
314

The plant homeodomain (PHD) finger is found in many chromatin-remodeling proteins. This small 

~65-residue domain functions as an “effector” that binds specific epigenetic marks on histone tails, 

recruiting transcription factors and nucleosome-associated complexes to chromatin. Mutations in the PHD 

finger or deletion of this domain are linked to a number of human diseases, including cancer, mental retardation, 

and immunodeficiency. PHD finger–containing proteins may become valuable diagnostic markers and targets to 

prevent and treat these disorders. In this review, we highlight the progress recently made in understanding the 

functional significance of chromatin targeting by mammalian PHD fingers, detail the molecular mechanisms and 

structural features of “histone code” recognition, and discuss the therapeutic potential of PHD fingers.
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Introduction

The plant homeodomain (PHD) finger was discovered over a 
decade ago in the Arabidopsis protein HAT3.1 (1). It has since 
been found in a wide variety of eukaryotic proteins involved in the 
regulation of chromatin structure and dynamics. Chromatin is the 
DNA–protein complex formed to compact DNA into the nucleus 
and is composed of repeating particles called nucleosomes. Each 
nucleosome consists of an octamer of four histone proteins (i.e., 
H2A, H2B, H3, and H4) and a ~146 base-pair stretch of DNA that 
wraps around the “histone spool” (2). The structure of chromatin 
modulates the accessibility of DNA to gene-processing machin-
ery and is thus directly related to genetic activity. Tightly packed 
nucleosomes (heterochromatin) restrict contacts with DNA and 
promote gene silencing, whereas nucleosomes that are more loose-
ly arranged (euchromatin) allow for greater access to DNA, facili-
tating DNA transcription, repair, recombination, and replication. 

Histones are small proteins that contain globular core 
domains and structurally undefined but evolutionarily conserved 
N-terminal tails. Histone tails play a key role in chromatin func-
tion as they undergo reversible post-translational modifications 
(PTMs), including acetylation, methylation, ubiquitination, and 
sumoylation of lysine residues; methylation and deimination of 
arginine residues; phosphorylation of serine and threonine resi-
dues; and ADP-ribosylation of glutamate residues (3). Protruding 
from the nucleosome core, the tails are readily accessible to his-
tone acetyltransferases (HATs), histone deacetylases (HDACs), 
histone methyltransferases (HMTases), kinases, and other enzymes 
capable of attaching or reversing these modifications. The PTMs 
(also known as epigenetic marks) alter the direct interactions 
between histones and DNA and/or serve as docking sites for effec-
tor modules, recruiting and stabilizing them at chromatin (4). 
The effector modules are usually found in macromolecules that 
either possess catalytic activities or act as scaffolding proteins that 
bridge multisubunit enzymatic complexes with nucleosomes. 
These in turn further modify the structural properties of chroma-
tin by removing PTMs, depositing new marks or cleaving off the 
entire tail, adding yet another layer of complexity to the interplay 
between PTMs. 

PTMs are often linked to distinct biological outcomes (5). 
For example, hyperacetylated lysine residues of histone H4 are 
typically associated with actively transcribed genes, whereas trim-
ethylated Lys9 and Lys27 of histone H3 represent repressive marks 
and are found in heterochromatin. A network of multiple inter-
related modifications and specific patterns of PTMs has given rise 
to a “histone code” hypothesis” (6–9). Accordingly, the histone-
modifying enzymes that add or remove PTMs have become known 
as “writers” and “erasers,” respectively, and proteins that recognize 
these marks (or interpret the histone code) have become known 
as “readers.” In recent years, a number of PHD modules have been 
characterized as histone code readers. In this review, we discuss 
the role of mammalian PHD fingers in tethering chromatin-acting 

proteins and protein complexes to their respective biological tar-
gets. We evaluate the molecular basis of histone code recognition 
and the intriguing crosstalk that can occur between epigenetic 
marks. PHD fingers are associated with a variety of diseases, and 
therefore, we also explore the potential of the PHD finger as a 
therapeutic target.

PHD Finger Functionality in Epigenetic 
Regulation

Recent studies have suggested that the large family of PHD fingers 
can be divided into several subsets based on the specificity of this 
domain toward PTMs. The two major subsets comprise the PHD 
modules capable of binding to histone H3 trimethylated at Lys4 
(H3K4me3) and the unmodified tail of histone H3 (unH3) (Figure 
1A). Other subsets include PHD fingers specific for histone H3 
trimethylated at Lys9 (H3K9me3) and histone H3 or H4 acetylated 
at various lysine residues (H3/H4Kac) (Figure 1B). Additionally, 
this domain may recognize double modifications, and some yeast 
PHD fingers (not discussed here) exhibit preference for histone H3 
trimethylated at Lys36 (H3K36me3) (10).

H3K4me3 Readers

The PHD fingers of BPTF (bromodomain and PHD domain tran-
scription factor) and ING2 (inhibitor of growth 2) were first iden-
tified as histone code readers within the PHD family when they 
were found to recognize H3K4me3 (11–14). BPTF is a subunit 
of the ATP-dependent chromatin-remodeling NURF (nucleosome 
remodeling factor) complex that promotes transcriptional activa-
tion. Binding of the BPTF PHD finger to H3K4me3 stabilizes 
the NURF complex at chromatin, enhancing NURF-catalyzed 
nucleosome sliding and activation of developmental genes (11, 
14). Decreases in H3K4me3 levels result in partial release of BPTF 
from chromatin and defective recruitment of other components of 
the NURF complex to specific gene promoters. 

ING2 belongs to the ING family of tumor suppressors and 
plays an essential role in the control of cell growth, DNA damage 
repair, and apoptosis (15). ING2 is a component of the repressive 
mSin3a/HDAC1 histone deacetylase complex. In response to DNA 
damage, the PHD finger of ING2 binds H3K4me3, tethering the 
mSin3a/HDAC1 complex to chromatin to enable histone deacety-
lation and acute repression of actively transcribed genes (13). 
Together, BPTF and ING2 studies reveal that coupling of diverse 
enzymatic complexes with H3K4me3 via the PHD finger can lead 
to opposing biological outcomes; for example, BPTF promotes 
gene activation, whereas ING2 elicits gene repression. 

All five members of the ING family contain a PHD finger at 
the C terminus that binds H3K4me3 with high specificity and 
affinity. Like ING2, ING1 associates with the repressive mSin3a/
HDAC1 complex (16–18) and mediates cellular responses to 
genotoxic stresses. Depending on the severity of the DNA damage, 
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ING1 can promote cell cycle arrest followed by DNA damage repair 
or, if DNA damage is extensive, can stimulate apoptosis. Binding of 
the ING1 PHD finger to H3K4me3 is necessary for the DNA repair 
and apoptotic and tumor suppressive activities of ING1 (19). 

In contrast to ING1 and ING2, the ING3, -4, and -5 proteins 
are found in HAT complexes involved in transcriptional activation. 
ING3 was identified as a native subunit of the human NuA4/Tip60 
HAT complex, responsible for acetylation of the N-terminal tails 
of histones H4 and H2A (18, 20). ING4 is a component of the 
HBO1 HAT complex, whereas ING5 is found in both HBO1 and 

MOZ/MORF HAT complexes 
that acetylate histones H3 and 
H4 (18). The acetyltransferase 
activities of these complexes 
and induction of cell death 
in response to DNA damage 
require the specific interaction 
of the ING PHD fingers with 
H3K4me3 (21–23). 

The histone demethy-
lase JARID1A (Jumonji, AT 
rich interactive domain 1A) 
demethylates di- and trimethy-
lated but not monomethylated 
H3K4. It contains three PHD 
fingers, the third of which (i.e., 
nearest to the C terminus) rec-
ognizes H3K4me3 (24). The 
fusion of this PHD finger with 
NUP98 upregulates several 
genes essential for develop-
ment and differentiation and 
induces acute leukemia (24).

Pygopus homolog 1 
(Pygo1) controls β-catenin–
mediated transcription within 
the Wnt pathway. The PHD 
finger of Pygo1 simultaneously 
binds two ligands, one being 
a domain (HD1) of BCL9 (i.e., 
another Wnt signaling compo-
nent) and the second being di- 
or trimethylated H3K4 (25). 
The formation of the Pygo1–
BCL9 complex is required for 
strong association of the Pygo1 
PHD finger with methylated 
histone tails. The multiple 
interactions of Pygo1 most 
likely play an important role 
in controlling Wnt-induced 
transcription and develop-

ment (25), and Pygo 1 provides an example of how targeting of 
H3K4me by a PHD finger is modulated by a cofactor.

Recombination-activating gene 2 (RAG2) encodes a central 
component of RAG1/2 V(D)J recombinase, which mediates the 
assembly of antigen receptor genes from an array of variable (V), 
diversity (D), and joining (J) gene segments. The PHD finger of 
RAG2 has been shown to recognize H3K4me3 at actively rearrang-
ing gene segments (26, 27). Disruption of the interaction between 
this PHD finger and H3K4me3 or reduction of H3K4me3 levels 
impairs V(D)J recombination activity (26–28).

Figure 1. PHD fingers as epigenetic effectors. Shown are the PHD fingers and associated complexes that recognize 
A) H3K4me3 (orange triangle) or unH3 (yellow bar) and B) other PTMs (including H3 methylated at both Arg2 (R2me2, 
salmon hexagon) and Lys4 (K4me3, orange triangle) and H3K9me3 or H3K9ac (taupe oval or blue rectangle). Complexes 
are colored by their function as promoters of gene activation (green), repression (pink), or recombination (purple). 
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TATA box–binding protein–associated factor (TAF3) func-
tions as a transcriptional co-activator, anchoring basal transcrip-
tion factor TFIID to H3K4me3-enriched nucleosomes through 
its PHD module (29). The binding of the TAF3 PHD finger to 
H3K4me3 may also recruit TFIID during promoter activation to 
stimulate subsequent rounds of transcription (29, 30).

A close comparison of known H3K4me3 readers reveals that 
the biological consequence of this PTM recognition depends on 
the complex in which the reader is present. How the same epige-
netic mark, targeted by different PHD finger–containing proteins, 
can lead to transcriptional activation, repression, or recombination 
is at the core of investigation into epigenetic mechanisms.

unH3 Readers

The second major subset of PHD fingers bind unH3, underscoring 
the fact that unmodified histone tails themselves, rather than sig-
nifying a mere default histone status, represent distinct marks that 
are specifically recognized by effector modules. The first members 
of the unH3 reader subfamily to be identified were the PHD fin-
gers of BHC80 and DNMT3L (31, 32). BHC80 is a component of 
lysine-specific histone demethylase LSD1, which represses gene 
transcription by removing the methyl groups of H3K4me2/1. The 
BHC80 PHD finger binds to the product of the LSD1 demethyla-
tion, and this interaction can be effectively abolished by methyla-
tion of H3K4 (31). The association of the BHC80 PHD finger with 
unH3 is essential for maintaining occupancy of LSD1 at target 
promoters and for LSD1-mediated repression (31). 

DNA (cytosine-5)-methyltransferase 3 (DNMT3) proteins 
are centrally involved in the de novo methylation of DNA, 
which is necessary for gene repression (32). The DNMT3 family 
comprises three members: DNMT3A, DNMT3B, and DNMT3L. 
Whereas DNMT3A and DNMT3B exhibit methyltransferase activ-
ity, DNMT3L stimulates methylation through DNMT3A and plays 
a role in establishing maternal genomic imprints. Both DNMT3A 
and DNMT3L contain a PHD finger that has been found to bind 
unH3 but not H3K4me (32, 33). 

The transcription factor AIRE (autoimmune regulator) induc-
es expression of peripheral tissue–specific antigens in thymic cells. 
It contains two PHD fingers, the first of which (i.e., PHD1) has 
been shown to recognize unH3 (34, 35). Disruption of binding to 
unH3 through mutations in the PHD1 finger significantly compro-
mises association of AIRE with chromatin and reduces the ectopic 
expression of antigens. The histone-binding activity of AIRE was 
proposed to mediate immunological tolerance and link chromatin 
regulation with organ-specific autoimmunity (35).

Chromodomain helicase DNA–binding protein 4 (CHD4) 
ATPase is a major subunit of the nucleosome remodeling and 
deacetylase (NuRD) complex, essential for transcriptional repres-
sion and DNA repair and recombination. The second of the two 
PHD fingers of CHD4 targets unH3, and this interaction is facili-
tated by acetylation or methylation of Lys9 but inhibited by methy-

lation of Lys4 (36). Because the association of the entire CHD4/
NuRD complex with H3 is modulated by the same pattern of PTMs 
(37), it has been suggested that the PHD2 finger is involved in the 
recruitment or stabilization of the CHD4/NuRD complex at chro-
matin (36).

The renal protein JADE1 is involved in transcriptional regula-
tion and acts as a proapoptotic signal to suppress tomorigenesis; as 
a transcription factor, JADE1 is stabilized by interaction with the 
von Hippel-Lindau (VHL) cancer suppressor (38). JADE1 is also 
a subunit of the HBO1 HAT complex and associates with ING4/5 
(see above), bridging them with other components of the complex. 
Two PHD fingers of JADE1 bind unH3 and have a regulatory role 
in histone acetylation by JADE1/HBO1 complexes (22). 

H3K9me3 and H3/H4Kac Readers

In addition to H3K4me3- and unH3-specific PHD fingers, two 
other PHD subsets that preferentially target H3K9me3 or acety-
lated lysine residues (Kac) on histones H3 and H4 have recently 
been identified. Whereas the H3K9me3 mark is typically enriched 
in transcriptionally inactive regions of the genome, hyperacety-
lated histone tails are associated with active chromatin and gene 
transcription.

The PHD fingers of SMCX and ICBP90 are involved in binding 
to H3K9me3 (39, 40). SMCX demethylates H3K4me3, producing 
di- and monomethylated species and is implicated in X-linked men-
tal retardation (XLMR) (41). A point mutation in the PHD1 finger 
of SMCX found in XLMR patients reduces SMCX enzymatic activity 
and cognate peptide binding (39). The ICBP90 protein, also known 
as UHRF1 or mouse Np95, targets heterochromatic regions in inter-
phase nuclei via its PHD finger and SRA domain that cooperate in 
the interaction with H3K9me3 (40). ICBP90 is required for higher-
order chromatin structure and may be involved in DNA CpG main-
tenance methylation, ubiquitin ligase activity, and pericentromeric 
heterochromatin reorganization (42, 43). 

DPF3 associates with the chromatin remodeling complex 
BAF and is often overexpressed in patients with a congenital 
heart defect characterized by muscular hypertrophy (44). The 
tandem PHD fingers of DPF3 bind acetylated, and to a lesser 
degree, methylated, lysine residues of H3 and H4 (e.g., H3K9ac, 
H3K14ac, H4K5ac, H4K8ac, H4K12ac, and H4K16ac) and most 
likely play a role in heart and skeletal muscle development by 
recruiting BAF to chromatin (44). 

Currently, no structural or biochemical data on any PHD 
finger bound to either H3K9me3 or H3/H4Kac is available. It 
will be interesting to learn how recognition of these epigenetic 
marks differs from recognition of H3K4me3 and unH3. This 
information may also be important for better understanding of 
how key PTMs regulate the diverse and sometimes opposing 
functions of PHD finger–containing proteins. 
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Structural Basis 
for Histone Code 
Recognition

The ~65-residue sequence that 
constitutes the PHD finger 
is characterized by a canoni-
cal Cys

4
-His-Cys

3
 (or C

4
HC

3
) 

motif that coordinates two 
zinc ions (Figure 2). Although 
the remaining sequence shows 
minimal sequence conserva-
tion across the PHD finger 
family, it folds into a well-con-
served globular domain with 
a distinctive double-stranded 
anti-parallel β sheet and two 
small C-terminal α helices. 

Recognition of 
H3K4me3

The atomic-resolution struc-
tures of PHD fingers of mam-
malian BPTF, ING1, ING2, 
ING4, ING5, JARID1A, TAF3, 
RAG2 and Pygo1 in complex 
with H3K4me3 peptides 
have been determined by 
NMR spectroscopic and X-ray 
crystallographic methods 
with the atomic coordinates 
deposited to the Protein Data 
Bank (PDB): BPTF (2F6J 
and 2FUU), ING1 (2QIC), 
ING2 (2G6Q), ING4 (2PNX 
and 2VNF), ING5 (3C6W), 
JARID1A (2KGI and 3GL6), 
TAF3 (2K17), RAG2 (2V89) and Pygo1 (2VPE 

(H3K4me2)
 and 2YYR 

(H3K4me3)
) [(11, 12, 19, 21, 23–25, 27, 28, 30, 45) and unpublished 

data]. The binding affinities of these PHD fingers for histone 
H3K4me3 peptides were measured by isothermal titration calo-
rimetry (ITC), tryptophan fluorescence, fluorescence anisotropy 
and NMR, and were found to be in the relatively narrow range of 
0.16-33 µM (11, 12, 19, 21, 23–25, 27, 28, 30, 45). 

Comparison of the structures of the PHD–H3K4me3 com-
plexes reveals that the overall fold of this module and the histone-
binding mechanism are highly conserved. The H3K4me3 peptide 
is bound in a deep and extensive binding site that encompasses 
nearly one-third of the PHD finger surface (Figure 2A and 2B). 
The peptide lies anti-parallel to and pairs with the protein’s β1 
strand, thereby completing a three-stranded β sheet. Numerous 

intermolecular hydrogen bonds, including characteristic backbone 
β sheet–like contacts with Arg2–Thr6 residues of the histone tail, 
stabilize the protein–peptide complex. The fully extended side 
chain of K4me3 occupies a well-defined groove, which is separat-
ed from the adjacent Arg2 binding site by an invariable tryptophan 
residue of the PHD finger in BPTF, INGs, JARID1A, and TAF3 
complexes. In the case of Pygo1 and RAG2, the side chain of Arg2 
is unrestrained and instead protrudes into the solvent; however, 
the position of the conserved tryptophan residue is essentially the 
same as in all other PHD–H3K4me3 complexes. 

The trimethylammonium group of Lys4 of the peptide is rec-
ognized by a cage assembled by four aromatic residues in BPTF; 
two aromatic and one to two hydrophobic residues in the INGs, 
RAG2, TAF3 and Pygo1; or two aromatic residues in JARID1A 

Figure 2. Structural bases of histone code interpretation by PHD fingers.  The crystal structures of (A) H3K4me3-
bound ING2 PHD and (B) unH3-bound BHC80 PHD. The binding pockets for Ala1, Arg2, and Lys4me3/Lys4 are colored 
blue, salmon, and purple, respectively. The detailed coordination of these residues is highlighted (dashed circles) for (C) 
BPTF PHD-H3K4me3 and (D) BHC80 PHD-unH3. E) The PHD finger fold is characterized by the canonical Cys4-His-
Cys3 (C4HC3) sequence that coordinates two zinc ions and contributes to the typical two-stranded anti-parallel β sheet 
structure. F) The dichotomy of coordination of Arg2 in the RAG2 PHD-H3K4me3 complex (left) and AIRE PHD-unH3 
complex (right). 
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(Figure 2C). TAF3 and Pygo1 also contain an acidic aspartate resi-
due in the pocket. The aromatic side chains, positioned roughly 
orthogonally to each other (except in RAG2, where they are paral-
lel) and to the protein surface (except in JARID1A, where both 
tryptophan residues are in a tilted position), make cation–π, hydro-
phobic, and van der Waals contacts with the trimethylammonium 
moiety. Similar coordination of a methylated lysine residue by an 
aromatic cage is seen in other histone-binding modules, including 
chromodomains, MBT and Tudor (46–52). Mutation of the K4me3-
coordinating residues disrupts or significantly diminishes binding 
of the PHD fingers, suggesting that both aromatic and hydrophobic 
residues are required for the recognition of this PTM. 

The preference for H3K4me3 over other trimethylated Lys 
marks is attributed in part to the relatively small threonine resi-
due that precedes Lys4 in the Arg2-Thr3-Lys4me3 sequence. Due to 
steric hindrance, the large side chain of the invariable tryptophan 
residue that forms one of the walls of the aromatic cage (separat-
ing it from the Arg2-binding pocket in some complexes) precludes 
binding to H3K9me3, H3K27me3 or H4K20me3, each of which 
contains a bulky Arg in place of the small Thr. We note that the 
signature tryptophan residue is found in all known H3K4me3-
recognizing PHD fingers. The second aromatic residue, however, 
can be tyrosine (BPTF, INGs, RAG2 and Pygo1) or tryptophan 
(JARID1A and TAF3). Two additional tyrosine residues are present 
in the aromatic cage of BPTF. The specificity is further defined by 
the conserved pattern of coordination of the N-terminal primary 
amino group of Ala1 by a set of two to three backbone carbonyls 
in the α1/α2 loop of the PHD finger (Figure 2C). 

Recognition of unH3

The three-dimensional structures of the PHD fingers of human 
AIRE (2KE1 and 2KFT), BHC80 (2PUY), DNMT3A (3A1B), and 
DNMT3L (2PVC) bound to unH3 peptides have been determined 
(31–33, 53, 54). The unH3 tail is recognized by these PHD fin-
gers essentially as strongly as H3K4me3 is bound by the PHD 
fingers described above, with binding affinities measured between 
0.26 and 33 µM (31–33, 53). The structures of the complexes 
reveal that the mode of unH3 recognition is reminiscent to that 
of H3K4me3 recognition, with differences arising from distinct 
coordination of basic residues of unH3. Like H3K4me3, the unH3 
peptide adopts an extended conformation and pairs with the exist-
ing double-stranded β sheet of the PHD finger (Figure 2B). The 
free amino group of Ala1 of the unH3 peptide forms hydrogen 
bonds with two or three backbone carbonyls of the PHD finger. 

The specificity of the PHD fingers toward unH3 is due to 
the unique coordination of Lys4 and in some cases of other basic 
residues, including Arg2, Arg8 and Lys9 of the histone tail (31, 
33, 34, 53, 54). The N-terminal acidic motif of the PHD finger 
(NED, HED, DDD, and DDD in AIRE, BHC80, DNMT3A and 
DNMT3L, respectively) is centrally involved in the recognition of 
H3 Lys4, forming salt bridges and hydrogen bonds with its posi-

tively charged amino group (Figure 2D). Additionally, the acidic 
patch residues coordinate Arg8 in BHC80 and AIRE (2KFT), Thr6 
in DNMT3A and DNMT3L, and Thr6 and Lys9 in AIRE (2KE1). 
As anticipated, methylation of Lys4 prevents formation of the salt 
bridging, hydrogen bonding, and polar contacts, and abolishes 
binding of the PHD fingers. Moreover, in silico modeling has 
shown that interaction with methylated Lys4 is sterically precluded. 
Further significant contacts at the interface are provided by the 
hydrophobic Cys/Met/Met/Ile residues (in AIRE/BHC80/DNMT3A/
DNMT3L, respectively) that insert between Lys4 and Arg2 of the 
histone peptide. The side chain of unH3 Arg2 is fully exposed to 
solvent in all but the AIRE complex, where it is restrained by an 
aspartate. Replacement of the acidic motif residues with Ala or 
the hydrophobic residues with a bulky Trp in the PHD fingers of 
BHC80, DNMT3L, and AIRE disrupts the interaction with unH3.

Crosstalk between Epigenetic Marks

The dichotomy of the Arg2 recognition in the PHD–histone pep-
tide complexes suggests a “crosstalk” between H3K4me3 and 
H3R2me2 PTMs. N-Methylation of the guanidinium group of 
Arg2, which can occur in an asymmetric (me2a) or symmetric 
(me2s) manner, is not nearly as well-characterized as Lys4 methy-
lation. However, a negative correlation is known to exist between 
these PTMs in eukaryotes, with H3K4me3 and H3R2me2a being 
enriched at the promoters of active and inactive genes, respectively 
(55, 56). Moreover, the presence of each methyl mark prevents 
methylation of the other by currently known HMTases (MLL for 
H3K4 and PRMT6 for H3R2). In contrast, a recent study has dem-
onstrated that, at least in yeast, monomethylation of Arg2 is found 
in active genes coinciding with H3K4me3 and does not inhibit 
methylation of Lys4 (57). It was proposed that H3K4me3 may be 
either deposited prior to dimethylation of Arg2 and thus occur on 
the pathway to gene silencing, or conversely, could be a mark for a 
gene to become or remain active (57). 

The structures of the PHD fingers of BPTF, INGs, JARID1A, 
and TAF3 in complex with H3K4me3 and of the AIRE PHD1 fin-
ger in complex with unH3 reveal that Arg2 is bound in a pocket 
formed by acidic residues that tightly hold the guanidinium group 
of Arg2 (Figure 2F). Replacement of the acidic residues diminishes 
the interaction, which suggests that methylation of Arg2 may act as 
a negative regulator for binding of these PHD fingers to H3K4me3 
or unH3. Indeed, affinities of the ING4 and TAF3 PHD fingers for 
H3K4me3 peptides and AIRE PHD1 for unH3 decrease approxi-
mately five- to fiftyfold when Arg2 is dimethylated (30, 45, 53). 
On the other hand, dimethylation of Arg2 does not affect binding 
of the PHD fingers of ING2 and BPTF to H3K4me3 (29). In the 
Pygo1 complex, where the side chain of Arg2 is fully exposed to 
solvent (Figure 2F), methylation of Arg2 similarly has little to no 
effect on the interaction (25, 28). 

Although the biological consequence of the interplay between 
Arg2- and Lys4-methylation remains unclear, it has been shown 
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that an increase in Arg2 dimethylation levels significantly reduces 
the activation of AIRE target genes in vivo (53). The ability of the 
RAG2 and Pygo1 PHD fingers to bind histone H3 methylated at 
both Arg2 and Lys4 was proposed to be important for proper func-
tions of these proteins (25, 28), and it also suggests the transient 
coexistence of these PTMs during interconversion of heterochro-
matin and euchromatin (56). Association of the Pygo1/BCL9 
complex with H3R2me2 could expose this mark for demethylation 
prior to the recruitment of SET1 and conversion of H3K4me2 into 
H3K4me3 (25). This would allow full transcriptional activation of 
TCF target genes during Wnt signaling (25). The multiple bind-
ing activities of the PHD fingers could be essential for fine-tuning 
recruitment of different effectors and complexes to chromatin and 
establishing the proper sequence of events in the transition from 
one state of chromatin to another. 

Interplay between methylated and acetylated PTMs has been 
observed as well. The PHD finger–containing proteins ING4 and 
JADE1 mediate crosstalk between H3K4me3, unH3, and histone 
acetylation by HBO1, and these activities were proposed to have 
a role in neoplastic transformations (21, 22). Regulation of RNA 
polymerase II–mediated transcription by TFIID may rely on PTMs, 
as dimethylation of Arg2 selectively inhibits TFIID/TAF3 associa-
tion with H3K4me3, whereas acetylation of Lys9 and Lys14 of H3 
augments it (29). Acetylation or methylation of Lys9 of H3 causes 
a ~5-to 7-fold decrease in binding affinity of the AIRE PHD1 
finger (53); however, it potentiates binding of the CHD4 PHD2 
finger to unH3 by ~20- to 30-fold (36). In the latter case, the 
multifaceted interactions of CHD4 may be required for deacetylase 
activity of the CHD4–NuRD–HDAC repressive complex in the 
pathway from an active state to inactive state of chromatin (37). 

PHD Fingers in Disease

The PHD finger–containing proteins are implicated in a wide 
variety of human diseases, including cancer, immunodeficiency 
syndromes, and neurological disorders (58). Mutations or translo-
cations of PHD fingers result in dysregulation of critical signaling 
pathways, contributing to the development and progression of dis-
ease. Here, we focus particularly on those PHD fingers for which 
histone binding activity has been reported.

Autoimmune Polyendocrinopathy Candidiasis 
Ectodermal Dystrophy 

APECED is a monogenic autosomal recessive disease associated 
with several autoimmune abnormalities, including andrenocortical 
and gonadal failure, type I diabetes, thyroid disease, and hepatitis. 
According to the Human Gene Mutation database (HGMD), fifty-
five APECED-linked mutations, such as point mutations, splicing, 
insertions, and small and large deletions, are found in the autoim-
mune regulator AIRE, with some occurring in its two PHD fingers. 

These include truncation of the second PHD finger and missense 
mutations (R303P, C311Y, P326L and P326Q) in the first PHD 
finger (59–62). Point mutations have been shown to partially or 
completely disrupt the structure of PHD1, diminishing the interac-
tion of AIRE with unH3 and inhibiting AIRE-mediated transcrip-
tional activation (34, 54). 

Cancer 

Expression analyses of multiple tumor types show that the 
ING1–5 genes are often downregulated, upregulated, or mutated 
in human malignancies (63). The expression level of tumor sup-
pressor ING1 is substantially reduced in brain, breast, and gastro-
intestinal tumors and lymphoblastic leukemia (63, 64). Missense 
and silent mutations in ING1 have been detected in ~20% of 
malignant melanoma cases, 13% of esophageal squamous cell can-
cer (SCC) cases, and 13% of head and neck SCC patients; these 
mutations are generally associated with rapid cancer progression 
and poorer prognosis (63, 65). The cancer-related C215S, N216S, 
V218I, and G221V mutations found in the ING1 PHD finger (65–
67) impair the ability of ING1 to associate with H3K4me3 or to 
induce DNA repair and apoptosis, linking the tumorigenic activity 
of ING1 with epigenetic regulation (19).

JADE1 is most highly expressed in precursor cells of renal 
cancer (68). This short-lived transcription factor inhibits renal 
cancer cell growth and colony formation, prevents tumor devel-
opment in mice, and acts as a tumor suppressor for von Hippel-
Lindau (38). The PHD finger–containing region has been shown 
to have a role in JADE1 stabilization, which correlates with renal 
cancer risk and pathogenesis (68). The fusion of the JARID1A 
PHD finger with NUP98, a common translocation partner in leu-
kemias, produces a potent oncoprotein that induces acute myeloid 
leukemia in cellular and animal models (24). Mutations in the 
PHD finger that disrupt binding to H3K4me3 also inhibit leuke-
mic transformation (24).

Severe Combined Immunodeficiency and XLMR

A number of mutations in the RAG2 PHD finger have been found 
in patients with severe combined immunodeficiency (SCID) syn-
drome (69–71). The C478Y and H481P mutations cause unfold-
ing of the PHD finger. Patients with these mutations have no T 
or B lymphocytes and suffer from severe immune abnormalities. 
Residues that are necessary for H3K4me3 recognition, including 
Trp453, Trp416, and Lys440, are also found mutated. Trp453 is one of 
the aromatic cage residues required for the coordination of trim-
ethylated Lys4. Substitution of this residue disrupts the integrity of 
the aromatic cage, abolishing the RAG2 interaction with H3K4me3 
(27, 28). Pathologically, these mutations lead to a distinct form of 
SCID called Omenn’s Syndrome, in which V(D)J recombination 
and the formation of T and B cell receptors are impaired (69, 70, 
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72). Finally, several point mutations, including the A388P muta-
tion in the PHD finger, that inhibit SMCX demethylase activity and 
binding to H3K9me3 were found in XLMR patients (39, 41, 73). 

Potential Therapeutic Approaches

Loss of the histone binding function by PHD finger–containing 
proteins due to deletions, translocations, and unfolding of this 
module, or mutations in the binding site, impairs the recruitment 
of these proteins and associated chromatin remodeling complexes 
to nucleosomes (Figure 3). This, in turn, leads to misregulation of 
DNA transcription, recombination, and repair and the disruption 
of cellular homeostasis, triggering a range of disease (discussed 
above). The question thus arises of whether restoration of normal 
functioning of PHD fingers through therapeutic approaches would 
re-establish gene regulation and alleviate diseases. The nature of 
the dysregulation of the majority of PHD finger–containing pro-
teins suggests that they could be candidates for gene therapy (74). 
For cases in which the PHD–histone interaction is implicated in 
oncogenesis, it could be important to develop small inhibitors or 
permeable dominant negative peptides to disrupt PHD binding 
(75, 76). 

Concluding Remarks

PHD fingers have recently emerged as a novel family of histone 
code readers, and studies from many laboratories continue to 
uncover their role in chromatin targeting and transcriptional 
regulation. In this review, we have focused on biological functions 
of single PHD fingers; however, these domains more often than 
not co-exist with adjacent PHD fingers and other histone-binding 
modules, such as chromodomain, bromodomain, MBT, PWWP, 
and Tudor domains (9). Of those discussed here, the AIRE, 
JADE1, and SMCX proteins contain multiple PHD fingers; BPTF 
contains a PHD finger and a bromodomain; and CHD4 contains 
two PHD fingers and two chromodomains. These modules most 
likely act in concert to specifically target their host proteins and 
the associated complexes to chromatin and modulate their activi-
ties. Such multivalent recognition of PTMs would greatly increase 
affinity, specificity, and breadth of functions of these complexes 
(9). The ING4–JADE1–HBO1 system is an excellent example of 
a more complex epigenetic interplay, with the PHD fingers of dis-
tinct proteins, JADE1 and ING4, clearly cooperating to bind H3 
and modulating each other’s function (22). The crosstalk between 
epigenetic marks provides another mechanism for regulation of 
binding and establishing the proper order of events within the 
cell. The link between dysregulation of the PHD finger activities 
and numerous diseases suggests a strong therapeutic potential. 
Although further research is needed to fully understand and 
exploit this potential, the prospective benefits are far-reaching. It is 
likely that there are still a significant number of PHD fingers, yet 

to be discovered, capable of reading known or novel PTMs with 
distinct imperative biological roles.  doi:10.1124/mi.9.6.7
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