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BACKGROUND: Ewing sarcoma (EWS) is an aggressive sarcoma with no validated molecular biomarkers. We aimed to determine
the frequency of STAG2 protein loss by immunohistochemistry (IHC) and whether loss of expression is associated with outcome.
METHODS: We performed a retrospective cohort study of patients with EWS enrolled to Children’s Oncology Group studies. We
obtained unstained slides from 235 patients and DNA for sequencing from 75 patients. STAG2 expression was tested for association
with clinical features and survival was estimated using Kaplan–Meier methods with log-rank tests.
RESULTS: In total, 155 cases passed quality control for STAG2 IHC. STAG2 expression in 20/155 cases could not be categorised with
the limited available tissue, leaving 135 patients with definitive STAG2 IHC. In localised and metastatic disease, STAG2 was lost in
29/108 and 6/27 cases, respectively. Among patients with IHC and sequencing, 0/17 STAG2 expressing cases had STAG2 mutations,
and 2/7 cases with STAG2 loss had STAG2 mutations. Among patients with localised disease, 5-year event-free survival was 54%
(95% CI 34–70%) and 75% (95% CI 63–84%) for patients with STAG2 loss vs. expression (P= 0.0034).
CONCLUSION: STAG2 loss of expression is identified in a population of patients without identifiable STAG2 mutations and carries a
poor prognosis.

British Journal of Cancer (2022) 127:2220–2226; https://doi.org/10.1038/s41416-022-01977-2

INTRODUCTION
Ewing sarcoma (EWS) is an aggressive sarcoma of the bone and
soft tissue that is defined by classical EWS translocations and an
otherwise relatively quiet genome [1–3]. Outcomes for patients
with localised disease have gradually improved to 78% 5-year
event-free survival (EFS), but remain poor for patients with
metastatic disease [4, 5]. Clinical features beyond stage have not
been prognostic to a degree sufficient to inform risk-adapted
therapy, and molecular biomarkers are therefore needed to define
high-risk subgroups [6, 7]. Defining subgroups to test-risk-
stratified treatment approaches is a high priority for the ~70%
of patients presenting with localised disease.
STAG2 is a component of the cohesin complex and is involved in

DNA looping. Recent work has demonstrated that STAG2 loss-of-
function alters EWSR1-FLI1 transcriptional activity and is associated
with mesenchymal features, increased migration and metastatic
potential [8, 9]. In EWS, the STAG2 gene is mutated in ~15–20% of
patients [1–3]. In prior studies of historical cohorts, deleterious
STAG2 mutations were associated with poor outcomes. In these

early genomic studies, a subgroup of patients had lost STAG2
expression by immunohistochemistry (IHC), but did not have an
identified STAG2 mutation by sequencing [2, 3]. STAG2 mutations
were found to co-occur with TP53mutations at a frequency that was
greater than expected by chance and carried an especially poor
prognosis [1]. The prognostic impact of TP53 mutations in the
5–10% of patients with TP53mutant EWS requires further study [10].
Whether STAG2 is prognostic among patients with localised Ewing
sarcoma treated with standard of care vincristine/doxorubicin/
cyclophosphamide alternating with ifosfamide/etoposide (VDC/IE)
remains a central question in future efforts to test-risk-stratified
therapy in this population.
We studied a cohort of patients with localised and metastatic

Ewing sarcoma treated with VDC/IE to determine: (a) whether
dysregulated STAG2 and p53 expression can be identified through
IHC in Ewing sarcoma; (b) whether alterations in protein
expression are associated with deleterious gene alterations; and
(c) whether loss of STAG2 and p53 are associated with clinical
features and outcomes.
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METHODS
Patient eligibility and sample collection
Patients were required to have a pathologic diagnosis of EWS and be
enrolled to the COG clinical trial AEWS0031 or biology studies,
AEWS02B1 or AEWS07B1. AEWS0031 was a Phase 3 clinical trial that
compared every 2-week cycle vs. every 3-week cycle of VDC/IE [11].
For each patient, FFPE tissue from diagnosis was requested, including
one hematoxylin and eosin-stained slide and two unstained slides. The
whole-genome amplified (WGA) DNA, generated from frozen tumour
tissue for a previously published study, was available from a partially
overlapping cohort [10]. All patients signed informed consent at the
time of enrolment to AEWS0031, AEWS02B1 or AEWS07B1. Separate
approval for this analysis was obtained from the Dana-Farber Cancer
Institute Institutional Review Board.

STAG2 and TP53 immunohistochemistry
Immunohistochemical staining was performed for STAG2 using the mouse
anti-human monoclonal antibody (Santa Cruz SA-2 (J-12): sc-81852) and for
p53 using the Leica p53-Protein antibody (DO-7). Two pathologists
evaluated the percentage and intensity of nuclear staining using a
semiquantitative scoring method (0+ no staining, 1+ weak staining, 2+
moderate staining, and 3+ strong staining) of stained cells without
knowledge of clinical status [12, 13]. Tumours were designated to have
STAG2 retained expression if >50% of cells had 2+ or 3+ staining. If >50%
of tumour cells had no staining (0+ ), then these cases were considered
STAG2 loss of expression, and if >50% tumour cells had 1+ intensity of
staining, then these cases could not be definitively categorised as lost or
expressed and were termed indeterminate (Fig. 1). No additional tissue
could be requested for further analysis of the indeterminate cases. For p53,
cases were designated as having absent (0–0.99% expression), normal
(1–4.99%), high (5–49.99%) and ultra-high (>50%) expression. While a cut-
off of 1–4.99% for normal p53 staining was arbitrarily designated, it is
generally assumed that this level of expression is not likely to be associated
with a pathologic process [14, 15].
Each slide was reviewed for adequacy of evaluable tissue on the slide.

Cases were considered to have inadequate evaluable tumour if they had
poor stain quality, a paucity of tumour on the slide, extensive tumour
necrosis, or histologic features suggestive of acid decalcification such as
loss of nuclear detail and nuclear/cytoplasmic eosinophilia. The presence
of internal control was also required for the evaluation of STAG2
expression. Internal control was defined as positive if there was at least
1% nuclear staining of endothelial cells in associated vessels on the slide.

STAG2 and TP53 analysis by amplicon sequencing
Seventy-five WGA tumour DNA samples were obtained from the COG.
Amplicon sequencing primers were designed to target exons of TP53 and

STAG2 (Supplemental Table 1). A total of 50 ng of WGA DNA per sample
was used as starting material and processed using the TruSeq Custom
Amplicon Low Input LibraryPrep (v2) kit, as per the manufacturer’s
instructions (Illumina, Inc., San Diego, CA). The amplicon libraries were
normalised, pooled in equimolar concentration to create a 2 nM library
pool, and sequenced on one lane of the HiSeq 2500 in Rapid Run Mode.
The analysis pipeline workflow progressed as follows. Paired-end reads

were aligned to the UCSC hg19 reference human genome using the
Illumina banded Smith–Waterman algorithm. Read stitching was enabled,
which combined the paired-end reads with an overlap of greater than 10
bases to create a single, longer read, aiding in more efficient alignment.
The resulting aligned BAM files were next analysed using the Illumina
Somatic Variant Caller. Variants were “passing” when given variant had (a)
a variant frequency of greater than or equal to 3%, (b) a genotype quality
greater than Q30, (c) no significant strand bias detected and d) did not
occur in a homopolymer region.
Variant annotation was performed using the Illumina-On-Node-Annotation

(IONA) tool. IONA adds annotations from dbSNP and COSMIC. The variant
calls file (VCF) output from the Illumina pipeline was then annotated with
Variant Effect Predictor (VEP) to identify “Best Effect” cDNA and protein
changes along with HGVS “c.” (cDNA) and “p.” (protein) notation. Variants
were filtered against the 6500 exome release of the Exome Sequencing
Project (ESP) database. Variants represented at >1% in either the
African–American or European–American populations and not in COSMIC >
2x may be considered to be germline.

Statistical analysis
Patient characteristics were summarised descriptively. Event-free survival
(EFS) was defined as the time from enrolment on a study until the event
(relapse, second malignant neoplasm [SMN], or death). Patients who did
not experience an EFS event were considered censored at the time of the
last contact. Overall survival (OS) was defined as the time from enrolment
on a study until death or until the last contact. Patients who were alive at
last contact were considered censored at that time.
The predictor variables STAG2 IHC, STAG2 mutational status, and TP53

mutational status were analysed for association with clinical features, EFS
and OS. The p53 IHC staining was not thought to be associated with
biologic p53 activity or TP53 mutation status and was not analysed as a
predictor variable. Each predictor variable was tested for association with
clinical features using Fisher’s exact test for categorical clinical features or a
pooled t test of means for continuous clinical features. The relationship
between each of the three predictor variables and risks for EFS event and
death were assessed with log-rank tests [16].
Womer et al. demonstrated that risk for EFS event among patients treated

on AEWS0031 was significantly related to age at study enrolment (<18/≥18
years), site of the primary tumour (pelvis/other site) and randomised
treatment assignment (standard timing/intensive timing) [11]. To assess the

Overall patient population,
N = 265

235 patients with available
tissue for IHC for STAG2

IHC

155 patients with tissue
passing QC for STAG2 IHC

75 patients with available
material for sequencing

48 patients with material
only for sequencing

27 patients with material for
STAG2 IHC and sequencing

128 patients with material
only for STAG2 IHC

80 cases excluded due to:

•  Inadequate internal
   control
•  Inadequate evaluable
   tumour on slide

Fig. 1 Study schema. Overview of the study schema for patients with material for STAG2 staining and for whole-genome-amplified sequencing.
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contribution of STAG2 loss of expression to risk of EFS event, a multivariate
relative hazard regression model was fitted including STAG2 expression and
the three established prognostic factors in the cohort of 107 patients from
AEWS0031 [16]. The Wald test for the hypothesis of no association between
STAG2 expression and risk for EFS when the other variables were considered
in the model was calculated.
Cumulative incidence analysis was performed for local relapse, distant

relapse, and local plus distant relapse for patients who were enrolled on

AEWS0031 and stratified by STAG2 IHC. The P values presented for the
cumulative incidence analysis are the Grey P values. Statistical evaluation
was performed in SAS (Version 9.4). A P value ≤ 0.05 was considered
significant.

RESULTS
Patient characteristics
Among the overall patient cohort of 265 patients, 203 patients
were included in at least one statistical analysis (128 patients with
only material for STAG2 IHC, 27 patients with material for both
STAG2 IHC and sequencing and 48 with material only for
sequencing; Fig. 1). Characteristics of the 203 contributory patients
were similar to the overall cohort of 265 patients (Table 1).

STAG2 and p53 staining in patients with Ewing sarcoma
The characteristics of STAG2 staining are described in Table 2.
Among patients with localised tumours, 79/125 (63.2%) patients
had retained STAG2 staining, 29/125 (23.2%) patients had STAG2
loss of expression, and 17/125 (13.6%) patients had staining that
could not be categorised (indeterminate). Within the cohort
of patients with metastatic disease, 21/30 (70.0%) had retained
STAG2 expression, 6/30 (20.0%) had STAG2 loss of expression,
and 3/30 (10.0%) had indeterminate staining. Excluding inde-
terminate cases, 26.9% and 22.2% of cases had STAG2 loss
of expression among patients with localised and metastatic
disease, respectively.
p53 immunohistochemistry demonstrated variable staining in

each case. Among 210 cases with evaluable staining for p53, 49
cases (23.3%) had an absent expression, 82 cases (39.0%) had
normal expression, 37 cases (17.6%) had high expression and 16
cases (7.6%) had ultra-high expression. Twenty-six cases (12.4%)
could not be definitively categorised. The rate of absent, high, and
ultra-high p53 expression (48.6%) is much higher than the rate of
loss-of-function mutations reported for TP53 in Ewing sarcoma
[1–3]. As has been previously reported, IHC staining for p53
appears to be an unreliable means of evaluation of TP53 loss of
function in the cancer cell and thus no formal statistical analysis
was performed [15].

STAG2 and TP53 loss-of-function mutations identified in a
subset of patients with localised disease
Deleterious TP53 mutations were identified in 8/75 (10.7%) of
patients with localised EWS and available DNA. These mutations
were all missense variants. Nine of 75 (12.0%) patients with
localised EWS had deleterious STAG2 mutations, with 6 patients
having missense mutations and 3 having frameshift mutations
(Table 2). In total, 4/75 (5.3%) patients had co-occurring STAG2
and TP53 mutations.
Twenty-seven cases had both evaluable STAG2 staining and

material for STAG2 sequencing. Within this cohort, 0/17 patients
with STAG2 expressing tumours by IHC had deleterious STAG2
mutations. Only 2/7 patients with STAG2 loss of expression had
detectable deleterious STAG2 mutations.

Loss of STAG2 expression is associated with poor outcomes
independent of clinical features
There were no significant associations found between STAG2
expression and clinical features for the 135 patients with
categorizable STAG2 IHC data (Table 3), or among patients with
localised disease treated on AEWS0031.
Analysis for the association between STAG2 and survival

among patients with localised disease was conducted using data
from patients with localised tumours enrolled to AEWS0031 with
evaluable staining (n= 107). This population of patients did not
differ significantly from the 75 patients from AEWS0031 with
available sequencing material or the overall AEWS0031 study
population (n= 511; Supplemental Table 2).

Table 1. Patient characteristics for 203 patients with material available
for STAG2 IHC and/or mutational analysis compared to the full patient
cohort (n= 265).

Patients with
available material
for analysis, n= 203

All patients,
n= 265

Study enrolment

AEWS0031 172 (84.7%) 215 (81.1%)

AEWS02B1 21 (10.3%) 36 (13.6%)

AEWS07B1 10 (4.9%) 14 (5.3%)

Age category

<10 years old 63 (30.5%) 75 (28.3%)

10–17 years old 128 (63.1%) 164 (61.9%)

18 years or older 13 (6.4%) 26 (9.8%)

Age at enrolment in years

Mean (range) 12.4 (0.7–45.5) 12.8 (6.6–45.5)

Sex

Male 115 (56.7%) 151 (53.0%)

Female 88 (43.3%) 114 (47.0%)

Race

White 184 (90.6%) 235 (88.7%)

Black 3 (1.5%) 6 (2.3%)

Other 7 (3.4%) 9 (3.4%)

Unknown 9 (4.4%) 15 (5.7%)

Ethnicity

Non-Hispanic 181 (89.2%) 237 (89.4%)

Hispanic 19 (9.4%) 24 (9.1%)

Unknown 3 (1.5%) 4 (1.5%)

Stage

Localised 173 (85.2%) 218 (82.3%)

Metastatic 30 (14.8%) 47 (17.7%)

Primary site

Non-pelvic 175 (86.2%) 227 (85.7%)

Pelvic 28 (13.8%) 38 (14.3%)

Chemotherapy regimen

Standard timing 93 (45.8%) 117 (44.2%)

Intensive timing 79 (38.9% 98 (36.9%)

Unknown 31 (15.3%) 50 (18.9%)

STAG2 IHC (n= 155)

Loss of expression 35 (22.6%)

Retained expression 100 (64.5%)

Indeterminate 20 (12.9%)

STAG2 mutation (n= 75)

Yes 9 (12.0%)

No 66 (88.0%)

TP53 mutation (n= 75)

66 (88.0%), yes 8 (10.7%)

66 (88.0%), no 67 (89.3%)
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Within this cohort, 79/107 (73.8%) had retained STAG2 expression
and 28/107 (26.2%) had STAG2 loss of expression. Patients with
STAG2 loss of expression had worse EFS and OS compared to
patients with retained STAG2 expression (5-year EFS was 75.1% for
expressed and 53.6% for lost, P= 0.0034; 5-year OS was 90.3%
for expressed and 59.1% for lost, P < 0.001; Fig. 2a, b). In a
multivariate analysis, STAG2 loss of expression remained associated
with inferior EFS independent of other variables in the model and
was the only significant variable in the model (HR= 3.00,
P= 0.0032; Supplemental Table 3).
Among the 75 patients with available material for STAG2

amplicon sequencing, there was no difference in EFS (P= 0.18) or
OS (P= 0.10) for patients with STAG2 mutated vs. STAG2 wild-type
tumours (Supplemental Fig. 1A, B). There was no statistically
significant association between STAG2 expression and EFS among
patients with metastatic disease (P= 0.11); however, patients with
STAG2 loss of expression had worse OS (5-year OS was 58.5% for
expressed and 16.7% for lost, P= 0.0077; Fig. 2c, d).
Patients with STAG2 loss of expression had a higher incidence

of metastatic relapse than patients with retained STAG2 expres-
sion (P= 0.023; Fig. 3a). The incidence of local and combined local
and metastatic relapse did not differ by STAG2 expression status
(Fig. 3b, c).

TP53 and TP53-STAG2 co-occurring mutations carry poor
prognosis
Patients with TP53 mutations had inferior EFS (P= 0.047) and OS
(P= 0.0022; Supplemental Fig. 2A, B) compared to patients with
wild-type tumours. While EFS did not differ significantly across
groups defined by the presence of STAG2 and TP53 mutation
(P= 0.072; Supplemental Fig. 3A), patients with mutations in both
TP53 and STAG2 had the lowest 5-year OS estimate (5-year EFS
was 25% for TP53mut/STAG2mut vs. 50% or greater in the other
groups; P= 0.0045, Supplemental Fig. 3B).

DISCUSSION
Loss-of-function alterations in STAG2 were associated with poor
outcomes in the landmark Ewing sarcoma genomic landscape
studies, and in some cases loss of STAG2 expression was identified
without a known mutation [1–3]. Our study builds on this
literature by identifying a population of patients with STAG2 loss
of expression and no identifiable STAG2 genetic alteration. We
show that among patients with localised tumours treated with
VDC/IE, STAG2 loss of expression is associated with poor outcomes
independent of clinical features.

Table 3. Associations between STAG2 immunohistochemistry and
clinical features.

STAG2
expression,
n= 100

STAG2 lost
expression,
n= 35

P value

Study enrolment

AEWS0031 79 (79%) 28 (80.0%) 0.88

AEWS02B1 14 (14%) 4 (11.4%)

AEWS07B1 7 (7%) 3 (8.6%)

Age category

<10 years old 31 (31%) 14 (40%) 0.67

10–17 years old 61 (61%) 19 (54.3%)

18 years or older 8 (8%) 2 (5.7%)

Age at enrolment in years

Mean (range) 12.5 (1.2–33.1) 11.3 (0.9–21.3) 0.23

Sex

Male 60 (60%) 19 (54.3%) 0.56

Female 40 (40%) 15 (45.7%)

Race

White 89 (89%) 33 (94.3%) 0.44

Black 1 (1%) 1 (2.9%)

Other 5 (5%)

Unknown 5 (5%) 1 (2.9%)

Ethnicity

Non-Hispanic 88 (88%) 31 (88.6%) 0.74

Hispanic 11 (11%) 3 (8.6%)

Unknown 1 (1%) 1 (2.9%)

Stage

Localised 79 (79%) 29 (82.9%) 0.81

Metastatic 29 (29%) 6 (17.1%)

Primary site

Non-pelvic 83 (83%) 31 (88.6%) 0.59

Pelvic 17 (17%) 4 (11.4%)

Chemotherapy regimen

Standard timing 40 (40%) 15 (42.9%) 0.97

Intensive timing 39 (39%) 13 (37.1%)

Unknown 21 (21%) 7 (20.0%)

Table 2. Biomarker characteristics for 203 patients with evaluable STAG2 IHC and/or whole-genome amplified material for amplicon sequencing.

IHC cohort Patients with both IHC and
sequencing

Sequencing cohort

Localised cohort (n= 173) n= 125 (98+ 27) n= 27 n= 75 (48+ 27)

STAG2 IHC STAG2 mutated/ total
sequenced

STAG2 mutation

STAG2 analysis Expressing 79 (63.2%) 0/17 (0.0%) Mutated 9 (12.0%)

Loss 29 (23.2%) 2/7 (28.6%) Wild-type 66 (88.0%)

Indeterminate 17 (13.6%) 1/3 (33.3%)

TP53 mutation TP53 mutation

TP53 analysis Mutated 1 (3.7%) Mutated 8 (10.7%)

Wild-type 26 (96.3%) Wild-type 67 (89.3%)

Metastatic cohort (n= 30)

STAG2 analysis Expressing 21 (70.0%)

Loss 6 (20.0%)

Indeterminate 3 (10.0%)
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This study is the first to demonstrate in a large cohort of patients
with localised disease that STAG2 loss of expression was readily
identifiable in a population of patients without STAG2 mutations.
While prior reports suggested that STAG2 loss may occur in the
absence of a gene mutation [2, 3], no prior reports have examined a
large population of patients with newly diagnosed localised disease.
Future studies are needed to determine the exact means through
which STAG2 loss of expression occurs.
Our study is also the first to demonstrate in a large cohort of

patients with localised EWS treated with VDC/IE that STAG2 loss of
expression is associated with inferior EFS and OS compared to
patients with retained STAG2 expression. Interestingly, although
STAG2 loss of expression was not associated with metastatic stage
at diagnosis, patients with STAG2 loss of expression had a higher
incidence of metastatic relapse compared to patients with STAG2
retained expression. Such a biomarker is advantageous in that it
can be assessed rapidly at diagnosis. Once validated in an
independent cohort, STAG2 expression could be incorporated in a
prospective trial studying novel treatments for patients with high-
risk localised tumours. At the present time, we favour validation of
this finding in a separate cohort of patients with localised Ewing
sarcoma with contemporarily obtained samples before incorpor-
ating this marker into future prospective trials.
In our study, we analysed TP53mutation status of an overlapping

cohort of patients to those analysed by Lerman et al., who did not
find a significant association between deleterious TP53 mutations
and outcomes [10]. These discrepancies may be reconciled by the

fact that the cohorts were relatively small, that the effect size of TP53
mutations on outcomes may be small, and that more clinical data
are now available to support a clearer determination of which
variants are pathogenic or likely pathogenic. We are the first to
analyse this cohort of patients with localised EWS for STAG2 and
TP53mutations and identify worse overall survival for patients with
co-occurring STAG2 and TP53 mutations.
The overall cohort of patients with evaluable STAG2 IHC slides

had slightly worse EFS when compared to contemporary cohorts
of patients with EWS treated with similar regimens. One possible
reason is that patients who originally presented with larger, and
more aggressive tumours may have been more likely to have
available tumour tissue. A limitation to our study was that we were
evaluating IHC on patients who had presented often 10–15 years
prior. Many samples could not be evaluated given poor slide
quality or lack of internal control. We expect that far fewer
patients would have invaluable IHC results using tissue that was
processed on a more contemporary study and when additional
slides could be requested [17]. The fact that we were able to
assess STAG2 IHC with so few unstained slides that had been
collected more than a decade previously speaks to the durability
of STAG2 as a potential biomarker. Finally, our study is limited by
the fact that our cohort did not include all clinical features and key
molecular features, including TP53 and STAG2 mutation status, for
all patients. While we present data from the largest currently
available cohort of patient with localised EWS treated with VDC/IE,
our group is currently studying a follow-up cohort of patients
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treated on AEWS1031, in which we will study STAG2 expression in
the context of rich clinical data, and STAG2 and TP53 sequencing,
as well as other relevant molecular biomarkers including 1qgain

and 16qloss.
In summary, we present data demonstrating that IHC identifies

patients with STAG2 loss more often than sequencing and that
this molecular marker identifies a subgroup of patients with high-
risk localised disease. Validation of STAG2 loss in a large cohort
with more comprehensive sequencing and annotated clinical
features will be essential to moving towards an integral biomarker
suitable for testing treatment stratification.

DATA AVAILABILITY
Additional data that support the findings of this study are available from the
corresponding author upon reasonable request.
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