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e X-linked ARHGAPS36 is identified as the gene responsible for

the orange coat of cats

e Adeletion at this locus alters ARHGAP36 expression, leading

to pigment-type switch

e Evidence suggests that ARHGAPS36 is subject to random X

chromosome inactivation

e The deletion seems widespread in cats, suggesting a single

origin of this phenotype
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In brief

The X-linked orange locus is responsible
for the orange coat color of domestic
cats, including tortoiseshell and calico
cats, and is proposed to be subject to
random X chromosome inactivation.
Here, Toh, Au Yeung, Unoki, et al. identify
agenomic deletion that alters ARHGAP36
expression as the causative genetic
variant.
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SUMMARY

The X-linked orange (O) locus in domestic cats controls an unknown molecular mechanism that causes the
suppression of black-brownish pigmentation in favor of orange coloration. The alternating black-brownish
and orange patches seen in tortoiseshell and calico cats are considered classic examples of the phenotypic
expression of random X chromosome inactivation (XCI) occurring in female mammals. However, the O gene
in the cat genome has not been identified, and the genetic variation responsible for the orange coloration re-
mains unknown. We report here that a 5.1-kilobase (kb) deletion within an intron of the X-linked ARHGAP36
gene, encoding a Rho GTPase-activating protein, is closely and exclusively associated with orange colora-
tion. The deleted region contains a highly conserved putative regulatory element, whose removal is pre-
sumed to alter ARHGAP36 expression. Notably, ARHGAP36 expression in cat skin tissues is linked to the
suppression of many melanogenesis genes, potentially shifting pigment synthesis from eumelanin to pheo-
melanin. Furthermore, we find evidence that the gene undergoes XClI in female human and mouse cells and
XCl-dependent CpG island methylation consistent with random XCl in female domestic cats. The 5.1-kb dele-
tion seems widespread in domestic cats with orange coat coloration, suggesting a single origin of this coat
color phenotype.

INTRODUCTION

The domestic cat (Felis silvestris catus) is a valued companion
animal, a vermin-control agent, and a provider of important
biomedical models that most likely descended from a wildcat
progenitor subspecies, Felis silvestris lybica, around 10,000
years ago.' Domestic cats display a diversity of phenotypic
variation, including a range of coat coloration patterns resulting
from interactions between multiple genetic loci, making them
excellent models for studying gene function and regulation. For
example, early genetic studies on the orange phenotype of do-
mestic cats helped to discover X-linked inheritance in
mammals.*®

The X-linked orange (O) locus controls an unidentified molec-
ular mechanism that causes the suppression of black-brownish
pigmentation (eumelanin) and promotion of orange coloration

2816 Current Biology 35, 2816-2825, June 23, 2025 © 2025 The Author(s). Published by Elsevier Inc.

(pheomelanin).” Phenotypic variants of this locus can be seen
in the tortoiseshell (mottled orange and black-brownish pattern)
and the calico cats (mosaic pattern of large orange, black-
brownish, and white patches), which are almost exclusively
female. These coloration patterns arise as a result of X chromo-
some inactivation (XCI), which is an important epigenetic mech-
anism that equalizes X-linked gene dosage between females and
males. More than 60 years ago, it was suggested by Mary Lyon
that one of the two X chromosomes in a female embryo is
randomly selected and inactivated in each cell during early
development, and that descendant cells maintain the same inac-
tivation pattern as the ancestral cell.® As a result, the alternative
expression of the orange allele versus the wild-type allele in
different skin patches creates a mosaic coloration pattern in
female cats heterozygous at the O locus.® Rare occurrence of
the mosaic phenotype in males can be explained by sex
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Figure 1. Identification of the 5.1-kb deletion within the O haplotype region

(A) Location of the 5.1-kb deletion associated with the orange coloration in the cat X chromosome. An orange bar indicates the 9.7-Mb O region identified using
microsatellite markers, "’ and a red bar marks the 1.5-Mb O haplotype region identified using SNP microarray.'? A pink box marks the 5.1-kb region deleted in cats
with the orange coloration. Exon-intron structure of ARHGAP36 is shown with exon usage generating three isoforms. Representative WGS read-depth profiles
across the 5.1-kb region are shown at the bottom for three cats with indicated coat color and sex.

(B) Sequence similarity profiles of the region containing the 5.1-kb deletion. Sequence similarity between domestic cats and indicated species is shown. A pink
box highlights the deleted region, while a blue box marks the UCE-like sequence.

(legend continued on next page)
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chromosome aneuploidy (XXY), chimerism, mosaicism, or so-
matic mutations.®

While the coat color phenotypes of tortoiseshell and calico
cats are often quoted as visually recognizable examples of XClI
in female mammals, the gene and the genetic variation respon-
sible for the orange coat color remain unknown. A previous ge-
netic mapping study using microsatellite markers located the O
locus within a 9.7-megabase (Mb) region of the cat X chromo-
some.'%"" Haplotype analysis also suggested multiple origins
for the phenotype.’’ A more recent study using a 63K DNA array
identified a 1.5-Mb haplotype block associated with orange
coloration within this 9.7-Mb region.'? The study also provided
a list of 12 genes located within the haplotype region as the can-
didates for the O gene; however, none were known to regulate
melanin synthesis.

In this study, we searched for the gene and genetic variation
associated with the orange coloration by comparing the
genomic sequences of cats with orange coat color, including
tortoiseshell and calico cats, and control non-orange cats. We
identified a 5.1-kilobase (kb) deletion in one of the protein-coding
genes located within the haplotype region, which was closely
and exclusively associated with orange coloration. We further
present evidence that this gene undergoes XCI, most likely
random XCl, in multiple mammalian species.

RESULTS

Systematic screening for genetic variations responsible
for orange coloration using WGS

To identify the genetic variation responsible for the orange color-
ation and X-linked O gene in domestic cats, we sequenced the
DNA samples from 18 cats, including eight calico cats, one
tortoiseshell cat, one cat with both orange and white coat re-
gions, and eight cats without orange coat color (Tables S1 and
S2; Figure S1A). We mapped the whole-genome sequencing
(WGS) reads to the AnAms1.0 cat genome, a high-quality chro-
mosome-scale sequence assembly with only one short un-
mapped scaffold.® Thirteen putative protein-coding genes, over-
lapping with the 12 genes previously reported,'? were identified
in the 1.5-Mb haplotype region (Table S3).

The AnAmsi1.0 genome was derived from a silver tabby
American Shorthair'® (Figure S1A), and we used this sequence
as a reference (wild type) to identify genetic variations associ-
ated with the orange coloration. Within the 1.5-Mb haplotype
region, we identified 2,569 small genetic variants, including sin-
gle nucleotide polymorphisms (SNPs) and small insertions and
deletions, in ten cats with orange coat color, and 2,073 variants
in eight cats without it. Removal of variants shared by the two
groups identified 594 small variants unique to the orange group
(Figure S2A). Using published WGS data from nine cats with
color photographs, contributed by the 99 Lives Cat Genome
Sequencing Initiative'* (Table S4) (photographs available in
the paper or at https://cvm.missouri.edu/research/feline-
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genetics-and-comparative-medicine-laboratory/99-lives/
successfully-sequenced-cats/), we identified 901 small vari-
ants in seven non-orange cats. After removing the variants
shared with this pool, a total of 450 small variants unique to
the orange group remained, none of which were frameshift,
missense, or nonsense mutations in the protein-coding exons
(Figure S2B).

To search for other types of variations, we analyzed the
sequence depth across the 1.5-Mb O haplotype region and iden-
tified a 5.1-kb deletion present only in the orange cat group (Fig-
ure 1A). This deletion was located within the first intron of
ARHGAP36 and was surprisingly present in all ten sequenced
cats with the orange coloration but in none of the eight cats
without it (Figures 1A and S3A). Notably, the eight calico cats
and one tortoiseshell cat were heterozygous for the deletion,
consistent with the mosaic coat color phenotype. Furthermore,
analysis of the published data from the above-described nine
cats with coat color information confirmed the presence of this
deletion only in those with orange coat color, namely a calico
cat named Cali and her father, Orion'* (Figure S3B; Tables S4
and S5). Again, the calico cat was heterozygous for the deletion.
While we could not exclude at this stage that one of the identified
small variants was responsible for the O allele, the consistent and
exclusive presence of the deletion made it a strong candidate for
the causative genetic variation. Interestingly, the SNP (positions
108,984,866 in AnAms1.0 or 110,230,748 in felCat9) (hereafter,
we use the AnAms1.0 coordinate) previously found to be most
closely associated with the orange coloration'® was located in
an intron of ENOX2, a protein-coding gene located closest to
ARHGAP36 (Table S3).

Strong association between the deletion and orange
coloration
To confirm the association between the 5.1-kb deletion within an
intron of ARHGAP36 and the orange coloration, additional DNA
samples (n = 40) were analyzed by polymerase chain reaction
(PCR). The study showed that all six calico cats, including one
rare male calico cat (#24) (Figure S1B), and all five tortoiseshell
cats had the deletion in one of the two X chromosomes (Fig-
ure S3C; Table S1). The fact that the male calico was heterozy-
gous for the deletion is consistent with the presence of sex chro-
mosome aneuploidy (presumably XXY).° Three additional cats
with orange but no black-brownish coat color (#30, #31, and
#32) had this deletion in a hemizygous (male) or homozygous
manner (female), while none of the non-orange cats did (n = 26)
(Table S1). Combining our WGS and PCR data, a total of 58
cats (24 orange and 34 non-orange) demonstrated a 100% link
between the deletion and the orange coloration (Tables 1 and
S1). Addition of the information from the publicly available WGS
data of the above-described nine photographed cats further sup-
ported this link in a total of 67 cats (26 orange and 41 non-orange).
Next, we sought to determine whether any of the 450 SNPs
found only in the orange cat group were linked to the 5.1-kb

(C) ENCODE annotations for the UCE-like sequence on human chromosome X. Shown are features of the hg38 131,041,688-131,042,122 region corresponding
to the cat UCE-like sequence (boxed by blue lines) and adjacent regions, retrieved from the UCSC Genome Browser. Purple bars indicate regions showing distal
enhancer-like signatures, and a green bar highlights the DNase | hypersensitive site cluster identified in neuroblastoma. Gray bars represent ChlP-seq peak

clusters for indicated transcription factors in neuroblastoma.
See also Figures S1-S3, and S6, and Tables S1-S3, S4, and S5.
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Table 1. Association between orange coloration and a 5.1-kb
deletion within ARHGAP36

Coat color pattern

Genotype regarding the deletion®

Female Male

+/+ A+ A/A +Y AY A/+IY
Calico 0 13 0 - - 1
Tortoiseshell 0 6 0 - - -
Orange 0 0 2 0 2 -
Non-orange 16 0 0 18 0 -
Total 16 19 2 18 2 1

See also Table S1.
@A, 5.1-kb deletion; +, wild type; Y, Y chromosome.

deletion because such an SNP could also contribute to the pheno-
type. We found that only one SNP (C>T, at position 109,185,709),
located 0.5-kb upstream of the deletion within an intron of
ARHGAP36 (Figure 1A), was present in all ten sequenced cats
of our orange group (Figures S2C and S2D). We then used 258
WGS datasets, mostly from the 99 Lives Cat Genome Sequencing
Initiative'* (including those from the nine cats with color images),
and found that, while all 61 cats carrying the 5.1-kb deletion (21
hemizygous males, 12 homozygous females, and 28 heterozy-
gous females) had the SNP, none of the 197 cats without it did
(Tables S4 and S5). All 28 females heterozygous for the deletion
were also heterozygous for the SNP. These results indicate that
the deletion and a linked SNP are present within an intron of
ARHGAP3E6 in cats with the orange coat coloration.

UCE-like sequence in the deleted region

We then performed a more detailed analysis of the deletion and
SNP. Sanger sequencing of the PCR products confirmed a
5,076-nucleotide (nt) deletion spanning from position
109,186,183 to 109,191,258 (Figure S3D). Importantly, the
deleted region contained a 436-nt sequence showing strong
evolutionary conservation reminiscent of ultraconserved
element (UCE)'® (Figures 1B and S3E). According to the data
from the human Encyclopedia of DNA Elements (ENCODE) proj-
ect,'” this UCE-like sequence contained a DNase | hypersensi-
tive site cluster in human neuroblastoma cells and chromatin
immunoprecipitation-sequencing (ChlP-seq) clusters for tran-
scription factors including GATA2/3, max interactor 1, dimeriza-
tion protein (MXI1), and REST corepressor 1 or CoREST
(RCORT1) (Figure 1C). Interestingly, while GATA family proteins
are transcriptional activators,'® MXI1 and RCOR1 are transcrip-
tional repressors.'®?° Therefore, this putative cis-regulatory
element could function as a transcriptional enhancer or a
repressor. By contrast, the SNP located approximately 0.5-kb
upstream of the deletion (position 109,185,709) was not in a re-
gion conserved among species, making it unlikely to have a role
in gene regulation. It is likely that the 5.1-kb deletion removed a
critical regulatory region, leading to altered expression of a
nearby gene(s) such as ARHGAP36.

Negative correlation between ARHGAP36 and
melanogenesis gene expression

We hypothesized that the O gene would exhibit differential
expression based on the presence or absence of the deletion in
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skin tissues, especially in orange and black-brownish coat re-
gions. We first performed RNA sequencing (RNA-seq) on skin tis-
sues obtained from the auricles of different adult calico cats (#19,
#20, and #22, females, precise ages unknown) (Table S2). Of the
13 protein-coding genes found in the O haplotype region,
ARHGAP36 was expressed exclusively in the orange region,
while all other genes detected in the orange region were also ex-
pressed in the black-brownish and white regions (Figures 2A and
S4A). We then analyzed multiple skin tissues obtained from a
young calico cat that died of unknown causes (#01, female,
3 weeks old) (Figure S1C; Table S2). ARHGAP36 was persistently
expressed in the orange regions but variably expressed in the
black-brownish regions with virtually no expression in one of
the samples (Figures 2A and S4A). The reason for this variability
is currently unknown but could be due to differences in hair cycle
stage or cell composition. IGSF1, a gene located next to
ARHGAPS36, behaved similarly, suggesting that the two genes
might share a regulatory mechanism, although the expression
level of IGSF1 was extremely low (<0.6 fragments per kilobase
of exon per million reads mapped [FPKM]) (Figure 2A). Notably,
ARHGAP36-203 was the only mRNA isoform produced in the
skin samples (Figure S4B). Since the expression pattern
observed in the black-brownish regions should be the wild-type
pattern, the more persistent ARHGAP36, and possibly IGSF1,
expression induced by the deletion could shift the pigment syn-
thesis from eumelanin to pheomelanin in the orange regions.
Based on the publicly available gene expression databases,
such as the genotype-tissue expression (GTEx),”' both
ARHGAP36 and IGSF1 are highly expressed in neuro-endocrino-
logical tissues, such as the hypothalamus, pituitary gland, and
adrenal gland. Notably, these tissues are rich in neural crest-
derived cells, from which melanocytes also originate.?* IGSF1
encodes a member of the immunoglobulin superfamily, and
loss-of-function mutations in this gene cause X-linked central hy-
pothyroidism and testicular enlargement (OMIM300888).%° There
is currently no known role for IGSF1 in hair follicle development or
melanogenesis. In addition, its expression was very low in cat
skin tissues as described above (Figures 2A and S4A).
ARHGAP36 encodes a member of the Rho GTPase-activating
protein family, yet a systematic study has shown that it lacks
GTPase-activating activity.”* Rather, it has been reported that
ARHGAP36 mediates and activates Hedgehog (HH) signaling
and suppresses protein kinase A (PKA) signaling.”>=° Impor-
tantly, the HH and PKA signaling pathways mediate hair follicle
development and melanogenesis, respectively, and dysregula-
tion of human ARHGAP36 is implicated in X-linked Bazex-
Dupré-Christol syndrome (BDCS, OMIM301845),°° characterized
by follicular atrophoderma, congenital hypotrichosis, and multiple
basal cell naevi and carcinomas. Hence, its known biological
roles make ARHGAP36 an excellent candidate for the O gene.
To correlate the expression of ARHGAP36 and other genes in
the skin, we first excluded the data from the white regions of cat
#01, where no melanogenesis is expected, and categorized the re-
maining four into two groups: ARHGAP36 positive (orange 1 and
2 and black-brownish 1) and ARHGAP36 negative (black-
brownish 2). We found 341 genes showing positive correlation
with ARHGAP36 and 517 genes showing negative correlation
(Table S6). Strikingly, an analysis using the Kyoto Encyclopedia
of Genes and Genomes (KEGG) in the Database for Annotation,
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Visualization, and Integrated Discovery (DAVID) system®'*? re-

vealed that the negatively correlated genes were enriched in the
melanogenesis pathway (Figure 2B). Examples of the melanogen-
esis genes negatively correlated with ARHGAP36 included
ADCY7, DCT, LEF1, TCF7, TYR, TYRP1, WNT10B, WNT3A,
WNT5A, and WNTB6. The roles of the protein products were distrib-
uted in the whole melanogenesis pathway, from ligands activating
the signaling pathways to enzymes directly involved in the melanin
synthesis (Figure 2C). Notably, among the melanin synthesis en-
zymes, TYRP1 and DCT are involved in eumelanin synthesis but
not pheomelanin synthesis. Therefore, their downregulation may
attenuate eumelanin synthesis and cause a shift toward pheome-
lanin synthesis.®® The negative correlation between ARHGAP36
and melanin synthesis enzyme genes was also seen in the auricle
skin samples from different calico cats (Figure S4C).
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[ Genes negatively
correlated with
ARHGAP36 expression

TYR gions express the different alleles. To do
oNA T;g:' this, we would need tissue samples from

female cats (preferably from tortoiseshell
or calico cats) carrying informative SNPs
within the ARHGAP36 transcripts. How-
ever, we have not yet had a chance to ac-
cess such samples.

The XCl is investigated in detail in hu-
mans and mice. One of the authors
(T.S.) previously investigated the inactiva-
tion of the X-linked genes using fibroblast
cells derived from female mouse embryos
obtained by crossing a JF1 female and a C57BL/6J male.***% In
the study, the X chromosome from C57BL/6J was fixed to be
active by an internal deletion of Xist (X®*%), a gene essential
for XCL.>" We reprocessed the RNA-seq data and found that all
172 SNP-containing Arhgap36 reads were from the X624 indi-
cating that the gene is subject to XClI in mice (Table S7). We also
reprocessed the chromatin RNA-seq data from a similar study
using embryonic fibroblast cells where the X chromosome
from Mus musculus castaneus was genetically fixed to be inac-
tive®” and found that all Arhgap36 transcripts were from the other
X (27 reads containing informative SNPs) (Table S7). Regarding
the XCI of human ARHGAP36, an SNP-based allelic imbalance
analysis was performed for a total of 409 X-linked genes in mul-
tiple lymphoblastoid and fibroblast cells.*® The data indicated
that human ARHGAP36 (designated FLJ30058 in that study)
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Figure 3. DNA methylation profiles of the X
chromosome and ARHGAP36 in female and
male cats

(A) Violin plots comparing CpG methylation levels
of 362 X-linked promoter CGls between female
and male cats. The WGBS data were from skin
(cat #01, orange patch 1) and peripheral blood
cells (cats #04 and #10). Circles represent the
median, and box edges represent the 25th and
75th percentiles. Statistical significance was as-
sessed using the exact Wilcoxon rank sum test,
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the deletion (A) was determined using the data from cats hemizygous (males) and
active promoter in the skin (Figure S4B).
See also Figures S1 and S5, and Tables S2 and S7.

was subject to XCl in all ten female cell lines possessing informa-
tive SNPs (Table S7). These results show that, while direct evi-
dence is lacking for domestic cats, ARHGAP36 is subject to
XCl in multiple mammalian species.

DNA methylation status of cat ARHGAP36 is consistent
with random XCI

DNA methylation can serve as a hallmark for genes that are sub-
ject to XCl, as X-linked CpG islands (CGls), especially promoter-
associated ones, are highly methylated on the inactive X but
almost unmethylated on the active X.*° Using published whole-
genome bisulfite sequencing (WGBS) datasets from human
and mouse tissues, *>*" we first compared the methylation levels
of the ARHGAP36 CGils between the sexes, which showed
significantly higher methylation levels in females of both species
(Figures S5A and S5B), consistent with their XCl-dependent
methylation. We then investigated the published allelic methyl-
ation data from hybrid mouse embryonic fibroblast cells carrying
a Mus musculus castaneus-derived inactive X°” and found that
the Arhgap36 CGIl is more methylated on the inactive X
(Figure S5A).

To determine whether the CGls of cat ARHGAP36 undergo
XCl-dependent methylation, we performed WGBS on skin tis-
sues of different colors from a female calico cat (#01) and periph-
eral blood cells from two other cats (female #04 and male #10)
(Table S2). We also obtained publicly available data from a
male cat named Boris.”* Globally, X-linked promoter CGls
(n = 362) were more methylated in females (#01 and #04) (the

IM JH]IU]LL“M.I.

#2 #3 #4

and asterisks (*) indicate p < 2e—16.

(B) CpG methylation profiles of the cat ARHGAP36
region in female (red) and male cats (blue). The
WGBS data were obtained from skin regions (cat
#01) and peripheral blood cells (cats #04 and #10).
The WGBS data of peripheral blood cells from a
male cat named Boris was obtained from a pub-
licly available dataset (SRA: SRX548709). A pink
box indicates the region corresponding to the 5.1-
kb deletion, and blue boxes indicate the CGls.
Differences in methylation between males and
females were statistically evaluated using Fisher’s
exact test, and asterisks (*) indicate p < 2e—16.
(C) Allelic CpG methylation of CGI #1 of
ARHGAP36. The CpG methylation levels (left) and
the number of CpGs analyzed using SNP-con-
taining WGBS reads (right) are shown. The data
were from different skin regions of a calico cat
(#01). Two SNPs were used to analyze allele-
specific reads: cis association of the SNPs with
homozygous (females) for the deletion. Note that CGl #1 overlaps with the most
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interquartile range 20%-41% methylation [median 26.3% and
31.2%, respectively]) than in a male (#10) (median 3.5%) (Fig-
ure 3A), consistent with XCl-dependent CGI methylation. We
then looked at six CGls identified in ARHGAP36 and found
higher methylation in females than in males, just as in the other
X-linked CGils (Figure 3B). By contrast, the CGls of known XCI-
escaper genes, such as KDM6A, MED14, and DDX3X,** were
unmethylated in both sexes (Figure S5C). We then analyzed
the allelic methylation status of one of the ARHGAP36 CGils
where two SNPs were available (A/G and C/A substitutions at
positions 109,204,156 and 109,204,409, respectively). The result
showed that both alleles are moderately methylated (Figure 3C),
consistent with the random XCl in tissues consisting of a hetero-
geneous cell population, rather than parental-origin-dependent
(imprinted) or other types of skewed XCI.** Altogether, our re-
sults corroborate Lyon’s hypothesis that the color patterns of
tortoiseshell and calico cats are the results of random XCI of
the O gene.®

Origins of the genetic variations responsible for the coat
colors

As described above, all 24 cats with orange coat color that we
analyzed had the 5.1-kb deletion (Tables 1 and S1). They were
either owned or feral cats, which were mostly from the Fukuoka
City area of Japan. Also, 61 of the 258 cats contributed by the 99
Lives Cat Genome Sequencing Initiative'* (Table S4), which had
exactly the same deletion, included those from the United
States, Europe, and the Middle East.*® Thus, in contrast to the
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multiple origin hypothesis previously postulated,'" it is likely that
the 5.1-kb deletion is widely distributed in domestic cats world-
wide, suggesting a single origin of the orange phenotype.

Calico cats have white coat regions in addition to orange and
black-brownish patches. A feline endogenous retrovirus inser-
tion within the KIT gene on chromosome B1 has been identified
as the causative genetic variation for white spotting w°).** By
PCR genotyping, we found that all of our cats with white coat re-
gions (n = 25), including all 14 calico cats, carried at least one w®
allele (Table S1), consistent with the previous report.*® In
contrast, cats without white coat regions (n = 33), including all
six tortoiseshell cats, did not carry this allele (Table S1).

Lastly, the golden hamster (Mesocricetus auratus) exhibits or-
ange coloration due to the activity of an X-linked gene desig-
nated Sex-linked yellow (Sly)."” Using a high-quality chromo-
some-scale sequence assembly of the golden hamster
genome,“® we examined whether the genomic position of Arh-
gap36 corresponds to the genetic location of Sly. This analysis
showed that the two loci are located in different regions of the
X chromosome (Figure S6), supporting the previous conclusion
reached by a genetic study that Sly and O are distinct.*”
Together with the knowledge obtained so far in humans and
mice, this result suggests that the genetic contribution of
ARHGAP36 and the UCE-like sequence to orange coloration is
unique to certain mammalian species, such as domestic cats.

DISCUSSION

More than 60 years ago, Lyon suggested that the alternative
black-brownish and orange patches of tortoiseshell cats are
consistent with the random inactivation of the heretofore uniden-
tified X-linked O gene in heterozygous females.® Our systematic
screening now identifies a 5.1-kb deletion within an intron of
ARHGAP36, which is among the previously listed candidate
genes in the O haplotype region,’® as the genetic variation
responsible for the orange coloration. Findings similar to ours
were recently reported by Kaelin et al.,*® which, together with
ours, support the single origin of the orange phenotype. Although
no non-invasive method is available at present for direct demon-
stration of the causal relationship in this companion animal spe-
cies, a perfect association between the existence of the genetic
variation deleting a putative regulatory element and the orange
coloration strongly supports our conclusion. While ARHGAP36
and its adjacent gene, IGSF1, appear to share some regulatory
mechanisms, the observed higher expression of the former in
the skin, its known roles in signaling pathways related to hair fol-
licle development and melanogenesis (the HH and PKA path-
ways), and its implications in human skin diseases involving
hair follicles and naevi®® all point to it as an excellent candidate
for the long-sought O gene. Furthermore, we provide evidence
that ARHGAPS6 is subject to XCI in female human and mouse
cells. Our results on the allelic DNA methylation status of the
ARHGAP36 CGils are also consistent with the random inactiva-
tion of this gene in female cats.

ARHGAP36 encodes a member of the Rho GTPase-activating
protein family and is implicated in neuronal development, bone
formation, hair follicle development, and cancer development
or progression through positive and negative regulation of the
HH and PKA signaling pathways, respectively,”>° but no role
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has been reported in melanogenesis. In fact, no locus affecting
hair or coat color has been mapped at the orthologous location
in humans or mice. Additionally, our study provides another layer
of support for the previous finding that the X-linked Sly, which is
responsible for the orange coat coloration of the golden hamster,
is distinct from the O locus.*” Thus, ARHGAP36 protein is a novel
factor regulating the melanogenesis pathway, and this role may
be specific to the domestic cat or the feline family members.
Consistent with this, our attempts to generate mouse models
by introducing the genetic variation have not been successful:
neither a deletion corresponding to the one found in domestic
cats nor a more targeted deletion restricted to the UCE-like
sequence caused any discernible coat color change in several
engineered mouse lines.

How does ARHGAP36 regulate melanogenesis? An immuno-
staining study previously reported the expression of human
ARHGAP36 in a small number of hair follicle cells in the outer
root sheath of healthy skin.®® On the other hand, according to
the public databases, ARHGAPS36 is highly expressed in tissues
containing neural crest derivatives, implying that melanocytes,
which are also of neural crest origin, could express this gene. In
fact, Kaelin et al. recently showed by in situ hybridization that
ARHGAPS36 is robustly expressed in hair follicle melanocytes
from cats carrying the 5.1-kb deletion in a study similar to
ours.”® In any case, our RNA-seq data show that ARHGAP36
expression in melanocytes, or cells communicating with them,
negatively regulates a variety of melanogenesis pathway genes,
including those encoding signaling molecules (ligands) and en-
zymes directly involved in melanin synthesis. It is interesting
that the ARHGAP36 protein appears to lack the GTPase-acti-
vating activity”* but has the potential to inhibit PKA signaling
directly by blocking the catalytic activity of PKA or by accelerating
ubiquitin-mediated degradation of the catalytic subunit of PKA.?®
The second mechanism for PKA inhibition by ARHGAP36 was
recently confirmed in a human melanoma model.”® The PKA
signaling elicited by MC1R bound to melanocyte-stimulating hor-
mone is a fundamental pathway regulating melanin synthesis,*°
and, in fact, genetic variations in MC1R are associated with red
hair and fair skin in humans (increased pheomelanin and
decreased eumelanin).®’ So, if ARHGAP36 is expressed in mela-
nocytes, it could directly modulate the PKA pathway to alter the
balance between eumelanin and pheomelanin.

The genomic region of the 5.1-kb deletion contains a UCE-like
sequence containing putative binding sites for transcriptional ac-
tivators and repressors. Based on the expression patterns of cat
ARHGAPS36 in colored coat regions, we speculate that the dele-
tion disrupts its regulated expression and causes inappropriate
activation. However, we do not know the precise change caused
by the deletion since the follicle melanogenesis is a complex pro-
cess regulated by a variety of intrinsic and extrinsic factors. For
example, it is restricted to the anagen stage of the hair cycle and
coupled to the life cycle of melanocytes with changes in their dis-
tribution and differentiation.*® Therefore, we would first need to
know the precise regulation of ARHGAP36 in healthy cat follicles.
Since samples required for such a systematic study are not
easily accessible in this non-experimental animal species, we
are hoping that recently derived feline induced pluripotent
stem (iPS) cells®® and their use in constructing in vitro systems,
including organoids, would resolve some of the problems. In
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particular, the derivation of naive female iPS cells carrying two
active X chromosomes and their differentiation into melanocytes
and other relevant cells would recapitulate the random XCI and
production of different pigment species in different melanocytes.
Further investigation warrants a detailed understanding of how
the deletion eventually leads to eumelanin to pheomelanin
synthesis.

In conclusion, we have identified the X-linked ARHGAP36
gene as the strong candidate as the long-sought O gene of the
domestic cat. Although it is not fully understood how the identi-
fied deletion switches the pigment species, the variation likely
dominates the cat population with orange coat color. We also
provide evidence that ARHGAP36 is most likely subject to
random XCI in the domestic cat, as previously suggested by
Lyon.? How this gene became employed in melanogenesis in
certain species and how it exerts pleiotropic biological effects
in mammals are interesting future questions.
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STARXxMETHODS

KEY RESOURCES TABLE
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REAGENT or RESOURCE

SOURCE

IDENTIFIER

Biological samples

Domestic cat blood
Domestic cat ovary

Inakazu Dog & Cat Kashii Hospital
Cat clinics in Japan

https://www.inakazu-vet.com/
N/A

Domestic cat auricular Cat clinics in Japan N/A

Critical commercial assays

EZ DNA Methylation-Gold Zymo Research D5005
NEBNext rRNA Depletion Kit NEB E6310L
(Human/Mouse/Rat)

NEBNext Ultra Il Directional NEB E7760S
RNA Library Prep Kit for lllumina

NucleoSpin Blood kit Macherey-Nagel 740951.10
TruSeq DNA PCR-Free lllumina FC-121-3001
LT Library Prep Kit

Deposited data

Fastq files from WGS, RNA-seq, and WGBS This paper BioProject: PRJDB18200

Domestic cat reference genome AnAms1.0
WGS data from domestic cats

Gene expression microarray (BeadChip) data from human
lymphoblastoid cell lines

RNA-seq data from mouse
embryonic fibroblasts

RNA-seq data from mouse
embryonic fibroblasts

RNA-seq data from domestic cats

WGBS data from a male cat Boris
WGBS data from human cytotrophoblasts
WGBS data from mouse liver

WGBS data from mouse
embryonic fibroblasts

Matsumoto et al.'®

99 Lives Cat Genome
Sequencing Initiative

Cotton et al.*®

Sakakibara et al.*®

Gdula et al.®’

99 Lives Cat Genome
Sequencing Initiative
Tamazian et al.*?

Toh et al.*!

Duncan et al.*°
Gdula et al.*”

https://cat.annotation.jp/
Shown in Table S4 of this paper

GEO: GSE26286

GEO: GSE112097

GEO: GSE121184

BioProject: PRUNA312519

SRA: SRX548709
NBDC: hum0086

GEO: GSE106379
GEO: GSE122094

Golden hamster genome sequence Ishino et al.*® SRA: DRA010879
Oligonucleotides

Primer: ARHGAP36 F1 This paper N/A
GAAATACCTATGCTAGCCGTC

Primer: ARHGAP36 R1 This paper N/A
TGTGTGGTACACATGATTTCAG

Primer: ARHGAP36 F2 This paper N/A
TGGTGTCTGCTTCTGCACCT

Primer: ARHGAP36 R2 This paper N/A
AAACAGGAAATGGTCCATATGC

Primer: SRY F1 This paper N/A
AAGATGATAAGTTGGTGGCTC

Primer: SRY R1 This paper N/A
GGCCACTCTTTGCGACAAC

Primer: KIT F1 This paper N/A
TCAGGAGCCTGCAAATCCTC
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REAGENT or RESOURCE SOURCE IDENTIFIER

Primer: KIT R1 This paper N/A

CGCTGGAACGCTCAGGTCTTC

Primer: KIT F2 This paper N/A

TGGTATCTCACCGCTGCGTC

Software and algorithms

BWA v0.7.17 Liet al.”® https://bio-bwa.sourceforge.net/

GATK v4.1.3 Van der Auwera et al.** https://gatk.broadinstitute.org/

SnpEff v4.3 Cingolani et al.>® https://pcingola.github.io/SnpEff/

HISAT2 v2.0.5 Kim et al.*® https://daehwankimlab.github.io/hisat2/

StringTie v2.1.4 Pertea et al.”” https://www.ccb.jhu.edu/software/stringtie/

DAVID Huang et al.*? https://davidbioinformatics.nih.gov/

Bismark v0.10.0 Krueger et al.”® https://www.bioinformatics.babraham.ac.uk/
projects/bismark/

SNPsplit v0.3.2 Krueger et al.*® https://www.bioinformatics.babraham.ac.uk/
projects/SNPsplit/

Other

TRIzol Reagent Thermo Fisher Scientific 15596026

KOD One PCR Master Mix TOYOBO 18538-01

BigDye Terminator v3.1 Thermo Fisher Scientific 4337455

Klenow Fragment (3" — 5’ exo-) NEB M0212M

Bst DNA Polymerase Large Fragment NEB M0275S

Phusion Hot Start I| DNA Polymerase Thermo Fisher Scientific F549L

EXPERIMENTAL MODEL AND STUDY PARTICIPANT DETAILS

Sampling of domestic cats

Sampling of domestic cats was carried out in accordance with the ethical guidelines of Kyushu University using the protocols
approved by the Animal Experiment Committee (#A21-433-1). Blood samples and small tissue pieces were acquired by veterinarians
during routine veterinary practice or spaying/neutering surgery. Skin tissues from an animal that died of unknown causes were volun-
tarily donated by a breeder. Samples were collected from two different skin regions of each coat color in cat #01 (see Figure S1C).
Skin fragments of 2 mm square including dermis and epidermis but excluding subcutaneous tissues were collected from each coat
color region, carefully avoiding areas with different fur colors.

METHOD DETAILS

DNA and RNA extraction

Genomic DNA was extracted from whole blood cells using the NucleoSpin Blood kit (Macherey-Nagel) or from tissue samples by a
standard method involving proteinase K digestion and isopropanol precipitation. Total RNA was extracted from tissue samples using
TRIzol Reagent (Thermo Fisher Scientific).

Genotyping
The cats were genotyped for alleles of ARHGAP36 (A/+) and KIT (w*/w®) by PCR using KOD One PCR Master Mix (TOYOBO) with
primers listed in key resources table. Some animals were also examined for the presence of SRY on the Y chromosome.

Sanger sequencing
Sanger sequencing of PCR products was performed to determine the exact position and size of the deletion using BigDye Terminator
v3.1 (Thermo Fisher Scientific) and primers listed in key resources table.

WGS, RNA-seq, and WGBS

WGS libraries were prepared from genomic DNA using the TruSeq DNA PCR-Free LT Library Prep Kit (lllumina) and sequenced to
generate 53-nt paired-end reads on an lllumina NovaSeq 6000 equipped with NVCS v1.6.0 and RTA v3.4.4. RNA-seq libraries were
prepared from total RNA using NEBNext rRNA Depletion Kit, NEBNext Ultra Il Directional RNA Library Prep Kit for lllumina, and
NEBNext Multiplex Oligos for lllumina (96 Unique Dual Index Primer Pairs) (NEB). Sequencing was performed using a SP Reagent
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Kit (llumina) on an lllumina NovaSeq 6000 equipped with NVCS v1.6.0 and RTA v3.4.4 to generate 53-nt paired-end reads. WGBS
libraries were prepared using the post-bisulfite adapter tagging method.®° Two hundred ng of genomic DNA spiked with 2 ng lambda
phage DNA (Promega) was subjected to bisulfite conversion using EZ Methylation-Gold Kit (Zymo Research). The bisulfite converted
DNA was then subjected to two rounds of random priming with N4 primers followed by sequential enzymatic reactions with Klenow
Fragment (3’->5’ exo-, NEB), Bst DNA Polymerase Large Fragment (NEB), and Phusion Hot Start Il DNA Polymerase (Thermo Fisher
Scientific). Sequencing was performed using a S1 Reagent Kit (lllumina) on an lllumina NovaSeq 6000 equipped with NVCS v1.6.0
and RTA v3.4.4 to generate 108-nt single-end reads. All read sequences obtained by WGS, RNA-seq, and WGBS were mapped to
the domestic cat reference genome (AnAms1.0) obtained from the Cats-I database.'®

QUANTIFICATION AND STATISTICAL ANALYSIS

WGS data analysis

All paired-end reads were aligned to the AnAms1.0 genome using the Burrows-Wheeler Aligner (BWA v0.7.17)°° with the BWA-MEM
algorithm. Reads mapped to the X chromosome were extracted for further analysis. Duplicate reads were removed using Picard and
only uniquely mapped reads were retained. Variant calling was performed using the HaplotypeCaller module of the Genome Analysis
Toolkit (GATK v4.1.3)°* for single nucleotide variants and small insertions and deletions. Variants within the 1.5-Mb haplotype region
with a sequencing depth of at least three were extracted from the generated VCF files. To evaluate their potential functional impact,
SnpEff v4.3°° was used, and filtered variants were classified as HIGH or MODERATE impact. Variant profiles were then compared
between sample groups with and without the orange coat color to identify orange-specific variants. For genomes lacking the 5.1-kb
region, paired-end reads were mapped at intervals of approximately 5,000 bases, compared to the typical mapping distance of 400
bases. This extended read span was used as an indicator of deletion. Raw fastq files from published WGS datasets of 258 cats,
including nine with clear color images, contributed primarily by the 99 Lives Cat Genome Sequencing Initiative,'**> were obtained
from the Sequence Read Archive. The datasets were analyzed using our pipeline described above. Human (hg38 and hg19) and
mouse (mm10) X chromosome sequences and ENCODE data were downloaded from the UCSC Genome Browser. Sequence align-
ment between multiple mammalian species was performed using mVISTA®' and ClustalW v2.1.°> The golden hamster genome
sequence was obtained from the Sequence Read Archive (DRA010879).%%

RNA-seq data analysis

Adapter sequences and low-quality bases (Q-score < 30) were removed from the 5’ and 3’ ends using Trim Galore v0.6.0. Paired-end
reads longer than 35 bases were retained for analysis. The filtered reads were then aligned to the AnAms1.0 genome by HISAT2
v2.0.5.°° Transcripts were assembled using StringTie v2.1.4.°” To characterize the gene regulatory network involving ARHGAP36,
we identified genes that showed positive and negative correlation with ARHGAP36 expression in skin samples from a calico cat
(#01). Only the orange and black-brownish regions (n = 2 each) were used for the analysis because we did not expect melanogenesis
in the white regions. (Indeed, we observed no ARHGAP36 expression in the white region.) We then grouped the four datasets into
two, ARHGAP36 positive (two orange and one black-brownish samples) and ARHGAP36 negative (one black-brownish sample).
Then, a gene was considered to be positively correlated if its FPKM value was greater than 1 and at least five times higher in all three
ARHGAP36-positive samples compared with the ARHGAP36-negative sample. Conversely, a gene was considered to be negatively
correlated if its FPKM was greater than 1 and at least five times higher in the ARHGAP36-negtive sample compared to the
ARHGAP36-positive samples. Then, genes positively and negatively correlated with ARHGAP36 were subjected to the KEGG
pathway analysis using DAVID.?'**> RNA-seq data from mouse embryonic fibroblasts (GSE112097 and GSE121184)*>>" were re-
processed as described in the original manuscript for SNP-based allelic expression analysis of mouse Arhgap36. RNA-seq data
from various cat organs and tissues were acquired from the publicly available dataset (PRIJNA312519) and processed using the
aforementioned pipeline.

WGBS data analysis

Four bases were removed from the 5’ end of each read, and low-quality bases (Q-score < 30) from the 3’ end. Reads longer than 50
bases were retained for analysis. The filtered reads were then aligned to the AnAms1.0 genome using Bismark v0.10.0°® with a seed
length of 28, allowing a maximum of one mismatch in the seed and enabling the "—pbat" option. Only uniquely aligned reads were
used in the subsequent analysis. Data from both DNA strands were combined. Bisulfite conversion rate was estimated using reads
uniquely aligned to the lambda phage genome. For allele-specific analysis, reads were separated and grouped based on SNPs pre-
sent in a ARHGAP36 CGl using SNPsplit v0.3.2.°° Then methylated and unmethylated CpGs were individually counted in reads rep-
resenting each allele and the methylation level was calculated based on the counts. Publicly available WGBS datasets were obtained
from the Sequence Read Archive for a male cat named Boris (SRX548709),"2 human cytotrophoblasts (NBDC No. hum0086),*' and
mouse liver (GSE106379).“° These data were processed using the same pipeline as the cat data analysis. In addition, pre-calculated
bedGraph files on DNA methylation of mouse embryonic fibroblasts were obtained from the NCBI Gene Expression Omnibus
(GSE122094).°” CGls were predicted in the AnAms1.0 genome sequence using the method described by Gardiner-Garden and
Frommer.® The criteria for CGl identification included a minimum length of 200 bases, a GC content of at least 50%, and an observed
to expected CpG ratio (Obs/Exp) of at least 0.6.
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