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Abstract

During development it is essential that genes are both activated and silenced in a temporally
and spatially specific manner. The Polycomb-Group (PcG) comprises a collection of
structurally distinct proteins responsible for long-term stable gene silencing. In
Drosophila, homeotic targets of PcG repression show expanded expression domains in
PcG mutant flies, which causes homeotic transformation. Mutation of mammalian PcGs
also causes axial transformations, but direct target genes are not yet identified and little is
known about how the PcG members choose their targets. This thesis describes a transient
assay system which has allowed identification of two new vertebrate target genes,
Engrailed-2 and Rx2A, and two new PcG members, BS69 and PRSM. In addition, two
hybrid interactions with the tissue specific basic helix-loop-helix transcription factor, Thl,
provide clues to the mechanism of PcG selection of targets. We show that Thl, a DNA
binding protein, is capable of interacting with multiple PcG members, suggesting that it may
bring PcG proteins to a potential repression site. Thl may also be fundamental in
controlling repression versus activation of targets, as it can interact with and recruit a protein
at the transcriptionally silent centromere, CENP-B, and a factor associated with the
transcriptional machinery, TFII-I. These observations address three fundamental questions:
what are the proteins in PcG complexes, what are the vertebrate targets of repression and
how are the targets chosen.
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Chapter 1

Introduction

Helix-loop-helix transcription factors have fundamental roles in development

Basic-helix-loop-helix (bHLLH) proteins are transcription factors with crucial roles
during development. Skeletal myogenesis, neurogenesis, and hematopoiesis are a subset of
the processes that require bHLH expression (Campos-Ortega 1995; Edmondson and Olson
1993; Kageyama er al. 1995; Shivdasani and Orkin 1996). Basic-HLH proteins have been
grouped into four classes based on protein interactions, DNA binding ability, and
transcriptional activity. 1) E proteins, also called Class A, are widely-expressed and act as
partner for at least two of the other classes (Murre er al. 1989). 2) Tissue-specific bHLH
proteins, or Class B, pair with E proteins to produce heterodimers. E protein homodimers
and heterodimers with tissue-specific bHLHs are thought generally to function as
transcriptional activators (Braun et al. 1990; Quong et al. 1993; Weintraub 1993). 3) Id
proteins lack a basic region and form a non-DNA-binding complex with E proteins and
some tissue-specific factors (Benezra et al. 1990). 4) hairy and Enhancer-of-split bHLH
proteins form a fourth class whose interactions with the other three groups are not well
characterized. These proteins act genetically as repressors of bHLH-mediated functions by
inhibiting promoter activity (Knust et al. 1987).

The DNA binding specificity of Class B bHLH proteins combines with a restricted
tissue distribution to select cell-type-specific genes. For example, members of the MyoD
family are skeletal muscle specific and regulate muscle differentiation genes, whereas
achaete-scute and NeuroD proteins are found in the nervous system and are thought to
promote neurogenesis (Kageyama et al. 1995). Other Class B proteins, though, have a
broader tissue distribution. For example, SCL/TAL! RNA is found in cells of the

hematopoietic lineage, endothelial cells and in the brain (Kallianpur et al. 1994). The



1solation and characterization of new bHLH proteins has helped to define the roles of cell-

specific versus more widely-expressed regulators.

Thingl is tissue specific

The high affinity of tissue-specific bHLH proteins for E proteins provided the
strategy for the isolation of a Thingl (Th1) cDNA (Hollenberg et al. 1995), also known as
eHAND (HAND1) (Cserjesi et al. 1995) and Hxt (Cross et al. 1995). Two groups
obtained the cDNA by two hybrid protein interaction screens with E protein from
Drosophila (daughterless) (Hollenberg ez al. 1995) and mouse (E12) (Cserjesi et al. 1995),
respectively. Cross and coworkers identified Hxt by screening a phage expression library
with the HLH domain of E47. Based on in situ hybridization, Thl is expressed in both
embryonic and extraembryonic components. By embryonic day nine of development
(E9.0), Thl is expressed in the developing heart, gut, and the pharyngeal arches. The
primordial sympathetic ganglia and adrenal medulla begin to express 741 RNA soon after.
Gut smooth muscle expression is maintained in adult mice and is joined by low level liver
and adrenal expression (Cserjesi ef al. 1995; Hollenberg et al. 1995). Extraembryonic Thl
expression is considerable in trophoblast cells which are present in a number of tissues
including the chorion, yolk sac and ectoplacental cone (Cross et al. 1995). Thl expression
is more complex than that of most of the known tissue-specific bHLHs suggesting a more
general role for this transcription factor. A second cDNA with high homology to Thl was
isolated at the same time and named Thing2 (Th2) (Hollenberg et al. 1995). Th2 is also
expressed in the heart and a number of other locations where Th1 is not expressed (Cserjesi

et al. 1995).

The Thing proteins are required for heart development
Thl and Th2 have fundamental roles in heart development. Chick antisense

experiments showed that inhibiting expression of both Thl and Th2 blocks heart tube



maturation (Srivastava et al. 1995), suggesting that the proteins have redundant roles.
However, in the mouse heart Thl and Th2 have only partially overlapping expression
patterns. Thl is found throughout the early heart tube, but later it is restricted to the left
ventricle and outflow tract at opposite ends of the heart tube, where it is maintained into
adulthood. In contrast, Th2 becomes restricted to the right ventricle, and expression is
eventually lost except in the aortic arteries (Biben and Harvey 1997).

Null mutant mice have provided many clues as to the role of the Thing proteins in
heart development. Both Th1 and Th2 knockout mice are embryonic lethal at €10.5 in part
due to failure of the heart to loop (Srivastava et al. 1997). A rightward loop is observed in
all vertebrates and is required for heart morphogenesis and chamber formation, but the
mechanism for this event is not clear. Differential proliferation or expression of cell
adhesion or cell motility (actin) molecules has been postulated but not proven (Olson and
Srivastava 1996). In Drosophila, two genes are implicated in early heart development;
Nkx2.5 (tinman homeodomain protein) is necessary for commitment of heart cells, and
Mef2C (MADS box protein) has a role in specifying cardiac muscle (Bour e al. 1995;
Lilly et al. 1995; Ranganayakulu et al. 1998). In Nkx2.5 and Mef2C null mutant mice,
which also have defective looping, Thl left handed restriction is lost (Biben and Harvey
1997; Lin et al. 1997) placing spatially restricted Thl cardiac expression under the control
of these two important heart specifiers.

Th1l and Th2 null mice have other heart defects that reflect the proteins’ natural
expression patterns. In the hearts of Thl mutant mice, the left ventricle is unspecified and
trabeculation is absent (Riley ez al. 1998). Th2 mutant mice lack the right ventricle and have
no trabecula or aortic arteries (Srivastava et al. 1997, Thomas ef al. 1998). It has been
suggested that the loss of Th2 is partially compensated by upregulation of Thl, allowing
Th1 to assume some Th2 functions. These data indicate that Th1 and Th2 have important

roles in dictating the onset of looping. In addition, these mutational studies demonstrate that



restricted expression patterns for the two proteins are established to determine the ventricle

lineage.

Differentiation of placental trophoblasts is Th1 dependent

Studies of Th1 expression have determined that the highest levels of Th1 mRNA are
in the most differentiated trophoblasts within the placenta (Cross er al. 1995). The role of
Thl in trophoblast differentiation, both in embryonic stem cells and in cultured Rcho-1
trophoblast cells, has been explored. Blastocyst cells can assume two distinct fates,
producing either extraembryonic or embryonic tissues. Cross and coworkers have shown
that overexpression of Thl in blastocysts alters cell fate preference. Thl causes a
disproportionate number of cells of the blastocyst to become trophoblast (extraembryonic)
cells. In addition, fewer of each cell type are produced. These researchers suggested that
more cells are fated to be trophoblasts, at the expense of the inner cell mass population
(embryonic), and that the number of trophoblasts is decreased due to premature
differentiation, evidenced by exceptionally large trophoblasts. Additional evidence to
support this conclusion was obtained using the trophoblast cell line, Rcho-1, which matures
into giant cells when exposed to low serum conditions (Faria and Soares 1991). Thl
expression is endogenous in these cells and increases with differentiation. When the Thl
protein level in undifferentiated cells was elevated by transfection, differentiation was
induced in as many as 99% of the transfected cells (Cross et al. 1995). Consistent with
these observations, Th1 null mutant mice die at €7.5 with trophoblast cell defects leading to
an unsuccessful implantation, requiring creation of tetraploid mice for study of heart
development (Firulli er al. 1998; Riley et al. 1998). Together these results lead to the

conclusion that Thl is required for development of the trophoblast lineage.

Downregulation of Thing2 expression causes branchial arch defects



Th2 protein is required for development of the branchial arches, which are transient
pockets of cells giving rise to many structures of the head and neck. CATCH-22 syndrome
is the term used to describe the numerous diverse human congenital defects caused by
abnormalities of the neural crest-derived branchial arches (Lammer and Opitz 1986; Wilson
et al. 1993). Two distinct mouse strains display characteristics of the CATCH-22
syndrome, endothelin-1 and Th2 null mutant mice (Thomas et al. 1998). In the endothelin
null mouse both Thl and Th2 are downregulated, suggesting that loss of Th2 in the
endothelin mutant mice may explain the CATCH-22 phenotype observed. The third and
fourth branchial arches of endothelin and Th2 mutant mice are greatly reduced. This is not
a result of failure of cells to migrate from the neural crest to the arches, or a failure of cells
to differentiate into arch cells, as evidenced by the expression of homeobox proteins, Msx 1
and 2 at the arch site. Rather, the branchial arches are small as a result of increased
apoptosis. These data indicate that Th2 is required for survival of the branchial arch cell
population and is therefore critical for later development of the craniofacial structures and

aortic arches.

Thingl is both an activator and repressor of transcription

Analysis of the transcriptional potential of Thl revealed two activities (Hollenberg er
al. 1995). As a heterodimer with E protein, Thl activates transcription, but when tethered to
DNA in the absence of E protein, Thl represses transcription. A set of specific DNA
binding sites for the Th1/E protein heterodimer has been identified (Hollenberg et al. 1995),
but a distinct DNA binding site favoring repression has not. There is a small assortment of
suggested targets for activation by Thing proteins, all discovered by identifying genes that
are downregulated in the Thl and Th2 null mutant mouse hearts. Adenylosuccinate
synthase 1, encoding a cardiac metabolic protein, may be a target of both Thl and Th2
(Lewis et al. 1999). Th1 null mice are devoid of myosin light chain-2 protein (Firulli e al.

1998; Riley er al. 1998) while Th2 targets include homeobox gene Msx! (Thomas ef al.



1998), GATA4 (Srivastava et al. 1997), and Ufdl (Yamagishi et al. 1999). Studies show
that Mash2 is ectopically expressed in the Th1 null mouse suggesting the Mash2 might be a
target of Thl repression (Riley et al. 1998). To date, the only other report of a possible
Thing target for repression is 74/ in the Th2 knockout. Interestingly, mutation of Th1 does
not appear to affect Th2 expression.

Finding targets of repression, specifying DNA binding sites capable of recruiting
Th1 for repression, or identifying partners for Thl that encourage repression would greatly
expedite research in this field. We have screened with Thi in the yeast two hybrid system
and have identified three Polycomb-Group (PcG) partners and two other strong repressors.
The biochemical and cellular interactions presented in Chapters Four and Five indicate that
Th1l may repress transcription during development by association with a PcG complex.
These results suggest a role for tissue specific bHLH proteins in repressing regulatory

genes and thus stabilizing developmental decisions.

Epigenetic silencing is fundamental to development

During development cells become committed to distinct lineages through the
expression of specific combinations of transcription factors. The signals that determine
these combinations are frequently short-lived, for example, Th2 is only expressed
embryonically in the heart, yet the cellular lineages it helps define persist for many cell
divisions. Elegant genetic studies in Drosophila have demonstrated the importance of
epigenetic mechanisms for maintaining critical regulatory genes in an active or silent state
(Kennison 1995; Orlando and Paro 1995; Simon 1995; Tamkun 1995). One specific
silencing mechanism uses the products of the PcG. The PcG has been proposed to
generate or stabilize inactive chromatin configurations on specific target genes (for review
see (Bienz and Muller 1995; Paro 1995; Pirrotta 1997b).

The majority of the PcG has been identified through analysis of homeotic mutants

in Drosophila. These mutants show proper restriction of homeotic expression patterns at



the earliest times of expression, but widespread derepression soon thereafter (Celniker er al.
1990; Struhl and Akam 1985; Struhl and White 1985; Wedeen et al. 1986). The
phenotypic consequence is posteriorization of the embryo through ectopic anterior
expression of homeotic genes. Several genetic studies indicate that Drosophila PcG gene
products play a more general role in stabilizing developmental decisions (McKeon ez al.
1994; Moazed and O'Farrell 1992; Pelegri and Lehmann 1994; Santamarfa and Randsholt
1995). Various lines of evidence demonstrate that these PcG activities are direct
transcriptional effects. For example, Paro and coworkers have demonstrated that homeotic
loci in the bithorax complex and the segment polarity gene engrailed are physically bound
by a PcG protein, Polycomb (Pc) (Strutt and Paro 1997).

The Polycomb-group mechanism for silencing target genes and stabilizing
developmental decisions has been conserved between Drosophila and vertebrates.
Structural homologs of virtually all Drosophila PcG proteins have been identified in
mammals. Although the structural similarity between species is limited, it is sufficient to
mediate similar protein-protein contacts (Alkema et al. 1997b; Hashimoto et al. 1998; Jones
et al. 1998; Kyba and Brock 1998; Sewalt et al. 1998; van Lohuizen 1998). In fact, the
mouse Pc homologue, M33, can partially rescue Pc mutant flies (Miiller et al. 1995).
Function 1is also conserved, as demonstrated by genetic analysis of mouse PcG homologs.
Targeted or spontaneous mutation of five different mammalian PcG genes produces
posteriorizing axial transformations of the mouse skeleton and anterior shifts of Hox
expression boundaries, effects typical of a homeotic phenotype (Akasaka et al. 1996; Core
et al. 1997; Shumacher et al. 1996; Takihara et al. 1997; van der Lugt et al. 1994). Finally,
Bunker and Kingston (Bunker and Kingston 1994) have shown that both Drosophila and

mammalian PcG proteins have repression activity in a mammalian cell culture system.

PcG complexes are heterogeneous



The PcG has been estimated to consist of 30-40 genes in Drosophila (Jurgens
1985; Landecker et al. 1994), with fifteen identified at the molecular level, including
Polycomb, polyhomeotic (ph), Polycomblike (Pcl), and Posterior Sex Combs (Psc). The
protein structures deduced from cloned PcG genes are generally unrelated but contain
motifs present in other nuclear factors (Pirrotta 1997a). For example, Pc contains a
chromodomain motif also found in the heterochromatin-associated protein, HP1 (Paro and
Hogness 1991), and both Psc and Supresser of zeste 2 have a ring finger (Brunk ez al.
1991; van Lohuizen et al. 1991)).

Staining polytene chromosomes with specific antibodies to three PcG proteins, Pc,
Ph and Pcl, has defined a set of about 100 common binding loci (Franke ez al. 1992; Lonie
et al. 1994; Rastelli ef al. 1993). This co-localization and the co-immunoprecipitation of
several PcG proteins (Alkema et al. 1997a; Franke et al. 1992; Hashimoto et al. 1998)
strongly support the hypothesis that PcG proteins act in multi-protein complexes (Alberts
and Sternglanz 1990; Gaunt and Singh 1990; Paro 1990; Reuter et al. 1990). Indirect
evidence from genetic analysis (Cheng et al. 1994; Soto et al. 1995) and immunolabeling
Drosophila polytene chromosomes (Rastelli er al. 1993; Sinclair ef al. 1998; Stankunas et
al. 1998) suggests that PcG complexes may be heterogeneous and somewhat gene-specific.
For example, the PcG protein Psc is detectable at only half of the cytological loci occupied
by Pc, Ph and Pcl. Soto and coworkers have determined, by assaying zygotic and maternal
null fly lines, that PcG proteins act at different times and tend to affect different tissues
(Soto et al. 1995). This suggests that either the binding sites or the PcG complexes formed
on the sites are tissue specific. Identifying tissue-specific proteins which directly mediate
DNA binding or regulate the composition of PcG complexes would broaden our
understanding of the action of PcG proteins. Chapter Four of this thesis provides evidence
that the transcription factor, Thingl, is such a bridging protein. Its tissue and subcellular
localization are characterized in Chapter Three and additional Th1 partners are discussed in

Chapter Five.



Epigenetic gene regulation includes activation as well. In Drosophila, Trithorax-
Group (TrxG) proteins are responsible for stable activation of target genes. Members of
the TrxG have been localized to many of the same polytene chromosome loci as PcG
proteins (Chinwalla ef al. 1995), but direct interactions have not been reported. In addition,
some protein motifs are shared between members of both groups, suggesting a similar
mechanism of action. These two groups of proteins appear to functionally antagonize each
other as evidenced by double mutant flies null for Pc and TRX, where homeotic defects are
abolished (Kennison and Tamkun 1988). Brahma, a TrxG protein, was identified in a
screen for suppression of Pc and has structural and functional similarity to yeast SWI2
(Tamkun et al. 1992). As a member of a large complex, SWI2 modulates chromatin
structure to facilitate activation of a variety of target genes (Peterson and Tamkun 1995).
Therefore, it is postulated that the TrxG may facilitate activation of target genes by
preventing or reversing chromatin packaging put in place by PcG members (Orlando ez al.

1998).

PcG functions through Polycomb response elements in specific targets

Drosophila binding sites for PcG complexes, termed Polycomb response elements
(PRESs), have been identified in several genes including Ultrabithorax (Ubx), engrailed (en),
and Ph (Chan et al. 1994; Chang et al. 1995; Chiang et al. 1995; Christen and Bienz 1994,
Nomura ef al. 1998; Simon et al. 1993; Strutt and Paro 1997). Much has been learned
about the structure of complexes on PREs by crosslinking DNA to proteins followed by
immunoprecipitating chromatin fragments with PcG-specific antibodies (Orlando and Paro
1993). Chromatin immunoprecipitation indicates that Pc sits near transcriptional start sites
and on PREs (Chiang er al. 1995; Orlando ez al. 1998; Orlando and Paro 1993; Strutt and
Paro 1997). Suprisingly, the occupancy of a gene by Pc does not necessarily correlate with

transcriptional inactivity.



Until recently, moderate DNA binding activity had been identified for only two PcG
members, Pcl (Inouye er al. 1994) and Mell8 (Kanno et al. 1995). Cloning of an
additional PcG protein, the product of the pleiohomeotic locus (pho,) revealed a YY1
homolog with strong DNA binding ability and specificity (Brown er al. 1998). Probable
Y'Y 1/pho sites have been found near all PcG regulated genes (Mihaly et al. 1998). Efficient
complex formation may require other PcG binding sites found in association with YY1
sites. Pho may be responsible for initiating DNA binding that is further stabilized by
recruitment of other PcG proteins with weaker DNA binding activity. Recently a YY1 and
Pc-G binding protein has been identified called RYBP (Garcia er al. 1999) which may
facilitate the recruitment of PcG proteins to the site of YY1 binding.

Similar to Drosophila, mammalian PcG proteins regulate Hox genes, but they also
have important roles in cell growth regulation. For example, the mammalian Psc homolog,
Bmi-1, has oncogenic properties when overexpressed and down-regulates expression from
the tumor suppressor locus ink4a (Haupt et al. 1991; Jacobs er al. 1999; van Lohuizen et al.
1991). Similarly, RING1, a constituent of a mammalian PcG complex, transforms Ratla
cells and activates c-fos (Satijn and Otte 1999). A growth stimulatory role of the mouse Pc
protein, M33, is also inferred from genetic studies (Core et al. 1997). In contrast, two
studies indicate potential growth inhibitory properties of PcG proteins Mel-18 and hPc2
through repression of c-myc (Satijn et al. 1997; Tetsu et al. 1998). Whether these
differences in growth regulation are assay-dependent or PcG protein specific remains to be

elucidated.

Two models propose how specific targets are chosen for PcG repression

Many studies have addressed the question of how a specific target is chosen for
PcG mediated repression. Two models have been proposed to explain the decision. The
first model suggests that a temporally and spatially restricted repressor, such as hunchback

(hb), acts as a tether by which the PcG complex is directed to a PRE and is positioned for

10



complex formation. However, hb binding sites are not sufficient for maintenance of
repression; additional PRE sequences must be present. Furthermore, hb is not necessary
(Poux et al. 1996) and indeed is not present in all sites of PcG repression indicating that
other proteins might be capable of tethering the complex. We are proposing that Thl and
other transcription factors are capable of this activity via multiple low affinity interactions
with multiple PcG proteins.

An alternative model postulates that PcG proteins are able to sense the state of a
gene, active or repressed, and only stabilize the repressed state. This information is likely
presented as chromatin modifications, the work of repressors on an inactive promoter.
Long after the transcription factors have disengaged from the DNA, modifications like
methylation and deacetylation would be read by PcG proteins. Interestingly, one putative
PcG member, Mi-2, has been shown to interact with hb which supports the tethering model
above (Wade ef al. 1998; Zhang et al. 1998). Mi-2 is also a component of a chromatin
remodeling complex, therefore a combination of these two models may be employed.

An additional way of maintaining an established "repressive” state is to sequester
inactive genes in compartments devoid of activating factors. Inactive loci have been shown
to be in association with heterochromatin. In Drosophila, the closer a gene is to the
heterochromatic center, the more likely it is to be repressed (Csink and Henikoff 1996). In
one mammalian study, six B cell specific genes were assayed for heterochromatin
association, marked by the Ikaros protein. Repressed genes were found at the Ikaros site
while active genes were not (Brown er al. 1997). PcG protein association with
heterochromatin has also been established in U20S cells (Saurin er al. 1998). This
osteosarcoma cell line expresses high levels of most PcG proteins, which are localized to
large subnuclear domains. These domains are adjacent to the centromeric heterochromatin
evidenced by immunostaining with PcG and kinetochore antibodies. Together these

observations suggest that specific domains with a repression preference are established near

11



heterochromatin and that placing genes within this PcG-charged environment may help

maintain a repressed state.

Focusing on Pcl allows the study of the Polycomb-Group mechanism

To further our understanding of vertebrate PcG action, we have chosen a homolog
of Polycomblike for further analysis. In Drosophila, Pcl plays an important, perhaps
central role in PcG function, since it genetically interacts with many other PcG loci
(Landecker et al. 1994). Nevertheless, little about its mechanistic role or its protein
interaction properties has been ascertained. For example, Pcl has not been included as a
component of either of two biochemically distinct PcG complexes (Alkema et al. 1997a;
Denisenko et al. 1998; Gunster et al. 1997; Hashimoto et al. 1998; Jones et al. 1998; Kyba
and Brock 1998; Sewalt et al. 1998; van Lohuizen er al. 1998), despite the observation that
Pcl completely co-localizes with Pc and Ph on polytene chromosomes (Lonie et al. 1994).
Structurally, Pcl contains two (Cys)4-His-(Cys)3 motifs, known as PHD fingers (Aasland
et al. 1995). PHD fingers are found in many important transcriptional regulators, but their
function remains a mystery. Similar to other mammalian gene families, two distinct Pcl
genes have been reported (Coulson et al. 1998; Kawakami et al. 1998). Interestingly, one
of the vertebrate Pcl proteins has been demonstrated to have sequence-specific DNA
binding activity in vitro (Inouye et al. 1994).

We have carried out an analysis of Pcl and other PcG proteins in Xenopus laevis.
The goals were threefold: 1) to compare the phenotypic consequences of Pcl overexpression
relative to other PcG proteins 2) to develop a transient developmental assay for PcG
function, and 3) to utilize the assay to identify new vertebrate PcG proteins and targets.
Chapter Six details the identification of two vertebrate PcG target genes, En-2 and Rx2A,
and provides evidence that vertebrate Pcl functions through a PcG mechanism to generate a

response characteristic of PcG overexpression in Xenopus embryos. Finally, the data

12



presented in Chapter Seven confirms the power of the transient Polycomb functional assay

with identification of two new PcG proteins.
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Chapter 2

Materials and Methods

Plasmid construction
All of the following constructs were kindly created by Stan Hollenberg.

Blunt ended fragments. The following restriction enzyme fragments were converted to

blunt ends and used for constructions. Where not indicated as otherwise, each encodes full-
length protein, with the exception of the following N-terminal truncations: XPc (8 aa), Ets1
(3 aa), and FosB (1 aa). Thl: SV-Thl (Hollenberg et al. 1995) - EcoRl/Xhol. Thl (forced
dimer): The coding sequence of Thl was amplified by PCR with primers
5 CGGAATTCAAACATGAACCTCGTGGGC 3’ and
5" GAATTCGCCTGGTTTAGCTCCAGCGCCCA 3’ - EcoRI. Th1(1-160): Thl coding

sequences were amplified as described previously (Hollenberg et al. 1995) - EcoRI/Stul.

Th1(30-216): Thi was PCR-amplified with primers
5 GCGAATTCCAACATGATCGATGGCCCGGCCTCG 3’ and

5" GCGATCTAGATCACTGGTTTAGCTCCAG 3’ - EcoRI/Xbal. mPCL2: KS-mPCL2
- EcoRI/HindIII. In this plasmid EcoRI was placed upstream of the ATG by PCR with
primer 5> CGAATTCCACAATGGCGCAGCTCCCCCGG 3’; HindllI follows the polyA
tract. mPh2: KS-TE14-25 RACE (see below) was digested with Ncol (partial)/HindIII,
end-filled and inserted into the end-filled BamHI site of pBTM116 in an antisense
orientation to create pBTM-omPh2. Fragments were produced with Sall/Avrll (MBP-
mPh2) or EcoRI/Avrll (Tet-AUl-mPh2). XPc: CS-XPolycomb (a gift of A.P. Otte) -
AflIlII/Xbal. mENX-1: pBS-mEnx-1 (a gift of A. Ullrich) - BssHII/Dral. Mel-18: pSGS5-
Mell8 (a gift of M. Kanno) was subcloned into Bluescript to place a BamHI site directly
upstream of the ATG - BamHI/EcoRI. hEts-1: pCMV-hEts] (a gift of R. Goodman) -
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Eagl. FosB: pGEMI1-AC113 (Zerial et al. 1989) - Xmnl/EcoRV. E protein: Two hybrid
clone TH20 (mouse E12, a.a. 41-153, Genbank D29919) - Notl.

LexA plasmids. pBTM116 was converted to pLex-A by introduction of the ADE2 gene

(Chen et al. 1996). pLex2-A and pBTMI116-2 were created by digesting pLex-A or
pBTM116, respectively, with EcoRI, end-filling and re-ligating. Fusion derivatives were
constructed from BamHI/end-filled pBTM116 (pLex-Thl, pLex-Th1(1-160), pBTM116-2
(pLex-E), and pLex-A (pLex-Th1(30-216)). pLex-TE was constructed from pLex-A by
sequential insertion of Th1 (forced dimer) into Smal and the E protein sequence into end-
filled BamHI.

pVP16 Derivatives: VP16-fusion derivatives were constructed by insertion into the BamHI

site (end-filled) of pVP16 or pVP16+ (Mel-18 only). pVP16+ was kindly provided by A.
Zahler and pVP16-CREB was a gift of P. Goldman and R. Goodman.

MBP-Fusion Constructs: MBP fusions were generated by introducing cDNAs into the

Xmnl site of pmal-c2 (New England Biolabs).
CS derivatives: Coding sequences were inserted into the Stul site of CS2+ (a gift of D.
Turner) for in vitro transcription/translation.

Tet-AU1 and Derivatives: Tet-AU1 was constructed from CS2+ by replacing the CMV

promoter with the Tet-operators from pUHD10-3 (Gossen et al. 1995) and inserting the
AUI coding sequence into the BstBI site of the polylinker. Tet-AU1 fusion derivatives
were constructed by introducing cDNAs into the end-filled Ncol site (-mPCL2, -XPc, -, -
mENX-1), Xhol site (-Ets1, -FosB), or Xbal site (-mPh2, -Mel-18).

Beta actin-Thl: The CMV promoter of pCS2+ was replaced by the rat B-actin promoter
(300 nt) to create pBact. The Thl coding sequence was introduced into the pPact
polylinker.

XPcll ¢cDNA: XPcll was isolated by hybridization screening of a Xenopus Stage 28-30
head library (a kind gift of R. Harland) using a 890 nt probe from the 5’ coding region of

mPcll (ATG to Styl). The single positive from the screen was sequenced and determined
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to lack nt 628-723 and contained a premature stop codon at nt 1137 due to a frameshift.
Both defects were corrected by replacement with an RT-PCR product from Stage 36
Xenopus RNA using primers 5 TGCACACGCTATGCTGCATATGAAACTGTC 3’ and
5" GCACAGGCACTGCTATATACATGCTTTTAG 3°.  Analysis of several PCR
products showed a region of heterogeneity around nt 1126, including the frameshift seen in
the original library isolate. A PCR product without a frameshift was chosen and spliced
into the original cDNA by digestion with Ndel/EcoRV.

Sequence comparisons with the Genbank non-redundant database were performed
using the BLAST algorithm (Altschul et al. 1997). Sequences are available for XPcll

(AF130453) and mPcl1 (U81490) through Genbank.

Plasmid construction for Xenopus injection and in vitro RNA synthesis:  All PcG coding

sequences were introduced into the plasmid CS2+ (a gift of D. Turner). CS-XPcll, CS-
mPcll, CS-Pc(M33), CS-mPh2 (Genbank U81491), and CS-XBmi were constructed by
PCR with gene specific primers and contain no gene-specific 5’-untranslated information.
CS-mPcll-stop was constructed by PCR using the sense primer 5’
GCCAGAATTCCACAATGGCGTAGCTCCCCCGG 3’ and contains a premature
termination codon. Capped RNA was synthesized with Notl-linearized templates according

to Moon and Christian (Moon and Chrisian 1989) using SP6 RNA Polymerase.

Two hybrid screens and assays

Two hybrid screens and assays were performed together with Stan Hollenberg.

S. cerevisiae strain 140 transformed with pLex-Th1(30-216) or pLex-TE was used to
screen an E9.5/10.5 mouse embryo cDNA fusion library as described previously
(Hollenberg et al. 1995). Bait plasmids contained ADE2 and were eliminated by screening
for red colonies (Chen et al. 1996). Each library positive was then tested in secondary two

hybrid assays by mating with derivatives of AMR70 which express distinct LexA-fusions.
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Beta-galactosidase assays were performed in doubly transformed L40 cells after
permeabilization (Yocum et al. 1984). Activity is expressed as (OD,,; X 1000)/(OD,,s X

reaction time in minutes).

Hybridization screens and RACE

Race was performed by Stan Hollenberg.

Full-length ¢cDNA for mPCL2 and a partial cDNA for mPh2 (TE14/25) were isolated by
hybridization screening of an E16 mouse embryo library (Novagen) with AH53 and TE14,
respectively. The 5° coding portion of mPh2 was isolated by RACE. Nested antisense
primers: SH203 5° CTTCTGCAGCTTGCTTCGGTCTGA 3’ and
SH204 5° CCACTCGTTTGGTGCATCCCACA 3° were used on El4 mouse embryo
total RNA with a Marathon cDNA amplification kit (Clontech) according to the
manufacturer’s instructions. The 2.1 kb amplification product was partially digested with
Ncol, completely with Notl and cloned into Ncol/Notl-digested KS-TE14/25 to generate
KS-TE14/25 RACE containing a full-length ORF.  RT-PCR with SH203 and
SH205 5" GAATTCCTCTTCTGCCACCTGAGCACCCT 3° was performed to confirm
the correct apposition of the RACE and cDNA isolates. mPCL2 and mPh2 were sequenced
by generating nested deletions. Sequence comparisons were performed with the Genbank

non-redundant database using the BLAST algorithm (Altschul et al. 1990).

Purification of fusion proteins on maltose affinity resin

The following MBP constructs were constructed and assayed by Angela Ingermann.
Maltose binding protein (MBP) fusions were expressed in E. coli strain BL21(DE3)LysE
containing the plasmid pUBS520 (Brinkmann ez al. 1989). Induction of expression, cell
lysis, and binding to amylose resin were according to the manufacturer’s instructions (New

England Biolabs). Resin-bound fusion proteins were stable at 4°C for several months. The
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yield and purity of each fusion protein was determined by Bradford assay and 10% SDS-

PAGE.

In vitro binding assays

RNA for translation was produced by in vitro transcription of Notl-digested plasmids with
either SP6 (CS-Thl, CS-mPCL2, CS-mPh2, CS2-XPc, CS-Enx1, Tet-AUl-mell8, Tet-
AUl-FosB) or T7 RNA Polymerase (CMV-hEts1). RNA was translated in vitro with
rabbit reticulocyte lysate (Promega) in the presence of S35-methionine. Full-length
unfused proteins are Thl, mPCL2, mPh2, XPc, mENX-1, and hEts-1. Mel-18 and FosB
were produced as AU1-fusions to improve translational efficiency. MBP-fusion proteins (3
ug) bound to 5 ul maltose resin were placed in 25 ul NETT buffer (100 mM NaCl, 1 mM
EDTA, 20 mM Tris (pH 8.0), and 0.2% Triton X-100) containing 50 ug/ml ethidium
bromide. Binding reactions were carried out by adding 2.5 ul in vitro-translated protein for
2 hours at 4°C. Reactions were then washed with 3 X 1 ml NETT and resolved by 10%
SDS-PAGE. Signals were visualized by autoradiography and quantitated by

Phosphorlmager (Molecular Dynamics) scanning.

Antibodies and antibody production

MBP-Th1 fusion protein (Hollenberg er al. 1995) was mixed with Freund’s incomplete
adjuvant and injected into rabbits. The serum of rabbit 46-5 (1:500) detects in vitro
translated Thl as a single band after Western blotting. In transfection controls, a46-5
specifically detects Thl-transfected NIH3T3 cells only and identifies a subcellular
distribution of AU1-Thl fusion protein indistinguishable from AU1 antiserum. GST-115
(TFII-I) fusion protein was injected into chickens and antibody recovered from eggs (Avies
Lab). ACA human autoimmune serum was a kind gift of EM Tan. Bmi-1 monoclonal

antibody was a kind gift of M. van Lohuizen.
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Cell culture and transfection

NIH3T3 mouse embryo fibroblasts were cultured on eight well SuperCell culture slides
(Erie Scientific Co.) in Dulbecco's modified eagle medium (DMEM, Gibco BRL) with 10%
newborn calf serum, 100 units/ml penicillin G, and 100pg/ml streptomycin. Twenty-four
hours after plating the cells, each well was transfected with a calcium phosphate co-
precipitate containing 100ng of each plasmid DNA: Tet-AUl-fusion vector, pUHG17-1
(Gossen er al. 1995), plus or minus Pact-Thl. Five hours post-transfection, cells were
washed and fed with media containing doxycycline (Sigma) at 0-1000 ng/ml. Pervanadate

was added to cells at a concentration of 500 uM for 30 minutes before fixation.

Immunocytochemistry

Thirty hours after transfection cells were fixed with 4% paraformaldehyde in PBS, washed
with PBS and allowed to dry. Cells were incubated 30 minutes in blocking solution (PBS
with 10% normal sheep serum, 0.1mg/ml bovine serum albumin, and 0.05% Triton X-100).
Primary antibodies and secondary antibodies in blocking solution were then added for one
hour each at room temperature. Primary antibodies are rabbit polyclonal anti-Thl 046-5
(1:100) and mouse monoclonal anti-AU1 antibody (1:300; Babco), mouse monoclonal anti-
Bmi-1 (1:300), and human auto-immune serum ACA (1:300). Secondary antibodies are
goat anti-rabbit IgG-TRITC (1:200; Sigma) and Cy3 (1:300, Jackson ImmunoReseach
Laboratories, Inc.), goat anti-mouse IgG-FITC (1:200; PharMingen) and Cy3 (1:300,
Jackson ImmunoReseach Laboratories, Inc.). Hoechst 33258 (Molecular Probes) was
included at 1.0 ug/ml. Samples were visualized with a Zeiss Axioplan microscope or by
confocal laser scanning microscopy on a BioRad MRC 1000. A number of negative
controls were performed to verify colocalization results. Cells visualized by
immunofluorescence after treatment with primary or secondary antibodies alone were

negative. In addition, each cell scanned by confocal microscopy was first excited with the
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wavelength for rhodamine or fluorescein and viewed at the emission wavelength for the

opposite fluorophore to rule out bleed-through.

Bone and cartilage staining
Staining was performed on wild type and CENP-B null mutant newborn mice (a kind gift of
KH Choo) according to the protocols found in Gruss and Kessel, 1991, and van der Lugt et

al., 1994 (van der Lugt et al. 1994).

RNA quantitation by RT-PCR

RNA quantitation was performed by Yoshino Yoshitake.

XPcll cDNA was synthesized with MLV-Reverse Transcriptase using random hexamer
primers and 500 ng total RNA. Primers

5" TGCACACGCTATGCTGCATATGAAACTGTC 3’ and

5" CCGTTCAGAACGAGGAGTGTC 3’ were used for amplification with Taqg DNA
Polymerase as described previously (Hollenberg et al. 1993). Ormithine decarboxylase
primers were used as a control (Nastos et al. 1998). Cycle number was determined

empirically to be in the linear range for each primer pair.

Xenopus embryo culture, manipulation, and phenotypic analysis

Xenopus embryos were obtained, injected and cultured as described previously by Moon
and Christian (1989). Embryonic stages were assigned according to Nieuwkoop and
Faber, 1967 (Nieuwkoop and Faber 1967). Capped RNA (0.1-1 ng) was injected at the
dorsal marginal zone in one or both of the blastomeres. Phenotypes of injected embryos
were scored by visual inspection of embryos between Stages 36 to 42. Severity ranged
from minor defects, with eyes decreased in size or organization, to major defects with

complete loss of normal head structure. All of the reported PcG proteins are capable of
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causing a major defect. Numbers reported are for embryos with either minor or major

defects.

RNA in situ hybridization and histological analysis

Injection into embryos on only one side included 200 pg beta-galactosidase RNA. Post
fixation embryos were assayed for beta-galactosidase with Red-Gal (Research Organics,
Inc.) as a substrate (Flowers and Culp 1995) for 45 minutes. Whole mount in situ
hybridization was performed as described (Harland 1991) using BM Purple Substrate
(Boehringer Mannheim). En-2 and Rx2A repression was scored if the embryo morphology
looked normal but the intensity of staining was visually decreased at least two-fold on the
side of injection. A change in shape of the En-2 or Rx2A expression pattern was not scored
as repression. A shift in the En-2 expression domain was scored in embryos with normal
morphology if En-2 expression at the midline was offset. After scoring the phenotype or
hybridization signal, some embryos were dehydrated and embedded in paraffin. Ten or

twenty m sections were cut and stained with hematoxylin-eosin or eosin alone (Christian

and Moon 1993).
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Chapter 3

Subcellular localization of Th1 is regulated during development

Controlled subcellular localization is a frequent form of regulation for nuclear
proteins and can yield clues about their function. Analysis of subcellular localization of
endogenous and transfected Th1 showed three distinct patterns. In addition to the expected
diffuse nuclear pattern, Thl was also cytoplasmic and in a distinctive nuclear speckle
pattern. Characterization of the cytoplasmic and nuclear patterns will be reported, here

while the nuclear speckle pattern will be discussed in the next chapter.

Ectopic Thl proteinis either strictly nuclear or cytoplasmic

Th1 localization was first characterized in transfected cells. To determine the
specificity of the new Th1 antibody I transfected NIH3T3 mouse fibroblasts with both CS-
Thi (driven by the CMV promoter)

and CS-Th2 plasmids. The best CS-Tht -actin-Thi

rabbit, bleed and concentration were
chosen based on highest signal and

specificity for Thl alone, and

lowest background.
In these experiments, Thl

was toxic at high levels (brightest

fluoresence) but at lower levels 60%

presented either a cytoplasmic or

. Figure 1 Thl subcellular localization is
nuclear pattern. As shown in concentration dependent. NIH3T3 cells were transfected
with either CS-Thl (left panels) or $-actin-Th1 (right panels)

Figure 1, strong Thl expression followed by immunostaining for Thl protein. The percent
& £ P of transfected cells with the pictured localization is reported.

from the CMV promoter (CS-Th1)
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is primarily cytoplasmic (60% of transfected cells). With decreased Thl expression from
the rat B-actin promoter, Thl is in the nucleus in 70% of the transfected cells. The
remaining 30% of transfectants exhibit a nuclear punctate pattern.

A tetracycline inducible Thl construct (Tet-Th1) was constructed which allows
protein levels to be more closely regulated. When this plasmid was transfected in NIH3T3

cells and the cells were treated with 10 ng/ml

100
doxycycline (a tetracycline analog), a significantly 2 80: ek
weaker Th1 signal was observed. Figure 2 describes ::::) 60: —d

C 4
trends in Th1 localization through the first 54 hours of % 404
= | ,
induction. During this time course the concentration 214 E:;g
=

of Thl protein increased steadily based on 6 30 54

. . . . L . hours after transfection
immunocytochemical inspection. Early in induction

Figure 2 Cells with ectopic Thl
show exclusively nuclear or
. . . cytoplasmic protein expression,
nuclear expression. By 54 hours after induction, or display apoptotic
characteristics. NIH3T3 cells were
transfected with tetracycline inducible
Th1l, treated with tetracyclinc and assayed
) ; for Thl localization by immunostaining
split evenly between exclusively nuclear or u varying timepoints. The percentage
of transfected cells with nuclear or

cytoplasmic localization. A third of the transfected cytoplasmic ~ Thl ~ or  apoptotic
characteristics are shown.

(with the lowest levels of Thl) most cells displayed

levels approximate that of CS-Thl and expression was

cells were apoptotic. This data suggests that protein levels affect subcellular localization
and that Th1 localization is regulated.

A number of experiments follow from this observation: 1) identification of the
nuclear localization signal (NLS), 2) determination and manipulation of expression in cell
lines with endogenous Thl, and 3) investigation of Thl expression in sections of
developing mouse embryos. This third experiment will provide information about the
biologically relevant location of Th1 within the cell. Because we have performed numerous
two-hybrid screens with Th1, we have identified protein interactions capable of explaining

the divergent subnuclear patterns. Data concerning one such protein will be presented later.
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Thl contains two nuclear localization signals

The NLS of Thl was identified by tagging Thl with B-galactosidase (B-gal),

followed by deletion analysis. Fusing B-gal to fragments of Thl provided two benefits.

First, this method does not rely on maintaining the Th1l antibody epitope to follow Thl

fragments, and second, location of the fragment can be quickly and easily identified with an

enzyme reaction rather than a more lengthy immunocytochemistry procedure.
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Figure 3 Th1l contains two nuclear

localization signals. Sequences encoding
the indicated amino -acid fragments of Thl were
fused to f-gal, transfected into NIH3T3 cells and
assayed for [B-gal activity.  The subcellular
localization of the f-gal-Thl fusions are
represented graphically. The two NLS are
indicated by arrows.

Nuclear localization signals are
typically stretches of basic residues, therefore
we suspected the basic region (also the DNA
binding domain) might be the NLS of Thl. In
initial experiments Th1 was divided into two
pieces: amino acids 1-93 and 94-216
(including the bHLH), and each was fused to
B-gal. B-gal assays showed that only the
bHI_H/carboxy-terminal fragment was nuclear
and the amino-terminal fragment was not.
Further dissection of the bHLH and carboxy-
terminal portion of Thl is reported in Figure
3. Two NLS signals are evident in Thl,
neither one being particularly efficient alone,
but in combination nuclear transport is

complete. One NLS is contained within the

basic region (94-161) and the second NLS is just c-terminal to the HL.LH domain (162-188).

The presence of two NLS may allow fine regulation of the extent of nuclear entry of Th1.



Endogenous Th1 localization in Rcho-1 and PC-12 cell lines is regulated

To continue the investigation of Th1 subcellular localization, I chose to use two cell
lines derived from in vivo sites of Th1 expression. Rcho-1 cells are a trophoblast cell line
isolated from a rat choriocarcinoma tumor, and are capable of undergoing differentiation
into the placental cell type, giant cells (Faria and Soares 1991). PC-12 cells are a
commonly studied rat pheochromocytoma cell type from an adrenal medulla tumor and
undergo a sympathetic neuron like differentiation when exposed to nerve growth factor
(NGF) (Tischler and Greene 1975). These two
lines are ideal for studying the effects of
differentiation on Th1 subcellular localization.

Undifferentiated Rcho-1 cells are small

FCS cells with a high ratio of nucleus to cytoplasm.

Reie 4 Thi is nuclear in Y/hen exposed to low serum conditions (2.5%

undifferentiated Rcho-1 cells but . o
becomes cytoplasmic upon giant cell horse serum) for 48-72 hours, differentiation
differentiation. Rcho-1 cells actively

growing in 10% fetal call serum (FCS) or . s -
B diced to differentiate in 2.5% horse soum  OCCUIS as evidenced by a dramatic increase in cell

HS) for four days, were stained with anti-Thl | . : ;
gmtigody. Y size (5-10 fold increase in diameter) and

enlargement and fragmentation of the nucleus. I stained these cells with Thl antibody at
different stages of differentiation. Th1 is nuclear in undifferentiated trophoblasts but after
exposure to horse serum (48 hrs) a nuclear exclusion is evident (Figure 4 HS) in the giant
cells. The nuclear exclusion of Thl with terminal differentiation suggests that targets may
no longer require Th1 in mature giant cells.

PC-12 cells also express Thl and are easily manipulated to differentiate. After a 24
hour period of serum depletion followed by the addition of 50ng/ml NGF, these small cells
begin to put out neurites and express neural markers. Similar to Rcho-1 cells, in PC-12
cells Th1 localization is nuclear in actively dividing cells (Figure 5, serum), but serum
removal retains Thl into the cytoplasm. Addition of NGF decreases Thl expression, but

nuclear expression is reactivated when NGF is removed. @ NGF removal after



differentiation of PC-12 cells into neurons is analogous to target-derived trophic factor
removal in vivo; both events cause apoptosis. Serum removal in NIH3T3 cells transfected
with Th1 does not alter Th1 localization. This suggests that additional factors present in

cells derived from in vivo sites of Thl expression are responsible for regulating Thl

data suggest that nuclear exclusion could be Serum deprived
a way of regulating transcription of Thl
targets thus allowing differentiation of

trophoblasts into giant cells, and PC-12 NBE feisicvsd

cells into sympathetic neurons.
Prompted by the discovery that
serum deprivation and NGF treatment

affected Th1 localization in some cell types,

localization in response to serum. These

Serum

Figure 5 Thl is nuclear in undifferentiated
PC-12 cells, but becomes cytoplasmic
upon serum deprivation. Nuclear Thl is
R . resumed in apoptotic cells. PC-12 cells
transfected NIH3T3 cells for this ability. growing under the indicated culture conditions were
stained with anti-Thl antibody. Conditions include:

' Serum, 10% fetal calf serum; serum deprived, DMEM

Out of - filfeed. pimnacalogical. -and with 5ug/ml of transferrin and insulin (TI) after 24

i ; or hours; NGF, TI plus 50 ng/ml NGF for 48 hours;
biological  additions only pervanadate N%lF removed: TIpaFtZr 24 hc%urs. - e

I assayed many other effectors in

affected Thl localization (data not shown). Pervanadate (500uM) was able to transfer
primarily nuclear beta-actin-Thl (95% nuclear) to a more cytoplasmic pattern (50%
nuclear). Pervanadate is a tyrosine phosphatase inhibitor (Kadota et al. 1986). This
suggests that a decrease in phosphorylation is necessary for the nuclear entry or
maintenance of Thl. From these results it is impossible to say whether this is a direct

effect on Th1 or an indirect effect on a protein responsible for regulating Th1 entry.

Th1 subcellular localization is regulated in vivo
It was important to verify the cell culture results by looking at Thl expression in vivo.

This was done by staining frozen sections from mouse embryos at different stages of
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sympathetic  heart

ganglia

gut

Figure 6 In vivo Thl expression
is nuclear at el12.5. Normal mouse
embryo frozen sections were stained with
anti-Th1l antibody (red) and Hoechst
nuclear stain (blue) at el2.5.
Representative photographs of
sympathetic ganglia, heart, gut and the
placenta are shown. Arrows indicate a
specific cell that is staincd with both
anti-Th1 antibody and Hoechst.

placenta

heart

E12.5 E13.5

development. Although many stages were analyzed,
two relevant stages are shown here, embryonic day(e)
12.5 and e13.5. Figure 6 shows representative
photographs of Thl immunostaining at e12.5 within
the four sites of Thl expression, heart, sympathetic
ganglia, placenta and gut (Hollenberg er al. 1995).
Expression of Thl is exclusively nuclear at this stage
suggesting a transcriptional role for Thl in the
development of each of these tissues. However, at
¢13.5 expression of Thl in the heart and sympathetic
ganglia has become primarily cytoplasmic (Figure 7).
This demonstrates that

cytoplasmic Thl can be measured in both cell culture
and in tissue sections. The onset of cytoplasmic Thl

localization in sympathetic ganglia corresponds with

sympathetic
ganglia
E12.5

E13.5

o |

nuclear cytoplasmic nuclear

nuclear/cytoplasmic

Figure 7 At embryonic day 12.5, Thl expression in the heart and
sympathetic ganglia is nuclear but becomes cytoplasmic by e13.5.
Mouse embryo frozen sections were stained with anti-Th1 antibody (red) and Hoechst
nuclear stain (blue) at €12.5 and e13.5. Representative photographs of sympathetic

ganglia and heart are shown.
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changes in cell proliferation. Prior to e13.5, sympathetic neurons are actively dividing,
followed by a sharp reduction in proliferation. It is possible that nuclear Th1 expression is
necessary for proliferation and that its removal from the nucleus is necessary for terminal
differentiation of the neurons (as suggested from cytoplasmic transfer of Th1 due to NGF
treatment of PC-12 cells (Figure 5). A change in Thl localization in the heart may signify
an important but unidentified event that occurs during heart development.
I-mf-a protein regulates Th1 subcellular localization

One of the successful Thl two hybrid screens utilized a forced dimer of Thl and E
protein (see Chapter Four). One Thl partner obtained in this screen was especially

interesting, Inhibitor of MyoD MT- MT-Imf

family (I-mf-a). I-mf-a has been
shown to inhibit nuclear entry of the
tissue specific bHLH transcription
factors, MyoD, Myf5 and
Myogenin in NIH3T3 cells (Chen ez

al. 1996). I-mf-a showed a similar

ability to alter Th1 distribution. I-

Figure 8 Transfected Thl is trapped in the

mf-a transfected in conjunction with cytoplasm by co-expression of I-mf-a. NIH3T3
cells were transfected with -actin-Th1 and either unfused

: myc-tag (MT) protein, or MT-I-mf-a. Cells were stained
Thl “in NIH3TS ‘cells eansed a 5™ rumhi aniibody (ed) and amtl-MT antibady

.- . . (green).
dramatic increase in cytoplasmic

Thl, from 5% to 60% (Figure 8). To determine if cytoplasmic transport of Thl in vivo
requires [-mf-a, I obtained I-mf-a null mutant mice (Kraut ez al. 1998) and looked at Th1
expression in the heart at e13.5. Expression of Thl in heart is cytoplasmic in both the +/-
and /- mice (data not shown). This suggests that cytoplasmic localization in the
developing heart is not absolutely dependent upon expression of I-mf-a. The role of the

interaction of these two proteins is still unclear.
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Ectopic Thl induces apoptosis

There is substantial circumstantial evidence that Thl is involved in apoptosis. 1)
High levels of transfected Th1 are toxic in NIH3T3 cells (Figure 1 and 2). Cells stain
positive by TUNEL assay (Gavrieli et al. 1992), but do not display a DNA ladder (data not
shown). 2) I have been unsuccessful in making any stable lines expressing Thl even
though weak and inducible promoters have been employed. 3) Thl is expressed in the
nucleus of PC-12 cells when induced to undergo apoptosis by NGF removal (Figure 5).
Deficiencies in apoptosis have not been reported for Thl null mutant mice (Firulli ez al.
1998; Riley et al. 1998). However, the mutant mice die before apoptosis can be observed

in sites of Th1 expression, for example, the sympathetic ganglia.

In summary, the subcellular localization of Th1 is regulated both in ectopically and
endogenously expressing cells, and in tissues in vivo. A method for controlling
transcriptional events mediated by Th1 may be to export it from the nucleus or capture it in
the cytoplasm. As opposed to regulating protein synthesis or degradation, this method
could allow rapid entry and exit of Th1 from the nucleus. Regulation may be mediated by
protein interactions or by phosphorylation status. Regulated subcellular localization of Thl

during development provides an interesting avenue for further study.



Chapter 4

Th1 interacts with the Polycomb-Group

The yeast two hybrid system provides a method to study the function of a protein
by identifying associated proteins (Fields and Song 1989). To apply this strategy to Thl,
we have carried out two-hybrid screens with three distinct Thl baits: the bHLH alone,
bHLH plus C-terminus, and full-length, heterodimerized Th1. The isolation of two

proteins in the latter two screens is presented here.

The Thl C-terminus identifies a Polycomblike homologue

Th1 and its close relative, Th2, have a short region of high sequence conservation
at their C-termini, with 15 out of 17 residues identical. We reasoned that this sequence
conservation is an indicator of an important function. To search for proteins that interact
with the C-terminus of Th1, we fused an amino terminal truncation of Th1 to LexA (Lex-
Th1(30-216); see Methods). This bait contains both the bHLH and C-terminal region.
Lex-Th1(30-216) was used in a yeast two hybrid screen of a mouse embryo cDNA fusion
library to identify interacting proteins (Hollenberg er al. 1995). Out of 9 x 10° clones
analyzed, more than 400 tested positive and were further analyzed. The majority of these
clones interact with the bHLH domain and encode E proteins. To eliminate these and
identify partners which are dependent upon the C-terminal domain, we paired each clone

with the C-terminal truncation derivative Lex-Th1(1-160). Only two of the original

positives lost the ability to interact. Sequence analysis showed that these clones (AHS3)

contained identical inserts of 360 nt.
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Comparison of the

encoded  peptide  with
database sequences revealed
a similarity to the first of
two cysteine- and histidine-
rich  “PHD”  domains
(Aasland et al. 1995) in the
Drosophila  Polycomblike
(dPcl) and trithorax proteins

(see Figure 9A). Using the

AH53 c¢DNA clone for

hybridization we isolated a
full-length ¢cDNA encoding
a novel protein of 559

amino acids with extensive

similarity to dPcl and to a mouse protein, M96 (Inouye er al. 1994).

A AHS3
PHD1  PHD2 i mPCL2
1 338 559
o Mo6
(1) 250 373
—— Pcl
1 325 664 857
B TE14
1 HII IVV mPh2
L 86 104 545 850
60% Q-rich 83%65%_84% pApE.ogig
1 58 154 726 1012
Q-rich 54%32% 64%
1 1200 1589 Ph
Figure 9. Comparison of mPell and mPh2 to related
proteins.

A). mPcll is compared to mouse M96 (Inouye et al. 1994), and
Drosophila Pcl (Lonie et al. 1994). Percentages are sequence
identity of the indicated region relative to mPcl1. The conserved Cys4-
His-Cys3 PHD1 and PHD2 domains (Aasland et al. 1995) and the
region encoded by the two hybrid clone AHS3 are indicated. The dashed
region at the amino terminus of M96 is upstream of the proposed
initiation codon (Inouye et al. 1994).

(B) The deduced amino acid sequence of mPh2 is compared with
mouse RAE-2819 (Nomura et al. 1994) and Drosophila
(DeCamillis ef al. 1992). The amino acids encoded by two hybrid
clone TE14 and the highly conserved SPM domain (Bornemann et
al. 1996) at the C-terminus are indicated.

mPcll and mPh2 sequences are available through Genbank Accession
numbers U81490 and UR1491, respectively.

This region of

similarity extends over 340 amino acids and includes perfect conservation of all cysteines

and histidines in both PHD domains (Figure 1A).

Based on this extensive structural

similarity to dPcl and M96 and interaction with other Polycomb-group homologues (see

below), we call this new gene mPcll . The expression of mPcll is widespread, with low,

comparable RNA levels in embryo and adult tissues as determined by Northern blot and

RT-PCR (data not shown). This relatively ubiquitous expression pattern parallels that seen

for dPcl (Lonie et al. 1994) and suggests that the mPcl1 protein is available for interaction

with Th1 in its restricted expression domain during embryogenesis (Cserjesi et al. 1995;

Hollenberg et al. 1995).
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A Thl-E protein forced dimer identifies a Polyhomeotic gene

A two hybrid screen with an unpaired Th1 bHLH domain is biased. It prevents the
identification of partners which require a heterodimer for binding or of under-represented
non-bHLH partners that bind to other interfaces. To search for these partners we
constructed Lex-TE, a tripartite fusion protein comprised of LexA, full-length Th1, and the
bHLH domain from a mouse E protein, E12. In this forced dimer configuration (Neuhold
and Wold 1993) the favored interaction should be intramolecular dimerization between the
HLH domains of Thl and E protein. The interaction properties of Lex-TE support this
hypothesis: the Lex-TE fusion protein very weakly detects E protein and Id interactions
relative to Lex-Th1 and Lex-E, respectively (data not shown).

The Lex-TE protein was used in the two hybrid system to re-screen the mouse
embryo cDNA fusion library. Clones were grouped in a secondary analysis according to
their preference for Lex-TE, Lex-Thl and Lex-E. Twenty clones whose interaction with
Lex-TE was comparable to or greater than Lex-Thl were further analyzed. These cDNAs
were transferred to a mammalian expression vector and tested for their ability to affect Thl
in two assays: 1) alter the activity of co-transfected Th1 plus E protein on a reporter gene
and 2) regulate Th1 sub-cellular localization (see below). One clone, termed TE14, tested
strongly positive in both assays (data not shown). Comparison of the 146 amino acid
peptide encoded by TE14 with the database reveals high similarity with a mouse
polyhomeotic homologue, RAE-2819 (Nomura et al. 1994) and Drosophila Ph (DeCamillis
et al. 1992). A combination of hybridization screening with the TE14 ¢cDNA and RACE
were used to isolate a full-length open reading frame. As shown in Figure 9B, the encoded
protein has extensive similarity with RAE-2819 in the C-terminal 300 amino acids, and
lower, but significant identity with Drosophila Ph in this region. The region of highest
conservation between all three proteins is the SPM domain at the very C-terminus
(Bornemann et al. 1996), also contained within our two hybrid clone TE14. Since our

gene represents the second member of the mammalian polyhomeotic family, we call it
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mPh2. The mPh2 gene is widely expressed

that express Th1 (data not shown).

Thl and PcG interact by two hybrid
assay

The isolation of two structurally
distinct PcG gene products as Th1l binding
partners suggested that Thl might interact
with other PcG proteins. To test this

hypothesis we constructed activation
domain fusions (VP16-) of three vertebrate
PcG homologues: a Xenopus Polycomb
(XPc), (Reijnen et al. 1995); ENX-1, a
mouse Enhancer of zeste homologue

(Hobert et al. 1996); and Mel-18 (Tagawa

in embryos and adult tissues, and in cell lines

O Lex-
B Lex-Th1
Bgal
Activity
(Units)

-XPc

o
£
o
=

unfused
-CREB
mPCL2
-ENX-1
-Mel-18

VP16-Fusions

Figure 2-2. Th1 interacts with mPcll, mPh2
and XPc in the yeast two hybrid system.
The beta-galactosidasc two hybrid signal is shown for
pairwise combinations of LexA or Lex-Thl with
VP16-fusions of -CREB, -mPcll, -XPc, -ENX-1,
and Mel-18. Plasmids expressing the indicated pairs
of fusion proteins were transformed into ycast strain
L40 and assayed for beta-galactosidase activity.
VP16-fusions contain full-length sequence with the
exception of CREB (aa 1-283), mPh2 (aa 705-850),
and XPc (aa 9-521). Values are the mcan of threc
experiments and error bars indicate standard deviation.

et al. 1990). Each was tested for interaction with Lex-Thl in a yeast two hybrid assay

(Figure 10).
CREB, mPcll and mPh2.

significant induction in f—gal activity when

For comparison, we also assayed unfused LexA, and VP16-fusions of

As expected, VP16-mPcll and VP16-mPh2 produce a

paired with Lex-Th1, as compared to unfused

LexA. VP16-CREB is inactive with either partner. Consistent with a role for Thl in PcG

action, one out of the three additional PcG proteins tested, XPc, also shows an induction of

reporter gene activity that is dependent upon

Lex-Thl.
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Figure 11. Th1-PeG and PeG-PeG
interactions in vitro. The proteins
indicated at the top were fused in-frame to
the malE coding sequence, cxpressed in E.
coli and bound to a maltose affinity resin.
Proteins on the vertical axis was translated
in vitro with S-35 methionine and tested
for binding to cach fusion protcin. For
comparison, lane 1 of each panel shows
10% of total input for each binding
reaction. Lane 2 controls for non-specific
interactions with MBP or the solid
support. The average binding from three
experiments (boxes) was determined by
Phosphorimager analysis. This data was
collected by Angela Ingermann.

Th1-PcG and PcG-PcG interactin vitro
described

The two-hybrid interactions
above between Thl and several PcG proteins
strongly suggested that Thl physically binds to
PcG members. To provide biochemical evidence
for these interactions and to systematically test for
other Th1-PcG and PcG-PcG interactions, we have
performed a series of in vitro binding assays.
Maltose binding protein (MBP) fusions to Thl,
mPcl1, mPh2, and XPc were expressed in E. coli,
purified and immobilized on maltose affinity resin.
Each candidate partner protein was radiolabeled by
translation in vitro, and the ability to bind to
immobilized fusion protein was quantified.
Unfused MBP and in vitro translated Etsl and
FosB serve as negative controls.

As predicted from two hybrid assays, Thl
binds to itself, mPcll, mPh2, and XPc (Figure
3A). Although not detectable by two hybrid tests,
Th1 binding to ENX-1 is also above background.
Several PcG proteins also display efficient binding

with each other. For example, mPcll binds to

mPh2 and XPc, and mPh2 binds to XPc and Mel-18. The specificity of these interactions
is evident when compared with Etsl or FosB, which show no binding above background

to any of the fusion proteins. This biochemical assay supports our two hybrid interaction
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tests and indicates the potential for the formation of multi-protein complexes containing Th1

and PcG proteins.

Th1l is localized to distinct subnuclear domains

We have used indirect immunofluorescence to analyze the subcellular distribution of
Thl in transiently transfected NIH3T3 cells. Three distinct subcellular expression patterns
are produced. At high expression levels, when Thl is controlled by the SV40 or CMV
promoter, Thl protein is predominantly cytoplasmic (Figure 1 and 2). In contrast, when
the rat beta-actin promoter directs expression, Thl protein is detected almost exclusively in
the nuclear compartment. Surprisingly, two distinct patterns are evident (Figure 12A). In

a typical experiment, 70% of the A aThi ——
transfected cells show a uniform
Th1

- % . g
. phase

Th1 nuclear distribution and the

remaining 30% exhibit a punctate SNt
expression pattern with Mock n HmA/AED

concentrated subnuclear

Figure 12. Transfected Thl localizes to subnuclear
localization of Th1. The size and domains. (A) NIH3T3 cells were transiently transfected with
Th1 expression vector (Bact-Thl) or were mock-transfected. Thl
rotein was detected by a46-5 antibody followed by rhodamine-
number of  detectable Thl gonjugated secondary antibody. DNA was stained with Hoechst
: X 33258. Note that both punctate (arrowhead) and uniform (small

subnuclear ~ domains  varies arrows) Thl nuclear patterns are evident.
(B) A magnified view of a Thl-positive nucleus is shown. The
considerably within one Thl subnuclear domains (arrows) are phase dark and distinct from

the Hocechst-positive regions.

transfection, with an average of

about 8 and a range from one to greater than 25. Thl expression domains are phase dark
(Figure 12B), with comparable structures not detectable in untransfected cells (data not
shown). Thus Thl is either contributing to and modifying an existing structure or is
producing a structure de novo. Hoechst 33258 stains regions of Thl expression very

weakly, thus clearly distinguishing them from the brightly stained chromocenters.

34



Transiently expressed Thl and PcG proteins colocalize

The localization of Th1 to discrete subnuclear domains provides a cellular assay for
Th1 interaction with potential partners. We have tested the potential of Th1 to recruit co-
transfected PcG proteins to subnuclear domains in NIH3T3 cells. Since specific antibodies

are not available in most cases,

Table 1. Distribution of Transiently Expressed PcG and Control Proteins {-/+ Th1) in NIH 3T3 Cells

the expression of  each

-Th +Tht
Nuclear Parther Pattern with Punctate Th1 (%, n=150 cells)

Punctate Nuclear Colocalized Neighbor Distinet Uniform candidate p artner was
Pantner (%,n=500 cells) Punctate Punciate Punctate Staining
mPCL2 0 81 2 ¢ 17 A =
mPha 0 24 5 ; 2 monitored through a 9-amino-
XPc 100 34 53 13 0
ENX-1 19 49 1] 1 50 .
Mek18 0 a5 8 1 e acid tag (AU1-) fused at the
Etsi 0 i 0 0 100
FosB 0 o o a 100

amino terminus. To avoid

hyaluesare the sum of three independent experiments.

overexpression artifacts, the

Figurec 13 Th1 recruits PeG proteins. NIH3T3 cells were . .
co-transfected with B-actin-Th1 and the PcG proteins and control level of each fusion protein was
proteins listed above. Transfected cells containing Th1 in a nuclcar

punctate pattern were counted and grouped according to distribution controlled b doxveveline
of the PeG protein (labeled by immunostaining against an AUl Y L

tag). .
2l regulation of a  reverse

tetracycline-controlled transactivator (Gossen et al. 1995). After co-transfection, the
subcellular localization of fusion protein and Thl was determined by indirect
immunofluorescence with a confocal microscope (see Methods).

Three of the PcG proteins tested (mPcll, mPh2, and Mel-18) do not produce a
punctate pattern when expressed in the absence of Th1l, and mENX-1 rarely does (Figure
14A, column a; Figure 13). Instead they produce a relatively uniform nuclear (mPh2,
mPcl 1, mENX-1) or nuclear plus cytoplasmic distribution (Mel-18). When co-expressed,
Thl has the ability to efficiently alter the subnuclear distribution of these proteins by
concentrating them into punctate patterns that perfectly overlap with its own (Figure 14A,
columns b-d; Figure 13). The two-hybrid partners mPcll and mPh2 give almost 80% co-
localization when Th1 distribution is punctate, and ENX-1 and Mel-18 produce this co-

localization in about half the cells.



In contrast to the other four PcG proteins tested, XPc expressed alone produces a
punctate staining pattern similar to that of Th1 (Figure 14B, e; Figure 13). Every cell with

detectable XPc  expression

A aAU1 aAU1 Th1 aThi+acAU1
- = shows a punctate pattern,
AUt- therefore we cannot
demonstrate a re-distribution of
Aui-mPcl1
XPc protein in response to Thl
AU1-mPh2 expression. Nevertheless, co-
expression of Thl and XPec
AUKI:ENE produces co-localization one-
third of the time in cells with a
AuU1-Mel-18

Thl punctate pattern (Figure

14B, panel f; Figure 13),

consistent with the results
AU1-XPc

described above. In addition to

Figure 14 Th1l directs PcG proteins to its subnuclear
domains. (A) PcG fusions proteins localized by Thi.

(B) XPc produces a subnuclear pattern by itself (e). Co-expression ) A
of Thl produces co-localized (f), neighbor (g) and distinct (h) uniform nuclear expression,
punctate patterns.

Nuclei of NIH3T3 cells expressing AU1-fusions alone (column a isti
and ¢) or in the presence of Thl are shown (columns b-d, f-h). Thl creates two other distinct
Proteins were detected with the indicated antibodies and fluorescent-
conjugated secondaries (see Methods) by scanning laser confocal
microscopy. Pseudocolors are: AU1-fusions (red) and Thl (green).
In columns d and panels f-h, the red and green images were overlaid Figure 13): Thl and XPc are
to show regions of co-localization (vellow). NIH3T3 cells were
transiently transfected with plasmids encoding AU1-fusions, reverse
Tet activator, and Thl. Cells were treated with doxycycline and
fixed for immunocytochemistry 30 hours later.  Doxycycline
concentrations (ng/ml) are: mPh2 (0); m-ENX-1, Ets1, FosB, Mel- offset  patterns  (panel g;
18 (10); mPcl1 (100); and XPc and unfused (1000)

“neighbor punctate”) and unrelated patterns (panel h; “distinct punctate”). All patterns are

co-localization with XPc¢ and

patterns  (Figure 14B and

found in similar, but slightly

found in one transfection and are not correlated with protein expression levels. When co-
expressed with Th1, three of the other proteins, mPcll, mPh2, and Mel-18 occasionally

produce the neighbor punctate pattern (Figure 13).
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Co-localization with Thl is a very specific phenomenon. We have co-expressed
Th1 with seven epitope-tagged transcription factors (Arix, Ets1, FosB, JunB, Xbra, Xgsc,
X1Box6; Figure 13 and data not shown). None of these proteins is found in subnuclear
domains when expressed alone and none ever co-localizes with Thl to its subnuclear

pattern. These controls underscore the specificity and significance of our observations.

In conclusion, the PcG represents a second class of proteins obtained by two
hybrid screen and has become a major focus in our lab. The ability of Thl to redistribute
these proteins within the cell suggests an important interaction, but the nature of the PcG
complex makes proving direct interaction difficult. Immunoprecipitation of Th1 and PcG
members has been attempted by several means but has been difficult to for technical
reasons. Others have demonstrated that PcG interactions are only detectable with
endogenous protein levels (Schoorlemmer ez al. 1997). Further study of PcG interactions
requires a functional assay system in an in vivo environment. We have engineered such a

system which will be presented in Chapter Six.
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Chapter S

Characterization of additional Thl partners,
CENP-B and TFII-I

In this chapter I characterize a pair of Th1l two-hybrid interaction partners that are
strong repressors and colocalize with Th1, but have not been shown to be PcG members.
These proteins are CENP-B and TFII-1.

Centromere binding protein-B (CENP-B) was identified as the antigen recognized
by autoimmune sera from scleroderma patients (Earnshaw and Rothfield 1985; Muro et al.
1990). Staining with CENP-B antiserum reveals a nuclear punctate pattern coincident with
the centromere (Sugimoto ef al. 1994; Yoda et al. 1992). Dimers of CENP-B have been
shown to bind to a 17-base pair motif called alphoid repeats which flank the centromere
(Masumoto et al. 1989). CENP-B has been proposed to contribute to condensation of the
DNA at the centromere by producing bends through simultaneous binding to distinct
alphoid sequences (Muro et al. 1992). Despite these observations, CENP-B null mutant
mice display no mitotic or meiotic effects suggesting that CENP-B plays no role in
chromosome condensation and migration during these events, or its role can be replaced by
a protein with redundant function (Hudson et al. 1998). However, the CENP-B mutant
mice do show a 30% decrease in body weight. Defining the function of CENP-B is still an
active area of research.

The second repressor protein obtained by two-hybrid interaction with Th1 is TFII-
I. ¢cDNAs for TFII-I have been independently cloned by three individual groups, but it was
first described as an initiator binding protein (Roy ¢t al. 1991). Ananda Roy generated a
large body of work detailing TFII-I dependent transcription from the adenovirus major late
core promoter. TFIIA is required for binding of TFIID to the TATA box, initiating
transcription. However, TFII-I can allow initiation of transcription in a TATA-less context

by binding the initiator (Inr) and forming a complex with TATA binding protein and the
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activator, upstream stimulatory factor (USF) (Roy et al. 1993; Roy et al. 1991). TFII-1
and USF are immunologically related and act cooperatively through either the Inr or the
USF site (E box) (Roy et al. 1991). Roy further showed that when TFII-I was bound by
Myec transcription was inhibited (Roy et al. 1993), suggesting that TFII-I could provide a
switch between on and off transcriptional states. Grueneberg and coworkers identified
TFII-I (called SPIN for SRF-Phox1 Interacting protein) through its effects on the c-fos
promoter (Grueneberg et al. 1997). TFII-I stabilizes interactions between serum response
factor (SRF) and the homeodomain protein, Phox1, an interaction necessary for c-fos
activation. Activation of the ras pathway is also required, likely through phosphorylation
of TFII-I (Kim ef al. 1998). A third group cloned TFII-I, termed BAP-135 for Bruton's
tyrosine kinase associated protein of 135 kDa, when identifying proteins phosphorylated in
response to B cell receptor engagement (Yang and Desiderio 1997). Each of these groups
describe the ability of TFII-I to be phosphorylated, and a structure comprised of six novel,

but similar 90 amino acid repeats.

Description of strategy

We confirmed the interactions observed in yeast by performing a mammalian
interaction assay. By removing the need for specific DNA binding, much can be learned
about a protein with suspected transcriptional abilities. This is achieved by fusing the Gal4
DNA binding domain (Gal-) or LexA DNA binding domain (Lex-) to the full length protein
of interest and transfecting it in conjunction with a synthetic reporter gene with
multimerized Gal4 and LexA DNA binding sites (L8GS5-LUC). This strategy was used to
test both the interaction strength of two hybrid partners (mammalian two-hybrid) and their

transcriptional preference for either activation or repression of a reporter gene.
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In the mammalian two hybrid assay, the
bait is tethered to the reporter DNA by the Gal4
DNA binding domain and co-transfected with the
interacting fragment of the partner which is fused
to an efficient transcriptional activation domain
from VP16 (-VP16). Interaction strength is
measured by the ability of the protein interaction to
bring the activator to the reporter gene (see Figure
15). Although this assay is very similar to the
system in yeast, surprisingly a large number of
partners are excluded because interactions are not
maintained in a mammalian cell context.

The transcriptional preference assay can

determine whether a protein will activate or repress

transcription when tethered to DNA. To measure

Mammalian Two-Hybrid Assay

&Eﬁ

LBGELIE uciferase

Transcriptional Preference Assay

Luciferase  Actjvation ?

Repression 7

Figure 15 Strategy for mammalian
two-hybrid and  transcriptional
preference assays. The L8GS5-LUC
reporter gene has cight multimerized Lex
DNA binding sites (L8) and five Gal4 DNA
binding sites (G5) controlling expression of
luciferase. This construct is used for both
assays. Fusion proteins with either Gal4 or
LexA DNA binding domains are co-
transfected with the reporter constructs. The
reporter can be activated by co-transfection
of fusion proteins with the VP16 activation
domain.

activation, a Gal4 fusion is expressed in the presence of
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Figure 16. TFII-I interacts
with Thl in the mammalian
two hybrid assay. The

mammalian two hybrid assay was
performed in NIH3T3 cells by co-
transfection of VP16 fusion proteins
of E protein, THII-I, and CENP-B
fragments and Gal-Thl, followed by
a luciferase assay. Note that TFII-I
interacts with Th1 but 16 other
yeast positives do not.

IL8GS5-LUC which is silent in the cell line we wuse

Activation is measured by an increase in

To measure repression, L8GS5-L.LUC

can be activated by co-transfection of Lex-VP16, which
can be reversed in the presence of a Gal-fusion protein

with repressor activity (see Figure 15).

TFII-1 interacts in the mammalian two hybrid
To test if TFII-I interacts with Thl in both yeast
and mammalian cells the mammalian two hybrid assay is

employed (Figure 16). Gal-Th1 has little or no effect on



the reporter gene, but when co-expressed with TFII-I-VP16, transcription is activated 25

fold. Indeed, out of 16 unique partners obtained in this screen only the interaction with

TFII-I is above background. Thl partner. E protein, is used as a positive control and

shows a strong interaction in the mammalian system.
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Figure 17 Both TFII-I and CENP-B are
repressors, each with a  defined
repression domain. The transcriptional
preference assay was performed on NIH3T3 cells
transfected with Gal fusion of either full length or
fragments of TFII-l (top) or CENP-B (bottom).
These constructs were tested in the context of
activated transcription of L8GS5-LUC for the
ability to repress transcription. Repeat one of
TFII-I and amino acids 77-191 of CENP-B
mediate the strongest repression. Note that the
carboxy terminal portions of CENP-B also have
some repression activity.

TFII-I may be a transcriptional switch.

CENP-B and TFII-I are repressors

Full length CENP-B and TFII-1 were
fused to Gal4, and assayed for transcriptional
preference. Both proteins are strong
repressors in this assay, capable of repressing
Lex-VP16 activated transcription about 50 fold
(Figure 17 full lengths). This result requires
Gal4 fusion and is not affected by co-
transfection of Thl (data not shown). This
level of repression is remarkable, indicating
that both transcriptional inhibition and co-
transfection of numerous plasmids is very
efficient. The ability of CENP-B to repress is
not surprising considering its association with
the centromere, a transcriptionally silent
region. However, as TFII-I has been shown
previously to be an activator of transcription

(Roy et al. 1993; Roy et al. 1991), TFII-1

mediated repression supports the theory that

The repression domains of these two proteins were dissected out by fragmenting

the cDNA and fusing it to Gal4, much like the B-gal fusions used in determining the NLS.
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The ability to repress is conferred by the first repeat (190/251) of TFII-1 (Figure 17).
However, CENP-B has multiple repression domains. The strongest is in the amino-
terminal fragment (1-134) and is likely within the first 77 amino acids (Figure 17). The
carboxy-terminal portion of the protein also has repression activity. The specificity of this
activity made it possible to perform very direct two hybrid screens using only the strongest
repression domains of each protein in hopes of identifying the mechanism for repression.
Surprisingly, screens with the individual domains produced a common partner, NKtarp
(Natural Killer tumor antigen related protein (Genbank U82939). NKtarp is most closely
related to the herpes immediate early viral gene, ICPO implicated in criticle viral
transcriptional regulation and contains a ring finger domain in the amino-terminus, a
domain found in three other PcG proteins (Kliewer er al. 1989). Therefore, an ICPO-
related interaction partner, NKtarp, links CENP-B and TFII-I by a currently unknown
repression mechanism.

Figure 18 depicts the protein

DNA binding domain Dimerization domain

CENP-B

structures of CENP-B and TFII-1. The
fragments of CENP-B and TFII-I

TAIM m Vl!f/j %—%—W obtained by two hybrid screen inhibit

Thl spot formation (see Chapter Four)

Th1 interaction domain
{and spot inhibition domain) [:!

Repression domain ([ in transfected NIH3T3 cells (indicated

‘ . by the yellow block). The strongest
Figure 18 TFII-1 and CENP-B protein

structure. The structure of TFII-I and CENP-B is
represented including the Thl interaction domain and
spot inhibition domain(ycllow block), and the strongest
repression domain(blue block) are indicated. The six blocks. The CENP-B protein has two
repeats of THII-I are shown as hatched blocks, and the
DNA binding domain and dimerization domains of
CENP-B are indicated by checkered blocks.

repression domains are indicated by blue

known motifs, a DNA binding domain
at the amino terminus and a dimerization
domain at the carboxy-terminus (Yoda et al. 1992). The DNA binding domain is necessary
for CENP-B spot formation (data not shown). The six repeats within TFII-I are

numbered.
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CENP-B and TFII-I colocalize with Th1l

TFHII-I, endogenous and transfected in
NIH3T3 cells, is strictly nuclear in a uniform
distribution (data not shown). Transfection of
two Thl constructs change the endogenous and
ectopic TFII-I pattern. Cytoplasmic Thl, a
product of the CS-Thl plasmid, pulls TFII-I
into the cytoplasm (data not shown) and beta-
actin-Thl transfection recruits TFII-I to the
nuclear punctate pattern (Figure 19A). TFII-I is
the only protein we have identified that follows

Thl to each of its locations. Together with the

exceptionally strong mammalian two-hybrid

Th1

TFII-1

Thi/TFIl-I

A

B CENP-B__ Thi/CENP-B

Figure 19 Ectopic TFII-I and CENP-B
colocalize with transfected Th1. NIH3T3
cells were transiently transfected with f-actin-Th1
and AUI fusions of either A)THII-I or BYCENP-B.
The cells were fixed and stained with anti-Thl
antibody and anti-AU1 antibody. A rhodamine
secondary antibody (red) recognizes Thl in panel
A and AUL-CENP-B in panel B. Likewise, a
fluorescein secondary antibody (green) recognizes
AU1-THI-l in panel A and Thl in panel B. The
third frame in each panel is the overlay of the two
staining patterns indicating co-localization of the
transfected proteins.

interaction, this data suggests a high affinity interaction between these two proteins.

When expressed in NIH3T3 cells, CENP-B has a nuclear punctate subcellular

localization, much like beta-actin-Th1. In fact, the two proteins efficiently colocalize in co-

transfection experiments (Figure 19B). CENP-B colocalization was limited to exogenous

levels as a specific antibody was unavailable. It is interesting to note that a Th1 construct

with GFP fused to the carboxy-terminus never formed a nuclear punctate pattern until

transfected with CENP-B (data not shown), further evidence of a tight interaction. The

subnuclear Th1-CENP-B expression domain may be a site for shuttling proteins to

functional locations, possibly the centromeric heterochromatin, for long-term repression.

A logical follow-up experiment for each of these studies would be co-

immunoprecipitation with Thl.

affinity antibodies against TFII-I and CENP-B.
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CENP-B has characteristics of a PcG protein
Additional experiments characterizing CENP-B
localization link it to the PcG. Co-transfection of CENP-B
with the XPc produces overlapping punctate patterns of the
two proteins (Figure 20A). 1 addressed the possibility that
CENP-B is capable of recruiting endogenous PcG
members by staining for Bmi-1 protein in NIH3T3 cells.
This protein has a very fine granular pattern within the
nucleus (see bottom cell in figure 3-6B). However, when
CENP-B is over-expressed, it concentrates Bmi-1 into a
pattern of larger spots staining positive for CENP-B (see
top cell in figure 20B). In contrast to the Bmi-1 pattern in
NIH3T3 cells, in U208 cells, PcG proteins, including
Bmi-1, are expressed at very high levels in a distictive
subnuclear pattern (Alkema er al. 1997). In this cell line,
transfected CENP-B colocalizes with Bmi-1 (data not
shown). Staining with ACA (human auto-immune serum
against the centromere) indicates that the endogenous Bmi-
1 location is "neighbor punctate” to a subset of the
centromeres (figure 20C). The existence of two domains
with endogenous protein levels, but a single domain in

transfected cells suggests that high levels of CENP-B can

CENP-B
XPc

A CENP-B XPc

CENP-B,

B CENP-B endo Bmi Bmi

ACA _ Bmi/ACA

Figure 20 CENP-B colocalizes
with and recruits PeG
members. A) NIH3T3 cells were
transiently transfected with GEFP-
CENP-B and and AU1-XPc. The
cells were fixed and stained with
anti-AU1 antibody and rhodamine
secondary antibody (red). Note that
CENP-B colocalizes with XPc in a
nuclear punctate pattern.
B) NIH3T3 cells were transfected
with GFP-CENP-B. The top cell
is transfected (evidenced by green
GFP) and the bottom cell is not.
Anti-Bmi-1 antibody (rhodamine
sccondary) recognizes endogenous
protein. Note that CENP-B
recruits Bmi-1 to its compartment.
C) Endogenous Bmi-1 and the
centromere (ACA antibody) are in
adjacent compartments.The third
frame in each panel is the overlay
of the two staining patterns
indicating co-localization of the
transfected proteins.

drive the association of the separate compartments. Questions concerning CENP-B and

PcG colocalization will only be answered when a specific CENP-B antibody becomes

available.



Recruitment of exogenous and
endogenous PcG members, and a strong
ability to repress transcription indicate a

possible link between CENP-B and the

PcG. When CENP-B null mutant mice
Figure 21 CENP-B null mutant mice do not
exhibit axial homeotic mutations. Newbom (Hudson ef al. 1998) became available, I
CENP-B null mutant (--) and heterozygous +/-) mice ’
were stained for bone (red) and carlilage (blue). A
represenlative photograph of the cervical and cranial
region is shown.

assayed littermates for  homeotic
transformation, a phenotype predicted in
PcG mutants. Whole-mount staining of bone and cartilage allows the analysis of cervical
vertebra which are easily distinguishable as C1-7. Figure 21 shows +/- and -/- littermates
with bone and cartilage stain. The two embryos are indistinguishable indicating that there
is no homeotic transformation of the vertebra due to loss of CENP-B protein. This does
not completely rule out PcG association. Mutation of some Drosophila PcGs have very
weak or no effects in Drosophila until combined with other PcG mutations, producing a
synergistic increase in phenotype.

This class of Thl interacting partners requires additional study. We have
concentrated on CENP-B and TFII-I because of their strong two hybrid interactions with
Th1, recruitment by Thl, and Th1 spot inhibition, as well as a strong ability to repress
transcription. It is possible that Th1l forms a mechanistic connection with two types of
repression, one mediated by the PcG complex and a second mediated by CENP-B and

TFII-1 effects, conceivably through Nktarp.

To further our analysis of PcG repression, we focused on creating a transient
biological assay for PcG function. The experiments were initially performed with Pcl
alone, but were verified with three other known PcG proteins. This assay is detailed in the

next Chapter.
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Chapter 6

Overexpression of PcG proteins causes a specific neural
phenotype and affects specific targets in Xenopus

Isolation of a Xenopus Polycomblike homolog, XPcl1

To initiate an analysis of polycomblike in Xenopus, we screened a Xenopus stage
28-30 head library by hybridization with a mouse Polycomblike 1 cDNA (Chapter Four).
A full-length coding cDNA, termed XPcl/, was obtained (see Materials and Methods).
Sequence comparison between XPcll and other Polycomblike sequences (Figure 22)
shows the highest similarity with mPcl1/TcTex3/PHF1 (Coulson er al. 1998; Kawakami et
al. 1998). The N-terminal portions of the proteins, which include the two PHD fingers,

are 70% identical. Two additional short

*

1 PHD1 PHD2 [ ll|se4  XPclt
blocks of identity, regions II and III, are =
. . . 1] 70% R []sse  mPelt
found in the more divergent C-terminal
60%
regions of the proteins. MO96A, a second ' = | i Mesh
mammalian Polycomblike, is also closely ' | % | g el

related to XPcl1, but shows less identity in Figure 22~ Sequence comparison of
Polycomblike from Xenopus, mammals

. : . and Dresophila. XPcll is compared to mouse

the PHD fingers and region II is 1Ot pgy (TLH and SMH, unpubl), M96A (Inouye er

_al. 1994), and Drosophila Pcl (Lonie et al

conserved. In contrast, Drosophila Pcl is 1994). Percentages are amino acid scquence

identity of the indicated region relative to XPcll.

The conserved Cys4-His-Cys3 PHD1 and PHD2

domains (Aaslang et al. 1395), homology regions

. N ; . . II and III, and the region of microheterogeneity in
identity in the PHD finger regions; regions Xpcl1 ( * ) are indicated.

Genbank accession numbers are XPcll (AF130453)

IT and IIT are absent. Closer analysis of and mPcll (U81490). This data was collected by
Stan Hollenberg.

this sequence comparison shows that PHD finger 1 is highly divergent between vertebrates

much more divergent, with only 31%

and Drosophila, whereas the PHD finger 2 region shows about 50% identity over a region
of 100 amino acids (not shown). Others have observed a similar limited sequence
conservation between Drosophila and vertebrate PcG proteins, such as Polycomb and

Polyhomeotic (Nomura et al. 1994; Pearce et al. 1992).
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Figure 23 RT-PCR quantitation of XPcll
expression during Xenopus
embryogenesis. XPcll mRNA levels were
quantified using reverse transcription followed by
PCR with gene-specific primers. Primers specific
for Xenopus Omithine Decarboxylase (ODC) were
used as control to correct for differences in RNA
levels and reverse transcription efficiency.
Develo%mental stage is indicated (Nieuwkoop
and Faber 1967)  Cycle number and
product sizes are: XPcll (27 cycles, 436 bp) and
ODC (32 cycles, 234 bp). This data was collected

F-gty

XPcll is expressed in a spatially-

restricted pattern late in
embryogenesis

We have quantified the levels of
XPcll mRNA throughout embryogenesis by
RT-PCR using XPcll gene-specific primers
(Figure 23). XPcll RNA is detectable in the
zygote as a maternal message. After a decline
in levels during gastrulation XPcl/ RNA
to increase and become

levels begin

by Y oshino Yoshitake.

significantly higher by tailbud stage. Steady

state levels further increase during tadpole stages. This pattern indicates that XPcll RNA

has maternal and zygotic components

which are temporally similar to
Xenopus PcG genes XPolycomb and
XBmi-1 (Reijnen et al. 1995).

Whole mount RNA in situ
hybridization was used to determine
the spatial distribution of XPcll RNA
during embryonic stages. Consistent
with our RT-PCR analysis showing
low levels early in development, the
XPcll RNA signal was very weak at
stage 20, but became readily
detectable by Stage 26 (Figure 24A).
Stage 33 embryos show XPcll RNA

expression
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Figure 24 XPcll is expressed in the anterior
central nervous system. XPcll antisense probe was
used for whole mount RNA in situ hybridization. XPcl1
expression is restricted to the brain (white arrowhead), eyes
(white arrow) and otic vesicles (black arrow) as shown at
stage 33, lateral view (A,C), and in a dorsal view (B) at
stage 26. Inset of A shows embryo hybridized with sense
XPcll probe.  The embryo in C has been cleared and
shows apparent gaps of expression in the brain.
Transverse sections of stage 37 embryos after XPcll
detection are also shown (D-F). Signal is present in the
brain, eyes (e), and otic vesicles (0). This data was
collected by Yoshino Yoshitake.
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Figure 25 Strategy for Xenopus assay
system. Upper panel; Bilateral dorsal
injection at the four cell stage is followed by
visual inspection of stage 36-40 embryos (4
days later) for gross phenotypes. Lower panel:
Unilateral dorsal injection at the four cell stage
followed by P-gal assay (red product) to
determine side of injection and in situ
hybridization at stage 19-22 (two days later).

predominantly in the anterior central nervous
system including the developing eye. Within the
developing brain the XPcl/ signal is distinctly
non-uniform at this stage. As shown in Figure
24C, gaps of significantly weaker signal are
visible within the head of a Stage 33 embryo.
Transverse sections of XPcll-stained embryos
confirm the whole mount signal localization and
show signal throughout the brain, eyes and otic

vesicles (Figure 24D-F).

Overexpression of XPcll in Xenopus produces anterior central nervous

system defects

Xenopus is commonly used for measuring developmental consequences due to

overexpression of an injected RNA (see Figure 25). We used this strategy to measure the

phenotypic consequence of early, widespread Pcll expression. Preliminary experiments

compared the effects of injecting capped RINA transcripts, synthesized from either mouse

or Xenopus Pcli. Identical phenotypes were a B

produced regardless of the species origin of Pcll,

c D

although mouse Pcl// was somewhat more potent

(Figure 29). Marginal zone injections into either g F

both dorsal or both ventral blastomeres at the four-

cell stage resulted in distinct phenotypes, as Figure 26 Phenotypic consequences of

Pcll overexpression. Embryos were

expected from dorsal-anterior or ventral-posterior symmetrically injected in both blastomeres

near the dorsal marginal zone at the four-cell
stage with 0.4 ng RNA. Control (A) and

localization, respectively, of injected RNA. | &4 (B-F) embryos are shown at stage 40.

Eyes are small (B,C), absent (D,E) and

Ventrally-injected embryos develop with a partial occasionally fused (F) and embryos show

second axis. In addition some show a tail

characteristic changes in head shape relative
to controls.
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Figure 27 Analysis of the
Pcll overexpression
phenotype. Four cell embryos
were bilaterally injected with
control  (beta-galactosidase) or
mPcll RNA, sectioned at stage 36
(transverse), and stained with
hematoxylin-eosin. Note how
Pcl1 markedly decreases the size of
the ventricle (v) and expands the
swrrounding neural tissue.  The
position of the eye (¢) and otic
vesicle (0) are indicated.

duplication (data not shown). These observations will be
published in detail elsewhere. As described below, dorsal
injection of Pcll also generated a reproducible phenotype
and was used for all subsequent experiments.

Dorsal misexpression of Pcll had a striking effect
on development of the anterior nervous system. Embryos
consistently exhibited abnormal head structures, visible in
Figure 26 (B-F) as a dorsal bulge and an indentation
anterior to the eyes. In addition, the eyes were reduced in
size, completely absent, or occasionally fused. The
severity of the phenotype was dose-dependent, with 20,
41, and 70% of embryos exhibiting a phenotype at 200,
400 and 1000 pg injected RNA, respectively. To localize
the developmental defects, we analyzed Pcll-injected
embryos for correct muscle and nerve formation, using
immunostaining. Both muscle and notochord are present
and relatively normal (Y'Y data not shown), indicating the
effect is localized to the nervous system. To define the
phenotype in more detail, Pcll-injected embryos were
sectioned and the gross morphology of the anterior
nervous system was examined histologically. These
embryos consistently showed dramatic alterations in the

structure of the forebrain (Figure 27). Neural tissue is

clearly present into the most anterior regions as demonstrated by N-CAM (pan-neural)

whole mount in situ hybridization (Figure 28), but it appears very disorganized with the

normal columnar appearance disrupted (Figure 27). The overall mass of neural tissue is

markedly increased at the expense of the ventricle (v), which is virtually absent.

The
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normally-thin roof and floor plates are greatly thickened and disorganized. The phenotype

is graded along the anterior-posterior axis of the brain: the effects are less severe in the

midbrain, and the hindbrain appears relatively normal (Figure 27).

The strong effects on forebrain
structure seen in Pcll-injected embryos do
in

not result from gross alterations

anterior-posterior patterning. We have

used whole mount RNA in situ
hybridization with N-CAM, Rx2A,
Xotx2, X-dlI3, and Xwnt-8b antisense
probes (Blitz and Cho 1995; Cui er al.
1995; Kablar et al. 1996; Kintner and
Melton 1987, Mathers et al 1997;
Pannese et al. 1995; Papalopulu and
Kintner 1993) to define the changes
within the anterior central nervous system
(CNS) mediated by Pcll overexpression
(Figure 28). At stage 19-22, expression
of Rx2A and Xotx2 is absent in the
developing eye (arrowheads) of embryos
made to misexpress Pcll, although
expression of Xorx2 in the forebrain

(arrows) is maintained. Expression of N-
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Figure 28 Pcll effects on brain and eye
markers. Control (beta-galactosidase) or mPcll RNA
was injected bilaterally into the dorsal marginal zone of
four-cell stage embryos. Expression of N-CAM (pan-
neural), Rx2A (eye), Xotx2 (eye, forebrain, midbrain),
X-dli3 (forebrain, otic vesicle, branchial arches, cement
gland), and Xwnt8-b (forcbrain-midbrain boundary) was
assayed by whole mount RNA in situ hybridization.
Representative embryos arc shown from stage 19-22
(left) and stage 26 (right). Developing eye field is
denoted by  amowhcads, forebrain-specific  gene
expression by arrows. Note that neural patterning is
unchanged at stage 19-22, even when eye markers are
completely absent.

CAM in the eyes (arrowheads) of Pcll-misexpressing embryos is completely normal,

suggesting that Pcl1 doesn’t alter formation of the early eye field, but affects a later step in

eye development. At this stage Pcll produces no significant alteration of the forebrain

pattern of Xo#x2, X-dli3, and Xwnt-8b. At stage 25-26, Xotx2, Xwnt-8b, and X-dil3 are
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still expressed at their correct positions within the forebrain, but their signals are

diminished in some Pcll-injected embryos (Figure 28, Xotx2).

These analyses

demonstrate that Pcl1 expression does not alter early specification of the anterior nervous

system, but clear structural defects become evident at later stages.
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Figure 29 PeG proteins produce defects.

similar anterior neural defects.
Embryos were injected bilaterally at the
four-cell stage with 1 ng of each RNA.
At stages 36-42 embryos were scored for
the distinctive changes in head
morphology and eye size shown in
Figure 4. At least 30 embryos were
analyzed for every condition in each
experiment. Values are the average of
three or more scparate experiments.
Error bars show s.e.m. Injected RNAs
are: control  (beta-galactosidase),
Xenopus and mouse Pcll, M33 (mouse
Polycombl), XBmi-1, and mPh2
(mouse polyhomeotic 2).

injected in  both

dorsal  blastomeres
with RNA encoding
either M33 (mouse
Polycomb 1; (Pearce
et al. 1992), XBmi-
1 (Reijnen et al
1995), or mPh2 (mouse Polyhomeotic2; (Chapter Four).
All RNAs showed similar defects in nervous system
development, with about 60% of the embryos exhibiting
changes in anterior brain and eye development (Figure 29
and 30). This level of activity is very similar to that
produced by mouse Pc/l] RNA. We have sectioned
embryos from each PcG injection and see changes in
neural similar to  Pecll

anterior organization

51

PcG proteins generate similar phenotypes in

We have tested the phenotypic consequences
of injecting three other PcG RNAs in the Xenopus
assay system, focusing on anterior nervous system

Four-cell embryos were symmetrically-
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Figure 30 PcG proteins produce
a similar gross phenotype.
Embryos were injected bilaterally at
the four-cell stage with 1 ng of each
RNA. At stages 36-42 embryos
were scored for the distinctive
changes in head morphology and eye
size shown in Figure 4. Injected
RNAs are: control  (beta-

galactosidase), mouse Pcll, M33,
XBmi-1, and mPh2.



overexpression (data not shown). We conclude that the Pcll phenotype is common to

several PcG proteins and is therefore a consequence of PcG function.

XPcll represses En-2

The segment polarity gene engrailed is a direct PcG target gene in Drosophila (Strutt

and Paro 1997). One of its vertebrate homologs, En-2, is thus a candidate target gene.

Indeed, analysis of the Pcll overexpression phenotype by whole mount RNA in situ

hybridization showed that
En-2 was repressed in
some  bilaterally-injected
embryos (data not shown).
However, genetic studies
in mice suggest that En-2
repression is unlikely to be
responsible for the neural
phenotype we observe
(Joyner et al. 1991).

To provide a more
accurate assessment of En-
2 changes, embryos were
assayed for En-2
expression after injection
into only one of the two

dorsal blastomeres at the

i
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Figure 31 Pcll alters expression of En-2 and Krox-20.
Expression of En-2 (midbrain-hindbrain boundary) and Krox-20
(hindbrain; rhombomeres 3 and 5) were assayed by whole mount RNA in
situ hybridization at stage 19. Embryos were injected unilaterally at the
four-cell stage with either control (GFP; A,D,G) or mPcll RNA, plus
RNA encoding N-beta-galactosidase. Beta-galactosidase assay with Red-
gal (red product) marks the side of injection (on the left in each panel).
Repression of En-2 is dependent upon Pcll (B), but uncoupled {rom
repression of Krox-20 (E,H). Posterior shifts of En-2 are also Pcll-

four-cell stage. This eliminates the difficulty of comparing control and experimental En-2

levels and sites of expression in different embryos. The side of injection was marked with

RNA encoding a nuclear beta-galactosidase. In situ beta-galactosidase assay with the

o2



chromogenic substrate Red-Gal (see Figure 25 and Materials and Methods) provided an
indication of both the side of injection and the targeted region. In control embryos En-2 is
expressed in a characteristic stripe at the midbrain-hindbrain boundary (Davis et al. 1991;
Hemmati-Brivanlou e al. 1991). Injection of control RNA, encoding beta-galactosidase,
GFP, or a mutant Pcll (mPcl1-stop), produces no consistent change in the En-2 pattern
(Figure 31 A,D,G, Fig 32 and data not shown). In contrast, both mPcll and XPcll
significantly reduce the En-2 expression level on the injected side in about 15% of the
embryos at stage 19-22 (Figure 31B and 32). This repression is gene-specific; double-
labeling with probes for both En-2 and Krox-20, which marks rhombomere 3 and 5 in the
hindbrain (Bradley et al. 1993), shows repression of the En-2 signal without any change in
levels of Krox-20 (Figure 31E). Figure 31H shows a rare example of complete En-2
repression which locally affects Krox-20 only at thombomere 3, possibly an indirect
consequence of midbrain-hindbrain alterations (Joyner 1996). The specificity of En-2
repression is supported by the observation that Xotx2, Xwnt-8b, X-dill3, and N-CAM are

not repressed by Pcll at the same stage (Figure 28).

XPcl1 alters the site of En-2 expression

In addition to repression, injection of XPcll RNA has the potential to shift the site
of En-2 expression posteriorly (Figure 31 C,F,I). This effect is frequently independent of
En-2 repression, but always occurs on the side of RNA injection. Both mouse and
Xenopus Pcll produce a similar effect, with mPcl1 showing greater efficiency (18% versus
8%, Figure 32). This effect is very rare in control-injected embryos, detectable in less than
0.5 % of embryos.

Changes in the position of expression along the anterior-posterior axis are not
specific to En-2. For example, Krox-20 expression shifts in a posterior direction along

with En-2 (Figure 31F). We also detect very localized posterior shifts affecting only En-2
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or only one of the two Krox-20 stripes (Figure 311),

suggesting that we are locally rather

than globally changing positional identity along the axis.

Other PcG proteins alter En-2 similar to
XPecll

Based on analyses in Drosophila, PcG
proteins regulate overlapping sets of target genes.
To determine whether En-2 is a common target of
other PcG proteins in this assay, we measured
changes in En-2 expression levels and position
mediated by injection of RNA encoding M33,
XBmi-1, and mPh2.  Figure 32 shows that
expression of each of these three PcG proteins
produces significant repression of the En-2 gene,
and all show similar efficiencies. In addition, all

three PcG proteins generate a posterior shift in En-2

XPd1 mPd1 M33  XBmi1  mPh2
PcG RNA

cont XPeli  mPd1 M33  XBmi4 mPh2
PG RNA

Figure 32 PcGs produce similar
effects - on En-2  expression.
Embryos were injecied unilaterally and
assayed for En-2 repression and position
shift as in Figure 8. The percentage of
embryos that show the effect and the
standard error are given. At least 50
embryos.

expression indistinguishable from that caused by Pcll (Figure 32). Therefore, four

vertebrate PcG proteins generate similar effects on both development of the nervous system

and the En-2 expression pattern.

Development of a transient vertebrate assay system for PcG biological function

allows analysis of potential PcG members obtained by two-hybrid screens. Chapter Seven

describes two new PcG proteins identified by this method.
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Chapter 7

Identification of two new Polycomb-Group proteins
by the Xenopus assay system

Two hybrid screens with mPcl1 fusions yielded two proteins of interest, BS69 and
PRSM. The full power of the Xenopus assay system for PcG function was demonstrated

in the analysis of these proteins. The results of those studies are reported here.

BS69 is a Polycomb-Group protein

Positives from mouse Pcll two hybrid screens were subjected to a secondary
screen by requiring interaction with Drosophila Polycomblike. This identified partners that
might have fundamental roles in PcG function as opposed to proteins with functions
specific for silencing in mammalian cells. Overall, approximately 30% of the positives
from each screen, including most of the strongest positives, corresponded to C-terminal
regions of BS69. BS69 was identified previously as a nuclear E1A partner with the ability
to block E1A-transactivation (Hateboer et al. 1995). Of note, BS69 contains a PHD finger
and a bromodomain, domains frequently contained within chromatin regulatory proteins.

The ability of BS69 to repress was tested in the transcriptional preference assay (see
Figure 15). Relative to the Gal4 DNA binding domain alone, a Gal4-BS69 fusion reduces
luciferase activity, indicating that BS69 has an intrinsic repression activity. Interestingly,
Gal4-Pcl1 shows little or no repression activity in this assay. In contrast, wild-type BS69,
when co-expressed with Gal4-Pcll, has the capability to confer repression activity on the
fusion protein (Hong Ma, data not shown). This is evidence for in vivo association of

BS69 and Pcl1.

5



, control Pcl1 BS69
o

> .

sfo | 1

o N

5.0% 65% 54%

< "

O

x

o . - -

5 N s

c

W Do-u 60% 42%
Figure 33 BS69 overexpression in
Xenopus embryos causes a PeG
overexpression phenotype. In vitro

transcribed capped RNA encoding BS69 or
P-gal protein was injected at the dorsal
marginal zone of four cell embryos. Embryos
were allowed to develop to stage 40 and assayed
for head phenotype, or stage 20 and assayed by
in situ hybridization for changes in En-2 and
Rx2A expression. Percentages of injected
embryos showing either a phenotype (top
panels) or change (shift or repression) in En-2
or Rx2A message (botlom panels) are indicated
in the bottom left of the frame.

The ability of BS69 to bind Pcll in vivo

and confer repression activity strongly
implicates BS69 in the PcG silencing process.
To test this hypothesis in a developmental
context, I injected BS69 transcripts bilaterally
(see Figure 25). As predicted from our in vitro
observations, misexpression of BS69 produces
effects on Xenopus development which are
indistinguishable from those produced by Pcll.
The characteristic head morphology produced by
PcG overexpression is clearly visible (Figure
33). Sectioning of the mutant embryos revealed

disruption and mass increase of the neural tissue

as observed in other PcG effected embryos (Figure 34) In addition, the two neural markers

repressed by other PcGs, En-2 and Rx2A, are also strongly affected (Figure 33). In the

example shown, the posterior shift of En-2 is
also visible. Therefore, BS69 expression alters
neural development, represses £n-2 and Rx2A,
and shifts En-2 posteriorly, all of which are
indicators of PcG action. We conclude that

BS69 has the capability to produce PcG

function.

PRSM is a Polycomb-Group protein
PRSM was the only protein with

control

Figure 34 Sections of a BS69 injected
embryo reveal increased and
disorganized neural tissue., In vitro
transcribed capped RNA encoding BS69 or
P-gal protein was injected at the dorsal
marginal zone of four cell Xenopus embryos.
Embryos were allowed to develop to stage 40.
A representative wild type embryo and an
embryo with a moderate BS69 phenotype were
embedded and cross-sectioned, and stained with
Hematoxylin-Eosin.

equivelent interactions with both mouse and Drosophila Pcl in the two-hybrid screen. A

¢DNA containing PRSM has been published (Genbank AAC67541) but represents a



distinct reading frame that completely encompasses our PRSM ¢cDNA. Database searches
reveal that our version of PRSM has homologs in S. cerevisiae, S. pombe, C. elegans and
plants. In dictyostelium the PRSM homolog is necessary for stalk differentiatation during
development (Genbank AAC67541). This developmental role for PRSM made it an

interesting candidate for injection in the Xenopus PcG assay system.

control PRSM PRSM  overexpression
produces an effect on head
. B ’ 5 :
1’ . " structure similar to BS69 in
developing Xenopus embryos,

repression posterior
shift while mediating striking effects

Figure 35 PRSM overexpression shifts and represses on En-2 expression (Figure 35).

En-2. In vitro transcribed capped RNA encoding PRSM or
B-gal protein was injected at the dorsal marginal zone of four A large number of embryos
cell embryos. Embryos were allowed to develop to stage 20 and

i\sgi)yvfﬁ ?Iihl(il éli?dgi?ﬂégggﬁ for changes in En-2 expression. diplayed repressed and shifted
En-2 in the presence of excess PRSM (75% and 19% of injected embryos, respectively).
In addition, the degree of posterior shift is often greater than in Pcl embryos, reaching the
equivalent of a two rhombomere shift in a posterior direction. This event is rarely seen in
Pcl injected embryos.

PRSM repression is apparently not stable. En-2 expression is reported in Chapter
Six at stage 19-22. When later stages (stage 24-26) are assayed in PcG-injected embryos
the percentage of affected embryos remains the same. In contrast, PRSM injected embryos
assayed at stage 26 no longer exhibit £n-2 effects (data not shown). It is assumed that
RNA degradation is a significant factor by this stage due to the progressive loss of B-gal
activity, therefore it is possible that PRSM RNA is no longer available. This result is

intriguing because of the proposed role of PcG in maintaining silencing. It suggests that

PRSM has a fundamental role in stabilizing the complex.
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Both BS69 and PRSM produce a phenotype indistinguishable from the four other
PcG proteins assayed (see Chapter Six). We have, therefore, identified two new PcG

proteins by the Xenopus assay system.



Chapter 8

Discussion

Nuclear localization of Thl is regulated

Thl has two nuclear localization signals, suggesting tight regulation of Thl’s
subcellular localization. Thl may be excluded from the nucleus by masking of the NLSs.
A mask could be applied by interaction with an inhibitory protein, like I-mf-a. Protein
interactions or phosphorylation might change the conformation of Thl to mask the NLS
within the folded protein. Finally, masking may occur by a combination of the two former
processes.

There are two alternative ways Th1l might be trapped in the cytoplasm other than
masking of the NLS: cytoplasmic retention, and active nuclear export. It is not likely that
Thl is retained in the cytoplasm by a cytoplasmic tether. If a tether was employed,
increasing levels of Thl expression would overwhelm the ability of the tether to maintain
cytoplasmic retention. Just the opposite is true, with increased Thl protein levels in culture,
Thl is more likely to be cytoplasmic (Figure 1). This points to another possibility. A
nuclear export signal may tag Thl for active nuclear export. Thl would appear nuclear
when too much Thl protein swamped the export machinery and backed up in the nucleus.
However, there would likely be some cytoplasmic Th1 that had been exported. In general
Thl is localized strictly to the nucleus or strictly to the cytoplasm. Furthermore, inspection
of Thl protein structure did not identify a consensus nuclear export signal. These two
observations make the existence of a simple nuclear export signal unlikely. The same
theory of masking could be applied to modulate the activity of an export signal. Again,
transfection experiments where high levels of Thl are cytoplasmic discourage this theory.
An endogenous masking protein would be the limiting factor in Th1’s localization and high

Th1 protein levels would swamp out the ability of the mask to inhibit the export signal, thus
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trapping Thl in the nucleus. The exclusion of the processes of cytoplasmic retention by
tethering or active nuclear export for controlling Th1 subcellular localization suggests that

Th1’s movements are controlled via regulation of the nuclear localization signal.

Subcellular localization of Th1 may determine its role

It is possible that Th1 has different roles in different subcellular locations. Nuclear
Thl likely acts as a DNA binding transcription factor with targets including heart specific
genes whose expression is necessary for cardiac looping and the specification of the right
and left ventricle. These event all occur prior to E10.5. Th1’s cytoplasmic role would not
be assumed until E13.5, after gross morphological changes in the heart are complete. It is
possible that additional subtle remodeling is occurring, or that final differentiation of some
cell types within the heart is taking place. Either of these events may require inactivation of
Thl transcriptional targets or initiation of an as yet unidentified cytoplasmic function.

Likewise, in the sympathetic ganglia Thl may have diverse roles. Acting as a
nuclear transcription factor, Thl targets may be responsible for maintaining the stem cell
potential of cells of the sympathetic lineage. At the precise time Thl becomes cytoplasmic,
E13.5, the stem cells within the sympathetic ganglia stop dividing and begin terminal
differentiation into sympathetic neurons. Because Thl expression is maintained in the
cytoplasm (at least until E17.5, TLH unpublished), it is likely that there is an additional

function for Thl there.

Thl may have a role in determining PcG targets

Nuclear Thl may also play a role in identifying targets for PcG mediated
repression. When developmental decisions are being made, Thl and other transcription
factors may be removed from the nucleus to allow a change in the transcriptional state of
specific genes. The cytoplasmic localization of Thl, as a result of serum deprivation,

supports this model. Serum deprivation is known to induce differentiation in a number of
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cell types. This process requires the activation of many tightly regulated, possibly silenced,
genes. It is possible that in order to reset transcription of repressed genes it requires that
key transcription factors, such as Thl, must be inactivated, in this case by removal from the
nucleus. A prominent model for selection of PcG targets suggests that the equilibrium of
active and repressive effectors at a promoter determines the final transcriptional state. This

equilibrium may be influenced by temporary removal of influential factors from the nucleus.

Ectopic Th1 induces cell death in cultured cells

Ectopic expression of Th1 in culture frequently causes cell death. Other researchers
have not identified a role for Thl in apoptosis, but may not be assaying the right tissue type
or developmental timepoint. A decrease in apoptosis has not been mentioned in
descriptions of the Th1 or Th2 null mutant mice (Firulli et al. 1998; Riley ez al. 1998). An
increase in apoptosis explains the absence of branchial arches three and four in the Th2
mutant mouse (Thomas et al. 1998), but this would suggest that Th2 is responsible for cell
death prevention as opposed to induction.

Thl is expressed and localized to the nucleus during both major phases of cell death
in the sympathetic ganglia. This is mirrored by nuclear re-entry when PC-12 cells are
induced to apoptose. Unfortunately, Thing null mutant mice do not live long enough to
investigate cell death in the sympathetic ganglia. Further experiments in PC-12 cells will
help define Th1’s role in survival of sympathetic neurons.

In summary, the cyptoplasmic versus nuclear localization of Thl reveals two
important points. 1) Thl function is tightly regulated such that it is necessary to quickly
remove it from the nucleus and prevent its role in transcription there. The regulation is
controlled by the use of two separate NLSs in Thl which may be independently
manipulated for nuclear entry. 2) Thl may have both a nuclear function and a cytoplasmic
function evidenced by its regulated localization both in culture and the developing mouse

embryo. Nuclear functions surely include activation of heart specific genes. Cytoplasmic
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functions are as yet unknown. These two characteristics of Thl make it a transcription

factor worth further analysis.

Th1 interacts with multiple PcG proteins

We have used the yeast two hybrid system to identify protein partners for the bHLH
protein Thl. Screens using the Thl C-terminus and a Thl-E protein intramolecular dimer
each isolated a novel, structurally distinct member of the PcG. Since PcG proteins are
thought to function in multi-protein complexes this suggested Th1 might interact with other
PcG proteins. To further investigate this we analyzed the ability of three additional
vertebrate PcG proteins to physically interact with Thl in vitro, in yeast and in mammalian
cells. All PcG proteins scored positive in the mammalian cell interaction assay and mPCL2,
mPh2 and XPc were positive in all of these assays. This in vitro and cellular evidence
suggests that Th1 can act through a PcG mechanism to regulate gene expression.

The ability of Th1 to bind several PcG proteins is very striking and in sum provides
a strong indication that Thl directs formation of a PcG multi-protein complex. Due to
technical limitations we are unable to demonstrate simultaneous, direct binding of more than
one PcG protein to Th1. Nevertheless, the two hybrid clones TE14 and AHS3 interact with
non-overlapping regions of Thl in the yeast two hybrid system (SMH unpublished),
supporting the hypothesis that Th1 binds at least two PcG proteins at once.

Our in vitro analysis identifies not only a series of PcG interactions with Th1 but
also with each other (Figure 11). Several lines of evidence suggest that PcG proteins
function as multi-protein complexes (Alberts and Sternglanz 1990; Gaunt and Singh 1990;
Paro 1990; Reuter ez al. 1990). In support of a model for a multi-protein complex, we
provide biochemical evidence for many homo- and hetero-PcG interactions. Particularly
noteworthy is strong two hybrid and biochemical evidence for mPh2 and Mel-18
interaction. The numerous interactions that are detectable suggest flexibility in how PcG

complexes are assembled. A protein that can influence several of these interactions would
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be predicted to determine how these proteins form a complex, although further analysis will
be required to precisely define the PcG complex or complexes that form with Th1.

This study was initiated based on earlier work which showed the bHLH of Thl
could function as a transferable repression domain (Hollenberg et al. 1995). We have
found that the bHLH of Thl is not sufficient for interaction with any of the PcG proteins,
indicating that the repression function identified in this earlier study is mediated by protein
interaction(s) distinct from those reported here, but instead may be mediated by TFII-I

interaction (see Chapter Five).

Subnuclear Th1l Domains and PcG Interactions

The localization of transiently expressed Th1 to a punctate subnuclear pattern is very
similar to the pattern observed for Drosophila PcG proteins Pc and Ph (Franke et al. 1995;
Messmer et al. 1992) and for many PcG proteins in U20S (Saurin ez al. 1998). We have
not detected endogenous Th1 in a punctate subnuclear pattern in PC-12 or Rcho-1 cells, or
in mouse embryo sections. Either Th1-PcG interactions are cell or stage specific and are
not occurring in these cells or they are obscured by a strong uniform nuclear pattern. In
addition, Thl may be associated with PcG proteins even when it adopts a uniform nuclear
distribution, an interaction undetectable by our assay. These issues await further analysis.

We have used the subnuclear Thl pattern produced by transient transfection as a
spatial indicator of protein-protein interaction. This method relies on the ability of a PcG
partner protein to be “mislocalized” by co-expressed Thl. It does not require all
interacting components to be identified and may be capable of detecting indirect
interactions. For example, Mel-18 shows no capability to interact directly with Thl in either
the two hybrid assay or biochemical assay, yet shows relatively efficient co-localization in
the cellular assay (Figure 13 and 14A). We suggest that endogenous PcG proteins are

participating in this process, perhaps to form a bridge between Thl and Mel-18. This
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would help explain the strict dependence on Thl expression levels for detection of the
subnuclear pattern.

We have presented a cellular co-localization assay, in part, due to our inability to
demonstrate an interaction between Thl and PcG proteins by co-immunoprecipitation from
cell extracts. Thl and PcG proteins only co-localize at sub-maximal expression levels, so
we do not have the sensitivity to detect the interaction in extracts from transfected cells.
Nevertheless, our cellular assay system has a number of advantages over co-
immunoprecipitation. For example, the co-localization can be measured in intact, fixed cells
and thus is not a result of interaction after lysis, and it can occur at lower expression levels.
The ability of Thl to recruit proteins to its subnuclear expression domain in our assay is
difficult to explain without a physical interaction. Formally, Th1 could be acting to target
the PcG proteins to its subnuclear domains by an indirect mechanism. We consider this
hypothesis very unlikely for two reasons. First, seven randomly selected nuclear proteins
were not mislocalized by Thl expression (TLH unpublished); the effect is specific to the
PcG proteins tested. Second, since Thl and XPc often are frequently found in distinct
subnuclear domains, an indirect Th1 effect on PcG protein localization would be expected to
direct these proteins to XPc subnuclear sites. Instead, Thl recruits other PcG proteins to its
subnuclear pattern almost exclusively.

The formation of a neighbor punctate pattern by Thl and XPc and occasionally by
other PcG partners is distinct from co-localization (shown for Th1/XPc in Figure 14B, part
h) but is further suggestive evidence that co-localization is a regulated biological
phenomenon. The neighbor punctate distribution is likely to be formed either as a
precursor to co-localization or as a segregation of co-localized proteins. An apparent
precedent for the second possibility has been observed with patient autoimmune sera
(Ascoli and Maul 1991). Nuclear “dots” formed by unidentified proteins were seen as

paired structures and increased in frequency when cells were stimulated to proliferate. We
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are currently investigating the relationship between cell growth, cell cycle and co-

localization.

A Model for Thl Function

Current models for PcG repression in Drosophila postulate the temporally
regulated formation of a multi-protein repression complex on the PREs of a gene. The
mechanism by which PcG proteins are recruited to the PRE has not been resolved (Bienz
and Muller 1995), and no direct role for tissue-specific factors in this process has been
demonstrated, although most work focuses specifically on the Ubx gene. Thl has specific
DNA binding properties (Hollenberg er al. 1995) and is tissue-specific, thus its role could
be to recruit PcG proteins to specific genes. This may be analogous to the action of a
GALA4-Pc fusion protein reported by Miiller (Muller 1995). In this study transient
recruitment of Pc to GAL4 binding sites is sufficient for transient repression, but another
PRE(s) is needed to stabilize this activity long term after Pc-GAL4 expression is terminated.
Developmental expression of Thl is transient in some sites, so it could function analogous
to a temporary burst of GALA4-Pc, repressing genes by PcG localization. The subsequent
stabilization of this activity in the absence of Thl would be a gene-specific event and
dependent upon the presence of other linked PREs.

This model for Thl action postulates the existence of both a tissue-specific PcG
complex (with Thl) and a PRE. Although some evidence suggests that PcG activity is
tissue-specific (Soto ef al. 1995), the mechanism for this effect is not well understood. In
our model a Th1-PcG complex recognizes a Thl-specific PRE. The only DNA binding
activity that has been measured for Th1 required the presence of E protein as a heterodimer
protein. In contrast, we have no evidence that E protein is an obligate partner for Th1-PcG
interactions. mPh2 was isolated as a Thl-E partner, but E protein is not required for this
interaction. In addition, we have only infrequently detected co-localization of transfected

Th1 and E protein in subnuclear domains, and E protein co-expression dramatically reduces
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the frequency of the Thl punctate pattern (ILH unpublished). Finally, Id1 co-expression,
which is expected to compete for E protein interaction, has no inhibitory effect on either the
formation of Th1 subnuclear domains or the efficiency of Thl1-PcG co-localization (TLH
unpublished). Therefore, Thl may have a non-E protein partner interacting with the bHLH
domain. We have identified two non-bHLH partners for the Thl bHLH domain that act as
repressors and co-localize to Thl subnuclear domains, TFII-I and CENP-B (see Chapter
Five). This suggests the possibility that Th1 may not be directly binding DNA, but might
be mediating DNA binding activity indirectly by the action of the PcG proteins it rectuits.
Our observation that other bHLLH proteins also form domains in the nucleus suggests that
this may be a common function for transcription factors. This could provide a link between

positively defining a cell fate and silencing the expression of regulators for other lineages.

Th1 protein interactions may allow many functions

Th1 association with PcG members, E protein, CENP-B and TFII-I imply that its
functions in transcription may be modulated by its protein interactions. When
heterodimerized with E protein, Thl can activate transcription (Hollenberg et al. 1995).
However, by association with repressors, its function may be reversed. Thl repression may
be direct via a Thl DNA binding site in a promoter, or Thl repression may be mediated by
recruitment of the PcG. Thl interaction with both CENP-B and TFII-I also implies that it
may have the ability to associate with both chromatin and the transcriptional machinery.
One model for how targets are chosen for PcG repression suggests that the state of a gene
is sensed and if already repressed, stabilized by a PcG mechanism. Thl’s potential to
recognize and influence both states, through diverse protein interactions, and its ability to
recruit PcG proteins makes it an ideal candidate for sensing the state of a gene and

assembling a PcG complex.
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CENP-B may act to sequester genes for PcG repression

Sequences around the centromere, including the region of CENP-B binding, may be
a site for PcG repression. As others have suggested, this may be the epicenter of nuclear
silencing domain (Brown et al. 1997). Interaction of Thl with CENP-B may facilitate the
delivery of Thl repression targets to this site where PcG proteins would be enlisted to
maintain silencing. Evidence for such a site is outlined in studies by Csink and Henikoff
which show that repressed genes are in close association with the heterochromatin (Csink
and Henikoff 1996). Identification of a PcG localized domain in U20S cells, adjacent to the
centromere, also supports the idea that a repressive site may be established at which
silencing would be maintained by the pooling of repressor proteins. CENP-B interacts with
at least two PcG proteins. With the yeast two hybrid assay we detect an interaction with Pc
(SMH unpublished), and CENP-B overexpression can modulate the localization of Bmi-1
in NIH3T3 cells. We postulate that CENP-B helps to create a repression domain in the
nucleus by interacting with tissue specific transcription factors and PcG proteins, thus

dragging their targets to the centromere.

TFII-I may repress by two different methods

Data suggests that TFII-I acts as both an activator and inhibitor of transcription.
TFII-I has two roles in activating transcription of the adenovirus major late core promoter.
It is required for binding of TFIID to the TATA box and can mediate TATA-less
transcription by binding the initiator element (Roy et al. 1993; Roy et al. 1991). TFII-1 has
also been shown to stabilize interactions between serum response factor and transcription
factors (Grueneberg et al. 1997). Two studies report TFII-I mediated repression: Roy and
coworkers showed that TFII-I can inhibit myc activated transcription (Roy et al. 1993) and
we have described the ability of TFII-I to repress transcription when tethered to DNA

through a Gal4 fusion (Figure 17).
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PcG interactions with Th1 do not require the bHLH, suggesting that Th1 repression
reported in Hollenberg et al [Hollenberg, 1995 #177) is not through a PcG mechanism.
TFII-1 binds the bHLH of Thl (SMH unpublished). It is not able to disrupt the E/Thl
interaction, but the interactions are mutually exclusive (TH and SMH unpublished). We
suggest that TFII-I may mediate bHLLH dependent repression by Thl. In some contexts
promoters may be bound by Thl through TFII-1, possibly forming inactive complexes with

the transcriptional machinery.

TFII-1 repeat structure allows multiple protein interactions

The repeat structure of TFII-I is ideal for interaction with many transcription factors.
Phox-1 has been shown to interact with the second repeat (Grueneberg e al. 1997), serum
response factor the first repeat (Roy et al. 1991), hematopoetic bHLH, SCL-1 binds the first
repeat (unpublished communication) and Thl interacts with the fifth repeat (Figure 18).
This propensity for binding a number of transcription factors, possibly in combination,
might allow TFII-I to orchestrate complex formation. In this role, TFII-I would stabilize
cooperative DNA binding of diverse transcription factors. Through this action it might
dictate the relative positions of binding sites on a promoter. Another role for TFII-I might
be in sensing the state of a gene by sampling the transcription factors bound at a promoter
thus determining whether to recruit TFIID and other components of the transcriptional
machinery, or inhibit transcription.

Some non-PcG related functions for TFII-I can be proposed. It is likely that TFII-I
interacts with Th1 to stabilize Th1 interactions with other factors or DNA, as it has been
shown to do with Phox-1 binding at the c-fos promoter (Grueneberg et al. 1997). However,
our studies indicate that TFII-I and E protein cannot be bound simultaneously, so what
Th1’s transcriptional activity would be in this conformation is uncertian. A second possible
function for a Th1/TFII-I complex is simply to block Th-mediated transcription by

preventing it from binding to DNA.
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En-2 as both a direct and indirect target of vertebrate PcG

PcG proteins play fundamental roles in the repression of target genes during
development, yet an understanding of their vertebrate roles is just beginning to emerge. Our
studies in Xenopus have identified two PcG target genes, En-2 and Rx2A, and a
characteristic set of phenotypic changes in the nervous system which results from PcG
overexpression. These observations demonstrate that Xenopus provides a powerful
developmental assay system for studying PcG function and identifying new PcG family
members and target genes.

Studies in Drosophila have identified a number of PcG target genes, including
engrailed and Ultrabithorax. Several lines of evidence demonstrate that these are direct
target genes to which a PcG complex is physically bound. Our results suggest that PcG
binding to engrailed may be conserved between Drosophila and vertebrates. Specifically,
overexpression of four structurally distinct PcG proteins by RNA injection in Xenopus
embryos represses En-2 expression. Consistent with this suggestion, the En-2 gene is
repressed in Ratla cells stably overexpressing the putative PcG gene RINGla (Satijn and
Otte 1999). An important test of specificity in our study is provided by expression analysis
of five other genes which are not repressed at early stages by Pcll.

Overexpression of PcG proteins also produced a posterior shift in £n-2 expression.
This effect is very likely to be an indirect consequence of PcG action. Numerous genetic
studies, in both Drosophila and mice, have defined the importance of PcG proteins for
maintaining spatial restriction of homeotic gene expression. Removal of PcG function
produced posteriorization of the embryos due to an anterior shift of homeotic expression.
One overexpression study has demonstrated that the effect can reverse direction: excess
Bmi-1 produces an anteriorized embryo (Alkema ef al. 1995). The posterior shift of En-2
that we detect is consistent with embryo anteriorization. If we are altering anterior-posterior

axis positional information, other markers should also shift posteriorly. We analyzed one
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other marker for posterior shift, Krox-20. It frequently shifted posteriorly along with En-2,
approximately one to two thombomeres. This relatively small change in positional identity
observed for £n-2 and Krox-20 is reminiscent of effects seen in studies of mutation or

overexpression of PcG in mice.

Rx2A repression in the eye

The power of studying the PcG in Xenopus is demonstrated by our discovery of a
second PcG repression target, Rx2A. Pcll mediates very strong reduction of Rx2A, often to
undetectable levels, although the eye field is present and expresses N-CAM normally.
Earlier studies have demonstrated a role for PcG function in eye development: mouse
polyhomeotic (Rae28) mutant mice exhibit microphthalmy (Takihara ef al. 1997). Eye-
restricted transcription factors may act both hierarchically and through cross-regulation
(Loosli e al. 1999), thus further studies will be required to determine if Rx2A repression by
Pcll is direct. The changes observed for both £n-2 and Rx2A expression underscore the

potential for identifying additional PcG targets.

Tissue-specific expression of PcGs in the CNS

XPcll shows the strongest expression in the anterior central nervous system, as has
been reported for some other PcG genes. For example, expression of the other two
identified Xenopus PcG genes were reported to be nervous system-specific or enriched
(Reijnen et al. 1995). In Drosophila, many PcG genes show a CNS-enriched pattern of
RNA or protein accumulation at later stages of development (Bornemann et al. 1998;
Buchenau et al. 1998; Martin and Adler 1993; Paro and Zink 1993). On the other hand,
studies in Drosophila and mammals have also reported a relatively uniform distribution of
PcG RNA or protein, including Drosophila Pcl (Lonie et al. 1994; Pearce et al. 1992). Our
studies with XPcl] indicate not only CNS-enrichment, but a distinctive pattern of expression

within the nervous system. We have observed discontinuities in the CNS expression
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pattern, one of which is overlapping with the En-2 stripe of expression (YY and SMH,
unpublished). The absence of expression of XPcl/ from these boundaries suggests either
that it helps create the boundaries or may be a consequence of them.

In general, models of PcG action don’t account for tissue-specific differences in
expression level, although tissue-specific effects of PcG activity have been observed in
genetic studies (Soto ef al. 1995). Instead, PcG activity is assumed to be mediated largely
by earlier developmental events at a target gene. PcG enrichment and action in the

developing brain suggests the importance of tissue-specific expression levels.

PcG Overexpression Phenotype in the CNS

As shown in our overexpression studies and earlier work (Alkema er al. 1995),
enhanced PcG levels can alter PcG function. The site of greatest sensitivity in our assay, the
anterior nervous system, is also the site of highest endogenous expression. This suggests
an important role for PcG in helping to fashion the nervous system. Consistent with this
hypothesis, mutation of mouse Bmi-1 produces neurological defects (van der Lugt et al.
1994). Genetic studies indicate the importance of PcG in maintaining homeotic expression
patterns along the anterior-posterior axis, but changes along this axis are unlikely to be
responsible for the PcG neural phenotype. Markers for positional identity within the
developing anterior nervous system are positioned correctly in embryos at stage 19-22
(Figure 28).

Rather than alterations in positional information, excess cell proliferation could
account for the neural defect. PcG proteins directly or indirectly repress genes encoding at
least two key components of the cell cycle regulatory mechanism: ink4a and c-myc (Jacobs
et al. 1999; Satijn et al. 1997; Tetsu et al. 1998). PcG overexpression would be predicted
to reduce the cell cycle block mediated directly by the CDK inhibitor p16INK4A (for a
review see (Sharpless and DePinho 1999). Alternatively, rather than too much cell division,

apoptosis could be suppressed in PcG overexpression embryos. c-myc promotes apoptosis
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in some cellular contexts, and its repression by PcG proteins could inhibit the cell death
events which are readily detectable in the developing Xenopus nervous system (Hensey and
Gautier 1998). Studies are underway to distinguish between these possibilities and to
further define the target genes involved. This approach should led to the discovery of new

PcG proteins, as well as new target genes and biological activities.

The Xenopus PcG assay system allows identification of new PcG proteins

The isolation of two new PcG proteins by the Xenopus assay is an important
achievement. The Polycomb field has been advancing slowly because of the limitation of
long and expensive genetic experiments required to identify new PcG members.
Drosophila genetic analyses have been required for definitive determination of Polycomb
function. It is expected that proteins identified in vertebrate assays will be products of
Drosophila PcG genes that await molecular characterization or that have escaped genetic
screens for homeotic mutations. Mammalian PcG members that have been assayed in null
mutant mice all have Drosophila homologs which have already been shown to have
Polycomb function in fly lines. The mouse assay for PcG is useful for verifying functional
homology but inappropriate for assaying potential PcG proteins, due to the time and
expense required.

Relative to mouse transgenics, the Xenopus PcG system has many advantages. The
function of potential partners is assayed in a biological system within a developing
organism. The assay is fast; PcG function can be determined within two weeks of cDNA
isolation. New target genes can be tested easily which allows one to look at affects on many
targets. Finally, many embryos can be assayed, which allows detection of small effects.
For instance, verification of the observation that PRSM effects are reversible with time
required large numbers of embryos collected at specific time points.

The strategy used for identification of BS69 and PRSM as new PcG members

demonstrates the potential of this method. The procedure requires performing two hybrid
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screens with PcG proteins as bait followed by a secondary screen for species cross-
reactivity. Proteins meeting these requirements are assayed in the Xenopus system for the
ability to repress specific target genes and to cause homeotic transformation. We feel

confident this method will allow identification of may new PcG proteins.

BS69 and PRSM are evolutionarily conserved PcG proteins

BS69 was identified by interaction with adenovirus, E1A, an association which
inhibits E1A transactivation (Hateboer et al. 1995). BS69 contains a PhD domain, also
found in Pcl, but Pcl/BS69 interaction is not via this domain (SMH unpublished). Instead,
it is likely that other PcG interactions are mediated by association with BS69 through the
PHD domain. Pcl interacts with the carboxy-terminus of BS69. This portion of the protein
is conserved in C. elegans, suggesting that PcG function mediated by BS69 is
evolutionarily conserved as well. Finally, the carboxy-terminus is also responsible for
interaction with the co-repressor, NCoR, and histone deacetylase (unpublished
communication), suggesting that chromatin modification might be one role of BS69 in PcG
function.

PRSM is a novel protein, but database searches reveal homologs in other species,
including Drosophila, allowing further study of this protein by Drosophila genetics. A
homeotic transformation would be expected in PRSM null mutant fly lines. In addition,
because PRSM is the only protein yet assayed in our Xenopus system whose activity is
reversed with time, it will be interesting to determine if the phenotype can yield clues about
this phenomenon.

In conclusion, the Xenopus assay will fuel the PcG field through identification of
new PcG members. The expansion of this functional group should help to define the

mechanism of Polycomb silencing during development.
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Collectively, the work described in this thesis represents a significant contribution to
the Polycomb-Group field. I have shown data supporting the model that PcG proteins are
attracted to specific genes by temporally and spatially regulated transcription factors like
Thl, which are able to both bind DNA and interact with and recruit multiple PcG proteins.
Spatial regulation of transcription factors may be fine tuned at the subcellular level by
control of cytoplasmic versus nuclear localization. Thl interaction with CENP-B, which
binds the transcriptionally silent centromere, may help position Thl targets in repression
domains. Tht transcriptional activity might be modulated by association with TFII-I, a
protein capable of repression, but shown to interact with the transcriptional machinery.

Genetic experiments from other labs have identified many new PcG proteins, but
these experiments are lengthy and expensive. I have presented a transient but biological
assay system for PcG function which allowed the identification of new vertebrate target
genes, En-2 and Rx2A, and two new PcG proteins, BS69 and PRSM. The ability of BS69
to interact with histone deacetylase (unpublished communication) supports the model that
PcG repression is maintained through chromatin modification. The characteristics of newly

identified PcG members will continue to expand our understanding of PcG repression.
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