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Abstract
Genetic influences that underlie spontaneous lung oncogenesis are poorly understood. The
objective of this study was to determine the genetic influences on spontaneous pulmonary
adenoma frequency and severity in 28 strains of mice as part of a large-scale aging study
conducted at the Jackson Aging Center (http://agingmice.jax.org/). Genome-wide association
studies were performed in these strains with both low-density (132,000) and high-density
(4,000,000) panel of single nucleotide polymorphisms (SNPs). Our analysis revealed that
adenomas were relatively less frequent and less severe in females than males, and that loci
implicated in frequency and severity were often different between male and female mice. While
some of the significant loci identified mapped to genomic locations known to be responsible for
carcinogen-induced cancers (e.g., Pas1), others were unique to our study. In particular, Fat4 was
influential in males and Tsc22d1 was influential in females. SNPs implicated were predicted to
alter amino acid sequence and change protein function. In summary, our results suggested that
genetic influences that underlie pulmonary adenoma frequency are dependent on gender, and that
Fat4 and Tsc22d1 are likely candidate genes to influence formation of spontaneous pulmonary
adenoma in aging male and female mice, respectively.
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INTRODUCTION
Lung cancer is the second leading cause of deaths in western societies and is epidemic
worldwide. The Center of Disease Control reports more than 203,000 individuals diagnosed
with and more than 158,000 deaths related to lung cancer for the year 2007. The most
common causes for lung cancers are cigarette smoke (1), radon gas exposure (2), and viruses
(e.g., human papillomavirus, polyomaviruses, cytomegalovirus) (3, 4). Yet, a subset of lung
cancers occurs with no apparent environmental stimulus (i.e., spontaneous). The genetic
background of spontaneous lung oncogenesis is difficult to study in human populations due
to the length of such studies, the uncertainty of the time of onset, and the various
environments within study cohorts. Mice are valuable substitutes due to the variety of mouse
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strains that develop spontaneous lung tumors, their relative short life span, possibilities of
cross-sectional studies, and the availability of many publicly available databases that allow
for genetic investigations.

The genetic basis to lung cancer development in mice was investigated intensely in
carcinogen-induced models using both quantitative trait locus (QTL) or genome-wide
association studies (GWAS) (5–7). Those studies lead to the repetitive identification of
pulmonary adenoma susceptibility (Pas) and resistance (Par) loci and to the isolation of
genes involved in the oncogenesis (e.g., Kras). In contrast, spontaneous lung cancer
development was studied less frequently without the success of repetitive identification of
the same or similar genomic loci (7, 8) (Table 1). Wang and You (8) reported the first
GWAS analysis for spontaneous lung oncogenesis using 13 mouse strains and about
135,900 SNPs and identified five loci associated with spontaneous lung cancer development
(i.e., spontaneous lung tumorigenesis (Slt) loci) on chromosomes (Chrs) 6 at about 84 Mb
(Slt1), 7 at about 4 Mb (Slt2), 8 at about 123 Mb (Slt3), 19 at about 33 Mb (Slt4), and X at
about 138 Mb (Slt5). Another GWAS on spontaneous lung cancer incidence was reported by
Manenti et al. (7) using 28 mouse strains. The investigators found a locus on Chr 5 at about
15 Mb (Slt6) with about 13,000 SNPs but not when a larger SNP panel of about 140,000
SNPs was used. Therefore, none of the currently reported loci for spontaneous lung cancer
were repetitive findings, thus, making the identification of true influential genetic
determinants difficult.

GWAS has been proven successful for some disease-phenotypes to identify causative
genomic loci. In comparison to QTL studies, GWAS analysis excels because of the
identification of smaller genomic regions due to utilization of denser SNP panels, which
leads to fewer candidate genes for subsequent verification experiments. Whereas QTL
studies are based on the genomic variation between two mouse strains, GWAS studies are
often most successful with strain numbers greater than thirty (9). Nevertheless, GWAS carry
the risk for detecting false-positive associations depending on factors such as density of SNP
panels, numbers of strains, and population structure (i.e., over representation of certain
genetic backgrounds) (10). The risk can be decreased by increasing the SNP density and the
numbers of strains as well as by controlling the population structure among the studied
strains.

As part of the large-scale aging study at The Jackson Aging Center we aimed to identify
genes associated with spontaneous pulmonary adenoma frequency and severity in a cohort
of 20-month-old mice of 28 strains. We utilized both, a low-density (132,000 (132k)) and a
high-density (4 million (4 Mio)) SNP panel, and an efficient mixed-model algorithm to
control for population structure (11). We hypothesized that we would identify a subset of the
previously reported loci for spontaneous oncogenesis and also novel candidate regions and
possibly genes due to the use of a denser SNP data set.

MATERIALS AND METHODS
Mice

The following 28 strains of inbred mice were examined for pulmonary adenomas: 129S1/
SvImJ (129S1), A/J (A), BALB/cByJ (BALB), BTBRT+tf/J (BTBR), BUB/BnJ (BUB),
C3H/HeJ (C3H), C57BL/10J (B10), C57BL/6J (B6), C57BLKS/J (C57BLKS), C57BR/cdJ
(C57BR), C57L/J (C57L), CBA/J (CBA), DBA/2J (D2), FVB/NJ (FVB), KK/HIJ (KK), LP/
J (LP), MRL/MpJ (MRL), NOD.B10Sn-H2b/J (NOD; a congenic strain with the NOD
genetic background but with a histocompatibility locus from a diabetes-resistant strain),
NON/ShiLtJ (NON), NZO/HlLtJ (NZO), NZW/LacJ (NZW), P/J (P), PL/J (PL), PWD/PhJ
(PWD), RIIIS/J (RIIIS), SM/J (SM), SWR/J (SWR), and WSB/J (WSB). Originally two
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more strains (AKR/J and SJL/J) were part of our study, but no mice of those strains survived
until the time of euthanization. The strains in our study were representatives from each of
the seven groups of inbred strains based on their derivation and haplotype (12). Thus, strains
were selected for genetic diversity and not specifically for life span or cancer susceptibility.
All investigated strains were part of a large-scale aging study by The Jackson Aging Center,
which has been described in detail elsewhere (13). Briefly, mice were obtained, raised, and
maintained at the breeding facilities of The Jackson Laboratory (Bar Harbor, ME). At an age
of 6 to 8 weeks animals were transferred from the breeding facilities to a specific pathogen-
free room, in which they were maintained until sacrifice. At 20 months (± 28 days) of age
mice were euthanized by CO2 asphyxiation using methods approved by the American
Veterinary Medical Association and subjected to necropsy. The breeding facilities and the
mouse room were regulated on a 12 hr light/12 hr dark cycle and were maintained at an
ambient temperature of 21–23 °C. Mice of the same sex (4 per pen) were housed in duplex
polycarbonate cages (31 × 31 × 214 cm) on pressurized individually ventilated mouse racks
(Thoran Caging System) with a high efficiency particulate air-filtered supply and exhaust.
Mice were allowed ad libitum access to acidified water (pH 2.8 – 3.2) and pellets containing
6% fat (LabDiet 5K52, PMI Nutritional International, Bentwood, MO). The mouse colonies
were regularly monitored (4-times/year) for and found to be free of 17 viruses (Ectromelia
virus, GDVII (Theiler’s) virus, Hantaan virus, K virus, Lactic dehydrogenase elevating
virus, Lymphocytic choriomeningitis virus, Mouse adenovirus, Mouse cytomegalovirus,
Mouse hepatitis virus, Mouse minute virus, Mouse norovirus, Mouse parvovirus, Mouse
thymic virus, Pneumonia virus of mice, Polyoma virus, Reovirus 3, and Rotavirus), 17
bacterial species (including Helicobacter spp., Pasteurella pneumotropica, and two
Mycoplasma spp.), external and internal parasites, and the microsporidium Encephalitozoon
cuniculi. Animal protocols were reviewed and approved by The Jackson Laboratory
Institutional Animal Care and Use Committee. Mouse handling and care were followed
according to the Public Health Service animal welfare policies.

Tissue Preparation
All mice were subjected to complete necropsies according to methods described in detail
elsewhere (14). The lung was inflated with Fekete’s acid alcohol formalin and allowed to fix
overnight, after which the lungs were stored in 70% ethanol. Lungs were then trimmed
longitudinally and cross-sectionally to yield a minimum of 4 lobes. After trimming, the
tissues were embedded routinely in paraffin, sectioned at 6 µm, and stained with
hematoxylin and eosin (H&E).

Definition of Pathological Lesions in the Lung
All lung tissue slides were reviewed by the same experienced, board-certified pathologist
(JPS), who has been an advisor to the European Mouse Pathology Consortium (15). We
applied some of the physiological phenotyping assays used in the Knockout Mouse Project
(i.e., Tier) (16) that are available online via the Mouse Phenome Database (MPD) (17).
However, the detailed histopathology presented here is unique to this investigation.

Aging mice develop a variety of proliferative lung lesions, but the most common
spontaneous cancer type is pulmonary adenoma (18). Thus, in our study diagnoses were
limited to adenomas and occasional primary epithelial hyperplasia. The later has been
argued to potentially represent an early stage in development of pulmonary neoplasias (19)
and, therefore, was grouped with pulmonary adenomas. Rarely, we also found
adenocarcinomas, which were not included in this study. All lesions were characterized by
severity, which is based on tumor size and numbers per mouse (i.e., multiplicity) (scores: 1 -
mild; 2 - moderate; 3 - severe; 4 - extreme), and from which average scores for female or
male mice per strain were calculated. Lesions were also defined by their frequency —
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percentage of female or male mice per strain diagnosed with one or more of the lesions.
Data were recorded and coded using the Mouse Disease Information System (MoDis) (20,
21).

Genome-Wide Association Mapping
GWAS for pulmonary adenoma frequency and severity were performed using the efficient
mixed-model association (EMMA) correction server, which is publically available through
the University of California, Los Angeles (UCLA). Input phenotypes were per-animal data
for adenoma frequency (mice with adenoma(s) were scored 1; mice without adenomas were
scored 0) and adenoma severity (mice without adenomas obtained a severity score of 0;
other severity scores were described above). EMMA uses a linear mixed-model algorithm to
control for population structure and genetic relatedness (11). The association scans were
performed using both available SNP panels (132k and 4 Mio) on the EMMA server. The
132k panel is a subset of the 4 Mio SNP panel. We used both SNP panels because previous
GWAS on spontaneous lung oncogenesis were performed using similar low-density SNP
panels (135k and 140k or 13k) and, therefore, the EMMA 132k panel in our study was in
comparable size to previous SNP densities. The second, high density, SNP panel (4 Mio)
was used to compare the results of the 132k panel and potentially to detect locations that
cannot be found with the smaller SNP set. Each SNP was evaluated individually and P-
values were recorded as the strength of the genotype-phenotype associations.

Gene Identification
Due to the possibility that the identified significant SNPs were not the actual disease-causing
variations but are inherited in co-segregation with true disease-causing variations, we
applied an arbitrary confidence interval of ± 1 million base pairs (Mb) around each
association peak. For each interval we isolated the list of unique genes using the Genes and
Markers Query Form provided by the Mouse Genome Informatics (MGI) database. For each
gene we identified all SNPs known to cause an amino acid change in the gene product (i.e.,
non-synonymous SNP, Cn SNP) using the SNP wizard at the MPD and their Center for
Genome Dynamics 1 (CGD1) imputed SNP dataset (22, 23). To determine if Cn SNPs are
predicted to cause functional changes of the protein we used the SIFT web tool by the J.
Craig Venter Institute (24). Finally, we grouped strains with the same Cn SNP genotype and
compared the phenotypes between groups.

Statistical Analyses
Lung sections from 280 female and 275 male mice were examined. Genotype groups were
compared using two-sided Student’s t-test. Effects on tumor frequency and severity of sex,
strain, and sex-by-strain were tested using one-way ANOVA. Statistical significance was
assigned at a P-value < 0.05. All statistical analyses were performed using JMP 8 statistical
analysis software (SAS institute).

RESULTS
Comparison of Strains Between Genetic Studies

We studied several strains (54%) that were common between ours and at least one of the
two previous publications on genome-wide association studies of spontaneous pulmonary
adenomas: A, C3H, B10, B6, C57BR, C57L, CBA, D2, FVB, LP, NZW, P, RIIIS, SM, and
SWR. We also investigated 13 strains (46%) that were unique to our study — i.e., 129S1,
BALB, BTBR, BUB, C57BLKS, KK, MRL, NOD, NON, NZO, PL, PWD, and WSB (Table
2). Seven strains were common between all three investigations.
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Frequency of Pulmonary Adenomas
Lungs of each mouse were examined histologically and were found either to be free of or to
contain adenomas. Photomicrographs of representative lesions are available on the Mouse
Tumor Biology Database (MTB) (25) and on Pathbase (26, 27).

Among the 28 mouse strains, we found that females and males of 14 strains (129S1, A,
BALB, C57L, CBA, FVB, LP, NON, NZO, PWD, RIIIS, SM, SWR, WSB) and males of 5
additional strains (BTBR, B6, C57BR, NOD, PL) developed lung adenomas. Nine strains
did not develop lung cancers until the age of 20 months in both females and males (BUB,
C3H, B10, C57BLKS, D2, KK, MRL, NZW, P). In addition, female mice of five strains did
not develop adenomas (BTBR, B6, C57BR, NOD, PL) (Table 2). The frequency of mice
with tumors varied among strains from 7% (C57BR) to 40% (SWR) in females and from 7%
(B6) to 67% (A) in males. Among all strains the average frequency of tumor development is
about twice as high in males (16%) than in females (9%) (Table 3).

Severity of Pulmonary Adenomas
For each mouse with pulmonary adenomas a severity score was determined using a scoring
system ranging from 1 (mild) to 4 (extreme). Among all strains the percentage of mild,
medium, severe, and extreme tumors was 6%, 2%, 0.4%, and 0.4%, respectively, for female
mice and 11%, 5%, 0.7%, and 0%, respectively, for male mice (Table 3). While most of the
strains had mild and medium severity scores we found that female mice of strain RIIIS/J and
male mice of strain A/J had severe and extreme severity scores.

Sex Differences in Pulmonary Adenoma Frequency and Severity
Because gender is an important determinant in lung cancer development and survival rates,
we determined if sex was an influential factor for frequency and severity in our study.
Among all strains, both frequency and severity of the adenomas were significantly lower in
females than in males (P = 0.0039 and P = 0.0041, respectively) (Table 3). The effects of
strain and strain-by-sex were not significant, most likely due to the high numbers of mice
that did not develop pulmonary adenomas with age.

Genome-Wide Association Mapping for Pulmonary Adenoma Frequency and Severity
GWAS for frequency and severity was performed using the UCLA EMMA correction server
(http://mouse.cs.ucla.edu/emma), which uses a linear mixed model algorithm to correct for
population structure and shared ancestry (11). Compared to previous methods such as single
SNP, 3-SNP sliding window, and haplotype association mapping the EMMA method
reduces false-positive associations and increases the power.

We performed GWAS using the available low and high-density SNP panels (132k and 4
Mio, respectively) because the low-density panel is comparable to SNP densities in previous
GWAS publications and the high-density panel provides many more SNPs and, thus, denser
genome coverage. We compared the scan results for unique SNPs within the 200 most
significant associations (Table 4). For frequency we found 113 unique SNPs of the 132k
panel and 113 unique SNPs of the 4 Mio panel for female mice as well as 163 unique SNPs
of the 132k panel and 126 SNPs of the 4 Mio panel for male mice. Between the 132k and
the 4 Mio SNP panels for frequency only 17 and 21 SNPs were common for females and
males, respectively. For severity we found 113 unique SNPs of the 132k panel and 103
unique SNPs of the 4 Mio panel for female mice as well as 135 unique SNPs of the 132k
panel and 180 SNPs of the 4 Mio panel for male mice. Between the 132k and the 4 Mio SNP
panels for severity only 7 and 29 SNPs were common for females and males, respectively
(Table 4).
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As expected, we found both, differences and commonalities, in the detected loci between the
two SNP panels. Loci containing more than one SNP that were found with the 132k SNP
panel are shown in Table 5 (Supplemental Table 1A for single SNP loci) and those found
with the 4 Mio SNP panel are listed in Table 6 (Supplemental Table 1B for single SNP loci).
The following comparisons were performed on only those loci that contained at least two
SNPs. For adenoma frequency in females all loci detected with 4 Mio SNPs were also
detected with 132k SNPs. Multiple loci were detected on Chrs 8, 13, 15, and 17 only with
the 132k panel. For adenoma severity in females loci were detected on Chrs 7, 11, and 17
only with the 4 Mio panel and on Chrs 1, 2, 3, 4, 11, 12, 13, 17, 18, and 19 only with the
132k. Only four loci on Chrs 3, 14, and 15 were common between the panels.

For adenoma frequency in males loci were detected on Chrs 4, 7, and 19 only with the 4 Mio
panel and on Chrs 4, 6, 10, 11, 13, 18, and 19 only with the 132k SNP set. Loci on Chrs 1, 3,
6, 10, 14, and 18 were similar between those two sets. Finally, for severity in males one
locus was detected on Chr 1 only with the 4 Mio set and loci on Chrs 3, 6, 12, 13, 18, and 19
were only found with the 132k SNP set. Loci on Chr 1, 4, 6, 7, 10, 18, and 19 were common
between both panels.

Associations for frequency and severity often differed in their genome locations for female
mice. For example, when using the 4 Mio SNP panel adenoma frequency is influenced by
SNPs on Chrs 1, 12, and 18 whereas severity is influenced by SNPs on Chrs 7, 15, and 17.
In males, there were less significant differences than for females; however, some
chromosomal locations differed, such as for Chrs 3, 7, and 16 (Table 6). Genome locations
for influences of pulmonary frequency differed markedly between females and males.
Whereas Chrs 2, 11, and 12 were specific for females, Chrs 4, 6, 7, 9, 10, and 19 were
specific for males. The same was true for adenoma severity. Here, Chrs 2, 11, and 15 were
specific for females and Chrs 1, 4, 6, 10, 18, and 19 were specific for males. Also, the
locations on Chrs 7 and 17 differed between the traits for male mice. Only the locus on Chr
1 at around 117 Mb was common between female and male mice for frequency. For
severity, none of the loci were common between the sexes (Table 6).

Genetic Influences of Pulmonary Adenoma Frequency and Severity
Our GWAS analyses identified several previously reported loci for carcinogen-induced and
spontaneous pulmonary cancer. The Chr 6 association at around 145.7 Mb — the Pas1 locus
(6, 28) — was found for frequency and severity only in male but not in female mice. In
males, we also observed an association on Chr 18 at around 62 Mb, which was previously
reported as locus (Halt7 locus) (7), and another association on Chr 6 at around 88 Mb,
which was only 4 Mb downstream of Slt1 at 84 Mb (8). For females we identified a locus for
severity on Chr 2 at around 153 Mb, which was found previously only 5 Mb upstream at
about 148 Mb (Halt2 locus) (7).

To identify novel genetic influences we searched for Cn SNPs in a ± 1Mb region around the
most significant SNP association loci containing at least two SNPs from the 4 Mio SNP
panel (Table 6). Alleles from Cn SNPs were used to assign strains into groups for phenotype
comparisons and SIFT analysis was used to identify those Cn SNPs that are predicted to
cause functional changes in the proteins. All Cn SNP with significant allele group
differences are listed in Table 6. Of the 19 identified genes, four genes (i.e., Fat4, Tsc22d1,
Ccdc122, and Fbxo38) contained Cn SNPs that lead to an amino acid change, which predicts
a change in function of the protein. Two of the four genes (Fat4 and Tsc22d1) are known
tumor suppressor genes and, thus make them likely candidate genes for lung cancer
development.
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On Chr 3 we found the Cn SNP rs29949720 in exon 9 of the Fat tumor suppressor homolog
4 (Fat4) at 38.882537 Mb. The C/G allele change of rs29949720 causes a histidine (basic
polar, hydrophilic) to glutamic acid (neutral polar, hydrophilic) change at position 3805. The
locus was identified for adenoma frequency in male mice (Table 6) and we found male mice
of strains with the C allele at rs29949720 developed significantly less pulmonary adenomas
than males of strains with the G allele (P = 0.039) (Table 7).

On Chr 14 we identified the Cn SNP rs31392028 in exon 1 (or 3, transcript dependent) of
the Tgf-beta-stimulated clone-22 (Tsc22d1) at 76.818029 Mb. The G/C allele change causes
an alanine (neutral polar, hydrophobic) to proline (neutral polar, hydrophilic) change at
position 714 of the protein. Because the locus was identified for adenoma frequency in
females (Table 5) we compared the two allele groups using the female frequency data. We
found that strains with the G allele had significantly fewer tumors than the C allele group (P
< 0.001) (Table 7).

Finally, we also observed another two genes, which are predicted to lead to a protein
function change. Coiled-coil domain containing 122 (Ccdc122) was significantly associated
with adenoma frequency in females and F-box protein 38 (Fbxo38) with frequency in males.
Beside the changes described in Table 6, those genes have not yet been described for roles in
cancers or other lung diseases and, thus, would need further investigation to suggest them as
candidate genes for spontaneous adenomas.

DISCUSSION
Identification of genetic influences of spontaneous pulmonary adenomas has been difficult
due to the small body of available data and the lack of repetitive findings between
investigations. Here we present data on frequency and severity of spontaneous pulmonary
adenomas in a survey of 28 inbred and wild-derived mouse strains at 20 months of age. Our
study represents the first GWAS investigation of spontaneous pulmonary adenoma
incidence for which all mouse strains were maintained under the same environmental
conditions and analyzed by the same pathologist. Previous studies used a common set of 13
strains in which lung cancer was diagnosed by multiple investigators: Malkinson (29),
Drinkwater and Bennett (30), the MTB of The Jackson Laboratory, and Wang and You (8).
Additionally, we used a 4 Mio SNP set whereas previous GWAS were performed with less
than 140k SNP panels. Our hypothesis was that we would find at least partially those Slt loci
that were discovered previously but also that we would identify loci unique to our study
design. In the original paper for spontaneous pulmonary adenomas by Wang and You (8) the
investigators found associations on Chrs 6, 7, 8, 19, and X (Slt1-5) (Table 1). We also found
an association on Chr 6 at about 88 Mb, which was only 4 Mb downstream of Slt1 locus at
about 84 Mb. This could potentially be the same locus considering that the SNP density
between the studies differed greatly. Beside our repetition for this locus for spontaneous
pulmonary adenomas, we also observed loci previously reported for carcinogen-induced
lung cancers. For example, one of our significant associations was identified on Chr 6 at
145.7 Mb (i.e., Pas1 locus) (6, 28), which is only 800k base pairs downstream from the
cancer susceptibility candidate 1 (Casc1) and lymphoid-restricted membrane protein
(Lrmp).The identified Cn SNPs in Casc1 and Lrmp; however, did not cause significant
phenotypic changes between the allele groups, thus, making them unlikely candidate genes
for our criteria. Additionally, we also identified significant associations on the Halt3 (Chr 2)
and Halt7 (Chr 18) loci, which were previously identified with a GWAS for urethane-
induced lung cancer multiplicity (7). Conclusively, our investigations repeated multiple loci
from previous studies, thus, supporting their importance for lung oncogenesis in both,
spontaneous and carcinogen-induced, pulmonary cancers. Further studies, such as global
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gene expression or traditional QTL studies need to be performed to identify and prove
candidate genes within those regions.

We did not identify any other common Slt regions among previous studies and our
investigations. Possible explanations for the lack of further overlap may be the differences in
the size of the SNP panels. We showed that the results between the 132k and the 4 Mio SNP
panels in our study differed. Often locations were identified with the 132k SNP panel that
could not be detected with the 4 Mio panel. Although many of the locations identified with
the 4 Mio panel were identified with the low-density SNP set, we also found associations
that were unique to the 4 Mio panel. Because the P-values for the associations with the 4
Mio were higher than those with the 132k set panel it is likely that more false positive
associations were identified with the smaller SNP panel. Additional causes for the lack of
further overlap of identified loci could be the number and type of mouse strains used (we did
not investigate 129X1/SvJ, CAST/EiJ, NZB/BlnJ, and SPRET/EiJ of the previous common
13 strain set and we did also not investigate AKR/J, C58/J, DBA/1J, MA/MyJ, NGP, O20,
RF/J, SJL/J, ST/bJ and STS/A from the study by Manenti et al. (7)), and differences in
phenotyping procedures (previous studies obtained diagnoses from different investigators
and thus different pathologists vs. our study obtained diagnoses from one pathologist). Other
factors, such as maintenance conditions (31), age of mice at termination of the study, diet
(32), and the number of tissue samples for histopathological examination (33) could have
also caused differences in study results. Finally, differences in the GWAS algorithms can
cause different results. Whereas Wang and You (8) applied a Fisher exact test on a 2 × 2
contingency table (to test for resistance or susceptibility for each allele of a SNP), Manenti
et al. (7) applied a t-test (continuous phenotype) for each SNP-Slt association and we used
the EMMA mapping method by Kang et al. (11).

Our study identified differences between female and male mice for frequency and severity
of pulmonary adenomas. Male mice developed adenomas more frequently and with greater
severity than female mice. Differences between sexes translated into different genetic
locations that determine adenoma frequency and severity in female and male mice. For
example, the Chr 3 locus (i.e., Fat4) was only identified in males and the Chr 14 locus (i.e.,
Tsc22d1) was only found in females. Indeed, only the Chr 1 locus around 117 Mb seemed to
be common between the sexes. Sex differences in mouse models of lung cancers were
reported previously (34). For example, sex differences were observed in lung cancer
development in mouse models, such as those with the Kras and Trp53 missense mutations
(35). In addition, ovariectomized female mice showed the same lung cancer characteristics
as males, whereas estrogen application increased tumor rates more in ovariectomized
females than intact males (36). In the same strain survey as presented here, gender-specific
differences in other age-related phenotypes, such as electrocardiogram time intervals and
heart rate (37), albuminuria (38), and IGF1 and lifespan (39), have been observed. However,
only the study on albuminuria investigated their genetic basis. In the latter only one
association was significant for male mice on Chr 3 at 157 Mb. As expected (due to the
different phenotypes), we did not find associations in this area of the genome for pulmonary
adenoma susceptibility. Reasons for the small number of significant loci identified for
albuminuria might have been the use of a different association mapping algorithm
(haplotype association mapping vs. EMMA) and a smaller SNP panel compared to our study
(63k vs. 4 Mio).

Disease-causing polymorphisms can induce changes in gene expression (if located in the
promoter region) or functional changes of the gene-encoded protein (if located in protein
coding regions of the gene). Our focus for this study was to identify polymorphisms located
in coding regions of genes that would lead to an amino acid and functional differences in the
protein. Gene expression analysis of the lung tissues was not part of this aging project,
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therefore, limiting our ability to search for global gene expression differences. Yet, we
identified genes with Cn SNPs that are predicted to cause functional changes in the proteins.
Two of the four genes, Fat4 and Tsc22d1, have known functions in cancers in other organs.
Fat4 — originally described as a tumor suppressor in Drosophila — was later shown to be a
candidate tumor suppressor gene in breast cancer cell lines and primary tumors (40).
Tsc22d1 is also a known tumor suppressor by promoting cell growth, survival, and
proliferation and by preventing apoptosis, and has been associated with several cancers
types (e.g., breast cancer, salivary gland cancer, prostate cancer) (41–43). It has been shown
to be highly expressed in the lung (44). Both genes were important for frequency but not for
severity. This may be due to the possibility that the genes that control severity differ from
genes that are involved in the frequency of the lesions. From these results, we concluded that
it is likely that both genes, Fat4 and Tsc22d1, could be involved in molecular processes that
lead to oncogenesis in the lung.

In comparison to previous studies we found different lung cancer frequencies (7, 8). For
example, in previous publications strain A/J showed a lung tumor frequency of 82%
whereas we only found a frequency of 29% in females and 67% in males. Another example,
strain SM/J was reported with a frequency of 0% previously but our analysis found a
frequency of 18% in females and 29% in males. The large frequency differences could be
accounted for because previous studies focused on lung cancer identification whereas this
study was part of routine, multi-organ evaluations. Many of these adenomas are very small
and not seen on gross examination. Larger numbers of sections per mouse, more than the 4
used here, might increase the frequency. However, the same approaches were used for all
mice within this study so the error rates were consistent. Environment varies between
institutions, which can have an effect on frequency, so it is not surprising that actual
numbers varied by study.

In summary, spontaneous pulmonary adenomas in mice are determined by multiple genetic
loci that differ between female and male mice. The candidate gene Fat4 is potentially
involved in pulmonary adenoma frequency in male mice where as the candidate gene
Tsc22d1 seems to be involved in the oncogenesis in females mice. Replications between
GWAS are important to identify candidate genes, but they are dependent on multiple factors,
including SNP density, number of strains, and algorithms used.
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Table 2

Inbred strains used in previous and current genome-wide association studies for spontaneous pulmonary
adenomas.

Wang and You Manenti et al. Present Study

129S1/SvlmJ

129X1/SvJ 129X1/SvJ

A/J A/J A/J

AKR/J AKR/J

BALB/cJ BALB/cJ

BALB/cByJ

BTBRT+tf/J

BUB/BnJ

C3H/HeJ C3H/HeJ C3H/HeJ

C57BL/10J C57BL/10J

C57BL/6J C57BL/6J C57BL/6J

C57BLKS/J

C57BR/cdJ C57BR/cdJ

C57L/J C57L/J

CAST/EiJ CAST/EiJ

CBA/J CBA/J

CE/J

DBA/1J

DBA/2J DBA/2J DBA/2J

FVB/NJ FVB/NJ

KK/HlJ

LP/J LP/J LP/J

MA/MyJ

MRL/MpJ

NOD.B10Sn-H2b/J

NON/ShiLtJ

NZB/BlnJ NZB/BlnJ

NZO/HlLtJ

NZW/LacCJ NZW/LacJ NZW/LacJ

O20

P/J P/J

PL/J

PWD/PhJ

RF/J

RIIIS/J RIIIS/J

SJL/J

SM/J SM/J SM/J

SPRET/EiJ SPRET/EiJ
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Wang and You Manenti et al. Present Study

STS/A

SWR/J SWR/J

WSB/J

Gray shaded strains were used in multiple studies.
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Table 4

Number of unique and common SNPs among the 200 most significant associations for frequency and severity
using 132k and 4 Mio SNP panels in GWAS.

132k SNP panel 4 Mio SNP panel Common SNPs*

Female mice

Frequency 113 113 17

Severity 113 103 7

Total 226 216 24

Male mice

Frequency 163 126 21

Severity 135 180 29

Total 298 306 50

*
Common SNPs between 132k and 4 Mio SNP panels
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