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It has long been postulated that a primary reasoth& prevalence of osteoporosis in
aged populations is that cellular senescence redheeability of osteoblast progenitors
to proliferate and differentiate into matrix-proéhug osteoblasts? Recent work from
Farr and colleagu€smakes use of recently identified markers of sesrese to suggest
that multiple cell types within the bone microemviment become senescent with age,
including not only osteoblast progenitors, but atsture osteoblasts, B cells, T cells,
and osteocytes. This leads the authors to suduyssitith aging, a subset of osteocytes
become senescent and produce signals to neighbuyielpid lineage cells, which, in
turn, stimulates the production and secretion ofipflammatory cytokines and
chemokines, creating a toxic local microenvironntbeat may contribute to age-related

bone loss. In addition, they suggest that targetatbval of senescent cells may provide



a therapeutic option for age-related osteopofd'sis.

Replicative senescence as a concept was devdbygedyflick in the 1960s to
explain why primary cultured cells lose their capato divide after a reproducible
number of population doublings in vitf8.For many years, this was thought to be an
artifact of cell culture, but the existence of sa@nce in vivo in both dividing and
postmitotic cellds now widely accepted. Senescence is now thougihamly to have
anti-tumorigenic action, but also to contributdissue repair, embryonic development,
and to age-related pathologf@Accumulation of senescent cells, and a graduabarse
in telomere dysfunction has been noted in almosisalies and species studied to dte.

The suggestion that senescence may play a rtthe ipathogenesis of age-related
osteoporosis stems from studies showing a reldatine in bone formation that occurs
with age® Roles for both telomere shortening and increaséthtive stress in the
declining osteoblast function with age has beempasrtipd by studies in mouse models
(for review, see Marf®). However, this age-related decline may not resalg to an
intrinsic defect in the osteoblast lineage. Manytgpes within the bone marrow
microenvironment regulate osteoblast precursoedfftiation’® and the signals they
produce may also be altered with senescence. QstesEnescence may also alter
osteoblast activity given that osteocytes regusateoblast differentiation by production
of pro-osteoblastic cytokines and the Wnt inhibgolerostin.

Because aging is associated with a decline in bmmeatiod® and a reduction in
ability of osteoblast precursors to differentiatevitro”® one logical outcome may be a
reduced response of these cells to endogenousgeraus factors that stimulate bone
formation. However, this does not appear to be#se: bone formation is stimulated in
postmenopausal women treated with parathyroid hoenfBTH)® and in both aged
mice and in the SAMP/6 mouse model of age-assatlatae loss, PTH response is
robust!**V Although Farr and colleagu@sconfirm increased senescence of osteoblast
precursors with age, such senescence can be owelmpaxogenous intermittent PTH
treatment.

Multiple cellular pathways contribute to cellulgnescence, including telomere
shortening and DNA damage, increased oxidativestand oncogene activatidh.

Although there are multiple senescence induceey, tbnverge on two major effector



pathwaysp16™** andp19™', both encoded bgdkn2a/CDKN2A).Y) Some 12 years ago
p16'™4 but notp19™", MRNA levels were reported to be elevated in boaerow from
aged micé™ This was observed both in the hematopoietic lingaagitive (Lin+) and
lineage negative (Lin-) populatidfs; the latter would include mesenchymal osteoblast
precursors. Farr and colleagiféprovide evidence confirming that the same is foue
multiple cell types within bone and bone marrowefobserved higher levels pf6'™*
MRNA in all cellular populations isolated from ben& old mice (24 months old)
compared to adults (6 months old): osteoblastepbsist progenitors, osteocytes, B
cells, T cells, and myeloid cells. Such analysisatels heavily on the purity of cell
populations isolated, and analysis of RNA fromlfilgssolated cells, particularly in the
case of osteocytes, because primary osteocytetheisg@henotype when culturéd*®
It should be noted that although osteoblast anebbéast progenitor populations were
isolated with the use of previously published fegwence activated cell-sorting (FACS)
methods, the cells isolated as “osteocytes” invlaek were not specifically purified.
Instead, osteocytes were obtained from the ren@inagments of long bones and
vertebrae after removal of those cells used togreepsteoblasts. Confirmation of the
presence of osteocytes was indicated by osteoatkemmRNA, but the purity of these
preparations remains questionable. Previous walshawn the value of purifying cells
from bone digests using genetically altered midd Wiuorescence targeted to the
osteocyte with the DMP1 promote?) and more recently it has been noted that even
when these markers are used, additional purifindtiphemopoietic lineage depletion is
required to eliminate contaminating osteocl&Sts.

Although this data suggests a higher number césmnt cells in the bone

6'™* mRNA level alone is not sufficient evidence of

microenvironment, elevatqul
senescence, because it is not upregulated orfysicitcumstanc€® It is also not clear
without further analysis whether the higher Ievfe|b115'”k4a MRNA results from an
increased rate of senescence or from accumulatisen@scent cells. This is a particular
concern for the assessment of osteocytes in ragetital bone which, unlike human
cortical bone, does not remod&!. This, and the aforementioned problem of osteocyte
purity, was at least partially addressed by thed®in in osteocytes of senescence-

associated distension of satellites (SADS) in #ssections. In the cortical diaphysis of



24-month-old mice, 11% of osteocytes demonstrafddSSstaining compared to
approximately 2% in 6-month-old mi¢8 SADS indicates the unraveling of centromeres
from their normal compact state postmitosis, argldeen observed in multiple cell types
as they enter senesceff®This confirmed the higher proportion of seneseeteocytes
and suggests a greater rate of osteocyte entryhiateenescent state in aged bone.
Whether there are more senescent osteocytes inytartregions of the cortex (eg, areas
that undergo less mechanical strain, osteocytedagsiding closer to the bone marrow
microenvironment or closer to the periosteum), Wwaethis is also observed in trabecular
bone, and whether there are sex differences reamkinown.

Cellular senescence was also indicated by thetieteof sites of unrepaired
DNA damage, known as telomere dysfunction-induced (TIFs) in impure “osteocyte-
enriched” preparations that were cultured for 7sd&owever, as mentioned above,
osteocytes, even highly purified ones, do not netfagir phenotype when cultur€d® it
is hard to know whether this really indicates ias@d senescence in osteocytes, is a cell
culture artifact, or indicates senescence in @ettsent in the impure preparation that
have overgrown the cultuf€’

One outcome of cellular senescence is an inciadbe expression of a range of
chemokines, cytokines, and metalloproteinases. adgsisition of a proinflammatory
phenotype has become known as the senescenceatsgda@scretory phenotype (SASP),
and is believed to be the major mechanism by wkétescent cells alter their
microenvironment® Indeed, many of these factors have been notetfitence
vascularization, bone formation, and to promotea@dastogenesis and bone destruction
(eg, G-CSF, VEGF-A, IL-6, MMP13, Cxcl1, and NfkbBithough myeloid cells
showed a dramatic increase in SASP-associatedmsptanly a mild increase in mRNA
levels of some SASP-associated proteins was ols@ntbe impure “osteocyte-
enriched” preparation@. It remains an open question whether these incsessrirately
reflect changes in the osteocyte network, or rdsuih the presence of contaminating
cells with very dramatic changes in SASP-associptetkins. An elevation ip16'”"4a
and SASP-associated mRNA levels in RNA extractethfnhuman biopsies provides
confirmation that such changes occur in human baltteough again the cell types most

dramatically affected are not known. Is the eleratn SASP-associated protein in



myeloid cells the key contributor to age-relateddtnss? Does the release of additional
proteases in the bone microenvironment cleave mmmabibound receptors such as
RANKL, leading to further bone destruction? How Wwbahanges in SASP-associated
proteins lead to a reduction in osteoblast precansith age? Which factors should be
targeted to prevent age-related bone loss? As@ge=soundergo senescence, does their
production of these agents alter the activity a¢éoblasts and osteoclasts on the bone
surface? Does their change in expression of tlagers influence the surrounding bone
matrix with age or cause perilacuno-canaliculaomgison? These questions remain
unresolved.

Regardless of the cellular source of SASP-asstiettemokines, cytokines, and
metalloproteinases, the suggestion that seneseaétite the bone microenvironment
increases with age strengthens the evidence thalacesenescence could lead to age-
related osteoporosis. Would removal of senescdistp®mvide a method to treat such
bone loss? Could this approach prolong skeletdtiizBetter still, in the case of an
already aging skeleton, could removal of senesoali# provide rejuvenation? A number
of approaches have been tested in other orgamsys$teeliminate senescent cells with
promising results. Experiments with geneticallgadt mice indicated that lifelong
removal of senescent cells delayed onset of agéecepathologies of the eye, skeletal
muscle, and adipose tissue, whereas deletionndife islowed the progression of these
pathologies*” No improvement in bone mass was detected, butithssonly assessed at
a cursory levef?™ A more recent study using a pharmacological amprdg combining
dasatinib and quercetin to reduce numbers of senesells resulted in a higher total
bone mineral density in treated mié8 presumably by preserving skeletal structure.
Whether this is achieved by retaining bone fornmtar by inhibiting resorption is not
known, nor is it clear whether the skeleton wasmaémed by removal of senescent cells
from bone itself. Was skeletal structure maintaisedondary to beneficial effects on
other tissues known to regulate bone mass suclussl@or adipose? Is it possible to
remove senescent osteocytes without increasing tesoeption and causing further bone
loss? Alternatively, would the empty osteocyte feifill with matrix, leading to bone
tissue necrosis?

These results are promising and support the Bgdgthesis that age-related bone



loss may stem, at least in part, from cellular seerce of a range of cells within the
bone microenvironment, including osteocytes. Whetihe senescence of the osteocyte
network is a major contributor to the bone loss emuld be targeted to prevent age-
related bone loss remains to be determined.
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