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Keratins are intermediate filaments of epithelial cells.
Mutations in keratin genes expressed in skin lead to
human disorders, including epidermolysis bullosa sim-
plex and epidermolytic hyperkeratosis. We examined
the role of keratin 4 (K4) in maintaining the integrity of
internal epithelial linings by using gene targeting to
generate mice containing a null mutation in the epithe-
lial K4 gene. Homozygous mice that do not express K4
develop a spectrum of phenotypes that affect several
organs which express K4 including the esophagus,
tongue, and cornea. The cellular phenotypes include
basal hyperplasia, lack of maturation, hyperkeratosis,
atypical nuclei, perinuclear clearing, and cell degen-
eration. These results are consistent with the notion
that K4 is required for internal epithelial cell integ-
rity. As mutations in K4 in humans lead to a disorder
called white sponge nevus, the K4-deficient mice may
serve as models for white sponge nevus and for under-
standing the role of K4 in cellular proliferation and
differentiation.

The 10-nm intermediate filaments, along with actin and
tubulin, form the cytoskeleton of cells in higher eukaryotes.
Keratins are the intermediate filaments of epithelial cells. A
large number of mammalian keratins have been identified and,
based upon their biochemical properties, have been divided
into two groups. The type I keratins, designated K9-K20,! are
acidic, have molecular masses in the range of 40,000-63,000,
and are clustered on human chromosome 17 and mouse chro-
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mosome 11(1). The type II keratins, designated K1-K8, are
basic, have molecular masses in the range of 53,000—67,000,
and are clustered on human chromosome 12 and mouse chro-
mosome 15(1). The hair keratins also fall into these two groups,
and their genes are most likely interspersed with those of the
epithelial keratins (2). The keratin proteins have an a-helical
structure and form heterodimers with one member from each
group. Higher order structures of the keratin heterodimers
constitute the intermediate filaments (1, 3).

Specific members of the type I and type II keratins are found
to be characteristically associated with each other in different
cell and tissue types. Simple epithelia, such as the gut, express
predominantly K8 and K18. Stratified squamous epithelia ex-
press mainly K5 and K14 in their basal layers, while their
suprabasal layers express K1 and K10 in skin and K4 and K13
in some internal epithelia, such as the esophagus (4).

Although epithelial cells in culture can survive in the com-
plete absence of a keratin network (5), there is a significant
amount of evidence that keratins play critical roles in the
maintenance of cell integrity in vivo. Evidence in support of
this view was obtained from the study of several human genetic
disorders. One of the first disorders that was molecularly char-
acterized was epidermolysis bullosa simplex (EBS) (OMIM
131760, 131900, and 131800). This disorder, usually inherited
in an autosomal dominant fashion, is characterized by the lysis
of the basal cells in the epidermis and the formation of skin
blisters following mild trauma. The dominant form of EBS was
shown to be the result of missense mutations in either the K5
or K14 genes (6—8). Autosomal recessive forms of EBS result
from homozygous null mutations in the same genes (9, 10).
Another skin disorder, epidermolytic hyperkeratosis (OMIM
113800), is characterized by blistering in the suprabasal layer
and is the result of mutations in K1 or K10 (11-13).

To understand the role of keratins and the phenotypic man-
ifestations of mutations in keratin genes expressed in internal
epithelia, we generated mice with a null mutation in K4. We
report that mice that are homozygous for the null mutation
exhibit a spectrum of phenotypes in several organs including
esophagus, tongue, and the cornea. These results suggest that
K4 is required for the maintenance of internal epithelial cell
integrity. It has recently been shown that the human disorder
white sponge nevus (WSN, OMIM 193900) is the result of
mutations of either K4 or K13 (14, 15). Although there are some
differences in the spectrum of phenotypic manifestations in
WSN patients and mice lacking the K4 protein, the mice could
serve as genetic models for this disorder and may help us
understand the pathophysiology resulting from the absence of
K4 and the role of K4 in squamous epithelial cell differentia-
tion. Based on the similarities between the K4-deficient mice
and another human disease, hereditary benign intraepithelial
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dyskeratosis (OMIM 127600), we suggest that mutations in K4
or K13 may also cause this disorder.

EXPERIMENTAL PROCEDURES
Screening of A 129 Library

To recover a full genomic clone of mouse keratin 4, a mouse genomic
library (129/0la, gift from Dr. O. Smithies, University of North Caro-
lina, Chapel Hill, NC) was screened. The library was made with phage
A charon 35 digested with BamHI and mouse genomic DNA digested
with SstI. It was plated on 20 plates with about 50,000 plaques/plate for
a total of 1 million. The library represents 5 genomic equivalents and
has an average insert size of 15 kb. The library was screened with a K4
insert from pMK1. The PCR-derived clone, pMK1, was digested with
Fokl, which released an insert of around 490 bp containing almost all of
intron 3 and only 6 bp of exon 4. A set of 20 filters were hybridized with
the probe according to the method of Maniatis (16). Twenty positive
plaques were picked. Seven of these were plaque-purified through two
further rounds of plating and hybridization. Phage transformation,
growth, and DNA extraction was performed by the method of Maniatis
(16). Sequencing, restriction enzyme analysis, and Southern blot hy-
bridization were used to identify a phage (designated clone 3) as an
ideal substrate for construction of the targeting vector.

Generation of K4-deficient Mice

The 9.5-kb Sacl subclone of clone 3 in PC-DNA II, designated
pMK4 -4, contained the complete K4 gene, as determined by sequenc-
ing and restriction enzyme analysis, with the protein start site 484 bp
into the clone. This fragment contains a unique Xmal site at bp 519, 12
amino acids into the protein. A 1.7-kb fragment containing the PGK-
Neo cassette was inserted into this site in the reverse orientation.
Additionally, for negative selection, a 1.8-kb thymidine kinase cassette
was inserted into a unique Xhol site in the PC-DNA II polycloning
region.

The targeting construct was linearized at the unique NotI site prior
to transfection. Twenty-five micrograms of vector was transfected into
5 X 107 WW6 ES cells using a Bio-Rad Gene Pulser set at 250 V and 500
microfarads. Transfected cells were transferred onto 20 10-cm feeder
plates containing mitomycin-treated, neomycin-resistant embryonic fi-
broblasts and 9 ml of ES medium prepared according to Wurst and
Joyner (17) except that the only serum was fetal calf, supplemented
with leukemia inhibitory factor (Life Technologies, Inc.) at 1000 units/
ml. Twenty-four hours after transfection the neomycin analog G418
(Life Technologies, Inc.) was added to the medium to a final concentra-
tion of 100 pg/ml. Thirty-six hours after transfection, ganciclovir
(GANC, Syntex, Palo Alto, CA) was added to a final concentration of 2
uM. Drug selection was continued for 14 days or until discrete colonies
were visible.

Colonies resistant to G418 and GANC were isolated and expanded in
24-well plates. Half of the cells from each well were frozen at —70 °C,
and the other half were grown till confluence. Genomic DNA was
prepared in situ by lysis and precipitation according to the method of
Laird (18).

Screening for clones that were the result of gene targeting was
performed using PCR. Primer set RK 825 5'-CCAATTTATGAGTCCCT-
GGGCT-3’, corresponding to genomic DNA outside the targeting vector,
and RK 482, 5'-TGGAAGGATTGGAGCTACGG-3’, corresponding to
neomycin sequences, amplified a unique 900-bp fragment from cells
that had undergone a homologous recombination event.

ES cells from clones that were the result of gene targeting were
injected into C57BL/6 recipient blastocysts and transferred to CD-1
pseudopregnant females. Genotyping was performed using PCR with a
set of three primers. They were: RK 21649, 5'-CTGACAGCTTGC-
CAAGCTCCCATC-3', RK 21652, 5'-TGCCGAAGCCCCCAGAAGAGC-
3’, and RK 21651, 5'-AGGGCCAGCTCATTCCTCCACTCA-3'. The
primer set RK 21649 and RK 21652 yields a 727-bp product from the
modified locus, and the set RK 21649 and RK 21651 yields an 830-bp
product from the normal locus. Thus, wild-type mice will give one band
of 727 bp, heterozygotes will give two bands of 727 and 830 bp, and
homozygotes will give one band of 830 bp. Annealing was at 66 °C.

PCR

PCR was performed in the Perkin-Elmer DNA thermal cycler or
MJ-PTC100 programmable thermal controller (MJ Research Inc.). Re-
actions were typically performed using the following conditions: 0.2 um
each primer, 0.2 mm dNTPs, 10 mm Tris-HCI, 50 mm KCI, 0.5-2.0 mm
MgCl,, 1-4 units of Taq. A total of 25-35 cycles were performed (94 °C
for 20—-120 s, 50—-68 °C for 20-120 s, and 72 °C for 45-240 s). Prior to
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cycling, the template was melted at 94 °C for 2 min, and, after cycling,
an additional extension of 10 min was carried out at 72 °C. PCR prod-
ucts were run on 1X TBE gels of 1.0% agarose.

The primers used in the degenerate PCR were as follows: RK567,
5'-GAGAATGA(G/A)TTTGT(G/C)G/C)TC(C/A)T-3', and RK568, 5'-
CC(T/G)GAGGAAGTTGATCTC(A/G)T-3’, at an annealing temperature
of 50 °C.

RNA Analysis

Northern Blots—Total RNA was extracted from fresh tissues using
the TRIzol reagent (Life Technologies, Inc.) according to manufacturer’s
instructions. RNA was fractionated on 1% agarose gels prepared with
10% 10X MOPS buffer (200 mm MOPS, pH 7.4, 10 mm EDTA, pH 7.4,
and 80 mm NaAC, pH 7.0) and 12.5% formaldehyde. Running buffer was
1X MOPS. A total of 5-10 ug of RNA was run per lane in three volumes
of 1.33X MOPS loading buffer (674 ul of formamide, 216 ul of formal-
dehyde, 30 ul of 1 M MOPS, 3 ul of 0.5 M EDTA, 10 ul of 10% SDS, 10
ul of 1% bromphenol blue/1% xylene cyanol mix, 57 ul of glycerol, 2.5 ul
of ethidium bromide stock). Sample was heated for 3 min at 65 °C and
the gel was run overnight at 40 V. The RNA was transferred to Biotrans
nylon membranes (ICN) using capillary transfer. For large probes,
prehybridization and hybridizations were carried out in 0.25 M
Na,HPO, pH 7.2, and 7% SDS at 65 °C. Blots were first washed at
2XSSC, 0.1% SDS at room temperature. The final washes were per-
formed at different stringencies, which varied from 0.2X SSC, 0.1%
SDS at 42 °C to 0.1X SSC, 0.1% SDS at 65 °C. Blots were exposed to
x-ray film (Amersham Pharmacia Biotech or Kodak) for 1-14 days.

RT-PCR—Total RNA was treated with 1 unit of DNase (Promega)
and 0.2 units of RNasin per ug of RNA at 37 °C for 1 h. The reverse
transcriptase reaction was carried out with 20 units of avian myelo-
blastosis virus reverse transcriptase in a 20-pl volume at 1X PCR
buffer (50 mum Tris, pH 8.4, 50 mM KC1), 2 mm MgCl,, 100 ng of random
hexanucleotides (Amersham Pharmacia Biotech), 10 units of RNasin,
and dNTPs at 1 mm each per ug of total RNA. Annealing for 10 min at
23 °C was followed by synthesis at 42 °C for 1 h, followed by an incu-
bation at 94 °C for 10 min to inactivate the enzyme. The entire RT
reaction was used in a PCR reaction of 100-ul volume at conditions
appropriate for the desired primers. A reaction without reverse tran-
scriptase was used as a control for genomic DNA contamination. PCR
products were analyzed on 1.0% agarose gels.

The primer pairs used were as follows: RK22651, 5'-TGCCTC-
CTCTCTCAGCCATGATCG-3' and RK22652, 5'-TCGCTTGACACCAC-
CAGCAATAGC-3', at an annealing temperature of 65 °C; RK21651,
5'-AGGGCCAGCTCATTCCTCCACTCA-3' and RK22651 at an anneal-
ing temperature of 65 °C; RK22649, 5'-ATCTCCAGGATCAGGTG-
GAAGCCG-3’ and RK22650, 5'-TGGCCTGGGTAGCGGTTTTTGC-3’
at an annealing temperature of 66 °C.

Protein Extraction

After sacrificing the mice in a CO, chamber, the tissues were sam-
pled for Coomassie-stained gels by extraction of the cytoskeletal, Triton
X-100-insoluble fraction. Tissue was minced with a razor blade and
resuspended in 200 ul of extraction solution (20 mm Tris, pH 7.4, 0.6 M
KCl, 1% Triton X-100, and 0.3 mg/ml fresh phenylmethylsulfonyl fluo-
ride added before use). This was sonicated in a cup-horn sonicator at
full power for 2 X 2 min and spun in a microcentrifuge for 10 min at full
speed. The supernatant was discarded, and the pellet was resuspended
in 200 ul of extraction solution. This was repeated twice, and the pellet
was resuspended in 50 ul of resuspension solution (9 M urea, 10 mm
Tris, pH 8.0, and 10% B-mercaptoethanol) and stored at —70 °C.

For Western blotting, total protein was extracted by mincing tissue
in 100 ul of resuspension solution, sonication at full power in a cup-horn
sonicator for 2 X 1 min, and boiling for 5 min. The samples were
centrifuged for 10 min at full speed in a microcentrifuge, and the pellet
was discarded. The supernatant was stored at —70 °C.

SDS-PAGE Gels

For Western blots, 15% acrylamide SDS-PAGE gels were run accord-
ing to Maniatis (16). Gels were run at 135 V for 72 h. For Coomassie
Blue staining 12% gels were prepared using the LongRanger solution
(FMC Bioproducts) according to the manufacturer’s instructions. Gels
were run at 175 V for 13 h.

Western Blots

Transfer of the protein from the gel onto Immobilon-P transfer mem-
brane (Millipore) was achieved using a Multiphor II Nova Blot electro-
phoretic transfer apparatus (LKB). Transfers were performed in a
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Fic. 1. Targeting and genotyping of K4 knockout mice. A, a schematic of the targeting vector and the successful homologous recombination
event. Identified exons are in red, the neo cassette is in blue, and the TK cassette is in lavender. Some restriction sites are indicated. The arrows
indicate the transcriptional orientations of the K4 gene and the neo cassette. The PCR reaction used to identify positive ES cells is shown. B, a 1%
agarose gel stained with ethidium bromide showing the products of the PCR with three primers used to genotype the mice as described in the text.
This is a representative sample of two litters. Lane A is a 1-kb ladder used as a marker. Lanes B-Q are from individual members of the two litters.
Lane R is a negative control. The upper product is from the targeted allele and the lower is from the wild-type allele.

continuous transfer buffer of 39 mm glycine, 48 mMm Tris, 0.0375% SDS,
and 20% methanol for 1 h at a current of 0.8 mA/cm?. The membrane
was blocked overnight at 4 °C with shaking in 0.1% Tween 20, 5%
Blotto, and 10% sheep serum in 1X TBS. Two 10-min washes with 1X
TBS-T were done. The membrane was then incubated in primary anti-
body diluted in 1X TBS-T and 5% Blotto for 2 h at room temperature.
The membrane was washed twice as above and incubated with second-
ary antibody from the ECL kit diluted 1:5000 in TBS-T and 5% Blotto
for 1 h at room temperature. Four washes in TBS-T were done before
proceeding to develop the blot with the ECL immunodetection kit (Am-
ersham Pharmacia Biotech) according to the manufacturer’s instructions.

Antibodies used were as follows: 6B10, anti-human keratin 4 mono-
clonal antibody (Sigma) at 1:500 dilution; AES8, anti-human keratin 13
monoclonal antibody (ICN) at 1:250 dilution; AE1, anti-human type I
keratin monoclonal antibody (ICN) at 1:200 dilution; and AE3, anti-
human type II keratin monoclonal antibody (ICN) at 1:200 dilution. All
are cross-reactive with their respective mouse keratins.

Histopathology

After sacrificing the mice by CO, asphyxiation, an autopsy was
performed searching for gross abnormalities and sampling relevant
organs by immersion fixation in 10% neutral buffered formalin. Paraf-
fin-embedded tissue was sectioned at 4 um and stained with hematox-
ylin-eosin for light-microscopy. To evaluate proliferating cells, 4-um
sections of formalin-fixed, paraffin-embedded tissue were subjected to
PCNA-specific immunostaining employing a PCNA antibody (anti-hu-
man PCNA, cross-reacts with mouse, PharMingen, San Diego, CA;
dilution1/400) and the ABC kit according to the suggestions of the
manufacturer (Vector Inc., Burlingame, CA). Pretreatment of the sec-

tions with heated citrate buffer (10 mm) was found to vastly enhance
specific staining.

RESULTS

Generating Mice Lacking K4 Expression—The coding se-
quences of keratins share a high degree of homology. We iso-
lated part of the mouse keratin 4 genomic sequence by gener-
ating degenerate PCR primers corresponding to sequences in
exons 3 and 4. This pair of primers, designated RK567 and
RK568, was used for amplification of products containing in-
tron 3 of type II keratins from mouse genomic DNA. The PCR
reaction yielded six products, one of which, pMK1, when cloned
and sequenced at one end was found to have 61 bp, which had
100% identity to exon 4 of mouse keratin 4 (19). We isolated a
490-bp fragment from this clone that contained the unique
sequences corresponding to intron 3 of K4 and used it to screen
a genomic library from the strain 129/0Ola. The screening
yielded seven independent clones; the DNA from clone 3 was
used to construct the targeting vector.

A 9.5-kb Sacl fragment from clone 3 was subcloned and
found to harbor the complete K4 gene. This clone, designated
pK4-4, had a unique Xmal site at nucleotide position 519
corresponding to the 12th codon of the K4 gene. A 1.7-kb
neomycin phosphotransferase gene expression cassette (PGK-
neo) was introduced into the unique Xmal site to generate the
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targeting vector, which also contained the PGK-tk gene for
negative selection. Since the PGK-neo cassette was located at
the 12th codon of the K4 gene, the modified locus was expected
to result in a K4 gene null mutation.

Linearized DNA from the targeting vector (Fig. 1A) was
introduced into the mouse embryonic stem (ES) cell line WW6
by electroporation and the cells were subjected to selection in
G418 and ganciclovir (GANC). One hundred eleven discrete
colonies were isolated and examined for the desired gene tar-
geted events by PCR. The PCR primers RK482 and RK825
were expected to yield a 900-bp product from the DNA of
appropriately modified cells only. Eight of the 111 clones gave
the 900-bp product for a targeted efficiency of 7.2%. The GANC
selection resulted in a less than 2-fold enrichment.

Cells from three of the eight clones containing the K4 gene
modification, designated A5, A14, and B15, were injected into
blastocysts from C57BL/6 (B6) mice. All three cell lines yielded
chimeras, many of which had very high levels (>95%) of con-
tribution from the ES cells as determined by coat color. Several
of these chimeras transmitted the ES cell genome through their
germ line when mated with B6 females. Heterozygous mice
derived from clones A5 and A14 were interbred, and the off-
spring were genotyped at the K4 locus. We used a PCR ampli-
fication scheme with three PCR primers to identify the wild-
type and mutant loci. Results of analysis of two representative
litters are shown in Fig. 1B. The wild-type locus is represented
by a 727-bp product and the mutant locus by an 830-bp prod-
uct. The F2 offspring contained three classes of mice, and,
among a set of 156 F2 offspring tested, 37 were +/+, 80 were
+/—, and 39 were —/—. These results indicate that the modified
gene segregates in a Mendelian fashion and that mice that are
homozygous for the null mutation are viable. Furthermore, the
wild-type K4 gene does not seem to be critical for normal
development.

Absence of Expression of K4 in Mutant Mice—We used three
different approaches to examine the expression of K4 in mutant
mice. To test the expression of the modified K4 locus at the
RNA level, we used an RT-PCR. Three sets of primers were
used for this purpose. The first set, RK22651 and RK22652,
flank the neomycin phosphotransferase gene (neo) cassette in-
sertion site in the K4 gene. They yield a 98-bp fragment from
the wild-type (WT) transcript and a 1.8-kb fragment, unampli-
fied in the conditions employed, from the chimeric RNA. The
second set of primers, RK21651 and RK22651, uniquely am-
plify a 270-bp product only from the chimeric RNA containing
the neo cassette and not from the normal transcript. The third
set of primers, RK22649 and RK22650, amplify a 485-bp prod-
uct from the normal as well as the chimeric transcript. RNA
from total esophagi of wild-type and homozygous mutant mice
was used as the substrate for RT-PCR. The results are shown
in Fig. 2a. We were able to detect the expected 98-bp product
with the primer set RK22651/RK22652 and the 485-bp product
using primer set RK22649/RK22650 in RNA from wild-type
mice. RNA from mutant mice yielded the 270-bp product with
primer set RK21651/RK22651, and a small amount of the
485-bp product with the third primer set. These results show
that the mutant mice indeed contained the gene modification
and that the modified locus produces a chimeric transcript,
although its steady state level might be low.

To further assess the status of expression of the modified
locus, RNA from esophagi of +/+, +/—, and —/— mice was
fractionated on agarose gels and Northern blots were hybrid-
ized with a probe obtained from amplification of genomic DNA
using primers RK22649/RK22650. This 485-bp product con-
tains 125 bp of the unique 3’-end of the coding region and much
of the unique 3’-untranslated region of K4. Results of this
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Fic. 2. Studies of the expression of the K4 transcript in K4 —/—
animals and controls. Panels A-C, a 1% agarose gel stained with
ethidium bromide showing the products of RT PCR of mouse esophagus
for K4 expression. RNA was extracted from 2-month-old mouse esoph-
agus. In panel a, primers RK 22651 and RK 22652 surrounding the neo
cassette were used. Lanes A, wild-type esophagus, with (+) and without
(—) reverse transcriptase; lanes B, homozygous esophagus, with (+) and
without (—) reverse transcriptase; Lane M, 1-kb marker. Only wild-type
mice are expected to yield a product. In panel B, primers RK 21651 and
RK 22651 were used to amplify across the 5’ end of the neo cassette.
Lanes A, wild-type esophagus, with (+) and without (—) reverse tran-
scriptase; lanes B, homozygous esophagus, with (+) and without (—)
reverse transcriptase. Only mutant transcripts are expected to yield a
product. In panel C, primers RK 22649 and RK 22650 in exon 9 were
used. Lanes A, wild-type esophagus, with (+) and without (—) reverse
transcriptase; lanes B, homozygous esophagus, with (+) and without
(=) reverse transcriptase. Both wild-type and mutant transcripts are
expected to yield a product. In panel D, Northern blot of esophageal
RNA with pMK4-3' probe and B-Actin control. RNA was extracted from
2-month-old mouse esophagus. Lanes A, wild-type esophagus; lanes B,
heterozygous esophagus; lane C, homozygous esophagus; lane D, wild-
type liver. The B-actin probe hybridizes to two transcripts in muscle.

experiment are shown in Fig. 2b. RNA from +/+ and +/— mice
yielded the expected 2.25-kb product, while no transcript was
detected in —/— mice. Taken together, the RNA analysis shows
that the K4 —/— mice do not produce a transcript from which a
full-length K4 protein could be synthesized.

K4 — / — Mice Do Not Produce the K4 Protein—We attempted
to detect the K4 protein by two different methods. In the first
method, a keratin-enriched fraction from total protein extracts
prepared from esophagi was fractionated on polyacrylamide
gels and the different keratins were visualized by Coomassie
Blue staining. Results of this experiment are shown in Fig. 3a.
K4 is a 57-kDa protein and is detectable in extracts from +/+
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Fic. 3. Studies of Keratin proteins
in K4 —/— animals and controls. In
panel a, Coomassie Blue-stained SDS-
PAGE gel of esophageal keratin extracts.
Protein was extracted from 2-month-old
mouse esophagus. Lanes A, 10-kDa mark- kd
er; B, wild-type mouse; C, heterozygous 70 —»
mouse; D, homozygous mouse. Note the
increase in a 59-kDa protein, consistent
in mass with MK®6, in k4 —/— mice and
the presence of an unidentified 40-kDa
protein. In panels b and ¢, Western blots
of total protein extracts from two month
old mouse esophagus. Panel b, antibody
6B10 against human K4 was used. Lanes
A, wild-type mouse; B, heterozygous
mouse; C, homozygous mouse. Panel c,
antibody AE8 against human K13 was
used. Lanes A, wild-type mouse; B, het-
erozygous mouse; C, homozygous mouse.

A B
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mice, and in +/— mice at somewhat reduced levels. No K4
protein was detectable in extracts from —/— mice. The levels of
K13, the partner for K4, were identical in all three groups of
mice. This analysis also revealed two other interesting fea-
tures. Although not quantitative, we observed increased levels
of a protein at 59 kDa, consistent in molecular mass with
mouse keratin 6, in K4 —/— mice. K6 is known to be expressed
suprabasally in some internal stratified epithelia, and there
are some reports of its expression in human esophagus (20-22).
Another protein with a molecular mass of 40 kDa, consistent
with a type I keratin, although not present in WT mice, was
present in +/— and —/— mouse extracts. The identities of these
proteins remain to be definitively elucidated.

In a second assay, total protein extracts from the three
groups of mice were fractionated and Western blot analysis was
conducted with specific antibodies against K4 and K13. Results
of this experiment are shown in Fig. 3 (b and ¢). Extracts from
mice from all three groups contained K13, while the K4 anti-
bodies detected the protein only in +/+ and +/— mice. These
results unambiguously show that the genetic modification in-
troduced into the K4 gene results in a null mutation.

In addition, Western blots were performed using the anti-
bodies AE1, which reacts with many type I keratins, and AE3,
which reacts with all known type II keratins (data not shown).
Blotting with AE3 confirmed the absence of MK4 in K4 —/—
mice and the identity of the protein at 59 kDa as a type II
keratin. The protein at 40 kDa was not detected by either AE1
or AE3.

K4 —/— Mice Exhibit Phenotypic Abnormalities of Multiple
Epithelial Tissues—The fact that the mutant allele segregates
in a Mendelian fashion suggested that K4 is not necessary for
normal development. We followed the mice for up to 2 years
and the homozygotes were indistinguishable from their +/+
and +/— littermates, by visual inspection. Since the expression
of K4 is restricted to internal epithelia, we sampled a number
of different tissues where K4 is known to be expressed and
examined them by histological methods. The tissues that were
sampled included skin, buccal mucosa, gum/teeth, tongue, esoph-
agus, forestomach, glandular stomach, colon/rectum, lung, gen-
itourinary tract, and the cornea. All these tissues, except the
skin, are known to express K4. We observed histologic changes
in tongue, esophagus, forestomach, cornea, and the skin.

Results of histological analysis of the esophagus are shown in
Fig. 4 (a—d). Changes in the esophagus were observed as early
as 2 months (Fig. 4, a and &) in the —/— mice, including
hyperplasia and nuclear atypia in the basal epithelial layer.
The nuclear atypia consisted of enlarged nuclei and nucleoli
with clumped chromatin. In the suprabasal layers, increased
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nuclear atypia and altered nuclear morphology were evident.
The suprabasal cells also had a characteristic clear area around
the nucleus, designated the “cell within a cell” appearance.
Overall, the epithelium was thickened and cells appeared to be
immature, with fewer differentiated cells, diminished kerato-
hyalin granules, and a disturbance in the maturation of cell
layers. The epithelium also exhibited parakeratosis and dys-
keratosis with a diffuse and disorganized keratin layer. We also
observed bacterial invasion and hemorrhagic exudate in the
lumen and infiltration of the subepithelial space and the basal
layer with neutrophils. In 5-month-old —/— mice (Fig. 4, ¢ and
d), the keratin layer became more disorganized and we ob-
served progression of all other changes noted in the 2-month-
old mice. The heterozygous mice, even at 7 months of age, did
not show any of the changes and were histologically indistin-
guishable from their WT littermates. In contrast, the forestom-
ach of 2- and 5-month-old —/— mice had increased cellularity of
the basal layer but no dysplasia was detected (results not
shown).

The corneal epithelium was abnormal in 2-month-old —/—
mice (Fig. 4, e and /). There was increased thickness compared
with WT mice. Basal cell hyperplasia was evident. The nuclear
morphology in all layers was altered, and the “cell within a cell”
appearance was a common feature. The results of histological
analysis of the tongue are shown in Fig. 5 (@ and b). At 2
months, the tongue from —/— mice did not show any significant
changes. Significant differences were observed in 5-month-old
—/— mice. At this age, the dorsal surface was normal. However,
the ventral surface revealed cellular hyperplasia and paraker-
atosis. There were also interdigitations or pegs of epithelium
into the submucosa such as those normally found only in the
dorsal surface.

It is of interest to note that we observed some differences in
the skin of —/— mice (Fig. 5, ¢ and d). We observed an age-de-
pendent increase in the deposition of melanin throughout the
dermis. No melanin deposition was observed in the dermis of
+/+ or +/— mice.

K4 —/— Mice Exhibit Abnormal Epithelial Proliferation as
Measured by PCNA Staining—Some of the changes that were
observed in K4 —/— mice suggested that the absence of K4
leads to hyperplasia. We tested this feature by staining tissue
sections for PCNA, which is an indicator of cell proliferation.
Esophagi from K4 +/+ mice showed proliferation only in the
basal layer with occasional staining of isolated cells inthe su-
prabasal layers. In K4 —/— mice, proliferating cells were de-
tected throughout the epithelium (Fig. 5, e and f). Similar
features were also observed in the tongue (data not shown).
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Fic. 4. Histopathology of epithelia in K4 —/— and WT littermate control mice. Micrographs of K4 —/— tissues are shown on the left, WT
littermate controls on the right. All tissues were formalin-fixed, paraffin-embedded, cut at 4 um, and stained with hematoxylin-eosin. The scale
bar represents 20 um. a, K4 —/—, 2 months of age, esophagus. Note the disturbed architecture and hyperplasia of the epithelium. b, K4 +/+, 2
months of age, esophagus. Regular appearance of the esophagus. ¢, K4 —/—, 5 months of age, esophagus. Changes are apparent as in a, but more
pronounced. Note the increased epithelial thickness and hemorrhagic exudate in the lumen. d, K4 +/+, 5 months of age, esophagus. Regular
appearance. e, K4 —/—, 5 months of age, cornea. Note hyperplasia and immaturity of the epithelial layers. f, K4 +/+, 5 months of age, cornea.

Regular epithelial appearance.

DISCUSSION

We generated mice with a modification in the K4 gene. There
are several lines of evidence which support the view that these
mice contain a null mutation in the K4 gene. The gene modi-
fication construct was prepared by insertion of a selectable
gene cassette at a position that corresponds to codon 12 of the
normal gene product. Since the gene cassette is in the opposite
transcriptional orientation to that of K4, the insertion site
contains several stop codons in all reading frames. PCR as well
as Southern blot analysis showed that the ES cells contained
the correct targeted event. Northern blot analysis revealed that
esophagi from —/— mice did not contain a detectable message

corresponding to the K4 probe. The most convincing evidence
that the K4 —/— mice did not produce K4 protein was obtained
from examination of keratin-enriched protein fractions and by
Western blot analysis using K4-specific antibodies.

K4 and K13 form heterodimers in normal epithelial cells.
Western blot analysis with anti-K4 and K13 human antibodies
revealed that K4 —/— mice did not contain any detectable K4
protein, while K13 levels remained unchanged. Previous work
showed that, when one member of a pair of keratins is absent,
its natural partner tends to get degraded (23-25). The fact that
K13 levels remain unaltered in K4 —/— mice suggests that the
regulation of members of the K4 and K13 pair may be different
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Fic. 5. Additional histopathology of epithelia in K4 —/— and WT littermate control mice. Micrographs of K4 —/— tissues are shown on
the left, WT littermate controls on the right. All tissues were formalin-fixed, paraffin-embedded, cut at 4 um, and stained with hematoxylin-eosin
(a—d) or specifically for PCNA by immunohistochemistry (e and f). The scale bar represents 20 um. a, K4 —/—, 5 months of age, ventral tongue.
This micrograph shows a strikingly different epithelial architecture. b, K4 +/+, 5 months of age, ventral tongue. Regular appearance. ¢, K4 —/—,
5 months of age, skin. Note the subcutaneous melanin deposits. d, K4 +/+, 5 months of age, skin. Regular appearance and absence of subcutaneous
melanin. e, K4 —/—, 5 months of age, esophagus, anti-PCNA immunohistochemistry. Note the presence of PCNA+ cells in all epithelial layers. f,

K4 +/+, 5 months of age, esophagus, staining as in ¢, PCNA+ cells are only present in the basal epithelial layer.

from that of other keratins. Alternatively, K13 may be capable
of pairing with another member of the keratin family when K4
is absent.

One candidate for this pairing may be the protein at 59 kDa
visible in the Coomassie-stained gel. This protein is present in
the keratin-enriched extract, is consistent in molecular mass
with mouse keratin 6, and is detected by AE3 as a type II
keratin. Unfortunately, we were unable to obtain anti-K6 an-
tibody, and definitive identification of this protein awaits the
public availability of such antibody.

Although the protein at 40 kDa is present in a keratin-

enriched extract and is similar in size to several type I keratins,
it was not detected by either AE1 or AE3. AE1 is known not to
detect several type I keratins, notably 9, 11, 12, 13, 17, and 18,
so we have not ruled out the identification of this protein as a
keratin. Definitive identification will likely require peptide
sequencing.

K4 does not appear to be required for normal growth and
development, and K4-deficient mice do not show any gross
phenotypic differences as compared with their WT and het-
erozygote littermates. The K4 —/— mice have normal lifespans
and breed normally. They do show a spectrum of changes in
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internal tissues where K4 is normally expressed. The most
striking feature of K4 —/— mice is that esophageal epithelial
cells do not terminally differentiate but have abnormal prolif-
eration. These characteristics are reminiscent of dysplastic
changes in the esophagus of transgenic mice with cyclin D1
overexpression (26).

The hyperproliferative phenotype associated with K4 defi-
ciency in mice is very similar to what has been observed in K1
deficiency. K1 deficiency in humans leads to epidermolytic
hyperkeratosis (11-13). K4 deficiency, as in K1 deficiency,
leads to basal cell hyperplasia, a “cell within a cell” appearance,
abnormal nuclei, reduced keratohyalin granules, disruption of
the keratin layer, and an inflammatory response. K4 and K1
have analogous functions, as both are expressed in the supra-
basal layers of stratified epithelia. Despite the similarities
between the K1 and K4 deficiencies, the K1 deficiency leads to
skin blistering, and no such blistering of the esophagi or oral
mucosa was observed in the K4 —/— mice. These differences
might reflect the greater stresses that the skin is subjected to
relative to internal epithelia. We also observed increased bac-
terial presence, a hemorrhagic exudate, and an inflammatory
response in the esophagus of K4 —/— mice, suggesting that the
keratin layer may provide protective functions against micro-
bial agents.

As keratin 4 is not found in adult skin, we did not predict
phenotypic changes in that tissue. Therefore, the findings of
higher levels of melanin deposition with increased melanocytes
in the dermis were surprising. In normal mouse tissue, mela-
nocytes are found predominantly in hair follicles and melanin
is deposited in hair (27). K4 expression was found in the peri-
derm of 16-day-old mouse embryos (28). No data were available
at other times in embryonic development, and there are no
reports of K4 in hair follicles. In humans, K4 is present in all
layers of the epidermis at 10 weeks and gradually disappears,
starting from the basal layers at 15 weeks and becoming totally
absent at around 20 weeks (20). This period corresponds to the
early fetal period when melanoblasts derived from the neural
crest migrate through the dermis into the basal layer of the
epidermis (29). The role of K4 in melanocyte migration or
melanin deposition needs further investigation.

WSN (OMIM 193900) is a benign autosomal dominant dis-
order characterized by thickened, white opalescent spongy-fold
mucosa primarily in the mouth but also in the vaginal, rectal,
and esophageal epithelia. The lesions show hyperplasia, “cell
within a cell” appearance, lack of cellular maturation, keratin
filament clumping, and mild inflammation (33-37). Mutations
in K4 and K13 were found to be the cause of WSN (14, 15).
Patients with WSN show variable phenotypes, and the lesions
are generally focal in nature. The phenotypic spectrum ob-
served in K4 —/— mice is similar, but not identical to that seen
in WSN patients. In the mice, there are no changes in the
buccal mucosa and the epithelial hyperplasia is generally not
as extreme as it is in WSN. The differences may reflect the
genetic heterogeneity of humans, slightly different patterns of
gene expression, or the nature of the mutations, which in WSN
act in a dominant-negative fashion as opposed to the recessive
nature of the modified mouse K4 locus.

We observed that the corneal epithelium in K4-deficient mice
shows basal cell hyperplasia. As K4 is known to be expressed in
human cornea (30-32), it is possible that null mutations in K4
would lead to a corneal phenotype in humans. Hereditary be-
nign intraepithelial dyskeratosis (OMIM 127600) is an autoso-
mal dominant disorder with a histological appearance identical
to that of WSN. It differs from WSN in the absence of changes
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in the esophagus of patients and in the presence of corneal
hyperkeratosis. Based on the similarities in the corneal pheno-
types of K4-deficient mice and patients with hereditary benign
intraepithelial dyskeratosis, we suggest that K4 or K13 muta-
tions may be responsible for this disorder.
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