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The gene responsible for LEC hepatitis, located on rat chromosome
16, is the homolog to the human Wilson disease gene
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Summary: We identified the rat homolog to the human Wilson disease (WD) gene as the
gene responsible for hepatitis (h1s) in the Long Evans Cinnamon (LEC) rat. A genetic study
using fifty-three backcross progenies showed that the rat WD gene detected by Southern
blotting using the human WD gene as a probe was tightly linked to the kts phenotype of the
LEC rat with no recombination. LEC is a transcriptionally deficient mutant because no transcript
of the rat WD gene could be found in the LEC rat by Northern blotting. This rat WD gene was
mapped to 16q12.23-12.3 by fluorescence in situ hybridization and mouse Xrat somatic cell
hybrid analysis. % 1994 Academic Press, Inc.

The LEC rat is a mutant strain that develops fulminant hepatitis and severe jaundice at
around 4 months of age. About half of the animals die within one week after the onset of
jaundice and in all survivors hepatocellular carcinoma spontaneously appears after 12 to 18
months (1, 2). One biochemical feature of the LEC rat that has been reported is an abnormal
accumulation of copper in hepatocytes and a marked decrease in serum ceruloplasmin oxidase
activity (3). These symptoms are very similar to those of human Wilson disease (WD), which
is an autosomal recessive disorder controlled by a single gene located on human chromosome
13 (4). Genetic analysis revealed that hepatitis in the LEC rat is also controlled by a single
autosomal recessive gene, called /its and another line of genetic analysis also clarified that the
rat ceruloplasmin gene was not the gene responsible for the Ars gene (S, 6). Though the

* To whom correspondence should be addressed. Present address: Institute for Animal
Experimentation, School of Medicine, Tohoku University, Sendai 980, Japan.

0006-291X/94  $5.00
Copyright © 1994 by Academic Press, Inc.
All rights of reproduction in any form reserved. 512



Vol. 202, No. 1, 1994 BIOCHEMICAL AND BIOPHYSICAL RESEARCH COMMUNICATIONS

deficiency of ceruloplasmin activity is a charactenistic biochemical abnormality of human WD,
the human ceruloplasmin gene has been mapped to chromosome 3, not to chromosome 13,
suggesting that the WD gene is not identical to the ceruloplasmin gene (7). These lines of
evidence led us to infer that the rat homolog of the human WD gene might be responsible for
the LEC hepatitis. Recently, human WD cDNA was isolated and this product is, as predicted, a
copper-binding P-type ATPase protein homologous to the Menkes disease gene (8-10). In this
report, we demonstrate that the rat homolog of the human WD gene is the gene responsible for
the hts phenotype of the LEC rat, which is located on 16q12.23-12.3. Northern blot analysis
also indicated that the LEC rat is a mutant with the deficient expression of the rat WD gene.

Materials and Methods

Phenotyping of backcross progenies

Female LEC rat was crossed to male WKAH rat. Then male F1 rats were backcrossed
to female LEC rats. Using fifty-three backcross progenies sacrificed at 20~25 weeks of age,
the phenotype of hepatitis (hts) was determined by measurement of the serum ceruloplasmin
oxidase activity (11) and by histopathology, in which livers were fixed in phosphate-buffered
formalin, embedded in paraffin and stained with hematoxylin/eosin.

Linkage analysis

Genomic DNA was prepared from kidneys of backcross progenies and digested with
the restriction enzyme EcoO1091 (Takara). The strain distribution pattern of each backcross
progeny was determined using Southern blot analysis with pB8.3 as a probe. This probe was
prepared by PCR amplification using primers TGTAATCCAGGTGACAAGCAG and
CACAGCATGGAAGGGAGAG specific for the human WD gene as described (9). This
fragment, isolated and cloned in Bluescript I, was designated pB8.3.

Northern blot analysis
Total RNA was isolated from livers of 4-week-old LEC, WKAH and LEA rats by the

guanidine-isothiocyanate method. Poly (A) + RNA was isolated using oligotex-dT30 (Roche).
Northern blot analysis was performed using human WD cDNA (Y-2) as a probe (8) .

Chromosomal assignment by somatic cell hybrids

Eighteen rat X mouse somatic cell hybrids (YS01-YS18) were used in this study (12).
Rat-specific DNA fragments detected on Southern blot analysis by pB8.3 were scored for their
presence or absence in the hybrid clones and compared to the segregation patterns of individual
rat chromosomes in the clone panel.

Physical mapping by FISH

Genomic DNA prepared from kidney of WKAH rat was digested completely with
EcoRl1, and ligated with EcoRI-digested Bluescript II using a vector-to-insert molar ratio of
1:1. Colonies of the genomic library were screened by hybridization with pB8.3 and positive
clone was purified and designated prWD4. FISH analysis with prWD4 and the rat chromosome
16-specfic cosmid clone (RCKYO88) was performed according to the method described
previously (13, 14).

Results
Preparation of genomic DNA fragments encoding the WD gene

To obtain the genomic DNA fragment of the human WD gene and its rat homolog, we
amplified the 250 bp fragment carrying the human WD gene using B8.3 primers (9). This
fragment was cloned in Bluescript Il vector and designated pB8.3. The Southern blot with
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pB8.3 revealed that the 4.4 kbp EcoRI genomic DNA fragment encoded the rat counterpart
sequence of the WD region carried by pB8.3 and we attempted to clone this fragment at the
Bluescript lI- EcoRI site, which resulted in obtaining prWD4. The insert DNAs of prwD4 and
pB8.3 were used for subsequent analyses.

Genetic analysis of the hts locus of the LEC rat

The phenotype of hts was assayed by measurement of the serum ceruloplasmin oxidase
activity and by histopathology. Fifty-three backcross progenies produced from LEC and WKAH
(normal rat strain) progenitors were sacrificed at 20~25 weeks of age. Twenty-three progenies
showed low levels of the enzyme activity and suffered from fulminant hepatitis at about 4
months after birth. To examine whether or not the Ats phenotype was linked to the human WD
gene, we first tried to test the restriction fragment length polymorphisms (RFLP) of genomic
DNAs from LEC and WK AH rats using Southern blot analysis. Using the 250 bp insert DNA
of pB8.3 as a probe, thirty restriction enzymes were tested for RFLP. As shown in Figure I,
Restriction enzyme EcoQO1091 produced a longer fragment in LEC than that in WKAH, both of
which can be seen in the FI pattern. As a consequence of linkage analysis, the strain distribution
pattern of the rat WD gene was found to be tightly linked to that of the h#s phenotype with no
recombination in the fifty-three backcross progenies. In combination with the similarity of the
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Figure 1. Southem blot analysis of rat WD locus

Southern blot analysis of kidney genomic DNA from human (H), LEC rat (L), WKAH
rat (W), F1 (L xW) and backcross progenies (L xF1). Hp and N of backcrosses indicate
hepatitic and normal phenotypes, respectively. DNA digested with EcoO1091 and hybridized
with radioactive pB8.3. This probe was PCR products from the human WD gene locus
described in (9). The size marker is Mspl-digested Bluescript I1.

Figure 2. Northern blot analysis of the rat WD gene.

Five microgram of poly (A)+RNA prepared from livers of each of the rat strains,
WKAH (W), LEC (LC), and LEA (LA) was electrophoresed on 0.7% agarose gel and blotted
to a nylon membrane, The membrane was probed with human WD ¢cDNA (Y-2). RNA marker
sizes are shown on the left.
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rat LEC phenotype to the human WD, this strongly suggested that the rat homolog to the
human WD gene is the gene responsible for Ats.

Expression of the rat WD gene in the LEC rat

To analyze the expression of the rat WD gene in the LEC rat, Northern blotting was
done using human WD cDNA (Y-2) to hybridize to liver poly (A)+ RNA of LEC, WKAH and
LEA rats. LEA is a control strain which originated from the same closed colony as LEC. As
shown in Figure 2, only a 7.5kb transcript, which is the same size as the human WD mRNA,
could be detected in WKAH and LEA rats (lane 1,3). On the other hand, no trace of this band
could be seen in the LEC pattern (lane 2), indicating that the rat WD gene is not expressed in
the LEC mutant. Therefore, we concluded that the rat homolog to the human WD gene (rat WD
gene) is responsible for the hts phenotype in the LEC rat.

Chromosomal assignment by somatic cell hybrids and FISH

To identify the chromosomal location of the rat WD gene, rat X mouse hybrid cells
(YS01-YS18) were used for Southern blotting with pB8.3. With EcoRI digestion, rat-specific
fragment and mouse fragment were detected at 4.4 kb and 7.6 kb, respectively (Figure 3). The
presence or absence of the 4.4 kb rat-specific DNA band was examined in the hybrid clones
and we scored its concordance and discordance with each chromosome. Consequently,
chromosome 16 gave the highest concordance with the score for the rat 4.4kb fragment (Table
1). However, in one hybrid cell (YS03), chromosome 16 showed discordance with the rat WD
gene. We suspected that this discordance might have been due to a chromosome aberration in
chromosome 16 carried in YS03. Then, we performed FISH analysis to identify the regional
location of the rat WD gene. As an anchor clone, we used the rat chromosome 16-specfic
cosmid (RCKYO88) (15). As shown in Figure 4-a, the signals of the rWD4 (red signal) and
RCKYOS88 (green signal) were localized on chromosome 16q and 16p, respectively. The
G-banding analysis showed that the chromosome positive to the both probes was assigned to
chromosome 16 (Figure.4-b) (16). For futher precise assignment of the rWD4, the direct
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Figure 3. Somatic cell hybrid mapping of the rat WD gene.

Rat x mouse somatic cells (YSOI1-18) were analyzed by Southern blot with pB8.3.
DNA was digested with EcoRI1. Rat (R) and mouse (M) indicate the 7.6kb fragment and 4.4kb
fragment of the WD gene, respectively. The plus (+) sign indicates the presence of a rat signal.
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Table 1. Segregation discordance between Rat chromosomes and the human WD gene

Rat chromosome

1 234567 8 9101 121314151617 181920 X Y

Lv“’,g” 10115 8 8116 7 91235 3 6 71 4 6 9 6 3 7

The bar (-) indicates the chromosome with the highest concordance of segregation patterns.

R-banding FISH was performed with the biotin-labeled DNA probe, resulting in detecting the
yellow signals on chromosome 16q12.23-12.3 (Figure.4-c) (17).

Discussion

Our data demonstrate that the rat homolog to the human WD gene (rat WD) is the gene
responsible for the hts phenotype in the LEC rat. This conclusion is based on the following
data. First, a genetic study with fifty-three backcross progenies indicated that the rat WD gene

Figure 4.FISH mapping of the rat WD gene on chromosome 16.

(a, b) Chromosomal localization of the rwD4 and RCKYO88 labeled with digoxigenin
11-dUTP and biotin 16-dUTP, respectively. The hybridization signals of the rWD4 and
RCKYOS8S8 are indicated by long and short arrows, respectively (a). The G-banded pattern of
the same metaphase is shown in (b). (c) Direct R-banding FISH pattern of the rWD4 as
biotinylated probe. The signal is located on chromosome 16q12.23-12.3. The metaphase spreads
were photographed with FITC/Texas Red filter set (a), Nikon UV-2A (b) and B-2A (c) filters.
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is tightly linked to the A5 phenotype. Second, Northern blot analysis showed that the transcription
of the rat WD gene is defective in the LEC rat. Third, the phenotype, the biochemical data and
the histopathology of the LEC rat are very similar to those of human WD. In human WD,
various mutations in the WD gene have been reported and one of them showed complete
deficiency of transcription of this gene (8). Therefore, the LEC rat is considered to be a good
model for this type of the human WD.

Copper taken up by hepatocytes is usually incorporated into ceruloplasmin. The required
amount of copper carried by ceruloplasmin ts then secreted from the hepatocytes into plasma,
whereas excess copper is discharged into bile (4). It has previously been reported that
ceruloplasmin in the LEC rat lacks copper binding activity, although ceruloplasmin protein
levels and the expression of mRNA are normal (18). In the LEC rat, ceruloplasmin without
copper is secreted, whereas copper accumulates in hepatocytes. Therefore, ceruloplasmin was
considered to be the gene responsible for hts, however, this was found to be untrue because
genetic study revealed no linkage between Ats and the ceruloplasmin gene in the LEC rat (5).
Taken together with our results, the function of the WD product is hypothesized to be as
follows. Since the human WD gene product has six copper-binding sites, it may function as a
carrier that transports copper to ceruloplasmin or helps copper to bind to ceruloplasmin.
Futhermore, as the WD gene product has putative transmembrane regions, mature ceruloplasmin
may excrete excess copper from the liver into the bile only when a WD product-copper-
ceruloplasmin complex is formed. The failure of the WD gene product to function as a carrier
may result in the copper accumulation in the liver of the LEC rat and in human WD patients.

One clear difference in phenotype in the two species is that all LEC rats that survived
more than 18 months developed hepatocellular carcinoma. Generally, cancer is caused by
multistep processes. It has been reported that the LEC rat is highly sensitive to X ray-irradiation
and carcinogenesis (19, 20). This evidence is in agreement with the fact that the amount of
DNA damage in the LEC rat was higher than in the control rat. As reasons for the excess
accumulation of DNA damage in the LEC rat, two possibilities may be suggested. First, in the
LEC rat, DNA damage is produced more frequently than in the control rat because oxygen
radicals, which more produced by copper accumulation, induce DNA damage in the LEC rat
(21). Second, the repair process of DNA double-strand breaks is disturbed compared to that in
the WKAH rat. This impairment of DNA repair is controlled by a single autosomal recessive
gene, designated xhs (19). In addition to the DNA repair impairment of the LEC rat and the
tendency for mutation, hyperregeneration of hepatocytes resulting from fulminant hepatitis
should promote the frequency of DNA mutation. Therefore, we suppose that the difference in
carcinogenic phenotype between the LEC rat and human WD patients is due to the susceptibility
to DNA damage and impairment of DNA repair. Thus, cells of the LEC rat may naturally be
mutable due to the defect of a DNA repair gene and DNA mutation caused by excess copper,
which tends to cause DNA mutation through the generation of oxygen free radicals, may
eventually accumulate. Then, following regeneration and proliferation of hepatocytes, the
accumulated DNA mutation may promote carcinogenesis. Thus, the LEC rat should provide a
useful tool for understanding not only the pathogenesis of WD, but also the mechanism of

oncogenesis in hepatocytes.
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