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ABSTRACT
Bone strength is influenced by many properties intrinsic to bone, including its mass, geometry, and mineralization. To further advance
our understanding of the genetic basis of bone-strength-related traits, we used a large (n ¼ 815), moderately (G4) advanced intercross
line (AIL) of mice derived from a high-runner selection line (HR) and the C57BL/6J inbred strain. In total, 16 quantitative trait loci (QTLs)
were identified that affected areal bone mineral density (aBMD) and femoral length and width. Four significant (p < .05) and one
suggestive (p < .10) QTLs were identified for three aBMD measurements: total body, vertebral, and femoral. A QTL on chromosome (Chr.)
3 influenced all three aBMD measures, whereas the other four QTLs were unique to a single measure. A total of 10 significant and one
suggestive QTLs were identified for femoral length (FL) and two measures of femoral width, anteroposterior (AP) and mediolateral (ML).
FL QTLs were distinct from loci affecting AP and ML width, and of the 7 AP QTLs, only three affected ML. A QTL on Chr. 8 that explained
7.1% and 4.0% of the variance in AP and ML, respectively, was mapped to a 6-Mb region harboring 12 protein-coding genes. The pattern
of haplotype diversity across the QTL region and expression profiles of QTL genes suggested that of the 12, cadherin 11 (Cdh11) was most
likely the causal gene. These findings, when combined with existing data from gene knockouts, identify Cdh11 as a strong candidate
gene within which genetic variation may affect bone morphology. ß 2011 American Society for Bone and Mineral Research.
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Introduction

O

steoporosis is a common and complex disorder characterized by bone fragility. Bone fragility is influenced by a
myriad of factors, and of those intrinsic to bone, bone mineral
density (BMD) and bone geometry are two of the most
important.(1–3) Although these traits are influenced by both
environmental and genetic factors, most (60% to 80%) of their
variance is genetically based.(4) Thus, bone fragility is primarily a
genetic disorder, and studies aimed at elucidating its genetic
basis are critical for the development of a comprehensive
understanding of osteoporosis.

Over the last decade, the mouse has been used extensively to
investigate the genetic basis of bone traits. Because of its clinical
relevance, most studies have focused on BMD,(5,6) although other
skeletal traits, such as bone geometry, also have been subjected
to genetic analysis.(7) With regard to BMD, much of this work was
summarized recently in the reanalysis of genetic data from 11 F2
crosses that placed over 150 BMD quantitative trait loci (QTLs) on
a standardized mouse genetic map.(5) To gauge the usefulness of
the mouse for the discovery of BMD genes, the authors evaluated
the genomic overlap between human BMD genome-wide
associations (GWAs) and newly positioned mouse QTLs. Of the
28 human GWAs identified at the time, 26 overlapped with
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mouse BMD QTLs. These data suggest that there may be a
significant overlap in genes harboring natural variation that
perturb skeletal development and maintenance in humans and
mice. In addition, human GWA studies that include upwards of
20,000 subjects have only been able to explain approximately 3%
of the genetic variance for BMD,(8) and there are a number of
difficulties inherent in assessing all traits that contribute to bone
fragility in human populations. Therefore, it is likely that mouse
genetics has much to contribute with regard to the discovery of
bone fragility genes.
In this study, we used a G4 advanced intercross line (AIL)
to identify QTLs that modulate skeletal architecture. This G4
population originated from a reciprocal cross between mice with
a genetic propensity for increased voluntary exercise [highrunner (HR) line] and the C57BL/6J (B6) inbred strain.(10,14) Our
analysis revealed a complex genetic architecture for both areal
BMD (aBMD) and femoral morphology. Furthermore, as a step
toward gene discovery, we investigated a QTL that affects femur
width on chromosome (Chr.) 8 in more detail. This locus was the
most statistically significant and possessed the smallest 1-LOD
(LOG of odds) drop confidence interval, a region harboring only
12 genes. The combination of gene expression data and an
analysis of identity by descent (IBD) suggested that of the
12 genes, cadherin 11 (Cdh11) was the most likely candidate.
These results increase our understanding of the genetic
influences on skeletal architecture and suggest that Cdh11 is
involved in the regulation of femur morphology.

Materials and Methods
Methods relevant to the creation, phenotyping, and genotyping
of the mapping population used here have been described
previously.(10,14) Additionally, a complete list of the final set of
single-nucleotide polymorphisms (SNPs; n ¼ 530) used for the
QTL analyses can be found elsewhere.(10,14) SNP locations are
from Mouse Build 36 of the Mouse Diversity Genotyping Array
(http://cgd.jax.org/tools/diversityarray.shtml). Only methods relevant to the current phenotypes and statistical analyses will be
presented here.

Phenotypes
A moderately (G4) AIL was generated from a reciprocal cross
between mice selectively bred for high voluntary wheel running
(HR) and the inbred strain C57BL/6J (B6). The HR line (one of four
replicates) is the result of a long-term artificial selection
experiment for high voluntary wheel running on days 5 and 6
of 6-day wheel exposure.(15) The original progenitors of the
selection experiment were outbred, genetically variable house
mice (n ¼ 224, Mus domesticus, Hsd:ICR; Harlan Sprague-Dawley,
Indianapolis, IN, USA). At the outset of the selection experiment,
mice were mated for two generations and randomly assigned to
eight closed lines (four HR lines and four control lines). These
eight lines remained closed in each successive generation. HR
mice in the current experiment originated from the forty-fourth
generation of selection. HR mice have been the focus of
numerous investigations, including those examining plasticity
of hind limb bones,(16) bone morphology and mechanics,(17)
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within-bone stiffness,(18) and diaphyseal structure.(19) To generate the AIL employed here, the F1 generation was intercrossed to
produce an F2 and subsequently an F3 generation. Following
the F3 generation, a large G4 population (n ¼ 815) was generated
for broad phenotype and genotype collection. In all generations,
both sexes and each reciprocal cross-line population (HR,  B6<
and B6,  HR<) were roughly equally represented. At approximately 9 weeks of age, G4 mice were weighed (0.1 g) and
euthanized, and the carcasses were stored at 308C.
Areal bone mineral density (aBMD) measures were determined using a Lunar PIXImus II densitometer (GE Healthcare,
Piscataway, NJ, USA). Carcasses were thawed overnight at 48C
and placed for dual-energy X-ray absorptiometric (DXA)
imagining in a prostrate fashion, with the head always in the
same orientation, on an imaging positioning tray. Subsequently,
whole-body scans were analyzed using the manufacturer’s
software (Version 2.0, Lunar Corp, Madison, WI, USA). From each
DXA scan, we evaluated total aBMD (excluding the skull; TBMD),
vertebral aBMD (L1–L5; VBMD), and femoral aBMD [(right þ left)/
2; FBMD]. VBMD and FBMD were obtained, using the imaging
software, by placing a region of interest (ROI) over the lumbar
vertebrae and around each of the left and right femurs. Previous
investigations using PIXImus densitometers have documented
variation in aBMD associated with positioning of the animal
during imaging.(20) Accordingly, we noted the x and y
coordinates for each scan and region of interest to evaluate
potential positioning effects in this investigation.
Following DXA measurements, right femurs were removed,
partially defleshed, wrapped in cheesecloth saturated with
phosphate-buffered saline (PBS), and stored at 808C. At a later
date, femurs were partially thawed, and the three morphometric
traits were measured to the nearest 0.01 mm with digital calipers.
The traits were femoral length (FL), proximal tip of the femoral
head to the distal-most end of the medial condyle, anteroposterior femoral width (AP) at the mid-diaphysis just below the
gluteal tuberosity, and mediolateral femoral width (ML), also
at the mid-diaphysis. Partial correlations were performed in
SAS (Version 9.1, SAS Institute, Cary, NC, USA), controlling for
parent-of-origin type, sex, and body mass. Presented p values
were adjusted for multiple comparisons using the falsediscovery-rate procedure(21) in SAS.

QTL analysis
The G4 AIL was produced through intercrossing over multiple
generations; as a result, the assumption of independence of
individuals is formally incorrect, and conventional mapping
methods that assume so may lead to potentially false-positive
signals.(22,23) Therefore, we employed the genome reshuffling for
advanced intercross permutation (GRAIP) procedure(22) to
generate genome-wide significance thresholds that appropriately account for the family structure in the current AIL
population. The specific details of implementation of this
procedure for this population can be found elsewhere.(10,24)
We evaluated the six (TBMD, VBMD, FBMD, FL, AP, and ML)
skeletal architecture traits for QTLs using R/qtl(25) for the R
environment (Version 2.8.1).(26) Within R/qtl, we used the
multiple-imputation method.(27) For the aBMD traits, the additive
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statistical model included parent-of-origin type [whether a G4
individual was descended from a progenitor (F0) cross of
HR,  B6< or B6,  HR<, coded as 1 or 0, respectively], sex,
body mass (at the time of killing), and the x and y coordinates for
each specific aBMD measure. For the length and width measures,
the additive statistical model included parent-of-origin type, sex,
body mass, and technician (coded as 0 or 1). All factors included in
both additive models have known effects on the traits of interest.
Locus-specific p values and genome-wide GRAIP-adjusted
significance thresholds were calculated using R/qtl output
from the original population and the 50,000 GRAIPpermuted populations, as described previously.(10,28) Since
we employed 50,000 permutations to generate genome-wide
adjusted significance thresholds, a minimum possible p value for
the GRAIP output is 0.00002 (1/50,000) with a corresponding
maximum log p of 4.7. Significant and suggestive loci were
defined as those which met or exceeded the 95th ( p  .05)
and 90th ( p  .1) percentiles. Confidence intervals (CIs; 90%
and 95%) were approximated by 1-LOD drop support intervals
(in megabases) relative to the GRAIP-permuted LOD score.
In cases where the maximum GRAIP LOD score (4.7) spanned
nearly the entire chromosome, CIs were estimated using
the naive LOD scores. The percent of phenotypic variation
accounted for by each QTL, as well as additive and dominance
effects, were estimated in R/qtl.
In addition to the analyses just presented, we also investigated
potential QTL  sex interactions. Significant interactions were
identified as LODFull – LODAdditive ¼ LOD  3, where the LODFull
model contains the interaction term.(27)

Expression survey
In an effort to prioritize genes within candidate regions identified
below (see ‘‘Results’’), we examined existing microarray data
and evaluated relative expression levels in primary osteoblasts
and osteoclasts. For this analysis, we used previously generated
microarray data that profiled a large number of mouse tissues
and cell types.(29) We downloaded the raw Affymetrix MOE430
microarray data for all osteoblast and osteoclast samples from
the Gene Expression Omnibus (GEO) database (www.ncbi.nlm.
nih.gov/geo; accession no. GSE10246). The data consisted of two
replicates for each of four samples: primary osteoblasts on days
5, 14, and 21 of differentiation and primary osteoclasts. The raw
data were imported and processed using the affy R package.(30)
The robust multiarray algorithim (RMA) was used to normalize

and generate probe-level expression data.(31) A t test was used to
determine the significance of differences between time points
among the osteoblast samples.

Exclusion mapping analysis
For a subset of the results presented below, we further refined
candidate gene regions by excluding intervals in which the
haplotypes of the parental strains (ie, HR and B6) are IBD using
SNPs from the Mouse Diversity array.(32) We genotyped a subset
of representative individuals from the F0 parental strains (n ¼ 12,
HR; n ¼ 1, B6) and used SNPs to determine (1) whether the
interval is homozygous or heterozygous in each sample and (2)
whether samples are IBD in each homozygous interval. Briefly,
we determined the frequency of heterozygous calls in windows
of 200 consecutive SNPs in each one of the 12 HR individuals
independently. Regions with more than 2% of SNPs with
heterozygous calls were considered heterozygous based on
analysis of 101 fully inbred strains from the Jackson Laboratory
(Bar Harbor, ME, USA). We then tested whether regions of
homozygosity in all 12 HR founders contain different haplotypes.
Finally, we identified intervals that are IBD among all 12 HR
founders and B6 using the same 200-SNP window and threshold
(>97% genotype identity) approach used to identify the
segregating regions.

Results
Descriptive statistics and partial correlations among skeletal
traits are presented in Table 1. The pairwise partial correlations
between aBMD and femoral geometry traits were positive and
statistically significant (p < .05). As would be expected, TBMD
was highly correlated with VBMD (r ¼ 0.708) and FBMD
(r ¼ 0.699). In addition, FBMD and VBMD also were positively
correlated (r ¼ 0.551). Since aBMD is a measure of bone mineral
content per unit area, we would not expect that measures of
femur size and FBMD to be correlated, but the correlation
between FBMD and FL was significant (r ¼ 0.120, p < .05).
Additionally, AP and ML femur widths were even more highly
correlated with FBMD (r ¼ 0.315 and r ¼ 0.294, respectively,
p < .0001), indicating that independent of sex, body mass, and
femur length and width, areal FBMD was higher in mice with
larger bones. We observed a high correlation between AP and
ML (r ¼ 0.547), with lower correlations between the width traits
and FL (r ¼ 0.343 and r ¼ 0.253, respectively), suggesting that

Table 1. Descriptive Statistics and Partial Correlations for Skeletal Architecture Traits in the G4 Population

Trait
Femoral BMD
Vertebral BMD
Total BMD
Femoral length
AP femoral width
ML femoral width

n

Mean

SD

Range

798
797
799
763
790
790

0.07
0.06
0.05
15.76
1.39
1.88

0.008
0.006
0.004
0.609
0.097
0.150

0.05–0.10
0.04–0.08
0.04–0.06
14.10–17.25
1.16–1.68
1.45–2.32

Femoral
BMD

Vertebral
BMD

Total
BMD

Femoral
length

AP femoral
width

ML femoral
width

0.551

0.699
0.708

0.120
0.230
0.223

0.315
0.319
0.399
0.343

0.294
0.309
0.372
0.253
0.547

Note: Pearson partial correlations (controlling for parent of origin, sex, and body mass).

p < .05, p < .0001 following correction for multiple comparisons using the false-discovery-rate procedure (Curran-Everett, 2000).
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many of the genetic determinants of AP also affect ML, but these
are largely independent of factors affecting FL.
GRAIP-adjusted significant and suggestive loci for all skeletal
architecture traits are presented in Table 2. Linkage analysis
revealed one GRAIP-adjusted significant QTL on Chr. 3 for TBMD
colocalizing with loci observed for FBMD and VBMD (Fig. 1A). This
locus explained 3.0% of the total variance in TBMD. For VBMD,
statistically significant loci were observed on chromosomes
(Chrs.) 1, 3, and 5, collectively explaining 14.1% of the total
phenotypic variation (Fig. 1B). The locus identified on Chr. 3
colocalized with that identified for FBMD. Significant additive
effects were noted for the loci identified on Chrs. 1 and 5, with
opposing allelic effects. In contrast, the contributions from
additive and dominance effects were more equally balanced for
the Chr. 3 QTL. For FBMD, two significant ( p  .05, LOD  3.9) and
one suggestive ( p  .1, LOD  3.5) QTLs were observed (Fig. 1C).
These QTLs collectively explained 5.6% of the total phenotypic
variance, with additive and dominance effects varying by loci.
No significant QTL  sex interactions were observed for TBMD,
VBMD, or FBMD.
Regarding FL, significant loci were observed on Chrs. 1 and 5,
collectively explaining 2.4% of the total phenotypic variation
with relatively large average additive and dominance effects
(Fig. 2A). Additionally, analyses of AP and ML femoral width
resulted in eight significant and one suggestive QTLs on Chrs. 1,

2, 3, 4, 7, 8, 10, 13, and 15, with naive LOD scores ranging from 7.1
to 16.3 (Fig. 2B, C). Collectively, AP and ML width loci explained
22% and 9.8% of the total phenotypic variation. For AP width,
allelic effects varied by locus, and additive and dominance effects
generally were large and balanced. However, large average
dominance effects, with little additively, were noted on Chrs.
13 and 15. While the significant dominance effect on Chr. 15
represented a decreasing effect in the heterozygote, a reversal
was seen on Chr. 13, with an increasing effect in the heterozygote. For ML width, two (Chrs. 2 and 3) of the five loci were
trait-specific QTLs, whereas signals observed on Chrs. 8, 10, and
13 were congruent with those observed for AP width. No
significant QTL  sex interactions were observed for AP or ML
femoral width.
The 1-LOD drop CIs for all QTLs ranged from 7 to 30 Mb.
To identify putative candidate genes, we examined QTLs with
narrow (<10 Mbp) CIs. Based on this analysis, we focused on
the AP/ML QTL on Chr. 8 (Table 2) because it (1) was the most
statistically significant (naive LOD ¼ 16.3), (2) had the most
narrow CI (101 to 107 Mb), and (3) was gene-sparse. Based on
the NCBI37.1 genome build, this region harbored a total of 12
RefSeq protein-coding genes (Cdh8, Cdh11, Cdh5, Bean1, Tk2,
Cklf, Cmtm2a, Cmtm2b, Cmtm3, Cmtm4, Dync1li2, and Ccdc79;
Fig. 3B). The QTL peak was located just upstream of Cdh11 at
approximately 104 Mb (Fig. 3B).

Table 2. QTLs Detected and Respective Statistics for Skeletal Architecture Traits

Trait
Femoral BMD

Nearest
marker

JAX00098814
JAX00189293
JAX00133397
Vertebral BMD
JAX00277411
JAX00189293
JAX00581045
Total BMD
JAX00189293
Femoral length
JAX00002741
JAX00582506
AP femoral width JAX00005495
JAX00567938
JAX00153077
JAX00165438
JAX00021324
JAX00041702
JAX00395686
ML femoral width JAX00100848
JAX00107680
JAX00165438
JAX00021324
JAX00041702

rs
27504412
50963474
29583351
48732938
50963474
49523785
50963474
31930716
48305016
31575493
27582053
31789816
32321713
13480722
29736244
33859224
27189926
30641053
32321713
13480722
29736244

Peak
position Naive GRAIP
MMU (Mb)
LOD LOD
2
3
5
1
3
5
3
1
5
1
4
7
8
10
13
15
2
3
8
10
13

113
125
100
179
126
47
126
40
53
76
135
76
103
97
10
24
140
56
103
97
10

6.0
6.4
5.2
7.5
7.8
7.5
9.7
9.0
9.9
16.3
13.7
10.0
15.7
9.2
8.1
7.8
7.1
8.0
12.1
9.2
11.6



4.1
4.2
3.6
4.2
4.0
4.0
4.6
4.7
4.7
4.7
4.6
4.4
4.7
4.4
3.9
3.9
3.6
4.4
4.7
4.7
4.7

CI
(Mb)

%
Variance

Additive  SE

Dominance  SE

107–115
115–130
97–123
172–184
121–130
43–52
122–130
35–63
47–60
72–80z
124–139
71–80
101–107z
87–103
19
30
130–159
46–68
100–107z
90–107
14z

2.2
1.8
1.6
7.3
3.9
2.9
3.0
0.3
2.1
0.6
3.5
4.7
7.1
1.4
0.7
4.0
3.1
1.2
4.0
1.4
0.1

0.0018  0.0004
0.001  0.001
0.0015  0.0004
0.0022  0.0003y
0.0014  0.0003
0.0014  0.0003y
0.0007  0.0002
0.04  0.03
0.11  0.03
0.01  0.01
0.02  0.01
0.03  0.01y
0.034  0.004y
0.017  0.005
0.0002  0.0049
0.017  0.004
0.03  0.01y
0.02  0.01
0.04  0.01y
0.02  0.01
0.01  0.01

0.001  0.001
0.001  0.001
0.0003  0.0006
0.0003  0.0004
0.0013  0.0004
0.0004  0.0004
0.0008  0.0003
0.05  0.04
0.09  0.04
0.01  0.01
0.02  0.01
0.01  0.01
0.0001  0.0068
0.003  0.007
0.02  0.01
0.03  0.01y
0.02  0.01
0.003  0.011
0.02  0.01
0.01  0.01
0.01  0.01

Note: LOD scores exceeding the 95% ( p ¼ .05, LOD  3.9) permutation threshold are denoted by asterisk; other QTLs exceeded the 90% ( p ¼ .1,
LOD  3.5) threshold. Confidence intervals (CIs) for QTL positions were obtained using a 1-LOD drop in megabases. Marker positions are based on Mouse
Build 36 of the Mouse Diversity Genotyping Array. CIs are relative to the GRAIP-permuted LOD score with the exception of those denoted by z, which are
relative to the naive LOD score. Percent variance is the percentage of phenotypic variance accounted for by the QTL effect. For additive and dominance
effects, positive values indicate increasing effect of the HR allele or increasing effect of the heterozygote, respectively. yIndicates that additive and
dominance effects were statistically significant at p < .05.
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Fig. 1. G4 QTL maps of (A) total aBMD, (B) vertebral aBMD, and (C ) femoral aBMD. Red traces are the simple mapping output, and black traces are GRAIP
permutation output. For the GRAIP output, a minimum possible p value with 50,000 permutations is .00002 (1/50,000), so the maximum log p ¼ 4.7. The
black and gray lines represent the permuted 95% (LOD  3.9, p  .05) and 90% (LOD  3.5, p  0.1) LOD thresholds, respectively.

Next, we characterized the pattern of haplotype diversity in
the founders for this region to prioritize candidate genes.
Approximately half the region (49.5%) is IBD among B6 and all 12
HR founders. Given that these regions are IBD, they are not likely
to harbor QTLs; therefore, our analysis confined the QTLs to three
regions that account for the other half of the original candidate
region (Fig. 3C). Of the 12 candidate genes, the coding regions of
7 (Cdh8, Cdh5, Bean1, Tk2, Cklf, Cmtm2a, and Cmtm2b) were
located within IBD regions and can be excluded, whereas 5
(Cdh11, Cmtm3, Cmtm4, Dync1li2, and Ccdc79) were located in
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segregating regions and therefore are now of a higher priority
(Fig. 3C).
It is likely that the gene responsible for the effects on femoral
width on Chr. 8 is expressed in osteoblasts and/or osteoclasts,
the cells responsible for the bone modeling and remodeling that
determines femoral morphology in adult mice.(33) Therefore, we
surveyed publically available microarray expression data on
primary osteoblasts (at 5, 14, and 21 days of differentiation) and
osteoclasts (http://biogps.gnf.org(29,34)) to determine which, if
any, of the 12 candidates were expressed in these cells. Of the 12,
FARBER ET AL.

Fig. 2. G4 QTL maps of (A) femoral length, (B) anteroposterior femoral width, and (C ) mediolateral femoral width. Red traces are the simple mapping
output, and black traces are GRAIP permutation output. For the GRAIP output, a minimum possible p value with 50,000 permutations is .00002 (1/50,000),
so the maximum –log p ¼ 4.7. The black and gray lines represent the permuted 95% (LOD  3.9, p  05) and 90% (LOD  3.5, p  0.1) LOD thresholds,
respectively.

microarray data were available for all except Cmtm4. As shown in
Fig. 4, five (Cdh11, Tk2, Cklf, Cmtm3, and Dync1li2) were expressed
in osteoblasts and/or osteoclasts. Cdh11 demonstrated the
highest expression in any of the two cell types, and its expression
was increased significantly (p < .05) as a function of osteoblast
differentiation (expression on days 14 and 21 was increased
relative to day 5). The expression of the other four did not differ
statistically (p > .05) across the osteoblast differentiation time
course. Together, the IBD data and gene expression profiles of
SKELETAL ARCHITECTURE QTLS IN AN ADVANCED INTERCROSS LINE

the genes in the QTL CI are consistent with variation within
Cdh11 being the basis of the Chr. 8 AP and ML QTL.

Discussion
Traits that contribute to bone strength are under strong genetic
regulation.(4) Therefore, identification of novel genes that
regulate these phenotypes promises to highlight the key
Journal of Bone and Mineral Research
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Fig. 3. Haplotype diversity analysis narrows QTLs to three non-IBD
regions. The panels present (A) the naive and GRAIP-adjusted AP LOD
score profiles across Chr. 8, (B) the RefSeq gene content within, and
(C ) the IBD assignments across the 6-Mb 1-LOD QTL CI.

biologic processes that contribute to bone fragility. In this study,
we used a novel mouse AIL to identify 16 QTLs affecting aBMD
and femoral geometry phenotypes. One of the key observations
from this study was that an AP/ML femoral width QTL on Chr. 8
was most likely the result of variation in Cdh11.
One of the limitations of genetic analysis in the mouse is that
the most commonly used experimental crosses (eg, an F2 cross)
suffer from a lack of resolution.(9) Recently, a number of groups
have begun to explore the use of higher-resolution approaches
that identify QTLs with more narrow CIs using populations such
as advanced intercross lines (AILs).(10–12) AILs are created by
randomly mating mice derived from two parental strains for
multiple generations.(13) The accumulation of recombination
events during each round of meiosis results in mice whose
genomes are fined-grained mosaics of the two founder strains.
These extra recombinations increase the precision of QTL
localization, resulting in the confinement of QTLs to smaller
genomic intervals, which aids in elucidation of the underlying
genes.(13)
As discussed earlier, the G4 AIL has the significant advantage
of improved mapping resolution over more traditional
approaches. Owing to the accumulation of additional recombination events, the genetic map in the G4 was expanded by
approximately a factor of 3 relative to an equivalent F2.(10) To put
this into context, we calculated the size of the 95% CIs for the 150
BMD QTLs indentified in F2 crosses recently reported by AckertBicknell and colleagues.(35) The average F2 CI was 49.8  2.3 Mb
compared with 12.4  6.5 Mb for the aBMD QTL identified in
our G4 AIL. Although this comparison is not entirely appropriate
owing to differences in statistical power and the way the CIs were
calculated, it still demonstrates the improvement in resolution.
To our knowledge, only one other group has used an AIL to study
the genetics of bone traits. Recently, Norgard and colleagues
used an F2–F3 population (n ¼ 2000) derived from the LG/J and
SM/J inbred strains of mice to identify QTLs affecting the lengths
of the humerus, ulna, femur, and tibia.(7) The authors identified
70 QTLs affecting bone-length traits. None of the femoral length
QTLs identified by Norgard and colleagues overlapped with FL
loci identified in this study. It is, however, not uncommon for

Fig. 4. Gene expression analysis for QTL genes in primary calvarial osteoblasts at 5, 14, and 21 days of differentiation and osteoclasts. The mean  SEM of
two microarray replicates per sample are plotted. Of the five genes that show detectable expression (Cdh11, Tk2, Cklf, Cmtm3, and Dync1li2) in osteoblasts,
Cdh11 is the only gene that is statistically different (p < .05) across the time course.
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distinct sets of QTLs to be identified in different mouse crosses,
and this is likely due to the segregation of unique genetic
variation in each cross, different ages at measurement, different
environmental conditions, and/or differences in statistical power
in the two studies. In a subsequent study, the bone-length
QTLs identified by Norgard and colleagues were fine-mapped
using F9–F10 AIL mice from the same population.(36) The use
of F9–F10 mice resulted in a significant increase in mapping
resolution. Their average 95% CI was approximately 1.7 F2 cM or
approximately 3.4 Mb and encompassed, on average, 35 genes
compared with 275 per CI in the F2–F3 population.(36) This later
study demonstrates the significant improvement in mapping
resolution that can be obtained using later-generation AIL mice.
Differences in the genetic regulation of aBMD at various
skeletal sites have been observed in previous mouse mapping
studies.(37–40) We observed similar results for TBMD, VBMD, and
FBMD in this study. Only the locus on Chr. 3 regulated all three
traits. In some cases, this may be due to differences in effect sizes
across traits. For example, on the distal end of Chr. 1, the LOD
score for FBMD is just below the significance threshold in the
location of a significant VBMD QTL (Fig. 1). We did, however,
observe examples of site-specific QTLs, such as the Chr. 2 FBMD
QTL. The naive LOD score for FBMD on Chr. 2 at 113 Mb was 6.0,
whereas the LOD score in the same location was less than 1.0 for
VBMD (Fig. 1). These results confirm that aBMD at different
skeletal sites is under both common and unique genetic
regulation.
A number of QTL mapping studies for aBMD have been
performed in the mouse, resulting in the identification of
hundreds of loci.(5,6) Based on data from a recent review(6) and
meta-analysis,(5) we determined that all five peak aBMD QTL
markers identified herein overlapped with the 95% CI for a
previously identified BMD QTL. In particular, the Chr. 1 VBMD QTL
overlapped with QTLs identified in at least seven different
studies.(6) This region appears to be a hotspot for BMD QTLs, and
congenic strain analyses have demonstrated that the distal
region of Chr.1 harbors multiple linked BMD loci.(41,42) One such
locus is the bone mineral density 1 (Bmd1) QTL discovered by
Beamer and colleagues in an F2 cross between the CAST/EiJ
and B6 inbred strains. Recently, the duffy antigen receptor for
chemokines (Darc) gene was identified to be at least partially
responsible for the effects of Bmd1.(43) In addition, the same
group has used congenic strains to fine map a second separate
QTL, just distal of Darc, down to a 0.152-Mb region containing
two candidates, absent in melanoma 2 (Aim2) and
AC084073.22.(41)
Although fewer studies have investigated the genetic basis of
femur geometry, we did identify overlap between loci identified
in this study and previously detected QTLs affecting the same or
similar traits. To identify previously known QTLs, we searched
the Mouse Genome Informatics (MGI; www.informatics.jax.org)
QTL database. This search did not identify any overlap with
previously identified QTLs for FL. However, of the nine unique
femur width QTLs, the peak markers for six were found to lie
within the CIs of previously identified QTLs affecting femur
geometry and/or femoral biomechanical traits. Of the six,
overlaps with the QTLs on Chrs. 4 and 8 were of particular
interest. In a number of studies, the distal end of Chr. 4 has
SKELETAL ARCHITECTURE QTLS IN AN ADVANCED INTERCROSS LINE

been found to harbor large-effect QTLs influencing many bonestrength phenotypes.(37,42,44–48) Most QTLs in this region have
peaks between 130 and 140 Mb. In our study, we identified a
significant AP QTL at 135 Mb (Table 2). In addition, QTLs with
significant naive LOD scores that failed to reach significant
after the GRAIP adjustment were identified for FBMD and TBMD
at 139 Mb (data not shown). Although this region has been
identified as a bone QTL hotspot, the underlying gene(s) have
not been identified. Mapping efforts are complicated in this
region by an extremely high gene density. The 10-Mb interval
from 130 to 140 Mb on Chr. 4 contains 213 RefSeq genes, a
density (21.3 genes/Mb) that is roughly three times the genome
average (7 genes/Mb). Given that the G4 segregates for
variation affecting femoral bone traits in this region, the analysis
of mice from the G10 or later may provide the added resolution
needed to identify the responsible gene(s). This is especially
important given that the syntenic human region has been
implicated in the regulation of BMD in recent GWA studies.(8,49)
Although previously identified QTLs specifically for AP and ML
have not been observed for the Chr. 8 AP/ML locus, this region of
Chr. 8 appears to be a hotspot for similar bone structure and
strength trait QTLs. Among the overlaps, Klein and colleagues
identified the femoral cross-sectional area 2 (Fcsa2) QTL at 89 Mb
affecting femoral cross-sectional area (FCSA) in an F2 cross
between B6 and DBA/2J mice.(50) In that study, as well as in this
study, the B6 allele increased trait means. A second FCSA locus
was identified at 90 Mb by Volkman and colleagues in the
progeny of a cross between (BALB/cJ  C57BL/6J) F1 females and
(C3H/HeJ  DBA/2J) F1 males.(51) Additionally, Koller and colleagues identified the femoral bone trait QTL 3 (Fbtq3) located at
119 Mb in a cross between B6 and C3H/HeJ mice.(46) This locus
affected femoral polar moment of interia (Ip), stiffness (S), and
load to failure ( Fu). B6 alleles were associated with larger Ip, S,
and Fu values. This region also has been found to harbor QTLs
affecting changes in tibial BMD, periosteal circumference, and
cortical thickness and the transcript levels of the bone marker
genes bone sialoprotein (Bsp) and alkaline phosphatase (Akp2) in
response to mechanical loading.(52,53) These data suggest that
this region of Chr. 8 contains variants that affect many aspects of
bone density, structure, strength, and mechanical responsiveness. As will be discussed below, our genetic data suggest that
Cdh11 is at least partially responsible for these effects.
To identify candidate genes, we performed a detailed
investigation of the genes within the Chr. 8 AP/ML QTL CI. This
locus was chosen because it was the most statistically significant
and had the smallest CI. It also turned out that this region was
gene-sparse, increasing our odds of being able to prioritize
among candidates. A total of 12 genes were located in the CI, and
at approximately 2 genes/Mb, it had a lower gene density than
the genome average (7 genes/Mb). Three lines of evidence
suggest that of the 12 genes, Cdh11 is likely the causal gene for
the bone QTLs discovered in these (and possibly other) studies:
(1) It was located within a non-B6 haplotype in the HR founders,
(2) it was highly expressed in primary osteoblasts and was the
only gene whose expression differed as a function of osteoblast
differentiation, and (3) it was the only gene in the region
previously implicated in bone development. It is important to
note that Cdh11 also has been suggested as a candidate for
Journal of Bone and Mineral Research
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the mouse tibial mechanical responsiveness QTLs described
earlier(52,53) and for a QTL affecting alterations in the contour of
the navicular bones in horses.(54)
Cdh11 encodes cadherin 11 (also known as osteoblast
cadherin) and is thought to play an important role in mediating
cell-cell adhesion in the skeleton.(55) Cadherin 11 and N-cadherin
(encoded by Cdh2) are the major cadherin family members
expressed in bone-forming osteoblasts.(56,57) A role for Cdh11 in
osteoblast function was demonstrated recently by the observation that osteoblast differentiation was defective in primary
calvarial osteoblasts isolated from Cdh11-deficient (Cdh11/)
mice.(58,59) However, in adult Cdh11/ mice, the only observed
skeletal defect was modest osteopenia.(58,59) It has been
hypothesized that the lack of a more severe in vivo skeletal
phenotype may be due to functional compensation by Ncadherin in osteoblasts.(59) In support of this hypothesis, double
Cdh2/Cdh11 knockout mice have significantly reduced BMD and
femoral cross-sectional area, and the latter is a phenotype that
would be captured by the AP and/or ML measurements obtained
in this study.(59) The double-knockout data indicate that in the
‘‘correct’’ genetic background perturbation of Cdh11 alters
femoral width. Therefore, it is possible that the genetic
background in the G4 (owing to mutations in Cdh2 or other
unknown ‘‘enabling’’ loci) provides an environment in which
functional variation within Cdh11 leads to alterations in femur
width. Although these data strongly suggest that Cdh11 is the
causal gene, other possibilities do exist. For instance, one of the
four other genes in the non-IBD regions could be causal, or
regulatory variation in the non-IBD regions may be altering the
expression of other genes in the region. It is also possible that
multiple causal linked genes exist. Additional work is needed to
confirm our hypothesis that Cdh11 is the responsible gene.
In conclusion, we have used a G4 AIL to identify regions of the
mouse genome that regulate aBMD and femur morphology. The
use of an AIL resulted in significantly reduced CIs compared with
an F2 cross. In addition, by combining QTL mapping data,
microarray data, and an IBD analysis, Cdh11 was identified as a
likely regulator of femoral morphology. These results lay the
groundwork for the ultimate discovery of causal genes, and their
identification promises to increase our understanding of genes
and pathways that regulate bone strength.
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