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The Conserved PHD1-PHD2 Domain of ZFP-1/AF10 Is a Discrete
Functional Module Essential for Viability in Caenorhabditis elegans

Daphne C. Avgousti, Germano Cecere, Alla Grishok

Department of Biochemistry and Molecular Biophysics, Columbia University, New York, New York, USA

Plant homeodomain (PHD)-type zinc fingers play an important role in recognizing chromatin modifications and recruiting reg-
ulatory proteins to specific genes. A specific module containing a conventional PHD finger followed by an extended PHD finger
exists in the mammalian AF10 protein, among a few others. AF10 has mostly been studied in the context of the leukemic MLL-
AF10 fusion protein, which lacks the N-terminal PHD fingers of AF10. Although this domain of AF10 is the most conserved re-
gion of the protein, its biological significance has not been elucidated. In this study, we used genetic and biochemical approaches
to examine the PHD1-PHD2 region of the Caenorhabditis elegans ortholog of AF10, zinc finger protein 1 (ZFP-1). We demon-
strate that the PHD1-PHD2 region is essential for viability and that the first PHD finger contributes to the preferred binding of
PHD1-PHD2 to lysine 4-methylated histone H3 tails. Moreover, we show that ZFP-1 localization peaks overlap with H3K4 meth-
ylation-enriched promoters of actively expressed genes genomewide and that H3K4 methylation is important for ZFP-1 localiza-
tion to promoters in the embryo. We predict that the essential biological role of the PHD1-PHD2 module of ZFP-1/AF10 is con-
nected to the regulation of actively expressed genes during early development.

The role of chromatin-binding proteins in gene expression reg-
ulation and development is increasingly being recognized.

While the important developmental function of a few conserved
chromatin regulators, such as the Polycomb group of proteins, has
been known for some time (reviewed in reference 1), there are a
number of conserved proteins with predicted chromatin-binding
properties whose potential role in development has yet to be re-
vealed. Acute lymphoblastic leukemia 1-fused gene from chromo-
some 10 (AF10) (2) belongs to this category of conserved but
poorly studied genes.

AF10 is best known as a fusion partner of the mixed lineage
leukemia (MLL) gene in the MLL-AF10 oncogene (2). Acute leu-
kemias caused by MLL fusion proteins are associated with poor
prognoses and high mortality rates (3–5). MLL fusion oncogenes
are responsible for more than half of leukemia cases in infants (3,
4) and are implicated in some instances of acute leukemia in adults
(5). The most common fusion partners of MLL are the nuclear
proteins AF4, AF9, AF10, ENL, and ELL (6, 7). In the MLL-AF10
fusion, the C terminus of AF10 is fused to the N terminus of MLL.
MLL-AF10 fusions account for approximately 3% of lymphoid
leukemias and 15% of myeloid leukemias (7). In the fusion pro-
tein, the C terminus of AF10 inappropriately recruits the H3K79
methyltransferase Dot1-like (DOT1L) to MLL targets, which con-
tributes to oncogenesis (8). AF10 and DOT1L were recently
shown to exist in the same complex: DotCom (9). Although the C
terminus of AF10 has been studied in the context of its interaction
with DOT1L, very little is known about the biological function of
the N-terminal plant homeodomain (PHD) fingers of AF10,
which are missing in the MLL-AF10 fusion protein. In fact, the
PHD fingers are the most highly conserved region of the protein,
with 70% sequence identity between the proteins of Caenorhabdi-
tis elegans and humans (Fig. 1C) (2, 10), and they are the focus of
this study.

It is clear from the primary sequence alignment that in addi-
tion to the PHD fingers, the linker region between the two pre-
dicted PHD fingers is highly conserved and is likely to be impor-
tant for the function of the protein (Fig. 1C). The linker region

together with the second PHD finger is often called the extended
PHD finger and has been implicated in mediating oligomerization
of AF10 (11, 12). Modules consisting of a canonical PHD finger
directly followed by a conserved linker region and a second PHD
finger, or extended PHD finger, have been described for a few
other proteins, including Jade-1 (13). The linker region between
the PHD fingers of Jade-1 was shown to be important for its in-
teraction with the von Hippel-Lindau (VHL) tumor suppressor,
which is a functional component of the E3 ligase complex (13).
Thus, the extended PHD finger of AF10 can potentially serve as a
protein-protein interaction domain.

Although PHD zinc fingers were described some time ago (14)
and were recognized as distinct protein domains, PHD-contain-
ing proteins became of particular interest following the discovery
of their histone tail-binding properties (see references 15 to 17 for
a review). PHD fingers can often discriminate between methyl-
ation states of lysine residues of histone tails, such as lysine 4 on
histone H3 (H3K4) (15–17). This ability of PHD fingers makes
them important components of chromatin-modifying proteins
and complexes. In some cases, they serve to recruit such com-
plexes to specific genomic regions. For example, both PHD fingers
in the Jade-1 protein were shown to interact with histone H3 (18)
and to facilitate the recruitment of the histone H4 acetyltrans-
ferase HBO1 to chromatin. In other cases, PHD fingers bind to the
products of a modification reaction at specific loci within the ge-
nome. For example, the PHD finger of BHC80, a member of the
lysine-specific demethylase (LSD1) complex (19), binds specifi-
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cally to the unmethylated H3K4 that results from demethylation
by LSD1.

Here we investigate the chromatin-binding properties and bi-
ological functions of the C. elegans ortholog of AF10, ZFP-1, and
specifically its N-terminal PHD fingers. We demonstrate that the
highly conserved N-terminal region of ZFP-1, which contains the
PHD fingers and is retained in the zfp-1(ok554) deletion mutant, is
essential for viability. This conclusion is based on the fact that only

transgenes encoding the PHD1-PHD2 region of the protein can
rescue the lethality caused by the loss of one copy of zfp-1(ok554).
Additionally, we found that PHD1-PHD2 of ZFP-1 preferentially
interacts with methylated H3K4 tails in vitro. Our results suggest
that this specificity is dependent on the properties of PHD1 and
employs a mechanism distinct from the previously described
aromatic cage-based affinity of PHD fingers for methyl groups
(20, 21). Our results regarding the extended PHD2 are consistent

FIG 1 ZFP-1 contains two N-terminal PHD fingers that are highly conserved. (A) Diagram of the zfp-1 gene locus showing its two predicted isoforms, the ok554
deletion, and the region targeted in RNAi experiments. (B) The 867-aa ZFP-1 protein has two predicted plant homeodomains (PHDs) in the N terminus (aa 1
to 189) and an octapeptide motif and leucine zipper (OM and LZ; aa 594 to 655) in the C terminus. The short isoform protein is missing the N-terminal PHD
fingers but retains the OM and LZ in the C terminus. In the mRNA of the ok554 mutant, exon 4 becomes spliced to exon 7 (see panel A), and this leads to
expression of a truncated version of the long isoform which retains the first 4 exons (amino acids 1 to 190) followed by a frameshift that expresses an additional
49-amino-acid fragment out of frame and results in a premature stop codon. (C) Primary sequence alignment of the PHD1-PHD2 region of C. elegans ZFP-1 with
homologs in four other species, as indicated. Asterisks indicate the cysteine and histidine residues that are predicted to coordinate zinc ions. The blue box
indicates the peptide used to raise an N terminus-specific antibody to ZFP-1.
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with the possible role of this domain in protein multimerization,
in agreement with previous studies on AF10 (11, 12). Finally, we
show that methylated H3K4 contributes to the localization of
ZFP-1 to the promoters of its target genes enriched in H3K4 meth-
ylation. Together, our data suggest that the conserved PHD1-
PHD2 region of ZFP-1, found in an isoform preferentially ex-
pressed in the germ line and in embryos, contributes to the
regulation of ZFP-1 target genes essential for fertility and early
development.

MATERIALS AND METHODS
C. elegans mutants and transgenic strains. Worms were maintained at
20°C by standard methods as previously described (22). The following
mutant alleles and strains were used: lsy-15(tm3463)III, zfp-1(ok554)III,
pkIs32 (pie-1::GFP::H2B)III, rhIs4 (glr-1::GFP)III, eri-1(mg366)IV, and
AGK225 {[nDf17/qC1 dpy-19(e1259) glp-1(q339)]III; rtIs18 (elt-2::GFP/
LacZ)X}.

Transgenic strains AGK51 {zfp-1(ok554) unc-119(ed3)III; armEx5
[ZFP-1::GFP unc119(�)]}, AGK128 {unc-119(ed3)III; armIs5 [ZFP-1::
FLAG unc119(�)]} (22), and AGK280 {zfp-1(ok554) unc-119(ed3)III;
armEx14 [PHD1-PHD2::FLAG ZFP-1 short unc119(�)]} were made by
cobombardment of both the WRM0629bD09 fosmid and the plasmid
pMM016b (AddGene) for unc-119(ed3)III rescue, using microparticle
bombardment with a PDS-1000 Hepta apparatus (Bio-Rad). Transgenic
lines containing pLong (ZFP-1long::FLAG GFP) and pShort (ZFP-
1short::FLAG GFP) were made by injection of zfp-1(ok554), using 0.5
ng/�l of plasmid coinjected with the pRF4 plasmid (containing rol-6) at a
concentration of 120 ng/�l. For chromatin immunoprecipitation (ChIP)
experiments with plasmid lines, transgenes were integrated and subse-
quent strains AGK370 (carrying pLong) and AGK369 (carrying pShort)
were outcrossed six times. Functional tests of AGK370 are described in
Fig. 7. For AGK369 (carrying pShort), we examined transgenic worms
marked by the dominant roller marker and their nonroller siblings and
found that 32/32 nonroller worms exhibited the protruded vulva pheno-
type characteristic of zfp-1(ok554), whereas 40/40 rollers were rescued,
i.e., did not have a protruded vulva. These results indicate that the pShort
protein is functional.

RNA extraction and RT-PCR. RNA extraction and reverse transcrip-
tase PCR (RT-PCR) were carried out as described previously (22). The
following primers were used to detect the ok554 deletion: 5=AGGAGCTT
TCACGTAACCTG (forward) and 5=GTGCATTTGCCATAAGAAGAC
(reverse).

Immunostaining. Adult worms were handpicked and placed in phos-
phate-buffered saline (137 mM NaCl, 10 mM phosphate, 2.7 mM KCl, pH
7.4) with 0.01% Tween (PBST) and 25 mM sodium azide in a glass petri
dish. Worms were dissected using a scalpel, fixed with 2% paraformalde-
hyde for 1 h at room temperature, and postfixed in ice-cold methanol for
5 min. Worms were transferred to glass tubes and blocked with 3% (wt/
vol) bovine serum albumin (BSA) in PBS. Blocked worms were then in-
cubated overnight at 4°C with the primary antibodies: an anti-ZFP-1 N
terminus-specific antibody against the peptide YIPEVRFGNVHSMEPV
(Fig. 1C) (generated by Affinity BioReagents), an anti-ZFP-1 C terminus-
specific antibody from modENCODE (22), both diluted 1:8,000, or an
anti-FLAG antibody (rabbit; Sigma), diluted 1:300. Next, worms were
washed 3 times with PBST and incubated for 1 h at room temperature
with an anti-rabbit antibody conjugated to Alexa Fluor 555. Worms were
then mounted on polylysine slides (LabScientific, Inc.) by use of mount-
ing solution with DAPI (4=,6-diamidino-2-phenylindole; Vector Labora-
tories), and all images were taken on a Zeiss AxioImager Z1. Results
shown are representative of at least five biological replicates.

Fosmid recombineering and plasmid constructs. Recombineering of
the WRM0629bD09 fosmid containing the ZFP-1 locus was carried out as
described previously (22). We generated a derivative fosmid construct to
express the N-terminal portion of ZFP-1, maintaining the PHD fingers,
followed by a FLAG tag and a stop codon to create the armEx14 line.

The DNA sequence containing the promoter and 3=-untranslated re-
gion (3=UTR) of the zfp-1 gene was obtained by a PCR performed on C.
elegans N2 genomic DNA in multiple cloning steps and inserted into the
plasmid pPD95.75 (Addgene). The pLong construct was created using a
6-kb sequence upstream of the zfp-1 start site as the promoter, while the
pShort construct was created using intron 4 of zfp-1 as the promoter.
Coding sequences of zfp-1 were cloned using cDNA created by reverse
transcription of total worm RNA from N2 (Bristol) worms. Primer se-
quences and plasmids are available upon request.

RNAi. All RNA interference (RNAi) experiments were carried out by
feeding at 20°C. For immunostaining, zfp-1(ok554) L1 worms were grown
on double-stranded RNA (dsRNA)-producing bacteria, harvested as
adults, dissected, and stained. For RNAi defects, pkIs32 [pie-1::GFP::H2B]
or eri-1(mg366); pkIs32 [pie-1::GFP::H2B] L4 worms were fed dsRNA-
producing bacteria, and their progeny were scored for germ line defects.
Both types of experiments utilized the JA:F54F2.2 clone for zfp-1 RNAi
from the C. elegans RNAi feeding library (23), and bacteria containing this
clone were grown via standard methods.

Western blotting. Samples were resolved via SDS-PAGE on a 4 to 12%
gel (Invitrogen NuPAGE Bis-Tris gel) and transferred to a 4.5-�m nitrocel-
lulose membrane (Bio-Rad) at 100 mA for 60 min for ZFP-1 proteins, or they
were resolved in a 12% gel and transferred to a 2-�m nitrocellulose mem-
brane (Thermo Scientific) at 100 mA for 30 min for histone proteins. The
membrane was blocked using 3% (wt/vol) BSA in PBS with 0.01% Tween for
1 h, followed by overnight incubation at 4°C with one of the following anti-
bodies, diluted 1:2,000 in PBST-3% BSA: anti-ZFP-1 N-terminal peptide an-
tibody (Affinity BioReagents), anti-ZFP-1 C terminus-specific antibody (22),
anti-H3K4me1 (07-436; Millipore), anti-H3K4me2 (07-030; Millipore), an-
ti-H3 (05-928; Millipore), or anti-H3K4me3 (06-755; Millipore). The mem-
brane was then washed 3 times with PBST, incubated for 1 h at room tem-
perature with a horseradish peroxidase (HRP)-conjugated anti-rabbit
secondary antibody (PerkinElmer) diluted 1:5,000 in PBST-3% BSA, and
visualized by use of SuperSignal West Pico chemiluminescence substrate
(Thermo Scientific), using a series 2000A film processor (Tiba). Results
shown are representative of at least three biological replicates.

Bacterial protein production. A DNA sequence containing the cod-
ing region of the zfp-1 gene was obtained by a PCR performed on C.
elegans N2 cDNA, created by reverse transcription of total worm RNA by
use of random decamer primers. The cDNA encoding PHD1 of the zfp-1
gene product was cloned in frame with a C-terminal glutathione S-trans-
ferase (GST) tag into the pET28c plasmid (Addgene). PHD1-PHD2 or
extended PHD2 cDNA was cloned in frame with an N-terminal maltose
binding protein (MBP) tag into the pMALP2X plasmid (NEB). The M4D
mutation in PHD1 was made in the PHD1-PHD2-expressing pMALP2X
plasmid and the PHD1-GST plasmid according to the instructions for a
Stratagene mutagenesis kit (Stratagene). Primer sequences and plasmids
are available upon request.

For protein expression, Escherichia coli BL21/pLysS cells (Invitrogen)
were transformed with prepared vectors as described previously and
grown at 37°C with shaking at 200 rpm until an optical density at 600 nm
(OD600) of 0.6 had been reached. To induce protein expression, we added
100 �M isopropyl-�-D-thiogalactopyranoside (IPTG) as well as 50 �M
ZnCl2 for proper formation of zinc fingers, and we lowered the tempera-
ture to 18°C. After 18 h, cells were harvested by centrifugation at 6,000 �
g for 15 min. Pelleted bacteria were resuspended in lysis buffer (200 mM
NaCl, 20 mM Tris-Cl [pH 7.5], and 50 �M ZnCl2) and lysed for 6 min by
sonication in 15-s intervals, with a 45-s rest between pulses. Cell debris
was spun down at 4°C and 20,000 � g for 1 h, and GST-tagged proteins
were extracted from the clear lysate by flowing over glutathione Sepharose
beads (GE Healthcare). Beads were subsequently washed with 40 column
volumes of lysis buffer, and GST-tagged proteins were eluted by adding 25
mM glutathione to the lysis buffer. The MBP-tagged proteins were puri-
fied similarly, but using amylose resin (NEB) for affinity purification. The
MBP tag was removed enzymatically by adding tobacco etch virus (TEV)
protease to a final concentration of 2 �g/ml to the eluate. Proteins were
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incubated overnight at 4°C in dialysis or until full cleavage of the proteins
was achieved as determined by SDS-PAGE.

The PHD1-PHD2 protein was further purified by analytical size-ex-
clusion chromatography (see below). It was created to mimic the trun-
cated protein produced in the zfp-1(ok554) mutant, with some residual
amino acids. The PHD1-PHD2 protein sequence is as follows: MKEMV
GGCCVCADENGWTDNPLIYCDGENCEVAVHQGCYGIQEVPEGEW
FCAKCTKASAMMPGSINEATFCCQLCPFDYGALKKTDRNGWAHVI
CALYIPEVRFGNVHSMEPVILNDVPTDKFNKLCYICNEERPNDAKK
GACMSCNKSTCKRSFHVTCAQRKGLLCEEGAISRNVKYCGYCENH
LKKAMELFLKTELHPLHNRIDSIFHHSWNSCWNDNGIKDQVFLWQ
MHILMLHNF (approximately 28 kDa).

The PHD2�linker protein, lacking PHD1 and also lacking the resid-
ual portion found in the truncated protein, was created to investigate the
multimerization properties of this region alone. This protein was made in
the pMALP2X vector (as described above) but was further purified after
affinity purification and cleavage from the cleaved MBP tag by ion-ex-
change chromatography on a Mono Q10/100 column (GE Healthcare).
The PHD2�linker protein sequence is as follows: KASAMMPGSINEAT
FCCQLCPFDYGALKKTDRNGWAHVICALYIPEVRFGNVHSMEPVIL
NDVPTDKFNKLCYICNEERPNDAKKGACMSCNKSTCKRSFHVTCA
QRKGLLCEEGAISRNVKYCGYC (approximately 14 kDa).

Analytical size-exclusion chromatography. Final purification of the
PHD1-PHD2 and PHD2�linker proteins was carried out by analytical
size-exclusion chromatography, which was performed at 4°C using a Su-
perose 6 10/20 column (GE Healthcare). After equilibration of the col-
umn in buffer (200 mM NaCl, 20 mM Tris-Cl [pH 7.5], and 50 �M
ZnCl2) at a flow rate of 0.3 ml/min, 200 �l of purified protein was injected
and eluted at the same flow rate, and the UV signal at 280 nm was moni-
tored. We collected 0.5-ml fractions for SDS-PAGE analysis with subse-
quent Coomassie blue staining to detect proteins used in this experiment.
The void volume was determined to be 8 ml.

Pulldown assays. In vitro binding assays of PHD1-GST, PHD1-
PHD2, ING2-PHD-GST, and BHC80-PHD-GST were carried out using a
panel of biotinylated histone tails as described previously (19).

Gel shift assay. Histone octamers were obtained as a gift from the
Greene lab and reconstituted according to the method of Visnapuu and
Greene (24), using purified octamer and the 601 DNA sequence with a
high affinity for nucleosomes. PHD1-PHD2, purified as described above,
or GST, as an unrelated protein (Sigma), was incubated at a 1:1 or 10:1
molar ratio of protein to nucleosome, respectively, and incubated on ice
for 2 h. The mixture was then separated in a native 4% acrylamide gel run
at 60 V for 2 h at 4°C in TE buffer (10 mM Tris-Cl, pH 7.5, 1 mM EDTA).
The gel was visualized by UV illumination after incubating the gel in 1�
GelRed (Biotium Inc.) in water for 10 min.

ChIP. Chromatin immunoprecipitation was carried out as described
previously (22), using the same primers to quantify the promoter and
coding regions of pdk-1 and lys-7. The following primers were used to
detect the promoter and coding sequences of daf-16 and egl-30, as indi-
cated: daf-16 promoter, forward primer 5=GATTCTCCCTCTCCGT
TCAC and reverse primer 5=GTGATGAAGAAGGTGGTCTC; daf-16
coding sequence, forward primer 5=CGAACTCAATCGAACCTCTC and
reverse primer 5=CAATATCACTTGGAATTGCTGG; egl-30 promoter,
forward primer 5=CGTGAGTTTGAGTGTCTCTG and reverse primer 5=
GATTAGGTTGTGGCTTTCCC; and egl-30 coding sequence, forward
primer 5=AGTTTGGTAACGAATCAGAGGA and reverse primer 5=CCA
GAATCCTCCCATAGCTC.

RESULTS
The long isoform of ZFP-1 is specifically expressed in the germ
line. In C. elegans, there are two isoforms of the ZFP-1 protein
predicted by the current genome assembly (WS228): a long iso-
form that comprises the full-length ZFP-1 protein and a short
isoform that is missing the N-terminal PHD fingers (Fig. 1A and
B). The zfp-1 locus is complex, and predicted transcripts include

those encoding a C. elegans AF10 ortholog (F54F2.2a and
F54F2.2c) and a transcript encoding an unrelated protein
(F54F2.2b). In the existing deletion mutant for the zfp-1 gene,
zfp-1(ok554) (25), exon 4 is spliced to exon 7, as confirmed by
RT-PCR (Fig. 1A, inset), leading to a frameshift. The resulting
239-amino-acid protein product is predicted to retain the first 189
amino acids (aa), including both N-terminal PHD fingers (Fig.
1B) (25). A protein-protein interaction between AF10 and
DOT1L occurs through the conserved leucine zipper (LZ) in the
C-terminal portion of AF10 (8). This interaction is predicted to be
conserved in C. elegans but would not occur in the zfp-1(ok554)
mutant expressing the truncated ZFP-1 protein, which is missing
the relevant LZ. The ok554 mutant is a loss-of-function allele that
displays slow-growth and protruded vulva phenotypes (25). Also,
the zfp-1(ok554) strain has a reduced life span (22, 26) and en-
hanced susceptibility to oxidative stress and pathogens (22). These
phenotypes of the zfp-1(ok554) mutant are likely to be associated
with the lack of interaction between ZFP-1 and a C. elegans Dot1
family methyltransferase.

In order to investigate the N-terminal region of ZFP-1, we
raised an antibody that recognizes a peptide sequence in the linker
region between the two N-terminal PHD fingers, and thus only
the long isoform (Fig. 1C, blue box). This antibody was not suit-
able for Western blotting. However, we detected expression of the
truncated long ZFP-1 isoform in the zfp-1(ok554) mutant by im-
munostaining dissected gonads (Fig. 2A, middle panels). This sig-
nal was diminished upon zfp-1 RNAi (Fig. 2A, right panels), indi-
cating that it was due to the residual protein expressed in the
zfp-1(ok554) mutant. Also, a strong signal in oocyte nuclei (ar-
rows) but not intestinal nuclei (arrowheads) was detected in both
the wild-type and zfp-1(ok554) strains (Fig. 2A). We also used an
anti-ZFP-1 C terminus-specific antibody (22) to detect full-length
ZFP-1 by the same method (Fig. 2B) and confirmed protein de-
pletion upon zfp-1 RNAi by Western blotting (Fig. 3). Immuno-
staining with both antibodies showed high expression in maturing
oocyte nuclei (Fig. 2A and B, arrows) and lower expression in the
rest of the germ line. This expression was missing in zfp-1(ok554)
mutants when staining was done with the C terminus-specific
antibody, confirming that there is no C terminus of ZFP-1 present
in the zfp-1(ok554) mutant (Fig. 2B).

We used homologous recombination in bacteria to introduce a
green fluorescent protein (GFP) tag at the C terminus of ZFP-1 on
a 35-kb fosmid (22). This construct retained all regulatory se-
quences present at the zfp-1 locus, and we observed nuclear ex-
pression of ZFP-1::GFP in somatic cells at all developmental stages
of C. elegans (Fig. 4). We also observed high expression in oocytes
and lower expression in the distal germ line by using ZFP-1::GFP
(Fig. 4, top panels). Consistent with immunostaining, ZFP-1::
GFP localization is seen at the condensed chromosomes in oocytes
(Fig. 4, top right panels); the ZFP-1::GFP protein binds to all six
condensed chromosomes.

Our immunostaining data indicate that the long isoform of
ZFP-1, either full length or truncated, is expressed in the germ
line. However, the C terminus-specific antibody recognized both
isoforms of the protein (Fig. 3 and 5) (22), and the GFP tag, visu-
alized on chromosomes in oocytes (Fig. 4), was present at the C
termini of both ZFP-1 isoforms. To clarify whether one or both
ZFP-1 isoforms are present in the germ line, we constructed an-
other transgenic strain, the zfp-1(ok554); armEx14 strain, in which
we introduced a FLAG tag downstream of the PHD fingers fol-
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lowed by a stop codon, leaving the endogenous short isoform
intact on the fosmid, as it has an alternate promoter (see Fig. 7B
for a schematic). We then carried out immunostaining with either
an anti-FLAG antibody to visualize the PHD fingers (Fig. 2C) or
the anti-ZFP-1 C terminus-specific antibody (22) to visualize the
short isoform (Fig. 2B, far right panels). We found that the PHD
fingers are expressed in the germ line (Fig. 2C), while the short
isoform is not (Fig. 2B, far right panels). Immunostaining of wild-
type nontransgenic gonads with anti-FLAG antibody produced
no signal, confirming its specificity (Fig. 2C). Also, anti-FLAG
staining detected the strongest signal in oocyte nuclei (Fig. 2C,

arrows; compare to the intestine [arrowheads]), similar to the
results obtained with the antibody against the N terminus of
ZFP-1 (Fig. 2A). The failure to detect expression of the short
ZFP-1 isoform in the germ line was not due to poor sensitivity of
the C terminus-specific antibody, since we readily detected germ
line ZFP-1 expression using this antibody in wild-type worms
(Fig. 2B, left panels) and we also detected expression of the short
isoform in somatic tissues of the zfp-1(ok554); armEx14 strain
(Fig. 2B, right panels, insets and enlargement panels). In addition,
we detected production of the short ZFP-1 isoform from the
armEx14 fosmid by Western blotting (Fig. 5).

FIG 2 The long isoform of ZFP-1 is specifically expressed in the germ line. (A) Immunostaining of dissected gonads from adult worms by use of an anti-ZFP-1
N terminus-specific antibody (pink) for wild-type worms compared to zfp-1(ok554) worms and worms with knockdown of zfp-1 in the zfp-1(ok554) mutant
background by RNAi. The left and middle panels also show parts of the dissected intestine (bottom right insets in the middle panels). DAPI-stained DNA is shown
in blue, oocyte nuclei are indicated with arrows, and intestinal nuclei are indicated with arrowheads. Enlargements of the indicated regions of the right panels are
shown on the far right. (B) Immunostaining with anti-ZFP-1 C terminus-specific antibody (22) in the indicated strains. Oocyte nuclei are indicated with arrows.
The insets in the right panels show intestinal nuclei. Staining of the epithelial cells in somatic gonads is shown in the enlarged images on the far right. (C)
Immunostaining with anti-FLAG antibody in the zfp-1(ok554); armEx14 transgenic strain, showing the same pattern of ZFP-1 expression as that in the wild type
and the zfp-1(ok554) mutant. Arrows indicate oocyte nuclei, and the insets in the left panels show part of the dissected intestine.
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Our immunostaining results are consistent with the expression
patterns of the short and long isoforms of ZFP-1 determined by
Western blotting, where the long isoform is expressed predomi-
nantly in embryos and in adult worms with developed germ line
tissue and the short isoform is more abundant at the larval stages
(Fig. 5C). We concluded that only the long ZFP-1 isoform is ex-
pressed in the germ line and localizes to chromosomes there.
Moreover, the N-terminal portion of ZFP-1 retains the localiza-
tion properties of the full-length protein. Altogether, these results
indicate that the long isoform of ZFP-1, or its truncated version as
in the zfp-1(ok554) mutant, is the only isoform expressed in the
germ line.

To determine the functional significance of ZFP-1 expression
in the germ line, we performed RNAi experiments. We used a
strain expressing H2B::GFP in the germ line to visualize chromo-
somes (27). The knockdown of ZFP-1 by RNAi led to low-pen-
etrance germ line defects, observed in 15% of worms (9/60
worms), where one or both gonad arms produced no viable em-
bryos and/or exhibited oogenesis defects. Examples of these de-
fects included multinucleated oocytes (Fig. 6A and B) and proxi-
mal germ line tumors indicative of the expansion of mitotic cells
in place of normal oocytes undergoing meiosis (Fig. 6C). The
same phenotypes were observed in zfp-1 RNAi experiments per-
formed in the sensitized eri-1(mg366) genetic background (28)
(Fig. 6B and C). The frequency of oocyte abnormalities in control
worms was estimated to be 3% (2/60 worms), with no cases of
multinucleated oocytes or germ line tumors.

In zfp-1(ok554) worms, the short isoform of ZFP-1 is missing,
but the PHD fingers are retained and the worms do not have germ
line defects. In the knockdown of zfp-1 by RNAi, however, we saw
germ line defects. Therefore, the protein containing the PHD1-
PHD2 region, either the long isoform in wild-type worms or the
truncated version in zfp-1(ok554) worms, has a role in promoting
normal germ line development and fertility.

ZFP-1 PHD fingers are essential for viability. In order to fur-
ther analyze the biological role of the PHD1-PHD2 module of the
ZFP-1 protein, we performed experiments aimed at reducing its

zygotic function. zfp-1(ok554) mutant worms, in which the N-ter-
minal portion of the long ZFP-1 protein is retained, are short-
lived (22, 26) and stress sensitive (22). These phenotypes are
linked to the misregulation of genes during larval development,
specifically to increased expression of the PDK-1 kinase (22). In
order to reduce zfp-1 function, we placed the zfp-1(ok554) allele in
trans over a chromosome with a deletion that includes the zfp-1
locus (Fig. 7A). We took advantage of the deficiency allele on
chromosome III, nDf17 (29), which is balanced by chromosome
qC1 [dpy-19(e1259) glp-1(q339)] (30). First, we separated the
nDf17 and qC1 chromosomes by crossing the nDf17/qC1 her-
maphrodites with males containing chromosome III marked with
GFP (rhIs4) (31) (Fig. 7A). The resulting cross progeny males
carried either the deficiency chromosome in trans to the GFP-
marked chromosome III or the qC1 chromosome in trans to the
GFP marker (green F1 worms in Fig. 7A). These animals were
phenotypically indistinguishable. Next, we crossed these F1 males
with zfp-1(ok554) hermaphrodites and analyzed their progeny (F2

FIG 3 Knockdown of ZFP-1 by RNAi in wild-type worms leads to protein
depletion. A Western blot probed with anti-ZFP-1 C terminus-specific anti-
body shows the depletion of all ZFP-1 bands upon RNAi. A Ponceau-stained
membrane is shown as a loading control.

FIG 4 ZFP-1::GFP localizes to chromosomes in maturing oocytes and is
widely expressed at all developmental stages. (Top) (1) Dissected adult gonad
shown with ZFP-1::GFP (green) and DNA (red; DAPI) staining. (2) Close-up
view of oocytes, shown to visualize the localization to condensed chromo-
somes at this stage. (Bottom) Examples of ubiquitous ZFP-1::GFP expression
in larvae, embryos, and an adult. Arrowheads indicate the vulva.
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worms in Fig. 7A) by counting the numbers of rhIs4 GFP� and
rhIs4 GFP� cross progeny. For crosses with qC1/GFP males, we
expected equal numbers of GFP� [zfp-1(ok554)/GFP] and GFP�

[zfp-1(ok554)/qC1] animals. By crossing nDf17/GFP males with
zfp-1(ok554) hermaphrodites, we investigated whether the pheno-
type of nDf17/zfp-1(ok554) cross progeny would be more severe
than that of zfp-1(ok554) worms (Fig. 7A). We expected equal
numbers of GFP� [zfp-1(ok554)/GFP] and GFP� [zfp-1(ok554)/
nDf17] animals if reducing the dosage of zfp-1(ok554) did not
affect development, but fewer GFP� animals if the zfp-1(ok554)/
nDf17 genotype caused lethality. We determined the genotypes of
the F1 males used for the crosses with zfp-1(ok554) worms by the
presence or absence of the qC1 phenotypes (dumpy and sterile)
(30) among the F3 generation (Fig. 7A). We found that there were
far fewer GFP� worms among the cross progeny of nDf17/GFP
males (Fig. 7C, row 1), indicating that zfp-1(ok554)/nDf17 ani-

mals did not survive. The few surviving GFP� worms were healthy
and likely represented recombinants (Fig. 7C, asterisks). We oc-
casionally observed arrested deformed larvae that likely repre-
sented zfp-1(ok554)/nDf17 animals. To aid in recognizing cross
progeny of zfp-1(ok554) hermaphrodites, another GFP transgene
(rtIs18) integrated on the X chromosome was present in all nDf17/
qC1 hermaphrodites and their F1 male progeny (Fig. 7A, black
asterisk); this was omitted from the schematic for clarity. Since all
expected cross progeny genotypes were clearly marked, the lack of
the expected 50% zfp-1(ok554)/nDf17 worms is highly significant.

To verify that the lethality of the zfp-1(ok554)/nDf17 genotype
was indeed due to a lack of sufficient amounts of ZFP-1, we re-
peated the crosses with various transgenic strains made in the
zfp-1(ok554) background and producing different portions of
ZFP-1 (Fig. 7B). We used the following transgenes: armEx5 (ZFP-
1::GFP), expressing long and short isoforms; pLong (ZFP-1L::

FIG 5 The long isoform of ZFP-1 is predominately expressed in embryos and adult worms. Western blot experiments using anti-ZFP-1 C terminus-specific
antibody. (A) Lysates probed were from embryos of the wild-type, zfp-1(ok554), and transgenic zfp-1(ok554); armEx14 strains (see Fig. 7B for a schematic). (B)
(Left) Total lysates of wild-type and ZFP-1::FLAG (AGK128 strain containing armIs5, i.e., integrated fosmid containing both the long and short isoforms tagged
with FLAG in the wild-type background [22]) worms show expression of both the long and short isoforms of ZFP-1. (Right) Immunoprecipitation with
anti-FLAG antibodies shows enrichment of both isoforms in the transgenic line but not in the wild type. (C) An antibody specific to the C terminus of ZFP-1 (22)
recognizes both isoforms of ZFP-1 in multiple stages, as indicated. In the embryo and adult stages, primarily the long isoform is expressed, in contrast to the larval
stages, where the short isoform is predominant. The top band represents the long isoform (above 95 kDa), as indicated, and the short isoform (predicted at 65
kDa) is represented by the lower bands. The SDS-PAGE gel on the right was run longer, leading to a better separation of the bands, in addition to a longer exposure
of the Western blot to visualize all bands.
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FLAG::GFP), expressing the long isoform; pShort (ZFP-1S::
FLAG::GFP), expressing the short C-terminal isoform; and
armEx14, expressing the N-terminal fragment of the long isoform
(PHD1-PHD2::FLAG) and the short isoform but no full-length
long isoform. We found that transgenes containing the long iso-
form of ZFP-1, armEx5 (ZFP-1::GFP) and pLong (ZFP-1L::
FLAG::GFP), were able to rescue the lethality of the zfp-1(ok554)/
nDf17 genotype in the F2 generation (Fig. 7C, rows 2 and 3).
However, a transgene containing only the short isoform (pShort
[ZFP-1S::FLAG::GFP]), without the N-terminal PHD fingers,
failed to rescue the lethality (Fig. 7C, row 4). Importantly, the
armEx14 transgene expressing the PHD1-PHD2 module (Fig. 2C)
in addition to the short ZFP-1 isoform (Fig. 5), but not the long
isoform (Fig. 5), was also able to rescue the zfp-1(ok554)/nDf17
lethality (Fig. 7C, row 5). Together, these results demonstrate that
the most conserved N-terminal region of ZFP-1, which contains a
conventional PHD finger followed by an extended PHD finger,
restores viability in haploinsufficient worms.

The experiments described above indicate a zygotic require-
ment for PHD1-PHD2, since zfp-1(ok554)/zfp-1(ok554) mothers

of zfp-1(ok554)/nDf17 worms express two copies of PHD1-
PHD2. However, our RNAi experiments indicate that PHD1-
PHD2 may also have an essential function in the germ line. The
transgenic strains that rescued zfp-1(ok554)/nDf17 worms
(marked by a red asterisk in Fig. 7A) differed in that armEx5 and
armEx14 exhibited stable germ line expression (Fig. 2C, 4, and
7D), while expression of the pLong (ZFP-1L::FLAG::GFP) trans-
gene was silenced in the germ line (Fig. 7D). Therefore, the sur-
viving zfp-1(ok554)/nDf17; pLong(ZFP-1L::FLAG::GFP) adults
should have been rescued in the soma but not in the germ line.
Indeed, these animals did not produce progeny (Fig. 7C, right
column, row 3). Notably, zfp-1(ok554)/nDf17 animals also carry-
ing armEx5 or armEx14 were fertile (Fig. 7C, right column, rows 2
and 5), although their brood size was smaller than that of zfp-
1(ok554)/zfp-1(ok554) animals. These data indicate that germ line
expression of the rescuing transgenes is required for rescue in the
following generation. The somatically expressed pLong transgene
rescues zfp-1(ok554)/nDf17 lethality zygotically for one genera-
tion, but rescued worms do not produce progeny. In contrast,
transgenes expressed both in the germ line and in the soma

FIG 6 Knockdown of ZFP-1 by RNAi leads to germ line defects. (A) One gonad arm is shown for wild-type (top) and zfp-1(RNAi) (bottom) animals.
Magnification, �200. Chromatin is visualized by H2B::GFP, arrows point to oocyte nuclei, and an oogenesis defect is evident in zfp-1(RNAi) animals. DIC,
differential interference contrast. (B) Multinucleated oocytes similar to those shown in panel A were observed during zfp-1 RNAi in an RNAi-sensitized
[eri-1(mg366)] background. (C) Proximal germ line tumors in place of developing oocytes (arrow) were observed in some zfp-1(RNAi) animals. The example
shown is from the RNAi experiment in the eri-1(mg366) background. Magnification, �400. Arrowheads point to the vulva.
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FIG 7 ZFP-1 PHD fingers are essential for viability. (A) Diagram of crossing of the zfp-1(ok554) allele to a deficiency allele, nDf17. nDf17/qC1 hermaphrodites
were crossed to males with a chromosome III GFP marker, rhIs4. F1 males were then crossed to zfp-1(ok554) hermaphrodites, and the F2 progeny were scored
as GFP� or GFP�. The phenotype of F1 males was determined by whether the F3 progeny contained qC1/qC1 homozygous worms that exhibited the dumpy
phenotype. Black asterisks next to nDf17/qC1 hermaphrodites and their F1 male progeny indicate that they contained an additional GFP marker integrated on
the X chromosome; this marker was inherited from the father by all cross progeny hermaphrodites of zfp-1(ok554) mothers and allowed us to distinguish them
from self progeny. (B) Various transgenic arrays used to rescue the lethality caused by the zfp-1(ok554)/nDf17 genotype. (C) Numbers of GFP� and GFP� F2
cross progeny for crosses with and without the transgenes shown in panel B. qC1 and nDf17 crosses, as determined by the F3 progeny, are distinguished here.
Transgenes encoding the N-terminal PHD fingers were able to rescue the lethality caused by the zfp-1(ok554)/nDf17 genotype, but the short isoform-expressing
gene alone was not. Rescued F2 zfp-1(ok554)/nDf17 worms, as indicated by the red asterisk in panel A, were able to produce progeny only when the rescuing
transgenes containing the PHD1-PHD2 region were expressed in the germ line (armEx5 and armEx14) (see Fig. 2C for armEx14 germ line expression). Numbers
shown represent at least 5 crosses. Asterisks next to numbers indicate that these worms were likely to be recombinants. (D) GFP expression of ZFP-1 transgenes,
as indicated. The pShort and pLong transgenes were expressed somatically (arrowheads point to intestinal nuclei) but not in the germ line. Arrows point to oocyte
nuclei in pLong worms; also note the lack of germ line expression of the short isoform of ZFP-1 from armEx14 in Fig. 2B. armEx5 is expressed in somatic tissues
(Fig. 5 and 11C) as well as in oocytes, as indicated by arrows (also see Fig. 4). Magnification, �200.
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(armEx5 and armEx14) rescue the first generation and allow res-
cued worms to also produce progeny. Therefore, we concluded
that PHD1-PHD2 is needed both maternally (in the germ line)
and zygotically (in the embryo) for normal fertility and develop-
ment in C. elegans.

Extended PHD finger of ZFP-1 is likely involved in multi-
merization of the protein. To further investigate the properties of
the PHD fingers of ZFP-1, we expressed the recombinant protein
corresponding to the N-terminal region of ZFP-1 (PHD1-PHD2)
tagged with cleavable MBP in E. coli. First, we affinity purified
PHD1-PHD2::MBP by using amylose beads, and then we cleaved
the MBP tag with TEV protease. We used analytical size-exclusion
chromatography to separate PHD1-PHD2 from the MBP tag (see
Materials and Methods) and observed that the molecular mass of
the PHD1-PHD2 protein (28 kDa) appeared to be larger than that
of MBP (45 kDa) (Fig. 8A, top panel). We confirmed that the
peaks seen by gel filtration corresponded to the size of either
PHD1-PHD2 or MBP by SDS-PAGE (Fig. 8A, bottom panel), and
we also confirmed the identity of PHD1-PHD2 by Western blot-
ting (Fig. 8C, lane 4). Consistent with previous studies on AF10
(11, 12), we found that ZFP-1 is likely to exist as a multimer in
vitro. However, these results do not exclude the possibility that the
shape of PHD1-PHD2 is abnormal.

The linker region together with PHD2 has been shown to me-
diate the multimerization of AF10 in vitro (11). The analogous
region in ZFP-1 is highly homologous to AF10 in primary se-
quence (Fig. 1C), and our results shown in Fig. 8A are consistent
with the possibility of multimerization. To gain more evidence in
support of this possibility, we first generated affinity-purified link-
er-PHD2::MBP, cleaved the MBP tag with TEV protease, sepa-
rated linker-PHD2 from MBP by ion-exchange chromatography,
and then analyzed the purified protein by analytical size-exclusion
chromatography (see Materials and Methods), calibrating the col-
umn with known standards (Fig. 8B). We found that the linker
together with PHD2 of ZFP-1 has an apparent molecular mass of
four times its actual size (14 kDa) (Fig. 8B, top panel). Again, we
confirmed that the peak seen by gel filtration corresponded to
linker-PHD2 by its mobility on SDS-PAGE (Fig. 8B, bottom
panel) and Western blotting (Fig. 8C, lane 1). Therefore, we con-
cluded that this region has apparent multimerization properties
and is likely to contribute to the multimerization of PHD1-PHD2.

Histone H3 lysine 4 methylation contributes to the localiza-
tion of ZFP-1 to chromatin. To further understand the biological
significance of the PHD1-PHD2 region, we tested its interaction
with whole nucleosomes. We reconstituted nucleosomes (24) and
carried out gel shift assays with increasing concentrations of
PHD1-PHD2. We used a DNA sequence with a high affinity for
nucleosomes for reconstitution (24) and observed a gel shift with
increasing concentrations of PHD1-PHD2 (Fig. 9E). Interest-
ingly, these nucleosomes did not have modified histone tails,
which indicates that the PHD1-PHD2 domain is capable of bind-
ing to naked nucleosomes in vitro. Together with our genetic ex-
periments described earlier, these findings demonstrate that
PHD1-PHD2 is a discrete, biologically essential protein module
capable of binding chromatin.

The most terminal PHD finger of ZFP-1 represents a conven-
tional PHD finger (13) similar to PHD fingers found in chroma-
tin-binding proteins (Fig. 9A). A large number of PHD fingers
have been shown to interact with the N-terminal tails of histone
H3 (15–17). Interestingly, some PHD fingers are specific to meth-

FIG 8 The extended PHD finger of ZFP-1 represents a likely multimerization
domain. (A) (Top) Analytical size-exclusion chromatography separating PHD1-
PHD2 of ZFP-1 from MBP and showing that the apparent molecular mass of the
28-kDa PHD1-PHD2 module is larger than that of the 45-kDa MBP. (Bottom)
We confirmed that the peaks correspond to expected protein sizes on SDS-PAGE
and were not part of the void volume. AU, arbitrary units. (B) (Top) Analytical
size-exclusion chromatography of extended PHD; the MBP tag was separated by
ion-exchange chromatography prior to this step. The apparent molecular mass of
this 14-kDa protein is between those of the known standards of BSA (67 kDa) and
ovalbumin (43 kDa), which were used to calibrate the column. (Bottom) We
confirmed that the peak seen corresponds to the expected protein size of extended
PHD2 on SDS-PAGE and is not part of the void volume. See Materials and Meth-
ods for details. (C) Western blot analysis of the proteins present in the peaks shown
in panels A (lane 4) and B (lane 1). The N terminus-specific antibody epitope is
shown in Fig. 1C (blue box). A PHD1-GST fusion protein that does not contain
the epitope was used as a control (lane 2).
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ylated H3K4 (20, 21, 32–34), while others, such as the PHD finger
of BHC80, a subunit of the H3K4 demethylase LSD-1, interact
with unmethylated H3K4 (H3K4me0) (19). Primary sequence
alignment of ZFP-1 PHD1 with other PHD fingers highlights the
conserved cysteine and histidine residues that are characteristic of
the PHD finger motif (Fig. 1C and 9A, asterisks). To take a closer
look at other conserved residues, we aligned ZFP-1 PHD1 with
PHD fingers known to bind H3K4me0 (Fig. 9A, top panel) and
those that bind H3K4me3 (Fig. 9A, bottom panel). The residues
that have been found to interact directly with unmethylated K4
(17) (Fig. 9A, top panel, blue letters) are mostly conserved in
ZFP-1 PHD1. Conversely, the residues that create the aromatic
cage known to interact with the methyl groups on H3K4me3 are
not conserved in ZFP-1 PHD1 (Fig. 9A, bottom panel, orange
letters). Therefore, the primary sequence of ZFP-1 PHD1 appears
to be more similar to PHD fingers that prefer unmethylated
H3K4.

To investigate whether PHD1 of ZFP-1 interacts with histone
tails, we expressed recombinant PHD1::GST in bacteria and car-
ried out binding assays with biotinylated histone tails. We found
that PHD1::GST specifically binds to H3K4me2 under the same
conditions where BHC80 PHD-GST specifically interacts with
unmethylated H3K4 (19) and ING2 PHD-GST binds methylated
H3K4 (32, 34) (Fig. 9B). We also found that ZFP-1 PHD2 alone
binds to histone tails less specifically (Fig. 9D), which may or may
not represent the situation in vivo. Importantly, in the context of
PHD1-PHD2, the specificity of PHD1 still allows the protein to
preferentially bind methylated H3K4 (Fig. 9C).

The N terminus of the BHC80 PHD finger has been shown to
directly bind the unmethylated lysine 4 on histone H3, through a
charge interaction with an aspartic acid residue (19) (D4 in Fig. 9A
[red asterisk]). We noticed a similarity between the N terminus of
PHD1 of ZFP-1/AF10, which has a KEM motif, and the N termi-
nus of the BHC80 PHD finger, which has an HED motif (Fig. 9A,
underlined sequences). We hypothesized that the methionine res-
idue in ZFP-1 PHD1 may be able to interact with methyl groups
on H3K4. If this was the case, a mutation from methionine to
aspartic acid might be able to alter the specificity of ZFP-1 PHD1.
Indeed, we found that the M4D mutation in the context of PHD1-
GST or PHD1-PHD2 shifted the histone-binding specificity of
these domains by promoting a stronger interaction with un-
methylated H3K4 than that seen with wild-type PHD1 or PHD1-
PHD2 (Fig. 9B and C).

Our in vitro data suggest that PHD1-PHD2 may bind nucleo-
somes lacking histone tail modifications but that H3K4 methyl-
ation may confer a more specific interaction with PHD1. H3K4
methylation at promoters correlates with gene activity (reviewed
in references 35 to 37). Interestingly, ZFP-1 also shows localiza-
tion to promoters (22) enriched in H3K4me (Fig. 10). To confirm
that the in vitro binding specificity of PHD1-PHD2 to methylated
H3K4 is relevant in vivo, we compared the list of ZFP-1 target
genes generated by ChIP with microarray technology (ChIP-chip)
(22) with genes that have an H3K4me2/3 enrichment peak at their
promoters (38). We found that nearly half of all ZFP-1 peaks
corresponded to the annotated peaks of H3K4me2/3 (1,174 of
2,565 peaks; P value for enrichment � 8.275E�267) (Fig. 9F, top
panel), indicating that this overlap is highly significant. In con-
trast, ZFP-1 target genes were significantly underrepresented at
H3K9me-rich regions (overlap of 140 of 2,565 peaks; P value for
depletion � 3.5E�90) (Fig. 9F, bottom panel).

To test whether the localization of ZFP-1 to the promoters of
its target genes is dependent on the specificity of PHD1-PHD2 for
H3K4me, we performed ChIP-quantitative PCR (ChIP-qPCR) on
transgenic lines that expressed either the FLAG::GFP-tagged long
isoform of ZFP-1 with the PHD finger region (pLong) or the sim-
ilarly tagged short isoform lacking this region (pShort) (see Fig. 7B
for a schematic). We found that in embryos, the long isoform was
enriched at the promoter of a known ZFP-1 target gene, pdk-1
(22), but not at the nontarget gene lys-7 (22) (Fig. 11A). We also
checked several other promoter and coding regions of known
ZFP-1 ChIP-chip targets, for example, daf-16 and egl-30, and con-
firmed the same pattern: the long isoform of ZFP-1 containing the
PHD fingers was enriched at the promoters but not at the coding
regions (Fig. 11A). Interestingly, the short C-terminal ZFP-1 iso-
form did not localize to the target promoters in the embryo
(Fig. 11A), although both long and short isoforms were expressed
at this stage (Fig. 11C and 12), albeit the long isoform was pre-
dominant (Fig. 5). Conversely, at the L4 larval stage, both the long
and short isoforms were enriched at the target promoters
(Fig. 11B), suggesting that the short isoform may have other
mechanisms for chromatin localization in the larva, where it is
predominantly expressed.

To test whether the localization of ZFP-1 to target gene pro-
moters in the embryo was dependent on H3K4 methylation, we
repeated the ZFP-1 ChIP-qPCR experiment in the lsy-15(tm3463)
mutant background. LSY-15 is the C. elegans homolog of RbBP5,
a component of the COMPASS complex that is required for meth-
ylation of H3K4 (39–42). H3K4me was severely depleted in this
mutant compared to the wild type, both globally (Fig. 13A
and B) and at specific genes (Fig. 13E). We found that in the
lsy-15(tm3463) background, the enrichment of ZFP-1 at the
pdk-1, daf-16, and egl-30 promoters was lost, indicating that
H3K4me3 contributes to its chromatin localization (Fig. 11D).

DISCUSSION

Our genetic and biochemical analyses have defined the conserved
PHD1-PHD2 module of ZFP-1/AF10 as a chromatin-binding do-
main with a discrete function essential for viability. The conserva-
tion of this region between the human AF10 protein and C. elegans
ZFP-1 was noted in the initial study describing the translocation of
AF10 in acute myeloid leukemias (2) and thereafter (10). How-
ever, the biological significance of this conserved module has not
been revealed until now.

The AF10 protein function has been studied mostly in the con-
text of its oncogenic variants MLL-AF10 (6, 7) and CALM-AF10
(43). The oncogenic potential of the MLL-AF10 fusion protein is
linked to the recruitment of the DOT1L H3K79 methyltransferase
by the leucine zipper and octapeptide motifs of AF10, present in
the C-terminal portion of the protein (8). However, a normal
copy of the AF10 gene is also present in cancer cells. Since endog-
enous AF10 exists in complex with DOT1L and contributes to the
normal levels of global H3K79 methylation (9), oncogenic fusion
forms are likely to compete with wild-type AF10 for interaction
with DOT1L, which has been shown for CALM-AF10 (44). This
may cause aberrant expression of genes normally regulated by
AF10, further contributing to cancer progression. Our study sug-
gests that the PHD1-PHD2 module within the ZFP-1/AF10 pro-
tein possesses an autonomous function, which likely consists of
binding chromatin and recruiting other factors necessary for gene
expression regulation. Therefore, the PHD1-PHD2 and leucine
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FIG 9 PHD1-PHD2 domain interacts with nucleosomes, and its PHD1 zinc finger shows specificity for methylated H3K4. (A) Primary sequence alignment of
ZFP-1 PHD1 with various PHD fingers. The top panel shows an alignment with PHD fingers known to bind H3K4me0, with residues that interact with the lysine
side chain highlighted in blue. The bottom panel shows ZFP-1 PHD1 aligned with PHD fingers known to interact with H3K4me3, with residues known to form
an aromatic cage around H3K4me3 highlighted in orange. Conserved cysteine and histidine residues that represent the PHD finger domain are highlighted in
bold and indicated with asterisks. The red asterisk indicates methionine 4, investigated as described below. (B) In vitro binding assays of GST-fused PHD fingers
with biotinylated histone H3 tails, as indicated. PHD1-GST specifically bound H3K4me2 but lost specificity for this mark when methionine 4 was mutated to
aspartic acid (M4D). BHC80 PHD-GST bound unmethylated H3K4 and ING2 PHD-GST bound methylated H3K4, consistent with previous findings (19, 32,
34), as shown by Coomassie blue staining after SDS-PAGE. (C) (Top) PHD1-PHD2 binds all states of methylated H3K4 but not the unmethylated H3 tail.
(Bottom) PHD1-PHD2 with M4D mutation loses specificity for H3K4me3 and shows affinity for the unmethylated H3 tail. Silver-stained SDS-PAGE gels are
shown. (D) PHD2�linker binds all histone tails nonspecifically. (E) PHD1-PHD2 binds to nucleosomes in vitro. A GelRed-stained native gel containing
nucleosomes incubated with increasing concentrations of PHD1-PHD2 is shown. DNA only, 200-bp sequence used to reconstitute the nucleosomes from histone
octamers; nucleosome only, band corresponding to a nucleosome monomer (24). Increasing concentrations of PHD1-PHD2 led to a gel shift showing an
interaction between PHD1-PHD2 and the nucleosome monomer. A control incubation of PHD1-PHD2 with DNA is shown in the rightmost lane. (F) Venn
diagrams showing overlap of previously described ZFP-1 ChIP-chip targets (22) with H3K4me2/3 peaks (38) or H3K9me3 peaks (52). A total of 1,174 of 2,565
ZFP-1-bound genomic regions also had H3K4me2/3 peaks, which represents a significant enrichment (top); however, only 140 of 2,565 ZFP-1 targets also had
H3K9me3, representing a significant depletion.
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zipper domains may recruit distinct partners, and the balance of
these interactions is likely to be important for normal cell func-
tion.

Tissue-specific expression analyses of human AF10 detected

mRNA expression in peripheral blood lymphocytes, thymus, ova-
ries, and testes (2). The murine ortholog of AF10 is also expressed
in the brain and kidneys, as seen by Northern blotting (45), and
expression in the white matter of the cerebellum was determined

FIG 10 ZFP-1 localizes to promoters. The figure shows snapshots of two genomic loci, with tacks illustrating ChIP-chip signals from (top to bottom) ZFP-1,
H3K4me1, H3K4me2, and H3K4me3, based on available modENCODE data.
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by in situ hybridization (45). To date, there have been no studies
addressing the developmental role of AF10 by using genetic
knockdown techniques in mice. More recently, AF10 was found to
coimmunoprecipitate with �-catenin in the HEK293T cell line (9)

and with Tcf4 and �-catenin in mouse intestinal crypt cells (46).
Since these interactors mediate downstream transcriptional ef-
fects of the Wnt signaling pathway, small interfering RNA
(siRNA) knockdown of AF10 in tissue culture demonstrated that
many downstream targets of Wnt signaling have reduced levels of
expression in both AF10-depleted colorectal cancer cells and
HEK293T cells (46). Similarly, lower expression of Wingless tar-
gets was obtained after reducing expression of the Drosophila or-
tholog of AF10 (Alhambra) by RNAi in fly larvae (9) and after
morpholino depletion of AF10 in zebrafish (46). Although the
potential involvement of ZFP-1/AF10 in regulation of Wnt targets
may contribute significantly to the developmental role of this pro-
tein, it is notable that the above studies connected both AF10 and
DOT1L to Wnt signaling. Our discovery of the essential develop-
mental function of the PHD1-PHD2 module suggests that it is
independent of the role of ZFP-1/AF10 in the recruitment of
DOT1L to chromatin. Also, ZFP-1 expression is much broader
than the expression of �-catenin homologs in C. elegans (47),
indicating that its targets are not limited to those regulated by Wnt
pathways.

Although transcription from the AF10 locus has not been
studied extensively in humans or mice, expression of at least
two major isoforms was previously detected in flies (48–50),
similar to our findings in C. elegans. Consistent with our re-
sults, high expression of the PHD-containing long isoform was
noted in oocytes and embryos (48, 49), and this isoform was
also found to associate with euchromatin on polytene chromo-
somes of salivary glands (50). The existing loss-of-function
mutants of Alhambra (also called Dalf and dAF10) appear to
affect expression of the C-terminal portion of both isoforms of
the protein (48, 51). However, these mutant alleles may still
allow expression of the PHD1-PHD2 module. Nonetheless, al-
though Drosophila Alhambra mutant larvae are very retarded in
growth and eventually die (48), the analogous C. elegans
zfp-1(ok554) mutants, in which only PHD1-PHD2 function is
retained, are slow growing but viable (22, 25). Therefore, it
appears that the function of the C-terminal portion of AF10
that interacts with DOT1L is more essential for development in

FIG 11 H3K4me contributes to ZFP-1 localization to target gene promoters.
(A) ChIP using anti-FLAG antibodies followed by qPCR for transgenic lines
carrying pLong or pShort (see Fig. 7C for a schematic) compared to nontrans-
genic wild-type worms. Error bars for this and other bar charts represent
standard deviations from the means for at least four biological replicates. (B)
Anti-FLAG ChIP as in panel A, but using L4 worms. (C) pLong, pShort, and
armEx5 are expressed in late-stage embryos, as seen by expression of GFP. (D)
ChIP using anti-GFP antibodies followed by qPCR for the armEx5 transgenic
line in either a wild-type (dark bars) or lsy-15(tm3463) background (light
bars).

FIG 12 Relative mRNA expression levels of pShort and pLong transgenes in
embryos. mRNA expression of zfp-1 isoforms from pShort and pLong trans-
genic arrays was measured by RT-qPCR. Actin (act-3) was used as an internal
control. Error bars represent standard deviations of the means for two biolog-
ical replicates. Both transgenes are present in the zfp-1(ok554) background,
which was the control in this experiment. Expression levels were normalized to
that of the control.
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flies than in nematodes. We predict that the conserved PHD1-
PHD2 module may have an additional essential function in
both flies and mammals.

Since the long isoform of ZFP-1 is exclusively expressed in the
adult germ line and predominantly expressed in the embryo, we
predict that its localization to H3K4 methylation-enriched pro-
moters contributes to the regulation of genes essential for the early
development of nematodes. We have shown that PHD1 contrib-
utes to the interaction of PHD1-PHD2 with H3K4me and that the
extended PHD2 is likely responsible for the multimerization of the
protein. Although the DOT1L methyltransferase is a known inter-
acting partner of AF10 (8, 9), it interacts with the C-terminal
region of the protein. Since PHD1-PHD2 is essential for viability,
we predict that additional interacting partners of ZFP-1 regulate
ZFP-1 targets during early development.

Our work has highlighted the structural autonomy of the
PHD1-PHD2 domain and suggested a novel mechanism of inter-
action between a PHD zinc finger and an H3K4-methylated his-
tone tail. Future structural studies will determine the precise de-
tails of PHD1-PHD2 binding to nucleosomes and of its
multimerization. Possibilities for the connection between the
structure and function of this domain are intriguing. One predic-
tion is that PHD1-PHD2 may recruit effector proteins that regu-
late gene expression; another possibility is that the histone binding
of PHD1-PHD2, along with its multimerization properties, con-
fers an autonomous role for this domain in configuring higher-
order chromatin structure and thus contributing to proper gene
regulation and development.
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