
Published online 8 November 2019 Nucleic Acids Research, 2019, Vol. 47, No. 22 11649–11666
doi: 10.1093/nar/gkz1050

Distinct CoREST complexes act in a cell-type-specific
manner
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ABSTRACT

CoREST has been identified as a subunit of sev-
eral protein complexes that generate transcription-
ally repressive chromatin structures during devel-
opment. However, a comprehensive analysis of the
CoREST interactome has not been carried out. We
use proteomic approaches to define the interac-
tomes of two dCoREST isoforms, dCoREST-L and
dCoREST-M, in Drosophila. We identify three dis-
tinct histone deacetylase complexes built around a
common dCoREST/dRPD3 core: A dLSD1/dCoREST
complex, the LINT complex and a dG9a/dCoREST
complex. The latter two complexes can incorpo-
rate both dCoREST isoforms. By contrast, the
dLSD1/dCoREST complex exclusively assembles
with the dCoREST-L isoform. Genome-wide studies
show that the three dCoREST complexes associate
with chromatin predominantly at promoters. Tran-
scriptome analyses in S2 cells and testes reveal that
different cell lineages utilize distinct dCoREST com-
plexes to maintain cell-type-specific gene expres-
sion programmes: In macrophage-like S2 cells, LINT
represses germ line-related genes whereas other
dCoREST complexes are largely dispensable. By
contrast, in testes, the dLSD1/dCoREST complex
prevents transcription of germ line-inappropriate
genes and is essential for spermatogenesis and
fertility, whereas depletion of other dCoREST com-

plexes has no effect. Our study uncovers three dis-
tinct dCoREST complexes that function in a lineage-
restricted fashion to repress specific sets of genes
thereby maintaining cell-type-specific gene expres-
sion programmes.

INTRODUCTION

Multisubunit protein complexes that regulate chromatin ac-
tivity often form families of related complexes that share a
set of core subunits (1). This common core can associate
with different accessory subunits to yield alternative com-
plexes with new functionality.

The RE1 silencing transcription factor (REST) cooper-
ates with the corepressor of REST (CoREST) to silence
neuron-specific genes in non-neuronal cell types (2). CoR-
EST is an integral component of multi-subunit lysine-
specific demethylase 1 (LSD1) complexes which modify
nucleosomes by histone deacetylation and demethylation
to repress transcription (3–7). The precise composition of
LSD1/CoREST complexes differs depending on cell type
and purification conditions. However, several core subunits
have been identified in independent studies (5,6). These in-
clude CoREST, LSD1, histone deacetylases HDAC1 and
HDAC2, CtBP1, ZNF217, BHC80 and BRAF35.

CoREST and LSD1 are also part of distinct molec-
ular assemblies. Together with SFMBT1 they form the
SFMBT1-LSD1-CoREST (SLC) complex which represses
histone genes in a cell-cycle-dependent manner (8). In addi-
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tion, LSD1 and CoREST coexist with SIRT1 in a complex
that represses Notch target genes (9).

The co-existence of LSD1 and CoREST in all of the com-
plexes described above suggests that these two proteins form
a core that can associate with different accessory subunits.
So far, LSD1 and CoREST have not been demonstrated to
exist in separate complexes in mammals.

Both CoREST and LSD1 are conserved in Drosophila.
Genetic studies imply that they cooperate in the dif-
ferentiation of wing structures and ovarian follicle cells
by regulating signalling pathways including Notch and
DPP/TGFbeta (9–12). These observations suggest that
Drosophila LSD1/CoREST complexes exist that are simi-
lar to their mammalian counterparts. In support of this no-
tion, dLSD1 and dCoREST interact when overexpressed
in S2 cells and both proteins are associated in ovary ex-
tracts (12,13). However, dLSD1/dCoREST complexes are
poorly characterized. Indeed, several subunits of mam-
malian LSD1/CoREST complexes do not have appar-
ent homologues in Drosophila (e.g. ZNF217, BHC80 and
BRAF35) raising questions about the existence and subunit
composition of putative dLSD1/dCoREST complexes.

The only Drosophila CoREST-containing complex bio-
chemically characterized to date is the L(3)mbt-interacting
(LINT) complex which functions to prevent the expression
of lineage-inappropriate genes in both ovaries and in Kc
cells (14,15). LINT consists of dL(3)mbt, the dL(3)mbt-
interacting protein 1 (dLint-1), the histone deacetylase
dRPD3 and dCoREST (15). Notably, dLSD1 is not a sto-
ichiometric subunit of LINT and is not required to repress
LINT target genes (15). The existence of additional dCoR-
EST complexes has not been systematically analysed.

The dCoREST gene expresses two major isoforms by al-
ternative splicing, dCoREST-L and dCoREST-M (Figure
1A; (13)). Both isoforms contain an ELM2 domain and
two SANT domains. dCoREST-L is characterized by a 234
amino acid insertion in the linker that is separating the two
SANT domains that is absent in dCoREST-M. It is un-
known, if these two isoforms reside in different complexes
or are fully redundant.

In this study, we systematically define the interactome
of dCoREST in Drosophila cells. We use gel filtration, im-
munoaffinity purification, mass spectrometry and recon-
stitution from recombinant subunits to identify three dis-
tinct dCoREST-containing complexes: the LINT complex
described above, a stable dLSD1/dCoREST complex and
a dG9a/dCoREST complex. Whereas LINT subunits and
dG9a interact with both dCoREST-L and dCoREST-M,
dLSD1 displays a striking isoform specificity and asso-
ciates exclusively with dCoREST-L. We employ ChIP-seq
and RNA interference combined with RNA-seq to system-
atically identify the genome-wide distribution of dCoR-
EST complexes and their target genes. Strikingly, our re-
sults identify LINT as the major effector of dCoREST-
mediated transcriptional repression in macrophage-like S2
cells, whereas spermatogenesis and maintenance of a germ
line-specific gene expression programme rely exclusively on
the dLSD1/dCoREST complex. Collectively, our data sup-
port the model that different cell lineages employ specific
dCoREST complexes to generate and maintain their cell-
type-specific transcriptional programmes.

MATERIALS AND METHODS

Cell culture

Spodoptera frugiperda Sf9, Drosophila melanogaster S2
and D. melanogaster S2[Cas9] (kind gift from Klaus
Förstemann, Munich) cell lines were maintained in Sf-
900 medium (Gibco) and Schneider’s medium (Gibco), re-
spectively, supplemented with 10% (v/v) Fetal calf serum
(Sigma) and 1% (v/v) Penicillin-Streptomycin (Gibco) un-
der standard conditions (26◦C).

Nuclear extract preparation

S2 cells were harvested, washed in phosphate-buffered
saline (PBS) and resuspended in three volumes of low salt
buffer (10 mM Hepes pH 7.6, 1.5 mM MgCl2, 10 mM KCl,
1.0 mM dithiothreitol (DTT)). After incubation on ice for
10 min, cells were collected by centrifugation at 21 100 × g
for 1 min at 4◦C. The supernatant was discarded, and nu-
clei were resuspended in 1.5 volumes of high salt buffer (20
mM Hepes pH 7.6, 1.5 mM MgCl2, 420 mM NaCl, 0.2 mM
ethylenediaminetetraacetic acid (EDTA), 20% (v/v) glyc-
erol, 1.0 mM DTT). The suspension was incubated for 20
min on ice and subsequently centrifuged at 21 100 × g
for 30 min at 4◦C. The supernatant (nuclear extract) was
aliquoted, frozen in liquid nitrogen and stored at −80◦C.

Preparation of nuclear extract from Drosophila embryos
was done as described previously (16).

The protein concentration of nuclear extracts was deter-
mined using Protein Assay Dye Reagent (Bio-Rad) accord-
ing to the manufacturer’s instructions using BSA (Roth) as
a standard.

Gel filtration

A total of 1 mg of S2 nuclear extract or embryo (0–12 h
after egg deposition) nuclear extract were applied to a Su-
perose 6 HR 10/30 gel filtration column (GE Healthcare)
using a 200-�l sample loading loop on an Äkta purifier
system (GE Healthcare). Samples were resolved in 10 mM
Hepes pH 7.6, 1.5 mM MgCl2, 300 mM KCl, 0.5 mM EGTA
and 10% (v/v) glycerol and 0.5 ml fractions were collected
with a F9-R fraction collector following the manufacturer’s
instructions. Fractions were precipitated using 5 �l Strat-
aClean resin (Agilent) or immunoprecipitated using GFP-
Trap® (Chromotek) and subjected to western blot analysis.
Elution volumes of proteins with known molecular weights
were determined using the Gel Filtration Calibration Kit
(GE Healthcare) according to the manufacturer’s instruc-
tions.

Co-immunoprecipitations

Anti-GFP (Chromotek) co-immunoprecipitation of frac-
tions (0.5 ml) collected after gel filtration was performed
according to the manufacturer’s instructions. The fractions
were diluted 1:1 with 10 mM Hepes pH 7.6, to lower the
salt concentration of KCl to 150 mM and incubated with
25 �l of equilibrated GFP-Trap® overnight at 4◦C. Un-
bound proteins were removed by washing four times with
IP-150 buffer (25 mM Hepes pH 7.6, 12.5 mM MgCl2, 150
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mM NaCl, 0.1 mM EDTA, 10% (v/v) glycerol, 0.1% (v/v)
NP-40) for 5 min, and the bound proteins were eluted by
incubating the beads with 30 �l of 1× NuPAGE® LDS
Sample Buffer (Invitrogen). A total of 20 �l of the eluate
was analysed by western blot.

For co-immunoprecipitation of endogenous dCoR-
EST, anti-CoREST rabbit polyclonal antibody was cross-
linked to Protein G Sepharose (GE Healthcare) and co-
immunoprecipitation was performed as previously de-
scribed (17). In brief, four independent cross-linking re-
actions were prepared using 30 �g of anti-CoREST rab-
bit polyclonal antibody or 30 �g of IgG (Normal Rabbit
IgG, Cell Signalling) and 70 �l of Protein G Sepharose
(GE Healthcare). Additionally, the beads were blocked for
1 h with 1% Gelatin from cold water fish skin (Sigma)
and 0.2 mg/ml Albumin from chicken egg white (Sigma).
Cross-linked beads were incubated overnight with 6 mg
of S2 nuclear extract. Unbound proteins were removed by
washing three times with high salt buffer supplemented
with 0.05% NP-40 (Fluka) for 5 min, followed by wash-
ing with high salt buffer and finally two washes with 50
mM (NH4)HCO3 (Roth). About 10% of the affinity-purified
material was electrophoresed and analysed by silver stain-
ing (SilverQuest™ Staining Kit, Invitrogen) and the rest was
subjected to LC-MS/MS analysis.

Anti-FLAG (Sigma) co-immunoprecipitation was per-
formed according to the manufacturer’s instructions in high
salt buffer. A total of 200 �l of anti-FLAG® M2 Affinity
Gel was equilibrated and blocked for 1 h with 1% Gelatin
from cold water fish skin (Sigma) and 0.2 mg/ml Albumin
from chicken egg white (Sigma) in high salt buffer. A to-
tal of 10 mg of S2 nuclear extract was incubated overnight
with 200 �l of beads. Unbound proteins were removed by
washing three times with high salt buffer supplemented
with 0.05% NP-40 (Fluka) for 5 min, followed by wash-
ing with high salt buffer and finally two washes with 50
mM (NH4)HCO3 (Roth). 10% of the affinity-purified ma-
terial was electrophoresed and analysed by silver staining
(SilverQuest™ Staining Kit, Invitrogen), 10% of the affinity-
purified material was electrophoresed and analysed by west-
ern blot. The rest (80%) was subjected to LC-MS/MS anal-
ysis.

LC-MS/MS analysis

LC-MS/MS sample preparation and analysis was carried
out according to methods described in (18). Briefly, after im-
munoaffinity purification, beads were washed with 50 mM
(NH4)HCO3 and incubated with 10 ng/�l Trypsin in 1 M
urea, 50 mM (NH4)HCO3 for 30 min, washed with 50 mM
(NH4)HCO3 and the supernatant was digested overnight in
the presence of 1 mM DTT. Digested peptides were alky-
lated and desalted prior to LC-MS/MS analysis.

For LC-MS/MS purposes, desalted peptides were in-
jected in an Ultimate 3000 RSLCnano system (Thermo),
separated in a 15-cm analytical column (75 �m ID home-
packed with ReproSil-Pur C18-AQ 2.4 �m from Dr
Maisch) with a 50-min gradient from 5 to 60% acetonitrile
in 0.1% formic acid. The effluent from the HPLC was di-
rectly electrosprayed into a Qexactive HF (Thermo) oper-
ated in data dependent mode to automatically switch be-

tween full scan MS and MS/MS acquisition. Survey full
scan MS spectra (from m/z 375–1600) were acquired with
resolution R = 60 000 at m/z 400 (AGC target of 3 × 106).
The 10 most intense peptide ions with charge states between
2 and 5 were sequentially isolated to a target value of 1 ×
105, and fragmented at 27% normalized collision energy.
Typical mass spectrometric conditions were: spray volt-
age, 1.5 kV; no sheath and auxiliary gas flow; heated cap-
illary temperature, 250◦C; ion selection threshold, 33.000
counts. MaxQuant 1.5.2.8 was used to identify proteins and
quantify by iBAQ with the following parameters: Database,
Uniprot 0803 Dmelanogaster 20180723; MS tol, 10ppm;
MS/MS tol, 20ppm; Peptide FDR, 0.1; Protein FDR, 0.01
Min. peptide Length, 5; Variable modifications, Oxidation
(M); Fixed modifications, Carbamidomethyl (C); Peptides
for protein quantitation, razor and unique; Min. peptides,
1; Min. ratio count, 2. Identified proteins were analysed in
Perseus with a t-test adjusted for multiple comparisons.

Antibodies

dCoREST (G. Mandel), dLSD1 (dSu(var)3–3; G. Reuter)
and dG9a (M. Yamaguchi) antibodies were generous gifts.
Rabbit polyclonal anti-dL(3)mbt, anti-dLint-1, anti-dMi-
2 (anti-dMi2-Nterm), anti-dRpd3 and anti-MstF77 anti-
bodies have been previously described (15,19). Anti-beta-
Tubulin (clone KMX-1), anti-FLAG rabbit polyclonal an-
tibody and anti-FLAG M2 agarose were purchased from
Millipore and Sigma Aldrich, respectively. Anti-GFP was
purchased from Chromotek.

HRP linked anti-Mouse IgG (Amersham, NA931), anti-
rabbit IgG (Amersham, NA934) or anti-rat IgG (Invitro-
gen, 31470) secondary antibodies were used to visualize
western blot signals by chemiluminescence using the Im-
mobilon Western Chemiluminescence HRP substrate (Mil-
lipore, WBKLS0500).

Chromatin Immunoprecipitation

Exponentially growing S2[Cas9] cells (1 × 108) expressing
GFP-tagged proteins were cross-linked with 1% Formalde-
hyde (Roth) for 10 min at room temperature. Cross-linking
was stopped by adding Glycine to a final concentration of
240 mM and incubating samples for 10 min at room tem-
perature. Cells were then washed twice in PBS and lysed
in 1 ml of ChIP Lysis buffer (50 mM Tris/HCl pH 8.0, 10
mM EDTA, 1% (w/v) SDS, 1 mM DTT) for 10 min on ice.
Chromatin was sheared by sonication in a Bioruptor UCD-
200TM-EX (Diagenode) supplied with ice water. Three son-
ication cycles were applied, each cycle lasting for 10 min
with 30 s intervals of sonication at high power interrupted
by 30 s of resting. Cell debris were pelleted by centrifugation
(20 min, 21 100 × g, 4◦C) and the supernatant containing
fragmented chromatin was stored at −80◦C. The fragment
size was monitored by decrosslinking 50 �l of chromatin-
containing lysate in the presence of RNase A (400 ng/�l,
Applichem) and Proteinase K (400 ng/�l, Applichem) for
3 h at 55◦C followed by 65◦C over night. DNA was purified
using the QIAquick PCR purification kit (Qiagen) and the
fragment size was evaluated on a 1.2% Agarose/TAE gel.

For ChIP 1 ml of chromatin lysate was precleared by 1:10
dilution in ChIP IP buffer (16.7 mM Tris/HCl pH 8.0, 1.2
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mM EDTA, 167 mM NaCl, 1 mM DTT) and addition of
285 �l Protein A Sepharose resin (GE Healthcare) that had
been blocked for 1 h in ChIP Blocking buffer (ChIP Low
salt buffer containing 2 mg/ml BSA and 2% (w/v) Gelatin
from cold water fish skin). After incubation at 4◦C for 1 h
with rotation, beads were precipitated (centrifugation for 10
min, 21 100 × g, 4◦C) and the supernatant was added to 200
�l of blocked GFP-Trap.

Immunoprecipitation took place over night at 4◦C with
rotation followed by washing: 3× with 15 ml of ChIP Low
salt buffer (20 mM Tris/HCl pH 8.0, 2 mM EDTA, 150
mM NaCl, 1% (w/v) Triton X-100, 0.1% (w/v) SDS, 1 mM
DTT), 3× with 15 ml of ChIP High salt buffer (20 mM
Tris/HCl pH 8.0, 2 mM EDTA, 500 mM NaCl, 1% (w/v)
Triton X-100, 0.1% (w/v) SDS, 1 mM DTT), 1× with 15 ml
of ChIP LiCl buffer (10 mM Tris/HCl pH 8.0, 1 mM EDTA,
250 mM LiCl, 0.1% (w/v) NP-40, 1 mM DTT), 2× with TE
buffer (10 mM Tris/HCl pH 8.0, 1 mM EDTA, 1 mM DTT).
Each washing step was performed at 4◦C for 5 min with ro-
tation and the resin was precipitated in between by centrifu-
gation (4 min, 400 × g, 4◦C).

Crosslinked protein–DNA complexes were eluted twice
from the resin in 500 �l ChIP Elution buffer (100 mM
NaHCO3, 2% (w/v) SDS) for 20 min at RT with rotation
followed by 10 min incubation at 95◦C. Pooled eluates were
1:1 diluted with 100 mM NaHCO3. As ‘input’ sample, 14
�l of precleared chromatin was added to 250 �l of ChIP
Elution buffer and diluted 1:1 with 100 mM NaHCO3. 5
M NaCL was added to the samples to the final concentra-
tion of 40 �M. Protein–DNA complexes were decrosslinked
over night at 65◦C with agitation. 40 mM Tris/HCl pH 6.8,
1 mM EDTA and 40 ng/�l Proteinase K (Applichem) was
added to each sample and proteins were digested at 45◦C for
1 h with agitation. The DNA was purified using QIAquick
PCR purification kit (Qiagen) and the concentration was
determined using Quant-iT™ dsDNA High-Sensitivity As-
say Kit according to the manufacturer’s instruction.

ChIP-seq

Libraries for ChIP-seq analysis were prepared from 500
pg of DNA using MicroPlex Library Preparation Kit v2
(diagenode) following manufacturer’s instructions includ-
ing library size selection using AMPure XP beads (Beck-
man Coulter). The quality of sequencing libraries was con-
trolled on a Bioanalyzer 2100 using the Agilent High Sensi-
tivity DNA Kit (Agilent). Pooled sequencing libraries were
quantified with digital polymerase chain reaction (PCR)
(QuantStudio 3D, Thermo Fisher) and sequenced on the
NextSeq 550 platform (Illumina) using a high output v2.5
flow cell and 50 base single reads.

Raw Illumina sequence reads were aligned to D.
melanogaster genome (BDGP6 dm6, ucsc) with the
Bowtie2 tool and peak calling was performed with the
MACS2 callpeak tool using the Galaxy Server of Uni-
versity of Giessen (default settings). Peaks were filtered
using fold change values ≥ 4 and pileup values ≥ 35.
Genomic distribution of the peaks was analysed using
CEAS: Enrichment on chromosome tool and diagrams
were generated using the Venn Diagram tool of Cistrome
Galaxy server.

RNAi treatment in cell culture

RNA interference experiments were performed as in (1,20).
Briefly, double-stranded RNA was generated by T7 Poly-
merase in vitro transcription from PCR amplimers gen-
erated with T7 promoter-containing primers (Supplemen-
tary Table S4) using MEGAscript™ T7 Transcription Kit
(ThermoFischer) according to the manufacturer’s instruc-
tion. Double-stranded RNAs (15 �g) were transfected into
S2 cells (1.2 × 106 cells) using Effectene (Qiagen), and the
cells were harvested 3 to 4 days after transfection. The effi-
ciency of knock-down was confirmed by qPCR and western
blot analysis.

Fly lines and crosses

RNA interference experiments in flies were performed using
stocks from the VDCR RNAi Library (http://stockcenter.
vdrc.at/control/main) carrying RNAi transgenes under
UAS control (VDRC RNAi #: dCoREST – 34179; – 34180
and –104900; dLSD1 – 106147; dL(3)mbt – 104563; dLint-
1 – 105932; dG9a – 25473; dCHD3 – 102689; CG9973 –
102273; CG2083 - 110549). For knockdown experiments
the GAL4-driver strains engrailed-GAL4 (wing) and bam-
GAL4 (germ line) were used, respectively. All flies were col-
lected as virgins before setting up the crosses. Flies were kept
at 26◦C in a fly incubator.

RNA-seq analysis

Total RNA from Drosophila S2 cells was isolated using
the peqGOLD Total RNA Kit (S-Line, peqlab) accord-
ing to manufacturer’s instructions. Total RNA from dis-
sected Drosophila testes was isolated using the TRIzol (In-
vitrogen) reagent according to the manufacturer’s protocol.
Following chloroform extraction, ethanol precipitation and
DNase digestion, RNAs were purified using a RNeasy Mini
Kit (Qiagen).

RNA integrity was assessed on an Experion StdSens
RNA Chip (Bio-Rad). RNA-seq libraries were prepared us-
ing a TruSeq Stranded mRNA Library Prep kit (Illumina).
Libraries were quantified on a Bioanalyzer (Agilent Tech-
nologies) and were sequenced on an Illumina HiSeq 1500
platform, rapid-run mode, single-read 50 bp (HiSeq SR
Rapid Cluster Kit v2, HiSeq Rapid SBS Kit v2, 50 cycles)
according to the manufacturer’s instructions.

For transcriptome analysis, sequenced reads were aligned
to the D. melanogaster genome (Ensembl revision 89) using
STAR (version 2.4.1a) (21). Fragments per kilobase per mil-
lion (FPKM) were calculated based on the total raw read
count per gene and length of merged exons. For the study
with cultured S2 cells, differential expression was assessed
using DESeq2 (version 1.12.3) (22). To investigate differ-
ential gene expression of pooled Drosophila testes, logFC
values were calculated between the log2 medians of each
group after a constant of 1/60 to avoid undefined algo-
rithms. For both analyses, genes that did not yield a min-
imum raw count of 50 and a minimum FPKM of 0.3 in at
least two samples were discarded due to insufficient cover-
age. Of the remaining genes, genes were considered differen-
tially expressed if the absolute of the log2 FC was at least 1

http://stockcenter.vdrc.at/control/main
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(twofold induction/repression) and in case of DESeq2 anal-
ysis if the corrected P-value was less or equal 0.05.

Phase contrast microscopy and immunofluorescence staining

Triple-bam-GAL4 female virgins (bam-GAL4/bam-
GAL4;CyO/Sp;Sb/Bam-GAL4) were crossed with males
of appropriate RNAi-lines (CoREST: VDRC-34179/GD
and Su(var)3–3: VDRC-10647/KK). Offspring were raised
in standard conditions (26◦C).

For dissection and imaging up to 1-day old males were
used. Only males that were non-Sb (i.e. carried 2xbam-
GAL4) were selected. Used undriven RNAi lines as controls
(up to 1-day old).

Dissected testes in PBS and mounted whole unfixated
testes on lysin-coated slides in PBS were imaged at 10×
and 20× magnification in phase contrast using a Leica
DMR microscope equipped with Quantifire-X1 camera (In-
tas Science Imaging Instruments). For imaging spermato-
cytes testes were squashed by removing PBS from under the
coverslip.

Images were processed and assembled in GIMP and
Inkscape.

Immunofluorescence staining of squashed testis was car-
ried out essentially as described before (19,23,24).

RESULTS

Different dCoREST-containing protein complexes

Alternative splicing produces two main isoforms of
dCoREST in macrophage-like S2 cells: dCoREST-L and
dCoREST-M (13). dCoREST-L contains a unique 234
amino acid insertion in the linker region separating the
two SANT domains that is absent in dCoREST-M (Figure
1A). We have previously shown that both dCoREST iso-
forms associate with the malignant brain tumour (MBT)
domain-containing protein dL(3)mbt, dLint-1 and the his-
tone deacetylase dRPD3 to form the dL(3)mbt-interacting
(LINT) complex (15). We hypothesized that additional
dCoREST-containing complexes exist. We used gel filtra-
tion of nuclear extracts from S2 cells to test this hypoth-
esis. Indeed, only a minor fraction of dCoREST coeluted
with the LINT signature subunit dL(3)mbt (Figure 1B). The
bulk of dCoREST-L and dCoREST-M eluted in fractions
with high apparent molecular mass (>440 kDa) that con-
tained little or no detectable dL(3)mbt. This suggests that
dCoREST is a component of additional protein complexes
other than LINT. In addition, we observed that dCoREST-
L (main peak in fraction 25) and dCoREST-M (main peak
in fraction 19) do not peak in the same fractions indicating
that isoform-specific complexes might exist.

We used an antibody recognising both dCoREST iso-
forms to affinity purify dCoREST-interacting proteins from
S2 nuclear extract (13). SDS-PAGE followed by silver stain-
ing revealed several proteins that specifically co-purified
with dCoREST-L/M but were not detected in controls (Fig-
ure 1C; compare lane 3 with lanes 1 and 2). Mass spectrom-
etry analysis (LC-MS/MS) identified 373 proteins as puta-
tive dCoREST interactors (Supplementary Table S1). All
four components of the LINT complex (dL(3)mbt, dLint-

1, dRPD3 and dCoREST) were strongly enriched in the im-
munoprecipitate (Figure 1D).

An isoform-specific dLSD1/dCoREST complex

In mammalian cells, CoREST is an integral part of the
LSD1/CoREST complex (3–7).

In S2 cells, dCoREST-L and dLSD1 can interact when
both proteins are overexpressed suggesting that this in-
teraction is conserved between vertebrate and inverte-
brate species (13). Indeed, our purification of endogenous
dCoREST enriched three potential subunits of a putative
Drosophila LSD1/CoREST complex: dLSD1, dCoREST
and the HDAC1/2 homologue dRPD3 (Figure 1D, Supple-
mentary Table S1).

We generated an S2 cell line allowing the inducible ex-
pression of FLAG-tagged dLSD1 (Figure 2A). FLAG-
affinity purification from nuclear extracts of induced cells
revealed that dLSD1 co-purified dRPD3 and dCoREST-
L. Whilst this result does not allow us to judge to what
extent these interactions are stoichiometric it strongly sup-
ports the existence of a dLSD1/dCoREST complex. Strik-
ingly, dCoREST-M was not detected in the dLSD1 im-
munoprecipitate suggesting that dLSD1 binds dCoREST in
an isoform-specific manner.

We next established two S2 cell lines for inducible
expression of FLAG-tagged dCoREST-L and FLAG-
tagged dCoREST-M, respectively (Supplementary Figure
S1). dLSD1 was not detected in the FLAG-dCoREST-
M immunoprecipitate by western blot (Figure 2B). By
contrast, dLSD1 efficiently co-purified with FLAG-tagged
dCoREST-L. This isoform-specificity of the dLSD1 inter-
action was not observed for subunits of the LINT com-
plex: dL(3)mbt, dLint-1 and dRPD3 all co-precipitated
with both dCoREST isoforms. We also subjected FLAG-
dCoREST-L and FLAG-dCoREST-M immunoprecipi-
tates to LC-MS/MS analysis. In agreement with the western
blot result, the LINT subunits dL(3)mbt and dRPD3, and
to a lesser extent also dLint-1, were enriched in the FLAG-
dCoREST-L immunoprecipitate (Figure 2C and Supple-
mentary Table S2). Likewise, all three LINT subunits were
also enriched in the dCoREST-M immunoprecipitate (Fig-
ure 2D and Supplementary Table S3). By contrast, dLSD1
was significantly enriched in the dCoREST-L interactome
only.

Finally, we generated baculoviruses expressing recombi-
nant dLSD1, dCoREST-L and dCoREST-M. Pairwise co-
infection of Sf9 cells followed by co-immunoprecipitation
confirmed that dLSD1 preferentially interacts with
dCoREST-L (Supplementary Figure S2). Thus, the
isoform-specific interaction of dLSD1 with dCoREST-L
can be recapitulated with recombinant proteins.

In summary, our results support the hypothesis that
dLSD1 and dCoREST-L, but not dLSD1 and dCoREST-
M, form a stable complex.

A novel dG9a/dCoREST complex

In addition to LINT subunits and dLSD1, we identified
the H3K9-specific methyltransferase dG9a as one of the
most abundant interaction partners of endogenous dCoR-
EST (Figure 1D and Supplementary Table S1). dG9a was
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Figure 1. Purification of dCoREST interactors. (A) Schematic representation of the two major CoREST protein isoforms in Drosophila, dCoREST-L and
dCoREST-M. Black rectangles depict ELM2 domains and grey ovals indicate SANT domains. The thick grey line represents a 234 amino acid insert
unique to dCoREST-L. (B) Nuclear extract from S2 cells was fractionated over a Superose 6 column. Fractions were analysed by western blot using the
antibodies indicated on the right. Fraction numbers and molecular mass standards are denoted on top. Input: 5% of extract loaded onto the column. (C)
Nuclear extracts from S2 cells were subjected to IgG (lane 1) or anti-CoREST (lane 3) affinity purification and the bound material was analysed by sodium
dodecyl sulphate-polyacrylamide gelelectrophoresis (SDS-PAGE) and silver staining. As an additional control anti-dCoREST antibody not incubated
with nuclear extract was loaded (lane 2). (D) Volcano plot with -log10 P-values (y-axis) and log2 iBAQ fold-difference (x-axis) after comparison of anti-
CoREST affinity purification versus IgG control. The point labeled ‘dCoREST-M’ was derived from peptides common to dCoREST-M and dCoREST-L.
The point labeled ‘dCoREST-L’ was derived from peptides mapping the insert region that is exclusive to dCoREST-L. The complete list of the interacting
proteins is presented in Supplementary Table S1 (n = 4, FDR = 0.01, s0 = 2).

also detected by western blot following the immunoprecip-
itation of both FLAG-tagged dCoREST isoforms (Figure
2B).

To confirm this interaction we used CRISPR/Cas to add
a sequence encoding a GFP-tag to the 3′ end of the en-
dogenous dG9a coding sequence (Supplementary Figure S3
and Table S5). Purification of the resulting dG9a-GFP fu-
sion verified both dCoREST isoforms as well as dRPD3
as interactors of dG9a (Figure 3A). By contrast, neither
dL(3)mbt nor dLSD1 were recovered to a significant extent.
These results suggest that dG9a is not part of the LINT or
dLSD1/dCoREST complexes but forms a separate assem-
bly with dCoREST and dRPD3.

We next asked if dG9a forms a stoichiometric complex
with dCoREST. We analysed dG9a-GFP purified from nu-

clear extracts by SDS-PAGE and silver staining (Figure
3B). This resulted in the co-purification of four polypep-
tides ranging in apparent molecular masses from 250 to
300 kDa. These masses correspond well to the mass ex-
pected for dG9a-GFP. We do not currently know if these
polypeptides represent isoforms of dG9a, posttranslation-
ally modified dG9a, degradation products or, indeed, in-
teraction partners. It is clear, however, that this purifica-
tion did not reveal polypeptides with apparent molecular
masses similar to those of dCoREST-L, dCoREST-M or
dRPD3 arguing that the bulk of dG9a is not associated
with dCoREST and dRPD3. We considered the possibil-
ity that addition of the GFP moiety to the C-terminus of
endogenous dG9a might disrupt interactions with dCoR-
EST and dRPD3. Therefore, we used CRISPR/Cas to cre-
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Figure 2. dLSD1 is an isoform-specific dCoREST-L interactor. (A) Nuclear extracts from control S2 cells (mock, lanes 1 and 2) and S2 cells stably expressing
FLAG-dLSD1 (lanes 3 and 4) were precipitated with anti-FLAG antibody (lanes 2 and 4) and analysed by western blot using the antibodies indicated
on the right (lanes 2 and 4). Lanes 1 and 3: 1% input. (B) Nuclear extracts from control S2 cells (mock, lanes 1 and 4), S2 cells stably expressing FLAG-
dCoREST-L (lanes 2 and 5) or FLAG-dCoREST-M (lanes 3 and 6) were precipitated with anti-FLAG antibody (lanes 4 to 6) and analysed by western
blot using antibodies indicated on the right (lanes 4–6). dMi-2 served as a negative control. Lanes 1–3: 10% input. (C and D) Volcano plot with -log10
P-values (y-axis) and log2 iBAQ fold-difference (x-axis) between the mock control and either the FLAG-CoREST-L affinity purification (C) or the FLAG-
CoREST-M affinity purification (D). The complete list of the interacting proteins is presented in Supplementary Tables S2 and 3. (n = 4, FDR = 0.2, s0
= 1).

ate two additional cell lines expressing endogenous dG9
with a FLAG-tag at the N-terminus and C-terminus, re-
spectively. Again, anti-FLAG affinity purification followed
by SDS/PAGE and silver staining failed to detect in-
teraction partners with apparent molecular masses simi-
lar to those of dCoREST or dRPD3 (data not shown).
In conclusion, these results identify a dG9a/dCoREST
complex but also make clear that the majority of dG9a

molecules in nuclear extract are not associated with this
complex.

Our proteomic analyses suggest that at least three dis-
tinct dCoREST histone deacetylase complexes exist in
Drosophila which share a common dCoREST/dRPD3
core and are characterized by specific accessory subunits:
the LINT complex, a dLSD1/dCoREST complex and a
dG9a/dCoREST complex. To provide further support for
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Figure 3. dG9a is a novel dCoREST-interacting protein. (A) Nuclear extracts from control S2[Cas9] cells (lanes 1, 3 and 5) and a dG9a-GFP tagged
S2[Cas9] cell line (lanes 2, 4 and 6) were precipitated with anti-GFP antibody (lanes 5 and 6) and analysed by western blot using the antibodies indicated
on the right. Lanes 1 and 2: 1% input. Lanes 3 and 4: 1% flow through. (B) SDS-PAGE and sliver staining of anti-GFP immunopurified nuclear extracts
from control S2[Cas9] cells (lane 1) and a dG9a-GFP tagged S2[Cas9] cell line (lane 2). (C) A total of 1 mg of nuclear extract from S2 cells was fractionated
over a Superose 6 column. Fractions were analysed by western blot using the antibodies indicated on the right. Fraction numbers and molecular mass
standards are denoted on top. (D) A total of 1 mg of nuclear extract from S2[Cas9];dCoREST-GFP cells was fractionated over a Superose 6 column.
Fractions were co-immunoprecipitated using GFP-Trap resin and analysed by western blot using the antibodies indicated on the right. Fraction numbers
and molecular mass standards are denoted on top. Fraction #23 from non-tagged parental S2[Cas9] cells was used as a control.
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this hypothesis we determined the gel filtration profile for
dCoREST, dLSD1, dL(3)mbt, dLint-1, dG9a and dRPD3
using S2 nuclear extract (Figure 3C) and embryo nuclear ex-
tract (Supplementary Figure S4). In both cases, dCoREST-
L, dCoREST-M and dRPD3 were detected in several frac-
tions representing a broad range of apparent molecular
masses (440 to 2000 kDa) in agreement with the notion
that these proteins are components of several distinct com-
plexes. dLSD1 and dCoREST-L co-eluted in the same peak
fractions (fractions 25 and 19 (S2 nuclear extract); fractions
22 and 23 (embryo nuclear extract) further supporting the
hypothesis that dLSD1 and dCoREST-L form a complex.
By contrast, dL(3)mbt and dLint-1 peaked in fraction 26
(S2 nuclear extract) and fraction 27 (embryo nuclear ex-
tract). dG9a co-eluted with these LINT subunits in S2 nu-
clear extract (fraction 26) but not in embryo nuclear extract
(peak fraction 20). Next, we separated nuclear extracts of S2
cells expressing GFP-tagged dCoREST by gel filtration, im-
munoprecipitated fractions with GFP antibody and anal-
ysed the immunoprecipitates by western blot (Figure 3D).
This verified that the dCoREST interaction partners did
not only co-elute with dCoREST but were indeed physically
associated with dCoREST in their respective gel filtration
fractions.

Taken together, three dCoREST-containing complexes
can be separated by both immuno-precipitation and gel fil-
tration. This strongly suggests that the dLSD1/dCoREST-
L, the LINT and the dG9a/dCoREST complexes can exist
as distinct entities. In addition, the similarity of gel filtra-
tion profiles derived from S2 nuclear extract and embryo
nuclear extract indicates that these complexes are present in
different cell types.

Chromatin binding by dCoREST complexes

Our biochemical studies suggest that three separate dCoR-
EST complexes exist in nuclear extract of S2 cells. In or-
der to assess if these assemblies are also associated with
chromatin we performed ChIP-seq analyses. We employed
CRISPR/Cas-mediated genome editing to generate S2 cell
lines expressing GFP-tagged dCoREST, the LINT sub-
unit dL(3)mbt, dLSD1 and dG9a, respectively (Supple-
mentary Figure S3 and Table S5). This allowed us to de-
termine the genome-wide binding profiles for these pro-
teins by ChIP-seq using the same antibody (anti-GFP) in
each case. We identified 4855 dCoREST bound sites in
the Drosophila genome. dCoREST binding sites are greatly
enriched in promoters implying a role in the regulation
of transcription (Figure 4A). About 73.6% of dCoREST
sites are also bound by dL(3)mbt (Figure 4B and D).
By contrast, only 17.6 and 18.6% of dCoREST sites are
co-occupied by dLSD1 and dG9a, respectively. This sug-
gests that on chromatin the LINT complex is more abun-
dant than either dLSD1/dCoREST or dG9a/dCoREST
complexes. About 73.4% of all dL(3)mbt sites are also
bound by dCoREST (Figure 4B and D). By contrast, only
10.2 and 7.3% of all dL(3)mbt sites are co-occupied by
dLSD1 and dG9a, respectively (Figure 4C). This further
supports the notion that the LINT complex is largely dis-
tinct from dLSD1/dCoREST and dG9a/dCoREST assem-
blies. dCoREST is associated with 79.0% of all dLSD1

binding sites (Figure 4B and D). This is in agreement with
the notion that the majority of dLSD1 molecules bind
chromatin as part of the dLSD1/dCoREST complex and
demonstrates that the dLSD1/dCoREST complex asso-
ciates with chromatin. About 59.0% of all dG9a binding
sites are also bound by dCoREST (Figure 4B and D).
Whilst this indicates that more than half of dG9a molecules
bind chromatin as part of a dG9a/dCoREST assembly it is
clear that a significant fraction of dG9a (41.0%) associates
with chromatin independently of dCoREST. In conclusion,
the comparison of chromatin binding profiles supports the
notion that the three dCoREST complexes that we have de-
fined by analysing soluble nuclear extract do indeed form
on chromatin.

Gene regulation by CoREST-containing complexes in S2
cells

All three dCoREST complexes identified in our study con-
tain histone modifying enzymes (dRPD3, dLSD1, dG9a)
expected to generate closed chromatin structures and to re-
press gene transcription. Moreover, dCoREST complexes
associate predominantly with promoter sequences. There-
fore, we next asked what contributions the three dCoR-
EST complexes would make to regulating the transcriptome
of S2 cells. We used RNAi-mediated depletion followed by
RNA-seq to address this question. S2 cells were treated with
double stranded RNAs targeting EGFP (control) and two
double stranded RNAs directed against dCoREST. One of
these RNAs corresponded to a region shared by both L-
and M-isoforms and efficiently depleted both dCoREST-L
and dCoREST-M simultaneously (Figure 5A, lane 2). The
other RNA hybridized to the insert unique to dCoREST-
L and downregulated the dCoREST-L isoform specifically
(Figure 5A, lane 3). We noted that depletion of dCoREST-
L for four days resulted in slightly reduced western blot sig-
nals for most proteins tested suggesting an unspecific effect
of dCoREST-L RNAi-treatment on the expression or sta-
bility of many proteins (Figure 5A, lane 3). We, therefore,
shortened the RNAi treatment to three days (Figure 5A,
lanes 8–10). Under these conditions the simultaneous de-
pletion of both dCoREST isoforms as well as the depletion
of dCoREST-L alone specifically decreased dLSD1 protein
levels without affecting the levels of other proteins. This sug-
gests that dCoREST-L binding to dLSD1 contributes to
dLSD1 stability. As we have reported previously, depletion
of dL(3)mbt had a similar destabilising effect on dLint-1
((15); Figure 5A, lane 6).

Simultaneous depletion of both dCoREST-L and
dCoREST-M upregulated 668 protein coding genes by
a factor of 2.0 or more (log2FC ≥ 1) as determined by
RNA-seq (Figure 5B). A much smaller number of genes
(28) were downregulated. This supports the hypothesis
that dCoREST complexes predominantly function to
repress transcription. Importantly, 483 (68%) of the genes
that change expression upon dCoREST knockdown are
bound by dCoREST as determined by ChIP-seq analysis
suggesting that these genes are direct targets of dCoREST
repressor complexes.

To determine to what extent the three individual dCoR-
EST complexes contribute to gene regulation we analysed
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Figure 4. Genome-wide binding profiles of dCoREST, dLSD1, dL(3)mbt and dG9a by ChIP-seq analysis. (A) dCoREST binding sites are greatly enriched
in promoters. (B) Venn diagrams depicting shared and unique ChIP-seq peaks for dCoREST and dLSD1 (top panel), dCoREST and dL(3)mbt (middle
panel, and dCoREST and dG9a (bottom panel). (C) Venn diagrams depicting shared and unique ChIP-seq peaks for dL(3)mbt and dLSD1 (top panel)
and dL(3)mbt and dG9a (bottom panel). Note that one peak of one data set can simultaneously overlap with two or more peaks of the data set it is
compared to. As a consequence, the total number of peaks for any given protein is slightly different between Venn diagrams. The actual total numbers of
peaks identified are as follows: dCoREST –– 4855; dLSD1 –– 1126; dL(3)mbt––4785; dG9a––1614). (D) Genome browser view of dCoREST and dLSD1
(top panel), dCoREST and dL(3)mbt (middle panel), and dCoREST and dG9a (bottom panel) chromatin associations. Data were visualized with the
Integrative Genomics Viewer (Version 2.6.2) and snapshots were taken from representative regions.
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Figure 5. The LINT complex is a major repressor of transcription in S2 cells. S2 cells were treated with dsRNA directed against EGFP, dCoREST,
dCoREST-L, dLSD1, dLint-1, dL(3)mbt and dG9a. (A) Nuclear extracts of RNAi treated S2 cells were subjected to western blot and analysed using
antibodies indicated on the right. (B) RNA from these cells was analysed by RNA-seq. The diagram depicts the numbers of down- and upregulated genes
(fold change ≥2) using transcript levels of EGFP RNAi treated cells as a reference (n = 3). (C) Venn diagram of genes upregulated upon dCoREST,
dL(3)mbt and dLint-1 knockdown (fold change ≥2.0, adj. P ≤ 0.05). (D) Venn diagram comparing LINT-repressed genes and malignant brain tumour
signature (MBTS) genes.

transcriptomes after depletion of complex-specific subunits
(Figure 5A).

Specific depletion of dLSD1 resulted in only few genes
being misexpressed (Figure 5B; eight genes upregulated,
ten genes downregulated). Likewise, very few genes were
misregulated in S2 cells specifically depleted of dCoREST-
L (four genes upregulated, four genes downregulated).
These results are reminiscent of weak transcriptional ef-
fects of LSD1 depletion that have been reported previ-
ously: for example, RNAi-mediated depletion of LSD1
in mouse ES cells results in only a weak derepression of
LSD1 target genes that does not exceed a factor of 2-fold
(29). Therefore, we lowered the threshold of our analy-
sis and considered genes misexpressed by a factor of 1.5
or more (log2FC≥0.58). This, indeed, increased the num-
ber of dLSD1-repressed genes to 113 and the number of
dCoREST-L-regulated genes to 41 (Supplementary Figure

S5). Importantly, 78% of genes upregulated by dCoREST-
L depletion were likewise upregulated by dLSD1 deple-
tion suggesting that these genes are indeed repressed by a
dLSD1/dCoREST-L complex. Nevertheless, it is clear that
the dLSD1/dCoREST-L complex controls a comparatively
small proportion of dCoREST-regulated genes in S2 cells
even though 853 genomic sites are co-occupied by dCoR-
EST and dLSD1.

Similar to what we observed after depletion of dLSD1,
dG9a depletion upregulated only few genes by a factor of
2.0 or more (Figure 5B; 10 genes upregulated, 0 genes down-
regulated). In this case, including genes that were misregu-
lated by a factor of 1.5-fold or more did not markedly in-
crease the number of affected genes (18 genes upregulated,
16 genes downregulated). We conclude that dG9a does not
play a major role in regulating gene transcription in S2
cells.
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In stark contrast to the moderate to weak effects of de-
pleting dLSD1/dCoREST complex and dG9a/dCoREST
complex-specific subunits, depletion of LINT-specific sub-
units changed the expression levels of hundreds of genes by
a factor of 2.0 or more (Figures 5B; dL(3)mbt: 584 genes
upregulated, 56 genes downregulated; dLint-1: 373 genes
upregulated, 34 genes downregulated). This suggests that
the LINT complex is responsible for the regulation of a
large fraction of dCoREST-dependent genes in S2 cells,
in agreement with the LINT complex being the predomi-
nant chromatin-associated dCoREST complex as demon-
strated by ChIP-seq analysis. In support of this hypothe-
sis we find a high degree of overlap between genes that are
derepressed by dCoREST, dL(3)mbt or dLint-1 depletion
(Figure 5C). A total of 249 genes were upregulated when ei-
ther dL(3)mbt, dLint-1 or dCoREST was targeted and we
consider these to be high confidence LINT targets. More-
over, 385 genes were upregulated in at least two of the three
knockdowns. Thus, approximately half of the dCoREST-
regulated genes appear to be repressed by the LINT com-
plex. We note that 283 genes are upregulated in dCoREST-
depleted cells but neither in dL(3)mbt nor in dLint-1 de-
pleted cells (Figure 5C). At present it is unclear if this is a
consequence of a differential requirement for LINT com-
plex subunits at subsets of LINT target genes or if these
genes represent targets of as yet unidentified dCoREST
complexes.

LINT represses germ line genes in S2 cells

dL(3)mbt and LINT have previously been implicated in
the repression of malignant brain tumour signature (MBTS)
genes. MBTS genes encode mostly germ line-specific pro-
teins that are upregulated in brain tumours of l(3)mbt mu-
tant larvae (14–15,30–31). In addition, dL(3)mbt regulates
a group of genes targeted by the Salvador-Warts-Hippo
(SWH) pathway (31). In agreement with our previous re-
sults obtained in Kc cells, LINT-repressed genes in S2 cells
included a significant proportion of MBTS genes (26 out of
101) but none of the SWH targets (Figure 5D).

A gene ontology (GO)-term analysis of the 249 high con-
fidence LINT-repressed genes revealed a number of terms
that were significantly enriched (Supplementary Figure S6).
These included genes linked with the GO-terms “germ line
stem cell symmetric division” and “synapsis”. Together
with our finding that many of the germ line-specific MBTS
transcripts are upregulated upon knockdown of LINT sub-
units, this indicates that LINT functions to repress genes
involved in germ cell differentiation in S2 cells.

We had previously determined LINT target genes in Kc
cells by microarray analysis (15). Based on the comparative
analysis of their transcriptomes, both Kc cells and S2 cells
are believed to be derived from embryonal macrophages
and LINT might be expected to repress similar sets of genes
in both cell lines (32). Indeed, comparison of the LINT reg-
ulated genes in Kc and S2 cells revealed a significant degree
of overlap (Supplementary Figure S7).

In conclusion, our analyses suggest that LINT shapes the
transcriptomes of macrophage-derived cell lines by prevent-
ing the inappropriate expression of genes characteristic of
other cell types.

Depletion of dCoREST disrupts wing vein differentiation

In order to gain insight into the roles of different dCoR-
EST complexes during fly development we performed RNA
interference using the UAS/GAL4 system (33). We investi-
gated two developmental systems, wing and testis, both of
which have been shown to be sensitive to mutation or dereg-
ulation of several chromatin regulators (10,34–35). For ex-
ample, RNAi-mediated depletion of dCoREST and dLSD1
throughout the wing imaginal disc has been demonstrated
to result in ectopic vein phenotypes (10,36). We used the
engrailed-GAL4 driver line to direct expression of UAS-
shRNA constructs to the posterior half of the develop-
ing wing. Indeed, we observed vein phenotypes with high
penetrance (100%) when dCoREST was targeted by RNAi
(Supplementary Figure S8). Depletion of dLint-1 caused
a strong deformation of wing shape that largely precluded
an analysis of vein phenotypes. The molecular basis for the
dLint-1 phenotype is currently unclear. Whilst depletion of
dL(3)mbt, dLSD1 and dG9a did result in vein phenotypes
with lower penetrance (<20% of wings analysed), such low
penetrance phenotypes were also observed in the driver
line (en-GAL4) and when RNAi was directed against tran-
scripts unrelated to dCoREST complexes (dChd3, CG9973
and CG2083; Supplementary Figure S8). We therefore con-
clude that low penetrance vein phenotypes are unlikely to
be a specific consequence of depletion of these dCoREST
complex subunits. We considered the possibility that the
lack of specific phenotypes caused by dL(3)mbt, dLSD1
and dG9a depletion was due to insufficient expression of
RNAi constructs. We therefore repeated all crosses and phe-
notype analyses at an elevated temperature (30◦C) known
to enhance expression in the UAS-GAL4 system (37). This
resulted in an enhancement of the severity of the dCoR-
EST and dLint-1 RNAi phenotypes but still failed to pro-
duce specific wing alterations when dL(3)mbt, dLSD1 or
dG9a were targeted (Supplementary Figure S9). However,
measurement of dL(3)mbt, dLSD1 and dG9a RNA levels
in wing discs by qPCR revealed no or only mild RNAi-
mediated reductions of expression, precluding us from eval-
uating the role of these proteins in wing development (data
not shown).

Taken together, these results suggest that in our experi-
mental system dCoREST is critical for wing vein differen-
tiation. However, they do not inform on which individual
or which combination of the three dCoREST complexes is
playing a role.

dLSD1/dCoREST is essential for spermatogenesis

Several of the dCoREST interactors identified in this study
have been linked to the regulation of germ cell differentia-
tion: Homozygous dLSD1 mutant females fail to produce
oocytes and male flies are infertile (12,38–39). Similarly,
mutations in dL(3)mbt, dLint1 and dG9a produce ovary
defects and female sterility (14,40). We sought to systemati-
cally compare the importance of LINT, dLSD1/dCoREST
and dG9a/dCoREST complex subunits for spermatogen-
esis and male fertility. Towards this end we used the bag
of marbles (bam) GAL4 driver strain to direct expres-
sion of RNAi constructs to germ cells. We first compared
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three different RNAi lines expressing shRNA constructs ex-
pected to simultaneously downregulate both dCoREST-L
and dCoREST-M. Indeed, dCoREST-L and dCoREST-M
mRNA expression in testes was reduced to levels ranging
from 10 to 35% when these responder lines were crossed to
bam driver lines (Supplementary Figure S10). Male progeny
resulting from these crosses was infertile in agreement with
our previous findings (34). This is consistent with the hy-
pothesis that dCoREST-containing complexes are essential
for fertility. We then set up a series of crosses to knock
down dCoREST, dLSD1, dL(3)mbt, dLint-1 or dG9a in
developing male germ cells. To verify efficiency of these
knock downs we analysed RNA prepared from testes by
qPCR (Supplementary Figure S11 and Table S6). mRNA
expression of all RNAi targets was efficiently reduced. We
then crossed virgin females with control males or RNAi-
depleted males to assess male fertility. Out of 11 lines tested,
only dCoREST and dLSD1-depleted males failed to gen-
erate offspring (Figure 6A). The fertility of males depleted
of dL(3)mbt, dLint-1 or dG9a was indistinguishable from
that of controls. This suggests a differential role of dCoR-
EST complexes in male fertility: The dLSD1/dCoREST
complex appeared to be essential for fertility whereas both
LINT and dG9a/dCoREST complexes seemed dispens-
able.

Indeed, analysis of testes morphology by phase contrast
microscopy revealed that seminal vesicles of control testes
contained sperm, whereas seminal vesicles of dCoREST
and dLSD1-depleted testes were empty (Figure 6B, panels
1, 2 and 3). Premeiotic spermatocytes did not show any ob-
vious defects (panels 1′, 2′ and 3′). In addition, post mei-
otic spermatids identified by their flagella extending along
a large part of the testis were present in both control and
RNAi-depleted testes. This suggests that defects manifest
at later stages such as spermatid nuclei elongation, histone-
protamine exchange, individualization of sperm or release
into the seminal vesicle.

We used immunofluorescence microscopy to identify pos-
sible alterations caused by dCoREST and dLSD1 deple-
tion at postmeiotic stages (Figure 6C). During spermiogen-
esis round spermatid nuclei elongate (canoe stage), individ-
ualize and eventually form mature sperm. Histones are re-
moved from DNA and degraded during the canoe stage.
Concomitantly protamines and Mst77F are expressed to
replace histones in mature sperm (23,28). dCoREST or
dLSD1 knockdown did not affect this histone-to-protamine
switch as judged by the timely expression and chromatin
association of Mst77F. However, spermatid nuclei failed to
elongate and no mature, elongated sperm were detected. As
hardly any transcription takes place after meiotic divisions,
these defects likely are a consequence of aberrant gene reg-
ulation during the spermatocyte phase (28). The striking
similarity of the phenotypes produced after both dCoREST
and dLSD1 knockdowns further strengthens the hypothe-
sis that it is the dLSD1/dCoREST complex that is essential
for the cellular processes that govern nuclei elongation.

The dLSD1/dCoREST complex did not appear to be
a major regulator of gene transcription in macrophage-
like S2 cells (Figure 5). Nevertheless, we hypothesized that
it might regulate gene expression during germ cell de-
velopment. We prepared RNA from bam>>dCoREST

RNAi, bam>>dLSD1 RNAi and control testes and anal-
ysed their transcriptomes by RNA-seq. In both, dCoREST-
depleted and dLSD1-depleted testes, a large number of
genes was activated by a factor of 2.0 or more (log2FC≥1;
dCoREST-depleted testes: 1721 genes up-regulated, 61
genes downregulated; dLSD1-depleted testes: 1300 genes
upregulated, 125 genes downregulated) (Figure 7A). Im-
portantly, 1091 genes were upregulated in both scenar-
ios which corresponds to 63% of all dCoREST-repressed
genes and 84% of all dLSD1-repressed genes (Figure 7B).
We consider these genes to be high confidence targets of
the dLSD1/dCoREST complex. GO-term analysis of these
identified 20 GO-terms that were over-represented (Sup-
plementary Figure S12). Eight of these were associated
with genes involved in neuron development and function.
These findings are consistent with the hypothesis that the
dLSD1/dCoREST complex is required to prevent the in-
appropriate expression of neuron-specific genes in the male
germ line.

Collectively, our results demonstrate that dCoREST
functions to maintain cell-type-specific gene expression pro-
files in both macrophage-like S2 cells and in the male germ
line. However, to do so different dCoREST complexes are
used in a cell-type-specific manner.

DISCUSSION

Multisubunit protein complexes that regulate chromatin of-
ten exist as families of complexes with related subunit com-
position (1). Typically, a set of shared core subunits can
associate with diverse complex-specific accessory subunits.
Accessory subunits endow complexes with specific func-
tionality by regulating the enzymatic activities of core sub-
units, adding new enzymatic, nucleosome or RNA bind-
ing activities and/or by influencing the targeting to specific
genome regions.

Whereas extensive complex families have recently been
described for PRC1, PRC2 and SWI/SNF, the number of
complexes containing the CoREST repressor that have been
identified is comparatively small: In mammalian cells, the
bulk of CoREST appears to reside in complexes with LSD1
(6,8,12). Although several studies have found that CoREST
can bind additional chromatin regulators it is not clear if
these interactions reflect the existence of additional, stable
CoREST complexes or are the products of transient bind-
ing events. In Drosophila, dCoREST and dLSD1 have been
shown to interact in ovary extracts and when both pro-
teins are overexpressed in S2 cells (12,13). We have previ-
ously identified dCoREST as a subunit of the dL(3)mbt
interacting LINT complex (15). In the current study we
have used proteomic approaches to systematically deter-
mine and characterize the interactome of dCoREST in S2
cells.

Using gel filtration, immunoaffinity purification, mass
spectrometry and co-immunoprecipitation approaches we
have identified three distinct dCoREST-containing com-
plexes (Figure 8). All three of these complexes contain a
heterodimeric core composed of dCoREST itself (either the
-L or the -M isoform) and the histone deacetylase dRPD3.
This core can associate with additional subunits and his-
tone modifying activities to form either the LINT complex,
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Figure 6. dLSD1/dCoREST complex is essential for spermatogenesis. (A) Male fertility tests of control flies and flies in which dCoREST or its interactors
were depleted by RNAi (n = 10). Only bam>>dCoREST RNAi and bam>>dLSD1 RNAi flies produced no offspring (-). (B) Phase contrast images of
1 day old testes from control flies (1 and 1′), bam>>dCoREST RNAi flies (2 and 2′) and bam>>dLSD1 RNAi flies (3 and 3′). Post-meiotic spermatids
identified by their flagella extending along a large part of the testis (marked by dashed line) were visible in all testes. Seminal vesicles of control testes
(arrow in panel 1) contained sperm, seminal vesicles of RNAi depleted testes were empty (arrowheads in panels 2 and 3). Phase contrast microscopy of
spermatocytes of indicated crosses (1′, 2′ and 3′) showed no visible defects. Scale bars: 250 �m (1, 2 and 3) and 100 �m (1′, 2′ and 3′). (C) Knockdown of
dCoREST and dLSD1 leads to post-meiotic spermatid nuclei elongation defects. Histones (white) and the spermatid-specific protein Mst77F (green) were
visualized by immunofluorescence in post-meiotic spermatid nuclei of control testes (1 and 1′) and upon RNAi in bam>>dCoREST RNAi (2 and 2′) and
bam>>dLSD1 RNAi (3 and 3′) testes. Scale bars: 20 �m.

a dLSD1/dCoREST complex or a dG9a/dCoREST com-
plex. LINT contains the signature subunits dL(3)mbt and
dLint-1, the dLSD1/dCoREST complex is defined by the
histone demethylase dLSD1 and the dG9a/dCoREST com-
plex harbours the H3K9 histone methyltransferase dG9a.
Thus, all three dCoREST complexes identified in our study
have the potential to generate repressive chromatin struc-

tures by altering the histone methylation and acetylation
status of nucleosomes.

Importantly, the three dCoREST complexes can be sepa-
rated by immunoprecipitation and gel filtration under mild
conditions suggesting that they indeed exist as distinct as-
semblies in the nucleus. Moreover, ChIP-seq analysis has
demonstrated that the majority of dCoREST bound sites
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Figure 7. dLSD1/dCoREST complex is a major repressor of transcription during spermatogenesis. (A) Bar diagram showing the number of up- and
downregulated protein coding genes of testes depleted for dCoREST or dLSD1 as determined by RNA-seq (total 850 testes from at least three biological
replicates per condition). (B) Venn diagram showing comparison of dCoREST and dLSD1 up-regulated genes (fold change ≥2.0, adj. P ≤ 0.05).

Figure 8. Schematic representation of different dCoREST complexes in Drosophila. Three distinct dCoREST containing complexes share a common
dCoREST/dRPD3 core. The dLSD1/dCoREST complex is dCoREST isoform-specific and regulates transcription in the male germ line. The LINT
complex is a major repressor of transcription in macrophage-like cells. The targets of the dG9a/dCoREST complex are unknown.

are co-occupied by dL(3)mbt but not by dLSD1 or dG9a
further supporting the notion that the complexes asso-
ciate as independent entities with chromatin. Our proteomic
screens for dCoREST interactors have identified additional
proteins with established roles in chromatin regulation that
we have not yet characterized further. This leaves open the
possibility that additional dCoREST-containing complexes
might exist.

dCoREST-L and dCoREST-M differ in a 234 aa in-
sertion between the SANT domains that is present in
dCoREST-L but not in dCoREST-M (Figure 1A). Our
results suggest that both isoforms can be integrated into
the LINT and dG9a/dCoREST complexes. By contrast,
reciprocal co-immunoprecipitation and reconstitution ex-
periments demonstrate that only dCoREST-L but not
dCoREST-M can form a complex with dLSD1. This

agrees well with the prior observation that dLSD1 co-
immunoprecipitates preferentially with dCoREST-L in
ovary extracts. What determines the isoform specificity of
this interaction? The structure of a complex formed by
fragments of human CoREST and human LSD1 has been
solved (41). This structure shows that the interaction sur-
face of CoREST that contacts LSD1 is composed of a
part of the region separating the two SANT domains and
the second SANT domain itself. Sequence alignment of
dCoREST-L with human CoREST reveals conservation
across the entire LSD1 contact region (Supplementary Fig-
ure S13). The N-terminal part of this region is formed by the
dCoREST-L-specific insertion that is missing in dCoREST-
M. Thus, a potential explanation for why dCoREST-M can-
not stably interact with dLSD1 is that an essential part of
the interaction surface is missing in this isoform.
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Although human CoREST is also expressed in different
alternative splice forms, the strict isoform-specific dLSD1
interaction that we have identified in Drosophila does not
appear to be conserved: all three major human CoREST
isoforms interact with LSD1 (42).

Regulation of alternative splicing is an important mech-
anism for shaping cell-type-specific proteomes in higher
metazoans. It is conceivable that the relative abundance
of the three dCoREST complexes in different cell types
could be modified by regulating alternative splicing of the
dCoREST transcript: increased expression of dCoREST-
M at the expense of dCoREST-L would be expected to re-
sult in a higher proportion of LINT and dG9a/dCoREST
complexes (which can incorporate both isoforms) and a
concomitant decrease in dLSD1/dCoREST complex levels.
Indeed, the relative expression levels of dCoREST-L and
dCoREST-M are significantly different in S2 cells and em-
bryo extracts (compare e.g. Figures 1B, 3C and Supplemen-
tary Figure S4), suggesting that regulation of dCoREST ex-
pression at the level of alternative splicing might occur.

We have analysed the role of dCoREST complexes in
wing development and spermatogenesis and in regulating
transcription in the macrophage-like S2 cell line and in the
male germ line. In all these settings lowering the expres-
sion of dCoREST complexes by RNAi depletion of their
shared dCoREST subunits has profound effects on differen-
tiation and changes the transcription of hundreds of genes.
In both macrophage-like cells and male germ cells the num-
ber of upregulated genes exceeds the number of downreg-
ulated genes by a factor of 20-fold or higher. This sug-
gests that dCoREST complexes are important regulators
of differentiation in a variety of developmental settings and
that they contribute to the maintenance of cell-type-specific
transcription programmes predominantly by acting as re-
pressors of transcription.

S2 cells and the male germ line respond with remark-
able specificity to the inactivation of individual dCoR-
EST complexes: In macrophage-like S2 cells, depletion of
LINT complex signature subunits derepresses hundreds of
genes whereas depletion of dLSD1, the dLSD1/dCoREST
complex-specific dCoREST-L isoform or dG9a has only
minor effects. It remains possible that dLSD1, dCoREST-L
and dG9a depletion does lead to small expression changes
of weakly expressed genes that our analysis has not been
able to detect. In addition, it is possible that dCoREST-
L depletion is compensated by dCoREST-M, e.g. by in-
creased binding of dCoREST-M containing complexes to
dLSD1/dCoREST-L bound regions. In any case, our study
identifies LINT as an important repressor of genes that
are inappropriate for macrophages such as the germ line-
specific MBTS genes. Our results call into question whether
dLSD1 and dG9a play important roles in regulating tran-
scription in macrophage-like cells at all, at least under our
experimental conditions, even though they are clearly as-
sociated with chromatin and occupy more than a thou-
sand sites. An interesting parallel to our results is the find-
ing that LSD1 knockdown does not result in major tran-
scriptional effects in mouse ES cells (29). This is consistent
with the hypothesis that also in mammals the ubiquitous
LSD1/CoREST complex regulates transcription in a cell
type-restricted manner.

In stark contrast to our results in S2 cells, depletion of
dLSD1 (and depletion of dCoREST) results in the dere-
pression of more than 1000 genes in the male germ line,
the disruption of spermiogenesis and infertility. Amongst
the genes repressed by dLSD1/dCoREST many appear to
be specific for non-germ line lineages such as neurons. De-
pletion of LINT subunits or dG9a has no effect on sper-
matogenesis. Indeed, LSD1 plays also an important role in
mammalian spermatogenesis: The SLC complex containing
LSD1, CoREST and SFMB1 is highly expressed in mouse
spermatocytes (8). Moreover, LSD1 and SFMBT1 colocal-
ize at meiotic chromosomes. Conditional ablation of LSD1
expression in mouse testis results in misexpression of genes
involved in stem cell and progenitor maintenance and differ-
entiation, defective meiosis, complete loss of mature sperm
and infertility (43,44). Although these studies did not di-
rectly address the role of CoREST these data are consis-
tent with an important role of LSD1/CoREST complexes
in spermatogenesis that is remarkably conserved between
mouse and fly.

Unlike the LINT and dLSD1/dCoREST complexes for
which we have identified important functions as transcrip-
tional regulators in S2 cells and the male germ line, respec-
tively, dG9a depletion did not produce significant effects in
any of our experimental systems. These findings agree with
earlier studies that have shown that although dG9a is abun-
dantly expressed in the male germ line, dG9a mutants do
not display a reduction of H3K9 methylation levels in germ
cells (45,46). Moreover, dG9a is a non-essential gene and
dG9a null mutants display mostly behavioural phenotypes
(47–50). Defects of dG9a deficient flies have been reported
under various conditions of stress (50–52). It is conceivable,
that the dG9a/dCoREST complex is important in cell types
that have not been analysed in our study or exerts its most
prominent effects only under particular stress conditions.

A simple explanation for the cell-type- and lineage-
specific differences in dCoREST complex function revealed
in our study would be a potential differential expression of
dCoREST complex signature subunits in S2 cells and testis.
Indeed, on the RNA level G9a expression is only moder-
ate in S2 cells and low in testis (Fly Atlas, data not shown),
thus, providing a potential explanation for the weak effects
on transcription when dG9a is depleted in these cells. How-
ever, on the protein level, dG9a has been demonstrated to be
abundantly expressed in testis (45,46). dLSD1 expression is
much higher in S2 cells, where the dLSD1/dCoREST com-
plex represses only few genes, compared to testis, where the
dLSD1/dCoREST complex is a major repressor of tran-
scription and essential for spermatogenesis. In addition,
dLint-1 expression is higher in testis compared to S2 cells
even though depletion of LINT has no effect on spermato-
genesis. Taken together, these observations suggest that dif-
ferences in dCoREST complex repression activity cannot
be easily attributed to differences in expression levels.

How is dCoREST complex activity confined to partic-
ular cell types and lineages? It is possible that cell-type-
specific post-translational modifications of dCoREST com-
plexes activate or inactivate their functions. Alternatively,
gene repression by dCoREST complexes might be depen-
dent on cell-type-specific transcription factors that recruit
dCoREST complexes to chromatin. These cell-type-specific
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transcription factors would specifically interact with one of
the dCoREST complexes, potentially by contacting one of
their signature subunits, and recruit this complex to sets
of genes that need to be silenced in the given cell type. In-
deed, we have recently identified such a mechanism involv-
ing the germ line-specific transcription factor Kumgang and
the chromatin regulator dMi-2 that is responsible for the re-
pression of hundreds of genes in the male germ line (34).

Our study has identified a set of distinct histone deacety-
lase complexes that are built around a dCoREST/dRPD3
core which have the potential to generate repressive chro-
matin structures by altering nucleosome acetylation and
methylation. These complexes serve to repress lineage in-
appropriate genes, such as neuronal genes in the male germ
line or germ line-specific genes in macrophage-like cells and
often play critical roles in differentiation. We have revealed
an unexpected division of labour amongst these complexes
with individual dCoREST complexes being dedicated to
preventing inappropriate gene expression in specific cell lin-
eages and cell types.

In a broader sense, our study adds to the growing appre-
ciation that chromatin regulating complexes are not all pur-
pose machines that exert the same functions in all cell types
but, instead, that they are tailored by the inclusion of spe-
cific accessory subunits to perform distinct cell type- and
lineage-specific roles. Future analyses will aim to define the
molecular mechanisms by which this specificity is achieved.
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