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ABSTRACT
The MLR COMPASS complex monomethylates H3K4
that serves to epigenetically mark transcriptional en-
hancers to drive proper gene expression during an-
imal development. Chromatin enrichment analyses
of the Drosophila MLR complex reveals dynamic as-
sociation with promoters and enhancers in embryos
with late stage enrichments biased toward both ac-
tive and poised enhancers. RNAi depletion of the
Cmi (also known as Lpt) subunit that contains the
chromatin binding PHD finger domains attenuates
enhancer functions, but unexpectedly results in in-
appropriate enhancer activation during stages when
hormone responsive enhancers are poised, reveal-
ing critical epigenetic roles involved in both the ac-
tivation and repression of enhancers depending on
developmental context. Cmi is necessary for robust
H3K4 monomethylation and H3K27 acetylation that
mark active enhancers, but not for the chromatin
binding of Trr, the MLR methyltransferase. Our data
reveal two likely major regulatory modes of MLR
function, contributions to enhancer commissioning
in early embryogenesis and bookmarking enhancers
to enable rapid transcriptional re-activation at sub-
sequent developmental stages.

INTRODUCTION
COMPASS complexes (Complex of Proteins Associated
with Set1) catalyze the methylation of H3K4, considered
a modification associated with transcription activation,
with di- and trimethylation around active promoters and
monomethylation at enhancers. Metazoans contain three
related COMPASS complexes including two with special-
ized functions. MLX complexes (MLL1/4(2), TRX) main-
tain promoter nucleosome di- and trimethylation, while
MLR complexes (MLL2(4)/MLL3, TRR) monomethylate
enhancer nucleosomes (1,2).
Enhancers (also known as cis-regulatorymodules, CRM)

serve to coordinate transcription events at the cellular and
organismal levels through gene regulatory networks that
control both the timing and level of gene activity during
animal development (3). Enhancers contain transcription
factor binding sites and are controlled through the integra-
tion of multiple signal inputs including nucleosome remod-
eling, histone modification, RNA Polymerase II (RNAP
II)-dependent transcription and association of factors to fa-
cilitate direct enhancer-promoter contacts (4–7). The most
consistent genomic feature of enhancers is monomethy-
lated H3K4 (H3K4me1), with different combinations of hi-
stone marks and histone variants associated with either ac-
tive, poised or primed enhancers (5,8–10). While H3K4me1
serves to mark all enhancers (11,12), monomethylation
alone is insufficient, as activation requires acetylation of
H3K27 mediated by the CBP/p300 histone acetyltrans-
ferase, while poised enhancers are marked by H3K27me3
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catalyzed by the EZH2 methyltransferase (5). Removal of
the H3K27 methyl groups by the UTX/KDM6A demethy-
lase subunit of theMLR complex allows for acetylation and
activation (13).
The MLR complexes are important for proper enhancer

regulation, including the pioneering and priming of en-
hancers de novo, as well as modulating enhancer activ-
ity and functions important for the correct timing of
enhancer utilization and communication with promoters
(11–16). MLR complexes are recruited to enhancers by
transcription factors to activate target genes during cel-
lular differentiation (17). In murine embryonic stem cells
(ESC), Mll2(4)/Kmt2d is required for cellular differenti-
ation and reprogramming to a pluripotent state, but not
ESC maintenance (18). Further, both Mll3/Kmt2c and
Mll2(4)/Kmt2d as well as H3K4me1 are important for pro-
moting or stabilizing enhancer/promoter interactions in
ESCs through the recruitment of cohesin complexes (16).
Similarly, Drosophila Trrmethyltransferase activity and co-
hesin are important for precise enhancer control during de-
velopment (12). While the functions of the SET domain
methyltransferase activity of the KMT2C/D and Trr MLR
proteins in transcription regulation have been explored, less
is understood regarding the role of the highly conserved
PHD finger clusters that participate in heterotypic protein
interactions and histone binding (19–21). A split of these
two features into separate proteins during evolution in the
schizophora dipterans, including Drosophila, has allowed
for an examination of the unique contribution of the PHD
domains in regulating MLR complex functions in a devel-
opmental context (20,22,23). Drosophila Cmi contains the
two PHD finger clusters, a high mobility group (HMG) do-
main and nuclear receptor interaction motifs found in the
N-terminal portion of KMT2C/D. Cmi is essential for via-
bility and required for MLR complex functions, including
interactions with transcription factors, such as the hormone
regulated ecdysone receptor (EcR), recognition and binding
to histones, and proper tissue patterning (20,22). Null mu-
tations in cmi result in L2 stage larval lethality, while tissue-
specific shRNAi depletion leads towing vein and eye defects
(20,22). The Drosophila MLR (Cmi-Trr) complex directly
participates in regulating multiple developmental signaling
pathways, including Tgf�/Dpp, Notch and Hippo (22,24–
26), though the specific gene targets are not well defined.
The MLR complexes are essential for viability, tissue-

specific transcription regulation, cellular differentiation and
genome reprogramming (15,18,22,27,28). In vertebrate an-
imals, MLR subunit mutations have been linked to devel-
opmental disorders, metabolic dysregulation and a large
variety of cancers, (1,29–36). An inability to properly or-
chestrate essential gene regulatory events during embryo-
genesis underlies many developmental defects (1). Re-
duced germline functions of human MLL2(4)/KMT2D
and UTX/KDM6A are associated with Kabuki syndrome,
while loss of MLL3/KMT2C is linked to Kleefstra syn-
drome, both characterized by skeletal abnormalities and
intellectual disorders (37–39). Similarly, loss or gain of
function alterations of Drosophila Cmi or Trr result in
significant tissue patterning and growth defects, immune
dysregulation, cell death and altered metabolic signaling
(12,20,22,24). Further, somatic loss or reduced functions of

KMT2C and KMT2D are among the most frequent alter-
ations in many cancers (1,31,40).
At present, there is no comprehensive view ofMLR com-

plex functions during normal animal development. We first
characterized the genomic enrichments of Cmi over mul-
tiple developmental stages and observed dynamic localiza-
tion at both enhancers and promoters. Genetic depletion
of Cmi resulted in both decreased transcription as well as
derepression of certain gene enhancers depending on devel-
opmental stage, suggesting a possible unanticipated role for
the complex in stabilizing poised or inactive enhancers. Im-
portantly, Cmi subunit loss allows for Trr to be retained on
chromatin, but impairs both H3K4me1 and H3K27ac, im-
plicating the PHDfinger portion of theMLRproteins as es-
sential for the proper marking and activation of enhancers
and maintaining enhancer genomic features during devel-
opment.

MATERIALS AND METHODS
Drosophila culture

Drosophila Schneider (S2) cells were cultured in Schneider’s
medium supplemented with 10% FBS at 25◦C. Hormone
induction was achieved by addition of 20-hydroxyecdysone
(20-HE; Sigma) to a final concentration of 1 �M for 6 or
24 h (41). Knockdown of cmi, trr and Nipped B in cultured
S2 cells was performed usingRNAi.Double-strandedRNA
was prepared using gene-specific primers (Supplementary
Table S1) with added T7 polymerase priming sites and the
MEGAscript kit (ThermoFisher) according to manufac-
turer’s protocols. dsRNAwas added to cultured S2 cells and
incubated for 5 days prior to assay or addition of 20-HE
for 6 h. Knockdown efficiency was assessed by quantitative
RT-PCR (Supplementary Figure S1) andwestern blot using
specific antibodies (20).
Drosophila crosses were performed at either 25◦C or

29◦Cwith flies grown on standard yeast/dextrose/cornmeal
food. shRNAi knockdowns (Supplementary Figure S1)
were performed by crossing a UASGal4 driver line to
the appropriate inverted repeat (IR)-containing line and
scoring the progeny (20). Drosophila stocks contain-
ing Gal4 drivers, gene mutations or inverted repeats
were as described or obtained from the Blooming-
ton Drosophila Stock Center: cmi-IR (20), trr-IR (20),
NippedB-IR (#36614, #32406), UAS-Grh (#42227), grh-
IR (chr3) (#42611), grh-IR (chr2) (#36890), UAS-HA-
Cmi (20), NippedB[02047] (#11143), NippedB[NC138]
(#7163), GawB69B-Gal4 (#1774), C765-Gal4 (#36523),
Sgs3-Gal4 (#6870), en-Gal4 (e16E) (#30564), Kdm5-IR
(chr2) (#36652),Kdm5-IR (chr3) (#28944),UAS-Kdm5 (42)
from J. Secombe.

RNA extraction, RT-qPCR and RNA-sequencing

Staged animals of the appropriate genotypes were collected
and total RNA was prepared, DNase digested and reverse
transcribed, as previously described (22). Animals were
staged according to standard guidelines using morpholog-
ical landmarks (43,44) and included the use of 0.05% bro-
mophenol blue as a dye marker in the Drosophila growth
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medium to distinguish blue verses clear gut third instar lar-
vae. Transcript levels were analyzed by SYBR Green quan-
titative real time PCR on reverse transcriptase reactions
(qRT-PCR) performed in triplicate using PowerUp SYBR
GreenMaster mix on a QuantStudio 6 Flex Real time PCR
machine (Applied Biosytems). Levels of mRNA were nor-
malized to the expression of the ribosomal geneRpL32 and
analyzed by the comparative 2−��Ct method. Primer se-
quences are provided in Supplementary Table S1.
RNA-sequencing experiments were performed on whole

blue and clear gut third instar larvae of the genotypes:
wild type control (GawB69B-Gal4), GawB69B-Gal4>cmi-
IR and GawB69B-Gal4>trr-IR. Total RNA was prepared
from pools of 20 BG and CG larvae of the appropriate
genotype using the RNAqueous kit (Invitrogen). RNAs
were DNAse digested (TURBO DNA-free, Invitrogen).
The cDNAs were synthesized, adapters added, products
amplified and sequenced by Beijing Genomics Institute
(BGI) using an Illumina HiSeq 2000 (GEO accession
GSE143239). After quality control, clean reads saved as
FASTQ files were aligned to Drosophila melanogaster dm6
reference genome sequences with SOAPaligner/SOAP2
and validated using Bowtie. Transcripts were assembled
with reads using Cufflink. Downstream analysis of gene
expression included comparisons of differential expression
of transcripts between knockdown animals and control
as well as Gene Ontology (GO) and KEGG Pathway
enrichment analysis. RNA sequencing files obtained from
BGI or from GEO databases were interrogated for changes
in gene expression and parsed into gene ontology groups.
The RNA sequencing CSV files were filtered using Python
script: [https://github.com/dingwall-lab/COMPASS-like/
blob/master/filter.py]. Gene transcript differences asso-
ciated with different genetic backgrounds at the same
developmental stage with a P-value > 0.05 OR fold change
< 1.3 were filtered out. The CSV file containing RNA
expression data for the BG stage was filtered to include
only increased expression compared to wild type, while the
CSV file containing RNA expression data for the CG stage
was filtered to include only decreased expression compared
to wild type. The number of remaining genes in each file
was counted in Excel (3442 genes in the BG stage, 1648
genes in the CG stage). These two sets of genes overlapped
at 336 genes, as shown in the Venn Diagram in Figure
7B. The overlap gene set and Venn diagram were gener-
ated using Python script: [https://github.com/dingwall-
lab/COMPASS-like/blob/master/count like terms.py;
https://github.com/dingwall-lab/COMPASS-like/blob/
master/venn diagram.py].

Validation of the gene expression trends observed in the
RNA-seq data was confirmed by RT-qPCR of individual
genes (Supplementary Figure S2). Three genes displaying
increased expression and three showing decreased expres-
sion relative to control animals in the RNA-seq datasets
obtained for the cmi-IR BG larvae were chosen at random
for subsequent quantification by RT-qPCR with the RNA
samples used for the RNA sequencing and normalized to
the expression of a ribosomal gene RpL32. In all cases, the
trends were verified.

Gene ontology analyses. The RNA sequencing CSV files
were filtered using Python script: [https://github.com/
dingwall-lab/COMPASS-like/blob/master/filter.py]. Genes
were filtered for P-value < 0.05, fold change > 1.3, and
RPKM > 5. The CSV file containing RNA expression data
for the BG stage was filtered to include only increased ex-
pression compared to wild type, while the CSV file con-
taining RNA expression data for the CG stage was fil-
tered to include only decreased expression compared to
wild type. The remaining genes from these two files were
then entered separately into the Database for Annotation,
Visualization and Integrated Discovery (DAVID) v6.8 at
[https://david.ncifcrf.gov/]. The functional annotation tool
was used by entering the gene list, selecting the ‘FLY-
BASE GENE ID’ identifier, then selecting the ‘Gene List’
list type, then submitting. On the ‘Annotation SummaryRe-
sults’ page, the ‘Gene Ontology’ dropdown is selected, then
‘GOTERM BP DIRECT’ is charted.

Chromatin immunoprecipitation

For S2 cells, after RNAi treatment and hormone (ecdysone)
incubation when indicated, bulk chromatin was isolated us-
ing the Chromatin Immunoprecipitation (ChIP) Assay kit
according to standard manufacturers protocols (Millipore
Sigma). For whole animals, larvae of the appropriate geno-
type were collected and bulk chromatin was prepared ac-
cording to themethods described in (45). Triplicates from at
least three independent biological replicates were analyzed
using the 2−��Ct method. Data is expressed as fold enrich-
ment relative to input sample or percentage of input chro-
matin. IgG was used as a negative control. Primers used for
ChIP-qPCR are provided in Supplementary Table S1.

Primary antibodies

Rabbit and guinea pig anti-Cmi/Lpt polyclonal sera
(Pocono Rabbit Farm) were raised against amino acids
residues 647–1069 fused to GST. The induced protein was
purified on a glutathione agarose column (Sigma) and
used for antibody production. Rabbit �Snr1 antibody was
prepared as described (46). Mouse monoclonal antibody
�RNA Polymerase II 8W (MMS-126R) was from Covance.
Rabbit �H3 antibody (ab1791), �IgG (ab27478) and �HA
(ab9110) were from Abcam. Rabbit �H3K27ac (39 133),
�H3K27me3 (39 155),�H3K4me1 (39297) and�H3K4me3
(39 915) were fromActiveMotif. Lamin antibody (ADL40)
was obtained from the Developmental Studies Hybridoma
bank at the University of Iowa. Rabbit �Trr and rabbit
�CBP antibodies were fromA.Mazo (47). Rabbit �Utx an-
tibody was a gift from A. Shilatifard (48,49). Guinea pig
�CBP antibody was a gift from P. Harte (50). Rabbit �Grh
(grainyhead) antibody was a gift fromM.Harrison (51) and
guinea-pig �Grh antibody was a gift from W. McGinnis.

Co-Immunoprecipitation

Soluble nuclear extracts were prepared from embryos ex-
pressing a hemagglutinin (HA) epitope tagged full length
cmi transgene under UASGal4 control (20) according to the
methods described in (52). Duplicate immunoprecipitations
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were set up containing 80�g of soluble nuclear protein pre-
cleared with protein G-Sepharose beads (GE Healthcare)
and incubated either with rabbit anti-HA or anti-IgG an-
tibodies (Abcam) overnight. Protein complexes were then
precipitated with protein-G Sepharose beads, washed ex-
tensively, then bound proteins were fractionated on SDS-
PAGE gels and analyzed by western blotting. Input lanes
represent 20% of starting material.

Preparation of Drosophila embryo and larval histone extracts

For histone isolation, soluble nuclear protein extracts were
first prepared from fly embryos or staged third instar lar-
vae. Histones were then acid extracted from soluble nuclear
pellets by resuspension in 0.2N HCl overnight at 4◦C with
rotation. Samples were centrifuged for 5 min at 13 000 × g
to remove debris. The acid soluble supernatants were saved
and concentrated with 5× volume of acetone overnight at
−20◦C. Samples were centrifuged for 15 min at 13 000 × g
and histone pellets were resuspended in sample buffer for
Western analysis. Antibody to histone H3 was used to con-
trol for histone loading.

Imaginal Disc and polytene chromosome immunofluores-
cence staining

Expression of theUASGal4: cmi-IR transgenewas controlled
by the engrailed –Gal4 driver (en-Gal4) with crosses per-
formed at 29◦C. Dissected wing imaginal discs from wan-
dering third instar larvae were fixed in 4% formaldehyde ac-
cording to standard protocols as previously described (53).
Wing discs were co-immunostained with rabbit �H3K4me1
(39297, Active Motif) antibody and guinea pig �Cmi anti-
body (this study) at 1:1000 dilution overnight at 4◦C. Sam-
ples were incubated with secondary antibodies Alexa Fluor
488 goat �-rabbit IgG and Alexa Fluor 568 goat �-guinea
pig IgG (A11034 and A11075, ThermoFisher). Wing discs
were mounted in ProLong Gold anti-fade reagent with
DAPI (ThermoFisher). Polytene chromosome immunos-
taining was performed as described (46,54) with detection
carried out using secondary antibodies as above diluted in
block solution supplemented with 2% normal goat serum.

ChIP-sequencing

Chromatin collection and chromatin immunoprecipitation
were performed as described previously (PMID: 21430782).
Immunoprecipitated DNA was prepared for Illumina se-
quencing using the Epicentre Nextera DNA Sample Prepa-
ration Kit, using the High Molecular Weight tagmenta-
tion buffer. Tagmented DNA was amplified using 12 cy-
cles of PCR and libraries were sequenced on an Illumina
HiSeq 2000 according to manufacturer specifications. For
data processing, ChIP and matched input control (from
non-immunoprecipitated chromatin) sequencing data were
aligned to the dm3 build of the Drosophila genome, and
peaks were called usingMACS version 2 with a q-value cut-
off of 0.05 (PMID: 18798982). The embryo ChIP-seq peak
calls were based on enrichment data from the strongest Cmi
ChIP replicate in data previously published by the mod-
ENCODE project (GSE50365); the remaining S2 cell, W3L
and WPP ChIP-seq data are available at GSE143747.

The overlap enrichment ratios and significance of overlap
between genomic regions (ChIP peaks versus ChIP peaks
or ChIP peaks versus chromatin states) were calculated
using the mergePeaks program within the HOMER (Hy-
pergeometric Optimization of Motif EnRichment) Suite
(PMID: 20513432). STARR-seq data were used to identify
enhancer regions with cell-specific or cell-shared activity
based on data from [PMID: 23328393] and ecdysone-
responsive activity based on data from [PMID: 24685159].
STARR-seq enhancers from [PMID: 23328393] were
broken down into enhancers that are active in both S2
and OSC cells (Shared), enhancers active only in S2 cells
(S2-specific), and enhancers active only in OSC cells (OSC-
specific). STARR-seq enhancers from [PMID: 24685159]
were broken down into ecdysone-induced enhancers
(>2.5-fold higher STARR-seq signal in ecdysone versus
control), ecdysone-repressed enhancers (>2.5-fold higher
STARR-seq signal in control versus ecdysone), and consti-
tutive enhancers (<2-fold difference in STARR-seq signal
between control and ecdysone). Breakdown of binding
events by genomic region was performed using the CEAS
(cis-regulatory Element Annotation System) program
within the Cistrome platform (PMID: 21859476). DNA
conservation analysis was performed using the Cistrome’s
Conservation Plot tool. Motif enrichment analysis was
performed using i-CisTarget (PMID: 22718975). Briefly,
ChIP-seq peaks were scanned for enriched position weight
matrices (PWMs) in i-CisTarget’s version 2 PWMdatabase.
The top 5 non-redundant motifs associated with a possible
Drosophila transcription factor are listed in Figure 4A.
ChIP-seq data was plotted onto the dm3 genome build
using the Integrated Genome Browser (IGB;(55)).When
necessary, ChIP-seq data aligned to the dm3 genome (our
results and data obtained from GEO and modENCODE
databases, see Supplementary Table S2) were converted to
align with the dm6 genome. The BED format was converted
to be suitable for submission to the LiftOver software avail-
able at [https://genome.ucsc.edu/cgi-bin/hgLiftOver]. This
conversion was carried out using this Python script:
[https://github.com/dingwall-lab/COMPASS-like/blob/
master/bed to liftover.py]. Next, BED files were compared
with this Python script [https://github.com/dingwall-lab/
COMPASS-like/blob/master/overlap peaks.py] to find
overlaps between peaks in different ChIP-seq files. Other
ChIP-seq datasets used in this study are listed in Supple-
mentary Table S2. We first determined the midpoint of
each processed peak. Our python script would take two
BED files, and an extension factor n bases. It takes the
first BED file, extend all its peaks on both sides by n bases,
then counts the number of peaks that overlap with those
in the second BED file. In our figure (S7B), n was set at
2000 bases. For other analyses, peaks that overlapped
would have midpoints that were within a certain base pair
threshold (1000, 2500 and 5000 bp).

RESULTS
Cmi is dynamically enriched at enhancers and promoters

Genomic binding enrichments were determined for Cmi by
ChIP-seq in Drosophila late embryo-derived S2 cells and
various developmental stages to assess temporal targeting
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of MLR complex functions. Concordant with estimates of
12–20 000 sites for KMT2C/D (18,19), ∼6000 Cmi enrich-
ment sites were detected in S2 cells, predominantly on de-
velopmentally active (red) and housekeeping (yellow) genes
(Figure 1A), and lower enrichments in chromatin associ-
ated with Polycomb (blue), HP1 (green) or constitutively
repressed heterochromatin (black) (56). Localization rela-
tive to post-translational histone modifications and regula-
tory landscapes (8,57) revealed strong enrichments on chro-
matin marked by H3K4me1/me2 and H3K18ac/K27ac, as
well as H3K4me2/me3 and H3K9ac, associated with tran-
scriptional enhancers and promoters, respectively (Figure
1B). Consistent with enhancer regulation, Cmi localizes
to active (open) enhancers identified by STARR-seq (self-
transcribing active regulatory region sequencing (58)), char-
acterized by the ability to drive transcription from a het-
erologous reporter andmarked byH3K4me1 andH3K27ac
(Figure 1C, Supplementary Figure S3C). Surprisingly, there
is an inverse trend during animal development, with Cmi
enrichments increasing on enhancers and decreasing on
promoters (Supplementary Figure S4B).
WhileMLXcomplexes counteract Pc-Gmediated repres-

sion (59), recent work suggested MLR complexes might
play similar roles at some enhancers (19). In S2 cells, ∼50%
of Pc-associated peaks were within 5 kb of a Cmi peak,
suggesting possible co-regulation (Supplementary Table S3)
(60). Cmi enrichments at different developmental stages in
whole organisms (Supplementary Figure S3), including em-
bryos (0–8 h after egg deposition), wandering third instar
larvae (W3L) and white prepupae (WPP), demonstrated
association with both PcG and HP1 bound chromatin to
a larger extent than in S2 cells. Although our data is de-
rived from whole animals rather than single cells, in both
embryos and WPP, Cmi also shows modest enrichment
on regions marked by the presence of H3K27me3 that are
typically associated with poised gene enhancers (5). These
findings are in accord with recently described functions of
KMT2C/MLL3 in overcoming PcG-mediated transcrip-
tional repression (19). Our results reveal that Cmi is pre-
dominantly enriched on gene enhancers and promoters, in-
cluding both transcriptionally active and silent/poised en-
hancers, suggesting likely functions in regulating enhancers
at different stages of activation.
We next analyzed the degree of overlap among Cmi en-

richments at various developmental stages. Overall, the lo-
cations of Cmi binding peaks were distinctly different in em-
bryos compared to S2 cells, with many embryonic enrich-
ments not observed at the W3L and WPP stages (Figure
1D, Supplementary Figure S4A). The dynamic localization
in response to developmental signals (Supplementary Fig-
ure S4B) suggests that binding had regressed at many em-
bryonic sites, possibly reflecting enhancer decommissioning
or changes in stage-specific chromatin interactions. While
many Cmi peaks were shared between stages, the most sig-
nificant overlaps were observed between W3L and WPP
(Supplementary Figures S4 and S5), indicating that bind-
ing is strongly influenced by developmental context, with
binding regions highly enriched for gene sets associated
with metamorphosis (Figure 1E) and ecdysone hormone-
responsive enhancers (61) (Figure 1F). Overall, these bind-
ing data are the first to reveal dynamic genome localization

of the Cmi/MLR complex on enhancers and promoters in
a developing organism.

MLR regulates hormone responsive enhancers

We identified substantial Cmi enrichment at late develop-
mental stage ecdysone responsive enhancers and the MLR
complex is required for the transactivation of EcR-USP
target genes, likely through direct interactions (20,47). We
chose to focus on the regions bound by Cmi uniquely
at these stages (Figure 2A and B), but not in early em-
bryos (0–8 h AEL). The ecdysone induced Eip74EF (E74)
gene is essential for hormone-dependent transcription pro-
gramming, oogenesis and autophagy and a homolog of
mammalian ELF2 that encodes an ETS-domain transcrip-
tion factor important in regulating cellular signaling. The
Eip74EF gene is activated by a hormone pulse in mid-
embryogenesis (62) and again in late L3 clear-gut (CG) lar-
vae in response to rising hormone titers (Figure 2C) and is
activated by ecdysone in S2 cells. Cmi is not present at the
Eip74EF locus in early embryos but is highly enriched at the
W3L andWPP stages (Figure 2B), as well as in S2 cells. The
large number of enrichment peaks within Eip74EF suggests
the existence of multiple, possibly functionally redundant
or additive transcriptional enhancers.
The induced expression of Eip74EF is dependent on the

function of the MLR complex, as widespread shRNAi de-
pletion of either cmi or trr resulted in reduced transcrip-
tion (Figure 2D and E). Eip74EF transcription is strongly
activated at the CG stage, while transcription decreases as
hormone titers decrease in the WPP and EP stages (Fig-
ure 2D; see Figure 7A). Depletion of cmi or trr attenu-
ated Eip74EF induction at the CG stage; however, unex-
pectedly resulted in elevated Eip74EF expression relative
to the wild type level during the BG stage when hormone
responsive genes are normally repressed (Figure 2E). In
S2 cells and early W3L larvae Cmi is bound at multiple
positions within the gene locus even though Eip74EF is
not appreciably expressed. However, following activation
(WPP) the Cmi binding peaks appear to match the S2 and
W3L BG patterns with no obvious substantial rearrange-
ment in response to hormone, suggesting that MLR com-
plexes may act to monomethylate H3K4 at enhancers, and
thus prime hormone responsive enhancers prior to acti-
vation. To address this possibility, we examined the co-
localization of Cmi with other factors required for tran-
scription induction in W3L larvae (BG) (Figure 2F). Cmi
binding peaks strongly correlated with both H3K27ac and
H3K4me1 at multiple positions (regions A-G) while RNAP
II was present at low levels near the 3′ end and 5′ promoter
region. We next tested whether the H3K4me1 mark was
sensitive to loss of the complex in vivo (Figure 2G). Us-
ing shRNAi depletion in the posterior portion of the W3L
wing imaginal disk (en-Gal4>cmi-IR) we found that loss
of Cmi (left panel) corresponded with reduced H3K4me1
(right panel), revealing an unanticipated role for Cmi in the
maintenance of the enhancer mark.
Our data suggests that the MLR complex likely primes

hormone responsive enhancers at theEip74EF locus inmid-
embryogenesis and is required to maintain the inactive state
until later stage re-activation. We tested this hypothesis by
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Figure 1. Cmi is enriched on active and inactive enhancers. ChIP-seq analyses of Cmi in Drosophila S2 cells. (A) Cmi is significantly associated with
tissue-specific (red) and constitutively active genes (yellow) (56). (B) Cmi enrichment near transcription start sites (H3K4me2/me3, H3K9ac;State 1) and
enhancers (H3K4me1,H3K18ac andH3K27ac;State 3) (57). (C) Cmi is highly enriched on active/open enhancers inmultiple tissues (S2 andOSC cells) and
tissue-specific enhancers based on STARR-seq analyses. (D) Cmi shows developmental stage-specific genome enrichments, with strong overlap between
W3L and WPP and lower overlap between embryos (E0–8 h) and S2 cells. (E) Genes near W3L and WPP-specific binding regions are enriched for roles in
metamorphosis and ecdysone-regulated processes. (F) Late stage (W3L and WPP) binding regions significantly overlap with ecdysone-induced enhancers.
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Figure 2. Cmi regulates ecdysone-dependent gene activation. (A) Venn diagram depiction of Cmi localization during development. ChIP enrichment
peaks were compared between stages, with strongest overlap between the W3L and WPP stages. The majority of embryonic peaks (E0–8hrs) were not
present at the later stages. (B) Developmentally dynamic enrichment of Cmi at multiple locations within the Eip74EF locus. Embryo 0–8 h (E0–8), S2
cells, wandering third instar larvae (W3L) and white prepupae (WPP). (C) Eip74EF transcription scaled to maximum expression (modENCODE) (112)
coincides with ecdysone titers in embryos and late L3 larvae. (D) Eip74EF activation is reduced following Cmi or Trr shRNAi depletion during late larval
development. RT-qPCR in wild type (GawB69B-Gal4) and knockdown of cmi and trr at the blue gut (BG), clear gut (CG), white prepupal (WPP) and early
pupal (EP) stages (see Figure 7A for staging). Shown is the fold induction relative to the BG stage for each genotype. (E) Fold expression ofEip74EF relative
to wild type (GawB69B-Gal4) at each developmental stage. (F) Localization of Cmi, H3K4me1, H3K27ac and RNAP II enrichments at the W3L stage.
Recurrent Cmi enrichment regions (A-G) are indicated. (G) Cmi knockdown in the posterior (P) wing compartment (en-Gal4>cmi-IR) causes reductions
in H3K4me1. Left panels, DAPI (top) and �Cmi (bottom). Right panels, DAPI and �H3K4me1. *P-value ≤0.05 by an unpaired Student’s t test.
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examining Eip74EF regulation in late embryo-derived S2
cells (+/−) ecdysone hormone (20-HE). Cmi (our data) and
Trr (49) are enriched at genomic locations (A-G) that cor-
respond with ecdysone responsive enhancers identified by
STARR-seq (e1–e6; Figure 3A) including regionD that dis-
plays both hormone dependent activation and repression
functions, and two enhancers (A/e1 and E/e4) repressed in
the presence of hormone (61). The ecdysone hormone re-
sponse is mediated through enhancers/cis-regulatory mod-
ules that are located near ecdysone-responsive genes at vari-
able distances that serve as binding sites for EcR/Usp, with
or without hormone (61,63). Upon ligand/hormone bind-
ing, EcR leads to the activation of transcription, medi-
ated through enhancer-promoter interactions. Some hor-
mone response elements are indeed located near promoters,
while others are not. In Drosophila, many such elements
(e.g. EcR-response elements) are within introns, suggesting
that they are enhancer, rather than promoter elements (61).
Since Eip74EF and other ecdysone-responsive genes are

not transcribed in S2 cells without added hormone (41)
there was no strong correspondence between H3K27ac en-
richments and Cmi or Trr peaks. There was no detectable
H3K9 or H3K27 methylation in this region (data not
shown) indicating that the gene was not epigenetically re-
pressed. While Cmi and Trr co-localize (Figure 3A), in con-
trast to late stage larvae (Figure 2F) the H3K4me1 enrich-
ments in S2 cells were more widespread and adjacent to
Cmi and Trr peaks, suggesting that the enhancers were al-
ready marked for activation in these cells perhaps in re-
sponse to the earlier developmental pulse of hormone in
mid-embryogenesis (62). The addition of 20-HE led to rapid
induction of Eip74EF transcription (Figure 3B) that is de-
pendent onCmi (20).We verified co-localization ofCmi and
Trr by ChIP-qPCR (+/−) hormone (Figure 3C). Surpris-
ingly, both were reduced on regions A/e1, C/e3, D, E/e4
and G/e6 within 6 hours of hormone addition, indicating
that transcript activation does not require 20-HE depen-
dent recruitment or sustained binding of the Cmi-Trr/MLR
complex at these enhancers, nor does the addition of hor-
mone in this system significantly alter the epigenetic marks
as they are already established.
We focused our analyses on enhancers activated in re-

sponse to ecdysone (e1, e3, e4). While the localization of
Cmi at these enhancers is dependent on the presence of Trr
(Figure 3D), full Trr binding is retained at e3/e4 despite
the depletion of Cmi and Trr binding at e1 appears to be
sensitive to Cmi levels (Figure 3E). We next tested whether
Cmi was important for the H3K4me1-associated with the
Trr SET domain. While depletion of Cmi using RNAi in
S2 cells resulted in significantly reduced H3K4me1 at the
e1, e3 and e4 enhancers in the absence of ecdysone (Fig-
ure 3F), depletion of Trr showed only modest reduction of
H3K4me1 under these conditions. In contrast, depletion of
either Cmi or Trr led to a significant decrease in H3K4me1
(Figure 3G) and H3K27 acetylation (Figure 3H-I) at most
enhancers following the addition of ecdysone, consistent
with a reduced ability to activate Eip74EF transcription.
Importantly, while the addition of hormone is required for
activation, this occurs in the absence of newly deposited epi-
genetic marks, suggesting that the Cmi/Trr complex may
contribute to a form of enhancer bookmarking. Our results

are consistent with the hypothesis that Cmi is important to
sustain the H3K4me1 enhancer mark placed by Trr prior to
enhancer activation and possibly to re-establish the mark
after the enhancer activation is completed and reset to a
poised state (64).

MLR is an essential coactivator for developmental gene reg-
ulation

The Drosophila and mammalian MLR complexes serve as
coactivators for multiple transcription factors including nu-
clear receptors. Genomic regions bound by Cmi at all stages
are enriched for the GAGA/Trl motif as expected, while
embryo-specific binding sites are highly enriched (E-score
of 7.4) for the Zelda/Vfl pioneering transcription factor
binding motif (CAGGTAG) (65). The differential binding
at late larval (W3L) and early pupal (WPP) stages (Fig-
ure 1D) suggests Cmi might interact with factors control-
ling these stages with important roles in metamorphosis
and hormone regulated processes (Figures 1E and 4A). The
top enriched binding motifs include the Ecdysone recep-
tor (EcR) and GATA-related motifs, with the top score (E-
score 7.8) associated with the Grainyhead (Grh) transcrip-
tion factor (66). To determine whether these motif enrich-
ments were biologically significant, we examined the Dopa
decarboxylase (Ddc) gene that is regulated by Grh through
a consensus binding site near theDdc promoter (Site I, Fig-
ure 4B) (67,68). Cmi displays modest binding at that site in
later stages of development and none in embryos (Figure
4B), while Grh is highly enriched in embryos with reduced
binding in wing imaginal discs (66). In contrast, both Cmi
and Grh are highly enriched on the neighboring brat (brain
tumor) gene at a consensus Grh target sequence (Site II).
There is substantial overlap in the binding patterns within
the brat gene at Grh peak regions (gray shaded boxes). The
Ddc gene is activated at late larval stages coincident with
rising titers of ecdysone (CG stage) but then declines at the
onset of pupariation (Figure 4C). Widespread shRNAi de-
pletion of cmi, trr or grh in late larvae attenuated transcrip-
tion of Ddc (Figure 4D), indicating that the MLR complex
is required for fullDdc activation. Similarly, the brat gene is
activated at the CG stage (Figure 4E) and the induced tran-
scription is blocked by depletion of cmi, trr and grh (Figure
4F). We next addressed whether Grh recruits or stabilizes
theMLRcomplex onGrh target sites.Grh andCmi binding
was measured by ChIP-qPCR at Sites I and II in wild type
and grh-IR larvae (Figure 4G). The low level of Cmi bind-
ing at Site I in the Ddc gene promoter was not appreciably
altered upon loss of Grh despite reduced Grh at the site. In
contrast, both Cmi and Grh binding were strongly reduced
at Site II within the brat intron, suggesting that the Cmi-
dependent regulation of Ddc expression may be through
Cmi binding at enhancers within the brat gene. As bothDdc
and brat are activated coincident with the onset of pupari-
ation, we next asked whether the Eip74EF gene might also
be subject to Grh regulation. Grh shows enriched binding
at a Grh consensus site that coincides with Cmi binding re-
gion C in Eip74EF (Figure 2F, Supplementary Figure S6B).
The expression of Eip74EF is sensitive to loss of grh (Sup-
plementary Figure S4C) and both Grh and Cmi binding at
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Figure 3. The Cmi/Trr complex regulates enhancer function. (A) Cmi and Trr co-localize onEip74EF enhancers in S2 cells. Ecdysone responsive enhancers
(e1–e6) were mapped by STARR-seq and DHS-seq, +/− ecdysone (61). Histone modifications H3K4me1, H3K27ac (modENCODE), Trr (49) and Cmi
enrichments in S2 cells (regions A–G). Asterisks, positions of H3K4me3 peaks. Red bars below the Cmi track indicate locations of RNAP II. Region D
contains both activation and repression functions (R/E). (B) Eip74EF transcription is induced by addition of 20-OH ecdysone (20-HE;1�M). (C) Co-
localization of Cmi and Trr across the Eip74EF locus by ChIP-qPCR. Regions correspond to the major Cmi peaks (A–E). Enrichments are reduced at
some locations upon addition of 20-HE for 6 h. (D, E) Enrichments of Cmi and Trr relative to normal S2 cells on the indicated enhancer regions following
trr (D) and cmi knockdown (E). (F–I) Changes in H3K4me1 and H3K27ac enrichments at ecdysone responsive enhancers (e1–e6) normalized to histone
H3 following cmi and trr knockdown, (+/−) 20-HE. H3K4me1 (F, G) and H3K27ac (H, I) are reduced on some enhancers following knockdown (–)
20-HE (F, H) and (+) 20-HE (G, I). *P-value ≤0.05 by an unpaired Student’s t test. Error bars represent mean ± SD.
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Figure 4. Cmi contributes to regulating Grainyhead (Grh) targets. (A) MOTIF analysis of Cmi enrichment regions exclusively in both W3L and WPP
stages. Sequences and E-score (P-value multiplied by number of candidate sites) are shown. (B) Cmi co-localizes with Grh at knownGrh targets (66). ChIP-
seq data of Cmi and Grh enrichments near the Ddc locus. Grh ChIP-seq enrichments for embryonic times (E2-3hr, E5-6hr, E15-16hr after egg laying) and
larval wing discs. Grey boxes represent called Grh peaks in wing discs. Locations of consensus Grh target sequences (I and II) are indicated by asterisks
below the RefGene map. (C) Ddc expression corresponds to changes in ecdysone titers. Data are presented as fold induction relative to expression in the
W3L blue gut (BG) stage. See Figure 7A for staging. (D)Ddc expression is regulated by Grh and the MLR complex.DdcmRNA expression was measured
at the CG stage upon knockdown of cmi, trr and grh using the GawB69B-Gal4 driver. (E) brat mRNA expression is upregulated at the CG stage. (F) brat
is positively regulated by Grh and the MLR complex at the CG stage of development. (G) Grh stabilizes Cmi at Ddc and brat. ChIP-qPCR analyses of
Cmi and Grh enrichments at two Grh binding sites (I and II, panel B). Fold enrichments were assayed in control (GawB69B-Gal4) and grh-IRW3L CG
larvae. A genomic region not containing Grh binding sites was used as a control. *P-value ≤0.05 by an unpaired Student’s t test.
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that site are reduced when grh is depleted (Supplementary
Figure S6D).
Grh has been shown to function as both an activator

and a repressor of transcription (66,69–71). Strong over-
lap between Cmi and Grh binding at multiple develop-
mental stages (Supplementary Figure S7) suggests that Grh
may utilize the MLR complex as a coactivator or core-
pressor. In addition to co-localization and co-regulation of
several common target genes, Cmi and Grh genetically in-
teract in wing pattern development. Expression of an in-
verted repeat that depletes grh in the wing imaginal disc
(C765-Gal4>grh-IR) leads to phenotypes similar to re-
duced cmi (20,22) (Supplementary Figure S8). In fact, si-
multaneous depletion of both leads to enhanced loss of
wing vein development; while depletion of grh partially sup-
pressed a cmi gain of function phenotype (Supplementary
Table S4). We also found a general correspondence of com-
mon gene ontology groups among the genes in close prox-
imity to Grh wing disc and Cmi W3L overlapping enrich-
ment peaks that show reduced expression upon grh and
cmi depletion in wing discs (Tables S5 and S6), suggesting
functional co-localization. Finally, a recent study demon-
strated direct contacts between mammalian GRHL2 and
both KMT2C/Dwere important for NK-cell tumor killing
functions (72), suggesting that MLR complexes are impor-
tant co-regulators of GRH functions.

Cmi is important for MLR complex epigenetic functions

Cmi contains several conserved features including a clus-
ter of plant homeodomain (PHD) histone recognition and
binding zinc-fingers, a conserved HMG (high mobility
group) domain, and nuclear receptor interaction motifs
(LXXLL/LLXXL) (20). While Cmi levels decreased upon
loss of Trr in S2 cells (Figure 3), we found Trr remained on
Eip74EF gene enhancers when Cmi was depleted. Further,
depletion of Cmi in S2 cells and larval wing discs led to de-
creased H3K4me1 (Figures 2,3). We addressed the function
of Cmi within the MLR complex by determining the stabil-
ity of the complex in the absence of Cmi protein. Extracts
prepared from cmi1 null larvae (20) were probed by western
blot with antibodies to Cmi, Trr and another complex com-
ponent, Utx (Figure 5A). The Utx protein abundance was
decreased concurrent with Cmi loss, although Trr was un-
affected. Similarly, shRNAi cmi depletion revealed that Trr
was present at normal levels (Figure 5B and C). Although
Cmi protein stability is reduced when Trr is absent (Figure
5B), cmi transcript levels are unchanged (data not shown),
suggesting that Cmi stability depends on the presence of
Trr. While the mechanism of this instability is unknown, it
may reflect Cmi degradation when it is unable to formMLR
complexes (73,74).
To determine whether Cmi was required for Trr associa-

tion with chromatin, we examined Cmi and Trr immunolo-
calization on polytene chromosomes when these proteins
were removed by RNAi depletion using a salivary gland-
specific Gal4 (Sgs3-Gal4). Depletion of Cmi or Trr led to
the loss of Cmi staining on polytene chromosomes (Figure
5C, top), confirming that Cmi stability was reduced upon
Trr loss. In contrast, loss of Cmi did not substantially af-
fect Trr chromosome binding (Figure 5C, bottom), though

there may be some Trr sites that are sensitive to Cmi loss;
however, H3K4me1 was reduced (Figures 2G and 3F, G),
suggesting that Cmi is either necessary for Trr dependent
monomethylation of H3K4 or required to maintain the epi-
genetic mark, as Trr catalyzes H3K4me1 in the absence of
Cmi in vitro (75,76) and Trr can potentially recruit CBP to
acetylate H3K27 (49,75). We addressed these possibilities
in two ways, using genetic removal of the H3K4 demethy-
lases Lsd1/Su(var)3-3 and Lid/Kdm5 (77), and by exami-
nation of H3K27 acetylation by CBP. We previously found
that Lsd1 functioned as a negative regulator of wing vein
patterning in Drosophila (53,78). One possible mechanism
may be through enhancer decommissioning (79) by removal
of H3K4me1 marks. We hypothesized that if Cmi played
a protective role in preventing enhancer decommissioning,
then loss of Cmi function phenotypes would be suppressed
by concurrent removal of Lsd1. Depletion of Cmi in the
wing disc results in shortening of the L2 and L5 longitu-
dinal veins (20) (Supplementary Figure S6B) through re-
duced activation of Dpp/Tgf� signaling (22), while reduced
Lsd1 function results in ectopic veins through deregulation
of the same signaling pathway (78). We reasoned that if
Cmi protected the H3K4me1, the cmi-IR shortened vein
phenotype would be suppressed by simultaneously deplet-
ing Lsd1. We observed a slight enhancement (Supplemen-
tary Table S7) rather than suppression of the cmi-IR phe-
notype, suggesting that Cmi does not block the removal of
the monomethyl mark. Conversely, Cmi might prevent the
addition of H3K4me2/me3 marks. We tested for genetic in-
teractions between cmi and the H3K4me2/3 demethylase
lid/Kdm5, reasoning that if the cmi loss of function wing
phenotype was coupled to increased H3K4 methylation,
then loss of the H3K4me2/3 demethylase should enhance
that phenotype (80–82). We tested two lid-IR lines and a
strong loss of function lidmutant allele (lidk06801) and found
no obvious enhancement of the cmi-IR wing phenotype,
while overexpression of active Lid/Kdm5 (42,81) strongly
enhanced the phenotype (Supplementary Table S7). Thus,
the cmi-IR loss of function phenotypes likely result from ei-
ther reduced Trr-dependent H3K4 methylation or through
other functions of the complex that are dependent on Cmi.
The presence of acetylated H3K27 is a common feature

of active enhancers (5). In addition to decreased H3K4me1
upon loss or depletion of Cmi (Figures 2 and 3), we also
observed reduced H3K27ac at the Eip74EF locus under
both uninduced and induced (hormone stimulated) condi-
tions in S2 cells (Figure 3H and I). Our results suggested
that Cmi is important for enhancer H3K27ac through reg-
ulating the H3K4me1 activity of Trr or facilitating asso-
ciations of CBP with the MLR complex. We first exam-
ined co-localization of CBP and H3K27ac marks with Cmi
in late larvae (W3L) at ecdysone regulated loci and ob-
served highly similar enrichments (Figure 6A), with ∼90%
of CBP and over 70% of H3K27ac enrichment peaks within
±5 kb of Cmi peaks (Supplementary Table S8). Next, we
confirmed in vivo association of CBP and Cmi by co-
immunoprecipitation in embryo extracts using the HA-
tagged Cmi (Figure 6B) (20). Current views suggest CBP
is recruited to enhancers through interaction with Trr or
by the presence of H3K4me1 (75). Since Trr protein is sta-
ble and bound to chromatin in the absence of Cmi, we
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Figure 5. Cmi is not required for Trr binding. (A) Trr is stable in the absence of Cmi. Extracts from wild type (OregonR) and cmi1 homozygous null L2
larvae were probed for Cmi, Trr and Utx by immunoblotting, with �-Lamin as a control. *, non-specific (49). (B) Cmi stability is reduced upon loss of
Trr. Immunoblots were probed for Cmi and Trr following knockdown in L3 larvae using GawB69B-Gal4. As a loading control, the extracts were probed
for the expression of an unrelated protein, Snr1. (C) Polytene chromosome immunolocalization of Cmi and Trr following knockdown using the Sgs3-Gal4
salivary gland driver. Chromosomes were visualized using DAPI.

tested whether H3K27ac would still occur. Depletion of
Cmi in whole larvae using shRNAi led to reduced global
H3K27 acetylation with a small increase in H3K27me3 lev-
els by Western blot (Figure 6C); however, there was no sub-
stantial change in the transcription of E(z), encoding the
H3K27 methyltransferase, or other PRC2 complex com-
ponents (data not shown). These results raise the possibil-
ity that Cmi might have an important non-catalytic role
in the recruitment or stable association of CBP on chro-
matin. To test this hypothesis, we depleted Cmi in salivary
glands, examined polytene chromosomes and found greatly
reduced global localization of CBP and H3K27ac (Figure
6D and E) with no obvious change in the level or distribu-
tion of H3K27me3 (Figure 6F).

TheMLR complex has critical functions in both enhancer ac-
tivation and repression

A critical role for MLR complexes in normal development
and cancer (1) prompted us to next investigate the impacts
on global gene expression associated with Cmi depletion,
initially focusing on the larval CG stage coincident with el-
evated titers of hormone and transcriptome reprogramming
(Figure 7A). RNA-seq analysis of wild type Drosophila re-
vealed∼3950 expressed genes (RPKM>1) that were upreg-
ulated at least 1.3-fold at the CG stage compared to the BG
stage, while nearly 2700were downregulated (P≤ 0.05).Up-
regulated genes were highly enriched for involvement in tis-
sue morphogenesis and organ development, axon guidance,
cell adhesion and cytoskeleton organization (P ≤ 5e−10)
and were more likely to reside within 10 kb of Cmi enrich-
ment peaks (82.5% versus 68.6% for all genes,P= 1.9e−61)
compared to downregulated genes (58.7%, P = 1.5e−20)
that were enriched for involvement in proteolysis, antimi-
crobial defense, muscle contraction and chitin metabolism.
Widespread shRNAi depletion of Cmi revealed that more
genes were upregulated (n = 3181) than downregulated (n
= 1648) at the CG stage compared to wild type. Genes
responsive to hormone activation were prominent among

downregulated transcripts (Supplementary Table S9); while
upregulated genes were involved in a variety of metabolic
processes (Supplementary Table S10). Our results suggest
that the Drosophila MLR complex is critical for hormone-
dependent transcription reprogramming at key develop-
mental transitions.
Depletion of Cmi during the third larval instar blue gut

(BG) stage resulted in an elevated transcription of Eip74EF
(Figure 2E) despite low levels of ecdysone, suggesting that
Cmi might be important for helping to silence a previ-
ously marked enhancer. To investigate this further, we per-
formed RNAseq analyses of Cmi and Trr-depleted (Gal4-
driven cmi-IR, trr-IR) Drosophila at different developmen-
tal stages (Figure 7A). Depletion of Cmi during the BG
stage revealed approximately 3100 genes with increased ex-
pression (fold change ≥ 1.3, P ≤ 0.05) relative to wild type
animals, while nearly 1300 genes were downregulated at the
subsequent CG stage (Figure 7B). Genes involved in variety
of developmental and signaling processes showed increased
transcription at the BG stage, while those with reduced
transcription at the CG stage were largely involved in cu-
ticle synthesis and metabolic pathways, processes related to
metamorphosis (Figure 7C). Overall, 336 genes that showed
elevated transcription at the BG stage showed reduced ex-
pression at the CG stage relative to wild type, indicating
they are normally repressed or silencedwhen ecdysone titers
are low but activated in response to ecdysone signaling that
marks the transition into pupariation (83). Ontology analy-
sis indicated that tissue development, cell adhesion, migra-
tion and metabolism genes were among the most affected
targets upon Cmi depletion (Supplementary Table S11), as
well as critical hormone response regulators including the
Eip genes (Eip63F-1, Eip74EF, Eip75B, Eip78C) and other
ligand dependent nuclear receptors that contribute to tran-
scriptome and cellular reprogramming (Figure 7D). A sim-
ilar trend was observed upon depletion of Trr (Supplemen-
tary Table S12), suggesting the MLR complex has essen-
tial functions in regulating enhancers that are activated or
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Figure 6. Cmi is required for stable CBP association and H3K27ac of chromatin. (A) ChIP-seq co-localization of Cmi, CBP and H3K27ac during the
W3L stage in the chromosome region containing Eip74EF and Eip75B. (B) Cmi interacts with CBP by co-precipitation in vivo. Soluble nuclear lysates
were prepared from embryos expressing an HA epitope-tagged Cmi (GawB69B> UAS:HA-Cmi) and �HA precipitated proteins were probed with �CBP
antibodies. (C) Cmi is required for normal levels of H3K27 acetylation. Depletion of cmi (GawB69B-Gal4>cmi-IR) in W3L larvae is associated with
reduced H3K27ac, but not H3K27me3. Native histone extracts were tested with �H3K27ac or �H3K27me3 by immunoblot. Controls for histone loading
(0.1X to 1X) were examined using �H3. Band intensities weremeasured using Image J relative to theOregonR 1X level, normalized toH3 for each genotype.
(D–F) Salivary gland polytene chromosomes from wild typeOregonR or Sgs3-Gal4>cmi-IR knockdown larvae. Chromosomes were visualized by staining
with DAPI. (D) CBP localization. Inset boxes show higher magnification views of chromosome 3R. (E) H3K27ac localization. Inset boxes are higher
magnification views of the Eip74EF region. (F) H3K27me3 localization. Inset boxes are magnified views of chromosome 3L.
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Figure 7. MLR regulates hormone-dependent enhancer activation and repression during development. (A) Cmi was depleted (GawB69B-Gal4>cmi-IR)
and transcripts analyzed by RNAseq. Stages include W3L blue gut (BG; pre-ecdysone) and clear gut (CG; elevated ecdysone). Image modified from
(113). (B) Venn diagram comparing changes in gene expression associated with cmi knockdown at the BG and CG stages. The analysis identified genes
showing increased expression (P-value ≤ 0.05, fold change ≥ 1.3) compared to wild type (GawB69B-Gal4) at the BG stage that subsequently show reduced
expression at the CG stage. (C) GO enrichment of the 336 genes shown in (B) filtered for RPKM values of ≥5 in wild type animals at each stage. GO
groups are listed in descending order of P-value. (D) Cmi represses hormone responsive genes prior to activation. Ecdysone responsive genes show elevated
BG expression upon cmi knockdown compared to wild type. Activation of these genes at the CG stage is attenuated when cmi is depleted. (E) Enrichment
peak comparison of Cmi and H3K4me1 (whole W3L) with Nipped-B (wing discs). Co-localized peaks are highlighted in blue. (F) shRNAi depletion of
Nipped-B results in derepression of Eip74EF at the BG stage. (G) Depletion of Cmi leads to increased RNAP II in the Eip74EF 5′ region (E74A promoter).
(H) Two-stage model of MLR functions in enhancer activation and enhancer memory. (Left) Enhancer activation is associated with recruitment of the
MLR complex to chromatin by sequence-specific transcription factors, monomethylation of H3K4 by Trr, recruitment or stabilization of CBP/p300 by
Cmi and acetylation of H3K27. (Right) Previously active enhancers are maintained in an inactive or silenced (poised) state, stabilized by cohesin complexes
and retaining the MLR complex in the absence of H3K27ac. See text for additional details.
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silenced at different developmental stages as part of larger
gene regulatory networks that drive the proper timing and
expression magnitude of genes important for developmen-
tal transitions.
Our RNAi depletion studies further revealed that devel-

opmental context is a major factor in transcriptome re-
sponses to loss of MLR complex function. Comparison
of RNAseq results from Cmi depletion in pre- and post-
ecdysone larvae showed that among the upregulated genes
at both stages, nearly 375 genes are shared, including strong
enrichment for genes involved in innate immunity and stress
responses (Supplementary Table S13). Approximately 350
shared genes were downregulated at both stages and were
highly enriched for functional roles in puparial adhesion,
molting, innate immune responses and metabolism (Sup-
plementary Table S14). These data suggest that there is a
subset of genes that depend on the MLR complex for their
enhancer activation or silencing, independent of hormone
regulation.
The elevated transcription of hormone-inducible genes

upon Cmi loss at the larval BG stage suggests that the
complex might contribute to normal enhancer repression
by facilitating long-range enhancer-promoter interaction
(12,14,16,84) and chromatin domain organization, includ-
ing RNAP II recruitment or stabilization of a paused poly-
merase (16,85,86). Cohesin binding helps to regulate long
range enhancer-promoter communication and recruitment
of cohesin at enhancers depends on MLR complex depo-
sition of H3K4me1 (12,16,87–90). Nipped-B is required
for cohesin binding to chromosomes (87) and it frequently
co-localizes with Cmi at ∼80% overlap within a 5kb in-
terval (Figure 7E), while RNAi depletion of Nipped-B in
BG larvae results in derepression of Eip74EF transcription
(Figure 7F). Consistent with strong genetic interaction, re-
duced Nipped-B in wing imaginal discs either using RNAi
or loss-of-function mutations, enhanced the cmi-IR pheno-
type in the wing (Supplementary Figure S9). Examination
of RNAP II localization by ChIP at the Eip74EF locus re-
vealed increased enrichment of RNAP II at the promoter
and first exon upon knockdown of Cmi at the BG stage con-
sistent with the increased expression (Figure 7G). However,
we were unable to detect significant changes in elongating
polymerase. Altogether, our data supports the hypothesis
that the increased expression upon MLR complex deple-
tion was most likely associated with additional RNAP II re-
cruitment and that the MLR complex may help to restrain
RNAP II accumulation in the absence of strong activation
signals, possibly through chromatin constraints mediated
by cohesin/Nipped-B (91). These findings suggest that en-
hancer activity at the Eip74EF locus is sensitive to chromo-
some interactions facilitated through MLR complex func-
tions.
We next determined whether the regulated genes were sit-

uated in close proximity (±5 kb) to Cmi enrichment peaks,
as the majority of enhancers reside near their gene targets
(92). Compared to all genes, thosewith increased expression
associated with Cmi depletion in the larval BG stage were
significantly (68% versus 53% for all genes; P = 7.7e−41)
more likely to reside within 5 kb of a Cmi peak and even
greater likelihood of being within 1 kb (48% versus 31%;
P = 3.2e−58) (Supplementary Figure S10); however, genes

showing decreased expression were significantly less likely
to reside within 5 kb. Among the down-regulated genes,
only 5%were associated with Cmi enrichments within±200
bp of the transcript start site. This data is consistent with
Cmi serving an essential function in regulating or enforcing
the activation or repression of enhancer activities of genes
that reside in close proximity to a binding peak.

DISCUSSION
We found that theDrosophilaMLRcomplex is required not
only for the cis-regulatory programming of enhancer func-
tions but also for epigenetic maintenance of enhancer mem-
ory, supporting amodel whereby theMLR complexes func-
tion in two distinct ways: contributing to enhancer commis-
sioning and to marking (or bookmarking) enhancers to en-
able rapid transcriptional re-activation at subsequent devel-
opmental stages (Figure 7H).
Cmi exhibited a substantial genomic redistribution dur-

ing development, likely in response to changing gene regula-
tory network controls that suggest functions in maintaining
enhancer identity, as well as decommissioning. Cmi enrich-
ments at genomic regions were associated with gene pro-
moters and enhancers during early embryogenesis, with a
significant trend towards enhancer binding at later stages,
suggesting that developmental context is a critical deter-
minant of MLR complex localization. This may reflect
complex contributions to initial embryonic gene activation
events through contact with promoters and enhancers via
associations with pioneering transcription factors, such as
grainyhead or Zelda/Vfl in Drosophila or FOXA1 in mam-
mals (our results and (18,93)). After the initial activation of
the ecdysone-dependentEip74EF gene inmid/late embryos,
the complex appears to remain enriched on regions associ-
ated with active and poised enhancers during the remainder
of development, perhaps constrained or stabilized by long
range enhancer/promoter chromatin interactions (14,94)
initially formed during embryogenesis. Consistent with this
view,MLR complexes have been associated with long range
chromatin interactions (12,14,16), and the H3K4me1 mark
contributes to recruitment of cohesin complexes (15) that
are localized to topologically associating domain (TAD)
boundaries. The formation of these large chromatin loops
that involve cis-acting regulatory sequences are critical for
properly regulating gene expression and the elaboration
of cell differentiation programs (7,89,95–98). Altogether,
our data supports the hypothesis that the MLR complexes
play a significant role in establishing and maintaining cis-
regulatory enhancer identity and function during animal
development (Figure 7H).
Our model is further supported by examination of Cmi

enrichments at enhancers in S2 cells and late larvae prior to
increases in ecdysone titers that drive developmental tran-
sitions. At these stages/cells, the complex is enriched at en-
hancers in the Eip74EF gene occupied by EcR (94), marked
with H3K4me1, low levels of H3K27ac and low or non-
detectable transcription. Addition of hormone in S2 cells
leads to Cmi-dependent rapid transcript activation without
significant changes in histone marks or recruitment of ad-
ditional MLR complexes (Figure 3). During activation, the
MLR complex is reduced on some enhancers, perhaps re-
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flecting an important step in subsequent re-setting of the
enhancer to a primed or poised state (93), concordant with
our evidence that depletion of Cmi or Trr is associated with
decreased H3K4me1 and H3K27ac and attenuated expres-
sion ofEip74EF upon addition of hormone (20), suggesting
importantMLR functions inmaintaining enhancer identity
in the absence of robust transcription. The histone binding
PHD domains in Cmi may serve in an important role in es-
tablishing the H3K4me1 mark, as removal of Cmi leads to
reducedH3K4me1 despite retention of Trr binding.Genetic
removal of H3K4 demethylases Lsd1 and lid/Kdm5 did not
significantly alter expression of cmi-IR phenotypes in the
wing (20), implying that Cmi does not serve to protect the
mark per se, but rather likely is important for promoting
Trr methyltransferase function, possibly through facilitat-
ing Trr interactions with histone H3 tails (99).
While the MLR complex has essential functions coor-

dinating enhancer activities within gene regulatory net-
works independent of hormone responsiveness, in the con-
text of animal development the MLR complex contributes
to the repression of hormone-dependent enhancer activa-
tion when ligands are at limiting levels. Depletion of Cmi
and Trr in BG larvae, resulted in elevated transcription of
several hormone-activated genes, consistent with our hy-
pothesis that the complex has important roles in maintain-
ing enhancer responsiveness during hormone-dependent
genome reprogramming at developmental transition points.
We found that a subset of developmental enhancers, those
responsive to ecdysone hormone, are not regulated by Poly-
comb repressor complex (PRC2) associated H3K27me3;
thus, the enhancers are activated and repressed by factors
dependent on ecdysone levels. In the context of limiting
(or absent) hormone during development, previously acti-
vated enhancers exist in a silent though primed or poised
state, retain the H3K4me1 mark and are bound by tran-
scription factors that partner with co-repressors to coordi-
nate hormone-driven regulatory networks (83,100,101). Re-
moval of Cmi or Trr results in amodest upregulation, impli-
cating the complex in enforcing enhancer silencing, rather
than through the removal of repressing histone marks via
theH3K27 demethylaseUTX.One possibility supported by
our data is that the complex contributes to attenuating tran-
scription when the induction signals are low or absent, per-
haps indirectly through associations with cohesin/Nipped-
B, as we observed increased transcription and RNAP II on
the Eip74EF gene upon depletion of Cmi. The initial re-
cruitment of MLR complexes to enhancers is required for
RNAP II loading, eRNA synthesis and the subsequent re-
cruitment of HAT enzymes (102). Surprisingly, once acti-
vated in animals, enhancers no longer require the presence
of the H3K4me1 mark or the catalytic activity of Trr or
KMT2C/D for survival to adulthood (11,12). Although the
H3K4me1 mark itself is not required, we previously found
using a null allele of cmi that homozygous loss led to lar-
val lethality just prior to the major hormone peak that trig-
gers metamorphosis (20), suggesting that Cmi is required
for late enhancer functions beyond embryogenesis. Our cur-
rent results support the hypothesis that Cmi is important for
the recruitment or retention of CBP/p300 acetyltransferase
and theH3K27acmark that is essential for full enhancer ac-
tivation. Since the PHD chromatin reader domain of Cmi

or its vertebrate counterparts does not specifically recognize
the H3K4me1 mark (20,99), it is possible that Cmi recog-
nizes another chromatin feature, perhaps acetylated histone
H4 (103), to help facilitate Trr methyltransferase activity
and provide a bookmark of enhancer identity that allows
for rapid re-activation upon inductive signaling.
Our results suggest a possible mechanism of MLR com-

plex functions at developmental enhancers that relies on
early transcription factor binding and recruitment of the
MLR complex, which results in the H3K4me1 marking
of those enhancers and activation through recruitment
of CBP/p300 and H3K27 acetylation (Figure 7H). Our
model is fully consistent with recent models of MLR
complex functions in facilitating long range enhancer-
promoter communication important for gene transcrip-
tion (7,12,14,16). This hypothesis is further supported by
several lines of evidence, including genetic interactions
and co-localization of Cmi and Nipped-B, involved in co-
hesin complex formation and enhancer-promoter looping
(91,104,105), as well as increased RNAP II at Eip74EF con-
sistent with the up-regulation we observed with depletion of
both Cmi and Nipped-B.
We also hypothesized that the retention of the complex

at a subset of enhancers may provide a type of epige-
netic memory and allow for rapid re-activation of those
enhancers at later developmental stages. The presence of
H3K4me1 together with either H3K27ac or H3K27me3, is
generally considered a hallmark of enhancers (106). These
as well as other epigenetic marks appear to be stable dur-
ing mitosis (107). Epigenetic stability is a form of mi-
totic bookmarking that allows for somatic heritability of
gene expression patterns following cell division, in some
cases allowing for rapid re-activation in early G1 phase
(108,109). In this regard, certain epigenetic marks and
transcription factors remain associated with mitotic chro-
matin, thereby locking in transcriptional states and serv-
ing to block the spread of active/repressive states from
neighboring genomic regions (107). A recent comprehen-
sive study examined global histone modifications and chro-
matin dynamics in both interphase and mitotic cells and
concluded that many genomic features were unchanged be-
tween these stages (110), with stable global levels and lo-
calized enrichments of histone methylation and slightly di-
minished histone acetylation. Epigenetic co-factors includ-
ing KMT2A/MLL1, CBP/p300 and acetyl lysine binding
protein BRD4 (111) are retained on mitotic chromatin sug-
gesting important roles in chromatin bookmarking. Both
CBP/p300 and BRD4 are recruited to chromatin through
association with mammalian MLR complexes (18).
Our data, including the first developmental profile of

MLR chromatin enrichment, provides strong support for
this two-stage model of MLR complex functions, allowing
for the prediction that loss of the MLR complexes in un-
differentiated or somatic cells could cause a failure to ac-
tivate specific developmental programs and lead to inap-
propriate regulation of enhancers, resulting in an oncogenic
event. The large number of cancers associated with both
KMT2C and KMT2D loss (1) and the critical importance
of these proteins in development, cell differentiation and re-
programming (18), provides a strong rationale for further
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exploration of the MLR complex functions in normal ani-
mal development.
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