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Abstract
We aimed to identify novel deletions and variants of TP63 associated with orofacial clefting (OFC). Copy number variants
were assessed in three OFC families using microarray analysis. Subsequently, we analyzed TP63 in a cohort of 1072
individuals affected with OFC and 706 population-based controls using molecular inversion probes (MIPs). We identified
partial deletions of TP63 in individuals from three families affected with OFC. In the OFC cohort, we identified several
TP63 variants predicting to cause loss-of-function alleles, including a frameshift variant c.569_576del (p.(Ala190Aspfs*5))
and a nonsense variant c.997C>T (p.(Gln333*)) that introduces a premature stop codon in the DNA-binding domain. In
addition, we identified the first missense variants in the oligomerization domain c.1213G>A (p.(Val405Met)), which
occurred in individuals with OFC. This variant was shown to abrogate oligomerization of mutant p63 protein into oligomeric
complexes, and therefore likely represents a loss-of-function allele rather than a dominant-negative. All of these variants
were inherited from an unaffected parent, suggesting reduced penetrance of such loss-of-function alleles. Our data indicate
that loss-of-function alleles in TP63 can also give rise to OFC as the main phenotype. We have uncovered the dosage-
dependent functions of p63, which were previously rejected.

Introduction

Transcription factor p63 encoded by TP63 is a key regulator
in epithelial commitment and development [1, 2]. TP63

encodes a large number of p63 isoforms. The two different
transcription start sites give rise to transactivation (TA)
isoforms, which contain a TA domain and to ΔN isoforms,
which lack the canonical TA domain, but contain an
N-terminal TA-competent domain, called TAΔN. Alter-
native splicing at the 3ʹ end of the gene adds to the complex
variety of p63 isoforms by generating at least five different
C-terminal ends (α, β, γ, δ, and ε) [3–5]. All isoforms
contain a DNA-binding domain (DBD) and an oligomer-
ization domain (OD), but differ in the TA domain, sterile-
alpha-motif domain (SAM), auto-regulatory TA inhibiting
domain (TI domain), and a second TA domain, TA2 (Fig. 1)
[3, 4, 6].

p63 is engaged in dimeric and tetrameric complexes
regulating a network of genes important for development of
ectodermal structures. Variants in TP63 lead to three major
phenotypes: ectodermal dysplasia, orofacial clefting (OFC)
and split-hand/split-foot malformations (SHFMs) [7]. Het-
erozygous TP63 variants have been associated with five
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different syndromes with overlapping phenotypic features.
These syndromes are: ectrodactyly, ectodermal dysplasia,
and cleft lip/palate syndrome 3 (EEC3 [MIM: 604292] [8]),

ankyloblepharon–ectodermal defects–cleft lip/palate syn-
drome (AEC [MIM: 106260]), Rapp–Hodgkin syndrome
(RHS [MIM: 129400]), acro-dermato-ungual-lacrimal-tooth

Fig. 1 Schematic representation of the deletions and point variants in
TP63 identified in affected individuals and controls. The upper part of
the figure depicts the complete deletions and the genes covered by
deletions in the three families, W11–4934, W12–0831, and W16–065,
respectively. The middle part of the figure presents a zoom-in image of

the TP63 gene depicting the deletions in the families at the exon level
and the splicing routes for various isoforms. The lower part of the
figure shows the protein structure highlighting the various domains
between different isoforms, with the variants in affected individuals
and controls indicated
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syndrome (ADULT [MIM: 103285]), and limb mammary
syndrome (LMS [MIM: 603543]). Rare TP63 variants are
causative for nonsyndromic OFC (OFC8 [MIM: 129400])
[9], and for nonsyndromic SHFM4 (MIM: 605289) [10].

So far, a broad spectrum of different heterozygous var-
iants have been reported in TP63, leading to the develop-
mental disorders stated above. The vast majority of variants
give rise to amino-acid substitutions. A striking genotype–
phenotype correlation for TP63 missense variants is
apparent in EEC and AEC syndromes [10–12]. Variants
causing EEC syndrome are almost exclusively found in the
DBD, whereas the variants causing AEC syndrome are
either found in the SAM and TI domains or in the TAΔN

domain of the ΔN isoforms. This distinctive pattern of
variants highlights specific pathogenic mechanisms for each
syndrome. The EEC variants, which are heterozygous and
found in DBD abolish the DNA binding fully or partially in
all p63 isoforms, and affect the TA capacity of the protein in
a dominant-negative fashion [7]. This is in agreement with
the fact that p63 acts as a transcriptional regulator in
homomeric complexes. AEC variants in the SAM domain
also affect the TA activity in a dominant-negative way [11].
ADULT syndrome variants uniquely affect amino-acid
Arginine 337 (298 according to former nomenclature).
Arginine 337 also maps to the DBD like in EEC syndrome
variants, but exerts gain-of-function effects by conferring
novel TA properties to the ΔNp63γ isoform [13].

Rare variants have been reported that lead to truncations
at the C-terminal end of the α isoform [12] and at the N-
terminal end of the TA isoform in individuals affected with
AEC [14]. All of these variants are shown or predicted to
give rise to mutant proteins carrying N-terminal or C-
terminal truncations but fully maintain their DBDs and ODs.
Thus, these variants do not lead to haploinsufficient alleles.
Few individuals with a constitutive terminal deletion of the
long arm of chromosome 3 encompassing TP63 along with
other genes have been reported, who did not have the typical
p63-related phenotype [15]. Also, mice carrying hetero-
zygous deletion of Trp63 present no p63-related phenotype,
whereas homozygous Trp63 knockout mice present features
similar to EEC, AEC, and LMS syndrome [1, 3]. Taken
together, the spectrum of variants affecting TP63 has led to
the rejection of a haploinsufficiency model [7], and sup-
ported the notion that TP63 variants exhibit dominant-
negative and gain-of-function effects [7, 9–12].

In the current study, we identified deletions of TP63 in
individuals from three families affected with OFC and/or
hypodontia and occasional other ectodermal features. We
also identified two variants that are predicted to lead to a
premature stop codon in individuals affected with non-
syndromic orofacial clefting (nsOFC). Finally, we identified
the first missense variants in the OD, one of which was
shown to abrogate oligomerization of mutant p63 protein

into oligomeric complexes. Together, our data provide
evidence for loss-of-function variants in TP63, giving rise
to a phenotype dominated by OFC.

Results

Using single nucleotide polymorphism (SNP) microarray
analysis at our diagnostics services, deletions encompassing
parts of the TP63 gene were identified in three families
(Fig. 1, Table S1, Figure S1A). Family W11–4934 contained
a deletion of ~528 kbp at 3q28, affecting TP63, CLDN1, and
CLDN16. The proximal endpoint of the deletion in TP63 was
identified between exon 13 and 14 using quantitative PCR
(qPCR) (Figure S1B). The segregation of the deletion was
confirmed in other affected individuals in the family. Family
W12–0831 contained a deletion of ~810 kbp at 3q28,
affecting TP63, CLDN1, CLDN16, and TMEM207. The
deletion was confirmed to segregate in another affected
member of the family. Family W16–065 contained a deletion
of ~880 kbp at 3q28, affecting TP63 and TPRG1. This dele-
tion was confirmed to be de novo.

TP63 variants identified in individuals affected with
OFC

In order to find novel rare variants in TP63 responsible for
nonsyndromic OFC, we performed targeted multiplex
sequencing using molecular inversion probes (MIPs), a
reliable and economical approach for deep sequencing of
individual genes in large patient cohorts [16]. All of the
samples (1072 OFC and 706 population-matched controls)
had an average coverage > 1000-fold over all TP63 target-
ing MIPs. The average coverage for the samples from
affected individuals (1010-fold) and controls (1023-fold)
was comparable. In total, seven variants were identified in
the individuals affected with OFC and four in the controls.
All of the latter variants were missense substitutions, of
which three were present in the DBD and one in the TA
domain. Each of the seven variants identified in OFC
individuals were present in a single person and were not
found in controls (Table 2). These variants were located in
different domains of p63, i.e., the DBD, OD, and TA2
domains. Among these variants, we found two variants,
which represent loss-of-function alleles, including one fra-
meshift and one stop variant in DBD. Moreover, the mis-
sense variants affecting the OD might impair the capacity of
p63 oligomerization (see below).

The frameshift and stop variants in DBD

Among the confirmed TP63 variants are two variants that
predict the generation of premature stop codons. A deletion
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of eight nucleotides (NM_003722.4:c.567_574delC-
CACCTGG) (p.(Ala190Aspfs*5)) was identified in an
individual with a unilateral cleft lip and alveolus on the left,
and in his/her unaffected parents. This deletion was pater-
nally inherited and creates a frameshift starting at codon
Ala190 and a new reading frame that ends in a stop codon
five positions downstream. Different from previously
reported premature stop variants, the transcript carrying the
c.567_574del variant is likely to be targeted for nonsense-
mediated decay (NMD) (Table 2). The other premature stop
variant is a c.997C>T nonsense variant predicting a pre-
mature stop codon p.(Gln333*) in the DBD. This variant
was identified in an individual with bilateral cleft lip and
cleft palate (CLP). Due to unavailability of parental DNA, it
could not be confirmed whether the variant was inherited or
occurred de novo. This premature stop codon is also pre-
dicted to lead to NMD (Table 2).

Missense variants in the OD of p63

The two variants identified in the OD of the p63
protein are c.1213G>A (p.(Val405Met)) and c.1223G>A
(p.(Arg408His)). Variant c.1213G>A (p.(Val405Met)) was
identified in an individual with a cleft lip and alveolus on
the left side. The variant inherited from an unaffected parent
occurs at a moderately conserved nucleotide (phyloP: 3.76)
and affects an amino-acid conserved up to frog. A small
physicochemical difference exists between the reference
amino-acid valine and the variant amino-acid methionine
(Table 2). The other variant in the OD, c.1223G>A (p.
(Arg408His)), was identified in an individual with a cleft lip
and alveolus (left), and a split velum and uvula (hard palate
intact), with unaffected parents. This known rare variant,
rs751698974 (minor allele frequency (MAF)= 0.000008;
ExAC database), was inherited from an unaffected parent. It
occurs at a highly conserved nucleotide (phyloP: 4.40) and
affects an amino-acid conserved up to zebrafish. The phy-
sicochemical difference between the reference amino-acid
arginine and the variant amino-acid histidine is small
(Table 2).

Other missense variants in affected individuals

Besides the above-mentioned variants, three other missense
variants were identified in affected individuals. The
c.670G>A (p.(Val224Ile)) in DBD was identified in an
individual with bilateral CLP with unaffected parents. This
is a known rare variant, rs757669482 (MAF= 0.000008;
ExAC database). This paternally inherited variant occurs at
a highly conserved nucleotide (phyloP: 4.32) and affects an
amino-acid conserved up to zebrafish. The physicochemical
difference between the reference amino-acid valine and the
variant amino-acid isoleucine is small (Table 2). The variant

c.1459C > T (p.(Arg487Cys)) in the TA2 domain of p63
was identified in a CLP individual with unaffected parents.
This is a known rare variant, rs777306829 (MAF= 0.0001;
ExAC database). This maternally inherited variant occurs at
a moderately conserved nucleotide (phyloP: 2.87) and
affects an amino-acid conserved up to zebrafish. The phy-
sicochemical difference between the reference amino-acid
arginine and the variant amino-acid cysteine is large
(Table 2). Finally, one γ form-specific variant, c.1390C>T
(p.(Arg464Trp)), was identified in an individual with cleft
lip and alveolus of the left side, with unaffected parents.
The variant was maternally inherited and present in exon
10ʹ. This is a known rare variant, rs369826042 (MAF=
0.0001), with ExAC frequency 0.00004. It occurs at a
weakly conserved nucleotide (phyloP: 1.66) and affects a
weakly conserved amino acid. There is a moderate physi-
cochemical difference between the reference amino-acid
arginine and the variant amino-acid tryptophan (Table 2).

Isomerization domain variant c.1213G>A
(p.(Val405Met)) affects p63 oligomerization

A thermal shift assay (TSA) was performed to determine
whether the stability of the mutant tetramerization domains
was affected compared with the wild-type protein (Fig. 3).
The c.1213G>A (p.(Val405Met)) variant indeed leads to a
significant reduction of the unfolding equilibrium tem-
perature by ~24 °C, whereas the c.1223G>A (p.
(Arg408His)) variant causes only a slight reduction in
melting temperature. Investigation of the oligomeric state of
the mutant domains by size exclusion chromatography
revealed that the predicted p.(Val405Met) variant tetra-
merization domain is less stable than the wild-type domain
showing a significant dimer population. In contrast, no
reduction in the population of the tetrameric state could be
detected for the p.(Arg408His) substitution.

Isomerization domain variant c.1213G>A
(p.(Val405Met)) decreases the transactivation
capacity of p63

A transactivation assay was performed to analyze the effects
of the variants identified in this study. The fold induction of
a luciferase reporter gene under control of a minimal pro-
moter and p63 binding site was compared between the
empty pcDNA vector and the p63WT vector [17]. One of
the identified variants, c.1390C>T (NM_001114979.1) (p.
(Arg464Trp)), was specific to p63γ isoforms. In this case,
the variant was created in the ΔNp63γ isoform, which
contains a smaller but TA-competent domain, called TAΔN.
The measurements of all constructs was normalized to the
respective p63WT construct. A clear luciferase induction
was measured for all p63WT constructs compared with the
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empty pcDNA vector (Fig. 4). This means that the WT p63
protein binds to the TP63 enhancer element and induces the
expression of downstream luciferase. For the positive con-
trol, a missense variant p.(Arg343Trp) in p63 known to
cause EEC syndrome was used, which has been previously
shown to reduce TA activity in a dominant-negative pattern
(Fig. 4) [7].

The EEC-associated variant p.(Arg343Trp) reduced the
induction of the luciferase reporter by 82% (P-value=
0.011) (Fig. 4). The previously published variant p.
(Arg352Gly) identified in an individual affected with
nsOFC was also tested [9]. This variant, which resides in
the DBD, reduced TA activity by 63% (P-value= 0.025)
(Fig. 4). The two variants in OD, p.(Val405Met) and p.
(Arg408His), reduced the activation of luciferase reporter,
but only by 32% (P-value= 0.048) and 10% (P-value=
0.094), respectively (Fig. 4). These data are consistent with
our results from structural studies of these variants/func-
tional characterization (Fig. 3).

The remaining variants identified in affected individuals
were also tested and were found not to affect the activation
drastically (Figure S2).

Discussion

So far, the variants identified in TP63, which lead to various
developmental disorders, were found to have dominant-
negative or gain-of-function effects only. Also, individuals
identified earlier with deletions including TP63 did not
present the typical features seen for TP63 variants [11, 13].
In this study, we report three families with deletions
encompassing part of the TP63 with affected individuals
presenting OFC, hypodontia, nail abnormalities, and other
phenotypic features (Fig. 2, Table 1). Previously, a sys-
tematic analysis of copy number variants of a large cohort
312 OFC patients did not identify any CNVs affecting TP63
[18]. SNP microarray analysis in a cohort of 2366 healthy
individuals reported a 174.5-kb deletion encompassing
exons 2–4 and exon 3ʹ in 161 individuals [19]. However,
this is likely to be a technical artifact, as we have never
observed this deletion nor any other one in our in-house
exome sequencing and SNP array pipelines conducted in
over 30,000 individuals (Dr. R. Pfundt, personal
communication).

According to the ExAC browser, there is a strong con-
straint for loss-of-function variants (pLI= 0.98) and a
moderate constraint for TP63 missense variants (z= 2.65)
[20]. The identification of partial deletions in three OFC
families in this study is inconsistent with the earlier notion
that TP63 does not function in a dosage-dependent manner.
We also report seven variants in individuals affected with
nsOFC identified using MIPs analysis. These seven variants

identified in the affected individuals were not seen in the
control cohort. These variants include two variants
c.569_576del (p.(Ala190Aspfs*5)) and c.997C>T (p.
(Gln333*)) in the DBD predicting a premature stop, which
can lead to complete loss-of-function by NMD or otherwise
the ablation of most of the critical p63 protein domains,
including DBD, OD, SAM, and TI domains. Two variants
that were identified in the OD c.1213G>A (p.(Val405Met)
and c.1223G>A (p.(Arg408His)) were shown to cause
partial loss-of-function in the TA assay (Figs. 3, 4).

The variants identified so far in the individuals affected
with p63 syndromes lie outside the OD. Interestingly, the
two OD variants reported in this study were identified in
individuals affected with nsOFC who presented no addi-
tional TP63-related phenotype. This difference in distribu-
tion of variants between nsOFC and p63 syndromes
revealed different pathogenic mechanisms in syndromic
versus nonsyndromic conditions. The two variants in the
OD reduced the activation of luciferase reporter by 32 and
10%, respectively, whereas the other variants identified in
the study lead to no or only a slight increase compared with
the respective wild-type isoforms (Fig. 4). We propose a
model to explain the functional effects of different kinds of

Fig. 2 Pedigree structures of the three orofacial clefting (OFC) families
carrying a deletion affecting the TP63 gene. Black symbols indicate
those individuals who are clinically affected with OFC and/or other
features of ectodermal dysplasia. A complete overview of clinical
features for each individual is provided in Table 1. Individuals used for
SNP microarray analysis are indicated by the arrow. Individuals with
underlined identifiers were tested by quantitative PCR (qPCR)
(Table S2) for the presence of the deletion, which was confirmed in all
cases
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variants in p63. The normal tetrameric complex with all
wild-type p63 molecules leads to a normal level of TA. A
heterozygous dominant-negative variant in TP63, as seen in
individuals affected with p63 syndromes, produces only
half the total wild-type copies of p63 molecules [21]. The
remaining half are mutant copies, which retain the ability to
oligomerize. Theoretically, 6.25% of the total tetrameric
complexes will be formed by all wild-type monomers,
which will have normal TA activity. The rest of the com-
plexes will have one or more mutant monomers, which will
affect TA. The loss-of-function variants, which can be
deletions or nonsense variants as reported in this study, also
produce only half the total wild-type copies of p63 mole-
cules. With only half the protein molecules, complexes
formed will be normal but 50% less abundant. The het-
erozygous OD variants, as reported in this study, will pro-
duce only half the normal copy of the protein, leaving
the other half with an impaired ability to oligomerize. As
a result, there will be normal protein complexes but they
will be almost half in number. These OD variants will
therefore lead to partial loss-of-function (Fig. 5). This
model is also supported by analysis of the biophysical
properties of the respective mutant proteins, which showed

reduced thermo-stability in p.Val405Met mutant proteins
compared with wild type. Where the normal protein dena-
tures at 85.6 ± 0.1 °C, the p.Val405Met mutant protein
unfolds at 51.6 ± 2.5 °C (Fig. 3). In contrast to the p.
Val405Met mutant protein, no obvious explanation based
on the biophysical properties of the p.Arg408His is possi-
ble. Nevertheless, our data suggest that dominant-negative
or gain-of-function variants in TP63 cause developmental
disorders including more than one phenotype, whereas the
loss-of-function variants lead to nsOFC.

All seven variants in affected individuals except for
c.997C>T (p.(Gln333*)) were inherited from an unaffected
parent. Due to unavailability of parental DNA, we could not
confirm whether the c.997C>T variant was de novo or
inherited. This suggests that the variants are not always
completely penetrant. Incomplete penetrance has also been
observed for other TP63 variants, including common var-
iants such as those affecting arginine 319 (280 according to
former nomenclature). Arg319 is considered a hotspot for
EEC syndrome variants [10, 22], but there are also reports
on families in which Arg319Cys is inherited as isolated
SHFM. These families have cases of non-penetrance as well
[23]. Thus, clinical variability and reduced penetrance is

Table 1 Summary of phenotypic features of the three families with deletions of TP63

Family
number

Individual ID Orofacial
clefting

Dental phenotype Additional features

W11–4934 I1 – Unknown Hypoplastic nails, plantar hyperkeratosis, coarse
hair, skin cancer

II2 – Hypodontia Hypoplastic nails, psoriasis

II3 CLP (bilateral) Hypodontia Hypoplastic nails, plantar hyperkeratosis

II4 CLP (unilateral) Hypodontia Hypoplastic nails, plantar hyperkeratosis pyloric
stenosis

II5 – – Choanal atresia (unilateral), psoriasis, plantar
hyperkeratosis, coarse hair, nabothian cervix
cysts SADNI

III1 – Hypodontia Unknown

III2 – Hypodontia Choanal atresia (unilateral)

III4 – Taurodontism upper molars Choanal atresia (unilateral), psoriasis, fair coarse
hair

III5 – Duplicated upper incisor, broad dental pulp
incisor

Choanal atresia (unilateral), fair coarse hair,
mandibular hypoplasia, low IgA

W12–0831 II2 – – Duplicated thumb

II4 – – Duplicated thumb

III3 CLP – –

III4 CPO – –

IV1 female – – Dry skin, duplicated thumb

IV3 CLP (unilateral) Hypodontia –

V1 CLP – –

W16–065 II1 CLP (unilateral) Several teeth extracted and had mandibular
surgery for correction of asymmetry and
overbite

Lichen sclerosus

CLP cleft lip with or without cleft palate, CPO cleft palate only, SADNI selective antibody deficiency with normal immunoglobulins
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typical for TP63 variants. Four missense were identified in
the control cohort. Two of these, c.85T>G (p.(Phe29Val))
and c.406A>G (p.(Thr136Ala)), were predicted to be tol-
erated (Table 2). Two others, c.725A>G (p.(Lys242Arg))
and c.1121C>T (p.(Thr374Met)), were predicted to be
deleterious, similar as the missense variants identified in the
CLP cohort. We cannot exclude that these variants represent
CLP risk alleles.

Recent genome-wide association studies (GWAS) have
identified intronic variants in TP63, which impart the risk of
nsOFC [24]. The other variants c.670G>A (p.(Val224Ile),
NM_001114979.1:c.1390C>T (p.(Arg464Trp)), and
c.1459C>T (p.(Arg487Cys)) identified in our study are
located in various domains of p63 and did not show any

dramatic decreases in TA activity in our assay. These var-
iants could represent risk factors, which would cause only
nsOFC in conjunction with other genetic and/or environ-
mental factors with strong effect sizes. Importantly, all
seven TP63 variants identified were present in individuals
affected with CL/P (n= 878) and none in individuals with
CPO (n= 194). This has also been seen previously in a
genome-wide meta-analysis, which identified a statistically
significant association between TP63 and CL/P but not CPO
[24].

In conclusion, we identified three deletions and seven
probable disease-causing variants in TP63, which uncover a
dosage-dependent function of p63 and a loss-of-function
mechanism behind nsOFC. Our findings also change the

Fig. 3 Melting points of different tetramerization domain mutants and
wild type. The melting point of the wild-type p63 tetramerization
domain (blue line) as well as the p.Val405Met (orange line) and the p.
Arg408His (gray line) variants was determined by a thermal shift
assay. Due to the extraordinary stability of the tetramerization
domains, the pH had to be shifted to 4.5 to ensure melting in a tem-
perature range, which is accessible to this assay. Under these

conditions, the measured melting temperatures were 85.6 ± 0.1 °C for
the wild-type tetramerization domain, 51.6 ± 2.5 °C for the p.Val405-
Met variant, and 82.1 ± 0.1 °C for the p.Arg407His variant. The
reduction in stability of the p.Val405Met variant is also reflected in a
shift of ΔNp63α from a clear tetramer in wild-type protein towards a
dimer-tetramer mix in the p.Val405Met variant on analytical SEC
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previous assumption that loss-of-function alleles in TP63 do
not give rise to any clinical phenotype.

Materials and methods

Subjects

Probands from three families were referred to a Clinical
Genetics Center because of the presence of cleft lip palate.
Standard diagnostic testing was offered, including
microarray-based CNV analysis. A CNV affecting TP63
was identified in three families.

In family W11–4934, a 53-year-old male (II4) and his
55-year-old brother (II3), third and fourth child from Dutch
non-consanguineous parents, were born with a CLP, and
showed hypodontia and nail hypoplasia (Fig. 2, Table 1).
Their parents are of Caucasian origin. Interestingly, seven
family members (I1, II2, II5, III1, III2, III4, and III5)
demonstrated a variety of clinical features that might be
related to the mutant TP63 phenotypic spectrum, ranging
from prominent to very subtle ectodermal symptoms. Most
striking were the hypodontia and tooth anomalies in most
affected family members and the choanal atresia in a
daughter of the eldest male with CLP (III2), and in one
affected sister (II5) and her offspring (III4 and III5). Both
children (III4 and III5) had coarse fair hair. The mildest
features in affected family members (I1 and II2) were
hypoplastic nails and dry skin. To the best of our knowl-
edge, Nabothian cysts, epithelial inclusion cysts of the
cervix, were not previously reported as p63-related features.
No congenital limb anomalies, lacrimal duct abnormalities,
ankyloblepharon nor intellectual disability were present in
affected members.

In family W12–0831, a 37-year-old male (IV3), the only
child of non-consanguineous Dutch parents with a Cauca-
sian origin, was born with an unilateral cleft lip and cleft
palate and showed a mild hypodontia, with agenesis of three
teeth (Fig. 2, Table 1). The mother (III4) was born with a
cleft palate. Family history revealed two additional family
members (III3 and V1) with a cleft lip and cleft palate. In
addition, two family members (II2 and IV1) were born with
a duplicated thumb. In one family member (II4), a dupli-
cation of the thumb was suspected. SHFM or other limb
anomalies were not reported. There was no history of
ankyloblepharon, lacrimal duct anomalies, or ectodermal
involvement in affected family members, except for dry
skin in the mother (III4). No intellectual disability was
present.

Fig. 4 Transient transfection assay (luciferase induction) for the oli-
gomerization domain (OD) variants. The fold inductions for the dif-
ferent mutant constructs are calculated relative to the WT isoform. p.
Arg343Trp, an EEC causing mutant was used as control. p.Val405Met
and p.Arg408His are the two OD variants tested. p.Arg352Gly, the
only variant previously found responsible for nsOFC was also tested.
The data are represented as the mean ± SEM

Fig. 5 Model explaining the functional effects of different kind of
variants in p63 on the transactivation (TA) activity. The normal
complex with all wild-type p63 molecules leads to regular level of TA.
A heterozygous dominant-negative variant in TP63 will lead to half
mutant copies of p63 molecules. Theoretically, 6.25% of the total
tetrameric complexes will be formed by all wild-type monomer, which
will have normal TA activity. The rest of the complexes will have at
least one (or more) mutant monomer, which will block TA. The loss-
of-function variants will lead to production of only half the total wild-
type copies of p63 molecules. With only half the protein molecules,
complexes formed will be normal but 50% less abundant. The het-
erozygous oligomerization domain (OD) variants will produce only
half normal copy of the protein, leaving the other half incapable to
oligomerize. As a result, there will be normal protein complexes but
they will be almost half in number. These OD variants will therefore
lead to partial loss-of-function
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Finally, in family W16–065 the affected individual is a
now 33-year-old woman, born as the second of four chil-
dren of non-consanguineous Danish parents. She was born
with a unilateral cleft lip and cleft palate. She had several
teeth extracted and had mandibular surgery for correction of
asymmetry and overbite. She was also diagnosed with
lichen sclerosus.

A cohort of 1072 individuals affected with OFC and 706
population-based controls was analyzed for variants in
TP63 using MIPs sequencing. All of these individuals were
of European ancestry. The OFC cohort included 647 CLP,
194 cleft palate only (CPO), 127 cleft lip alveolus (CLA),
and 104 cleft lip only (CLO) affected individuals. The MIPs
analysis involved subjects from Bonn, Leuven, and Nij-
megen as part of a larger project in which other genes were
also analyzed [25]. Approval was obtained from the Insti-
tutional Review Boards of the respective University Hos-
pitals. Informed consent was obtained from all individuals
who participated in the study.

DNA variant data have been submitted to the gene var-
iant database at www.LOVD.nl/TP63 (patient IDs:
00208593, 00208594, 00208598, 00208628, 00208629,
00208633, 00208754, and 00208769–00208775).

CNV microarray analysis

We assessed copy number variations in the three families by
genome-wide high-resolution cytogenetic array analysis
(CytoScan HD, Affymetrix, Santa Clara, CA, USA). Data
analysis was performed with the Chromosome Analysis
Suite software (ChAS, Affymetrix; V3.0.0.42) using default
settings (Table S1).

Confirmation of the identified deletions and their segre-
gation within families was carried out by qPCR. SYBR
green-based genomic real-time qPCR analysis was per-
formed on a 7500 Fast Real-Time PCR System (Applied
Biosystems, Foster City, CA) by using Power SYBR Green
PCR Master Mix (Applied Biosystems) according to the
manufacturer’s instructions. Primers were developed by the
Primer3 program (Table S2) and validated as previously
described [26].

MIPs sequencing

All 17 coding exons of TP63 were sequenced using a total
of 40 MIPs (Supplemental spreadsheet), which represented
a subset of MIPs that were part of a previously performed
experiment [16]. The final pooled MIPs libraries were run
on a NextSeq500 sequencer (Illumina, San Diego, CA,
USA) using 2 × 79 bp reads. Data were analyzed with an in-
house analysis pipeline [16]. The identified variants from
affected individuals and control cohorts were filtered for
quality-by-depth higher than 500, rare (dbSNP freq ≤0.1Ta
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and <5 samples in MIPs screen), nonsynonymous variants
with CADD PHRED-like score >15 (Table 1, Fig. 2) [27].
Alamut® Visual was used to evaluate the effect of the
variants using genetic and genomic information from dif-
ferent sources (phyloP, Grantham, SIFT) as described. The
variants in affected individuals were validated using Sanger
sequencing and segregation analysis was performed in all
available family members.

Analysis of functional effects of missense variants in
the OD

The TSA was performed using an iCycler IQ Real Time
PCR Detection System (Bio-Rad, Hercules, California,
USA). Highly concentrated protein samples were diluted at
least 100-fold into the measurement buffer (10 mM Na-
Phosphate, 140 mM NaCl, pH 4.5) to a final concentration
of 20 µM. In all, 36 µl of protein solution was combined
with 4 µl of a 1:200 dilution of SYPRO Orange (Thermo-
Fisher, Waltham, Massachusetts, USA). Samples were
measured in MicroAmp Optical 96-well plates (Thermo-
Fisher, Waltham, Massachusetts, USA). Temperature was
increased at a rate of 1 °C/min, while fluorescence mea-
surements were taken at 0.2 °C increments. The resulting
data were smoothed by a rolling average over 5 data points.
The first derivative of the result was plotted to obtain the
melting point. The experiment was performed in duplicates.
Analytical SEC of rabbit reticulocyte lysate expressed
ΔNp63α variants was done as described previously [28].

Constructs and site-directed mutagenesis

Modified pcDNA3 vectors, containing various forms of
human and mouse TP63 were used to create the variants
identified by MIPs analysis (Table 2). Variants were created
through polymerase chain reaction, using Phusion® High-
Fidelity DNA Polymerase (New England Biolabs, Thermo
Scientific) and polyacrylamide gel electrophoresis purified
primers containing the variants. The PCR program con-
sisted of an initial denaturation at 95 °C for 5 min followed
by 18 cycles of 30-s denaturation at 95 °C, 1-min annealing
at 55 °C and 7-min extension at 68 °C. This was followed
by final extension at 68 °C for 5 min.

Cell culture and transfection

The Saos-2 cell line, which lacks endogenous p63, was
maintained in Gibco™ Dulbecco’s modified Eagle’s med-
ium (Thermo Fisher Scientific, Waltham, Massachusetts,
USA) with 10% fetal bovine serum, 1% sodium pyruvate at
37 °C, 5% CO2. For transfection, approximately 2 × 105

cells were seeded into one well of a six-well tissue culture
plate. Cells were transfected with the pcDNA, a mammalian

expression vector containing mutant TP63, Renilla pRL-
SV40 reporter vector and modified pGL3 enhancer vector
(Promega, Fitchburg, Wisconsin, United States) containing
a TP63 binding site that has been shown before to work as
an enhancer [17]. Effectene™ Transfection Reagent (Qia-
gen, The Netherlands) was used as per the protocol
described previously [14]. pcDNA vector containing wild-
type inserts of TP63 isoforms were used as negative control
and pcDNA vector with mutated TP63 encoding the EEC-
associated missense variant p.(Arg343Trp) was used as
positive control [14].

Transactivation assays

Twenty-four hours after the transfection, subconfluent cells
were collected for luciferase transactivation assay. Cells
were lysed and the luciferase assay was performed using the
dual luciferase assay system (Promega, Fitchburg, Wis-
consin, United States) according to the manufacturer’s
instructions. For the measurements, a Lumat LB 9507
(Berthold Technologies, Germany) was used. The level of
activation was calculated in comparison with transfection
with an empty pcDNA3 vector. Data were normalized to the
Renilla reporter signal [14].
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