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Identification of ASAH1 as a susceptibility gene for
familial keloids

Regie Lyn P Santos-Cortez1,9, Ying Hu2,3, Fanyue Sun2, Fairouz Benahmed-Miniuk2, Jian Tao2,
Jitendra K Kanaujiya2, Samuel Ademola4, Solomon Fadiora5, Victoria Odesina6,
University of Washington Center for Mendelian Genomics, Deborah A Nickerson7, Michael J Bamshad7,8,
Peter B Olaitan5, Odunayo M Oluwatosin4, Suzanne M Leal1 and Ernst J Reichenberger*,2

Keloids result from abnormal proliferative scar formation with scar tissue expanding beyond the margin of the original wound and

are mostly found in individuals of sub-Saharan African descent. The etiology of keloids has not been resolved but previous

studies suggest that keloids are a genetically heterogeneous disorder. Although possible candidate genes have been suggested by

genome-wide association studies using common variants, by upregulation in keloids or their involvement in syndromes that

include keloid formation, rare coding variants that contribute to susceptibility in non-syndromic keloid formation have not been

previously identified. Through analysis of whole-genome data we mapped a locus to chromosome 8p23.3-p21.3 with a

statistically significant maximum multipoint LOD score of 4.48. This finding was followed up using exome sequencing and led to

the identification of a c.1202T4C (p.(Leu401Pro)) variant in the N-acylsphingosine amidohydrolase (ASAH1) gene that

co-segregates with the keloid phenotype in a large Yoruba family. ASAH1 is an acid ceramidase known to be involved in tumor

formation by controlling the ratio of ceramide and sphingosine. ASAH1 is also involved in cell proliferation and inflammation,

and may affect the development of keloids via multiple mechanisms. Functional studies need to clarify the role of the ASAH1

variant in wound healing.
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INTRODUCTION

Scar formation is a complex self-limiting process of dermal wound
healing. Keloids can develop when regulatory mechanisms for self-
limitation of dermal scarring are compromised. They transgress the
margin of the original wound in a tumor-like expansion of scar tissue,
and keloid growth can persist for several years. Keloids typically
develop after stimulation by trauma or infection. After proliferating
for months or years, they form a regressing inner zone while
maintaining a proliferating inflammatory outer margin.
Keloids pose a significant health issue and are mostly found in

populations of sub-Saharan origin, but can occur in all racial and
ethnic groups. The incidence has been estimated to be between 0.09%
in the Europeans1 and 6% in a West African population.2 It is
estimated that up to 3% of all cases in the West African study2 and
28% in a Chinese population3 comprise inherited keloids.
Keloids develop most commonly in young adults and are less

common in children before puberty and in adults over 30 years old.3

The etiology and mechanisms that drive the scar tissue proliferation
for prolonged periods of time are still unknown. There is evidence that
alterations in inflammatory response, immune cell composition and
increased susceptibility of keloid fibroblasts to cytokines and hor-
mones as well as changes in matrix remodeling and apoptosis

contribute to the maintenance of fibrotic events in keloids.4 Current
treatment of keloids is unsatisfactory as a patient may respond to one
treatment but not to others and some patients suffer from a high
recurrence rate.5 Differences in expressivity, age of onset and response
to treatment suggest that keloid formation is a genetically hetero-
geneous disorder.
Previous genetic studies provide evidence for autosomal domi-

nant, additive or oligogenic inheritance in families.6,7 Highly
variable results of gene expression studies in families6,8 and in
keloid fibroblasts9–11 also indicate that keloids are due to hetero-
geneous genetic events.
ASAH1 encodes one out of five known acid ceramidases, which

cleaves ceramide from fatty acid to produce sphingosine, and
conversely it can catalyze the synthesis of ceramide using fatty acid and
sphingosine.12 The balance between ceramide and sphingosine is
important in regulating diverse functions; in particular, the ASAH1
protein is involved in apoptosis, cell cycle, differentiation and cell
invasion.13 The ASAH1 protein is highly expressed in cancer cell lines
and human alveolar macrophages, suggesting a role in proliferative
lesions and inflammation.13 Here we used a combination of linkage
analysis and exome sequencing in a large Yoruba family from Nigeria
to identify a variant that affects function in the gene encoding acid
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ceramidase or N-acetylsphingosine amidohydrolase (ASAH1; MIM
613468) as the cause for susceptibility to keloids.

MATERIALS AND METHODS

Family ascertainment
Family members were recruited according to protocols approved by the
Institutional Review Board of University of Connecticut Health and the Ethics
Committees of the University of Ibadan/University College Hospital and the
College of Health Sciences, Ladoke Akintola University of Technology, Osogbo.
Informed consent was obtained from all study participants. Family A is of
ethnic Yoruba background. Age at onset varied widely, from the first to the
seventh decade of life. Because of the age-dependent onset of keloids, only
family members who are 21 years of age and older, and do not present with
keloids are considered to be unaffected for the purpose of linkage analysis.
Subjects were ascertained by research teams led by experienced plastic surgeons,
and all keloids were photographically documented. From the medical history
and physical examination, no other skin lesions, craniofacial features, limb
anomalies, systemic signs and symptoms that suggest syndromic or inherited
neurologic disease were detected.

Genetic analysis
Genomic DNA was isolated from peripheral blood (Gentra Puregene Blood Kit,
Qiagen, Germantown, MD, USA) or saliva (Oragene•DNA, DNA Genotek,
Ottawa, ON, Canada). Genotyping was performed using the Illumina
InfiniumLinkage-24 BeadChip (Illumina, San Diego, CA, USA) that includes
5923 single-nucleotide polymorphism (SNP) markers across the genome.
Quality control of the genotype data was performed using PEDCHECK14 to

identify Mendelian inconsistencies and MERLIN15 to detect occurrences of
double-recombination events over short genetic distances, which most likely
occur due to genotyping error. Two-point and multipoint linkage analyses were
performed with Superlink.16 The two individuals with hypertrophic or
stretched scars but no keloids were included in the analysis as having an
unknown affection status (Figures 1 and 2). Linkage analysis was performed
using an autosomal dominant mode of inheritance with 90% penetrance, a
disease allele frequency of 0.001 and marker allele frequencies for the Yoruba
population from HapMap release #28. The Rutgers combined linkage–physical
map of the human genome Build 37 version was used to obtain genetic map
positions and distances for the multipoint linkage analysis. Haplotypes were
reconstructed using SimWalk2 2.91.17

Exome sequencing and variant calling for samples II-3 and II-7 (Figures 1
and 2) was performed at the University of Washington Center for Mendelian
Genomics as previously described.18 In brief, sequence capture was performed
in solution using the Roche NimbleGen SeqCap EZ Human Exome Library
v2.0 (~37 Mb target) (Roche, Indianapolis, IN, USA). Fastq files were aligned to
the hg19 human reference sequence using Burrows Wheeler Aligner.19 The
variant call format file that was generated using the Genome Analysis Toolkit20

was annotated using ANNOVAR21 and dbNSFP.22 A single-nucleotide variant
was selected as potentially causal if the variant is (a) shared by the affected
individuals with exome data, (b) falls within the mapped region, (c) has minor
allele frequency (MAF) o0.001 in any population within the Exome Aggrega-
tion Consortium (ExAC) database and (d) is deemed damaging by at least two
bioinformatic tools in dbNSFP. Potentially causal exome variants were tested
for co-segregation with keloids by Sanger sequencing using DNA samples from
the remaining family members. Sanger sequencing of the ASAH1 c.1202T4C
variant was performed using DNA samples from 318 additional Yoruba patients
with familial or spontaneous keloid formation and from 192 unaffected Yoruba
control individuals who reported no keloids in their families. To examine the
possibility of a shared haplotype among unrelated variant carriers, selected
exome variants flanking the ASAH1 c.1202T4C variant were Sanger-sequenced
in two probands with keloids who were identified to carry the variant. The
ASAH1 c.1202T4C variant was assigned the ClinVar ID SCV000538196.

Immunohistochemistry
Normal skin samples were obtained from the National Disease Research
Interchange and keloid samples from the University of Ibadan, Nigeria.
Samples were embedded in paraffin. Seven-micrometer sections were subjected

to antigen retrieval in citrate buffer. Specimen were blocked in 10% BSA and
0.1% Tween 20 before incubation with ASAH1 or control IgG antibodies
(Santa Cruz Biotechnology, Dallas, TX, USA). Anti-goat Alexa 594 (Thermo
Fisher Scientific, Waltham, MA, USA) was used as secondary antibody. Nuclei
were stained with Hoechst 33342 dye (Molecular Probes, Thermo Fisher
Scientific, Waltham, MA, USA). Sections were imaged using a Zeiss Observer
Z1 microscope (Carl Zeiss Microscopy, Thornwood, NY, USA).

RESULTS

Patient description
Scars in all participating family members were thoroughly examined.
Family A consists of 24 informative members, including 9 individuals
with keloids and 2 with hypertrophic or stretched scars (Table 1). All
unaffected members were older than 21 years at the time of
genotyping. The proband (II-2) is a 65-year-old female with multiple
large keloids on her torso (Figures 1 and 2). She reported that the first
keloid appeared at age 57 years due to acne, and for at least eight other
keloids the cause was unknown. Her mother (I-2; Figures 1 and 2)
suffers from multiple (≥12) spread-out keloids covering large portions
of her torso, which first appeared at age 68 years. The cause for keloids
was given as infections. For this individual, keloids were treated with
cortisone injections at age 72 years without significant improvement.
The proband’s sister (II-7; Figures 1 and 2) suffers from four large
keloids on her arms, back and chest. Her first keloids on the upper
extremities and chest appeared at 2 years of age after injuries with a
sharp object. The keloid on her upper arm appeared at age 44 years,
also due to an injury with a sharp object. Another sister of the
proband (II-5; Figures 1 and 2) has a single large, non-tender, non-
itchy, butterfly-shaped keloid on her abdomen since age 42 years,
which was caused by injury with a sharp object. A third sister of the
proband (II-3; Figures 1 and 2) developed a small keloid due to
bruising on her right leg at age 38 years.
Within the third generation, among the six children of the

proband’s sister II-7, four have been diagnosed with keloids
(Figures 1 and 2). Niece III-14 has two small itching keloids on her
thighs since age 17 due to abrasions. Female III-15 is the twin sister of
III-14 and has a small keloid on her calf since age 17 years due to
bruising. Also at age 17 she incurred another injury to her back which
left a 3 × 2 cm flat scar that did not become a keloid. Because of
bruising, nephew III-16 has two small keloids on his legs with onset at
age 28 years. Another nephew III-17 has a small keloid on his thigh
and a large hypertrophic scar on his arm since age 24 years that were
caused by injuries. There was no tenderness or itching at the scar. The
youngest siblings III-18 and III-19 were 23 and 18 years old,
respectively, at the time of sample ascertainment and have no keloids.
For two family members (III-7 and III-11) the affection status was

assigned as unknown (Figures 1 and 2). The proband’s 30-year-old
niece III-7 has a 3×0.5 cm hypertrophic scar on her knee, therefore she
was classified as having unknown affection status. The proband’s niece
III-11 (24 years old) is also classified as having unknown affection
status because she has a 3×1 cm ellipsoid asymptomatic scar on her
abdomen that persisted as a raised scar for 2 years before recruitment.
No other relevant health issues have been reported for this family.

Linkage analysis
In family A, a statistically significant maximum two-point LOD score
of 4.08 (ϴ= 0) was obtained at marker rs2028806 (chromosome 8:
8.93 Mb; Supplementary Table 1). The maximum multipoint LOD
score is 4.48 and occurred at three markers rs4840947 (8.23 Mb),
rs2028806 (8.93 Mb) and rs1544981 (10.68Mb). The three-unit
support interval (Supplementary Table 1) falls between rs336431
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(0.58 Mb) and rs966773 (19.75Mb). The haplotype that segregates
with keloid susceptibility (Figure 2) is flanked by markers rs763869
(1.38 Mb) and rs966773 (19.75 Mb). The haplotype region that
segregates with the keloid phenotype is smaller than the three-unit
support interval and defines the boundaries of the locus interval. The
upper and lower boundaries of the haplotype are due to recombina-
tion events that were observed between rs763869 (1.38 Mb) and
rs4242539 (1.69 Mb) in individual II-3, and between rs871667
(19.15 Mb) and rs966773 (19.75Mb) in individual II-2 (Figure 2).
The locus interval at chromosome 8p23.3-p21.3 contains 18.37 Mb of
sequence, within which are 113 genes. No other genomic region was
identified to have a maximum multipoint LOD score 42.0.

Exome and Sanger sequencing
Within the mapped locus interval there were two rare, damaging,
nonsynonymous variants that were identified to be shared by the
two affected individuals with exome data. They are as follows: (a)
AGPAT5 NM_018361.3: c.926G4A (p.(Gly309Glu)) (ClinVar acces-
sion SCV000579507), which had a Combined Annotation Dependent
Depletion (CADD)23 score of 25.4 and was predicted to be damaging
by fathmm,24 the Likelihood Ratio Test (LRT),25 MutationAssessor,26

MutationTaster,27 PROVEAN28 and SIFT;29 and (b) ASAH1
NM_004315.5: c.1202T4C (p.(Leu401Pro); rs368345612), which had
a CADD score of 28.1 and was predicted damaging by LRT, MetaLR/
MetaSVM from dbNSFP, MutationAssessor, MutationTaster, Poly-
phen-2,30 PROVEAN and SIFT. Both variants occurred in two
heterozygous ExAC African alleles (MAF= 0.00019) but were not
found in other ExAC populations. Both variants were Sanger-
sequenced using DNA samples from the rest of the family members.

The AGPAT5 variant was absent in affected participants I-2, II-2, III-7,
III-14, III-15, III-16 and III-17 (seven of nine affected individuals) of
family A. Only the ASAH1 variant co-segregated with keloids, when
reduced penetrance is taken into account. All affected subjects were
heterozygous for the ASAH1 variant (Supplementary Figure 1), as well
as unaffected individuals III-19 (21 years), III-10 (33 years) and III-12
(30 years). Individual III-11, who had an unusually wide scar that was
not diagnosed as keloid, was wild type for the variant. In summary, the
ASAH1 variant co-segregated with all affected family members and was
also found in young phenotypically unaffected family members III-10
(33 years) and III-12 (30 years), who shared SNP marker haplotypes
with affected family members.
In all, 2 out of 318 patients with keloids (MAF= 0.003) who were

screened for the ASAH1 variant were heterozygous for the c.1202T4C
(p.(Leu401Pro)) variant. One patient is a member of a small family B
with keloids occurring in three generations, however, only the proband
provided a DNA sample. The second patient is a sporadic (non-
familial) case. When selected exome variants surrounding the ASAH1
variant were Sanger-sequenced in the two proband carriers with
keloids, a 210.4 kb haplotype that includes the ASAH1 c.1202T4C
variant was identified to be common among carriers of family A and
the two probands with the ASAH1 variant (Supplementary Table 2).
The ASAH1 variant was not identified in 192 unaffected Yoruba
control individuals who had no family history of keloids.

Immunohistochemistry
ASAH1 staining in keloid scar tissue and normal skin tissue was found
in epidermis and dermis (Figure 3). Especially in the dermis of keloid
tissue, a number of ASAH1-positive cells were associated with blood

Figure 1 Clinical information for family A. Pictures of keloid and non-keloid scars with physical location of scars for each individual. Each individual is
labeled according to the pedigree drawing in Figure 2.
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vessels. Note, however, that the keloid samples did not derive from
patients with the ASAH1 p.(Leu401Pro) variant.

DISCUSSION

ASAH1 is ubiquitously expressed, with highest expression in the heart
and kidney.31 Increased ASAH1 expression has been reported in the
aging kidney,32 while lack of ceramidase activity in the kidney was
observed in Farber disease or lipogranulomatosis.33 Farber lipogranu-
lomatosis (MIM 228000) is a lysosomal storage disorder due to
autosomal recessive ASAH1 variants34,35 that leads to accumulation of
ceramide in tissues due to enzymatic deficiency, and is primarily
characterized by subcutaneous nodules, joint deformities and hoarse-
ness, although severe and atypical forms such as hydrops fetalis, failure
to thrive and congenital heart disease have also been reported.36,37

Autosomal recessive ASAH1 variants can also cause spinal muscular
atrophy with progressive myoclonic epilepsy.38 The occurrence of
hydrops fetalis in a child who is compound heterozygous for a splice
variant and a large deletion mirrors the embryonic lethal phenotype in
Asah1−/− mice.39 On the other hand, heterozygous Asah1+/− mice had
no overt clinical phenotype, but at 6 months of age, started to develop
lipid-laden inclusions in the liver, lung, bone and skin.39 To date no
human disease has been associated with heterozygous ASAH1 variants.

Individuals heterozygous for variants causing Farber lipogranuloma-
tosis or spinal muscular atrophy with progressive myoclonic epilepsy
are not known to have increased risk for keloids.
Here we report an ASAH1 c.1202T4C (p.(Leu401Pro)) variant

that, based on an autosomal dominant pattern with reduced pene-
trance, co-segregates with susceptibility to keloids in a large Nigerian
Yoruba family. Interestingly, the same ASAH1 variant was found in
two other Nigerian individuals with keloids who also carry the same
short haplotype (Supplementary Table 2). ASAH1 does not overlap
with keloid loci identified on chromosomes 1, 3 and 15 in a genome-
wide association study of two East Asian populations (Japanese and
Chinese)40,41 or with familial loci on 2q23 and 7p11.42 This locus also
does not overlap with cytogenetic locations for syndromes or genes
that have been previously implicated in keloid pathogenesis, such as
Rubinstein–Taybi syndrome (MIM 180849) that is due to hetero-
zygous variants in CREBBP (MIM 600140) at 16p13.3,43 or TGFB1
(MIM 190180) at 19q13.2, which is upregulated in keloid fibroblasts.44

Although the 8p region has not been previously associated with
keloids, the statistically significant LOD score that was obtained for
family A provides strong evidence that the 8p23.3-p21.3 region
contains a keloid gene. Moreover, the lack of additional rare damaging
variants across the genome that co-segregate with keloids in family A

Figure 2 Pedigree of family A and haplotypes within chromosome 8p23.3-p21.3. Proband is indicated by a black arrow. Filled black symbols denote family
members with keloids, symbols filled in half-black represent individuals with non-keloidal scars, while clear symbols represent unaffected individuals.
Genotypes for each individual are indicated beneath the corresponding symbol and SNP markers are listed at the right upper panel. The haplotype that
segregates with keloid occurrence is boxed.
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points to ASAH1 c.1202T4C as the causal variant for keloid
susceptibility. As autosomal dominant additive or oligogenic inheri-
tance in families6,7 cannot be excluded as causative for keloids in this
family A, it is possible that another regulatory variant within the
8p23.3-p21.3 locus, which could not be detected by exome sequen-
cing, contributes to keloids in this family A.
Reduced penetrance was used for the analysis due to marked

differences in age of onset and degree of scarring even within the same
family. In family A, the ages at which the first keloid appeared varied
from the first to the seventh decade of life. Individuals with keloids
often reported developing more than one keloid around the same age.
However, as seen in individuals III-15 and III-17 of family A, it is
possible to develop normal scars and keloids at around the same age.
Although sustaining a dermal injury is necessary for the development
of keloids, we hypothesize that due to the late age of onset for many of
the affected family members, additional factors that change over time
must have a role, as it is unlikely that they did not incur injuries earlier
in life. The late onset of keloids in this family is not typical for most
families with inheritable keloids. While the proband II-2 developed
her first keloid at age 57 and her mother I-2 even later at age 68, the

sister II-7 was reported to express her first keloid at 2 years of age. This
variability in onset and expressivity is most likely due to environ-
mental and/or genetic modifiers, such as hormonal status at time of
injury, inflammatory status and somatic variants that affect skin in
certain parts of the body (eg, skin exposed to UV radiation or
chemical injury). In addition, the degree of penetrance may be specific
to the gene or variant segregating with keloids in a family. Given the
wide age range at which keloids initially developed in this family,
individuals who are currently unaffected but carry the ASAH1 variant
(individuals III-10, III-12 and III-19) might develop keloids later in
life. In this analysis the inclusion of unaffected individuals with a
minimum age of 21 years is based on an arbitrarily assigned age cutoff
and it is very difficult to assess at which age variant carriers will
develop keloids due to the wide variability in age of onset for familial
keloids.6 On the other hand, affection status was made unknown for
two individuals who have hypertrophic or stretched scars (Figure 2).
Individual III-7 who has a hypertrophic scar carries the haplotype
that segregates with keloid susceptibility (Figure 2). We believe that
hypertrophic scars may be part of the keloid spectrum and
that common pathways or genes are involved in the development of

Table 1 Patient information for family A

Patient ID Affected status Sex Recruitment age Age of onset Number of keloids Reported cause Size of largest keloid Locations Symptoms

I-2 Aff F 89 68 412 Infections 30×15 cm Torso, arms 1, 2, 3, 4

II-2 Aff F 65 57 49 Acne, unknown 8×8 cm Torso 1, 2, 3

II-3 Aff F 60 38 4 Bruising 8×2 cm Leg —

II-5 Aff F 58 42 1 Sharp object 7×2 cm Abdomen —

II-7 Aff F 54 2 4 Sharp object 10×7 cm Arms, back, chest —

III-1 Unaff F 39 — — — — — —

III-2 Unaff M 43 — — — — — —

III-3 Unaff M 41 — — — — — —

III-4 Unaff M 33 — — — — — —

III-5 Unaff M 33 — — — — — —

III-6 Unaff F 38 — — — — — —

III-7 Unkn F 30 30 1 hypertrophic scar Bruising 3×0.5 cm Knee —

III-8 Unaff M 37 — — — — — —

III-9 Unaff F 33 — — — — — —

III-10 Unaff F 28 — — — — — —

III-11 Unkn F 24 22 Stretched scar Infection 3×1 cm Abdomen —

III-12 Unaff F 27 — — — — — —

III-13 Unaff F 21 — — — — — —

III-14 Aff F 33 17 2 Abrasion 2.5×2 cm Thighs 1

III-15 Aff F 33 17 1+1 normal scar Bruising 5×1 cm Calf 3

III-16 Aff M 31 28 2 Bruising 4.5×1.5 cm Leg 1

III-17 Aff M 27 24 1+1 hypertrophic scar Injury 3×1.5 cm, 8×1 cm Thigh, arm 1

III-18 Unaff F 23 — — — — — —

III-19 Unaff F 18 — — — — — —

Symptoms: (1) itching; (2) burning; (3) painful; (4) throbbing; (5) other; — not applicable.

Figure 3 Immunohistochemical staining shows ASAH1 expression in epidermis and associated with blood vessels in keloid scar and normal skin.
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either keloid or hypertrophic scars. Despite this variability in
penetrance and affection status, the highly statistically significant
LOD score that was achieved on chromosome 8p23.3-p21.3 strongly
supports the occurrence of a gene for keloid susceptibility within the
mapped locus. In addition, within the same locus interval affected-
only analysis resulted in a suggestive LOD score of 2.11, which is the
maximum LOD score that is achievable for this family in an affected-
only analysis.
Immunohistochemistry revealed ASAH1 staining in both normal

skin and keloid tissue (Figure 3). ASAH1 is expressed in endothelial
cells, in perivascular cells and in keratinocytes (Figure 3), which are
cell types that have been suspected to be involved in keloid fibrosis. In
previous studies comparing keloid tissue with normal skin, specific
ceramides may be lower in keloid tissue45,46 and failed to be activated
as a second messenger in Fas-mediated apoptotic signal
transduction.47 Keloid fibroblasts were also more resistant to
ceramide-induced apoptosis compared to normal dermal
fibroblasts.48 In Asah+/− mice with ceramidase deficiency, ceramide
accumulation in the liver and lipid-laden inclusions with lamellar-like
structures and crystalline storage material were observed in several
tissues, including skin.39 This description seems similar to the tubular
inclusions in dermal histiocytes and zebra-body-like and needle-like
lysosomal inclusion in epidermal cells of Farber disease patients.49,50

Furthermore, acid ceramidase levels in cultured skin fibroblasts from
heterozygous parents of Farber disease patients were at 30–60% less
than those from skin of control subjects.51 Unfortunately, we were
unable to obtain keloid tissue from carriers of the ASAH1 c.1202T4C
variant, thus the pathologic profile and the ceramide and ceramidase
levels in keloids expressing the variant cannot be verified.
In conclusion, we identified ASAH1 as a gene that is involved in

keloid susceptibility. Several treatment modalities such as enzyme
replacement therapy, gene therapy and hematopoietic stem cell
transplantation are currently being explored for treatment of Farber
disease, and acid ceramidase is identified as a potential therapeutic
target for other diseases as well, for example, bacterial infection,
diabetes, arthritis, retinal disease and cancer.52 The identification of an
ASAH1 variant as a cause of keloid susceptibility likewise implicates
acid ceramidase as a potential target for keloid treatment.
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