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Monomethylation of histone H3 on Lys 4 (H3K4me1) and acetylation of histone H3 on Lys 27 (H3K27ac) are
histone modifications that are highly enriched over the body of actively transcribed genes and on enhancers.
Although in yeast all H3K4 methylation patterns, including H3K4me1, are implemented by Set1/COMPASS
(complex of proteins associated with Set1), there are three classes of COMPASS-like complexes in Drosophila
that could carry out H3K4me1 on enhancers: dSet1, Trithorax, and Trithorax-related (Trr). Here, we report
that Trr, the Drosophila homolog of the mammalian Mll3/4 COMPASS-like complexes, can function as
a major H3K4 monomethyltransferase on enhancers in vivo. Loss of Trr results in a global decrease of
H3K4me1 and H3K27ac levels in various tissues. Assays with the cut wing margin enhancer implied
a functional role for Trr in enhancer-mediated processes. A genome-wide analysis demonstrated that Trr is
required to maintain the H3K4me1 and H3K27ac chromatin signature that resembles the histone modification
patterns described for enhancers. Furthermore, studies in the mammalian system suggested a role for the
Trr homolog Mll3 in similar processes. Since Trr and mammalian Mll3/4 complexes are distinguished
by bearing a unique subunit, the H3K27 demethylase UTX, we propose a model in which the H3K4
monomethyltransferases Trr/Mll3/Mll4 and the H3K27 demethylase UTX cooperate to regulate the transition
from inactive/poised to active enhancers.
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Gene expression by RNA polymerase II (Pol II) is regu-
lated at multiple levels in order to allow for the faithful
transmission of genomic information throughout devel-
opment and upon external stimuli (Cheung and Cramer
2012; Zhou et al. 2012). In Drosophila, the Trithorax (Trx)
and Polycomb (Pc) groups of proteins have long been
known as crucial regulators of development and are re-
quired for the maintenance of active transcription or
transcriptional repression, respectively (Poux et al. 2002;
Klymenko and Muller 2004). The subsequent identifica-
tion of Trx (a Trx group member) as a histone H3K4
methyltransferase and Enhancer of zeste [E(z); a Pc group
representative] as a H3K27 methyltransferase exemplifies
the importance of developmental gene regulation within
a chromatin context (Simon and Tamkun 2002; Simon and
Kingston 2009; Beisel and Paro 2011; Schuettengruber
et al. 2011; Shilatifard 2012).

Our molecular understanding of the implementation of
H3K4 methylation activity was aided by the biochemical
purification of Set1, the yeast homolog of Trx (Miller et al.
2001). Set1 was found within the macromolecular com-
plex COMPASS (complex of proteins associated with
Set1) and was identified as the first H3K4 methylase
capable of catalyzing mono-, di- and trimethylation of
histone H3K4 (Briggs et al. 2001; Miller et al. 2001;
Roguev et al. 2001; Krogan et al. 2002; Schneider et al.
2005; Shilatifard 2012). In contrast to yeast, where Set1
within COMPASS mediates all of the H3K4 methylation
patterns, Drosophila contains three H3K4 methyltrans-
ferases—dSet1, Trx, and Trithorax-related (Trr)—that are
each related to yeast Set1 and can be found in COMPASS-
like complexes (Fig. 1A; Mohan et al. 2011). Mammals
possess two representatives for each of the three H3K4
methyltransferases found in Drosophila, resulting in
a total of six COMPASS-like complexes: Set1a and Set1b
(related to dSet1), Mll1 and Mll2 (related to Trx), and Mll3
and Mll4 (related to Trr) (Shilatifard 2012). All COMPASS-
like complexes contain a set of core components: Wdr5,
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Ash2, Rbbp5, and Dpy30 (Fig. 1A, highlighted in green).
The three classes of the COMPASS family—dSet1/Set1a/
Set1b, Trx/Mll1/Mll2, and Trr/Mll3/Mll4—each contain
additional class-specific subunits providing functional di-
versity for the complexes (Fig. 1A, highlighted in blue;
Hughes et al. 2004; Yokoyama et al. 2004; JH Lee et al.
2007; Lee and Skalnik 2008; Wu et al. 2008; Eissenberg and
Shilatifard 2010; Mohan et al. 2011, 2012; Schuettengruber
et al. 2011; Shilatifard 2012).

In agreement with what had already been reported for
mammalian Set1a and Set1b (Wu et al. 2008), recent studies
have ascribed Drosophila Set1 within COMPASS a pre-
dominant role in bulk H3K4 dimethylation (H3K4me2) and
trimethylation (H3K4me3) (Ardehali et al. 2011; Mohan
et al. 2011; Hallson et al. 2012). Nonetheless, Trx/Mll1/
Mll2 is required gene-specifically to implement H3K4me3
at the promoters of the Hox genes (Wang et al. 2009). Sim-

ilarly, the Trr/Mll3/Mll4 COMPASS-like complexes play
an important role in hormone receptor-induced signaling.
Upon hormonal induction, they are recruited to target
promoters by nuclear hormone receptors, resulting in
increased H3K4me3 and gene activation (Goo et al. 2003;
Sedkov et al. 2003; Lee et al. 2006; Mo et al. 2006; Johnston
et al. 2011; Vicent et al. 2011; Chauhan et al. 2012). How-
ever, RNAi-mediated knockdown of Trr, the Drosophila
homolog of mammalian Mll3/Mll4, showed only a
modest reduction in H3K4me2 and H3K4me3 levels in
wing imaginal discs (Mohan et al. 2011). These subtle
changes in H3K4me2 and H3K4me3 are consistent with
Trr regulating the activation of a subset of genes, such
as the role of Trr in the transcriptional induction of
ecdysone receptor target genes at promoter regions
(Sedkov et al. 2003; Johnston et al. 2011). Depending
on the developmental context and the requirement

Figure 1. The Drosophila Mll3/Mll4 homolog Trr is
a major H3K4 monomethyltransferase in vivo. (A) The
COMPASS family of H3K4 methyltransferase com-
plexes in yeast and Drosophila (Mohan et al. 2011,
2012). Trr and LPT are highlighted in red, Trx is in
purple, dSet 1 is in orange, core complex subunits are in
green, and complex-specific subunits are in blue. (B–E)
RNAi-mediated knockdown of Drosophila H3K4 meth-
yltransferases in the posterior compartment of the wing
imaginal disc. GFP expression in green marks the
posterior part (highlighted by a white arrow in the
antibody-only channel) where the knockdown occurs.
Knockdown of Trr (B9) or LPT (E9) results in a global
reduction of H3K4me1. No bulk changes in H3K4me1
were observed when Trx (C9) or dSet1 (D9) levels were
reduced by RNAi. (F,G) Flipase-catalyzed induction of
trr mutant clones (no GFP expression) with the eye-
specific eyeless (ey) promoter. Wild-type tissue is
marked in green (GFP expression). Representative trr

mutant clones are outlined by white dashed lines.
Mutant clones of trr1, a trr-null allele, display decreased
levels of H3K4me1 (F9) and loss of Trr (G9). (H) Western
blot of lysates from RNAi-treated Drosophila S2 cells.
(Lane 1) Control lacZ-RNAi. (Lane 2) dSet1-RNAi.
(Lane 3) trx-RNAi. (Lane 4) trr-RNAi. (Lane 5) LPT-
RNAi. (Panel 1) a-H3. (Panel 2) a-H3K4me1. (Panel 3)
a-H3K4me2. (Panel 4) a-H3K4me3. Genotypes used were
as follows: UAS-Dcr-2/+; en-GAL4 UAS-EGFP/+; UAS-

trr-RNAi/+ (B), UAS-Dcr-2/+; en-GAL4 UAS-EGFP/UAS-
trx-RNAi (C), UAS-Dcr-2/+; en-GAL4 UAS-EGFP/UAS-

dSet1-RNAi (D), UAS-Dcr-2/+; en-GAL4 UAS-EGFP/+;

UAS-LPT-RNAi/+ (E), and trr1 FRT19A/ubi-GFP FRT19A;

ey-FLP/+ (F,G).
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for Trr-mediated processes, these effects on H3K4me2
and H3K4me3 might be more pronounced at certain
stages of development (Sedkov et al. 2003; Chauhan
et al. 2012).

Genome-wide mapping of various histone modifica-
tions has provided a means to identify signatures of differ-
ent chromatin states. For example, while H3K4me3 is
found to be enriched at transcription start sites (TSSs),
monomethylation of H3K4 (H3K4me1) was shown to be
enriched at enhancers (Heintzman et al. 2007; Wang et al.
2008). Enhancers constitute promoter-distally located
genomic elements that, in many instances, are necessary
for the induction and maintenance of gene expression.
They are often bound by developmental transcription
factors, which, through looping, bring these distal regu-
latory elements in close proximity to the promoter-
proximal regions regulating their transcriptional activi-
ties. Thus, enhancers provide an important regulatory
cog for optimal transcriptional coherence to allow for
tissue- and context-specific transcription of important
developmental genes in a time-sensitive and optimized
manner (Levine 2010; Bulger and Groudine 2011; Ong
and Corces 2011). The ability of enhancers to work at
long distances is mediated by cohesins, which were
first identified to function in this process through a
genetic screen for factors required for communication
between the cut locus and its ;80-kb distally located
wing margin enhancer (Rollins et al. 1999, 2004; Dorsett
et al. 2005).

Recently, it has been shown that chromatin signatures
can be used to further classify enhancers as being in either
active or inactive/‘‘poised’’ states. Active enhancers are
dually marked with H3K4me1 and H3K27 acetylation
(H3K27ac), which allows them to be distinguished from
inactive/poised enhancers that are characterized by the
presence of H3K4me1 and H3K27me3 (Heintzman et al.
2009; Creyghton et al. 2010; Rada-Iglesias et al. 2011;
Zentner et al. 2011; Bonn et al. 2012). H3K27ac is cat-
alyzed by CBP and p300 in mammals and by a single CBP-
related enzyme in Drosophila (Tie et al. 2009; Pasini et al.
2010; Jin et al. 2011). As lysine residues cannot be si-
multaneously modified by both methylation and acetyla-
tion, it has been proposed that the histone demethylase
UTX can facilitate CBP-mediated H3K27ac through its
ability to remove methyl groups from H3K27 (Tie et al.
2012).

During a recent study of dUTX’s function in Notch
signaling, we observed that dUTX mutant tissue exhibits
a global decrease in H3K4me1 (Herz et al. 2010) but does
not show significant changes in H3K4me2 or H3K4me3
(Herz et al. 2010). Thus, dUTX appears to link the re-
moval of H3K27me3 with the implementation of both
H3K4me1 and H3K27ac. dUTX is a complex-specific
subunit of the Drosophila Trr complex (Fig. 1A; Mohan
et al. 2011), while mammalian UTX is found in the ho-
mologous mammalian Mll3/Mll4 H3K4 methyltransfer-
ase complexes (Cho et al. 2007; Issaeva et al. 2007; MG
Lee et al. 2007; Patel et al. 2007). Other complex-specific
subunits of the Trr/Mll3/Mll4 complexes include Pa1,
Ptip, and Ncoa6 (Fig. 1A). One feature of the Drosophila

Trr complex that distinguishes it from mammalian Mll3/
Mll4 complexes is that in Drosophila, two proteins—Trr
and LPT (Lost PHDs of Trr)—constitute the functional
homolog of either Mll3 or Mll4 in mammals. While Trr
corresponds to the C-terminal portion of Mll3/Mll4,
which includes the catalytic SET domain, LPT is homol-
ogous to the Mll3/Mll4 N terminus and contains several
PHD domains and an HMG domain (Mohan et al. 2011;
Chauhan et al. 2012).

Here, we report a novel function for the Trr/COMPASS-
like complex as a major H3K4 monomethyltransferase at
enhancers. Our results suggest that in various tissues, Trr
or LPT loss coincides with a strong decrease in bulk
H3K4me1 and a reduction in H3K27ac levels. Further-
more, Trr can function in enhancer-mediated processes,
as it modulates enhancer–promoter interactions at the cut
locus in wing imaginal discs. Genome-wide, Trr is required
for the maintenance of the H3K4me1 and H3K27ac chro-
matin signature previously described for enhancers. Anal-
ysis of the role of Mll3 (one of the mammalian homologs of
Trr) also suggests a role for Mll3/Mll4–COMPASS-like
complexes in enhancer monomethylation. We propose
a model in which UTX, as a complex-specific subunit of
the Trr and Mll3/4 complexes, demethylates H3K27 at
inactive/poised enhancers to prime them for H3K27ac
by CBP.

Results

Trr and its partner, LPT, are required for H3K4me1
in vivo

In order to investigate the function of H3K4me1 in
Drosophila, we used RNAi by the Gal4/UAS system in
wing imaginal discs directed toward the Drosophila
H3K4 methyltransferases that might regulate this mod-
ification. We found that expression of dsRNA against Trr
under the control of the engrailed promoter results in
a strong decrease in global H3K4me1 in the posterior half
of the wing imaginal disc (Fig. 1B; Supplemental Fig. S1A).
No bulk changes in H3K4me1 were observed with trx-
RNAi (Fig. 1C; Supplemental Fig. S1B) or dSet1-RNAi
(Fig. 1D; Supplemental Fig. S1C). We and others have
previously shown that Trr is only homologous to the
C-terminal portion of mammalian Mll3/Mll4 and that
the functional equivalent of the Mll3/Mll4 N terminus is
represented by another protein—LPT—in Drosophila
(Mohan et al. 2011; Chauhan et al. 2012). Likewise, in
the absence of LPT function (Supplemental Fig. S1D),
H3K4me1 is strongly reduced in wing imaginal discs
(Fig. 1E), suggesting that Trr and LPT work together to
mediate global H3K4me1. A role for Trr in H3K4me1
was further confirmed with a trr-null allele (trr1) in eye-
antenna imaginal discs, as trr mutant clones show re-
duced H3K4me1 staining compared with surrounding
wild-type tissue (Fig. 1F,G).

Western blot analysis in S2 cells after RNAi-mediated
knockdown of the three H3K4 methyltransferases or
LPT confirmed our findings from imaginal discs (Fig.
1H; Supplemental Fig. S1E–H). Whereas dSet1-RNAi
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results in almost complete bulk losses of H3K4me2
(Fig. 1H, panel 3) and H3K4me3 (Fig. 1H, panel 4), a
global reduction in H3K4me1 can only be observed with
trr-RNAi and LPT-RNAi (Fig. 1H, panel 2). Since Set1
and related enzyme activities are stimulated by core
COMPASS subunits (Dou et al. 2006; Steward et al.
2006; Shilatifard 2012), we used a baculovirus system
to reconstitute the SET domains of Trr and dSet1 with
the core subunits of COMPASS and observed that in
the context of the core subunits, both SET domains of Trr
and dSet1 were able to mono-, di- and trimethylate H3K4
(Supplemental Fig. S2). However, Trr showed a preference
for H4K4me1, while dSet1 showed a tendency toward
H3K4me3. Taken together, these results support the
in vivo data showing that Trr/LPT is a major H3K4
monomethyltransferase.

Trr/COMPASS-like core and complex-specific subunits
are required for H3K4me1 in vivo

Recently, all three H3K4 methyltransferases in Drosophila—
dSet1, Trx, and Trr—have been shown to exist in inde-
pendent COMPASS-like complexes (Mohan et al. 2011).
Each COMPASS-like complex can be further subdivided
into core members that are common to each complex and
complex-specific subunits that are unique to only one of
the complexes. Wds, Ash2, Rbbp5, and Dpy-30L1 consti-
tute the core components of all COMPASS family mem-
bers, while dUTX, Ptip, Pa1, and Ncoa6 are found only
in the Trr/LPT complex (Fig. 1A). Hcf is another compo-
nent that is often copurified with the COMPASS family
(Mohan et al. 2011).

In order to identify subunit-specific requirements for
bulk H3K4me1, we systematically depleted core mem-
bers of the COMPASS family (Fig. 2A–C), Hcf (Fig. 2D),
or Trr complex-specific subunits (Fig. 2E–G) in the
posterior part of wing imaginal discs by RNAi. ash2-
RNAi and Rbbp5-RNAi resulted in drastic losses of
H3K4me1 (Fig. 2A,B; Supplemental Fig. S3A,D,E),
H3K4me2 (data not shown), and H3K4me3 (data not
shown). The loss of H3K4me1 is not the result of Trr
destabilization, as Trr levels are unaltered when Ash2 or
Rbbp5 are knocked down (data not shown), thus suggest-
ing a fundamental requirement for these core compo-
nents in Trr-mediated H3K4me1. Other core components,
such as Dpy-30L1 (Fig. 2C; Supplemental Fig. S3F) or Hcf
(Fig. 2D; Supplemental Fig. S3B,G), do not seem to be
required for implementing bulk H3K4me1. Dpy-30L1-
RNAi also did not affect H3K4me2 or H3K4me3 (data not
shown). Hcf-RNAi did not affect H3K4me2 levels (data
not shown) but did show reduced H3K4me3 (data not
shown), in accordance with a recent study (Hallson et al.
2012).

Depletion of Trr complex-specific subunits such as
dUTX (Fig. 2E; Supplemental Fig. S3C,H), Ptip (Fig. 2F;
Supplemental Fig. S3I), or Ncoa6 (Fig. 2G; Supplemental
Fig. S3J) resulted in decreased global H3K4me1 levels. In
summary, our data support a model in which the Trr/LPT
COMPASS-like complex is required for the maintenance
of the majority of H3K4me1 levels.

Trr mediates stabilization of Trr/COMPASS-like
complex-specific subunits and H3K27ac

The knockdown efficiencies of Trx, Trr, and LPT were
confirmed for all components of the COMPASS family;
namely, dSet1 (Fig. 3A, panel 1), Trx (Fig. 3A, panel 2), Trr
(Fig. 3A, panel 3), and LPT (Fig. 3A, panel 4). LPT levels
were strongly reduced not only with LPT-RNAi (Fig. 3A,
lane 5, panel 4), but also with trr-RNAi (Fig. 3A, lane 4,
panel 4). dUTX levels were also diminished upon trr-
RNAi (Fig. 3A, lane 4, panel 5), reminiscent of what has
been observed for Caenorhabditis elegans UTX-1 when
SET-16 (Trr homolog) is knocked down (Vandamme et al.
2012). However, contrary to the findings in C. elegans,
where reduction in SET-16 levels altered transcription of
utx-1, we did not observe transcriptional changes for
dUTX or LPT with trr-RNAi in Drosophila (data not
shown). We further tested LPT and dUTX levels in Trr-
depleted wing imaginal discs either by RNAi or when trr
mutant clones were induced in eye-antenna imaginal
discs (Fig. 3B–E). Both LPT (Fig. 3B) and dUTX (Fig. 3C)
were reduced in trr-RNAi wing imaginal discs. A similar
effect was seen in trr mutant clones for LPT (Fig. 3D) and
dUTX (Fig. 3E) levels in eye-antenna imaginal discs.
Conversely, LPT-RNAi or dUTX-RNAi in wing imaginal
discs does not show significant effects on Trr stability
(data not shown). Thus, in Drosophila, Trr is required for
stabilization of at least some of the Trr/COMPASS-like
complex-specific subunits.

The destabilization of dUTX in the absence of Trr is
interesting in light of the recent finding that dUTX, by
binding to CBP, modulates H3K27ac (Tie et al. 2012). This
finding links the H3K27 demethylase dUTX (Smith et al.
2008; Herz et al. 2010) to H3K27ac and provides a model
for how a transition could occur from a silenced H3K27-
methylated chromatin state to an activated state that
is marked by H3K27ac. Comparable with the results
obtained with dUTX-RNAi (Tie et al. 2012), trr-RNAi
in wing imaginal discs results in a global reduction of
H3K27ac (Fig. 3F), and similar effects can be observed in
trr mutant clones in eye-antenna imaginal discs (Fig. 3G).
In conclusion, our data suggest that Trr is required to
stabilize Trr/COMPASS-like complex-specific subunits
to regulate H3K27ac. Based on genome-wide studies, it
has been proposed that the distribution pattern for
H3K4me1 is very broad and particularly enriched on en-
hancers and over the body of actively transcribed genes
(Fig. 3H; Barski et al. 2007; Heintzman et al. 2007). Like-
wise, H3K27ac has been reported to mark active en-
hancers but can also be found on promoters and gene
bodies (Fig. 3H; Heintzman et al. 2009; Creyghton et al.
2010; Rada-Iglesias et al. 2011; Zentner et al. 2011; Bonn
et al. 2012).

Trr is required for enhancer function at the cut (ct)
locus in wing imaginal discs

Based on our findings that Trr is globally required for
proper H3K4me1 and H3K27ac, we turned to the well-
characterized ct locus (Jack et al. 1991; Rollins et al. 2004;
Dorsett et al. 2005) in order to functionally verify a possible
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role of Trr in enhancer-mediated processes. The ct wing
margin enhancer is required for proper expression of ct at
the dorso–ventral boundary in the wing imaginal disc
(Jack et al. 1991; Rollins et al. 2004; Dorsett et al. 2005). In
the ctk allele, a gypsy transposon is inserted between the
ct wing margin enhancer and the ct promoter, interfering
with enhancer–promoter communication and resulting
in a characteristic wing-notching phenotype (Fig. 4A;
Dorsett et al. 2005). The ctk allele has been deployed for
the characterization of cohesin subunits such as Nipped-B,

which are important regulators of enhancer–promoter in-
teraction at the ct gene (Rollins et al. 2004). The wing-
notching phenotype of the ctk allele can be quantified by
counting the number of wing nicks per fly in homozygous
ctk mutants. ctk control flies average 10.6 wing nicks per
fly (Fig. 4B, left box plot). Removing 50% of the trr gene
dosage by crossing in a null allele of trr, trr1 (Sedkov et al.
1999), increases the number of wing nicks to an average of
12.3 (Fig. 4B, right box plot). This represents a statistically
significant enhancement (P < 0.0005, Welch two-sample

Figure 2. Trr/COMPASS-like core and complex-specific subunits are required for H3K4me1. (A–G) RNAi-mediated knockdown of
core members of COMPASS-like complexes (A–D) and Trr complex-specific subunits (E–G) in the posterior compartment of the wing
imaginal disc. GFP expression in green marks the posterior part (highlighted by a white arrow in the antibody-only channel) where the
knockdown occurs. ash2-RNAi (A9) and Rbbp5-RNAi (B9) result in strongly decreased H3K4me1, whereas other core members such as
Dpy-30L1 (C9) and Hcf (D9) are not required for bulk H3K4me1. RNAi-mediated knockdowns of the Trr complex-specific subunits
dUTX (E9), Ptip (F9), and Ncoa6 (G9) only weakly affect bulk levels of H3K4me1. (H) Cartoon representing the implementation of bulk
H3K4me1 by the Trr/LPT complex. The SET domain-containing catalytic subunit Trr and LPT are highlighted in red, core complex
subunits are in green, and complex-specific subunits are in blue. Genotypes used were as follows: UAS-Dcr-2/+; en-GAL4 UAS-EGFP/

UAS-ash2-RNAi (A), UAS-Dcr-2/+; en-GAL4 UAS-EGFP/UAS-Rbbp5-RNAi (B), UAS-Dcr-2/+; en-GAL4 UAS-EGFP/+; UAS-Dpy-30L1-

RNAi/+ (C), UAS-Dcr-2/+; en-GAL4 UAS-EGFP/+; UAS-Hcf-RNAi/+ (D), UAS-Dcr-2/+; en-GAL4 UAS-EGFP/+; UAS-dUTX-RNAi/+

(E), UAS-Dcr-2/+; en-GAL4 UAS-EGFP/+; UAS-Ptip-RNAi/+ (F), and UAS-Dcr-2/+; en-GAL4 UAS-EGFP/+; UAS-Ncoa6-RNAi/+ (G).
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t-test) and supports a requirement for Trr in enhancer-
mediated processes.

To further test whether Trr directly regulates the wing
margin enhancer, we used a transgenic fly line in which
the ct wing margin enhancer (ctw) is inserted upstream of
the Hsp70 promoter fused to the lacZ gene (Fig. 4C). This
transgene recapitulates the endogenous ct expression pat-
tern at the dorso–ventral boundary in wing imaginal
discs (Fig. 4C,D). Trr knockdown in the posterior half of
the wing imaginal disc results in reduced lacZ expression
(Fig. 4E,F), suggesting a direct role for Trr in enhancer–
promoter communication. Furthermore, upon RNAi-
mediated knockdown of Trr, the dorso–ventral stripe
of Ct, which can be detected across the whole antero–

posterior axis in wild-type wing imaginal discs (Fig. 4G),
is now confined to the anterior portion of the disc (Fig.
4H), providing further evidence for an enhancer-medi-
ated function of Trr at the endogenous ct locus. Protein
levels of other regulators of ct, such as Wingless (Wg)
(Supplemental Fig. S4A,B) or Notch (N) (Supplemental
Fig. S4C,D), were not changed when Trr function was
removed.

The Trr/COMPASS-like complex localizes
to promoters and enhancers

In order to determine whether the Trr/LPT complex gen-
erally acts as a H3K4 monomethyltransferase on enhancers,

Dpy

Figure 3. Trr stabilizes Trr complex-specific subunits and promotes H3K27 acetylation. Trr is required for LPT and dUTX stability (A–
E) and proper H3K27ac (F,G). (A) Western blots of lysates from RNAi-treated Drosophila S2 cells. (Lane 1) Control lacZ-RNAi. (Lane 2)
dSet1-RNAi. (Lane 3) trx-RNAi. (Lane 4) trr-RNAi. (Lane 5) LPT-RNAi. (Panel 1) a-dSet1; the arrow marks the dSet1 band, and the
asterisk indicates an unspecific band. (Panel 2) a-Trx; the arrow marks the Trx band, and the asterisks indicate unspecific bands. (Panel
3) a-Trr. (Panel 4) a-LPT. (Panel 5) a-dUTX. (Panel 6) aa-Tub. (B,C,F) RNAi-mediated knockdown of Trr in the posterior compartment of
the wing imaginal disc. GFP expression in green marks the posterior part (highlighted by a white arrow in the antibody-only channel)
where the knockdown occurs. LPT (B9) and dUTX (C9) are destabilized in the absence of Trr. (F9) H3K27ac levels are decreased when Trr
function is removed. (D,E,G) Flipase-catalyzed induction of trr mutant clones (no GFP expression) with the eye-specific eyeless (ey)
promoter. Wild-type tissue is marked in green (GFP expression). Representative clones are outlined by white dashed lines. Mutant
clones of trr1, a trr-null allele, display decreased levels of LPT (D9), dUTX (E9), and H3K27ac (G9). (H) Possible functions for the Trr/LPT
complex in implementing H3K4me1. The SET domain-containing catalytic subunit Trr and LPT are highlighted in red, core complex
subunits are in green, and complex-specific subunits are in blue. Genotypes used were as follows: UAS-Dcr-2/+; en-GAL4 UAS-EGFP/+;

UAS-trr-RNAi/+ (B,C,F) and trr1 FRT19A/ubi-GFP FRT19A; ey-FLP/+ (D,E,G).
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we performed chromatin immunoprecipitation (ChIP)
combined with deep sequencing (ChIP-seq) studies in
S2 cells to identify the genome-wide localization pat-
terns of Trr, LPT, dUTX, H3K4me1, H3K4me3, H3K27ac,
and RNA Pol II (Fig. 5). Preprocessed CBP data were
obtained from Tie et al. (2012). The specificity of anti-
bodies used for ChIP-seq against H3K4me1 and H3K4me3
was validated with yeast extracts (Supplemental Fig. S5).
Genomic regions enriched for Trr were sorted into the
nine previously proposed chromatin states that have
been determined by combining the patterns of 18 differ-
ent histone modifications (Kharchenko et al. 2011).
Compared with the genomic distribution, Trr, LPT, and
dUTX are particularly enriched at or near TSSs (Fig. 5A,
chromatin state 1, red) but also significantly accumulate
on actively transcribed introns (Fig. 5A, chromatin state
3, brown). Interestingly, state 3 has been described to
be highly enriched for H3K4me1 and H3K27ac, which
is characteristic of active enhancers (Kharchenko et al.
2011).

Trr, LPT, and dUTX co-occupy a large number of target
loci (2739 peaks) (Fig. 5B). A cluster analysis confirmed
that Trr-enriched regions that are centered to the nearest
TSS (Fig. 5C, column 1) overlap very well with dUTX
(Fig. 5C, column 2) and LPT (Fig. 5C, column 3). Many
Trr-, LPT- and dUTX-bound regions localize at or close

to TSS regions and are highly enriched for H3K4me3
(Fig. 5C, column 5), H3K27ac (Fig. 5C, column 6), and Pol
II (Fig. 5C, column 7), confirming a promoter-proximal role
for the Trr/LPT complex in transcriptional regulation.
A significant number of Trr, LPT, and dUTX peaks
are also found at promoter-distal elements (Fig. 5C,
highlighted by red brackets), accompanied by high
enrichment for H3K4me1 (Fig. 5C, column 4), CBP
(Fig. 5C, column 8), and, to a lesser extent, H3K27ac
(Fig. 5C, column 6) and Pol II (Fig. 5C, column 7).
Overlapping Trr, LPT, and dUTX peaks linked to the
closest gene display a prominent enrichment for de-
velopmental genes and transcription factors (Fig. 5D). In
summary, the Trr/LPT COMPASS-like complex local-
izes not only to TSSs, but can also be found at promoter-
distal locations that co-occur with enrichment for
H3K4me1.

Trr regulates H3K4me1, H3K27ac, and H3K27me3
predominantly on chromatin regions containing
enhancer-like histone modification signatures

In order to assess which chromatin regions are most
strongly depleted for H3K4me1 in the absence of Trr,
we compared changes in H3K4me1, H3K4me3, and
H3K27ac levels of the nine chromatin states between

Figure 4. Trr interferes with the enhancer–
promoter interaction at the cut locus in
wing imaginal discs. (A, top panel) The cut
(ct) wing margin enhancer (ctw) is located
81.5 kb from the cut TSS. Insertion of
a gypsy transposon between ctw and the ct

promoter in the ctK allele interferes with
the enhancer–promoter interaction (A, bot-

tom panel) and results in a wing-nicking
phenotype (B, left box plot) (n = 53). (B, right
box plot) This wing-nicking phenotype is
significantly enhanced (P < 0.0005, Welch
two-sample t-test) when the trr gene dosage
is reduced by 50% with a null allele of trr
(trr1) (n = 38). The boxes indicate the two
middle quartiles, the horizontal line within
the box indicates the median, and the
vertical extending lines indicate 1.5 times
the interquartile range. (C) A 2.7-kb ctw

sequence was inserted into a plasmid con-
taining a heterologous Hsp70 promoter
fused to the lacZ gene. In transgenic flies,
this construct mimics the expression pat-
tern of ct at the wing margin (horizontal red
line) in wing imaginal discs. (D–H) Trr is
required for proper ct expression at the
dorso–ventral boundary of the wing imagi-
nal disc. (E,F,H) RNAi-mediated knock-
down of Trr in the posterior compartment

of the wing imaginal disc. GFP expression in green marks the posterior part (highlighted by a white arrow in the antibody-only channel)
where the knockdown occurs. (D,G) Wild-type (WT) control. b-Galactosidase (b-gal.), which serves as a readout for ctw activity is
reduced in trr-RNAi (E9,F9) compared with wild type (D9). Similarly, Ct protein levels are also strongly reduced in the absence of Trr (H9)
in comparison with the wild-type pattern (G9). Genotypes used were as follows: UAS-Dcr-2/+; en-GAL4 UAS-EGFP/ctw-Hsp70-lacZ
(D), UAS-Dcr-2/+; en-GAL4 UAS-EGFP/ctw-Hsp70-lacZ; UAS-trr-RNAi/+ (E,F), UAS-Dcr-2/+; en-GAL4 UAS-EGFP/+ (G), and UAS-Dcr-

2/+; en-GAL4 UAS-EGFP/+; UAS-trr-RNAi/+ (H).
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control and trr-RNAi S2 cells (Fig. 6A–C). Chromatin
regions represented by state 7 (heterochromatin, highly
enriched for H3K9me2/3) are strongly depleted for
H3K4me1, H3K4me3, and H3K27ac (Kharchenko et al.
2011). Therefore, state 7 was used to normalize the sam-
ples against background read levels. When Trr was
depleted, the strongest losses in H3K4me1 were ob-
served in chromatin states 3 (Fig. 6A, brown box plots)
and 4 (Fig. 6A, coral box plots), which are characterized
by the highest levels of H3K4me1 enrichment and
simultaneously most closely mimic enhancer-like his-
tone modification patterns. Additionally, a significant
reduction in H3K4me1 was also evident in Pc-repressed
regions (Fig. 6A, dark-gray box plots) and silent chroma-
tin (Fig. 6A, light-gray box plots) and, to a lesser degree,
on actively transcribed exons (Fig. 6 A, purple and green
box plots). Similar changes in H3K4me1 were observed
in LPT-RNAi S2 cells (Supplemental Fig. S6A). Unex-
pectedly, H3K4me1 increases with trr-RNAi and LPT-
RNAi on TSSs (Fig. 6A; Supplemental Fig. S6A, red box
plots), which might be the result of an indirect effect of
freeing up more substrate for other H3K4 methyltrans-
ferases. No comparable changes in H3K4me3 were
observed within highly enriched H3K4me3 states such
as TSS regions (Fig. 6B, red box plots), with the exception
of a weak reduction of H3K4me3 in state 3 (Fig. 6B, coral
box plots).

Decreases in H3K27ac levels after trr-RNAi paralleled
the losses of H3K4me1 in states 3 (Fig. 6C, brown box
plots) and 4 (Fig. 6C, coral box plots). Not surprisingly,
changes in H3K27ac could not be detected in Pc-repressed
regions (Fig. 6C, dark-gray box plots) or in silent chroma-
tin (Fig. 6C, light-gray box plots), as they do not contain
significant levels of H3K27ac in wild-type S2 cells. Thus,
the observed global decreases of H3K27ac in trr-RNAi
wing imaginal discs (Fig. 3F) and trr mutant clones (Fig.
3G) likely correspond to H3K27ac losses on active en-
hancer-like chromatin regions. The decrease of H3K27ac
at enhancers when removing Trr function is consistent
with previous reports that H3K4me1 precedes H3K27ac
(Bonn et al. 2012). As observed for H3K4me1, H3K27ac is
also increased at TSS regions in trr-RNAi S2 cells (Fig. 6C,
red box plots), which further suggests that some indirect
effects on these histone modifications are occurring by
reducing Trr levels.

dUTX was recently shown to modulate the balance
between H3K27ac and H3K27me3 (Tie et al. 2012). We
found that dUTX and LPT levels are most strongly
reduced on enhancer-like chromatin states 3 and 4 upon
trr-RNAi (Fig. 6D,E). These are also the regions that show
an increase in H3K27me3 after trr-RNAi (Fig. 6F). Simi-
larly, knockdown of LPT in S2 cells shows significant
increases in H3K27me3 on states 3 and 4 (Supplemental
Fig. S6B). In summary, our data suggest an interdepen-

Figure 5. The Trr complex localizes to
promoters and enhancers. (A) The stacked
bar plot shows the genome-wide percentage
of each chromatin state as defined by
Kharchenko et al. (2011). The top row
shows the whole-genome distribution of
the nine chromatin states in S2 cells, the
second row shows the distribution for Trr-
enriched regions, the third row shows the
distribution for LPT-enriched regions, and
the fourth row shows the distribution for
dUTX-enriched regions. (Red) State 1, pro-
moter-proximal regions; (purple) state 2,
transcriptional elongation; (brown) state 3,
intronic regions highly enriched for
H3K4me1 and H3K27ac; (coral) state 4, re-
lated to state 3; (green) state 5, X chromo-
some, highly enriched for H4K16ac and
H3K36me3; (dark gray) state 6, Polycomb-
repressed regions; (dark blue) state 7, het-
erochromatin, high levels of H3K9me2/
me3; (light blue) state 8, heterochromatin-
like, moderate levels of H3K9me2/me3;
(light gray) state 9, silent domains. (B) Venn
diagram displaying co-occupancy between
Trr (red), LPT (green), and dUTX (blue)
peaks. Trr-enriched (4009 peaks), LPT-
enriched (6879 peaks), and dUTX-enriched

(5239 peaks) regions overlap significantly within 100 base pairs (bp) (2739 peaks). (C) Cluster analysis of Trr-occupied regions centered
on the TSS of the nearest gene. Each column extends over 20 kb (610 kb from the TSS). (Column 1) Trr. (Column 2) dUTX. (Column 3)
LPT. (Column 4) H3K4me1. (Column 5) H3K4me3. (Column 6) H3K27ac. (Column 7) Pol II. (Column 8) CBP. CBP data were obtained
from Tie et al. (2012). (D) Gene ontology (GO) term analysis of overlapping Trr, LPT, and dUTX peaks (from B). GO terms were ascribed
based on the 2134 closest genes to overlapping peaks. P-values shown are Benjamini-corrected.
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dency of H3K4me1, H3K27ac, and H3K27me3 levels on
enhancer-like chromatin.

The mammalian homolog of Trr, Mll3, is also a major
monomethyltransferase

To verify that the mammalian homologs of Trr have
a similar function in implementing H3K4me1 on en-
hancers, we performed ChIP-seq studies in mouse em-
bryonic fibroblasts (MEFs) (Fig. 7A,B). Many genomic
regions that are located outside of genes and are enriched
for H3K4me1 show decreased H3K4me1 levels with
a concomitant increase in H3K27me3 in Mll3 knockout
MEFs (Fig. 7A, right scatter plot). In contrast, Mll1 knock-
out MEFs display an increase in H3K4me1 and H3K27me3
(Fig. 7A, left scatter plot). The modest shift into the upper
left quadrant, representing decreased H3K4me1 and in-
creased H3K27me3, might be even greater in Mll3/Mll4
double-knockout cells, as Mll3 and Mll4 are found in
similar complexes and may share some functional re-
dundancy toward H3K4me1 in the mammalian system.
Nonetheless, many promoter-distal regions with a con-
siderable decrease in H3K4me1 can be identified in
Mll3 knockout MEFs. For example, the Hoxd cluster
is strongly enriched for H3K4me1 in Mll3 wild-type
MEFs and is known to contain many enhancers
(Fig. 7B; Montavon et al. 2011). Removal of Mll3
function results in a decrease of H3K4me1 at many
sites within the Hoxd cluster and a broad increase in
H3K27me3 throughout this cluster (Fig. 7B). Thus, at
least the role of Mll3 as a H3K4 monomethyltransferase

appears to be functionally conserved in the mammalian
system.

Based on these findings, we propose a model in which
the Trr/Mll3/Mll4 COMPASS-like complexes form a hub
combining the H3K27 demethylase function of UTX with
the H3K4 monomethyltransferase activity of Trr/Mll3/
Mll4 to allow for H3K27ac by CBP/p300 on enhancers
(Fig. 7C). The combination of all of the histone-modifying
activities provides an explanation for how enhancers can
transition from an inactive/poised state to an activated
state (Fig. 7C). The transition to the active state is pro-
moted by activation of Trr/Mll3/Mll4 COMPASS-like
complexes, which are able to achieve demethylation of
H3K27me3 through UTX and implementation of H3K4me1
through Trr/Mll3/Mll4. It is also possible that the recruit-
ment of UTX through Trr/Mll3/Mll4 COMPASS-like com-
plexes to inactive enhancers provides context dependency
for the activation of CBP, as many of the inactive enhancer
regions are not modified by H3K27me3 and H3H27ac but do
have CBP present (Fig. 7C).

Discussion

Our previous studies of the H3K27 demethylase dUTX
had shown reduced levels of H3K4me1 in dUTX mutant
tissue (Herz et al. 2010). As dUTX is a subunit of the Trr/
COMPASS-like complex (Mohan et al. 2011), we investi-
gated Trr’s role in H3K4me1. In this study, we describe
a function for Trr as a major H3K4 monomethyltransfer-
ase functioning at enhancer regions. Mutant trr clones in

Figure 6. Trr/COMPASS regulates H3K4me1,
H3K27ac, and H3K27me3 on chromatin regions
that resemble enhancer-like histone modification
signatures. (A–F) Box plot diagrams displaying fold
enrichment (log2) of various histone modifications
(H3K4me1, H3K4me3, H3K27ac, and H3K27me3)
and dUTX and LPT in wild-type (left box plots) and
trr-RNAi (right box plots) S2 cells over the nine
chromatin states as defined by Kharchenko et al.
(2011). Characteristics of the different chromatin
states are summarized in Figure 5A. Enrichment
for each chromatin state is represented by the left

box plot for wild-type S2 cells and by the right box
plot in trr-RNAi S2 cells. (A) H3K4me1 enrich-
ment. (B) H3K4me3 enrichment. (C) H3K27ac en-
richment. (D) dUTX enrichment. (E) LPT enrichment.
(F) H3K27me3 enrichment. Fold enrichments were
calculated for each region of the genome by taking
the read density per base pair of each region divided by
the median read density per base pair of the appropriate
background regions: all state 7 regions for A–C, all
state 5 regions for D,E, and all state 1 regions for F. The
boxes indicate the two middle quartiles, the horizontal
line within the box indicates the median, and the
vertical extending lines indicate 1.5 times the inter-
quartile range. The notches shown around the median
indicate a 95% confidence interval of the median.
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eye-antenna imaginal discs or knockdown of Trr or its
partner, LPT, in wing imaginal discs and in S2 cells show
a global decrease in both H3K4me1 and the enhancer-
associated mark of H3K27ac (Figs. 1–3). Assays at the cut
locus confirm a role for Trr in enhancer-mediated pro-
cesses (Fig. 4). Using ChIP-seq in cells depleted of Trr by
RNAi, we found that chromosomal regions most affected
for H3K4me1 and H3K27ac share chromatin properties
with enhancers (Fig. 6). Furthermore, the deletion of one
of the mammalian Trr homologs, the Mll3 gene, results
in a reduction in H3K4me1 levels with a concomitant
increase in H3K27me3 (Fig. 7A). Since loss of Trr or LPT

leads to an increase of H3K27me3 at enhancer regions,
we propose a role for Trr/COMPASS in regulating the
transition from inactive/poised enhancers to active en-
hancers. As Trr/LPT and dUTX are conserved in mam-
mals, our findings have implications for understanding
the transitions among various enhancer states during de-
velopment and their misregulation in disease.

Trr/LPT and Mll3/Mll4 COMPASS-like complexes were
previously shown to be major activators of hormone-
responsive genes and are required for the establishment
of H3K4me3 at promoter regions of these genes (Sedkov
et al. 2003; Lee et al. 2006; Chauhan et al. 2012). A promoter-

Figure 7. The mammalian homolog of Trr, Mll3, is one of the major monomethyltransferases in mammalian cells. (A) Many
promoter-distal elements (those H3K4me1 peaks not occurring within a gene) in Mll3 knockout (KO) MEFs exhibit a reduction in the
H3K4me1 levels and an increase in H3K27me3 levels (right scatter plot), whereas Mll1 knockout MEFs display an increase in H3K4me1
and H3K27me3 levels (left scatter plot). The quotient of fold enrichment (immunprecipitation/whole-cell extract) in mutant MEFs
versus wild-type (WT) MEFs was plotted for both the X-axis and Y-axis for H3K4me1 and H3K27me3, respectively. The scatter plot
point density is indicated by color. (Blue) Low; (red) medium; (yellow) high. Mll1 and Mll3 wild-type and knockout MEFs were
previously described in Hanson et al. (1999), Hughes et al. (2004), and Wang et al. (2009). (B) Decrease of H3K4me1 and increase of
H3K27me3 over the Hoxd cluster in Mll3 knockout MEFs. Whole-cell extracts (WCE) represent the input chromatin. (C) Model
describing the role of Mll3/4/Trr COMPASS-like complexes in the transitioning of enhancer activation. Mll3/4 in mammals and Trr in
Drosophila participate in complexes joining the H3K27 demethylase UTX with the H3K4 monomethyltransferase activity of Mll3/4
and Trr to allow for H3K4me1 by the Trr/COMPASS and H3K27ac by CBP on enhancers. The transition to the active state of enhancers
is promoted by activation of the Trr/Mll3/Mll4 COMPASS complex, which is able to achieve demethylation of H3K27me3 through
UTX and H3K4me1 through Trr/Mll3/Mll4. CBP is activated via its interaction with UTX.
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proximal function for Trr is in agreement with our
observation that Trr, LPT, and dUTX localize to many
TSSs (Fig. 5A,C). However, it is somewhat surprising that
the knockdown of Trr or LPT does not significantly af-
fect H3K4me3 at active promoters in S2 cells, as many
Trr peaks localize near TSS regions (Fig. 5C). This is not
specific to S2 cells, as the loss of Trr by RNAi does not
result in global reduction in H3K4me3 levels in fly tissue
(Mohan et al. 2011). Trr has been reported to be required
for bulk H3K4me3 in embryos and prepupae (Sedkov et al.
2003; Chauhan et al. 2012); however, Trr localization at
TSSs does not necessarily imply a functional role for Trr
in H3K4me3 at promoters in all developmental contexts.
Trr could provide a ‘‘priming’’ mechanism without func-
tional consequences for H3K4me3. Additionally, dSet1
and/or Trx might be able to compensate for a loss of Trr
function at some TSSs. We did observe an increase in
H3K4me1 at TSSs after Trr or LPT RNAi (Fig. 6A; Sup-
plemental Fig. S6A), which may be an indication of a
change in competition among the different Set1-related
enzymes or other, as yet unknown, factors for binding to
TSS regions.

Our finding that the Trr/COMPASS-like complex is
responsible for H3K4me1 at enhancers suggests a context-
dependent difference in the activity of this complex. In
vitro data from our group (Supplemental Fig. S2) and others
(Ardehali et al. 2011) suggest that Trr/COMPASS may
have a tendency that is skewed toward H3K4me1 com-
pared with dSet1/COMPASS, which appears to be a better
H3K4 trimethyltransferase (Supplemental Fig. S2). How-
ever, at the promoters of hormone-inducible genes, the
binding of the ecdysone receptor and its partner, ultra-
spiracle, could target and stabilize Trr long enough to
establish a trimethylated state. Alternatively, the cobind-
ing of hormone receptors with the Trr/COMPASS-like
complex might induce structural changes to open the
catalytic pocket of Trr to transform Trr from a H3K4
monomethylase to a di- and trimethylase at target pro-
moters, similar to what has been proposed for yeast
Set1/COMPASS and its interactions with the Cps40
subunit of the complex (Takahashi et al. 2009). At en-
hancers, H3K4me1 is found over very broad regions,
which is in contrast to the sharp peaks of H3K4me3 seen
at TSSs. Therefore, in the context of enhancers, the Trr/
LPT complex could be less constrained, interacting more
transiently with nucleosomes within a certain domain.
Investigating how the Trr/COMPASS complex is re-
cruited and regulated at enhancers is an important area
for future investigation.

Recently, studies in differentiated and embryonic stem
(ES) cells have led to the hypothesis that enhancers can
exist in inactive/poised and active states (Heintzman
et al. 2009; Creyghton et al. 2010; Rada-Iglesias et al.
2011; Zentner et al. 2011; Bonn et al. 2012). The inactive/
poised enhancer state is marked by H3K4me1, and it is
proposed that transition to dually marked H3K4me1 and
H3K27ac at active enhancers can facilitate gene activa-
tion. We found that the knockdown of Trr led to decreases
in H3K4me1 in several S2 cell chromatin states described
by Kharchenko et al. (2011), with the most pronounced

effects for states 3, 4, and 6, each of which is likely to
contain enhancers. State 6 (Pc-repressed) displays features
of inactive/poised enhancers with lower enrichment of
H3K4me1 (Fig. 6A) and no H3K27ac (Fig. 6C). State 3 has
characteristics of active enhancers with the highest levels
of H3K4me1 and high levels of H3K27ac. State 4 also has
high levels of H3K4me1 but only moderate levels of
H3K27ac. This state could include enhancers that are in
an intermediate state between the active and inactive/
poised states. The H3K27 demethylase UTX (MG Lee
et al. 2007; Smith et al. 2008) could play an important role
in the transition of these enhancer states, since removal
of the H3K27me3 mark at enhancers would allow for
H3K27ac by CBP/p300 (Heintzman et al. 2009; Tie et al.
2009, 2012; Visel et al. 2009; Kim et al. 2010). Together
with the fact that UTX is a subunit-specific component of
the Drosophila Trr/LPT and mammalian Mll3/Mll4 com-
plexes (Cho et al. 2007; Issaeva et al. 2007; MG Lee et al.
2007; Patel et al. 2007; Mohan et al. 2011), this provides
an attractive model in which the transition from in-
active/poised enhancers to active enhancers is controlled
by a functional module that combines H3K4me1 by Trr/
Mll3/Mll4 with the removal of H3K27me3 by UTX,
allowing for H3K27ac by CBP/p300 (Fig. 7C). Alterna-
tively, the recruitment of UTX via Trr/Mll3/Mll4 com-
plexes to enhancer regions could activate CBP function
by context dependency and the presence of the interac-
tion of UTX and CBP on these enhancer regions.

It is possible that the Trr/COMPASS-like complex
could function in H3K4me1 in other contexts besides
enhancers. One function previously proposed for dUTX
and its mammalian homologs, UTX and JMJD3, was
facilitating transcription elongation by maintaining
H3K27 in an unmethylated state, thereby preventing Pc
repression on gene bodies (Smith et al. 2008; Seenundun
et al. 2010; Chen et al. 2012). H3K4me1 and H3K27ac, in
addition to being found at enhancers, are significantly
enriched on gene bodies of actively transcribed genes.
The largest reductions in these modifications that we
observed after Trr knockdown were in states 3 and 4,
which Kharchenko et al. (2011) noted are chromatin states
more likely to be found in long genes in Drosophila than
short ones. Shorter genes are predominantly comprised of
state 1 (TSSs, marked by H3K4me3) and state 2 (exons,
marked by H3K36me3) (Kharchenko et al. 2011). Shorter
genes might be less dependent on elongation factors.
However, due to the compact nature of the Drosophila
genome, in which genes are closely packed, many en-
hancer elements are embedded within introns. Thus,
Kharchenko et al. (2011) summarized state 3 as an ‘‘ac-
tively transcribed intron (enhancer)’’ largely due to the
enrichment of H3K27ac and H3K4me1. Furthermore, this
state was enriched for DNase-hypersensitive sites, a fea-
ture consistent with active enhancers. Therefore, since in
Drosophila enhancers are frequently located within in-
trons and since the transcribed exon states 2 and 5 show
smaller changes in H3K4me1 or H3K27ac after trr-RNAi,
at least some of the changes that we observed in H3K4me1
and H3K27ac are likely due to enhancer functions of Trr.
Another argument in favor of Trr functioning at enhancers
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is that chromatin state 6 (Pc-repressed), which has high
levels of H3K27me3 and is transcriptionally repressed, also
shows significant losses in H3K4me1 levels after Trr and
LPT knockdown (Fig. 6A; Supplemental Fig. S6A). Pc-
repressed domains include developmentally regulated
genes as well as their enhancers, known as Polycomb
response elements (PREs).

PREs enriched for H3K27me3 and H3K4me1 could be
the Drosophila equivalent of some of the inactive/poised
enhancers described in mammalian cells. An interesting
question is how an enhancer transitions from an inactive/
poised state to an active state. In mammalian ES cells,
CBP/p300 is present at enhancers in the inactive/poised
state, yet H3K27 is methylated, preventing acetylation. A
signaling event activating UTX within the Mll3/Mll4
complex and/or inactivating the H3K27 methyltrans-
ferases E(z) homolog 1/2 would allow H3K27 to be demeth-
ylated and then acetylated. However, at this point, it is
not clear whether the H3K27 demethylase function of
UTX is generally required for this transition from an
inactive/poised state to an active enhancer state. In Dro-
sophila, dUTX mutants, while generally lethal, do survive
into adulthood (Herz et al. 2010). Similarly, mouse ES cells
require UTX for differentiation into mesoderm but not its
demethylase activity (Wang et al. 2012), indicating that
dilution of H3K27me3 through replication, chromatin
remodeling, and histone replacement could also lead to
the transitioning from an inactive/poised state to an active
enhancer state. Studies in Drosophila, with less redun-
dancy of some of these factors, and established genetics for
assaying enhancer function will provide a useful system to
answer some of these questions.

Recently, UTX and MLL3/4 have emerged as major
regulators of tumorigenesis, being frequently mutated in
different cancers (van Haaften et al. 2009; Ashktorab et al.
2010; Morin et al. 2011; Parsons et al. 2011; Mar et al.
2012). Some of the effects on tumorigenesis might be
exerted through the direct role of UTX and MLL3/4 in
gene activation by establishing H3K4me3 at promoters.
However, a recent report of changes in histone modifica-
tion patterns at enhancers highlights the importance of
properly maintaining enhancer activity to prevent carci-
nogenesis (Akhtar-Zaidi et al. 2012). Our findings reported
here raise the possibility that mutations in UTX or MLL3/4
might alter the enhancer landscape by misregulating
H3K4me1 and H3K27ac levels, and this could contribute
to tumorigenesis through changes in enhancer activity of
genes, including tumor suppressor genes.

Materials and methods

Antibodies

Histone antibodies Rabbit a-H3 (1791; Abcam) was used at
1:50,000 (S2 cells and yeast extract) for Westerns. Rabbit
a-H3K4me1 (8895, Abcam) was used at 1:1000 for imaginal
disc stainings, 1:20,000 (S2 cells) and 1:50,000 (yeast extract) for
Westerns, and 30 mL (10 mg) was used for ChIP-seq. Rabbit
a-H3K4me1 (39297, Active Motif) was used at 1:25,000 (yeast
extract) for Westerns, and 25 mL was used for ChIP-seq. Rabbit
a-H3K4me2 (32456, Abcam) was used at 1:5000 (S2 cells) and

1:10,000 (yeast extract) for Westerns, and 25 mL was used for
ChIP-seq. Rabbit a-H3K4me3 (8850, Abcam) was used at 1:1000
for imaginal disc stainings and 1:100,000 (yeast extract) for
Westerns. Rabbit a-H3K4me3 (#528, Shilatifard laboratory)
was used at 1:2000 (S2 cells) and 1:25,000 (yeast extract) for
Westerns, and 25 mL was used for ChIP-seq. Rabbit a-H3K27ac
(4729, Abcam) was used at 1:4500 for imaginal disc stainings,
and 10 mL (10 mg) was used for ChIP-seq. Rabbit a-H3K27me3
(39155, Active Motif): Twenty micrograms was used for ChIP-seq.

Other antibodies Mouse a-Cut (2B10, supernatant, Develop-
mental Studies Hybridoma Bank [DSHB]) was used at 1:50 for
imaginal disc stainings. Rabbit a-Hcf (a kind gift from Jerry
Workman) was used at 1:400 for imaginal disc stainings. Rabbit
a-LPT (#470, Shilatifard laboratory) was used at 1:400 for
imaginal disc stainings, and 50 mL was used for ChIP-seq. Rabbit
a-LPT (#471, Shilatifard laboratory) was used at 1:4000 (S2 cells)
for Westerns. Rabbit a-N (C458.2H, supernatant, DSHB) was
used at 1:20 for imaginal disc stainings. Rabbit a-RBBP5 (300A-
109A, Bethyl Laboratories) was used at 1:200 for imaginal disc
stainings (cross-reacts to some degree with Drosophila Rbbp5).
Rabbit a-Rpb1 (#828+829, Shilatifard laboratory): Twenty micro-
grams was used for ChIP-seq. Rabbit a-dSet1 (#868, Shilatifard
laboratory) was used at 1:500 for imaginal disc stainings and
1:1000 (S2 cells) for Westerns. Mouse a-a-Tub (#E7 supernatant,
DSHB) was used at 1:2000 (S2 cells) for Westerns. Rabbit a-Trr
(#570, Shilatifard laboratory) was used at 1:500 for imaginal disc
stainings and 1:4000 (S2 cells) for Westerns, and 50 mL was used
for ChIP-seq. Rabbit a-Trx (#567, Shilatifard laboratory) was used
at 1:500 for imaginal disc stainings. Rabbit a-Trx (#568, Shilatifard
laboratory) was used at 1:1000 (S2 cells) for Westerns. Rabbit
a-dUTX (#662, Shilatifard laboratory) was used at 1:500 for
imaginal disc stainings and 1:4000 (S2 cells) for Westerns. Rabbit
a-dUTX (#663, Shilatifard laboratory): Fifty microliters was used
for ChIP-seq. Rabbit a-Wg (4D4, supernatant; DSHB) was used at
1:50 for imaginal disc stainings.

ChIP-seq

Drosophila S2 cells (one T75 flask per histone antibody and
two T75 flasks for other antibodies) were cross-linked in 1%
formaldehyde (by adding 37% formaldehyde to medium) on a
nutator for 15 min at room temperature. Samples were quenched
by adding 2.5 M glycine to a final glycine concentration of
225 mM and incubated on a nutator for 5 min at room temper-
ature. Following centrifugation at 2000g for 5 min at 4°C, the
supernatant was aspirated. The cell pellet was resuspended in
5 mL of Orlando/Paro buffer (10 mM Tris HCl at pH 7.5, 10 mM
EDTA, 0.5 mM EGTA, 0.25% Triton X-100, 0.5 mM DTT,
protease inhibitors [complete, EDTA-free, catalog no. 05056489,
Roche]) and centrifuged at 2000g for 5 min at 4°C. The superna-
tant was aspirated, and the wash step with Orlando/Paro buffer
was repeated for another two times. The cell pellet (;100 mL for
one T75 flask) was resuspended in 1.5 mL of RIPA buffer (25 mM
Tris at pH 7.5, 140 mM NaCl, 1% Triton X-100, 1 mM EDTA,
0.1% SDS, 0.1% Na-deoxycholate, 0.5% N-lauroylsarcosine,
0.5 mM DTT, protease inhibitors [complete, EDTA-free; cata-
log no. 05056489, Roche]) per 100 mL of cell pellet, and 1.5-mL
samples were sonicated for 15 min (50% on/off cycle, high)
(Bioruptor, Diagenode) in 15-mL hard plastic tubes (430055,
Corning). Sonicated chromatin was centrifuged at 14,000 rpm
for 20 min at 4°C, and the supernatant was kept. Ten microliters
of the sonicated chromatin was kept for gel analysis (to check
sizing pattern), and 50 mL was used as an input control. Sizing
samples were reverse-cross-linked overnight at 65°C by adding
90 mL of RIPA and 3 mL of proteinase K (30 mg/mL), and input
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samples were reverse-cross-linked by adding 50 mL of RIPA and
5 mL of proteinase K and processed/purified in the same way as
the ChIP samples (see below). The remaining chromatin was
diluted twofold with RIPA buffer (without N-lauroylsarcosine)
and incubated overnight at 4°C with the respective antibody on
a nutator. Sixty microliters of protein A agarose (15918-014,
Invitrogen) was washed in 5 mL of RIPA buffer and centrifuged
at 1000 rpm for 2 min at 4°C. The supernatant was aspirated,
and the chromatin sample was added and incubated for 2 h at
4°C on a nutator. After centrifugation at 1000 rpm for 2 min at
4°C, the protein A agarose was transferred into a 1.5-mL tube,
washed with 1 mL of RIPA buffer, incubated for 5 min at room
temperature on a nutator, and centrifuged at 2500 rpm for 2 min
at 4°C. The supernatant was aspirated, and the previous
washing steps were repeated another five times. Elution was
performed on a nutator for 20 min at room temperature with
300 mL of elution buffer (0.1 M NaHCO3, 1% SDS) containing
proteinase K (1 mL of elution buffer, 5 mL proteinase K [30 mg/
mL]), and the sample was centrifuged at 2500 rpm for 2 min at
room temperature. The supernatant was kept, and the elution
step was repeated. Elution fractions were pooled and reverse-
cross-linked overnight at 65°C. One microliter of RNase A
(R4642, Sigma) was added to reverse-cross-linked samples
followed by incubation for 1 h at 37°C. DNA was isolated with
the Qiagen PCR purification kit and eluted in 50 mL of H2O,
and DNA concentration was determined by Pico Green assay
(Invitrogen).

MEFs ChIP was performed according to a previously described
protocol (Wang et al. 2009). Briefly, ;107 MEFs for each assay
were cross-linked with 1% formaldehyde and sonicated. Ten
micrograms of antibody and 50 mL of protein A agarose were used
in the ChIP assays.

ChIP DNA was amplified using an adapted version of the
RNA TrueSeq sample prep kit (single end primers; Illumina) to
allow for different barcoding of individual ChIP libraries. DNA
libraries were validated on a 2100 Bioanalyzer (Agilent Tech-
nologies) before submission to sequencing. Up to six libraries
were combined per lane. Reads were generated on the HiSeq
2000 using default Illumina standards for base calling and read
filtering. Reads were aligned to the fly genome, University of
California at Santa Cruz (UCSC) dm3, using Bowtie version
0.12.7, allowing unique reads only and up to three mismatches
of the 50-base-pair (bp) read length. Enrichment for all ChIP-seq
samples was determined by MACS version 1.4.1 with a thresh-
old of P < 1 3 10�5 and a fold change greater than five, or false
discovery rate (FDR) <5%. Gene and transcript annotations for
flies are from Ensembl 67 and were used to determine the
distance to the nearest TSSs for Trr-enriched regions (Fig. 5C).
Gene ontology (GO) term analysis (Fig. 5D) was performed
using DAVID (accessed July 2012) for the unique gene identi-
fiers associated with overlapping Trr, LPT, and dUTX peaks that
are nearest to any isoform TSS. The ChIP-seq profile dia-
gram (Fig. 5C) displays only the canonical start site for each
gene and is sorted based on the minimum distance and ori-
entation (upstream/downstream) of a Trr peak to the canonical
start site. The analyses for Figures 5 and 6 and Supplemental
Figure S6 were carried out with one replicate each. Additional
biological replicates of H3K4me1 and H3K27ac after trr-RNAi

are available at Gene Expression Omnibus (GEO). Mouse
sequencing data (Fig. 7) were aligned using the same parame-
ters above and the UCSC mm9 genome. Scatter plots show fold
changes of enrichment as calculated by first determining wild-
type peaks of H3K4me1 at FDR <5% using MACS and then
by calculating the total read sums for the input and immuno-
precipitation samples, respectively, within these areas of en-

richment. The ratio of immunoprecipitation over input for
the knockout sample was divided by the ratio of immu-
noprecipitation over input for the wild-type sample, resulting
in a fold change for each wild-type peak region. The same
calculation of fold changes was performed for H3K27me3
levels within the H3K4me1 peak regions. The points shown
are wild-type H3K4me1 peak regions occurring upstream of
or downstream from a gene with a RefSeq mRNA identifier
from Ensembl 66 (Fig. 7A). All sequencing data are available
at the GEO accession number GSE41440

Processed ChIP–chip CBP data for the enrichment profile
shown (Fig. 5C) were obtained from Tie et al. (2012). Enriched
regions were determined at a fold change >1.1.

Chromatin state analysis Regions for the nine colors of chro-
matin resulting from the analysis by Kharchenko et al. (2011)
were downloaded from http://intermine.modencode.org/release-
30/report.do?id=69000052. In order to determine fold enrich-
ment distributions for each chromatin state, a background nor-
malization algorithm was applied. First, the average level of
background read density per base pair for each region of hetero-
chromatin (state 7) was computed, where the expected level of
real signal for H3K4me1, H3K4me3, and H3K27ac is to be the
lowest (Kharchenko et al. 2011). The average read density per
base pair for each state 7 region was computed by taking the total
number of unprocessed reads within each state 7 region divided
by the width of the region. The median value of the resulting
distribution of average read densities for state 7 was selected as
a background measurement value. Using this background value,
the average read density per base pair for all state regions was
computed by dividing each region’s average read density per
base pair by the background value. Therefore, each region of
the genome is represented as a single fold enrichment value
over background, and each state is represented as the distribu-
tion of individual fold enrichment values from the correspond-
ing regions of the given state. The distribution of fold enrich-
ment values was plotted in order to determine gains and losses
for various histone modifications (H3K4me1, H3K4me2, and
H3K27ac) between wild-type and RNAi-treated samples with
respect to their chromatin states. Wild-type and trr-RNAi

region analysis for each histone modification tested used its
own level of background, respectively. For H3K27me3 analysis,
state 1, having the lowest levels of this modification, was
chosen for normalization. For analysis of dUTX and LPT levels,
state 5, having the lowest levels of these factors, was chosen for
normalization.

Fly lines

RNAi lines were as follows: UAS-ash2-RNAi (100718, Vienna
Drosophila RNAi center [VDRC]), UAS-Dpy-30L1-RNAi (27626,
VDRC), UAS-Hcf-RNAi (36799, Bloomington Drosophila Stock
Center), UAS-LPT-RNAi (25994, Bloomington Drosophila Stock
Center), UAS-Ncoa6-RNAi (34964, Bloomington Drosophila

Stock Center), UAS-Ptip-RNAi (32133R-1, National Institute of
Genetics Japan), UAS-Rbbp5-RNAi (106139, VDRC), UAS-
dSet1-RNAi (40682, VDRC), UAS-trr-RNAi (29563, Blooming-
ton Drosophila Stock Center), UAS-trx-RNAi (108122, VDRC),
and UAS-dUTX-RNAi (34076, Bloomington Drosophila Stock
Center).

All RNAi crosses were performed at 27°C to increase knock-
down efficiency.

ctk was a kind gift from Dale Dorsett. trr1 FRT19A/FM7, act-
GFP was a kind gift from Alexander Mazo. ubi-GFP FRT19A; ey-

FLP was a kind gift from Ishwar Hariharan.
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Histone methyltransferase assay

The SET domains of Trr (amino acids 193–421 from AAL39418)
and dSet1 (amino acids 1403–1641 from NP_001015221) and full-
length human WDR5, ASH2L, RBBP5, and DPY30 (WARD) were
each cloned into N-terminally Flag-tagged pBacPAK8. Baculovi-
ruses were grown according to the manufacturer’s protocol
(BacPAKBaculovirus expression system, Clontech). Sf9 cells were
cotransfected with a virus mixture of Trr and human WARD,
dSet1 and human WARD, or human WARD followed by a-Flag
purification, respectively. Purified COMPASS-like complexes
were incubated with 0.5 mg of free histone H3 and 200 mM
S-adenosylmethionine in methyltransferase buffer (50 mM Tris-
HCl at pH 8.8, 20 mM KCl, 5 mM MgCl2, 0.5 mM dithiothreitol)
for 2 h at 30°C. The methylation status of histone H3 was
examined by Western blot with the specified antibodies.

Immunofluorescence labeling of imaginal discs

Antibody labeling of wing imaginal discs was performed as
described in Herz et al. (2012). Generally, an average of 30 discs
was dissected per experiment, and fluorescence intensities were
compared between the posterior and anterior compartments or
between wild-type and mutant clones.

Primers

Primers for RNAi in S2 cells were as follows: lacZ forward,
TAATACGACTCACTATAGGGAGGAATGCTTAATCAGTGA
GGCACC; lacZ reverse, TAATACGACTCACTATAGGGAGGAA
AGCCATACCAAACGACGAGC; LPT 1 forward, TAATACGA
CTCACTATAGGGCGACGAGGAGCACTAACTCC; LPT 1 re-
verse, TAATACGACTCACTATAGGGCTTCTTGAGACCTCG
GTTGC; LPT 2 forward, TAATACGACTCACTATAGGGTT
GTTGTGAGCATGGAGGAG; LPT 2 reverse, TAATACGACT
CACTATAGGGCCGTAGCGTCCACAAAAGTT; dSet1 1 for-
ward, TAATACGACTCACTATAGGGAGCGAAGAAAAGACG
ACGAA; dSet1 1 reverse, TAATACGACTCACTATAGGGATTT
CGTCTGCAGCTATGGG; dSet1 2 forward, TTAATACGACTC
ACTATAGGGAGAAGAGATTCAGATTCACGTCCTCG; dSet1
2 reverse, TTAATACGACTCACTATAGGGAGAGCTTCATTT
GGCTGATGGAGAAC; trr 1 forward, TAATACGACTCACTAT
AGGGCGGAGACTCGCCTGGCAGCTTCTGC; trr 1 reverse,
TAATACGACTCACTATAGGGCCTGGTTGGTGACAAGC
GCTACACG; trr 2 forward, TTAATACGACTCACTATAGG
GAGAAAGACGGAGCTGCTTCTCGGA; trr 2 reverse, TTAA
TACGACTCACTATAGGGAGACATCAGCTGGGTTTTCATC
TTGG; trx 1 forward, TAATACGACTCACTATAGGGGCCAG
TGTGTCCAAGTGCTATGCCC; trx 1 reverse, TAATACGACTC
ACTATAGGGGCGCTGGCATCCACTTCCATCGTCG; trx 2
forward, TAATACGACTCACTATAGGGGCAATGCAGCAG
ATCAAAAA; and trx 2 reverse, TAATACGACTCACTATAG
GGTCGATTCATCACCAACAGGA.

Quantitative RT–PCR primers were as follows: ash2 forward,
TTTATGCCGGCAGCTATTTC; ash2 reverse, GAGCACCTCG
GGATACTTGA; Dpy-30L1 forward, GCCGTGGACAACAA
CTCCTA; Dpy-30L1 reverse, TTCACTGTTCAATTATACAAC
TAAGGA; Hcf forward, ATCTGCCTCTGCCCTGTTTA; Hcf
reverse, ACGTCAGTTGTGCTGCTCAC; LPT forward, CGAC
AAGAAGCTCAGGAACC; LPT reverse, TGGGTGTGTTCT
GCATCATT; Ncoa6 forward, TCCGTTCTGGATACCCTCAC;
Ncoa6 reverse, GCGTCTTGCAGGAGAGATTC; Ptip forward,
CACCTCATGTCATTGGATGC; Ptip reverse, ACCTGTTGG
CGAAGCATTAC; Rbbp5 forward, CGGACAAAACTACCCAG
AGG; Rbbp5 reverse, CCTCGTCAGAAAATCCCAGA; dSet1
forward, TCCGGGTTACAATGAGGAAG; rp49 forward, CCAG

TCGGATCGATATGCTAA; rp49 reverse, GTTCGATCCGTAA
CCGATGT; dSet1 reverse, TCCTCGGAGTCGCTGTAAAT; trr
forward, TAAGGTGCACAAGTGGTTGC; trr reverse, CTTTC
CAGGATTCGCACAAT; trx forward, AAAGGATCAAAACG
GTGACG; trx reverse, ACTTGCTCAAGGCTTTTCCA; dUTX
forward, AATGTTGGACCCTTGACTGC; and dUTX reverse,
TCCTTGCAAGATTCCAGCTT.

RNAi in S2 cells

We used 10 mg of dsRNA per 1.5 3 106 cells per 60-mm well (six-
well plate) or 80 mg of dsRNA per 12 3 106 cells per T75 flask with
2.5 mL of SFX medium (1% penicillin/streptomycin) per 60-mm
well and 20 mL of SFX medium (1% penicillin/streptomycin)
per T75 flask. dsRNA was mixed with the corresponding volume
of S2 cells (0.6 3 106 S2 cells per milliliter) and distributed in
either 60-mm wells or T75 flasks. RNAi-mediated knockdown
was performed for 5 d.
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