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Chromatin modifiers play critical roles in epidermal development, but the functions of histone deacetylases in this
context are poorly understood. The class I HDAC,HDAC3, is of particular interest because it plays divergent roles in
different tissues by partnering with tissue-specific transcription factors. We found that HDAC3 is expressed broadly
in embryonic epidermis and is required for its orderly stepwise stratification. HDAC3 protein stability in vivo relies
on NCoR and SMRT, which function redundantly in epidermal development. However, point mutations in the
NCoR and SMRT deacetylase-activating domains, which are required for HDAC3’s enzymatic function, permit
normal stratification, indicating that HDAC3’s roles in this context are largely independent of its histone deace-
tylase activity. HDAC3-bound sites are significantly enriched for predicted binding motifs for critical epidermal
transcription factors including AP1, GRHL, and KLF family members. Our results suggest that among these,
HDAC3 operates in conjunction with KLF4 to repress inappropriate expression of Tgm1, Krt16, and Aqp3. In par-
allel, HDAC3 suppresses expression of inflammatory cytokines through a Rela-dependent mechanism. These data
identify HDAC3 as a hub coordinating multiple aspects of epidermal barrier acquisition.
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The epidermis functions as a barrier, serving to protect the
organism from external insults and to retain moisture.
This is achieved through its structure as a stratified epi-
thelium, in which a relatively undifferentiated prolifera-
tive basal cell layer successively gives rise to suprabasal,
granular, and enucleated cornified cell layers, each of
which is characterized by expression of a unique set of
genes (Eckert 1989; Feil et al. 1996; Fuchs 2007). In addi-
tion to forming the physical structure of the epidermis,
keratinocytes are sentinels of the innate immune system,

producing proinflammatory alarmins including cytokines
and chemokines, as well as antimicrobial peptides and
structural proteins, in response to barrier breach (Eckert
et al. 2004; Oppenheim and Yang 2005; Lai and Gallo
2009; Nestle et al. 2009). Intriguingly, exposure of kerati-
nocytes to amniotic fluid in utero leads to up-regulation of
short proline-rich region proteins, demonstrating that
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barrier dysfunction can be sensed prior to birth (Huebner
et al. 2012).

Global regulationof geneexpression is critical for thede-
velopment of proper epidermal structure and function. An
important mechanism of control is the regulation of
chromatin structure. In the epidermis, DNAmethyltrans-
ferases such as DNMT1; histone methyltransferases in-
cluding EZH1, EZH2, and Setd8; histone demethylases
such as JMJD3; andATP-dependent chromatin remodelers
including Brg1 play important roles in regulating epider-
mal proliferation, differentiation, and progenitor cell ac-
tivity (Sen et al. 2008, 2010; Ezhkova et al. 2011; Driskell
et al. 2012; Xiong et al. 2013; Mardaryev et al. 2014). Non-
enzyme proteins can also regulate epidermal chromatin
structure. For example, Sin3A, a scaffolding protein
known to interact with histone deacetylases 1 and 2, sup-
presses epidermal proliferation (Nascimento et al. 2011).

The functions of histone deacetylases (HDACs) are of
particular interest, given the use of class I HDAC inhibi-
tors in treatment of cutaneous malignancies (Duvic
2015). HDACs regulate gene expression by removing his-
tone acetyl marks, resulting in chromatin compaction
and transcriptional repression (Seto and Yoshida 2014).
HDACs also deacetylate transcription factors, such as
p53, to regulate their activity (Higashitsuji et al. 2007;
Tanget al. 2008).These enzymesdonotbindDNAdirectly
but are instead recruited to chromatin asmembers ofmul-
ti-protein complexes. HDACs 1 and 2 participate in the
NuRD, Sin3, and CoREST complexes, whereas HDAC3
is unique in its associationwith theNCoRandSMRTscaf-
folding proteins (Yang and Seto 2008). As different class I
HDAC family members participate in different complex-
es, their target genes are likely distinct. Broad inhibition
of all class I HDACs is likely unnecessary for therapeutic
efficacy and results in undesirable side effects.

Characterizing the functions of individual HDACs will
improve understanding of epigenetic regulation of epider-
mal gene expression and can serve to guide rational drug
design. To this end, we previously characterized the roles
of HDAC1/2 in embryonic epidermal development (LeB-
oeuf et al. 2010). Loss of HDAC1/2 leads to failure of epi-
dermal stratification and proliferation through loss of p63
repressive activity as well as gain of p53 activity. The role
of a third member of the class I HDAC family, HDAC3, in
epidermal development has not yet been characterized.

Global loss of HDAC3 leads to lethality prior to E9.5
due to gastrulation defects (Bhaskara et al. 2008; Mont-
gomery et al. 2008). Tissue-specific deletion has revealed
diverse roles for HDAC3 in different contexts. In intesti-
nal epithelium, HDAC3 regulates expression of genes in-
volved in barrier function as well as the inflammatory
response to commensal bacteria (Alenghat et al. 2013).
HDAC3 also controls inflammatory NF-κB signaling in
macrophages and T cells (Chen et al. 2001; Yan et al.
2012). Additional functions for HDAC3 have been de-
scribed in hepatic metabolism, heart and lung develop-
ment, neuronal cell fate, pancreatic β-cell activity,
skeletal muscle metabolism, brown adipose thermogene-
sis, and bone remodeling (Feng et al. 2011; Carpio et al.
2016; Wang et al. 2016; Zhang et al. 2016; Emmett et al.

2017; Hong et al. 2017; Poleshko et al. 2017; Remsberg
et al. 2017). Importantly, HDAC3 regulates gene expres-
sion in a highly tissue-dependent manner, suggesting
that its mechanisms of action vary among different tis-
sues (Emmett and Lazar 2019).

HDAC3 participates in complexes scaffolded by nuclear
receptor corepressor 1 (NCoR) or its homolog silencing
mediator of retinoic and thyroid receptors (SMRT) (Li
et al. 2000; Wen et al. 2000). In vitro studies revealed
that HDAC3 interaction with the deacetylase-activating
domain (DAD) of NCoR/SMRT is specifically required
for activation of its histone deacetylase activity (Guenther
et al. 2001).Mice bearing loss-of-function pointmutations
in the NCoR/SMRT DAD express normal levels of
HDAC3 protein but have no detectable HDAC3 histone
deacetylase activity (You et al. 2013). In contrast to
global loss of Hdac3, which results in early embryonic le-
thality,mice lacking HDAC3 histone deacetylase activity
due to mutations in the NCoR/SMRT DAD survive to
adulthood, suggesting histone deacetylase-independent
functions for HDAC3. Consistent with this, HDAC3 per-
forms scaffolding functions in conjunction with NCoR
in the liver and heart (Sun et al. 2013; Lewandowski
et al. 2015). Like HDAC3, NCoR/SMRT do not bind
DNA directly, and the transcription factors that recruit
these proteins to their target genes in the developing epi-
dermis are unknown.

Here, we show that HDAC3, in complex with NCoR/
SMRT, forms a hub for epigenetic regulation of differenti-
ation and innate immune functions of the embryonic epi-
dermis. Loss of Hdac3 or codeletion of Ncor1 (encoding
NCoR) and Ncor2 (encoding SMRT) leads to expansion
of basal cells and premature expression of terminal differ-
entiationmarkers, demonstrating that these factors are re-
quired for orderly stratification of the epidermis. Genes
implicated in the epidermal danger response, including
genes encoding structural proteins as well as cytokines
and chemokines, are up-regulated in both Hdac3 and
Ncor1/Ncor2 epidermal mutants. Interestingly, codele-
tion of Rela rescues expression of inflammatory genes
but not dysregulated structural gene expression or stratifi-
cation defects, indicating that these phenotypes are not
secondary to an NF-κB-mediated innate immune re-
sponse. Deletion of epidermal Ncor1 or Ncor2 alone
does not result in an obvious phenotype, suggesting func-
tional redundancy of NCoR and SMRT in embryonic epi-
dermis, which is distinct from nonredundant roles
described in other tissues (Ghisletti et al. 2009; Sun
et al. 2013). Codeletion of both Ncor1 and Ncor2 causes
loss of HDAC3 protein, providing evidence that NCoR/
SMRT stabilize HDAC3 in the epidermis in vivo. Impor-
tantly, HDAC3-mediated regulation of epidermal struc-
ture is independent of its histone deacetylase activity, as
epidermis in mice homozygous for loss-of-function point
mutations in the NCoR and SMRT DADs is indistin-
guishable from that of controls. HDAC3-bound sites are
significantly enriched for predicted binding motifs for
the transcription factors AP1, GRHL, and KLF, which
are known to play critical functions in epidermal develop-
ment. Our data show that HDAC3 operates both in
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conjunction with, and independently of, KLF4 to repress
expression of different epidermal stress and differentiation
genes. Interestingly, for several genes coregulated by
HDAC3 and KLF4, HDAC3 binds its target sites in the ab-
sence of KLF4, suggesting importance of additional mem-
bers of the transcriptional repressive complex. In parallel,
HDAC3 suppresses expression of inflammatory cytokines
through a Rela-dependent mechanism. These data dem-
onstrate how HDAC3 cooperates with specific transcrip-
tional partners to coordinate diverse transcriptional
programs necessary for establishing barrier function.

Results

Deletion of Hdac3 in embryonic epidermis disrupts
barrier development and causes perinatal lethality

Analysis of HDAC3 expression by immunofluorescence
demonstrated that HDAC3 is expressed broadly in devel-
oping epidermis (Supplemental Fig. S1). To delineate the
roles of HDAC3 in embryonic epidermal development,
we used mice carrying anHdac3 conditional loss-of-func-
tion allele together with aK5-rtTA transgene in which ex-
pression of a reverse tetracycline-controlled transactivator
is driven by the keratin 5 (K5) promoter, and a tetO-Cre
transgene inwhich expression ofCre recombinase is under
the control of a tetracycline-responsive promoter element.
This system allows for temporal and spatial control of
Hdac3 deletion, such that Cre recombinase is expressed
only in the epidermis upon doxycycline administration.
Pregnant dams were placed on doxycycline chow at E8.5,
1 d prior to activation of the K5 promoter (Byrne et al.
1994), until pups were born. Quantitative RT-PCR
(qPCR) for Hdac3 transcripts at E18.5 confirmed efficient
recombination of epidermal Hdac3 (Fig. 1A) and immu-
nostaining confirmed loss of HDAC3 protein (Fig. 1B,C).
Hdac3 mutant animals were born at expected Mendelian
ratios but displayed physical abnormalities including ery-
thematous, tight skin, and failed eyelid fusion, and died
perinatally.
This phenotype suggested that Hdac3 mutant animals

had an epidermal barrier defect. The epidermis functions
both as an “outside-in” barrier, blocking external sub-
stances from entering the body, and an “inside-out” barri-
er, preventing body contents such as water from escaping.
To assess “outside-in” barrier function, we performed dye
exclusion assays and found that E18.5Hdac3mutant em-
bryos failed to exclude dye appropriately (Fig. 1D). To as-
sess the “inside-out” barrier, we evaluated the ability of
the epidermis to retain moisture by measuring body
weight after birth. Hdac3 mutant neonates lost weight
more rapidly than their control littermates, indicating
that they lostmorewater across the skin (Fig. 1E). Togeth-
er, these assays demonstrated that deletion of epidermal
HDAC3 results in both “outside-in” and “inside-out” bar-
rier dysfunction. In linewith these observations, cornified
envelopes isolated from Hdac3 mutant epidermis were
rough and fragile in appearance (Supplemental Fig. S2A,
B). Transmission electronmicroscopy of E18.5Hdac3mu-
tant stratum corneum revealed irregular spacing of layers

and retention of cellular contents (Supplemental Fig.
S2C–F).

Codeletion of epidermal Ncor1 and Ncor2 phenocopies
Hdac3 deletion

HDAC3 interacts with NCoR/SMRT to regulate target
gene expression in multiple cellular contexts (Emmett
and Lazar 2019). However, the functions of NCoR/SMRT
in developing epidermis are unknown. To begin to address
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Figure 1. HDAC3 and NCoR/SMRT are necessary for embry-
onic epidermal barrier function and HDAC3 protein stability re-
quiresNCoR/SMRT. (A) qPCR analysis demonstrates thatHdac3
is efficiently recombined using the K5-rtTA tetO-Cre Hdac3fl/fl-
inducible system; n =5. (∗∗∗) P<0.001, unpaired two-tailed Stu-
dent’s t-test. Error bars indicate SEM. (B,C ) Immunofluorescence
for K14 and HDAC3 demonstrates that HDAC3 protein is lost in
Hdac3mutant epidermis at E18.5. (D) Dye exclusion assay shows
that Hdac3 mutant epidermis fails to exclude dye at E18.5. (E)
Hdac3 mutant animals lose weight more rapidly after birth
than control littermates; n= 4. P=0.0015, two-way ANOVA
with Geisser-Greenhouse correction. (F ) Dye exclusion assay
shows that Ncor1/Ncor2 mutant epidermis fails to exclude dye
at E18.5. (G) qPCR analysis demonstrates that Ncor1 and Ncor2
are efficiently recombined using the K5-rtTA tetO-Cre Ncor1fl/fl

Ncor2fl/fl-inducible system, while Hdac3 mRNA expression is
unchanged; n= 3. (∗∗) P <0.01; (∗∗∗) P <0.001, unpaired two-
tailed Student’s t-test. Error bars indicate SEM. (H,I ) Immu-
nofluorescence for K14 and HDAC3 reveals that HDAC3 pro-
tein is lost in Ncor1/Ncor2 mutant epidermis. (J) Western
blot demonstrates that HDAC3 protein is severely diminished
in Ncor1/Ncor2 mutant epidermis. Each lane contains lysate
generated from a single embryo; n=3 mutant and control lit-
termates. Scale bars, 25 µm.
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this question, we used the K5-rtTA tetO-Cre system in
conjunction with conditional Ncor1 and Ncor2 loss-of-
function alleles. We found that deletion of either Ncor1
or Ncor2 alone did not result in a gross phenotype in em-
bryonic epidermis: Single Ncor1 and Ncor2 mutants
were indistinguishable from their control littermates at
E18.5, demonstrating appropriate stratification and nor-
mal expression of keratinocyte differentiation markers
(Supplemental Fig. S3). These data indicate that NCoR
and SMRT are functionally redundant in embryonic kera-
tinocytes, unlike in other cell types such as macrophages
(Ghisletti et al. 2009). In contrast to deletion of Ncor1 or
Ncor2 alone, simultaneous deletion of both Ncor1 and
Ncor2 resulted in perinatal lethality. As with Hdac3 mu-
tants,Ncor1/Ncor2 doublemutantswere born at expected
numbers, but displayed erythematous, tight skin, and fail-
ure of eyelid fusion. Dye exclusion assay performed at
E18.5 showed that Ncor1/Ncor2 double mutants failed to
appropriately exclude dye, revealing failure of epidermal
barrier function in these animals (Fig. 1F). Quantitative
RT-PCR forNcor1 andNcor2 confirmedefficient recombi-
nation of both alleles (Fig. 1G).

Quantitative RT-PCR for Hdac3 showed that mRNA
expressionwas unaltered in double-Ncor1/Ncor2mutants
comparedwith controls (Fig. 1G). Strikingly, however, im-
munofluorescence and immunoblotting revealed that the
level of HDAC3 protein was severely diminished in
Ncor1/Ncor2-null epidermis, demonstrating that NCoR/
SMRT stabilize HDAC3 protein in vivo without altering
Hdac3 transcription (Fig. 1H–J). In line with this finding,
previous studies have shown that HDAC3 is unstable in
the absence of NCoR/SMRT in vitro (Guo et al. 2012).

Perinatal lethality in Hdac3 and Ncor1/Ncor2 mutants
is associated with disordered epidermal stratification

To determine whether the barrier defect observed in
Hdac3 and Ncor1/Ncor2 epidermal mutants was due to
aberrant epidermal structure, we carried out histological
analysis, which revealed similar architectural abnormali-
ties inHdac3 andNcor1/Ncor2mutant epidermis, includ-
ing loss of thebasketweave structureof the cornified layer,
the presence of enlarged immediately suprabasal cells that
failed to flatten appropriately, and underdeveloped hair
follicles (Fig. 2A,B, I,J). Despite their unusual appearance,
enlarged cells did not display evidence of chromatin dam-
age, although thiswasobserved in themore superficial lay-
ers of both Hdac3 and Ncor1/Ncor2 mutant epidermis
(Supplemental Fig. S4).

Immunostaining for the basal marker keratin 14 (K14),
the spinous cell marker keratin 10 (K10), and the granular
cell proteins loricrin (LOR) and filaggrin (FLG), revealed
thatHdac3 andNcor1/Ncor2mutant epidermis stratified
but failed to do so in a tightly controlled fashion (Fig. 2C–

H,K–P). K14 expressionwas expanded, evidenced by an in-
creased number of K14/K10-double-positive cells (Fig. 2C,
D,K,L), as well as absence of K14-negative cells immedi-
ately below the LOR/FLG-positive cell layer (Fig. 2E–H,
M–P). LOR staining was expanded compared with con-
trols (Fig. 2E,F, M,N), FLG granules were less tightly com-

pacted (Fig. 2G,H, O,P), even extending into hair follicles
(Fig. 2P), and occasional K14/LOR- and K14/FLG-double-
positive cells were observed (arrowheads in Fig. 2F,H,N,
P). To ensure that our findings were not an artifact of
the K5-rtTA tetO-Cre deletion system, we also deleted
Hdac3 in the epidermis using a constitutively active
K14-Cre transgene. Epidermal Hdac3 was efficiently de-
leted using the K14-Cre system (Supplemental Fig. S5C,
D). K14-Cre Hdac3fl/fl mice died perinatally with similar
histological and differentiation defects to those observed
in inducedK5-rtTA tetO-Cre Hdac3fl/fl mice (Supplemen-
tal Fig. S5A,B,E–J). Thus, stepwise differentiation is poorly
controlled in both Hdac3 and Ncor1/Ncor2 mutant epi-
dermis, resulting in abnormal stratification. Together,
these data demonstrate that HDAC3 depends on NCoR/
SMRT for its stability and functions in embryonic epider-
mis. Despite the extensive overlap in phenotypes,Ncor1/
Ncor2-null epidermis differed fromHdac3-null epidermis
in that it was thicker than that of controls. This is likely
due to loss of NCoR/SMRT interactions with proteins
other than HDAC3.

HDAC3-mediated regulation of epidermal stratification
is independent of its histone deacetylase activity

HDAC3 has enzyme-independent scaffolding functions in
hepatic and cardiac tissue (Sun et al. 2013; Lewandowski
et al. 2015). To test whether HDAC3-mediated gene regu-
lation in the epidermis depends on its histone deacetylase
activity,weusedmice homozygous for pointmutations in
the deacetylase-activating domain (DAD) of both NCoR
and SMRT, referred to as NS-DADm mice. NCoR and
SMRT DAD mutant proteins maintain stability of
HDAC3 protein but are unable to activate its histone
deacetylase activity (You et al. 2013). As previously report-
ed, NS-DADm mice survived to adulthood, in striking
contrast to the perinatal lethality observed in epidermal
Ncor1/Ncor2 double mutants. Histological analysis and
immunofluorescent staining for K14, K10, LOR, and FLG
revealed that NS-DADm epidermis was indistinguishable
from control epidermis at E18.5 (Fig. 2Q–X). Thus, epider-
mal stratification does not require HDAC3’s histone
deacetylation functions, and insteadmay rely on its ability
to act as a scaffolding protein.

Microarray analysis of Hdac3 and Ncor1/Ncor2 mutants
reveals disruption of diverse cellular processes and
identifies potential HDAC3 binding partners

To delineate the molecular mechanisms by which
HDAC3 controls embryonic epidermal development, we
performed microarray analysis of epidermis from five
Hdac3mutants and five control littermates at E18.5 (Sup-
plemental Tables S1,S2). Functional annotation analysis
of dysregulated genes using the Database for Annotation,
Visualization, and Integrated Discovery (DAVID) (Huang
et al. 2009a,b) revealed disruption of keratinocyte differen-
tiation, lipid, cholesterol and steroid metabolism,
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inflammatory signaling, oxidoreductase activity and cell–
cell adhesion upon loss of Hdac3.
To determine whether the overlapping gross and histo-

logical phenotypes observed in Hdac3 and Ncor1/Ncor2
mutant epidermis correlated with similar transcriptional
changes, we performed microarray analysis of epidermis
from four Ncor1/Ncor2 mutants and four control litter-
mates at E18.5 and compared the results with those
from Hdac3 mutants and controls (Supplemental Tables
S3,S4). Sixty-three percent of the transcript cluster IDs
up-regulated upon deletion ofHdac3were also up-regulat-
ed upon deletion ofNcor1/Ncor2 and 61% of those down-
regulated upon deletion ofHdac3were also down-regulat-
ed upon deletion of Ncor1/Ncor2 (Fig. 3A,B). Conversely,
39% of the transcript cluster IDs up-regulated upon dele-
tion of Ncor1/Ncor2 were up-regulated upon deletion of
Hdac3, and 45% of those down-regulated upon deletion
of Ncor1/Ncor2 were down-regulated upon deletion of
Hdac3. The overlapping transcriptional changes upon
loss of HDAC3 and loss of NCoR/SMRTwere highly stat-
istically significant, consistent with HDAC3 functioning
in complex with NCoR/SMRT to regulate target gene
expression.
The lack of an epidermal phenotype in NS-DAD mu-

tants implies that HDAC3’s functions in epidermal devel-
opment are largely independent of its deacetylase activity,
suggesting that HDAC3 could scaffold activating as well

as repressive transcriptional complexes. To begin to inves-
tigate this, we performed DAVID analyses of genes that
were either down-regulated or up-regulated upon deletion
of Hdac3. Down-regulated genes were most significantly
associated with broad functional terms such as glycopro-
tein, transmembrane region and signal peptide (Sup-
plemental Fig. S6A); however, up-regulated genes
revealed enrichment of terms related to keratinocyte dif-
ferentiation and inflammatory signaling, which were
clearly implicated in the Hdac3 mutant phenotype (Fig.
3C). While not excluding possible functions for HDAC3
in transcriptional activation, these data are consistent
with a major role in transcriptional repression.
HDAC3 and NCoR/SMRT do not bind chromatin

directly but are instead recruited to genomic loci in large
transcriptional complexes that include DNA-binding
proteins. To find potential HDAC3-binding partners, we
performed cis-regulatory motif analysis to identify tran-
scription factor-binding motifs that were enriched in the
promoters of genes that were up-regulated upon Hdac3
deletion. This analysis showed that NF-κB, KLF, Sp, and
AP1 motifs were the most significantly enriched motifs
(Fig. 3D; Supplemental Table S5). Consistent with
HDAC3 acting in complex with NCoR/SMRT, we found
that all of these motifs were also enriched in the promot-
ers of genes up-regulated in Ncor1/Ncor2 mutant epider-
mis (Fig. 3E; Supplemental Table S6). Transcription
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Figure 2. Epidermal stratification is disrupted by loss of HDAC3 orNCoR/SMRTbut does not requireHDAC3’s deacetylase activity. (A,
B) H&E staining at E18.5 reveals abnormalities in Hdac3 mutant epidermal structure, including a dense, compact cornified layer (cf. red
arrowheads) and enlarged immediately suprabasal cells with perinuclear clearing (yellow arrowheads). (C–H) Immunofluorescence for the
basal layer marker K14, spinous layer marker K10 (C,D), and granular layer markers LOR (E,F ) and FLG (G,H) demonstrates expansion of
K14-positive cells, increased K14/K10-double-positive cells (D, white arrowheads), expanded LOR expression (F ), less tightly compacted
FLG expression (H), decreased K14/FLG-double-negative cells in E18.5 Hdac3 mutant epidermis (H) compared with control (G) and oc-
casional K14/LOR- and K14/FLG-double-positive cells (arrowheads in F,H). (I,J) H&E staining at E18.5 demonstrates structural abnormal-
ities in Ncor1/Ncor2 mutant epidermis, including a dense, compact cornified layer (cf. red arrowheads) and enlarged immediately
suprabasal cells with perinuclear clearing (yellow arrowheads). (K–P) Immunofluorescence for K14, K10 (K,L), LOR (M,N), and FLG (O,
P) demonstrates expanded K14 expression and premature expression of terminal differentiation markers in E18.5 Ncor1/Ncor2 mutant
epidermis, evidenced by K14/K10-, K14/LOR-, and K14/FLG-double-positive cells (white arrowheads). Filaggrin granules are less tightly
compacted in Ncor1/Ncor2 mutant (P) compared with control (O) epidermis, and extend into hair follicles. (Q,R) H&E staining shows
NCoR/SMRT-DAD double-mutant (NS-DADm) E18.5 epidermis is unremarkable. (S–X) Immunofluorescence for K14, K10 (S,T), LOR
(U,V ), and FLG (W,X) demonstrates appropriate stratification and expression of terminal differentiation markers in E18.5 NCoR/
SMRT DAD double-mutant epidermis. Scale bars, 25 µm.
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factor-binding motifs enriched in the promoters of genes
down-regulated upon loss of Hdac3 or Ncor1/Ncor2
were largely distinct from those in up-regulated genes,
and included predicted binding sites for DLX and LHX
family members (Supplemental Fig. S6B,C; Supplemental
Tables S7, S8). The retinoic acid receptor (RAR) and reti-
noid X receptor (RXR) families are thought to play roles
in epidermal lipid processing and barrier function (Attar
et al. 1997); therefore, dysregulated RAR/RXR target
gene expression could account for elevated expression of
lipid processing genes in Hdac3 and Ncor1/Ncor2 mu-
tants. However, the RXR:RARmotif was not significantly
enriched in the promoter regions of genes that were up-
regulated in Hdac3 mutant embryonic epidermis.

Codeletion of Rela rescues expression of inflammatory
genes in Hdac3 mutants but does not ameliorate
dysregulated structural gene expression or stratification
defects

The NF-κB motif was one of the most significantly en-
riched motifs in the promoters of genes up-regulated
upon Hdac3 deletion. As NF-κB plays major roles in con-
trolling expression of inflammatory genes in other tissues
(Chen et al. 2001; Yan et al. 2012), we asked whether the
phenotype of Hdac3 mutant epidermis might be second-
ary to NF-κB target gene dysregulation. We found that ho-
mozygous codeletion of Rela, encoding the RelA subunit
of NF-κB, led to a dramatic rescue of Ccl20 and Tnf
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Figure 3. Microarray analysis demonstrates sig-
nificant overlap in Hdac3 and Ncor1/Ncor2 mu-
tant epidermis and reveals potential HDAC3-
binding partners. (A) Venn diagram demonstrating
significant overlap in transcript cluster IDs up-reg-
ulateduponHdac3deletionandup-regulatedupon
Ncor1/Ncor2 deletion; P<0.0001, two-tailed χ2

test with Yates correction. (B) Venn diagram dem-
onstrating significant overlap in transcript cluster
IDs down-regulated upon Hdac3 deletion and
down-regulated upon Ncor1/Ncor2 deletion; P <
0.0001, two-tailed χ2 test with Yates correction.
(C ) DAVID analysis for genes up-regulated in
Hdac3mutantepidermis reveals thatkeratinocyte
differentiation, lipid biosynthesis, cell–cell adhe-
sion, and inflammatory signaling are disrupted
upon loss of HDAC3. (D) Homer cis-regulatory
motif analysis demonstrates that multiple tran-
scription factor-binding motifs are enriched in
the promoters of genes up-regulated upon Hdac3
deletion. (E) Homer cis-regulatory motif analysis
demonstrates that multiple transcription factor-
binding motifs are enriched in the promoters of
genes up-regulated upon Ncor1/Ncor2 deletion
and that these largely overlap with those enriched
in genes up-regulated uponHdac3 deletion (D).
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expression in Hdac3 mutant epidermis to almost normal
levels (Fig. 4A). Consistent with these findings, studies
in postnatal epidermis have shown that HDAC3–NCoR/
SMRT complexes are required for glucocorticoid recep-
tor-mediatedNF-κB target gene transrepression, including
repression of Tnf (Hua et al. 2016a,b). In contrast, the

structural genes Sprr1a and Tgm1 remained significantly
up-regulated in embryos with homozygous codeletion of
Hdac3 and Rela, indicating that expression of these genes
is largely independent of canonical NF-κB signaling (Fig.
4A). Consistent with a Rela-independent mechanism of
structural gene dysregulation, Hdac3/Rela double mu-
tants died perinatally and H&E staining demonstrated
that deletion of Rela did not rescue architectural abnor-
malities in Hdac3 mutant epidermis including compac-
tion of the stratum corneum and presence of enlarged
cells (Fig. 4B–D). Additionally, immunostaining for K14,
K10, LOR, and FLGdemonstrated disorganized expression
of differentiation markers in Hdac3/Rela mutant epider-
mis, evidenced by K14/K10-, K14/LOR-, and K14/FLG-
double-positive cells (Fig. 4E–P). Together, these data
demonstrate that up-regulated structural gene expression,
disordered stratification, and barrier defects inHdac3mu-
tant epidermis are not secondary to an NF-κB-mediated
innate immune response.

HDAC3 peaks are enriched for AP1-, GRHL-, KLF-, and
C/EBP-binding motifs

To identify sites of HDAC3 localization in E18.5 wild-
type epidermal chromatin, we performed chromatin im-
munoprecipitation followed by DNA sequencing (ChIP-
seq) (Supplemental Table S9). We found that the majority
of HDAC3-binding sites were in introns and intergenic re-
gions, while a minority of sites were found in exons, pro-
moters, and transcriptional termination sites (Fig. 5A),
consistent with previously published HDAC3 cistromes
(Feng et al. 2011; Remsberg et al. 2017). Out of 2184 dys-
regulated genes, 1506 were associated with HDAC3
peaks, suggesting them as candidate direct targets. Pre-
dicted binding motifs for AP1, GRHL, KLF, and C/EBP
were enriched in HDAC3 peaks as well as in the promot-
ers of genes up-regulated in Hdac3 and Ncor1/Ncor2 epi-
dermal mutants (Figs. 3D,E, 5B; Supplemental Tables
S5, S6, S10). DLX and LHX transcription factor binding
motifs, which were enriched in the promoters of down-
regulated genes (Supplemental Fig. S6B,C; Supplemental
Tables S7, S8), were not among the most highly signifi-
cantly enriched motifs in HDAC3 binding peaks, suggest-
ing that HDAC3’s effects on genes down-regulated in
Hdac3 mutants may mainly be indirect. These observa-
tions, together with our analyses of the predicted func-
tions of up-regulated versus down-regulated genes in
Hdac3 mutants, are consistent with the notion that
HDAC3 acts predominantly as a transcriptional repressor
in embryonic epidermis. Together, these data imply im-
portant functional interactions between HDAC3 and
AP1, GRHL, KLF, and C/EBP familymembers and suggest
that one ormore of these transcription factors may recruit
HDAC3 to its target sites in epidermal chromatin.

Epidermal deletion of Klf4 partially phenocopies Hdac3
deletion

The data presented above suggest possible interactions be-
tween HDAC3 and AP1, GRHL, KLF, and C/EBP
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Figure 4. Deletion of Rela prevents up-regulation of inflamma-
tory genes but does not rescue structural abnormalities in
Hdac3 mutant epidermis. (A) qPCR analysis demonstrates that
deletion of Rela prevents up-regulation of inflammatory genes
Ccl20 and Tnf but not up-regulation of structural genes Sprr1a
and Tgm1 in Hdac3-deleted epidermis; n=5 control; n=5 in-
duced K5-rtTA tetO-Cre Hdac3fl/fl Relafl/+; n= 4 induced K5-
rtTA tetO-Cre Hdac3fl/fl Relafl/fl animals. (∗) P <0.05; (∗∗) P<
0.01; (∗∗∗) P< 0.001; (∗∗∗∗) P<0.0001, ordinary one-way ANOVA
with multiple comparisons. Error bars indicate SEM. (B–D)
H&E staining shows that deletion of Rela does not rescue struc-
tural abnormalities in Hdac3 mutant epidermis, including com-
paction of the stratum corneum (cf. red arrowheads) and
enlarged suprabasal cells (yellow arrowheads). (E–G) Immunoflu-
orescence for K14 and HDAC3 demonstrates that HDAC3 pro-
tein is deleted in induced K5-rtTA tetO-Cre Hdac3fl/fl Relafl/+

and K5-rtTA tetO-Cre Hdac3fl/fl Relafl/fl epidermis. (H–P) Immu-
nofluorescence for the basal layer marker K14, spinous layer
marker K10 (H–J) and granular layer markers LOR (K–M) and
FLG (N–P) show that deletion of Rela does not rescue expanded
K14 expression and appearance of K14/K10-, K14/LOR-, and
K14/FLG-double-positive cells in Hdac3 mutant epidermis
(white arrowheads). Scale bars, 25 µm.
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transcription factors in epidermal development. Among
these, the KLF family member KLF4 is well established
as a critical regulator of embryonic epidermal differentia-
tion. Global loss of KLF4 results in perinatal lethality sec-
ondary to epidermal barrier dysfunction, while ectopic
expression of KLF4 in embryonic epidermal basal cells
causes premature barrier formation (Segre et al. 1999; Jau-
bert et al. 2003). Importantly, KLF familymembers can act
as both transcriptional activators and repressors, depend-
ing on the target gene and cellular context. For example, in
intestinal epithelial cells, KLF4 promotes expression of in-
testinal alkaline phosphatase through recruitment of the
histone acetyltransferase p300 and represses expression
of cyclin B1 through recruitment of HDAC3 (Evans et al.
2007). We therefore chose to interrogate KLF4 as a poten-
tial HDAC3 binding partner.

To ask whether epidermal-specific deletion of Klf4 re-
sembled the Hdac3 mutant phenotype, we used the K5-
rtTA tetO-Cre system in conjunction with a Klf4 condi-
tional loss-of-function allele. Quantitative RT-PCR (Fig.
6A) and immunofluorescence confirmed efficient KLF4
deletion in mutant epidermis (Fig. 6E,F). Importantly, ex-
pression of HDAC3 was unaffected by Klf4 deletion (Fig.
6A,G,H), and KLF4 expression was not perturbed by loss
of HDAC3 (Fig. 6O,P) or NCoR/SMRT (Fig. 6Q,R). Epider-
mal Klf4 knockouts were born at expected numbers but
died perinatally. Dye exclusion assays demonstrated
that loss of epidermal KLF4 resulted in barrier dysfunction
(Fig. 6B). Thus, epidermal-specific deletion of Klf4 phe-
nocopied global deletion, demonstrating that the barrier
defect observed in global knockouts is a primary defect,
rather than secondary to loss of KLF4 in another tissue.

Klf4mutant epidermis showed compaction of the corni-
fied layer, which was also observed in Hdac3 and Ncor1/
Ncor2 mutants (Fig. 6C,D). Klf4 mutant epidermis strati-
fied and expressedmarkers of the basal, spinous, and gran-
ular layers (Fig. 6I–N). Notably, LOR expression was
patchy and decreased (Fig. 6K,L). FLG expression was dis-
organized and also diminished (Fig. 6M,N). The decreased
expression of both LOR and FLG is consistent with
previously published work establishing a role for KLF4
in promoting expression of a subset of epidermal differen-
tiation genes (Boxer et al. 2014). These data indicate that
KLF4’s functions in the epidermis partially overlap with
those of HDAC3 and are also consistent with additional
roles for KLF4 as a transcriptional activator.

To determine whether KLF4 and HDAC3 share a sub-
set of target genes, we performed transcriptional profil-
ing of epidermis from five Klf4 mutants and six control
littermates at E18.5 and compared the results with the
gene expression changes found in Hdac3 mutant epider-
mis (Supplemental Tables S11, S12). Strikingly, over
40% of transcript cluster IDs up-regulated in Hdac3 mu-
tants were also up-regulated in Klf4 mutants, which
was highly statistically significant (Fig. 6S). We per-
formed DAVID functional annotation analyses on com-
monly up-regulated genes and found that these genes
are involved in multiple biologic processes including ker-
atinocyte differentiation and inflammatory signaling
(Fig. 6T).

HDAC3 and KLF4 interact in embryonic epidermis
and show overlapping binding at genomic loci

Immunofluorescence for HDAC3 (Fig. 6U) and KLF4 (Fig.
6U′) in wild-type E18.5 epidermis showed that these pro-
teins are coexpressed in suprabasal cell nuclei (Fig. 6U′′),
and coimmunoprecipitation demonstrated that HDAC3
complexes with KLF4 (Fig. 6V). In line with these results,
proximity ligation assay, which detects in situ protein–
protein interaction (Fredriksson et al. 2002; Bagchi et al.
2015), showed that HDAC3 and KLF4 proteins lie within
40 nm of each other in wild-type E18.5 suprabasal nuclei
(Fig. 6W–Z). This finding is consistent with studies dem-
onstrating that KLF4 complexes with HDAC3 to repress
target gene expression in intestinal epithelial cells and
odontoblasts (Evans et al. 2007; Tao et al. 2019).

To determine whether HDAC3 and KLF4 localize to
overlapping sites in the genome, we performed ChIP-seq
for KLF4 in wild-type E18.5 epidermis (Supplemental Ta-
ble S13) and compared the results with our HDAC3
ChIP-seq data (Supplemental Table S9). We found that
>25% of HDAC3 binding sites were also occupied by
KLF4, which was highly statistically significant (Fig. 7A;
Supplemental Table S14). HOMER motif enrichment
analysis showed that theKLFmotifwas enriched at shared
HDAC3/KLF4 peaks, validating our ChIP-seq data. In ad-
dition, GRHL, AP1, and C/EBP motifs were enriched at
these binding sites, indicating the possible existence of
multi-protein repressive complexes at a subset of target
genes (Fig. 7B; Supplemental Table S15). In line with
this, the AP1 predicted binding site was among the most
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Figure 5. ChIP-seq for HDAC3 in E18.5 wild-type epidermis re-
veals sites of HDAC3 localization and identifies putative
HDAC3-binding partners. (A) Distribution of HDAC3-binding
sites relative to known genes. (B) AP1, GRHL, KLF, and C/EBP
transcription factor-binding motifs are the most significantly en-
riched motifs in HDAC3 peaks.
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significantly enrichedmotifs in the promoters of genes up-
regulated inHdac3mutants (Fig. 3D; Supplemental Table
S5) and the GRHL and C/EBP motifs were also signifi-
cantly enriched in this data set (Supplemental Table S5).

HDAC3 and KLF4 function both together
and independently to regulate a subset
of differentiation genes

To identify candidate genes that might be coregulated by
HDAC3 and KLF4, we focused on those that were up-reg-
ulated upon both Hdac3 deletion and Klf4 deletion and
had overlapping peaks for HDAC3 and KLF4 binding in
the vicinity of the gene body (Supplemental Table S16).
Genes that met these criteria included many epidermal
differentiation genes, including envoplakin, transglutami-

nase 1, β-defensin 1, andmembers of the late cornified en-
velope (LCE), short protein-rich repeat protein (SPRR) and
S100 families; genes that are up-regulated in response to
damage, including keratins 6a, 16, and 17 (McGowan
and Coulombe 1998); and aquaporin-3 (Apq3), encoding
a glycerol and water channel that shows abnormal expres-
sion in multiple skin disorders (Voss et al. 2011).
To determine whether HDAC3 and KLF4 directly core-

gulate gene expression, we first determined whether puta-
tive shared targets, including Tgm1, Krt16, Aqp3, Sprr1a,
and Krt17 (Fig. 7C–E; Supplemental Figs. S7A,B), were up-
regulated in the same cell types in both mutants. RNA-
scope (Wang et al. 2012) demonstrated that Tgm1was pre-
maturely expressed in suprabasal cells in both mutants
(Fig. 7F–I), and immunofluorescence demonstrated that
expression of both keratin 16 (Fig. 7J–M) and AQP3 (Fig.
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Figure 6. Epidermal deletion of Klf4 partially pheno-
copies Hdac3 deletion and KLF4 complexes with
HDAC3 in suprabasal nuclei. (A) qRT-PCR analysis
demonstrates that Klf4 is efficiently recombined using
the K5-rtTA tetO-Cre Klf4fl/fl-inducible system. n =5.
(∗∗) P<0.01, unpaired two-tailed Student’s t-test. Error
bars indicate SEM. (B) Dye exclusion assay shows that
Klf4 mutant epidermis fails to exclude dye at E18.5.
(C,D) H&E staining demonstrates compaction of the
stratum corneum (cf. red arrowheads) in E18.5 Klf4 mu-
tant epidermis. (E,F ) Immunofluorescence for K14 and
KLF4 demonstrates that KLF4 protein is lost in E18.5
Klf4 mutant epidermis. (G,H) Immunofluorescence for
K14 and HDAC3 demonstrates that HDAC3 protein ex-
pression is unchanged in E18.5 Klf4 mutant epidermis.
(I–N) Immunofluorescence for the basal layer marker
K14, spinous layer marker K10 (I,J) and granular layer
markers LOR (K,L), and FLG (M,N) demonstrates that
E18.5 Klf4 mutant epidermis stratifies and expresses
terminal differentiation markers, but LOR and FLG ex-
pression are decreased and patchy. (O,P) Immunofluo-
rescence for K14 and KLF4 in E18.5 Hdac3 mutant
and control epidermis demonstrates that KLF4 expres-
sion is not affected by loss of HDAC3. (Q,R) Immuno-
fluorescence for K14 and KLF4 in E18.5 Ncor1/Ncor2
mutant and control epidermis demonstrates that KLF4
expression is not affected by loss of NCoR/SMRT. (S)
Venn diagram demonstrating significant overlap in
transcript cluster IDs up-regulated upon Hdac3 dele-
tion and up-regulated upon Klf4 deletion. P<0.0001,
two-tailed χ2 test with Yates correction. (T ) DAVID
analysis for genes up-regulated in both Hdac3 mutant
epidermis and Klf4 mutant epidermis reveals that these
commonly up-regulated genes are involved in keratino-
cyte differentiation, inflammation, cell–cell adhesion
and lipid biosynthesis. (U–U′ ′) HDAC3 and KLF4 coloc-
alize to suprabasal nuclei in wild-type E18.5 epidermis.
Scale bars, 25 µm. (V ) HDAC3 and KLF4 coimmunopre-
cipitate in wild-type E18.5 epidermis. (W–Z) Proximity
ligation assay demonstrates that HDAC3 and KLF4 lie
within 40 nm of each other in suprabasal nuclei of
wild-type E18.5 epidermis (Z). Positive control using
two different antibodies to HDAC3 (W ) and negative
controls using a single antibody (X) and Hdac3-deleted
epidermis (Y ) provide assay validation.
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7N–Q) was increased in suprabasal cells in both mutants.
These data are consistentwith amodel inwhichKLF4 and
HDAC3 interact in suprabasal epidermis to corepress
Tgm1, Krt16, and Aqp3.

Like Tgm1, Krt16, and Aqp3, Sprr1a and Krt17 were
highly up-regulated in both Hdac3 and Klf4 mutant epi-
dermis. However, we found that Sprr1a was prematurely
expressed in suprabasal cells in Hdac3 mutants but was
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Figure 7. HDAC3 and KLF4 coregulate a sub-
set of target genes, but HDAC3 binding to
these targets is independent of KLF4.
(A) Venn diagram demonstrating significant
overlap in HDAC3 and KLF4 ChIP-seq peaks
in wild-type E18.5 epidermis. P <0.0001, two-
tailed χ2 test with Yates correction. (B) HO-
MER motif analysis demonstrates that the
GRHL, AP1, KLF, and C/EBP motifs are en-
riched in shared HDAC3/KLF4 ChIP-seq
peaks. (C–E) ChIP-seq tracts for HDAC3
(blue) and KLF4 (red) showing overlap in
HDAC3- and KLF4-binding sites at Tgm1 (C ),
Krt16 (D), and Aqp3 (E). HOMER-called peaks
are indicated by filled blue (HDAC3) or red
(KLF4) rectangles under the ChIP-seq tracts.
AP1-binding motifs are indicated by a circle,
GRHL-binding motifs are indicated by a trian-
gle, and KLF-binding motifs are indicated by a
star. C/EBP binding motifs were not present at
these called peaks. (F,G) RNAscope for Krt14
and Tgm1 demonstrates that Tgm1 expression
is up-regulated and expanded in E18.5 Hdac3
mutant epidermis; white arrowheads indicate
inappropriate expression in basal and immedi-
ately suprabasal cells. (H,I ) RNAscope for
Krt14 and Tgm1 demonstrates that Tgm1 ex-
pression is up-regulated and expanded in
E18.5 Klf4 mutant epidermis; white arrow-
heads indicate inappropriate expression in
basal and immediately suprabasal cells. (J,K )
Immunostaining for K14 and K16 reveals that
K16 expression is increased and expanded in
suprabasal cells in Hdac3 mutant epidermis.
(L,M ) Immunostaining for K14 andK16 reveals
that K16 expression is increased and expanded
in suprabasal cells in Klf4 mutant epidermis.
(N,O) Immunostaining for K14 and aquaporin
3 (AQP3) reveals that AQP3 expression is in-
creased in suprabasal cells in Hdac3 mutant
epidermis. (P,Q) Immunostaining for K14 and
AQP3 reveals that AQP3 expression is in-
creased in suprabasal cells in Klf4 mutant epi-
dermis. (R) ChIP-qPCR for IgG (open symbols)
and KLF4 (closed symbols) in control (black
symbols) and Klf4-null (red symbols) epider-
mis validates KLF4 binding at two different
loci at Tgm1, as well as binding at Krt16 and
Aqp3; n>3 independent biological samples
for each experiment. (∗) P<0.05; (∗∗) P <0.01;
(∗∗∗∗) P <0.0001, ordinary one-way ANOVA
withmultiple comparisons. Error bars indicate
SEM. (S) ChIP-qPCR for IgG (open symbols)
and HDAC3 (closed symbols) in control (black

symbols) and Klf4-null (blue symbols) epidermal chromatin demonstrates that HDAC3 binding at two different loci at Tgm1, as well as
binding atKrt16 andAqp3, is enriched in control epidermis relative to control IgG and is not dependent on KLF4. A sequencewithin exon
2 of the insulin gene (Ins1) was used as a negative control locus. n=3 independent biological samples in each experiment. (∗) P <0.05; (∗∗) P
<0.01; (∗∗∗) P<0.001; (∗∗∗∗) P<0.0001, ordinary one-way ANOVA with multiple comparisons. Error bars indicate SEM. ChIP-seq and all
ChIP-qPCR experiments were performed on epidermis that had been separated from whole skin. Scale bars, 10 µm.
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up-regulated in its normal location in the granular layer in
Klf4 mutants (Supplemental Fig. S7C–F). Krt17 expres-
sion, which is normally restricted to hair follicles, was
broadly expressed in the basal layer of Hdac3 mutant epi-
dermis, but was up-regulated only in hair follicle-associat-
ed cells in Klf4mutants (Supplemental Fig. S7G–J). These
data suggest that, unlike their coordinate actions at the
Tgm1,Krt16, andAqp3 genes, HDAC3 and KLF4 act inde-
pendently and in different cell types to repress Sprr1a and
Krt17.
Analysis of NS-DAD mutants indicated that HDAC3’s

requirements in epidermal stratification are largely inde-
pendent of its histone deacetylase activity. Previous find-
ings showed that, while histone hyperacetylation is
increased and target genes are up-regulated in Hdac3-de-
leted liver cells, introduction of deacetylase-dead
HDAC3 rescuedHDAC3-mediated transcriptional repres-
sion but not histone hyperacetylation (Sun et al. 2013).
Thus, although not playing a major role in transcriptional
repression, HDAC3’s enzymic activity can still cause
deacetylation of histones at its target genes. In line with
this, we found evidence of increased acetylation of H3K9
atTgm1,Krt16, andAqp3 loci inHdac3mutant compared
with control epidermal chromatin (Supplemental Fig. S8).
ChIP-qPCR for KLF4 (Fig. 7R) and HDAC3 (Fig. 7S) con-

firmed that these factors localize specifically to regions of
Tgm1,Krt16, andAqp3 that contain overlappingChIP-seq
peaks for HDAC3 and KLF4. We therefore asked whether
localization of HDAC3 to these loci is dependent on
KLF4. ChIP-qPCR for HDAC3 showed that HDAC3 bind-
ing was enhanced relative to control IgG at these sites in
both control andKlf4-null epidermis (Fig. 7S), demonstrat-
ing that KLF4 is not required to recruit HDAC3 to these
targets. Interestingly, several of the interrogated loci also
containbindingmotifs forAP1and/orGRHLtranscription
factors (Fig. 7C,E; Supplemental Fig. S7A,B), consistent
with the motif enrichment analysis of HDAC3 peaks and
HDAC3/KLF4 shared peaks (Figs. 5B, 7B; Supplemental
Tables S10, S15). While these data do not preclude the ex-
istence of additional sites that requireKLF4 forHDAC3 lo-
calization, our results suggest that HDAC3 and KLF4 can
participate in large multiprotein complexes containing
AP1 and/or GRHL family members, and indicate that
HDAC3 recruitment to a subset of its targets could be de-
pendentonAP1orGRHLtranscription factors, rather than
KLF4.

Discussion

Unlike other class I HDACs that have broad general
functions, HDAC3 operates in a highly tissue-specific
manner by associating with cell type-specific transcrip-
tion factors (Emmett and Lazar 2019). Here, we show
that HDAC3 plays an essential role in establishing the
epidermal barrier during embryonic development. Epi-
dermal deletion of either HDAC3 or its corepressors
NCoR and SMRT results in failure of the normal, orderly
process of epidermal stratification, expansion of basal
layer markers, and premature expression of differentia-

tion genes. We found that stability of epidermal
HDAC3 in vivo is dependent on NCoR and SMRT; how-
ever, HDAC3’s functions in regulating epidermal stratifi-
cation appear to be independent of its histone
deacetylase activity as mice homozygous for point muta-
tions in the NCoR and SMRT deacetylase-activating do-
mains are viable and lack epidermal differentiation
defects. Our data show that HDAC3-bound sites are en-
riched for predicted binding motifs for critical epidermal
transcription factors including AP1, GRHL, and KLF
family members. Among these, HDAC3 functions with
KLF4 to corepress Tgm1, Krt16, and Aqp3, and indepen-
dently from KLF4 in repressing Sprr1a and Krt17. Inter-
estingly, HDAC3 localization to the shared HDAC3/
KLF4 target sites analyzed in this study was independent
of KLF4, indicating importance of additional factors and
suggesting that these function in multi-protein complex-
es to mediate repression.
The epidermal phenotypes caused by Hdac3 or Ncor1/

Ncor2 deletion differed from the effects of codeletion of
two other members of the class I HDAC family, Hdac1
and Hdac2. In contrast to disordered differentiation in
Hdac3 or Ncor1/Ncor2 mutants, Hdac1/Hdac2 double-
mutant epidermis completely failed to stratify and exhib-
ited progressive failure of proliferation and survival of epi-
dermal progenitor cells that could be explained in part by
derepression of the senescence gene p16/Ink4 and hyper-
acetylation of p53 (LeBoeuf et al. 2010). These observa-
tions are in line with the known association of HDAC1/
2 andHDAC3with distinct transcriptional repressor com-
plexes (Yang and Seto 2008).
Unlike HDAC1/2, HDAC3’s functions in embryonic

epidermal stratification appear to be independent of its
histone deacetylase activity, suggesting that it may func-
tion primarily as a scaffolding factor in this context.While
our studies focusedonembryonic epidermal development,
it will be important in the future to elucidate whether or
not HDAC3’s roles in postnatal epidermis in homeostasis
and in hyperproliferative skin conditions require its enzy-
matic functions. If not, therapeutics designed to block the
deacetylase activity of class I HDACsmaypartiallymimic
the effects of genetic loss ofHdac1/2 in the epidermis but
would not be expected to reproduce phenotypes caused by
Hdac3 deletion.
Our results showed highly significant overlap in genes

dysregulated in Hdac3 and Ncor1/Ncor2 mutant epider-
mis. However, premature expression of differentiation
genes was more pronounced in Ncor1/Ncor2 epidermal
mutants than in Hdac3 mutants, and Ncor1/Ncor2 mu-
tants displayed an additional phenotype of epidermal
thickening that was not apparent in Hdac3 mutants.
These observations indicate that NCoR/SMRT perform
additional, HDAC3-independent roles in the epidermis.
This will be an interesting area for future studies.
Embryonic epidermis lacking either HDAC3 or NCoR/

SMRT was characterized by increased expression of in-
flammatory genes such as Ccl20 and Tnf that are known
to be regulated in part through NF-κB signaling. In line
with this, NF-κB predicted binding sites were enriched
in the promoters of up-regulated genes in Hdac3 mutant
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epidermis, and enhanced expression of inflammatory
genes in Hdac3 mutants was rescued by codeletion of
Rela. Importantly, Rela deletion did not rescue perinatal
lethality, disordered stratification, or premature expres-
sion of differentiation markers in Hdac3 mutant epider-
mis, indicating that these phenotypes are not caused by
dysregulated expression of inflammatory molecules.

HDAC3 peaks and the promoters of genes up-regulated
upon loss of Hdac3 were enriched for the AP1-, GRHL-,
KLF-, and C/EBP-bindingmotifs, suggesting functional in-
teractions between HDAC3 and members of these tran-
scription factor families. We chose to focus on potential
interactions of HDAC3 with KLF4, which has a well-es-
tablished role in epidermal development. Our data
showed that HDAC3 and KLF4 coregulate a subset of tar-
get genes, including Tgm1, Krt16, and Aqp3. Our finding
that HDAC3 represses expression of Aqp3 is in line with
previous studies performed in cultured primary murine
keratinocytes (Choudhary et al. 2017); our results further
suggest a novel function for KLF4 as a corepressive partner
for HDAC3 in regulation of Aqp3 expression.

Interestingly, we found that KLF4 is not required for
HDAC3 stability or for its binding at these loci, suggesting
thatHDAC3 localizationmay depend on additionalmem-
bers of a multiprotein repressive complex. In agreement
with motif enrichment analyses, most of the HDAC3/
KLF4 binding sites that we studied in detail contain pre-
dicted AP1 and/or GRHL consensus motifs. For example,
one of the Tgm1 loci we examined contains a predicted
GRHL binding site, suggesting that both HDAC3 and
KLF4may be targeted to this site by a GRHL familymem-
ber. In line with this, GRHL3 is known to bind the Tgm1
gene locus and control its expression (Boglev et al.
2011). Predicted AP1 and C/EBP binding sites were also
highly significantly enriched inHDAC3 binding peaks, in-
cluding at some sites that are also bound by KLF4;
thus, in addition to GRHL family members, AP1 and C/
EBP are candidates as factors that target HDAC3 to chro-
matin. Consistent with this, recent evidence shows that
AP1,GRHL, andC/EBP familymembers function to estab-
lish chromatin accessibility by interactingwith chromatin
remodeling factors, and can recruit additional transcrip-
tion factors to their target sites in various tissues (Biddie
et al. 2011; Grøntved et al. 2013; Vierbuchen et al. 2017;
Chen et al. 2018; Jacobs et al. 2018). In future studies, it
will be important to determine whether one or more of
these transcription factors is required for HDAC3 recruit-
ment to its targets. In addition, further studiesmay identi-
fy additional sites in epidermal chromatin that require
KLF4, and/or other KLF family members, for HDAC3
localization.

Our studies highlight the role of KLF4 in repressing ab-
errant expression of a subset of epidermal genes, and are in
line with previous data demonstrating up-regulation of
Sprr family members in Klf4-deleted epidermis and cor-
nea (Patel et al. 2003; Swamynathan et al. 2008). However,
KLF4 also functions to activate specific sets of epidermal
differentiation genes (Sen et al. 2012; Boxer et al. 2014).
Our microarray data are consistent with these dual roles
for KLF4, as we identified a substantial number of down-

regulated genes as well as upregulated genes in Klf4 mu-
tant epidermis.

In summary, our data suggest amodel inwhichHDAC3
represses its targets by scaffolding amultiprotein complex
that includes NCoR and SMRT, which are required for
HDAC3 stability, and interacts with KLF4 to repress a
subset of its transcriptional targets. However, KLF4 is
not required for HDAC3’s recruitment to several target
sites examined in this study; thus, additional transcrip-
tion factor(s) are likely to recruit HDAC3 to these sites.
HDAC3 binding peaks, and genes up-regulated in Hdac3
and Ncor1/Ncor2 mutants, are highly significantly en-
riched for AP1, GRHL, and C/EBP, as well as KLF, binding
motifs, identifying members of these transcription factor
families as candidate factors that target HDAC3 to its
binding sites. Our detailed analyses of several HDAC3
binding peaks reveal that these often contain motifs for
several different transcription factor families, suggesting
that repression is achieved by complexes containing spe-
cific combinations of multiple transcription factors.
This unexpected complexity sheds new light on themech-
anisms by which HDAC3 achieves target specificity.
While the current study focused on the developing epider-
mis, our findings provide a paradigm for understanding
HDAC3’s functions and mechanisms of action in other
tissues.

Materials and methods

Generation of mice

Mice were maintained on a mixed C57BL/6/FVB/N/SJL back-
ground in a specific pathogen-free barrier facility on a standard
light–dark cycle. Mice carrying the Hdac3 floxed allele
(McQuown et al. 2011) were crossed with mice carrying the K5-
rtTA (Diamond et al. 2000) and tetO-Cre transgenes (Perl et al.
2002). K5-rtTA tetO-Cre Hdac3fl/fl animals were considered
Hdac3 mutants. Littermates homozygous for the Hdac3 floxed
allele lacking K5-rtTA, tetO-Cre, or both were used as controls.
For experiments using the K14-Cre transgene (Dassule et al.
2000), K14-Cre Hdac3fl/fl animals were considered mutants;
K14-Cre Hdac3fl/+ and Hdac3fl/fl littermates were used as con-
trols. The same experimental setup as described for the K5-
rtTA tetO-Cre Hdac3 floxed experiments was used for the Klf4
floxed (Katz et al. 2002), Ncor1 floxed (Yamamoto et al. 2011),
Ncor2 floxed (Shimizu et al. 2015), and Ncor1 floxed/Ncor2
floxed mice. For the Hdac3 floxed/Rela floxed (Heise et al.
2014) experiments, K5-rtTA tetO-Cre Hdac3fl/fl Relafl/+ males
were crossed with Hdac3fl/fl Relafl/fl females to generate K5-
rtTA tetO-Cre Hdac3fl/fl Relafl/fl genetic rescue animals, K5-
rtTA tetO-Cre Hdac3fl/fl Relafl/+ Hdac3mutant animals and con-
trol animals lacking K5-rtTA, tetO-Cre or both. For experiments
using NCoR deacetylase-activating domain (DAD) mutant mice
(Alenghat et al. 2008) and SMRT DAD mutant mice (You et al.
2013), experimental animals were homozygous for both mutant
alleles. Crossing double-heterozygous animals to generate dou-
ble-homozygous mutants and wild-type littermate controls is
highly inefficient, so double-homozygous and wild-type lines
were bred separately to generate experimental and control
animals.
For timed mating experiments, embryonic ages were deter-

mined from the time of appearance of a vaginal plug (E0.5). To in-
duce gene deletion, females were fed chow containing 1 g/kg
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doxycycline from E8.5 to the time of embryo collection. All ex-
periments were performed following approved animal protocols
according to institutional guidelines established by the Universi-
ty of Pennsylvania IACUC committee. Embryos of both sexes
were analyzed, and no sex-specific differences were observed.

Dye exclusion assay

Dye exclusion assayswere performed as described previously (Hé-
bert et al. 1994).

Histology and immunostaining

Immunostaining was performed as described previously
(Zhang et al. 2009). See Supplemental Table S17 for antibody
information.

Epidermal isolation

Following euthanasia, skin was removed and floated dermis side
down on 2.4 U/mL Dispase II (Gibco) in PBS for 75 min at 37°C.
Epidermis was peeled from dermis using fine forceps.

Preparation of cell envelopes

Epidermis was isolated and heated for 10 min to 100°C in the
presence of 2% SDS and 25 mM DTT. Corneocytes were exam-
ined and photographed by phase-contrast microscopy.

Transmission electron microscopy

Fresh skin was dissected into small pieces and fixed by immer-
sion in 2% paraformaldehyde and 2.5% glutaraldehyde in 0.1 M
PBS (pH 7.4) at room temperature. Tissue was postfixed with
0.2% ruthenium tetroxide, dehydrated, and embedded in agar
100 resin. Ultrathin sections were contrasted with uranyl acetate
and lead citrate and examined with a transmission electron
microscope.

Proximity ligation assay

Proximity ligation assay was performed as described (Bagchi et al.
2015), with modifications (see the Supplemental Material).

Microarray analysis

Epidermis was collected as described and homogenized in TRIzol
reagent (Invitrogen). Total RNAwas extracted using the RNeasy
kit (Qiagen). Microarray services were provided by the UPENN
Molecular Profiling Facility, including quality control tests of
the total RNA samples by Agilent Bioanalyzer and Nanodrop
spectrophotometry. All protocols were conducted as described
in theAffymetrixWTPlus reagent kitmanual and theAffymetrix
GeneChip expression analysis technical manual. See the Supple-
mental Material for detailed protocols and a description of bioin-
formatic analyses.
Microarray data sets are available in the GEO repository

(GSE137233 and GSE137234).

Quantification of transcript levels by qPCR

Epidermis was collected and total RNA was extracted as de-
scribed. RNA (0.5–2 µg) was reverse-transcribed using the high-
capacity cDNA reverse transcription kit (Applied Biosystems).
Complementary DNAwas analyzed by qPCRwith technical rep-

licates in triplicate using the ViiA 7 system and software (Applied
Biosystems) and Power SYBR Green PCR master mix (Applied
Biosystems). Data were normalized to 18s expression. Primer se-
quences are listed in Supplemental Table S18.

RNAscope

RNAscope was performed on frozen tissue sections following the
user manual provided by Advanced Cell Diagnostics. The follow-
ing probes were used: Mm 3-plex-positive control probe (ACD
320881), 3-plex-negative control (ACD 320871), Mm-Krt14
(ACD 422521), Mm-Sprr1a-C2 (ACD 426871-C2), and Mm-
Tgm1-C3 (custom). Fluorescein was used at 1:1500 for C1 probe
and Cy3 was used at 1:1500 for C2 and C3 probes.

Immunoprecipitation and Western blotting from isolated epidermis

Epidermis was isolated as described. Samples for Western blot
analysis were homogenized in RIPA buffer (Santa Cruz Biotech-
nology 24948). Coimmunoprecipitations were performed using
the nuclear complex co-IP kit (Active Motif 54001). See Supple-
mental Table S17 for antibody information.

ChIP-seq library preparation and sequencing

ChIP was performed independently on samples of separated epi-
dermis from at least 12 different embryos, and the input DNA
and precipitatedDNA sampleswere pooled separately. Ten nano-
grams of pooled DNA was then amplified according to the ChIP
sequencing sample preparation guide by Illumina, using adaptor
oligomers and primers from Illumina and enzymes fromNew En-
gland Biolabs. The resulting libraries were purified with the PCR
purification kit (Qiagen) and MinElute kit (Qiagen). Libraries
were assayed for overall quality and sequenced on an Illumina
HiSeq 2000 sequencer. See the Supplemental Material for de-
tailed protocols and a description of bioinformatic analyses.
ChIP-seq data sets are available in the GEO repository

(GSE137232).

ChIP-qPCR

Epidermis was separated from dermis as described above and
ChIP was performed as previously described (Emmett et al.
2017) with modifications (see the Supplemental Material). See
Supplemental Table S17 for antibody information.
DNA was analyzed by quantitative PCR with technical repli-

cates in triplicate using theViiA 7 system and software and Power
SYBR Green PCRMaster Mix. A sequence from the insulin gene
(Ins1) was used as a negative control (Feng et al. 2011). See Supple-
mental Table S18 for primer information.

Quantification and statistical analysis

We used n =5 control and n =5 experimental mice wherever pos-
sible, providing 80% power at a two-sided significance level of
0.05 to detect a difference (effect size) of 2.0s where s is the stan-
dard deviation; at a minimum, we used n =3 control and n =3 ex-
perimental mice, providing 80% power at a two-sided
significance level of 0.05 to detect a difference of 2.8s. Statistical
tests were chosen based on experimental parameters and are de-
scribed in the relevant figure legends.
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