in HDAC]1, see text for details.



The foregoing provides the framework for a model that may explain the
apparently contradictory results observed with different kinds of mutations in
this histone deacetylase and their effects on PEV and TPEV. In the RPD3 null
mutation in yeast, TPEV is enhanced, i.e., the expression of the reporter gene is
repressed. We postulate that in the absence of RPD3, other HDACs, with
differing specificities, substitute for RPD3 in the multi-protein complex
resulting in an incorrect histone deacetylation pattern. The phenotypic
consequence of the incorrect deacetylation pattern is enhancement of TPEV,
possibly due to excess deacetylation at the site of the reporter gene by the
impostor deacetylase. Substitution by other HDACs has also been suggested by
other authors to account for the residual repression observed in RPD3 deletion
strains (Kadosh and Struhl, 1998). In Drosophila the only mutation in HDACI
that enhances PEV is P-1.8, an insertion of a P element 1.8 kb 5' to the coding
region. In situ hybridization with a probe for the HDACI mRNA demonstrates
that, in the eye disk, transcription of HDACT is markedly reduced or absent but
in the leg disk the HDACI transcript accumulates to normal levels. One
possible explanation for this observation is that the P element has inserted into
an eye disk specific enhancer element resulting in little or no transcription in
the eye disk. Thus, HDACI may be effectively absent in the eye disk. In its
absence, other HDACs could substitute for HDACI producing an incorrect
deacetylation pattern, the consequence of which is enhancement of PEV. In
contrast, the Su(var) HDAC1s described here are capable of producing a protein
with only a single amino acid change in which a specific function has likely
been compromised, possibly the deacetylase activity. Since only a single amino

acid has been changed, the protein would still associate with its complex, bind
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its other components efficiently and be targeted to the correct site. However,
the complex would be unable to deacetylate its target histones leading to
hyperacetylation and decreased silencing. In this way a point mutation would
act as a dominant negative mutation and would suppress PEV. On the other
hand, null mutations, such as the deficiencies described here, have no
observable affect on PEV because in heterozygotes, wild-type HDACI,
produced from the non-deleted homologue, can associate normally with the
histone deacetylase complexes. The other HDACs can only substitute for
HDACI in its complete absence as is the case with Ksslp and Fus3p in Yeast
described 'above.

This model relies on the supposition that an aberrant form of HDACI is
being produced in the Su(var) HDACI strains. We believe such a protein is
made for the following reasons. First, conceptual translation of the protein
produces a full length product with only a single amino acid change. Second,
when we crossed the members of the Su(var) HDACIs to P-1.8, the strain
bearing the P element insertion 1.8 kb 5' to the HDACT gene, flies bearing both
mutations were viable and fertile and showed a weak to moderate suppression
of PEV. Since the P insert line is effectively a null in the eye disk, we interpret
the suppression observed in the heterozygotes as evidence that the Su(var)
HDAC1s are producing a product. Third, in the complementation and
recombination studies, heterozygotes bearing both the P-UTR chromosome and

the Su(var) HDAC1s survived at an appreciable frequency. In these flies, PEV

in the In(1)w4 strain was very strongly suppressed and the eyes were

virtually indistinguishable from wild-type strains. Since P-UTR is lethal as a




homozygote and this lethality is only associated with lesion in HDACI, the
observation that such flies survive suggests that the Su(var) HDACIs are
producing a product which retains sufficient activity in the essential function of
HDACTI to rescue the lethality associated with the P-UTR chromosome. Finally,
the observation that the Su(var) HDACls displayed a dominant maternal effect
reduction in the viability of males, regardless of their phenotype, a reduction
which was not observed in crosses with the deficiency strains, implies that the
Su(var) HDACs are producing. a protein product since this maternal effect
observed is not seen in the absence of any product.

The model may also serve to explain other apparently anomalous
observations in Yeast strains bearing null mutations in RPD3. The gene was
first identified as a transcriptional repressor in S. cerevisiae because mutations in
the gene resulted in de-repression of the majority of genes it regulated.
Surprisingly, further analysis of the mutant strains has shown that target genes
are also defective in the degree to which they respond to activators and
repressors. Regulated genes cannot be activated as fully, nor repressed as
completely, as in the wild-type strain (Vidal and Gaber, 1991). Since RPD3
forms part of a histone deacetylase complex, we propose that in the absence of
RPD3, other HDACs may fill in resulting in aberrant deacetylation patterns at
target genes. Aberrant deacetylation patterns may result in de-repression of
most target genes, but would provide less than optimal conditions for
transcription in the presence of an activator and would be leaky in the presence
of a repressor. Conversely, in some chromosomal contexts, recruitment of the

wrong deacetylase may result in an aberrant deacetylation pattern that

represses transcription.




Finally, we emphasize that the mutations described here were recovered
in a genetic screen for dominant suppressors of PEV. Therefore the single
amino acid changes that we recovered may identify domains in the Drosophila
HDACI that are important for silencing in heterochromatin rather than
abolishing all deacetylase activity. In any case, since the domains are conserved
in Yeast, site-directed mutagenesis should provide a direct test of the proposed
model.

| One of the traditional genetic approaches to determining protein
function has been to generate null mutations and then examine the organism
for phenotypic defects which can be correlated with the null phenotype. In fact,
this is the basis for creating the knockout mutations in mice as potential models
for human syndromes. It is now apparent that most, if not all biological
functions in eukaryotic cells occur as a result of the action of protein complexes
and not individual proteins. If the foregoing model is of general applicability
then this traditional approach must be applied with caution. If the protein
under scrutiny is a member of a gene family then in the absence of that protein,
other family member may "fill in" and provide partial, or even complete, rescue
(under laboratory conditions) of the functions compromised by the null
mutation. In that case, this type of analysié will be compromised and the role of
the protein being investigation under appreciated. A more fruitful strategy
may be to create dominant mutations, in the best case caused by very small
alterations in the protein such as a single amino acid substitution, which will act
in a dominant negative fashion and direct our attention to the possible many

roles a protein may have because of its membership in one or more multi-

protein machines.




Chapter 3

Chromatin Immunoprecipitation Analysis of a Region subject to

Position Effect Variegation in Drosophila melanogaster




Introduction

One of the major challenges inherent in any mutational analysis of a
gene is determining whether the phenotypes observed are a direct result of the
defect in the gene, or whether they are indirect, and a downstream consequence
of the mutation altering other metabolic pathways that impinge on and modify
the phenotype in question. This is especially important when one is
investigating mutations in a gene that is a known, or suspected, general
regulator of transcription. HDACI falls into the class of known general
regulators of transcription and functions as an essential member of several
repressor complexes (see Chapter 2). In addition, there is some evidence, and a
growing suspicion, that this view is too simplistic. Rather than only being a
repressor, HDAC1 may also be an integral part of the system that controls the
transcription rate of some active genes (see below, (Breiling et al., 2001)). Since
HDACT regulates a large number of loci, an obvious and important question is
whether the mutations that suppress PEV are acting directly or indirectly to
abrogate the silencing normally observed at the variegating locus.

Several methods are currently employed to address this type of question.
The oldest method is staining polytene chromosomes with an antibody specific
for the subject protein. In the salivary glands of Drosophila, and specific tissues
of most Dipterans, the chromosomes undergo many rounds of
endoreduplication. The chromosome arms remain associated and form giant
polytene chromosomes with distinct banding patterns that are visible under the
light microscope. Thus, by examining well-spread chromosome preparations

that have been challenged with an antibody for a particular protein, one can

77




determine the particular band or interband with which the antibody and hence
the protein is associated. This technique has been invaluable in identifying the
region or regions where a protein is localized, however, the technique does
have limitations. Obviously, if the epitope, to which the antibody reacts, is
hidden, which may be the case in some protein/protein or chromatin
complexes, the antibody will fail to identify that location of the protein.
However, the major limitation of this technique is its resolution. As noted
above, one can only determine if an antibody is staining a band or an interband.
Only a few studies have attempted to determine how many genes are contained
in bands or interbands and have found the number varies considerably, some
bands or interbands have high gene densities while others contain only a few
genes (Friedman et al.,, 1991; Hall et al., 1983; Spierer et al., 1983). Thus, one
cannot use this technique to determine whether a protein is associated with a
specific gene, or whether it is bound at the regulatory or coding regions of that
gene.

Pile and Wasserman (2000) used antibody staining. of polytene
chromosomes to ask where HDAC1 was located in the D. melanogaster genome.
They found the anti-HDACI antibody bound throughout the euchromatic
regions of the genome, primarily in the interband, less condensed, regions of
euchromatin. Somewhat surprisingly, it did not bind to either a- or p-
heterochromatin. They also stained the same preparations with an antibody to
DNA polymerase I to mark active genes. The pattern of staining did not
overlap with anti-HDAC1 staining. These observations led them to conclude
that HDAC1's primary function was the repression of genes located in the less

DNA dense, interband regions of euchromatin, and that it did not play a role in
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condensing the more compact DNA structures found in the bands or
heterochromatic regions of the genome. Some doubts regarding these
conclusions have been raised by the application of a newer, more sensitive,
technique (see below). In addition, examination of their polytene preparations
stained with anti-HDAC1 reveal a large, intensely staining band at the base of
each chromosome arm (see Figure 2 of Pile and Wasserman (2000)) immediately
adjacent to the chromocenter. In strains subject to PEV this arrangement is
altered by the formation of an illicit heterochromatic/euchromatic junction that
may create novel HDAC1 binding sites or perhaps the cellular response to such
an illicit junction is to recruit HDAC1. Unfortunately, the distribution of
HDAC1 in a strain subject fo PEV was not determined.

Recently, two techniques have been developed which offer much better
resolution. One relies on the ability of the DNA methyl transferase (DAM)
from E. coli to methylate adenine in the DNA sequence GATC (van Steensel et
al., 2001; van Steensel and Henikoff, 2000). This residue is not normally
methylated in eukaryotes. The DAM protein is fused to the protein of interest
and transformed into tissue culture cells or whole organisms and the DNA at a
specific location is analyzed with restriction enzymes that recognize GATC and
are either sensitive or insensitive to adenine methylation. Differences in
digestion patterns between controls containing the DAM protein alone and cells
transformed with the DAM-fusion imply the protein under study is directing
the fusion protein to that particular region. The DAM-fusion methylates GATC
over a 2500 base pair region thus providing enhanced resolution over the
staining of polytene chromosomes with antibodies. However, this technique

still has limitations. In some cases, in gene poor regions of chromosomes, one
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may be able to conclude, with confidence, that the subject protein is associated
with a particular gene. However, in other regions, the genes are very tightly
packed and the results may be ambiguous regarding which of two, or perhaps
three, genes the protein is associated. Obviously, its resolution is further
limited by the existence of GATC sites that can be methylated. Statistically,
these sites should occur every 256 base pairs however, in some sites in the
genome, these sites may occur rarely. Another drawback is that, in some cases
in Drosophila, especially with some chromatin proteins, it has been difficult or
impossible to obtain germ-line transformants of the fusion proteins. For
example, while GAGA, dSIR2 (van Steensel et al., 2001) andASU(VAR)3-9 (S.
Ner, personal communication) DAM-fusion transformants have been
successfully recovered, only one transformant of an HP1 fusion was obtained
despite several thousand attempts (van Steensel, personal communication). I
have injected over 10,000 Drosophila embryos in an attempt to generate germ-
line transformants of either a carboxy or amino-terminal DAM fusion of
HDAC1 without obtaining a single transformant (unpublished observations).
However, if a transfbrmant can be produced, then a valuable resource is
available to quickly assess whether the protein associates with potential new
targets as they come under scrutiny. Somewhat surprisingly, this technique has
been little used since its was initially reported (van Steensel and Henikoff,
2000). Perhaps the difficulty in obtaining germ-line transformants is greater
than it appears or the limits of its resolution have discouraged its use when a
technique with superior resolution is available.

The technique most widely used to ask whether a protein is associated

with a specific DNA sequence is formaldehyde cross-linked Chromatin
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Immuno-Precipitation (X-ChIP). This technique has been used in eukaryotic
cells, from the yeasts, S. cerevisine (Hecht et al., 1996) and S. pombe (Noma et al.,
2001), to a variety of tissue culture cells from various higher organisms (Nielsen
et al,, 2001). It has also been successfully applied to Drosophila embryos prior to
about 16 hours of development. After 16 hours the ability of the formaldehyde
to penetrate the embryo and cross-link the proteins and DNA drops
precipitously (Cavalli et al., 1999; Orlando and Paro, 1993).

X-ChIP is based on the assumption that formaldehyde can rapidly
penetrate the nucleus of a cell or small organism and cross-link the proteins and
DNA with minimal disruption of the normal distribution patterns of the
proteins in the nucleus. Following cross-linking with formaldehyde, the DNA
is sheared by sonication into fragments of an average size of between 500 and
1000 base pairs. The protein/DNA complexes are precipitated with an
antibody specific for a particular protein, £he cross-links reversed and the DNA
that was precipitated ahalyzed either by PCR or Southern Blots. There are two
further assumptions upon which this technique is based: one, that all regions of
the DNA are equally susceptible to shearing by sonication after fixation with
formaldehyde; and two, that the epitope the antibody recognizes is available to
bind the antibody and is.not buried in a protein/protein or protein/DNA
complex. Failure of either of these assumptions to be true will result in a false
negative, either because the region under study is more susceptible to shearing
by sonication and therefore is preferentially sheared and eliminated from the
analysis or the antibody will not precipitate the protein because the epitope is

hidden. However, when this technique does provide a positive indication that
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a protein is associated with a specific sequence then this is generally accepted as
strong evidence that a protein is indeed associated with the region analyzed.
The resolution of tﬁi; technique is extremely good when PCR is used to
analyze the immuno-precipitated DNA. Employing quantitative PCR and
statistical analysis, some have reported resolution down to the level of the
nucleosome, about 150 base pairs (Rundlett et al., 1998). However, in most
studies, the reports generally employ primers that amplify products of between
200 and 500 base pairs. More recently Real-Time PCR has been employed to
analyze the products of X-ChIP. This technique promises to bring the
resolution down to under 100 base pairs and produce results that can be
quantified precisely since the kinetics of the entire PCR are monitored and
quantified accurately during the amplification process (Milne et al., 2002).
X-Chip analysis with an anti-HDACI antibody was employed in one
study to ask whether HDACI was present at variety of promoters and coding
regions in Drosophila SL-2 cells (Breiling et al., 2001). The report looked at two
genes that were expressed, and six genes that were not, in this cell line. As
expected, HDAC1 was present at the promoter and the 5' coding regions of all
six genes that were not being expressed. Unexpectedly, HDAC1 was also
present at the active genes Abdominal-B (Abd-B) and the locus that codes for the
subunit of RNA polymerase II with a relative molecular mass of 140,000
(RplI140). However, its distribution appeared to be somewhat different from
that observed at repressed loci. In the case of Abd-B, HDACI appears to be
strictly localized to the coding region of the gene and was not found in the
promoter regions. The primers employed to analyze RplI140 overlap the

proximal promoter and the 5' coding region and therefore localization strictly to
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the coding region was not confirmed, nor was it ruled out. The results appear
to confirm HDACT's role as a general transcriptional repressor. However, the
unexpected finding that HDAC1 also associates with active genes led the
authors to suggest that perhaps HDACI plays a role in the regulation of active
genes. HDACI1 may regulate transcription either by acting with histone
‘acetyltransferases (HATs) to modulate the level of histone acetylation or
alternatively, to regulate the activity of some of the general transcription factors
(GTFs) that are known to be acetylated as well. |

In this study I employed X-ChIP to ask whether HDACI is associated
with specific regions of the white” gene in .Drosophila and whether this
association is altered when the white* gene is subject to silencing as a result of
PEV. In addition, I asked whether the associations observed were altered by
the presence of a mutation in HDACI that is a strong suppressor of PEV. The
data show that when the white” locus is silenced due to PEV, HDACI is very
strongly associated with the 1000 base pair region immediately 5' to the white"
coding region. In addition, a 500 base pair region approximately 6.0 kb 5' to the
transcriptional start is also very strongly associated with HDACI. The
increased association with HDAC1 was completely abolished by a mutation in
HDACI that suppresses PEV and the levels of association return to those
“observed when white” was in its normal location. These results suggest that
HDAC] is acting directly at the site of the variegating gene and is an essential

part of the silencing mechanism observed in PEV.
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Material and Methods

Drosophila Strains

Three strains were analyzed by formaldehyde cross-linked chromatin
immuno-precipitation (X-ChIP): Oregon-R (OR-R), a wild-type strain; In(1 Jw™
(w™), a strain bearing an X chromosome inversion which variegates for the w”
gene; and In(1)w™ ; HDAC*/TM3 Sb Ser (w™ ; 326), a strain bearing the X
chromosome inversion and heterozygous for a mutation in HDACI. All
mutations are described either in the text or can be found in Lindsley and
Zimm (1992).

The flies were reared at 25°C on standard yeast-sucrose-corn meal-agar
medium to which a mold inhibitor, Tegosept (methyl-p—hydroxybénzoate), and
antibiotics were ‘added. Several thousand flies of the appropriate genotype
were added to population cages and embryos for analysis were collected on
agar plates supplemented with a paste made from live yeast. In order to
eliminate any eggs retained by the females for a prolonged period after
fertilization, fresh collection plates were added and the flies allowed to lay eggs
for approximately three hours and this first collection was discarded. New
plates were added and the flies were allowed to lay eggs for four hours. The
plates were removed and held at 25°C for 12 hours and then processed for X-

ChIP. Accordingly all X-ChIP experiments were conducted on chromatin from

12 - 16 hour embryos.




Chromatin Immuno-Precipitation (X-ChIP)

Sonication

The protocol I employed for X-ChIP was modified from those of Cavelli
et al. (1999) and Mazo (unpublished-provided by Dr. H. Brock with the
permission of Dr. Mazo). Approximately 1.0 gram of embryos were
dechorionated by washing in 3% NaOCI in Embryo Wash Buffer (EWB, 0.03 %
Triton X100, 0.4% NaCl) for three minutes and then extensively washed with
EWB. The embryos were transferred to a 50 ml. conical tﬁbe and washed once
with 0.01% Triton X100 in phosphate-buffered saline (PBS). The PBS was
removed and 10 ml. of Cross-linking Solution (1.8% formaldehyde, 50 mM
HEPES, 0.5 mM EGTA, 100 mM NaCl pH 8.0) and 30 ml. of heptane were
added and vigorously shaken for 15 min. Embryos were pelleted by spinning
at 1000 rpm on a tabletop centrifuge and the Cross-linking Solution/heptane
was removed. Fifty ml. of Stop Solution ( PBS, 0.125 M glycine, 0.01% Triton
X100) were added and the tube was briefly shaken. The embryos were allowed
to sediment without centrifugation and the Stop Solution removed. Ten ml. of
Wash Solution A (10mM HEPES pH 7.6, 10 mM EDTA pH 8.0, 0.5 mM EGTA
pH 8.0, 0.25% Triton X100) were added and the embryos were washed for 10
min. on a rotator. Wash Solution A was removed and replaced by 10 ml. of
Wash Solution B (10 mM HEPES pH 7.6, 200 mM NaCl, 1 mM EDTA pH 8.0, 0.5
mM EGTA pH 8.0, 0.01% Triton X100) and the embryos were washed for an
additional 10 min. on a rotator. The embryos, in Wash Solution B, were
transferred to a round bottomed centrifuge tube, allowed to sediment and

Wash Solution B removed. Sonication Buffer (10 mM HEPES pH 7.6, 1 mM
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EDTA pH 8.0, 0.5 mM EGTA pH 8.0) was added to 5.5 fnl. and then 0.5 gm.
glass beads (Sigma G8893) and protease inhibitors (1.1 ul of 10 mg/ml
Aprotinin, 1.1 pl of 10 mg/ml Leupeptins, 5.5 ul of 1 mg/ml Pepstatin A, 63.2 ul
of 50 mM PMSF, 55 ul of 100 mM Benzamidine) were added and the tube
placed on ice.

The embryos were sonicated on a Sonic 300 Dismembrator using the
microtip at the maximum setting of 35%. The optimal sonication procedure
was determined empirically by monitoring the average size of the genomic
DNA on agarose gels after a series of 30 sec. sonication pulses. The protocols
suggest the optimal average size for genomic DNA for immuno-precipitation is
between 500 and 1000 base pairs. I determined that a regimen of six 30 sec.
sonications, with a pause of 90 sec. between each pulse, produced genomic
DNA with an average size of about 1000 base pairs. Further 30 sec. pulses did
not significantly reduce the average size of the DNA. The tube was maintained
on ice throughout the procedure. Samples were transferred to 1.5 ml. tubes
and centrifuged at 4°C for 15 min. at maximum on a tabletop centrifuge. The
supernatants were either processed immediately or flash frozen and stored at -
80°C for no more than a few days before being further processed.

Samples were prepared for immuno-precipitation by mixing with an
equal volume of 6.0 M Urea and dialyzing at 4°C for 4 hours in 1.0 liter of ChIP
Dialysis Buffer (10 mM Tris-HCI pH 8.0, 1 mM EDTA pH 8.0, 0.5 mM EGTA pH
8.0, 10% glycerol, 1% Triton X100, 0.1% Na-desoxycholate w/v) supplemented
with protease inhibitors (11.5 ml. of 50 mM PMSF and 10.0 ml. of 100 mM
Benzamidine). The Dialysis Buffer was replaced with fresh Dialysis Buffer,

supplemented with protease inhibitors, and the samples dialyzed overnight at
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4°C. The samples were centrifuged at maximum speed on a tabletop centrifuge

at 4°C and the supernatants divided into 1.0 ml aliquots and stored at -80°C.

Immuno-precipitation

The sonicated extract was thawed on ice and 100 pl per immuno-
precipitation reaction was removed to a 1.5 ml tube and protease inhibitors
added ( 2.0 11l of 50 mM PMSF, 0.1 ul of 1.0 mg/ml Aprotinin, 0.2 ul of 1 mg/ml
Pepstatin A). The extract was pre-cleared by adding 10 ul of a PAS/DNA
slurry and rotated for 30 min. at 4°C. The PAS/DNA slurry was made by
washing 100 mg of protein-A-sepharose beads (PAS) with milli-Q dH,0,
removing the water and adding 600 ug of sonicated herring sperm DNA, 0.33
mg/ml of BSA and TE pH 8.0 to make a final volume of 800 ul. After pre-
clearing, the extract/ PAS/DNA slurry was centrifuged for 1.0 min. at 4000 rpm
and the supernatant removed to a new 1.5 ml tube. Five pl of an antibody
produced against a peptide identical to the 20 amino acids at the carboxy-
terminal tail of Drosophila HDAC1 (Abcam Limited, ab1767) were added to an
extract from each of the three strains to be tested. In addition control extracts
from each strain, to which no antibody was added, were processed. The
extracts were rotated overnight at 4°C to allow antibody binding.

The immune complexes were collected by adding 40 ul of PAS/DNA
slurry to each reaction, including the no antibody control, and rotating for 2 to 3
hours at 4°C. The beads were pelleted by gentle centrifugation (1000 rpm for
1.0 min.) and the supernatants removed. The supernatant from the no antibody

control tube was saved and served as the source for the Input DNA for
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subsequent PCR studies. The beads were washed for 5 min. at 4 “C with each of
the following buffers:

Low Salt Immune Complex Wash Buffer = 0.1% SDS, 1.0 % Triton X100,

2.0‘mM EDTA pH 8.0, 20 mM Tris-HCl pH 8.1, 150 mM NaCl;

High Salt Immune Complex Wash Buffer = 0.1% SDS, 1.0 % Triton X100,

2.0 mM EDTA pH 8.0, 20 mM Tris-HCI pH 8.1, 500 mM NaCl;
LiCl Immune Complex Wash Buffer = 0.25 M LiC], 1.0% NP40, 1.0 % Na-
desoxycholate, 1.0 mM EDTA pH 8.0, 10 mM Tris-HCI pH 8.1;

TE = 10 mM Tris-HCl pH 8.0, 1.0 mM EDTA pH 8.0;

TE = 10 mM Tris-HCl pH 8.0, 1.0 mM EDTA pH 8.0.

After the last wash buffer was removed, 250 ul of freshly made Elution
Buffer (1.0% SDS, 0.1 M NaHCO,) was added, the mixture was vortexed briefly,
and the immune complexes were eluted by rotating for 15 min. at room
temperature. The mixture was centrifuged for 2 min. at 9000 rpm and the
supernatant removed to a fresh tube. A second elution was performed with
another 250 ul aliquot of Elution Buffer and the eluates combined.

In order to reverse the formaldehyde-induced cross-links, 20 ul of 5 M
NaCl was added to each eluate and the tubes incubated at 65°C overnight. The
DNA in the samples was ethanol precipitated, with the addition of 20 ug

glycogen as a carrier, and resuspended in 50 ul TE pH 8.0.

Polyvmerase Chain Reaction Analysis (PCR)

The DNA precipitated in the above reactions was analyzed with PCR
employing primers pairs for specific regions of the D. melanogaster genome 5' to

the start of w* gene transcription (see Figure 1). The primer pairs for the
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Proximal promoter were:
GATTCCGGGGCCTGAGATGAGGTGC/GGTACTTCAAATACCCTTGGATC
G; for the Distal Promoter were:
GTTGTCTGTCACTAGATCGGCCC/GCACCTCATCTCAGGCCCCGGAATC;
and, for the 5' Distal Region were
CGACTCTGCGTCGCTGTCTCG/GTATGCAGCA GAATTAGCAGAAG. Two
microliters of DNA from each sample was amplified accdrding to the following
protocol: Step 1 = 94°C for 1 min., Step 2 = 92°C for 30 sec., Step 3 = 58°C for 30
sec., Step 4 = 75°C for 1 min., Step 5 = repeat Step 2 to Step 4 29 times, Step 6 =
75°C for 5 min. Under these conditions a single band of DNA, approximately
500 base pairs long, was produced by each primer pair.

The amount of DNA produced by PCR was quantified by running
aliquots of each PCR reaction on an agarose gel and staining with SYBR Green 1
according to the manufacturer's instructions (Molecular Probes). SYBR Green 1
is a fluorescent stain that is specific for double-stranded DNA and its signal is
linear to the amount of DNA present in all ranges reported. The amount of
DNA produced after 30 PCR cycles was quantified on a Storm 860 Phospho-
Imager (Amersham Pharmacia Biotech) by excitation at 450 nm and measuring
emission at 520 nm. Initial experiments had determined that, under the PCR
conditions employed here, the DNA produced at 30 cycles was within the linear
range of amplification (see Figure 2). For each fly strain and each primer pair
the amount of DNA produced by PCR in the mock treated, "No Antibody"
control, immuno-precipitation was compared to the amount produced by the

anti-HDAC1 antibody and the results expressed as "fold enhancement”.
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Results

As reported in Chapter 2, specific amino acid substitutions in Drosophila
HDACI cause strong dominant suppression of white” gene variegation in the
w™ strain. However, since HDACI is involved in a large (and growing)
number of protein complexes and binds to, and perhaps regulates, a large
number of genes, it was of considerable interest to determine whether
mutations in HDACI cause suppression by acting directly on the variegating
locus or whether suppression is indirect and the result of deregulation of one or
more HDAC]1-regulated genes.

I addressed this question by employing formaldehyde-cross-linked
chromatin immuno-precipitation (X-ChIP). In brief, this technique relies on the
ability of formaldehyde to cross-link closely associated proteins and DNA. The
cross-linking distance of formaldehyde is essentially zero, since it does not
contain a linker, and thus only proteins in very close proximity to the DNA will
be cross-linked to it. After treatment with formaldehyde, the cross-linked
proteins and DNA are sonicated to shear the DNA into fragments, ideally of an
average size of between 500 and 1000 base pairs, which are then challenged
with an antibody to the protein of interest. After allowing sufficient time for
binding, the antibody / protein/ DNA complexes are precipitated by binding the
antibody with Protein A linked to agarose beads. Gentle centrifugation allows
the entire complex to be precipitated. After extensive washing the cross-links
are reversed by heat treatment and the precipitated DNA is analyzed. One
invariably includes a mock treated sample ("No Antibody") that was exposed to
the Protein A agarose beads alone to provide a baseline for non-specific

precipitation of DNA by the protein A coupled to the agarose beads. The
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amount of a specific DNA sequence precipitated in the mock treated sample is
compared to the amount precipitated by the antibody employing PCR
amplification and primers specific for the region of interest. If the protein is
bound to the sequence of interest then one should observe a several fold
enhancement in the amount of the specific sequence in the antibody treated
sample when compared to the mock treated sample. This technique has been
very successfully applied to a wide variety of systems, in particular yeast and
eukaryotic cell lines, and has revolutionized our understanding of chromatin
structure. However, there has been a dearth of reports on its application in
multicellular organisms. One of the obvious drawbacks to using multicellular
organisms as a substrate for X-ChIP is that a particular protein may be
associated with a specific DNA sequence in only one tissue type and even that
may occur at only a particular time during development. Accordingly, the
number of cells in which the protein of interest is associated with the target
sequence may be small and will not produce a strong enough signai to be
significantly different from the mock treated sample. Thus, the mosaic nature
of epigenetic states in a multicellular organism may render this technique
unusable for the analysis of many or most proteins in intact cbmplex organisms.

In the present case I thought I could employ X-ChIP to ask if HDACI is
associated with the white* gene in w™ because some of the characteristics of PEV
suggest the signature variegating expression pattern is caused by a
phenomenon occurring throughout the organism and not solely in the tissues in
which the variegating gene is expressed. First, in Drosophila, clonal analysis of
variegation of the white* gene in the eye and temperature shift studies of several

genes all point to a very early determinative event in establishing the silencing
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associated with PEV (see Chapter 1 for details). While this has only been
studied for a few genes, the results consistently point té some event occurring
about the time of cellular blastoderm formation, regardless of the loci involved,
which is approximately the time heterochromatin first appears in Drosophila
embryos and the zygotic genome becomes transcriptionally active (Lawrence,
1992). Thus if PEV is the result of "heterochromatinization” of a variegating
gene, it may occur in all cells at roughly the same time, around blastoderm
formation, and well before the embryos are harvested (12 to 16 hours) in my
experiments. Second, microscopy studies have examined the extent of
spreading of heterochromatin in the polytene chromosomes of Drosophila.
There was a strong correlation between the extent of spreading in the polytenes
and the proportion of cells in which a variegating gene is expressed (see
Chapter 1 for details). This correlation, between polytene chromosome
morphology in the salivary glands late 3rd instar larvae and the expression of
Avariegating genes in the cells of the adult, suggests that, once beyond cellular
blastoderm, the architecture of the chromaﬁn surrounding the new
heterochromatic/ éuchromatic junction may be the same, or roughly the same,
in all cells regardless of tissue type or developmental stage. Third, mutations in
HDACI suppress several different variegating genes (see Chapter 2, Table 1). It
is possible that mutations in HDACT indirectly suppress each of the other genes
via deregulation of a different set of genes, but a more parsimonious
explanation is that mutations in HDACI have their effect via a common

mechanism that occurs throughout the genome and suppresses these genes

regardless of the tissue in which they are expressed. This could be the early




"determinative" event in PEV that clonal analysis and temperature shift studies
have identified.

I employed X-ChIP in 12 to 16 hour Drosophila embryos and a X-ChIP
quality, commercial antibody, specific for D. melanogaster HDAC1 (Abcam
Limited, ab1767) to ask if HDACI is associated with specific regions of the
variegating white" gene and furthef, if this association was altered in the
HDAC1 mutations that suppressed PEV. Figure 1 is a diagrammatic
representation of the genomic region 5' to the white” gene. The white’ gene
promoter has been extensively characterized (Davison et al., 1985; Levis et al,,
1985; Pirrotta et al., 1985).

I chose three regions to examine for the presence of HDACI. The first
region, the Proximal Promoter, is the 500 bp immediately 5' to the start of white”
gene transcription and contains the minimal promoter for the locus. The
second region, the Distal Promoter, is the 500 base pairs immediately 5' to the
Proximal Promoter. Finally I chose a 500 base pair region about 6.0 kilobases 5'
to the transcriptional start of white’, the 5'Distal Region. I chose the Proximal
and Distal Promoter regions because they should show whether HDACI
associates with the regulatory regions of the white" gene when it is subject to
PEV. I chose the 5' Distal region because comparative analysis of the three
regions might provide some insight into the molecular mechanism of PEV.
While the molecular mechanism underlying PEV has not been elucidated, the
most enduring theory is that silencing spreads out from the heterochromatic
breakpoint by altering the structure of chromatin. If "spreading” involves a
continuous structural change in the chromatin emanating out from the

breakpoint, then one might expect to see new protein associations, such as with
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Figure 1. Diagramatic representation of the genomic region 5' to the w+gene in

D. melanogaster. The regions analyzed by X-ChIP and PCR are indicated.

The filled arrow indicates the start of transcription and the boxed region

shows the first exon.




HDACI, not only at the promoter of a silenced variegating gene, but also
further away from the breakpoint, in this case, further 5' to the white" gene. On
the other hand, if HDAC1's new associations were just at specific sequences, for
example at promoter sequences, then any model attempting to explain PEV
would have to accommodate such selective associations. Accordingly, as a first
attempt at examining the question of spreading I chose the 5' Distal Region.

For comparative purposes I examined these regions from the white” gene
in three strains. First, in the wild-type strain Oregon-R (OR-R), where the white”
gene is in its normal location near the tip of the X chromosome. Second, in the
inversion strain, In(1)w™ (w"). In this strain, the inversion relocates the white
gene to within about 25 kilobases of the newly formed
heterochromatic/euchromatic junction (Tartof et al., 1984) and as a result the
white’ gene is subject to PEV. The white* gene is strongly silenced at this
location and is only expressed in approximately 5-15% of the eye pigment cells.
Finally, the regions were examined in the inversion strain which bears the
HDAC1 ** mutation, In(1)w"; HDACI*¢/TM3SbSer (w™; 326). PEV is strongly
suppressed as a result of the mutation in HDACI and the white” gene is
expressed in 80-90% of the eye pigment cells (see Chapter 2, Tablel).

I employed PCR to analyze the products of X-ChIP reactions. In order to
compare relative differences between the products of PCR reactions, one must
ensure the products are quantified during the linear phase of the PCR
amplification. To determine the linear phase of PCR under the conditions I
employed, I used the primers specific for each region and quantified the
product produced after a set number of PCR cycles. An example is shown in

Figure 2, which shows the results of PCR amplification of the Distal Promoter
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Figure 2
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Graph of the relationship between fluorescence (Amount of DNA) and
PCR Cycle in the Distal Promoter Region (see Figure 1). The amount
of DNA was quantified on a Storm 860 Phospho-Imager (see Materials
and Methods for details).
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region. For all regions under the conditions I employed, amplification was
linear between 26 and 32 cycles. Accordingly, in all subsequent experiments,
the PCR was terminated after 30 cycles and the amount of the product
visualized on an agarose gel stained by ethidium bromide and quantified using
SYBR Green 1 and a phospho-imager (see Materials and Methods for details).
The DNA I analyzed by PCR came from three sources for each strain.
The first was total genomic DNA that had been cross-linked, sonicated and the
cross-links reversed (Input DNA). The second was the DNA precipitated from
the Input DNA by the protein A agarose beads alone (No Antibody) and the
third was the DNA precipitated from the Input DNA by the anti-HDAC1
antibody (anti-HDAC1). Each DNA source was analyzed by PCR using
primers specific for each region. Figure 3 presents the results obtained from
analysis of the Proximal Promoter region, Figure 4 the Distal Promoter region
and Figure 5 the 5' Distal region. It is apparent from the agarose gels (panel A,
Figures 3, 4, and 5) that in each region, relative to the No Antibody control,
there is considerably more PCR product in the anti-HDAC1 lane of w™ than
there is in the OR-R lane. It is also apparent that, in the inversion strain bearing
the HDAC1 mutation, w™;326, the amount of the PCR product in the anti-
HDACT1 lane returns to approximately the levels observed in OR-R. Thus,
ﬁnder conditions where the white® gene is silenced due to PEV, HDACI is
strongly associated with the promoter and regulatory sequences in the 1.0
kilobase immediately 5' to the white* gene (panel A in Figure 3 and 4). This
association is not restricted to the sequences adjacent white* and HDACI is also

found at the 5' Distal region, some 6.0 kilobases 5' to white" (panel A in Figure

5).
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Figure 4 HDACI is associated with the Distal Promoter of the w™ gene in w4 but

not with the Distal Promoter of OR-R or w™4; 326, (A) is a sample agarose

gel, (B) is the amount of fluorescence measured on a phospho-imager and
(C) shows the level of HDAC1 enhancement in each strain relative to the

"No Antibody" controls.
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Figure 5 HDAC]1 is associated with the 5' Distal Region of the wt gene in w4

but not with the 5 Distal Region of OR-R or w™4; 326. (A) is a sample

agarose gel, (B) is the amount of fluorescence measured on a phospho-
imager and (C) shows the level of enhancement in each strain at this

region relative to the "No Antibody" controls.
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In order to quantify these differences, aliquots of the PCR reactions were
run on agaroée gels and stained with SYBR Green 1. The amount of the
products was quantified on a phospho-imager and the results are presented in
tabular form (panel B, Figures 3, 4, and 5) and in graphical form (panel C,
Figures 3, 4, and 5)

In OR-R, at the Distal Promoter region (Figure 4B and C) and the 5’
Distal Region (Figure 5B and C) there was a slight enhancement in the amount
of product produced from the anti-HDAC1 sample relative to the No Antibody
controls, between a 2.6 and a 2.8 fold enhancement. In the Proximal Prémoter
region (Figure 3B and C) there was a 5.5 fold enhancement. From my data, I
cannot determine whether this is due to non-specific precipitation of the DNA
sequences by the antibody or represents a small but significant amount of
HDACT bound to all three regions in OR-R. However, the increases are very
small at the Distal Promoter and the 5' Distal Region. I have performed PCR
with primers specific for other sequences in the Drosophila genome, unrelated to
the white* gene, and all are slightly increased in the sample from the anti-
HDACI antibody relative to the No Antibody controls (data not shown). In
view of these observations I believe the slight enhancement observed at the
Distal Promoter and the 5’ Distal Region are likely the result of non-specific
precipitation by the antibody. On the other hand, in OR-R, the enrichment
observed at the Proximal Promoter is somewhat higher, in fact almost double
that observed in the other regions. This may represent a bone fide site of

HDAC1 binding and suggests HDAC1 may be involved in the regulation of the

white® gene in its normal location on the X chromosome.




In contrast, all regions of the white" gene in the w™

strain show strong
association with HDACI. In w™, the amount of PCR product for each region in
the anti-HDAC1 sample was much higher than that observed in the No
Antibody controls, from a 13.9 fold enrichment at the Distal Promoter (Figure
4B and C) to a 21.5 fold enrichment at the 5' Distal Region (Figure 5B and C).
This represented an increase of roughly 5 fold over the levels observed in OR-R.
The level of enhancement was not uniform throughout the regions tested,
suggesting that different levels of HDACI may be associated with different
regions. While the differences are significant, as in the case of the Distal
Promoter (13.9 fold) as compared to the Proximal Promoter (19.5 fold) and the
5' Distal Region (21.5 fold), it is not clear what the implications of these
difference are. Any conclusions must await the creation of a more accurate map
of the distribution of HDACT in the white* region of w™ using PCR primers
distributed throughout this interval. However, what is clear.is that the
promoter of white', and perhaps the entire region containing the white" gene,
‘shows a significant increase in its association with HDAC1 when it is silenced

due to PEV in the w™ strain.

mé strain carries a mutation in HDACI that

However, when the w
suppresses PEV, HDAC1%, the increased association of HDAC1 with all
regions tested is abolished. In fact, the pattern of HDAC1 association becomes
identical to that seen in OR-R, with the Distal Promoter (Figure 4B and C) and 5'
Distal Region (Figure 5B and C) showing little or no association with HDAC1

while the Proximal Promoter (Figure 3B and C) displays a slightly increased

association with HDACT.




These data provide compelling evidence that HDACI is specifically

associated with the white* gene in w™

, but only when the gene is silenced due to
PEV. In the same strain, bearing. a mutation in HDACI, PEV is suppressed, the
white* gene is active and HDACI is no longer associated with the region. This
provides the first evidence that the product bf a Su(var) gene is acting directly
at a variegating locus and suggests HDACI is an essential compoﬁent of the
silencing mechanism at work in PEV.

It is important to note that, in the presence of HDACI**, pigment levels
in the eye are only increased to about 85% of the amount observed in OR-R.
This difference was not detected by the X-ChIP experiments described here and
the results from OR-R and w"; 326 appear almost identical. The inability to
detect any residual HDAC1 at the white® promoter in the w™; 326 strain
suggests that, either silencing re-establishes itself after late embryogenesis,
perhaps without a requirement for HDACI, or that the limits of sensitivity of
this particular fnethod of X-ChIP have been reached and it cannot detect
relatively small differences. If the later is the case then caution must be applied

when attempting to draw conclusions from small differences in apparent

HDAC1 association at the various regions.
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Discussion

The point mutations in HDACI, described in Chapter 2, were isolated in
a genetic screen for dominant mutations that suppress the variegating
phenotype associated with PEV (Mottus, 1983; Sinclair et al., 1983). These
mutations suppress PEV generally and are not specific modifiers of the white"
gene. There is a large and growing body of evidence that HDACI is a member
of several protein complexes and is involved in the regulation of many genes
(for examples see Chapter 1 and Chapter 2). This raises the question of whether
the dominant mutations in HDACI characterized here ‘are acting directly on the
variegating locus or whether the suppression of PEV is indirect, the result of
deregulation of one or more HDACI-regulated genes. Several other chromatin
proteins have also been identified through screens' for dominant suppressors of
PEV, for example HP1 (Mottus, 1983; Reuter and Wollff, 1981), SU(VAR)3-7
(Reuter et al., 1990) and SU(VAR)3-9 (Tschiersch et al., 1994). While these
proteins have been shown to localize to heterochromatic regions of the genome,
whether their role in suppressing PEV is direct or indirect remains speculative.
In addition, recent studies with antibodies produced against the D. melanogaster
HDAC1 protein, failed to find significant heterochromatic localization of
HDAC] (Barlow et al., 2001; Pile and Wassarman, 2000). Thus the question of
whether HDACI or the other chromatin proteins play a direct role in the
mechanism of PEV has remained open.

I decided to use the technique of X-ChIP to address this question
directly. This technique has been employed with great success in single-celled
organisms and in eukaryotic cells grown in tissue culture, where one can easily

obtain a relatively homogeneous population of cells. It has been used less
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frequently in multi-cellular organisms. In most cases, multi-cellular organisms
may not be good substrates for X-ChIP since they are comprised of many
different cell types, each with their own unique pattern of gene expression.
This heterogeneity may obscure events occurring in a single cell type and thus
render results from X-ChIP uninterpretable. The exceptions to this rule have
occurred almost exclusively in studies of Drosophila embryos that attempted to
isolate the binding sites of certain regulatory proteins, especially member of the
Polycomb Group of genes, that act in early development (Orlando and Paro,
1993). However, with respect to PEV, there is some evidence that the silencing
observed in this phenomenon occurs early in embryogenesis in many, and
perhaps all, cells in the organism (see Chapter 1). Therefore I was of the view
that PEV may be amenable to X-ChIP analysis.

I used X-ChIP and a commercially available, X-ChIP quality antibody to
HDACI, to ask whether HDACT is associated with specific regions of the white’
gene in three strains: Oregon-R (OR-R), in which the white” gene is expressed
normally; In(1)w™ (w™) in which the white” gene is silenced due to PEV and is
only expressed in about 5-15% of the eye pigment cells; and, In(1)w"; HDACI***
(w™; 326) in which the mutation in HDACI suppresses the silencing due to PEV
and the white" gene is expressed in 80-90% of the eye pigment cells.

For this initial characterization, I chose to z;nalyze three regions 5' to the
start of transcription of the white” gene (Figure 1) in each strain. The first 500
base pair region, the "Proximal Promoter", is immediately 5' to the start of
transcription and includes the white* gene minimal promoter (Levis et al., 1985;
Pirrotta et al., 1985). The second region, the "Distal Promoter", is the region

immediately 5' to the minimal promoter and contains elements involved in
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regulating the white” gene in adult tissues (Davison et al., 1985). In addition, I
chose a region approximately 6.0 kilobases 5' to the white” gene, the "5' Distal
Region", which does not contain any elements knovan to regulate white’. The
first two regions were chosen because they contain known regulatory regions of
white* and therefore might be expected to show alterations when the gene is
silenced. The 5' Distal Region was chosen in order to determine whether or not
any changes observed at the white* promoter were propagated upstream of the
gene.

X-ChIP analysis of the association of HDAC1 with the white” gene when
it is in its normal location at the tip of the X chromosome in the OR-R strain
suggest low levels of HDACI may be associated with the Proxifnal Promoter
region (Figure 3), but that HDACI is probably not associated with either the
Distal Promoter region (Figure 4) or the 5' Distal Region (Figure 5). In OR-R the
levels of HDACI1 association at the Proximal Promoter displayed a 5 fold
increase over background and approximately twice as high as that observed in
either the Distal Promoter and the 5' Distal Region. It would not be particularly
surprising to find that HDACT is normally associated with the white” gene at its
promoter, where, presumably, it would act as a repressor. The only tissue in
the larvae in which the white* gene is known to be expressed, is the malpighian
tubules (Levis et al., 1985; Pirrotta et al., 1985). Therefore in almost all cells of
the 12-16 hour embryos, which were the substrate for X-ChlIP, the white" gene is
inactive. Accordingly, I believe the 5-6 fold increases observed at the Proximal
Promoter represent actual sites of HDAC1 association.

Whether the 2-3-fold enhancement observed at the Distal Promoter and

the 5' Distal Region represent actual sites of HDAC1 association is more
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problematic. One of the difficulties with intérpreting these results stems from
attempting to do X-ChIP in'a whole organism, where it may be difficult, or
impossible, to find a chromosomal region to use as a negative control for
association with HDACI. However, I have performed X-ChIP with a
monoclonal antibody that does not have any target proteins in Drosophila, the
T7 antigen antibody, and it non-specifically precipitates DNA from several
regions of the genome at levels 2-3 fold above the No Antibody controls
(unpublished observations). Therefore, I think it likely that the a 2-3 fold levels
of enhancement observed in OR-R at the Distal Promoter and the 5' Distal
Region of OR-R represent non-specific precipitation of DNA sequences by the
anti-HDACT1 antibody and not actual sites of HDAC1 association.

In contrast, the results clearly show that in w™

, where the white” gene is
silenced due to PEV, HDAC1 shows a strong association with all three regions
(Figure 3, 4 and 5). The levels of HDACl observed in w™ at each region are far
greater than that seen in OR-R and show at least a 14-fold increase in
association at all regions.

However, when the dominant suppressor of PEV, HDACT*, is
introduced into the w™ strain, the increased HDAC1 association normally seen
at all regions in w™, is abolished (Figures 3, 4 and 5). The levels of HDACI
association return to that observed when the white" gene is at its normal
location at the tip of the X chromosome as in the OR-R strain. In fact the levels
of HDAC1 at each region in w™; 326 precisely mirror the levels observed in OR-

R, including the slight enrichment observed in the Proximal Promoter region

(Figure 3).
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The high levels of HDAC1 associated with the three regions analyzed at

"¢ which are not

the white* locus when it is silenced as a result of PEV in w
present when white” is at its normal location in OR-R, provides strong evidence
for HDAC1's direct involvement in PEV. In addition, the observation that the
association with these regions is abolished by a mutation in HDACI implies
that HDACI is an essential component of the silencing mechanism at work in
PEV. This is the first evidence of a protein's direct involvement in the silencing
associated with PEV.

The fact that an HDAC is present at a site does not guarantee that it is
regulating the gene or phenomenon also present at the site. For example,
HDAC1 has been found at active genes (Breiling et al., 2001), which was
surprising, given HDAC1's suspected role as a transcriptional repressor. There
could be many reasons for such an association, including something as simple
as HDACI being stored, in an inactive form, to be quickly accessible for rapid
repression of the gene. Accordingly, Robyr et al. (2002) have suggested three
criteria be adopted to distinguish whether an HDAC is acting directly or
indirectly on gene expression. The authors were speaking to genome wide
analysis but their considerations can be easily extended to apply to X-ChIP
studies of HDACs as well. The X-ChIP versions of these criteria would be: (1)
X-ChIP studies to determine whether the HDAC is associated with chromatin at
the suspected site; (2) since the HDAC's substrates are the histone proteins,
analysis of the acetylation pattern of the histones at the site of association; and
(3) transcriptional analysis of the suspected HDAC-regulated gene. This thesis

has addressed two of the three criteria with respect to HDAC1's involvement in

PEV. The X-ChIP studies confirm HDAC]1 is associated with the euchromatic
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region that variegates when, and only when, it is subject to PEV. Secondly,
mutations in HDAC], that suppress PEV, abolish the association and restore
transcription to almost wild-type levels. The remaining criterion, analysis of
the acetylated state of the histone proteins in the chromatin surrounding the
white* gene, has not been a part of the study. In spite of this, I submit the

evidence presented herein is compelling that HDACI1 plays an essential role in

the silencing associated with PEV.




Chapter 4

Summary and General Discussion




General Discussion

Summary

The model system our laboratory has been using to investigate gene
silencing is position effect variegation (PEV) in D. melanogaster (Grigliatti, 1991;
Schotta et al., 2003; Spofford, 1976). When PEV occurs, genes normally
expressed in a particular tissue are silenced in some cells of that tissue because
a chromosomal rearrangement has placed the region in which the genes are
located next to a breakpoint in heterochromatin. In some cells of the tissue, the
genes are expressed normally, while in others, the genes are silenced, and those
cells display a mutant phenotype. Accordingly, that tissue is mosaic or
variegated. Importantly, the decision whether a gene will be active or inactive
is made early in development and that decision is passed on to daughter cells
with reasonable fidelity. Thus PEV mimics normal development in many ways.
This has led our lab, and several others, to try to dissect the mechanisms
underlying PEV with the hope they will shed some light on the more general
silencing mechanisms that occur during normal development.

One of the conventional épproaches to dissecting a phenomenon such as
PEV is to isolate mutations that modify the associated phenotype. Subsequent
analysis of the mutations and their effects provides some insight into that
phenomenon. In the case of PEV, only a few mutations have been cloned and
analyzed in any detail. However, the insights they have provided into PEV,
and silencing in general, have had considerable impact. For example, Su(var)3-
9 encodes an protein that can methylate lysine 9 on histone H3. Many have

suggested this creates an epigenetic mark that is passed on to daughter cells to
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maintain silencing, not only in PEV, but also in other silencing systems in the
cell (Czermin et al., 2001; Richards and Elgin, 2002; Schotta et al., 2002; Turner,
2002). Accordingly, the cloning and characterization of additional mutations
that modify PEV holds great promise for increasing our understanding of both
PEV and other silencing mechanisms employed by eukaryotic cells.

Chapter 2 presents the cloning and characterization of a gene identified
in a screen for dominant mutations that suppress the silencing associated with
PEV. The gene is HDACI, which encodes an histone deacetylase homologous
to HDACI, from mammals, and Rpd3, from S. cerevisiae. Specific missense
mutations in HDAC1 suppress PEV, while hypomorphic or null alleles have no
effect on the variegating phenotype. Chapter 3 provides evidence that HDACI
is directly involved in PEV by demonstrating the protein is present on the
chromatin surrounding a gene silenced as a result of PEV. However, the
Su(var) mutations in HDAC1 abolish the protein's association with the
chromatin surrounding the variegating locus and restore the activity of the

variegating gene.

Discussion

There are currently two widely held theories about the mechanism at the
basis of PEV (Grigliatti, 1991; Schotta et al., 2003; Spofford, 1976). The most
enduring is the "Spreading Hypothesis". It posits that factors normally found in
heterochromatin spread out from the new chromosomal junction and create a
chromatin environment that suppresses transcription. The distance the factors
spread is independent in each cell and therefore in some cells the factors will

spread far enough to inactivate a variegating gene, while, in other cells,
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spreading will s.top before reaching the gene and it will be transcribed
normally.

More recently, an alternative hypothesis, the "Compartmentalization
Hypothesis”, has been proposed. It posits that heterochromatic regions of
chromosomes are positioned in specific locations or compartments of the
nucleus that exclude the factors required for transcription and therefore when a
gene is in this compartment it is silenced. The mosaic phenotype of PEV occurs
because the variegating gene is sometimes localized to a heterochromatic
compartment, and therefore silenced, and sometime localized to its normal
position, and therefore fully expressed (Csink and Henikoff, 1996).

These hypotheses are not mutually exclusive in that loci subject to PEV
may be relocated to heterochromatic compartments where they are packaged as
proposed by the "Spreading Hypothesis". Alternatively, it may be that a
variegating locus is packaged as per the "Spreading Hypothesis" and then is
relocated to an heterochromatic compartment. If either alternative is true, then
a variegating gene would be fully expressed because, either it was not relocated
to an heterochromatic compartment, or packaging failed to "spread" to the gene
in the heterochromatic compartment or both.

Any attempt to explain the results observed here in terms of these
models must also accommodate the fact that strains bearing the HDACI
mutations, also carry a wild-type copy of the HDACI gene and therefore at least
50% of the HDAC1 in the nucleus is the wild-type protein. The data presented
here cannot distinguish between these models. However, it is difficult to
interpret my results based on a strict compartmentalization model. HDACT is

not found in heterochromatin, at least in concentrations high enough to be
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detected by an antibody (Barlow et al., 2001; Pile and Wassarman, 2000).
Accordingly, it would seem unlikely that the presence of HDAC1 would be a
signal to localize a normally heterochromatic region to an heterochromatic
compartment. This implies that some other factor(s) must be responsible for
localizing the heterochromatin associated with the white* gene in w™ to a
heterochromatic compartment. However, the fact that HDACI is found in
abundance at the white* gene in w"* implies the association with HDAC1 must
occur when the white* gene is mis-localized. In a strict compartmentalization
model, it would be the localization to the heterochromatic compartment that
causes silencing and not the association with HDAC1. Accordingly, the
mutations in HDACI, that suppress PEV, would cause misregulation of the
factor(s) responsible for localizing heterochromatin to the nuclear periphery
which would, in turn, result in the failure of the white" gene to be localized to
the nuclear periphery. Thus the effect of the Su(var) mutations in HDACI
would be indirect. While this scenario is possible, it seems unlikely. The

" and its absence

presence of HDACT at the white” gene when it is silenced in w
when the white" gene is expressed in the HDACI Su(var) mutations suggests a
more direct role for HDACI.

The data presented here can be more easily explained in terms of the
"Spreading Hypothesis". The substantial body of evidence that supports this
model was reviewed in Chapter 1. In addition, there is a phenomenon in' S.
cerevisiae, telomeric position effect variegation (TPEV) that closely resembles
PEV and also appears to involve the spreading of silencing components (see

Chapter 2). It should be noted that TPEV is also dependent on Sir2, an NAD

dependent Class IIT histone deacetylase, for efficient silencing (Suka et al., 2002).
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Accordingly, the data presented in this thesis is consistent with the
following scenario. In a chromosomal rearrangement subject to PEV,
heterochromatin is assembled normally at or near the new illicit
heterochromatic/euchromatic junction. This may be dependent on a complex
that contains SU(VAR)3-7 that is targeted to satellite sequences by the unusual
zinc fingers contained in SU(VAR)3-7. That complex contains or recruits a
complex that contains HP1, SU(VAR)3-9, HDACI1 and likely several other
proteins which create and stabilize the structure responsible for silencing
variegating loci. The structure can spread into the adjacent euchromatin but
requires the activity of each component to perpetuate its spread. HDAC1 must
deacetylate K9 of histone H3, and perhaps other lysine residues, which clears
the path for SU(VAR)3-9 to methylate H3 K9 that in turn creates a binding site
for HP1 stabilizing the structure and silencing any loci at that location. This
process would continue until the concentration of the essential components
dropped below a critical level or a boundary element, in the euchromatic region
of the chromosome, halted progress.

How then do mutations in HDACI cause suppression of PEV? In the
proposed model, HDACT activity is required for the silencing mechanism to
spread out from the heterochromatic breakpoint. In the mutant strains, 50% of
the HDACT protein is wild-type and should function normally. However, the
remaining 50% of HDACI bears a mutation and is presumably defective in the
ability to deacetylate histone tails. Since the mutation is a single amino acid
substitution, the mutant HDAC1 may still assume its proper shape and take its
place in the protein complex involved in creating the silencing structure (see

Chapter 2). However, failure of the mutant HDACI in the protein complex to
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deacetylate its targets would inhibit the action of SU(VAR)3-9 whenever it
encountered an acetylated lysine 9 residue on H3 since SU(VAR)3-9's activity is
blocked by acetylation (Rea et al., 2000). Accordingly a binding site would not
be created for HP1, the silencing process would abort and PEV would be
suppressed.

In the present case it should be noted that the white" gene is still subject
to some silencing in the mutant HDACI lines (in 10-20% of cells). There could
be several reasons for this. The process may not be absolutely dependent on
HDACI1 or the mutant HDAC1s may be hypomorphs and the residual activity
allows spreading a small percentage of the time. Aiternatively, halting the
spread of the silencing structure may require the binding of several inactive
deacetylase complexes in tandem or within a certain distance along the
chromosome. Once this threshold is met silencing is not propagated beyond
that point. If that occurs before the white* gene, then the gene is active, if not,
silencing would spread through and perhaps beyond the white” gene rendering
it transcriptionally inactive.

The results of X-Chip from the 5' Distal Region in w™ (Figure 5)
demonstrate that, spreading, if indeed that is the mechanism at work, spreads
far beyond the white” gene, at least as far as 6.0 kilobases. Cytological evidence
suggests spreading can extend as far as 80 bands on the polytene chromosomes
from the breakpoint (Spofford, 1976). It is not clear what factors determine the
distance that silencing spreads. It does not appear to be dependent on the
presence of coding sequences or promoter regions, since the region containing
the 5' Distal Region does not contain any known genes or regulatory sequences.

Silencing may spread until specialized boundary type sequences are

116



encountered or competition with factors creating an euchromatic environment
halts its progress.

In Chapter 2, I presented a model of HDAC1 involvement in PEV based
largely on speculation since, at the time of publication, the functions of other
proteins involved in the silencing associated with PEV were unknown. The
model proposed that, because the Su(var) mutations in HDACI are caused by a
single amino acid change, mutant forms of HDAC1 would still fold properly
and thus be able to become members of their normal complexes. However, the
complexes containing mutant HDAC1 would be unable to deacetylate the
target histone tails and hyperacetylation of histone tails would lead to
expression of the reporter gene. Since the functions of some of the other Su(var)
proteins are now known, the model of how specific mutations in HDACI
suppress PEV requires updating.

If PEV does occur as a result of the spreading of factors from
heterochromatin, then one would predict that factors, which sﬁppress PEV,
inhibit or abort the spreading process. It is now known that SU(VAR)3-9
methylation of lysine 9 on H3 (H3 K9) is inhibited if lysine 9 is acetylated and
therefore HP1 will not bind (Rea et al., 2000). I have proposed that HDACI is
required to deacetylate H3 K9 and clear the way for SU(VAR)3-9 to methylate
that residue to create a binding site for HP1. 1 further propose that the
association of SU(VAR)3-9, HP1 and other factors not only creates a repressive
chromatin conformation, but also recruits additional HDAC1 which is required
for propagation of the silenced conformation. Thus, the Su(var) mutations in

HDAC]I suppress PEV because they occupy their place in the complex(es) but
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cannot deacetylate H3 K9 and this prevents the association of both SU(VAR)3-9
and HP1.

This model makes several predictions and raises several questions that
can be tested experimentally. If spreading does indeed occur then how far does

the spreading extend in the w™

strain? Since the Drosophila genome is
sequenced, it is possible to generate primers for X-ChIP further 5' to the white*
gene and determine how far the association with HDAC1 extends. Once the
extent is determined approximately one can ask whether the association with
HDACI1 ends abruptly at specific sequences, suggesting the presence of a
boundary element, or if the aésociation gradually declines, suggesting the
spread is dependent on the availability of the components of the silencing
mechanism. The complementary experiments can also bg done. The
heterochromatic/euchromatic junction in w™ is known and thus one can ask,
using X-ChIP, where spreading stops in an HDACI Su(var) mutant
background.

Do certain sequences present boundaries to the spread of PEV? The
existence of some type of boundary element is suggested by analysis of
mutations in Evar93D [also known as mod(mdg4)]. Mutations in this gene act as
strong enhancers of PEV. It is suspected the product of this gene binds to
boundary elements in euchromatin creating an open chromatin conformation
(Gerasimova and Corces, 2001). Thus, in mutant lines subject to PEV,
heterochromatin may spread much further because boundary elements, that

would normally halt the spread, are defective. Analysis of the distribution of

HDACT or other silencing components, using X-ChIP, may provide insight into

this question.




The model also proposes that HDACI is required to deacetylate the
histone tails as one of the initial steps in the formation of silenced chromatin.
Accordingly, using X-ChIP and antibodies for specific acetylated forms of the
histones, one can determine the acetylation state of the histone tails. One

mt strain, the histones would be

would predict that, in the normal w
hypoacetylated in any region where HDAC1 is present and specifically that H3
K9 would not be acetylated. Conversely, in w™ bearing a Su(var) mutation in
HDACI, one would predict the region surrounding the white gene would show
“increased acetylation, especially at H3 K9. This would also address the third
test suggested to confirm that an HDAC is acting at a location where X-ChIP

indicates it is localized [see Chapter 3 Discussion (Robyr et al., 2002)].
The model also makes specific predictions about what proteins should be

localized to the silenced euchromatic region in w"

and further predicts that a
hierarchy of interactions may occur. In w", the silenced euchromatin should be
associated with SU(VAR)3-9, HP1 and perhaps SU(VAR)3-7. Antibodies exist
to all three proteins and therefore X-ChIP can be employed to determine
whether they are present and further to ask if their distribution precisely
mirrors that of HDACI.

Since dominant Su(var) mutations are readily available for each of the
known proteins involved in the process, one can use the mutations to ask
questions about the nature of the silencing complex or complexes. In the
models simplest form one would predict that a mutation in HDACT should be
epistatic to mutations in the other components. Thus, in the Su(var) HDAC1

strains, one should find that all associations of the other proteins are abolished

because the activity of HDAC1 is required for one of the initial steps in
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spreading. Genetic experiments suggest this may in fact be the case. A Su(var)
mutation in HDAC1 abolishes the enhancer effect of three copies of Su(var)3-9
(Czermin et al., 2001). If indeed the components are added in a stepwise
fashion then one would predict a mutation in Su(var)3-9 would abolish the
association of HP1 because SU(VAR)3-9 creates the binding site for HP1, but
not the association of HDAC]1. Similarly, mutations in HP1 would not affect the
distribution of HDAC1 and SU(VAR)3-9. However, I think a simple stepwise
accumulation of factors, which eventually creates a silenced stretch of
euchromatin, is unlikely. In S. pombe the spread of the SU(VAR)3-9 homologue,
Clr4 and the HP1 homologue, Swi6, are mutually dependent (Noma et al.,
2001). This is likely because these factors exist in complexes where it appears
the action of one member of the complex reinforces and abets the function(s) of
the other members. Accordingly in D. melanogaster, I predict that a similar
situation will be found. I suspect the four proteins specifically mentioned and
several others are members of one or more large complexes. The members of
the complexes are dependent on each other for their localization and spread.
For example, it appears that HDAC1 is a member of a complex that includes
SU(VAR)3-9 and may include HP1 and SU(VAR)3-7 (Cleard et al., 1997 Schotta
et al., 2002). This complex would bind in the heterochromatin at or very near to
the heterochromatic/euchromatic breakpoint where HDAC1 would begin the
process of silencing by deacetylating H3 K9 in an adjacent nucleosome. The
actions of SU(VAR)3-9 and HPlA would then create conditions that would
recruit another complex which would repeat the process until a boundary was

encountered or the concentration of the complexes fell below a certain

threshold.




The difference between these two scenarios is readily testable. In the
stepwise model, mutations in HP1 should not affect the distribution of HDAC],
as measured by X-ChIP. On the other hand, if spreading occurs via complexes,
then a mutation in any one of the members of the complex should alter the

distribution of all members. Again, the distribution can be measured by X-

ChIP.

The fact that HDAC1 and quite likely, SU(VAR)3-9, HP1 and perhaps
other proteins, are present at the silenced euchromatin in 12 to 16 hour embryos
suggests their presence may be required at the site of silencing throughout
development. It has been suggested they are part of the epigenetic mark that
maintains the silenced state (Hall et al., 2002). The model suggested here also
implies that these proteins are involved in the initial determinative event
regarding whether a reporter gene will be active or not. The question of
whether these proteins function in both initiation and maintenance, or are
exclusively involved in maintenance, analogous to the Polycomb Group of
proteins (Breiling et al., 2001), is an interesting one that has not been addressed
here or elsewhere. It may be possible to address this question employing X-
ChIP and carefully staged embryos.

Flybase list over 180 loci that, when mutated, influence the variegating
phenotype associated with PEV (http:/ /flybase.bio.indiana.edu:82/). As noted
in Chapter 1, many external factors, which affect basic cellular metabolism, also
affect PEV. The sensitivity of the variegating phenotype to such a large number
of factors suggests many may be acting indirectly. Thus one of the challenges
facing investigators is determining which modifiers of PEV to clone and

characterize, that is, which are likely to be modifying PEV directly and which
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represent indirect effects. This thesis presents an approach to cloning essential
Su(var) and E(var) loci. However, no criteria readily present themselves for
determining which loci to clone and characterize first. Our lab has pursued loci
that, when mutated, have a very strong effect of the variegating phenotype.
However, a biochemical approach to identifying the members of complexes
containing known modifiers of PEV should also be pursued.

Finally, the presence of HDAC1 and perhaps the other proteins on the
silenced euchromatin throughout development suggests they may have a
greater function than that suspected from the purely enzymatic activity
"discovered to date. These proteins are highly conserved from yeast to
mammals with large tracts of amino acids almost absolutely conserved (De
Rubertis et al., 1996; Eissenberg and Elgin, 2000; Mottus et al., 2000). It may be
they are important structural components of chromatin and the highly
conserved regions represent domains involved in creating and maintaining
specific chromatin conformations. Such a role for HP1 is suggested by the
studies that demonstrated altered accessibility to nucleases at the variegating
locus in HP1 mutations (Cryderman et al., 1998). An adequate test of this
hypothesis may have to wait until all the components of the complexes have
been identified and the creation of an in vitro chromatin assembly system that

faithfully recreates chromatin as it is found in vivo.
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List of Abbreviations

b Pe
DUDb80
e
E(var)s
GCN5
H3 K9
H3 mK9
HAT
HDAC
HDAC1
HOX
In(1)sc™

In(1)w™

In(3LR)TM3 A2-3 Sb

ISW1
MAD

Mi-2

N-CoR

Appendix I

brown variegated of Demerec 2
D. melanogaster ubiquitin fusion protein 80
ebony

enhancer of position effect variegation
histone acetyltransferases from S. cerevisiae
lysine nine of histone H3

methylated lysine nine of histone H3
histone acetyltransferase

histone deacetylase

histone deacetylase one

vertebrate homeotic genes

inversion one scute”

inversioﬁ one white mottled four
inversion three left right bearing the
transposase source A2-3 and Stubble
chromatin remodeling protein

matrix associated deacetylase bodies
ATP dependent nucleosome remodeling
factor

nuclear receptor corepressor
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NuRD

P-1.8

p300/CBP
PCAF
PcG

PCR

PEV

P-UTR

RB
RPD3
ry™s
ry™®
Sb
SbY
Ser

SMRT

SNF2
Su(var)s
SWI2
TAF,230/250

Tb

nucleosome remodeling complex

a fly strain bearing a P element inserted 1.8 kb
5' to the start of HDACI

transcriptional coactivator

histone acetyltransferase

Polycomb Group of proteins

polymerase chain reaction

position effect variegation

a fly strain bearing a P element inserted

into the 5' untraﬁslated region of HDACI
retinoblastoma protein

reduced potassium dependency three

an allele of the rosy gene from D. melanogaster
an allele of the rosy gene from D. melanogaster
the Stubble gene from D. melanogaster

a variegating allele of Stubble

the Serrate gene from D. melanogaster
silencing mediator for retinoic acid and
thyroid hormone receptors

sucrose non-fermenting two from S. cerevisiae
suppressor of position effect variegation

an ATP dependent helicase

transcription associated factor II

the Tubby gene from D. melanogaster




TM3

TM6

tsp

YYI

a multiply inverted third chromosome which
suppresses recombination in D. melanogaster
a multiply inverted third chromosome which
suppresses recombination in D. melanogaster
temperature sensitive period

yin/yang transcriptional corepressor and

activator
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