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A B S T R A C T

Hematopoiesis in land dwelling vertebrates and marine mammals occurs within the bone marrow, continually
providing mature progeny over the course of an organism's lifetime. This conserved dependency highlights the
critical relationship between these two organs, yet the skeletal and hematopoietic systems are often thought of as
separate. In fact, data are beginning to show that skeletal disease pathogenesis influences hematopoiesis and
viceversa, offering novel opportunities to approach disease affecting bone and blood. With a growing global
population of aged individuals, interest has focused on cell autonomous changes in hematopoietic and skeletal
systems that result in dysfunction. The purpose of this review is to summarize the literature on aging effects in
both fields, and provide critical examples of organ cross-talk in the aging process.

1. Introduction

Hematopoiesis in land-dwelling vertebrates and marine mammals
occurs within the bone marrow, continually providing mature progeny
over the course of an organism's lifetime. This conserved evolutionary
compartmentalization highlights the critical relationship between these
two organs. While one cannot exist without the other in humans, bone
and marrow are often thought of as separate systems, with each having
its own distinct field of research. And yet, these organs interface ana-
tomically. Moreover, data are emerging showing that disease patho-
genesis in the skeleton influences the hematopoietic system and vice-
versa. Based on these findings, the reciprocal interactions of the
skeleton and the hematopoietic system are beginning to be appreciated,
and were recently reviewed in detail elsewhere [1,2]. With a growing
global population of aged individuals, interest has focused on cell au-
tonomous changes in hematopoietic and skeletal systems. However, the
emergence of a regulatory role in marrow regulatory microenviron-
mental cell populations in the bone marrow suggests that dysfunction of
the aged bone marrow microenvironment may contribute to aging
changes displayed by hematopoiesis. The purpose of this review is to
summarize the literature on aging effects in both fields, and provide
critical examples of organ cross-talk in the aging process.

2. Cell autonomous changes in hematopoiesis

Aging is a universal process that affects many organs with similar
outcomes, including loss of function and greater risk of disease patho-
genesis [3]. In the hematopoietic system, aging is associated with

increased anemias [4,5], impaired adaptive immune responses [6], and
increased susceptibility to myelodysplastic and myeloproliferative dis-
orders [7]. To date, most research has focused on the changes that
occur within hematopoietic stem cells (HSCs) over time, leading to cell-
autonomous decreased function [8,9]. Well-described features of aged
HSCs include changes in surface marker expression [10,11], myeloid
and megakaryocytic bias (loss of lymphoid support) [11,12], accumu-
lation of DNA damage [13–15], expansion of the HSC pool [9] and
increase of dominant clones [16–19].

2.1. Myeloid and megakaryocytic skewing of hematopoietic stem cells with
aging

Myeloid differentiation (neutrophil, monocyte, macrophage, etc.) is
preferred over lymphoid differentiation (B-cell, T-Cell, natural killer,
etc.) in the aged hematopoietic system. This is a poorly understood
phenomenon referred to as myeloid-bias. HSC phenotyping with var-
ious markers has been used to investigate if the aged phenotype cor-
relates with diminished function, distinct clones, or myeloid-bias. For
example, the marker CD41/integrin alpha-2B (ITGA2B) is typically
associated with platelets and megakaryocytes [10]. Its expression ex-
pands into the HSC pool with age and is associated with cells that have
a myeloid bias [10,20,21]. Another marker also associated with the
megakaryocytic arm of the myeloid lineage shown to expand in aged
HSCs is von Willebrand Factor (VWF). VWF expression on HSCs is also
functionally associated with megakaryocytic bias in the form of in-
creased platelet output. Myeloid bias and expansion of CD41+ HSCs is
associated with increased rounds of self-renewal and aging [22] but
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whether the increase in CD41+ HSCs is increased expression of CD41
in previously CD41- HSCs induced by aging, expression of the HSC
phenotype by CD41+ myeloid progenitors or expansion of the CD41+
HSC subset remains controversial. Analysis of human marrow has also
yielded evidence for myeloid and megakaryocytic skewing with age
[12]. Human marrow has fewer lymphoid progenitors with age, and
aged human HSCs have myeloid primed transcriptional programs [12].
Further work is necessary to refine the definition of myeloid skewing, as
this could occur with the loss of lymphoid support or changes in lym-
phopoiesis without any alteration to the myeloid lineage.

2.2. DNA repair and HSC aging

DNA damage is another highly investigated topic in HSC aging.
Inherited bone marrow failure syndromes, such as Fanconi Anemia,
underscore the importance of genomic stability in hematopoiesis [23].
Mouse models lacking components of different DNA repair pathways,
including non-homologous end joining, maintenance of telomeres, and
nucleotide excision repair, have reduced long term HSC (LT-HSC)
function, and lack the ability to engraft into lethally irradiated re-
cipients [13,15]. Lack of DNA repair processes in these models is also
associated with higher levels of apoptosis in the stem cell compartment
[13]. Analysis of DNA damage in human HSCs ex vivo has also been
performed to measure the amount of marker γH2AX (a chromatin mark
associated with areas of DNA damage) [14]. HSCs from individuals
50 years and older had higher levels of γH2AX compared to those less
than 50 years of age [14]. γH2AX markers were not cleared as quickly
in aged HSCs compared to young HSCs when exposed to ionizing ra-
diation [14], underscoring age-dependent cell-intrinsic defects in DNA
repair in HSCs. Recent evidence in mice would suggest that γH2AX
marks at baseline in aged HSCs do not overlap with markers DNA da-
mage [24], and therefore may represents a separate pathology, which is
associated with replication stress.

2.3. HSC pool expansion

Data have shown that phenotypic HSCs expand with age in the
human marrow [12]. This phenotype is conserved in C57BL/6 mice
[9,25,26], although this finding is strain specific [27,28]. Notably, in
spite of this increase in HSC numbers, individual HSCs demonstrate
age-dependent decreased function in their ability to engraft and re-
constitute hematopoiesis [26,29–31]. Aged human HSCs also share this
reduced capacity to engraft [32], suggesting that aged human HSCs
have decreased ability to self-renew. The mechanisms underlying both
the phenotypic HSC expansion and the HSC decrease in self renewal
reported with age remain poorly understood.

2.4. Clonal hematopoiesis

The lack of diversity in the cells that provide progeny to the per-
ipheral blood is referred to as clonal hematopoiesis [18]. Clonal he-
matopoiesis has been verified in humans, and may be associated with
risk of hematopoietic malignancy [17,19]. Identification of clonal po-
pulations in the blood is assessed by sequencing over-represented so-
matic mutations. Further work has focused on distinct mutations that
are overrepresented in clonal hematopoiesis [19]. Multiple studies
using sequencing found that DNMT3A-R882 and JAK2-V617F muta-
tions, which are associated with leukemia, are over represented in
clonal populations [19,33,34]. Technological advances have allowed
for sequencing of circulating hematopoietic progenitors from a large
number of individuals, and now demonstrate that mutations typically
associated with hematologic malignancies are relatively common in
elderly populations that do not necessarily display evidence of hema-
tologic disorders [18,33,34]. Analysis of the bone marrow from a
115 year old woman demonstrated an extreme example of clonal he-
matopoiesis in the absence of hematopoietic malignancy. Holstege et al.

sequenced the somatic mutations unique to the hematopoietic system in
this individual and found that the majority (~65%) of the aged marrow
was derived from two related HSC populations. The authors speculate
that one HSC population is derived from the other, as they share a
subset of somatic mutations [16]. The term Clonal Hematopoiesis of
Indeterminate Potential (CHIP) is now used in this setting to highlight
the fact that the presence of these mutations is often not associated with
hematologic disease in elderly patients, [35]. CHIP is relatively
common in aged individuals, as between 10- and 20% of patients over
70 years of age have been reported to have CHIP [18,33,34]. Notably,
CHIP is correlated with increased cardiovascular risk [18]. Recent
studies in a murine model where introduction of the Tet2 mutation
accelerates atherosclerosis provide initial support for a causal role of
CHIP in cardiovascular disease. However, more work will be necessary
to assess the potentially necessary and/or sufficient components of
clonal hematopoiesis in disease pathogenesis. From the point of view of
bone-marrow interactions, it is important to consider whether changes
in skeletal populations may be responsible for the selection pressures
that result in clonal hematopoiesis.

3. Aging of the skeleton

Age-associated skeletal pathologies, including osteoporosis and
elevated fracture risk, represent a public health issue not only because
of their significant morbidity and mortality to the elderly population,
but also because these pathologies incur large medical costs [36]. A
greater understanding of the underlying pathology that leads to these
changes may therefore indicate potential new therapeutic strategies to
mitigate the impact of aging on skeletal health.

3.1. Impact of aging on bone matrix

Osteoporosis is associated with a functional decline in bone for-
mation while maintaining the same level or increasing levels of bone
resorption [37]. More recent evidence suggests that osteoporosis results
both from a loss in bone matrix and changes in matrix quality [38–41].
Matrix quality can be broadly defined as the components that con-
tribute to the bone matrix [38]. Bone mineral density, the standard for
assessing risk and diagnosing osteoporosis, is measured clinically pri-
marily by Dual-energy X-ray absorptiometry (DXA). However, other
spectrographic methods are being used now to determine bone com-
position and diagnose osteoporosis and fracture risk [38,39,42]. Spe-
cifically, Fourier-transform infrared spectroscopy imaging is being used
to measure bone composition, which includes mineral/matrix ratio,
carbonate/phosphate ratio, crystallinity, and collagen maturity
(amount of collagen cross-links) [42]. These parameters can thus be
measured in bone biopsies and correlated with bone fracture occur-
rence. Since bone forming cells are primarily responsible for laying
down bone matrix, changes within the osteoblast itself during the aging
process can lead to changes in both the amount and quality of bone
matrix.

3.2. Impact of aging on bone forming cells

The decline in osteoblast function has been associated with changes
in mitochondrial function. MSCs require mitochondrial biogenesis in
order to effectively undergo osteoblastic differentiation [43]. Evidence
in vitro also suggests that, during cell division, newly synthesized mi-
tochondria are preferentially split into the daughter stem-cell, rather
than the more mature daughter cell, providing further evidence that a
“healthy” population of mitochondria is essential for stemness [44].
Dysfunction in the mitochondria is often the result of opening of the
mitochondrial permeability transition pore, which is regulated by the
protein cyclophilin-D (cypD) [45]. When mice with a global deletion for
cypD (cypD-KO) are aged (13months), they do not exhibit bone loss or
osteoporosis compared to wild-type (WT) animals [46]. Bones from
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these aged cypD-KO mice also maintain physical properties of young
bone, with no change in bone toughness or strength relative to 3month
old cypD-KO [46]. Thus, cypD represents a potential future target for
osteoporosis therapies, as it can be inhibited by cyclosporin-A [47,48],
which is already shown to be safe for use in humans [49]. Cyclosporin-
A has also been shown to protect stem-cell populations from oxidative
stress, which negatively impacts the long-term repopulation capacity
associated with stemness [50].

In aged bone marrow there is also an accumulation of marrow fat,
which shares common progenitors with osteoblasts [51]. Changes in
microRNA (miR) expression have been linked to functional changes in
osteoblasts that result in osteoporotic phenotypes and favor adipogen-
esis in mice [52]. Specifically, miR-188 is upregulated in both murine
and human osteoblasts during the aging process [52]. Upregulation of
miR-188 suppresses the expression of histone deacetylase 9 (HDAC9)
[53] and rapamycin-insensitive companion of mammalian target of rapa-
mycin (Rictor) [54], which are necessary to guide MSCs towards os-
teoblastic fate and away from adipocytic differentiation [52]. Use of an
anti-sense RNA oligonucleotides [55] may represent a potential ther-
apeutic strategy to treat osteoporosis, since Li et al. showed that
blocking miR-188 with the anti-sense sequence facilitated bone for-
mation in mice [52].

3.3. Impact of aging on marrow adipocytes

The expansion of adipocytic populations within the marrow may
also contribute to bone fragility seen in aging [56]. The authors attri-
bute adipocyte expansion to the increased expression of dipeptidyl
peptidase-4 (DPP4) in bone marrow adipocytes (BMA) [56,57]. BMAs
expressing DPP4 are expanded with age [56]. Transplantation of BMA
precursors into the site of fracture negatively impacted healing, re-
sulting in formation of a cartilaginous callous rather than mineralized
tissue [56]. The negative impact of BMA precursors could be abrogated
by DPP4 inhibition. However, further work is necessary to see if DPP4
inhibition can also reverse or manage osteoporosis in aged populations.

4. Key signals impacting bone and marrow aging

4.1. Wnt signaling

The canonical Wnt signaling pathway is essential in development,
and is dysregulated in disease pathogenesis [58]. In the hematopoietic
system, the canonical Wnt pathway has been implicated in the main-
tenance and regeneration of the HSC compartment [59,60]. Treatment
of HSCs with prostaglandin E2 (PGE2) enhances both HSC self-renewal
capacity and function, in part by engagement of the canonical Wnt
pathway [60,61]. The positive effects of PGE2 on HSC expansion could
be blocked in vivo by inhibiting various components of the canonical
Wnt pathway. As part of the Wnt signaling pathway, the adenomatous
polyposis coli (APC) complex negatively regulates Wnt signaling. Loss
of function APC mutations inversely correlate with different levels of β-
catenin activity [62,63]. In studies where different APC mutations were
examined, intermediate doses of Wnt with mild APC mutations facil-
itate HSC differentiation, whereas high doses of Wnt prevent HSC
proliferation and self-renewal capacity, suggesting that the degree of
Wnt activation may have different impact on the HSC pool [62,63]. The
non-canonical Wnt pathway (β-catenin independent) has also been
shown to be critical for HSC maintenance [64]. Receptors like Flamingo
(Fmi) and Frizzled8 (Fz8) have been shown to be essential for LT-HSC
function in vivo [64]. Knock-out mice for either gene have altered cell
cycle kinetics with a more proliferative stem cell pool, with a greater
proportion existing outside of G0 in the cell cycle [64]. When HSCs from
a murine model of loss of Fmi or Fz8 were transplanted in wildtype
recipients, they were deficient in their ability to contribute to the per-
ipheral blood and bone marrow [64]. Mechanistically, Fmi and Fz8
maintain LT-HSC quiescence by suppressing canonical Wnt signaling

and nuclear localization of Nuclear Factor of Activated T-cells (NFAT),
which would induce expression of Interferon gamma (IFNγ) and sub-
sequent HSC activation [64].

While the previous studies highlight the role of both canonical and
non-canonical Wnt signaling on HSCs at homeostasis, the literature is
just beginning to investigate these pathways in the aging process [65].
Work from the Geiger laboratory suggests there is a balance of cano-
nical and non-canonical Wnt signaling at baseline that is disrupted
during aging [65]. Expression of Wnt5a increases in aged LT-HSCs,
resulting in autocrine activation of non-canonical Wnt signaling [65].
Wnt5a then engages the Cdc42 pathway, inducing cytoskeletal polarity
defects previously shown to negatively impact HSC function [65,66].
By reducing expression of Wnt5a in aged LT-HSCs, the polarity defect
and myeloid bias seen in aging were reversed [65]. Overall, these stu-
dies highlight that both canonical and non-canonical Wnt signaling are
essential for HSC maintenance, and disruption of this balance in aging
negatively impacts HSC function.

The Wnt pathway has also been highly studied in bone, where it is
also dysregulated by the aging process [67]. The canonical Wnt
pathway is essential for bone formation in humans, and is regulated by
expression of bone derived inhibitors, Sclerostin [68] (Sost) and Dick-
kopf1 [69] (Dkk1), which antagonize the Wnt co-receptors LDL-re-
ceptor protein 5 and 6 (Lrp5/6). Mutations in Lrp5 have been associated
with skeletal phenotypes in humans: loss of function mutations in LRP5
result in osteoporosis-pseudoglioma syndrome [70], and gain of func-
tion mutations result in high bone mass phenotypes that manifest with
high BMD and changes in jaw structure [71]. The Lrp5 G171V pheno-
type exerts its high bone mass phenotype by preventing binding of
Dkk1, which antagonizes Wnt signaling [71]. Other high bone mass
phenotypes have been associated with mutations in the SOST gene
which result in sclerosteosis [72] and van Buchem disease [73]. Since
loss of function of either DKK1 or SOST results in high bone mass
phenotypes, inhibiting these signals may be a strategy to treat osteo-
porosis in elderly populations, specifically in post-menopausal women
[74–78]. In addition to mutations in Wnt receptors, loss of function in
Wnt ligands, specifically Wnt1, are associated with osteogenesis im-
perfecta, and result in an early onset of osteoporosis [79]. These mu-
tations induce a dominant negative Wnt1 protein, which is unable to
positively modulate β-catenin levels [79]. Thus, human studies have
highlighted that loss of canonical Wnt signaling in bone prematurely
ages the skeleton and that reengagement of the pathway can reverse
these changes. Whether loss of Wnt signals from the skeleton is re-
sponsible for the age-dependent loss of HSC function remains un-
explored.

4.2. Osteopontin, megakaryocytes and osteomacs

The extracellular matrix protein osteopontin (OPN) is expressed by
many tissues. However, in the bone marrow, OPN is primarily ex-
pressed by osteoblastic cells [80], where it acts as a component of the
bone matrix. OPN is able to regulate both MSC fate choice and HSC pool
size [81]. OPN directs MSC fate choice towards osteogenesis and away
from adipocytic differentiation through binding the integrin hetero-
dimer αVβ1 (CD51/CD29) on MSCs. Use of antibodies against OPN, and
against either αV or β1 integrins, impaired osteogenic differentiation
and enhanced adipogenic differentiation in vitro [81]. MSCs from mice
lacking expression of OPN (OPN-KO mice) also recapitulated this in
vitro effect, but the investigators did not analyze these populations in
vivo in the bone marrow [81].

OPN in the bone marrow also acts to restrain the size of the HSC
pool; with OPN-KO animals having ~2 fold increase in HSCs numbers
[82]. The HSC pool in OPN-KO animals can be further expanded by
activation of osteoblastic cells with parathyroid hormone (PTH) [82], a
hormone well-established to expand the HSC pool in a number of
murine models [83–86]. These data suggest that OPN restrains the ef-
fects of niche activation.
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Regulation of HSC number by OPN is attributed to different OPN
fragments that are formed when OPN is cleaved by the protease
thrombin (tc-OPN) [87,88]. Cleavage of OPN by thrombin exposes
matricryptic sites that allow HSCs to bind via integrins α4β1 or α9β1,
facilitating HSC homing and suppressing proliferation. The effect of tc-
OPN on downstream signaling pathways in HSCs is currently being
explored. The importance of thrombin to this process also implicates
megakaryocytes, the principal source of thrombin [87]. Mega-
karyocytes have been shown to regulate HSCs [89] but also to provide
osteoblastic support, since mice with targeted deletion of thrombin in
megakaryocytes had increased femoral bone volume [90]. Mega-
karyocytes had previously been shown to promote murine osteoblastic
cells and their support of HSCs after radiation injury [91]. Emerging
data showing that calvaria-resident macrophages, also known as os-
teomacs, are required for the hematopoietic-enhancing activity of os-
teoblastic cells [92,93], and that megakaryocyte regulate osteomac
proliferation, suggesting that interactions of megakaryocytes with os-
teoblasts are further modulated by osteomacs.

Guidi et al. found that with aging OPN is lost in the bone marrow,
specifically by osteoblasts [94]. Incubation of aged HSCs with tc-OPN
had a rejuvenating effect [94]. When transplanted, aged HSCs treated
with tc-OPN did not show a myeloid bias, compared to vehicle treated
HSCs [94]. Of note, aging is associated with many phenotypes seen the
OPN-KO: weight gain, altered MSC fate choice, and expanded HSC pool
[81,82,94]. MSCs and HSCs are expected to be differentially regulated
by OPN, as these stem cell populations interact via different integrin
heterodimers [81, 87]. These studies underscore the crucial role of an
osteoblastic-derived factor that is regulated by megakaryocytes and
regulates MSCs and HSC at homeostasis and aging, demonstrating re-
ciprocal interactions of marrow and bone of where the aged micro-
environment may be responsible for HSC aging.

4.3. Senescent cells

Cellular senescence is a complex response to stress that results in
irreversible arrest of proliferation in cells experiencing potentially

transforming conditions, including DNA damage and other cellular
stressors [95,96]. When cells undergo senescence, they activate the p53
and RB/p16INK4a pathways, linking DNA damage to this permanent
block in the cell cycle [96]. Even though senescent cells are not pro-
liferative, senescent cells are not an inert component of aging tissue, but
rather these cells are actively involved in disease pathogenesis. Senes-
cent cells are metabolically active and acquire the senescent-associated
secretory phenotype (SASP) [97–99]. The SASP encompasses the re-
lease of inflammatory cytokines, chemokines, and proteases into the
tissue [97–99]. Work from the Belmonte group showed that premature
aging phenotypes, as seen in Werner's syndrome (loss of WRN gene),
lead to early senescence and acquisition of SASP in induced pluripotent
stem cells in vitro compared to WT cultures [100]. Senescence in Wer-
ner's Syndrome is linked to a loss of heterochromatin structure, further
implicating genome maintenance as a regulator of senescence [100].
SASP has been speculated to initially be a beneficial process, which
would allow immune recruitment to remove aging cells, and remodel
aged tissue [101]. However this inflammation is not cleared and be-
comes pathological.

Studies using genetic and pharmacologic tools that ablate senescent
cells have shown that even a modest reduction in senescent cell po-
pulations improves the lifespan and healthspan in murine models
[102–105]. Based on these findings, there is increased interest in tar-
geting senescent cells as a means of treating diseases associated with
aging [106]. Work from Chang et al. investigated this concept using
aged mice and mice that were irradiated in order to induce senescence
in vivo [106]. In their work, they identify ABT263 (BCL-2/BCL-XL in-
hibitor) as a senolytic compound that shows preferential toxicity to
senescent cells over non-senescent cells in vitro [106]. Administration of
ABT263 eight weeks after mice had been sub-lethally irradiated (6 Gy)
lead to a phenotypic reduction of senescent cells in vivo, and an increase
in HSC function by transplant [106]. Marrow from ABT263 treated ir-
radiated animals also showed enhanced lymphoid engraftment over
myeloid, suggesting that senescent cells can contribute to the myeloid-
bias seen in aged HSCs [106]. Treatment of aged animals with ABT263
enhanced their HSCs function, as treated animals had higher

Fig. 1. Impact of aging on bone, marrow and hematopoiesis. Schematic representation of microenvironmental changes identified in the marrow to date. A legend for
microenvironmental components is shown. Background color (pink) in aging to highlight the inflammatory/senescent signals recently reported.
Modified from the Primer on Metabolic Bone Diseases and Disorders of Mineral Metabolism, 8th Edition. (For interpretation of the references to color in this figure
legend, the reader is referred to the web version of this article.)
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engraftment and a reduction in myeloid-bias [106]. Therefore there is
emerging evidence that senescent cells could mediate at least some
aspect of the aging phenotype of HSCs.

While Chang et al. did not characterize these senescent cells of the
bone marrow, work from the Khosla's laboratory has begun to in-
vestigate this [107]. Farr et al. find characteristics of senescence of the
bone marrow in both the osteolineage (osteoblasts and osteocytes) and
hematopoietic system (CD14+ myeloid cells) [107]. Transcriptionally,
both osteolineage and myeloid cells from aged mice show increased
expression of the cell cycle inhibitors p16Ink4a, p21, and p53 [107].
These transcriptional profiles, including expression of genes associated
with senescence, were also increased in human bone biopsies from aged
individuals compared to young controls [107]. In addition, transcrip-
tional characterization phenotypically aged osteocytes show telomere
dysfunction and exposure of satellite DNA near centromeres, a hallmark
of senescent cells [107]. Extending this initial work, using both genetic
and pharmacologic approaches, the Khosla laboratory went on to show
that senescent cells in the bone marrow are responsible for age-related
bone loss [108]. While these data set the stage to implicate the bone
marrow microenvironment in HSC aging, additional studies are needed
to investigate which senescent cell populations may be primarily re-
sponsible for hematopoietic aging.

5. Future directions

Aging of blood and bone is associated with defects in both tissues
(Fig. 1), and manifest in dysfunction that results in significant mor-
bidity and mortality. As our understanding of the reciprocal interac-
tions of these tissues deepens, our fields need to further explore the
extent of non-cell autonomous contributions to aging, particularly as
these cellular relationships may represent valuable and yet currently
unexplored targets to ameliorate anemias, susceptibility to infections
and malignancies, and to bone fragility.
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