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Altered epidermal differentiation characterizes numerous skin diseases affecting >25% of the human population.
Here we identified Fra-2/AP-1 as a key regulator of terminal epidermal differentiation. Epithelial-restricted,
ectopic expression of Fra-2 induced expression of epidermal differentiation genes located within the epidermal
differentiation complex (EDC). Moreover, in a papilloma-prone background, a reduced tumor burden was observed
due to precocious keratinocyte differentiation by Fra-2 expression. Importantly, loss of Fra-2 in suprabasal
keratinocytes is sufficient to cause skin barrier defects due to reduced expression of differentiation genes.
Mechanistically, Fra-2 binds and transcriptionally regulates EDC gene promoters, which are co-occupied by the
transcriptional repressor Ezh2. Fra-2 remains transcriptionally inactive in nondifferentiated keratinocytes, where
it was found monomethylated and dimethylated on Lys104 and interacted with Ezh2. Upon keratinocyte
differentiation, Fra-2 is C-terminally phosphorylated on Ser320 and Thr322 by ERK1/2, leading to transcriptional
activation. Thus, the induction of epidermal differentiation by Fra-2 is controlled by a dual mechanism involving
Ezh2-dependent methylation and activation by ERK1/2-dependent phosphorylation.
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The gene expression programs that regulate somatic
tissue development are controlled by coordinated inter-
actions of transcription factors, cofactors, and chromatin
regulators (Young 2011). Deregulation of these gene ex-
pression programs can cause a broad range of diseases
(Lee and Young 2013). In skin epidermis, the induction of
keratinocyte differentiation to form a stratified epithe-
lium is essential for the acquisition of the epidermal
barrier function as well as tissue homeostasis (Blanpain
et al. 2007). The frequent incidence of human disorders
characterized by skin barrier defects—such as atopic
dermatitis, psoriasis, ichthyosis vulgaris, and epidermal
cancers—underlines the importance of coordinated tran-
scriptional programs in keratinocytes (Rogers et al. 2006;
Smith and Barker 2006; Blanpain et al. 2007; de Cid et al.
2009; Deady et al. 2014). Basal keratinocytes that leave
the epidermal progenitor layer and differentiate first ex-
press early differentiation proteins, such as keratin 1

(K1) and K10, and, upon subsequent migration to outer
epidermal layers, express terminal differentiation pro-
teins, such as filaggrin (Flg), loricrin (Lor), trichohyalin-
like 1 (Tchhl1), and the late cornified envelope proteins
(LCEs) (Fuchs and Horsley 2008). The majority of these
terminal differentiation proteins are encoded by genes
located within the epidermal differentiation complex
(EDC) on human chromosome 1q21, which corresponds
to mouse chromosome 3 (Kypriotou et al. 2012). In basal
keratinocytes, EDC genes are transcriptionally repressed
by a chromatin remodeling complex referred to as the
Polycomb repressor complex (PRC) (Simon and Kingston
2009; Beck and Blanpain 2012). PRC2—composed of Ezh2
(or Ezh1), Eed, Suz12, and Rbbp7/4—is recruited to chro-
matin, and Ezh2 mediates the trimethylation of histone
H3 on Lys27 (H3K27me3). This histone mark presents
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a docking site for PRC1, which actively participates in
gene silencing by monoubiquitination of H2A at Lys119
and subsequent chromatin compaction (Simon and
Kingston 2009). It was previously reported that loss of
Ezh2 in the epidermis induced precocious epidermal
differentiation by up-regulation of EDC genes. Mechanis-
tically, it was proposed that EDC gene expression was
due to increased AP-1 transcription factor activity in
the absence of the repressive H3K27me3 mark (Ezhkova
et al. 2009). How AP-1 and PRC proteins fine-tune EDC
gene expression remains to be determined.
AP-1 proteins consist of members of the Fos (c-Fos,

FosB, Fra-1, and Fra-2) and Jun (c-Jun, JunB, and JunD)
families and act as sequence-specific homodimeric and
heterodimeric transcription factors, which are activated
by mitogen-activated protein (MAP) kinases, including
JNK, p38, and ERK (Eferl and Wagner 2003). Deregulated
AP-1 expression is found in skin biopsies of patients with
inflammatory/proliferative skin diseases, such as psoria-
sis, and epithelial cancers, such as squamous cell carci-
nomas (SCCs) (Zenz et al. 2005; Guinea-Viniegra et al.
2012, 2014; Briso et al. 2013; Eckert et al. 2013). The gen-
eration of genetically engineered mouse models (GEMMs)
has provided insights into the important functions of
Jun proteins as well as c-Fos in epidermal homeostasis,
inflammation, and cancer (Zenz et al. 2003; Meixner
et al. 2008; Guinea-Viniegra et al. 2009, 2012, 2014; Bakiri
et al. 2011; Briso et al. 2013; Schonthaler et al. 2013). In
contrast, the functions of the Fos-related proteins Fra-1
and Fra-2 in the epidermis are rather poorly understood.
Here we show that Fra-2 activity is necessary for epider-

mal barrier acquisition and EDC gene expression. Mecha-
nistically, we demonstrate that Fra-2 regulates EDC gene
expression by direct promoter binding upon loss of Ezh2-
mediated methylation and activation through ERK1/2-
dependent phosphorylation.

Results

Fra-2 induces terminal epidermal differentiation

To define the role of Fra-2 in epithelial homeostasis, Fra-2
expression was evaluated in cultured mouse keratino-
cytes (mKCs) at basal conditions and upon calcium
(Ca2+)-induced differentiation. mRNA levels of Fra-2 did
not change during mKC differentiation (Fig. 1A). How-
ever, increased Fra-2 protein levels were detected upon
Ca2+ treatment (Fig. 1B). Gene expression analyses of
FACS-purified epidermal keratinocytes obtained from
newborn pups indicated no difference of Fra-2 mRNA
between basal mKCs (a6 integrin high) and differentiated
mKCs (a6 integrin low) (Fig. 1C). In skin tissue sections,
immunofluorescence (IF) staining revealed that Fra-2
protein was expressed in all epidermal layers. However, a
gradient with the highest expression in terminally differ-
entiated keratinocytes was observed (Fig. 1D, arrows).
To analyze a potential functional role of Fra-2 in reg-

ulating epidermal differentiation, GEMMs with epithelial-
specific ectopic expression as well as specific deletion of
Fra-2 were generated. The expression of genes located with

in the EDC—such as Flg, Lor, Tchhl1, and Lce1k—was
analyzed in these model systems. While the proliferation of
basal mKCs remained unaffected upon ectopic expression of
Fra-2 in K5-expressing epithelia (Fra-2Ep-tetOFF) (Supplemen-
tal Fig. S1A,B), a significant increase of EDC gene transcripts
was detected in epidermal samples of embryos at embry-
onic day 17.5 (E17.5) (Fig. 1E). The increase of EDC gene
expression was accompanied by an increase of terminally
differentiated epidermal layers in Fra-2Ep-tetOFF mutants
(Fig. 1F; quantified in Supplemental Fig. S1C). These
findings suggest that Fra-2 induces terminal epidermal
differentiation.
Since moderate changes in EDC gene expression were

detected upon ectopic Fra-2 expression, the consequences
of increased Fra-2 expression on mKC homeostasis under
stress conditions were next investigated. Primary mKCs
isolated from Fra-2Ep-tetOFFmutants underwent precocious
differentiation characterized by increased expression of
terminal differentiation genes at basal conditions, which
was more pronounced upon Ca2+ treatment (Fig. 1G).
To validate these findings in a more physiologically

relevant GEMM, Fra-2 was ectopically expressed in
papilloma-prone K5-SOS-F transgenic mice (Fra-2Ep-tetOFF

SOS+). Skin papilloma growth was strongly suppressed,
with significantly smaller lesions in Fra-2Ep-tetOFF SOS+

mice (Fig. 1H,I, H&E, top panel). Importantly, increased
expression of EDC genes was detected by IF (Fig. 1I, middle
and bottom panels; quantified in Supplemental Fig. S1D)
and mRNA analyses (Supplemental Fig. S1E), while no
change in proliferation was observed (Supplemental Fig.
S1F,G). These results demonstrate that epidermal Fra-2 can
induce EDC gene expression under stress conditions and
functions as a suppressor of papilloma growth due to
the induction of epidermal differentiation.

Fra-2/AP-1 is necessary for epidermal differentiation

GEMMs with Fra-2 deletion in the differentiated com-
partment of the epidermis (suprabasal deletion with
FoxN1-Cre; Fra-2Dsb) and with Fra-2 deletion in the entire
epidermis (basal deletion with K5-Cre; Fra-2Dep) were
generated (Fig. 2A). While macroscopically indistinguish-
able from control littermates at E17.5, Toluidine blue dye
penetration assays revealed a persistent defect in skin
barrier formation in both Fra-2Dsb and Fra-2Dep mutants
(Fig. 2B). The observed skin barrier defect was likely
a consequence of incomplete epidermal differentiation
involving a significant reduction in the expression of EDC
genes (Fig. 2C,D; Supplemental Fig. S2A). Thus, Fra-2
appears necessary for proper terminal epidermal differen-
tiation. The proliferation status of basal mKCs remained
unaffected in Fra-2Dsb and Fra-2Dep mutants (Supplemen-
tal Fig. S2B,C). Although Fra-2 is also expressed in basal
cells, the phenotype of Fra-2Dsb mutants suggests that
Fra-2 mainly functions in the differentiated compartment
of the epidermis.
To test whether Fra-2 directly induces EDC genes by

promoter binding, chromatin immunoprecipitation (ChIP)
experiments in basal mKCs and during differentiation were
performed. mRNA from these same samples was collected
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Figure 1. Fra-2 induces terminal epidermal differentiation. (A) Fra-2 mRNA expression during Ca2+-induced in vitro mKC
differentiation. K1 and Flg indicate induction of early and terminal epidermal differentiation markers. n = 3; (*) P < 0.05; bars
represent mean6 standard deviation (SD). (B) Fra-2 protein expression during Ca2+-induced in vitro mKC differentiation. Loss of DNp63
indicates induction of differentiation. n = 4. (C) Fra-2 mRNA expression of basal (a6 integrin high) and differentiated (a6 integrin low)
mKCs isolated from newborn pups. K1 and Flg indicate induction of early and terminal epidermal differentiation markers. n = 3; (*) P <

0.05; bars represent mean6 SD. (D) Fra-2 IF of wild-type skin at E17.5. n = 6; 403magnification. (E) Differential EDC gene expression of
Flg, Lor, Tchhl1, Lce1k, and Fra-2 expression in epidermal samples of mutants ectopically expressing Fra-2 (Fra-2Ep-tetOFF) compared
with control littermates at E17.5. n = 6 per genotype; (*)P < 0.05; bars represent mean 6 SD. (F) Basal cell marker expression (K5, green)
and late differentiation marker expression (Lor, red, top panel; Flg, red, bottom panel) in Co and Fra-2Ep-tetOFF skin at E17.5. n = 6 per
genotype; 403 magnification. White bars indicate the thickness of differentiated epidermal layers, which is quantified in Supplemental
Figure S1C. (G) Differential EDC gene expression and Fra-2 expression in primary Fra-2Ep-tetOFF mKCs compared with control mKCs
under basal conditions and upon Ca2+ treatment for 24 h in vitro. n = 3; (*) P < 0.05; bars represent mean 6 SD. (H) Macroscopic
appearance of SOS+ and Fra-2Ep-tetOFF SOS+ papillomas at 5 wk of age. n = 6 per genotype. (I) Analyses of SOS+ and Fra-2Ep-tetOFF SOS+

papillomas. H&E (top panel), basal cell marker expression (K5, green) and late differentiation marker expression (Lor, red, middle panel;
Flg, red, bottom panel) in SOS+ and Fra2Ep-tetOFF SOS+ papillomas at 5 wk of age. 203 magnification. The insert depicts 403
magnification. Lor and Flg mean fluorescence intensity is quantified in Supplemental Figure S1D. n = 6 per genotype.
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Figure 2. Fra-2/AP-1 is necessary for epidermal differentiation regulating EDC genes. (A) H&E and Fra-2 IF ofCo (Fra-2f/f), Fra-2Dsb (Fra-2f/f;
FoxN1 Cre+/T), and Fra-2Dep (Fra-2f/f; K5 Cre+/T) embryos at E17.5. n = 6 per genotype; 403 magnification. (B) Toluidine blue dye
penetration assay in Co, Fra-2Dsb, and Fra-2Dep embryos at E17.5. n = 6 per genotype. (C) Proliferation/basal cell marker expression
(Ki67, green, top panel; K5, green, bottom panel) and late differentiation marker expression (Lor, red, top panel; Flg, red, bottom panel)
in Co, Fra-2Dsb, and Fra-2Dep embryos at E17.5. n = 6 per genotype; 403 magnification. (D) Differential EDC gene expression in Fra-2Dsb

and Fra-2Dep embryos compared with control littermates at E17.5. n = 4 per genotype; (*) P < 0.05; bars represent mean 6 SD. (E) ChIP
analyses of Fra-2 at EDC promoters during wild-type mKC differentiation (0–72 h Ca2+). n = 5; (*) P < 0.05; bars represent mean 6 SD.

Fra-2 controls epidermal differentiation

GENES & DEVELOPMENT 147

 Cold Spring Harbor Laboratory Press on June 3, 2020 - Published by genesdev.cshlp.orgDownloaded from 

http://genesdev.cshlp.org/
http://www.cshlpress.com


to confirm induction of epidermal differentiation and
correlate binding with gene expression (Supplemental
Fig. S2D). Fra-2 associated with EDC promoters at con-
served AP-1 consensus sites (Fig. 2E). Surprisingly, Fra-2
was bound at EDC gene promoters under not only
differentiation conditions but also basal conditions when
EDC transcripts are not expressed (Supplemental Fig.
S2D). Collectively, these findings indicate that even
though expressed and bound at target gene promoters,
Fra-2 remains inactive in basal cells, suggesting that
transcriptional repressors might coregulate EDC genes
together with AP-1 transcription factors.

Fra-2 and Ezh2 coregulate epidermal differentiation
genes and physically interact

To study the mechanism by which Fra-2 induces EDC
gene activation, the presence of transcriptional repressors
at EDC gene promoters in basal cells was investigated.
Since PRC2 represses EDC genes (Ezhkova et al. 2009;
Mejetta et al. 2011), ChIP studies were performed using
antibodies against the PRC2 subunits Ezh2 and Suz12 and
the repressive histone mark H3K27me3. The transcrip-
tion start sites (TSSs) of Fra-2-bound EDC genes were
enriched for Ezh2 and Suz12 and positive for H3K27me3
in basal cells. Importantly, the associations of PRC2
subunits as well as H3K27me3 levels were reduced upon
Ca2+-induced differentiation (Fig. 3A–D). These findings
are consistent with the fact that Ezh2 and Suz12 protein
levels were drastically reduced during mKC differentia-
tion (Supplemental Fig. S3A). In addition to the reduction
of the repressive H3K27me3 modification, histone mod-
ifications associated with transcriptional activation, such
as H3K4me3 and H3K27me3S28p, were increased upon
mKC differentiation (Supplemental Fig. S3B,C). These
results show that Fra-2/AP-1 and Ezh2/PRC2 co-occupy
EDC promoters in basal keratinocytes and that the re-
moval of PRC2 subunits correlates with Fra-2-mediated
transcriptional initiation.
Besides modifying histones, Ezh2 methylates non-

histone substrates, such as some transcription factors,
thereby regulating their transcriptional activity (He
et al. 2012a; Lee et al. 2012; Xu et al. 2012; Kim et al.
2013). Therefore, we investigated a potential histone
methylation-independent role of Ezh2 on Fra-2 during
epidermal differentiation employing coimmunoprecipi-
tations (co-IPs). Ezh2 was found to coprecipitate with Fra-
2 in protein lysates isolated from basal keratinocytes (Fig.
3E). Co-IP experiments using an anti-Fra-2 antibody
revealed that Fra-2 coprecipitated with Ezh2 in basal
mKCs and that the interaction was reduced upon mKC
differentiation, consistent with the reduction of Ezh2
protein levels (Fig. 3F). Since Ezh2 methylates specific
lysine residues of histone proteins and Ezh2 interacts
with Fra-2, the methylation status of Fra-2 during mKC
differentiation was investigated. Using immunoprecipi-
tated Fra-2 and an antibody against pan-methyl lysine,
methylated Fra-2 was detected (Fig. 3F). In agreement with
PRC2 reduction upon differentiation, Fra-2 methylation
was absent in differentiated mKCs (Fig. 3F). To elucidate

whether chromatin-bound Fra-2 was methylated and
interacted with Ezh2, Fra-2 ChIP experiments followed
by both DNA and protein recovery were performed.
Quantitative PCR along with Western blot analyses in-
dicated that at least a fraction of Fra-2 bound at EDC
promoters was foundmethylated and interacted with Ezh2
(Supplemental Fig. S3D,E).
To interrogate a role of Ezh2 in Fra-2 methylation, Ezh2

was pharmacologically targeted using two small mole-
cules, GSK126 and EPZ6438, inhibitors of the methyl-
transferase domain of Ezh2. The methylation status of
Fra-2 protein in basal keratinocytes was assessed by
immunoprecipitation for methylated lysine and Western
blot for Fra-2. In both cases, Fra-2 methylation was de-
creased upon Ezh2 inhibition (Fig. 3G).
These data demonstrate that Fra-2 and Ezh2 interact

and that Fra-2 is methylated on lysine residues in basal
cells, correlating with transcriptional inactivity at the
EDC locus. Interestingly, the pharmacological inhibition
of Ezh2 was not sufficient to induce terminal mKC
differentiation. However, GSK126 inhibitor-treated cells
differentiated prematurely upon Ca2+ treatment (Supple-
mental Fig. S3F). These findings indicate that an addi-
tional stimulus is required to induce Fra-2 activity.

Fra-2 lysine methylation alters Fra-2 transcriptional
activity in basal mKCs

To investigate the molecular nature of Fra-2 lysine meth-
ylation, endogenous Fra-2 was immunoprecipitated from
basal mKC protein extracts followed by mass spectrom-
etry (MS) analyses. In two independent analyses (see the
Materials and Methods), MS analyses identified mono-
methylation and dimethylation of Lys104 (K104), as
shown in Figure 4, A–D.
Site-directed mutagenesis was next performed to sub-

stitute K104 with phenylalanine (K104F), mimicking
lysine methylation (Huq et al. 2007). Primary wild-type
mKCs were infected with lentiviruses expressing full-
length, Flag-tagged, Fra-2 (Fra-2 wild type), Fra-2 K104F,
or empty vector (pLVX). Efficient Fra-2 expression was
verified by Western blot and quantitative RT–PCR (qRT–
PCR) with primers specific for total and ectopically
expressed Fra-2 (Fig. 4E,F; Supplemental Fig. S4A). While
lentivirus-mediated expression of Fra-2 wild type in-
duced EDC gene expression in primary wild-type mKCs,
expression of Fra-2 K104F did not (Fig. 4F). These exper-
iments were also performed in primary mKCs carrying
Fra-2 loxed alleles infected with Adeno-Cre (AdCre)
viruses for in vitro Cre-mediated Fra-2 inactivation and
Adeno-GFP (AdGFP) control viruses. Cre-mediated re-
combination was assessed by measuring nonfunctional
Fra-2D-GFP fusion gene expression, which is produced
upon excision of exon 3 of Fra-2 and fusion of exon 2 with
a GFP reporter (Supplemental Fig. S4B; Eferl et al. 2007).
Efficient Fra-2 wild-type and Fra-2 K104F expression was
assessed by exogenous Fra-2-Flag and total Fra-2 expression
in these cells (Supplemental Fig. S4C,D). While lentiviral
expression of Fra-2 wild type restored the differentia-
tion defect of primary Fra-2 knockout keratinocytes, the
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expression of the Fra-2 K104F mutant did not (Supple-
mental Fig. S4D). These results indicate that lysine
methylation of K104 decreases the transcriptional activ-
ity of Fra-2 on EDC genes in primary mKCs.

Fra-2 is phosphorylated and stabilized by ERK1/2 upon
mKC differentiation

Since Fra-2 mRNA remained unaltered during mKC
differentiation, although an increase of total Fra-2 protein

was detected, we hypothesized that Fra-2 was stabilized
at the protein level by post-translational modifications.
ERK1/2 kinases were shown to stabilize Fra-2 protein by
C-terminal Ser320 (S320) and Thr322 (T322) phosphory-
lation (Alli et al. 2013). We therefore investigated ERK1/2
activation during mKC differentiation. ERK1/2 phosphor-
ylation was detected in suprabasal keratinocytes of de-
veloping embryos at E17.5 (Fig. 5A) and uponCa2+-induced
differentiation in vitro (Fig. 5B). To investigate the C-
terminal Fra-2 serine phosphorylation, a phospho-Fra-1

Figure 3. Fra-2 and Ezh2 coregulate epidermal differentiation genes and physically interact. (A–D) ChIP analyses of Ezh2 (A), Suz12
(B), H3K27me3 (C), and negative control IgG (D) during mKC differentiation (0–72 h Ca2+). n = 3; (*) P < 0.05; bars represent mean6 SD.
(E) Co-IP of Ezh2 andWestern blot analysis of Ezh2 and Fra-2 in basal mKCs. n = 5. (TCL) Total cell lysate. (F) Co-IP of Fra-2 during mKC
differentiation (0–48 h Ca2+) and Western blot analysis of Fra-2, Ezh2, and methylated lysine (methyl K). n = 5. (G) Immunoprecipitation
of methyl K and Western blot of Fra-2 upon Ezh2 inhibition with GSK126 and EPZ6438 in basal mKCs. n = 3.
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antibody reacting with a conserved peptide (Ser267 on Fra-1
and Ser320 on Fra-2) was used on immunoprecipitated Fra-2
at different time points of mKC differentiation. C-terminal
Fra-2 phosphorylation was increased upon Ca2+-induced
differentiation, correlating with increased ERK1/2 phos-
phorylation (Fig. 5B,C).
To evaluate the role of ERK1/2 on Fra-2 phosphoryla-

tion, a small-molecule inhibitor of ERK1/2 (FR180204)
was used. ERK1/2 inhibitor treatment led to reduced
Fra-2 protein levels, reduced Fra-2 phosphorylation,
and reduced EDC gene expression upon Ca2+ treatment
(Fig. 5D–F). These data indicate that Fra-2 is stabilized
by C-terminal phosphorylation during mKC differentia-
tion and that ERK1/2 activation correlates with Fra-2
phosphorylation.

We next functionally validated the role of C-terminal
Fra-2 phosphorylation on EDC gene expression and
mutated S320 and T322 to alanine (S320A/T322A), which
cannot be phosphorylated. Primary mKCs were infected
with lentiviruses expressing Fra-2 wild type, Fra-2
S320A/T322A, or empty vector. Efficient Fra-2 expression
was verified by Western blot and qRT–PCR with primers
specific for total and ectopically expressed Fra-2 (Fig. 5G,
H; Supplemental Fig. S5A). While lentivirus-mediated
expression of Fra-2 wild type induced EDC gene expres-
sion, expression of Fra-2 S320A/T322A did not (Fig. 5H).
These findings were independently confirmed in Fra-2
knockout mKCs. Importantly, lentivirus-mediated ex-
pression of Fra-2 S320A/T322A mutants did not restore
the differentiation defect of primary Fra-2 knockout

Figure 4. Fra-2 transcriptional activity is altered by Lys104 methylation. (A) Sequence coverage of Fra-2 identified by liquid
chromatography-tandem MS (LC-MS/MS) analysis, in which red residues represent the identified peptides. (B) MS/MS spectrum of
unmodified Fra-2 89–104 peptide (framed in A). Mass error, identification score, and posterior error probability (PEP) are shown for the
Fra-2 89-104 peptide. (C) MS/MS spectrum of the Fra-2 89–104 peptide in which monomethylation was unambiguously assigned to
K104 residue. Mass error, identification score, and PEP are shown for the Fra-2 89–104 peptide. (D) MS/MS spectrum of the Fra-2 89–104
peptide in which dimethylation was unambiguously assigned to the K104 residue. Mass error, identification score, and PEP are shown
for the Fra-2 89–104 peptide. (E) Fra-2 protein expression of primary mKCs infected with lentiviruses expressing Fra-2 wild type (Fra-2
WT) or Fra-2 K104F compared with empty vector-infected cells (pLVX). n = 3. (F) Differential Fra-2 and EDC gene expression of primary
mKCs expressing Fra-2 wild type and Fra-2 K104F compared with empty vector-infected cells. n = 3.
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Figure 5. Fra-2 is phosphorylated and stabilized by ERK1/2 upon mKC differentiation. (A) p-ERK1/2 immunohistochemistry in the
skin of wild-type embryos at E17.5. Arrows point toward suprabasal expression, and the dashed white line indicates basement
membrane. n = 3. (B) ERK1/2 activation shown by p-ERK1/2 Western blot during in vitro mKC differentiation (0–72 h Ca2+). n = 3. (C)
Immunoprecipitation of Fra-2 during mKC differentiation (0–48 h Ca2+) and Western blot analyses of Fra-2 and p-Fra-1/2. n = 3. (D)
Western blot analysis of Fra-2 upon Ca2+ treatment (48 h) and ERK1/2 inhibition with FR180204. n = 3. (E) Immunoprecipitation of Fra-
2 upon Ca2+ treatment (48 h) and ERK1/2 inhibition with FR180204 and Western blot of Fra-2 and p-Fra-1/2. n = 3. (F) mRNA expression
analyses of EDC genes upon Ca2+ treatment (48 h) and ERK1/2 inhibition with FR180204. n = 3; (*) P < 0.05; bars represent mean 6 SD.
(G) Fra-2 protein expression of primary mKCs infected with lentiviruses expressing Fra-2 wild type (Fra-2 WT) or mutant Fra-2 deficient
for C-terminal phospho-acceptor sites (Fra-2 S320A/T322A) compared with empty vector-infected cells. n = 3. (H) Differential Fra-2 and
EDC gene expression of primary mKCs expressing Fra-2 wild type or Fra-2 S320A/T322A compared with empty vector-infected cells. n
= 3. (I) Schematic model of EDC gene regulation by Fra-2, Ezh2, and ERK1/2: In basal cells, methylated Fra-2 (Fra-2-Me) bound at TPA-
responsive elements (TREs) of EDC gene promoters, and interacting with Ezh2 prevents EDC gene expression. Upon mKC
differentiation, Fra-2 becomes phosphorylated (Fra-2-P) by ERK1/2 and loses its methylation, and Ezh2 protein levels and H3K27
methylation at TSSs of EDC promoters are reduced, which together induce EDC gene expression.
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mKCs, while expression of Fra-2 wild type did (Supple-
mental Fig. S5B–D). These findings indicate that the ability
of Fra-2 to induce EDC gene expression is reduced upon
mutation of C-terminal phospho-acceptor sites.
In conclusion, these results show an inverse kinetic of

lysine methylation—loss of interaction with Ezh2—and
ERK1/2-mediated serine phosphorylation of Fra-2. We
hypothesize that Fra-2 phosphorylation occurs indepen-
dently of Fra-2 methylation, since the inhibition of Ezh2
and the loss of Fra-2 methylation did not result in an
increase in phospho-Fra-2 levels or ERK activation (Sup-
plemental Fig. S5E,F).
At EDC promoters, methylated but not phosphorylated

Fra-2 correlates with EDC gene inactivation, while loss of
Fra-2 methylation, ERK1/2 activation, and Fra-2 phos-
phorylation correlates with active Fra-2-dependent gene
expression (Fig. 5I).

Discussion

Here we report that Fra-2 is an Ezh2 substrate in basal
cells and acts as a key regulator of terminal epidermal
differentiation. Mechanistically, Fra-2 binds conserved
AP-1 consensus sites in EDC promoters and is able to
induce transcriptional activation when phosphorylated
by ERK1/2. We found that, unlike other master regulators
of terminal epidermal differentiation such as Klf4, which
is expressed suprabasally (Segre et al. 1999), Fra-2 is
expressed and bound at EDC promoters in basal cells,
where it is unphosphorylated, is methylated on K104, and
remains transcriptionally inactive. Using genetic loss-of-
function approaches in mice, we demonstrate that loss of
Fra-2 in suprabasal cells is sufficient to cause skin barrier
defects. These data support the observation that even
though it is expressed in all epidermal keratinocytes,
Fra-2 mainly functions in the differentiated layers of the
epidermis. Furthermore, we show that ectopic Fra-2 ex-
pression is sufficient to induce terminal epidermal differ-
entiation, leading to suppression of papilloma growth by
inducing precocious keratinocyte differentiation.
We speculate that Fra-2 is kept transcriptionally in-

active in basal cells due to methylation by Ezh2. Upon
Ca2+-induced differentiation, the concomitant loss of
interaction with Ezh2, Fra-2 methylation, and ERK1/2-
mediated phosphorylation correlates with EDC gene
expression and keratinocyte differentiation. Using Ca2+

stimulation to induce keratinocyte differentiation, we
demonstrate that basal keratinocytes differentiate pre-
maturely upon inhibition of Ezh2. These findings are in
agreement with published results of in vivo gene target-
ing of Ezh2 in the epidermis. Ezh2-null keratinocytes
differentiate prematurely and express higher levels of
EDC genes due to increased AP-1 transcription factor
activity (Ezhkova et al. 2009). It has been shown previously
that Ezh2 can modify the activity of some transcription
factors through methylation (He et al. 2012a; Lee et al.
2012; Xu et al. 2012; Kim et al. 2013). EmployingMS-based
approaches, we identified monomethylation and dimeth-
ylation on K104 of Fra-2 in basal keratinocytes. Addition-
ally, we demonstrated by lentiviral expression of a Fra-2

mutant mimicking lysine methylation that this modifica-
tion decreases the transcriptional activity of Fra-2 on EDC
genes. Interestingly, K104 of Fra-2 has been found acety-
lated in an independent study (Park et al. 2013), suggesting
a potential role of this residue in regulating the transcrip-
tional activity of this protein. We hypothesize that Fra-2-
K104 methylation influences the interaction of Fra-2 with
transcriptional coactivators, as has been described for
methylated GATA4 (He et al. 2012a).
During the past decade, several independent studies

established that Ezh2 is overexpressed in solid tumors,
and high expression is associated with aggressive cancers
and progression (Hock 2012). In human cancers, it re-
mains unclear whether H3K27 methylation is the only
way by which Ezh2 controls tumorigenesis. Since Ezh2
has other substrates beyond histone H3, it was proposed
that Ezh2 might facilitate tumorigenesis by regulating
the activity of nonhistone substrates such as transcrip-
tion factors (He et al. 2012b; Kim et al. 2013). Interest-
ingly, skin papillomas of poorly differentiated K5-SOS-F
mice show high levels of Ezh2 and express Fra-2 (data not
shown). Importantly, ectopic expression of Fra-2 in this
background resulted in reduced papilloma growth due to
precocious differentiation. These findings suggest that
the ratio of expression of Ezh2 to its substrates is crucial
in regulating epidermal differentiation and tumorigene-
sis. Further research will be necessary to assess the
expression of Ezh2 and Fra-2 in human skin diseases
characterized by epidermal differentiation defects in
order to evaluate the possible clinical benefit of blocking
Ezh2 as a therapeutic strategy.
Additionally, we identified an important function of

the MAP kinases ERK1/2 in terminal mKC differentia-
tion by phosphorylating and stabilizing Fra-2. ERK1/2 are
activated upon Ca2+-induced differentiation via PKCa,
and the inhibition of ERK1/2 results in reduced ex-
pression of terminal keratinocyte differentiation genes
(Schmidt et al. 2000; Seo et al. 2004). We provide further
mechanistic insights demonstrating that Fra-2 is phos-
phorylated by ERK1/2 and acts as an ERK1/2-dependent
inducer of terminal differentiation by regulating EDC
gene expression. Additionally, in vivo analyses of ERK1/2
phosphorylation in developing embryos showed a clear
nuclear pattern in suprabasal cells, indicating essential
functions of activated ERK1/2 in epidermal barrier acqui-
sition. Previously published studies revealed that ERK2
phosphorylates Fra-2 on five serine and threonine resi-
dues (Alli et al. 2013). Targeted mutagenesis of these
residues demonstrated that the C-terminal phosphoryla-
tion of Fra-2 on Ser320 and Thr322 results in increased
protein stability (Alli et al. 2013). Using an antibody
against phospho-Ser320, which is conserved among
Fra-1, Fra-2, and c-Fos, we found that C-terminal Fra-2
phosphorylation is increased upon mKC differentiation,
correlating with ERK1/2 activation and Fra-2 transcrip-
tional activity at EDC target genes. In addition, we
functionally validated the role of C-terminal Fra-2
phosphorylation in primary mKCs by expression of phos-
pho-deficient Fra-2 mutants, which exhibited reduced
transcriptional activity.
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In summary, we propose a novel mechanism for how
Fra-2/AP-1 is regulated through lysine methylation by
Ezh2 and C-terminal serine phosphorylation by ERK1/2
(Fig. 5I). It will be interesting to explore in future studies
whether this methyl–phospho switch is a general mech-
anism of transcription factor regulation and study the
possible implications in skin diseases and beyond.

Materials and methods

Mice

All mouse experiments were performed in accordance with local
and institutional regulations. Fra-2Dsb mice were generated by
crossing Fra-2f/f mice (Eferl et al. 2007) with mice expressing Cre
recombinase under the control of the FoxN1 promoter (Soza-Ried
et al. 2008). Fra-2Dep mice were generated by crossing Fra-2f/f mice
with mice expressing Cre recombinase from the K5 promoter
(Zenz et al. 2005). Control (Cre-negative mice), Fra-2Dsb mutants
(Fra-2f/f; FoxN1 Cre+/T), and Fra-2Dep mutants (Fra-2f/f; K5 Cre+/T)
were identified by genotyping PCR on tail biopsies.

Fra-2Ep-tetOFF mice were generated by crossing mice carrying
a Flag-tagged Fra-2 cDNA knock-in controlled by a tetracycline
operator downstream from the col1a1 gene (col Fra-2+/KI) (Bozec
et al. 2013) tomice expressing tTA from theK5 promoter (Diamond
et al. 2000). Control (col Fra-2+/KI; K5tTA+/+) and Fra-2Ep-tetOFF

mutants (col Fra-2+/KI; K5tTA+/T) were identified by genotyping
PCR on tail biopsies. Mice were generated and maintained in the
absence of doxycycline so that transgene expression was turned
on during embryonic development.

Fra-2Ep-tetOFF SOS+mice were generated by crossing Fra-2Ep-tetOFF

mice to K5-SOS-F mice (Sibilia et al. 2000) (EGFRwa/wa and
K5 SOS+/T). SOS+ (col Fra-2+/KI, K5tTA+/+, EGFRwa/+, and SOS+/T)
and Fra-2Ep-tetOFF SOS+ (col Fra-2+/KI, K5tTA+/T, EGFRwa/+, and
SOS+/T) mice were generated and maintained in the absence of
doxycycline so that transgene expression was turned on during
embryonic development.

Histology, immunohistochemistry, and IF analyses

Back skins from embryos at E17.5 and tails skins from adult mice
were fixed overnight at 4°Cwith buffered 4% PFA and embedded
in paraffin. Skin sections were cut at 3 mm. H&E and immuno-
histochemistry were performed as previously described (Zenz
et al. 2005). p-ERK1/2 (Thr202/Tyr204) (1:1000; no. 4370, Cell
Signaling) and Ki67 (1:200; Dako) primary antibodies were used
for immunohistochemistry. Sections were analyzed by light
microscopy (DM2500, Leica).

Back skins from embryos at E17.5 and tail skins from adult
mice were frozen, embedded in OCTcompound, and cut at 10 mm.
Slides were blocked in PBS, 0.1% Triton X, 1% BSA, and 1%
donkey serum; washed in PBS and 0.1% Triton X; mounted with
Mowiol + DAPI (VectaShield); and analyzed by confocal micros-
copy. Primary antibodies used for IF were Fra-2 (1:50; CNIO
Monoclonal Antibody Unit), K5 (1:1000; Covance), Flg (1:1000;
Covance), Lor (1:1000; Covance), Ki67 (1:200; Dako), and Ezh2
(1:1000; no. 5246, Cell Signaling). Alexa fluor secondary anti-
bodies conjugated to 488-nm or 555-nm absorbing fluorophores
(Invitrogen) were used.

Mutagenesis and cloning

For the generation of Fra-2 methyl-mutations and phospho-
mutations, site-directed mutagenesis was carried out on Flag-
tagged mouse Fra-2 using the QuikChange Lightening site-directed

mutagenesis kit (Stratagene, Agilent Technologies) following the
manufacturer’s protocol. After sequencing, Flag-tagged Fra-2 wild
type, Fra-2 K104F, and Fra-2 S320A/T322A were subsequently
cloned into pLVX for lentiviral expression.

Cell culture

For long-term culture, mKCs were isolated from the back skin of
newborn mice using trypsin (Gibco) and cultured in medium
containing 0.05 mM Ca2+ and 15% FBS as previously described
(Nowak and Fuchs 2009). To induce differentiation in culture,
calcium was raised from 0.05 mM to 1.5 mM for the indicated
time periods. Ezh2 methyltransferase activity was inhibited
using GSK126 (GlaxoSmithKline) and EPZ6438 (Epizyme) in-
hibitors at 5 mM for 6–48 h. Erk1/2 kinase activity was inhibited
using FR180204 (Tocris Bioscience) at 5 mM for up to 48 h.

Isolation and short-term culture of primary mKCs from the
tail skin of wild-type mice, Fra-2f/f mice, Fra-2Ep-tetOFF mice, and
littermate controls were performed as described (Blanpain et al.
2004). Keratinocyte medium was changed to K-SFM (Gibco) 12 h
after plating. Fra-2Ep-tetOFF keratinocytes were cultured in the
absence of doxycycline. Calcium concentration was raised to 1.5
mM for differentiation experiments.

Lentiviruses were produced in 293T cells by HEPES-buffered
saline-CaCl2 phosphate-mediated transient cotransfection of
pLVX plasmids and pLP1, pLP2, and pLP/VSVG packaging
plasmids. Primary wild-type cells were infected with lentivi-
ruses on days 1 and 2 after plating. Primary Fra-2f/f cells were
infected with AdGFP/AdCre viruses (University Iowa) on days 1
and 4 and with lentiviruses on days 2 and 3 after plating. Cells
were collected for mRNA and protein analyses 5 d after the last
lentiviral infection.

Protein isolation

Protein isolation from epidermal tissue or cultured cells for
Western blot and immunoprecipitation was performed in RIPA
buffer (50 mM Tris HCl at pH 7.5, 150 mM NaCl, 5 mM EDTA,
5 mM EGTA, 1% NP-40) containing protease and phosphatase
inhibitors (Roche).

Western blot

Western blot analysis was performed according to standard
procedures using the following antibodies: Fra-2 (1:100; CNIO
Monoclonal Antibody Unit), Ezh2 (1:1000; no. AC22 Cell Sig-
naling), p-Fra-1 (Ser265) (1:1000; no. 3880, Cell Signaling), pan-
methyl lysine (1:200; ab174719, Abcam), p-Ser (1:500; P5747,
Sigma), p-ERK1/2 (Thr202/Tyr204) (1:1000; no. 4370), ERK1/2
(1:1000; no. 4695, Cell Signaling), DNp63 (1:500; sc-8609, Santa
Cruz Biotechnology), Suz12 (1:1000; ab12073, Abcam), Flg
(1:1000; Covance), Lor (1:1000; Covance), and vinculin (1:1000;
V9131, Sigma).

Co-IP

Two micrograms to 5 mg of Fra-2 (CNIO Monoclonal Antibody
Unit), Ezh2 (5246, Cell Signaling), and pan-methyl lysine
(ab174719, Abcam) antibodies were incubated with 20 mL of
Dynabeads protein G (Invitrogen) for 3 h to overnight. One milli-
gram of precleared cell extract per immunoprecipitationwas used
as input material and incubated with antibody-conjugated beads
overnight at 4°C under rotation. Immunoprecipitations were
extensively washed with RIPA buffer and eluted with standard
Laemmli buffer for Fra-2, methyl lysine, and p-Fra-1Western blot
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analysis or with XTsample buffer without b-mercaptoethanol for
Ezh2 Western blot analysis.

Immuno-complex elution and digestion for MS

Captured proteins were released from the antibody-coupled
beads by incubation at 45°C with 200 mL of 8 M urea in 100
mMTris-HCl (pH 8.0). Protein samples were processed using the
filter-aided sample preparation (FASP) method (Wisniewski et al.
2009b) and digested overnight at 25°Cusing endoproteinase Lys-C
(Wako Pure Chemical Industries) at a 1:50 enzyme to protein
ratio followed by digestion with trypsin (Promega) at a 1:100
enzyme to protein ratio for 6 h at 37°C. Peptides were subjected
to tip-based strong anion exchange (SAX) fractionation using the
described protocol (Wisniewski et al. 2009a). In addition, a second
immunoprecipitation experiment was carried out in which the
protein eluate was separated by SDS-PAGE. For in-gel digestion,
bands were excised, and proteins were reduced with 15 mM
TCEP in 50 mM ammonium bicarbonate for 45 min at 60°C and
alkylated with 50 mM 2-chloroacetamide in 50 mM ammonium
bicarbonate for 30 min at 25°C in the dark. Proteins were
subsequently digested overnight at 37°C with trypsin at a
1:200 enzyme to protein ratio.

Liquid chromatography-tandem MS (LC-MS/MS) analysis

Desalted peptides were separated by reversed-phase chromatog-
raphy using a nanoLC ultra system (Eksigent) directly coupled
with a LTQ-Orbitrap Velos instrument (Thermo Fisher Scien-
tific) via a nanoelectrospray source (ProxeonBiosystem). Peptides
were loaded onto the column (Reprosil-Pur C18-AQ, 3 mm, 2003
0.075 mm, Dr. Maisch GmbH) with a previous trapping column
step (0.10 3 20 mm, Reprosil-Pur C18-AQ, 3 mm, 120 Å) during
10 min with a flow rate of 2.5 mL of loading buffer (0.1% FA) per
minute. Elution from the column was made with a 120-min
linear gradient or a 45-min linear gradient (in-solution and in-gel,
respectively; buffer A: 4% ACN, 0.1%FA; buffer B: 100% ACN,
0.1% FA) at 300 nL/min. The peptides were directly electro-
sprayed into the mass spectrometer using a PicoTip emitter
(360-mm OD/20-mm ID, 10-mm tip ID, new objective) and a
1.4-kV spray voltage with a heated capillary temperature of
325°C and S-Lens of 60%. Mass spectra were acquired in a data-
dependent manner, with an automatic switch between the MS
and MS/MS scans using a top 15 or top five method (in-solution
and in-gel, respectively) with a threshold signal of 800 counts.
MS spectra were acquired with a resolution of 60,000 (FWHM) at
400 m/z in the Orbitrap, scanning a mass range between 350 and
1500 m/z. Peptide fragmentation was performed using collision-
induced dissociation (CID), and fragment ions were detected in
the linear ion trap. The normalized collision energy was set to
35%, theQ-value was set to to 0.25, and the activation time was
set to 10 msec. The maximum ion injection times for the survey
scan and the MS/MS scans were 500 msec and 100 msec, re-
spectively, and the ion target values were set to 1E6 and 5000,
respectively, for each scan mode.

MS data analysis

Raw files were analyzed by Proteome Discoverer (version
1.4.1.14) against a mouse database (Swiss-Prot canonical,
17,002 sequences, Jan22_2014 release, including common con-
taminant proteins). Oxidation of methionines and monometh-
ylation, dimethylation, and trimethylation of lysines were set as
variable modifications, whereas carbamidomethylation of cys-
teines was considered as fixed modification in the SequestHT
search engine. The minimal peptide length was set to six amino

acids; a maximum of two missed cleavages were allowed.
Peptides were filtered at 1% false discovery rate (FDR) by using
Percolator.

FACS

Basal and differentiated mKCs were isolated from the back skins
of newborn mice as described above. Back skins from six mice
were pooled. Cell suspensions were stained for 30 min at 4°C
using a phycoerythrin-conjugated rat anti-CD49f (integrin a6
chain) antibody (no. 555736, BD) as previously described (Nowak
and Fuchs 2009). Cells were sorted on a FACSAria Ilu using
CellQuest Pro software (BD).

RT-qPCR

RNAwas isolated from epidermal tissue and cultured cells using
Trizol reagent (Invitrogen). cDNA synthesis was performed
using 2 mg of total RNA using Ready-To-Go You-Prime IT first
strand beads (Amersham Pharmacia Biotech) and random
primers (Invitrogen). RNAwas isolated from FACS-purified cells
using RNeasy mini kit (Qiagen). cDNA synthesis was performed
using 100 ng of total RNA using SuperScript VILO cDNA
synthesis kit. PCR products were quantified using GoTag PCR
master mix (Promega), Ep-Realplex thermal cycler (Eppendorf),
and the DDCT method. Primer sequences are available on
request.

ChIP

ChIP was performed using cultured mKCs fixed in 1% formal-
dehyde. Nuclear lysates were obtained by lysis of cell membrane
in a hypotonic buffer (50 mM, HEPES-KOH at pH 7.5, 140 mM
NaCl, 1 mM EDTA, 10% glycerol, 0.5% NP-40, 0.25% Triton-
X-100) and clearance of detergents (10 mM Tris-HCL at pH 8.0,
200 mM NaCl, 1 mM EDTA, 0.5 mM EGTA). Nuclei were
resuspended in ChIP sonication buffer (100 mM NaCl, 10 mM
TrisHCl at pH 8, 1 mM EDTA, 0.5 mM EGTA, 0.1% Na-
deoxycholate, 0.5% N-lauroylsarcosine). Sonication was per-
formed in a Covaris ultrasound device. Whole nuclear extract
was quantified with a BCA protein assay, and 0.5–1 mg of protein
was used for preclearing with 10 mL of protein G Dynabeads.
Immunoprecipitation was performed with 2–5 mg of antibodies
coupled to protein G Dynabeads against Fra-2 (CNIO Mono-
clonal Antibody Unit), Ezh2 (no. 5246, Cell Signaling), Suz12
(ab12073, Abcam), H3K27me3 (ab6002, Abcam), H3K4me3
(ab8580, Abcam), and H3K27me3S28p (no. 491015, Life Tech-
nologies) overnight at 4°C. Rat or rabbit IgG was used as
a negative control (Millipore). After washing once with low-salt
buffer (1% Triton X-100, 0.1% SDS, 2 mM EDTA at pH 8.0,
150 mM NaCl, 20 mM Tris-HCl at pH 8.0), once with high-salt
buffer (1% Triton X-100, 0.1% SDS, 2 mM EDTA at pH 8.0,
500 mM NaCl, 20 mM Tris-HCl at pH 8.0), once with LiCl
buffer (1% NP-40, 1% Na-deoxycholate, 1 mM EDTA, 250 mM
LiCl, 20mMTris-HCl at pH 8.0), and once with TE buffer (10 mM
Tris at pH 8.0, 1 mM EDTA), protein/DNA complexes were
eluted from beads, and DNA was decross-linked overnight at
65°C in elution buffer (1% SDS, 10 mMEDTA, 50 mMTris-HCl
at pH 8). Eluate was treated with RNase A (Sigma) for 2 h at
37°C and with proteinase K (VWR) for 2 h at 55°C. DNA was
recovered with phenol/chloroform extraction and amplified
using GoTag PCR master mix (Promega) and primers specific
for AP-1-binding sites and TSSs of EDC promoters using an
Ep-Realplex light cycler (Eppendorf). Primer sequences are avail-
able on request.
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Dye penetration assay

E17.5 embryos were collected, rinsed once in PBS and once in
100% methanol, stained in 0.1% Toluidine blue for 30 min at
room temperature, and washed in PBS before image capture.

Statistical analysis

Results are presented as mean 6 standard deviation (SD).
P-values were calculated using Student’s t-test. An asterisk
indicates P < 0.05.
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