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Distinct lysine methylation marks on histones create dynamic
signatures deciphered by the “effector” modules, although the
underlying mechanisms remain unclear. We identified the plant
homeodomain- and Jumonji C domain-containing protein
PHF2 as a novel histone H3K9 demethylase. We show in bio-
chemical and crystallographic analyses that PHF2 recognizes
histone H3K4 trimethylation through its plant homeodomain
finger and that this interaction is essential for PHF2 occupancy
and H3K9 demethylation at rDNA promoters. Our study pro-
vides molecular insights into the mechanism by which distinct
effector domains within a protein cooperatively modulate the
“cross-talk” of histone modifications.

Covalent post-translational modifications on histones play
an essential role in regulating chromatin dynamics that influ-
ences diverse nuclear processes such as transcription (1-3).
Methylation on distinct histone lysine residues is in general
associated with different transcriptional states. For instance,
methylation on H3K4 (H3K4me) is enriched in the regions of
active transcription, whereas H3K9me is linked to transcrip-
tional repression (4, 5). One of the fundamental mechanisms by
which histone methylation regulates chromatin is to create
dynamic signatures at chromatin that are recognized by “effec-
tor” proteins, which in turn transduce the chromatin signatures
to downstream biological functions (6, 7). In this context, the
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plant homeodomains (PHD? fingers) from ING2 and BPTF
have been shown to recognize H3K4me3 and subsequently reg-
ulate transcription (8, 9).

There are >200 PHD fingers in the human genome; how-
ever, the functions of most PHD fingers are not clear. Interest-
ingly, a subfamily of PHD finger proteins also contain a JmjC
domain, a recently identified module responsible for histone
lysine demethylation (10-12), indicating that these PHD fin-
gers may play a role in methylation dynamics. Therefore, we
sought to determine whether the PHD fingers in the JmjC
domain-containing KDM (lysine demethylase) proteins
directly recognize histone methyllysines and whether they can
modulate JmjC domain-dependent histone demethylation. In
this study, we identified PHF2 (PHD finger protein 2) as a novel
histone H3K9 demethylase, and we found that the PHF2 PHD
finger specifically recognizes H3K4me3. We determined the
crystal structure of the PHF2 PHD finger in complex with an
H3K4me3 peptide and identified essential resides for this inter-
action. Finally, we demonstrate that recognition of H3K4me3 is
important for PHF2-dependent promoter demethylation and
expression of rDNA.

EXPERIMENTAL PROCEDURES

Plasmids, Antibodies, and Peptides—The PHF2 PHD finger
(residues 1-70) was cloned into pGEX-6P-1 (GE Healthcare).
Mouse phf2 ¢cDNA was cloned into pENTR3C and subse-
quently cloned into the pDEST53, p3FLAG, and pPBABE-FLAG
vectors using Gateway techniques (Invitrogen). PHD mutants
were generated by site-direct mutagenesis (Stratagene). Anti-
PHF2 antibody (D45A2) was obtained from Cell Signaling.
Anti-histone antibodies were from Abcam (H3 (Ab1791),

H3K4mel (Ab8895), H3K4me2 (Ab32356), H3K4me3
(Ab8580), H3K9mel (Ab9045), H3K9me3 (Ab8898),
H3K36mel (Ab9048), H3K36me3 (Ab9050), H4K20mel

(Ab9051), H4K20me2 (Ab9052), and H4K20me3 (Ab9053)) or
Upstate (H3K9me2 (07-441), H3K27mel (07-448), H3K27me2
(07-452), H3K27me3 (07-449), and H3K36me2 (07-369)).
Other antibodies used in this study were raised against fibrilla-
rin (Ab5821, Abcam), GST (E5, Santa Cruz Biotechnology), and
FLAG (M2) and tubulin (Sigma). Histone peptides bearing dif-
ferent modifications were synthesized at the W. M. Keck Facil-
ity at Yale University.

Peptide Microarray and Peptide Pulldown Assays—Peptide
microarray and peptide pulldown assays were performed as
described previously (13, 14). Briefly, biotinylated histone pep-
tides were printed in hexaplicates onto a streptavidin-coated
slide (Arrayit Corp.) using a VersArray compact microarrayer
(Bio-Rad). After a short blocking with biotin (Sigma), the slides
were incubated overnight at 4 °C with the GST-fused PHF2
PHD finger in binding buffer (50 mm Tris-HCI (pH 7.5), 300 mm
NaCl, and 0.1% Nonidet P-40). After washing with the same

3 The abbreviations used are: PHD, plant homeodomain; BPTF, bromodomain
PHD finger transcription factor; JmjC, Jumonji C; GST, glutathione S-trans-
ferase; MES, 4-morpholineethanesulfonic acid; shRNA, short hairpin RNA;
ChlP, chromatin immunoprecipitation; WT, wild-type.
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TABLE 1

X-ray crystallographic data collection, phasing, and refinement
statistics

The highest resolution shell is shown in parentheses. Zn-SAD, zinc single-wave-
length anomalous diffraction; r.m.s.d., root mean square deviation.

Native Zn-SAD
Data collection

Space group P6(5)22 P6(5)22
Cell dimensions

a, b, c (A) 77.76,77.76,72.12 77.93,77.93,72.07

o, By . 907, 90°, 120° 90°, 90°, 120°
Wavelength (A) 1.000 1.283
Resolution (A) 30-1.78 (1.84-1.78) 30-1.91 (1.94-1.91)
Ry OF Ry 7.0 (38.1) 8.4 (42.3)
ol 40.0 (3.8) 66.9 (5.2)
Completeness (%) 98.5(89.1) 98.0 (83.6)
Redundancy 9.0 (4.8) 19.9(9.1)

Refinement

Resolution (A) 1.78
No. reflections 11,858
Ry Rivee 18.9/21.8
No. atoms

Protein 622

Ton 6

Water 125
B-factors

Protein 30.4

Ton 50.8

Water 40.2
r.am.s.d. )

Bond lengths (A) 0.009

Bond angles 1.170°

buffer, slides were probed with anti-GST antibody and fluores-
cein-conjugated secondary antibody and visualized using a
GenePix 4000 scanner (Molecular Devices). For peptide pull-
down assays, 1 ug of biotinylated histone peptides with differ-
ent modifications was incubated overnight with 1 ug of GST-
fused PHD fingers in binding buffer. Streptavidin beads
(Amersham Biosciences) were added to the mixture and incu-
bated for 1 h with rotation. The beads were then washed three
times and analyzed by SDS-PAGE and Western blotting.

X-ray Crystallography—The purified PHF2 PHD finger pro-
tein was mixed with H3K4me3 peptide at a 1:2 ratio in a solu-
tion of 10 mM Tris-HCI (pH 7.5), 200 mm NaCl, 0.3 M urea, and
0.2% Tween 20 to concentrate to 10 mg/ml. Crystals of the
complex were obtained by the hanging-drop vapor diffusion
method at room temperature. The well solution consisted of 1
ml of 100 mm MES (pH 6.0) and 1.8 M ammonium sulfate. The
crystals were flash-frozen at 100 K in a nitrogen gas stream in
the cryoprotectant with 20% ethylene glycol. Zinc single-wave-
length anomalous diffraction data were collected at peak wave-
length and processed using Denzo and Scalepack software. The
data collection and refinement statistics are shown in Table 1.
The two zinc positions in the protein were determined using
SHELXD (15). The phases were calculated using the programs
SOLVE and RESOLVE (16). The model was built using
COOT7, and the structure was refined using REFMAC (CCP4
Suite) (17). Figures were generated using the PyMOL molecular
viewer.

Cell Culture and shRNA-mediated Knockdown—293T,
U20S, and HelLa cells were maintained in Dulbecco’s modified
Eagle’s medium supplemented with 10% fetal bovine serum
(Invitrogen). HeLa cell lines stably expressing PHF2 were gen-
erated using retrovirus. To knock down PHF2, cells were trans-
fected with pTRIPZ-PHF2 shRNA (Open Biosystems) for 24 h,
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followed by a second transfection for an additional 48 h. The
mature sense sequence of shRNA targeting human PHF2 is
5'-GAAACTACTCCTTTAAGAT-3'".

Immunostaining, PCR, and ChIP Assays—Immunostaining
(18), reverse transcription-PCR, real-time PCR, and ChIP
assays were performed as described previously (19). mRNA was
prepared using an RNeasy Plus kit (Qiagen) and reverse-tran-
scribed using a first-strand synthesis kit (Invitrogen). Quanti-
tative real-time reverse transcription-PCR was performed on
an ABI PRISM 7700 sequence detection system using Power
SYBR Green PCR Master Mix (Applied Biosystems). Gene
expressions were calculated following normalization to glycer-
aldehyde-3-phosphate dehydrogenase levels by the compara-
tive cycle threshold method. Primer sequences used for rDNA
ChIP analyses were as described previously (20).*

RESULTS AND DISCUSSION

The PHF2 PHD Finger Binds to H3K4me2/3—We and others
have previously developed a histone peptide array for high-
throughput screening of the methylated histone-binding activ-
ity of candidate proteins or domains (13, 14). In brief, we
printed ~400 spots of nearly 70 histone peptides bearing differ-
ent degrees or combinations of methylation, acetylation, and
phosphorylation on distinct residues on a slide, followed by
incubation with candidate proteins or domains. We probed the
PHD fingers present in the JmjC family proteins with the pep-
tide arrays, and we found that the PHD fingers from PHF2 fam-
ily proteins (Fig. 1A4) and the third PHD fingers from JARID1A
(JmjC and ARID domain-containing protein 1A) and JARID1B
bound to H3K4me2/3 (Fig. 1B and data not shown). The bind-
ing of H3K4me2/3 by these PHD fingers was prohibited by
phosphorylation at Thr® but was not affected by acetylation at
Lys® or Lys'* on the same peptide, indicating that these PHD
fingers may recognize only the first few residues of the histone
H3 tail. Sequence alignment showed high homology between
these domains and the ING2 and BPTF PHD fingers, two
known H3K4me3 binders (supplemental Fig. 14). To further
confirm these bindings, we performed peptide pulldown assays
with histone peptides bearing mono-, di-, or trimethylation at
H3K4, H3K9, H3K27, H3K36, H3K79, or H4K20, and the
results suggested that the binding of H3K4me2/3 by the PHD
fingers is specific (Fig. 1C and data not shown).

Crystal Structure of the PHF2 PHD-H3K4me3 Complex—To
understand the molecular basis of this recognition, we deter-
mined the structure of the PHF2 PHD-H3K4me3 complex by
x-ray crystallography to 1.78-A resolution (Fig. 1D and
supplemental Fig. 1, B and C). The diffraction data and refine-
ment statistics are shown in Table 1. The overall fold of the
PHF2 PHD finger is similar to that of the ING2 and BPTF PHD
fingers (supplemental Fig. 1, D and E) (21, 22). There are two
antiparallel B-sheets in the core of the PHF2 PHD finger, and
three short a-strands swing at one side of the B-sheets. Similar
to other PHD modules, the PHF2 PHD finger covers two zinc
finger motifs: His®' coordinates one zinc atom with Cys*' and
Cys®*, and Cys?® and Cys®® form the second zinc finger motif
with C-50 and C-53. The H3K4me3 peptide interacts with the

4 Other primer sequences are available upon request.
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FIGURE 1. The PHF2 PHD finger specifically binds to histone H3K4me2/3. A, schematic representation of human PHF2 family proteins. B, the PHF2 PHD
finger binds to H3K4me2/3 in a histone peptide array. Note that H3 (amino acids (aa) 44 - 64) peptides showed nonspecific binding. C, Western analysis of PHF2
and JHDM1D PHD fingers in peptide pulldown assays. D, crystal structure of the PHF2 PHD finger in complex with an H3K4me3 peptide. The PHD finger is
shown as electrostatic surface, with red as negatively charged surface and blue as positively charged surface, and the histone peptide is shown as a stick, with
carbon, oxygen, and nitrogen atoms colored yellow, red, and blue, respectively. E, stick representation of H3K4me3 (yellow) in the aromatic cage of the PHF2
PHD finger composed of Tyr’, Tyr'*, Met?, and Trp?° residues (green). D-E were generated using PyMOL. F, Western analysis of peptide pulldown assays as
described in C with PHF2 PHD finger mutants Y7A and W29A.

PHD finger through an antiparallel 3-sheet pairing, and the side  idue of the PHD finger. Recognition of the trimethyl group by
chains of Arg® and K4me3 of the histone H3 tail are positioned the PHF2 PHD finger is slightly different from that by the ING2
in two adjacent surface channels separated by a tryptophanres-  or BPTF PHD finger. The trimethyl ammonium group of Lys*is
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FIGURE 2. The PHD finger is important for PHF2-mediated promoter demethylation and expression of
rDNA. A and B, PHF2 specifically demethylates H3K9me1 in vivo. A, immunostaining of U20S cells expressing
green fluorescent protein-tagged PHF2 with the indicated anti-H3K9me antibodies and 4’,6-diamidino-2-
phenylindole (DAPI). Cells expressing ectopic PHF2 are indicated with arrows. B, Western analysis with the
indicated antibodies of whole cell extracts from 293T cells transfected with FLAG-PHF2. Ectopic PHF2 was
detected with anti-FLAG antibody. Histone H3 is shown as a loading control. C, knockdown of PHF2 increases
the H3K9me1 level. Shown are the results from Western analysis performed with endogenous PHF2 and total
H3K9me1 levels in whole cell extract from 293T cells expressing control or PHF2 shRNA. Tubulin is shown as a
loading control. RNAi, RNA interference. D, knockdown of PHF2 decreases pre-rRNA levels. Shown are the
results from real-time PCR analysis of pre-rRNA levels in 293T cells expressing control or PHF2 shRNA. E, the PHD
finger is required for PHF2 occupancy at the rDNA promoter. Shown are the results from real-time PCR analysis
of the rDNA promoter for PHF2 ChIP samples from cells expressing PHF2 or PHF2(W29A). ChIP signals are
shown as -fold relative to IgG ChlPs. F, the PHD finger is required for PHF2-mediated H3K9 demethylation at the
rDNA promoter. Shown are the results from real-time PCR analysis of the rDNA promoter for H3K9me1 ChIP
samples as described for E. G, mutation in the PHD finger attenuates PHF2-dependent activation of rDNA
expression. Shown are the results from real-time PCR analysis of pre-rRNA levels in 293T cells as in described for
E.In D-G, error bars represent S.E., and all p values are <0.05.

family are closely related to those in
the JHDM1 (JmjC domain-contain-
ing histone demethylase 1) KDM
group, yet their enzymatic activities
have not been ascertained (10). To
determine whether PHF?2 is a func-
tional KDM and which lysine resi-
due(s) on histone proteins it de-
methylates, we overexpressed green
fluorescent protein-tagged mouse
PHF2 in U20S cells and stained the
cells with a variety of methylated
histone-specific antibodies. We
found that, in vivo, PHF2 specifi-
cally demethylated H3K9mel but
not H3K9me2 or H3K9me3 (Fig. 24).
In addition, PHF2 did not demethyl-
ate mono-, di-, or trimethylation at
H3K4, H3K27, H3K36, or H4K20
(supplemental Figs. 2A and 3). We
further confirmed the specificity of
the H3K9mel demethylation activ-
ity of PHF2 by Western analysis of
whole cell extracts from 293T cells
expressing ectopic PHF2 (Fig. 2B,
supplemental Fig. 2B, and data not
shown). Finally, we knocked down
endogenous PHF2 and observed an
increase in H3K9mel levels in
PHF2-depleted cells (Fig. 2C). Col-
lectively, these data suggest that
PHF2 specifically demethylates
H3K9mel in vivo.

Next, we asked whether the PHD
finger is required for PHF2 demeth-
ylation activity. Although the W29A
mutation abolished H3K4me2/3
binding of the PHF2 PHD finger in
vitro (Fig. 1F), cells expressing the
PHF2(W29A) mutant had similar
H3K9mel levels compared with
cells expressing WT PHF2 (sup-
plemental Fig. 4), indicating that
the PHD finger may not be
required for PHF2 demethylation
activity in vivo, at least under over-
expression condition. This does not
exclude the requirement of the PHD
finger for PHF2 demethylation at
target chromatin loci because over-

stabilized by three aromatic residues (Tyr’, Tyr'#, and Trp®°) in
the PHF2 PHD finger, compared with two and four aromatic
residues in the ING2 and BPTF PHD fingers, respectively (Fig.
1E and supplemental Fig. 1, C and E). As predicted, mutations
targeting these residues disrupted H3K4me2/3 binding of the
PHF?2 PHD finger (Fig. 1F).

PHF?2 Is an H3K9mel-specific Histone Demethylase—Phylo-
genetic analysis suggested that the JmjC domains in the PHF2

MARCH 26, 2010+ VOLUME 285+NUMBER 13

expression may drive PHF2 to chromatin regions at which
PHF2 does not function under physiological conditions.

PHF?2 Regulates rRNA Expression in Nucleoli—Immuno-
staining of endogenous PHF2 proteins in U20S cells showed a
co-localization of PHF2 with the nucleolar protein fibrillarin,
and this was further confirmed by staining with antibody M2 in
HeLa S3 cells stably expressing low levels of FLAG-PHEF2
(supplemental Fig. 5). We therefore hypothesized that PHF2
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might regulate rRNA expression in nucleoli. Indeed, compared
with control cells, the pre-rRNA levels decreased in cells
expressing PHF2 shRNA (Fig. 2D; see supplemental Fig. 6 for
PHF2 knockdown efficiency). To further determine whether
rRNA expression is directly regulated by PHF2, we performed
ChIP analysis using the antibody against PHF2 protein. The
ChIP results showed that endogenous PHF2 bound to rDNA
promoter regions (supplemental Fig. 7), suggesting that PHF2
directly regulates rRNA expression. Notably, the occupancy of
PHF2 on rDNA genes overlaps with H3K4me3: enriched at the
promoter regions compared with the upstream, downstream, and
coding regions (supplemental Fig. 7).

The PHD Finger Is Required for PHF2-dependent Regulation
of rRNA Expression—To determine whether the recognition of
H3K4me3 by the PHD finger is essential for PHF2 occupancy at
rDNA promoters, we expressed WT PHF2 and the
PHF2(W29A) mutant in cells for ChIP analysis. PHF2(W29A)
occupancy at rDNA promoters was significantly reduced com-
pared with that of ectopic WT PHF2 despite their similar
expression levels (Fig. 2E and data not shown), suggesting that
the H3K4me3-binding activity of the PHD finger is required for
PHF2 occupancy at rDNA promoters. Consistent with this, the
histone H3K9mel level at rDNA promoters was significantly
reduced in cells expressing WT PHF2 compared with that in
control cells, whereas the reduction of H3K9mel was compro-
mised in cells expressing PHF2(W29A) (Fig. 2F). Finally, over-
expression of PHF2, but not the PHF2(W29A) mutant, signifi-
cantly increased pre-rRNA expression (Fig. 2G).

In this study, we identified a novel KDM, PHF2, that specif-
ically demethylates H3K9mel, and we found that it recognizes
another methyl mark, H3K4me3, through its PHD finger. His-
tone modifications play a complex role in the regulation of
chromatin activities such as transcription. The histone modifi-
cation cross-talk theory posits that one modification recruits
histone-modifying complexes to modulate a second histone
modification and that different modifications act in concert in
these processes (6, 23, 24). In this context, the PHD fingers from
ING2 and BPTF have been shown to recognize H3K4me3 at
chromatin and help retain the ING2-histone deacetylase and
BPTF-NURF complexes at the target promoter loci for subse-
quent histone deacetylation or chromatin remodeling by other
enzymatic proteins in their complexes (8, 9). It was also shown
that two domains, the Eaf3 chromodomain and the Rcol PHD
finger, in the same Rpd3S-histone deacetylase complex work
combinatorially in recognizing H3K36me to facilitate histone
deacetylation by Rpd3 at the transcribed regions in yeast (25).
Here, we have shown that PHF2 contains two distinct domains
(PHD and JmjC) within the same protein for the recognition of
one methyl mark (H3K4me3) and removal of an opposite
methyl mark (H3K9mel) and that recognition of H3K4me3 is
essential for H3K9 demethylation at the proper chromatin loci.
This might be a common mechanism for histone demethyla-
tion because many JmjC domain-containing KDM proteins
contain PHD fingers and/or Tudor domains, another methyl-
lysine-binding module (26). Interestingly, the JARID1A/B pro-
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teins contain PHD fingers and JmjC domains, both acting on
the same modification (H3K4me3). Further characterization of
these recognitions and enzymatic actions would be of great
interest.
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