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A histone demethylase is necessary for regeneration

in zebrafish
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Urodele amphibians and teleost fish regenerate amputated body
parts via a process called epimorphic regeneration. A hallmark of
this phenomenon is the reactivation of silenced developmental
regulatory genes that previously functioned during embryonic
patterning. We demonstrate that histone modifications silence
promoters of numerous genes involved in zebrafish caudal fin
regeneration. Silenced developmental regulatory genes contain
bivalent me3K4/me3K27 H3 histone modifications created by the
concerted action of Polycomb (PcG) and Trithorax histone methyl-
transferases. During regeneration, this silent, bivalent chromatin is
converted to an active state by loss of repressive me3K27 H3
modifications, occurring at numerous genes that appear to func-
tion during regeneration. Loss-of-function studies demonstrate a
requirement for a me3K27 H3 demethylase during fin regeneration.
These results indicate that histone modifications at discreet
genomic positions may serve as a crucial regulatory event in the
initiation of fin regeneration.

chromatin | polycomb

M ammals are unable to regenerate amputated appendages,
such as limbs, yet it has long been known that salamanders
and zebrafish perform such a feat and can completely restore lost
body parts and repair severely damaged organs, including limbs,
heart, and jaw, by a process known as epimorphic regeneration
(1-4). This phenomena is typically broken down into three steps
(1-4). First, a wound epidermis is formed at the site of damage
by migrating epithelial cells that seals the wound from the
environment. Next, disorganization and dedifferentiation of
tissue near the wound results in the creation of a mass of
undifferentiated cells, known as the blastema. Then, prolifera-
tion of blastema cells, concomitant with patterning and differ-
entiation, results in the regeneration of the amputated portions
of the damaged tissue. The defining characteristic of epimorphic
regeneration is the formation of the blastema at the site of
amputation. A fundamental question in the field is how ampu-
tation instructs certain cells near the wound site to dedifferen-
tiate and take part in the re-growth and development of the
amputated body part (1-4). A recent report has suggested that
epigenetic mechanisms target a distal enhancer to silence the
sonic hedgehog loci before regeneration in Xenopus (5).

The zebrafish exhibits an outstanding ability to regenerate
different parts of its anatomy, including any of the paired and
unpaired fins, the heart ventricle, and the spinal cord. Zebrafish
is particularly useful for studies on regeneration since it has short
generation times that make experiments requiring large number
of animals feasible, and it has a fully sequenced and annotated
genome. The zebrafish caudal fin is an established model of
regeneration of a complex tissue that is easy to amputate, is not
required for viability, and completely regenerates in a short time
frame (7-10 days).

A gene silencing mechanism that may poise loci for reactiva-
tion has been described in ES cells (6-8). In ES cells, the
transcription factors Sox2, Oct4, and nanog, serve as master
regulators of pluripotency (9-11). They do so, in part, by
concerted binding to the promoters of genes needed for pluri-
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potency. Sox2, Oct4, and nanog also occupy the promoters of
developmental regulatory genes that are silent in ES cells, but
whose expression is associated with lineage commitment and
differentiation. Most of these silent loci in ES cells are also
bound by polycomb group (PcG) proteins (9-13). Nucleosomes
near the transcription start sites of these silenced loci are
decorated with trimethyl lysine 27 histone H3 (me’K27 H3)
catalyzed by the polycomb repressive complex 2, PRC2 (8, 14).
In some cases both trimethyl lysine 4 histone H3 (me3K4 H3), a
product of TrX activity, and me3K27 H3 are observed at
transcription start sites of developmental regulatory genes, thus
creating a “bivalent” histone code that appears to poise these
loci for activation in ES cells (6, 10, 15, 16). However, it has been
suggested that the presence of bivalent chromatin is not indic-
ative of cell multipotency or “stemness” (6, 17-20).

Upon ES cell differentiation, these so-called bivalent loci
typically lose the repressive me>K27 H3 while at the same time
maintaining the me*K4 H3 modification, a process that favors
gene activation. A recent study has further delineated bivalent
genes into two categories: bivalent positions associated with both
PRCI1 and PRC2, as opposed to those that are bound by PRC2
only (16). One mechanism by which me3K27 H3 is thought to be
removed from bivalent loci is by the activity of a class of me3K27
H3-specific histone demethylases represented by mammalian
UTX and Jmjd3 (21-28). These demethylases, therefore, func-
tion as positive regulators of transcription by relieving the
negative effect of me3K27 H3 modifications on local chromatin
structure.

Results and Discussion

Bivalent Chromatin at Genes Induced during Fin Regeneration. We
used chromatin immunoprecipitation (ChIP) experiments to
examine whether bivalent me’K4/me3K27 H3 chromatin could
be detected in zebrafish caudal fin. Extracts prepared from
normal adult zebrafish were subjected to a first ChIP with either
me’K4 H3 or me*K27 H3 antibodies. These ChIP eluates were
then re-ChIPed with control or me3K27 H3 (me’K4 H3) anti-
bodies. We tested these sequential ChIP eluates by qPCR for
enrichment of transcription start sites of genes expressed upon
fin amputation. We focused on genes whose expression is
induced upon fin amputation and code for putative develop-
mental regulators (3, 29). We detected robust enrichment,
indicative of bivalent me3K4/me3K27 H3 chromatin, at genes
induced during regeneration. These genes code for secreted
growth factors, morphogens, as well as regulators of transcrip-
tion regulation (Fig. 1 A and B). Single me3K4 H3 and me3K27
H3 ChIP experiments with the same extract revealed strong
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Fig. 1. Bivalent me3K4/me3K27 H3 at promoters of genes implicated in
regeneration. (A) Sequential ChIP first performed with me3K4 H3 followed by
control or me3K27 H3 antibody. (B) Sequential ChIP first performed with
me3K27 H3 followed by control or me3K4 H3antibody. Eluates from the second
ChlIP were examined by qPCR using primers near the transcription start sites of
the indicated genes. Shown is the average of two independent sequential
ChlIPs and error bars represent deviation from the mean. Similar results were
obtained from extracts from several cohorts.

enrichment of these histone modifications at unique genomic
positions (Figs. S1 a and b and S2d) and peptide competition
confirmed the specificity of the antibodies used in these studies
(Fig. S2 b and c). These data indicate that many of the genes
coding for developmental regulatory factors, which are induced
in the regenerating fin (Fig. 2C), contain a bivalent me3K4/
me3K27 H3 chromatin modification. This is consistent with the
notion that this chromatin landmark is an indicator of genes that
are poised for activation in response to developmental or
environmental cues (6, 10, 15-20).

We tested for the presence of bivalent chromatin in other
zebrafish tissues. Tissue residing at the base of the caudal fin is
not able to regenerate in response to injury (Fig. S3a). However,
we detected the bivalent me3K4/me3K27 H3 at a number of loci
(Fig. S3 b and c). The zebrafish myocardium is capable of
regeneration after injury (30) and we tested whether this myo-
cardium contains bivalent chromatin at loci relevant for heart
regeneration, such as hand2, tbx5, thx18, thx20, isl-1, and nkx2.5
(31). me®K27 H3 ChIPs from myocardium revealed that this set
of genes were enriched for this histone modification at their
promoters (Fig. Slc). Sequential ChIP experiments indicated
that each of these genes contained a bivalent me3K4/me3K27 H3
promoter (Fig. S1 d and e). These results indicate that, in
zebrafish, this chromatin modification exists in both regenerat-
ing and non-regenerating tissue. Our observations reinforce the
idea that the presence of bivalent me3K4/me3K27 H3 is not ES
cell or stem cell specific. As such, the modification may act to
maintain loci in a dormant state with the potential for activation
and this may occur in a array of cell types (15, 17, 20, 32-36).

Resolution of Bivalent Chromatin during Caudal Fin Regeneration.

Studies in both mouse and human ES cells, demonstrate that
bivalent chromatin at silent genes usually resolves to a mono-
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valent me*K4 H3 structure when the gene becomes active upon
cell differentiation. Thus, we next asked whether repressive
me’K27 H3 modifications residing in the putative bivalent
me3K4/me3K27 H3 domains in zebrafish caudal fins are reduced
during regeneration, since at this time these genes are highly
expressed (Fig. 2C). We compared me3K4 H3 and me3K27 H3
ChIPs from non-regenerating tissue versus regenerating tissue at
48 h post amputation (hpa). A 48-hpa time point (Fig. S2a) was
chosen because it allows the rapid identification and dissection
of regenerating tissue.

We detected a significant reduction in repressive me*K27 H3
modifications at the start sites in a majority of genes examined,
including fgf20a, lefl, and wnt genes in regenerating fins (Fig.
2A). Notably, several loci, including bmp2a, wnt5a, and spS,
maintained relatively high levels of me3K27 H3 during regen-
eration, and, as such represent cases in which the bivalent
domain fails to resolve to monovalent me3K4 H3. This phenom-
ena has also been reported in select cases in ES cells (6, 15), and
is likely to represent an additional layer of complexity with
respect to chromatin structure and the regulation of transcrip-
tion. As opposed to silencing me®K27 H3 modifications, the
presence of me®K4 H3 at transcription start sites typically
correlates with transcription activation (6—8). me3K4 H3 ChIPs
were generally increased or unchanged during regeneration (Fig.
2B). Genes we examined by ChIP are expressed in a subset of
cells in the regenerate (2, 29, 37-42) (Fig. S4 d—f) and these ChIP
data presented here should be interpreted in light of this. The
relatively modest changes in me®K27 H3 during regeneration
may reflect larger changes in me*K7 H3 at specific loci on a cell
by cell basis. Collectively, our results indicate that the majority
of bivalent loci we examined are resolved to monovalent me3K4
H3 after fin amputation, which coincides with gene activity.
These data are consistent with the model that bivalent chromatin
bearing genes are poised for activation, and they indicate that the
balance between these two functionally opposing histone mod-
ifications is important for gene regulation during regeneration.

We turned to a small molecule inhibitor to test how altering
histone methylation at bivalent positions would affect regener-
ation. 3-Deazaplanocin A (DZNEP) is a direct inhibitor of
S-adenosyl methionine homocysteine hydrolase, an enzyme with
roles in both epigenetic silencing and cellular senescence (43—
47). We treated animals with this compound (15 uM) and tested
them for the ability to regenerate. DZNEP greatly reduced the
ability of fish to regenerate caudal fins and these animals
displayed relatively few blastema cells (Fig. S5 a and b). Al-
though global levels of me3K27 H3 were not affected by DZNEP,
we detected a modest decrease in me3K27 H3 at the promoters
of msxe and tbx18 in the presence of the drug. This correlated
with over-expression of both of these genes in DZNEP treated
animals, including that perturbation of histone methylation at
bivalent positions is a potential mechanism by which DZNEP is
able to inhibit regeneration.

me3K27 H3 Demethylases in Regenerating Caudal Fin. We next asked
how bivalent chromatin is resolved to active chromatin during
regeneration. First we examined PcG expression and activity. We
detected expression of all of the subunits of PRC1 and PRC2 in
both the regenerating and non-regenerating fin, as well as PRC1
and PRC2 activity (Fig. 34 and Figs. S4 and S6). These studies
do not support a model in which de-repression of genes during
regeneration is accomplished by a global down regulation of
PcG. Active histone demethylation of me3K27 H3 may also
account for the resolution of dormant, bivalent me3K4/me3K27
H3 modifications to the active me3K4 H3 modification, resulting
in the de-repression of select genes during regeneration. Two
subclasses of jumonji-domain histone demethylases have been
shown to specifically demethylate me*K27 H3 (trimethyl),
me?K27 H3 (dimethyl) and meK27 H3 (monomethyl), namely
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Resolution of bivalent chromatin during caudal fin regeneration. (A) me3K27 H3 ChIP in regenerating vs. non-regenerating fins. (8) me3K4 H3 ChIP in

regenerating vs. non-regenerating fins. Eluates from the ChIPs were examined by gPCR using primers near the transcription start sites of the indicated genes.
Data indicate the relative enrichment of ChlPs from regenerating tissue compared to non-regenerating tissue. Error bars indicate deviation from the mean from
two experiments. Similar results were obtained from extracts from several cohorts. (C) Upregulation of genes during regeneration. The expression of the loci
tested above was examined in non-regenerating and regenerating (48 hpa) adult caudal fins by qPCR and normalized to Ribosomal Protein L18 expression. Data
are expressed as average expression levels relative to non-regenerating fins from two different cohorts (12 animals each) and error bars represent the deviation

from the means derived from each cohort. Similar results were obtained in several independent experiments.

UTX and Jmjd3 (21, 22, 24, 25). Sequence homology revealed
four predicted zebrafish polypeptides (zf Kdméa.1 or zf UTX, zf
Kdmé6a.2 or zf UTX-], zf Kdm6b.1 or zf JmjD3, and zf Kdm6b.2
or zf JmjD3-like) that fall into this family (24, 48).

We isolated cDNA clones for each of these (Fig. S7) and tested
their expression in regenerating caudal fins by in situ hybridiza-
tion. Expression of the demethylases kdmé6a.l, kdmo6a.2 and
kdm6b.2 was detected both in the epidermis and the blastema
(Fig. 3 B-D). However, the expression of one of these demethy-
lases, kdmo6b. 1, was detected only in the blastema in regenerating
fins (Fig. 3E, left and right panels), and was strongly upregulated
during regeneration compared to the other putative me3K27 H3
demethylases (Fig. 3F). kdm6b.1 expression was also detected in
larvae caudal fins after amputation (Fig. 3G). Kdm6b.1 dis-
played me*K27 H3-specific demethylase activity comparable to
that of mouse Jm;jd3.

Kdméb.1 Is Required for Regeneration in Zebrafish. Given its activity,

robust expression in the blastema, and its upregulation during
regeneration, we undertook additional experiments to implicate

Stewart et al.

the function of Kdmé6b.1 demethylase during regeneration.
Loss-of-function studies were performed to examine whether its
function is needed for regeneration. We focused our efforts on
zebrafish larvae, as opposed to adult animals, for the following
reasons. First, studies in larvae using morpholinos oligonucleo-
tides afford the ability to knock-down a gene of interest. Second,
knockdown studies in adult caudal fin using morpholinos are
most useful for later stages (48-72 hpa; after blastema forma-
tion) of regeneration since the injection of the morpholino can
only be reliably performed in the relatively bulky tissue of the
newly formed regenerate (49). In contrast, knockdown studies in
larvae allow the observation of early regeneration phenotypes.
Finally, caudal fins of larvae are capable of regenerating after
amputation via a mechanism that appears very similar to that
used by adult fish (37, 50-53).

One-cell stage embryos were injected with control or Kdm6b.1-
specific morpholinos (Fig. S8). At 48—72 h post injection, caudal fins
were amputated just distal to the notochord (Fig. 4, first two
columns of images). Care was taken to ensure that only injected
animals that appeared grossly normal were used for regeneration
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Antibody signal (brown) and hematoxylin counterstain (blue) are shown.
(B-E) Expression of putative me3K27 H3 demethylases in regenerating caudal
fins. Whole mountinsitu hybridization of regenerating caudal fins at 48 h post
amputation (B) kdméa.1, (C) kdméa.2, (D) kdméb.2, and (E) kdmeéb.1. Longi-
tudinal sections of the fins in (B—E) reveal unique expression patterns and are
shown in the right panels. The epidermis (e) and mesenchyme (m) are indi-
cated in each panel. (F) Upregulation of kdméb.1 during regeneration. The
expression of putative me3K27 H3 demethylases was examined in non-
regenerating and regenerating (48 hpa) adult caudal fins by qPCR and nor-
malized to Ribosomal Protein L18 expression. Data are expressed as average
expression levels relative to non-regenerating fins from two different cohorts
(12 animals each) and error bars represent the deviation from the means
derived from each cohort. Similar results were obtained in several indepen-
dent experiments. (G) kdmé6b.1 expression in larvae caudal fin at 24 hpa [72 h
post fertilization (hpf)] by in situ hybridization. (H) Kdméb.1 demethylates
me3K27 H3. myc-tagged Kdm6b.1 was immunoprecipitated from transfected
293T cells and subjected to a histone demethylase assay, followed by immu-
noblotting. Some panels contain blots that were stripped and re-probed with
different antibodies.

analyses (Fig. S8). At 24 hpa, a defect in regeneration was visible in
Kdm6 b.1 knockdown animals (Fig. 4, comparing the third column
of images). By 48 hpa, animals injected with control morpholinos
had regenerated normally (150 out of 150 animals regenerated
normally). In contrast, Kdmé6b.1 MO1 morphants exhibited a
pronounced inability to regenerate caudal fins with only 67 out of
175 (33%) regenerating normally (Fig. 4, comparing the fourth
column of images). Injection of three other independent Kdm6b.1
morpholinos also resulted in reduced regeneration (compare the
fourth column of images in Fig. 4; see also Fig. S9). Hematoxylin
staining of Kdm6b.1 knockdown animals revealed that caudal fins,
after amputation, comprise densely packed cells (Fig. 54), many of
which were PCNA™ cells (Fig. 5B). In control animals, as previously
reported (37), by 48 hpa the majority of proliferating, PCNA™ cells
were found surrounding the notochord (Fig. 4B), indicating that a

19892 | www.pnas.org/cgi/doi/10.1073/pnas.0904132106
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Fig. 4. Kdméb.1 is needed for fin regeneration. Analysis of regeneration in
control versus Kdmé6b.1 MO1, MO3, or MO4 injected animals was followed
over time in individual animals. Representative examples of a control (upper
panels) and Kdméb.1 MO (lower panels) phenotypes are shown before am-
putation, immediately after amputation, and 24 and 48 h after amputation.
The amputation planes are similar to that shown above and the same animal
is shown before and after amputation up to 48 h.

gross loss in cell proliferation was not the cause of the inhibition of
regeneration in the morphants.

We reasoned that as a positive regulator of transcription, loss of
Kdmé6b.1 would lead to down regulation of target genes. We used
a candidate gene approach to identify genes positively regulated by
of Kdmo6b.1. One gene that was reproducibly downregulated in
Kdmo6b.1 morphants was the distal homeobox gene, dlx4a (Fig. 5C
and Fig. S10). This gene was an attractive candidate for being a
Kdm6b.1 target gene during regeneration since dlx genes function
during both fin and limb development, throughout evolution (54).
Additionally, dix4a is expressed in both the median fin folds, the
pectoral fin buds in developing zebrafish (55), and, in the regen-
erating fin (29). Importantly, bivalent me3K4/me3K27 H3 domains
at the dlx4a promoter is resolved to monovalent me*K4 H3 after fin
amputation. We turned our attention to the developing mouse limb
as a means to bolster our contention that Kdmé6b.1 positively
regulates expression dlx4a. In mouse, dlx4 (the zebrafish dix4a
ortholog) is expressed in the mesenchyme of the developing limb
(56, 57) which provided us an opportunity to test the hypothesis that
the mouse homolog of Kdm6b.1, Jmjd3 (Fig. S7) targets dlx4 in a
similar physiological setting. Thus, we performed ChIP experiments
to demonstrate a physical association between mouse Jmjd3 and the
mouse dlx4 locus during limb development. Chromatin from e10.5
limb buds was immunoprecipitated with Jmjd3 antibodies (58) and
eluates were tested for enrichment of dlx4 sequences at its tran-
scription start site. We detected significant enrichment of dlx4 in
Jmjd3 ChlIPs, indicating an association between Jmjd3 and the dix4
gene (Fig. 5D). In contrast, no enrichment was observed for the fgf2
promoter (Fig. 5D). These data argue in favor of our contention
that dlx4a is regulated by Kdm6b.1 in zebrafish, as well as in mouse
limb. Ultimately, identification of loci that are direct targets of
Kdm6b.1 using whole genome ChIP approaches will illuminate the
function of this histone demethylase during development and
regeneration. Still, we should not rule out additional mechanisms
which contribute to the loss of me3K27 H3 at some promoters, such
as transcription coupled histone exchange, dilution of this histone
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Fig. 5. Identification of dIx4a as putative target of Kdméb.1. (A) Control or

Kdméb.1 morpholino injected animals were amputated and allowed to re-
generate for 48 h at which point they were fixed and stained with hematox-
ylin. The amputation planes are similar to that shown above. (B) Proliferating
cells in control and Kdméb.1 morphants. Control (left panel) or Kdm6b.1 MO
(right panels) for 48 h, at which point they were stained with PCNA antibodies
(PCNAT cells are stained brown). n, notochord. The amputation planes are
similar to that shown above. (C) dIx4a is downregulated in Kdméb.1 MO
animals. The expression levels of various candidate genes were tested in Kdmé
b.1 MO4 and control animals at 96 hpf (24 hpa) and normalized to Ribosomal
Protein L18 expression. Data are expressed as average expression levels in the
morphants relative to control animals. Error bars, the standard deviation and
an asterisk (*) indicates a P value of 0.02 (n = 6 animals for each). (D) Jmjd3
associates with the dIx4 promoter in developing limb buds. Limb buds from
approximately 20 pups were harvested at day e10.5 and processed for ChIP
with control or Jmjd3 antibodies, followed by qPCR using primers at the
transcription start sites of dix4 or fgf2. Shown are the data from one experi-
ment; error bars indicate the deviation from the mean duplicate ChiPs. Similar
data were obtained in another experiment from different limb buds.

modification during cell division, or due to the action of demethy-
lases other than Kdmo6b.1.

It is noteworthy that the expression of a number of bivalent
genes remained unchanged in the Kdmo6b.1 knockdown animals
(Fig. S10a). This may be attributed to either redundancy or to
demethylase specificity. It is still premature to implicate either
as is not clear how me*K27 H3 demethylases are recruited to
discreet genomic positions (24). In mouse ES cells, UTX knock-
down does not alter global me*K27 H3 levels, indicative of
redundancy (21). On the other hand, modest changes in me*K27
H3 levels in HeLa and 293T cells were seen upon UTX knock
down (28). This is an important consideration for future inves-
tigations given our gene expression analysis and our finding that
Kdm6a.2 associates with lefl promoter in caudal fins (Figs. S7
and S10 ¢ and d).

In the case of the zebrafish caudal fin, amputation leads to the
reactivation of genes whose expression normally diminishes after
development. We find that many of these same genes contain
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silent promoters decorated with a bivalent me*K4/me*K27 H3
domain, an epigenetic mark thought to represent a poised state
of gene inactivity. During regeneration of the zebrafish caudal
fin, transcription activation of these promoters occurs in part by
removal of repressive PcG-dependent me3K27 H3, which is likely
mediated the by histone demethylases, such as Kdm6b.1.

Collectively, the observations presented here support a model
in which the zebrafish maintains a normal, non-regenerating
gene expression program in the caudal fin which contributes to
tissue homeostasis. Unlike non-regenerating animals, this gene
expression program is switched after injury to the animal
through the actions of plastic epigenetic mechanisms, including
reversible histone modifications. Our results suggest that de-
methylation of me3K27 H3 contributes to gene expression in
regenerating caudal fin. It is not yet clear how signals generated
by fin amputation alter chromatin remodeling and uncovering
these signal transduction pathways that converge on histone
demethylase complexes after tissue damage will deepen our
understanding of how a regenerative response can be achieved
in response to tissue injury.

Bivalent me®K4/me3K27 H3 can be detected in various tissues
and cell types (15, 17, 20, 33-36), suggesting that developmental
regulatory genes may be poised for activation in a variety of cell
types and animals. It will be interesting to examine bivalent
chromatin modifications in non-regenerating tissue, for example, a
mouse limb, to determine whether they contain poised, bivalent
genes.

Experimental Procedures

Zebrafish. Wild-type AB zebrafish were maintained at 28.5 °C. For fin amputa-
tions, fish were sedated in tricaine and the caudal fins were amputated with a
razor blade and the fins were collected on ice in isotonic buffer. Fluoroscein-
labeled (MO1) or unlabeled (MO2-MO4) morpholinos directed against zebrafish
Kdméb.1 (MO1: 5-TGTACGGCCCATCTCGCTGTTACTG-3’, MO2: 5' MO3: 5'-
TTTCCAGCCATGCTGTGCTGTGTTG-3', MO4) or control morpholino (5’-CCTCT-
TACCTCAGTTACAATTTAT-3’) were purchased from Gene Tools and injected in
1-2 cell stage embryos at a needle concentration of 0.2-0.75 mM. MO1, 2, and 3
are Kdméb.1 translation blocking morpholinos; MO4 targets exon 8 of Kdme6b.1
that codes for a portion of the catalytic domain. For morpholino injections, eggs
at the 1-cell stage were injected with 1 nL of the indicated morpholino oligonu-
cleotide and were allowed to develop at 28.5 °Cuntil 48-72 h, at which point the
larvae were sedated and the caudal fin fold was amputated under a dissecting
scope with a fine scalpel blade. Animals were returned to 28.5 °C and regener-
ation was observed. Details can be found in the Supporting Information.

cDNA Clone Isolation. Zebrafish PcG and Kdmases cDNA were identified by
blast searches and the corresponding full-length cDNAs were isolated by PCR
using cDNA synthesized from caudal fins at 48 hpa.

In Situ Hybridization and Histology. Fins were fixed in PFA and processed for in
situ hybridization using antisense RNA probes generated from the indicated
cDNA clones. Some fins were cryosectioned and stained with fast red after
development of the in situ hybridization. Details can be found in the Sup-
porting Information.

Chromatin Immunoprecipitation. ChIP was performed using standard protocols
(Millipore) with modifications in the extract preparation. ChIP was quantified by
gPCR (ABI) by fitting to standard curves generated using dilutions of genomic
DNA. For sequential ChIP experiments, immune complexes were eluted as above
in the presence of 10 mM DTT, diluted 50-fold in IP buffer and immunoprecipi-
tated with control IgG or histone antibodies as indicated. Subsequent wash steps
and elutions were performed as for single ChIP experiments. Details can be found
in the Supporting Information.

Demethylation Assay. For in vitro demethylation assays, transfected 293 cells
were lysed in buffer (10 mM HEPES-NaOH, pH 7.6, 185 mM Nadl, and 0.5%
Nonidet P-40) containing 1 mM DTT, 0.2 mM PMSF, and a protease inhibitor
mixture (Complete EDTA-free, Roche) and extracts were immunoprecipitated
with Flag or myc antibodies. Inmune-complexes were washed and reactions
were initiated by adding 5 ug core histones from calf (Sigma) to the immune-
complexes in 1x KDM reaction buffer (50 mM HEPES-KOH (pH 8.0), 100 uM
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Fe(NHa)2(504)2, 1 mM a-ketoglutarate, and 2 mM ascorbate) at 37 °C for 5 h with
mixing followed by SDS/PAGE and immunoblotting with the indicated
antibodies.
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