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Linkage Disequilibrium and Physical Mapping
of Pas1 in Mice
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1Department of Experimental Oncology, Istituto Nazionale Tumori, Milan, Italy; 2Unite de Genetique Moleculaire Murine,
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By using linkage disequilibrium (LD) analysis in 21 strains of known susceptibility to lung cancer and by
assembling a YAC contig, we mapped to a ∼1.5-Mb region on distal mouse chromosome 6 the Pas1 locus, the
major determinant of lung cancer predisposition in mice. Our results, on the basis of haplotype and phenetic
analysis, suggest that the Pas1s susceptibility allele is shared by several mouse-inbred strains of independent
origin, which show either high or intermediate predisposition to lung tumorigenesis. Therefore, the Pas1s allele is
probably derived from an ancestral mouse rather than from independent mutations of the same gene. We
showed the feasibility of LD in common inbred strains for the fine mapping of disease loci, and provided the
biological basis and the reagents for the cloning of the Pas1 gene.

The A/J mouse strain is highly susceptible to lung tu-
morigenesis and we have previously mapped the Pul-
monary adenoma susceptibility 1 (Pas1) locus affecting
inherited predisposition to lung tumorigenesis in this
strain, to the distal region of chromosome 6 (Gariboldi
et al. 1993). Subsequently, independent studies with
the A/J strain have confirmed the major role of Pas1 in
mouse lung tumorigenesis and have also supported the
fact that the quantitative trait locus (QTL) peak for
Pas1 is localized around Kras2 (Devereux et al. 1994;
Festing et al. 1994; Manenti et al. 1995). As in many
QTL studies, the linked region is too large (>10 cM) for
undertaking positional cloning of the causative gene.
Approaches other than genetic linkage analysis should
be devised to narrow the region.

Several strains of independent origin show high or
intermediate susceptibility to lung tumorigenesis.
Among these strains, we have obtained evidence re-
cently that, in addition to the A/J strain, the SWR/J and
the BALB/c strains also carry the Pas1s susceptibility
allele, mapping close to the Kras2 locus (Manenti et al.
1997b). Strain polymorphisms at the Kras2 gene corre-
late with susceptibility to lung tumorigenesis (Malkin-
son and You 1994). On the basis of these observations,
we hypothesize that the Pas1s allele originated from a
single founder and have designed a linkage disequilib-
rium (LD) study in mouse strains to test this hypothesis
and to eventually narrow the candidate region for
Pas1.

LD may be defined as the nonrandom association
of marker alleles, usually mapping within a short chro-
mosomal region, with a phenotype. Genetic linkage
analysis is based only on recombination events that

occur in a specific cross. In contrast, LD patterns rely
on recombinations that have occurred over genera-
tions starting from the origin of the mutated allele in
the founder mouse to the fixation of the mutation at
homozygosity during inbreeding. LD analysis may
therefore provide access to the equivalent of millions
of meioses. LD has been successfully used in humans
for the precise location of disease loci and has proved
to be an important tool for the positional cloning of
several disease genes (de la Chapelle 1993; Jorde 1995).
The power of LD analysis for the precise mapping of a
disease locus is especially clear in isolated populations,
in which the disease-causing mutation originated from
a single founder (Jorde 1995).

In experimental systems for the analysis of poly-
genic inheritance, disease loci have been mapped by
genetic linkage studies typically carried out with a
sample size of <500 meioses and haplotype analysis
used to verify the candidacy of genes identified (Malo
et al. 1994; MacPhee et al. 1995). To our knowledge,
the potential of LD analysis for the fine mapping of
disease genes has not, however, been tested in animals.
If our hypothesis of a single founder of Pas1s is correct,
LD could be applied for the fine mapping of Pas1.
Herein, we report that several markers located in the
telomeric region of chromosome 6 exhibit significant
LD with the genetic predisposition to lung cancer de-
velopment. By combining LD and physical mapping,
we shortened the Pas1 region to a ∼1.5-Mb interval,
between D6Mit57 and D6Mit304 markers. These results
should make feasible the positional cloning of Pas1.

RESULTS
The genetic markers used are listed in Table 1. During
our analysis, we observed several discrepancies be-
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tween the strain allele size of SSLPs reported by MIT
and the PCR fragment length we obtained from our
own analysis. Fifteen of 22 SSLPs (68%) showed small
differences in the allele size of at least one of the strains
analyzed (data not shown). In the case of D6Mit26, for
example, we found that the BALB/c allele is 196 bp
long instead of null, and the size of the Mus spretus
allele is 202 bp instead of the reported size of 200 bp.
When these errors for D6Mit26 were corrected, all of
the investigated strains fell into two classes that corre-
lated well with susceptibility and resistance to lung tu-
mor development, as indicated by the statistically sig-
nificant association (1log P = 3.29; 1log P being de-
fined as the negative value of the logarithm of the P
value of the test statistic). Both the highly susceptible
and the intermediate susceptible strains showed a com-
mon allele of 196 bp, whereas the resistant strains
shared the same 202-bp-long allele (Table 2).

A YAC contig was constructed across the candidate
region to provide reagents for the eventual cloning of
the Pas1 gene. The D6Mit markers that localized in this
interval (Dietrich et al. 1996) were screened across the
mouse YAC libraries. Continuity of coverage required
the addition of new STS markers obtained by YAC end-
clone isolation (Table 1). New markers lying within the
contig were identified, including a 36-bp repeat poly-
morphism at Krag 38-UTR, corresponding to nucleotide

4011–4046 in the GenBank sequence (accession no.
MM02487). The strains carried either one or three re-
peats (data not shown). Strain polymorphisms de-
tected in the YAC end-clone sequences yielded addi-
tional markers for LD analysis. A minimum set of five
YACs of average size 840 kb is required to cover the
D6Mit57–D6Mit304 interval. The size of this contig can
be estimated at 1.5–2 Mb if an average overlap of 50%
between YAC clones is assumed. The order of markers
across the YAC contig was in agreement with existing
genetic maps. The one exception was D6Mit15, placed
in the most telomeric group of markers on the MIT
genetic map (Dietrich et al. 1996) but more proximally
on the YAC contig as well as on EUCIB and MGD ge-
netic maps (Mouse Genome Database 1998; Rhodes et
al. 1998). A combined genetic and physical map of the
region was assembled, with D6Mit57 (71 cM) and
D6Mit304 (73 cM) markers as loci to anchor the genetic
and physical maps. With the aim of defining genetic
distance between markers in the contig, we attributed
a 0.1-cM distance interval to markers separated by par-
tially overlapping YAC clones (Table 1; Fig. 1).

A significant LD was found for markers extending
across the whole YAC contig. Contingency tables with
strains grouped into susceptible, intermediate, and re-
sistance phenotypes resulted in the same LD pattern of
two levels of tables (susceptible/intermediate and resis-

Table 2. Mouse Strains and Haplotypes at Genetic Markers Mapping in the Pas1 Region

Strain Susceptibilitya

Haplotype at selected markersb

Putative
Pas1 allelecKras2_494 Kras2_37

Kras2_4B561
Kras2_4B1067 Y95m1f5 D6Mit26

AKR/J R T 2 G C 202 r
M. spretus R T 1 A C 202 r
C3H/HeJ R T 2 G C 202 r
C57L/J R T 2 G T 202 r
C57BL/6J R T 2 G T 202 r
SJL/J R T 2 G C 202 r
DBA/2J R T 2 G C 202 r
SM/J R C 1 A T 196 s
CBA/J I C 1 A T 196 s
LP/J I C 1 A T 196 s
PL/J I C 1 A T 202 ?
RF/J I C 1 A T 196 s
129/SvJ I C 1 A T 196 s
ST/bJ I C 1 A T 196 s
BALB/cJ I C 1 A T 196 s
MA/MyJ I C 1 A T 196 s
STS/A S C 1 A T 196 s
O20/A S C 1 A T 196 s
SWR/J S C 1 A T 196 s
A/J S C 1 A T 196 s
NGP/N S C 1 A T 196 s

a(R) Resistant; (I) Intermediate; (S) susceptible (see text for further details).
bNumber of repeats at Kras2_37 marker, allele size for D6Mit26, and single nucletide polymorphisms for the other markers (see Table
2 and text for further details).
cBased on haplotype sharing of marker loci in LD with phenotype.
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tant), although the statistical significance values were
lower because of the increased degrees of freedom (data
not shown). Analysis of variance by lung tumor mul-
tiplicity data gave the same LD pattern with signifi-
cance values similar to those herein reported (data not
shown). A total of 12 markers were typed in and
around the Kras2 locus, a short genomic region extend-
ing over <40 kb. In this region we found markers show-
ing borderline significant LD (e.g. Kras2_296) as well as
markers with a highly significant LD, such as the
Kras2_494 polymorphism that showed the highest LD
(1log P = 4.16) (Table 1). The D6Mit26 marker, located
distally in the contig, showed the second highest LD
value (1log P = 3.29) (Table 1). Several other markers,
located between the proximal and distal ends of the
contig, were also associated with a significant LD
(1log P > 2) (Table 1; Fig. 1). We tested 10 additional
genetic markers in chromosomal regions other than
that of the distal part of chromosome 6. None of these
markers showed significant LD with lung tumor sus-
ceptibility (data not shown).

Haplotype analysis with markers showing the
most significant LD indicated that strains 129/SvJ, A/J,
BALB/cJ, CBA/J, LP/J, MA/MyJ, NGP/J, O20/A, RF/J, ST/
bJ, STS/A, SM/J, and SWR/J carried the same haplotype
(Table 2). Most of these strains show a high or inter-
mediate predisposition to lung tumorigenesis (Malkin-
son 1989). Strain PL/J shared an identical haplotype to
the above strains, except for the D6Mit26 marker
(Table 2). On the other hand, the AKR/J, C3H/HeJ,
C57BL/6J, C57L/J, DBA/2J, M. spretus, and SJL/J strains,
which are resistant to lung tumorigenesis, showed a

variable haplotype. Parsimony analysis of discrete state
data, as well as the results of distance matrix programs,
essentially produced the same phenetic tree (Fig. 2;
data not shown). Two main branches, in addition to a
branch containing only the M. spretus strain, were
clearly separated. One of the main branches contained
the strains with the high or intermediate predisposi-
tion to lung cancer, whereas the other branch con-
tained the resistant strains.

DISCUSSION
We performed LD analysis in mouse strains of known
susceptibility and resistance to lung tumorigenesis, us-
ing marker alleles around the Pas1 locus. The use of LD
analysis is based on the assumption that recombina-
tion is the major force determining the presence or
absence of LD. Because one would expect to find ge-
nomic regions identical by descent in inbred strains,
LD analysis in strains with a known phenotype may
allow testing of whether the same locus is responsible
for that given phenotype. LD is maintained only along

Figure 1 Composite genetic and physical map of the telomeric
region of mouse chromosome 6 for LD mapping of the Pas1
locus. Statistical significance of LD between marker polymor-
phisms and phenotype was estimated by Fisher’s exact test and
expressed as negative logarithm of P values (1log P). The dotted
line represents the P = 0.01 (1log P = 2) cutoff significance
value. Each point represents either a single genetic marker or
multiple markers in the same position with the same 1log P value
(Table 1).

Figure 2 Phenetic tree of a 21-mouse inbred strain of known
susceptibility to lung carcinogenesis, obtained by the Fitch–
Margoliash distance matrix method, with marker polymorphisms
mapped in the YAC contig containing the Pas1 gene. The tree
represents the estimated relationships among the strains for that
short chromosomal region (∼1.5Mb), and it therefore provides an
estimation of the phylogenetic origin of the Pas1s allele. The gray
box contains the putative Pas1s mice, which include the A/J,
SWR/J, and BALB/c strains proved by genetic linkage to carry the
Pas1s allele. Also, the putative Pas1r strains include the C57BL/6J,
C3H/HeJ, and M. spretus mice, established by genetic linkage
studies as Pas1r strains.
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short chromosomal regions, and it could therefore rep-
resent a new approach for the fine mapping of poly-
genic traits in mice.

However, several phenomena, including homo-
plasy and mutations, may have an important role in
the maintenance or loss of LD. These confounding
phenomena may explain why we found, within the
same region, marker alleles showing a highly signifi-
cant LD as well as marker alleles that were not in LD
with the phenotypic trait (Fig. 1). As this is expected in
LD studies, it is necessary to type many markers in LD
studies to avoid false-positive and false-negative re-
sults. We suggest that the significance of LD analysis
can only be assessed after comprehensive analysis of
the whole region under investigation. We should also
be aware that the prerequisite to limit LD mapping to
those strains with a known phenotype (21 in our case)
can weaken the confidence of any positive association,
with some danger of type-1 error. However, combining
LD mapping with conventional cross-linkage data (as
we partially did, as 6 of 21 strains carry a known Pas1
allele), we could restrict the mapping of disease genes
to a 1- to 2-cM region, suitable for positional cloning.

Our results indicate that inbred strains resistant to
lung tumorigenesis show variations in their marker al-
leles. In contrast, all inbred strains susceptible or par-
tially susceptible to lung tumorigenesis belonged to a
single haplotype group (Table 2). Phenetic analysis
confirmed the haplotype analysis by separating two
branches of putative Pas1s and Pas1r strains (Fig. 2).
Phenetic analysis formed new phylogenetic branches
that were unrelated to the known historical origin of
these strains (Festing 1993) and different from phylo-
genetic trees published previously (Fitch and Atchley
1985; Atchley and Fitch 1991) (Fig. 2). For example,
the C3H/He (resistant) and the CBA/J (intermediate)
strains that derived from a single cross of a Bagg female
and a DBA male (Festing 1993) are clearly separated in
our analysis, whereas they are phylogenetically closely
related (Atchley and Fitch 1991). The reason for this
discrepancy is due to the selection for the genetic
markers that lie within the short chromosomal region
under examination. In this context, strain clustering
suggests an origin of this small region from a common
ancestor. Whereas homoplasy at microsatellite loci
might also produce such strain clustering (Garza and
Freimer 1996; Orti et al. 1997), the results we obtained
with microsatellite-length polymorphisms were highly
concordant with those derived from the analysis of
single-nucleotide polymorphisms. Putative Pas1s and
Pas1r groups of mice are separable (Fig. 2).

As was reported previously, strains A/J, SWR/J, and
BALB/c carry the same Pas1s allele (Manenti et al.
1997b); therefore, we can now infer that all strains
sharing the same haplotype for these markers also
carry the Pas1s allele (Table 2). A discrepancy is repre-

sented by the SM/J strain that carries the same haplo-
type as the putative Pas1s animals, even though it is
resistant to lung tumorigenesis (Malkinson 1989).
However, the SM/J strain carries the Par1 and Par3 loci
(Abujiang et al. 1997), which may inhibit phenotypic
expression of the putative Pas1s allele.

Putative Pas1s strains are of varied geographical
derivation (e.g., A/J is United States derived and SWR/J
strain is Swiss derived) and have originated at different
times (e.g., A/J originated >70 years ago, whereas the
NGP/N is of a much more recent derivation; Festing
1993). The finding of an identical haplotype in such
strains would seem to indicate that the Pas1s suscepti-
bility allele probably derived from an ancestral mouse,
rather than originating in different strains as indepen-
dent mutations. The presence of the Pas1s allele in sev-
eral strains would indicate a relatively high frequency
of this allele in the genus Mus. Genetic linkage experi-
ments with crosses involving individual putative Pas1s

strains with a known Pas1r strain (e.g., C3H/HeJ,
C57BL/6J, M. spretus) (Gariboldi et al. 1993; Devereux
et al. 1994; Festing et al. 1994; Manenti et al. 1995)
may allow us to verify whether this prediction is cor-
rect. However, the phenotypic expression of Pas1s al-
lele is reduced in most of these strains by the lung
cancer modifier loci (Par loci) as we reported for the
BALB/c strain (Dragani and Manenti 1997; Manenti et
al. 1997c). This can explain why some Pas1s strains
(e.g., A/J, SWR/J, NGP/N) are highly susceptible,
whereas most of the other Pas1s strains show an inter-
mediate susceptibility to lung tumorigenesis. The Par
loci might therefore have an essential role in pheno-
typic expression of the inherited predisposition to lung
cancer. Their identification and cloning should be fur-
ther influenced by our results. The Par genes may rep-
resent interesting new targets for prospective lung can-
cer chemoprevention and therapeutic strategies (Dra-
gani and Manenti 1997).

Our results provide information for the identifica-
tion of the Pas1 gene. Both the fine physical mapping
with YAC clones of the region containing the Pas1
gene and the identification of putative Pas1s strains
with haplotype analysis are relevant elements for sub-
sequent strain comparison of germ-line variations of
candidate Pas1 genes. The Pas1 gene may be located in
the central region of the contig that shows significant
LD. However, because the markers showing the best LD
(Kras2 494 and D6Mit26) are positioned at the ends of
the contig, we cannot rule out that two Pas1 genes
might exist, located close to each of these two markers.
Our approach cannot distinguish whether strains have
both trait loci rather than one. Because the Pas1s allele
is common in mouse strains, it may be predicted that it
is also common in other species, including humans.
Results that we have obtained in humans are in agree-
ment with our present ones, because we have found a
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significant association of polymorphisms at KRAS2 and
PTHLH loci (ends of the homologous human contig)
with risk and prognosis for lung adenocarcinoma (Ma-
nenti et al. 1997a).

METHODS

Mouse DNAs and Genetic Markers
Genomic DNA samples were obtained from Jackson Labora-
tories (Bar Harbor, ME) (129/SvJ, A/J, AKR/J, BALB/cJ, C3H/
HeJ, C57BL/6J, C57L/J, CBA/J, DBA/2J, LP/J, MA/MyJ, M. spre-
tus, PL/J, RF/J, SJL/J, SM/J, ST/bJ, SWR/J) or were kindly pro-
vided by Dr. I. Nakashima (Nagoya University, Japan; O20/A),
Dr. M. Nishimura (Hamamatsu University, Japan; STS/A), and
Dr. M. Mandel (National Cancer Institute, Bethesda, MD;
NGP/N).

PCR primers for single nucleotide polymorphisms (SNPs)
and for simple sequence length polymorphisms (SSLPs) are as
reported in Table 1. For SNP markers, aliquots of PCR reac-
tions were loaded on an agarose gel to check the size and
amount of amplified fragments. The remaining PCR mix was
denatured in 0.4 M NaOH/25 mM EDTA at room temperature
and spotted onto nylon membrane. Allele-specific 15-mer oli-
gonucleotides empassing the SNP were 58- end-labeled with
[g-32P]dATP (3000 Ci/mM) (Amersham, Branchburg, NY) and
T4 polynucleotide kinase (New England Biolabs, Beverly,
MA). Allele-specific oligonucleotide (ASO) hybridizations
were performed in tetramethylammonium chloride (TMAC)
as reported (Manenti et al. 1994). SSLP markers were typed
with PCR primers obtained from Research Genetics (Hunts-
ville, AL) and 25 radioactive PCR cycles (55°C annealing tem-
perature); results were scored on 6% denaturing polyacryl-
amide gels. As markers to measure SSLPs length, we loaded in
a single well the four ddNTPs-stopped samples of a radioactive
sequencing reaction. The resulting 1-bp ladder was used to
assign a precise length to the SSLP allele of each strain.

YAC Library Screening
The ICRF and MITII mouse YAC libraries (Larin et al. 1991;
Kusumi et al. 1993) were screened by PCR. This involved
screening a total of 49 super pools followed by a further 24-
reaction per positive super pools to identify the clone address.
PCR reactions were carried out on a custom built Waffle Iron
PCR machine with 35 cycles of 30 sec at 94°C/30 sec at 55°C/
30 sec at 72°C. PCR products were visualized on 2% agarose
gels. YAC clones from the MITIII library (Haldi et al. 1996)
were obtained from Research Genetics on the basis of the
coordinates provided on MIT’s public access database. The
individual YAC clones identified by these two strategies were
checked for STS content by PCR screening with all STSs in the
region to exclude false-positive and false-negative results that
may occur in high-throughput YAC library screening. YAC
clones were grown from frozen library stocks on AHC plates as
unpurified well aliquots in AHC media. Agarose-embedded
yeast DNA was loaded onto a 1% agarose gel and electropho-
resed in 0.52 TBE at 14°C on a Bio-Rad CHEF DRII-pulsed
field gel apparatus with the following program: ramped
switch time 50–110 sec over 24 hr at 200 V. The DNA was
transferred to a nylon membrane (Hybond N+, Amersham) by
Southern blotting and hybridized with a radioactive probe
prepared from 100 ng of mouse cot1 DNA (GIBCO-BRL) la-
beled with Amersham’s Megaprime DNA Labeling System
with [a- 32P]dCTP (ICN). The membrane was washed to a

stringency of 0.12 SSC at 65°C for 20 min and exposed for
autoradiography.

YAC End Clone Isolation
and Polymorphism Detection
YAC end clones were isolated by Vectorette, following the
protocol of Riley et al. (1990) with YAC DNA embedded in
blocks and digested with the restriction enzymes AluI and
RsaI. The Vectorette products were gel purified and sequenced
by cycle sequencing with fluorescence-labeled dideoxy-
nucleotides with ABI’s dideoxy Taq F.S. kit and electropho-
resed on an ABI 377 automated sequencer. This sequence was
used to derive PCR primers that were used to amplify YAC end
clone sequences in four mouse strains, A/J, SWR/J, C57BL6/J
and C3H/HeJ. The amplified fragments were cloned into the
pCR2.1 vector (Invitrogen, San Diego, CA) and at least two
clones for each fragment were sequenced in both orientations
on an ABI 377 sequencer. Sequences obtained from different
strains were compared. When base differences were found
among the four strains, ASOs were synthesized and hybrid-
ized to all mouse strains under investigation (Table 1).

Linkage Disequilibrium Analysis
and Phylogenetic Analysis
As susceptibility to lung tumorigenesis, mouse strains were
placed into two phenotype groups: The first group contained
resistant strains and the second group contained susceptible
and intermediate strains, according to published classification
(Table 2) (van der Valk 1981; Malkinson 1989; Manenti et al.
1995). Linkage disequilibrium between strain segregation of
marker alleles and lung tumor susceptibility was evaluated by
Fisher’s exact test. P values were transformed in their negative
logarithms, and a significant LD was considered if the 1log
P > 2 (P < 0.01).

Phenetic analysis of genetic elements surrounding the
Pas1 locus was used to estimate phylogeny for this locus. In
the region spanning the D6Mit113 to D6Int1 markers, we
characterized 33 genetic markers (16 SSLPs, 12 SNPs, 2 RFLPs,
and 3 small deletion/insertion) in 21 inbred strains with
known susceptibility to lung tumor development. For the
whole data set, a triangular matrix with the percentages of
genotype differences was calculated by pairwise comparison
of the strains (Canzian 1997). Among the 33 markers, 19
showed a binary state in all the inbred strains analyzed. The
data set of discrete characters was first boot strapped and then
used to estimate phylogeny according to Wagner and Dollo
parsimony methods with MIX and DOLLOP programs, re-
spectively (Fitch and Margoliash 1967; Canzian 1997; Farris
1997), with the PHYLYP package.
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