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Simple Summary: Leiomyosarcoma is a subtype of soft tissue sarcoma with poor outcomes and
response to currently available treatments. The goal of this review is to assess the current landscape
of targeted therapies and explore how our current understanding of the biology of leiomyosarcoma
may inform the development of new targeted therapies to improve the treatment of leiomyosarcoma.

Abstract: Leiomyosarcoma (LMS) is an aggressive subtype of soft tissue sarcoma that arises from
smooth muscle cells, most commonly in the uterus and retroperitoneum. LMS is a heterogeneous
disease with diverse clinical and molecular characteristics that have yet to be fully understood.
Molecular profiling has uncovered possible targets amenable to treatment, though this has yet to
translate into approved targeted therapies in LMS. This review will explore historic and recent
findings from molecular profiling, highlight promising avenues of current investigation, and suggest
possible future strategies to move toward the goal of molecularly matched treatment of LMS. We focus
on targeting the DNA damage response, the macrophage-rich micro-environment, the PI3K/mTOR
pathway, epigenetic regulators, and telomere biology.

Keywords: leiomyosarcoma; genomics; transcriptomics; immunotherapy; precision oncology;
targeted therapy

1. Introduction

Leiomyosarcoma (LMS) is an aggressive form of soft tissue sarcoma derived from
smooth muscle cells. Most commonly arising in the uterus (ULMS) and retroperitoneum
(often from large blood vessels such as the inferior vena cava), LMS can also be seen in
the extremities and in skin. Non-uterine LMS will be hereafter referred to as soft tissue
LMS (STLMS) and will exclude cutaneous LMS [1]. LMS represents 10–20% of all soft
tissue sarcomas and is characterized by high risk of distant recurrence, with rates of distant
metastasis at 10 years ranging from 31 to 71% depending on the site of origin [2–5]. The
five-year survival rate is 42% for all stages combined. Its rarity and heterogeneity have
contributed to our limited understanding of LMS biology, and ongoing work seeks to better
understand the molecular underpinnings of this disease, identify therapeutic targets, and
improve patient outcomes.

Surgery is the mainstay of treatment for localized LMS, with the addition of radia-
tion and chemotherapy depending on the clinical characteristics and associated local and
distant recurrence risks [6]. Treatment of recurrent or metastatic LMS typically involves
cytotoxic chemotherapy. The LMS-04 trial demonstrated the efficacy of doxorubicin plus
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trabectedin over doxorubicin alone with a response rate of 36% compared to 13%, respec-
tively, and a disease control rate (response or stable disease) of 91.9% versus 78.9% [7].
This represents the most efficacious chemotherapy regimen prospectively validated to
date for LMS and the first trial to demonstrate an overall survival (OS) benefit with an
anthracycline-based chemotherapy combination in the first line setting for advanced LMS.
Alternative treatments include other doxorubicin-based doublet regimens (doxorubicin
plus ifosfamide, doxorubicin plus dacarbazine) [8] with response rates of around 30% but
with no prospective randomized control data showing an OS benefit, and gemcitabine plus
docetaxel with response rates of about 20% [9,10], or single agent chemotherapies (e.g.,
doxorubicin, gemcitabine, docetaxel) with response rates of about 10% [11,12]. Therefore,
there is great unmet clinical need to develop better treatments for LMS.

2. Genomic Landscape of Leiomyosarcoma

Sarcomas can be divided into two main categories based on their genomic features:
(1) translocation- or fusion-driven and (2) complex karyotypes. Based on a number of
studies assessing the genomic landscape, LMS falls under the latter category of complex
karyotypes [13–15]. Several studies have assessed the genomic landscape of LMS. The
studies with next-generation sequencing data are summarized in Table 1. In general, the
LMS genome lacks targetable alterations with the currently available therapeutics.
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Table 1. Summary of genomic studies in leiomyosarcoma.

Ref. Modality Total n STLMS ULMS Major Findings TP53 RB1 ATRX CDKN2A CDKN2B PTEN Other

[16] WES 80 53 27 Predominantly chromosomal or
arm-level deletions.

Mutation,
50%;
deep

deletion,
9%

Deep
deletion,

14%

Deep
deletion,

14%

Deep
deletion,

13%

[17]
Targeted
exome

(230 genes)
35 35 0

Losses of chromosomal regions involving
key tumor suppressor genes PTEN (10q),

RB1 (13q), CDH1 (16q), and TP53 (17p) were
the most frequent genetic events. Gains
mainly involved chromosome regions

17p11.2 (MYOCD) and 15q25-26 (IGF1R).

Mutation,
37%;

deletion,
43%

Mutation,
8.5%;

deletion,
54%

Deletion,
60%

CDH1
deletion,

46%

[18]
Targeted
exome

(47 genes)
751 350 401

TP53 mutations in 42.2% of STLMS and
40.5% of ULMS, BRCA2 mutations in 11% of

STLMS and 21.7% of ULMS. PTEN
mutations in 6.3% of STLMS and 0%

of ULMS.

Mutation,
41.7%

Mutation,
5.3%

Mutation,
4.4%

BRCA2
mutation,

17.1%

[19]
SNP arrays,
RNA seq,

WGS on subset
84 0 84

Alterations affecting TP53, RB1, PTEN,
MED12, YWHAE and VIPR2 were present in

the majority of ULMS. Enrichment in
PI3K/AKT/mTOR, estrogen-mediated

S phase entry, and DNA damage response
signaling pathways.

Altered in
92%;

mutation,
41.7%;

deletion,
33%

88% 75%

Mutations in
MED12, 12.5%;
EIF3A, 16.7%;
ABL1, 12.5%,
IGF2R, 12.5%;

ATR, 8.3%;
RAD50, 8.3%.
BRCA1, 8.3%.

[20] WES 49 39 10

Notable mutational heterogeneity,
near-universal loss of TP53 and RB1,

widespread DNA copy number alterations
with evidence of chromothripsis, and
frequent whole-genome duplication.

49% 27% 24% 57%

[21] WES 19 0 19 TP53, MED12, and ATRX mutations
were prevalent. 33% 26% MED12, 21%

[22]
Targeted
exome

(151 genes)
25 16 9

CNVs were identified in 85% of cases. Most
frequent losses in chromosomes 10 and 13
including PTEN and RB1. Most frequent

gains in chromosomes 7 and 17.

36% 12% 16% ATM, 16%;
EGFR, 12%
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Table 1. Cont.

Ref. Modality Total n STLMS ULMS Major Findings TP53 RB1 ATRX CDKN2A CDKN2B PTEN Other

[23]
Targeted
exome

(341–468 genes)
80 0 80

Compared to ESS, STUMP. PTEN alteration
frequency was higher in the metastases
samples as compared with the primary
samples. Genomes of low-grade tumors

were largely silent, while 50.5% of
high-grade tumors had

whole-genome duplication.

56% 51% 31%

[24] WGS 53 samples
(34 patients) 23 11

Mutational signatures highlight importance
of DNA damage repair and homologous

recombination deficiency. Dystrophin
deletion associated with worse outcome.
Whole-genome doubling was prevalent.
Analysis of matched primary-metastatic

samples suggested divergence 10–30 years
prior to diagnosis.

Mutation,
82.3%;

deletion,
14.7%

Mutation,
11.8%;

deletion,
8.8%

Deletion,
8.8%

WES, whole exome sequencing. WGS, whole genome sequencing. SNP, small nucleotide polymorphism.
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Initial genomic studies involved array comparative genomic hybridization (aCGH)
analyses to identify copy number variants (CNVs). These aCGH studies identified recurrent
losses in 10q, 11q, 13q, and 2p and gains in Xp, 5p, 8q, and 17p [25–29]. A loss of 10q
and a gain of 5p were associated with higher grade, larger tumor size, and higher rates
of metastasis [25]. Chromosomes 10q and 13q encompass PTEN and RB1, respectively,
suggesting an important role for these pathways in LMS biology [15].

The advent of next-generation sequencing significantly advanced our understanding
of the LMS genome. The Cancer Genome Atlas (TCGA) initiative performed a multi-
omic analysis of 206 sarcomas including 80 LMS (53 STLMS and 27 ULMS) [16]. Overall,
sarcomas showed a lower total mutational burden (TMB) compared to other cancer types.
Further, sarcomas showed more CNVs than most cancer types, though LMS generally
had less CNVs than other complex-karyotype sarcomas. Recurrent mutations in LMS
were seen in TP53, ATRX, and RB1 [16]. Additionally, MYOCD amplification, PTEN
deletion/mutation, and activation of AKT/mTOR pathways were enriched compared to
other sarcoma subtypes. This analysis also highlighted the genomic differences between
STLMS and ULMS, which have distinct clinical behaviors [30]. Although STLMS and
ULMS are similar with respect to CNVs, they differ significantly in methylation profiles
and mRNA expression signatures. ULMS was associated with a DNA damage response
(DDR) signature, while STLMS showed a HIF-1α signature.

Additional sequencing studies have also confirmed recurrent alterations in TP53, RB1,
and ATRX in LMS [17,20,22]. Biallelic disruption of TP53 and RB1 occur in 92% and 94%
of LMS cases as a consequence of any of a number of observed genomic alterations [20],
suggesting that loss of TP53 and RB1 is essentially universal in both STLMS and ULMS.
MED12 mutations also occur at high frequency but only in ULMS [21,22]. CNV analysis from
these studies have also validated some of the initial findings from aCGH studies, showing
recurrent losses of chromosomal regions involving key tumor suppressor genes such as PTEN
(10q), RB1 (13q), CDH1 (16q), and TP53 (17p), while the most frequent copy number gains
involved chromosome regions 17p11.2 (MYOCD) and 15q25-26 (IGF1R) [20,22].

Genomic studies have shown evidence of chromothripsis, a massive rearrangement
of the genome that occurs during a single catastrophic event [31], in 35% of LMS [20].
Therefore, a subset of the complex genomes observed in LMS may be attributable to
chromothripsis. Further, whole-genome duplication resulting in polyploidy occurs in 55.1%
of LMS [20]. Interestingly, data from paired primary tumor and metastasis samples show
whole-genome doubling in the metastases but not the primary tumor, suggesting that
genome doubling may contribute to progression and metastasis [20]. Only mutant TP53
and RB1 were detected in the metastatic tetraploid samples, suggesting that loss of TP53
and RB1 wild-type allele in the primary tumor may be a precursor event to metastatic
development [20]. Concordantly, tetraploidy was shown to induce a TP53-dependent cell
cycle arrest; therefore, loss of TP53 is likely required for proliferation of tetraploid cells [32].
Furthermore, tetraploidy is likely an intermediate phenotype that is permissive of losses
of whole chromosomes, leading to evolution of the cancer genome, including losses of
chromosomes with critical tumor suppressors and gain of chromosomes with oncogenes,
and potentiating progression [33,34].

Recent large scale clinical targeted next-generation sequencing testing from Founda-
tion One (1493 LMS cases) [35], Caris (751 LMS cases) [18], and Memorial Sloan Kettering
IMPACT (290 LMS cases) [36], have largely found similar genomic alterations. TP53 path-
way alterations were seen in 42–64% STLMS and 41–68% of ULMS [18,36]. The incidence
of TP53 pathway alterations is lower in these targeted gene panels than was reported in
some of the aforementioned studies, perhaps due to lower sensitivity with targeted gene
panels. The PI3K pathway was altered in 20% of STLMS and 30% of ULMS, and PTEN
loss was the most common pathway alteration [36]. Additionally, gene alterations in the
DDR pathway were seen in 10% of STLMS and 24% of ULMS, the epigenetic pathway in
27% of STLMS and 49% of ULMS, and cell cycle in 48% of STLMS and 60% of ULMS [36].
Actionable fusions were seen in 1.9% of LMS; most of these were TNS1–ALK fusions [35],
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which are predicted to be sensitive to currently available ALK inhibitors such as alectinib
and brigatinib.

Data from our analysis of the AACR GENIE database are largely consistent with the
above findings. This dataset includes 723 STLMS and 374 ULMS. The most commonly
mutated gene in both STLMS and ULMS was TP53, with mutations in 49.5% and 53.7%,
respectively (Figure 1A). ATRX mutations were more prevalent in ULMS than STLMS. RB1
mutations were also prevalent in both STLMS and ULMS. The most common CNV was
RB1 deletion, which was more prevalent in ULMS (39.8% versus 24.8% in STLMS; Fig-
ure 1B). Overall, TMB was low (Figure 1C; median 2.56 mutations/megabase). High TMB
(>10 mutations/megabase) was seen in 9.7% of STLMS and 6.5% of ULMS compared to
5.6% in all sarcomas in the GENIE database (Figure 1C). Taking all these alterations together
and assessing for clinical actionability using OncoKB, a precision oncology knowledge
base that reports recommendations of different levels of strength based on the evidence
reported in the literature, we find that 32.6% of STLMS and 43.6% of ULMS have potentially
actionable alterations (Figure 1D).
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Figure 1. Clinically actionable alterations in leiomyosarcoma from the GENIE database. AACR GENIE
data (version 14.1) were queried using cBioPortal [37,38]. For STLMS, 723 tumor specimens from
699 patients. For ULMS, 374 tumor specimens from 359 patients. Genes were only included if they were
profiled in at least 10% of tumors. Genes are displayed on the graph if they were altered in at least 5%.
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(A) Most commonly mutated genes. (B) Most common copy number alterations. (C) Tumor muta-
tional burden, divided by low (<2 mutations per megabase), medium (2–16), or high (>16). (D) Percent
with clinically actionable alterations by OncoKB level. A Level 1 alteration is an FDA-recognized
biomarker predictive of response to an FDA-approved drug. A Level 2 alteration is a biomarker
recommended by the National Comprehensive Cancer Network (NCCN) or other professional orga-
nizations that predict response to an FDA-approved drug. A Level 3A alteration describes compelling
clinical evidence to support that the alteration predicts response to a drug. A Level 3B alteration
describes an alteration for which there is an FDA-approved or investigational drug for another
indication (usually a different tumor type). A Level 4 alteration has compelling biological evidence
that it predicts response to a drug. Throughout the figure, bars represent percentages plus standard
error of proportion.

3. Transcriptomic Profiling Has Revealed Distinct Molecular Subtypes of Leiomyosarcoma

The transcriptomic landscape was also assessed in several studies (summarized in
Table 2), and multiple studies have independently identified three distinct molecular sub-
groups of LMS from these data. One of the first studies profiled 40 LMS cases, finding that
11 of these clustered together and noted enrichment in muscle-associated genes, while the
remaining 29 were more heterogeneous [39]. A subsequent study identified three molecular
subgroups after performing gene expression analysis of 51 LMS tumors using microar-
rays [40]. Group I consisted mostly of STLMS and was defined by muscle-associated gene
enrichment and more CNV, including losses of 1p36.32 and 16q24. Group II was also
composed mostly of STLMS and was defined by enrichment in genes related to protein
metabolism and regulation of cell proliferation. Group III comprised approximately equal
numbers of STLMS and ULMS and was enriched in genes related to organ and system
development, metal binding, extracellular proteins, wound response, and ribosomal pro-
teins. The majority of these samples were treatment-naïve (e.g., no exposure to neoadjuvant
radiation or chemotherapy), and there were no differences in the distribution of previously
treated tumors between groups. There was also no difference in patient age or tumor grade
between the subtypes. Group I was reproduced using gene expression data from another
LMS gene expression profiling study, though Groups II and III could not be reproduced [41].
This same group later validated their findings using a larger cohort of 99 LMS cases from
different institutions and profiling by 3′ end RNA sequencing [42]. This analysis again
identified three subtypes. They identified a panel of immunohistochemistry (IHC)-based
markers, including ACTG2, SLMAP, LMOD1, CFL2, MYLK, and ARL4C, to distinguish
the three subtypes and subsequently correlated these with clinical outcomes in a separate
cohort using a clinically annotated tissue microarray [42]. This showed that Subtype I was
associated with better disease-specific survival (DSS), Subtype II was associated with worse
DSS, and Subtype III was associated with intermediate outcomes [42].

The next study assessed 49 LMS tumors using RNA sequencing and again identified
three LMS subgroups [20]. Subgroup 1 was defined by expression of LMOD1 and smooth
muscle markers, greater differentiation, and enrichment in platelet degranulation, complement
activation, and metabolism gene signatures. Subgroup 2 was defined by ARL4C expression,
dedifferentiation, and enrichment in muscle development and function and regulation of
membrane potential. Subgroup 3 was mostly ULMS and was defined by myofibril assembly,
muscle filament action, and cell–cell signaling gene signatures. Subgroups 2 and 3 in this study
were similar to the previously identified Subtypes II and I, respectively, from the previous
study [42], based on the elevated expression of ARL4C or CASQ2 and LMOD1, respectively.

Next, the TCGA initiative analyzed bulk RNA sequencing and also identified the follow-
ing three molecular subtypes of LMS with distinct transcriptomic profiles and clinicopatho-
logical characteristics: (1) uterine subtype associated with poor prognosis; (2) soft tissue C1,
characterized by 17p11.2 deletion and DNA hypermethylation, and associated with poor
prognosis; and (3) soft tissue C2 characterized by an inflammation gene expression signature
and lower levels of DNA methylation, and associated with better prognosis [16].
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Table 2. Summary of transcriptomic studies in leiomyosarcoma.

Ref. Total n (LMS) STLMS ULMS Modality Major Findings

[16] 80 53 27 Bulk RNA sequencing

Identified three subgroups: ULMS group with poor prognosis and two STLMS clusters
(C1, C2). C1 with hypermethylation, higher expression of IGF1R and cell cycle control genes,
DNA replication, DNA repair, RB1 mutations, PTEN deletion. C2 with more inflammatory

cells (NK and mast).

[20] 49 39 10 Bulk RNA sequencing

Identified three subgroups. Subgroup 1 with platelet degranulation, complement activation,
and metabolism signatures. Subgroup 2 with muscle development and regulation of

membrane potential signatures. Subgroup 3 with myofibril assembly, muscle filament function,
and cell–cell signaling signatures.

[40] 51 35 16 Microarray
Identified three subgroups. Subgroup 1 with muscle contraction and actin cytoskeleton genes.

Subgroup 2 with protein metabolism, cell proliferation, and organ development genes.
Subgroup 3 with CSF1 response genes.

[42] 99 50 49 Bulk RNA sequencing
Identified three subtypes. Validated their findings from Beck et al. study using new cohort

(n = 99) and TCGA data (n = 82). Identified IHC-compatible assays for different
STLMS subtypes.

[19] 24 0 24 Bulk RNA sequencing Enrichment in PI3K/AKT/mTOR, estrogen-mediated S phase entry, and DNA damage
response signaling pathways.

[39] 40 Microarray Identified a muscle gene-enriched group of 11. Remaining 29 were heterogeneous.

[41] 17 Microarray
No difference among anatomic site, tumor grade, or metastatic lesions. ULMS enriched for

site-specific genes such as regulators of urogenital differentiation, development, and growth
(ESR1, HOXA10, PBX1, and FAT) compared to STLMS.

[24]
113 (130 samples,

51 newly sequenced,
79 from TCGA)

23 11 Bulk RNA sequencing

Identified three subtypes. Subtype 1 contained LMS from different anatomic sites, harbored
higher TMB, and was associated with worse OS and DSS. Subtype 2 was mostly abdominal
and was associated with better OS and DSS compared to the other subtypes. Subtype 3 was

mostly uterine, harbored higher TMB, and was associated with worse OS and DSS. Matching
primary-metastatic samples allowed for assessing tumor evolution; metastases

maintained subtype.
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Lastly, a study from the Toronto group performed bulk RNA sequencing of 51 LMS
tumors and integrated it with 79 transcriptomes from TCGA [24]. This analysis also
identified three distinct subtypes. Subtype 1 contained LMS from different anatomic sites,
harbored higher TMB, and was associated with worse OS and DSS. Subtype 2 was mostly
abdominal and was associated with better OS and DSS compared to the other subtypes.
Subtype 3 was mostly uterine, harbored higher TMB, and was associated with worse OS
and DSS [24].

Currently, integration of these molecular subtypes into widespread clinical practice
has not been realized. One challenge has been identifying the best markers to use to ascribe
tumors to a LMS subtype. While each of the aforementioned studies describe three different
LMS molecular subtypes, the genes defining these subtypes do not fully overlap across
the studies. These differences will need to be reconciled for the field to move forward
and be able to meaningfully utilize these subtypes in clinical practice. One such exciting
potential application of LMS molecular subtypes is in the selection and stratification of
patients for clinical trials. Currently, patients with LMS are generally enrolled together on
the same trials, regardless of anatomic site or genomic differences, although this may not
be appropriate if the biology and clinical outcomes differ between the different subtypes.
It will be interesting to see how future clinical trials integrate these molecular subtypes
prospectively to develop more personalized therapies for different LMS subtypes.

4. Approved Targeted Therapies for Leiomyosarcoma

There are no FDA-approved targeted therapies specifically for LMS. Pazopanib, a
tyrosine kinase inhibitor with high affinity for VEGFR, PDGFR, KIT, and FGFR [43], is
FDA-approved for advanced soft tissue sarcomas, including LMS, that have received
prior chemotherapy. This is based on the results of the PALETTE trial, which showed
that pazopanib significantly prolonged median progression-free survival (PFS, 4.6 vs.
1.6 months for placebo), and a clinical benefit was seen in 73% (6% partial response and 67%
stable disease) with pazopanib versus 38% (stable disease only) with placebo [44]. Specific
to ULMS, pazopanib showed a median PFS of 3.0 months, OS of 17.5 months, and objective
response rate (ORR) of 11% [45]. Other than pazopanib, the only approved targeted
therapies for LMS are those with tissue-agnostic approvals. These include pembrolizumab
and dostarlimab for microsatellite instability-high or TMB-high tumors [46,47], BRAF/MEK
inhibitors dabrafenib plus trametinib for BRAF V600E mutant tumors, the RET inhibitor
selpercatinib for cancers with RET fusions [48], and NTRK tyrosine kinase inhibitors (TKIs)
such as entrectinib and larotrectinib for NTRK fusions [49]. However, as described above,
these alterations are rarely seen in LMS. Based on data in the GENIE database, 9.7% of
STLMS and 6.5% of ULMS have high TMB (Figure 1). Regarding other OncoKB level
1 alterations (FDA-recognized biomarker predictive of response to an FDA-approved drug),
there was only one ULMS case of BRAF V600E, one ULMS case with RET fusion, and one
ULMS case with NTRK fusion (Supplementary Table S1). Regarding level 2 alterations
(standard of care biomarker recommended by NCCN predictive of response to an FDA-
approved drug), the most common was the BRCA2 mutation, seen in seven cases of ULMS.

Hormone therapy targeting the estrogen and progesterone receptors (ER and PR) was
also utilized to treat LMS, particularly ULMS [50–52]. These were based on findings that
25–60% and 35–65% of ULMS express ER and PR, respectively [53–57]. Higher ER and
PR expression were associated with better survival [58]. A single-arm phase 2 trial of the
aromatase inhibitor letrozole treated 27 patients with advanced ULMS and demonstrated
a 12-week PFS of 50%. The best response was the stable disease in 54%, and the median
duration of treatment was 2.2 months [59]. However, most other evidence comes from ret-
rospective analyses or case reports [58]. For example, a retrospective study of 16 metastatic
ER-positive ULMS patients treated with aromatase inhibitors found clinical benefit (com-
plete response, partial response, or stable disease for at least 6 months) in 10 patients, and
the benefit was greater in low grade compared to high grade (mPFS 20 months versus
11 months) [50]. However, in general, the success of these hormone therapies has been
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limited, the quality of data supporting them is low, and these agents are falling out of favor,
particularly at sarcoma centers. Nevertheless, there may be some role for these treatments
in low-grade ULMS, as a retrospective study of 27 patients demonstrated a 52% partial
response and 37% with a stable disease, and mPFS was not reached [60].

5. Pharmacogenomic Biomarkers in Leiomyosarcoma

As mentioned, the treatment of recurrent or metastatic LMS typically involves cytotoxic
chemotherapy. However, there are no existing biomarkers readily available in clinical practice
that predict the response to chemotherapy in LMS. Given the modest response rates with com-
bination chemotherapy (20–30%) relative to the toxicity (for example grade 3–4 neutropenia
of 43% with doxorubicin plus ifosfamide) [8], it would be ideal to have a predictive biomarker
to avoid unnecessary toxicity in patients unlikely to benefit from chemotherapy.

Patient differences in the pharmacologic response to chemotherapy is a common
cause of patient morbidity. Pharmacogenomic biomarkers are typically genetic variants
in metabolism enzymes, membrane transporters, or drug targets and can predict drug
response. Some of these biomarkers exist for LMS. For example, increased expression of
the nucleoside transporter ENT1 was associated with an increased response to gemcitabine
in LMS [61]. Further, low gene expression of BRCA1 and increased gene expression of XPG
were associated with a better response to trabectedin in advanced sarcomas, and this cohort
of 245 patients included 17.5% with STLMS and 7.5% with ULMS [62]. Additional work
is needed to identify and implement pharmacogenomic biomarkers into current clinical
practice in LMS, as well as undertake these types of biomarker analyses in future drug
development studies.

6. The DNA Damage Response in Leiomyosarcoma

The DDR is a complex coordinated network of pathways designed to repair diverse
insults to our DNA. DNA damage is critical for mutagenesis, which drives the development
of most cancers. These pathways have been exploited to treat many cancers. Homologous
recombination (HR) is one type of DDR, which repairs double-strand DNA breaks. It is so
named because it uses a homologous DNA segment as a template for DNA repair, thereby
allowing for faithful repair of double-strand DNA breaks. The BRCA1 and BRCA2 genes
are integral for HR, and BRCA1/2 mutations are associated with increased double-strand
breaks [63]. Individuals with germline mutations in BRCA1/2 are predisposed to develop-
ing multiple different types of cancer, namely breast, ovarian, and prostate [64]. Alterations
in HR have significant therapeutic relevance. Notably, synthetic lethality was demon-
strated with BRCA1/2 alterations in ovarian cancer and inhibition of poly (ADP-ribose)
polymerase 1 (PARP1; Figure 2) [65–67]. PARP1 is involved in repairing single-strand break
repairs, and the initial mechanism of synthetic lethality between PARP1 inhibitors and HR
deficiency was thought to be that PARP1 inhibition resulted in more single-strand breaks
that led to replication-associated double-strand breaks, though in vitro evidence for this
is lacking. The true mechanism likely involves PARP1 accumulating at stalled replication
forks and becoming hyperactivated in HR-deficient cells [68]. This finding of synthetic
lethality has led to the use of PARP inhibitors such as olaparib, rucaparib, niraparib, and
talazoparib in the treatment of tumors with alterations in BRCA1/2 mutations and other
HR pathway genes (Figure 2). Further, HR mutations were associated with increased
platinum sensitivity in other malignancies such as pancreatic and urothelial cancers [69,70].
In LMS, BRCA1/2 alterations are seen more often in ULMS, with reported incidences of
10–22% of ULMS versus 1–11% of STLMS [18,71]. Furthermore, data from IMPACT tumor
profiling showed that 20% of LMS have an oncogenic DDR gene alteration, including 25%
of ULMS and 14% of STLMS, and 18% of ULMS and 10% of STLMS harbored an alteration
specifically in an HR gene [72]. The most frequently altered DDR genes were BRCA2
(7%), RAD51B (4%), and ERCC5 (2%). These patients with HR-deficient tumors, especially
non-BRCA1/2 mutant tumors, had worse outcomes compared to patients without DDR
gene alterations [72]. A different study found higher rates of deleterious mutations in HR
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components, including BRCA2 (53%), ATM (22%), CHEK1 (22%), XRCC3 (18%), CHEK2
(12%), BRCA1 (10%), and RAD51 (10%) [20]. In another cohort of 58 ULMS assessed by
whole-exome or whole-genome sequencing for HR deficiency, five (8.6%) had HR defi-
ciency, and all five were treated with PARP inhibitors [73]. Two of three patients with
mature clinical follow up achieved a complete response or durable partial response with the
subsequent addition of platinum to PARP inhibitor upon minor progression after an initial
PR on PARP inhibitor. Another study reported BRCA1 mutations in 0 of the 41 LMS cases
analyzed, BRCA2 mutations in 11.1% of STLMS, and 23% of ULMS [18]. Lastly, data from
the GENIE dataset identified BRCA2 mutations in 2.2% of LMS (Supplementary Table S1);
no other actionable alterations in HR genes were seen in this cohort.
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Figure 2. Homologous recombination deficiency sensitizes to PARP inhibition. Homologous recombi-
nation (HR) deficiency can result from loss of HR genes such as BRCA1 and BRCA2, which creates
synthetic lethality with PARP inhibition. This may be a strategy that can be implemented to treat
LMS with HR deficiency. Created with BioRender.com (accessed on 2 February 2024).

ATM is a kinase that is also involved in repairing double-strand breaks by the phosphory-
lation of several substrates including BRCA, CHEK1, CHEK2, and TP53. ATM alterations were
reported in 16% of LMS [22], and loss of ATM expression by immunohistochemistry (IHC) was
reported in 55% of LMS cases [73]. Another study reported ATM mutations in 3.9% of STLMS
and 2.4% of ULMS [18]. In the GENIE database, 1.4% of STLMS and 2.1% of ULMS have
pathogenic and potentially actionable ATM mutations (Supplementary Table S1). Preclinical
studies have shown that DDR alterations, such as ATM loss-of-function, can sensitize tumors
to inhibitors of ATR, another kinase involved in DDR, primarily of single-stranded break
repair [74]. Current clinical trials are underway with ATR inhibitors in biomarker-selected
patients; however, this has not yet been explored in LMS.

Mismatch repair (MMR) is a type of DDR that targets base–base mismatches and
insertion/deletion loops [75]. Cells deficient in mismatch repair are unable to fix these
mismatches and acquire spontaneous mutations at a much higher rate. Germline alter-
ations in mismatch repair genes (MLH1, MSH2, MSH6, and PMS2) cause Lynch syndrome.
Generally sarcomas are not associated with Lynch syndrome, though there have been few
cases of Lynch-associated LMS in the literature [76]. In one study looking at mismatch
repair deficiency (dMMR) or microsatellite instability (MSI), only 1 of 25 ULMS and 0 of
40 STLMS exhibited dMMR or MSI [77].

There were clinical trials that have attempted to exploit vulnerabilities in DDR in
LMS. The phase 1 TOMAS trial investigated trabectedin plus the PARP inhibitor olaparib
in advanced sarcomas. Of the 15 patients with LMS in this trial, five patients had pro-
longed clinical benefit of over 5 months [78]. The TOMAS2 trial further investigated this
combination versus trabectedin alone in advanced sarcomas, and 29 patients with LMS
(15 STLMS, 14 ULMS) were enrolled [79]. The mPFS was 3.9 vs. 2.9 months, though not
statistically significantly different, 20% treated with the combination were treated for over
a year. Another example is the NCI protocol 10250, a recent phase 2 trial of olaparib in
combination with temozolomide in advanced ULMS, which enrolled 22 pre-treated patients
and showed an ORR of 27% and mPFS of 6.9 months [80]. The benefit appeared to be
greater for patients with tumors harboring deleterious HR gene alterations.
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Preclinical data and early-phase clinical trials suggested that PARP inhibitors have
synergistic activity when administered in combination immunotherapy [81]. This was
tested in the JAVELIN PARP phase II trial combining avelumab with talazoparib, which
showed higher response rates in BRCA-altered than non-BRCA-altered tumors, though no
sarcomas were included in this trial [82]. Specific to sarcoma, the DAPPER trial assessed the
anti-PDL1 antibody durvalumab in combination with either olaparib or cediranib (VEGF
TKI), with 25 patients in the LMS cohort [83]. No responses were seen, though seven (30.4%
of evaluable patients) had stable disease, and mPFS was 9 and 4 months for the olaparib
and the cediranib groups, respectively. It will be interesting to assess novel DDR pathway
inhibitors in LMS, both alone and in rational combinations, such as with immunotherapy.

7. The PI3K/PTEN/AKT/mTOR Signaling Pathway

The PI3K pathway is one of the most significantly and frequently disordered pathways
in cancer. The PI3K/PTEN/AKT/mTOR pathway is a complicated cascade of phospho-
rylation and dephosphorylation by kinases and phosphatases. Activation of the pathway
starts with engaging a cell surface receptor, such as extracellular growth factor binding a
receptor tyrosine kinase (Figure 3A). Pathway activation can also result from mutations in
the receptor or any downstream signaling components. PI3K is a family of lipid kinases
that phosphorylate the phospholipids. Upon activation and autophosphorylation of a
receptor tyrosine kinase on the cell membrane, PI3K is recruited to the membrane and
binds the phosphotyrosine residue on the growth factor receptor. This results in allosteric
activation of PI3K, resulting in phosphorylation of nearby phospholipid and catalyzes
PIP2 to PIP3. This recruits and activates AKT, which phosphorylates a myriad of targets
involved in metabolism, cell cycle regulation, and inhibition of apoptosis [84]. PTEN is
a phosphatase that negatively regulates the pathway by dephosphorylation of PIP3, the
PI3K target (Figure 3A). PTEN was shown to act as a tumor suppressor in many different
contexts and inhibits cell growth and increases sensitivity to apoptosis [85]. The mTOR
complex 1 (mTORC1) regulates the assembly of the eukaryotic initiation factor 4F com-
plex (eIF4F), which drives translation of mRNAs that are important for cell proliferation.
mTORC1 is a target of rapamycin and serine/threonine kinase that is ubiquitously ex-
pressed in human cells. It plays an important role in transducing the signaling at the
membrane to downstream targets, resulting in enhanced metabolism, autophagy, invasion,
and metastasis [86].
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cell proliferation. A possible combination to treat LMS is with dual PI3K/mTOR and ERK pathway
inhibitors. Created with BioRender.com (accessed on 2 January 2024).
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As previously mentioned, genomic profiling studies in LMS have demonstrated recur-
rent losses of chromosome 10 region encompassing PTEN [87,88]. Data from the GENIE
dataset identified PTEN alterations in 10% of STLMS and 16% of ULMS, and most of these
alterations are deletions (Supplementary Table S1). Other studies have also shown PTEN
alterations in 4.4–75% of LMS, depending on the type of alteration and analysis [16–19,89].
Furthermore, activation of the PI3K/AKT/mTOR pathway was shown in LMS samples
by elevated levels of phosphorylated AKT, and deletion of Pten in smooth muscle lineage
induces smooth muscle cell hyperplasia and LMS in mice [90].

PI3K/AKT/mTOR pathway activity was extensively reported as a driver of therapy
resistance in multiple cancers and different treatment contexts [65]. PTEN loss was as-
sociated with resistance to TKIs in gastrointestinal stromal tumors [91]. PTEN loss was
associated with increases in expression of immunosuppressive cytokines and resistance to
immunotherapy, including in ULMS [92]. Treatment with a selective inhibitor of PI3Kβ,
a PI3K isoform that can activate AKT activity in cancer cells but is dispensable for T-cell
receptor activation and signaling, improved the efficacy of both anti-PD1 and anti-CTLA4
in a model of PTEN-depleted melanoma cells [93]. Additionally, PTEN loss inhibits au-
tophagy to reduce T-cell-mediated killing, and increasing expression of autophagy genes
restored sensitivity to T-cell-mediated killing [93]. As the role of autophagy and autophagy
inhibitors is complicated, controversial, and likely context-dependent, it will be important
to validate these findings in LMS models. In summary, loss of PTEN may be a mechanism
of resistance to multiple classes of therapy in LMS, and inhibition of this pathway warrants
further exploration.

Inhibitors of this PI3K/AKT/mTOR pathway were approved for cancer treatment.
Specifically, rapamycin derivatives such as everolimus are used namely in breast cancer
and neuroendocrine tumors [94]. However, in LMS, these inhibitors remain an active area
of investigation. A phase 3 study of the mTOR inhibitor ridafarolimus versus placebo in
702 heavily pre-treated advanced bone and soft tissue sarcomas showed a clinical benefit
rate (complete response, partial response, or stable disease for at least 16 weeks) of 40.6%
versus 28.6%, and mPFS was 17.7 weeks versus 14.6 weeks with placebo [95]. The LMS
cohort compared similarly to the other subtypes in the study. One possible reason for
the limited success seen with mTOR inhibitors is that such inhibition creates a negative
feedback loop mediated by mTORC2 [96]. In human LMS cell lines, use of a dual PI3K
and mTOR inhibitor was found to suppress this negative feedback loop but also increase
ERK pathway activity [97]. The addition of a MEK inhibitor synergized with PI3K/mTOR
inhibition [97], suggesting this combination as a possible strategy (Figure 3B).

There are other potential ways to block this pathway in LMS. First, inhibition of the
PI3Kβ isoform may inhibit PI3K signaling in tumor cells while preserving anti-tumor
immunity [93]. Second, Nemo-like kinase (NLK), Polo-like kinase 4 (PLK4) and TTK (alias
MPS1) were identified in synthetic lethal screens in PTEN-deficient cancer cells and may
warrant further investigation in LMS [98].

8. Targeting the Micro-Environment

The LMS micro-environment largely consists of macrophages and T-cells [99]. Tumor-
associated macrophages generally fall on a spectrum between pro-inflammatory M1
macrophages and immunosuppressive M2 macrophages. M1 macrophages preferentially
promote the Th1 effector response and express high levels of TNF, iNOS, and MHC class II.
They can phagocytose and destroy cancer cells in addition to bacteria and other microbes.
M2 macrophages are driven by Th2 cytokines such as IL4 and IL13 and express arginase-1
(ARG1), IL-10, CD163, CD204, or CD206 [100]. The majority of macrophages in the LMS
micro-environment have the M2 phenotype, as evidenced by the majority of CD14+ cells
co-expressing the M2 marker CD163 in IHC analysis of LMS, and 61% of LMS exhibit
greater than 20% infiltration by these M2 macrophages [99]. This is largely preserved in
the LMS metastatic tumor micro-environment [99]. Clinically, greater M2 macrophage
infiltration was associated with worse OS and DSS in LMS [99,101].
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Response to immunotherapy has been limited to date in LMS, and the role of im-
munotherapy needs to be better defined for LMS. One of the challenges is the small number
of patients included in single arm studies of various combinations, making it hard to delin-
eate a specific strategy of interest or a predictive biomarker/molecular subgroup. A phase 2
trial of the anti-PD1 antibody nivolumab in 12 patients with advanced ULMS had no
responses, and mPFS was 1.8 months [102]. The SARC028 trial evaluated another anti-PD1
agent, pembrolizumab, in advanced sarcomas. Ten patients with LMS were enrolled, and
again no clinical responses were observed [103]. In the Alliance A091401 trial investigating
ipilimumab plus nivolumab versus nivolumab monotherapy, two of fourteen LMS patients
in the ipilimumab plus nivolumab arm (one STLMS, one ULMS) and one of fifteen LMS
patients in the nivolumab arm (STLMS) had responses [104]. Next-generation immune
checkpoint inhibitors are also being evaluated. For example, the C-800-01 trial is investigat-
ing the Fc-enhanced anti-CTLA4 antibody botensilimab in combination with the anti-PD1
antibody balstilimab [105]. The sarcoma cohort included 41 patients, including 16 with
LMS (13 STLMS, three ULMS). ORR was 20%, clinical benefit rate was 27%, and 6-month
PFS was 40%. Two of the sixteen LMS patients (12.5%) had a partial response. A sarcoma
expansion cohort is currently enrolling. Combining chemotherapy with immunotherapy
is also being investigated, though with limited success to date. The GEMMK trial tested
the combination of gemcitabine plus pembrolizumab and enrolled 19 patients with LMS,
and only one patient had a partial response (ORR 5%) [106,107]. A phase II trial of eribulin
plus pembrolizumab enrolled 19 patients with LMS (8 STLMS, 11 ULMS) and found one
partial response (ORR 5.3%) with a mPFS of 11.1 weeks [108]. Next, the ImmunoSarc2
trial investigated doxorubicin and dacarbazine plus nivolumab for first-line treatment of
advanced LMS [109]. The ORR was 56.2% (9 of 16 patients with partial responses), and
mPFS was 8.7 months. Another trial is investigating the combination of gemcitabine and
docetaxel with the anti-PD1 antibody retifanlimab in advanced soft tissue sarcoma [110].
Ten patients with LMS were enrolled, and three have had partial responses (ORR 33%).
The NitraSarc trial is testing the combination of nivolumab and trabectedin in advanced
sarcomas [111]. Twenty-eight patients with LMS were enrolled (representing 63%), and PFS
at 6 months for the cohort at large (including liposarcomas) was 47.6%. A final trial investi-
gating the combination of chemotherapy and immunotherapy is combining doxorubicin
with the anti-CTLA4 antibody zalifrelimab and the anti-PD1 antibody balstilimab [112].
One of the nine patients with LMS has had a partial response, and the trial is ongoing.
Lastly, immunotherapy was combined with targeted therapies. For example, a single-arm
phase 2 trial investigating the combination of pembrolizumab with the VEGF TKI axitinib
in advanced sarcomas [113]. The trial enrolled two patients with STLMS and four with
ULMS, and one patient with STLMS had a partial response and another patient with STLMS
had stable disease for over 6 months before discontinuing for toxicity. Similarly, the com-
bination of the VEGF TKI lenvatinib plus pembrolizumab was investigated in advanced
sarcomas, including 10 LMS [114]. Among these 10 LMS patients, there were no responses
though 60% had stable disease, and mPFS was 17.9 weeks. Another trial evaluated the TKI
cabozantinib in combination with nivolumab and ipilimumab versus cabozantinib alone
in advanced sarcoma, which included 54 patients with LMS [115]. LMS was the histology
with the most responses. The ORR was 11% (versus 6% for cabozantinib alone), disease
control rate was 80% (versus 42%), and mPFS was 5.4 months (versus 3.8 months).

There are several possible explanations for the underwhelming response seen with
immunotherapy in LMS to date. First, compared to carcinomas, LMS generally have lower
TMB, which is associated with poorer responses to immunotherapy in numerous other cancer
types [116,117]. Furthermore, there are mutations and other mechanisms, such as the frequent
loss of PTEN in LMS, as previously discussed, that promote immune evasion. PTEN mutation
or deletion was associated with resistance to immunotherapy in metastatic ULMS [92].

CD47 is a surface receptor expressed by tumor cells that engages SIRPα on phagocytes
such as macrophages and dendritic cells, inhibiting macrophage phagocytosis (Figure 4A) [118].
CD47 expression was shown in multiple cancer types, including LMS [119]. Preclinical models
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have shown benefit of anti-CD47 antibodies to restore macrophage recognition and phagocy-
tosis of tumor cells, including LMS cell line xenografts (Figure 4B) [119]. In these xenograft
experiments, anti-CD47 treatment prevented both primary tumor growth and the development
of metastatic disease [119]. A phase I/II trial of a novel CD47 decoy receptor (TTI-621) in
combination with doxorubicin in LMS reported partial responses in five of twenty evaluable
patients (ORR 25%) [120,121]. Unfortunately, further development of this agent and other CD47
inhibitors is being halted due to lack of clinical benefit seen across several other cancer types.
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Figure 4. Targeting the CD47–SIRPα axis to treat leiomyosarcoma. (A) Binding of SIRPα on macrophages
to CD47 on LMS cells inhibits macrophage phagocytosis. (B) Therapeutic inhibition of CD47 promotes
macrophage phagocytosis. Created with BioRender.com (accessed on 2 January 2024).

There are other macrophage immune checkpoints and pathways that could be ex-
ploited for LMS treatment. For example, CSF1 is a macrophage chemoattractant that is ex-
pressed by LMS cells and is associated with macrophage infiltration in LMS, so targeting the
CSF1 axis may be worth pursuing in LMS [122]. CSF-1R inhibition in tenosynovial giant cell
tumor. As CSF1 expression was found to upregulate PDL1 expression in macrophages [123],
the CSF-1R blocking antibody emactuzumab was combined with the anti-PDL1 antibody
atezolizumab in advanced solid cancers. In the sarcoma cohort, 1 of 17 (ORR 5.9%) had a
partial response [124]. Next, the CD39/CD73 axis is an important regulator of innate and
adaptive immunity in the tumor micro-environment. Both of these enzymes contribute
to the production of adenosine, which activates the abundant adenosine receptors found
on macrophages and inhibits phagocytosis by macrophages [125,126]. CD39 and CD73
inhibitors are being explored for the treatment of solid tumors. Lastly, the CCL2–CCR2
axis is important for monocyte chemotaxis into the tumor micro-environment that is being
exploited for treatment in other cancer types. Several different cell types, such as tumor
cells and endothelial cells, secrete CCL2, which binds to the CCR2 receptor on monocytes,
thereby promoting recruitment of monocytes and their differentiation into macrophages.
Inhibitors of this interaction are being investigated in solid tumors [127].

One potential treatment strategy to overcome the resistance caused by the PTEN mutation
would be to combine immunotherapy, such as anti-CD47, with an AKT/mTOR pathway
inhibitor. A potential problem with this strategy is that existing mTOR pathway inhibitors,
such as everolimus, inhibit the mTOR pathway in T-cells and can be immunosuppressive [128].
However, the PI3Kβ isoform can regulate AKT activity in tumors with PTEN loss and is
dispensable for activation of the TCR signaling pathway [129,130]. Additional work will be
needed to optimize the targeting of this pathway while preserving anti-tumor immunity.
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Future work trying to target the LMS micro-environment will focus on several areas.
First, given the macrophage predominance in the LMS micro-environment, more efforts are
needed to target this macrophage axis. Targeting macrophages for cancer therapy represents
a double-edged sword; on one hand macrophages can promote tumor progression and
suppress immune recognition, while on the other hand they can phagocytose cancer
cells [131]. Next, different combinations of immunotherapy can be trialed in an effort
to enhance anti-tumor immunity [6]. For example, it would be interesting to combine
macrophage-targeting drugs (e.g., anti-CD47 or anti-CSF-1R) and T-cell immune checkpoint
inhibitors (e.g., anti-PD1) to assess for synergy, as macrophage phagocytosis and subsequent
antigen presentation to T-cells can augment T-cell-mediated tumor immunity [132].

9. The Leiomyosarcoma Epigenome

Epigenetics refers to changes in the chemical structure of chromatin that do not involve
changes in the canonical nucleotide sequence. This can involve alteration of the DNA, such
as DNA methylation that often reduces transcription, or post-translational modifications of
the histone proteins around which DNA is wrapped. These changes modify the openness
of local chromatin regions to regulate gene expression. There is a growing recognition that
sarcomas such as LMS are an epigenetically-driven disease [133].

ATRX is a component of the SWI/SNF chromatin remodeling complex that has many
different functions and can regulate the epigenome in several different ways. ATRX is one
of the most commonly altered genes in LMS, in which loss-of-function mutations are seen
in ~20% of STLMS and ~30% of ULMS (Figure 1A) [20,21,23,134]. ATRX is involved in
depositing histone H3 variant 3.3 (H3.3) into the genome at areas of heterochromatin and
pericentromeric regions, which helps to maintain these chromatin regions in a compact
or silenced state [135,136]. Loss of ATRX was shown to increase G-quadruplexes, which
are secondary DNA structures found at GC-rich regions of the DNA and are implicated in
transcriptional dysregulation and DNA damage, as the presence of G-quadruplexes results
in stalled replication forks and DNA damage [137]. ATRX is also seen mutated in gliomas
but rarely in other cancer types, suggesting that the effects of ATRX loss are different based
on the cell/tissue of origin. ATRX knockout in preclinical glioma models was associated
with sensitivity to DNA damaging agents, including PARP and ATR inhibitors [138].
ATRX mutation is also associated with increased response to radiation and the oncolytic
herpes virus treatment talimogene laherparepvec (TVEC) in a sarcoma cell line xenograft
model [139]. ATRX may also serve as a link between the epigenome and the host immune
response. ATRX loss results in impaired cGAS/STING signaling, which is cytosolic DNA-
sensing machinery that links the presence of cytosolic DNA (e.g., from viruses and microbes
or intrinsic DNA damage) to activation of the innate immune system [139]. ATRX mutation
is also associated with reduced mast cell infiltration in a xenograft model of sarcoma [140].

Beyond ATRX, other epigenetic modifiers are frequently altered in LMS. MED12 is a
component of the kinase module of the mediator complex, which is an epigenetic complex
that regulates genome organization and gene expression [141–143]. MED12 mutations occur
in 10–20% of LMS and disrupt MED12 regulation of the kinase CDK8 [144,145]. Relatedly,
high CDK8 expression is associated with poor prognosis in ULMS [146]. MED12 mutation is
also seen in approximately 70% of benign leiomyomas [141], suggesting it is likely an early
event in uterine leiomyosarcomagenesis. Mechanistic experiments have demonstrated
that MED12 mutation causes changes in the 3D structure of the chromatin in uterine
smooth muscle cells, resulting in an aberrant gene expression pattern characterized by
increased collagen synthesis and altered tryptophan/kynurenine metabolism [147]. Further,
MED12 mutation disrupts DNA replication, and cells spend longer time in S phase, and
are sensitized to DNA-damaging agents such as carboplatin [147]. Other work has shown
increased replication stress in MED12-mutant cells [148] and associated structural genomic
changes and genomic instability [142]. These results suggest the need for investigation of
specific DDR inhibitors in MED12-mutant LMS.
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MYOCD encodes myocardin, which is a transcriptional coactivator of the serum response
factor (SRF) transcription factor that regulates smooth muscle proliferation [149–151]. MYOCD
is frequently amplified in LMS [16,20,24,152]. MYOCD depletion in an LMS cell line reduced
smooth muscle differentiation and migration, and overexpression of MYOCD in undifferenti-
ated sarcoma cell lines increased smooth muscle differentiation and migration, suggesting
MYOCD as a potential therapeutic target in LMS [152], particularly well-differentiated LMS.

NCOR1 encodes a transcriptional corepressor that regulates transcription factors
specific to mesenchymal lineages and can suppress differentiation when overexpressed.
Mechanistically, NCOR1 interacts with nuclear hormone receptors such as PPARγ and liver
X receptor (LXR) to regulate the expression of metabolism genes. Further, NCOR1 interacts
with the histone deacetylase HDAC3, and the deacetylase activity of HDAC3 is dependent
on NCOR1 [153]. NCOR1 amplification occurs frequently in LMS (19% of STMLS and 10%
of ULMS in one report) [36]. The activity of NCOR1 is modulated by PI3K/Akt-mediated
control of nuclear localization. Therefore, both inhibition of this pathway and of HDAC3
warrant further exploration as potential therapeutic strategies in NCOR1-amplified LMS.

DNA methylation is perhaps the most studied epigenetic alteration. DNA methy-
lation profiling of LMS has shown that STLMS and ULMS have different methylation
signatures [16,154]. Other DNA methylation studies in sarcoma have shown that analysis
of methylation patterns are capable of distinguishing different sarcoma subtypes [155,156].
There has been limited use of DNA hypomethylating agents in sarcoma general, including
LMS. One such trial combined the hypomethylating agent decitabine with gemcitabine in
sarcomas, finding clinical benefit rate of 58%, and some partial responses were noted in
LMS [157]. This may represent a potential future treatment strategy in LMS.

10. Telomere Biology

Cancer cells achieve replicative immortality by maintaining their telomeres, the repet-
itive DNA elements on the ends of chromosomes that normally shorten with each cell
division and limit the lifespan of cells [158]. Most normal somatic cells, except stem cells,
lack the ability to do this. There are two main mechanisms by which cancer cells maintain
their telomeres: TERT (telomerase reverse transcriptase enzyme) expression (85%) or al-
ternative lengthening of telomeres (ALT; 15%) [159]. However, ALT is more prevalent in
sarcomas than other types of cancer, and it was reported in 53–78% of LMS, 77% of UPS,
and 47–66% of osteosarcomas [20,160–164]. One of the mechanisms leading to ALT is loss
of ATRX [165]. As mentioned, about 20–30% of LMS harbor ATRX mutations. ATRX and its
partner protein, DAXX, interact and help with incorporating the H3 histone variant H3.3 at
heterochromatic regions, which has previously been demonstrated to limit ALT [166,167].
C circles (extrachromosomal telomeric repeats) are hallmarks of ALT and are often used
to assay for ALT [168,169]. C circles were seen in 38 of 49 (77.6%) of LMS samples in one
study [20]. In a meta-analysis of 551 sarcoma patients (226 with ALT and 325 without ALT),
including 68 LMS patients, the presence of ALT was associated with higher mitotic count,
grade, and worse OS [170].

Targeting telomerase has been a challenge to date. Trials with drugs such as the
telomerase inhibitor, imetelstat, were limited by significant hematologic toxicity, limited or
no efficacy, and potential off-target effects [171]. Some studies have suggested that ATR
inhibitors may be particularly efficacious in the setting of ALT [172]. However, this was not
seen in a panel of eight sarcoma cell lines, four each with positive and negative ALT [173],
or in the additional cell lines tested [174]. Additional preclinical work is needed to identify
vulnerabilities in ALT-positive sarcoma.

11. Conclusions and Future Directions

There is great unmet need to improve the systemic treatment of LMS. This review has
highlighted both the current state of our molecular understanding of this heterogeneous
disease, as well as the potential avenues for targeted therapies (Figure 5). Compared to some
cancers with recurrent point mutations conferring sensitivity to drugs, such as the BRAF V600E
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mutation conferring sensitivity to BRAF/MEK inhibition in melanoma, the LMS genome is
charactered by low TMB and rare actionable alterations to confer meaningful clinical benefit
derived from a targeted therapy. One potential area of future investigation involves utilizing
the three transcriptomic subtypes of LMS that have been independently identified across
multiple studies and identifying therapies that can be matched to each subtype. This will
require rigorously defining the three subtypes and require the development of tests in the
clinic to delineate these three subtypes in order for subsequent clinical trials to tailor subtype-
specific therapies. Additional preclinical work is also needed to identify novel treatments
that are specific for each subtype. Next, targeting the macrophage-rich micro-environment is
an interesting area of further investigation. Immune checkpoint blockade has been largely
ineffective in LMS to date, and perhaps one of the reasons is the lack of T-cell infiltration in
the LMS micro-environment, which may be in part explained by immunosuppressive M2
macrophage enrichment. The novel combination of immunotherapies also represents an
interesting area of future investigation. Lastly, given the recurrently reported alterations in the
DDR pathway in LMS, targeting this pathway for LMS treatment is of great interest. Trials
are ongoing to test agents such as PARP inhibitors in LMS. It is likely that a combination
of treatments targeting multiple vulnerabilities may be needed in LMS. In developing and
implementing novel targeted therapies for LMS treatment, it will be important to consider
potential toxicity relative to that of currently used medicines and the cost effectiveness of
implementing these novel treatments.

Cancers 2024, 16, x FOR PEER REVIEW 18 of 27 
 

 

 
Figure 5. Summary of current therapies being investigated in LMS. Created with BioRender.com 
(accessed 16 February 2024). 

Supplementary Materials: The following supporting information can be downloaded at: 
www.mdpi.com/xxx/s1, Table S1: Targetable alterations in leiomyosarcoma cohort in GENIE da-
taset. 

Author Contributions: Conceptualization, R.A.D. and E.F.N.H.; Investigation, R.A.D., A.M.D., 
E.Z.K., M.S.N. and E.F.N.H.; Data Curation, R.A.D. Writing—Original Draft Preparation, R.A.D.; 
Writing—Review and Editing, R.A.D., A.M.D., E.Z.K., M.S.N., and E.F.N.H.; Visualization, R.A.D. 
and A.M.D.; Supervision, E.F.N.H.; Project Administration, E.F.N.H. All authors have read and 
agreed to the published version of the manuscript. 

Funding: R.A.D. is supported by NIH grant T32 CA009666. E.F.N.H. acknowledges research sup-
port from Fondation pour la Recherche Medicale, Fondation Nuovo-Soldati, the LMS SPORE Career 
Enhancement Program, the QuadW Foundation, and the Sarcoma Foundation of America. 

Institutional Review Board Statement: All AACR GENIE project data were de-identified using the 
HIPAA Safe Harbor Method. Analyses were retrospective and were performed in accordance with 
the AACR GENIE Human Subjects Protection and Privacy policy. The Institutional Review Board 
details are provided in the AACR GENIE Data Guide. 

Informed Consent Statement: Patient consent was waived due to use of de-identified data. 

Data Availability Statement: Data from the GENIE database are available through cBioPortal. Our 
analyses can be shared upon request to the corresponding author. 

Conflicts of Interest: R.A.D., A.M.D. E.Z.K., and M.S.N. report no conflicts of interest. E.F.N.H. re-
ports consulting fees from Sonata therapeutics. 

Figure 5. Summary of current therapies being investigated in LMS. Created with BioRender.com
(accessed 16 February 2024).



Cancers 2024, 16, 938 19 of 27

Supplementary Materials: The following supporting information can be downloaded at: https://
www.mdpi.com/article/10.3390/cancers16050938/s1, Table S1: Targetable alterations in leiomyosar-
coma cohort in GENIE dataset.

Author Contributions: Conceptualization, R.A.D. and E.F.N.H.; Investigation, R.A.D., A.M.D.,
E.Z.K., M.S.N. and E.F.N.H.; Data Curation, R.A.D. Writing—Original Draft Preparation, R.A.D.;
Writing—Review and Editing, R.A.D., A.M.D., E.Z.K., M.S.N. and E.F.N.H.; Visualization, R.A.D. and
A.M.D.; Supervision, E.F.N.H.; Project Administration, E.F.N.H. All authors have read and agreed to
the published version of the manuscript.

Funding: R.A.D. is supported by NIH grant T32 CA009666. E.F.N.H. acknowledges research support
from Fondation pour la Recherche Medicale, Fondation Nuovo-Soldati, the LMS SPORE Career
Enhancement Program, the QuadW Foundation, and the Sarcoma Foundation of America.

Institutional Review Board Statement: All AACR GENIE project data were de-identified using the
HIPAA Safe Harbor Method. Analyses were retrospective and were performed in accordance with
the AACR GENIE Human Subjects Protection and Privacy policy. The Institutional Review Board
details are provided in the AACR GENIE Data Guide.

Informed Consent Statement: Patient consent was waived due to use of de-identified data.

Data Availability Statement: Data from the GENIE database are available through cBioPortal. Our
analyses can be shared upon request to the corresponding author.

Conflicts of Interest: R.A.D., A.M.D., E.Z.K. and M.S.N. report no conflicts of interest. E.F.N.H.
reports consulting fees from Sonata therapeutics.

Abbreviations
aCGH: array comparative genomic hybridization; ALT: alternative lengthening of

telomeres; CNV: copy number variation; DDR: DNA damage response; DSS: disease-
specific survival; ER: estrogen receptor; HR: homologous recombination; IHC: immunohis-
tochemistry; LMS: leiomyosarcoma; MMR: mismatch repair; MSI: microsatellite instability;
MSS: microsatellite stability; ORR: objective response rate; OS: overall survival; PARP: poly
ADP ribose polymerase; PFS: progression-free survival; PR: progesterone receptor; STLMS:
soft tissue leiomyosarcoma; TCGA: The Cancer Genome Atlas; TMB: tumor mutational
burden; ULMS: uterine leiomyosarcoma.

References
1. Farshid, G.; Pradhan, M.; Goldblum, J.; Weiss, S.W. Leiomyosarcoma of Somatic Soft Tissues: A Tumor of Vascular Origin with

Multivariate Analysis of Outcome in 42 Cases. Am. J. Surg. Pathol. 2002, 26, 14–24. [CrossRef] [PubMed]
2. Gladdy, R.A.; Qin, L.-X.; Moraco, N.; Agaram, N.P.; Brennan, M.F.; Singer, S. Predictors of Survival and Recurrence in Primary

Leiomyosarcoma. Ann. Surg. Oncol. 2013, 20, 1851–1857. [CrossRef]
3. Mbatani, N.; Olawaiye, A.B.; Prat, J. Uterine Sarcomas. Int. J. Gynaecol. Obstet. 2018, 143 (Suppl. 2), 51–58. [CrossRef]
4. Gustafson, P.; Willén, H.; Baldetorp, B.; Fernö, M.; Akerman, M.; Rydholm, A. Soft Tissue Leiomyosarcoma. A Population-Based

Epidemiologic and Prognostic Study of 48 Patients, Including Cellular DNA Content. Cancer 1992, 70, 114–119. [CrossRef]
[PubMed]

5. Toro, J.R.; Travis, L.B.; Wu, H.J.; Zhu, K.; Fletcher, C.D.M.; Devesa, S.S. Incidence Patterns of Soft Tissue Sarcomas, Regardless of
Primary Site, in the Surveillance, Epidemiology and End Results Program, 1978–2001: An Analysis of 26,758 Cases. Int. J. Cancer
2006, 119, 2922–2930. [CrossRef]

6. Cope, B.M.; Traweek, R.S.; Lazcano, R.; Keung, E.Z.; Lazar, A.J.; Roland, C.L.; Nassif, E.F. Targeting the Molecular and
Immunologic Features of Leiomyosarcoma. Cancers 2023, 15, 2099. [CrossRef] [PubMed]

7. Pautier, P.; Italiano, A.; Piperno-Neumann, S.; Chevreau, C.; Penel, N.; Firmin, N.; Boudou-Rouquette, P.; Bertucci, F.; Balleyguier,
C.; Lebrun-Ly, V.; et al. Doxorubicin Alone versus Doxorubicin with Trabectedin Followed by Trabectedin Alone as First-Line
Therapy for Metastatic or Unresectable Leiomyosarcoma (LMS-04): A Randomised, Multicentre, Open-Label Phase 3 Trial. Lancet
Oncol. 2022, 23, 1044–1054. [CrossRef]

8. Judson, I.; Verweij, J.; Gelderblom, H.; Hartmann, J.T.; Schöffski, P.; Blay, J.-Y.; Kerst, J.M.; Sufliarsky, J.; Whelan, J.; Hohenberger,
P.; et al. Doxorubicin Alone versus Intensified Doxorubicin plus Ifosfamide for First-Line Treatment of Advanced or Metastatic
Soft-Tissue Sarcoma: A Randomised Controlled Phase 3 Trial. Lancet Oncol. 2014, 15, 415–423. [CrossRef]

https://www.mdpi.com/article/10.3390/cancers16050938/s1
https://www.mdpi.com/article/10.3390/cancers16050938/s1
https://doi.org/10.1097/00000478-200201000-00002
https://www.ncbi.nlm.nih.gov/pubmed/11756765
https://doi.org/10.1245/s10434-013-2876-y
https://doi.org/10.1002/ijgo.12613
https://doi.org/10.1002/1097-0142(19920701)70:1%3C114::AID-CNCR2820700119%3E3.0.CO;2-U
https://www.ncbi.nlm.nih.gov/pubmed/1606532
https://doi.org/10.1002/ijc.22239
https://doi.org/10.3390/cancers15072099
https://www.ncbi.nlm.nih.gov/pubmed/37046760
https://doi.org/10.1016/S1470-2045(22)00380-1
https://doi.org/10.1016/S1470-2045(14)70063-4


Cancers 2024, 16, 938 20 of 27

9. Maki, R.G.; Wathen, J.K.; Patel, S.R.; Priebat, D.A.; Okuno, S.H.; Samuels, B.; Fanucchi, M.; Harmon, D.C.; Schuetze, S.M.;
Reinke, D.; et al. Randomized Phase II Study of Gemcitabine and Docetaxel Compared with Gemcitabine Alone in Patients with
Metastatic Soft Tissue Sarcomas: Results of Sarcoma Alliance for Research through Collaboration Study 002 [Corrected]. J. Clin.
Oncol. 2007, 25, 2755–2763. [CrossRef]

10. Hensley, M.L.; Maki, R.; Venkatraman, E.; Geller, G.; Lovegren, M.; Aghajanian, C.; Sabbatini, P.; Tong, W.; Barakat, R.; Spriggs,
D.R. Gemcitabine and Docetaxel in Patients with Unresectable Leiomyosarcoma: Results of a Phase II Trial. J. Clin. Oncol. 2002,
20, 2824–2831. [CrossRef]

11. Patel, S.R.; Gandhi, V.; Jenkins, J.; Papadopolous, N.; Burgess, M.A.; Plager, C.; Plunkett, W.; Benjamin, R.S. Phase II Clinical Inves-
tigation of Gemcitabine in Advanced Soft Tissue Sarcomas and Window Evaluation of Dose Rate on Gemcitabine Triphosphate
Accumulation. J. Clin. Oncol. 2001, 19, 3483–3489. [CrossRef]

12. Verweij, J.; Lee, S.M.; Ruka, W.; Buesa, J.; Coleman, R.; van Hoessel, R.; Seynaeve, C.; di Paola, E.D.; van Glabbeke, M.; Tonelli,
D.; et al. Randomized Phase II Study of Docetaxel versus Doxorubicin in First- and Second-Line Chemotherapy for Locally
Advanced or Metastatic Soft Tissue Sarcomas in Adults: A Study of the European Organization for Research and Treatment of
Cancer Soft Tissue and Bone Sarcoma Group. J. Clin. Oncol. 2000, 18, 2081–2086. [CrossRef] [PubMed]

13. Guillou, L.; Aurias, A. Soft Tissue Sarcomas with Complex Genomic Profiles. Virchows Arch. 2010, 456, 201–217. [CrossRef]
[PubMed]

14. de Alava, E. Molecular Pathology in Sarcomas. Clin. Transl. Oncol. 2007, 9, 130–144. [CrossRef] [PubMed]
15. Yang, J.; Du, X.; Chen, K.; Ylipää, A.; Lazar, A.J.F.; Trent, J.; Lev, D.; Pollock, R.; Hao, X.; Hunt, K.; et al. Genetic Aberrations in Soft

Tissue Leiomyosarcoma. Cancer Lett. 2009, 275, 1–8. [CrossRef] [PubMed]
16. Cancer Genome Atlas Research Network; Cancer Genome Atlas Research Network. Comprehensive and Integrated Genomic

Characterization of Adult Soft Tissue Sarcomas. Cell 2017, 171, 950–965.e28. [CrossRef] [PubMed]
17. Agaram, N.P.; Zhang, L.; LeLoarer, F.; Silk, T.; Sung, Y.-S.; Scott, S.N.; Kuk, D.; Qin, L.-X.; Berger, M.F.; Antonescu, C.R.; et al.

Targeted Exome Sequencing Profiles Genetic Alterations in Leiomyosarcoma. Genes. Chromosomes Cancer 2016, 55, 124–130.
[CrossRef] [PubMed]

18. Movva, S.; Wen, W.; Chen, W.; Millis, S.Z.; Gatalica, Z.; Reddy, S.; von Mehren, M.; Van Tine, B.A. Multi-Platform Profiling of
over 2000 Sarcomas: Identification of Biomarkers and Novel Therapeutic Targets. Oncotarget 2015, 6, 12234–12247. [CrossRef]
[PubMed]

19. Cuppens, T.; Moisse, M.; Depreeuw, J.; Annibali, D.; Colas, E.; Gil-Moreno, A.; Huvila, J.; Carpén, O.; Zikán, M.; Matias-Guiu, X.;
et al. Integrated Genome Analysis of Uterine Leiomyosarcoma to Identify Novel Driver Genes and Targetable Pathways. Int. J.
Cancer 2018, 142, 1230–1243. [CrossRef]

20. Chudasama, P.; Mughal, S.S.; Sanders, M.A.; Hübschmann, D.; Chung, I.; Deeg, K.I.; Wong, S.-H.; Rabe, S.; Hlevnjak, M.; Zapatka,
M.; et al. Integrative Genomic and Transcriptomic Analysis of Leiomyosarcoma. Nat. Commun. 2018, 9, 144. [CrossRef]

21. Mäkinen, N.; Aavikko, M.; Heikkinen, T.; Taipale, M.; Taipale, J.; Koivisto-Korander, R.; Bützow, R.; Vahteristo, P. Exome
Sequencing of Uterine Leiomyosarcomas Identifies Frequent Mutations in TP53, ATRX, and MED12. PLoS Genet. 2016, 12,
e1005850. [CrossRef] [PubMed]

22. Lee, P.J.; Yoo, N.S.; Hagemann, I.S.; Pfeifer, J.D.; Cottrell, C.E.; Abel, H.J.; Duncavage, E.J. Spectrum of Mutations in Leiomyosarco-
mas Identified by Clinical Targeted Next-Generation Sequencing. Exp. Mol. Pathol. 2017, 102, 156–161. [CrossRef] [PubMed]

23. Hensley, M.L.; Chavan, S.S.; Solit, D.B.; Murali, R.; Soslow, R.; Chiang, S.; Jungbluth, A.A.; Bandlamudi, C.; Srinivasan, P.; Tap,
W.D.; et al. Genomic Landscape of Uterine Sarcomas Defined Through Prospective Clinical Sequencing. Clin. Cancer Res. 2020, 26,
3881–3888. [CrossRef] [PubMed]

24. Anderson, N.D.; Babichev, Y.; Fuligni, F.; Comitani, F.; Layeghifard, M.; Venier, R.E.; Dentro, S.C.; Maheshwari, A.; Guram, S.;
Wunker, C.; et al. Lineage-Defined Leiomyosarcoma Subtypes Emerge Years before Diagnosis and Determine Patient Survival.
Nat. Commun. 2021, 12, 4496. [CrossRef] [PubMed]

25. Hu, J.; Rao, U.N.M.; Jasani, S.; Khanna, V.; Yaw, K.; Surti, U. Loss of DNA Copy Number of 10q Is Associated with Aggressive
Behavior of Leiomyosarcomas: A Comparative Genomic Hybridization Study. Cancer Genet. Cytogenet. 2005, 161, 20–27.
[CrossRef]

26. Larramendy, M.L.; Kaur, S.; Svarvar, C.; Böhling, T.; Knuutila, S. Gene Copy Number Profiling of Soft-Tissue Leiomyosarcomas
by Array-Comparative Genomic Hybridization. Cancer Genet. Cytogenet. 2006, 169, 94–101. [CrossRef]

27. El-Rifai, W.; Sarlomo-Rikala, M.; Knuutila, S.; Miettinen, M. DNA Copy Number Changes in Development and Progression in
Leiomyosarcomas of Soft Tissues. Am. J. Pathol. 1998, 153, 985–990. [CrossRef]

28. Otaño-Joos, M.; Mechtersheimer, G.; Ohl, S.; Lehnert, T.; Willeke, F.; Möller, P.; Otto, H.F.; Lichter, P.; Joos, S. Analysis of
chromosome copy number changes in leiomyosarcoma through molecular cytogenetic methods. Verh. Dtsch. Ges. Pathol. 1998, 82,
207–209.

29. Parente, F.; Grosgeorge, J.; Coindre, J.M.; Terrier, P.; Vilain, O.; Turc-Carel, C. Comparative Genomic Hybridization Reveals Novel
Chromosome Deletions in 90 Primary Soft Tissue Tumors. Cancer Genet. Cytogenet. 1999, 115, 89–95. [CrossRef]

30. George, S.; Serrano, C.; Hensley, M.L.; Ray-Coquard, I. Soft Tissue and Uterine Leiomyosarcoma. J. Clin. Oncol. 2018, 36, 144–150.
[CrossRef]

https://doi.org/10.1200/JCO.2006.10.4117
https://doi.org/10.1200/JCO.2002.11.050
https://doi.org/10.1200/JCO.2001.19.15.3483
https://doi.org/10.1200/JCO.2000.18.10.2081
https://www.ncbi.nlm.nih.gov/pubmed/10811673
https://doi.org/10.1007/s00428-009-0853-4
https://www.ncbi.nlm.nih.gov/pubmed/20217954
https://doi.org/10.1007/s12094-007-0027-2
https://www.ncbi.nlm.nih.gov/pubmed/17403624
https://doi.org/10.1016/j.canlet.2008.06.013
https://www.ncbi.nlm.nih.gov/pubmed/18649996
https://doi.org/10.1016/j.cell.2017.10.014
https://www.ncbi.nlm.nih.gov/pubmed/29100075
https://doi.org/10.1002/gcc.22318
https://www.ncbi.nlm.nih.gov/pubmed/26541895
https://doi.org/10.18632/oncotarget.3498
https://www.ncbi.nlm.nih.gov/pubmed/25906748
https://doi.org/10.1002/ijc.31129
https://doi.org/10.1038/s41467-017-02602-0
https://doi.org/10.1371/journal.pgen.1005850
https://www.ncbi.nlm.nih.gov/pubmed/26891131
https://doi.org/10.1016/j.yexmp.2017.01.012
https://www.ncbi.nlm.nih.gov/pubmed/28093192
https://doi.org/10.1158/1078-0432.CCR-19-3959
https://www.ncbi.nlm.nih.gov/pubmed/32299819
https://doi.org/10.1038/s41467-021-24677-6
https://www.ncbi.nlm.nih.gov/pubmed/34301934
https://doi.org/10.1016/j.cancergencyto.2005.01.011
https://doi.org/10.1016/j.cancergencyto.2006.01.008
https://doi.org/10.1016/S0002-9440(10)65640-4
https://doi.org/10.1016/S0165-4608(99)00082-5
https://doi.org/10.1200/JCO.2017.75.9845


Cancers 2024, 16, 938 21 of 27

31. Stephens, P.J.; Greenman, C.D.; Fu, B.; Yang, F.; Bignell, G.R.; Mudie, L.J.; Pleasance, E.D.; Lau, K.W.; Beare, D.; Stebbings, L.A.;
et al. Massive Genomic Rearrangement Acquired in a Single Catastrophic Event during Cancer Development. Cell 2011, 144,
27–40. [CrossRef]

32. Andreassen, P.R.; Lohez, O.D.; Lacroix, F.B.; Margolis, R.L. Tetraploid State Induces P53-Dependent Arrest of Nontransformed
Mammalian Cells in G1. Mol. Biol. Cell 2001, 12, 1315–1328. [CrossRef] [PubMed]

33. Storchova, Z.; Pellman, D. From Polyploidy to Aneuploidy, Genome Instability and Cancer. Nat. Rev. Mol. Cell Biol. 2004, 5, 45–54.
[CrossRef]

34. Storchova, Z.; Kuffer, C. The Consequences of Tetraploidy and Aneuploidy. J. Cell Sci. 2008, 121, 3859–3866. [CrossRef] [PubMed]
35. Gounder, M.M.; Agaram, N.P.; Trabucco, S.E.; Robinson, V.; Ferraro, R.A.; Millis, S.Z.; Krishnan, A.; Lee, J.; Attia, S.; Abida, W.;

et al. Clinical Genomic Profiling in the Management of Patients with Soft Tissue and Bone Sarcoma. Nat. Commun. 2022, 13, 3406.
[CrossRef]

36. Nacev, B.A.; Sanchez-Vega, F.; Smith, S.A.; Antonescu, C.R.; Rosenbaum, E.; Shi, H.; Tang, C.; Socci, N.D.; Rana, S.; Gularte-Mérida,
R.; et al. Clinical Sequencing of Soft Tissue and Bone Sarcomas Delineates Diverse Genomic Landscapes and Potential Therapeutic
Targets. Nat. Commun. 2022, 13, 3405. [CrossRef]

37. AACR Project GENIE Consortium. AACR Project GENIE: Powering Precision Medicine through an International Consortium.
Cancer Discov. 2017, 7, 818–831. [CrossRef]

38. Pugh, T.J.; Bell, J.L.; Bruce, J.P.; Doherty, G.J.; Galvin, M.; Green, M.F.; Hunter-Zinck, H.; Kumari, P.; Lenoue-Newton, M.L.; Li,
M.M.; et al. AACR Project GENIE: 100,000 Cases and Beyond. Cancer Discov. 2022, 12, 2044–2057. [CrossRef]

39. Francis, P.; Namløs, H.M.; Müller, C.; Edén, P.; Fernebro, J.; Berner, J.-M.; Bjerkehagen, B.; Akerman, M.; Bendahl, P.-O.; Isinger, A.;
et al. Diagnostic and Prognostic Gene Expression Signatures in 177 Soft Tissue Sarcomas: Hypoxia-Induced Transcription Profile
Signifies Metastatic Potential. BMC Genom. 2007, 8, 73. [CrossRef] [PubMed]

40. Beck, A.H.; Lee, C.-H.; Witten, D.M.; Gleason, B.C.; Edris, B.; Espinosa, I.; Zhu, S.; Li, R.; Montgomery, K.D.; Marinelli, R.J.;
et al. Discovery of Molecular Subtypes in Leiomyosarcoma through Integrative Molecular Profiling. Oncogene 2010, 29, 845–854.
[CrossRef]

41. Baird, K.; Davis, S.; Antonescu, C.R.; Harper, U.L.; Walker, R.L.; Chen, Y.; Glatfelter, A.A.; Duray, P.H.; Meltzer, P.S. Gene
Expression Profiling of Human Sarcomas: Insights into Sarcoma Biology. Cancer Res. 2005, 65, 9226–9235. [CrossRef] [PubMed]

42. Guo, X.; Jo, V.Y.; Mills, A.M.; Zhu, S.X.; Lee, C.-H.; Espinosa, I.; Nucci, M.R.; Varma, S.; Forgó, E.; Hastie, T.; et al. Clinically
Relevant Molecular Subtypes in Leiomyosarcoma. Clin. Cancer Res. 2015, 21, 3501–3511. [CrossRef] [PubMed]

43. Schutz, F.A.B.; Choueiri, T.K.; Sternberg, C.N. Pazopanib: Clinical Development of a Potent Anti-Angiogenic Drug. Crit. Rev.
Oncol. Hematol. 2011, 77, 163–171. [CrossRef] [PubMed]

44. van der Graaf, W.T.A.; Blay, J.-Y.; Chawla, S.P.; Kim, D.-W.; Bui-Nguyen, B.; Casali, P.G.; Schöffski, P.; Aglietta, M.; Staddon, A.P.;
Beppu, Y.; et al. Pazopanib for Metastatic Soft-Tissue Sarcoma (PALETTE): A Randomised, Double-Blind, Placebo-Controlled
Phase 3 Trial. Lancet 2012, 379, 1879–1886. [CrossRef] [PubMed]

45. Benson, C.; Ray-Coquard, I.; Sleijfer, S.; Litière, S.; Blay, J.-Y.; Le Cesne, A.; Papai, Z.; Judson, I.; Schöffski, P.; Chawla, S.; et al.
Outcome of Uterine Sarcoma Patients Treated with Pazopanib: A Retrospective Analysis Based on Two European Organisation
for Research and Treatment of Cancer (EORTC) Soft Tissue and Bone Sarcoma Group (STBSG) Clinical Trials 62043 and 62072.
Gynecol. Oncol. 2016, 142, 89–94. [CrossRef]

46. Marcus, L.; Lemery, S.J.; Keegan, P.; Pazdur, R. FDA Approval Summary: Pembrolizumab for the Treatment of Microsatellite
Instability-High Solid Tumors. Clin. Cancer Res. 2019, 25, 3753–3758. [CrossRef] [PubMed]

47. Marcus, L.; Fashoyin-Aje, L.A.; Donoghue, M.; Yuan, M.; Rodriguez, L.; Gallagher, P.S.; Philip, R.; Ghosh, S.; Theoret, M.R.;
Beaver, J.A.; et al. FDA Approval Summary: Pembrolizumab for the Treatment of Tumor Mutational Burden-High Solid Tumors.
Clin. Cancer Res. 2021, 27, 4685–4689. [CrossRef]

48. Subbiah, V.; Wolf, J.; Konda, B.; Kang, H.; Spira, A.; Weiss, J.; Takeda, M.; Ohe, Y.; Khan, S.; Ohashi, K.; et al. Tumour-Agnostic
Efficacy and Safety of Selpercatinib in Patients with RET Fusion-Positive Solid Tumours Other than Lung or Thyroid Tumours
(LIBRETTO-001): A Phase 1/2, Open-Label, Basket Trial. Lancet Oncol. 2022, 23, 1261–1273. [CrossRef]

49. Marcus, L.; Donoghue, M.; Aungst, S.; Myers, C.E.; Helms, W.S.; Shen, G.; Zhao, H.; Stephens, O.; Keegan, P.; Pazdur, R. FDA
Approval Summary: Entrectinib for the Treatment of NTRK Gene Fusion Solid Tumors. Clin. Cancer Res. 2021, 27, 928–932.
[CrossRef]

50. Thanopoulou, E.; Thway, K.; Khabra, K.; Judson, I. Treatment of Hormone Positive Uterine Leiomyosarcoma with Aromatase
Inhibitors. Clin. Sarcoma Res. 2014, 4, 5. [CrossRef]

51. Maccaroni, E.; Lunerti, V.; Agostinelli, V.; Giampieri, R.; Zepponi, L.; Pagliacci, A.; Berardi, R. New Insights into Hormonal
Therapies in Uterine Sarcomas. Cancers 2022, 14, 921. [CrossRef]

52. Zang, Y.; Dong, M.; Zhang, K.; Gao, C.; Guo, F.; Wang, Y.; Xue, F. Hormonal Therapy in Uterine Sarcomas. Cancer Med. 2019, 8,
1339–1349. [CrossRef]

53. Davidson, B.; Kjæreng, M.L.; Førsund, M.; Danielsen, H.E.; Kristensen, G.B.; Abeler, V.M. Progesterone Receptor Expression Is
an Independent Prognosticator in FIGO Stage I Uterine Leiomyosarcoma. Am. J. Clin. Pathol. 2016, 145, 449–458. [CrossRef]
[PubMed]

https://doi.org/10.1016/j.cell.2010.11.055
https://doi.org/10.1091/mbc.12.5.1315
https://www.ncbi.nlm.nih.gov/pubmed/11359924
https://doi.org/10.1038/nrm1276
https://doi.org/10.1242/jcs.039537
https://www.ncbi.nlm.nih.gov/pubmed/19020304
https://doi.org/10.1038/s41467-022-30496-0
https://doi.org/10.1038/s41467-022-30453-x
https://doi.org/10.1158/2159-8290.CD-17-0151
https://doi.org/10.1158/2159-8290.CD-21-1547
https://doi.org/10.1186/1471-2164-8-73
https://www.ncbi.nlm.nih.gov/pubmed/17359542
https://doi.org/10.1038/onc.2009.381
https://doi.org/10.1158/0008-5472.CAN-05-1699
https://www.ncbi.nlm.nih.gov/pubmed/16230383
https://doi.org/10.1158/1078-0432.CCR-14-3141
https://www.ncbi.nlm.nih.gov/pubmed/25896974
https://doi.org/10.1016/j.critrevonc.2010.02.012
https://www.ncbi.nlm.nih.gov/pubmed/20456972
https://doi.org/10.1016/S0140-6736(12)60651-5
https://www.ncbi.nlm.nih.gov/pubmed/22595799
https://doi.org/10.1016/j.ygyno.2016.03.024
https://doi.org/10.1158/1078-0432.CCR-18-4070
https://www.ncbi.nlm.nih.gov/pubmed/30787022
https://doi.org/10.1158/1078-0432.CCR-21-0327
https://doi.org/10.1016/S1470-2045(22)00541-1
https://doi.org/10.1158/1078-0432.CCR-20-2771
https://doi.org/10.1186/2045-3329-4-5
https://doi.org/10.3390/cancers14040921
https://doi.org/10.1002/cam4.2044
https://doi.org/10.1093/ajcp/aqw030
https://www.ncbi.nlm.nih.gov/pubmed/27149024


Cancers 2024, 16, 938 22 of 27

54. Akhan, S.E.; Yavuz, E.; Tecer, A.; Iyibozkurt, C.A.; Topuz, S.; Tuzlali, S.; Bengisu, E.; Berkman, S. The Expression of Ki-67, P53,
Estrogen and Progesterone Receptors Affecting Survival in Uterine Leiomyosarcomas. A Clinicopathologic Study. Gynecol. Oncol.
2005, 99, 36–42. [CrossRef] [PubMed]

55. Bodner, K.; Bodner-Adler, B.; Kimberger, O.; Czerwenka, K.; Leodolter, S.; Mayerhofer, K. Estrogen and Progesterone Receptor
Expression in Patients with Uterine Leiomyosarcoma and Correlation with Different Clinicopathological Parameters. Anticancer.
Res. 2003, 23, 729–732.

56. Kitaoka, Y.; Kitawaki, J.; Koshiba, H.; Inoue, S.; Ishihara, H.; Teramoto, M.; Honjo, H. Aromatase Cytochrome P450 and Estrogen
and Progesterone Receptors in Uterine Sarcomas: Correlation with Clinical Parameters. J. Steroid Biochem. Mol. Biol. 2004, 88,
183–189. [CrossRef]

57. Leitao, M.M.; Hensley, M.L.; Barakat, R.R.; Aghajanian, C.; Gardner, G.J.; Jewell, E.L.; O’Cearbhaill, R.; Soslow, R.A. Immuno-
histochemical Expression of Estrogen and Progesterone Receptors and Outcomes in Patients with Newly Diagnosed Uterine
Leiomyosarcoma. Gynecol. Oncol. 2012, 124, 558–562. [CrossRef] [PubMed]

58. Ioffe, Y.J.; Li, A.J.; Walsh, C.S.; Karlan, B.Y.; Leuchter, R.; Forscher, C.; Cass, I. Hormone Receptor Expression in Uterine Sarcomas:
Prognostic and Therapeutic Roles. Gynecol. Oncol. 2009, 115, 466–471. [CrossRef] [PubMed]

59. George, S.; Feng, Y.; Manola, J.; Nucci, M.R.; Butrynski, J.E.; Morgan, J.A.; Ramaiya, N.; Quek, R.; Penson, R.T.; Wagner, A.J.; et al.
Phase 2 Trial of Aromatase Inhibition with Letrozole in Patients with Uterine Leiomyosarcomas Expressing Estrogen and/or
Progesterone Receptors. Cancer 2014, 120, 738–743. [CrossRef]

60. Sanfilippo, R.; Sbaraglia, M.; Fabbroni, C.; Croce, S.; Ray-Coquard, I.; Guermazi, F.; Paolini, B.; Blanc-Durand, F.; Lecesne, A.;
Chiappa, V.; et al. Low-Grade Uterine Leiomyosarcoma Is Highly Sensitive to Hormonal Treatment. Clin. Cancer Res. 2023, 29,
4679–4684. [CrossRef]

61. Vincenzi, B.; Stacchiotti, S.; Collini, P.; Pantano, F.; Rabitti, C.; Perrone, G.; Iuliani, M.; Baldi, A.; Badalamenti, G.; Sanfilippo, R.;
et al. Human Equilibrative Nucleoside Transporter 1 Gene Expression Is Associated with Gemcitabine Efficacy in Advanced
Leiomyosarcoma and Angiosarcoma. Br. J. Cancer 2017, 117, 340–346. [CrossRef]

62. Schöffski, P.; Taron, M.; Jimeno, J.; Grosso, F.; Sanfilipio, R.; Casali, P.G.; Le Cesne, A.; Jones, R.L.; Blay, J.-Y.; Poveda, A.; et al.
Predictive Impact of DNA Repair Functionality on Clinical Outcome of Advanced Sarcoma Patients Treated with Trabectedin: A
Retrospective Multicentric Study. Eur. J. Cancer 2011, 47, 1006–1012. [CrossRef] [PubMed]

63. Venkitaraman, A.R. Cancer Susceptibility and the Functions of BRCA1 and BRCA2. Cell 2002, 108, 171–182. [CrossRef] [PubMed]
64. Moynahan, M.E.; Chiu, J.W.; Koller, B.H.; Jasin, M. Brca1 Controls Homology-Directed DNA Repair. Mol. Cell 1999, 4, 511–518.

[CrossRef]
65. Farmer, H.; McCabe, N.; Lord, C.J.; Tutt, A.N.J.; Johnson, D.A.; Richardson, T.B.; Santarosa, M.; Dillon, K.J.; Hickson, I.; Knights,

C.; et al. Targeting the DNA Repair Defect in BRCA Mutant Cells as a Therapeutic Strategy. Nature 2005, 434, 917–921. [CrossRef]
66. Bryant, H.E.; Schultz, N.; Thomas, H.D.; Parker, K.M.; Flower, D.; Lopez, E.; Kyle, S.; Meuth, M.; Curtin, N.J.; Helleday, T. Specific

Killing of BRCA2-Deficient Tumours with Inhibitors of Poly(ADP-Ribose) Polymerase. Nature 2005, 434, 913–917. [CrossRef]
67. Cerrato, A.; Morra, F.; Celetti, A. Use of Poly ADP-Ribose Polymerase [PARP] Inhibitors in Cancer Cells Bearing DDR Defects:

The Rationale for Their Inclusion in the Clinic. J. Exp. Clin. Cancer Res. 2016, 35, 179. [CrossRef]
68. Helleday, T. The Underlying Mechanism for the PARP and BRCA Synthetic Lethality: Clearing up the Misunderstandings. Mol.

Oncol. 2011, 5, 387–393. [CrossRef] [PubMed]
69. Teo, M.Y.; Bambury, R.M.; Zabor, E.C.; Jordan, E.; Al-Ahmadie, H.; Boyd, M.E.; Bouvier, N.; Mullane, S.A.; Cha, E.K.; Roper,

N.; et al. DNA Damage Response and Repair Gene Alterations Are Associated with Improved Survival in Patients with
Platinum-Treated Advanced Urothelial Carcinoma. Clin. Cancer Res. 2017, 23, 3610–3618. [CrossRef]

70. Sehdev, A.; Gbolahan, O.; Hancock, B.A.; Stanley, M.; Shahda, S.; Wan, J.; Wu, H.H.; Radovich, M.; O’Neil, B.H. Germline and
Somatic DNA Damage Repair Gene Mutations and Overall Survival in Metastatic Pancreatic Adenocarcinoma Patients Treated
with FOLFIRINOX. Clin. Cancer Res. 2018, 24, 6204–6211. [CrossRef]

71. Seligson, N.D.; Kautto, E.A.; Passen, E.N.; Stets, C.; Toland, A.E.; Millis, S.Z.; Meyer, C.F.; Hays, J.L.; Chen, J.L. BRCA1/2
Functional Loss Defines a Targetable Subset in Leiomyosarcoma. Oncologist 2019, 24, 973–979. [CrossRef] [PubMed]

72. Rosenbaum, E.; Jonsson, P.; Seier, K.; Qin, L.-X.; Chi, P.; Dickson, M.; Gounder, M.; Kelly, C.; Keohan, M.L.; Nacev, B.; et al. Clinical
Outcome of Leiomyosarcomas with Somatic Alteration in Homologous Recombination Pathway Genes. JCO Precis. Oncol. 2020,
4, PO.20.00122. [CrossRef]

73. Dall, G.; Vandenberg, C.J.; Nesic, K.; Ratnayake, G.; Zhu, W.; Vissers, J.H.A.; Bedő, J.; Penington, J.; Wakefield, M.J.; Kee, D.; et al.
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