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Genetic analysis of mouse disease models provides a means to investigate how modifying loci cause variation in
phenotypic expression. We have shown that polycystic kidney disease (PKD) progression in the juvenile cystic
kidney (jck) mutation can be influenced by an epistatic interaction between alleles of different strain
backgrounds and we localized one of these loci to chromosome 1. Using a chromosome 1 congenic strain, we
improved the genetic analysis and mapped the interacting locus to proximal chromosome 4, with a highly
significant lod association of 5.5. Re-analysis of the original F, cross reveals that in this cohort, while the lod
association of the chromosome 4 locus alone is not significant, its effect is apparent when analyzed in
combination with the chromosome 1 locus. This result suggests that correlation of paired genotype data with
phenotype data will be an effective means to detect epistatic interactions contributing to complex traits, and
that these associations can be tested using appropriate congenic lines.

Mouse models of human disorders are potentially pow-
erful tools for understanding heritable contributions to
complex genetic traits. The availability of mutations
on inbred genetic backgrounds, along with the devel-
opment of extensive molecular and computational re-
sources for genome-wide analysis, makes these systems
ideal for genetic analysis. Of particular interest is the
investigation of modifier loci, which influence the
variable expression of mutant phenotypes. This has
important implications for understanding how traits
that are usually benign may, in some cases, be exacer-
bated and appear as disease phenotypes. Additionally,
the characterization of modifying loci for specific dis-
ease models may suggest means of therapeutic inter-
vention that can be an alternative to amelioration of
the underlying genetic defect.

Polycystic kidney disease (PKD) represents a major
cause of human morbidity and mortality. Although
PKD1 and PKD2, the genes responsible for the great
majority of human autosomal dominant PKD, have
both been cloned, the biological basis of this disorder
remains elusive. A significant impediment to this has
been the difficulty of characterizing polycystin-1, the
large (4303 amino acid) membrane glycoprotein that is
encoded by PKD1 (European Polycystic Kidney Disease
Consortium, 1994; American PKD1 Consortium 1995;
International PKD Consortium 1995). The presence of
specific protein motifs on the large extracellular do-
main of polycystin-1 has suggested a role for it in cell-
matrix or cell-cell signaling. PKD1 and PKD2 are

2Corresponding author.
E-MAlILbeier@rascal.med.harvard.edu; FAX (617) 264-5292.

10:49-54 ©2000 by Cold Spring Harbor Laboratory Press ISSN 1054-9803/99 $5.00; www.genome.org

widely expressed in fetal and adult tissue (Mochizuki et
al. 1996; Ward et al. 1996). One hypothesis that rec-
onciles the focal nature of PKD with this widespread
expression is the proposal that the disease is recessive,
and that renal cysts occur due to loss of heterozygosity
as a consequence of somatic mutation in the kidney.
Studies of alleles from human cystic epithelium have
demonstrated loss of heterozygosity of the wild-type
PKD1 allele (Qian et al. 1996; Brasier and Henske
1997). Furthermore, studies of mice carrying targeted
mutations in Pkd1 or Pkd2 have also shown that loss of
the wild-type allele in a heterozygous mouse will result
in cyst development (Wu et al. 1998; Lu et al. 1999).
Nonetheless, the exact role of the polycystin genes
in maintaining renal tubular integrity is still not
known. In this regard, investigation of animal models
of PKD may be useful. The juvenile cystic kidney (jck)
mutation is a model of autosomal recessive PKD (Atala
et al. 1993). We mapped the position of this mutation
to chromosome 11 using an intercross of C57BL/6]
(B6) carrying jck and DBA/2] (D2) mice (Iakoubova et
al. 1995). In the F, progeny, the size of polycystic kid-
neys found in age-matched affected mice was markedly
variable compared to that found in the parental line
(Fig. 1). This suggested that modifying loci affecting
severity had been introduced from the D2 background.
Initial genetic analysis revealed nonrandom co-
segregation with disease phenotype for two loci; one
B6 locus on chromosome 1 [polycystic kidney disease
modifier 1 (Pkdm1)], and one D2 locus on chromosome
10 [polycystic kidney disease modifier 2 (Pkdm2)]. Quan-
titative trait locus (QTL) analysis confirmed that inher-
itance of a B6 locus on chromosome 1 correlated sig-
nificantly with increased kidney size; this accounted
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on distal chromosome 10 was associated with
increased severity of kidney disease, which ac-
counted for 12% of the observed variance,
with a maximal lod score of 2.1. These results
are consistent with linkage; however, we
noted it was possible that another undetected
D2 locus contributed to the variance in dis-
ease severity. However, we analyzed 102 mark-
ers in the cohort of severely affected mice and
did not detect any additional D2 loci segregat-
ing with disease severity (Iakoubova et al.
1995). In this report we have used a congenic
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Figure 1 Genetic crosses. B6 and D2 jck/+ mice were mated and F, progeny
sacrificed between 6 and 7 weeks of age and scored for the presence of ab-
normal kidneys. As shown in Fig. 2, these affected kidneys were uniformly small
in size. Several F, jck/+ mice were reserved for intercross analysis and used to
generate an F, population. Affected kidneys from this population showed wide

variation in size (Fig. 2).

for 74% of the variance in affected F, progeny and
appeared to have its effect as a recessive locus.

A highly significant association of recessively in-
herited B6-related alleles on chromosome 1 with severe
disease was unexpected, since the PKD phenotype in
the original B6 background is not severe. We proposed
that the severe phenotype resulted from a genetic in-
teraction between the B6 locus on chromosome 1 and
a D2 gene elsewhere in the genome. To further analyze
this, jck was crossed into the D2 background for three
generations, testing to ensure that loci spanning chro-
mosome 1 and chromosome 10 carried only D2 alleles.
When these mice were intercrossed, variance in kidney
size for the affected progeny was markedly less than
that seen in the F, progeny, and not significantly dif-
ferent than that found for the B6 parental mice (Iak-
oubova et al. 1995; Fig. 2). This observation continues
to be valid after serial backcross of the jck mutation
into D2 mice for over 10 generations.

Thus, the most severe phenotype is found in B6-
D2 hybrid mice that retain B6 alleles on mouse chro-
mosome 1. This observation supports the hypothesis
that this phenotype requires an interaction between
unlinked loci of different strain backgrounds. This re-
sult has significant implications for the understanding
of the biology of modifying effects, because it suggests
that it is not only the genetic backgrounds that are of
import, but also their particular combination. Thus,
loci which could have potentially profound effects as
modifiers, in certain cases may be quiescent in a dif-
ferent genetic background.

In our initial study, the inheritance of a D2 region
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strategy to increase the sensitivity of the ge-
netic analysis, and have succeeded in identi-
fying the presumptive interacting locus.

RESULTS

The Modifying Effect of the Chromosome |
Bé Allele Is Recessive
Because the hypothesis that the effect of the
chromosome 1 Bé6-specific modifier is inher-
ited recessively and requires an interaction
with a D2 allele has implications for the bio-
logical mechanism by which this locus exacerbates
PKD, we have investigated this further. It was not ini-
tially possible to generate homozygous jck mice in F,
progeny, because the mutation existed on only one
background. A congenic line carrying jck on an other-
wise D2 genetic background was generated by six gen-
erations of serial backcross, at which point the line was
statistically likely to be >98% homozygous for D2 alle-
les in regions unlinked to jck. We tested whether the
modifying effects were recessive by crossing this con-
genic line with B6 jck/+ mice to generate F; homozy-
gous jck mice, which are heterozygous for B6 and D2 at
all loci unlinked to jck (Fig. 1). Remarkably, F, jck ho-
mozygous mice do not show the severe PKD seen in
the F, population; in fact, the F, state appears to be
protective compared to the inbred B6 or D2 back-
grounds alone (mean: 0.71 g, variance 0.03 g2, range
0.46-1.16, n = 23; Fig. 2). The small affected kidneys
were, in many cases, not distinguished easily from
wild-type based on gross examination, and all pre-
sumptive affected mice were examined by histology
and were tested using markers linked tightly with jck to
confirm they were homozygous for the mutation.
The observation that the F; mice do not have se-
vere PKD strongly supports the model that the B6
modifier locus is recessive and must be homozygous to
have its effect. This result was sufficiently dramatic
that the possibility that the modifying loci had been
somehow lost in this population was tested by per-
forming an intercross using sibling F, mice heterozy-
gous for jck. This would generate essentially the same
F, population as was analyzed previously, which
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Figure 2 Scattergram of paired-kidney weight distributions.
(B6) Distribution in affected inbred C57BL/6) mice (n = 18). (F,-
A) Distribution in affected F, progeny of a cross between C57BL/
6) jck/+ and DBA/2 mice (n = 104). (D2) Distribution in affected
DBA/2] jck/+ mice (n = 23). (F,) Distribution in affected F, prog-
eny of a cross between C57BL/6) jck/+ and DBA/2] jck/+ mice
(n = 23). (F,-B) Distribution in affected F, progeny of a cross
between (B6 X D2)F, jck/+ mice (see Fig. 1) (n=65). (D2.B6
chr1) Distribution in affected F, progeny of a cross between B6
jck/jck and D2.B6 chr1 congenic mice (n = 67). The data for the
B6, F,-A, and D2 cohorts are from lakoubova et al. (1995).

should show the same distribution of PKD phenotype
(Fig. 1). The F, mice show a wide variation of PKD
severity, confirming that the B6 modifying locus func-
tions as a recessive gene (mean: 2.94 g, variance 0.54
g?, range 0.39-3.33 g, n = 65; Fig. 2). Furthermore, QTL
analysis of chromosome 1 again reveals significant
linkage of the severe disease phenotype with B6 alleles
over a large region of the chromosome, with a maximal
lod score of 3.5 (Fig. 3a). This value is likely smaller
than that found in the original analysis because this is
a smaller data set. QTL analysis of chromosome 10
shows only a suggestive effect, with a lod score of 1.5
(data not shown).

The Interacting Modifying Locus Maps

to Chromosome 4

These results strongly implicate an interaction between
the B6 allele on chromosome 1 and a D2 allele else-
where in the genome as responsible for severe PKD.
Because the B6 allele acts as a recessive locus, however,
only one-fourth of affected mice will be informative
with respect to the interacting locus. Thus, the identi-
fication of the interacting locus may be hindered be-
cause most mice will not contribute useful genotype
information. The combined analyses of the F, crosses
do not strongly support the chromosome 10 locus as
the interacting locus, although it clearly has some con-

DIMit 7 DiMitt1 D1Mit30 D1Mit150

D1Mit76 D1Mit80 D1Mit90 D1Mit57 D1Mits6

D4Mit235 DAMit18 D4Mit286 DaMit178 DAMit303

Figure 3 QTL analysis. (a¢) MapManager QT was used to ana-
lyze chromosome 1 genotype and trait data from affected F,
progeny of a cross between C57BL/6] jck/+ and DBA/2| jck/+
mice. (b) MapManager QT was used to analyze chromosome 4
genotype and trait data from affected F, progeny of a cross be-
tween B6 jck/jck and D2.B6 chr1 congenic mice. For both analy-
ses, a permutation test was used to calculate the threshold levels
indicated for suggestive, significant, and highly significant link-
age (dotted lines).

tribution to severe PKD, as the sum of the lod scores at
D10Mit10 in both B6 X D2 F, populations is 4.6.

To increase the efficiency of the characterization
of the interacting locus, a jck congenic line was gener-
ated that was homozygous for B6 alleles from DIMit7
to DIMit155 in a D2 background. When this D2.B6
congenic strain is crossed with B6 jck/+ mice, and their
progeny intercrossed, the congenic region is fixed as
B6, whereas the remainder of the genome is segregat-
ing as an F, population. In this experiment, all affected
mice will be informative for the interacting locus and
the genetic analysis will be much more efficient. One
prediction for progeny of this intercross is that the dis-
tribution of PKD severity should be skewed to a more
severe disease phenotype, since all of the mice are ho-
mozygous in the congenic region, rather than the one-
fourth that would be in an F, population. This is
clearly the result, as shown in Figure 2 (mean: 1.53 g,
variance: 0.76 g2, range: 0.41-3.8 g, n = 67). In many
cases, the range in phenotypic variation was dramatic,
even within the same litter, as shown in Figure 4.

Genome Research 51
www.genome.org



Kuida and Beier

Figure 4 Variation in affected kidney size. A single kidney from
each of five affected F, progeny obtained in one litter of a cross
between B6 jck and D2.B6 chr1 congenic mice. Bar, 1 cm.

To identify the interacting locus in this congenic
cross, we used a strategy of interval haplotype analysis
described in Neuhaus and Beier (1998). This technique
allows one to screen for regions most likely to carry a
nonrandomly inherited locus using only 2 or 3 mark-
ers on a chromosome. This analysis identified two in-
tervals (one on chromosome 2 and one on chromo-
some 4) as most likely to contain a nonrandomly in-
herited locus. These regions were analyzed in more
detail in all of the affected mice using additional mark-
ers, and a locus on proximal chromosome 4 was sig-
nificantly found to be associated with severity of PKD,
with a lod score of 5.5 (Fig. 3b). The MapManager QT
program can be constrained to calculate lod associa-
tions for dominant, additive (semidominant), and re-
cessive modes of inheritance. For this constrained
analysis the additive mode generated the highest lod
score of 5.2. The evidence that the mean kidney weight
for affected progeny of the (D2.B6 X B6)F, cohort het-
erozygous for D4Mit286 (the QTL peak) is intermediate
between mice that are either homozygous B6 or homo-
zygous D2 is consistent with the D2 locus having a
semidominant effect (Table 1).

To test the hypothesis that the identification of
the interacting locus was obscured originally because
most mice were not informative for its effect, we re-
analyzed progeny from the original F, intercross. The
maximum lod score for loci on chromosome 4 was 1.8,

Table 1. Kidney Weight by Genotype

which does not reflect significant linkage. Of interest is
that when mean kidney weights are determined for all
genotypic classes of the paired markers DIMit30 and
D4Mit286 (which represent QTL peaks), the evidence
for the interaction is apparent, as the largest value is
found in the class of progeny that is homozygous B6 at
D1Mit30 and homozygous D2 at D4Mit286 (Table 1).

DISCUSSION

Our results demonstrate clearly that severe PKD in the
jck mutant mouse is associated with recessive inherit-
ance of a B6-derived locus on chromosome 1 that must
interact with a D2-derived gene. The statistical effect of
this locus will be obscured in an intercross, because the
chromosome 1 locus behaves recessively and three-
fourths of the mice are therefore not informative for
the interaction. To address this, we constructed a
D2.B6 jck/+ congenic strain which carries a large inter-
val on chromosome 1 as homozygous B6 and the re-
mainder of the genome as D2. When this mouse is
crossed with a B6 jck/+ mouse, the congenic region on
chromosome 1 is fixed as B6, while the rest of the ge-
nome is segregating as in an F, population. Thus, all
the affected mice should be informative for the inter-
acting D2 locus. Consistent with this hypothesis, we
were readily able to localize a D2 locus associated with
severe PKD.

Of note is the fact that in our original F, popula-
tion, the association of a locus on chromosome 4 is not
significant statistically. However, when trait data are
stratified with respect to genotype at both the putative
chromosome 4 locus and the previously identified
chromosome 1 locus, the relationship to disease phe-
notype is apparent. This observation suggests that a
recently described algorithm to test genotype data for
pair-wise effects in a genome-wide fashion (G.A.
Churchill, unpubl.) would be useful for uncovering ge-
netic interactions similar to what we have demon-
strated experimentally in this report.

D4Mit286

DIMit30 BB BD DD
D2.B6 chrl: BB® 1.11 = 0.54 (32) 1.52 + 0.85 (44) 2.21 + 0.93 (18)
Fy BB 0.55 + 0.11 (4) 1.36 = 0.53 (14) 1.81 + 0.57 (6)
Fy BD/DDP 0.59 + 0.35(9) 0.67 + 0.38 (26) 0.79 + 0.44 (11)

The mean kidney weight = S.D. is shown for various genotypic classes of the paired markers D1Mit30 and D4Mit286 (which represent
QTL peaks) in the (D2.B6 chr1 congenic X B6) F, cohort (labeled D2.B6 chr1) described in this report and in a (B6 X D2)F, population
(labeled F,) generated previously (lakoubova et al. 1995). (BB) homozygous B6; (BD) heterozygous B6/D2; (DD) homozygous D2; (N)

sample size.

“For D1Mit30, the parental D2.B6 congenic strain is homozygous B6 so this is the only possible genotype class in the (D2.B6 congenic

X B6) F, cohort.

®In the (B6 X D2)F, cohort the heterozygous B6/D2 and homozygous D2 classes are merged (BD/DD) because the modifying effect

only occurs when this locus is homozygous B6.
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The determination that a locus on proximal chro-
mosome 4 contributes to severe PKD in the jck mutant
mouse is of particular interest because this is the posi-
tion of the locus Pkdm3 (previously called MOP1),
which has been shown to modify the progression of
PKD in two different mouse mutations, cpk and pcy
(Woo et al. 1997). These mutants have quite distinct
phenotypes; cpk causes a rapidly progressive disease
that is usually lethal before weaning, while affected pcy
mice survive until 25-32 weeks. The jck mutation has
an intermediate phenotype between these, with mice
first showing histological evidence of cysts at 3-4 weeks
of age. Pkdm3 was not previously found to require an
interacting locus, which may be due to the fact that the
strain combinations tested were different than re-
ported here (D2 vs. Mus castaneus for pcy and B6 vs. M.
castaneus for cpk.). However, given the limitations of
the resolution of QTL analysis, it is equally likely that
the interacting locus described here represents a closely
linked but separate modifier from Pkdm3.

Of additional interest is the fact that both the
Han/SPRD rat Cy mutation, which causes dominant
PKD, and the Wistar rat polycystic kidney (wpk) muta-
tion, which causes recessive PKD, have been localized
to a region that has conserved synteny with proximal
mouse chromosome 4 (Bihoreau et al. 1997; Nauta et
al. 1999).

The low resolution of QTL analysis precludes pro-
ductive speculation regarding specific genes as candi-
dates for the modifying loci. This is particularly the
case because the molecular basis of the jck, cpk, and pcy
mutations is not yet known. Additionally, although
the causal roles of the Pkdl and Pkd2 genes in cysto-
genesis have been confirmed in mouse models (Lu et
al. 1997; Wu et al. 1998), the mechanism of these
genes remains obscure, and extrapolation regarding
pathways cannot be made. As is generally the case for
loci causing quantitative effects, a strategy of congenic
analysis will be the most appropriate for defining a
recombinant interval in which the presumptive modi-
fying locus must reside. We have begun pursuing this
for the B6-derived chromosome 1 loci; however, the
initial outcome of these studies suggests that there are
two linked loci on chromosome 1 contributing to se-
vere PKD, further illustrating the potential complexity
of modifying gene analysis (Iakoubova et al. 1999).

Perhaps the most important lesson of this study is
to illustrate the complicated nature of modifying ef-
fects involving even only few loci. This supports the
value of analysis of complex traits in model organisms
with defined genetic backgrounds, as it seems unlikely
that the loci identified in these studies would be de-
tectable in a population with a highly heterogenous
genetic composition. Although the biology of model
organisms may be sufficiently divergent such that the
loci uncovered are not disease-causing in humans, the

expectation that they will provide insight into mecha-
nisms of pathogenesis seems reasonable.

The possibility that the same locus can influence
disease progression in three different murine PKD mu-
tations is of considerable significance, as this would
suggest that this gene might influence PKD severity
irrespective of its cause. As such, this locus could rep-
resent a potential target for therapeutic intervention in
human PKD. The dominant form of this disorder af-
fects 600,000 people in the United States and 12.5 mil-
lion worldwide. It is a common cause of renal failure
and accounts for 10% of patients on dialysis. There is
presently no effective treatment of this disease. Be-
cause the symptoms of PKD do not appear until mid-
life, even modest therapeutic effects have considerable
potential to delay the onset of renal failure and thus
extend life span and increase its attendant quality.

METHODS

Mice and Phenotype Characterization

B6 and D2 jck/+ mice are maintained in our mouse colony. D2
jck/+ mice were generated by crossing (B6 x D2)F, jck/+ mice
with D2 wild-type mice and selecting for jck/+ mice carrying
only D2 markers on chromosomes 1 and 10. These mice were
mated for another five generations with wild-type D2 mice,
selecting for jck/+ by genotype analysis of flanking microsat-
ellite markers. For the experiments illustrated in Figure 1, B6
and D2 jck/+ mice were mated and F, progeny sacrificed be-
tween 6-7 weeks of age and scored for the presence of abnor-
mal kidneys. These were removed, weighed, and fixed in Op-
timal Fix (American Histology Reagent Co.), and tail tissue
was reserved for DNA extraction. Kidneys which appeared ab-
normal but were not obviously polycystic were analyzed by
histology and were tested using chromosome 11 markers to
confirm they were homozygous for jck. Several F, jck/+ mice
were reserved for intercross analysis and used to generate an
F, population that was analyzed in a similar fashion (Fig. 1).
For the congenic analysis, incipient congenic lines were con-
structed by crossing mice carrying B6 alleles between D1Mit7
and DIMit155 to D2 mice for 7 generations, selecting for the
appropriate chromosome 1 markers by genotype analysis.
These mice were then intercrossed and mice homozygous for
chromosome 1 markers were identified. These D2.B6 D1Mit7-
155 congenic mice were crossed with B6 jck/+ mice, the F,
progeny intercrossed, and the F, affected progeny analyzed as
described above.

PCR-Based Genotyping

Genomic DNA was prepared from tail and liver tissue accord-
ing to standard techniques. PCR primers were purchased from
Research Genetics, Inc., and kinase-labeled using *?P-labeled
adenosine triphosphates. The PCR fragments were amplified
using standard techniques and analyzed on a 6% polyacryl-
amide denaturing gel.

Interval Haplotype Analysis and Modifier Mapping

To identify the interacting locus we used a strategy of interval
haplotype analysis (Neuhaus and Beier 1998). This technique
allows one to screen for regions most likely to carry a non-
randomly inherited locus using only two or three markers on
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a chromosome. From a population of 67 intercross progeny,
cohorts of 20 mice with the most and least degree of PKD
severity were analyzed separately. All mice with apparent
mild disease were tested with chromosome 11 genetic markers
to confirm they were homozygous for jck. These cohorts were
genotyped using markers 5-10 cM from the ends of each chro-
mosome, with an additional marker added for chromosome 2.
A Web-based interface for the program described by Neuhaus
and Beier (1998) was used to test for the frequency of nonre-
combinant haplotypes in these cohorts (http://aurora.bwh.
harvard.edu/cgi-bin/haplotype.pl). This program infers the
genotype distribution for markers in the interval, and com-
pares the value of this distribution to the theoretical maxi-
mum for the number of mice analyzed. Intervals showing the
closest values to the theoretical maximums (and therefore the
most potentially skewed distribution of alleles) are candidates
for containing the interacting locus. This analysis identified
two intervals (one on chromosome 2 and one on chromo-
some 4) as having an inferred x* distribution >75% of the
theoretical maximum. This value has been empirically found
to be a useful threshold for localizing mutations (Neuhaus
and Beier 1998). These regions were analyzed in more detail in
all of the affected mice using additional markers.

Statistical Analysis

Kidney weight distributions were analyzed using Excel 5.0.
Genotype data were correlated with kidney weight trait data
using MapManager QT version b28 (http://mcbio.med.buffa-
lo.edu/mapmgr.html) (Manly and Olson 1999). Permutation
tests (Doerge and Churchill 1996) were done in 1-cM steps for
5000 permutations using Map Manager QT. The threshold
values of the permutation test, which correspond to sugges-
tive, significant, and highly significant linkage associations,
are taken from the guidelines of Lander and Kruglyak (1995)
and correspond to the 37th, 95th, and 99.9th percentiles, re-
spectively.
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