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The Hox proteins Ubx and AbdA collaborate with
the transcription pausing factor M1BP to regulate
gene transcription
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Abstract

In metazoans, the pausing of RNA polymerase II at the promoter
(paused Pol II) has emerged as a widespread and conserved mech-
anism in the regulation of gene transcription. While critical in
recruiting Pol II to the promoter, the role transcription factors play
in transitioning paused Pol II into productive Pol II is, however,
little known. By studying how Drosophila Hox transcription factors
control transcription, we uncovered a molecular mechanism that
increases productive transcription. We found that the Hox proteins
AbdA and Ubx target gene promoters previously bound by the
transcription pausing factor M1BP, containing paused Pol II and
enriched with promoter-proximal Polycomb Group (PcG) proteins,
yet lacking the classical H3K27me3 PcG signature. We found that
AbdA binding to M1BP-regulated genes results in reduction in PcG
binding, the release of paused Pol II, increases in promoter
H3K4me3 histone marks and increased gene transcription. Linking
transcription factors, PcG proteins and paused Pol II states, these
data identify a two-step mechanism of Hox-driven transcription,
with M1BP binding leading to Pol II recruitment followed by AbdA
targeting, which results in a change in the chromatin landscape
and enhanced transcription.
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Introduction

Hox proteins are essential transcription factors that specify the

body plan of all bilaterians and regulate the transcription of a

wide spectrum of functionally diverse target genes (for recent

review, see Rezsohazy et al, 2015). Hox proteins bind to a general

core TAAT DNA consensus sequence, with increased specificity

brought through association with cofactors, the most studied of

which are the PBC cofactors (Abu-Shaar et al, 1999; Mann et al,

2009; Cherbas et al, 2011). From very early studies demonstrating

an intricate relationship with the transcription machinery (Johnson

& Krasnow, 1990, 1992), to more recent discoveries of contacts

with components of TFIID and Mediator complexes (Prince et al,

2008; Boube et al, 2014), Hox proteins clearly regulate transcrip-

tion through contact with the general transcription machinery. Yet

the molecular mechanisms underlying Hox-driven transcriptional

regulation have remained elusive.

While transcriptional regulation has long been considered as

predominantly regulated at the level of the assembly of a tran-

scription pre-initiation complex (PIC), more recently genome-wide

studies of RNA polymerase II (Pol II) in Drosophila and vertebrates

have shown that Pol II PIC formation occurs at the vast majority

of genes, including silent or poorly transcribed genes. Such genes

display an accumulation of Pol II just downstream of the transcrip-

tion start site (TSS) in a transcriptionally engaged, but paused,

state (Adelman & Lis, 2012). It is believed that pre-loading of Pol

II in this way (generically termed “poised Pol II” for the purposes

of discussion) allows not only for the rapid induction of stimulus-

and developmentally regulated genes, but also for fine tuning

basal gene expression levels. While the role of transcription factors

in PIC formation has been extensively studied, their role in transi-

tioning poised into productive Pol II in metazoans has received

much less attention. The only well-described mechanisms consist

of the recruitment of transcription elongation factors, as shown for
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the transcription factors c-myc and NF-jB that recruit the pause

release factor P-TEFb (Barboric et al, 2001; Eberhardy & Farnham,

2002; Rahl et al, 2010). However, the Hox-dependent release of

poised Pol II at the Hoxb1a promoter is independent of P-TEFb

recruitment (Choe et al, 2014), highlighting that other, yet uniden-

tified mechanisms must exist.

Studying the molecular mechanisms giving rise to productive

transcription in a developing organism is fraught with difficulties.

The heterogeneous and differentiating population of cells in a devel-

oping organism is not conducive to studying Hox-driven transcrip-

tion at the molecular level, given the myriad of genes they regulate

in conditions employing different cofactors. Numerous in vitro stud-

ies into Hox action have enlightened how Hox proteins increase

target recognition specificity through studies on PBC-class cofactors,

although these studies do not fully address the many PBC-indepen-

dent Hox mechanisms that exist (reviewed in Rezsohazy et al,

2015). The use of cell lines, particularly S2 and Kc167 cells, the

most commonly used cell lines in Drosophila, to study the mecha-

nisms of Hox-driven transcription has numerous benefits: (i) they

are a homogenous cell system allowing for direct interpretation of

transcriptional events; (ii) they are devoid of endogenous Hox gene

expression (Cherbas et al, 2011) allowing for conditional Hox

expression to directly study Hox-dependent transcriptional events;

(iii) they have been extensively profiled, particularly by the modEN-

CODE consortium for the genomic distribution of chromatin

proteins and histone modification marks (for example, see Roy et al,

2010), providing an invaluable data resource for linking the binding

profiles of Hox to those of other actors of transcription. Indeed, use

of Kc167 cells to study the genomic binding profiles of three Droso-

phila Hox proteins, Ultrabithorax (Ubx), Abdominal-A (AbdA) and

Abdominal B, demonstrated that Hox proteins bind to thousands of

specific genomic loci in the absence of Extradenticle (Exd; the sole

Drosophila PBC protein) (Beh et al, 2016). Moreover, additional

Hox-targeted loci are observed in the presence of Exd, demonstrat-

ing the plasticity of Hox binding site selectivity depending on cofac-

tor used (Beh et al, 2016). The specific and widespread binding of

Hox in the absence of Exd suggests that these sites either represent

the intrinsic monomeric specificity of Hox proteins, the specificity

achieved through cooperation with other endogenous cofactors, or

both monomeric and cofactor-specific sites.

In addition to understanding the bases underlying Hox DNA

binding specificity, the need to understand Hox protein activity is

also required to clarify how they influence the transcription

process. To better understand how Hox proteins regulate transcrip-

tion at the mechanistic level, we reasoned that Hox genomic bind-

ing in a cell-based system in the absence of PBC cofactor (Exd)

could be exploited to both delineate the molecular mechanisms

behind PBC-independent Hox-mediated transcription and identify

novel Hox cofactors, whose function may not necessarily relate to

improved DNA binding specificity. To this end, we employed a

genome-wide approach, using the Drosophila Hox proteins, Ubx

and AbdA, and Drosophila S2-DRSC cells (herein termed “S2 cells”)

as model. Using this approach, we demonstrate that the Hox

proteins bind M1BP-targeted promoter-proximal regions resulting in

reduced Polycomb Group (PcG) binding, a reduction in poised Pol

II and increased gene expression. Together with identifying physical

interaction between M1BP and Hox proteins in embryos and

demonstrating that M1BP functions in Hox-controlled processes

in vivo, our data identify M1BP as a novel cofactor in PBC-indepen-

dent Hox processes.

Results

Hox proteins target promoter-proximal regions enriched in
GAGA- and M1BP-binding motifs

HA-tagged forms of abdA or Ubx phenocopy wild-type abdA or Ubx

in Drosophila larvae, indicating that the HA tag does not interfere

with normal AbdA or Ubx function (Saadaoui et al, 2015 and

Appendix Fig S1). We thus generated stable S2 cell lines condition-

ally expressing HA-tagged forms of AbdA or Ubx and performed

chromatin immunoprecipitation followed by high-throughput

sequencing (ChIP-seq). We found that almost half of all AbdA and

Ubx binding sites associate with promoter-proximal regions, with

most of the remaining peaks locating to putative distal enhancers

(Table EV1 and Fig 1A). These distributions of peak genomic loca-

tions are highly comparable to those of AbdA and Ubx when tran-

siently expressed in Kc167 cells (Beh et al, 2016) and endogenous

Ubx in the embryo (Shlyueva et al, 2016) (Table EV1 and Fig 1A).

Promoters and enhancers are genomic locations known to have an

open chromatin conformation when analysed by ATAC-seq, DNase-

seq and FAIRE-seq (Song et al, 2011; Buenrostro et al, 2013). Using

DNase-seq S2 data from Kharchenko et al (2011) to identify open

chromatin regions in S2 cells, we find that half or more promoter

and enhancer-located peaks are in open chromatin regions

(Appendix Fig S2), which helps correlate our findings with those of

Beh and colleagues, who reported that AbdA and Ubx target open

chromatin regions in Kc167 cells (Beh et al, 2016). When studying

the distribution of AbdA and Ubx over the promoter-proximal region

in greater detail, we observed high enrichment and a highly similar

distribution of AbdA and Ubx binding just upstream of TSSs, irre-

spective of the source material (Fig 1B). When comparing the

promoters targeted by either Hox, we found that AbdA targets 6,011

(4,456 non-overlapping) promoters in both S2 and Kc167 cells and

Ubx targets 2,748 (1,973 non-overlapping) promoters in S2, Kc167

and embryos (Fig EV1A). Lack of an AbdA ChIP dataset in embryos

precludes comparing common AbdA/Ubx promoters in embryos,

but when comparing common promoters when expressed in the

same cell system, we find that AbdA and Ubx target 7,338 (7,179

non-overlapping) common promoters in S2 cells and 5,511 common

promoters (5,384 non-overlapping) in Kc167 cells (Fig EV1B), of

which 4,216 are common to AbdA and Ubx in both S2 and Kc167

cells.

Hox proteins bind to a highly similar core TAAT DNA consensus

sequence, with increased specificity brought through association

with cofactors, the most studied of which are the PBC cofactors

(Exd in Drosophila) (Mann et al, 2009; Merabet & Mann, 2016).

They also often act together with transcription factors, referred to as

collaborators (Mann et al, 2009) that bind close to Hox proteins but

without demonstrated influence on Hox binding (Stobe et al, 2009).

S2 and Kc167 cells are devoid of nuclear Exd due to the absence of

homothorax (hth) expression (Abu-Shaar et al, 1999; Cherbas et al,

2011; Beh et al, 2016) and so binding by AbdA and Ubx to so many

common promoters suggests either AbdA and Ubx is capable of

binding as monomers, or binding is achieved through interaction
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with other common cofactors/collaborators (to which we further

refer for simplicity in this study as cofactor), or a combination of

both. To study whether AbdA and Ubx binding in S2 cells could be

influenced by potential novel common cofactors, we performed de

novo DNA motif discovery on all AbdA and Ubx peaks in S2 cells to

identify common DNA motifs other than the core TAAT Hox motif.

The two highest scoring and significant motifs, common to both

AbdA and Ubx peaks, were motifs targeted by M1BP and GAGA

factor (encoded by the trithorax-like (trl) gene and herein termed

GAF) (Fig 1C). Searching for motif occurrences showed that both

GAF and M1BP motifs were also highly enriched in peaks of AbdA

and Ubx from Kc167 cells and Ubx peaks from embryos (Fig 1D).

Interestingly, while the GAF motif was generally evenly distributed

amongst the peaks found at the different genomic locations, albeit

A

C D

B

Figure 1. AbdA and Ubx are highly enriched at promoter-proximal regions that contain M1BP and GAF binding motifs.

A Comparison of the localisation of peaks called with unique genomic regions of AbdA (S2 and Kc167 cells) and Ubx (S2 cells, Kc167 cells and embryos).
B Heatmap representation of the enrichment of AbdA and Ubx upstream of RefSeq transcription start sites (TSS) in S2 and Kc167 cells (AbdA and Ubx) and embryos

(Ubx). Each row in the heatmap represents a RefSeq gene, clustered with respect to total enrichment of AbdA in Kc167 cells.
C Two highly significant motif weblogos of position weight matrices discovered during de novo motif discovery on AbdA and Ubx peaks in S2 are shown. The DNA

consensus sequence is provided above the weblogo. Motif comparison with known transcription factor binding motifs identified the motifs enriched in AbdA/Ubx
peaks as Motif 1 Binding Protein (M1BP) and GAGA factor (GAF).

D The enrichment of M1BP and GAF position weight matrices in AbdA and Ubx peaks found at the given genomic regions is presented as a percentage of peaks in that
genomic region.

Data information: ChIP data from S2 cells are from this study, from Kc167 cells are from Beh et al (2016) (GSE69796) and from embryo are from Shlyueva et al (2016)
(GSE64284).
Source data are available online for this figure.
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with a slight but consistent bias for enhancer-located peaks, the

M1BP motif was most enriched at promoter-based peaks of AbdA

and Ubx (Fig 1D).

Given the high degree of similarity of promoter targeting by

Drosophila Hox proteins, we thus decided to study the importance

and consequences of promoter binding in greater detail, using the

HA-AbdA-expressing S2 cell line (herein termed S2-AbdA) as model.

AbdA binding to M1BP target genes results in reduced poised Pol
II and increased productive transcription

The finding of GAF and M1BP binding motifs enriched in AbdA and

Ubx binding sites, particularly at promoters, is of interest since both

GAF and M1BP bind promoter-proximal regions in S2 cells to estab-

lish distinct poised Pol II states, with GAF dictating high levels of

poised Pol II and M1BP fixing a higher variation in degrees of poised

Pol II (Lee et al, 2008; Li & Gilmour, 2013; Fuda et al, 2015). We

thus focussed on the binding of AbdA in S2-AbdA cells to study

whether GAF and M1BP functions at promoters could be linked to

Hox promoter targeting.

Performing ChIP-seq of GAF, M1BP and the Rpb3 subunit of Pol

II for determining the poised Pol II state (Core et al, 2012) in S2 cells

and comparing their binding sites with that of AbdA in S2-AbdA

cells showed association of all factors with AbdA, a large number of

which map to promoter-proximal AbdA binding sites (Fig 2). The

promoter-proximal association of AbdA with either GAF or M1BP

(Fig 2A) is statistically significant (P < 0.0001) when tested using

the Genomic Association Tester (Heger et al, 2013). However, given

that the majority of Drosophila promoters contain poised Pol II

(Muse et al, 2007; Zeitlinger et al, 2007; Lee et al, 2008) and these

poised promoters primarily contain GAF and/or M1BP (Li &

Gilmour, 2013), it is likely that any transcription factor that targets

mainly promoters would associate with GAF and/or M1BP. If these

promoters were primarily the same as those targeted by AbdA, this

would leave the biological significance of the promoter-proximal

association of AbdA with either GAF or M1BP in question. To test

this, we took public S2 cell ChIP datasets for the sequence-specific

transcription factors yorkie (yki: GSE46305), deformed wings (dwg:

GSE32853) and pleiohomeotic (pho: GSE32857) for which the major-

ity of peaks are found at promoters and associating with GAF and

M1BP peaks (Table EV2). Of the 2,185 M1BP-specific AbdA-targeted

promoters, 21% (465) contain yki, 14% (316) contain dwg, 19%

(405) contain pho and 4% (81) contain all five transcriptions

factors. Of the 1,000 GAF-specific AbdA-targeted promoters, 56%

(564) contain yki, 35% (353) contain dwg, 28% (283) contain pho

and 12% (123) contain all five transcriptions factors. These data

suggest that the statistically significant GAF/M1BP promoters

targeted by AbdA may be of biologically significance since they do

not appear largely common to any promoter-targeting sequence-

specific transcription factor, particularly for the M1BP-targeted

AbdA promoters.

Hox proteins regulate the expression of a number of important

developmental genes, although they additionally regulate the

expression of genes responsible for more basic cellular processes

such as cell adhesion, division, death and migration (reviewed in

Pearson et al, 2005; Rezsohazy et al, 2015). GAF controls mainly

development and morphogenic genes, whereas M1BP controls genes

mainly involved in basic cellular processes (Li & Gilmour, 2013).

Gene ontology analyses showed that the genes whose promoters are

targeted by AbdA that are involved mainly in developmental

processes are principally GAF-controlled promoters, whereas genes

targeted by AbdA involved in basic cellular processes are M1BP-

controlled promoters (Fig 2C).

To study whether the binding of AbdA at promoters affects the

binding of GAF, M1BP, or Pol II in S2-AbdA cells, we additionally

performed ChIP-seq on all factors in S2-AbdA cells. In addition to

studying poised Pol II at the promoter, we additionally investigated

the state of elongating Pol II through ChIP-seq of Pol II phosphory-

lated at serine 2 of the C-terminal domain (Pol II phospho Ser-2) in

S2 and S2-AbdA cells (Fig 3A). Quantification of enrichment of

AbdA, GAF and M1BP at promoter-proximal regions, Rpb3 in the

poised Pol II region and Pol II phospho Ser-2 in the gene body at

genes displaying poised Pol II in S2 and S2-AbdA cells showed a

reduction in poised Pol II and an increase in elongating Pol II upon

AbdA binding (Fig 3A and B), but little-to-no change in GAF and

M1BP binding (Fig EV2). While GAF and M1BP targets are generally

distinct, they do share some common promoter-proximal targets (Li

& Gilmour, 2013; Fuda et al, 2015). Hence, we separated genes into

three distinct classes based on the presence of high confidence

peaks within 150 bp upstream of a poised Pol II gene in S2 cells of

only GAF, only M1BP, or containing both GAF and M1BP peaks.

Comparing binding in S2-AbdA cells versus S2 cells, we found that

while the binding of GAF and M1BP remained largely unchanged

(Fig EV2C), we found less poised Pol II and more elongating Pol II

at a large number of M1BP-specific targets upon AbdA binding

(Fig 3C and D).

To determine whether the changes in poised Pol II status and

increased elongating Pol II reflect changes in gene transcription, we

first performed RNA-seq analyses on S2 and S2-AbdA cells and

found 1,982 differentially expressed (DE) genes upon AbdA expres-

sion (Dataset EV1). We called a gene as being directly regulated by

AbdA in S2 cells if the promoter of the DE gene was targeted by

AbdA, resulting in 891 genes directly regulated by AbdA (Dataset

EV1), displaying an average of 2.6-fold upregulated and 3.7-fold

downregulated (Appendix Fig S3). AbdA is reported to regulate

some 964 genes when ubiquitously expressed in the embryo

(Hueber et al, 2007), of which 10% (98) are shown here directly

regulated in S2 cells (Dataset EV1), suggesting that the direct regula-

tion of genes by AbdA through promoter-proximal binding is at least

in part observable in the embryo. Testing some of the genes that are

differentially expressed by AbdA in S2 cells but not found as regu-

lated in the embryo by Hueber et al (2007), we found that most of

the genes tested (19/20) showed differential expression upon ubiq-

uitous AbdA expression (for examples, see Fig 4A and B), demon-

strating that the list of 964 genes regulated by AbdA in the embryo

(Hueber et al, 2007) is a conservative estimate.

Of the 891 genes directly regulated by AbdA in S2 cells, 384

contained a promoter GAF peak and 273 contained a promoter M1BP

peak. Separating the list of directly regulated genes into those genes

containing only GAF or M1BP promoter peaks (n = 459) to remove

genes containing both GAF and M1BP and studying changes in

poised and elongating Pol II, we observed that at GAF target genes,

the majority of genes tend to show reduced expression and less elon-

gating Pol II upon AbdA expression but without affecting promoter

Pol II levels (Fig 4C), suggesting that the observed repression is not

through changes in Pol II pausing. However, at M1BP target genes

The EMBO Journal Vol 36 | No 19 | 2017 ª 2017 The Authors

The EMBO Journal Hox and M1BP cooperate to regulate transcription Amel Zouaz et al

2890



Pol II pausing is released, shown by reduced promoter Pol II,

increased elongating Pol II and increased gene expression (Fig 4C).

Together, these data demonstrate that while AbdA targets both

GAF- and M1BP-controlled poised Pol II genes, it is mainly at the

M1BP targets that there is reduction in poised Pol II status and

increased productive transcription, suggesting a functional coopera-

tion between AbdA and M1BP in regulating gene expression, which

we sought to examine further.

M1BP interacts and cooperates with Hox proteins in Drosophila

To test for functional cooperation between AbdA and M1BP in regu-

lating gene expression, we took advantage of a GFP reporter

construct containing multiple binding sites for M1BP (Li et al,

2010). While the region in and around the M1BP binding sites does

not contain a canonical “TAAT” Hox binding site sequence, it is rich

in AA, TT and TA dinucleotides (82% AA, 66% TT, 60% TA) and is

A

B

C

Figure 2. AbdA targets promoter-proximal regions pre-bound by GAF and M1BP.

A Venn diagram representing the overlap between promoter-proximal AbdA, M1BP and GAF peaks.
B RefSeq transcripts enriched for promoter Pol II (6,910 genes) were clustered according to total promoter Pol II enrichment levels and heatmaps of log2 ChIP

enrichment for promoter Pol II (Rpb3), GAF and M1BP in S2 cells and AbdA in S2-AbdA cells are shown.
C Fold enrichment of gene ontology terms of genes targeted by AbdA at M1BP and GAF promoters.

Source data are available online for this figure.
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Figure 3.
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flanked by two TAAAT sequences that can be found enriched at

AbdA sites in Kc167 cells (Beh et al, 2016) and bind AbdA in vitro

(Slattery et al, 2011) (Fig 5A). Transfection of the GFP reporter into

S2 cells results in GFP fluorescence that is largely eliminated upon

M1BP RNAi, demonstrating the dependence on M1BP binding

(Fig 5A). The intensity of GFP fluorescence observed is increased by

approximately fourfold upon transfection of the reporter into S2-

AbdA cells, which is co-dependent on the presence of both AbdA

and M1BP, demonstrating that the presence of both AbdA and

M1BP is required to achieve maximal GFP fluorescence (Fig 5A).

These data suggest that the two proteins may interact in a common

protein complex. Indeed, immunoprecipitation of M1BP in S2-AbdA

cells results in AbdA co-precipitation (Fig 5B). This interaction is

conserved in the embryo where immunoprecipitating either AbdA

or Ubx from embryo extracts co-precipitates M1BP (Fig 5B). To

directly visualise this interaction on chromatin in vivo, we expressed

AbdA in the salivary gland using the sgsGal4 driver. Immunostain-

ing for M1BP on salivary gland polytene chromosomes shows a

distinct binding pattern representing the large number of strong

chromatin binding sites of M1BP, a large number of which show

colocalisation with AbdA (Fig 5C). Taken together, these data

suggest that the co-dependency for maximal reporter gene transcrip-

tion in S2 cells is likely to pass in part via protein–protein interac-

tion and that this interaction is conserved in vivo.

As both AbdA and Ubx target M1BP-controlled promoters (Fig 1D)

and both interact with M1BP in embryos (Fig 5B), we were interested

in determining whether M1BP could function in Hox-controlled

processes in vivo. Studying M1BP–Hox cooperation in a physiological

context is less trivial, since the only study to date into M1BP function

was performed in S2 cells (Li & Gilmour, 2013). However, using the

knowledge that genes containing the M1BP binding motif respond

negatively to starvation in Drosophila larvae (Li et al, 2010), a

context that induces autophagy in the fat body, we hypothesised that

M1BP might play a central role with Hox proteins in their role in

controlling autophagy (Banreti et al, 2014). Unlike all Hox proteins,

whose clearance is required to permit autophagy progression at the

third-instar larval feeding-to-wandering transition (Banreti et al,

2014), M1BP expression in fat body cells is maintained at all stages of

third-instar larval development (Fig EV3A). While forced expression

of M1BP could not inhibit developmental autophagy in wandering

larvae (Fig EV3B), using the Atg8a marker that marks cytoplasmic

autophagosomes as a marker of active autophagy (Klionsky et al,

2011), we found that upon RNAi knockdown of M1BP in feeding

larvae (Fig EV3C), either through spatially controlled RNAi using the

cg-Gal4 driver (Fig 6A) or clonally (Fig 6B), rapid and premature

induction of autophagy occurred (Fig 6).

Forced loss of expression of all Hox genes in feeding larvae is

required to induce premature autophagy (Banreti et al, 2014).

Autophagy induction upon M1BP knockdown is not due to the loss

of Hox expression, since all of the tested Hox expression profiles

were unaffected (Fig 6C). Moreover, anti-Ubx staining shows that

Ubx protein production is unaffected upon M1BP knockdown

(Fig EV3D). Since the presence of a single Hox protein is sufficient

to block developmental autophagy (Banreti et al, 2014), these data

◀ Figure 3. Promoter-proximal binding of AbdA to M1BP target genes leads to a reduction in poised Pol II and increased elongating Pol II.

A RefSeq transcripts enriched for promoter Pol II (6,910 genes) were clustered according to total promoter Pol II enrichment levels and heatmaps of log2 ChIP enrichment
values spanning from 1 kb upstream of the TSS to 1 kb downstream of the TES are shown for ChIPs of the HA tag (AbdA), the Rpb3 subunit of Pol II (poised Pol II) and
Pol II phospho Ser-2 (elongating Pol II) in S2 and S2-AbdA cells. Boxed areas highlight the regions used to quantitate mean enrichment values in (B).

B Average profile plots of log2 enrichment at the poised Pol II region (Rpb3), the gene body for elongating Pol II (Pol II phospho Ser-2) and promoter-proximal regions
(AbdA) for ChIPs on S2 (green) and S2-AbdA (brown) cells showing reduced promoter Pol II and increased elongating Pol II. The dotted line represents no ChIP
enrichment.

C Boxplot comparison of poised Pol II (Rpb3) and elongating Pol II (Pol II phospho Ser-2) mean log2 RPMs data from (B) at transcripts from S2 and S2-AbdA cells
containing either a GAF peak, an M1BP peak or both GAF and M1BP within 150 bp upstream of the TSS. Box limits represent the interquartile range with whiskers
representing the first and fourth quartiles. Notches represent the 95% confidence interval of the median (black bar) and mean values represented by white dots.
P-values determined from permutation tests: *P < 0.05; **P < 0.001; ***P < 0.0001; NS > 0.05.

D Volcano plots of significant poised Pol II and elongating Pol II differential binding upon AbdA expression determined using diffReps at the poised Pol II region (Rpb3)
or gene body (Pol II phospho Ser-2) of transcripts containing peaks of either GAF or M1BP within 150 bp upstream of the TSS showing more reduced poised Pol II and
increased elongating Pol II at M1BP-controlled genes upon AbdA binding.

Source data are available online for this figure.

▸Figure 4. Promoter-proximal binding of AbdA leads to changes in gene expression.

A In situ hybridisations of six genes identified as differentially expressed upon promoter-proximal binding of AbdA in S2-AbdA cells show differential expression in
embryos upon armGal4 expression of AbdA. Embryonic regions that do not express the gene in wild-type embryos (green zones) but regions that display ectopic
expression upon AbdA expression are highlighted in red.

B RT–qPCR of 10 genes identified as differentially expressed upon promoter-proximal binding of AbdA in S2-AbdA cells shows significant differential expression in
embryos upon armGal4 expression of AbdA. CG1486, which is twofold overexpressed in S2-AbdA cells, showed no significant change in expression in embryos upon
AbdA ectopic expression. Error bars represent standard error of the mean of three independent experiments performed in triplicate, and P-values were derived using a
Student’s t-test: *P < 0.05; **P < 0.001; ***P < 0.0001.

C Contour plots showing dynamic change in poised Pol II (log2 fold change of Rpb3 RPM) or elongating Pol II (log2 fold change of Pol II phospho Ser-2) on the ordinate
as a function of changes in gene expression of DE genes (log2 count fold change; abscissa) at Pol II poised genes upon AbdA expression. ChIP profiles are grouped into
transcripts containing GAF (blue contours; n = 285) or M1BP (red contours; n = 174) peaks within 150 bp upstream of the DE gene’s TSS. M1BP genes generally
display reduced poised Pol II, increased elongating Pol II and increased gene expression upon AbdA binding, whereas GAF genes display reduced elongating Pol II and
reduced expression. Contour lines group points of equal density and correspond to a sequence of equally spaced z-values, with increasing opacity added for regions
with decreasing z-values.

Source data are available online for this figure.
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represent, to our knowledge, the only example in Drosophila of

premature autophagy induction through the loss of expression of a

single protein that itself is not required for Hox expression. Since

inhibition of autophagy is a generic function of all Hox proteins

(Banreti et al, 2014), it is not possible to discern an M1BP/AbdA-

specific partnership in such a physiological context. Nonetheless,

these data demonstrate two opposing situations, both leading to

autophagy induction: in wandering larvae, autophagy commences

when Hox protein expression is lost (Banreti et al, 2014) while

M1BP expression is maintained, whereas in feeding larvae, loss of

M1BP expression induces autophagy while Hox expression is main-

tained (Fig 6D). These data implicate M1BP as a master repressor of

autophagy—a role attributed equally to all Hox proteins—and

suggest that M1BP may work with Hox proteins in their role of

autophagy repression in the larval fat body.

PcG enrichment at poised Pol II promoters is reduced upon
AbdA-induced expression of M1BP target genes

To study the molecular mechanisms underlying AbdA-regulated

transcription in S2-AbdA cells, we analysed the publicly available

binding profiles of 41 unique histone modifications and histone-

modifying enzymes in S2 cells together with the binding profiles of

AbdA, M1BP, GAF and Pol II. While the transcription factors and

Pol II clustered strongly with a general signature of active transcrip-

tion, H3K4me3 and histone-modifying enzymes linked to transcrip-

tional activation, it was the addition of the Polycomb Group (PcG)

family of histone modifiers, Sex combs extra (herein referred to as

dRing) and Enhancer of zeste (E(z)) to the same cluster group that

caught our attention (Fig EV4A). To study this apparent association

in greater detail and in conditions allowing for direct comparison,

we performed ChIP-seq on dRing, E(z), Pc, H3K4me3 and

H3K27me3 in S2 and S2-AbdA cells. Studying the genomic distribu-

tion of AbdA in S2-AbdA cells with GAF, M1BP, Rpb3, dRing and E

(z) in S2 cells, we observed a striking colocalisation between the

PcG proteins and AbdA at promoters bound by either GAF or M1BP

and containing poised Pol II (Fig EV4B). While long known for their

role in the stable and heritable repression of Hox genes, PcG

proteins are now also known to play a finer role in transcriptional

regulation at the promoter through maintaining a poised Pol II state

in both Drosophila (Dellino et al, 2004; Schwartz et al, 2010; Chopra

et al, 2011; Enderle et al, 2011; Kharchenko et al, 2011; Gaertner

et al, 2012) and vertebrates (Boyer et al, 2006; Stock et al, 2007;

Marks et al, 2012), the role of which in AbdA-driven transcriptional

regulation in S2-AbdA cells we sought to investigate further.

Analysing the enrichment in S2 and S2-AbdA cells of PcG

proteins, H3K4me3 and the PcG histone signature H3K27me3, we

included genes lacking enriched promoter Pol II (n = 10,690), in

addition to those genes showing poised Pol II (n = 6,910). At genes

lacking poised Pol II, PcG proteins were found enriched together

with H3K27me3 and were unaffected by AbdA expression (Fig 7A

and B; unenriched Pol II genes). At these genes, enrichment of AbdA

and H3K4me3 was absent. However, at the promoter-proximal

region of poised Pol II genes, we observed enrichment of PcG

proteins without their H3K27me3 signature, and this enrichment

was markedly reduced upon AbdA binding (Fig 7A and B; poised

Pol II genes). Using the list of genes separated into the three distinct

classes based on the presence of only GAF, only M1BP or containing

both GAF and M1BP peaks (see Fig 3), we find consistent significant

loss of PcG at M1BP targets (Fig 7C). At these targets, the

largest significant loss of PcG binding was that of dRing at

promoter-proximal poised Pol II genes targeted by M1BP, where

dRing binding was often lost (for examples, see Fig EV5). At M1BP-

targeted poised Pol II genes, small but significant increases in

H3K4me3 enrichment were observed (Fig 7), suggesting an increase

in transcription due to PcG loss upon AbdA binding. Correlating

ChIP enrichment at GAF- and M1BP-targeted genes (Fig 7A) with

significant changes in gene expression (Appendix Fig S3), we

observed the reduction in promoter-proximal binding of PcG

proteins, linked with an increase in H3K4me3 at genes that were

overexpressed upon AbdA binding at M1BP-specific targets, which

was not the case at GAF-specific targets (Fig 8).

M1BP mutation enhances the sex comb Polycomb phenotype
without altering Scr expression

If PcG proteins play a negative regulatory role at M1BP targets, a

role that can be counteracted through Hox–M1BP cooperation, then

a PcG–M1BP genetic interaction should be observable. However, it

has long been known that mutation of PcG genes leads to ectopic

Hox expression (Jürgens, 1985; Struhl & Akam, 1985; Riley et al,

1987; Glicksman & Brower, 1988; Simon et al, 1992) and so any

phenotype observed from a test of PcG–M1BP genetic interaction

would need further investigation to distinguish the contribution of

changes in Hox gene expression versus changes in Hox protein

activity.

Using an engineered loss-of-function allele for M1BP (Liu et al,

2012), we tested for genetic interaction using the classical PcG

phenotype, which is the appearance of extra sex combs on male

adult legs (Landecker et al, 1994). Pc3 heterozygous mutant males

▸Figure 5. M1BP interacts with AbdA.

A GFP fluorescence was observed upon transfection of a M1BP-GFP reporter in S2 and S2-AbdA cells showing stronger fluorescence in S2-AbdA compared to S2 cells.
GFP reporter activity dependence on M1BP was demonstrated through M1BP RNAi treatment of transfected cells. Violin plots, overlaid by boxplots, show
quantification of GFP fluorescence of transfected nuclei of S2 and S2-AbdA cells and RNAi-treated cells showing quantitative co-dependence on the presence of both
AbdA and M1BP for maximal reporter activity. Box limits represent the interquartile range with whiskers representing the first and fourth quartiles. The median is
represented with a black bar and mean values represented by white dots. Scale bars represent 20 lm.

B M1BP interacts with AbdA and Ubx. Immunoprecipitation of M1BP from S2-AbdA cells co-precipitates AbdA (HA tag) and immunoprecipitation of either AbdA or Ubx
from embryo extracts co-precipitates M1BP. Lanes from no antibody (mock) and AbdA/Ubx IPs in embryos represent 14% of the input.

C AbdA colocalises with M1BP on polytene chromosomes. HA-tagged abdA was expressed in the salivary gland under the control of an sgsGAL4 driver. Co-
immunostaining AbdA (green) and M1BP (red) reveals bands colocalising with AbdA (white). Colocalisation detection (white) and correlation was performed in ImageJ
giving a Pearson’s correlation R-value of 0.72. A magnified area (white box in the green channel) is represented under the main image. Scale bars represent 20 lm.

Source data are available online for this figure.
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display ectopic sex combs on the second legs comprising a median

of two teeth, with a few rare exceptions displaying sex comb teeth

on the third pair of legs (Fig 9A). While the M1BP mutation alone

does not result in ectopic sex combs on the second and third legs,

all M1BP/Pc trans-heterozygote males display at least one ectopic

sex comb tooth on the second pair of legs, with an increased median

value from two to three teeth and a greater number of males found

to display ectopic sex combs on the third pair of legs (Fig 9A),

demonstrating that M1BP is an enhancer of the Pc extra sex combs

phenotype.

While the genes directly responsible for sex comb development

are little studied, sex combs ultimately arise from the upstream

action of the Hox gene Sex combs reduced (Scr) (Struhl, 1982; Riley

et al, 1987) and this action is independent of Exd (Percival-Smith

& Hayden, 1998). The ectopic sex comb PcG phenotype is due to

the loss of PcG silencing of Scr expression (Jürgens, 1985). To

A B

C D

Figure 6. M1BP is essential in inhibiting autophagy in the Drosophila fat body.

A The Atg8a active autophagy marker is upregulated following global RNAi-mediated M1BP knockdown in L3 feeding larval fat body cells. Note that at this early stage,
RNAi expression is efficient only in a subset of cells, precisely those that initiate autophagy. Gonads (G) are present in fat body preparations (scale bars, 50 lm).

B Clonal loss, RNAi-expressing cells are GFP-identified and autophagy is monitored using mCherry::Atg8a confirming the requirement of M1BP for autophagy repression
in L3 feeding larval fat body cells (scale bar, 10 lm). Contrasts of individual channels are shown.

C Induction of autophagy by M1BP RNAi is not due to the loss of Hox expression. Gene expression was determined by qRT–PCR from wild-type or M1BP RNAi fat
bodies. Error bars represent standard error of the mean of three independent experiments performed in triplicate, and P-values were derived using a Student’s t-test:
**P = 0.001; ***P = 0.0001.

D Summary of the correlation between M1BP and Hox expression and autophagy status in fat body cells. Hox and uasHox is a summary of the findings by Banreti et al
(2014). A cross denotes loss of gene expression and overexpression of UAS constructs is represented in bold. The status of fat body cells with respect to autophagy is
colour-coded with green representing cells that do not display active autophagy and red denoting cells in autophagy.
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assess whether the additional sex combs observed upon M1BP loss

of function in a Pc heterozygous mutant background are due to

changes in Hox gene expression, we quantified Scr expression in

all three male leg discs. We observed no effect on Scr expression

upon M1BP mutation either alone or combined with Pc mutation

(Fig 9B), which to our knowledge is the first reported example of

an enhanced PcG phenotype (ectopic sex combs) that is not due to

increased loss of PcG function in silencing Hox gene expression

(Scr). Since the genes directly responsible for sex comb apparition

remain unknown, it is not possible to determine whether Pc/M1BP

mutation is affecting Pol II status at their promoter, nor whether

Scr plays a role in the release of paused Pol II at these genes.

Nonetheless, these genetic interaction data provide evidence that

the PcG and M1BP function in similar pathways responsible for

sex comb development and that loss of this function affects Scr

protein activity.

Discussion

Ubx and AbdA predominantly associate with promoter regions

Understanding Hox transcriptional networks is central to under-

standing their wide repertoire of functions, yet observing where

they bind in the genome does not explain why they bind there.

In using a homogenous cell-based system devoid of endogenous

Hox expression to conditionally express the Hox protein Ubx or

AbdA, we have demonstrated that Drosophila Hox proteins target

proximal promoters genome-wide, which is conserved (for Ubx at

least) in developing embryos. While studies into Hox genomic

binding have historically focussed on enhancer elements in

spatially and temporarily controlling individual gene expression,

genome-wide promoter enrichment of Hox proteins is known to

occur for mouse HoxB4 in hematopoietic stem cells (Oshima et al,

2011), mouse Hoxa2 in the second branchial arches (Amin et al,

2015) and for zebrafish Hoxb1a in early embryogenesis (Choe

et al, 2014). However, why Hox proteins target the promoter-

proximal region has been little explored. A major advantage of

the Drosophila S2 cell system is that the conditional Hox expres-

sion system allows studying in fine detail the sequence of events

occurring upon promoter binding and the impact on gene

expression.

Hox proteins partner with the pausing factor M1BP to fine tune
gene expression

The promoters targeted by both AbdA and Ubx in Drosophila are

essentially promoters containing either GAF or M1BP. GAF controls

mainly development and morphogenic genes, whereas M1BP

controls genes mainly involved in basic cellular processes (Li &

Gilmour, 2013), and this distinction in gene ontology is reflected in

the genes whose promoters are targeted by AbdA (Fig 2C). As AbdA

and Ubx also target enhancer regions (Fig 1A), we cannot rule out

that the observed promoter binding is the result of enhancer–

promoter interaction. However, given that the majority of genes

controlled by M1BP do not have distal enhancers (Zabidi et al,

2015), it is unlikely that this is the case for M1BP-targeted promot-

ers. Both GAF and M1BP are important and distinct Drosophila Pol

II pausing factors (Li & Gilmour, 2013; Fuda et al, 2015; Duarte

et al, 2016), a role that proved important in understanding the

nature of promoters targeted by AbdA and Ubx, since the majority

of all promoters targeted by the Hox proteins contained poised Pol II

(for example, see Figs 2B and 7A). GAF binding sites have previ-

ously been shown enriched at Ubx targets (Agrawal et al, 2011;

Shlyueva et al, 2016), although a link between Hox and GAF in

regulating gene transcription was not demonstrated. Similarly, in

S2-AbdA cells, AbdA binding at GAF-regulated promoters has little

clear-cut effect on poised Pol II status (Fig 3), although the amount

of elongating Pol II and gene transcription appears reduced (Fig 4C).

It was at M1BP-bound promoters where we found that AbdA has an

effect on Pol II pausing, whereby AbdA binding results in a reduc-

tion in poised Pol II giving rise to increased productive transcription

(Figs 3 and 4). Taken together with the findings that both Ubx and

AbdA target nearly identical promoters (Fig EV1), that AbdA and

M1BP synergise in reporter gene expression (Fig 5A), that both Ubx

and AbdA interact with M1BP in embryos (Fig 5B) and AbdA colo-

calises with M1BP on polytene chromosomes (Fig 5C), these data

suggest functional cooperation between M1BP and AbdA/Ubx. To

this end, demonstrating that M1BP expression is essential in inhibit-

ing autophagy in the larval fat body (Fig 6), an Exd-independent

cellular function shared by all Drosophila Hox proteins where the

loss of expression of all Hox genes is essential for autophagy induc-

tion (Banreti et al, 2014), suggests that M1BP may function with

Hox proteins in their generic function of autophagy inhibition

(Fig 6D).

▸Figure 7. Reduction in PcG binding to promoter-proximal regions and increase in H3K4me3 histone mark are observed at M1BP-controlled genes upon AbdA
expression.

A RefSeq transcripts enriched for promoter Pol II (poised Pol II genes; n = 6,910) were clustered according to total promoter Pol II enrichment levels. RefSeq genes
showing no promoter Pol II enrichment (unenriched Pol II genes; n = 10,690) were clustered according to total H3K27me3 enrichment levels. Heatmaps of the
enrichment spanning from 1 kb upstream of the TSS to 1 kb downstream of the TES are shown for ChIPs of H3K27me3, E(z), dRing and H3K4me3 in S2 and S2-AbdA
cells. Heatmap of enrichment of Pol II (Rpb3 antibody) in S2 cells and AbdA (HA antibody) in S2-AbdA cells is shown for reference. Boxed areas highlight the regions
used to quantitate mean enrichment values.

B Average profile plots of mean log2 ChIP enrichment at the boxed areas highlighted in (A) are shown for ChIPs performed on S2 cells (green) and S2-AbdA cells (brown)
showing reduced PcG binding and increased H3K4me3 at poised Pol II genes. The dotted line represents no ChIP enrichment over input.

C Boxplot comparison of dRing, E(z) and H3K4me3 mean log2 RPM values sampled from the poised Pol II region at genes from S2 (green) and S2-AbdA (brown) cells
containing either a GAF peak (GAF only; n = 1,309), an M1BP peak (M1BP only; n = 3,374) or both GAF and M1BP peaks (GAF and M1BP; n = 899) within 150 bp
upstream of the TSS. Box limits represent the interquartile range with whiskers representing the first and fourth quartiles. Notches represent the 95% confidence
interval of the median (black bar) and mean values represented by white dots. Boxplot outliers are not shown. P-values determined from permutation tests:
*P < 0.05; ***P < 0.0001; ND: P-values were not determined since samples did not show equal variance at a 3% significance threshold, even with outliers removed.

Source data are available online for this figure.
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Similar to the distinct mechanisms at play in pausing Pol II at

M1BP- and GAF-controlled promoters (Li & Gilmour, 2013; Duarte

et al, 2016), these data suggest that distinct mechanisms of

release of paused Pol II exist at the two classes of poised Pol II

promoters: additional factors that are not present in S2 cells are

likely required to permit Hox-induced productive transcription at

GAF-controlled promoters since we find little evidence that AbdA

binding affects Pol II pausing, whereas at M1BP-controlled genes,

AbdA binding is sufficient to increase gene transcription through

the release of paused Pol II.

A role for non-canonical PcG protein activity in M1BP/Hox-
mediated gene regulation

Testing the association of AbdA ChIP peaks in S2-AbdA cells with

those of numerous publicly available histone-modifying proteins

A

B

Figure 8. Promoter-proximal regions showing loss of PcG proteins upon AbdA binding show increased gene expression.

A Genome browser view of AbdA, M1BP, Rpb3, dRing, E(z) and H3K4me3 at genes that are upregulated upon AbdA expression shows the loss of PcG proteins specifically
at the promoter-proximal region, whereas other regions remain largely unchanged upon AbdA binding concomitant with reduced poised Pol II and increased
H3K4me3. Equal enrichment values between S2 and S2-AbdA cells are shown (horizontal black line) for Rpb3, E(z) and H3K4me3 ChIPs to allow visualisation of the
small but significant changes that occur.

B Contour plots showing dynamic changes in PcG proteins and H3K4me3 (log2 fold change of RPM; ordinate) as a function of changes in gene expression of
differentially expressed genes (log2 count fold change; abscissa) at Pol II poised genes upon AbdA expression. ChIP profiles are grouped into genes containing GAF
(blue) or M1BP (red) peaks within 150 bp upstream of the TSS, which shows consistent reduction in promoter-proximal PcG proteins, as well as increased H3K4me3
profiles at AbdA-targeted genes containing promoter-proximal M1BP, resulting in increased gene expression. Contour lines group points of equal density and
correspond to a sequence of equally spaced z-values, with increasing opacity added for regions with decreasing z-values.

Source data are available online for this figure.
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and histone marks in S2 cells, we found that the M1BP- and GAF-

poised Pol II promoters targeted by AbdA were enriched for PcG

proteins and H3K4me3 (Fig EV4). The finding that AbdA-enhanced

transcription at M1BP promoters was more consistently concomitant

with a loss of promoter PcG protein binding than at GAF-controlled

promoter (Fig 8), suggests that the emerging role for PcG proteins in

maintaining a poised Pol II state (Dellino et al, 2004; Boyer et al,

2006; Stock et al, 2007; Schwartz et al, 2010; Chopra et al, 2011;

Enderle et al, 2011; Kharchenko et al, 2011; Gaertner et al, 2012;

Marks et al, 2012) can be perturbed by Hox binding. Indeed, it is

noteworthy that of the PcG proteins tested here, it is promoter-

bound dRing that is most affected upon AbdA binding (Figs 7, 8,

and EV5), suggesting that, like in vertebrates where Ring1 plays a

major role in restraining the poised Pol II at promoters (Stock et al,

2007), dRing may play a major role in tethering the poised Pol II

state in Drosophila. Given that no clear effect on PcG binding occurs

A B

Figure 9. M1BP enhances the extra sex combs PcG phenotype without altering Scr gene expression.

A Quantification of the number of sex combs on first (left), second (centre) and third (right) legs from male flies that are wild type, heterozygous for either M1BP or Pc
mutation and M1BP/Pc double heterozygote mutants. Data are presented as representative images (upper panels) and boxplots (lower panels) with individual counts
shown as a jitterplot overlay. Box limits represent the interquartile range with whiskers representing the first and fourth quartiles. Outliers are represented as black
dots. The median number of sex combs for each genotype is highlighted with a lozenge. **P < 0.01; ***P < 0.001 from Mann–Whitney U-tests.

B The effects of M1BP, Pc and M1BP/Pc heterozygous mutation on Scr expression in first (left), second (centre) and third (right) leg discs from third-instar larvae were
determined by anti-Scr immunolabelling (upper panels) and RT–qPCR (lower panels). RT–qPCR data are presented as Scr expression levels relative to wild type. Error
bars represent standard error of the mean of three independent experiments performed in triplicate. Scale bars represent 100 lm.
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at GAF-controlled promoters, even when these genes are repressed

upon AbdA binding (Figs 7C and 8B), it reinforces the notion that

contrary to M1BP targets, the control of gene expression by AbdA at

GAF genes is unlikely to occur through the regulation of poised Pol

II status.

Where PcG proteins are linked to maintaining gene repression,

trithorax group proteins (trxG) are the PcG antagonists, responsi-

ble for maintaining gene expression. As a transcription factor, GAF

has been traditionally classified as a trxG protein (Adkins et al,

2006) although it displays repressive activity and can recruit PcG

complexes (Hagstrom et al, 1997; Horard et al, 2000; Mulholland

et al, 2003). As such, GAF can be classified as a member of the

growing family of genes that display both PcG and trxG pheno-

types, the so-called enhancers of trithorax and polycomb (ETP)

family (for review, see Fedorova et al, 2009). We show here that

M1BP colocalises with PcG proteins at promoters in S2 cells and

phenotypically enhances the PcG homeotic phenotype of extra

male sex combs on the second and third pairs of legs (Fig 9A).

Indeed, M1BP�/Pc� transheterozygous males have an average of

5.3 legs displaying sex combs, which is more than most combina-

tions of PcG mutant transheterozygotes (Campbell et al, 1995),

demonstrating the large increase in penetrance of the Pc phenotype

upon M1BP mutation. As such, M1BP would be genetically classi-

fied as a PcG gene. However, PcG genes, by definition, display

homeotic phenotypes due to the derepression of Hox genes when

mutated and so since we observed neither increased derepression

of the upstream Hox gene responsible for sex comb development,

Scr, upon M1BP mutation (Fig 9B) nor Hox expression in fat body

cells following RNAi (Figs 6C and EV3D), M1BP cannot thus be

classified as a PcG gene. Given that M1BP is a transcription factor

involved in gene expression (Li & Gilmour, 2013), we therefore

favour that, like GAF, M1BP is likely to be a member of the ETP

family. How ETP proteins can enhance the phenotypes of both

repressors (PcG) and activators (trxG) has long remained a

mystery. Demonstrating here that GAF and M1BP colocalise with

PcG at poised Pol II promoters with the loss of PcG at those genes

displaying increased expression upon AbdA binding, may go a

long way to better understand how transcription factors and

transcriptional repressors intricately cooperate to regulate gene

transcription.

A mechanistic model for Hox activity at promoters

In summary, this work identifies a novel mechanism for Pol II

pausing release mediated by AbdA: at genes bound by M1BP,

targeting of AbdA results in the specific loss of PcG proteins, the

release of poised Pol II and increases in H3K4me3 histone marks,

which results in promoting productive transcription. Identified in

S2 cells where Hox PBC-class cofactors are absent, this mechanism

may more generally apply to Hox-generic functions that are inde-

pendent of PBC-class cofactors, such as the repression of auto-

phagy in the Drosophila fat body or sex comb development in

Drosophila males. It may also apply to PBC-dependent Hox target

gene regulation by cooperating with Hox PBC-bound genomic

regions located remote from the promoter. Further work aimed at

studying Hox PBC-bound enhancers together with poised Pol II

status, and promoter-proximal Hox and PcG binding, should

provide further insight into how enhancer-bound protein

complexes influence the basic mechanisms of transcription regu-

lated through poised Pol II. Uncovering such a Hox-driven mecha-

nism of gene regulation by sequence-specific transcription factors,

PcG proteins and poised Pol II in the developing animal would

have been fraught with difficulties, not least of which is the quag-

mire of PcG proteins being essential global repressors of all Hox

genes.

Materials and Methods

Drosophila experiments

Details of stocks used or generated in this study are provided in

Appendix Supplementary Methods.

For studies into autophagy in the fat body, UAS-M1BP RNAi

males were crossed to either cg-Gal4 (Drosophila Bloomington

Stock Center) or yw,hs-Flp;r4-mCherry::Atg8a;Act > CD2 > GAL4

(a gift from T. Neufeld) females. Crosses, incubations, preparation

of L3-feeding and L3-wandering fat body samples, imaging of fixed

tissues, LysoTracker-Red staining and immunohistochemistry on

larval fat bodies were all done according to Banreti et al (2014).

The following primary antibodies were used: rabbit anti-M1BP (a

gift from D. Gilmour) and rat anti-Atg8a (a gift from G. Jusász).

All secondary antibodies were purchased from Jackson Immuno-

Research Laboratories, Dianova or Molecular Probes. All imaging

was performed on an AxioImager APO Z1 Apotome microscope

(Zeiss).

For quantitative RT–PCR (RT–qPCR), total RNA was extracted

from ten L3-feeding larvae fat bodies (cg-Gal4 females crossed to

UAS-M1BP RNAi males or WT Oregon-R males) (gonads removed)

with the RNeasy Mini Kit (Qiagen) and reverse-transcribed with

Superscript II (Life Technologies). SYBR GreenER qRT–PCR Super-

Mix for iCycler� Instrument (Life Technologies) was used as cycle

master mix and qPCR performed in triplicate on a CFX96 thermo-

cycler (Bio-Rad). Quantifications of qPCRs from three independent

experiments were performed using the CFX Manager Software

(v3.1; Bio-Rad) using linear regression for Cq determination and

gene expression represented as normalised expression (DDCq) rela-
tive to zero using wild-type preparations as control sample. Statisti-

cal tests to generate P-values were determined using a Student’s

t-test through the CFX Manager Software Study Analysis (v3.1; Bio-

Rad). Oligos used for autophagy and Hox genes are provided in

Banreti et al (2014). M1BP-specific oligos used for qPCR are

provided in Appendix Supplementary Methods.

For validation of AbdA target genes in vivo, in situ hybridisa-

tions and RT–qPCR were performed on Drosophila embryos

collected from armGal4 flies crossed to either wild-type flies

(OreR) or UAS HA::AbdA flies. For in situ hybridisation studies,

digoxigenin-labelled RNA probes were generated from cDNA

clones (RE21580, RE73615, GH14073, RE67261, SD07261 and

SD01152) using SP6 or T7 polymerase (Promega) and hybridisa-

tion was performed on 0- to 16-h-old embryos using standard

protocol. For RT–qPCR, total RNA was extracted from embryos

collected for 3 h and aged for a further 10 h using the protocol

mentioned above for larval fat body RT–PCR. Sequences of oligos

used for AbdA target genes are provided in Appendix Supplemen-

tary Methods.
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For polytene chromosome immunolabelling experiments, HA-

tagged abdA was expressed in salivary glands using an sgsGal4

driver. Polytene chromosome squashes followed by immuno-

labelling were performed using standard techniques. Colocalisation

was determined in Fiji using a Colocalization Threshold plugin, and

statistical significance testing was performed using Coloc 2 Fiji

plugin.

Sex combs were counted on F1 male’s legs from non-TM6C,Tb1,

Sb1 flies from the following crosses: OreR females × OreR males; OreR

females × Pc3/TM6C,Tb1,Sb1 males; OreR females × M1BP18.7/

TM6C,Tb1,Sb1 males; M1BP18.7/TM6C,Tb1,Sb1 females × Pc3/TM6C,

Tb1,Sb1 males.

For Scr expression analyses, leg discs from non-TM6C,Sb1,Tb1

male late third-instar larvae were dissected, fixed and immuno-

stained with anti-Scr antibody (1:200, Developmental Studies Hybri-

doma Bank #6H4.1) using standard protocols. All imaging was

performed on an AxioImager APO Z1 Apotome microscope (Zeiss).

For Scr mRNA quantification, ten pairs of male leg discs, each

originating from first, second and third leg discs, were dissected

separately from non-TM6C,Sb1,Sb1 male late third-instar larvae,

total RNA was extracted and RT–qPCR performed as above using

Scr- and U6-specific oligos (see Appendix Supplementary Methods

for oligonucleotide sequences used).

Cell culture

S2-DRSC cells (Drosophila Genomics Resource Center, stock

#181) were cultured at 25°C in Schneider’s medium (Clini-

sciences) supplemented with 10% FBS. HA-tagged AbdA or Ubx

was cloned into pMK33/pMtHy (Drosophila Genomics Resource

Center), transfected into S2-DRSC cells and stable lines generated

through hygromycin B selection over a 4-week period to generate

the S2-AbdA cell line. The 4xMotif1::GFP reporter construct (Li

et al, 2010) contains four M1BP-binding sites upstream of a GFP

reporter (termed 4xM1BP::GFP in this manuscript) and was a gift

from L. Li and S. Grewal. Two Hox TAAAT binding sites (Slattery

et al, 2011; Beh et al, 2016) flank the four M1BP sites and two

divergent Hox motifs (ATTG) that bind AbdA in EMSA flank the

third M1BP binding site. HA:AbdA or HA:Ubx was induced by

treating stable lines with either 10 lM (HA:AbdA) or 5 lM (HA:

Ubx) CuSO4 for 24 h, which was the minimum induction level to

see comparable quantities of Ubx and AbdA by both western

analyses and RT–qPCR (see Appendix Supplementary Methods

for oligonucleotide sequences used).

The 4xM1BP::GFP reporter construct was co-transfected with a

pC4-SQhPatt-Sqh-mCherry plasmid (a gift from T. Lecuit) to identify

transfected cells (mCherry stained). RNAi experiments were

performed according to Li and Gilmour (2013). On the third day of

dsRNA incubation, the 4xMotif1::GFP and pC4-SQhPatt-Sqh-

mCherry plasmids were co-transfected into 1 × 106 treated cells and

the following day, cells were induced with 75 lM CuSO4 for 24 h.

M1BP and LacZ dsRNA were produced using the RiboMAX large-

scale RNA production system (Promega; see Appendix Supplemen-

tary Methods for sequences used).

All imaging was performed on an AxioImager APO Z1 Apotome

microscope (Zeiss). Quantitation of mean GFP fluorescence of

transfected nuclei was performed using ImageJ between 50 and 60

transfected cells.

Protein immunoprecipitation

Wild-type Drosophila Oregon-R overnight embryos were collected

during a 3-day period and nuclear extracts prepared. A total of 3 mg

nuclear extracts (Protein A/G-precleared) was incubated overnight

with 240 lg purified anti-AbdA or anti-Ubx antibody cross-linked to

40 ll protein A/G Plus Agarose using the Pierce Crosslink Immuno-

precipitation Kit (Thermo-Pierce Scientific). Mock immunoprecipita-

tions were performed under identical conditions, but by omitting

the Hox-specific antibody. Following extensive washing of immuno-

complexes, proteins were eluted through heating at 70°C for 10 min

in non-reducing Laemmli buffer (2% SDS, 10% glycerol, 0.002%

bromphenol blue and 0.125 M Tris–HCl, pH 6.8). Eluted proteins

were then reduced by the addition of 20 mM dithiothreitol, heated

for 10 min at 90°C and resolved on polyacrylamide gels followed by

immunoblotting.

Chromatin immunoprecipitation

Cells were grown at 25°C in 225-cm2 T-flasks to a density of 3 × 106

cells/ml upon which 10 lM (HA:AbdA) or 5 lM (HA:Ubx) CuSO4

was added to the culture medium for 24 h. Cell density prior to

cross-linking was between 5–6 × 106 cells/ml. Cross-linking of

CuSO4-induced cultured cells was performed according to the

modENCODE procedure using formaldehyde (Sigma Aldrich, ref:

F8775) as cross-linker. Chromatin was prepared according to the

modENCODE procedure using a BioRuptor sonicator (Diagenode)

yielding an average fragment size in the range of 300–500 bp. In

parallel with chromatin preparation for anti-HA ChIP, total RNA

was prepared from the same batch of cells using the RNeasy Mini

Kit (Qiagen).

ChIP-seq experiments were performed as duplicates obtained

from two independent chromatin preparations. For each ChIP-seq

experiment, 500 ll of precleared chromatin (200–250 lg DNA)

containing 1% PMSF was incubated with the appropriate antibody

for 15 h at 4°C. 50 ll (1.5 mg) of Dynabeads Protein G (Life Tech-

nologies) was added per 10 lg antibody used and incubated for 3 h

at 4°C. Beads were washed sequentially with the following proce-

dure: 5 × 10 min with 1 ml RIPA buffer (140 mM NaCl, 10 mM

Tris–Cl pH 8.0, 1 mM EDTA, 1% Triton-X 100, 0.1% SDS and 0.1%

DOC), 1 × 10 min with 1 ml LiCl ChIP buffer (250 mM LiCl, 10 mM

Tris–Cl pH 8.0, 1 mM EDTA, 0.5% NP-40 and 0.5% DOC) and 2 ×

1 min in TE. Washed beads were resuspended in 100 ll TE and 1 ll
RNase A (10 mg/ml) added. After 30-min RNase incubation for

30 min at 37°C, proteins were digested by the addition of 7.5 ll of
10% SDS and 3.8 ll of 10 mg/ml proteinase K followed by incuba-

tion overnight at 37°C. Crosslinks were reversed by incubation

for 6 h at 65°C. Following phenol–chloroform extraction, DNA

was precipitated overnight at �20°C and resuspended in 12 ll of
nuclease-free H2O ready for sequencing library preparation and

sequencing.

Antibodies used for ChIP were anti-Rpb3 (a gift from K. Adel-

man), anti-M1BP (a gift from D. Gilmour), anti-GAF (modENCODE

antibody; a gift from G. Cavalli, IGH, Montpellier), anti-HA (Abcam

ref: ab9110), anti-Pol II Ser-2 clone 3E10 (Merck Millipore; ref 04-

1571), anti-H3K27me3 (Millipore, ref: 07-440), anti-H3K4me3

(Abcam, ref: ab8580), anti-E(z) (Santa Cruz Biotech, ref: dN-20),

anti-Pc (Santa Cruz Biotech, ref: dN-19) and anti-dRing. The
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Drosophila rabbit polyclonal Rpb3 antibody has previously been

validated for ChIP of poised Pol II (Core et al, 2012). The Drosophila

dRing rabbit polyclonal antibody (dRing[98]) was produced by

immunising rabbits with peptide sequence MTSLDPAPNKTWELS

coupled to KLH and affinity-purified against the immunising

peptide. Specificity of the dRing[98] antibody was assured by

immunoblotting of embryo and cellular extracts, immunolocalisa-

tion studies and comparing ChIP locations with modENCODE ChIP

data of dRing from embryos (GSE47266).

High-throughput sequencing

Sequencing was performed on libraries prepared from duplicates of

ChIP or RNA preparations. RNA-seq libraries were prepared using

the TruSeq RNA Sample Preparation Kit (Illumina). ChIP-seq

libraries were prepared using the ChIP-Seq Sample Preparation Kit

(Illumina). All libraries were validated for concentration and frag-

ment size using Agilent DNA1000 chips. Sequencing was performed

on a HiSeq 2000 or HiSeq 4000 (Illumina), base calling performed

using RTA (Illumina) and quality control performed using FastQC.

ChIP-seq sequences were aligned to the dm3 genome assembly

using BWA-SW and RNA-seq sequences aligned using CASAVA

(Illumina). Raw counts for RNA-seq were obtained using “read-

Bases” in CASAVA (Illumina).

The total numbers of mapped reads for input chromatin used for

each ChIP are given in Table EV3. The total numbers of mapped

reads for each ChIP are given in Table EV4. The total numbers of

mapped reads for each RNA-seq analysis are given in Table EV5.

High-throughput sequencing data analyses details are provided

in Appendix Supplementary Methods.

Data accessibility

ChIP-seq and RNA-seq datasets generated from this study are depos-

ited with the Gene Expression Omnibus (GEO; accession

GSE101557). The following public ChIP datasets used in this study

were downloaded from GEO: AbdA and Ubx in Kc167 cells

(GSE69796), Ubx from embryos (GSE64284), yki from S2

cells (GSE46305), dwg from S2 cells (GSE32853) and pho from S2

cells (GSE32857).

Expanded View for this article is available online.
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