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Abstract

Background Serous endometrial cancer (SEC) is a genomically and morphologically distinct endometrial cancer (EC)
subtype with a poor progression-free and overall survival. The development of novel therapies is needed to improve
outcomes.

Methods We used serous and serous-like EC patient-derived xenografts (PDXs) to test a novel drug combination in
vitro and in vivo: rucaparib and pegylated SN-38 (PLX038A). Sensitivity to treatment was correlated with indicators of
homologous recombination (HR) deficiency. Efficacy in fresh primary patient tumors was also tested ex vivo.

Results Five of eight PDXs had genomic instability scores >42, but only one of these five had evidence of HR
deficiency in assays of irradiation-induced RAD51 foci formation. Moreover, PARP inhibitor (PARPi) monotherapy failed
to induce regressions in any of the five SEC models treated with rucaparib in vivo, suggesting limited clinical activity
of PARPi in SEC. In further studies, we assessed the response of these models to the sustained release topoisomerase
1 inhibitor, PLX038A, as monotherapy and in combination with rucaparib ex vivo and in vivo. Results of these studies
showed that PLX038A had limited monotherapy activity, but combination therapy induced significant regressions

in two of five SEC PDXs and markedly slowed tumor growth in the other three regardless of underlying homologous
recombination repair deficiency. In addition, 11 of 20 (55%) primary tumors showed synergy with rucaparib + SN-38.

Conclusions Collectively, these studies identify a set of genomically characterized PDX models for preclinical testing
of potential SEC therapies and a therapeutic combination that warrants further preclinical investigation.
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Background

Endometrial cancer (EC) is the most common gynecolog-
ical malignancy in the USA [1]. Although most patients
with early-stage disease are cured with surgery +radia-
tion therapy, recurrences are common for patients with
advanced stage or aggressive histologic subtypes such as
serous carcinomas [2—4]. Because standard chemother-
apy regimens have limited efficacy in serous EC (SEC),
this disease is associated with a high risk of recurrence,
regardless of stage [5]. At present, therapeutic options for
recurrent SEC are also limited. Pembrolizumab mono-
therapy has been FDA-approved for tumors with mic-
rosatellite instability, but most SECs are microsatellite
stable [6, 7]. With lenvatinib plus pembrolizumab, which
is FDA-approved for recurrent microsatellite stable EC
[8], the objective response rate (ORR) is 40% (14/35)
for SEC, but most patients experience grade 3 +adverse
events at the recommended lenvatinib starting dose of
20 mg daily [8]. Another targeted agent, trastuzumab,
prolongs progression-free survival in HER2-positive
SECs [9], but the largest study of SECs (n =2159) reported
only a 17% incidence of HER2 amplification [7]. Accord-
ingly, SECs are still in need of improved therapies.

SECs exhibit several similarities to high grade serous
ovarian cancer (HGSOC). SECs not only have a high
prevalence of TP53 alterations, but also occur more com-
monly in BRCA1/2 mutation carriers than in the gen-
eral population [10]. Moreover, germline alterations in
other homologous recombination (HR) genes such as
RADS1C/D, BRIP1, BARDI, CHEKI, ATM, and NBN
also occur in EC patients [11]. In aggregate, somatic HR
gene mutations have also been reported in 34% of ECs
[12], suggesting that a subset of ECs is HR-deficient. In
a separate study, the Cancer Genome Atlas has defined
a molecular subtype of serous-like ECs based on molec-
ular characteristics rather than histologic features [6].
Importantly, 15% of these serous-like ECs harbor a muta-
tional signature associated with defective HR [13]. HR
deficiency has also been demonstrated as inability to
form RAD51 foci ex vivo in six of six (100%) SECs and
carcinosarcomas assayed [14]. Moreover, a retrospec-
tive study has identified loss of heterozygosity (LOH) as
a potential marker of HR deficiency in 22% of 2,159 SECs
examined [7]. Collectively, these results indicate that a
subset of serous-like ECs share molecular characteris-
tics with HGSOC, raising the possibility that therapeutic
approaches in ovarian cancer might also be effective in
serous-like ECs.

Studies have demonstrated over the past decade that
poly(ADP-ribose) polymerase inhibitors (PARPis) are
active when administered as monotherapy or mainte-
nance therapy to patients with HGSOC, with the greatest
efficacy observed in cancers harboring BRCA1/2 muta-
tions or other HR defects. Moreover, PARPis are more
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active in the frontline [15—17] rather than recurrent set-
ting [18-21]. The similarity of SECs to HGSOCs raises
the possibility that PARPis might represent effective
treatment for HR-deficient ECs as well.

Several observations also provide the rationale for com-
bining PARPis with topoisomerase 1 (TOP1) inhibitors
(TOP1is) in EC. First, TOPlis have activity in EC, with
ORRs of 20% for topotecan [22], 36% for irinotecan [23],
and 57% for the TOP1li-containing antibody-drug conju-
gate trastuzumab deruxtecan specifically in HER2+EC
[24]. Second, multiple PARPi/TOP1i combinations have
demonstrated synergy in other cancers [25-30], reflect-
ing both inhibited repair of TOP1li-induced damage as
a consequence of PARP trapping [29] and diminished
recruitment of the phosphodiesterase TDP1 (Tyrosyl-
DNA phosphodiesterase 1) that contributes to reversal of
TOP1-DNA covalent complexes [31].

The goals of the present study were to develop and
characterize EC patient-derived xenograft (PDX) mod-
els, determine the efficacy of the PARPi rucaparib in a
spectrum of HR proficient and deficient PDXs, and inves-
tigate the antineoplastic activity TOP1i/rucaparib combi-
nation. These studies not only showed that HR deficiency
occurs in a subset of EC PDXs, but also demonstrated
synergy of a rucaparib/TOP1i combination in SEC cell
lines in vitro, primary patient SECs cultured ex vivo, and
SEC PDXs in vivo.

Methods

Materials

SN-38 for in vitro and ex vivo studies was purchased
from Bio-Techne (Minneapolis, MN). Rucaparib for in
vitro and ex vivo studies was purchased from Chemietek
(Indianapolis, IN). Rucaparib for in vivo animal study was
donated by patients from unneeded, non-expired clini-
cal supplies. PEGylated SN-38 (PLX038A), synthesized
as previously described [32], was formulated as a solu-
tion in isotonic acetate buffer (pH 5.0; 143 mM NaCl, 20
mM NaOAc) and contained 1.22 mM SN-38 equivalents
(0.305 mM conjugate; 4 equivalent SN-38 molecules/
conjugate).

Establishment of EC PDXs

Under the aegis of protocols approved by the Mayo
Clinic Institutional Review Board (IRB), all patients gave
written consent to participate prior to primary surgery
or clinical biopsy for recurrent disease (#09-008768, #15-
007262, or #17-007946). IRB approvals are in accordance
with the U.S. Department of Health and Human Services
federal policy for the Protection of Human Subjects (the
Common Rule), published in the Federal Register on
January 19, 2017. Tumors were minced in McCoy’s 5 A
medium, supplemented with penicillin/streptomycin
and rituximab (10 mg/kg) (Rituxan; Genentech, Inc., San



Hou et al. Journal of Experimental & Clinical Cancer Research

Francisco, CA) to prevent unintentional lymphoprolifera-
tive tumors [33], and injected intraperitoneally [34] into
female SCID-bg mice (C.B.-17/IcrHsd-Prkdc*¢ Lyst;
ENVIGO), following procedures that were approved
by the Mayo Clinic Animal Care and Use Committee in
facilities that are accredited by the American Association
of Laboratory Animal Care. Mice were monitored weekly
for tumor engraftment and euthanized when moribund
criteria were met. Minced tumors were cryopreserved
for subsequent studies as a 1:1 suspension in freezing
medium (39% FBS, 10% dimethyl sulfoxide, 1% penicillin/
streptomycin in McCoy’s 5 A medium). Key clinical char-
acteristics of the 10 PDX tumors with functional assess-
ment of homologous recombination (HR) activity are
described in Supplemental Table 1.

Derivation of genomic instability score and variant calling
Detailed methods are provided in Supplemental Meth-
ods. Briefly, the analysis of whole genome sequencing
(WGS) data from PDX tumors was conducted using
the Mayo Bioinformatics in-house pipeline named
GenomeGPS (GGPS), a comprehensive toolset for the
alignment and analysis of DNA sequencing data. Reads
from murine DNA were removed prior to GGPS process-
ing by aligning all reads to either the human (hg38) or
mouse (mm10) genomes. All subsequent analyses were
performed on human-specific and ambiguous reads, but
mouse-specific and completely-conserved reads were
omitted. For variant calling, HaplotypeCaller was used
with a minimum allele frequency of 0.2. Somatic variant
calling was conducted on the realigned BAM files using
GATK Mutect2 in tumor-only mode, with GNOMAD
employed as the reference database [35]. The genomic
instability score (GIS) was computed in four steps.
First, copy number variation (CNV) quantification and
segmentation was performed using Wandy to assess for
deviations from the median coverage for 10 kb genome
bins. The bin-level normalized coverage was converted to
a log fold change based on the median normalized cover-
age for each sample. Second, regions of allelic imbalance
were identified by detecting deviations in the absolute
change of alternative allele concentration (AAC) of all
heterozygous SNPs. SNPs with allele concentrations
between 0.05 and 0.95 were classified as non-homozy-
gous, and the average absolute deviation of AAC values
from the median value was calculated as a log fold change
relative to the median. Third, allele-specific CNV calls
were based on a combined AAC segmentation and CNV
segmentation while accounting for tumor purity, bal-
anced deletions, and duplications/amplifications. Fourth,
ScarHRD [36] was adapted for WGS allele-specific CNV
calls to count the tumor number of events meeting cri-
teria for loss of heterozygosity (LOH), large scale transi-
tions (LST), telomeric allele imbalance (TAI).
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RAD51 foci

Single cell PDX suspensions were created from fresh
PDX tissue using the gentleMACS™ Dissociator (130-
093-235, Miltenyi Biotec, Germany). As negative and
positive RAD51 staining controls, PEO1 (HR deficient,
BRCA2 mutation) and PEO4 (HR proficient, BRCA2
revertant) cells were cultured in DMEM containing
10% (vol/vol) heat-inactivated fetal bovine serum (FBS),
100 pM nonessential amino acids. Cells were allowed to
adhere to coverslips overnight before exposure to irradia-
tion (10 Gy) from a '¥’Cs source. After a 6 h incubation,
cells were washed twice with cold PBS, fixed in cold 4%
(wt/vol) paraformaldehyde for 15 min, permeabilized
with 0.5% (wt/vol) Triton X-100 in PBS, and blocked
overnight with 5% (v/v) goat serum in PBS. Coverslips
were incubated with rabbit monoclonal anti-RADS51
(Abcam ab133534, 1:4000) and mouse monoclonal anti-
geminin (Abcam ab104306, 1:100) in blocking buffer
overnight at 4 °C, washed 6 times over 20 min with wash
buffer (PBS, 0.1% Triton X-100 and 0.1% bovine serum
albumin), incubated with Alexa fluor 488 goat anti-rabbit
IgG (Invitrogen A11008, 1:1000) and Alexa fluor 568 goat
anti-mouse IgG (Invitrogen A11004, 1:1000) in blocking
buffer for 1 h at 21 °C in the dark, washed, and mounted
in VECTASHIELD® antifade medium with DAPI (Vec-
tor Labs CA, 94010). Samples were examined on a Zeiss
Axiovert microscope with a N.A. 1.40 100x lens and pho-
tographed on a Zeiss Axiocam MRm CCD camera using
Zeiss Zen software. RAD51 foci were quantified manually
in a blinded fashion in at least 100 geminin-positive cells
per slide and considered positive if>10 RAD51 foci were
visible [37]. Alternatively, adherent PDX cultures treated
with rucaparib (25 uM), SN-38 (0.5 pM) or the combina-
tion for 24 h were incubated with anti-RAD51 and rabbit
monoclonal anti phospho-Ser139-histone H2A.X (Cell
Signaling Technology 9718 S, 1:400) followed by visual-
ization as described above.

Cell culture, clonogenic assays and flow cytometry

ARK-1, ARK-2, SPAC1-L, and SPAC1-S SEC cell lines [38,
39] from Gottfied Konecny (University of California Los
Angeles) cultured in Dulbecco’s Modified Eagle Medium
supplemented with 10% heat-inactivated FBS, 100 U/ml
penicillin and 100 pug/ml streptomycin (medium A) were
seeded at 750 (ARK-2 cells), 1000 (ARK-1 or SPACI-L
cells) or 1500 cells (SPAC1-S cells) per dish in triplicate
60 mm dishes containing 3 ml medium A. Eighteen hours
later, drugs were added at the indicated concentrations.
Colonies (defined as >50 cells) were allowed to form for
6-9 days in the continuous presence of drug, stained
with Coomassie blue and manually counted. All assays
were performed at least three times independently, and
graphed results indicate the mean + standard deviation of
means from the individual experiments.
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To assay for apoptosis, 70,000 cells were seeded in
10 ml medium A in 100 mm dishes, allowed adhere
overnight, exposed to various drug concentrations for
4 days, trypsinized, stained with 50 pg/ml propidium
iodine in 0.1% (w/v) sodium citrate, and subjected to flow
microfluorimetry as described by Nicoletti et al. [40].
Apoptotic cells were detected as subdiploid events. Alter-
natively, cells were stained with Annexin V and detected
as previously described [40].

Ex vivo tumor 3D culture
Fresh EC PDXs were dissociated with the gentleMACS™
Dissociator and plated in ultra-low attachment 384 well
microplates (CLS3571, Corning Life Science, USA) in
DMEM supplemented with 15% FBS. After 24 h, SN-38
(0.5, 0.25, 0.125, 0.0625 or 0.03125 uM), rucaparib (25,
12.5, 6.25, 3.125, or 1.56 uM), or the combination (at the
same concentrations) were added to triplicate wells and
in three separate experiments. After 72 h, response was
determined by the RealTime-Glo MT Cell Viability Assay
(G9711, Promega Corporation, USA) in GloMax Dis-
cover System (GM3000, Promega Corporation, USA).
Fresh primary patient hysterectomy specimens from
consecutive patients with newly diagnosed EC were
provided under an approved Mayo IRB protocol (#17-
007946) following the same ethics standards for creation
of PDX models. Because molecular classification was not
available at the time of tumor collection, eligibility cri-
teria were limited to patients with serous or presumed
serous-like histology (carcinosarcoma, high-grade endo-
metrioid). Tissues were processed and treated as above
for ex vivo PDX 3D culture. Combination index calcula-
tions were calculated as below.

Combination index calculations

Combination indices (Cls) [41] were calculated using
CalcuSyn software, v2.1 (Biosoft, Cambridge, UK) under
the assumption that effects are mutually exclusive, which
yields results comparable to isobologram analysis [42].
CI>1 indicates antagonism, CI=1 indicates additivity,
and CI<1 indicates synergy. For clonogenic assays and
RealTime-Glo assays, fraction affected indicates mean
decrease in signal compared to the control. For flow
cytometry, fraction affected represents the percentage of
subdiploid cells detected out of 30,000 events collected
by flow microfluorimetry.

PDX efficacy studies

Cryogenically preserved PDXs were reestablished in
female SCID Beige mice as previously described [34].
Briefly, 0.1-0.2 cc of minced tumor in 1:1 ratio with
McCoy’s 5 A Modified Medium (MT-10-050-CV, Corn-
ing Life Science, USA) was injected intraperitoneally.
When tumor cross-sectional area by transabdominal
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ultrasound reached 0.3-0.5 cm?, mice were randomized
to saline control, rucaparib (150 mg/kg daily gavage),
PLXO038A (15 pmol/kg IP every 2 weeks), or combined
rucaparib and PLX038A for eight weeks [34, 37, 43]. A
dose titration of PLX038A was previously performed
in breast cancer cell line xenografts and revealed that
4 pmol/kg had anti-tumor activity while 120 pmol/kg
resulted in near-complete resolution of tumors [44]. Ulti-
mately, PLX038A at 15 pmol/kg was chosen in collabora-
tion with ProLynx to maximize the potential to observe
a difference between combination therapy and mono-
therapy. Tumor size by ultrasound was measured weekly
and plotted as the mean tumor area per cohort relative to
the mean starting size of the cohort. Statistical analysis of
PDX efficacy studies performed as previously described
[45] is described in detail in the Supplementary methods.

TP53 immunohistochemistry (IHC)

Primary patient tumor specimens from ten PDX stud-
ied were stained for p53 by the Pathology Research Core
(Mayo Clinic, Rochester, MN) using a Leica Bond RX
stainer (Leica). Formalin fixed, paraffin-embedded tissues
were sectioned at 5 microns, mounted on charged slides,
and dried overnight. Slides stained for p53 were retrieved
for 20 min using Epitope Retrieval 1 (Citrate; Leica) and
incubated in Protein Block (Dako) for five minutes. The
monoclonal primary antibody p53 (Clone DO-7; Dako),
which can recognize both wild type and mutant forms of
human p53 protein, was diluted at 1:2000 and incubated
for 15 min. Immunostaining was visualized by incubat-
ing slides for 10 min in DAB and DAB buffer (1:19 mix-
ture) from the Bond Polymer Refine Detection System
(Leica). Slides were counterstained for five minutes using
a 1:1 mixture of Schmidt hematoxylin (Mayo Depart-
ment of Laboratory Medicine Preparation and Process-
ing Laboratory) and molecular biology grade water,
removed from the stainer, rinsed in tap water for 3 min,
dehydrated in increasing concentrations of ethanol,
cleared in 3 changes of xylene, and permanently covered
in xylene-based medium. Interpretation was performed
by a clinical gynecologic oncology pathologist. An aber-
rant pattern was defined as strong uniform staining or an
absence of staining in epithelial carcinoma cells. A wild-
type pattern was heterogenous staining in epithelial cells.

Results

Derivation of EC PDXs and assessment of genomic
instability score (GIS)

To assess potential therapies for EC patients, preclinical
models were needed. Accordingly, 30 intraperitoneal EC
PDXs were generated from 51 uterine cancers (adenocar-
cinoma and sarcoma) and the engraftment rate was 58.8%
(Supplemental Fig. 1). Of the tumors that engrafted, 9
were derived from imaging-guided biopsies of relapsed
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EC and 21 from tumors collected at the time of pri-
mary surgery. The distribution of histology among these
PDXs included endometrioid (n=9 grade 1 or 2, n=6
high grade), serous (n=38), clear cell (n=2), mixed histol-
ogy (n=3) (one serous and clear cell, one mucinous and
endometrioid, one serous and endometrioid), and car-
cinosarcoma (n=2). For all engrafted PDXs, the median
time to initial engraftment (defined by the first mouse of
each PDX line to become moribund with tumor) was 7.5
months after transplantation from the patient. After the
first passage, the subsequent engraftment rate was 100%
and the time to moribund was shorter, indicating an
increased growth rate. The most common site of engraft-
ment was in the pelvis as a single solid mass, but attach-
ment to other abdominal sites was also observed: bowel,
mesentery, visceral pleura of liver, spleen, diaphragm, and
omentum. Tumor-associated morbidity was observed in
one PDX line that had a tendency to encase the bowel or
mesentery causing bowel dysfunction, which is a known
clinical problem for patients with recurrent EC. Another
potential cancer-related morbidity is ascites, which can
be seen in one-third of patients with peritoneal spread
[46]. In our EC PDX models, ascites in >1 animal was
observed in 27% of PDX lines.

Based on previous studies, a subset of ECs was expected
to exhibit molecular indicators of HR deficiency, also
known as a genomic instability score (GIS), but com-
mercial assays have not been evaluated in EC [47]. Using
established methods for copy number and genomic insta-
bility analysis based on low-coverage whole genome
sequencing (LCWGS) [48, 49], a GIS was derived from
a combined assessment of telomeric allelic imbalance,
large state transitions, and loss of heterozygosity [47].

A

o 90
o 80] o
Q70 o
(7p]
60/ o .
N 50 2~ o
O <o
= 407 L, *
(S 30 ° 0goo o _Qan_
- 201 °8 =
10/ o

O D

o .G
o‘oo ©
=)

(2025) 44:150

Page 5 of 15

Although a GIS threshold value has not yet been defined
for EC, 8 of 30 (26.6%) EC PDX tumors had a GIS>42,
which is the threshold for defining ovarian cancers as
GIS-positive. The percentage of EC PDXs with a GIS>42
was highest in serous (5 of 8) followed by clear cell (1 of
2), endometrioid (2 of 15), mixed histology (0 of 3) and
carcinosarcoma (0 of 2) (Fig. 1A). The GIS distribution
among these histologically diverse tumors ranged from 0
to 81. Due to the small sample size, a bimodal distribu-
tion of scores was not observed (Fig. 1B), as reported for
the Myriad HRD assay with a larger sample size [47, 50].
HR pathway function was assessed by a RAD51 foci
formation assay [37]. PEO1 cells (BRCA2-mutant) and
PEO4 cells (BRCA2 revertant [51]) served as negative
and positive controls, respectively. Analysis focused on a
subset of 10 ECs (eight serous, one carcinosarcoma, one
high grade endometrioid) to determine if they have evi-
dence of HR pathway inactivation similar to serous ovar-
ian cancers. After PDXs were resected and dissociated to
establish a short-term 2D culture, DNA double-strand
breaks were induced with ionizing radiation and the for-
mation of RADS51 foci was used as an indicator of intact
HR DNA repair. Geminin was used to identify cells in S
and G2 phases, when HR repair can occur. Because non-
irradiated cells exhibited foci at baseline, ECs were only
considered HR-deficient if radiation failed to induce addi-
tional foci beyond baseline. As expected, PH537, which
had the highest LCWGS-GIS (suggesting HR deficiency),
did not exhibit an irradiation-induced increase in RAD51
foci (Fig. 2A). Conversely, PH658 had a low LCWGS-
GIS and showed a radiation-induced increase in RAD51,
consistent with HR proficiency. Collectively 4 of 5 PDXs
with a GIS score<42 formed radiation-induced RAD51
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Fig. 1 Low-coverage whole genome sequencing (LCWGS) genomic instability score (GIS). A) Thirty EC PDXs with serous, clear cell (CC), endometrioid
(EM), carcinosarcoma (CSC), or mixed histology are shown. B) GIS distribution across PDXs
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PH750 1.8 60
PH456 20 54
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PH658 29 32
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% of geminin(+) cells with RAD51 foci

Fig. 2 Functional assessment of homologous recombination (HR) activity in serous and serous-like EC PDX tumors. A) Representative immunofluores-
cence staining of RAD51 foci in EC PDX models with a high (PH537) or low (PH658) genomic instability score (GIS). B) Percentage of cells with RAD51 foci
after radiation compared to un-irradiated controls. GIS and fold change in foci percent (irradiated/control) are shown

foci. Notably, however, 3 of 5 PDXs with a GIS score >42
also exhibited a radiation-induced increase in RAD51
foci. For example, PH750 (second highest GIS) formed
more RAD51 foci with radiation, while U1561.019 (low-
est GIS) lacked radiation-induced RAD51 foci (Fig. 2B),
again indicating that high GIS score and lack of RAD51
foci do not consistently track together. PEO1 and PEO4
cell lines, derived from a single ovarian cancer patient,
were used as negative and positive controls for formation
of RAD51 foci (Supplemental Fig. R2).

To confirm each of the 10 included PDX tumors were
derived from patients with histologically and/or molecu-
larly serous/serous-like cancers, p53 protein expression
was stained by IHC and evaluated as recommended in
clinical practice [52]. Primary patient samples were used
except for U1561.011, where PDX tissue was stained
because the source tumor was unavailable. An aberrant
p53 pattern was characterized by a complete absence of
staining (PH412 and U1561.019) or strong diffuse stain-
ing specifically in the epithelial carcinoma cells (PH456,
PH537, PH750, PH798, UT002, UTO015, U1561.011).
A wildtype pattern of heterogenous staining in epithe-
lial carcinoma cells was observed in PH658, despite the
serous histology (Supplemental Fig. 3). Paired hematoxy-
lin and eosin (H&E) stain showed elongated and irregular
glands with slit-like luminal spaces (PH412, UT015 and
UTO002) or more rounded glands with smooth luminal
borders and a solid growth pattern (PH658). The cells
display marked nuclear pleomorphism, macronucleoli,
and conspicuous mitotic activity (Supplemental Fig. 4).
In addition, the patterns observed in the primary patient
tumor were recapitulated in the PDX tumor.

Rucaparib synergizes with SN-38 in SEC cell lines

Given the inconsistent evidence for functional HR defi-
ciency in SEC PDXs despite a high GIS, it was antici-
pated that PARPi monotherapy may have limited activity
in these PDXs. Accordingly, combination therapies with
known PARPi synergy in other cancers was tested in EC
cell lines to build support for subsequent experiments.
Previous studies have demonstrated that PARP inhibi-
tors synergize with TOP1is in vitro and in vivo [25-29].
SN-38, the active metabolite of irinotecan, was tested as a
single agent and combination with rucaparib in a panel of
SEC cell lines. ARK-2 and SPACI1-S cell lines consistently
showed that the impact of SN-38 on colony formation
was increased when rucaparib was added. Formal math-
ematical analysis demonstrated a combination index
(CI) <1, indicative of synergy in these assays (Fig. 3A-D).
Two other serous EC cell lines, ARK-1 and SPACI-L,
also showed enhanced effects on colony formation when
rucaparib was added to SN-38, although greater vari-
ability in CI values was observed (Fig. 3E-F). To confirm
that the observed effects could be attributed to increased
apoptosis, flow cytometry was performed to determine
the percentage of cells with extractable DNA or Annexin
V staining, two indicators of apoptosis. Combination
treatment was associated with increased apoptosis in all
four cell lines, as illustrated in Fig. 4 for representative
ARK-1 and SPACI1-L cells. Although ARK-2 cells dem-
onstrated a measurable increase in apoptosis, the impact
of combination treatment was less apparent (Supplemen-
tal Fig. 5A, B). Accordingly, the increased apoptosis in
ARK-2 cells was confirmed using the Incucyte apoptosis
assay, illustrated by a significant increase in caspase-3/7
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Different shapes indicate results from each of 3-4 independent experiments

activity after exposure to combination treatment (Sup-
plemental Fig. 5C and Supplemental Methods).

Rucaparib synergizes with SN-38 in SEC PDX tumors grown
in 3D culture ex vivo

To further evaluate the SN-38 +rucaparib combination,
the eight serous and two serous-like ECs were tested ex
vivo. Each tumor was dissociated into small aggregates
of cells for 3D culture on low-binding plates to promote
three-dimensional growth. Across five rucaparib con-
centrations (1.56 to 25 uM), a dose-dependent decline
in tumor cell viability was observed (Fig. 5 and Supple-
mental Fig. 6). Although the sample size (#=10) is not
sufficient to make conclusive statements about ruca-
parib single agent activity in 3D, the cell viability of two
genomically disparate tumors, PH537 (GIS high) and

U1561.019 (GIS low), dipped below 50% with rucaparib
at the highest concentration (Fig. 5 and Supplemental
Fig. 6). With the addition of SN-38 (0.1 to 0.5 pM), syn-
ergy was observed in PH537 (GIS 81) as well as PH658
(GIS 32) (Fig. 5). Similar synergy was observed in other
PDX tumors except PH456 (GIS 54) and U1561.019 (GIS
28) at 0.5 FA (Supplemental Table 2), suggesting synergy
could be achieved regardless of GIS.

To confirm that rucaparib, SN-38, and the combi-
nation could all induce double-strand DNA breaks in
the GIS high PDX tumor PH537, phospho-H2A.X and
RADS51 foci were examined. When PH537 cells were
incubated on conventional 2D cell culture plates, treat-
ment with rucaparib or SN-38 resulted in an increase
in phospho-H2A.X foci, indicating induction of DNA
double-strand breaks with either monotherapy (Fig. 6A).
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Fig. 6 Immunofluorescence staining of DNA damage markers in PH537. Cells were treated with either vehicle, rucaparib, SN-38, or the combination. Foci
were labeled with green fluorescence: (A) gamma H2AX (phospho-Ser139-H2A.X) or (B) RAD51. Nuclei were stained blue (DAPI)

The combination induced even greater DNA damage,
as indicated by the nearly confluent nuclear luminesces
from coalescing foci. Moreover, the lack of RAD51 foci
under the same conditions (Fig. 6B) was consistent with
a loss of HR function, as shown in the irradiation studies
(Fig. 2) for this PDX model.

In vivo efficacy of rucaparib in combination with PLX038A
In further studies, five PDXs were treated with rucaparib
monotherapy and the PLX038A/rucaparib combination

in vivo. PDXs were selected to represent a wide range
of GIS, 28 to 81. Although topotecan is more com-
monly used in gynecologic cancers than the SN-38 pro-
drug irinotecan, a novel pegylated formulation of SN-38
(PLX038A) has the ability to accumulate in tumors [32]
and has a pharmacokinetic profile that could potentially
minimize overlapping myelotoxicity with rucaparib: Low
maximum plasma concentration and prolonged sus-
tained plasma SN-38 above therapeutic thresholds [20,
32, 50]. To test the efficacy of rucaparib +/- PLX038A,
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PDX models were established intraperitoneally in female Tumor sensitivity to monotherapy was different for
SCID-beige mice and when tumors reached a minimum  rucaparib vs. PLX038A. Although none of the EC PDX
size threshold, animals were randomized to receive either =~ models regressed with rucaparib monotherapy, two
rucaparib 150 mg/kg daily, PLX038A 15 pumol/kg every exhibited significant growth inhibition relative to con-
two weeks, or the combination for a total of 8 weeks trols: PH537 (GIS 81, p<0.0001) and PH658 (GIS 32,
followed by one week of observation. Because tumor p=0.0365) (Fig. 7 and Supplemental Table 3). How-
diameter accounts for only one dimension of growth, ever, the doubling of tumor size in PH658 over 9 weeks
tumor size change over time was assessed weekly by  would be consistent with relative rucaparib resistance.
transabdominal ultrasonography to determine response = Whole genome sequencing performed on each of the 5
as described [34, 37, 43]. Tumor tissue (hypoechoic in PDX models tested in vivo indicated that PH537 had
mouse abdomen) can be discriminated from surrounding  a pathogenic mutation in a DNA repair gene (PRKDC,
bowel/stool. Representative ultrasound images of PH537  ¢.6151_6176del) while no DNA repair mutations were
show a single tumor mass with decreased tumor area identified in PH658 or the other three PDXs. In contrast,
and echogenicity after combination treatment, whereas  PLX038A monotherapy demonstrated activity, albeit lim-
saline-treated control and monotherapy-treated tumors ited at a low dose, against all five SECs with statistically

grew without regression (Supplemental Fig. 7). significant slowing of growth relative to control animals
PH537 (GIS 81, p53 mut, serous) PH658 (GIS 32, p53 wt, serous) PH456 (GIS 54, p53 mut, serous)
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Fig. 7 Invivo efficacy of PLX038A + rucaparib in SEC PDXs. Mice with measurable tumors were randomized to one of four groups: control (red), PLX038A
every two weeks at 15 pmol/kg IP injection (blue), rucaparib 150 mg/kg daily gavage (green), or combination (purple) for 8 weeks, followed by one week
of observation. Tumor size was assessed by weekly transabdominal ultrasound and normalized to the day zero starting size. P53 status by IHC is indicated
as a wildtype (wt) or aberrant/mutated (mut) pattern. Tumor size trajectories are the average estimates computed from the statistical linear mixed effects
models, relative to the arm-specific baseline estimate. Shading indicates 95% confidence intervals. The P values are provided in Supplementary Table
3. The number of mice under observation at each time point for each arm is indicated below the x-axis as a function of time, where text color indicates
drug arm
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(Fig. 7 and Supplemental Table 3) and tumor shrinkage in
one model.

Consistent with the ex vivo 3D culture results, the ruca-
parib/PLX038A combination was superior to PLX038A
monotherapy in PH537, PH658, and UT002 (p<0.001
vs. all treatment groups for each PDX). It is noteworthy
that combination therapy resulted in marked regres-
sion of tumors below baseline sizes in two PDXs (PH537
and PH658). Moreover, tumor sizes frequently fell below
detection limits by ultrasound at 9 weeks, with 4/8 mice
bearing PH537 and 6/8 mice bearing PH658 lacking mea-
surable disease, indicating marked sensitivity to the com-
bination therapy.

Rucaparib/SN-38 synergism in primary EC samples

Although the in vitro and in vivo data support the efficacy
of rucaparib + SN-38, primary patient tumors can provide
an additional model system for preclinical evaluation of
novel combinations. Ex vivo 3D cultures, also known as
tumor organoids or microcancers, are more proximal to
the patient than other model systems. To corroborate
the cell line and PDX data, primary patient tumors were
also assayed for effects of the individual agents and com-
bination. ECs collected fresh from surgical resections or
imaging-guided biopsies were processed immediately
for ex vivo 3D culture. Because IHC for p53 was not uni-
versally performed at the time this study began, the only
inclusion criteria were a biopsy-proven SEC (n=12),
high grade endometrioid EC (n=4), or carcinosarcoma
(n=4) (Supplemental Table 4). Synergy (combination
index<1) was observed in 11 of 20 (55%) samples at 0.5
FA (Fig. 8A, B), and individual primary tumor cell growth

inhibition curves were also plotted (Supplemental Fig. 8).
Interestingly, all samples with endometrioid histology
and wildtype-pattern p53 exhibited synergy (Fig. 8B and
Supplemental Table 3), suggesting the synergy may not
be limited to serous-like cancers.

Discussion

SEC is associated with chemotherapy resistance and a
high risk for recurrence regardless of clinical stage, mak-
ing improved SEC therapeutics a large unmet need. To
facilitate the search for improved therapies, we estab-
lished 30 EC PDX models, including 10 from serous or
serous-like ECs, and then assessed their response to an
emerging therapy (PLX038A as monotherapy and in
combination with rucaparib). Previous studies revealed
that a subset of serous or serous-like ECs exhibit evi-
dence of HR DNA repair deficiency, raising the pos-
sibility that PARP inhibitors might have activity in this
disease. To address this possibility, we assessed a tri-
modal genomic instability score (GIS) based on telomeric
allelic imbalance, large state transitions, and loss of het-
erozygosity in EC PDXs. However, GIS did not correlate
with HR function and rucaparib had limited activity in
vivo. Importantly, the combination of rucaparib/SN-38
was more effective than monotherapy and response was
not dependent on HR deficiency.

Genomic methods to predict HR deficiency in ovarian
cancer have relied on a trimodal score [15, 17] or LOH
alone [50] but it remains unclear if such methods are
applicable to EC. In preclinical studies, the largest report
of a trimodal GIS in SECs indicated that 10 of 19 sequen-
tial tumors (53%) had scores =42 [53], comparable to our
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observation of 62.5% (5 of 8). However, no functional
assays to confirm HR deficiency by RAD51 foci forma-
tion assay or in vivo PARPi response were performed.
Another study using a trimodal GIS in four serous ECs
included only GIS <42, making it difficult to assess if a
high GIS could enrich for PARPi sensitivity [54]. While
we observed a GIS score>42 in 5 of 8 SEC PDX models,
evidence for functional loss of HR was limited to 1 of 5
PDX models, possibly reflecting the fact that genomic
changes leading to a high GIS score reflect the historical
inability of a tumor to repair DNA but persist if cancers
regain their HR repair capacity. Indeed, it is well known
that ovarian cancers with germline or somatic BRCA1/2
mutations and GIS can undergo reversion mutations to
restore BRCA1/2 expression and restore HR proficiency
without altering the high GIS [55, 56]. Other ovarian
cancers undergo epigenetic reactivation of HR proteins
[56, 57]. On the other hand, there may be occasions
where a GIS might not be sensitive enough to detect all
HR deficient tumors. To overcome such limitations and
minimize the risk for false negative results, perhaps alter-
native methods should be used to predict HR deficiency.
Examples include mutational [58] or transcriptional [59,
60] signatures. Perhaps a multiomics approach would
also be helpful. Regardless, none of the 5 tested SEC PDX
models exhibited regression with PARPi monotherapy.
Thus, the experiments presented suggest that a high GIS
in SEC PDXs does not correlate with loss of HR function
and a high GIS does not portend sensitivity to a PARPi.
Previous clinical studies testing the efficacy of a PARPi
in EC have not focused solely on SECs, but have evalu-
ated the correlation between GIS and clinical response.
For instance, olaparib monotherapy in recurrent EC
patients (NRG-GYO012) resulted in a 12.5% (4/32) objec-
tive response rate and median progression free survival
of only 2 months [61]. Although the patient population
was not limited to serous/serous-like ECs, the majority of
tumors were P53 aberrant. Importantly, no associations
were found between olaparib response and mutations in
HR DNA repair genes or LOH as a measure of HR defi-
ciency. Similarly, a separate clinical study of niraparib
in predominately serous EC recently reported only a 4%
(1/25) objective response rate and found no correlation
with aberrations in HR DNA repair genes [62]. These
clinical trial outcomes are consistent with our rucaparib
monotherapy results in five serous or serous-like EC PDX
models (GIS diverse), which revealed only stable dis-
ease (PH537) or slowed progression (PH658) as the best
response, without regression on rucaparib monotherapy.
PLXO038A is a pegylated SN-38 prodrug that is designed
to substantially prolong the half-life of SN-38 without
reaching high serum peak levels [20, 32, 50]. This novel
formulation should help to minimize toxicity and opti-
mize efficacy when combined with PARPis. This agent
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demonstrated monotherapy activity in all five SEC PDXs.
Moreover, when PLX038A was combined with rucapa-
rib, mice tolerated the treatment, and the combination
was more effective than either agent alone in 3 of 5 PDX
models. Importantly, the improved efficacy of this com-
bination in vitro (cell lines), ex vivo (primary patient and
PDX), and in vivo appears to be independent of genomic
instability or HR deficiency, which suggests it might have
broad activity in ECs. Without clear associations between
genetic mutations and response to rucaparib or combi-
nation therapy, an alternative predictive biomarker of
response warrants further investigation. Interestingly,
the observation that rucaparib and SN-38 are synergistic
in non-serous and p53 wildtype primary patient tumors
(Fig. 8B), raises the possibility of activity with this com-
bination in the “no specific molecular profile” (NSMP)
of EC, which is the largest molecular subtype. Regard-
less, these data support further preclinical and possible
clinical development of PLXO038A +rucaparib in EC.
Accordingly, we are awaiting the recommended phase 2
dose from an ongoing phase 1 trial with this combination
(NCT04209595).

Conclusions

In summary, serous or serous-like EC PDX models and
EC patient explants are sensitized to the combination of
SN-38 and rucaparib. However, the in vivo response to
single agent rucaparib suggests that a PARPi might only
delay EC progression, regardless of GIS. Although an
improvement in progression-free survival is still clinically
meaningful, the studies presented herein would suggest
that PARP inhibitor monotherapy might not be particu-
larly efficacious in EC. Instead, as novel formulations
TOP1 inhibitors such as PLX038A are developed clini-
cally, EC should be included in the development plan.
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Supplementary Material 1: Supplemental Fig. 1. Patient derived xenograft
engraftment rate over time, where “success” indicates successful engraft-
ment in at least one mouse and “failed” indicates failed engraftment. Time
to engraftment and engraftment rate were determined using a cumula-
tive incidence approach to account for models still under observation for
determination of engraftment. Supplemental Fig. 2. Functional assessment
of homologous recombination (HR) activity in PEO1 and PEO4 cells. All
representative images were captured at 100x magnification. Supplemen-
tal Fig. 3. Immunohistochemistry showing p53 staining pattern. Tumors
studied in vivo are shown. All representative images were captured at 40x
magnification. Scale bar shows 50 um. Supplemental Fig. 4. Histologic
similarities between patients and corresponding patient derived xenograft
(PDX) tumors. Representative hematoxylin and eosin (H&E), p53 expres-
sion in PDX EC models showed conserved morphology, (20X). Scale

bar, 100 um. Supplemental Fig. 5. Induction of apoptosis in ARK-2 cell

lines with SN-38 and Rucaparib. A) cells were cultured with continuous
exposure to the indicated drug concentrations for 4 days, stained with
propidium iodide in sodium citrate (A), and subjected to flow microfluo-
rimetry. Error bars indicate mean SEM of 3—-4 independent experiments. B),
combination index (Cl) for the SN-38 + rucaparib drug combination. Differ-
ent shapes indicate results from each of 3-4 independent experiments. C),
Caspase release assay showing the amount of caspase-3/7 induction per
well with SN-38(10nM), rucaparib(100nM) or combination treatment in
ARK-2 cells using Incucyte Live-Cell analysis. ANOVA with Tukey's multiple
comparisons test p = 0.0003 (*) or 0.0002 (**). Supplemental Fig. 6. Activity
of Rucaparib and SN-38 in SEC PDXs ex vivo. PDX tumors were exposed to
rucaparib, SN-38, or the combination at the indicated concentrations. Cell
viability was measured in luminescence and normalized to untreated con-
trols. Supplemental Fig. 7. Representative serial transabdominal ultrasound
images from PH537 PDX showing assessment of tumor (dotted outline)
change over eight weeks of treatment. White scale bar is 5 mm. The
circumferential dotted line outlines each tumor and shows the measured
cross-sectional area. Supplemental Fig. 8. Activity of Rucaparib and SN-38
in SEC tumors ex vivo. Fresh primary patient tumor cells were exposed

to rucaparib, SN-38, or the combination at the indicated concentrations.
Cell viability was measured in luminescence and normalized to untreated
controls.
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