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Abstract
Two mouse strains, AKR/J and SAMP6, were assessed longitudinally for bone mineral density of
the spine. They displayed very different time courses of bone accrual, with the SAMP6 strain reaching
a plateau for vertebral BMD at 3 months, whereas AKR/J mice continued to increase spine BMD for
at least 8 months. Among 253 F2 progeny of an AKR/J x SAMP6 cross, at 4 months of age the BMD
variance was 5-6% of the mean, versus 15% for weight. Variance increased with age for every
parameter measured, and was generally higher among males. The ratio of 6-month/4-month spine
BMDs, termed ΔsBMD, had a normal distribution with 5.7% variance, and was largely independent
of spine BMD (R=-0.23) or body weight (R=-0.12) at maturity. Heritability of the Δs BMD trait was
calculated at 0.59. Genetic mapping identified two significant loci, both distinct from those observed
for BMD at maturity - implying that different genes regulate skeletal growth vs. remodeling. A locus
on the X chromosome, replicated in two mouse F2 populations (P<10-4 for combined discovery and
confirmation), affects age-dependent BMD change for both spine and the full skeleton. Its position
agrees with a very narrow region identified by association mapping for effects on lumbar bone density
in postmenopausal women (Parsons et al., Hum Mol Genet 2005). A second locus, on chromosome
7, was observed in only one cross. Single-nucleotide polymorphisms (SNPs) are highly clustered
near these loci, distinguishing the parental strains over only limited spans.
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Introduction
The best clinical predictor of osteoporosis is bone mineral density (BMD), known to have a
large genetic component in mice and humans, with heritability of 60-80% [1-5], and a strong
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age dependence [6]. Many candidate genes, proposed on the basis of function to modulate bone
metabolism and thus affect BMD, have been tested for allelic association to this trait. Although
several were shown to exert genetic influence on BMD in some populations, the assessed
candidate genes fail to account for the bulk of natural variation in BMD within any given
population [1,6-8]. Whole-genome screens, by either linkage or association, offer the
possibility of capturing the principal genes underlying genetic variation, based solely on
relative influence on BMD rather than on preconceptions as to functional involvement. At
present, however, full-genome association screens are not feasible at the marker densities and
population sizes required.

Could the same genes as revealed by linkage studies in mice, also prove to contribute to trait
variation in human populations? Although precedents exist for “trans-species polymorphism”,
the evolutionary conservation of an allelic repertoire across diverse taxa [9-11], this is an area
that has not previously been explored with respect to bone density. Our laboratory identified
five significant quantitative trait loci (QTL) for vertebral bone density in mature mice [12], by
interval mapping in F2 mouse populations generated from crosses between strains that share a
common ancestor (the AKR/J strain), and consequently ∼60% of their genomes, but differ
markedly in BMD.

We now report on interval mapping in mice for postmaturity change in spine BMD, a trait
intended to emphasize bone remodeling over growth. Although most mouse strains continue
to gain weight and to accrue bone mineral after maturity, in all mammals the adult phase of
bone metabolism reflects primarily bone remadeling, the process of bone repair and
maintenance. Genetic regulation of remodeling thus provides an experimental model of bone
homeostasis in adults, the failure of which results in an age-dependent BMD decline which
occurs at nearly constant rates in men following maturity and in women after menopause [3,
5,13]. As detailed below, we discovered two loci that exert significant effects on this trait in
adult mice; of these, one on the X chromosome was reproduced in two independent crosses.
Remarkably, the latter region corresponds closely to a polymorphic locus significantly
associated with vertebral BMD in postmenopausal women [14]. Further studies will be
required, to determine whether other bone-related QTLs, defined in the mouse, can readily be
translated to humans in advance of gene identification.

Materials and methods
Mouse strains

Information on the mouse strains AKR/J and SAMP6 and inter-strain crosses can be found in
Methods of reference [12]. The SAMP6 strain was originally obtained from Dr. Toshio Takeda
of Kyoto University in Kyoto, Japan [15,16]; the AKR/J strain was acquired from the Jackson
Laboratory, Bar Harbor ME.

Mouse bone densitometry
Bone densitometry was performed by dual-energy X-ray absorptiometry (DEXA) on a
QDR-2000+ instrument (Hologic, Inc., Bedford, MA, U.S.A), modified for use on mice
following the procedures in Jilka et al. [17]; see also reference [12]. Mice, tagged with
implanted transponders (Biomedic Data Systems), were immobilized under mild anesthesia,
and spinal BMDs were scanned from just below the skull to the base of the tail. Scans were
repeated at intervals of 1-2 months for longitudinal analysis.

Genetic mapping
Two interstrain crosses were initiated by reciprocal mating between strains AKR/J and
SAMP6, randomly interbreeding F1 hybrid progeny to generate F2 mice for trait analysis and
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chromosomal mapping. In the first study, 253 mice were ordered by vertebral BMD at 4 months
of age, and only the high and low quartiles (a total of 117 mice) were genotyped by analysis
of DNA from tail snips; all were re-assessed for BMD at 6 months of age. For the second cross,
110 mice for which acceptable BMD scans were obtained at both 4 and 6 months of age (i.e.,
excluding a few mice for which either scan was obscured by a transponder overlying the spine)
were genotyped and utilized for polygene interval mapping of postmaturity change in spine
BMD. In each population, male and female mice were represented approximately equally.
Genotyping utilized short-tandem-repeat markers (Research Genetics, Huntsville AL), shown
to differentiate between these strains [12], at a mean initial spacing of ∼7 cM. Markers that
produced >10% indeterminate genotypes, or >2-fold expansion of the genetic map distance to
adjacent markers, were excluded from analysis.

Genotyping and linkage analysis were performed using procedures described in Benes et al.
[12], with the trait “postmaturity change in spine BMD” taken as the ratio of 6-month to 4-
month BMD in each mouse. Mapping by Windows QTL Cartographer [18] (NCSU, version
2.5) employed Composite Interval Mapping [19] with a window of 10 cM and a step size of 2
cM. Addition of body weight and/or mouse gender as background variables had negligible
effect on the outcome. Significance levels (false-positive thresholds) were determined from
1000 permutations of phenotype with respect to genotype, using the same data-set [20].

Comparison of parental mouse strains by typing of single nucleotide polymorphisms
SNP analysis was performed using MALDI-TOF mass spectrometry of polymerase-chain-
reaction products amplified using primers flanking each of 15,000 putative polymorphisms
(Illumina BeadArray™, San Diego CA). Details of procedures used are available at
http://zeon.well.ox.ac.uk/rmott-bin/strains.cgi and
http://www.illumina.com/products/prod_snp.ilmn.

Results
Defining a new mouse trait for postmaturity change in spine BMD

Previous studies of bone QTL in the mouse [8,21-24], including our own [12], have focused
on parameters assessed at maturity (usually taken as 3-4 months of age), by which time skeletal
growth is essentially compete in most strains of mice. The time course for accrual of spinal
bone density is illustrated in Figure 1, panel A, for strains SAMP6 and AKR/J. The SAMP6
strain reaches a plateau or “peak” bone density by approximately 3 months of age, whereas
AKR/J continues to add bone mass between 3 and 8 months. The data shown here are for both
genders combined, but very similar patterns were seen for males and females separately. Even
beyond the age of 8 months, AKR mice continue to increase in spinal BMD, while SAMP6
mice appear to decline (data not shown), but we cannot rule out effects of selective attrition,
since both strains undergo significant mortality associated with thymic lymphoma (AKR) and
“premature senescence” (SAMP6), as indicated in Figure 1B.

Peak vertebral bone densities differ markedly between these strains; the difference in the cohort
shown was 10 - 16%, somewhat below the 19% we observed previously [12]. This is in part
attributable to the slightly greater mean age of the SAMP6 mice, 2 - 7 days older than the AKR
mice at each DEXA scan, but may also be affected by the greater weight of SAMP6 mice
(Table 1). At 3 months of age, SAMP6 males were 24% heavier than AKR males, although
the difference declined to 16% by 6 months. SAMP6 females began the study 32% heavier
than their AKR counterparts, declining to a 21% advantage at 6 months. This impressive
difference is consistent with the deficit noted in osteogenesis [17], and the commensurate
increase in adipogenesis [25], of SAMP6 mice. In contrast, spine area at each age was virtually
identical in mature males of the two strains (<1% difference at 4, 6 or 8 months), and differed
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by <4% in females at 4 and 6 months (Table 1), even as the vertebral densities of these strains
diverged (Figure 1). These data also support the contention that growth of the spine was
essentially complete by 3 - 4 months, although weight-bearing parts of the skeleton did continue
to increase in both size and density, with the heavier P6 cohort showing greater increases in
hindlimb BMD (data not shown).

In selecting a parameter that reflects primarily post-maturity remodeling of the spine, the 3-
month measurements were avoided to minimize the inclusion of skeletal development or
“modeling”, whereas 8-month scans extend into a period of significant and differential
mortality, and thus risk introducing a systematic bias for any traits associated with survival.
We thus chose to examine the ratio of 6-month to 4-month densities of the spinal column, a
trait herein termed “postmaturity change in spine BMD” or Δs BMD. This trait is internally
controlled for individual variation in mature bone density; analyses were essentially unaltered
by inclusion of body weight or mouse gender as background variables, indicating that they
exert relatively little influence.

Characteristics of F2 progeny from a SAMP6 by AKR/J cross
Two reciprocal crosses were set up between mouse strains AKR/J and SAMP6, pairing males
of each strain individually with females of the other strain. The F1 (hybrid) progeny of each
cross “direction” were randomly interbred, and their resulting progeny (F2 mice, 253 and 110
per cross) were scanned for vertebral and global BMD at 4, 6 and 8 months of age.

Among the F2 progeny of each cross, Δs BMD approximated a Gaussian (normal) distribution
(Figure 2) with a mean ratio of 1.06 and a standard deviation of 0.06. Very few of the F2 mice
declined in bone density between 4 and 6 months of age, whereas over half increased by at
least one standard deviation. This outcome is consistent with expectation, for progeny
segregating multiple loci that govern a quantitative trait, given that one of the parental strains
slowly increased, while the other showed essentially no change, in spine BMD after 3 months
of age.

Much can be learned from an examination of trait distributions and inter-trait correlations
within such genetically heterogeneous populations. Table 2 summarizes such trait values and
correlations for the first and larger cross presented herein, comprising 253 mice. The
normalized population variance, indicated by the Coefficient of Variation (CoV, mean/SD),
was 2- to 3-fold higher for body weight (15.0 - 16.4%) than for BMD of the skeleton (5.1-6.4%)
or of the spine (6.3 -7.7%) at all three ages tested (Table 2A). These CoV levels all increased
systematically with age, and were generally higher in males than females. The CoV for Δs
BMD was 5.7%, slightly below that for 4-month BMD. These levels of variation were
substantially greater than would be attributable to measurement error: the CoV for technical
replicates was ∼2% [12,17], or 2.8% for the ratio of two measurements.

Correlation coefficients between 4-month and 6-month spinal BMD readings ranged from 0.62
to 0.67 (Table 2B) whereas their ratio, Δs BMD, was much less strongly correlated with 4-
month BMD (R = -0.22 to -0.26). Thus, mice at either extreme of the mature-BMD range were
not substantially more likely than other mice to subsequently increase or decrease in BMD.
Nearly identical trends were observed for global BMD as for spine, and correlations between
spinal and global BMD were consistently quite high (0.86 - 0.95; Table 2A), indicating that
most genetic and environmental sources of variation in this population are not site-specific but
instead exert similar effects on diverse types of bone.
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Heritability of postmaturity change in spine BMD
The heritability of a trait is a measure of the increased variance of the genetically segregating
F2 generation, relative to the parental strains. Broad-sense heritability (H2) for a trait is defined
as (VF2 - VP)/VF2, where VF2 is the variance of the F2 generation and VP is the mean variance
of the parental strains. Considering only the females in each group, because of skewness in the
male distributions, H2 is calculated to be 0.59, quite close to the heritability of 0.58 estimated
for 4-month BMD in the same interstrain cross [12].

Such high heritability of a trait, reflecting random segregation of the underlying gene alleles
that differ between the parental strains, indicates that the F2 progeny should be informative for
genetic mapping studies.

Genetic mapping of mouse QTLs for postmaturity change in spine BMD
DNAs were obtained from fresh tail clippings of all F2 mice, and analyzed for a genomic panel
of short-tandem-repeat markers at an average spacing of 7.5 cM, as described previously
[12]. The resulting data were analyzed by Composite Interval Mapping [19], using Windows
QTL Cartographer [18] v.2.5, for the trait of 6-month spine BMD divided by 4-month BMD
in each mouse. It should be noted that the genomes of the parental strains differ at only ∼ 40%
of the genome, distributed in segments on all except one pair of chromosomes. The quest for
QTLs is thus narrowed to these “informative regions” of the genome, and the threshold for
LOD (Logarithm of Odds) significance is accordingly reduced to 2.5 - 3.2 (see reference
[12] for details).

The first cross revealed only one significant QTL peak (LODmax >4.9, P<<0.01) (Figure 3A),
on the X chromosome, accounting for 34% of trait variance (R2, middle panel of 3A) and
reducing the Δs BMD ratio by 7% per AKR allele (additive effect a, lower panel of 3A). Very
similar results were obtained for global BMD assessed for the full skeleton below the skull,
but with a somewhat larger additive effect (12% per AKR allele), and genomewide significance
between 0.05 and 0.01 (Figure 3B). These peaks were quite distinct from those observed for
spine (or total) BMD at maturity (Figure 3C), as reported previously [12]. In each analysis, the
significance threshold of pe<0.05 (or pe <0.01) is a peak LOD score that was attained or
exceeded by chance, anywhere in the genome, in less than 50 (or 10) out of 1000 random
permutations of genotype with respect to phenotype for this data-set [20].

A second, smaller AKR/JxSAMP6 cross was constructed for the sole purpose of replicating
the initial experiment. A total of 110 F2 progeny were anayzed for the Δs BMD trait (Figure
4). The most prominent QTL peak in this cross appeared on chromosome 7, with LODmax of
11.8 (pe<<0.01). This peak was not well-behaved, however, in that its magnitude was very
sensitive to the analytical parameters, and it had the curious property of explaining virtually
none of the population variance (R2) despite an extraordinarily large additive effect (a=+0.58)
(Figure 4, lower panels). A second Δs BMD peak mapped very close to the previous position
on the X chromosome, with a peak LOD of 5.8 (genomewide significance, pe<0.05), and values
for variance explained (R2=0.39) and additive effect size (a=-0.06) almost identical to those
observed in the first cross. It should be noted that the LOD threshold levels determined by
permutation were higher in this cross (LOD 5.5 for pe < 0.05) than obtained in the first cross,
perhaps as a consequence of the smaller number of animals considered. The same two peaks
were obtained with males excluded, although with lower LOD values and reduced empirical
significance, as expected from the reduced numbers; in addition, a new peak appeared on
chromosome 3 (data not shown).

The empirical false-positive threshold required for detection of a comparable QTL anywhere
on the X chromosome occurred at LOD 1.9 for pe < 0.05, and LOD 3.0 for pe < 0.01 (threshold
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lines marked only for the X chromosome in Figure 4). This reflects the reduced false-positive
likelihood for replication of a QTL, when limiting the investigation to a single chromosome
(or subregion of a chromosome). In that context, the QTL peak observed on the X-chromosome
in the second cross was highly significant (pe <<0.01). Taken together, the results from two
independent crosses imply a chance likelihood of pe <<10-4 for finding a comparable QTL
anywhere in the genome and confirming it on the same chromosome.

Mapping of single-nucleotide polymorphisms (SNPs) between parental mouse strains
Through participation in a SNP typing project supported by the Complex Trait Consortium
and the Wellcome Trust Centre for Human Genetics (Oxford, U.K.), we have determined the
SNP genotypes for the SAMP6 strain and compared it to its parental strain, AKR/J. The
complete data for 13,377 SNPs, ascertained in 477 strains and sublines, are accessible at
http://zeon.well.ox.ac.uk/rmott-bin/strains.cgi, and haplotype block structures for recombinant
inbred line sets are presented at http://www.well.ox.ac.uk/mouse/INBREDS/RIL/.

The SNPs and STRs differentiating between strains SAMP6 and AKR/J on the X chromosome
are depicted graphically in Figure 5. It is noteworthy that no differences between AKR/J and
SAMP6 genotypes were seen among 72 SNPs tested in the first 51.5 Mb of the X chromosome.
Additional regions on X, totally devoid of informative SNPs, include four segments of 14 to
16 Mbp in length, located at 65-79 Mbp (43 SNPs), 105.3-121.0 Mbp (58 SNPs), 131.2-144.9
Mbp (26 SNPs), and 147-163 Mbp (43 SNPs). Similarly uninformative regions were found on
chromosome 7 (data not shown), including a 19-Mbp segment from 78 - 97 Mbp, containing
110 synonymous SNPs, and several smaller regions: 13.9-21.8 Mbp (32 SNPs), 30.3-34.5 Mbp
(25 SNPs), 67.3-74 Mbp (28 SNPs), 111-117 Mbp (42 SNPs), and 135-140 Mbp (26 SNPs).
Because the overall fraction of informative SNPs is 24.7% (161/653) on chromosome 7, and
13.2% (53/403) on X, these long expanses of synonymous SNPs are extremely unlikely to have
arisen by chance (P values from <0.025 to <10-9, based on the binomial distribution).

In Figure 6, the region on the X chromosome from 140 - 155 Mbp is expanded to show the 6
SNPs near the center (145.0 - 146.3 Mbp), all short tandem-repeat (STR) polymorphisms
mapped to this region, and the genes identified to date. Our results for STR markers are
consistent with the SNP findings: no length variation was seen among 7 consecutive STR
markers positioned to the centromeric (“left”) side of DXMit170 (15 - 91 Mbp), or in 10
consecutive STR markers assayed which are distal to (to the “right” of) DXMit31 (154 - 170
Mbp in Figure 5).

Discussion
The benefit of QTL mapping over other approaches to finding genetic factors that contribute
to bone mineral density, is that it offers an unbiased screening for all genes that differ in allelic
fashion between the parental strains, provided that they exert sufficiently large effects to be
detected with the numbers of cross progeny assessed [26,27]. In contrast, association studies
that begin with prior identification of functional candidate genes, are thereby limited to
“discovering” only determinants that were already known or suspected. At later ages, humans
of either gender undergo a roughly linear decline in bone mineral density, with similar slopes
in males and postmenopausal females [3,5,13]. Genetic factors contributing to differences
within a species, in the ability to maintain bone homeostasis via “remodeling”, had not
previously been investigated in mouse models.

In two interstrain crosses between the SAMP6 and AKR/J mouse strains, we assessed a number
of parameters thought to be relevant to bone homeostasis, measuring each at two-month
intervals beginning at maturity in the F2 populations. Among these, the change in bone density
between 4 and 6 months of age appeared largely independent of mature BMD or weight, and
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showed a broad-sense heritability of almost 60%. We then sought genetic loci that contribute
to this trait, post-maturity change in vertebral BMD. By multivariate mapping procedures, these
can be enumerated, approximately positioned on the chromosomes, and characterized as to
their individual effects on the trait in question. A highly significant locus on the X chromosome
was mapped with quite similar location and properties in two crosses. The two alleles at this
locus exert effects on time-dependent change in BMD that are opposite to the difference
observed between the parental strains. As has been frequently noted, however, countervailing-
effect QTLs will be quite common in any strains that have not undergone stringent selection
for extreme trait values [12,27].

The issue of reproducibility is critical to the field of QTL mapping. False-positive and false-
negative thresholds based on a single F2 cohort, whether determined by computer simulation
or by permutation, tend to overestimate reproducibility [28-32], at least in part because they
fail to account for environmental and biological variation in the process of generating cohorts.
We therefore considered the ability to reproduce a QTL for the Δs BMD trait, for two different
bone sites (the spine and total skeleton) and in two independently generated F2 populations, to
be of greater value than achieving higher numbers, and higher power, in any single experiment.
The locus on the X chromosome thus fulfilled our criterion of reproducibility, with a combined
probability of detecting a QTL twice on the same chromosome at the observed peak LOD
values, purely by chance, of <10-4. Of course, the observed replication was considerably better
than that, mapping the QTL peak to within a few cM in the two experiments, but there has been
little discussion, and no consensus, on standards for calculating “coincidence” of QTL location
[26].

A second, nominally significant QTL on chromosome 7 was observed in only the smaller cross.
This locus exhibited some internal inconsistencies, as noted in Results, above, which led us to
be skeptical of its validity. However, because the potential for missing a true QTL (i.e., of
false-negative outcomes) is substantial for such relatively low-power studies [28,29], we
cannot be certain that this QTL is artefactual; it remains to be confirmed in subsequent
investigations.

The two strains crossed are identical for all polymorphic markers assessed, over ∼60% of their
genomes [12]; thus, the mapped regions comprise only the “informative” 40%. This lowers
the thresholds for significance, by reducing the size of the genome evaluated for QTLs [30],
and also constrains QTL intervals insofar as we can position the boundaries between dimorphic
and synonymous regions. The boundary to the “right” of the X-chromosome QTL in Figures
3 and 5 (distal to the telomeric centromere, at the left of each diagram), was defined through
the analysis of single-nucleotide polymorphisms (SNPs) and short tandem repeat (STR)
markers that distinguish these strains. As noted in Results, out of 17 STR markers assessed to
either side of the interval mapped in Figure 5, none differ between the SAMP6 and AKR/J
parental strains. Moreover, there were remarkably few SNPs distinguishing the two parental
strains outside this region - none at all in the first 51.5 million base pairs and only one between
marker DXMit31 and the right end of the X chromosome (Figure 5). Taken together, these
results argue that a gene responsible for the Δs BMD QTL is unlikely to reside beyond the
region spanned by our STR genotyping markers, since observation of a QTL both implies and
requires that an underlying gene must differ between the two parental strains.

This is an example of the use of fine-mapping information to reduce an interval implicated by
QTL analysis by precisely defining the boundary between two haplotype blocks. In this case,
the blocks are of relatively recent conjunction, since the SAM strains arose from an unintended
outcross of the AKR/J parental strain in 1971 [15,16]. Substantially greater narrowing of the
differential region might be achievable, based on the clustered distribution of SNPs which
differentiate between the parental strains - reflecting haplotype blocks which presumably arose
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from far more ancient events in the parental-strain ancestry. In view of the stochastic nature
of SNP occurrence, and the relatively small sample of SNPs that were typed (well below 1%
of the 2-3 million SNPs expected to differentiate, on average, between two standard laboratory
mouse strains), it would not be advisable to exclude entire regions that appear SNP-deficient.
As the SNP map becomes more complete, that situation will certainly change. Even at the
present time, however, it would be reasonable to begin a search for positional candidate genes
underlying any given QTL, in the regions of known polymorphism rather than in areas that are
largely sequence-identical between parental strains. The latter regions are not necessarily bereft
of all polymorphism, since short-tandem-repeat (STR) arrays are well represented there (see 
symbols in Figure 6) and these generate new variants with high frequency [28,29].
Nevertheless, we found remarkably little polymorphism among such STR markers in regions
of the SAMP6 genome of apparent AKR/J origin.

In a related study, reported recently [14], we pursued the human X chromosome region
corresponding to the interval expanded in Figure 6, by SNP association to BMD of the lumbar
vertebrae. Using a population of 3224 postmenopausal women in the Aberdeen area, an
association peak was observed within the X-chromosome interval implicated in the present
study. Two adjacent SNPs near the right end of human region corresponding to the 96%
confidence interval for the mouse Δs BMD QTL on X (Figures 5 and 6) showed significant
association to BMD of lumbar vertebrae (each P<0.005), but not of the femur. These SNPs,
together, comprise a haplotype which is also associated to lumbar BMD, with p<0.002. Our
evidence thus supports the premise that post-maturity change in bone mass in the mouse is
relevant to senescent osteopenia in humans; at the very least, it demonstrates that QTL mapping
can translate directly to human population studies, thus allowing relevance to humans to be
evaluated without extensive fine mapping or gene identification in the mouse. Proof of
causation then requires return to an animal model in which ostegenesis can be experimentally
perturbed; we are currently using transgenic mice and genetically manipulated murine bone
cells for functional assessment of candidate genes in this interval.
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Figure 1.
Age-dependence of spinal BMD in the AKR/J and SAMP6 mouse strains. Bone mineral density
(BMD) was determined for the spines of individual, transponder identified mice of each strain
at the ages indicated (A). Mice were excluded if there was superposition of transponders with
the spinal column; the remaining assay cohorts comprised 24 AKR mice and 23 SAMP6 mice.
Error bars show standard deviations (SDs) for both age (x-axis) and spine BMD (y-axis).
Significances are given for 2-tailed t-tests (Fisher-Behrens test for samples of unknown or
unequal variance), comparing spine BMDs of strains at 4, 6 and 8 months. Survivals of the
two cohorts are shown in the lower panel (B); at 8 months of age, 16 AKR and 21 SAMP6
mice remained.
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Figure 2.
Distribution of individual F2 mouse ratios of spine BMDs measured at 6 and 4 months of age
(each ± 7 days). F2 progeny from an AKR/J × SAMP6 cross (Cross 1, 253 mice) were scanned
by DEXA. Ratios of spinal-region values for individual mice, 6-month divided by 4-month
BMDs (ΔsBMD), are plotted as a histogram over the best-fit Gaussian distribution for these
data. Horizontal double arrows below the histogram indicate intervals spanning ± 1, 2 or 3
standard deviations from the mean, corresponding ∼70%, 96% and 99% confidence intervals.
Nearly identical results were obtained for Cross 2. Smaller panels indicate distributions
separated by gender.
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Figure 3.
Composite interval mapping for three traits in AKR/J × SAMP6 Cross #1. (A) Mapping of
postmaturity change in spine BMD (ΔsBMD) of F2 cross-progeny mice. Individual mice,
identified by implanted transponders, were scanned for by DEXA at ages of 4 and 6 months.
The ratio of 6-month divided by 4-month spinal BMD values was input as the trait for
Composite Interval Mapping, using a window size of 10 with 3 background variables ranked
by stepwise multivariate regression. Not all chromosomes are shown, due to the lack of
informative markers on chromosome 15 (AKR/J = SAMP6 for all STR markers tested), and
robust genotyping for only one marker each in the informative regions on chromosomes 1, 6,
8, 10, 18 and 19. None of these markers was significantly linked to ΔsBMD by simple linear
regression. R2(where R is the correlation coefficient between marker allele and the trait) is
plotted just below the ΔsBMD LOD scans, indicating the “fraction of variance explained” by
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a QTL posited at that position. (B) Mapping of postmaturity change in total skeletal BMD,
excluding the skull, of F2 cross-progeny mice. This trait was analyzed exactly as described for
“A” above, substituting total BMD for spinal BMD. (C) Mapping of spine BMD for F2 cross-
progeny mice at 4 months of age. All panels:LOD scores, indicating likelihood of QTL
location, are plotted by QTL Cartographer, v. 2.5, across the genetic map of each chromosome
determined from data of this cross by Mapmaker QTL™. Horizontal dashed lines indicate
empirical genome-wide significance thresholds [20] at pe=0.05 and pe=0.01, determined from
1000 permutations of phenotype against genotype. Additive effect, a, defined by multivariate
regression as the average trait effect per AKR/J allele, is displayed below each QTL LOD-plot.
All plots were generated by QTL Cartographer.
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Figure 4.
Composite interval mapping for postmaturity change in spine BMD (ΔsBMD) in AKR/J ×
SAMP6 Cross #2. Details are as given in the legend to Figure 3. Additional threshold lines are
shown for the X-chromosome plot only; these were generated by 1000 permutations
considering only the map of this chromosome, although utilizing the 3 top-ranking background
variables (from other chromosomal locations) in the regression.
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Figure 5.
Distribution of single-nucleotide polymorphisms, distinguishing between mouse strains AKR/
J and SAMP6, near the X-chromosome QTL peak. Informative SNPs are positioned with
reference to the physical map of the murine X chromosome (NCBI Build 34.1), as are short-
tandem-repeat (STR) polymorphisms used in interval mapping. The results of composite
interval mapping in Cross 1 are depicted above these lines; selected functional-candidate genes
are indicated for reference. The x-axis has been distorted slightly in aligning genetic and
physical maps. A two-headed horizontal arrow below the curve marks the ∼96% confidence
interval for QTL position.
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Figure 6.
Genes in the polymorphic region of the X-chromosome QTL peak. The 96% confidence
interval indicated in Figure 5, is shown here expanded. SNPs and STRs are indicated as in the
preceding figures; three of the STRs used for mapping (DXMit197, DXMit5 and DXMit31)
are indicated by arrows ( ) with numbers beneath. Approximate locations (5′ ends) of all
identified gene are marked by thick arrows in the bottom row. Unknown genes are indicated
as “U”; not all are shown due to space limitations.
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