Molecular Biology of the Cell
Vol. 14, 2959-2971, July 2003

Keratin 20 Helps Maintain Intermediate Filament
Organization in Intestinal Epithelia

Qin Zhou,* Diana M. Toivola,* Ningguo Feng,* Harry B. Greenberg,*
Werner W. Franke,# and M. Bishr Omary*

*Department of Medicine, VA Palo Alto Health Care System, Palo Alto, California 94304, and the

Digestive Disease Center, Stanford University School of Medicine, Palo Alto, CA 94305; and ¥German

Cancer Research Center, Heidelberg, Germany

Submitted August 8, 2002; Accepted February 28, 2003
Monitoring Editor: Keith Mostov

Of the >20 epithelial keratins, keratin 20 (K20) has an unusual distribution and is poorly studied.
We began to address K20 function, by expressing human wild-type and Arg80— His (R80H)
genomic (18 kb) and cDNA K20 in cells and mice. Arg80 of K20 is conserved in most keratins, and
its mutation in epidermal keratins causes several skin diseases. R80H but not wild-type K20
generates disrupted keratin filaments in transfected cells. Transgenic mice that overexpress K20
R80H have collapsed filaments in small intestinal villus regions, when expressed at moderate
levels, whereas wild-type K20-overexpressing mice have normal keratin networks. Overexpressed
K20 maintains its normal distribution in several tissues, but not in the pancreas and stomach,
without causing any tissue abnormalities. Hence, K20 pancreatic and gastric expression is regu-
lated outside the 18-kb region. Cross-breeding of wild-type or R80H K20 mice with mice that
overexpress wild-type K18 or K18 that is mutated at the conserved K20 Arg80-equivalent residue
show that K20 plays an additive and compensatory role with K18 in maintaining keratin filament
organization in the intestine. Our data suggest the presence of unique regulatory domains for
pancreatic and gastric K20 expression and support a significant role for K20 in maintaining keratin

filaments in intestinal epithelia.

INTRODUCTION

Most mammalian cells contain a complex cytoskeleton com-
posed of three major protein families: actin-containing mi-
crofilaments, tubulin-containing microtubules, and interme-
diate filaments (IF), and their associated proteins (Fuchs and
Cleveland, 1998; Ku et al., 1999). The so-called “soft” keratins
(i.e., those excluding the “hard” keratins found in epidermal
appendages such as hair) make up the IF proteins of epithe-
lial cells. Soft keratins (K) consist of >20 members (K1-20)
that include types I (K9-K20) and II (K1-K8) IF proteins. All
epithelial cells express one or more type I and type II kera-
tins as noncovalent heteropolymers. Regardless of the num-
ber of keratins found in a given epithelial cell, the ratio of
type I to type II keratins is 1:1 (reviewed by Moll et al., 1982;
Fuchs and Weber, 1994; Herrmann and Aebi, 2000; Cou-
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lombe and Omary, 2002). For example, hepatocytes express
K8/18 exclusively, whereas intestinal epithelial cells express
K7/8 (type II) and K18/19/20 (type I) at variable levels.
Because cell culture models have not been revealing in
understanding keratin function, transgenic animal models
were generated for several keratins as a handle toward
understanding their function. These models provided clear
evidence for keratins as serving an essential role in protect-
ing cells from a variety of mechanical and nonmechanical
forms of stress, particularly in the skin and liver (Fuchs and
Weber, 1994; Magin et al., 2000; Coulombe and Omary, 2002;
Omary et al., 2002; Oshima, 2002). The disease phenotypes of
these mouse models also led to the identification of several
human diseases as keratin-associated diseases (Fuchs and
Cleveland, 1998; Omary et al., 2002). For example, transgenic
mice (R89C mice) that overexpress human (h) K18 that is
mutated at a highly conserved Arg (Arg89—Cys; R89C)
develop mild chronic hepatitis and a marked predisposition
to drug-induced liver injury, in association with hepatocyte
and pancreatic acinar cell keratin filament disruption (Ku et
al., 1995, 1996; Toivola et al., 1998, 2000a; Omary et al., 2002).
Arg89 of K18 was chosen because it is mutated in K14 and
K5 (the equivalent residue is Lys in some type II keratins) in
some patients with the severe form of the blistering skin
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disorder epidermolysis bullosa simplex (Fuchs and Cou-
lombe, 1992). The phenotype of the R89C mice led to the
search and subsequent identification of K8/18 mutations in
patients with cryptogenic forms of liver disease (Ku ef al.,
1997, 2001). Dramatic keratin filament collapse in R89C mice
was noted in the liver and pancreas but not in the small or
large intestine, likely due to the compensatory presence of
other type I keratins (K19 and K20) that are either absent in
the liver (Ku et al., 1995) or present in small amounts in the
pancreas (Toivola et al., 2000b).

We focused on studying K20, which is the most recently
identified keratin protein (Moll et al., 1990, 1993; Quaroni et al.,
1991; Calnek and Quaroni, 1993). Human K20 has several
unique properties, including its relatively greater sequence
divergence compared with other type I keratins, with only 58%
identical amino acids in the conserved a-helical “rod” domain
with the closest keratin, K14; unique distribution that is nearly
confined to the gastric and intestinal epithelium, urothelium,
bladder, and Merkel cells; expression in the more differentiated
enterocytes along the crypt-villus differentiation axis; and lack
of immunological cross-reaction of most anti-keratin antibod-
ies (Moll et al., 1993). Human K20 has 79% amino acid identity
with rat K20 (Chandler et al., 1993). Although nothing is known
regarding K20 function, it has been used as a marker for the
histological classification of tumors (Moll et al., 1992; Harnden
et al., 1999; Wildi et al., 1999; Leech et al., 2001). The observation
that K20 is coexpressed in the same intestinal cell type as other
type I keratins, including K18 and K19 suggest that these three
type I keratins may have redundant or complementary func-
tions.

In this study, we generated transgenic mice that overex-
press wild-type (WT) and Arg—His (R80H) K20 (corre-
sponding to the conserved Arg89 in hK18) to begin address-
ing K20 function in digestive epithelia. We focused on the
highly conserved Arg because it has provided a useful target
in studying K18 (Ku et al., 1995, 1996).

MATERIALS AND METHODS

Cell Culture and Antibodies

NIH-3T3 (mouse fibroblast), HT29 (human colon), and BHK-21
(baby hamster kidney) cells (American Type Culture Collection,
Manassas, VA) were cultured as recommended by the supplier. The
antibodies used include mouse monoclonal antibody (mAb) L2A1
(Chou et al., 1993), which recognizes human K18 without cross-
reacting with mouse keratins; rat mAbs Troma-I (Developmental
Studies Hybridoma Bank, University of Iowa, Iowa City, IA),
Troma-II and -III [kindly provided by Drs Helene Baribault at
Tularik (South San Francisco, CA) and Thomas Magin at the Uni-
versity of Bonn (Bonn, Germany), respectively], which recognize
mouse K8, K18, at Tularik (South San Fracnisco, CA) and K19,
respectively; rabbit antibody 4668, which is an anti-K18 peptide
antibody (raised against the peptide RPVSSAASVYAGA; G; Ku et
al., 1998) that recognizes human and mouse K18; mouse mAb LF6,
which recognizes human K8 and is generated by immunizing mice
with high salt extracts of human K8/18 isolated from HT29 cells
(our unpublished observations); mouse anti-K20 mAb (clone
Ks20.8), which recognizes mouse and human K20 and anti-chro-
mogranin A mAb (NeoMarkers, Fremont, CA); mouse anti-K20
mADb (clone ITKs20.10), which recognizes human but not mouse K20
and mouse anti-K7 mAb (RCK105), which recognizes mouse and
human K7 (Progen; Heidelberg, Germany); and rabbit antibody
8592 (Ku et al., 1995), which recognizes human and mouse K8/18.
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Table 1. Amino acid alignment of human, rat, and mouse K20
sequences

Human MDFSRRSFHRSLSSSLOAPVVETVG=======] MORLGTTPSVYGGAGG
Rat MDFSRRSFHRELSSSSQGPALSTSGELYREGTMORLGLH-SVYGG—WR
Mouse MDFSROSFHRSLSS5S0GPALSMEGELYRKGTVORLGARPSVYGGAGG
whkkkh khkkkhEEAE K ok ok * * ke ok * ek
Human RGIRISNSRHTVNYGSDLTGGGDLFVGNEKMAMONLNDRLASYLEKVR
Rat HGTRISVSKTTMSYGNHLSNGGDLFGGNEKLAMONLNDRLASYLEKVR
Mouse HGTHISVSEAVMSYGGDLENGSDLFGGNGELAMENLNDRLANYLEEVR
* kE % dE R R kRk Rk R kR kEEAREE EREEAE
Human TLEQSNSELEVQIKQWYETNRPRAGRDYSAYYRQIEELRSQIKDAQLQ

Rat SLEQSNSELEAQIKQWYETNAPSTIRDYSSYYAQTKELQODQIKDAQIE

Mouse SLEQSNCRLEAQIKQRYETNAPSTIRDYSSYYRQIKELONQVKDAQVQ
HEkEkkE  kk kEhkE AR K HEkEkk kk kk Kk ok Ak EE
Human NARCVLOIDNARLAAEDFRLKYETERGIRLTVEADLQGLNKVFDDLTL

Rat NARCVLOIDNAKLAAEDFRLKFETERGMRITVEADLQGLSKVYDDLTL

Mouse NAQCVLRIDNARLAAEDFRLEFETERGMRIAVEADLOGLSEVYDNLTL
Hhk kkE REHRERRERREHEE KT RRFE Kk KR FREHRE Kk Kk FhE

Human HETDLEIQIEELNEDLALLEEEHQEEVDGLHEHLGNTVNVEVDAAPGLN
Rat QETDLEIQIEELNEDLALLEEEHQEEVEVLRROLGNNVNVEVDARPGLN

Mouse QETDLEIQIEELNKEDLALLEKKEHQEEVEVLRROLGNNVNVEVDARPGLN
L L Fhdk ko kk kR
Human LGVIMNEMROKYEVMAQKNLOEAKEQFERQTAVLOQQOVTVNTEELEGTE

Rat LGEIMNEMRQKYEILAQKNLOEAKEQFERQTQTLEKQVTVNIEELRGTE
Mouse LGEIMNEMRQRYEVLAQRNLOEAKEQFERQSQTLOQQVTVNTEELKGFE

Hh kEEARER KR KRR RRAEFRERRERAE * kkREE EkE ok #

Human VOLTELRRTSQSLEIELOSHLEMEESLEHTLEETEKARY SSQLANLOSLL
Rat VOVTELRRSYQTLEIELQSQLSMEKESLERTLEETKARYASQLAAIQEML

Mouse VQVTELRRTYQNLEIELQSHLSMKESLERNLEDVKARYASQLAATIQEML
Wk kEkwkk ok kEkkkhkk hkEhdkhkk Rk kkkk RhkE k¥
Human SELEAQLMOIRSHNMEROQNNEYHILLDIKTRLEQEIATYRRLLEGEDVET
Rat SELEAQLMOIRSDTERONQEYNILLDIETRLEQEIATYRRLLEGEDIET
Mouse SSLEAQLMOIRSDTERONQEHNILLDIKTRLEQEIATYRRLLEGEDIET
hhkkhkEkhkhkdhhdh *kEkk ok FhEkhk bk kb d b b dhh bkt hddhdd *F&
Human TEYQLSTLEERDIKKTREKIKTVVQEVVDGKVVSSEVKEVEENI

Rat TEYQLNTLEAKDIEKTREIKTVVEEVVDGEVVSSEVEEIEENI
Mouse TEYQLSTLEMEDIKKTREIKTVVEEVVDGEVVSSEVEEIEESV

HEEERE REE KRERAFRERAGE FAREREEHRE AT kR

The mouse sequence is presented as part of this study. The human
and rat sequences were described previously (Moll et al., 1990;
Chandler and Quaroni, 1993). * indicates identical amino acids. The
percentage of identities at the amino acid level among the K20
sequences are human and rat, 80%; human and mouse, 78%; rat and
mouse, 89%.

Transgene Construct and Generation of Transgenic
Lines

The human K20 genomic DNA (18 kb) and cDNA (1.35 kb) were
mutated at codon CGT—CAT to convert Arg80— His. The mutation
was first introduced into K20 cDNA by using a QuikChange site-
directed mutagenesis kit (Stratagene, La Jolla, CA) and was con-
firmed by DNA sequencing. For the 18-kb genomic DNA, an Xhol
fragment (15 kb) was first subcloned in pBluescript SK+ and then
an internal BstI fragment (8 kb) was cut out to generate a workable
DNA fragment (10 kb, including the vector) to introduce the muta-
tion. After mutation, the DNA was religated to regenerate the 18-kb
gene. Mutant and WT K20 genes were injected into pronuclei of
fertilized FVB/n eggs. Four heterozygous K20 transgenic lines that
manifest germline expression of WT (WT1 and WT2) and K20 R80H
(M1 and M2) K20 were selected. The transgene copy numbers were
estimated using tail vein DNA of test animals and a densitometric
standard curve generated using a plasmid that expresses genomic
human K20, as described previously (Ku et al., 1995). Presence of the
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transgene was verified by polymerase chain reaction screening with
hK20-specific primers that generated a 550-base pair fragment cor-
responding to the first intron of the K20 gene: (+) 5'CCGGAATA-
AAGTTCATCCTCTG-3" and (—) 5'-GACATTTCTTTTAGCCCCT-
GTG-3'. The PCR conditions were 94°C for 2 min and then 35 cycles
at 94°C for 1 min, 55°C for 1 min, and 72°C for 1 min. The WTI,
WT2, M1, and M2 heterozygous K20-overexpressing lines were also
cross-bred with homozygous transgenic mice that overexpress WT
hK18 (TG2 mice) or hK18 R89C mice (F22 and F30 lines) that were
previously described in detail (Ku et al., 1995, 1996; Toivola et al.,
1998, 2000a).

Sequencing of Mouse K20 and Generation of
Antibodies

A database search (www.ncbi.nlm.nih.gov), by using the human
K20 cDNA sequence, indicated the presence of an expressed se-
quence tag clone that likely represents mouse K20. This clone was
purchased (American Type Culture Collection), sequenced, and
identified as a full-length mouse K20 ¢cDNA. The sequence was
deposited in GenBank as “MuK20” no. AF473907. The sequence of
mouse K20, in alignment with rat and human K20, is shown in Table
1. MuK20 was subcloned into a PET23A(+) bacterial expression
system, followed by partial purification of the mouse K20 protein by
using HiTrap Q and SP columns (Amersham Biosciences AB, Upp-
sala, Sweden). The partially purified protein was used to immunize
BALB/c mice followed by generation of mAbs by using standard
procedures. One clone that recognized mouse but not human K20,
termed XQ1, was further subcloned and used for immunoblotting.

Transfection and Immunofluorescence Staining

The genomic and cDNA constructs of hK20 were cotransfected with
hK8 ¢cDNA, by using Lipofect AMINE (Invitrogen, Carlsbad, CA),
into BHK-21 cells (to allow relatively high yield biochemical extrac-
tion of keratins) or NIH-3T3 cells (for cell staining). NIH-3T3 cells
were cultured on chamber slides for 2-3 d after transfection and
then fixed in methanol (3 min, —20°C). Fixed cells were “blocked”
for 15 min with phosphate-buffered saline (PBS) containing 2%
bovine serum albumin (buffer B) and then coincubated with anti-
K20 mAb in buffer B (30 min). After washing three times with PBS,
cells were blocked with buffer B containing 2% normal goat serum
(15 min) followed by incubating with Texas Red-conjugated goat
anti-mouse antibody for 20 min and then washing with PBS.
Mouse tissues were frozen in optimum cutting temperature com-
pound, sectioned and fixed in acetone (—20°C, 10 min) and then
stained with mouse or rabbit anti-keratin antibodies as described
above. For double staining, mouse and rabbit primary antibodies
were used, followed by Texas Red and fluorescein isothiocyanate-
conjugated secondary antibodies. Images of single confocal sections
of stained cells and tissues were obtained with a Nikon TE300
microscope coupled to a Bio-Rad MRC1024ES confocal microscope.

Keratin Isolation, Western and Northern Blotting

High salt extraction (HSE) was used to isolate keratins from cul-
tured transfected cells or from tissues of transgenic and nontrans-
genic mice (Ku et al., 1995). SDS-PAGE was done using 8 or 10%
acrylamide gels. Inmunoblotting was carried out after transferring
HSE to polyvinylidene difluoride membranes followed by blocking
with 5% nonfat dry milk and then incubating with anti-keratin
antibodies, washing, incubating with peroxidase-conjugated goat
anti-mouse, anti-rabbit, or anti-rat immunoglobulins. Inmune-reac-
tive bands were visualized using enhanced chemiluminescence
(PerkinElmer Life Sciences, Boston, MA).

Northern blot analysis was done with total tissue RNA isolated
from the small intestine and colon of various mouse lines by using
an RNeasy Midi kit (QIAGEN, Chatsworth, CA). Total RNA (20
pg/lane) was loaded then separated using 1% denaturing formal-
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Colon

K18

K20

Figure 1. Immunofluorescence staining of K7, K8, K18, K19, and
K20 in the ileum and colon of nontransgenic FVB/n mice: The ileum
and colon of FVB/n mice were stained using Troma-I (anti-mouse
K8; a and b), Troma-III (anti-mouse K19; ¢ and d), Troma-II (anti-
mouse K18; e and f), Ks20.8 (anti-mouse/human K20; g and h), and
anti-K7 (i and j). L, lumen.
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Figure 2. Biochemical characterization of keratin expression in transgenic lines that overexpress K20. (A) HSE of the small intestines that were
used in Figure 5 were separated by SDS-PAGE followed by Coomassie staining. Also shown are HSE obtained from nontransgenic mouse control
“C” liver (which expresses only K8 and K18) and from human HT29 cells, which express high levels of K8/18, limited amount of K19, and barely
detectable levels of K20 (our unpublished data). (B) HSE of the small intestine from nontransgenic (FVB/n) and WT1 mice were analyzed by
isoelectric focusing in the horizontal dimension followed by SDS-PAGE in the vertical dimension. Letters highlight the various IF proteins (key
corresponds to A and B), which was confirmed by immunoblotting (our unpublished data). (C) HSE were prepared from the various indicated
tissues of the WT1 and M2 transgenic mice followed by blotting with mAb ITKs20.10 for hK20, Troma-I for mK8, and XQ1 for mK20. The analyzed
tissues were left (L) colon, right (R) colon, small intestine (ileum, jejunum, or duodenum), stomach, liver, and pancreas.

dehyde gels and transferred to nylon membranes. Blots were UV
cross-linked, prehybridized for 2 h, and then hybridized with 3P-
labeled cDNA probes for hK20, mouse K20, and mouse glyceralde-
hyde-3-phosphate dehydrogenase (overnight, 68°C). The blots were
then washed and visualized by autoradiography.

RESULTS

Expression of K7, K8, K18, K19, and K20 in Normal
Mouse Small Intestine and Colon

Because our emphasis was to study K20 in the small intes-
tine and colon of K20-overexpressing transgenic mice, we
first used immunofluorescence staining to examine the ex-
pression of the individual K7, K8, K18, K19, and K20 pro-
teins in nontransgenic FVB/n mice (Figure 1). K8 and K19
are nearly evenly distributed throughout the small intestinal
and colonic epithelium (Figure 1, a-d). K7 is preferentially
found at the crypt base of the small intestine and colon
(Figure 1, i and j) K18 is distributed uniformly throughout
the tubular crypt axis in the colon, whereas in the small
intestine it is preferentially located in the lower half of the
crypt-villus axis in glandular enterocytes with scattered gob-
let cell staining within the upper one-half of the villus (Fig-
ure 1, e and f). In contrast, K20 expression in the small
intestine is essentially absent from the crypt base but is
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found in the more differentiated suprabasal regions. In the
colon, K20 is found mainly in the upper surface aspect and
in scattered cells (some with extended processes) through-
out the remaining epithelium (Figure 1, g and h). These
process-associated cells are likely enteroendocrine-related
cells as determined by costaining with anti-chromogranin A
antibody (our unpublished data). In quantitative terms, K8
and K19 are the major keratins of mouse small intestine,
whereas K7, K18, and K20 are far less abundant (Figure 2A,
lane 3). However, in the colon, K18 and K19 are nearly
equally abundant, whereas K7 and K20 expression is limited
(our unpublished data, but see Figure 3 for summary).

Effect of the K20 Arg80— His (R80H) Mutation on
Keratin Filament Assembly in Transfected Cells

We targeted Arg80 of K20 for mutation, given the conserved
nature of this arginine among IF proteins and the significant
impact of its mutation in causing several skin diseases in-
volving epidermal keratins (Fuchs and Coulombe, 1992).
Furthermore, mutation of the equivalent residue in K18
(Arg89—Cys) and expression in transfected cells, or in mice
as a transgene, results in keratin filament collapse (Ku ef al.,
1995). We generated a K20 Arg80— His mutation, and chose
His because an Arg-to-His mutation entailed introducing a
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single nucleotide substitution (CGT—CAT) and because the
equivalent K14 residue has a similar mutation
(Argl25—His) in patients with epidermolysis bullosa sim-
plex (Coulombe et al., 1991).

We used cDNA (c) and genomic (g) human K20 constructs
to generate the K20 R80H mutation (Figure 4). Transfection
of various combinations of cK8/cK18, cK8/cK20, or cK8/
gK20 (WT or R80H K20) into baby hamster kidney (BHK)
cells showed that the transfected proteins can be detected by
immunoblotting of HSE of the transfected cell and con-
firmed the predicted reactivity of the keratin-specific anti-
bodies (Figure 4A). Immunofluorescence staining of NIH-
3T3 cells cotransfected with WT K8 and either WT or R80H
K20 (genomic and cDNA) showed that WT K20 generates
filaments, whereas R80H K20 (both genomic and ¢cDNA)
result in collapse of the keratin filaments into distinct dots
(Figure 4B). Thus, the R80H residue of K20 is critical for
keratin filament organization in cultured cells.

Characterization of Transgenic Mice that
Overexpress Human WT and R80H K20

We generated four K20 transgenic mouse lines, two that
overexpress WT hK20 (WT1 and WT2) and two that over-
express hK20 R80H (M1 and M2). The transgene copy num-
ber was 30 and 35 for WT1 and WT2, and 2 and 20 for M1
and M2, respectively. hK20 mRNA (Figure 5A) and protein
(Figure 5B) expression in the small intestine and colon of the
transgenic lines were confirmed. As expected, hK20 was not
detected in control nontransgenic mice (Figure 5A, lanes 5
and 10; B, lanes 1 and 6), whereas endogenous mouse kera-
tins were detected in all the mouse lines (Figure 5, A and B).
The hK20 protein is present at low levels in the small intes-
tine and colon of M1 mice compared with the other trans-
genic mouse lines (Figure 5B), in a manner that parallels the
transgene copy number.

We used high salt extraction, which provides a near quan-
titative recovery of the total keratin pool, to assess the rela-
tive content of individual keratins in the small intestine of
the various mouse lines. As shown in Figure 2A, the K20
transgene protein expression levels were WT1 = WT2 > M2
>> M1, which parallel the K20 transgene copy number
(hK20 expression in the M1 line is difficult to discern by
Coomassie staining). Notably, K20 overexpression results in
down-regulation of K19 steady-state protein levels (Figure
2A, compare lane 3 with lane 4 or 5). The specific bands (for
one-dimensional gels, Figure 2A) and spots (for two-dimen-
sional gels, Figure 2B) were assigned to individual keratins
by using two-dimensional gel analysis (Figure 2B) and im-
mune blotting of the one- and two-dimensional gels with
IF-specific antibodies (our unpublished data).

We then compared the tissue distribution of hK20 with
endogenous mK20 by blotting with antibody’s specific to
mouse and human K20. Due to unavailability of antibodies
that adequately recognize mouse K20 by immunoblotting, we
generated a mAb (termed XQ1) that recognizes mouse but not
human K20 (see MATERIALS AND METHODS). For this, we
identified and sequenced a cDNA clone that corresponds to
mK20 (Table 1). As shown in Figure 2C, hK20 maintained its
expression in various segments of the small intestine (ileum,
jejunum, and duodenum) and colon [right (ascending) and left
(descending) colon]. The K20 transgene product also main-
tained its tissue/cell expression in the bladder (Figure 6, g and
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Figure 3. Schematic of keratin distribution in epithelial cells of the
small and large intestine. The qualitative distribution and expres-
sion levels of keratins is shown. The major type II enterocyte keratin
is K8, with low levels of K7 that are present in goblet cells and the
crypt base. Three type I keratins (K18, K19, and K20) are found in
enterocytes. K18 and K19 are distributed uniformly throughout the
villus-crypt axis in the colon, while K18 is preferentially located in
the lower half of this axis with scattered K18-containing goblet cells
suprabasally. Quantitatively, K8 and K19 are the major keratins of
the small intestine, while K18 and K20 are far less abundant. In the
colon, K18 and K19 levels are similar. Strongly positive-staining K20
cells, which are basally located, likely represent enteroendocrine
cells.

1) and in the scarcely found Merkel cells of the skin (Figure 6,
j and o). The K20 transgene product was absent from the liver,
as expected (Figure 2C, lane 7; confirmed by immune staining;
our unpublished data). However, hK20 was also absent from
mouse stomach and pancreas in contrast to its endogenous
mouse K20 counterpart (Figures 2C for stomach and 6 for
stomach and pancreas; pancreatic mK20 levels are too low to
detect by Western blotting). This finding suggests that the
regulatory elements that direct gastric and pancreatic expres-
sion of mK20 are likely to be outside of the 18-kb hK20 genomic
construct that we used and/or that mK20 transcriptional ma-
chinery does not recognize the corresponding human se-
quences.

Effect of the RSOH K20 Mutation on Keratin
Filament Organization in Tissues

We examined keratin filament organization in tissues that
overexpressed the R80OH K20 mutant compared with similar
tissues that overexpressed WT hK20. Mutant and WT hK20
integrate into the existing endogenous mouse keratin fila-
ment networks, which is detectable in all the tissues exam-
ined (Figure 6). There was some mosaicism in hK20 expres-
sion, particularly in the colon, in that not all epithelial tip
cells uniformly expressed K20 (our unpublished data). This
mosaic expression phenomenon was observed in other ker-
atin-overexpressing transgenic mouse models such as those
that overexpress mK19 (Bader and Franke, 1990). Tissues
expressing WT K20 in the WT1 and WT2 lines had normal-
looking filaments in all cases tested (Figure 7, a, b, e, f, i, and
j; our unpublished data). However, in M2 mice, the keratin
filaments collapsed into cytoplasmic dots and thick cables as
noted in the ileum (Figure 7, g and h) and bladder (our
unpublished data). Filament disruption was not seen in the
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ileum (Figure 7, k and 1) or bladder (our unpublished data)
of M1 mice likely due to lower hK20 expression level in this
line, which suggests that the K20 R80H mutation behaves in
a dominant-negative manner when overexpressed at mod-
erate levels. Combined with the cell transfection experi-
ments of Figure 4, our results show that the R80H mutation
causes keratin filament disruption in vitro and in vivo. There
was no obvious effect on tissue histology after testing all
organs that expressed WT or R80H hK20 in WT1/2 and
M1/2 transgenic mice (our unpublished data).

Transgenic Mouse Cross-Breeding Demonstrates
Reversible Rescue or Collapse of Keratin Filaments
in the Small Intestine, Depending on the Dosage of
WT versus Mutant K18 and K20

We tested the functional redundancy of K18 and K20 at the
level of filament organization by breeding mice that overex-
press WT hK18 (TG2 line) or that overexpress hK18 R89C

A. Northern blot
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B. Immunoblot

Figure 4. Analysis of WT and
R80H hK20 in transfected cells: (A)
BHK cells were transfected with
vector alone or cotransfected with
WT K8 cDNA (cK8) and one of the
following constructs: WT K18
cDNA (cK18), WT K20, R80H
cK20 (cK20%*), genomic WT K20
(gK20), and R80H gK20 (gK20%).
HSE of nontransfected HT29 cells
and the transfected BHK cells was
carried out followed by immuno-
blotting with antibodies to hK20,
hK18, and hKS8. (B) NIH-3T3 cells
were cotransfected with cK8/cK20,
cK8/cK20%, cK8/gK20, and cK8/
gK20* followed by immunofluores-
cence staining with anti-K20 anti-
body. Note the collapse of keratin
filaments into prominent dots in
cells that are transfected with
genomic or cDNA K20 R80H in b
and d.

b. cK8/cK20*

(F22 and F30 lines), with the K20 mouse lines WT2 (which is
similar to WT1) or M1 (which overexpresses low levels of
K20). We chose for the initial breeding the M1 rather than
the M2 line because M1 mice have normal-looking keratin
filaments in the small intestine. As reported previously (Ku
et al., 1995), WT K18-overexpressing mice (TG2) have nor-
mal-looking keratin filaments throughout their intestine
(our unpublished data), whereas F22 (Figure 8A, e) and F30
(our unpublished data) have normal keratin filaments in the
majority of epithelial cells but are found collapsed into cy-
toplasmic dots and thick cables in goblet cell of the small
intestine (Figure 8A,e), likely related to the strong K18 stain-
ing in these cells (Figure le). Interestingly, keratin filament
collapse occurs only in the F30 X M1 but not in the F22 X M1
ileums, nor in the ileums (or colons; our unpublished data)
of the TG2 X WT2 or F30 X WT2 cross-breeds (Figure 9A).
Analysis of the individual keratins in the small intestine of
these cross-bred mice was also carried out. In TG2 and F30

Figure 5. Expression of WT and
R80H hK20 in transgenic mice: (A)
Colon . Total RNA was extracted from the

Lo L @
‘O (
N

TS — S S S '

small intestine (S.I.) and colon of the
indicated transgenic lines that over-
express WT hK20 (WT1/WT2) or
R80H hK20 (M1/M2) and from non-
transgenic mice “C” as control. After
transferring (20 ug of total RNA/
lane) to nylon membranes, the blots
were hybridized with 3?P-labeled
human ¢cDNA K20, mouse cDNA
K20, and mouse glyceraldehyde-3-
phosphate dehydrogenase c¢DNA
probes. (B) Immunoblotting by using
antibodies to the indicated keratins
was performed on HSE of the SIL
and colon of the indicated mouse
lines. The blots to mouse K8/18/19
are included as internal controls.
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Figure 6. Expression of mouse
and human K20 in WT1 and M2
transgenic mouse organs. Tissues
from colon, bladder, pancreas,
stomach, and ear skin were fresh
frozen, sectioned, and then dou-
ble stained with the indicated an-
tibodies (Ks20.8 for mK20 and
ITKs20.10 for hK20, green; and
8592 for K8/18, red) as described
in MATERIALS AND METH-
ODS. Yellow-colored areas repre-
sent colocalization of K8/18 with
mouse (a—e) or human (f-o0) K20.
Ks20.8 was used for staining be-
cause it recognizes mouse K20 by
staining better than XQ1 (the lat-
ter provides a better signal for
blotting purposes as used in Fig-
ure 2). Lumen, L (a, f, and k) or *
(b, g, and 1).
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ileums, the relative K18 levels were h > m and h = m,
respectively (Figure 9B, lanes 1 and 2). These levels were not
significantly affected after cross-breeding with WT1 or M1
mice (Figure 9B, lanes 3-6). In the F30 X M1 mouse intestine,
keratin filament disruption (Figure 9A) is likely caused by
the addition of a very small amount of K20 that is barely
perceptible by Coomassie staining.

The above-mentioned analysis was extended by mating
M2 K20 mice with F22 or F30 mice to test for an additive
K18 + K20 mutational effect and by TG2 X M2 and F22 X
WT1 matings to test for rescue of the mutant K18 R89C or
K20 R80H by wild-type K20 or K18 overexpression, re-
spectively. When hK18 WT (TG2) and R89C (F22 or F30)
mice are mated with M2 mice, the filament network in
small intestinal epithelia of TG2 X M2 mice nearly nor-
malize compared with M2 mice (compare Figure 8A, a
and b). This indicates that wild-type hK18 compensates
for mutant hK20 in filament organization and thus rescues
the M2 phenotype. Similarly, the goblet cell phenotype of
F22 X WT1 mice (Figure 8A, e) is also rescued when
wild-type hK20 is overexpressed (Figure 8A, f). The fila-
ment disruption noted in F22 X M2 is similar to that seen
in F30 X M2 (Figure 8A, c and d). Confirmation of the
expression of hK18 and hK20 proteins in the various
intercrosses was demonstrated by keratin-specific im-
mune blotting as shown in Figure 8B. A schematic sum-
mary of the filament organization phenotype of these
interbreedings is shown in Figure 10. Together, our re-
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Figure 7. Keratin filament orga-
nization of WT and R80H trans-
genic mice. Ileums of WT1 (a, b, e,
and f), M2 (¢, d, g, and h), WT2 (i
and j), and M1 (k and 1) were dou-
ble stained with anti-hK20 and
anti-mouse K8/18. e-h are high
magnifications of a—d. Areas in
squares show either normal fila-
ment (e and f) or dots (g and h). L,
lumen.

sults indicate that K20 and K18 are functionally redun-
dant at the level of keratin filament assembly in the intes-
tine.

DISCUSSION

Keratin Topography in the Small and Large Intestine

The findings described herein support and extend previous
description of keratin distribution in mouse small and large
intestine (Franke ef al., 1979; O’Guin ef al., 1987; Takemura et
al., 1988), which is schematically summarized in Figure 3.
The major points that are likely to be biologically relevant
are: 1) K18 and K20 are differentiation-specific keratins in the
small intestine. For example, K20 is primarily expressed in
the more differentiated villus cells, whereas K18 is nearly
absent in many of these cells (except for goblet cells) and is
preferentially found in basal and midzonal regions of the
epithelium. 2) K18 and K20 show significant differences in
their distribution patterns in the small and large intestine. In
that regard, K20 is restricted to a more pronounced epithe-
lial tip distribution in the colon, whereas K18 is more abun-
dant and less restricted in its colonic distribution, compared
with the small intestine. In contrast, K8 and K19 are found
nearly uniformly throughout the epithelium of the small
intestine and colon. K20 is more abundant in the small
versus the large intestine, which provides a likely explana-
tion for the dominant negative effect of the R80H mutation
in the ileum but not in the colon. 3) There seems to be mouse
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anti-K18

WT1
Figure 8. Analysis of filament
rescue in cross-bred K20- (WT1
and M2) and K18 (TG2, F22, and
F30)-overexpressing  transgenic
mice. (A) Transgenic mice that
overexpress WT (TG2) or R89C
(F22 and F30) K18 were bred with
mice that overexpress WT K20
(WT1) or R80H K20 (M2). Stain-
ing was done using anti-K8/18 or
anti-K18 antibodies. (B) HSE of
the small intestine were prepared
from the indicated transgenic
lines. Extracts were then sub-
jected to Western blotting by us-
ing antibodies to mK8, hK18, and
hK20.

hK18 —

and human species differences in K20 expression. For exam-
ple, K20 expression in mouse small intestine is most prom-
inent in the ileum and, even so, is still relatively minor
compared with K19. In contrast, K20 is a major keratin in
human small intestine, particularly in the duodenum (Moll
et al., 1990).

Targeting the Conserved Arginine of IF Proteins to
Study Keratin and Other IF Protein Biology

In this study, Arg80 of K20 was targeted for mutation in a
similar manner to the previous targeting of the same con-
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served K18 arginine (Arg89), which is located within the
N-terminal aspect of helix 1A of the rod domain. This argi-
nine is conserved in most IF proteins, including lamins, and
across species, including snail IF proteins (Fuchs and Cou-
lombe, 1992). Mutation of this conserved arginine occurs in
several epidermal keratins and results in a severe phenotype
(Coulombe et al., 1991; Fuchs and Weber, 1994). Its targeting
to generate an animal model to study keratin function and
potential disease association was first described in trans-
genic mice that overexpressed K18 R89C. Mutation of the
conserved arginine causes keratin filament disassembly in
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cultured cells that express K18 (Ku et al,, 1995) or K20
(Figure 4) and in tissues of transgenic mice that express K18
(Ku et al., 1995) or K20 (Figure 7). Collectively, the findings
in this study that defined an in vivo role for K20 in keratin
filament organization and the findings of the multiple stud-
ies that examined overexpression of K18 R89C in transgenic
mice (reviewed by Omary et al., 2002) predict that the ap-
proach of overexpressing IF proteins with mutations that
target this conserved arginine are likely to be fruitful.

Phenotype of Transgenic Mice That Overexpress
Human K20 R80H

The major phenotype of the R80H K20 transgenic mice is a
filament organization defect in enterocytes of the small in-
testine, which parallels the expression level of the mutant
K20 protein. This defect occurs in the ileum of M2 but not
M1 mice that, in turn, express lower K20 levels, and does not
occur in the colon of M2 mice likely due to the higher
relative level of K18 and the lower relative level of K20 in
colonocytes. Disruption of keratin filaments did not result in
a histological or disease-like phenotype based on several
tests that we carried out. For example, the stool weight in
WT1 and M2 mice was similar and both mouse strains were
equally susceptible to rotavirus-induced infection and had
similar virus shedding profiles (our unpublished data). The
dichotomy between keratin filament disruption and the
presence or lack of a physiological effect on the involved
cell/tissue under basal or stress conditions seems to depend
on the affected cell/tissue type. For example, mice that ex-
press K18 R89C have disrupted keratin filaments in hepato-
cytes and pancreatic acinar cells. Despite similar keratin
filament disruption in both cell types, the liver becomes
highly susceptible to injury, whereas the pancreas remains
relatively resilient (Toivola et al., 2000a). Lack of an obvious
physiological /histologic phenotype in M2 (or F30 X M2)
mice may relate to: 1) the observation that keratin filament
disruption did not involve the entire epithelium, 2) the
presence of gene modifiers, or 3) the possibility that a given
keratin may serve different functions depending on the cell/
tissue location of its expression.

The 18-kb genomic construct we used to generate the
WT1/2 and M1/2 transgenic lines faithfully maintained K20
expression in the small and large intestine, bladder, and
Merkel cells. Regional distribution of the K20 transgene was

Figure 9 (facing page). Analysis of filament disruption in cross-
bred K20- (WT2 and M1) and K18 (TG2, F22, and F30)-overexpress-
ing transgenic mice. (A) Transgenic mice that overexpress wild-type
hK18 (TG2) were bred with WT2 and M1 mice. Also, mice that
overexpress hK18 R89 (R89C) (F22 and F30) were bred with the K20
WT2 and M1 lines that overexpress wild-type or R80H K20, respec-
tively. Ileums from the indicated cross-bred lines were then double
stained with anti-K8/18 (red) and anti-hK20 (green) antibody. Note
that filament collapse and formation of cable-like structures occurs
only in the F30 X M1 ileum but not in the ileum of the other
cross-breeds. Secondary antibody control (in the absence of primary
antibody) is shown as an inset in b (L, lumen; E, epithelium; SM,
smooth muscle). (B) HSE of small intestine or liver were obtained
from the indicated transgenic and nontransgenic “C” mice or from
human colonic HT29 cells, followed by SDS-PAGE, and then Coo-
massie Blue staining. The band indicated by an asterisk is seen
occasionally and likely corresponds to vimentin.
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also maintained (i.e., surface versus base of the epithelium).
Two organs that did not maintain hK20 expression were the
stomach and pancreas. Expression of K20 in gastric epithelia
is well established (Moll et al., 1990), whereas expression in
the pancreas depends on the species and the experimental
conditions. For example, several studies report the presence
of K20 in rat ductal cells (Moll ef al., 1990; Bouwens, 1998),
whereas ductal expression of mouse K20 is detectable at
very low levels (Figure 6) but is induced in an autoimmune
diabetes model (Anastasi et al. 1999) or after caerulein-in-
duced pancreatitis (our unpublished observations). We did
not observe pancreatic hK20 transgene induction after cae-
rulein-induced pancreatitis (our unpublished data) or under
basal conditions (Figure 6). Therefore, it is likely that the
regulatory elements that control K20 expression in the stom-
ach and pancreas are outside the 18-kb genomic region that
we used in this study. This differs from K18 whereby a
genomic sequence of 10-kb contained all the necessary ele-
ments for normal tissue specific expression in simple epithe-
lia (Abe and Oshima, 1990). However, we cannot exclude
the possibility that gastric/pancreatic regulatory factors
may not recognize the human transgene.

Functional Redundancy of K18 and K20 at the Level
of Keratin Filament Organization

The dominant negative filament organization phenotype
noted in small intestinal enterocytes of the M2 transgenic
line supports an in vivo role for K20 in keratin filament
organization. This role is further substantiated by the inter-
mixed cross-breeding of the transgenic mice that overex-
press wild-type K18 or K20 or mutant K18 or K20 (summa-
rized in Figure 10). Hence, wild-type K18 rescues mutant
K20 and vice versa, and the effects of the K20 and K18
mutations are additive in the same cell in terms of their
filament disruptive capacity. This provides in vivo evidence
that K18 and K20 serve redundant functions in terms of
keratin filament organization in the intestine. In addition,
our findings provide an explanation for a K20-mediated
sparing role of keratin filament organization in the majority
of transgenic mouse enterocytes that overexpress K18 R89C
(Ku et al., 1995), although K19 is likely to play a bigger
“sparing” role given its abundance as the major type I
keratin in the intestine and its distribution throughout the
intestinal epithelium (Figures 1-3). Previous in vitro studies
showed that K18, compared with K20, is a preferred partner
for binding with K8 but K20 and K8 do associate and form
filaments (Hofmann and Franke 1997) as confirmed in this
study in transfected cells in culture (Figure 4) and by colo-
calization of filaments containing K20 and K18 in tissues
(Figure 6). Availability of transgenic mice that overexpress
wild-type and mutant K20 should provide useful in vivo
models to study K20 function and regulation.
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