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Mutations affecting the coding sequence of intermediate filament (IF) proteins account for >30 disorders,
including numerous skin bullous diseases, myopathies, neuropathies, and even progeria. The manipulation of
IF genes in mice has been widely successful for modeling key features of such clinically distinct disorders. A
notable exception is pachyonychia congenita (PC), a disorder in which the nail and other epithelial appendages
are profoundly aberrant. Most cases of PC are due to mutations in one of the following keratin-encoding genes:
K6, K16, and K17. Yet null alleles obliterating the function of both K6 genes (K6 and K6f3) or the K17 gene,
as well as the targeted expression of a dominant-negative K6 mutant, elicit only a subset of PC-specific
epithelial lesions (excluding that of the nail in mice). We show that newborn mice null for Ké6a, K63, and K17
exhibit severe lysis restricted to the nail bed epithelium, where all three genes are robustly expressed, providing
strong evidence that this region of the nail unit is initially targeted in PC. Our findings point to significant
redundancy among the multiple keratins expressed in hair and nail, which can be related to the common
ancestry, clustered organization, and sequence relatedness of specific keratin genes.

The complete or partial loss of intermediate filament (IF)
function through mutation is responsible, at last count, for
more than 30 genetically determined human disorders (33). In
many but not all these instances, the pathogenesis of the le-
sions involved can be traced to the fragility of the cell(s) ex-
pressing the mutated defective IF protein (12, 33, 36), reflect-
ing the important role of mechanical support fulfilled by IFs in
the nucleus and cytoplasm. The large number of IF-encoding
human genes (n > 67) (5, 16), their differentiation-related
regulation in cells and tissues, and their unique properties
among cytoskeletal polymers underlie additional roles, such as
modulating the response to chemical stresses and pro-apopto-
tic signals (7, 34, 56, 58).

Cellular and molecular studies of the pathogenesis of IF
disorders contributed immensely to our understanding of their
properties, regulation, and function (12, 33, 36). In general,
manipulating individual IF genes in mice has been very suc-
cessful in mimicking key aspects of the corresponding disease
seen in humans and providing key insight into IF function (1,
24, 42). Compared to gene inactivation via targeting and ho-
mologous recombination, however, the tissue-specific expres-
sion of mutated or wild-type IF genes has been more successful
in phenocopying disease (20, 30, 32, 37). This in part reflects
the occurrence of functional redundancy within the IF super-
family, especially since many cell types express more than one
IF protein or network (6). Moreover, null alleles are less likely
to interfere with a compensatory mechanism(s) than domi-
nantly acting ones.

Keratins stand out among IF genes owing to their large
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number (>49) and their segregation into two distinct IF se-
quence types (I and II) clustered on separate chromosomes,
along with their pairwise and differentiation-related regulation
in epithelial tissues (5, 11, 16, 31, 41). Type I keratins (K9-K23,
Hal-Hag8) are smaller (40 to 64 kDa) and acidic, whereas type
II keratins (K1-K6, Hb1-Hb6) are larger (52 to 70 kDa) and
basic-neutral in charge (31). The significance of the dual char-
acteristics of keratin proteins lies in their obligate heteropoly-
merization into 10- to 12-nm-long filaments. The significance
of this polymerization requirement and of the differentiation-
related regulation of keratin genes is not understood. There is
evidence that “same-type keratins” are not interchangeable in
vivo (17) even if highly related in primary structure (35). As
many as two-thirds of all known keratin genes can be expressed
in complex epithelial appendages such as hair and nails (48).
Whereas such tissues are attractive experimental settings in
which to carefully explore the significance of differential ker-
atin gene regulation, a potentially significant limitation is func-
tional redundancy.

Pachyonychia congenita (PC) is a rare and genetically de-
termined ectodermal dysplasia in which several epithelial ap-
pendages show major alterations in their histology and appear-
ance. As the name suggests, the most severe and consistent
changes affect the nail, which is elevated, aberrantly shaped,
and profoundly dyskeratotic, with the changes usually starting
within a few months after birth (9). Type 1, or Jadahsson-
Lewandowski, PC (Online Mendelian Inheritance in Man
[OMIM] no. 167200) is further typified by oral leukoplakia and
palmar-plantar keratoderma, which is debilitating for patients
and is caused by mutations in either keratin 6a (K6a), a type II
keratin, or keratin 16 (K16), a type I keratin (29). Type 2
(Jackson-Lawler) PC (OMIM no. 167210) is typified by the
presence of multiple subepidermal cysts, the frequent occur-
rence of natal teeth, and generally milder nail lesions (29).
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Most cases of type 2 PC are caused by mutations in keratin 17
(K17) (www.interfil.org), a type I keratin related to K16 in
sequence and regulation (27, 47). A single case of type 2 PC
has been linked to a mutation in K6b (40), a K6 paralog that is
poorly expressed in skin epithelia relative to K6a (43). In these
disorders, as in most IF-based disorders, most mutations con-
sist of missense alleles or, less commonly, small deletions af-
fecting the coding sequence (33) (see www.interfil.org). In
spite of various strategies applied to alter the function of K6,
K16, or K17 in transgenic animals, PC is one among a few IF
disorders that have not yet been fully reproduced in mice.
Whereas modeling of the oral or hair component of PC disease
in mouse has been straightforward, such has not been the case
for the nail, a major component of PC’s clinical presentation,
or for the sebaceous gland or palmar-plantar epidermis.

We report here that in contrast to mice that are null for both
Kb6o and K6B (54) or for K17 (28), mice that are triple null for
Kb6a, K6B, and K17 show PC-like blistering of the nail bed
shortly after birth, suggesting that this nail compartment is
initially targeted in PC. Comparing and contrasting these tri-
ple-null mice with other relevant mouse models provide defin-
itive evidence that functional redundancy acts as a powerful
modulator of the expressivity of mutant keratin alleles in the
nail bed and related stratified epithelia. The prevalence of
redundancy among keratin genes expressed in epithelial ap-
pendages can be directly related to the common ancestry, clus-
tered organization, and sequence relatedness of the keratin
genes expressed in those complex tissues.

MATERIALS AND METHODS

Mouse lines. All protocols involving mice were approved by the Johns Hopkins
University Animal Care and Use Committee (Baltimore, Md.). C57BL/6 inbred
mice hemizygous for a null allele at the K6a/K6 locus (54, 55) were crossed with
C57BL/6 inbred mice homozygously null for the K77 allele (28). All controls used
were age matched. Genotyping was done by PCR as described previously (28,
55).

Preparation of tissues for morphological analyses. Protocols for these studies
have been described before (28, 54). For routine histopathology, tissues were
fixed in Bouin’s and paraffin embedded and 5-pm-thick sections were cut and
stained with hematoxylin and eosin (H&E). For epoxy-resin embedding, samples
were fixed in 2% glutaraldehyde-1% paraformaldehyde-0.1 M sodium cacody-
late solution overnight at 4°C, followed by postfixation in aqueous 1% osmium
tetroxide (1 h at room temperature), and were infiltrated, embedded, cut, and
stained with toluidine blue for semithin (0.5-um-thick) sections or uranyl acetate
and lead citrate staining for thin (70- to 90-nm thick) sections. Light micrographs
were recorded on Kodak Ektachrome II film using a Zeiss Axioplan microscope
equipped with a Contax 167MT camera. Electron micrographs were collected
using a Philips CM120 transmission electron microscope. Recorded slides and
negatives were scanned into the computer by use of Adobe Photoshop 5.5 and
Epson Twain version 5.7.3A software.

Analyses conducted on newborn skin keratinocytes in primary culture. Pri-
mary keratinocytes were harvested from 1- to 3-day-old pups as described pre-
viously (38). Final cell pellets were plated into wells containing glass coverslips
and grown to ~70% confluency. For indirect immunofluorescence, cells were
fixed in 4% paraformaldehyde in phosphate-buffered saline (PBS) for 30 min and
then permeabilized with 100% MeOH for 5 min (55). Final preparations were
viewed using a Zeiss Axioplan microscope as described above and a 40X oil
immersion objective.

Protein analyses. Primary keratinocytes were scraped in ice-cold PBS supple-
mented with protease and phosphatase inhibitors (Sigma-Aldrich, St. Louis,
Mo.) (1 mM EGTA, 20 uM Na3VO,, 10 mM NaF, 1 pg of leupeptin/ml, 2 pg of
antipain/ml, 10 wg of aprotinin/ml, 10 pg of benzamidine/ml, 1 pg of cymostatin/
ml, 1 pg of pepstatin-A/ml) and pelleted by centrifugation (16,000 X g for 10 min
at 4°C). Cell pellets were lysed in buffer (1% deoxycholate, 1% Triton X-100,
0.1% sodium dodecyl sulfate, 150 mM NaCl, 50 mM Tris [pH 7.5], 0.5 mM
EDTA, 1 mM EGTA) supplemented with inhibitors described above. Again,
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TABLE 1. Genotypes resulting from K6a/K6B*'~ K177/~ matings*

No. (%) of mice of genotype:

Time

K6*'* K177/~ K6*'~ K177/~ K6~/~ K177/~
E18.5 15 (22) 39 (58) 13 (19)
Birth 22 (24) 42 (47) 26 (29)
Total 37 (23) 81 (51) 39 (25)

“ K6a/K6B ™'~ K17/~ animals were born in the expected Mendelian ratio.
Male and female K6a/K6B™/~ K17/~ animals survived to adulthood and were
subjected to timed matings. Those females that appeared pregnant at E18.5 were
harvested, and embryos were collected for examination and genotyping. Other
pregnant females were allowed to proceed to term so that newborn pups could
be subjected to the same analyses.

soluble proteins were separated from insoluble material by centrifugation at
16,000 X g for 10 min at 4°C. Insoluble proteins were resuspended in Tris-
buffered 8 M urea with inhibitors (55). For each genotype, primary keratinocytes
from three different mice were pooled and used. After protein quantitation
(Bradford assay; Bio-Rad, Hercules, Calif.), 2 ng of protein was subjected to
sodium dodecyl sulfate-polyacrylamide gel electrophoresis and transferred onto
nitrocellulose in the presence of 1 mM sodium orthovanadate. Membranes were
blocked in 4% bovine serum albumin-PBS and subjected to Western immuno-
blotting (55). Bound primary antibodies were detected by chemiluminescence
(Pierce Chemicals, Rockford, Il1.).

Antibodies. Primary antibodies used include rabbit polyclonal antisera di-
rected against K6 or K17 (27), K16 (2), K5 (Covance, Richmond, Calif.), and
actin (Sigma). Secondary antibodies used were horseradish peroxidase (Sigma)
or fluorophore (Kirkegaard & Perry Laboratories, Gaithersburg, Md.) conju-
gated.

RESULTS

Ké6a, K63, and K17 triple-null mice are born but die early
after birth. The phenotypes of the K6o/K6B null and the K17
null mice amount to a partial phenocopy of the PC disorders
caused by mutations in the corresponding human orthologs
(28, 53, 54). In particular, the nail alterations that are a signa-
ture feature of PC are missing in these mice. A possible reason
is functional redundancy, given that the nail bed epithelium,
believed to be the initial target of nail alterations in PC (8, 26),
also expresses two additional type II keratins (K5, K6hf) (48,
53) and three additional type I keratins (K14, K16, K17n) (46).
The partitioning of type I and II keratin gene clusters to dis-
tinct chromosomes in the mouse genome (chromosomes 15
and 11, respectively; see http://www.ensembl.org) made it pos-
sible to directly test for functional redundancy by generating
mice triple null for K6éa, K68, and K17 through selective
crosses. To avoid strain effects, all experiments were carried
out in the C57BL/6 inbred strain background, in which the K77
null phenotype is most severe (28).

Pups derived from K6a/K6B*'~ KI77/~ X K6a/K6b™'~
K177/~ matings are found in the expected Mendelian ratio at
embryonic day 18.5 (E18.5) and at birth (Table 1). However a
subset of the pups die very shortly after birth and extending until
day 10 postbirth (P10). Genotyping revealed that most of the pups
dying at P1 to P4 are triple null (K6oa/K6b '~ KI17~/7), whereas
pups dying later on, between P3 and P10, are K6a/K6B '~
KI17*"* and K6a/K6B '~ KI7"'~. The latter was expected (54).
Mice exhibiting other genotypes, including K6a/K6b™'~ K177/,
appeared normal (Table 1). The occurrence of severe epithelial
lysis in the oral mucosa of K6a/K6b '~ null mice (54), the small
size of the mice, and the absence of milk from their stomachs,
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FIG. 1. Earlier lysis of dorsal tongue eplthehum in K6a/K6B_/ ~ K177’ null neonatal mice compared to other genotypes. Tongues from PO (A
to D), and P2 (E to J) mice were surgically removed and processed for routine histology. Micrographs shown are derived from H&E-stained
preparations of longitudinally sectioned tongue tissue (rostrocaudal axis). The mouse genotype is indicated in the upper right corner. (A to D) Lysis
and destruction of the dorsal tongue epithelium can be seen as early as PO in K6a/K6B /= K177/~ tongue (see arrow in panel A). At that time,
K6a/K6B~'~ K17*/* mice show comparatively mild lesions in the same region (B) whereas wild-type mice (C) and even K6a/K6B "'~ K17/~ mice
(D) show normal histology with intact filiform papillae (fp). Bar, 100 pm (A to D). (E to J) At P2, obvious signs of oral lesions can be detected
in K6a/K6B~'~ K17** mice (see arrows in panel E) as reported previously (54). These lesions are significantly more severe and inflamed in
K6a/K6B~'~ K17*/~ (see arrows in panel F) and especially in K6a/K6B '~ K17/~ mice (see arrow in panel G). In contrast, the dorsal epithelial
tongue appears normal in K6a/K6B /" K17+/* (wild-type) mice (H), as expected, and in K6a/K6B™* K177/~ (I) and K6a/K6B™'~ K177/~ (J) mice

as well. Bar, 200 pm (E to J).

together suggest that K6a/K6b~'~ KI17+'*, K6oa/K6b™'~ K17/,
and K6c/K6b~'~ K17/~ null mice die secondary to poor nutri-
tion.

Triple-null K6o/K6b~'~ KI7~/~ mice show more severe oral
lesions. The dorsal tongue and palate are the most affected
tissues in K6a/K6b '~ null mice at the time of their premature
death (54). Given that K17 is also expressed in these tissues
(27), this raises the possibility that the earlier lethality exhib-
ited by most K6a/K6b~'~ K17/~ triple-null mice would arise
from an earlier onset of lethal oral lesions. Routine histology
shows that this is indeed the case (Fig. 1). At birth (P0), at
which time all mice are viable (Table 1), the dorsal tongue
epithelium is literally destroyed in K6a/K6b /'~ K17/~ triple-
null mice, only mildly affected in K6éa/K6b~'~ KI17*'* null
mice, and wild-type-like in all other genotypes (Fig. 1A to D).
This tendency is maintained at P2, at which time the surviving
K6a/K6b~'~ K177/~ triple-null mice show the most severe lysis
and inflammatory changes in the dorsal tongue epithelium
(Fig. 1E to J) and upper palate (data not shown). Mice that are

K6a/K6b™'~ K177/~ do not exhibit any oral lesions and survive
to adulthood.

Normal morphogenesis of hair follicles in triple null K6/
K6b~'~ K177’ mice. As is the case in oral mucosa, K6a/K6B
and K17 proteins show a partially overlapping distribution in
all major epithelial appendages of mature skin tissue (27, 44),
raising the possibility that skin defects would be more pro-
nounced in K6a/K6b '~ K17/~ triple-null mice than they are
in K6a/K6b '~ null mice (28). Histological analyses conducted
on back skin tissue samples harvested at P2 revealed, however,
that they were similar in all genotypes. The overall character-
istics with respect to thickness of skin and morphology of hair
follicles and epidermis appeared indistinguishable between an-
imals (data not shown). Footpad epidermis also appears to be
histologically normal in P2 mice from all genotypes (data not
shown). These results suggest that the compound loss of K6a,
K6, and K17 proteins does not alter the morphogenesis and
differentiation of epidermis or hair follicles at least until P2 to
P3. Due to the complications stemming from the oral mucosa
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phenotype, we could not determine whether hair cycling (28)
was normal in the triple-null mice.

The periderm consists of a single layer of flattened epithelial
cells that form early after the onset of ectoderm stratification
at E10 to E11. Whereas their function is unknown (23), peri-
derm cells participate in the formation of temporary epithelial
fusions of eyelids, digits, and pinnae (ear) (10). This embryo-
only cell type expresses K6a, K63, and K17 mRNA and protein
(25, 27). To test for possible alterations in periderm function in
the absence of these keratins, mouse embryos were harvested
at El6.5, E17.5, and E18.5 of embryonic development and
subjected to a dye penetration assay that assesses barrier for-
mation (13). Based on dye exclusion, there was no obvious
alteration in barrier acquisition in any of the genotypes tested
that was outside the range seen normally within control litters
(data not shown). Likewise, temporary epithelial fusions oc-
curred normally in these mice (data not shown). These obser-
vations add to the growing body of evidence showing that
keratin proteins are not required for epithelial differentiation
(6).

Triple-null K6o/K6b~'~ KI17~'~ mice exhibit severe lysis of
the nail bed epithelium. We next examined nail histology in PO
(newborn) mice to look for alterations in either the morpho-
genesis or integrity of this tissue in K6o/K6b™'~ K177/~ ani-
mals. Morphogenesis of the nail unit (Fig. 2A), including the
nail plate, nail bed, matrix, proximal nail fold, and hyponych-
ium, appeared to have occurred normally in all genotypes.
Likewise, no macroscopic alterations were apparent in the nail
plate in any transgenic mice (data not shown). In tissue sec-
tions prepared from K6a/K6b~'~ K17/~ digits, however, ob-
vious cell lysis typical of keratin-based blistering diseases was
found to occur selectively in the nail bed (Fig. 2B). Follow-up
studies using electron microscopy confirmed the presence of
intracellular lysis affecting preferentially the lowermost supra-
basal layers of the nail bed epithelium (Fig. 2F), where K6a,
K6, and K17 are known to be coexpressed (27, 28, 48). In
particular, the thick bundles of densely packed filaments nor-
mally located in the cells layers immediately beneath the nail
plate (Fig. 2C) are completely missing from triple-null nail bed
epithelium (Fig. 2 F). In stark contrast, all other mice, includ-
ing K6a/K6b~'~ KI177* and K6a/K6b™'* KI7/~ mice,
showed a nail bed ultrastructure indistinguishable from that of
the wild type (Fig. 2D to E). In addition, we found no evidence
for an upregulation of K14 or K6hf, which is also expressed in
the nail bed epithelium (48). Likewise, the distribution of hard
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type I keratins appeared normal in the nail plate, as deter-
mined by immunohistochemistry (data not shown). Unlike hair
follicle results, therefore, the presence of K6a, K6, or K17 is
essential to the maintenance of the nail bed integrity from a
very early stage of postnatal development in mice.

Assessing keratin IF organization and keratin protein levels
in primary keratinocyte cultures. Primary cultures of newborn
mouse skin keratinocytes can be established (14) and offer an
unparalleled means of assessing a combination of parameters
including cellular morphology, intracellular organization of
keratin IFs, and levels of K5, K6a/K6B, K14, K16, and K17,
which are the main keratins expressed in this setting (49). This
keratin profile is similar to that seen in the nail bed epithelium
in vivo (46, 48). Analysis of the levels of these specific keratins
confirmed that, as expected, K6a/K6f or K17 or both types of
antigens are missing from the relevant genotypes (Fig. 3A).
The levels of K6a/K6B antigens are slightly reduced in samples
prepared from K6a/K6b*'~ cells, and a similar outcome is
seen for K17 antigens in K17/~ cells. No significant changes
in K5 antigen levels are detected in any of the genotypes
examined. In contrast, K16 levels are modestly decreased in
samples prepared from K6a/K6b™*'~ cells and significantly so in
samples from cells that are homozygously null for K6a/K6B
and especially those triple null for K6a/K68 and K17 (Fig. 3A).
These data extend the recent finding that the build-up in K16
protein levels depends upon the coinduction of K6 proteins in
such a cell culture setting (55). They further show that the
compound loss of K6a, K63, and K17 has an even greater
impact on K16 levels.

We used antisera to K5 and K16 proteins to immunostain
the corresponding antigen in these keratinocyte cultures. Sim-
ilar to what has been reported for K6a/K6p '~ K17+ cells
(55), a small subset of K6a/K6B '~ KI7*'~ primary keratino-
cytes exhibit altered keratin networks (Fig. 3B). We found that
the frequency of keratinocytes exhibiting abnormal or col-
lapsed filament networks is clearly higher for the K6a/K6B ™/~
K177/~ genotype (Fig. 3B and data not shown). These analyses
establish that the concomitant build-up of K6a, K63, and K17
is required for the elaboration of the pan-cytoplasmic keratin
network in skin keratinocytes in primary culture. This outcome
implies that expression of K5 and K14 is not enough to sustain
IF network organization in a subset of keratinocytes under
such conditions. These studies establish that the absence of
K6a, K6B, and K17 can lead to IF disruption in keratinocytes
in culture, even in the absence of significant trauma.

FIG. 2. Early lysis of the nail bed epithelium in K6a/K68~/~ K17/~ null newborn mice but not in other genotypes. Paws or digits from PO mice
(newborns) were surgically removed and processed for routine histology. Micrographs shown are derived from an H&E-stained section of
paraffin-embedded tissue (A), toluidine-blue stained semithin sections (~0.5 wm thick) prepared from epoxy-embedded tissues (B), and uranyl
acetate- and lead citrate-counterstained stained ultrathin sections (~50 to 70 nm thick) prepared from epoxy-embedded tissue (C to F). In all cases,
the sectioning plane is along the anterior-posterior axis and the mouse genotype is indicated in the lower right corner. (A) Section of wild-type
nail tissue showed for orientation. The proximal nail fold (pnf), matrix (mat), nail bed (nb), nail plate (np), and hyponychium (hyp) compartments
are depicted. Bar, 300 wm. (B) Semithin section of epoxy-embedded K6e/K6B '~ K17/~ nail unit, depicting the nail bed area. There is striking
lysis of the nail bed (nb) epithelium, while the matrix (mat) and nail plate (np) appear not affected. The inset shows an identical preparation from
a wild-type mouse, which does not show any nail bed (nb) alteration. (C to F) Electron microscopy data taken from a smaller subset of the same
general area (nail bed). In contrast to K6a/K6B™'* K17+ (C), K6o/K6p '~ K17*'* (D), and K6a/K6B™'* K17*/* (E) mice, the nail bed of
K6a/K6B ™'~ K177/~ mice (F) shows obvious ballooning and lysis in the area immediate above the basal layer (see arrows). Likewise, the two to
three layers of cells with dense keratin bundles (kb in panels C to E) are missing from the K6a/K63 '~ K177/~ sample (F). In contrast, the nail
plate (np) and matrix appear normal in these mice. n, nucleus. Bar, 5 pm (C to F).
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FIG. 3. Analysis of the levels and distribution of specific keratin antigens in newborn skin keratinocytes in primary culture. (A) Western
immunoblot analysis. The genotype is indicated on top, and the specificity of the antiserum used is given at the left of each blot. For each genotype,
primary keratinocytes from three different mice were pooled and used. A total of 2 pg of proteins was loaded per lane. Bound primary antibodies
were detected by chemiluminescence. Actin was used as a loading control (55). (B) Keratinocytes cultures from various genotypes, indicated at top
of each pair of micrographs, were fixed and immunostained with antibodies directed towards K5 (left column) and K16 (right column). Wild-type
keratinocytes exhibit pan-cytoplasmic IF networks (arrowheads). A subset of keratinocytes, identified with arrows, show altered and even collapsed
keratin networks for the K6a/K6B '~ K17*'~ and K6a/K6B ™'~ K177/~ genotypes. The number of cells affected and the severity of the disruption
are clearly higher in the latter. There is no significant difference in the results obtained when staining for either K5 or K16 antigen, consistent with
the known ability of several keratins to copolymerize into IFs. Bar, 50 pm.

DISCUSSION

Eliciting PC-like lesions in mouse nail units requires over-
coming functional redundancy. We previously showed that
mice null for K6a and K63 die between 3 and 10 days after
birth, correlating with severe blistering in the oral mucosa (54).
Until the onset of poor-nutrition-related complications at ap-
proximately P4, all skin epithelial appendages are histologically
normal in these mice. Grafting of K6a/K63 null newborn trunk
skin on immunocompromised mouse hosts revealed that the
K6a/K6B null mutation does not significantly affect hair growth
or ability to cycle (55) (see also reference 53). In striking
contrast, mice with a single K6 null allele, namely K6a, do not
shown any spontaneous lesions in the skin and oral mucosa
(51). Mice null for K17, on the other hand, develop severe
alopecia that is reversible and strain dependent, both correlat-
ing with K16 upregulation (28). These mice grow to adulthood,
but histological analysis fails to reveal changes in the oral

mucosa, glands, footpad epidermis, and nail (28, 46). In an-
other study, Wojcik et al. (52) and colleagues found that the
tissue-specific overexpression of dominantly acting K6a mu-
tants elicited severe lesions in the hair but not in nail or
footpad epidermis. Unlike hair follicles and oral filiform pa-
pillae, therefore, the nail appears unusually resistant to various
keratin gene manipulations in mice.

Recent studies aimed at understanding the discrepancy be-
tween such null mouse models and PC diseases revealed that
hitherto unknown keratins, the type II K6Af (48, 53) and newly
discovered type 1 KI7n (46), are expressed in the nail bed
epithelium, where PC lesions are thought to initiate (see be-
low). Altogether, the nail bed epithelium expresses at least
four of each of type I (K14, K16, K17, KI17n) and type II (K5,
Kb6a, K6B, K6hf) keratins. Each of these two groups consists of
highly homologous keratins (Fig. 4), creating a potential for
significant functional redundancy. The studies reported here
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FIG. 4. Clustering of related keratin genes on mouse chromosomes
15 and 11. (A) Organization of subsets of type II and type I keratin
genes on mouse chromosomes 15 (top) and 11 (bottom), respectively.
In both instances the centromere (Cen) is located on the left side. All
keratin genes located in these two clusters, including the ones shown
here, display the same transcriptional orientation towards the centro-
mere. All type II keratin genes exhibit nine introns, whereas all type I
genes exhibit eight introns, located in each case at identical positions
within the coding sequence (data not shown; see reference 16). The
genes of interest to this study are displayed in light-shaded boxes. This
information was adapted from Wang et al. (48) and Tong and Cou-
lombe (46). (B) Pairwise comparisons of the primary structures for
type II (left) and type I (right) keratins expressed in the nail bed
epithelium. Percent identity scores, as determined by the maximum
matching routine in DNAsis version 3.5 software (Hitachi, Tokyo,
Japan), are shown for the sequences encoding the nonhelical head and
central rod domain of these keratins. K8 and K18, which represent the
major keratin pair expressed in simple epithelia, have been included
for reference purposes. The physical proximity, identical substructures,
identical orientations of transcription, and obvious sequence related-
ness of the type II keratin genes K5, K6a, K63, and K6hf as well as the
type I genes K14, K16, K17, and K17n strongly suggest that they were
each generated through successive duplications from a common an-
cestral gene. The information needed to construct this figure is derived
from the mouse genome browser available at http://www.ensembl.org/.
The same principles apply to the human orthologs for these genes (4).

provide additional support to the concept that redundancy is a
key player in this context (28, 51, 53), since three separate
genes (K6a, K6B, KI17) had to be inactivated, along with a
potential decrease in the level of a fourth protein (K16) (Fig.
3), so that fragility typical of keratin-based disorders could be
seen in nail bed epithelium. Our results do not exclude the
possibility that other factors, such as species-related differ-
ences in nail biology or in the regulation of K6 genes (39, 44),
also contribute to the discrepancy between previous mouse
models and PC disease.

Functional redundancy provides an explanation for some
unusual features of PC disease and suggests new avenues for
therapy. First, PC disease is much less frequent than epider-
molysis bullosa simplex, a condition most frequently caused by
mutations in K5 or K14 (12, 33). A priori, there are no reasons
why the human K6, K16, and K17 genes should not be as
frequently mutated as K5 and K74, to which they are highly
homologous and physically proximal in the genome (Fig. 4).
Second, all the PC-causing mutations uncovered so far in Kéa,

MODELING PACHYONYCHIA CONGENITA IN MICE 203

K6b, or K17 are restricted to specific segments of the central
rod domain, namely, subdomains 1A and 2B (see www.interfil
.org), which are known to be especially critical for IF assembly
in vitro (15) and which, when affecting other keratin genes
(e.g., K5 and K14), cause very severe clinical phenotypes (12,
18, 33, 36). Third and finally, functional redundancy could be
exploited for the purpose of therapy. For instance, siRNA-
mediated reduction of mutant keratin expression by 50% suf-
fices to normalize the organization of keratin IFs in cultured
epithelial cells (50). Conversely, overexpression of a related
wild-type keratin sequence in mutant keratin-expressing cells
suffices to rescue the altered organization of cytoplasmic IFs in
intestinal epithelia (59). Thus, any treatment capable of signif-
icantly and selectively elevating the levels of a related keratin
already expressed in the nail bed epithelium or, conversely, of
decreasing the expression of the mutated, disease-causing ker-
atin allele can be predicted to significantly ameliorate key PC
symptoms. In further support of this, there is direct in vivo
evidence that K6a/K6B/K6hf (51, 53, 54), KI4/K16 (35), and
KI17/K16 (28) are redundant to a significant extent in vivo.
There appear to be enough fundamental differences in gene
regulation between K5, K14, K6hf, and KI7n and their PC-
disease-causing homologs to make this a potentially successful
endeavor.

The nail bed epithelium is initially targeted in PC. Which
compartment(s) of the nail unit account(s) for the pathogen-
esis of the nail defects typical of PC has been a long-debated
question (9, 19, 26; for a different view, see reference 45). Yet
resolving this issue is important when devising successful ther-
apies aimed at curtailing the development of lesions. Exami-
nation of the distribution of K6a, K16, and K17, the main
target genes in PC, showed that they overlap significantly only
in the nail bed epithelium (26; see also reference 8). The
studies reported here indicate that at least early on, it is the
nail bed that shows cytolysis typical of keratin defect-based
fragility. Moreover, loss of K6a, K6B, and K17 led to the
disappearance of the thick bundles of keratin IFs that are
normally found in the uppermost layers of the nail bed epithe-
lium, underneath the nail plate, where all three genes are
coexpressed (46, 48). Given their abundance and bundled or-
ganization, these filaments are poised to provide key structural
support in these cells (22, 57).

The early lethality of the K6a/K6B/K17 triple-null mice pre-
cluded us from monitoring the subsequent evolution of these
lesions and points to a significant limitation of this mouse
model. Because each of the genes targeted by mutation in PC
disease is strongly inducible in the context of skin tissue injury,
it seems likely that the epithelial defects characteristic of PC
would spread to the neighboring epithelial compartments, in-
cluding the matrix (Fig. 2A). Therefore, the view that multiple
epithelial compartments of the nail unit are eventually aber-
rant in PC is plausible, but as argued decades ago (19), the nail
bed likely is the initial site of pathogenesis. Another limitation
of the K6a/K6B/K17 triple-null mice as a model for PC is the
lack of blistering within footpad epidermis. Patients report that
painful palmar-plantar lesions are probably the most limiting
element associated with a PC condition (9).

Additional evolutionary aspects. There now exists virtually
irrefutable evidence that the large numbers of functional type
I and II keratin genes were each generated through successive
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duplications from a common ancestral gene (21). In strong
support of this, the type II gene group K5, K6a, K63, and K6hf
and type I gene group Ki14, K16, KI7, and KI7n are each
arranged in a compact subcluster in the genome and the two
groups exhibit the same orientation of transcription, a physical
mapping that is perfectly conserved in the mouse (Fig. 4) and
human (4) genomes. Moreover, these type I and type II keratin
genes are related in their transcriptional regulation in epithe-
lia, as well as at the levels of their coding sequence (Fig. 4) and
function (this study). Such subgroupings are prevalent
throughout these two large gene clusters.

Mostly on the basis of nucleotide sequence homology, Blu-
menberg (3) postulated approximately 15 years ago that type I
and II keratin genes had likely undergone concerted evolution
in spite of their segregation to distinct chromosomes. The data
emerging from the analysis of transgenic mouse models show-
ing complex phenotypes, the large-scale sequencing of mam-
malian genomes, and the characterization of novel keratin
genes (e.g., K6hf, KI7n) showing highly specialized and similar
regulation add support to this intriguing idea.
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