Aging Clin Exp Res (2016) 28:59-67
DOI 10.1007/540520-015-0370-z

=
@ CrossMark

ORIGINAL ARTICLE

A Chromosome 13 locus is associated with male-specific mortality

in mice

Joseph P. Gyekis' - Dean H. Lang” - David J. Vandenbergh'~ - Glenn S. Gerhard* -
James W. Griffith® - Jeffery W. Dodds® - Zakaria K. Shihabi’ - Mera K. Tilley”

David A. Blizard"

Received: 1 April 2015/ Accepted: 28 April 2015/ Published online: 21 May 2015

© Springer International Publishing Switzerland 2015

Abstract

Background and aim Mortality is a highly complex trait
influenced by a wide array of genetic factors.

Methods We examined a population of 1200 mice that
were F2 generation offspring of a 4-way reciprocal cross
between C57BL6/J and DBA2/J strains. Animals were
sacrificed at age 200, 500, or 800 days and genotyped at 96
markers. The 800 days old cohort, which were the sur-
vivors of a much larger breeding group, were examined for
enriched frequency of alleles that benefit survival and de-
pletion of alleles that reduce survival.

Results  Loci on Chr 13 in males and on Chr X in females
were significantly distorted from Mendelian expectations,
even after conservative correction for multiple testing.
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DBA2/J alleles between 35 and 80 Mb on Chr 13 were
underrepresented in the age 800 male animals. D2 geno-
types in this region were also associated with premature
death during behavioral testing. Furthermore, confirmatory
analysis showed BXD recombinant inbred strains carrying
the D2 alleles in this region had shorter median survival.
Exploration of available pathology data indicated that a
syndrome involving dental malocclusions, pancreatic islet
hypertrophy, and kidney lipidosis may have mediated the
effects of DBA alleles on mortality specifically in male
mice. The heterozygote advantage locus on the X Chr was
not found to be associated with any pathology.
Conclusions These results suggest a novel locus influ-
encing survival in the B6/D2 genetic background, perhaps
via a metabolic disorder that emerges by 200 days of age in
male animals.

Keywords Longevity - Lifespan - Mouse - Linkage -
Pathology
Introduction

Longevity, the quintessential complex trait, likely reflects
all aspects of an organism’s life history. In humans, the
estimated heritability of age at death is estimated at
25-33 % [1]. Genetic contributions to mortality rates are
thus of great interest and may aid in the understanding of
disease etiology and the process of aging itself [2]. Genetic
linkage studies of long-lived human families identified a
longevity locus while candidate gene approaches have been
used to identify and confirm the association between
specific variants in the FOXO3A gene and human
longevity [3-7]. Genome-wide association studies have
also been used to identify the association of APOE with life
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span and have yielded insights into potential biological
pathways and processes related to aging. Despite these
successes, several problems are inherent in human
longevity studies including potentially high degrees of
environmental heterogeneity, genetic diversity, and lack of
birth matched controls, among others [8].

Inbred mouse strains represent a powerful alternative for
identifying genes underlying complex trait genes such as
longevity [9]. Initial mapping approaches include quanti-
tative trait locus (QTL) analysis that represents an unbiased
association analysis to map genomic regions linked to
variation of a phenotype. Previously we conducted QTL
analyses of recombinant inbred mice derived from C57BL/
6] (B6) and DBA/2J (D2) mice that replicated several
previously identified longevity associated loci and identi-
fied 5 new QTLs [10], which built upon earlier work in
these strains [11].

Specific variants of interest can be detected by analyzing
deviations from expected gene frequency ratios in aged
populations. For example, when comparing youth to cen-
tenarians, certain genetic markers may become more
common if they aid survival or become less prevalent if
they cause earlier onset of death. This methodology was
used to find and confirm the association between specific
variants in the FOXO3A gene and human longevity [3-7].
Genetic studies on the diseases and biomarkers of aging in
animal models also contain data ready for analysis of these
age-related allelic distortions.

Here, we have extended this analysis to search for
genotypes related to survival to the age of 800 days in a
population of a reciprocal F2 cross between (B6) and (D2)
mice. Since QTL for longevity in mice have shown strong
sex specificity [10, 12], we conducted sex-specific ana-
lyses. In addition, we also determined whether there were
any change in pathology changes associated with the loci
that showed frequency distortions with aging. To confirm
the associations of the loci of interest with longevity and
pathology, we performed replication analyses on a panel of
BXD recombinant inbred strains.

Methods
Animals

F2 population. Reciprocal hybrid crosses of C57BL/6J and
DBA/2] mice were used to produce 1659 F2 offspring (equal
numbers from each of the four combination of F1 parents).

BXD RI strains. Twenty-three BXD RI strains were rep-
resented: 2, 6, 8, 11,12, 13, 14, 16, 19, 22, 24, 27, 28, 29, 30,
31,32, 33, 34, 38, 39, 40, and 42, along with the two parental
inbred strains, B6 and D2, for a total of 2138 inbred mice
(~ 80/strain distributed across the 3 age groups).
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Housing. Siblings were housed at weaning in same sex
groupings (four animals per cage with micro-isolators) at
age 25 days, except for the males of several RI strains (8, 11,
and 24) that were housed individually to avoid injury from
fighting. All mice were produced and tested in a specific
pathogen-free barrier facility and were fed sterilized Purina
mouse chow 5010 (autoclavable; approximately equivalent
to Purina 5001) and provided sterilized water ad libitum.
Temperature within the barrier facility was maintained at
72 £+ 2 °F with a 12/12 light/dark cycle (7am—7pm).

Phenotyping. Mice began behavioral and serological
phenotyping at approximately 150, 450, or 750 days of
age, and then were sacrificed at approximately 200, 500, or
800 days of age. To provide about 400 animals for testing
at each age group, about 400 extra mice had to be bred for
the oldest age group to account for the predicted 50 %
mortality rate prior to phenotyping (hence ~ 1600 mice
bred to get our sample size of 1200 mice in the F2 animals;
even more additional breeding was needed to provide a
sufficient sample of RI mice at the older ages). Mice that
died before phenotyping were not genotyped, but were
submitted for preliminary necropsy reports by a veteri-
narian before detailed histological analyses by veterinary
pathologists.

General phenotyping schedule

Different cohorts of mice were phenotyped at different
ages. The youngest testing began testing at approximately
117 days of age and completed testing at 203 days (in this
paper, we refer to them as the 200-day group). The 500-day
group began testing at approximately 423 days and finished
at approximately 511 days. The 800-day group was tested
from ~725 to ~810 days of age.

The testing regime included urine collection under basal
and 24 h water deprived conditions, brief exposures to a
novel environment [13, 14], testing for balance on a rotorod,
a test of grip strength, repeated warming and restraint for
heart rate/blood pressure monitoring [15], and blood col-
lection procedures [16] as described previously. For the
panel of serum chemistry outcomes studied in the current
project, data are only available for the 450-day age group.

The series of tests described above was conducted in a
fixed order across 1 week, then repeated twice more at
1 month intervals (yielding a total of three measurement
points for each mouse for every trait). Mice that were
identified as moribund during the three months of testing
were marked for early sacrifice and included in analyses.
Approximately 1 month after the third measurement, sur-
viving mice were sacrificed for a variety of analyses on
blood, brain, muscle, bone, and pathology [13-17] phe-
notypes. After specific tissues (brain regions and hind
limbs) were dissected immediately upon sacrifice,
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carcasses were preserved in buffered formalin until com-
prehensive pathological examinations were completed.

Genotyping and genetic analyses

Mice that began the phenotyping procedure in each of the 3
age groups were genotyped at 96 microsatellite markers
[13—17]. Distortions in the frequency of alleles with aging
were detected by Chi-squared tests conducted for each
locus. The expected number of mice of each genotype was
assumed to be 25 % of the surviving population for each
homozygote genotype and 50 % for heterozygotes (except
for males on the X chromosome, where mice were hem-
izygotic, 50 % carrying B6 and 50 % carrying D2 alleles).
The significance threshold for the Chi-squared tests was
adjusted for multiple testing at the 96 markers with Bon-
ferroni’s correction (separately for each sex). Thus, the null
hypothesis was rejected when allelic distortions were sig-
nificant at p < 0.00052 (0.05/96, or 1/1920). Since this
assumption of 96 independent tests does not account for the
covariance between adjacent markers on the same chro-
mosome (there are actually fewer than 96 independent
tests), this correction is quite conservative.

Other statistical analyses

Our subsequent search for pathologies was focused on their
relationship to a single genomic region (proximal Chr 13),
which showed age-dependent distortion in males in the
above analyses. For the binary (present vs. not present)
pathology outcomes, logistic regression was used to test for
associations with sex, genotype, and age (SAS v. 9.2, Proc
Logistic). For the quantitative serum chemistry outcomes,
linear regression models were used to test for associations
with sex and genotype, as only one age group was available
(SAS v. 9.2, Proc Mixed). Since these tests, like all sta-
tistical tests presented in this article, are exploratory in
nature, level of significance is indicated at each juncture.
When p < 0.05 in analyses with large sample sizes, the
results are considered only suggestive; p < 0.001 or
p < 0.0001 are somewhat more compelling.

Results
Survival in the F2 mice

In the 200 days age group, 3/395 mice (1 %) died before
the initiation of testing and an additional 12 (3 %) of the
392 that began testing died during the 3 months long
testing period. In the 500 days age group, 37/462 (8 %)
died before testing and 22/425 (5 %) died during the test-
ing period. In the 800 days age group, 337/782 (43 %) died
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Fig. 1 Survival curve for mice in the DBA/2J x C57BL/6J F2
breeding colony for this study

before testing began and an additional 122/445 mice
(27 %) died during the testing procedure. The mortality
rate during testing increased with age in the expected ac-
celerating fashion, with median lifespan of 740 days (see
Fig. 1). No significant differences in mortality rate were
seen between males and females, or between the reciprocal
crosses to produce the F2 mice. Thus, about as many mice
died prior to genotyping as survived to testing in the
800 days cohort.

Allelic frequency distortions consistent with age-
related mortality in the F2 population

Based on the hypothesis that major causes of mortality
would be linked to specific loci in this population, we did a
genome-wide search for allele frequency distortions in
mice surviving to inclusion in the 800 days age group. To
visualize these data, we plotted the inverse of the p value of
the »* test at each allele across the 19 autosomes and the X
chromosome (Figs. 1, 2).

This genome-wide scan identifies two sex-specific QTL
one D13Mit125 (80.86 Mb, additive B6 survival advantage
in males) and the other at DXMitl35 (161.22 Mb,
heterozygote advantage in females) in the 800 days age
group. Genotype frequencies at the proximal adjacent loci
at D13Mit198 (35.06 Mb) and DXMit79 (127.40 Mb) were
suggestive, in the same direction. These loci showed no
evidence of allelic distortions in the 200 and 500 days age
groups (Table 1), suggesting that the reduced prevalence of
certain loci was driven by mortality after 500 days of age.

As a follow-up analysis, we evaluated whether the in-
creased mortality in these under-represented genotypic
groups continued during the 3 months long phenotyping
procedure. The expected trend was observed in the sur-
viving male homozygotes for the D2 allele at D13Mit125.
In these animals, 7/32 (22 %) became moribund during the
phenotyping period compared to 13/90 (14 %) of the
heterozygotes and 16/73 (11 %) of the B6 homozygotes.
However, due to the small sample size, this finding only
reached a suggestive level of significance (p = 0.087). The
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Fig. 2 Genome-wide significant allelic distortions in 800 days old mice. The line at 1/1920 indicates our significance threshold

Table 1 Observed and

expected frequencies of Sex Age Genotypes Chromosome 13 X chromosome
genotypes at the DI3Mitl25 DI3Mit125 locus DXMit135 locus
and DXMit135 loci in the three
age groups Observed Expected Observed Expected
Female 200 B6 47 48.25 48 45.5
D2 62 48.25 40 45.5
Het 84 96.5 94 91
500 B6 45 48.5 41 45.5
D2 47 48.5 45 45.5
Het 102 97 96 91
800 B6 44 43.25 29 44.25
D2 43 43.25 32 44.25
Het 86 86.5 116 88.5
Male 200 B6 41 48.25 88 94
D2 56 48.25 100 94
Het 96 96.5 - -
500 B6 43 48.25 80 90.5
D2 55 48.25 101 90.5
Het 95 96.5 - -
800 B6 73 48.75 99 98.5
D2 32 48.75 98 98.5
Het 90 97.5 - -

Italized values groups where allelic distortion is genome-wide significant at p < 0.00052

female mice with heterozygosity at DXMit135 showed no
trend toward a change in risk of moribundity compared to
the other genotypes during this period.

Independent confirmation of a survival effect in this
region of Chr 13 QTL in recombinant inbred strains

We hypothesized that a genotype that increased mortality

in the F2 mice would be associated with shorter median
lifespan in the BXD recombinant inbred panel. We used
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WebQTL [18] to map loci associated with median lifespan
in an RI panel on Chr 13 [10]. We excluded data for strains
that showed very early mortality, as defined by the first
quartile of age at death within strain earlier than 500 days
of age (e.g. BXD13 which dies early from seizures).
Lang et al. [10] had previously searched for a genome-
wide significant peak in this region and found none.
However, we predicted that there would be a small peak
favoring longevity in the B6 strain exclusively between 35
and 80 megabases on Chr 13 (i.e. between the significant
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Fig. 3 Decrement of survival of male BXD Recombinant Inbred
mice carrying D2 alleles at 55 Mb on Chr 13 (at rs13481817)

and adjacent suggestive markers for allelic distortion in the
F2 population). We also predicted that this peak would be
present for males but not females. The predicted small, sex-
specific, B6 advantage/D2 disadvantage peak was present
in the expected interval, suggesting that a locus between 50
and 65 Mb was associated with approximately 60 days
longer median lifespan in males but not females (Fig. 3). If
analyses included all strains, almost identical male-specific
strain differences were obtained.

The female-specific heterozygote advantage locus on the
distal Chr X could not be evaluated in the RI panel, which
did not include any heterozygotes.

Causes of death before phenotyping

We analyzed pathology data obtained at the time of sponta-
neous death or scheduled sacrifice, as well as several aspects
of physiology of the survivors prior to death to identify causes
of death prevalent in this population and to explore genetic
linkages to physiological and pathological processes among
the survivors. Where available, data on younger age groups
(150 and 450 groups) were evaluated because pathological
processes often begin long before mortality actually occurs.

Animals that died prior to phenotyping were not geno-
typed, but were examined at death. This group is useful for
evaluating which types of lesions are associated with early
death. Among these mice, 102 animals were observed to be
moribund prior to behavioral testing (generally between
450 and 700 days of age) Confirmed causes of death in the
preliminary gross necropsy report included 14 neoplasias
and 10 dental malocclusions. Probable causes of death
included 27 other neoplasias and 6 major inflammatory
lesions. In the remaining 45 cases, a clear cause of death or
moribundity was not ascertained.

We tested for sex differences in cause of death among
the probable and confirmed causes. Metastatic neoplasias
as a whole (mostly lymphomas) were more common in
female than male animals (32 in @, 13 in &). Pancreatic
islet hypertrophy occurred in 12 males and no females.
Dental malocclusions occurred in 10 males and no females.
Dental malocclusions tended to co-occur with pancreatic
islet hypertrophy (8 % prevalence of malocclusions in
mice without islet hypertrophy, 56 % prevalence in mice
with islet hypertrophy).

Associations of Chr 13 allele with common mouse
pathologies

Next, we evaluated which specific types of lesions with at
least 2 % prevalence were linked to the mortality loci in
the animals that survived to be included in the study (and
thus completed phenotyping and genotyping). Mice from
all three age groups were included in the analyses, which
tested for age differences, sex differences, and genetic ef-
fects on each lesion type.

We found no associations between the distal X allele
(peaking at marker DXMitl35) and any lesion type.
However, there were significant associations between the
D13Mitl25 allele and pancreatic islet hypertrophy, renal
tubule cell lipidosis, kidney mineralization, gastric hyper-
plasia, and hepatic lipidosis in male mice (Table 2).

Association of Chr 13 allele with serum chemistry

To further investigate the hypothesis that the D13Mit125
allele may be involved in glucose and lipid homeostasis,
we investigated the relationship between the D13Mitl125
allele and a serum chemistry panel that included serum
urea nitrogen, glucose, calcium, inorganic phosphorus,
cholesterol, total protein, alkaline phosphatase, albumin,
aspartate amino transferase, triglycerides, alanine amino
transferase, and iron. Animals were tested on three occa-
sions spaced 1 month apart, with blood collection taken
after 6 h of fasting during the light phase of the light-dark
cycle. Serum data was only available for the age 500 days
group of mice (not the 200 or 800 days mice).

Among male mice, the D2 allele at D13Mitl25 was
significantly associated with lower glucose, higher
cholesterol, and higher iron (p at least <0.01, Table 3).

Discussion
Survival locus on Chr 13

There is ample evidence for genetic influences on lifespan
in humans and animal models [19]. In many cases, these
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Table 2 Common mouse pathologies associated with D2 alleles on Chromosome 13

Lesion Higher prevalence Higher prevalence Higher prevalence
in male mice? with aging? with D2 allele
at D13Mit125?
All lesion types combined No Yes*** Yes**
Pancreatic islet cell hypertrophy Yes##* Yes (max in 500 days age group)*** Yes**
Renal tubule cell lipidosis Yes*** No, declines with age*** Yes***
Kidney mineralization Yes*#%* Yes#*** Yes*
Gastric hyperplasia Yes*** Yes*** Yes**
Hepatic lipidosis Yes*#* (200 < 500 > 800) Yes*#*

*p <0.01, ¥ p < 0.001, *** p < 0.0001

Table 3 Serum markers

. . Serum marker
associated with D2 alleles on

Sex difference?

Association with D13Mit125?

Chromosome 13 Glucose

Cholesterol

Iron No

Yes, higher in males**
Yes, higher in males***

Yes, D2 alleles lower glucose*, especially in males
Yes, D2 alleles increase cholesterol**

Yes, D2 alleles increase iron**, especially in males

*p < 0.01, #* p < 0.001, *** p < 0.0001

have been shown to be sex-specific [12, 20, 21]. One ap-
proach to identifying loci associated with mortality is to
evaluate changes in expected gene frequencies between age
groups, as has often been used in human case control
studies comparing genotypic frequencies of centenarians to
younger populations. In our experimental F2 cross of B6
and D2 inbred mouse lines, one quarter of the progeny is
expected be homozygotes for the B6 allele, one half of the
population will be heterozygotes, and the remaining quarter
of the mice will be homozygotes for the D2 allele. If a
deviation from the expected 1:2:1 ratio of genotypic fre-
quencies is observed at birth, this could be due to the ef-
fects of this locus on gamete viability, fertilization,
implantation, or embryonic mortality. If the expected
genotypic frequencies are observed early in life, but then
show a distortion at late ages after a substantial proportion
of the population has died, we interpret those findings as
evidence of genetic effects on age-related mortality. This
method revealed a locus on Chr 13 between 35 and 80
megabases that predisposes male carriers of the D2 allele to
earlier death than seen with the B6 allele. The expected
sex-specific decrement in lifespan with the D2 allele was
also observed in a panel of BXD recombinant inbred lines
previously studied by [10].

Other prior QTL studies did not identify loci associated
with lifespan or duration of survival time on Chr 13 [12,
22]. This is likely due to heterogeneity in genetic back-
ground, husbandry, housing, and environmental conditions,
diet, etc.
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Association of pathological mediators with the Chr
13 QTL

Our exploratory tests for association between available
lesions and serum biomarker data prior to the onset of
allele specific mortality indicate that the deleterious D2
allele on Chr 13 was associated with increased total lesion
load, pancreatic islet hypertrophy, renal and hepatic lipi-
dosis, and gastric hyperplasia. The Chr 13 D2 allele also
appeared to have lowered serum glucose and elevated
cholesterol levels specifically in male 450 days old mice.
These findings support the notion that the Chr 13 locus may
be associated with earlier and more frequent onset of these
pathologies in the first year and a half of life, which in turn
affect mortality risk in the following year. This is consis-
tent with a diabetes-like disease process. In humans, pan-
creatic islet cell hypertrophy is evident during the
development of type 2 diabetes when beta cells increase
insulin production to compensate for the emergence of
insulin resistance [23].

Compared to B6, D2 mice show impaired glucose
homeostasis during fasting [24] and during the weanling
transition from a milk diet (ketogenic) to solid chow [25].
The D2 strain is also more sensitive than B6 to the
diabetogenic effects of the db leptin receptor mutation [26],
presumably because B6 genes improve ability to maintain
islet function during long periods of insulin resistance [27,
28]. However, in other contexts, B6 mice are more likely
than D2 to spontaneously develop diabetic syndromes,
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indicating that risk factors exist on both genetic back-
grounds [29]. QTL mapping studies indicate that these
murine metabolic traits have a complex genetic architec-
ture that is not dominated by any single allele [29-31],
much like humans [32, 33].

Prior work identified candidate genes on Chr 13 that might
underlie diabetes-related traits, including RASA1, Nnt, and
PSK1. RASAI1 show strong sequence differences between
B6 and D2 strains [34]. Rasche et al. [35] reported that
RASAT1 was upregulated in the lipidosis-laden kidneys of
mice with type 2 diabetes caused by the db/db mutation and
[35] reported that RASA1 mutations may affect risk for type
2 diabetes in humans. Nnt is implicated because the B6 strain
has a missense mutation which may impair insulin secretion
in response to glucose challenge [36-38]. Pcskl was con-
sidered a candidate gene by [39] in a study identifying a locus
on Chr 13 near 72.7 Mb associated with glucose intolerance
(slower glucose clearance in B6 than C3H mice; the latter
strain is related to D2). Kiliminik et al. [40] reported that
Pcskl is abnormally expressed in the adult pancreas in obese
and diabetic mice. There is one polymorphism (rs33851130)
between D2 and B6 strains 3 kb upstream of the Pcskl
transcriptional start site that has predicted gene expression
regulatory potential. Large-scale human GWA studies show
robust statistically significant associations of several SNPs in
and near PCSK1 with type 2 diabetes-related traits, including
proinsulin levels and fasting glucose levels [41, 42]. Further
study is needed to determine whether these alleles might
affect mortality in B6/D2 crosses.

The elevated blood glucose concentrations in males
compared to females (Table 3) could also be indicative of a
diabetes-related trait, especially with regards to islet cell
lesions. Several lines of previous work in relevant animal
models (and humans) indicate that estrogens protect pan-
creatic islet cells from loss of function and degeneration
[43]. With particular reference to this cross, in B6D2F1
hybrid mice—the F1 offspring of B6 dams crossed with D2
sires—males spontaneously develop adult onset, non-obese
type Il diabetes [44, 45]. Thus, there is a rich literature
indicating strong genetic effects on glucose metabolism in
the B6 and D2 genetic background, and a male-specific
form of diabetes is known to spontaneously occur in hy-
brids of this strain.

Dental traits

The reported link between a Chr 13 locus and dental
malocclusions [46] might provide an alternative or addi-
tional explanation of the associations we observe. Dental
malocclusions were the only major male-specific cause of
death we observed in this mouse population (20 % of
males that died before the 750-day phenotyping tests, 0 %
of females). In this scenario, difficulty in feeding caused by

dental problems would alter energy homeostasis in a
manner that could also lead to a variety of lesions and
earlier mortality. Of course, diabetes and dental problems
are not necessarily mutually exclusive explanations. In
humans, diabetes increases risk for periodontal disease [47,
48] and presence of periodontal disease may be a strong
predictor of diabetic mortality [49]. In our mice, a diag-
nosis of pancreatic islet hypertrophy at the time of death
was associated with increased rates of fatal dental maloc-
clusions in our sample (for mice that died between age 450
and 800 days of age in our sample, mice with pancreatic
islet hypertrophy had a 56 % prevalence of dental maloc-
clusions compared to 8 % in the other mice). Further
studies are required to determine whether this association is
coincidental due to the linkage disequilibrium among
dentition-related and glucose homeostasis-related genes on
the same small chromosome, or is indeed due to causal
relationships between dentition and islet hypertrophy.

Conclusion

We have exploited allelic imbalance accruing over the
lifespan due to mortality to identify a locus associated with
male-specific mortality on Chr 13 in a B6/D2 F2 that is
associated with several lesions related to energy home-
ostasis and glucose metabolism. Several candidate genes
with biological relevance reside at this locus. We also
identified a novel dental pathology that could also play a
role in the excess mortality due to the Chr 13 QTL.
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