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Abstract

Background Uterine leiomyosarcoma (ULMS) is a rare and aggressive gynaecological malignancy, with individu-
als with advanced uLMS having a five-year survival of < 10%. Mutations in the homologous recombination (HR)
DNA repair pathway have been observed in~10% of uLMS cases, with reports of some individuals benefiting from
poly (ADP-ribose) polymerase (PARP) inhibitor (PARPI) therapy, which targets this DNA repair defect. In this report,
we screened individuals with uLMS, accrued nationally, for mutations in the HR repair pathway and explored new
approaches to therapeutic targeting.

Methods A cohort of 58 individuals with uLMS were screened for HR Deficiency (HRD) using whole genome
sequencing (WGS), whole exome sequencing (WES) or NGS panel testing. Individuals identified to have HRD uLMS
were offered PARPi therapy and clinical outcome details collected. Patient-derived xenografts (PDX) were generated
for therapeutic targeting.

Results All 13 uLMS samples analysed by WGS had a dominant COSMIC mutational signature 3; 11 of these had high
genome-wide loss of heterozygosity (LOH) (>0.2) but only two samples had a CHORD score > 50%, one of which had
a homozygous pathogenic alteration in an HR gene (deletion in BRCA2). A further three samples harboured homozy-
gous HRD alterations (all deletions in BRCA2), detected by WES or panel sequencing, with 5/58 (9%) individuals having
HRD uLMS. All five individuals gained access to PARPi therapy. Two of three individuals with mature clinical follow up
achieved a complete response or durable partial response (PR) with the subsequent addition of platinum to PARPI
upon minor progression during initial PR on PARPI. Corresponding PDX responses were most rapid, complete and
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sustained with the PARP1-specific PARPi, AZD5305, compared with either olaparib alone or olaparib plus cisplatin,
even in a paired sample of a BRCA2-deleted PDX, derived following PARPi therapy in the patient, which had developed

PARPi-resistance mutations in PRKDC, encoding DNA-PKcs.

Conclusions Our work demonstrates the value of identifying HRD for therapeutic targeting by PARPi and platinum
in individuals with the aggressive rare malignancy, uLMS and suggests that individuals with HRD uLMS should be

included in trials of PARP1-specific PARPI.

Keywords Uterine leiomyosarcoma, Homologous recombination deficiency, PARP inhibitors, Rare cancers, Patient-

derived xenografts

Background

Uterine leiomyosarcoma (uLMS) is a malignant tumour
of the myometrium and accounts for approximately 60%
of uterine sarcomas [1]. Despite 5-year survival rates of
42-76% for individuals presenting with early-stage dis-
ease [2, 3], recurrence is common [4], and metastatic
disease is often present at diagnosis. As a result, uLMS
accounts for almost 70% of uterine sarcoma deaths [5].
While early-stage disease is usually treated with hysterec-
tomy, with or without bilateral salpingo-oophorectomy,
chemotherapy is reserved for metastatic or recurrent dis-
ease [5, 6], but despite this, the 5-year survival rate for
individuals with advanced uLMS is<10%. Radiotherapy
is often used as adjuvant therapy in early-stage disease
in order to reduce local recurrence, however it does not
appear to impact overall survival [7, 8].

Molecular analyses using WES [9-14], targeted panel
sequencing [15-17] and limited WGS [11, 14] have
revealed the most commonly altered genes in uLMS to
be TPS53 followed by RBI, ATRX, PTEN and MEDI2.
WGS revealed that a high proportion of tumours (76%)
harbour chromothripsis/chromoplexy [14]. One study,
identified frequent focal amplification of chromosome
regions containing the genes TERT, MAP2K4, MYOCD
and C-MYC, and frequent focal deletions of regions con-
taining the genes RBI, TP53, PTEN, CDKN2A, CYLD
and BRCA2 [14]. RNA sequencing has also identified fre-
quent fusion genes disrupting multiple tumour suppres-
sor genes, such as RB1, TP53, ATRX, DAXX, CAMTAI,
SETD2 and KDM5CA [14]. Currently, none of these
aberrations are routinely targeted therapeutically in
individuals with uLMS [18] and thus treatment strate-
gies continue unchanged and disease outcomes have
remained stagnant for decades.

In ovarian cancer, significant advances in clinical effi-
cacy have been attributed to the use of PARPi in predomi-
nantly high-grade epithelial serous ovarian, fallopian tube
or primary peritoneal carcinomas (HGSOC) displaying
homologous recombination deficiency (HRD) in DNA
damage repair [19-22]. In a recent meta-analysis of four
trials of platinum-sensitive relapsed HGSOC (including
Study 19, SOLO2, ARIEL3 and NOVA) encompassing

972 patients, maintenance PARPi improved progression
free survival (PFS) compared to placebo regardless of
whether the BRCA1/2 mutation was germline or somatic
(p=0.48) and HRD HGSOC had better outcomes than
did HR proficient cases (p<0.00001) [23]. Several case
reports demonstrating the clinical efficacy of PARPi in
endometrial/uterine carcinoma cases have been pub-
lished in recent years [24—26] leading to the establish-
ment of clinical trials investigating the efficacy of the
PARPi, niraparib, rucaparib or olaparib, in advanced
/ metastatic endometrial cancer (NCTO03016338,
NCT03617679, NCT04269200, NCT03981796).

Unlike individuals with other gynaecological malignan-
cies, who are typically referred to familial genetics clinics
for germline BRCA1/2 testing, individuals with uLMS are
not routinely screened for such germline mutations in the
clinic, although some individuals with uLMS have been
shown to carry germline mutations in 7P53 or RBI [18],
albeit at a low rate (below the internationally accepted
cut off of ~10% prevalence for germline mutations in the
target population requiring testing [27]). In their reanal-
ysis of the TCGA and GENIE soft-tissue sarcoma data-
sets, in addition to their own uLMS cohort, Seligson and
associates observed that alterations in BRCA1/2, con-
cluded to be somatic, were significantly more common in
uLMS compared with non-uterine LMS (10% compared
to 1%, respectively, p-value 0.02, n=61 patients) [28]. In
that study, other less well substantiated genes in the HR
pathway were found to be mutated in an additional 13%
of cases of uLMS and alterations in the HR pathway have
been reported at a higher frequency in cases of uLMS
compared with non-uterine LMS [29]. In addition, Choi
and colleagues identified COSMIC mutational signature
3, which is proposed to correlate with HRD, as the domi-
nant signature in 25% of uLMS tumours [14]. PARPi ther-
apy has been shown to have utility in pre-clinical models
of uLMS [10, 14] as well as in individuals with uLMS [15,
28]. Indeed, by way of emphasising the importance of the
HR pathway, striking efficacy has been observed with sin-
gle agent PARPi even in individuals with advanced uLMS,
with individuals with alterations in BRCA2 in their uLMS
achieving partial response (PR) or stable disease (SD),
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documented for 15 months or longer [15, 28], with one
complete response (CR) having been reported [15].

Through the WEHI-Stafford Fox Rare Cancer Program
[30], 51 Australian individuals with uLMS were screened
for alterations in genes in the HR pathway using either
panel testing, WES or WGS. We detected six patho-
genic aberrations in BRCA2 in uLMS, four deletions (all
homozygous) and two mutations (both heterozygous), all
somatic. We also detected a number of cases with domi-
nant COSMIC mutational signature 3, which is known
to correlate with HRD [31] and with sensitivity to PARPi
in cancer cell lines [32]. One of these cases had a copy
number (CN) profile consistent with LOH in the PDX,
which was of high tumour purity, however HRDetect and
CHORD scores were not available due to low tumour
purity of the patient sample (HRDetect defines a score
greater than 0.7 as HRD [33], and CHORD defines a per-
centage of >50% as HRD [34]). The rate of HRD aberra-
tions was therefore five out of 58 cases (8.6%). Here, we
report on five individuals who received PARPi as part of
their treatment for HRD uLMS, two of whom achieved
either a CR or ongoing PR after platinum was added to
olaparib, upon progression of disease during single-
agent olaparib therapy. We have validated the relative
responsiveness of HRD uLMS to PARPi using HRD and
HR proficient (HRP) patient-derived xenografts (PDX).
When compared with olaparib treatment, we demon-
strated superior efficacy for an HRD uLMS PDX treated
with the combination of olaparib with cisplatin, with the
best response observed with the PARP1-specific PARPj,
AZD5305 as a single agent, even in a paired PDX con-
taining PARPi-resistance mutations. Herein, we provide
additional evidence to support clinical screening for
HRD in individuals with uLMS, in order to support their
access to PARPI treatment regimens, which can be trans-
formational for some individuals.

Materials and methods

Clinical samples

Tumour, blood samples and clinical data were obtained
from patients enrolled in the WEHI-Stafford Fox Rare
Cancer Program (SFRCP), approved by Melbourne
Health Human Research Ethics Committee (HREC)
(2015.300), which recruits Australia-wide, including a
remote consent option. Informed consent was obtained
from all patients in accordance with the National State-
ment of Ethical Conduct in Human Research 2007.
Additional approval was obtained from the Human
Research Ethics Committee at the Peter MacCallum
Cancer Centre. Cancer specialists throughout Australia
were contacted via the Australia New Zealand Gynae-
cological Oncology Group (ANZGOG) (https://www.
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anzgog.org.au/) and the Australian Rare Cancer (ARC)
Portal (https://www.arcportal.org.au/) and encouraged
to refer their patients for molecular screening. Flyers
were approved (Melbourne Health HREC) for patient
use, to inform patients and their doctors about the
SFRCP and ARC-Portal programs, thus empowering
patient involvement in this research. In order to reduce
the chance of a person with a rare cancer being iden-
tified, only hemi-decile age is provided to researchers.
For the two cases described in detail (BRCA2 deleted,
receiving PARPi/platinum combination therapy), an
additional Patient Information Consent Form was
signed by each patient, providing permission to publish
the clinical details of their case, with the understanding
that such details may result in their case being identifi-
able (Approved by MH HREC 2015.300).

Histology

Formalin fixed paraffin-embedded (FFPE) tumour sam-
ples were sectioned and stained with haematoxylin
and eosin (H&E) before pathological review and deter-
mination of tumour purity. Sections were also stained
with anti-smooth muscle actin (Clone E184, Abcam),
anti-desmin (Polyclonal, Abcam), anti-Ki67 (MIB-1,
Dako), and anti-PAX8 (polyclonal, Proteintech) using
the Ventana BenchMark Ultra fully automated staining
instrument (Roche Diagnostics, USA). H&E and ITHC
slides were digitally scanned (20 X magnification) using
the Pannoramic 1000 scanner (3DHISTECH Ltd.).
High-definition images were uploaded into CaseCenter
(3DHISTECH Ltd.), and images were processed using
Adobe Illustrator.

Whole genome sequencing

WGS of patient samples was performed on DNA
extracted from fresh frozen tissue and matched blood.
200 ng of DNA was fragmented to approximately
550 bp using a focused-ultrasonicator (Covaris M220).
Libraries were prepared with the Illumina TruSeq
nano DNA library preparation kit. The libraries were
molecularly barcoded with IDT for Illumina TruSeq
DNA Unique Dual Index adapters prior to pooling and
sequencing to a depth of 40 X for the normal and 80 X or
100 X for tumour using paired 150 bp reads on the Illu-
mina NovaSeq 6000 platform.

WGS of PDX tumours was performed on DNA
extracted from fresh frozen tissue. Libraries were pre-
pared using the Nextera Flex library method (Illu-
mina). Indexed libraries were sequenced to a depth of
60 x using paired 150 bp reads on the Illumina Novaseq
6000 platform.
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Whole exome sequencing

WES of patient samples was performed on DNA
extracted from FFPE tumour tissue and matched blood.
150-300 ng of DNA was fragmented to approximately
200 bp using a focal acoustic device (Covaris S2, Sage
Sciences). Libraries were prepared with the Kapa Hyper
Prep Kit (Kapa Biosystems) and SureSelectXT adap-
tors (Agilent). Hybridisation capture was performed
with SureSelect Clinical Research Exome V2 baits fol-
lowing the SureSelectXT recommended protocol (Agi-
lent). Indexed libraries were sequenced on an Illumina
NovaSeq 6000 (Illumina) to generate on average 200 mil-
lion paired-end 150 bp reads per sample.

Analysis of sequencing data

Initial WGS analysis was performed using a pipeline
developed in the University of Melbourne Centre for
Cancer Research as follows (hereafter referred to as
the UoM pipeline). Sequence reads were aligned to the
hg38 build of the human reference genome using BWA
mem. Variants were detected by at least 2 of the follow-
ing mutation callers (Mutect2, Strelka2 & Vardict) using
the BCBIO pipeline (https://github.com/chapmanb/
bcbio-nextgen). All variants were annotated using the
personalised cancer genome reporter (https://github.
com/sigven/pcgr). Single Nucleotide Variants (SNV)/
Indels were classified according to a five-tiered struc-
ture, similar to proposed recommendations [35], also
adopting the MLVD framework for description of clini-
cally relevant cancer variants. Tumour mutational bur-
den (TMB) was defined as the number of coding, somatic
substitutions and indels, including synonymous altera-
tions, per megabase of the targeted coding genomic
region (34 MB) [36]. Copy number variants were called
using PURPLE [37]. Structural variants were detected
using MANTA  (https://github.com/illumina/manta)
and BreakPointInspector [37]. CNV and SV changes
are annotated with the svprioritize (https://github.com/
AstraZeneca-NGS/simple_sv_annotation) framework
assigning priority to fusion events, whole exon loss or
upstream/downstream changes for a list of 1246 cancer-
associated genes only (https://github.com/umccr/workf
lows/blob/master/genes/cancer_genes/umccr_can-
cer_genes.latest.ts). Somatic mutations are assigned to
COSMIC v2 mutational signatures [38] using the Muta-
tionalPatterns framework [39]. HRD was detected by
HRDetect [33] and CHORD [34]. HRDetect and CHORD
consider mutational patterns (SNVs, Indels and Struc-
tural Variants) that are characteristic of HRD tumours.
HRDetect grants a score from 0 to 1; tumour samples
with a score>0.7 are categorised as HRD. CHORD clas-
sifies tumours in BRCA1-deficient and BRCA2-deficient
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categories; tumours with a combined probability of < 50%
HRD are categorised as HR-proficient.

WGS from PDX and WES of patient samples were
analysed and all patient WGS were re-analysed using
a bionix pipeline (https://github.com/PapenfussLab/
bionix) [40] developed at WEHI as follows (hereafter
referred to as the WEHI pipeline). All sequencing reads
were aligned to the GRCh38p31 build [41] of the human
reference genome. Reads from PDX were also aligned
to the mm10p4 build of the mouse reference genome
using minimap2 (v2.24) [42]. For PDX, reads unambigu-
ously mapping to the human reference genome were
then extracted using Xenomapper for subsequent vari-
ant calling [43]. Octopus (v0.7.0) [44] was used to call
and phase SN'Vs and indels with subsequent annotation
against Ensembl (v99) [45]. For WES, Octopus (v0.7.0)
was applied within regions+100 bp of exon boundaries.
dbNSEP (v4.2a) [46] using SnpEft and SnpSift (v4.3t) [47].
Structural variants were called using GRIDSS (v2.13.2)
[48, 49]. Mutations were assigned to COSMIC v2 muta-
tional signatures [38] using MutationalPatterns (v3.4.0)
[39]. Copy number variants were called using FACETS
(0.6.1) [50]. Default parameters were used except for
uLMS122 and uLMS227 (cval=50 and snp.nbhd =500
for preProcSample; and cval=400 for procSample) and
the low-purity sample uLMS147 (cval=100 and snp.
nbhd =750 for preProcSample; and cval=700 for proc-
Sample). The presence of whole genome doubling was
inferred using wgd.test (https://github.com/PapenfussL
ab/wgd.test) [51].

BRCA assay

Tumour BRCA testing was performed by the Pathol-
ogy Laboratory, Peter MacCallum Cancer Centre. DNA
extracted from FFPE tumour tissue was screened for
all coding exons and flanking intron junctions of the
BRCAI and BRCA2 genes using the QIAGEN UMI
based QIASeq Targeted DNA Panel (DHS-102Z) Next
Generation sequencing (NGS) kit. Indexed libraries
were pooled and sequenced with the Illumina MiSeq v2
kit (2x 150 bp). The QIAGEN laboratory software Bio-
medical Genomics Workbench version 5.0.1 was used to
annotate and transform variants to standard nomencla-
ture and filter for rare, non-synonymous variants within
5 bp of coding exons. Variants are described according
to HGVS nomenclature version 15.11 (http://varnomen.
hgvs.org/) with minor differences in accordance with
Molecular Pathology policy.

TruSight Oncology 500 (TSO500) panel testing

Targeted sequence analysis was performed at Garvan
Institute of Medical Research. DNA and RNA was
extracted from FFPE tumour material using Qiagen
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AllPrep DNA/RNA FFPE kit, and libraries were created
and enriched using the Illumina TruSight Oncology 500
reagents kit including DNA and RNA probes panel. Sam-
ples were uniquely indexed, pooled and sequenced on an
Mlumina NextSeq500 to generate 2Xx100 bp reads at a
target coverage of approximately 1000 reads/base.

DNA methylation by Methylation-Sensitive
High-Resolution Melting (MS-HR)

Where DNA was available methylation patterns of
BRCA1 and RADS5IC promoters were assessed by
MS-HRM [52] on the Magnetic Induction Cycler (Bio
Molecular Systems, Upper Coomera, Queensland)
thermocycler platform. Primers targeting the RADS5IC
promoter across genomic region chr 17:56,769,849—
56,769,990 (hg19) were used as previously described [53].

PDX generation and treatments

All animal experiments were conducted according to
the National Health and Medical Research Council Aus-
tralian Code for the Care and Use of Animals for Sci-
entific Purposes 8" Edition, 2013 (updated 2021), and
under the approval of the WEHI Animal Ethics Com-
mittee (2019.024). Tumour fragments (1-3mm?®) were
implanted subcutaneously or into the ovarian bursa of
NOD-SCID-IL-2Rgamma (NSG) mice under anaesthe-
sia. Tumour growth was monitored weekly and once
tumours reached 700mm?® the mice were euthanised
and tumours excised (T1). T1 tumour fragments were
transplanted into recipient NSG mice (T2) for serial
transplantation, snap frozen, fixed in formalin and viably
frozen in 10% DMSO/39%FCS/1% pen strep/50%DMEM.
The patient and PDX T1 tumours were assessed by an
expert gynaecological pathologist, including using immu-
nohistochemistry (IHC), to validate the identity of the
PDX tumour.

Mice bearing T2-T9 tumours that had reached 180-
300mm? in size were randomly allocated to a treatment
group: DPBS/vehicle, caelyx (liposomal doxorubicin),
olaparib, cisplatin, and combination cisplatin plus olapa-
rib. Cisplatin (Pfizer) diluted in DPBS was delivered at
4 mg/kg on days 1, 8 and 18 intraperitoneally. Olaparib
(MedChemExpress) solubilised in DMSO and diluted in
10% 2-hydroxypropyl-B-cyclodextrin (Sigma) was admin-
istered at either 100 mg/kg or 150 mg/kg daily (Mon-
day to Friday) for 3 weeks or 6 weeks intraperitoneally.
Caelyx (liposomal doxorubicin) (Janssen-Cilag) diluted
in DPBS was administered at 1.5 mg/kg intravenously
weekly for three weeks. AZD5305 was prepared weekly
in sterile water pH3.5—4 (pH adjusted with 1N HCI) with
bath sonication, and administered by daily oral gavage for
28 days at either 1 or 10 mg/kg.
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Tumours were measured twice weekly, and mice were
euthanised at experimental endpoints of either tumour
volume >700mm? or 120 days post treatment initiation.
Data collection was conducted using the Studylog LIMS
software (Studylog Systems, San Francisco). Graphing
and statistical analysis (pairwise log rank tests) was con-
ducted using the SurvivalVolume package [54].

Results

A subset of the uLMS cohort were found to be HR defective
uLMS from 58 individuals were screened for mutations
in genes in the HR pathway using either targeted panel
testing, WES or WGS. Clinical characteristics for each
individual are shown in Table 1. The most common
hemi-decile age at diagnosis was 50-54 (precise ages
not reported to aid deidentification), and most patients
had undergone a total abdominal hysterectomy (TAH).
Approximately half of the cohort had metastatic disease
at diagnosis and the average primary tumour size was
greater or equal to 10 cm.

Table 1 uLMS cohort characteristics

Patients 58
Age at Diagnosis
<39 2
40-44 7
45-49 12
50-54 14
55-59 8
60-64 5
65-69 2
70+ 5
Unknown 3
FIGO stage
| 10
] 3
n 2
v 8
Unknown 35
TAH
Yes 51
No 2
Unknown 5
Metastatic at Diagnosis
Yes 21
No 34
Unknown 3
Average Primary tumour size
<10cm 19
>10cm 29
Unknown 10

TAH Total Abdominal Hysterectomy
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The results of HR pathway screening are shown in
Fig. 1A with additional mutation detail provided in
Supplementary Table 1. No germline mutations in any
HR genes were detected in any of the cases assessed by
WGS, WES or TSO500". All 13 of the uLMS samples
that underwent WGS had a dominant COSMIC muta-
tional signature 3 (defined by the signature having a
Mutational Pattern contribution value of>=3000 and
ranked in the top three signatures by load). All but two
had high genome-wide loss of heterozygosity (LOH)
(>0.2) and four cases were found to have whole genome
doubling (wgd.test [51]), none of which were con-
firmed to be HRD. However, only two cases were found
by WGS to harbour a pathogenic HRD gene mutation,
both in BRCA2 (a homozygous deletion in uLMS122;
a heterozygous mutation in uLMS463). Only one case
was designated as HRD by HRDetect [33] and CHORD
[34] (uLMS122) and one case was characterised as
HRD upon analysis of the resultant PDX (uLMS227, see
below). WES was performed on 11 additional cases and
detected a homozygous deletion in BRCA2 in one case
which also had a variant of unknown significance (VUS)
in BRCA2 (uLMS347). Two additional pathogenic HRD
gene alterations (both homozygous deletions in BRCA2)
were detected by tumour panel NGS testing (uLMS438,
uLMS683). No mutations in BRCAI or RAD51C/D were
detected in any sample, nor was hypermethylation of the
BRCA1I or RAD5IC promoters detected (known to be
important in HGSOC [53, 55]).

PARP-inhibitor therapy improved patient outcomes

in BRCA2-deleted uLMS

Of the four individuals found to have pathogenic altera-
tions in BRCA2 in their uLMS, all four received treat-
ment with PARPi (Fig. 1B and Table 2). The first was an
individual with uLMS122 harbouring a homozygous
deletion in BRCA2 who had an initial PR to treatment
with olaparib, with a recurrence successfully treated
with the addition of platinum chemotherapy to olapa-
rib; and later upon the development of further minor
progressive disease (PD), resulting in excision of a small
lung nodule in which potential PARPi-resistance muta-
tions in PRKDC were detected, received treatment with
irradiation to two further minor PD nodules, and later

(See figure on next page.)
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gamma-knife stereotactic radiosurgery to multiple brain
metastases, while intermittently continuing on single
agent olaparib (ongoing), in metabolic CR (FDG-PET)
(outside the brain), 49 months after starting olaparib
(detailed below). The second individual with a BRCA2
alteration in uLMS438 who received PARPi therapy, had
biallelic loss of BRCA2 detected in her uLMS via panel
testing (TSO500™). Her uLMS progressed only two
months after initial diagnosis, with lung metastases and
she received first-line chemotherapy followed by single
agent olaparib maintenance therapy. Imaging showed SD
after two months of PARPi, then mixed response at four
months. She received radiation to an enlarging pulmo-
nary metastasis, but despite on-going olaparib developed
PD within a further month. Single agent carboplatin was
added seven months after starting PARPi and continued
for 13 months (ongoing), with breaks required for haema-
totoxicity and increasing PR documented on serial scans.
At the time of writing the second individual, uLMS438,
continued in on-going PR, 19 months post-initiation of
olaparib. The third individual, uLMS347, commenced
olaparib as 5™ line therapy, >seven years after her origi-
nal diagnosis. Partial response (close to a metabolic CR
on FDG-PET) was achieved after five months of PARPi,
followed by oligometastatic PD (intra-abdominal metas-
tasis) a further eight months later, which was treated
with radiotherapy; then continuation of olaparib, with a
mediastinal metastasis appearing after 19 months total
of PARPi-based therapy, with radiotherapy to the medi-
astinal metastasis planned, followed by continuation
of olaparib. The fourth individual, uLMS683, experi-
enced PD seven months after initial diagnosis and had a
mixed response to 1% line chemotherapy. Because of lung
metastases she commenced olaparib with a partial meta-
bolic response observed on FDG-PET after six weeks of
PARPI. She remains in clinical response after 3 months of
olaparib (ongoing) (Fig. 1B and Table 2).

The first individual referred to above, whose uLMS
was designated uLMS122, was aged 45-49 years (hemi-
decile) at diagnosis, when a uLMS positive for both estro-
gen and progesterone receptors (ER/PR) was detected
after a total abdominal hysterectomy for suspected uter-
ine fibroids. Pulmonary metastases were identified two
months later. Hormonal therapy was ineffective and this

Fig. 1 Molecular summary of HRD screening and clinical journey of the five HRD uLMS identified. A Summary of results from screening 58 uLMS
samples via either whole genome sequencing (WGS), whole exome sequencing (WES), TruSight Oncology 500 (TSO500) panel testing or BRCA1/2
panel sequencing. Genome doubling (GD), percentage loss of heterozygosity (LOH) and results of MS-HRM methylation analysis of BRCAT and
RAD51C promoters (denoted as BRCAT(me) and RAD51C(me), respectively) also shown. HRDetect scores and CHORD percentage readouts from
UoM pipeline are as shown. Blanks indicate test was not run (for BRCA1(me) and RAD51C(me)), the tumour purity was not high enough to provide
accurate scores or that the type of analysis used cannot report on the parameter. uLMS numbers refer to specific ULMS cases described in the text.
B Timeline of uLMS patients who, based on HRD screening, received PARPI (olaparib) + platinum therapy as part of their treatment history. Time of
sample collection, type of molecular test, time of molecular reporting, and commencement of PARPi therapy are shown along with other types of

therapy received and tumour responses where available
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Fig. 1 (See legend on previous page.)

was followed by doxorubicin resulting in PR after three
cycles, ongoing response after six cycles, followed by a
four-month treatment free interval (TFI). Docetaxel and
gemcitabine were then commenced due to PD, with some

response, and completion of six cycles. Three months
later, despite irradiation to hilar lymph nodes, pazopanib
was commenced for further PD, with no response. Ifos-
famide was then delivered, resulting in severe toxicity.
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Table 2 Outcomes of five individuals with uLMS treated with

PARPI

Patient Time on PARPi  OS?
CULMS#122 olaparib; + cisplatin; + RT 49 mo® 49 mo®
duLMS#227 olaparib (ceased); chemotherapy 4 mo 9mo
CULMS#347 olaparib; RT 19 mo® 19 mo®
CULMS#438 olaparib; + carboplatin 19 moP 19 mo®
“uLMS#683 olaparib; 3moP 3 moP
mo months

2 since commencement of PARPi (olaparib) therapy
b continuing on therapy

€ BRCA2 deletion

4 COSMIC signature 3

Dacarbazine was attempted, with impressive response
and eight cycles were delivered followed by PD. At sub-
sequent surgery for a symptomatic pleural effusion, with
an Eastern Cooperative Oncology Group (ECOG) perfor-
mance status of 3, a fresh pleural biopsy was obtained for
urgent WGS, after having commenced five prior lines of
therapy over 3.5 years (Fig. 2A). WGS detected a tumour
mutational burden (TMB) of 2.9 mutations per Mega
base; LOH of 0.48; homozygous deletion of BRCA2; and
a dominant COSMIC mutational signature 3 (Figs. 1 and
2B,C), indicating that this uLMS was HRD. As a result,
the patient was commenced on PARPi, olaparib, via a
compassionate access program. The patient achieved a
PR at four months (Fig. 2Di,ii), sustained until 12 months,
before developing evidence of minor progression in a
mediastinal lymph node (Fig. 2Ei). Because the majority
of her uLMS was controlled on olaparib, and platinum
chemotherapy had previously been shown to be safe in
combination with olaparib in the clinic [56], cisplatin
was added to the treatment schedule in an attempt not
to lose control, in the context of heavy prior therapy, with
no other good therapeutic options available. After three
cycles of cisplatin and olaparib combination therapy, a PR
was again observed. After six cycles of cisplatin in combi-
nation with olaparib, no appreciable activity was present
on imaging (Fig. 3Eii), consistent with a CR. After two
years on olaparib, bilateral salpingo-oophorectomy (BSO)

(See figure on next page.)
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was performed to determine whether a CR had been
obtained, with low positive Fluoro-deoxy glucose posi-
tron emission tomography (PET) signal being observed
in the adnexae, and upon analysis of the resected tissue
no microscopic tumour was found, nearly six years fol-
lowing the original diagnosis.

Four months after proof of CR at six years post diag-
nosis, interval enlargement of a pulmonary nodule was
noted and this was resected. WGS of this PARPi-resistant
uLMS tissue confirmed the previously detected BRCA2
deletion and CHORD and HRDetect analyses were
consistent with the uLMS being HRD. Two heterozy-
gous mutations were found in the PRKDC gene (Fig. 2F,
Supplementary Table 1) that encodes DNA-PKcs, the
catalytic subunit of DNA-dependent serine/threonine
protein kinase (DNA-PK), in this PARPi-resistant sample.
These PRKDC mutations were not detectable by WGS in
the first patient sample. As DNA-PK is a core component
of the classical non-homologous end-joining (c-NHE])
pathway (Fig. 2G) and radiosensitivity of c-NHE] defi-
cient tumour cells has been observed [57, 58], the patient
completed a course of stereotactic ablative radiotherapy
to one additional chest wall nodule and concurrent radia-
tion to a pelvic nodule, then continued with olaparib as
maintenance therapy. Radiological CR was documented
two months after this radiotherapy. After a further three
months, multiple cerebral metastases were diagnosed and
treated with gamma-knife stereotactic radiosurgery, with
recommencement of olaparib and completion of weaning
of corticosteroids a month later. After 49 months total of
olaparib-based therapy, nearly eight years after her initial
diagnosis, the individual remains in systemic CR, despite
metastatic disease likely having been present at diagnosis.

Patient-derived xenografts generated from HRD patient
samples show concordance with patient responses

to platinum therapy and PARPi

A PDX was generated from the initial pleural biopsy
sample from uLMS122, which underwent WGS and ena-
bled drug response to be assessed in vivo. IHC analysis
was performed to confirm that the PDX matched the
patient sample for major histomolecular characteris-
tics (Fig. 3A). The PDX was treated with different doses

Fig. 2 Patient with BRCA2-deleted, COSMIC signature 3 uLMS responded to PARPi. A Timeline of uLMS122 patient history (TAH=Total abdominal
hysterectomy, BSO = Bilateral Salpingo-oophorectomy, NED =no evidence of disease). Repeated from Fig. 1B for ease of reference. B Structural
variants plot generated from WGS data of first patient sample showing intra-chromosomal rearrangements. C Copy number profile generated

from the first patient sample where total copy number is shown in black and minor copy number in red. Red at 0 indicates loss of heterozygosity.

D Computerised tomography images of patient lungs at the point of recruitment to the SFRCP (i) and after 3 months of receiving olaparib (ii). E
computerised tomography images of the patient lungs indicating a small recurrence (mediastinal nodule, blue cross) following the initial PARPi
therapy (i) and following cisplatin plus PARPi. F Schematic of tumour samples analysed by WGS, with second sample showing additional PRKDC
mutations (del =deletion, fs=frameshift). G Schematic depicting repair of DNA double stranded breaks (DSB) by either homologous recombination
(HR) or Non-homologous end-joining (NHEJ), in which DNA PKcs plays a pivotal role
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and schedules of olaparib, as well as cisplatin which is
our standard comparator drug in our PDX program for
pre-clinical PARPi trials, and pegylated doxorubicin (cae-
lyx) the standard therapy for advanced uLMS (Fig. 3B).
Of the single agent olaparib schedules tested, treatment
for six weeks with olaparib at 150 mg/kg provided the
best response (Table 3). However, greater response was
observed for single agent cisplatin, a drug not typically
used as standard of care treatment of uLMS. The use of
cisplatin together with olaparib, 100 mg/kg, resulted in a
deeper and more sustained response, with a CR (tumour
volume smaller than 30mm? for three consecutive weeks)
observed in 7/7 tumours, compared to just 1/8 tumours
in the cisplatin alone treatment group. No reduction in
tumour volume was observed in response to treatment
with pegylated doxorubicin.

A PDX was also generated from the second sample
from this patient, which was found by WGS to contain
two heterozygous mutations in the PRKDC gene encod-
ing DNA-PKcs, the catalytic subunit of DNA-PK, which
were not present in WGS performed on the first patient
sample. Almost all other major histomolecular charac-
teristics were retained in the second PDX (Fig. 3D). As
in the patient, this second PDX was resistant to olapa-
rib, but remained responsive to cisplatin, although less
responsive than the PDX from the earlier uLMS122 sam-
ple (cisplatin median time to harvest 67 days vs 109 days;
Fig. 3E, Table 4). The highly selective, potent PARP1
inhibitor and PARP1 — DNA trapper, AZD5305, is now in
the clinic via the PETRA trial (NCT04644068) [59]. Strik-
ingly, both PDX derived from this case, demonstrated
early, deep responses to the more potent PARP1-specific
PARPi, AZD5305 [59, 60] (Fig. 3C and F, Tables 3 and
4), despite the fact that the PDX from the second sam-
ple was resistant to treatment with olaparib (150 mg/kg
for 6 weeks, Fig. 3E, Table 4). The first PDX demonstrated
sustained CR for 120d (end of experiment). The second
PDX also showed rapid CR to 80d, despite containing
PRKDC mutations, known to confer resistance to PARPi
[61, 62]. In contrast, all mice treated with single-agent
olaparib underwent progression regardless of which

(See figure on next page.)
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PDX (uLMS122 PDX1 time to PD 7 days for vehicle vs
7 days olaparib vs > 120 days AZD5305; p value for olapa-
rib vs AZD5305 (1 mg/kg)=0.01; uLMS122 PDX2 time
to PD 7 days for vehicle vs 7 days olaparib vs>120 days
AZD5305; p value for olaparib vs AZD5305 (1 mg/
kg)=0.01).

HRD signature and copy-number analysis identifies
additional patients with uLMS who may potentially benefit
from PARPi

The patient whose uLMS was designated uLMS227, was
diagnosed with FIGO Stage I, poorly differentiated ER/
PR negative uLMS, aged between 50-55 years and was
chemotherapy-naive when tissue was obtained from the
primary tumour at the time of initial surgery and then
prepared for WGS (Fig. 4A). Despite anatomical pathol-
ogy review reporting 90% tumour purity in the sam-
ple, analysis of the WGS data revealed that the sampled
uLMS was of low cellularity (<30%), potentially attrib-
utable to poor fixation of the primary sample or hetero-
geneity of cell types within uLMS, but providing limited
sensitivity of WGS for mutation detection. Neverthe-
less, a dominant COSMIC mutational signature 3 (Sup-
plementary Fig. 1) was identified, although CHORD and
HRDetect analyses could not be performed due to poor
tumour purity. No pathogenic alterations in HRD genes
were observed to account for the dominant signature 3.
On completion of the chosen standard first-line therapy,
the patient was commenced on maintenance olaparib via
a compassionate access program.

At four months post initiation of olaparib, a minor
response was observed consistent with stable disease
on CT scan (Fig. 4B). However, at that time, the devel-
opment of erythroid hypoplasia necessitated cessation
of olaparib, following which progressive disease was
detected after four months. The patient subsequently
received second-line therapy and a CT scan performed
one month after completion of four cycles showed a
reduction in all metastatic sites. Unfortunately, this initial
response was followed by rapid PD and the patient died
some months later.

Fig. 3 Two patient derived xenografts (PDX) generated from HRD uLMS tumour responsive to platinum therapy. A Immunohistochemistry panel
showing concordant protein expression between first primary patient sample and PDX. H&E =Haematoxylin and Eosin, a-SMA =alpha smooth
muscle actin. Scale bars represent 100 um. B PDX tumour growth curves and survival in response to vehicle, standard therapy caelyx (pegylated
doxorubicin; 1.5 mg/kg day 1, 8 and 18), olaparib (100 mg/kg or 150 mg/kg, daily Monday to Friday, 3 or 6 weeks), cisplatin (4 mg/kg day 1, 8 and
18) and the combination of olaparib (100 mg/kg daily Monday to Friday 3 weeks) and cisplatin (4 mg/kg day 1, 8 and 18). Data is shown as mean
(solid lines, and individual tumours in dotted lines) with shaded areas representing 95% confidence intervals. C PDX tumour growth curves and
survival in response to daily treatment for 4 weeks with vehicle, olaparib (100 mg/kg) or AZD5305 (1 mg/kg or 10 mg/kg). D Immunohistochemistry
panel showing second PARPI resistant primary patient sample and PDX. H&E =Haematoxylin and Eosin, a-SMA =alpha smooth muscle actin.
Scale bars represent 200 um. E PDX tumour growth curves and survival in response to vehicle, caelyx (pegylated doxorubicin; 1.5 mg/kg day 1, 8
and 18), olaparib (150 mg/kg, daily Monday to Friday, 6 weeks) and cisplatin (4 mg/kg day 1, 8 and 18). Data is shown as mean with shaded areas
representing 95% confidence intervals. F PDX tumour growth curves and survival in response to daily treatment for 4 weeks with vehicle, olaparib

(100 mg/kg) or AZD5305 (1 mg/kg or 10 mg/kg)
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Table 3 Responses of first uLMS122 Patient Derived Xenograft
to PARPi and standard therapy in vivo

Test Statistic*  P-value
Vehicle vs caelyx 1.5 mg/kg 476 0.03
Vehicle vs olaparib 100 mg/kg 240 0.1
Vehicle vs olaparib 150 mg/kg (3WKS) 9.54 0.002
Vehicle vs olaparib 150 mg/kg (6WKS) 13.64 0.0002
Vehicle vs cisplatin 4 mg/kg 2133 0.00000
Vehicle vs olaparib 100 mg/kg + cisplatin 19.20 0.00001
4 mg/kg
Cisplatin vs olaparib 100 mg/kg + cisplatin 8.63 0.003
4 mg/kg
Vehicle vs AZD5305 10 mg/kg 521 0.02
Vehicle vs AZD5305 1 mg/kg 6.64 0.01
Olaparib 100 mg/kg (4WKS) vs AZD5305 5.05 0.02
10 mg/kg
Olaparib 100 mg/kg (4WKS) vs AZD5305 6.62 0.01
1 mg/kg
2 Pairwise Log Rank Tests used to test the null hypothesis
Table 4 Responses of second uLMS122 Patient Derived
Xenograft to PARPi and standard therapy in vivo

Test Statistic® P-value
Vehicle vs caelyx 1.5 mg/kg 0.015 0.9
Vehicle vs olaparib 150 mg/kg (6WKS) 0.65 04
Vehicle vs cisplatin 4 mg/kg 13.37 0.0003
Vehicle vs olaparib 100 mg/kg + cisplatin 13.26 0.0003
4 mg/kg
Cisplatin vs olaparib 100 mg/kg + cisplatin 140 0.2
4 ma/kg
Vehicle vs AZD5305 10 mg/kg 8.01 0.005
Vehicle vs AZD5305 1 mg/kg 6.23 0.01
Olaparib 100 mg/kg (4WKS) vs AZD5305 7.60 0.006
10 mg/kg
Olaparib 100 mg/kg (4WKS) vs AZD5305 6.12 0.01
1 ma/kg

2 Pairwise Log Rank Tests used to test the null hypothesis

In order to better determine the HRD status of
uLMS227, we analysed the PDX which had been gen-
erated from the primary uLMS227 sample. This PDX
uLMS227 showed IHC staining consistent with the origi-
nal tumour (Fig. 4C). WGS analysis of the PDX uLMS227
sample confirmed the presence of the dominant COS-
MIC mutational signature 3 (Fig. 4D). The greater purity
of the PDX sample allowed identification of a loss-of-
heterozygosity (LOH) copy number profile characteristic
of HRD malignancies (Fig. 4E) in keeping with the COS-
MIC mutational signature 3. Interestingly, despite this
very clear PDX LOH CN profile, no mutations in any HR
related genes were detected. Methylation analysis of the

Page 12 of 20

BRCA1I and RAD51C promoters was performed on both
the patient and PDX uLMS227 samples, to further inves-
tigate the cause of the COSMIC mutational signature 3.
Neither promoter was methylated in either the baseline
patient or PDX samples (Fig. 4F), as had been observed,
as expected, for the BRCA2-deleted uLMS122 samples
(Supplementary Fig. 2)).

HR Proficient uLMS PDX shows no response to PARPi

In contrast, the patient whose uLMS was designated
uLMS147, was diagnosed with metastatic FIGO stage
IV dedifferentiated uLMS under the age of 50 years
(Fig. 5A). She was treated with one line of systemic ther-
apy and required several surgical resections of meta-
static disease before WGS was performed on a sample
of her uLMS. Similar to uLMS227, the estimated tumour
purity contained within the biopsy sample was too low
(<30%) for somatic variant analysis using the UoM pipe-
line, including HRDetect or CHORD analyses. Using
the WEHI pipeline, no mutations in any of the HR path-
way genes were detected, and there was no evidence of
the LOH pattern typical of HRD tumours (LOH 0.13)
(Fig. 5B, C) and therefore this sample was characterised
as being HRP.

A PDX derived from uLMS147 showed similar IHC
staining to the original tumour (Fig. 5D). There was a
significant reduction in tumour growth in response to
pegylated doxorubicin (caelyx). Unlike uLMS122, how-
ever, the PDX from uLMS147 was unresponsive to both
three and six weeks of olaparib at 150 mg/kg (Fig. 5D,
Table 5). There was an initial response to cisplatin, with
inhibition of tumour growth observed during the treat-
ment period and extending to 40 days, but ultimately the
PDX uLMS147 was resistant to cisplatin.

Discussion

Durable benefit with PARPi has been reported for
individuals with BRCA2-mutated uLMS [15, 63], with
one prior CR being documented in response to PARPi
[15]. In addition, three individuals with uLMS with
homozygous BRCA2-deletion received benefit from
treatment for > 14 months (ongoing response), includ-
ing one CR and two PRs, with the combination of
PARPi (talazoparib) and the anti-PD-L1i, nivolumab,
in the JAVELIN BRCA/ATM phase 1b clinical trial
[64]. Despite these observations, screening for muta-
tions in BRCA1/2 and the HR pathway is not routinely
performed in the clinic for uLMS despite the lack of
available alternative efficacious therapeutic options. In
Australia, reimbursed molecular sequencing is avail-
able for individuals with sarcoma (including uLMS) for
21 specified genes (none of which are in the HR path-
way) and the current ad hoc testing available through
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Fig. 4 Patient with HRD uLMS with no HR pathway gene mutations response to PARPi. A Timeline of uULMS227 patient history. Repeated from

Fig. 1B for ease of reference. B computerised tomography images of the patient abdomen prior to (i) and 3 months after initiation of PARPi therapy
(ii). € Immunohistochemistry panel showing concordant protein expression between primary patient sample and PDX. H&E =Haematoxylin and
Eosin, a-SMA =alpha smooth muscle actin. Scale bars represent 200 um. D Structural variants plot generated from WGS data of the uLMS227 PDX
sample showing intra-chromosomal rearrangements. E Copy number profile generated from the uLMS227 PDX sample where total CN is shown
in black and minor CN in red. F Methylation analysis of the BRCAT and RAD51C promoters. Red lines indicate a 100% methylated control, blue lines
indicated 0% methylated control and the green line represents the uLMS227 sample (both patient and PDX sample)

(See figure on next page.)

Fig.5 HRP uLMS PDX does not respond to PARPI. A Timeline of uLMS147 patient history. B CIRCOS plot generated from patient WGS data showing
intra-chromosomal rearrangements, and (C) Copy number profile, where total CN is shown in black and minor CN in red. D Immunohistochemistry
panel showing concordant protein expression between primary patient sample and PDX. H&E =Haematoxylin and Eosin, a-SMA =alpha smooth
muscle actin. Scale bars represent 200 um. E PDX tumour growth curves and survival on treatment with vehicle, caelyx (pegylated doxorubicin;

1.5 mg/kg 1, 8 and 18), olaparib (150 mg/kg, daily Monday to Friday or Monday to Sat, 6 weeks) and cisplatin (4 mg/kg day 1,8 and 18). Data is
shown as mean with shaded areas representing 95% confidence intervals
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Table 5 Responses of uLMS147 Patient Derived Xenograft to
PARPi and standard therapy in vivo

Test Statistic®  P-value
Vehicle vs caelyx 1.5 mg/kg 11.61 0.0007
Vehicle vs olaparib (6d) 150 mg/kg (3WKS) 017 0.7
Vehicle vs olaparib 150 mg/kg (6WKS) 0.017 09
Vehicle vs cisplatin 4 mg/kg 1.46 0.2

2 Pairwise Log Rank Tests used to test the null hypothesis

research studies and clinical trials is insufficient to
identify all uLMS patients who would benefit from
PARPi access.

This study provides real-world evidence of HRD in
uLMS cases and one example of profound, life-chang-
ing clinical benefit for an individual with uLMS122
treated with olaparib for 3.5 years, requiring a course
of cisplatin combined with olaparib after one year
on olaparib and later on, successful short courses of
radiotherapy in an oligometastatic setting. We showed
that the addition of cisplatin to olaparib resulted in
CR of this BRCA2 homozygously deleted uLMS in
an individual who had been heavily pre-treated. We
also report an ongoing PR in a patient with uLMS347
harbouring a biallelic loss of BRCA2, again requiring
olaparib/platinum combination therapy, where single
agent olaparib was insufficient for control. In addition,
we showed potential benefit for two other individu-
als, who also accessed olaparib treatment following the
detection of HRD, as evidenced by BRCA2 homozy-
gous deletion in uLMS348 (>13 months with olapa-
rib-based therapy (plus radiation) and Signature 3 in
uLMS227, using a comprehensive molecular screening
approach. Due to poor tumour purity, HRD was ulti-
mately confirmed by LOH copy number profile in the
resulting high tumour-purity uLMS PDX 227, as was
the absence of any HRD gene mutation or promoter
methylation to account for the HRD. Thus, we identi-
fied that COSMIC mutational signature 3, in addition
to a high level of genome wide LOH, may also indicate
susceptibility to PARPi therapy in uLMS even in the
absence of a detected mutation in HRD pathway genes.
This supports the need for coordinated research
screening of these patients by WGS if no HRD aberra-
tions are found by BRCA/panel analysis. Together, our
work extends previous findings [10, 14, 15, 28, 29] and
highlights a pressing need to identify subsets of indi-
viduals with uLMS who may respond to targeted ther-
apy in this rare cancer type. Individuals with uLMS
have a paucity of treatments currently available for
their extremely aggressive cancer and stand to benefit
from a readily available oral therapy, PARPi, with quite
transformational responses.
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Agents aiding PARPi response in uLMS

The favourable response of PDX uLMS122 to cisplatin
was atypical for uLMS but consistent with previously
demonstrated platinum sensitivity observed for a range
of gynaecological cancers with HRD [65]. There is mixed
low-level evidence for efficacy of cisplatin-based combi-
nation therapies in sarcomas. Cisplatin plus pemetrexed
therapy was associated with sustained responses in
patients with advanced and refractory soft tissue sarcoma
(STS) [66], and cisplatin-based chemotherapy resulted in
a rapid major partial response in a patient with BRCA2-
deficient STS [67]. In addition, in an HRD setting, there
is rationale for using platinum-based therapies in sar-
coma, based on HRD PARPi literature, where platinum
followed by PARPi maintenance approach has been used,
with profound success. Single-agent cisplatin was ini-
tially employed to treat uLMS, but small cohort studies
in the late 1980s and 1990s showed little or no response
[68, 69]. Other chemotherapy combinations, includ-
ing with cisplatin, have been tested in uLMS, but with
limited success [70, 71]. It is possible that if these prior
studies had first screened patients for HRD and strati-
fied their cohort accordingly, the outcomes to platinum
for HRD uLMS patients may have been more favourable.
Notably, a recent clinical trial combining a different DNA
alkylating agent, temozolomide, with olaparib opened
in 2019 (NCT03880019) due to pre-clinical evidence of
the efficacy of this combination in uLMS cell lines [72].
This study reported that 23% of patients achieved an
objective response within six months of initiating com-
bination olaparib/temozolomide therapy [73]. We await
the translational analysis of this trial, but as we and oth-
ers have showed more conservative proportions of indi-
viduals to have HRD in their uLMS (~10%), the higher
RR observed in the combination olaparib/temozolomide
trial of 22% could indicate that strictly defined HRD
(~10% in our and other’s series) may not solely underpin
responses to PARPi/temozolomide or perhaps to other
PARPi combination regimens, such as PARPi/cisplatin.
Our findings highlight the potential importance of adap-
tive approaches for future PARPI trial designs in this rare
disease.

Mechanisms of resistance to PARPi and a matched
approach to surmount it in uLMS

The CR achieved by patient uLMS122 in response to
cisplatin/olaparib combination therapy was intriguing
and in keeping with known responses of other breast
and gynaecological cancers to platinum/PARPi regi-
mens [20, 74]. Nevertheless, a recurrence in this patient
did occur, allowing for subsequent WGS on the PARPi
resistant lung nodule. The PRKDC mutations detected
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in this recurrent sample is to our knowledge the first
such description in uLMS. The PRKDC gene encodes
DNA-PKcs, a key protein in the c-NHE] pathway, which
competes with the HR pathway for DNA double strand
break repair during S and G2 phases of cell cycle [61,
75]. The c-NHE] repair pathway does not rely on homol-
ogy like HR, this mode of repair can occur at any phase
of cell cycle and may become abortive/error-prone in
the absence of HR repair, creating small DNA-damaging
deletions [61, 75]. Loss or inhibition of core c-NHE] com-
ponents, including DNA-PKcs, has been described as a
mechanism of PARPI resistance in BRCA2-mutant ovar-
ian cancer cells previously [61, 62]. Therefore, we propose
that deregulated c-NHE] was the mechanism of PARPi
resistance most likely responsible for the development
of the resistant lung nodule, given that secondary muta-
tions in BRCA2 would not be likely to revert a BRCA2
deletion to wild-type [76] and, as expected, second-
ary mutations in BRCA2 were not observed upon WGS
analysis of this case, following progression on PARPi.
Fortunately, cells with decreased or absent c-NHE] are
particularly radiosensitive [57, 58], making local radio-
therapy a practical targeted therapeutic option for this
individual who had only low volume disease recurrence,
followed by continuation of single agent olaparib therapy
in this oligo-metastatic setting [77]. Indeed, an additional
subsequent approach is to determine whether a more
potent and less toxic PARPi might be even more effective
in the clinic than the current PARP], abrogating the need
for combination therapies. The highly selective, potent
PARP1 inhibitor and PARP1—-DNA trapper, AZD5305
[59] caused early, deep responses in both uLMS122 PDX,
despite the fact that the PDX from the second sample was
resistant to treatment with olaparib and contained two
PRKDC mutations, known to confer resistance to PARPi
[61, 62]. It would be timely to consider including indi-
viduals with HRD uLMS in trials of new PARPi such as
in the PETRA trial (NCT04644068) [59] or for individu-
als with cerebral metastases, trials of AZD9574, a novel,
brain penetrant PARP-1 selective inhibitor [78].

PARPi-induced erythroid toxicity in uLMS

For uLMS227, despite intolerance to olaparib therapy in
the clinic after five months, due to haematologic toxicity,
the individual’s uLMS responded to subsequent chemo-
therapy, possibly in keeping with prolonged responses
observed for time to subsequent therapies following prior
PARPi in ovarian cancer (for example, [79]). However,
with such a rare cancer type, and the paucity of infor-
mation available for duration of responses to second-
line therapies in uLMS, it is not possible to be certain,
whether or not olaparib provided a benefit (nine-month
interval between 1% line and 2"¢ line chemotherapy
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regimens, including the time on olaparib therapy (five of
the nine months)). Anaemia and neutropenia are com-
mon adverse events in trials of both PARPi single agent
and PARPi/platinum combination therapies [80-83].
Efforts to minimise haematological toxicities of PARPi
are underway. PARP-2 has been demonstrated to have
an important role in sustaining erythropoiesis [84], and
development of more targeted PARPi such as AZD5305
with enhanced PARP1 selectivity has been shown to have
reduced haematologic toxicity in a pre-clinical model
[60]. Combining PARPi therapy with a chemo-protector,
such as a CHK2 inhibitor, has also been proposed, with a
pre-clinical study demonstrating prevention of cytotoxic-
ity in B cells by the CHK2 inhibitor, BML-277, chosen as
a result of a CRISPR/cas9 genetic screen [85].

HRD screening approaches in uLMS

As demonstrated here, an appropriate screening strategy
for detection of HRD must be carefully considered. Panel
tests are relatively inexpensive with a rapid turn-around
time requiring relatively low tumour purity. However,
screening for mutations in common HRD genes (BRCA1,
BRCA2, PALB2, RAD51C) may not be sufficient to detect
all cases of HRD in uLMS. We have used a combination
of both COSMIC mutational signature 3 dominance and
high genome wide LOH to designate a uLMS as being
HRD, in the absence of an HRD gene mutation, such as in
the case for uLMS227. This was subsequently supported
by the greater purity of the PDX uLMS227 sample ena-
bling observation of an LOH copy number profile which
was characteristic of HRD. WGS can detect mutational
signatures whilst both WGS and WES can provide LOH
patterns. Given that the COSMIC signatures were trained
on data sets comprising more common cancer types, it
may be appropriate for caution to be applied when inter-
preting mutational signature results for rare cancers, at
least for uLMS. Indeed, Choi and colleagues also identi-
fied a higher than expected frequency (25%) of dominant
COSMIC mutational signature 3 in their cohort of uLMS
[14]. Algorithmic assessment of HRD, for example using
CHORD [34] and HRDetect [33] may also require further
validation in certain rare cancer subtypes.

The timing of screening is also critical, as evidenced
in the cases of uLMS122 and uLMS347. These indi-
viduals had received three-five beneficial lines of prior
cytotoxic/other therapies during the first three years
of their disease, with increasingly rapid relapses. If the
BRCA2 deletions identified in these individuals had
been detected at primary diagnosis, their quality of
life would likely have been improved earlier, by being
considered for PARPi therapy up to three-seven years
earlier. It is astounding that despite being heavily pre-
treated, these individuals still received considerable
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benefit from olaparib, suggesting that more efficacious
approaches (combinations or more potent PARPi, or
both) could be even more successful.

As a result of our findings, we recommend BRCA
panel testing be performed on FFPE for all cases of
uLMS, aiming for early detection of HRD with subse-
quent early access to PARPi. BRCA2 is the major recur-
ring defective HRD gene in this disease and hence
analysis of BRCA2 is most important. Due to tumour
heterogeneity within the specimen, we found it help-
ful to request two blocks in case of assay failure. The
rationale for requesting two different FFPE blocks con-
currently included preventing delays (inherent with
having to make a second request), the result could have
a profound impact on the individual’s outcome, there
was usually a large amount of tumour tissue available
and we confirmed that we would return both blocks
within a reasonable timeframe. We also advocate for
the collection of fresh tumour tissue at primary diag-
nosis of uLMS, whenever possible, to enable a compre-
hensive approach to molecular screening: if no HRD
abnormality is detected on panel testing, then WGS or
high-quality WES (less expensive than WGS, but more
reliable analysis on fresh tissue than when performed
on FFPE) should be performed, or if only FFPE tumour
is available then WES could be considered, until meth-
ods improve and costs reduce such that WGS is feasi-
ble on FFPE. Whilst WES/WGS is not possible in all
centres, tissue collection and analysis could be coordi-
nated by a relevant centralised research program such
as is performed by the WEHI-Stafford Fox Rare Cancer
Program in Australia. By developing this uLMS HRD
analysis process to be the gold standard approach for
personalised therapy, such analyses could be transform-
ative for individuals with uLMS found to have HRD
early in their disease journey. Prolonged PR of greater
than one year, or even CR such as reported in this study
and by Hensley et al. [15] and in the JAVELIN BRCA/
ATM trial [64] could enable improved quality of life
and may allow prolongation of life. Importantly, Signa-
ture 3/LOH analyses should be included in the trans-
lational analysis of individuals with uLMS in clinical
trials, in order to identify those individuals who will
most likely benefit from inclusion in subsequent clinical
trials using PARPi combination therapies. The newer
PARP1-specific PARPi may also have an important role
in the treatment of uLMS and consideration should be
given to including cohorts of uLMS patients in exist-
ing PARPi umbrella trials of newer PARPi agents. Rou-
tine identification of HRD lesions in uLMS will enable
individuals with a uLMS that is unlikely to respond to
PARPi combination therapies, to receive more appro-
priate therapy, including other clinical trials.
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Conclusions

There is a paucity of effective therapies currently avail-
able for individuals with uLMS, a rare gynaecological
cancer. In this study we show that a national approach
for screening for HRD in uLMS identified 5/58 (9%)
cases to have HRD, helping to transform the lives of
those individuals with HRD uLMS, as responses to
PARPi-containing therapeutic regimens, including the
combination of PARPi/platinum or PARPi/RT, can be
long-lasting and well tolerated.

Abbreviations

CHORD  Classifier of homologous recombination
c-NHEJ Classical non-homologous end-joining
COSMIC  Catalogue of somatic mutations in cancer
CR Complete response

HGSOC High grade serous ovarian carcinoma
HR Homologous recombination

HRD Homologous recombination deficient
HRP Homologous recombination proficient
LOH Loss of heterozygosity

NGS Next generation sequencing

PARPi Poly (ADP-ribose) polymerase inhibitor
PD Progressive disease

PDX Patient derived xenograft

PFS Progression free survival

PR Partial response

SD Stable disease

uLMS Uterine leiomyosarcoma

WES Whole exome sequencing

WGS Whole genome sequencing

Supplementary Information

The online version contains supplementary material available at https://doi.
0rg/10.1186/513046-023-02687-0.

Additional file 1: Supplementary Table 1. HRD mutations identified by
screening uLMS from 58 individuals.

Additional file 2: Supplementary Figure 1. (A) Structural variants plot
generated from WGS data of uLMS227 primary patient sample showing
intra-chromosomal rearrangements. (B) Copy number profile generated
from the uLMS227 patient sample. Total copy number is shown in black
and minor copy number in red. Supplementary Figure 2. Methylation
analysis of the BRCAT and RAD5T1C promoters. Red lines indicate a 100%
methylated control, blue lines indicated 0% methylated control and the
green line represents the uLMS122 sample (both patient and PDX sample).

Acknowledgements

We thank Rachel Hancock, Daniel Fayle, Stephanie Bound, Kathy Barber

and Silvia Stoev and WEHI Bioservices for their technical assistance. We also
thank Drs Elisabetta Leo, Mark Albertella and Mark O'Connor for AZD5305
(AstraZeneca). This work was made possible through the Australian Cancer
Research Foundation, the Victorian State Government Operational Infrastruc-
ture Support and Australian Government NHMRC IRIISS. The WEHI- Stafford
Fox Rare Cancer Program acknowledges support from the Australian and New
Zealand Gynaecological Oncology Group and Australian Rare Cancer Portal
for facilitating patient accrual and the Molecular Screening and Therapeutics
(MoST) Program (Omico, Australia) for provision of additional comprehen-
sive genomic sequencing data. The WEHI-Stafford Fox Rare Cancer Program
would also like to acknowledge the contributions of all clinical collaborators,
including study nurses, at participating centers throughout Australia for
their involvement in this study and to thank patients for donating tissue and
contributing to the study.


https://doi.org/10.1186/s13046-023-02687-0
https://doi.org/10.1186/s13046-023-02687-0

Dall et al. J Exp Clin Cancer Res (2023) 42:112

Authors’ contributions

GD, CLS, HEB conceived of the study; GD, CJV, SG, ATP, CLS, HEB participated

in design of the study; DK, BM, AL, EO, JT, WZ, DN, RC, LP, IO participated in
patient consent and sample collection; GD, CJV, AC, RL, KSA, ELK processed
patient tumour samples; GD, AC, RL carried out DNA/RNA extractions; KPS, KN,
AD, SBF participated in generation of sequencing and/or methylation data;
GD, CJV, KN, WZ, JHAV, JB, JB, MJW, DK, RL, KSA, AD, SBF, OH, SG, ATP analysed
sequencing and/or methylation data; GR performed histological examination;
GD, CJV, RL, ELK, CLS developed and analysed preclinical models; DK, RC, LP,
APN, OM, JDP, TM, THT, IMC, OK, SB, IO, AH, CLS generated, analysed and inter-
preted patient data; GD, SG, ATP, CLS drafted the manuscript; GD, CJV, LZ, JHAV,
DK, APN, ATP, CLS, HEB revised and edited the manuscript. All authors read and
approved the final manuscript.

Funding

This work was supported by fellowships and grants from the National Health
and Medical Research Council (NHMRC Australia; Project grant 1062702 (CLS);
the Stafford Fox Medical Research Foundation (GVD, CLS and HEB); Cancer
Council Victoria (Sir Edward Dunlop Fellowship in Cancer Research to CLS and
Ovarian Cancer Research Grant-in-Aid 1186314 to GR and HEB); the Victorian
Cancer Agency (Clinical Fellowships to CLS CRF10-20, CRF16014); Australian
and New Zealand Gynaecological Oncology Group (ANZGOG Fund for New
Research GVD, CJV, KSA, CLS, HEB ACF-07544).

Availability of data and materials
The datasets generated and analysed during the current study are available
from the corresponding author on reasonable request.

Declarations

Ethics approval and consent to participate

Informed consent was obtained from all subjects involved in the study. This
study was conducted in accordance with the Australian National Statement
of Ethical Conduct in Human Research (2007) approved by Melbourne Health
Human Research Ethics Committee (2015.300). Additional approval was
obtained from the Human Research Ethics Committee at the Peter MacCal-
lum Cancer Centre. All animal experiments were conducted according to the
National Health and Medical Research Council Australian Code for the Care
and Use of Animals for Scientific Purposes 8th Edition, 2013 (updated 2021),
and under the approval of the WEHI Animal Ethics Committee (2019.024).

Consent for publication
Consent for publication was obtained from patients with uLMS who were
studied in detail in this manuscript.

Competing interests

CLS declares Advisory Boards for AstraZeneca, Clovis Oncology, Roche, Eisai
Inc, Sierra Oncology, Takeda, MSD and Grant/Research support from AstraZen-
eca, Clovis Oncology, Eisai Inc, Sierra Oncology, Boehringer Ingelheim, Roche
and Beigene. Other authors declare no conflicts of interest.

Author details

'Walter and Eliza Hall Institute of Medical Research, Parkville, VIC 3052,
Australia. 2Department of Medical Biology, University of Melbourne, Parkville,
VIC 3052, Australia. *Royal Women's Hospital, Parkville, VIC 3052, Australia.
“Centre for Cancer Research and Department of Clinical Pathology, University
of Melbourne, Parkville, VIC 3010, Australia. >School of Computing and Infor-
mation Systems, the University of Melbourne, Parkville, VIC 3010, Australia.
6Qlivia Newton-John Cancer Research Institute, Heidelberg, VIC 3084, Australia.
’ Austin Health, Heidelberg, VIC 3084, Australia. 8Australian Rare Cancer Portal,
BioGrid Australia, Melbourne Health, Parkville, VIC 3052, Australia. °Peter Mac-
Callum Cancer Centre and Sir Peter MacCallum Department of Oncology, The
University of Melbourne, Victoria 3010, Australia. '°Royal Melbourne Hospital,
Parkville, VIC 3052, Australia. ' Department of Obstetrics and Gynaecology,
University of Melbourne, Parkville, VIC 3010, Australia. '“Launceston General
Hospital, Launceston, TAS 7250, Australia. >University of Western Australia,
Perth, WA 6009, Australia. '“SouthWest Healthcare, Warrnambool, VIC 3280,
Australia. "*Faculty of Health, School of Medicine, Deakin University, Warrnam-
bool, VIC 3280, Australia. '*Western Hospital, Footscray, VIC 3011, Australia.
7University Hospital Geelong, Geelong, VIC 3220, Australia.

Page 18 of 20

Received: 14 February 2023 Accepted: 25 April 2023
Published online: 04 May 2023

References

1. Brohl AS, LiL, Andikyan V, Obican SG, Cioffi A, Hao K, et al. Age-stratified
risk of unexpected uterine sarcoma following surgery for presumed
benign leiomyoma. Oncologist. 2015;20(4):433-9.

2. Kapp DS, Shin JY, Chan JK. Prognostic factors and survival in 1396 patients
with uterine leiomyosarcomas: emphasis on impact of lymphadenec-
tomy and oophorectomy. Cancer. 2008;112(4):820-30.

3. Hosh M, Antar S, Nazzal A, Warda M, Gibreel A, Refky B. Uterine Sarcoma:
Analysis of 13,089 Cases Based on Surveillance, Epidemiology, and End
Results Database. Int J Gynecol Cancer. 2016;26(6):1098-104.

4. Tirumani SH, Deaver P, Shinagare AB, Tirumani H, Hornick JL, George
S, et al. Metastatic pattern of uterine leiomyosarcoma: retrospective
analysis of the predictors and outcome in 113 patients. J Gynecol Oncol.
2014;25(4):306-12.

5. Ricci S, Stone RL, Fader AN. Uterine leiomyosarcoma: Epidemiology, con-
temporary treatment strategies and the impact of uterine morcellation.
Gynecol Oncol. 2017;145(1):208-16.

6. Roberts ME, Aynardi JT, Chu CS. Uterine leiomyosarcoma: A review of
the literature and update on management options. Gynecol Oncol.
2018;151(3):562-72.

7. Rizzo A, Nannini M, Astolfi A, Indio V, De laco P, Perrone AM, et al. Impact
of Chemotherapy in the Adjuvant Setting of Early Stage Uterine Leio-
myosarcoma: A Systematic Review and Updated Meta-Analysis. Cancers.
2020;12(7):1899.

8. Costales AB, Radeva M, Ricci S. Characterizing the efficacy and trends of
adjuvant therapy versus observation in women with early stage (uterine
confined) leiomyosarcoma: a national cancer database study. J Gynecol
Oncol. 2020;31(3):e21-e.

9. Cancer Genome Atlas Research Network. Electronic address edsc, cancer
genome atlas research N. Comprehensive and integrated genomic char-
acterization of adult soft tissue sarcomas. Cell. 2017;171(4):950-65 e28.

10. Chudasama P, Mughal SS, Sanders MA, Hubschmann D, Chung |, Deeg K,
et al. Integrative genomic and transcriptomic analysis of leiomyosarcoma.
Nat Commun. 2018;9(1):144.

11. CuppensT, Moisse M, Depreeuw J, Annibali D, Colas E, Gil-Moreno A, et al.
Integrated genome analysis of uterine leiomyosarcoma to identify novel
driver genes and targetable pathways. Int J Cancer. 2018;142(6):1230-43.

12. Makinen N, Aavikko M, Heikkinen T, Taipale M, Taipale J, Koivisto-Korander
R, et al. Exome Sequencing of Uterine Leiomyosarcomas Identifies
Frequent Mutations in TP53, ATRX, and MED12. PLoS Genet. 2016;12(2):
e1005850.

13. Machado-Lopez A, Alonso R, Lago V, Jimenez-Almazan J, Garcia M, Mon-
leon J, et al. Integrative Genomic and Transcriptomic Profiling Reveals a
Differential Molecular Signature in Uterine Leiomyoma versus Leiomyo-
sarcoma. Int J Mol Sci. 2022;23(4):2190.

14. ChoiJ, Manzano A, Dong W, Bellone S, Bonazzoli E, Zammataro L, et al.
Integrated mutational landscape analysis of uterine leiomyosarcomas.
Proc Natl Acad Sci. 2021;118(15): €2025182118.

15. Hensley ML, Chavan SS, Solit DB, Murali R, Soslow R, Chiang S, et al.
Genomic Landscape of Uterine Sarcomas Defined Through Prospective
Clinical Sequencing. Clin Cancer Res. 2020;26(14):3881-8.

16. Movva S, Wen W, Chen W, Millis SZ, Gatalica Z, Reddy S, et al. Multi-plat-
form profiling of over 2000 sarcomas: identification of biomarkers and
novel therapeutic targets. Oncotarget. 2015;6(14):12234-47.

17. Astolfi A, Nannini M, Indio V, Schipani A, Rizzo A, Perrone AM, et al.
Genomic database analysis of uterine leiomyosarcoma mutational profile.
Cancers (Basel). 2020;12(8):2126.

18. Dall GV, Hamilton A, Ratnayake G, Scott C, Barker H. Interrogating the
genomic landscape of uterine leiomyosarcoma: a potential for patient-
benefit. Cancers (Basel). 2022;14(6):1561.

19. Moore K, Colombo N, Scambia G, Kim B-G, Oaknin A, Friedlander M, et al.
Maintenance Olaparib in Patients with Newly Diagnosed Advanced Ovar-
ian Cancer. N Engl J Med. 2018;379(26):2495-505.

20. Banerjee S, Moore KN, Colombo N, Scambia G, Kim BG, Oaknin A, et al.
Maintenance olaparib for patients with newly diagnosed advanced ovar-
ian cancer and a BRCA mutation (SOLO1/GOG 3004): 5-year follow-up



Dall et al. J Exp Clin Cancer Res

21.

22.

23.

24.

25.

26.

27.

28.

29.

30.

31

32.

33.

34

35.

36.

37.

38.

39.

40.

41.

(2023) 42:112

of a randomised, double-blind, placebo-controlled, phase 3 trial. Lancet
Oncol. 2021;22(12):1721-31.

Gonzalez-Martin A, Pothuri B, Vergote I, DePont CR, Graybill W, Mirza MR,
et al. Niraparib in Patients with Newly Diagnosed Advanced Ovarian
Cancer. N Engl J Med. 2019;381(25):2391-402.

Coleman RL, Oza AM, Lorusso D, Aghajanian C, Oaknin A, Dean A, et al.
Rucaparib maintenance treatment for recurrent ovarian carcinoma after
response to platinum therapy (ARIEL3): a randomised, double-blind,
placebo-controlled, phase 3 trial. Lancet. 2017;390(10106):1949-61.

Lee CK, Friedlander ML, Tjokrowidjaja A, Ledermann JA, Coleman RL,
Mirza MR, et al. Molecular and clinical predictors of improvement in
progression-free survival with maintenance PARP inhibitor therapy in
women with platinum-sensitive, recurrent ovarian cancer: A meta-analy-
sis. Cancer. 2021;127(14):2432-41.

Forster MD, Dedes KJ, Sandhu S, Frentzas S, Kristeleit R, Ashworth A, et al.
Treatment with olaparib in a patient with PTEN-deficient endometrioid
endometrial cancer. Nat Rev Clin Oncol. 2011;8(5):302-6.

Gockley AA, Kolin DL, Awtrey CS, Lindeman NI, Matulonis UA, Konstan-
tinopoulos PA. Durable response in a woman with recurrent low-grade
endometrioid endometrial cancer and a germline BRCA2 mutation
treated with a PARP inhibitor. Gynecol Oncol. 2018;150(2):219-26.
Nakamura K, Aimono E, Tanishima S, Imai M, Nagatsuma AK, Hayashi H,
et al. Olaparib monotherapy for BRIP1-mutated high-grade serous endo-
metrial cancer. JCO Precis Oncol. 2020;4:P0.19.00368.

Robson ME, Bradbury AR, Arun B, Domchek SM, Ford JM, Hampel HL,

et al. American Society of Clinical Oncology Policy Statement Update:
Genetic and Genomic Testing for Cancer Susceptibility. J Clin Oncol.
2015;33(31):3660-7.

Seligson ND, Kautto EA, Passen EN, Stets C, Toland AE, Millis SZ, et al.

BRCA1/2 Functional Loss Defines a Targetable Subset in Leiomyosarcoma.

Oncologist. 2019;24(7):973-9.

Rosenbaum E, Jonsson P, Seier K, Qin L-X, Chi P, Dickson M, et al. Clinical
Outcome of Leiomyosarcomas With Somatic Alteration in Homologous
Recombination Pathway Genes. JCO Precis Oncol. 2020;4:1350-60.
Barker HE, Scott CL. Preclinical rare cancer research to inform clinical trial
design. Nat Rev Cancer. 2019;19(9):481-2.

Polak P, Kim J, Braunstein LZ, Karlic R, Haradhavala NJ, Tiao G, et al.

A mutational signature reveals alterations underlying deficient
homologous recombination repair in breast cancer. Nat Genet.
2017;49(10):1476-86.

Poti A, Gyergyak H, Németh E, Rusz O, Téth S, Kovécshazi C, et al. Correla-
tion of homologous recombination deficiency induced mutational sig-
natures with sensitivity to PARP inhibitors and cytotoxic agents. Genome
Biol. 2019;20(1):240.

Davies H, Glodzik D, Morganella S, Yates LR, Staaf J, Zou X, et al. HRDetect
is a predictor of BRCAT and BRCA2 deficiency based on mutational signa-
tures. Nat Med. 2017;23(4):517-25.

Nguyen L, W. M. Martens J, Van Hoeck A, Cuppen E. Pan-cancer landscape
of homologous recombination deficiency. Nature Communications.
2020;11(1):5584.

Dienstmann R, Dong F, Borger D, Dias-Santagata D, Ellisen LW, Le LP, et al.
Standardized decision support in next generation sequencing reports of
somatic cancer variants. Mol Oncol. 2014;8(5):859-73.

Chalmers ZR, Connelly CF, Fabrizio D, Gay L, Ali SM, Ennis R, et al. Analysis
of 100,000 human cancer genomes reveals the landscape of tumor
mutational burden. Genome Medicine. 2017;9(1):34.

Priestley P, Baber J, Lolkema MP, Steeghs N, de Bruijn E, Shale C, et al.
Pan-cancer whole-genome analyses of metastatic solid tumours. Nature.
2019;575(7781):210-6.

Alexandrov LB, Nik-Zainal S, Wedge DC, Aparicio SA, Behjati S, Biankin

AV, et al. Signatures of mutational processes in human cancer. Nature.
2013;500(7463):415-21.

Blokzijl F, Janssen R, van Boxtel R, Cuppen E. MutationalPatterns: compre-
hensive genome-wide analysis of mutational processes. Genome Med.
2018;10(1):33.

Bedé J, Di Stefano L, Papenfuss AT. Unifying package managers, workflow
engines, and containers: Computational reproducibility with BioNix.
GigaScience. 2020,9(11):giaa121.

Frankish A, Diekhans M, Jungreis |, Lagarde J, Loveland JE, Mudge JM,

et al. Gencode 2021. Nucleic Acids Res. 2021:49(D1):D916-23.

42.

43.

45.

46.

47.

48.

49.

50.

51.

52.

53.

54.

55.

56.

57.

58.

59.

60.

61.

62.

63.

Page 19 of 20

Li H. Minimap2: pairwise alignment for nucleotide sequences. Bioinfor-
matics. 2018;34(18):3094-100.

Wakefield MJ. Xenomapper: Mapping reads in a mixed species context. J
Open Source SoftWare. 2016;1(1):18.

Cooke DP, Wedge DC, Lunter G. A unified haplotype-based method

for accurate and comprehensive variant calling. Nat Biotechnol.
2021;39(7):885-92.

Cunningham F, Achuthan P, Akanni W, Allen J, Amode MR, Armean IM,
et al. Ensembl 2019. Nucleic Acids Res. 2019;47(D1):D745-51.

Liu X, Jian X, Boerwinkle E. dbNSFP: a lightweight database of human
nonsynonymous SNPs and their functional predictions. Hum Mutat.
2011,32(8):894-9.

Cingolani P, Platts A, le Wang L, Coon M, Nguyen T, Wang L, et al. A
program for annotating and predicting the effects of single nucleotide
polymorphisms, SnpEff: SNPs in the genome of Drosophila melanogaster
strain w1118; iso-2; iso-3. Fly (Austin). 2012;6(2):80-92.

Cameron DL, Schroder J, Penington JS, Do H, Molania R, Dobrovic A, et al.
GRIDSS: sensitive and specific genomic rearrangement detection using
positional de Bruijn graph assembly. Genome Res. 2017;27(12):2050-60.
Cameron DL, Baber J, Shale C, Valle-Inclan JE, Besselink N, van Hoeck A,
et al. GRIDSS2: comprehensive characterisation of somatic structural
variation using single breakend variants and structural variant phasing.
Genome Biol. 2021;22(1):202.

Shen R, Seshan VE. FACETS: allele-specific copy number and clonal het-
erogeneity analysis tool for high-throughput DNA sequencing. Nucleic
Acids Res. 2016;44(16): e131.

Vergara IA, Mintoff CP, Sandhu S, McIntosh L, Young RJ, Wong SQ, et al.
Evolution of late-stage metastatic melanoma is dominated by ane-
uploidy and whole genome doubling. Nat Commun. 2021;12(1):1434.
Snell C, Krypuy M, Wong EM, kConFab i, Loughrey MB, Dobrovic A. BRCA1
promoter methylation in peripheral blood DNA of mutation negative
familial breast cancer patients with a BRCA1 tumour phenotype. Breast
Cancer Res. 2008;10(1):R12.

Nesic K, Kondrashova O, Hurley RM, McGehee CD, Vandenberg CJ, Ho GY,
et al. Acquired RAD51C Promoter Methylation Loss Causes PARP Inhibi-
tor Resistance in High-Grade Serous Ovarian Carcinoma. Cancer Res.
2021;81(18):4709-22.

Wakefield MJ. Survival volume: interactive volume threshold survival
graphs. The Journal of Open Source Software. 2016;1(8):111.
Kondrashova O, Topp M, Nesic K, Lieschke E, Ho GY, Harrell Ml, et al.
Methylation of all BRCAT copies predicts response to the PARP inhibitor
rucaparib in ovarian carcinoma. Nat Commun. 2018;9(1):3970.

Oza AM, Cibula D, Benzaquen AO, Poole C, Mathijssen RH, Sonke GS,

et al. Olaparib combined with chemotherapy for recurrent platinum-
sensitive ovarian cancer: a randomised phase 2 trial. Lancet Oncol.
2015;16(1):87-97.

Barazas M, Gasparini A, Huang Y, Kiigtikosmanoglu A, Annunziato S,
Bouwman P, et al. Radiosensitivity Is an Acquired Vulnerability of PARPi-
Resistant BRCA1-Deficient Tumors. Can Res. 2019;79(3):452-60.

van der Burg M, ljspeert H, Verkaik NS, Turul T, Wiegant WW, Morotomi-
Yano K, et al. A DNA-PKcs mutation in a radiosensitive T-B— SCID patient
inhibits Artemis activation and nonhomologous end-joining. J Clin
Investig. 2009;119(1):91-8.

Johannes JW, Balazs A, Barratt D, Bista M, Chuba MD, Cosulich S, et al.
Discovery of 5-{4-[(7-Ethyl-6-ox0-5,6-dihydro-1,5-naphthyridin-3-yl)
methyllpiperazin-1-yl}-N-methylpyridine-2-carboxamide (AZD5305):

A PARP1-DNA Trapper with High Selectivity for PARP1 over PARP2 and
Other PARPs. J Med Chem. 2021;64(19):14498-512.

Hande S, Balazs A, Degorce SL, Embrey K, Ghosh A, Gill SJ, et al. Abstract
296: Structure-based and property-based drug design of AZD5305, a
highly selective PARP1 inhibitor and trapper. Cancer Research. 2021;81(13
Supplement):296.

Patel AG, Sarkaria JN, Kaufmann SH. Nonhomologous end joining drives
poly(ADP-ribose) polymerase (PARP) inhibitor lethality in homologous
recombination-deficient cells. Proc Natl Acad Sci. 2011;108(8):3406-11.
AlHilli MM, Becker MA, Weroha SJ, Flatten KS, Hurley RM, Harrell MI, et al.
In vivo anti-tumor activity of the PARP inhibitor niraparib in homologous
recombination deficient and proficient ovarian carcinoma. Gynecol
Oncol. 2016;143(2):379-88.

Shariftabrizi A, Pellicciotta I, Abdullah A, Venditti CA, Samuelson R, Sha-
habi S. Presence of both Mesenchymal and Carcinomatous Features in an



Dall et al. J Exp Clin Cancer Res

64.

65.

66.

67.

68.

69.

70.

71.

72.

73.

74.

75.

76.

77.

78.

79.

80.

81.

(2023) 42:112

In-vitro Model of Ovarian Carcinosarcoma Derived from Patients’ Ascitic
Fluid. Int J Hematol Oncol Stem Cell Res. 2015;9(1):1-4.

Schram AM, Colombo N, Arrowsmith E, Narayan V, Yonemori K, Scambia
G, et al. Avelumab plus talazoparib in patients with BRCA1/2- or ATM-
altered advanced solid tumors: results from JAVELIN BRCA/ATM, an
open-label, multicenter, phase 2b, tumor-agnostic trial. JAMA Oncol.
2023;9(1):29-39.

Muggia F, Safra T."BRCAness”and its implications for platinum action in
gynecologic cancer. Anticancer Res. 2014;34(2):551-6.

Kim JH, Kim SH, Jeon MK, Kim JE, Kim KH, Yun KH, et al. Pemetrexed plus
cisplatin in patients with previously treated advanced sarcoma: a multi-
center, single-arm, phase Il trial. ESMO Open. 2021;6(5): 100249.
Tlemsani C, Pasmant E, Boudou-Rouquette P, Bellesoeur A, Even J, Larous-
serie F, et al. BRCA2 Loss-of-Function and High Sensitivity to Cisplatin-
Based Chemotherapy in a Patient With a Pleomorphic Soft Tissue
Sarcoma: Effect of Genomic Medicine. Am J Med Sci. 2018,356(4):404-7.
Thigpen JT, Blessing JA, Beecham J, Homesley H, Yordan E. Phase |l trial
of cisplatin as first-line chemotherapy in patients with advanced or
recurrent uterine sarcomas: a Gynecologic Oncology Group study. J Clin
Oncol. 1991;9(11):1962-6.

Thigpen JT, Blessing JA, Wilbanks GD. Cisplatin as second-line chemo-
therapy in the treatment of advanced or recurrent leiomyosarcoma of
the uterus. A phase Il trial of the Gynecologic Oncology Group. Am J Clin
Oncol. 1986;9(1):18-20.

Yamagami W, Susumu N, Ninomiya T, Kuwahata M, Takigawa A, Nomura
H, et al. A retrospective study on combination therapy with ifosfamide,
adriamycin and cisplatin for progressive or recurrent uterine sarcoma.
Mol Clin Oncol. 2014;2(4):591-5.

Pautier P, Floquet A, Gladieff L, Berton-Rigaud D, Piperno-Neumann

S, Selle F, et al. A randomized clinical trial of adjuvant chemo-

therapy with doxorubicin, ifosfamide, and cisplatin in localized

uterine sarcomas: results from 81 randomized patients. J Clin Oncol.
2011;29(15):10022-10022.

Ingham M, Allred JB, Gano K, George S, Attia S, Burgess MA, et al. NCI
protocol 10250: A phase Il study of temozolomide and olaparib for the
treatment of advanced uterine leiomyosarcoma. Journal of Clinical
Oncology. 2020;38(15_suppl):TPS11570-TPS.

Ingham M, Allred JB, Gano K, George S, Attia S, Burgess MA, et al. NCI
protocol 10250: A phase Il study of temozolomide and olaparib for the
treatment of advanced uterine leiomyosarcoma. Journal of Clinical
Oncology. 2021;39(15_suppl):11506.

Sun X, Wang X, Zhang J, Zhao Z, Feng X, Liu L, et al. Efficacy and safety of
PARP inhibitors in patients with BRCA-mutated advanced breast cancer:
A meta-analysis and systematic review. Breast (Edinburgh, Scotland).
2021,60:26-34.

Ceccaldi R, Rondinelli B, D’Andrea AD. Repair Pathway Choices and Con-
sequences at the Double-Strand Break. Trends Cell Biol. 2016;26(1):52-64.
Lin KK, Harrell MI, Oza AM, Oaknin A, Ray-Coquard |, Tinker AV, et al. BRCA
Reversion Mutations in Circulating Tumor DNA Predict Primary and
Acquired Resistance to the PARP Inhibitor Rucaparib in High-Grade Ovar-
ian Carcinoma. Cancer Discov. 2019;9(2):210-9.

Thibault G, Kfoury M, Lorusso D, Floquet A, Ventriglia L, Salaun H, et al.
528MO - Is re-introduction or continuation of PARP inhibitors after local
therapy for oligo-metastatic progression in patients with relapsed ovarian
cancer relevant? Ann Oncol. 2022;33:5235-82.

Jamal K, Staniszewska A, Gordon J, Wen SH, McGrath F, Dowdell G, et al.
AZD9574 is a novel, brain penetrant PARP-1 selective inhibitor with
activity in an orthotopic, intracranial xenograft model with aberrant DNA
repair. Cancer Res. 2022;82(12):2609.

Ledermann J, Harter P, Gourley C, Friedlander M, Vergote I, Rustin G,

et al. Olaparib maintenance therapy in patients with platinum-sensitive
relapsed serous ovarian cancer: a preplanned retrospective analysis of
outcomes by BRCA status in a randomised phase 2 trial. Lancet Oncol.
2014;15(8):852-61.

Rajan A, Carter CA, Kelly RJ, Gutierrez M, Kummar S, Szabo E, et al. A phase
| combination study of olaparib with cisplatin and gemcitabine in adults
with solid tumors. Clin Cancer Res. 2012;18(8):2344-51.

Balmana J, Tung NM, Isakoff SJ, Grana B, Ryan PD, Saura C, et al. Phase

I trial of olaparib in combination with cisplatin for the treatment of
patients with advanced breast, ovarian and other solid tumors. Ann
Oncol. 2014;25(8):1656-63.

82.

83.

84.

85.

Page 20 of 20

Pujade-Lauraine E, Ledermann JA, Selle F, Gebski V, Penson RT, Oza AM,
et al. Olaparib tablets as maintenance therapy in patients with platinum-
sensitive, relapsed ovarian cancer and a BRCA1/2 mutation (SOLO2/
ENGOT-Ov21): a double-blind, randomised, placebo-controlled, phase 3
trial. Lancet Oncol. 2017;18(9):1274-84.

Yarchoan M, Myzak MC, Johnson BA Ill, Jesus-Acosta AD, Le DT, Jaf-

fee EM, et al. Olaparib in combination with irinotecan, cisplatin, and
mitomycin Cin patients with advanced pancreatic cancer. Oncotarget.
2017,8(27):44073-81.

Farrés J, Llacuna L, Martin-Caballero J, Martinez C, Lozano JJ, Ampurdanés
C, et al. PARP-2 sustains erythropoiesis in mice by limiting replicative
stress in erythroid progenitors. Cell Death Differ. 2015;22(7):1144-57.

Xu Z,Vandenberg CJ, Lieschke E, Di Rago L, Scott CL, Majewski IJ. CHK2
inhibition provides a strategy to suppress hematological toxicity from
PARP inhibitors. Mol Cancer Res. 2021;19(8):1350-60.

Publisher’s Note
Springer Nature remains neutral with regard to jurisdictional claims in pub-
lished maps and institutional affiliations.

Ready to submit your research? Choose BMC and benefit from:

fast, convenient online submission

thorough peer review by experienced researchers in your field

rapid publication on acceptance

support for research data, including large and complex data types

gold Open Access which fosters wider collaboration and increased citations

maximum visibility for your research: over 100M website views per year

K BMC

At BMC, research is always in progress.

Learn more biomedcentral.com/submissions




	Targeting homologous recombination deficiency in uterine leiomyosarcoma
	Abstract 
	Background 
	Methods 
	Results 
	Conclusions 

	Background
	Materials and methods
	Clinical samples
	Histology
	Whole genome sequencing
	Whole exome sequencing
	Analysis of sequencing data
	BRCA assay
	TruSight Oncology 500 (TSO500) panel testing
	DNA methylation by Methylation-Sensitive High-Resolution Melting (MS-HR)
	PDX generation and treatments

	Results
	A subset of the uLMS cohort were found to be HR defective
	PARP-inhibitor therapy improved patient outcomes in BRCA2-deleted uLMS
	Patient-derived xenografts generated from HRD patient samples show concordance with patient responses to platinum therapy and PARPi
	HRD signature and copy-number analysis identifies additional patients with uLMS who may potentially benefit from PARPi
	HR Proficient uLMS PDX shows no response to PARPi

	Discussion
	Agents aiding PARPi response in uLMS
	Mechanisms of resistance to PARPi and a matched approach to surmount it in uLMS
	PARPi-induced erythroid toxicity in uLMS
	HRD screening approaches in uLMS

	Conclusions
	Anchor 30
	Acknowledgements
	References


