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Epithelial-to-Mesenchymal Transition Supports Ovarian
Carcinosarcoma Tumorigenesis and Confers Sensitivity
to Microtubule Targeting with Eribulin
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Ovarian carcinosarcoma (OCS) is an aggressive and rare
tumor type with limited treatment options. OCS is hypothesized
to develop via the combination theory, with a single progenitor
resulting in carcinomatous and sarcomatous components, or
alternatively via the conversion theory, with the sarcomatous
component developing from the carcinomatous component
through epithelial-to-mesenchymal transition (EMT). In this
study, we analyzed DNA variants from isolated carcinoma and
sarcoma components to show that OCS from 18 women is
monoclonal. RNA sequencing indicated that the carcinoma
components were more mesenchymal when compared with pure
epithelial ovarian carcinomas, supporting the conversion theory
and suggesting that EMT is important in the formation of these
tumors. Preclinical OCS models were used to test the efficacy
of microtubule-targeting drugs, including eribulin, which
has previously been shown to reverse EMT characteristics in
breast cancers and induce differentiation in sarcomas. Vinor-
elbine and eribulin more effectively inhibited OCS growth than

Introduction

Ovarian carcinosarcoma (OCS), also known as malignant
mixed Miillerian tumor, is a heterogeneous cancer with poor prog-
nosis (1), accounting for 1%-4% of ovarian malignancies (2, 3). These
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standard-of-care platinum-based chemotherapy, and treatment
with eribulin reduced mesenchymal characteristics and N-MYC
expression in OCS patient-derived xenografts. Eribulin treatment
resulted in an accumulation of intracellular cholesterol in OCS
cells, which triggered a downregulation of the mevalonate path-
way and prevented further cholesterol biosynthesis. Finally,
eribulin increased expression of genes related to immune acti-
vation and increased the intratumoral accumulation of CD8™"
T cells, supporting exploration of immunotherapy combinations
in the clinic. Together, these data indicate that EMT plays a key
role in OCS tumorigenesis and support the conversion theory for
OCS histogenesis. Targeting EMT using eribulin could help
improve OCS patient outcomes.

Significance: Genomic analyses and preclinical models of ovar-
ian carcinosarcoma support the conversion theory for disease
development and indicate that microtubule inhibitors could be
used to suppress EMT and stimulate antitumor immunity.

tumors contain both epithelial (carcinoma) and mesenchymal
(sarcoma) components (3). Molecular analysis suggests that most
OCS are monoclonal (4-9), with two theories for OCS histogenesis:
combination, where a single stem cell differentiates early to form the
two components; and conversion, where the carcinoma undergoes
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epithelial-to-mesenchymal transition (EMT) to form the sarcomatous
component (10).

TP53 mutations and loss of heterozygosity (LOH) of 17p, and
consequent chromosomal instability, are common in OCS (7, 8,11,12).
Mutations in PIK3CA, PTEN, KRAS, FBXW7, CTNNBI, and RBI are
observed frequently (11), whereas mutations in ARIDIA, ARIDIB,
KMT2D, BAZI1A, BRCA1, BRCA2, and RAD5IC have also been
reported (8, 11, 13). One study also identified recurrent mutations
in the genes encoding histones H2A and H2B (HISTIH2AB/C and
HIST1H2BB/G/]) that play a role in EMT (9). Only one study has
analyzed gene expression in the separate components, finding a strong
positive correlation of EMT score with sarcoma content as well as
methylation of the EMT-suppressing microRNAs miR-141/200a/
200b/200¢/429 (8).

EMT can be induced through aberrant expression of the high-
mobility group AT-hook protein 2 (HMGA2) and subsequent
activation of the TGFP signaling pathway (14). HMGA2 is not
expressed in most adult tissues (15, 16), but high expression has
been observed in many cancers and is correlated with metastasis
and chemotherapy resistance (17-21). HMGA2 expression is
thought to be largely controlled by the microRNA let-7 (22). Other
downstream target genes of let-7 include MYCN and LIN28B,
whereas LIN28B inhibits maturation of let-7 (23), reinforcing both
low and high expression states and acting as a bistable switch.
Upregulation of the N-MYC/LIN28B pathway has been observed in
the C5 subset of ovarian or fallopian tube high-grade serous
carcinoma (HGSC) and in other cancer subtypes, and is associated
with poor prognosis (23-25). Furthermore, high HMGA?2 expres-
sion has been observed in 60% of OCS cases (26). We hypothesized
that upregulation of the N-MYC/LIN28B pathway and subsequent
expression of HMGA2 may be a key driver of OCS, and thus drugs
that target EMT may be effective.

Eribulin is a microtubule-targeting drug that has been shown to
reverse EMT, leading to favorable intratumoral vascular remodeling,
reduced cell invasion, increased cell differentiation, and modulation of
the tumor-immune microenvironment (27-29). Eribulin has com-
pleted Phase III trials for metastatic breast cancer, soft-tissue
sarcoma and non-small cell lung cancer (NSCLC; refs. 30-33).
Eribulin was initially approved by the FDA and the European
Medicines Agency (EMA) in 2010 and 2011, respectively, for
treatment of advanced breast cancer, with later approvals for
advanced liposarcoma (28, 33). We hypothesized that eribulin may
be effective against OCS tumors due to its ability to reverse EMT
characteristics, alter tumor phenotype and affect the tumor micro-
environment through effects on the vasculature.

Here we present mutation, copy number and gene expression
analyses of separate components from an OCS cohort. We have used
a highly relevant genetically engineered mouse model (GEMM), which
replicates features of the human condition, as well as patient-derived
xenograft (PDX) models of OCS to assess the efficacy of a range of
microtubule-targeting drugs and to determine the mechanism of
action of eribulin, a drug with significant activity in these models.

Materials and Methods

Study conduct, survival analyses, and patient samples
Samples for the UK cohort were acquired and used under the
authority of the NHS Greater Glasgow and Clyde Biorepository
(Application Reference 286) following approval by West of Scotland
Research Ethics Committee 4 (Reference 10/S0704/60). Overall sur-
vival (OS) was calculated from the date of diagnosis to the date of death
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or the last known clinical assessment. OS was calculated by the log-
rank test (Mantel-Cox) using Prism v8.0 (GraphPad).

Formalin-fixed paraffin-embedded (FFPE) specimens were identi-
fied from the pathology archives of Queen Elizabeth University
Hospital, Glasgow, United Kingdom. Carcinoma and sarcoma regions
were identified and marked by a gynecological pathologist.

Panel sequencing

Libraries for panel sequencing of isolated carcinoma and sarcoma
regions of patient tumors were prepared from genomic DNA obtained
from 5x10 pum macrodissected FFPE sections. Panel sequencing
enabled analysis of 217 genes for coding sequence mutations, 137 genes
for copy number state, and 23 genes for all genomic events. In addition,
SNPs spaced approximately 1Mb apart throughout the genome were
included to give a genome-wide copy-number profile. Full details of
library preparation, panel design and sequencing analysis are provided
in Supplementary Materials and Methods.

RNA preparation and sequencing

Libraries for RNA sequencing (RNA-seq) of isolated carcinoma and
sarcoma regions of patient tumors were prepared from RNA obtained
from 5x10 pm macrodissected FFPE sections. Libraries underwent
75bp paired-end sequencing on a HiSeq 4000 sequencer (Illumina).
The HGSC samples from The Cancer Genome Atlas (TCGA; TCGA-
OV cohort; n = 396) used for comparison were obtained from
RNAseq_V2 processed counts downloaded from the GDC portal
(https://portal.gdc.cancer.gov/), version available on June 3, 2019.

Libraries for RNA-seq of PDX tumors were prepared from RNA
extracted using the Direct-zol RNA Miniprep kit (Zymo Research) as
per manufacturer’s instructions. Sequencing was performed on the
Novaseq platform (Illumina) to read length of 100 bp (Australian
Genome Research Facility). All analysis was performed on human
specific reads, purified by competitive mapping of the reads to both the
human and mouse genomes using our published opensource Xeno-
mapper method (34). DEGs between treated and untreated samples
were derived using matching methods across batch and model to
correct for batch effects and inherent model differences. P values for
DEGs were computed under a normality assumption. Topconfects (35)
was used to calculate lower bounds on the effect sizes with 95%
confidence interval. Full details of RNA-seq library preparation and
sequencing analysis are provided in Supplementary Materials and
Methods.

Generation of a GEMM

The Pax8-rtTA strain (C57BL/6 background) was a kind gift from
Prof. Ronny Drapkin (Department of Obstetrics and Gynecology,
University of Pennsylvania, Philadelphia, PA). The kai-tetOCre strain
(FVB background) was a kind gift from Prof. Jane Visvader (WEHI,
Melbourne, Australia) originally sourced from the Osaka Bioscience
Institute, Japan. The LSL-Lin28b strain (mixed 129x1/Sv] back-
ground) was a kind gift from Prof. Johannes H. Schulte (University
Hospital Essen, Essen, Germany). Full details about GEMM OCS
tumor generation are available in Supplementary Materials and
Methods.

Immunohistochemistry

Formalin fixed tumor samples were sectioned, stained with hema-
toxylin and eosin (H&E), or the following antibodies: anti-Ki67
(mouse: D3B5, Cell Signaling Technology; human: MIB-1, Dako),
anti-PAXS8 (Proteintech Cat# 10336-1-AP, RRID:AB_2236705), anti-
p53 (mouse: CM5, Novacastra; human: DO-7, Dako), anti-PanCK
(mouse: polyclonal, Abcam; human: AE1/3, Dako), anti-vimentin
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(Cell Signaling Technology Cat# 5741, RRID:AB_10695459), anti-
HMGAZ2 (Cell Signaling Technology Cat# 8179, RRID:AB_11178942),
anti-N-cadherin (Abcam Cat# ab18203, RRID:AB_444317), anti-
ZEB1 (Novus Cat# NBP1-05987, RRID:AB_2273178), anti-human
CD8 (C8/144B, Dako). H&E and THC slides were scanned digitally at
%20 magnifications using the Pannoramic 1000 scanner (3DHIS-
TECH Ltd.). Ki67 and CD8 IHC were quantified using CellProfiler
(Broad Institute).

Western blot analysis

Tumors and cells were homogenized in ice-cold RIPA buffer
supplemented with a complete mini protease inhibitor cocktail tablet
(Roche) using Precellys Ceramic Kit tubes in the Precellys 24 homog-
enizing instrument (Thermo Fisher Scientific). Proteins from lysates
were separated on NuPAGE Novex Bis-Tris 10% gels (Invitrogen).
Gels were transferred onto PVDF membranes using the iBlot Transfer
system (Thermo Fisher Scientific). Membranes were probed with
antibodies specific for ZEB1, N-cadherin, vimentin, HMGA2 (all as
mentioned previously), N-MYC (Cell Signaling Technology Cat#
84406, RRID:AB_2800038), HMGCS (A-6, Santa Cruz Biotechnolo-
gy), SQLE, LDLR (Proteintech Cat# 12544-1-AP, RRID:AB_2195888
and Proteintech Cat# 10785-1-AP, RRID:AB_2281164), Cleaved
caspase-3 and cleaved PARP-1 (Cell Signaling Technology Cat#
9661, RRID:AB_2341188 and Cell Signaling Technology Cat# 5625,
RRID:AB_10699459), or B-actin (Sigma-Aldrich Cat# A5441, RRID:
AB_476744).

In vivo studies

All experiments involving animals were performed according to the
animal ethics guidelines and were approved by the Walter and Eliza
Hall Institute (WEHI) of Medical Research Animal Ethics Committee
(2016.023). PDX #1040 was generated from ascites obtained from a
patient treated at the Royal Women’s Hospital, Melbourne, and
recruited to the Australian Ovarian Cancer Study. The PDX was
established by mixing tumor cells isolated from ascites with Matrigel
Matrix (Corning) and transplanting subcutaneously into NOD/SCID/
IL2Rynull recipient mice (T1 = passage 1). PDX #1105 and #1177 were
established through transplanting fragments of tumor tissue obtained
from patients consented to the Stafford Fox Rare Cancer Program
(WEHI, Melbourne, Australia). All other PDXs were established
through transplanting fragments of cryopreserved tumor tissue sub-
cutaneously from PDXs generated in the Mayo Clinic. Recipient mice
bearing T2-T7 PDX or GEMM tumors (180-300 mm? in size) were
randomly assigned to cisplatin (Pfizer), pegylated liposomal doxoru-
bicin (PLD; Janssen-Cilag Pty. Ltd.), paclitaxel (Bristol-Myers
Squibb), vinorelbine (Pfizer), eribulin (Eisai Co., Ltd.), or vehicle
treatment groups. In vivo cisplatin treatments were performed by
intraperitoneal (IP) injection of 4 mg/kg given on days 1, 8,and 18. The
regimen for PLD treatment was by IP injection once a week for three
weeks at 1.5 mg/kg. The regimen for paclitaxel treatment was by
intraperitoneal injection twice a week for three weeks at 25 mg/kg. The
regimen for vinorelbine was by intravenous injection of 15 mg/kg at
days 1, 8, and 18. The regimen for eribulin treatment was by intra-
peritoneal injection three times a week for three weeks at 1.5 mg/kg
(with the exception of mice harboring #1040 tumors, which received
doses of 1 mg/kg with the same scheduling). Vehicle for cisplatin, PLD,
paclitaxel, vinorelbine, and eribulin treatment was DPBS. Harvested
tumors were histologically assessed by a gynecological pathologist,
using sections stained with H&E, pan-cytokeratin and vimentin, to
ensure both carcinoma and sarcoma components were present. See
Supplementary Materials and Methods for dosing schedules and
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classification of treatment response. Data collection was conducted
using the Studylog LIMS software (Studylog Systems). Graphing
and statistical analysis was conducted using the SurvivalVolume
package (36).

A human immune system (HIS) was generated in NSG mice by
reconstituting myeloablated newborn NSG pups with human CD34"
hematopoietic stem cells isolated from cord blood (purchased from
Lonza, cat #2C-101). Briefly, 2-day old pups were treated with 150 rads
gamma-irradiation and following 2-3 hours of recovery were injected
via the facial vein with 5x10* human CD34 ™" cells in 30-40 pL DPBS/
0.02% trypan blue using a Hamilton syringe. Twelve-weeks post-
reconstitution peripheral blood was obtained by retro-orbital bleed
and analyzed using an Advia 2120i and, following red cell depletion, by
flow cytometry (mCD45-APC/Cy7 clone 30-F11, hCD45-APC clone
HI30, hCD4-BV605 clone RPA-T4, hCD8-FITC clone RPA-TS,
hCD3-PE/Cy7 clone UCHT1, and hCD19-PE HIB19; BD Bios-
ciences). Mice with >25% hCD45 white blood cells were considered
successfully engrafted HIS mice. Tumor fragments for OCS PDX
#1105 and #1177 were transplanted subcutaneously into HIS mice.
Once tumors reached 400 mm?, mice were treated with a single dose of
vehicle (DPBS) or eribulin (3 mg/kg) and tumors were harvested one
week later.

Generation of cell lines

The OCS GEMM cell line was generated from a T1 OCS GEMM
tumor, the PH419 cell line was generated from a T3 PDX tumor, and
the PH142 cell line was generated from a T5 PDX tumor. Briefly,
tumors were manually minced into a slurry. For the GEMM cell line,
cell fragments were subsequently plated on 0.1% gelatin coated plate
and passaged aggressively within 3-4 days to retain viable malignant
adherent cells until a stable cell line was obtained at passage 12 onward.
For the PH419 and PH142 cell lines, the mince was digested with
collagenase, dispase, and DNase (Worthington), with cells cultured in
growth media for 10 passages. Cell identity was confirmed by geno-
typing (GEMM cell line) or TP53 sequencing (PH419 and PH142 cell
lines). Short tandem repeat profiling has also been used to characterize
these new OCS cell lines.

Adhesion, invasion assays, and 3D growth assays

Adhesion assays were carried out in 96-well plates precoated with
2% BSA or 20 pg/mL collagen. GEMM cells were pretreated for a week
with DMSO (vehicle control), 0.2 umol/L cisplatin or 20 nmol/L
eribulin (IC,, concentrations for these drugs in these cells) before
plating in 96-well plates. Non-adherent cells were aspirated and
adherent cells stained with 100 UL of 0.5% crystal violet (Sigma)
dissolved in 20% methanol for 15 minutes at room temperature.
Stained cells were solubilized with 50 UL of 0.1 mol/L citrate buffer
in 50% methanol. Adherent cells were quantified by measuring
absorbance at 595 nm on a Chameleon Luminescence Plate Reader
(Noki Technologies). Transwell migration, invasion and 3D assays
were carried out as previously described (37).

Quantification of cholesterol

Snap-frozen cell pellets or tumor pieces were lysed in 1X reaction
buffer on ice. Cholesterol was quantified using the Amplex Red
Cholesterol Assay Kit (Invitrogen) as per the manufacturer’s
instructions. Total cholesterol levels were quantified using buffer
containing cholesterol esterase. Free cholesterol levels were quan-
tified using buffer without cholesterol esterase. Cholesterol ester
levels were calculated by subtracting the value of free cholesterol
from total cholesterol.
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Oil Red O staining

Snap-frozen tumor pieces were set in Optimal Cutting Tempe-
rature compound on dry ice and sectioned onto charged slides.
Slides were incubated in Oil Red O solution, washed and counter-
stained with hematoxylin. Slides were scanned digitally at %20
magnifications using the Pannoramic 1000 scanner (3DHISTECH
Ltd.). Oil Red O staining was quantified using CellProfiler (Broad
Institute).

Statistical analysis

Data were analyzed using the Student ¢ test unless otherwise
stated and considered significant when the P value was of <0.05. All
statistical tests were two-sided. Bar graphs represent the mean and
SE across independent experimental repeats (at least n = 3) unless
otherwise stated. All boxplots demarkate the inter-quartile range
as the outer box and median as the contained break. Whiskers
extend to the furthest point not exceeding 1.5 x IQR. Survival
analysis was performed using the log rank test on Kaplan-Meier
survival function estimates. Statistical significance representations:
*, P <0.05 **, P < 0.01; ***, P < 0.001; and ***, P < 0.0001.

Data availability

The following datasets have been deposited in the European
Genome-Phenome Archive (EGA) under accession number
EGAS00001006555: RNA-seq data of the PDX samples, and TSO500
panel data, whole-exome sequencing (WES) data, or whole-genome
sequencing data of the patient samples: PH003, PH006, PH142,
PH419, PH592, #1105, and #1177. A data transfer agreement is
required. The following datasets have been deposited in the EGA
under accession number EGAS00001006605: DNA and RNA sequenc-
ing data of patient samples in the UK cohort (n = 18).

Results

Mutation and copy-number profile of OCS is similar to HGSC

We identified 18 women diagnosed with OCS, 17 with HGSC,
and one with grade 2 endometrioid histology in the carcinoma
component. 12 associated metastatic samples were also avail-
able (Supplementary Table S1 and Supplementary Fig. S1). As has
previously been observed in uterine carcinosarcoma (38), the
metastases in our cohort were more commonly purely carcinoma
(8 carcinoma vs. 4 sarcoma; Fig. 1A; Supplementary Table S1).

Targeted sequencing of 377 genes in macrodissected carcino-
ma and sarcoma components as well as metastases was performed
(Supplementary Tables S2-S7; Supplementary Fig. S2). Overall,
OCS samples had genomic profiles similar to HGSC, with near-
ubiquitous TP53 mutation (17/18 cases, including 17/17 with HGSC
pathology), CCNEI amplification (4/18 cases), BRCA2 loss or
mutation (4/18 cases), KRAS mutation and amplification (4/18
cases), PIK3CA mutation and amplification (4/18 cases), NFI or
CDKN2A mutation or disruption by rearrangement (2/18 cases
each), RBI deletion (2/18 cases), PTEN mutation (2/18 cases), and
MYC or MYCN amplification (1/18 and 2/18 cases, respectively;
Fig. 1A). Overall mutational burden was low (mean 1.2, median
0.87 mutations/MB sequenced), which did not differ between
carcinoma and sarcoma (Fig. 1B; Supplementary Table S8). How-
ever, as with HGSC, the genomes were structurally unstable with
an average of 3.3 high-level gains and 1.4 likely homozygous
deletions called per sample (Supplementary Fig. S3). WWO00163
lacked the genomic chaos typical of HGSC (Supplementary Fig. S4)
in keeping with an origin of endometrioid carcinoma.

4460 Cancer Res; 82(23) December 1, 2022

On the basis of the point mutation profiles, there were no
consistent differences between the sarcoma and carcinoma compo-
nents. In all cases, the two components shared at least one point
mutation, demonstrating a shared clonal origin. Half of carcinoma-
sarcoma pairs (8/16) shared all point mutations whereas the others
gained additional mutation(s) in one or both components. On
average, carcinoma-sarcoma pairs differed by only a single muta-
tion (range, 0-7). These data indicated that these 18 OCS were
monoclonal, which supports both the conversion and combination
theories of carcinogenesis.

By contrast, there were more copy-number changes between the
carcinoma and sarcoma components, with an average of 10.6 genes
having a different copy-number state between the two (range, 0-36;
Supplementary Figs. S3 and S4; Supplementary Table S6). The most
commonly different genes were FGF3 and MDM2 (Supplementary
Table S7). However, these differences did not appear to be focal or high
level, perhaps suggesting that these genes are not specific targets of
alteration between carcinomas and sarcomas. Instead these chromo-
somal differences may arise due to ongoing chromosomal instability.
Case WW00169 had neither mutation nor copy-number differences
between the carcinoma and sarcoma components.

Interestingly, in some cases metastases showed substantial genomic
divergence from their corresponding primary, indicative of an early
seeding to the metastatic sites (Fig. 1A). There was evidence of the
metastases arising from the carcinomatous component (WW00158
and WW00170) as well as the sarcomatous component (WW00157).
In addition to two cases (WWO00154, WW00158) where the metastasis
either gained three mutations or lost four, a third case (WW00157)
diverged in several likely driver copy-number events, including loss of
BRCA2 between the carcinoma and its corresponding metastasis
(Supplementary Tables S4, S6, and S7).

OCS have EMT-like and N-MYC pathway gene expression
patterns

We next undertook RNA-seq on isolated carcinoma (n = 13) and
sarcoma (n = 9, 7 paired with carcinoma) components (Supplemen-
tary Fig. S5; Supplementary Tables $9-S12). Using an EMT expression
signature derived from uterine carcinosarcoma (39), we found a highly
significant enrichment of EMT in carcinosarcomas, compared with the
TCGA cohort of ovarian HGSC (TCGA-OV; n = 379). This enrich-
ment was predominantly driven by the sarcoma component, with the
EMT score being significantly higher in the sarcoma component
compared with the carcinoma component (P = 0.005; Fig. 1C), and
was confirmed using other reported EMT signatures (Supplemen-
tary Fig. S6A-S6E). However, the carcinoma components also had
significantly higher EMT scores than the TCGA-OV cohort, sug-
gesting that the OCS carcinoma component was either predisposed
to undergo sarcomatous transformation or already transitioning to
sarcoma (P < 0.0001; Fig. 1C).

To study the N-MYC/LIN28B pathway specifically, we analyzed
MYCN, LIN28B, and HMGA?2 expression in the same dataset. LIN28B
and HMGA?2 were significantly upregulated in carcinosarcomas com-
pared with the TCGA-OV cohort (P < 0.0001 for both; Fig. 1D). As
expected from the high EMT scores observed in the carcinomatous
components, expressions of LIN28B and HMGA2 were equally high in
both components (Supplementary Fig. S6F).

p53 inhibition and upregulation of the N-MYC/LIN28B pathway

in fallopian tube secretory epithelial cells gives rise to OCS
We established an OCS GEMM by directing both p53 inhibition and

N-MYC/LIN28B pathway upregulation to the fallopian tube secretory
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Figure 1.

Mutational and structural variant landscape of ovarian carcinosarcoma. A, Summary of frequently altered genes across the carcinoma, sarcoma, and metastasis
samples from 18 macrodissected ovarian carcinosarcoma samples. For missense mutations, light green represents “unknown significance” and dark green represents
“putative driver.” Metastases are color-coded according to their histology. B, Mutation burden (mutations per megabase sequenced). C, Comparison of EMT scores in
separated carcinomatous and sarcomatous regions from ovarian carcinosarcoma samples, whole ovarian carcinosarcoma tumors, and ovarian HGSC samples in
TCGA. D, Expression of MYCN, LIN28B, and HMGAZ in our ovarian carcinosarcoma cohort compared with ovarian HGSC tumors in TCGA. Data were analyzed using the

nonparametric Wilcoxon rank-sum test. C, carcinoma; S, sarcoma; M, metastasis.

epithelial cell (FTSEC) via the Pax8 promoter (Supplementary
Fig. S7A). We included CRISPR-mediated knockout of Pten in sub-
sequent lines, also giving rise to OCS (Supplementary Table S13). The
initial founder tumor (TO0) from a Pax8-rtTA;TetO-Cre;LSL-Lin28b;
SV40Tagmouse, first passage tumors (T1), and a stable cell line derived
from a T1 tumor (OCS GEMM cells) were validated by genotyping
(Supplementary Tables S14 and S15).

Tumors expressed high levels of p53, as well as cytokeratin (pan-
CK) in approximately 5% and vimentin in approximately 95% of the
regions analyzed, indicating a predominantly sarcomatous phenotype
(Supplementary Fig. S7B). Quantitative RT-PCR confirmed elevated

AACRJournals.org

expression of Lin28b in both the tumor and cell line (Supplementary
Fig. S7C) and RNA-seq confirmed upregulation of Lin28b and Mycn
in the tumors and upregulation of Lin28b and Hmga2 in the cell
line, relative to control fallopian tubes (Supplementary Fig. S7D;
Supplementary Table S16).

GEMM tumors are resistant to current standard-of-care
treatments but respond to the microtubule inhibitors
vinorelbine and eribulin

We assessed the in vivo response of GEMM tumors to standard-
of-care HGSC therapies, cisplatin, pegylated liposomal doxorubicin
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(PLD), and paclitaxel. Overall, the tumors were refractory to all
three treatments, as the time to progressive disease (PD) was
the same as for vehicle treatment. PLD and cisplatin failed to
demonstrate any meaningful response (Fig. 2A), although pacli-
taxel demonstrated modest responses with an increase in median
time-to-harvest (TTH) from 15 to 36 days compared with vehicle
treatment (Table 1, P = 0.0101, respectively). By contrast, signif-
icant tumor regression was observed in all tumors treated with the
microtubule inhibitor vinorelbine, leading to improvement of median
TTH [15 days (vehicle) vs. 81 days; Fig. 2A, Table 1; P < 0.0001].
Eribulin also resulted in significant tumor regression in all tumors,
leading to improvement of median TTH (15 days vs. 46 days;
Fig. 2A, Table 1; P < 0.0001). Expression of Ki67 in the tumors was
significantly reduced one week after mice received a single dose of
eribulin (Fig. 2B, P < 0.001).

Eribulin treatment reduces adhesion, invasion, and branching of
the OCS GEMM cell line

In vitro functional assays showed eribulin reduced both adhesion
to collagen matrices (Fig. 2C; P = 0.024) and invasion through
extracellular matrices of OCS GEMM cells (Fig. 2C; P = 0.0042),
compared with DMSO, and reduced branch formation in 3D
collagen growth assays (Fig. 2D). Western blot analysis determined
a reduction in expression of the mesenchymal markers ZEBI,
N-cadherin, vimentin, and HMGA?2 in OCS GEMM cells exposed
to eribulin (Fig. 2E).

A cohort of OCS PDX models with N-MYC/LIN28B pathway
upregulation recapitulates the biphasic and heterogeneous
nature of OCS

We next expanded and characterized six PDX models of OCS with
varying proportions of carcinoma and sarcoma, all harboring a
mutation in TP53 and other molecular features common to OCS
(Fig. 3A; Supplementary Tables S17 and S18). Pan-cytokeratin and
vimentin expression indicated the carcinomatous and sarcomatous
components, respectively. Two models, PH142 and PH006, contained
cells co-expressing pan-cytokeratin and vimentin, which were con-
firmed by a gynecological pathologist to have a mixed phenotype
(Fig. 3A). The heterogeneous characteristics of the PDX cohort
resembled the human OCS tumor landscape. Furthermore, all PDX
models expressed HMGA2, suggesting that the N-MYC/LIN28B
pathway was upregulated. Over time, a purely sarcomatous lineage
(PHO03sarc) arose from the original mixed PH003 model (called
PH003mixed). RNA-seq data revealed that all PDX had higher
HMGA?2 expression and EMT scores than the epithelial ovarian cancer
cohort TCGA-OV (Fig. 3B and C). The most sarcomatous PDX
models (PH003sarc and PH592) had higher EMT scores than models
containing regions of pure carcinoma (PH419 and PH003mixed).
Interestingly, although all models had relatively high expression of
LIN28B, only the more carcinomatous models expressed high levels
of MYCN (PH419, PH142, and PH006), compared with the TCGA-
OV cohort (Fig. 3B). By Western blot, expression of the mesen-
chymal markers ZEB1, N-cadherin and vimentin varied between
models. There was a trend toward higher ZEB1 and vimentin
expression in the more sarcomatous models, with the exception
of PHO03mixed, which expressed very low levels of ZEB1. N-
cadherin was highly expressed in most models and HMGA2 was
expressed at similar levels in all models (Fig. 3D). EMT scores were
more representative of pathology (i.e., degree of mesenchymal
characteristics) than any of the individual mesenchymal markers
assessed by Western blotting.

4462 Cancer Res; 82(23) December 1, 2022

Platinum-based chemotherapy is ineffective in OCS PDX

In vivo, 4/6 PDX were refractory to cisplatin, based on our previous
criteria (Fig. 4A; Supplementary Fig. S8; ref. 40). Initial tumor
regression was observed in PH142 and #1040 but PD occurred by
days 42 and 60, respectively, defining both as cisplatin resistant
(Table 2; ref. 40).

Microtubule-targeting agents paclitaxel, vinorelbine, and
eribulin are effective in OCS

Microtubule-targeting agents induced tumor regression and
showed an improvement of median TTH in most OCS PDX models.
3/6 PDX (#1040, PH419 and PH006) were classified as sensitive to
paclitaxel according to the same criteria used for cisplatin (40), 2/6
were resistant (PH142 and PH592) and 1/6 was refractory (PH003;
in vivo long-term treatment data were obtained for the PH003mixed
model before development of the PH003sarc model; Fig. 4A; Supple-
mentary Fig. S8). Indeed, 5/6 models displayed an improvement in
median TTH compared with vehicle, with 4/6 models also displaying
an improvement in median TTH compared with cisplatin (Table 2).

The same 3/6 OCS PDX (#1040, PH142, and PH006) were sensitive
to vinorelbine, with 2/6 being resistant (PH419 and PH592) and
PHO03 again being refractory (Fig. 4A; Supplementary Fig. S8). The
more sarcomatous PDX models, PH003 and PH592, were less sensitive
to vinorelbine than the more carcinomatous models. Significant
improvements in median TTH compared with vehicle were observed
for 5/6 models, and in 4/6 models compared with cisplatin (Table 2).

Finally, the same 3/6 PDX models (#1040, PH419 and PHO006) were
sensitive to eribulin treatment, showing near complete responses. 2/6
were resistant (PH142 and PH592) and PH003 was again refractory
(Fig. 4A; Supplementary Fig. $8). Significant improvements in median
TTH compared with vehicle and cisplatin were observed for 5/6 and 4/
6 models, respectively (Table 2). Eribulin treatment of PH592, which
was predominantly sarcomatous, resulted in significant tumor stabi-
lization to 40 days followed by marked tumor regression between days
60 to 80 before rapid disease progression. Even for the most aggressive
model, PHO003, eribulin treatment resulted in a statistically significant
improvement in median TTH, albeit of short duration [8 days (vehicle)
vs. 25 days (eribulin; P = 0.0003) and 15 days (cisplatin) vs. 25 days
(eribulin; P = 0.0044; Table 2)].

Over time, a new lineage of the sarcomatous PDX PH592 (PH592-
B) arose, which was markedly more sensitive to both cisplatin (median
TTH of 15 days (PH592-A) versus 71 days (PH592-B); P <0.0001) and
eribulin (92 days (PH592-A) versus 102 days (PH592-B); P = 0.0240;
Supplementary Fig. S9 and Supplementary Table S19) than the sister
lineage PH592-A.

In vivo eribulin treatment reduces the expression of
mesenchymal markers, including HMGA2, in OCS PDX tumors

PDX tumors were harvested one week after mice received a single
dose of eribulin (or vehicle control) and expression of EMT markers
was assessed by IHC and Western blot. Eribulin reduced expression of
the mesenchymal marker HMGA?2 as well as ZEB1 and N-cadherin in
6/7 and 5/7 models, respectively (Fig. 4B-D; Supplementary Fig. S10).
Expression of ZEB1 was generally unchanged in 7/7 models following
cisplatin treatment (Supplementary Fig. S11A).

Genes involved in cholesterol biosynthesis and immune
recognition are differentially expressed in OCS PDX tumors
following eribulin treatment

RNA-seq analysis of PDX tumors harvested one week after a single
dose of eribulin (Supplementary Table S16) indicated significant
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Figure 2.

GEMM OCS tumors were refractory to current standard-of-care treatments for ovarian cancer but were responsive to the microtubule drugs vinorelbine and
eribulin. A, /In vivo treatment of GEMM OCS tumors with DPBS (n = 25), cisplatin (4 mg/kg; n = 10), PLD (1.5 mg/kg; n = 3), paclitaxel (25 mg/kg; n = 3),
vinorelbine (15 mg/kg; n = 9), and eribulin (1.5 mg/kg; n = 5). Dashed lines denote end of treatment period. Shaded area, 95% confidence interval. Time to
PD and harvest is shown in Table 1. B, Representative images of Ki67 assessed by IHC in a number of tumors after a single dose of eribulin (or DPBS vehicle).
Scale bars, 100 um. The percentage of Ki67 cells was quantified in 6 fields of view per tumor. C, GEMM cells were pretreated with IC,o concentrations of
eribulin (20 nmol/L) or cisplatin (0.2 umol/L), or vehicle control (DMSO) for one week before being plated in adhesion assays (left) or migration and invasion
assays (right). Percentage of adherent cells was calculated compared with vehicle-treated controls. Percentage of invading cells was calculated compared
with number of migrating cells. Bar graphs represent the mean and SE across independent experimental repeats (n = 3-5). D, GEMM cells were pretreated
as above with eribulin, cisplatin, or vehicle control (DMSQ) for one week before being plated in collagen with treatment either removed or maintained.
Representative images of colonies growing in collagen on day 8 are shown. Scale bars, 200 um. E, Expression of the mesenchymal markers ZEB1, N-cadherin,
vimentin, and HMGA?2 in cells exposed to an ICso concentration of eribulin (50 nmol/L) or DMSO control for the indicated time points was determined by
Western blot analysis. B-Actin was used as a loading control. *, P < 0.05; **, P < 0.01; ***, P < 0.001; ns, nonsignificant.
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Table 1. /n vivo responses of GEMM tumors to cisplatin, paclitaxel, pegylated liposomal doxorubicin, vinorelbine, and eribulin.

P value P value P value P value P value
Time compared Compared P value com- compared compared compared Drug-
Numberof toPD Median with with pared with with with with response

Treatment mice (n) (d) TTH (d) vehicle cisplatin eribulin paclitaxel PLD vinorelbine score
Vehicle 25 7 15
Cisplatin 10 7 18 0.03 0.2 0.9 0.6 <0.0001 Refractory
Paclitaxel 3 7 36 0.01 0.9 0.007 0.5 0.0006 Refractory
PLD 3 7 29 0.08 0.6 0.004 0.5 0.0002 Refractory
Vinorelbine 9 56 81 <0.0001 <0.0001 0.001 0.0006 0.0002 Responsive
Eribulin 5 35 46 <0.0001 0.2 0.007 0.004 0.001 Responsive

Note: The GEMM tumors were refractory to cisplatin, paclitaxel, and PLD as the time to PD was the same as for vehicle-treated mice. PLD and cisplatin failed to
produce any meaningful response with no significant difference in median TTH compared with vehicle treatment. Paclitaxel resulted in modest responses with an
increase in median TTH from 15 to 36 days compared with vehicle-treated mice (P = 0.01). Improvements in time to PD were seen in tumors treated with vinorelbine
(56 days) and eribulin (35 days). This led to a significant improvement of median TTH from 15 days for vehicle-treated mice to 81 days with vinorelbine (P < 0.0001)
and to 46 days with eribulin (P < 0.0001). The log-rank test was used for statistical analysis of Kaplan-Meier survival curves (Fig. 2A).

downregulation of genes related to the Gene Ontology (GO) terms
“protein targeting to membrane,” “translational initiation,” and “reg-
ulation of cholesterol biosynthesis,” and upregulation of genes related
to the GO term “immune activation” (Fig. 5A; Supplementary Tables
§20-S23). Interestingly, significantly downregulated genes included
twelve involved in cholesterol biosynthesis, cholesterol uptake or
cholesterol transport: SREBF2, HMGCR, HMGCSI, MVK, LDLR,
INSIGI, IDI1, FDFT1, MSMOI, CYP51AI1, SQLE, and STARD4.
Expression of hydroxymethylglutaryl-CoA synthase (HMGCS) and
squalene epoxidase (SQLE), key components of the mevalonate
(MVA) pathway involved in cholesterol biosynthesis, as well as the
low-density lipoprotein receptor (LDLR), which mediates cellular
uptake of exogenous cholesterol, was reduced in 4/7 models
(PH419, PH142, PH592-A, and PH592-B) following eribulin treat-
ment. Expression of SQLE was also significantly reduced in the
PHO003sarc model and N-MYC expression, which appears to indi-
cate sensitivity to eribulin, was significantly reduced in 4/5
N-MYC-positive models following eribulin treatment (Fig. 5B
and C). Interestingly, expression of HMGCS, SQLE, and LDLR
was also reduced in 1/7 model (PH142) following cisplatin treat-
ment. Unlike for eribulin treatment, this response was restricted to
the PH142 model, with expression being generally unchanged in 6/7
models following cisplatin treatment (Supplementary Fig. S11A).

Eribulin treatment downregulates the mevalonate pathway and
induces infiltration of CD8-positive T cells in OCS PDX models

To test whether cholesterol levels decreased in OCS tumors
in response to eribulin treatment the amount of cholesterol
was quantified in PDX tumors. Surprisingly, total cholesterol levels
were found to increase almost 2-fold in 3/7 models (PH419, PH592-
A, and PH592-B), and slightly in 2/7 models (PH142 and
PHO003sarc; Fig. 5D). The tumors with increased levels of cholesterol
following eribulin treatment were the same tumors that displayed
downregulation of the MVA pathway (Fig. 5B and C). Cholesterol
levels were also significantly increased in 1/7 model (PH142) following
cisplatin treatment, correlating with downregulation of the MVA
pathway observed in this model (Supplementary Fig. S11B). Choles-
terol levels were also slightly increased in PH419 tumors following
cisplatin treatment, although not as dramatically as had been observed
following eribulin treatment (Supplementary Fig. S11B). Total cellular
cholesterol includes free cholesterol as well as cholesterol esters. In
eribulin-responsive/N-MYC-positive PH419, increased total cho-
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lesterol was equally accounted for by both free cholesterol and
cholesterol ester (Fig. 5D). Oil Red O staining indicated that
eribulin-treated PH419 tumors had more esterified cholesterol
within lipid deposits than did vehicle-treated tumors (Fig. 5E).
Although a modest increase in lipid deposits were observed in
PHI142 tumors following both eribulin and cisplatin treatment,
increases were more dramatic following eribulin treatment (Sup-
plementary Fig. S11C). This effect was also specific to the models
where increased cholesterol levels had previously been observed,
as no increased lipid deposits were observed in PH006 tumors
(Supplementary Fig. S11C).

To investigate this mechanism further, we generated a cell line
from a PH419 tumor. Cells were plated on collagen, treated with
eribulin, and harvested at indicated time-points. Expression of the
mesenchymal markers ZEB1 and N-cadherin was reduced after four
days of eribulin treatment and this effect was maintained at seven
days (Fig. 5F). Expression of the early MVA pathway enzyme
HMGCS was unaffected by eribulin treatment. In contrast, expres-
sion of the late MVA pathway enzyme SQLE, as well as the receptor
for cholesterol uptake LDLR, was reduced after four days of eribulin
treatment and this effect was maintained at seven days (Fig. 5F).
Interestingly, total cholesterol levels were significantly increased
48 hours after eribulin treatment, confirming that MVA pathway
downregulation occurred after cholesterol accumulation (Fig. 5G).
We quantified cholesterol in a second cell line generated from a
PH142 tumor with similar results (Supplementary Fig. S11D). As
expected, on the basis of the results from the tumors, we also saw a
maintained increase in cholesterol in PH142 cells following cis-
platin treatment (Supplementary Fig. S11D).

To investigate cell death following treatment, we treated OCS cells
with cisplatin or eribulin and harvested cells at 48 hours to look at
the percentage of cells positive for Annexin V and/or PI. As was
observed in the tumors, PH142 cells were more sensitive to cisplatin
than PH419 cells (Supplementary Fig. S12A). Eribulin was unable to
induce greater than 30% cell death in either cell line, even at doses more
than 1,000-fold the dose that induced cholesterol accumulation (Sup-
plementary Fig. S12A). Consequently, expression of cleaved PARP-1
and cleaved caspase-3 could be detected in cells treated with cisplatin
but not those treated with eribulin (Supplementary Fig. S12B). Senes-
cence assays were also carried out and indeed PH142 cells produced
[-galactosidase following treatment with eribulin but not cisplatin
(Supplementary Fig. S12C). Although PH419 cells did not produce
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Figure 3.

Characterization of PDX models of
OCS with varying proportions of
carcinoma and sarcoma. A, Tumors
from each PDX model of OCS were
assessed by IHC. Representative
images of H&E, Ki67, p53, PAXS,
pan-CK, vimentin, and HMGA2
staining are shown. Scale bars,
100 um. Proportions of carcinoma
and sarcoma in each model,
as assessed by a gynecological
pathologist, are indicated below
the images. #1040 and PH419 were
almost purely carcinoma; PH142,
PHOO6, and PHOO3 were mixed
with both carcinomatous and sar-
comatous characteristics  (i.e.,
expressing both pan-CK and
vimentin), and PH592 was purely
sarcomatous, with some epithelial
characteristics (i.e.,, pan-CK co-
expression in some cells). B,
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[-galactosidase following eribulin treatment, they resembled senes-
cent cells and appeared to have lost replicative capacity, a phenomenon
we have previously observed in cancer cells treated with microtubule
inhibitors (41).

Further analysis of the gene expression data obtained from the 18
cases in our OCS cohort, estimated they have fewer CD8-positive
T cells than tumors in the TCGA-OV cohort (Supplementary
Fig. S13). To investigate whether eribulin treatment could induce
an immune response, as suggested by the gene expression data
from the treated PDX models, we grew two additional OCS PDX
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models (#1105 and #1177) in mice harboring a human immune
system (Fig. 6A; Supplementary Table S24). PDX tumors were
harvested one week after mice received a single dose of eribulin,
cisplatin or vehicle control, and CD8-positive T cells were detected
by IHC (Fig. 6B). 2/2 models exposed to eribulin had a significantly
greater percentage of CD8-positive T cells than control tumors (P =
0.005 and <0.0001 for #1105 and #1177, respectively; Fig. 6C). A
significant increase in the percentage of CD8-positive T cells was
also observed following cisplatin treatment in 1/2 models (#1105,
P < 0.0001; Fig. 6C).
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Figure 4.

PDX OCS tumors were refractory to cisplatin but displayed mostly impressive responses to microtubule drugs. A, /n vivo treatment of OCS PDX tumors with DPBS,
cisplatin (4 mg/kg), paclitaxel (25 mg/kg), vinorelbine (15 mg/kg), and eribulin (1.5 mg/kg, with the exception of mice harboring #1040 tumors, which received doses
of 1mg/kg). n values for each model are shown in Table 2. Dashed lines, end of treatment period. Shaded area, 95% confidence interval. More carcinomatous models
are shown on the top left and the more sarcomatous models on the bottom right. Time to PD and harvest are shown in Table 2. B, Expression of HMGAZ2 in tumors from
each OCS PDX model after a single dose of vehicle (DPBS) or eribulin was determined by IHC. Scale bars, 100 um. C, Expression of the mesenchymal markers ZEB1and
N-cadherin in tumors from each OCS PDX model after a single dose of vehicle (DPBS) or eribulin was determined by Western blot analysis. -Actin was used as a

loading control. D, Quantification of expression data in C. *, P < 0.05; **, P < 0.01.
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Table 2. /n vivo responses of OCS PDXs to cisplatin, paclitaxel, vinorelbine, and eribulin.

P value P value P value P value P value Drug-
Number compared compared compared compared compared response
PDX of mice  Time to Median  with with with with with score
model Treatment (n) PD (days) TTH (d) vehicle cisplatin eribulin paclitaxel vinorelbine (Topp et al.)
#1040 Vehicle 8 7 53
Cisplatin 8 60 120 0.0008 Resistant
Eribulin 7 >120 >120 0.002 0.1 >1 >1 Sensitive
Paclitaxel 7 >120 >120 0.001 0.1 >1 >1 Sensitive
Vinorelbine 6 >120 >120 0.003 0.1 >0.1 >] Sensitive
PH419  Vehicle 23 7 15
Cisplatin 13 7 39 <0.0001 Refractory
Eribulin 8 >120 >120 <0.0001 0.002 0.09 0.04 Sensitive
Paclitaxel 14 n2 120 <0.0001 0.004 0.09 0.6 Sensitive
Vinorelbine 12 80 99 <0.0001 0.02 0.04 0.6 Resistant
PH142  Vehicle 31 7 15
Cisplatin 19 42 71 <0.0001 Resistant
Eribulin 10 77 929 <0.0001 0.004 0.8 0.4 Resistant
Paclitaxel 22 57 95 <0.0001 <0.0001 0.8 0.1 Resistant
Vinorelbine 19 120 106 <0.0001 <0.0001 0.4 0.1 Sensitive
PHOO6 Vehicle 17 7 22
Cisplatin 9 7 39 0.006 Refractory
Eribulin 6 >120 >120 0.0005 0.008 0.5 >1 Sensitive
Paclitaxel 7 >120 >120 <0.0001 0.002 0.5 0.3 Sensitive
Vinorelbine 7 >120 >120 <0.0001 0.001 >1 0.3 Sensitive
PHOO3 Vehicle 23 7 8
Cisplatin 19 7 15 0.0005 Refractory
Eribulin 14 7 25 0.0003 0.004 1 0.1 Refractory
Paclitaxel 16 7 29 <0.0001 0.003 1 0.07 Refractory
Vinorelbine 13 18 32 <0.0001 0.0005 0.1 0.07 Refractory
PH592 Vehicle 18 7 15
Cisplatin 7 7 15 0.03 Refractory
Eribulin 8 80 92 <0.0001 <0.0001 0.3 0.3 Resistant
Paclitaxel 8 88 102 <0.0001 <0.0001 0.3 0.2 Resistant
Vinorelbine 9 63 7 <0.0001 <0.0001 0.3 0.2 Resistant

Note: Cisplatin failed to achieve any meaningful tumor response in four of six PDX models; PH419, PHO06, PHO03, and PH592. PH142 and #1040 demonstrated
some response to cisplatin with improvement of median TTH from 15 to 71 days (P < 0.0001) and 53 to 120 days (P = 0.0008), compared with vehicle-treated
mice, respectively. However, times to PD were less than 100 days (PH142 at 42 days and #1040 at 60 days), therefore these tumors were classified as resistant
to cisplatin. Three of six PDXs (#1040, PH419, and PHOO06) were shown to be sensitive to paclitaxel in vivo, two PDXs (PH142 and PH592) were resistant, and
one PDX (PHOO3) was refractory based on the same in vivo drug response score as cisplatin. Three of six OCS PDXs (#1040, PH142, and PHO06) were
sensitive, two PDXs (PH419 and PH592) were resistant, and one PDX (PHO03) was refractory to vinorelbine treatment. Three of six OCS PDX models (#1040,
PH419, and PHOO06) were sensitive, two PDXs (PH412 and PH592) were resistant, and one PDX (PHOO03) was refractory to eribulin treatment. Significant
improvements in median TTH compared with cisplatin-treated mice were observed for four models [39 to >120 days for PH419 (P = 0.002), 71 to 99 days
for PH142 (P = 0.004), 39 to >120 days for PHO06 (P = 0.008), 15 to 25 days for PHOO03 (P = 0.004), and 15 to 92 days for PH592 (P < 0.0001)]. The log-rank
test was used for statistical analysis of Kaplan-Meier survival curves (Fig. 4A).

Discussion

the independent components in OCS. The carcinomatous compo-

OCS is a rare, heterogeneous and clinically aggressive cancer, with
poorer OS than HGSC despite a similar mutation and copy-number
profile (42). The biphasic nature of OCS and a poor understanding of
how these tumors develop have hindered development of effective
treatment options. Two recent studies performed WES on separated
components of OCS tumors, but on no more than four tumors
each (8, 9). Here, we analyzed 377 genes (for mutations, copy number,
or both) in 18 OCS tumors where the carcinomatous and sarcomatous
components were analyzed independently along with associated
metastases, where available. We found mutations commonly identified
in OCS, with the initial or truncal mutation likely to occur in TP53. In
all of the cases, the same TP53 mutation was identified in all sites
available; carcinoma, sarcoma and metastasis, suggesting strongly that
OCS tumors in our cohort were monoclonal. Furthermore, we carried
out RNA-seq analysis, which has not previously been achieved for
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nent was found to have a significantly higher EMT score than
conventional HGSC, indicating that these tumors may have been
primed to undergo sarcomatous transformation early in carcino-
genesis. Together, these data indicate that EMT plays a key role in
OCS tumorigenesis and support the conversion theory for OCS
histogenesis. This study also highlights the potential downfall of
treating women with OCS in the same way as HGSC, as we have
shown that despite the genomic similarity, OCS are phenotypically
distinct, particularly with regard to drug responses and mesenchy-
mal characteristics.

Significant upregulation of LIN28B and HMGA2 in our cohort of 18
OCS tumors compared with HGSC suggests that the N-MYC/LIN28B
pathway is important in the development and maintenance of OCS.
Using this knowledge, we developed a GEMM of OCS by overexpres-
sing Lin28b and inhibiting p53 in PAX8" FTSECs. Although the OCS
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Figure 5.

The mevalonate pathway was downregulated following eribulin treatment of OCS cells and tumors as a result of increased cellular cholesterol. A, Analysis
of GO terms enriched for downregulated (left) and upregulated (right) differentially expressed genes. Circle sizes indicate differentially expressed genes
present in each GO term. Differentially expressed genes are listed in Supplementary Tables S20-S23. B, Expression of N-MYC, HMGCS, SQLE, and LDLR in
tumors from each OCS PDX model after a single dose of vehicle (DPBS) or eribulin was determined by Western blot analysis. B-Actin was used as a loading
control. C, Quantification of expression data in B. D, Quantification of total cholesterol, free cholesterol, and cholesterol ester in tumors from each OCS PDX
model after a single dose of vehicle (DPBS) or eribulin. E, Representative images of Oil Red O staining in PH419 tumors following a single dose of vehicle
(DPBS) or eribulin. Scale bar, 100 um. F, Expression of the mesenchymal markers ZEB1 and N-cadherin, as well as the MVA pathway proteins HMGCS, SQLE,
and LDLR, in PH419 cells exposed to 15 nmol/L of eribulin or DMSO control for the indicated time points was determined by Western blot analysis. B-Actin
was used as a loading control. G, Quantification of total cholesterol, free cholesterol, and cholesterol ester in PH419 cells exposed to 15 nmol/L of eribulin or
DMSO control for the indicated time points. Bar graphs represent the mean and SE across independent experimental repeats (n = 3). *, P< 0.05; **, P< 0.01;
***, P < 0.001. TC, total cholesterol; FC, free cholesterol; CE, cholesterol ester.
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PDX tumors have a greater percentage of human CD8-positive T cells following eribulin treatment. A, Blood from NSG mice reconstituted with human CD34*
hematoietic stem cells was analyzed 12 weeks post-reconstitution by flow cytometry to determine proportion of human immune cells present. B, PDX tumors
harvested one week after mice received a single dose of vehicle (DPBS), eribulin (3 mg/kg), or cisplatin (4 mg/kg) were analyzed by IHC. Representative
images of tumor-infiltrating CD8-positive T cells are shown for each model and treatment. Scale bar, 50 um. C, Percentage of CD8-positive T cells was
quantified in 20 fields of view at x400 magnification for each tumor and is shown for individual mice. Statistical analysis was performed using the Kruskal-

Wallis test. **, P < 0.01; ****, P < 0.0001; ns, nonsignificant.

GEMM tumors exhibited high expression of Lin28b and Mycn, the
derived cell line displayed high expression of Lin28b and Hmga2,
indicating that we had generated two closely related preclinical models
of OCS. This demonstrates the complexity of the N-MYC pathway, as
was also indicated by the RNA-seq data from our patient samples.
Observed expression of this pathway depends on multiple feedback
loops and influences from outside the pathway, such as by transcrip-
tion factors, with influences occurring at the level of transcription and
translation, frequently resulting in complex relationships (43).
These models were used to compare the current standard-of-care
treatments for OCS with novel treatments, including the unique

AACRJournals.org

microtubule-targeting drug eribulin, which has been shown to reverse
EMT (29) and has demonstrated efficacy against metastatic breast
cancer, soft-tissue sarcoma and NSCLC (30-33). Although the GEMM
tumors were refractory to cisplatin, paclitaxel and PLD in vivo, they
were responsive to vinorelbine and eribulin. After just a single dose of
eribulin, a notable decrease in tumor cell proliferation was observed.
In vitro, eribulin significantly reduced adhesion, invasion and branch-
ing in 3D cultures. Finally, an impressive reduction in expression of the
mesenchymal markers HMGA?2, ZEB1, N-cadherin, and vimentin was
observed in GEMM cells, indicating that eribulin could reverse EMT in
these cells.
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A cohort of molecularly annotated OCS PDX models was found to
have higher EMT scores than HGSC with the most carcinomatous
model, PH419, having the lowest EMT score and the most sarcoma-
tous model, PHO0O3sarc, having the highest. At the protein level,
PHO03sarc also had the highest expression of the mesenchymal
markers N-cadherin and vimentin. Interestingly, the two models
containing mixed cells, PH142 and PHO006, also had high expression
of N-cadherin, vimentin and ZEBI. This matched their high EMT
scores obtained from RNA-seq data and indicated that pathology alone
was insufficient to determine the level of sarcomatous transformation
occurring in each OCS model.

Anti-microtubule agents were more effective than platinum-based
chemotherapy in our OCS PDX cohort. The proportion of carcinoma
correlated with cisplatin sensitivity, where the more carcinomatous
PDX had some initial response, whereas the most sarcomatous PDX
were completely refractory. Responses were observed for almost all
PDX to the microtubule-targeting drugs paclitaxel, vinorelbine, and
eribulin. With metastases more commonly comprising carcinoma
cells, this suggests that eribulin would also inhibit progression and
metastasis. PDX PH003 was the exception, where tumors were
refractory to all treatment regimens tested. This drug-refractory
PDX was found to lack N-MYC expression, representing a partic-
ularly aggressive subtype of OCS, corresponding to rapid PD in the
patient (44). PH952-A, the more drug-resistant lineage of PH592,
had almost undetectable levels of N-MYC, whereas it was expressed
in the more drug-sensitive lineage, PH592-B, supporting our
hypothesis that N-MYC correlates with sensitivity to eribulin. We
observed a decrease in HMGA2, N-cadherin and ZEB1 expression
in most models following a single dose of eribulin. We hypothesized
that eribulin interfered with the N-MYC pathway, leading to a
reduction in the mesenchymal characteristics of OCS, including
downregulation of HMGAZ2. Indeed, we later discovered that eri-
bulin reduced the expression of N-MYC in N-MYC-expressing
tumors, with the exception of PH592-B. As has been seen for
MYC (45, 46), we hypothesize that N-MYC associates with micro-
tubules to facilitate nuclear translocation and stabilization, which
may be affected by microtubule inhibitors, such as eribulin. Despite
PH419 being the most carcinomatous model, it was still found to
express the mesenchymal markers ZEB1, N-cadherin, and HMGA2,
which were all reduced following eribulin treatment. This model
was also found to have a higher EMT score than most HGSC
tumors, and so it was not surprising that this model was also
significantly sensitive to eribulin treatment. Ultimately, we found
eribulin to be very effective in most of our OCS models, indicating
that it should be offered to patients with OCS as an alternative
therapeutic to carboplatin and paclitaxel. As has been seen in locally
advanced and metastatic breast cancer (47), we hypothesize that
eribulin will improve survival of OCS patients with a manageable
toxicity profile.

We found that eribulin treatment also resulted in a significant
reduction in the expression of genes in the MVA pathway and a
significant upregulation of genes involved in immune activation.
Activation of the MVA pathway has previously been observed in
MYCN amplified neuroblastoma, with apparent reliance of these
tumors on this pathway for survival (48). We hypothesize that N-
MYCis a key driver of OCS, implicating the MV A pathway in OCS cell
survival and drug resistance. Notably, the most aggressive PDX model
PHO003mixed, which displayed no change in expression of MVA
pathway proteins after eribulin treatment, also had very low expression
of MYCN by RNA-seq and expression of N-MYC was undetectable
by Western blot, further supporting our hypothesis that N-MYC

4470 Cancer Res; 82(23) December 1, 2022

expression confers sensitivity to eribulin. On the other hand, one of
the most sensitive PDX models PH006, which also displayed no change
in expression of MVA pathway proteins after eribulin treatment, had
very high expression of N-MYC by RNA-seq and Western blot. It is
possible that changes in cholesterol levels and MVA pathway activity
in this model may be evident at another time-point. Supporting the
RNA-seq data, we saw a reduction in the expression of HMGCS, SQLE,
and LDLR in 4/7 PDX models: PH419, PH142, PH592-A, and PH592-
B. SQLE expression was also reduced in the PHO003sarc model.
Strikingly, cholesterol levels were increased in the 4/7 PDX in which
we had observed a downregulation of MVA pathway proteins. Pre-
viously, a study of drugs that could inhibit EMT in breast cancer cells
also observed an increase in cellular cholesterol levels following
treatment (49). Increased intracellular cholesterol was found to reduce
membrane fluidity, leading to a reversal of EMT characteristics, as we
have observed in this study. Although cholesterol plays an important
role in regulating the properties of cell membranes, too much cellular
cholesterol can also be toxic (50). We hypothesized that as cholesterol
reached toxic levels as a result of eribulin treatment, negative feedback
regulation of the MVA pathway took place to lower cholesterol levels.
This downregulation of the MV A pathway is of particular interest, as it
has previously been associated with an improved response to anti-
cancer drugs and reduced development of drug resistance (reviewed in
ref. 51). We confirmed this order of events using a PH419 primary cell
line, where cholesterol levels were significantly increased 48 hours after
eribulin treatment, resulting in reduced EMT indicated by a decreased
expression of ZEB1 and N-cadherin, and followed by downregulation
of SQLE and LDLR expression at 96 hours. With respect to OCS, this
protective response may come too late, with cell death, growth
inhibition, and tumor regression resulting from eribulin treatment
in many cases. We also observed significantly increased cholesterol
accumulation following cisplatin treatment in the PH142 model.
Interestingly, this model is the most sensitive to cisplatin treatment,
likely due to harboring a BRCA2 mutation. Although cholesterol
accumulation and subsequent MVA pathway downregulation
occurred when OCS responded to other anticancer drugs, such as
cisplatin, this process was more striking following eribulin treatment.
Importantly, EMT reversal was not observed following cisplatin
treatment, and tumor remission was not as deep or as long-lasting
compared with eribulin treatment.

Cholesterol accumulation has been found to induce an immune
response in cancer via multiple mechanisms, such as through
enhancing inflammation signaling pathways or inducing antigen
presentation (52). Indeed, in our OCS PDX models, we also
observed a significant increase in the expression of genes involved
in immune responses following eribulin treatment, such as TLR7
and IRF8, which have independently been associated with increased
inflammation and recruitment of tumor-infiltrating lymphocytes in
different cancer types (53, 54). Indeed, we observed increased
numbers of CD8-positive T cells in tumors following eribulin
treatment, indicating activation of an immune response. Further-
more, a recent study linked MYCN overexpression in neuroblas-
toma to cancer immune evasion (55). Thus, we have found that
eribulin can initiate antitumor immune responses in OCS, as has
been observed in other tumor types treated with eribulin (56). We
have also discovered that OCS tumors that are sensitive to eribulin
treatment exhibit an accumulation of cholesterol, which may be
responsible for instigating these observed immune responses. Ulti-
mately, we hypothesize that eribulin elicits its strong antitumor
effects in OCS through a combination of EMT reversal, MVA
pathway downregulation and induction of an immune response.
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Therefore, early-phase clinical trials in OCS of eribulin as a single
agent or in combination with immunotherapy should be initiated to
improve treatment options for women with OCS.
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