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List of abbreviations

CNV Copy number variation
DNA Deoxyribonucleic acid

ED Ectodermal dysplasia
GWAS Genome-wide association study
HF Hair follicle

HS Hypotrichosis simplex
MPHL Male pattern hair loss

PCR Polymerase chain reaction
RNA Ribonucleic acid

SAH Short anagen hair

SNV Single nucleotide variation
UHS Uncombable hair syndrome

WES Whole exome sequencing



1. Abstract

Hair disorders comprise conditions in which affected individuals display one or more of
the following features: an absence or a reduced amount (e.g. hypotrichosis) of hair; an
excessive amount of hair (e.g. hypertrichosis); abnormal hair structure (e.g. uncombable
hair syndrome, UHS); or abnormal hair growth (e.g. short anagen hair, SAH). Hair
disorders develop as a consequence of genetic and/or environmental factors. The nature
of the genetic influences can be either: i) direct causality as in the case of monogenic
diseases, as in UHS or hypotrichosis; or ii) genetic susceptibility, as in male pattern hair
loss (MPHL) also termed androgenetic alopecia. While causal or susceptibility genes have
already been identified for some hair phenotypes, others still await molecular genetic
elucidation.

Therefore, the primary aim of the research described in the present thesis was to identify
novel variants and/or genes associated with hair disorders.

Within the context of a total of three separate studies, we performed Sanger and/or whole
exome sequencing in DNA from patients affected by clinically diverse hair disorders,
namely, hypotrichosis, UHS, and SAH. We identified novel pathogenic variants in genes
that had already been associated with hypotrichosis and UHS and, for the first time,
elucidated the genetic background of SAH by identifying a novel gene associated with its
development. In detail, we identified novel pathogenic variants in LSS in four individuals
affected by hypotrichosis with or without intellectual disability. We identified novel
pathogenic variants in PADI3, TGM3, and TCHH, three genes associated to UHS, and
delineated the mutational spectrum of UHS in a large cohort of 107 individuals. We
performed molecular genetic analyses in a cohort of 48 individuals with SAH, and we
discovered rare or low-frequency WNT10A variants in mono- or bi-allelic state in 20 of
them. Using population-based genetic data we demonstrated the significant enrichment
of WNT10A variants in individuals with SAH and discovered that two of the SAH-
associated WNT10A variants are also associated with the risk of developing MPHL and
partially explain the known association between WNT10A and MPHL.

With these results, we have expanded knowledge on genetic hair disorders. In particular,
we have: i) broadened the genetic spectrum of LSS-associated hypotrichosis; ii)
delineated the mutational spectrum of UHS; and iii) unravelled that SAH has a genetic

component by showing its association with WNT10A variants.



2. Introduction and aims with references

2.1 Hair follicle anatomy, function, morphogenesis, and cycle

The hair follicle (HF) is a complex mini organ of the skin that produces the hair shaft. In
mammals, hair is involved in a wide range of functions, such as thermal insulation,
sensation, and physical protection. In human societies, hair is of major psychosocial
importance (Paus und Cotsarelis, 1999; Schneider et al., 2009).

The HF is formed by several cell types (e.g. keratinocytes, melanocytes, dermal papilla
cells, stem cells), which are organised into specific structures. These comprise the hair
shatft itself, which is surrounded by the inner and outer root sheath; the hair bulge, which
contains the stem cells; and the dermal papilla, which contains mesenchymal cells of
importance in terms of cell proliferation and differentiation. Together with a sebaceous
gland, an apocrine gland, and an arrector pili muscle, the HF constitutes the

pilosebaceous unit (Figure 1) (Schneider et al., 2009).
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Fig. 1. Pilosebaceous unit schema. (Created with BioRender.com)

All of these structures arise during HF morphogenesis in the embryo, from the cross-talk
between the ectoderm (epidermis) and the mesoderm (dermis). Studies in mice have
shown that while the dermis is responsible for the induction of hair morphogenesis, a
concert of signals between epidermis and dermis is required for the orderly proliferation
of both cell populations. Essential signalling pathways for hair morphogenesis include
wnt, BMP, Fgf, EDA-EDAR, TGFB, and Shh (Lin et al., 2022; Millar, 2002; Paus et al.,
1999; Rishikaysh et al., 2014; Saxena et al., 2019).



After birth, the HFs produce hair strands via undergoing cycles of growth (anagen),
apoptosis-mediated regression (catagen), and relative quiescence (telogen). In each
cycle, a new hair shaft is formed, while the existing one is shed in a process called exogen.
This cycle is finely regulated, whereby the generation of a new hair shaft depends on the
activation of hair-specific stem cells contained in the bulge region of the HF. Fine-tuned
activation of different signalling pathways, such as Wnt, Notch, BMP, and shh, allows both
the generation of all HF structures and regression in the catagen phase (Schneider et al.,
2009). Under normal conditions, 90% of human HFs are in the anagen phase, which lasts
from 2 to 5 years. Both the ability of the HF to form the hair shaft, and the length of the HF

cycle, can change depending on pathologies, use of drugs, and physiological conditions.

2.2 Genetic hair disorders

Genetic hair disorders comprise a number of conditions in which affected individuals
display the absence of hair (alopecia/hypotrichosis), an excessive amount of hair
(hirsutism/hypertrichosis), an abnormal hair shaft (e.g. uncombable hair syndrome),
and/or an abnormal HF cycle (e.g. short anagen hair). In general, hair disorders can have
a profound adverse psychological impact on affected individuals (Randolph et al., 2022;
Toussi et al., 2021).

Hair disorders have highly diverse genetic backgrounds. Some are monogenic in nature,
for example hypotrichosis. Here, the disorder is caused by mono- or biallelic pathogenic
variants in a single gene that is essential for HF morphogenesis, HF function, and/or the
hair cycle (Duverger und Morasso, 2014). Other hair disorders have a polygenic (e.g. male
pattern hair loss), or multifactorial (e.g. alopecia areata) background (Betz et al., 2015;
Yap et al., 2018). Here, multiple genetic and environmental factors contribute to disease
aetiopathogenesis. In some hair disorders, the genetic background has not yet been

elucidated.

2.2.1 Hypotrichosis

Hypotrichosis is characterised by diffuse and progressive loss of scalp and/or body hair,
eyebrows, and eyelashes, and encompasses a group of rare monogenic hair disorders.
When hypotrichosis occurs as an isolated phenotype, with no hair shaft abnormality, it is

termed hypotrichosis simplex (HS). Syndromic forms of hypotrichosis have also been



described, in which tissues other than hair are also affected. In both cases, autosomal
dominant and recessive forms have been reported, depending on the mutated gene.
Consistent with the physiological complexity of the HF, causal pathogenic variants in
genes involved in various signalling pathways have been reported for hypotrichosis
(simplex and syndromic). The most frequently affected cellular components and signalling
pathways are: transcription regulation (e.g. SOX18, LEF1, HOXC13), keratin network (e.g.
KRT81, KRT83, KRT86), cell-cell adhesion (e.g. DSG4, DSC3, CDH3), lipid and sterol
synthesis and homeostasis (e.g. LIPH, LPAR6, SREBF1, LSS), splicing (e.g. SNRPE),
the EDA/EDAR pathway (e.g. EDA, EDAR, EDARADD), and the Wnt pathway (e.g. LEF1,
WNT10A, APCDD1) (Duverger und Morasso, 2014).

LSS is an example of a gene that is associated with both HS and syndromic forms of
hypotrichosis/alopecia. LSS is widely expressed in human tissues, comprising hair and
skin, and codes for lanosterol synthase. The latter is an enzyme that catalyses the
conversion of (S)-2,3 oxidosqualene to lanosterol, which is the first step in cholesterol
biosynthesis. Biallelic LSS pathogenic variants can cause five clinically distinct
phenotypes: cataract, mutilating palmoplantar keratoderma, hypotrichosis, alopecia-
intellectual disability syndrome, and palmoplantar keratoderma-congenital alopecia
syndrome. In the latter three phenotypes, hair is always affected. Individuals with an LSS-
related disorder can present with cataract, palmoplantar keratoderma, keratosis,
hypogenitalism, agenesis of the corpus callosum, epilepsy, and/or intellectual disability.
However, current understanding of the genotype-phenotype correlations of LSS variants
remains limited (Besnard et al., 2019; Romano et al., 2018; Yang et al., 2022; Zhao et al.,
2015; Zhou et al., 2023).

2.2.2 Uncombable hair syndrome

Uncombable hair syndrome (UHS) is a hair shaft anomaly that presents with dry, frizzy,
wiry, and often light-coloured and shiny hair that stands out from the scalp and cannot be
combed flat. UHS frequently improves with age. On microscopic evaluation, UHS hair
shafts have typical longitudinal grooves and a heart-shaped cross-section. Genetically,
UHS is a monogenic disorder that is associated with autosomal recessive pathogenic
variants in PADI3, TGM3, and TCHH. These three genes encode for proteins that

participate in the formation of the hair shaft. In particular, trichohyalin (TCHH) is a



structural protein of the hair shaft. Only after its deimination by PADI3 can TCHH be
crosslinked to the keratin filaments by TGMS3. This molecular process is necessary for the
stabilisation and hardening of the hair shaft, and disruption of any of the players in this
process leads to UHS (U Basmanav et al., 2016).

2.2.3 Short anagen hair syndrome

Short anagen hair (SAH) is a hair abnormality that is characterised by a short anagen
phase of the HF, which manifests as the inability to grow long scalp hair. In individuals
with SAH, hair length is restricted to around 3-10 cm due to an estimated anagen duration
of 4-10 months. SAH mostly affects females aged 3-6 years, and may improve with age
and resolve after puberty (Oberlin et al., 2018). SAH has a strong adverse psychological
and emotional impact on affected children and their parents. Around half of all SAH-
affected individuals and their parents report negative psychological symptoms (Randolph
et al., 2022). The exact prevalence of SAH is unknown. However, SAH is considered a
rare condition, and prior to our investigation, its genetic background had not yet been
clarified.

2.2.4 Male pattern hair loss

Male pattern hair loss (MPHL), also termed androgenetic alopecia, is the most common
of all human hair disorders, and affects up to 80% of Caucasian men. MPHL is androgen-
dependent, and usually commences during puberty. MPHL presents as a progressive loss
of scalp hair that follows a characteristic pattern. First, a bi-temporal recession of the
hairline is noted. Then, the hair of the frontal and vertex areas of the scalp becomes
thinner, leading to complete baldness of the top of the scalp (Blumeyer et al., 2011).
Specific pathophysiological features of MPHL are: (i) androgen dependency; (ii) the
involvement of defined HF subpopulations of the scalp; (iii) a shortened anagen phase
and premature entry into the catagen phase; and (iv) the transformation of terminal HF in
vellus HF (Heilmann-Heimbach et al., 2016).

MPHL is a highly heritable polygenic disorder (Nyholt et al., 2003). To date, genome-wide
association studies (GWAS) of MPHL have implicated more than 600 risk variants at more
than 350 genomic loci (Yap et al., 2018). One of these loci implicates a region on

chromosome 2, which contains single nucleotide variations (SNVs) that lead to a
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downregulation of the expression of the gene WNT10A (wingless-type MMTYV integration
site family member 10A) (Hagenaars et al., 2017; Heilmann et al., 2013; Hochfeld et al.,
2021; Pirastu et al., 2018; Yap et al., 2018). This gene codes for one of the mediators of
the wnt pathway, WNT10A, which plays a fundamental role in the morphogenesis of all
ectodermal appendages (skin, teeth, nails, and hair). Rare causal WNT10A biallelic
pathogenic variants have been reported in two severe forms of ectodermal dysplasia (ED)
and in non-syndromic tooth agenesis (Doolan et al., 2021). In human hair, WNT10A is
expressed in the outer and inner root sheath and in hair shaft keratinocytes (Hochfeld et
al.,, 2021). Since WNT10A is upregulated in human epithelial HF stem cells during the
early anagen phase of the HF cycle, it is thought to play a role in HF anagen induction
(Hawkshaw et al., 2020; Xu et al., 2017). Previous authors have therefore hypothesised
that the risk allele in this locus contributes to the characteristic reduced anagen length and

premature catagen entry of MPHL-HFs (Heilmann et al., 2013).

2.3 Aims

The three studies described in the present thesis were designed to: i) discover novel
genes with an association to hair abnormalities; ii) identify novel pathogenic variants with
an association to hair disorders; and iii) improve understanding of genotype-phenotype
correlations of pathogenic variants implicated in hair disease. By characterising known
and novel genes implicated in hair growth, we aimed to deepen understanding of HF

biology. This in turn will pave the way for the development of new therapies.
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Short anagen hair (SAH) is a rare paediatric hair disorder characterized by a short anagen phase, an inability to grow long scalp
hair and a negative psychological impact. The genetic basis of SAH is currently unknown.

To perform molecular genetic investigations in 48 individuals with a clinical phenotype suggestive of SAH to identify, if any, the
genetic basis of this condition.

Exome sequencing was performed in 27 patients diagnosed with SAH or with a complaint of short, nongrowing hair. The co-
hort was screened for variants with a minor allele frequency (MAF) <5% in the general population and a Combined Annotation Dependent
Depletion (CADD) score > 15, to identify genes whose variants were enriched in this cohort. Sanger sequencing was used for variant valida-
tion and screening of 21 additional individuals with the same clinical diagnosis and their relatives. Genetic association testing of SAH-related
variants for male pattern hair loss (MPHL) was performed using UK Biobank data.

Analyses revealed that 20 individuals (42%) carried mono- or biallelic pathogenic variants in WNTT0A. Rare WNT10A variants are
associated with a phenotypic spectrum ranging from no clinical signs to severe ectodermal dysplasia. A significant association was found
between WNTT10A and SAH, and this was mostly observed in individuals with light-coloured hair and regression of the frontoparietal hairline.
Notably, the most frequent variant in the cohort [c.682T>A;p.(Phe228lle)] was in linkage disequilibrium with four common WNT70A variants,
all of which have a known association with MPHL. Using UK Biobank data, our analyses showed that ¢.682T>A;p.(Phe228lle) and one other
variant identified in the SAH cohort are also associated with MPHL, and partially explain the known associations between WNTT0A and
MPHL.

Our results suggest that WNTT0A is associated with SAH and that SAH has a genetic overlap with the common phenotype

MPHL. The presumed shared biologic effect of WNT710A variants in SAH and MPHL is a shortening of the anagen phase. Other factors, such
as modifier genes and sex, may also play a role in the clinical manifestation of hair phenotypes associated with the WNT70A locus.
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What is already known about this topic?

e Short anagen hair (SAH) is a hair anomaly characterized by short, nongrowing hair. To date, no genetic cause for SAH has been

described.

e Although WNTT0A is associated with ectodermal dysplasia (ED), mutation carriers do not necessarily present with the full clinical
picture of ED and some present with hair anomalies. However, no isolated hair phenotype occurring in association with rare WNTT0A

variants has yet been reported.

What does this study add?

e \We genetically investigated 48 individuals, mostly girls clinically diagnosed with SAH or with the complaint of short, nongrowing
hair; in 40% of these patients, we identified bi- or monoallelic pathogenic variants in WNTT0A.

e \We showed that two of these variants are also associated with male pattern hair loss (MPHL).

e Notably, clinical examination of the WNT10A-related SAH phenotype revealed light-coloured, poorly growing hair and a high/reced-

ing hairline in most girls.

What is the translational message?

e SAH is associated with rare or low-frequency variants in WNTT0A.
e Clinically, individuals with SAH who carry WNT10A variants tend to show a bilateral frontoparietal recession of the hairline and non-

growing hair in early childhood.

e Molecular analysis of WNTT0A can confirm the clinical diagnosis of SAH.
e The presumed shared biologic effect of WNTT0A variants in SAH and MPHL is a shortening of the anagen phase of the hair follicle.

Short anagen hair (SAH) is an isolated hair abnormality
characterized by the inability to grow long scalp hair. SAH
was first described in the 1990s."2 The majority of reported
patients with SAH were aged 3-6 years and have been
female.® Although SAH is regarded as a rare condition, its
exact prevalence remains unknown.

Particularly in early childhood, SAH hair is fine and has a
low-to-normal density. Hair length is restricted to around
3-10 cm, primarily attributable to a shortened anagen
phase.® The anagen : telogen ratio is shifted from around
9:1to 2: 1.4 Correspondingly, the hair-pull test is often
positive, although this is not pronounced.®® Hair shafts
have a normal anatomy with tapered ends,® as is typical for
uncut hair, and are of variable diameter.* Although rarely per-
formed, scalp biopsies show terminal and vellus hair follicles
with mild lymphocytic infiltrates.” In many cases, the SAH
phenotype improves with age and may resolve spontane-
ously during puberty. Research suggests that SAH has a
negative emotional, psychological and social impact on both
affected children and their parents.®

To date, few data are available on the genetic aetiology
of SAH. Most reported cases have been sporadic, although
familial cases have also been described.? The aim of the
current study was to investigate, if any, the genetic basis
of SAH in a cohort of individuals (n=48), all of whom had
sought medical consultation with the complaint of lack of
hair length (SAH cohort).

Investigation of the present cohort revealed the presence
of pathogenic variants in WNTT0A in 42% of the individuals
and a typical WNTT0A-associated hair phenotype. We also
report that two of the SAH variants are significantly associ-
ated with the risk of developing male pattern hair loss (MPHL)
and are partially responsible for the previously known associ-
ations between the WNTT0A locus and MPHL.%-'3

Patients and methods
Study participants

The present cohort comprised 48 individuals (45 females,
3 males) who were referred to us with either a clinical diag-
nosis of SAH (n=236) or a clinical phenotype suggestive of
SAH (short, nongrowing hair; n=12) [Figure 1, Appendix S1
(see Supporting Information)]. When possible, DNA was
also collected from the respective parents.

Sequencing

The DNA of 27 individuals (25 females, 2 males) was sub-
jected to whole-exome sequencing (WES) at the Cologne
Center for Genomics (Cologne, Germany), as described else-
where." Polyphen and Combined Annotation Dependent
Depletion (CADD) were used to predict the pathogenicity
of the variants.'®'® WES data were filtered to identify genes
for which at least 20% of the cohort (n=5) carried rare vari-
ants [minor allele frequency (MAF) < 1%]. Following the lack
of evidence for any plausible genes, we changed the MAF
to<5% and used a CADD score > 15. WES result verifica-
tion, co-segregation analysis, targeted WNTT0A screening
in additional 21 affected individuals (20 females, 1 male) and
genotyping of single nucleotide polymorphisms (SNPs) with
a reported association with MPHL were performed using
Sanger sequencing with the BigDye Terminator v1.1 Cycle
Sequencing Kit (Applied Biosystems, Foster City, CA, USA)
and an ABI 3100 genetic analyser (Applied Biosystems).

Bioinformatic analysis

Statistical analyses were performed using r version 4.1.2
(https://www.r-project.org/)."” Data from individuals of
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48 individuals affected

by SAH

\L1

WES in 27 cases
(25 females, 2 males)

2 3

'd filter:
filter:
genes with rare variants
(MAF in gnomAD < 1%)
in = 20% of the individuals

genes with low frequency and
likely pathogenic variants
(MAF in gnomAD < 5%,
CADD score > 15)
in = 20% of the individuals

WNT10A Sanger sequencing
in the remaining 21 cases
(20 females, 1 male)

.

filter:
low frequency, likely
pathogenic variants
(MAF in gnomAD < 5%,
CADD score > 15)

™\

!

WNT10A variants in 13 individuals (48.1%)
1 LOF (1 heterozygous),
4 missense
(2 homozygous, 10 heterozygous)

no plausible genes

|

WNT10A variants in 7 individuals (33.3%)
1 LOF (in comp. heterozygosity),
5 missense (1 homozygous,
1 in comp. heterozygosity, 5 heterozygous)

Study design and results obtained in the short anagen hair (SAH) cohort. The DNA of 27 affected individuals was subjected to whole-
exome sequencing (WES) (1). In cases that underwent WES, we initially did not identify any plausible genes after filtering of the data for rare
variants [minor allele frequency (MAF) < 1%] that affect a common gene in at least 20% of the cohort (5 individuals) (2). However, an enrichment
was observed in WINTT0A when the criteria for qualifying variants was adjusted to an MAF <5% and a Combined Annotation Dependent Depletion
(CADD) score > 15 (3). Here, 13 of 27 individuals (48%) carrying heterozygous or homozygous loss of function (LOF) or missense variants in
WNT10A. WNTT10A sequencing in the remaining 21 individuals (4) confirmed the results obtained in the WES cohort, with 7 affected individuals

being found to carry WNTT0A variants.

non-Finnish European ancestry (n=67 942 alleles) from the
gnomAD database were used to calculate the frequency
of likely pathogenic WNT70A variants in the population and
for the enrichment analysis, as detailed in Appendix S2
(see Supporting Information).'® Data were analysed using
Fisher's exact test (two-tailed) with a 95% confidence
interval. CADD scores were obtained from https://cadd.
gs.washington.edu (version 1.6)."® Haplotype data were
retrieved from the online LDhap Tool (https://Idlink.nci.nih.
gov/? tab=Idhap)."®

Modelling of WNT10A mutations

Two structural models of human Wnt family member 10A
(WNTT0A) were generated using the SWISS-MODEL
workspace approach.?® The first model was based on the
2.8 A resolution crystal structure of human Wnt family
member 3 (WNT3) in complex with the mouse Frizzled-8
Cys-rich domain [CRD; Protein Data Bank (PDB) acces-
sion code 6AHY].2" The second model was based on
the 2.2 A resolution cryo-electron microscopy structure
of human Wnt family member 3A (WNT3A) in complex
with Whntless (PDB accession code 7DRT).?? Both models
are in good agreement with the AlphaFold2 structure pre-
diction of human WNTT10A (Appendix S3; see Supporting
Information).23

Association between short anagen hair-related
WNT10A variants and male pattern hair loss

A total of 72 024 male participants of the UK Biobank 200k
exome release were selected based on their self-reported

MPHL status. These were stratified as cases and controls,
as described in Figure S1 (see Supporting Information), and
their WES and genotyping data were downloaded from the
UK Biobank in PLINK format and filtered for WNT70A vari-
ants (gene boundaries +30 kb). Single-variant analyses of
exome and genotype data were performed in PLINK 2.0
using the g/m function,?* with age and the top 14 principal
components as covariates. Summary statistics were then
combined and prepared for fine-mapping using the PolyFun
munge_polyfun_sumstats script.?® Fine-mapping of sum-
mary statistics was performed with the SuSiE method in
the PolyFun finemapper wrapper,?6:27 using precomputed
summary linkage disequilibrium information from the UK
Biobank (https://registry.opendata.aws/ukbb-Id/?/, accessed
14 November 2022) and the max-num-causal 10 and
allow-missing parameters.

Results

Sequencing revealed mono- and biallelic WINT10A
variants in the short anagen hair cohort

Analysis of the WES data for the presence of likely path-
ogenic variants revealed that 13 affected individuals
(12 females, 1 male) of 27 (48%) carried missense or loss-
of-function (LOF) variants in WNT70A, in either a homozy-
gous (2 individuals) or a heterozygous state (11 individuals).
Sanger sequencing of WNTT0A in the remaining 21 individ-
uals revealed seven other females (33%) who presented
with mono- (n=>5) or biallelic (n=2) LOF or missense var-
iants (Figure 1).
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The most common variant in our entire cohort was
c.682T>A;p.(Phe228lle). The status of this variant (hete-
rozygous, homozygous or compound heterozygous) and
all other variants are provided in Table 1 and Table S1 (see
Supporting Information). One female carried the variants
€.682T>A;p.(Phe228lle) and ¢.934C>A;p.(Pro312Thr) on
the same maternally inherited allele (Table 1, Table S1). In
total, qualifying WNTT0A variants were identified in 42%
of the individuals in the present cohort [Table 1; Figure S2,
Tables S1, S2 (see Supporting Information)].

Enrichment of WNTT10A variants in the short
anagen hair cohort vs. the general population

The overall allele frequency of likely pathogenic WNTT0A
variants in the control cohort from the gnomAD database
was 0.04. With an overall allele frequency of 0.25, the over-
all burden of WNTT0A variants in the present SAH cohort
was significantly higher compared with the control cohort
(P=5.033 x 10-"2, Fisher's exact test) (Table 2).

For each variant, the allele frequency was compared
between the two cohorts (Table S3; see Supporting
Information). Seven of the eight variants were either
observed exclusively, or were significantly enriched, in the
SAH cohort. Notably, the most commonly observed vari-
ant [i.e. ¢.682T>A;p.(Phe228lle)] showed a nearly 10-fold
enrichment in SAH vs. controls (P=5.191 x 10-"", Fisher's
exact test).

A second, more conservative burden analysis excluding
€.682T>A;p.(Phe228lle) also showed significant enrichment
of WNTT10A variants in SAH, confirming that c.682T>A;p.
(Phe228lle) is not the only pathogenic variant or the sole
signal driver in the burden analysis (Table S4, Appendix S4;
see Supporting Information).

WNT10A-associated hair phenotype in the short
anagen hair cohort

Clinical photographs were available for 18 individuals with
pathogenic WNTT0A variants. The majority of these indi-
viduals presented with sparse, light-coloured hair and a
high frontal hairline with bilateral frontoparietal recession
(Figure 2). In almost all cases, the hair grew longer in the
temporal and occipital areas of the scalp than in the frontal
area (average difference of around 5-10 cm). The affected
individuals had never needed a haircut. Results of the hair-
pull test were available for 11 cases; in 9 cases, the result
was negative (Table S5; see Supporting Information).

Short anagen hair-associated variants have
reduced penetrance and mild effects on other
ectodermal tissues

Biallelic WNTT10A variants are known to cause ectoder-
mal dysplasia (ED).?® Furthermore, many reports describe
mono- or biallelic WNT10A variants for nonsyndromic tooth
agenesis (NSTA) with reduced penetrance.?® Therefore, we
sequenced the variants identified in the individuals affected
by SAH in their respective parents or siblings (28 individ-
uals from 14 families). Subsequently, patients with SAH
with WNTT0A variants were contacted again, to enquire
about the presence of teeth and/or nail abnormalities, and
of any history of hair, teeth and/or nail abnormalities in their
parents or siblings. Self-reported information was received
for 12 of the 20 individuals affected by SAH and 14 rel-
atives with WNTT0A variants (Table S5; see Supporting
Information).

Three female individuals with SAH and biallelic variants
reported teeth and/or nail involvement. For most of the

WNT10A variants identified in the present short anagen hair cohort, as detected by whole-exome (WES) and/or Sanger sequencing

Allele 1 Allele 2

¢.321C>A;p.(Cys107%) -

¢.321C>A;p.(Cys107%) €.682T>A;p.(Phe228lle)
c.487C>T,p.(Arg163Trp) -
¢.493G>A;p.(Gly165Arg) -
c.682T>A;p.(Phe228lle) -

.682T>A;p.(Phe228lle), -
¢.934C>A;p.(Pro312Thr)

€.682T>A;p.(Phe228lle)
¢.688G>T,p.(Asp230Tyr)
¢.822G>C;p.(Lys274Asn) -
¢.910A>C;p.(Asn304His) -

€.682T>A;p.(Phe228lle)

No. of individuals Individual ID Detection

1 12 WES

1 17 Sanger

1 15 Sanger

1 20 Sanger

9 1,2,4,6,79, 10,13, 19 WES, Sanger
1 18 Sanger

3 5,8, 16 WES, Sanger
1 14 WES

1 3 WES

1 " WES

Overall prevalence of WNTT0A variants (minor allele frequency <5%; Combined Annotation Dependent Depletion > 15) in the short anagen

hair (SAH) cohort vs. the non-Finnish European gnomAD population

SAH cohort Non-Finnish European gnomAD
Allele Total allele Overall Allele Total allele Overall
No. of variants count count frequency No. of variants count count frequency P-value
8 24 96 0.25 141 3042 67 942 0.04477 5.033 x 1012

In this analysis, the allele carrying both ¢.682T>A;p.(Phe228lle) and ¢.934C>A;p.(Pro312Thr) was counted only once as an ‘affected allele’.
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Figure 2 Clinical photographs of individuals with WNT70A variants from the short anagen hair cohort. (a) Individuals 4, 6, 9, 10 and 19 carried the
variant ¢.682T>A;p.(Phe228lle) in a heterozygous state. (b) Individual 18 carried the variants ¢.682T>A;p.(Phe228lle) and ¢.934C>A;p.(Pro312Thr) in
a heterozygous state on the same allele. (c) Individual 8, at the age of 5 and 7 years, and individual 16, both of whom carried the variant ¢.682T>A;p.
(Phe228lle) in a homozygous state. (d) Individual 15 carried the variant ¢.487C>T;p.(Arg163Trp) in a heterozygous state (frontal and lateral views).

(e) Individual 11 carried the variant c.910A>C;p.(Asn304His) in a heterozygous state (frontal and lateral views). (f) Individual 3 (the only male variant
carrier in the cohort) carried the variant ¢.822G>C;p.(Lys274Asn) in a heterozygous state (lateral and superior views).

SAH cases who carried monoallelic variants, no or only very
mild additional features were reported. Of the 14 relatives
with WNTT0A monoallelic variants, three mothers (21%)
described the presence of fine or low-density hair and 11
(79%) relatives reported no ectodermal features (Table S5).

Structural modelling of WNT70A mutant sites

WNTT0A consists of the characteristic palm, thumb and
index finger configuration (Figure 3a). A premature stop of
Cys107 is likely to result in the abolition of WNTT0A protein
translation (Figure 3b). Phe228 of WNTT0A is conserved in
WNT3A and WNTB8A, with its hydrophobic side chain being
entirely buried in the assembly of a central six-helix bundle.
Its mutation to a smaller isoleucine may induce the reas-
sembly of the helices, leading to conformational changes
of the central palm domain. Asp230, on the back of Phe228

within the same helix, is involved in a whole cluster of salt
bridges interacting with Arg243, Arg248 and Arg251, as well
as Leu244 of the following helix. The much larger tyrosine
not only abrogates the charge-induced association with the
arginines, but also hinders the tight assembly of these heli-
ces. Arg163 and Lys274 are at the interface to Wntless. The
present analysis suggests that Arg163 exchange to tryp-
tophan and Gly165 to arginine might lead to alterations in
Whtless binding and the interaction with the lipid bilayer. The
residue corresponding to Lys274 in WNT3A forms hydrogen
bonds with one of the transmembrane helices in Wntless,??
and is also in close proximity to the Frizzled-8 binding site of
WNTS3A (Figure S3b; see Supporting Information).?" Finally,
Asp304 and Pro312 are located opposite the Wntless/
Frizzled-8 binding site of WNT70A on the periphery of the
central six-helical bundle (Figure 3b). Mutation of these res-
idues may induce conformational changes that lead to an
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C)

thumb

Frizzled-8
and Wntless
binding site

index
finger

Figure 3 Depiction of the pathogenic variants in the structure of Wnt family member 10A (WNT70A). (a) Model of the structure of human WNTT0A,
based on the WNT3-Frizzled-8 crystal structure (Protein Data Bank 6ahy). The positions of the seven identified genetic variants are highlighted in
magenta. The overall fold adopts the characteristic hand-like structure, with a central palm domain and two opposing 3-hairpins, described as the
thumb and index finger, involved in Frizzled and Wntless binding. The extracellular protein is stabilized by the formation of 12 intramolecular disulfide
bonds. (b) Close-up of the interaction sites of residues Cys107 (top), Phe228 and Asp230 (middle), and the dual sites Asn304 and Pro312 (bottom).

Table 3 Frequencies of all haplotypes encompassing the male pattern hair loss single nucleotide polymorphisms and rs121908120 [c.682T >A;
p.(Phe228lle)] in the non-Finnish European population retrieved from the LDhap Tool

Haplotype Haplotype

rs3856551 rs74333950 rs121908120 rs7349332 rs77157375 count frequency
C=0.887 T=0.113 T=0.881 G=0.119 T=0.978 A=0.022 C=0.889 T=0.111 G=0.968 A=0.032

C T T C G 71 0.88

T G T T G 64 0.0792

T G A T A 17 0.021

T G T T A 8 0.0099

C G T C G 5 0.0062

C T T C A 1 0.0012

T G A T G 1 0.0012

T G T C G 1 0.0012

Male pattern hair loss risk alleles are highlighted in orange. The short anagen hair-associated variant ¢.682T >A is highlighted in yellow. The most

prevalent haplotype observed in the present cohort is indicated in bold.

alteration in protein function or may affect interaction with
other binding partners.2°

Genetic overlap between short anagen hair and
male pattern hair loss over the WNT70A locus

Five SNPs located within, or in the vicinity of, WNTT0A have a
reported association with MPHL (rs3856551,° rs74333950,°
rs7349332,0-12rs77157375,'? rs192913879'%). As a shorten-
ing of the anagen phase is a pathophysiological feature of
both MPHL and SAH, sequencing of the MPHL-associated
SNPs was performed in WNTT70A variant carriers from the
present cohort (Table S1; see Supporting Information). All
individuals and parents with the c.682T>A;p.(Phe228lle) var-
iant were found to carry the MPHL-associated risk alleles

of the SNPs rs3856551, rs74333950, rs7349332 and
rs77157375, suggesting genetic linkage between these
markers. The LDhap Tool confirmed this,’ and suggested
that ¢.682T>A;p.(Phe228lle) arose on a low-frequency hap-
lotype block containing the risk alleles of the four MPHL-
associated SNPs (Table 3).

Accordingly, analyses were performed to determine
whether ¢.682T>A;p.(Phe228lle) and other SAH-related
variants identified in the present cohort are associated with
MPHL using the data of 72 024 males from the UK Biobank
cohort. MPHL status was defined using two models (i.e.
regular and two-as-control; Figure S1 (see Supporting
Information). Both models showed that ¢.682T>A;p.
(Phe228lle) and c¢.321C>A;p.(Cys107%) were signifi-
cantly associated with MPHL (Table S6; see Supporting
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Information). Fine-mapping analysis was performed to
determine whether these two WNTT0A variants explain the
previously reported associations between common vari-
ants at the WINTT0A locus and MPHL. The results revealed
two and three 95% credible SNP sets for the regular model
and the two-as-control model, respectively (Table S7;
see Supporting Information). While the association signal
in the former was mainly explained by the low-frequency
variant ¢.682T>A;p.(Phe228lle) [posterior inclusion proba-
bility (PIP)=0.983] and the common variants rs7349332
(PIP=0.715) and rs10177996 (PIP=0.285), the association
signal in the latter was additionally explained by the rare
variant ¢.321C>A;p.(Cys107%*) (PIP=0.995).

Discussion

Rare biallelic variants in WINTT0A have been associated with
diverse forms of ED, including Schopf-Schulz—Passarge
syndrome (MIM 224750), odonto-onychodermal dysplasia
(MIM 257980) and hypohidrotic and anhidrotic ectodermal
dysplasia.?92132 Mono- and biallelic WNTT0A variants have
also been identified in NSTA (MIM 150400).2%%3 Indeed,
monoallelic WNTT10A variants are associated with a highly
variable phenotypic spectrum, ranging from no clinical signs
to ED.29:3% A genetic study suggested that heterozygous car-
riers of pathogenic WNTT0A variants (mostly captured as
the parents of index cases with ED or NSTA) might show
minor anomalies/impairments of one or more ectodermal
derivatives with a sex-biased manifestation pattern. While
female patients were more likely to display hair or nail
phenotypes, male patients tended to present with teeth
defects.?® This was supported by a recent meta-analysis of
287 articles on WNTT0A variants and genetic diagnoses.??
In both mono- and biallelic WNTT0A cases reported to date,
teeth involvement has been a major focus of attention. In
contrast, hair-related phenotypes have not been subjected
to in-depth analysis, although a disturbance of hair growth
(i.e. thin/fragile/sparse/thick scalp/body hair, hypotrichosis
or alopecia)?®293* was observed in 90% and 33% of bial-
lelic and monoallelic WNTT0A cases with a clinical diagno-
sis, respectively.?® In five biallelic cases from the literature,
‘slow-growing’ hair was also reported.34-36

The present report relates low-frequency and rare
genetic variants in WNTT10A to a distinct hair phenotype
with a clinical diagnosis, namely SAH. Based on the few
reports that mention slow-growing hair as a symptom of
WNT10A-associated ED and our own observation of teeth
abnormalities in three of the four biallelic WNT70A variant
carriers in the present cohort, we propose that SAH can
present as (i) an additional and under-recognized feature
of WNTT0A-associated ED, which mainly affects biallelic
carriers; or (ii) an isolated phenotype, which mainly affects
female heterozygous carriers. Therefore, WNT10A variants
should be considered causative for SAH with reduced
penetrance and variable expressivity. In this sense, the
genomic context (e.g. common genetic variations, mod-
ifier genes and epigenetic factors), sex and other envi-
ronmental factors are expected to be determinants of
whether — and to what extent — a (hair) phenotype is man-
ifested. A plausible hypothesis is that other causal genes
exist, thus pointing to genetic heterogeneity, and that

these genes explain the SAH phenotype in the remaining
patients. Notably, a similar autosomal dominant mode of
inheritance with reduced penetrance and variable expres-
sivity has also been described for WNT70A-associated
NSTA_28,29

Importantly, most individuals with WNT710A-related SAH
in the present cohort presented with light-coloured hair,
which was generally longer in the occipital and temporal
regions of the scalp than in the frontal region, and with a
bilateral frontoparietal recession of the hairline. To some
extent, the latter feature resembles early signs of MPHL.

The present SAH cohort was mainly composed of girls.
This could be attributable to the fact that a short hair pheno-
type may remain undiagnosed in boys, who typically opt for
shorter hairstyles. An alternative potential explanation is that
the majority of male heterozygous WNTT0A carriers do not
manifest a hair phenotype, owing to the previously reported
sex-dependent effects of WNT70A variants.?82°

In the present cohort, c.682T>A;p.(Phe228lle) was iden-
tified in more than every third affected girl. In the (non-Finn-
ish) European population (gnomAD), this variant has a MAF
of around 2%. In contrast, the MAF of this variant in the
present SAH cohort, which mostly comprised individuals
of European origin, is 18%. In the literature, c.682T>A;p.
(Phe228lle) has already been described in association with
teeth anomalies and with ED.?829 Despite its high preva-
lence in our SAH cohort, several explanations can be pro-
posed as to why the association between c.682T>A;p.
(Phe228lle) and SAH has remained unrecognized to date.
These include reduced penetrance and variable expressivity,
and the possibility that SAH is underdiagnosed, especially
when present as an isolated phenotype. With respect to
the other variants of possible causal relevance, each was
observed in one or a maximum of two affected individuals,
and thus their association with SAH remains uncertain. To
determine their definite involvement, the investigation of
larger numbers of affected individuals is required. However,
the significant results of the burden analysis after removal of
individuals with c.682T>A;p.(Phe228lle) suggest that these
variants include true causal mutations.

Notably, ¢.682T>A;p.(Phe228lle) and one other var-
jant observed in two cases from the present cohort
li.e. ¢.321C>A;p.(Cys107%)] also showed significant asso-
ciations with the common phenotype MPHL, whose key
pathophysiological features include changes in hair cycle
dynamics (i.e. a shortening of the anagen phase and a pro-
longation of the catagen phase).®” These findings, and the
identification of a rare haplotype that contained c.682T>A;p.
(Phe228lle) and four common MPHL associated risk alleles,
prompted the hypothesis that ¢.682T>A;p.(Phe228lle)
and/or ¢.321C>A;p.(Cys107%) may explain the association
between WNT10A and MPHL. Our fine-mapping analyses
showed that these variants are partially — although not
entirely —responsible for the association between WNTT0A
and MPHL.

WNTT0A is involved in the differentiation of hair, teeth,
skin, sweat glands, tongue and nail tissues.*® Research has
shown that the Wnt pathway regulates the hair follicle (HF)
cycle.?940 In mice, Whnt10a knockout causes altered hair
cycle progression, with an acceleration of the catagen phase
and a delay in anagen induction. The hair shafts of knockout
mice are shorter and thinner than those of control mice, and
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display a disorganized internal structure.® In humans, it has
been demonstrated that WNTT0A is upregulated in human
epithelial HF stem cells during the early anagen phase of
the HF cycle, a finding that supports its hypothesized role
in anagen induction.*’ Research has shown that WNTT10A is
also expressed in the outer and inner root sheath and hair
shaft keratinocytes of anagen and catagen HFs.® A previous
immunohistochemical analysis of skin samples of individu-
als with biallelic WNT710A LOF variants [including the SAH-
related ¢.321C>A;p.(Cys107*)] showed malformed HFs with
disorderly differentiation and root sheath formation, which
was accompanied by less pronounced WNTT0A staining in
comparison to control skin samples, which further supports
the role of WNTT0A in HF biology.*? Interestingly, a recent
study showed that the WNTT0A p.(Phe228lle) variant failed
to activate the Wnt pathway in stem cells from human exfo-
liated deciduous teeth.*® A reasonable hypothesis is that
this and other missense variants identified in the present
cohort have a similar effect on HF (stem) cells by inducing
conformational changes, or by influencing the interactions
of WNTT0A with its binding partners, as suggested by the
protein modelling.

At the time of writing, no curative therapies are available
for SAH. However, oral biotin supplements, and biotin in
association with topical minoxidil, may improve hair length
and density.*** Interestingly, minoxidil was proposed to pro-
long the anagen phase via the induction of 3-catenin activity,
a key component of the Wnt pathway, and is known to be
beneficial in MPHL. 4546

In conclusion, this study underlines the involvement
of WNTT0A in both rare and common hair disorders, and
describes a WNT10A-related hair phenotype that can be
confirmed by molecular diagnostic screening of WNTT0A in
individuals with complaints suggestive of SAH, either as an
isolated phenotype or in the presence of other ectodermal
anomalies.
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IMPORTANCE Uncombable hair syndrome (UHS) is a rare hair shaft anomaly that manifests
during infancy and is characterized by dry, frizzy, and wiry hair that cannot be combed flat.
Only about 100 known cases have been reported so far.

OBJECTIVE To elucidate the genetic spectrum of UHS.

DESIGN, SETTING, AND PARTICIPANTS This cohort study includes 107 unrelated index patients
with a suspected diagnosis of UHS and family members who were recruited worldwide from
January 2013 to December 2021. Participants of all ages, races, and ethnicities were recruited
at referral centers or were enrolled on their own initiative following personal contact with the
authors. Genetic analyses were conducted in Germany from January 2014 to December 2021.

MAIN OUTCOMES AND MEASURES Clinical photographs, Sanger or whole-exome sequencing
and array-based genotyping of DNA extracted from blood or saliva samples, and
3-dimensional protein modeling. Descriptive statistics, such as frequency counts, were used
to describe the distribution of identified pathogenic variants and genotypes.

RESULTS The genetic characteristics of patients with UHS were established in 80 of 107
(74.8%) index patients (82 [76.6%] female) who carried biallelic pathogenic variants in
PADI3, TGM3, or TCHH (ie, genes that encode functionally related hair shaft proteins).
Molecular genetic findings from 11 of these 80 individuals were previously published. In 76
(71.0%) individuals, the UHS phenotype were associated with pathogenic variants in PADI3.
The 2 most commonly observed PADI3 variants account for 73 (48.0%) and 57 (37.5%) of the
152 variant PADI3 alleles in total, respectively. Two individuals carried pathogenic variants in
TGM3, and 2 others carried pathogenic variants in TCHH. Haplotype analyses suggested a
founder effect for the 4 most commonly observed pathogenic variants in the PADI3 gene.

CONCLUSIONS AND RELEVANCE This cohort study extends and gives an overview of the
genetic variant spectrum of UHS based on molecular genetic analyses of the largest
worldwide collective of affected individuals, to our knowledge. Formerly, a diagnosis of UHS
could only be made by physical examination of the patient and confirmed by microscopical
examination of the hair shaft. The discovery of pathogenic variants in PADI3, TCHH, and TGM3
may open a new avenue for clinicians and affected individuals by introducing molecular
diagnostics for UHS.

JAMA Dermatol. 2022;158(11):1245-1253. doi:10.1001/jamadermatol.2022.2319
Published online August 31, 2022.
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ncombable hair syndrome (UHS 1-3; OMIM 191480,

617251, 617252, respectively) is a rare, autosomal re-

cessive disorder characterized by an abnormal hair
shaft.’* Dermatologists also refer to UHS as spun glass hair syn-
drome or pili trianguli et canaliculi. Children with UHS pre-
sent with dry, frizzy, wiry, and often light-colored, shiny hair
that stands out from the scalp and cannot be combed flat.
Uncombable hair syndrome usually manifests in infancy or
early childhood, frequently improves with age, and in some
cases, by adulthood the UHS phenotype becomes barely rec-
ognizable. Nevertheless, UHS often leaves a lasting imprint on
the childhood years of the affected owing to pejorative re-
sponses to their unusual appearance. Although additional clini-
cal features have been reported, such as ectodermal dyspla-
sia, retinitis pigmentosa, juvenile cataract, and polydactyly,
UHS typically manifests as an isolated hair anomaly. No medi-
cal therapy is yet available.

In 2016, we published, to our knowledge, the first inves-
tigation into the molecular genetics of UHS.! This investiga-
tionincluded 18 individuals with UHS (13 females and 5 males)
and identified biallelic variants in the genes PADI3 (OMIM
606755), TCHH (OMIM 190370), and TGM3 (OMIM 600238)
in 11 individuals. PADI3, TCHH, and TGM3 encode proteins
whose sequential interactions play a role in the formation of
the hair shaft.*> PADI3 is responsible for the deimination of
the positively charged L-arginine residues of proteins into neu-
tral citrulline residues in the presence of calcium ions.®> One
of the main substrates of PADI3 is the structural hair shaft pro-
tein trichohyalin (TCHH). Deimination by PADI3 reduces the
overall charge of TCHH and thus enables its subsequent
interaction with the intermediate keratin filaments. The
citrullinated-TCHH and keratin filaments are then cross-
linked by the TGM3 enzyme, a process that is necessary for the
stabilization and hardening of the hair shaft.*” Disturbance of
this cascade leads to a deficiency in the shaping and mechani-
cal strengthening of the hair shaft, thus resulting in the UHS
phenotype.!

Prior to our 2016 study,! the assignment of a clinical diag-
nosis of UHS was mainly based on signs detected during a clini-
cal examination, with confirmation via shrinking-tube tech-
nique light microscopy or scanning electron microscopy of hair
shaft cross sections.® In at least 50% of examined hair samples,
scanning electron microscopy reveals longitudinal grooves
along the entire length of the hair shaft and a triangular or heart-
shaped outline in the cross-section, as opposed to the normal
circular shape.® As a direct consequence of our study,! we now
base the assignment or confirmation of a clinical diagnosis of
UHS on molecular genetic diagnostics.

At the time of our 2016 report,! around 100 cases of UHS
had been reported. Subsequent to our report, we were con-
tacted by alarge number of clinicians and members of the pub-
lic from across the world with information on further pos-
sible UHS cases. Several of the individuals from the general
public reported having had a history of UHS symptoms dur-
ing childhood, without the assignment of a clinical diagnosis.
As a result of these contacts, EDTA blood samples, saliva, or
DNA were sent to our laboratory from 89 unrelated index pa-
tients. For 51 of these patients, samples were also received from
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Key Points

Question What is the genetic spectrum of uncombable hair
syndrome (UHS)?

Findings This cohort study of 107 index patients describes
pathogenic variants in 80 individuals with a suspected diagnosis of
UHS in the genes PADI3, TCHH, and TGM3. Of these individuals, 76
carried 12 different pathogenic variants in PADI3, 2 carried 3
pathogenic variants in TCHH, and 2 carried 3 pathogenic variants in
TGMS3; a haplotype analysis suggested a founder effect for the 4
most common pathogenic PADI3 variants.

Meaning This study expands the genotypic spectrum of UHS and
establishes that 2 pathogenic missense variants in PADI3 account
for the majority of the UHS cases.

affected and/or unaffected family members. We obtained DNA
to screen an affected sibling or an affected parent in 7 and 2
families, respectively. Herein, we report the results of the
molecular genetic analyses.

Methods

Participants

All study procedures were performed in accordance with the
principles of the Declaration of Helsinki. Ethical approval was
obtained from the ethics committee of the Medical Faculty of
the University of Bonn, and all participants, or legal guard-
ians in the case of minors, provided written informed con-
sent prior to blood sampling. The countries of origin of the re-
spective individuals who were genetically elucidated are
presented in relation to the identified pathogenic variants to
provide an overview of the diversity of the UHS-related ge-
netic variation spectrum worldwide. Note that this informa-
tion is not equivalent to race or ethnicity. This study followed
the Strengthening the Reporting of Observational Studies in
Epidemiology (STROBE) reporting guideline.

Genetic Analyses

Sanger sequencing was performed using the BigDye Termina-
tor v.1.1 Cycle Sequencing Kit (Applied Biosystems) and an ABI
3100 genetic analyzer (Applied Biosystems). Exome sequenc-
ing was performed at the Cologne Center for Genomics in
Cologne, Germany. Data generation and filtering procedures
are described in detail in the eMethods in the Supplement. Hap-
lotype analysis was performed for the 4 most commonly ob-
served pathogenic variants in PADI3 using single-nucleotide
polymorphism (SNP) chip data as described in detail in the
eMethods in the Supplement.

|
Results

In addition to the 18 individuals reported in our 2016 study,’
genetic screening of an additional 89 unrelated individuals with
suspected UHS (69 females and 20 males) led to the identifi-
cation of pathogenic variants in 69 of them. The affected in-
dividuals presented with the typical dry, frizzy, and shiny hair

jamadermatology.com
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Figure 1. Clinical Manifestation of Uncombable Hair Syndrome (UHS)
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E €.881C>T (p.Ala294Val)

E c.881C>T (p.Ala294Val) and
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[D] c.335T>A (p.Leul12His) and
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[H] c.881C>T (p.Ala294Val)

homozygous homozygous

The typical manifestation of UHS with shiny, frizzy, and dry hair can be observed in 8 individuals carrying biallelic pathogenic variants in the PADI3 gene.
See eFigure 1in the Supplement for more individuals (n = 22) with their respective genotypes.

that was difficult to be combed flat (Figure 1 and eFigure 1in
the Supplement). Sixty-seven of these individuals harbored re-
current and/or novel pathogenic variants in PADI3 in either a
homozygous or a compound heterozygous state, and 2 indi-
viduals carried previously unreported compound heterozy-
gous pathogenic variants in either TGM3 or TCHH. From the
newly elucidated 67 individuals with pathogenic PADI3 vari-
ants, 56 carried 1 or 2 of the 4 variants reported in our 2016
study.! In the remaining 11 individuals, the following 8 previ-
ously unreported pathogenic PADI3 (NM_016233.2) variants
were identified: c.60_66delinsTGCTTGG (p.Gly22Trp);
¢.505C>T (p.Gln169*); c.556C>T (p.Argl86Trp); c.652G>A
(p.Gly218Ser); c.1114A>G (p.Arg372Gly); c.1115G>T
(p.Arg372Met); c. 1183del (p.Glu395Asnfs*7); and c.1868C>T
(p.Pro623Leu) (Figure 2). This expands the UHS-associated
variant spectrum of PADI3 to a total of 12 pathogenic variants
identified in individuals from 20 countries (eTable 1 in the
Supplement). Of these, 9 lead to single amino acid substitu-
tions, 2 are nonsense variants, and 1is a frameshift variant lead-
ing to a premature stop codon.

To examine the possible consequences of the newly dis-
covered PADI3 variants on 3-dimensional protein structure and

jamadermatology.com

function, protein modeling was performed (Figure 3 and eFig-
ure 2 in the Supplement). Interestingly, 2 of the newly discov-
ered missense variants (p.Arg372Gly and p.Arg372Met) affect
the same amino acid residue Arg372, which is involved in sub-
strate binding via the formation of hydrogen bonds with the
substrate arginine (Figure 3B). Modeling revealed that substi-
tution of this residue by glycine or methionine results in the
loss of these hydrogen bonds (Figure 3B). This is presumably
associated with weaker substrate binding and lower enzyme
activity.

The modeling also demonstrated that 2 other missense
variants have probable consequences on the stability of PADI3.
More specifically, substitution of arginine 186 to tryptophan
results in the loss of stabilizing hydrogen bonds (Figure 3C).
Substitution of glycine 22 to tryptophan results in the inser-
tion of a bulky residue in a 3-turn (Figure 3D). 3-Turn loops re-
quire a small residue allowing for flexibility. Thus, in all B-turn
loops, glycine is the most frequent residue in this position. The
replacement of glycine by any other amino acid residue will
destabilize the protein.'® The most common previously re-
ported pathogenic missense variants in PADI3 were also re-
modeled and showed that the residues Leull2, Ala294, and

JAMA Dermatology November 2022 Volume 158, Number 11
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Figure 2. Additional Pathogenic Variants in PADI3
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Electropherograms showing the newly discovered pathogenic variants
€.60_66delinsTGCTTGG (p.Gly22Trp), c.505C>T (p.GIn169*) in heterozygosity
and homozygous state, c.556C>T (p.Arg186Trp), c.652G>A (p.Gly218Ser),
c1114A>G (p.Arg372Gly), c.1115G>T (p.Arg372Met), c.1183del (p.Glu395Asnfs*7),
and c.1868C>T (p.Pro623Leu) in comparison with the respective wild-type (WT)
sequences. The 2 variants c.1114A>G (p.Arg372Gly) and c.1115G>T (p.Arg372Met)

are located adjacently and therefore depicted below the same wild-type
sequence. Of note, variant c.60_66delinsTGCTTGG (p.Gly22Trp) may also
represent a rare haplotype composed of 3 single nucleotide variants, namely
rs1360902614, 1221559173, and rs1344213588, which have been observed in
the same single individual (minor allele frequency = 6.5 x 107°) in gnomAD
(Genome Aggregation Database).

Pro605 are located in the hydrophobic core of the enzyme
(eFigure 3 in the Supplement). The substitution of these resi-
dues by amino acids with larger side chains causes sterical
clashes (eFigure 3 in the Supplement) in the hydrophobic core
of the protein, and thus most likely destabilizes PADI3.

For TCHH (NM_007113.3), our 2016 study" identified 1in-
dividual with the pathogenic homozygous stop variant
€.991C>T (p.GIn331*). In the expanded cohort, there was 1in-
dividual identified with compound heterozygosity for 2 novel
TCHH frameshift variants, each of which leads to a prema-
ture stop codon: c.2435del (p.Pro812Argfs*67) and c.4245del
(p.Lysl1415Asnfs*9) (Figure 4A).

Notably, 2 individuals in the present cohort carried only 1
heterozygous loss-of-function variant in TCHH, c.991C>T
(p.GIn331*) and the novel frameshift variant c.4005_4008del
(p.Aspl1335Glufs*88), respectively. No second pathogenic
variant in the coding sequence was detected for either indi-
vidual. In these 2 individuals, a plausible hypothesis is the exis-
tence of a structural variant on the other allele, the detection
of which may be challenged by short-read exomes or Sanger
sequencing. Until thisis investigated further, the genetic cause
of these 2 cases remains unclear.

In our 2016 study,! 1 individual was identified with the
pathogenic homozygous stop variant c.1351C>T (p.GIn451*) in
TGM3.In the expanded cohort, 1individual was identified with
2 rare pathogenic missense variants in TGM3 (NM_003245.3)
in a compound heterozygous state: c.1966C>T (p.Arg656Trp)

JAMA Dermatology November 2022 Volume 158, Number 11

(rs151074346 with a minor allele frequency in the Genome
Aggregation Database [gnomAD] = 5.00 x 10~%)and ¢.1993C>T
(p.Arg665Trp) (rs150949349 with a minor allele frequency in
gnomAD = 3.16 x 107%) (Figure 4B). Protein modeling sug-
gests that the Arg665Trp variation destabilizes the contact of
the C-terminal barrel 2 domain with the core domain. Arg665
forms 2 hydrogen bonds with the side chain of Asp156 and the
backbone carbonyl of Lys24. Both hydrogen bonds are lost by
mutation to Trp (Figure 4C). The Arg656Trp substitution will
most likely not affect protein stability but will decrease the sur-
face charge of the barrel 2 domain.

The total present cohort included 107 unrelated index pa-
tients with UHS. For 80 (74.8%) of these patients, the genetic
associations have been established, while for 27 (25.2%), the
pathogenic variants/associated genes remain unknown
(Figure 5A). Briefly, in 76 (71.0%) individuals, the UHS phe-
notype was associated with biallelic variants in PADI3, while
TGM3 and TCHH together (2 individuals each) were associ-
ated with only 3.8% of the UHS cases.

The most recurrent pathogenic PADI3 variants were
¢.881C>T (p.Ala294Val) and c.335T>A (p.Leull2His) (73 [48.0%]
and 57 [37.5%] of 152 pathogenic PADI3 alleles identified in
total, respectively; Figure 5B). Of the 76 individuals with PADI3
pathogenic variants, 75 carried either 1 or both of these vari-
ants. On the genotypelevel, 29 of 76 (38.2%) individuals, whose
UHS was associated with PADI3, had a combination of these 2
pathogenic variants; 18 (23.7%) carried c.881C>T (p.Ala294Val)

jamadermatology.com
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Figure 3. Three-Dimensional Protein Modeling of Newly Discovered PADI3 Variants

@ 3-D Protein modeling
of PADI3

Substrate binding site

E Substitution of arginine 186 with tryptophan

@ Substitution of glycine 22 with tryptophan
)

46

An overview of the entire 3-dimensional model of the wild-type PADI3 gene (A,
upper panel) and the locations of the newly identified missense substitutions
(A, bottom panel). Arginine 372 is located at the substrate binding site of PADI3
and is involved in the binding of L-arginine residues of target proteins via
formation of hydrogen bonds (B, left); its substitution by a methionine (B,
middle) or glycine (B, right) is expected to lead to the loss of these hydrogen

bonds, thus a weaker substrate binding and lower enzyme activity. Substitution
of arginine 186 in the wild-type PADI3 gene (C, left) with a tryptophan (C, right),
as well as substitution of glycine 22 (D, left) with a tryptophan (D, right), are
expected to destabilize PADI3 owing to loss of stabilizing hydrogen bonds (C)
and insertion of a bulky residue in a B-turn loop reducing the flexibility at this
site (D).

in a homozygous state, 8 (10.5%) carried c.335T>A
(p.Leull2His) in a homozygous state, and 20 (26.3%) carried
either one of these variants in combination with another patho-
genic variant (Figure 5C). The third most commonly ob-
served recurrent pathogenic variant, c.1813C>A (p.Pro605Thr)
(9 of 152 [5.9%] pathogenic PADI3 alleles identified in total;
Figure 5B), was observed in a heterozygous state in 9 of the
76 (11.8%) individuals with a PADI3 variant (Figure 5C). The
newly identified stop variant ¢.505C>T (p.GIn169*) was the
fourth most common pathogenic variant (4 of 152 [2.6%] vari-
ant alleles; Figure 5B). This was carried by 3 individuals, with
1showing a homozygous state (Figure 5C). One missense vari-
ant, c.652G>A (p.Gly218Ser), was carried by 2 individuals, and
the remaining pathogenic variants were all single heterozy-
gous observations (Figure 5C).

Interestingly, the cohort included 3 families, which in-
clude affected parent-child duos who appear to have an auto-
somal dominant mode of inheritance. For 2 of these families,
DNA was also received from the affected parent, and it was con-
firmed that they each carried 2 pathogenic PADI3 variants (eFig-
ure 4 in the Supplement). More specifically, in 1 family both
the affected mother and son carried p.Leull2His and

jamadermatology.com

p.Arg294vVal (eFigure 4A in the Supplement). In the other fam-
ily, the affected mother and daughter carried p.Leull2His in
homozygosity. For the latter case, DNA was also available from
the unaffected father, and he was found to be a heterozygous
carrier of p.Leull2His (eFigure 4B in the Supplement). These
results revealed that also in these families, a recessive inheri-
tance was present rather than dominant.

A haplotype analysis for the 4 most common pathogenic
PADI3 variants was performed using genotype data of 40 indi-
viduals from 34 families to investigate whether these variants
derive from a single mutational event (common ancestor) or
have arisen independently multiple times. Shared haplotype
blocks of variable sizes were detected in all of the investigated
individuals for each of the 4 pathogenic variants with com-
mon or individual haplotype break points (Figure 5D and
eTables 2-5 and eFigure 5 in the Supplement). The minimally
shared haplotype block across all haplotypes carrying c.335T>A
(p.Leull2His) was 47.744 base pairs (bp) long and tagged by 19
SNPs, 11 of which were intergenic (Figure 5D). The individual
shortest and longest common haplotype blocks detected were
64.919 and 1.606.067 bp long, respectively, and 2 families from
Germany shared the latter with the same haplotype break points
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Figure 4. Newly Discovered Pathogenic Variants in TCHH and TGM3
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f
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Electropherograms showing the
newly discovered pathogenic
frameshift variants c.2435del
(p.Pro812Argfs*67) and c.4245del
(p.Lys1415Asnfs*9) in TCHH (A) and
the compound heterozygous
pathogenic missense variants
¢1966C>T (p.Arg656Trp) and
¢.1993C>T (p.Arg665Trp) in TGM3 (B)
in comparison with the respective
wild-type (WT) sequences. Protein
modeling suggests that mutation
p.Arg665Trp leads to the loss of 2
hydrogen bonds destabilizing the
contact of barrel 2 domain to the core
domain (C). Domain organization of
TGM3 and location of residues 656
and 655 is indicated (C, left). Arg655
forms hydrogen bonds to the side
chain of Asp156 and the backbone
carbonyl of Lys24 (C, right upper
panel). The mutation of Arg655 to
Trp abolishes these hydrogen bonds
(C, right lower panel).

(eTable 3 and eFigure 5 in the Supplement). Haplotype sharing
between at least 2 individuals was observed up to 466 and 169
SNPs upstream and downstream of the pathogenic variant, re-
spectively. Notably, several common haplotype breakpoints
were observed across multiple individuals both upstream and
downstream of the site of the pathogenic variation (eTable 3 and
eFigure 5 in the Supplement).

JAMA Dermatology November 2022 Volume 158, Number 11

The minimally shared haplotype block across all haplo-
types carrying c.881C>T (p.Ala294Val) was 34.820 bp long and
tagged by 11 SNPs, 10 of which were intragenic (Figure 5D). No-
tably, a larger block of 99.064 bp long was shared between 31
of the 34 (91.1%) investigated haplotypes carrying this variant.
The individual shortest and longest common haplotype blocks
detected were 51.669 and 1.674.521 bp long, respectively.
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Figure 5. Genetic Spectrum of UHS and Common Haplotypes Surrounding the Most Common PADI3 Pathogenic Variants
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A, Stacked percentage bar plots depict the respective proportion of affected
index cases that could be explained by pathogenic variants in either 1of the 3
known uncombable hair syndrome (UHS)-associated genes and those not yet
genetically elucidated within the total cohort. B, Individual pathogenic variants
within all mutated PADI3 alleles (other includes p.Gly22Trp [n = 11, p.Arg186Trp
[n =11, p.Gly218Ser [n = 2], p.Arg372Gly [n = 1], p.Arg372Met [n = 1],
p.Glu395Asnfs*7 [n = 1], p.Lys578* [n = 1], and p.Pro623Leu [n = 1]).

C, Pathogenic genotypes within all PADI3-associated UHS cases: p.GIn169*
homozygous; p.Leul12His and p.Glu395Asnfs*7; p.Leul12His and Arg186Trp;
p.Leu12His and p.Arg372Met; p.Leul12His and p.Gly22Trp; p.Ala294Val and
p.Arg372Gly; p.Ala294Val and p.Pro623Leu; and p.Ala294Val and p.Lys578*
were singleton observations represented with different color codes without

text, and each constitutes approximately 1% of the bar plot. D, The minimally
shared regions across all haplotypes carrying a pathogenic variant are denoted
with black boxes, and the location of the respective variations are depicted with
ared line. The gray boxes surrounding c.881C>T denote a common haplotype
shared over 90% of all analyzed haplotypes. The variable extent of haplotype
sharing across all analyzed samples is denoted by the dotted lines, whereby the
vertical lines on either end of the dotted lines mark the furthest extent of
haplotype sharing between at least 2 samples upstream and downstream of the
respective pathogenic variants. Slash marks show omitted whole sizes owing to
space restraints. See eFigure 5 and eTables 2 through 5 in the Supplement for a
depiction of haplotype sharing on individual level.

Haplotype sharing between at least 2 individuals was ob-
served up to 378 and 306 SNPs upstream and downstream of
the pathogenic variant, respectively, and similar to ¢.335T>A
(p.Leull2His); common breakpoints were observed on either
side of the pathogenic variant (eTable 4 and eFigure 5 in the
Supplement).

For the third most common pathogenic variant ¢.1813C>A
(p.Pro605Thr), 4 haplotypes were analyzed (eTable 5 in the
Supplement). The minimally shared haplotype block across
them was 162.538 bp long (Figure 5D), exceeding PADI3 and
extending over the neighboring genes PADII and PADI4. Hap-
lotype sharing between at least 2 individuals was observed up
to 230 and 88 SNPs upstream and downstream of the patho-
genic variant, respectively. The minimally shared haplotype
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block across all haplotypes carrying c.505C>T (p.GIn169*) was
116.238 bp long (Figure 5D) and also extended over the neigh-
boring genes PADII and PADI4. Haplotype sharing between at
least 2 individuals was observed up to 144 and 34 SNPs up-
stream and downstream of the pathogenic variant, respec-
tively (eTable 2 in the Supplement). Altogether, these results
support the founder mutation hypothesis for each of the 4 ana-
lyzed pathogenic variants.

|
Discussion

Taken together, the present results show that in the majority
of the present cohort, UHS was associated with pathogenic
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variants in the gene PADI3, including 2 recurrent variants that
were detected in around 99% of all PADI3 variant carriers. The
present study led to discovery of 8 novel pathogenic variants
in PADI3. Of these, 6 were single observations and 2 were ob-
served in 3 and 2 individuals, respectively. Therefore, we an-
ticipate that other very rare pathogenic variants in PADI3 ex-
ist and that these are likely to be discovered in the future.

Remarkably, in 3 of the newly referred families, the ex-
amination of exome sequencing data revealed pathogenic vari-
ants in either LIPH (2 families) or LPAR6 (1 family) genes (ie,
genes underlying hypotrichosis simplex with woolly hair). This
suggests that the woolly hair phenotype (with or without hy-
potrichosis) may be mistaken for UHS by clinicians or af-
fected individuals and, therefore, we suggest that woolly hair
should be considered in the differential diagnosis of UHS.

In the present cohort, all of the individuals with patho-
genic variants in PADI3, TGM3, or TCHH showed an autoso-
mal recessive mode of inheritance. In the literature prior to the
genetic elucidation of UHS, some pedigrees were reported who
appeared to have an autosomal dominant inheritance with a
respective affected parent. In this cohort, we performed ge-
netic screening in 2 such families with an apparent autoso-
mal dominant mode of inheritance. The results indeed re-
vealed a pseudodominance because the affected parents also
happened to be carriers of biallelic PADI3 variants even though
the child had inherited the phenotype in an autosomal reces-
sive fashion. In fact, this was not surprising because the al-
lele frequency of some of the pathogenic PADI3 variants is not
very low in the population (eTable 1in the Supplement). There-
fore, we suggest that at least some of those pedigrees from the
literature with a presumed autosomal dominant mode of in-
heritance may in fact also have an autosomal recessive inheri-
tance of pathogenic PADI3 variants similar to the 2 families re-
ported herein. However, given that the genetic associations of
around one-fourth of the cohort remains unclear, another plau-
sible hypothesis is that pathogenic variants in other genes may

Assessment of the Genetic Spectrum of Uncombable Hair Syndrome in a Cohort of 107 Individuals

also be associated with UHS and that some of these genes may
have an autosomal dominant pattern of inheritance. None-
theless, based on the exome data of the genetically unclari-
fied cases, we can assume that the UHS phenotype is unlikely
to be related to a fourth major gene that is recurrently af-
fected by pathogenic coding variants. We therefore speculate
that a large heterogeneity may exist with several other UHS-
associated genes, each of which may explain the phenotype
in only a single or very few families, as is the case for TCHH
and TGM3.

Limitations

It cannot be excluded that some of the unexplained cases may
be related to variants that affect the splicing or expression of
known UHS-associated genes and have remained undetected
by the sequencing approaches used here. In fact, it is well
known that large structural variants such as deletions/
duplications and complex rearrangements are difficult to de-
tect via short-read sequencing approaches. Similarly, deep in-
trons and regulatory regions such as promoters are mostly not
covered by whole-exome or Sanger sequencing. Accordingly,
we plan in the near future to use a targeted long-read sequenc-
ing approach for screening of the entire coding and noncod-
ing regionsin and around the known UHS-associated genes in
all of the unexplained cases to address this concern.

|
Conclusions

This cohort study expands the pathogenic variant spectrum
of UHS and found that PADI3 was most commonly associated
with this rare hair phenotype. The present results also sug-
gest that the 4 most commonly observed pathogenic PADI3
variants are far more likely to have descended from a respec-
tive common ancestor rather than having had occurred
independently multiple times.
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To the Editor:

The gene LSS encodes lanosterol synthase. Previous research has
shown that mutations in LSS cause congenital cataract (Chen &
Liu, 2017; Zhao et al, 2015), as well as autosomal recessive
hypotrichosis  simplex (HS) congenital alopecia (Besnard
et al., 2019; Chen & Liu, 2017; Li et al., 2019; Romano et al., 2018).

These conditions may be accompanied by a neuroectodermal pheno-

or

type, such as intellectual disability (ID), epilepsy, microcephaly, genital
abnormalities in males, and other dermatological features, such as ich-
thyosis and erythroderma (Besnard et al., 2019). Wide intra- and inter-
familial phenotypic variability is observed, with the former being less
pronounced. In particular, one study reported a family in which two
affected siblings presented with substantially differing degrees of ID
(Besnard et al., 2019). To date, the establishment of a genotype-
phenotype correlation for LSS mutations has not been possible.

F. Buket Basmanav and Regina C. Betz have contributed equally to this study.

The present report describes four families in which LSS mutations
led to HS with or without accompanying clinical features. Four of the
identified mutations are novel, and one is previously known. Notably,
one of the novel mutations is an apparent synonymous mutation,
which leads to altered splicing, as demonstrated by cDNA sequencing.

The seven-year-old daughter of first-degree cousins from Irag
(family 1) presented with a lifetime history of sparse hair, which grew
to a maximum length of 1 cm (Figure 1a). Her eyelashes and eye-
brows were unremarkable, and no abnormalities of the skin or nails
were observed. The child also presented with a developmental
speech disorder, learning difficulties, and microcephaly. Whole
sequencing the homozygous substitution
c.530G > A (p.Argl77GIn) (rs142081800, gnomAD v.2.1.1
frequency = 5.66e-5) in LSS (NM_002340). Both parents were het-
erozygous carriers of the mutation (Figure 1a). Recent studies

exome revealed

reported this mutation occurring in a compound heterozygous state,
together with other mutations, in two further hypotrichosis patients,
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Clinical phenotypes and mutation analyses. (a) The 7-year-old girl of Iraqgi descent presented with a lifetime history of sparse hair.

Mutation analysis by Sanger sequencing revealed that she carries the previously reported missense mutation, ¢.530G > A (p.Arg177GlIn), in
homozygous state. (b) Mutation analysis in the two Georgian siblings and their family members revealed that they both carry the previously
unreported missense mutations ¢.934C > T (p.Arg312Trp) and c.881G > T (p.Arg294Leu) in a compound heterozygous state. (c) Mutation analysis
in the 9-year old girl from Syria showed that she carries the previously unreported missense mutation c¢.1702C > T (p.Arg568Trp) in a
homozygous state. (d) The 3-year-old boy of Afghani descent presented with total lack of scalp hair, eyebrows as well as body hair. He had very
sparse eyelashes. Mutation analyses revealed that he carries the synonymous variant ¢.393G > A (p.131Leu=) in a homozygous state. (e) Sanger
sequencing of cDNA reverse transcribed from RNA that had been isolated from the blood of the Afghani boy, revealed that the synonymous
variant ¢.393G > A (p.131Leu=) leads to activation of a cryptic donor site, which eventually results in skipping of exon 4 and an in frame deletion

of 33 nucleotides corresponding to 11 amino acid residues

who presented with and without ID, respectively (Murata
et al,, 2021; Wada et al., 2020).

Two siblings from Georgia (a boy aged 7 years and a girl aged
14 years, family 2), presented with a complete lack of scalp hair.
Although both siblings had shown some degree of scalp hair growth
from the age of 5 years, the hair had subsequently fallen out. Both
siblings presented with sparse and very light colored eyelashes and
eyebrows, and some fine hairs were evident on the back, legs,
and hands. The mother described the mental development of the girl
as normal. However, she reported that the boy had hearing difficul-
ties, and experienced concentration problems at school, which has not
yet been formally evaluated. Whole exome sequencing revealed that
both siblings carry the mutations ¢.934C>T (p.Arg312Trp)
(rs764497439, gnomAD v.2.1.1 frequency = 2.82e-5) and ¢.881G > T
(p.Arg294Leu) (rs188459967, gnomAD v.2.1.1 frequency = 8.1e-6) in
LSS in a compound heterozygous state (Figure 1b). The mutations co-
segregate with the disease phenotype in the family. The healthy par-
ents carry each one of the mutations in a heterozygous state.

The nine-year old daughter of consanguineous parents from Syria
(family 3) presented at the age of 5 years with a history of very sparse
scalp hair from birth. Her younger brother was similarly affected. The
parents reported that after episodes of febrile iliness, a diffuse loss of
scalp hair always occurred, with subsequent spontaneous regrowth.
DNA was only available from the girl. Mutation analysis of LSS by
Sanger sequencing revealed the homozygous missense mutation
c.1702C > T (p.Arg568Trp) (rs769430360) (Figure 1c).

The 3-year-old son of first-degree cousins of Afghani descent
(family 4) presented with total alopecia. The parents reported that
although he had had scant fluffy hair on the scalp at birth, this had
fallen out completely by the age of 2 months. The child presented
with missing eyebrows and body hair, and very sparse eyelashes
(Figure 1d). The skin on his arms was dry, with an appearance that
resembled keratosis pilaris. No other cutaneous or neu-
rodevelopmental abnormalities were observed. Sanger sequencing
revealed the synonymous variant ¢.393G > A (p.131Leu=) in LSS in a
homozygous state (Figure 1d). Both parents were heterozygous for
the mutation, which was predicted to be “disease causing” by Muta-
tion Taster. In silico analysis for splice site effects was performed
using HSF Pro (Desmet et al., 2009) and SpliceAl (Jaganathan
et al., 2019). Both analyses predicted that the mutation caused the
activation of a cryptic donor site. This prediction was assessed via
cDNA sequencing, which involved the isolation of RNA from the boy's
blood cells and reverse transcription. The results confirmed that the
mutation leads to the activation of the in silico predicted cryptic donor
site 2 bp adjacent to the substitution, which eventually leads to partial
skipping of exon 4 and an in frame deletion of 11 amino acid residues:
r.425-457del (Figure 1e).

Based on the crystal structure of the human lanosterol synthase
(PDB accession code 1W6K) (Thoma et al., 2004), the disease related
mutations identified in this study were modeled into the structure and
analyzed for their potential impact on the structural integrity of the

synthase and its enzymatic function (Figure 2). This analysis showed
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FIGURE 2 The three point substitutions (a) Arg177GlIn in family 1, (b) Arg294Leu in family 2, and (c) Arg568Trp in family 3, are all located on
the surface of the protein. (d) The Arg312Trp mutation in family 2 resides within a kink between an amphipathic helix (aa 290-306), that was
suggested to be part of a membrane insertion region (Thoma et al., 2004), and the following helix. (e) The deletion mutation A(aa 133-143) found
in family 4 is located in the first («/a)-barrel domain of the synthase toward the C-terminal end of a helix (aa 122-135) and an extended linker
region (aa 136-150). Modeling of this deletion allowed to connect the two helices (aa 122-132 and aa 150-164) with the remaining residues
144-149 that now adopt a rather straight instead of a meandered conformation. aa: amino acid
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that all mutations might have consequences on the three-dimensional
structure of the protein, however, none appeared to be deleterious on
the protein and its enzymatic activity. Families 1-3 each have a muta-
tion either in homozygous (families 1 and 3) or compound heterozy-
gous state (family 2) leading to the substitution of a surface exposed
arginine. These positively charged residues may be involved in inter-
acting with the negatively charged lipid surface and their substitution
could therefore, influence the membrane association of the enzyme
(Figure 2a-c). Family 2 carries an additional mutation that leads to the
substitution of an arginine residue located in the close proximity of a
putative membrane insertion region by a tryptophan. This substitution
could change the local arrangement of the membrane insertion region
and thus influence lanosterol substrate uptake (Figure 2d). Finally, the
mutation that leads to the deletion of 11 amino acid residues in family
4 may have an effect on the local arrangement of the helices sur-
rounding the lanosterol binding site and therefore, it may influence,
even if not substantially, the catalytic activity of the synthase.

All LSS mutations reported to date have been missense, nonsense,
or splice site mutations, and no synonymous LSS mutation has yet been
reported to cause HS with or without neurodevelopmental abnormali-
ties. Based on our discovery of the pathogenic synonymous variant,
which leads to aberrant splicing, we propose that the possible molecu-
lar consequences of all identified synonymous LSS mutations in patients
should be carefully investigated before their pathogenicity is ruled out.

With respect to genotype-phenotype correlations, it remains
unclear which mutations in LSS lead to an alopecia phenotype only,
and which lead to accompanying severe neurodevelopmental and der-
matological phenotypes. At writing, we hypothesize that the presence
and extent of such additional clinical features may be related to the
degree of normal protein function. Further functional studies are
warranted to understand the mechanisms underlying the phenotypic
variability that arises from LSS mutations.

At writing, the general (but not fixed) consensus is that prenatal diag-
nostics (PD) should not be offered for alopecia alone. However, given the
reported interfamilial phenotypic variability (Besnard et al., 2019), the sib-
lings of children with an alopecia only phenotype may display cognitive
disability and/or a severe skin phenotype. Therefore, we must be pre-
pared to offer PD for future pregnancies in cases where the parents are
both known LSS mutation carriers or who already have an affected child.

The identification of further LSS mutation carriers will facilitate
our understanding of this complex and unpredictable protein. This in
turn will improve predictions concerning the phenotypic outcomes of

individual LSS mutations.
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4. Discussion with references

4.1 The importance of research on hair disorders

Genetic studies of monogenic hair disorders are a method of identifying genes that are
essential for the HF development and function. These genes encode for proteins that are
of such critical importance that their dysregulation has a severe impact on hair
morphogenesis, growth, and/or cycle, ultimately resulting in HF dysfunction.

In general, the discovery of new variants and genes with an association to hair disorders
has multiple outcomes. First, it provides new molecular diagnostic tools to facilitate the
correct diagnosis of hair diseases. Second, it improves understanding of the underlying
biology of the HF as a complex mini-organ. Third, it leads to the identification of the
molecular pathways that are involved in hair loss/hair growth. Modulation of the activity of
the affected pathways on the physiological level represents a possible pharmaceutical
strategy to cure hair disorders. In fact, despite the high prevalence of hair disorders in the
population, only few therapies are available for multifactorial hair disorders and none for
monogenic forms (Harrison und Sinclair, 2003; Nestor et al., 2021).

4.1.1 WNT10A variants in short anagen hair syndrome and male pattern hair loss
Our study on SAH is the first to describe the genetic background of SAH, and is currently
the largest SAH cohort to have been reported in the literature (Cesarato et al., in press).
We analysed 48 individuals presenting with SAH or complaints suggestive of SAH, and
found an enrichment of low-frequency WNT10A pathogenic variants in the SAH cohort
compared to the general population.

Prior to our study, the crucial role of WNT10A in all ectodermal appendages - in particular
teeth and the HF - had already been demonstrated via extensive research in both in vitro
and in vivo models (Hawkshaw et al., 2020; Xu et al., 2017). Research suggests that
individuals who are heterozygous carriers of WNT10A variants may show a sex-biased
phenotype, predominantly tooth disorders in males, and hair or nail abnormalities in
females (Bohring et al., 2009; Doolan et al., 2021). However, no WNT10A-specific hair
phenotype had ever been described. Our research is thus the first to determine a
WNT10A-specific hair phenotype, namely SAH. We propose that SAH can occur as either
a previously under-recognised feature of WNT10A-related ED in biallelic carriers, or as an

isolated clinical feature in heterozygous carriers.
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A role of WNT10A in MPHL aetiopathogenesis had been previously described (Heilmann
et al., 2013). In our SAH study, we also found a significant association between two SAH-
associated WNT10A variants and MPHL. The discovery of a genetic overlap between two
hair disorders that differ in terms of inheritance pattern, lifetime occurrence, and sex
prevalence was intriguing. A shared trait of both disorders is the reduced length of the
anagen phase of the HF. Previous authors have hypothesised that WNT10A plays a role
in anagen induction and maintenance (Hawkshaw et al., 2020; Hochfeld et al., 2021; Xu
etal., 2017), and our study supports this. Our study also suggests that WNT10A-mediated

wnt signalling might be a drug target for anagen elongation.

4.1.2 Genetic spectrum of uncombable hair syndrome

In the UHS study, we analysed the genetic spectrum of UHS in a cohort of 107 individuals
from 20 different countries (Basmanav et al., 2022).

The results of this study help prioritize genes for sequencing in individuals presenting with
UHS who seek dermatological and/or genetic consultation. We showed that in affected
individuals presenting with UHS, sequencing of PADI3 should be prioritised, in particular
exons 3 and 8, where the most common causative variants - p.(Ala294Val) and
p.(Leull2His) - are located. If pathogenic variants cannot be identified, on the basis of
our results, we recommend that all exons of PADI3 should be sequenced, followed by
sequencing of TGM3 and TCHH.

For 25 % of the UHS cohort, the genetic cause remained unexplained, despite the
availability of whole exome sequencing (WES) data for most individuals. Two of these
individuals had heterozygous TCHH loss of function variants. These findings pointed to
the possibility that in these individuals, a second pathogenic variant might be present in
TCHH, such as a copy number variation (CNV) that was undetectable via WES. However,
given the low number of unexplained cases with heterozygous variants in PADI3, TGM3,
and TCHH, CNV analysis would only clarify a small number of unsolved cases. Due to the
availability of the WES data, we can also postulate that the presence of a fourth gene,
whose variants cause the majority of the unexplained UHS cases, is unlikely. In contrast,
the presence of multiple causative genes, each explaining a small fraction of UHS cases,
as with TCHH and TGMa3, is likely. Therefore, the analysis of a larger UHS cohort might

facilitate the discovery of additional causal genes for UHS.
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4.1.3 Genotype-phenotype correlation of LSS variants

In the LSS paper, we described the genetic investigation of four individuals presenting
with hypotrichosis with or without intellectual disability (Cesarato et al., 2021). Pathogenic
variants in LSS are associated with a spectrum of anomalies that have differing degrees
of severity, ranging from HS to the severe palmoplantar keratoderma-congenital alopecia
syndrome. Although the genotype-phenotype correlation of LSS variants remains unclear,
a new hypothesis on a possible genotype-phenotype correlation has been formulated. In
particular, two recent papers analysed all published LSS variants, comprising ours, and
showed that splicing, stop, and frameshift variants are enriched in individuals presenting
with more severe phenotypes. Therefore, the authors proposed that disease severity is
related to the residual activity of LSS (Elbendary et al., 2023; Guo und Zhang, 2023).
These studies demonstrate once more the importance of cholesterol homeostasis in HF

morphogenesis and growth (Palmer et al., 2020).

4.2 Perspectives for the genetic elucidation of hair disorders

Despite current advances in the study of monogenic hair disorders, many cases in our
SAH, UHS, and HS cohorts remain genetically unexplained.

Currently, WES is the most commonly applied technique in the genetic elucidation of
monogenic hair disorders. However, WES is restricted to the analysis of SNVs and small
deletions and duplications in coding regions of the genome, and thus only around 1.5 %
of the genome is covered when this technigue is applied. Although more expensive, whole
genome sequencing allows the analysis of non-coding regions and thus enables the
identification of: (i) deep intronic variants and CNVs in known hair related genes; and (ii)
new genetic loci in non-coding regions of importance for hair growth. A proof of principle
of the latter is the pathogenicity of variants in U2HR, an inhibitory regulatory region
upstream of the hairless (HR) gene. U2HR is causative for the monogenic hair disorder
Marie Unna hypotrichosis (Wen et al., 2009). The use of long read sequencing might be
particularly useful in terms of resolving the sequence of genes containing repeated
regions, for example TCHH (Lee et al., 1993).

Moreover, RNA sequencing (RNAseq) and single cell RNA sequencing might be future
methods of choice with respect to: (i) gaining a deeper understanding of signalling

pathways; and (ii) mapping which particular cell types are affected by specific hair
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disorders. Analysis of the HF transcriptome of genetically unexplained cases could
highlight which dysregulated pathways are specific for certain hair conditions, and
therefore facilitate the identification of novel causal genetic loci for these disorders. The
identification of dysregulated pathways that are common to multiple hair conditions could
allow the design of new pharmaceutical entities that are effective in diverse hair disorders.
In summary, the application of novel technologies in the genetic hair disorder field could
help not only in terms of diagnostics, but also in terms of hair biology research and drug
discovery. This in turn would improve the quality of life of affected individuals.
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