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Histone H3 methylation at Lys27 (H3K27 methylation) is a hallmark of silent chromatin, while H3K4
methylation is associated with active chromatin regions. Here we report that a Drosophila JmjC family member,
dUTX, specifically demethylates di- and trimethylated but not monomethylated H3K27. dUTX localization on
chromatin correlates with the elongating form of RNA polymerase II (Pol II), and dUTX can associate with Pol
II. Furthermore, heat shock induction results in the recruitment of dUTX to the hsp70 gene, like that of several
other Pol II elongation factors. Our data indicate that dUTX is intimately associated with actively transcribed
genes and may provide a paradigm for how H3K27 demethylation is required for the activation of preinitiated
Pol II on transcriptionally poised genes.

Histone H3 methylation at lysine 27 (H3K27 methylation)
is a chromatin modification that is enriched at silent genes
and is mediated by Polycomb (PcG) group proteins (24, 28).
PcG proteins are required for the stable maintenance of
HOX gene silencing during animal development. In con-
trast, the trithorax (trxG) group of proteins mediates Lys4
methylation of H3 (H3K4 methylation), which is associated
with the maintenance of open chromatin at HOX genes to
ensure proper expression of these genes during develop-
ment (28). The roles of these proteins in cellular memory,
together with the stability of histone methylation relative to
other histone modifications, have led to the assumption that
H3K4 and H3K27 methylation marks are also stable. How-
ever, the recent discovery of histone lysine demethylases has
led to a reappraisal of the stability of many histone meth-
ylation marks (18, 25, 27).

Previously, we and others demonstrated that the trithorax
group gene little imaginal discs (lid) encodes a JmjC domain-
containing histone demethylase that demethylates trimeth-
ylated H3K4 (H3K4me3) (9, 22, 26). While lid is genetically
classified as a trxG member in Drosophila melanogaster, a
human homolog of Lid, Jarid1D, has been found to associ-
ate with PcG proteins (20), suggesting that the cellular ma-
chinery responsible for the maintenance of Lys27 methyl-
ation and gene silencing works, in part, by demethylation of
the activating H3K4 trimethyl mark. In a continuing effort to
understand the cellular and molecular functions of the JmjC
demethylases, we have been studying the biochemical and
genetic properties of these factors. In this article, we de-
scribe the initial characterization of the Drosophila UTX
homolog, a JmjC domain-containing histone demethylase

that demethylates H3K27me3, a mark associated with Poly-
comb repression. We find that dUTX is closely associated
with RNA polymerase II (Pol II) on actively transcribed
genes, including heat shock loci, suggesting a possible role
for H3K27 demethylation on preinitiated Pol II on tran-
scriptionally poised genes.

MATERIALS AND METHODS

Antibodies. Commercially available antibodies used in this study are as fol-
lows. Anti-mono-, di-, and trimethyl H3K27 (07448, 07452, and 07449), anti-
trimethyl H3K4 (07473), and anti-trimethyl H3K9 (07442) were purchased from
Upstate/Millipore. The anti-trimethyl H3K36 (ab9050), anti-trimethyl H3K79
(ab2621), and anti-trimethyl H4K20 (ab9053) antibodies were purchased from
Abcam. The anti-FLAG antibody (F3165) was from Sigma. H5 and H14 (rec-
ognizing Ser2- and Ser5-phosphorylated Pol II) were purchased from Covance
(MMS-129R and MMS-134R). Rabbit anti-dUTX custom antibodies were pre-
pared against synthetic peptides at Pocono Rabbit Farm and Lab. The dUTX
immunogen was the peptide Gly-Val-Glu-Ile-Arg-Phe-Asn-Gly-Arg-Gly-Lys-
Asn-Glu-Ala-Ser-His-Tyr-Cys. The anti-dUTX antibody was affinity purified
with Sulfolink resin (Pierce) bearing the immunizing peptide by using the man-
ufacturer’s protocol. Anti-HP1 monoclonal antibody C1A9 was a gift from Sarah
Elgin.

Immunofluorescence. Salivary gland polytene chromosome squashing and
staining were done essentially as previously described (8).

Immunoprecipitation. Immunoprecipitations were done as previously de-
scribed (30), using 0.35 M NaCl in the buffer for nuclear extraction and washing
of immunoprecipitates.

Heat shock chromatin immunoprecipitation. Dmel-2 cells, a derivative of
Schneider line 2 from Invitrogen, were grown to near-confluence in a 100-mm-
diameter dish in SFX insect medium (HyClone). For heat shock, the medium
was removed from a dish of cells growing at room temperature, and 10 ml of
fresh medium prewarmed to 37°C was added. Cells were placed in a 37°C
incubator for 5 min. The medium was aspirated from the dish, and 10 ml of room
temperature medium was added. Two hundred seventy microliters of 37% form-
aldehyde was added to the dish, and cells were fixed for 10 min at room tem-
perature to ensure that heat-shocked and non-heat-shocked cells cross-linked
with the same efficiency. Quenching with glycine and the rest of the chromatin
immunoprecipitation procedure were done as previously described (29). Hsp70
primers at 1 kb into the hsp70 transcribed region were CATCGACGAGGGA
TCTCTGTTC and GGCGCGAGGGTTGGA (4). Rp49 primers were AGAG
TTCTTGTAACGTGGTCGGAATA and CAATGGTGCTGCTATCCCA
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ATC. DNA obtained from the chromatin immunoprecipitation was measured by
SYBR green real-time PCR using a Bio-Rad iCycler.

Histone demethylation assay. Bulk histones (4 �g; Sigma) were incubated with
1 to 2 �g of recombinant proteins in a histone demethylase assay buffer [20 mM
Tris-HCl (pH 7.3), 150 mM NaCl, 100 �M (NH4)2(SO4)2, 1 mM �-ketoglutarate,
2 mM ascorbate, 5% glycerol, and 0.2 mM phenylmethylsulfonyl fluoride] in a
final volume of 10 �l for 5 to 7 h at 37°C. The reaction mixture was analyzed by
sodium dodecyl sulfate-polyacrylamide gel electrophoresis, followed by Western
blotting.

Fly stocks and crosses. The UTX RNA interference (RNAi) fly stock (5640-
R-2) was obtained from the National Institute of Genetics (Japan) and corre-
sponds to an upstream activation sequence-Gal4-driven 500-nucleotide hairpin
targeting all known isoforms of CG5640 (dUTX). RNAi transgene males were
crossed to yw; Act5c-Gal4/CyO, y� females. For polytene staining from dUTX

knockdown larvae, we chose male larvae with y� mouth hooks. Adult flies were
used for knockdown and control Western blot analysis. Flies were separated on
the basis of straight or curly wings.

RESULTS AND DISCUSSION

Recently, the human UTX protein has been shown to
function as an H3K27 demethylase (21). In order to learn
about the cellular and molecular properties of this enzyme,
we have identified its Drosophila homolog, dUTX (Fig. 1A).
UTX was originally discovered as an X-linked homolog of a
ubiquitously transcribed gene on the mammalian Y chromo-

FIG. 1. The Drosophila homolog of UTX is an H3 lysine 27 demethylase. (A) Schematic representation of the domain organization of
Drosophila UTX (CG5640) and its human homologs. Members of the UTX family have a conserved JmjC domain at the C terminus and 5 to 6
tetratricopeptide repeats (TPR) at the N terminus. Human UTX and UTY are X and Y chromosome-linked homologs, respectively, from a
pseudoautosomal portion of the sex chromosomes and are therefore highly similar. Since the Y-linked copy of such X-Y pairs generally mutates
at a higher rate (13), the X-linked copy, UTX, can be considered more orthologous to the Drosophila homolog. dUTX shares higher overall
sequence identity with UTX than with UTY or JMJD3. (B) Expression of recombinant dUTX in a baculovirus system. N-terminally Flag-tagged
dUTX was purified from SF21 cells. Asterisks indicate nonspecific polypeptides. (C) Different amounts of recombinant dUTX (1 and 2 �g) were
used in histone demethylation assays using bulk histones as substrates, and reaction mixtures were analyzed by sodium dodecyl sulfate-
polyacrylamide gel electrophoresis, followed by Western blotting with antibodies to various sites of histone methylation. 1m, monomethylated; 2m,
dimethylated; 3m, trimethylated. (D) Expression of a mutant version of dUTX (dUTXm) that bears double mutations (H883A and E885A) in the
predicted iron-binding sites of the JmjC domain. Recombinant dUTXm was purified as described for panel B. (E) Comparison of H3K27
demethylase activities with 2 �g each of dUTX or dUTXm. Only the wild-type version of dUTX can demethylate H3K27me3, indicating that the
observed enzymatic activity is intrinsic to the dUTX polypeptide.
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some, UTY (14). In addition to a C-terminal JmjC domain,
both UTX and UTY contain an N-terminal domain with
several tetratricopeptide repeats, versatile protein binding
modules found in a variety of proteins with diverse cellular
functions (6). Remarkably, UTX was recently identified as a
component of trithorax-related MLL3 and MLL4 complexes
that mediate the methylation of H3 on lysine 4 (5, 16).
Together, these findings reveal a new level of complexity in
the regulation of gene expression by Polycomb and trithorax
proteins through histone methylation and demethylation.

To determine whether dUTX is a histone demethylase in
vitro, recombinant dUTX was expressed in insect cells by
using a baculovirus expression system (Fig. 1B). dUTX spe-
cifically demethylated di- and trimethylated but not mono-
methylated H3K27 when presented with a mixture of total
histones (Fig. 1C). Furthermore, dUTX is not capable of
removing other repressive chromatin marks, such as
H3K9me3 or H4K20me3, or the sites of methylation marks
correlated with active transcription, such as H3K4me3 and
H3K36me3, in vitro (Fig. 1C). While H3K27 di- and tri-

FIG. 2. Demethylase activity in vivo. (A) Western blot demonstrating that anti-dUTX antibodies (�-dUTX) recognize full-length dUTX
protein. SF21 cells were infected with a dUTX baculovirus and probed with an affinity-purified rabbit polyclonal antibody recognizing dUTX. Two
different amounts of total-cell extract from uninfected (�) and dUTX virus-infected (�) cells were loaded onto the gel. (B to G) Antibodies to
dUTX were used to demonstrate reductions in dUTX protein levels after RNAi in Drosophila 3rd-instar larvae. Salivary glands from control (B
to D) or RNAi (E to G) larvae were immunostained with anti-dUTX antibodies (D and G). HP1 levels for control and dUTX knockdown larvae
were comparable (C and F). (B and E) Corresponding phase-contrast images. (H) H3K27 methylation levels are elevated in dUTX knockdown
flies. Western blots of increasing amounts of total histone from lid RNAi knockdown (RNAi ON) or control (RNAi OFF) flies were probed with
antibodies to H3K27 methylation and total histone H3.
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methylated forms are found primarily at repressive chroma-
tin sites, the monomethylated form of H3K27 is found in
coding regions of transcribed genes (3). Polycomb has a
strong preference for binding the trimethylated form of
H3K27, suggesting that demethylation down to the di- or
monomethylated form could disrupt Polycomb binding (10).
To ensure that the observed demethylase activity was intrin-
sic to dUTX and not a copurifying protein, a dUTX mutant
bearing double mutations in the JmjC domain was engi-
neered and expressed in the baculovirus system (Fig. 1D).
The purified mutant enzyme lacked catalytic activity, dem-
onstrating that dUTX is an H3K27 demethylase (Fig. 1E).

H3K27 methylation has been classically associated with
the stable maintenance of transcriptional silencing. There-
fore, it was of interest to determine the genomic distribution
of dUTX. Anti-dUTX antibodies were made against a C-
terminal peptide and tested for reactivity against full-length
dUTX. The antibody recognized dUTX in SF21 cells in-
fected with the Drosophila UTX baculovirus (Fig. 2A). To
help validate the specificity of the antibodies, we used a
dUTX-targeted RNAi transgenic line obtained from the
National Institute of Genetics (Japan). Significant reduc-
tions in levels of immunostaining with an anti-dUTX anti-
serum were observed for knockdown compared to control
polytene chromosomes from salivary glands (Fig. 2B to G).
This RNAi line was also used to assess H3K27 methylation
levels in extracts from adult flies. Modest levels of enrich-
ment of H3K27 methylation were observed in total histones
from adult flies after normalization to total-H3 levels (Fig.
2H). However, we were unable to detect significant changes
in H3K27 methylation levels by immunofluorescence on
polytene chromosomes of 3rd-instar larvae (data not
shown). This may indicate that other factors in addition to
dUTX are involved in H3K27 demethylation in vivo or that
dUTX may function at specific loci throughout develop-
ment.

Since dUTX staining appeared to occur in interband re-
gions, frequently sites of active transcription, we costained
chromosomes with antibodies recognizing elongating and
paused forms of Pol II (Fig. 3A to H). There was very
extensive colocalization with the elongating form of RNA
polymerase (Ser2-phosphorylated C-terminal domain
[CTD]) and a lesser extent of colocalization with the en-
gaged but paused form of RNA polymerase (Ser5-phospho-
rylated CTD). Although the Lys4 demethylase Lid also was
present in interband regions, it did not colocalize with the
elongating form of RNA polymerase (22), demonstrating
distinct biological roles for these enzymes.

To test if dUTX could be recruited to a gene upon activation
similarly to other elongation factors that we and others have
tested (1, 4, 11, 12, 31), we used the hsp70 gene as a model
inducible gene. Chromatin immunoprecipitation was per-
formed before heat shock and after 5 min of heat shock of
Schneider 2 cells. Antibodies directed to dUTX and RNA
polymerase both immunoprecipitated increased levels of the
hsp70 gene after heat shock (Fig. 4A). Consistent with the
chromatin immunoprecipitation results from Schneider 2 cells,
dUTX became highly enriched at major heat shock loci (puffs)
on polytene chromosomes (Fig. 4B to E). Furthermore, we

demonstrated that dUTX in cell extracts exists in complexes
associated with Pol II (Fig. 4F).

The colocalization of an H3K27 demethylase with the
elongating form of RNA polymerase was unexpected but is
emblematic of how little we understand about the mecha-
nisms of regulation of gene expression by histone modifica-
tions. The recent finding that human UTX associates with
trithorax family members is consistent with a role for dUTX
at transcribing genes (5, 16). Although no direct evidence
exists for demethylation of Lys27 in coding regions, it is
intriguing that a recent study found a large number of genes
with paused polymerases (15). Lorincz and Schubeler (23)
speculate that Polycomb group proteins could be responsi-
ble for the pausing of these polymerases. In this context, our
finding of a Lys27 demethylase colocalizing with the elon-
gating form of RNA polymerase suggests that demethylation
could be a key step in the pathway by which these genes are
activated.
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ADDENDUM

While this article was under review, several groups reported demeth-
ylase activity for UTX and the related enzyme JMJD3 in humans (2, 7,
17, 19, 32).
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