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Pathogenic variants affecting peptidyl L)
arginine deiminase 3 and its major substrates 0
underlie central centrifugal cicatricial pern
alopecia
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Central centrifugal cicatricial alopecia (CCCA) is the most common form of primary scarring alopecia in women
of African descent, typically characterized by progressive hair loss originating at the vertex of the scalp.
Although genetic susceptibility has been implicated in the pathogenesis of CCCA, only 1 gene (PADI3,
encoding peptidyl arginine deiminase 3) has been thus far associated with CCCA. This study aimed to broaden
our understanding of the genetic basis of CCCA by analyzing whole-exome sequences from 75 patients with
clinically and histologically confirmed CCCA. We identified 9 pathogenic heterozygous variants in PADI3,
including, to our knowledge, 4 previously unreported missense variants, all predicted to disrupt protein
function. Functional analyses revealed reduced expression, abnormal intracellular localization, and diminished
enzymatic activity in cells transfected with constructs expressing the PADI3 variants. More interestingly,
pathogenic variants were identified in 2 additional genes, ST00A3 and TCHH, which encode the main substrates
of PADI3, S100 calcium-binding protein A3 and trichohyalin. Both proteins play critical roles in hair shaft
integrity. The ST00A3 variant was found to cause reduced citrullination by PADI3, whereas TCHH variants
altered intracellular localization and resulted in significantly reduced expression of the protein. These findings
provide further insights into disease mechanisms and may inform future strategies for genetic testing and
targeted therapies.
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INTRODUCTION estimated at 3—6% among African American and South Afri-
Central centrifugal cicatricial alopecia (CCCA) is the most  can women; however, there are few well-designed epidemi-
prevalent form of primary scarring alopecia in women of  ological studies (Callender and Onwudiwe, 2011; Khumalo
African descent, commonly presenting as progressive hair et al, 2007). It is classified as a lymphocytic cicatricial alope-
loss starting at the vertex of the scalp and progressing  cia and often shares overlapping clinical and histopathologic
centrifugally; several clinical subtypes and manifestations  features with lichen planopilaris, making differentiation chal-
have been described (Sow et al, 2024). Prevalence is lenging in some cases. Despite these similarities, a hallmark
feature of CCCA is the premature desquamation of the inner
root sheath in both inflamed and noninflamed follicles (Miteva
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clustering of familial cases (Dlova et al, 2014). More than

20% of patients with CCCA have been shown to carry vari-
Received 31 July 2025; revised 2 October 2025; accepted 20 October 2025; o P Y

accepted manuscript published online 14 November 2025; corrected proof ants ir_‘ PADI3, encoding peptidyl arg'mi'ne deiminase tYPe il
published online 8 December 2025 (Malki et al, 2019), an enzyme mediating post-translational

Abbreviations: CCCA, central centrifugal cicatricial alopecia; HEK, human
embryonic kidney; KC, keratinocyte; WT, wild-type

© 2025 The Authors. Published by Elsevier, Inc. on behalf of the Society for Investigative Dermatology. This is
Journal of Investigative Dermatology (2026), Volume 146 an open access article under the CC BY license (http:/creativecommons.org/licenses/by/4.0/).



modifications critical for proper hair shaft formation
(Basmanav et al, 2022; Méchin et al, 2007). These variants in
PADI3 were shown to result in disrupted protein function,
abnormal intracellular localization, and decreased enzy-
matic activity, supporting their pathogenic role in CCCA. In
this study, we studied an extended cohort of patients with
CCCA to broaden our understanding of the genetic basis of
CCCA.

RESULTS

Variant analysis

Exome sequencing was performed on a cohort of 75 patients
(details are provided in Acknowledgments) of African or Af-
rican American descent with clinically and/or histologically
confirmed CCCA; 58 of these patients have been previously
described (Malki et al, 2019). Pathogenic variants were
identified on the basis of their predicted deleteriousness using
various bioinformatics tools and subsequently filtered on the
basis of their possible involvement in hair biology. This led to
the identification of 9 missense heterozygous variants in
PADI3, including, to our knowledge, 4 previously unreported
variants as well as 1 splice-altering variant, all of which were
predicted to be pathogenic (Supplementary Table S1). In
addition, 4 pathogenic heterozygous missense variants were
detected in TCHH, and 1 heterozygous missense variant was
identified in STO0A3 (Supplementary Table S1). The distri-
bution of each identified variant among the 75 patients is
summarized in Table 1. TCHH codes for trichohyalin, and
ST00A3 codes for the ST00 calcium-binding protein A3. Both
proteins play critical roles in hair shaft integrity (Guan et al,
2015; Kizawa et al, 2002, 1998; Steinert et al, 2003).

Functional consequences of the previously unreported
variants of PADI3

The pivotal role of PADI3 in hair shaft formation has been
demonstrated in previous studies (Méchin and Simon,
2023). To investigate the consequences of the 4 addi-
tional missense variants in PADI3, we used protein
modeling. As previously demonstrated (Malki et al, 2019),

Table 1. Distribution of Variants in Patient Cohort
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all variants were localized to the protein Ig domains. These
domains are assumed to play a role in protein dimeriza-
tion. Variants within the Ig domains of PADI3 were shown
to significantly affect its catalytic activity (Liu et al, 2011).
p.-Val48Met  (c.142G>A),  p.Arg60GIn  (c.179G>A),
p.-Val171Met (c.511G>A), and p.Arg248Cys (c.742C>T)
are predicted to confer conformational changes affecting
dimerization as well as calcium binding and, consequently,
reduce PADI3 catalytic activity (Figure 1a and b).

To further investigate the effect of the additional CCCA-
associated variants, HaCaT cells were transfected with con-
structs encoding wild-type (WT) and variant PADI3
(Supplementary Figure S1). Immunoblotting of the cell lysate
demonstrated a reduced expression of all 4 variant PADI3
constructs compared with the WT (Figure 2a). Immunofluo-
rescence analysis revealed a homogenous cytoplasmic dis-
tribution of PADI3 in cells transfected with the WT construct,
whereas cells transfected with each of the 4 variant PADI3
constructs displayed an abnormal intracellular localization,
characterized by the formation of aggregates within the
cytoplasm (Figure 2b), as described for other CCCA-
associated PADI3 variants (Malki et al, 2019). We next
assessed the impact of the 4 pathogenic variants on PADI3
enzymatic activity, using an antibody-based PAD activity
assay (details are provided in Material and Methods). All 4
CCCA-associated variant-expressing constructs exhibited a
significant decrease in enzymatic activity compared with
cells transfected with the WT PADI3 construct (Figure 2c).

Functional consequences of the ST00A3 variant

S100A3 is a member of the ST00 family of calcium-binding
proteins and functions as a homodimer (Eckert et al, 2004).
The citrullination of STOOA3 by PADI3 has been suggested to
play a role in hair shaft development and the maintenance of
hair structure, particularly in the hair cuticle, where STO0A3
is most abundantly expressed (Guan et al, 2015; Kizawa et al,
2008, 1996). This post-translational modification is thought
to affect the protein’s interaction with other molecules
influencing hair texture and resilience (Kizawa et al, 2011).

Gene Transcript dbSNP Codon Change Amino Acid Change Carriers ID Total Carriers
PADI3 NM_016233.2 rs150695491 c.142G>A p-Val48Met N2,N6' 2
rs115356766 c.179G>A p.Arg60GIn 5,16,44, 57,58, 63,N9 7
1s2272629 c.511G>A p-Val171Met 13,38,54,56, 63,N10 6
rs139876092 c.628C>T p-Arg210Trp 54,55 2
5145296609 c.742C>T p.Arg248Cys 54 1
rs1557508308 c.832-2A>G Splicing 11,52 2
rs139426141 c.856A>G p.Thr286Ala 1,3,9,16,47,50 6
rs140482516 c.1669C>T p.Arg557Trp 11,31,52 3
rs34097903 c.1744G>A p.Ala582Thr 3,17,58 3
rs1437225536 c.1955G>A p.Arg652Lys 49 1
TCHH NM_007113.4 rs114824000 c.2057C>G p-Ala686Cly N8 1
1s776762916 c.2174A>C p.Lys725Thr N9 1
rs1487387151 c.3355G>A p.Glu1119Lys N16 1
rs376831805 c.5452G>C p.Asp1818His 46 1
ST100A3 NM_002960.2 rs61731550 c.64C>T p.Arg22Cys 5,9,54, N1, N13 5

Abbreviation: ID, identification.
TPatients from the new cohort are designated with an ‘N’ (N1—-N17).
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Figure 1. PADI3 protein structural modeling. (a) The crystal structure of a human PADI3 (PDB 6CEl) homodimer is presented. One monomer of the
homodimeric PADI3 is colored according to the conservation score, whereas the second monomer is colored according to the structural domains (IgG1, 1gG2,
and catalytic domains, colored yellow, green, and red, respectively). (b) The mutated positions identified are magnified. Mutated positions and neighboring
residues within 3 A are shown as sticks. The mutated positions are further highlighted. The 4 variants localize to the IgG domains that presumably play a role in
dimerization. Previously discovered variants within these domains were shown to compromise catalytic activity (Basmanav et al, 2022; Malki et al, 2019);
p.Val171Met is adjacent to the Ca?* binding sites and stabilizes the loop in place by hydrophobic interactions with Leu177, Met180, and Phe214. An adjacent
residue variant, Asp176Ala, exhibits 10% of the wild-type catalytic efficiency (Liu et al, 2011); p.Arg248Cys is located in the vicinity of the conserved calcium
binding site, potentially affecting the local electrostatic potential and thereby calcium binding; p.Arg60GIn is predicted to perturb the monomer and dimer
stability (predicted DDG = —0.45 and —0.89 kcal/mol, respectively); p.Val48Met affects a highly conserved residue. (c) The conserved STO0A3 positions
undergoing deiminition by PADI3 are highlighted in blue across a crystal structure of STO0A3 (upper panel); P. R22C is one of the 4 citrullination sites (lower

panel). Ca®", calcium ion; PDB, Protein Data Bank.

Initially, protein modeling demonstrated that the CCCA-
associated variant p.Arg22Cys (c.64C>T) does not affect
calcium ion binding or the oligomeric state (Figure 1c).
ST00A3 contains 4 arginine residues, 3 of which undergo
citrullination by PADI3 (Kizawa et al, 2011). We therefore
ascertained the impact of the CCCA-associated ST00A3 variant
on its PADI3-mediated citrullination. Human embryonic kid-
ney (HEK) 293 cells were transfected with constructs encoding
WT and variant ST00A3 (p. Arg22Cys, c.64C>T)
(Supplementary Figure S2). HEK293 cells were chosen for this
experiment because they do not express either PADI3 or
S100A3. Immunoblotting of the cell extract demonstrated
significantly reduced expression of the variant ST00A3
compared with that of WT ST00A3 (Figure 3a). Immunofluo-
rescence analysis demonstrated significantly reduced citrulli-
nation by PADI3 in cells transfected with variant STO0A3
compared with those transfected with WT (Figure 3b). In
addition, to confirm these results, we used an ELISA-based
PADI3 activity assay to measure citrullination in the presence
of WTand variant STO0A3. We hypothesized that WT ST00A3
should compete more efficiently for PADI3-mediated enzyme
activity than the STO0A3 variant protein; therefore, it should
result in lower levels of citrullination of the assay’s arginine-
containing peptides than the variant STO0A3 protein. As pre-
dicted, lysates from cells transfected with the variant STO0A3
along with the PADI3 enzyme showed higher deimination
signal than the cells transfected with WT ST00A3 (Figure 3c¢).
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The role of TCHH in CCCA disease pathogenesis

TCHH (trichohyalin) is a structural protein that colocalizes
with PADI3 in the inner root sheath of the hair follicle and the
medulla of the hair shaft (Holthaus and Eckhart, 2024;
Steinert et al, 2003). PADI3-mediated deimination reduces
TCHH overall charge, enabling it to associate with keratin
intermediate filaments (Méchin and Simon, 2023). Subse-
quently, TCHH and keratin intermediate filament are cross-
linked by TGM3 (transglutaminase 3). This crosslinking
stabilizes and hardens keratin intermediate filaments, which
are further reinforced and linked to cornified envelopes
through additional crosslinking by transglutaminases, partic-
ularly TGM3 (Steinert et al, 2003; Tarcsa et al, 1997;
Westgate et al, 2013). Together, TCHH and its modifica-
tions by PADI3 and TGM3 play a crucial role in structuring
the mechanical integrity of the hair. We assessed 2 of the
pathogenic TCHH variants identified in our cohort
p.Ala686Cly (c.2057C>G) and p. Glu1119Lys(c.3355G>A).
Owing to technical sequence—related constraints, we were
unable to generate expression plasmids for the 2 other tri-
chohyalin variants. Primary keratinocytes (KCs) were trans-
fected with constructs encoding WT or variant TCHH. As a
control, KCs were transfected with an empty vector. TCHH
demonstrated cytoplasmic distribution in cells transfected
with the WT construct, whereas cells transfected with each of
the variant TCHH constructs displayed a significantly
reduced signal with perinuclear distribution (Figure 4).
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Figure 2. Consequences of CCCA-associated variants in PADI3. (a) HaCaT cells were transfected with constructs expressing either wild-type PADI3 or PADI3
harboring the p.Val48Met, p.Arg60GlIn, p.Val171Met, or the p.Arg248Cys variants. The p.Arg577Trp variant, which was previously shown to be associated with
CCCA (Malki et al, 2019), was used as a positive control. Immunoblotting analysis was used to ascertain the expression of the 4 PADI3 constructs in transiently
transfected HaCaT cells 48 hours after transfection. Results are expressed as a percentage of PADI3 expression relative to the expression of the wild-type PADI3.
Results represent the mean of 3 independent experiments + standard error. (b) Immunofluorescence analysis was performed in HaCaT cells that were transiently
transfected with the 5 PADI3-expressing constructs. Image analysis demonstrated homogeneous cytosolic localization of wild-type PADI3. In contrast, the 4
variant proteins formed large aggregates (red staining, bar = 10 um; DAPI = blue staining). Of note, WB detects linear epitopes under denaturing conditions
(total abundance), whereas IF depends on epitope exposure; the weak IF staining of p.Val48Met likely reflects altered epitope accessibility due to a
conformational change. (c) HaCaT cells were transfected with constructs expressing either wild-type PADI3 or PADI3 harboring p.Val48Met, p.Arg60GlIn,
p-Val171Met, or p.Arg248Cys. The p.Arg577Trp variant, which was previously found to be associated with CCCA (Malki et al, 2019), was used as a positive
control. PADI3 activity was measured with the use of an antibody-based assay for PAD activity according to the manufacturer’s instructions (details are provided
in Materials and Methods). Results are expressed as a percentage of PADI3 activity relative to the activity of the nonvariant PADI3. Results represent the mean of

3 independent experiments + standard error (*P < .05, **P < .01, and ***P < .005; 1-way ANOVA). CCCA, central centrifugal cicatricial alopecia; IF,

immunofluorescence; WB, western blot.

CCCA-associated gene variant distribution

Overall, of 75 patients, 25 patients carried at least a hetero-
zygous pathogenic variant in PADI3 (33%), 5 patients had a
heterozygous variant in STO0A3 (7%), and 4 patients had a
heterozygous variant in TCHH (5%). Three patients harbored
pathogenic changes in 2 different genes (PADI3 and TCHH or
ST100A3). We did not observe any significant changes in the
phenotype displayed by patients carrying variants in 1 versus
2 genes. In total, 40% of the patients had a pathogenic variant
in at least 1 of the 3 CCCA-associated genes.

DISCUSSION
Our study provides further insights into the genetic basis of
CCCA, identifying pathogenic variants in genes encoding
PADI3 and 2 of its targets: STOOA3 and TCHH. These findings
confirm prior studies that revealed the importance of genetic
susceptibility in CCCA and point to citrullination as a key
pathway involved in the pathogenesis of this condition.
Given its crucial role in post-translational modification of
structural hair proteins (Méchin and Simon, 2023), PADI3 has
been previously identified as a key playerin CCCA (Malki et al,
2019). Inthis study, we present, to our knowledge, 4 previously
unreported missense pathogenic variants in PADI3, which
were shown to affect catalytic activity alongside reduced
protein expression and abnormal intracellular aggregation.

Interestingly, PADI3 functions by mediating citrullination
of key proteins in the hair follicle, especially ST00A3,
expressed in the hair cuticle, and TCHH, expressed in the
inner root sheet (Kizawa et al, 2011; Méchin and Simon,
2023; Steinert et al, 2003, 1999). Another important related
element is TGM3, which cross-links TCHH and keratin in-
termediate filaments (Steinert et al, 2003; Tarcsa et al, 1997;
Westgate et al, 2013). The colocalization of PADI3 and
TCHH in the inner root sheath and medulla and of PADI3 and
S100A3 in the hair shaft’s cuticle (Méchin et al, 2007;
Takizawa et al, 1999) underscores the functional interplay
between these proteins and highlights their collective
importance in hair shaft integrity (Figure 5). In this study, we
detected additional variants in the genes encoding ST00A3
and TCHH. These variants were found to affect the protein
function and/or expression pattern. These results are remi-
niscent of similar data obtained in the context of a rare
recessive hair disorder, the uncombable hair syndrome (MIM
[Mendelian inheritance in man] 191480). Uncombable hair
syndrome can result from deleterious biallelic variants in
PADI3 or in TCHH or TGM3 (U Basmanav et al, 2016). In
both conditions, the causative variants affect different ele-
ments of the hair follicle—associated citrullination pathway.
Abnormal function of any component of this pathway results
in the same phenotype owing to compromised mechanical
stability of the hair shaft, associated with subsequent hair
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Figure 3. Consequences of CCCA-associated ST00A3 variant. (@) HEK293 cells were transfected with expression constructs expressing either wild-type or
mutant c.64C>T-harboring ST00A3 cDNA. As a control, cells were transfected with an EV. ST00A3 expression was ascertained using immunoblotting with anti-
V5 tag antibodies followed by quantification with ImageJ software (bar = 25 pm, nuclei are stained in blue by DAPI). Results represent the mean of 2
independent experiments + standard error (2-tailed unpaired Student’s t-test; *P < .05). (b) HEK293 cells were transiently transfected with the wild-type and
variant STO0A3 constructs and stained with an antibody detecting citrullination as described in Materials and Methods. The deimination (citrullination) signal
was significantly decreased in cells transfected with the variant protein. Results represent the mean of 3 independent experiments + standard error (2-tailed
unpaired Student’s t-test; *P < .05). (c) An ELISA-based PADI3 activity assay was used to measure deamination in HEK293 cells expressing either the WT or the
mutant STOOA3 (p.Arg22Cys) along with the PADI3 enzyme. Cells transfected with the variant ST00A3 showed higher deimination signal than cells transfected
with the WT construct because they are less likely to compete with endogenous substrates. Results are expressed as a percentage of PADI3 activity in cells
transfected with variant STO0A3 relative to cells transfected with nonvariant STOOA3. Results represent the mean of 2 independent experiments =+ standard error
(2-tailed unpaired Student’s t-test; P = .057). CCCA, central centrifugal cicatricial alopecia; EV, empty vector; HEK, human embryonic kidney; WT, wild-type.

fragility and breakage as observed in CCCA (Basmanav et al,
2022; U Basmanav et al, 2016). The reduced mechanical

analyses in patient-derived hair follicles because such bi-
opsies were not available.

resistance of the hair shaft predisposes it to breakage, and the
resulting mechanical stress and follicular injury are likely to
trigger inflammation, apoptosis, and fibrosis, providing a
plausible mechanism for the development of scarring alo-
pecia. A limitation of our study is the absence of expression

a EV WT
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p.Glul119Lys p.Ala686Gly

TCHH / DAPI

Overall, our study identified pathogenic variants in at least
1 of these 3 genes in 40% of the cohort. This highlights the
genetic heterogeneity of CCCA and suggests that the disease
likely results from the cumulative effects of both genetic and
environmental factors.
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Figure 4. Impact of TCHH variants. (a) Primary keratinocytes were transfected with expression constructs harboring either TCHH WT sequence or the TCHH
variants ¢.3355G>A (p.Glu1119Lys) or c.2057C>G (p.Ala686Gly) variants. As a control, keratinocytes were transfected with an EV. TCHH expression was
ascertained using immunofluorescence with anti-V5 tag antibodies (bar = 25 pm, nuclei are stained in blue by DAPI). (b) Staining intensity was quantified using
ImageJ software. Results represent the mean of 2 independent experiments =+ standard error (1-way ANOVA; **P < .01 and ***P < .005). a.u., arbitrary unit; EV,
empty vector; WT, wild-type.
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Figure 5. Schematic representation of PAD3, S100A3, and trichohyalin expression patterns within the hair follicle. (a) Site of maximal expression of PADI3
(blue, left panel), STO0A3 (red, middle panel), and trichohyalin (mustard, right panel) in the hair follicle (ORS and IRS) (M denotes the medulla). (b) PADI3
essential role in the modification through residue (denoted as R) citrullination (red dots) of STOOA3 in the cuticle and of trichohyalin in the IRS and medulla
(denoted as M) where TGM3 cross-links modified trichohyalin. IRS, inner root sheath; ORS, outer root sheath; TGM3, transglutaminase 3.

The variants identified in association with CCCA are rela-
tively frequent in the African population, suggesting that
environmental factors or other genetic factors may code-
termine the propensity to develop CCCA. Finally, our findings
pave the way for therapeutic and preventive approaches in
CCCA in genetically susceptible individuals, such as small
molecules aimed at enhancing PADI3 enzymatic activity.

MATERIALS AND METHODS

Variant analysis

Whole-exome sequencing was performed at the Tel Aviv Sourasky
Genomic Center. In short, targeted capture of protein-coding regions
was performed using the xGen hybridization capture core reagent
(Integrated DNA Technologies, Coralville, 1A). Paired-end libraries
were prepared from the captured fragments and sequenced on the
NovaSeq 6000 system (lllumina, San Diego, CA). All whole-exome
sequencing data were analyzed using the Genoox platform (http://
www.franklin.genoox.com). The next-generation sequencing pipe-
line used was based on Burrows—Wheeler Aligner (Li and Durbin,
2010) and the 2 variant callers, namely GATK HaplotypeCaller
(Mckenna et al, 2010) and FreeBayes (Miller and Bishop, 2021).
Variants were classified according to their predicted protein and
splicing effect with the use of the PolyPhen-2 (Polymorphism Phe-
notyping, version 2) tool (Adzhubei et al, 2013), the SIFT (Sorting
Intolerant from Tolerant) algorithm (Kumar et al, 2009), the CADD
(Combined Annotation Dependent Depletion) (Rentzsch et al, 2021)
tool, Splice Al (Jaganathan et al, 2019), GERP ++ (Genomic
Evolutionary Rate Profiling) (Davydov et al, 2010), and DANN
(Deleterious Annotation of genetic variants using Neural Networks)
(Quang et al, 2015). We then filtered the variants according to their
involvement in hair biology. Validation of the variants was per-
formed through direct sequencing except for the c.2057C>G,

¢.5452G>C, and ¢.2174A>C TCHH variants, which could not be
directly sequenced for technical reasons.

Direct sequencing

Genomic DNA was amplified through PCR using oligonucleotide
primer pairs spanning the variants of interest within the PADI3,
ST00A3, and TCHH gene sequences (Supplementary Table S2) with
Taq polymerase (Qiagen, Hilden, Germany). Cycling conditions
were as follows: 94 °C, 2 minutes; 94 °C, 40 seconds; 62 °C, 30
seconds; and 72 °C, 30 seconds, for 35 cycles, and then 72 °C, 10
minutes. Gel-purified (QIAquick Gel Extraction Kit, Qiagen) ampli-
cons were subjected to bidirectional DNA sequencing with the
BigDye terminator system on an ABI Prism 3100 sequencer (Applied
Biosystems, Foster city, NY) and the oligonucleotides used for PCR
amplification. Sequencing results were analyzed using the
Sequencher 5.4 software (Gene Codes).

Conservation analysis

Evolutionary conservation analysis was performed using ConSurfDB
(Ben Chorin et al, 2020) on the basis of the crystal structure of apo
PADI3 (Protein Data Bank: 6CE1) and apo ST00A3 (Protein Data Bank:
1KSO). Briefly, sequences are collected and multiply aligned using
HMMER  (https://www.ebi.ac.uk/Tools/hmmer/home) and MAFFT
(https://www.ebi.ac.uk/jdispatcher/msa/mafft?stype=protein),
respectively. Next, the evolutionary conservation of each position is
calculated using the Rate4Site algorithm (Yariv et al, 2023), followed
by projection of the conservation level for each residue onto the
structure.

Mutagenesis

We used a vector containing the reference (nonvariant) PADI3
sequence to engineer the new mutant constructs. Primers for site-
directed mutagenesis were designed using the NEBuilder online
tool (New England Biolabs, Ipswich, MA), which provides optimized
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primer sequences and recommended annealing temperatures for use
with the Q5 Site-Directed Mutagenesis Kit (Supplementary
Table S3).

The mutagenesis reaction was performed using the Q5 Site-
Directed Mutagenesis Kit (New England Biolabs) according to the
manufacturer’s instructions. Briefly, PCR amplification was carried
out in a 25-pl reaction containing 12.5 pl Q5 Hot Start High-Fidelity
2X Master Mix, 0.5 pM of each primer, and 1—10 ng of template
plasmid DNA. The PCR program included initial denaturation at 98 °C
for 30 seconds, followed by 25 cycles of 98 °C for 10 seconds, primer-
specific annealing temperature for 10—30 seconds, and 72 °C for
20—30 seconds per kb, with a final extension at 72 °C for 2 minutes.
The PCR product was then treated with the KLD enzyme mix (kinase,
ligase, and Dpnl) at room temperature for 5 minutes to phosphorylate
and ligate the amplified DNA and digest the parental methylated
template. The reaction was transformed into New England Biolabs 5-
alpha chemically competent E coli cells, and colonies were selected
on antibiotic plates. Successful mutagenesis was verified by Sanger
sequencing of the target region using primers that are described in
Supplementary Table S2.

Immunoblotting

HaCaT and HEK293 cells were grown in 10 cm Petri dishes up to a
confluency of 60%. Transfection with the various PADI3, ST00A3,
and TCHH constructs was carried out with Lipofectamine 3000 kit
(Thermo Fisher Scientific, Waltham, MA), according to the manu-
facturer’s instructions. For each plate, 15 pg of construct, 22.5 ul of
Lipofectamine 3000, and 30 pl P3000 were used. A plate treated
with the transfection buffer but without any construct was used as
negative control. After 48 hours, cells were collected and lysed with
RIPA buffer (Cell Signaling Technology, Danvers, MA) supplemented
with protease inhibitor cocktail 100X (Thermo Fisher Scientific).
After multiple sonication rounds and centrifugation at 10,000g for
10 minutes, the protein contents of the supernatant were quantified
through Bradford assay. From each sample, 40 pug were diluted with
Leammli buffer 4X (Bio-Rad Laboratories, Hercules, CA) and B-
mercaptoethanol and then boiled at 95 °C for 5 minutes and loaded
on 4—15% TGX stain-free gels (Bio-Rad Laboratories). Gels were run
at 150 V for 40 minutes and activated for 2.5 minutes through
ChemiDoc MP and the Image Lab software (Bio-Rad Laboratories).
Blotting was performed on polyvinylidene difluoride membranes at
25 Vand 100 mA for 1.5 hours. The following steps were carried out
using an anti-V5 primary antibody (R960-25; Thermo Fisher Scien-
tific;1:5000) and the Western Breeze chemiluminescent anti-mouse
kit (Thermo Fisher Scientific), according to the manufacturer’s in-
structions. Finally, visualization of the bands and quantification were
performed using the Image Lab software. Normalization was per-
formed considering the total protein content of each lane, as enabled
by the TGX stain-free technology.

Immunofluorescence

HaCaT and HEK293 cells were grown on coverslips in 24-well
plates. Transfection was carried out in triplicates with the Lipofect-
amine 3000 kit (Thermo Fisher Scientific), according to the manu-
facturer’s instructions. For each well, 500 ng of construct, 1.5 pl of
Lipofectamine 3000, and 1 pul P3,000 were used. After 48 hours,
cells were fixed with 4% paraformaldehyde for 10 minutes, washed
with PBS, and permeabilized with PBS-Tween20 for 10 minutes.
Blocking was performed for 1 hour at room temperature, with a
solution of 1% BSA supplemented with 10% normal goat serum and
10% PBS Tween20. All the washing steps were performed with PBS.
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Incubation with the primary antibody was performed for 2 hours at
room temperature, followed by multiple washings and incubation
with the secondary antibody and 200 ng DAPI for 40 minutes. The
following antibodies were used: anti-V5 mouse (R960-25, 1:5000)
or goat antimouse Cy3 (A10521, 1:500), both from Thermo Fisher
Scientific, or anticitrullinated residues antibody from the PAD ac-
tivity assay (ABAP, ModiQuest Research, AJ Nijmegen, The
Netherlands). The coverslips were finally mounted with Mowiol
mounting medium and visualized using an LSM 700 confocal mi-
croscope (Carl Zeiss, Oberkochen, Germany) or SP8 (Leica, Wetzlar,
Germany).

PAD activity assay

HaCaT cells were cultured in high-glucose DMEM medium con-
taining 0.075 calcium chloride supplemented with 10% fetal calf
serum, 1% L-glutamine, and 1% penicillin/streptomycin (Biological
Industries, Beit-Haemek, Israel). Cells were seeded into 12 plates at
37 °C in 5% carbon dioxide in a humidified incubator, adhered
overnight, washed, incubated with DMEM medium, and cultured up
to 60% confluency. Cells were then transfected with various PADI3
constructs using 50 ng DNA and Lipofectamine 3000 transfection
reagent (Invitrogen, Carlsbad, CA). After 48 hours, cells were
collected. Cells were then homogenized on ice in Cellytic MT lysis/
extraction reagent (Sigma-Aldrich, St. Louis, MO) supplemented
with protease inhibitor cocktail (Sigma-Aldrich, P8340) using cell
scraper and centrifuged at 10,000g for 10 minutes at 4 °C. The su-
pernatant was collected and stored at —80 °C until used. PADI3
enzyme activity was measured in triplicates using an antibody-based
assay for PAD activity (ABAP, ModiQuest Research) according to the
manufacturer’s instructions. After the second antibody incubation
and washing, 100 pl of the horseradish peroxidase substrate, TMB B
(Cell Signaling Technology, Danvers, MA), was added. After devel-
opment of the color, the reaction was aborted with 100 pl stop so-
lution (Cell Signaling Technology), and the optical density at 450
and 570 nm was measured with a Tecan Infinite M200 absorbance
reader. We repeated the same process for the measurement of PADI3
activity in cells transfected with variant and nonvariant STO0A3.

Cell cultures

HaCaT cells were kindly provided by Dina Ron (Technion, Haifa,
Israel). The cells were maintained in MEM media supplemented with
10% fetal calf serum, 1% L-glutamine, 1% streptomycin, and 1%
amphotericin (Biological Industries). HEK293 cells were cultured in
high-glucose DMEM with 10% fetal calf serum, 1% L-glutamine,
and 1% penicillin/streptomycin (Biological Industries).

KC cell cultures were established from skin biopsies after written
informed consent had been obtained as previously described
(Samuelov et al, 2013). Primary KCs were maintained in KC Growth
Medium supplemented with 0.4% bovine pituitary extract, 0.1%
human epidermal GF, 0.1% insulin, 0.1% hydrocortisone, and 0.1%
gentamicin/amphotericin B. All cell lines were confirmed to be free
of mycoplasma contamination using the MycoBlue Mycoplasma
Detector kit (Vazyme). Mycoplasma testing was performed prior to
the initiation of experiments and at regular intervals.

Statistical analysis

To ascertain differences in protein expression levels, enzymatic ac-
tivity, deimination levels, and fluorescence signals, we used the 1-
way ANOVA test. Values are reported as means + SDs. All P-values
are 2 tailed, and a P < .05 was considered to indicate statistical
significance.
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Supplementary Figure S1. PADI3
mRNA expression in transfected cells.
PADI3 mRNA levels were quantified
using RT-qPCR in HaCaT cells
transfected with expression vectors
harboring the wild-type PADI3 cDNA
sequence or PADI3 constructs
harboring the c.179G>A, c.142G>A,
c.511G>A, ¢.742C>T, or c.1669C>T
variants. As a control, cells were
transfected with an empty vector.
Results were normalized to GAPDH
mRNA, represent the mean of 3
experiments, and are expressed as a
fold of expression of PADI3 mRNA
expression in cells transfected with an
empty vector (P-values were
calculated using 1-way ANOVA)

7 & (***P < .001, **P < .01, and *P < .05).

Supplementary Figure S2. ST00A3
mRNA expression in transfected cells.
S100A3 mRNA levels were quantified
using RT-gPCR in HaCaT cells

* transfected with expression vectors
harboring the wild-type ST00A3
cDNA sequence or STO0OA3 construct
harboring the c.64C>T variant. As a
control, cells were transfected with an
empty vector. Results were
normalized to GAPDH mRNA,
represent the mean + SE of 3
experiments, and are expressed as a
fold of expression of STO0OA3 mRNA
expression in cells transfected with an
empty vector (P-values were
calculated using 1-way ANOVA)
(*P < .05). SE, standard error.

c.64C>T
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Supplementary Table S1. Bioinformatics Analysis of PADI3, ST00A3, and TCHH Variants

Nucleotide Amino Acid Total African polyPhen-
Gene dbSNP Change Change AF AF  CADD' SIFT’ 2° GERP + +2° DANN’ ConSeq’
PADI3 15150695491 c.142G>A p.Val48Met 2.2e-4  2.1e3 23.7  0.001 1 5.2 0.999 8
rs115356766 c.179G>A p.Arg60GIn 2.4e-3  4.2e-2 22.6  0.109 0.999 5.2 0.997 3
rs2272629 c511G>A p-Val171Met 8.7e-2 3.4e-2 232 0.05 0.986 4.85 0.998 6
rs139876092” €.628C>T p.Arg210Trp 1.6e-4  1.8e-3 20.1  0.015 0.043 0.744 0.993 7
5145296609 c.742C>T p-Arg248Cys 6.6e-3  1.2e-3 21.3  0.054 0.005 5.69 0.990 3
rs1557508308"  c.832-2A>G Splicing 6.2e-7  1.3e-5 32 NA NA 5.55 NA NA
rs1394261417 c.856A>G p-Thr286Ala 2e-3 3.6e-2 242  0.034 0.953 5.55 0.998 8
rs140482516” c.1669C>T p.Arg557Trp 4.3e-4  6.4e-3 25,5 0.001 1 3.64 0.999 6
rs34097903" c.1744G>A p.Ala582Thr 1.2e-3  2.3e-2 25.7  0.067 0.957 4.57 0.999 9
rs1437225536’ c.1955G>A p.Arg652Lys 1.2e-6 2.7e-5 26.8  0.0000 1 4.84 0.997 9
TCHH rs114824000 c.2057C>G p-Ala686Gly 8.5e-4  1.6e-2 218 0 0.982 4.3 0.875 NA
1s776762916 c.2174A>C p-Lys725Thr 6.8e-6 1.3e-4 22.7  0.007 0.436 5.1 0.931 NA
rs1487387151 c.3355G>A p.Glu1119Lys 6.2e-6 1.le-4 217 0 0.799 3.16 0.89 NA
rs376831805 c.5452G>C p.Asp1818His  2.6e-5  5.5e-4 227 0 0.995 3.32 0.874 NA
ST00A3  rs61731550 c.64C>T p.Arg22Cys 1.7e-3  3.3e-2 22.4  0.001 0.994 5.42 0.998 6

Abbreviations: AF, allele frequency; CCCA, central centrifugal cicatricial alopecia; NA, not available; n.d., not determined.

African denotes African/African American.

'CADD: range = 0—99, and pathogenic > 20 (https://cadd.gs.washington.edu).
2SIFT: range = 1—0, and pathogenic < 0.05 (http:/sift.jcvi.org/www/SIFT_enst_submit.html).
*PolyPhen-2: range = 0—1, and pathogenic > 0.85 (http:/genetics.bwh.harvard.edu/pph2/index.shtml).

“GERP++2: highly conserved > 2 (https://genome.ucsc.edu/index.html).
>DANN: rang = 0—1, and pathogenic > 0.96 (Quang et al, 2015).

ConSeq: range = 1—9, and moderately conserved > 5 (http:/conseq.tau.ac.il).

"Previously published variants associated with CCCA.

Supplementary Table S2. Oligonucleotide Sequences
Used for Direct Sequencing

Gene Variant Primers
PADI3 c.142G>A F: ACCTCAAGTGATCCATCCGC
R: AAGAGAATGTTGGGCCCTCC
PADI3 c.179G>A F: ACCTCAAGTGATCCATCCGC
R: AAGAGAATGTTGGGCCCTCC
PADI3 c.511G>A F: ACAGGGTTGGGTGGTTACAG
R: CTCTGGCCTCAGAGTCTCGC
PADI3 c.742C>T F: CCACTGTGTATTACCTGTCCT
R: TAGGTGTACACCACTATACC
ST00A3 c.64C>T F:GTGTGGTCTGGGAGGGCTA
R:GTGCTCATGCTTGTTGTCCC
TCHH c.5452G>C F:CCAGGAGCGCGACAGAAAAT

R:CGTTTCTGCTCCTCTTCTTGCC

Abbreviations: F, forward; R, reverse.

Supplementary Table S3. Oligonucleotide Sequences
Used for Mutagenesis

Gene Variant Primers

PADI3 c.142G>A F-GACGCCTGGCATGGACATCTACA
R-CCATAGACCTCAAACATTTCTGTGC

PADI3 c.179G>A F-GGAGAGGGGCCAGGAGCGTGCAG

R-ATGTTGGGAGAGATGTAGATGTCCACGC

PADI3 c.511G>A F-TGACCAGCACATGCACTGCCTGC
R-CAATTGTCCTGGACATCACAGCTCG

PADI3 c.742C>T F-GGATGAGGAGTGCTTCTTCGTGG

R-CCATGCAAGCGGGGTAC

Abbreviations: F, forward; R, reverse.
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