
Sex comb on midleg (Scm) is a functional
link between PcG-repressive complexes
in Drosophila
Hyuckjoon Kang,1,2 Kyle A. McElroy,1,2,3 Youngsook Lucy Jung,1,4 Artyom A. Alekseyenko,1,2

Barry M. Zee,1,2 Peter J. Park,1,4 and Mitzi I. Kuroda1,2

1Division of Genetics, Brigham and Women’s Hospital, Boston, Massachusetts 02115, USA; 2Department of Genetics,
Harvard Medical School, Boston, Massachusetts 02115, USA; 3Department of Molecular and Cellular Biology,
Harvard University, Cambridge, Massachusetts 02138, USA; 4Center for Biomedical Informatics, Harvard Medical School,
Boston, Massachusetts 02115, USA

The Polycomb group (PcG) proteins are key regulators of development inDrosophila and are strongly implicated in
human health and disease. How PcG complexes form repressive chromatin domains remains unclear. Using cross-
linked affinity purifications of BioTAP-Polycomb (Pc) or BioTAP-Enhancer of zeste [E(z)], we captured all PcG-re-
pressive complex 1 (PRC1) or PRC2 core components and Sex comb on midleg (Scm) as the only protein strongly
enriched with both complexes. Although previously not linked to PRC2, we confirmed direct binding of Scm and
PRC2 using recombinant protein expression and colocalization of Scm with PRC1, PRC2, and H3K27me3 in em-
bryos and cultured cells using ChIP-seq (chromatin immunoprecipitation [ChIP] combined with deep sequencing).
Furthermore, we found that RNAi knockdown of Scm and overexpression of the dominant-negative Scm-SAM
(sterile αmotif) domain both affected the binding pattern of E(z) on polytene chromosomes. Aberrant localization of
the Scm-SAM domain in long contiguous regions on polytene chromosomes revealed its independent ability to
spread on chromatin, consistent with its previously described ability to oligomerize in vitro. Pull-downs of BioTAP-
Scm captured PRC1 and PRC2 and additional repressive complexes, including PhoRC, LINT, and CtBP.We propose
that Scm is a key mediator connecting PRC1, PRC2, and transcriptional silencing. Combined with previous
structural and genetic analyses, our results strongly suggest that Scm coordinates PcG complexes and polymerizes to
produce broad domains of PcG silencing.
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The Polycomb group (PcG) genes were discovered in Dro-
sophila based on their essential roles in pattern formation.
Although expressed ubiquitously, they maintain repres-
sion of developmental regulators in precise spatial pat-
terns delineated by earlier pattern formation regulatory
decisions (Lewis 1978; Struhl 1981; Simon et al. 1992).
PcG proteins are now known to repress many other target
genes in Drosophila (Negre et al. 2006; Schwartz et al.
2006; Tolhuis et al. 2006). Furthermore, PcG proteins
function in diverse regulatory pathways such as cell type
specificity and X inactivation in mammals, and both
PcG loss-of-function and gain-of-function mutations
have been strongly implicated in cancer (Sparmann and
van Lohuizen 2006; Gieni and Hendzel 2009).

Many of the initially characterized PcG proteins can
be classified into two principal complexes: PcG-re-
pressive complex 1 (PRC1), implicated in chromatin com-
paction, and PRC2, which mediates H3K27 histone
methylation. Polycomb (Pc), Psc, Su(z)2, Polyhomeotic
(Ph), and Sce (dRING) are core components of Drosophila
PRC1, while Enhancer of zeste [E(z)], Su(z)12, Esc, and
Nurf55 are core components of PRC2. These soluble
PRC1 and PRC2 complexes purify separately and do not
share components (Shao et al. 1999; Saurin et al. 2001;
Czermin et al. 2002; Muller et al. 2002). However, in flies
as well as in mammalian cells, there are additional PcG
complexes and subcomplexes (such as PhoRC, dRAF,
and PR-DUB) (Klymenko et al. 2006; Lagarou et al.
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2008; Scheuermann et al. 2010; Schwartz and Pirrotta
2013) and proteins classified as substoichiometric compo-
nents of PRC1 (e.g., Sex comb on midleg [Scm]) or PRC2
(e.g., Jarid2 and Pcl) (O’Connell et al. 2001; Saurin et al.
2001; Tie et al. 2003; Li et al. 2010; Herz et al. 2012). Fur-
thermore, several PcG factors are still not clearly linked
to any complex (e.g., super sex combs [sxc] and multi
sex combs [mxc]) (Ingham 1984; Santamaria and Rand-
sholt 1995).
How PcG complexes find Pc response elements (PREs)

and spread to create repressive domains is not known on
a mechanistic level. Here we focus on a central role for
Scm, a PcG protein whose genetic function in silencing
is as strong as any core component of PRC1 and PRC2
(Breen and Duncan 1986; Bornemann et al. 1998), but
whose biochemical relationships and mechanistic role
in silencing are less clear. Scm protein is recovered as a
substoichiometric component of soluble PRC1 and can
directly bind the Ph subunit of PRC1 in reconstitution ex-
periments (Saurin et al. 2001; Peterson et al. 2004). The
Scm protein contains several chromatin interaction mo-
tifs, including two MBT (malignant brain tumor) histone
interaction domains and a zinc finger domain (Fig. 6A, be-
low; Bornemann et al. 1996; Wang et al. 2010). It also con-
tains a C-terminal SAM (sterile α motif)/SPM (Scm, Ph,
andMBT) domain, which has been implicated in homopo-
lymerization and heteropolymerization in both genetic
and structural studies (Peterson et al. 1997, 2004; Kim
et al. 2005). Scm interaction with Ph is through their re-
spective SAM domains, and self-polymerization of the
Scm-SAM domain can occur in vitro (Kim et al. 2005).
Therefore, it is interesting to speculate that Scm may be
involved in the spreading of silencing complexes from
PREs along the chromosome.
To improve our understanding of mechanisms for PcG

targeting, assembly, and spreading, we analyzed the com-
position of PRC1 and PRC2 using cross-linking prior to
tandem affinity purification (BioTAP-XL) to identify pro-
tein–protein interactions thatmay be disrupted by remov-
al from chromatin. Previously, BioTAP-XLwas successful
in our recovery of new interactors of the Drosophila MSL
andHP1 proteins as well as of EZH2 in human cells (Alek-
seyenko et al. 2014a,b). Applying this method to PcG pro-
teins, we found robust recovery of PRC1 subunits using Pc
as bait and strong enrichment of PRC2 components using
E(z) as bait. Furthermore, we identified new candidate
interactors for each complex. Interestingly, Scm was the
only protein to be strongly enriched with both PRC1
and PRC2, suggesting a central function that may have
been lost in conventional biochemical purifications. We
further explored Scm function in PcG silencing, analyzing
recombinant protein interactions, ChIP-seq (chromatin
immunoprecipitation [ChIP] combined with deep se-
quencing), mass spectrometry, and in vivo RNAi and
SAMdomain overexpression. Our results strongly suggest
that Scm is a key mediator connecting PRC1 and PRC2.
Disruption of PRC2 [E(z)] via loss of Scmor overexpression
of the Scm-SAM domain implicates Scm polymerization
in the establishment and spreading of silent PcG-depen-
dent chromatin domains.

Results

BioTAP-XL reveals classical and noncanonical binding
partners of PRC1

Tosearch fornewfactors involved inPcG function,weper-
formedBioTAP-XL cross-linking and affinity purifications
followedbymassspectrometry.PcandE(z)wereselectedto
be tagged subunits to capture PRC1 and PRC2 complexes,
respectively (Supplemental Fig. S1A). We incorporated a
C-terminal BioTAP tag into a genomic Pc transgene, in-
cluding promoter and flanking upstream regions to pre-
serve endogenous regulation. Previously, Nekrasov et al.
(2007) demonstrated that an N-TAP-tagged E(z) cDNA
transgene driven by the α-tubulin promoter successfully
rescued a transheterozygous E(z)-null mutant. Therefore,
we replaced the TAP tagwith a BioTAP tag to create a Bio-
TAP-N-E(z) cDNA transgene. Transgenic embryos carry-
ing these constructs expressed BioTAP fusion proteins of
the expected sizes (Supplemental Fig. S1B), and the tagged
proteins were detectable on larval polytene chromosomes
in a wild-type background, indicating that they could com-
pete with their endogenous counterparts (Supplemental
Fig.S1C). Importantly, theBioTAP-N-E(z)andPc-C-BioTAP
transgenes successfully rescued E(z) and Pc transheterozy-
gous-null mutants, respectively, indicating that these Bio-
TAP fusion proteins were functional substitutes for their
endogenous counterparts (Supplemental Fig. S1D).
Using BioTAP-XL coupledwith liquid chromatography-

tandem mass spectrometry (LC-MS/MS) (Supplemental
Fig. S2), we identified proteins in Pc or E(z) embryonic
pull-downs that were enriched relative to input and
mock pull-downs (Table 1A,B). The core components of
the PRC1 complex—Psc, Su(z)2, Sce (dRING), Pc, and
Ph-p/Ph-d—were all highly enriched in the Pc pull-
down. Scm, previously proposed to be a substoichiometric
component of PRC1 (Saurin et al. 2001), was also a high-
ranking interactor, strongly validating our approach.
Interestingly, Enoki mushroom (Enok) and Br140, Dro-

sophila orthologs of two subunits of the mammalian
MOZ/MORF complex, as well as female sterile homeotic
1 [Fs(1)h], the Drosophila ortholog of mammalian BRD4,
werealsohighlyenriched in thePcpull-down.Considering
that BRD4 and the MOZ/MORF complex are involved in
transcriptional activation in mammals (Pelletier et al.
2002; Jang et al. 2005; Voss et al. 2009; Kanno et al. 2014),
their strong interaction with Pc is surprising. However,
these same interactors were previously observed after af-
finity purification of Pc without cross-linking (Strubbe
etal. 2011), supporting their identificationasgenuinebind-
ing partners of Pc. Classical studies of Fs(1)h and recent
genetic analyses of Enok have revealed very early develop-
mental functions in oogenesis and pattern formation that
are likely to be relevant to our observed PcG interactions
(Digan et al. 1986; Shearn 1989; Huang et al. 2014).

BioTAP-XL reveals classical and noncanonical binding
partners of PRC2

The results of the BioTAP-N-E(z) pull-down are listed in
Table 1B. As expected, the top-ranking proteins are

PcG interactions mediated by Scm
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components of the PRC2 complex, including the four core
components Su(z)12, Esc, E(z), and Caf1(aka Nurf55) as
well as Jarid2 andPcl. In addition,we identified Jing,whose
mammalian ortholog, AEBP2, is an established PRC2
component in mammals (Cao et al. 2002; Kim et al.
2009). AEBP2 contributes to mammalian PRC2 stability
and has been incorporated into the PRC2 EM structure
(Ciferri et al. 2012). Jarid2 and AEBP2 enhance H3K27 tri-
methylation (H3K27me3) by PRC2 on H2Aub nucleo-
somes (Kalb et al. 2014); the ubiquitylation event is
achieved by variant PRC1-type complexes such as dRAF
in Drosophila and RYBP–PRC1 in mammals (Lagarou
et al. 2008;Tavares et al. 2012).Theonlypreviously report-
ed evidence for association between Jing and PRC2 inDro-
sophilawas copurification of Jing in an affinity pull-down
using Flag-HA-Jarid2 (Herz et al. 2012).

The non-PcGprotein thatmost strongly interactedwith
E(z) in our assay was SMC5, a structural maintenance of
chromosome (SMC) family protein previously implicated
in DNA repair through the formation of the SMC5/6 com-
plex (Fujioka et al. 2002; Harvey et al. 2004; De Piccoli
et al. 2006; Stephan et al. 2011). Previous reports are con-

sistent with a role for the mammalian PRC2 complex in
DNA double-strand break repair (Chou et al. 2010; Camp-
bell et al. 2013). However, we did not identify the SMC6
subunit in our pull-down, suggesting that an alternative
SMC5 complex may be associated with E(z). Smt3
(SUMO) was also enriched in our E(z) pull-down, and
mammalian PRC2 core components EZH2 and SUZ12
have been shown to be sumoylated in vitro and in vivo
(Riising et al. 2008). Scm, a new interactor of PRC2 (see be-
low) is another PcG protein that could be regulated by
sumoylation when associated with PRC2 (Smith et al.
2011). Interestingly, in yeast, SMC5 can interact with
Nse2/Mms21, a SUMO E3 ligase (Sergeant et al. 2005),
suggesting that SMC5 could potentially be involved in
sumoylation of PRC2 components.

Scm is a uniquely shared subunit of PRC1 and PRC2

PRC1 and PRC2 show substantial colocalization by ge-
nome-wide ChIP analyses (Schwartz et al. 2006; Tolhuis
et al. 2006).However, theypurify as independent complex-
es using traditional biochemicalmethods (Shao et al. 1999;
Saurin et al. 2001; Czermin et al. 2002;Muller et al. 2002).
Interestingly, evenwithcross-linking,we found thatPRC1
andPRC2were still largely independent,withnonoverlap-
ping lists of enriched proteins (Fig. 1; Table 1). The notable

Table 1. Top enrichment lists of Pc- and E(z)-interacting
proteins in Drosophila embryos

Pc (BioTAP) Mock Input
Psc PRC1 110 0 0

Su(z)2 PRC1 89 0 0
fs(1)h 75 0 2

Sce PRC1 67 0 0
Br140 MOZ/MORF 56 0 1
enok MOZ/MORF 45 0 0
ph-p PRC1 39 0 0
Pc* PRC1 27 0 0
Scm PRC1 23 0 0
ph-d PRC1 17 0 0

Sfmbt PhoRC 13 0 0
jigr1 11 0 1

Symbols  Complexes
Total pep�de counts

E(z) (BioTAP) Mock Input
Su(z)12 PRC2 113 0 0

esc PRC2 64 0 0
Caf1 (Nurf55) PRC2 47 0 5

Pcl PRC2 45 0 0
Hsp27 44 0 7
E(z)* PRC2 44 0 0
Jarid2 PRC2 44 0 0
Smc5 SMC5/6 39 0 0
jing PRC2 31 0 0
Scm PRC1 24 0 0

smt3 (SUMO) 20 0 5
Hsp26 17 0 6

Total pep�de counts
Symbols  

A

B
Complexes

The top 12 proteins based on the total peptide enrichment
over input, recovered from Pc-C-BioTAP and BioTAP-N-E(z)
pull-downs in embryos, are shown in A and B, respectively.
The asterisk indicates bait protein used for pull-down. Input
and mock peptide counts are from data reported in our previ-
ous study (Alekseyenko et al. 2014b). Proteins are color-coded
by PcG complexes.
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Figure 1. Scatter plot of E(z) and Pc pull-down enrichment over
total embryonic chromatin input. Each point represents an indi-
vidual protein,with coordinates (X andY ) corresponding to its en-
richment in E(z) pull-down and Pc pull-down relative to input,
as quantified by log10{ln[NSAFE(z) IP]/ln(NSAFInput)} and log10[ln
(NSAFPc IP)/ln(NSAFInput)], respectively. Dashed lines represent
the 99th percentile of E(z) enrichment (vertical line) and Pc
enrichment (horizontal line), where A and B represent the top
percentile of proteins enriched in Pc pull-down, and B andD rep-
resent the top percentile of proteins enriched in E(z) pull-down.
Known PRC1 and PRC2 components are highlighted in red and
blue, respectively. Scm is highlighted in green. Enriched proteins
inC fell below the top percentile in both pull-downs. See Supple-
mental Table S2 for the full range of data.
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exception to thiswasScm,whichwas similarlyenriched in
both Pc and E(z) pull-downs. Enrichment of Scm in the E(z)
pull-downwasunexpectedand ledus to investigatewheth-
er Scmcould directly interactwithPRC2as it doeswith re-
constituted PRC1 through interaction with Ph (Peterson
et al. 2004). Using the Sf9/baculovirus system, we coex-
pressed Scmwith the four recombinant PRC2 core compo-
nents, including a Flag-tagged Esc subunit. As a negative
control, we expressed Scm without PRC2 under the same
conditions. We performed affinity purification for the
Flag epitope (Fig. 2A) and confirmed the formation of puri-
fiedPRC2complex after coexpression through silver stain-
ing (Fig. 2B). Scmwas not recovered after anti-Flag affinity

purification in the absence of PRC2, but it was difficult to
determinewhether Scm assembledwith the reconstituted
PRC2 complex through silver staining because Scm and
Su(z)12 have similar molecular weights. Therefore, we
confirmed the copurification of Scm with PRC2 by West-
ern blot (Fig. 2C). The ability of Scm to directly interact
with both PRC1 and PRC2 suggests that Scm may play a
unique role in communicating between or connecting
the two major PcG complexes.

Scm colocalizes with the repressive mark H3K27me3
genome-wide

To map the genomic locations of Scm interaction with
PRC1 and PRC2, we generated a fly line and a stable S2
cell line that expressed a transgenic BioTAP-Scm fusion
protein. The BioTAP tag was fused to the N terminus of
Scm and expressed from a genomic copy of Scm (Supple-
mental Fig. S1A). The fusion protein was fully functional,
as confirmed by expected size, polytene staining in awild-
type background, and transgenic rescue of Scmmutant le-
thality in flies (Supplemental Fig. S1B–D). We performed
BioTAP-XL from transgenic embryos and the S2 line fol-
lowed byDNA isolation, library preparation, andDNA se-
quencing (Supplemental Fig. S2).We also performedChIP-
seq of Pc-BioTAP and E(z)-BioTAP fusion proteins from
embryos and/or S2 cell lines and compared our results
with H3K27me3 and/or PcG protein localizations from
modENCODE (http://data.modencode.org) analyses. Con-
sistent with our ChIP mass spectrometry results, we
found that BioTAP-Scm colocalizes with Pc and E(z)
in embryos and that all three proteins displayed a high de-
gree of overlap with the H3K27me3-binding profiles from
modENCODE (Fig. 3; Supplemental Fig. S3). We also
found similar colocalization in S2 cells (Supplemental
Fig. S4A), with selected regions viewed at higher resolu-
tion (Supplemental Fig. S5). Comparison of the genome-
wide binding profile of N-BioTAP-Scm with the mapping
data for all available factors in S2 cells from the modEN-
CODE consortium (http://data.modencode.org) revealed
that H3K27me3 displayed the highest Pearson correlation
coefficient with Scm (Supplemental Fig. S4B). Taken to-
gether, our genome-widemapping results strongly suggest
that Scm protein interactions detected by BioTAP-XL oc-
cur in the context of PcG silenced chromatin.

Scm depletion affects the binding patterns of PRC2
and H3K27me3 on polytene chromosomes

Since our BioTAP-XL affinity purifications revealed that
Scm was uniquely enriched with both PRC1 and PRC2,
we investigated the functional consequences of Scm loss
on the global distribution of these silencing complexes.
Embryonic genome-wide analyses were not feasible due
to the difficulty in removing both maternal and zygotic
contributions of Scm in a sufficient number of embryos.
Furthermore, RNAi knockdown of Scm mRNA in tissue
culture cells was relatively ineffective in our hands at re-
moval of Scm protein from chromatin genome-wide
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Figure 2. Recombinant Scm interacts with recombinant PRC2
complex. (A) The purification scheme usingM2 anti-Flag affinity.
Nuclear extracts were generated from Sf9 cells that were infected
with baculovirus expressing recombinant Scm protein or coin-
fected with Scm and the four members of the core PRC2 complex
[E(z), Su(z)12, Nurf-55, and Flag-Esc]. Elution fractions were
boiled in SDS-PAGE loading buffer and resolved on an 8% Tris-
glycine gel. (B) The presence of the intact PRC2 complex was ver-
ified by silver staining. (C ) The specificity of the Scm–PRC2 inter-
action was confirmed by Western blotting using anti-Scm
antibodies. The Scm–PRC2 interactionwas observed in two inde-
pendently generated coinfected nuclear extracts. Nuclear extract
lanes show that Scm expression levels were similar in Scm only
and Scm + PRC2 inputs (0.5% input loaded).
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(data not shown). However, we found that expression of
shRNA hairpins driven by a salivary gland-specific
GAL4 driver resulted in significant decrease or loss of cog-
nate PcG proteins on polytene chromosomes (Fig. 4B; Sup-
plemental Fig. S6D,G), suggesting that we could test their
interdependence in this tissue. Therefore, for a broad over-
view of the potential interdependence of PRC1, PRC2,
and Scm, we compared the localization patterns of Pc,
E(z), and Scm on polytene chromosomes in wild-type
and after salivary gland-specific shRNA knockdowns.

In a seminal study using S2 cells and imaginal discs,
Wang et al. (2010) found that binding of Scm to the bxd
PRE upstream of the Ultrabithorax (Ubx) Hox gene was
not affected by mutation or knockdown of PRC1 or
PRC2 components, suggesting that Scm is recruited inde-
pendently of PRC1 and PRC2. In contrast, depletion of
Scm affected recruitment of both PRC1 and PRC2 to the
bxd PRE. Consistent with the bxd PRE results, we found
that Scm was still present at numerous sites after shRNA
knockdown of Pc or E(z) (Supplemental Fig. S6A,C,E). In

contrast to the bxd study, however, we observed that Pc
also remained on chromatin after E(z) or Scm RNAi (Sup-
plemental Fig. S6B,F,H). Therefore, our results suggest
that Scm and Pc can bind target sites independently of
each other and PRC2, although increased variability of
the immunostaining after knockdown did suggest that
wild-type interactions normally increase or stabilize
binding.

Wild-type polytene chromosome immunofluorescence
using a polyclonal E(z) antiserum detected ∼25 strong
E(z) bands, on average, as well as lower-level staining of
all chromosome arms (Fig. 4A). E(z) RNAi caused a loss
of both the general signal on all chromosomes and the dis-
tinct strong E(z) bands (Fig. 4B). Following Pc knockdown,
the distinct E(z) bands were still observable, although
their numbers were slightly decreased (Fig. 4C). In con-
trast, Scm knockdown resulted in the loss of the strongly
staining E(z) bands (Fig. 4D). This result suggests that
PRC2 distribution is more dependent on Scm than on
PRC1, at least in this tissue.

Figure 3. Genome-wide colocalization of BioTAP-N-Scm, Pc-C-BioTAP, BioTAP-N-E(z), H3K27me3, and H3K36me3 profiles in embry-
os. (A) Genome browser view of a representative region of chromosome 3R (chr3R) showing that the BioTAP-N-Scm ChIP-seq profile
significantly overlaps with Pc-C-BioTAP, BioTAP-N-E(z), and H3K27me3 in embryos [Scm, Pc, and E(z) from the present study;
H3K27me3 and H3K36me3 from the modENCODE project (http://data.modencode.org)]. (B) Enrichment patterns of BioTAP-tagged
Scm, Pc, E(z), H3K27me3, and H3K36me3 at the top 25% of Scm peaks (n = 457). Each row was centered at the Scm peak and ordered
by Scm intensity.

Kang et al.

1140 GENES & DEVELOPMENT

 Cold Spring Harbor Laboratory Press on February 24, 2023 - Published by genesdev.cshlp.orgDownloaded from 

http://data.modencode.org
http://data.modencode.org
http://data.modencode.org
http://data.modencode.org
http://data.modencode.org
http://genesdev.cshlp.org/
http://www.cshlpress.com


Since PRC2 function on chromatin leads tomethylation
of H3K27, we proceeded to ask whether H3K27me3 was
particularly affected in this tissue. As expected, we found
thatH3K27me3wasundetectable afterE(z) shRNA induc-
tion (SupplementalFig. S7B).Comparedwith thewild-type
control (Supplemental Fig. S7A), a noticeable decrease of
H3K27me3 levelswas not observed afterPc or Scmknock-
down (Supplemental Fig. S7C,D). However, a change in
H3K27me3 distribution between wild-type and knock-
down of Pc or Scm could be detected,with a stronger effect
in the Scm knockdown. Following ScmRNAi,H3K27me3
immunostaining was consistently increased in the hete-
rochromatic chromocenter region, while many of the
strongly staining H3K27me3 bands seen in wild type
were weakened alongwith an apparent increase in weakly
staining sites (Supplemental Fig. S7E,F). These results sug-
gest that, at least in this tissue, both PRC2 andH3K27me3
areredistributed fromtheirnormalpatternsafterdepletion
of Scm. However, additional validation experiments such
as genome-wide ChIP-seq will be required to understand
the nature of this apparent targeting defect.
Toextendour analyses to diploid tissue,weexpressed an

Scm-directed shRNAusing an engrailed (en)-GAL4 driver.
This resulted in a decrease of anti-Scm immunofluores-
cence in the posterior compartment of the wing imaginal
disc, correlating with expression of a GAL4-dependent
GFP reporter (Supplemental Fig. S8A–C). However, we
did not observe any difference in H3K27me3 levels be-

tween the anterior and posterior sides of Scm-depleted
wing discs (Supplemental Fig. S8D–F). In contrast, E(z)-de-
pleted wing disc morphology was significantly compro-
mised and displayed a marked loss of H3K27me3 in the
GFP-marked region (Supplemental Fig. S8G–I). This result
suggests that Scm does not affect PRC2-dependent
H3K27me3 levels in imaginal discs.Toconfirmthis result,
we generated clones of Scm homozygous mutant cells in
imaginal discs and looked for depletion of H3K27me3 by
immunofluorescence, as is seen in E(z)-null mutant
clones. Consistent with the RNAi knockdown experi-
ments, depletion of E(z) resulted in a clear loss of
H3K27me3 (Fig. 5A–C), whereas no visible difference in
H3K27me3 levels was detected in Scm mutant clones
(Fig. 5D–F; J Müller, pers. comm.). In the absence of geno-
mic ChIP studies, we cannot evaluate whether loss of a
wild-type distribution pattern ofH3K27me3 occurs in dip-
loid tissues after Scm depletion. However, combined with
our studies of polytene chromosome immunostaining, we
can speculate that interaction with Scm is required for
proper targeting or stable binding of E(z) rather than for
PRC2 histone methyltransferase enzymatic activity.

Independent Scm-SAM modules bind sporadic
and contiguous stretches on polytene chromosomes

Overexpression of the Scm-SAM domain using various
GAL4 driver systems causes dominant-negative pheno-
types of PcG loss of function (Peterson et al. 2004). In addi-
tion, whereas a full-length wild-type transgene rescues
Scm mutants, a transgene carrying a point mutation in
theSAMdomain failed to rescue (Peterson et al. 2004). Fur-
thermore, in a reporter gene assay using transgenic flies, a

Figure 4. The effects of RNAiknockdownof E(z), Pc, and Scmon
E(z) distribution on polytene chromosomes. The P{GawB}c729
salivary gland-specific GAL4 line was crossed with Oregon R (A),
UAS-E(z) shRNA (B), UAS-Pc shRNA (C ), or UAS-Scm shRNA
(D) TransgenicRNAi Project (TRiP) lines. Polytene chromosomes
from the resulting third instar larvae were immunostained with
anti-E(z) (green). (Grayscale insets) DNA was counterstained
with Hoechst. (A) The wild-type distribution of E(z) protein. (B) E
(z)knockdownresults in adecreaseof overall signal levelonwhole
chromosomesaswell as loss ofE(z) bands. (C )ManyE(z) bands still
remain after Pc knockdown. (D) Scm knockdown results in loss of
strongly staining E(z) bands on polytene chromosomes.

Figure 5. H3K27me3 levels are unaffected in imaginal disc Scm
mutant clones. Wing imaginal discs with homozygous clones for
E(z)731(A–C ) or ScmD1(D–F ) were labeled with Hoechst (A,D)
and antibody againstH3K27me3 (C,F ). Homozygous-nullmutant
cloneswere distinguished fromneighboringwild-type cells by the
absence of GFP (arrowheads inB,E). Loss of H3K27me3was clear-
ly evident in E(z)mutant clones (C ), but no change in H3K27me3
immunostaining was detected in Scm mutant clones (F ).
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truncated Scm protein lacking the SAM domain failed to
silence the reporter, revealing that the domain is required
in Scm for PcG silencing (Roseman et al. 2001). It has been
suggested that Scm may participate in the expansion of
higher-order chromatin structures resulting from PRC1
function based on the fact that Scm can form a heteropol-
ymer with Ph through the interaction of their SAM do-
mains in vitro (Kim et al. 2005). Thus, one possibility to
explain the dominant-negative effect of Scm-SAMoverex-
pression is that the domain interferes with the copolymer-
ization of wild-type Scm and Ph. To test this possibility,
we expressed the UAS-SAM transgene specifically in the
salivary gland and assessed its consequences by immuno-
staining of polytene chromosomes for Pc,H3K27me3, E(z),
and Scm. Consistent with a competition model, we found
that Pc was still retained (Supplemental Fig. S9A,B).
H3K27me3 redistribution—including increased chromo-
center immunostaining and changes in strong and weak
bands (Supplemental Fig. S9C,D)—and the loss of most
of the strong E(z) bands (Supplemental Fig. S9E,F) were ob-
served after Scm-SAMoverexpression.These results all re-
semble the effect of Scm knockdown and are consistent
with the previously described dominant-negative pheno-
type. Furthermore, we found that endogenous Scm was
no longer detectable using a polyclonal antibody raised
against the MBT domain (Fig. 6A,B,D; Grimm et al.
2009). To determine the fate of the overexpressed SAM
domain, polytene chromosomes were immunostained
with anti-HA antibodies to detect the epitope tag fused
to the SAMdomainmodule (Fig. 6A). Based on the compe-
tition model, we expected that anti-HA immunostaining
would correlate with a Pc pattern, with the SAM domain
modules outcompeting endogenous Scm for the interac-
tion with PRC1. Unexpectedly, we found that the HA-
SAM domains were frequently localized in sporadic but
long contiguous regions on the polytene chromosomes,
suggestive of unlimited homopolymerization (Fig. 6C,E).
The contiguous stretches were found at apparently ran-
dom locations, and double staining with anti-Pc showed
that SAMdomain bindingwas able to occur in the absence
of a strong Pc band (Fig. 6F,G). Our results are consistent
with a model in which the Scm-SAM domain is normally
involved in homopolymerization and in which other re-
gionsof theScmprotein, suchas theMBTor zinc finger do-
mains, are required for proper Scm targeting, interaction
with PRC2, and regulation of oligomerization (Grimm
et al. 2007).

BioTAP-XL links Scm to transcriptional repressors

Because Scm is the only PcG protein to strongly copurify
in both Pc- and E(z)- BioTAP-XL mass spectrometry, we
testedwhether Scmpull-down could reciprocally copurify
PRC1 and PRC2 components. Furthermore, we hoped to
find novel binding partners thatmight help explain the po-
tential targeting and spreading roles of Scm in PcG silenc-
ing. We performed BioTAP-XL pull-down as before from
stable transgenic S2 cell lines and embryos expressing Bio-
TAP-N-Scm. Proteins enriched in Scm pull-downs from
both S2 cells and two technical replicates of embryos

were identified (Fig. 7). Unlike Pc and E(z) pull-downs, in
which the two PcG proteins mainly copurified the com-
ponents of their respective complexes, the BioTAP-XL
analysis of Scm revealed strong copurification of both

Figure 6. The overexpressed Scm-SAM domain binds sporadi-
cally in long contiguous regions on polytene chromosomes. (A)
Scm contains a zinc finger domain (ZF; green), two MBT motifs
(orange), and a SAM domain (blue). An Scm antibody raised
against a peptide antigen encompassing theMBT repeats is repre-
sented as a black bar. The overexpressed Scm-SAM transgene
contains an HA-epitope tag (pink), nuclear localization signal
(NLS; puple), and C-terminal SAM domain (amino acids 800–
877). (B–G) The P{GawB}c729 GAL4 line was crossed with Ore-
gon R or the UAS-SAM transgenic line, and polytene chromo-
somes were immunostained with anti-Scm (B,D, red), anti-HA
(C,E, green), and anti-Pc (F, red). DNA was counterstained with
Hoechst. (B) Wild-type distribution of the Scm protein. (C ) The
anti-HA antibody did not detect any signal in wild type. (D) En-
dogenous Scm was depleted by overexpression of Scm-SAM. (E)
Detection of the overexpressed SAM domain by anti-HA shows
long contiguous signals on polytene chromosomes. (F ) Polytene
chromosomes shown in E were also labeled with anti-Pc anti-
body. Zoomed-in view of two regions showing strong HA signals
in E are marked by an arrow and arrowhead. (G) Merged image
showing that one of two strong HA signal regions is overlapped
with Pc (arrow), but the other region does not contain a strong
Pc band (arrowhead), indicating that SAM domain stretches do
not appear to require strong PREs as nucleation sites.
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PRC1 and PRC2 in embryos and S2 cells (Fig. 7C; Supple-
mental Table S1). The Jarid2 and Jing proteins were nota-
ble exceptions. They were strongly purified with E(z)
(Table 1B) and known to interact with each other (Herz
et al. 2012) but were low or undetectable in the Scm
pull-downs, suggesting that they are present in a PRC2
subcomplex separate from Scm. Interestingly, Jigr1 (jing-
interacting gene regulatory 1), a protein identified in our
Pc pull-down (Table 1A), was identified from genetic
screening for enhancers of a jing gain-of-function pheno-
type in the Drosophila eye (Sun et al. 2006). Therefore, it
is intriguing to speculate that a relationship between
jigr1 and jingmight provide an additional functional con-
nection between PRC1 and PRC2.

In addition to the canonical PRC1 and PRC2 compo-
nents, we observed high enrichment of the PhoRC com-
plex in the Scm pull-down (e.g., 27 peptides of Sfmbt
and 18 peptides of Pho in S2 cells, with similar results in
embryos). In contrast, we found much lower and asym-
metric recovery of Sfmbt and Pho in the Pc (Sfmbt > Pho)
and E(z) (Pho > Sfmbt) experiments (Supplemental Table
S1). Pho, the ortholog of mammalian YY1, is a DNA-bind-
ing protein that is found at many PREs (Brown et al. 1998,
2003; Busturia et al. 2001; Mishra et al. 2001; Kwong et al.
2008; Oktaba et al. 2008). Therefore, our results may sug-
gest a mechanism for Scm to connect PRC1 and PRC2 to
DNA through PhoRC. It should be noted, however, that
Pho is also localized to many active genes, so the specific

A B

Replicate1 Replicate 2 Replicate1 Replicate 2
0 167 Scm* PRC1 877 93 35 1 4
0 99 Su(z)2 PRC1 1368 38 33 1 0
0 85 G9a CtBP 1637 42 38 0 0
0 80 Su(z)12 PRC2 900 35 25 4 2
0 59 Psc PRC1 1601 44 43 2 2
1 56 ph-p PRC1 1589 42 20 4 2
0 55 Pcl PRC2 1043 27 27 0 0
0 46 Sce PRC1 435 22 16 3 2
0 39 CoRest CtBP/LINT 590 14 9 5 2
0 30 esc PRC2 425 12 8 0 0
0 25 CG9932 CtBP? 2171 6 14 0 0
0 24 Sfmbt PhoRC 1220 25 19 2 4
0 23 l(3)mbt LINT 1477 12 17 3 2
0 20 Su(var)3-3 CtBP 890 3 6 0 1
0 18 pho PhoRC 520 16 17 2 0
0 18 Smc5 SMC5/6 1034 3 10 0 0
0 17 E(z) PRC2 760 11 8 1 2
0 12 Pc PRC1 390 11 11 4 2
0 12 CG3363 2175 29 36 2 6
0 10 CG5694 623 2 4 0 0
0 9 Lint-1 LINT 602 4 8 1 0
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Figure 7. Proteomic analysis of Scm complexes. (A) Volcano plot of proteins identified in the Scm pull-downs and inputs. The vertical
dashed line indicates fold change cutoff of the average normalized spectral abundance factors (NSAF) of each protein from input to immu-
noprecipitation or x = 0.15, while the horizontal dashed line indicates significance cutoff of NSAF difference from input to immunopre-
cipitation or y =−log10(0.05) = 1.30103. Twenty-three proteins (pink) or <1% of the total protein data set fell within both cutoffs and
represent the most significantly enriched proteins in the Scm pull-downs. (B) Zoomed in region of the most enriched proteins from A.
(C ) Total peptide counts of Scm-specific interactors from S2 tissue culture cells andDrosophila embryos along with their counts in input.
Proteins are color-coded by known molecular complex, and the asterisk indicates the bait protein used for pull-down. See Supplemental
Table S3 for the full range of data.
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context that defines PREs still remains poorly understood
(Schuettengruber et al. 2009).

In addition to Sfmbt, Scm BioTAP-XL copurified an-
other MBT domain protein [dL(3)mbt] and additional
LINT complex components (Lint-1 and CoRest) (Meier
et al. 2012), suggesting that all three MBT domain pro-
teins encoded in Drosophila may functionally interact.
Surprisingly, G9a was one of the top hits in the Scm
pull-down. G9a, as a SET domain protein, functions in
monomethylation or dimethylation of H3K9 (H3K9me1
or H3K9me2) in euchromatin and is an essential protein
for gene silencing in mammals (Tachibana et al. 2002,
2005; Smallwood et al. 2007; Mozzetta et al. 2014). How-
ever, in Drosophila, G9a is dispensable for H3K9 methyl-
ation, and null mutants are surprisingly viable and fertile
(Seum et al. 2007; Figueiredo et al. 2012). Nevertheless, it
still remains likely that G9a participates in gene silencing
in Drosophila, as G9a acts as a component of the CtBP
repressor complex in mammals (Shi et al. 2003), and we
noted that the Drosophila orthologs of CtBP repressor
complex components [G9a, CoRest, Rpd3, Su(var)3-3,
and CtBP] were all identified in the Scmmass spectrome-
try (Supplemental Table S1). Furthermore, two zinc finger
proteins—CG9932, containing a CtBP PXDLS motif
(PTDLSQK), and peb (pebbled), the Drosophila ortholog
of RREB1—copurified in S2 cells and/or embryos, suggest-
ing that they could play a role analogous to zinc finger
protein components of the mammalian CtBP repressor
complex, such as ZNF217 and RREB1 (Shi et al. 2003;
Quinlan et al. 2006; Flajollet et al. 2009; Ray et al. 2014).
Taken together, Scmmay function as an important medi-
ator to coordinate not only PRC1, PRC2, and PhoRC but
also additional repressor complexes.

Discussion

The role of Scm in the spreading of PcG silencing

One of the most interesting properties of chromatin mod-
ification is the ability, under certain circumstances, to
propagate in cis independent of sequence (Gelbart and
Kuroda 2009; Moazed 2011). This ability to “spread”
may be important for the inheritance of chromatin states
initially established through interactions at nucleation
sites such as PREs. SAM domain-mediated polymeriza-
tion is therefore an attractive model to explain the propa-
gation of PcG silencing (Kim et al. 2002, 2005; Peterson
et al. 2004). From that perspective, Ph, one of the core
components of PRC1, may be responsible for the spread-
ing of PRC1 through Ph-SAM polymerization (Robinson
et al. 2012; Isono et al. 2013). The compact chromatin
environment formed by PRC1 spreading may improve
the enzymatic activity of PRC2 (Yuan et al. 2012), and
the capacity of the Pc chromodomain to interact with
H3K27me3 may also contribute to the synergistic spread-
ing of PcG silencing. However, consistent with the identi-
fication of PRC1 and PRC2 as distinct complexes that
purify independently, E(z) RNAi does not significantly af-
fect binding patterns of Pc on polytene chromosomes
(Supplemental Fig. S6F), and E(z) binding is likewise still

detected after Pc RNAi (Fig. 4C). In this study, we found
that Scm directly interacts with the PRC2 complex and
colocalizes with H3K27me3 in genome-wide analyses.
Scm RNAi results in the loss of major sites of E(z) binding
and the redistribution of H3K27me3 on polytene chromo-
somes. In addition, overexpression of the Scm-SAM
domain interferes with binding of endogenous Scm to
chromosomes and appears to self-polymerize for long dis-
tances on polytene chromosomes independently of PRC1
and PRC2. Taken together, we suggest that the interac-
tion of Scm with PRC2 and polymerization by the Scm-
SAM domain may be key factors contributing to PRC2
and H3K27me3 spreading (Fig. 8).

Despite the loss of strong sites of E(z) binding after
Scm RNAi, H3K27me3 is still clearly present at many
sites on polytene chromosomes, and the overall level of
H3K27me3 in imaginal disc cells is not visibly altered
by Scm knockdown or knockout. It is also noteworthy
that E(z) RNAi results in not only the loss of strong sites
of E(z) binding but also a decrease in overall signal across
the chromosomes. These observations imply that PRC2
is still able to catalyze the formation of the H3K27me3-
repressive histone modification in the absence of Scm.
We speculate that PRC2 propagation through interaction
with Scmmay locally reinforce the repressive H3K27me3
histonemark to ensure silencing of specific spatiotempor-
ally sensitive target genes.

Although Scm had previously been known as a compo-
nent of PRC1, core components of PRC1 without Scm are
sufficient to inhibit chromatin remodeling and transcrip-
tion in vitro (Francis et al. 2001; King et al. 2002), suggest-
ing that Scm does not need to be involved directly in the
silencing roles of PRC1. Also, we did not observe strong ef-
fects on Pc binding after Scm knockdown; rather, our re-
sults show that Scm plays an especially important role
for PRC2 targeting. Nevertheless, strong silencing of a
mini-white reporter gene resulting from tethered Scm is
disrupted by mutation of Ph (Roseman et al. 2001),

Figure 8. Model for PcG spreading facilitated by Scm. Interac-
tion of Scmwithmultiple PcG complexes and the polymerization
ability of the Scm-SAM domain lead to sequential extension of
PcG silencing from initial target sites to neighboring regions.
Transient or temporal interaction of LINTorCtBP repressor com-
plexes with Scmmay support spreading of PcG silencing through
the removal of active histonemarks. Alternatively, our results do
not exclude the possibility that the interaction of Scmwith LINT
orCtBP repressor complexes result in separate repression process-
es independent of PcG silencing.
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indicating that the silencing achieved by Scm requires the
capacity to interact with PRC1.
Overexpression of the Scm-SAM domain on polytene

chromosomes revealed its localization in contiguous
stretches apparently unlinked from PRC1, suggesting
the formation of stable Scm-SAM homopolymers in
vivo. This observation also implies that regions of the
Scm protein outside of the SAM domain are required for
the proper targeting and regulation of SAM-mediated po-
lymerization. These are likely to include the zinc fingers,
MBT histone interaction domains, and sequences that
govern sumoylation of Scm (Bornemann et al. 1998; Smith
et al. 2011).

Linking the PcG to additional repressive complexes

The strong interaction that we discovered between Scm
and the G9a SET domain protein, an H3K9 methyl-
transferase, suggests a new link between H3K27 and
H3K9 methylation inDrosophila. These classical histone
marks, associated with silent chromatin, were once
thought to be largely distinct but are now proposed to
have a functional relationship in PcG silencing in mam-
mals, most notably in X inactivation (Rougeulle et al.
2004; Escamilla-Del-Arenal et al. 2013). There was also
evidence for colocalization of these two marks in early
ChIP analyses at the HOX gene Ubx in imaginal discs
(Papp and Muller 2006). G9a may also play a role in regu-
lation of H3K27methylation (Mozzetta et al. 2014). Alter-
natively, the abundance of G9a may reflect a key role for
the CtBP corepressor complex in PcG function rather
than for G9a itself, which is a nonessential gene. Ge-
nome-wide binding profile analyses have shown that the
components of the CtBP complex such as Su(var)3-3
(LSD1) and Rpd3 (HDAC1) are mainly enriched on active
genes rather than repressed genes in human cells (Wang
et al. 2009; Zhang et al. 2013), and L(3)mbt, one compo-
nent of the LINT complex, colocalizes with insulator pro-
teins, including CP190 and mod(mdg4), rather than with
PcG proteins in Drosophila (Richter et al. 2011). There-
fore, the possibility that the interactions of Scm with
CtBP or LINT repressor complexes occur as independent
complexes irrelevant to PcG silencing cannot be excluded
(Fig. 8). However, considering that PcG silencing could
require dynamic interactions during development, com-
ponents of these repressor complexes may not be perma-
nently stationed in PcG silenced domains but rather
participate in PcG silencing transiently. Furthermore,
some of the CtBP subunits were copurified in our Pc and
E(z) affinity purifications (Supplemental Table S1), and
previous studies reported that CtBP complex components
can contribute to PcG silencing in Drosophila. For exam-
ple, CtBP mutation causes the loss of Pc recruitment to
many PREs (Atchison et al. 2003; Srinivasan andAtchison
2004; Basu and Atchison 2010). Furthermore, Rpd3 deace-
tylates H3K27ac, which is mutually exclusive with
H3K27me3 (Tie et al. 2009), and Su(var)3-3 demethylates
H3K4me1 and H3K4me2 (Rudolph et al. 2007), which are
active marks linked to Trithorax (Trx) activity and
H3K27ac (Tie et al. 2014).

How PcG complexes find PREs and spread to create re-
pressive domains is not known on a mechanistic level.
Perhaps repressor complexes such as CtBP help remove
active chromatin marks to attract the PcG initially or en-
able cycles of spreading to maintain those domains (Fig.
8). Future analyseswill entail dissecting the direct interac-
tions of Scm, including nucleosomes and their post-trans-
lationalmodifications. Furthermore, through iterative use
of BioTAP-XL, the wealth of additional candidates in the
Pc, E(z), and Scm pull-downs featured in this study will
be invaluable in extending our understanding of chroma-
tin-based PcG repression.

Materials and methods

BioTAP-tagged transgene constructs and transgenesis

The pFly vector was used as the backbone to construct all
transgenes (Wang et al. 2013). A 2.4-kb genomic fragment
containing the promoter, coding, and intron regions of the
Pc gene was amplified from BAC RP98-2C22 and inserted
between NotI and AscI sites of pFly followed by insertion
of C-BioTAP from pCAndy-Bio-2xProteinA (Alekseyenko
et al. 2014b) between AscI and NheI sites to create pFly-
Pc-C-BioTAP. The α-tubulin-NTAP-E(z) CaSpeR plasmid
was kindly provided by J. Müller (Nekrasov et al. 2007).
The α-tubulin 1 promoter fragment and E(z) cDNA frag-
ment were transferred separately into pFly, and the Bio-
TAP region (N-BioTAP) from pCAndy-1xProteinA-Bio
was placed between the α-tubulin 1 promoter and E(z)
cDNA fragments [pFly-BioTAP-N-E(z)]. In the case of
Scm, the N-terminal BioTAP tag was first introduced
into BAC RP98-19N7 using the Counter-Selection BAC
modification kit (Gene Bridges). The 7.8-kb genomic frag-
ment containing the BioTAP-N-Scm gene and its up-
stream and downstream regions was then recombineered
into the pFly vector (pFly-BioTAP-N-Scm). Maps of all
BioTAP-fused constructs and BAC counterselection de-
tails are available on request. The transgenes were inject-
ed into PhiC31 integrase-containing attP-docking site
embryos (Bloomington Drosophila Stock Center [BDSC]
no. 9736; cytogenetic map: 53B2). The pFly-Pc-C-BioTAP
and pFly-BioTAP-N-Scm constructs were also cotrans-
fected with a hygromycin-resistant vector at a 10:1 ratio
into S2 cells using a calcium phosphate transfection kit
(Invitrogen), and stable S2 cell lines were selected by add-
ing hygromycin B (Invitrogen) to a final concentration of
300 µg/mL into the Schneider’s Drosophila medium.

BioTAP-XL purification from embryos and S2 cells

We followed the BioTAP-XL protocol as described in
Alekseyenko et al. (2015). In brief, embryos of BioTAP
transgenic fly lines [Pc-C-BioTAP, BioTAP-N-E(z) and Bio-
TAP-N-Scm] were collected between 12 and 24 h after fer-
tilization and stored for up to 3 d at 4°C. Every 3 d,
embryonic nuclei were cross-linked, and extracts were
prepared as described, snap-frozen with liquid nitrogen,
and stored at −80°C. These steps were repeated until ex-
tracts from ∼50 g of embryos were pooled. Stable S2 cell
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lines expressing BioTAP transgenes (Pc-C-BioTAP and
BioTAP-N-Scm) were incubated in four 2.8-L Fernbach
glass flasks at 90 rpm and 26.5°C. In each flask, cells
were grown in 500 mL of HyClone CCM3 serum-free me-
dium to a density of ∼1 × 107 cells per milliliter. Cross-
linked nuclear extracts from S2 cell lines were prepared
from ∼2 × 1010 cells grown in four flasks. After sonication,
TAP was performed to isolate the BioTAP-tagged bait
along with its protein interaction partners and associated
genomic DNA. Interacting proteins were identified by on-
bead trypsinization of bound complexes followed by LC-
MS/MS of the resulting peptides. Genomic localization
was determined by high-throughput sequencing of librar-
ies generated from the tandem affinity-purified material
using the NEBNext ChIP-seq library preparation master
mix set for Illumina (New England Biolabs, catalog no.
E6240S) and TruSeq adaptors (Illumina).

Fly genetics (rescue tests, RNAi knockdowns,
null mutant clones, and overexpression of the SAM
domain)

The crossing schemes for viability rescue tests of BioTAP
fusion transgenes are described in Supplemental Figure
S1D. The rescue test for temperature-sensitive E(z)12 and
E(z)61 transheterozygotic mutants was performed at
29°C; all other rescue tests were performed at 25°C. Res-
cued adult flies were assessed by the absence of balancer
markers and the expression of the mini-white marker in-
corporated into the transgenic construct, and all transhet-
erozygotic mutants were lethal in the absence of BioTAP-
tagged transgenes. Pc and E(z) alleleswere kindly provided
byDr.W. Bender. For RNAi knockdown in imaginal discs,
the en-GAL4; UAS-GFP line, kindly provided by Dr. N.
Perrimon, was crossed with Scm (BDSC no. 35389) and
E(z) (BDSC no. 33659) Transgenic RNAi Project (TRiP)
lines. For salivary gland-specific RNAi knockdown, the
P{GawB}c729 line (BDSC no. 6983, kindly shared with us
by Dr. J. Kassis), which expresses Gal4 in the salivary
glands, was crossed with TRiP lines [Pc: BDSC no.
36070; E(z): BDSC no. 33659; Scm: BDSC no. 35389]. For
generation of ScmD1 and E(z)731clones, w; FRT82B
ScmD1/TM6C and w; E(z)731 FRT2A/TM6C fly lines
were crossed with the yw hs-flp; FRT82B hs-nGFP line
andw hs-flp; hs-nGFP FRT2A line, respectively. The sub-
sequent procedure of heat-shock treatmentwas performed
as described in Beuchle et al. (2001). These fly strains were
kindly provided by Dr. J. Müller. Fly stocks bearing UAS-
SAM domain constructs on both the second and third
chromosomes, kindly provided by Dr. J. Simon (Peterson
et al. 2004), were crossed with the P{GawB}c729 line for
salivary gland-specific overexpression of the SAMdomain.

Immunostaining of imaginal disc tissues and polytene
chromosomes

The imaginal disc tissues dissected from third instar lar-
vae were fixed with 1 mL of 4% formaldehyde in PBST
and labeled with rabbit antibodies against H3K27me3
(1:1000 dilution; Cell Signaling) or Scm (1:1000 dilution;

a gift from J. Müller). Donkey anti-rabbit Alexa fluor 594
(1:500 dilution) was used as secondary antibody, and ima-
ginal discs weremounted in Prolong Gold (Invitrogen) pri-
or to imaging. Salivary glands from third instar larvae
were fixed for 1 min in fixation solution #1 (1% Triton
X-100, 4% formaldehyde in PBS) followed by fixation for
2min in fixation solution #2 (50% acetic acid, 4% formal-
dehyde) prior to squashing to spread the polytene chromo-
somes. Primary antibodies used for immunostaining
included rabbit antibodies against Pc (1:100 dilution; San-
ta Cruz Biotechnology), H3K27me3 (1:100 dilution; Cell
Signaling), Scm (1:100 dilution), and E(z) (1:200 dilution;
both gifts from J Müller,); rabbit peroxidase anti-peroxi-
dase (PAP) antibody (1:100 dilution; Sigma) for detection
of BioTAP fusion proteins [Pc-C-BioTAP, BioTAP-N-E(z),
and BioTAP-N-Scm]; and mouse antibody against HA
(1:100 dilution; Abcam) for detection of the HA-tagged
Scm-SAMdomainmodule. Chicken anti-rabbit Alexa flu-
or 488, donkey anti-rabbit Alexa fluor 594, and donkey
anti-mouse Alexa fluor 488 (1:500 dilution) were used as
secondary antibodies. Samples were mounted in Prolong
Gold (Invitrogen) prior to imaging.

Western blots

Embryos of BioTAP transgenic flies were collected and
dechorionated by immersion for 3 min in 50% bleach.
The embryos were rinsed with distilled water and blot-
dried. Embryos (0.2 g) were suspended in 150 µL of nuclear
extraction buffer (10% sucrose, 20 mM HEPES at pH 7.6,
10 mM NaCl, 3 mM MgCl2, 0.1% Triton X-100) with 0.1
mM PMSF in a 1.5-mL tube and homogenized on ice with
amotorized pestle. Nuclear extraction buffer was added to
the homogenate up to 1 mL and centrifuged at 2000g for 5
min at 4°C. Supernatant was removed, and the pellet was
resuspended in 150 µL of nuclear extraction buffer. Ho-
mogenization and centrifugation steps were repeated.
The final crude nuclear pellet was resuspended in 600
µL of Novex Tris-glycine SDS sample buffer (Invitrogen),
including NuPAGE sample-reducing agent (Invitrogen),
and then boiled for 10 min. Twenty microliters was used
for each Western blot. PAP antibody (Sigma) against the
Protein A epitope (1:1000 dilution) and Clarity Western
ECL substrate (Bio-Rad) were used for the detection of Bio-
TAP fusion proteins.

Preparation of baculovirus-infected nuclear extracts
and Flag purification

Baculovirus constructs and viruseswere the generous gifts
of R. Kingston (Muller et al. 2002). The Scm baculovirus
was constructed by insertion of a full-length cDNA from
Drosophila Genomics Resource Center stock RE16782
into pFastBac1. Viral stocks were individually reamplified
in T-225 flasks for 5–7 d in Insect-XPRESS medium
(Lonza) supplemented with 10% FBS (Sigma) prior to use
in protein expression experiments. For protein coexpres-
sion infections, baculoviruses were mixed at a ratio of
1:1:1:0.5:0.4 for Scm:E(z):Suz12:Nurf55:Flag-Esc and incu-
bated for 72 h at 26.7°C in 500-mL total volume (starting
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cell density = 2 × 106 Sf9 cells per milliliter). Extracts were
made as previously described (Ito et al. 1999) with the fol-
lowing modification. Instead of a half-pellet volume dur-
ing salt extraction, a 5× pellet volume of low-salt buffer
was used, followed by the addition of high-salt buffer to
a final concentration of 300 mM KCl. Flag purification
was performed as previously described (Francis et al.
2001; Muller et al. 2002). For each Flag purification,
50–60 µL of M2 anti-Flag agarose resin or magnetic beads
(Sigma) was washed with BC300N (20 mM HEPES at
pH 7.9, 0.2 mM EDTA, 20% glycerol, 300 mM KCl,
0.05% NP40) supplemented with protease inhibitors and
PMSF. After washing, beads were incubated overnight
with 1 mL of the appropriate extract. Beads and bound
complexes were captured on a magnetic stand for 2 min
or by centrifugation at 1000g for 2min at 4°C. Bound com-
plexes were subjected to a series of wash steps of BC-N
buffer with increasing KCl concentrations, with a maxi-
mum of 2 M KCl. Washes were for 5 min each with end-
over-end rotation at 4°C followed by recapture as above.
Bound complexes were eluted with 100 µL of 0.4 mg/mL
Flag peptide in BC300N for 1–1.5 h at 4°C. Typically, three
elutions were taken. Protein content of elution fractions
was analyzed by silver staining of SDS-PAGE gels, and
the presence of Scm was further probed by Western blot-
ting using anti-Scm (a gift from J. Simon).

Volcano and scatter plot analysis

To identify the most significantly enriched proteins by
the BioTAP-tagged fusion proteins, the natural logarithm
of the normalized spectral abundance factor (NSAF) was
determined to calculate enrichment ratios (pull-down/in-
put) for each identified protein (Zybailov et al. 2006). To
allow the calculation for nonabundant proteins not recov-
ered in the input, a peptide pseudocount of 0.5 was intro-
duced for proteins not identified in any given experiment
and thus containing zero peptide counts in order to avoid
taking the logarithm of 0. For volcano plot, an unpaired
two-sample two-tailed t-test was used to compare the ln
(NSAF) values of a given protein averaged across the three
Scm immunoprecipitations and averaged across the three
inputs (one S2 cell input and two biological replicate in-
puts of embryos).

BioTAP-XL ChIP-seq analyses

Sequencing reads were aligned to the fly genome fb5_22
using Bowtie version 0.12.7 with the unique option
enabled (Langmead et al. 2009). For paired-end reads,
1000 base pairs (bp) of insertion was used. Consistency
of replicates was checked by genome-wide correlation
analysis and visual inspection. The smoothed fold enrich-
ment profiles at log2 scale were calculated using the
get.smoothed.enrichment.mle function (window size of
150 bp for the Gaussian kernel function, and step size
of 50 bp) in the SPP R package (Kharchenko et al.
2008). The fly genome dm3 annotation was used for all
analyses. ForH3K27me3 andH3K36me3 data in embryos,
aligned ChIP-seq reads were downloaded from modEN-

CODE (http://data.modencode.org/cgi-bin/findFiles.cgi?
download=3955; ID 3955) and processed as described
above. For the genome-wide correlation analysis of Bio-
TAP-tagged proteins, H3K27me3, and H3K36me3 in em-
bryos (Supplemental Fig. S3), the log2 fold enrichment
values were averaged into 1-kb bins. For heat map genera-
tion (Fig. 3B), Scm peaks were identified in the BioTAP-N-
Scm data usingMACS 1.4 with default parameters (Zhang
et al. 2008). Peak summit locations were centered in 4-kb
windows, and each row was ordered by Scm intensity. For
comparison of binding profiles between H3K27me3 and
BioTAP-tagged proteins in S2 cells (Supplemental Fig.
S4A), H3K27me3 M-values and peak calling results were
downloaded from modENCODE (http://data.modencode.
org/cgi-bin/findFiles.cgi?download=298; ID 298). For cor-
relation analysis between BioTAP-N-Scm and other fac-
tors in S2 cells (Supplemental Fig. S4B), log2 M-values
for other factors (ChIP–chip) in S2 were downloaded
from modENCODE (http://data.modencode.org). To cal-
culate correlations, Scm enrichment values (sequencing)
were interpolated for the array probe positions.

Accession numbers

ChIP-seq data have been submitted to the NCBI Gene Ex-
pression Omnibus public repository under the accession
number GSE66183.
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