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Abstract

Dominant mutations in TP63 cause ankyloblepharon ectodermal dysplasia and clefting (AEC), an
ectodermal dysplasia characterized by skin fragility. Since ANp63a is the predominantly
expressed TP63 isoform in postnatal skin, we hypothesized that mutant ANp63a proteins are
primarily responsible for skin fragility in AEC patients. We found that mutant ANp63a proteins
expressed in AEC patients function as dominant-negative molecules, suggesting that the human
AEC skin phenotype could be mimicked in mouse skin by downregulating ANp63a. Indeed,
downregulating ANp63 expression in mouse epidermis caused severe skin erosions, which
resembled lesions that develop in AEC patients. In both cases, lesions were characterized by
suprabasal epidermal proliferation, delayed terminal differentiation, and basement membrane
abnormalities. By failing to provide structural stability to the epidermis, these defects likely
contribute to the observed skin fragility. The development of a mouse model for AEC will allow
us to further unravel the genetic pathways that are normally regulated by ANp63 and that may be
perturbed in AEC patients. Ultimately, these studies will not only contribute to our understanding
of the molecular mechanisms that cause skin fragility in AEC patients, but may also result in the
identification of targets for novel therapeutic approaches aimed at treating skin erosions.
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INTRODUCTION

Ectodermal dysplasias comprise a group of developmental disorders characterized by
abnormalities in tissues of ectodermal origin, including the epidermis and epithelial
appendages such as teeth, mammary glands, and hair follicles [Priolo et al., 2000].
Dominant mutations in the gene encoding the transcription factor TP63 were found to
underlie a subset of ectodermal dysplasias, including ectrodactyly, ectodermal dysplasia and
cleft lip (EEC) [Celli et al., 1999], limb-mammary syndrome (LMS) [van Bokhoven et al.,
2001], split hand-split foot malformation (SHFM) [lanakiev et al., 2000], acro-dermato-
ungual-lacrimal-tooth syndrome (ADULT) [Duijf et al., 2002], ankyloblepharon ectodermal
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dysplasia and clefting (AEC or Hay-Wells syndrome) [McGrath et al., 2001], and Rapp-
Hodgkin syndrome (RHS) [Kantaputra et al., 2003]. Ectodermal dysplasias caused by TP63
mutations share many manifestations, however, only patients with AEC or RHS exhibit skin
fragility, resulting in the formation of erosive skin lesions [Cambiaghi et al., 1994;Siegfried
et al., 2005]. In addition to this overlap in clinical symptoms, AEC and RHS are caused by
mutations in the same region of the TP63 gene, and identical mutations can give rise to
either AEC or RHS [Bertola et al., 2004;Rinne et al., 2007;Sorasio et al., 2006]. Since both
the genetic defect and the clinical findings of AEC and RHS overlap, these disorders are
now thought to represent the same condition and will be referred to as AEC in this paper.

Current treatment of AEC patients primarily involves prevention of infection and extensive
wound care [Siegfried et al., 2005]. To further understand the molecular mechanisms that
lead to skin fragility in AEC patients and to facilitate future development of targeted
approaches for the treatment of skin erosions in AEC patients, our goal was to develop a
mouse model for AEC. The heterozygous TP63 mutations that cause AEC are primarily
clustered in the o C-terminus, which is only present in 2 of 6 TP63 isoforms, termed
TAp630 and ANp63c. [McGrath et al., 2001;Rinne et al., 2007]. In addition, a recent study
demonstrated that mutations in the ANp63 N-terminus occur in a subset of patients with
AEC [Rinne et al., 2008]. Together, these data suggest that mutant ANp63a proteins are
responsible for skin erosions in AEC patients. This is consistent with previous findings that
ANp63a is the predominantly expressed p63 isoform in postnatal epidermis [Yang et al.,
1998]. Within the basal layer of the epidermis, ANp63a. controls the commitment of
keratinocytes to terminal differentiation and contributes to maintaining basement membrane
integrity [Koster et al., 2007a; Testoni et al., 2006;Nguyen et al., 2006;Carroll et al., 2006].
In addition, ANp63o. regulates proliferation of basal keratinocytes as well as the proliferative
potential of epidermal stem cells [Senoo et al., 2007;Truong et al., 2006;Koster et al.,
2007a].

Using reporter gene assays, we found that mutant ANp63a. proteins expressed in AEC
patients (ANp63a-AEC) have a dominant-negative function towards wild type (wt) ANp63a,
suggesting that impaired ANp63a function underlies skin erosions in AEC patients.
Consistent with these findings, we found that downregulating ANp63 expression in mouse
epidermis caused a skin fragility phenotype that was indistinguishable from that of AEC
patients. In both cases, skin erosions were characterized by basement membrane
abnormalities, suprabasal proliferation, and delayed terminal differentiation. In addition,
these defects were also observed in non-lesional skin of AEC patients. Together, these
defects likely contribute to skin fragility by failing to provide structural stability to the
epidermis.

MATERIALS AND METHODS

Reporter gene assays

A 1.2 kb fragment of the human IKKa promoter was cloned into pGL3-basic (Promega).
HaCaT immortalized keratinocytes were cotransfected with the IKKo. reporter (0.5 pg),
ANp63a. (1 png) and ANp63a-Q536L or ANp63a-L514V (0.5-1 ug; gifts from Dr L. Guerrini
(University of Milano)) [Ghioni et al., 2002], and pRL-null (0.1 ug) using Lipofectamine
Plus (Invitrogen). Cells were lysed 24 hrs later and luciferase assays were performed using
the Promega Dual-Luciferase Reporter® Assay (Promega). Average reporter gene activities
and standard deviations were determined based on three independent experiments.
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Transgenic mouse lines

ANp63 i-kd mice were previously generated and characterized [Koster et al., 2007a]. To
downregulate ANp63, ANp63 i-kd mice were topically treated with 1 mg/ml RU486. All
experiments involving mice were performed under IACUC approval.

Patient samples

Biopsies from lesional skin were obtained from three previously described AEC patients
[Payne et al., 2005;Kantaputra et al., 2003]. Biopsies from non-lesional skin were obtained
from Dr. Alanna Bree (Texas Children's Hospital, Houston, TX). These biopsies were
obtained under IRB approval #H-20716 through Baylor College of Medicine, Houston, TX.

In vivo BrdU incorporation and immunofluorescence

Mice were injected i.p. with 250 pg/g BrdU (Sigma) in 0.9% sterile saline solution. After 1
hr, skin was fixed in 10% neutral buffered formalin. Primary antibodies used for
immunofluorescence were FITC anti-BrdU (Becton Dickinson), guinea pig anti-K14 [Yuspa
et al., 1989], rabbit anti-K1 [Yuspa et al., 1989], mouse anti-Ki67 (Novacastra), and rabbit
anti-collagen 1V (Progen). Secondary antibody conjugates used were Alexa-conjugated
fluorochromes 594 goat anti-guinea pig, 594 goat anti-rabbit, 488 goat anti-mouse, and 488
goat anti-rabbit (Invitrogen).

RESULTS AND DISCUSSION

Within the basal layer of the epidermis, ANp63a induces the expression of numerous target
genes which control keratinocyte proliferation, keratinocyte differentiation, and basement
membrane integrity [Koster et al., 2008]. We previously demonstrated that in mice and
humans, IKKa is a direct transcriptional target of ANp63a [Koster et al., 2007a;Marinari et
al., 2008]. Therefore, to determine the molecular function of ANp63a-AEC proteins, we
performed in vitro reporter gene assays using a reporter gene based on the promoter of
IKKa. Two ANp63a-AEC proteins (ANp63a-Q536L [formerly referred to as Q540L] and
ANp63a-L514V [formerly referred to as L518V]) were used to ensure that the observed
effects were not unique to one specific mutation. The Q536L mutation was identified in a
patient with erosions on the scalp and palmo-plantar epithelia, while the L514V mutation
was identified in a patient with erosions on the scalp and trunk [Hay et al., 1976;McGrath et
al., 2001]. As predicted, we found that wt ANp63a could activate the IKKo promoter in
HaCaT cells, a human keratinocyte cell line (Fig. 1). However, ANp63a-AEC proteins had a
dominant-negative function as demonstrated by the greatly reduced ability of wt ANp63a to
activate the IKKa promoter in the presence of ANp63a-Q536L or ANp63a-L514V (Fig. 1).

These data suggested that, in AEC patients, ANp63a-AEC proteins could compromise the
function of wt ANp63a proteins that are expressed from the remaining wt TPp63 allele.
Therefore, we hypothesized that the human AEC skin phenotype could be mimicked in
mouse skin by downregulating ANp63a. To test this hypothesis, we recently generated mice
in which ANp63 expression can be downregulated specifically in the epidermis by topical
application of RU486 (ANp63 inducible knockdown (i-kd) mice; [Koster et al., 2007a]).
Because of the inducibility of ANp63 downregulation, this mouse model allowed us to
selectively downregulate ANp63 by applying RU486 to restricted areas of the epidermis, for
example back or footpad skin. When we treated footpad epithelia of newborn mice with
RU486 for six consecutive days, the resulting skin lesions closely resembled lesions that
develop on the palmo-plantar epithelia of a subset of AEC patients (Fig. 2). Similar skin
erosions were observed when ANp63 was downregulated in the dorsal epidermis of newborn
or adult mice [Koster et al., 2007a]. To determine if these lesions were also similar on the
molecular level, we obtained lesional skin biopsies from three AEC patients [Payne et al.,
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2005;Kantaputra et al., 2003] and non-lesional skin biopsies from eighteen AEC patients,
also reported by Dishop et al in this series. We compared the molecular characteristics of
these skin samples with those of skin samples obtained from adult ANp63 i-kd mice that
were topically treated with RU486 for seven consecutive days.

We found that like ANp63 i-kd mice, AEC patients failed to properly develop a spinous
layer, the first suprabasal cell layer of normal mouse and human epidermis, which consists
of keratinocytes that have permanently withdrawn from the cell cycle and that express
keratin 1 (K1) [Koster et al., 2007b]. First, unlike in control epidermis, proliferating
keratinocytes were observed in suprabasal cell layers in ANp63 i-kd mice (detected by
staining with an anti-BrdU antibody), lesional skin of AEC patients (3/3) (detected by
staining with an anti-Ki67 antibody), and non-lesional skin of AEC patients (18/18)
(detected by staining with an anti-Ki67 antibody) (Fig. 3A and 4A). In addition, K1
expression was delayed in the epidermis of ANp63 i-kd mice, lesional skin of AEC patients
(3/3), and non-lesional skin of AEC patients (17/18) (Fig. 3B and 4B). In contrast to non-
lesional AEC epidermis, we found that K1 expression was completely absent from some
areas of lesional AEC epidermis (Fig. 4B). In addition to defects in keratinocyte
differentiation, we observed discontinuous staining for the basement membrane component
collagen 1V in skin of ANp63 i-kd mice, lesional skin of AEC patients (3/3), and non-
lesional skin of AEC patients (18/18), indicating basement membrane abnormalities (Fig. 3C
and 4C). At least one component of the basement membrane, Frasl, is directly induced by
ANp63a in mouse epidermis [Koster et al., 2007a]. However, whether reduced expression of
Frasl is also a contributing factor in skin lesions in AEC patients remains to be determined.

Recent data suggested that ANp63a is critical for the maintenance of epidermal stem cells
[Senoo et al., 2007]. In our experiments, we could not distinguish between effects mediated
by epidermal stem cells or by basal keratinocytes. However, our finding that proliferation
and differentiation defects in ANp63 i-kd epidermis are apparent as early as 5 days after
ANp63 downregulation [Koster et al., 2007a], suggests that both basal keratinocytes and
epidermal stem cells are responsible for these defects. Future experiments using chronic
downregulation of ANp63 will be required to provide further insights into the role of ANp63
in epidermal stem cell maintenance.

Interestingly, we observed suprabasal proliferation, abnormal terminal differentiation and
basement membrane abnormalities not only in lesional AEC epidermis, but also in non-
lesional AEC epidermis, suggesting that these cellular defects contribute to the development
of skin erosions. Together with the data obtained with our mouse model, we conclude that
the cellular defects caused by expression of mutant TP63 proteins in the epidermis are
responsible for the development of skin erosions in AEC patients.
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Dominant-negative effect of ANp63a-AEC proteins
30+ on IKKa reporter gene activation

relative luciferase activity

ANp63a-wt = + + + - + + -

ANp63a-L514V - - ol + - - -

ANP63a-Q536L = = = = s B +

Figure 1.

ANp63a-AEC proteins have a dominant-negative effect towards wt ANp63a. A reporter
construct containing 1.2 kb of the human IKKa promoter (0.5 pg) was transfected with or
without a wt ANp63a expression vector (1 pg) in the presence of increasing amounts of
ANp63a-AEC (Q536L or L514V) expression vectors (0, 0.5, 1 ug). Note that both ANp63a-
Q536L and ANp63a-L514V have a dominant-negative function towards wt ANp63a.
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AEC patient ANp63 i-kd

Figure 2.

Skin erosions reminiscent of those that develop in AEC patients develop in ANp63 i-kd
mice. Skin erosions on (A) the palms of an AEC patient and (B) the paws of a ANp63 i-kd
mouse. To downregulate ANp63, the ANp63 i-kd mouse in (B) was treated with RU486 for
6 days on the footpad epithelia. Image of AEC patient in (A) was provided by the National
Foundation for Ectodermal Dysplasias (NFED).
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Control mouse skin ANp63 i-kd skin

Figure 3.

Epidermis of ANp63 i-kd mice is characterized by suprabasal proliferation, delayed terminal
differentiation, and basement membrane abnormalities. Mice were topically treated with 1
mg/ml RU486 for 7 days starting at three weeks of age. (A) Immunofluorescence analysis
using an antibody against BrdU (green), a marker for proliferating cells, on skin of ANp63 i-
kd mice. (B) Immunofluorescence analysis using an antibody against K1 (green), a marker
of keratinocyte terminal differentiation, on skin of ANp63 i-kd mice. (C)
Immunofluorescence analysis using an antibody against collagen 1V (red), a marker of the
basement membrane, on skin of ANp63 i-kd mice. Arrows in (C) indicate areas of the
basement membrane where collagen 1V staining is reduced. Staining with a K14 antibody
(red in (A) and (B), green in (C)) was used to highlight the epidermis.
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Control human skin Lesional AEC skin Non-lesional AEC skin (#1) Non-lesional AEC skin (#4)

Figure 4.

Lesional and non-lesional epidermis of AEC patients is characterized by suprabasal
proliferation, delayed terminal differentiation, and basement membrane abnormalities. (A)
Immunofluorescence analysis using an antibody against Ki67 (green), a marker for
proliferating cells, on lesional or non-lesional skin obtained from AEC patients. (B)
Immunofluorescence analysis using an antibody against K1 (green), a marker of
keratinocyte terminal differentiation, on lesional or non-lesional skin obtained from AEC
patients. (C) Immunofluorescence analysis using an antibody against collagen 1V (red), a
marker of the basement membrane, on lesional or non-lesional skin obtained from AEC
patients. Arrows in (C) indicate areas of the basement membrane where collagen 1V staining
is reduced. Staining with a K14 antibody (red in (A) and (B), green in (C)) was used to
highlight the epidermis. AEC patients #1 and #4 correspond to these same numbers in the
Dishop et al paper in this series.
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