
Research Article
ATRX and Its Prognostic Significance in Soft Tissue Sarcoma

Mark M. Cullen ,1 Warren Floyd ,2 Bobby Dow,3 Beatrice Schleupner ,4

Brian E. Brigman,1,5 Julia D. Visgauss,1,5 Diana M. Cardona,5,6 Jason A. Somarelli ,5,7

and William C. Eward1,5

1Department of Orthopaedic Surgery, Duke University Medical Center, Durham, NC, USA
2Department of Radiation Oncology, Te University of Texas MD Anderson Cancer Center, Houston, TX, USA
3Texas A&M University Health Center College of Medicine, Bryan, TX, USA
4Duke University, Durham, NC, USA
5Duke Cancer Institute, Duke University Medical Center, Durham, NC, USA
6Department of Pathology, Duke University Health System, Durham, NC, USA
7Department of Medicine, Duke University Medical Center, Durham, NC, USA

Correspondence should be addressed to Mark M. Cullen; mark.cullen@duke.edu

Received 31 July 2023; Revised 5 December 2023; Accepted 18 April 2024; Published 6 May 2024

Academic Editor: Manish Charan

Copyright © 2024 Mark M. Cullen et al. Tis is an open access article distributed under the Creative Commons Attribution
License, which permits unrestricted use, distribution, and reproduction in any medium, provided the original work is properly
cited.

Purpose. Recently, the association between ATRX and a more aggressive sarcoma phenotype has been shown. We performed
a retrospective study of sarcomas from an individual institution to evaluate ATRX as a prognosticator in soft tissue sarcoma.
Experimental Design. 128 sarcomas were collected from a single institution and stained for ATRX. Te prognostic signifcance of
these markers was evaluated in a smaller cohort of primary soft tissue sarcomas (n� 68). Kaplan–Meier curves were created for
univariate analysis, and Cox regression was utilized for multivariate analysis. Results. High expression of ATRX was found to be
a positive prognostic indicator for overall survival and metastasis-free survival in our group of soft tissue sarcomas both in
univariate analysis and multivariate analysis (HR: 0.38 (0.17–0.85), P � 0.02 and HR: 0.49 (0.24–0.99), P � 0.05, respectively).
Conclusions. High expression of ATRX is a positive prognostic indicator of overall survival and metastasis-free survival in patients
with STS.Tis is consistent with studies in osteosarcoma, which indicate possible mechanisms through which loss of ATRX leads to
more aggressive phenotypes. Future prospective clinical studies are required to validate the prognostic signifcance of these fndings.

1. Introduction

Soft tissue sarcomas (STS) are a rare group of malignant
neoplasms arising from mesenchymal origin and encom-
passing over 100 diferent histological subtypes [1]. Survival
of high grade soft tissue sarcomas has been cited to be
approximately 50%, at 5 years without metastatic disease and
20% with metastatic disease [2]. With the advancement in
molecular profling and next-generation sequencing tech-
niques, STS can be classifed into unique subgroups [3], and
such groupings may provide insight into prognostic or
therapeutic insights for these patients. While the genomic
underpinnings of STS are complex, three genes are con-
sistently mutated in STS: TP53, RB1, and ATRX [4, 5].

Although TP53 [6–8] and RB1 [9] are well-known tumor
suppressors across many cancer types, ATRX is less well
characterized.

Te ATRX gene encodes the alpha thalassemia mental
retardation X-linked syndrome protein, which is a member
of the SWI/SNF DNA helicase family of chromatin
remodeling proteins. Mutations in the gene are associated
with a variety of cancers including adult lower-grade glio-
mas, pediatric glioblastoma multiforme, pediatric adreno-
cortical carcinoma, osteosarcoma, and neuroblastoma [10].
Te ATRX protein has two highly conserved domains, the
SWI/SNF domain and the ATRX-DNMT3-DNMT3L
(ADD) domain [11, 12]. Te SWI/SNF domain regulates
chromatin remodeling, whereas the ADD domain

Hindawi
Sarcoma
Volume 2024, Article ID 4001796, 8 pages
https://doi.org/10.1155/2024/4001796

https://orcid.org/0000-0003-1322-4858
https://orcid.org/0000-0003-4371-8453
https://orcid.org/0009-0007-4132-0317
https://orcid.org/0000-0003-1510-9343
mailto:mark.cullen@duke.edu
https://creativecommons.org/licenses/by/4.0/
https://creativecommons.org/licenses/by/4.0/
https://creativecommons.org/licenses/by/4.0/
https://creativecommons.org/licenses/by/4.0/


modulates DNA methylation suppressing transcription,
including in the telomeric repeat sequences, and is an es-
sential binding partner of the death domain associated
protein (DAXX), which regulates apoptosis [13–15]. When
this gene mutates, it is believed that this is essential for
abnormal telomere lengthening [16], giving cells with this
mutation resistance to telomerase inhibitors and thus
immortality [17].

A recent work has demonstrated that mutations in
ATRX may promote a more aggressive and readily meta-
static phenotype by altering NF-κB signaling. NF-κB acti-
vation induces expression of antiapoptotic genes and
promotes multiple features associated with a prometastatic
phenotype, such as cell growth, angiogenesis, and epithelial-
mesenchymal transition [18–20]. In osteosarcoma, muta-
tions in ATRX lead to upregulation of NF-κB, extracellular
matrix remodeling, increased B3 integrin expression, and
more aggressive tumor cell phenotypes, including increased
growth, migration, invasion, and metastasis [5]. In STS,
ATRX loss is associated with increased chromosomal and
mitotic instability, as well as a reduction in disease-specifc
survival [21]. ATRX mutation was also associated with
targetable therapeutic vulnerabilities in STS, including in-
creased sensitivity to radiation therapy and oncolytic
herpesvirus [21].

Te association between ATRX and a more aggressive
sarcoma phenotype in both osteosarcoma and STS
prompted our investigation of the prognostic relevance of an
immunohistochemical assay to detect ATRX expression in
STS. To accomplish this, we performed a retrospective study
of sarcomas from an individual institution and their ex-
pression of ATRX was quantitatively determined. Com-
parison of progression-free survival, met-free survival, and
overall survival between ATRX wild type and mutant STS
revealed a signifcant diference in overall survival and
disease-free survival in a group of STSs. Tese data suggest
that ATRX loss may serve as a useful prognostic biomarker
for STSs and warrants further prospective, multicenter
evaluation.

2. Methods

2.1. Study Cohort. All data were collected under approval of
the Duke University Institutional Review Board. A total of
128 sarcomas were collected after resection at an academic
center between January 1998 and December of 2016 and
were processed and stored at an afliated biorepository.
Resected tumors were evaluated by a pathologist with ex-
pertise in sarcoma and given a diagnosis, based on the
histological subtype and a grade using the World Health
Organization (WHO) criteria [22]. Formalin-fxed, parafn-
embedded specimens were chosen based on their quality and
availability. Patient-specifc data for specimens included the
date of birth, grade, tumor size, mitotic rate, date of di-
agnosis, date of local recurrence, date of metastasis, de-
fnitive last follow-up, lymphovascular invasion, necrosis,
and date of death. Patients with signs of metastasis on
pathology or imaging within one month of their primary
diagnosis were classifed as having metastatic disease.

Human colon and skin tissue were used as positive controls
for all markers of interest. Tumors were excluded if (1) the
tumors original biopsy date could not be ascertained from
the medical record, (2) the biopsy quality was deemed
unacceptable based on biorepository quality assurance
protocols, or (3) the tumor did not stain appropriately for
ATRX. After exclusion, we examined 112 sarcomas to de-
termine an appropriate ATRX cut-of point. Te charac-
teristics of these tumors can be seen in Table 1. Of note, 77 of
the biopsies obtained for this analysis were from the primary
tumor site, 17 were from locally recurrent tumors, and 18
were from metastatic tumors.

2.2. Immunohistochemistry. For each specimen, a represen-
tative sample of tumor was selected by the pathologist,
a biopsy was obtained, and a tissue microarray (TMA) was
prepared. Sections of the TMA were cut in 3 μm thickness,
dewaxed in xylene, and rehydrated through graded alcohol
to water. Tese TMA sections were then pressure-cooked in
0.1M citrate bufer at pH 6.0 for 2minutes before being
immunostained. An ATRX antibody (Bio SB; clone BSB-
108; cat# BSB-3298; 1 : 250) was applied to the TMA. In-
cubation without a primary antibody was the negative
control. Te human colon and skin were positive controls
[23]. Only one TMA was created, and so each of the samples
was only stained once for ATRX.

Te labelling index (LI) was utilized to determine the
amount of ATRX expression inside of each tumor [24].
Typically, ATRX stains the nucleus [25]. Figure 1 shows an
example of sarcomas with diferent levels of expression of
ATRX utilizing immunohistochemistry.

Te LI for each tumor in the TMA was determined by
a single pathologist (DC) under a 40 times high-powered
feld utilizing an Olympus BX46 (Olympus Corporation,
Shinjuku, Tokyo, Japan). Each microscopic image was
assessed for immunoreactivity. Te number of cells im-
munoreactive in the feld, divided by the number of total
cells in the feld, determined the overall percentage of
positive cells. In addition to the labelling index, the intensity
of staining was determined qualitatively and reported as
weak, moderate, and strong by DC.

High (Figure 1(a)) and low expressions (Figure 1(b)) of
ATRX were found through optimization at each outcome
measure. Te labelling index determined which cells had
a large and small amount of each marker of interest (i.e.,
labelling index of 50 means 50% of the cells in that sample
were positive for the marker). Cut-of points (high and low)
were determined utilizing the area under a receiver op-
erating characteristic curve for ATRX. Te cut-of point
was determined based on the suggested threshold seen in
SPSS, which determines at what point the specifcity and
sensitivity are equivalent and thus where the product of the
sensitivity and specifcity is at a maximum. Tis creates the
largest area under the curve. It is felt that this point, sta-
tistically, is a reasonable cut-of when testing a new marker
[26]. Tose below the threshold were considered to have
low expression of ATRX and those above or equal to the
threshold were considered to have high expression of
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ATRX. Tumors determined to be stained correctly and that
had no evidence of the antibody of interest were included in
the low group.

2.3. Testing the ATRX Cut-Of. To test the efcacy of ATRX
and its prognostic ability, we applied these to our group of
primary soft tissue sarcomas. Te total number of soft tissue
sarcomas examined in the analysis was 68.

2.4. OutcomeMeasures. Te 5-year overall survival, disease-
free survival, metastasis-free survival, and local recurrence-
free survival were calculated from the time of primary
diagnosis—defned as the date of primary biopsy or evidence
of disease on imaging—to the date of frst confrmed evi-
dence of disease progression. Metastatic disease was defned
as evidence of disease progression in a site distant from the
primary tumor. Locally recurrent disease was defned as

Table 1: Tumor characteristics.

Sarcoma type Size (cm)
Grade

Total
1 2 3 NA

Alveolar Rhabdomyosarcoma <5 2 2≥5

Angiosarcoma <5 2 1 5≥5 2

ASPS∗ <5 1 1≥5

Chondrosarcoma
<5 1

6≥5 3 1
NS 1

Clear cell sarcoma <5 1≥5

Embryonal Rhabdomyosarcoma
<5

1≥5
NS 1

Epithelioid sarcoma
<5

1≥5 1
NS

Ewing sarcoma <5 1 2≥5 1

Fibrosarcoma <5 1 1≥5

Leiomyosarcoma <5 1 2 17≥5 1 5 7 1

Liposarcoma <5 16≥5 1 15

MPNST∗ <5 1≥5 1

Myxofbrosarcoma
<5 1

4≥5 1
DNS 1 1

Osteosarcoma
<5 2 3

11≥5 1 5
DNS 1

Pleomorphic Rhabdomyosarcoma <5 1 1≥5

PNET∗ <5 1≥5 1

Synovial sarcoma <5 2 12≥5 1 9

UPS <5 1 3 29≥5 4 21
Total 3 24 78 7 112
∗ASPS: alveolar soft parts sarcoma, MPNST: malignant peripheral nerve sheath tumor, PNET: primitive neuro-ectodermal tumor, UPS: undiferentiated
pleomorphic sarcoma.
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a sign of disease progression in the tumor bed from which
the primary sarcoma was resected or in the area adjacent to
the tumor bed. Metastatic disease and locally recurrent
disease were determined by the frst evidence of disease on
imaging. Disease-free survival was determined by the earliest
sign of either metastatic or locally recurrent disease. If there
were no signs of disease progression or no recorded date of
death, then the end point of analysis for the patient was
recorded at 5 years or the time of last follow-up, and these
patients were censored at this time point. Patients who died
or had any form of disease progression after the 5-year time
point were censored at 5 years.

2.5. Statistical Analysis. Receiver operating characteristic
(ROC) curves and area under the curve were utilized to
determine cut-ofs. Collinearity was tested among the ATRX
labelling Index, tumor size, and mitotic rate with bivariate
Pearson correlations. Cox regression analysis was utilized to
evaluate each marker and the cell-cycle phenotypes’ ability
to evaluate their prognostic signifcance on our primary
endpoints (5-year local recurrence-free survival, 5-year
metastasis-free survival, 5-year disease-free survival, and
5-year overall survival). Kaplan–Meier curves were created
and utilized for comparison in univariate analysis. Log-rank
(Mantel-Cox) tests were utilized for comparison of each
group. Multivariate analysis for each marker was performed
to account for tumor size (≥5 cm vs. <5 cm) and grade
(WHO classifcation). T-tests were utilized to compare age,
mitotic rate, and tumor size, and goodness of ft (likelihood
ratio) was utilized to compare grade. Tests were determined
to be signifcant if the P value was less than or equal to 0.05.
All analyses were performed in SPSS (Version 27, IBM,
Armonk, NY).

3. Results

Based on the area under the curve from the ROC analysis, we
set the labelling index cut-of to 75 for ATRX staining. Te
distribution of our primary soft tissue tumors that expressed
high and low amounts of ATRX is shown in Figure 2.

Looking at characteristics between the two groups, the
low expression group had tumors with a signifcantly in-
creased mitotic rate; otherwise, there was no signifcant
diference in the patient’s age, tumors’ size, or grade
(Table 2).

High expression of ATRX was found to be a positive
prognostic indicator for metastasis-free survival
(Figure 3(a)) and overall survival (Figure 3(b)). Tese results
persisted even after controlling for grade and tumor size
(Table 3).

Finally, utilizing the MSK large next-generation se-
quencing database [27–29], there was no diference in
survival between the top four soft tissue sarcomas in our
patient cohort (Figure 4).

4. Discussion

ATRX is one of the most frequently mutated genes in STS,
along with TP53 and RB1 [4]. ATRX has wide-ranging
cellular consequences, including a role in chromatin
remodeling [30], telomere elongation [5, 12, 16, 31, 32],
regulation of transcription, DNA repair, mitotic re-
combination [33], NF-kB signaling, and invasion [5]. Ad-
ditional work has demonstrated that ATRX plays important
roles in epigenetic regulation, modulating PRC2
activity [21].

Te present study suggests that ATRX expression is
a favorable prognostic indicator of overall survival and

(a) (b)

Figure 1: (a) Immunohistochemistry (IHC) of a sarcoma with complete expression of ATRX, which would be considered of high ex-
pression; (b) IHC of a sarcoma with no expression of ATRX, which would be considered as the low expression of ATRX.
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ATRX Expression By Tumor Type
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Figure 2: High and low expression of ATRX determined by via immunohistochemistry by tumor type for the primary soft tissue sarcoma
cohort.

Table 2: Comparison of patient characteristics of the high and low ATRX expression groups.

Group Mean P value

Size (cm) High expression 11.30± 9.24 0.34
Low expression 13.31± 7.68

Mitotic rate High expression 11.00± 13.63 0.02
Low expression 22.03± 21.90

Age (years) High expression 58.03± 24.38 0.52
Low expression 61.30± 16.76

Grade Low expression High expression
1 0 2 LR: 4.43, P � 0.11
2 5 9
3 27 22
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Figure 3: High ATRX expression correlates with overall andmetastasis-free survival. (a) K-M curve of high vs. low Expression of ATRX and
metastasis-free survival demonstrated a statistically signifcant decreased risk of metastasis in the high expression group vs. the low
expression group (chi-square: 4.17, P � 0.04). (b) K-M curve of high vs. low Expression of ATRX and overall survival that shows
a statistically signifcant decreased risk of death in the high expression group vs. the low expression group (chi-square: 8.65, P � 0.003).
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metastasis-free survival in patients with STS, even after
controlling for tumor grade and size. Further, utilizing
a larger dataset of soft tissue sarcomas (cbioportal [27, 28]),
we were able to demonstrate that there is no diference in
overall survival between our top four soft tissue sarcomas.
Tis demonstrates that although we have a heterogenous
group of tumors, we feel that ATRX expression and its
prognostication of survival are likely broadly applicable to
soft tissue sarcomas as a whole.While the exact role of ATRX
in sarcomagenesis is still being investigated, its role as
a prognostic indicator in the treatment of STS is more well
established. While the current standard of treatment for STS
is a combination of radiation and surgical resection [34],
almost half of these patients will develop metastatic disease
[34]. Tose patients that develop metastatic disease have an
estimated survival of about 20% at 5 years [2] and limited
therapeutic options. As our understanding of how ATRX
infuences aggressivity in sarcoma continues to be de-
veloped, an important aspect of this will be to explore
therapeutic vulnerabilities in patients with ATRX mutation
or loss. For now, the results may give clinicians a better
ability to counsel their patients in terms of their prognosis
and may help determine what patients need a more ag-
gressive approach to their treatment regimen.

5. Limitations

Te main limitation in the present study is the relatively
small size of the patient cohort (n� 128). Future studies
could use a multi-institutional approach to increase subject
numbers and explore diferences by specifc subtype.

6. Conclusion

High expression of ATRX is a positive prognostic indicator
of overall survival and metastasis-free survival in patients
with STS. Tis is consistent with studies in osteosarcoma,
which indicate possible mechanisms through which loss of
ATRX leads to more aggressive phenotypes. Future pro-
spective clinical studies are required to validate the prog-
nostic signifcance of these fndings.

Data Availability

Te data used to support the fndings of this study are
restricted by the Duke Health institutional Review Board in
order to protect patient privacy and further data are
available from the corresponding author upon reasonable
request.

Table 3: Cox regression survival analysis of high and low expression of ATRX when controlling for grade and tumor size.

ATRX
Univariate Hazard ratio 95% CI P Multivariate Hazard ratio 95% CI P

OS 0.33 0.15–0.72 0.005 OS 0.38 0.17–0.85 0.02
DFS 0.61 0.32–1.15 0.13 DFS 0.63 0.34–1.19 0.16
MFS 0.49 0.25–0.99 0.05 MFS 0.49 0.24–0.99 0.05
LRFS 1.30 0.47–3.57 0.62 LRFS 1.35 0.48–3.77 0.57
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Figure 4: Survival curves for the top four soft tissue sarcomas in our dataset created from the data in cbioportal [27, 28]. Te solid lines are
the average survival of that sarcoma after diagnosis, with the dotted lines representing the 95% confdence intervals at those time points.
Tese demonstrate that there is no diference in overall survival between these sarcomas (P � 0.95).
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and D. R. Lohmann, “Te impact of RB1 genotype on in-
cidence of second tumours in heritable retinoblastoma,”
European Journal of Cancer, vol. 133, pp. 47–55, 2020.

[10] M. A. Dyer, Z. A. Qadeer, D. Valle-Garcia, and E. Bernstein,
“ATRX and DAXX: mechanisms and mutations,” Cold Spring
Harbor Perspectives in Medicine, vol. 7, no. 3, 2017.

[11] A. Argentaro, J.-C. Yang, L. Chapman et al., “Structural
consequences of disease-causing mutations in the ATRX-
DNMT3-DNMT3L (ADD) domain of the chromatin-
associated protein ATRX,” Proceedings of the National
Academy of Sciences, vol. 104, no. 29, pp. 11939–11944, 2007.

[12] D. Clynes, C. Jelinska, B. Xella et al., “Suppression of the
alternative lengthening of telomere pathway by the chromatin
remodelling factor ATRX,” Nature Communications, vol. 6,
no. 1, p. 7538, 2015.

[13] P. Drané, K. Ouararhni, A. Depaux, M. Shuaib, and
A. Hamiche, “Te death-associated protein DAXX is a novel
histone chaperone involved in the replication-independent
deposition of H3.3,” Genes & Development, vol. 24, no. 12,
pp. 1253–1265, 2010.

[14] P. W. Lewis, S. J. Elsaesser, K.-M. Noh, S. C. Stadler, and
C. D. Allis, “Daxx is an H3.3-specifc histone chaperone and
cooperates with ATRX in replication-independent chromatin
assembly at telomeres,” Proceedings of the National Academy
of Sciences, vol. 107, no. 32, pp. 14075–14080, 2010.

[15] H. P. J. Voon and L. H. Wong, “New players in hetero-
chromatin silencing: histone variant H3.3 and the ATRX/
DAXX chaperone,” Nucleic Acids Research, vol. 44, no. 4,
pp. 1496–1501, 2016.

[16] X. Ren, C. Tu, Z. Tang, R. Ma, and Z. Li, “Alternative
lengthening of telomeres phenotype and loss of ATRX ex-
pression in sarcomas,” Oncology Letters, vol. 15, no. 5,
pp. 7489–7496, 2018.

[17] M. A. Jafri, S. A. Ansari, M. H. Alqahtani, and J. W. Shay,
“Roles of telomeres and telomerase in cancer, and advances in
telomerase-targeted therapies,” Genome Medicine, vol. 8,
no. 1, p. 69, 2016.

[18] M. A. Huber, N. Azoitei, B. Baumann et al., “NF-κB is es-
sential for epithelial-mesenchymal transition and metastasis
in a model of breast cancer progression,” Journal of Clinical
Investigation, vol. 114, no. 4, pp. 569–581, 2004.

[19] M. Karin, “Nuclear factor-κB in cancer development and
progression,” Nature, vol. 441, no. 7092, pp. 431–436, 2006.

[20] Y. Xia, S. Shen, and I. M. Verma, “NF-κB, an active player in
human cancers,” Cancer Immunology Research, vol. 2, no. 9,
pp. 823–830, 2014.

[21] W. Floyd, M. Pierpoint, C. Su et al., “Atrx deletion impairs
CGAS/STING signaling and increases sarcoma response to
radiation and oncolytic herpesvirus,” Journal of Clinical In-
vestigation, vol. 133, no. 13, 2023.

[22] L. A. Doyle, “Sarcoma classifcation: an update based on the
2013 World Health organization classifcation of tumors of
soft tissue and bone,” Cancer, vol. 120, no. 12, pp. 1763–1774,
2014.

[23] M. Loddo, S. R. Kingsbury, M. Rashid et al., “Cell-cycle-phase
progression analysis identifes unique phenotypes of major
prognostic and predictive signifcance in breast cancer,”
British Journal of Cancer, vol. 100, no. 6, pp. 959–970, 2009.

[24] T. J. Dudderidge, K. Stoeber, M. Loddo et al., “Mcm2,
geminin, and KI67 defne proliferative state and are prog-
nostic markers in renal cell carcinoma,” Clinical Cancer Re-
search, vol. 11, no. 7, pp. 2510–2517, 2005.

[25] J. Cai, P. Zhu, C. Zhang et al., “Detection of ATRX and IDH1-
R132H immunohistochemistry in the progression of 211
paired gliomas,” Oncotarget, vol. 7, no. 13, pp. 16384–16395,
2016.

[26] F. Habibzadeh, P. Habibzadeh, and M. Yadollahie, “On de-
termining the most appropriate test cut-of value: the case of
tests with continuous results,” Biochemia Medica, vol. 26,
no. 3, pp. 297–307, 2016.

[27] E. Cerami, J. Gao, U. Dogrusoz et al., “Te cBio cancer ge-
nomics portal: an open platform for exploring multidimen-
sional cancer genomics data,” Cancer Discovery, vol. 2, no. 5,
pp. 401–404, 2012.

[28] J. Gao, B. A. Aksoy, U. Dogrusoz et al., “Integrative analysis of
complex cancer genomics and clinical profles using the
cBioPortal,” Science Signaling, vol. 6, no. 269, p. pl1, 2013.

[29] B. A. Nacev, F. Sanchez-Vega, S. A. Smith et al., “Clinical
sequencing of soft tissue and bone sarcomas delineates diverse
genomic landscapes and potential therapeutic targets,”Nature
Communications, vol. 13, no. 1, p. 3405, 2022.

[30] Y. Xue, R. Gibbons, Z. Yan et al., “Te ATRX syndrome
protein forms a chromatin-remodeling complex with Daxx
and localizes in promyelocytic leukemia nuclear bodies,”

Sarcoma 7



Proceedings of the National Academy of Sciences, vol. 100,
no. 19, pp. 10635–10640, 2003.

[31] D. Hanahan and R. A. Weinberg, “Hallmarks of cancer: the
next generation,” Cell, vol. 144, no. 5, pp. 646–674, 2011.

[32] F. Li, Z. Deng, L. Zhang et al., “ATRX loss induces telomere
dysfunction and necessitates induction of alternative
lengthening of telomeres during human cell immortaliza-
tion,” Te EMBO Journal, vol. 38, no. 19, 2019.

[33] L. A.Watson, H. Goldberg, andN. G. Bérubé, “Emerging roles
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