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Germline pathogenic variants in DNA
repair pathways: a key feature in a
significant subset of translocation-
associated sarcomas
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Translocation-associated sarcomas (TAS) are rare, phenotypically heterogeneous, with
predisposition for young adults. We aimed to investigate the clinical impact of germline pathogenic/
likely pathogenic (P/LP) variants in a diverse group of TAS and to conduct a comprehensive
comparative analysis of clinicopathologic features, genomic alterations, and survival outcomes. A
retrospective cohort of 426 TAS patients with both tumor and germline DNA sequencing was
investigated for clinical actionability of P/LP variants, and potential impact on current screening
guidelines and clinical interventions. Twenty-eight patients (6.6%) carried Tier 1 germline P/LP
variants (moderate to high penetrance autosomal dominant (AD) variants), while 27 (6.3%) patients
carried Tier 2 variants (monoallelic autosomal recessive or low penetrance AD variants). Compared to
Tier 2, Tier 1 patients were more commonly of European ancestry and had a higher frequency of first-
and second-degree relatives with cancer history. Notably, the frequency of both tiers variants was
lower among pediatric patients compared to older patients and differed across TAS histologies, with
the highest observed in solitary fibrous tumors. All germline P/LP variants weremonoallelic, dispersed
across multiple genes, and enriched in DNA damage repair pathways. There was no association
between the germline P/LP variants and somatic genomic profile, nor any survival impact when
stratified by histotype. Our findings highlight the incidence of clinically significant germline P/LP
variants in TAS is lower in pediatric patients, questioning current sarcoma genetic screening
guidelines and supporting germline testing for all TAS patients. Significant interventions were
triggered in 46%of Tier 1 (n = 13), including platinum-based chemotherapy andPARP inhibitors in two
BRCA1/2 patients.

The increased rate of tumor-normal sequencing and evaluation of germline
variants in cancer predisposition genes has brought opportunities for
identifying patients with previously unknown cancer predisposing syn-
dromes, aiding in therapeutic stratification1,2. Translocation associated

sarcomas (TAS) are rare, phenotypically heterogenous, and occurring
preferentially in young adults. The clinical benefit of germline testing in this
group of sarcomas patients is not well established. Traditionally, the criteria
for selecting sarcomapatients for genetic testing include the age at diagnosis,
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family cancer history, tumor’s pathologic characteristics, and other factors
outlined in clinical practice guidelines3. According to the American College
ofMedical Genetics (ACMG), the guidelines to refer a patient with sarcoma
to genetic counseling includes those patients with one additional Li-
Fraumeni syndrome tumor (brain tumor, breast cancer, adrenocortical
tumor, leukemia, bronchoalveolar cancer and colorectal cancer) in the same
person or in 2 close relatives, with one diagnosis at age <45 years or patients
with sarcoma diagnosis at age <18 years3. However, studies have shown that
current criteria for germline testing, primarily involving common cancers,
often result in about half of the patients with pathogenic and likely patho-
genic (P/LP) variants going undiagnosed4,5. Furthermore, Ballinger et al.
demonstrated that family patterns are unreliable indicators of underlying
genotypes in patients with sarcoma, thereby, questioning the relevance of
the proposed clinical criteria in the context of affordable genetic testing6.
Prior studies have demonstrated a high frequency of P/LP variants in
patients with various sarcomas, ranging from 6.6 to up to 28.0%6–10. Specific
hereditary cancer predisposition syndromes carrying germline P/LP var-
iants in tumor suppressor genes have been shown to be associated with
increased risk of developing certain sarcoma, predominantly sarcomas with
complex genome. Such sarcomas include osteosarcoma in Li-Fraumeni and
hereditary retinoblastoma syndromes10, leiomyosarcoma in hereditary
retinoblastoma syndrome8, and malignant peripheral nerve sheath tumor
(MPNST) inneurofibromatosis-1 (NF-1).With the exception of few studies
addressing the genetic predisposition in Ewing sarcoma, the genetic
underpinnings of TAS remain largely unexplored6,11.

We set out to report our experience and examine the prevalence and
spectrum of germline P/LP variants among patients with a wide range of
common TAS subtypes treated at our tertiary cancer center. Additionally,
we performed a comparative clinicopathologic, genomic and survival ana-
lysis of patients with and without germline P/LP variants to further define
their impact.

Results
Cohort summary
A total of 426 patients with TAS who consented for MSK-IMPACT and
secondary germline testing were identified in our archives between
January 2015 and February 2024. The cohort consisted of 255 males
(59.9%) and 171 females (40.1%) with a median age of 22 years (6
months-75 years). The majority of the patients were of European
ancestry, constituting 47.6% (n = 203). This was followed by patients
with admixed ancestry at 16.7% (n = 71), Ashkenazi Jewish European
ancestry at 13.6% (n = 58), African ancestry at 7.6% (n = 32), East Asian
ancestry at 4.3% (n = 19), South Asian ancestry at 3.6% (n = 15) and
Native American at 0.7% (n = 3). Ancestral information was unavailable
for 5.8% of the patients.

Of the 426 patients, 55 (12.9%) harbored germline P/LP variants
conferring cancerpredisposition.The germlineP/LPvariants occurred in28
males (50.9%) and 27 females (49.1%) with a median age of 29 years (7–75
years). Twenty-eight patients (6.6%) carried a Tier 1 germline P/LP variant,
while 27 patients (6.3%) harbored a Tier 2 P/LP variants. Tier 1 variants
occurred in 18 males (64.3%) and 10 females (35.7%) with a median age of
33 years (13–67), while tier 2 variants occurred in 10 males (37%) and 17
females (63%) with amedian age of 27 years (7–75). Among Tier 1 patients,
European ancestry was the most prevalent (n = 10, 36%), followed by
Ashkenazi Jewish European ancestry (n = 5, 18%). In contrast, Tier 2
patients predominantly had Ashkenazi Jewish European ancestry (n = 13,
48%),with European ancestry being the secondmost common (n = 7, 26%).
Among patients with negative germline P/LP testing, there were 227 males
(61.2%) and144 females (38.8%),with a significantly lowermedian ageof 21
years (range 0.5–71 years, Wilcoxon rank sum test with continuity cor-
rection, p-value = 0.003, Supplementary Table 3). The most commonly
reported ancestry in this group was European at 50% (n = 186), followed by
admixed ancestry at 17.2% (n = 64). One patient carried two germline P/LP
variants,while all otherpatients hadonly a single germlineP/LPvariant.The
clinical characteristics of the study cohort are summarized in Table 1.

Three of the 28 patients (10.7%) with Tier 1 variants had prior history
of malignancy including breast cancer, colon cancer and prostate cancer.
Additionally, one patient with NF1 germline mutation had clinical mani-
festation of the disease including multiple neurofibromas. On the other
hand, only one patient with Tier 2 variants had prior history of malignancy
(prostate cancer and lymphoma). Among patients with Tier 1 variants, 12
(42.9%) had at least one first-degree relative, and 17 (60.7%) had at least one
second-degree relative with history of cancer. In contrast, 10 (37%) and 11
(40.1%) patients with Tier 2 variants had at least one first- and second-
degree relatives with cancer, respectively. Overall, forty patients with
germline P/LP variants (73%) had at least one first- or second-degree
relatives with malignancy. Common cancers were the predominant
malignancies among first- and second-degree relatives, accounting for
86.3% and 92.9% of the cancers, respectively. Two patients with Tier 2
variants had first degree relatives with sarcoma; the first is a patient with
Ewing sarcoma who had a sibling diagnosed with ARMS diagnosed at 5
years of age and the second is a patient with BCOR-altered sarcoma with a
parent with bone sarcoma. Figure 1 is an oncoplot displaying the germline
P/LP variants among the TAS cohort. Clinicopathologic characteristics of
patients with germline P/LP variants are summarized in Table 2.

To compare the frequency of Tier 1 and Tier 2 variants across different
age groups, we categorized the patients based on their age at diagnosis into
three groups: pediatric (≤18 years), young adults (19–40 years), and older
adults (>40 years). The frequency of Tier 1 variants among the pediatric
category was significantly lower (3.6%) compared to patients older than 18
years (8.5%) (Fisher exact test p-value = 0.046). However, the frequency of
Tier 2 variants among the pediatric category was not significantly different
compared to patients older than 18 years (p-value = 0.84). Similarly, the
frequency of Tier 1 and Tier 2 variants in patients≤40 was lower (5.75% for
both) compared to 10.3% in patients >40 years (both tiers). However, the
difference was not statistically significant (Fisher exact test p-value > 0.05)
(Supplementary Table 4A, B).

The frequency of Tier 1 and Tier 2 variants differed across various
histologic subtypes of TAS, with the highest frequency observed in SFT for
both tiers (16.6% and 25%, respectively), while the lowest frequencies were
found in SEF andASPS at 0% for both tiers. In addition to SFT, EHE and SS
exhibited the highest frequency of Tier 1 variants, whereas EHE and ARMS
had the highest frequency of Tier 2 variants. Figure 2 displays the number of
patients with germline Tier 1 or Tier 2 variants in TAS. Across ES, DSRCT,
SS, ARMS, and EHE, patients with Tier 1 variants had a higher mean age
compared to those with negative P/LP; however, the difference was only
statistically significant among ARMS patients (p < 0.05) (Supplementary
Fig. 1). In ARMS, there was no statistically significant difference in the
frequency of germline P/LP variants in regard to fusion partners [Fisher
exact test p-value = 1.0, PAX 3 (3/26) and PAX7 (1/6)].

Variant detection
42P/LP variants (total variants, n = 56) in 30 genes were detected in our
cohort. The inheritance patterns of the involved genes were as follows: 17
genes exhibited autosomal dominant inheritance (Tier 1), 9 genes exhibited
autosomal recessive inheritance (Tier 2), and 4 genes exhibited either
autosomal dominant or recessive inheritance (Tier 1). Among both tiers,
pathway enrichment analysis using the KEGGdatabase revealed significant
enrichment in severalDNA repair-related pathways, including homologous
recombination, Fanconi anemia pathway, DNAmismatch repair and base-
excision repair. Variants involved in DNA damage repair pathway
accounted for 79% (22/28) and 32% (9/28) of the variants amongTier 1 and
Tier 2, respectively. In addition, enrichment in platinum drug resistance,
breast, colorectal and endometrial cancer were noted. Supplementary Fig.
2A, B displaysKEGGpathway enrichment analysis of Tier 1 andTier 2P/LP
variants among TAS.

MSK-IMPACT findings
The tumor mutational burden (median TMB< 10 mt/MB) and median
fraction genome altered (FGA) were low across all the cases. A comparative
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study across different sarcomas histotypes showed no significant differences
in TMB and FGA between tumors with Tier 1, Tier 2 variants and those
without (ANNOVA and paired p-values > 0.05) (Supplementary Fig. 3A, B).
All tumors weremicrosatellite stable (MSS) except for four cases, whichwere
indeterminate: three of these had negative germline P/LP variants, and one
had a positive germline P/LP variant (synovial sarcoma with germline
CHEK2mutation). The latter showed retained expression of MMR proteins
on immunohistochemical stains.No sarcomasweremicrosatellitehigh (MSI-
H) including those who had germline mutations in MMR genes. There was
no additional somatic second hit mutation in any of the genes affected by P/
LP germline variants across all cases. We have also conducted a comparison

of the somatic mutational profiles between TAS patients with and without
germline P/LP variants, focusing on common recurrent somatic mutations.
There was no significant difference between Ewing sarcoma cases with Tier 1
or Tier 2 and those without germline P/LP variants regarding the rates of
known recurrent somatic mutations in STAG2, TP53 and CDKN2A/2B
(Fig. 3). In addition, among the recurrent somatic mutations in DSRCT, the
rates of the common somatic mutations (ARID1A, TP53, TERT, CRLF2,
ATM andFGFR4)were not statistically significant between patientswithTier
1 or Tier 2 and those with no germline pathogenic variants (p-value > 0.05)
(Supplementary Fig. 4). Similar findings were noted among SS and ARMS
regarding rates of respective recurrent somatic mutations (p-value > 0.05)

Table 1 | Clinical characteristics of the study cohort

Tumor type (n = 426) Result of 76–90 gene germline P/LP
sequencing

Sex Age at diagnosis,
median (years)

Ancestry, n

ES (n = 90) Positive tier 1 (n = 7, 7.8%) 4F/3M 21.0 (13–39) EUR: 2, ASJ: 1, EAS: 2, ADM: 1, NA: 1

Positive tier 2 (n = 8, 8.9%) 5F/3M 22.5 (13–41) EUR: 3, ASJ: 3, ADM: 2

Negative (n = 75, 83.3%) 25F/50M 16 (2.7–50) EUR: 43, ASJ: 13, ADM: 9, SAS: 4, EAS: 3, NA: 3

DSRCT (n = 80) Positive tier 1 (n = 4, 5%) 4M 29 (13–33) EUR: 1, NAM: 1, NA: 2

Positive tier 2 (n = 4, 5%) 4M 17 (8–27) EUR: 2, ASJ: 1, NA: 1

Negative (n = 72, 90%) 12F/60M 21 (7–54) EUR: 38, ADM: 13, AFR:11, SAS:3, ASJ: 2, NA: 5

SS (n = 68) Positive tier 1 (n = 7, 10.3%) 5F/2M 33 (17–58) EUR: 4, ADM:1, AFR: 1, NA: 1

Positive tier 2 (n = 2, 2.9%) 2F 32 (28–35) ASJ: 1, ADM:1

Negative (n = 59, 86.8%) 28F/31M 25 (7–64) EUR: 31, ADM: 8, AFR:5, ASJ:5, EAS:4, SAS:4,
NAM:1, NA: 1

SFT (n = 12) Positive tier 1 (n = 2, 16.6%) 2M 56 (45–67) ASJ: 1, ADM: 1

Positive tier 2 (n = 3, 25%) 2F/1M 71 (61–75) ASJ: 2, EUR: 1

Negative (n = 7, 58.4%) 4F/3M 59 (40–71) EUR: 4, EAS: 2, ADM:1

ARMS (n = 38) Positive tier 1 (n = 2, 5.3%) 2M 39 (29–50) ASJ: 1, ADM: 1,

Positive tier 2 (n = 3, 7.9%) 3F 11 (7–62) ASJ: 2, EUR: 1

Negative (n = 33, 86.8%) 20F/13M 12 (1–27) EUR: 14, ADM: 6, ASJ:5, AFR: 3, EAS: 3, NAM: 1,
NA: 1

EHE (n = 19) Positive tier 1 (n = 2, 10.5%) 2M 58.5 (58–59) ASJ: 1, EUR: 1

Positive tier 2 (n = 2, 10.5%) 1F/1M 42 (28–56) ASJ: 2

Negative (n = 15, 79%) 8F/7M 48 (9–61) EUR: 5, ASJ: 2, EAS: 2, ADM: 1, NA: 5

IMT/EIMS (n = 10) Positive tier 1 (n = 1, 10%) 1M 44 ADM: 1

Positive tier 2 (n = 1, 10%) 1F 28 ASJ: 1

Negative (n = 8, 80%) 5F/3M 15 (0.5–68) EUR: 4, ASJ: 1, ADM: 1, AFR: 1, SAS: 1

MLPS (n = 26) Positive tier 1 (n = 1, 3.8%) 1M 36 ADM: 1

Positive tier 2 (n = 1, 3.8%) 1F 32 ASJ: 1

Negative (n = 24, 92.4%) 10F/14M 41 (13–69) EUR: 10, ADM: 6, ASJ: 4, AFR: 1, NA: 3

LGFMS (n = 11) Positive tier 1 (n = 1, 9%) 1M 37 EUR: 1

Negative (n = 10, 91%) 3F/7M 26.5 (18–61) EUR: 7, ASJ: 1, AFR: 1, ADM: 1

BCOR-AS (n = 9) Positive tier 2 (n = 1, 11%) 1F 61 NA: 1

Negative (n = 8, 89%) 1F/7M 14 (1–20) ASJ: 3, EUR: 1, AFR: 1, ADM: 1, NA: 2

DFSP (n = 10) Positive tier 2 (n = 1, 10%) 1F 17 ASJ: 1

Negative (n = 9, 91%) 5F/4M 49 (14–60) AFR: 3, EUR: 2, ADM: 2, SAS: 1, NA: 1

CCS (n = 15) Positive tier 2 (n = 1, 7.1%) 1M 19 ASJ: 1

Negative (n = 14, 92.9%) 5F/9M 30.5 (8–71) EUR: 7, SAS: 2, ADM: 2, EAS: 1, AFR: 1, ASJ: 1

CIC-RS (n = 15) Positive tier 1 (n = 1, 6.7%) 1F 29 EUR: 1

Negative (n = 14, 93.3%) 6F/8M 34 (3–70) EUR: 5, ADM: 5, ASJ: 2, AFR: 1, NA: 1

SEF (n = 10) Negative (n = 10, 100%) 6F/4M 31 (16–66) EUR: 6, ADM: 2, AFR: 1

ASPS (n = 13) Negative (n = 13, 100%) 6F/7M 24 (8–38) EUR: 6, ADM: 3, EAS: 2, AFR: 2

ES Ewing sarcoma,DSRCT desmoplastic small round cell tumor,SS synovial sarcoma,SFT solitary fibrous tumor,ARMS alveolar rhabdomyosarcoma,EHE epithelioid hemangioendothelioma, IMT/EIMS
Inflammatory myofibroblastic tumor/Epithelioid inflammatory myofibroblastic sarcoma,MLPS myxoid liposarcoma, LGFMS low grade fibromyxoid sarcoma, DFSP dermatofibrosarcoma protuberans,
CCS clear cell sarcoma,RS rearranged sarcoma,AS altered sarcoma,SEF sclerosing epithelioid fibrosarcoma,ASPS alveolar soft part sarcoma,P/LPpathogenic/likely pathogenic,Mmale,F female,EUR
European (excluding Ashkenazi Jewish), ASJ Ashkenazi Jewish European, AFR African, EAS East Asian, SAS South Asian, NAM Native American, ADM Admixed/others, NA not available.
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(Supplementary Figs. 5 and 6). Mutation tumor signatures could not be
assessed by MSK-IMPACT due to the low number of mutations seen, as
expected, in TAS.

Loss of heterozygosity (LOH)
Among cases harboring germline P/LP variants, LOHwas observed in only
4 cases (7.2%). The LOH events were noted in two Tier 1 variant (NF1 in a
synovial sarcoma case and BRCA1 in a solitary fibrous tumor) and in two
Tier 2 variants (NTHL1 in a desmoplastic small round cell tumor (DSRCT)
case, and an APC variant in a BCOR-altered sarcoma case).

Survival studies
Survival comparative studies showed no significant difference in overall
survival between patients harboring germline P/LP Tier 1 or Tier 2 and
thosewithout in all studied histologic subtypes: ES, DSRCT, SS, SFT, ARMS
and EHE (p-value > 0.05). Kaplan–Meier survival curves of patients with
Tier 1 and Tier 2 variants and those without germline P/LP variants across
the various histologic subtypes are displayed in Supplementary Fig. 7A–F.

Clinical implication of germline testing results
All patients with positive germline P/LP variants were advised to undergo a
clinical genetic consultation. Of the 55 patients, 39 (70.9%) underwent
genetic consultation and were advised on suitable screening options.
Genetic testing was offered to the families of all patients. Significant inter-
ventions were given to patients with Tier 1 variants including BRCA1,
BRCA2,MLH1,PMS2,MSH6,TP53, YAP1 andCHEK2mutations (n = 13).
In twopatientswithBRCA1 andBRCA2variants, discoveryof themutations
led to initiation or consideration of poly adenosine diphosphate-ribose
polymerase (PARP) inhibitors and/or platinum-based chemotherapy. The
first patient was diagnosed with metastatic malignant SFT and had a
germline BRCA1 mutation. Although there was an initial response to the
PARP inhibitors, nthe medication was discontinued due to subsequent
unavailability. The second patient, diagnosed with metastatic alveolar
rhabdomyosarcoma, was offered PARP inhibitors or platinum-based che-
motherapy after the discovery of a germlineBRCA2mutation.However, the
patient was lost to follow-up.

Discussion
In this study, we examined a large cohort of translocation-associated sar-
comas (TAS), utilizing a clinically designed approach to identify underlying
germline P/LP variants in cancer-predisposing genes. To our knowledge,
this is the first study specifically focused on investigating this genomic
cohort. The overall frequencyof germline P/LP variants inTASpatientswas
12.9%, while the frequency of significant clinically actionable autosomal
dominant variants (Tier1)was 6.6%.This overall frequencyofP/LPvariants
among TAS was lower compared to their frequency among patients with
advanced cancers studied within our institution (205/1040; 19.7%)5. The
frequency of germline P/LP variants was variable among different histo-
types, ranging from0% inSEF andASPSup to 16.6%and25% forTier 1 and
Tier 2, respectively in SFT. While no prior comprehensive study has spe-
cifically focusedon this group of sarcomas, the frequencies of germline P/LP
variants in certain histologic subtypes within our cohort align with previous
reports. For instance, after excludingmonoallelicMUTYH variants to adjust
for prior reported studies, the frequency of germline P/LP variants in our
Ewing sarcoma subsetwas 13.3% (12/90), aligningwith the 13.1%frequency
reported by Brohl et al. (23/175)12. On the other hand, the overall frequency
of germline P/LP variants in ARMS was 13.1% (5/38), exceeding the 3%
(2/67) reported in the discovery cohort and the 5.3% (2/38) reported in the
secondary cohort of FOXO1-fusion positive ARMS7. Despite the limited
number of cases in the literature, germline P/LP variants in SFT have been
documented, with one series reporting a frequency as high as 25% (1/4)9.
Additionally, Prejac et al. identified a rareTP53 germline pathogenic variant
in a 36-year-old female who developed malignant SFT and subsequent
breast cancer13. Notably, 9 of the 12 SFTs in our cohort were classified as
malignant (4/5 with germline P/LP variants and 5/7 with negative germline
testing). The difference in germline P/LP variant frequencies between the
current and the reported studies is likely due to the small sample size in both
cohorts, selection bias (with advanced diseases and referral center patients
being tested), and genetic background variability among patients. Despite
earlier research indicating a trend of younger age among patients with
germline P/LP variants6,7,12, our study observed a higher median age in
patients with these variants (including both tiers) compared to those
without. However, this age difference was only statistically significant

Fig. 1 | Germline pathogenic/ likely pathogenic (P/LP) variants among various
histologic subtypes of TAS cohort.Oncoplot displaying P/LP variants among TAS
along with clinicopathologic characteristics of the involved patients. DSRCT des-
moplastic small round cell tumor, RMS rhabdomyosarcoma, EHE epithelioid

hemangioendothelioma, CCS clear cell sarcoma, IMT inflammatorymyofibroblastic
sarcoma, LGFMS low grade fibromyxoid sarcoma, LPS liposarcoma, DFSP der-
matofibrosarcoma protuberans, H&N head and neck, DOD died of disease, AWD
alive with disease, NED no evidence of disease.
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Table 2 | Clinicopathologic characteristics of patients with P/LP germline variants

Tumor
type

Germline
Tier

Age Sex Ancestry Primary site Germline gene
P/LP

Germline variant Status Follow-
up (mo)

ES Tier 1 23 Male EUR Soft Tissue BRCA2 c.5645C>A (p.Ser1882*) NED 50

ES Tier 1 17 Male NA Bone LZTR1 c.628C>T (p.Arg210*) AWD 8

ES Tier 1 13 Male EUR Bone MLH1 c.1333C>T (p.Gln445*) DOD 33

ES Tier 1 14 Female ASJ Bone TMEM127 c.560C>G (p.Ser187*) AWD 45

ES Tier 1 39 Female EAS Soft Tissue TP53 c.646G>A (p.Val216Met) DOD 36

ES Tier 1 32 Female EAS GI YAP1 c.991C>T (p.Arg331Trp) AWD 8

ES Tier 1 18 Female ASJ H&N RTEL1 c.1476G>T (p.Met492Ile) AWD 28

ES Tier 2 21 Female ADM Epidural MSH3 Exons 20-24 Deletion NED 20

ES Tier 2 17 Male ADM Soft Tissue APC c.3920T>A (p.Ile1307Lys) NED 68

ES Tier 2 15 Female ASJ Bone APC c.3920T>A (p.Ile1307Lys) NED 58

ES Tier 2 19 Female EUR Bone BLM c.1933C>T (p.Gln645*) NED 34

ES Tier 2 13 Female ASJ Soft Tissue ERCC3 c.325C>T (p.Arg109*) NED 20

ES Tier 2 41 Male EUR Bone MUTYH c.1187G>A (p.Gly396Asp) DOD 12

ES Tier 2 16 Male EUR Bone MUTYH c.1038G>A (p.Ser346=) NED 9

ES Tier 2 37 Female NA GYN MUTYH c.1187G>A (p.Gly396Asp) NED 10

DSRCT Tier 1 13 Male NAM Abdomen PALB2 c.108+2T>C DOD 26

DSRCT Tier 1 25 Male EUR Abdomen RAD51C c.224dupA (p.Tyr75*) AWD 70

DSRCT Tier 1 33 Male NA Abdomen SDHC c.78-1G>A NED 5

DSRCT Tier 1 33 Male NA Abdomen CHEK2 c.470T>C (p.Ile157Thr) AWD 11

DSRCT Tier 2 27 Male EUR Abdomen FANCC c.456+4A>T AWD 47

DSRCT Tier 2 8 Male ASJ Abdomen FH; FANCA c.65G>A (p.Trp22*);
c.1431_1433dupAAA (p.Lys477dup)

DOD 16

DSRCT Tier 2 16 Male NA Abdomen NTHL1 c.806G>A (p.Trp269*) AWD 34

DSRCT Tier 2 18 Male EUR Abdomen FH c.1431_1433dupAAA (p.Lys477dup) DOD 12

SS Tier 1 20 Female NA Extremities CHEK2 c.1283C>T (p.Ser428Phe) NED 8

SS Tier 1 17 Male EUR Extremities MITF c.952G>A (p.Glu318Lys) AWD 54

SS Tier 1 31 Female EUR Pleura FAM175A c.1106dupG (p.Ser370Ilefs*2) DOD 39

SS Tier 1 43 Female EUR Extremities RTEL1 c.3791G>A (p.Arg1264His) NED 46

SS Tier 1 33 Female AFR H&N NF1 c.1722-1G>C DOD 10

SS Tier 1 58 Male EUR Trunk BARD1 c.1678-2A>G NED 4

SS Tier 1 39 Female ADM Mediastinum BRCA1 c.1168_1770delinsC DOD 39

SS Tier 2 35 Female ASJ Extremities APC c.3920T>A (p.Ile1307Lys) NED 54

SS Tier 2 28 Female ADM Extremities ATM c.5692C>T (p.Arg1898*) AWD 144

SFT Tier 1 67 Male ASJ Trunk BRCA1 c.68_69delAG (p.Glu23Valfs*17) AWD 93

SFT Tier 1 45 Male ADM Abdomen MLH1 c.1918C>T (p.Pro640Ser) NED 96

SFT Tier 2 71 Female ASJ Dura ATM c.741dupT (p.Arg248Serfs*6) DOD 42

SFT Tier 2 75 Male EUR Extremities FANCA c.3788_3790delTCT (p.Phe1263del) AWD 7

SFT Tier 2 61 Female ASJ Extremities FH c.1431_1433dupAAA (p.Lys477dup) AWD 230

ARMS Tier 1 50 Male ASJ H&N BRCA2 c.3922G>T (p.Glu1308*) AWD 17

ARMS Tier 1 29 Male ADM H&N RTEL1 c.420G>A (p.Trp140*) DOD 14

ARMS Tier 2 11 Female ASJ Extremities APC c.3920T>A (p.Ile1307Lys) AWD 36

ARMS Tier 2 62 Female ASJ H&N FANCC c.456+4A>T DOD 3

ARMS Tier 2 7 Female EUR Extremities NBN c.657_661delACAAA
(p.Lys219Asnfs*16)

DOD 45

EHE Tier 1 58 Male ASJ Lung CHEK2 c.1283C>T (p.Ser428Phe) DOD 193

EHE Tier 1 59 Male EUR Lung MSH6 Exons 5-6 deletion, Heterozygous DOD 49

EHE Tier 2 56 Female ASJ Extremities APC c.3920T>A (p.Ile1307Lys) NED 48

EHE Tier 2 28 Male ASJ Liver APC c.3920T>A (p.Ile1307Lys) DOD 73

MLPS Tier 1 36 Male NA Extremities PMS2 c.2192_2196delTAACT
(p.Leu731Cysfs*3)

DOD 36

MLPS Tier 2 32 Female NA Extremities APC c.3920T>A (p.Ile1307Lys) NED 10
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amongARMSwhen analyzedwithin each histologic subtype.Moreover, we
observed a lower frequency of germline P/LP variants among younger
patients, particularly for Tier 1 variants. This finding challenges the current
ACMG recommendation to test patients with one sarcoma under 18 years
old and supports germline testing in all patients with TAS.

Our study demonstrated that pathogenic germline mutations in TAS
are monoallelic and are not recurrent in a single gene; rather, these muta-
tions are dispersed across multiple genes, exhibiting similar functional
clustering. Significant enrichment was observed in DNA damage repair
pathways,with thehighest frequency inHRpathway, followedbyBER(base

excision repair), MMR (DNAmismatch repair), FA (Fanconi anemia), and
NER (nucleotide excision repair) pathways. These findings align with pre-
vious reports showing DNA damage repair gene enrichment in Ewing
sarcoma6,11,12, although other TAS were largely underexplored. Recent stu-
dies showed that susceptibility to sarcoma can arise not only from mono-
genic high-risk variants but also from combined effect of multiple less
penetrant variants, which together contribute to sarcoma risk through a
polygenic risk model6. Specifically, it has been suggested that polygenic
effects andmonoallelic germline variants inDNAdamage repair genesmay
predispose patients to TAS subtypes6. Subsequently, this was shown by

Table 2 (continued) | Clinicopathologic characteristics of patients with P/LP germline variants

Tumor
type

Germline
Tier

Age Sex Ancestry Primary site Germline gene
P/LP

Germline variant Status Follow-
up (mo)

IMT/EIMS Tier 1 44 Male ADM Abdomen PMS2 Exons 9-11 Deletion NED 18

IMT/EIMS Tier 2 28 Female ASJ H&N FANCC c.456+4A>T NED 29

CCS Tier 2 19 Male ASJ Extremities BLM c.2207_2212delinsTAGATTC
(p.Tyr736Leufs*5)

AWD 61

CIC-RS Tier 1 29 Female EUR H&N BRCA2 c.5946delT (p.Ser1982Argfs*22) DOD 23

LGFMS Tier 1 37 Male EUR Extremities RAD51B c.271dupG (p.Asp91Glyfs*52) NED 24

BCOR-AS Tier 2 61 Female NA Bone APC c.3920T>A (p.Ile1307Lys) DOD 62

DFSP Tier 2 17 Female ASJ Skin-abdomen NTHL1 c.806G>A (p.Trp269*) exon5 NED 20

ES Ewing sarcoma,DSRCT desmoplastic small round cell tumor,SS synovial sarcoma,SFT solitary fibrous tumor,ARMS alveolar rhabdomyosarcoma,EHE epithelioid hemangioendothelioma, IMT/EIMS
Inflammatory myofibroblastic tumor/Epithelioid inflammatory myofibroblastic sarcoma,MLPS myxoid liposarcoma, LGFMS low grade fibromyxoid sarcoma, DFSP dermatofibrosarcoma protuberans,
CCS clear cell sarcoma,RS rearranged sarcoma,AS altered sarcoma,EUREuropean (excludingAshkenazi Jewish),ASJAshkenazi Jewish European,AFRAfrican,EASEast Asian,SASSouth Asian,NAM
Native American,ADMAdmixed/others,NA not available,NED no evidence of disease,AWD alive with disease,DOD died of disease,H&N head and neck,GYN gynecologic tract,GI gastrointestinal tract.

Fig. 2 | Germline pathogenic/likely pathogenic (P/
LP) variants among various histologic subtypes
of TAS. The x-axis represents the count of patients
with germline P/LP variants for each designated
sarcoma.
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Gillani et al. who demonstrated that the recurrent enrichment of hetero-
zygous pathogenic germline variants in FANCC substantiates its role in
increasing the risk for certain individuals with Ewing sarcoma11. They
suggested that monoallelic germline variants in FA genes might also elevate
the risk for other translocation-associated cancers. In addition, using
parent-proband trios, Gillani et al. demonstrated that pathogenic germline
mutation in DNA damage repair variants found in individuals with Ewing
sarcoma are inherited from their parents through autosomal inheritance11.
Thesemoderate penetrance risk variants play a substantial role in increasing
risk for developing Ewing sarcoma but aremost likely not sufficient to cause
the disease in isolation11. The enrichment of germline P/LP mutations in
DNA damage repair genes among our TAS cohort is in keeping with their
observation. Ultimately, additional studies involving large cohorts of
patients and controls are necessary to determine if there is a genuine
functional association between this class of mutations and the development
of fusion-driven cancers.

Rare germline P/LP TP53 variants in Ewing sarcoma have been
documented in the literature12,14, including within our cohort (1/15).
However, comparative analyses showed that the frequency of these variants
is significantly lower in Ewing sarcoma compared to other pediatric sar-
coma subtypes, predominantly sarcoma with complex genomes, such as
osteosarcoma and rhabdomyosarcoma11. This observation was further
supportedby the fact thatEwing sarcoma is not commonly found in families
with Li-Fraumeni syndrome15. Except for the single Ewing sarcoma case
harboring a germline TP53 variant, germline mutations in cancer predis-
position genes known to be associated with sarcomas, predominantly sar-
comas with complex genome, such as TP53, RB1 and DICER1, were not
observed across our TAS cohort.

Secondary somatic mutations in germline P/LP variants appear to be
uncommon among TAS. Although other histologic subtypes were not
thoroughly studied in the literature, this finding was previously noted by
Zhang et al.14 and Brohl et al.12 across their Ewing sarcoma cases. Addi-
tionally, LOH in germline P/LP variants was infrequent andwas only noted
in four cases in our cohort. The genes involvedwereAPC in a case of BCOR
altered sarcoma,NTHL1 in a case ofDSRCT,NF1 in a case of SS andBRCA1
in a solitaryfibrous tumor. LOH in sarcomas are expected to occur in tumor
suppressor genes such as NF1, TP53 or RB1, through the loss of the wild-
type allele.While LOH, specifically copy neutral LOH,was demonstrated to
be the most prevalent type of second hit in tumors from individuals with
constitutional NF1 including MPNST, glioma and gastrointestinal stromal
tumor, LOHof theNF1 gene in SS has not been reported in the literature to
date. LOH of the APC gene is a common form of allelic imbalance that has
been observed in many types of cancer including colorectal cancer16, renal
cell carcinoma17, gastric cancer18, endometrial cancer19 and squamous cell
carcinoma20. To our knowledge, LOH in the APC gene in BCOR-altered
sarcoma has not been reported in the literature, and its significance remains
unclear.Moreover, the significance of LOH in genes not typically associated

with sarcoma, such as NTHL1, is also undetermined. All five patients with
germline P/LP variants in MMR genes had microsatellite-stable tumors,
suggesting that these variants likely constitute incidental findings. Despite
the incidental nature of these variants, identifying these clinically significant
variants was essential for the patients’ clinical care.

Up to 75% of TAS patients with germline P/LP in our cohort had at
least one first degree or second degree relative with cancer. This number
might be under-represented, as family history was collected from patients’
charts and clinical genetics encounters (subset of patients). Prior studies
have demonstrated an increased risk of cancer among patients with Ewing
sarcoma and their relatives21,22. The most frequent malignancies in first-
degree relatives were brain, lung, gynecologic, and prostate cancers. In
second-degree relatives, common cancers included breast cancer, non-
melanoma eye cancer, and MPNST21. One report indicated that the
EWSR1::FLI1 transcription induces R-loops and impedesBRCA1-mediated
repair in Ewing sarcoma which could explain the observed increased risk of
breast cancer23. Interestingly, Ewing sarcoma was not detected among the
first-, second-, or third-degree relatives of patients with Ewing sarcoma21. In
this study, we observed a high incidence of common carcinomas, particu-
larly breast, prostate, lung, and renal cancers, among first- and second-
degree relatives of patients with TAS, while the incidence of sarcomas
remained low. Although this increasemight be partly due to the natural rise
in cancer incidence among older individuals, these findings underscore the
importance of regular cancer screening and vigilantmonitoring for relatives
of patients with TAS to facilitate early detection and timely intervention.

The somatic genomic profiles of the four studied TAS histotypes (ES,
DSRCT, SS and ARMS) did not show significant differences between
tumors with andwithout germlinemutations. These findings are consistent
with those reported by Brohl et al., who observed no significant differences
in somatic mutations in STAG2, CDKN2A, and TP53 between Ewing sar-
coma patients with germline P/LP variants and those without12. Data
regarding other TAS histologies is limited in the literature. Furthermore, we
demonstrated thatTMBandFGAarenot significantly different between the
translocation associated sarcomas with and without germlinemutations. In
addition, our comparative survival studies revealed no significant difference
between TAS with germline P/LP variants and those without, when strati-
fiedbyhistologic subtypes.Thesefindings are consistentwith those reported
in the literature7,12.

The identification of germline P/LP variants in patients with TAS
remains critical as it not only prompts genetic counseling for patients and
their family members, but also allows for potential targeted therapeutic
strategies. For instance, as in two of our patients, the presence of germline
mutations in DNA repair pathwaysmay render tumorsmore susceptible to
platinum-based chemotherapy and PARP inhibitors24–28.

In conclusion, we present our experience on pathogenic variants
among TAS, reporting a frequency of 6.6% clinically significant germline
P/LP variants in this group. Moreover, we observed a lower frequency of
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germline P/LP variants, among younger patients, particularly for Tier 1
variants, thus, questioning the current recommendations for genetic
screening inpatientswith sarcomawhichmightmiss a considerablenumber
of patients with germline P/LP variants and support germline testing in all
patients with TAS. Further research is needed to determine if these inter-
ventions will improve outcomes for both the patients and their family
members.

Methods
Patient cohort
The study was approved by the institutional review board (#12-245). The
cohort comprised of patients with common TAS subtypes [Ewing sarcoma
(ES), desmoplastic small round cell sarcoma (DSRCT), synovial sarcoma
(SS), alveolar rhabdomyosarcoma (ARMS), solitary fibrous tumor (SFT),
epithelioid hemangioendothelioma (EHE), low grade fibromyxoid sarcoma
(LGFMS), BCOR-altered sarcoma, myxoid liposarcoma (MLPS), CIC-
rearranged sarcoma, clear cell sarcoma (CCS), inflammatory myofibro-
blastic tumor/ epithelioid inflammatory myofibroblastic sarcoma (IMT/
EIMS), dermatofibrosarcoma protuberans (DFSP), and sclerosing epithe-
lioid fibrosarcoma (SEF)] at Memorial Sloan Kettering Cancer Center
(MSKCC)between January2015 andFebruary 2024,whounderwent tumor
and normal DNA sequencing using MSK-IMPACT (Integrated Mutation
Profiling of Actionable Cancer Targets) and provided an additional consent
for germline analysis. Patients were selected and referred for germline
analysis upon the discretion of their treating physicians. The electronic
medical records were searched for clinical data including the patient’s age,
sex and anatomic site of primary tumor. Personal and family history were
gathered from the patient’s medical charts including the clinical genetic
encounters. The gene fusions in all cases were confirmed by fluorescence
in situ hybridization (FISH) and/or targeted RNA/DNA sequencing. RNA
sequencing was performed using the Archer FusionPlex (Archer, Boulder,
CO), an anchored multiplex PCR-based assay consisting of a custom
amplicon-based next generation sequencing (NGS) that targets specific
exons in 129 genes, applying a standard protocol29.

MSK-IMPACT testing and variant calling
Detailed descriptions of MSK-IMPACT workflow and data analysis, a
hybridization capture-based targeted DNA NGS assay for solid tumors,
were described previously30. All mutational and copy number calls were
generated by the standard MSK-IMPACT pipeline30. Copy number
amplification and deletion are defined as gains and losses of gene-level
copy number greater than two-fold in the tumor relative to pooled FFPE
normal based on NGS. Germline analysis consisted of 76, 88 or 90 genes
on the MSK-IMPACT panel associated with hereditary cancer predis-
position, including all cancer predisposing genes identified by ACMG
guidelines (Supplementary Table 1)31–33. Variants were interpreted based
on ACMG criteria by molecular genetic pathologists34. Variants with
variant allele fraction (VAF) less than 25% for single nucleotide variants
(SNV) and 15% for indels and variants with less than 20× coverage were
filtered. Variants of unknown significance were not included in the study
and were not reported in the clinical reports.

In this study, we categorized P/LP variants into two tier groups. Tier 1
comprised of autosomal dominant variants with moderate to high pene-
trance, which confer a significant clinical actionability. Tier 2 included
monoallelic autosomal recessive variants, and autosomal dominant variants
with low penetrance (APC p.Ile1307Lys, FH p.Lys477dup35) which are
associated with a low risk of clinically actionable disease. Variants with
either autosomal dominant or recessive patterns were classified as Tier 1.
Details of the variants included in each tier are summarized in Supple-
mentary Table 2.

Pathway analysis of germline P/LP variants was performed using the
“clusterProfiler”36 package version 4.13.0 (RRID:SCR_016884), leveraging
the Kyoto Encyclopedia of Genes and Genomes (KEGG) database. The
analysis parameterswere set to include the entireKEGGdatabase forhuman
genes, and we applied the Benjamini–Hochberg (BH) method to adjust

p-values formultiple testing. Pathways with an adjusted p-value < 0.05 were
considered significantly enriched.

Loss of heterozygosity and microsatellite instability
Loss of heterozygosity (LOH), defined as loss of the wild-type allele in the
tumor at the locus of the germline mutation, was determined using seg-
mented allele-specific copy number calls from FACETS tool, as previously
published37. Briefly, FACETS tool uses aligned sequence bam files from
NGS and performs analysis for joint segmentation of total-and allele-spe-
cific read counts and integer copy number calls corrected for tumor purity,
ploidy and clonal heterogeneity to estimate LOH. Segments were classified
as LOH if they have minor allele copy number of zero. The allele having
LOH was identified by examining the VAF of germline variants in the
tumor. Microsatellite instability (MSI) was assessed by MSI sensor, a
computational algorithm that analyzes sequencing reads at designated
microsatellite regions in tumor-normal pairs, reporting the percentage of
unstable loci as a cumulative score38,39. Microsatellite instability high
(MSI-H) was defined as >10% of loci on the MSK-IMPACT panel
demonstrating microsatellite instability38. MSI at ≥3 to <10% was con-
sidered as indeterminateMSI and<3%was consideredmicrosatellite stable.

Ancestry inference
Genetic ancestry was determined using data from theMSK-IMPACT clinical
sequencing panel, as previously outlined40. Briefly, ADMIXTURE v1.341

(RRID:SCR_001263) was ran in supervised mode using the 1000 Genomes
project42 cohort as a reference to infer ancestral proportions of African, Ash-
kenazi Jewish European, European, East Asian, Native American, and South
Asian populations. Patients with an ancestral fraction greater than 0.8 for any
singlepopulationwereassigned thecorrespondingpopulation label; thosewith
no single population fraction exceeding 0.8 were classified as admixed.

Survival analysis
The clinical charts were manually reviewed, and date of initial diagnosis and
survival status were documented. Survival analysis was performed using R
(RRID:SCR_001905)packages “survminer”version0.4.9 (RRID:SCR_021094)
and “survival” version 3.2.13 (RRID:SCR_021137) by comparison of hazard
ratios using log rank P testing and Kaplan–Meier curves.

Data availability
Anonymized clinical and Sequencing data generatedbyMSK-IMPACTwill
be publicly available at https://www.cbioportal.org/study/summary?id=
soft_tissue_msk_2025.

Code availability
Code to generate the figures is available upon request from the corre-
sponding author.
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