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ARTICLE INFO ABSTRACT
Artic{e History: Background: Alopecia areata (AA) is considered a highly heritable, T-cell-mediated autoimmune disease of
Received 20 January 2020 the hair follicle. However, no convincing susceptibility gene has yet been pinpointed in the major histocom-
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patibility complex (MHC), a genome region known to be associated with AA as compared to other regions.
Methods: We engineered mice carrying AA risk allele identified by haplotype sequencing for the MHC region
using allele-specific genome editing with the CRISPR/Cas9 system. Finally, we performed functional evalua-
tions in the mice and AA patients with and without the risk allele.

f:leywor.ds' Findings: We identified a variant (rs142986308, p.Arg587Trp) in the coiled-coil alpha-helical rod protein 1
opecia areata . . . . .
CRISPR/Cas9 (CCHCR1) gene as the or}ly non-synonymous variant in the AA Tlsk ha_plotype. Fl..ll'thEI.'mOI'e, mice engineered
MHC to carry the risk allele displayed a hair loss phenotype. Transcriptomics further identified CCHCR1 as a novel
Haplotype component interacting with hair cortex keratin in hair shafts. Both, these alopecic mice and AA patients with
Association the risk allele displayed morphologically impaired hair and comparable differential expression of hair-
Sequencing related genes, including hair keratin and keratin-associated proteins (KRTAPS).
Interpretation: Our results implicate CCHCR1 with the risk allele in a previously unidentified subtype of AA
based on aberrant keratinization in addition to autoimmune events.
Funding: This work was supported by JSPS KAKENHI (JP16K10177) and the NIHR UCLH Biomedical Research
center (BRC84/CN/SB/5984).
© 2020 The Author(s). Published by Elsevier B.V. This is an open access article under the CC BY-NC-ND
license. (http://creativecommons.org/licenses/by-nc-nd/4.0/)
1. Introduction
Alopecia areata (AA) is a multi-factorial diseases defined by focal
* To whom correspondence should be addressed. or universal hair loss, and is classified as an autoimmune disease
E-mail addresses: oka246@is.icc.u-tokai.ac,jp (A. Oka), ikeda@juntendo.ac.jp depending on its clinical features [1] including infiltration of
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Research in context

Evidence before this study

Alopecia areata (AA) is classified as a multi-factorial autoim-
mune disease. It is generally assumed that the immunological
pathogenesis of AA requires infiltration of a subset of T cells
within surrounding AA hair follicles. However, lymphocytic
infiltration was not detected in all AA skin specimens, and inhi-
bition of immunological pathway though pharmacological
inhibitors was not effective in all AA patients. Therefore, AA
appears to display a more complex etiology than previously
thought but similar to other common diseases. Moreover, no
studies to date have identified any AA-susceptibility variants
supported by functional evidence, although previous genome-
wide association studies (GWASs) identified susceptibility loci
including the major histocompatibility complex (MHC) display-
ing strongest genetic association with many autoimmune
diseases.

Added value of this study

We have discovered a nonsynonymous variant in the MHC
delineating AA susceptibility in the CCHCR1 (coiled-coil alpha-
helical rod protein 1) coding a novel component of hair shafts.
In addition, the present results demonstrate that mice carrying
the amino acid substitution display a hair loss phenotype. We
further identify keratin abnormalities on the hair shaft and
comparative differential expression of hair-related keratin
genes not only in the alopecic mice but also in hair follicles
from AA patients with the risk variant. Thus, our study identi-
fies a novel AA susceptibility variant validated by functional
analysis.

Implications of all the available evidence

Results of the present genetic and functional analyses iden-
tified keratin abnormalities on the hair shaft as an additional
pathway of AA pathogenesis, thus resulting in a previously
unidentified subtype of AA. The alopecic mice engineered in
this study represent a resource for future research regarding
this new AA subtype as well as AA in general. Specifically, the
present results provide important information for developing
genotype-based diagnostics and drug-based therapeutics, in
addition to the well-studied immunological pathway. More-
over, our experimental findings present a rare example of a
non-mendelian common disease variant demonstrating biolog-
ical functions related to disease phenotypes.

CD8"NKG2D™ T cells within surrounding AA hair follicles [2]. Life time
risk of AA is estimated to be 2% in the United States 3], while a twin
study suggested a 55% concordance rate in identical twins with a sig-
nificant occurrence of AA in families [4]. In addition, the prevalence
rate of AA in families has been shown to be higher than that in the
general public, though the rate varied in each study and population
examined [5-9]. Environmental factors such as infection and psycho-
logical stress may also play important roles [5]. AA is driven by cyto-
toxic T lymphocytes and was found to be reversible by Janus kinase
(JAK) inhibition in clinical treatment [2]. However, the peribulbar
lymphocyte infiltration was not detected in skin specimens of all AA
patients [10], and JAK inhibitors were not effective for all AA patients
[11].

Previous genome-wide association studies (GWAS) have impli-
cated a number of immune and non-immune loci in the etiology of
AA [12-14], though none has yet been demonstrated to be causative
for the disease and none has been functionally validated to be
involved in AA pathogenesis. Alleles of the human leukocyte antigen
(HLA) genes within the major histocompatibility complex (MHC) on
chromosome 6p21.3 have so far shown the strongest associations
with AA across different ethnic groups [12—14]. The largest reported

genome-wide meta-analysis of AA demonstrated HLA-DRf1 as a key
etiologic driver [13]. However, the strongest associations with AA
have not been supported by functional evidence.

The genetic architecture of the MHC region shows that multiple
haplotypes with the highest degree of diversity are often maintained
in a population by balancing selection, and that positive selection can
occasionally generate long-range haplotypes [15,16]. The strong link-
age disequilibrium (LD) observed in such haplotypes can mask the
ability to discriminate between a bona fide variant associated with dis-
ease and a variant influenced by LD. This limitation can be addressed
by analysis of microsatellites that have higher mutation rates than
SNPs, thus leading to breakup of apparently invariant SNP haplotypes
into lower frequency haplotypes for functional analysis [17]. Analysis
of multi-allelic microsatellites may therefore be an effective strategy
for identifying rare disease-associated haplotypes in the MHC.

With this background in mind, we implemented a 4-step study
design. First, we performed association analysis using microsatellites
for the entire MHC region with AA patients and healthy controls to
identify risk haplotypes associated with AA. Second, we sequenced rep-
resentative risk and control haplotypes to identify variants that were
present only in identical risk haplotypes based on all of the variants
detected. Third, for the confirmation of the AA susceptibility allele we
engineered mice carrying the human risk allele using allele-specific
genome editing with the CRISPR/Cas9 system and performed morpho-
logically observations and functional evaluations. Finally, we also inves-
tigated subjects of AA patients with and without the risk allele.

2. Materials and Methods
2.1. Patients and controls for association and sequencing analysis

Upon approval of the experimental procedures from the relevant
ethical committees of Juntendo University (reference num-
ber:2,013,097) and Tokai University (reference number: 131-07), we
obtained informed consent from all unrelated AA and healthy indi-
viduals prior to collection of DNA samples. A total of 171 individuals
affected with AA (MAA-multiple alopecia areata: 115, AT-alopecia
totalis: 18, AU-alopecia universalis: 38) and 560 unrelated individu-
als of Japanese origin participated in this study. All cases were diag-
nosed and treated at a Juntendo University Hospital in Japan. DNA
was extracted using a QIAamp DNA blood kit (QIAGEN, Hilden, Ger-
many) under standardized conditions to prevent variations in DNA
quality. For additional quality control, we used 0.8% agarose gel elec-
trophoresis to check for DNA degradation and/or RNA contamination
and performed optical density measurements to check for protein
contamination. The final DNA concentration was determined with 3
successive measurements using a PicoGreen fluorescence assay
(Molecular Probes, Thermo Fisher Scientific, Inc., Waltham, MA, USA).

2.2. Microsatellite genotyping

We selected 22 microsatellites spanning 2.44 Mbp (from HLA-E to
PSMBS9 gene) in the HLA region (Supplementary Table 1) harbouring
the HLA class I, II, class IIl regions, and genotyped all patients and
control subjects. Forward primers of the primer sets to amplify
microsatellites were labeled by 5’ fluorescent FAM. Oligonucleotides
were obtained from Greiner Bio-one. PCR and fragment analyses
were performed with capillary electrophoresis using an Applied Bio-
systems 3730 Genetic Analyzer. Allele assignment was determined
with GeneMapper Software (Thermo Fisher Scientific) and conducted
as previously described [18]. Fragment sizes were assigned to allele
names in the corresponding microsatellites. In the MICA locus, 5
MICA polymorphisms (A4, A5, A5.1, A6, A9) were determined based
on the number of alanine (GCT) repeats. The A5.1 allele contained 5
GCT repeats, plus 1 extra guanine nucleotide (GCT),G(GCT)s.
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2.3. HLA-C locus genotyping

A LABType® SSO typing test produced by ONE LAMBDA (Inc., Can-
oga Park, CA) was utilized. This product is based on the reverse SSO
method for use with a suspension array platform with microspheres
as a solid support to immobilize oligonucleotide probes. Target DNA
is amplified by PCR, then hybridized to the bead probe array, fol-
lowed by flow analysis using a LABScan™ 100 flow analyzer (ONE
LAMBDA). HLA-C locus genotype data from 156 AA patients and 560
controls obtained in our previous study were used and we also geno-
typed an additional 15 AA cases as part of the present study [19].

2.4. Genomic library construction and sequencing

For HLA region capture and sequencing, genomic DNA (2 ug) was
sheared to approximately 500 bp in size using a Covaris Acoustic
Adaptor. Genomic libraries were prepared using a TruSeq DNA Sam-
ple Preparation kit. v.2 (Illumina, San Diego, CA, USA) following the
manufacturer's instructions, which involved size selection of DNA
fragments of 550—650 bp in length on 2% agarose gels. HLA region
enrichment was performed with an adaptor-ligated DNA sample
library using the SeqCap EZ Choice Library Human MHC Design sys-
tem (Roche NimbleGen, Madison, WI, USA) [20], according to the
manufacturer's instructions. To quantify and verify the genomic
libraries, all samples were analyzed with a Bioanalyzer 2100 (Agilent
Technologies, Santa Clara, CA, USA) using an Agilent DNA 1000 kit
prior to sequencing (Supplementary Fig. 1). Sequence analysis
was performed with the Illumina Genome Analyzer IIx platform,
using a paired-end sequencing protocol (2 x 100 bp). We sequenced
5 risk and 7 non-risk haplotypes to a mean depth of 249 reads,
covering 95.2% (mean) of the 497-Mb MHC region
(chr6:28,477,797—-33,451,433, hg19) with at least 10 reads (Supple-
mentary Table 2).

2.5. Next generation sequencing (NGS) data analysis

Fastx-toolkit, v. 0.0.13 (http://hannonlab.cshl.edu/fastx_toolkit/
index.html), was used for quality control of the sequencing reads.
Reads that passed quality control were mapped to the human refer-
ence genome (UCSC Genome Browser assembly GRCh37/hg19,
http://genome.ucsc.edu/) using Burrows-Wheeler Aligner (BWA), v.
0.5.9, with the default parameters [21]. After alignment, Sequence
Alignment/Map (SAMtools), v. 0.1.17, was used to convert the .sam to
.bam files [22], and potential PCR duplicates were flagged with Picard
MarkDuplicates (v. 1.88; http://picard.sourceforge.net/). A Genome
Analysis Toolkit (GATK, v. 2.2—8) was used to perform local realign-
ment, map quality score recalibration, and variant detection [23].
SNVs and indels were then annotated for functional consequences at
the gene and protein sequence levels using ANNOVAR [24]. Finally,
we manually checked the raw sequencing data using Tablet, a
sequence assembly visualization tool (Supplementary Fig. 2) [25].

2.6. Variant discovery and genotyping of CCHCR1 by Sanger sequencing

Coding exons of CCHCR1 were sequenced using PCR-based capil-
lary Sanger sequencing. Oligonucleotides were purchased from
Greiner Bio-One (Supplementary Table 3). PCR was performed in a
reaction volume of 10 ul containing 5 ng of genomic DNA, 0.2 U of
KOD FX Neo (TOYOBO Life Science, Osaka, Japan), 5 ul of 2 x PCR
Buffer, 2 ul of dNTP (2 mM each), and 0.2 1M (final concentration) of
each of the primers. The thermal cycling profile was as follows: initial
denaturation at 94 °C for 2 min and 35 rounds of amplification at 98 °
C for 10 s, then 59-65 °C (depending on primer set; see Supplemen-
tary Table 3) for 30 s and 68 °C for 1 min. PCR products were purified
using an AMPure XP (Beckman Coulter, Fullerton, CA, USA), according
to the manufacturer's protocol. Purification and sequencing of the

PCR products were carried out using a BigDye Terminator v3.1 Cycle
Sequencing kit (Thermo Fisher Scientific) and BigDye XTerminator
Purification Kit (Thermo Fisher Scientific), following the manufactur-
er's instructions. Automated electrophoresis was performed with an
ABI PRISM 3730 Genetic Analyzer (Thermo Fisher Scientific).
Sequencing data were analyzed using Sequencher (v. 5.1, Gene Codes
Corporation, Ann Arbor, MI, USA). Genomic coordinates for all var-
iants were called using the UCSC Genome Browser assembly
GRCh37/hg19 (http://genome.ucsc.edu/).

2.7. Statistical analysis

Logistic regression models were used to assess the genetic effects
of multi-allelic loci, SNVs, and AA risk haplotypes. Comparisons of
genotype and haplotype frequency differences were done by regres-
sion analysis for log-additive models [26]. Unadjusted odds ratio (OR)
and 95% confidence intervals (95% CI) were calculated. Analysis was
carried out using the SNPassoc R library [26]. For these association
analyses, we used Bonferroni-corrected values to account for the
problem of multiple testing to a threshold P value of 1.98 x 107%4,
after accounting for multiple testing of 252 alleles in 23 multi-allelic
loci for the first microsatellite analysis. An exact P value test of Har-
dy—Weinberg proportion and evaluation of LD (linkage disequilib-
rium) for multi-allelic loci were simulated by the Markov chain
method within Genepop [27]. To evaluate the degree of LD for bi-alle-
lic loci (SNVs) we used Haploview 4.2 [28]. To estimate haplotypes for
SNVs and multi-allelic loci, we used PHASE v2.1.1 [29]. For EHH anal-
ysis, haplotype data were generated from 22 nonsynonymous SNVs,
2 stop gain SNVs, and 19 multi-allelic loci with fastPHASE v1.2 [30].
Moreover, for this estimation, each multi-allelic locus was regarded
as a SNV [15]. Thus, we were able to extract the allele demonstrating
LD (D' >0.5) for the AA risk allele (rs142986308: T allele) from all
alleles in each locus, if such an allele was detected (Supplementary
Fig. 3), and then merged it with the other alleles. EHH was calculated
using the “rehh” package [31]. To estimate the power of this study
design to detect associated loci with AA, we performed statistical
power calculations using the Genetic Power Calculator web applica-
tion (http://pngu.mgh.harvard.edu/~purcell/gpc/) assuming a type I
error of alpha (a)=0.05 [32]. The statistical power for a significance
level of a=0.05 in our sample was calculated for the D652930 locus
under several assumptions, as follows: a) high risk allele frequency of
0.144 in the general population, b) prevalence for AA of 0.001, c) het-
erozygote genotype relative risk of 1.76, d) homozygote genotype rel-
ative risk of 4.66, and e) a control group of subjects comprised of
unselected individuals from the general population not screened for
AA. Based on these conditions, the statistical power for the D652930
locus was calculated to be 0.781.

2.8. Prediction of coiled-coil domain and structural analyses

Multiple sequence alignment was performed with CLUSTALW
(http://www.genome.jp/). To predict coiled-coil domains within the
amino acid sequence of CCHCR1, we used 2 different programs, COILS
[33] (http://embnet.vital-it.ch/software/COILS_form.html) and Pair-
coil2 (http://groups.csail.mit.edu/cb/paircoil2/),[34,35] with the fol-
lowing recommended default settings: COILS v2.2 with a window
size of 28 and the MTIDK table, and Paircoil2 with a window size of
28 and P-score cutoff of 0.025.

The amino acid sequence for CCHCR1 (GenBank accession:
NP_061925.2) was obtained from the NCBI GenBank database
(https://www.ncbi.nlm.nih.gov) and used as a target for homology
modeling. Following PSI-BLAST searches of protein databank (PDB)
sequence entries (http://www.rcsb.org/pdb/) using the CCHCR1
sequence [36], the crystal structure of the human lamin-B1 coil 2 seg-
ment [PDB ID: 3TYY] was selected as the best template for homology
modeling [37]. The partial 3TYY structure was optimized and utilized
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as a template to generate 50 homology models using the Build
Homology Models protocol. Probability density function total and
discrete optimized potential energy scores were then used to select
the optimal model. Protein stability of the mutants was calculated
using the Calculate Mutation Energy (Stability) protocol. All molecu-
lar modeling and simulations were performed with Discovery Studio,
v. 4.1, from BIOVIA (Accelrys Inc., San Diego, USA) using the default
parameter setting.

2.9. Genome editing by CRISPR/Cas9 in mouse embryos

To generate mice carrying the p.Arg587Trp disease-associated
missense variant, we edited the Cchcrl codon sequence of amino
acid 591 in mice using the following protocol (Supplementary Fig. 4).
Cas9 mRNA was prepared using a pBGK plasmid, as previously
described [38]. The plasmid was linearized with Xbal and used as the
template for in vitro transcription with an mMESSAGE mMACHINE
T7 ULTRA kit (Ambion, Foster City, CA, USA). Single guide RNAs
(sgRNAs)  (guidel: GCTGTGTCAGCTCCTGACGG[AGG], guide2:
GGAAGCTGCCAGCCTCCGTC[AGG]) were designed using CRISPR
design (CRISPR.mit.edu). The templates for sgRNA synthesis
were PCR amplified with primer sets (5-TAATACGACTCACTA-
TAGGGCTGTGTCAGCTCCTGACGGGTTTTAGAGCTAGAAATAGCAAG-3’
| 5-AAAAAAAGCACCGACTCGG-3’ for sgRNA1, 5-TAATACGACTCAC-
TATAGGGGAAGCTGCCAGCCTCCGTCGTTTTAGAGCTAGAAATAGCAAG-
3’ | 5'-AAAAAAAGCACCGACTCGG-3’ for sgRNA2) using pUC57-sgRNA
vector (Addgene number: #51,132) as a template. Then, 400 ng of
gel-purified PCR products were subjected to RNA synthesis with a
MEGAshortscript T7 Kit (Ambion), according to the manufacturer’s
instructions [39]. Both Cas9 mRNA and sgRNA were purified with a
MEGACclear kit (Ambion) and filtered by passing through an Ultra-
free-MC filter (HV; 0.45 um pore size; Millipore, Billerica, MA) to
avoid clogging during microinjection. The single-stranded oligodeox-
ynucleotide (ssODN) (5-CAGCAGTTGGAGGCAGCACGTCGGGGCCAG-
CAGGAGAGCACGGAGGAAGCTGCCAGCCTCtGgCAGGAGCTGACACAG-
CAGCAGGAAATCTACGGGCAAGGTGTGGGGGCGTGGCGGTGTGTG-3")
was synthesized by IDT (Coralville, IA, USA). C57BL/6 N strain mouse
zygotes were obtained using in vitro fertilization. One-cell stage fer-
tilized mouse embryos were injected with 10 ng/ul of Cas9 mRNA,
10 ng/ul of sgRNA, and 20 ng/ul of ssODN. Injected eggs were cul-
tured overnight in KSOM medium and the resulting two-cell embryos
were transferred into the oviducts of pseudo-pregnant ICR females,
as previously described [39].

2.10. Mice

C57BL/6N]Jcl mice were purchased from CLEA (Shizuoka, Japan)
and maintained under specific pathogen-free conditions. Wild-type
mice (8- to 10-month-old females and males) were used as control
group and/or for calibration. This study used 27 mice (8- to 12-
month-old females and males) carried the mutation generating
amino-acid substitution. Randomization and blinding tests were not
performed in this study. All animal procedures were done according
to protocols approved by the Institutional Animal Care and Use Com-
mittee of Tokai University. We registered the allele name of Cchcr1®”
miAoka (VGI:6,394,064) for mice established in this study based on
the protocol of the International Mouse Genetic Nomenclature Com-
mittee (http://www.informatics.jax.org/).

2.11. Genotyping allele of target locus for generated mice with alkaline
lysis method

Mouse tissue obtained by ear punch was added to 180 w1 of a 50-
mM NaOH solution and incubated at 95 °C for 10 min. The lysate for
PCR was obtained by neutralizing with 20 ul of 1M Tris—HCl (pH
8.0) and centrifugation. PCR was performed in a reaction volume of

10 wl containing 1 w1 of lysate, 0.2 U of KOD FX Neo (TOYOBO), 5 ul
of 2 x PCR buffer, 2 ul of dNTP (2 mM each), and 0.2 M (final con-
centration) of each primer. Forward (AGCTGAGTGCCCACCTGAT) and
reverse (TGTGTCTCAGTGCTGCCTTC) primers were used for sequenc-
ing (Greiner Bio-one). The thermal cycling profile was as follows: ini-
tial denaturation at 94 °C for 2 min, then 35 rounds of amplification
at 98 °C for 10 s and 60 °C for 25 s. The protocol for sequencing was
performed as previously described in as above in ‘2.7, Variant discov-
ery and genotyping of CCHCR1 by Sanger sequencing’.

2.12. Morphology of hair shafts of mice

Hairs were plucked from mice and analyzed by SEM using a JSM
6510LV (Jeol Co., Tokyo, Japan).

2.13. Isolation of mouse skin RNA

Total RNA was isolated from sections of mouse skin using ISOGEN
(Nippon Gene, Tokyo, Japan), according to the manufacturer’s proto-
col, and treated twice with TURBO DNase (Ambion) to eliminate con-
taminating DNA. RNA was quantified using a NanoDrop 2000
(Thermo Fisher Scientific) and the quality of the extracted RNA was
evaluated with a Bioanalyzer 2100 (Agilent Technologies).

2.14. Microarray analysis of mouse skin RNA

Fluorescent cRNA synthesis derived from skin RNAs was per-
formed using a Low RNA Input Linear Amplification kit (Agilent Tech-
nology) and subjected to DNA microarray analysis with single-color
microarray-based gene-expression analysis (SurePrint G3 Mouse GE,
v. 2.0, 8 x 60 K, Agilent Technology). All procedures were performed
according to the manufacturer’s instructions. Data from samples that
passed the QC parameters were subjected to 75th percentile normali-
zation (Agilent Feature Extraction 11.5.1.1, Agilent Technologies) and
analyzed using Genespring GX (version 12, Agilent Technologies).

2.15. Quantitative PCR of mouse skin RNA

cDNAs were synthesized using 1 ug of total RNA in a 20-ul total
volume using SuperScript® VILO™ MasterMix (Thermo Fisher Scien-
tific) and random hexamers. Quantitative PCR was performed using a
StepOnePlus™ Real-Time PCR System, TagMan® Universal Master
Mix, and TagMan gene expression assay (Thermo Fisher Scientific),
according to the manufacturer's protocol. The primer-probe sets
were as follows: MmO00652053_g1 (Krt34), Mm02345064_m1
(Krt73), MmO04208593_s1 (Krtap3-3), Mm04336701_s1 (Krtap16-1),
MmO00478075_m1 (Padi3), Mm01214103_g1 (5100a3),
MmO00461542_m1 (Cchcr1), and Mm99999915_g1 (Gapdh) (Thermo
Fisher Scientific). All PCR reactions were performed in triplicate. Rela-
tive quantification of gene expression was performed using the
224 method [40]. Fold change values were calculated using Gapdh
as the internal control and a dorsal skin sample from a wild-type
mouse was used as a calibrator. Significance values were calculated
between the Cchcrl- and wild-type mice using Welch’s t-test
(unpaired, two-tailed).

2.16. Immunohistochemistry

Anti-CCHCR1 (rabbit polyclonal) and anti-hair cortex cytokeratin
antibodies (mouse monoclonal [AE13]) were obtained from Novus
Biologicals (NBP2-29,926) (Littleton, CO, USA) and Abcam (ab16113)
(Cambridge, MA, USA), respectively. Rabbit IgG (rabbit polyclonal)
and Mouse IgG1,k (mouse monoclonal [MG1-45]) for these isotype
controls were obtained from MBL (PM035) (Nagoya, Japan) and BioL-
egend (401,407) (San Diego, CA, USA), respectively. This CCHCR1
antibody is generated from rabbits immunized with a KLH


http://www.informatics.jax.org/

A. Oka et al. / EBioMedicine 57 (2020) 102810 5

conjugated synthetic peptide between 599-627 amino acids from
the central region of human CCHCR1. The homology of the 29 pepti-
des between human and mouse is 97% (28/29). Anti-CD4 (rabbit
monoclonal [EPR19514]) and anti-CD8 antibodies (rabbit monoclonal
[EPR21769]) were obtained from Abcam (Cambridge, MA, USA).

Deparaffinized skin sections for anti-CCHCR1 and anti-hair cortex
cytokeratin antibodies staining were boiled in 10 mM of citrate buffer
(pH 5.0) for antigen unmasking. Sections were incubated in Blocking
One Histo (Nacarai tesque, Kyoto, Japan) for 30 min at room tempera-
ture, then incubated with primary antibodies [anti-CCHCR1 (1:100),
anti-hair cortex Cytokeratin (1:200)] in PBS containing 5% Blocking
One Histo and 0.05% Triton-X 100 overnight at 4°C. Sections were
then washed and incubated with secondary antibodies [anti-mouse
IgG-Alexa488 (1:500), anti-rabbit IgG-Alexa594 (1:500)] for 2 h at
room temperature. Controls for all immunostaining were simulta-
neously performed by omitting the primary antibody. Sections were
cover-slipped using Vectashield with 4’,6-diamidino-2-phenylindole
dihydrochloride (DAPI) (Vector Laboratories, Burlingame, CA, USA)
for nuclei counterstaining and analyzed with Keyence BZ X-700 (Key-
ence, Tokyo, Japan).

Deparaffinized skin sections for anti-CD4 and anti-CD8 antibodies
staining were boiled in Tris-EDTA buffer (pH 9.0) for antigen unmask-
ing. Sections were incubated in Blocking One Histo for 30 min at
room temperature, then incubated with primary antibodies [anti-
CD4 (1:2000), anti-CD8 (1:2000)] in PBS containing 5% Blocking One
Histo and 0.05% Tween 20 overnight at 4°C. Sections were then
washed and incubated with peroxidase (PO)-conjugated goat anti-
rabbit IgG (Histofine Simple Stain Mouse MAX-PO, Nichirei Biosci-
ence, Tokyo, Japan) for 2 h at room temperature. Controls for immu-
nostaining were simultaneously performed using rabbit monoclonal
[DA1E] antibody IgG obtained from Cell Signaling Technology (Tokyo,
Japan) as isotype control. The ImnmPACT DAB substrate Kit (Vector
Laboratories, Burlingame, CA, USA) was used for staining with Diami-
nobenzidine (DAB).

2.17. PLA assay

PLA assay was conducted using Duolink® Proximity Ligation Assay
(PLA) (SIGMA). Anti-CCHCR1 and anti-hair cortex cytokeratin anti-
bodies described in Immunohistochemistry section were used as pri-
mary antibodies. The 2 primary antibodies raised in different species
were incubated with the samples to detect two specific protein tar-
gets, were followed by the incubation with secondary antibodies cou-
pled with oligonucleotides (PLA probes). Then, connector oligos
joined the PLA probes were ligated. The resulting closed, circular
DNA template were amplified by DNA polymerase. Complementary
detection oligos coupled to fluorochromes hybridized to repeating
sequences in the amplicons. PLA signals were detected by BZ-X800
(Keyence).

2.18. Hair follicles from AA patients

Upon approval of the experimental procedures from the relevant
ethical committees of Juntendo University (reference num-
ber:2,018,067), we obtained informed consent from all AA patients
prior to collection of hair samples. A total of 3 individuals affected
with AA of Japanese origin participated in this study. All cases were
diagnosed and treated at a Juntendo University Hospital in Japan.
Hairs around hair loss areas were plucked from AA patients.

2.19. Morphology of hair shafts of AA patients

Hairs of AA patients were analyzed by SEM using a S4800 (Hitachi,
Tokyo, Japan).

2.20. Isolation of human hair follicle RNA

To extract RNA, we use 10 hairs of unstaged follicles were plucked
from the scalp of 3 AA patients.

Hairs were rinsed out contaminants by ethanol, cut off by steril-
ized scissors to be about 5 mm long including hair root, and immedi-
ately frozen in a 1.5-ml sterile centrifuge tube by liquid nitrogen.
Total RNA derived from hair root was extracted by RNeasy micro kit
(QIAGEN, Hilden, Germany). Tissue disruption was performed by
sample homogenizer SH-100 (Kurabo Industries, Ltd., Osaka, Japan).

2.21. Microarray analysis of human hair follicle RNA

10 ng of total RNA from human hair follicle was processed for use
on the microarray using the GeneChip WT pico Reagent Kit (Thermo
Fisher Scientific) according to the manufacturer's instructions. The
resultant single-strand cDNA was fragmented and labeled with bio-
tin, then hybridized to the GeneChip Human Gene 2.0 ST Array. The
arrays were washed, stained and scanned using the Affymetrix 450
Fluidics Station and GeneChip Scanner 3000 7 G (Thermo Fisher Sci-
entific) according to the manufacturer’s recommendations. Expres-
sion values were generated using Expression Console software
(version 1.3 Thermo Fisher Scientific) with default robust multichip
analysis parameters and evaluated by Genespring GX (version 12,
Agilent Technologies).

2.22. Quantitative PCR of human hair follicle RNA

cDNAs were synthesized using 400 ng of total RNA in a 20-u1 total
volume using SuperScript® VILO™ MasterMix and random hexam-
ers. Quantitative PCR was performed using a ViiA™?7 Real-Time PCR
System, TagMan® Universal Master Mix II, and TagMan gene expres-
sion assay (Thermo Fisher Scientific), according to the manufacturer's
protocol. The primer-probe sets were as follows: Hs03037438_s1
(KRTAP5-5), Hs00799866_s1 (KRTAP6-1), Hs00955092_m1 (KRT25),
Hs05049821_s1 (KRT83), and Hs99999905_m1 (GAPDH) (Thermo
Fisher Scientific). All PCR reactions were performed in quadruplicate.
Relative quantification of gene expression was performed using the
2-2AC method [40]. Fold change values were calculated using GAPDH
as the internal control and an AA patient without T allele of
rs142986308 was used as a calibrator.

2.23. Data and materials availability

The complete DNA microarray data set from expression analysis
using mouse skins and patient hairs has been deposited in the Gene
Expression Omnibus (GEO) database (https://www.ncbi.nlm.nih.gov/
geo/info/linking.html).

3. Results

3.1. Identification of AA susceptibility gene within the MHC region by
haplotype sequencing

A total of 171 AA patients and 560 healthy controls were enrolled
for association analysis using 22 microsatellites spanning the human
leukocyte antigen (HLA) class I and II regions (chr6: 30,407,655-
32,854,116, hg19). We detected a single microsatellite, D652811
(allele 208, OR =3.41, C1 95% = 1.94—5.99, P=3.39 x 10~>), which was
shown to be significantly associated with AA after Bonferroni correc-
tion (Fig. 1(a), Supplementary Table 4 and 5). Pair-wise evaluation of
these multi-allelic loci indicated that a strong long-range LD was
maintained across the assayed region of the MHC (Supplementary
Fig. 5). Furthermore, estimation of haplotypes in 3 loci from D652811
to D652930 showed that the risk haplotype was defined as the seg-
ment that displayed a significant association with AA (MShapO01,
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Fig. 1. Identification of AA susceptibility gene within the MHC region by haplotype sequencing. (a) Association analysis and risk haplotype resequencing of the MHC region. Red
diamonds indicate P values (-log10 scale) and locations. Three diamonds refer to haplotypes used for downstream analysis. Blue circles indicate individuals with variants identical
between risk haplotype cases and the variant locations. (b) Pair-wise LD between 16 variants identified by NGS using genotype data from89 Japanese individuals obtained with the
1000 Genomes Browser. Upper track shows recombination rate (cM/Mb) estimated from Phase Il HapMap data (release 21), middle track the gene map (RefSeq genes) generated
with the UCSC Genome Browser, and lower track the pair-wise LD between the 16 variants in R-squared. (c) EHH analysis of core alleles at 43 loci displaying LD with the T allele of
rs142986308. An estimated 43 loci haplotypes encompassing 24 SNVs of CCHCR1 and 19 multi-allelic loci (2.32Mbp) were used for this investigation. The 7 selected core alleles
were as follows:rs142986308 allele T, rs142986308 allele C for the internal control, 4 SNVs that displayed LD with rs142986308 (Supplementary Fig. 28), and HLA-C*04:01 (Supple-
mentary Fig. 3) as functional variants. (d) Multiple amino acid sequence alighment of CCHCR1 showing evolutionarily conserved amino acids. The sequences, except for Hap01 and
Hap26, were NP_001009009 (Pan troglodytes), NP_001108422 (Macaca mulatta), XP_532,064(Canis lupus familiaris), NP_001019707 (Bos taurus), NP_666,360 (Mus musculus),
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and NP_001116918 (Xenopus tropicalis). Blue indicates residues that prefer to form coiled-coil domains (Ala, Glu, Lys, Leu, Arg) and red indicates aromatic residues that do not pre-
fer to form coiled-coil domains. Arrow and box indicate the position of substitution of p.Arg587Trp (rs142986308). (e) Coiled-coil structure prediction of CCHCR1 in the AA-associ-
ated haplotype and different species using COILS v2.2. The Y axis indicates the probability of coiled-coil conformation and the X axis amino acid residue number. Full amino acid
sequences are described in Supplementary notes. Multiple amino acid sequence alignments were assigned to the probabilities of coiled-coil conformation for each haplotype and

specie. Line brakes correspond to gaps in the multiple alignments. Arrow shows position of p.Arg587Trp (rs142986308).
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Table 1
Haplotype association analysis of 3 loci around HLA-C gene.

Haplotype Haplotype frequency Haplotype association
HaplotypeID  D652930  — HLA-C - D6S2811 Case Control OR (95% CI) Pvalue
MShap01 441 - C*04:01 - 208 0.0614 0.0179 378 2.00-7.16 6.57 x 107>
MShap02 433 - Cc'07:02 - 192 0.0117 0.0009 134 149-121 7.24x1073
MShap03 437 - C*07:02 - 192 0.0292 0.0125 242  1.06-5.56 437%x1072
MShap04 441 - C*15:02 - 192 0.0175 0.0018 102 2.03-50.7 1.91 x 1073

Haplotypes in case subjects with a P-value <0.05 and haplotype frequency >0.01.

OR=3.78, CI 95%=2.00 - 7.16, P=6.57 x 10~>) (Table 1 and Supple-
mentary Table 6).

To move from the identified risk haplotypes to putative causal AA
variants, we next sequenced 5 individuals with MShap01 and 7 indi-
viduals with the other non-risk haplotypes spanning the entire MHC
(chr6:28,477,797 33,451,433, hg19) (Supplementary Table 2). As all
risk haplotypes were heterozygous, any AA causal variant(s) would
be expected to be heterozygous as well. Therefore, variants were fil-
tered accordingly and only variants found to be identical between
risk haplotypes were retained. Following this strategy, we extracted
3895 heterozygous risk variants from the 77,040 variants identified
in the 12 individuals (Supplementary Table 6). Of these, only 16 var-
iants were identical between the 5 AA risk haplotypes (Fig. 1(a),
Table 2, Supplementary Fig. 2 and Supplementary Table 7) and only
one was a non-synonymous coding SNV (rs142986308), defining a p.
Arg587Trp substitution and mapping to CCHCR1 (Supplementary Fig.
6). Using pair-wise LD analysis, we further established that a haplo-
type composed of 16 extracted variants in a 651.7-kb region between
CCHCR1 and VARS displayed strong LD despite including segments
with a high recombination rate (Fig. 1(b)), implying that the haplo-
type was likely to be younger and/or has undergone positive selective
pressure [16]. These results also suggest that our strategy used for
stratification, sequencing, and filtering is effective for discovering
risk haplotypes and novel MHC variants associated with AA.

To check for further variations and confirm the AA susceptibility
variant in CCHCR1, we sequenced all coding exons in all subjects and
found 22 variants, though only SNV rs142986308 was shared
between all 5 patients and demonstrated a significant association
with AA (OR=3.41, C1 95% =1.94-5.99, P=3.39 x 10~°) (Supplemen-
tary Fig. 7 and Supplementary Table 8). Moreover, we estimated hap-
lotypes for 24 SNVs. Haplotype 26 (Hap26) harboring the T allele
rs142986308 showed a statistically significant association with AA
(OR=3.41, Cl 95%=1.94-5.99, P=3.39 x 107°), and rs142986308
was the only SNV associated with AA in Hap26 (Supplementary Table
9). Thus, we considered rs142986308 to be the primary variant asso-
ciated with AA, though there were no observable correlations
between the variant and disease severity.

Next, we investigated decay of the risk haplotype by recombina-
tion events that have occurred in evolutionary history. Extended hap-
lotype homozygosity (EHH) analysis with 5 of the identified risk
alleles (designated as core alleles in Fig. 1(c)) was conducted [41].
The core allele T of rs142986308 tagged the largest (93.7 kb) LD block

Table 2
Heterozygous variants identical in individuals with risk haplotype.

Number of individual with risk haplotype

Variant type >1 >2 >3 >4 =5
Intergenic or intronic 3736 298 65 29 15
5 or 3' UTR 64 5 2 1 0
Nonsense 4 0 0 0 0
Nonsynonymous 51 5 1 1 1
Synonymous 40 3 0 0

Total 3895 311 68 31 16

with all values between rs1576 and D652931 showing EHH=1.00
Fig. 1(c)), indicating that Hap26, exclusively shared by the patients,
had recently increased in frequency. Adjacent alleles also showed
some frequency increase in the patient group, possibly by hitchhiking
(Supplementary Table 8). Moreover, the variant rs142986308 was
observed only in East Asian (allele frequency: 0.0277) (Supplemen-
tary Table 10), suggesting it to be population-specific. Although the
exact selection mechanism operating on the T allele of rs142986308
remains unknown and the overall number of haplotypes analyzed is
modest, it is plausible that this allele is the primary target of selection
for AA. Hence, we excluded the other nonsense and non-synonymous
variants as causal for AA, despite being in strong LD with the causal
rs142986308 variant identified by haplotype and EHH analyses.

We next examined whether the variant rs142986308 had influ-
ence on the function of the CCHCR1 protein, which is predicted to
contain several coiled-coil domains [42]. The domain including the
AA-associated variant p.Arg587Trp is well conserved in parts across
many species (Fig. 1(d) and Supplementary Table 11). Using structure
prediction, the probability of coiled-coil conformation of this domain
was notably reduced in only Hap26 harboring the AA-associated T
allele of rs142986308 (Fig. 1(e), Supplementary Fig. 8 and 9). Aro-
matic substitutions are known to be more disruptive towards coiled-
coil domains than alanine, glutamic acid, lysine, leucine, and arginine,
which favor coiled-coil domain formation [43], adding weight to our
speculation that variant rs142986308, which substitutes arginine
with aromatic tryptophan, does indeed impair coiled-coil conforma-
tion of CCHCR1 (Fig. 1(d)).

We also performed homology searches using the PDB database
and selected the best template structure for the partial CCHCR1 pro-
tein around the p.Arg587Trp substitution for homology modeling of
the crystal structure of the human lamin-B1 coil 2 segment (Supple-
mentary Fig. 10) [37]. A partial CCHCR1 structure was then generated
using the template and utilized to evaluate the effect of p.Arg587Trp
substitution on protein stability by performing molecular dynamics
simulations with a CHARMm force field. The simulation findings
showed that a p.Arg587Trp substitution reduced the stability of the
protein (mutation energy: 1.03 kcal/mol) (Supplementary Fig. 11)
and changed the CCHCR1 structure around the residue at 587 (Sup-
plementary Fig. 12 and 13), indicating that this substitution may alter
the protein-protein interaction of CCHCR1 (Supplementary Fig. 10).

3.2. Alopecic mice produced by allele-specific genome editing using
CRISPR/Cas9

Next, we functionally evaluated the AA-associated variant by in
vivo phenocopying p.Arg591Trp in murine Cchcrl using allele-spe-
cific genome editing with the CRISPR/Cas9 system. Mice were gener-
ated with the risk allele concordant with p.Arg587Trp derived from
the T allele of rs142986308 in humans (Supplementary Fig. 4), then
we established mouse strains (Cchcrl mice) with homozygous
(Ccher1-hom mice) and heterozygous risk alleles (Cchcr1-het mice).
We also confirmed that this variant was not included among any of
the mouse strains in the Sanger Mouse SNPs database (https://www.
sanger.ac.uk/sanger/Mouse_SnpViewer/rel-1505). On the other hand,
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Cchcr1 knockout mice have been generated and listed [International
Mouse Phenotyping Consortium (https://www.mousephenotype.org/
), Mouse Genome Informatics (http://www.informatics.jax.org/)],
though have yet to be phenotyped. In the present study, 2 (12.5%) of
the 16 Cchcr1-het mice displayed hair loss, while 15 (55.5%) of the 27
Cchcer1-hom mice displayed hair loss patches after birth (assessed for
up to 10 months), demonstrating that the risk allele induces hair loss.
The incidence of hair loss was also higher in those mice as compared
to C3H/He] mice, which showed spontaneous development of AA
with age [44]. Over time, the initial area of hair loss expanded in the
majority of the Cchcr1-mice (Fig. 2(a)), although constant and recov-
ered hair loss was observed in some of those mice (Supplementary
Fig. 14 and 15). Moreover, hair loss was not confined to certain areas,
but was varied in the alopecic mice (Supplementary Fig. 16). The
male to female ratio of alopecic Cchcr1 mice was nearly equal, and
their surface displayed black spots, while the hair appeared to be bro-
ken and tapering (Fig. 2(b)), similar to the conditions seen in humans
with AA and specific for AA-associated hair loss [45]. All of the Cchcr1
mice retained hair follicles in the area of hair loss and no signs of lym-
phocyte infiltration were seen in microscopic observations by HE
staining and immunostaining using anti-CD4 and -CD8 antibodies
(Fig. 2(c) and Supplementary Fig. 17), implying involvement of a non-
immune mechanism in these cases. On the other hand, high-resolu-
tion scanning electron microscopy (SEM) identified hair abnormali-
ties of cuticle formation in the alopecic Cchcrl-hom and -het mice.
These mice displayed aberrant hair not only in areas of hair loss, but
also in normal areas (Fig. 2(d)), suggesting that Cchcrl mice are
affected by abnormal hair keratinization.

3.3. Expression analysis of alopecic Cchcrl mice

To investigate a possible biological function underlying the
observed hair loss in the Cchcr1 mice, we performed gene expression
microarray analysis of dorsal and ventral skin biopsies of Cchcrl-
hom mice (Supplementary Fig. 18 and 19), which identified 265
probes (246 genes) with 2-fold or greater up- or down-regulation as
compared to wild-type mice (Supplementary Fig. 20 and Supplemen-
tary Table 12). Clustering analysis of these probes uncovered a
strongly up-regulated gene cluster in the Cchcrl-hom mice (Fig. 3
(a)), including hair-related genes (Fig. 3(b)). Nearly all of the up-regu-
lated genes with greater 25-fold change were keratin (n=12) and
KRTAP (n=31) genes (Supplementary Table 12). Hair keratins and
KRTAPs are the major structural components of the hair shaft, and
specifically expressed in the medulla, cortex, and cuticle layers of the
shaft [46,47], Interaction between hair keratins and KRTAPs contrib-
utes to hair shaft rigidity [48].

Other up-regulated genes included peptidyl arginine deaminase
type III (Padi3), S100 calcium binding protein A3 (S100A3), trichohya-
lin (Tchh), and homeobox C13 (Hoxc13) (Supplementary Table 12)
[49,50]. In cuticular cells, S1I00A3 is a substrate of PADI3, while in
inner root sheath (IRS) cells of hair follicles it is a substrate of TCHH
[49]. Ca2*-dependent modifications of S100A3 and TCHH by PADI3
play important roles in shaping and mechanically strengthening hair
with keratin [49,51]. Hoxc13 is unique among the Hox genes, as it is
expressed in the outer root sheath (ORS), matrix, medulla, and IRS of
hair follicles in a hair cycle-dependent manner, and it has a role in
hair shaft differentiation [50]. Thus, the majority of genes shown to
be strongly up-regulated in Cchcrl-hom mice were involved in the
hair shaft and its formation.

To confirm the microarray results, we performed quantitative PCR
(qPCR) analysis of 7 of the up-regulated genes and Cchcrl using a
comparative Cr method [40]. Those results confirmed significant dif-
ferences between dorsal skin biopsies of the Cchcr1-hom and wild-
type mice, and also indicated similar differences in Cchcri1-het mice
(Fig. 3(c) and Supplementary Fig. 21).

All Cchcr1-hom mice showed highly concordant rank orders of
expression levels of the examined genes (Fig. 3(d) and Supplemen-
tary Fig. 22—-24), while Cchcr1-het mice showed moderate trends
only. These results indicate involvement of regulatory networks in
hair shaft differentiation[52].

Next, we evaluated the localization of CCHCR1 to delineate poten-
tial mechanisms underlying the observed hair loss in our mouse
model. Immunostaining revealed CCHCR1 to be located in the mid-
to-upper hair shaft but not in the hair shaft within the hair bulb
(Fig. 3(e)), suggesting that CCHCR1 is a structural component of the
hair shaft, similar to keratin. CCHCR1 was co-localized with the hair
cortex and also found to be localized in the hair medulla (Fig. 3(e)),
although no differences between Cchcrl-hom and wild type mice
were observed. Furthermore, we demonstrated by Proximity Ligation
Assay that the observed co-localization of CCHCR1 with hair cortex
keratin was due to protein—protein interaction (Supplementary Fig.
25).

3.4. Functional analysis using hairs of AA patients with T allele of
15142986308

Finally, to validate the AA susceptibility variant not only by using
mouse models but also human subjects, we evaluated hairs around
hair loss areas of AA patients with the T allele of rs142986308 by
SEM and gene expression microarray analysis.

The SEM identified hair abnormalities of cuticle formation in AA
patients with the T allele of rs142986308 (Fig. 4(a)) as well as the alo-
pecic Ccherl mice (Fig. 2(d)), suggesting that AA patients with the T
allele of rs142986308 are affected by abnormal hair keratinization.
Previous studies also showed that the hair cuticles of AA patients are
normal up to the point of breakage and suggested a transient malfor-
mation of the cortex [53,54].

Gene expression microarray analysis using RNA from hair follicles
identified 45 genes with 2-fold or greater up- or down-regulation as
compared to an AA patient without the allele (Fig. 4(b), Supplemen-
tary Fig. 26, and Supplementary Table 13). These results were con-
firmed by qPCR analysis on 4 randomly selected genes out of the 45
genes (Supplementary Fig. 27). The majority of the 45 genes were
keratin (n=7) and KRTAP (n=17) genes, indicating that these results
were similar to the gene expression profiling of the Cchcrl mice
(Fig. 3(b) and 4(b)). PADI3 and TCHH were also included in them.
However, all of the 17 KRTAP genes were down-regulated. Moreover,
all up-regulated keratin genes were categorized as hair follicle-spe-
cific epithelial keratin and expressed in compartments of IRS (Fig. 4
(c)) which plays an important role in the differentiation and keratini-
zation of the matrix cells in the anagen hair bulb [55,56]. The down-
regulated KRTAP genes were expressed in middle and upper kerato-
geneous zone of the hair fiber cuticle (Fig. 4(d)) [57]. Previous reports
also indicated that these genes showed significantly differential
expression between lesional scalps and control scalps in addition to
many immune genes [58,59]. Thus, the functional analysis of Cchcrl
mice and AA patients implicated the variant we identified by genome
analysis in aberrant keratinization and hair loss.

4. Discussion

Our finding that CCHCR1 is an AA-associated locus in the HLA class
I region differs from that of a previous genome-wide association
study, which suggested that HLA-DR. in the HLA class II region is a
key driver of AA etiology [13]. One possible explanation for this
seeming contradiction is that our study may not have been suffi-
ciently powered to detect the weaker association of AA with the
HLA-class II region, although the microsatellites used covered the
entire class Il region as well (Fig. 1(a)). On the other hand, consistent
with our finding, studies performed in Chinese using HLA genes as
markers suggest that the locus associated with AA maps to the class |
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Fig. 2. Alopecic mice produced by allele-specific genome editing using CRISPR/Cas9. (a) Expansion of hair loss area in representative Cchcr1-hom mouse. (b) Morphology of hair
loss area in Cchcr1-hom mouse. Red arrows show broken hair, black arrows show blackspots, white arrows show tapering hair. (c) Microscopic features of hair loss area in represen-
tative Cchcr1-hom mouse. Paraffin section of skin from representative Cchcr1-hom mouse after staining with hematoxylin and eosin. (d) Scanning electron microscopy (SEM) imag-
ing of hair shafts was performed. In each panel, hair orientation is shown with the bottom to the left and top to the right.
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Fig. 4. Functional analysis using hairs of AA patients with T allele of rs142986308. (a) Scanning electron microscopy (SEM) imaging of hair shafts was performed using AA
patients with the T allele of rs142986308. (b) Microarray analysis using hair follicles of AA patients with T allele of rs142986308.Heat map of 45 genes showing > 2-fold change in
gene expression between the genotype ofrs142986308. Fold change value in the microarray analysis of Cchcr1-hom mice is also indicated. NA indicates missing value because of no
probe concordant in the probe set of the mouse microarray platform in this study. NA* indicates missing value because the regulation of fold change values is not concordant
between Cchcrl-hom mice. (c) Fold change values of all keratin gene expression in AA patients with rs142986308 C/T genotype against C/C genotype. Ten keratin genes are
excluded because the regulation is inconsistent between AA patients. (d) Fold change values of all keratin associated protein gene expression in AA patients with rs142986308 C/T
genotype against C/C genotype. Four keratin associated protein genes are excluded because the regulation is inconsistent between AA patients.

rather than the class II region [60-62]. Moreover, variant
1s142986308 is very rare in Caucasians (Supplementary Table 10)
and has undergone positive selection (Fig. 1(c)), at least in Japanese,
suggesting population-specific differences regarding AA risk haplo-
types. This is the first study to show that an HLA class I allele,
rs142986308, can be functionally linked to the hair loss phenotype,
which has not been demonstrated for any other variants, including
HLA-DR....

Previous studies have provided evidence of a relationship
between CCHCR1 and hair keratin-related genes. For example, a risk
haplotype (CCHCR1*WWCC) was previously implicated to be involved
in psoriasis in Europeans [42,63]. Transgenic mice with the risk hap-
lotype appeared normal, although overexpression of CCHCR1 was
shown to affect keratinocyte proliferation [64], and hyperprolifera-
tion of keratinocytes is a hallmark for psoriasis. However, keratin-
related genes showed altered expression in mice at risk and most of
the genes with significantly lower expression were those encoding
hair keratins or KRTAPs [65]. These observations suggest that expres-
sion of these genes is dependent on the CCHCR1 haplotype.

C3H/He] mice have been recognized as a model that shows spon-
taneous development of adult onset AA [66]. This model demon-
strates lymphocyte infiltration within hair follicles, follicular
dystrophy, and spontaneous hair regrowth [66], though variants
associated with the phenotypes have yet to be identified. On the
other hand, a sub-strain of C57BL/6 different from that used in this
study has also been reported to demonstrate hair loss and ulcerative
dermatitis [67]. Nevertheless, we did not observe any evidence indi-
cating inflammatory cell infiltration or dermatitis in Cchcrl mice,
thus the mechanism of hair loss in these strains may be different. To
fully clarify the distinct pathogenic mechanisms of hair loss, more
comprehensive characterization of these different mouse models is
required.

PADI3 is known to be associated with central centrifugal cicatricial
alopecia (CCCA) [68], autosomal recessive uncombable hair syndrome
(UHS) [51], and shape variation of human head hair [69]. Missense
mutations in PADI3, a causative gene of CCCA and UHS, induce forma-
tion of PADI3 protein aggregate with abnormal intracellular

localization in the cytoplasm, and reduce expression and activity
[51,68]. Moreover, findings of RNA-sequencing using scalp skin sam-
ples from CCCA patients as compared to control group samples
revealed lower expressions not only in PADI3 but also in TCHH, many
KRTAP genes, and KRT genes, all of which are involved in hair fiber
development [68]. These findings are consistent with those obtained
in the present study using Cchcr1 mice and AA patients with the risk
rs142986308 variant, suggesting that this variant may also have an
impact on the pathway of hair-shaft formation and contribute to hair
loss.

Studies performed by Jackson et al. and Tobin et al. demonstrated
that the hair cuticles of AA patients are normal up to the point of
breakage [53,54], and suggested a transient malformation of the cor-
tex. In contrast, the Cchcrl mice used here showed aberrant hair
cuticles as well as hair loss. Although we were not able to determine
whether aberrant hair cuticles developed as a direct result of broken
hairs in this study, any aberrant formation of the hair cortex may also
contribute to hair loss, because CCHCR1 was observed in the cortex
and the medulla. Moreover, we demonstrated that the variant identi-
fied by genetic analysis in AA patient genomes was related to a hair
loss phenotype in Cchcrl mouse skin, that CCHCR1 harboring the var-
iant is a novel component of the hair shaft, and that the variant influ-
enced the expression of genes involved in keratinization and
development of hair in both mouse and human.

In summary, we clearly demonstrated that the variant identi-
fied by genetic analysis in AA patient genomes was related to a
hair loss phenotype in Cchcrl mouse skin, that CCHCR1 harboring
the variant is a novel component of the hair shaft, and that the
variant influenced the expression of genes involved in keratiniza-
tion and development of hair in both mouse and human. Our find-
ings point to an additional pathway for AA pathogenesis based on
aberrant keratinization among many causative factors including
immunological aspects, suggesting that the alopecia we observed
in this study may be a subtype of AA generally defined as autoim-
mune disease. Moreover, our engineered mice provide a valuable
resource for continued research into AA pathogenesis and the
development of potential future treatments.
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