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TP53 mutations increase radioresistance in
rhabdomyosarcoma and Ewing sarcoma
Dana L. Casey 1,2,3, Kenneth L. Pitter1, Leonard H. Wexler4, Emily K. Slotkin4, Gaorav P. Gupta 2,3 and Suzanne L. Wolden1

BACKGROUND: p53 plays a key role in the DNA repair process and response to ionising radiation. We sought to determine the
clinical phenotype of TP53 mutations and p53 pathway alterations in patients with rhabdomyosarcoma (RMS) and Ewing sarcoma
(ES) treated with radiation.
METHODS: Of patients with available genomic sequencing, we identified 109 patients with RMS and ES treated to a total of 286
radiation sites. We compared irradiated tumour control among tumours with TP53 mutations (n= 40) to those that were TP53 wild-
type (n= 246). We additionally compared irradiated tumour control among tumours with any p53 pathway alteration (defined as
tumours with TP53 mutations or TP53 wild-type tumours identified to have MDM2/4 amplification and/or CDKN2A/B deletion, n=
78) to those without such alterations (n= 208).
RESULTS: The median follow-up was 26 months from radiation. TP53 mutations were associated with worse irradiated tumour
control among the entire cohort (hazard ratio, HR= 2.8, P < 0.0001). Tumours with any p53 pathway alteration also had inferior
irradiated tumour control (HR= 2.0, P= 0.003). On multivariable analysis, after controlling for tumour histology, intent of radiation,
presence of gross disease, and biologically effective dose, TP53 mutations continued to be associated with a radioresistant
phenotype (HR= 7.1, P < 0.0001).
CONCLUSIONS: Our results show that TP53mutations are associated with increased radioresistance in RMS and ES. Novel strategies
to overcome this radioresistance are important for improved outcomes in p53 disruptive RMS and ES.
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BACKGROUND
For patients with paediatric sarcomas including rhabdomyosarcoma
(RMS) and Ewing sarcoma (ES), the prognosis for patients who
relapse remains very poor, with few long-term survivors.1,2 Failure
after radiation therapy (RT) is a common cause of relapse, with
clinical factors such as tumour size and tumour location often
associated with local tumour failure.3,4 Current strategies to improve
irradiated tumour control in paediatric sarcomas such as RT dose
escalation are currently applied relatively homogenously without
regard for underlying molecular characteristics. Although there is a
clear heterogeneity of tumour response after RT in paediatric
sarcomas, it is unknown on a molecular level what drives
radioresistance in some tumours versus radiosensitivity in others.
Given radiotherapy’s critical role in the treatment of both the primary
site and sites of distant metastases in RMS and ES, it is important to
further understand the genomic determinants of radiation response.
TP53 is the most commonly altered gene in cancer, and

mutations confer cell growth and survival advantages through a
combination of loss of tumour suppressor functions and gain of
oncogenic activity. Even in the absence of genetic alteration, the
p53 protein is often dysregulated. For example, p53 is targeted for
degradation by the E3-ubiquitin ligases, MDM2 and MDM4, and
these genes are frequently amplified in TP53 wild-type tumours as

a means of suppressing p53 levels and its associated activity.5

Similarly, the tumour suppressor, ARF, which is encoded by the
CDKN2A/B locus, inhibits the MDM2–p53 interaction, and genetic
deletion of the CDKN2A/B locus is a common means of
inactivating the p53 pathway.6

The p53 pathway plays an important role in radiation-induced
DNA repair and the cell cycle. Defective p53 has been associated
in vitro with radioresistance in various paediatric cell lines,
including medulloblastoma,7 diffuse intrinsic pontine gliomas
(DIPG)8 and neuroblastoma.9 In addition, TP53 mutations have
been associated with clinical radioresistance in patients with DIPG,8

endometrial cancer10 and head and neck cancer.11 We hypothe-
sised that TP53 mutations and other p53 pathway alterations
(specifically MDM2/4 amplification and CDKN2A/B deletion) might
also confer radioresistance in RMS and ES. Accordingly, the goal of
this study was to determine the clinical phenotype of TP53
mutations and p53 pathway alterations in RMS and ES.

MATERIALS AND METHODS
Study design
All patients with RMS and ES who underwent prospective
genomic profiling utilising our institutional 468-gene oncopanel,
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MSK-IMPACT, from 11/2014-3/2020 and received RT were
analysed. Matched peripheral blood samples were collected to
distinguish germline from somatic mutations. Alterations of
interest included TP53 mutations and other p53 pathway
alterations, defined as MDM2/4 amplification and/or CDKN2A/B
deletion. Baseline patient, tumour and treatment characteristics
were collected, including age, histology, primary tumour site,
stage, biologically effective dose (BED) of radiation, radiation site,
the presence of gross disease at the time of radiation and
radiation intent (definitive versus palliative). This analysis was
approved by our Institutional Review Board.

Statistical analysis
The primary outcome was irradiated tumour progression among
TP53 mutant versus TP53 wild-type tumours. Irradiated tumour
progression was defined as progression or relapse within the
radiation treatment field plus a margin of 1 cm or less, and was
determined based on either (1) pathologic confirmation of viable
tumour, (2) radiographic growth of disease on at least two
progressive scans and/or (3) growth resulting in a change in
systemic therapy. Imaging was reviewed by two independent
clinicians, with a third clinician available to resolve any
discrepancies. In addition, irradiated tumour progression was
compared among tumours with or without any p53 pathway
alteration (defined as above as any TP53 mutation, MDM2/4
amplification and/or CDKN2A/B deletion).
Secondary outcomes included initial radiographic tumour

response after irradiation in TP53 mutant versus TP53 wild-type
tumours, with response defined as the percent change in maximal
dimension of the tumour from pre-radiation imaging (CT and/or
MRI) to post-radiation imaging (first CT and/or MRI ≥ 4 weeks after
radiation). Other secondary outcomes included distant progres-
sion outside of the irradiated field and overall survival in TP53
mutant versus TP53 wild-type tumours. Baseline patient, tumour
and treatment characteristics between TP53 mutant and TP53
wild-type groups were compared with Chi-square and unpaired
two-tailed t tests. Cumulative incidence functions, the
Kaplan–Meier method with log-rank test, and Cox proportional
hazard regression analyses were utilised to compare tumour

control outcomes by TP53 status. A P value <0.05 was considered
significant.

RESULTS
Study population
One hundred and forty patients with RMS and 113 with ES
underwent targeted sequencing utilising MSK-IMPACT from 11/
2014-3/2020. Among this cohort, 59 with RMS and 50 with ES
underwent RT to a total of 286 sites (126 RMS, 160 ES) and were
included in our analysis (Fig. 1). The site of radiation treatment
included most commonly the primary site (n= 119) and sites of
bony metastases (n= 89). Forty-eight sites of metastases were
treated with stereotactic body radiation therapy and 4 brain
metastases with stereotactic radiosurgery. In total, 19 patients
were treated with whole-lung irradiation. The median follow-up
was 26 months from radiation.
The median age was slightly higher in those with TP53

mutations compared to wild-type patients (26 years versus 17
years, P= 0.09, Supplementary Fig. 1). Other characteristics such
as tumour histology (RMS versus ES), stage at the time of first RT
course, intent of RT (definitive versus palliative), gross disease at
the time of RT, and BED were similar along with TP53 mutant
versus TP53 wild-type tumours (Table 1).

Genomics
Sequencing was performed from the primary tumour in 69%; from
a regional node in 6%; and from a site of metastasis in 25%.
Genomic profiling was performed from tissue taken before
initiation of any treatment (including chemotherapy) in 72% of
patients. Eight of 59 (14%) patients with RMS harboured TP53
mutations, while 9 of 50 patients (18%) with ES did. See Fig. 2 for
an oncoprint demonstrating the distribution of p53 pathway
alterations. Among the 286 sites treated, 40 (14%: 10% RMS, 18%

RMS and ES patients with
sequencing

RMS patients
(n = 59)

ES patients
(n = 50)

ES RT sites
(n = 160)

Total RT sites
(n = 286)

RMS RT sites
(n = 126)

(n = 253 total: n = 140 RMS; n = 113 ES)

Excluded no RT (n = 81) Excluded no RT (n = 63)

TP53 mutant
(n = 40)

p53 pathway alteration
(n = 78)

TP53 wild-type
(n = 246)

p53 pathway wild-type
(n = 208)

Fig. 1 CONSORT. CONSORT diagram of the patient population and
TP53 status (RMS rhabdomyosarcoma, ES Ewing sarcoma, RT
radiation therapy).

Table 1. Baseline patient and radiation characteristics of TP53 mutant
versus TP53 wild-type patients.

Patient cohort
(n= 109)

TP53 mutant
(n= 17)

TP53 wild-
type
(n= 92)

P

Age
(median, range)

18 (<1–74) 26 (5–55) 17 (<1–74) 0.09

Diagnosis

ES 50 (46%) 9 (53%) 41 (45%) 0.52

RMS 59 (54%) 8 (47%) 51 (55%)

Stage at time of first RT course

Localised 63 (58%) 9 (53%) 54 (59%) 0.66

Metastatic 46 (42%) 8 (47%) 38 (41%)

Radiated sites
(n= 286)

TP53 mutant
(n= 40)

TP53 wild-
type
(n= 246)

P

Intent of RT (by course)

Definitive 140 (49%) 15 (38%) 125 (51%) 0.12

Palliative 146 (51%) 25 (63%) 121 (49%)

Gross disease at time of RT (by course)

No 50 (17%) 7 (17%) 43 (14%) 0.99

Yes 236 (83%) 33 (83%) 203 (86%)

BED (Gy, median,
range, by course)

48 (14–121) 43 (14–72) 48 (14–121) 0.97

RT radiation therapy, ES Ewing sarcoma, RMS rhabdomyosarcoma.
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ES) were TP53 mutated. Among the 246 TP53 wild-type sites
treated, we identified 38 sites with other p53 pathway alterations,
including 19 with MDM2/4 amplification, 18 with CDKN2A/B
deletion, and one site that harboured both an MDM2/4 amplifica-
tion and CDKN2A/B deletion. TP53 mutations were predominately
missense mutations (77%), with the remaining mutations resulting
in truncated proteins due to nonsense or frameshift mutations
(Supplementary Fig. 2). There were no cases of TP53 deletion or
inactivating translocation events. All alterations were somatic
except for one patient who harboured a TP53 germline mutation.
As expected, MDM2/4 amplifications and CDKN2A/B deletions
were found predominantly in TP53 wild-type tumours and were
mutually exclusive with TP53 mutations (P= 0.03).
The median number of total genomic alterations (somatic

mutations, germline mutations, copy number alterations or gene
fusions) identified by MSK-IMPACT testing was 3, and was not
different between TP53 wild-type and mutant tumours (mean of
3.9 and 5.8, respectively, P= 0.09). Comparing the TP53 mutant
tumours to wild-type tumours did not identify any additional
statistically significant genomic alterations that were enriched in
either group.

Radiation response and TP53 mutations
On univariate analysis (UVA), TP53 mutations were associated with
an increased risk of irradiated tumour progression (hazard ratio
(HR)= 2.8, 95% confidence interval (CI) 1.6–5.0, P < 0.0001, Fig. 3a).
To avoid any potentially confounding effects based on the
inclusion of multiple irradiated sites per patient, an additional per-
patient analysis limited to the first radiated site for each patient
was performed. On this per-patient analysis, TP53 mutations
remained associated with increased irradiated tumour progression
(HR= 2.7, 95% CI 1.2–6.0, P= 0.01), consistent with the site-level
analysis. Including MDM2/4 amplification and CDKN2A/B deletion,
any p53 pathway alteration was also associated with worse
irradiated tumour control (HR= 2.0, 95% CI 1.3–2.2, P= 0.003),
although alterations in MDM2/4 or CDKN2A/B were not individually
associated with irradiated tumour progression (HR= 1.1, P= 0.90
and HR= 1.3, P= 0.52, respectively).
Among the subgroup of patients with RMS, TP53 mutations

were again associated with significantly increased irradiated
tumour progression (HR= 3.8, 95% CI 1.8–8.4, P= 0.001, Fig. 3b),
although this did not reach statistical significance in the ES
subgroup (HR= 1.8, 95% CI 0.6–5.2, P= 0.27, Fig. 3c). The
radioresistant phenotype of TP53 mutations was also observed
whether patients were treated with palliative intent (HR= 4.0,
95% CI 1.4–10.9, P= 0.008) or definitive intent (HR= 3.0, 95% CI
1.4–6.1, P= 0.004). See Table 2 for UVA demonstrating the effect
of the different p53 pathway mutations on irradiated tumour
progression among various subgroups. On multivariable analysis
(MVA) including all factors associated with irradiated tumour
progression on UVA (TP53 status, intent of radiation (palliative
versus definitive), presence of gross disease at time of RT,
histology (RMS versus ES) and BED), TP53 mutations continued
to be associated with worse irradiated tumour control (HR= 7.1,
95% CI 3.7–13.7, P < 0.0001, Supplementary Table 1). In addition,

the radiographic response of irradiated tumours as determined by
pre- and post-treatment imaging was worse in TP53 mutant
tumours, with a median decrease in tumour size of 2% compared
to 18% in TP53 wild-type tumours (P= 0.03, Supplementary Fig. 3).
To further evaluate whether the TP53-mutant phenotype was

specific to radiation, local progression was evaluated among a
cohort of ES patients with available genomic sequencing who
were treated with surgery alone for local tumour control. In this
surgical cohort (n= 43), TP53 mutations alone or alterations in the
p53 pathway were not associated with increased risk of local
progression (P= 0.99 and P= 0.79, respectively).

Distant tumour progression and overall survival
Distant tumour progression outside of the irradiated field was also
increased in TP53 mutant tumours compared to TP53 wild-type
tumours, although not to the same extent as tumour progression
within the irradiated field (HR= 1.6, 95% CI 1.1–2.4, P= 0.03,
Fig. 3d). In addition, overall survival (OS) was worse in patients
with TP53 mutations (HR= 3.4, 95% CI 1.8–6.7, P < 0.0001, Fig. 3e).
This remained true in the subgroups of patients with RMS (HR=
4.3, 95% CI 1.4–12.4, P= 0.008) and ES (HR= 4.4, 95% CI 1.7–11.3,
P= 0.002). CDKN2A/B deletion was also individually associated
with worse OS in patients with ES (HR= 4.3, 95% CI 1.1–16.5, P=
0.03), but not RMS. MDM2/4 amplification was not associated with
OS in patients with RMS or ES. On MVA, including the other factors
associated with OS on UVA (histology and stage), the association
of TP53 with worse OS persisted (HR= 7.4, 95% CI 3.5–16.0, P <
0.0001).

DISCUSSION
Our data support the hypothesis that TP53 mutations are
associated with a radioresistant phenotype and poor survival in
patients with RMS and ES. The association with both worse
irradiated tumour control and worse OS suggests not only a
radioresistant phenotype but also an overall unfavourable biologic
behaviour of TP53 mutant tumours. Collectively, the poor
outcomes for TP53 mutant tumours are likely due to a multitude
of factors, including radioresistance, possible chemoresistance,
and a highly aggressive underlying biology. Interestingly, among
patients with ES treated with surgical resection alone, local tumour
progression was not different in TP53 mutant versus TP53 wild-
type tumours. This suggests that the increased risk of irradiated
tumour progression observed in TP53 mutant tumours may be
due to intrinsic radioresistance. However, given the small number
of patients who underwent surgery alone, validation in a larger
cohort is necessary to fully assess the impact of TP53mutations on
surgical local control.
Although findings from the COG did not show TP53 and/or

CDKN2A to be reliable prognostic biomarkers in ES,12 our data are
consistent with other studies demonstrating a markedly poor
survival among RMS patients with TP53 mutations13 and ES
patients with either TP53 mutations and/or p16/p14ARF
deletion.14,15 Despite the established prognostic value of TP53
mutations, it has been previously unknown whether TP53 mutant

TP53 15%

MDM2 6%

MDM4 1.8%

CDKN2A 10%

CDKN2B 9%

Truncating mutation (putative driver) Missense mutation (putative driver) Amplification Deep deletion

Fig. 2 Oncoprint. Oncoprint demonstrating the distribution of p53 pathway mutations (defined as TP53mutation, MDM2/4 amplification and/
or CDKN2A/B deletion).
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tumours are specifically resistant to irradiation in RMS and ES, and/
or whether this radioresistance contributes to the dismal survival
observed in patients with TP53 mutations. This is the first study, to
our knowledge, to demonstrate the radioresistant phenotype of
TP53 mutations in patients with RMS and ES. These results support
the design of prospective studies to further assess whether TP53
mutations are predictive of radioresistance and whether strategies
that improve local control can also improve the prognosis for
these patients. Whether other p53 pathway alterations are also
associated with a radioresistant phenotype remains possible, but
given the relatively small number of MDM2/4 and CDKN2A/B
alterations in our cohort, we were unable to fully ascertain a

similar phenotype to that of TP53 mutations. Of note, in ES, a
particularly poor survival has been observed among those
harbouring both STAG2 and TP53 mutations.16 Among our cohort
of ES patients, only 3 were STAG2- and TP53-co-mutated, limiting
our ability to corroborate the poor prognosis previously observed
with the co-occurrence of these mutations.
With an incidence of ~15% in RMS and ES, TP53 mutations are

not as common as they are in other tumours such as
osteosarcoma,17 HPV-negative head and neck cancer,18 and
triple-negative breast cancer.19 However, the strength of the
effect of TP53 mutations on radioresponse and prognosis in our
cohort reinforces the clinical relevance of these mutations. In
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irradiated field); and (e) overall survival by TP53 status.
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addition, RT is a prevalent treatment modality for ES and RMS,
where it is used in the upfront, relapsed and metastatic settings,
further highlighting the potential significance of these mutations
for clinical practice. This contrasts with osteosarcoma, in which
>90% of tumours harbour a TP53 mutation,17 but where RT is
rarely used secondary to the known intrinsic radioresistance; this
radioresistance may be due in large part to the prevalence of TP53
mutations. Consistent with our findings in RMS and ES, TP53
mutations have been shown to impart a radioresistant phenotype
in other paediatric tumours, such as neuroblastoma in the
preclinical setting9 and DIPG in both the preclinical and clinical
setting.8

p53, known as the “guardian of the genome,” plays a critical role
in the DNA damage response, the cell cycle (specifically the G1
checkpoint), apoptosis, and cellular senescence. One mechanism
behind the radioresistance of p53 mutant tumours is the absence
of G1 arrest in response to radiation20,21 and subsequent
inhibition of radiation-induced cell death.22 In addition, dysfunc-
tional p53 has been demonstrated within head and neck cancers
to result in inhibition of radiation-induced senescence.11 With
refined knowledge of the pathways involved in p53-mediated
radioresistance, methods to exploit TP53 dysfunction and reverse
this radioresistance are possible. For example, with a defective G1
checkpoint, p53-deficient tumours must rely on ATR and CHK1 to
respond to DNA damage and arrest in the S and G2 phases.23

Accordingly, inhibition of CHK1 has been shown to selectively
overcome the radioresistance of TP53 mutated cells in response to
radiation and other DNA damaging agents;24–26 and ATR inhibitors
have also been shown to induce synthetic lethality in TP53
disruptive cells.27,28 Other strategies to mitigate radioresistance
may include MET inhibition,29 DNA PK inhibition,30–32 or novel
fractionation regimens that exploit the vulnerability and depen-
dence of TP53 defective tumours on the G2-M and intra-S
checkpoints.
Limitations of our analysis include the heterogeneity of patients

in our cohort with ES and RMS, with various stages at the time of
RT and various timing of genomic sequencing. In addition, local
treatment paradigms for RMS and ES differ, in that almost all
patients with initially unresected RMS will receive RT, whereas
over half of patients with ES will have surgery for local control,
often without the need for postoperative RT. Of note, the tumour
control and overall survival outcomes in this cohort are less
favourable than has been described on prospective randomised
ES and RMS trials. This may reflect a bias in patient selection and
the nature in which patients are identified for tumour sequencing
with MSK-IMPACT.
However, even among this heterogeneous cohort, after

controlling for clinical factors, the strength of the association of
TP53 mutations with radioresistance strongly persisted. Further
studies examining the generalisability of these observations are
warranted. In addition, although sequencing was performed from
metastatic samples rather than the primary tumour in 25% of
patients, the source and timing of sequencing do not change the
conclusion that a TP53 mutation, when discovered, can serve as a

marker of poor response to RT and an overall unfavourable
prognosis.
Our results call into question the application of uniform

treatment strategies to genotypes that are likely to be
treatment-resistant to conventional radiation methods in ES and
RMS. Novel strategies to individualise therapies by exploiting the
p53 pathway are critical for improvement in outcomes in patients
with TP53 mutated ES and RMS.
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