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generates an outer protective permeability barrier that prevents water loss, entry of toxins, and microbial invasion. During
embryogenesis, the immature ectoderm initially consists of a single layer of undifferentiated, cuboidal epithelial cells that
stratifies to produce an outer layer of flattened periderm cells of unknown function. Here, we determined that periderm
cells form in a distinct pattern early in embryogenesis, exhibit highly polarized expression of adhesion complexes, and are
shed from the outer surface of the embryo late in development. Mice carrying loss-of-function mutations in the genes
encoding IFN regulatory factor 6 (IRF6), IkB kinase-a (IKKa), and stratifin (SFN) exhibit abnormal epidermal development,
and we determined that mutant animals exhibit dysfunctional periderm formation, resulting in abnormal intracellular
adhesions. Furthermore, tissue from a fetus with cocoon syndrome, a lethal disorder that results from a nonsense
mutation in /KKA, revealed an absence of periderm. Together, these data indicate that periderm plays a transient but
fundamental role during embryogenesis by acting as a protective barrier that prevents pathological adhesion between
immature, adhesion-competent epithelia. Furthermore, this study suggests that failure of periderm formation underlies a
series of devastating birth defects, including popliteal pterygium syndrome, cocoon syndrome, and Bartsocas-Papas
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Introduction

The mature epidermis consists of 4 distinct cellular layers that
undergo a constant process of displacement and renewal as cells
from the outermost, cornified layer are sloughed off (1, 2). This
process relies on a stable population of cells in the innermost bas-
al layer, which proliferate constantly to produce daughter cells
committed to terminal differentiation (3, 4). Appropriate devel-
opment of stratified, squamous, keratinizing epithelia, such as
the epidermis and oral epithelia, therefore results in the genera-
tion of an outer barrier that prevents water loss, entry of toxins,
and microbial invasion (4).

During development, the immature ectoderm initially con-
sists of a single layer of mitotically active, undifferentiated, cuboi-
dal epithelial cells that progress through a series of defined stratifi-
cation and differentiation events to produce the mature epidermis.
The first stratification event produces a secondary layer of cells
known as the periderm (4). The periderm is a single layer of flat-
tened cells that covers the developing epithelia with a continuous
layer (4-6). The periderm is believed to persist on the surface of
the developing epidermis throughout embryogenesis until shortly
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Appropriate development of stratified, squamous, keratinizing epithelia, such as the epidermis and oral epithelia,

generates an outer protective permeability barrier that prevents water loss, entry of toxins, and microbial invasion. During
embryogenesis, the immature ectoderm initially consists of a single layer of undifferentiated, cuboidal epithelial cells that
stratifies to produce an outer layer of flattened periderm cells of unknown function. Here, we determined that periderm cells
form in a distinct pattern early in embryogenesis, exhibit highly polarized expression of adhesion complexes, and are shed
from the outer surface of the embryo late in development. Mice carrying loss-of-function mutations in the genes encoding
IFN regulatory factor 6 (IRF6), IkB kinase-a (IKKa), and stratifin (SFN) exhibit abnormal epidermal development, and we
determined that mutant animals exhibit dysfunctional periderm formation, resulting in abnormal intracellular adhesions.
Furthermore, tissue from a fetus with cocoon syndrome, a lethal disorder that results from a nonsense mutation in IKKA,
revealed an absence of periderm. Together, these data indicate that periderm plays a transient but fundamental role during
embryogenesis by acting as a protective barrier that prevents pathological adhesion between immature, adhesion-competent
epithelia. Furthermore, this study suggests that failure of periderm formation underlies a series of devastating birth defects,
including popliteal pterygium syndrome, cocoon syndrome, and Bartsocas-Papas syndrome.

before birth (4-6). Despite recent advances that have increased
our knowledge of epidermal morphogenesis considerably, the
function of the periderm remains poorly understood (7).

Recently, we have demonstrated that mice homozygous for a
missense mutation in the transcription factor IFN regulatory fac-
tor 6 (IRF6), the gene mutated in the human congenital disorders
Van der Woude syndrome and popliteal pterygium syndrome (8),
exhibit a hyperproliferative epidermis that fails to undergo termi-
nal differentiation, resulting in multiple interepithelial adhesions
(9,10). This phenotype is highly similar to that characterizing mice
carrying mutations in either IkB kinase-a (IKKa) or the cell-cycle
regulator protein stratifin (SFN) (11-16). Despite these observa-
tions, which have been restricted to terminal differentiation stages
of the epidermis or to abnormalities in specific tissues such as the
developing secondary palate (10), detailed analyses of the early
epidermal phenotype of Irf6R$4/R84C, [kka”~, and Sfin”E mice have
not been undertaken.

In the current paper, we demonstrate that periderm is formed
in a distinct pattern such that it encompasses the embryo at an early
stage of development. We also show that periderm cells are highly
polarized in their expression of adhesion complex proteins and are
removed from the outer surface of the skin late in gestation by loss
of contact with the newly formed cornified cells. Furthermore, by
analyzing the early embryonic phenotype of Irf6R$/R4C Ikka",
and Sfn™® mice and performing human genetic analyses, we dem-
onstrate that failure of periderm development results in the abnor-
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Figure 1. Periderm forms in a distinct pattern during embryogenesis. (A-D) E9 epidermis consists of a single layer of p63-positive, proliferative, cuboidal
cells. (E-H) After E9, a single layer of keratin 17-positive, keratin 6-negative, proliferative, periderm cells (arrowheads) forms over the basal layer. (I-L) As
further stratification of the epidermis proceeds and terminal differentiation commences; keratin 17- and keratin 6-positive periderm cells persist on the
outermost surface (arrowheads). Proliferative periderm cells are still observed, but at a lower frequency than at earlier stages (L). (M-T) As terminal differ-
entiation continues, keratin 17 expression is lost in the periderm, although it persists in developing hair follicles (N and R, asterisks). Keratin 6 persists as a
marker of periderm at these later developmental stages (0 and S). As the cornified layer forms, periderm detaches from the epidermal surface (arrowheads
in Q and S). At later developmental stages, proliferation is restricted to the lower epidermal layers (P and T). (U-Y) Fluorescence visualization of [mK17
5']-GFP transgenic mice reveals that periderm (green) forms in a distinct pattern during embryogenesis. Although absent at E9, periderm forms first over
the developing tail and forelimb buds before spreading in a wave over the trunk and onto the head such that the embryo is covered in periderm by E14.
Embryos were counterstained with propidium iodide (red). Dotted lines indicate the position of the basement membrane. Scale bars: 25 pm.

mal interepithelial adhesions that characterize the severe congeni-
tal disorders popliteal pterygium syndrome, cocoon syndrome, and
Bartsocas-Papas syndrome.

Results

Periderm forms in a specific pattern. Despite recent advances that
have increased our knowledge of epidermal morphogenesis,
the function of periderm remains unknown (7). To provide an
overview of the periderm life cycle, we analyzed the developing
murine epidermis (Figure 1 and Supplemental Figure 1; supple-
mental material available online with this article; doi:10.1172/
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JCI71946DS1). During E9, prior to periderm formation, the epi-
dermis consisted of a single layer of proliferative, p63-positive
cuboidal cells (Figure 1, A-D, Supplemental Figure 1, and ref. 17).
An initial stratification event subsequently resulted in formation
of the proliferative, keratin 17-positive periderm above the basal
cells (Figure 1, E-H, and Supplemental Figure 1). Further strati-
fication, commencing at E13, resulted in formation of an inter-
mediate, keratin l-expressing proliferative layer between the
basal cells and the keratin 17-positive periderm; keratin 6 also
marked the periderm from this age (Figure 1, I-L, Supplemen-
tal Figure 1, C, D, and F, and ref. 18). From approximately E15,
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Figure 2. Irf6Ré4/R84¢ [kka™/-, and Sfn®* mice exhibit epithelial adhesions resulting from failure of periderm formation. (A-D) Gross morphologi-

cal analysis of E16 mice reveals a highly similar phenotype in all 3 mutant strains. (E) Histological analysis of the facial complex of E12 wild-type mice
reveals clearly separated maxillary and mandibular processes, whereas all mutant embryos (F-H) display abnormal maxillary-mandibular adhesions
(arrows). (I-L) Immunofluorescence analysis of the regions of the facial complex boxed in E-H reveals keratin 17-positive periderm cells (green) overlying
p63-positive basal cells (red) (1). (J-L) However, in all 3 mutant strains, absence of keratin 17-positive periderm cells allows abnormal fusion between
apposed p63-positive basal cells. (M-P) Transverse histological sections through hind limbs of E12 embryos reveals shortened curved limbs in all 3
mutant strains compared with wild-type littermates. (Q-T) Immunofluorescence analysis of keratin 17 (green) and p63 (red) reveals a continuous layer of
keratin 17-positive periderm cells (arrowheads) overlying a layer of P63-positive basal cells in the epidermis of E12 wild-type mice (Q). (R-T) Similar anal-
yses of mutant embryos reveal a thickened, disorganized basal layer with all cells expressing p63. Limited, weak expression of keratin 17 is observed in
the epidermis of /rf6R84¢/Ré4C and [kka™- embryos compared with wild-type littermates (R and S). Patchy expression of keratin 17 is occasionally observed
on the outermost surface of the epidermis of Sfnf7é embryos (T). max, maxilla; mand, mandible. Scale bars: 100 pm (E-H; M-P); 50 um (I-L; Q-T).

keratin 17 expression was downregulated in the periderm and
keratin 6 became a better marker for these cells (Figure 1, N and
O, and Supplemental Figure 1, C and D). During E16, the epider-
mis began the terminal differentiation program with formation
of the loricrin-positive granular layer above which a continuous
layer of keratin 6-positive periderm cells was observed (Figure 1,
M-O, and Supplemental Figure 1G); however, when the outer-
most cornified layer had formed, the keratin 6-positive periderm
detached from the epidermal surface (Figure 1, Q-S). Analyses

of epidermal proliferation via BrdU incorporation and phospho-
histone H3 immunofluorescence revealed multiple labeled cells
within the basal and periderm layers (Figure 1, D, H, L, P, and T,
and Supplemental Figure 1E). Quantification of the percentage
of BrdU-positive cells during early epidermal development dem-
onstrated a constant rate of proliferation within the basal layer,
whereas the number of cell divisions within the periderm layer
significantly reduced as differentiation of the underlying epider-
mis progressed (Supplemental Figure 2).
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Figure 3. Irf6, IKKa, and SFN are expressed in periderm early in epider-
mal development. (A and B) Section in situ hybridization reveals expres-
sion of Irf6 in the periderm of wild-type embryos at E12, with a similar
pattern being observed in the multilayered epidermis at E14. (C and D)
Immunofluorescence analyses reveal expression of Ikka in the periderm

of wild-type embryos at E12 and E14. (E and F) Similarly, expression of Sfn
is observed exclusively in the periderm of the developing epidermis of wild-
type embryos at E12 and E14. The dotted line indicates the position of the
basement membrane. Scale bars: 50 pm.

To visualize the pattern of periderm formation over the devel-
oping embryo in whole mount, we used [mK17 5']-GFP transgenic
mice in which GFP expression is driven by the keratin 17 promoter
(Figure 1, U-Y, and Supplemental Figure 1). Expression of GFP in
these mice recapitulates endogenous keratin 17 expression during
embryogenesis (ref. 19 and Supplemental Figure 1, A-C). While
no expression of GFP was observed in E9 [mK17 5]-GFP trans-
genic embryos (Figure 1U), GFP expression was detected over the
developing tail and forelimbs at E10 (Figure 1V). Subsequently,
GFP expression was observed in the fore- and hind limb buds and
spreading over the trunk and developing facial complex (Figure
1W). By E12, expression of GFP was almost continuous over the
developing limbs, trunk, and facial complex (Figure 1X) such that
GFP expression was observed over the entire body of [mK175']-GFP
transgenic mice by E14 (Figure 1Y). From approximately E15, kera-
tin 17 expression was reduced in periderm cells and was induced
in the embryonic ectoderm that is recruited for placode formation
(Figure 1, N, R, Y, Supplemental Figure 1, A-C, and refs. 19, 20).

We have previously suggested a functional role for periderm
within the oral cavity (10); however, detailed characterization of
the life cycle of this layer has not been performed. Therefore, we
carried out similar analyses of oral epithelial periderm formation
(Supplemental Figure 3). Similar to the epidermis, oral periderm
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formed in a patterned manner, initially over the developing facial
complex at E10.5 and later over the secondary palate (Supplemen-
tal Figure 3A). From E12.5, strong expression was also observed in
the developing tooth germs. Immunofluorescence analysis of the
oral epithelium revealed a delay in stratification when compared
with the epidermis, with proliferative, keratin 17-positive periderm
cells being observed only after E10.5 (Supplemental Figure 3, A-C
and E). As differentiation and stratification continued, proliferation
and expression of keratin 1, E-cadherin, and loricrin was similar to
that observed during epidermal development. At E12-E14, expres-
sion of p63 and keratin 6 and/or 17 expression remained mutually
exclusive, whereas keratins 6 and 17 persisted in the intermediate
layers of the oral epithelium from E16, with some cells additionally
expressing p63 (Supplemental Figure 3, B-G).

Irf6R34/R84C Thka”, and Sfn™"* mice lack periderm formation. We
noted that mice carrying loss-of-function mutations in the transcrip-
tion factor IRF6, the NF-kB pathway component IKKa, and the cell-
cycle regulator protein SFN exhibit highly similar defects of strati-
fied, squamous, keratinizing epithelia, with the epidermis failing to
undergo a normal differentiation program, resulting in absence of
the granular and cornified layers. Consequently, multiple interepi-
thelial adhesions among the hind limbs, tail, and body wall were
observed (Figure 2, A-D, and refs. 9-16, 21). We analyzed the early
epidermal phenotype inthe corresponding mutant mice and demon-
strated that interepithelial adhesions were present prior to the com-
mencement of terminal differentiation of the epidermis (Figure 2,
E-T). At E12, histological analysis of the facial complex revealed
clearly separated maxillary and mandibular processes in wild-type
embryos (Figure 2E), with keratin 17-positive periderm cells over-
lying p63-positive basal cells (Figure 2I). In contrast, IrfGRs4c/RS4C)
Ikka”", and Sfn®”*r embryos exhibited abnormal adhesions between
the epithelia covering these regions (Figure 2, F-H), which were
devoid of keratin 17 expression (Figure 2, J-L). Transverse histologi-
cal sections through E12 hind limbs revealed abnormal, shortened,
curved limbs in all 3 mutant strains (Figure 2, N-P) compared with
their wild-type littermates (Figure 2M). While expression of p63
and keratin 17 was mutually exclusive in the epidermis of wild-type
mice, consistent with a distinct p63-positive layer of basal cells cov-
ered by keratin 17-positive periderm cells (Figure 2Q), keratin 17
expression was markedly reduced in Irf6*84</%84C, Tkhka”~, and Sfnt7t
embryos, with any residual expression appearing patchy (Figure 2,
R-T). Indeed, quantification of the area of keratin 17-positive
immunofluorescence in the epidermis demonstrated a significant
reduction in Irf6R$4/R8C embryos at E11 and E12 when compared
with wild-type littermates (Supplemental Figure 4A).

Irf6, Ikka, and Sfn are expressed in the periderm during ectoder-
mal development. Due to the epithelial adhesions observed from
E11, we analyzed the expression of Irf6, IKKa, and SFN at earlier
stages of epidermal development. In situ hybridization (Figure 3,
A and B) and immunofluorescence (Figure 3, C-F) revealed that
in the E12 epidermis (Figure 3, A, C, and E), when the epidermis
was bilayered, and at E14, when an intermediate layer had formed
(Figure 3, B, D, and F), expression of all 3 genes was observed pre-
dominantly in the periderm cells.

Periderm exhibits highly polarized expression of adhesion complex
components. Given the abnormal epithelial adhesions observed in
Irf6R84C/R84C Thka7~, and Sfu®”"" embryos, we analyzed their early
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Figure 4. Periderm cells are highly polarized in their expression of adhesion complex proteins. (A-D) Decon-
volution analysis indicates that in ES wild-type and /rf6R84/R84C mice, desmoplakin is expressed between basal
cells (arrows) but is absent from their apical surface (arrowheads). At E14, while absent from the apical surface of
wild-type epidermis (arrowheads), desmoplakin is expressed apically in Irf6R84/R84C embryos (arrows). (E-L) Expres-
sion of aPKC and Z01 together with E-cadherin demonstrates that periderm cells are highly polarized, preventing
adhesion complex protein expression on the apical surfaces of wild-type epidermis, whereas loss of these cells

in IrfEREC/R84C embryos results in E-cadherin expression apically (arrows). (M-T) Additional analysis of E-cadherin
together with the periderm markers keratin 17 (M-P) and keratin 6 (Q-T) confirms the absence of this layer at ES
and continued absence of periderm at E14 in mutant epidermis (P and T). (U-X) TEM indicates that, in contrast
with wild-type mice, the oral epithelia of E12 Irf6R84/R84 [ittermates lack periderm cells and exhibit multiple apical
protrusions on the outer surfaces (arrow in V). Higher magnification demonstrates that desmosomes connect adja-
cent periderm cells in wild-type mice (arrow in W), but are absent from their apical surfaces; in contrast, desmo-
somes are clearly visible between the oral surfaces of apposed epithelia in regions of abnormal epithelial adhesion
in IrfERE4C/R84C embryos (arrows in X). p, periderm. Scale bars: 100 um (A-T); 3 um (U and V); 600 nm (W and X).

epidermal development in greater detail by investigating the distri-
bution of the adhesion molecules desmoplakin, an obligate compo-
nent of desmosomes, and E-cadherin, an essential component of
epithelial adherens junctions, the tight junction component ZOl1,
Number 9
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and the apical polarity marker
atypical PKC (aPKC) (22), in all
3 mutant strains (Figure 4 and
Supplemental Figure 5). At E9,
prior to periderm formation,
punctate distribution of desmo-
plakin was observed between
adjacent cells of the ectodermal
monolayer, but was absent from
their apical surfaces in both
wild-type and mutant embryos
(Figure 4, A and B). Dual analy-
sis of E-cadherin and aPKC con-
firmed the absence of adhesion
complex components along the
apical surface of the epider-
mis of all E9 embryos, when
this region exhibited strong
aPKC expression (Figure 4, E
and F, and Supplemental Fig-
ure 5, A-D). Similarly, prior to
periderm formation, wild-type
and mutant embryos displayed
punctate expression of ZO1
directly above E-cadherin stain-
ing at the apical-most borders
of the lateral surface between
the single-layered epidermal
cells (Figure 4, I and J, and Sup-
plemental Figure 5, E-H). As
expected, keratin 17 and keratin
6 expression were absent from
the preperiderm epidermis of
wild-type and mutant mice (Fig-
ure 4, M, N, Q, and R).

These data demonstrate
thatpriortoperidermformation,
the epidermis of IrfeR$c/Rsic)
Ikka”-, and Sfn®"* embryos
resembles that of their wild-
type littermates. Subsequently,
we performed the same analysis
on older embryos (Figure 4 and
Supplemental Figure 5). At E14,
when the epidermis consists of
an inner basal layer, 1 or 2 lay-
ers of suprabasal cells, and an
outer layer of periderm, desmo-
plakin expression was observed
between the basal cells, around
the suprabasal cells, and on
the basolateral surfaces of the
periderm cells in wild-type

embryos, while the apical surfaces of periderm cells were devoid
of desmoplakin expression (Figure 4C); in contrast, expression of
desmoplakin was clearly visible on the outer surface of the epider-
mis of the mutant embryos (Figure 4D). Similarly, expression of
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E-cadherin was observed around the basal and intermediate cells,
but was absent from the apical surfaces of wild-type periderm cells,
which exhibited strong aPKC expression (Figure 4G and Supple-
mental Figure 51); ZO1 expression was observed between the peri-
derm cells (Figure 4K and Supplemental Figure 5M). In striking
contrast, failure of highly polarized periderm formation resulted
in expression of adhesion complex proteins on the apical sur-
faces of the exposed intermediate cells in E14 Irf6R$4/R$4C [hka ",
and St embryos (Figure 4, H and L, and Supplemental Figure
5, ]-L, and N-P). Analysis of the periderm markers keratin 17 and
keratin 6, with E-cadherin confirmed the loss of these markers in
mutant embryos where intermediate cells were exposed, consis-
tent with the loss of the periderm cells (Figure 4, O, P, S, and T).
Due to the similarities in epidermal and oral epithelial peri-
derm formation and the observed epithelial adhesions at both of
these sites in all 3 mutant mouse strains, we analyzed affected
oral epithelia. Ultrastructural examination of Irf6*#¢/k84C embryos
confirmed the absence of periderm on the oral epithelia surface
(Figure 4, V and X). In areas where adjacent epithelia were in
direct contact, transmission electron microscopy (TEM) analysis
revealed periderm overlying the basal cells in wild-type embryos
at E12 (Figure 4U); however, in Irf6R84¢/R84C [ittermates, periderm
was absent and multiple apical protrusions were visible projecting
into the cavity between the adjacent maxillary and mandibular
epithelia (Figure 4V). Quantification of these apical protrusions
revealed a significant increase in Irf6*#4/*$4¢ embryos at E11 and
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Figure 5. Genetic ablation of periderm results in intraoral fusions. (A and
B) X-gal staining of Krt17-Cre x ROSA26 bitransgenic mice indicates that
Cre-mediated excision is restricted to the intraoral periderm (arrows).

(C and D) Histological analysis of Krt17-Cre x ROSA26-eGFP-DTA bitrans-
genic embryos reveals adhesions between the maxillary and mandibular
epithelia in regions of Cre-mediated excision. Separation of the epithelium
from the underlying mesenchyme is observed in some regions (arrows).

(E and F) Activated caspase 3 staining identifies peridermal cell death
resulting from Krt17-Cre-directed DTA expression (arrows). (G and H)
Immunofluorescence analysis reveals that the periderm marker keratin 6
(green) is largely absent from regions where the juxtaposed epithelia have
adhered, but present in regions flanking the adhesions. P63 staining iden-
tifies basal cells (red). Scale bars: 100 um.

E12 when compared with their wild-type littermates (Supple-
mental Figure 4B). At higher magnification, desmosomes were
observed between adjacent periderm cells of wild-type embryos
with a clear gap between the maxillary and mandibular surfaces
(Figure 4W); in contrast, adhesion complexes were clearly visible
connecting the oral surfaces of apposed epithelia in regions of
abnormal epithelial adhesion in Irf6*¥#¢/%84C embryos (Figure 4X).

Specific ablation of periderm cells partially phenocopies mutant
embryos. Analysis of Irf6R84/k84C, Thka”~, and Sfin"”* mutant embry-
os strongly suggested that epidermal and oral epithelial periderm
has highly polarized expression of adhesion complexes and plays a
fundamental role in early ectodermal development by preventing
intimately apposed, adhesion-competent epithelia from adhering
to one another. To confirm this hypothesis, we harnessed an in vivo
genetic ablation strategy that utilized Cre recombinase-mediated
(Cre-mediated) expression of diphtheria toxin fragment A (DTA),
which leads to cell death specifically in Cre-expressing cells with
no nonspecific bystander effect, an approach that is independent
of the underlying molecular pathways involved (23). To provide
for periderm-specific expression of DTA during early embryonic
development, we cloned the proximal promoter of the mouse kera-
tin 17 gene (Krt17) upstream of a Cre-recombinase cassette. Inter-
crossing Krt17-Cre transgenic mice with ROSA26 conditional mice
confirmed that the pattern of Cre-mediated excision, although
patchy, broadly recapitulated the expression of endogenous kera-
tin 17 in the oral periderm, but not in the epidermis (Figure 5, A and
B). Subsequently, the oral epithelia of embryos derived from cross-
ing Krt17-Cre and ROSA26-eGFP-DTA mice were analyzed, with
adhesions between the maxillary and mandibular epithelia being
visible from E12.5 and persisting throughout development (Figure
5, C-H). As the Krt17 promoter used is not expressed in the epithe-
lium covering the dorsum of the tongue until close to birth (19), the
adhesions were generally limited to the lateral regions of the oral
cavity; however, in severe cases, they prevented normal develop-
ment of the palatal shelves, resulting in cleft palate (Supplemental
Figure 6). Immunofluorescence and TEM analyses indicated that
periderm cells underwent caspase-mediated apoptosis and were
absent in regions of interepithelial adhesion, allowing the forma-
tion of adhesion complexes between exposed basal or intermedi-
ary cells (Figure 5, E-H, and Supplemental Figure 7).

Mutation of IKKA results in failure of periderm formation during
human embryogenesis. In humans, pterygium syndromes are com-
plex congenital malformations that encompass several distinct
but overlapping clinical conditions characterized by epidermal
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Figure 6. Failure of periderm formation results in pathological adhesions in humans. (A) Frontal view of a fetus with Cocoon syndrome illustrating the
severe interepithelial adhesions. (B and C) Lateral views of E14 wild-type and /kka”- mice demonstrating the phenotypic overlap with Cocoon syndrome. (D and
E) Histological analysis reveals that while a single layer of periderm cells is visible in the epidermis of a normal fetus (arrows), this layer is absent in Cocoon
syndrome and apposed epithelial layers have adhered to one another. (F-H) Immunostaining confirms that SSEA-1-positive periderm cells (green) overlying a
layer of p63-positive basal cells (red) are present in an unaffected fetus but absent in fused (G) and nonfused (H) epidermal regions in Cocoon syndrome. Only
occasional SSEA-1-positive cells are observed in regions where the epidermal surfaces are unfused (H). (I and J) Immunostaining with keratin 6 antisera (green)
confirms the absence of periderm on the surface of IKKA2422X/0422X gpidermis. Nuclei are counterstained with DAPI (blue). Scale bars: 50 um.

webbing and associated craniofacial anomalies. Notably, muta-
tions in IRF6 and IKKa underlie popliteal pterygium syndrome
and cocoon syndrome, respectively (8, 24). Recently, the homo-
zygous nonsense mutation p.Gln422X in IKKA has been shown
to underlie cocoon syndrome, a lethal autosomal recessive syn-
drome characterized by multiple malformations, most notably
defective facial development and limbs that are bound to the trunk
and encased under the skin, thereby phenocopying Ikka knockout
mice (Figure 6, A-C, and ref. 24). In light of the above observa-
tions, we hypothesized that periderm development was disrupted
in the affected fetus. Although keratin 6 marks periderm in human
fetal skin, keratin 17 is present throughout the developing fetal
epidermis, so an alternative, periderm-specific marker was uti-
lized. Histological analysis and immunostaining with keratin 6
and stage-specific embryonic antigen-1 (SSEA-1) antisera, which
are periderm specific in the developing human fetal epidermis
(25-27), confirmed the absence of epidermal and oral periderm
formation in the affected fetus, mirroring the observations made
in Ikka”~ mice (Figure 6, D-J, and Figure 2K).

Discussion

Appropriate development of stratified, squamous, keratinizing
epithelia generates an outer protective permeability barrier that
prevents water loss, entry of toxins, and microbial invasion. Dur-

ing embryogenesis, the first stratification event of the immature
ectoderm produces a single layer of undifferentiated, cuboidal
epithelial cells that stratifies to produce an outer layer of flattened
periderm cells. Although several functions have been proposed for
the periderm, including protection from the uterine environment
(28), regulation of underlying mesenchyme (29), and contribution
to cornified envelope formation (30), its life cycle and function(s)
remain largely unexplored.

In the current paper, we have used [mK17 5']-GFP transgenic
mice to delineate the formation of periderm in whole mount. Our
results indicate that periderm forms in a specific and reproducible
pattern during E10-E12, with this cell layer being observed first over
the limbs and tail before subsequently spreading in a wave over the
face and torso. After its formation, periderm persists throughout
development as a single-cell layer until it is removed from the outer
surface of the terminally differentiating epidermis as it acquires bar-
rier function during E16-E17. Barrier formation is patterned, arising
at conserved initiation sites on the dorsum and head before spread-
ing across the epidermis as a moving front converging at the dorsal
and ventral midlines; in the mouse, periderm is lost in a patterned
manner that recapitulates barrier formation (31).

Prior to periderm formation, the single layer of cells that make
up the developing ectoderm is connected via desmosomes and
adherens junctions, expression of which is delimited by ZO1-pos-
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itive tight junctions. In contrast, the apical surfaces of these cells
express the apical polarity marker aPKC and are devoid of expres-
sion of adhesion complex proteins. These observations suggest
that, before the periderm forms, the ectodermal cells are incapa-
ble of adhering to adjacent ectodermal surfaces. With continuing
development, the naive ectoderm progresses through a defined
series of stratification and differentiation events to produce the
mature epidermis, during which the constituent cells maintain
cell-cell attachments on all surfaces to preserve the integrity of
the multilayered structure. Notably, defects in cell-cell connectiv-
ity result in a wide variety of pathologies, including epidermolysis
bullosa, ectodermal dysplasia, and epidermal blistering (32).

As embryonic development progresses, the apical surfaces of
the periderm cells remain devoid of desmoplakin and E-cadherin
expression. The presence of ZO1-positive tight junctions, which
demarcate the boundary between apical and basolateral surfaces
of the periderm cells, appears to provide a “fence function” where-
by they act as a barrier to prevent spread of adhesion complexes
onto the apical surface (22). This highly polarized expression of
adhesion complexes in periderm cells suggested that periderm
acts as a protective barrier that prevents pathological adhesion
between intimately apposed, adhesion-competent epithelia. To
test this hypothesis, we analyzed a series of mutant mice that
exhibit a highly similar phenotype characterized by multiple soft
tissue adhesions that result in the hind limbs, tail, and body wall
being fused and the oral cavity occluded.

Previously, we and others have shown that mice carrying muta-
tions in IRF6, IKKa, and SFN exhibit abnormalities of late-stage
epidermal/oral epithelial development in which the keratinocyte
proliferation/differentiation switch is disturbed, resulting in a
hyperproliferative epidermis that fails to undergo terminal differen-
tiation (9-16, 21). Despite these observations, detailed analyses of
the onset of these abnormalities have not been undertaken. Here,
we have demonstrated that all 3 mutant strains exhibit a subtle but
highly reproducible phenotype during early embryogenesis that is
characterized by epithelial adhesions between the maxillary and
mandibular processes of the developing facial complex and on the
ventral surface of the developing limb buds. Notably, all 3 mutant
strains fail to develop normal periderm, with multiple membrane
protrusions forming on the apical surface of the exposed basal cells.
These observations are reminiscent of the morphological events
observed during dorsal closure in Drosophila embryos and in wound
closure (33, 34). Together, these findings indicate that the presence
of periderm prevents exposed, adhesion-competent, basal cells
from actively contacting one another: in essence, periderm acts as
a protective “Teflon” coat. In addition to this mechanical protective
function of the periderm cells, we cannot exclude the possibility
that this layer may also contribute to the signaling control of epider-
mal development and differentiation. This possibility is supported
by the expression of Irf6, IKKa, and SFN specifically in the periderm
cells long after formation of this layer and secondary stratification
of the underlying epidermal cells (e.g., E14; Figure 3, B, D, and F).
Additionally, abnormal epidermal differentiation was observed in
mutant embryos as early as E12, as demonstrated by expansion of
p63-expressing cell layers. Further experiments will be required to
determine whether this is a specific consequence of the loss of the
individual gene expression or due to a global loss of periderm cells.
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Although we have assigned an embryonic barrier function
to periderm, the molecular events driving formation of this cell
layer remain only partially characterized. While IRF6, IKKa,
and SFN clearly play a fundamental role in periderm formation,
it is not clear how these proteins interact with each other and
with additional components of the underlying gene regulatory
network. IRF6 is a transcription factor characterized by a highly
conserved pentatryptophan DNA-binding domain and a less
well-conserved protein interaction domain that binds to an IFN-
stimulated response element similar to that to which other IRF
family members bind (35, 36). IRF6 has recently been shown to
promote differentiation of zebrafish periderm by directly regulat-
ing the expression of Grainyhead-like 3 (GRHL3) (37). Despite
these observations, subcellular localization studies indicate that
IRF6 localizes to the cytoplasm both in vivo and in vitro (9, 21,
38, 39) suggesting that, as with other IRF family members, IRF6
exists in an autoinhibited state until activated by phosphoryla-
tion (40). Although previous studies have indicated that IRF6 is
subject to phosphorylation, the kinase responsible has not been
identified. While IKKa is critical for normal differentiation of epi-
dermal keratinocytes, this function is independent of its kinase
function (12-14, 41). In contrast, the observations that Ripk4-null
mice phenocopy the mutant strains analyzed in this study (42),
while mutations in RIPK4 underlie Bartsocas-Papas syndrome
(43, 44), which is characterized by multiple skin webs affecting
the flexural surfaces, often accompanied by craniofacial anom-
alies, suggest that this molecule is a candidate for the kinase
responsible for IRF6 phosphorylation.

Although the kinase function of IKKa is dispensable for kera-
tinocyte differentiation, SFN is downregulated in IKKa-deficient
keratinocytes, with reintroduction of IKKa into IKKa-deficient
keratinocytes restoring SFN expression (45). Although we have
been unable to establish a biochemical interaction between IRF6
and SFN/IKKo, we have demonstrated an epistatic interaction
between Irf6 and Sfi (9). Notably, SFN has been shown to bind
phosphorylated keratin 17, an interaction which is critical for cyto-
plasmic retention of SFN, promotion of Akt/mTOR signaling,
protein synthesis, and cell growth in keratin 17-deficient keratino-
cytes (46). The coexpression of SFN and keratin 17 in the periderm
raises the possibility that, as in hair follicles of normal skin and in
wounded epithelial cells, these proteins interact in the control of
protein synthesis and cell growth of periderm cells.

In summary, we have demonstrated that periderm cells form in
adistinct and reproducible pattern early in embryogenesis, exhibit
highly polarized expression of adhesion complexes, and are shed
from the outer surface of the skin late in development as the epi-
dermis acquires its barrier function. Moreover, we show that the
periderm plays a transient but fundamental role during embryo-
genesis by preventing pathological adhesion between intimately
apposed, adhesion-competent epithelia and that disruption of the
protective barrier function of periderm underlies a series of birth
defects that exhibit multiple interepithelial adhesions, including
the autosomal dominant popliteal pterygium syndrome and the
autosomal recessive conditions cocoon syndrome and Bartsocas-
Papas syndrome. Interestingly, the recent observation that domi-
nant mutations in GRHL3 cause Van der Woude syndrome and
disrupt oral periderm development (47) supports the protective



The Journal of Clinical Investigation

barrier function of periderm and widens the clinical conditions
that can be classed as “peridermopathies.”

Methods
Generation of mutant mice. Generation and maintenance of mice carry-
ing the targeted Irf67/%C and Ikka*" alleles and the radiation-induced
Sfin/? allele have been described previously (9, 11, 12). The mouse
Krt17 promoter was PCR-amplified using the forward primer: 5'-(NotI)
TTGTCCTGTCATTGGCTCAG-3' and the reverse primer: 5'-(EcoRI)
CATGGTGGCAGCGGGCAA-3' and cloned into the pBS CreES vector,
which is based on pBluescript II KS+ but contains the Cre recombinase
coding sequence attached to a nuclear localization signal (a gift from
R. Boot-Handford, University of Manchester). Linear DNA containing
just the Krt17 promoter and the Cre recombinase coding sequence were
sent to the Transgenic Mouse Facility (Center of Functional Genomics,
University at Albany, State University of New York, Rensselaer, New
York, USA) for pronuclear injection. Founder Krt17-Cre mice were bred
with C57BL/6 wild-type mice to generate transgenic offspring.
Histological, section in situ hybridization, and immunofluorescence
analyses. For histological analysis, embryos were dissected from time-
mated pregnant female mice, the morning on which the vaginal plug
was detected being designated EO.5. Embryos were staged on the basis
of external morphological characteristics, fixed in Bouin’s solution,
dehydrated through a graded ethanol series, cleared in chloroform,
embedded in wax, sectioned at 6 pm, and stained with H&E. Nonra-
dioactive section in situ hybridization was performed as described
previously (48), with the exception that sections were detected using
BM Purple (Roche). The Irf6 probe has been described previously
(49). Detection of p-galactosidase on frozen sections was performed
as described previously (50). For immunofluorescence analyses, 4%
paraformaldehyde-fixed sections were treated with 10 mM citrate buf-
fer at 96°C for 10 minutes for antigen retrieval. Sections were incubated
overnight at 4°C with antibodies against the following: p63 (4A4; 1:50;
Santa Cruz Biotechnology Inc.); IKKa (1:100; Imgenex Corp.); SFN
(C-18; 1:20; Santa Cruz Biotechnology Inc.); keratin 17 (1:1000); ker-
atin 6 (1:500; Covance Research Products); loricrin (1:500; Covance
Research Products); keratin 1 (1:200; Covance Research Products);
E-cadherin (1:200; BD Biosciences); desmoplakin (11-5F; 1:10; a gift
from D. Garrod, University of Manchester); activated caspase 3 (1:750;
R & D Systems); ZO-1 (1:400; Life Technologies); GFP (1:800; Life
Technologies); histone H3 (§10; 1:1000; Abcam); aPKC (C-20; 1:400;
Santa Cruz Biotechnology Inc.); and SSEA-1 (1:1). The monoclonal anti-
body SSEA-1, developed by D. Solter, was obtained from the Develop-
mental Studies Hybridoma Bank, developed under the auspices of the
National Institute of Child Health and Human Development (NICHD)
and maintained by the University of Iowa, Department of Biological
Sciences (Iowa City, Iowa, USA). Proliferation assays were performed
by intraperitoneal injection of BrdU-labeling reagent (100 pg/g body
weight) into pregnant mice, which were sacrificed after 2 hours. Embry-
os were processed as above and immunostained with an anti-BrdU
antibody (1:100; Abcam). Sections were counterstained with DAPI and
visualized using a Leica DMRB microscope. For deconvolution analy-
sis, images were acquired on a Delta Vision RT restoration microscope
(Applied Precision) using a x60/1.40 PlanApo objective and the Sedat
filter set (Chroma 89000). Images were collected using a Coolsnap HQ
camera (Photometrics) with a Z optical spacing of 0.2 um. Raw images
were deconvolved using Softworx software, and maximum intensity
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projections of these deconvolved images are shown in Figure 4 and
Supplemental Figure 4. The area of keratin 17-positive immunofluo-
rescence was determined using Image] software (http://imagej.nih.
gov/ij/) to calculate the relative area of red fluorescence within a single
maximum projection image. All analyses were performed on at least 3
mice for each genotype at each time point, except for those shown in
Supplemental Figures 1 and 3, where analysis at each time point was
performed on tissue from the same mouse.

TEM analysis. For TEM, small regions of skin were dissected from
E12 embryos and fixed in 2% paraformaldehyde/2% glutaraldehyde in
0.1 M sodium cacodylate buffer containing 0.15 M sucrose and 2 mM
calcium chloride (pH 7.3). Samples were washed with cacodylate buf-
fer, post-fixed with 1% osmium tetroxide, dehydrated through a grad-
ed ethanol series, and embedded in agar 100 resin. Ultrathin sections
were contrasted with uranyl acetate and lead citrate and examined on
a Philips model 400 transmission electron microscope.

Statistics. Statistical significance was determined using an
unpaired, 2-tailed Student’s ¢ test. A P value of less than 0.05 was
considered significant.

Study approval. All animal experiments were approved by the
University of Manchester Ethical Review Committee and performed
in accordance with the Animals (Scientific Procedures) Act, 1986,
United Kingdom. The fetus with Cocoon syndrome has been reported
previously (24). The parents provided written informed consent to
participate in this study, which was approved by the ethics commit-
tees of the Joint Authority for the Hospital District of Helsinki and
Uusimaa, Finland. Tissue from a similarly aged unaffected fetus was
obtained with approval from the North West Regional Ethics Commit-
tee (H1010/28), informed consent and guidelines of the Polkinghorne
committee, and following United Kingdom Human Tissue Authority
regulations. Five-micron sections were obtained from formalin-fixed,
wax-embedded archived blocks and subject to histological staining or
immunofluorescence as above.
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