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Autosomal-Dominant Woolly Hair
Resulting from Disruption of Keratin 74 (KRT74),
a Potential Determinant of Human Hair Texture

Yutaka Shimomura,1 Muhammad Wajid,1 Lynn Petukhova,1 Mazen Kurban,1

and Angela M. Christiano1,2,*

Autosomal-dominant woolly hair (ADWH) is a rare disorder characterized by tightly curled hair. The molecular basis of ADWH has not

previously been reported. In this study, we identified a Pakistani family with ADWH. The family showed linkage to chromosome 12q12-

q14.1, containing the type II keratin gene cluster. We discovered a heterozygous mutation, p.Asn148Lys, within the helix initiation

motif of the keratin 74 (KRT74) gene in all affected family members. KRT74 encodes the inner root sheath (IRS)-specific epithelial

(soft) keratin 74. We demonstrate that the mutant K74 protein results in disruption of keratin intermediate filament formation in

cultured cells, most likely in a dominant-negative manner. Furthermore, we sequenced the mouse Krt71-74 genes in the dominant

Caracul-like 4 (Cal4) allele, which is characterized by a wavy-coat phenotype and maps to the same region of mouse chromosome 15

as the Caracul (Ca) and Reduced coat (Rco) alleles. We identified a heterozygous mutation, p.Glu440Lys, not in Krt74 but in the neigh-

boring gene, Krt71. Krt71 was previously reported to harbor Ca and Rco mutations, as well as a coding SNP that is associated with

curly-coated dogs. In this study, we define the ADWH phenotype resulting from a mutation in a hair-follicle-specific epithelial keratin

in humans. Our findings not only further underscore the crucial roles of the IRS-specific epithelial keratin genes Krt71-74 in hair disor-

ders but also open the possibility that these genes might function as genetic determinants of normal variation in hair texture across

mammalian species.
The genetic determinants of hair texture in human popula-

tions are largely undefined. One approach to identify candi-

date genes is to analyze hereditary hair diseases that show

hair-shaft anomalies, such as woolly hair (WH). WH refers

to a phenotypic variant with fine and tightly curled hair.1

Distinct from the tightly curled hair typical of African

populations, WH shows hair-shaft anomalies and is some-

times associated with sparse and/or depigmented hair.1–3

WH can be classified into syndromic and nonsyndromic

forms.1 Nonsyndromic WH can be inherited as either an

autosomal-dominant (ADWH [MIM 194300])3 or an auto-

somal-recessive (ARWH [MIM 278150])2,3 trait. We and

others have recently reported that mutations in the LIPH

(MIM 607365) and P2RY5/LPAR6 (MIM 609239) genes

underlie ARWH and/or localized autosomal-recessive hypo-

trichosis (LAH [MIM 604379 and 611452]).4–7 The LIPH

gene encodes a phospholipase A1 family member that

produces 2-acyl lysophosphatidic acid (LPA),8 and the

LPAR6 gene encodes a receptor of LPA.5,9 Because both

LIPH and LPAR6 are expressed in the inner root sheath

(IRS) of human hair follicles (HFs),6,7 they are postulated

to function in a common signaling pathway and play a crit-

ical role in hair growth in humans.

To date, no gene has been implicated in the pathogen-

esis of ADWH. We undertook this study to identify

a gene underlying ADWH and to better understand the

genetic determinants of hair texture in humans.

We recently identified a Pakistani family (ADWH1)

with features consistent with dominantly inherited WH.
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Multiple affected family members showed clinical features

at birth. The hair over the entire scalp region is coarse,

lusterless, dry, and tightly curled, leading to a diffuse WH

phenotype with normal hair density (Figures 1A–1C).

The hair grows slowly and stops growing at a few inches.

Under light microscopy, plucked hairs from affected indi-

viduals show several anomalies, such as dystrophic anagen

hairs (Figure 1D), twisting (Figure 1E), knot formation (Fig-

ure 1F), and tapered distal ends (Figure 1G). These features

are consistent with abnormal scalp hair growth, whereas

the eyebrows, eyelashes, and beard hairs appeared normal.

Affected individuals had normal teeth, nails, and sweating

and did not show palmoplantar hyperkeratosis or keratosis

pilaris. There was no family history of heart disease, early

sudden death, neurologic abnormalities, or a high preva-

lence of cancers.

Informed consent was obtained from all subjects, and

approval for this study was provided by the Institutional

Review Board of Columbia University. The study was

conducted in adherence to the Declaration of Helsinki

Principles. Peripheral blood samples were collected

from the family members as well as unrelated healthy

control individuals of Pakistani origin. Genomic DNA

was isolated from these samples with the PUREGENE

DNA isolation kit (Gentra System). We initially performed

genotyping by using human mapping arrays (Affymetrix

10K) on 11 members of the family. Parametric linkage

analysis was performed under an autosomal-dominant

model. A maximum LOD score Z ¼ 1.56, suggestive of
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Figure 1. Fine Mapping of ADWH Phenotype on Chromosome 12q12-q14.1
(A–C) Clinical appearance of ADWH.
(D–G) Appearance of the hair shaft in affected individuals with ADWH. The scale bar represents 100 mm.
(H) Pedigree and haplotype analysis of a Pakistani family ADWH1. The linked haplotype is indicated in red. Critical recombination
events are indicated by black arrowheads.
linkage, was identified on chromosome 12 (Figure S1A).

Tests for allelic association implicated 12q13 (p ¼ 0.005)

in the region of the type II keratin gene cluster (Figure S1B).

Microsatellite markers were then placed across the

region, which reconfirmed linkage to the same location

(Zmax ¼ 1.57) (Figure S1C). Critical recombination events

were detected between markers D12S1301 and D12S1701

in affected individual IV-10 (Figure 1H), as well as between

markers D12S83 and D12S1610 in affected individuals

IV-5 and IV-9 (Figure 1H). This allowed the linkage

interval, flanked by markers D12S1301 and D12S1610,

to be limited to 20.91 Mb. The type II keratin gene

cluster resides in the candidate region, containing four

inner root sheath (IRS)-specific keratin genes, KRT71-74

(MIM 608245, 608246, 608247, and 608248), previously

known as K6irs1–4 (Figure 2A).10,11
The Am
Several lines of evidence led us to postulate that a muta-

tion might lie in KRT71-74. First, mutations in the Krt71

gene have previously been identified in Caracul (Ca)12

and Reduced coat (Rco)13,14 mutant mice, which show

a wavy-coat phenotype. Second, it has recently been re-

ported that a coding SNP in the KRT71 gene is strongly

associated with a curly-coat phenotype in dogs.15 Third,

both LPAR6 and LIPH, the causative genes for ARWH, are

abundantly expressed in the same compartment (IRS) of

human HFs.6,7 We performed direct sequencing analysis

of the KRT71-74 genes (Table S1) and identified a heterozy-

gous mutation, c.444C>G, in exon 1 of the KRT74 gene in

all affected individuals of the family (Figure 2B). Screening

assays with the restriction enzyme AcuI showed that the

mutation completely cosegregated with the disease pheno-

type and was excluded from 200 population-matched,
erican Journal of Human Genetics 86, 632–638, April 9, 2010 633



Figure 2. Identification of a Mutation in the KRT74 Gene
(A) Schematic representation of the candidate region harboring the ADWH gene. The candidate region and the type II keratin gene
cluster are boxed in yellow and red, respectively, and localization of four IRS-specific keratin genes, KRT71–74, is shown at the bottom.
(B) A heterozygous mutation c.444C > G (p.Asn148Lys) in the KRT74 gene in affected individuals from the family ADWH1.
(C) Segregation analysis of the mutation c.444C > G in the KRT74 gene. PCR products of 338 bp from the mutant (Mut) allele were
digested into 234 bp and 104 bp fragments with the restriction enzyme AcuI, whereas those from the wild-type (Wt) allele were not
digested. Affected individuals are indicated in red and show the digested bands of 234 bp and 104 bp from the Mut allele as well as
the undigested band of 338 bp from the Wt allele. MWM, molecular weight markers. C, control individual.
(D) Multiple-amino-acid sequence alignment of the helix initiation motif (HIM) of human type II keratins. K74 (K6irs4) is indicated in
red. The Asn residue at amino acid position 9 in the HIM, which is invariant and completely conserved among all human type II keratins,
is highlighted in yellow.
unrelated, unaffected individuals (400 chromosomes)

(Figure 2C; data not shown).

Keratins are a major structural component of the HF and

are largely divided into two groups: type I (acidic) and

type II (basic to neutral) keratins. The type I and type II

keratins form keratin intermediate filaments (KIFs) in

the cytoplasm through heterodimerization.16,17 All keratin

proteins share a common structural organization that is

composed of the N-terminal head domain, the central a-

helical rod domain, and the C-terminal tail domain. The

N terminus and C terminus of the central a-helical rod

domain are called the helix initiation motif (HIM) and

helix termination motif (HTM), respectively, which are

highly conserved and critical for heterodimerization

between the type I and type II keratins.16 Keratins are

further classified into hair (hard) and epithelial (soft)
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keratins. The epithelial keratins are widely expressed in

epithelia of various tissues, whereas the hair keratins are

predominantly expressed in highly keratinized tissues,

such as the hair shaft and nails. The hair keratins differ

from the epithelial keratins by their considerably higher

sulfur content in the head and tail domains. This high

sulfur content is believed to be important for the extraordi-

narily high degree of filamentous cross-linking with hair-

keratin-associated proteins.17 The mutation c.444C > G

resulted in a substitution from asparagine to lysine at

amino acid position 148 of the keratin 74 (K74) protein

(p.Asn148Lys) (Figure 2B), and this substitution occurred

within helix initiation motif (HIM) of the K74 protein.

Asn148 (amino acid position 9 in the HIM) is completely

conserved among all human type II keratins (Figure 2D).

Furthermore, Asn-to-Lys substitutions at amino acid
010



Figure 3. Mutant K74 Protein Disrupts Endogenous KIF Formation in PtK2 Cells, and K74 Colocalizes with LPAR6 in Huxley’s Layer of
Human Hair Follicles
(A–C) Ectopically expressed wild-type (Wt) K74 protein forms a KIF network via heterodimerization with endogenous K18 protein.
(D–F) The p.Asn148Lys mutant (Mut) K74 protein causes a collapse of the endogenous KIF network around the nucleus.
(G–I) Double immunostainings with guinea pig polyclonal anti-K74 (1:2,000) (G) and rabbit polyclonal anti-P2Y5 (LPAR6; 1:200; MBL
International) (H) antibodies show that both K74 and LPAR6 proteins are coexpressed in Huxley’s (Hux) layer of the IRS of human hair
follicles from a normal control individual (I), whereas only LPAR6 is expressed in Henle’s (He) layer of the IRS (I).
The right panels are merged images, and counterstaining with DAPI is shown in blue (C, F, and I). Scale bars represent 20 mm (A) and
100 mm (G).
position 9 in the HIM of other type II keratins underlie

several autosomal-dominant skin diseases in humans

(Table S2).18–30 Together, these data strongly suggest the

mutation p.Asn148Lys in K74 is a pathogenic mutation

underlying ADWH.

In order to determine the impact of p.Asn148Lys on the

function of the K74 protein, we subcloned the coding

sequences of wild-type (Wt) KRT74-cDNA into the

mammalian expression vector pCXN2.131,32 with EcoRI

and XhoI sites. The expression construct for the

p.Asn148Lys mutant K74 (pCXN2.1-Mut-K74) was gener-

ated with the QuikChange II XL Site-Directed Mutagenesis
The Am
Kit (QIAGEN) and the pCXN2.1-Wt-K74 construct as

a template. We transfected either Wt-K74 or Mut-K74

into PtK2 (kangaroo rat kidney epithelial) and MCF-10A

(human breast epithelial) cells expressing endogenous

keratins such as K8/K18 and K5/K14, respectively.

Double immunostainings with guinea pig polyclonal

anti-K74 (diluted 1:2,000) and either mouse monoclonal

anti-K18 (clone 2F8; 1:50; Sigma) or rabbit polyclonal

anti-K14 (1:1,000; Covance) antibodies demonstrate that

Wt-K74 protein is widely distributed throughout the cyto-

plasm, where it colocalizes with K18 in PtK2 cells (Figures

3A–3C) or K14 in MCF-10A cells (Figures S2A–S2C),
erican Journal of Human Genetics 86, 632–638, April 9, 2010 635



suggesting that Wt-K74 forms a functional KIF cytoskel-

eton via a heterodimer with the endogenous K18 or K14

proteins. In striking contrast, Mut-K74 is mislocalized

around the nucleus, where it appears collapsed and coloc-

alizes with aggregated K18 or K14 proteins (Figures 3D–3F

and Figures S2D–S2F), suggesting that the mutant K74

protein interferes with KIF formation, most likely in a

dominant-negative manner.

To test whether mutations in the corresponding mouse

Krt74 gene might underlie a new mutation, we sequenced

mouse Krt71–74 genes in the Caracul-like 4 (Cal4) allele

(Jackson Laboratory), which is characterized by a wavy-

coat phenotype and maps to the same region of mouse

chromosome 15 as Caracul (Cal)12 and Reduced coat

(Rco)13,14 alleles. We identified a heterozygous mutation

c.1318G > A (p.Glu440Lys) not in Krt74 but in the neigh-

boring gene Krt71, as has been previously reported for Ca

and Rco mutations (Figure S3),12–14 as well as SNPs in

curly-coated dogs.15

It has recently been shown that SNPs in EDAR (MIM

604095)33 and trichohyalin (TCHH [MIM 190370])34 genes

are associated with straight hair in Asian and European

populations, respectively. In addition, we postulated that

SNPs in the KRT71-74 genes might also be associated with

a determinant of normal variations in hair texture in hu-

mans. We hypothesized that a comparison of two popula-

tions with extremely divergent distributions of hair texture

would show marked differences in the allele frequencies

of such SNPs. Therefore, we examined allele frequencies

for SNPs across this gene cluster for an African (YRI) and

a European ancestry (CEU) population from HapMap and

found seven KRT71 gene SNPs that showed significant

differences in allele frequencies between the two popula-

tions (Figure S4). For these seven SNPs, the reference allele

frequency in YRI was 1 and ranged between 0.51 and 0.60

for CEU. Linkage disequilibrium patterns across these SNPs

suggest that they share a common haplotype, and it is

noteworthy that one of these, rs10783518, falls within

a coding region and results in an amino acid change

p.Gly464Val in the C terminus of the K71 protein, which

could potentially affect KIF formation. Taken together

with genetic evidence from model mouse and canine

studies, these data highlight the importance of this gene

cluster in hair texture across mammalian species.

A total of four type II epithelial keratins, K71–74, are

differentially expressed in the IRS of human HFs. The IRS

is well established as a critical structural element for sup-

porting and molding the hair shaft.10,11 It consists of three

distinct layers: IRS cuticle, Huxley’s layer, and Henle’s

layer. The companion layer surrounds the Henle’s layer.

Although there are few desmosomes between the kerati-

nized Henle’s layer and the companion layer, some cells

of Huxley’s layer transect Henle’s layer and attach directly

to the companion layer, forming desmosomes.10 There-

fore, Huxley’s layer plays an important role in maintaining

the structure of the HFs. K74 is specifically expressed in

Huxley’s layer of the IRS (Figure 3G).11 Disruption of K74
636 The American Journal of Human Genetics 86, 632–638, April 9, 2
is predicted to result in a collapse of KIF formation in Hux-

ley’s layer and lead to perturbations of hair-shaft growth

and elongation. Because expression of LIPH,7 LPAR6, and

K74 overlaps in Huxley’s layer (Figures 3G–3I), LIPH/

LPAR6 signaling is most likely connected with KIF forma-

tion, as well as desmosomal assembly in the IRS.

Mutations in some hair keratins are known to cause

hereditary hair diseases, such as monilethrix (MIM

158000).35 In addition, a coding SNP in the epithelial

keratin 75 (K6hf [MIM 609025]), which is specifically ex-

pressed in the companion layer and the hair-shaft medulla,

was previously associated with pseudofolliculitis barbae

(PFB [MIM 612318]).36 PFB is a common condition in

African populations and is characterized by ingrown hairs

of the facial and submental regions. However, no patho-

genic mutations have previously been found in HF-specific

epithelial keratins in humans. To our knowledge, we show

for the first time the phenotype that arises from a mutation

in an HF-specific epithelial keratin. Because the typical hair

texture in Pakistani populations is straight, Asian-type

hair, we were able to easily identify ADWH. However, it

might not be as obvious in populations with admixture

of different hair textures. We postulate that some individ-

uals in other populations who appear to have extremely

curly hair may actually have WH and carry mutations in

one of the IRS-specific keratins. Our findings indicate that

disruption of K74 underlies autosomal-dominant woolly

hair. More broadly, we postulate that the IRS-specific kera-

tins KRT71-74 may be involved in the determination of

hair texture in different human populations.
Supplemental Data

Supplemental Data include four figures and two tables and can be

found with this article online at http://www.cell.com/AJHG/.
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