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Abstract

Purpose—We examined whether prospective molecular characterization of advanced metastatic
disease can reveal grade and/or histology-specific differences to inform diagnosis and facilitate
enrollment onto clinical trials.

Experimental Design—Patients with uterine sarcoma consented to a prospective study of next-
generation sequencing (NGS). Clinical annotations were extracted from their medical record.
Tumor and matched normal DNA were subjected to NGS, and the genomic landscape was
explored for survival correlations and therapeutic targetability.

Results—Tumors from 107 women were sequenced and included leiomyosarcoma (ULMS,
n=80), high-grade non-LMS (n=22), low-grade endometrial stromal sarcoma (LG-ESS, n=4), and
smooth muscle tumor of uncertain malignant potential (STUMP, n=2). Genomic profiling
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influenced histologic diagnosis in three cases. Common uterine LMS (ULMS) alterations were
loss-of-function mutations in 7P53 (56%), RB1 (51%), and ATR.X (31%). Homozygous deletions
of BRCAZwere present in 5% of these patients. PTEN alteration frequency was higher in the
metastases samples as compared to the primary samples. Genomes of low-grade tumors were
largely silent, while 50.5% of high-grade tumors had whole genome duplication. Two metastatic
uLMS cases were hypermutated. Both had prolonged disease-free survival. Potentially actionable
mutations were identified in 48 patients (45%), eight (17%) of whom received matched therapy
with two achieving clinical responses. Among uLMS patients with somatic BRCAZ alterations,
sustained partial responses were observed with PARP inhibitor-containing therapy.

Discussion—Prospective genomic profiling can contribute to diagnostic precision and inform
treatment selection in patients with uterine sarcomas. There was evidence of clinical benefit in
uLMS patients with somatic BRCAZ alterations treated with PARP inhibitors.

Keywords
uterine cancer; sarcoma; genomic profiling; next-generation sequencing; precision medicine

Introduction

Uterine sarcomas are rare mesenchymal neoplasms that differ in histologic appearance and
clinical behavior. Classification of uterine sarcoma has traditionally been based on histologic
appearance including key features of cytologic atypia, tumor cell necrosis, mitotic rate, and
select use of immunohistochemistry (IHC) to support tissue differentiation. The most
common subtypes of uterine sarcomas are leiomyosarcoma (ULMS), low-grade endometrial
stromal sarcoma (LG-ESS), and high-grade endometrial stromal sarcoma (HG-ESS).
Immunophenotypes and molecular characterization of uterine sarcomas have increasingly
been utilized to improve diagnostic classification and prognostication in uterine sarcomas.
For example, LG-ESSs express the estrogen and progesterone receptors, have an indolent
disease course, and are molecularly characterized by recurrent chromosomal translocations
commonly involving JAZFI (1). By comparison, a subset of HG-ESS harbor t(10;17)
(922;p13) translocations that result in expression of a YWHAE-NUTMZA/B fusion (2) and
have an aggressive disease course (3) while others have BCOR alterations that are of
unknown prognostic significance (4). As such, testing for YWHAE and BCOR fusions in
histologically challenging high-grade sarcomas may facilitate a more precise diagnosis.
Uterine leiomyosarcoma (ULMS), the most common subtype of uterine sarcoma, does not
have a single defining molecular abnormality. Instead, these tumors often have multiple
chromosomal abnormalities associated with chromothripsis, TP53 and RB1 inactivation, and
whole genome duplication (WGD) (5).

To determine whether genomic profiling could improve diagnostic precision, inform
prognosis, or aid in therapeutic selection, we prospectively characterized uterine sarcomas,
enriching for high-risk subtypes that contribute to the greatest morbidity and mortality. We
applied a clinically validated next-generation sequencing (NGS) platform to determine
whether molecular profiling could enhance uterine sarcoma classification, provide
prognostic information within histologic subtypes, and identify subsets of patients whose
tumors harbor targetable mutations. We also evaluated whether patients with potentially
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actionable alterations received matched therapy, and if so, whether they derived clinical
benefit.

Materials and Methods

Patients

Patients with a histologically confirmed uterine sarcoma (USARC, oncotree.mskcc.org) at
Memorial Sloan Kettering Cancer Center (MSK) were consented to a prospective study
using NGS under an Institutional Review Board (IRB)-approved protocol
(ClinicalTrials.gov, NCT01775072). This study was conducted in accordance with
International Ethical Guidelines for Biomedical Research Involving Human Subjects, Good
Clinical Practice guidelines, the Declaration of Helsinki, and local laws, and with written
consent of the subjects, where necessary.

Histologic diagnosis, stage, and grade

All consecutively sequenced uterine sarcomas and uterine mesenchymal tumors of uncertain
malignant potential, regardless of histologic type or grade, successfully profiled between
April 2014 and April 2017 were included in this cohort, with the exception of perivascular
epithelioid tumors, which lack established standard diagnostic criteria. All tumors were
reviewed and histopathologically confirmed to be uterine sarcoma by gynecologic sarcoma
pathologists at MSK. To facilitate genomic and outcome analysis, we grouped cases into
four diagnostic entities on the basis of histology: 1) uLMS, 2) high-grade non-LMS uterine
sarcomas, 3) LG-ESS, and 4) smooth muscle tumor of uncertain malignant potential
(STUMP). As grading of uLMS is not standardized and since most tumors meeting
histologic criteria for a diagnosis of LMS at MSK are considered high grade, LMS cases
were not further subdivided by grade. The two STUMP tumors were included, because both
patients had an original diagnosis of STUMP in the uterus, followed by metastatic disease,
which in one case was histologically shown to be LMS. In both cases, the genomic profiling
was performed on the tissue that had been classified as STUMP. Tumors were staged
according to the 2009 International Federation of Gynecology and Obstetrics (FIGO) staging
system. Primary and metastatic sites were sequenced based on tissue availability.

Genomic sequencing

NGS of DNA extracted from formalin-fixed, paraffin embedded (FFPE) tumor and patient-
matched blood was performed in the Clinical Laboratory Improvement Amendments
(CLIA)-certified MSK Molecular Diagnostics Service Laboratory using MSK-IMPACT, an
exon capture assay targeting all coding exons of 341 (n=44 samples), 410 (n=44 samples), or
468 (n=20 samples) cancer-associated genes, as previously described (6, 7). DNA was
sequenced to an average of 646-fold sequence coverage. All somatic variant genomic results
were reviewed by a molecular pathologist for quality and accuracy prior to adding the results
into the patient’s medical record, as previously described (7). All patient-level clinical and
genomic data are available at the cBioPortal (https://cbioportal.mskcc.org/study/summary?
id=usarc_msk_2020).
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Fusion detection

Fusion genes were identified either via MSK-IMPACT, which targets breakpoint-containing
introns of known oncogenic fusion partners, or an RNA-based custom solid tumor fusion
panel, MSK-Fusion (8), which was used as part of the diagnostic work-up for a subset of
patients.

Microsatellite instability

The presence of microsatellite instability (MSI) was assessed genomically using MSlsensor
(version 0.2) (9). MSlsensor assigns a numeric score based on the percentage of unstable
microsatellite sites divided by the total number of microsatellite sites tested from aligned
sequencing data. Based on the prior clinical validation of MSlsensor using MSK-IMPACT
data, MSI status was defined as follows: <3: microsatellite stable (MSS); =3 and <10: MSI-
indeterminate (MSI-I); and 210: MSI-high (MSI-H) (10). For tumor samples in which
genomic sequencing yielded an MSlsensor score =10, the MSI phenotype was confirmed by
IHC staining of mismatch repair (MMR) proteins (MLH1, MSH2, MSH6, and PMS2).

Mutational sighature decomposition

To better characterize the mutational processes driving acquisition of somatic alterations,
mutational signature decomposition analysis was performed for tumor samples with ten or
more single nucleotide variant (SNV) somatic mutations, as previously described (11). For
cases in which more than one signature was present, a weighted combination of signatures
was calculated reflecting the proportion of mutations in the sample attributed to that
signature.

Allele-specific copy number analysis

We performed FACETS analysis to determine allele-specific and absolute DNA copy
number genome-wide in all patients (FACETS version 0.5.6, cval=100) (12). We used these
allele-specific copy number data to estimate tumor purity and ploidy. Prior to further
analysis, total copy number log ratios were corrected for ploidy and purity. Tumors with
WGD were those in which greater than 50% of the autosomal genome had a major copy
number =2, where major copy number is defined as the number of copies of the most
prevalent allele present in the sample (13). Cancer cell fractions (CCFs) were calculated
using a binomial distribution and maximum likelihood estimation normalized to produce
posterior probabilities, and were used to infer the sequence/timing of mutations (14).

Germline analysis

Germline annotation for pathogenic or likely pathogenic variants was performed by MSK-
IMPACT for 76 genes previously associated with cancer predisposition syndromes using a
clinically validated platform (15, 16). In accordance with local IRB guidelines and protocol-
mandated procedures, the germline variant annotation and the assessment of pathogenicity
were performed after irreversible anonymization of patients. Histologic type and allele-
specific absolute copy number were retained prior to irreversible anonymization, permitting
subsequent determination of loss-of-heterozygosity (LOH). No other clinical data were
retained following anonymization.

Clin Cancer Res. Author manuscript; available in PMC 2021 January 15.



1duosnuen Joyiny 1duosnuey Joyiny 1duosnue Joyiny

1duosnuen Joyiny

Hensley et al.

Page 5

Programmed cell death protein 1 (PD-1) IHC

To confirm that deletions of PDCD1 (the gene that encodes PD-1) were associated with loss
of protein expression in tumor samples with homozygous deletion of PDCDI, IHC with an
anti-PD-1 monoclonal antibody (clone NAT105; Abcam, Cambridge, MA) using a Leica
Bond-3 automated platform (Leica, Buffalo Grove, IL) was performed. A polymeric
secondary kit (Refine, Leica) was used for the detection of the primary antibody.

Annotation of somatic alterations

To classify the individual identified somatic genomic variants, we utilized the OncoKB
knowledgebase (OncoKB.org), which provides disease-specific levels of evidence for the
actionability of individual mutant alleles, DNA copy number alterations, and translocations
(17). A level 1 alteration is an FDA-recognized biomarker in the patient’s tumor type; a level
2 alteration is a biomarker routinely used to guide prescribing of an FDA-approved drug in
the patient’s tumor type (2A) or another indication (2B); and a level 3 alteration has
compelling clinical evidence to support its use as a biomarker predictive of treatment
response. These annotations and integration with clinical data were performed as of October
20109.

Statistical analysis

Results

We evaluated for enrichment of genomic alterations within this cohort across histologic
subtypes and sample type (primary vs. metastasis), as well as between this cohort and other
cohorts, including MSK non-uLMS and The Cancer Genome Atlas (TCGA) uLMS cohorts
(18). Comparisons were conducted utilizing the Fisher Exact test, and nominal p-values
were specified. Survival analyses were performed using univariate Cox proportional hazards
model and Kaplan-Meier estimation of overall survival (OS) using the R ‘survival’ package
(2.41-3).

Patient demographics

As part of the previously described MSK-IMPACT clinical sequencing cohort (6), which at
the time of data freeze stood at 15816 patients for tumor types with at least 25 cases, the
tumors of 107 women with uterine sarcoma were successfully sequenced. At the time of
diagnosis, 57% (n=61) of patients had uterine-confined disease (FIGO stage I). At the time
of sequencing, 89% (n=95) had recurrent/metastatic disease, Figure 1A. As expected for a
cohort of patients with recurrent/metastatic uterine sarcoma, the majority of cases (94.3%,
n=101) were histologically high grade. Histologic sarcoma subtypes included uLMS (n=80),
high-grade non-LMS (n=21), LG-ESS (n=4), and STUMP (n=2). High-grade non-LMSs
were further classified as: high-grade endometrial stromal sarcoma (n=7), undifferentiated
(n=5), high-grade adenosarcoma with sarcomatous overgrowth (n=4), high-grade uterine
sarcoma with heterologous elements (n=2) uterine sarcoma with focal dedifferentiation, high
grade uterine sarcoma not otherwise specified, atypical myxoid neoplasm with differential
including leiomyosarcoma or myofibroblastic sarcoma (one each). All patients are
represented by a single sample, except for a high-grade non-LMS patient with two

Clin Cancer Res. Author manuscript; available in PMC 2021 January 15.



1duosnuen Joyiny 1duosnuey Joyiny 1duosnue Joyiny

1duosnuen Joyiny

Hensley et al.

Page 6

metastasis samples (pelvic and abdomen). In contrast to The Cancer Genome Atlas (TCGA),
both primary (39%, n=42) and metastatic (61%, n=66) samples were profiled, Figure 1B. At
the time of analysis, 45% of patients had died of disease. Median survival from diagnosis for
the entire cohort was 5.6 years (range, 0.2 to 23.1 years). Survival for high-grade non-LMS
patients was significantly worse than for patients with uLMS (3.4 years vs. 6.3 years,
respectively; HR=0.48, Cl=0.24-0.96, p=0.03), Figure 1C.

Genomic alterations and comparisons across uterine sarcoma histologies

The most common alterations in uLMS were loss-of-function mutations or homozygous
deletions in 7P53(56%), RB1 (51%), and ATRX (31%), Figure 2A. 7P53, RB1, and ATRX
alterations were less common in high-grade non-LMS cases (14%, 14%, and 5%,
respectively; p<0.01 for all). Compared to other cancer types, uterine sarcomas have high
frequency of homozygous deletions of BRCAZ(19), and these were found exclusively in
uLMS, Figure 2A. uLMS was also characterized by recurrent homozygous deletions of
PDCD1, which encodes PD-1. Indeed, uLMS had the highest rate of PDCD1 homozygous
deletions among all cancer types with at least 25 cases in the contemporary MSK-IMPACT
clinical series cohort of prospective sequenced cancers (n=15816), Figure 2B. To determine
whether PDCD1 homozygous deletion was associated with loss of PDCD1 expression, we
performed IHC in affected cases with sufficient archival material (n=2 of 7), which
confirmed PDCD1 was negative in both cases (Figure S1). Similarly, amplifications of
MAPZK4 and R/T1were most common in uterine sarcomas compared to the same
contemporary MSK-IMPACT clinical cohort, Figures 2C and 2D. Furthermore, R/71 was
amplified at a significantly higher frequency in high-grade non-LMSs at 24% (5/21),
compared to only 2.5% (2/80) of uLMSs (p=0.004).

There were no significant differences in mutation patterns between primary and metastatic
samples except for PTEN alterations which were more frequent in the metastasis samples
(p=0.046). This difference remained significant within the uLMS subset (p=0.04). Only 11%
of uLMS patients harbored MED12 mutations, an alteration present in an estimated 70% of
benign uterine leiomyomas (20). The genomic landscape of LG-ESS (n=4) and uterine
STUMP cases (n=2) had few oncogenic alterations, with only four identified likely
oncogenic alterations across three patients, Figure 2A. 50.5% (50/99) of the high grade
uterine sarcomas (ULMS and high grade non-LMS combined) displayed evidence of WGD,
Figure S2. In contrast, none of the low-grade tumors displayed (WGD), supporting the
association between WGD and high-grade uterine sarcomas (p=0.04).

We identified two extreme outliers in terms of tumor mutational burden (TMB) among the
high-grade uLMS cases, hitherto referred to as hypermutated, Figure S3A. Both possessed
microsatellite instability (MSI) based upon MSlsensor analysis, Figure S3B. Using an
orthogonal approach, mutational signature decomposition confirmed both cases as
possessing MSI/MMR-D mutational signatures, Figure S3C. IHC identified loss of MSH2
protein expression in one case and MSHB® in the other. Neither case had somatic oncogenic
alterations in these genes that would explain the MSI phenotype, implying that the cause of
the MSI phenotype could be epigenetic or germline. Both patients had distant metastatic
disease, were managed with both systemic cytotoxic and local therapies, achieved complete
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responses, and have remained disease free 5.9 and 13 years from initial diagnosis. Neither
received treatment with immune checkpoint inhibitors. Excluding the two MSI-H
hypermutated cases, tumor mutation burden was higher for the remaining uLMSs compared
to high-grade non-LMSs (2.5 mutations/Mb, range 0-7.9 and 1.1 mutations/Mb range 0-
10.6, respectively; p=0.05). Following permanent anonymization (excluding the two MSI
phenotype patients), two patients were found to be carriers of pathogenic germline 7P53
mutations, one of which was accompanied by somatic biallelic inactivation of 7P53. One of
these patients was known to have Li-Fraumeni syndrome. No other known or likely
pathogenic germline variants were identified in the anonymized analysis.

Genomic comparison of uterine vs. non-uterine LMS

We next sought to determine how the genomic landscape of uLMSs in our cohort (n=80)
differed from non-uterine LMSs sequenced at MSK (n=68), Figure 3A. Alterations in 7P53
were significantly more common in non-uterine LMS, 71% (52/68) compared to uLMS 56%
(45/80), p=0.01. Similarly, MAP2K4 was amplified at a higher frequency in non-uterine
LMS 19% (13/68) compared to uLMS at 8% (6/80), p=0.06. uLMSs had a significantly
higher frequency of MED12 mutations, 11% (9/80) compared to non-uterine LMSs where
MEDI2alterations are absent, p=0.01. Furthermore, in a comparison of uLMSs from this
study to those of a small cohort (n=27) from TCGA, RBI alterations were significantly more
frequent in the MSK cohort, 51% (41/80) vs. 22% (6/27), p=0.02.

Genomic alterations not prognostic for OS

Therapeutic

In order to determine whether any of the alterations detected were prognostic for OS, we
performed univariate Cox regression analysis on all USARC-relevant genes with oncogenic
(or likely oncogenic) alterations in at least five of the LMS and high-grade non-LMS cases
(LG-ESS and STUMP tumors were excluded from the survival analysis due to small sample
size (n=6) and their known long-survival prognoses). Notably, none of the alterations in
these genes, nor broader somatic features like WGD were associated with OS in this study
cohort.

actionability and diagnostic utility

In addition to IMPACT sequencing, seven patients received MSK-Fusion (a targeted
multiplex RNA sequencing assay (8)) as part of their diagnostic work up, Table S1. Overall,
from IMPACT and MSK-Fusion we identified potentially therapeutically actionable
alterations in 45% of all patients profiled (n=48 of 107, Figure 3B). Among these was a
tumor with an LBH-ALK fusion, which was initially missed by IMPACT DNA-based
sequencing as the breakpoint was located in an intron not commonly targeted by ALK
fusions found in lung cancers. Previously classified as an atypical uLMS, pathology re-
review revealed a myxoid spindle cell neoplasm with moderate-to-severe nuclear
pleomorphism, with IHC positive for smooth muscle actin and negative for desmin. The
ALK fusion prompted revision of the diagnosis to inflammatory myofibroblastic tumor
(IMT), a rare sarcoma subtype in which ALK fusions are characteristic (21). This patient
was subsequently treated with an ALK inhibitor, crizotinib, and had radiographic
stabilization of disease for 30+ months. Subsequent to the data freeze, a second uLMS was
found to harbor an ALK fusion via IMPACT sequencing, again prompting review and
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reclassification as an IMT. This patient was treated with crizotinib, achieving a brief
radiographic response followed by progression. The patient further progressed on the
second-generation ALK inhibitor ceritinib. One patient had a BCOR-ZC3H7B fusion
identified by IMPACT sequencing. This patient was originally diagnosed with a metastatic
high-grade myxoid uLMS and survived for 3.4 years. BCOR mutations have been described
as diagnostic markers of a specific subset of high-grade endometrial stromal sarcomas, and
as histologic mimickers of myxoid LMS (4, 22). In this case, genomic profiling led to
reclassification of the tumor as a BCOR-mutated high-grade stromal sarcoma, which has
implications for therapeutic choices since certain sarcoma chemotherapy agents are
approved only for LMS, and clinical trial eligibility may be histology-specific. Additional
diagnostically relevant fusions were identified in three more patients by MSK-Fusion -
YWHAE/NUTM?Z rearrangements in two high-grade, non-pleomorphic stromal sarcomas
(3) and one JAZF1-SUZ12in a LG-ESS (23).

Additional potentially actionable alterations included seven BRCAZ alterations (four
homozygous deletions (all high-grade uLMS) three somatic BRCAZ mutations (two high-
grade uLMS, one high-grade non-LMS), two BRAF activating mutations (V600E and
K601E; both uLMS), two MSI tumors, and one £SR1 Y537S ligand-binding domain
mutation. Overall, 17% (8/48) of patients received therapy matched to their potentially
actionable genomic alteration. Two patients achieved radiographic responses, one achieved
prolonged stable disease (the ALK fusion patient), and five experienced progression. One of
the two patients who achieved a radiologic response to matched therapy had metastatic LG-
ESS, treated with anti-estrogen therapy for more than 20 years. Biopsy at progression
confirmed JAZF1 fusion-positive LG-ESS, and IMPACT detected an £SR ligand-binding
domain mutation (Y537S). Since £5R1 mutations have been described in the context of
estrogen receptor-positive breast cancer to confer ligand-independent signaling and thus
resistance to aromatase inhibitors (24, 25), her hormonal therapy was changed to the
selective estrogen modulator fulvestrant, resulting in tumor regression. The second patient to
achieve radiographic response had high-grade uLMS with somatic BRCAZ deletion. She
was treated on a clinical trial with a Poly (ADP-ribose) polymerase (PARP) inhibitor,
achieving an objective partial response lasting over 6 months.

Both BRAFmutant patients received matched therapy. The BRAFV600-mutant patient was
treated with an oral BRAF inhibitor on a basket trial, experiencing progression within 4
weeks. The patient with the BRAF K601E mutation, a class two dimer-dependent BRAF
mutant which has been previously biologically characterized and is resistant to first-
generation BRAF inhibitors (26), was enrolled on a clinical trial of a pan-RAF inhibitor. Her
best response was stable disease lasting 4 months. As detailed above, both MSI-H high-
grade LMS patients remained disease-free following multimodality management of
metastatic disease and have not received immune checkpoint inhibitor treatment.

Given the activity of PARP inhibitors in BRCA-mutated advanced breast and ovarian
cancers (27, 28), we sought to validate the actionability of BRCAZ alterations that our
analysis identified as common in uLMS patients. Post data freeze, five subsequent high-
grade uLMS patients with BRCAZ alterations were identified by routine clinical MSK-
IMPACT testing (three with somatic biallelic inactivation and one each with a somatic and
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germline truncating mutations accompanied by LOH). Four received PARP inhibitor-
containing therapy as part of various clinical trials, and the remaining patient harboring a
germline BRCAZ mutation received PARP inhibitor off-label. As with the BRCAZ-altered
uLMS patient from the study cohort, all five had at least some radiographic regression,
including one patient who achieved a complete radiographic response with treatment
durations ranging from 6 months to 28 months (two of five patients remain on therapy at the
time of submission). These results demonstrate the potential actionability of BRCAZ
alterations in uLMS and the potential durability of responses.

Discussion

Uterine sarcomas are a histologically and clinically heterogenous group of tumors. A subset
of uterine sarcomas have distinct molecular diagnostic characteristics (e.g., fusion
rearrangements involving JAZFI in LG-ESS and YWHAE/NUTMZ rearrangements in high-
grade, non-pleomorphic stromal sarcomas). However, LMS, the most common histologic
subtype of uterine sarcoma, has complex karyotypes with numerous structural aberrations
and lacks a characteristic translocation or single driving or defining mutation (29, 30). Three
core molecular mechanisms in sarcomagenesis have been described for soft tissue sarcomas.
These include DNA copy number alterations, somatic mutations in key signaling pathways,
and transcriptional dysregulation from chimeric transcriptional factors (31). In our cohort of
uterine sarcomas, we found evidence to support these three molecular mechanisms for
sarcomagenesis.

Findings of clinical utility included BCOR rearrangement for more precise diagnosis,
detection of potentially actionable mutations in ALK, BRAF, ESR1, and BRCAZ, and
identification of MSI-H tumors, each of which could guide selection of FDA-approved
therapies or influence clinical trial eligibility. The discovery of the BCOR fusion illustrates
that prospective molecular characterization can lead to refinements in histologic
classifications or distinguish among challenging histologic appearances such as true myxoid
or epithelioid LMS from high-grade stromal sarcomas. Moreover, the further sub-
classification of high-grade endometrial stromal sarcomas into either YWHAE or BCOR
altered cases will ultimately facilitate studies to determine their prognostic or therapeutic
implications. Prolonged disease stabilization with an ALK inhibitor in the patient with an
ALK fusion sarcoma is consistent with recent results of a phase two trial of crizotinib in
IMT in which 50% of ALK-positive patients achieved an objective response (32). The
frequency of MED12mutations in uLMS patients (11%) was much lower than one would
expect if uLMS commonly evolved from antecedent benign leiomyomas, which harbor
MED12 mutations in ~70% of cases. This finding suggests that uLMS may not evolve from
antecedent benign leiomyomas, but rather arise independently as de novo cancers. This
observation may have potential clinical implications, since women with stable-appearing
leiomyomas on imaging may be reassured; however, new and growing uterine masses may
be considered more concerning for harboring malignancy.

In total, prospective sequencing yielded diagnostic and therapeutic information with clinical
utility for at least 17% of sequenced patients. Although actionable mutations were identified
in 45% of patients only 17% (7% of the whole cohort) of those received matched therapy, so
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the broader therapeutic relevance of these data will require further research. Given the
complex chromosomal abnormalities characteristic of uterine sarcomas, it will be a
continuing challenge to characterize mutations to be either likely drivers or passengers.

Our data, albeit limited, indicate that clinical response to BRAF inhibition in BRAF~mutant
uLMS may be modest. In contrast, the prolonged disease control achieved with PARP
inhibition among the six patients with IMPACT detected BRCAZ alterations, which occur in
8% of high-grade uLMSs, suggests that BRCAZ may be a therapeutically relevant target.
Recent work has highlighted the importance of lineage specificity of BRCA dependency in
relation to PARP response (19), and there is growing evidence to ascribe uterine sarcomas as
a BRCA-related tumor type. In addition to relatively high incidences of homozygous
deletions in BRCAZ, BRCAI promoter hypermethylation as a potential mechanism of
BRCAI downregulation in uLMS (33) and other hallmarks of “BRCAness” such as
homologous recombination deficiency (HRD) mutational signatures (5) have been identified
in uterine sarcomas. It seems likely that a subset of uterine sarcomas, in particular uLMSs,
may be driven by HRD, and given the responses seen in BRCA-positive tumors to PARP
inhibition, BRCA testing on all patients seems justified. However, whether BRCA1
promotor hypermethylated uterine sarcoma tumors would respond to PARP inhibition
requires further investigation, not least identifying whether hypermethylation of the BRCA1
promotor leads to an HRD phenotype in uLMS tumors. Unlike other established BRCA-
related tumor types, uterine sarcomas seem to almost exclusively harbor BRCAZ DNA
alterations.

Genomic alterations such as R/71 and MAPZK4 amplifications, despite their association
with poor prognosis and other phenotypes in other cancer types (34-37), were not associated
with prognostic differences in our cohort. None of the common oncogenic or likely
oncogenic genomic alterations in uterine sarcoma genes were associated with prognosis in
the study cohort. Similarly, although WGD was present in more than half of high-grade
sarcomas, WGD was not associated with OS. In a recent study of undifferentiated uterine
sarcomas, high DNA copy number variation was found in 62% (25/40 cases), but did not
have statistically significant association with poorer OS (38). By contrast, the two patients
with MSI-H disease both achieved complete responses with multi-modality interventions
and have had long disease-free survivals, suggesting that MSI-H may be prognostic for
chemotherapy sensitivity and/or disease-free survival in uLMS. Furthermore, our cohort
identified PDCDJ deletions as more common in uLMS than in non-uterine LMS. Such
discrepancies may be relevant given the paucity of objective responses seen in phase Il trials
of immunotherapeutic agents in uLMS (39, 40).

Our study illustrates the complementary value of specialized gynecologic pathology review
coupled with molecular characterization of patient tumors. Detecting rare or pathognomonic
fusions can refine uterine sarcoma diagnoses, as previous reports have indicated for high-
grade endometrial sarcomas and myxoid mesenchymal uterine tumors (41, 42). However,
incorporating the iterative changes in pathologic classification as new molecular diagnostic
technologies become available will be an ongoing challenge. Key considerations in terms of
the generalizability of our findings include the fact that all patients in the cohort had to be
alive in order to enroll in the study and have their tumors sequenced. Thus, the cohort may
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over-represent patients with a more favorable survival who were able to seek consultation
and care at a comprehensive cancer center. The absence of prognostically significant
genomic alterations may be due to the clinical characteristics of the study cohort, which is
likely biased to include patients with favorable survival. Patients who die very shortly after
diagnosis may be under-represented, and their tumors may have a different genomic profile.

In conclusion, analysis of this large cohort of patients with uterine sarcomas demonstrates
that genomic profiling can provide clinical utility for patients, contributing to genome-driven
diagnostic precision and elucidating potential novel treatment options for a subset of
patients.
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Translational Relevance

Prospective genomic profiling can contribute to diagnostic precision and inform
treatment selection in a subset of patients with uterine sarcomas. Potentially actionable
mutations were identified in 45% of patients. There was evidence of clinical benefit in
uterine leiomyosarcoma patients with somatic BRCAZ alterations treated with PARP
inhibitors. These data support the development of clinical trials for uterine sarcomas that
incorporate genomic findings and test treatments matched to potential therapeutic targets.
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Figure 1.
A) Composition of the MSK uterine sarcoma cohort by histology, grade, and stage. B)

Distribution of the biopsied primary and metastatic disease sites and sample numbers in the
cohort. C) Overall survival of high grade uterine sarcoma cohort split by leiomyosarcoma
(LMS) and high-grade non-leiomyosarcoma (HG non-LMS).
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Figure2.
A) Oncoprint of genomic alterations in the cohort split by histology. Alterations represented

were selected by the following criteria: 1) All actionable alterations (OncoKB); 2) All genes
with oncogenic alterations (OncoKB) in at least 5% of cases; 3) An alteration type in a given
gene was found to be most frequent in uterine sarcomas when compared to the
contemporary MSK-IMPACT clinical series cohort of prospectively sequenced cancers
(n=15816). B) Frequency of PDCD1 homozygous deletions in the MSK-IMPACT clinical
sequencing cohort compared to other cancer types with at least 25 cases and 1% altered
cases. C) and D) Frequency of MAP2K4 and R/T1 amplifications in the MSK-IMPACT
clinical sequencing cohort compared to other cancer types with at least 25 cases and 1%
altered cases.
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Figure 3.
A) Comparison of genomic alterations across MSK uterine-LMS, MSK non-uterine LMS,

and TCGA uterine-LMS. B) All clinically actionable alterations identified via MSK-
IMPACT or MSK-Fusion, split by OncoKB levels of evidence.

Clin Cancer Res. Author manuscript; available in PMC 2021 January 15.

Dataset

Il MSK uterine LMS

[l MSK non-uterine LMS
Il TCGA uterine LMS

Alteration

| Amplification

| Deep deletion

= Missense mutation
= Inframe mutation

= Truncating mutation
1 Fusion



	Abstract
	Introduction
	Materials and Methods
	Patients
	Histologic diagnosis, stage, and grade
	Genomic sequencing
	Fusion detection
	Microsatellite instability
	Mutational signature decomposition
	Allele-specific copy number analysis
	Germline analysis
	Programmed cell death protein 1 (PD-1) IHC
	Annotation of somatic alterations
	Statistical analysis

	Results
	Patient demographics
	Genomic alterations and comparisons across uterine sarcoma histologies
	Genomic comparison of uterine vs. non-uterine LMS
	Genomic alterations not prognostic for OS
	Therapeutic actionability and diagnostic utility

	Discussion
	References
	Figure 1.
	Figure 2.
	Figure 3.

