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The JmjN Domain of Jhd2 Is Important for Its Protein Stability,
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Histone lysine methylation is a dynamic process that plays an
important role in regulating chromatin structure and gene
expression. Recent studies have identified Jhd2, a JmjC domain-
containing protein, as an H3K4-specific demethylase in budding
yeast. However, important questions regarding the regulation
and functions of Jhd2 remain unanswered. In this study, we
show that Jhd2 has intrinsic activity to remove all three states of
H3K4 methylation in vivo and can dynamically associate with
chromatin to modulate H3K4 methylation levels on both active
and repressed genes and at the telomeric regions. We found that
the plant homeodomain (PHD) finger of Jhd2 is important for
its chromatin association iz vivo. However, this association is
not dependent on H3K4 methylation and the H3 N-terminal
tail, suggesting the presence of an alternative mechanism by
which Jhd2 binds nucleosomes. We also provide evidence that
the JmjN domain and its interaction with the JmjC catalytic
domain are important for Jhd2 function and that Not4 (an E3
ligase) monitors the structural integrity of this interdomain
interaction to maintain the overall protein levels of Jhd2. We
show that the S451R mutation in human SMCX (a homolog of
Jhd2), which has been linked to mental retardation, and the
homologous T359R mutation in Jhd2 affect the protein stability
of both of these proteins. Therefore, our findings provide a
mechanistic explanation for the observed defects in patients
harboring this SMCX mutant and suggest the presence of a con-
served pathway involving Not4 that modulates the protein sta-
bility of both yeast Jhd2 and human SMCX.

Covalent modifications of histones play an important role in
genome maintenance and gene regulation. In particular, meth-
ylation on the side chains of lysine and arginine in histones H3
and H4 is important in regulating chromatin structure and gene
transcription (1, 2). Lysine methylation is unique among the
known histone modifications, as three modification states,
monomethylation (mel), dimethylation (me2), and trimethyla-
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tion (me3), can be generated, adding yet another level of varia-
tion to this modification “mark.” In general, methylation at
H3K4, H3K36, and H3K79 has been linked to gene activation,
whereas H3K9, H3K27, and H4K20 methylation is associated
with repressed genes (1, 2). However, recent studies have
revealed that depending on the gene context, the methylation
state of a specific modified lysine can exert an opposite effect on
gene expression. For example, methylation of H3K9 within the
promoter or coding region can result in gene repression or acti-
vation, respectively (3). Furthermore, whereas H3K4 methyla-
tion (especially H3K4me3) is strongly associated with gene acti-
vation (1, 2, 4), H3K4me?2 at certain chromatin loci plays a role
in repression by preventing aberrant gene expression (5, 6).

Until recently, histone lysine methylation was thought to
be stable and irreversible. However, this notion was dispelled
by the identification of two different classes of lysine-specific
histone demethylases, amine oxidases (e.g. LSD1) and JmjC
domain-containing proteins. Both classes of enzymes catalyze
lysine demethylation via an oxidation reaction that generates
formaldehyde, but only JmjC class demethylases require fer-
rous ion (Fe?") and a-ketoglutarate as cofactors (7, 8). Whereas
LSD1 specifically targets mono- and dimethylated H3K4 or
H3K9, the JmjC class consists of several subfamilies that
remove methyl groups from the modified H3K4, H3K9, H3K27,
or H3K36 residue (7, 8).

One member of the JmjC class is the evolutionarily con-
served JARIDI family of histone demethylases, which specifi-
cally target Lys*-methylated H3 and function as transcriptional
repressors (9). In addition to the JmjC catalytic domain, the
JARID1 proteins also possess a conserved N-terminal motif (JmjN
domain) that is strictly associated with the JmjC domain (7, 9).
Metazoan JARID1 demethylases also contain several conserved
functional motifs, including an ARID/BRIGHT DNA-binding
domain, a C5HC2 zinc finger, and two or three plant homeodo-
main (PHD)> fingers (7, 9). The ARID/BRIGHT DNA-binding
domain is required for the demethylation activities of JARID1 pro-
teins (10-13). However, it is not known whether the ARID/
BRIGHT domain is essential for their association with chromatin.

Although mammalian cells encode four JARID1 H3K4 de-
methylases (JARID1A/RBP2, JARID1B/PLU-1, JARID1C/SMCX,
and JARID1D/SMCY), only one (Jhd2) was identified in bud-

2The abbreviations used are: PHD, plant homeodomain; ChIP, chromatin
immunoprecipitation; WT, wild type; ORF, open reading frame; WCE,
whole-cell extract; MOPS, 4-morpholinepropanesulfonic acid; GST, gluta-
thione S-transferase.
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ding yeast (14—17). Human JARID1A and JARID1B have the
ability to target all three states of H3K4 methylation in vivo (11,
12, 18). The yeast Jhd2 displayed activity toward all forms of
Lys*-methylated H3 in vitro (14) but only toward H3K4me2
and H3K4me3 in vivo (15—17). Chromatin immunoprecipita-
tion (ChIP) assays have revealed that in the absence of JHD?2,
the levels of H3K4 methylation were altered compared with the
wild type (WT) during activation and attenuation of GALI
transcription (14), suggesting a role for Jhd2 in these processes.
Evidence from genetic studies indicates that Jhd2 is important
for maintaining normal gene silencing at telomere and silent
mating-type loci (15, 19). A recent study has shown that the
protein stability and steady-state levels of Jhd2 are modulated
by the proteasomal degradation following E3 ligase Not4-me-
diated polyubiquitination (20).

Despite these advances in our understanding of the functions
of Jhd2, many fundamental questions pertaining to its substrate
specificity and selectivity, domain contributions, chromatin
association, and overall regulation remain unanswered. In this
study, we demonstrate that Jhd2 localizes to both transcription-
ally active and inactive chromatin and regulates H3K4 methyl-
ation at these loci. Upon investigating the contributions of the
conserved domains in Jhd2 to its function, we found that a
proper interaction between JmjN and JmjC domains is impor-
tant for Jhd2 function and that Not4 controls Jhd2 protein lev-
els by monitoring the integrity of this JmjN-JmjC interdomain
interaction. Additionally, our results show that the PHD finger
is important for the interaction of Jhd2 with chromatin in vivo
and that this interaction is independent of H3K4 methylation.

EXPERIMENTAL PROCEDURES

Yeast Strains—Deletion mutants lacking Jhd2, Setl, Swdl,
Sdc1, or Sppl in strain YMH171 were created using PCR prod-
ucts containing the disrupted gene locus and the inserted
KanMX4 selection module amplified from the genomic DNA
template isolated from the respective BY4742-based yeast dele-
tion strains (Open Biosystems). Jhd2 was genomically tagged
with nine copies of Myc at its C terminus in YMH171 following
PCR amplification using pYM6 as the template (21). MSY421, a
histone H3/H4 shuffle strain (22), was used to mobilize the H3
N-terminal deletion mutant (H3(1-28A)). The FLAG-H2B and
FLAG-H2B/setIA strains were derived from YZS276 (22).
Detailed genotypes of the yeast strains described in this study
are listed in supplemental Table S1.

DNA Constructs—All the plasmids used in this study are
listed in supplemental Table S2. For overexpressing the jumonji
domain-containing proteins, PCR products containing the
entire open reading frame (ORF) for RPH1, GIS1, ECMS5, JHD1,
or JHD2 and 500 bp of DNA upstream and downstream of each
ORF were mobilized into a high copy vector, YEplac112 (23).
C-terminal LexA epitope-tagged Jhd2 was created by PCR
amplifying the ORF of JHD2 and mobilizing it between the
ADH]I promoter and a fragment of the LexA DNA-binding
domain in pFBL23 (24). An XhoI-Kpnl fragment containing
the sequence encoding nine copies of the Myc epitope (9Myc)
and the CYCI terminator was obtained following PCR amplifi-
cation and mobilized into pRS314. Subsequently, a 500-bp
PCR product containing the JHD2 promoter was mobilized
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upstream of the region coding for 9Myc as a Sacl-Spel frag-
ment. The entire JHD2 promoter-9Myc-CYCI terminator
module was mobilized as a SacI-Kpnl fragment into pRS316.
The ORF of JHD2 was then PCR-amplified and mobilized
between the JHD2 promoter and the 9Myc-CYCI terminator
sequence in pRS314 or pRS316 as a Spel-Xhol fragment. Point
and truncation mutants of Jhd2 were made by PCR-based site-
directed mutagenesis using pRS314-JHD2-9Myc or pRS316-
JHD2-9Myc as the template. For overexpression of JHD2 or its
mutant derivatives, a fragment containing the WT or mutant
OREF, the promoter, and the CYCI terminator region was
excised from the pRS314-based construct and mobilized into
the high copy vector pRS426. To obtain purified recombinant
Jhd2 PHD finger or its variants, a sequence encoding either the
WT PHD finger or its mutant derivatives was amplified by PCR
and mobilized into a bacterial expression vector, pBG101
(kindly provided by the Vanderbilt Structural Biology Core).
The plasmids pCS3*-6Myc and pCS3™-SMCX-6Myc were
kindly provided by Ralf Janknecht (25), and the pCS3*-
smex(S451R)-6Myc construct was made by PCR-based site-di-
rected mutagenesis. All of the constructs created using PCR
amplification were verified by DNA sequencing.®

Western Blot Analysis—To determine changes in Jhd2 levels
(see Fig. 2C), whole-cell extracts (WCEs) were prepared as
described (26) and analyzed by Western blotting using antibod-
ies raised against the Myc epitope (9E10; a gift from Ethan Lee)
and Pgkl (22C5, Molecular Probes) at 1:1000 and 1:5000 dilu-
tions, respectively. Crude nuclear extracts were used to
examine the levels of H3K4 methylation following the cell
fractionation procedure described previously (26). The fol-
lowing antibodies were purchased from Millipore and used
in Western blotting to detect H3K4 methylation (with dilu-
tions indicated in parentheses): anti-H3K4mel (1:1000),
anti-H3K4me?2 (1:10,000), and anti-H3K4me3 (1:2500). The
histone H3 loading was monitored using anti-H3 antibody
(1:7500; Active Motif). For mammalian WCEs, HeLa cells
were transfected with pCS3*-6Myc, pCS3™-SMCX-6Myc,
or pCS3"-smcx(S451R)-6Myc using the Lipofectamine
method. Following a 2-day incubation at 37 °C, cells were
washed prior to and after harvesting with ice-cold 1X phos-
phate-buffered saline (Sigma) and boiled in 1X Laemmli
sample buffer (Bio-Rad) for 10 min. After centrifugation at
16,100 X g for 5 min, equal volumes of WCEs were subjected
to Western blot analysis using anti-Myc (1:1000) and anti-3-
actin (1:10,000; Sigma) antibodies.

INOI Induction and Repression—W'T and jhd2A strains were
grown in yeast minimal synthetic complete medium without
inositol (SC—Ino medium; Bio 101, Inc.) supplemented with
200 uM inositol and 2 mM choline (INOI repression medium)
(27) at 30 °C overnight. The overnight cultures were reinocu-
lated into INOI repression medium at 2 X 10° cells/ml and
grown at 30 °C to log phase. Cells (4 X 10°%) were subjected to
formaldehyde cross-linking for ChIP assay (INOI repressed
state). The remaining cells were harvested, washed once with
SC—Ino medium, inoculated at 4 X 10° cells/ml into fresh

3 DNA primers used in this study are available upon request.
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SC—Ino medium, and grown at 30 °C for 2 h to activate INO1
expression. Again, cells (4 X 10%) were set aside and subjected
to formaldehyde cross-linking (INOI induced state). To assess
temporal changes in histone modification or Jhd2 occupancy
following INOI repression, cells grown in inducing medium
were reinoculated into INO1 repression medium at the follow-
ing initial cell densities and grown at 30 °C for the various time
periods (indicated in parentheses) to obtain ~4 X 108 cells: 7 X
10° cells/ml (20 min), 6 X 10° cells/ml (1 h), 4 X 10° cells/ml (2
h), and 2 X 10° cells/ml (4 h). Cultures grown to different incu-
bation times following INOI re-repression were then subjected
to formaldehyde cross-linking for ChIP assay (INOI re-repres-
sion time course).

ChiP—Double cross-linking using dimethyl adipimidate
(Sigma) and formaldehyde was done essentially as described
previously (28) with minor modifications. Following incubation
in 10 mm dimethyl adipimidate, cells were washed and resus-
pended in 1X phosphate-buffered saline containing 1% form-
aldehyde and incubated at room temperature for 45 min with
gentle agitation. The cross-linking was stopped by the addition
of 130 mM glycine and incubation for 10 min at room temper-
ature. Cells were then washed twice with 1X phosphate-buft-
ered saline and harvested to prepare soluble chromatin for
immunoprecipitating H3, H3K4me3, Jhd2-LexA, and Jhd2-
9Myc using anti-H3, anti-H3K4me3, anti-LexA (Active Motif),
and anti-Myc antibodies, respectively.

PCR Analysis—The data analysis of quantitative real-time
PCR following ChIP was performed as described by Chan-
drasekharan et al. (26) with modifications. Briefly, occupancy of
H3K4me3 was calculated using the 2~ **“” method (Bio-Rad
real-time PCR applications guide). Chromatin obtained from
the set1A strain was used as a control to determine nonspecific
immunoprecipitation, and any value obtained for this strain
was subtracted from the H3K4me3 occupancy values obtained
from all other strains. Soluble chromatins from yeast strains
transformed with plasmid vectors were used as negative con-
trols (“no tag”) for ChIP of hd2-9Myc and Jhd2-LexA. The
2727 value obtained for the negative control was subtracted
from 2727 values obtained for test samples containing
epitope-tagged WT or mutant Jhd2.?

Cell Fractionation—Spheroplast preparation and nuclei iso-
lation were performed as described previously (26). WCEs were
prepared by bead-beating spheroplasts in buffer A (1% SDS, 8 M
urea, 10 mm MOPS (pH 6.8), 10 mM EDTA, 1 mMm phenylmeth-
ylsulfonyl fluoride, 1 ug/ml pepstatin A, 1 ug/ml aprotinin, and
1 pg/ml leupeptin), followed by centrifugation at 16,100 X g
for 20 min. Nuclear extracts were obtained by lysing isolated
nuclei in buffer A, followed by sonication and centrifugation at
16,100 X g for 15 min. For chromatin fractions, isolated nuclei
were resuspended in hypotonic solution (3 mm EDTA, 0.2 mm
EGTA, 1 mum dithiothreitol, 1 mMm phenylmethylsulfonyl fluo-
ride, 1 ug/ml pepstatin A, 1 ug/ml aprotinin, and 1 pg/ml leu-
peptin) and incubated on ice for 30 min. After centrifugation at
1700 X g for 5 min, the chromatin pellet was washed with hypo-
tonic solution and then resuspended in buffer A. Following a
brief sonication, soluble chromatin was obtained by centrifuga-
tion at 16,100 X g for 15 min. The protein concentration of the
clarified lysate was measured using a Bio-Rad DC protein assay
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kit following the manufacturer’s instructions, and an equal
amount of total protein was subjected to Western blotting
using anti-Myc, anti-Pgkl, or anti-H3 antibody.

Protein Synthesis Inhibition—Cycloheximide treatment of
yeast was done as described previously (29) with minor modi-
fications. Briefly, a 25-ml culture was grown to log phase, and
cycloheximide was added to a final concentration of 35 ug/ml
to inhibit the translation machinery. Cells (3.5 X 107) were
collected at 0, 20, 40, and 60 min after cycloheximide treatment
and boiled in 100 ul of 1X Laemmli sample buffer for 10 min.
Following centrifugation at 16,100 X g for 5 min, equal volumes
of lysates were subjected to Western blot analysis using anti-
Myc or anti-Pgkl antibody.

Proteasomal Inhibition—A log phase yeast culture (25 ml)
was treated with either dimethyl sulfoxide or 0.1 mm MG132 (a
proteasome inhibitor) for 30 min. The effect of proteasomal
inhibition on Jhd2 or its mutant derivatives was examined in a
pdrSA strain to allow efficient uptake of MG132 (20). WCEs
were prepared in the presence of 0.1 mm MG132 and subjected
to Western blotting as described above.

Tertiary Structure Prediction—The sequence of the PHD
domain in Jhd2 was submitted to SWISS-MODEL structure
prediction (ExPASy Proteomics Server). The software uses a
homology-based search and predicts the structure utilizing
solved structure(s) as a reference. The template used for the
structure prediction is the solution structure of the PHD finger
in JARID1D/SMCY (Protein Data Bank code 2E6R).

Immobilization of Nucleosomes—Nuclei from FLAG-H2B
and FLAG-H2B/setIA strains were isolated as described previ-
ously (26), and the DNA content was determined by measuring
the A, of an aliquot of nuclei diluted in 1 N NaOH. Nuclei
(equivalent to 660 ug of DNA) were resuspended in 200 ul of
buffer B (50 mm HEPES (pH 7.6), 0.1 m KCl, 2.5 mm MgCl,,
0.25% Triton X-100, 1 mm phenylmethylsulfonyl fluoride, 5 mm
N-ethylmaleimide, 1 ug/ml pepstatin A, 1 ug/ml aprotinin, and
1 pg/ml leupeptin). Micrococcal nuclease digestion was per-
formed twice by the addition of 5 ul of 0.1 M CaCl, and 500 units
of micrococcal nuclease (Worthington) to the nuclei suspen-
sion, followed by incubation at room temperature for 10 min,
and then 4.5 ul of 0.1 M EGTA (pH 8.0) was added to stop the
digestion. After centrifugation at 9300 X g for 10 min, superna-
tants from the two digestions were combined. The nucleo-
some-enriched supernatant was diluted by the addition of an
equal volume of buffer B containing 10% glycerol and subjected
to anti-FLAG affinity chromatography (M2, Sigma). After
extensive washes with buffer B with 5% glycerol, the immobi-
lized nucleosomes were stored at 4 °C until further use in the in
vitro nucleosome binding assay. DNA was isolated from an ali-
quot of the immobilized nucleosomes by phenol/chloroform
extraction and ethanol precipitation and resolved on a 2% aga-
rose gel to examine the size of the nucleosomes bound to anti-
FLAG antibody-conjugated agarose beads.

In Vitro Nucleosome Binding Assay—Recombinant glutathi-
one S-transferase (GST)-tagged WT and mutant PHD fingers
(amino acid 209 -320) of Jhd2 were purified from Escherichia
coli using glutathione-Sepharose 4B beads (GE Healthcare) fol-
lowing the manufacturer’s instructions. The GST-tagged PHD
finger (2 ug) was incubated with 5 ul of nucleosome-containing
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FIGURE 1. Jhd2, an H3K4-specific demethylase, functions during both active transcription and repression.
A, shown are the results from Western blot analysis of H3K4 methylation levels in crude nuclear extracts obtained
from yeast strains with overexpressed JmjC domain-containing proteins. B, changes in H3K4me3 levels at the PMAT
locus were analyzed by ChlP assay. The graphs depict the data obtained from the WT control and a strain lacking
Jhd2 (jhd2A) (upper panel) and from yeast strains overexpressing JHD2 (JHD2 OF) from a high copy plasmid or
containing the plasmid vector alone (lower panel). The H3K4me3 ChIP signals were first normalized to total histone
H3 ChIP signals (H3K4me3/H3), and then the H3K4me3/H3 values at the promoter (P), 5'-ORF, or 3’-ORF regions in
the controls and test samples were normalized to the H3K4me3/H3 value obtained for the promoter region in the
WT (upper panel) or vector control (lower panel), which was set as 1. Error bars denote S.E. from two independent
experiments. G, the levels of Jhd2-LexA at PMAT were analyzed by ChIP using anti-LexA antibody. LexA immuno-
precipitation/input values obtained from the no-tag control (background) were subtracted from those obtained
from yeast cells with overexpressed JHD2-LexA, and the resulting differences were defined as Jhd2-LexA occupancy.
The Jhd2-LexA occupancies at the 5'- and 3'-ORF regions were normalized to the promoter region, which was
arbitrarily set as 1. Error bars denote S.E. from two independent experiments. D, temporal changes in H3K4me3
following the re-repression of INOT were measured by ChIP assay. WT and jhd2A strains were grown in inositol/
choline medium for 4 h to repress INOT expression (R) and then grown in inositol-free medium for 2 h toinduce INO1
expression (In), and INOT was repressed again by growing cells in inositol/choline medium for the indicated time
periods (Re-repression). Cells at different time points were subjected to ChlIP analysis using anti-H3K4me3 and
anti-H3 antibodies. The levels of H3K4me3/H3 at the 5'-ORF of INOT in the WT or jhd2A mutant at different time
points are shown as -fold changes relative to the H3K4me3/H3 value obtained at the repressed state for the WT,
which was set as 1. Error bars denote S.E. from two independent experiments. E, temporal changes in Jhd2-9Myc
occupancy following the re-repression of INOT were measured by ChiP assay performed essentially as described for
D. Chromatin-bound Jhd2-9Myc was immunoprecipitated using anti-Myc antibody. Myc immunoprecipitation/
input values obtained from the no-tag control (background) were subtracted from those obtained for yeast express-
ing JHD2-9Myc, and the resulting difference was defined as Jhd2-9Myc occupancy. The Jhd2-9Myc occupancies at
the 5’-ORF of INOT at different time points are shown as fold changes relative to the Jhd2-9Myc occupancy obtained
at the initial repressed state (R), which was set as 1. Error bars denote S.E. obtained from two independent
experiments.

aprotinin, and 1 pg/ml leupeptin)
for 2 h at 4 °C. After three washes
with binding buffer, the beads were
boiled in 1 X Laemmli sample buffer
for 10 min. Following centrifuga-
tion at 16,100 X g for 5 min, the
supernatant was subjected to West-
ern blot analysis using anti-GST
(1:20,000; GE Healthcare) and anti-
FLAG (M2, 1:5000) antibodies.

RESULTS

Jhd2 Is an H3K4 Methylation-
specific Demethylase Functioning
at Constitutively Expressed and
Inducible Genes—The JmjC do-
main-containing histone demeth-
ylases are evolutionarily highly con-
served across many genera (7).
There are five JmjC domain-con-
taining proteins (Rphl, Gis1, Ecm5,
Jhdl, and Jhd2) in budding yeast.
Consistent with previous reports
(15, 17), overexpression of JHD2
through a high copy, 2u-based plas-
mid led to a decrease in H3K4me3
and a modest increase in H3K4mel
levels (Fig. 1A, sixth lane). More-
over, none of the JmjC domain-
containing proteins exhibited any
apparent demethylation of Lys”*-
methylated H3 under the same
conditions (supplemental Fig. S1).
Thus, JThd2 is an H3K4 methylation-
specific demethylase in yeast.

Given the genome-wide distribu-
tion of H3K4 methylation (30, 31)
and because H3K4me3 is closely
associated with gene transcription
(1,2), we tested whether Jhd2 plays a
role in controlling this H3 modifica-
tion during transcription. Toward
this end, ChIP assays were under-
taken to assess the occurrence and
changes, if any, in Jhd2 occupancy
and in H3K4me3 levels at the highly
expressed PMAI gene. Compared
with the WT, deletion of JHD2
(jhd2A) or overexpression of JHD2-
LexA led to a 2-fold increase or
decrease in H3K4me3 at the pro-
moter or ORF regions of PMAI,
respectively (Fig. 1B). This result
suggests that Jhd2 might be present
on constitutively and highly ex-

beads in 200 ul of binding buffer (50 mm Tris-HCI (pH 8.0), 150  pressed genes to maintain their normal H3K4 methylation lev-

mm NaCl, 1.5 mm MgCl,, 0.2% Triton X-100, 5% glycerol, 1 mm
phenylmethylsulfonyl fluoride, 1 ug/ml pepstatin A, 1 pg/ml

AUGUST 6, 2010-VOLUME 285+NUMBER 32

els. Indeed, ChIP data showed that Jhd2-LexA was present on
the promoter and ORF regions of the PMAI gene (Fig. 1C).
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ChIP data confirmed that the
Jhd2 occupancy decreased at the
5'-ORF of INOI upon induction
but increased immediately upon
re-repression (Fig. 1E). Taken
together, our results show that
Jhd2 is required for the rapid
removal of the H3K4me3 mark
upon transcriptional repression of
INO1.

The Cofactor-binding Residues
and the PHD Finger Are Important
Sfor Jhd2 Activity—The JmjC domain-

FIGURE 2. Mutations in the conserved regions of Jhd2 can affectits activity and overall protein levels.
A, shown are a schematic representation and the domain locations of Jhd2. The three conserved domains,
JmjN, PHD finger, and JmjC, are shown. Dark gray circles, residues that bind to the cofactor ferrous ion
(Fe?™); white circles, residues that bind to the cofactor a-ketoglutarate; light gray and black circles, a
conserved residue (His?®') in the PHD finger and a conserved residue (Thr**°) corresponding to a human
mental retardation-linked mutation site, respectively. Alignment of the Jhd2 sequence flanking Thr**° and
the SMCX sequence flanking one of the sites mutated in X-linked mental retardation (Ser**") is also shown.
B, shown are the results from Western blot analysis of H3K4 methylation levels in crude nuclear extracts
from cells overexpressing WT JHD2 or its mutants. exp., exposure. C, shown are the results from Western
blot analysis of the levels of Jhd2-9Myc or its mutant derivatives in WCEs. The level of Pgk1 served as a
control for total protein loading. D, WCEs were prepared from Hela cells expressing SMCX-6Myc or the
mutant (smcx(5451R)-6Myc), and protein levels were examined using anti-Myc antibody. The level of

containing enzymes require iron
(Fe*") and a-ketoglutarate as
cofactors for their activities (34).
All the highly conserved cofactor-
binding residues, except Tyr>*®
(one of the a-ketoglutarate-bind-
ing residues), reside in the JmjC
catalytic domain of Jhd2 (Fig. 24).
Besides the JmjC domain, Jhd2

B-actin served as a control for total protein loading.

Interestingly, the distribution pattern of Jhd2-LexA across the
PMA1I gene was similar to that seen for H3K4me3 (Fig. 1, com-
pare Band C). Similar results were obtained from ChIP assays of
HSP104 (see Fig. 8B), which is expressed at very low levels
under normal conditions (32). Given that H3K4me3 is the sub-
strate for Jhd2, these data suggest that Jhd2 might be actively
recruited during gene transcription to dynamically regulate the
H3K4 methylation levels.

Next, to test whether Jhd2 also has a role in the regulation of
H3K4 methylation in an inducible gene, we measured the kinet-
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also contains a JmjN domain and a

PHD finger (Fig. 2A4). To investi-
gate the importance of these different domains for Jhd2
function, we created point mutations in the conserved resi-
dues that bind a-ketoglutarate (Y346A) or Fe*" (H427A) or
that reside in the PHD finger (H261A). Compared with the
WT, overexpression of these jid2 mutant alleles showed that
whereas jhd2(H261A) and jhd2(Y346A) caused only a mod-
est decrease in H3K4me3 levels, jhd2(H427A) had no appar-
ent reduction (Fig. 2B). Thus, binding to cofactors and main-
taining an intact PHD finger are important for the function
of Thd2 in vivo.
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result suggests that Thr*>® might
be important for regulating the
protein stability of Jhd2. Next, we
examined whether Ser®" in SMCX is
important for maintaining protein
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FIGURE 3. The global protein level and subcellular localization of Jhd2 are sensitive to its structural
integrity. A, shown is a schematic representation of Jhd2 and its truncation mutants. The JmjN, PHD, and JmjC
domains are represented as shown in Fig. 2A. B, crude nuclear extracts were prepared from the jhd2A strain
containing vector alone or overexpressing WT or mutant JHD2. The levels of H3K4 methylation were examined
by Western blotting. C, the levels of Jnhd2 and Jhd2(JmjNA) in the WCEs (upper panel) and nuclear extracts (lower
panel) were examined by Western blotting. Pgk1 and H3 were used as loading controls in the WCEs and nuclear
extracts, respectively. D, shown are the results from Western blot analysis of the levels of WT Jhd2 and its
truncation mutants in the WCEs (upper panel) and nuclear extracts (lower panel). E, shown are the results from
Western blot analysis of the levels of Jhd2 and Jhd2(T359R) in the WCEs (upper panel) and nuclear extracts

(lower panel).

T359R, a Substitution Mutation Corresponding to a Human
SMCX Mutation Linked to Mental Retardation, Affects both the
Demethylase Function and Global Protein Level of Jhd2—Mu-
tations in SMCX (JARID1C), a human homolog of Thd2, have
been associated with X-linked mental retardation (35-37).
Patients carrying one of the well characterized X-linked mental
retardation mutations in SMCX (S451R) developed mental
retardation and also showed mild deformities in the tongue and
fingers (36). However, the molecular consequence(s) of this
mutation was not known. Ser**! resides in a region that is highly
conserved from yeast to human (Fig. 24, lower panel) (7). To
investigate the effect of S451R on SMCX function in vivo, we
generated a corresponding mutation, T359R, in Jhd2. Unlike
overexpression of WT JHD2, overexpression of jhd2(T359R)
did not reduce H3K4me3 levels (Fig. 2B, sixth lane), suggesting
that this mutation might abrogate the enzymatic activity and
create a null allele of Jhd2. Interestingly, the T359R mutation
also resulted in a severe reduction in the steady-state protein
levels compared with WT JHD2 and the other jhd2 alleles
(ihd2(H427A), jhd2(H261A), and jhd2(Y346A)) (Fig. 2C). This
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Although the JmjN domain is highly
conserved, it does not exist in all
JmjC domain-containing histone
demethylases (7). For example, the
JmjN domain is absent in the H3K36
demethylases such as human
JHDM1 (JHDMIA and JHDMIB)
and yeast Jhdl. To determine the
contribution of this domain to Jhd2
function, we created a deletion
derivative lacking the JmjN domain
(Jhd2(JmjNA)) and examined the
effect of this truncation on the abil-
ity of Jhd2 to remove H3K4 methyl-
ation (Fig. 3A). Unlike the WT,
overexpression of jhd2(JmjNA) did
not reduce H3K4 methylation (Fig. 3B), indicating that the
JmjN domain is essential for Jhd2 function. Intriguingly, the
protein levels of overexpressed jhd2(JmjNA) appeared reduced
compared with those of the WT (Fig. 3B). Indeed, a drastic
reduction in the steady-state levels of Thd2(JmjNA) was evident
when the proteins were expressed from the endogenous JHD2
promoter using a low copy (CEN-based) plasmid (Fig. 3C). This
result suggests that the structural integrity of Jhd2 is important
for maintaining its whole-cell protein levels. In contrast, the
levels of Thd2(JmjNA) in the nuclear extracts were higher than
those of the WT (Fig. 3C). Given the increase in nuclear
Jhd2(JmjNA) levels, it is conceivable that the lack of H3K4 dem-
ethylation in this mutant (Fig. 3B) is likely due to the truncation
and not due to reduced global protein levels (Fig. 3C, upper
panel). Taken together, these novel findings put forth a possi-
bility that the overall protein stability and nuclear localization
of Thd2 might be regulated by its protein structure.

Previous studies have revealed the presence of two SMCX
splice variants in human cells, and both proteins exhibit in vivo
H3K4 demethylation. Whereas the longer form of SMCX is
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FIGURE 4. Loss of the JmjN domain in Jhd2 causes protein instability mediated by the E3 ligase Not4 and activity.

the proteasome. A, cells containing WT Jhd2 or the Jhd2(JmjNA) mutant were treated with 35 ug/ml cyclo- To test whether the protein sta-

heximide (CHX) for the indicated periods of time to terminate protein synthesis. Equal amount of WCEs were bility of Jhd2 is compromised by

subjected to Western blotting using anti-Myc and anti-Pgk1 antibodies. B, shown are the results from Western
blot analysis of the levels of WT Jhd2 and its mutants in WCEs obtained from cells treated with dimethyl

mutations, we examined the global

sulfoxide (DMSO; vehicle) or with MG132. C, the levels of WT Jhd2 and its mutants in WCEs and nuclear extracts  levels of WT Jhd2 and a mutant

obtained from control (WT) and not4A strains were detected using anti-Myc ant
from Western blot analysis of the levels of WT Jhd2 and the Jhd2(JmjNA) mutant
(WT) and not4A strains treated with cycloheximide for the indicated times.

predominantly a nuclear protein (38 —40), its shorter splice var-
iant (lacking the C-terminal 120 amino acids) is present at very
low levels in the nucleus (25). Taken together, these studies and
our findings suggest that controlling the nuclear localization of
SMCX and Jhd2 might be a mode to regulate their H3K4 de-
methylation on chromatin. Therefore, we tested the levels of
Jhd2 and its mutant derivatives in addition to Jhd2(JmjNA)
within the nucleus (Fig. 34). As expected, all deletions of Jhd2
abolished its function as a demethylase (Fig. 3B) (data not
shown). Moreover, except for the C-terminal deletion mutant
(Jhd2(CA)), all of the mutants showed decreased steady-state
protein levels and increased nuclear protein levels similar to
Jhd2(JmjNA) (Fig. 3D). These results show that any change in
the structural integrity of the region encompassing the JmjN
and JmjC domains of Jhd2 that abrogates its enzymatic function
will lead to a decrease in its global protein levels but increase its
nuclear protein levels. Next, we tested whether these changes in
Jhd2 levels in the whole-cell and nuclear extracts are due to the
loss of its enzymatic activity. To this end, we examined the
whole-cell and nuclear levels of the catalytically dead allele
Jhd2(H427A) (Fig. 2B). As shown in Fig. 4C, both the global and
nuclear levels of Jhd2(H427A) are similar to those of the WT.
This result shows that the loss of enzymatic activity alone does
not alter the protein levels of Jhd2 and strongly implicates the
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odyD hownige DSl d2(mNA) following termina.
tion of protein synthesis using
cycloheximide. As shown in Fig. 44,
deletion of the JmjN domain caused rapid degradation of
Jhd2. Compared with WT Jhd2 levels, Jhd2(JmjNA) was
barely detectable at 20 min after cycloheximide treatment,
and it was completely absent at 40 min following the trans-
lational arrest. Recently, E3 ligase Not4-mediated polyubiq-
uitination followed by proteasomal degradation was shown
to modulate the steady-state levels of Jhd2 (20). Therefore,
we tested whether the compromised protein stability of
Jhd2(JmjNA) is due to a high protein turnover mediated by
the proteasome. Supporting this possibility, proteasomal
inhibition using MG132 resulted in increased steady-state
levels of Thd2(JmjNA) (Fig. 4B). We further tested whether
Not4 is involved in this proteasome-mediated degradation of
Jhd2(JmjNA). Indeed, the steady-state levels of Jhd2(JmjNA)
were restored nearly to WT levels in the not4A strain (Fig.
4C), and this mutant protein was highly stabilized in cells
lacking Not4 (Fig. 4D). This finding suggests a protein struc-
ture-monitoring role for Not4 in maintaining Jhd2 lev-
els. Additionally, the nuclear protein levels of JThd2(JmjNA)
were increased in not4A compared with both WT Jhd2
and Jhd2(H427A) (Fig. 4C). Taken together, our findings
reveal that the structural integrity of Jhd2 is a crucial deter-
minant for maintaining its protein stability mediated by
Not4.
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FIGURE 5. Residues that might mediate the JmjN-JmjC domain interaction are critical for the global
protein levels and subcellular localization of Jhd2. A, shown is the crystal structure of the JmjN (light green)
and JmjC (light blue) domains of JMJD2A (Protein Data Bank code 2GP5). The two domains interact with each
other through one B-strand in the JmjN domain (green) and another one in the JmjC domain (blue). The two
residues involved in ionic interaction, lysine in the JmjN domain (yellow) and glutamate in the JmjC domain
(pink), are represented by the ball-and-stick model. B, shown is the protein sequence alignment of residues
involved in the JmjN-JmjC domain interaction of JMJD2A and Jhd2. + denotes similar residues. C, shown are
the results from Western blot analysis of H3K4 methylation levels in the crude nuclear extracts prepared from
jhd2A containing a high copy plasmid alone or overexpressing WT JHD2 or its mutants. D, WCEs (upper panel)
and nuclear extracts (lower panel) were obtained from the jhd2A strain containing low copy plasmids contain-
ing WT JHD2 or its mutants and subjected to Western blotting using anti-Myc, anti-Pgk1, and anti-H3 antibod-
ies. E, shown are the results from Western blot analysis of the levels of WT Jhd2 and its mutants in WCEs
obtained from cells treated with cycloheximide (CHX) for the indicated periods of time. F, shown are the results
from Western blot analysis of the levels of WT Jhd2 and its mutants in WCEs obtained from cells treated with
dimethyl sulfoxide (DMSO; vehicle) or with MG132.

specific demethylase, has revealed a
physical interaction between the
two antiparallel B-strands in its
JmjN and JmjC domains (Fig. 5A)
(41). The residues constituting
each B-strand of the JmjN and
JmjC domains are highly conserved
among the demethylases containing
both these domains (7), implicating
an important role for the interdo-
main interactions in regulating
demethylation. Indeed, it has been
proposed that this JmjN-JmjC
domain interaction might cause
a conformational change in the
JMJD2A catalytic core to activate its
enzymatic function (41). Although
differing in their substrate specific-
ity, the strong sequence similarity
between the two B-strands in the
JmjN and JmjC domains of JMJD2A
and Jhd2 (Fig. 5B) suggests that an
interdomain interaction might also
occur in Jhd2 to regulate its func-
tion. To test this possibility, we
mutated the conserved residues in
the B-strands in the JmjN and
JmjC domains of Jhd2 and assessed
their effects on its enzymatic func-
tion. Unlike the WT, overexpres-
sion of jhd2(G34R), jhd2(K37E),
and jhd2(E507K) did not reduce
H3K4me3 levels (Fig. 5C), indicat-
ing that these conserved residues
are important for Jhd2 function.
Moreover, similar to the jad2(T359R)
null mutant, the global protein lev-
els were reduced, and nuclear pro-
tein levels were increased in the
JmjN and JmjC domain mutants
(Fig. 5D), suggesting that these
mutations might also perturb the
structural integrity and elicit the
proteasome-mediated protein deg-
radation response (20). Indeed, the
protein stabilities of Jhd2(K37E)
and Jhd2(E507K) were severely
compromised (Fig. 5E), and MG132-
mediated proteasomal inhibition
resulted in increased steady-state
levels of these two Jhd2 mutants
(Fig. 5F). The close proximity
between Lys®” in the JmjN domain
and Glu®®” in the JmjC domain sug-
gests that a charge-based interac-

The Interaction between JmjN and JmjC Domains Is Impor-  tion might occur between these two residues (Fig. 54). There-
tant for Jhd2 Function—The crystal structure of the catalytic fore, we created a charge-switching double mutation (K37E/
core domain of human JMJD2A, an H3K9me3- and H3K36me3- E507K) and tested whether it can restore Jhd2 function
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FIGURE 6. The positive charge at position 37 in the JmjN domain is impor-
tant for the demethylase function of Jhd2 toward all three states of H3K4
methylation. Shown are the results from Western blot analysis of H3K4
methylation levels in crude nuclear extracts prepared from jhd2A (A) and
sdc1A (B) cells overexpressing WT JHD2 or its mutant derivatives.

compared with the single-site mutations (K37E and E507K).
Overexpression of jhd2(K37E/E507K) did not reduce H3K4
methylation (Fig. 5C), indicating a disruption of the enzymatic
function due to the introduced mutations. However, its whole-
cell protein levels were modestly increased compared with
Jhd2(K37E) or Jhd2(E507K) (Fig. 5, D—F). This result suggests
that a charge-based interaction might occur between Lys*” and
Glu®®”. However, the charged side chains in K37E and E507K
might not be present in a correct orientation for efficient inter-
domain interaction, leading to the loss of enzymatic function.
Alternatively, maintaining a positively charged residue at posi-
tion 37 in the JmjN domain and a negative one at position 507 in
the JmjC domain might be important for the structural integrity
and for the interdomain interaction. Supporting this possibility,
only overexpression of a Jhd2 mutant containing the charge-
conserved substitution mutation (K37R), but not jhd2(K37A)
and jhd2(K37Q), retained demethylation function and reduced
H3K4me3 levels similar to overexpression of the WT (Fig. 6A4).

In in vitro assays, Jhd2 has been shown to demethylate
H3K4mel-, H3K4me2-, or H3K4me3-containing peptides (14).
However, only H3K4me3 levels were reduced when Jhd2 was
overexpressed in yeast cells (Figs. 1-3, 5, and 6) (15, 17). Thus,
the ability of Jhd2 to demethylate H3K4me2 or H3K4mel in
vivo is probably masked by the conversion of H3K4me3 into
H3K4me2 or of H3K4me?2 into H3K4mel, respectively. To test
this possibility, we overexpressed W'T JHDZ2 and its mutant alle-
les (jhd2(K37R), jhd2(K37A), and jhd2(K37Q)) in a yeast strain
lacking H3K4me3 due to the deletion of SDC1, a Set1-COMPASS
subunit (42). Consistent with its in vitro activity and sup-
porting our “masking” hypothesis, overexpression of WT JHD2
(Figs. 6B and 7C, second lane) and jhd2(K37R), but not
jhd2(K37A) (Fig. 6B, third and fourth lanes), reduced H3K4me2
and H3K4mel in sdcIA compared with the control (vector
alone). Therefore, in addition to H3K4me3, Jhd2 also demeth-
ylates H3K4me2 and H3K4mel in vivo. Interestingly, overex-
pression of the acetylation-mimetic jid2(K37Q) allele, which
could not demethylate H3K4me3 (Fig. 64, fifth lane), reduced
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only H3K4me?2 levels (Fig. 6B, fifth lane). This result suggests
that the interdomain interaction between the JmjN and JmjC
domains through their two B-strands might play a role in mod-
ulating the demethylation function of Jhd2 toward different
methylation states of H3K4 and that this interaction might be
regulated by the acetylation of Lys®” within the JmjN domain.
The PHD Finger Is Required for the Demethylation Activity
and Chromatin Association of Jhd2—The PHD finger between
the JmjN and JmjC domains of the JARID1 family of H3K4
demethylases contains a conserved C4HC3 zinc-binding motif
(Fig. 2A) (7). Based on the solution structure of the PHD finger
in human SMCY (JARID1D, an H3K4 demethylase; Protein
Data Bank code 2E6R), the three cysteine residues (Cys', Cys?,
and Cys®) together with the histidine residue (His®) present in
the Jhd2 PHD finger can be predicted to form the first zinc
finger, whereas the remaining cysteine residues (Cys® Cys®,
Cys’, and Cys®) form the second one (Fig. 74). To determine
the role for these two zinc-coordinating sites in Jhd2 function,
we disrupted the PHD finger by creating two double mutants,
jhd2(C1A,C2A) and jhd2(C7A,C8A). Whereas overexpression
of jhd2(C1A,C2A) resulted in a reduction of H3K4me3, overex-
pression of jhd2(C7A,C8A) had no apparent effect (Fig. 7B).
Moreover, only overexpression of jhd2(C1A,C2A) in sdclA
caused a reduction in H3K4me2, but not jhd2(C7A,C8A) (Fig.
7C). Collectively, these results show that disruption of the sec-
ond zinc-binding site within the PHD finger abrogates the de-
methylase function, and therefore, it is more critical for Jhd2
activity toward H3K4me2 and H3K4me3 than the first one.
Many, if not all, PHD-containing proteins associate with
chromatin through the direct interaction between their PHD
fingers and the histones (43, 44). Therefore, it is conceivable
that the loss of demethylation in the PHD finger mutants may
be due to a poor association of JThd2 with chromatin. To test this
possibility, we performed in vitro nucleosome binding assays.
To obtain mononucleosomes, nuclei isolated from the WT
yeast strain containing FLAG-H2B were digested extensively
with micrococcal nuclease, followed by immunoprecipitation
using anti-FLAG antibody-agarose beads. Agarose gel electro-
phoresis showed that the DNA isolated from the immobilized
nucleosomes was ~150 bp in length, confirming the presence
of mainly mononucleosomes (Fig. 7D). Subsequently, equal
amounts of immobilized mononucleosomes were used to pull
down the purified recombinant GST-tagged PHD finger of Jhd2
(GST-PHD) or its mutants (GST-PHD(C1A,C2A) and GST-
PHD(C7A,C8A)). As shown in Fig. 7E, GST-PHD, but not GST
alone, was able to interact with the immobilized nucleosome.
However, compared with GST-PHD, both PHD finger mutants
(GST-PHD(C1A,C2A) and GST-PHD(C7A,C8A)) showed
reduced binding to the nucleosome (Fig. 7E, seventh and eighth
lanes). This reduced chromatin binding of the PHD finger
mutants agrees well with their debilitated demethylation
compared with the WT (Fig. 7, B and C). However, GST-
PHD(C7A,C8A) showed better nucleosome binding than GST-
PHD(C1A,C2A) (Fig. 7E, seventh and eighth lanes), even though
only the jhd2(C7A,C8A) PHD finger mutation abrogated the in
vivo demethylation activity of Jhd2 (Fig. 7, B and C). Therefore,
to further confirm whether the PHD finger in Jhd2 is important
for its in vivo chromatin association, we performed ChIP assays
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demethylase. A, shown is a speculative structure for the PHD finger of Jhd2 as predicted by SWISS-MODEL, a
knowledge-based protein-modeling algorithm (ExPASy Proteomics Server). The two zinc-coordinating sites,
each composed of four residues (cysteine or histidine), are shown. Band C, shown are the results from Western
blot analysis of H3K4 methylation levels in crude nuclear extracts prepared from jhd2A (B) and sdc1A (C) strains
overexpressing WT JHD2 or PHD finger mutant variants. D, nuclei isolated from the WT and set7A strains
containing FLAG-H2B were digested using micrococcal nuclease to solubilize chromatin. The released soluble
chromatin was immobilized onto anti-FLAG antibody M2-conjugated agarose beads. The DNA fragments
isolated from immobilized chromatin resolved on 2% agarose gel show the presence of predominantly mono-
nucleosomes (~146 bp). Marker, 100-bp DNA ladder. E, shown are the results from in vitro mononucleosome
binding assay. The immobilized mononucleosomes obtained from the WT were incubated with recombinant
GST-tagged WT or mutant PHD fingers of Jhd2 (2 ng). After extensive washing, the mononucleosome-bound
recombinant proteins were eluted in sample buffer. Recombinant proteins (40 ng; Input) and eluates (40%)
were subjected to Western blot analysis using anti-GST antibody. An aliquot of the eluate (10%) was also used
as a control to show the equal loading of immobilized mononucleosomes, as detected using anti-FLAG anti-
body. The asterisk denotes the light chain of mouse IgG. WT Nuc., WT nucleosome. F, shown are the results from
ChIP analysis of the levels of WT Jhd2 or PHD finger mutant variants at HSP104. The levels of Jhd2 or its mutant
variants at the promoter (P), 5'-ORF, middle (Mid) ORF, and 3'-ORF regions were normalized to the level of WT
Jhd2 at the promoter region, which was set as 1. Error bars denote S.E. from three independent experiments.

to assess the occupancy of C-terminally 9Myc epitope-
tagged Jhd2 and its PHD finger mutants (Jhd2(C1A,C2A)

their effects on Jhd2 demethyla-
tion function, the occupancy of
Jhd2(C7A,C8A) was more pro-
foundly reduced on the promoter
and ORF regions of HSP104 than
Jhd2(C1A,C2A) compared with
the WT (Fig. 7F). Collectively, our
findings show that the structural
integrity of the PHD finger, espe-
cially the second zinc-coordinat-
ing site, is important for the asso-
ciation of Jhd2 with chromatin in
addition to its contributions to the
H3K4 demethylation activity.

Chromatin Association of Jhd2 Is
Independent of H3K4 Methylation
and the H3 N-terminal Tail Region—
Recently, PHD fingers have emerged
as a class of specialized modules that
bind to the trimethylated lysine resi-
dues on histones, such as H3K4,
H3K9, and H3K36 (44, 45). Intrigu-
ingly, upon investigating the role and
occupancy of Jhd2 in the subtelo-
meric region using ChIP assays, we
found an inverse correlation between
H3K4me3 and Jhd2 occupancy (Fig.
8A). Overexpression of JHD2-LexA
led to a decrease in H3K4me3 at both
the proximal region of the YFRO55W
ORF (5'-ORF) and the ORF-free
regions close to the telomere at the
right end of chromosome 6 (Fig. 84,
upper panel). Unexpectedly, the levels
of Jhd2-LexA at the ORF-free regions
were higher compared with those of
the actively transcribed YFROS5W,
even though the H3K4me3 levels at
the proximal region of YFRO55W
were ~10-fold greater compared
with the ORF-free regions (Fig. 84).
This result suggests that the chroma-
tin association of Jhd2 mediated by its
PHD finger is not dependent on
H3K4me3. To test this possibility, we
performed ChIP assays to determine
the Jhd2 occupancy on the HSP104
gene in an sppIA strain that has
reduced levels of H3K4me3 (Fig. 8B).
No change in Jhd2 occupancy was
evident in sppIA compared with the
WT, suggesting that the association
of Jhd2 with chromatin is indepen-
dent of H3K4me3.

To further confirm that H3K4me3

is not a prerequisite for the chromatin binding of Jhd2, we
performed chromatin fractionation analysis to assess the

and Jhd2(C7A,C8A)) on the HSP104 gene. Consistent with  global levels of Jhd2 on chromatin in the WT or mutants

AUGUST 6, 2010-VOLUME 285+NUMBER 32

JOURNAL OF BIOLOGICAL CHEMISTRY 24557



Regulation and Functions of Jhd2

A YFR0O56C B __
TELO6R G=r —— —— HSP104 |
YFRO57W _  YFROS5W - P SORF MidORF  3'ORF
B C D E
14 & vector - 12 Il Promoter
1.2 M JHD2 OE < []50ORF
2] ® 0.8
I 1 [} [ Mid ORF
S 08 § 3'ORF
£ < 04 O
§ 0.6 I
© 04 T 0
b WT spp1A
0.2 o 16
0 <
B C D E O 1.2 . I
S I
6 OE? 08 T T 1
o 5 N 04
] o
o, | 5 o
< WT spp1A
o 3
=
N 2
2
5 1
0
B C D E
C Jhd2-9Myc D Input Pull-down E Jhd2-9Myc
< - ~ - ~ =
R 8 3
553 % %35 e R g !
° o o o 9 s 5 5
o o A o a o
OMYC | e, S D G D e | I I I T T I
a3 & §&q aMyc|  emme—
E B E E E B =
I e—— 4888332383
: o [~
Chromatin extracts — o= e -
a-GST "
. e Chromatin extracts
a-Myc S C— C— — —
Flag-H2B | DD a-Myc -——
w-PGK1 | D G c > G G
Whole cell extracts set14 Nuc. a-PGK1 :

Whole cell extracts
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intact PHD finger. A, upper panel, the levels of H3K4me3 at four loci (black lines labeled B-E) in the subtelo-
meric region close to the right arm of chromosome 6 (TELO6R) were analyzed by ChIP assay. The graph depicts
data obtained from the vector-alone control or overexpressing JHD2-LexA (JHD2 OE). The H3K4me3 levels at
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the levels of Jhd2-LexA at TELO6R were analyzed by ChIP using anti-LexA antibody. LexA immunoprecipitation/
input values obtained from the no-tag control were subtracted from those obtained from strains overexpress-
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at different loci were normalized to the D region. Error bars denote S.E. from two independent experiments.
B, the levels of H3K4me3 and Jhd2 occupancy in HSP104 were determined by ChIP assay as described for A. Fold
change in H3K4me3 levels or Jhd2 occupancy at various regions of HSP104 are shown relative to their respec-
tive levels at the promoter (P) region in the WT, which was set as 1. Error bars denote S.E. from three independ-
ent experiments. Mid, middle. C, shown are the results from Western blot analysis of the Jhd2 levels in chro-
matin extracts (upper panel) and WCEs (lower panel) obtained from the WT or strains lacking Set1-COMPASS
complex components (Set1, Swd1, Sdc1, and Spp1). The asterisk denotes an anti-Myc cross-reacting protein.
D, shown are the results from in vitro mononucleosome binding assay. The immobilized mononucleosomes
isolated from set7A were incubated with the recombinant GST-tagged WT or mutant PHD finger of Jhd2 (2 .g).
After extensive washing, the mononucleosome-bound recombinant proteins were eluted in sample buffer.
Recombinant proteins (40 ng; Input) and eluates (40%) were subjected to Western blot analysis using anti-GST
antibody. An aliquot of the eluate (10%) was also used as a control to show the equal loading of immobilized
mononucleosomes, as detected using anti-FLAG antibody. The asterisk denotes the light chain of mouse IgG.
E, shown are the results from Western blot analysis of the Jhd2 levels in chromatin extracts (upper panel) and
WCEs (lower panel) prepared from the WT and H3(1-28A) strains. setTA Nuc., set1A nucleosome.

were either reduced or completely
abolished, respectively. As shown
in Fig. 8C, the chromatin-bound
Jhd2-9Myc levels in sppIA and
sdclA were similar to those in the
WT. This result confirms that the
chromatin association of Jhd2 is
independent of H3K4me3. Addi-
tionally, compared with the WT, no
change in chromatin-bound Jhd2-
9Myc levels was seen in setIA and
swdlA mutants that completely lack
H3K4 methylation (Fig. 8C). This
finding suggests that the chromatin
binding of Jhd2 is independent of
not only H3K4me3 but also all
forms of H3K4 methylation.

To determine whether the chro-
matin association of JThd2 mediated
by its PHD finger is indeed inde-
pendent of H3K4 methylation, we
performed in vitro nucleosome
binding assays as described above
(Fig. 7, D and E). To this end,
we used mononucleosomes isolated
from the setIA strain that lacks
H3K4 methylation (Fig. 7D and
supplemental Fig. S2) and assessed
the ability of the Jhd2 PHD finger
or its mutant derivatives to bind to
the immobilized nucleosomes. As
shown in Fig. 8D, the binding of
GST-PHD and its mutant deriva-
tives to mononucleosomes from the
setIA strain was similar to their
binding to mononucleosomes iso-
lated from the WT strain containing
H3K4 methylation (Fig. 7E and
supplemental Fig. S2). This finding
confirms the need for an intact PHD
finger to interact with chromatin
and, importantly, suggests that the
in vitro interaction between the
Jhd2 PHD finger and mononucleo-
somes is not dependent on H3K4
methylation.

In addition to their binding to tri-
methyllysine-containing histones,
several PHD fingers, including the
N-terminal PHD finger of human

lacking subunits of the Set1-COMPASS complex. To this end,
nuclei isolated from the WT and mutants were gently lysed
using hypotonic solution to obtain chromatin as described (26,
46). To detect chromatin-bound Jhd2—-9Myc expressed from its
endogenous promoter, equal amounts of chromatin from each
strain were subjected to Western analyses using anti-Myc anti-
body. Initially, the levels of Thd2-9Myc on chromatin were
assessed in sppIA and sdc1A mutants, wherein H3K4me3 levels
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JARID1A H3K4 demethylase, have been shown recently to bind
to non-methylated H3K4-containing peptides composed of
amino acids 1-20 (47-50). Interestingly, our chromatin frac-
tionation analysis showed that Jhd2 associated with chromatin
in vivo even in the absence of the H3 N-terminal tail region
lacking amino acids 1-28 (H3(1-28A)) (Fig. 8E). Therefore, our
finding suggests that Jhd2 might be binding to some other
region(s) of H3 either unmodified or modified by methylation.
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It is conceivable that Jhd2 might associate with methylated
H3K36 or H3K79 modified by methyltransferase Set2 or Dotl,
respectively (51). However, demethylation of H3K4me3 still
occurred in set2A and dotIA upon overexpression of JHD2
(supplemental Fig. S3). Thus, the in vivo association of Jhd2
with chromatin is not dependent on H3K4, H3K36, or H3K79
methylation.

DISCUSSION

Function of Jhd2 in Transcriptionally Active and Inactive
Chromatin Regions—Several studies have identified Jhd2 as an
H3K4-specific demethylase in yeast (14—17). However, evi-
dence for its occupancy and distribution on chromatin has been
lacking. Our ChIP analyses demonstrated for the first time that
Jhd2 binds to the promoter and coding regions of genes with
either high (PMAI) or low (HSP104) expression (Figs. 1C, 7F,
and 8B). Moreover, deletion or overexpression of JHD2 resulted
in a 2-fold increase and decrease in H3K4me3 levels at the pro-
moter and ORF regions of PMA I, respectively (Fig. 1B). Thus,
our results suggest that Jhd2 might be actively recruited during
gene transcription to dynamically regulate H3K4 methylation
levels.

Besides active genes, we also showed that Jhd2 functions dur-
ing the activated state, the repressed (uninduced) state, and the
attenuation phase following repression of the inducible INO1
gene. Similar to its association with the constitutively expressed
genes, Jhd2 also associated with the 5'-ORF region of INO1
during transcriptional induction (Fig. 1E). However, the levels
of Jhd2 at the induced state were 2-fold less compared with the
initial repressed state (Fig. 1E). Although this decrease in Jhd2
levels might account for the 4-fold increase in the H3K4me3
levels following induction, H3K4me3 levels were not increased
in the activated state of INO! in the absence of Jhd2 (Fig. 1D).
Therefore, taken together, these data suggest that even though
Jhd2 is present at INOI during the activated state, it might play
only a minor role in regulating the H3K4me3 levels, and the
robust increase in H3K4me3 levels during INO1 induction is a
result of the dominant Setl-COMPASS complex-mediated
methylation. We found that during re-repression, the levels of
H3K4me3 at the 5'-ORF of INOI were decreased rapidly in the
WT, but not in jad2A (Fig. 1D). Furthermore, our ChIP data
also revealed that Jhd2 dissociates from the INOI 5'-ORF
region upon induction and quickly reassociates with this region
upon re-repression (Fig. 1E). Thus, Jhd2 might play a role in the
rapid repression of these induced genes by actively removing
this active H3 modification mark upon re-repression. To the
best of our knowledge, this is the first demonstration that shows
the dynamics of histone demethylation and chromatin occu-
pancy of a JmjC domain-containing protein during activation
and repression of an inducible gene.

Similar to INO1, H3K4me3 levels are increased during GAL1
gene re-repression in the absence of Jhd2 (14). However, it is
not known whether H3K4 demethylation by Jhd2 is sufficient to
reestablish the repressed state of GALI. Our ChIP analysis did
not detect any prolonged occupancy of Rpb1 (the largest sub-
unit of RNA polymerase II) on INOI in jhd2A upon reestablish-
ment of its repression (data not shown), suggesting the involve-
ment of other mechanism(s) in the re-repression of INOI and
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perhaps GALI. Indeed, deletion of both JHD2 and JHDI, an
H3K36-specific demethylase, led to higher GALI RNA levels
during induction compared with those in the WT or single
deletion mutants (14). These findings suggest that Jhd2 and
Jhd1 (i.e. H3K4 and H3K36 demethylation) might play a redun-
dant role in the re-repression of activated genes in yeast. Alto-
gether, our results demonstrate that Jhd2 can dynamically asso-
ciate with chromatin to modulate H3K4 methylation levels on
both active (PMA I and HSP104) and repressed (INOI) genes in
yeast. These observations are in contrast to the JARID1 family
H3K4 demethylases from various species, which have been
shown to exert their effects only on repressed genes (9).

Jhd2 has been shown to be important for maintaining normal
telomeric silencing (15). In addition, demethylation of H3K4
has been proposed to be a rate-limiting step in the formation of
silent chromatin at the mating-type loci, as loss of JHD2 delays
the establishment of silencing in these regions (19). However,
there is no evidence that Jhd2 localizes to these regions to exert
its effect on the formation of silent chromatin. Our ChIP data
showed that when overexpressed, Jhd2 localized and reduced
H3K4me3 levels across the telomeric regions of the right arm of
chromosome 6 (TELO6R) (Fig. 8A). In keeping with the fact that
H3K4 is hypomethylated at telomeres and silent mating-type
loci (52), our results suggest that Jhd2 plays an active role in
maintaining low levels of H3K4 methylation required for the
formation of silent chromatin in these transcriptionally inactive
regions.

Role of the JmjN Domain in Mediating Jhd2 Demethylase
Function—The crystal structure of the catalytic core domain of
human JMJD2A (an H3K9me3- and H3K36me3-specific de-
methylase) shows extensive contacts between the two antiparallel
B-strands in its JmjN and JmjC domains (Fig. 54) (41). Given
the strong sequence similarity between the B-strands in the
JmjN and JmjC domains of JMJD2A and Jhd2 (Fig. 5B), our
results suggest that this JmjN-JmjC domain interaction might
also occur inJhd2 and that, importantly, this interdomain inter-
action is required for Jhd2 activity in vivo (Figs. 5C and 6A).
Comparison of the substrate preferences of all known JmjC
domain-containing histone demethylases has revealed that
enzymes with only a JmjC domain prefer mono- and dimeth-
ylated substrates, whereas those containing both JmjN and JmjC
domains (JmjN/JmjC) demethylate either di- and trimethylated
lysines or all forms of substrates (9). Therefore, the difference in
substrate specificity, especially trimethylated lysines targeted
by the JmjN/JmjC domain-containing demethylases, is likely to
be imparted by the JmjN domain through its interaction with
the JmjC domain. Indeed, we found that different amino acid
substitutions at the conserved Lys®*” in the JmjN domain
exerted differential affects on Jhd2 function. Whereas the char-
ge-conserved mutation (jhd2(K37R)) maintained normal Jhd2
activity in vivo, jhd2(K37A) totally abolished demethylation
(Fig. 6, A and B). In contrast, jhd2(K37Q) demethylated only
H3K4me2, but not H3K4me3 and H3K4mel (Fig. 6, A and B).
These results suggest that the interdomain interaction between
the two B-strands of the JmjN and JmjC domains might play a
role in modulating the substrate specificity of Jhd2. Finally,
given that the Lys-to-Gln substitution in jhd2(K37Q) is an
acetylation-mimetic mutation, it will be interesting to deter-
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mine whether the JmjN-JmjC domain interaction is modulated
by acetylation of Lys®” within the JmjN domain.

Regulation of Not4-mediated Protein Degradation of Jhd2—
Our results demonstrate that except for the C-terminal dele-
tion mutant (Jhd2(CA)), all of the Jhd2 truncation mutants
showed decreased steady-state protein levels (Figs. 3, Cand D).
In contrast, it has been shown that deletion of the PHD finger
alone has no apparent effect on Jhd2 protein levels (20). These
findings suggest that any change in the structural integrity of
the region encompassing the JmjN and JmjC domains (but not
the PHD finger) of Jhd2 can lead to a decrease in its global
protein levels. In keeping with this hypothesis, we found that
point mutations in the conserved antiparallel [B-strands
involved in JmjN-JmjC interdomain interaction (Fig. 5D), but
not those in the conserved C4HC3 zinc-binding motif of the
PHD finger (Fig. 7B), also caused a decrease in Jhd2 protein
levels. Collectively, these results indicate that any perturbation
of the proper interdomain interaction between the JmjN and
JmjC domains can adversely affect the steady-state levels of
Jhd2.

The mechanism by which Not4 recognizes and targets Jhd2
for degradation is not fully understood. Importantly, we
showed that the Jhd2(JmjNA) protein is stabilized and that its
global levels were restored nearly to WT levels in the not4A
strain (Fig. 4, C and D), suggesting a protein structure-monitor-
ing role for Not4 in controlling Jhd2 levels. However, the
Jhd2(JmjNA) mutant is apparently less stable than WT Jhd2
even in the absence of Not4 (Fig. 4D), indicating that other
parallel pathway(s) may also play a role in the structural quality
control of Jhd2. Collectively, on the basis of our findings, we
propose that Not4 might modulate the protein levels of Thd2 by
monitoring its structural integrity, especially the proper inter-
action between the JmjN and JmjC domains.

Jhd2 localizes to both the cytoplasm and nucleus (data not
shown) (53). The differential subcellular localization of the two
SMCX (human homolog of JThd2) splice variants suggests that
controlling the nuclear localization of SMCX and Jhd2 might be
a mode to regulate their H3K4 demethylation on chromatin
(25,38 —40). Intriguingly, whereas the deletion and point muta-
tions of Jhd2 resulted in a decrease in steady-state levels, their
levels in the nucleus were all higher compared with WT Jhd2
(Figs. 3, D and E, and 5D). Furthermore, in the not4A mutant,
the global Thd2(JmjNA) levels were increased and were equiva-
lent to those of the WT, but the nuclear levels were dramatically
increased and exceeded the WT levels (Fig. 4C). These results
reveal a link between the structural integrity and subcellular
localization of JThd2. Our results are reminiscent of those seen
for the yeast transcription factor Msn2, which, upon activation
by certain stress conditions (glucose exhaustion, chronic stress,
or low protein kinase A activity), accumulates in the nucleus
(54), and an increase in its protein degradation under these
conditions also results in a reduction in its overall whole-cell
protein levels. Therefore, we propose that through an unknown
mechanism(s) (e.g increased nuclear import or decreased
nuclear export), the Jhd2 mutants accumulate in the nucleus.
Subsequently, due to the improper JmjN-JmjC interdomain
interaction, the altered forms of Thd2 are then targeted for rapid
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degradation by Not4, leading to lower whole-cell protein levels
compared with WT Jhd2.

Finally, like Jhd2(P/CA) (Fig. 3D), Jhd2(T359R) also dis-
played lower steady-state but higher nuclear levels than Jhd2
(Figs. 2Cand 3E). These results indicate that residues, including
Thr3*?, located between the PHD finger and JmjC domain are
important for the structural integrity of Jhd2. Interestingly, the
global levels of human SMCX(S451R), a mutation correspond-
ing to JThd2(T359R), were lower than those of WT SMCX (Fig.
2D), suggesting a conserved role for Thr**® and Ser**! in regu-
lating the protein stabilities of Jhd2 and SMCX, respectively.
Because human Not4 can also polyubiquitinate SMCX in vitro
(20), our findings suggest the presence of a conserved pathway
involving Not4 that modulates the protein stability of both
yeast Jhd2 and human SMCX.

Controlling the Chromatin Association of Jhd2—Exactly how
the H3K4 demethylases belonging to the JARID1 family inter-
act with chromatin is not fully understood. Although not pres-
ent in Jhd2, all of the JARID1 H3K4 demethylases from higher
eukaryotes harbor an ARID/BRIGHT DNA-binding domain,
which is required for their demethylation activities (10-13).
However, it is not known whether the ARID/BRIGHT domain
is essential for their association with chromatin. In this study,
we have shown that the PHD finger is important for Jhd2 to
associate with chromatin and for its in vivo activity (Fig. 7). The
PHD finger in most JmjC domain-containing demethylases and
transcription factors binds to either H3 containing methylated
lysine (H3K4, H3K9, H3K27, and H3K36) or the unmodified H3
N-terminal tail region (43, 44). However, whereas the PHD fin-
ger is important for the chromatin association of Jhd2 in vivo
(Fig. 7F), it binds to mononucleosomes independent of H3K4
methylation in in vitro binding assays (Figs. 7E and 8D). More-
over, the in vivo association of Jhd2 with chromatin is not
dependent on H3K4, H3K36, or H3K79 methylation (Fig. 8C
and supplemental Fig. S3) and is independent of the first 28
amino acids in H3 (Fig. 8E). Collectively, our findings put forth
anovel possibility that through its PHD finger, Jhd2 might asso-
ciate with chromatin via binding to H3 outside of its N-terminal
tail region or, alternatively, via binding to some other histones.
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