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abstract

PURPOSE To detect alterations in DNA damage repair (DDR) genes, measure homologous recombination
deficiency (HRD), and correlate these findings with clinical outcome in patients with leiomyosarcoma (LMS).

PATIENTS AND METHODS Patients with LMS treated at Memorial Sloan Kettering (MSK) Cancer Center who
consented to prospective targeted next-generation sequencing with MSK-IMPACT were screened for oncogenic
somatic variants in one of 33 DDR genes; where feasible, an experimental HRD score was calculated from
IMPACT data. Progression-free survival (PFS) and overall survival (OS) were estimated after stratifying patients
by DDR gene alteration status and HRD score.

RESULTS Of 211 patients with LMS, 20% had an oncogenic DDR gene alteration. Univariable analysis of PFS in
117 patients who received standard frontline chemotherapy in the metastatic setting found that an altered
homologous recombination pathway gene was significantly associated with shorter PFS (hazard ratio [HR], 1.79;
95% CI, 1.04 to 3.07; P = .035). Non-BRCA homologous recombination gene alteration was associated with
shorter PFS (HR, 2.61; 95% CI, 1.35 to 5.04; P = .004) compared withBRCA-altered and wild-type homologous
recombination genes. Univariable analysis of OS from diagnosis in the entire cohort of 211 patients found that
age, tumor size, number of metastatic sites, localized disease, and non-BRCA homologous recombination gene
alteration were significantly associated with OS. On multivariable analysis, non-BRCA homologous re-
combination pathway gene alteration remained significant (HR, 4.91; 95% CI, 2.47 to 9.76; P , .001). High
HRD score was not associated with a different PFS or OS.

CONCLUSION Patients with LMS with homologous recombination pathway gene alterations have poor clinical
outcomes, particularly those with non-BRCA gene alterations. HRD score calculated from a targeted exome
panel did not discern disparate clinical outcomes.

JCO Precis Oncol 4:1350-1360. © 2020 by American Society of Clinical Oncology

INTRODUCTION

Leiomyosarcoma (LMS) is a mesenchymal malignancy
that arises from differentiated smooth muscle cells.
It most commonly originates in the uterus, retro-
peritoneum, or extremities.1 LMS is one of the most
common subtypes of sarcoma, estimated to comprise
up to 20% of newly diagnosed soft tissue sarcoma
cases.2 Although surgical resection of localized dis-
ease can be curative, LMS has a high risk of re-
currence, and patients with unresectable or metastatic
disease have a poor prognosis.3,4

LMS typically has a complex karyotype characterized
by recurrent alterations in the tumor suppressor genes
TP53, RB1, and PTEN, often accompanied by wide-
spread chromosomal structural damage. Genomic
studies of LMS have reported frequent alterations in
BRCA2 and other DNA damage repair (DDR) pathway
genes, including ATM, ATR, and CHEK2.5-7 Patients

with LMS and somatic loss of BRCA2 have dediffer-
entiated tumors with a high mitotic index, signifying
a potentially aggressive phenotype.8

The presence of a deficiency in the homologous re-
combination pathway, one of many pathways critical in
the repair of damaged DNA, has become especially
relevant in the age of poly (ADP-ribose) polymer-
ase (PARP) inhibitors, which have transformed the
treatment of BRCA1 or BRCA2 (BRCA)-associated
cancers.9-12 Synthetically lethal approaches may also
be efficacious in cancers with homologous re-
combination deficiency (HRD) and wild-type (WT)
BRCA. For example, breast and ovarian cancers with
high HRD scores and WT BRCA have higher response
rates to platinum chemotherapy and PARP inhibition
than those without evidence of HRD.11,13 The HRD
score is an unweighted sum of three distinct mea-
sures of genomic scarring: telomeric allelic imbalance
(NtAI), large-scale state transitions (LSTs), and loss of
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heterozygosity (HRD-LOH).13-16 A pan-cancer analysis of
DDR pathway alterations across The Cancer Genome Atlas
(TCGA) found that soft tissue sarcomas have relatively high
HRD scores compared with other cancers, and pa-
tients with high HRD scores trend toward worse clinical
outcomes.17

Aside from homologous recombination pathway defi-
ciencies, other DDR pathways, such as the base excision
repair and DNA damage sensor pathways, have also been
susceptible to PARP inhibitors in preclinical and clinical
studies.12,18 For instance, pancreatic adenocarcinoma and
urothelial carcinoma with alterations in DDR genes have
improved outcomes after platinum chemotherapy.19,20 It is
unknown whether oncogenic DDR gene alterations or high
HRD scores are prognostic or predictive in LMS.

We hypothesized that patients with LMS with BRCA loss
would have improved clinical outcomes compared with
patients with WT BRCA, as has been demonstrated in
ovarian cancer.21,22 Similarly, we hypothesized that patients
with somatic alteration in any DDR pathway gene would
have improved survival compared with patients with WT
DDR, also as a result of synthetic lethality after DNA-
damaging cytotoxic chemotherapy. We used targeted ge-
nomic sequencing of tumor samples to identify the fre-
quency of DDR gene alterations and quantified genomic
scarring indicative of HRD to generate an HRD score in
a cohort of patients with LMS treated at Memorial Sloan
Kettering (MSK).

PATIENTS AND METHODS

Patient Selection and Study Design

This study was approved by the MSK institutional review
board. Patients with histologically confirmed LMS who had
targeted genetic sequencing of their tumor with MSK-
Integrated Molecular Profiling of Actionable Cancer Tar-
gets (IMPACT) between March 2014 and October 2018

and had clinical data available for review were included in
this analysis. The objectives of this study were to determine
the incidence of DDR gene alterations in patients with LMS
and the prognostic and predictive potential of DDR gene,
homologous recombination pathway gene, and BRCA gene
status, respectively, on clinical outcomes. We sought to
measure HRD with a copy number signature modeled after
those reported in the literature that combined NtAI, LSTs,
and HRD-LOH23 and to correlate this measure with clinical
outcome.

Demographic, pathologic, and clinical information were
retrieved from the medical record for each patient. The
following variables were included: age, sex, race, date of
diagnosis, tumor size at diagnosis, site of primary disease,
presence of locally invasive or metastatic disease at di-
agnosis, number of metastatic sites at diagnosis, use of
neoadjuvant and adjuvant systemic therapy, first-line
chemotherapy start and end dates, reason for cessation
of first-line chemotherapy, and date of death or last follow-
up. The cutoff date for clinical follow-up was May 15, 2019.

Classification of DDR Gene Alterations and Calculation of

an HRD Score

All patients included in this study provided informed written
consent to participate in a prospective tumor sequencing
initiative at MSK using the MSK-IMPACT assay. The IM-
PACT assay has been described in detail elsewhere.24,25 It
is a hybridization capture–based next-generation se-
quencing platform of 341-468 exons and select introns,
depending on the assay version. We selected 33 genes
from the IMPACT panel demonstrated in the medical lit-
erature to be involved in at least one DNA damage response
pathway19 (Data Supplement). Any nonsense, frameshift,
or splice site mutation predicted to lead to loss of function
of the encoded protein or homozygous deletion of a DDR
gene was considered deleterious. In addition, missense
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mutations annotated as oncogenic by OncoKB were con-
sidered deleterious.26 To calculate the HRD score, FACETS
was used to generate copy number profiles27 from IMPACT
data, from which the HRD scores, which consisted of the
sum of scores frommeasures of genomic scars (LSTs, NtAI,
and HRD-LOH), were estimated. Patients with at least one
alteration in a DDR pathway gene were labeled DDR al-
tered; those with an alteration in at least one homologous
recombination pathway gene were labeled homologous
recombination pathway altered; those with BRCA loss
were labeled BRCA altered; and those with an alteration in
a non-BRCA homologous recombination pathway were
labeled non-BRCA homologous recombination pathway
altered.

Statistical Analyses

Patients were divided into subgroups on the basis of the
detection of a deleterious DDR pathway alteration, ho-
mologous recombination pathway alteration, BRCA gene,
or non-BRCA homologous recombination pathway alter-
ation in their tumor. The HRD score was tested as a con-
tinuous variable using the median as a cutoff. Survival
analyses were performed on two overlapping sets of pa-
tients. The first set analyzed the progression-free survival
(PFS) of patients who received standard-of-care chemo-
therapy (either doxorubicin- or gemcitabine-based treat-
ment) in the first-line metastatic setting. Patients who
received systemic chemotherapy in the neoadjuvant or
adjuvant settings were excluded. PFS was defined as the
time from the first dose of chemotherapy in the metastatic
setting until the date of progression as determined by the
treating clinician, the date of treatment cessation because
of toxicity, or death; patients who stopped chemotherapy for
any reason other than clinical or radiologic progression,
toxicity, or death were censored. A second patient set in-
cluded all patients with LMS who had IMPACT testing and
an analyzed overall survival (OS). OS was defined as the
time from the date of diagnosis until the date of death or last
contact; patients who were alive at the time of last contact
were censored.

Summary statistics, medians, and ranges, were used to
describe continuous variables, and counts and percent-
ages were used for categorical variables. To compare
variables across groups, Fisher’s exact test was used for
categorical variables and Wilcoxon rank sum test for
continuous variables. Correlation was assessed with the
Spearman test. Kaplan-Meier survival analysis was per-
formed, and log-rank P values are reported. Univariable
and multivariable analyses were performed with Cox pro-
portional hazard regression models. Multivariable models
were selected using backward selection with inclusion
criteria being significant at P , .10 in the univariable
analysis. SAS 9.4 statistical software (SAS Institute, Cary,
NC) was used for outcome analyses. All tests were two
sided, and P , .05 was considered significant.

RESULTS

Patient and Tumor Characteristics

A total of 211 patients with LMS consented to IMPACT
testing of their tumors and were included in this analysis:
121 patients (57%) had LMS of the uterus (uLMS), and
90 (43%) had LMS of other soft tissue sites (stLMS). Pa-
tient demographic and tumor characteristics are listed
in Table 1. The median age was 54 years (range, 20-79
years), and 83% of the study population was female.
Among patients with stLMS, 55 were female (60%). The
most common extrauterine primary sites were the abdo-
men, pelvis, and retroperitoneum. Thirty-five percent of
patients had locally invasive or metastatic disease at the
time of diagnosis; 47% of IMPACT samples were from
primary tumors, and the remaining were from metastatic
foci. Sixty-one percent of samples were obtained before
initiation of chemotherapy or radiation therapy.

Frequency of DDR Gene Alterations in LMSs

Forty-three patients (20%) had a somatic putatively on-
cogenic DDR gene alteration, 72% of whom had an al-
teration in the homologous recombination pathway. The
most frequently altered DDR genes were BRCA2 (n = 14;
7%), RAD51B (n = 8; 4%), and ERCC5 (n = 4; 2%; Fig 1).
Seventy-seven percent of the alterations in our cohort were
homozygous deletions, while the remainder were putatively
loss-of-function single nucleotide variants or indels. Pa-
tients with uLMS had more DDR alterations than those with
stLMS (25% v 14%, respectively; P = .084).

Association Between Genomic Scarring and Homologous

Recombination Pathway Gene Alterations

An HRD score was calculated from the patients for whom
a copy number profile was available (n = 185; 88%). The
median HRD score was 25 (interquartile range, 19-30).
HRD score was associated with homologous recombination
pathway gene loss of function (P = .004) but not with other
DDR pathway gene alterations (P = .616; Fig 2A). HRD
score did not significantly differ between patients with
uLMS and stLMS (median, 26 and 24, respectively; P =
.181) or between those who had IMPACT testing before or
after treatment (median, 25 and 27, respectively; P = .130).
Higher HRD score was correlated with the fraction genome
altered, defined as the percentage of the genome affected
by copy number gains or losses (Spearman’s r = 0.5; P ≤
.001). Tumor mutation burden and HRD score had a low
correlation (Spearman’s r = 0.07; P = .391), likely reflecting
the low overall mutation burden in LMS and the higher
frequency of copy number alterations rather thanmutations
in DDR pathways (Figs 2B and 2C). Because HRD score
calculated from TCGA data across cancer types is asso-
ciated with altered TP53 status,28 we analyzed the asso-
ciation between TP53 alteration status in our cohort with
the HRD score calculated from IMPACT. In total, 135
patients (64%) had a loss-of-function alteration in TP53,
and these patients had a significantly higher median HRD
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score compared with patients with TP53 WT (median, 26
and 22.5, respectively; P = .009; Fig 2D).

DDR Gene Status, HRD Score, and Response to

Chemotherapy in the Metastatic Setting

To determine whether somatic alterations in DDR genes
predict response to cytotoxic chemotherapy, we analyzed
the PFS of 117 patients with metastatic LMS who received

standard-of-care first-line therapy. Twenty-seven patients
(23%) received doxorubicin-based therapy, and 90 (77%)
received gemcitabine-based treatment (Data Supplement).
When stratified by the presence or absence of any DDR
gene alteration, PFS did not significantly differ between
groups (hazard ratio [HR], 1.52; 95% CI, 0.93 to 2.49; P =
.096; Table 2). By contrast, the presence of a homologous
recombination pathway alteration was associated with

TABLE 1. Patient Demographic and Clinical Characteristics
Patients, No. (%)

Characteristic All LMS uLMS P

No. of patients 211 90 121

Median age at presentation, years (range) 54 (20-79) 56 (20-78) 53 (28-79) .121

Sex , .001

Female 176 (83.4) 55 (61.1) 121 (100.0)

Male 35 (16.6) 35 (38.9) 0 (0.0)

Race .665

Unknown 6 (2.8) 5 (5.6) 1 (0.8)

Asian 16 (7.6) 9 (10.0) 7 (5.8)

Black 23 (10.9) 9 (10.0) 14 (11.6)

Other 3 (1.4) 1 (1.1) 2 (1.7)

White 163 (77.3) 66 (73.3) 97 (80.2)

Primary site

Unknown 1 (0.5) 1 (1.1) 0 (0.0)

Abdomen/pelvis 55 (26.1) 55 (61.1) 0 (0.0)

Bone 3 (1.4) 3 (3.4) 0 (0.0)

Extremity 16 (7.6) 16 (17.8) 0 (0.0)

Head and neck 2 (0.9) 2 (2.2) 0 (0.0)

Thorax 4 (1.9) 4 (4.4) 0 (0.0)

Trunk 9 (4.3) 9 (10.0) 0 (0.0)

Uterus 121 (57.3) 0 (0.0) 121 (100.0)

Median tumor size at diagnosis, mm (range) 0 (0-33) 3 (0-33) 0 (0-29) .234

Localized disease at diagnosis .661

No 73 (34.6) 33 (36.7) 40 (33.1)

Yes 138 (65.4) 57 (63.3) 81 (66.9)

DDR gene alteration .084

No 168 (79.6) 77 (85.6) 91 (75.2)

Yes 43 (20.4) 13 (14.4) 30 (24.8)

Homologous recombination alteration .117

No 180 (85.3) 81 (90.0) 99 (81.8)

Yes 31 (14.7) 9 (10.0) 22 (18.2)

Homologous recombination gene stratified by BRCA status .273

BRCA 15 (7.1) 4 (4.4) 11 (9.1)

Non-BRCA 16 (7.6) 5 (5.6) 11 (9.1)

Wild type 180 (85.3) 81 (90.0) 99 (81.8)

Median survivor follow-up, months (range) 47.89 (0.99-229.41) 39.34 (0.99-184.31) 61.99 (4.05-229.41)

Abbreviations: DDR, DNA damage repair; LMS, leiomyosarcoma; uLMS, uterine leiomyosarcoma.
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shorter PFS (HR, 1.79; 95% CI, 1.04 to 3.07; P = .035). The
median PFS of patients with homologous recombination
pathway alterations was 6.0 months (95% CI, 2.0 to 9.2
months) compared with 9.3 months (95% CI, 6.9 to 11.4
months) in patients with WT (P = .032; Fig 3A). HRD score,
age, and sex did not associate with a significantly different PFS.

In a three-category comparison estimating PFS, homolo-
gous recombination pathway gene alteration status was
stratified by BRCA and non-BRCA alterations and com-
pared with patients with WT homologous recombination.
Compared with WT, patients with non-BRCA homologous
recombination pathway alterations had a significantly
shorter PFS (HR, 2.61; 95% CI, 1.35 to 5.04; P = .004),
while those with BRCA alterations did not (HR, 1.15;
95% CI, 0.50 to 2.66; P = .741). Median PFS was
9.2 months (95% CI, 1.3 to 26.9 months) in the BRCA-
altered group, 2.7 months (95% CI, 1.6 to 7.4 months)
in the non-BRCA homologous recombination pathway–
altered group, and 9.3 months (95% CI, 6.9 to 11.4
months) in the WT group (P = .012; Fig 3B). These findings
remained consistent when uLMS and stLMS were analyzed
separately: Patients with non-BRCA homologous re-
combination pathway alterations had a significantly shorter
PFS (Data Supplement). The same three-category com-
parison analyzing OS from the date of chemotherapy
initiation again found that the non-BRCA homologous

recombination pathway–altered group had a significantly
shorter survival (Data Supplement).

DDR Gene Status, HRD Score, and OS From Diagnosis

Among patients with localized disease at diagnosis (n =
138), median OS was 75.9 months (95% CI, 39.2 months
to not reached) in the homologous recombination
pathway–altered group and 91.4 months (95% CI, 72.3 to
158.1 months) in the WT group (P = .524). In those with
advanced disease at diagnosis (n = 73), median OS was
16.9 months (95% CI, 10.1 to 45.1 months) in the ho-
mologous recombination pathway–altered group and
43.2 months (95% CI, 32.2 to 64.1 months) in the WT
group (P = .013).

Median OS from the time of diagnosis in the entire cohort
of 211 patients independent of treatment modality was
51.7 months (95% CI, 27.9 to 163.9 months) in the
homologous recombination pathway–altered group and
75.2 months (95% CI, 64.1 to 89.9 months) in the WT
group (P = .188). Upon further stratification by BRCA
status, patients with non-BRCA homologous recombination
pathway alterations had a median OS of 39.2 months
(95% CI, 12.6 to 60.0 months), compared with not reached
(95% CI, 23.6 months to not reached) and 75.2 months
(95% CI, 64.1 to 89.9 months) in patients with BRCA al-
terations and WT, respectively (P = .003; Figs 3C and 3D).
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FIG 1. Altered DNA damage repair (DDR) genes across 211 patients with leiomyosarcoma (LMS) by subtype. DDR genes with no detectable
oncogenic or likely oncogenic alterations in this study population are excluded from this figure.
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On multivariable analysis, larger tumor size (HR, 1.06;
95% CI, 1.02 to 1.09; P = .002), presence of localized
disease at diagnosis (HR, 0.31; 95% CI, 0.20 to 0.48;

P , .001), and non-BRCA homologous recombination
pathway–altered status (HR, 4.91; 95% CI, 2.47 to 9.76;
P , .001) remained significantly associated with OS
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FIG 2. Homologous recombination
deficiency (HRD) score calculated from
targeted genome sequencing mea-
sures genomic scarring. (A) Median
HRD score and interquartile range
(whiskers) by homologous recombination
and DNA damage repair (DDR) gene al-
teration status. Correlation between
(B) HRD score and fraction genome al-
tered (FGA) and (C) tumor mutation bur-
den (TMB). (D) Median HRD score by
TP53 alteration status. NS, not significant;
WT, wild type.

TABLE 2. Univariable Analyses of Progression-Free Survival Among Patients Treated With Standard-of-Care Chemotherapy in the First-Line
Metastatic Setting
Parameter HR 95% CI P

Subtype: uLMS v stLMS 0.907 0.596 to 1.381 .650

Age at presentation (continuous) 1.000 0.979 to 1.022 . .950

Age (cut at median): . 54 v ≤ 54 0.990 0.650 to 1.510 . .950

Sex: Male v female 0.783 0.447 to 1.373 .393

Sex by subtype

Female uLMS v female stLMS 0.759 0.469 to 1.228 .261

Male stLMS v female stLMS 0.649 0.341 to 1.234 .188

DDR gene alteration: yes v no 1.522 0.928 to 2.494 .067

Homologous recombination gene alteration: yes v no 1.788 1.041 to 3.071 .035

Homologous recombination gene alteration by BRCA status

BRCA v WT 1.152 0.498 to 2.664 .741

Non-BRCA v WT 2.606 1.349 to 5.035 .004

HRD score (continuous) 0.985 0.958 to 1.013 .291

HRD score (cut at median): . 25 v ≤ 25 0.800 0.515 to 1.243 .321

Abbreviations: DDR, DNA damage repair; HR, hazard ratio; HRD, homologous recombination deficiency; stLMS, soft tissue leiomyosarcoma;
uLMS, uterine leiomyosarcoma; WT, wild type.
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(Table 3). A detectable non-BRCA homologous re-
combination pathway gene alteration remained signifi-
cantly associated with shorter survival when patients
with uLMS and stLMS were analyzed separately (Data
Supplement).

DISCUSSION

In a large cohort of patients with LMS who underwent
targeted genomic sequencing, one fifth had at least one
known or likely oncogenic alteration in a DDR gene, most
commonly in the homologous recombination pathway.
BRCA2 was the most frequently altered gene and was more
commonly lost in uLMS. Patients with deleterious ho-
mologous recombination pathway gene alterations had
a shorter PFS on frontline chemotherapy, which suggests
that these tumors have a distinct underlying biology that

results in aggressive behavior. Patients with deleterious
alterations in a non-BRCA homologous recombination
pathway gene had consistently poor clinical outcomes,
irrespective of LMS subtype or treatment modality.

We hypothesized that patients with BRCA alterations
would have improved clinical outcomes compared with
those with BRCA WT. The survival of patients with BRCA
loss was longer than those with non-BRCA homologous
recombination alterations or WT, although the difference
was not statistically significant. This may be because
platinum chemotherapy is not generally used in LMS,
and hence, BRCA status may not have affected out-
comes to the current standardly used agents. Alterna-
tively, the biology of BRCA-altered tumors in LMS may
differ from other BRCA-associated cancers with altered
BRCA, especially those that frequently harbor germline
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FIG 3. Clinical outcome after infusion of first-line chemotherapy. Kaplan-Meier curves for (A) progression-free survival (PFS) of patients with ho-
mologous recombination pathway alterations compared with those with wild type (WT). (B) PFS of patients with homologous recombination pathway
alterations compared with those with WT stratified by BRCA status. (C) Overall survival (OS) of patients with homologous recombination pathway
alterations compared with those with WT. (D) OS of patients with homologous recombination pathway alterations compared with those with WT stratified
by BRCA status. HR, hazard ratio.
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mutations in BRCA. Recently published data indicate
that the phenotype of patients with BRCA loss is lineage
dependent.29

Our data consistently demonstrated that patients with non-
BRCA homologous recombination pathway gene alter-
ations had a poor prognosis. Given the small number of
patients with these alterations overall, these findings need
to be replicated in a larger data set. Similar findings were
reported in breast cancer, whereBRCA gene alterations did
not affect survival, but co-occurrence of a mutated DDR
gene, such as RAD51B with BRCA1, increased resistance
to chemotherapy as reflected in a worse relapse-free
survival and OS.30 In ovarian cancer, detection of gene
breakage in tumor suppressor genes, such as RAD51B,
was associated with development of resistance to che-
motherapy.31 Additional study is needed to better un-
derstand why alteration in these genes confers a worse
prognosis.

In our analysis, patients with LMS and an homologous
recombination pathway gene alteration had slightly higher
HRD scores calculated from IMPACT samples compared
with patients with WT. Use of an HRD score as a potential
biomarker of response in LMS is of interest because it could
increase the number of patients, above and beyond those
with BRCA alterations, amenable to targeted treatment
approaches. In support of using HRD score as a biomarker
in this disease is the frequent loss of BRCA2, RAD51B, and

TP53 in LMS, three genes that were found to significantly
contribute to increased HRD scores across the pan-cancer
landscape.17 Although there were indications that our HRD
score successfully measured genomic scars, it did not have
discriminatory capacity in terms of clinical outcome. Be-
cause targeted panels are based on sequencing of limited
genomic regions, this score is likely less sensitive than the
HRD score measured from larger sequencing panels. Use
of validated measures of HRD that incorporate genomic
data from single nucleotide polymorphisms across the
whole genome32 may have more accuracy in identifying
patients with LMS with HRD.

This study has several limitations, first among which is
the retrospective nature of this work. Analyzing a time-
dependent end point such as PFS outside the context of
a clinical trial that uses objective criteria is challenging and
depends on subjective determination of progression by the
treating clinician. In addition, while the IMPACT panel is
a prospective sequencing effort, many samples were ob-
tained in the metastatic setting in patients who were pre-
treated with chemotherapy or radiation. These treatments
may have introduced a selective pressure among tumors
to develop alterations in DDR pathways. Treatment history
notwithstanding, an alteration in a homologous recombination
pathway gene and an elevated HRD score are inherently
limited measures that may not reflect in vivo function of
the homologous recombination pathway.33 In addition,
many patients in this cohort did not provide consent for

TABLE 3. Univariable and Multivariable Analyses of Overall Survival in All Patients From the Time of Diagnosis
Univariable Analysis Multivariable Analysis

Parameter HR 95% CI P HR 95% CI P

Subtype: uLMS v stLMS 0.840 0.565 to 1.249 .389

Age at presentation (continuous) 1.024 1.005 to 1.044 .013

Age (cut at median): . 54 v ≤ 54 1.733 1.158 to 2.593 .008

Sex: male v female 1.651 0.996 to 2.736 .052

Sex by subtype

Female uLMS v female stLMS 1.007 0.630 to 1.609 . .950 0.953 0.575 to 1.581 .853

Male stLMS v female stLMS 1.658 0.914 to 3.008 .096 1.369 0.731 to 2.567 .327

Tumor size at diagnosis (continuous) 1.048 1.014 to 1.083 .005 1.056 1.021 to 1.093 .002

No. of distant anatomic sites at diagnosis (continuous) 1.733 1.408 to 2.133 , .001

Localized disease at diagnosis: yes v no 0.333 0.221 to 0.503 , .001 0.306 0.195 to 0.481 , .001

DDR gene alteration: yes v no 1.182 0.735 to 1.901 .489

Homologous recombination gene alteration: yes v no 1.419 0.840 to 2.398 .190

Homologous recombination gene alteration by BRCA status

BRCA v WT 0.588 0.215 to 1.606 .300 0.445 0.138 to 1.430 .174

Non-BRCA v WT 2.504 1.392 to 4.505 .002 4.913 2.474 to 9.757 , .001

HRD score (continuous) 1.008 0.983 to 1.033 .544

HRD score (cut at median): . 25 v ≤ 25 1.024 0.674 to 1.556 .910

Abbreviations: DDR, DNA damage repair; HR, hazard ratio; HRD, homologous recombination deficiency; stLMS, soft tissue leiomyosarcoma; uLMS,
uterine leiomyosarcoma; WT, wild type.
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germline genetic testing, and thus, their germline DDR
or homologous recombination pathway gene alteration
status were unknown at the time of this analysis.

There has only been one sarcoma-specific clinical trial of
PARP inhibition reported to date: the phase Ib TOMAS trial
of trabectedin plus olaparib in patients with advanced
sarcomas.34 This trial enrolled 15 patients with LMS, both
uterine and nonuterine, five of whom had prolonged clinical
benefit of . 6 months with the treatment combination. It is
challenging to interpret the added benefit of olaparib above
and beyond that of trabectedin, which is a known active
agent in LMS.35 Whether responses between those with
uterine or nonuterine disease differed was not reported.

Future studies are needed to confirm our finding that
homologous recombination pathway gene alterations con-
fer a worse prognosis, particularly non-BRCA alterations,
and to determine the predictive potential of homologous
recombination pathway gene alterations in LMS. Additional
work to incorporate germline genomic sequencing efforts are
warranted, as are studies to explore the molecular mecha-
nism behind those who have better or worse clinical out-
comes. Prospective studies of targeted agents like PARP
inhibitors to exploit homologous recombination pathway
deficiencies are needed to ultimately determine whether
the homologous recombination pathway can serve as a bio-
marker predictive of response.

AFFILIATIONS
1Department of Medicine, Memorial Sloan Kettering Cancer Center, New
York, NY
2Center for Molecular Oncology, Memorial Sloan Kettering Cancer Center,
New York, NY
3Department of Epidemiology and Biostatistics, Memorial Sloan
Kettering Cancer Center, New York, NY
4Department of Medicine, Weill Cornell Medical College, New York, NY
5Department of Pathology, Memorial Sloan Kettering Cancer Center, New
York, NY
6Department of Surgery, Memorial Sloan Kettering Cancer Center, New
York, NY
7Molecular Diagnostics Service, Memorial Sloan Kettering Cancer
Center, New York, NY

CORRESPONDING AUTHOR
Evan Rosenbaum, MD, Department of Medicine, Memorial Sloan
Kettering Cancer Center, 300 E 66th St, 14th Floor, New York, NY
10065; e-mail: rosenbae@mskcc.org.

EQUAL CONTRIBUTION
E.R. and P.J. contributed equally to this work.

PRIOR PRESENTATION
Presented at the American Society of Clinical Oncology 2019 Annual
Meeting, Chicago, IL, May 31-June 4, 2019.

SUPPORT
Supported by grant funds from the Sarcoma Foundation of America
(S.P.D. and W.D.T.). The Memorial Sloan Kettering Cancer Center is
supported in part by National Cancer Institute core grant P30
CA008748.

AUTHOR CONTRIBUTIONS
Conception and design: Evan Rosenbaum, Philip Jonsson, Kenneth
Seier, Li-Xuan Qin, Martee L. Hensley, Sandra P. D’Angelo, William D.
Tap
Provision of study material or patients: All authors
Collection and assembly of data: Evan Rosenbaum, Philip Jonsson,
Ping Chi, Mark Dickson, Mary L. Keohan, Samuel Singer, Marc
Ladanyi, Cristina R. Antonescu, Sandra P. D’Angelo, William
D. Tap
Data analysis and interpretation: Evan Rosenbaum, Philip Jonsson,
Kenneth Seier, Li-Xuan Qin, Ping Chi, Mark Dickson, Mrinal Gounder,
Ciara Kelly, Mary L. Keohan, Benjamin Nacev, Mark T. A. Donoghue,

Sarah Chiang, Marc Ladanyi, Cristina R. Antonescu, Sujana Movva,
Sandra P. D’Angelo, William D. Tap
Manuscript writing: All authors
Final approval of manuscript: All authors
Accountable for all aspects of the work: All authors

AUTHORS’ DISCLOSURES OF POTENTIAL CONFLICTS OF
INTEREST
The following represents disclosure information provided by authors of
this manuscript. All relationships are considered compensated unless
otherwise noted. Relationships are self-held unless noted. I = Immediate
Family Member, Inst = My Institution. Relationships may not relate to the
subject matter of this manuscript. For more information about ASCO’s
conflict of interest policy, please refer to www.asco.org/rwc or ascopubs.
org/po/author-center.
Open Payments is a public database containing information reported by
companies about payments made to US-licensed physicians (Open
Payments).

Li-Xuan Qin
Employment: MedImmune (I), VielaBio (I)
Leadership: VielaBio (I)
Stock and Other Ownership Interests: VielaBio (I)

Ping Chi
Consulting or Advisory Role: Deciphera, Exelixis, Merck (I)
Research Funding: Deciphera (Inst), Array BioPharma (Inst)

Mark Dickson
Consulting or Advisory Role: Celgene
Research Funding: Eli Lilly (Inst), AADi (Inst)

Mrinal Gounder
Honoraria: Bayer AG, Flatiron Health, PER, Medscape, SpringWorks
Therapeutics, Guidepoint Global
Consulting or Advisory Role: Daiichi Sankyo, Karyopharm Therapeutics,
Epizyme, Bayer AG, SpringWorks Therapeutics, Boehringer Ingelheim
Speakers’ Bureau: Amgen
Patents, Royalties, Other Intellectual Property: UpToDate
Travel, Accommodations, Expenses: Epizyme
Other Relationship: Desmoid Tumor Research Foundation
Uncompensated Relationships: Foundation Medicine, Rain Therapeutics,
Boehringer Ingelheim, Athenex
Open Payments Link: https://openpaymentsdata.cms.gov/physician/
459583

Ciara Kelly
Research Funding: AGIOS (Inst), Amgen (Inst), Merck (Inst), Incyte (Inst),
Kartos (Inst), Exicure (Inst)

Rosenbaum et al

1358 © 2020 by American Society of Clinical Oncology

mailto:rosenbae@mskcc.org
http://www.asco.org/rwc
http://ascopubs.org/po/author-center
http://ascopubs.org/po/author-center
https://openpaymentsdata.cms.gov/
https://openpaymentsdata.cms.gov/
https://openpaymentsdata.cms.gov/physician/459583
https://openpaymentsdata.cms.gov/physician/459583


Benjamin Nacev
Uncompensated Relationships: Delfi, Rapafusyn

Marc Ladanyi
Consulting or Advisory Role: Bristol Myers Squibb, Bayer AG
Research Funding: Loxo (Inst), Helsinn Therapeutics, Merus NV (Inst),
Elevation Oncology (Inst)

Martee L. Hensley
Employment: Sanofi (I), Sanofi (I)
Consulting or Advisory Role: Eli Lilly, Janssen Pharmaceuticals, Tesaro,
Research to Practice, GOG Foundation, Merck, GlaxoSmithKline
Research Funding: Bristol Myers Squibb (Inst)
Patents, Royalties, Other Intellectual Property: Up to Date
Travel, Accommodations, Expenses: Eli Lilly

Sujana Movva
Consulting or Advisory Role: Genmab
Research Funding: Novartis (Inst), Takeda Pharmaceuticals (Inst)

Sandra P. D’Angelo
Consulting or Advisory Role: EMD Serono, Amgen, Nektar, Immune
Design, GlaxoSmithKline, Incyte, Merck, Adaptimmune, Immunocore

Research Funding: EMD Serono (Inst), Amgen (Inst), Merck (Inst), Incyte
(Inst), Nektar (Inst), Bristol Myers Squibb (Inst), Deciphera (Inst)
Travel, Accommodations, Expenses: Adaptimmune, EMD Serono, Nektar

William D. Tap
Leadership: Certis Oncology Solutions, Atropos Pharmaceuticals
Stock and Other Ownership Interests: Certis Oncology Solutions, Atropos
Consulting or Advisory Role: EMD Serono, Eli Lilly, Daiichi Sankyo, Eisai,
Blueprint Medicines, Agios, GlaxoSmithKline, NanoCarrier, Deciphera
Research Funding: Novartis, Eli Lilly, Plexxikon, Daiichi Sankyo, TRACON
Pharma, Blueprint Medicines, Immune Design, BioAtla, Deciphera
Patents, Royalties, Other Intellectual Property: Companion diagnostic for
CDK4 inhibitors-14/854,329

No other potential conflicts of interest were reported.

ACKNOWLEDGMENT
We thank the patients and their families for participating in this clinical
research.

REFERENCES
1. Hernando E, Charytonowicz E, Dudas ME, et al: The AKT-mTOR pathway plays a critical role in the development of leiomyosarcomas. Nat Med 13:748-753,

2007

2. George S, Serrano C, Hensley ML, et al: Soft tissue and uterine leiomyosarcoma. J Clin Oncol 36:144-150, 2018

3. Gladdy RA, Qin LX, Moraco N, et al: Predictors of survival and recurrence in primary leiomyosarcoma. Ann Surg Oncol 20:1851-1857, 2013

4. Shoushtari AN, Landa J, Kuk D, et al: Overall survival and response to systemic therapy in metastatic extrauterine leiomyosarcoma. Sarcoma 2016:3547497,
2016

5. Movva S, Wen W, Chen W, et al: Multi-platform profiling of over 2000 sarcomas: Identification of biomarkers and novel therapeutic targets. Oncotarget
6:12234-12247, 2015

6. Cuppens T, Moisse M, Depreeuw J, et al: Integrated genome analysis of uterine leiomyosarcoma to identify novel driver genes and targetable pathways. Int
J Cancer 142:1230-1243, 2018

7. Chudasama P, Mughal SS, Sanders MA, et al: Integrative genomic and transcriptomic analysis of leiomyosarcoma. Nat Commun 9:144, 2018

8. Seligson ND, Kautto EA, Passen EN, et al: BRCA1/2 functional loss defines a targetable subset in leiomyosarcoma. Oncologist 24:973-979, 2019

9. Robson M, Im SA, Senkus E, et al: Olaparib for metastatic breast cancer in patients with a germline BRCA mutation. N Engl J Med 377:523-533, 2017

10. Golan T, Hammel P, Reni M, et al: Maintenance olaparib for germline BRCA-mutated metastatic pancreatic cancer. N Engl J Med 381:317-327, 2019

11. Mirza MR, Monk BJ, Herrstedt J, et al: Niraparib maintenance therapy in platinum-sensitive, recurrent ovarian cancer. N Engl J Med 375:2154-2164, 2016

12. Mateo J, Carreira S, Sandhu S, et al: DNA-repair defects and olaparib in metastatic prostate cancer. N Engl J Med 373:1697-1708, 2015

13. Telli ML, Timms KM, Reid J, et al: Homologous recombination deficiency (HRD) score predicts response to platinum-containing neoadjuvant chemotherapy in
patients with triple-negative breast cancer. Clin Cancer Res 22:3764-3773, 2016

14. Birkbak NJ, Wang ZC, Kim JY, et al: Telomeric allelic imbalance indicates defective DNA repair and sensitivity to DNA-damaging agents. Cancer Discov
2:366-375, 2012
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