Making Memories: Modes and Mechanisms of Gene Silencing
by the Polycomb Repressive Complexes in Drosophila

Rory Tristan Coleman

Submitted in partial fulfillment of the
requirements for the degree of
Doctor of Philosophy
under the Executive Committee
of the Graduate School of Arts and Sciences

COLUMBIA UNIVERSITY
2017

©2017
Rory Tristan Coleman
All rights reserved

ABSTRACT
Making Memories: Modes and Mechanisms of Gene Silencing by the Polycomb
Repressive Complexes in Drosophila
Rory Tristan Coleman
Fundamental to the development of metazoa and plants is the capacity of cells to
respond to transient intrinsic and extrinsic signals with permanent changes in gene
expression that control cellular fates. A paradigmatic example of this process is observed
in the case of the conserved, master regulatory HOX genes. The HOX genes are activated
early in embryogenesis in combinatorial ON/OFF codes of expression, which act to
specify and maintain segment identity in animals. In Drosophila, the “choice” of HOX
code is controlled by transiently expressed transcription factors, while the “memory” of
that choice is maintained in all future descendant cells through the action of the
evolutionarily ancient Polycomb Group (PcG) gene family. The products of the PcG
genes function in large, multimeric enzyme complexes known as Polycomb Repressive
Complexes (PRCs) that are targeted to the HOX loci by cis-acting Polycomb Response
Elements (PREs). Anchored at PREs, the PRCs catalyze a variety of chromatin
modifications, most notably the trimethylation of histone H3 at lysine 27 (H3K27me3) by
PRC2. These chromatin modifications are thought to both carry the memory of the HOX
OFF code through DNA replication and to maintain transcriptional repression.
In addition to the HOX genes, the PcG regulates hundreds of other important
developmental control genes, the majority of which do not adopt heritable patterns of
ON/OFF expression but instead are more dynamically expressed. This poses the question
of how PcG activities control such diverse modes of gene expression.

To investigate how PRE-anchored PRCs maintain heritable patterns of HOX gene
expression, we have generated a transgenic lacZ reporter of the classical HOX gene
Ultrabithorax (Ubx). Composed of minimal Ubx enhancer and promoter elements
required to recapitulate the regulation of the native Ubx gene, the transgene contains the
Ubx PRE embedded within a genetically labeled Flp-out cassette. H3K27me3 is
deposited throughout the transgene in a manner that depends on the presence of the PRE.
By excising the PRE in the cells of the wing imaginal disc where the transgene, like
native Ubx, is heritably repressed, we are able to monitor the consequences of the loss of
PRE-anchored PRC2 on both the inheritance of H3K27me3 and OFF state. We
demonstrate that loss of the OFF state following PRE excision is correlated with the cell
division-coupled dilution of H3K27me3. Further, by directly manipulating PRC2 activity
of the H3K27 substrate, we demonstrate a causal relationship between the dilution of
H3K27me3 nucleosomes and the number of times a cell can divide while maintaining the
OFF state following PRE excision.
In addition, we identified Ubx-lacZ transgene insertions that deviate from the
classical patterns of heritable expression characteristic of the HOX genes in novel and
informative ways. Our analysis of these insertions supports the view that PcG dependent
chromatin modifications impose a quantitative rather than qualitative repressive influence
on a gene’s promoter, with the promoter’s activity being determined within the context of
other regulatory inputs. Similarly, contrary to classical view, we demonstrate that
transcription too plays a quantitative role in determining whether or not a HOX locus
adopts the heritable ON state.

Together, our work suggests that the activities of the PcG confer a generic
repressive influence on target loci. We posit that this influence is capable of maintaining
heritable patterns of repression, as in the case of the HOX genes, because these loci have
undergone stringent selection against enhancers capable of overcoming the repression
mediated by the PcG. The absence of such strong activating inputs, together with the
capacity of H3K27me3 to confer locus specific memory of the OFF state, allows for
heritable patterns of repression. We propose that this is a special, albeit essential, attribute
of the HOX genes. In contrast, most target genes have evolved to integrate repressive
PcG chromatin modifications within the context of activating inputs that can override
them. In these contexts, we propose that the PcG performs the role of a more general
repressor, ensuring that repression is only overridden in those cells receiving peak
activating cues. In this way the system may perform an essential role in conferring spatial
and temporal robustness to gene expression programs.
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Chapter I: Introduction
Genes controlling the development of the animal body plan: HOX genes
Fundamental to the myriad forms and functions which life has evolved is the
capacity of multicellular organisms to divide their initially homogenous parts into a
heterogeneous assortment of specialized components. One of the most striking examples
of a process by which animals specialize is segmentation; this is a defining characteristic
of three of the most ecologically dominant and morphologically diverse animal taxa,
Arthropoda, Annelida, and Chordata.
Bateson originally proposed the idea that segments function as organizing units
that subdivide a developing animal into repetitive and diversified primordia (Bateson,
1894). However, the molecular and genetics underpinnings of this principle were not
realized until much later with the work of Lewis. Lewis discovered a series of linked
genes, named the Bithorax Complex (BX-C), composed of 3 distinct loci. These genes
had the striking effect of controlling the developmental fate of large domains of the body,
specifically the 3rd thoracic segment and all abdominal segments of the animal [reviewed
in (Lewis, 1978)]. A second gene complex, the Antennapedia Complex (ANT-C), was
later discovered to similarly control the segment specification of the anterior half of the
animal (Lewis et al., 1980). Later work demonstrated that these eight homeotic selector
(HOX) genes act combinatorially, with the unique combination of ON/OFF HOX gene
expression states specifying the distinct identity of each segment (Struhl, 1982). The
current understanding of how the HOX genes control body plan development is by
differentiating, in a segment specific way (i.e. HOX-code specific), the cellular responses
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to growth and differentiation factors that are otherwise common between body segments
(Crickmore and Mann, 2006, 2007; Weatherbee et al., 1998).
The dramatic role that the HOX genes play in shaping the body is not unique to
flies, but is highly conserved in the majority of metazoans. Not only are the structures of
the HOX genes remarkably conserved, e.g. a vertebrate HOX gene can rescue the
function of its fly homologue (Lutz et al., 1996), but even the organization of their
expression along the anterior-to-posterior axis has been largely maintained by evolution
[reviewed in (McGinnis and Krumlauf, 1992)]. This conservation, as well as their
essential role in selecting the fate of large portions of the body, has made the HOX genes
of special interest to biologists as a window into the logic of developmental and
evolutionary programs shaping cellular and animal diversity. Toward this end, studies
have focused on understanding the steps involved in activating and maintaining the HOX
genes in their proper domains.
Unlike most genes, which are dynamically turned ON and OFF throughout
development, the HOX genes are relatively unique in that their expression patterns are
established early and then inherited by descendant cells for the remainder of development.
The body plan of Drosophila is specified early in development in response to the
transient activity of gap and pair-rule transcription factors that specify distinct segmental
identities along the anterior-posterior axis according to the specific HOX codes they
activate (Ingham and Martinez-Arias, 1986; Nusslein-Volhard and Wieschaus, 1980;
Struhl et al., 1992; Struhl et al., 1989; White and Lehmann, 1986; Zhang et al., 1991).
These patterning signals, however, are only expressed in the first few hours of
embryogenesis, and therefore cannot explain how the HOX genes are maintained in the
2

same expression domains throughout development, an element of their regulation that is
essential to their function in segment determination (Castelli-Gair et al., 1994). Thus, the
capacity of the descendant cells in each segment primordia to remember the specific
ON/OFF HOX code of their progenitor cells is an essential aspect of metazoan
development.

Polycomb and Trithorax Group genes
The discovery of the critical and conserved function of the HOX genes in
selecting segment fate directed the search for other genes that play a similar role in
specifying elements of the animal body plan. These studies identified two separate,
highly sophisticated gene systems: the Polycomb Groups (PcG) and Trithorax Groups
(TrxG). These systems are required for the capacity of cells to maintain the heritable OFF
and ON codes of HOX gene expression, respectively.
The founding member of the Polycomb Group gene family, Polycomb (Pc), was
first identified by Lewis and predicted to be a transcriptional repressor of the BX-C genes
expressed in the anterior half of the body (Lewis, 1978). A second gene, extra sex combs
(esc), was later found to have similar activity in the repression of the HOX genes, though
it was additionally shown to be dispensable for the initial patterning of HOX expression
and only required for the subsequent maintenance of the OFF state (Struhl, 1981; Struhl
and Akam, 1985). Further members of the PcG family were subsequently discovered and
categorized by this common phenotype: the loss of function of any PcG gene leads to the
constitutive misexpression of all the HOX genes in nearly all cells of the fly. Since the
activation of all of the HOX genes is the combinatorial code that specifies most posterior
3

segmental identity the 8th abdominal segment (A8), animals lacking PcG function
develop as embryos in which every segment assumes the identity of A8 (Busturia and
Morata, 1988; Duncan, 1982; Dura et al., 1985; Phillips and Shearn, 1990; Simon et al.,
1992).
Coinciding with the discovery of the PcG and their common function in
maintaining the HOX OFF state, a secondary gene family, the Trithorax Group, was
identified whose members had the opposite activity. Specifically, the founding member,
trithorax (trx), was discovered to oppose HOX repression mediated by the PcG,
maintaining the ON state in those cells where a HOX gene was initially activated early
during embryogenesis (Ingham, 1983, 1985). As in the case of the PcG, trx was found to
be one among a family of genes characterized by this essential role in the specification of
segment identity through the maintenance of heritable patterns of HOX gene expression,
though unlike PcG mutants, TrxG mutants transform segments to anterior, rather than
posterior identity (Farkas et al., 1994; Shearn, 1989). Importantly, the TrxG proteins are
only required for the ON state when the PcG is intact, but are dispensable for HOX
expression when both systems are compromised, suggesting they are not required for the
expression of the HOX genes themselves, but instead act to block repression by the PcG
(Klymenko and Muller, 2004). Functioning together, the PcG and TrxG ensure that the
ON and OFF HOX domains established early in development are faithfully maintained in
descendant cells throughout development.
The PcG and TrxG genes, and their role in heritable gene silencing, is remarkably
ancient, with conserved members found in both in plants and animals, indicating the
system evolved long before the HOX genes and their essential role in animal
4

development (Pien and Grossniklaus, 2007; Whitcomb et al., 2007). In animals, the genes
of both families have been subject to multiple duplication events, which has likely led to
a diversification in spatial and temporal functions. The molecular substrates and effects
on gene expression, however, have remained remarkably conserved (Whitcomb et al.,
2007). This conservation underlies the fundamental importance of this system in
mediating the capacity of multicellular organisms to diversify cell types through heritable
changes in gene expression, as first elucidated in the striking example of the HOX genes.

Mechanisms of Polycomb Group regulation: Polycomb Repressive Complexes and
chromatin modifications
One of the striking observations made in early Drosophila studies of the PcG was
that null mutations in nearly all PcG genes result in nearly identical phenotypic effects.
This was taken to suggest that they act in the same or converging pathways. Indeed,
biochemical studies revealed that the PcG proteins appear to function together in large
multimeric enzyme complexes, with most components proving essential to the catalytic
activities of the complexes and each performing distinct, mutually required roles in the
maintenance of gene silencing. In the Drosophila, there are four primary complexes that
perform the bulk of the activities required for heritable repression (Fig. 1-1), although
other complexes and variants of the major complex have also been found. The
composition of these complexes and an overview of their mechanisms of action are
discussed below.
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The first major
complex is Polycomb
Repressive Complex 2
(PRC2). This complex is
minimally composed of the
product of its founding
gene esc, Enhancer of zeste
(E(z)), Suppressor of zeste
12 (Su(z)12), and NURF-55
(Czermin et al., 2002;
Muller et al., 2002). E(z) is
the catalytic component of
PRC2 with a SET domain
responsible for binding and
methylating N-terminal
histone tails (Czermin et al.,
2002; Jones and Gelbart,
1993; Muller et al., 2002;
Rea et al., 2000). Su(z)12

Figure 1-1. Drosophila Canonical Polycomb Repressive
Complexes. The four major PRCs are illustrated on the left,
with the corresponding reported activities of the complexes
listed on the right. Dotted lines indicate proteins that
substitute for the indicated component depending on cell type
and/or developmental stage.

and Esc are both core components required for stimulating the methyltransferase activity
of E(z), while NURF-55 is a histone chaperone, present in multiple chromatin modifying
complexes, and which is required for nucleosome binding (Jiao and Liu, 2015; Justin et
al., 2016; Ketel et al., 2005; Nekrasov et al., 2005; Nowak et al., 2011).
6

In flies, PRC2 is the sole enzyme responsible for catalyzing the mono-, di-, and
trimethylation of histone H3 at lysine 27 (H3K27me3), although only H3K27me3 shows
locus specificity; the H3K27me1 and H3K27me2 marks are found throughout the
genome and on approximately 50% of all nucleosomes (Ebert et al., 2004). This likely
indicates that PRC2 is free to scan the genome and that the first two methyl marks are
deposited promiscuously, while only the third appears to be regulated and essential in the
control of gene expression. Indeed, elegant genetic studies have shown that H3K27me3 is
absolutely required for silencing (McKay et al., 2015; Pengelly et al., 2013). Importantly,
these studies also indicate that the singular role for PRC2 is to methylate H3K27, as
evinced by the fact that mutations that remove the capacity of histone H3 to methylated at
K27 fully recapitulate the effects of removing PRC2 function (McKay et al., 2015;
Pengelly et al., 2013).
The second of the major complexes is PRC1. PRC1 is composed of the products
of the genes Pc, Sex combs extra (Sce), Posterior sex combs (Psc), and polyhomeotic (ph)
(Francis et al., 2001; Shao et al., 1999). Unlike PRC2, the enzymatic activities of PRC1
are varied. Pc binds to H3K27 trimethylated nucleosomes via its chromodomain (Fischle
et al., 2003; Min et al., 2003), a recruitment that may be independent of the rest of the
PRC1 complex and which is believed to be essential to organizing higher order chromatin
structures (Bantignies et al., 2011; Papp and Muller, 2006; Schwartz et al., 2006; Tolhuis
et al., 2011). Sce is an E3 ubiquitin ligase that acts together with Psc to monoubiquitinate
histone H2A at lysine 118 (H2AK118ub; K119 in mammals), although this is performed
in a variant complex known as dRaf (Cao et al., 2005; Wang et al., 2004a). Psc also has
the capacity to mediate polynucleosome compaction in vitro, an activity independent of
7

its catalysis of H2AK118ub (Francis et al., 2004). Finally, Ph has been reported to
polymerize, an activity required for silencing through still unknown mechanisms (Kim et
al., 2002; Robinson et al., 2012).
The third complex of interest is Polycomb Repressive Deubiquitinase (PR-DUB).
PR-DUB is composed of Calypso and Anterior sex combs (Asx) (Scheuermann et al.,
2010). This complex is coordinated with PRC1 in that its role is to reverse the
ubiquitination at H2AK118 catalyzed by the variant PRC1 complex, dRaf.
The complicated and diverse activities of PRC1, including multiple roles for
component proteins that seem to be independent of the rest of the complex, has led to a
murky view of what the central functions of this complex are, although it is
unequivocally required for the maintenance of silencing. The H3K27me3-binding activity
of Pc’s chromodomain, for instance, is essential to localizing genes that lie on the same
chromosome arm to condensed nuclear foci, known as Polycomb bodies (Bantignies et al.,
2011; Tolhuis et al., 2011). Indeed the establishment of repression is tightly correlated
with the movement of repressed loci into shared Pc bodies, while active loci are excluded
from these nuclear subdomains (Cheutin and Cavalli, 2012; Lanzuolo et al., 2007). The
precise role of such chromatin structures in the maintenance of silencing remains
unresolved. It has been postulated the recruitment of repressed genes into these small
nuclear domains may help to reinforce silencing by increasing the local concentration of
PRCs present to act on the chromatin (Pirrotta and Li, 2012). Alternatively, it has been
proposed that Pc binding may physically compact the chromatin, making it inaccessible
to transcription factors and RNA polymerase complex. This hypothesis is supported by
the in vitro observation that Pc causes oligonucleosome arrays to bundle into tight coils
8

(Francis et al., 2004). The model appears flawed, however, because PcG repressed loci
remain accessible to transcriptional machinery (Dellino et al., 2004).
The ubiquitination of H2AK118 is another major biochemical activity of PRC1,
although it precise role is similarly unclear. Paradoxically, both the ubiquitination and the
de-ubiquitination of the same residue (discussed above) are necessary for the
maintenance of the OFF state (Gutierrez et al., 2012; Scheuermann et al., 2010).
Evidence suggests that this chromatin modification may be involved in acting to block
transcriptional elongation (Stock et al., 2007), or alternatively in helping to stimulate
H3K27 trimethylation by directing the activity of PRC2 (Blackledge et al., 2014; Kalb et
al., 2014). Recent studies, however, which directly tested the role of H2AK118ub per se,
rather than the enzymes that produce it, found that while required for development, the
histone modification is not required for the silencing of canonical PcG genes (e.g. HOX
genes) (Pengelly et al., 2015). This suggests both that other mechanisms must exist to
explain the PcG-dependent block of RNA Polymerase II elongation and that the E3
ubiquitin ligase components of PRC1, Sce and Psc, must have essential functions
independent of this catalytic activity.
The final principal complex essential to PcG silencing in flies is Pho Repressive
Complex (PhoRC). PhoRC includes the protein products of the dSfmbt and pleiohomeotic
(pho)/pleiohomeotic-like (phol) genes (Klymenko et al., 2006). PhoRC is unique among
the PRCs in that it has no reported enzymatic activity. Instead, the requirement for the
complex is due to its zinc finger DNA binding domain (Brown et al., 1998), which allows
it to recruit the other PRCs (which lack any DNA-binding domains) to their target genes
throughout the genome (Frey et al., 2016; Oktaba et al., 2008). The DNA sites that
9

PhoRC targets the other PRCs to, known as Polycomb Response Elements (PREs), are
essential to the establishment and maintenance of PcG silencing in flies, elaborated below.
As has already been discussed, all of the PRCs are deeply conserved in both form
and function. During the course of evolution they have undergone numerous duplication
events. Mammals, for instance, have a variety of alternative PRC1 and PRC2 complexes
that incorporate specific sets of the paralogous gene products, thereby potentially
diversifying both the quantity and quality of PcG gene regulation, though the extent to
which this is true remains still largely unresolved (Schwartz and Pirrotta, 2013).

PRC targeting
The maintenance of the heritable OFF state of gene expression requires that the
catalytic activities of the PRCs be precisely targeted. In flies this targeting is achieved by
cis-acting PREs. PREs were first identified in promoter bashing studies of the BX-C
(Qian et al., 1991; Zhang et al., 1991), but they have subsequently been found near the
promoters of loci throughout the genome (Oktaba et al., 2008; Schwartz et al., 2006;
Tolhuis et al., 2006). These sites are bound by PhoRC, which in turn tethers the other
PRCs at the PRE where they can then catalyze the chromatin modifications required for
gene silencing (Klymenko et al., 2006; Oktaba et al., 2008; Papp and Muller, 2006;
Schwartz et al., 2006; Tolhuis et al., 2006). Unlike other cis-regulatory sequences, such
as enhancers, the PRE conveys no positional information to the promoter and instead
only acts to maintain a previously established transcriptional state. This is supported by
two lines of evidence: first, that PREs from diverse loci, with little sequence similarity,
are functionally interchangeable (Simon et al., 1993) and, second, that patterns of
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ON/OFF expression of PRE-containing transgenes depend on spatial cues resulting from
transient enhancer activity, not the PRE itself (Chan et al., 1994; Christen and Bienz,
1994). Consistent with this, PREs are bound by the same set of PcG and TrxG proteins
regardless of the transcriptional state of their target gene (Langlais et al., 2012; Papp and
Müller, 2006; Schwartz et al., 2010). Constant recruitment of PRCs to target loci appears
essential to the maintenance of silencing, because the PRE is required not only for the
establishment of the OFF state, but also for its subsequent maintenance throughout
development (Busturia et al., 1997; Sengupta et al., 2004).
In contrast to flies, targeting of PRCs in mammals is much more complicated and
remains controversial. In mammals, PRC-binding to target gene chromatin is
characterized by large domains of PRC1 and PRC2 recruitment across gene bodies and
transcriptional repression. Unlike in flies, however, PcG regulated loci that are in the ON
state lack any such recruitment (Boyer et al., 2006; Bracken et al., 2006; Pasini et al.,
2007). This differs notably from flies, where PRC1 and PRC2 are found bound only at
the PRE and are present regardless of the genes’ transcriptional state (Kahn et al., 2006;
Langlais et al., 2012; Papp and Muller, 2006; Schwartz et al., 2006; Tolhuis et al., 2006).
PREs (Sing et al., 2009; Woo et al., 2010), lncRNAs (Plath et al., 2003; Rinn et al., 2007),
and transcription factor interactions (Ren and Kerppola, 2011; Wang et al., 2011; Yu et
al., 2012) have all been found to serve as mechanisms of site-specific recruitment of
PRCs in vertebrates, however none of these modes of recruitment have been found to be
sufficiently generalized to account for the ~5-10% of the genome that is bound and
regulated by the PcG at some point in development.
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The two most prominent models for general targeting in mammals are: (i) PRC
recruitment by short, abortive transcripts and (ii) recruitment to CpG islands. The first
model is supported by the colocalization of PRC2 with short transcripts from repressed
and intergenic loci (Kanhere et al., 2010; Zhao et al., 2010) and the observation that
PRC2 has promiscuous RNA binding affinity (Davidovich et al., 2013). However, there
is still no evidence demonstrating a causal role for such abortive transcripts in PRC
recruitment. The CpG island recruitment model, in contrast, is supported by a high
correlation between large CpG islands and PRC binding and the finding that high CpG
content is sufficient to recruit PRCs (Ku et al., 2008; Mendenhall et al., 2010). In light of
these observations it has been proposed that PRC recruitment to CpG islands may occur
intrinsically in the absence of transcription (Riising et al., 2014), or that the CpG-binding
protein Fbxl10, a variant component of PRC1, may mediate the recruitment (Farcas et al.,
2012; He et al., 2013; Wu et al., 2013). However, removal of Fbxl10 does not disrupt
PRC1 recruitment, contradicting the latter hypothesis (Boulard et al., 2015), and attempts
to test the role of transcription in CpG island-recruitment have so far been flawed by the
use gross chemical inhibitors of transcription that have catastrophic, pleiotropic effects,
which complicate interpretation (Riising et al., 2014).
No analogous factors to the fly PRE and its DNA-binding linker complex, PhoRC,
have been found that fully explain the genome-wide recruitment of PRCs in mammalian
systems. Regardless of the precise mechanism of targeting in mammals, however, it
appears that, as in flies, PcG repression is required not for the initiation of silencing, but
for its subsequent maintenance (Riising et al., 2014). Additionally, despite evolutionary
changes in the mechanisms of targeting, the types of genes (i.e. selector genes, patterning
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factors) regulated by the PcG show remarkable consistency (Boyer et al., 2006; Bracken
et al., 2006; Oktaba et al., 2008; Schwartz et al., 2006). This strongly suggests that while
mechanistic details may differ between species, the fundamental role of the system in
specifying and maintaining cell fate through long-term gene silencing remains conserved
throughout metazoa.

Heritable gene silencing: Establishment of silencing
As long as it has been appreciated that a fundamental role of the PcG is to allow
cells to remember prior transcriptional states, a central question has been how are cells
able to inherit the “memory” of the OFF state through the processes of DNA replication
and cell division? To answer this question, however, it must first be understood how the
OFF state is established and how it differs structurally from the ON state.
The development of chromatin immunoprecipitation and analysis of the purified
DNA by real-time PCR (ChIP-qPCR), microarray (ChIP-chip), or sequencing (ChIP-seq)
has made it possible to address this problem for the first time in high resolution. In
Drosophila, such studies have revealed that the OFF state of heritably repressed genes
(e.g. the HOX gene Ultrabithorax (Ubx)) is characterized by PhoRC, PR-DUB, PRC1,
PRC2, and the C-terminus of the post-translationally cleaved TrxG protein, Trx, binding
to the locus’s PRE(s) (Kahn et al., 2006; Oktaba et al., 2008; Papp and Muller, 2006;
Scheuermann et al., 2010; Schuettengruber et al., 2009; Schwartz et al., 2006; Tolhuis et
al., 2006). H3K27me3 is deposited throughout the upstream regulatory regions of the
gene and through its promoter and gene body, a pattern that is mimicked by Pc-protein
and H2AK118ub, but not other PRC1 components (Kahn et al., 2006; Lee et al., 2015;
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Papp and Muller, 2006; Schuettengruber et al., 2009; Schwartz et al., 2006; Tolhuis et al.,
2006). Additionally, the promoter is bound with stalled RNA Polymerase II (Papp and
Muller, 2006) and the gene body primarily contains the canonical histone H3 protein (Fig.
1-2) (Mito et al., 2007).

Figure 1-2. Chromatin modifications associated with heritable OFF versus ON state.
Diagram of the characteristic binding patterns of various PcG and TrxG proteins and the histone
modifications they catalyze in the heritable OFF or ON state, as determined by ChIP.

In contrast, the ON state of heritably activated genes differs significantly at the
gene’s promoter and coding sequence. While proteins bound at the PRE as well as the
modifications deposited in upstream regulatory regions are virtually indistinguishable in
the ON and the OFF state (Langlais et al., 2012; Papp and Muller, 2006), the promoter of
ON genes are bound by the TrxG proteins Absent, small, or homeotic discs 1 (Ash1) and
the N-terminal portion of Trx (Papp and Muller, 2006; Scheuermann et al., 2010;
Schwartz et al., 2006). This unique localization of Trx and Ash1 appears to be required
for the deposition of H3K4me3, H3K36me3, and H3K27 acetylation (H3K27ac)
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downstream of the genes promoter (Papp and Muller, 2006; Schuettengruber et al., 2009).
These three histone marks have been proposed to block the spread of H3K27me3 from
the PRE through the promoter of genes in the ON state (Papp and Muller, 2006; Tie et al.,
2014; Yuan et al., 2011), though whether this is a consequence of the histone
modifications per se or some unrelated activity of Trx and Ash1 has not been rigorously
tested. The transcriptionally active state also leads to replacement of canonical histone
H3 with the variant histone H3.3 across the length of the gene body (Fig. 1-2) (Deal et al.,
2010; Mito et al., 2005, 2007). While the causality of most of these various chromatin
signatures has not been assessed, the predominant model posits that some or all are
essential for antagonizing the repressive activities of the PRCs bound PRE, allowing for
the maintenance of the heritable ON state throughout development.
What factors determine whether or not a gene adopts the heritable ON or OFF
state? The prevailing theories invoke transcription-coupled mechanisms that mediate the
OFF/ON switch, although these models differ substantially in the type of transcriptional
events that they propose set a gene’s heritable expression state.
The first and simplest model is derived from the early promoter-bashing studies of
HOX genes. This model argues that establishment of the OFF state is the default program
for all PcG loci and early transcriptional activation of a locus, prior to the establishment
of the repressed state (i.e. at or before the blastoderm stage of embryogenesis), is required
for the recruitment of the TrxG proteins. These recruited proteins then act in turn to
maintain the locus in the ON state. This is supported by the observation that transgenic
HOX reporters that include a PRE and an early acting enhancer will initiate and maintain
the heritable ON state in a pattern reflective of that established by the early activity of the
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enhancer (Chan et al., 1994; Christen and Bienz, 1994). In contrast, if the transgene
consists of the PRE and a late acting enhancer, then all cells will adopt the heritable OFF
state despite the capacity of the late enhancer to drive transcription when not paired with
a PRE (Chan et al., 1994; Christen and Bienz, 1994). This difference is attributed to the
lack of early transcriptional activity in the second example, resulting in the establishment
of heritable silencing in all cells. This model is also supported by the fact that ectopic
transcriptional activation during the critical early period of development, but not after, is
sufficient to lead to ectopic establishment of the ON state (Bender and Fitzgerald, 2002).
The second model proposes that PRE activity (i.e. whether or not the PRE acts as
a TrxG-mediated transcriptional activator or a PcG-dependent transcriptional repressor)
is controlled by the transcription of long noncoding RNAs (lncRNAs) through the PRE
itself. This is supported by the observation that PRE-derived lncRNAs are expressed for
each of the HOX genes of the BX-C, in a pattern that mimics the ON/OFF pattern of the
corresponding gene (Rank et al., 2002), as well as by transgenic studies that have shown
that ectopic transcription driven through a PRE is sufficient to convert a transgene from
the heritable OFF to ON state (Hogga and Karch, 2002; Schmitt et al., 2005). It has been
posited that the expression of such lncRNAs may physically displace the binding of
PRCs to the PRE, thereby disrupting silencing, although more recent studies have argued
that these lncRNAs can be transcribed from the PRE in both directions, with the
transcript of one strand mediating the recruitment of PRCs while the transcript of the
other strand recruits TrxG proteins (Herzog et al., 2014; Petruk et al., 2006). While
attractive, particularly for the similarity to the reported role for lncRNAs in PRC
recruitment in mammals, this model faces two serious challenges. The first is that the
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proposed mechanism of action for the regulation of the ON/OFF state, by either
displacing the PRCs or differentially recruiting PRCs or TrxG proteins, seems
incompatible with the observation that both PRCs and TrxG proteins are found bound to
the PRE regardless of the transcriptional activity of the locus (Langlais et al., 2012; Papp
and Muller, 2006; Schwartz et al., 2010). The second challenge is that elegant studies that
have removed the transcription of the BX-C lncRNAs while maintaining the structural
integrity of the PREs have found that loss of these lncRNAs has no detectable effect on
the development of the animals, suggesting HOX gene expression is unperturbed (Pease
et al., 2013). Further, the transgenic studies suggesting transcription through a PRE is
sufficient for a switch from the OFF to ON state have also come into question by a recent
analysis that suggests the results of these studies are more likely to be explained by the
recruitment of high levels of transcriptional activator proximal to the transgene promoter,
rather than a role for transcription per se (Erokhin et al., 2015). More work is needed to
reconcile these two models and to incisively dissect the role transcription plays in
patterning the chromatin state of PcG-regulated loci.

The histone modification model of heritability
Once a cell makes a decision to heritably repress a specific locus, how does it pass
the memory of that decision on to its descendant cells? This has been a central question
as long as it has been appreciated that HOX genes are patterned by transient signals and
the memory of these cues must be maintained by the descendant cells of each segment
primordia for the remainder of development, long after the signals themselves have
dissipated. Early studies of Ubx demonstrated that this phenomenon is critically
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dependent on the PcG proteins, as evinced by the observation that the PRC2 component
esc is dispensable for the initial patterning of Ubx expression, but required at later
embryonic stages of development to prevent expression from becoming aberrant as the
memory of the OFF state lost and the gene becomes mis-expressed in all cells (Struhl and
Akam, 1985; Struhl and Brower, 1982). This result indicates that the PcG does not
specify the expression pattern of the HOX genes but instead allows for their repression to
be maintained and inherited throughout development. One of the most prominent
hypotheses for how this memory of the OFF state is propagated is by the histone
modifications that the PRCs catalyze at the chromatin of their target loci.
Modified nucleosomes make particularly attractive potential carriers of the
epigenetic memory of gene expression states due to their close association with the DNA
and the fact that each daughter cell gets half of the parental nucleosomes after replication
(Cusick et al., 1984; Xu et al., 2010). In order for this model to be true, however, the
biology of the marked, parental nucleosome would have to meet a strict set of criteria
consistent with its use in propagating states of epigenetic memory. The criteria expected
of a histone modification that acts as a bona fide unit of epigenetic memory are: (i) the
modification and the nucleosome carrying it should be stable, reflecting the stability of
the gene expression state, (ii) the modified nucleosome should be heritable in a manner
that maintains chromatin position following the passage of the replication fork, ensuring
that locus specificity is possible, and (iii) the inheritance of nucleosomes carrying the
modification should be causally related to the propagation of the gene expression state.
The first criterion, the stability of the mark and nucleosome, is well supported, but
varies based on context, with different nucleosome variants and histone modifications
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exhibiting varying levels of stability. The nucleosome itself, and the histone dimers of
which it is composed, is remarkably stable with half-lives ranging from 65 to 142 days
(Pina and Suau, 1987). Protein stability is only one concern, however, as nucleosome
turnover as a consequence of transcription or replication also has the potential to disrupt
parental nucleosomes that carry modifications of interest. During replication, the
expression of the canonical histone genes is tightly controlled and restricted solely to Sphase, resulting in daughter cells receiving half of the supply of parental histone protein
and half the supply of the newly synthesized histones (Ahmad and Henikoff, 2002). In
contrast, the displacement of nucleosomes via transcription occurring during the
remainder of the cell cycle leads to replacement of the canonical histone proteins with
variant forms such as histone H3.3 (Ahmad and Henikoff, 2002; Deal et al., 2010; Mito
et al., 2005). This has important implications for the plausibility of specific histone
modifications to function as bona fide carriers of epigenetic memory. Histone
modifications associated with transcriptional activity (e.g. H3K4me3, H3K36me3,
H3K27ac) must be deposited on nucleosomes that are subject to constant turnover as a
consequence of transcription (Deal et al., 2010; Mito et al., 2005). This inherent
instability calls into question their reliability as units of epigenetic memory. In contrast,
histone modifications associated with repression (e.g. H3K9me2/3, H3K27me3) do not
face this challenge; silent regions of the genome show very little nucleosome turnover
outside of the two-fold dilution associated with replication (Deal et al., 2010; Mito et al.,
2005). The challenge to the stability of these marks instead lies in demethylases that strip
them from histone tails. In fission yeast a putative H3K9 demethylase, Epe1, has been
identified, as has a H3K27 demethylase, Utx, in flies and mammals. Epe1 has indeed
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been found to reverse H3K9me2/3, preventing the long-term inheritance of this mark
through cell generations that is expected of an epigenetic unit of memory (Audergon et
al., 2015; Ragunathan et al., 2015). In contrast, Utx does not appear to pose the same
problem to H3K27me3, at least in flies, as it only appears active in the embryo. This
leaves open the possibility that this histone modification meets the expectations of a
carrier of epigenetic memory (Copur and Muller, 2013).
The second characteristic expected of a histone modification responsible for the
transmission of gene expression states between cell divisions is that the marked
nucleosome be inherited in a manner that maintains chromatin position, and thus locus
specificity. The two H3 subunits with the two H4 subunits of a nucleosome are inherited
together as a tetramer (Xu et al., 2010), meaning that any modifications carried on these
nucleosomes must be inherited, at the level of the nucleosome, via a conservative
mechanism rather than the semi-conservative inheritance observed for DNA or DNA
methylation. This poses a unique challenge to the histone modification model of
epigenetic memory because it means that each daughter cell does not receive an identical
copy of the epigenetic material (as opposed to the perfect copy of the genetic material
each cell gets following mitosis). This challenge has been addressed by models that posit
that parental, modified nucleosomes may be inherited stochastically and the noise
inherent in this type of inheritance mechanism may be overcome by a “reader-writer”
system in which the inherited, modified nucleosomes serve as a template for copying the
modification to the newly-incorporated, naïve nucleosomes (Moazed, 2011). Structural
studies of PRC2 have indeed shown that the PRC2 component, Esc, binds H3K27me3
nucleosomes, resulting in an allosteric change that stimulates the methyltransferase
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activity of E(z) (Jiao and Liu, 2015; Justin et al., 2016; Margueron and Reinberg, 2011).
Furthermore, evidence in yeast suggests that parental nucleosomes are inherited within
400 base pairs of their starting position following replication (Radman-Livaja et al.,
2011). Together, this evidence suggests that the “reader-writer” model could be plausible
assuming that the histone modifications are maintained on parental nucleosomes during
replication. A study in flies, however, has suggested that they are not, finding no
evidence for the H3K27 or H3K4 trimethylation associated with the replication forks of
early embryos (Petruk et al., 2012). Importantly, this study was flawed by limiting
analysis to the early stages of embryogenesis, generally prior to the establishment of
heritable patterns of gene expression. Analysis was also limited to PREs, DNA sequences
known to be depleted of nucleosomes and therefore suboptimal for analyzing patterns of
histone inheritance. Additionally, subsequent quantitative mass spectroscopy and genetic
studies have contradicted the results of this study, finding that at least the H3K9me3 and
H3K27me3 modifications are maintained and inherited through replication with the
expected two-fold dilution rate (Alabert et al., 2015; Gaydos et al., 2014; Xu et al., 2012),
although the studies still could not address the problem of locus specificity. Finally,
recent studies of H3K9me inheritance have provided compelling evidence that this
histone modification is inherited in a manner that maintains chromatin position and
serves as a template for its own enzyme, Clr4, to direct the copying of the mark to
unmodified nucleosomes following replication (Audergon et al., 2015; Ragunathan et al.,
2015). However, in these studies, long-term inheritance of the histone mark and the
corresponding memory of the OFF state were only observed when the relevant H3K9
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demethylase, Epe1, was removed. This raises questions to the physiological relevance of
the observed inheritance patterns.
The final condition we expect a bona fide unit of epigenetic memory to meet is
that its inheritance is causally related to the propagation of the relevant gene expression
state. This has presented the most difficult aspect of the histone modification model to
address experimentally because parsing the direct role of histone modifications from that
of the pleiotropic enzyme complexes that catalyze them is experimentally difficult. For
example, transgenic studies in cell culture suggest that H3K27me3 domains can be
maintained once established, independent of sustained recruitment of PRC2 to the
transgene DNA. However, this analysis relies on manipulation of PRC2 and not
H3K27me3 directly and therefore cannot distinguish between the role of H3K27me3 per
se versus an independent activity of PRC2 (Hansen et al., 2008). This dilemma has
recently been addressed by the development of genetic strategies in Drosophila, which
replace the more than 200 copies of the canonical histone genes with an exogenous
supply (Gunesdogan et al., 2010). This approach allows for the mutation of the histone
lysine residues to arginine, a mutation that conserves the charge of the histone while
preventing it from carrying the histone modifications believed to be required for the
maintenance of heritable gene expression states. To date, the modifications of H2AK118,
H3K4, H3K9 H3K27, H3K36, and H4K20 have been tested in this manner (Hodl and
Basler, 2012; McKay et al., 2015; Pengelly et al., 2013; Pengelly et al., 2015; Penke et al.,
2016). Strikingly, while all but H4K20me3 have been found to be required for normal
development, only H3K27me3 has been shown to be essential for the type of heritable
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gene silencing that characterizes the regulation of essential developmental selector genes
that determine cell fates (McKay et al., 2015; Pengelly et al., 2013).
These studies confirm that H3K27 methylation is absolutely essential to the
maintenance of the heritable OFF states of PcG target genes such as the HOX genes, but
they do not distinguish whether that requirement for H3K27me3 is due to its role in
transmitting the memory of the OFF state or in the actual mechanism of transcriptional
repression. Importantly, it has been demonstrated that the memory of the PRC-mediated
OFF state is transmitted even after transcriptional repression is lost, as evidenced by the
fact that silencing can be re-established in cells where PRC function is removed even
after those cells begin to misexpress PcG target genes (Beuchle et al., 2001). This
strongly indicates that the transmission of the memory of the OFF state and the
mechanisms preventing transcriptional activity are achieved through distinct molecular
events, leaving open the possibility that a histone modification, most probably
H3K27me3, directs silencing by acting to propagate the memory through DNA
replication and cell division.

Alternative models of inheritance
While the histone modification model of epigenetic inheritance has remained
predominant in the PcG field, a lack of compelling evidence demonstrating a causal link
between the inheritance of a histone modification and the propagation of the OFF state
has led to a longstanding controversy as to its veracity. Alternative models have primarily
postulated that differential protein binding at the PRE, which is maintained through the
process of DNA replication and acts to reestablish chromatin states de novo after
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replication, is a more plausible explanation for how heritable states of gene expression
are transmitted and maintained. One prominent example of such a model came from
Petruk et al. who found no evidence for the inheritance of H3K27 or H3K4 methylation
through the replication, but instead the persistence PcG and TrxG proteins at PREs
actively undergoing replication (Petruk et al., 2012). While this study was flawed for the
reasons discussed above, the observation that these proteins are tightly associated with
the replication machinery at least raises the possibility that they may contribute in some
way to the inheritance of the ON versus the OFF state. Additionally, the PRC1
component Psc has been found to form bridges across replication forks in vitro (Lo et al.,
2012) and some PcG and TrxG proteins have been demonstrated to persist at a subset of
PREs on mitotic chromosomes (Follmer et al., 2012; Steffen et al., 2013).
Taken together, these observations are consistent with a model in which the ON
and OFF states are propagated through replication and/or mitosis by the differential
retention of TrxG or PcG proteins, respectively, at PREs. The model is challenged by the
observation that TrxG and PcG proteins do not appear to bind differentially in the ON or
the OFF state (Langlais et al., 2012; Papp and Muller, 2006), at least in interphase cells.
Further, the model is unsupported by any experimental evidence demonstrating that the
persistent binding of these proteins through replication is necessary for the transmission
of the heritable gene expression state. Direct tests of both this and the histone model of
inheritance are needed to reconcile which of these divergent models better accounts for
how the OFF state of gene expression is inherited throughout development.
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Dynamic gene silencing: Non-HOX Polycomb Group targets
For decades PcG gene regulation was understood in the context of the HOX genes.
This led to a view that the PcG is either active at a locus early during development,
leading to the gene being heritably repressed in future descendant cells, or the locus is
activated prior to silencing and as a result, the TrxG is engaged and the heritable ON state
is transmitted to descendants. This narrow view is understandable because the HOX misexpression that results when PcG function is disrupted has such profound and pleiotropic
effects on cell behavior that other PcG target genes were not appreciated. The advent of
genome-wide approaches (e.g. ChIP-chip, ChIP-seq, DamID) to analyzing PRC binding
profiles, however, has fundamentally changed the view of how this system is utilized to
regulate gene expression programs. This is because these tools revealed that in addition to
its paradigmatic HOX targets, the PcG regulates myriad other genes which, importantly,
are not expressed in simple heritable ON/OFF patterns, but instead are dynamically
activated and repressed throughout development (Boyer et al., 2006; Bracken et al., 2006;
Oktaba et al., 2008; Schuettengruber et al., 2009; Schwartz et al., 2006; Tolhuis et al.,
2006).
How do we reconcile what is understood about the mechanisms of the PcG and
how it establishes and maintains the heritable OFF state of the HOX genes with this
newly appreciated fact that most PcG target genes observe no such heritable patterns of
expression? While the answer to this question is still in its infancy, a complicated picture
is beginning to emerge of the diverse roles the PRCs plays as general repressors. The
nature of PcG repression for any given locus appears to be qualified by context, namely
by the types of activating inputs acting on that locus through cis-acting enhancer
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elements. This was first shown using transgenes in which classical HOX PREs were
placed in front of a naïve promoter whose only activating input was from well-defined
enhancer elements from developmental control genes known to be regulated by the PcG,
but not expressed in a heritable manner. The result with all enhancers tested was
complete silencing by the PRE, but interestingly, Flp-mediated excision of the PRE led to
immediate loss of silencing in cells where the enhancer would normally be active
(Sengupta et al., 2004). This differs substantially from the results observed when the PRE
is excised from transgenes built with HOX enhancers or with the native HOX genes
following the elimination of PcG activity, where, in both cases, silencing is maintained
by mutant cells for days following clone induction (Beuchle et al., 2001; Birve et al.,
2001; Busturia et al., 1997). While limited in scale, these studies suggest something
differs in the type of enhancers found at the HOX loci from those of other PcG target
genes, a difference which apparently allows the memory of the OFF state to be inherited,
at least temporarily, independent of sustained PRE/PRC activity. Subsequent
examinations of this question have primarily approached it by dissecting the cis-acting
elements regulating these dynamically expressed PcG targets through promoter bashing
in a manner similar to the classical studies of the HOX genes.
While still small in scope, studies that incisively dissect the contributions PREs
and enhancer elements of non-HOX loci have been reported in recent years (Bieli et al.,
2015; Harris et al., 2016; Perez et al., 2011). Similarly, these studies find that, as in the
case of the HOX genes, non-HOX loci have at least one enhancer element that undergoes
only transient activation but which is required to overcome PcG-mediated silencing and
activate the gene in the appropriate cells (Bieli et al., 2015; Perez et al., 2011). Also
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similar to the HOX genes, the PREs at these loci are required to maintain high, robust
expression of the gene in descendant cells after the transient enhancer activity fades away,
likely a function of TrxG activity (Bieli et al., 2015; Perez et al., 2011). Interestingly,
however, the PREs at these loci play a notably distinct role in silencing compared to their
HOX counterparts. They only maintain the OFF state in a subset of cells (Bieli et al.,
2015; Perez et al., 2011), usually those cells in closest proximity to the normal domain of
activation; some even play an active role in reestablishing the OFF state after a specific
period of activation (Harris et al., 2016). These results suggest that the simple rules
learned from the HOX genes, i.e. that PcG-regulated loci maintain their earliest
transcriptional states throughout development, will not hold for all or even most genes.
Indeed, it has been shown that, even in the case of the HOX genes, a strong pulse of
transcriptional repressor is sufficient to lead to the PcG-mediated heritable silencing of a
HOX locus that was previously active (Crickmore et al., 2009; Garaulet et al., 2008).
Moreover, in mice it has been found that PRC recruitment and the deposition of
H3K27me3 can be antagonized by DNA methylation or enhancer input (Jermann et al.,
2014). Thus, the nature of the enhancers at a locus appears instrumental in determining
how that locus responds to PcG input on its promoter. Whether the difference between
heritable and dynamic silencing reflects fundamental differences in the mechanism of
enhancer activity or simply changes in the quantitative levels of activating input
conferred by resident enhancers remains to be seen.
Current Work
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In the work presented here, we investigate how Polycomb Repressive Complexes
regulate both heritable and dynamics modes of gene expression. In Chapter II, we
characterize and validate a lacZ reporter of the Ubx gene that faithfully recapitulates the
expression of native Ubx and contains the Ubx PRE within a Flp-out cassette, allowing
for its excision. Using this transgene, we demonstrate PRE excision results in loss of the
heritable OFF state of the transgene in a manner that depends on the cell division
dependent dilution of H3K27me3 nucleosomes. Further, by manipulating rate of
H3K27me3 dilution by reducing the capacity of either the H3K27 substrate to be
trimethylated or PRC2 to copy the trimethyl mark, we demonstrate a causal relationship
between the inheritance of H3K27me3 nucleosomes and the transmission of the OFF
state through cell division. In Chapter III, we extend our analysis of the Ubx-lacZ
transgene to include genomic insertions that deviate from the stereotyped pattern of
heritable HOX gene silencing in revealing ways. As a result, we find evidence that PRCs
impose a quantitative rather than a qualitative repressive input on their target genes, and
that promoters interpret these inputs differently depending on the context of other cis
regulatory information. Further, we demonstrate that transcriptional activity and PcG
silencing are not mutually incompatible, instead finding that is the level of transcription
read-through of a repressed locus is the determining factor, not transcription per se.
Together, this work elucidates how transcription patterns the choice of ON/OFF states of
heritable gene expression, the mechanisms by which the memory of these heritable states
are propagated, and how the myriad non-HOX PcG targets integrate repressive chromatin
inputs to generate dynamic gene expression programs, all of which in turn informs how
cell fate and the metazoan body plan is specified and maintained.
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Chapter II: Causal Role for Inheritance of H3K27me3 in Maintaining
the OFF State of a Drosophila HOX Gene
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Introduction: Animal development depends on the capacity of cells to respond to
transient spatial and temporal cues by establishing permanent changes in the expression
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states of genes that specify cell fate. A long-standing question is whether such epigenetic
states can be maintained by the inheritance of cis-acting chromatin modifications. To
answer this question, it is necessary to identify those modifications that play a causal role
in epigenetic memory and investigate how they are maintained and propagated.

Rationale: The heritable deployment of HOX genes provides a classic paradigm of
epigenetic memory. Unique codes of ON and OFF HOX genes are established early in
embryogenesis by transiently expressed transcription factors and are then maintained in
descendant cells to specify the distinctive fates of each body segment. In the OFF state,
HOX gene chromatin is marked with trimethylation of lysine 27 of histone H3
(H3K27me3) that is catalyzed by Polycomb Repressive Complex 2 (PRC2). Here, we
investigated whether H3K27me3 nucleosomes are indeed the carriers of epigenetic
memory of the OFF state. To this end, we generated a transgenic lacZ reporter of the
Drosophila HOX gene Ultrabithorax (Ubx) that recapitulates Ubx regulation throughout
development. Deposition of H3K27me3 at this reporter depends on the presence of a
Polycomb Response Element (PRE), the cis-acting DNA to which PRC2 is targeted. We
monitored both the OFF state, as well as H3K27me3, after inducing excision of the PRE
at different time points during development. Using this strategy, in combination with
manipulation of PRC2 activity and H3K27 substrate availability, we assessed the
capacity of PRC2 that is not recruited to the PRE to propagate H3K27me3 and
investigated whether there is a causal relationship between H3K27me3 inheritance and
maintenance of the OFF state.
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Results: Focusing on the developing wing imaginal disc where the transgene is normally
OFF, we find that PRE excision results in a release from silencing that depends on the
cell division coupled dilution of H3K27me3 and occurs after a stereotyped number of cell
divisions. Further, we show that the rate of dilution depends on the residual capacity of
PRC2 that is not anchored at the PRE to propagate the mark: reducing this capacity
increases the rate of dilution and leads to a corresponding decrease in the number of
times a cell can divide while maintaining the OFF state. These findings establish a causal
relationship between inheritance of the H3K27me3 mark and memory of the OFF state.

Conclusions: Our results demonstrate (i) that H3K27me3, once established at a repressed
Drosophila HOX gene, remains heritably associated with that gene, (ii) that local
inheritance of the mark transmits the memory of the OFF state from one cell generation
to the next, and (iii) that long-term memory depends on copying the mark after each
replication cycle, a process made more efficient by local tethering of PRC2 to the PRE.
Taken together, these findings establish H3K27me3 as a heritable carrier of epigenetic
memory, and identify efficient propagation of the mark by PRE anchored PRC2 as a
requirement for perpetuating the memory.

The Ubx-lacZ transgenes studied in this chapter were generated by Gary Struhl, as
were the associated fly stocks. All experiments in this chapter were conceived by me,
except for those in Figures 2-1, 2-S1, and 2-2, which were designed by Gary Struhl. I also
performed and analyzed all of the experiments presented here except for Fig. 2-S1G,
which was performed and documented by Gary Struhl.
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Epigenetic silencing of a HOX gene by inheritance of H3K27 trimethylation.
Following replication, PRE-anchored PRC2 is induced by H3K27me3 on parental
nucleosomes to trimethylate newly incorporated, naive nucleosomes. Following PRE
excision, residual “free” PRC2 can copy the mark, albeit inefficiently, resulting in
replication-coupled, serial dilution of H3K27me3 and release from silencing. The number
of divisions required depends on the rate of dilution, establishing a causal relationship
between inheritance of the mark and memory of the OFF state.
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Abstract:
Most eukaryotic cells can respond to transient environmental or developmental stimuli
with heritable changes in gene expression that are associated with nucleosome
modifications. However, it remains uncertain whether modified nucleosomes play a
causal role in transmitting such epigenetic memories, as opposed to controlling or merely
reflecting transcriptional states inherited by other means. Here, we provide in vivo
evidence that H3K27 trimethylated nucleosomes, once established at a repressed
Drosophila HOX gene, remain heritably associated with that gene and can carry the
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memory of the silenced state through multiple rounds of replication, even when the
capacity to copy the H3K27me3 mark to newly incorporated nucleosomes is diminished
or abolished. Hence, in this context, the inheritance of H3K27 trimethylation conveys
epigenetic memory.

Introduction
Animal development depends on the capacity of cells to make decisions about the fate of
their descendants, and for their descendants to inherit these decisions in the form of ON
and OFF states of gene expression that persist long after the cues that dictated them have
dissipated. Although heritable states of gene expression can be generated by changes in
DNA sequence, the primary mechanisms that operate during development are epigenetic,
associated with the establishment of trans-acting, auto-regulatory circuits (1, 2) or cisacting modifications of DNA or chromatin (3-5). Here, we address the still unresolved
question of whether the inheritance of cis-acting modifications of chromatin can play a
causal role in the transmission of epigenetic memory.
We focus on the potential role of histone H3 lysine 27 trimethylation
(H3K27me3) as a cis-acting epigenetic mark required for heritable silencing of
Drosophila HOX genes (6) — a process essential for normal segment specification (7).
Both inactivation of Polycomb Repressive Complex 2 (PRC2) (8-10), the enzyme
complex that catalyzes the mark (11-14), as well as the replacement of wildtype H3 with
modified versions that cannot be H3K27 trimethylated (15, 16), result in the failure to
maintain the OFF state. Likewise, transgenic HOX genes that lack cis-acting Polycomb
Response Elements (PREs) required for locally anchoring PRC2 also fail to maintain
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silencing (17-19). Nevertheless, the question remains whether inheritance of the
H3K27me3 mark is responsible for the memory of the OFF state (20-23). To address this
question, we have used a transgenic form of the classic Drosophila HOX gene
Ultrabithorax (Ubx) that allows us to assay persistence of the OFF state as well as
H3K27me3 following PRE excision. Our results argue that once H3K27me3
nucleosomes are established at a HOX gene, they remain stably associated with the gene
for the remainder of development, subject only to dilution by newly incorporated
nucleosomes accompanying each subsequent replication cycle. Further, by manipulating
the capacity of PRC2 to copy the mark, we demonstrate a causal relationship between
inheritance of the modification and the memory the OFF state.

A PRE excision paradigm.
Although native Ubx spans over 70Kb, Ubx-lacZ (UZ) mini-genes that recapitulate
almost normal expression can be reconstituted using the promoter and three Ubx cisacting regulatory elements: (i) an early enhancer (EE) for activating the ON state, (ii) a
late, imaginal “disc” enhancer (DE) for maintaining the ON state, and (iii) a PRE to
maintain the OFF state in the descendants of cells in which the gene was not initially
activated (17, 18, 24, 25). To analyze the role of H3K27me3 in the inheritance of the
OFF state, we generated a >PRE>UZ transgene in which the PRE is embedded in a “Flpout” cassette (26) that carries both the PRE as well as a ubiquitously expressed reporter
gene, Tub.CD2 (Fig. 2-1A; Methods). Transient expression of Flp under heat shock
control generates >UZ∆PRE cells that lack the PRE and no longer express CD2, allowing
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us to monitor the consequences of PRE excision on the inheritance of both the OFF state
and H3K27me3 in their clonal descendants.

Early roles of the PRE.
Most genomic insertions of the >PRE>UZ transgene generate a pattern of
b-Galactosidase (henceforth UZ) similar to that of endogenous Ubx throughout developm
ent, except restricted to parasegments 6-12, rather than parasegments 5-13 (Fig. 21B). The anterior boundary of parasegment 6 subdivides the third thoracic segment, inclu
ding the embryonic primordia of the imaginal discs that will give rise to the halteres of
the adult fly, into abutting anterior (A) and posterior (P) compartments. Hence,
>PRE>UZ is ON in the P compartment but OFF in the A compartment of this disc, as
well as being OFF in the entire wing disc (which derives from the second thoracic
segment; Fig. 1D).
As expected, the >PRE> cassette is required for the OFF state of the >PRE>UZ
transgene, as zygotes carrying >UZ∆PRE, the PRE-excised form of the transgene (Fig. 21A), give rise to animals that express UZ ubiquitously, both in embryos and in the
imaginal discs (Figs. 2-1C,E). Unexpectedly, however, the >UZ∆PRE transgene is not
activated in blastoderm stage embryos, in contrast to the intact >PRE>UZ transgene
(Figs. 2-1B,C, left panels) as well as native Ubx. Instead, >UZ∆PRE expression is first
detected only later, in extended germ band embryos, where it is expressed ubiquitously
(Figs. 2-1B,C, middle and right panels). Hence, the PRE is required in parasegments 6-12
to initiate the ON state, in contrast to its requirement for maintaining the OFF state in the
remaining parasegments. Analysis of an >EE>UZ transgene in which the EE rather than
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the PRE is embedded in the cassette, confirms a coincident, early requirement for the EE
in activating the ON state (Figs. 2-S1A-F). Significantly, when this transgene lacks the
>EE> cassette, the resulting OFF state depends on continuous PRC2 activity (Fig. 2S1G), and by inference, on the PRE. Thus, in early embryos, the EE and PRE are
required together to initiate the ON state in parasegments 6-12, whereas the OFF state is
established by default in the remaining parasegments and requires PRE anchored PRC2
for its subsequent maintenance.

Persistence of silencing following PRE excision.
Previous studies have shown that PRE excision can result in the loss of transgene
silencing in the wing disc, establishing a persistent requirement for PREs in maintaining
the OFF state (27, 28). However, the >PRE> cassettes used in these studies did not carry
marker transgenes, leaving unresolved whether release from silencing depends on the
passage of time or cell division, or if it varies as a function of cell position. In contrast,
inclusion of the Tub.CD2 reporter gene inside the cassette in the >PRE>UZ transgene
allows us to identify the clonal descendants of cells in which excision occurred and hence,
to determine how release from silencing depends on these parameters.
We focus on the wing disc, where the >PRE>UZ transgene is uniformly OFF or
ON depending on whether the PRE is present or absent, respectively, at fertilization (Figs.
2-1D,E). The disc is composed of a thick columnar epithelium subdivided into three
domains destined to form the prospective notum (body wall), hinge, and wing blade, as
well as an opposing squamous epithelium of peripodial cells (Fig. 2-2A). The columnar
domains are also partitioned into antero-posterior (A/P) and dorso-ventral (D/V)
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compartments, as well as additional subdomains, by various transcription factors that
control their region-specific fates (29).
To assay the consequences of removing the PRE, we induced excision of the
>PRE> cassette at chosen times and assayed UZ expression in the resulting >UZ∆PRE
clones, marked by the absence of CD2 expression, at the end of larval life (120 hours
after egg laying (AEL); Fig. 2-2A). Surprisingly, release from silencing in such clones
varies dramatically, depending on cell position and the timing of clone induction.
>UZ∆PRE clones generated shortly after gastrulation (6-9 hrs AEL) express UZ cellautonomously, regardless of position within the disc (Fig. 2-2B). However, clones
induced later in embryogenesis (18 hrs AEL) do not express UZ in portions of the
prospective notum; clones induced during the second to early third larval instar (48-72
hrs AEL) fail to express UZ in the remainder of the notum and much of the wing hinge;
clones induced during the mid-third larval instar (96 hrs AEL) escape silencing only
along the D/V compartment boundary in the hinge and wing blade; finally, clones
induced in the late third instar (108 hrs AEL) derepress UZ only in the peripodial cells.
Importantly, whether >UZ∆PRE cells generated at any given time remain silenced depends
only on their location within the disc and not their clonal history, as release from
silencing depends on cell position even within single, isolated clones (Fig. 2-S2).
These results are unexpected and show that release from silencing following PRE
excision varies over a remarkable range, extending from as little as 12 hours (peripodial
cells) to as long as 4 days (notum). Hence, we infer (i) that the level of repression
associated with the PRE confers a barrier that is normally sufficient to silence the UZ
promoter, but diminishes over time following PRE excision (e.g., due to lability of the
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H3K27me3 mark and/or its dilution during replication) and (ii) that the ability of
enhancers within the transgene to override this decaying barrier varies depending on the
different activating strengths of regionally-expressed transcription factors that would
otherwise drive >UZ∆PRE expression (30, 31). In support, we observe that regions of the
disc that show high levels of UZ expression in entirely >UZ∆PRE animals (e.g., the wing
blade) exhibit a rapid loss of silencing following PRE excision, whereas those that show
low level expression (e.g. the notum) exhibit a much slower loss (Fig. 2-1E). Similar
temporal and spatial constraints have been observed for release of native Ubx from
silencing following the removal of PRC2 (14, 30, 32), suggesting that they reflect a
general property of Ubx silencing recapitulated by the transgene.

Cell division-dependent release from silencing.
To determine whether release from silencing depends on the passage of time, or passage
through a given number of cell divisions, we devised a strategy to assay the consequences
of PRE excision in mitotically quiescent cells. To do so, we used a genetic approach to
block pupation, creating larvae that develop at almost the normal rate until the imaginal
discs reach mature size and cease proliferative growth, after which the larvae continue to
feed and increase in body mass for up to three weeks (33, 34)(Methods). We then assayed
the consequences of excising the PRE in the “stalled” discs of such larvae (Fig. 2-2C),
focusing on the prospective wing blade where most cells normally release from silencing
within 48-72 hrs (Fig. 2-2B).
PRE excision clones induced 72 hrs or longer before the stall show release from
silencing in the wing blade (data not shown), as in normal discs (Fig. 2-2B). In contrast,
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clones induced only ~24 hrs before the stall, or anytime thereafter, show no release even
when assayed 2-3 weeks later (Fig. 2-2D). To test if the failure of such clones to release
from silencing is due their having failed to undergo a requisite number of cell divisions,
we ectopically expressed the signaling molecule Hedgehog (Hh), which causes A
compartment cells located at a distance from the A/P compartment border to continue to
divide after the stall. To do so, we used a Flp-out Tub>y+>hh transgene (35) to coinduce clones of Tub>hh cells at the same time that we generated PRE excision clones.
When such >UZ∆PRE and Tub>hh clones are induced concomitantly during early larval
life, all PRE excision clones grow extensively prior to the stall and show release from
silencing in the prospective wing (Fig. 2-2E). In contrast, when such clones were coinduced only ~24 hrs before the stall, only A compartment clones away from the A/P
boundary continue to proliferate after the stall, and only these clones show release from
silencing (Fig. 2-2F). Hence, the OFF state of >UZ∆PRE expression can be maintained
indefinitely in prospective wing cells following excision as long as proliferation is
blocked within a few cell divisions. In contrast, wing cells that undergo additional
divisions fail to maintain the OFF state.
We conclude that heritable silencing conferred by the PRE is stable to the passage
of time but labile to cell division following PRE excision, with the number of cell
divisions required for release from silencing in any given cell depending on its position
within the disc.

Cell division-dependent dilution of H3K27me3.
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Our finding that release from silencing depends on cell division is consistent with the
hypothesis that H3K27me3 nucleosomes can remain associated with the transgene locus
for at least several cell generations following PRE excision and can perpetuate the OFF
state until diluted sufficiently by the incorporation of unmodified nucleosomes during
subsequent replication cycles. If correct, and if only PRE-anchored PRC2 can catalyze
H3K27me3, PRE excision should result in at least a two-fold reduction in the level of
H3K27me3 associated with the transgene following each round of replication (as
observed for the cell-division dependent loss of bulk genomic H3K27me3 (36-38)).
However, if PRC2 that is not anchored at the PRE can also trimethylate H3K27, albeit at
lower efficiency, the rate of dilution would be slower. To test if PRE excision results in
replication coupled dilution of H3K27me3, and to assess the rate of dilution, we have
used chromatin immunoprecipitation followed by quantitative PCR (ChIP-qPCR) to
monitor H3K27me3.
In the wing disc, where native Ubx is OFF, the entire locus has high levels of
H3K27me3 (39). The same is true for the silenced Ubx and lacZ encoding portions of the
intact >PRE>UZ transgene, albeit not for the ubiquitously expressed, CD2 encoding
portion of the >PRE> cassette (Fig. 2-3B, left panel, white data sets). In contrast,
animals carrying the >UZ∆PRE form of the transgene show only background levels of
H3K27me3 using the same probes (Fig. 2-3B, left panel, grey data sets; total histone H3
levels are similar for both the >PRE>UZ and >UZ∆PRE transgenes, right panel; see Table
S1 for further quantitation and mock ChIP controls). Hence, all detectable H3K27me3
associated with the intact >PRE>UZ transgene depends on the presence of the >PRE>
cassette.
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To assay the consequences of PRE excision on the level of H3K27me3, we
induced PRE excision clones at 24, 48, and 72 hours before the end of larval life and
assayed the discs just prior to pupation (~120 hrs AEL; Fig. 2-3C). Since PRE excision
was only ~55% efficient (Fig. 2-S3), qPCR probes were designed that would detect only
intact >PRE>UZ or PRE-excised >UZ∆PRE chromatin (IN or EX probes, respectively; Fig.
2-3A). Because IN and EX probes amplify different sequences, comparing the levels of
H3K27me3 they detect is not informative. Instead, IN probes serve as an internal control
for the consistency of H3K27me3 levels in cells in which PRE excision did not occur.
Further, heat shock transiently perturbs both H3K27me3 and total H3 ChIP qPCR signals,
precluding obtaining a “zero” time point for the EX probe. Hence, we focus on
comparing H3K27me3 levels in discs in which PRE excision was induced 24, 48 and 72
hours before being assayed at 120 hrs AEL. Using the EX probe, we observed
H3K27me3 signals of 7.9±2.3, 6.0±1.3, and 4.2±0.9 (mean of the % input ± SD),
respectively, for the 24, 48 and 72 hr time points (Fig. 2-3C, left panel, grey data sets).
These levels are all significantly above the 0.7±0.3 background detected by this probe in
>UZ∆PRE wing discs (Fig. 2-3C, ∆PRE). In contrast, the levels of H3K27me3 observed
using the IN probe were not significantly different for each of the three time points (Fig.
2-3C, left panel, white data sets; Table 2-S2). Thus, following PRE excision, the EX
probe detects a progressive, albeit slow, decline in the level of H3K27me3 associated
with >UZ∆PRE chromatin, whereas the IN probe shows no significant change.
To test whether there is a causal relationship between cell division and the
dilution of H3K27me3, we performed ChIP-qPCR analysis of wing discs obtained in the
“stalled” disc paradigm (Fig. 2-2D). Specifically, PRE-excision was induced concomitant
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with the stall (144 hrs AEL) and ChIP was performed 24, 48, or 120 hours following
excision (Fig. 2-3D). In contrast to actively dividing wing discs, we detect no significant
dilution of either H3K27me3 or total H3 levels, even between the 24 and 120 hour time
points (Fig. 2-3D; Table 2-S3). Hence, we conclude that the progressive dilution of
H3K27me3 observed in growing discs depends on cell division.
Finally, because cell division in the wing disc normally slows down towards the
end of larval life (40), we used an Actin5C>stop>lacZnuclear lineage trace transgene (26)
to determine that wing cells undergo an average of around 1, 3 and 6 cell divisions,
respectively, during the last 24, 48 and 72 hours of disc growth and to confirm that wing
and notum cells proliferate at similar rates (Fig. 2-S4). This quantitation allows us to
estimate that following PRE excision, H3K27me3 levels decline at a rate of ~10-12% per
cell cycle. Hence, after five to six cell divisions, H3K27me3 of the >UZ∆PRE transgene
would be reduced by ~50%, which appears sufficient to allow release from silencing in
the prospective wing blade, but not in the prospective notum. This rate of dilution is
much lower than what would be expected for the simple scenario in which PRC2 must be
anchored at the PRE to trimethylate H3K27, which would predict a 50% reduction after
each replication cycle. Hence, we infer that some PRC2 that is not anchored at the PRE
can contribute, even though this activity is not sufficient to stably maintain H3K27me3
over an indefinite number of cell generations.

H3K27me3 inheritance and epigenetic memory.
Inheritance of H3K27me3 involves two distinct events: (i) transmission of parental
H3K27me3 nucleosomes to daughter DNA during replication and (ii) propagation of the
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H3K27me3 mark from parental to newly incorporated naïve nucleosomes following
replication. If inheritance, per se, is responsible for carrying the memory of the OFF state,
then any manipulation that compromises either event should reduce the number of
divisions required for release from silencing, with the reduction in the number of
divisions required being determined by the extent to which inheritance of the mark is
compromised. We have tested this prediction using two independent approaches.
In the first approach, we have compared PRE excision clones in animals in which
all histone H3 molecules are wildtype (H3+) versus clones generated in animals in which
we spiked the H3+ pool with a K27R mutant form of H3 that cannot be trimethylated at
residue 27 (H3K27R). To do so, we used larvae in which the native (and sole) histone gene
complex (HisC) is replaced by multiple transgenic copies of histone genes, some of
which encode wildtype H3+ and others of which encode H3K27R, to provide a chosen ratio
of H3+ to H3K27R (15, 16, 41). We focus on the prospective notum where clones
generated by PRE excision during the first instar normally remain silenced for the rest of
larval life (Figs. 2-2B, 2-4B, right panel) — a period of ~96 hours that our lineage trace
and ChIP-qPCR data indicate should correspond to at least 8 cell divisions and a ~6070% reduction in H3K27me3 levels. If replacing the wildtype complement of histone H3
with a mixture of H3K27R and H3+ results in fewer cell cycles being required for the
release from silencing, we reasoned that this might be apparent in the notum where no
release from silencing would otherwise occur.
Animals in which all histone H3 molecules derive from a 12:8 dosage of H3+ to
H3K27R encoding genes (henceforth 12K:8R) develop into viable and fertile flies albeit
with mild homeotic transformations (e.g. ectopic sex combs on the second and third legs)
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and have ~30% lower H3K27me3 levels at the >PRE>UZ locus in the OFF state (Fig. 24A; left panel; Table 2-S4). This level is similar to that observed in wild type wing disc
cells after about three rounds of division following PRE excision. When present in this
genetic background, the >PRE>UZ transgene shows virtually no expression in the
columnar epithelium of the wing disc, the only exception being rare, small patches in the
vicinity of the D/V compartment boundary (Fig. 2-S5C, and below). Strikingly, when
PRE excision is induced in such 12K:8R larvae during the first instar, we observe
extensive release from silencing in the prospective notum at the end of larval life, in
contrast to the failure to release from silencing observed in wildtype discs (Fig. 2-4B).
Thus, spiking the H3+ pool with H3K27R significantly reduces the number of cell divisions
required for release from silencing after PRE excision, whether because the cells initially
begin with a ~30% lower level of H3Kme3 or because the capacity of PRC2 to copy the
mark has been compromised, or both.
To restrict our analysis to the effects of compromising only the copying activity
of PRC2, we generated 12K:8R animals that carry both the >PRE>UZ transgene as well
as a single copy of the wildtype HisC locus, which carries more than 100 copies of the
native H3+ gene, negating any deleterious effect that the 8 H3K27R genes might otherwise
have (15). We then co-induced three kinds of clones: those that lack either the HisC locus,
the >PRE> cassette or both (Methods). When generated during the first larval instar,
clones that lack both — and only those clones — show cell autonomous release from
silencing in the prospective notum (Fig. 2-4C). Hence, increasing the dilution rate of
H3K27me3 by spiking the H3+ pool with H3K27R is sufficient to cause a significant
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reduction in the memory of the OFF state, even in cells that begin with a virtually normal
complement of H3+ nucleosomes.
These results provide evidence for a causal relationship between inheritance of
H3K27me3 and the memory of the OFF state, and are supported further by our findings
that the intact >PRE>UZ transgene is expressed in rare, small patches in distal wing cells
of 12K:8R discs and that loss of silencing is further accelerated in 6K:6R wing discs (as
documented and discussed in Fig. 2-S5C). However, they are subject to the criticism that
this evidence has been obtained under conditions in which the capacity of PRC2 to copy
the K27me3 is systemically and persistently compromised by the presence of H3K27R,
albeit so slightly as to have virtually no detectable effect except in PRE excision clones.
To address this concern, we used a second, and independent, approach in which
we transiently knocked down PRC2 activity for a period that is sufficiently brief as to
have no detectable effect on silencing of the intact >PRE>UZ transgene, and then asked
if this manipulation is sufficient to accelerate the decline in both H3K27me3 levels and
the memory of the OFF state following PRE excision. To do so, we used the Gal80ts/Gal4
method (42) to express an RNAi against Enhancer of zeste (E(z)), the catalytic
component of PRC2 (11-14), under temperature control.
In the presence of Gal80ts, Gal4 dependent expression of the UAS.E(z)RNAi
transgene is blocked at 17°C, but induced at 29°C, and imaginal discs that are shifted
from 17°C to 29°C for 36 hours or longer show release from silencing for both native
Ubx and the >PRE>UZ transgene. However, silencing is stringently maintained in wing
discs that are shifted to 29°C for only 24 hrs, whether assayed immediately after the 24 hr
shift or any time thereafter. In this background, we induced PRE excision clones in
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second instar larvae maintained at 17°C that either did, or did not, carry the
UAS.E(z)RNAi transgene and then immediately shifted them to 29°C for 24 hrs, followed
by a return to 17°C for the remainder of larval development, at which time wing discs
were assayed for both UZ expression and H3K27me3 (Fig. 2-5).
Transient expression of E(z)RNAi considerably shortened the memory of the OFF
state following PRE excision relative to the no RNAi control, as indicated by the release
from silencing in the notum (Fig. 2-5C). Similarly, it resulted in a ~2 fold further
reduction in H3K27me3 levels relative to the no-RNAi control (down to 2.2±0.7 in
E(Z)RNAi discs versus 5.2±2.3 for the control; Fig. 2-5B, EX probe; Table 2-S5). This
difference is consistent with a 50% dilution of H3K27me3 accompanying one cycle of
replication in the absence of PRC2 — the expected maximum if all parental H3K27me3
nucleosomes are inherited but no copying of the H3K27me3 mark occurs — after which
the rate of dilution would return to 10-12% (as measured in wildtype discs in Fig. 2-3C).
We note that H3K27me3 levels also declined, albeit modestly in cells that did not lose the
PRE (from 10.6±1.6 to 8.3±1 in control versus E(Z)RNAi discs, respectively; Fig. 2-5B,
IN probe, Table 2-S5), raising the possibility that it might take a few cell cycles
following the restoration of PRC2 activity for the level of H3K27me3 of the intact
>PRE>UZ transgene to recover fully following a transient two-fold depletion.

H3K27me3 inheritance and native Ubx silencing.
To assess how our PRE excision experiments relate to heritable silencing of native Ubx,
we monitored the loss of Ubx silencing after abruptly abolishing the capacity of PRC2 to
trimethylate newly synthesized histone H3 molecules.
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To do so, we created single daughter cells that express only the H3K27R mutant
form of histone H3, but derive from mother cells that have a virtually wildtype
complement of H3+ nucleosomes (15, 16) (Methods). Under these conditions, the sole
supply of H3+ nucleosomes that can carry the H3K27me3 mark in subsequent cell
generations derives from the mother cell, resulting in at least a two-fold dilution of the
starting level of H3K27me3 with each subsequent replication cycle. The clones generated
from such daughter cells show a rapid loss of Ubx silencing, within 24-36 hours in the
prospective wing (~1 division following the division required to generate the mutant
daughter cell and a predicted ~2 fold dilution in H3K27me3) and within 48 hours in the
prospective notum (~1-2 further divisions and a further ~2-4 fold dilution) (Fig. 2-S6).
Although approximate, these estimates suggest that similar position-dependent declines
in the levels of H3K27me3 are required to cause release from silencing of both Ubx and
the >PRE>UZ transgene (> ~2 fold in the prospective wing and > ~4-8 fold in the
prospective notum; Fig. 2-6B). Hence, the causal relationship between inheritance of
H3K27me3 and memory of the OFF state appears to be similar for both the transgene and
native Ubx.

Discussion
Despite the ubiquity with which diverse chromatin modifications have been associated
with either stasis or change in the transcriptional behavior of eukaryotic genes, the
question of whether any such modifications have a causal role in epigenetic memory
remains controversial (20, 21, 43, 44). Here, we provide evidence that silencing of the
paradigmatic Drosophila HOX gene Ubx by H3K27me3 provides an example of a
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chromatin modification that executes just such a causal role in the propagation of
epigenetic memory.
First we confirm and extend previous evidence (45) that the ON state is initiated
under the transient control of an early enhancer (EE). We do so by showing that once the
ON state of a Ubx-lacZ (UZ) transgene is established by EE activity, it is sustained in all
descendant cells, even if the EE is subsequently excised.
Second, we show that in the absence of EE activity, the UZ transgene adopts the
OFF state and maintenance of this state now depends, by default, on Polycomb
Repressive Complex 2 (PRC2), the methyltransferase that catalyzes H3K27me3 (11-14).
Third, we confirm and extend previous evidence (17-19, 27, 28) that maintenance
of the OFF state depends on a Polycomb Response Element (PRE), which anchors PRC2
in the vicinity of the Ubx locus. We do so by showing that excision of the PRE results in
the loss of H3K27me3 and release from silencing.
Fourth, we show that both the loss of H3K27me3 as well as the release from
silencing depend on cell division. If division is blocked, neither occurs and the OFF state
can persist indefinitely; if division continues, H3K27me3 is diluted with each subsequent
replication cycle and silencing is lost.
Fifth, we establish a causal relationship between cell division-dependent dilution
of H3K27me3 and the memory of the OFF state. Manipulations that accelerate the rate of
dilution reduce the number of cell divisions required for the release from silencing (Fig.
2-6B).
It has been proposed that inheritance of H3K27me3 depends on two mechanisms:
(i) the local re-deposition of parental H3K27me3 nucleosomes following replication, and
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(ii) the capacity of these modified parental nucleosomes to serve as templates for PRC2
to copy the H3K27me3 mark onto newly incorporated nucleosomes (46-48). If PRC2
must be anchored at the PRE to copy the mark, PRE excision should result in a 50%
reduction in H3K27me3 levels following each subsequent replication cycle. However, we
observe a much slower rate of decline of ~10-12%. Hence, we infer a significant
contribution of PRC2 that is not anchored at the PRE (henceforth “free” PRC2). In
support, we can negate this contribution by knocking down total PRC2 activity.
The physical association of PRC2 with chromatin is highly dynamic in vivo, with
free PRC2 rapidly exchanging with chromatin bound PRC2 (49). Hence, as diagrammed
in Fig. 6A, we envisage the PRE as a recruiting center that sustains a high, local
concentration of PRC2 that is necessary for efficient copying of the H3K27me3 mark.
According to this view, PRE excision should reduce the local availability of PRC2,
allowing some of the nucleosomes that were incorporated following replication to escape
being H3K27 trimethylated and resulting in the serial dilution of H3K27me3
nucleosomes during subsequent cell cycles.
Thus, we posit that once the OFF state of HOX gene expression is established by
default by the absence of EE activity, it can be — and normally is — perpetuated
indefinitely via transmission of parental H3K27me3 and copying of the H3K27me3 mark
(Fig. 2-6A). However, indefinite inheritance of the mark, and hence stable memory of the
OFF state, requires the PRE to ensure that the mark is efficiently copied. This memory
function is distinct from transcriptional repression of genes bearing the mark (30), which
depends on a second, chromatin modifying, Polycomb Repressive Complex, PRC1 that is
recruited at least in part by its capacity to bind directly to the H3K27me3 modification
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(50-52).
Our results have three additional implications. First, we have discovered,
unexpectedly, that the number of cell divisions required to release the UZ transgene from
silencing after PRE excision depends on cell position. Strikingly, the range extends from
~1-2 cell divisions (peripodial cells) to ~3-5 cell divisions (wing) to >8 cell divisions
(notum) and appears to correlate with the position-dependent level of expression in
entirely >UZ∆PRE animals, which we infer reflects the different activating strengths of
transcription factors that would otherwise act on the UZ promoter in different regions of
the disc. Hence, we posit (i) that repression conferred by H3K27me3 is normally
sufficient to hold all these position-dependent, activating inputs at bay, and (ii), that after
PRE excision, the subsequent, serial dilution of H3K27me3 results in release from
silencing wherever the local activating inputs are sufficiently strong to breach the
decaying repressive barrier. Based on this reasoning, we suggest that many of the
hundreds of Drosophila genes associated with PREs and H3K27me3 (31, 53) may not be
heritably activated or silenced by PRE/PRC2 activity. Instead, PRE/PRC2 dependent
repression may be counterbalanced by, and integrated with, activation by enhancers at
these loci. By contrast, HOX genes may belong to a special class that has been stringently
selected to exclude enhancers that can override PRE/PRC2 repression — a prerequisite
for their essential roles as heritable determinants of segmental fate.
Second, for H3K27me3 nucleosomes to serve as carriers of epigenetic memory,
they must remain stably associated with the loci they regulate, being copied along with
the associated DNA from one cell generation to the next. Although it has been argued
that nucleosome exchange, demethylation, and other nucleosome modifications might
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constrain the capacity of H3K27me3 nucleosomes to carry epigenetic memory (20, 21),
our results argue that these constraints do not apply, in vivo, to Drosophila HOX genes.
This is consistent with recent evidence suggesting little if any role for the sole Drosophila
H3K27me3 demethylase Utx in HOX gene regulation after embryogenesis (54), as well
as a low rate of nucleosome turnover at repressed HOX loci in cell culture (55, 56).
Likewise, it has been reported that all nucleosomes deposited behind the replication fork
initially lack the H3K27me3 mark (57, 58), leading to the proposal that parental PRC
components that remain anchored at the PRE are responsible for subsequently
reestablishing the mark (57), and are thus, the actual mediators of epigenetic memory.
This possibility, however, would predict that PRE excision should result in an immediate
loss of silencing following the first round of replication, a prediction that is directly
contradicted by our findings and inconsistent with related studies (59, 60).
Third, our findings pose the question of whether chromatin modifying enzymes
associated with epigenetic memory need to be anchored at cis-acting DNA elements, or if
they can be recruited solely by their capacity to bind pre-existing marks on parental
nucleosomes. Recent studies in yeast have established that transient targeting of the
H3K9 methyltransferase Clr4 to a reporter gene can suffice to initiate an epigenetic OFF
state that is propagated indefinitely after the targeting agent is removed (61, 62).
However, long term perpetuation of the mark is only observed under non-physiological
conditions in which an opposing demethylase, Epe1, is eliminated.
In the case of PRC2 and H3K27me3, our results indicate that the PRE is required
for long term, epigenetic memory. Nevertheless, PRC2 can perpetuate the mark and
sustain the OFF state for at least eight cell generations following PRE excision, raising
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the possibility that free PRC2 can propagate the mark, albeit sub-optimally, in the
absence of a PRE anchor. However, a more rapid loss of silencing has been observed for
more minimal PRE-excision transgenes composed of heterologous promoters and/or
enhancers (28). Hence, the slower rate exhibited by the >PRE>UZ transgene may reflect
the presence of one or more cis-acting elements that help retain local PRC2 activity
following PRE excision. These elements could be cryptic PRC2 anchors, but if so, they
differ from PREs in lacking the capacity to mediate H3K27me3 and maintain the OFF
state on their own (e.g., in >UZ∆PRE animals; Figs. 2-1C,E; 2-3B). Alternatively, they
might target the >UZ∆PRE transgene to sub-nuclear domains such as Polycomb bodies
where other PRC2 repressed loci congregate (63), or allow H3K27me3 to spread over a
larger extent of the surrounding chromatin. Either of these latter possibilities might
increase the local recruitment of PRC2 via its capacity to bind, albeit only weakly, to
resident H3K27me3 nucleosomes, and hence, might help compensate for the loss of the
PRE.
In sum, our findings establish H3K27me3 as a chromatin modification that can
function as a bona fide carrier of epigenetic memory. The capacity of H3K27me3 to
function in this way is qualified by context — in the case of Drosophila HOX genes, by
the requirement for cis-acting PREs, the absence of an opposing demethylase, and
evolutionary constraints that exclude the emergence of enhancers that can override
H3K27me3 mediated repression. Nevertheless, it provides a precedent for a
physiologically significant role for chromatin modification in epigenetic inheritance.
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Materials and Methods

Constitution and characterization of the >PRE>UZ and >EE>UZ transgenes.
The >PRE>UZ and >EE>UZ transgenes are diagrammed in Figures 2-1 and 2-S1 and
were constructed by standard recombinant DNA technology using the Carnegie 2 Pelement vector and previously defined genomic fragments from the Ubx, y, and Tub1α
genes, as well as a Flp-out cassette containing the Rat CD2 coding sequence (see Table 2S6 for a listing of the sequences defining the ends of each fragment; a full sequence of
the both transgenes is available on request). The PRE is the well defined 1.6Kb bxd PRE.
The EE is the similarly well defined 0.6Kb pbx early enhancer, which is activated in
parasegments 6-12 (18, 24). Expression of native Ubx in parasegment 5 depends on
abx/bx enhancers (64, 65), which are not present in our construct. Both transgenes were
introduced into the genome by P-element mediated transformation, identified by virtue of
rescue of the y mutant phenotype, mapped by standard genetic means, and the sites of
insertion determined by inverse PCR (66). 4/7 genomic insertions of the >PRE>UZ
transgene were expressed like previously described Ubx-lacZ transgenes (24, 25) and
behaved similarly following excision of the >PRE> cassette: we focused our analysis on
a single insert at 55B11. The remaining 3/7 genomic insertions were influenced in
different ways by neighboring genomic DNA and will be described elsewhere. Similarly,
2/2 genomic insertions of the >EE>UZ transgene were expressed like previously
described Ubx-lacZ transgenes and behaved similarly following excision of the >EE>
cassette: we focused our analysis on a single insert at 92A13.
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Experimental genotypes
Transgenes and mutant alleles are indicated by Bloomington or VDRC stock number or
described in Flybase or prior publications. We are especially grateful to Vince Pirrotta,
for the esc6 escl- double mutation, Jürg Müller for the Df(2L)HisC, 3XHisGUwt
3XHisGUwt and 3XHisGUK27R 3XHisGUK27R transgenes, Dan McKay for the 12XHiswt
and 8XHisH3K27R transgenes, Henry Krause for the phm.Gal4 and UAS.fh-RNAi transgenes,
and Joe Parker for the phm.LexA and LexO.fhRNAi transgenes

hsp70.flp, tub>y+>hh, Act>Draf+>nuc-lacZ, (26, 35)
tub.Gal80ts (Bloomington #7108)
hdc.Gal4 (expressed in all imaginal disc cells; (67)
Tub.Gal4, UAS.GFPnls, and Tub.Gal80 (68, 69)
esc6 escl- (70)
UAS.E(z)RNAi (Bloomington #36068)
UAS.dcr (Bloomington #24648)
UAS.fhRNAi and phm.Gal4 (33, 34)
phm.LexA and LexO.fhRNAi (gift of Joe Parker)
Df(2L)HisC (41)
12XHiswt (15)
8XHisH3K27R (15)
3XHisGUwt 3XHisGUwt (16)
3XHisGUK27R 3XHisGUK27R (16)
Ubi.GFP (Bloomington #5189)
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The exact genotypes are indicated below, by Figure

1B&D, 2B, 3B&C, S2, S3, S4A&B: y w hsp70.flp; >PRE>UZ/+
1C&E, 3B&C, S1A, S3, S4A&B: y w hsp70.flp; >UZ∆PRE/+
2D: y w hsp70.flp UAS.dicer; >PRE>UZ/UAS.fhRNAi; phm.Gal4/+
2E&F: y w hsp70.flp UAS.dicer; >PRE>UZ/tub>y+>hh UAS.fhRNAi; phm.Gal4/+
3D: y w hsp70.flp; >PRE>UZ/+; phm.LexA/LexO.fhRNAi
4A&B, S5C: y w hsp70.flp; Df(2L)HisC FRT40 >PRE>UZ/ Df(2L)HisC FRT40;
12XHiswt/12XHiswt
4A&B, S5C: y w hsp70.flp; Df(2L)HisC FRT40 >PRE>UZ/ Df(2L)HisC FRT40;
12XHiswt/8XHisH3K27R
4C: y w hsp70.flp; Df(2L)HisC FRT40 >PRE>UZ/ Ubi.GFP FRT40;
12XHiswt/8XHisH3K27R
5B&C: y w hsp70.flp; tub.Gal80ts >PRE>UZ/+; hdc.Gal4/+
5B&C: y w hsp70.flp; tub.Gal80ts >PRE>UZ/UAS.E(z) RNAi; hdc.Gal4/+
S1B,D&F: y w hsp70.flp; >EE>UZ/+
S1C&E: y w hsp70.flp; >UZ∆EE/+
S1G: y w hsp70.flp Tub.Gal4 UAS.GFPnls; esc6 escl. FRT40/ Tub.Gal80 FRT40;
>UZ∆EE/+
S4B-D: y w hsp70.flp; Act5c>Draf+>lacZ/+
S5A&B: y w hsp70.flp; Df(2L)HisC FRT40 >PRE>UZ/Df(2L)HisC FRT40; 3XHisGUwt
3XHisGUwt/3XHisGUwt 3XHisGUwt
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S5A-C: y w hsp70.flp; Df(2L)HisC FRT40 >PRE>UZ/Df(2L)HisC FRT40; 3XHisGUwt
3XHisGUwt/3XHisGUH3K27R 3XHisGUH3K27R
S6: y w hsp70.flp; Df(2L)HisC FRT40 >PRE>UZ/Ubi.GFP FRT40;
8XHisH3K27R/8XHisH3K27R

Generation and immuno-staining of clones in wing imaginal discs
“Flp-out” cassette excision, Flp/FRT mediated mitotic recombination and the MARCM
techniques were performed as previously described (26, 68, 71). Timing of heat shock
induced Flp activity is indicated in the text and relevant Figures.

Care was taken to ensure optimal growth conditions and accurate timing between PRE
excision and processing for antibody staining or ChIP-qPCR analysis (e.g., necessary to
resolve previously unrecognized differences (15) in the kinetics of release from silencing
of native Ubx in H3K27R clones, as in Fig. 2-S6).

For PRE excision experiments, patches of cells lacking CD2 expression were only
observed when animals carrying the >PRE>UZ transgene were heat shocked in the
presence of a hsp70.flp transgene. Moreover, the frequency, size and distribution of such
clones were similar to that of standard linear trace, Flp-out transgenes (such as
Act5c>Draf+>lacZ; Fig. 2-S4; below), including in the haltere disc, where the UZ
promoter is heritably silenced in the A compartment, but expressed in the P compartment.
Hence, the presence of the PRE does not adversely affect either >PRE> excision nor
expression of the Tub.CD2 mini-gene within the >PRE> cassette, even in cells in which
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it maintains the OFF state of the >PRE>UZ transgene. Accordingly, loss of CD2
expression is an independent, cell-autonomous marker of PRE excision.

Wandering, late third instar larvae were dissected and fixed in 4% paraformaldehyde.
Wing discs were stained with the following primary antibodies: mouse anti-Rat CD2
(1:2,000; BD Parmingen#OX-34), rabbit anti-β-gal (1:20,000; Cappel), Rabbit aHb
(MacDonald, 1/4000), Guinea Pig aDll (Richard Mann; 1/6000), mouse anti-Ubx (1:50;
DSHB#FP3.38), mouse anti-GFP (1:2,000; DSHB#12A6), mouse anti-Wg (1:30;
DSHB#4D4). Fluorescently-conjugated Alexa-Fluor secondary antibodies
(ThermoFisher) plus Hoechst 33342 (Invitrogen) were used for visualization and discs
were mounted Vectashield mounting medium (Vector). We thank Paul Macdonald and
Richard Mann for the aHb and aDll antisera.

Chromatin Immunoprecipitation
For all ChIP experiments the following procedure was performed four times to produce
four independent biological replicates (represented by individual data points in ChIP
graphs). The only exception is in Figure 2-4A, where one of the 12K:8R replicates was
lost in processing. All ChIP experiments were performed on wing discs from wandering,
late third instar larvae, just prior to pupation.

To ensure larvae were of the same approximate stage, embryos were collected from fly
cages in 4 hr. intervals and the larvae from these collections were grown at 25°C at low
density to avoid competition. 35 larvae were dissected at 116-120hr AEL for each ChIP
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experiment and were fixed as follows: 25min; 1.8% paraformaldehyde in 50mM HEPES
+ 1mM EDTA + 0.5mM EGTA + 100mM NaCL. As per Estella et al. (72), following
fixation, samples were quenched (6min; 0.125M glycine in PBS + 0.01% TritonX100)
and put through a series of washes in the presence of Complete Mini EDTA-Free
protease inhibitor (denoted PI; Roche): two 10 min. washes in Buffer A (10mM HEPES
+ 10mM EDTA + 0.5mM EGTA + 0.25% TritonX100 + PI) followed by two 10 min.
washes in Buffer B (10mM HEPES + 1mM EDTA + 0.5mM EGTA + 200mM NaCl +
0.01% TritonX100 + PI). Individual wing discs were then dissected from carcasses in
Buffer B. Wing discs for individual biological replicates were pooled, transferred to
sonication buffer (10mM HEPES + 1mM EDTA + 0.5mM EGTA), and sonicated on ice.
For each sample, the chromatin was split according to the number of antibodies being
used for ChIP and 10% of the sample chromatin was removed for use as the input sample.
Samples processed for ChIP were diluted 1:1 with 2X RIPA buffer (280mM NaCl +
20mM HEPES + 2mM EDTA + 2% Glycerol + 2% TritonX100 + 0.2% Sodium
Deoxycholate). Samples were incubated overnight with Rabbit anti-H3K27me3 (1
Millipore#07-449), Rabbit anti-histone H3 (0.5

g,

g, Abcam#ab1791), or normal rabbit

IgG (1 g, Cell Signaling Technology#2729). Antibody bound chromatin was pulled
down for 4 hrs. with Protein A Agarose (Roche), washed 4 times with 1X RIPA and 1
time in in TE (10mM Tris + 1mM EDTA). Chromatin was then eluted twice in elution
buffer (1% SDS + 0.1M NaHCO3), first at room temperature and then at 55°C. Input
samples were brought to the same volume with elution buffer and all samples were
placed at 65°C overnight to reverse crosslinking. Each sample was then treated for 3hr
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with 20

g of Proteinase K at 55°C and the DNA purified by phenol/chloroform

extraction, ethanol precipitation, and resuspension in TE.

Immunoprecipitated DNA was analyzed by Real-time qPCR using HotStart-IT SYBR
Green qPCR Master Mix 2x (Affymetrix) on an Applied Biosystems 7300 RT-PCR
System. PCR was performed in duplicates, which were averaged. In all graphs the
immune-precipitated material is presented as a percentage of the DNA present in the
input material. Primers used for PCR are described in Fig. 2-3A and Table 2-S7 and were
selected according to the protocol described in Braveman et al. (73).

Measurement of PRE excision efficiency
>UZ∆PRE clones were induced in larvae heterozygous for the >PRE>UZ transgene by a
single, 60 min heat shock at 38oC at ~ 24, 48 or 72 hours before the end of larval life, as
described for the ChIP-qPCR experiments in Fig. 3C. DNA was then extracted from wing
discs of late third instar larvae (116-120 hr AEL) and analyzed by qPCR together in
parallel with control DNAs extracted from wing discs of entirely >UZ∆PRE and
>PRE>UZ larvae, using EX and IN probe pairs as in Fig. 2-3C.

Quantification of clone size
Larvae heterozygous for an Act5c>Draf+>lacZ transgene were given a weak heat shock
(32.5°C for 1 hour) to ensure single Act5c>lacZ∆Draf+clones could be identified. Notum
clones were scored between the outer ring (wing hinge) and notum stripe of Wg staining
and wing clones were scored within the inner ring of Wg, as indicated in Fig. 2-S4.
60

Clones were counted if at least half of the labeled clone nuclei resided within the
designated region. The ImageJ Cell Counter tool was used to ensure that nuclei were only
counted once.
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Figures:

Figure 2-1. Role of the PRE in establishing ON and OFF states of the >PRE>UZ
transgene.
(A) Structure of >PRE>UZ and >UZ∆PRE transgenes. The Ubx promoter drives
expression of the lacZ coding sequence (red; arrow points in the direction of
transcription) and is regulated by the PRE, an early enhancer (EE) and a disc enhancer
(DE). The PRE is embedded in a Flp-out cassette flanked by Flp recombinase target
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(FRT) sequences (encircled arrows) and contains a Tub.CD2 marker gene transcribed in
the opposite direction (green). The transgene is marked by a yellow+ mini-gene. (B)
Ubx.lacZ (UZ, red) and Tub.CD2 (CD2 green) expression from the >PRE>UZ transgene.
UZ is first apparent in a central domain of blastoderm stage embryos delimited by the
transcription factor Hunchback (Hb; turquoise), which represses EE enhancer activity,
after which it is heritably ON in parasegments 6-12 and OFF in the remaining
parasegments (gastrula and late stage germ band embryos). The gastrula image shows the
three left-right pairs of the thoracic disc primordia, as well as three gnathal primordia on
the lower side (marked by Distalless, Dll, turquoise). The wing and haltere primordia on
one side are boxed and shown at higher magnification (here and elsewhere, anterior is to
the left, parasegment 6 is indicated by a yellow asterisk and Hoechst (DNA; blue)
provides a counterstain). The anterior boundary of UZ coincides with the anterior
boundary of parasegment 6, which subdivides the haltere primordium into anterior (A)
and posterior (P) compartments. CD2 is also transiently up-regulated in parasegments 612 at this stage (only parasegment 6 and 7 are apparent in this image). UZ expression in
late germ band embryos closely resembles that of native Ubx (turquoise; here and in (D)).
(C) UZ expression in embryos carrying the >UZ∆PRE transgene (stained as in B; absence
of the >PRE> cassette is confirmed by the absence of CD2). UZ is not expressed at the
blastoderm stage but comes on ubiquitously after gastrulation. (D) UZ expression in third
instar wing and haltere discs carrying the >PRE>UZ transgene; the insert shows a haltere
disc independently stained for UZ and Ubx. UZ is ON in the P compartment of the
haltere but OFF in the A compartment as well as in the entire wing disc; CD2 expression
is uniform. Native Ubx is ON in the entire haltere disc but does not over-ride the OFF
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state of the >PRE>UZ transgene in the A compartment. (E) UZ expression in wing and
haltere discs carrying the >UZ∆PRE transgene. UZ is expressed in all cells, albeit with
stereotyped, position-dependent differences in level that correlate with the kinetics of
release from silencing following PRE excision (Fig. 2-2).
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Figure 2-2. Release from silencing following >PRE> excision depends on cell
position and number of cell divisions.
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(A) Schedule of induction of >UZ∆PRE clones (E = embryo; L1, 2 and 3 = first, second
and third larval instars; AEL = after egg laying). For all time points (arrow heads), clones
were assayed in mature wing discs at the end of larval life (~120 AEL; inset shows the
prospective notum (body wall), hinge, and wing blade domains of the columnar
epithelium, as well as the peripodial epithelium). (B) Wing discs carrying the >PRE>UZ
transgene stained for UZ (red top, white bottom) and CD2 (green, top) following >PRE>
excision at the time points indicated. The columnar epithelium is shown for all discs, and
the peripodial epithelium is also shown for the 108 AEL disc. >UZ∆PRE clones are marked
“black” by the absence of CD2 expression. Most clones induced in mid-stage embryos (9
AEL) cell-autonomously derepress UZ (e.g., arrow). However, clones induced later
derepress UZ in a manner that depends on position within the disc and the time of clone
induction (e.g., 18 and 48 AEL clones fail to derepress UZ, respectively, in most or all of
the notum (arrowheads); 72 and 96 AEL clones fail to show release from silencing in
most of the prospective notum, wing hinge, and some regions of the wing blade; and 108
AEL clones show release only in peripodial cells). (C) Schedule of induction of >UZ∆PRE
clones in “stalled” wing discs (Methods). In this background, cell division ceases when
the imaginal discs reach full size at around 144 AEL, while larvae continue to feed and
grow for up to three weeks. Arrowheads indicate the timing of >PRE> excision in the
presence (E,F) or absence (D) of co-induced Tub>hh clones. (D) Stalled wing disc two
weeks after >PRE> excision at 120AEL (stained as in B): no UZ expression is detected
despite >PRE> excision having occurred two weeks previously (clones are not apparent
at this magnification, having undergone only one or two divisions before the stall). (E)
Stalled wing disc heat shocked to co-induce >UZ∆PRE and Tub>hh clones during the first
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larval instar (24-48 AEL), assayed ~one week later. Large clonal patches are apparent in
both the A and P compartments (the patches in A are exceptionally large owing to the
extra growth induced by ectopic Hh). UZ is expressed throughout the clones located
within the prospective wing blade. (F) Stalled wing disc heat shocked to co-induce
>UZ∆PRE and Tub>hh clones ~ 24 hrs before the stall and assayed ~2 weeks later. Clones
in the A compartment continue to proliferate as a function of distance from the A/P
boundary: clones located far from the A/P boundary are large and de-repress UZ
throughout the prospective wing, whereas clones closer to the A/P boundary are smaller
and show release from silencing in the vicinity of the D/V boundary (as in 96 AEL clones
in B). In contrast, clones in the remainder of the disc (posterior A and the entirety of P)
stop dividing after only a few divisions and do not express UZ. Excision clones displayed
in this figure were induced by a 1 hr heat shock at 35-37°C.
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Figure 2-3. Cell division-dependent dilution of H3K27me3 following PRE excision.
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(A) Probe pairs used for ChIP-qPCR of H3K27me3 and total H3 associated with the
>PRE>UZ and >UZ∆PRE transgenes (all probe pairs detect only DNA in the transgene
and not endogenous Ubx or Tub DNA, and are indicated as blue, green or red segments
with the amplified regions shown as white segments; not to scale; Table 2-S7). (B) ChIPqPCR for H3K27me3 and total H3 for entirely >PRE>UZ (white) and >UZ∆PRE (grey)
wing discs (120 AEL). H3K27me3 is detected for all of the probed regions of >PRE>UZ
except for the ubiquitously expressed, CD2 encoding region amplified by probe pair #1.
In contrast, no significant H3K27me3 signal was observed for any of probed regions for
the >UZ∆PRE transgene (total H3 levels were similar for all probed segments for both
transgenes; here and elsewhere, see the indicated Table (Table 2-S1 in this case) for
detailed quantitation and mock ChIP controls). (C) ChIP-qPCR analysis of H3K27me3
following PRE excision during normal development. The schedule is shown at the top (as
in Fig. 2-2B). ChIP-qPCR data are shown for “IN” probes, which detect only intact
>PRE>UZ DNA (white columns, green) and “EX” probes, which detect only >UZ∆PRE
DNA (grey columns, red). The experimental design does not allow a meaningful “zero”
time point for H3K27me3 associated with >UZ∆PRE DNA immediately following PRE
excision. Comparing the change in H3K27me3 between the 24-48, 48-72 and 24-72 time
points, the EX probe data indicate a decline in H3K27me3 levels of ~10-12%/cell cycle
for both the 24-48 and 48-72 hr time points, normalized by direct assessment of cell
division in parallel experiments (Fig. 2-S4); total H3 remained constant. H3K27me3 after
72 hours is still significantly above background, as monitored in the >UZ∆PRE control. No
significant change is detected by the IN probes for H3K27me3 or total H3 (Table 2-S2).
(D) ChIP-qPCR analysis of H3K27me3 following PRE excision in “stalled discs” during
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extended larval development. >UZ∆PRE clones were induced around the time of the stall
and assayed by ChIP-qPCR at 24, 48 and 120 hours afterwards (top, as in Fig. 2-2D). No
significant change was observed in H3K27me3 or total H3 using the same probes as in C,
even after 120 hrs (Table 2-S3). Here, and in Figs. 2-4A and 2-5B, each data point
indicates the percent input value for a single biological replicate and bars represent the
mean±SEM of 4 independent replicates. Values above plots represent P values calculated
by unpaired t test. “n/a” signifies that the DNA is not present for detection in the
>UZ∆PRE genotype. >UZ∆PRE clones in C and D were induced by 1 hr heat shock at 38°C.
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Figure 2-4. Spiking the H3+ pool with H3K27R reduces H3K27me3 and accelerates
loss of the OFF state.
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(A) ChIP-qPCR analysis of the >PRE>UZ transgene in wing discs in which the native
histone gene complex is replaced by transgenes expressing 12 copies of the H3+ coding
sequence plus 8 copies of the H3K27R coding sequence (12K:8R; grey; probes as in Fig.
3A), or alternatively, by transgenes containing 24 copies of the H3+ coding sequence
(24K; white; Methods). For each of the five probed regions that are H3K27 trimethylated
in wild type wing discs (Fig. 2-3B), H3K27me3 is reduced by ~30-40% comparing
12K:8R to 24K discs (no significant difference is seen total H3 ChIP; Table 2-S4). (B)
Mature 12K:8R or 24K wing discs carrying multiple >UZ∆PRE clones induced during the
first larval instar (marked by the absence of CD2). In 24K discs (right panel), as in wild
type discs (Fig. 2-2B), >UZ∆PRE clones remains silenced (“OFF”) in the prospective
notum (boxed in yellow; magnified to the right). In 12K:8R discs (left panel), >UZ∆PRE
clones show extensive release from silencing (“ON”). (C) The prospective notum of a
12K:8R wing disc carrying the >PRE>UZ transgene as well as a single copy of the
native Histone gene complex (HisC+), and in which three kinds of clones have been coinduced during the first larval instar: (i) >UZ∆PRE clones, in which the transgene PRE has
been excised, but HisC+ remains present (marked by the absence of CD2, green, upper
left image; blue in the cartoon); (ii) 12K:8R clones which retain the intact >PRE>UZ
transgene but have lost HisC+ (marked by the absence of expression of a Ubi.GFP
transgene linked in cis to the single HisC+ allele, blue, lower left image; blue in the
cartoon), and (iii) >UZ∆PRE 12K:8R clones which have lost both the PRE and HisC+ (red
in the cartoon); cell populations that retain both the PRE and HisC+ are shown as dark
turquoise). Only the >UZ∆PRE 12K:8R clones express UZ in the central portion of the
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notum (red), whereas the remaining two kinds of clones do not. Clones in B and C were
induced by 1 hr heat shock at 37.5°C.
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Figure 2-5. Transient reduction in PRC2 activity accelerates loss of H3K27me3 and
the OFF state.
(A) Schedule of induction of >UZ∆PRE clones (generated by a one hour heat shock at
37oC; dark red) followed by a transient loss of PRC2 activity (24 hours, 29oC light red)
relative to larval instars at 17°C. Transient loss of PRC2 was achieved by RNAi knockdown of E(z), the catalytic subunit of PRC2, under Gal80ts/Gal4 control, which allows
normal PRC2 activity at 17°C, but reduces or abolishes it at 29oC. (B) H3K27me3 ChIPqPCR was performed using EX and IN probes, which assay the PRE deleted (>UZ) and
intact (>PRE>UZ) transgenes (as in Fig. 2-3A; Table 2-S5). RNAi (experimental) and
no RNAi (control) discs were analyzed in strict parallel. Transient RNAi knock-down of
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PRC2 following PRE excision causes a 2.5 fold further decrease in H3K27me3 relative to
the control (EX probe), in contrast to a modest 20% reduction in H3K27me3 observed in
cells that did not excise the PRE (IN probe). (C) UZ expression in the notum region of no
RNAi and E(z) RNAi wing discs, stained for UZ (red/white) and CD2 (green); >UZ∆PRE
clones are marked by the absence of CD2. Extensive UZ expression (“ON”) is observed
in >UZ∆PRE clones in E(z) RNAi discs, in contrast to sporadic, weak expression (“OFF”)
in control discs. >UZ∆PRE clones in B and C were induced by 1 hr heat shock at 38°C.
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Figure 2-6. Epigenetic memory of the OFF state by inheritance of H3K27me3.
(A) The model.
Maintenance of the OFF state of silenced HOX loci depends on H3K27me3 catalyzed by
the Polycomb Repressive Complex 2 (PRC2), targeted by cis-acting Polycomb Response
Elements (PREs). Following replication, parental H3K27me3 nucleosomes are efficiently
re-deposited at the HOX locus, but diluted by half by incorporation of newly synthesized,
naive nucleosomes; PRC2 is induced by binding to H3K27me3 on parental nucleosomes
to copy the K27me3 mark onto neighboring, naïve nucleosomes (depicted only on the
bottom daughter strand). Targeting of PRC2 to the PRE (“w/PRE”) is required for
efficient copying, and the process reiterates after each replication cycle, propagating the
epigenetic memory of the OFF state without requiring additional inputs to perpetuate the
state. Following PRE excision (“∆PRE”), residual “free” PRC2 can copy the mark, but
inefficiently, resulting in the serial dilution of H3K27me3 nucleosomes following each
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replication cycle, and the release from silencing when the level of H3K27me3 falls
beneath a critical threshold.

(B) The evidence.
In otherwise wildtype cells, the rate of division-coupled dilution of H3K27me3
nucleosomes following PRE excision is slow (~10-12%/cell cycle; ∆PRE; green),
indicating that sufficient PRC2 activity remains in the absence of the PRE to copy most
of the H3K27me3 marks from parental nucleosomes to naïve nucleosomes. However,
after sufficient divisions occur to dilute the level H3K27me3 nucleosomes below distinct
thresholds, the memory of the OFF state is lost in a manner that depends on cell position,
e.g., after ~4-6 divisions and a decline of >50% for cells located in the prospective wing
(yellow) and after >8-9 divisions and a decline of >75% for cells in the prospective
notum (grey). Compromising the copying capacity of PRC2 further by introducing a subpopulation of K27R mutant histone H3 molecules that cannot be trimethylated [either
from fertilization onwards (∆PRE in 12K:8R; dark pink) or concomitant with PRE
excision (∆PRE 12K:8R in wt; light pink)], or alternatively, by transiently knocking
down free PRC2 activity (∆PRE + 24 hr PRC2 KD, turquoise), causes a corresponding
acceleration in both the dilution of H3K27 as well as the loss of the memory of the OFF
state. Finally, in the extreme case in which the capacity of PRC2 to copy the mark is
abruptly terminated by replacing all newly synthesized nucleosomes available for
incorporation with the H3K27R mutant form (H3+ to H3K27R; black), silencing of the
native Ubx gene is lost in a manner that correlates with the number of cell divisions and
appears to obey the same region-specific thresholds for release from silencing as the
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>PRE>UZ transgene, assuming a 50% dilution of parental H3K27me3 nucleosomes
following each round of replication. Collectively, these results establish a causal
relationship between inheritance of H3K27me3 and the epigenetic memory of the OFF
state.
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Figure 2-S1. The early enhancer (EE) is required during the blastoderm stage for
the heritable activation of the UZ promoter but dispensable thereafter. (A) The
structure of the >EE>UZ transgene and >UZ∆EE transgene is identical to that of the
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>PRE>UZ transgene (Fig. 2-1A), except that the EE, rather than the PRE is embedded in
the Flp-out cassette. (B,D) Expression of the intact >EE>UZ transgene is essentially the
same as that of the intact >PRE>UZ transgene (compare with Fig. 2-1B,D, stained and
labeled identically). In embryos, it is initially activated in parasegments 6-12 beginning at
the blastoderm stage, and remains ON in these parasegments thereafter; in contrast, it is
not activated in the remaining parasegments and remains OFF for their descendent cells
(B). In the thoracic imaginal discs, it is ON in the P compartment of the haltere, which
derives from parasegment 6, but OFF in the A compartment of this disc as well as in the
entire wing disc (D). (C,E) In the absence of the >EE> cassette, the >UZ∆EE transgene is
not expressed in embryos, except for sparse, low level expression located away from the
prospective, ventral ectoderm at later stages (C); likewise, it remains OFF in the entirety
of both the wing and haltere discs (E). (F) UZ expression in clones of >UZ∆EE cells
induced in founder cells of the haltere P compartment by excision of the >EE> cassette
either 2-4 hours after egg laying (during the blastoderm stage; top) or 4-6 hours after egg
laying (during gastrulation; bottom). The P compartment is outlined in turquoise and the
relevant >UZ∆EE clonal territory (marked by absence of CD2 expression) is outlined in
yellow, in the cartoon on the left. Around half of the haltere discs obtained following
excision at 2-4 hrs. contain clonal territories that cell autonomously fail to express UZ in
the P compartment (yellow arrow, top panel). In contrast, all of the clonal territories
generated by excision at 4-6 hours express UZ (yellow arrow, bottom panel). These
results establish that the EE is required only during the blastoderm stage, and not
thereafter, for the activation and subsequent inheritance of the ON state of the >EE>UZ
transgene. (F) UZ and Ubx expression in a >UZ∆EE wing disc containing clones of esc85

escl- cells [which are devoid of PRC2 activity (70)] induced during early larval life.
Clones (indicated by yellow arrows in the merged image) are marked positively by GFP
expression, and are associated with ectopic UZ and Ubx expression, indicating that
maintenance of the OFF state resulting from the absence of the EE requires continuous
PRC2 activity.
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Release from silencing in PRE excision
clones depends on cell position
and not cell ancestry

CD2 UZ

UZ

Coleman and Struhl, Figure S2

Figure 2-S2. Release from silencing in a single, isolated >UZ∆PRE clone in the wing
disc.
The >PRE>UZ wing disc shown contains a single >UZ∆PRE clone induced during the first
larval instar (marked by the absence of CD2 expression). Even though all of the cells
within the clone descend from a single founder >UZ∆PRE cell, UZ expression is only
observed in sub-populations of cells within the clone that are located in particular regions
of the prospective wing blade and prospective wing hinge (as in Fig. 2-2B).
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Ratio of >UZ∆PRE to >PRE>UZ after PRE excision
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Figure 2-S3. Ratios of >UZ∆PRE to >PRE>UZ DNA in mature wing discs following
PRE excision at ~24, 48 and 72 hours prior to the end of larval development.
Graph of the percentage of >UZ∆PRE versus >PRE>UZ DNA following >PRE> excision
measured by qPCR using IN and EX probes (Fig. 2-3A). Excision was induced at ~24, 48,
or 72 hours prior to the end of larval life, and DNA extracted from mature wing discs
(~116-120 hrs AEL), following the same schedule for the ChIP-qPCR analysis of
H3K27me3 loss after PRE excision (Fig. 2-3C). qPCR signals were normalized by
comparison with the signals from entirely >UZ∆PRE versus >PRE>UZ DNA wing discs.
Bar graphs represent the mean and error bars indicate the standard error of the mean.
Three independent biological replicates were assayed for each time point. The ratio of
>UZ∆PRE to >PRE>UZ DNA is ~ 55%, regardless of the time at which excision was
induced.
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Figure 2-S4. Growth kinetics of prospective wing blade and notum cells during the
last 24, 48 and 72 hours of wing disc development.
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(A) Diagram of a wing disc showing the notum stripe (N) and inner and outer rings (IR,
OR) of Wg expression used as landmarks to define the prospective notum and wing
domains. (B-D) Left panels: representative images of mature, third instar wing discs with
Act5C>nuclear-lacZ lineage trace clones induced 24, 48 or 72 hours prior to fixation and
staining for
b-Gal expression (red) at 120 hrs. AEL; Wg expression landmarks in the plane of focus (
green) are indicated as in (A). Right panels: graphs plotting the clone size as a function of
time of induction and location in either the prospective notum or wing domains (or the su
m). Boxes denote the 25th and 75th percentiles, whiskers denote the 5th and 95th
percentiles, outliers are marked by data points with the number cells per clone counted
indicated on the y axis. Red “+” symbol indicates the mean. Mean±SD, number of clones
counted (n), and the corresponding calculated number of number of cell divisions (div)
corresponding to the mean number of cells per clone are indicated above each data set.
On average, around 1, 3 and 6 cell divisions occur during the last 24, 48 and 72 hours of
wing disc development of wing disc development. However, cell division is stochastic,
with the range in number of cells per clone indicated by the box plots.

90

Figure 2-S5. Loss of memory of the OFF state in 6K:6R and 12K:8R wing discs
versus 12K and 24K control wing discs.
(A) Acceleration of the loss of the OFF state after PRE excision in the prospective wing
blade of 6K:6R versus 12K discs (see Methods for exact genotypes). >UZ∆PRE clones
were induced at ~72 hrs. AEL (at the beginning of the third larval instar) and assayed for
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UZ expression 48 hrs. later, at the end of larval life. Most cells in the prospective wing
release from silencing in the 6K:6R discs (left) versus only wing cells in close proximity
to the D/V compartment boundary in 12K discs (UZ expression in the boxed region is
shown at higher magnification to the right for each disc). Note the presence of some
patches of more intense UZ expressing wing cells in the 6K:6R disc. These also co-stain
with CD2 (appear yellow) indicating that they result from spontaneous release from
silencing in cells in which the >PRE>UZ transgene retains the >PRE> cassette (see (C)).
(B) Acceleration of the loss of the OFF state in the prospective notum, as observed in
>UZ∆PRE clones induced at ~24 hrs. AEL (at the beginning of the first larval instar) and
assayed 96 hrs. later at the end of larval life. Extensive loss of silencing is observed in the
central domain of the notum of 6K:6R discs, but not in 12K discs, and a similar difference
is apparent comparing the prospective dorsal hinge region (low level UZ expression in
the notum of the 6K:6R disc is only apparent in the high magnification, grey scale image).
(C) Spontaneous release of >PRE>UZ cells from silencing in 12K:8R versus 6K:6R wing
discs. Rare, small clone-like patches are observed along the D/V border in the
prospective wing in 12K:8R wing discs, and more frequent, sometimes larger such clones
are observed in 6K:6R discs (none are observed in control, 24K discs). We infer that such
patches are clones derived from rare daughter cells in which the chance incorporation of
too high a percentage of mutant H3K27R nucleosomes or too few parental H3+
nucleosomes carrying the H3K27me3 mark (or both) resulted in too few H3K27me3
nucleosomes to sustain the OFF state in these cells and their descendants. This inference
is supported by our finding that such clones are more frequent and larger in 6K:6R
versus12K:8R, as (i) even a small increase in the percentage of H3K27R nucleosomes
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should significantly increase the likelihood of such events, and (ii) the higher the
likelihood, the greater the probability of events that occur earlier, when the primordium
contains fewer cells, resulting in clones that are corresponding larger at the end of larval
life.
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Figure 2-S6. Timing and pattern of release from silencing of native Ubx following
substitution of histone H3+ by histone H3K27R in the prospective notum and wing.
Clones of cells expressing only H3K27R were generated by Flp-mediated somatic
recombination that removes a single copy of the native HisC locus, which has >100
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copies of the H3+ encoding gene, in a background containing 16 transgene copies
encoding H3K27R (see Methods for exact genotypes). Clones were induced 24, 36 or 48
hrs. before the end of larval life. The clones are marked by the absence of the Ubi.GFP
marker transgene, and their homozygous twin clones are marked by more intense GFP
signal (visible in the higher magnification images in the middle and right hand panels).
Given that mitotic recombination occurs in G2, at the 4 strand stage, mutant daughter
cells (which arise as a consequence of segregation of the wild type HisC locus during
mitosis) should be homozygous for Ubx alleles that are maximally H3K27trimethylated,
with the average level of trimethylation falling by at least half with each subsequent cell
division, as the only newly synthesized histone H3 available during subsequent
replication cycles will be the mutant form, which cannot be modified. Under these
conditions, the native Ubx gene shows release from silencing in the prospective wing in
rare cell doublets 24 hrs. after excision, and in progressively more frequent and larger
wing clones at 36 and 48 hrs. after clone induction, whereas, no release is observed in the
prospective notum until 48 hrs. Thus, as we estimate for the >PRE>UZ transgene (Fig. 26), release from silencing of native Ubx occurs when the level of H3K27me3 falls more
than ~50% in the wing blade, and more than ~75% in the notum.
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ChIP Target

Probe

H3K27me3

Total Histone H3

Mock

1

0.7±0.1

n/a

6.0±5.2

n/a

0.1±0.1

n/a

2

20.0±2.0

n/a

7.3±5.3

n/a

0.1±0.1

n/a

IN

24.5±4.5

n/a

10.3±6.8

n/a

0.1±0.1

n/a

EX

n/a

0.7±0.3

n/a

5.4±2.3

n/a

0.04±0.1

3

19.2±4.2

1.4±0.6

6.6±8.2

7.6±7.4

0.02±0.02

0.02±0.01

4

13.3±5.0

1.3±0.7

27.4±37.8

8.2±7.9

2.8±5.1

0.5±0.6

5

17.9±2.6

3.9±2.6

8.0±4.3

9.9±4.4

0.2±0.1

0.5±0.5

>PRE>UZ

>UZ

*Values represent mean of the percent input ± the standard deviation

Table 2-S1. Percent input values from ChIP shown in Fig. 2-3B.
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ChIP Target

Hours from Flp to ChIP

H3K27me3

Total Histone H3

Mock

0

24.5±4.5

n/a

13.1±8.3

n/a

24

21.2±6.2

7.9±2.3

15.1±11.6

10.5±9.6

0.02±0.01 0.01±0.005

48

22.4±2.5

6.0±1.3

15.1±12.2

10.6±10.7

0.03±0.03 0.01±0.006

72

23.6±2.4

4.2±0.9

23.5±27.2

14.6±18.5

0.04±0.04

0.01±0.01

∆PRE

n/a

0.7±0.3

n/a

6.1±4.2

n/a

0.04±0.05

n/a

0.1±0.1

Probe
*Values represent mean of the percent input ± the standard deviation

Table 2-S2. Percent input values from ChIP shown in Fig. 2-3C.
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IN

EX

ChIP Target

Hours from
Flp to ChIP

H3K27me3

Total Histone H3

24

24.5±5.1

17.9±6.6

9.6±1.1

8.1±2.0

48

23.8±6.8

15.3±5.1

11.7±5.2

9.4±4.9

120

25.8±10.0

13.9±3.8

11.2±3.7

9.7±2.1

*Values represent mean of the
percent input ± the standard deviation

Probe
IN

Table 2-S3. Percent input values from ChIP shown in Fig. 2-3D.
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EX

ChIP Target

Probe

H3K27me3

Total Histone H3

1

0.2±0.1

0.1±0.03

4.2±0.6

5.4±0.7

2

6.3±0.8

4.1±0.3

3.8±0.5

4.7±0.3

IN

12.9±2.2

9.8±0.9

6.6±1.8

7.9±1.8

3

9.9±1.2

7.4±1.7

6.0±1.1

7.3±1.9

4

3.8±0.4

2.0±0.1

3.2±0.7

4.3±1.3

5

4.7±2.6

3.6±0.5

2.8±1.6

4.5±0.5

*Values represent mean of the percent input ± the standard deviation

Table 2-S4. Percent input values from ChIP shown in Fig. 2-4A.
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24K

12K:8R

ChIP Target

Probe

H3K27me3
IN

10.6±1.6

8.3±1.1

EX

5.2±2.3

2.2±0.7

No RNAi

E(z) RNAI

*Values represent mean of the percent input ± the standard deviation

Table 2-S5. Percent input values from ChIP shown in Fig. 2-5B.
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Element*

EE

Size

End Sequences

596 CATGCAAAAGGGTCACGGAT . . . TCCGAACAGGCGTTGCACGA

PRE

1534 TTTCGTTTTCCGCTTCTTCC . . . TCGTTTTCATAAGACAAACA

IDE

2765 CATGTTTTAGGATCTCCAGG . . . AGTTAGTAAAGTTTGTCGGG

UZpromoter

4144

lacZ

3016 ACAACGTCGTGACTGGGAAA . . . GCGCCGGTCGCTACCATTAC

AGAAAAAAGTAAGAAACAGT . . . TTACCGCCAGCAGCGCCAT

Tubpromoter 2579 TGGATGAGGAGGAAGGGAAA- . . . TTATCGAACAGGACCTGTG
CD2

1003 CGATCTGCCTTTTTAATTAG- . . . AGTCTGCTCCTTTGCTGGAC

y+ gene

7892 GGGCCCCCCCTCGACCTGCA- . . . ATCGGGCGATAATCATTTA

__________________________________________________________
*As depicted in Figures 1A and S1A; full sequence available on request.

Table 2-S6. Composition of the >PRE>UZ and >EE>UZ transgenes.
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Name Forward probes

Reverse probes

1

AACATCTCCACTCCCACAGG . . . . . CACAGGTTCACCAGCAGAAAG

2

TGTGGGAGAGATTACGAATGTG . . . GGGAATTCGATATCAAGCTTGC

IN

TGTGCGATTCAGTTTCAGTTTC . . . . GTGTTGCCTTTTTCCGCTTA

EX

AAGCAAACTCACTCCCTGAC . . . . . .CAAAAGGGTCACGGATGTG

3

CTTTGAACAGATGTATGAGAATTC . .GGTGCACTGGGGAAAAATAC

4

GAACCGAAACTGTAGTCATG . . . . . .CGCCTCTCGTTCATTCATTC

5

CGACATTGGCGTAAGTGAAG . . . . . .ACCGCATCAGCAAGTGTATC

__________________________________________________________

Table 2-S7. Probes used for qPCR analysis (5’ to 3’).
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Chapter III: Context-dependent Regulation of Drosophila HOX Genes
by Polycomb Response Elements

Abstract
The Drosophila body is composed of distinct head, thoracic and abdominal
segments, each specified by a particular combination of “ON” and “OFF” HOX genes
chosen early in embryogenesis and inherited thereafter. Choice depends on the response
of early cis-acting enhancers to transient transcription factors, whereas inheritance
requires Polycomb Response Elements (PREs) that anchor chromatin modifiers including
Polycomb Repressive Complexes (PRCs). Here, we use transgenic forms of the classic
HOX gene Ultrabithorax (Ubx) in which the PRE element can be excised in genetically
marked cells to analyze how PREs regulate the expression of HOX and other genes. We
have previously used this strategy to dissect the role of the PRE in mediating heritable
HOX gene silencing. Here we analyze transgene insertions that deviate from classical
HOX gene regulation patterns in novel and informative ways. Our results support the
following conclusions. First, the PRE serves as a toggle switch in early embryos to
heritably activate or silence HOX genes: this is a generic function of the PRE with both
the activating and the repressing activities accomplished by PREs from diverse and
unrelated loci. Secondly, PRE/PRC-dependent chromatin modifications confer a
quantitative, rather than a qualitative, repressive influence on neighboring genes with the
response of any given gene depending on how it integrates this information with other
regulatory inputs. This repressive input occurs in cis and can repress genes selectively
and at remarkably long range, depending on genomic and developmental context. Third,
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we find that promoters typically refractory to PRE/PRC input can be made susceptible by
specific genomic contexts, even allowing for the installments of heritable repression at
previously expressed locus. Finally, transcription and PRE/PRC-dependent silencing are
not mutually exclusive: in one notable case, a Ubx transgene inserted inside the intron
encoding portion of an actively transcribed gene is nevertheless silenced by the transgene
PRE. Instead, it is the level of transcriptional read-through that determines whether a
locus adopts the heritable ON or OFF state, with low levels compatible with silencing,
while high levels are sufficient to convert a heritably repressed locus to the ON state. We
posit that PRE/PRC-dependent chromatin modifications confer a generic repressive
influence on neighboring promoters and that heritable silencing of HOX genes represents
a special case in which the inheritance of these epigenetic marks is coupled to stringent
evolutionary selection against enhancers that can over-ride their repressive activity.

As in Chapter II, the >PRE>UZ transgene was constructed by Gary Struhl, as
were the associated stocks of various genomic insertions. All of the experiments in this
chapter were designed by Gary Struhl, excepting those in Figures 3-4C, 3-6B, and 3-8,
which I designed. All experiments presented in this chapter were performed and
documented by me.

Introduction
Most animals are built from a series of body segments, each following a distinct
developmental pathway to generate structures of different size, shape, pattern and
function. As first articulated by Bateson (Bateson, 1894), the diversification of segment
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types is a discrete biological process, one that early Drosophila geneticists, most
especially Lewis, showed to be governed by master homeotic selector (HOX) genes
(Lewis, 1963; Lewis, 1978). Most HOX genes are organized into complexes in which
each gene is deployed in some, but not other, segments, generating a binary code of ON
and OFF states that specify segmental fates (Lewis, 1963; Lewis, 1978; Struhl, 1981;
Struhl, 1982). The control of segment determination by HOX genes is general to all
higher animals (McGinnis and Krumlauf, 1992) and poses two fundamental questions:
how do cells initially “choose” the correct combinations of HOX genes?, and how do
their descendants “remember” the choice?
Early studies in Drosophila have provided a framework for answering these
questions [reviewed in (Bienz and Müller, 1995; Müller and Kassis, 2006)]. Choice is
governed by a transient system of spatial information. In Drosophila, these are gradients
of transcription factors generated in early syncytial embryos by maternal, gap, and pairrule genes (Nusslein-Volhard and Wieschaus, 1980). These act on HOX genes to activate
transcription in some primordia while repressing transcription in others, as exemplified
by control of the classic HOX gene Ultrabithorax (Ubx) by the gap protein Hunchback
(Hb) (Qian et al., 1991; Zhang et al., 1991). Memory is governed by a separate system,
encoded by Trithorax and Polycomb group (TrxG and PcG) genes that function
subsequently to maintain the initial choice of “ON” and “OFF” states (Duncan, 1982;
Ingham and Whittle, 1980; Ingham, 1983; Jürgens, 1985; Klymenko and Müller, 2004;
Lewis, 1978; Papp and Müller, 2006; Shearn, 1989; Struhl, 1981; Struhl and Akam,
1985; Struhl and Brower, 1982); reviewed in (Geisler and Paro, 2015).
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Both the activation and heritable silencing of Drosophila HOX genes depend on a
small number of cis-acting regulatory elements, as first revealed by dissection of the Ubx
gene [reviewed in (Bienz and Müller, 1995; Schwartz and Pirrotta, 2007)]. Although
native Ubx spans over 70Kb, it is possible to reconstitute a Ubx mini-gene that
recapitulates almost normal expression throughout development using (i) the “early”
enhancer required for activation in embryos (Muller and Bienz, 1991; Qian et al., 1991;
Zhang et al., 1991), (ii) a “late” enhancer required for subsequent expression in their
descendant cells (Christen and Bienz, 1994; Pirrotta et al., 1995; Poux et al., 1996), (iii)
the promoter and (iv) a Polycomb Response Element (PRE) required to maintain the
silenced state in segments in which the promoter was not initially activated (Busturia et
al., 1997; Chan et al., 1994; Christen and Bienz, 1994; Simon et al., 1993). Here, we
focus on how PREs, which anchor both TrxG and PcG protein complexes (DeCamillis et
al., 1992; Kahn et al., 2006; Nègre et al., 2006; Oktaba et al., 2008; Papp and Müller,
2006; Schwartz et al., 2006; Sengupta et al., 2004), initiate and maintain both heritable
and other states of HOX gene expression.
Molecular studies of PcG and TrxG proteins have afforded mechanistic insight
into how cells choose and remember their HOX codes [reviewed in (Müller and Kassis,
2006; Schuettengruber et al., 2007; Schwartz and Pirrotta, 2007)]. PcG genes encode
chromatin-associated proteins that contribute to multimeric enzyme complexes, notably
Polycomb Repressive Complexes (PRC’s) 1 and 2, which mediate inheritance of the OFF
state [reviewed in (Müller and Verrijzer, 2009)]. PRC2 contains a methyltransferase,
Enhancer of Zeste (E(z)/EZH), that catalyzes trimethylation of histone H3 at lysine 27
(H3K27me3) – an epigenetic mark that is associated with silent HOX genes and acts as a
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carrier of the memory of the OFF state to descendant cells during development (Cao et al.,
2002; Czermin et al., 2002; Kuzmichev et al., 2002; McKay et al., 2015; Müller et al.,
2002; Pengelly et al., 2013)(Coleman and Struhl, 2017, in press). Transcriptional
repression is then conferred by PRC1, which also bind to H3K27me3 and seems to
mediate transcriptional repression by further modifying and remodeling chromatin (Cao
et al., 2002; Czermin et al., 2002; Fischle et al., 2003; Min et al., 2003; Wang et al.,
2004b).
By contrast, TrxG proteins mediate inheritance of the ON state by precluding
PRC-mediated silencing. In the absence of early enhancer activity, PRC2 bound to PREs
catalyze H3K27 trimethylation of nucleosomes that extend over entire HOX genes
[(Kwong et al., 2008; Oktaba et al., 2008; Papp and Müller, 2006); see also (Kahn et al.,
2006; Schwartz et al., 2006)]. However, in regions where early enhancer activity occurs,
TrxG proteins take up residence at the promoter (Papp and Muller, 2006;
Schuettengruber et al., 2009), blocking the spread of H3K27me3 (Papp and Muller, 2006;
Srinivasan et al., 2008) and catalyzing chromatin marks such as H3K4me3 and
H3K36me3 that are associated with transcriptional activity (Dorighi and Tamkun, 2013;
Schmitges et al., 2011; Tie et al., 2014; Yuan et al., 2011). Further, once installed, TrxG
members remain associated with the promoter for the remainder of development,
preserving an active chromatin state. Indeed, subsequent removal of TrxG activity results
in the inappropriate spread of PRC2-dependent H3K27me3 across active HOX loci,
shutting down expression (Klymenko and Müller, 2004; Poux et al., 2002). Conversely,
removal of either PRC1 or PRC2 function from heritably repressed HOX genes results in
inappropriate gain of expression, even in the absence of TrxG function (Beuchle et al.,
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2001; Duncan, 1982; Janody et al., 2004; Jürgens, 1985; Lewis, 1978; Müller et al., 2002;
Oktaba et al., 2008; Struhl, 1981; Struhl and Akam, 1985; Struhl and Brower, 1982).
Accordingly, HOX gene silencing can be viewed as a default state that is imposed when
TrxG proteins are not initially established by early enhancer activity or are subsequently
removed.
Although PRE’s, PRC’s and TrxG proteins were first defined by their roles in
heritable HOX gene expression, it is now apparent that they function in chromatin
modification and transcriptional regulation of hundreds of Drosophila genes, most of
which are not expressed in a heritable fashion (Kahn et al., 2006; Kwong et al., 2008;
Oktaba et al., 2008; Schwartz et al., 2006). Moreover, many such PRE associated genes
in Drosophila have homologues that are subject to PRC-dependent regulation in
vertebrates (Boyer et al., 2006; Bracken and Sharma, 1985; Lee et al., 2006), although
vertebrates may depend primarily on means other than PREs to anchor PRCs to their
targets [(Lee, 2012; Rinn et al., 2007; Wang et al., 2011); reviewed in (Simon and
Kingston, 2009)]. These observations challenge the notion that the primary role of
PRE/PRC function is to confer all-or-none, heritable states of transcriptional activity that
specify distinct developmental states [reviewed in (Ringrose and Paro, 2004; Sawarkar
and Paro, 2010; Schwartz and Pirrotta, 2007)]. On the other hand, segment determination
depends critically on the capacity of cells to choose the appropriate code of HOX gene
activity early in development, and then maintain that choice in all of their descendants,
posing the question of how PRE-anchored TrxG and PRC activities are utilized to
facilitate these diverse modes of gene regulation.
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Here, we describe experiments that address these questions by testing the roles of
PRE elements of the Drosophila Ubx gene during normal development. We have
previously reported on a Ubx-lacZ transgene composed of the Ubx early and late
enhancers, the PRE, and the promoter that generates a normal Ubx-like pattern of
expression throughout life (Coleman and Struhl, 2017, in press). Here we analyze the
same transgene in genomic contexts that cause it to deviate from the paradigmatic HOX
behavior in informative ways. Our results establish that the PRE is required both for
initially activating Ubx in the appropriate segments and then for heritably silencing it in
the remainder, a role not apparently specific to HOX PREs but performed equally well by
diverse PREs from other loci.
Our results also reveal unexpected, context-dependent properties of
transcriptional repression mediated by PRCs that have implications for how PREs
regulate other target genes that are expressed more dynamically during development.
First, the ability of PREs to repress transcription depends on genomic context. Heritable
silencing of the Ubx transgene by its resident PRE can be over-ridden by enhancers in
neighboring genes. Conversely, the transgene PRE can impose repression on previously
active promoters of other genes. Further, promoters usually refractory to PRE-dependent
silencing can be made susceptible to PcG repression, even after a locus has been
maintained in a transcriptionally active state. Based on our results, we infer that
PRE/PRC-dependent chromatin modifications confer a quantitative, repressive influence
that is normally integrated with other regulatory inputs to determine where and when
neighboring promoters are active. Second, although PRE-dependent silencing is labile to
replication (Coleman and Struhl, 2017, in press), it is not incompatible with transcription
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per se – in one striking case, the entire Ubx-lacZ transgene is silenced by its PRE despite
being embedded and continuously transcribed within an intron-encoding segment of
another gene. It is only when the levels of transcription through the transgene are
significantly elevated that the heritable OFF state is lost.
Thus, we propose that PRE/PRC-dependent chromatin modifications provide a
repressive input on neighboring promoters that is integrated with the activities of other
regulatory elements in the local genomic milieu. We posit that heritable silencing of
HOX genes constitutes a special attribute of this class of genes, rather than a special
property of PRE/PRC transcriptional regulation, reflecting stringent evolutionary
selection against enhancer elements in HOX genes that can overcome PRE/PRCmediated repression.

Results

Dual roles for PREs in initiating the ON state and inheriting the OFF state of Ubx
expression.
Upon fertilization, Drosophila embryos undergo a rapid series of synchronous
nuclear divisions, during which the nuclei migrate from the center to the periphery of the
syncytial egg to form a dense monolayer. The nuclei are then incorporated into cells, a
process that coincides with the subdivision of the embryo into a series of head, thoracic
and abdominal primordia (parasegments 1-15). HOX genes are transcriptionally activated
in particular parasegments during cellularization, with Ubx being turned on in
parasegments 5-13 (Struhl and White, 1985). Ubx activation depends on distinct
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embryonic enhancers that initiate transcription unless blocked by the transiently
expressed repressor Hunchback (Hb) (Qian et al., 1991; Zhang et al., 1991). A single
early embryo enhancer (EE), the postbithorax (pbx) regulatory element, appears
sufficient to initially activate the Ubx promoter in parasegments 6-12, with the anterior
border of transcription defined by a concentration threshold of Hb acting via multiple Hb
binding sites in the enhancer (Qian et al., 1991; Zhang et al., 1991). Ubx-lacZ (UZ)
transgenes composed of the EE, a later acting imaginal disc enhancer (DE), the
bithoraxoid (bxd) PRE and the Ubx promoter (henceforth, the UZ promoter) show normal,
Ubx-like expression in parasegments 6-12 throughout development [(Coleman and Struhl,
2017, in press; reviewed in (Bienz and Müller, 1995; Schwartz and Pirrotta, 2007)];
Experimental Methods; Figs. 3-1A&C – here an in subsequent figures, parasegment 6
derivatives are indicated by a yellow asterisk).
To determine requirement of the PRE in silencing we previously generated a UZ
mini-gene that contains the bxd PRE is embedded inside a Flp-out cassette [Fig. 3-1A;
(Struhl and Basler, 1993); (Coleman and Struhl, 2017, in press)], allowing it to be excised
at any time in development by heat shock induced expression of the yeast Flp
recombinase. Importantly, the >PRE> cassette also contains a Tubulin1α.CD2
(Tub.CD2) mini-gene, which expresses the rat CD2 protein in all cells (Jiang and Struhl,
1995). As a consequence, all of the clonal descendants of cells in which excision occurs
can be marked by the absence of CD2. The >PRE>UZ transgene also contains an 8 Kb
genomic fragment containing the entire yellow+ (y+) gene located downstream of the lacZ
coding sequence, which serves as a genetic marker for the presence of the transgene.
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Seven independent insertions of the >PRE>UZ transgene were analyzed, of
which four behave similarly and have been reported elsewhere (Coleman and Struhl,
2017, in press), and the remaining three show unusual properties that appear to result
from interactions with neighboring genomic DNA, which is our focus in this work. For
comparison we present, first, the properties of the majority class, focusing on a single,
canonical member inserted at chromosomal location 55C, at a hotspot for P-element
transgene insertions into the gene Dpg-1, henceforth >PRE>UZ+ (Table 3-2).
As previously shown, >PRE>UZ+ generates a pattern of β-Galactocidase
(henceforth UZ) expression that is similar to that of endogenous Ubx except that it is
restricted to parasegments 6-12, rather than parasegments 5-13 (Figs. 3-1A). UZ
expression is first detected during cellularization, just before the onset of gastrulation, in
a broad domain encompassing parasegments 6-12. Thereafter, the level of expression
rises rapidly to high levels in these parasegments, with a sharp border coinciding
precisely with the anterior boundary of parasegment 6 (Fig. 3-1A). This boundary
subdivides the third thoracic segment of the embryo, including the primordia destined to
give rise to the haltere and third leg imaginal discs, into abutting anterior (A) and
posterior (P) compartments, which belong, respectively, to parasegments 5 and 6. As a
result, the ON and OFF states of UZ expression are inherited for the remainder of
development, UZ being present in the P, but not the A, compartments of the haltere and
third leg discs, and absent in all the more anterior thoracic and head discs (Fig. 3-1A; data
not shown). Note also that the Tub.CD2 gene within the >PRE> cassette is expressed
ubiquitously throughout development, even though the PRE abuts the Tub promoter (Fig.
3-1A).
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The >PRE> cassette is required for the maintenance of the OFF state of the
>PRE>UZ+ transgene, as the flipped-out >UZ+ transgene, generated by germ-line
excision, is ubiquitously expressed in embryos as well as larvae, including all of the
imaginal discs (Fig. 3-1B).
The flipped-out >UZ+ transgene differs from the intact >PRE>UZ+ transgene,
however, in that it is not activated during cellularization (Fig. 3-1B). Instead, expression
of the >UZ+ transgene is first detected only later, in extended germ band embryos (Fig.
3-1B). Thus, as previously reported (Coleman and Struhl, 2017, in press), the PRE is
required to initiate the ON state of >PRE>UZ+ expression in parasegments 6-12 in early
embryos, just as it is required subsequently to maintain the OFF state in the remaining
parasegments.

Redundant silencing and activation of the >PRE>Ubx transgene by a putative PRE
in neighboring genomic DNA.
As noted above, three of the seven >PRE>Ubx transgene insertions analyzed had
unusual properties that appear to reflect the influence of neighboring genomic sequences.
The properties of each are distinct, as are their implications for PRE function. We
describe the first of these atypical transgenes, >PRE>UZHmx, in this section, and the
remaining two in the next two sections.
The >PRE>UZHmx transgene is inserted close to the H6-like-homeobox (Hmx)
gene (Fig. 3-2A), which like the Ubx gene, is associated with PcG repressive chromatin
in S2 and BG3 cell lines (http://flybase.org/). The >PRE>UZHmx transgene behaves
similarly to the canonical >PRE>UZ+ transgene throughout development, except that
113

expression of the Tub.CD2 gene, as well as rescue by the y+ marker, are partially and
heterogeneously repressed in the imaginal discs and their adult derivatives (Fig. 3-2B;
data not shown). However, in contrast to the >PRE>UZ+ transgene, excision of the
>PRE> cassette during development, or its complete absence following germ-line
excision, does not result in a loss of >UZHmx silencing (Fig. 3-2C). Instead, the >UZHmx
transgene is expressed like the intact >PRE>UZHmx transgene, being activated in early
embryos in the same broad domain encompassing parasegments 6-12, but repressed in all
the remaining parasegments thereafter (Fig. 3-2C).
A simple explanation for the heritable silencing of the “flipped out” >UZHmx
transgene is that absence of the transgene PRE is compensated by a redundant PRE in
neighboring genomic DNA (Fig. 3-2A). If so, silencing of the excised >UZHmx transgene
should depend on PRC2 activity, a prediction that we tested by generating clones of escescl-, essential components of PRC2, cells in both >UZHmx and >PRE>UZHmx wing
primordia (in the latter case, co-inducing esc- escl- and >UZHmx clones in the same discs).
As anticipated, esc- escl- clones cell-autonomously derepress the UZHmx transgene,
whether it retains or lacks the >PRE> cassette, from which we infer that its silencing
depends on a redundant PRE in neighboring genomic DNA (Fig. 3-2D, and data not
shown). Notably, clones of esc- escl- cells that retain the intact >PRE>UZHmx transgene
also derepress the Tub.CD2 mini-gene within the >PRE> cassette (Fig. 3-2D).
Thus, it appears that at least some of the hundreds of putative PREs scattered
throughout the genome (Kahn et al., 2006; Kwong et al., 2008; Oktaba et al., 2008;
Schwartz et al., 2006) have the capacity to substitute fully for the bxd PRE in the
>PRE>UZ transgene. This includes the essential, early role of the PRE in activating the
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UZ promoter in parasegments 6-12, as well as its subsequent role in silencing the
promoter in the remaining parasegments (Fig. 3-2C). We note that our results also
indicate that the Tub promoter within the >PRE> cassette can be at least partially
repressed in a PRE/PRC-dependent fashion in some genomic contexts, even though it is
not affected by the abutting PRE within the cassette in the majority of >PRE>UZ
transgenes (e.g., >PRE>UZ+; see below and Discussion).

Context-dependent integration of enhancer and PRE inputs revealed by a
>PRE>UZ transgene in the wg/wnt complex.
The second, atypical >PRE>UZ transgene, >PRE>UZwnt, is inserted in the midst
of a cluster of four tandem wnt genes (wnt4, wg, wnt6 and wnt10), between the wnt6 and
wnt10 genes (Fig. 3-3A). wnt4, wg, and wnt6 are expressed similarly in the imaginal discs
(Gieseler et al., 1995; Janson et al., 2001), suggesting that they are coordinately regulated
by some of the same enhancers. However wnt6 expression in embryos differs from wnt4
and wg in being expressed only weakly and late, in the gut (Gieseler et al., 1999; Janson
et al., 2001), and wnt10 is expressed weakly, or not at all, in both embryos and the
imaginal discs (Janson et al., 2001). As we describe below, the behavior of the
>PRE>UZwnt transgene reveals an unexpected and complex phenomenology of
integration of available enhancer and PRE inputs by each of the three promoters within
the transgene (Ubx, Tub, and y+) as well as the promoter of the endogenous wg gene.
The pattern of UZ expression generated in embryos by the intact >PRE>UZwnt
transgene appears identical to that of the canonical >PRE>UZ+ transgene (Fig. 3-3B).
However, that of the Tub.CD2 mini-gene within the >PRE> cassette is different. Instead
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of being expressed ubiquitously throughout the embryo, CD2 expression from the
>PRE>UZwnt transgenes is up-regulated in a pattern similar to that of wg, most notably
showing peak expression in thin stripes of cells just anterior to the parasegment
boundaries, coincident with stripes of native Wg expression, whilst being repressed
elsewhere (Figs. 3-3B). Thus, it appears that the Tub promoter within the >PRE>
cassette is responding to the relevant activators and repressors that normally act on the wg
and wnt4 promoters, even though the UZ promoter is refractory to their influence.
Although the UZ promoter in >PRE>UZwnt embryos appears impervious to the
wg/wnt complex regulatory elements that have co-opted the Tub promoter, this is not the
case in embryos carrying the “flipped out” >UZwnt transgene. Instead, beginning shortly
after the onset of gastrulation, these embryos show a pattern of UZ expression that
resembles a super-imposition of the canonical UZ and Wg patterns. Specifically, these
embryos initiate and sustain general ectodermal expression of UZ in parasegments 6-12,
like the intact >PRE>UZwnt transgene, whilst generally failing to do so in more anterior
and posterior portions of the body (Figs. 3-3C). Hence, we infer that the neighboring
wg/wnt DNA contains a redundant PRE that can substitute for the excised transgene PRE
both to initially activate the UZ promoter in parasegments 6-12, and to subsequently
maintain the OFF state in the rest of the embryo. However, the >UZwnt transgene is also
strongly up-regulated in all ectodermal cells that express Wg (Fig. 3-3C). Accordingly,
we infer that the UZ promoter has now been co-opted by the wg/wnt complex enhancers
that are active in these cells, even in segments in which the UZ promoter appears to be
otherwise silenced by the putative wg/wnt complex PRE.
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Expression of the intact >PRE>UZwnt transgene in imaginal discs is similarly
unexpected and informative. Unlike embryos, in which the UZ promoter appears
impervious to wg/wnt complex enhancers (Fig. 3-3B), UZ is expressed in a wg-like
pattern in all of the imaginal disc derivatives (Fig. 3-3D), despite the presence of the
transgene PRE. In mature, third instar wing discs, wg is expressed principally in (i) a
stripe of cells within the prospective notum, (ii) inner and outer rings of cells (IR and
OR) in the prospective hinge, and (iii) border cells flanking the dorso-ventral (D/V)
compartment boundary in the prospective wing blade (Fig. 3-4A). Surprisingly, most
aspects of this pattern are replicated by the UZ promoter, except that expression is (i) in
an abnormally narrow stripe in the notum, (ii) lacking in the IR of the hinge, and (iii)
present inappropriately in most or all of the wing blade (Figs. 3-3D, 3-4A). Likewise,
CD2 from the mini-gene within the >PRE>cassette also shows a Wg-like pattern of
expression, in this case differing from that of native Wg only by the absence of
expression in the OR of the hinge (Figs. 3-3D, 3-4A). Finally, elements of this pattern
also appear to be recapitulated by the y+ marker gene of the transgene, as the y phenotype
in the adult is selectively rescued in the cuticular derivatives of wg expressing cells in the
notum and along the D/V boundary (data not shown). Thus, it appears that enhancers in
the wg/wnt complex that normally control wg, wnt4 and wnt6 transcription in the
imaginal discs have over-ridden PRE-dependent silencing of the UZ promoter established
and maintained during embryogenesis (Fig. 3-3B).
Despite the capacity of wg/wnt complex enhancers to co-opt control of the
>PRE>UZwnt transgene in the imaginal discs, the activity of the UZ promoter is still
subject to regulation by the transgene PRE, as revealed by the consequences of excising
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the >PRE> cassette in all cells (as in >UZwnt animals; Fig 3-3C, 3-4B), or in clones (Fig.
3-4C and data not shown). We focus on the individual consequences of removing the
PRE in the notum, hinge and wing blade primordia, each of which provides a distinct
insight into the regulatory impact of the PRE.
First, in the notum, the stripe of UZ expression generated by the intact
>PRE>UZwnt transgene is much narrower than that of both native wg and the Tub.CD2
minigene within the >PRE> cassette, and coincides with cells that express peak levels of
wg (Fig. 3-4A). However, in the absence of the transgene PRE, the stripe of UZ
expression is now much broader (Fig. 3-4B), resembling that of Tub.CD2 minigene in the
intact >PRE>UZwnt transgene (Fig. 3-4A). We suggest that the broad domain of
expression of the Tub.CD2 mini-gene reflects the region in which the relevant “notum”
wg/wnt enhancers are normally active unless opposed by the transgene PRE, which we
infer confers a repressive input on the UZ but not the Tub promoter in this context. That
the presence of the transgene PRE restricts activity of the UZ promoter to a narrow stripe
rather than abolishing it further suggests that it confers a quantitative, rather than a
qualitative, barrier to UZwnt expression. We posit that this repressive input is sufficiently
strong to overcome the activating inputs conferred by the relevant wg/wnt enhancer(s),
except in cells in which they are maximally active (as revealed by cells that express
coincident, peak levels of native Wg, CD2 from the intact transgene, and UZ from the
flipped-out >UZwnt transgene (Figs. 3-4A,B)).
Second, in the hinge, the UZ promoter of the intact >PRE>UZwnt transgene
remains OFF in dorsal IR cells, despite being activated in most other cells that normally
express wg (Fig. 3-4A), but is derepressed in these cells when the >PRE> cassette is
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excised (Figs. 3-4B). Thus, repression mediated by the transgene PRE is sufficiently
strong to qualitatively block the UZ promoter from responding to the activating inputs of
at least some of the wg/wnt “disc” enhancers, notably the dorsal IR enhancers.
Surprisingly, the transgene PRE also acts in cis to partially or completely repress the
native wg promoter in other domains. Wing discs that are homo- or hemizygous for the
>PRE>UZwnt transgene lack detectable expression of endogenous Wg in the OR and
show reduced expression elsewhere (Fig. 3-4C and data not shown), leading to patterning
defects in the adult wing (data not shown), notably loss of the proximal auxiliary cord (a
hinge structure normally derived from OR cells (Neumann and Cohen, 1996)) as well as
wing notching (correlating with reduced Wg expression along the D/V boundary). All of
these effects are rescued by excision of the PRE (Fig. 3-4C; data not shown). Hence, just
as one or more PREs in the wg/wnt complex can repress the UZ promoter in embryos
(Figs. 3-3C), the transgene PRE can repress the promoter of the native wg gene (located
approximately 50 kilobases away, on the other side of the wnt6 gene).
Third, in the wing, the >PRE>UZwnt transgene shows abnormal, persistent UZ
expression throughout the prospective wing blade, in contrast to the native wg, wnt4 and
wnt6 genes as well as the Tub.CD2 minigene within the >PRE> cassette, all which are
expressed only in wing cells abutting the D/V compartment boundary. Moreover, this
abnormal expression is eliminated when the >PRE> cassette is absent in all wing cells
(as in >UZwnt discs; Fig. 3-4B) or removed by excision in cell clones (Fig. 3-4C and data
not shown). Thus, within the context of the prospective wing blade, the transgene PRE
appears to be sustaining, rather than repressing, UZ promoter activity. Intriguingly, wg
expression is normally induced in most or all cells of the early wing primordium by
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Delta/Serrate signaling across the D/V compartment boundary(de Celis et al., 1996; DiazBenjumea and Cohen, 1995; Doherty et al., 1996). However, as the wing grows and
descendants of these cells are displaced from the D/V boundary, they stop receiving peak
Delta/Serrate signals and cease expressing wg. We suggest that the wg/wnt enhancers that
initiate wg transcription in D/V boundary cells are sufficiently strong to over-ride PREmediated silencing of the >PRE>UZwnt transgene, but that once their descendants stop
receiving Delta/Serrate input, the transgene PRE acts as a Trithorax Response Element
(TRE) to sustain transcription, as has been reported for other genes (Bieli et al., 2015;
Maurange and Paro, 2002). Consistent with this possibility, absence or excision of the
transgene PRE results in loss of UZ expression in these cells (Figs. 3-4B&C), and a
similar loss of expression is observed when the TrxG gene trithorax is knocked down or
removed (data not shown). Curiously, the Tub.CD2 minigene within the >PRE> cassette
is not affected by this TRE-like activity: despite abutting the PRE within the >PRE>
cassette, Tub.CD2 expression, like that of wg, remains tightly restricted to D/V border
cells (Figs. 3-3D, 3-4A).
In sum, the UZ, Tub and y+ promoters within the transgene, as well as the native
wg promoter, appear to be integrating both activating and repressing inputs mediated by
the available PREs, enhancers and other regulatory elements in their vicinity. For the UZ
and wg promoters, the effect of the transgene PRE can be to block, reduce, or even
sustain transcription, depending on developmental stage, cell position and prospective
cell fate (Fig. 3-4D).
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Selective promoter silencing conferred in cis and at long range by a PRE embedded
inside an actively transcribed gene.
The third, atypical >PRE>UZ transgene, >PRE>UZpum, is inserted at a hotspot
for P-element transgene insertions in the middle of the large, ~60 Kb intron encoding
portion of the posterior determinant gene pumilio (pum; Fig. 3-5A), and has remarkable
properties relating to the function, range and mechanism of transcriptional repression by
PREs.

(i) Silencing of the Tub promoter within the >PRE> cassette.
With regard to UZ expression and the requirement for the PRE, the >PRE>UZpum
transgene behaves similarly to the canonical >PRE>UZ+ transgene. The UZ promoter is
initially activated in parasegments 6-12 and silenced elsewhere in embryos in a PREdependent fashion (Figs. 3-5B). Likewise, excision of the PRE in the imaginal discs
results in a loss of silencing with similar spatial and kinetic parameters (Figs. 3-5F; data
not shown; Coleman and Struhl, 2017, in press).
However, with respect to expression of the Tub.CD2 mini-gene within the
>PRE> cassette, the >PRE>UZpum transgene behaves differently. Although CD2 is
expressed similarly from both the >PRE>UZ+ and >PRE>UZpum transgenes during
embryogenesis (ubiquitously, with ~ 2 fold elevated levels in parasegments 6-12; Fig. 31A, 3-5B), its expression diverges strikingly in the imaginal discs, where its expression is
restricted to the P compartments of the haltere and third leg discs (Fig. 3-5B&D). Thus,
the Tub promoter, which was expressed in all of the founding cells of the thoracic discs
during embryogenesis (Fig. 3-5D), is subsequently silenced in all their descendants
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during larval development – except for those derived from parasegment 6 (Fig. 3-5B).
Because the only difference between the two transgenes is the site of insertion, we infer
that regulatory elements in the neighboring genomic DNA have altered the response of
the Tub promoter to the PRE, allowing the PRE to impose silencing despite the earlier,
ubiquitous activity of the promoter.
Because the Tub.CD2 mini-gene resides within the >PRE> cassette, we cannot
use >PRE> excision experiments to assess if repression of the Tub promoter is PREdependent. However, we can test if it is PRC2 dependent by generating clones of escescl- cells in >PRE>UZpum wing discs and asking whether any such clones ectopically
express CD2, as would be expected for clones that retain the intact >PRE>UZpum
transgene but can no longer maintain the OFF state of the Tub promoter within the
>PRE> cassette. As shown in Fig. 5F, some esc- escl- clones in >PRE>UZpum wing discs
do, indeed, ectopically express CD2 in addition to UZ, indicating that maintenance of the
OFF state of the Tub promoter, like that of the UZpum promoter, now requires PRC2
activity. Given this finding, we next asked whether maintenance of the ON state of the
Tub promoter in P compartment cells of the haltere disc depends on TrxG activity to
prevent the inappropriate imposition of PRE-mediated silencing. To do so, we assayed
CD2 expression in >PRE>UZpum haltere discs in which we knocked down Trx activity in
the dorsal compartment, using ap.Gal4/UAS.trxRNAi. Under these conditions, we find that
both CD2 and UZ expression are concomitantly reduced, as is also the case for native
Ubx, the latter resulting in an increase in the size of the disc consistent with a haltere-towing homeotic transformation (data not shown). In contrast, when we performed the
same experiment in haltere discs carrying the canonical >PRE>UZ+ transgene, only UZ
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and native Ubx expression were compromised, whereas CD2 expression remained
unaffected. Hence, we infer that the genomic context of the >PRE>UZpum transgene
appears to have rendered the Tub promoter susceptible to PRC2-dependent silencing in
the wing disc whilst at the same time making the promoter reliant on TrxG activity to
prevent it from being silenced in the haltere disc.

(ii) Selective silencing of the oskar gene, in cis and at long range, by the PRE within the
>PRE>UZpum transgene
In the process of analyzing the >PRE>UZpum transgene, we observed that females
homozygous for the transgene give rise to embryos that lack abdominal segments,
consistent with the transgene insertion disrupting the posterior determinant activity of the
pum gene (Lehmann & Nusslein-Volhard, 1987). However, several lines of evidence
indicate that the transgene does not in fact compromise pum activity. Instead, it behaves
as a PRE/PRC2-dependent, recessive allele of a second posterior determinant gene, oskar
(osk), which is located ~ 225 Kb away.
First, the >PRE>UZpum transgene complements all loss of function phenotypes
associated with the classic pum680 allele, as well as deletions of part or all of pum locus.
Indeed, a stock of >PRE>UZpum/Df(3R)BSC666 flies, in which the >PRE>UZpum
transgene is stably balanced by a deletion that removes the entire pum locus
(http://flybase.org/), is phenotypically wild type, healthy and fertile. Second, the
>PRE>UZpum transgene fails to complement loss of function osk alleles, including the
classic osk166 mutation, as well as the protein and RNA null alleles oskA87 and Df(3R)osk .
Moreover, embryos derived from such transheterozygous >PRE>UZpum/ Df(3R)osk
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females fail to segregate pole cells – a phenotype specific to the loss of osk, but not pum,
gene function (Fig. 3-6A; data not shown). Third, the loss of abdominal segmentation
caused by homozygosity of the >PRE>UZpum insertion can be rescued by osk rescuing
transgenes on the second chromosome: rescuing osk transgenes that generate osk
transcripts at either the posterior or anterior end of the embryos locally suppress Hb
expression and promote abdominal segmentation (Fig. 3-6A). Fourth, excision of the
PRE from the >PRE>UZpum transgene restores wild type osk gene function (Fig. 6A).
Fifth, and finally, reducing PRC2 function in homozygous >PRE>UZpum females by
concomitantly removing esc function results in partial rescue of abdominal segmentation
(Fig. 3-6A). Thus, the >PRE>UZpum transgene appears to act in cis, and in a PRE/PRC2dependent fashion, to repress osk gene function during oogenesis.
To determine if the >PRE>UZpum transgene acts exclusively in cis, we performed
a classic cis/trans test. Specifically, we generated a recombinant chromosome carrying
the Df(3R)osk (henceforth osk0) allele in cis with the >PRE>UZpum transgene (for the
sake of clarity referred to, here, as a pum allele, pum>PRE>UZ ) and compared embryos
derived from females with the cis configuration (osk0 pum>PRE>UZ/osk+ pum+) with those
from females with the trans configuration (osk+ pum>PRE>UZ/osk0 pum+). As noted above,
trans females generate embryos showing the classic osk mutant phenotype (absence of
pole cells, Fig. 3-6B, and data not shown), indicating that the presence of the PRE in cis
with the wild type osk allele has abolished gene function. In contrast, cis females generate
embryos that behave as phenotypically wild type, as expected if the transgene PRE
cannot act in trans to compromise function of the wild type osk allele. To test more
quantitatively if the transgene PRE is devoid of the capacity to suppress the wildtype osk
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allele in trans, we used the number of pole cells formed by embryos as a quantitative
measure of maternal osk gene function (Fig 3-6B). First we analyzed embryos from
osk0/+ females that either do, or do not, carry the pum>PRE>UZ allele in cis to the osk0
allele (red and green dot plots, respectively, in Fig. 3-6B) and found in both cases that
they generate embryos with half the number of pole cells as embryos from wild type
females (purple dot plot). Second, we compared embryos from females that are
homozygous for the osk0 allele either on its own or in cis with the pum>PRE>UZ allele, in
the presence of a rescuing osk+ transgene on the second chromosome (Fig. 3-6B, brown
and turquoise dot plots). Under the conditions of both these experiments, any capacity of
the PRE in the >PRE> cassette to exert a repressive influence on the osk+ rescuing
transgene in trans should reduce the number of pole cells; however, no such reduction
was detected. These results argue for a strictly cis-effect of the transgene PRE on osk
gene activity. Notably, the >PRE>UZpum transgene is separated from the osk locus by
around fifteen other genes, at least some of which have essential roles during oogenesis
(e.g., neur, tango). Since these functions are not perturbed in homozygous >PRE>UZpum
females, we infer that the PRE has acted selectively to repress osk in cis, without
affecting the expression of the intervening genes.

(iii) PRE/PRC2 dependent silencing is quantitatively, but not qualitatively, compromised
by transcription of the entire >PRE>UZpum transgene within the pum gene.
The location of the >PRE>UZpum transgene within an intron-encoding portion of
the pum gene poses a further question about PRE/PRC-dependent transcriptional
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silencing, namely, whether the ability of the PRE to keep the neighboring Ubx and Tub
promoters OFF depends on either the initial or subsequent silence of the encompassing
gene. We cannot address this question for the UZ promoter in the female germline, where
pum is known to be expressed, as neither the intact nor excised form of the >PRE>UZpum
transgene expresses UZ in this tissue (data not shown). However, pum is also expressed
in other tissues, notably the nervous system (Menon et al., 2009), raising the possibility
that it might be expressed in the imaginal discs, where the >PRE>UZpum transgene is
silenced in a PRE/PRC2 dependent fashion. To determine whether the pum gene is active
in wing imaginal discs, we first assayed for the presence of mature pum transcripts in the
wing discs of both wild type and homozygous >PRE>UZpum larvae. To do so, we
performed quantitative PCR (qPCR) using probes that span the exons flanking the intron
that includes the transgene and found that these transcripts are present at similar levels in
both genotypes (data not shown). To assess where the “host” pum locus is expressed in
these discs, we assayed Pum protein accumulation in homozygous >PRE>UZpum larvae.
Such discs stain uniformly with antisera directed against either amino-terminal or
carboxy-terminal epitopes ((Menon et al., 2004); Experimental Methods), consistent with
the pum gene being expressed uniformly even in the haltere disc where the UZ and
Tub.CD2 genes are both OFF in the A compartment but ON in the P compartment (data
not shown). To confirm that the staining reflects bona fide Pum accumulation, we
repeated the experiment using homozygous >PRE>UZpum larvae in which Pum
expression is knocked down specifically in the dorsal compartment using a pum RNAi
expressed under ap.Gal4/UAS control. Staining such discs with antisera directed against
either the amino- or carboxy terminus of Pum reveals uniform Pum accumulation in the
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ventral, but not the dorsal, compartments confirming that the pum gene is expressed
uniformly in both discs, even though expression of the >PRE>UZpum transgene is strictly
limited to the P compartment of the haltere disc (Fig. 3-7A and data not shown). We
conclude that the transgene PRE has silenced both the UZ and Tub promoters, but not the
pum promoter, despite the entire transgene being transcribed within the an intron
encoding segment of the pum gene.
The capacity of transgene PRE to silence both the UZ and Tub promoters suggests
that the PRE/PRC-dependent chromatin modifications responsible for silencing are
themselves stable to transcriptional elongation despite being labile to replication. To test
if indeed silencing is stable to long periods of transcription even in the absence of the
PRE we used genetic manipulations that block the larval to pupal moult by reducing
production of the molting hormone ecdysone from the prothoracic gland (Anderson,
2005; Cáceres et al., 2011)(Coleman and Struhl, 2017, in press). The imaginal discs of
such larvae develop at almost the normal rate until they reach mature size, at which time
the cells cease growing and dividing. However, the larvae continue to feed and increase
in body mass for up to three weeks, allowing us to assay the consequences of excising the
PRE just before or after disc growth “stalls”. Importantly, we have previously shown that
such “stalled” discs can be induced to resume growth by ectopic expression of secreted
morphogens that normally control disc size. One such morphogen, Decapentaplegic
(Dpp), is secreted by A compartment cells under the control of Hedgehog (Hh) sent by P
compartment cells (Basler and Struhl, 1994; Capdevila and Guerrero, 1994; Tabata and
Kornberg, 1994). Ectopic Hh generated in the A compartment can induce ectopic Dpp,
which in turn can induce ectopic growth in neighboring A cells, both during normal
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development (Basler and Struhl, 1994; Capdevila and Guerrero, 1994), and in stalled
discs. Thus, it is possible to induce PRE excision in wing discs after they stall, and to
reinitiate growth in the A, but not P, compartments of such discs by inducing ectopic Hh
expression at the same time (Coleman and Struhl, 2017, in press). Using such a strategy,
we can create wing discs in which, following PRE excision, A cells undergo both
replication and transcription of the >PRE>UZ transgene, whereas P cells only undergo
transcription. Previous work suggests that this strategy should result in the A cells that
are furthest from the endogenous source of Dpp (the A/P boundary) releasing from
silencing due to the replication-coupled dilution of H3K27me3 (Coleman and Struhl,
2017, in press). Thus, in this experimental paradigm A cells serve as internal positive
control for release from silencing, while the P cells, where replication does not occur,
serve to test if transcriptional read-through results in a similar loss of the OFF state after
PRE excision.
We performed such “stalled disc” experiments by co-inducing clones of >UZpum
and ectopic Hh producing cells in the imaginal discs of third instar larvae destined to stall
within 24 hours after clone induction, and then assayed UZ expression ~1-2 weeks later.
As observed for the canonical >PRE>UZ+ transgene (Coleman and Struhl, 2017, in
press), large clonal-like patches of >UZpum expressing cells were detected in the A
compartment far from the A/P boundary, but not in the remainder of the A compartment
nor in the P compartment (Fig. 3-7B). Because Tub.CD2 expression from the transgene is
itself silenced in the A compartment, we cannot use the loss of CD2 expression to
independently mark clones of >UZpum cells in this compartment (although we can use
CD2 expression to confirm that, as expected, clones do not grow in the P compartment of
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the haltere; Fig. 3-7B). Nevertheless, our previous results with the canonical >PRE>UZ+
transgene (Coleman and Struhl, 2017, in press), indicate that the extent of overgrowth is
greatest in A cells located far from the A/P boundary, the same (and only) location where
we find large patches of >UZpum expressing cells in both the wing and haltere discs. We
conclude that silencing of the UZ promoter following PRE excision is labile to cell
division but not to transcriptional elongation, despite the entire transgene being
continuously transcribed within the intron of the pum gene over a vastly extended time
period. These results suggest that chromatin modifications catalyzed by PRE/PRC
activity can be cleared by replication but are apparently not removed by transcription,
even though both involve unwinding of duplex DNA, nucleosome eviction/redeposition,
and the processive action of a polymerase along single stranded DNA.
Finally, we asked whether the >PRE>UZpum transgene is transcribed under the
control of the pum promoter in early embryos, even as the transgene PRE is initiating
heritable silencing of the UZ promoter. To do so, we assayed for nascent, unspliced pum
transcripts by fluorescent in situ hybridization, using probes for pum and lacZ sequences
within the large intron-encoding portion of the pum gene harboring the transgene. Given
its size (>100 Kb), the primary transcript should remain tethered to the pum locus,
facilitating the detection of both pum and lacZ sequences by in situ hybridization (as
observed for other large primary transcripts, e.g., native Ubx (Shermoen and O'Farrell,
1991)), and distinguishing such nascent, primary transcripts from mature, maternally
deposited pum mRNAs and mature zygotic UZ transcripts generated by the UZ promoter.
Indeed, beginning during cellularization of the blastoderm (nuclear cycle 14), we detect
single fluorescent puncta in most nuclei in embryos using the pum and lacZ probes, as
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well as strong cytosolic signal in parasegments 6-12 for the lacZ probe, the latter
corresponding to mature UZ mRNAs from the UZ promoter (Fig. 3-7C). Such puncta are
also readily detected in virtually all nuclei in older embryos (Fig. 3-7C) and in the
imaginal discs (data not shown). Thus, the transgene PRE appears to be able to initiate as
well as maintain heritable silencing of the UZ promoter, despite being embedded within a
continuously transcribed intron of another gene.
To determine if the capacity of the >PRE>UZpum transgene to maintain silencing
was a function of the quantitative levels of transcription we aimed to modulate the
activity of the pum promoter. We identified a UAS carrying transgene, P(XP)pumd04225,
that effectively made the pum promoter Gal4 responsive, as observed by immunostaining
with antibodies directed against both the N- and C- terminals (5’ and 3’ of the
>PRE>UZpum insertion) of Pum when Gal4 is expressed on in the dorsal compartment of
the wing disc (Fig. 3-8A). We generated a recombinant chromosome that placed the
>PRE>UZpum and P(XP)pumd04225 transgenes in cis. Using Gal80ts/Gal4 method
(McGuire et al., 2003), coupled with a Gal4 driver the express in all cells of the wing
imaginal disc, we provided increasing levels of transcriptional elongation through the
>PRE>UZpum transgene by growing larvae at 17°C, 20°C, 22°C, 25°C, or 29°C. We
observe an increased frequency of cells misexpressing UZ transgene with increasing
temperature (Fig. 3-8B), consistent with increasing levels of transcriptional read-through
leading to a corresponding conversion from the OFF to the ON state. Interestingly, the
patterns of activation appear clonal and in all cases where UZ is expressed the Tub.CD2
gene also becomes activated (Fig. 3-8B). We posit that this may be a reflection of the
stochasticity with which RNA polymerase II displaces PRC-modified nucleosomes,
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likely via replacement with variant histones associated with active transcription.
Activation may only occur in cells where too many modified nucleosomes happen to be
displaced at one time, diluting the repressive barrier to transcription imposed by these
modified nucleosomes and leading to release from silencing of the UZ and Tub promoters.
Regardless of the precise mechanism, these results demonstrate that it is the level
of transcription, per se, that determines whether a PcG target gene adopts the ON or OFF
state, and that lower levels transcription, even when occurring before the establishment of
silencing and continuing thereafter, are not mutually incompatible with the establishment
or maintenance of the OFF state.

Discussion
Context-dependent transcriptional regulation by PREs
PRCs and TrxG proteins modify up to ~5% of all genes, most of which are not
locked into stable ON and OFF states, but instead, are regulated by more dynamic
temporal, spatial or systemic factors (Oktaba et al., 2008; Schwartz et al., 2006). Given
that the classical framework for understanding PcG gene silencing is through the
paradigm of heritable HOX gene silencing, this poses a fundamental question about the
chromatin modifications catalyzed by these complexes, namely what is their role in other
modes of transcriptional regulation and how does it relate to their function in epigenetic
inheritance. Our >PRE>UZ transgene is unusual in containing three distinct genetic units
(UZ, Tub.CD2 and y) that encode gene products that can be assayed independently in
imaginal discs (UZ and Tub.CD2) or adults (y). Moreover, at least two of these
transgenes are inserted near or within other genes that can be similarly assayed (wg, pum,
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and osk). Thus, by comparing the consequences of removing versus retaining the PRE in
each transgene we are, in effect, probing the influence of retaining or removing the
capacity to modify the chromatin of a genomic interval containing multiple, genes, each
having its own promoter and otherwise governed by most or all of its normal regulatory
elements.
Viewed from this perspective, we find that PRCs and TrxG proteins anchored at a
single PRE have unexpectedly diverse, complex and long-range effects on their local
genomic environment. These include qualitatively or quantitatively repressing
transcription, initiating or sustaining transcription, or acting in cis to selectively regulate
some but not other genes in range. Moreover, for any given gene in any give cell, the
nature of this PRE-dependent regulation depends on genomic and developmental context,
e.g., as exemplified for the >PRE>UZ transgene inserted in the wg/wnt complex (Fig. 36D). Finally, these effects appear to constitute generic PRE functions, rather than
particular attributes of the PRE in our >PRE>UZ transgene, as indicated by our finding
that for 2/7 of the transgenes analyzed, some or all of the regulatory effects of the
transgene PRE can be supplied by functionally redundant PREs in the neighboring
genomic DNA (in the wg/wnt and Hmx loci, respectively).
Thus, the picture that emerges is one in which the modifications catalyzed by
PRE-anchored PRCs and TrxG proteins, and perhaps the complexes themselves, compete
or cooperate with enhancer and silencer elements scattered across genomic intervals of up
to hundreds of kilobases to regulate specific genes, each likely in its own unique way. We
suggest that the capacity of our transgene PRE to limit the activity of neighboring
promoters in this way may reflect the fundamental role of PRE anchored PRCs. By
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contrast, the small fraction of PRE target genes that are associated with heritable patterns
of silencing may constitute a special class in which the available enhancer inputs are not
sufficient to over-ride PRC mediated repression.
How might promoters integrate PRE inputs with those of other cis-acting
elements, in particular enhancers? The mechanisms by which PRC-dependent chromatin
modifications repress transcription remain poorly understood, but may involve the
recruitment of co-repressors or changes in nucleosome density, architecture or occupancy
that limit the capacity of RNA polymerase to gain access to the promoter, to initiate
transcription, or to elongate. Any one or more of these operations could be
countermanded by transcriptional activators bound to cis-acting enhancers, with the
outcome at any given promoter in any given cell depending on the balance between these
opposing influences. Another intriguing possibility is that PRC-dependent chromatin
modifications of enhancers could directly compromise their function. For both the native
Ubx gene, as well as our >PRE>UZ transgene, enhancers required for imaginal disc
expression are located between the PRE and the promoter, and in the case of the native
gene, these enhancers have been shown to be similarly H3K27 trimethylated and
accessible whether the gene is OFF or ON, as it is in the wing or haltere, respectively
(Kahn et al., 2006; McKay and Lieb, 2013; Papp and Müller, 2006). Hence, it appears
that H3K27me3 does not preclude the function of those enhancers, but instead may
reduce the activating input they can exert, possibly reducing it to the point where it can
drive transcription only if facilitated by TrxG proteins at the promoter, but not if these
proteins are absent. However, as in the case of the >PRE>UZ transgene inserted into the
wg/wnt complex, some enhancers in neighboring genomic DNA may be sufficiently
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strong to over-ride the barrier imposed by PRC mediated silencing, either because of the
inherent strength or mode of action of the transcriptional activators they recruit, or
because they are not modified by PRC2 activity and hence not compromised for function.
The latter possibility is supported by the recent discovery of a wg/wnt locus enhancer that
is directly regulated by local H3K27me3 deposited by a neighboring PRE (Harris et al.,
2016).

Context-dependent susceptibility of promoters to PRE regulation
In addition to supporting dynamic as well as heritable roles for PRE anchored
PRCs and TrxG proteins, our findings reveal a new mode of PRE-dependent
transcriptional regulation, namely that a given promoter can be either susceptible or
refractory to control by PRE-anchored PRCs and TrxG proteins and can switch between
these modes during normal development. The existence of such distinct modes is
revealed by the behavior of the Tub.CD2 gene within the >PRE> cassette of our
>PRE>UZ transgene. For >PRE>UZ transgenes inserted into “permissive” genomic
contexts, the Tub promoter appears unaffected by the abutting PRE (located within ~2 kb
of the Tub transcription start site; Fig. 1A), being expressed in all cells throughout
development independent of the heritable ON and OFF states of the UZ promoter.
However, for the >PRE>UZ transgene inserted into the pum locus (>PRE>UZpum), the
Tub promoter behaves differently, switching from being expressed ubiquitously in
embryos to being selectively silenced in the same cells as the UZ promoter in the
imaginal discs. Moreover, the ON and OFF states of the Tub promoter in the discs now
depend, respectively, on TrxG or PRC activity, like the ON and OFF states of the Ubx
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promoter in the UZ mini-gene and native Ubx. Accordingly, the promoters of other genes
may likewise have the capacity to exist in, and switch between, distinct PRE refractory
and PRE susceptible modes, presumably in response to regulatory elements in
neighboring DNA, thus providing a precedent for a new kind of regulatory plasticity for
PRE target genes.

Discontinuous PRE/PRC2 action at a distance
Previous studies have shown that PRE sites scattered across the Drosophila
genome can associate in clusters, forming sub-nuclear “Polycomb bodies” that can be
readily detected by visualizing PRC1 or PRC2 accumulation (Cheutin and Cavalli, 2012;
Sexton et al., 2012; Tolhuis et al., 2011). However, it is not known what function such
clustering serves (Pirrotta and Li, 2011). Nor is it known whether PRCs anchored at
PREs are normally restricted to catalyzing chromatin modifications in a processive
manner, spreading from one nucleosome to the next (Müller and Kassis, 2006), or if they
can act discontinuously on discrete genomic targets dispersed across the genome.
Strikingly, we have found that the >PRE>UZ transgene inserted in the pum locus
has properties that indicate that PRE-anchored PRC2 can act discontinuously to repress
the expression of distant target genes located on the chromosome. Specifically, we show
that the PRE in this transgene acts strictly in cis, and in a PRC2-dependent manner, to
repress maternal expression of a second gene, oskar (osk), which is located ~225Kb away
and separated from the pum locus by at least 15 other genes, some of which have
maternal functions that are not compromised by the transgene PRE (e.g., neuralized,
tango). Hence, it is possible that PREs can function as vehicles to target anchored PRCs
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to select, remote genomic sites, posing the questions of how such targeting is regulated
and what purpose it serves.
In principle, PRC2 anchored at the transgene PRE in pum could repress osk
transcription by a looping mechanism that allows it to directly contact and modify the
chromatin associated with the osk gene, without altering the chromatin status or
transcription of the intervening genes. However, homologous chromosomes are normally
tightly paired in Drosophila, posing the question of why only the cis, and not the trans,
allele of osk is targeted by such a looping mechanism. Intriguingly, homologous
chromosomes in polyploid nurse cells disperse during the key period when these cells
express osk transcripts for transport and localization in the developing oocyte (Dej and
Spradling, 1999; Ephrussi and Lehmann, 1992; St Johnston and Nüsslein-Volhard, 1992).
Hence, the transgene PRE may act on the cis, but not the trans, allele of osk, because
only the cis allele resides in the same sub-nuclear locale. If correct, this explanation raises
the possibility that PREs may silence in trans as well as in cis to repress select targets in
somatic Drosophila cells, where homologues are paired.
Finally, we find it striking that the transgene PRE inserted inside pum targets osk
for repression, given that both belong to the same, small cohort of genes essential for the
localized activity of the posterior determinant Nanos in early embryos (Barker et al.,
1992; Ephrussi and Lehmann, 1992). However, although both Osk and Pum regulate
maternal nanos transcripts their molecular functions are otherwise distinct: Osk acts
principally to localize maternal gene products during oogenesis, whereas Pum functions
throughout development to regulate translation. Hence, it is unclear whether the
susceptibility of osk to repression by the transgene PRE represents a significant, but
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presently obscure, functional or evolutionary connection between the two genes (e.g.
possibly the use of a shared enhancer to drive germline expression), or is merely a
remarkable coincidence.

Choice of ON/OFF state is regulated quantitatively by transcription
We have previously shown that the memory of the OFF state following PRE
excisions is labile to replication; a process that dilutes out the H3K27me3 nucleosomes
that act as carriers of the memory of the OFF state to daughter cells (Coleman and Struhl,
2017, in press). Transcription is another process that, like replication, is associated with
chromatin decompaction, nucleosome eviction, unwinding of duplex DNA, and
polymerase procession along single strands. Moreover, transcriptional elongation by
RNA Pol II is usually associated with histone modifications and nucleosome replacement
that might seem to be incompatible with the persistence of H3K27 trimethylated
nucleosomes (Deal et al., 2010; Dorighi and Tamkun, 2013; Mito et al., 2005; Tie et al.,
2014; Yuan et al., 2011). Nevertheless, we have found that a >PRE>UZ transgene
inserted into an intron-encoding portion of a continuously expressed gene is stably
silenced by its PRE. Further, silencing of this transgene can be sustained indefinitely
following PRE excision, provided that the cells are not allowed to undergo subsequent
cell divisions. Thus, we infer that the dilution of H3K27me3 marked parental
nucleosomes by naïve nucleosomes that occurs during replication and that degrades the
repressive impact of PRC2 modified chromatin in the absence of subsequent PRC2
activity is not necessarily a feature of transcription by RNA Pol II, which, at least at some
level, is compatible with the maintenance of the silenced state. Accordingly, although
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there is prior evidence that transcriptional read-through disrupts PRE-dependent silencing
(Bender and Fitzgerald, 2002; Rank et al., 2002; Schmitt et al., 2005), our results indicate
that the two process are not inherently incompatible.
Instead, it appears it is the levels of transcription that occur through a PREregulated locus that are critical to determining its adoption of the ON or OFF state.
Indeed, we find only when the level of transcription through the >PRE>UZ transgene is
significantly elevated does loss of silencing occur. Interestingly, this loss of the OFF state
is observed in clone-like clusters of cells, suggesting that the elevated levels of
transcription lead to a stochastic and heritable conversion from the OFF to the ON state.
We speculate that this may be reflective of the mechanisms that govern the initial
establishment of “choice” for the HOX genes. We propose that the reason that the
blastoderm stage of embryogenesis represents the critical window for the patterning of
the HOX ON/OFF states may be because the maternal effect genes expressed during this
period are the only transcription factors acting on the HOX genes that drive sufficient
levels of transcription to preclude the establishment of the OFF state. This could also
explain why enhancers from dynamically expressed loci, e.g. the wg/wnt complex, are
able to overcome PcG mediated repression. The importance of the levels of
transcriptional read-through may in part be due to the replacement of PRC-modified
nucleosomes with variant nucleosomes and nucleosome modifications typically
associated with transcription and believed to antagonize PRC-mediated chromatin
modifications (Deal et al., 2010; Dorighi and Tamkun, 2013; Mito et al., 2005; Tie et al.,
2014; Yuan et al., 2011). At low levels of transcription, PRCs may be able efficient
enough to reconstitute repressive modifications on any nucleosomes displaced by RNA
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Pol II, but as the level of transcription increases the rate at which nucleosomes are
exchanged may surpass the capacity for the PRCs to modify them and thus maintain the
OFF state. Resolving to what extent this is true will be critical to reconciling our
understanding of how heritable and dynamically expressed loci both utilize the PcG to
appropriately pattern their expression.

Heritable silencing of HOX genes by PRCs: a special case reflecting stringent
selection during evolution
Local domains of PRC modified chromatin are a pervasive feature of higher
eukaryotes. Given our evidence that PRCs anchored at single Drosophila PREs can – and
may normally – act to regulate multiple genes up to hundreds of kilobases away, we
suggest that all genes that reside within such putative realms of PRC influence may be
subject to evolutionary selection to optimize how they integrate the regulatory impact of
the PRC-catalyzed chromatin modifications with the effects of other cis-regulatory
elements that govern their expression. For many genes, this may involve default
mechanisms that render them refractory to PRE/PRC-dependent transcriptional regulation,
as we posit is the case for the tubulin1α promoter in most of our >PRE>UZ transgenes.
However, for other genes, e.g., wg, this may entail integrating PRE/PRC-dependent
regulation with the various inputs of the relevant enhancers and silencers to achieve the
correct timing, spatial pattern and level of transcription.
We have previously proposed that HOX genes have evolved two special
properties that have driven them to exploit the inherent potential of PRC-catalyzed
chromatin modifications to create heritable, epigenetic states of gene expression
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(Coleman and Struhl, 2017, in press). First, they need to be selectively activated early in
development in response to transient cues, and their states of expression then rendered
permanent, committing all their descendant cells to a particular HOX code that
continuously “selects” their segmental identity. The capacity for PRC-modified
nucleosomes to be locally inherited and to direct the copying of the marks to naïve
nucleosomes following replication provides the basis for such a memory function (Jiao
and Liu, 2015; Justin et al., 2016; Margueron et al., 2009) (Coleman and Struhl, 2017, in
press). Second, the repressive barrier imposed by such modifications must be absolute, as
any enhancer input that would breach the barrier would lead to ectopic HOX gene
expression and homeotic transformation. Hence, there would be stringent evolutionary
selection against the emergence of any such enhancers in HOX genes, except in rare
cases in which such a breach might confer a selective advantage. Accordingly, we posit
that the heritable silencing of HOX genes by PRCs reflects a special, evolutionarily
selected attribute of the HOX loci themselves, and not a dedicated role of these chromatin
modifiers in creating all-or-none states of heritable gene expression. The results presented
here further support and extend this hypothesis, by demonstrating that subjecting a HOX
locus to cis-regulatory signals differing in type from those of the native locus can
abrogate the stereotyped, heritable pattern of HOX gene expression. Thus, a
comprehensive understanding of how PRCs mediate both heritable and more dynamic
modes of gene silencing will require elucidating both the quantity and quality of enhancer
activities at PRC target genes.
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Experimental Methods
Generation and analysis of >PRE> excision clones and of esc- escl- clones.

For all experiments, we generated >PRE> excision clones using heat shock induced
expression of Flp recombinase from a single hsp70.flp transgene on a y w X chromosome
(Basler and Struhl, 1994; Struhl and Basler, 1993), controlling the frequency of clones by
using heat shocks of different temperature (between 33.5 and 37.5oC, typically for 60
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minutes). Clones were marked, negatively, by the absence of Rat CD2 expression
resulting from excision of a Tub.CD2 mini-gene (Jiang and Struhl, 1995) within the Flpout cassette (e.g. Fig. 3-1).

>PRE> excision clones were generated in “stalled” discs with simultaneous induction of
Tub>hh clones (Fig. 3-7B) by heat shocking larvae of the following genotype: y w
hsp70.flp; Tub>y+>hh/+; phm.Gal4 UAS.fh RNAi/>PRE>UZpum (Anderson, 2005; Basler
and Struhl, 1994; Cáceres et al., 2011).

esc- escl- clones, marked positively by expression of a nuclear localized form of GFP
were generated using the MARCM technique (Lee and Luo, 1999) in genetic
backgrounds carrying the desired >PRE>UZ transgenes (Figs. 3-2D, 3-5F). For example,
for esc- escl- clones in the presence of the >PRE>UZpum transgene, the genotype was as
follows: y w hsp70.flp Tub.Gal4 UAS.GFPnls; esc6 escl- FRT40/ Tub.Gal80 FRT40;
>PRE>UZpum /+.

Wing discs in which all A cells carry the >PRE>UZwnt transgene, whereas most or all P
cells carry the >UZwnt transgene (Fig. 3-4C), were obtained using expression of a UAS.flp
transgene under the control of a hh.Gal4 driver (as in (Baena-Lopez et al., 2013); exact
genotype: >PRE>UZwnt/>PRE>UZwnt; hh.Gal4/UAS.flp).

Wing discs homozygous for the >PRE>UZpum transgene with reduced Pum expression in
the dorsal compartment were obtained from larvae of the following genotype: y w
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UAS.dicer/y w; ap.Gal4/+; >PRE>UZpum UAS.pumRNAi/>PRE>UZpum (Menon et al.,
2009; Salazar et al., 2010).

Wing discs heterozygous for the >PRE>UZpum UAS.pum with elevated Pum expression
in the dorsal compartment were obtained from larvae of the following genotype: y w
hs.flp/y w; ap.Gal4/+; >PRE>UZpum P(XP)pumd04225/+

Wing discs heterozygous for the >PRE>UZpum UAS.pum with elevated Pum expression
throughout the wing disc under Gal80ts control were obtained from larvae of the
following genotype: y w/y w; Tub.Gal80ts/+; >PRE>UZpum P(XP)pumd04225/hdc.Gal4

Immunofluorescence, in situ hybridization, and microscopy

Protein expression in embryos and imaginal discs were assayed in situ by standard
fixation methods and immunofluorescence, using Rabbit polyclonal anti-b-Gal (Cappel,
1/20,000), Mouse monoclonal aCD2 (BD Pharmingen#OX-34, 1/2,000), aWg
(DSHB#4D4, 1/30), and aUbx (DSHB#FP3.38, 1/50) antisera, Rabbit aHb (MacDonald,
1/4000), Rabbit polyclonal antisera against both the amino and rat polyclonal antisera
against carboxy-termini of Pum (Robin Wharton; 1/1000), Guinea Pig aDll (Richard
Mann; 1/6000), Rat aVasa (Ruth Lehmann; 1/1000), and appropriate AlexaFluor488, 555
and 647 conjugated secondary antisera (ThermoFisher; 1/5000) plus Hoechst 33342
(Invitrogen) to counterstain to label nuclei. Preparations were imaged using an SP5 Leica
confocal microscope.
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RNA expression in embryos and imaginal discs was assayed by standard methods of in
situ hybridization using FISH probes (Kosman et al., 2004), as well as by qPCR.
Plasmids for in vitro transcription were generated by cloning PCR amplified pum
(F:AAAATAGGATCCGCGGCACACCCCAAAAATACAAGAG
R:TATTAAAAAATGCGGCCGCACTCCACCGACCGACTGACTGACAC) and lacZ
(F:AAAAAAGAATTCACCCAACTTAATCGCCTTGCAGCAC
R:ATATTTGGATCCAAGGCGGTCGGGATAGTTTTCTTGC) DNA into BamHI and
NotI or EcoRI and NotI sites, respectively, of pBluescript SK(-). In vitro transcription
was carried out with DIG or Biotin-labeled nucleotides (Roche) and hybridized
transcripts were stained using sheep aDIG (Roche#1333089) or mouse aBiotin
(Roche#1297597) primary antisera followed by appropriate AlexaFluor488, 555
conjugated secondary antisera. pum transcripts from the pum allele containing the
>PRE>UZpum transgene were assayed in embryos derived from females hemizygous for
the transgene (in trans to a deletion of the pum locus, Df(3R)BSC666 (http://flybase.org/)
mated with homozygous >PRE>UZpum males (homozygous Df(3R)BSC666 embryos are
morphologically abnormal by the late blastoderm stage, allowing them to be readily
distinguished from their hemi- and homozygous >PRE>UZpum siblings). Sense probes
and in situ hybridization carried out in embryos that did not carry the transgene served as
negative controls to confirm that nuclear signal reflected real nascent transcripts.
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Figures:

Figure 3-1. The PRE is required for both the initial activation as well as the
subsequent silencing of the UZ promoter.

A, Top) the structure of the intact >PRE>UZ+ transgene (for simplicity referred to in this
Figure as >EE>UZ): The Tub.CD2 marker gene, early embryo enhancer (EE), PRE,
imaginal disc enhancer (DE), Ubx promoter-lacZ fusion gene (UZ) and the yellow gene,
are color coded green, lavender, blue, dark pink, red and yellow, respectively, with the
directions of transcription indicated by the arrow heads; the Flp Recombinase target
(FRT) sequences are depicted as encircled arrows.
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A, Bottom) Expression of CD2 and UZ (b-Galactosidase) in blastoderm and shortened
germ band stage >PRE>UZ+ embryos and late 3rd larval wing and haltere imaginal discs
as indicated (here, and in all subsequent Figures, counterstained with Hoechst, with
anterior to the left). Note the embryonic expression of the UZ+ promoter in a broad
domain in the blastoderm stage embryo with a sharp anterior border of UZ expression at
the anterior boundary of parasegment 6 in the gastrula stage embryo. UZ expression is
restricted to cells of the P compartment of the haltere primordium (the A/P compartment
border within the primordium defines the anterior boundary of parasegment 6). Here and
in subsequent figures this compartment is indicated by a yellow asterisk. Note also that
CD2 expression is elevated ~2-3 fold in parasegments 6-12 in blastoderm stage embryos,
with the anterior border coinciding with that of UZ expression at the parasegment 6
boundary, although this elevated expression has largely subsided by the short germ band
and larval stages.

B) The structure and expression of the canonical >UZ+ transgene derived by excision of
the >PRE> from the >PRE>UZ+ transgene. Note that UZ expression is not detected in
the blastoderm stage embryo, but comes on later, uniformly, in germ band extended
embryos, indicating an essential role of the PRE in initially activating the UZ+ promoter
in parasegments 6-12, as well as in subsequently maintaining the silenced state in the
remaining parasegments. UZ expression is also observed in all cells of the wing and
haltere discs.
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Figure 3-2. Redundant regulation of a >PRE>Ubx transgene by a putative PRE in
neighboring genomic territory.
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A) Genomic site of the >PRE>UZHmx transgene near the Hmx locus (the orientation of
the Tub.CD2, >PRE> and UZ components of the transgene are indicated above the
insertion site; not to scale). A putative PRE, assigned on the basis of ChIP-chip data
(Schuettengruber et al., 2009), is shown in purple.

B) CD2 and UZ expression in blastoderm and germ band embryos and in wing and
haltere imaginal discs of >PRE>UZHmx animals (as in Fig. 3-1). UZ and CD2 expression
in embryos are indistinguishable from that of >PRE>UZ+ (Fig. 3-1), but CD2 is silenced
in most cells of the imaginal discs, with the exception of the P compartment of the haltere
disc, where UZ is heritably activated.

C) UZ expression in >UZHmx embryos and imaginal discs (as in B). In contrast to the
>PRE>UZ+ transgene (Fig. 3-1), UZ expression is activated normally at the cellular
blastoderm stage and then maintained in the appropriate “on” and “off” states thereafter
(except for a patch of UZ expressing cells in the head of the embryo), despite the absence
of the transgene PRE.

D) Silencing of the >PRE>UZHmx and >UZHmx transgenes depends on PRC2. The left
panel depicts a wing disc containing clones of homozygous esc- escl- cells (labeled
positively by GFP staining; blue shading) in the prospective wing (purple box) that carry
either the intact or the PRE-excised form of the >PRE>UZHmx transgene (green or red
outlines respectively). The right panel shows the independent stains for UZ, CD2 and
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GFP, as well as the merge. An esc- escl- clone carrying the >PRE>UZHmx transgene is
indicated by a yellow arrowhead (note the co-expression of both CD2 and UZ); another
clone carrying the >UZHmx transgene is indicated by a white arrow (it expresses only UZ,
and not CD2).
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Figure 3-3. Integration of enhancer and PRE inputs revealed by a >PRE>UZ
transgene in the wg/wnt complex.

A) Genomic site and orientation of the >PRE>UZwnt transgene in the wg/wnt complex (as
in Fig. 3-2).

B) UZ, CD2 and WgGFP expression in cellular blastoderm and germ band >PRE>UZWnt
embryos (oriented and annotated as in Figs. 2,4; WgGFP derives from a wgGFP knock-in
allele that is normally expressed and fully functional (Port et al., 2014)). UZ expression is
activated in parasegments 6-12 and silenced in the remaining parasegments as observed
for the >PRE>UZ+ and >PRE>UZHmx transgenes (Figs. 3-1, 3-2). However, CD2
appears coincident with that of WgGFP after the onset of gastrulation, indicating that the
Tub promoter, but not the Ubx promoter, in this transgene has been coopted by wg/wnt
complex embryonic enhancers.

C) UZ, and WgGFP expression in early gastrula and germ band retracted >UZWnt embryos
(genotype confirmed by absence of CD2 expression, middle panel). In contrast to the
>UZ+ transgene (Fig. 3-1B), but similar to the >UZHmx transgene (Fig. 3-2B), UZ
expression is activated in parasegments 6-12 (albeit slightly later, at the onset of
gastrulation instead of during the blastoderm stage) and silenced in the remaining
parasegments, except in cells that express wgGFP. Hence, we infer (i) the existence of a
redundant PRE in the wg/wnt complex that can provide both the early activation and
subsequent silencing functions that would otherwise depend on the excised transgene
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PRE, and (ii) that in the absence of the transgene PRE, embryonic wg/wnt complex
enhancers are able to over-ride the silencing activity of this putative wg/wnt complex
PRE to drive UZ expression in cells that express WgGFP.

D) UZ, CD2 and WgGFP expression in mature wing (W), haltere (H), and third leg (L3)
discs of >PRE>UZWnt larvae. Left panel: Wg is normally expressed in the wing disc in a
broad stripe in the prospective notum (N), inner and outer rings in the prospective wing
hinge (IR, OR), and in cells flanking the D/V compartment boundary (D/V) in the
prospective wing blade (see also Fig. 3-4A), and is expressed similarly in the haltere disc,
except that no D/V or IR expression is observed in the P compartment; Wg is expressed
in the third leg disc in ventral A compartment cells neighboring the A/P compartment
boundary (VA). Remaining panels: As in the embryo, CD2 expression appears identical
to that of WgGFP in all three discs, except being greatly reduced or absent in the OR in the
wing and haltere discs. However, in contrast to the embryo, UZ is now expressed in a
wg-like pattern in all three discs, super-imposed on the normal pattern of UZ expression
observed for the canonical >PRE>UZ+ transgene (normally restricted to the P
compartments of the haltere and third leg discs). Hence, imaginal disc wg/wnt enhancers
appear to over-ride silencing of the UZ promoter that would otherwise be maintained by
the transgene PRE. The pattern of UZ expression departs from that of Wg in three main
respects (see also Fig. 3-4A). First, in the notum as well as the leg disc, the stripe of UZ
expression is narrower than that of CD2 or WgGFP and appear to coincide with those cells
that express peak levels of CD2 and WgGFP. Second, UZ is not expressed in the IR in
either the haltere or wing disc (these cells appear turquoise, rather than magenta in the
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WgGFP UZ merged image). Third, UZ is expressed throughout the prospective wing blade
(appear red in the CD2, UZ and WgGFP UZ merged images), rather than being restricted
to the cells flanking the D/V compartment boundary, like CD2 and WgGFP (these cells
appear yellow and magenta, in the WgGFP CD2 UZ and WgGFP UZ merged images,
respectively).

E) Expression of UZ and WgGFP expression in wing, haltere, and third leg discs of
>UZWnt larvae (genotype confirmed by absence of CD2 expression). In the absence of the
transgene PRE, UZ expression now appears very similar to both WgGFP, as well as CD2
from the intact >PRE>UZWnt transgene, e.g., showing the normal broad stripe in the
notum and being present in the IR of the hinge (both of which now appear magenta in the
WgGFP UZ merged images, rather being turquoise as in D), and its tight restriction to D/V
border cells in the wing. However, UZ expression does differ from that of CD2 from the
intact >PRE>UZWnt transgene in that it is expressed, like WgGFP, in the OR.

153

Wg, CD2 and UZ expression in >PRE>UZwnt vs >UZwnt wing discs
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Figure 3-4. Integration of PRE and enhancer inputs by the UZ, Tub and native wg
promoters associated with the >PRE>UZWnt transgene.

A,B) CD2, WgGFP and UZ expression of wing discs heterozygous for the intact (A) or
PRE-excised (B) forms of the >PRE>UZwnt transgene. An annotated image of an entire
>PRE>UZwnt wing disc is shown on the left, with the regions shown at higher
magnification to the right boxed in purple (prospective notum; top panels) or orange
(prospective wing hinge and wing blade; bottom panels). In the prospective notum of the
>PRE>UZwnt wing disc (A), CD2 expression is similar to, but detectably broader than
WgGFP expression, whereas UZ expression is restricted to a narrow stripe that appears to
coincide with cells that express peak levels of WgGFP and CD2 (yellow arrow). However,
in the >UZwnt wing disc (B), which lacks the transgene PRE, UZ expression is now
abnormally broad, mimicking that of CD2 observed for the intact transgene (yellow
arrow; note that for both genotypes, UZ is expressed only in a central portion of the
notum stripe, and not in the portion of the stripe that extends to the posterior edge of the
disc, possibly because these two portions of the stripe are under the control of distinct
constellations of regulatory factors). In the prospective wing hinge and wing blade
primordia, UZ expressed from the intact >PRE>UZwnt transgene (A) appears coincident
with WgGFP in the outer ring (OR, visible in the low magnification image to the left; see
also Fig. 3-3D), but is absent from the IR (pink arrow in the UZ only image; as a
consequence the IR appears green and turquoise, respectively, in the CD2 WgGFP UZ and
WgGFP UZ merged images, rather than yellow and magenta as observed for coincident
expression along the D/V border in the prospective wing). Conversely, CD2 expression is
155

absent from the OR, which appears red, rather than yellow, in the CD2 UZ merge (see
also Fig. 3-3D). However, in the absence of the PRE (in the >UZwnt wing disc; B), UZ is
now expressed in the IR, coincidentally with WgGFP (appears magenta in the WgGFP UZ
merge). Finally, as in Fig. 3D, UZ is expressed throughout the prospective wing blade
primordium in the >PRE>UZwnt wing disc (A; green arrowhead), but restricted to cells
flanking the D/V boundary in the >UZwnt wing disc (B).

C) UZ and Wg expression in a wing disc homozygous for the >PRE>UZwnt transgene
that retains the transgene PRE in A compartment cells, but lacks the PRE in most P
compartment cells owing to excision by Flp recombinase expressed under hh.Gal4/UAS
control. Left panel: UZ is expressed in OR cells in both the A and P compartments
(magenta arrows), but only in IR cells in the P compartment (turquoise double arrows),
indicating that the OR, but not the IR, wg/wnt enhancers can over-ride silencing by the
transgene PRE. As in (A), the presence of the PRE in A compartment cells also sustains
UZ expression throughout the prospective wing blade, which would otherwise be
restricted to D/V border cells, as it is in P compartment cells (green arrows). Right panel:
the presence of the PRE in A cells also abolishes native Wg expression in OR cells, in
contrast to the P compartment where OR cells express Wg (purple arrows); it also
reduces the level of Wg expression in IR and D/V border cells (compare expression
levels in A and P (turquoise double arrows and green arrows, respectively).

D) Diagram of tested and inferred interactions between the PREs, enhancers and
promoters in the wg/wnt complex and >PRE>UZwnt transgene. The PRE in the
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>PRE>UZwnt transgene silences or down-regulates the native wg promoter in OR, IR and
D/V border cells, either directly or by silencing wg enhancers (1, see discussion). It also
silences the UZ promoter in the embryo and in IR cells, and restricts the domain of UZ
expression in notum cells (3), represses the yellow promoter in the notum and wing (5,
data not shown). PRE(s) in the wg/wnt complex repress damage induced expression of
the native wg promoter in the imaginal discs (Harris et al., 2016) (2) and also appear to
regulate the UZ promoter in the embryo, activating it in parasegments 6-12 (10) and
silencing it elsewhere (4). Enhancers in the wg/wnt complex activate wg (6) and as well
as wnt4 and wnt6 (7), the Tub.CD2 within the transgene in most wg expressing cells (8),
the UZ gene in some or most wg expressing cells, depending on the presence or absence
of the transgene PRE (11), and yellow (12, data not shown). See text for detailed
discussion.
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Figure 3-5. Context dependent silencing of the Tub promoter within the >PRE>
excision cassette of the >PRE>UZpum transgene.

A) Genomic site and orientation of the >PRE>UZpum transgene inserted in the pumilio
locus (as in Fig. 3-2&3-3).

B) Expression of UZ and CD2 in blastoderm and germ band embryos and in wing and
haltere imaginal discs of >PRE>UZpum animals (oriented and annotated as in Fig. 3-4).
As in canonical >PRE>UZ+ embryos (Fig. 3-1A), UZ is activated in parasegments 6-12
in early embryos, and silenced in the remaining parasegments during subsequent
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embryogenesis, whereas as CD2 is expressed in all cells, albeit at 2-3 higher levels in
parasegments 6-12. However, in contrast to the canonical transgene, CD2 expression
does not continue to be expressed ubiquitously in the imaginal discs, but instead adopts
the same expression pattern as UZ (i.e. repressed in the wing and A compartment of
haltere and expressed in the posterior compartment of the haltere).

C) Expression of UZ in >UZpum embryos and imaginal discs. As in canonical >UZ+
animals, UZ expression is not activated in early embryos but is subsequently expressed
ubiquitously, albeit with regional variations in level similar to those observed for the
canonical transgene (Fig. 3-1B).

D) Expression of UZ and CD2 in a germ band extended >PRE>UZpum embryo,
counterstained for Dll, which marks the primordia of the imaginal discs: CD2 is
expressed in all of the embryonic precursor cells that will give rise to the wing and
haltere discs, irrespective of whether UZ is silenced or active, even though CD2
expression will subsequently be silenced together with UZ in the imaginal discs during
larval life.

F) Silencing of the Tub.CD2 of the >PRE>UZpum transgenes during larval life depends
on PRC2. The top panel depicts a wing disc containing clones of homozygous esc- esclcells (labeled positively by GFP staining) in the prospective wing (purple box) that carry
either the intact or the PRE-excised form of the >PRE>UZpum transgene (annotated as in
Fig. 3-4). The bottom panel shows the independent UZ, CD2 and GFP stains, as well as
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the merge. An esc- escl- clone carrying the >PRE>UZpum transgene is indicated by a
yellow arrowhead (note the co-expression of both CD2 and UZ); another clone carrying
the >UZpum transgene is indicated by a white arrow (expresses UZ, but not CD2).
Additionally, a clone of >PRE> excised >UZpum cells not coincident with an esc- esclclone is marked by the red arrowhead (does express GFP or CD2 but does express UZ).
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Figure 3-6. Selective silencing of the oskar gene occurs in cis and requires both
PRC2 and the PRE within the >PRE>UZpum transgene.

A) Posteriorly localized maternal oskar (osk) transcripts are required in early embryos for
pole cell formation (marked by Vasa protein expression) and for suppressing translation
of maternal hunchback (hb) transcripts that otherwise block abdominal segmentation.
Embryos derived from females homozygous for the PRE-excised >UZpum transgene
develop like w.t. embryos: they form posterior pole cells, are devoid of Hb protein in the
posterior half of the embryo, and form the normal complement of 8 abdominal segments
(A1-A8). In contrast, embryos derived from females homozygous for the intact
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>PRE>UZpum transgene develop like osk null embryos: they lack pole cells, have
uniform Hb expression, and lack abdominal segments, indicating that the presence of the
transgene PRE has blocked the production of maternal osk transcripts during oogenesis.
The osk null phenotype caused by homozygosity for the >PRE>UZpum transgene can be
partially rescued by concomitantly removing esc function (which greatly reduces, but
does not abolish PRC2 activity owing to low level, redundant escl gene function).
Although pole cell formation is not rescued, Hb protein production is suppressed
posteriorly, albeit later than observed for w.t. embryos (by syncytial nuclear cycles 13-14
rather than 9-10) and abdominal segmentation is partially restored (5-6 abdominal
segments form, all of which , like the thoracic and head segments, develop as A8-like
segments, owing to failure to maintain the “off” state of HOX genes, in particular those
in the Bithorax-complex). Hb suppression and abdominal segmentation can also be
restored or imposed at the anterior pole of embryos derived, respectively, from
homozygous >PRE>UZpum or >UZpum females by supplying anteriorly localized osk
transcripts from an oskbcd’3UTR rescuing transgene that encodes maternal osk transcripts
with an anterior localization element derived from the 3’UTR encoding portion of the
anterior determinant gene bcd; these result in either a reversed (A8-A1) pattern of
abdominal segments, or mirror symmetric posterior abdominal segmentation.

B) Cis/trans test of the regulation of the osk gene by the >PRE>UZpum transgene. Pole
cell number (mean ±SD) as monitored by Vasa staining were used as a quantitative
measure of osk gene activity, as validated by the two fold reduction in number observed
comparing embryos from w.t. females (magenta dot plot) versus females heterozygous
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for a null allele of osk (osk0; green dot plot). Pole cell numbers were not further reduced
when the >PRE>UZpum transgene was added in cis to the osk0 allele, requiring the
transgene PRE to act in trans to suppress osk transcription (red dot plot). In contrast,
when the >PRE>UZpum transgene was added in cis to the w.t. allele (osk+), no pole cells
were observed (brown dot plot), confirming that silencing occurs in cis. Equivalent
results were obtained for embryos from homozygous osk0 females carrying an osk+
rescuing transgene on chromosome II. In this case, homozygosity for the >PRE>UZpum
transgene in cis to the osk0 allele had no effect on the capacity of the osk+ rescuing
transgene to rescue pole formation (orange and turquoise dot plots), again arguing that
suppression of osk transcription by the >PRE>UZpum transgene, even when homozygous,
occurs only in cis. As in the text, the >PRE>UZpum transgene in these experiments is
designated as a pum allele, pum>PRE>UZ, and the w.t. and mutant alleles of both the osk
and pum loci indicated in all of the genotypes, except w.t.. All pole cell counts were
conducted by an observer blind to the experimental genotype. P values were calculated
by unpaired, two-tailed t tests. w.t. n=48; osk0 pum+/osk+ pum+ n=42; osk0
pum>PRE>UZ/osk+ pum+ n =44; osk0 pum+/osk+ pum>PRE>UZ n=20; P[osk+]/+; osk0
pum+/osk0 pum+ n=88; P[osk+]/+; osk0 pum>PRE>UZ/osk0 pum>PRE>UZ n=43.
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Figure 3-7. Heritable silencing of the >PRE>UZpum transgene embedded within a
continuously transcribed intron of the pumilio gene.

A) Haltere disc homozygous for the >PRE>UZpum transgene and expressing an RNAi
against pum transcripts in the dorsal (D) compartment under ap.Gal4/UAS control (the D
and V compartments are shaded blue and grey, respectively, in the diagram in the upper
left panel; the A/P and D/V boundaries are indicated, respectively, by magenta and
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yellow dotted lines, and visualized in the upper right panel by Ptc and Wg expression).
Pum expression, visualized with an antisera against a carboxy-terminal epitope, is greatly
reduced in the D compartment validating the uniform staining observed in the ventral
compartment as bona fide Pum signal (similar results were obtained with an antisera
directed against an amino-terminal epitope; data not shown). Despite the location of the
>PRE>UZpum transgene within an intron-encoding portion of the pum gene flanked by
the coding sequences of the carboxy- and amino- terminal epitopes, UZ expression is “off”
in the A compartment, but ON in the P compartment, indicating that the silencing of the
UZ promoter in the A compartment is not disturbed by transcriptional elongation through
the entirety of the >PRE>UZpum transgene, in the same direction as transcription of the
UZ promoter within the transgene.

B) Stalled wing and haltere discs carrying the >PRE>UZpum transgene heat shocked to
induce >PRE> excision clones concomitantly with Tub>hh clones at 120 hrs. AEL and
assayed ~1 week later (as in Fig. 3F). Under these conditions, UZ expression is only
observed in the A compartment in large clonal patches located far from the A/P
compartment boundary, indicating that silencing of the UZ promoter is stable to
continuous transcriptional elongation through the >PRE>UZpum transgene during the
greatly extended period of larval life following the stall. Note that the >UZpum clones
cannot be independently marked in this experiment by the absence of CD2 as the
Tub.CD2 gene in the >PRE> cassette is silenced in the wing and the A compartment of
the haltere by the PRE. Nevertheless, the presence, size and output of the clones can be
inferred from the corresponding experiment performed for the UZ+ transgene (Fig. 3F).
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C) Ubiquitous transcription of non-coding sequences from the >PRE>UZpum transgene in
blastoderm (left) and gastrula (right) stage embryos, as detected by fluorescence in situ
hybridization (FISH): the regions anterior to, or within, the broad, central stripe of UZ
promoter activity are shown, boxed in magenta and red, respectively, in the upper panels,
and at higher magnification in the lower panels. The probes used are specific to the pum
intron in which the transgene is inserted (red) and the lacZ coding sequence of the
>PRE>UZpum transgene (green). The >PRE>UZpum is ~30Kb and embedded in a pum
intron that is ~60Kb; hence nascent transcripts are likely to remain associated with the
pum locus for at least 30-45 minutes (Leopold and OFarrell, 1991) allowing them to be
detected as a single puncta in each nucleus. lacZ and pum puncta are apparent in most or
all nuclei during cellularization of the blastoderm (left panels). At this stage, the levels of
transcription are still relatively low and as a result the lacZ and pum probes do no always
co-label the same nucleus (green only, red only, and coincidentally labeled puncta are
indicated by arrowheads or arrows of green, red or yellow color, respectively). Cytosolic
lacZ puncta are also observed in nuclei located in the central region in which the UZ
promoter is active, presumably reflecting the accumulation of mature lacZ transcripts
transcribed under the control of this promoter. After the onset of gastrulation (right
panels) the levels of expression are higher, and the FISH signal is more uniform, with
most nuclei showing both lacZ and pum staining puncta.
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Figure 3-8. Elevation of the levels of transcriptional read-through of the
>PRE>UZpum transgene is sufficient for loss of the OFF state.
A) Wing disc heterozygous for the >PRE>UZpum transgene in cis with as UAS transgene
inserted near the pum promoter (henceforth UAS.pum) and expressing an Gal4 in the
dorsal (D) compartment under ap.Gal4 (the D and V compartments are shaded blue and
grey, respectively, in the diagram in the upper left panel; the D/V boundary is indicated
by the yellow dotted line). Pum expression, visualized with separate antisera against the
amino- or carboxy-terminal epitope, is greatly elevated in the D compartment, confirming
that the UAS transgene makes the pum promoter Gal4 responsive. Consistent with this
UZ is derepressed only in the dorsal compartment. This demonstrates that high levels of
transcriptional read-through are sufficient to activate the heritably repressed
>PRE>UZpum transgene while lower levels cannot.
B) Wing disc heterozygous for the >PRE>UZpum transgene in cis with the UAS.pum.
Increasing levels of temperature dependent, pum transcription, and hence transcriptional
read-through of the >PRE>UZpum transgene, were driven in all of the cells of the disc
under Gal80ts/Gal4 control. An increasing proportion of cells show release from silencing
in animals reared closer to the restrictive temperature (29oC). Release from silencing of
the UZ and Tub promoters is nearly always coincident. We note that release from
silencing appears in clone-like patches of cells, suggesting a heritable change from OFF
to ON that happens stochastically, with the rate of the event depending on the level of
transcription.
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Element* Size
EE
596
PRE 1534
IDE 2765
UZp 4144
lacZ 3016
Tub 2579
CD2 1003
y+ gene7892

End Sequences
CATGCAAAAGGGTCACGGAT . . . TCCGAACAGGCGTTGCACGA
TTTCGTTTTCCGCTTCTTCC . . . TCGTTTTCATAAGACAAACA
CATGTTTTAGGATCTCCAGG . . . AGTTAGTAAAGTTTGTCGGG
AGAAAAAAGTAAGAAACAGT . . . TTACCGCCAGCAGCGCCAT
ACAACGTCGTGACTGGGAAA . . . GCGCCGGTCGCTACCATTAC
TGGATGAGGAGGAAGGGAAA- . . . TTATCGAACAGGACCTGTG
CGATCTGCCTTTTTAATTAG- . . . AGTCTGCTCCTTTGCTGGAC
GGGCCCCCCCTCGACCTGCA- . . . ATCGGGCGATAATCATTTA

_______________________________________
*As depicted in Figs. 1A and 2A; full sequence available on request
Table 3-1. Composition of the >PRE>UZ transgene.
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Transgene

Insertion site

>PRE>UZ+
55B11*
Hmx
>PRE>UZ
90B4
>PRE>UZwnt
27F2
>PRE>UZpum
85C11
* Three other >PRE>UZ transgene insertions, located at 59B2, 82B1, and 85A10
behave similarly to the canonical >PRE>UZ+ transgene located at 55B11.
Table 3-2. Genomic insertion sites of the >PRE>UZ transgenes.
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Chapter IV: Discussion and future directions
H3K27me3 as a unit of epigenetic memory
It has long been appreciated that a hallmark of development is the capacity of
cells to turn transient signals into permanent changes in gene expression. While the
primary mechanism by which cells achieve this is through auto-regulatory gene networks,
these are insufficient to explain the totality of epigenetically regulated genes, most
notable among these exceptional cases being the HOX genes. Modified histones, due to
their close association with DNA, patterns that correlate with ON and OFF states of gene
expression, and the capacity of parental nucleosomes to be equally inherited by daughter
cells following replication and mitosis, have long been postulated to be one of the means
by which cells maintain heritable states of gene expression.
In the work presented here (Chapter II), we demonstrate the first physiologically
normal and developmentally essential example of a histone modification, H3K27me3,
whose local inheritance through replication is essential to the propagation of an
epigenetic state of gene expression. Previous studies demonstrated the inheritance of
modified nucleosomes through DNA replication and cell division (Alabert et al., 2015;
Gaydos et al., 2014; Xu et al., 2012), but they did not show that the inheritance
maintained locus specificity and only demonstrated a correlation between the inheritance
of the mark and the transmission of the gene expression state. Likewise, studies have
demonstrated the local maintenance of histone modifications to be correlated with the
propagation of the relevant gene expression state, but did not establish that the
transmission of the state was due to the inheritance of the histone modification, per se
(Bintu et al., 2016; Hansen et al., 2008). Finally, in yeast it has been shown that local
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inheritance of H3K9me is required for the propagation of the epigenetic OFF state of a
transgene (Audergon et al., 2015; Ragunathan et al., 2015). The physiological relevance
of these studies, however, is at question because the results are only observed when the
activity of an otherwise ubiquitously present demethylase is removed and recent reports
that suggest, at least in Drosophila, H3K9me is not essential for the regulation of the vast
majority of genes or even development more generally (Penke et al., 2016). In contrast,
the histone modification at the center of our studies, H3K27me3, is absolutely essential to
development due to is requirement for the appropriate expression of the HOX and myriad
other genes (McKay et al., 2015; Pengelly et al., 2013). Therefore, our studies establish a
precedent for a histone modification that acts as a unit of epigenetic inheritance in a
biologically meaningful context.
I qualify this assessment of H3K27me3 by context. The capacity of this histone
mark to propagate the memory of the OFF state of a locus will be controlled by the
cellular and genomic factors, e.g. demethylase activity, nucleosome exchange rate, PRC2
trimethylation efficiency, and cis-regulatory inputs to name a few. This is clear from our
observations with the >PRE>UZwnt transgene (Chapter III), where H3K27me3 appears to
maintain the OFF state in a non-heritable manner. Nevertheless, within the context of
Drosophila and the HOX genes, the capacity for H3K27me3 to act as a heritable unit of
epigenetic memory is absolutely indispensable to development. A quantitative
understanding of how promoters integrate the repressive inputs conferred by H3K27me3
and its downstream effectors with the other context-dependent inputs, such as cis-acting
enhancers, will be essential if we are to reach the point where accurate a priori
predictions about a PcG-regulate locus and how its expression will be regulated. This will
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invariably require incisive dissection of the cumulative inputs acting on single loci in a
manner similar to what has been achieved with the HOX genes in Drosophila, but
representing a broader spectrum of the gene regulatory patterns that exist.

Implications for other histone modifications
The potential for histone modifications to act as epigenetic regulators of gene
expression has been an attractive hypothesis since the first observation that histone
acetylation is associated with active transcription (Pogo et al., 1966). Despite a lack of
causal confirmatory evidence supporting this role, the model is widely accepted and has
been applied to a variety of histone modifications found to correlate with ON and OFF
transcriptional states. Modern models have even gone so far as to propose that histone
modifications not only propagate heritable states of gene expression, but that various
histone modifications may act combinatorially to encode different quantities or qualities
of transcriptional activity (Jenuwein and Allis, 2001; Strahl and Allis, 2000). However,
just as it would be inappropriate to extrapolate our findings with regards to H3K27me3
and its regulation of the Drosophila HOX genes to say that H3K27me3 will behave in all
contexts as a unit of epigenetic memory, neither can we generalize our findings to say
that all histone modifications will behave as H3K27me3 in transmitting the memory of
epigenetic states from mother to daughter cells. Indeed, it seems unlikely that most
histone modifications described to date will not meet the stringent criteria for a bona fide
unit of epigenetic memory, but instead may only serve as “cogs” in the transcriptional
machinery (Henikoff and Shilatifard, 2011).
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As way of example, take the transcription-associated histone modifications
believed to be involved in antagonizing the establishment of PcG repression and
mediating the heritable ON state, e.g. H3K4me3, H3K36me3, and H3K27ac. H3K4me3
is typically found only near the transcriptional start site of active loci, a region
encompassing only a few nucleosomes (Shilatifard, 2008). Because of this small
chromatin domain and the stochastic means by which parental nucleosomes are inherited
(i.e. at each nucleosome position there is an equal probability of each daughter cell
inheriting the parental, modified nucleosome rather than the newly synthesized, naïve
nucleosome), it is hard to envision how H3K4me3 could act as a carrier of epigenetic
information between cell generations; one daughter cell would always have a high
probability of inheriting no H3K4 trimethylated nucleosomes. Further, studies that have
removed the capacity for H3K4 to be trimethylated by replacing all of the histone genes
with H3K4R mutant versions found only modest effects on transcriptional activity and no
requirement for the maintenance for the heritable ON state (Hodl and Basler, 2009, 2012).
Thus, it appears that H3K4me3 does not act as a unit of epigenetic memory to maintain
the ON state in a manner analogous to the role H3K27me3 plays in transmitting the
memory of the OFF state. Similarly, other activation-associated histone modifications,
such as H3K36me3 and H3K27ac, face other challenges to their potential to propagate
epigenetic states of gene expression. Most serious among these is the observation that
transcription is associated with constant turnover of nucleosomes, with the canonical,
replication-deposited histone H3 being replaced by the variant histone H3.3 (Deal et al.,
2010; Mito et al., 2005, 2007). This transcription-associated nucleosome exchange
challenges the stability of these histone modifications and the reliability with which they
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would be available for inheritance and thus propagation of the epigenetic state. Therefore,
unless a mechanism that addresses these challenges is elucidated and a causal relationship
between the inheritance of one or more of these histone marks and the propagation of the
ON state is demonstrated, it remains dubious whether these modifications are involved in
mediating epigenetic inheritance.
In contrast, the prospect for modifications associated with heritable OFF states to
serve as carriers of epigenetic memory seems more plausible. Such modifications tend to
encompass broad chromatin domains comprising hundreds of nucleosomes and thus
significantly attenuating the risk that the stochastic mechanism of nucleosome inheritance
poses to smaller chromatin modification domains. This is borne out in our findings with
H3K27me3 (Coleman and Struhl, 2017, in press) and compelling evidence in yeast that
H3K9me can function in a similar manner to mediate heritable OFF states (Audergon et
al., 2015; Ragunathan et al., 2015). Again, however, it is inappropriate to take these
findings as indication that the rule will hold for all histone modifications associated with
heritable OFF states of gene expression. The PRC1-mediated ubiquitination of H2AK118,
for example, appears to fails the tests of a unit of epigenetic memory. First, H2AK118ub
is subject to deubiquitination by another PcG complex, PR-DUB, and this deubiquitinase
activity is also required for the OFF state (Scheuermann et al., 2010). As in the case of
the nucleosome exchange with activation-associated modifications, this instability of the
H2AK118ub mark poses a challenge to its availability to act as a carrier of epigenetic
memory. Secondly, replacement of the endogenous histone H2A genes with
H2AK117R/K118R/K121R/K122R genes that cannot be ubiquitinated does not result in
the loss of heritable HOX gene silencing (Pengelly et al., 2015). These observations
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strongly argue against H2AK118ub acting as a unit of epigenetic memory of the OFF
state in the way that H3K27me3 appears to.
The lack of compelling evidence for activation-associated histone modifications
acting to transmit the memory of ON states and the varied results for repressionassociated histone modifications in the propagation of the OFF state underscores the
necessity of evaluating the precise role of each histone modification independently,
without assumptions of shared functions or behaviors. Drosophila has emerged as the
preeminent system for undertaking this task due to the development of genetic tools that
facilitate the replacement of the endogenous histone genes with rescuing gene copies that
carry single amino acid substitutions that block modifications of interest while
maintaining the underlying histone structure and function (Gunesdogan et al., 2010; Hodl
and Basler, 2012; McKay et al., 2015; Pengelly et al., 2013; Pengelly et al., 2015; Penke
et al., 2016). Once the individual contributions of histone modifications are assessed in
this manner, the same approach can be taken to discern what, if any, combinatorial
“codes” of histone modifications exist and how they shape patterns of gene expression,
finally allowing for a direct assessment of the veracity of the intriguing, but still largely
unsubstantiated, histone code hypothesis (Jenuwein and Allis, 2001; Strahl and Allis,
2000).

Qualitative versus quantitative repression
Heritable silencing is a hallmark of the HOX genes and the loss of these heritable
patterns of repression is the most striking phenotype observed in PcG mutants. This led to
the assessment, perhaps inappropriately, that the central function of the PcG is to mediate
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cell fate specification by allowing cells to respond to transient signals with permanent
binary ON/OFF choices of gene expression. Clearly this is an essential role of the PcG
because the selection of appropriate, heritable patterns of HOX gene expression is
required for developmental progression beyond embryogenesis. However, this does not
mean that this is the only, or even most common, role that the PcG performs. Genomewide analysis has revealed that there are many more PcG targets than originally
appreciated (Boyer et al., 2006; Oktaba et al., 2008; Schuettengruber et al., 2009;
Schwartz et al., 2006; Tolhuis et al., 2006). While a subset of these genes do show
heritable patterns of expression similar to the HOX genes (e.g. engrailed, apterous),
many more do not; their expression patterns instead changing dynamically throughout
development (e.g. wingless, Distall-less).
What accounts for these divergent modes of gene regulation by the PcG? Do the
PREs of HOX loci mediate a fundamentally different form of PcG repression than the
PREs of other loci or do PRE-bound PRCs behave essentially the same at all loci and it is
the promoters of target loci that integrate this input differently based on other cisregulatory inputs unique to the locus? Our work suggests the latter. The >PRE>UZ
transgene inserted into the wg/wnt complex (Chapter III) demonstrates a near complete
co-option of the UZ promoter by wg/wnt enhancers in the wing disc. This causes it to
deviate from the stereotyped, heritable pattern of expression observed for the same
transgene at other genomic locations and instead, results in the dynamic patterns of
activation and repression observed for the wg locus. Importantly, elements of these
dynamic forms of gene silencing are dependent on the transgene PRE (e.g. the repression
observed in the notum and the inner ring), while elements of the heritable pattern of the
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repression typical of the >PRE>UZ transgenes can be mediated by the PRE(s) of the
wg/wnt complex (e.g. the patterns observed in the embryo and haltere imaginal disc).
This suggests that PREs of a dynamically regulated locus can mediate heritable silencing
and that the PRE of a heritably silenced locus is capable of dynamic modes of repression,
from which I infer that it is enhancer, not PRE, inputs that distinguish the mode of
expression a gene adopts.
If there are no differences in PcG activities at a heritably repressed locus from a
dynamic one, how then do enhancers so drastically change the mode of gene regulation?
The classical view has been that PcG chromatin modifications create a qualitative barrier
to transcriptional activation. This has been based on the belief, now understood to be
incorrect, that the primary role of the PcG was to mediate the heritable OFF state of the
HOX genes, as well as on correlational studies that have found that genes that are
enriched for H3K27me3 are nearly always also transcriptionally silent. Our observations
that enhancers from dynamically expressed loci appear able to overcome PcG-mediated
repression and that previously active loci can become heritably repressed, however,
imply that the barrier to transcription imposed by the PcG is a quantitative rather than a
qualitative one.
Specifically, I propose that the promoters of PcG-regulated loci determine their
activity by quantitatively integrating cumulative repressive and activating inputs. PcG
chromatin modifications impose a constant repressive input on the promoter of a target
gene. The strength of the repression may vary based on mutually-related factors such as
the strength of PRE-mediated PRC recruitment (or the analogous factors in vertebrate
systems) (Okulski et al., 2011), the density of associations within the nucleus with other
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PcG repressed loci (e.g. as in Pc bodies) (Boettiger et al., 2016), the number and
placement of PREs regulating a given locus and the breadth of the PRC-modified
chromatin domain (De et al., 2016). This repressive input is opposed by activating inputs
conferred on the promoter by enhancer activity. According to this model, loci with
heritable patterns of expression would be predicted to be devoid of enhancers that
provide stronger activating inputs than the repressive inputs conveyed to the promoter by
PcG chromatin modifications. In contrast, dynamically expressed loci would be predicted
to have more varied enhancers, some of which are sufficiently strong to overcome the
PcG mediated promoter repression. This quantitative model of how promoters integrate
information, which has begun to be appreciated for how transcription factors act to effect
transcription (Arnold et al., 2013; Bothma et al., 2015; Lam et al., 2015) but not for
chromatin modifications, is attractive as it can explain both heritable and dynamic modes
of PcG-mediated gene regulation without needing to invoke fundamentally different
mechanisms of action. Discussed below are examples of how this model may account for
the regulation of both a heritably repressed locus, e.g. a HOX gene, and a dynamically
expressed locus, e.g. wg as informed by the insertion of the >PRE>UZ transgene into the
wg/wnt complex.
Heritable gene silencing of a HOX gene, if we assume promoters respond
quantitatively rather qualitatively to PcG related chromatin modifications, requires that
HOX genes have evolved to only include enhancers that provide weaker activating input
than the repressive input imposed by PcG catalyzed chromatin modifications. This allows
silencing of the HOX gene to be established by default in any cells where it is not
activated early in development. Furthermore, this silencing is stable due to the lack of
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activating inputs capable of over-riding the repressive inputs. Since the enhancers that
drive the heritable ON state of the HOX gene in the appropriate domain are too weak to
overcome silencing, this model requires a temporally responsive enhancer sufficiently
strong to overcome the PcG-meditated repressive input on the promoter. A representative
case would be the EE enhancer contained in the >PRE>UZ and EE>UZ transgenes
described above (Chapter II; Figs. 2-1 and 2-S1). This enhancer responds to the
transiently expressed maternal gap and pair-rule genes and is then dispensable for
appropriate UZ expression for the remainder of development. The transcription factors
that bind this element may provide sufficient activating input to overcome early PcG
silencing. The ON state is then maintained by the DE enhancer that is usually too weak to
overcome PcG repression but is able to sustain transcriptional activity once EE enhancers
set-up the ON state and associated TrxG-mediated chromatin modifications that block the
spread of PcG-mediated modifications into the gene’s coding sequence (Chapter II; Fig.
2-1). This role for the TrxG in boosting the levels of activating input conferred by the DE
enhancer is supported by the observation that the PRE in the PRE>UZ transgene, which
is constitutively bound by TrxG members, is required for maximal levels of UZ
expression (Appendix A).
Alternatively, the activating inputs that pattern heritable HOX gene expression
through the EE enhancer may not be especially strong and able to overcome PcG
silencing. Instead their capacity to activate HOX loci could be a function of early
embryogenesis and the lack of stable PRC activity during this developmental period.
Recent studies of the sole Drosophila H3K27 demethylase, Utx, found it only to be active
during embryogenesis, with indications that its critical role is in early embryogenesis, a
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period encompassing the blastoderm stage when HOX genes are patterned (Copur and
Muller, 2013). It is interesting to speculate that this early demethylase activity may
prevent the installment of PcG repression programs until after HOX expression patterns
have been established. This may provide a means by which the HOX genes are able to
adopt heritable patterns of gene expression while utilizing only enhancers that are too
weak to overcome repression once it is established. Again, this type of mechanism would
rely on the ability of the TrxG to boost the activating input of the DE enhancer once the
ON state had been established.
In contrast, a dynamically expressed locus would be predicted to not have evolved
under a pressure to exclude enhancers strong enough to overcome PcG-mediated
repression. Instead, these loci utilize the PRCs as more general repressors to restrict
expression only to those regions where activating signals are highest. This is supported
by the behavior of the >PRE>UZwnt transgene, where PRE-anchored PRCs restrict the
domain of activation, but in a manner that is neither heritable nor prevents activation in a
previously silent domain. An illustrative example is the notum region of the wing disc of
larvae carrying this transgene, where the PRE acts to keep wg/wnt complex enhancers
from activating the UZ promoter throughout the notum and instead restricts expression to
the thin stripe of cells that most strongly express native wg (Chapter III; Figs. 3-3 and 34). I posit that most cells of the notum receive at least some wg/wnt enhancer input, but
PRC mediated chromatin modifications provide a stronger repressive input on the UZ
promoter in all except the few cells that receive the highest levels of enhancer activity (i.e.
the thin stripe of cells). In this way, the quantitative integration of repressive inputs of
PcG activities with the activating input of local enhancers may be necessary for reducing
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intrinsic, developmental noise, ensuring dynamically regulated loci are only expressed in
those regions receiving maximal activating cues.
I acknowledge that in nearly all cases where PcG repression is active (i.e. where
H3K27me3 and other PRC-catalyzed modifications are found within the gene body of a
locus) the effected locus is transcriptionally silenced, with little evidence for modulatory
effects on transcriptional activity characteristic of loci responding to both general
repressor and activating transcription factor inputs. This could be viewed as a challenge
to the model of quantitative integration of PcG mediated inputs and support for the
qualitative view. Instead, I propose that in cells that receive an activating input sufficient
to over-ride the repressive input meditated by H3K27me3, the majority of H3K27me3
along the gene body is subsequently displaced by the resulting continuous transcriptional
activity and associated replacement of canonical H3 nucleosomes (which carries the
mark) with unmodified H3.3 (Deal et al., 2010; Mito et al., 2005, 2007), as well as by the
recruitment of TrxG proteins that then function to oppose the re-deposition of H3K27me3
(Papp and Muller, 2006; Schwartz et al., 2010). In this view, transcriptional activation
leads to a dramatic rebalancing of the levels of activating and repressive inputs acting on
the promoter and can account for the apparent lack of modulatory effects of the PcG on
transcriptional activity. This can also account for how dynamically expressed genes
overcome PcG repression, which the qualitative model cannot. I note that there are less
common examples where the PcG does seem to reduce transcriptional activity without
necessarily abrogating it. For instance, we observe that the PRE of the >PRE>UZwnt
transgene reduces the expression of the native wg gene along the D/V boundary of the
wing disc (Chapter III; Fig. 3-4). Since cases of H3K27me3 deposition in the gene bodies
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of transcriptionally active loci are unusual for the reasons noted above, this observation is
most probably explained by the H3K27 trimethylation of the enhancer(s) of wg/wnt
complex, which may act to reduce their activity and which would not be affected by
transcription state as long as they do not reside within an intron. This explanation is
supported by reports in Drosophila of a PRE that acts to specifically silence an enhancer
of the wg locus (Harris et al., 2016) and work in human cells that found that H3K27me3
at enhancers is correlated with their inactivity (Rada-Iglesias et al., 2011). Thus, in my
view, the diverse modes of PcG regulation of both heritably and dynamically repressed
loci appear best accounted for by the quantitative integration of PcG repressive inputs
with all other cis-regulatory inputs by a gene’s promoter.

The role of transcription
The assumption that the HOX genes were representative of the form of regulation
exerted by the PcG on all targets not only led to incorrect assumptions regarding how the
promoters of target genes integrate PcG inputs, discussed above, but also the role that
transcription plays in establishing states of gene expression. Studies of HOX loci
suggested that transcription and PcG repression are mutually incompatible (Bender and
Fitzgerald, 2002; Hogga and Karch, 2002; Rank et al., 2002; Schmitt et al., 2005), and
the way that PcG loci “choose” a heritable ON or OFF state of expression is by early
transcriptional activation – wherever activation did not occur repression would be
installed and maintained in descendant cells for the remainder of development (Chan et
al., 1994; Christen and Bienz, 1994). This has also been argued to be the case on a
genome-wide scale in mammalian systems (Riising et al., 2014). This simple rule,
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however, seems insufficient to explain the regulation of dynamically expressed PcG
targets that may be activated and repressed multiple times during development. Further,
the original studies that argued that it is transcription through the PRE, per se, that
determines if a locus adopts the ON or OFF state (Rank et al., 2002; Schmitt et al., 2005),
which provided part of the basis for this rule, have recently been challenged. A new study
argues that those results were actually artifacts resulting from the recruitment of strong
transcriptional activators, and that it was those activators, not the associated transcription,
that led to conversions from OFF to ON state (Erokhin et al., 2015).
Our work resolves this ongoing debate. The fortuitous insertion of our >PRE>UZ
transgene into an intron of the ubiquitously transcribed pum gene demonstrates that
transcription, even when occurring before the establishment of silencing, does not
preclude the initiation or maintenance of silencing by the PcG (Chapter III; Fig. 3-7).
Further, we show that while transcriptional read-through does not qualitatively determine
the ON/OFF state of a locus, if transcription is elevated beyond a certain threshold then it
is sufficient to convert a heritably repressed locus from OFF to ON (Chapter III; Fig. 3-8).
Thus, as argued above, it appears the promoters of PcG regulated loci quantitatively
integrate all relevant positive and negative inputs in determining their activity.
Specifically, I posit that at low to moderate levels of transcription, transcriptionassociated nucleosome replacement likely occurs at a low enough rate that PRCs are able
to recopy repressive chromatin marks at a more rapid rate than they are lost. At high
levels of transcription, the turnover of marked nucleosomes is likely too high, leading to
loss of silencing and the subsequent establishment of TrxG proteins at the promoter,
which then ensure the locus remains active. This may be a relevant mechanism to how
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the ON/OFF states of PcG target genes are usually established, allowing the system to be
resilient to stochastic transcriptional activation and ensuring that the heritable
conversions from OFF to ON only occurs in cases where activating signals are driving
relevant and robust levels of transcription. Once such transcriptional activation has taken
place, the system would then be expected to be self-sustaining through TrxG activities,
allowing for the paradigm of a transient signal giving rise to permanent change in gene
expression that is the hallmark of the HOX genes. According to this view, I would also
expect the system to work in the opposite manner. Strong transient repression of an active
locus would provide the chance for PRCs to modify chromatin and change the balance of
signals for activation to repression, even after the transient repressor had dissipated. This
would provide a mechanism by which dynamically expressed PcG targets could change
ON and OFF states within the constraints of the system as they are currently understood.
While this has yet to be tested, if true, this would represent a major advance in unifying
our understanding of how the PcG regulates both heritably and dynamically expressed
loci.

Polycomb Group control of cell fate
One of the long-standing frameworks through which developmental biologists
have understood the progression from zygote to the myriad specialized cell types that
constitute a mature organism is the concept of canalization. As first articulated by
Waddington, developmental pathways “are adjusted so as to bring about one definite endresult regardless of minor variations in conditions during the course of the reaction”
(Waddington, 1942). The “adjustments” that the cells of a developing organism must
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undergo to give rise to “definite end-results” are elegantly depicted by a metaphorical
marble rolling down a landscape through a series of branching canals (Waddington,
1957). The necessary ambiguities with which the canalization of cell fate was initially
defined have been slowly filled in as real biological processes were found and
retroactively fit to the metaphor. The metaphor of the marble rolling down branching
paths found substance with the discovery of the homeotic selector genes and the apparent
reiterative subdivision of metazoa into specialized compartments of cells (Garcia-Bellido
et al., 1973, 1976; Lawrence and Morata, 1976; Lewis, 1978). The refined hypothesis that
still persists to this day is one in which the “choice” of canals finds real world
representation as binary gene expression states. For example, the Ubx ON state specifies
haltere and OFF specifies wing, engrailed (en) ON specifies posterior and OFF specifies
anterior, and apterous (ap) ON specifies dorsal and OFF specifies ventral, therefore cell
identity can be expressed as a series of binary gene expression states: dorsal posterior
wing identity: Ubx=0 en=1 ap=1, ventral anterior haltere: Ubx=1 en=0 ap=0. If the paths
are the genes that define cell identity, then the walls of the Waddington canals are the
epigenetic systems that maintain those binary choices, of which the PcG has emerged as
among the most prominent.
The attractive simplicity of the canalization model, however, does not meet
scrutiny when examined with regards to all we now know of the process of cell fate
specification and the epigenetic mechanisms that guide it (Goldberg et al., 2007). First, as
discussed above, very few genes outside of the HOX genes are expressed in a binary,
heritable manner as would be expected of a “canalized” developmental pathway. Second,
the PcG, and likely other epigenetic systems, do not form a true, qualitative barrier to
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changes in gene expression. The canalization model may in fact reflect the earliest stages
of development fairly accurately – heritably expressed genes, such as the HOX genes, are
locked into ON/OFF codes of expression by the TrxG and PcG and act to specify the
gross body coordinates of embryonic primordia. For most of development, however,
genes that regulate cell fate are controlled much more by the context of the local and
systemic signals that a cell receives, and as a result are subject to change dynamically as
those context-dependent signals rapidly shift. The PcG undoubtedly plays a crucial
counterbalancing role by restricting gene expression changes to only those cells that
receive peak or specific combinatorial signals, but in the vast majority of cases the
system does not “lock” cell fates by imposing permanent OFF codes of genes expression.
Thus, a comprehensive understanding of how the PcG regulates cell identity will require
identifying those gene targets that, like the HOX genes, do confer heritable changes to a
cell’s developmental pathway, and for the remainder of target genes, characterizing the
nature of other regulatory inputs on the locus and how they are integrated with PcG
repression.

The Polycomb Group and cancer
By far the most significant human health concern related to the PcG is its role in a
variety of cancers. Virtually every member of PcG has been linked to some forms of
cancer, but perhaps the most striking and vexing aspect of the gene family’s role in the
disease is the lack of consistency in the types of oncogenic mutations or how they
promote tumor formation (Scelfo et al., 2014). In the case of PRC2, for example,
numerous gain and loss of function mutations in the same genes have, paradoxically, both
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been found to be hallmarks of cancers of the same tissues (Comet et al., 2016), raising the
question of how these opposing activities could both support tumorigenesis. Further, the
many mammalian orthologs to the Drosophila Pc gene have likewise been found to
function as both tumor suppressors and oncogenes, a complexity made more difficult to
resolve by the multiple variant PRC1 and non-canonical complexes these proteins
function in (Chung et al., 2016; Koppens and van Lohuizen, 2016). Thus, the picture
emerging from studies of the PcG in cancer is one of context dependency, where
mutations that increase or decrease the strength of repression may both support tumor
growth depending on the cell type of origin and gene targets affected.
This context dependency for whether gain or loss of PcG activity proves
oncogenic fits within the quantitative model of how the PcG regulates dynamically
expressed loci, discussed above. Unlike the HOX genes, which are primed to be
expressed in all cells upon loss of PcG function due to the nature of their enhancers, most
PcG targets would not be expected to follow such predictable patterns of mis-expression
when PcG activity is perturbed. Whether or not a gene is activated when PcG repression
is lost or diminished will depend on two major factors: (i) whether or not there are
activators present to drive transcription of the locus (the HOX genes are relatively unique
in that their enhancers drive ubiquitous expression when not counterbalanced by
repression via the PRCs) and (ii) whether or not the locus is subject to repression by
another protein that becomes mis-expressed due to the loss of PcG repression. Both of
these factors will be determined by the developmental history of a cell, i.e. neither the
activators present, nor repressors that may be released from silencing, will be the same in
all cells but instead be determined by the cocktail of transcription factors that determine
188

that cell’s identity. Additionally, since oncogenic mutations in the PcG tend to be
modulatory in effect, usually increasing or decreasing the level of repression but rarely
abrogating it completely, only those PcG targets closest to the threshold of promoter
activation or repression would be expected to be affected. Thus, we can understand the
apparent incongruities in oncogenic PcG lesions through the cumulative, pleiotropic
effects of these factors and the natural selection for cells that carry PcG mutations that in
any way shift the balance away from the hallmarks of a healthy cells and towards a more
proliferative, less genomically stable state. Unfortunately, we do not currently understand
what this balance is in any given cell or how a subtle adjustment of PcG activity would
change that balance from one cell to the next. Such an understanding will only be
possible once cell type specific interactomes are well defined and we can make accurate,
a priori, predictions regarding the quantitative repressive and activating inputs acting on
the promoters of loci of interest.
While a cell-by-cell genome-wide understanding of the effects of PcG mutations
may still be far away, means of mechanistically reversing, or at least reducing the
consequences, of these mutations seems more plausible in the near term. Drosophila,
with its conservation of the major PRCs and their mechanisms of actions, and its genetic
tractability, seems like it may be a particularly well-positioned system for approaching
this aim. As way of example, let us consider oncogenic mutations relating to PRC2 or its
catalytic target, H3K27. Numerous mutations in the catalytic site of the enzymatic
component of PRC2, EZH2, have been found to be highly enriched in human lymphomas,
and lead to an increase in the H3K27 trimethylation rate in in vitro assays (Morin et al.,
2010; Sneeringer et al., 2010). Similarly, H3K27M mutations in single histone genes
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have been identified as a common factor in pediatric brain cancers, likely due to the
dominant negative capacity of these mutant histones to reduce global trimethylation
levels by inhibiting PRC2 function (Chan et al., 2013; Lewis et al., 2013;
Schwartzentruber et al., 2012; Wu et al., 2012). In both of these cases, in vivo mutations
of the same type exist or have been engineered in Drosophila and have precisely the
same activities (Appendix B)(Herz et al., 2014). Drugs have been identified that can act
in vitro to reduce the trimethylation activity of PRC2 (McCabe et al., 2012). Given the
conservation of PRC2 function between plants and man (Whitcomb et al., 2007),
Drosophila is likely ideally suited for testing the in vivo efficacy of such drugs on
inhibiting the effects of such cancer causing mutations, providing the opportunity to both
lower the cost and increase the speed with which such drugs might be brought to patients.
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Appendices
Appendix A
PREs are reported to be constitutively bound not only by the PRCs, but also by
TrxG proteins (Papp and Müller, 2006; Schwartz et al., 2010). To determine if the PRE
plays a role in not only maintaining but also maximizing the heritable expression of the
>PRE>UZ+ transgene (described in Chapter II), we induced PRE excision in the
posterior compartment of haltere discs where the transgene is heritably expressed and
compared UZ expression in >PRE>UZ+ versus >UZ+ cells. The results are shown below.
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Appendix A. The PRE is required for maximal UZ expression in ON cells.
A mature >PRE>UZ+ haltere disc, composed mostly of large >PRE> excision clones
induced during mid-embryogenesis (marked by the absence of CD2). As diagrammed in
the top panel, most of the A compartment is composed of >UZ+ cells (grey), and these
express varying levels of UZ depending on position within the disc, as in the A
compartment of entirely >UZ+ haltere discs (Ch. III, Fig. 3-1B). This contrasts with the
residual >PRE>UZ+ cells in the A compartment (green in the diagram) in which the UZ
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promoter is silenced, as in the entirety of the A compartment of >PRE>UZ+ haltere discs
that lack excision clones (Ch. III, Fig. 3-1A). Around half of the P compartment of this
disc is composed of >UZ+ (due to >PRE> excision) cells (grey, in the diagram), and
these express varying levels of UZ in a region specific manner as entirely >UZ+ haltere
discs. However, UZ expression in the residual >PRE>UZ+ cells in the P compartment
(yellow in the diagram) express levels of UZ that are ~2-3 fold higher than neighboring
>UZ+ cells, indicating a positive role for the PRE in promoting the level of expression of
the Ubx promoter in cells in which the promoter is normally active.

210

Appendix B
Human B cell lymphomas are commonly found to have elevated levels of
H3K27me3, believed to be caused by mutations in the catalytic SET domain of PRC2
component EZH2 (Joshi et al., 2008; Morin et al., 2010; Sneeringer et al., 2010). One
such mutation, a tyrosine to asparagine substituion, has also been generated in the fly
homolog to EZH2, E(z)Y655N. I aimed to characterize the H3K27me3 activity of this allele
as a potential tool for modulating levels of H3K27me3. While this strategy did not prove
useful for my intended purpose, my analysis does provide in vivo evidence as to the
mechanism of action of this mutation.
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Appendix B. Mutations linked with lymphoma in humans cause H3K27me3 hypertrimethylation when heterozygous in Drosophila.
A mature wing disc in which mitotic clones carrying the E(z)Y655N mutation were
generated. On the left is a diagram of the three genotypes present in the wing disc.
Homozygous mutant clones are marked by the absence of GFP and lack detectable
H3K27me3, consistent with reports that this mutation increases the rate of catalysis of the
third methyl mark, but lacks the capacity to catalyze the mono- or dimethyl marks (Morin
et al., 2010; Sneeringer et al., 2010). This also helps to explain why this mutation is
always found to be heterozygous in lymphoma patients. The wildtype twin spot is marked
by stronger GFP expression than the surrounding heterozygous tissue and is outlined with
a yellow dotted line. The gross H3K27me3 levels detected by antibody staining are
increased in the tissue carrying one copy of the E(z)Y655N mutation (green arrowhead)
compared to the wildtype control cells (purple arrow). As suggested by these results,
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Drosophila may serve as an excellent means of determining the nature of cancer causing
mutations found in the PcG and provide an in vivo means of rapidly screening drug
candidates that reverse or ameliorate the effects of such mutations.
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