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Ionizing radiation (IR) and germline mutations in the retinoblastoma tumor suppressor gene (RB1) are the
strongest risk factors for developing osteosarcoma. Recapitulating the human predisposition, we found that
Rb1+/– mice exhibited accelerated development of IR-induced osteosarcoma, with a latency of 39 weeks. Initial
exposure of osteoblasts to carcinogenic doses of IR in vitro and in vivo induced RB1-dependent senescence and
the expression of a panel of proteins known as senescence-associated secretory phenotype (SASP), dominated
by IL-6. RB1 expression closely correlated with that of the SASP cassette in human osteosarcomas, and low
expression of both RB1 and the SASP genes was associated with poor prognosis. In vivo, IL-6 was required for
IR-induced senescence, which elicited NKT cell infiltration and a host inflammatory response. Mice lacking
IL-6 or NKT cells had accelerated development of IR-induced osteosarcomas. These data elucidate an important link between senescence, which is a cell-autonomous tumor suppressor response, and the activation of
host-dependent cancer immunosurveillance. Our findings indicate that overcoming the immune response to
senescence is a rate-limiting step in the formation of IR-induced osteosarcoma.
Introduction
Both heritable and environmental factors contribute to susceptibility to osteosarcoma, the most common primary malignancy of bone
(1). The retinoblastoma tumor suppressor gene (RB1) is inactivated
in 20% to 40% of sporadic osteosarcomas and is linked to poor disease outcome (2). RB1 was first identified as the gene mutated in
human retinoblastoma (3). In survivors of childhood retinoblastoma (4), the incidence of osteosarcoma is increased >400 fold (5)
and is further increased 2 fold in patients treated with radiotherapy (6). The role of radiation as a risk factor for sarcomas is well
documented (7). Sarcoma incidence increases dose dependently in
patients treated with radiotherapy, and radiation-induced sarcomas
are usually high grade, arise at the edge of the radiation field, show a
long latency, and have a particularly poor survival (8).
RB1 is best understood as the key cell cycle checkpoint protein. Mitogenic signals activate cyclin-dependent kinases/cyclin
complexes that phosphorylate RB1, releasing E2F factors that
transactivate genes required for cell cycle progression (9). RB1
has been implicated in cellular differentiation, cell death, angiogenesis, metastasis, and senescence (10). In bone, RB1 regulates
the differentiation and senescence of osteoblasts (11, 12). Emerging evidence suggests that senescence, a terminally arrested,
cell-autonomous state elicited by cell aging, oncogene-induced
stress, or genotoxic stress, is rate-limiting in cancer development
(13). RB1 is required for oncogene-induced senescence in human
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fibroblasts (14), while restoration of RB1 in osteosarcoma cell lines
induces senescence (12, 15). Inactivation of RB1-mediated senescence mechanisms promotes tumor formation (16). Senescence
is associated with expression of multiple secreted factors, including growth factors, cytokines, and proteinases, termed the SASP,
whose relevance to tumor suppression is not well understood (17).
The SASP appears to directly reinforce the senescent phenotype
(18, 19), while RB1-deficient murine embryonic fibroblasts have
attenuated expression of chemokines, complement, and cell surface receptors, among other genes (20).
Immune-modulated therapies have begun to have clinical
impact in a number of cancer types (21, 22), including in sarcoma (23, 24). Preclinical data suggest a role for tumor-infiltrating
lymphocytes in osteosarcoma (25, 26), while several cytokines,
including IL-12, IL-2, and type I interferons, have shown preclinical activity (27–29). Adjuvant use of muramyl tripeptide phosphatidylethanolamine (mifamurtide), a synthetic lipophilic analog of
a mycobacterial cell wall protein, was recently shown to improve
survival of patients with osteosarcoma (30) and has been approved
for clinical use. Here, we report novel mechanisms linking RB1,
radiation-induced senescence, and host immune surveillance that
may be relevant to radiation-induced osteosarcoma in the clinic.
Results
Rb1+/– mice are predisposed to the development of radio-carcinogen–
induced osteosarcoma. Rb1+/– mice were used to model human RB1dependent predisposition to radiation-induced osteosarcoma. In
the absence of radiation, these mice do not develop spontaneous
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Figure 1
Rb1+/– mice are predisposed to the development of 45Ca-induced osteosarcomas
compared with wild-type mice. (A) Radiation-induced (45Ca) mouse model of osteosarcoma. Mice at 28 days of age were injected with 1 μCi/g 45Ca intraperitoneally once
weekly for 4 consecutive weeks and monitored for the growth of tumors. Mice develop
tumors in the spine (70%) and limbs (18%),
and then pelvis, cranium, scapula, and
clavicle (12%), presumably reflecting distribution of isotope in vivo. (B) CT of tumors.
(C and D) Micro-PET imaging using 18fluorine
of tumors. (E) Example of gross bony
morphology of osteosarcoma in tibiae.
(F) Microscopic examination of mouse
osteosarcoma. Sections were stained with
hematoxylin and eosin. Arrows point to osteoids produced by the surrounding malignant
osteoblastic cells (original magnification,
×100). Representative images are shown.
(G) Cohorts of mice were injected with 45Ca
and monitored for tumor onset. KaplanMeier plots of osteosarcoma onset (Rb1+/+
saline and Rb1+/+ 45Ca, n = 20; Rb1+/– saline,
n = 22; Rb1+/– 45Ca, n = 26). P = 0.005, Rb1+/+
45Ca vs. Rb1+/– 45Ca; P = 0.007, Rb1+/+ saline
vs. Rb1+/+ 45Ca; P = 0.0004, Rb1+/– saline vs.
Rb1+/– 45Ca. (H) Kaplan-Meier plots of overall
tumor onset, including osteosarcomas and
pituitary and thyroid tumors (from Figure 1G).
P = 0.03, Rb1+/+ saline vs. Rb1+/– 45Ca;
P = 0.02, Rb1+/– saline vs. Rb1+/– 45Ca;
P < 0.0001, Rb1+/+ 45Ca vs. Rb1+/– 45Ca;
P < 0.0001, Rb1+/+ saline vs. Rb1+/– saline,
Mantel-Cox log-rank test.

osteosarcoma but succumb to pituitary and thyroid carcinomas
by 8 months (31, 32). Wild-type and Rb1+/– mice were injected with
45Ca, a low energy β-emitter that efficiently localizes to bone, generating osteosarcomas with 100% penetrance at 18 to 24 months
after exposure to radiation (data not shown, Figure 1A, and ref. 33).
To accurately assess tumor burden, fine CT (Figure 1B) and
micro-PET imaging using 18fluorine of tumors were used to localize tumors (Figure 1, C and D). Morphologically and histopathologically (Figure 1, E and F), tumors recapitulated key features of
human osteosarcoma, including malignant osteoblasts and tumor
osteoid. Osteosarcomas in wild-type mice were detectable by
38 weeks following exposure to 45Ca, with a median onset at
56 weeks. The median latency of osteosarcomas in Rb1+/– mice was
shortened to 39 weeks (P = 0.0009, Mantel-Cox) (Figure 1G). All
Rb1+/– mice, regardless of exposure to 45Ca, demonstrated pituitary
and thyroid cancers at the time of autopsy (Figure 1H and data not
shown). As expected, 80% of Rb1+/– osteosarcomas lacked detectable RB1 protein expression, compared with only 25% of wild-type
osteosarcomas (Supplemental Figure 1; supplemental material
available online with this article; doi:10.1172/JCI70559DS1).
RB1-dependent cell responses to ionizing radiation in primary human
bone-derived cells. To study the role of RB1 in the radiation response
in osteoblasts, primary human osteoblasts (hOBs) and shRNAs were
used to knockdown RB1 expression (Figure 2A). Two independently
generated stable RB1 knockdown lines were used for all subsequent
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experiments. Following exposure to 4 Gy ionizing radiation (IR),
clonogenic survival was moderately enhanced in shRNA to RB1
(shRB1) cells compared with that in shRNA to empty vector (shEV)
cells (Figure 2B), an effect associated with attenuated induction of
senescence following IR. Senescence was assayed by the presence
of senescence-associated β-galactosidase (SA-β-Gal; Figure 2C),
increased numbers of flattened cells, and expression of CDKN2A,
CDKN1A, and trimethylated H3K9 (Supplemental Figure 2). Global transcriptional profiling was carried out on shRB1 and shEV hOB
cell lines at 0, 8, 16, and 24 hours following exposure to 4 Gy. Using
gene set enrichment analysis (GSEA) with the C2, C3, C4, and C5
sets from MSigDB database (http://www.broadinstitute.org/gsea/
msigdb/index.jsp), significant, RB1-dependent enrichment of chemokines and interferon-responsive genes was observed, reminiscent
of the SASP. A cassette of previously defined SASP genes (Supplemental Table 1 and ref. 17) was upregulated in shEV cells compared
with shRB1 cells (false discovery rate [FDR] q value 0.0054), with
the most differentially regulated genes, including Il1b, Il6, and Il8
(Figure 2D and Supplemental Table 1), cytokines shown to be critical
to oncogene-induced senescence in vitro (19). The RB1-dependent
induction of IL-6 and IL-8 was verified at the protein level in shEV
hOBs relative to shRB1 hOBs following IR (Figure 2E). Notably,
the expression of these cytokines anticipates by several days
emergence of the senescent phenotype, as assayed by SA-β-Gal at
10 days, consistent with a role in establishing senescence.
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Figure 2
RNAi-mediated knockdown of RB1 attenuates senescence response following IR and reveals an immune/inflammatory signature. (A) Verification of RB1 knockdown. Western blotting was carried out using hOBs stably transfected with shRB1 or shEV at 24 hours after exposure to 0, 1,
and 4 Gy IR. (B) Clonogenic assay for cell fitness. shEV and shRB1 knockdown cells exposed to 0, 1, 2, 4, and 8 Gy IR were seeded at 1,000
cells per 6-well plate, and colonies consisting of >10 cells were counted at days 9–11. Values represent the mean and SD of at least 3 separate
experiments. (C) Quantification of SA-β-Gal staining of hOB shEV cells and hOB shRB1 cells 1, 5, and 8 days after exposure to 0, 1, 4 Gy IR.
Values represent the mean and SEM of 3 independent experiments. *P-value < 0.05, 2-tailed Student’s t test. (D) Global expression profiling of
shEV and shRB1 hOBs 0, 8, 16, and 24 hours after 4 Gy IR shows expression of differentially regulated SASP genes analyzed by GSEA. (E) IL-6
and IL-8 protein levels measured using CB bead arrays 10 days following IR. Data are expressed as fold difference between hOB shEV and hOB
shRB1 in at least 3 independent experiments. (F) Effect of expression of RB1 and SASP on metastasis-free survival in primary osteosarcoma.
High expression of RB1 and SASP profile was associated with better metastasis-free survival than low expression (P = 0.03, Mantel-Cox).

To determine the relationship of RB1 and SASP expression in
human tumors, a set of 84 primary human pretreatment osteosarcomas was studied. Highly significant correlations were observed
between expression of RB1 and expression of IL-1β (Spearman
r2 = 0.46, P < 0.0001), IL-6 (r2 = 0.3, P = 0.005), and IL-8 (r2 = 0.42,
P < 0.0001). Moreover, tumors with high expression of both RB1
and SASP had significantly better metastasis-free survival than
tumors with low RB1 and SASP expression (P = 0.03), suggesting
that RB1-dependent expression of SASP correlates with clinical
outcomes in patients with primary osteosarcoma (Figure 2F).
IR induces a senescence-associated immune response in bone in vivo. To
determine the role RB1-dependent SASP response in the development of radiation-induced osteosarcoma in vivo, mice exposed to
carcinogenic doses of 45Ca were sacrificed at 14 days after exposure
to radiation. Microscopic examination of vertebrae showed greater
than 7-fold increase in SA-β-Gal–positive cells in bone compared

with that in unirradiated controls (Figure 3, A and B). Ex vivo
exposure of primary calvaria to 4 Gy IR confirmed a 3-fold increase
in SA-β-Gal–positive cells (data not shown) as well as induction of
IL-6, CCL2 (also known as MCP-1), RANTES, MIP-1α, and MIP1β protein expression in calvarial osteoblasts (Figure 3, C and D,
and Supplemental Figure 3). These data indicate that the senescent and SASP response to carcinogenic doses of IR occurs both
in vitro and in vivo.
In vivo senescence-associated immune response to IR is RB1-dependent.
To determine whether the senescence response to IR in vivo was
Rb1 dependent, mice with conditional homozygous deletion of
Rb1 in osteoblasts (osterix-Cre recombinase (Osx-Cre+;Rb1fl/fl) mice,
referred to herein as Rb1fl/fl mice) and matched controls were used
(34). Bone-specific excision was estimated to occur in at least 50%
of osteoblasts (Supplemental Figure 4). Two weeks following
exposure to a carcinogenic dose of 45Ca, a striking reduction in
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responses to IR are IL-6 dependent and that IL-6 is
required for tumor suppression in vivo. Recently,
IL-6 was shown to play an important paracrine
role in mediating oncogene-induced senescence
in vitro (19). To determine whether IL-6 alone
is sufficient to mediate senescence in response
to radiation, control cells and shRB1 hOBs were
treated with a combination of recombinant IL-6
and recombinant soluble IL-6 receptor (sIL-6R)
as described previously (19, 36) or a neutralizing antibody to IL-6. Following 4 Gy of IR, IL-6
and sIL-6R restored the senescence response in
shRB1 hOBs almost to that seen in wild-type cells
(P = 0.042, 2-tailed Student’s t test) (Figure 4,
D and E). By contrast, the neutralizing antibody
to IL-6 suppressed the induction of senescence folFigure 3
lowing IR to baseline levels. Together, these data
In vivo and ex vivo studies show differential regulation of cytokines and senescence suggest that IL-6, acting in part by cell-autonoresponse in bone following IR in wild-type and Rb1fl/fl and Rb1+/+ mice. (A) C57/ mous mechanisms, is rate limiting for radiationBl6 mice injected with saline or 4 μCi 45Ca were sacrificed at day 14 after injection
induced senescence in vitro and in vivo.
and stained for SA-β-Gal expression. Representative image shows vertebrae with
Tumors that arise in the absence of IL-6 are suppressed
SA-β-Gal–positive cells (blue) (original magnification, ×100). (B) SA-β-Gal staining was
when
transplanted into wild-type mice. IL-6 is expressed
quantified using MetaMorph. Box-and-whisker plot shows the percentage of blue pixels
in the whole image and standard error (saline vs. 45Ca, 0.68 ± 0.05 vs. 4.12 ± 1.12, by many cell types, including T cells, macrophages,
respectively; mean ± SEM). ***P ≤ 0.0001, 2-tailed Student’s t test. (C and D) C57/Bl6 smooth muscle cells, and osteoblasts (37). To assess
calvarial cells were plated and exposed to IR at 4 Gy. At day 10, condition media was the relative contribution of host expression of IL-6,
collected and assayed for the expression IL-6 and MCP-1 using CB bead arrays. Values cross-transplantation experiments were performed
shown are representative of at least 3 experiments and SEM. (E) SA-β-Gal staining is
using cell lines established from 45Ca-derived
attenuated in Rb1fl/fl mice compared with that in Rb1+/+ control mice. Mice were injected
osteosarcomas in Il6–/– and wild-type mice. Wildwith 4 μCi 45Ca and sacrificed at day 14 after injection. Sections of spine were stained
type
and Il6–/– tumor cell lines (WT#18/Il6–/–#12)
for SA-β-Gal. Box-and-whisker plots show mean percentage blue pixels in the whole
+/+
fl/fl
with
comparable latencies were implanted in mice
image ± SEM (IR Rb1 vs. IR Rb1 , mean 4.5 ± 0.3 vs. 0.69 ± 0.10, respectively;
***P < 0.0001). (F) Transcript level analysis by qRT-PCR of irradiated bone (tibiae and as shown in Figure 4F. Kaplan-Meier analysis
femurs) from Rb1+/+ and Rb1fl/fl mice. Values expressed relative to wild-type bone ± SEM showed highly significant tumor suppression of
and are representative of 3 independent experiments. (G and H) Expression of Il6–/– tumors implanted in wild-type mice, whereas
cytokines by CB bead arrays as described for C and D. (C, D, F, and H) *P < 0.05, Il6–/– tumors implanted in Il6–/– mice grew readily.
(B and E) ***P < 0.0001, 2-tailed Student’s t test.
Wild-type tumors grew readily in both wild-type
and Il6–/– mice. (Figure 4, G and H). This result
was observed at least 4 separate times using these
SA-β-Gal–positive staining was observed in the spines of Rb1fl/fl lines (WT#18/Il6–/–#12), and 2 other independently derived lines
mice compared with that in spines of wild-type mice (Figure 3E). (WT#5/Il6–/–#13; Supplemental Figure 5). Transcript levels of Il6
Consistent with a role in senescence, radiation-induced expression in Il6–/– tumors transplanted into wild-type hosts were increased,
of Il1b, Il6, Il8/Mip2, and Mcp1 was markedly attenuated in Rb1fl/fl consistent with host-dependent expression (Supplemental
mice relative to that in wild-type mice (Figure 3F). Confirming Figure 6). However, growth suppression was not associated with
these findings, ex vivo studies using 4 Gy IR also showed decreased senescence when tumors were stained for SA-β-Gal (results not
SA-β-Gal–positive staining (data not shown) and reduced protein shown), and ex vivo irradiated Il6–/– osteosarcoma cells failed to
expression of IL-6 and MCP-1 in calvaria from Rb1fl/fl mice com- undergo senescence by comparison with wild-type osteosarcoma
cells (Supplemental Figure 7). These data, together with the data
pared with that in wild-type mice (Figure 3, G and H).
IL-6 expression is rate limiting for radiation-induced osteosarcoma in in Figure 4E, suggest that IL-6 is rate limiting for senescence, but
vivo. Although clearly RB1 dependent, it is not known whether that senescence is not required for tumor suppression in the synthe SASP plays a role in tumor suppression. IL-6, a pleiotropic genic transplant model.
To determine whether the tumor suppression was associated
cytokine linked to tumorigenesis, is the most differentially regulated member of the SASP response to IR. Il6–/– mice with an immune cell infiltrate, flow cytometric analysis was
(C57/Bl6 Il6–tm1kopf/J mice) (35) exposed to carcinogenic doses of performed on Il6–/– tumors transplanted into wild-type hosts,
45Ca demonstrated accelerated development of osteosarcomas
revealing increased infiltration of CD4+ and CD8+ T cells, CD1d1(P = 0.013) (Figure 4A). RB1 protein expression was absent in 75% restricted NKT cells, and neutrophils (Supplemental Table 2).
of Il6–/– osteosarcomas (Supplemental Figure 1). Early after expo- These data collectively suggest that IL-6 not only plays a signifisure to carcinogenic doses of radiation, Il6–/– vertebrae revealed cant cell-autonomous role in senescence, but that host-derived
significantly reduced staining of SA-β-Gal–positive cells com- IL-6 also contributes to tumor suppression.
NKT cells are rate limiting for radiation-induced osteosarcoma develpared with wild-type vertebrae (Figure 4B), and transcript levels
of Il1b and Il8/Mip2 were also reduced in Il6–/– bones (Figure 4C). opment in vivo. In order to determine whether host immune cells
Taken together, these data suggest that senescence and SASP played a rate-limiting role in suppressing transplantation of Il6–/–
5354
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Figure 4
Il6–/– mice are predisposed to the development of 45Ca-induced osteosarcomas. (A) C57/BL6 wild-type (n = 16) and Il6–/– (n = 27) mice were
injected with 45Ca. Kaplan-Meier plots of tumor-free survival. P = 0.013, WT vs. Il6–/–, log-rank (Mantel-Cox) test. (B) SA-β-Gal staining in sections of spine following 4 μCi 45Ca at day 14. Box-and-whisker plots show mean percentage blue pixels in the over whole image and SEM
(IR WT vs. Il6–/–, mean 3.22 ± 0.4 vs. 0.43 ± 0.17, respectively). ***P < 0.0001, 2-tailed Student’s t test. (C) Transcript level analysis by qRT-PCR
of irradiated bone (tibiae and femurs) from Il6–/–and wild-type mice. Expression relative to wild-type bone ± SEM (2-tailed Student’s t test). Values
shown are representative of 3 independent experiments. *P < 0.05. (D and E) Regulation of senescence by IL-6 following IR. shEV or shRB1
hOBs were exposed to IR at 4 Gy and treated with IL-6 (hIL-6 [20 ng/ml]) and sIL-6R (5 ng/ml) or neutralizing antibody to IL-6 (Neu IL-6) (0.2 μg/ml)
for 10 days followed by SA-β-Gal staining. Original magnification, ×200. *P < 0.05. (F) Syngenic implantation of tumor cell lines. Wild-type and
Il6–/– osteosarcoma cell lines (1 × 106 WT#18/Il6–/–#12) were implanted subcutaneously into flanks of mice. (G) Kaplan-Meier survival curves.
Mantel-Cox analysis for wild-type mice bearing Il6–/– tumors (Il6–/–/WT) compared to wild-type mice bearing wild-type tumors (WT/WT; P = 0.009),
Il6–/– mice bearing Il6–/– tumors (Il6–/–/Il6–/–; P = 0.002), and wild-type mice bearing Il6–/– tumors (WT/Il6–/–; P = 0.002). (H) Tumor volumes plotted
for each cohort as shown from day 0 to 30.

tumor cell lines into wild-type hosts, we repeated the experiments described in Figure 4 using mice lacking T, B, and NKT
cells (Rag1–/– mice). As shown in Figure 5A, the absence of lymphoid cells allowed transplantation of Il6–/– tumor cells, confirming that host immune cells are implicated in tumor suppression.
To more specifically identify the immune cells involved in early
responses to radiation in vivo, the spines of C57/Bl6 wild-type

mice treated with carcinogenic doses of 45Ca were analyzed by
flow cytometry. The numbers of NKT cells, as well as NK cells
and neutrophils, were markedly increased following exposure
to IR (Supplemental Table 3). When the same experiment was
conducted in Rb1fl/fl mice, NKT cell infiltration of irradiated
spines was attenuated by comparison with that in wild-type mice
(Figure 5B, Supplemental Table 4, and Supplemental Figure 8).
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Figure 5
Cd1d1–/– mice are predisposed to the development of 45Ca-induced osteosarcomas compared to control mice. (A) Rag1–/– mouse background
is permissive for growth of Il6–/– osteosarcoma cells. The Il6–/–#12 cell line was implanted subcutaneously into the flanks of Il6–/–, Rag1–/–, and
WT mice (6 per cohort), and tumor volume was measured for 30 days. (B and C) NKT cell infiltration is decreased in (B) Rb1fl/fl spines following
exposure to 45Ca (mean ± SEM; n = 6–7 per cohort; *P = 0.04 compared to wild-type spines) and (C) Il6–/– spines 2 weeks following exposure
to IR (n = 6 per cohort; *P = 0.01 compared to WT spines). (D) NKT cell infiltration into Il6–/– cell lines transplanted into WT mice correlates with
growth suppression (n = 4 per cohort; *P = 0.04 compared to WT/WT). (B–D) *P < 0.05, 2-tailed Student’s t test. (E) Initial growth of Il6–/– cell
line in Cd1d1–/– mice. Large graphs show immediate effect, whereas inset graphs show long-term growth. The Il6–/– #18 cell line was implanted
subcutaneously into Il6–/–, Cd1d1–/–, Jα18–/–, and WT mice, and tumor volume was measured. (F) Cohorts of C57/BL6 wild-type (n = 14) and
Cd1d1–/– (n = 20) mice were injected with 4 μCi/g 45Ca. Kaplan-Meier plots of osteosarcoma onset. P = 0.008, log-rank (Mantel-Cox) test.
(G) SA-β-Gal staining in Cd1d1–/– and control mice. Mice were injected with 4 μCi 45Ca and sacrificed 2 weeks later. Sections of spine were
stained for SA-β-Gal (15 images per cohort). Box-and-whisker plot shows the mean percentage blue pixels in the whole image and SEM (P = 0.4).

These cellular responses were specific for bone, as no differences
in immune cell infiltration were observed in spleens or in spines
prior to injection with 45Ca (data not shown).
These data suggest that RB1 is also required for immune cell
infiltration in bone following IR, particularly for NKT cells. Furthermore, Il6–/– mice showed lower levels of infiltrating NKT cells
in spines following IR (Figure 5C and Supplemental Table 5), and
NKT cells were prominent during rejection of Il6–/– tumors transplanted into wild-type hosts (Figure 5D and Supplemental Table 3),
suggesting that the SASP response is required for immune cell
recruitment to irradiated bone. To investigate the role of NKT cells
in tumor suppression, we implanted the Il6–/– osteosarcoma cell
line into mice deficient in NKT cells. Two mouse strains were used:
Cd1d1–/– mice (CD1d1 molecules are vital for all NKT cell development, mice lacking CD1d1 are deficient in all CD1d1-restricted
NKT cells; refs. 38, 39) and Jα18–/– mice (deficient in invariant
NKT cells; ref. 40). Il6–/– osteosarcoma cells initially grew more
readily in Cd1d1–/– mice than in wild-type mice (Figure 5E) but
were subsequently cleared; similarly, but not to the same extent,
this was also observed in Jα18–/– mice, suggesting that NKT cells
play some role, but that other immune cells are also involved, in
tumor clearance. To determine whether NKT cells are required
5356

for tumor suppression in vivo, Cd1d1–/– mice were exposed to 45Ca
and shown to have accelerated development of osteosarcomas
(P = 0.008, Mantel-Cox) (Figure 5F). However, unlike that in Rb1+/–
and Il6–/– mice, SA-β-Gal expression in recently irradiated bone
was not significantly different in the spines of Cd1d1–/– mice compared with that in control mice (Figure 5G). Taken together, these
data indicate that NKT cells form part of a host tumor suppressor response to a senescence-associated alarm signal in osteoblasts
exposed to carcinogenic radiation.
Discussion
IR is the single most potent environmental carcinogen in osteosarcoma and confers a particularly high risk to individuals affected by hereditary retinoblastoma (41, 42). The 45Ca mouse model
described here recapitulates many features of human osteosarcoma. These studies provide new genetic evidence linking RB1,
senescence, and host immune factors in radiation-induced osteosarcoma development (Figure 6). Senescence is well understood
as a cell-autonomous process in which RB1 enforces an irreversible G1 cell cycle arrest (11). We and others (17, 43, 44) describe
a SASP that includes IL-1β, IL-6, IL-8, and MCP-1. The SASP
signature elicited by irradiation of osteoblasts is RB1 dependent,
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Figure 6
A model for the roles of RB1, IL-6, and NKT cells in the senescent tumor
suppressor response to IR, and their deregulation in osteosarcoma.
Exposure to IR activates an RB1-dependent senescence response in
osteoblasts, characterized by expression of an alarm signal comprising
SASP, including IL-6. Both RB1 and IL-6 (among other cytokines)
contribute to senescence in a cell-autonomous fashion. Host IL-6
(and other proteins) also contributes to tumor suppression, perhaps
by reinforcing the alarm signal. NKT cells (and perhaps other cellular
elements of the immune system) are not required for senescence but
may contribute to tumor suppression by clearance of senescent cells.

both in vitro and in vivo. IL-6, a key part of the SASP that induces senescence in vitro in a cell-autonomous fashion (19), is rate
limiting for osteosarcoma development in vivo, possibly by cellautonomous and host-dependent pathways. While the mechanism behind the cell-autonomous effects of IL-6 in particular is
unknown, inflammation may play both tumor suppressor and
oncogenic roles in cancer, perhaps depending on tumor type and
context (45). IL-6 suppresses the growth of myeloid leukemia cell
lines (46), B6 melanoma, methylcholanthrene-induced tumors,
and colon adenocarcinoma (47, 48). Tumor suppressor mechanisms include suppression of cell growth, driving and reinforcing
senescence, and alerting the immune system (19, 47). However,
chronic inflammation and induction of NF-κB genes, including
IL-6, play driver roles in non-Hodgkin’s lymphoma and bladder
cancer and multiple myeloma (49). In breast cancer, intratumoral
IL-6 suppresses tumor growth, while circulating levels correlate
with poor prognosis (50). Although senescence is critical in suppression of early oncogenic events, it has been suggested that
expression of SASP in age-dependent senescence may actually
promote cancer development (45).
SASP engage a host-dependent cellular immune response (51).
Immune cell infiltration is a feature of radiation-induced tissue
injury in vivo (52). In our system, RB1 appears required for the

expression of SASP and infiltration of NKT cells in the bones of
mice exposed to carcinogenic doses of 45Ca. The RB1-mediated
stress surveillance mechanism in response to radiation may play a
role in removing preneoplastic cells. Both Il-6 and Mip2 (the murine
homolog of IL-8) induce neutrophil accumulation in vivo (53).
MCP-1 expression by neuroblastomas is positively correlated with
extent of NKT cell infiltration into tumors and patient survival (54).
MIP2 is also implicated in NKT recruitment to the spleen (55).
NKT cells are part of both the innate and acquired immune antitumor response (56). We show that Cd1d1–/– mice, lacking NKT
cells, are predisposed to 45Ca-induced osteosarcomas, consistent
with previous findings that NKT cells play an important role in
the development of sarcomas when crossed onto Trp53+/– mice
(57). The growth inhibition of IL6-deficient cell lines in wild-type
mice was accompanied by NKT cell infiltration, further supporting a role for these cells in host-dependent tumor suppression in
vivo. Unlike RB1 and IL-6, senescence itself was not dependent
on NKT cells, suggesting their role may be to clear senescent cells
downstream of a cell-autonomous alarm signal initiated by RB1,
and mediated by IL-6. Oncogene induction (Nrasv12) or restoration
of p53 in liver cancer is also associated with cellular senescence in
vivo, and tumor regression depends in part on immunologic mechanisms (51). Two caveats are important to note. First, while IL-6
and NKT cells clearly play rate-limiting roles, other cytokines and
cell types undoubtedly also contribute to the overall tumor suppression. Second, there are no doubt nonredundant roles for each
component, leading to gene-specific differences as well as overlapping similarities in the models described here. RB1 also regulates
other tumor suppressor mechanisms (such as cell cycle regulation)
that are IL-6 independent (10).
Tumor immunosurveillance has been proposed to comprise
3 phases, in which initially effective immune suppression gives way
to a dynamic equilibrium and ultimately tumor escape. It appears
that RB1-dependent senescence initiates an “alarm” signal, attracting the attention of the immune system. While demonstrably relevant to early stages of tumorigenesis, the cross-transplantation
studies presented here suggest that IL-6, and perhaps other components of the SASP, remains critical even in transformed cell
lines derived from established tumors. This view is supported by
evidence in primary human osteosarcomas that the SASP not only
tightly correlates with RB1 expression, but loss of expression of
both RB1 and SASP genes associates with worse clinical outcomes.
The dynamic nature of the immunoediting of cancers also suggests opportunities for clinical intervention. Mifamurtide, recently
shown to prolong survival as an adjuvant therapy for osteosarcoma,
induces expression of components of the SASP, including IL-1,
IL-6, and IL-8 in patient tissues (58), while serum levels of these
cytokines correlate with disease stage and progression (59). Manipulating potent cytokines is challenging due to systemic toxicities,
as seen with the use of IL-2 and interferons, but a more refined
understanding of the immune-mediated elimination of preneoplastic cells may offer new opportunities for intervention.
Methods
Mice. C57/Bl6 and C57/Bl6 Rag1–/– mice were obtained from Animal
Resource Centre, Perth, Australian. C57/Bl6 Rb1+/– mice were provided
by Patrick Humbert, and C57/Bl6 Cd1d1–/– mice were provided by Mark
Smyth (both at the Peter MacCallum Cancer Centre). Osx-Cre +;Rb1+/+
and Osx-Cre+;Rb1fl/fl mice were provided by Carl Walkley, St. Vincent’s
Institute. C57/Bl6 Il6–/– mice were obtained from The Walter and Eliza
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Hall Institute of Medical Research. All mice were genotyped using published protocols (31, 34, 35, 38–40). The fraction of osteoblasts in which
Cre-mediated excision of RB1 occurred was estimated using DNA from
calvaria and tibia from Osx-Cre p53fl/fl pRb1fl/fl mice; muscle was used as a
control (Supplemental Figure 4).
Mouse models of osteosarcoma. For the radio-carcinogen model of
osteosarcoma, mice were injected with 1 μCi/g 45Ca (GE Healthcare)
or 0.9% saline intraperitoneally at 28, 35, 42, and 49 days postpartum (33). Mice were monitored for signs of tumorigenesis (limping, paralysis, loss of condition, poor feeding or grooming, or weight
loss). Micro-PET imaging using 18fluorine of tumors and CT was
used to locate osteoblastic lesions (60). When possible due to tumor
site, tumors were formalin fixed for histology and snap frozen in liquid nitrogen for RNA and DNA extraction, and cells were cultured ex
vivo. Short-term high dose 45Ca studies used a single dose of 4 μCi/g
45Ca at day 28 postpartum. Mice were sacrificed 14 days after exposure
to 45Ca, and blood, calvaria, spines, and sera were collected for analysis. Mouse calvarial cells were derived from skull caps of day 8 mice,
and tissue was cut up finely and dissolved with 1 mg/ml collagenase A.
In tumor transplantation studies, osteosarcoma cell lines derived from
the 45Ca experiments and cultured ex vivo were mixed with 50% Matrigel
(GIBCO), and a total volume of 50 μl (106 cells) was injected subcutaneously in the flank. Mice were monitored for tumor growth using digital
calliper measurement (United Precision Machine Inc.).
hOB cultures. All procedures using human samples were reviewed and
approved by the Peter MacCallum ethics committee. Primary human
bone cells were derived from trabecular bone specimens obtained from
patients undergoing routine hip replacement surgery, as previously
described (61). RB1 was knocked down in hOBs using short hairpin
microRNA (a) V2LHS 262671-1720084, (b) V2LHS130611-1720383, and
(c) V2LHS130606-1720472 (Open Biosystems). A nonsilencing empty vector (EV) was used as a control. hOBs were transduced and pooled before
selection with 1 μg/ml puromycin. Western blotting was used to verify
gene knockdown, and stable cell lines were used for all experiments. For
clonogenic assays, hOBs and EV and shRB1 lines were irradiated using
a 137Cs source. Semiquantitative PCR was carried out using Hotstar Taq
(Qiagen). Real-time PCR was carried out using SYBR Green (Applied
Biosystems). GAPDH and β2M were used for normalization. Cell cycle
responses to IR were assayed using propidium iodide (Sigma-Aldrich),
and flow cytometry and cell cycle phase were quantitated using the
Modfit program. SA-β-Gal was quantitated using a Senescence Cells
Histochemical Staining Kit (Sigma-Aldrich). For studies investigating the role of IL-6, EV and shRB1 hOBs were seeded at 10,000 cells
per 12-well plate and irradiated at 4 Gy. Following media change, cells
were treated with human IL-6 (hIL-6; 20 ng/ml) and sIL-6R (5 ng/ml) or
IL-6–neutralizing antibody (goat anti-human) (PeproTech).
Transcriptional profiling. Total RNA from hOB cell lines was extracted
as previously described (62). RNA from 2 independent experiments was
hybridized to the Human Gene 1.0 ST array containing 28,869 genes
(Affymetrix Inc.) (NCBI GEO accession GSE50532). The programs DAVID
(http://david.abcc.ncifcrf.gov/) and EASE were used to generate gene
ontologies. Microarray data were analyzed using GeneSpring GX 7.3.1
software (Agilent Technologies). Nonparametric ANOVA and the Benjamini and Hochberg false discovery rate correction were used to identify
differentially expressed genes. Microarray data were analyzed using Broad
Institute’s GSEA software. The data were robust multiarray average normalized and analyzed for enrichment using the C2, C3, C4, and C5 gene
sets from the MSigDB database (http://www.broadinstitute.org/gsea/
msigdb/index.jsp) and a SASP signature from Coppe et al. (17). Using
gene set permutation (due to our small number of samples), any gene sets
5358

with an FDR-adjusted P value of less than 5% were considered significant.
Microarray data has been deposited in NCBI Gene Expression Omnibus
(accession ID GSE50532).
Genome-wide gene expression data of 84 pretreatment high-grade osteosarcoma diagnostic biopsies were previously published in Kuijjer et al. (63)
(PMID: 22454324, GEO accession GSE33382). Follow-up data were available for 83 out of 84 patients. Patients were divided into 4 groups based on
expression of the senescence profile, which was set to average expression
of the 10 senescence genes, and expression of RB1. Median expression was
used as a cutoff, determining low and high expression for both parameters. Metastasis-free survival was calculated in Graphpad Prism software
(version 5.01) for the group of patients with both low RB1 expression and
low expression of the senescence profile (n = 21) and for patients with high
expression of both parameters (n = 21). Significance was determined by the
log-rank (Mantel-Cox) test.
Generation of mouse osteosarcoma cell lines. Tumors derived from the 45Ca
model were cut into 1-mm3 pieces and cultured in alpha minimum essential media supplemented with 10% heat-inactivated fetal bovine serum
(SAFC BioScience), 1% PenStrep (Gibco), and 1% Antibiotic-Antimycotic
(100x, Gibco) in Cellstar Tissue Culture flasks (Greiner Bio-one). Cells were
passaged for at least 15 to 20 passages. Cells were incubated at 37°C and
10% CO2 in a humidified chamber.
Histology. Tissue was fixed in 10% neutral buffered formalin, embedded in
paraffin, and sectioned and stained with hematoxylin and eosin. Slides were
scanned on Scan Score XT (Aperio). Staining for senescence was carried
out using the Senescence Cell Histological Staining Kit (Sigma-Aldrich).
For the short-term high-dose 45Ca studies, spines were excised and fresh
frozen in OCT, and 20-μM sections were cut onto plastic tape using
the CryoJane-ECU microtome (Instrumedics). Images were taken on
Olympus BX-51 using the ×10 optic, and the percentage of SA-β-Gal
staining was determined using Metamorph. The percentage positive pixels
within each image was quantitated with the help of the Microscopy/Histology
core at Peter MacCallum Cancer Centre. Box-and-whisker plots show the
percentage of blue pixels in images.
Western blot analysis. hOBs were irradiated at 4 Gy, and protein samples
were collected at 0, 2, 4, 8, 16, and 24 hours after irradiation. Western blots
were carried out using whole cell extracts resolved on 7% and 12% SDSPAGE gels. Proteins were transferred onto Immobilon membrane (Millipore) using a Bio-Rad Semi-Dry Transfer Cell. Blots were probed with antibodies against RB1 (Oncogene) and β-actin (Sigma-Aldrich), RB1 (C-15;
Santa Cruz Biotechnology), p16INK4A (EP435Y; Epitomics), p21CIP1
(cl12d1; Cell Signaling), anti-Histone H3 (H3K9) (ab8898; Abcam), Gapdh
(6C5; Abcam), and actin (Ac74; Sigma-Aldrich). Proteins were detected
using the Enhanced Chemiluminescence Kit (Amersham Bioscience).
Gene expression analysis and statistical methods. Tibiae and femurs were flushed
of bone marrow and crushed using metal lysis beads (MP Biochemicals).
All mRNA analysis was performed using quantitative PCR as previously
described (64). Statistical analysis was performed using GraphPad Prism
software. Primers sequences are as follows: Il1b (5′-GGTCAAAGGTTTGGAAGCAG-3′, 5′-TGTGAAATGCCACCTTTTGA-3′) Il6 (5′-ACCAGAGGAAATTTTCAATAGGC-3′, 5′-TGATGCACTTGCAGAAAACA-3′),
Mip2/Cxcl2 (5′ -TCC AGGTC AGTTAGCCTTGC-3′ , 5′ -CGGTCAAAAAGTTTGCCTTG-3′), Mcp1 (5′-ATTGGGATCATCTTGCTGGT-3′,
5′-CCTGCTGTTCACAGTTG CC-3′), Rps27a (5′-TCCTGGATCTTGGCCTTTAC-3′, 5′-CCACGATGCAGATCTTTGTG-3′), Actb (5′-ATGGAGGGGAATACAGCCC-3′, 5′-TTCTTTGCAGCTCCTTCGTT-3′).
Immune cell infiltration analysis. Spines and tumors were washed in PBS,
cut into 1-mm3 pieces, and tissue digested in DMEM supplemented with
2% FCS and 10 mg/ml collagenase A for 45 minutes at 37°C. Cells were
passed through a 40-μm cellular sieve and analyzed immediately after
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incubation with antibodies. Murine splenocytes were used as positive controls for immune cells. Cells were analyzed using the LSR II FACS system
(BD Biosciences) and BD Diva software. Data generated were analyzed
using GateLogic software. Antibodies were purchased from either eBioscience (anti-TCRβ [H57-597], anti-CD4 [L3T4], anti-CD8 [53-6.7], antiNK1.1 [PK136], anti-CD45.2 [clone 104], anti-CD19 [D3], anti-CD11c
[N418], anti-CD11b [M1/70], anti-F480 [BM8], and anti-Ly6G [RB6-8C5])
or BD Biosciences (anti–MHC II [SF1-1.1] and anti-Gr1 [AL-21]). The NKT
tetramer (anti-TCRint CD1d–α-GalCer) was a gift from Dale I. Godfrey
(Department of Microbiology and Immunology, University of Melbourne).
Statistics. Values are reported as mean ± SEM. When comparing 2 groups,
P values were calculated using 2-tailed Student’s t tests. For time-to-event
and survival analysis, P values for the Kaplan-Meier survival curves were
calculated with a log-rank Mantel-Cox test. Significance was conventionally accepted at P values equal to or less than 0.05.
Study approval. All procedures using mice were reviewed and approved by
the Peter MacCallum animal ethics experimentation committee.
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