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Abstract

Aging is a high risk factor for the development of
osteoporosis, a multifactorial age-related progressive
disease characterized by reduced bone mass and
increased risk of fractures. At the cellular level, the
mesenchymal stem cell pool in the bone marrow
niche shows a biased differentiation into adipogenesis
at the cost of osteogenesis. This differentiation shift
leads to decreased bone formation, contributing to the
etiology of osteoporosis. This review will focus on the
most recent/relevant molecular findings driving this
functional impairment of mesenchymal stem cells in
the aging process.
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Background

Aging is a gradual process that results in a loss of tissue
homeostasis, driving a progressive deterioration of tissue
and organ functions mainly due to cellular damage accu-
mulated throughout life [1]. The human skeleton is es-
pecially affected by the passage of time: bone loss begins
as early as the third decade of life, immediately after
peak bone mass.

In humans, bone is a highly active tissue which under-
goes continuous self-regeneration throughout adulthood
to maintain structural integrity in a process called bone
remodeling. It has been estimated that the entire skel-
eton is remodeled every 10 years [2]. This bone turnover
comprises the temporal and spatial coordination of two
processes performed in bone remodeling units at
discrete sites throughout the skeleton: removal of old
and damaged bone by osteoclasts, called resorption,
which can last 4-6 weeks, followed by new bone forma-
tion by osteoblasts, which produce collagen and

* Correspondence: cirodriguez@osakidetza.eus
Stem Cells and Cell Therapy Laboratory, BioCruces Bizkaia Health Research
Institute, Cruces University Hospital, 48903 Barakaldo, Spain

B BMC

@ CrossMark

mineralized bone matrix in a process lasting 4—5 months
[3]. Throughout young adulthood more bone is formed
than is resorbed, resulting in an increase in bone mass.
Later on, throughout adulthood when the growth period
is finished, the amount of resorbed bone equals that
which is subsequently formed (remodeling balance). In
the elderly, the amount of bone resorbed is greater than
the amount of bone formed; accordingly, a decrease in
bone mineral density occurs. As a consequence, bone
aging is the main risk factor for primary osteoporosis,
characterized by a reduction in bone mineral density,
predisposing the elderly population to an increased risk
of fractures.

Components of bone

Bone is a very dynamic and heterogeneous tissue formed
by two components which are in close relationship with
each other during the bone remodeling process: extracel-
lular matrix (ECM) and bone cells. ECM is composed of
an organic phase (20-40%), a mineral phase formed by
hydroxyapatite crystals (50-70%) which confers rigidity
and strength to bone, water (5-10%), and lipids (< 3%).
The organic phase is mainly formed by collagen type I fi-
bers, which provide elasticity and flexibility to bone, but
also non-collagenous proteins as well, such as cytokines,
growth factors, and proteoglycans. The latter interact with
the cytokines and growth factors, regulating their function
[4]. The bone remodeling process is orchestrated by differ-
ent cell types originating from different progenitors, mes-
enchymal or hematopoietic precursors:

1. Mesenchymal stem cells (MSCs), which are
activated by secreted, active transforming growth
factor beta 1 (TGEP) to migrate to bone-resorptive
sites and differentiate into osteoblasts (see below).

2. Pre-osteoblasts, a heterogeneous population of cells,
including those transitioning from MSCs to mature
osteoblasts, which express the transcription factor
runt related transcription factor 2 (RUNX2), a key
player in the osteogenesis process.
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3. Osteoblasts, polarized cuboidal cells specialized for
the active secretion of ECM. These cells have a
relatively short-lifespan, estimated at 3 months in
human bones [5]. The ECM, very rich in type I
collagen, is known as the “osteoid” when first
deposited and not yet mineralized. Mineralization
occurs through the accumulation of calcium phosphate
in the form of hydroxyapatite. Formation of mineralized
ECM results in the hard but lightweight material that
forms bone.

4. Osteocytes, which are the most abundant cells in
bone, composing 90-95% of all bone cells in an
adult. They are derived from terminally
differentiated osteoblasts surrounded by
unmineralized matrix (osteoid) during bone
formation. Once the osteoid mineralizes, the
osteocytes are trapped there and form an extensive
network with each other, with osteoblasts, and with
the lining cells on the bone surface (explained below).
Contrary to osteoblasts, osteocytes can survive
throughout the life of an individual [6]. As a feature,
these cells have a small cell body and show numerous
long, dendritic-like cytoplasmic prolongations that
form a canalicular system inside bone [7]. They are
the major mechanosensitive skeletal cell type and
have critical roles in the regulation of osteoblast and
osteoclast differentiation and function [8].

5. Bone lining cells (BLCs), post-mitotic, long-lived flat
osteoblast lineage cells lining the bone surface. It
was thought that their main function was to remove
demineralized matrix on the bone surface before
bone formation [9]. However, recent studies have
pointed to a role for BLCs in bone remodeling,
suggesting that, at least in adult mice, BLCs can
be a source of osteoblasts in response to anabolic
stimuli as well as under normal non pathological
bone remodeling [10, 11].

6. Osteoclasts are, on the other hand, derived from
monocyte-macrophage lineage cells. These
multinucleated cells resorb bone by releasing
enzymes which are active at a low pH, digesting
proteins and releasing their fragments. After
osteoclasts complete resorption, they undergo
apoptosis.

MSC osteogenic differentiation in health and
aging

MSCs are spindle shaped, adherent, non-hematopoietic
stem cells which can be isolated from many tissues and
have the capacity of self-renewal and to differentiate into
various mesodermal cell types, such as osteoblasts,
chondrocytes, and adipocytes [12]. In bone, the process
of osteogenesis is driven by a sequential cascade of bio-
logical processes initiated by the recruitment of MSCs to
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bone remodeling sites and subsequent proliferation,
lineage commitment, expression of lineage-specific
markers, collagen secretion, and ECM mineralization
[13]. During the first steps of differentiation, MSCs pro-
liferate and commit to actively proliferating pre-osteo-
blasts which do not secrete ECM. They further mature
into non-proliferating osteoblasts involved in initial
matrix secretion, maturation, and mineralization. Once
ECM is formed, osteoblasts have three possible fates: be-
come osteocytes embedded in mineralized bone matrix
and lose most of their cytoplasmic organelles; die by
apoptosis; or become inactive quiescent BLCs (Fig. 1).

In the aging process, bone loss is caused not only by
enhanced bone resorption activity but also by functional
impairments of MSCs, which show a shift of lineage
commitment to adipogenesis at the expense of osteogen-
esis [14] and a concomitant decreased self-renewal cap-
acity [15]. This leads to an imbalance in bone tissue
between bone mass and fat, finally increasing the risk of
fractures [16]. Under normal conditions, several tran-
scription factors control the commitment of MSC differ-
entiation to osteogenesis or adipogenesis in a mutually
exclusive and fine-tuned fashion [17]. Thus, it is well
established that a sequential activation of CCAAT en-
hancer binding protein beta (CEBPf), gamma (CEBPy),
alfa (CEBPa), and finally peroxisome proliferator acti-
vated receptor gamma (PPARy) direct differentiation to
adipogenesis [18, 19], whereas RUNX2 and Sp7 tran-
scription factor (SP7) are master regulators of osteogen-
esis [20, 21]. In an aging scenario, it is known that there
is an imbalance between the pro-adipogenic and pro-
osteogenic transcription factors: for example, the expres-
sion of the adipogenic PPARy [22] is highly upregulated
in aged murine MSCs [16]. However, the upstream sig-
naling pathways driving this pathological shift remain
elusive and are under intense investigation. Here we will
discuss the most recent/relevant pathological molecular
findings which are upstream of this imbalanced commit-
ment of MSCs due to aging. Several cell-intrinsic mech-
anisms have been recently shown to be implicated in
biased cell fate choice of MSCs during aging.

Transcription factors

Several lines of evidence have pointed to the dysregula-
tion of the activity of transcription factors which play a
role in skeletal development as a cause of the enhanced
adipogenesis of bone residing MSCs.

MAF bZIP transcription factor (MAF) is a transcription
factor involved in the regulation of the development and
differentiation of many organs and tissues such as lens,
kidney, liver, and immune system [23]. It has been identi-
fied as a transcription factor that mediates the age-related
shift in MSC differentiation [24]. In murine MSCs, a gene
expression signature has been identified which decreased
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in an age-dependent fashion. Among these genes, Maf
was found to show increased expression during osteogen-
esis of normal MSCs, but decreased expression with in-
creasing murine age. Bone formation in Maf-/- mice is
severely impaired, as is the in vitro osteogenesis of MSCs
isolated from these null mice. Mechanistically, it has been
shown that MAF is a binding partner of RUNX2, and to-
gether these factors regulate gene expression in coopera-
tively promoting osteogenic differentiation. Conversely,
MAEF supresses adipogenesis by downregulating the ex-
pression of PPARy.

Forkhead box P1 (FOXP1), a transcription factor which
controls multiple biological processes [25], has been re-
cently described to play an essential role in the fate
choices of aged MSCs [26]. Li and co-workers [26] showed
that FOXPlexpression declines with age in both murine
and human MSCs, and Foxpl ablation in mice resulted in
age-dependent bone loss. Moreover, MSCs from Foxpl
mutant mice showed an enhanced adipogenesis and ham-
pered osteogenesis. Interestingly, when overexpressed in
MSCs coming from aged patients, FOXP1 increased repli-
cation capacity in MSCs and potentiated their osteogenic
differentiation. Thus, reduction of FOXP1 expression in
old MSC:s leads to an enhancement of adipogenesis at the
expense of osteogenesis. The molecular explanation for
these findings is that FOXP1inhibits adipocyte differenti-
ation by interacting with CEBPp and promotes osteogenic
differentiation through repression of NOTCH signaling
pathway activation.

Core-binding factor subunit beta (CBEp) is a key co-factor
of RUNX2, forming a complex with essential roles in skeletal
development and osteoblast differentiation [27, 28]. Recent

studies have revealed that Chf55 expression is reduced in aged
mice, which show a decrease in bone mineral density and an
increase in marrow adiposity [29]. Moreover, Cbf5 gene dele-
tion at different osteoblast lineage stages (MSCs, osteopro-
genitors, and osteoblasts) leads to increased bone marrow
adiposity and lower bone mass. Wu and co-workers [28, 29]
showed that absence of Cbfp favors adipogenesis and that
CbfP plays a critical role in maintaining osteoblastic lineages.
At the molecular level, to maintain osteoblast commitment,
CbfP supresses adipogenesis by inhibiting adipogenic gene
expression and enhancing Wnt/(-catenin signaling.

MicroRNAs

MicroRNAs (miRNAs) are 20-25-nucleotide, single-
stranded noncoding RNAs involved in the repression of
the expression of target genes by either mRNA degrad-
ation or translational inhibition. They have been linked
to the differentiation shift of aged-MSCs.

MicroRNA 196 (MIR196) has been shown to be
up-regulated in human and murine MSCs in an
age-dependent fashion, along with the decreased expres-
sion of one of its targets, homeobox B7 (HOXB?) [30].
MSCs overexpressing HOXB7 show increased cell prolif-
eration, reduced cellular senescence, and enhanced
osteogenic differentiation. Moreover, HOXB7 has been
recently identified as a downregulated gene in MSCs
from aged donors, with higher differentially methylated
regions in its promoter [31].

Expression of microRNA 188 (MIR188) was found to
be remarkably up-regulated in aged mice and humans
[32]. Mice lacking MIR188 showed a significant decrease
of age-associated bone loss and fat accumulation in bone
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marrow. Conversely, transgenic mice with osteoprogeni-
tors overexpressing MIR188 had greater age-associated
bone loss and fat accumulation in bone marrow.
MIR188 directly targets histone deacetylase 9 (Hdac9)
and RPTOR independent companion of MTOR complex
2 (Rictor) mRNAs, which have a role in bone metabol-
ism [33, 34].

MSCs from old mice have been reported to exhibit in-
creased levels of tumor protein p53 (p53), which in turn
block the transcription of the microRNA 17-92 (MIR17-
92) cluster. In particular, microRNA 17 (MIR17) overex-
pression could enhance osteogenic differentiation in old
murine MSCs by modulating the expression of Smurfl,
which is known to regulate bone cell function [35]. Both
microRNA 23a (MIR23a) and microRNA 23b (MIR23b)
have been found to be downregulated in aged mice and
humans and have been suggested to be involved in the
pathological differentiation of MSCs in aging [36]. Over-
expression of MIR23a and MIR23b enhances osteogenesis
differentiation in MSCs, whereas their inhibition increases
adipogenesis. MIR23a and MIR23b target the expression
of transmembrane protein 64 (Tmem64), whose expres-
sion correlates inversely to MIR23a and MIR23b in aging
and which has been described to regulate the shift in the
lineage commitment of MSCs, boosting adipogenesis dif-
ferentiation [37]. MicroRNA 218 (MIR218) is strongly
up-regulated in osteoblasts from aged mice and directly
targets and downregulates Rictor expression, a component
of the mechanistic target of rapamycin complex 2
(mTORC?2) [38]. Osteoblasts with downregulated levels of
Rictor have reduced adhesion potential and survival [39]
and less capacity to undergo the mineralization process.

Autophagy

A hallmark of cellular aging is the decline in autophagy
activity [1], a basic mechanism of degrading unnecessary
or dysfunctional cell components such as proteins and
damaged mitochondria. Recent work revealed that
pharmacological stimulation of autophagy in aged MSCs
by the use of the mTOR inhibitor rapamycin restores
both the osteogenic differentiation capacity and prolifer-
ation of MSCs in vitro. Moreover, when administered in
vivo, rapamycin restored bone mineral density of senile
osteoporotic aged mice [40]. Restoring the autophagy
process in aged organisms has been proposed as a future
molecular pathway target for clinical treatment of
osteoporosis.

Alterations of the nuclear lamina

Bone tissue is especially affected in progeroid laminopa-
thies, devastating diseases of premature aging, such as
Hutchinson-Gilford progeria syndrome (HGPS), mandi-
buloacral dysplasia type A and B, restrictive dermopathy,
atypical progeria syndrome, and atypical Werner
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syndrome [41]. A- and B-type lamins are intermediate fila-
ments which polymerize at the nucleoplasmic side of the
inner nuclear membrane to form the nuclear lamina. Al-
though initially the nuclear lamina was thought to mainly
provide mechanical stability to the nucleus, many studies
over the past decade have implicated lamins in a plethora
of functions: chromatin structure regulation, gene expres-
sion, intracellular signaling pathway modulation, and de-
velopment [42]. Progeroid laminopathies, including
systemic disorders and tissue-restricted diseases, are due
to mutations in the Lamin A/C (LMNA) gene (which en-
codes both Lamin A and C proteins) or a defective post-
translational processing of Lamin A, giving rise to
pathological accumulation of immature forms of Lamin A
or to mutant Lamin A proteins (prelamin A or progerin,
respectively) [43]. At the cellular level, an abnormal bleb-
bing of the nuclear membrane is characteristic, which is
considered a hallmark of these diseases. Remarkably, low
amounts of prelamin and progerin have been detected in
normal aging cells, thus reinforcing the possibility of a role
in normal chronological aging as well [44].

Both animal and in vitro human cell culture models of
progeroid laminopathies have successfully recapitulated
the aging phenotypes that patients exhibit [45-48].
Interestingly, in vitro human cell models of HGPS have
shown an increased differentiation of MSCs towards the
osteoblastic lineage (increased alkaline phosphatase ac-
tivity, an early marker of osteogenesis in MSCs [3], and
increased expression of osteogenic genes), reflecting a
“premature” osteogenesis in vitro [49, 50].

Moreover, aged human MSCs due to prelamin A accu-
mulation show an altered secretome enriched in
osteogenesis-related proteins. This secretome leads to aber-
rant paracrine signaling triggering accelerated early osteo-
genesis in normal MSCs [51], which show increased
alkaline phosphatase activity and Runx2 expression. Among
the increased secreted factors, insulin like growth factor
binding protein 7 (IGFBP7) was identified. RNA silencing
experiments revealed an essential role for IGFBP7 for main-
taining viability of MSCs during the first steps of osteogen-
esis in which MSCs and pre-osteoblasts proliferate actively,
thus suggesting a role for IGFBP7 in regulating osteogenic
differentiation [51, 52]. Moreover, sheets of human MSCs
overexpressing IGFBP7 enhanced bone healing in a rat tib-
ial osteotomy model [52]. Similar results were previously
obtained in aged vascular smooth muscle cells (VSMCs)
which accumulated prelamin A [44]. The authors found
that under prelamin A accumulation, VSMCs secreted fac-
tors which enhanced osteogenesis in mesenchymal precur-
sors. Taken together, these results support the idea that an
“early” accelerated osteogenesis is a part of the aging
process of bone, which is favored by pathological forms of
Lamin A, contributing to an unbalanced homeostasis of
bone tissue. However, these results seem to contradict the
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aforementioned shift commitment to adipogenesis in aging
MSCs. One theory could be that this accelerated differenti-
ation towards osteogenic lineages and increased secretion
of osteogenesis-related proteins in MSCs is a kind of com-
pensatory mechanism induced by prelamin A or progerin.
It will be important to unravel whether this premature
osteogenesis in prematurely aged MSCs due to accumula-
tion of pathological forms of Lamin A is an efficient osteo-
genesis or whether it is dependent on the presence or not
of pathological forms of Lamin A in MSCs.

Overall, these studies have clarified four mechanisms
which seem to be crucial for the imbalanced differenti-
ation of MSCs in aging: (1) the progressive downregula-
tion of some key transcription factors essential for skeletal
development; (2) the dysregulation of certain miRNAs
with a functional role in bone homeostasis; (3) autophagy
impairment; and (4) nuclear lamina alterations.

Epigenetic modifications of DNA and reactive oxygen
species

Epigenetic modifications of DNA and oxidative stress as
a consequence of reactive oxygen species (ROS) accu-
mulation due to aging processes seem to underlie the
dysregulation of some of the above-mentioned mecha-
nisms. In fact, several lines of evidence support a causa-
tive link between increased oxidative stress and the
epigenetic changes observed in aging [53]. Therefore, it
is known that MSC fate is determined by transcription
factors that are regulated more specifically at the epigen-
etic level, where a specific chromatin configuration is
conferred to control the expression of key transcription
factors for differentiation. Recent work comparing the
methylome of young aged human MSCs demonstrated
that DNA methylation changes are associated with aging
in MSCs, leading to a higher number of genes with de-
creased expression levels [31]. Li and co-workers point
to the increased methylation of FOXPI promoter as a
possible mechanism for the downregulation of the
FOXPI expression in aging [26]. Regarding ROS, it has
been shown that they can downregulate MAF expression
in both mouse and human MSCs [5, 24] and upregulate
the levels of MIR218, suggesting that enhanced ROS
production in aging is the cause of the increase of
MIR218 in aged osteoblasts [38].

Cell-extrinsic factors

Recently, a number of studies have explored the possibility
that cell-extrinsic factors could restore the impaired osteo-
genesis of old MSCs by affecting either key osteogenic sig-
naling pathways or the impaired autophagy of old MSCs
(Fig. 2). Supporting this hypothesis, heterochronic parabi-
osis, that is, the exposure of aged mice to a young circula-
tion, has been recently shown to enhance in vivo fracture
repair and in vitro osteoblast differentiation in a manner
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similar to the effects of young bone marrow transplant-
ation. The authors showed that this “rejuvenation” was gov-
erned by endogenous aged osteoblasts responding to a
circulating young factor which modulated the Wnt/p-ca-
tenin pathway. Furthermore, this unidentified young factor
was able to induce bone matrix deposition and
mineralization of MSCs in vitro. To support this finding,
the authors used conditioned media from young bone
marrow aspirate stem cells (with mesenchymal and
hematopoietic lineages), which could rescue the age-related
decrease of osteogenesis of old MSCs in vitro. Conversely,
conditioned media from old bone marrow aspirate stem
cells was unable to alter the osteogenic potential of young
MSCs [54]. Previous work demonstrated that MSCs from
both young and old mice cultured in vitro in a young ECM,
loaded into gelatine sponges, and then implanted into the
dorsal surface of immunodeficient mice were capable of in-
ducing bone formation in a similar fashion. The authors
found that this restoration of osteogenic capacity of old
MSC:s could be due to the different molecular composition
of young and old ECM. Indeed, old ECM exhibited a higher
ratio of mineral to collagen than that observed in young
MSCs [55]. Activation of autophagy by rapamycin can re-
store bone loss in aged mice and osteogenesis of MSCs
possibly by regulating ROS levels [40]. Resveratrol, a poly-
phenolic compound found in red wine, has been found to
promote in vivo bone formation and counteract bone loss
in SAMP6 mice, a premature aging mouse model, and in
naturally aging mice as well [56]. Moreover, resveratrol
treatment in vitro rescued the osteogenic decline of MSCs
from the aged mice mentioned above. The molecular
mechanism responsible for this osteogenesis recovery in-
volves the upregulation by resveratrol of the expression of
mitofilin, a mitochondrial inner membrane protein which is
downregulated in senescent MSCs from aged mice and
plays a key role in mitochondrial morphological and func-
tional homeostasis. Interestingly, resveratrol has been
shown to improve bone mineral density from zinc metallo-
peptidase, STE24 (Zmpste24) knockout mice, a mouse
laminopathy model of premature aging. Prelamin A accu-
mulation in these mice, which show extreme loss of bone
mineral density and are prone to fractures, hampered the
normal interaction between Sirtuin 1 (SIRT1) and Lamin
A, which was shown to be necessary for SIRT1 deacetylase
function. The authors found that resveratrol increased
SIRT1-Lamin A binding to increase SIRT1 deacetylase ac-
tivity, suggesting that this mechanism was responsible for
restoring osteogenesis of MSCs in premature aging mice
and therefore alleviating the progeroid features of these
mice [57].

Conclusions
Age-related bone loss is driven in part by a decline in
MSC proliferation and function and an increased
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Fig. 2 Age-related alterations of a number of cell-intrinsic factors can shift MSC differentiation to adipogenesis. Cell-extrinsic factors such as young
paracrine factors and ECM, rapamycin, and resveratrol have been proven to restore osteogenic potential of aged MSCs through modulation of these

commitment of these MSCs to adipogenic lineages. In
the present review we have summarized the most recent
cell-intrinsic molecular mechanisms underlying this
pathological MSC differentiation and the cell-extrinsic
factors that have been described to counteract this im-
balanced differentiation. Understanding the molecular
mechanisms governing the hampered osteogenesis of
aged MSCs will be crucial for developing new bone ana-
bolic treatments to promote bone formation.

Abbreviations

BLC: Bone lining cell; CBFB: Core-binding factor subunit beta; CEBPa: CCAAT
enhancer binding protein alpha; CEBPB: CCAAT enhancer binding protein
beta; CEBPy: CCAAT enhancer binding protein gamma; ECM: Extracellular
matrix; FOXP1: Forkhead box P1; HDACO: Histone deacetylase 9;

HGPS: Hutchinson-Gilford progeria syndrome; HOXB7: Homeobox B7;
IGFBP7: Insulin like growth factor binding protein 7; LMNA: Lamin A/C;
MAF: MAF bZIP transcription factor; MIR17: MicroRNA 17; MIR17-

92: MicroRNA 17-92; MIR188: MicroRNA 188; MIR196: MicroRNA 196;
MIR218: MicroRNA 218; MIR23a: MicroRNA 23a; MIR23b: MicroRNA 23b;
miRNA: MicroRNA; MSC: Mesenchymal stem cell; MTOR: Mechanistic target of
rapamycin kinase; mTORC2: Mechanistic target of rapamycin complex 2;
P53: Tumor protein p53; PPARy: Peroxisome proliferator activated receptor
gamma; RICTOR: RPTOR independent companion of MTOR complex 2;

ROS: Reactive oxygen species; RUNX2: Runt related transcription factor 2;
SiRNA: Small interfering RNA ; SIRT1: Sirtuin1; TGFf: Transforming growth
factor beta 1; TMEM64: Transmembrane protein 64; VSMC: Vascular smooth
muscle cell; Zmpste24: Zinc metallopeptidase, STE24

Funding

This work was funded by Basque Country government under the ELKARTEK
program and by ISCIII (PI15/00820), co -funded by ERDF “A way to make
Europe”.

Authors’ contributions
Al and CIR were involved in the writing, revision, and final approval of the
manuscript.

Ethics approval and consent to participate
Not applicable.

Consent for publication
Not applicable.

Competing interests
The authors declare that they have no competing interests.

Publisher’s Note
Springer Nature remains neutral with regard to jurisdictional claims in
published maps and institutional affiliations.

Published online: 26 September 2018

References

1. Lopez-Otin C, Blasco MA, Partridge L, et al. The hallmarks of aging. Cell.
2013;153(6):1194-217.

2. Lee WC, Guntur AR, Long F, Rosen CJ. Energy metabolism of the osteoblast:
implications for osteoporosis. Endocr Rev. 2017;38(3):255-66.

3. Eastell R, Szulc P. Use of bone turnover markers in postmenopausal
osteoporosis. Lancet Diabetes Endocrinol. 2017;5(11):908-23.

4. Schonherr E, Hausser HJ. Extracellular matrix and cytokines: a functional unit.
Dev Immunol. 2000;7(2-4):89-101.

5. Manolagas SC. Birth and death of bone cells: basic regulatory mechanisms
and implications for the pathogenesis and treatment of osteoporosis.
Endocr Rev. 2000;21(2):115-37.

6. Manolagas SC, Parfitt AM. What old means to bone. Trends Endocrinol
Metab. 2010;21(6):369-74.

7. Schaffler MB, Cheung WY, Majeska R, Kennedy O. Osteocytes: master
orchestrators of bone. Calcif Tissue Int. 2014:94(1):5-24.

8. Bonewald LF. The amazing osteocyte. J Bone Miner Res. 2011;26(2):229-38.



Infante and Rodriguez Stem Cell Research & Therapy (2018) 9:244

9. EvertsV, Delaissé JM, Korper W, et al. The bone lining cell: its role in
cleaning Howship's lacunae and initiating bone formation. J Bone Miner
Res. 2002;17(1):77-90.

10.  Matic I, Matthews BG, Wang X, et al. Quiescent bone lining cells are a major
source of osteoblasts during adulthood. Stem Cells. 2016;34(12):2930-42.

11, Kim SW, Lu Y, Williams EA, et al. Sclerostin antibody administration converts
bone lining cells into active osteoblasts. J Bone Miner Res. 2017;32(5):892-901.

12. da Silva Meirelles L, Chagastelles PC, Nardi NB. Mesenchymal stem cells
reside in virtually all post-natal organs and tissues. J Cell Sci. 2006;119(Pt 11):
2204-13.

13. Granero-Molté F, Weis JA, Miga M|, et al. Regenerative effects of
transplanted mesenchymal stem cells in fracture healing. Stem Cells. 2009;
27(8):1887-98.

14. Coipeau P, Rosset P, Langonne A, et al. Impaired differentiation potential of
human trabecular bone mesenchymal stromal cells from elderly patients.
Cytotherapy. 2009;11(5):584-94.

15. Stenderup K, Justesen J, Clausen C, Kassem M. Aging is associated with
decreased maximal life span and accelerated senescence of bone marrow
stromal cells. Bone. 2003;33(6):919-26.

16. Moerman EJ, Teng K, Lipschitz DA, Lecka-Czernik B. Aging activates
adipogenic and suppresses osteogenic programs in mesenchymal marrow
stroma/stem cells: the role of PPAR-gammaz2 transcription factor and TGF-
beta/BMP signaling pathways. Aging Cell. 2004;3(6):379-89.

17. Chen Q, Shou P, Zheng C, et al. Fate decision of mesenchymal stem cells:
adipocytes or osteoblasts? Cell Death Differ. 2016;23(7):1128-39.

18.  Lefterova M, Zhang Y, Steger DJ, et al. PPARgamma and C/EBP factors
orchestrate adipocyte biology via adjacent binding on a genome-wide
scale. Genes Dev. 2008:22(21):2941-52.

19. Kim J, Ko J. A novel PPARy2 modulator sLZIP controls the balance between
adipogenesis and osteogenesis during mesenchymal stem cell
differentiation. Cell Death Differ. 2014;21(10):1642-55.

20.  Komori T. Regulation of osteoblast differentiation by transcription factors. J
Cell Biochem. 2006;,99(5):1233-9.

21, Nakashima K, Zhou X, Kunkel G, et al. The novel zinc finger-containing
transcription factor osterix is required for osteoblast differentiation and
bone formation. Cell. 2002;108(1):17-29.

22. Rosen ED, Spiegelman BM. PPARgamma: a nuclear regulator of metabolism,
differentiation, and cell growth. J Biol Chem. 2001;276(41):37731-4.

23. Zhang C, Guo ZM. Multiple functions of Maf in the regulation of cellular
development and differentiation. Diabetes Metab Res Rev. 2015;31(8):773-8.

24, Nishikawa K, Nakashima T, Takeda S, et al. Maf promotes osteoblast
differentiation in mice by mediating the age-related switch in mesenchymal
cell differentiation. J Clin Invest. 2010;120(10):3455-65.

25.  Carlsson P, Mahlapuu M. Forkhead transcription factors: key players in
development and metabolism. Dev Biol. 2002,250(1):1-23.

26. LiH,LiuP, Xus, etal. FOXP1 controls mesenchymal stem cell commitment
and senescence during skeletal aging. J Clin Invest. 2017;127(4):1241-53.

27. Miller J, Horner A, Stacy T, et al. The core-binding factor beta subunit is
required for bone formation and hematopoietic maturation. Nat Genet.
2002,32(4):645-9.

28. Wu M, Li C, Zhu G, et al. Deletion of core-binding factor f (Cbff) in
mesenchymal progenitor cells provides new insights into Cbf3/Runxs
complex function in cartilage and bone development. Bone. 2014;65:49-59.

29. Wu M, Wang Y, Shao JZ, et al. Cbf3 governs osteoblast-adipocyte lineage
commitment through enhancing -catenin signaling and suppressing
adipogenesis gene expression. Proc Natl Acad Sci U S A. 2017;114(38):
10119-24.

30. Candini O, Spano C, Murgia A, et al. Mesenchymal progenitors aging
highlights a miR-196 switch targeting HOXB7 as master regulator of
proliferation and osteogenesis. Stem Cells. 2015;33(3):939-50.

31, Pasumarthy KK, Doni Jayavelu N, Kilpinen L, et al. Methylome analysis of
human bone marrow MSCs reveals extensive age- and culture-induced
changes at distal regulatory elements. Stem Cell Rep. 2017,9(3):999-1015.

32. Li CJ, Cheng P, Liang MK, et al. MicroRNA-188 regulates age-related
switch between osteoblast and adipocyte differentiation. J Clin Invest.
2015;125(4):1509-22.

33. Jin Z, Wei W, Huynh H, Wan Y. HDAC9 inhibits Osteoclastogenesis via
mutual suppression of PPARY/RANKL signaling. Mol Endocrinol. 2015;
29(5):730-8.

34, Chen J, Holguin N, Shi Y, et al. mTORC2 signaling promotes skeletal growth
and bone formation in mice. J Bone Miner Res. 2015;30(2):369-78.

35.

36.

37.

38.

39.

40.

42.

43.

44,

45.

46.

47.

48.

49.

50.

51

52.

53.

54.

55.

56.

57.

Page 7 of 7

Zhao L, Huang J, Guo R, et al. Smurf1 inhibits mesenchymal stem cell
proliferation and differentiation into osteoblasts through JunB degradation.
J Bone Miner Res. 2010;25(6):1246-56.

Guo Q, Chen Y, Guo L, et al. miR-23a/b regulates the balance between
osteoblast and adipocyte differentiation in bone marrow mesenchymal
stem cells. Bone Res. 2016;4:16022.

Jeong BC, Kim TS, Kim HS, et al. Transmembrane protein 64 reciprocally
regulates osteoblast and adipocyte differentiation by modulating Wnt/3-
catenin signaling. Bone. 2015;78:165-73.

Lai P, Song Q, Yang C, et al. Loss of Rictor with aging in osteoblasts
promotes age-related bone loss. Cell Death Dis. 2016;7(10):2408.

Sen B, Xie Z, Case N, et al. mTORC2 regulates mechanically induced
cytoskeletal reorganization and lineage selection in marrow-derived
mesenchymal stem cells. J Bone Miner Res. 2014;29(1):78-89.

Ma'Y, Qi M, An Y, et al. Autophagy controls mesenchymal stem cell
properties and senescence during bone aging. Aging Cell. 2018;17(1)
https://doi.org/10.1111/acel.12709.

Gargiuli C, Schena E, Mattioli E, et al. Lamins and bone disorders: current
understanding and perspectives. Oncotarget. 2018;9(32):22817-31.

Burke B, Stewart CL. The nuclear lamins: flexibility in function. Nat Rev Mol
Cell Biol. 2013;14(1):13-24.

Capell BC, Collins FS. Human laminopathies: nuclei gone genetically awry.
Nat Rev Genet. 2006;7(12):940-52.

Liu' Y, Drozdov |, Shroff R, et al. Prelamin A accelerates vascular calcification
via activation of the DNA damage response and senescence-associated
secretory phenotype in vascular smooth muscle cells. Circ Res. 2013;112(10):
€99-109.

Bergo MO, Gavino B, Ross J, et al. Zmpste24 deficiency in mice causes
spontaneous bone fractures, muscle weakness, and a prelamin A processing
defect. Proc Natl Acad Sci U S A. 2002;99(20):13049-54.

Ruiz de Eguino G, Infante A, Schlangen K, et al. Sp1 transcription factor
interaction with accumulated prelamin a impairs adipose lineage
differentiation in human mesenchymal stem cells: essential role of sp1 in
the integrity of lipid vesicles. Stem Cells Transl Med. 2012;1(4):309-21.
Infante A, Gago A, de Eguino GR, et al. Prelamin A accumulation and stress
conditions induce impaired Oct-1 activity and autophagy in prematurely
aged human mesenchymal stem cell. Aging (Albany NY). 2014,6(4):264-80.
Sénchez P, Infante A, de Eguino GR, et al. Age-related lipid metabolic
signature in human LMNA-Lipodystrophic stem cell-derived adipocytes. J
Clin Endocrinol Metab. 2015;100(7):E964-73.

Blondel S, Jaskowiak AL, Egesipe AL, et al. Induced pluripotent stem cells
reveal functional differences between drugs currently investigated in
patients with Hutchinson-Gilford progeria syndrome. Stem Cells Transl Med.
2014;3(4):510-9.

Lo Cicero A, Jaskowiak AL, Egesipe AL, et al. A high throughput phenotypic
screening reveals compounds that counteract premature osteogenic
differentiation of HGPS iPS-derived mesenchymal stem cells. Sci Rep. 2016;6:
34798.

Infante A, Rodriguez Cl. Secretome analysis of in vitro aged human
mesenchymal stem cells reveals IGFBP7 as a putative factor for promoting
osteogenesis. Sci Rep. 2018;8(1):4632.

Zhang W, Chen E, Chen M, et al. IGFBP7 regulates the osteogenic
differentiation of bone marrow-derived mesenchymal stem cells via Wnt/3-
catenin signaling pathway. FASEB J. 2018;32(4):2280-91.

Guillaumet-Adkins A, Yafiez Y, Peris-Diaz MD, et al. Epigenetics and oxidative
stress in aging. Oxidative Med Cell Longev. 2017;2017:9175806.

Baht GS, Silkstone D, Vi L, et al. Exposure to a youthful circulation
rejuvenates bone repair through modulation of -catenin. Nat Commun.
2015,6:7131.

Sun Y, Li W, Lu Z, et al. Rescuing replication and osteogenesis of aged
mesenchymal stem cells by exposure to a young extracellular matrix. FASEB
J.2011;25(5):1474-85.

Lv YJ, Yang Y, Sui BD, et al. Resveratrol counteracts bone loss via mitofilin-
mediated osteogenic improvement of mesenchymal stem cells in
senescence-accelerated mice. Theranostics. 2018,8(9):2387-406.

Liu B, Ghosh S, Yang X, et al. Resveratrol rescues SIRT1-dependent adult
stem cell decline and alleviates progeroid features in laminopathy-based
progeria. Cell Metab. 2012;16(6):738-50.


https://doi.org/10.1111/acel.12709

	Abstract
	Background
	Components of bone
	MSC osteogenic differentiation in health and aging
	Transcription factors
	MicroRNAs
	Autophagy
	Alterations of the nuclear lamina
	Epigenetic modifications of DNA and reactive oxygen species
	Cell-extrinsic factors

	Conclusions
	Abbreviations
	Funding
	Authors’ contributions
	Ethics approval and consent to participate
	Consent for publication
	Competing interests
	Publisher’s Note
	References

