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Histone H2A monoubiquitylation (H2Aub) is considered
to be a key effector in transcriptional repression by Poly-
comb-repressive complex 1 (PRC1). We analyzed Droso-
phila with a point mutation in the PRC1 subunit Sce
that abolishes its H2A ubiquitylase activity or with point
mutations in the H2A and H2Av residues ubiquitylated
by PRC1. H2Aub is essential for viability and required
for efficient histone H3 Lys27 trimethylation by PRC2
early in embryogenesis. However, H2Aub-deficient ani-
mals fully maintain repression of PRC1 target genes and
do not show phenotypes characteristic of Polycomb group
mutants. PRC1 thus represses canonical target genes in-
dependently of H2Aub.
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Polycomb (Pc) group (PcG) proteins form conserved mul-
tiprotein complexes that repress transcription of devel-
opmental regulator genes in cells where they should be
inactive (Beisel and Paro 2011; Simon and Kingston
2013). PcG protein complexes are thought to silence gene
transcription through covalent and noncovalentmodifica-
tion of chromatin at target genes. Polycomb-repressive
complex 2 (PRC2) trimethylates Lys27 in histone H3
(H3-K27me3), and, in Drosophila, cells with an H3K27R

point mutation fail to repress PcG target genes, demon-
strating the importance of thismodification for repression
(Pengelly et al. 2013; McKay et al. 2015). The H3-K27me3
modification is recognized by Pc, a subunit of PRC1, and
thus is thought to mark nucleosomes for interaction with
PRC1 (Fischle et al. 2003;Min et al. 2003). PRC1 compacts
nucleosomearrays in vitro by anonenzymaticmechanism
(Shao et al. 1999; Francis et al. 2004), and domains of PRC1
subunits important for this activity are critical for gene re-
pression invivo (Kingetal. 2005; Isonoetal. 2013;Gambet-
ta andMüller 2014).
PRC1 also contains the E3 ligase activity for monoubi-

quitylation of H2A at Lys119 in mammals or at the corre-
sponding Lys118 inDrosophila (Wang et al. 2004; Lagarou
et al. 2008). The mechanism and physiological role of
monoubiquitylated histoneH2A (H2Aub) is poorly under-
stood. Early studies proposed that H2Aub directly blocks

transcription elongation by RNA polymerase II (Stock
et al. 2007). More recent studies found that H2Aub is
bound by a specific form of PRC2 and promotes H3-
K27me3 by this complex on H2Aub nucleosomes in vitro
(Kalb et al. 2014). In mouse embryonic stem (ES) cells,
tethering of PRC1 E3 ligase activity to a chromosomal
sitewas found to result inH2Amonoubiquitylation, bind-
ing of PRC2, and H3-K27me3 formation at this site, lead-
ing to the proposal that a primary function of H2Aub
might be to recruit PRC2 (Blackledge et al. 2014).
The E3 ligase activity for H2Aub formation is provided

by the PRC1 subunit Ring1b and its paralog, Ring1a, in
vertebrates and by Sce in Drosophila (de Napoles et al.
2004; Wang et al. 2004). Drosophila lacking Sce protein
show loss of H2Aub (Lagarou et al. 2008; Gutiérrez et al.
2012), whereas, in vertebrates, only removal of both
Ring1a and Ring1b proteins results in complete loss of
H2Aub (de Napoles et al. 2004). Sce and Ring1a/b also
play an architectural role in PRC1. The N-terminal Ring
finger domain of Ring1a/b (or Sce) associates with the
Ring finger domains of the different PCGF family mem-
bers (Buchwald et al. 2006; Li et al. 2006) to form the
core of the various PRC1-type assemblies (Gao et al.
2012), while the C terminus binds to the Cbx/Pc or
Rybp subunits (Schoorlemmer et al. 1997; Wang et al.
2010). The reduced levels of diverse PRC1 subunits in
Ring1b mutant mouse ES cells (Leeb and Wutz 2007) sup-
ports the idea that Ring1a/b is critical for integrity of
PRC1 assemblies. In turn, this raises the question of to
what extent the severe phenotypes of mouse embryos
lacking Ring1b protein (Voncken et al. 2003) or Droso-
phila lacking Sce protein (Gutiérrez et al. 2012) can be at-
tributed to the loss of H2Aub.
Selective impairment of E3 ligase activity in an other-

wise intact Ring1b protein can be achieved by the I53A
substitution in the interface that binds the E2 ubiquitin-
conjugating enzyme (Buchwald et al. 2006; Bentley et al.
2011). Previous studies used transgenes expressing the
Ring1bI53A protein to manipulate H2Aub levels in mouse
ES cells lacking Ring1b (Eskeland et al. 2010) or Ring1a
and Ring1b (Endoh et al. 2012). Endoh et al. (2012) report-
ed that H2Aub was required for maintenance of ES cell
identity and efficient repression of a distinct subset of
PcG target genes.
Here, we investigated the role of H2Aub in developing

Drosophila. We generated animals in which we replaced
wild-type Sce with a catalytically inactive Sce protein
and, in parallel, animals inwhichwemutated the residues
in H2A and its variant, H2Av, that aremonoubiquitylated
by PRC1. We show that H2Aub is not required for repres-
sion of canonical PcG target genes and that H2Aub-defi-
cient animals arrest development with surprisingly mild
morphological defects. Together, these results suggest
that PRC1 represses target genes primarily through an
H2Aub-independent mechanism.
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Results and Discussion

Sce E3 ligase activity for H2Aub formation is not required
for repression of canonical PRC1 target genes

In a first approach, we analyzedDrosophila lacking Sce E3
ligase activity. In an initial set of experiments, we generat-
ed SceKO m−z−mutant embryos that were homozygous for
SceKO (a small chromosomal deletion that removes the en-
tire Sce ORF) (Gutiérrez et al. 2012) and lacked not only
zygotically expressed (z−) but also maternally deposited
(m−) wild-type Sce protein (Fig. 1A, panel 1, cf. lanes 4–6
and 1–3; see Supplemental Fig. S1 for experimental strat-
egy). Using an antibody that specifically detects H2Aub,
we found thatH2Aubwas undetectable in SceKOm−z−mu-
tant embryos but readily detected in wild-type embryos
(Fig. 1A, panel 9, cf. lanes 4–6 and 1–3), demonstrating
that Sce is responsible for all monoubiquitylation of H2A
at Lys118. In SceKO m−z− embryos, bulk levels of the
PRC1 subunits Ph-p, Ph-d, Scm, and Psc; the PhoRC sub-
unit Pho; the PRC2 subunit E(z); or Ogt were comparable
with wild type (Fig. 1, panels 3–8; cf. Gutiérrez et al.
2012). However, bulk levels of the PRC1 subunit Pc
were about threefold reduced in SceKO m−z− embryos
compared with wild-type embryos (Fig. 1, panel 2, cf.
lanes 4–6 and 1–3). This observation parallels the finding
that bulk levels of the Pc ortholog Cbx4 are strongly re-
duced in Ring1b mutant mouse ES cells (Leeb and Wutz
2007) and evidently limits the interpretation of to what
extent the SceKO m−z− mutant phenotype (Fig. 1B, mid-
dle panels) can be attributed to the lack of H2Aub.

In thenextsetofexperiments,wethereforegeneratedan-
imals thatcontainaSceI48Amutantprotein insteadofwild-
typeSce.The I48Amutation inScecorrespondsto the I53A
mutation in Ring1b that impedes its E3 ligase activity
forH2Aub (see above).We first generatedSceI48Am−z−mu-
tant embryos in which both zygotically expressed and
maternally deposited Sce protein contained the I48A mu-
tation; the SceI48A protein was expressed at normal levels
from a genomic Sce fragment (Fig. 1A, panel 1, cf. lanes
7–9 and 1–3; see Supplemental Fig. S1 for experimental
strategy). In SceI48A m−z− mutant animals, all analyzed
PcG proteins, including Pc, were present at wild-type lev-
els (Fig. 1A, panels 2–8), butH2Aubwas still >98%reduced
(Fig. 1A, panel 9, cf. lanes 7–9 and 1–3). These SceI48A m−z−

mutant embryos thus allowed us to selectively assess the
requirement for H2Aub inDrosophila.

We first investigated how loss of H2Aub affects H3-
K27me3 by PRC2. H3-K27me3 bulk levels in SceI48A m−z−

and SceKO m−z− mutant embryos were ∼1.5-fold lower
than in wild-type embryos (Fig. 1A, panel 10; Supplemen-
tal Fig. S2; discussed below).

We next compared the phenotype of SceI48A m−z− mu-
tant embryos with that of SceKO m−z− mutant embryos.
The embryonic cuticle of SceKO m−z− mutant embryos
shows extensive homeotic transformations (Fig. 1B)
caused by widespread misexpression of HOX genes such
as Antennapedia (Antp), Ultrabithorax (Ubx), and Ab-
dominal-B (Abd-B) (Fig. 1B). In contrast, SceI48A m−z− mu-
tant embryos looked indistinguishable from wild-type
embryos: They did not show any detectable homeotic
transformations or any other defects in the embryonic
cuticle, and expression ofAntp,Ubx, andAbd-Bwas con-
fined to their normal expression domains (Fig. 1B). More-
over, engrailed (en), another classic PcG target gene that is
misexpressed in SceKO m−z− mutant embryos (Fig. 1B),

also showed a wild-type expression pattern in SceI48A m−z−

mutant embryos (Fig. 1B). Polycomb repression of the
HOX and en genes is thus unaffected in embryos lacking
H2Aub.

Even though SceI48A m−z−mutant animals showed over-
all normal morphology (Fig. 1B), they nevertheless

Figure 1. Embryos lackingH2Aubmaintain repression of PcG target
genes. (A) Western blot analysis on serial dilutions (9:3:1) of soluble
nuclear extracts (panels 1–8) and chromatin extracts (panels 9–11)
from the same batch of 0- to 12-h-old wild-type, SceKO m−z−, or
SceI48A m−z− embryos. An independent experiment of the histone
modification analysis is documented in Supplemental Figure S2. (B)
Ventral views of embryonic cuticles (top row) and side views of
stage 14–16 embryos (second through fifth rows) stained with the in-
dicated antibodies. (Top row) Wild-type embryos show characteristic
denticle belts in thoracic (T1–T3) and abdominal (A1–A8) segments;
in SceKO m−z− animals, T1–A7 are transformed (arrowheads) into cop-
ies resembling A8 (empty arrowhead). Cuticles from SceI48A m−z−

animals are indistinguishable fromwild type. (Second through fourth
rows) In SceKO m−z− embryos, Abd-B, Ubx, and Antp are each
misexpressed (arrowheads) anterior to the boundary of their wild-
type expression domain (marked by a vertical bar in each case); in
SceI48A m−z− animals, no misexpression is detected. (Bottom row) In
wild-type and SceI48A m−z− animals, En expression is confined to
the posterior compartment of every segment, while, in SceKOm−z− an-
imals, En is misexpressed in anterior compartment cells (arrow-
heads). n > 50 in all cases; 100% penetrance.
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arrested development at the end of embryogenesis. To ex-
plore whether morphogenesis or tissue patterning might
be affected in more subtle ways, we stained late stage
SceI48A m−z− mutant embryos with anti-Futsch (22C10)
antibody to visualize the cells of the peripheral nervous
system (PNS) or with anti-myosin heavy chain (Mhc) anti-
body to visualize muscle cells. Development and pattern-
ing of PNS and muscle tissues in SceI48A m−z− mutant
embryos was comparable with that of wild-type embryos
(Supplemental Fig. S3). However, SceI48A m−z−mutant an-
imals occasionally showed aberrant neuronal ormuscle fi-
ber connections (Supplemental Fig. S3). These defects
were detected in only a fraction of the SceI48A m−z− mu-
tant embryos and occurred in random locations rather
than a stereotype pattern in the body, making it difficult
to quantify the defects. Together, these data suggest that
overall cell type specification and patterning of epidermal,
mesodermal, and PNS tissues occurs normally in embryos
lacking H2Aub but that random cells or small groups of
cells display morphogenetic defects.

Post-embryonic development, metamorphosis, and
differentiation in the absence of H2Aub

We next generated SceI48A z− mutant animals that ex-
pressed SceI48Amutant protein from their zygotic genome
but contained a supply of maternally deposited wild-type
Sce protein during the early stages of embryogenesis. To
investigate perdurance of maternally deposited Sce pro-
tein, we analyzed extracts from SceKO z− mutant embryos
(i.e., lacking zygotic expression of Sce) and found that re-
sidual maternally supplied wild-type Sce protein and
H2Aub generated by this protein are present in late stage
embryos (Supplemental Fig. S4A). SceI48A z− mutant ani-
mals developed beyond the end of embryogenesis, com-
pleted all stages of larval development, and formed
pupae, and a small fraction developed into pharate adults
(Supplemental Fig. S4B). As expected, because of dilution
of maternally deposited Sce and H2Aub by cell division
and turnover during larval growth, H2Aub was no longer
detectable in SceI48A z− mutant third instar larvae (Fig.
2A). Of note, bulk levels of H3-K27me3 in these animals
were comparable with those in wild-type larvae (Fig. 2A;
discussed below). The exoskeleton of SceI48A z− pharate
adults showed all of the features of wild-type Drosophila
(Fig. 2B) with variable morphological defects (see below).
However, these animals showed no homeotic transforma-
tions in head, thoracic, or abdominal segments, whereas
such transformations were readily observed in clones of
SceKO mutant cells (Fig. 2B,C). Because the majority of
SceI48A z− mutants arrested development as late pupae
without forming an adult exoskeleton (Supplemental
Fig. S4B), we also analyzed HOX gene expression in these
animals. The HOX genes Ubx and Abd-B remained fully
silenced in imaginal discs of SceI48A z− mutant larvae
but were widely misexpressed in cell clones lacking Sce
protein (Fig. 2C). Taken together, these data suggest that
H2Aub is not required for repression ofHOX genes during
post-embryonic development.
As in SceI48A m−z− mutant embryos (Supplemental Fig.

S3), the morphological defects in SceI48A z− pharate adults
were variable and showed no consistent pattern (Fig. 2B,
cf. the two SceI48A z− individuals). The most conspicuous
and consistent phenotype in these SceI48A z− animals was
defective fusion of left and right hemisegments in thoracic

and abdominal segments, accompanied by a loss ofmacro-
chaete and microchaete in the affected area (Fig. 2B; Sup-
plemental Fig. S4B).

Figure 2. Larval cells lackingH2Aubmaintain repression of PcG tar-
get genes. (A) Western blot analysis on serial dilutions (8:4:2:1) of his-
tone acid extracts from diploid tissues from wild-type and SceI48A z−

mutant third instar larvae. (B) Dorsal view of a freshly hatched (wings
not yet inflated) wild-type adult (genotype: Sce+; SceKO; n > 100) and
dorsal and ventral views of SceI48A z− pharate adults (n > 30). Most
body structures in SceI48A z− animals appear overall normal, but
note the variability in leg morphology, ranging from nearly normal
(empty arrowhead) to shortened and malformed (arrowhead); aster-
isks mark incomplete fusion of left and right hemisegments. See Sup-
plemental Figure. S4B,C. (C, top row) Portions of abdominal segment
A2 from a wild-type adult, a SceI48A z− pharate adult, and an adult
with clones of SceKO homozygous cells (n > 20 dissected abdomens
in each case). Bristles in SceI48A z− animals show wild-type morphol-
ogy; the bristle formed by SceKO mutant clone cells (arrowhead),
marked by yellow mutation and therefore more lightly pigmented
than the bristle formed by wild-type cells in nonclone tissue (empty
arrowhead), is elongated and tapered and resembles bristles character-
istic of abdominal segment A10 in wild-type animals because of ho-
meotic transformation of the SceKO mutant tissue. (Middle and
bottom rows) Wing (W), haltere (H), and third leg (L) imaginal discs
from third instar larvae of the same genotypes as above, stained
with antibody against Ubx or Abd-B (magenta). Ubx and Abd-B re-
main repressed in SceI48A z− mutant wing discs (middle) but are mis-
expressed in clones of SceKO homozygous cells in this tissue (right;
SceKO cells are GFP-negative). Discs fromwild-type and SceI48Az− lar-
vae were costained with Hoechst (blue) to visualize nuclei; normal
Ubx expression in haltere and third leg discs served as control. SceKO

mutant clones were induced 96 h before analysis. n > 20 in all cases;
100% penetrance.
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Cells containing H2A and H2Av that cannot be
ubiquitylated maintain repression of PcG target genes

To complement the analysis of mutants lacking Sce E3 li-
gase activity, we generated animals in which wild-type
H2Awas replaced with amutant form of H2A that cannot
be ubiquitylated. On vertebrate nucleosomes, PRC1-type
complexes ubiquitylate H2A atK119 andK118 but are un-
able to add ubiquitin to the more C-terminally located
K125, K127, or K129 (Wang et al. 2004; Elderkin et al.
2007; McGinty et al. 2014). InDrosophila, the C terminus
ofH2AcontainsK117andK118 (whichcorrespondtoK118
and K119 in mammals) and two further lysines nearby—
K121 and K122 (Supplemental Fig. S5A). In vitro ubiquity-
lation reactionswith theRing1b/Bmi1Ring fingermodule
ofmammalianPRC1onreconstitutedrecombinantDroso-
phila nucleosomes revealed that only mutation of K117,
K118, K121, and K122 completely abolishedmonoubiqui-
tylation ofH2A (Supplemental Fig. S5A). For in vivo inves-
tigation of an H2A mutant that cannot be ubiquitylated,
we therefore used a H2AK117R/K118R/K121R/K122R mutant
(referred to below as H2A4K>4R). InDrosophila, the canon-
ical histone genes are all located in thehistone gene cluster
(HisC) that consists of 23 repeats of the histone gene unit
comprising the H2A, H2B, H3, H4, and H1 genes. Trans-
gene cassettes providing 12 copies of thewild-type histone
gene unit rescue animals that are homozygous for a HisC
deletion (HisCΔ) into viable adults (Günesdogan et al.
2010). HisCΔ homozygotes that carried the same trans-
gene cassettes with a H2A4K>4R mutant instead of wild-
type H2A arrested development at the end of embryogen-
esis, showing an embryonic cuticle indistinguishable
from wild-type embryos (data not shown). We did not in-
vestigate the phenotype of these embryos further because
their cells still contained maternally deposited wild-type
H2Athathadbeenonlypartially replacedbyH2A4K>4R dur-
ing the few cell divisions that took place between the blas-
toderm stage and the end of embryogenesis. To analyze
cells with a more complete replacement of H2A by
H2A4K>4R, we used a previously reported strategy (Pengelly
etal. 2013) andgeneratedclonesofHisCΔhomozygouscells
in imaginal discs of HisCΔ heterozygotes carrying the
H2A4K>4R transgene cassette. The HOX genes Ubx and
Abd-B remained fully silenced in such H2A4K>4R mutant
cell clones (cf. Figs. 3A and 2). Moreover, clones of
H2A4K>4R mutant cells differentiated to form normal epi-
dermal structures in the cuticle of adult flies (cf. Figs. 3B
and 2). Repression of HOX genes is thus not impaired in
cells inwhichH2Acanno longerbeubiquitylatedbyPRC1.

Ina final setof experiments,weexploredwhether repres-
sion of PcG target genes was alsomaintained in H2A4K>4R

mutant cells in which the histone variant H2Av could no
longerbeubiquitylated.H2Av, a single-copygene, encodes
the only H2A variant in Drosophila and is not located in
the HisC locus. H2Av contains a lysine pair, K120 and
K121, at the position corresponding to K118/K119 in
H2A and, in vivo, is also ubiquitylated by Sce (Supplemen-
tal Fig. S5B, cf. lanes 1–3 and 7–9). First, we constructed a
Drosophila strain in which the H2Av gene was replaced
by a H2AvK120R/K121R mutant (referred to below as
H2Av2K>2R). The strategy to generate theH2AvKO-null al-
leleandH2Av2K>2Rmutantanimals ispresented inSupple-
mental Figure S6A–D and the Materials and Methods.
H2Av2K>2R mutants were viable and fertile and showed
no obvious morphological defects even though the
H2Av2K>2R protein in these animalswas no longermonou-

biquitylated (Supplemental Fig. S5B, cf. lanes 4–6 and 1–3).
Monoubiquitylation of H2Av by PRC1 is thus dispensable
for normal development, viability, and fertility in Droso-
phila. Next, we generated clones of H2A4K>4R H2Av2K>2R

mutant cells in imaginal discs (Supplemental Fig. S6E).
Ubx and Abd-B remained fully silenced in H2A4K>4R

H2Av2K>2R double-mutant cells (Fig. 3C). Together, these
results argue that the ubiquitylation of H2A or H2Av is
not critical for PRC1-mediated repression ofHOX genes.

Implications for mechanisms of PcG-mediated gene
repression and H2Aub function

Our analyses of developing Drosophila lacking H2Aub
lead to the following main conclusions. First, monoubi-
quitylation of H2A andH2Av is dispensable for repression
of canonical PRC1 targets such as the HOX genes or en.
This suggests that nonenzymaticmodification of chroma-
tin (Shao et al. 1999; Francis et al. 2004) is themainmech-
anism by which PRC1 represses these genes. The
requirement of Sce protein in canonical PRC1 may pri-
marily reflect its architectural role in physically linking
the H3-K27me3-binding activity of Pc (Fischle et al.
2003;Min et al. 2003) to the chromatin-compacting activ-
ities of the Psc and Ph subunits (Francis et al. 2004). A
second conclusion can be drawn from the reduction
of bulk H3-K27me3 levels in embryos lacking H2Aub.
On the one hand, this observation supports our earlier
finding that H2Aub promotes H3-K27 trimethylation
by PRC2 on nulceosomes in vitro (Kalb et al. 2014). On
the other hand, the reduction of H3-K27me3 is less
than twofold, and, even though we do not know where

Figure 3. Larval cells containing mutated H2A and H2Av proteins
that cannot be ubiquitylatedmaintain repression of PcG target genes.
(A) Imaginal wing discs with clones of H2A4K>4R mutant cells (GFP-
negative), stained with antibodies against Ubx or Abd-B (magenta in
both cases); Hoechst staining of corresponding discs is shown in
blue. Clones were induced 96 h before analysis. No misexpression
of Ubx or Abd-B was detected in mutant clones (empty arrowheads).
n > 30 discs with multiple clones each; 100% penetrance. (B) Portion
of abdominal segmentA2 froman adult with a clone ofH2A4K>4Rmu-
tant cells, markedwith the yellowmutation like in Figure 2C. Bristles
formed byH2A4K>4R mutant clone cells have a wild-type appearance.
n > 15 abdomens with multiple clones each; 100% penetrance. (C )
Imaginal wing discs with clones of H2A4K>4R and H2Av2K>2R dou-
ble-mutant cells stained with Ubx or Abd-B antibodies as in A. No
misexpression of Ubx or Abd-B was detected in the mutant clones
(empty arrowheads); the signal marked by an asterisk is normal
Ubx expression in a trachea attached to the wing disc. n > 20 discs
with multiple clones each; 100% penetrance.
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it occurs in the genome, a drastic reduction at the HOX
or en genes seems unlikely because high H3-K27me3
levels at these genes are critical for repression (Nekrasov
et al. 2007; Pengelly et al. 2013). We conclude that at ca-
nonical PcG target genes, PRC2 generates sufficient lev-
els of H3-K27me3 independently of H2Aub. A third
point to discuss is the phenotype and the cause of lethal-
ity of animals lacking H2Aub. SceI48A m−z− mutant em-
bryos and SceI48A z− individuals that develop into
pharate adults show remarkably subtlemorphological de-
fects that seem to occur stochastically in different loca-
tions of the body. Similarly, even though the H2A lysine
residues monoubiquitylated by Sce are critical for organ-
ism viability, H2A4K>4R mutant cells can differentiate to
form normal epidermal structures. Our transcriptome
analyses in SceI48A m−z−mutant embryos failed to identify
genes that are significantlymisregulated in these embryos
(data not shown). It is possible that lethality in H2Aub-de-
ficient animals is caused by a combination ofmultiplemi-
nor defects in regulating genes that controlmorphogenesis
or, alternatively, a failure to regulate genes controlling
changes in physiology or behavior at specific developmen-
tal time points. What these genes are and whether Sce E3
ligase activity regulates them as part of canonical PRC1
or another PRC1-type complex remain to be determined.
Finally, we note that the requirement for H2Aub in devel-
opingDrosophila appears to be quite different from that in
ES cells, where H2Aub was reported to be critical for re-
pression of HOX and other PRC1 target genes and for
maintenance of ES cell identity (Endoh et al. 2012). It
will be interesting to investigate the requirement of
H2Aub during mouse development and find out how the
role of this modification evolved to contribute to PRC1-
mediated repression in higher metazoans.

Materials and methods

Drosophila strains and antibodies

Strain genotypes and antibodies used in this study are described in Supple-
mental Tables S1 and S2.

Preparation of nuclear and chromatin extracts

Soluble nuclear extracts from embryos were prepared as described
(Scheuermann et al. 2010). For chromatin extracts, the pellet obtained after
ultracentrifugation was solubilized in urea buffer (8M urea, 20mMTris at
pH 8, 10 mM DTT) and sonicated (Bioruptor).
For small-scale preparations of nuclei, the subcellular protein fraction-

ation kit for tissues (Pierce) was used. Pelleted nuclei were resuspended in
2× LDS sample buffer (Invitrogen) and disrupted by sonication (Bioruptor).

Acid extraction of histones

Histones were acid-extracted from embryos or diploid larval imaginal disc
and CNS tissues as described (Nekrasov et al. 2007).

Generation of SceKO m−z− embryos

The conditionally removable genomic Sce rescue construct >Sce+> was
based on a previously described vector (Gambetta and Müller 2014) that
was modified to contain an attB site. The genomic Sce+ fragment com-
prised chr3R sequences 27680208–27683747 (Berkeley Drosophila Ge-
nome Project [BDGP] R6). The construct was integrated into the J27
(Bloomington Drosophila Stock Center [BDSC] 24482) attP landing site.
One copy of the >Sce+> transgene rescued SceKO homozygotes into viable
and fertile flies that were indistinguishable fromwild type. SceKO m−z− and
SceI48A m−z− embryos were generated as described in Supplemental Figure

S1 and were identified by loss of the GFP reporter in the >Sce+> cassette.
The SceI48A transgene on chr2 (Supplemental Fig. S1) was integrated in
attP site VK37 (BDSC 24872); it contained the same genomic Sce fragment
but with an I48A point mutation and lacked FRT-LoxP and GFP elements.
An Sce+ transgene in VK37, used as a control, fully rescued SceKO homozy-
gotes. Excision efficiency of the >Sce+> cassette was 98%, as previously re-
ported for another cassette (Gambetta andMüller 2014). Plasmid maps are
available on request.

Generation of the H2AvKO deletion allele

Ends-out recombination was used to disrupt H2Av and replace its entire
coding region (BDGP R6 chr3R: 26,866,929–26,869,220) by mini-white us-
ing a previously described strategy (Gong and Golic 2003). Three-thou-
sand-eight-hundred-twenty-one base pairs of H2Av 5′ flanking sequences
(BDGP R6 chr3R: 26,863,224–26,867,045) and 4881 bp of 3′ flanking se-
quences (BDGP R6 chr3R: 26,869,197–26,874,078) were cloned into
pw35 (Gong and Golic 2003). Several independent targeting events that
failed to complement the lethality of H2Av810 were isolated. Success-
ful disruption of H2Av was confirmed by PCR analysis with primers
pairs (5′ to 3′) GACCTTGGAGCGACTGTC and CACCAAACTTCAAC
TACTG, ACTCGTGCTGACGACCTGAAC and CACATTGTTCAGAT
GCTCGG, and GCGCAGGTAGAAGTGCATC and CACGGCTGCAGT
GGCTC (Supplemental Fig. S5). TheH2Av rescue transgeneH2AvWT con-
tainedH2Av coding and flanking sequences (BDGP R6 chr3R: 26,866,577–
26,869,660) in a modified attB vector and was integrated into the VK37
attP site. The same strategy was used to generate animals carrying the
H2Av2K>2R transgene.

Generation of histone transgenes

Site-directed mutagenesis on pENTR221-HisGU.WT, pENTRL4R1-
HisGU.WT, and pENTRR2L3-HisGU.WT (Günesdogan et al. 2010) was
used to mutate histone H2A specifically at Lys117, Lys118, Lys121, and
Lys122 into arginines. The final construct pfC31-attB-3xHisGU.H2A-
K117R/K118R/K121R/K122R, generated by Gateway LR recombination
of the above vectors, was integrated at attP sites VK33 (BDSC 9750) and
86Fb (BDSC 130437).

Immunostaining and cuticle preparations of Drosophila

Immunostaining of embryos and imaginal discs and generation of clones
in discs and adults were performed following standard protocols.

H2A ubiquitylation assays

In vitro ubiquitylation of reconstituted recombinantDrosophilamononu-
cleosomes were performed as described (Kalb et al. 2014).
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