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Summary

Recent discoveries of histone demethylases demonstrate that histone methylation is reversible.
However, mechanisms governing the targeting and regulation of histone demethylation remain
elusive. Here we report that a Drosophila melanogaster JmjC domain-containing protein,
dKDMA4A, is a histone H3K36 demethylase. dAKDM4A specifically demethylates H3K36me2 and
me3 both in vitro and in vivo. Affinity purification and mass spectrometry analysis revealed that
Heterochromatin Protein 1a (HP1a) associates with dKDMA4A. We found that the
chromoshadow domain of HP1a and a HP1-interacting motif of dKDM4A are responsible for this
interaction. HP1a stimulates the histone H3K36 demethylation activity of dKDM4A and this
stimulation depends on the H3K9me binding motif of HP1a. Finally, we provide in vivo evidence
suggesting that HP1a and dKDMJ4A interact with each other and loss of HP1a leads to increased
level of histone H3K36me3. Collectively, these results suggest a function of HP1a in transcription
facilitating H3K36 demethylation at transcribed and/or heterochromatin regions.

Introduction

In eukaryotic cells, DNA exists in the form of chromatin. The basic unit of chromatin is the
nucleosome which consists of 146 base pairs of DNA wrapped around a histone octamer
(Kornberg and Lorch, 1999). Covalent modification of histones, including acetylation,
methylation, phosphorylation and ubiquitination, play an important role in regulating
chromatin dynamics and gene expression (Jenuwein and Allis, 2001; Strahl and Allis, 2000).
Histone lysine methylation is implicated in both gene activation and repression depending
on the methylation site and the state of methylation (mono-, di- or tri-methylation) (Li et al.,
2007a). For example, methylation at histone H3K4, K36 and K79 is associated with active
transcription, while methylation on histone H3K9, K27 and H4K20 is linked to gene
silencing (Martin and Zhang, 2005; Sims et al., 2003).

Histone methylation was long considered to be an irreversible reaction. Histone replacement
or proteolysis were believed to be the possible mechanisms to remove methylation marks
(Bannister et al., 2002). However, recent discoveries of several histone demethylases have
brought a new perspective on how the dynamics of histone methylation can be regulated
(Cloos et al., 2006; Fodor et al., 2006; Klose et al., 2006b; Shi et al., 2004; Tsukada et al.,
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2006; Whetstine et al., 2006; Yamane et al., 2006). LSD1 (KDM1) (Allis et al., 2007), the
first histone lysine demethylase identified, demethylates di- and monomethylated histone
H3K4 or K9 through a FAD-dependent oxidative reaction (Metzger et al., 2005; Shi et al.,
2004). But due to the requirement of a protonated nitrogen in the reaction, LSD1 could not
demethylate trimethylated lysines. More recently, a large family of JmjC domain-containing
proteins were found to possess histone demethylation activity (Agger et al., 2008). Unlike
LSD1, this family of proteins uses Fe (I1) and a-ketoglutarate as cofactors and can
demethylate all three states of methylated lysines. JHDM1 (KDM2) is the founding member
of the JmjC histone demethylase family (Tsukada et al., 2006), which is evolutionarily
conserved from yeast to human. Since this initial discovery, a cluster of JnjC domain-
containing proteins have been identified as histone demethylases that can specifically
remove methyl group from histone H3K4, K9, K27, K36, R2 and H4R3 (Agger et al., 2008)

Histone H3K36 methylation is enriched in coding regions of actively transcribed genes
(Bannister et al., 2005; Pokholok et al., 2005). In S. cerevisiae, H3K36 methylation is
catalyzed by a sole enzyme, Set2, which associates with the elongating form of RNA
polymerase 11 (Krogan et al., 2003; Li et al., 2003; Schaft et al., 2003; Xiao et al., 2003).
H3K36me nucleosomes are recognized by the combinatorial action of two subunits, Eaf3
and Rcol, of the Rpd3S histone deacetylase complex (Li et al., 2007b). The recruitment of
Rpd3S to coding regions results in a hypoacetylated environment within ORFs to prevent
cryptic transcription initiation (Carrozza et al., 2005; Joshi and Struhl, 2005; Keogh et al.,
2005). H3K36me3 is catalyzed by dSet2 (dHypb) in Drosophila (Bell et al., 2007; Larschan
etal., 2007) and HYPB/Setd2 in mammals (Edmunds et al., 2008), whereas K36me?2 is
mediated by dMes-4 in Drosophila (Bell et al., 2007). A role for histone H3K36 in
Drosophila dosage compensation has recently been reported. In this case, histone
H3K36me3 helps to recruit the MSL complex to dosage compensated genes on X
chromosomes through the MSL-3 subunit (Larschan et al., 2007). Moreover, knockdown of
dSet2 in Drosophila cell lines results in increased level of histone H4K16 acetylation,
suggesting that in flies, histone H3K36me3 has similar functions in transcriptional
regulation to its yeast counterpart (Bell et al., 2007). H3K36 methylation is also subject to
dynamic regulation (Klose et al., 2007; Tu et al., 2007). In yeast, Jhd1 (SCKDM2)
demethylates histone H3K36mel and me2, while Rph1 (ScKDM4) demethylates histone
H3K36me2 and me3. Both demethylases promote transcription elongation by antagonizing
repressive roles of histone H3K36 methylation mediated by Set2 (Kim and Buratowski,
2007).

HP1 was first identified in Drosophila melanogaster as a nonhistone chromosome binding
protein, which is encoded by the Su(var)2-5 gene. HP1 is involved in the establishment and
maintenance of higher order structure of heterochromatin (James et al., 1989; James and
Elgin, 1986). HP1 has two critical domains, an N-terminal chromo domain (CD) and a C-
terminal chromoshadow domain (CSD) (Aasland and Stewart, 1995; Paro and Hogness,
1991). The CD of HP1 recognizes methylated histone H3K9 which is important for
heterochromatic silencing (Bannister et al., 2001; Lachner et al., 2001). The CSD of HP1 is
responsible for interactions with HP1 binding proteins (Li et al., 2002). Recently, HP1 has
been shown to be involved in transcriptional activation of some heterochromatic
euchromatic genes (Cryderman et al., 2005; de Wit et al., 2007; Johansson et al., 2007; Lu et
al., 2000; Piacentini et al., 2003). Moreover, histone H3K9 methylation and HP1y are
enriched at transcribed regions in mammalian cells (Vakoc et al., 2005). In addition to the
role of HP1 in gene activation, HP1 has been reported to be involved in sex-specific gene
regulation (Liu et al., 2005; Spierer et al., 2005). The loss of HP1a in Su(var)2-5 mutants
results in bloated X chromosomes in males, suggesting a role in regulating X-linked gene
expression in flies (Spierer et al., 2005). Despite these findings, the molecular mechanism by
which HP1 regulates active transcription remains largely unknown.
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Based on sequence homology, there are Jhd1 and Rph1 histone demethylase orthologs in
Drosophila (Klose et al., 2006a). Here we report that the Drosophila Rph1 homolog,
dKDMA4A, is a histone demethylase specific to tri- and di-methylated histone H3K36. We
demonstrate that dAKDM4A interacts with HP1a through a consensus HP1 binding motif
PxVxL and HP1a stimulates the demethylation activity of dKDM4A. Thus, an H3K9methyI-
binding protein directs the demethylation of H3K36; a previously unidentified histone
crosstalk with implications for the regulation of chromatin structure within transcribed
sequences.

dKDM4A is a Histone H3 K36 Demethylase

Based on sequence homology, there are two KDM4 orthologs in Drosophila, dAKDM4A
(CG15835) and dKDM4B (CG33182), that both contain JmjN and JmjC domains (Figure
1A). To examine whether dKDMA4A has histone demethylation activity, we purified
recombinant dKDMA4A from baculovirus-infected Sf21 cells (Figure 1B) and tested its
activity in an in vitro histone demethylation assay using HeLa core histones as substrates. As
shown in Figure 1C and D, dKDM4A specifically demethylated tri- and di-methyl histone
H3K36 in HelLa core histones. We also observed increasing levels of mono-methylated
histone H3K36 (H3K36me1l), presumably due to accumulation of the end products of the
demethylation reaction of di- and tri-methylated histone H3K36. However, the level of
histone H3K9 and K4 methylation remained unchanged. In contrast, we found recombinant
dKDM4B, another Drosophila KDM4 ortholog, had robust demethylation activity toward
both histone H3K9 and K36 (Figure 1C and 1D). To directly test the modification state
preference of dKDM4A toward substrates, we utilized methyl-lysine analogs (MLAS)
(Simon et al., 2007) to generate recombinant histone H3 containing tri- or mono-methylated
K36. Tri- or mono-methylated histone H3 was used as substrates in demethylation assay
(Figure 1E). dKDM4A displays robust activity towards K36me3 but fails to demethylate
K36mel.

Like hKDMA4A (Klose et al., 2006b), the demethylation reaction mediated by dKDM4A
requires Fe (1), a-ketoglutarate and ascorbate as cofactors (Figure 1F). The slight activity of
dKDMA4A in the absence of Fe (I1) is likely caused by trace amounts of Fe (1) associated
with the purified recombinant dKDM4A. To examine the requirement of Fe (11) for the
demethylation activity of dKDMA4A, we purified recombinant dKDM4A in which a
conserved amino acid in the iron binding site is mutated to alanine (Figure 1B). This mutant
dKDMA4A has no demethylation activity on histone H3K36me3 and me2, suggesting that Fe
(1) is necessary for the catalytic activity of dKDM4A (Figure 1G). We conclude that
dKDMA4A uses an oxidative mechanism to specifically demethylate histone H3K36me3 and
me2 in vitro.

dKDMA4A has Histone H3K36 Demethylation Activity in vivo

To determine whether dKDMA4A functions as a histone H3K36 demethylase in vivo, we
established a stable cell line in which epitope-tagged dKDM4A is under the control of a
copper inducible promoter. The level of histone methylation was then examined by
immunofluorescence analysis (Figure 2A-F). We found that cells containing high level of
dKDMA4A display significantly reduced level of histone H3K36me3 (Figure 2A). Similarly
to our in vitro observations, the level of histone H3K36mel increases in those cells, possibly
due to the accumulation of demethylation products (Figure 2B). Overexpression of
dKDMA4A seems to only lead to demethylation of histone H3K36, since the level of histone
H3K9me3 (Figure 2C) and K4me2 (Figure 2D) remains unchanged. A recent paper reported
that dKDMA4A can demethylate both histone H3K36 and K9 when overexpressed in S2 cells
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(Lloret-Llinares et al., 2008). However, we did not observe significant decrease of histone
H3K9me3 level in our assays (Figure 2C), and our result is consistent with our observations
in vitro (Figure 1C). Lastly, overexpression of a mutant form of dKDMA4A that has no
histone demethylation activity in vitro, does not significantly change the level of histone
H3K36me3 (Figure 2E). Collectively, these data suggest that dAKDM4A is a histone H3K36
demethylase in vivo.

To further examine the demethylation activity of dKDM4A in vivo, we knocked down
endogenous dKDMA4A in S2 cells using double-stranded RNA against dAKDM4A. RT-PCR
analysis showed that the mRNA level of dKDM4A decreased in S2 cells after 4 days of
RNA. treatment (Figure 2G). Under these conditions, the level of histone H3K36me3 and
me2 increased while the level of histone H3K36mel decreased (Figure 2H). Therefore,
dKDMA4A is responsible for maintaining proper level of H3K36 methylation in vivo.

HP1la Associates with dKDM4A

We next sought to identify protein factors that associate with dKDM4A.. Using an
established stable cell line expressing epitope tagged dKDM4A, we performed affinity
purification. Proteins in the eluate were then identified through MudPIT analysis (Washburn
et al., 2001). Surprisingly, we found that the product of Su(var)2-5, Drosophila HP1a, co-
purifies with dKDM4A (Figure 3A). HP1a is the 2" most abundant protein behind the
tagged protein dKDM4A, except for some common contaminants. We then performed
western blotting analysis using an antibody against HP1a to confirm this interaction. Indeed,
HP1a is associated with dKDM4A (Figure 3B). To further examine this interaction in
another cellular system, we co-infected Sf21 cells with baculovirus encoding FLAG-tagged
dKDM4A and HA-tagged or non-tagged HP1a. Anti-FLAG antibody-conjugated agarose
beads were used to immunoprecipitate FLAG-dKDMA4A. Both Coomassie blue staining
(Figure 3C) and western blot (Figure 3D) shows that HP1a co-purifies with dKDMA4A in this
system. To test if HP1a directly interacts with dKDM4A, we carried out an in vitro binding
assay by mixing recombinant dKDM4A and HP1a, followed by anti-HA
immunoprecipitation. The results shown in Figure 3E (lane 5) indicate that these two
proteins directly bind to each other. To further demonstrate the specificity of HP1a-
dKDMA4A interaction, we purified recombinant versions of the other two isoforms of HP1,
HP1b and HP1c. As shown in Fig 3E (lane 6 and 7), HP1b and HP1c fail to interact with
dKDMA4A in the in vitro binding assay, suggesting that dKDMA4A only associates with
HP1a, but not HP1b or HP1c.

HP1a Stimulates Demethylation Activity of dKDM4A

While examining the demethylation activity of purified native dKDM4A complex, we
noticed that the native complex displays stronger specific activity on histone H3K36me3
compared to recombinant dKDM4A (Figure 4A, compare lane 8 with lane 3-5), albeit
containing less dKDM4A (anti-FLAG in Figure 4A). This result suggests that protein factors
associated with dKDM4A may enhance dKDM4A enzymatic activity. Since HP1a binds
dKDMA4A, we asked whether HP1a stimulates dKDM4A demethylation activity in vitro.
Increasing amounts of HP1a were titrated into a recombinant dAKDM4A-mediated
demethylation assay. The demethylation activity of dKDM4A on H3K36me3 and me2 is
enhanced in the presence of HP1a (Figure 4B). The level of histone H3K9 and K4
methylation remains unchanged in the same reaction, and HP1a alone does not affect histone
methylation levels (Figure 4B, lane6). Furthermore, no enhancement of dKDMA4A activity is
observed when HP1b and HP1c are added to the demethylation reactions (Figure 4C). This
suggests that the stimulation of dAKDM4A demethylation activity is specific to HP1a.
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Since HP1 is known to recognize methylated H3K9 through its CD (Bannister et al., 2001;
Lachner et al., 2001), we wondered whether the CD is important for HP1a to stimulate
dKDMA4A demethylation activity. To this end, we generated recombinant protein with a
mutation in the HP1a CD (V26M) that has been shown previously to abolish HP1a binding
to histone H3K9me (Jacobs et al., 2001). As shown in Figure 5A (lanel-5), this mutant fails
to enhance the demethylation activity of dKDM4A on histone H3K36me3. It is likely that
this defect is due to a reduced interaction of HP1a with histone H3 because its interaction
with dKDM4A was unaffected by the mutation (Figure 5B).

The CSD of HP1a and a Consensus HP1-interacting PxVxL Motif in dKDM4A are
Responsible for the HP1a-dKDMA4A Interaction

To map the domain of HP1a that mediates the direct interaction with dKDM4A, we purified
truncated forms of HP1a that contain either the CD or the CSD alone (Figure 6A) and tested
them in the in vitro binding assay. As shown in Figure 6B, the CSD is sufficient for the
binding of HP1a to dKDM4A, while the CD does not interact with dKDM4A under the
same conditions.

To dissect the interaction between dKDM4A and HP1a CSD further, we introduced two
point mutations at conserved residues within CSD, 1191E and W200A. These mutations
have been shown to disrupt the dimerization of CSD and its interaction with HP1 binding
proteins (Brasher et al., 2000; Thiru et al., 2004). As expected, recombinant HP1a-1191E
and W200A both fail to interact with dKDM4A (Figure 6C), suggesting that an intact CSD
dimerization interface is required for the HP1-dKDMA4A interaction.

The CSD of HP1 recognizes a consensus peptide pentamer, PxVx [M/L/V], in most HP1-
interacting proteins (Smothers and Henikoff, 2000; Thiru et al., 2004). We found that the C-
terminal region of dKDMA4A contains a PxVVxL motif, PVVKL (amino acid 421 to 425)
(Figure 7A). To examine whether HP1a associates with dKDMA4A through this motif, we
generated a mutant in which the critical valine 423 was mutated to alanine. Recombinant
dKDM4A-V423A was purified from baculovirus-infected Sf21 cells (Figure 7B). This
mutant protein could no longer stably associate with HP1a (Figure 7C, lane 5-8). Thus,
HP1a associates with dKDMA4A through the conserved PxVXL motif.

We next asked whether the stimulation of dKDMA4A activity by HP1a relies on the direct
physical association between these two proteins. Recombinant dAKDM4A-V423A, which
fails to bind HP1a, was used in the in vitro demethylation assay. We first demonstrate that
this mutation has minimal effect on intrinsic enzymatic activity of dKDM4A (compare lane2
and lane7 in Figure 7D). We then titrated in increasing amount of HP1a to the reaction, and
found that HP1a fails to stimulate the demethylation activity of the dAKDM4A-V423A
mutant (Figure 7D, lane 3-5). Taken together, these results indicate that the association of
HP1a with dKDMA4A regulates the histone H3K36 demethylation activity of dAKDM4A.

To explore the biological function of HP1a-dKDMA4A interaction, we crossed transgenic
flies, UAS-Kdm4A-HA;FLAG, or UAS-Kdm4A-V423A-HAFLAG,, with Sgs3-GALA4 to
overexpress dKDMA4A in salivary glands. We first performed immunofluorescence analysis
of polytene chromosomes from the larvae overexpressing wild type dKDMAA4A in salivary
glands. Salivary glands from wild type (OreR) and dKDM4A-overexpressing larvae were
squashed on the same slide to minimize any procedural variation. Indeed, we found that
overexpression of dKDM4A induces HP1a to spread into chromosome arms (Figure 7E
upper panel, and Figure S1). This pattern is in contrast to that of HP1a in wild type flies, in
which it is mainly located at the chromocenter (Figure 7E, upper panel). This result is in
agreement with a recent paper using a similar system (Lloret-Llinares et al., 2008). We then
tested if the spreading of HP1a is directly related to its interaction with dKDM4A using
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transgenic larvae that overexpress dAKDM4A mutant (V423A) in salivary glands. We
observed a very similar staining pattern of the mutant dAKDM4A (Figure 7E, lower panel,
anti-HA) compared to wild type dKDMA4A (Figure 7E, upper panel, anti-HA). However,
consistent with the fact that dAKDM4A-V423A does not bind to HP1a in vitro, we found that
the spreading of HP1a was significantly reduced in the larvae overexpressing dAKDM4A-
V423A (Figure 7E, lower panel and Figure S1). This result supports the notion that the
binding of HP1a to chromosome arms is helped through its interaction with overexpressed
dKDM4A.

HP1la Regulates Histone H3K36 Methylation in Drosophila Larvae

Our biochemical data suggest that HP1a collaborates with dKDM4A to regulate the level of
H3K36me. Thus, we wondered whether mutations disrupting HP1a or dKDM4A expression
might share a similar phenotype. To this end, we obtained a fly stock containing the P-
element KG04636 inserted within the coding region of dKDM4A (Figure 7F). This insertion
abrogated the endogenous transcript of dKDM4A as detected by RT-PCR (Figure 7G, upper
panel). Although the mutant is homozygous viable, the P-element insertion elevates the bulk
level of histone H3K36me3 in mutant embryos (Figure 7G, lower panel). We next wanted to
test if loss of HP1a gives rise to similar changes of K36me3. A previous study showed that
chromatin bound HP1a was not detectable in the Su(var)2-594/Su(var)2-5%° (Fanti et al.,
1998). We thus examined the level of histone H3K36me3 in third instar larvae of this
mutant. As shown in Figure 7H (upper panel), we failed to detect any HP1a signal in nuclear
extracts from Su(var)2-5%/Su(var)2-5% larvae. However, the level of histone H3K36me3
increased significantly compared to that of wild type (Figure 7H, lower panel). This result
supports the notion that HP1a is required for the demethylation of H3K36 mediated by
dKDM4A in vivo.

Discussion

In this study, we identified one of the JmjC domain-containing KDM4 orthologs in
Drosophila, dKDM4A. The in vitro demethylation assay shows that dKDM4A demethylates
histone H3K36me3 and me2 using an oxidative demethylation mechanism which requires
Fe (11) and a-ketoglutarate as cofactors. Overexpression of dKDM4A in Drosophila S2 cells
reduces the level of histone H3K36me3, whereas knockdown of endogenous dKDM4A
increases the level of histone H3K36me3 and me2. These results together demonstrate that
dKDMA4A is a bona fide histone H3K36 demethylase in vivo.

Through MudPIT analysis of the affinity-purified native dKDM4A complex, we found that
HP1a associates with dKDM4A. More importantly, we demonstrate that HP1a stimulates the
demethylation activity of dKDMA4A, while the HP1a CD mutant V26M, that cannot bind
methyl-K9 histone H3, fails to stimulate dKDM4 activity. In addition, dKDM4A directly
binds to the HP1 CSD and this binding requires an intact HP1 CSD dimer interface. A
consensus HP1 binding PxVxL motif of dKDM4A is responsible for its interaction with
CSD of HP1a. Interestingly, overexpression of dKDMA4A causes the spread of HP1a to
euchromatin regions, presumably through this specific interaction, and dKDM4A-V423A,
which does not bind to HP1a, failed to localize HP1a to euchromatin. These data suggest
HP1la-dKDMA4A is a euchromatic H3K36 demethylase complex.

Set2 mediated histone H3K36 methylation is an important mark on chromatin during
transcription elongation (Li et al., 2007a). In fungi, such as S. cerevisiae, S. pombe, and N.
crassa, a sole histone lysine-methyltransferase Set2 is responsible for all three methylation
states of H3K36 (Adhvaryu et al., 2005; Morris et al., 2005; Strahl et al., 2002). In
Drosophila, histone H3K36 methylation is catalyzed by two enzymes, dSet2 and dMes-4
(Bell et al., 2007; Larschan et al., 2007). Although yeast Set2 is the only histone
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methyltransferase that catalyzes methylation of histone H3K36, two histone H3K36
demethylases, Jhd1 and Rph1, are responsible for demethylation of histone H3K36 at
different modification states in budding yeast (Kim and Buratowski, 2007; Klose et al.,
2007; Tu et al., 2007). In Drosophila, there are three histone demethylases that govern
demethylation of histone H3K36. dKDM2 has been identified as a histone H3K36me2
demethylase (Lagarou et al., 2008). We demonstrate here that dAKDM4A is a histone
H3K36me3 and me2 demethylase, and dKDM4B has demethylation activity on both histone
H3K9 and K36me3/me2 in vitro. Therefore, histone H3K36 methylation in Drosophila is
likely regulated by highly specific enzymes in both directions. Since both modification and
de-modification enzymes possess high modification state specificity, histone H3K36 may be
subjected to much more sophisticated regulation in higher eukaryotes than in yeast.

Purification of the dKDM4A complex from S2 cells revealed a specific association of HP1a
with dKDM4A.. Three of the HP1-like chromatin proteins (HP1a, HP1b, HP1c) in
Drosophila share high amino acid sequence similarity. Both HP1a and HP1b localize to
euchromatin and heterochromatin, while HP1c is found only in euchromatin (Smothers and
Henikoff, 2001). It is unclear whether these HP1-like chromatin proteins have specific or
redundant functions in transcription regulation. However, we demonstrate here that
dKDMA4A specifically interacts with HP1a, but not HP1b and HP1c. Furthermore, HP1b and
HP1c cannot stimulate dKDM4A demethylation activity in vitro. A previous study showed
that the yeast homolog of KDM4, Rphl (ScKDM4), did not stably associate with any other
protein (Klose et al., 2007). It was speculated that the C-terminal ZF domain of Rphl, which
can potentially bind to DNA, allows Rph1 to function without associated factors (Klose et
al., 2007). Unlike other proteins in the KDM4 family which commonly contain PHD, tudor
or ZF domains (Figure 1A), dKDM4A only has JmjN and JmjC domains. In this article, we
found that HP1a stably associates with dKDMA4A and stimulates its demethylation activity.
Since the H3K9 binding motif is required for this stimulation, we propose that the CD of
HP1a might contribute to target dAKDM4A to specific loci, particularly to H3K9me enriched
regions, to regulate gene expression.

In S. pombe, the HP1 homolog recruits a JmjC domain-containing protein Epel to
heterochromatin loci where they function together to counteract repressive chromatin (Zofall
and Grewal, 2006). Here we show that HP1a directly interacts with dKDM4A through a
consensus binding motif PxVxL. Most importantly, the presence of HP1a stimulates histone
demethylation activity of dAKDMA4A in vitro, and HP1a is required for maintaining normal
level of H3K36me3 in vivo as well. Since Epel on its own seems to have no histone
demethylation activity (Tsukada et al., 2006), it would be interesting to see whether a similar
scenario also occurs in S. pombe, in which Swi6 may stimulate enzymatic activity of Epel
towards other non-histone substrates.

HP1 has been reported to associate with actively transcribed euchromatin regions
(Cryderman et al., 2005; de Wit et al., 2007; Piacentini et al., 2003; Vakoc et al., 2005).
Mammalian HP1y and histone H3K9 methylation are enriched at the coding region of active
genes, implying that they may play a role during transcription elongation (Vakoc et al.,
2005). In yeast, histone H3K36me3 appears to be a repressive mark at coding region of
actively transcribed genes (Li et al., 2007a). In higher eukaryotes, histone H3K9
methylation, which is absent in the budding yeast, might replace the role of K36 methylation
in the coding regions of transcribed genes (Berger, 2007). However, the mechanism by
which HP1 functions in active transcription is largely unknown. Our findings here suggest a
possible role of HP1a in recruitment of the histone H3K36me3/me2 demethylase dKDM4A
to transcribed regions to remove histone H3K36 methylation. The formation of the HP1a-
dKDMA4A complex may help to release HP1a from heterochromatin regions, thus targeting it
to specific gene loci. It is also possible that dKDM4A, which targets histone modification
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marks within the 3" ORF of actively transcribed genes, recruits HP1a to euchromatic
regions. We currently favor a model in which HP1a facilitates recruitment of dKDM4A,
because the HP1a CD mutant, V26M, fails to stimulate dKDM4A activity. This result
suggests that HP1a binding to histone H3 is required for the enhancement of dKDM4A
demethylation activity. We speculate that HP1a-mediated histone demethylation may serve
as a regulatory mechanism to control chromatin states during active transcription elongation.
Alternatively, a similar mechanism might also apply to maintaining silenced states of
heterochromatin.

Experimental Procedures

Fly stocks and crosses

The full length cDNAs of dKDM4A or dKDM4A-V423A were cloned into pUAST vector
containing a C-terminal HA and FLAG tag. Transgenic fly lines, UAS-Kdm4A-HA1FLAG,
(w; PAw[+mC]=[UAS-Kdm4A-HA;FLAG,]}) and UAS-Kdm4A-V423A-HA,FLAG; (w;
P{w[+mC]=[UAS-Kdm4A-V423A-HA,FLAG,]}) were generated by Genetic Services. To
overexpress HAFLAG-tagged dKDM4A or dKDM4A-V423A in salivary glands, transgenic
flies were crossed to the Sgs3-GAL4 (w[1118]; P{w[+mC]=Sgs3-GAL4.PD}TP1) stock
(Bloomington stock number 6870) (Brand and Perrimon, 1993). The KG04636 P element
insertion mutant, P{SUPor-P}CG15835KG04636 \yas obtained from Bloomington Stock
Center at Indiana University (stock number 13828). Fly stocks Su(var)2-5%4/Cyo-GFP and
Su(var)2-595/Cyo-GFP were provided by Sarah Elgin (Washington University, St. Louis,
MO).

Histone demethylation assay

HeLa core histones were incubated with recombinant dAKDM4A or native complex in
histone demethylation assay buffer (50 mM HEPES-KOH pH7.9, 100 uM Fe(NH,4)2(SO4)>,
1 mM a-ketoglutarate, 2 mM Ascorbate) in a final volume of 10 pl for 1 hour at 37 °C. The
reaction mixture was analyzed by western blot using histone methylation specific antibodies.
Chemically modified histone H3 used in Figure 1E was prepared as described in (Simon et
al., 2007).

in vitro binding assay

Recombinant HA-HP1a, HP1b, HP1c or HP1la mutants and FLAG-dKDMA4A or its mutant
FLAG-dKDM4A-V423A were mixed in the buffer containing 50mM HEPES-NaOH (pH
7.9), 150 mM NaCl, 2 mM MgCl,, 0.05% Triton X-100, 10% (v/v) glycerol, 0.5mM EDTA,
1mM PMSF and 0.1 pg/ul BSA or 500ug of Sf21 cell lysate overnight at 4°C and then
incubated with anti-HA agarose beads for 2 hour at 4°C. The beads were washed 4 times
using the same buffer described above and eluted by boiling in SDS-PAGE sample buffer.
The eluate and 2% of the input were analyzed by western blot using anti-FLAG and anti-HA
antibodies.

RNAIi knockdown of dKDM4A in S2 cells

Primers containing T7 sequence tagged at the 5’ end were used to amplify dKDM4A and
LacZ fragments. PCR products were gel-purified and served as templates to generate
dsRNA with MEGAscript T7 kit (Ambion) following manufacturer’s instruction. 1ug of
dsRNA was transfected into S2 cells using Effectene (Qiagen). After 4 days of RNAI
treatment, histones were acid-extracted from S2 cells and analyzed by western blot.
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Immunostaining of polytene chromosomes

The third instar larvae were dissected in PBS supplemented with 0.1% TritonX-100.
Salivary glands were fixed first in solution 1 (phosphate-buffered saline (PBS), 3.7%
paraformaldehyde and 1% Triton X-100) and then in solution 2 (3.7% paraformaldehyde,
50% acetic acid). The chromosomes were spread on poly-L-lysine coated microscope slides.
Anti-HP1 antibody was used at 1:50 and anti-HA antibody was used at 1:100. Cy3 and Cy3-
conjugated secondary antibodies were used at 1:400. Images were taken on a confocal laser
scanning microscope (LSM-510 META, Zeiss).

Supplementary Material

Refer to Web version on PubMed Central for supplementary material.
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Figure 1. dKDM4A demethylates histone H3K36me3 and me2 in vitro
(A) Schematic representation of KDM4 family members.

(B) Purified recombinant dKDMA4A, its iron-binding mutant dKDM4A-H195A and
dKDM4B from baculovirus-infected Sf21 cells were visualized by Coomassie blue staining.
(C) In vitro demethylation assay using HelLa core histones as substrates. The reaction
mixtures were analyzed by wester blot using indicated histone antibodies.

(D) Quantification of western blot shown in (C). The Error bars shown are standard

deviation.
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(E) In vitro demethylation assay using chemically modified recombinant H3 as substrates.
Tri-methyl-lysine36 analogs are used in lane 1 and 2; mono-methyl-lysine36 analogs are
used in lane3 and 4.

(F) Cofactor dependence of dKDMA4A. Each cofactor, Fe (I1), a-ketoglutarate and ascorbate
was individually excluded from histone demethylation reaction as indicated (lane 3, 4 and
5).

(G) Comparison of histone H3K36 demethylation activity of recombinant dAKDM4A (lane 2)
and the iron-binding mutant dKDM4A-H195 (lane 3) using HeLa core histones as
substrates.

Mol Cell. Author manuscript; available in PMC 2009 December 5.



1duasnuey Joyiny vd-HIN 1duasnuey Joyiny vd-HIN

1duasnuey Joyiny vVd-HIN

Linetal.

Page 15

Anti-HA Anti-H3K36me3 DAPI Merge

A

HAFLAG-dKDM4A

B

HAFLAG-dKDM4A

Cc

HAFLAG-dKDM4A

D

HAFLAG-dKDM4A

E

HAFLAG-
dKDM4A-H195A

£ dsRNA LacZ dKDM4A

3100 88.7

2 g :

:3:2 e Anti-H3K36me3 | e

% 5 ®Qscrense dsRNA LacZ dKDM4A Anti-H3K36me2 | = —

3

£ 60 JdKDMAA | et Anti-H3K36me1 "m— o

£ 50 ;

3 Anti-H3KIme3 s s

3 40 rpd9 W .

2 27.2

S 30 e 8 Anti-Hakdme2 | W

g2 | o1 RT-PCR

H % - ;

: 12 o0 o (5.1 L‘ Anti-H3 D D

* H3K36me3 H3K36mel H3KOme3 H3K4me2 H3K36me3 western blot
WT WT WT WT H195A

Figure 2. dKDMA4A has histone H3K36 demethylation activity in vivo

Drosophila S2 cells were transfected with dAKDM4A or dKDM4A-H195A constructs. The
stable cell lines were induced by addition of 100 mM CuSQO4 and stained with anti-HA and
anti-H3K36me3 (A, E), anti-H3K36me1l (B), anti-H3K9me3 (C) and anti-H3K4me2 (D)
antibodies. The green corresponds to anti-HA staining, the red corresponds to anti-histone
methylation specific antibodies, and the blue corresponds to DAPI staining. White arrows
point to the dKDM4A or dKDM4A-H195A positive-staining cells, while blue arrows
indicate non-expressing cells.

(F) Quantification of the percentage of anti-HA stained cells that have increased or
decreased histone modification in (A) to (E). More than 90 cells were counted for each
condition as representative results are shown above.
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(G) The mRNA level of dKDM4A was examined by RT-PCR with primers specific for
dKDMA4A and rp49 (internal control).

(H) Acid-extracted bulk histones from RNA. treated samples were analyzed by western blot
using indicated antibodies.
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Figure 3. dKDMA4A specifically interacts with HP1a

(A) The MudPIT analysis of native dKDM4A complex purified from HAFLAG-tagged
dKDMA4A-expressing stable cells under 100 mM CuSQy, induction. The table lists the
number of non-redundant spectra (total peptides) and the amino acid sequence coverage
(SC).

(B) The eluate of affinity purification from wild-type S2 cells (control) and dKDM4A-
expressing cells was analyzed by western blot using anti-HA and anti-HP1a antibody to
detect the tagged dKDM4A and HP1a respectively.

(C) FLAG-tagged recombinant proteins were purified from Sf21cells infected with
baculovirus encoding FLAG-HP1a (lane 1), or co-infected with baculovirus encoding
FLAG-dKDM4A and HA-HP1a (lane 2) or non-tagged HP1a (lane 3). The eluate from anti-
FLAG beads was visualized by Coomassie blue staining.

(D) Recombinant dKDM4A (lane 1) and dKDM4A-HP1a heterodimers (lane 2 and
3)purified from Sf21 insect cells were analyzed by western blot.

(E) HP1a specifically interacts with HP1a but not HP1b and HP1c. Recombinant dKDM4A
and HP1a, HP1b or HP1c were mixed with 500ug of Sf21 cell lysate to reduce background
binding. The resulting complexes were immunoprecipitated using anti-HA agarose beads.
The entire immunoprecipitated material and 2% of input were loaded on a gel and analyzed
by western blot using anti-FLAG and anti-HA antibodies.
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Figure 4. HP1a stimulates the histone demethylation activity of dKDM4A

(A) In vitro demethylation assay using recombinant dAKDM4A or the dKDM4A complex
that were purified from HAFLAG-dKDM4A-expressing stable cells. HeLa core histones
were used as substrates, and the reactions were analyzed by western blot.

(B) In vitro demethylation assay using recombinant dKDM4A with addition of HP1a. HeLa
core histones were used as substrates, and the reactions were analyzed by western blot. The
molar ratio of AKDM4A and HP1a is 1:1, 1:2 and 1:4 in lane 3, 4 and 5. HP1a was added to
the reaction without dKDM4a as a control in lane 6. Asterisks indicate the degradation
products of recombinant dKDM4A.

(C) In vitro demethylation assay using recombinant dKDMA4A with addition of HP1a, HP1b
or HP1c. The molar ratio of dAKDM4A and HP1 is 1:1 in lane 3, 5and 7 and 1:2 in lane 4, 6,
and 8.
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Figure 5. Stimulation of the demethylation activity of dKDM4A depends on the CD of HP1a

(A) In vitro demethylation assay using recombinant dKDM4A with addition of HP1a or
HP1a-V26M mutant. HeLa core histones were used as substrates. The molar ratio of
dKDM4A and HPlais 1:1, 1:2 and 1:4 in lane 3, 4 and 5; 1:2 and 1:4 in lane 8 and 9.
Asterisks indicate the degradation products of recombinant dAKDM4A.

(B) Recombinant dKDM4A and HP1a or HP1a-V26M were mixed with 500ug of Sf21 cell
lysate and immunoprecipitated using anti-HA agarose beads. The entire immunoprecipitated
material and 2% of input were analyzed by western blot using anti-FLAG and anti-HA
antibodies.
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Figure 6. An intact CSD dimerization interface of HP1a is required for its interaction with
dKDM4A

(A) Schematic representation of HP1a truncation mutants (CD and CSD) and two critical
residues that are predicted to disrupt either its dimerization (1191E) or its target-binding
interface (W200A). Full-length HP1a (FL) contains a chromo domain (CD), a hinge domain
and a chromoshadow domain (CSD).

(B) HP1a CSD but not CD binds to dKDM4A. Recombinant dKDM4A and full-length
HP1a (FL), truncation mutants HP1a CD, or HP1a CSD were mixed with 500ug of Sf21 cell
lysate and immunoprecipitated using anti-HA agarose beads. The entire immunoprecipitated
material and 2% of input were analyzed by western blot using anti-FLAG and anti-HA
antibodies.

(C) HP1a mutants 1191E and W200A fail to interact with dAKDM4A.
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Figure 7. The interaction between HP1a and dKDMJ4A is important for the demethylation
activity of dKDMA4A both in vitro and in vivo

(A-E) dKDMA4A interacts with HP1a through a conserved HP1a-binding PxVXL motif (A)
Schematic representation of consensus HP1a binding motif within dKDM4A. The amino
acid sequence from 421 to 425 of dKDM4A contains an HP1a binding PxVxL motif, which
is colored red. The critical residue (V423) was mutated into alanine as indicated.

(B) Recombinant dKDM4A-V423A was purified from baculovirus-infected Sf21 cells and
visualized by Coomassie blue staining.

(C) HP1a directly associates with dKDMA4A through a consensus HP1 binding motif.
Recombinant HP1a and dKDMA4A or VV423A mutant were mixed and immunoprecipitated
using anti-HA agarose beads.

(D) In vitro demethylation assay using recombinant dAKDM4A-V423A or wild-type
dKDMA4A in the presence of HP1a. HeLa core histones were used as substrates. The molar
ratio of dAKDM4A and HP1a is 1:1, 1:2 and 1:4 in lane 3, 4 and 5; 1:2 and 1:4 in lane 8 and
9. Asterisk indicates the degradation of recombinant dAKDM4A.

(E) Overexpression of dKDM4A induces HP1a spreading into euchromatin. Salivary glands
from wild type were placed on the same slide as those prepared from either the dKDM4A-
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HAFLAG overexpressing line or the dAKDM4A-V423A-HAFLAG-overexperssing line.
Each combination of glands were squashed together, and resulting polytene chromosomes
were stained with antibodies against HP1a and HA. Images from each slide were taken on a
confocal laser scanning microscope using the exact same setting. The red corresponds to
anti-HP1a staining, the green corresponds to anti-HA staining of dAKDM4A-HAFLAG,
which was used to distinguish between OreR or overexpressing chromosomes and the blue
corresponds to DAPI staining.

(F) Schematic representation of the insertion site of P element KG04636. The arrows
indicate the location of primers used in RT-PCR.

(G) RNA was extracted from adult flies of OreR and dKDM4A mutant (KG04636). The
MRNA level of dKDM4A was then examined by RT-PCR. The rp49 probe served as an
internal control. Acid-extracted histones from embryos of OreR and dKDM4A mutant were
analyzed by western blot using indicated antibodies.

(H) Loss of HP1a significantly increases the level of histone H3K36me3 in Drosophila
larvae. Nuclear extracts (upper panel) or acid-extracted histones (lower panel) from third
instar larvae of yw and the HP1a null mutant (Su(var)2-5%4/Su(var)2-59°) were subjected to
western blot using indicated antibodies. The levels of GCN5 and histone H3 were used as
loading controls.
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