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Abstract

A pleiotropic quantitative trait locus (QTL) for bone geometry and mechanical performance
in mice was mapped to distal chromosome 4 via an intercross of recombinant congenic
mice HcB-8 and HeB-23. To study the QTL in isolation, we have generated C3H.B10-
(rs6355453-rs13478087) (C.B.4.3) and C3H.B10-(rs6369860-D4Mit170) (C.B.4.2) con-
genic strains that harbor ~20 Mb and ~3 Mb, respectively, of chromosome 4 overlapping
segments from C57BL/10ScSnA (B10) within the locus on a C3H/DiSnA (C3H) back-
ground. Using 3-point bend testing and standard beam equations, we phenotyped these
mice for femoral mid-diaphyseal geometry and biomechanical performance. We analyzed
the results via 2-way ANOVA, using sex and genotype as factors. In the C.B.4.3 strain, we
found that homozygous B10/B10 male mice had smaller cross sectional area (CSA) and
reduced total displacement than homozygous C3H/C3H mice. Sex by genotype interaction
was also observed for maximum load and stiffness for C3H/C3H and B10/B10 mice,
respectively. In C.B.4.2 strain, we found that homozygous B10/B10 mice had lower total dis-
placement, post-yield displacement (PYD), stiffness, yield load and maximum load than
mice harboring C3H allele. Sex by genotype interaction was observed in B10/B10 mice for
perimeter, outer minor axis (OMA) and CSA. There were no significant differences in tissue
level mechanical performance, which suggest that the QTL acts primarily on circumferential
bone size. These data confirm the prior QTL mapping data and support other work demon-
strating the importance of chromosome 4 QTL on bone modeling and bone responses to
mechanical loading.
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Introduction

Bone biomechanical performance encompasses a suite of functionally related complex traits
[1-4]. Approximately 70% of the variation in bone properties can be attributed to genetics [5,
6]. Many quantitative trait loci (QTL) for bone phenotypes have been mapped in mice and
humans [7-9]. Several research groups, including ours, have mapped QTLs for bone traits in
mice to distal chromosome 4 [10-13].

Mouse strains C57BL/10ScSnA and C3H/DiSnA mice have different bone geometry and
biomechanical performance [14]. The HcB recombinant congenic strains were constructed by
backcrossing male C57BL/10ScSnA (B10) to female C3H/DiSnA (C3H) mice for 3 generations
and then inbreeding random offspring pairs to fixation. Twenty seven such strains were gener-
ated, each containing on average ~12.5% of alleles from B10, and the remaining alleles from
C3H [15, 16]. Because they are inbred, they are homozygous throughout the genome [16, 17].
Because any pair of HcB strains share ~3/4 of their alleles, phenotypic differences between
them can be attributed to the reduced number of segregating loci. In early experiments, we
found that HcB-23 mice had larger, stiffer and stronger bone than HcB-8 [14, 18]. We there-
fore sought to identify the genomic regions mediating those differences by performing an inter-
cross to map quantitative trait loci (QTLs) for bone biomechanical performance in these
strains. We found a pleiotropic chromosome 4 QTL affecting bone shape, size and strength
[10, 19-21].

To study the QTL in isolation from other segregating loci, we have generated two congenic
strains that carry overlapping segments of chromosome 4 from C57BL/10ScSnA (B10) within
the locus on a C3H/DiSnA (C3H) background. The long C3H.B10-(rs6355453-1513478087)
(hereafter abbreviated as C.B.4.3) and short C3H.B10-(rs6369860-D4Mit170) (hereafter abbre-
viated as C.B.4.2) congenic strains harbor a ~20 Mb and a ~3 Mb B10-derived chromosome
segment, respectively. We report biomechanical properties of F2 mice obtained by intercross-
ing the congenic strains to the recipient parent, C3H. The mice studied here are complemen-
tary to other congenic strains covering this region, in that our mice examine introgression of
B10 alleles onto a C3H background, rather than introgression of C3H alleles onto a C57BL/6]
background. Our study sought to validate the linkage findings from the intercross and confirm
the pleiotropic effect of chromosome 4 QTL on a different donor/background combination.
We hypothesize that chromosome 4 QTL affects bone geometry and biomechanical perfor-
mance in both congenic strains.

Sex differences in bone geometry and biomechanical performance is well documented [22-
26]. Male mice develop larger and stronger bone than female mice [22, 23]. Clinical studies
showed that males have larger skeletal size and bone mass than females [27-29]. Females are
also at higher risk for fractures than males [30, 31]. There are many instances in which allelic
differences affect males and females differently [32-34]. Thus, we also examined sex by geno-
type interaction in both congenic strains.

Materials and Methods

Mice

The parental mice in this study were the recombinant congenic strains HcB-8, HcB-13, and the
recipient progenitor of those strains, C3H/DiSnA. The congenic strains were constructed by
backcrossing the donor strains (HcB-8 and HcB-13) to the recipient strain C3H/DiSnA to
yield the long congenic strain C.B.4.3 and the short congenic strain C.B.4.2, respectively.

Markers used to genotype the congenic segment are listed in Table 1. Using marker assisted
selection, the time frame for the congenic strain derivation was 5 backcrosses [35]. At the
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Table 1. Markers for C.B.4.3 and C.B.4.2.

Map Location (cM) Genome Coordinates (bp) Markers Cc.B.43 C.B.4.2
64.5 131080896 rs6355453 B10 C3H
66.25 133427367—-133427471 D4Mit204 C3H C3H
68 135736871-135737020 D4Mit134 C3H C3H
68 135872315 rs13478000 B10 C3H
68.55 136361074—-136361203 D4Mit69 C3H C3H
69 136674649 rs13478002 B10 C3H
70 137147030 rs6369860 B10 B10
70.02 137890537-137890684 D4Mit54 B10 B10
70.47 138615338—-138615442 D4Mit170 B10 B10
74.75 141261981 D4Mit32 C3H C3H
78.17 145057656—145057773 D4Mit232 C3H C3H
78.1 144973088 rs4224923 B10 C3H
81.4 150309421 rs13478048 B10 C3H
81.52 150935515 rs13478050 B10 C3H
83.63 153217171 rs13478062 B10 C3H
84.7 154430058 rs13478089 B10 C3H
87.6 155234755 rs13478071 B10 C3H
88.4 155507226 rs13478087 B10 C3H

doi:10.1371/journal.pone.0148571.t001

completion of backcrossing, males and females heterozygous for the congenic segment were
intercrossed to yield the congenic strains. Male congenic mice were intercrossed with C3H/
DiSnA female mice to yield a F2 cohort for phenotyping. We maintained the animals to an age
of 17 £ 1 weeks, because this is the age at which mice achieve peak bone mass [36]. Mice were
housed 2-5 mice/500 cm? cage with 12 h light-dark cycling, given autoclaved tap water, and
fed laboratory rodent chow 5001 (PMI Nutrition International, Richmond, IN, USA) ad libi-
tum. Animals were euthanized by CO, inhalation, following American Veterinary Medical
Association recommendations. Immediately following euthanasia, animals were weighed and
measured (rostro-anal length), and femora and humeri were dissected free of soft tissue

for additional phenotyping. Bones were wrapped in PBS-saturated gauze and stored frozen

at —80°C. The animal protocol was approved by the University of Wisconsin and the William
S. Middleton Memorial Veterans Hospital institutional animal care and use committees.

For the long chromosome 4 congenic strain (C.B.4.3) mice, we studied a total of 52 mice.
We performed mechanical testing on 9 C3H/C3H males, 8 C3H/C3H females, 8 C3H/B10
males, 9 C3H/B10 females, 10 B10/B10 males and 8 B10/B10 females. For the short chromo-
some 4 congenic strain (C.B.4.2), we studied a total of 54 mice. We performed mechanical test-
ing on 10 C3H/C3H males, 4 C3H/C3H females, 17 C3H/B10 males, 8 C3H/B10 females, 9
B10/B10 males and 6 B10/B10 females. The differences in sample sizes were due to chromo-
somal segregation.

Genotyping

We genotyped the F2 progenies at microsatellite and SNP markers (Table 1) using standard
methods [10]. Genetic and physical locations of markers and genes are from the Mouse
Genome Database, MGI 6.0 (http://www.informatics.jax.org/genes.shtml). Only non-recombi-
nant mice were held for phenotyping.
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Phenotyping

Bone Mineral Density (BMD). We measured areal BMD of isolated femora by dual X-ray
absorptometry (DXA) as described previously [37]. Briefly, each bone was scanned twice with
repositioning. Measured BMD was adjusted for position on the scanning grid, and the average
of the duplicate measurements was used as that bone’s BMD. We averaged both femora to
obtain the animal’s BMD. We measured femoral length between the greater trochanter and the
medial condyle with Vernier calipers, using the average value of both femora from each
animal.

Three-point Bending Test. We tested femoral diaphysis biomechanical performance by
quasi-static 3-point bending under displacement control at a rate of 0.3 mm/s, with a support
span of 7.5 mm following the same methods as in prior work [10]. Before mechanical testing,
bones were gradually warmed to room temperature and hydrated in PBS. We tested both fem-
ora from each animal and used the average value. All bones were subjected to 2 freeze-thaw
cycles before testing. Femora were supported at the condyles and the third trochanter, with the
condyles oriented downward, producing a mid-diaphyseal fracture. Following fracture, we
obtained digital photographs of the fracture plane of each bone and analyzed the images with
SigmaScan Pro 5.1 (SPSS, Chicago, IL, USA), extracting the periosteal perimeter, cortical cross-
sectional area (CSA), outer and inner major and minor axis lengths, shape factor (ratio of outer
major axis length to outer minor axis length), cross-sectional moment of inertia (a measure of
the distribution of material around a neutral axis), and slenderness (ratio of femoral length to
mid diaphyseal perimeter) [10]. Load-displacement curves were analyzed to determine total
and post-yield displacement, yield load, maximum load, stiffness, and energy to failure. The
whole-bone mechanical properties and the dimensions of the cross-section obtained from the
digital photographs were used to calculate tissue-level mechanical properties according to stan-
dard beam equations [20].

Statistical Analyses

Comparisons of intercross subgroups were by 2-way ANOVA, with genotype and sex as fac-
tors, with post hoc evaluation of significant differences between groups by the Holm-Sidak test.
The raw data for majority of the analyzed traits satisfied the parametric assumptions for
ANOVA, with the exception of slenderness. Thus, we transformed the raw data for slenderness
to satisfy the assumptions for ANOVA. Statistical analyses were performed with SigmaStat 3.5
(SPSS). Summary data in all figures and tables are shown as means * SE.

Results
Bone Geometry and Biomechanical Performance of C.B.4.3 Mice

We studied a total of 52 chromosome 4 long congenic segment (C3H x C.B.4.3) F2 mice
including 9 C3H/C3H males, 8 C3H/C3H females, 8 C3H/B10 males, 9 C3H/B10 females, 10
B10/B10 males and 8 B10/B10 females.

There were no significant differences in body weight, body length and femoral length
between the genotypes (Table A in S1 File). There was no significant difference in BMD
between the genotypes. Representative photographs of the femora following the 3-point bend-
ing test are shown in Fig 1(A).

Femoral Geometry of C.B.4.3 Mice. The bone geometry measurements are summarized
in Table 2 and Fig 1(B). Outer major axis (OMJA), cross sectional area (CSA), cross sectional
moment of inertia (MOI), shape factor and slenderness differed by genotypes regardless of sex.
The OMJA of C3H/B10 mice was smaller than C3H/C3H mice (p = 0.037). However, there
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Fig 1. Femoral Geometry of C.B.4.3 Mice. (A) The representative photographs of C.B. 4.3 femur cross-

sections following 3-point bending test for each genotype. (B) The effects of genotype on (I) Perimeter,

p <0.001, sex differences across all genotypes; (Il) OMJA, p < 0.001 sex differences across all genotypes;
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Table 2. Femoral Geometry of C.B.4.3 Mice.

(Il1) OMA, no significant differences; (V) IMJA, p < 0.001, sex differences across all genotypes; (V) IMA,

p < 0.001, sex differences across all genotypes; (VI) CSA, p=0.016, B10/B10 and C3H/B10 < C3H/C3H for
both sexes; (VII) Shape factor, p < 0.001, sex differences across all genotypes and genotype differences
between C3H/C3H with both C3H/B10 and B10/B10. Values are means + SE.

doi:10.1371/journal.pone.0148571.g001

was no significant difference in OMJA between C3H/C3H and B10/B10 mice. Regardless of
sex, both C3H/B10 and B10/B10 mice also had smaller femoral cross sectional area (CSA) than
C3H/C3H mice (p = 0.016). Both C3H/B10 and B10/B10 mice had more circular cross sections
than C3H/C3H mice (p = 0.023). Cross sectional moment of inertia (MOI) of B10/B10 mice
were larger than C3H/B10 mice MOI (p = 0.042), but not significantly different from C3H/
C3H mice. Both C3H/C3H and B10/B10 mice had more slender bones than C3H/B10. Perime-
ter, OMJA, inner major axis (IMJA), inner minor axis (IMA), and shape factor differed by sex.
Females had smaller perimeter (p<0.001), OMJA (p<0.001), IMJA (p<0.001) and IMA
(p<0.001) than males across all genotypes. Females had more circular cross sections than
males (p<0.001). Across all genotypes, male mice had more slender bone than female mice

(p =0.004). We also observed sex by genotype interactions in C3H/C3H (p = 0.001) and B10/
B10 (p = 0.010) mice for slenderness. There were no significant differences in outer minor axis
(OMA) across all sex and genotypes. Based on these data, the C.B.4.3 congenic segment
appears to regulate differences in femoral cross sectional geometry, with mice harboring B10
allele have smaller bones than homozygous C3H mice.

Femoral Mechanical Properties of C.B.4.3 Mice. The whole-bone biomechanical perfor-
mance is summarized in Table 3 and Fig 2. Total displacement, or total amount of femur defor-
mation before fracture, was significantly lower in B10/B10 mice compared to C3H/C3H mice
(p = 0.022). C3H/C3H male mice have higher maximum (max) load than C3H/B10 and B10/
B10 male mice (p = 0.019), but the differences were not significant in females. However, C3H/
C3H and C3H/B10 females had greater total displacement than C3H/C3H, C3H/B10 and B10/
B10 males (p<0.001). The post yield displacement (PYD), a measure of ductility, was signifi-
cantly lower in males than females across all genotypes (p = 0.042). There were no significant

CB.43

MALES FEMALES

C3H/C3H (9) C3H/B10 (8) B10/B10 (10) C3H/C3H (8) C3H/B10 (9) B10/B10 (8)
Perimeter (mm)B 4.93 + 0.06 4.64 + 0.08 4.72 £ 0.07 4.57 + 0.06 4.51 +0.06 4.58 £ 0.05
Outer major axis (mm) B 1.76 + 0.01 1.64 +0.03 1.67 + 0.03 1.58 + 0.04 1.57 + 0.02 1.58 + 0.02
Outer minor axis (mm) 1.20 £ 0.01 1.17 £0.02 1.17 £0.02 1.15 +£0.02 1.16 £ 0.02 1.19 £ 0.02
inner major axis (mm)® 0.90 + 0.02 0.83 £ 0.01 0.91 £ 0.03 0.78 £ 0.02 0.78 £ 0.02 0.80 £ 0.03
inner minor axis (mm)?® 0.59 £ 0.07 0.57 £ 0.01 0.62 £ 0.02 0.50 + 0.01 0.52 + 0.01 0.54 + 0.02
CSA (mmz)A 1.20 £ 0.02 1.09 £ 0.03 1.06 £ 0.03 1.12 £ 0.03 1.07 £ 0.03 1.09 £ 0.03
MOl (mm")A 0.13+0.03 0.10 £ 0.003 0.14 £ 0.02 0.12+£0.01 0.12 £ 0.01 0.15 £ 0.01
Shape factor (unitless)A'B 1.44 £ 0.01 1.40 £ 0.02 1.40 £ 0.02 1.38 £ 0.02 1.35+£0.02 1.33+£0.02
Slenderness (unitless)*° 3.01 £0.05 3.20 £ 0.06 3.06 £ 0.06 3.26 £ 0.04 3.29 £ 0.04 3.31 £0.05
Values are means + SE; N, numbers of mice. Data analyzed by 2 way ANOVA
A genotype effect
B sex effect
€ sex by genotype interaction
doi:10.1371/journal.pone.0148571.t002
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Table 3. Whole-Bone Mechanical Performance of C.B.4.3 Mice.

C.B.43

MALES FEMALES

C3H/C3H (9) C3H/B10 (8) B10/B10 (10) C3H/C3H (8) C3H/B10 (9) B10/B10 (8)
total displacement (mm) A 0.38 + 0.03 0.34 +0.06 0.36 + 0.04 0.52 +0.07 0.46 + 0.05 0.39 +0.08
post-yield displacement (mm)® 0.26 + 0.03 0.21 +0.06 0.23 + 0.04 0.38 + 0.07 0.32 +£0.05 0.28 + 0.09
stiffness (N/mm)° 126+ 8 11245 11545 11247 111+8 129+ 3
yield Load (N) 13.7+1.3 14.3+0.7 126+ 1.0 15.4+0.7 15.7+0.7 13.8+ 1.1
max load (N)*€ 227+£0.9 19.5+0.8 20.0£0.8 19.9+0.8 20.0£0.7 20.0£1.0
energy (N*mm) 5.54 + 0.45 4.28 + 0.57 4.48 +0.30 4.12 + 0.34 4.41 +0.43 451+ 0.56

Values are means + SE; N, numbers of mice. Data analyzed by 2 way ANOVA
A genotype effect

B sex effect

€ sex by genotype interaction

doi:10.1371/journal.pone.0148571.1003

differences in yield load, stiffness and energy between genotypes. Sex by genotype interaction
was observed for max load. Male C3H/C3H mice had higher max loads than any other groups;
the other groups did not differ from each other (p = 0.037). Sex by genotype interaction was
also observed for stiffness, in which C3H/C3H males had greater stiffness than males of other
genotypes, while B10/B10 females had greater stiffness than females of other genotypes

(p = 0.036). Generally, mice harboring C3H allele had greater phenotypic value than homozy-
gous B10/B10 mice. Thus, these results showed that male mice harboring B10 allele in their

Total Displacement for C.B.4.3 PY Displacement for C.B.4.3 Stiffness for C.B.4.3
0s 10 180
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o Femaes | p=0.022 Ce Femaes | p=0.042 2o Fomates
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—e— Females o Femaes p=0.019

Fig 2. Whole Bone Mechanical Performance of C.B.4.3 mice. Open circle: males. Black circle: females. The effects of genotype on (1) total displacement,
B10/B10 < C3H/C3H (p = 0.022). (Il) PYD, p = 0.042 for sex differences across all genotypes. (V) Max load, p = 0.019 for differences in males (B10/B10 and
C3H/B10 < C3H/C3H). No significant differences in (lll) stiffness and (IV) yield load between genotypes.

doi:10.1371/journal.pone.0148571.9002
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Table 4. Additive and Dominance Effects for Chromosome 4 QTL in C.B.4.3 Mice.

C.B.43
MALES
C3H/C3H (9) C3H/B10 (8) B10/B10 (10) additive effect dominance effect
Outer major axis (mm) A8 1.76 + 0.01 1.64 + 0.03 1.67 + 0.03 -0.05 -0.08
CSA (mm?)* 1.20 + 0.02 1.09 + 0.03 1.06 + 0.03 -0.07 -0.04
MOI (mm*)A 0.13£0.03 0.10 £ 0.003 0.14 £0.02 0.01 -0.04
Shape factor (unitless)*® 1.44 £ 0.01 1.40 £ 0.02 1.40 £ 0.02 -0.02 -0.02
Slenderness (mm/mm)*¢ 3.01 +0.05 3.20 + 0.06 3.06 + 0.06 0.03 0.17
total displacement (mm) A 0.38 £ 0.03 0.34 £ 0.06 0.36 + 0.04 -0.01 -0.03
max load (N)* 22.7+0.9 19.5+0.8 20.0£0.8 -1.35 -1.85
FEMALES
C3H/C3H (8) C3H/B10 (9) B10/B10 (8) additive effect dominance effect
Outer major axis (mm) B 1.58 + 0.04 1.57 + 0.02 1.58 + 0.02 0 -0.01
CSA (mm?)* 1.12+0.03 1.07 £0.03 1.09 +0.03 -0.015 -0.035
MOI (mm?%A 0.12 £ 0.01 0.12 + 0.01 0.15 £ 0.01 0.015 -0.015
Shape factor (unitless)*B 1.38 + 0.02 1.35 4 0.02 1.3340.02 -0.025 -0.005
Slenderness (mm/mm)*€ 3.26 £ 0.04 3.29 £ 0.04 3.31 £0.05 0.025 0.005
total displacement (mm) # 0.52 + 0.07 0.46 + 0.05 0.39 £ 0.08 -0.065 0.005
max load (N)*€ 19.9+0.8 20.0£0.7 20.0£1.0 0.05 0.05
MALES AND FEMALES AVERAGE
C3H/C3H (17) C3H/B10 (17) B10/B10 (18) additive effect dominance effect
Outer major axis (mm) A8 1.67 1.61 1.63 -0.02 -0.04
CSA (mm?)* 1.16 1.08 1.08 -0.04 -0.04
MOI (mm?%)A 0.125 0.11 0.15 0.01 -0.03
Shape factor (unitless)*® 1.41 1.38 1.37 -0.02 -0.01
Slenderness (mm/mm)*€ 3.135 3.25 3.19 0.03 0.09
total displacement (mm) # 0.45 0.40 0.38 -0.04 -0.01
max load (N)*¢ 21.3 19.75 20.00 -0.65 -0.90

Values are means * SE; N, numbers of mice.

A genotype effect

B sex effect

€ sex by genotype interaction

Additive effect = ¥z [average phenotype (C3H/C3H)—average phenotype (B10/B10)]

Dominance effect = average phenotype (C3H/B10)- 'z [average phenotype (C3H/C3H) + average phenotype (B10/B10)]

doi:10.1371/journal.pone.0148571.t004

chromosome 4 congenic segment had reduced total displacement and had lower max load
than homozygous C3H/C3H mice.

Tissue Level Properties of C.B.4.3 Mice. Tissue level biomechanical performance is sum-
marized in Table B in S1 File. Males had greater post yield strain (p = 0.010) than females
across all genotypes. However, there were no significant differences in other tissue level proper-
ties across all genotypes.

Additive and Dominance Effects of C.B.4.3 Mice. Genotype-dependent differences in
trait values can be partitioned into additive and dominance effects. These are defined and sum-
marized in Table 4. For OMJA and MOJ, the locus had a significant additive effect in both
sexes. For CSA, the locus had a significant dominance effect in males and a significant additive
effect in females. The locus had a significant dominance effect in both sexes for shape factor. In
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males C.B.4.3, the locus had a larger dominance effect for slenderness that lead to the heterozy-
gous having thicker femora than either homozygote. The locus had a larger additive effect for
slenderness in females. For total displacement, the locus had a significant additive effect in
males and a larger dominance effect in females. We averaged males and females data for each
genotype to compare the additive versus dominance effect in a whole population. The data
showed the locus having a significant dominant effect on slenderness and total displacement,
while larger additive effect was measured for OMJA, MOI and max load. In summary, these
findings suggested that the mechanical effect of the QTL could be attributed primarily to differ-
ences in bone size.

Bone Geometry and Biomechanical Performance of C.B.4.2 Mice

We studied a total of 54 short chromosome 4 congenic segment (C3H x C.B.4.2) F2 mice,
including 10 C3H/C3H males, 4 C3H/C3H females, 17 C3H/B10 males, 8 C3H/B10 females, 9
B10/B10 males and 6 B10/B10 females.

There were no significant differences in body weight, body length, or femoral length
between genotypes (Table C in S1 File). There was also no significant difference in BMD
between the genotypes. Representative pictures of the femora following the three-point bend-
ing test are shown in Fig 3(A).

Femoral Geometry of C.B.4.2 Mice. Femoral mid-diaphysis geometric analysis following
3-point bending test are summarized in Table 5 and Fig 3 (B). B10/B10 females had signifi-
cantly smaller CSA (p = 0.045) than C3H/C3H and C3H/B10 females and smaller OMA than
C3H/B10 females (p = 0.016). On average, B10/B10 males tended toward higher CSA relative
to other genotypes, but this did not reach statistical significance. There were no significant dif-
ferences in OMA between the males. Across all genotypes, males had greater OMJA (p<0.001)
and IMJA (p<0.001) than females. However, there were no significant differences in IMA and
MOI between sex and genotypes. Females had more circular cross sections than males
(p<0.001) across all genotypes. Across all genotypes, male mice had more slender bones than
females (p<0.001). Sex by genotype interaction was evident in homozygous B10/B10 mice.
B10/B10 females had smaller perimeter (p = 0.015), OMA (p = 0.026) and CSA (p = 0.043)
than B10/B10 males. Based on the femoral mid-diaphysis structure analysis, the short congenic
segment of C.B.4.2 appeared to modulate differences between males and females femora geom-
etry, in particular in homozygous B10/B10 mice. The effect of genotypes was primarily
observed in the female mice. These data demonstrated that the short congenic segment of chro-
mosome 4 in C.B.4.2 regulates size and shape differences between sexes and between females of
different genotypes.

Femoral Mechanical Properties of C.B.4.2 Mice. The whole-bone biomechanical perfor-
mance is summarized in Table 6 and Fig 4. B10/B10 mice had lower total displacement
(p =0.041), PYD (p = 0.022) and stiffness (p = 0.026) than C3H/B10 mice. Furthermore, B10/
B10 femora had lower yield load (p = 0.003) and max load (p = 0.015) compared to C3H/C3H
and C3H/B10 femora. However, there were no significant differences in energy absorbed
between sex and genotypes. Generally, mice harboring the C3H alleles had greater phenotypic
value than homozygous B10/B10 mice. Thus, these findings demonstrated that B10/B10
femurs were less ductile and had reduced biomechanical properties at the whole-bone level rel-
ative to mice harboring C3H allele. Therefore, the short congenic segment of C.B.4.2 mice also
governed bone strength differences between genotypes.

Tissue Level Properties of C.B.4.2 Mice. Tissue level biomechanical performance is sum-
marized in Table D in S1 File. There were no significant differences in all tissue level properties
between sex and genotypes.
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Fig 3. Femoral Geometry of C.B.4.2 mice. (A) Representative photographs of C.B.4.2 femur cross sections
following 3-point bending test for each genotype. (B) The effects of sex and genotype on (1) perimeter,
p =0.015, sex by genotype interactions B10/B10 females < B10/B10 males; (II) OMJA, p < 0.001, sex
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Table 5. Femoral Geometry of C.B.4.2 Mice.

differences across all genotypes, (lll) OMA, p = 0.026, sex by genotype interactions B10/B10 females < B10/
B10 males and genotype differences in B10/B10 females < C3H/B10 females, (IV) IMJA, p < 0.001, sex
differences across all genotypes, and (V) IMA, no significant differences; (VI) CSA, p = 0.043, sex by
genotype interaction B10/B10 females < B10/B10 males and genotype differences in B10/B10

females < C3H/B10 and C3H/C3H females (p = 0.045); (VII) Shape factor, p < 0.001, sex differences across
all genotypes. Values are means + SE.

doi:10.1371/journal.pone.0148571.g003

Additive and Dominance Effects of C.B.4.2 Mice. The additive and dominance effect of
the alleles are summarized in Table 7. In males, the locus had a more significant additive effect
for OMA and CSA. Conversely, the locus had a larger dominance effect in females resulting in
the heterozygote females having larger bone than either homozygote. In both sexes, the locus
had a more significant dominance effect for total displacement, PYD, stiffness, yield load and
max load. Comparison of additive versus dominance effect using male and female average for
each genotype showed a more significant dominance effect for OMA, CSA, total displacement,
PYD, stiffness, yield load and max load. In summary, the locus had a significant dominance
effect on bone strength.

Discussion

Our previous studies using recombinant congenic mice HcB-8 and HcB-23 showed differences
in bone mechanical properties while linkage analysis revealed high LOD scores for chromo-
some 4 QTL effects on bone size, shape and strength [10, 20, 21]. The localization of the chro-
mosome 4 QTL coincides with Bmd?7, a QTL that has been identified by multiple research
groups to have an effect on femoral BMD, geometry and biomechanical performance [13, 38-
40]. The results from C.B.4.3 and C.B.4.2 are consistent with the previous findings from HcB-8
and HcB-23. In both C.B.4.3 and C.B.4.2 congenic strains, homozygous B10/B10 had smaller
bone and reduced biomechanical performance relative to homozygous C3H/C3H mice, consis-
tent with our prior linkage mapping data. Sex by genotype interaction was also observed in
both congenic models. There were few phenotypic differences between C.B.4.3 and C.B.4.2
strains. In C.B.4.3 strain, homozygous B10/B10 mice had smaller CSA than homozygous

C.B.4.2

MALES FEMALES

C3H/C3H (10) C3H/B10 (17) B10/B10 (9) C3H/C3H (4) C3H/B10 (8) B10/B10 (6)
Perimeter (mm)© 4.62 +0.08 4.63 +0.05 4.85 + 0.09 4.50 +0.07 4.56 + 0.08 4.29 +0.11
Outer major axis (mm)? 1.65 + 0.03 1.65 + 0.02 1.71 £ 0.03 1.57 + 0.02 1.60 + 0.04 1.50 + 0.05
Outer minor axis (mm)”¢ 1.13 +0.02 1.14 +0.01 1.16 + 0.02 1.14 +0.01 1.16 + 0.02 1.08 + 0.03
inner major axis (mm)® 0.84 +0.03 0.83 + 0.01 0.88 + 0.02 0.79 + 0.02 0.75 + 0.02 0.77 +0.04
inner minor axis (mm) 0.51 £0.02 0.55 + 0.01 0.57 £ 0.04 0.51 £ 0.02 0.52 + 0.01 0.52 + 0.02
CSA (mm?)AC 1.08 + 0.04 1.08 + 0.02 1.14 £ 0.02 1.05 + 0.03 1.07 + 0.03 0.95 + 0.05
MOI (mm?) 0.14 £0.02 0.14 + 0.01 0.12 £ 0.01 0.14 £ 0.01 0.14 £ 0.02 0.13 £0.02
Shape factor (unitless)® 1.47+ 0.02 1.44 £ 0.02 1.47 £0.02 1.38 £ 0.03 1.38 £ 0.03 1.38 £ 0.03
Slenderness (unitless)® 3.01+0.06 3.10+0.03 3.04 +0.05 3.20 +0.07 3.20 + 0.06 3.20+0.06

Values are means + SE; N, numbers of mice. Data analyzed by 2 way ANOVA

A genotype effect
B sex effect
€ sex by genotype interaction

doi:10.1371/journal.pone.0148571.1005
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Table 6. Whole-Bone Mechanical Performance of C.B.4.2 Mice.

CB.4.2
MALES
C3H/C3H (10)
total displacement (mm)” 0.54 + 0.08
post-yield displacement (mm)* 0.42 £ 0.08
stiffness (N/mm)* 134+9
yield Load (N)A 14.9+ 05
max load (N)* 19.61 1.0
energy (N*mm) 4.02 +0.63

C3H/B10 (17)

0.66 + 0.05
0.583 + 0.05
1235
143+04
195+ 04
5.11 £0.37

Values are means + SE; N, numbers of mice. Data analyzed by 2 way ANOVA

A genotype effect

doi:10.1371/journal.pone.0148571.1006

B10/B10 (9)

0.49 + 0.06
0.43 +0.05
108 + 6
12.8 £ 0.6
17.3+0.8
4.31+£0.28

FEMALES

C3H/C3H (4)

0.62 + 0.09
0.50 + 0.09
116+ 6
13.9+1.9
19.4+1.2
4.85+0.12

C3H/B10 (8)

0.88 +0.15
0.77 £0.12
125+5
15.0+0.5
19.8 £0.43
5.38 + 0.37

B10/B10 (6)

0.63+0.10
0.48+0.10
105+ 10
12.7£0.9
17.8+1.0
3.86 +0.22

C3H/C3H mice regardless of sex. In the C.B.4.2 strain, homozygous B10/B10 female mice had
smaller CSA than the other genotypes, while homozygous B10/B10 male mice tended toward
larger CSA. The effect of the short congenic segment harboring homozygous B10/B10 alleles
therefore appeared to be opposite depending on the sex. The short congenic segment of C.B.4.2
appeared to have greater structural effect between sexes only on mice homozygous for B10
alleles. There were more significant differences between genotypes in whole-bone biomechani-
cal properties in C.B.4.2 mice compared to C.B.4.3. Sex by genotype interaction was observed
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Fig 4. Whole Bone Mechanical Performance of C.B.4.2 mice. The effects of sex and genotypes on (I) Total displacement, p = 0.041, B10/B10 < C3H/B10
for both sexes; (Il) PYD, p = 0.022, B10/B10 < C3H/B10 for both sexes, (lll) Stiffness, p = 0.026, B10/B10 < C3H/B10 for both sexes; (IV) Yield load,
p=0.003, B10/B10 < C3H/B10 and C3H/C3H for both sexes, (V) Max load, p =0.015, B10/B10 < C3H/B10 and C3H/C3H for both sexes. Values are

means + SE

doi:10.1371/journal.pone.0148571.9004
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Table 7. Additive and Dominance Effects for Chromosome 4 QTL in C.B.4.2 Mice.

C.B.4.2

Outer minor axis (mm)”€

CSA (mm?)*°

total displacement (mm)”
post-yield displacement (mm)”
stiffness (N/mm)*

yield Load (N)*

max load (N)*

Outer minor axis (mm)”¢

CSA (mm?)*¢

total displacement (mm)”
post-yield displacement (mm)”
stiffness (N/mm)*

yield Load (N)A

max load (N)*

Outer minor axis (mm)”¢

CSA (mm?)AC

total displacement (mm)”
post-yield displacement (mm)”
stiffness (N/mm)?

yield Load (N)A

max load (N)*

MALES

C3H/C3H (10) C3H/B10 (17) B10/B10 (9) additive effect dominance effect
1.13£0.02 1.14 + 0.01 1.16 £ 0.02 0.02 -0.01

1.08 + 0.04 1.08 + 0.02 1.14 £ 0.02 0.03 -0.03

0.54 + 0.08 0.66 + 0.05 0.49 +0.06 -0.03 0.15

0.42 £ 0.08 0.53+0.05 0.43+0.05 0.01 0.11

134+ 9 123+ 5 108 £ 6 -13.15 2.47

149+ 0.5 143+04 128+ 0.6 -1.07 0.43

19.6+1.0 195+04 17.3+£0.8 -1.13 1.11

FEMALES

C3H/C3H (4) C3H/B10 (8) B10/B10 (6) additive effect dominance effect
1.14 £ 0.01 1.16 £ 0.02 1.08 + 0.03 -0.03 0.05

1.05 £ 0.03 1.07 £ 0.03 0.95 £ 0.05 -0.05 0.07

0.62 £ 0.09 0.88£0.15 0.63+0.10 0.01 0.26

0.50 £ 0.09 0.77 £0.12 0.48 £0.10 -0.01 0.28

116 £ 6 1255 105+ 10 -5.90 14.55

13.9+1.9 15.0+ 0.5 12.7+£0.9 -0.62 1.70

19.4+1.2 19.8 £ 0.43 17.8+1.0 -0.82 1.19

MALES AND FEMALES AVERAGE

C3H/C3H (14) C3H/B10 (25) B10/B10 (15) additive effect dominance effect
1.14 1.15 1.12 -0.01 0.02

1.07 1.08 1.05 -0.01 0.02

0.58 0.77 0.56 -0.01 0.20

0.46 0.65 0.46 -0.00 0.19

125 124 106 -9.52 8.51

14.4 14.6 12.7 -0.84 1.06

19.5 19.7 17.5 -0.97 1.15

Values are means * SE; N, numbers of mice.

A genotype effect
€ sex by genotype interaction

Additive effect = ¥z [average phenotype (C3H/C3H)—average phenotype (B10/B10)]
Dominance effect = average phenotype (C3H/B10)- Y2 [average phenotype (C3H/C3H) + average phenotype (B10/B10)]

doi:10.1371/journal.pone.0148571.t007

for both stiffness and max load in C.B.4.3 mice. In C.B.4.2 strain, homozygous C3H/C3H mice
had higher stiffness, yield load and max load than homozygous B10/B10 mice for both sexes.
In general, homozygous B10/B10 mice had reduced biomechanical properties relative to homo-
zygous C3H/C3H mice for both congenic strains, in keeping with our earlier findings in the
HcB-8 x HeB-23 intercross. The lack of tissue level phenotypes differences suggests that the
primary effect of the QTL is on growth, as we previously inferred. Collectively, these findings
confirmed that the chromosome 4 QTL regulates differences in bone geometry and bio-
mechanical performance.

Neither C.B.4.3 nor C.B.4.2 mice exhibited the complete set of phenotypic differences found
in the intercross, with C.B.4.3 displaying most of the femoral size and shape phenotypes and C.
B.4.2 mice exhibiting more of the biomechanical performance phenotypes observed in the orig-
inal intercross. These findings support the interpretation that multiple allelic differences within

PLOS ONE | DOI:10.1371/journal.pone.0148571
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distal chromosome 4 influence bone properties, as previously proposed [11]. In the course of
constructing these strains, genotyping for additional markers revealed that HcB-8 harbors a
larger, but non-contiguous contribution of the B10 genome than we appreciated at the time of
our earlier experiments. A congenic mouse strain B6.C3H-4T (4T) that harbors 70 Mb of C3H
sequence on a B6 background, and includes the congenic segments studied here, showed higher
femoral and vertebral volumetric bone mineral density compared to B6 controls [11, 38]. Pre-
vious in vivo ulna loading study using 4T mice showed differences in skeletal adaptation to
mechanical loading compared to B6 control mice [12]. The mid-distal region of mouse chro-
mosome 4 shares sequence homology with human chromosome 1 p36 (Chr 1p36) across a
region of ~24 Mb and contains multiple QTL regions for which distinct skeletal phenotypes
have been reported [8, 11]. In humans, early Genome Wide Associated Studies (GWAS) inves-
tigations reported human Chr 1p36 as an important region for bone mineral density regulation
at the hip, lumbar spine, femoral neck and wrist [41-44]. Due to these consistent findings,
many efforts have been made in search for potential bone regulatory genes within the Chr1p36
region [45-49]. Despite the effort, little progress has been made in finding a consensus on a
gene or set of genes important to bone physiology. Few of the confounding variables include:
1) human genome heterogeneity, 2) human sample sizes, 3) epigenetic factors, and 4) sex and
age differences. These factors also pose limitations in characterizing gene to gene and gene to
environment interactions. The significant difference in biomechanical performance of C.B.4.2
mice supports our earlier inference that Ecel, encoding endothelin converting enzyme 1, can
potentially contribute to the effect of the QTL [10]. Ecel lies within both the C.B.4.3 and the
much smaller C.B.4.2 congenic segments, and thus is strengthened as a candidate gene by the
findings reported here.

Eighteen chromosome 4 congenic strains were derived from the distal portion of chromo-
some 4 in 4T mice [11]. In 4T-derived congenic strains, introduction of C3H sequence to the
B6 background had phenotypic effects on BMD, bone size and volume relative to B6 controls.
From this study, 10 QTL regions in the mid distal portion of chromosome 4 were identified.
Within these regions, 13 candidate genes, that may have functional implications on bone min-
eralization, size and architectural regulation, were inferred from mouse genome databases [11].
Interaction with other genes within the congenic segment also cannot be rule out. Currently,
there are no functional studies on the effect of these candidate genes on bone phenotypes. Our
lab has constructed both long (~20 Mb) and short congenic segment (~3 Mb) of the chromo-
some 4 QTL that contain one of the candidate genes, Ecel [10]. In addition, we have also done
mechanical studies and mid-diaphyseal geometry analysis of the bone. There are several differ-
ences between the 4T mice studies versus our congenic studies. Our congenic models used B10
alleles as the donor strain on a C3H background while the 4T mice used C3H alleles as the
donor strain on a B6 background. The 4T mice harbor ~40 Mb C3H segment while our C.B.4.3
and C.B.4.2 congenic mice harbor ~20 Mb and ~3 Mb B10 derived chromosome segment
respectively [12, 50]. In the 4T model, mice ulnae were used while we used femora for our
mechanical loading study. The 4T mice had larger total area and cortical area in comparison to
the B6 control group [12]. Similar findings were observed in our C.B.4.3 congenic strains, in
which mice homozygous for the C3H genotype have larger CSA relative to mice heterozygous
for C3H/B10 genotype and homozygous for B10 genotype. In our C.B.4.2 congenic group,
both homozygous C3H females and heterozygous C3H/B10 female mice had significantly
larger CSA than homozygous B10/B10 females. On average, 4T mice ulnae were slightly less
compliant then B6 mice, but the difference was not significant. In both C.B.4.3 and C.B.4.2
mice, the femora of mice homozygous for B10 genotypes were less ductile than the femora of
homozygous C3H mice. Both the 4T and our congenic models showed that chromosome
4 QTL harbors bone relevant genes that play important roles in the regulation of bone
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biomechanical performance. It has been reported that several QTLs have been mapped for
femoral width with highly significant linkage identified on chromosome 4 [51].

The work presented here has several strengths. The use of littermate controls controlled for
the potential presence of unidentified donor segments within the genome. In doing so, the
effect of genetic drift that may occur during the development of the congenic strains was also
eliminated. By studying both femora of each mouse, we obtained better phenotype estimates
than would be possible using only a single femur from each animal. By performing comprehen-
sive phenotyping of biomechanical performance and bone structure, we obtained a more
detailed characterization than would be achievable by either densitometry or micro-CT alone.
Finally, by studying both males and females, we were able to recognize genotype x sex
interactions.

There are also important limitations to the work presented here. Since DXA calculates
BMD using area, the method does not provide measurement of the volumetric BMD and there-
fore is biased in favor of larger bones. This limitation may contribute to our failure to find any
significant differences in BMD in these experiments. Mechanical testing is different from clini-
cal fractures but it provides a better assessment on bone performance than BMD measurement
alone. Biomechanical test are less reproducible than densitometry, in part due to reliance on
consistent specimen positioning for the 3 point bending test [52]. A similar limitation also
applies to the cross sectional geometry analysis. Both the long and short congenic segments
each contain several million bases of DNA, so it is impossible to attribute the phenotypic differ-
ences to a specific sequence variant. We have also only analyzed F2 progenies at 17 weeks;
therefore we did not address developmental phenotypes during growth or after maturity and
the phenotypes of aging bone. Since gonadectomy was not performed, we were unable to
address whether differences in the bone phenotypes between males and females are mediated
by hormonal regulation.

This study confirms our earlier findings from the recombinant congenic mouse, HcB-8 and
HcB-23 studies and justifies our ongoing functional studies of Ecel. Our congenic models also
showed consistent results with the previously reported phenotypes of 4T mice, despite the con-
verse donor/background combination. Nevertheless, until an in vivo demonstration of the
effect of Ecel on important bone phenotypes is provided, it must be considered as a candidate
gene within the various chromosome 4 congenic segments, rather than as the primary gene
underlying the major bone QTL in the region.

Supporting Information

S$1 File. In vivo measurements and tissue level mechanical performance of the congenic
mouse strains. C.B. 4.3 In vivo measurements (Table A in S1 File), Tissue Level Mechanical
Performance of C.B.4.3 Mice (Table B in S1 File), C.B. 4.2 In vivo measurements (Table C in S1
File), and Tissue Level Mechanical Performance of C.B.4.2 Mice (Table D in S1 File).

(DOCX)

Acknowledgments

We would like to thank Marc Drezner and Baozhi Yuan for helpful discussions. This material
is based on work supported in part by award 121 RX1440, by the Office of Research and Devel-
opment, Rehabilitation Research and Development Service, and a Merit Review Award from
the Office of Research and Development, Biomedical and Laboratory Research and Develop-
ment Service, the Department of Veterans Affairs, and performed in the Geriatrics Research,
Education, and Clinical Center at the William S. Middleton Memorial Veterans Hospital. The

PLOS ONE | DOI:10.1371/journal.pone.0148571 February 5, 2016 15/19


http://www.plosone.org/article/fetchSingleRepresentation.action?uri=info:doi/10.1371/journal.pone.0148571.s001

@’PLOS ‘ ONE

Pleiotropic Effect of Chromosome 4 QTL on Bone

views expressed here are those of the authors, and the contents do not represent the views of
the U.S. Department of Veterans Affairs or the United States Government.

Research reported in this publication was supported in part by National Institute of Arthri-
tis and Musculoskeletal and Skin Diseases of the National Institute of Health under Award
Number NTH AR54753. The content is solely the responsibility of the authors and does not
necessarily represent the official views of the National Institute of Health.

Author Contributions

Conceived and designed the experiments: JK SJL RDB. Performed the experiments: JK SJL
MG]J MP JF. Analyzed the data: JK FP RKZ. Contributed reagents/materials/analysis tools:
RDB SJL ABR. Wrote the paper: JK RDB ABR S]JL.

References

1.  Tommasini SM, Morgan TG, van der Meulen M, Jepsen KJ. Genetic variation in structure-function rela-
tionships for the inbred mouse lumbar vertebral body. Journal of bone and mineral research: the official
journal of theAmerican Society for Bone and Mineral Research. 2005; 20(5):817-27. Epub 2005/04/13.
doi: 10.1359/jbmr.041234 PMID: 15824855.

2. Tommasini SM, Hu B, Nadeau JH, Jepsen KJ. Phenotypic integration among trabecular and cortical
bone traits establishes mechanical functionality of inbred mouse vertebrae. Journal of bone and mineral
research: the official journal of the American Society for Bone and Mineral Research. 2009; 24(4):606—
20. Epub 2008/12/10. doi: 10.1359/jbmr.081224 PMID: 19063678; PubMed Central PMCID:
PMCPmMc2659510.

3. Smith LM, Bigelow EM, Nolan BT, Faillace ME, Nadeau JH, Jepsen KJ. Genetic perturbations that
impair functional trait interactions lead to reduced bone strength and increased fragility in mice. Bone.
2014; 67:130-8. Epub 2014/07/09. doi: 10.1016/j.bone.2014.06.035 PMID: 25003813; PubMed Cen-
tral PMCID: PMCPmc4413452.

4. Jepsen KJ. Functional interactions among morphologic and tissue quality traits define bone quality.
Clinical orthopaedics and related research. 2011; 469(8):2150-9. Epub 2010/12/03. doi: 10.1007/
$11999-010-1706-9 PMID: 21125361; PubMed Central PMCID: PMCPmc3126971.

5. Kammerer CM, Sparks ML, Rogers J. Effects of age, sex, and heredity on measures of bone mass in
baboons (Papio hamadryas). Journal of medical primatology. 1995; 24(4):236—42. Epub 1995/12/01.
PMID: 8750499.

6. Lipkin EW, Aumann CA, Newell-Morris LL. Evidence for common controls over inheritance of bone
quantity and body size from segregation analysis in a pedigreed colony of nonhuman primates (Macaca
nemestrina). Bone. 2001; 29(3):249-57. Epub 2001/09/15. PMID: 11557369.

7. EstradaK, Styrkarsdottir U, Evangelou E, Hsu YH, Duncan EL, Ntzani EE, et al. Genome-wide meta-
analysis identifies 56 bone mineral density loci and reveals 14 loci associated with risk of fracture.
Nature genetics. 2012; 44(5):491-501. Epub 2012/04/17. doi: 10.1038/ng.2249 PMID: 22504420;
PubMed Central PMCID: PMCPmc3338864.

8. Ackert-Bicknell CL, Karasik D, Li Q, Smith RV, Hsu YH, Churchill GA, et al. Mouse BMD quantitative
trait loci show improved concordance with human genome-wide association loci when recalculated on
a new, common mouse genetic map. Journal of bone and mineral research: the official journal of the
American Society for Bone and Mineral Research. 2010; 25(8):1808-20. Epub 2010/03/05. doi: 10.
1002/jbmr.72 PMID: 20200990; PubMed Central PMCID: PMCPmc3153351.

9. Clark EM, Tobias JH, Ness AR. Association between bone density and fractures in children: a system-
atic review and meta-analysis. Pediatrics. 2006; 117(2):e291-7. Epub 2006/02/03. doi: 10.1542/peds.
2005-1404 PMID: 16452336; PubMed Central PMCID: PMCPmc2742730.

10. Saless N, Litscher SJ, Lopez Franco GE, Houlihan MJ, Sudhakaran S, Raheem KA, et al. Quantitative
trait loci for biomechanical performance and femoral geometry in an intercross of recombinant congenic
mice: restriction of the Bmd7 candidate interval. FASEB journal: official publication of the Federation of
American Societies for Experimental Biology. 2009; 23(7):2142-54. Epub 2009/03/06. doi: 10.1096/f].
08-118679 PMID: 19261723.

11. Beamer WG, Shultz KL, Coombs HF 3rd, Horton LG, Donahue LR, Rosen CJ. Multiple quantitative trait
loci for cortical and trabecular bone regulation map to mid-distal mouse chromosome 4 that shares link-
age homology to human chromosome 1p36. Journal of bone and mineral research: the official journal
of the American Society for Bone and Mineral Research. 2012; 27(1):47-57. Epub 2011/10/28. doi: 10.
1002/jbmr.515 PMID: 22031020; PubMed Central PMCID: PMCPmc3460065.

PLOS ONE | DOI:10.1371/journal.pone.0148571 February 5, 2016 16/19


http://dx.doi.org/10.1359/jbmr.041234
http://www.ncbi.nlm.nih.gov/pubmed/15824855
http://dx.doi.org/10.1359/jbmr.081224
http://www.ncbi.nlm.nih.gov/pubmed/19063678
http://dx.doi.org/10.1016/j.bone.2014.06.035
http://www.ncbi.nlm.nih.gov/pubmed/25003813
http://dx.doi.org/10.1007/s11999-010-1706-9
http://dx.doi.org/10.1007/s11999-010-1706-9
http://www.ncbi.nlm.nih.gov/pubmed/21125361
http://www.ncbi.nlm.nih.gov/pubmed/8750499
http://www.ncbi.nlm.nih.gov/pubmed/11557369
http://dx.doi.org/10.1038/ng.2249
http://www.ncbi.nlm.nih.gov/pubmed/22504420
http://dx.doi.org/10.1002/jbmr.72
http://dx.doi.org/10.1002/jbmr.72
http://www.ncbi.nlm.nih.gov/pubmed/20200990
http://dx.doi.org/10.1542/peds.2005-1404
http://dx.doi.org/10.1542/peds.2005-1404
http://www.ncbi.nlm.nih.gov/pubmed/16452336
http://dx.doi.org/10.1096/fj.08-118679
http://dx.doi.org/10.1096/fj.08-118679
http://www.ncbi.nlm.nih.gov/pubmed/19261723
http://dx.doi.org/10.1002/jbmr.515
http://dx.doi.org/10.1002/jbmr.515
http://www.ncbi.nlm.nih.gov/pubmed/22031020

@’PLOS ‘ ONE

Pleiotropic Effect of Chromosome 4 QTL on Bone

12

13.

14.

15.

16.

17.

18.

19.

20.

21,

22,

23.

24.

25.

26.

27.

28.

Robling AG, Li J, Shultz KL, Beamer WG, Turner CH. Evidence for a skeletal mechanosensitivity gene
on mouse chromosome 4. FASEB journal: official publication of the Federation of American Societies
for Experimental Biology. 2003; 17(2):324—6. Epub 2002/12/20. doi: 10.1096/fj.02-0393fje PMID:
12490544.

Koller DL, Schriefer J, Sun Q, Shultz KL, Donahue LR, Rosen CJ, et al. Genetic effects for femoral bio-
mechanics, structure, and density in C57BL/6J and C3H/Hed inbred mouse strains. Journal of bone
and mineral research: the official journal of the American Society for Bone and Mineral Research. 2003;
18(10):1758-65. Epub 2003/10/31. doi: 10.1359/jbmr.2003.18.10.1758 PMID: 14584885.

Yershov Y, Baldini TH, Villagomez S, Young T, Martin ML, Bockman RS, et al. Bone strength and
related traits in HcB/Dem recombinant congenic mice. Journal of bone and mineral research: the official
journal of the American Society for Bone and Mineral Research. 2001; 16(6):992—1003. Epub 2001/06/
08. doi: 10.1359/jbmr.2001.16.6.992 PMID: 11393796.

Demant P, Hart AA. Recombinant congenic strains—a new tool for analyzing genetic traits determined
by more than one gene. Immunogenetics. 1986; 24(6):416-22. Epub 1986/01/01. PMID: 3793154.

Groot PC, Moen CJ, Dietrich W, Stoye JP, Lander ES, Demant P. The recombinant congenic strains for
analysis of multigenic traits: genetic composition. FASEB journal: official publication of the Federation
of American Societies for Experimental Biology. 1992; 6(10):2826—-35. Epub 1992/07/01. PMID:
1634045.

Stassen AP, Groot PC, Eppig JT, Demant P. Genetic composition of the recombinant congenic strains.
Mammalian genome: official journal of the International Mammalian Genome Society. 1996; 7(1):55-8.
Epub 1996/01/01. PMID: 8903730.

Blank RD, Baldini TH, Kaufman M, Bailey S, Gupta R, Yershov Y, et al. Spectroscopically determined
collagen Pyr/deH-DHLNL cross-link ratio and crystallinity indices differ markedly in recombinant con-
genic mice with divergent calculated bone tissue strength. Connective tissue research. 2003; 44(3—
4):134-42. Epub 2003/09/25. PMID: 14504033.

Saless N, Lopez Franco GE, Litscher S, Kattappuram RS, Houlihan MJ, Vanderby R, et al. Linkage
mapping of femoral material properties in a reciprocal intercross of HcB-8 and HcB-23 recombinant
mouse strains. Bone. 2010; 46(5):1251-9. Epub 2010/01/28. doi: 10.1016/j.bone.2010.01.375 PMID:
20102754; PubMed Central PMCID: PMCPmc2854180.

Saless N, Litscher SJ, Houlihan MJ, Han IK, Wilson D, Demant P, et al. Comprehensive skeletal pheno-
typing and linkage mapping in an intercross of recombinant congenic mouse strains HcB-8 and HcB-
23. Cells, tissues, organs. 2011; 194(2—4):244-8. Epub 2011/06/01. doi: 10.1159/000324774 PMID:
21625064; PubMed Central PMCID: PMCPmc3178085.

Saless N LS, Vanderby R, Demant P and Blank RD. Linkage mapping of principal components for fem-
oral biomechanical performance in a reciprocal HCB-8 x HCB-23 intercross. Bone. 2011; 48:647-53.
doi: 10.1016/j.bone.2010.10.165 PMID: 20969983

Callewaert F, Venken K, Kopchick JJ, Torcasio A, van Lenthe GH, Boonen S, et al. Sexual dimorphism
in cortical bone size and strength but not density is determined by independent and time-specific
actions of sex steroids and IGF-1: evidence from pubertal mouse models. Journal of bone and mineral
research: the official journal of the American Society for Bone and Mineral Research. 2010; 25(3):617—
26. Epub 2009/11/06. doi: 10.1359/jbmr.090828 PMID: 19888832.

Seeman E. Clinical review 137: Sexual dimorphism in skeletal size, density, and strength. The Journal
of clinical endocrinology and metabolism. 2001; 86(10):4576—-84. Epub 2001/10/16. doi: 10.1210/jcem.
86.10.7960 PMID: 11600506.

Seeman E. Pathogenesis of bone fragility in women and men. Lancet (London, England). 2002; 359
(9320):1841-50. Epub 2002/06/05. doi: 10.1016/s0140-6736(02)08706-8 PMID: 12044392.

Lindahl O, Lindgren GH. Cortical bone in man. 3. Variation of compressive strength with age and sex.
Acta orthopaedica Scandinavica. 1968; 39(2):129-35. Epub 1968/01/01. PMID: 5702193.

Oyster N. Sex differences in cancellous and cortical bone strength, bone mineral content and bone den-
sity. Age and ageing. 1992; 21(5):353—-6. Epub 1992/09/01. PMID: 1414672.

Nieves JW, Formica C, Ruffing J, Zion M, Garrett P, Lindsay R, et al. Males have larger skeletal size
and bone mass than females, despite comparable body size. Journal of bone and mineral research: the
official journal of the American Society for Bone and Mineral Research. 2005; 20(3):529-35. Epub
2005/03/05. doi: 10.1359/jbmr.041005 PMID: 15746999.

Riggs BL, Melton lii LJ 3rd, Robb RA, Camp JJ, Atkinson EJ, Peterson JM, et al. Population-based
study of age and sex differences in bone volumetric density, size, geometry, and structure at different
skeletal sites. Journal of bone and mineral research: the official journal of the American Society for
Bone and Mineral Research. 2004; 19(12):1945-54. Epub 2004/11/13. doi: 10.1359/jbmr.040916
PMID: 15537436.

PLOS ONE | DOI:10.1371/journal.pone.0148571

February 5, 2016 17/19


http://dx.doi.org/10.1096/fj.02-0393fje
http://www.ncbi.nlm.nih.gov/pubmed/12490544
http://dx.doi.org/10.1359/jbmr.2003.18.10.1758
http://www.ncbi.nlm.nih.gov/pubmed/14584885
http://dx.doi.org/10.1359/jbmr.2001.16.6.992
http://www.ncbi.nlm.nih.gov/pubmed/11393796
http://www.ncbi.nlm.nih.gov/pubmed/3793154
http://www.ncbi.nlm.nih.gov/pubmed/1634045
http://www.ncbi.nlm.nih.gov/pubmed/8903730
http://www.ncbi.nlm.nih.gov/pubmed/14504033
http://dx.doi.org/10.1016/j.bone.2010.01.375
http://www.ncbi.nlm.nih.gov/pubmed/20102754
http://dx.doi.org/10.1159/000324774
http://www.ncbi.nlm.nih.gov/pubmed/21625064
http://dx.doi.org/10.1016/j.bone.2010.10.165
http://www.ncbi.nlm.nih.gov/pubmed/20969983
http://dx.doi.org/10.1359/jbmr.090828
http://www.ncbi.nlm.nih.gov/pubmed/19888832
http://dx.doi.org/10.1210/jcem.86.10.7960
http://dx.doi.org/10.1210/jcem.86.10.7960
http://www.ncbi.nlm.nih.gov/pubmed/11600506
http://dx.doi.org/10.1016/s0140-6736(02)08706-8
http://www.ncbi.nlm.nih.gov/pubmed/12044392
http://www.ncbi.nlm.nih.gov/pubmed/5702193
http://www.ncbi.nlm.nih.gov/pubmed/1414672
http://dx.doi.org/10.1359/jbmr.041005
http://www.ncbi.nlm.nih.gov/pubmed/15746999
http://dx.doi.org/10.1359/jbmr.040916
http://www.ncbi.nlm.nih.gov/pubmed/15537436

@’PLOS ‘ ONE

Pleiotropic Effect of Chromosome 4 QTL on Bone

29.

30.

31.

32.

33.

34.

35.

36.

37.

38.

39.

40.

41.

42,

43.

44.

Kelly PJ, Twomey L, Sambrook PN, Eisman JA. Sex differences in peak adult bone mineral density.
Journal of bone and mineral research: the official journal of the American Society for Bone and Mineral
Research. 1990; 5(11):1169-75. Epub 1990/11/01. doi: 10.1002/jbmr.5650051112 PMID: 2270779.

Jones BH, Thacker SB, Gilchrist J, Kimsey CD Jr., Sosin DM. Prevention of lower extremity stress frac-
tures in athletes and soldiers: a systematic review. Epidemiologic reviews. 2002; 24(2):228-47. Epub
2003/05/24. PMID: 12762095.

Dennison E, Mohamed MA, Cooper C. Epidemiology of osteoporosis. Rheumatic diseases clinics of
North America. 2006; 32(4):617—29. Epub 2007/02/10. doi: 10.1016/j.rdc.2006.08.003 PMID:
17288968.

Delahunty KM, Shultz KL, Gronowicz GA, Koczon-Jaremko B, Adamo ML, Horton LG, et al. Congenic
mice provide in vivo evidence for a genetic locus that modulates serum insulin-like growth factor-l and
bone acquisition. Endocrinology. 2006; 147(8):3915-23. Epub 2006/05/06. doi: 10.1210/en.2006-0277
PMID: 16675518.

Katsumura T, Oda S, Nakagome S, Hanihara T, Kataoka H, Mitani H, et al. Natural allelic variations of
xenobiotic-metabolizing enzymes affect sexual dimorphism in Oryzias latipes. Proceedings Biological
sciences / The Royal Society. 2014; 281(1797). Epub 2014/11/08. doi: 10.1098/rspb.2014.2259 PMID:
25377463; PubMed Central PMCID: PMCPmc4241003.

McCaffery JM, Bleil M, Pogue-Geile MF, Ferrell RE, Manuck SB. Allelic variation in the serotonin trans-
porter gene-linked polymorphic region (5-HTTLPR) and cardiovascular reactivity in young adult male
and female twins of European-American descent. Psychosomatic medicine. 2003; 65(5):721-8. Epub
2003/09/26. PMID: 14508012.

Visscher PM, Haley CS, Thompson R. Marker-assisted introgression in backcross breeding programs.
Genetics. 1996; 144(4):1923-32. Epub 1996/12/01. PMID: 8978075; PubMed Central PMCID:
PMCPmc1207739.

Beamer WG, Donahue LR, Rosen CJ, Baylink DJ. Genetic variability in adult bone density among
inbred strains of mice. Bone. 1996; 18(5):397—403. Epub 1996/05/01. PMID: 8739896.

Lopez Franco GE, O'Neil TK, Litscher SJ, Urban-Piette M, Blank RD. Accuracy and precision of PIXI-
mus densitometry for ex vivo mouse long bones: comparison of technique and software version. Jour-
nal of clinical densitometry: the official journal of the International Society for Clinical Densitometry.
2004; 7(3):326-33. Epub 2004/08/21. PMID: 15319505.

Shultz KL, Donahue LR, Bouxsein ML, Baylink DJ, Rosen CJ, Beamer WG. Congenic strains of mice
for verification and genetic decomposition of quantitative trait loci for femoral bone mineral density.
Journal of bone and mineral research: the official journal of the American Society for Bone and Mineral
Research. 2003; 18(2):175-85. Epub 2003/02/06. doi: 10.1359/jbmr.2003.18.2.175 PMID: 12568393.

Beamer WG, Shultz KL, Donahue LR, Churchill GA, Sen S, Wergedal JR, et al. Quantitative trait loci for
femoral and lumbar vertebral bone mineral density in C57BL/6J and C3h/HeJ inbred strains of mice.
(2001). Journal of bone and mineral research: the official journal of the American Society for Bone and
Mineral Research. 2005; 20(9):1701-12; discussion 0. Epub 2005/10/14. doi: 10.1359/jbmr.2005.20.9.
1700 PMID: 162206009.

Kesavan C, Mohan S, Srivastava AK, Kapoor S, Wergedal JE, Yu H, et al. Identification of genetic loci
that regulate bone adaptive response to mechanical loading in C57BL/6J and C3H/HedJ mice inter-
cross. Bone. 2006; 39(3):634—43. Epub 2006/05/23. doi: 10.1016/j.bone.2006.03.005 PMID:
16713414.

Devoto M, Spotila LD, Stabley DL, Wharton GN, Rydbeck H, Korkko J, et al. Univariate and bivariate
variance component linkage analysis of a whole-genome scan for loci contributing to bone mineral den-
sity. European journal of human genetics: EJHG. 2005; 13(6):781-8. Epub 2005/04/14. doi: 10.1038/sj.
ejhg.5201411 PMID: 15827564.

Karasik D, Cupples LA, Hannan MT, Kiel DP. Genome screen for a combined bone phenotype using
principal component analysis: the Framingham study. Bone. 2004; 34(3):547-56. Epub 2004/03/09.
doi: 10.1016/j.bone.2003.11.017 PMID: 15003802.

Streeten EA, McBride DJ, Pollin TI, Ryan K, Shapiro J, Ott S, et al. Quantitative trait loci for BMD identi-
fied by autosome-wide linkage scan to chromosomes 7q and 21q in men from the Amish Family Osteo-
porosis Study. Journal of bone and mineral research: the official journal of the American Society for
Bone and Mineral Research. 2006; 21(9):1433—42. Epub 2006/08/31. doi: 10.1359/jbmr.060602 PMID:
16939402.

Xiao P, Shen H, Guo YF, Xiong DH, Liu YZ, Liu YJ, et al. Genomic regions identified for BMD in a large
sample including epistatic interactions and gender-specific effects. Journal of bone and mineral
research: the official journal of the American Society for Bone and Mineral Research. 2006; 21
(10):1536—44. Epub 2006/09/26. doi: 10.1359/jbmr.060717 PMID: 16995807.

PLOS ONE | DOI:10.1371/journal.pone.0148571

February 5,2016 18/19


http://dx.doi.org/10.1002/jbmr.5650051112
http://www.ncbi.nlm.nih.gov/pubmed/2270779
http://www.ncbi.nlm.nih.gov/pubmed/12762095
http://dx.doi.org/10.1016/j.rdc.2006.08.003
http://www.ncbi.nlm.nih.gov/pubmed/17288968
http://dx.doi.org/10.1210/en.2006-0277
http://www.ncbi.nlm.nih.gov/pubmed/16675518
http://dx.doi.org/10.1098/rspb.2014.2259
http://www.ncbi.nlm.nih.gov/pubmed/25377463
http://www.ncbi.nlm.nih.gov/pubmed/14508012
http://www.ncbi.nlm.nih.gov/pubmed/8978075
http://www.ncbi.nlm.nih.gov/pubmed/8739896
http://www.ncbi.nlm.nih.gov/pubmed/15319505
http://dx.doi.org/10.1359/jbmr.2003.18.2.175
http://www.ncbi.nlm.nih.gov/pubmed/12568393
http://dx.doi.org/10.1359/jbmr.2005.20.9.1700
http://dx.doi.org/10.1359/jbmr.2005.20.9.1700
http://www.ncbi.nlm.nih.gov/pubmed/16220609
http://dx.doi.org/10.1016/j.bone.2006.03.005
http://www.ncbi.nlm.nih.gov/pubmed/16713414
http://dx.doi.org/10.1038/sj.ejhg.5201411
http://dx.doi.org/10.1038/sj.ejhg.5201411
http://www.ncbi.nlm.nih.gov/pubmed/15827564
http://dx.doi.org/10.1016/j.bone.2003.11.017
http://www.ncbi.nlm.nih.gov/pubmed/15003802
http://dx.doi.org/10.1359/jbmr.060602
http://www.ncbi.nlm.nih.gov/pubmed/16939402
http://dx.doi.org/10.1359/jbmr.060717
http://www.ncbi.nlm.nih.gov/pubmed/16995807

@’PLOS ‘ ONE

Pleiotropic Effect of Chromosome 4 QTL on Bone

45.

46.

47.

48.

49.

50.

51.

52.

Agueda L, Urreizti R, Bustamante M, Jurado S, Garcia-Giralt N, Diez-Perez A, et al. Analysis of three
functional polymorphisms in relation to osteoporosis phenotypes: replication in a Spanish cohort. Calci-
fied tissue international. 2010; 87(1):14—-24. Epub 2010/04/15. doi: 10.1007/s00223-010-9361-4 PMID:
20390408.

Ermakov S, Toliat MR, Cohen Z, Malkin I, Altmuller J, Livshits G, et al. Association of ALPL and ENPP1
gene polymorphisms with bone strength related skeletal traits in a Chuvashian population. Bone. 2010;
46(5):1244-50. Epub 2009/11/26. doi: 10.1016/j.bone.2009.11.018 PMID: 19931660.

Huang QY, Li GH, Kung AW. Multiple osteoporosis susceptibility genes on chromosome 1p36 in Chi-
nese. Bone. 2009; 44(5):984-8. Epub 2009/05/16. doi: 10.1016/j.bone.2009.01.368 PMID: 19442614,

Xiong DH, Shen H, Zhao LJ, Xiao P, Yang TL, Guo Y, et al. Robust and comprehensive analysis of 20
osteoporosis candidate genes by very high-density single-nucleotide polymorphism screen among 405
white nuclear families identified significant association and gene-gene interaction. Journal of bone and
mineral research: the official journal of the American Society for Bone and Mineral Research. 2006; 21
(11):1678-95. Epub 2006/09/28. doi: 10.1359/jomr.060808 PMID: 17002564; PubMed Central PMCID:
PMCPmc1829486.

Zhang H, Sol-Church K, Rydbeck H, Stabley D, Spotila LD, Devoto M. High resolution linkage and link-
age disequilibrium analyses of chromosome 1p36 SNPs identify new positional candidate genes for
low bone mineral density. Osteoporosis international: a journal established as result of cooperation
between the European Foundation for Osteoporosis and the National Osteoporosis Foundation of the
USA. 2009; 20(2):341-6. Epub 2008/07/04. doi: 10.1007/s00198-008-0668-1 PMID: 18597038.

Robling AG, Warden SJ, Shultz KL, Beamer WG, Turner CH. Genetic effects on bone mechanotrans-
duction in congenic mice harboring bone size and strength quantitative trait loci. Journal of bone and
mineral research: the official journal of the American Society for Bone and Mineral Research. 2007; 22
(7):984-91. Epub 2007/03/21. doi: 10.1359/jbmr.070327 PMID: 17371164.

Turner CH, Hsieh YF, Muller R, Bouxsein ML, Rosen CJ, McCrann ME, et al. Variation in bone bio-
mechanical properties, microstructure, and density in BXH recombinant inbred mice. Journal of bone
and mineral research: the official journal of the American Society for Bone and Mineral Research. 2001;
16(2):206—13. Epub 2001/02/24. doi: 10.1359/jbmr.2001.16.2.206 PMID: 11204420.

Leppanen OV, Sievanen H, Jarvinen TL. Biomechanical testing in experimental bone interventions—
May the power be with you. Journal of biomechanics. 2008; 41(8):1623-31. Epub 2008/05/08. doi: 10.
1016/j.jpiomech.2008.03.017 PMID: 18460409.

PLOS ONE | DOI:10.1371/journal.pone.0148571

February 5,2016 19/19


http://dx.doi.org/10.1007/s00223-010-9361-4
http://www.ncbi.nlm.nih.gov/pubmed/20390408
http://dx.doi.org/10.1016/j.bone.2009.11.018
http://www.ncbi.nlm.nih.gov/pubmed/19931660
http://dx.doi.org/10.1016/j.bone.2009.01.368
http://www.ncbi.nlm.nih.gov/pubmed/19442614
http://dx.doi.org/10.1359/jbmr.060808
http://www.ncbi.nlm.nih.gov/pubmed/17002564
http://dx.doi.org/10.1007/s00198-008-0668-1
http://www.ncbi.nlm.nih.gov/pubmed/18597038
http://dx.doi.org/10.1359/jbmr.070327
http://www.ncbi.nlm.nih.gov/pubmed/17371164
http://dx.doi.org/10.1359/jbmr.2001.16.2.206
http://www.ncbi.nlm.nih.gov/pubmed/11204420
http://dx.doi.org/10.1016/j.jbiomech.2008.03.017
http://dx.doi.org/10.1016/j.jbiomech.2008.03.017
http://www.ncbi.nlm.nih.gov/pubmed/18460409

