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Abstract

Polycomb group (PcG) proteins are best known for their role in maintaining stable, mitotically
heritable silencing of the homeotic (HOX) genes during development. In addition to loss of
homeotic gene silencing, some PcG mutants also have small imaginal discs. These include
mutations in E(z), Su(z)12, esc and escl, which encode Polycomb Repressive Complex 2 (PRC2)
subunits. The cause of this phenotype is not known, but the human homologs of PRC2 subunits
have been shown to play a role in cell proliferation, are over-expressed in many tumors, and
appear to be required for tumor proliferation. Here we show that the small imaginal disc
phenotype arises, at least in part, from a cell growth defect. In homozygous E(z) mutants, imaginal
disc cells are smaller than cells in normally proliferating discs. We show that the Thor gene, which
encodes elF4E-Binding Protein (4E-BP), the evolutionarily conserved inhibitor of cap-dependent
translation and potent inhibitor of cell growth, is involved in the development of this phenotype.
The Thor promoter region contains DNA binding motifs for transcription factors found in well-
characterized Polycomb Response Elements (PREs), including PHO/PHOL, GAGA Factor, and
others, suggesting that Thor may be a direct target of Polycomb silencing. We present chromatin
immunoprecipitation evidence that PcG proteins are bound to the Thor 5’ region in vivo. The Thor
gene is normally repressed in imaginal discs, but Thor mRNA and 4E-BP protein levels are
elevated in imaginal discs of PRC2 subunit mutant larvae. Deletion of the Thor gene in E(z)
mutants partially restores imaginal disc size toward wild-type and results in an increase in the
fraction of larvae that pupariate. These results thus suggest that PcG proteins can directly
modulate cell growth in Drosophila, in part by regulating Thor expression.
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Introduction

Polycomb group (PcG) genes are best known for their role in stable, mitotically heritable
silencing of the Drosophila homeotic genes in cells outside of their normal, spatially
restricted expression domains (Campbell et al., 1995; Jurgens et al., 1984; McKeon and
Brock, 1991; Simon et al., 1992). More recently, investigations of PcG genes in Drosophila,
mice, and human cells have implicated them in a growing number of biological processes,
including stem cell maintenance and differentiation (Lee et al., 2006; Pasini et al., 2007),
mammalian X-chromosome inactivation (Fang et al., 2004; Mak et al., 2002; Wang et al.,
2001; Zhao et al., 2008), tissue regeneration and wound healing (Maurange et al., 2006;
Shaw and Martin, 2009), inflammation (DeSanta et al., 2007), DNA repair and apoptosis
(Holmes et al., 2006), regulation of cell cycle exit and cell senescence (Oktaba et al., 2008;
Sparmann and van Lohuizen, 2006) and tumorigenesis (Simon and Lange, 2008). Consistent
with this, recent genome-wide mapping of sites bound by PcG proteins in Drosophila and
human cells have identified hundreds of new Polycomb target genes (Boyer et al., 2006;
Bracken et al., 2006; Lee et al., 2006; Schwartz et al., 2006). Many of these encode
transcription factors and signaling pathway components, suggesting PcG proteins also
indirectly affect the expression of many more genes (Schwartz et al., 2006).

Polycomb silencing requires collaboration among several multi-protein complexes on
chromatin, including Polycomb Repressive Complexes 1 and 2 (PRC1 and PRC2)
(Klymenko et al., 2006; Mohd-Sarip et al., 2005; Mohd-Sarip et al., 2006; Oktaba et al.,
2008; Schwartz and Pirrotta, 2007). PRC2-specific subunits include the PcG proteins E(Z),
SU(Z)12, ESC (or its closely related paralog, ESCL), and PCL (Cao et al., 2002; Czermin et
al., 2002; Kurzhals et al., 2008; Miiller et al., 2002; Nekrasov et al., 2005; Ohno et al., 2008;
Schwartz and Pirrotta, 2008; Tie et al., 2003), as well as the CAF-1 p55 subunit (Schmitges
et. al., 2011). The PRC2 catalytic subunit, E(Z), specifically mono-, di- and tri-methylates
histone H3 on lysine 27, the trimethyl-H3K27 mark (H3K27me3) being required for
Polycomb silencing (Cao et al., 2002; Czermin et al., 2002; Ketel et al., 2005; Nekrasov et
al., 2005). This activity requires the other non-catalytic PRC2 subunits, including the histone
H3 binding subunit ESC or its paralog ESCL (Czermin et al., 2002; Kurzhals et al., 2008;
Pasini et al., 2007; Tie et al., 2007; Ohno et al., 2008; Wang et al., 2006). The PRC1
complex binds specifically to nucleosomes containing H3K27me3, via the chromodomain of
its PC subunit. The PRC1 SCE/RING subunit monoubiquitylates histone H2A on lysine
119, another modification required for silencing of some Polycomb regulated genes
(Gutiérrez et al., 2012; Wang et al., 2004). Recent genome-wide mapping studies have
shown that H3K27me3 and PcG proteins are distributed over broad regions that include
promoters, flanking regulatory regions and transcribed regions of Polycomb regulated genes,
with the promoter suspected to be the key site of action of PRC1 (Bloyer et al., 2003;
Enderle et al., 2011; Oktaba et al., 2008; Park et al., 2012; Schuettengruber et al., 2009;
Schwartz et al., 2010). Recent biochemical evidence indicates that the recruitment of PRC1
to promoters can inhibit assembly of transcription preinitiation complexes (Lehmann et al.,
2012).
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PRCL1 and PRC2 are recruited to Polycomb target genes through a variety of mechanisms,
including interactions with sequence-specific DNA binding proteins that bind directly to cis-
acting Polycomb Response Elements (PRES) (Chan et al., 1994; Christen and Bienz, 1994;
Schwartz and Pirrotta, 2007; Simon et al., 1993). One of the key recruiters found in many
well-characterized PREs is the DNA binding protein PHO (Brown et al., 1998), along with
its closely related paralog PHO-like (PHOL) (Brown et al., 2003), both of which are
homologs of mammalian YY1. PHO is present in the Pho-RC complex, which appears to be
required for Polycomb silencing (Klymenko et al., 2006). Binding sites for GAGA Factor
(GAF) are also present in well characterized PREs. GAF has been implicated in Polycomb
silencing (Hagstrom et al., 1997; Hodgson et al., 2001), recruiting PRC1 and facilitating
binding of PHO to adjacent sites on chromatin (Mahmoudi et al., 2003). Once recruited,
subsequent regulated interactions of PRC2 and PRC1 with promoter chromatin and
surrounding regions lead to local deposition of H3K27me3 and transcriptional silencing. We
do not yet have a detailed understanding of the mechanism of Polycomb silencing, but there
may be several different modes of action of Polycomb complexes, which may depend on
different types of PREs. The PREs in the homeotic genes, which can act over long distances
and promote complete transcriptional silencing of their target genes, are examples of one
type (Muller and Kassis, 2006). Examples of a second type, which act only at short range
and function more like governors or rheostats than silencers by limiting or down-regulating
rather than silencing the level of transcription, are found in the adjacent paralogous PcG
genes ph-p and ph-d genes (Bloyer et al., 2003), as well as Psc and Su(z)2 (Park et al.,
2012), and the CycB gene (Oktaba et al., 2008).

Before E(z) was recognized as a PcG gene (Jones and Gelbart, 1990; Phillips and Shearn,
1990), Shearn and colleagues (1978) identified a loss-of-function allele (originally 1(3)1902
or pcol92 now E(z)°) in a screen for late larval/prepupal lethals that cause imaginal disc
abnormalities. Larvae homozygous or hemizygous for this mutation and for other
subsequently identified alleles have small imaginal discs that never reach mature size.
Dorsal discs are more severely affected than ventral discs (Phillips and Shearn, 1990).
Mutant larvae die either at the end of third instar or after undergoing pupariation, but do not
progress to the pupal stage, the definitive start of metamorphosis whose onset is marked by
eversion of the imaginal head. Their small imaginal discs are not due to cell death, as
indicated by their failure to take up acridine orange (LaJeunesse and Shearn, 1996). They
are viable through several rounds of transplantation and in vivo culture in adult female
abdomens, but they remain incompetent to differentiate when transplanted into wild type
larval hosts that subsequently undergo metamorphosis, indicating that the E(z) small disc
mutant phenotype is disc-autonomous (Shearn et al., 1978). Other PRC2 subunit mutants
exhibit the same phenotype. Homozygous esc, escl double mutants also have small imaginal
discs and fail to pupate (Kurzhals et al., 2008). Additionally, pho, phol double mutants
exhibit a similar phenotype, consistent with the proposed role of PHO and PHOL in
recruiting PRC2 to chromatin (Brown et al., 2003).

The survival of E(z), Su(z)12 and esc, escl double mutants through embryogenesis is due to
maternal rescue. esc, escl double mutants die at the end of third instar (Kurzhals et al.,
2008). Su(z)12 mutants can die as late as second instar (Birve et al., 2001). Mutant embryos
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lacking functional E(Z), SU(Z)12 or ESC of maternal origin are late embryonic lethal and
exhibit characteristic Polycomb phenotypes, i.e., transformation of all segments to eighth
abdominal segment identity (Birve et al., 2001; Jones and Gelbart, 1990; Phillips and
Shearn, 1990; Struhl, 1983). As a result of maternal rescue, homozygous E(z) mutants hatch
from the egg and initiate imaginal disc proliferation, which subsequently ceases, presumably
when the E(Z) of maternal origin is exhausted.

The causes of the small imaginal disc phenotype of PRC2 subunit mutants are unknown.
Here we report that it is associated with a cell growth defect and is due in part to
derepression of the Thor gene, which encodes the sole Drosophila homolog of the elF4E-
Binding Protein (4E-BP), the global inhibitor of cap-dependent mRNA translation. We show
that the Thor gene is regulated by PcG proteins. In PRC2 subunit mutants the Thor gene is
derepressed in imaginal discs, where it is normally silenced (Bernal and Kimbrell, 2000;
Rodriguez et al., 1996; Teleman et al., 2005), presumably to promote their rapid
proliferation during the larval period. Genetic removal of the Thor gene in E(z) mutants
partially rescues their small imaginal disc phenotype and increases their frequency of
pupariation, but not their failure to initiate metamorphosis. These data suggest that
derepression of Thor in imaginal discs of PRC2 subunit mutants is at least partly responsible
for their cell proliferation defects through its inhibitory effect on cap-dependent translation
and cell growth.

Materials and Methods

Fly Strains, Cell Lines, and Reagents

Drosophila S2 cells were obtained from the Drosophila Genomics Resource Center
(Bloomington, IN, stock 6). All flies were grown at 25°C on 1% yeast standard media. Fly
stocks were obtained from Bloomington Stock Center (Bloomington, IN), except
Thor21034-2617 \which is a deletion of the entire 4E-BP coding sequence (Tettweiler et al.,
2005) (referred to hereafter out as Thorl934 ) and was obtained from Paul Lasko. E(z)° was
obtained from Allen Shearn and E(z)% was obtained from Richard Jones. E(z)83 (M11) is an
apparent protein-null mutation (Carrington and Jones, 1996). E(z)® was induced by N-
methyl-N’-nitro-N-nitrosoguanidine (Shearn et al., 1978) and was found to be a genetic null
allele (LaJeunesse and Shearn, 1996). E(z)731 (W638X) is predicted to truncate the E(Z)
protein within the SET domain and would produce a catalytically dead protein, but has been
reported to produce no detectable protein (Muller et al., 2002). Df(3L)Ixd6 is a deletion of
the entire E(z) gene and surrounding genes. esc® is a null point mutation causing a failure to
splice the first intron (Gutjahr et al., 1995). escl® is a homozygous viable, strong
hypomorphic allele (Kurzhals et al., 2008). Su(z)125 is a hypomorph and Su(z)123 (W298X)
is an apparent null allele (Birve et al., 2001). Thor? is a reported to be a null allele (Bernal
and Kimbrell, 2000; Bernal et al., 2004). The 4E-BP 1898 antibody was generously
provided by Paul Lasko (Miron et al., 2001). PcG protein antibodies (rabbit anti-E(Z), rabbit
anti-ESC, and guinea pig anti-SU(Z)12) have been described previously (Tie et al., 1998;
Tie et al., 2001; Tie et al., 2005). Monoclonal anti-$ tubulin antibody was obtained from the
Developmental Studies Hybridoma Bank (lowa City, lowa, stock E7).
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Identification of the DNA binding protein motifs

The Thor gene (AE014134) was initially inspected visually for PHO, GAF, Spl/KLF,
DSP1, and Zeste binding sites using consensus sites identified in Supplementary Table 1 and
also by using the jPREdictor program version 1.23 (http://bibiserv.techfak.uni-bielefeld.de/
jpredictor/) as described in Fiedler and Rehmsmeier, 2006 and Ringrose et al., 2003. The
extended gene region, taken from Flybase.org, of the Thor gene of melanogaster
(FBgn0261560; 2L: 3476434...3481612), simulans (FBgn0067508; 21.:3429948...
3434708), sechellia (FBgn0166088; scaffold_129:38579...43338), yakuba (FBgn0067434;
2L.:3464181...8968), erecta (FBgn0117077; scaffold_4929:3511402..3516160),
pseudoobscura (FBgn00813524 group3:complement_ (5269802.. 5274438), perimilis
(FBgn0156257; scaffold_1:complement (6760558..6765191), willistoni (FBgn0220434
scaffold f2_1100000004945:427516..432091), mojavensis (FBgn0137757
scaffold_6500:complement (2553576..2558137), virilis (FBgn0204414;
scaffold_12963:8766725...8771312), and grimshawi (FBgn0117695; scaffold_15252:
complement (13016175..13020746) were scanned for frequencies of paired (double and
MultiMotifs) motifs. The motif sequences are listed in Supplementary Table 1. The motif
weighs are as described by Fiedler and Rehmsmeier, 2006 and Ringrose et al., 2003
(Supplementary Fig. 1). The jPREdictor score were determined by scanning a window width
of 500 that is moved over the input sequence in steps of 10 bp (Fiedler and Rehmsmeier,
2006). The numerical jPREdictor score of each window was plotted in Graph Pad Prism 4
and the highest score for each species was listed in Table 1. To get a significance estimation
of scores, we scanned a random sequence of equal size and nucleotide distribution of each
tested sequence and used the empirical score distribution to define score thresholds for E
values of 0.05. The E value is defined as the number of times you expect to find a region
with a score equal to or higher in a sequence of the corresponding length and nucleotide
composition, for example a score with an E value of 0.05 would be expected to occur only
once by chance in twenty sample sequences (Ringrose et al., 2003).

Chromatin Immunoprecipitation (ChlP)

ChIP was conducted with the PC, ESC, SU(2)12, and E(Z) antibodies as described
previously (Tie et al., 2007). PCR and qPCR reactions amplified a 115 bp fragment of the
Thor promoter (Fig. 3C). Primer sequences are available upon request.

To ensure that PCR amplification was in the linear range, each reaction was initially set up
at different MgCI2 concentrations and varying amplification cycle number. PCR reactions
where amplified for 15,20, 25, 27, 30, and 32 cycles to determine the optimal number of
cycles. Furthermore, different MgCl, concentrations of 1, 1.5, 2, 3, 5 UM were tested.
Reactions were carried out for 27 cycles in a buffer concentration of 1.5 uM MgCl,. Assays
were run in triplicate.

Real time gPCR reactions were run on the BioRad Chromo 4 using the Platinum SYBR
Green QPCR master mix (Invitrogen catalog # 11733-046). The assay was done in triplicate
and three biological replicates of each sample were assayed for a total of nine reactions.
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ChlIP followed by microarray analysis (ChIP-chip) was conducted in cultured S2 cells as
previously described (Tie et al., 2009). The anti-PC antibody was raised in rabbits against
full length PC and its specificity confirmed by western after Pc RNAi knockdown in S2
cells (Fig. 3F). EZ View Red anti-HA affinity gel (Sigma, catalog # E6779) was used to
immunoprecipitate chromatin bound by HA-tagged PC from a stable S2 cell line expressing
HA-PC from the Act5C promoter or as a negative control from normal S2 cells. Cy3 and
Cy5 random primer labeling of input and ChIP-enriched samples was carried out using a
CGH Labeling Kit for Oligo Arrays (Enzo, 42671). Labeled ChIP-enriched and input
samples were co-hybridized to Drosophila melanogaster tiling microarrays (NimbleGen,
DM_5_Catolog_tiling_HX1). NimbleScan software and Integrated Genome Browser (1.5
GB; Affymetrix) were used for analysis.

Cell culture and double-stranded RNA interference (RNAI)

Drosophila S2 cells were cultured at 27°C in Schneider’s medium (Invitrogen, catalog #
11720034) supplemented with 10% fetal bovine serum (FBS) (Invitrogen, catalog
#16000-036). Double-stranded RNAs (dsSRNAs) were generated in vitro, and RNAi was
performed as previously described (Tie et al., 2007). For the RNAI, S2 cells were treated
with 15 pg/mL of dsRNA for 7 days, with fresh dSRNA and media added every other day.
To deplete esc, a 490 bp dsSRNA extending from the start codon, was used. To deplete escl, a
619 bp dsRNA extending from the start codon of escl was used. To deplete E(z), Su(z)12,
and Pc, a 700 bp dsRNA for each, extending from the start codon, was used. A GFP dsRNA
was used as a negative control. Whole cell extracts were prepared in 40 mM Tris (pH 7.5),
8.0 M urea and analyzed by Western blot. Alternatively, total RNA was extracted using
Trizol reagent according to the manufacturer’s protocol (Invitrogen, catalog #15596-018).

Real Time gRT-PCR Analysis

Total RNA was extracted from RNA. treated S2 cells using the Trizol reagent according to
the manufacturer’s protocol (Invitrogen, catalog #15596-018) or third instar larval imaginal
disc and brain tissue using the Zymed Mini RNA lIsolation | Kit, catalog # R1005. cDNA
was generated using total RNA from each sample, SuperScript 11 Reverse Transcriptase
(Invitrogen, catalog # 18080044), and random primers (Promega, catalog # C1181). The
resulting cDNA was used as template for real time gRT-PCR (quantitative reverse
transcriptase-polymerase chain reaction) with intron-spanning primers for Thor or RpS12.
Real time gRT-PCR reactions were run on the BioRad Chromo 4 using the Platinum SYBR
Green QPCR master mix (Invitrogen catalog # 11733-046). All assays were done in
triplicate and three biological replicates of each sample were assayed for a total of nine
reactions for each genotype. RNA expression levels were normalized to RpS12 expression.
T-tests were run on Graph Pad Prism 4.

Imaginal Disc Immunochemistry and Area Measurements

Late third instar larvae were dissected, fixed in 4% formaldehyde in PBST for 20 minutes at
room temperature, and then washed in PBST. Imaginal discs were either mounted in
Vectashield mounting media (Vector, catalog # H-1000) and photographed in brightfield
(10X) on a Leica M16 microscope or used for antibody staining. For disc area
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measurements, discs were photographed on a Leica DM6000 microscope. Photographed
discs were outlined and measured using Velocity 4.4 software (Improvision). T-tests were
run on Graph Pad Prism 4 (La Jolla, CA). For wing disc cell area measurements, fixed discs
were blocked with 3% BSA in PBS, incubated in Oregon Green 488 phalloidin (Invitrogen,
catalog #07466) in 1% BSA in PBS for thirty minutes at room temperature and then washed
three times in 1% PBST. The discs were photographed on a Leica DM6000 microscope.
Photographed wing disc cells were outlined and cell area was measured using Velocity 4.4
software (Improvision). T-tests were run on Graph Pad Prism 4. For antibody staining, fixed
discs were blocked with 3% BSA in PBST, incubated in the d4E-BP 1898 antibody in 3%
BSA in PBST overnight at 4°C, washed, and then incubated with Alexa Fluor 488 goat anti-
rabbit antibody (Invitrogen, catalog # A-11034) for 2 hours at room-temperature. Discs were
mounted in Vectashield mounting medium with DAPI (Vector, catalog # H-1200) and
images were obtained using a Bio-Rad MRC-600 confocal imaging system.

Western Blot

Results

Imaginal discs and brain tissue were dissected from wandering third instar larvae. Tissue
from 20 larvae were homogenized in 40 uL RIPA buffer (50 mM Tris, 150 mM NacCl, 0.1%
SDS, 0.5% Na Deoxycholate, Triton X-100,) and incubated on ice for 20 minutes. Lysates
were run on 15% sodium dodecy!l sulfate (SDS)-polyacrylamide gel electrophoresis (PAGE)
and transferred to a 0.2 pm nitrocellulose membrane (Whatman, catalog # 926-31092). The
membrane was blocked with 10% nonfat dry milk in PBST for 1 hour and then incubated
with 4E-BP 1898 antibody (1:1000 dilution) over-night at 4°C. The membrane was
subsequently incubated with donkey anti-rabbit antibody (1:10,000 dilution) (GE
Healthcare, catalog # NA934-100UL) for 1 hour at room temperature. All antibody
incubations were followed by multiple washes with PBST. SuperSignal West Dura substrate
(Thermo Scientific, catalog # 34075) (1:10 dilution) was used for visualization of bound
antibody.

Homozygous PRC2 mutants exhibit cell growth and proliferation defects

Shearn and colleagues found that the small imaginal disc phenotype of homozygous E(z)
mutants was not due to increased apoptosis (LaJeunesse and Shearn, 1996; Phillips and
Shearn, 1990). Consistent with this, the neuroblasts in the larval protocerebral lobes of E(2)
and other PcG mutants exhibit a very low mitotic index (Bello et al., 2007; Gatti and Baker,
1989; Philips and Shearn, 1990) suggesting a cell proliferation defect. We examined the
small wing discs of E(z) mutants more closely, and found that the area of the wing disc cells
was also reduced by 75% compared to wild type controls of the same stage (Fig. 1). This
suggests that the small imaginal disc phenotype is due, at least in part, to a defect in
imaginal cell growth, which may also contribute to the observed arrest of proliferation.

Identification of Thor as a potential direct target of PcG proteins

To determine whether the small size of E(z) mutant imaginal disc cells might be caused by a
gene that is directly regulated by Polycomb silencing, we searched the sequences of genes
that encode regulators of cell growth, including the Insulin and TOR signaling pathways, for
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binding motifs (Supplementary Table 1) of DNA binding proteins found in well-
characterized Polycomb Response Elements (PRESs) (Brown and Kassis, 2010; Busturia et
al., 2001; Dejardin et al., 2005; Horard et al., 2000; Ringrose et al., 2003; Strutt et al., 1997).
We identified the Thor gene as a potential target of Polycomb silencing. As shown in Fig.
2A, binding motifs for Pleiohomeotic (PHO), GAGA factor (GAF) or Pipsgeak (PSQ), Spl/
KLF, Dorsal switch protein 1 (DSP1), and Zeste are present in the vicinity of the Thor
promoter and 5> UTR. In addition, we analyzed the Thor gene with the most recent version
of the jPREdictor program (version 1.23) (Fiedler and Rehmsmeier, 2006; Ringrose et al.,
2003) to identify sequence motifs found in well-characterized PREs. The analysis using
jPREdictor identified a peak in the Thor promoter region with a significant jPREdictor score
of 82.11 corresponding to the location of the previously identified binding sites (Fig. 2A).

Evolutionary conservation of DNA binding motifs in distantly related species can provide
strong evidence that the conserved motifs may be functionally important. Analyses of PRE
conservation within Drosophila species have indicated that while no single binding motif
can be used to identify all PREs and while the presence of key binding sites is often
conserved, the precise number, order and location of different binding sites is relatively
poorly conserved (Dellino et al., 2002; Hauenschild et al., 2008). Alignment of the sequence
of the D. melanogaster Thor gene with those of other Drosophila species that diverged up to
8 million years ago (MYA) revealed that some of the binding motifs present in the D.
melanogaster Thor gene have been evolutionarily conserved in these other Drosophila
species (Fig. 2B). There were some differences in the number of GAF/PSQ binding sites and
a loss of one putative PHO/PHOL binding site in the other species. However, it was
previously shown that PHO also binds in vitro to specific DNA fragments that do not
contain any of the known PHO binding motifs (Cunningham et al., 2010) suggesting there
may be undetected PHO binding sites that would be missed in this study. Overall, the Thor
promoter has a conserved motif order and location for at least 8 million years.

To determine if more divergent Drosophila species also have these DNA binding motifs, we
analyzed an extended Thor gene region for each of the ten other sequenced species using the
jPREdictor software, which predicted a significant peak (score) in the Thor promoter regions
of melanogaster, simulans, sechellia, yakuba, willistoni, virilis, and grimshawi (Table 1, Fig.
3A), the latter species diverging from D. melanogaster at least 40 MYA. However,
jPREdictor did not predict a peak in erecta, pseudoobscura, perimilis, and mojavensis
(Table 1). The lack of a predicted peak in erecta was not expected as the Thor sequence is
highly conserved when compared to melanogaster (Fig. 2B). The highest weighted motif
utilized in the jPREdictor program is the PHO motif (Supplementary Fig. 1), and some of
the PHO motifs are missing or degenerate in the erecta sequence (Fig. 2B), suggesting that
this is why jPREdictor failed to predict a significant score for erecta and likely the other
species with an insignificant score (Table 1). However, some sequences that are bound by
PcG proteins in vivo were not predicted to be PcG targets by the jPREdictor program
(Cunningham et al., 2010).

These data suggest that DNA binding motifs in the vicinity of the Thor promoter may recruit
PcG proteins. The presence of a cluster of such sites in the vicinity of the promoter is a
hallmark of regulation by PcG proteins (Oktaba et al., 2008; Ringrose et al., 2003; Enderle

Dev Biol. Author manuscript; available in PMC 2015 April 30.



1duosnue Joyiny 1duosnue Joyiny 1duosnuen Joyiny

1duosnuep Joyiny

Mason-Suares et al. Page 9

et al., 2011). PcG proteins are also found within the transcribed regions of many recently
identified putative Polycomb regulated genes (Chanas et al., 2005; Cunningham et al., 2010;
Martinez et al., 2006; Oktaba et al., 2008; Park et al., 2012).

The Thor gene is bound by PcG proteins

To determine whether PcG proteins are bound to the Thor promoter, we performed
chromatin immunoprecipitation (ChlP) assays with chromatin isolated from S2 cells using
antibodies against the PcG proteins PC, E(Z), ESC, and SU(Z)12. The Thor gene is
expressed in these cells (Chintapalli et al., 2007). As shown in Fig. 3D, E(Z), SU(Z)12, and
PC were bound in the vicinity of the Thor promoter in S2 cells. The lower ESC signal could
reflect binding of an alternative ESCL-containing PRC2 complex also present in S2 cells
(Kurzhals et al., 2008). Hybridization of the DNA recovered from ChIP with an anti-PC
antibody to Drosophila whole genome tiling arrays (ChlIP-chip) revealed a single broad peak
of PC binding over the promoter region of Thor (Fig. 3B). Similar results were found using
an anti-HA antibody that recognizes an HA-tagged PC expressed from the actin 5C
promoter in a stably transfected S2 cell line (that also contains endogenous PC) (Fig. 3B). In
both cases the PC peak was among the top 1% of the PC signals genome-wide. The lower
peak seen in the HA-tagged PC ChlP is likely due to competition between endogenous PC
and HA-tagged PC for binding to the Thor promoter (Fig. 3B). For comparison, the ChlP-
chip profiles for the Bithorax Complex obtained from the same chromatin preparations with
the anti-PC and anti-HA antibodies are very similar to each other and to previously
published profiles (Supplementary Fig. 2).

Analysis of data from a recent study using ChIP followed by next generation sequencing
(ChlP-seq) (Enderle et al., 2011) revealed that PC, PH and also TRX are bound in the Thor
promoter region (Supplementary Fig. 3). TRX has been shown to be constitutively bound to
virtually all known and presumed PREs (Schwartz et al., 2010). H3K4me3, a highly
predictive mark of active genes, is also enriched there (Supplementary Fig. 3), consistent
with the transcriptionally active status of Thor in S2 cells (Supplementary Fig. 3). Together
with the strong TRX peak, this strongly suggests that Thor is directly regulated by PcGs. A
recent ChlP-seq study from whole third instar larval chromatin also shows binding of
SU(Z)12 to the Thor gene (Hertz et al., 2011). Similar ChlP-chip data from 4-12 hr embryos
(Schuettengruber et al., 2009) shows that the PHO paralog PHOL is also bound at the Thor
promoter region (Supplementary Fig. 4). Interestingly, while PHO and PHOL appear to
recognize the same DNA sequences and are thought to be at least partially functionally
redundant, Schuettengruber et al., (2009) reported that PHO was enriched at silent PcG
regulated genes, while PHOL was enriched at active PcG regulated genes.

RNAIi knockdown of PcG proteins in S2 cells upregulates Thor expression

To determine whether the binding of PcG proteins to the Thor promoter reflects their
function in silencing or down-regulating its expression, we used RNAi knockdown to
deplete either PC, E(Z), SU(Z)12, ESC, or both ESC and ESCL in S2 cells. While 4E-BP
mMRNA was readily detected in untreated control S2 cells (Chintapalli et al., 2007), its level
was elevated more than 2-fold after depletion of PC, E(Z), SU(Z)12, or both ESCL and
ESC, as determined by real time quantitative reverse transcriptase-PCR (qRT-PCR) (Fig.
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3E). Not surprisingly, knockdown of ESC alone did not result in a significant increase in 4E-
BP mRNA, since ESCL can substitute for ESC in PRC2 in S2 cells (Kurzhals et al., 2008).
These data, together with the ChlIP results, suggest that PcG proteins directly target Thor in
S2 cells, but do not completely silence its expression. Instead, they appear to function more
like a governor to modulate its levels downward, similar to what has been observed for the
Polycomb target genes CycB (Oktaba et al., 2008), ph-d and ph-p (Bloyer et al., 2003) and
Psc and Su(z)2 (Park et al., 2012). Interestingly, Thor was also among the genes whose
MRNA levels were found to be elevated after RNAi knockdown of Pc in embryos, assayed
by microarray-based transcript profiling (Goodliffe et al., 2005). Its level was elevated 1.74
fold, similar to what we see in S2 cells, which are of embryonic origin.

The Thor gene is derepressed in imaginal discs in PcG mutants

During the larval stage, 4E-BP RNA is readily detected in the fat body, salivary glands,
midgut, and body wall (Bernal and Kimbrell, 2000; Chintapalli et al., 2007; Rodriguez et al.,
1996; Teleman et al., 2005), but is undetectable in imaginal discs by in situ hybridization
(Bernal and Kimbrell, 2000) and by gRT-PCR (Teleman et al., 2005). To determine whether
PcG proteins are bound to the Thor promoter in imaginal discs, we performed ChIP-PCR
and qPCR assays on chromatin isolated from dissected imaginal discs using antibodies
against the PcG proteins PC and E(Z). Both PC and E(Z) were bound to the Thor promoter
region (Fig. 4A, 4B).

To determine whether the Thor gene is derepressed in imaginal discs of PcG mutants, we
measured 4E-BP mRNA levels by real time gRT-PCR in imaginal discs dissected from wild
type and E(z) mutant third instar larva. Some attached larval CNS tissue, which has very low
4E-BP expression (Chintapali et al., 2007), was dissected along with the imaginal discs.
Therefore, the Oregon-R (OR) wild-type control does have low levels of 4E-BP expression
(Fig. 4F). Imaginal discs from the E(z)8%/E(z)® heteroallelic combination exhibited a greater
than four fold increase in 4E-BP RNA compared to wild type controls flies and sibling
E(2)%3/TM6B, which have wild-type sized imaginal discs (Fig. 4F). These results are
consistent with the Thor gene being subject to Polycomb silencing in imaginal discs.

We also examined 4E-BP protein expression in wing imaginal discs of wild type and PRC2
mutant third instar larvae, including esc® escl® double mutants, heteroallelic Su(z)125/
Su(z)123, E(2)83/Df(3L)Ixd6, and E(z)83/E(z)° mutants, all of which have small imaginal
discs. Immuno-fluorescent staining with an anti-4E-BP antibody (Miron et al., 2001)
detected no 4E-BP protein in wild type discs, while a substantial signal is seen in wing discs
from each of the PRC2 mutants (Fig. 4C). Interestingly, we also observed an increase in the
amount of 4E-BP protein in the salivary glands of Su(z)123/Su(z)12° mutants (Fig. 4D),
where 4E-BP is normally expressed. This result is consistent with the increase observed in
S2 cells and suggests that PcG proteins not only silence Thor expression in imaginal discs,
but modulate its expression level in tissues where it is expressed. The increase in 4E-BP
protein level was confirmed by western (Fig. 4E).
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Eliminating Thor in E(z) mutants partially rescues their small imaginal disc phenotype

The wing discs are among the largest discs in the developing larvae. The average surface
area of the disc proper, not including the peripodial membrane, is just over 138,000 pm2.
Wing discs are also the most affected by E(Z) depletion, decreasing in area by 19 fold to an
average area of just over 7,000 um?2. Haltere and third leg discs are not as affected by E(Z)
depletion but still decrease in area by 3.25 and 2.68 fold, respectively. Miron and colleagues
(2001) previously showed that strong over-expressing of a modified form of Drosophila 4E-
BP that binds more tightly to elF4E in the wing disc dramatically decreased the overall size
of the wing disc. We also found a significant decrease in wing disc size when over-
expressing wild-type 4E-BP with the strong tub-GAL4 driver, but not the weaker
P{GawB}30A imaginal disc GAL4 driver (Supplementary Fig. 5). Since 4E-BP is
ectopically expressed in the PRC2 mutant imaginal discs, it is possible that this causes the
reduced growth of these discs. To test this, we eliminated the 4E-BP protein genetically in
E(z) mutants by crossing Thor (Thor? and Thor1034) mutations into the E(2)%3, E(z)°, and
E(z)"3! mutant backgrounds. The area of the wing, haltere, and third leg discs of Thor; E(z)
double mutants were compared to E(z) and Thor single homozygous mutants and wild-type
(Oregon R) controls. The discs of Thor; E(z) double mutants displayed partial rescue of the
small imaginal disc phenotype (Fig. 5), their mean area increasing 3.9 fold compared to the
E(z) mutant, to an average area of 28,207 um? (Figs 5A, B). The haltere and third leg discs
of the Thor; E(z) double mutants increased by 1.73 and 1.83 fold, respectively (Fig 5C, D).
The increase in area of these discs suggests that the derepression of Thor in the E(z) mutants
is at least partly responsible for their small imaginal disc phenotype.

Since the decrease in E(z) mutant wing disc size is the result of a decrease in cell size (Fig.
1), we measured cell size in the partially rescued Thor; E(z) double mutants to determine if
it was increased. Figure 5E shows that the size of mutant wing disc cells in the Thor; E(z)
double mutant is significantly increased compared to E(z) single mutants, but is not as large
as in wild-type, suggesting that additional factors also contribute to the small imaginal disc
phenotype.

Eliminating Thor increases the frequency of pupariation in E(z) mutants

The small imaginal discs of E(z) mutants are not competent to differentiate into adult
structures, even when cultured in vivo in wild type larval hosts (Shearn et al., 1978). As a
consequence, E(z) mutants die in late third instar or after undergoing pupariation. 61.5% of
E(2)°/E(2)%2 and Df(3L)Ixd6/E(z)83 mutants (n =100 for each genotype) pupariate (Fig. 6),
similar to results reported by Shearn and colleagues (1978). The majority of these never
climb up the wall of their container and simply pupariate in the media. Some form an
irregularly shaped curved puparium (similar to those described in Dolezal et al., 2005).

Eliminating 4E-BP increased the fraction of E(z) mutants that pupariate to levels similar to
wild-type (although many still pupariate in the media) (Fig. 6). However, it did not rescue
their failure to pupate. This further suggests that while derepression of Thor in PRC2
mutants plays a role in their failure to pupariate, other functions required for initiating
pupation and metamorphosis are perturbed in E(z) mutants.
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Discussion

Polycomb Silencing of Thor regulates imaginal disc growth

This is the first report that Polycomb silencing regulates cell growth in Drosophila. The
results presented here show that homozygous PRC2 subunit mutants have small imaginal
discs due in part to a cell growth defect. Wing disc cells in E(z) mutants are only 25% of
wild type wing cell size. This small disc phenotype is due in part to derepression of the Thor
gene in imaginal discs, where it is normally transcriptionally silenced. We showed that the
Thor gene is a direct target of Polycomb silencing in discs and that its expression is also
modulated, but not silenced, by PcG proteins in S2 cells and possibly also in
endoreduplicating larval cells. The Thor promoter region contains predicted binding sites for
PHO, GAGA factor and several other factors associated with well-characterized PREs and is
bound by PcG proteins in both S2 cells and imaginal discs. In Supplementary Fig. 4, PHOL
ChIP-chip data from embryos (taken from Schuettengruber et al., 2009) show significant
binding of PHOL to the Thor promoter. More recent ChIP-seq data (Enderle et al., 2011)
(Supplementary Fig. 3), show that PC, PH, and TRX are also bound to the Thor promoter.

Eliminating 4E-BP in E(z) mutants partially rescues their small disc phenotype and increases
the fraction of E(z) mutant larvae that pupariate. Previous studies have shown that wild type
third instar imaginal discs whose size is reduced by radiation-induced apoptosis delay
pupariation until the discs undergo compensatory proliferation to reach a critical size
(Simpson et al., 1980; Stieper et al., 2008). Since complete absence of imaginal discs does
not inhibit pupariation (Stieper et al., 2008), this suggests that the onset of pupariation is
normally regulated by a signal released from the imaginal discs that inhibits pupariation
until imaginal discs have reached a critical size. This might play a role in the increased
frequency of pupariation in double mutants. However, Thor; E(z) double mutants still fail
initiate metamorphosis, suggesting that despite their substantially larger size, these imaginal
discs are still not competent to differentiate into adult structures. Given the large number of
other genes that are directly or indirectly regulated by PcG proteins, this is perhaps not
surprising. A similar phenomenon has been reported in Bmi1l ™~ and Rnf2 (Ring1b)™~ mice
(PSC and RING homologs). Null mutations in either Bmil (Bruggeman et al., 2005) or Rnf2
(Voncken et al., 2003) cause a cell proliferation defect that is only partially rescued by
deletion of the Ink4a/Arf locus, a direct PcG target that encodes a potent cyclin dependent
kinase inhibitor. The early developmental arrest of Rnf2~/~ mice is only rescued to the
E11/E12 stage after elimination of the Ink4a/Arf locus (Voncken et al., 2003).

Polycomb regulation of cell proliferation and growth

The leg, haltere and wing discs of Thor; E(z) double mutants are smaller than their wild type
counterparts, despite their substantially increased size compared to E(z) single mutants,
suggesting that they have other cell growth or cell proliferation defects. A number of genes
that encode key regulators of cell proliferation, including CycB, CycA, Myc, and upd, have
been shown to be directly regulated by PcG proteins (Oktaba et al., 2008; Classen et al.,
2009; Goodliffe et al., 2005; Martinez et al., 2006). Genes encoding other regulators of cell
proliferation, including Rbf, E2F and Dp, are bound by PcG proteins (Oktaba et al., 2008),
suggesting that they may also be regulated by PcG proteins. However, derepression or
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increased expression of most of these genes in PcG mutants would be unlikely to play a role
in the small imaginal phenotype, since all but Rbf promote rather than inhibit cell
proliferation. Moreover, none have been reported to show obvious difference in expression
in PcG mutant clones in imaginal discs (Classen et al., 2009; Oktaba et. al., 2008). Rbf a key
negative regulator of the cell cycle, does not alter imaginal disc size when intentionally
over-expressed (Neufeld et al., 1998). Although this does not rule out a role for Rbf in the
PRC2 small imaginal disc phenotype, there are likely to be other undiscovered genes that are
directly or indirectly regulated by PcGs that play a role.

Absence of homeotic proteins in E(z) mutant discs

The small disc phenotype of PRC2 mutants is often attributed to derepression of more
“posterior” homeotic genes typically seen in PcG mutant embryos and clones of mutant cells
in third instar imaginal discs (Beuchle et al., 2001; Campbell et al., 1995; Gaytan de Ayala
Alonso et al., 2007; Jurgens et al., 1984; McKeon and Brock, 1991; Simon et al., 1992).
Homeotic transformation of the large wing disc to the smaller haltere disc in PcG mutants is
due to derepression of Ubx in the wing disc (Birve et al., 2001; Gaytan de Ayala Alonso et
al., 2007; Kurzhals et al., 2008; Pavlopoulos and Akam, 2011; Roch and Akam, 2000).
However, E(z) mutant wing discs are four and a half times smaller than wild-type haltere
discs of the same stage (Fig. 5) and are unable to differentiate into adult structures (Shearn et
al., 1978). This would not be expected if they were simply transformed to haltere segmental
identity. Surprisingly, Shearn and colleagues (1996) observed that the small imaginal discs
of E(z) mutants contain no detectable SCR, ANTP, UBX, ABD-B or EN protein. The
derepression of Thor in imaginal discs raises the possibility that the absence of detectable
homeotic proteins could be due to 4E-BP-dependent inhibition of translation of their
mRNAs. Interestingly, a Ubx-lacZ reporter containing the entire 35 kb of Ubx 5’ regulatory
sequence (including the bxd PRE) is expressed in these same E(z) mutant discs, suggesting
that the endogenous Ubx mRNA is also likely to be present despite the absence of UBX
protein (LaJeunesse and Shearn, 1996). The 5° UTRs of Antp and Ubx have been reported to
contain internal ribosome entry sites (IRES) that might allow them to undergo cap-
independent translation in certain tissues (Oh et al., 1992; Ye et al., 1997). However,
Cavener and colleagues (1997) reported that while both of these IRESs promote
capindependent translation in many larval tissues when present in a bicistronic reporter
transgene, neither do so in imaginal discs under normal conditions.

The absence of homeotic proteins in imaginal discs of homozygous E(z) mutants stands in
contrast to their presence in imaginal disc clones of homozygous PcG mutations, including
E(z) and Su(z)12 (Beuchle et al., 2001; Birve et al, 2001; Miller et al., 2002). In clones, the
time required to detect derepression varies among homeotic genes and other Polycomb
target genes (Beuchle et al., 2001), suggesting that it likely depends not only on the half life
of residual wild type PcG protein in clones, but also on the different times required for full
derepression of individual Polycomb target genes, as well as the rate of accumulation of
their gene products once their derepression has occurred. Moreover, any translational
inhibiting effect of derepressed Thor depends additionally on the accumulation of a
sufficient amount of 4E-BP that has not been inactivated by phosphorylation by TOR
kinase, which may introduce an additional time delay, depending on the status of TOR
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pathway signaling. Interestingly, Beuchle et al. (2001), previously observed that
derepression of Ubx was detectable in strong PcG mutant clones in the wing disc within 24
hours of clone induction; UBX protein level peaked by 72 hr, but then subsequently
declined. Pavlopoulos and Akam (2011) reported that ectopic expression of Ubx in the wing
disc also induced expression of 4E-BP. The decline of UBX protein may reflect the onset of
inhibition of Ubx mRNA translation by accumulating 4E-BP.

Temperature shift (t-s) experiments with homozygous temperature-sensitive E(z) mutants
revealed that shifting to the restrictive temperature after the third instar molt results in wild-
type sized discs that exhibit ectopic expression of SCR, ANTP, UBX or EN (Jones and
Gelbart, 1990; LaJeunesse and Shearn, 1996), while shifting them before third instar results
in small imaginal discs that contain no detectable homeotic proteins (LaJeunesse and
Shearn, 1996). While perhaps puzzling at the time it was reported, this might hint that the
time spent at the restrictive temperature determines whether derepression of Thor has
occurred for long enough to allow sufficient 4E-BP to accumulate to have an impact on cell
growth and translation. Moreover, in contrast to clones in imaginal discs, in t-s experiments
E(Z) is inactivated in all cells, including the endoreduplicating larval cells, which might
indirectly affect 4E-BP levels and phosphorylation state in mutant imaginal discs.

Why is the Thor/4E-BP gene a target of Polycomb silencing in imaginal discs?

Imaginal discs have been shown to be much less sensitive than the endoreduplicating larval
tissues to the growth-inhibiting effects of temporary nutrient insufficiency. While the larval
tissues undergo rapid growth arrest, the imaginal tissues continue to grow and proliferate,
albeit at a slower rate (Britton and Edgar, 1998; Colombani et al., 2003; Zhang et al., 2000).
Britton and Edgar (1998) have suggested that this may reflect the prioritization of the
growth and development of adult progenitors, effectively re-allocating energy stores from
endoreduplicating larval tissues to imaginal tissues and thus favoring survival of the larva to
a reproductive adult in times of low nutrients. 4E-BP is expressed at substantial levels in
some endoreduplicating larval tissues (Rodriguez et al., 1996; Teleman et al., 2005),
allowing for a fast growth arrest response to the onset of nutrient insufficiency via the
insulin-FOXO and TOR signaling pathways, the key sensors of nutrient availability.
Polycomb silencing of Thor transcription in imaginal discs would render them refractory to
both transcriptional activation of Thor by activated FOXO and the subsequent 4E-BP-
mediated arrest of translation and cell growth in response to starvation (Fig. 7). Consistent
with this, translation is not globally decreased in wing discs from wild type larvae fed only
sucrose (Mirth et al., 2009). Thus Polycomb silencing of 4E-BP may constitute part of the
mechanism for prioritizing growth of adult progenitors over larval tissues.

Modulation of 4E-BP expression by PcG proteins in larval tissues

Our major finding is that Thor is regulated by Polycomb silencing in imaginal discs.
However, the endoreduplicating larval tissues, which normally express 4E-BP at some level
(Chintapalli et al., 2007; Rodriguez et al., 1996; Teleman et al., 2005), also exhibit elevated
4E-BP levels in Su(z)12 mutants (Fig. 4D), similar to what we observed in S2 cells after
RNAI knockdown of PRC2 subunits (Fig. 3E). This is not surprising since the larval tissues
of PRC2 subunit mutants also exhibit cell growth defects, including reduced cell size and
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nuclear volume, as well as reduced polytenization of larval salivary gland chromosomes
(Carrington and Jones, 1996), evident as reduced DAPI staining (DNA content) (Fig. 4D),
indicative of having undergone fewer rounds of endoreduplication. This suggests that while
PcG proteins silence 4E-BP expression in the actively dividing imaginal disc cells, in S2
cells (Fig. 3E) and non-dividing endoreduplicating larval cells (Fig. 4D) they function as a
transcriptional “governor” of Thor, modulating rather than completely silencing its
expression. There are several examples of direct targets of Polycomb silencing that are not
completely silenced (Bloyer et al., 2003; Oktaba et al., 2008; Park et al., 2012). However,
Thor is the first example of a gene that is differentially regulated by PcG proteins in
different tissues, possibly reflecting modes of PcG action that differ in detail in these
different tissues. Polycomb proteins are bound to many target genes even when they are
active. While this has been interpreted to mean that transcription does not necessarily
preclude PcG protein binding, especially to PREs, it may be that this binding to active genes
reflects more subtle modulation of transcription levels by PcG proteins, a phenomenon that
may be more widespread that previously appreciated. Further investigation of Thor
regulation will be required to determine what differences underlie its apparently different
mode of regulation by PcG proteins in larval cells.
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Fig. 1. The cell size is reduced in the wing disc cells of E(Z) mutants
Wing discs of each genotype were stained with phalloidin to visualize the cell membrane.

Error bars represent standard error of the mean. The area of wing disc cells is used as a
proxy for cell volume. An asterisk represents a statistically significant difference (T-test)
from the control Oregon-R (P < 0.0001).
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ATAGCTGATACAAGCAACGAAATACAAACAACGCAGTTTGTGTAAACAATCAAATTGTC | TGCTTACACGTCCAGCGGAAAGHHET
B8GAAACCAATCCAATCAATCAGCTAAGATGTCCGCTTCACCCACCGCCCGTC CCCAGGCCCTGCCCATGATCACCAGGAAGGTTGTCATC

TCGGATCCGATCCAGATGCCC_ACTCCTCGACGCCCGGCGGAACCCTCTACTCCACCACTCCTGGAGGTAAGTTTCGAAAATTGGAAGCTGAGA
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AAAAACATCAGCCGACC-AGCAGAATAATCAGGCGAGAGAGCAGGCGAGAGAGC---GAGAAGAGAGCAAGAGAGAGAGTAAGAACCGGGGGGTATAAATAGAGCCGCACTTCGTAATA
AAAAACATCAGCCGACCAAGCAGAATAATCAGGCGAGAGAGCAGGCGAGAGAG—--CGGGAAGAGAGCAAGAGAGAGAGTAAGAATCGGGGGGTATAAATAGAGCCGCACTTCGTAATA
AAAAACATCAGCCGACCCAAGCAAAATAATCAGACAGAGAGGG---GAGAGAGAGAGAGAGAGAGAGAGAGAG—-—-—— CGCATAGCTG (33) TATAAATAGAGCCCGACCTCGTAACA
AAAAACATCAGCCGACCAAGCAGA (11) GAGAGGCAGAGAGAC--AGAGAGGCAGAGAG (10GAGAGGCAGAGAGGCAGAGAGAGAGAG (29) TATAAATAGAGCCCGACTTCGTAGCA
—>

CCGCCAGCAATC] GCGAACAGCCA. ACACATAGC. IACAAGCTCTATAGCTGAT-ACAAGCAACG--AAATACAAACAACGCAGTTTGTGTAAACAATCAAATTG
CCGCCAGCAATC GCGAACAGCCA. ACACATAGC. IACGAGCTCCATAGCTGAT-ACAAGCACTG--AAATACAAACAACGCAGTTTGTGTAAACAATCAAATTG
CCGCCAGCAATC] GCGAACAGCC. JAACACATAGC. CGAGCTCTATAGCTGAT- CACTG--AAATACAAACAACGCAGTTTGTGTAAACAATCAAATTG
CCGCCAGCAATC] GCGAACAGCGAACGGTCAACATATAGC T-AGCTCTATAGCTGAT- CACAGAGAAATACAAACAACGCAGTTTGTGTAAACAATCAAATTG
CCGCCAGCAATCGCCCAGCGAACAGCGAACGGTCAGCACGTAGCC] T-AGCTCCATAGCTGAT-AAGAGCGCAG--CAATA-AAACAACGCAGTTTGTGTAAACAATCAAATTG
TCG| TGCTTACACGTCC---AGCGGAAAG- —~GAAACCAATCCAATCAATCAGCTAAGATGTCCGCTTCACCCACCGCCCGTC CcC
TCG| GAAACCAATCCAATCAATCAGCTAAGATGTCCGCTTCACCCACCGCCCGTC CcC
TCG| —~GAAACCAATCCAATCAATCAGCTAAGATGTCCGCTTCACCCACCGCCCGTC CcC
TCG| TGCTTACAAGTCC---AGCGGAAAG (13) CACCGGGAATCAATACAATCATAAAATCAGCTAAGATGTCCGCTTCACCCACTGCCCGTC CC.

TC TGCTTACAAGACC---AGCGGAAAG- - - {6 (19) CATCGAGTCCAAGCCAATCA (7) AAGATGTCCGCTTCACCGACCGCCCGTC cc

Fig. 2. Sequence alignment of the DNA binding protein motifs upstream of the Thor gene
(A) DNA binding sites for PHO/PHOL (Red), GAF or PSQ (Yellow), Sp1/KLF(Brown),

Zeste (Purple) and DSP1 (Green) are shown to surround the TATA Box (Blue) and TSS
(Grey). The genomic region shown includes nucleotide positions 3478403-3478683
(AEQ14134). The underlined text is the PHO core consensus sequence. The initiation codon
is in bold text. (B) A multiple species comparison of the Thor promoter between four
different, divergent Drosophila species shows the conserved DNA binding sites, indicated
by color in legend (right). Numbers in parentheses indicate amount of nucleotides removed
for alignment. The first codon is in bold text. An arrow depicts the TSS. Spl/KLF motifs
were not analyzed for this data set.
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Fig. 3. PcG proteins bind the Thor promoter and modulate 4E-BP mRNA level in S2 cells
(A) A graphical representation of the jPREdictor score across the Thor gene for Drosophila

melanogaster and the four most closely related Drosophila species. The arrow depicts the
Thor promoter. (B) ChIP-chip results for the Thor gene in S2 cells (top and bottom) and a
stable S2 cell line expressing HA-PC from the Act5C promoter (middle). Anti-PC and anti-
HA antibodies used in immunoprecipitation are indicated on the right of each plot. The
bottom plot is a negative control using normal S2 cells and the anti-HA antibody. The
horizontal line delimits the top 1% of signals genome-wide. Bar below each plot indicates
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PC-enriched sites (= 99%). The Thor transcription unit is indicated by horizontal arrow
(vertical line at its transcription start site) on top. All genes present in this region are
indicated at bottom of figure. (C) A depiction of the Thor promoter. This shows the location
of the Thor promoter and control primers used in the ChIP PCR and gPCR experiments. The
location of GAF (G), PHO/PHOL (P), Zeste (Z), DSP1 (D) binding sites are shown. The
arrow above the gene indicates the TSS. (D) Soluble chromatin was immunoprecipitated
from S2 cells with protein G beads (Lane 3, negative control) or antibodies to PcG proteins;
ESC (Lane 4), E(Z) (Lane 5), SU(Z)12 (Lane 6), or PC (Lane 7). Immunoprecipitates were
subjected to PCR with a primer-pair specific to the Thor promoter (top row) or 1 kb
upstream of Thor (negative control as shown on ChIP-chip, bottom row). PCR was also
preformed on 1% of the total input (Lane 1, positive signal) and 0.1% of the total input
(Lane 2, negative threshold). (E) Relative 4E-BP mRNA levels, determined by real-time
gRT-PCR, in S2 cells depleted of the PcG proteins listed on the x-axis by RNAi knockdown.
The values were normalized to RpS12 mRNA. Error bars indicate standard error of the
mean. An asterisk indicates a statistically significant difference (T-test) from the control (P
< 0.05). (F) Western blot showing degree of depletion of PcG proteins in dSRNA treated S2
cells.
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Fig. 4. PcG proteins bind the Thor promoter and silence 4E-BP expression in imaginal discs
(A,B) Soluble chromatin was immunoprecipitated from the imaginal discs (along with some

attached CNS tissue) of wandering third-instar larva using antibodies to PcG proteins; E(Z)
(Lane 5) or PC (Lane 6) or E(Z) preimmune serum (“1gG”, Lane 4, negative control also
referred to as mock). (A) PCR analysis (shown inverted) was performed on
immunoprecipitated chromatin with primers for the Ubx PRE (first row, positive control),
Thor promoter (second row) (primers shown in Fig. 3C), or a region on Chromosome 3L
shown to not bind PcG proteins by ChIP-chip (Feng Tie, unpublished) (third row, negative
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control). PCR was also preformed on 10% of the total input (Lane 1, positive signal), 1% of
the total input (Lane 2, positive signal), and 0.1% of the total input (Lane 2, negative
threshold). (B) Real time g-PCR analysis using Thor promoter primers (primers shown in
Fig. 3C) was performed showing increased binding of E(Z) and PC protein compared to a
mock pull-down using IgG to the Thor promoter. (C) Imaginal discs from wandering, third-
instar larvae were dissected and stained with 4E-BP antiserum (Green, top row) or DAPI
(Blue, bottom row) to mark nuclei. All images were taken on a confocal microscope at 40X.
(D) Salivary glands from wandering, third-instar larvae were dissected and stained with 4E-
BP antiserum (Green, top row) or DAPI (Blue, bottom row) to mark nuclei. All images were
taken on a confocal microscope at 20X. (E) Western analysis of 4E-BP protein levels (top
row) from whole wandering, third-instar larval extracts of Thor? (Lane 1, negative control),
OR (Lane 2), and E(z)%3/E(2)° (Lane 3). p-Tubulin was used as a loading control (bottom
row). (F) Real Time gRT-PCR analysis of 4E-BP mRNA levels in the imaginal disc and
brain tissues from wandering, third-instar larva of Thor? (Lane 4, negative control), E(z)%3/
TM6B (Lane 2), and E(z)%3/E(z)° (Lane 3) was compared to that of Oregon-R (OR) (Lane 1).
The values were normalized to Rsp12 mRNA. Error bars represent standard error of the
mean. An asterisk represents a statistically significant difference (T-test) from the control
Oregon-R (P < 0.0006).
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Fig. 5. Elimination of Thor in E(Z) mutants partially rescues the reduced imaginal disc area

(A) The photos show the wing discs of wandering, third instar larva of the following

genotypes; OR, Thor?, Thor?; E(2)%3/E(z)° and E(z)8%/E(z)°. All images were taken at 10X
using brightfield microscopy. (B, C, D) The area of the wing discs (B) haltere discs (C), or
3" leg discs (D) in pm? of OR (Lane 1), Thor? (Lane 2), E(2)%/E(z)83(Lane 3), Thor?; E(z)°/
E(2)%3 (Lane 4), Thor1034; E(2)%/E(2)82 (Lane 5), E(z)"3Y/E(2)%2 (Lane 6), Thorl034; E(2)73Y
E(2)83 (Lane 7), E(z)"3Y/E(2)° (Lane 8), Thor?; E(z)"3Y/E(z)>(Lane 9), and Thorl934; E(z)731/
E(z)® (Lane 10). An asterisk is noted if there is a significant difference (T-test) between the
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E(z) heteroallelic mutant discs and the double Thor; E(z) mutant equivalent genotype discs
(P < 0.05). Each genotype was significantly different from OR except Thor2. (E) Wing discs
of each genotypes were stained with phalloidin to visualize the cell membrane. Error bars
represent standard error of the mean. The area of wing disc cells is used as a proxy for cell
volume. An asterisk represents a statistically significant difference (T-test) from E(z)/E(z) (P
< 0.0001). Each genotype was significantly different from OR.
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Fig. 6. Elimination of Thor in E(2) mutants increases the percent that pupariate
E(z) mutants were crossed to Thor mutants to generate Thor; E(z)/TM6B double

homozygotes. These genotypes were then crossed together and progeny were scored for
lethality. Over one hundred third instar larvae of each genotype were collected and scored
every 24 hours to determine the fraction that formed a puparium. The graph shows the
percent of third instar larvae of each genotype that formed a puparium. The Thor; E(z)
double mutants pupariate at a significantly higher frequency than the E(z) mutants (Chi-
square test, P<0.0001).
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Fig. 7. Model for nutritional regulation of growth in ERTs and imaginal discs
Under conditions of sufficient nutrients, the insulin signaling and TOR signaling pathway

are active in all endoreduplicating larval tissues (ERTS) and imaginal progenitor tissues,
causing rapid growth and proliferation. However under conditions of amino acid
insufficiency, growth is inhibited in ERTS, but only slowed in imaginal discs. In amino acid
deprived ERTS, this is accomplished by down regulation of the insulin and TOR signaling
pathway, which results in activation (by dephosphorylation) of FOXO and 4E-BP. In ERTSs,
FOXO activates transcription of Thor, resulting in an increase in active 4E-BP protein levels

and inhibition of cell growth. However in imaginal discs,

Polycomb silencing of Thor

prevents transcriptional activation of Thor by FOXO and renders discs refractory to rapid
cell growth arrest in response to reduced insulin and TOR signaling pathways when
nutrients are insufficient. The absence of 4E-BP protein in imaginal discs allows for
continue proliferating under conditions of nutrient insufficiency, possibly by utilizing energy
stores in ERTs until they are depleted, which delays the onset of growth arrest of imaginal

progenitors.
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Table 1

jPREdictor scores for Thor gene orthologs in divergent Drosophila species

Dros highest jPREdictor | E value
species peak 0.05
mel 82 55
sim 79 55
sec 75 53
yak 200 53
ere 20 55
pseudo 10 48
per 11 51
mjo 15 35
wil 54 35
vir 59 48
grim 67 36

The highest jPREdictor score is shown for each Drosophila species. The jPREdictor score for the E-value of 0.05 is shown for each sequence. Bold

text indicates a significant jPREdictor score.
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