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Abstract: Genome-wide association studies have revealed that many low-penetrance cancer
susceptibility loci are located throughout the genome; however, a very limited number of genes have
been identified so far. Using a forward genetics approach to map such loci in a mouse skin cancer
model, we previously identified strong genetic loci conferring resistance to chemically induced skin
papillomas on chromosome 4 and 7 with a large number of [(FVB/N x MSM/Ms) F, x FVB/N] backcross
mice. In this report, we describe a combination of congenic mapping and allele-specific alteration
analysis of the loci on chromosome 4. We used linkage analysis and a congenic mouse strain, FVB.
MSM-Stmma3 to refine the location of Stmm3 (Skin tumor modifier of MSM 3) locus within a physical
interval of about 34 Mb on distal chromosome 4. In addition, we used patterns of allele-specific
imbalances in tumors from N, and N4, congenic mice to narrow down further the region of Stmm3
locus to a physical distance of about 25 Mb. Furthermore, immunohistochemical analysis showed
papillomas from congenic mice had less proliferative activity. These results suggest that Stmm3
responsible genes may have an influence on papilloma formation in the two-stage skin carcinogenesis

by regulating papilloma growth rather than development.
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Introduction

Identification of the specific genetic variants respon-
sible for increased susceptibility to familial or sporadic
cancers remains an important but challenging goal with
major implications for the prediction of individual can-
cer risk, as well as for improved strategies for prevention
or targeted therapy [1, 2, 18, 19]. Present approaches to

detect low-penetrance tumor-susceptibility alleles in
humans involve association studies using DNA samples
from hundreds or thousands of cancer patients, and an
equal number of well-matched controls. Such studies are
plagued by confounding factors such as population het-
erogeneity, weak effects, and genetic interactions, and
require a very large numbers of cases and controls to
reach statistical significance [9, 17, 21]. For many com-
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plex-trait diseases, including cancer, the total number of
significant SNP associations detected can only account
for a very small proportion of the total genetic risk [12],
leading to considerable discussion of the best ways to
discover the majority of disease-causing alleles in human
populations.

For these reasons, complementary gene mapping and
validation approaches including cross-species compari-
sons using animal models are required to identify genes
that modify disease phenotypes such as skin cancer sus-
ceptibility [4, 10, 15]. Exploiting the resistance of M.
spretus to the two-stage skin carcinogenesis model in-
volving 7,12-dimethylbenz (a) anthracene (DMBA)
initiation and subsequent promotion with 12-O-tetradec-
anoylphorbol-13-acetate (TPA), 15 skin tumor suscep-
tibility loci, SktsI-15 (Skin tumor susceptibility1-15)
were identified in an interspecific [(NIH/Ola x M. spre-
tus) F; x NIH/Ola] backcross mice using QTL analysis
[6, 14]. In addition to Skts series, several other skin tumor
modifier loci were identified using commonly used in-
bred strains or wild-derived strains. Skts-fp/-3 (Skin
tumor susceptibility-fvb pwk1-3) were identified in a
cross between a wild-derived inbred strain PWK and
FVB/N [7]. Skts-fp was also identified in a study involv-
ing a cross between a wild-derived outbred stock of Mus
musculus castaneus and FVB/N [8]. We previously re-
ported mapping of loci conferring resistance to skin
tumors, Stmm 1 and 2 (Skin tumor modifier of MSM), on
mouse chromosome 7 and Stmm3 on chromosome 4 by
crossing a resistant Japanese wild-derived inbred strain
MSM/Ms with a susceptible strain FVB/N [16]. In the
present study, we used an interval-specific congenic
mouse strain, FVB.MSM-Stmm3 to refine the location
of Stmm3 within a physical interval of about 34 Mb on
proximal chromosome 4. In addition, we used patterns
of allele-specific imbalances in tumors from N, and N,
congenic mice to narrow down Stmm3 locus further. We
detected the region showing high frequencies of MSM
allele loss or FVB allele gain, corresponding to a phys-
ical distance of about 25 Mb. These results suggest that
Stmm3 responsible genes may have an influence on pap-
illoma growth rather than development in the two-stage
skin carcinogenesis.

Materials and Methods

Mice and tumor induction
This study was carried out in strict accordance with

the recommendations in the Guide for the Care and Use
of Laboratory Animals of the Ministry of Education,
Culture, Sports, Science, and Technology of Japan. The
protocol was approved by the Committee on the Ethics
of Animal Experiments of Chiba Cancer Center (Permit
Number: 13—18). All efforts were made to minimize suf-
fering. FVB/N mice were purchased from Japan Clea.
MSM/Ms mice have been maintained in the Experimen-
tal Animal Facility at Niigata University and Chiba
Cancer Centre for more than 20 years. In a large [(FVB/N
x MSM/Ms) F,; x FVB/N] backcross study, papilloma
resistance loci were identified by QTL analysis [16].
Resistant [(FVB/N x MSM/Ms) F,; x FVB/N] backcross
mice were selected for further backcrossing to FVB/N
mice over at least 10 generations, and genotyped by
D4SNP508, D4Mitl7, D4Mit26, D4Mit255, D4Mit157,
D4SNP7-1,and D4Mit254 (Fig. 1A), ultimately leading
to congenic lines (4a) and (4b) of FVB.MSM-Stmm3
containing MSM allele of Stmm3 on the FVB/N back-
ground (Fig. 1A). These congenic mice were treated
following the same skin tumor induction protocol, as
reported previously [16]. In short, the mice (8—12 weeks)
received a single dose of DMBA (25 ug per mouse with
200 ul of acetone) and, starting 1 week after initiation,
the animals were subjected to TPA (200 ul of 0.1 mM
solution in acetone) twice weekly for 20 weeks. Papil-
loma numbers were counted every week until 20 weeks
after initiation.

DNA preparation, genotyping, and allelotyping using
microsatellite markers

DNA was prepared from papillomas and correspond-
ing normal tail tips and kidneys of N, (n=12) and Ny,
congenic mice (n=10). Papillomas were selected from
N, mice which were FVB/FVB (F/F) homozygous for
Stmm1 and 2 region on chromosome 7 and MSM/FVB
(M/F) heterozygous for Stmm3 region on chromosome
4. Microsatellite markers were amplified by standard
methods. Each marker’s order and distance were esti-
mated from the Ensembl database (http://uswest.en-
sembl.org/index.html), the Mouse Genome Informatics
Database (http://www.informatics.jax.org/), the NIG
Mouse Genome Database (http://molossinus.lab.nig.
ac.jp/msmdb/index.jsp), and the Mouse Microsatellite
Database of Japan (http://www.shigen.nig.ac.jp/mouse/
mmdbj/top.jsp). D4SNP markers are described in [16].
To determine susceptibility in congenic lines, unpaired
two-tailed Student’s #-test was used. Differences of 50%
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Fig. 1. Genetic linkage map and papilloma incidence in congenic lines (4a) and (4b) on mouse
chromosome 4. (A) A significant linkage peak, Stmm3 was mapped in the previous report
[16]. Mouse chromosome 4 is shown horizontally. The black arrowed line indicates previ-
ously mapped Stmm3 region by QTL analysis. The bold black arrowed line indicates Stmm3
region refined by congenic mapping. Two black and white bars represents two congenic
lines (4a) and (4b). The black bars indicate the heterozygous M/F region, while the white
bars indicate the homozygous F/F region. Several well-known genes located on chromosome
4 are indicated with genetic markers. Genetic positions shown are according to the En-
sembl database (http://uswest.ensembl.org/index.html), the Mouse Genome Informatics
Database (http://www.informatics.jax.org/). (B) Comparison of average papilloma numbers/
mouse between a congenic line (4a) and (4b). The panel on the left shows papilloma inci-
dence in a congenic line (4a). The panel on the right shows papilloma incidence in a con-
genic line (4b). The black lines represent papilloma numbers of M/F heterozygous con-
genic mice. The dotted lines represent those of F/F heterozygous congenic mice.

or more in the intensity ratios of the two alleles in pap-  Immunohistochemistry

illoma DNA relative to the corresponding level in kidney Papillomas were fixed with 4% paraformaldehyde at
as a normal control were defined as allelic imbalance, as ~ 4°C overnight. The endogenous peroxidase activity in
previously described [3, 16]. Percentages of allelic im-  the specimens was blocked by treatment with 0.3% H,0,

balances in different crosses were compared using 2 x  and samples were then rinsed with PBS. Sections were
2 Chi square test (Fisher’s test). incubated with primary antibodies diluted in blocking
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buffer overnight at 4°C and stained with rat anti-Ki67
(1:100, Dako) antibody and rabbit anti-keratin 14 (1:500,
Covance Research). Secondary antibodies were Alexa
Fluor 488-conjugated anti-rat antibody (1:100, Molecu-
lar Probes, Invitrogen) and Alexa Fluor 568-conjugated
anti-rabbit antibody (1:100, Molecular Probes, Invitro-
gen). Nuclei were counterstained with Hard Set Mount-
ing Medium with DAPI (Vector). All fluorescence im-
ages were obtained with a Leica TCS SPE confocal
microscope equipped with a DMI4000B (10x/0.40,
20%/0.70, and 40x/1.25 oil immersion objective).

Results

Congenic analysis of Stmm3 (Skin tumor modifier of
MSM) located on chromosome 4

We recently identified a series of skin papilloma re-
sistance loci, Stmm (Skin tumor modifier of MSM) loci
using [(FVB/N x MSM/Ms) F; x FVB/N] backcross
mice between a wild derived inbred mouse strain
MSM/Ms and a susceptible inbred mouse strain FVB/N
[16]. We detected two broad LOD score peaks, Stmm [
and 2 on chromosome 7 and one peak, Stmm3 on chromo-
some 4 [16] (Fig. 1A). To confirm the presence of low-
penetrance susceptibility genes in the identified region
on chromosome 4, we selected resistant [(FVB/N x
MSM/Ms) F; x FVB/N] backcross mice for further back-
crossing to FVB/N mice and generated two N, con-
genic mouse lines of FVB.MSM-Stmm3 covering the
extended region including Stmm3. These two lines were
termed lines (4a) and (4b) (Fig. 1A). First, these con-
genic lines were subjected to DMBA-TPA skin carcino-
genesis experiment, according to the standard protocol
and their papilloma development was monitored for a
period of 20 weeks (Supplementary Table 1). As previ-
ously shown, FVB/N mice are highly susceptible to the
two-stage skin chemical carcinogenesis. Similarly, ho-
mozygous F/F mice of congenic lines (4a) and (4b) (n=8)
were highly susceptible to this carcinogenesis, develop-
ing 33.4 + 11.3 papillomas at 20 weeks after initiation
(Fig. 1B and Supplementary Table 1). Heterozygous M/F
mice of a congenic line (4a), which were susceptible to
papilloma, developed an average of 34.7 + 8.1 papillo-
mas/mouse at 20 weeks after initiation (n=3) (Fig. 1B
and Supplementary Table 1). On the other hand, M/F
heterozygous mice of a congenic line (4b) showed the
strong suppressive effect on papilloma development. The
number was an average of 18.1 + 14.6 papillomas/mouse

at 20 weeks (n=16, compared with control: P=0.0114,
by t-test) after initiation (Fig. 1B and Supplementary
Table 1). On the basis of skin carcinogenesis experiments
with these two lines, the location of the Stmm3 region
were narrowed down to an interval of about 34 Mb (in-
dicated by the bold black arrowed line) from 63Mb to
97Mb on chromosome 4 (Fig. 1A) by excluding the re-
gion of the negative congenic line (4a) from the region
of the positive congenic line (4b) (Fig. 1A and Supple-
mentary Table 1).

The effect of Stmm3 on papilloma size

In the original report, we classified papillomas on the
basis of their diameter, and carried out linkage analysis
for each category. This analysis revealed strong linkage
at Stmm3 on chromosome 4 to the number of papillomas
> 6 mm. However, this linkage peak at Stmm3 com-
pletely disappeared when the analysis was confined to
the number of papillomas < 6 mm in diameter. We con-
cluded that Stmm3 genes function only at the late stage
of papillomas, but are not involved at the early stage of
papillomas, such as papilloma development [16]. To
confirm this stage-specific effect of Stmm3, we classified
papillomas of congenic mice into two categories on the
basis of size. As a result, M/F heterozygous mice of a
congenic line (4a) developed 7.0 + 6.1 papillomas > 6
mm, which was close to the number of papillomas > 6
mm of F/F homozygous mice at 20 weeks after initiation
(Figs. 2A, B and Supplementary Table 1). Whereas, M/F
heterozygous mice of a congenic line (4b) developed
almost no papilloma > 6 mm (n=16; P=0.0000650, by
t-test, compared with F/F homozygous mice, Supple-
mentary Table 1). Furthermore, M/F heterozygous mice
of'a congenic line (4b) developed 18.0 + 14.6 papillomas
< 6 mm, which was less than the number of papillomas
<6 mm of F/F homozygous and M/F heterozygous mice
of a line (4a). Although the difference was statistically
significant, the suppressive effect on papilloma was
much stronger in papillomas > 6 mm, than in < 6 mm
(n=16; P=0.0000650 vs 0.0455 by t-test, compared with
F/F homozygous mice, Supplementary Table 1). Taken
together, these results suggest Stmm3 conferred resis-
tance to larger papillomas and showed a weaker suppres-
sive effect on smaller papillomas. The conclusion in the
original report was confirmed by congenic analysis that
Stmm3 genes function only at the late stage of papillo-
mas, but are not involved at the early stage of papillomas
[16].
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Fig. 2. The effect of Stmm3 on papilloma growth. (A) Papilloma incidence of congenic lines (4a)
and (4b) sorted according to size. The Black bars represent the number of papillomas < 6
mm. The white bars represent the number of papillomas > 6 mm in diameter. (C) Photos of
representative mice on TPA treatment. Dorsal back skin of a homozygous F/F mouse of a
congenic line (4b), M/F heterozygous mice of congenic lines (4a) and (4b) at 20 weeks

after initiation from left to right.

Next, histological analysis was performed using pap-
illomas from congenic mice. HE (hematoxylin and eosin)
staining didn’t show significant morphological changes
between M/F heterozygous and F/F homozygous mice
of a congenic line (4b) (Fig. 3A). We then carried out
immunohistochemical analysis with the cell proliferation
marker, Ki67. As a result, papillomas from M/F hetero-
zygous mice of a congenic line (4b) showed decreased
number of Ki67 positive cells, compared to papillomas
from F/F homozygous mice of a congenic line (4b) Figs.
3A, B, P=0.000477, by t-test). These results suggest
Stmm3 reduces proliferative cells in papillomas, which

is compatible with the results of carcinogenesis experi-
ments that Stmm3 reduces papilloma growth rather than
development.

Allelic imbalances in favor of FVB/N were found around
Stmm3 locus in skin tumors from N, and N;, congenic
mice

We carried out a detailed investigation of allelic imbal-
ance on chromosome 4 to determine whether somatic
change would allow more specific localization of Stmm3.
This allelic imbalance analysis was performed using
twelve informative microsatellite markers (for detailed
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Fig. 3. Stmm3 congenic mice show a decrease of proliferative cells in papillomas. (A) Histological
analysis of papillomas from congenic mice. HE staining patterns of papillomas from F/F
homozygous (left) and M/F heterozygous mice (right) of a congenic line (4b) are shown
on the top. Double-immunostaining patterns of Ki67 (green) and Keratin 14 (K14) (red) in
papillomas from F/F homozygous (left) and M/F heterozygous (right) mice of a congenic
line (4b) are shown on the bottom. (B) The number of Ki67 positive cells in papillomas.
The black bars represent the number of Ki67 positive cells in papillomas from F/F homo-
zygous (left) and M/F heterozygous (right) mice of a congenic line (4b). The P-value was
calculated for Ki67 positive cell number by #-test. Error bar represents standard deviation
(S.D.). Scale bars;100 gm.
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Fig. 4. Allelic imbalance analysis of Stmm3 region on chromosome 4. (A) Frequency of allelic
imbalance detected by SSLP (Simple Sequence Length Polymorphisms) analysis on distal
chromosome 4. Data are derived from papillomas of N, and N, congenic mice (N,, n=12;
N, n=10). The percentages of chromosome imbalances are plotted for different microsat-
ellite markers (for detailed information, see Supplementary Table 2). The black line repre-
sents MSM allele loss or FVB allele gain. The dotted line represents FVB allele loss or
MSM allele gain. (B) SSLP analysis results for a representative microsatellite marker,
D4Mit1003 of normal genomic (kidney) DNA and of DNA from twelve independent papil-
lomas from different N, mice. The upper bands represent the MSM allele, whereas the

lower band represents the FVB allele.

information, see Supplementary Table 2). Fig. 4A shows
combined results of allelic imbalance analysis of papil-
lomas from N, (n=12) and N,, congenic mice (n=10)
around Stmm3 locus. An example of allelic imbalance
analysis of papillomas from N, mice (n=12) by a repre-
sentative marker, D4Mit1003 is shown in Fig. 4B. Four
papillomas showed losses of MSM alleles across the
whole region, but others exhibited regional losses involv-
ing smaller chromosome fragments (data not shown).
Maximal allele-specific imbalance was detected using
marker D4Mit1003 and D4Mit26 located at approxi-
mately 81.0 Mb and 88.7 Mb, respectively. These mark-
ers are mapped within the minimal candidate region of

34 Mb identified with the two congenic lines of Stmm3
(Fig. 4A and Supplementary Table 2). The somatic map-
ping data allowed us to refine the interval containing
Stmm3 to the shorter region. Two allelic imbalance peaks
are detected (Fig. 4A and Supplementary Table 2). The
proximal peak is the region from D4Mit17 (63.0 Mb)
D4Mit1003 (81.3 Mb) D4Mit328 (83.6 Mb), the physi-
cal size is about 20.6 Mb. The distal peak is the region
from D4Mit327 (86.1 Mb) D4Mit26 (88.7 Mb)
D4Mit165 (90.7 Mb), the physical size is about 4.6 Mb
(Fig. 4A and Supplementary Table 2). When these two
regions are combined, the total physical size of the can-
didate region can be cut down to about 25 Mb. This
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interval still contains a large number of genes. Further
congenic and somatic mapping will refine the candidate
region for future gene identification step.

Discussion

In this study, the location of Stmm3 was refined with-
in a physical interval of about 34 Mb on chromosome 4
by using two congenic lines. By allelic alteration analy-
sis of papillomas from N, and N,, congenic mice, we
further narrowed down the physical interval to about
25 Mb. Furthermore, we carried out immunohistochem-
ical analysis by a proliferation marker, Ki67 using pap-
illomas from congenic lines containing Stmm3. Interest-
ingly, we observed a decrease of Ki67 positive cells
papillomas in a congenic strain that is M/F heterozygous
for Stmm3 on chromosome 4. Taken together, these re-
sults suggest that Stmm3 modifies papilloma growth
rather than development.

As previously shown, we screened stage-specific pap-
illoma modifier loci on the basis of the size. Stmm3 were
identified on chromosome 4 as modifier loci conferring
resistance to papillomas of larger size [16]. They were
mapped on chromosome 4 and the effect was confirmed
by congenic analysis in this study. As previously shown,
mouse chromosome 4 contains several tumor modifier
loci including Skts7 and Skts-fpI mapped at 40—-60 cM
on chromosome 4 for chemically induced skin papilloma
susceptibility by the analysis of NIH and Mus spretus
cross, and FVB and PWK cross, respectively [7, 8, 14].
Common genes might be responsible for the susceptibil-
ity of these two and our crosses. PWK, Mus spretus and
MSM/Ms, are wild derived inbred strains that could
share common haplotypes. The haplotype analysis would
help to identify a candidate gene in the near future. This
region contains many QTLs for susceptibility to other
types of tumors [5]. Pctrl and 2 (Plasmacytoma resis-
tance 1 and 2) were mapped as loci for susceptibility to
pristane induced plasmacytoma [13, 20], and Cdkn2a
has been suggested to be a corresponding gene for Pctrl/
[22, 23]. Cdkn2a is also a strong candidate gene for
Papgl (Pulmonary adenoma progression 1), QTL for
progression of urethane induced lung tumors [24]. Al-
lelic imbalance analysis in this study showed Cdkn2a is
localized in the peak region (around 88 Mb) showing
loss of MSM allele (Fig. 4A). This could be a good can-
didate gene for late stage papilloma on chromosome 4
in our future study.

Koning et al. (2007) showed that low-penetrance sus-
ceptibility genes, even when present in a heterozygous
state in congenic mice, can influence somatic genetic
changes in tumors and that these alterations can be ex-
ploited for the rapid fine mapping of putative susceptibil-
ity loci [3]. On the basis of this hypothesis, to narrow
down Stmm3 candidate region,we carried out allelic
imbalance analysis of papillomas from [(FVB/N x
MSM/Ms) F, x FVB/N] backcross and M/F heterozy-
gous mice of Nj, congenic line (4b). As a result, we
detected allelic imbalance showing the highest frequen-
cy in Stmm3 region (Fig. 4A). This clearly shows that
one or more low-penetrance susceptibility genes in
Stmm3 locus can affect somatic genetic change in tu-
mors. Allelic alterations with the highest rate in favor of
FVB alleles were detected within the minimal-overlap-
ping region of Stmm3 congenic lines using the markers
D4Mit1003 and D4Mit26, which are located at 81.3 and
88.7 Mb, respectively. The physical size of this region
showing allelic alterations is about 25 Mb. However this
region still contains a large number of genes, some of
which (e.g. Cdkn2a, Mtap, Nfib, Cerl) are interesting
candidates for future study.

Several lines of evidence come from studies on mouse
skin tumor development where the concept that slowly
dividing LRCs (Labell Retaining Cells) rather than rap-
idly proliferating TA (Transit Amplifying) cells are ca-
pable to expand during skin tumor promotion is long
established [11]. On the basis of these concepts, we car-
ried out a long term BrdU-LRC analysis using congenic
mice containing Stmml on chromosome 7 and Stmm3
on chromosome 4 (unpublished data). Interestingly,
Stmm1 congenic mice exhibited a significant reduction
of BrdU-LRCs in the bulge of hair follicles, whereas
Stmm3 congenic mice didn’t show any change. These
results suggest Stmml gene could suppress papilloma
formation by altering the behavior of adult epidermal
quiescent stem cells in hair follicles. However, Ki67
staining of papilloms from Stmm3 congenic mice showed
a significant reduction of proliferative cells. Taken to-
gether, these results indicate Stmm3 responsible genes
confer resistance to late stage papillomas by regulating
papilloma growth rather than development in the two-
stage skin carcinogenesis.

In this report, we showed a combination of congenic
mapping and allele-specific alteration analysis of Stmm3
on chromosome 4. We used linkage analysis and con-
genic mouse strains to refine the location of Stmm3 locus
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within a physical interval of about 34 Mb on distal chro-
mosome 4. In addition, the region of Stmm3 locus was
further narrowed down to a physical distance of about
25 Mb by using patterns of allele-specific imbalances in
papillomas from N, and N, congenic mice. Combination
of DMBA-TPA carcinogenesis and allelic imbalance
analysis using congenic mice could facilitate gene iden-
tification and functional characterization of the gene
responsible for Stmm3.
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with this manuscript.
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