Bone 64 (2014) 25–32

Contents lists available at ScienceDirect

Bone
journal homepage: www.elsevier.com/locate/bone

Original Full Length Article

Quantitative trait loci that modulate trabecular bone's risk of failure
during unloading and reloading
Engin Ozcivici a,⁎, Weidong Zhang b, Leah Rae Donahue b, Stefan Judex c
a
b
c

Department of Mechanical Engineering, Izmir Institute of Technology, Urla, Izmir 35430, Turkey
The Jackson Laboratory, Bar Harbor, ME 04609, USA
Department of Biomedical Engineering, Stony Brook University, Stony Brook, NY 11794, USA

a r t i c l e

i n f o

Article history:
Received 8 October 2013
Revised 1 February 2014
Accepted 22 March 2014
Available online 31 March 2014
Edited by: Robert Recker
Keywords:
Mechanical Loading
Stress
Recovery
Genetic research
Finite element method
QTL

a b s t r a c t
Genetic makeup of an individual is a strong determinant of the morphologic and mechanical properties of bone.
Here, in an effort to identify quantitative trait loci (QTLs) for changes in the simulated mechanical parameters of
trabecular bone during altered mechanical demand, we subjected 352 second generation female adult
(16 weeks old) BALBxC3H mice to 3 weeks of hindlimb unloading followed by 3 weeks of reambulation. Longitudinal in vivo microcomputed tomography (μCT) scans tracked trabecular changes in the distal femur. Tomographies were directly translated into ﬁnite element (FE) models and subjected to a uniaxial compression test.
Apparent trabecular stiffness and components of the Von Mises (VM) stress distributions were computed for
the distal metaphysis and associated with QTLs. At baseline, ﬁve QTLs explained 20% of the variation in trabecular
peak stresses across the mouse population. During unloading, three QTLs accounted for 14% of the variability in
peak stresses. During reambulation, one QTL accounted for 5% of the variability in peak stresses. QTLs were also
identiﬁed for mechanically induced changes in stiffness, median stress values and skewness of stress distributions. There was little overlap between QTLs identiﬁed for baseline and QTLs for longitudinal changes in mechanical properties, suggesting that distinct genes may be responsible for the mechanical response of trabecular bone.
Unloading related QTLs were also different from reambulation related QTLs. Further, QTLs identiﬁed here for mechanical properties differed from previously identiﬁed QTLs for trabecular morphology, perhaps revealing novel
gene targets for reducing fracture risk in individuals exposed to unloading and for maximizing the recovery of
trabecular bone's mechanical properties during reambulation.
© 2014 Elsevier Inc. All rights reserved.

Introduction
A principal function of bone is to withstand mechanical loads acting
upon it. Through its capacity for dynamic remodeling, bone tissue processes external physical signals as informative cues to adapt its mass,
structure and mechanical properties [1,2]. Mechanical loads are required for bone maintenance and growth while unloading causes erosion of bone morphology and strength [3–5]. Inherently, the relation
between loading and speciﬁc bone variables is regulated at the genetic
level. Interestingly, bone does not necessarily perceive and process similar mechanical cues in the same manner across individuals with different genotypes, giving rise to substantially different molecular and
morphologic outcomes [6–8]. The identity of the genetic locations regulating bone's response to (un)loading, while largely unknown, would
provide targets towards protecting individuals from bone loss during
deprivation of mechanical loads and maximizing bone gain during the
application of loads.
⁎ Corresponding author at: Department of Mechanical Engineering, Rm 110, Izmir
Institute of Technology, Urla, Izmir 35430, Turkey. Fax: +90 232 750 6701.
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In the absence of differences in the mechanical loading environment,
many studies have investigated quantitative trait loci (QTLs) and the associated genetic polymorphisms that explain variations in trabecular
and cortical BMD and bone architecture across individuals during homeostasis [9–15]. Because bone's structural mechanical properties are
more closely associated with fracture risk than BMD or bone architecture [16,17], these efforts were expanded to determine genetic locations
that modulate bone's mechanical properties including failure load, stiffness, or yield strength. Because of the greater complexity determining
bone's mechanical properties rather than BMD or morphology, relatively little is known about mechanical genotype/phenotype relations. Genomic regions for bone's mechanical properties differ from QTLs
identiﬁed for BMD [9,18–22], not surprisingly because BMD as measured by DXA is only one of many factors that determine strength [23].
QTL studies focusing on BMD or morphology of trabecular bone are
less common than those targeting cortical bone [10,12]. QTL studies
are often performed in mice, taking advantage of readily available genetic manipulations for follow-up studies [24], but the assessment of
murine trabecular morphology requires high-resolution imaging methodologies such as micro computed tomography (μCT). Further, due to its
sub millimeter size and open porous structure, mechanical testing of
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trabecular compartments of mouse bones is difﬁcult to achieve. Not surprisingly, little is known about the genetic variations that determine trabecular bone's mechanical properties. Even less is known about those
QTLs that modulate changes in trabecular bone's mechanical properties
due to altered mechanical demand.
As an alternative to invasive mechanical testing of trabecular bone,
mechanical properties can be assessed in silico by using ﬁnite element
(FE) models that are constructed from the structural information of
(μ)CT images [25]. Simulated tests using FE models not only corroborate
well with experimentally measured mechanical properties of bone
[26–28] but can also provide detailed spatial information of regions
within the trabecular structures that are at greater risk of failure.
Further, since FE models can be derived directly from non-invasive
in vivo scans, longitudinal changes of mechanical properties can be
readily computed.
We recently subjected a large heterogeneous mouse population to
unloading and reambulation and contrasted QTL for baseline trabecular
morphology with those associated with changes in trabecular morphology and tissue mineral density for the two (un)loading protocols [29].
Trabecular bone's simulated mechanical properties, and changes in
them during altered levels of weightbearing, are presented in detail in
our companion article [65]. Here, we sought to identify QTLs for outcome variables that determine bone's mechanical integrity prior to
and during unloading and reambulation. Because of dissociations between trabecular morphology and mechanical properties when gravitational loading is removed and reintroduced (as shown in the companion
article), we hypothesized that QTLs for trabecular bone mechanics will
overlap with QTLs for trabecular morphology at baseline and that this
overlap will diminish for unloading and reambulation.
Methods
Experimental design
The Institutional Animal Care and Use Committee of Stony Brook
University reviewed and approved all procedures. The experimental
protocol has been described previously in a study that established the
role of genetics on trabecular morphology during un- and reloading
[29]. Brieﬂy, female adult (16 weeks old, n = 466) mice of F2 generation from female BALB/cByJ (BALB, high response to unloading) and
male C3H/HeJ (C3H, low response to unloading) inbred mice were selected. Mice were exposed to 3 weeks of hindlimb unloading followed
by 3 weeks of unconstrained reambulation [30,31]. In vivo μCT scans
were administered at baseline (n = 466), after unloading (n = 359),
and after reambulation (n = 352). Sample sizes were not identical at
the three μCT scan time points primarily because of scheduling conﬂicts
for the time consuming in vivo scans. Mice that could not be scanned
were sacriﬁced. Throughout the protocol, all mice were single-housed
and had ad libitum access to food and water during a 12 hour light/
dark cycle. Upon the last μCT scan (22 weeks old), mice were sacriﬁced
and the spleen was extracted and stored in −80 °C for DNA extraction
and analysis.
Skeletal phenotyes by in vivo μCT
With mice under isoﬂurane, the left and right metaphyses of the
distal femur were μCT scanned (vivaCT 40, Scanco Medical, Switzerland)
at a voxel size of 17.5 μm as described in more detail in the companion article [65]. The selected voxel size was small enough to exceed the minimal
recommended voxel size for assessing bone's microstructure in rodents
with μCT [32]. Grey scale μCT images were subjected to Gaussian blurring
and thresholding and trabecular bone was separated from surrounding
cortical bone using a semi-automatic algorithm [33]. Each μCT scan delivered an estimated CT dose of 340 mGy to the anatomical region that was
scanned. This dose did not elicit changes in the trabecular architecture of
control and hindlimb unloaded mice in this study [29].

Finite element modeling
The ﬁnite element (FE) model that evaluated mechanical parameters of trabecular bone is discussed in our companion article [65]. Briefly, μCT voxels used to describe the morphologic variables [29] were
directly converted into 17.5 μm mechanical elements in the FE model.
A frictionless test compressed the ROI under a 1 N uniformly distributed
load [34]. Standard material properties were assigned to each mechanical element [35–37]. During post-processing, only voxels pertaining to
trabecular bone were analyzed. Apparent stiffness values were calculated as the ratio between prescribed loads and displacements. Von-Mises
(VM) stresses (also called equivalent stress), a mechanical variable that
transforms all stress components into a single scalar variable, were
computed for elements within the trabecular structure. Peak VM stress
(PVM), median VM stress (MVM) and skewness of the VM stress distribution (SVM) were reported.
Genotyping and QTL mapping
Tail tips from F2 female mice were submitted to the SNP Genotyping
Service at The Jackson Laboratory. For this study, 89 SNPs known to be
polymorphic between the BALB and C3H inbred strains were selected
for genotyping. QTL analysis was performed for each phenotype using
the statistical software R/QTL (version 1.16-6) [38]. For genome-wide
one-dimensional scans, pseudo markers were generated at 2-cM spacing for each chromosome and scans were performed using 256 imputations [39]. Statistical thresholds, equivalent to α-values, of 1%, 5%, 10%,
and 63% were calculated from one thousand permutations [40]. QTL
with LOD scores above the 1% threshold were considered strong QTL,
while those above 63% were considered suggestive QTL [41]. As an
example of determining the 5% threshold, we assume that No QTL is
present in the genome, generate LOD scores randomly with 1000
permutations, and then select the 95th%. If our calculated LOD score exceeds this threshold, there is a QTL present at p b 0.05.
For genome-wide two-dimensional scans, pairwise scans were performed at 2-cM spacing. All possible pairs of QTL locations on each chromosome were tested for association with the phenotypes. The likelihood
from the full model (pseudo-marker pair and the interaction between
them) and the null model (no genetic effect) was compared and LOD
scores were calculated. In addition, LOD scores from comparing the likelihood from the full model and the additive model (with only the main effects of pseudo-markers and but no interaction) were calculated.
QTL and possible QTL ∗ QTL interactions identiﬁed from a single and
pair-wise QTL scans were ﬁt into multiple regression models, and the
variations of the phenotype in the models were estimated. P-values
for terms in the multiple regression model were computed. Terms
were dropped sequentially until all of the terms in the model were signiﬁcant at the 1% level for main QTL effects and 0.1% for the interaction
effects. For any QTL that was characterized as strong, effect plots were
generated for the autosomal region by stratifying mice based on homozygous (BALB or C3H) or heterozygous alleles (BALB and C3H).
Genes that are both residing within the 95% conﬁdence interval of
each QTL and containing polymorphisms between C3H and BALB were
retrieved via biomaRt (version 2.8.1) using the NCBI mus musculus
gene database (NCBIM37) and mus musculus variation database
(dbSNP128). Identiﬁed SNP carrying genes were analyzed by KEGG 2
pathway analysis tool to identify potential pathways important in
bone physiology, including WNT, calcium signaling, TGF-β, Notch and
osteoclast differentiation.
Statistics
All data were presented as mean (±standard deviation). Longitudinal changes in phenotypes were calculated as % difference from the previous time point (n = 359 for unloading and n = 352 for reambulation)
and tested for signiﬁcance with paired t-tests. Paired t-tests were also
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used to compare longitudinal (%) changes in phenotypes during
unloading vs reambulation. Normality of data distributions were tested
with Gaussian curve-ﬁtting to histograms. Coefﬁcient of variations
(COV) were used to determine the degree of dispersion in the population for a given index, and calculated as standard deviation with the
mean as referent. Signiﬁcance was set at p b 0.05.
Results

Table 2
Changes in the trabecular mechanical properties of the distal femur during unloading,
wk (0–3), and reambulation, wk (3–6).

wk (0–3)

wk (3–6)

Baseline and longitudinal mechanical phenotypes of F2 mice
At baseline, phenotypes used to describe mechanical properties
of trabecular metaphysis showed variable distributions with positive
skewness values that were less than 1 for all variables (Table 1). Coefﬁcients of variations (COV), were 38%, 12%, 18% and 39%, for stiffness, MVM, PVM and SVM. Mechanical unloading induced changes
of − 42%, − 5%, 27% and 104% for stiffness, MVM, PVM and SVM (all
p b 0.01). During reambulation, stiffness, MVM, PVM and SVM
changed by 13%, 8%, − 10% and − 22% (all p b 0.01). Similar to baseline mechanical properties, longitudinal changes also showed large
variations (Table 2). During unloading, COV for changes in stiffness,
MVM, PVM and SVM were 46%, 256%, 54% and 77%, respectively. During
reambulation, COV values were even higher, 238%, 369%, 78% and 91%
for stiffness, MVM, PVM and SVM, indicating greater data variability in
phenotypes compared to unloading.
QTL for mechanical properties at baseline
Genome wide associations identiﬁed signiﬁcant QTLs for stiffness,
MVM, PVM and SVM at baseline (Fig. 1). Multiple regression models
showed that 18% of the variability for stiffness was accounted for by 3 signiﬁcant QTLs. Of those 3 QTLs, one increased and two reduced apparent
trabecular stiffness in the C3H strain (Fig. 2). For MVM, PVM and SVM,
15%, 20% and 11% of variability was explained by 3, 5, and 3 QTLs. Similar
to stiffness values, these QTLs affected phenotypes of the progenitor
strains differentially (Figs. 3–5). QTLs were shared on Chr1 (stiffness
and PVM), Chr5 (MVM, PVM and SVM), Chr8 (stiffness, MVM and
PVM), and Chr9 (stiffness and PVM), but otherwise were distinct.
QTL for trabecular mechanical properties during unloading and
reambulation
Similar to baseline, several signiﬁcant QTLs were associated with
changes in trabecular bone's simulated mechanical properties
during unloading and reambulation (Fig. 1). There were fewer signiﬁcant QTLs for longitudinal changes in phenotypes than there were at
baseline. No signiﬁcant QTLs were detected for changes in MVM during
unloading and reambulation and for SVM during unloading. For trabecular stiffness, 2 signiﬁcant QTLs explained 9% of data variability
during unloading and one QTL explained 4% of data variability during
reambulation. For PVM, 3 QTLs explained 14% of data variability
during unloading and one QTL explained 5% of data variability during
reambulation. Further, one QTL explained 5% of data variability in
SVM during reambulation. Of those identiﬁed QTLs, one location on
Table 1
Trabecular bone mechanical properties of the distal femur at baseline.

wk (0)

Stiffness [N/mm]
MVM [MPa]
PVM [MPa]
SVM [MPa]

n

Mean

SD

COV

Range

466
466
466
466

2413
0.49
1.02
0.52

926
0.06
0.19
0.21

38%
12%
18%
39%

5198
0.36
1.05
1.14

Shown are descriptive statistics for trabecular stiffness, median Von-Mises stresses
(MVM), peak Von-Mises stresses (PVM) and skewness of Von-Mises stress distributions
(SVM).
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Stiffness [%]
MVM [%]
PVM [%]
SVM [%]
Stiffness [%]
MVM [%]
PVM [%]
SVM [%]

n

Mean

SD

COV

Range

359
359
359
359
352
352
352
352

−42%⁎
−5%⁎
27%⁎
104%⁎
13%⁎,⁎⁎
8%⁎,⁎⁎
−10%⁎,⁎⁎
−22%⁎,⁎⁎

19%
14%
15%
81%
31%
31%
8%
20%

−46%
−256%
54%
77%
238%
369%
−78%
−91%

109%
98%
101%
543%
220%
397%
61%
124%

Shown are descriptive statistics for changes in trabecular stiffness, median Von-Mises
stresses (MVM), peak Von-Mises stresses (PVM) and skewness of Von-Mises stress
distributions (SVM).
⁎ p b 0.01 for longitudinal change in mean values during wk (0–3) or wk (3–6).
⁎⁎ p b 0.05 for longitudinal change in mean values between wk (0–3) vs wk (3–6).

Chr2 was shared between stiffness and PVM while all other QTLs were
distinct from each other. The only overlap between QTLs identiﬁed at
baseline and during unloading/reambulation was observed on Chr5
where PVM at baseline coincided with PVM during unloading.
Correspondence of QTLs to known genes and pathways
To identify genes of interest that reside within the 95% conﬁdence
intervals of the identiﬁed QTL, a gene list was generated including
genes that have single nucleotide polymorphisms (SNPs) between
BALB and C3H strains. Based on this criterion, QTLs that were associated
with trabecular stiffness had 798 genes for baseline, 1681 for unloading
and 323 for reambulation. MVM had 653 genes for baseline. PVM had
1723 genes for baseline, 1610 for unloading, 208 for reambulation.
SVM had 785 genes for baseline and 362 for reambulation. We considered PVM as the principal mechanical outcome variable and further
analyses were performed on baseline and longitudinal changes of this
phenotype to determine those genes that belonged to signaling pathways known to regulate bone formation and resorption. This list included genes such as Smad3, Bmp5 and TNF for baseline (Table 3), Bmp2,
Wnt7a and Jag1 for unloading and Ptch1 for reambulation (Table 4).
Discussion
We identiﬁed speciﬁc locations within the genome that regulate trabecular bone's simulated mechanical properties both at baseline and
during the removal and reintroduction of weightbearing. Across the genetically heterogeneous mouse population, the variability of the mechanical phenotypes measured longitudinally at baseline as well as
during unloading and reambulation was consistent with their differential
sensitivity to altered mechanical demand. At baseline, several genetic loci
were associated with trabecular stiffness, peak stresses, and the quality of
the stress histogram. QTLs were also identiﬁed for changes in trabecular
mechanical properties during unloading and reambulation. Mechanical
QTLs that were identiﬁed at baseline were mostly different from those
identiﬁed during unloading or reambulation, suggesting that different
sets of genes regulate trabecular mechanical properties in the young
adult skeleton during homeostasis and when subjected to catabolic or anabolic mechanical signals. QTLs identiﬁed were also distinct for unloading
and reambulation, further suggesting that the tissue response to alterations in mechanical demand is speciﬁc to the removal versus the application of mechanical loading related to weightbearing activities.
Progenitor strains in this study were initially selected for their differential changes in trabecular morphology during unloading [42] but
trabecular bone's simulated mechanical properties had not been previously tested in the progenitor strains. Baseline effect plots analyzed in
this study suggest that trabecular stiffness is greater and peak stresses
are smaller in BALB mice than in C3H. They also show that, similar to trabecular bone volume fraction, peak trabecular stresses in BALB mice are
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(a)

(b)

(c)

QTL for Trabecular Stiffness at Baseline

QTL for MVM at Baseline

QTL for PVM at Baseline

QTL for SVM at Baseline

QTL for Changes in Stiffness during Unloading

QTL for Changes in MVM during Unloading

QTL for Changes in PVM during Unloading

QTL for Changes in SVM during Unloading

QTL for Changes in Stiffness during Reloading

QTL for Changes in MVM during Reloading

QTL for Changes in PVM during Reloading

QTL for Changes in SVM during Reloading

Fig. 1. Genome wide scans identiﬁed QTLs for trabecular stiffness, median Von-Mises stresses (MVM), peak Von-Mises stresses (PVM) and skewness of Von-Mises stress distributions
(SVM) at (a) baseline (n = 436) and for the changes in these variables during (b) unloading (n = 359) and (c) reambulation (n = 352). Vertical axis shows the logarithm of odds
[−] score, an index of the likelihood of QTL presence. The horizontal axis shows the speciﬁc chromosomes. The solid, dash, dot, and dash‐dot lines denote signiﬁcance thresholds (p values)
of 63%, 10%, 5%, and 1%, respectively. p b 63% is considered suggestive for the presence of a QTL while p b 1% indicates a strong likelihood of a QTL residing at this location.

more sensitive to mechanical unloading than in C3H. Bone's mechanical
response to reambulation was also greater in BALB than in C3H but the
total number of QTLs for reambulation was less than for baseline or
unloading. In these two mouse strains, bone's response to reambulation
had not been reported previously for either morphological or mechanical
properties and our results suggest some similarities between the response of C3H and BALB to reconstitution of mechanical loading. Even
though trabecular bone of C3H is much less responsive to mechanical
loading [43,44], osteoblasts of C3H mice are more active compared to
many other inbred strains [45]. Perhaps, their greater basal activity levels
preserved the ability of osteoblasts to respond to reloading after activity
was compromised by unloading, leading to a similar reambulation response as in BALB even though BALB are known to be more responsive
to mechanical loading per se [44]. While this hypothesis requires future
conﬁrmation, analyses performed here allowed us to identify QTLs for
reambulation even in the presence of a milder phenotype than seen
with unloading.
Morphological traits such as trabecular bone volume fraction (BV/TV),
connectedness, number and thickness are all important modulators of

mechanical characteristics of trabecular bone [34]. It is therefore not surprising that QTLs identiﬁed for stiffness and peak stress values at baseline
overlapped with QTLs previously identiﬁed for trabecular morphology, in
particular trabecular bone volume fraction [29]. Upon removal of habitual
weight bearing activities, associations between morphology and mechanical properties become signiﬁcantly weaker as shown in our companion
article [65]. That risk of mechanical failure, the most important clinical
outcome variable, is more directly associated with bone stiffness and
the heterogeneity of mechanical stress distributions [28,46], rather than
morphology, emphasizes the importance of identifying the underlying
genetic regulators. QTLs identiﬁed for the longitudinal changes in
mechanical phenotypes during unloading and reambulation were not
identical to those identiﬁed for BV/TV [29]. For example, QTLs for changes
in BV/TV during unloading [29] were located on chromosomes 2, 3, 7, 8,
10 and 19 while for changes in peak stresses induced by unloading,
QTLs were found on chromosomes 2, 5 and 6. This comparison suggests
genetic regulation of the longitudinal changes in mechanical properties
during unloading that is, at least in part, independent from morphologic
changes in trabecular bone.
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Fig. 2. Effect plots for signiﬁcant QTLs associated with trabecular stiffness at (a–c) baseline and changes in trabecular stiffness during (d–e) unloading and (f) reambulation. The chromosomal
map location for the speciﬁc QTL is shown above the ﬁgure. Inheritance at a given location is symbolized as, BB: BALB/cByJ (both alleles from BALB); BC: Heterozygous (mixed
alleles); CC: C3H/HeJ (both alleles from C3H).

QTLs identiﬁed in this study partially resemble genetic loci that were
previously identiﬁed as regulators of the (baseline) mechanical strength
of bone. Using progenitor strains different from those in our study, QTLs
pertaining to cortical breaking strength in the femur were identiﬁed by
bending tests [9,18]. Of those QTLs, Fembrs2, Fembrs4, Fembrs6, and
Bmch7 overlap with QTLs identiﬁed here for peak trabecular stress at
baseline. Although these studies tested mechanical properties of cortical
bone and not trabecular bone, it is entirely possible that these loci
inﬂuence both cortical and trabecular mechanical properties. QTLs
that identiﬁed changes in peak stresses were similar to Fembrs1 during
unloading and to Bmch6 during reambulation. As these loci were previously identiﬁed in mice enjoying habitual levels of weightbearing, it appears that there are genes that modulate both mechanical properties in
the young adult skeleton as well as their longitudinal changes during
catabolic and anabolic mechanical signals.
Mechanical sensation and responsiveness of bone cells are facilitated
by orchestrating many mechanical and chemical processes embedded
within different molecular signaling pathways [47]. The genomic loci
identiﬁed here house many genes and it is not entirely straightforward
to determine the speciﬁc genes responsible for the trabecular mechanical
traits considered here. Even when only focusing on those genes with direct relevance to pathways known to play a role in bone turnover, the
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list is too large to speculate on single candidate genes. Thus, QTLs identiﬁed in this study will require mechanistic follow-up studies, in vivo and/
or in vitro, for the identiﬁcation of speciﬁc genes that regulate bone's mechanical properties to alterations in weight bearing. Nevertheless, it is instructive to discuss some of the genes previously associated with changes
in bone formation and resorption. Of genes within the conﬁdence intervals, a putative candidate for determining mechanical properties at baseline is bone morphogenic protein 5 (Bmp5), an important modulator of
limb development and bone morphogenesis [48,49] and, by extension,
of mechanical strength of trabecular bone. Another example includes
Smad3 which may promote osteoblastogenesis [50,51] and regulates
TGF-β induced proliferation and osteogenic commitment of mesenchymal stem cells [52]. Not surprisingly, the list of candidate genes for peak
stress at baseline not only involves genes regulating bone formation but
also bone resorption. For instance, tumor necrosis factor (TNF) can stimulate osteoclast recruitment [53], with strong effects on the morphology
and mechanical properties of the trabecular load bearing structure.
These gene targets can be validated (or refuted) in future studies that
take advantage of molecular manipulation techniques such as constitutive or inducible knock-out models.
Some of the candidate genes with single nucleotide polymorphisms
(SNP) between BALB and C3H that were associated with longitudinal
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Fig. 3. Effect plots for signiﬁcant QTLs associated with trabecular median Von-Mises stresses (MVM) at (a–c) baseline. The chromosomal map location for the speciﬁc QTL is shown above
the ﬁgure. Inheritance at a given location is symbolized as, BB: BALB/cByJ (both alleles from BALB); BC: Heterozygous (mixed alleles); CC: C3H/HeJ (both alleles from C3H).
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(mixed alleles); CC: C3H/HeJ (both alleles from C3H).
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Table 3
Complete list of genes within the 95% conﬁdence intervals of QTLs for baseline peak stresses stratiﬁed by molecular signaling pathways important for regulating bone formation and
resorption.
Signaling pathway

Associated genes within QTL

WNT
Calcium
TGF-β
Osteoclast differentiation
NF-kappa B
Notch
Hedgehog
Actin cytoskeletal regulation
ECM-receptor interaction
Focal adhesion
Gap junctional communication

Cacybp, Ccnd3, Csnk2a2, Csnk2b, Fzd10, Gm9840, Nfat5, Nkd1, Ppard, Prkaca, Siah1a, Smad3
Adcy7, Adrb3, Cacna1a, Cacna1h, Cacna1s, Ednra, Itpr3, Mylk3, Orai1, P2rx4, P2rx7, Phkb, Phkg1, Prkaca
Bmp5, Comp, Gm9840, Smad3, Smad6, Thbs2, Tnf
Cyld, Map2k1, Map2k7, Mapk13, Mapk14, Tnf
Csnk2a2, Csnk2b, Lta, Ltb, Ptgs2, Tnf
Aph1b, Aph1c, Dll1, Kat2b, Ncor2, Notch3, Notch4
Csnk1g1, Prkaca
Arhgef7, Bcar1, Itga11, Map2k1, Mylk3
Col11a2, Col4a2, Comp, Itga11, Lamc1, Thbs2, Tnn, Tnr, Tnxb
Bcar1, Ccnd3, Col11a2, Col4a2, Comp, Itga11, Lamc1, Map2k1, Mylk3, Pdpk1, Thbs2, Tln2, Tnn, Tnr, Tnxb, Vegfa, Vegfc
Adcy7, Itpr3, Map2k1, Map2k5, Prkaca, Tubb5

changes in peak stresses during unloading and reambulation are critical
for physiologic processes in bone. For example, bone morphogenic protein 2 (Bmp2), a potential regulator of mechanical risk of fracture during
unloading identiﬁed here is not only an important determinant of bone
morphology [54] but may also interact with mechanical signals during
anabolism [55]. Moreover, Bmp2 is down-regulated in bone cells during
mechanical unloading [56] and up-regulated with mechanical loading
[57], suggesting that Bmp2 is well integrated into the signaling cascades
that modulate changes in mechanical demand. Perhaps of equal importance, Jag1 is a gene known to regulate bone mineral density, reduces
susceptibility to fracture, and sensitizes bone cells for the anabolic effects of PTH hormone [58,59]. Jag-1 is down-regulated in bone cells during mechanical loading in vitro, perhaps increasing cell proliferation
[60]. Another potential regulator identiﬁed for changes in peak stress
during unloading is Wnt7a, a gene with roles in the promotion of
bone formation [61]. Mutations in Wnt7a can cause malformations in
long bones [62]. Genes modulating the magnitude of the change in
peak trabecular stress during reambulation were fewer in numbers
compared to baseline or unloading because of the presence of fewer
QTL. Among these genes, Ptch1 is a negative regulator of Hedgehog signaling pathway and may play a role for the development of trabecular
bone [63] and the response of osteoprogenitor cells to mechanical loading [64].
While the identity of genetic determinants of trabecular bone's
mechanical properties and their changes to decreased and increased
mechanical demands is still emerging, this linkage study used three different conditions – baseline, unloading, and reambulation – to determine
genomic locations that are associated with regulation of trabecular bone
mechanical properties. While the longitudinal nature of this study precluded an invasive characterization of material properties known to modulate bone's mechanical properties, including microcrack accumulation
Table 4
Complete list of genes within the 95% conﬁdence intervals of QTLs for changes in peak
stress during unloading and reambulation (in bold) stratiﬁed by molecular signaling
pathways important for regulating bone formation and resorption.
Signaling pathway

Associated genes within QTL

WNT

Csnk2a1, Fzd10, Plcb1, Plcb2, Prickle2, Ruvbl1,
Wnt7a
Adra1d, Atp2b2, Cacna1c, Chrm5, Hrh1, Itpka,
Itpr1, Nos1, Orai1, P2rx4, P2rx7, Pde1a, Phkg1,
Plcb1, Plcb2, Ryr3, Tacr1, Adcy2, Agtr1a, Mylk4
Acvr1, Acvr1c, Acvr2a, Bmp2
Il1a, Il1b, Mitf, Pparg, Sfpi1, Sirpa
Csnk2a1, Erc1, Il1b
Cir1, Dll4, Jag1, Ncor2
Bmp2, Wnt7a, Gas1, Ptch1
Arpc4, Chrm4, Chrm5, F2, Fgf7, Itga4, Itga6, Pak6,
Pak7, Pxn, Raf1, Ssh1, Mylk4, Pfn3
Cd44, Itga4, Itga6
Itga4, Itga6, Pak6, Pak7, Pxn, Raf1, Shc4, Mylk4,
Shc3
Gjd2, Itpr1, Plcb1, Plcb2, Raf1, Gas1, Ptch1

Calcium

TGF-β
Osteoclast differentiation
NF-kappa B
Notch
Hedgehog
Actin cytoskeletal regulation
ECM-receptor interaction
Focal adhesion
Gap junctional communication

and bone's chemical properties, we identiﬁed novel QTLs for changes in
bone's mechanical properties simulated by FE models. These QTLs for
dynamic processes partially differ from QTLs previously identiﬁed for trabecular morphology and cortical mechanical properties during homeostasis. Determining speciﬁc candidate genes within QTLs and conﬁrming
them in humans may facilitate the genetic identiﬁcation of those individuals that are at greatest risk for fracture before and during unloading and
those whose trabecular mechanical properties will beneﬁt the most during reambulation.
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