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The recent discovery of H3K27me3 demethylases sug-
gests that H3K27me3 may dynamically regulate gene ex-
pression, but this potential role in mammalian tissue
homeostasis remains uncharacterized. In the epidermis,
a tissue that balances stem cell self-renewal with differ-
entiation, H3K27me3, occupies the promoters of many
differentiation genes. During calcium-induced differen-
tiation, H3K27me3 was erased at these promoters in
concert with loss of PcG protein occupancy and in-
creased binding by the H3K27me3 demethylase, JMJD3.
Within epidermal tissue, JMJD3 depletion blocked dif-
ferentiation, while active JMJD3 dominantly induced it.
These results indicate that epigenetic derepression by
JMJD3 controls mammalian epidermal differentiation.
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Post-translational modifications of core histone octamer
proteins, in the form of phosphorylation, acetylation,
ubiquitination, and methylation, have been increasingly
appreciated as powerful regulators of gene expression. In
Drosophila and mammals, the histone 3 Lys 27 trimeth-
ylation mark (H3K27me3) is associated with repression
of gene transcription (Lund and van Lohuizen 2004;
Barski et al. 2007). Polycomb group proteins (PcG) and
their antagonists, the histone demethylases, are epige-
netic regulators that control gene expression by modify-
ing the methylation status of H3K27 (Grimaud et al.
2006; Swigut and Wysocka 2007). The PcG protein, En-
hancer of Zest Homolog 2 (EZH2), is a histone methyl-
transferase that can trimethylate H3K27. Two other PcG
proteins, Embryonic Ectoderm Development (EED) and
Suppressor of Zeste 12 homolog (SUZ12), are necessary
for EZH2 to function properly (Pasini et al. 2004). Ge-
nome-wide mapping of H3K27me3 marks and PcG target
sites in embryonic stem cells has recently suggested a
major role for PcG proteins in maintaining H3K27me3 to

allow for repression of the differentiated state and pro-
motion of embryonic stem cell self-renewal, with signif-
icant enrichment of these proteins on genes encoding
homeodomain proteins and other putative differentia-
tion factors (Boyer et al. 2006; Lee et al. 2006). The
mechanism reversing such potential repressive influ-
ences on differentiation gene expression by H3K27me3
and other histone modifications in somatic tissue is not
fully characterized.

Among potential mediators of differentiation gene de-
repression are newly characterized Jumanji C (JmjC) do-
main-containing proteins, UTX and JMJD3, which are
enzymes capable of demethylating promoters marked by
H3K27me3. Recently, the H3K27 demethylase activity
of UTX and JMJD3 has been shown to act at HOX gene
promoters to derepress HOX gene transcription (Agger et
al. 2007; Lan et al. 2007; Lee et al. 2007). These histone
demethylases were demonstrated in mammalian cells
and in live zebrafish to antagonize PcG gene silencing by
modifying chromatin to permit gene transcription. Dur-
ing inflammation, bacterial products and cytokines in-
duce JMJD3, which then removes H3K27me3 marks to
derepress genes involved in macrophage transdifferentia-
tion (De Santa et al. 2007). In neural stem cells, overex-
pression of JMJD3 was shown to activate a subset of
neural differentiation genes (Jepsen et al. 2007). These
data raise the possibility that H3K27 demethylases may
play a role in the normal induction of differentiation in
adult somatic tissues.

Mammalian epidermis comprises a self-renewing
stratified epithelial tissue barrier that prevents dehydra-
tion while providing a first line of defense against mi-
crobes and toxic substances on the skin. Human epider-
mis has a turnover rate of ∼4 wk, undergoing continual
replenishment from stem cells that reside in the inner-
most epidermal basal layer. As progeny of these stem
cells differentiate, they withdraw from the cell cycle,
detach from the basement membrane, and migrate out-
wards to form the spinous layer (Blanpain and Fuchs
2006). In the spinous layer, cells express the key cyto-
skeletal proteins keratin 1 (K1) and 10 (K10) to assemble
a network of intermediate filaments that provide the me-
chanical strength to withstand physical stress. As differ-
entiation progresses, the cells generate the granular
layer, which is characterized by the expression of filag-
grin and loricrin along with other cornified envelope pro-
teins that are assembled on the inner face of the plasma
membrane (Segre 2006). During the final stages of differ-
entiation, transglutaminases crosslink cornified enve-
lope proteins, while lipids are extruded to form an inter-
cellular sealant (Eckert et al. 2005). Terminally differen-
tiated cornified epithelial cells embedded in these lipids
form the water-impermeable outermost epidermal layer
known as the stratum corneum. Although expression
patterns of structural genes in the epidermis have been
well characterized, much less is known about the
mechanism by which differentiation genes are sup-
pressed in undifferentiated cells and induced during out-
ward migration.

We examined whether histone demethylases dynami-
cally regulate differentiation in epidermis. We found that
H3K27me3 marks were enriched in a subset of epidermal
differentiation gene promoters in undifferentiated cells.
These marks were erased during calcium-induced differ-
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entiation in concert with JMJD3 binding and loss of
SUZ12 occupancy at differentiation gene promoters. Ex-
pression of active JMJD3 induced premature epidermal
differentiation, as did depletion of SUZ12 or EZH2.
JMJD3 depletion, in contrast, prevented normal induc-
tion of epidermal differentiation. Unexpectedly, this dif-
ferentiation gene regulation was also seen at some pro-
moters lacking H3K27me3 marks. Our findings indicate
that the JMJD3 histone demethylase acts outside HOX
targets to induce differentiation in mammalian epider-
mis.

Results and Discussion

To study the role of H3K27me3 demethylases in regu-
lating epidermal differentiation, we globally mapped
sites of H3K27me3 enrichment in human keratinocytes.
The epidermis displays increasing concentrations of cal-
cium in its more differentiated outer layers, and calcium
is a well-characterized stimulus of the epidermal differ-
entiation program in cultured epidermal keratinocytes
(Hennings et al. 1980; Boyce and Ham 1983; Punnonen et
al. 1993). Anti-H3K27me3 antibody was used to immu-
noprecipitate chromatin from keratinocytes cultured in
growth (−Ca2+) or differentiation medium (+Ca2+) condi-
tions for 72 h. Genomic DNA enriched for H3K27me3
marks was hybridized to tiling microarrays covering ge-
nomic regions from 3500 bp upstream to 750 bp down-
stream from transcription start sites of 24,659 human
genes. A significant enrichment for H3K27me3 was
found on 2335 gene promoters in growth conditions
(9.5% of total promoters assayed), as listed in Supple-
mental Table 1. To determine the biological role of
H3K27me3-regulated genes in keratinocytes, we used
Gene Ontology (GO) to determine which biological func-
tions were overrepresented. H3K27me3 was highly en-
riched at genes involved in regulating transcription, de-
velopment, and differentiation (Fig. 1A). These included
multiple non-HOX genes along with >100 genes encod-
ing homeobox-containing proteins that belong to gene
families such as PAX, LHX, and DLX (Supplemental
Table 2).

To determine whether H3K27 methylation status
plays a role in epidermal differentiation, we identified
genes up-regulated during calcium-induced keratinocyte
differentiation (Supplemental Table 3) that also had en-
richment for H3K27me3 in undifferentiated cells. As ex-
pected, many established epidermal differentiation genes
such as KRT1, KRT10, IVL, and the SPRR family were
strongly up-regulated during differentiation (Supplemen-
tal Fig. 1; Supplemental Table 3). Of the 559 genes in-
duced by fourfold or more during differentiation, 94 had
enrichment for H3K27me3 marks. Out of the 94 genes
with H3K27me3 enrichment, the majority, 52 genes
(55%), had twofold or more loss of H3K27me3 marks
during differentiation (Fig. 1B; Supplemental Table 4).
Loss of H3K27me3 is also specific to epidermal dif-
ferentiation genes as addition of calcium only caused the
loss of H3K27me3 on 134 of the 2241 (5.98%) non-
epidermal differentiation gene promoters (Supplemental
Table 5). Key epidermal differentiation genes such as
IVL, S100A8, and KRT1 showed substantial loss of
H3K27me3 during calcium-induced differentiation, rais-
ing the possibility that H3K27me3 may help regulate a
subset of epidermal differentiation genes (Fig. 1C). Re-
duction of H3K27me3 marks at a subset of epidermal

differentiation genes during differentiation suggested po-
tential for reciprocal action by PcG proteins and histone
demethylases in this process. To explore this, we per-
formed chromatin immunoprecipitation (ChIP) with an-
tibodies against H3K27me3, SUZ12, and JMJD3. Consis-
tent with our ChIP–chip results, H3K27me3 was consid-
erably reduced on the promoters of well-characterized
epidermal differentiation genes KRT1, S100A8, and IVL
with the onset of calcium-induced differentiation (Fig.
2A). SFRP4, a known H3K27me3 marked gene that is not
regulated by differentiation (Schlesinger et al. 2007),
showed no decrease in H3K27me3. H3K27me3 loss was
mirrored by a marked reduction in SUZ12 occupancy at
IVL, S100A8, and KRT1 promoters, with a corresponding
rise in JMJD3 binding at S100A8 and KRT1 promoters.
However, there was no significant enrichment for JMJD3
binding to the IVL promoter in −Ca2+ or +Ca2+ condi-

Figure 1. Global analysis of H3K27me3 enrichment at genomic
promoters during epidermal differentiation. (A) Gene Ontology (GO)
analysis of promoters enriched for H3K27me3 marks. Black bars
represent the observed percentage of H3K27me3 enriched sites in a
certain GO category; gray bars represent the expected percentage.
P-values were obtained using hypergeometric distribution. (B) Clas-
sification of epidermal differentiation genes. The left diagram de-
picts the number of H3K27me3 enriched epidermal differentiation
genes. The right diagram shows the number of H3K27me3 enriched
differentiation genes that lose methylation during differentiation.
(C) H3K27me3 enrichment ratios on genomic tiling arrays compar-
ing individual differentiation gene promoters for all probes in cells
cultured in growth medium (−calcium) or differentiation medium
(+calcium). The arrow below the IVL graph denotes an alternate
transcription start site.
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tions, suggesting that the decrease in H3K27me3 at the
IVL promoter could be due to passive loss of methylation
resulting from reduction of SUZ12 binding. The loss of
H3K27me3 and SUZ12 as well as the increase in JMJD3
on the promoters of differentiation genes correlated with
the induction on the mRNA level of those genes (Fig.
2B). JMJD3 and SUZ12 protein levels remained constant
during calcium-induced differentiation, implying that
selective targeting, rather than relative expression levels,
of these proteins is responsible for changes in H3K27me3
on differentiation promoters. Furthermore, differentia-
tion did not induce wholesale erasure of H3K27me3 or
another repressive mark H3K9me3 (Fig. 2C). Reciprocal
binding of PcG components and the JMJD3 demethylase
on structural epidermal differentiation genes suggests a
mechanism of direct regulation of these non-HOX target
genes.

Direct JMJD3 binding to differentiation gene promot-

ers suggested JMJD3 may be required for normal induc-
tion of differentiation genes in epidermis. To test this,
we depleted JMJD3 expression in organotypic human
skin. This human tissue approach recapitulates spatially
accurate epidermal stratification and differentiation in
the architecturally faithful context of normal human
epidermal keratinocytes and intact extracellular matrix
in the form of human dermis (Truong et al. 2006). JMJD3
depletion blocked induction of KRT1 and S100A8 (Fig.
3A,B); similar results were seen using another siRNA
targeting JMJD3 (Supplemental Fig. 2). JMJD3 is there-
fore necessary for the induction of H3K27me3-marked
differentiation genes such as KRT1 and S100A8. No ef-
fect is seen with the absence of JMJD3 on expression of
IVL, whose promoter JMJD3 does not physically bind
(Figs. 2A, 3B). This suggests that IVL may be regulated
via passive loss of methylation due to reduced SUZ12
binding or by the action of an unidentified demethylase.
Next we wanted to characterize the extent of the differ-
entiation defects seen in JMJD3-depleted tissue. We as-

Figure 2. JMJD3 binds to the promoters of epidermal differentia-
tion genes. (A) ChIP using H3K27me3, SUZ12, or JMJD3 antibody
on the promoters of three differentiation genes, KRT1, S100A8, and
IVL, in the absence or presence of calcium. SFRP4 was used as a
positive control for H3K27me3 binding. (B) QPCR analysis on the
mRNA levels of differentiation genes in the absence or presence of
calcium. (C) Western blot depicting levels of JMJD3, SUZ12,
H3K27me3, and H3K9me3 in keratinocytes grown in the absence or
presence of calcium. Actin was used as a loading control.

Figure 3. JMJD3 is required for epidermal differentiation. (A) Epi-
dermal cells receiving siRNA against JMJD3 (JMJD3i) or nonfunc-
tional control siRNA (CTL) were used to regenerate epidermal tis-
sue on human dermis in organotypic culture. Tissue sections were
stained for the presence of keratin 1 (K1) and keratin 10 (K10). Type
VII collagen (green) was used as a costain and marks the boundary
between the epidermis and dermis. Note the loss of differentiation-
specific keratins with JMJD3 depletion. (B) Quantitation of tissue
mRNA levels by QPCR analysis, normalized to GAPDH.
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sayed for the expression of critical structural differentia-
tion genes such as KRT10 and FLG. The importance of
these epidermal differentiation genes has been demon-
strated in human clinical disease, as seen with KRT1 or
KRT10 mutations, resulting in epidermolytic hyperker-
atosis, and FLG mutations, causing ichthyosis vulgaris
(Fuchs and Cleveland 1998; Gruber et al. 2007). Epider-
mal tissue treated with siRNAs against JMJD3 demon-
strated a near complete absence of K10 and filaggrin (Fig.
3). Thus, a subset of differentiation genes, notably,
KRT10 and FLG, also depend on the presence of JMJD3
for its induction despite having no H3K27me3 marks in
studied promoter regions (Figs. 1C, 3A,B; Supplemental
Table 1).

To further demonstrate that JMJD3 is necessary for the
induction of differentiation genes, we performed rescue
experiments by overexpressing JMJD3 in JMJD3-de-
pleted cells. Keratinocytes were transduced with control
or JMJD3 expression constructs, and 4 d post-transduc-
tion, cells were depleted of JMJD3 using siRNAs and
placed on organotypic cultures. Again, JMJD3 depletion
blocked epidermal differentiation, whereas overexpres-
sion of JMJD3 rescued the differentiation defect even in
the presence of siRNAs against JMJD3 (Supplemental
Fig. 3). To establish that JMJD3 has a role in vivo in
the regulation of epidermal differentiation, we depleted
JMJD3 from keratinocytes using siRNAs and grafted the
JMJD3-depleted cells on immune-deficient mice. As
shown in Supplemental Figure 4, JMJD3-depleted epider-
mises were defective in differentiation although the ef-
fect was more dramatic in organotypic cultures which is
likely due to the higher expression of JMJD3 in the
grafts. Moreover, the differentiation defects observed in
JMJD3-depleted cells were specific as no effects on dif-
ferentiation were seen when another recently identified
H3K27me3 demethylase, UTX, was knocked down in
organotypic tissue (Supplemental Fig. 5). JMJD3 thus
plays a nonredundant role in epidermal differentiation.

The JMJD3 requirement for induction of epidermal dif-
ferentiation suggests that active JMJD3 should also trig-
ger premature differentiation. Enforced expression of
JMJD3 in epidermal cells grown in low calcium media
led to ectopic induction of differentiation genes, includ-
ing KRT1, KRT10, S100A8, FLG, and IVL (Fig. 4A). To
examine if the premature differentiation induced by
JMJD3 was due to its demethylase activity, we generated
a demethylase defective JMJD3 mutant by mutating his-
tidine 1390 to alanine. This disrupts the iron chelating
function of the JmjC domain necessary for demethylase
activity (Xiang et al. 2007). As Figure 4A shows, expres-
sion of mutant JMJD3 completely abolished the differ-
entiation-inducing effects of wild-type JMJD3. Since ac-
tive JMJD3 induced the expression of differentiation
genes, we hypothesized that PcG depletion should also
result in premature differentiation. To determine if PcG
proteins are necessary for repression of differentiation
genes in undifferentiated cells, we produced shRNA ret-
roviral constructs to deplete SUZ12 and EZH2 expres-
sion. Keratinocytes were transduced with shRNA con-
structs targeting SUZ12 and EZH2 along with GFP
shRNA control (Supplemental Fig. 6A). EZH2 or SUZ12
knockdown resulted in derepression of epidermal differ-
entiation genes in the absence of calcium (Supplemental
Fig. 6B,C). Similar results were seen with all functional
shRNAs targeting either SUZ12 or EZH2. Next, we ex-
pressed active JMJD3 in epidermal tissue and examined

differentiation gene expression over a timecourse during
epidermal regeneration in organotypic culture. Cytoskel-
etal proteins, K1 and K10, which are hallmarks of epi-
dermal differentiation, are expressed earlier in JMJD3
overexpressing cells (Fig. 4B). Thus, JMJD3 can act domi-
nantly to induce epidermal differentiation.

Here we mapped H3K27me3 occupancy at promoter

Figure 4. JMJD3 can induce premature epidermal differentiation.
(A) Keratinocytes were transduced with retroviral expression con-
structs for empty vector control, JMJD3, and the JMJD3 H1390A
demethylase-defective point mutant and grown in low calcium con-
ditions. RNA was isolated from the samples 5 d post-transduction
and QPCR was used to determine levels of derepression of epidermal
differentiation genes. (B) JMJD3-expressing and control regenerated
organotypic tissue was harvested at days 2, 3, and 4 to determine the
impact of JMJD3 expression on differentiation. Tissue sections were
stained for keratin 1 and keratin 10. Note earlier expression of dif-
ferentiation proteins and their localization nearer to the epidermal
basement membrane in tissue engineered to express JMJD3. (C)
Model of epigenetic control of epidermal differentiation.
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sites in epidermal keratinocytes, identifying a role for
these repressive marks in maintaining progenitor cell
identity by repressing transcription of differentiation
genes. H3K27me3 marks disappear on a subset of epider-
mal gene promoters upon differentiation. SUZ12 was
found on H3K27me3 marked differentiation promoters
in the absence of differentiation signals, but was replaced
by JMJD3 during differentiation. The binding of JMJD3
to promoters suggests a direct mode of action on a subset
of epidermal structural differentiation genes. Indeed,
siRNA-mediated depletion of JMJD3 blocked the normal
activation of JMJD3-bound differentiation genes, while
overexpression of JMJD3 ectopically induced them.
However, gain of JMJD3 function and loss of SUZ12/
EZH2 function also resulted in premature induction
of several differentiation genes that did not show
H3K27me3 occupancy at baseline, while loss-of-func-
tion JMJD3 prevented their induction. These non-
H3K27me3 marked differentiation genes may be regu-
lated by H3K27me3 at distal regulatory regions not cov-
ered by tiling array regions studied; alternatively,
H3K27me3 may indirectly regulate the expression of
these genes via direct regulation of other effectors. Non-
H3K27me3 marked differentiation genes such as KRT10
and FLG may be regulated by H3K27me3 marked “mas-
ter regulators.” Potential H3K27me3 marked regulators
include PITX1, POU2F3, FOXC1, NDRG4, and FOXQ1
(Supplemental Table 4). POU2F3, also known as SKN-
1a, and FOXQ1 are both transcription factors involved in
keratinocyte differentiation and hair shaft development,
respectively (Hildesheim et al. 2001; Hong et al. 2001;
Cabral et al. 2003; Potter et al. 2006). HOX and forkhead
transcription factors such as PITX1 and FOXC1 have po-
tential roles as regulators of differentiation (Gage et al.
1999; Lehmann et al. 2003). Our results suggest a model
in which PcG proteins methylate H3K27 in undifferen-
tiated epithelial cells, resulting in repression of differen-
tiation genes (Fig. 4C). Upon induction of differentiation,
promoter-bound PcG proteins are replaced by JMJD3 on
a subset of key epidermal differentiation genes, and pos-
sibly on other indirect effector genes, enabling activation
of a differentiation-specific transcriptional cascade. In
summary, these data indicate a functional role for JMJD3
in the induction of epidermal differentiation.

Materials and methods

Tissue culture and gene transfer
Primary human keratinocytes were derived from freshly discarded sur-
gical skin specimens. Cells were grown in KSF-M (GIBCO-BRL) supple-
mented with epidermal growth factor (EGF) and bovine pituitary extract
(BPE). Additional details are available in the Supplemental Material.

siRNAs and retroviral constructs
All siRNAs used were generated from Dharmacon. Detailed information
about siRNAs, shRNAs, and retroviral constructs are described in the
Supplemental Material.

Protein expression
Forty micrograms of the cell lysates were used for immunblotting and
resolved on 10% SDS-PAGE and transferred to PVDF membranes. Mem-
branes were incubated in primary and secondary antibodies for 1 h each.
Details on antibodies can be found in the Supplemental Material.

mRNA expression analysis
Total RNA from cells cultured in growth and differentiation (3 d) me-
dium was extracted using the RNeasy mini kit (Qiagen) and quantified by

Nanodrop. Detailed information on quantitative PCR and Microarray
analysis is described in the Supplemental Material.

ChIP
ChIP-on-chip was performed as described previously (Rinn et al. 2007).
Additional information on ChIP analysis is described in the Supplemen-
tal Material.
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