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ARTICLE INFO ABSTRACT

ArtiC{e history: In old animals, bone's ability to adapt its mass and architecture to functional load-bearing requirements is dimin-
Received 15 October 2016 ished, resulting in bone loss characteristic of osteoporosis. Here we investigate transcriptomic changes associated
Accepted 6 November 2016 with this impaired adaptive response. Young adult (19-week-old) and aged (19-month-old) female mice were

Available online 10 November 2016 subjected to unilateral axial tibial loading and their cortical shells harvested for microarray analysis between

1 h and 24 h following loading (36 mice per age group, 6 mice per loading group at 6 time points). In non-loaded

ieg};/:;;rds' aged bones, down-regulated genes are enriched for MAPK, Wnt and cell cycle components, including E2F1. E2F1
Bone is the transcription factor most closely associated with genes down-regulated by ageing and is down-regulated at
Mechanical loading the protein level in osteocytes. Genes up-regulated in aged bone are enriched for carbohydrate metabolism, TNFo
Proliferation and TGFp superfamily components. Loading stimulates rapid and sustained transcriptional responses in both age

groups. However, genes related to proliferation are predominantly up-regulated in the young and down-regulat-
ed in the aged following loading, whereas those implicated in bioenergetics are down-regulated in the young and
up-regulated in the aged. Networks of inter-related transcription factors regulated by E2F1 are loading-respon-
sive in both age groups. Loading regulates genes involved in similar signalling cascades in both age groups, but
these responses are more sustained in the young than aged. From this we conclude that cells in aged bone retain
the capability to sense and transduce loading-related stimuli, but their ability to translate acute responses into

functionally relevant outcomes is diminished.
© 2016 The Authors. Published by Elsevier B.V. This is an open access article under the CC BY license
(http://creativecommons.org/licenses/by/4.0/).
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1. Introduction

The mass and structural organisation of bone tissue necessary to sus-
tain functional loads without damage is established and maintained
throughout life by the processes of bone modelling and remodelling.
Bone formation by osteoblasts is coordinated with bone resorption by
osteoclasts to ensure that at each location of each bone there is sufficient
tissue appropriately aligned to withstand the mechanical loads to which
it is subjected during physical activity. As the skeleton ages, an imbal-
ance between bone formation and resorption occurs resulting in net
bone loss. In humans, the extent of this loss can be sufficient that fragil-
ity fractures occur with minimal trauma. This is the major characteristic
of post-menopausal and age-related osteoporosis. Similar age-related
deterioration in bone structure occurs in mice; 19-month-old mice
have dramatic reductions in cortical and trabecular bone relative to
19-week-old mice (Meakin et al., 2014; Galea et al., 2015a).

For bone formation and resorption to maintain appropriate bone
mass and architecture, osteoblasts and osteoclasts must receive a func-
tionally-relevant stimulus that they must follow with an adequate re-
sponse. It is thought that the primary local stimulus for (re)modelling
originates from the response of osteoblasts and osteocytes to the me-
chanical strains engendered by functional loading within the bone ma-
trix. This stimulus interacts with systemic influences to orchestrate the
activity of osteoblasts and osteoclasts in order to locally maintain bone's
functional integrity. Mechanisms that could contribute to the age-relat-
ed imbalance between bone formation and resorption include impaired
osteocyte function and/or impaired osteoblast responses to “osteogenic
cues”, including those resulting from mechanical simulation (Meakin et
al., 2014). Mechanical loading triggers many acute responses, including
the transcriptional regulation of hundreds of genes (Zaman et al., 2009).
The functional outcome of any changes in gene expression depends not
only upon their nature, but also the context in which they operate. For
example, global depletion of the estrogen receptor ERa greatly dimin-
ishes the number of genes transcriptionally regulated following loading
(Zaman et al,, 2009).

It remains unclear whether the diminished adaptive response ob-
served in old bones is a reflection of the acute responses of osteoblasts
and osteocytes to loading being impaired or because the osteogenic
context in which these responses occur has changed. We have recently
demonstrated that several acute responses of osteoblastic lineage cells
to mechanical strain are not significantly different between young and
aged mice, including down-regulation of the Wnt antagonist sclerostin
in osteocytes, up-regulation of the transcription factor Egr2, and entry
of osteoblastic cells into the cell cycle (Meakin et al., 2014). If old age
has little effect on the initial responses to strain this would suggest
that age-related deterioration in the effectiveness of (re)modelling is
due to reduced functional responses to the stimulus that strain
engenders.

To begin to address this question, several in vitro studies have inves-
tigated replicative senescence transcriptomic changes as a model of
ageing. Serial passage of human mesenchymal stem cells (osteoblast
precursors) induces changes in genes related to proliferation, cell
cycle progression and stress responses (Ryu et al., 2008). The bone mar-
row of 2-, 8- and 26-month old mice examined in vitro shows age-relat-
ed changes in genes linked to differentiation, cell cycle progression and
growth factors (Wilson et al., 2010). However, since ageing involves so
many processes, in vitro models are severely limited. A previously-re-
ported in vivo study examined the effect of ageing on gene expression
in the bone of the cochlea and found that genes demonstrating age-re-
lated changes in expression were those involved in collagen maturation,
extra-cellular matrix formation and bone mineralisation (Gong et al.,
2006). A further microarray study compared gene expression patterns
in transiliac bone biopsies from control and osteoporotic patients
(Jemtland et al., 2011), reporting differences in the expression of the
Wnt pathways antagonists (Sost, Dkk1) and bone matrix proteins
(MEPE, MMP13). More recently, transcriptomic analysis of the response

to loading in young versus old mice revealed blunted activation of ca-
nonical Wnt signalling, a potently osteogenic pathway, in the old fol-
lowing repeated bouts of loading (Holguin et al., 2016).

In this study we document age-associated differences in the basal
transcriptome and in the in vivo loading-related transcriptomic re-
sponses of tibial cortical shells from young (19 week old) and aged
(19 month old) female mice. Cellular processes and signalling pathways
over-represented in the resulting list of differentially expressed genes
were identified using a variety of bioinformatics techniques.

2. Materials and methods
2.1. Animals

19-week-old young adult and 19-month-old aged female C57BL/6
mice (36 of each age) were obtained from Charles River Inc. (Margate,
UK). All mice were allowed free access to water and a maintenance
diet containing 0.75% calcium (EURodent Diet 22%; PMI Nutrition Inter-
national, LLC, Brentwood, MO, USA), 12-hour light/dark cycle, room
temperature at 21 + 2 °C. Cages contained wood shavings, bedding
and a cardboard tube. Mice were housed in groups of up to 5 animals
(Meakin et al., 2013). All procedures complied with the UK Animals
(Scientific Procedures) Act 1986 and were reviewed and approved by
the University of Bristol ethics committee (Bristol, UK).

2.2. In vivo external mechanical loading

Right tibias were subjected to one period of external mechanical
loading under isoflurane-induced anesthesia. Left limbs were used as
internal controls as previously validated (Sugiyama et al., 2010). The
protocol for noninvasively loading the mouse tibia has been reported
previously (Sugiyama et al., 2011,2012). The flexed knee and ankle
joints are positioned in concave cups; the upper cup, containing the
knee, is attached to an actuator arm of a loading device and the lower
cup to a dynamic load cell. The tibia is held in place by a 0.5 N continu-
ous static preload. Forty cycles of dynamic load are superimposed with
10 s rest intervals between each cycle. The protocol for one cycle con-
sists of loading to the target peak load, hold for 0.05 s at the peak load,
and unloading back to the 0.5 N preload. From the strain gage data pre-
viously reported (Meakin et al., 2014), different peak loads for young
(15 N) and aged (12 N) mice were calculated to apply 2,500 pe mea-
sured on the medial aspect of the tibia at the 37% site. Strain rate at
this site was normalised to a maximum of 30,000 pe s~ .

2.3. RNA extraction and processing

Mice were killed by CO, asphyxiation and left tibiae immediately
dissected from soft tissue attachments. The epiphyses were resected
and marrow centrifuged out, leaving a cortical shell. Similarly-prepared
samples predominantly contain osteocytes (Kelly et al., 2014). Shells
were immediately snap frozen in liquid nitrogen. 2 tibiae in each
group were pooled for RNA extraction giving 18 young and 18 aged
bone samples. Bones in Qiazol lysis buffer were agitated with stainless
steel ball bearings to disrupt the tissue according to the manufacturer's
protocol (RNeasy Universal kit with TissueLyser LT, Qiagen). RNA was
quantified using NanoDrop ND1000 and RNA quality assessed using a
2100 Bioanalyzer (Supplementary Fig. 1). RNA was converted to bio-
tinylated hybridised cRNA using the Ambion Illumina TotalPrep RNA
amplification kit following the manufacturer's instructions. Microarray
analysis was performed at the Genomics and Microarray Core Facility
at the University of Texas Southwestern Medical Centre at Dallas, USA.
Microarray analysis was completed using [llumina MouseWG-6 v2.0 Ex-
pression BeadChip Kits, which probes for 45,281 probes that can mea-
sure over 21,000 coding gene expression levels in each sample. 6 chips
were used for this experiment with 6 samples run on each chip.
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