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Abstract

Investigation of genetic determinants of Mendelian skin disorders has substantially advanced
understanding of epidermal biology. Here we show that mutations in PERP, encoding a crucial
component of desmosomes, cause both dominant and recessive human keratoderma.
Heterozygosity for a C-terminal truncation, which produces protein that appears to be unstably
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incorporated into desmosomes, causes Olmsted syndrome with severe periorificial and
palmoplantar keratoderma in multiple unrelated kindreds. Homozygosity for an N-terminal
truncation ablates expression and causes widespread erythrokeratoderma, with expansion of
epidermal differentiation markers. Both exhibit epidermal hyperproliferation, immature
desmosomes lacking a dense midline observed via electron microscopy, and impaired intercellular
adhesion upon mechanical stress. Localization of other desmosomal components appears normal,
in contrast to other conditions caused by mutations in genes encoding desmosomal proteins. These
discoveries highlight the essential role of PERPin human desmosomes and epidermal
homeostasis, and further expand the heterogeneous spectrum of inherited keratinization disorders.

INTRODUCTION

RESULTS

Disorders of keratinization (DOK) are scaling skin diseases with substantial morbidity and
mortality and considerable phenotypic and genotypic heterogeneity. Palmoplantar
keratoderma (PPK), or excessive thickening of palms and soles, is a key feature of many
DOK including Olmsted syndrome (OS), characterized by palmoplantar and periorificial
keratoderma (Duchatelet and Hovnanian, 2015), and many forms of erythrokeratoderma,
characterized by widespread erythrokeratotic plaques (Hirano and Harvey, 2011). OS is most
often dominant and caused by mutations in 7/RPV3 (transient receptor potential vanilloid 3,
MIM: 607066) (Lin et al., 2012). Most forms of erythrokeratoderma (EK) are also dominant
and caused by mutations in GJB3, GJB4, and GJAI (connexins 31, 30.3, and 43, MIM:
603324, 605425, and 121024) (Boyden et al., 2015, Macari et al., 2000, Richard et al.,
1998), LOR (loricrin, MIM: 152445) (Maestrini et al., 1996), or DSP (desmoplakin, MIM:
125647) (Boyden et al., 2016), though recessive forms of EK caused by mutations in
ABHD5 (abhydrolase domain containing 5, MIM: 604780) (Lefévre et al., 2001, Pujol et al.,
2005) and KDSR (3-ketodihydrosphingosine reductase, MIM: 136440) (Boyden et al., 2017)
have been described.

Other disorders featuring PPK are caused by disruption of desmosomal proteins.
Desmosomes are intercellular junctions crucial for cell-cell adhesion, tissue integrity, and
epidermal differentiation. They interact with microtubules and mediate localization and
function of gap junctions. Genes encoding desmosomal proteins, including cadherins that
when mutated cause PPK include DSGI and DSCZ (cadherins desmoglein 1 and
desmocollin 2, MIM: 125670 and 125645) (Gerull et al., 2013, Rickman et al., 1999,
Samuelov et al., 2013, Simpson et al., 2009), PKP1 and JUP (armadillo proteins plakophilin
1 and junction plakoglobin, MIM: 601975 and 173325) (McGrath et al., 1997, McKaoy et al.,
2000), and DSP (Boyden et al., 2016). Hair abnormalities and cardiomyopathy are
additional features common among desmosomal disorders.

In ongoing efforts to discover new genetic causes of DOK, including OS and EK, cohorts at
INSERM in France and Yale University in the USA were screened for mutations in
previously associated genes, followed by exome sequencing of probands without identified
pathogenic mutations. Via these analyses, four OS subjects were found to be heterozygous

J Invest Dermatol. Author manuscript; available in PMC 2020 February 01.



1duosnuen Joyiny 1duosnuey Joyiny 1duosnue Joyiny

1duosnuen Joyiny

Duchatelet et al.

Page 3

for a nonsense mutation in the last exon of PERP (p.Trpl51* or p.Tyrl53*), and one EK
subject was found to be homozygous for a frameshift mutation in the first exon of PERP
(p.Ser38Leufs*52) (Figure 1, Supplementary Table 1, Supplementary Figures S1 and S2).

Subjects 1-4 presented with OS features. Subject 1 is from the French cohort and is
heterozygous for p.Tyr153* (¢.459C>G). He is age 6, the second child of unaffected Spanish
parents, and presented at age 5 months with cheilitis, periorificial keratotic plaques, keratotic
papules on the ear at the junction of the lobule and tragus, hyperkeratotic plaques on the
buttocks, transgrediens pink-red PPK which progressed over time to thick and fissured
yellow plaques on the fingertips and palms at sites of pressure, hyperkeratotic nails, and
woolly yellow hair. Skin in other areas is unaffected, he has no related pain, and teeth,
sweating, and heart ultrasound are normal. Subject 2 is from the USA cohort and is
heterozygous for p.Trp151* (c.452G>A). He is age 3, born to unaffected Mexican parents,
and presented at a walk-in clinic in Arizona with massive, transgrediens PPK extending to
the dorsum of wrists and ankles, with yellow horn-like projections present confluently on the
feet and on pressure-bearing areas of the fingers, palms, and over the metacarpophalangeal
joints. Marked cheilitis, periorificial keratotic plaques, hyperkeratotic plaques on armpits,
buttocks, abdomen, groin, and genitals, hyperkeratotic nails, scant eyebrows, and woolly
yellow hair strikingly similar to that of Subject 1 are present. There is well-demarcated pink-
red keratoderma extending to the lower abdomen, through the inguinal fold to the proximal
thighs. His father died in his 20s, preventing assessment of de novo status. Subjects 3 and 4
are a proband and her affected father from the USA cohort. Like Subject 2 they are
heterozygous for p.Trp151*, but the nucleotide mutation is different (c.453G>A). Subject 3
is age 4 and presented within the first month of life with pink-red thickening of the palms
and soles, which has progressed to confluent palmoplantar keratoderma with thicker scale
and fissures developing on pressure-bearing areas. Her hair is yellow, fine, and curly. Her
primary teeth are normal and she has chronic cheilitis with small periorificial plaques.
Subject 4 is age 40 and had onset of scaling of palms and soles in early childhood, with
progression to thick, fissured, cobblestone-like hyperkeratosis on palms and soles which has
slowly extended to the ankles, distal shins, and distal calves. He has experienced chronic
cheilitis with intermittent periorificial plaques. While his primary teeth were normal he
rapidly developed severe caries in his secondary teeth, necessitating extraction of all teeth at
age 38. A comprehensive cardiac evaluation at age 39 including echocardiogram showed no
evidence of cardiomyopathy. His hair was yellow, fine, and curly as a child, and became
darker when he was a teen but remained woolly.

Yellow hair is not a consistent feature of OS, and we know of no cases with both yellow hair
and a pathogenic 7RPV3 mutation. Genotyping of additional OS subjects for mutations in
TRPV3and PERPwill permit determination of whether this is a distinguishing and
consistent feature for OS caused by PERP mutation. While there is precedent for dental
enamel defects due to mutations in genes encoding desmosomal proteins (Boyden et al.,
2016), we have observed only adolescent onset in the secondary teeth of our oldest subject
(Subject 4) with a p.Trp151* PERP mutation. Other subjects with dominant mutations are
children, and further study will reveal whether this is a defining characteristic of this
disorder in adulthood.
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In contrast, Subject 5 presented with erythrokeratoderma affecting the entire body. Subject 5
is from the USA cohort and is homozygous for p.Ser38Leufs*52. She was born to
consanguineous unaffected Hispanic parents, with woolly hair but normal skin at birth. In
the first weeks of life her skin became thickened, red, and rough. When she began to crawl
she developed thickening of palms and soles which progressed to thick, yellow
hyperkeratosis predominantly on pressure areas of soles, with linear accentuation on the
palms. She has normal fingernails but dystrophic toenails. Now age 22, she has recurrent
dermatophyte infections, anhidrosis, and normal teeth. A recent echocardiogram was
normal. While her PPK and woolly hair bear striking similarities to Subjects 1-4, they are
less severe, and she does not have a hair pigmentation abnormality. The erythrokeratoderma
affecting virtually all of her skin further distinguishes her EK phenotype from their OS
phenotype. Histology of affected skin from Subjects 1 and 5 showed thickening of the
epidermis (acanthosis) and a thickened stratum corneum (hyperkeratosis), consistent with
diagnoses of OS and EK (Figure 2).

PERP (p53 effector related to PMP22, MIM: 609301, GenBank: NM 022121 and
NP_071404) is a three exon gene encoding a p53/p63 tetraspan membrane protein that is
both an apoptosis mediator and a component of desmosomes and other cell junctions
(Attardi et al., 2000, Franke et al., 2013, lhrie et al., 2005, lhrie et al., 2003). Perp knockout
(=/-) mice exhibit hyperproliferative skin and severe blistering symptomatic of
compromised adhesion, with postnatal lethality that is partially dependent on strain
background (lhrie et al., 2005). The Perp —/-mice that survive to adulthood display
confluent thickened and scaly skin (erythrokeratoderma), PPK, patchy and disorganized fur,
and abnormal nails. These features bear striking similarity to those observed in our OS and
EK subjects with PERP mutations. They are also reminiscent of the spectrum of skin and
dental phenotypes caused by mutations in another essential desmosome component, DSP,
which range from severe lethal blistering, to widespread erythrokeratoderma, to PPK alone,
depending on the location, type, and zygosity of mutation (Boyden et al., 2016).

To delineate molecular mechanisms consistent with recessive EK in a subject with a
homozygous N-terminal PERP frameshift and dominant OS in two subjects with
heterozygous C-terminal PERPterminations (Figure 3a), we considered both /n vitroand in
vivo data. To conclusively demonstrate that the homozygous p.Ser38Leufs*52 leads to loss
of function, we performed gRT-PCR with keratinocyte RNA from EK Subject 5 and
observed marked reduction of PERP expression, consistent with nonsense-mediated decay
(Figure 3b). In contrast, it is highly unlikely that OS in subjects with the heterozygous
p.Trpl51* and p.Tyr153* mutations is due to haploinsufficiency, given that Subject 5’s
unaffected, consanguineous parents are obligate heterozygotes for p.Ser38Leufs*52,
genomic databases contain control subjects heterozygous for PERPtruncating mutations
(Karczewski et al., 2017), and Perp +/— mice have no discernible phenotype. Given the
mutation constraint demonstrated by Subjects 1-4, which suggests that expression of mutant
PERP truncated at a specific site is critical to the OS phenotype, we propose that EK and OS
caused by PERP mutations have distinct pathobiology.

We further examined the mechanism of dominant OS mutations experimentally, in cells
from Subject 1, by examining expression of p.Tyr153* mutant PERP and its subcellular
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localization, size, and solubility profile. qRT-PCR demonstrated no deficiency in PERP
RNA, consistent with terminal exon mutations escaping nonsense-mediated decay
(Supplementary Figure S3). PERP immunostaining of keratinocytes from Subject 1 showed
normal membrane localization (Supplementary Figure S4). Immunoblotting for PERP
demonstrated lower molecular weight bands in Subject 1 keratinocyte lysates, consistent
with expression of a truncated form (Figure 3c). These bands are enriched in the Triton
soluble fraction (Figure 3d), suggesting that the mutant protein may not be stably
incorporated into desmosomes. Dephosphorylation and deglycosylation experiments did not
modify the apparent molecular weight of these bands (data not shown). Other desmosomal
proteins showed normal solubility profiles consistent with stable incorporation; components
of adherens and tight junctions (E-cadherin and claudin 1) also appeared stable
(Supplementary Figure S5).

The specific interactions between PERP and desmosomal components, the role of the
different PERP protein domains, and the exact function of PERP in desmosomes are yet
unknown. Therefore, delineation of the mechanism(s) by which PERP mutations cause OS
will require further investigation. PERP mutations in OS could have a gain-of-function, a
dominant-negative effect, or a more complex mechanism. There is precedent for C-terminal
truncations causing gain-of-function (e.g. epithelial sodium channel mutations that cause
hypertension by disrupting removal of the channel from the membrane and thereby
increasing renal sodium absorption) (Shimkets et al., 1994, Snyder et al., 1995), and for
putative gain-of-function mutations leading to a similar phenotype as definitive loss-of-
function mutations in the same gene (Srour et al., 2013). In this case, gain-of-function seems
inherently unlikely due to the substantial phenotypic overlap with the recessive loss-of-
function disorder. Yet a simple dominant-negative mechanism is not fully satisfactory, given
that the OS and EK phenotypes bear phenotypic differences beyond degree of severity. A
dominant-negative and neomorphic effect for the heterozygous, tightly clustered C-terminal
truncating mutations seems most consistent with these observations. Additional investigation
will be necessary to more comprehensively delineate the mechanism of dominant PERP
mutations.

Perp —/- mice display unaltered localization of most desmosomal proteins, though Dsp is
more diffuse and intracellul-ar, and Krt14, a marker of basal keratinocytes, is expanded
(Ihrie et al., 2005). To further investigate the effects of PERP mutations in our subjects on
desmosomes and epidermal development, we immunostained skin biopsies for desmosomal
components and markers of epidermal differentiation (Figure 4 and Supplementary Figures
S6 and S7). Both OS Subject 1 and EK Subject 5 demonstrate expanded FLG but normal,
suprabasal expression of KRT1. KRT1, like KRT10, is an intermediate filament protein and
marker of suprabasal keratinocyte differentiation. Furthermore, in contrast to OS Subject 1,
EK Subject 5 also shows expansion of KRT14, similar to observations in Perp —/— mice
(Ihrie et al., 2005) and other EK disorders, and involucrin staining was present in all
suprabasal layers (Boyden et al., 2017). Loricirin staining was localized to the upper
granular layers in Subject 1 and Subject 5. However, in Subject 5, increased nuclear LOR
localization is observed, similar to previous findings in subjects with keratoderma due to
LOR mutation and in mice with keratoderma caused by epidermal-specific suppression of
activator protein 1 transcription factor expression. In this mouse model, the keratoderma
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phenotype is remarkably similar to that of human subjects with LOR mutations and is
unchanged when generated in mice lacking LOR, suggesting that nuclear LOR localization,
may be a feature of some keratodermas but is not necessary to the pathogenesis (Rorke et al.,
2015). Overall, these results suggest a potential defect in terminal differentiation in Subjects
1 and 5. Neither subject demonstrated evidence of abnormal localization of desmosome or
other intercellular junction components. Staining for c-Kit and the proliferation marker Ki67
also revealed that both probands exhibit significantly increased mast cell counts in the
dermis, and greater percentages of proliferating cells in the basal layer of interfollicular
epidermis (Supplementary Figure S8), consistent with hyperproliferation. A similar
phenotype is observed in the adult skin of Perp —/— mice, which is hyperproliferative,
commonly with infiltrating immune cells, skin inflammation, and susceptibility to infection
(Ihrie et al., 2006).

Desmosome abnormalities in Perp —/— mice include greater width, lower electron density,
fewer numbers, and aberrant cytoskeletal connections (lhrie et al., 2005). To characterize
desmosomal defects in our subjects with PERP mutations we examined skin from OS
Subject 1 and EK Subject 5 by electron microscopy. In both subjects, desmosomes lack the
electron-dense midline (EDM) normally present in mature desmosomes (Figure 5a and
Supplementary Figure S9a), indicative of an immature state associated with conditions
including wound healing, tumor invasion, or keratinocyte mitosis (Brooke et al., 2012).
Other desmosomal features, including inner plaques and keratin filament attachments,
appeared intact. In the lower suprabasal layer, morphometric analysis demonstrated shorter
outer plaque length in Subject 1, and a reduction in numbers of desmosomes in Subject 5
(Figure 5b). In the upper suprabasal layer, desmosome frequency was modestly decreased in
Subject 1; there were no significant differences in interplaque width in either layer
(Supplementary Figure S9b). Desmosomal adhesive function was investigated by dispase
mechanical dissociation assay in keratinocytes cultured from skin biopsies of OS Subject 1
and EK Subject 5. For both subjects increased fragmentation after mechanical stress was
observed (Figure 6).

Interestingly, despite evidence that Perp is a p53/p63-regulated apoptosis mediator (Attardi
etal., 2000, lhrie et al., 2005, Ihrie et al., 2003), Perp —/— mice show no detectable
alterations in apoptosis in skin (lhrie et al., 2005, Marques et al., 2005), are not predisposed
to spontaneous tumorigenesis (lhrie et al., 2006), and are resistant to papilloma development
(Marques et al., 2005). However, mice with inducible, epidermis-specific deletion of Perp
develop earlier and more numerous squamous cell carcinomas upon chronic UVB
irradiation, with defects in UVB- induced apoptosis (Beaudry et al., 2010). Staining of skin
from OS Subject 1 for activated caspase 3 revealed no detectable apoptotic cells, similar to
control skin (Supplementary Figure S10), and to skin of Perp —/— mice (lhrie et al., 2005,
Marques et al., 2005), but in contrast with OS patients with 7RPV3mutations (Lin et al.,
2012).

DISCUSSION

Desmosome abnormalities have been reported in other disorders featuring PPK, including
recessive skin fragility syndrome, recessive Naxos disease, and dominant tylosis with
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esophageal cancer, caused by mutations in PKP1, JUP, and RHBDFZ2 (rhomboid 5 homolog
2) respectively (Blaydon et al., 2012, McGrath et al., 1997, McKoy et al., 2000).
Desmosomes in PKPI-null human skin show altered size and reduced number, with less
prominent EDMs (McMillan et al., 2003). Those in Jup-null mouse skin are fewer in
number, with structural abnormalities including reduced EDMs (Bierkamp et al., 1999), and
those in RHBDF2-mutant human skin lack the EDM (Brooke et al., 2014). Formation of the
EDM is central to desmosome adhesive strength, and the importance of Perp to intercellular
adhesion has been previously investigated with murine experiments utilizing autoantibodies
from the blistering disorder pemphigus vulgaris, which disrupt desmosomal adhesion. When
these antibodies are applied to Perp —/- keratinocytes, intercellular adhesion is significantly
more impaired than with wild-type cells (Nguyen et al., 2009). Our findings provide further
evidence for the role of PERP in desmosomal adhesion. It is possible that other functions of
PERP are also affected by the dominant mutations we identify in OS subjects.

The observation of three unrelated OS probands heterozygous for different C-terminal
truncating PERP mutations within two residues of each other, one which is de novo and one
which is inherited from an affected parent, conclusively demonstrates that these mutations
cause OS. An EK subject homozygous for an N-terminal truncating PERP mutation,
genetically and phenotypically analogous to the Perp —/— mouse, provides compelling
evidence that distinct classes of mutation in PERP cause both dominant and recessive
keratinization disorders with partial phenotypic overlap. The consistent features of PPK and
woolly hair are hallmarks of desmosomal abnormalities, which display impressively broad
phenotypic and genotypic spectrums. Consequently, the demonstration of specific structural
abnormalities and adhesion defects in both OS and EK subjects with PERP mutations,
despite normal localization of other desmosomal and junctional components, confirms the
critical role of desmosomes in these disorders, adds to the wider understanding of skin
disease caused by mutations in genes encoding desmosome-associated proteins, and
establishes the integral importance of PERP in human skin. These discoveries further
highlight the utility of an unbiased genetic approach to DOK.

MATERIALS AND METHODS
Study subjects (Subject 1).

The CPP lle-de-France Paris approved the study protocol. Subjects provided written
informed consent. The proband and his parents provided a blood sample. The proband
provided punch biopsies of skin from the buttock. De-identified normal skin from surgical
margins was obtained for controls.

Study subjects (Subjects 2-5).

The Yale Human Investigation Committee approved the study protocol. Subjects provided
verbal and written informed consent. Each subject provided a blood sample. Subject 5
provided punch biopsies of skin from the hip. De-identified normal skin discarded after skin
cancer excisions was obtained for controls.
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Exome sequencing and mutation confirmation (Subject 1).

Genomic DNA from the subject and his parents was isolated from peripheral blood using a
standard phenol chloroform protocol. DNA purification was performed using Amicon Ultra
30K centrifugal filter units (Millipore). Bar-coded DNA libraries were prepared and exome
capture (Agilent 50 Mb SureSelect Human All Exon V3) and sequencing (Life Technologies
SOLiD5500) was performed for the trio. Resulting reads (75 bp) were generated with Exact
Call Chemistry and aligned to the human reference sequence (hg19) with LifeScope (Life
Technologies), and variants were called with GATK and annotated with in-house software
(PolyWeb). Mean coverage was 76-92x, with 86— 87% of bases covered >15x. Variants
present in databases (dbSNP, 1000 Genomes, Exome Sequencing Project) or previously
observed in 1029 in-house exomes were excluded and de novo coding or splicing variants
predicted to be damaging by SIFT (Kumar et al., 2009) or PolyPhen-2 (Adzhubei et al.,
2013) were verified via Sanger sequencing with standard protocols (Applied Biosystems
3130xI). Additional prediction tools LRT (Chun and Fay, 2009) and MutationTaster
(Schwarz et al., 2010) were used.

Exome sequencing and mutation confirmation (Subjects 2-5).

Cell culture.

Genomic DNA was isolated from peripheral blood using a standard phenol-chloroform
protocol. Bar-coded DNA libraries were prepared and exome capture (Roche EZ Exome 2.0)
and sequencing (Illumina HiSeq) was performed by the Yale Center for Genome Analysis.
Resulting reads (99 and 74 bp respectively) were aligned to the human reference sequence
(hg38) with BWA-MEM (Li, 2013) and variants were called with the Genome Analysis
Toolkit (GATK) (McKenna et al., 2010) and annotated with Annovar (Wang et al., 2010) and
Variant Effect Predictor (McLaren et al., 2016). For Subjects 2, 3, and 5 mean coverage was
53x, 48x, and 49x, with 89%, 87%, and 74% of bases covered =20x, respectively. Frequency
of variants was assessed with EXAC (Karczewski et al., 2017), doSNP (Sherry et al., 2001),
1000 Genomes (Auton et al., 2015), and in-house control exomes. Aligned reads were
examined with the Broad Institute Integrative Genomics Viewer (IGV) (Robinson et al.,
2011). Verification of mutations was performed via PCR using KAPA2G Fast polymerase
(Kapa Biosystems), agarose gel fractionation and visualization, and Sanger sequencing.
Primers were designed with ExonPrimer (Rosenbloom et al., 2015, Untergasser et al., 2012)
and SNPmasker (Andreson et al., 2006).

4 mm punch biopsies were explanted to isolate primary keratinocytes, which were
maintained in Green medium on a feeder layer of lethally irradiated 3T3 mouse fibroblasts
as described previously (Barrandon and Green, 1987). For experiments, keratinocytes were
grown in 0.06 mM CaCl, EpiLife medium (Invitrogen) to 70-80% confluence and then
incubated in 1.2 mM CacCl, EpiLife medium for up to 48 hours to induce formation of
desmosomes.

RT-PCR (Subject 1).

Confluent cultured keratinocytes were harvested, RNA was prepared via RNeasy Mini
(Qiagen), and cDNA was prepared with random hexamer priming and M-MuLV reverse
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transcriptase (Fermentas). PCR was performed in triplicate for each sample with gPCR
MesaGreen Mastermix (Eurogentec) on a 7500 Sequence Detection or ViiA 7 Real-Time
PCR system (Applied Biosystems). The experiment was replicated three times.

RT-PCR (Subject 5).

Keratinocytes grown in one well of a six-well plate were harvested, RNA was prepared via
RNA Allprep (Qiagen 80004), and cDNA was prepared with oligo(dT) priming and
SuperScript 111 reverse transcriptase (Invitrogen 18080-093). PCR was performed in
triplicate for each sample with Power SYBR Green Master Mix (Applied Biosystems
4367659) on a 7500 Sequence Detection system (Applied Biosystems). The experiment was
replicated three times.

RT-PCR primers.

Quantitative PCR was performed with PERPsets 1 and 2 and normalization to PGK.
Presence of p.Tyr153* in mRNA was validated with PERPset 3. PERP (5°-3):
F1=CTACGAGGAGGGCTGTCAGA, R1=GCGAAGAAGGAGAGGATGAA,
F2=GACCCCAGATGCTTGTCTTC, R2=GCATGAAGGGTGAAGGTCTG;
F3=GCCTCTTCGCTTTTGTGG, R3=TCAAAGTCGCCTGGAGAAAC. PGK (5-3’):
F=GTGTGCCCATGCCTGACA, R=TGGGCCTACACAGTCCTTCAA.

Immunoblotting.

Keratinocytes were lysed in buffer (20 mM pH 8 Tris-HCI, 150 mM NaCl, 1% Triton X-100,
0.5% Nonidet P-40, 1 mM pH 8 EDTA pH8, Complete protease inhibitors [Roche]) and
rocked for one hour at 4°C. Total protein was isolated by lysis in the above buffer with 9 M
urea. Triton-soluble fractions were isolated by centrifugation at 13000 g at 4°C for 20
minutes. Urea-soluble fractions were isolated by resuspension of insoluble material from
this preparation in 9 M urea buffer, incubation for 3 hours at room temperature, and
centrifugation at 14000 g at room temperature for 30 min. Protein quantification was
performed by Bradford assay. 30 pg samples were loaded in Laemmli buffer (62.5 mM pH
6.8 Tris HCI, 5% B- mercaptoethanol, 2% SDS, 10% glycerol, 0.002% bromophenol blue),
separated by SDS-PAGE, transferred onto Hybond-ECL membrane (GE Healthcare), and
incubated with primary and secondary antibodies, with chemiluminescence detection (ECL
Plus Western Blotting Substrate, Pierce). b-actin served as loading control. Experiments
were replicated three times.

Immunocytochemistry.

Keratinocytes were cultured on coverslips and fixed in ice-cold methanol for 10 minutes at
-20°C or 4% paraformaldehyde for 30 minutes at room temperature. Paraformaldehyde fixed
cells were permeabilized with 0.2% TritonX-100 in PBS for 20 minutes. For PERP staining
cells were treated with 10 ug/ul Proteinase K for 3 minutes at room temperature. After
blocking with 1% fetal bovine serum in PBS, coverslips were incubated with primary
antibody overnight at 4°C and Alexa-conjugated secondary antibody for 1 hour at room
temperature, mounted on glass slides with Mowiol, and examined with a confocal
microscope. Experiments were replicated three times.
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Immunohistochemistry (Subject 1).

5 um FFPE tissue sections were deparaffinized with xylene, and rehydrated with a series of
alcohol solutions. Antigen retrieval was performed by boiling in 10 mM pH 6.0 citrate buffer
for 20 minutes. Slides were incubated with primary antibody for 1 hour at room temperature
and horseradish peroxidase conjugate was detected with an Envision kit (Dako).
Counterstain with Mayer’s hematoxylin was performed before mounting with Eukitt quick-
hardening mounting medium (Sigma). For immunofluorescent staining slides were
incubated with primary antibody overnight at 4°C and with secondary antibody for 60
minutes at room temperature, followed by nuclei staining with 1 ug/ml DAPI and Mowiol
mounting.

Immunohistochemistry (Subject 5).

5 um FFPE tissue sections were deparaffinized with a xylene-ethanol gradient and rinsed in
PBS. Antigen retrieval was performed by immersion in modified pH 6.0 citrate buffer for 20
minutes in a steamer. Slides were cooled and rinsed in PBS, and blocked with 10% donkey
serum / 1% BSA for 1 hour at room temperature. Slides were incubated with primary
antibody overnight at 4°C, washed 3 times with PBS, incubated with secondary antibody for
1 hour at room temperature, and washed 3 times with PBS. Nuclei were stained with 200
ng/ml DAPI before mounting with Mowiol / 1% n-propyl gallate (Sigma- Aldrich 02370).

Antibodies (Subject 1).

Primary antibodies included anti-PERP (N-terminal, Atlas HPA022269; C-terminal,
previously reported (Franke et al., 2013)), anti-c-Kit (1:500, Dako A4502), anti-Ki67
(Novocastra RTU-Ki67-MM1), anti-KRT14 (1:2000, Novocastra NCL-L-LL002), anti-
KRT1 (1:800, Abcam ab83664), anti-FLG (1:300, Covance PRB-417P), anti-LOR (1:500,
Covance PRB-145P) anti-1VVL (1:400, Sigma | 9018), anti-DSG1 (immunoblotting, Santa
Cruz sc-20114; immunocytochemistry, Abcam ab122913), anti-DSG3 (Life Technologies
32-6300), anti-DSC3 (Progen 6J193), anti-JUP (Santa Cruz sc-8415), anti-DSP (Santa Cruz
sc-33555), anti-CDH1 (Cell Signaling 3195), anti-CLDN1 (immunoblotting Santa Cruz
sc-166338; immunocytochemistry Abcam ab15098) and anti-cleaved-caspase3 (1:50 Cell
Signaling 9661).

Antibodies (Subject 5).

Primary antibodies included rabbit anti-c-Kit (1:500, Dako A4502), rabbit anti-Ki67 (1:300,
Abcam ab15580), mouse anti-KRT14 (1:100, Santa Cruz Biotechnology sc-53253), rabbit
anti-KRT1 (1:500, Covance PRB-149), goat anti-FLG (1:200, Santa Cruz Biotechnology
sc-25897), mouse anti-DSG1 (1:10, Progen 652110), rabbit anti-JUP (1:100, Abcam
ab15153), guinea pig anti-DSP (1:50, Progen DP-1), mouse anti-1VVL (1:100, ThermoFisher
Scientific MA5-11803), and rabbit anti-LOR (1:100, Abcam ab24722). Secondary
antibodies were Cy3 donkey anti-rabbit, anti-mouse, and anti-guinea pig 1gG and Cy2
donkey anti-goat 1gG (1:1000, Jackson Immunoresearch 711-165-152, 715-165-151,
706-165-148, and 705-225-147 respectively).
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Cell counting.

For c-Kit, the number of mast cells was counted relative to dermis area. For Ki67, the
numbers of labelled cells was counted as a percentage of total basal cells in each 40X field.
At least 10 fields were analyzed.

Electron microscopy.

Tissue was fixed by immersion in 2-2.5% glutaraldehyde in 0.1 M sodium cacodylate buffer
(pH 7.3-7.4) with rocking for 24-48 hours at 4°C, dehydrated, and embedded in resin. Age-
matched controls were used. The analytical methods were described previously (McMillan
et al., 2003).

Dispase mechanical dissociation assay.

Keratinocytes were incubated with 2.4 U/ml dispase (BD Biosciences) at 37°C to lift
keratinocyte sheets. Released keratinocyte monolayers were subjected to mechanical stress
by pipetting as previously described (Ishii et al., 2005).

Statistical analyses.

Statistical significance of observed differences was assessed by two-tailed Mann-Whitney U
tests. Means with s.e.m. are shown.

Supplementary Material

Refer to Web version on PubMed Central for supplementary material.
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Figure 1. Clinical features and PERP mutations observed in OS and EK subjects.
(a) Subject 1 is heterozygous for PERP p.Tyr153*. He has woolly yellow hair, periorificial

keratotic plaques, cheilitis, dystrophic nails, and transgrediens PPK. (b) Subject 2 is
heterozygous for PERPp.Trpl51*. He has woolly yellow hair, periorificial keratotic

plaques, pink-red keratoderma in the diaper area, transgrediens PPK with horny projections,
and dystrophic nails. (c) Subjects 3 and 4 (affected father shown) are heterozygous for PERP
p.Trpl51*. Subject 4 had fine yellow hair and his secondary teeth were prone to caries
(shown at age 38), with cheilitis and pink perioral plagues. Cobblestone-like hyperkeratosis
over the ankles and transgrediens red keratoderma with yellow scale is present. (d) Subject 5
is homozygous for PERP p.Ser38Leufs*52 (c.112delT, * indicates deleted base). She has
woolly hair, generalized erythrokeratoderma, and transgrediens PPK, with thick yellow
keratoderma..
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Figure 2. Affected skin of OSand EK subjectswith PERP mutations shows marked epider mal
hyperplasia.

Hematoxylin-eosin staining of affected skin from Subjects 1 and 5; biopsies used here and
throughout were from the buttock at age 1 and the upper thigh at age 22, respectively.
Subject 1 (on left) shows hyperplastic epidermis with acanthosis, papillomatosis with
elongated rete ridges, hypergranulosis, and orthokeratotic hyperkeratosis. There are some
areas of parakeratosis, and no acantholysis. Subject 5 (on right) similarly displays
acanthosis, papillomatosis, hypergranulosis, and a compact orthohyperkeratosis. Scale bars
are 400 pum.
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Figure 3. Effects of a homozygous N-terminal frameshift mutation and heterozygous C- terminal
nonsense mutations on PERP mRNA and protein, respectively.

() A PERP schematic shows heterozygous (het.) nonsense mutations (Subjects 1-4, OS,
red) and the homozygous (hom.) frameshift mutation (Subject 5, EK, green). (b)
Quantitative RT-PCR of Subject 5 (p.Ser38Leufs*52 homozygote) keratinocyte RNA shows
marked reduction of PERPtranscripts, consistent with nonsense-mediated decay. (c-d)
Western blots of whole cell (c) and Triton- and urea-soluble (d) Subject 1 and control (age
22, abdominal biopsy) keratinocyte lysates stained for PERP, with actin as loading control.
The control displays a band of expected size (~21 kDa), while Subject 1 (p.Tyr153*
heterozygote, size prediction ~17 kDa), shows two additional bands (~16 and 17 kDa),
enriched in the Triton-soluble fraction.

J Invest Dermatol. Author manuscript; available in PMC 2020 February 01.



1duosnuen Joyiny 1duosnuey Joyiny 1duosnue Joyiny

1duosnuen Joyiny

Duchatelet et al.

Page 18

Control Subject 1 (OS) Subject 5 (EK)

%, Subject5 (E

oW

K), . s <7
e e

W

o

Figure 4. Immunostaining of skin from subjectswith PERP mutations for marker s of epider mal
differentiation.

DAPI nuclear counterstain is in blue; scale bars are 50 pm. Left panels are control tissue
(age 32, abdominal biopsy), middle panels are OS Subject 1 (p.Tyr153* heterozygote), and
right panels are EK Subject 5 (p.Ser38Leufs*52 homozygote). (a) Positive immunostaining
for keratin 14 (KRT14, green) is limited to the epidermal basal layer in the control and
Subject 1 but is expanded in Subject 5, while positive immunostaining for keratin 1 (KRT1,
red) is limited to suprabasal epidermis in both control and Subjects 1 and 5. (b)
Immunostaining for filaggrin (FLG, green) is tightly restricted to the epidermal granular
layer in the control, but is expanded in Subjects 1 and 5.
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Figure 5. Affected skin from OSand EK subjects with PERP mutations shows desmosomal
defectsin the lower suprabasal layers.

(a) Electron microscopy shows that desmosomes in skin of both probands lack the dense
midline seen in control skin. Scale bars are 200 nm. Additional images are shown in
Supplementary Figure 9a. (b) Desmosomes in Subject 1 show a significant reduction in size,
while desmosomes in Subject 5 are significantly reduced in number. For controls for
Subjects 1 and 5, biopsies were from the dorsal foot of an 8 year old and the breast of a 23
year old, respectively.
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Figure 6. Increased mechanical dissociation of keratinocyte monolayersfrom OS and EK
subjects with PERP mutations demonstrates defective intercellular adhesion.

(a) Images of keratinocyte monolayers after repeated pipetting (20 or 40 repetitions) show
increased stress- induced fragmentation in both probands. (b) Particle counts quantify the
significantly increased dissociation of keratinocyte monolayers in probands. For controls for
Subjects 1 and 5, keratinocytes were derived from biopsies from the abdomen of a 22 year
old and the shoulder of a 28 year old, respectively.
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