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Dynamic regulation of histone methylation/demethylation plays an important role during development. Mutations and truncations in human plant homeodomain (PHD) finger protein 8 (PHF8) are associated with X-linked
mental retardation and facial anomalies, such as a long face, broad nasal tip, cleft lip/cleft palate and large hands,
yet its molecular function and structural basis remain unclear. Here, we report the crystal structures of the catalytic
core of PHF8 with or without α-ketoglutarate (α-KG) at high resolution. Biochemical and structural studies reveal
that PHF8 is a novel histone demethylase specific for di- and mono-methylated histone H3 lysine 9 (H3K9me2/1), but
not for H3K9me3. Our analyses also reveal how human PHF8 discriminates between methylation states and achieves
sequence specificity for methylated H3K9. The in vitro demethylation assay also showed that the F279S mutant observed in clinical patients possesses no demethylation activity, suggesting that loss of enzymatic activity is crucial for
pathogenesis of PHF8 patients. Taken together, these results will shed light on the molecular mechanism underlying
PHF8-associated developmental and neurological diseases.
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Histone methylation plays important roles in multiple
biological processes including transcription, signal
transduction, development, cellular proliferation and
differentiation [1, 2]. For example, lysine methylation at
H3K9 is usually associated with regions of transcriptionally silenced chromatin. Recent studies indicate that histone methylation can be removed by two distinct classes
of histone demethylases, namely, flavin adenine dinucleotide (FAD)-dependent [3] and JMJC-containing protein
families [4-7]. The reversible process of histone methylation and demethylation has been implicated in multiple
biological processes including heterochromatin formation, X-inactivation, genomic imprinting and silencing of
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homeotic genes. Aberrant histone methylation has been
linked to a number of human diseases such as leukemia
and prostate cancers [8].
Human plant homeodomain (PHD) finger protein 8
(PHF8) contains a PHD-type zinc-finger domain, a JMJC
domain, a vacuolar domain and a coiled coil stretch [2,
9, 10]. In vivo, the PHF8 transcript shows a ubiquitous
expression pattern [11]. It is highly and widely expressed
in many tissues, such as testis, lung and tumor tissues.
It was found that defects in PHF8 were associated with
diseases such as cleft lip, cleft palate, X-linked mental
retardation (XLMR) and pathogenesis of autism [12].
These findings link PHF8 to cognitive function and
midline formation [13]. It was also proposed that PHF8
participates in regulating cellular growth, development
and differentiation [14].
However, as no enzymatic activities, biochemical
function or molecular structure of PHF8 have been
identified thus far, the function of PHF8 in development
remains to be elucidated. Alignment studies and
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phylogenetic analysis [10] of the PHF2/PHF8 subfamily
suggest that it is most closely related to the JHDM1
subfamily (known as FBXL11, KDM2 [15]). Both the
catalytic process and the regulation of demethylation,
however, are complicated. Furthermore, while the sequence similarity between the HIF (hypoxia-inducible
factor) inhibiting factor FIH [16, 17] and JMJC histone
demethylases is mostly found within the JMJC domain,
additional diverse domains are essential for the activities of these enzymes. A high-resolution structure of
PHF8 would provide invaluable information regarding
the structure-function relationship of the PHF2/PHF8
subfamily. Here, we show that human PHF8 can demethylate H3K9me2/1 and solve the crystal structures
of the catalytic-core domain of PHF8 with and without
2+
α-ketoglutarate (α-KG) in the presence of Fe .
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PHF8 is a novel H3K9me2/me1-specific demethylase
To determine whether PHF8 is a histone demethylase, recombinant PHF8 was incubated with histones in
the presence of Fe2+ and α-KG. The reaction was analyzed by western blotting [6]. The results (Figure 1A)
show that PHF8 efficiently demethylates H3K9me2 and
partially demethylates H3K9me1, but not H3K9me3.
In addition, the levels of the other methylated histone
peptides examined in this study remained unchanged
(Supplementary information, Figure S1). To further confirm the demethylation, MALDI-TOF mass spectrometry
was used to detect the change of the methylation state of
histone peptides [4, 5, 18]. This protein exhibited demethylase activity toward the H3K9me2/me1 peptides, as
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Figure 1 PHF8 is a histone H3K9Me2/1 demethylase. (A) GST-PHF8 demethylates H3K9me2 and H3K9me1. HeLa cell core
histones were incubated in the presence of GST, GST-c-JMJD2a, GST-PHF8 (1-447), GST-PHF8 F279S (1-447) and GSTJHDM1a (1-517). Following the demethylation reaction, histone methylation levels were analyzed by western blotting with
modification-specific antibodies. (B) A stable fragment of PHF8 is formed by limited proteolysis by trypsin. The control indicates the protein (residues 1-447) before digestion, and the stable fragment is labeled as a triangle and was confirmed as the
C-terminal domain (residues 77-447) by protein sequencing and mass spectrometry. (C) Identification of histone demethylase
activity for PHF8 by MALDI-TOF mass spectrometry. (i) Peptide control; (ii) GST-PHF8 1-447; and (iii) GST-PHF8 86-447.
The appearance of a peak corresponding to unmethylated peptide is marked with a star. (D) Schematic of PHF8. The fragment of residues 86 to 447 was determined as the catalytic core of PHF8 (c-PHF8), and used for structural and functional
characterization.
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Figure 2 Structure of c-PHF8 and superposition with JHDM1a. (A) The overall structures of c-PHF8 in the presence of
2+
α-KG and Fe . The Fe ion is colored purple. Active center, α-KG and key secondary structures are labeled. (B) Structural
superposition of c-PHF8 and JHDM1a (pdb: 2YU1) [23] by the Dali server. c-PHF8 and JHDM1a are colored red and green,
respectively. The putative H3K36me2 (purple), extracted from the complex structures of c-JMJD2a (PDB:2P5B [24]) aligned
with c-PHF8 by the Dali server [26], would be repulsed by c-PHF8, while it is suitably positioned for JHDM1a. Close-up views
show the differences between c-PHF8 and JHDM1a in detail.
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indicated by the appearance of the peaks with mass of 3
264 and 3 250, which are 14 Da and 28 Da less than the
original peptide (corresponding to loss of one and two
methyl groups), respectively (Figure 1C). Unlike members of the JMJD2 subfamily (also known as JHDM3
and KDM4 [19, 20]), PHF8 can directly demethylate
H3K9me2 to unmodified H3K9. These data verify that
PHF8 is a novel histone H3K9me2/me1 demethylase.
To determine the 3D structure of PHF8, we first
unsuccessfully attempted to crystallize the full-length
protein. Limited proteolysis with trypsin produced a
stable fragment with a molecular weight of about 40
kDa (Figure 1B). N-terminal sequencing and mass
spectrometry identified the fragment as residues 77-447
of PHF8, which lacks the preceding PHD domain. A
recombinant PHF8 fragment encompassing residues 77447 also did not yield crystals. Removing an additional
nine amino acids at the N-terminus (residues 86-447,
herein called as c-PHF8, Figure 1D) produced welldiffracting crystals. Compared with the 1-447 fragment
of PHF8, c-PHF8 has markedly lower demethylase
activity (Figure 1C and Supplementary information,
Figure S2), which suggests that the PHD domain and
the flexible linker connecting the JMJC domain are
important for enzymatic activity [21, 22], most likely by
facilitating optimal binding of the substrate.
Overall structure of c-PHF8
The overall structure of c-PHF8 consists of 16
α-helices and 12 β-strands (Figure 2A, Supplementary
information, Figure S3), arranged in a manner similar to
the structure of known JMJC domain-containing histone
demethylases. Interestingly, a strong hydrophobic core,
composed of F246, I248, F279, W282, F292, F293, I318,
I349 and L353, is adjacent to the active center (Figure
3). We also tried to co-crystallize it with an H3K9me2
peptide and α-KG, but the former cannot be located in
the electron density map. In the native c-PHF8, an iron
ion is found in the active center. The iron ion is chelated
by three absolutely conserved residues: His247, Glu249
and His319 (Figure 3, Supplementary information, Figure S3). The binding of α-KG does not induce significant
conformational changes, and the structure has a rootmean-square deviation (RMSD) of 0.5 Å compared to
the native structure. In the complex structure, α -KG
binds the iron ion at the active center mentioned above.
In addition, T244 and K264 also stabilize α-KG through
hydrogen bonds. Interestingly, the side chain of Y257
in the complex structure moves to the active center and
binds to α-KG, indicating the important role of Y257
in stabilizing α -KG through a hydrogen bond. More
importantly, the side chain of Y257 in the complex
www.cell-research.com | Cell Research
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Figure 3 Catalytic center of c-PHF8 is stabilized by the hydrophobic core of F279, F292, F293, W282, F246, I248, I318, I349
and L353.

structure turns toward the substrate-binding channel (Figure 3) and is in a position to directly contact the methyl
group of dimethylated H3K9.
Comparison of the structures of JMJC domain-containing histone demethylases
Superposition of the JMJC domains of PHF8,
hJHDM1a (PDB 2YU1 [23]) and JMJD2a (PDB 2P5B
[24] and 2OX0 [25]) reveals conserved characteristics of
α-KG/Fe2+-dependent histone demethylases. Compared
to c-JMJD2a, no zinc-finger motif is found in c-PHF8.
The overall RMSD between the C-alpha atoms of
c-PHF8 and that of c-JMJD2a is 3.8 Å, calculated by
the Dali server [26]. Therefore, their structures differ
significantly, despite having the same H3K9me2
substrate. The overall RMSD between PHF8 and
JHDM1a is 1.7 Å. Yet, interestingly, the substrates of
these more closely related structures are totally different.
Most notable differences between the c-PHF8 and
JHDM1a structures are as follows: first, the folds of
their C-terminal domains diversify greatly. The α13 of
c-PHF8 is approximately one-and-a-half turns longer
than that of JHDM1a (Figure 2B and Supplementary information, Figure S3), which has a 99-residue insertion
in α13. Most of this insertion region is disordered and
the ordered portion, which includes a helix (α13′) and
the connecting loop, stabilizes loop L1 between α7 and
β5 (residues W220 to K233 in PHF8, corresponding to
residues W173 and Q197 in JHDM1a, Figure 2B) that
may promote the binding of methyl H3K36 peptide to
JHDM1a [23]. In addition, the helix α13′ and the flanking
loop also change the conformation of α15 to loop in
JHDM1a and move a little away from H3K36 (Figure 2B
and Supplementary information, Figure S3). Moreover,
H3K36 cannot fit well with the surface of c-PHF8 (Figure
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Figure 4 Model of H3K9 (green) and H3K36 (purple) peptides on the surface of c-JMJD2a (A), JHDM1a (B) and c-PHF8 (C).
Methyl H3K9 and H3K36 in model were extracted from the complex structures of c-JMJD2a (PDB: 2OX0 [25] and 2P5B [24])
aligned with c-PHF8 by the Dali server [26].

4C). Therefore, the conformation of α15, β2 and β3 in
c-PHF8, which are loops in JHDM1a, are not suitable for
the binding of H3K36 (Figure 2B). Examination of the
C-terminal sequences (α14-α16) of PHF8 and JHDM1a
indicated that the C-terminal sequence corresponds to a
region of low sequence homology. The above differences
may account for the substrate preference of these two
demethylases. Second, the PHD domain of JHDM1a is
located at the C-terminal end, in an order opposite the
arrangement in c-PHF8. The PHD domain of JHDM1a
partially inhibits the enzymatic activity and is far away
from the catalytic-core domain [4, 23]. In contrast, the
PHD domain of PHF8, which is adjacent to the JMJC
domain, might enhance H3K9 demethylase activity
through histone binding. Finally, the JMJC domain of
c-PHF8 is stabilized by a hydrophobic core, composed
of F246, I248, F279, W282, F292, F293, I318, I349 and
L353 (Figure 3). The hydrophobic interaction in c-PHF8
is more extensive than in JHDM1a, which supports the
structural stability of c-PHF8 in the absence of any other
stabilizing structure, such as the additional C-terminal
fragments in JHDM1a [23]. Taken together, these structural features distinguish the structure of c-PHF8 from
that of the other two JMJC domain-containing proteins.
Structural features that contribute to enzymatic specificities
To understand why c-PHF8 does not have activity
on trimethyl H3K9, VOIDOO [27] was employed to
calculate the volume of the active chamber, including
the iron ion and α-KG. The calculated cavity volume
is 722.36 Å [3] for c-JMJD2a [24, 25, 28], while they
are 169.10 and 246.96 Å [3] for c-PHF8 and JHDM1a,
respectively. Therefore, the active chambers are too
narrow for c-PHF8 and JHDM1a to accommodate a
trimethyl group. In c-PHF8, the large side chains of Y257
and F266 also make the cavity crowded. Moreover, the
aromatic rings of F250 and Y234 narrow the substrate-

binding channel, blocking entry of the trimethyl group
into the active center (Figure 3).
To understand why PHF8 and JHDM1a have different
substrate specificity, the structures of c-PHF8 and
JHDM1a were aligned with the complex structures
of c-JMJD2a [24, 25, 28] using the Dali server. Their
surfaces are shown in Figure 4. The long and large side
chains of residues K117, K323 and F324 blocked binding
of the methyl H3K9 peptide to the JHDM1a surface
(Figure 4B). This demonstrates that JHDM1a does
not have activity on methyl H3K9 peptide due to the
inability of binding. In a similar way, the conformation
of α15 in c-PHF8 might block the binding of H3K36 to
PHF8 (Figure 4C, Supplementary information, Figure
S3). In addition, hydrophilic interactions between the
involved residues would play important roles in substrate
recognition. For example, a positively charged residue
Arg117 in JHDM1a promotes the binding of negatively
charged Tyr41 in H3K36. By contrast the corresponding
residue is a negatively charged residue Asp167 in PHF8,
and the repulsing force may inhibit the binding of H3K36
(Figures 2B and 4C). Taken together, these findings
indicate that methylated H3K36 is not a good substrate
for PHF8.
In our effort to dock an H3K9me2 peptide aligned
from the JMJD2A crystal (PDB:2OX0) onto the c-PHF8
structure, it appears that their interactions are not optimal
(Figure 4C). PHD domains have been shown to bind
histone tails [21, 22]. The mouse PHF8 PHD structure
(PDB:1WEP) is most closely related to that of BPTF [22],
which has been shown to bind to trimethyl H3K4. Since
H3K4 is spatially close to H3K9, a possible explanation
may be that the PHD domain of PHF8 will recognize
H3K4me3, thus enhancing substrate binding. Therefore, it is possible that PHF8 is recruited to chromatin
by the PHD domain and then alters specific histone
modifications.
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Functional analysis of PHF8 mutant in disease
Recently, truncating mutations in human PHF8 were
identified in patients [11, 13]. An early stop codon
induced by a 12 base-pair (bp) deletion at the exon 8/
intron 8 junction [11] and nonsense mutations R211X
and K177X [13] were found in male patients with MR
associated with cleft lip/palate. These nonsense mutations resulted in the loss of the entire JMJC domain in
PHF8 protein and therefore abrogate enzymatic activity.
Generally, H3K9 methylation is associated with transcriptional repression, indicating that PHF8 may function
to antagonize H3K9 methylation, which is associated
with gene activity. In addition, deletion of the PHF8 ortholog 4F429 in Caenorhabditis elegans causes embryonic lethality [10]. Thus, these above findings suggest an
important developmental role for PHF8.
Interestingly, one exception is the F279S point
mutation [29]. The clinical phenotypes of F279S patients were characterized by mild MR, mild dysmorphic
features, unilateral cleft lip and cleft palate in one and
bilateral cleft lip and cleft palate in the other sibling.
The cause of these phenotypes remained to be identified.
From the crystal structure, F279 is in the hydrophobic
network surrounded by F246, I248 and I318, located on
the loop forming the active center (Figure 3). We suspect that a change of hydrophobic F279 to hydrophilic
serine would alter the above hydrophobic network and
impact the active center structure, thus, inactivating the
enzyme. To test the role of F279, the F279S mutant was
expressed. The F279S mutant completely lost enzymatic activity (Figure 1A) compared to wild-type PHF8.
Therefore, the enzymatic activity of PHF8 likely plays an
important role in cognitive function, midline formation
and mental development.
In summary, we have shown that PHF8 is a novel
H3K9me2/1 demethylase. The structure of the catalyticcore domain of PHF8 reveals a conserved overall fold
of the JMJC domain-containing demethylases, and
it uses a distinctive hydrophobic core to stabilize the
structure. The PHD domain is likely involved in binding
the substrate to facilitate efficient demethylation. An
examination of the structure shows that the diseasecausing mutation of PHF8 causes an alteration to the
active center of the enzyme. Thus, our structural and
biochemical results presented here have provided
mechanistic insights into the molecular function of PHF8
and the pathogenesis of PHF8 aberration in humans.

Materials and Methods
Protein expression, purification and crystallization

DNA fragments encoding various amino acid forms of wild-
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type human PHF8 or its mutants were amplified by PCR and
ligated into pGEX-4T-2(GE Healthcare) and pet-28b (Novagen).
The final clones were verified by restriction enzyme digestion
and DNA sequencing. The recombinant plasmid containing the cPHF8 gene was transformed in Rosetta 2 (DE3) cells (Novagen).
Expression was induced by addition of IPTG (isopropyl-1-thiob-d-galactopyranoside) to an 8-l growing culture at 20 °C when
the OD600 reached 0.8. After 8 h of additional growth, cells were
harvested and resuspended in buffer A (20 mM Tris-HCl (pH 7.2),
300 mM NaCl) supplemented with PMSF (Invitrogen). After cell
lysis by sonication and centrifugation, soluble pet-28b PHF8 was
purified with His affinity beads (GE Healthcare). To produce a
stable fragment suitable for crystallization, the purified protein
was treated with trypsin (0.1 mg/ml) overnight at 4 °C. N-terminal
sequencing (Procise 491, ABI) and mass spectrometry (autoflex II
TOF/TOF, Bruker Daltonics) identified it as residues 77-447 of the
PHF8 protein. The PHF8 sample was loaded onto a Mono Q column (Pharmacia). After elution with a NaCl gradient, the homogeneity of the protein was examined using Coomassie blue-stained
SDS-polyacrylamide gels. PHF8 was further purified with a Superdex 200 column (GE Healthcare). Fractions containing the protein
were pooled and concentrated to 8 mg/ml. c-PHF8 (8 mg/ml)
was crystallized by vapor diffusion against 200 mM KCl, 100 mM
Mes (pH 6.5) and 20% PEG5K at room temperature. Crystals of
the complex were prepared by soaking or co-crystallizing c-PHF8
in the above solution with 5 mM H3K9me2, 1.7 mM α-KG and
1 mM Fe2+, overnight.
For data collection, crystals were gradually transferred to a
cryobuffer (reservoir buffer supplemented with 20% glycerol) and
flash frozen in liquid N2. All data used in structure solution and
refinement were collected at beamline BL17U1 at the Shanghai
Synchrotron Radiation Facility or NE3A in the Photon Factory.
Data were integrated and scaled with the HKL2000 suite of programs [30]. Data collection statistics are shown in Supplementary
information, Table S1.

Structure determination and refinement

Using the structure of JHDM1a as the search model (PDB
2YU2) [23], molecular replacement solutions were found using
PHASER [31] and MOLREP [32]. The crystal contains one
protein per asymmetric unit, giving a crystal solvent content of
54%. The model was built manually in the program COOT [33],
and refinement was carried out with CNS [34] and REFMAC5 [35].
The final model contains amino acid residues 91-445 of PHF8 and
the R factor is improved by TLSMD analysis [36]. Structure refinement statistics are shown in Supplementary information, Table
S1. The structure of c-PHF8 with α-KG was determined by the
difference Fourier method and was refined to a resolution of 2.1 Å
(Supplementary information, Table S1).

Demethylation activity assays

Bulk histones (2 µg) or 10 µM of synthetic dimethyl histone
peptide H3K9 (ARTKQTARK STGGKAPRKQLATKAARGGKbiotin) were incubated with purified GST-tagged PHF8 (20 µg)
in 50 µl demethylation buffer (20 mM Tris-HCl (pH 7.3), 150
mM NaCl, 50 µM (NH4)2Fe(SO4)2, 1 mM DTT, 1 mM α-KG, 2
mM ascorbic acid) at room temperature. Reaction mixtures were
analyzed by western blotting, MALDI-TOF or formaldehyde
release assays (see Supplementary information, Data S1). The co-
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ordinates have been deposited in the PDB databank as 3K3N and
3K3O.
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