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Abstract

Studies of bone genetics have addressed an array of related phenotypes, including various
measures of biomechanical performance, bone size, bone, shape, and bone mineral density. These
phenotypes are not independent, resulting in redundancy of the information they provide. Principal
component (PC) analysis transforms multiple phenotype data to a new set of orthogonal
“synthetic” phenotypes. We performed PC analysis on 17 femoral biomechanical, anatomic, and
body size phenotypes in a reciprocal intercross of HcB-8 and HeB-23, accounting for 80% of the
variance in 4 PCs. Three of the 4 PCs were mapped in the cross. The linkage analysis revealed a
quantitative trait locus (QTL) with LOD = 4.7 for PC2 at 16 cM on chromosome 19 that was not
detected using the directly measured phenotypes. The chromosome 19 QTL falls within a ~10
megabase interval, with Osf1 as a positional candidate gene. PC QTLs were also found on
chromosomes 1, 2, 4, 6, and 10 that coincided with those identified for directly measured or
calculated material property phenotypes. The novel chromosome 19 QTL illustrates the power
advantage that attends use of PC phenotypes for linkage mapping. Constraint of the chromosome
19 candidate interval illustrates an important advantage of experimental crosses between
recombinant congenic mouse strains.
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INTRODUCTION

Bone biomechanical performance is complex, encompassing several different interrelated
properties, each of which is subject to both genetic and environmental variability. Because
fracture is an important health problem, there is great interest in gaining detailed
understanding of the mechanisms by which bone biomechanical performance is determined.
Studies of bone genetics have therefore addressed an array of related phenotypes, including
various measures of biomechanical performance, bone size, bone shape, volumetric bone
mineral density (BMD), and areal BMD. Covariation among these phenotypes is well-
established [1,2], leading some to assert that the biomechanical phenotypes of energy to
failure, yield load, and maximum load are essentially equivalent [3].

While there is little doubt that biomechanical phenotypes are partially redundant, it is
nevertheless useful to attempt to extract the unique information from each, as this can
provide a more complete understanding of the mechanisms underlying fracture
susceptibility. One approach to this challenge is to apply principal component (PC) analysis
to the data [4]. PC analysis transforms the original phenotypes to an equal number of
orthogonal PCs, each defined as a specific linear combination of the original phenotypes.
Traditionally, further analysis is limited to the subset of PCs with Eigenvalues > 1, thus
reducing the dimensionality of the data from k directly measured phenotypes to m (< k)
PCs. Furthermore, in the best case scenario, the PCs are more robust as phenotypes for
genetic analysis than any of the contributing phenotypes, thus allowing identification of
genes that could not be found using directly measured phenotypes. These advantages have a
price, however, as the PCs are “virtual” phenotypes whose biological interpretation may not
be obvious.

We recently performed a reciprocal intercross of the recombinant congenic strains HcB-8
and HcB-23 [5], in which we studied a group of phenotypes encompassing body size,
femoral diaphysis size and shape, and femoral biomechanical performance [6]. Here, we
report PC analysis of the original data and linkage mapping of the PCs. This analysis was
undertaken to gain insight into bone biology that we could not obtain from studying the
directly measured phenotypes themselves. We achieve substantial dimensional reduction of
the data, accounting for 80% of the phenotypic variance within the first 4 PCs. Linkage
mapping identifies a QTL on chromosome 19 that was undetected in the original study.
Finding a QTL on chromosome 19 that was not detected with any of the directly measured
phenotypes demonstrates that we were successful in this endeavor.

MATERIALS AND METHODS

Mice

The parental mice in this study were the recombinant congenic strains HcB-8 and HcB-23,
produced by inbreeding N3 C3H/DiSnA (C3H) x C57BL/10ScSnA (B10) mice to fixation
[5]. This breeding program resulted in inbred strains harboring alleles of B10 origin at
approximately 1/8 of the genome on a C3H background. Therefore, only approximately ¥4 of
the genome segregates in an intercross of HcB-8 and HcB-23, with the remaining portions of
the genome fixed for the same allele in both parental strains. We performed a reciprocal F2
intercross and maintained the animals to an age of 17 + 1 weeks, as this is the age at which
mice achieve peak bone mass [7]. Mice were housed 2-5 mice per 500cm? cages, with 12h
light-dark cycling, given autoclaved tap water and fed laboratory rodent chow 5001 (PMI
Nutrition International, Richmond, IN) ad lib. Animals were euthanized by CO, inhalation,
following AVMA recommendation. Immediately following sacrifice, animals were weighed
and measured (rostro-anal length), viscera were harvested for DNA isolation (Puregene),
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and femora and humeri were dissected free of soft tissue for additional phenotyping. Bones
were wrapped in phosphate buffered saline-saturated gauze and stored frozen at —70°. The
animal protocol was approved by the University of Wisconsin and the William S. Middleton
Memorial Veterans’ Hospital IACUCs.

We measured areal BMD of isolated femora by DXA as previously described [8]. 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 for linkage
analysis.

We tested femoral diaphysis biomechanical performance by quasi-static 3-point bending
under displacement control at a rate of 0.3 mm/sec, with a support span of 7.5 mm as
previously described [6]. This produces a mid-diaphyseal fracture directly below the
crosshead. By using the femoral condyles and the 37 trochanter as anatomical landmarks to
position bones consistently, the testing protocol produces highly reproducible fractures. We
obtained the periosteal perimeter, cortical cross-sectional area, outer and inner major and
minor axis lengths, shape factor (ratio of outer major axis length to outer minor axis length),
and cross-sectional moment of inertia from digital photographs [6].

Body mass, rostro-anal length, femoral BMD, elastic deflection, post-yield deflection, yield
load, maximum load, stiffness, femoral cross-sectional area, femoral periosteal perimeter,
femoral inner major and minor axis lengths, femoral outer major and minor axis lengths,
femoral diaphyseal shape factor, and femoral diaphyseal cross-sectional moment of inertia
were included as input variables. Prior to analysis, normalizing transformations were applied
to the directly measured phenotypes and the resulting data were standardized as Z-scores.
The PC analysis was performed with the R function prcomp [9-11].

Genotyping and linkage analysis

HcB-8 and HcB-23 share the same alleles over approximately % of the genome. We
genotyped the F2 progeny at 41 microsatellite markers where HcB-8 and HcB-23 harbor
different alleles [12], using standard methods. Markers and complete reaction conditions are
listed in table 1. Map positions of markers and genes are based the Mouse Genome Database
(build 37) (http://www.informatics.jax.org/genes.shtml) [13]. We adjusted the locations of
D1Mit105 and D3Mit199 to reflect the observed recombination frequencies in our cross [6].
We further refined the genetic map with the est.map function within R/qtl.

We performed the primary linkage analysis by interval mapping [14] as implemented in R/
gtl [15], using the Haley-Knott regression method [16] We performed the linkage analysis
using sex and cross arm as additive covariates (.i.e. phenotypes adjusted by linear regression
for sex and cross direction). We performed secondary analyses by composite interval
mapping analysis [17] and multiple trait linkage analysis [18] as implemented in QTL
Cartographer [19,20]. For tests of QTL interactions with sex, cross direction, or both, we
explicitly compared the covariate in question as an interactive covariate in the full linkage
model and compared it to a model in which both sex and cross direction were treated as
additive covariates. The interaction LOD score is the difference between full model LOD
score and additive model LOD score [15,21]. We established significance thresholds
empirically by permutation tests [22]. For the interaction tests, we used the same seed value
to ensure that the permutation tests examined the same simulated data sets. The additive
model includes 2 degrees of freedom (additive and dominance effects), and the interactive
models include an additional 2 degrees of freedom for each included interactive factor
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(factor x QTL additive effect and factor x QTL dominance effect). Thus, the full model
including interactions for both sex and cross direction has 6 degrees of freedom. The
significance threshold for the interaction test was experiment-wide p < 0.05.

Other statistical analyses

Correlations between pairs of phenotypes were measured on the transformed, normalized
data. Comparisons of intercross subgroups were by 2-way ANOVA, with sex and cross
direction as factors, with post hoc evaluation of significant differences between groups by
the Holm-Sidak test. If necessary, we transformed the data to satisfy the assumptions of
parametric statistical testing or used the non-parametric rank sum test or ANOVA on ranks
when we were unable to normalize the data. To determine the appropriate correction for
multiple comparisons in the correlation analysis, we adapted a regression method originally
developed for linkage mapping [23]. Statistical analyses were performed with SigmaStat 3.0
(SPSS). Summary data are shown as mean + SEM.

RESULTS

Basic characteristics of the cross and correlations among directly measured phenotypes

We studied a total F2 progeny of 603 animals, including 124 8x23 females, 169 8x23 males,
163 23 x 8 females, and 147 23x8 males. The disparities in the numbers of males and
females within the cross arms do not reflect differential survival, but simply pragmatic
animal husbandry considerations. Phenotypic measures used for principal components
analysis included geometric, biomechanical, and body size measurements. These were
chosen to match phenotypes included in our published whole bone phenotype linkage
mapping in the same cross [6]. Geometric measurements of the plane of fracture in the
femoral mid-diaphysis included inner and outer axis lengths, shape factor, perimeter, cross-
sectional area, and cross-sectional moment of inertia. Biomechanical measurements obtained
from 3 point bending of the femora included elastic and post-yield deflection during 3 point
bending, stiffness, yield load, maximum load, and energy to failure. Other measurements
included body mass, rostro-anal length, and femoral bone mineral density by DXA.

Table 1 shows the correlations between each pair of phenotypes. The high correlation
among them is unsurprising, as the phenotypes are related to each other. To the extent that
they are correlated, the phenotypes reflect redundant information. Indeed, application of a
regression-based method for estimating the number of independent tests in correlated data
sets reveals that our data contain 6.9 independent tests. The Bonferroni-adjusted significance
threshold for the correlation analysis is therefore p < 0.0725.

Principal components analysis

PC analysis expresses the experimental data as a linear function of orthogonal (i.e.
statistically independent) principal components (PCs). We achieved a substantial
dimensional reduction of our data set, with the first 4 PCs accounting for nearly 80% of the
total variance of the 17 phenotype set. These 4 PCs each had an Eigenvalue > 1, the standard
criterion for retention in subsequent analyses. The results are summarized in table 2, while
the Eigenvectors are given in table 3.

Because the PCs were calculated from standardized phenotypes, inspection of the rotations
in each Eigenvector provides some insight into the heuristic interpretation of what the PCs
represent (table 3). PC1 represents a combination of size and stiffness, with approximately
equal contributions from outer minor axis, outer major axis, perimeter, cross-sectional area,
stiffness, and cross-sectional moment of inertia. PC2 represents size without mechanical
performance, including large negative contributions from yield load, maximum load,
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stiffness, energy to failure, and BMD and large positive contributions from inner minor axis,
inner major axis, outer major axis, and shape factor. PC3 is roughly analogous to ductility,
with its large positive contributions from post-yield deflection and energy to failure, but
negative contributions from yield load, maximum load, and stiffness. PC4 has its largest
positive contributions from inner minor axis and outer minor axis, with large negative
contributions from elastic deflection and shape factor.

The parental strains in this experiment, HcB-8 and HcB-23, were chosen because previous
study of biomechanical performance and bone geometry had revealed significant differences
between them. It is therefore useful to determine the extent to which they differ in their PC
phenotypes, which are summarized in table 4. All 4 PCs differ between the parental strains,
with p <0.001 for PCs 1, 2, and 3, and p = 0.020 for PC4. PCs 1 (p = 0.015), 2 (p <0.001),
and 3 (p = 0.014) also display differences between females and males. None of the PCs
demonstrate a significant strain x sex interaction.

PC Linkage Mapping

We performed linkage analysis of the first 4 principal components. No QTLs for PC3 were
detected in either the entire F2 progeny or in most of the subgroups, while the other 3
principal components all yielded several significant QTLs. Figure 1, table 5, and
supplementary figure 1 summarize the results, and show the linkage signals on
chromosomes 1, 2, 4, 10, and 19 in the full F2 population and the various sex and cross
direction defined subgroups. The calculated effect sizes are summarized in table 6. The
mapped QTLSs, sex, and cross direction account for 40% of the PC1 variance, 51% of the
PC2 variance, 6% of the PC3 variance, and 18% of the PC4 variance. Table 7 and
supplementary figure 1 summarize the QTL x sex and QTL x cross direction interactions. A
QTL x sex interaction exists when a QTL has a significantly more powerful effect in one sex
than the other. A QTL x cross direction may indicate the existence of a maternal effect or
genomic imprinting.

The chromosome 19 linkage signal was not apparent in the linkage mapping of the directly
measured or calculated material property phenotypes, but those on the other 4 chromosomes
coincide with QTLs for directly measured bone phenotypes that we previously reported
[6,24]. Interestingly, the chromosome 4 QTL that we found to affect bone geometry, BMD,
and whole bone biomechanical performance shows significant linkage to PC1, PC2, and
PC4. Thus, both at the level of whole bone biomechanical performance and structure and at
the level of PCs, the chromosome 4 QTL is highly pleiotropic. Also paralleling the findings
in direct phenotype linkage mapping, the PC1 QTL on proximal chromosome 6 is limited to
males (tables 5 and 7), thus revealing a QTL X sex interaction.

DISCUSSION

We performed PC analysis of femoral anatomy, biomechanical performance, and body size
phenotypes in a reciprocal F2 intercross of HcB-8 and HcB-23. The first 4 PCs account for
80% of the phenotypic variance, and PCs 1, 2, and 4 could be mapped genetically. Use of
PC “virtual” phenotypes reveals a putative QTL on chromosome 19 that was not detected
with either whole bone or material level phenotypes [6,24]. The QTLs on chromosomes 1, 4,
6, and 10 coincide with those found in those analyses.

The QTL for PC2 on chromosome 19, however, was undetected in either the whole bone
properties. The informative segment of chromosome 19 is short, with D19Mit41 the only
known marker known to be informative between HcB-8 and HcB-23. The closest markers
presently known not to be included within the informative segment are the SNPs rs68186
and rs3726735, located at 14,655,411 and 24,707,628 bp from the centromere, respectively.
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This 10 megabase candidate region includes 32 annotated genes and a similar number of
uncharacterized transcripts [13]. The mouse SNP database identifies 22/84 SNP
polymorphisms between C57BL/10ScSnJ and C3H/HeSnJ, the strains most closely related
to the HcB’s progenitors that are included in the SNP database [25]. These strains have only
been genotyped at low density, but the region includes 3508 imputed polymorphisms
between C57BL/10J and C3H/HeJ [25]. Among the genes in the interval, Ostf1, encoding
osteoclast stimulating factor 1 is an obvious positional candidate gene. Ostf1 was first
identified as an intracellular signaling protein that promotes osteoclast maturation and
activity [26], and originally isolated from mouse embryo cDNA on the basis of containing a
SRC3 domain [27]. This gene is an attractive candidate because the PC2 loading is heavily
weighted by inner minor and inner major axis length (table 3), phenotypes that reflect the
size of the marrow space. This region might overlap two previously reported QTLs for tibial
yield stress [28] and markers of anabolic response to mechanical loading [29]. The region
may, but is unlikely to, coincide with a recently reported QTL for femoral robustness [30].
The robustness QTL is located distal to ours, and was detected in a different genetic
background. In our prior work [6], we mapped “slenderness,” which is the inverse of
robustness and did not detect any evidence of linkage to chromosome 19.

In any analysis of multiple related outcomes, determining which are most important poses a
challenge. This is particularly true of the outcomes that are known to share some
determinants. A starting point is to generate a correlation matrix in which each pair of
outcomes is studied for covariation, as we have done in table 1. At this point, two basic
strategies are possible. The first is to develop a multiple regression model in which one
“primary” outcome is expressed as a function of several of the other “explanatory”
outcomes. This approach has several fundamental problems. First, there is no convincing, a
priori way to assign one outcome as being primary. Second, use of a stepwise heuristic,
necessary to avoid model overfitting, may result in the explanatory outcomes being
significantly correlated with each other, so that the final model expresses redundant
information in the guise of distinct contributions to the “primary” outcome.

Principal component analysis takes a different approach. Each individual animal’s
phenotypes can be considered as a vector with one dimension for each phenotype, seventeen
dimensions in our case. The analysis finds the best 17-dimensional regression line to fit all
the data by least squares, and defines this as the new X axis, or PC1. The best fitting line
through the residuals is then chosen as PC2, with the constraint that it must be orthogonal
(multidimensionally perpendicular) to PC1. This process is repeated iteratively until the
number of principal components equals the number of phenotypes-1. The last PC is then the
residual after the remaining PCs have been chosen as the best fitting orthogonal regression
lines of the residuals. Downstream analyses are then limited to the subset of PCs that have
larger than average contributions to the overall phenotypic variance, as embodied
mathematically by an Eigenvalue > 1.

It is natural to wonder about the impact of including or omitting any particular input
phenotype on the resulting PC analysis. This depends on the trait one chooses to omit. In
general, omitting a trait that is highly correlated with multiple other traits will have little
effect, while omitting a trait that is poorly correlated with the other traits has a large effect.

Several other groups have used PC analysis to study bone [31-39]. Most of these studies
have used PCs to sample multiple sites with a single methodology, effectively using PCs as
a tool to detect pleiotropic QTLs. Notable exceptions to this are [33], in which both DXA
and quantitative ultrasound were used in a human population, and [31], in which
biomechanical performance, bone anatomy, and BMD of the femur were studied. Other
investigators performing a similar analysis observed a robust QTL on chromosome 4, but in
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their analysis, the linkage peak was concentrated within a single principal component [31],
while in our experiment the linkage is distributed among 3 principal components.

The QTL on chromosome 4 is pleiotropic both with regard to PCs and with regard to
directly measured phenotypes. It is linked to 10 directly measured phenotypes {Saless, 2009
#106}, yet is unlinked to any calculated material property phenotypes {Saless, 2010 #124}.
While pleiotropy is an attractive explanation for covariation among traits, it is also
indicative of the existence of a “physiological gap” between the pleiotropic gene’s primary
function and the studied phenotypes. Pleiotropy is helpful insofar as positional candidate
genes can be prioritized on the basis of known biology that relates the multiple pleiotropic
phenotypes to a single mechanism. We have interpreted this pattern of findings as
suggesting that the QTL’s primary phenotype is to modulate the amount of cell proliferation
in response to loading and that the other phenotypes are all consequences of the difference in
the bone modeling response [6,24]. Should this interpretation be correct, then the effects of
differential modeling should also be apparent at sites other than the femur.

Theoretical and simulation-based studies predict that incorporation of multiple phenotypes
increases the statistical power to detect QTLs for complex traits [40]. Further, these authors
emphasize that the greatest increase in power occurs when an allele’s effect is opposite in
direction for the included traits. This condition is satisfied on chromosome 10, where the
QTL for PC1 (HcB-23 allele increases) coincides with QTLs for BMD (HcB-23 allele
increases) and toughness (HcB-8 allele increases) [6,24]. On average, use of PCs improves
the statistical power to find QTLs. However, this is not always sufficient to allow a QTL to
be found. Our data illustrate both aspects of this. On the positive side, we were able to map a
QTL on chromosome 19 that we did not detect when we mapped any of the original
phenotypes. The remaining PC QTLs coincide with linkage peaks for one or more “natural”
phenotypes. This validates the overall analysis at an empirical level. However, our failure to
map any QTLs for PC3 shows that the additional statistical power is not necessarily
sufficient to allow a QTL to be mapped. There are 2 alternative interpretations: PC3 is not
heritable or measurements of the phenotypes that contribute most to PC3 are too imprecise
to allow us to discern the underlying genetics. Our data do not allow us to distinguish
between these alternatives.

The work reported here has several strengths. The choice of HcB recombinant congenic
mice as parental strains reduced the effective genome size in our cross. This resulted in
increased statistical power, as reflected by the lower significance thresholds for linkage than
are encountered in whole-genome linkage scans. In a whole genome mouse intercross, the
expected 5% experiment-wide significance threshold is a LOD score of 4.3 [41], while in
our experiment permutation testing showed experiment-wide significance at LOD scores
between 2.7 and 2.9, depending on the phenotype. This has the practical consequence of
increasing the sensitivity of the experiment for finding QTLs. Recombination during the
construction of the HcB strains also led to the shortening of individual donor chromosome
segments by crossing over during the inbreeding process. The locations of the recombination
events, in turn, constrained the possible locations of mapped QTLSs.

Limitations of our study should also be noted. Using recombinant congenic strains as
parental strains made it impossible for us to detect bone QTLs in genomic regions where
HcB-8 and HcB-23 harbor the same allele. The endpoints of the informative chromosome
regions have not been precisely localized. We have analyzed the bone properties of the F2
progeny only at a single age, so our results are unable to address developmental phenotypes
either during growth or following maturity. The biological interpretation of the principal
components is also potentially problematic, as they are synthetic phenotypes. We had hoped
that the limited power of biomechanical testing [42], particularly in the context of measuring
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plasticity, energy absorption, and their material equivalents, strain and toughness, might be
mitigated by the use of principal component analysis. However, PC3, the PC that
corresponds best to these properties, proved to be unsuitable for linkage analysis.

In summary, we performed a PCs analysis of bone biomechanical, geometric, and body size
phenotypes and found that 80% of the total phenotypic variation could be accounted for in
the first 4 principal components. Three of the 4 PCs were successfully mapped, and the PC
QTLs confirmed QTLs identified by linkage mapping of either the directly measured
phenotypes or the calculated material properties on chromosomes 1, 2, 4, 6, and 10. A QTL
for PC2 has been mapped to a 10 megabase region of chromosome 19, which was not
detected using either whole bone or calculated material property phenotypes.

Supplementary Material

Refer to Web version on PubMed Central for supplementary material.
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Figure 1. Linkage Map of the PCs
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Location in cM, limited to informative chromosome regions is shown on the X axis. LOD

score is shown on the Y axis. PC 1 = red, PC 2 = black, PC3 = blue, PC 4 = green.

Chromosome 19 is omitted because it contains only a single informative locus; its linkage

data are given in tables 4 and 5. Linkage maps for the subgroups are provided as

supplementary figure 1.
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Principal Components Analysis

PC1 | PC2 | PC3 | PC4

Eigenvalue 291 1.44 1.29 117
R2 0.496 | 0.122 | 0.098 | 0.081
cumulative r2 | 0.496 | 0.619 | 0.717 | 0.797
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Table 4
PC Phenotypes of HcB-8 and HcB-23
HcB-8 HcB-23

Females (N=5) | Males (N=7) | Females (N =14) | Males (N = 16)
pcil2 | —2.49+084 | —1.98 +0.71 -0.21 + 0.50 2.60 +0.47
pcol2 | —1.66 +0.39 1.35+0.33 -0.16 + 0.23 2.15+0.22
pcal2 0.94 +0.40 -0.44 + 0.33 -2.73 + 0.24 -2.91 + 0.22
pcal —-2.05+ 0.66 | —2.20 + 0.56 —-2.71 + 0.40 —-4.03 + 0.37

lSignificant difference (p between 0.020 and < 0.001) between HcB-8 and HcB-23.

2Significant difference (p between 0.015 and < 0.001) between females and males.
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Sex X QTL and Cross x QTL Interactions

Table 7

Covariate Chromosome | Map Position | Trait (interaction p value)
1 88 PC2 (0.021)
Sex
6 16 PC1 (0.007)
Cross Direction 3 23 PC2(0.027)
Both 6 16 PC1 (0.020)
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