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Abstract
Cellular senescence, which is a major cause of tissue dysfunction with aging and mul-
tiple other conditions, is known to be triggered by p16Ink4a or p21Cip1, but the relative 
contributions of each pathway toward inducing senescence are unclear. Here, we di-
rectly addressed this issue by first developing and validating a p21-ATTAC mouse with 
the p21Cip1 promoter driving a “suicide” transgene encoding an inducible caspase-8 
which, upon induction, selectively kills p21Cip1-expressing senescent cells. Next, we 
used the p21-ATTAC mouse and the established p16-INK-ATTAC mouse to directly 
compare the contributions of p21Cip1 versus p16Ink4a in driving cellular senescence 
in a condition where a tissue phenotype (bone loss and increased marrow adiposity) 
is clearly driven by cellular senescence—specifically, radiation-induced osteoporosis. 
Using RNA in situ hybridization, we confirmed the reduction in radiation-induced 
p21Cip1- or p16Ink4a-driven transcripts following senescent cell clearance in both mod-
els. However, only clearance of p21Cip1+, but not p16Ink4a+, senescent cells prevented
both radiation-induced osteoporosis and increased marrow adiposity. Reduction in 
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1  |  INTRODUC TION

Cellular senescence is a non-proliferative and apoptosis-resistant 
state, which can be induced by different stressors including oxida-
tive DNA damage, mitochondrial stress, proteostasis, and other stim-
uli and is characterized by the production of pro-inflammatory and 
matrix-degrading proteins that are components of the senescence-
associated secretory phenotype (SASP) (Tchkonia et al., 2013). 
Senescent cells play important roles in tumor suppression, develop-
ment, and tissue regeneration (Tchkonia et al., 2013). During normal 
physiological conditions, particularly in youth, senescent cells are 
cleared by the immune system (Prata et al., 2018). However, with 
a waning immune system and excessive accumulation of senescent 
cells with increasing age, disease, and post-therapy (e.g., radiation or 
chemotherapy), senescent cells are deleterious and associated with 
tissue dysfunction and overall morbidity (Khosla et al., 2020).

The induction of cellular senescence following the DNA damage 
response (DDR) is largely regulated by two pathways, ataxia telan-
giectasia mutated (ATM)/p53/p21Cip1 and p16INK4a/Rb (Tchkonia 
et al., 2013). The DDR stabilizes the tumor suppressor protein, p53, 
thus activating the cyclin-dependent kinase (CDK) inhibitor (CDKi), 
p21Cip1, and inducing cell cycle arrest (el-Deiry et al., 1993; Stein 
et al., 1999). p16INK4a has been shown to directly bind and inhibit the 
catalytic activity of CDK4 (Serrano et al., 1993) and CDK6 (Alcorta 
et al., 1996). Activation of p21Cip1 or p16Ink4a and physical binding to 
D type cyclin and CDK4/6  subsequently activates the tumor sup-
pressor retinoblastoma protein (pRB) (Tchkonia et al., 2013).

Targeted clearance of p16Ink4 -expressing cells in p16-INK-ATTAC 
(p16Ink4a apoptosis through targeted activation of caspase) mice in the 
presence of AP20187 (a synthetic drug that dimerizes a membrane-
bound myristoylated FK506-binding protein-caspase-8 [FKBP–
Casp8] fusion protein) has been successfully used as a strategy to 
understand the effect of clearing p16Ink4a-expressing senescent cells 
on multiple age-related conditions, including osteoporosis, frailty, 
cardiovascular disease, and metabolic dysfunction (for reviews, see 
(Tchkonia et al., 2013) and (Khosla et al., 2020)). However, although 
the roles of p21Cip1 or p16Ink4a as markers of senescence have been 
well described (Baker et al., 2011, 2013), their individual contribu-
tions in driving senescence more generally are largely unknown.

In the present study, we directly address this issue by first con-
structing and validating a new mouse model, p21-ATTAC. Then, in 
parallel study designs using the p21-ATTAC and the analogous p16-
INK-ATTAC mouse (Baker et al., 2011), we compare the effects of 
clearing either p21Cip1-  or p16Ink4a-expressing senescent cells in a 
condition where a tissue phenotype (bone loss and increased mar-
row adiposity) is clearly driven by cellular senescence—specifically, 
radiation-induced osteoporosis (Chandra et al., 2020). These studies 
both dissect the relative roles of the p21Cip1 and p16Ink4a pathways in 
causing radiation-induced osteoporosis and also establish a system 
where these mice can be used to evaluate the relative contributions 
of these pathways in causing senescence in other conditions, includ-
ing age-related disorders.

2  |  RESULTS

2.1  |  Generation and validation of the p21-ATTAC 
model

Details regarding the generation of the p21-ATTAC mice are pro-
vided in the Methods. Briefly, Figure S1a provides a schematic of the 
model, where the p16Ink4a promoter is replaced by a 3.2-kb genomic 
fragment containing promoter sequences directly upstream of the 
mouse p21Cip1 transcriptional start site (López-Domínguez et al., 
2021). This 3.2-kb fragment contains the appropriate sequences 
necessary for induction of p21Cip1, including three p53-binding sites, 
which has been validated both in vitro (el-Deiry et al., 1995) and in 
vivo (Wang et al., 2021); further validation of this promoter is also 
provided below. As in the p16-INK-ATTAC model, in the p21-ATTAC 
mice the p21Cip1 promoter drives the FKBP–Caspase-8 fusion pro-
tein, ATTAC, allowing for selective elimination of senescent cells 
expressing high levels of p21Cip1 following treatment with AP20187, 
a synthetic drug with no known off-target effects. Mice expressing 
this transgene were then generated using site-specific integration 
into the Rosa26 locus (Figure S1b), as described in the Methods.

Prior to further characterization, we evaluated whether treating 
young (3–6-month old) p21-ATTAC mice with a low senescent cell 
burden but basal expression of p21Cip1 across tissues with AP20187 

senescent cells with dysfunctional telomeres following clearance of p21Cip1+, but 
not p16Ink4a+, senescent cells also reduced several of the radiation-induced pro-
inflammatory senescence-associated secretory phenotype factors. Thus, by directly 
comparing senescent cell clearance using two parallel genetic models, we demon-
strate that radiation-induced osteoporosis is driven predominantly by p21Cip1- rather 
than p16Ink4a-mediated cellular senescence. Further, this approach can be used to dis-
sect the contributions of these pathways in other senescence-associated conditions, 
including aging across tissues.
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would have any adverse effects. For this, we performed a dose-
escalation study (Figure S1c), where the final dose was the 10 mg/
kg of AP20187 used in the subsequent experiments. All mice toler-
ated this dose–response study with no abnormal physical signs and 
normal weight curves (Figure S1d). In addition, at sacrifice, detailed 
pathological examination found no abnormal pathologies across tis-
sues in the AP20187- versus the vehicle-treated mice.

We next performed both an in vivo validation of the promoter 
used in the p21-ATTAC construct and also a side-by-side compari-
son of the induction of the p21Cip1 versus the p16Ink4a promoters in 
a model known to induce both genes, radiation-induced osteopo-
rosis (Chandra et al., 2020). Because the ATTAC construct contains 
an Egfp reporter (Figure S1a), the expression of Egfp is specific for 
activation of the transgene in each model. For these and the subse-
quent studies, 24 Gy focal radiation treatment (FRT) was delivered 
to a 5 mm area of the right femoral metaphysis and the p21-ATTAC 
and p16-INK-ATTAC mice were grouped into those receiving twice 
weekly doses of either vehicle or AP20187 (Figures 1a and S2a); 
bones were analyzed on day 42 post-FRT. In this and the subsequent 
experiments, the left femoral metaphysis served as the non-radiated 
control, as our previous studies have demonstrated that localized 
FRT has no bone-damaging effects on the contralateral femurs 
(Chandra et al., 2014, 2017, 2019). As shown in Figures 1 and S2, ra-
diation treatment resulted in equivalent induction of both the p21Cip1 
(Figure 1b) and p16Ink4a (Figure S2b) promoters. Moreover, treatment 
of both mouse lines with AP20187 resulted in similar reductions 
in the Egfp transcript, consistent with clearance of high p21Cip1- or 
p16Ink4-expressing senescent cells in the p21-ATTAC (Figure 1b–f) 
and p16-INK-ATTAC mice (Figure S2b). Further, RNA in situ hybrid-
ization (RNA-ISH) analysis of bone marrow cells in radiated bones 
clearly indicated that Egfp transgene foci and the endogenous 
p21Cip1 foci were significantly lower in the AP20187-treated mice 
(Figure 1c–e), and majority of the Egfp transgene expressing cells 
also co-expressed the endogenous p21Cip1 (Figure 1f).

2.2  |  Targeted removal of p21Cip1-, but not p16Ink4a-
expressing cells reduces senescent cell burden and 
SASP following radiation

To further validate the p21-ATTAC mice, we used RNA-ISH, which 
demonstrated the presence of three populations of senescent cells 
(p21Cip1-expressing, p16Ink4a-expressing, and p21Cip1/p16Ink4a dual-
expressing) (Figure S3a). AP20187 treatment of the p21-ATTAC mice 
triggered a 5.4-fold decline in the p21Cip1-expressing bone lining cells 
(Figure S3b), a 3.4-fold decline in the p21Cip1-expressing bone mar-
row cells (Figure S3b), and a 41% decline in the p21Cip1-expressing os-
teocytes (Figure S3c,d) as compared to vehicle treatment. There was 
not a significant reduction in the p16Ink4a-  or p21Cip1/p16Ink4a dual-
expressing bone lining cells (Figure S3b,d), although the percentage 
of p21Cip1/p16Ink4a dual-expressing cells was relatively low, limiting 
the power of detecting changes in this population. Furthermore, 
AP20187 treatment resulted in reduced p16Ink4a expression in the 

radiated bones of the p16-INK-ATTAC mice as compared to the 
vehicle-treated mice (Figure S4e), with a trend for a decrease in 
p16Ink4a+ bone lining cells (Figure S4c) but no change in the p21Cip1+ 
bone lining cells (Figure S4d).

When exposing cells to DNA damaging agents, such as radi-
ation, damage at telomeres is less efficiently repaired compared 
with the rest of the genome (Fumagalli et al., 2012; Hewitt et al., 
2012). Therefore, telomeric lesions are extremely long-lived and in 
fact have been shown to persist for months to years both in vitro 
and in vivo (Anderson et al., 2019). Telomere-associated foci (TAF; 
also known as telomere dysfunction-induced foci [TIF]), which as-
sess telomeric DNA damage, are increasingly considered the most 
definitive marker of senescence across tissues, including in bone 
cells (Chandra et al., 2020; Farr et al., 2016; Wang et al., 2012). We 
evaluated TAF+ osteocytes as they represent the largest fraction 
of bone cells and have been implicated as a major senescent cell 
component in age-related bone loss (Farr et al., 2017). As expected, 
the percentage of TAF+ osteocytes increased markedly in the radi-
ated compared with the non-radiated bones in both the p21-ATTAC 
(Figure 2a,b) and the p16-INK-ATTAC mice (Figure 2c,d). However, 
treatment with AP20187 resulted in clearance of senescent osteo-
cytes, reflected by a significant reduction in TAF+ osteocytes, in the 
p21-ATTAC (Figure 2b) but not the p16-INK-ATTAC (Figure 2d) mice. 
These data thus indicate that, in radiation-induced osteoporosis, 
clearance of p21Cip1-, but not p16Ink4a-expressing cells results in a re-
duction in senescent osteocytes in bone.

Senescent cells are associated with the expression of pro-
inflammatory SASP markers (Coppe et al., 2010). A reduction in SASP 
factors was one of the key findings associated with the pharmacologi-
cal clearance of senescent cells by the senolytic cocktail of Dasatinib 
and Quercetin (D+Q) in age- (Farr et al., 2017) and radiation-related 
bone loss (Chandra et al., 2020), as well as during genetic clearance 
of p16Ink4a-expressing senescent cells in p16-INK-ATTAC aged mice 
(Farr et al., 2017). Thus, we evaluated a panel of SASP factors that 
we have previously found to be upregulated following radiation in 
bone (Table S1) (Chandra et al., 2020) and Figure 3 shows the SASP 
factors that were downregulated following AP20187 treatment in 
either the p21-ATTAC or the p16-INK-ATTAC mice. Thus, Il6, Mmp12, 
Ccl2, and Ccl7 were significantly reduced upon AP20187 treatment 
in radiated bones of p21-ATTAC mice (Figure 3a), but not in p16-INK-
ATTAC mice (Figure 3b). By contrast, Ccl4 was reduced in p16-INK-
ATTAC mice following AP20187 treatment in the radiated bones, but 
not in p21-ATTAC mice.

2.3 | Targeted removal of p21-, but not p16-expressing 
senescent cells prevents radiation-induced bone loss

We next evaluated the skeletal consequences of clearance of either 
p21Cip1- or p16Ink4a-expressing senescent cells. For these studies, p21-
ATTAC (Figure 4a) or p16-INK-ATTAC (Figure 5a) mice were radiated 
in the right femur metaphysis at age 4 months, treated with vehicle 
or AP20187, and sacrificed 42 days later. For simplicity, the skeletal 
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analyses are presented in the radiated bone normalized to the con-
tralateral, non-radiated bone from the same animal. Thus, in the 
p21-ATTAC mice, AP20187 treatment prevented radiation-induced 
reductions in volumetric BMD (vBMD; Figure 4b,c) and deterioration 
in trabecular microarchitectural parameters (Figure 4d). By contrast, 
consistent with the lack of effect on TAF+ osteocytes (Figure 2c,d), 
radiation-induced reductions in vBMD (Figure 5b,c) or trabecu-
lar microarchitectural changes (Figure 5d) were not prevented by 
AP20187 treatment in the p16-INK-ATTAC mice. Interestingly, the 
beneficial effects of senescent cell clearance in the p21-ATTAC mice 

on trabecular microarchitecture were largely through improvements 
in trabecular thickness, rather than in trabecular number (Figure 4d).

2.4  |  Targeted removal of p21-, but not p16Ink4a-
expressing senescent cells maintains BMSC cell 
fate and bone formation

Radiation-induced DNA damage induces cellular apoptosis (Chandra 
et al., 2014) and senescence (Chandra et al., 2020) of osteoblasts 

F I G U R E  1 Validation of the p21-ATTAC mouse model using radiation as an inducer of senescence. (a) Schematic showing the experimental 
design for the p21-ATTAC mice. The right legs of the mice were radiated (24 Gy) near the femoral metaphysis (5 mm above the growth plate), 
while the left leg served as control. Starting from day 1 post radiation, the animals received vehicle or AP20187 for 2 times per week for 6 
weeks. Radiated (R) and nonradiated (NR) femurs at 42 days post-radiation were collected for qRT-PCR. (b) The Egfp transgene was activated 
in R bones, and the expression levels were significantly reduced in the AP20187-treated animals. Statistical comparisons between the 
groups (left panel in b) was done by an ordinary two-way ANOVA, with a Tukey’s post-hoc analysis. (Right panel in b) The Egfp expression 
was normalized to the NR control leg for each animal. Statistical comparison was done using a two-tailed unpaired t test between the Veh-R 
and AP20187-R bones. (c) RNA-in situ hybridization (RNA-ISH) was performed using probes against p21Cip1 (shown in red) and Egfp (shown 
in green) transcripts. (d) Four populations of bone marrow cells, one with DAPI alone (a′), second expressing p21Cip1 (b′), a third expressing 
Egfp (c′), and a fourth expressing both p21Cip1 and Egfp (d′) were used to generate two kinds of data, one quantifying Egfp and p21Cip1 foci per 
cell as shown in (e), and second quantifying percentage of bone marrow cells that expressed p21Cip1 and Egfp, Egfp alone and p21Cip1 alone (f). 
Statistical comparisons were calculated using an ordinary two-way ANOVA, with a Tukey’s post-hoc analysis
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and osteocytes. These changes in osteoblast viability or function re-
sult in reduced mineral apposition rate (MAR) (Chandra et al., 2014, 
2018; Oest et al., 2015). We observed a decline in total osteoblasts 
in radiated bones of both vehicle-  and AP-treated p21-ATTAC and 
INK-ATTAC mice, while there was no change in osteoclast numbers 
in any of the groups (Figure S5a,c). However, when MAR was as-
sessed as a measure of functional osteoblasts, clearance of p21Cip1-
expressing cells induced a restoration of MAR in radiated bones 
(Figure S5b), while clearance of p16Ink4a-expressing cells had no ef-
fect on the MAR in the radiated bones (Figure S5d).

Radiated bones also are reported to have increased bone mar-
row adiposity (Chandra et al., 2017, 2018; Hui et al., 2012), caused by 
lineage switching of the bone marrow-derived mesenchymal stem/
stromal cells (BMSCs) from osteoblasts to adipocytes (Chandra 

et al., 2017), resulting in a significant decline in functional BMSCs 
and subsequently reducing osteogenic precursors to form new bone. 
Using bone marrow adiposity as a surrogate for BMSC dysfunction, 
we found that AP20187 treatment prevented the radiation-induced 
increases in bone marrow adiposity (adipocyte numbers and vol-
ume) in the p21-ATTAC (Figure 6a,b) but not the p16-INK-ATTAC 
(Figure 6c,d) mice.

2.5  |  Further characterization of p21Cip1+ cells 
following radiation

Given the importance of p21Cip1+ senescent cells in radiation-induced 
bone loss, we did additional studies to further characterize these 

F I G U R E  2 Radiation-induced senescent osteocytes with dysfunctional telomeres following clearance of p21Cip1- and p16Ink4a-expressing 
cells. The right legs of p21-ATTAC mice were radiated (24 Gy, R) near the femoral metaphysis (5 mm above the growth plate), while the left 
leg (NR) served as control. The animals were assigned to vehicle (n = 4) or AP20187 (n = 5) treated groups. For the p16-INK-ATTAC mice, 
animals received the radiation dose identical to the p21-ATTAC mice and were assigned to vehicle (n = 3) or AP20187 (n = 4) treated groups. 
R- and NR-femurs at 42 days post-radiation were collected and processed for MMA embedding. (a,c) 5 μm deplasticized sections were 
processed for TAF staining and TAFs were detected. Telomeres (red) and γH2AX (green) are shown in osteocytes (OCY) of non-decalcified 
R femurs 42 days post-radiation. The co-localization is indicated by yellow TAF foci. Representative images of TAF+ (NR and R) osteocytic 
nuclei are shown and TAF+ osteocytes were quantified in NR and R femurs of vehicle- and AP20187-treated animals (b,d). Statistical 
comparisons were calculated using an ordinary two-way ANOVA, with a Tukey’s post-hoc analysis
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cells. Using RNA-ISH, we have reported p21Cip1-expressing bone lin-
ing cells, osteocytes, and bone marrow cells at different time points 
following radiation (Chandra et al., 2022). Since bone marrow cells 
are heterogenous in nature, we wanted to identify select p21Cip1- ex-
pressing cell types. Using antibodies against cell surface markers and 
RNA-ISH for p21Cip1, we identified elevated levels of p21+CD11b+ 
myeloid cells (Figure S6a,b), p21+CD19+ B cells (Figure S6c,d), and 
p21+CD3+ T cells (Figure S6e,f) in radiated bones, on day 7 post-
radiation. Thus, following radiation, multiple cell types (osteocytes, 
bone lining cells [Figure S3] as well as myeloid cells, B cells, and T 
cells [Figure S6]) express increased levels of p21.

3  |  DISCUSSION

In the present study, we generated and validated a new mouse 
model, p21-ATTAC, and also used an established mouse model, 
p16-INK-ATTAC (Baker et al., 2011), to directly compare the con-
tributions of p16Ink4a- versus p21Cip1-driven cellular senescence in 
a condition where the phenotype is known to be driven, at least 
in part, by cellular senescence—specifically, radiation-induced os-
teoporosis (Chandra et al., 2020). Despite the similar induction of 
both transgenes in bone by radiation, AP20187 treatment resulted 
in a reduction in senescent osteocytes and in SASP markers, as 
well as prevention of both bone loss and increased bone marrow 
adiposity in the p21-ATTAC, but not the p16-INK-ATTAC, mice. 
These findings thus demonstrate that radiation-induced bone loss 
is predominantly, if not exclusively, a p21Cip1-driven process. To 

our knowledge, ours is the first study to use genetic models to 
dissect p16Ink4a-  versus p21Cip1-driven cellular senescence and 
provide an approach to further characterize these pathways in 
other conditions, including the myriad age-related disorders now 
associated with cellular senescence (Tchkonia & Kirkland, 2018). 
From a translational perspective, these studies may also guide 
the development of novel senolytic drugs that specifically target 
either p21Cip1- or p16Ink4a-driven cellular senescence, perhaps al-
lowing for more tailored approaches to treat various senescence-
associated conditions. We acknowledge, however, that our 
validation of the p21-ATTAC model was done in a specific condi-
tion, radiation-induced osteoporosis, and additional studies evalu-
ating this model in other tissues and conditions associated with 
senescence need to be done.

Our findings are consistent with a previous report that found 
that in the absence of p21Cip1, mouse embryos were impaired in their 
ability to undergo senescence following radiation (Brugarolas et al., 
1995). In addition, the time course of induction of p21Cip1 or p16Ink4a 
does differ following radiation both in vitro (López-Domínguez et al., 
2021) and in vivo (Chandra et al., 2020). Thus, in cultured mouse der-
mal fibroblasts, levels of p21Cip1 mRNA were induced within 3 h of 
radiation, whereas p16Ink4a transcripts increased much later, ~50-h 
post-radiation (López-Domínguez et al., 2021). In line with these 
findings, we recently reported that in vivo in mouse bones, p21Cip1 
expression increased within 1  day following radiation, whereas 
p16Ink4a expression increased gradually over the course of several 
weeks (Chandra et al., 2020). Thus, the earlier induction of p21Cip1 
following radiation both in vitro and in vivo would be consistent with 

F I G U R E  3 Assessment of radiation-induced SASP following clearance of p21Cip1- and p16Ink4a-expressing cells. The right legs of the p21-
ATTAC and p16-INKATTAC mice were radiated (24 Gy) near the femoral metaphysis (5 mm above the growth plate), while the left legs served 
as control. The animals were assigned to vehicle- or AP20187-treated groups. mRNA from R- and NR-femurs at 42 days postradiation were 
collected for qRT-PCR (n = 5/group). Gene expression was assessed in NR- and R-bones of both p21-ATTAC (a) and p16-INK-ATTAC (b) mice, 
using primers against Il6, Mmp12, Ccl2, Ccl7, and Ccl4. Statistical comparisons were calculated using an ordinary two-way ANOVA, with a 
Tukey’s post-hoc analysis
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the p21Cip1 pathway being a primary driver of cellular senescence 
following radiation.

Because both the p21-ATTAC and the p16-INK-ATTAC transgenes 
express Egfp, we could monitor the induction of each transgene fol-
lowing radiation and the clearance of cells expressing each trans-
gene by AP20187. As shown in Figure 1c, we could not only visualize 
the expression of the Egfp transgene, but also colocalize it with 
p21Cip1 expression in the p21-ATTAC model. Interestingly, the Egfp 
foci per cell showed parallel changes with radiation and AP20187 
treatment to those observed for the Egfp transgene using qRT-PCR 
(Figure 1b). These data demonstrated that although radiation in-
duced both transgenes in bone and AP20187 cleared p21Cip1-  and 
p16Ink4a-expressing cells (which also expressed Egfp), senescent os-
teocytes, assessed using the TAF assay (Chandra et al., 2020; Farr 
et al., 2016), were only reduced in the p21-ATTAC mice. These data 
further demonstrate that although both our transgene promoters 

and the endogenous p21Cip1 and p16Ink4a promoters are upregulated 
following radiation (Chandra et al., 2020; López-Domínguez et al., 
2021), it is p21Cip1 that drives senescence in radiation-induced bone 
damage. Clearance of these cells prevents osteocyte senescence 
and the downstream consequences (i.e., increased SASP and bone 
loss).

We also assessed whether the selective clearance of p21Cip1- or 
p16Ink4a-expressing cells affected SASP expression. Interestingly, 
while radiation-induced upregulation of Il6, Mmp12, Ccl2, and Ccl7 
was prevented by clearance of p21Cip1-expressing cells, the clear-
ance of p16Ink4a-expressing cells did not affect these SASP markers. 
Conversely, the radiation-induced upregulation of Ccl4 (macrophage 
inflammatory protein-1β (MIP-1β)) was attenuated following clear-
ance of p16Ink4a-, but not p21Cip1-expressing cells. These data further 
support that p21Cip1 and p16Ink4a are non-redundant pathways in our 
radiation-induced osteoporosis model.

F I G U R E  4 Targeted clearance of p21Cip1-expressing cells prevents radiationinduced bone damage. (a) Schematic of the experimental 
design. The right legs of the p21-ATTAC mice were radiated (24 Gy) near the femoral metaphysis (5 mm above the growth plate), while the 
left legs served as control. The animals were assigned to vehicle- (n = 12) or AP20187- (n = 13) treated groups receiving doses twice weekly 
for 6 weeks. R- and NR-femurs at 42 days post-radiation were collected for μCT analysis. (b) Images are 3-dimensional representations of 
the bone architecture generated by ex vivo μCT scans. All quantifications are done as percentage difference between the R leg vs. the NR 
control leg and comparisons are between vehicle- and AP20187-treated radiated bones. (c) Percentage change of volumetric bone mineral 
density, and (d) bone architecture parameters: bone volume fraction (BV/TV), connectivity density (Conn.Dens.), structural modal index 
(SMI), trabecular number (Tb.N), trabecular thickness (Tb.Th.) and trabecular separation (Tb.Sp.). pvalues were calculated using a two-tailed 
unpaired t test between the Veh-R and AP20187-R bones
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We observed three unique populations of bone cells post-
radiation, one expressing p21Cip1, one expressing p16Ink4a, and 
the third, much smaller population expressing both p21Cip1 and 
p16Ink4a. Interestingly, clearance of p21Cip1-expressing cells in 
p21-ATTAC mice following radiation and activation of the trans-
gene by AP20187 reduced p21Cip1-expressing cells, as expected, 
but failed to reduce p16Ink4a-  or p16Ink4a/p21Cip1 dual-expressing 
cells, although the caveat here is that due to the small number of 
p16Ink4a/p21Cip1 dual-expressing cells, our ability to detect changes 
in this population was likely limited. Nonetheless, these data do in-
dicate that p21Cip1 and p16Ink4a have independent roles in radiated 
bones and, based on the data noted above, the time course of in-
creases in p21Cip1 versus p16Ink4a may also be of crucial importance.

The in vivo genetic clearance of p16Ink4a-expressing senescent 
cells in INK-ATTAC mice has been used as an important tool to 
study primary mechanism(s) associated with several age-related 

conditions, including osteoarthritis and osteoporosis (Baker et al., 
2016, 2011; Farr et al., 2017; Jeon et al., 2017; Palmer et al., 2019; 
Xu et al., 2015, 2018). Abrogation of CDKi's does come with the 
concern over lowering the threshold for neoplastic transforma-
tion; however, senescent cell deletion of p21Cip1 in various mouse 
models of premature aging did not increase tumor incidence 
(Benson et al., 2009). Moreover, in the case of radiation-induced 
osteoporosis, approaches to pharmacologically clear senescent 
cells and perhaps more specifically, p21Cip1-expressing senescent 
cells, are likely to involve short-term treatment, minimizing con-
cerns regarding tumorigenesis.

Bone marrow adiposity is negatively associated with bone mass 
across species (Devlin & Rosen, 2015). Using lineage tracing of mesen-
chymal cells, we previously reported that the decline in BMSCs follow-
ing radiation was inversely correlated with increases in bone marrow 
adipocytes (Chandra et al., 2017). In a recent study, we demonstrated 

F I G U R E  5 Targeted clearance of p16Ink4a-expressing cells has no effect on radiation-induced bone damage. (a) Schematic of the 
experimental design. The right legs of p16-INK-ATTAC mice were radiated (24 Gy) near the femoral metaphysis (5 mm above the growth 
plate), while the left legs served as control. The animals were assigned to vehicle- (n = 10) or AP20187- (n = 14) treated groups receiving 
doses twice weekly for 6 weeks. R- and NR-femurs at 42 days postradiation were collected for μCT analysis. (b) Images are 3-dimensional 
representations of the bone architecture generated by ex vivo μCT scans. All quantifications are done as percentage difference between the 
R leg vs. the NR control leg and comparisons are between vehicle- and AP20187-treated radiated bones. (c) Percentage change of volumetric 
bone mineral density, and (d) bone architecture parameters: bone volume fraction (BV/TV), connectivity density (Conn.Dens.), structural 
modal index (SMI), trabecular number (Tb.N), trabecular thickness (Tb.Th.) and trabecular separation (Tb.Sp.). Statistical comparison was 
done using a two-tailed unpaired t test between the Veh-R and AP20187-R bones
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that radiation-induced senescent cells appear within the first-day post-
radiation, while bone marrow adipocytes appear later (Chandra et al., 
2022). Interestingly, AP20187-induced clearance of p21Cip1-expressing 
cells in the p21-ATTAC mice significantly reduced marrow adiposity in 
radiated bones compared with the vehicle-treated, radiated bones. 
Conversely, and consistent with the skeletal changes in the two mod-
els, clearance of p16Ink4a-expressing senescent cells, which has been 
shown to negatively regulate marrow adiposity in an aging (chronic 
senescence) p16-INK-ATTAC model (Farr et al., 2017), did not have any 
effect on radiation-induced marrow adiposity.

Our group has previously demonstrated that clearance of 
p16Ink4a-expressing senescent cells using the p16-INK-ATTAC model 
prevents age-related bone loss in mice (Farr et al., 2017). Whether 
clearance of p21Cip1-expressing senescent cells using the p21-
ATTAC mice will also prevent age-related bone loss remains to be 

experimentally defined, but our data would indicate that, in contrast 
to aging, clearance of p16Ink4a-expressing senescent cells does not 
prevent bone loss following radiation, which appears to be driven 
principally by p21Cip1-expressing cells. Clearly, further studies using 
both the p16-INK-ATTAC and p21-ATTAC mice with aging and other 
conditions are needed to address the specific roles of p16Ink4a-vesrus 
p21Cip1-expressing cells in mediating senescence in these conditions.

In summary, our studies dissect p21Cip1-  versus p16Ink4a-
mediated senescence in radiation-induced osteoporosis, an estab-
lished senescence-associated condition (Chandra et al., 2020). Using 
novel genetic models, our studies provide the first unequivocal 
demonstration of a dissociation in vivo between these pathways in 
driving cellular senescence. These studies also advance our under-
standing of the underlying mechanism(s) of radiation-induced bone 
damage, demonstrating that p21Cip1-expressing senescent cells and 

F I G U R E  6 Assessment of marrow adiposity in radiated bones following clearance of p21Cip1- and p16Ink4a-expressing cells. The right 
legs of p21-ATTAC and p16-INKATTAC mice were radiated (24 Gy) near the femoral metaphysis (5 mm above the growth plate), while the 
left legs served as control. The animals received either vehicle or AP20187 as described above. (a,c) 5 μm Goldner’s trichrome stained 
MMA-embedded sections from animals that received either vehicle (n = 9) or AP20187 (n = 10) in p21-ATTAC mice, and vehicle (n = 9) or 
AP20187 (n = 9) in p16-INK-ATTAC mice, were used to quantify adipocyte numbers (Ad.N) and adipocyte volume (Ad.V) and normalized 
against bone marrow area (BMA), where BMA is defined as total area minus bone area. Ad.N/BMA and Ad.V/BMA are calculated in vehicle- 
and AP20187-treated NR- and R-bones. Data from R-bones are normalized against the control NR-bones from each animal (b,d). Statistical 
comparisons were done using a two-tailed unpaired t test between the Veh-R and AP20187-R bones
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their secretome regulate the early changes following radiation ex-
posure to bone. The data presented here represent a step toward 
identifying senolytics that may be specific to different inducers 
of senescence-mediated bone loss or other morbidities. Taken to-
gether, our studies identify a novel mechanism for radiation-induced 
bone damage and validate a new mouse model that can be used to 
study senescence-related tissue dysfunction in aging and disease 
conditions where p21CIp1 may play a dominant role.

4  |  MATERIAL S AND METHODS

4.1  |  Animal studies

Animal studies were approved by the Institutional Animal Care and 
Use Committee at Mayo Clinic. All animals were housed in our facility 
at 23 to 25°C with a 12-h light/dark cycle and were fed with stand-
ard laboratory chow (PicoLab® Rodent Diet 20 #5053; LabDiet, St. 
Louis, MO, USA) with free access to water.

The generation and characterization of the p16-INK-ATTAC 
transgenic mouse line (devised by T. Tchkonia, J. van Deursen, D. 
Baker, and J.L. Kirkland) have been described previously (Baker 
et al., 2011). The p21-ATTAC-attB transgenic plasmid was con-
structed as follows (Figure S1b). The pBT378 vector (provided by 
Tasic et al., 2011) was digested with PmeI and SwaI, to remove all 
DNA sequences between the two attB recombination sites, and 
a Geneblock (Integrated DNA Technologies, Coralville, IA) con-
taining a single MluI site was inserted using the Gibson Assembly 
Master Mix (New England Biolabs, Ipswitch, MA). Next, a 3.8-kb 
MluI/BssHII fragment, containing FKBP–Casp8 and IRES-EGFP se-
quences from the p16-INK-ATTAC transgenic construct (devised by P. 
Scherer) (Pajvani et al., 2005), was cloned into the MluI site. Finally, 
a 3.2-kb genomic fragment, containing promoter sequences directly 
upstream of mouse Cdkn1a variant 1 (NM_007669), was PCR ampli-
fied from mouse genomic DNA and cloned into the PmeI site using 
Gibson Assembly, to produce the final p21-ATTAC-attB transgenic 
plasmid. Site-specific integrase-mediated transgenesis (Tasic et al., 
2011) (Figure S1b ) was performed at the Transgenic Mouse Facility 
(Stanford, CA) to insert the attB-flanked sequences from the trans-
genic construct into the Rosa26  locus on mouse chromosome 6, to 
produce the final p21-ATTAC mouse model.

The mice received focal radiation as described previously 
(Chandra et al., 2020). Briefly, mice received a dose of 24  Gy 
(6.6 Gy/min) on day 0, delivered focally to 5mm of the femoral me-
taphyseal region using X-Rad-SmART (Precision X-Ray Inc. [PXi], 
North Branford, CT, USA). The left femur was outside the radi-
ation area and served as control. Starting from day 1 following 
radiation, the p21-ATTAC and the p16-INK-ATTAC mice received 
twice weekly doses of vehicle or AP20187 (10 mg/kg) delivered 
intraperitoneally, respectively. The animals were injected with two 
fluorescent labels, Alizarin and Calcein, 9 and 2 days before tissue 
harvest. The animals were euthanized on day 42 for the various 
assessments.

4.2  |  Methyl methacrylate tissue embedding  
and histology

Radiated and non-radiated femurs were processed as described pre-
viously (Chandra et al., 2020). Briefly, at day 42 post-radiation the 
bones were processed for routine methyl methacrylate (MMA) em-
bedding. Non-decalcified femurs were sectioned into 5 μm sections 
that were used for static histomorphometry and TIF assay, while 
8 μm sections were used for dynamic histomorphometry.

4.3  |  Micro-computed tomography (μCT) analysis

Bones were harvested 42-day post-focal radiation and scanned using 
μCT (vivaCT 40, Scanco Medical AG, Brüttisellen, Switzerland). The 
distal femur was scanned corresponding to a 1–5 mm area above the 
growth plate. All images were first smoothed by a Gaussian filter 
(sigma = 1.2, support = 2.0) and then thresholded corresponding to 
30% of the maximum available grayscale values. Volumetric bone 
mineral density (vBMD), bone volume fraction (BV/TV), trabecular 
thickness (Tb.Th), trabecular separation (Tb.Sp), trabecular number 
(Tb.N), and structure-model index (SMI) were calculated using 3D 
standard microstructural analysis.

4.4  |  Quantitative RT-PCR

Bones were collected for mRNA isolation and qRT-PCR as described 
previously (Chandra et al., 2020). Briefly, a 5-mm region below the 
growth plate of the distal metaphyseal femur was cut out from the 
R and NR legs. After removal of muscle tissue, the bone samples 
were homogenized and total RNA was isolated using RNeasy Mini 
Columns (QIAGEN, Valencia, CA). cDNA was generated from mRNA 
using the High-Capacity cDNA Reverse Transcription Kit (Applied 
Biosystems by Life Technologies, Foster City, CA) according to the 
manufacturer's instructions, and RT-qPCR was performed as de-
scribed in our previous studies(Chandra et al., 2020). All primer se-
quences have been authenticated in previous studies (Chandra et al., 
2020). Primers were designed so that they overlapped two exons. A 
detailed list of primer sequences is provided in Table S2.

4.5  |  Static and dynamic histomorphometry

Static histomorphometry was performed using 5  μm Goldner's 
trichrome-stained sections, counting osteoblast numbers (N.Ob) 
and osteoclast numbers (Oc.N)/mm of bone surface. Cuboidal 
shaped cells located on bone surfaces were characterized as os-
teoblasts, while multinucleated cells on the bone surface with a 
well-defined pit were characterized as osteoclasts. The region of 
interest for all histomorphometric assessments was within the 
5mm region of radiation and a corresponding 5mm region in the 
contralateral leg, below the growth plate. An area of 1 mm2 0.6 mm 
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below the growth plate was used for static and dynamic histomor-
phometric analysis. Adipocyte numbers (Ad.N) and volume (Ad.V) 
were quantified in an area of 1.72 mm2, 0.6 mm below the growth 
plate, normalized against bone marrow area (total tissue area minus 
bone area). Dynamic histomorphometry was performed on un-
stained deplasticized sections, and mineral apposition rate (MAR) 
was calculated as described previously (Chandra et al., 2020). 
Briefly, mineralized bone was identified by alizarin (red/orange) and 
calcein (green) fluorescent dyes, with mineralization being a marker 
of functional osteoblasts, and the distance between the two dye 
fronts indicative of new bone formed in 7 days, calculated by MAR. 
Both static and dynamic histomorphometry was performed using 
the OsteoMeasure™ Histomorphometry System (OsteoMetrics™, 
Inc.) with an Olympus Dotslide motorized microscope system.

4.6  |  Telomere fluorescence in situ hybridization 
(FISH) and DNA damage

Paraffin-embedded bone sections were de-paraffinized followed by a 
serial ethanol series in 100%, 90% and 70% ethanol, with final hydra-
tion in PBS. Antigen retrieval was done in 0.01 M citrate buffer (pH 
6.0) at 95°C for 15 min, and cooled slides were washed in water and 
PBS for 5  min each. Subsequently, a blocking step was performed 
(normal goat serum 1:60 in PBS/BSA, #S-1000; Vector Laboratories) 
for 30 min at room temperature (RT) followed by incubation with a 
primary antibody (γ-H2A.X, Cell Signaling, mAb #9718) overnight at 
4°C. Slides were washed three times with PBS for 5 min and incubated 
for 60 min with a species-specific secondary antibody (no. PK-6101; 
Vector Lab). Sections were then washed 3 times in PBS for 5 min, and 
Cy5 Streptavidin (1:500 in PBS, No: SA-1500, Vector Lab) was applied 
for 25 min followed by three washes in PBS, followed by cross-linking 
with 4% paraformaldehyde for 20  min and dehydration in graded 
icy-ethanol. Sections were denatured for 10 min at 80°C in hybridi-
zation buffer [70% formamide (Sigma UK), 25 mM MgCl2, 0.1 M Tris 
(pH 7.2), 5% blocking reagent (Roche, Germany)] containing 2.5 μg/ml 
Cy-3-labeled telomere-specific (CCCTAA) peptide nucleic acid probe 
(Panagene), followed by hybridization for 2 h at RT (minimum) in a hu-
midified chamber in the dark. Next, slides were washed once with 70% 
formamide in 2 × SSC for 10 min, followed by 1 wash in SSC buffer 
and PBS for 10 min. Sections were mounted with DAPI (ProLong™ 
Diamond Antifade Mountant, Invitrogen, P36962). In-depth Z-stacking 
was used (a minimum of 135 optical slices using a 63× objective). 
Number of TAFs/cell was assessed by manual quantification of partially 
or fully overlapping (in the same optical slice, Z) signals from the tel-
omere probe and γH2A.X in z-by-z analysis. Images were deconvolved 
with blind deconvolution in AutoQuant X3 (Media Cybernetics).

4.7  |  RNA in situ hybridization (RNA-ISH)

RNA-ISH was performed per the RNAScope protocol from Advanced 
Cell Diagnostics Inc. (ACD): RNAScope Multiplex Fluorescent Assay 

v2. Briefly, the assay allows simultaneous visualization of up to 4 RNA 
targets, with each probe assigned to a different channel (C1, C2, or 
C3 or C4). p21 (CDKN1A) signal amplified using the HRP-C1 linked 
with a secondary fluorophore, Opal 570 (detected in the Cy3 range), 
followed by a subsequent detection of p16/p19 (CDKN2A) –c3 or 
EGFP-c2 probe, the signal is amplified by the HRP-C3 or HRP-C2 
(respectively) linked with a secondary fluorophore, Opal 650 (de-
tected in the Cy5 range). Tissue sections were then mounted using 
ProLong Gold Antifade Mountant with DAPI (Invitrogen). Sections 
were imaged using in-depth Z-stacking. RNA-ISH-positive cells on 
the bone surface were quantified normalized against total cells on 
the bone surface.

4.8  |  RNA in situ hybridization (RNA-ISH) and 
immunofluorescence

Briefly after the RNAish last amplification and blocking for 15 min 
with the HRP blocker (following manufacturer instructions), slides 
were washed for three times in PBS (5 min each), then blocked in 
normal goat serum (1:60) in BSA/PBS for 30 min, and incubated with 
primary antibodies 1:200 overnight at 4°C with either: CD11b (MAS-
17857) or CD3e (14-0032-82) or Cd19 (0194-82) (rat, Thermo Fisher). 
Following three PBS washes for 5 min, sections were then incubated 
with a rat fluorescent secondary antibody for 1 h (goat anti-rat 647 
Alexa Fluor A-21247, followed by PBS washes and mounted using 
ProLong Gold Antifade Mountant with DAPI (Invitrogen). Sections 
were imaged using a Leica microscope (dmi8, ×40 dry objective).

4.9  |  Statistical analysis

Sample sizes were based on previously published data (Chandra 
et al., 2020; Farr et al., 2017), in which statistically significant dif-
ferences were observed on bone with various interventions in our 
laboratory. For all experiments, data are expressed as median with 
interquartile range. Statistical comparisons were done using two-
tailed unpaired t tests. For multiple comparisons in Figures 2c,d, 3b, 
4b,d, and 3a,b, the data were analyzed using a two-way ANOVA with 
a Tukey post hoc analysis. All statistical analyses were performed by 
GraphPad Prism.

ACKNOWLEDG MENTS
This work was made possible by the Eagle’s Cancer Research 
Fund (to AC), Mayo Clinic Clinical and Translational Science Award 
(CTSA), grant number UL1TR002377, from the National Center 
for Advancing Translational Science (NCATS), a component of the 
National Institutes of Health (NIH) (to AC) and UL1TR000135, 
Center for Clinical and Translation Science (CCATS)(to AC), as 
well as the Robert and Arlene Kogod Professorship (to RJP); P01 
AG062413 (SK, JNF, RJP, JLK, and TT), R01 AG063707 (DGM), R01 
R01AG068048 (JFP), 1UG3CA26810-01 (JFP), R01AG063543 
(LJN), U19AG056278 (PDR/ LJN), and R01 DK128552 (JNF), and 



12 of 13  |     CHANDRA et al.

K01 AR070241 (JNF). We would like to thank Christine Hachfeld and 
Claire Wilhelm for their technical help with animal radiations.

CONFLIC T OF INTERE S T
Patents on p16-INK-ATTAC mice and their uses are held by Mayo 
Clinic. This research has been reviewed by the Mayo Clinic Conflict 
of Interest Review Board and was conducted in compliance with 
Mayo Clinic Conflict of Interest policies.

AUTHOR CONTRIBUTIONS
Abhishek Chandra, Robert J. Pignolo, and Sundeep Khosla de-
signed the study and Abhishek Chandra, Anthony B. Lagnado, and 
Joshua N. Farr performed the experiments, while Abhishek Chandra, 
David G. Monroe, Joshua N. Farr, João F. Passos, Robert J. Pignolo, 
and Sundeep Khosla analyzed and interpreted the data. Abhishek 
Chandra, Robert J. Pignolo, and Sundeep Khosla wrote the initial 
manuscript, and all authors contributed ideas and revised and ap-
proved the final version of the manuscript.

DATA AVAIL ABILIT Y S TATEMENT
All data will be made available on request.

ORCID
Nathan K. LeBrasseur   https://orcid.org/0000-0002-2002-0418 
Paul D. Robbins   https://orcid.org/0000-0003-1068-7099 
Laura J. Niedernhofer   https://orcid.org/0000-0002-1074-1385 
Robert J. Pignolo   https://orcid.org/0000-0002-8533-9438 
Sundeep Khosla   https://orcid.org/0000-0002-2936-4372 

R E FE R E N C E S
Alcorta, D. A., Xiong, Y., Phelps, D., Hannon, G., Beach, D., & Barrett, 

J. C. (1996). Involvement of the cyclin-dependent kinase inhibitor 
p16 (INK4a) in replicative senescence of normal human fibroblasts. 
Proceedings of the National Academy of Sciences of the United States 
of America, 93(24), 13742–13747.

Anderson, R., Lagnado, A., Maggiorani, D., Walaszczyk, A., Dookun, E., 
Chapman, J., Birch, J., Salmonowicz, H., Ogrodnik, M., Jurk, D., 
Proctor, C., Correia-Melo, C., Victorelli, S., Fielder, E., Berlinguer-
Palmini, R., Owens, A., Greaves, L. C., Kolsky, K. L., Parini, A., … 
Passos, J. F. (2019). Length-independent telomere damage drives 
post-mitotic cardiomyocyte senescence. The EMBO Journal, 38(5), 
e100492. https://doi.org/10.15252/​embj.20181​00492

Baker, D. J., Wijshake, T., Tchkonia, T., LeBrasseur, N. K., Childs, B. G., van 
de Sluis, B., Kirkland, J. L., & van Deursen, J. M. (2011). Clearance of 
p16Ink4a-positive senescent cells delay aging-associated disorders. 
Nature, 479, 232–236.

Baker, D. J., Childs, B. G., Durik, M., Wijers, M. E., Sieben, C. J., Zhong, 
J., A. Saltness, R., Jeganathan, K. B., Verzosa, G. C., Pezeshki, A., 
Khazaie, K., Miller, J. D., & van Deursen, J. M. (2016). Naturally oc-
curring p16(Ink4a)-positive cells shorten healthy lifespan. Nature, 
530(7589), 184–189. https://doi.org/10.1038/natur​e16932

Baker, D. J., Weaver, R. L., & van Deursen, J. M. (2013). p21 both attenuates 
and drives senescence and aging in BubR1 progeroid mice. Cell Reports, 
3(4), 1164–1174. https://doi.org/10.1016/j.celrep.2013.03.028

Benson, E. K., Zhao, B., Sassoon, D. A., Lee, S. W., & Aaronson, S. A. 
(2009). Effects of p21 deletion in mouse models of premature 
aging. Cell Cycle, 8(13), 2002–2004. https://doi.org/10.4161/
cc.8.13.8997

Brugarolas, J., Chandrasekaran, C., Gordon, J. I., Beach, D., Jacks, T., & 
Hannon, G. J. (1995). Radiation-induced cell cycle arrest compro-
mised by p21 deficiency. Nature, 377(6549), 552–557. https://doi.
org/10.1038/377552a0

Chandra, A., Lagnado, A. B., Farr, J. N., Monroe, D. G., Park, S., Hachfeld, 
C., Tchkonia, T., Kirkland, J. L., Khosla, S., Passos, J. F., & Pignolo, 
R. J. (2020). Targeted reduction of senescent cell burden alleviates 
focal radiotherapy-related bone loss. Journal of Bone and Mineral 
Research, 35(6), 1119–1131. https://doi.org/10.1002/jbmr.3978

Chandra, A., Lagnado, A. B., Farr, J. N., Schleusner, M., Monroe, D. G., 
Saul, D., Passos, J. F., Khosla, S., & Pignolo, R. J. (2022). Bone mar-
row adiposity in models of radiation- and aging-related bone loss 
is dependent on cellular senescence. Journal of Bone and Mineral 
Research. https://doi.org/10.1002/jbmr.4537

Chandra, A., Lin, T., Tribble, M. B., Zhu, J. I., Altman, A. R., Tseng, W.-J., 
Zhang, Y., Akintoye, S. O., Cengel, K., Liu, X. S., & Qin, L. (2014). 
PTH1-34 alleviates radiotherapy-induced local bone loss by im-
proving osteoblast and osteocyte survival. Bone, 67, 33–40. https://
doi.org/10.1016/j.bone.2014.06.030

Chandra, A., Lin, T., Young, T., Tong, W., Ma, X., Tseng, W.-J., Kramer, I., 
Kneissel, M., Levine, M. A., Zhang, Y., Cengel, K., Liu, X. S., & Qin, L. 
(2017). Suppression of sclerostin alleviates radiation-induced bone 
loss by protecting bone-forming cells and their progenitors through 
distinct mechanisms. Journal of Bone and Mineral Research, 32(2), 
360–372. https://doi.org/10.1002/jbmr.2996

Chandra, A., Park, S. S., & Pignolo, R. J. (2019). Potential role of senes-
cence in radiation-induced damage of the aged skeleton. Bone, 120, 
423–431. https://doi.org/10.1016/j.bone.2018.12.006

Chandra, A., Wang, L., Young, T., Zhong, L., Tseng, W.-J., Levine, M. 
A., Cengel, K., Liu, X. S., Zhang, Y., Pignolo, R. J., & Qin, L. (2018). 
Proteasome inhibitor bortezomib is a novel therapeutic agent for 
focal radiation-induced osteoporosis. The FASEB Journal, 32(1), 52–
62. https://doi.org/10.1096/fj.20170​0375R

Coppe, J. P., Desprez, P. Y., Krtolica, A., & Campisi, J. (2010). The 
senescence-associated secretory phenotype: The dark side of 
tumor suppression. Annual Review of Pathology, 5, 99–118. https://
doi.org/10.1146/annur​ev-patho​l-12180​8-102144

Devlin, M. J., & Rosen, C. J. (2015). The bone-fat interface: Basic and 
clinical implications of marrow adiposity. The Lancet Diabetes & 
Endocrinology, 3(2), 141–147. https://doi.org/10.1016/s2213​-8587​
(14)70007​-5

el-Deiry, W. S., Tokino, T., Velculescu, V. E., Levy, D. B., Parsons, R., Trent, 
J. M., Lin, D., Mercer, W. E., Kinzler, K. W., & Vogelstein, B. (1993). 
WAF1, a potential mediator of p53 tumor suppression. Cell, 75(4), 
817–825. https://doi.org/10.1016/0092-8674(93)90500​-P

el-Deiry, W. S., Tokino, T., Waldman, T., Oliner, J. D., Velculescu, V. E., 
Burrell, M., Hill, D. E., Healy, E., Rees, J. L., Hamilton, S. R., & Kinzler, 
K. W. (1995). Topological control of p21WAF1/CIP1 expression in 
normal and neoplastic tissues. Cancer Research, 55(13), 2910–2919.

Farr, J. N., Fraser, D. G., Wang, H., Jaehn, K., Ogrodnik, M. B., Weivoda, 
M. M., Drake, M. T., Tchkonia, T., LeBrasseur, N. K., Kirkland, J. L., 
Bonewald, L. F., Pignolo, R. J., Monroe, D. G., & Khosla, S. (2016). 
Identification of senescent cells in the bone microenvironment. 
Journal of Bone and Mineral Research, 31(11), 1920–1929. https://
doi.org/10.1002/jbmr.2892

Farr, J. N., Xu, M., Weivoda, M. M., Monroe, D. G., Fraser, D. G., Onken, 
J. L., Negley, B. A., Sfeir, J. G., Ogrodnik, M. B., Hachfeld, C. M., 
LeBrasseur, N. K., Drake, M. T., Pignolo, R. J., Pirtskhalava, T., 
Tchkonia, T., Oursler, M. J., Kirkland, J. L., & Khosla, S. (2017). 
Targeting cellular senescence prevents age-related bone loss in 
mice. Nature Medicine, 23(9), 1072–1079. https://doi.org/10.1038/
nm.4385

Fumagalli, M., Rossiello, F., Clerici, M., Barozzi, S., Cittaro, D., Kaplunov, 
J. M., Bucci, G., Dobreva, M., Matti, V., Beausejour, C. M., Herbig, 
U., Longhese, M. P., & d’Adda di Fagagna, F. (2012). Telomeric DNA 
damage is irreparable and causes persistent DNA-damage-response 

https://orcid.org/0000-0002-2002-0418
https://orcid.org/0000-0002-2002-0418
https://orcid.org/0000-0003-1068-7099
https://orcid.org/0000-0003-1068-7099
https://orcid.org/0000-0002-1074-1385
https://orcid.org/0000-0002-1074-1385
https://orcid.org/0000-0002-8533-9438
https://orcid.org/0000-0002-8533-9438
https://orcid.org/0000-0002-2936-4372
https://orcid.org/0000-0002-2936-4372
https://doi.org/10.15252/embj.2018100492
https://doi.org/10.1038/nature16932
https://doi.org/10.1016/j.celrep.2013.03.028
https://doi.org/10.4161/cc.8.13.8997
https://doi.org/10.4161/cc.8.13.8997
https://doi.org/10.1038/377552a0
https://doi.org/10.1038/377552a0
https://doi.org/10.1002/jbmr.3978
https://doi.org/10.1002/jbmr.4537
https://doi.org/10.1016/j.bone.2014.06.030
https://doi.org/10.1016/j.bone.2014.06.030
https://doi.org/10.1002/jbmr.2996
https://doi.org/10.1016/j.bone.2018.12.006
https://doi.org/10.1096/fj.201700375R
https://doi.org/10.1146/annurev-pathol-121808-102144
https://doi.org/10.1146/annurev-pathol-121808-102144
https://doi.org/10.1016/s2213-8587(14)70007-5
https://doi.org/10.1016/s2213-8587(14)70007-5
https://doi.org/10.1016/0092-8674(93)90500-P
https://doi.org/10.1002/jbmr.2892
https://doi.org/10.1002/jbmr.2892
https://doi.org/10.1038/nm.4385
https://doi.org/10.1038/nm.4385


    |  13 of 13CHANDRA et al.

activation. Nature Cell Biology, 14(4), 355–365. https://doi.
org/10.1038/ncb2466

Hewitt, G., Jurk, D., Marques, F. D. M., Correia-Melo, C., Hardy, T., 
Gackowska, A., Anderson, R., Taschuk, M., Mann, J., & Passos, 
J. F. (2012). Telomeres are favoured targets of a persistent DNA 
damage response in ageing and stress-induced senescence. Nature 
Communications, 3, 708. https://doi.org/10.1038/ncomm​s1708

Hui, S. K., Sharkey, L., Kidder, L. S., Zhang, Y., Fairchild, G., Coghill, K., 
Xian, C. J., & Yee, D. (2012). The influence of therapeutic radiation 
on the patterns of bone marrow in ovary-intact and ovariecto-
mized mice. PLoS One, 7(8), e42668. https://doi.org/10.1371/journ​
al.pone.0042668

Jeon, O. H., Kim, C., Laberge, R.-M., Demaria, M., Rathod, S., Vasserot, 
A. P., Chung, J. W., Kim, D. H., Poon, Y., David, N., Baker, D. J., van 
Deursen, J. M., Campisi, J., & Elisseeff, J. H. (2017). Local clearance 
of senescent cells attenuates the development of post-traumatic 
osteoarthritis and creates a pro-regenerative environment. Nature 
Medicine, 23, 775–781. https://doi.org/10.1038/nm.4324

Khosla, S., Farr, J. N., Tchkonia, T., & Kirkland, J. L. (2020). The role of 
cellular senescence in ageing and endocrine disease. Nature Reviews 
Endocrinology, 16(5), 263–275. https://doi.org/10.1038/s4157​
4-020-0335-y

López-Domínguez, J. A., Rodríguez-López, S., Ahumada-Castro, U., 
Desprez, P.-Y., Konovalenko, M., Laberge, R.-M., Cárdenas, C., 
Villalba, J. M., & Campisi, J. (2021). Cdkn1a transcript variant 2 is a 
marker of aging and cellular senescence. Aging (Albany NY), 13(10), 
13380–13392. https://doi.org/10.18632/​aging.203110

Oest, M. E., Franken, V., Kuchera, T., Strauss, J., & Damron, T. A. (2015). 
Long-term loss of osteoclasts and unopposed cortical mineral ap-
position following limited field irradiation. Journal of Orthopaedic 
Research, 33(3), 334–342. https://doi.org/10.1002/jor.22761

Pajvani, U. B., Trujillo, M. E., Combs, T. P., Iyengar, P., Jelicks, L., Roth, 
K. A., Kitsis, R. N., & Scherer, P. E. (2005). Fat apoptosis through 
targeted activation of caspase 8: A new mouse model of inducible 
and reversible lipoatrophy. Nature Medicine, 11, 797–803. https://
doi.org/10.1038/nm1262

Palmer, A. K., Xu, M., Zhu, Y. I., Pirtskhalava, T., Weivoda, M. M., 
Hachfeld, C. M., Prata, L. G., Dijk, T. H., Verkade, E., Casaclang-
Verzosa, G., Johnson, K. O., Cubro, H., Doornebal, E. J., Ogrodnik, 
M., Jurk, D., Jensen, M. D., Chini, E. N., Miller, J. D., Matveyenko, A., 
… Kirkland, J. L. (2019). Targeting senescent cells alleviates obesity-
induced metabolic dysfunction. Aging Cell, 18(3), e12950. https://
doi.org/10.1111/acel.12950

Prata, L., Ovsyannikova, I. G., Tchkonia, T., & Kirkland, J. L. (2018). 
Senescent cell clearance by the immune system: Emerging thera-
peutic opportunities. Seminars in Immunology, 40, 101275. https://
doi.org/10.1016/j.smim.2019.04.003

Serrano, M., Hannon, G. J., & Beach, D. (1993). A new regulatory motif 
in cell-cycle control causing specific inhibition of cyclin D/CDK4. 
Nature, 366(6456), 704–707. https://doi.org/10.1038/366704a0

Stein, G. H., Drullinger, L. F., Soulard, A., & Dulic, V. (1999). Differential 
roles for cyclin-dependent kinase inhibitors p21 and p16 in the 
mechanisms of senescence and differentiation in human fibro-
blasts. Molecular and Cellular Biology, 19(3), 2109–2117. https://doi.
org/10.1128/MCB.19.3.2109

Tasic, B., Hippenmeyer, S., Wang, C., Gamboa, M., Zong, H., Chen-Tsai, 
Y., & Luo, L. (2011). Site-specific integrase-mediated transgenesis in 
mice via pronuclear injection. Proceedings of the National Academy 
of Sciences of the United States of America, 108(19), 7902–7907. 
https://doi.org/10.1073/pnas.10195​07108

Tchkonia, T., & Kirkland, J. L. (2018). Aging, cell senescence, and chronic 
disease: Emerging therapeutic strategies. JAMA, 320(13), 1319–
1320. https://doi.org/10.1001/jama.2018.12440

Tchkonia, T., Zhu, Y., van Deursen, J., Campisi, J., & Kirkland, J. L. (2013). 
Cellular senescence and the senescent secretory phenotype: 
Therapeutic opportunities. The Journal of Clinical Investigation, 123, 
966–972. https://doi.org/10.1172/JCI64098

Wang, B., Wang, L., Gasek, N. S., Zhou, Y., Kim, T., Guo, C., Jellison, E. R., 
Haynes, L., Yadav, S., Tchkonia, T., Kuchel, G. A., Kirkland, J. L., & Xu, 
M. (2021). An inducible p21-Cre mouse model to monitor and ma-
nipulate p21-highly-expressing senescent cells in vivo. Nature Aging, 
1(10), 962–973. https://doi.org/10.1038/s4358​7-021-00107​-6

Wang, H., Chen, Q., Lee, S. H., Choi, Y., Johnson, F. B., & Pignolo, 
R. J. (2012). Impairment of osteoblast differentiation due to 
proliferation-independent telomere dysfunction in mouse mod-
els of accelerated aging. Aging Cell, 11(4), 704–713. https://doi.
org/10.1111/j.1474-9726.2012.00838.x

Xu, M., Palmer, A. K., Ding, H., Weivoda, M. M., Pirtskhalava, T., White, T. 
A., Sepe, A., Johnson, K. O., Stout, M. B., Giorgadze, N., Jensen, M. 
D., LeBrasseur, N. K., Tchkonia, T., & Kirkland, J. L. (2015). Targeting 
senescent cells enhances adipogenesis and metabolic function in 
old age. eLife, 4, e12997.

Xu, M., Pirtskhalava, T., Farr, J. N., Weigand, B. M., Palmer, A. K., 
Weivoda, M. M., Inman, C. L., Ogrodnik, M. B., Hachfeld, C. M., 
Fraser, D. G., Onken, J. L., Johnson, K. O., Verzosa, G. C., Langhi, L. 
G. P., Weigl, M., Giorgadze, N., LeBrasseur, N. K., Miller, J. D., Jurk, 
D., … Kirkland, J. L. (2018). Senolytics improve physical function 
and increase lifespan in old age. Nature Medicie, 24, 1246–1256. 
https://doi.org/10.1038/s4159​1-018-0092-9

SUPPORTING INFORMATION
Additional supporting information may be found in the online 
version of the article at the publisher’s website.

How to cite this article: Chandra, A., Lagnado, A. B., Farr, J. N., 
Doolittle, M., Tchkonia, T., Kirkland, J. L., LeBrasseur, N. K., 
Robbins, P. D., Niedernhofer, L. J., Ikeno, Y., Passos, J. F., 
Monroe, D. G., Pignolo, R. J., & Khosla, S. (2022). Targeted 
clearance of p21- but not p16-positive senescent cells prevents 
radiation-induced osteoporosis and increased marrow 
adiposity. Aging Cell, 21, e13602. https://doi.org/10.1111/
acel.13602

https://doi.org/10.1038/ncb2466
https://doi.org/10.1038/ncb2466
https://doi.org/10.1038/ncomms1708
https://doi.org/10.1371/journal.pone.0042668
https://doi.org/10.1371/journal.pone.0042668
https://doi.org/10.1038/nm.4324
https://doi.org/10.1038/s41574-020-0335-y
https://doi.org/10.1038/s41574-020-0335-y
https://doi.org/10.18632/aging.203110
https://doi.org/10.1002/jor.22761
https://doi.org/10.1038/nm1262
https://doi.org/10.1038/nm1262
https://doi.org/10.1111/acel.12950
https://doi.org/10.1111/acel.12950
https://doi.org/10.1016/j.smim.2019.04.003
https://doi.org/10.1016/j.smim.2019.04.003
https://doi.org/10.1038/366704a0
https://doi.org/10.1128/MCB.19.3.2109
https://doi.org/10.1128/MCB.19.3.2109
https://doi.org/10.1073/pnas.1019507108
https://doi.org/10.1001/jama.2018.12440
https://doi.org/10.1172/JCI64098
https://doi.org/10.1038/s43587-021-00107-6
https://doi.org/10.1111/j.1474-9726.2012.00838.x
https://doi.org/10.1111/j.1474-9726.2012.00838.x
https://doi.org/10.1038/s41591-018-0092-9
https://doi.org/10.1111/acel.13602
https://doi.org/10.1111/acel.13602

	Targeted clearance of p21-­ but not p16-­positive senescent cells prevents radiation-­induced osteoporosis and increased marrow adiposity
	Abstract
	1|INTRODUCTION
	2|RESULTS
	2.1|Generation and validation of the p21-­ATTAC model
	2.2|Targeted removal of p21Cip1-­, but not p16Ink4a-­expressing cells reduces senescent cell burden and SASP following radiation
	2.3|Targeted removal of p21-­, but not p16-­expressing senescent cells prevents radiation-­induced bone loss
	2.4|Targeted removal of p21-­, but not p16Ink4a-­expressing senescent cells maintains BMSC cell fate and bone formation
	2.5|Further characterization of p21Cip1+ cells following radiation

	3|DISCUSSION
	4|MATERIALS AND METHODS
	4.1|Animal studies
	4.2|Methyl methacrylate tissue embedding and histology
	4.3|Micro-­computed tomography (μCT) analysis
	4.4|Quantitative RT-­PCR
	4.5|Static and dynamic histomorphometry
	4.6|Telomere fluorescence in situ hybridization (FISH) and DNA damage
	4.7|RNA in situ hybridization (RNA-­ISH)
	4.8|RNA in situ hybridization (RNA-­ISH) and immunofluorescence
	4.9|Statistical analysis

	ACKNOWLEDGMENTS
	CONFLICT OF INTEREST
	AUTHOR CONTRIBUTIONS
	DATA AVAILABILITY STATEMENT

	REFERENCES


