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 44 

Abstract  45 

 46 

Ovarian carcinosarcoma (OCS) is an aggressive and rare tumour type with limited treatment 47 

options. OCS is hypothesised to develop via the combination theory from a single progenitor, 48 

resulting in carcinomatous and sarcomatous components, or alternatively via the conversion 49 

theory, with the sarcomatous component developing from the carcinomatous component 50 

through epithelial-to-mesenchymal transition (EMT). We show OCS from 18 women to be 51 

monoclonal through analysis of DNA variants from isolated carcinoma and sarcoma 52 

components. RNA sequencing indicated the carcinoma components were more mesenchymal 53 

when compared with pure ovarian carcinomas, supporting the conversion theory. We used pre-54 

clinical OCS models to test the efficacy of microtubule-targeting drugs, including eribulin, 55 

which has been shown to reverse EMT characteristics. We demonstrated that microtubule 56 

inhibitors, vinorelbine and eribulin, were more effective than standard-of-care platinum-based 57 

chemotherapy. Eribulin reduced mesenchymal characteristics, N-MYC expression and 58 

cholesterol biosynthesis. Finally, eribulin induced a strong immune response, supporting 59 

immunotherapy combinations in the clinic. 60 

 61 

Introduction  62 

Ovarian carcinosarcoma (OCS), also known as malignant mixed Müllerian tumour, is a 63 

heterogeneous cancer with poor prognosis1, accounting for 1-4% of ovarian malignancies2,3. 64 

These tumours contain both epithelial (carcinoma) and mesenchymal (sarcoma) components3. 65 
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Molecular analysis suggests that most OCS are monoclonal4-9, with two theories for OCS 66 

histogenesis: the combination theory, where a single stem cell differentiates early to form the 67 

two components; and the conversion theory, where the carcinoma undergoes epithelial-to-68 

mesenchymal transition (EMT) to form the sarcomatous component10.  69 

 70 

TP53 mutations and loss of heterozygosity (LOH) of 17p, and consequent chromosomal 71 

instability, are common in OCS7,8,11-14. Mutations in PIK3CA, PTEN, KRAS, FBXW7, 72 

CTNNB1, and RB1 are observed frequently5,8,9,13,15-17, whilst mutations in ARID1A, ARID1B, 73 

KMT2D, BAZ1A, BRCA1, BRCA2, and RAD51C have also been reported8,15-19. One study also 74 

identified recurrent mutations in the genes encoding histones H2A and H2B (HIST1H2AB/C, 75 

HIST1H2BB/G/J) that play a role in EMT9. Only one study has analysed gene expression in 76 

the separate components, finding a strong positive correlation of EMT score with sarcoma 77 

content as well as methylation of the EMT-suppressing miRNAs 78 

miR-141/200a/200b/200c/4298. 79 

 80 

EMT can be induced through aberrant expression of the high-mobility-group AT-hook protein 81 

2 (HMGA2) and subsequent activation of the TGF signalling pathway20. HMGA2 binds 82 

preferentially to AT-rich DNA sequences in a histone-independent manner21-24. HMGA2 is not 83 

expressed in most adult tissues25,26, but high expression has been observed in many cancers and 84 

is correlated with metastasis and chemotherapy resistance27-31. HMGA2 expression is thought 85 

to be largely controlled by the microRNA let-732-35. Other downstream target genes of let-7 86 

include MYCN and LIN28B, whilst LIN28B inhibits maturation of let-736, reinforcing both low 87 

and high expression states and acting as a bistable switch. Up-regulation of the 88 

N-MYC/LIN28B pathway has been observed in the aggressive C5 subset of ovarian or 89 

fallopian tube high-grade serous carcinoma (HGSC) and in other aggressive cancer subtypes, 90 

and is indicative of poor prognosis36-38. Furthermore, high HMGA2 expression has been 91 

observed in 60% of OCS cases39. We hypothesised that up-regulation of the N-MYC/LIN28B 92 

pathway and subsequent expression of HMGA2 may be a key driver of OCS, and drugs that 93 

target EMT may be effective. 94 

 95 

Eribulin is a microtubule-targeting drug that binds to the plus ( tubulin exposed) end of 96 

microtubules resulting in mitotic blockade40,41. In vitro, in vivo and human studies show that 97 

eribulin can reverse EMT, leading to favourable intra-tumoral vascular remodelling, reduced 98 

cell invasion, increased cell differentiation42-46 and modulation of the tumour-immune 99 
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microenvironment47. Eribulin has completed Phase III trials for metastatic breast cancer, soft-100 

tissue sarcoma and non-small cell lung cancer (NSCLC). It has Therapeutic Goods 101 

Administration (TGA) approval for treatment of advanced breast cancer and liposarcoma47,48. 102 

We hypothesised that eribulin may be effective against OCS tumours due to its role in reversal 103 

of EMT characteristics. 104 

 105 

Here we present mutation, copy number and gene expression analyses of separate components 106 

from an OCS cohort. We have used a unique genetically engineered mouse model (GEMM) 107 

and patient-derived xenograft (PDX) models of OCS to assess the efficacy of a range of 108 

microtubule-targeting drugs and to determine the mechanism of action of eribulin, a drug with 109 

significant activity in these models. 110 

 111 

Results  112 

 113 

Mutation and copy number profile of OCS was similar to HGSC  114 

We identified eighteen women diagnosed with OCS, seventeen with high-grade serous 115 

carcinoma (HGSC) and one with grade 2 endometrioid histology in the carcinoma component. 116 

Twelve associated metastatic samples were also available. Full clinical details are shown in 117 

Supplementary Table S1 and Supplementary Figure S1. Targeted sequencing of 377 genes in 118 

macro-dissected carcinoma and sarcoma components as well as metastases was performed 119 

(Supplementary Tables S2-S7; Supplementary Figure S2).  120 

 121 

Overall, OCS samples had genomic profiles similar to HGSC, with near-ubiquitous TP53 122 

mutation (17/18 cases, including 17/17 with HGSC pathology), CCNE1 amplification (4/18 123 

cases), BRCA2 loss or mutation (4/18 cases), KRAS mutation and amplification (4/18 cases), 124 

PIK3CA mutation and amplification (4/18 cases), NF1 or CDKN2A mutation or disruption by 125 

rearrangement (2/18 cases each), RB1 deletion (2/18 cases), PTEN mutation (2/18 cases) and 126 

MYC or MYCN amplification (1/18 and 2/18 cases, respectively) (Figure 1a). Overall 127 

mutational burden was low (mean 1.2, median 0.87 mutations/MB sequenced), which did not 128 

differ between carcinoma and sarcoma (Figure 1b, Supplementary Table S8). However, as with 129 

HGSC, the genomes were structurally unstable with an average of 3.3 high-level gains and 1.4 130 

likely homozygous deletions called per sample (Supplementary Figure S3). 131 

 132 
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Only WW00163 lacked a TP53 mutation. It had mutations in KRAS and ERBB2 (Figure 1a) 133 

together with a subclonal mutation of KMT2C and lacked the genomic chaos typical of HGSC 134 

(Supplementary Figure S4), in keeping with an origin of endometrioid carcinoma. 135 

 136 

Based on point mutation profiles, there were no consistent differences between the sarcoma 137 

and carcinoma components. In all cases, the two components shared at least one point mutation, 138 

demonstrating a shared clonal origin. Half of carcinoma-sarcoma pairs (8/16) shared all point 139 

mutations while the others gained additional mutation(s) in one or both components. On 140 

average, carcinoma-sarcoma pairs differed by only a single mutation (range 0-7). These data 141 

indicate that these tumours are monoclonal, which supports both the conversion and 142 

combination theories of carcinogenesis. 143 

  144 

By contrast, there were more copy number changes between the carcinoma and sarcoma 145 

components, with an average of 10.6 genes having a different copy number state between the 146 

two (range 0-36) (Supplementary Figures S3 and S4; Supplementary Table S6). The most 147 

commonly different genes were FGF3 and MDM2 (Supplementary Table S7). However, these 148 

differences did not appear to be focal or high level, perhaps suggesting that these genes are not 149 

specific targets of alteration between carcinomas and sarcomas. Instead these chromosomal 150 

differences may arise due to ongoing chromosomal instability. Case WW00169 had neither 151 

mutation nor copy number differences between the carcinoma and sarcoma components. 152 

 153 

Interestingly, in some cases metastases showed substantial genomic divergence from their 154 

corresponding primary, indicative of an early seeding to the metastatic sites (Figure 1a). In 155 

addition to two cases (WW00154, WW00158) where the metastasis either gained three 156 

mutations or lost four, a third case (WW00157) diverged in several likely driver copy number 157 

events including loss of BRCA2 between the carcinoma and its corresponding metastasis 158 

(Supplementary Tables S4, S6 and S7). 159 

 160 

OCS had EMT-like and N-MYC pathway gene expression patterns 161 

We next undertook RNA sequencing (RNAseq) on isolated carcinoma (n=13) and sarcoma 162 

(n=9, 7 paired with carcinoma) components (Supplementary Figure S5; Supplementary Tables 163 

S9-S12). 164 

 165 
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Using an EMT expression signature derived from uterine carcinosarcoma49, we found a highly 166 

significant enrichment of EMT in carcinosarcomas, compared with the TCGA cohort of 167 

ovarian HGSC (TCGA-OV; n=379)50. This enrichment was predominantly driven by the 168 

sarcoma component (p<0.0001; Figure 1c) and was confirmed using other reported EMT 169 

signatures51-53 (Supplementary Figure S6). Interestingly, the carcinoma components also had 170 

significantly higher EMT scores than the TCGA-OV cohort, suggesting that the OCS 171 

carcinoma component was either predisposed to undergo sarcomatous transformation or 172 

already transitioning to sarcoma (p<0.0001; Figure 1c). Together, these data support the 173 

conversion theory of OCS development. 174 

 175 

To study the N-MYC/LIN28B pathway specifically, we analysed MYCN, LIN28B and HMGA2 176 

expression in the same dataset. LIN28B and HMGA2 were significantly up-regulated compared 177 

to the TCGA-OV cohort (p<0.0001 for both; Figure 1d). 178 

 179 

p53 inhibition and up-regulation of the N-MYC/LIN28B pathway in fallopian tube 180 

secretory epithelial cells gave rise to OCS  181 

We established an OCS GEMM by directing both p53 inhibition and N-MYC/LIN28B pathway 182 

up-regulation to the fallopian tube secretory epithelial cell (FTSEC) via the PAX8 promoter54-183 

57. The resulting founder tumour (T0) and stable cell line derived from a first passage tumour 184 

(T1) (OCS GEMM cells) were used for subsequent experiments (Figure 2a; Supplementary 185 

Tables S13 and S14). 186 

 187 

IHC analysis revealed high p53 expression, in keeping with SV40 TAg-mediated 188 

accumulation58 (Figure 2b). Tumours expressed cytokeratin (pan-CK) in approximately 5% 189 

and vimentin in approximately 95% of the regions analysed, indicating a predominantly 190 

sarcomatous phenotype (Figure 2b). RNA sequencing confirmed up-regulation of Lin28b and 191 

Mycn in the tumours and up-regulation of Lin28b and Hmga2 in the cell line, relative to control 192 

fallopian tubes (Figure 2c; Supplementary Table S15), whilst quantitative RT-PCR confirmed 193 

elevated expression of Lin28b in both the tumour and cell line (Supplementary Figure S7). 194 

 195 

GEMM tumours were resistant to current standard-of-care treatments but responded to 196 

the microtubule inhibitors vinorelbine and eribulin 197 

We assessed the in vivo response of GEMM tumours to standard-of-care HGSC therapies; 198 

cisplatin, pegylated liposomal doxorubicin (PLD) and paclitaxel. Overall, the tumours were 199 

preprint (which was not certified by peer review) is the author/funder. All rights reserved. No reuse allowed without permission. 
The copyright holder for thisthis version posted November 24, 2020. ; https://doi.org/10.1101/2020.11.24.396796doi: bioRxiv preprint 

https://doi.org/10.1101/2020.11.24.396796


 7 

refractory to all three treatments, as the time to progressive disease (PD) was the same as for 200 

vehicle treatment. PLD and cisplatin failed to demonstrate any meaningful response in the 201 

GEMM tumours (Figure 3a), although paclitaxel demonstrated modest responses with an 202 

increase in median time-to-harvest (TTH) from 15 to 36 days compared to vehicle treatment 203 

(Table 1, p=0.0101, respectively). By contrast, significant tumour regression was observed in 204 

all tumours treated with the microtubule inhibitor vinorelbine leading to improvement of 205 

median TTH (15 days (vehicle) vs 81 days (vinorelbine); Figure 3a, Table 1; p<0.0001). 206 

Eribulin also resulted in significant tumour regression in all tumours leading to improvement 207 

of median TTH (15 days (vehicle) vs 46 days (eribulin); Figure 3a, Table 1; p<0.0001). 208 

Expression of Ki67 in the tumours was reduced one week after mice received a single dose of 209 

eribulin (Figure 3b). 210 

 211 

Eribulin treatment reduced adhesion, invasion and branching of the OCS GEMM cell 212 

line 213 

In vitro functional assays showed eribulin reduced both adhesion to collagen matrices (Figure 214 

3c; p=0.024) and invasion through extracellular matrices of OCS GEMM cells (Figure 3c; 215 

p=0.0042), compared to DMSO, and reduced branch formation in 3D collagen growth assays 216 

(Figure 3d). Western Blot analysis determined a reduction in expression of the mesenchymal 217 

markers ZEB1, N-cadherin, vimentin and HMGA2 in OCS GEMM cells exposed to eribulin 218 

(Figure 3e). 219 

 220 

A cohort of OCS PDX models with N-MYC/LIN28B pathway up-regulation recapitulated 221 

the biphasic and heterogeneous nature of OCS 222 

We next expanded and characterised six PDX models of OCS with varying degrees of 223 

carcinoma and sarcoma, all harbouring loss or mutation of TP53 (Figure 4a; Supplementary 224 

Table S16). The heterogeneous characteristics of the PDX cohort resembled the human OCS 225 

tumour landscape. Furthermore, all PDX models expressed HMGA2, suggesting the N-226 

MYC/LIN28B pathway was up-regulated. Over time, a purely sarcomatous lineage 227 

(PH003sarc) arose from the original mixed PH003 model (called PH003mixed). RNAseq data 228 

revealed that all PDX had higher HMGA2 expression and EMT scores than the TCGA-OV 229 

cohort (Figures 4b and 4c).  The most sarcomatous PDX models (PH003sarc and PH592) had 230 

higher EMT scores than models containing regions of pure carcinoma (PH419 and 231 

PH003mixed). By Western Blot, expression of vimentin was highest in PH142, PH003mixed 232 

preprint (which was not certified by peer review) is the author/funder. All rights reserved. No reuse allowed without permission. 
The copyright holder for thisthis version posted November 24, 2020. ; https://doi.org/10.1101/2020.11.24.396796doi: bioRxiv preprint 

https://doi.org/10.1101/2020.11.24.396796


 8 

and PH003sarc. PH419 exhibited the lowest expression of vimentin and PH006 and PH592 233 

had intermediate expression (Figure 4d). 234 

 235 

Platinum based chemotherapy was ineffective in OCS PDX 236 

In vivo, four of six PDX were refractory to cisplatin as based on our previously published 237 

criteria59, failing to achieve any meaningful tumour response and developing progressive 238 

disease (PD) whilst on cisplatin therapy (D1-18) (Figure 5a and Supplementary Figure S8). 239 

Initial tumour regression was observed in PH142 and SFRC01040 but PD occurred by day 42 240 

and day 60 respectively, defining both as cisplatin resistant PDX59 (Table 2).  241 

 242 

Microtubule-targeting agents, such as paclitaxel, vinorelbine and eribulin, were effective 243 

in OCS 244 

Microtubule-targeting agents induced tumour regression and showed an improvement of 245 

median TTH in most OCS PDX models. Three PDX (SFRC01040, PH419 and PH006) were 246 

classified as sensitive to paclitaxel according to the same criteria used for cisplatin59, two were 247 

resistant (PH142 and PH592) and one was refractory (PH003) (Figure 5a and Supplementary 248 

Figure S8). Indeed, all models displayed an improvement in median TTH compared with 249 

vehicle, except for PH003, with four models also displaying an improvement in median TTH 250 

compared with cisplatin (Table 2).  251 

 252 

Three of six OCS PDX (SFRC01040, PH142 and PH006) were sensitive to vinorelbine, two 253 

resistant (PH419 and PH592) and one refractory (PH003) (Figure 5a and Supplementary Figure 254 

S8). Interestingly, the more sarcomatous PDX models, PH003 and PH592, were less sensitive 255 

to vinorelbine than were the more carcinomatous models. Significant improvements in median 256 

TTH compared with vehicle were observed for all models except PH003, and in four models 257 

compared with cisplatin (Table 2). 258 

 259 

Lastly, three of six PDX models (SFRC01040, PH419 and PH006) were sensitive to eribulin 260 

treatment, two were resistant (PH142 and PH592) and one was refractory (PH003) (Figure 5a 261 

and Supplementary Figure S8). Interestingly, near complete responses to eribulin were 262 

observed in three PDX (SFRC01040, PH419 and PH006). Significant improvements in median 263 

TTH compared to vehicle and cisplatin were observed for five models and four models, 264 

respectively (Table 2). Eribulin treatment of PH592, which was predominantly sarcomatous, 265 

resulted in significant tumour stabilisation to 40 days followed by marked tumour regression 266 
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between days 60 to 80 before rapid disease progression. Even for the most aggressive model, 267 

PH003, eribulin treatment resulted in a statistically significant improvement in median TTH, 268 

albeit of short duration (8 days (vehicle) vs 25 days (eribulin) (p=0.0003) and 15 days 269 

(cisplatin) vs 25 days (eribulin) (p=0.0044)) (Table 2).  270 

 271 

It was noted that one lineage of the sarcomatous PDX PH592 was markedly more sensitive to 272 

cisplatin treatment, denoted PH592-B, compared with the more cisplatin resistant, PH592-A 273 

lineage (median TTH of 15 days (PH592-A) vs 71 days (PH592-B); p<0.0001) and similarly, 274 

was more sensitive to eribulin (92 days (PH592-A) vs 102 days (PH592-B); p=0.0240) 275 

(Supplementary Figure S9 and Supplementary Table S17). 276 

 277 

In vivo eribulin treatment reduced the expression of mesenchymal markers, including 278 

HMGA2, in OCS PDX tumours 279 

PDX tumours were harvested one week after mice received a single dose of eribulin (or DPBS 280 

vehicle control) and expression of EMT markers was assessed by western blotting and IHC. 281 

Eribulin reduced expression of the mesenchymal marker HMGA2 as well as ZEB1 and N-282 

cadherin in most models (Figures 5b-d; Supplementary Figure S10). 283 

 284 

Reduced cholesterol biosynthesis and increased immune activation was implicated in the 285 

response of a subset of OCS to eribulin 286 

RNAseq analysis of PDX tumours harvested one week after a single dose of eribulin 287 

(Supplementary Table S15) indicated significant down-regulation of genes related to the GO 288 

terms protein targeting to membrane, translational initiation, and regulation of cholesterol 289 

biosynthesis, and up-regulation of genes related to the GO term immune activation (Figure 5e; 290 

Supplementary Tables S18-S21). Interestingly, significantly down-regulated genes included 291 

eight genes involved in the mevalonate (MVA) pathway, which plays a key role in cholesterol 292 

biosynthesis: SREBF2, HMGCR, HMGCS1, MVK, LDLR, INSIG1, IDI1, FDFT1. Expression 293 

of hydroxymethylglutaryl-CoA synthase (HMGCS1), a key enzyme in the MVA pathway, was 294 

assessed by Western Blot analysis and found to be reduced in PH419, PH142 and PH592-B 295 

following a single dose of eribulin (Figures 5f and 5g). In neuroblastoma, which is commonly 296 

driven by MYCN amplification, there is also increased activation of the MVA pathway and 297 

apparent reliance on this pathway for survival71. We hypothesise that N-MYC is a key driver 298 

of OCS, implicating the MVA pathway in OCS cell survival and drug resistance. Notably, in 299 

three of the PDX models where there was no change in HMGCS1 expression, PH003mixed, 300 
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PH003sarc and PH592-A, RNAseq showed these models had low expression of MYCN with 301 

maintained levels of LIN28B (Figure 4b), and expression of N-MYC was almost undetectable 302 

by western blot (Figures 5f and 5g). These tumours also had the poorest relative response to 303 

eribulin in vivo (Figure 5b). 304 

 305 

Discussion 306 

OCS is a rare, heterogeneous and clinically aggressive cancer, with poorer overall survival than 307 

HGSC despite a similar mutation and copy number profile60,61. Nearly all patients with 308 

metastatic OCS, despite initial response to standard-of-care platinum-based chemotherapy, will 309 

succumb to their cancer due to early relapse of disease62. There is no effective second-line 310 

therapy available owing to its multi-drug resistant behaviour62. Additionally, the biphasic 311 

nature of OCS and a poor understanding of how these tumours develop has hindered progress 312 

in the development of effective treatment options. 313 

 314 
There have been few previous molecular studies of OCS tumours where the carcinomatous and 315 

sarcomatous components have been micro- or macro-dissected4,5,7. Two recent studies 316 

performed whole exome sequencing on separated components of OCS tumours, but on no more 317 

than four tumours each8,9. Here, we analysed 377 genes (for mutations, copy number, or both) 318 

in 18 OCS tumours where the carcinomatous and sarcomatous components were analysed 319 

independently along with associated metastases, where available. We found mutations 320 

commonly identified in OCS, with the initial or truncal mutation likely to occur in TP53. In 321 

nearly all of the cases, the same TP53 mutation was identified in all sites available; carcinoma, 322 

sarcoma and metastasis. Independent sites then developed additional mutations in most cases. 323 

Through this we definitively determined that OCS tumours in our cohort were monoclonal. 324 

Furthermore, we carried out RNAseq analysis, which has not previously been achieved for the 325 

independent components in OCS. The carcinomatous component was found to have a 326 

significantly higher EMT score than conventional HGSC, indicating these tumours may have 327 

been primed to undergo sarcomatous transformation early in carcinogenesis. Together, these 328 

data support the conversion theory for OCS histogenesis and highlight the basis of the 329 

aggressive behaviour of tumours that look, at a genomic level, indistinguishable from routine 330 

HGSC but behave like the very worst prognostic outliers. Future studies, utilising high-331 

resolution single cell sequencing approaches, are required to prove this definitively. 332 

Nevertheless, this study, in keeping with existing published evidence8,9, further emphasises the 333 

potential key role of EMT in OCS tumorigenesis and biological behaviour. This study also 334 
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highlights the potential downfall of treating women with OCS in the same way as HGSC (with 335 

the exception of BRCA1/2-mutant OCS cases for whom PARP inhibitor therapy is 336 

reasonable63), as we have shown that despite the genomic similarity, OCS are phenotypically 337 

distinct, particularly with regard to drug responses and mesenchymal characteristics. 338 

 339 

Similarities between OCS and the C5 molecular subtype of HGSC, as defined by Tothill et 340 

al38, include the poor clinical outcome and link to drug resistance, as well as deregulation of 341 

the let-7 pathway36, which we have called the N-MYC/LIN28B pathway. We confirmed that 342 

LIN28B and HMGA2 were significantly up-regulated in our cohort of 18 OCS tumours 343 

compared to HGSC. This suggested that the N-MYC pathway is important in the development 344 

and maintenance of OCS. Using this knowledge, we developed a GEMM of OCS by 345 

overexpressing Lin28b and inhibiting p53 in PAX8+ FTSECs. While the OCS GEMM tumours 346 

exhibited high expression of Lin28b and Mycn, the derived cell line displayed high expression 347 

of Lin28b and Hmga2, indicating that we had generated two closely related pre-clinical models 348 

of OCS with different characteristics. This demonstrates the complexity of the N-MYC 349 

pathway, as was also indicated by the RNAseq data from our patient samples. Observed 350 

expression of this pathway depends on multiple feedback loops and influences from outside 351 

the pathway, such as transcription factors, and occurs at the level of transcription and 352 

translation, frequently resulting in complex relationships64. 353 

 354 

These models were used to compare the current standard-of-care treatments for OCS with novel 355 

treatments, including the unique microtubule-targeting drug, eribulin, that has been shown to 356 

reverse EMT42-46, and has demonstrated improved efficacy against metastatic breast cancer, 357 

soft-tissue sarcoma and ovarian cancer48,65,66. While the GEMM tumours were refractory to 358 

cisplatin, paclitaxel and PLD in vivo, they were responsive to vinorelbine and eribulin. Disease 359 

stabilisation was achieved with both vinorelbine and eribulin, suggesting a longer progression 360 

free survival may be achieved with these drugs in patients. Furthermore, after just a single dose 361 

of eribulin, a notable decrease in tumour cell proliferation was observed. To test the mechanism 362 

of action of eribulin, we used the GEMM cell line and observed significantly reduced adhesion 363 

and invasion following eribulin treatment, which corresponded with an inability of these cells 364 

to branch out in 3D matrix. Finally, an impressive reduction in expression of the mesenchymal 365 

markers ZEB1, N-cadherin, and Vimentin was observed in cells exposed to eribulin while 366 

growing on collagen, as well as in HMGA2. These results are consistent with a previous report 367 
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where eribulin reversed the process of EMT, thus reducing the mesenchymal characteristics of 368 

breast cancer cells44. 369 

 370 

A cohort of molecularly annotated OCS PDX models, closely resembling human OCS, were 371 

characterised for novel drug efficacy. We obtained six PDX models of OCS with a range of 372 

carcinoma and sarcoma characteristics. RNAseq analysis of these tumours indicated all OCS 373 

had higher EMT scores than HGSC, with the most carcinomatous model PH419 having the 374 

lowest EMT score and the most sarcomatous model PH003sarc having the highest EMT score. 375 

At the protein level, PH003sarc also had the highest expression of the mesenchymal markers 376 

N-cadherin and Vimentin. Interestingly, the two models containing mixed cells, PH142 and 377 

PH006 also had high expression of N-cadherin, Vimentin and ZEB1. This matched their high 378 

EMT scores obtained from the RNAseq data and indicated that pathology alone was 379 

insufficient to determine the level of sarcomatous transformation occurring in each OCS model. 380 

 381 

Anti-microtubule agents, as a class of drug, were more effective than platinum-based 382 

chemotherapy in our diverse cohort of OCS PDX models. Interestingly, the proportion of 383 

carcinoma and sarcoma did not appear to correlate with anti-microtubule drug sensitivity. 384 

Whereas for cisplatin, the more carcinomatous PDX had some initial response, while the most 385 

sarcomatous PDX were completely refractory. Indeed, impressive responses were observed for 386 

almost all PDX to the microtubule-targeting drugs, paclitaxel, vinorelbine and eribulin. PDX 387 

PH003 was the one exception where tumours remained refractory to all treatment regimens 388 

tested. This drug-refractory PDX was later found to lack N-MYC expression, representing a 389 

particularly aggressive subtype of OCS, corresponding to rapidly progressive disease in the 390 

patient67. Possibly as a consequence of lacking N-MYC, PH003 tumours also exhibited the 391 

lowest expression of HMGA2. Interestingly, PH952-A, the more drug-resistant lineage of 392 

PH592, also lacked expression of N-MYC, whereas it was expressed in the more drug sensitive 393 

lineage, PH592-B. Eribulin is known to reverse EMT characteristics, and indeed we observed 394 

a decrease in N-cadherin and ZEB1 protein expression in most models following a single dose 395 

of eribulin. Reduced ZEB1 and N-cadherin expression was not displayed in all of our models 396 

by IHC, which could be explained by the region of the tumour analysed. Importantly, after a 397 

single dose of eribulin, a decrease in the expression of HMGA2 was observed in PH419, 398 

PH142, PH003sarc, PH592-A and PH592-B tumours. We hypothesised that eribulin interferes 399 

with the N-MYC pathway, leading to a reduction in the mesenchymal characteristics of OCS 400 

tumours, including down-regulation of HMGA2. 401 
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 402 

To better understand the mechanism of action of eribulin in our PDX models, we carried out 403 

RNAseq analysis after a single dose of eribulin and found a significant reduction in the 404 

expression of genes involved in the MVA pathway and a significant up-regulation of genes 405 

involved in activation of immune responses. Cholesterol synthesis is important for cell 406 

membrane biogenesis and, therefore, cancer cell growth and proliferation68. Furthermore, there 407 

are indications that cholesterol is involved in EMT69,70. We hypothesised that the mechanism 408 

by which eribulin reduces EMT characteristics was by inhibiting cholesterol synthesis. To 409 

substantiate this finding, we analysed the expression of a key enzyme in the MVA pathway, 410 

HMGCS1, in PDX after a single dose of eribulin. We saw a reduction of HMGCS1 expression 411 

in four PDX. However, the three PDX that did not display reduced HMGCS1 expression after 412 

eribulin treatment lacked expression of N-MYC. We hypothesise that, as in neuroblastoma71, 413 

N-MYC drives OCS cell survival and drug resistance through the MVA pathway. This pathway 414 

appears to be targeted, at least in part, by eribulin, leading to reduced expression of N-MYC, 415 

HMGA2, and reversal of EMT characteristics. 416 

 417 

The involvement of the MVA pathway in OCS survival suggests that statins may have 418 

therapeutic potential. However, in future studies of statins in OCS, it would be important to 419 

consider the tightly controlled SREBP2-mediated feedback loop, which acts to increase the 420 

expression of MVA pathway genes72. This is a potential mechanism of drug resistance, indeed 421 

it has been implicated in cisplatin resistance in ovarian cancer73, which may be overcome by 422 

combination regimens74. Considering, as we have demonstrated here, that eribulin can reduce 423 

the expression of many genes in the MVA pathway, combining eribulin with statins could 424 

potentially overcome resistance that might arise with statin therapy alone. 425 

 426 

High levels of cholesterol have also been shown to play a protective role in cancer cells through 427 

inhibiting immune surveillance75. Indeed, in our OCS PDX models we also observed a 428 

significant increase in the expression of genes involved in immune activation following 429 

eribulin treatment. Thus, eribulin may initiate anti-tumour immune responses in OCS, as has 430 

been observed in other tumour types45,47,76. Therefore, early phase clinical trials in OCS for 431 

eribulin as a single agent and in combination with immunotherapy should be initiated to 432 

improve treatment options for OCS. 433 

 434 

Patients and Methods: 435 
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Study conduct, survival analyses and patient samples 436 

Overall survival was calculated from the date of diagnosis to the date of death or the last known 437 

clinical assessment. Overall survival was calculated by log-rank test (Mantel-Cox) using Prism 438 

v8.0 (GraphPad, San Diego, CA). 439 

 440 

Formalin-fixed paraffin-embedded (FFPE) specimens were identified from the pathology 441 

archives of Queen Elizabeth University Hospital, Glasgow, UK. Following review by an expert 442 

gynaecological pathologist, areas of carcinoma and sarcoma were marked for macro-443 

dissection. 444 

 445 

Panel Sequencing 446 

Libraries for sequencing were prepared from genomic DNA (gDNA) obtained from 5 x 10µm 447 

macro-dissected FFPE sections. A total input of 50-200ng per sample was used based on 448 

quantification with a Quant-iT PicoGreen dsDNA Assay Kit (Invitrogen, Carlsbad, CA, USA). 449 

Each DNA sample was sheared using a Covaris LE220 focused-ultrasonicator (Covaris, 450 

Woburn, MA, USA) with the following settings: PIP450, Cycles/Burst 200, Duty Factor 15%, 451 

Water Level of 6, shearing time of 400 seconds (executed as 350 seconds, followed by a further 452 

50 seconds using the same settings). Pre-capture sample libraries were prepared on the 453 

SciClone G3 NGS Workstation (Perkin Elmer, Waltham, MA, USA) using SureSelect XT 454 

standard automated protocol (Agilent Technologies, Santa Clara, CA, USA) for 200ng 455 

samples. Pre-capture sample libraries were quantified with the Quant-iT PicoGreen dsDNA 456 

Assay Kit. Quantification data were used to normalise all sample libraries to 750ng in a total 457 

volume of 26.4µl; a full 26.4µl of sample library was brought forward for libraries with a total 458 

concentration too low to make this possible. Normalised pre-capture sample libraries were then 459 

captured using 120nt biotinylated custom RNA baits from a proprietary SureSelect XT custom 460 

6-11.9Mb panel (Agilent Technologies, Santa Clara, CA, USA). Captured libraries were 461 

processed as a large panel, since more than 3Mb of sequence was intended for capture, and 462 

were incubated overnight to facilitate hybridisation, as per manufacturer’s protocol. Captured 463 

sample library sequences were extracted from solution, cleaned up and prepared for post-464 

capture PCR. Post-capture PCR incorporated primers with unique 8-bp indexes (Agilent 465 

Technologies, Santa Clara, CA, USA) for multiplexing. Amplified capture libraries were 466 

cleaned up on a Zephyr G3 NGS Workstation (Perkin Elmer, Waltham, MA, USA), using a 467 

post-PCR SPRI bead clean-up protocol (Agilent Technologies, Santa Clara, CA, USA), to 468 
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produce final capture libraries. Final captured-libraries were quantified with the Quant-iT 469 

PicoGreen dsDNA Assay Kit and assessed for size distribution and quality on a LabChip GX 470 

DNA High Sensitivity Chip (Perkin Elmer, Waltham, MA, USA). 8 uniquely indexed sample 471 

libraries were pooled per lane of a HiSeq 4000 flow cell. Pools were clustered to the flow cell 472 

using a cbot 2 system and sequenced on a HiSeq 4000 (Illumina, San Diego, CA, USA) as per 473 

manufacturer’s instructions to generate 2x75bp reads. 474 

 475 

Panel design and analysis 476 

Genes for inclusion in the custom panel were selected from publicly available databases 477 

(including the Cancer Gene Census (CGC)77, Database of Curated Mutations (DoCM)78 and 478 

Vogelstein et al’s analysis of COSMIC79) as well as unbiased statistical screens80-83. For genes 479 

where driver events are mainly substitutions (e.g. MAP2K1, GNA11, MTOR, NRAS), the coding 480 

exons were included in the panel design. For genes where driver events are mainly copy number 481 

alterations (e.g. CCND2, CCNE1, FGF3, MDM2), approximately 20 marker SNPs spanning 482 

the gene footprint were included in the panel design. For key tumour suppressor genes (e.g. 483 

BRCA1, BRCA2, CDKN2A, NF1, PTEN, RB1) where driver events could be any inactivating 484 

sequence-level, structural or copy number change, the entire gene footprint was included in the 485 

panel design. In total, this panel assays 217 genes for coding sequence mutations, 137 genes 486 

for copy number state, and 23 genes for all genomic events. In addition, SNPs spaced 487 

approximately 1Mb apart throughout the genome were included to give a genome-wide copy 488 

number profile. Total sequence capture size was 3.465MB. 489 

 490 

Sequencing data were analysed using HOLMES, a proprietary pipeline that uses a Snakemake84 491 

workflow to run the following data processing steps: 1) bcl2fastq v2.19.1 492 

(https://support.illumina.com/sequencing/sequencing_software/bcl2fastq-conversion-software.html) 493 

or fastq generation and adapter trimming. 2) bwa mem v0.7.1585 for alignment to GRCh38 and 494 

biobambam v2.0.7286 for sorting, indexing, duplicate marking and duplicate removal. 3) 495 

samtools stats v1.587 to generate QC metrics. 4) Shearwater/deepSNV v1.22.088,89 to call point 496 

mutations from properly paired reads only, using all samples from this project as the cohort, 497 

with the following filters then applied: there must be no evidence for the same mutation in the 498 

matched normal, the average mapping quality of reads supporting the variant must be  20, the 499 

variant must not be present in the 1000 Genomes Project, at least a third of bases reporting the 500 

mutation must have a base quality of at 20, the allele frequency of the mutation must be at 501 
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least 5%, there must be  20 reads covering the variant position and at least 3 must contain the 502 

mutation, the ratio of forward to reverse reads containing the mutation must be between 0.15 503 

and 6.67 inclusive, not more than 10% of reads containing the mutation can contain an indel 504 

with 10 bp of the variant position. 5) Pindel v0.2.5b890 to call indels, with the following filters 505 

applied: only reads with a mapping quality of 10 are used as anchors, the variant must not be 506 

present in the 1000 Genomes Project, there must be no evidence for the same indel in the 507 

matched normal if it is >4bp long or the allele frequency of the indel must be 10x higher in the 508 

tumour than in the matched normal if it is 4bp long, at least 3 reads must report the indel, the 509 

same indel must not be called in any of the matched normals in this project, the allele frequency 510 

of the indel must be at least 5%, the ratio of forward to reverse reads containing the indel must 511 

be between 0.1 and 10 inclusive. 6) Annotation of both substitutions and indels with CAVA 512 

v1.2.2.91. 7) GeneCN v1.0 as described previously92 for calling the copy number state of genes 513 

and generate genome-wide copy number plots. Samples with high levels of noise, identified as 514 

those with large standard deviations within each genomic feature, were excluded from copy 515 

number analysis. This excluded WW00153c, WW00169a and WW00170c from individual 516 

analyses. 8) Brass (brass-groups command only) v5.3.3 (https://github.com/cancerit/BRASS) 517 

for calling structural variants (SVs) with the following filters applied: only reads with a 518 

mapping quality of  10 are considered to support an SV,  10 read pairs must support an SV, 519 

SVs must not fall within the mitochondrial genome or any unplaced or alternative contig, there 520 

must be no evidence for the same SV in the matched normal, there must be no evidence of the 521 

same SV in any of the matched normals in this project. 522 

 523 

To compare the copy number profiles of the sarcoma and carcinoma components, GeneCN was 524 

modified to use R’s scale function to centre and scale the data to account for different cellularity 525 

between samples. One profile was then subtracted from the other and calling performed on the 526 

resulting difference between the two profiles.  527 

 528 

RNA sequencing library generation and sequencing 529 

RNA-seq libraries for the FFPE OCS patient cohort were generated as described in TruSeq 530 

Stranded Total RNA Sample Preparation Guide (Illumina, part no. 15031048 Rev. E October 531 

2013) using Illumina TruSeq Stranded Total RNA LT sample preparation kit. Ribosomal 532 

depletion step was performed on 500ng of total RNA using Ribo-Zero Gold (Illumina, 533 

20020598 and 20020492). Heat fragmentation step was adjusted depending on RIN score (0 to 534 
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8 min) aimed at producing libraries with an insert size between 120-200bp. First strand cDNA 535 

was synthesised from the enriched and fragmented RNA using SuperScript II Reverse 536 

Transcriptase (Thermofisher, 18064014) and random primers. Second strand synthesis was 537 

performed in the presence of dUTP. Following 3’ adenylation and ligation of adaptors to the 538 

dsDNA, libraries were subjected to 13 cycles of PCR. RNA-seq libraries were quantified using 539 

PicoGreen assay (Thermofisher, P11496) and sized and qualified using an Agilent 4200 540 

TapeStation with Agilent D1000/High sensitivity ScreenTape (Agilent, 5067-5584). Libraries 541 

were normalised to 4nM and pooled before clustering using a cBot2 followed by 75bp paired-542 

end sequencing on a HiSeq 4000 sequencer (Illumina). 543 

 544 

RNAseq_V2 processed counts for HGSC from TCGA (TCGA-OV cohort) (n=396) were 545 

downloaded from the GDC portal (https://portal.gdc.cancer.gov/), version available on 3rd June 546 

2019. In total, there were n = 374 files for primary tumours and n = 5 recurrent tumours. Counts 547 

were normalised across samples using DESeq2’s median of ratios method93. Carcinosarcoma 548 

RNAseq data (n = 27) underwent QC and was found to be satisfactory as per the parameters in 549 

FastQC (v.0.11.8 available at http://www.bioinformatics.babraham.ac.uk/projects/fastqc/). 550 

Using quasi-mapping method in Salmon version 0.8.294, RNAseq data was aligned to GRCh37 551 

Ensembl release 7595 transcriptome. Only those samples where rRNA reads account for less 552 

than 20% of the total reads were retained for the downstream analyses, n = 22 (n = 5 samples 553 

were excluded, Supplementary Figure S3). Differentially expressed genes (DEGs) between the 554 

carcinoma and sarcoma components were derived using the DESeq2 package93. The Database 555 

for Annotation, Visualization and Integrated Discovery (DAVID) online Functional 556 

Annotation Tool was used for functional annotation of Differentially Expressed Genes (DEG). 557 

For EMT gene set enrichment analysis, SingScore96 was used with a representative directional 558 

gene set49. Counts were normalised by rank normalisation98 followed by the centred log-ratio 559 

transformation97. All analyses, statistical tests, and plots were generated in R version 3.3.3 560 

unless specified otherwise. 561 

RNAseq libraries for the PDX tumours were prepared using TruSeq RNA Library Prep Kit v2 562 

(Illumina), and the sequencing was performed on the Novaseq platform to read length of 100 563 

bp (Australian Genome Research Facility). Reads were mapped to the GRCh38 Ensembl 564 

release 97 transcriptome and quantified using Kallisto98. Counts were normalised and EMT 565 

gene set enrichment analysis undertaken as above. DEGs between treated and untreated 566 
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samples were derived using matching methods across batch and model to correct for batch 567 

effects and inherant model differences. p-values for DEGs were computed under a normality 568 

assumption. Topconfects99 was used to calculate lower bounds on the effect sizes with 95% 569 

confidence. 570 

 571 

Generation of a genetically-engineered mouse model (GEMM) 572 

The Pax8-rtTA strain (C57BL/6 background) was a kind gift from Prof Ronny Drapkin 573 

(University of Pennsylvania, Department of Obstetrics and Gynecology, US). The kai-tetOCre 574 

strain (FVB background) was a kind gift from Prof Jane Visvader (WEHI, Melbourne, 575 

Australia) originally sourced from the Osaka Bioscience Institute, Japan. The LSL-Lin28b 576 

strain (mixed 129X1/SvJ background) was a kind gift from Prof Johannes H. Schulte 577 

(University Hospital Essen, Germany; Supplementary Table 14). Mice with multiple 578 

transgenes were generated through crossing and breeding mice on a mixed background, 579 

predominantly FVB/NJ and C57BL/6. Genotyping was performed using custom designed 580 

probes (TransnetYX, Inc; Supplementary Table S15). Activation of the transgenes was 581 

achieved through the administration of doxycycline, either by chow (Glen Forrest Stockfeeders 582 

SF08-026) or through drinking water (Sigma-Aldrich) at 600mg/kg or 0.2mg/ml respectively. 583 

Mice age between 3 weeks and 7 weeks and were treated for 2 weeks to allow adequate 584 

doxycycline exposure. Fallopian tubes were carefully micro-dissected, gently minced, and 585 

transplanted into the ovarian bursae of CBA/nu mice. 586 

 587 

Immunohistochemistry  588 

Formalin fixed tumour samples were sectioned stained with haematoxylin and eosin (H&E) as 589 

well as being sent for automatic immunostaining using the Ventana BenchMark Ultra fully 590 

automated staining instrument (Roche Diagnostics, USA). The following antibodies were used: 591 

anti-Ki67 (mouse: D3B5, Cell Signalling; human: MIB-1, Dako), anti-PAX8 (polyclonal, 592 

Proteintech), anti-p53 (mouse: CM5, Novacastra; human: DO-7, Dako), anti-PanCK (mouse: 593 

polyclonal, Abcam; human: AE1/3, Dako), anti-Vimentin (D21H3, Cell Signalling), anti-594 

HMGA2 (D1A7, Cell Signalling), anti-N-cadherin (polyclonal, Abcam), and anti-ZEB1 595 

(polyclonal, NovusBio). H&E and IHC slides were scanned digitally at 20x magnification 596 

using the Pannoramic 1000 scanner (3DHISTECH Ltd.). High definition images were 597 

uploaded into CaseCenter (3DHISTECH Ltd.) and images were processed using FIJI image 598 

application100. 599 
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 600 

Western Blot Analysis 601 

Tumours homogenised in ice-cold RIPA buffer (50 mM Tris; pH7.5, 150 mM NaCl, 1% NP40, 602 

0.5% sodium deoxycholate, 0.1% SDS in H2O, supplemented with a complete mini protease 603 

inhibitor cocktail tablet (Roche)) using Precellys Ceramic Kit tubes in the Precellys 24 604 

homogenising instrument (Thermo Fisher Scientific). Proteins from lysates were separated on 605 

NuPAGE Novex Bis-Tris 10% gels (Invitrogen). Gels were transferred onto PVDF 606 

membranes using the iBlot™ Transfer system (Thermo Fish Scientific). Membranes were 607 

probed with antibodies specific for ZEB1, N-cadherin, Vimentin, HMGA2 (all as mentioned 608 

previously), N-MYC (D1V2A, Cell Signalling), HMGCS1 (A-6, Santa Cruz), or -actin (AC-609 

15, Sigma).  610 

 611 

Sample processing for RNA and DNA 612 

Total RNA was isolated from snap-frozen cells or tumours using the Direct-zol™ RNA 613 

Miniprep kit (Zymo Research) as per manufacturer’s instructions. Tumour DNA was isolated 614 

from snap-frozen cells or tumours using the QIAamp DNA mini kit (Qiagen) as per 615 

manufacturer’s instructions. 616 

 617 

In vivo studies 618 

PDX SFRC01040 was obtained from the Royal Women’s Hospital under the Australian 619 

Ovarian Cancer Study and generated by mixing tumour cells isolated from ascites with 620 

Matrigel Matrix (Corning) and transplanting subcutaneously into NOD/SCID/IL2Rnull 621 

recipient mice (T1 = passage 1). All other PDXs were rescued through transplanting fragments 622 

of cryopreserved tumour tissue subcutaneously from PDXs generated in the Mayo Clinic 623 

(USA). GEMM tumours were generated as described above. Recipient mice bearing T2-T7 624 

PDX or GEMM tumours (180-300 mm3 in size) were randomly assigned to cisplatin (Pfizer), 625 

pegylated liposomal doxorubicin (PLD; Janssen-Cilag Pty. Ltd.), paclitaxel (Bristol-Myers 626 

Squibb), vinorelbine (Pfizer), eribulin (Eisai Co., Ltd.), or vehicle treatment groups. In vivo 627 

cisplatin treatments were performed by intraperitoneal (IP) injection of 4 mg/kg given on days 628 

1, 8 and 18. The regimen for PLD treatment was by IP injection once a week for three weeks 629 

at 1.5 mg/kg. The regimen for paclitaxel treatment was by IP injection twice a week for three 630 

weeks at 25 mg/kg. The regimen for vinorelbine was by intravenous injection of 15 mg/kg at 631 

days 1, 8 and 18. The regimen for eribulin treatment was by IP injection three times a week for 632 
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three weeks at 1.5 mg/kg (with the exception of mice harbouring SFRC01040 tumours, which 633 

received doses of 1 mg/kg with the same scheduling). Vehicle for cisplatin, PLD, paclitaxel, 634 

vinorelbine and eribulin treatment was Dulbecco’s Phosphate Buffered Saline (DPBS). 635 

Electronic calliper measurements of the primary tumour size were taken twice a week until 636 

tumours reached 600-700 mm3 or when mice reached ethical endpoint. Data collection was 637 

conducted using the Studylog LIMS software (Studylog Systems, San Francisco). Graphing 638 

and statistical analysis was conducted using the SurvivalVolume package101.  639 

 640 

Cisplatin in vivo response in PDX was assessed as previously described59. One hundred days 641 

was chosen as a conservative measure to differentiate between cisplatin sensitivity versus 642 

resistance for PDX. We defined response as being “cisplatin sensitive” if the average PDX 643 

tumour volume of the recipient mice underwent initial tumour regression with complete 644 

remission (CR, defined as tumour volume < 50 mm3) or partial remission (PR, defined as 645 

reduction in tumour volume of >30% from baseline) followed by progressive disease (PD, an 646 

increase in tumour volume of >20% from 200 mm3 or nadir post-treatment, if nadir  200 mm3) 647 

occurring  100 days from start of treatment; “cisplatin resistant” if initial tumour regression 648 

(CR or PR) or stable disease (SD) was followed by PD within 100 days; or “cisplatin 649 

refractory” if three or more mice bearing that PDX had tumours which failed to respond (no 650 

CR, PR or SD) during cisplatin treatment (day 1-18). 651 

 652 

Time to progression (TTP or PD), time to harvest (TTH), and treatment responses are as 653 

defined previously59. Stable disease (SD) was achieved if TTP for the treatment group was at 654 

least twice has long as TTP for corresponding vehicle treated group.  655 

 656 

Generation of cell lines 657 

An OCS GEMM cell line was generated from a T1 OCS GEMM tumour. Briefly, the tumour 658 

was manually minced into a slurry using two scalpel blades and resuspended in DMEM/F-12 659 

GlutaMAX medium (Gibco) supplemented with 10% fetal calf serum (FCS). Cell fragments 660 

were subsequently plated on 0.1% gelatin coated plate and passaged aggressively within 3-4 661 

days to retain viable malignant adherent cells until a stable cell line was obtained at p12 662 

onward. Cell identity was confirmed by genotyping (as for GEMM tumours). OCS GEMM 663 

cells were grown in DMEM/F-12 GlutaMAX medium (Gibco) supplemented with 10% FCS, 664 

50 ng/mL EGF and 1 g/mL hydrocortisone in 5% CO2 at 37C. 665 
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  666 

Adhesion, invasion assays and 3D growth assays 667 

Adhesion assays were carried out in 96-well plates pre-coated with 2% BSA or 20 g/ml 668 

collagen. GEMM cells were pre-treated for a week with DMSO (vehicle control), 0.2 M 669 

cisplatin or 20 nM eribulin. Pre-treated cells were plated at a cell density of 2 x 105 cells/well 670 

in triplicate in pre-coated wells and allowed to adhere for 2 hours. Non-adherent cells were 671 

aspirated and adherent cells stained with 100 l of 0.5% crystal violet (Sigma) dissolved in 672 

20% methanol for 15 min at room temperature. Stained cells were solubilised with 50 l of 0.1 673 

M citrate buffer in 50% methanol. Adherent cells were quantified by measuring absorbance at 674 

595 nm on a Chameleon Luminescence Plate Reader (Noki Technologies). Transwell 675 

migration and invasion assays were carried out as previously described102. Briefly, 2.5 x 105 676 

pre-treated GEMM cells (as above) were seeded into Matrigel-coated transwells and medium 677 

supplemented with 10% FCS placed in the bottom wells to act as a chemoattractant. Parallel 678 

assays were carried out in uncoated control transwell inserts to assess cell migration in the 679 

absence of extracellular matrix (ECM). 3D growth assays were carried out as previously 680 

described102. Briefly, wells of a 48-well plate were pre-coated with 1.5 mg/mL collagen 681 

(Thermo Fisher Scientific) in DMEM and incubated at room temperature until collagen became 682 

solid. Pre-treated (as above) or untreated GEMM OCS cells were resuspended in 1.5 mg/mL 683 

collagen/DMEM, plated at 0.02 x 105 cells/well, and incubated at room temperature until 684 

collagen became solid. Medium was added to each well and cells incubated at 37C/5% CO2 685 

for 8-10 days. 686 

 687 

Statistical Analysis 688 

Data was analysed using the Student t-test unless otherwise stated and considered significant 689 

when the p value was <0.05. All statistical tests were two-sided. Bar graphs represent the mean 690 

and standard error across independent experimental repeats unless otherwise stated. Survival 691 

analysis was performed using the log rank test on Kaplan-Meier survival function estimates. 692 

Statistical significance representations: *p<0.05, **p<0.01, ***p<0.001. 693 

 694 

Ethics 695 

Samples for the UK cohort were acquired and utilised under the authority of the NHS Greater 696 

Glasgow and Clyde Biorepository (Application Reference 286) following approval by West of 697 

Scotland Research Ethics Committee 4 (Reference 10/S0704/60). All animal studies and 698 
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procedures were approved by the Walter and Eliza Hall Institute of Medical Research (WEHI) 699 

Animal Ethics Committee (#2019.024) and performed following guidelines for the welfare and 700 

use of animals in cancer research. 701 
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Main Tables and Figures 1013 

 1014 

Table 1: In vivo responses of GEMM tumours to cisplatin, paclitaxel, pegylated liposomal 1015 

doxorubicin (PLD), vinorelbine and eribulin 1016 

Treatment  
Number 
of mice 

(n) 

Time to 

progressiv
e disease 

(PD) 

(days) 

Median 

time to 
harvest 

(TTH) 

(days) 

p value  
Compared 

to vehicle 

p value  

Compared 

to 

cisplatin 

p value  
Compared 

to eribulin 

p value  

Compared 

to 

paclitaxel 

p value  

Compared 
to 

doxorubicin 

liposomal 

p value  
Compared to 

vinorelbine 

Drug 
response 

score 

Vehicle 25 7 15               

Cisplatin 10 7 18 0.0251   0.2063 0.9378   <0.0001 Refractory 

Paclitaxel 3 7 36 0.0101 0.9378 0.0067   0.4855 0.0006 Refractory 

PLD 3 7 29 0.0798 0.5834 0.0043 0.4855   0.0002 Refractory 

Vinorelbine 9 56 81 <0.0001 <0.0001 0.0012 0.0006 0.0002   Responsive 

Eribulin 5 35 46 <0.0001 0.2063   0.0067 0.0043 0.0012 Responsive 

 1017 

The GEMM tumours were refractory to cisplatin, paclitaxel and PLD as the time to progressive 1018 

disease (PD) was the same as for vehicle treated mice. PLD and cisplatin failed to demonstrate 1019 

any meaningful response with no significant difference in median time-to-harvest (TTH) 1020 

compared to vehicle treatment. Paclitaxel demonstrated modest responses with an increase in 1021 

median TTH from 15 to 36 days compared to vehicle treated mice (p = 0.0101). Improvement 1022 

in time to PD were seen in tumours treated with vinorelbine (56 days) and eribulin (35 days). 1023 

This led to a significant improvement of median TTH from 15 days for vehicle treated mice to 1024 

81 days with vinorelbine (p < 0.0001) and to 46 days with eribulin (p < 0.0001). The log-rank 1025 

test was used for statistical analysis of Kaplan-Meier survival curves (Figure 3a). 1026 

 1027 

 1028 

 1029 

 1030 

 1031 

 1032 

 1033 

 1034 

 1035 

 1036 

 1037 

 1038 

 1039 
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Table 2:  In vivo responses of OCS PDXs to cisplatin, paclitaxel, vinorelbine and eribulin 1040 

PDX model Treatment  

Number 

of mice 
(n) 

Time to 

progressive 

disease 
(PD) 

(days) 

Median 

time to 

harvest 
(TTH) 

(days) 

p value  

Compared 
to vehicle 

p value  

Compared 

to 

cisplatin 

p value  

Compared 
to eribulin 

p value  

Compared 

to 

paclitaxel 

p value  

Compared 

to 

vinorelbine 

Drug response score 

(Topp et al) 

SFRC01040 

Vehicle 8 7 53             

Cisplatin 8 60 120 0.0008         Resistant 

Eribulin 7 >120 >120 0.0015 0.0511   >0.9999 >0.9999 Sensitive 

Paclitaxel 7 >120 >120 0.0013 0.0511 >0.9999   >0.9999 Sensitive 

Vinorelbine 6 >120 >120 0.0033 0.1232 >0.9999 >0.9999   Sensitive 

PH419 

Vehicle 23 7 15             

Cisplatin 13 7 39 <0.0001         Refractory 

Eribulin 8 >120 >120 <0.0001 0.0016   0.0875 0.0446 Sensitive 

Paclitaxel 14 112 120 <0.0001 0.0036 0.0875   0.6489 Sensitive 

Vinorelbine 12 80 99 <0.0001 0.0151 0.0446 0.6489   Resistant 

PH142 

Vehicle 31 7 15             

Cisplatin 19 42 71 <0.0001         Resistant 

Eribulin 10 77 99 <0.0001 0.0042   0.8113 0.4092 Resistant 

Paclitaxel 22 57 95 <0.0001 <0.0001 0.8113   0.1134 Resistant 

Vinorelbine 19 120 106 <0.0001 <0.0001 0.4092 0.1134   Sensitive 

PH006 

Vehicle 17 7 22             

Cisplatin 9 7 39 0.0064         Refractory 

Eribulin 6 >120 >120 0.0005 0.0079   0.4795 >0.9999 Sensitive 

Paclitaxel 7 >120 >120 <0.0001 0.0024 0.4795   0.3173 Sensitive 

Vinorelbine 7 >120 >120 <0.0001 0.0012 >0.9999 0.3173   Sensitive 

PH003 

Vehicle 23 7 8             

Cisplatin 19 7 15 0.0005         Refractory 

Eribulin 14 7 25 0.0003 0.0044   0.9612 0.1339 Refractory 

Paclitaxel 16 7 29 <0.0001 0.0025 0.9612   0.0666 Refractory 

Vinorelbine 13 18 32 <0.0001 0.0005 0.1339 0.0666   Refractory 

PH592 

Vehicle 18 7 15             

Cisplatin 7 7 15 0.0335         Refractory 

Eribulin 8 80 92 <0.0001 <0.0001   0.2838 0.3070 Resistant 

Paclitaxel 8 88 102 <0.0001 <0.0001 0.2838   0.2183 Resistant 

Vinorelbine 9 63 71 <0.0001 <0.0001 0.3070 0.2183   Resistant 

 1041 

Cisplatin failed to achieve any meaningful tumour response in four of six PDX models; PH419, 1042 

PH006, PH003 and PH592, with a time to development of progressive disease (PD) during 1043 

cisplatin treatment. PH142 and SFRC01040 demonstrated some response to cisplatin with 1044 
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improvement of median TTH from 15 to 71 days (p < 0.0001) and 53 to 120 days (p = 0.0008), 1045 

compared to vehicle treated mice, respectively. However, times to PD were less than 100 days 1046 

(PH142 at 42 days and SRFC01040 at 60 days), therefore these tumours were classified as 1047 

resistant to cisplatin. Three of six PDX (SFRC01040, PH419 and PH006) were shown to be 1048 

sensitive to paclitaxel in vivo, two PDX (PH142 and PH592) were resistant and one PDX 1049 

(PH003) was refractory based on the same in vivo drug response score as cisplatin. Paclitaxel 1050 

treated PDX models displayed an impressive improvement in median TTH compared with 1051 

vehicle treated mice except for PH003 (53 to >120 days for SFRC01040 (p = 0.0013), 15 to 1052 

120 days for PH419 (p < 0.0001), 15 to 95 days for PH142 (p < 0.0001), 22 to >120 days for 1053 

PH006 (p < 0.0001), and 15 to 102 days for PH592 (p < 0.0001)). Significant improvements in 1054 

median TTH compared to cisplatin treated mice were observed for four models (39 to 120 days 1055 

for PH419 (p = 0.0036), 71 to 95 days for PH142 (p < 0.0001), 39 to >120 days for PH006 (p 1056 

= 0.0024), and 15 to 102 days for PH592 (p < 0.0001)). Three of six OCS PDX (SFRC01040, 1057 

PH142 and PH006) were sensitive, two PDXs (PH419 and PH592) were resistant and one PDX 1058 

(PH003) was refractory to vinorelbine treatment. Significant improvements of median TTH 1059 

compared with vehicle treated mice were observed for all models treated with vinorelbine 1060 

except for PH003 (53 to >120 days for SFRC01040 (p = 0.0033), 15 to 99 days for PH419 (p 1061 

< 0.0001), 15 to 106 days for PH142 (p < 0.0001), 22 to >120 days for PH006 (p < 0.0001), 1062 

and 15 to 71 days for PH592 (p < 0.0001)). There were significant improvements in median 1063 

TTH compared with cisplatin treated mice were also observed for four models (120 to >120 1064 

days for SFRC01040 (p = 0.1232), 39 to 99 days for PH419 (p = 0.0151), 71 to 106 days for 1065 

PH142 (p < 0.0001), 39 to >120 days for PH006 (p = 0.0012), and 15 to 71 days for PH592 (p 1066 

< 0.0001)).  Three of six OCS PDX models (SFRC01040, PH419 and PH006) were sensitive, 1067 

two PDX (PH412 and PH592) were resistant and one PDX (PH003) was refractory to eribulin 1068 

treatment. Significant improvements of median TTH were observed in eribulin treated mice 1069 

compared to vehicle for five models (53 to >120 days for SFRC01040 (p = 0.0015), 15 to 99 1070 

days for PH142 (p < 0.0001), 22 to >120 days for PH006 (p = 0.0005), 15 to >120 days for 1071 

PH419 (p < 0.0001), and 15 to 92 days for PH592 (p = <0.0001)). Lastly, significant 1072 

improvements in median TTH compared with cisplatin treated mice were also observed for 1073 

four models (120 to >120 days for SFRC01040 (p = 0.0511), 39 to >120 days for PH419 (p = 1074 

0.0016), 71 to 99 days for PH142 (p = 0.0042), 39 to >120 days for PH006 (p = 0.0079), 15 to 1075 

25 days for PH003 (p = 0.0044), and 15 to 92 days for PH592 (p < 0.0001)). The log-rank test 1076 

was used for statistical analysis of Kaplan-Meier survival curves (Figure 5a). 1077 
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 1079 

 1080 

Figure 1: Mutational and structural variant landscape of ovarian carcinosarcoma. (A) 1081 

Summary of frequently altered genes across the carcinoma, sarcoma and metastasis samples 1082 

from 18 macrodissected ovarian carcinosarcoma samples. For missense mutations, light green 1083 

represents “unknown significance” and dark green represents “putative driver”. (B) Mutation 1084 

burden (mutations per megabase sequenced. (C) Comparison of EMT scores in separated 1085 

carcinomatous and sarcomatous regions from ovarian carcinosarcoma samples, whole ovarian 1086 

carcinosarcoma tumours, and ovarian high-grade serous carcinoma samples in TCGA. (D) 1087 

Expression of MYCN, LIN28B and HMGA2 in our ovarian carcinosarcoma cohort compared to 1088 

ovarian high-grade serous carcinoma tumours in TCGA. TCGA-OV, ovarian high-grade serous 1089 

carcinomas in TCGA; C, carcinoma; S, sarcoma; M, metastasis. 1090 
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 1091 

 1092 

Figure 2: Generation and characterisation of a GEMM of OCS. (A) A Pax8-rtTA; kai-1093 

tetO-Cre; LSL-Lin28b/SV40TAg transgenic mouse was treated with doxycycline for 2 weeks 1094 

to induce expression of Cre recombinase in the FTSECs. The FTs were then removed, minced 1095 

and transplanted into the ovarian bursa of a cba/Nu host mouse, generating the GEMM founder 1096 

tumour (T0). This tumour was transplanted into mice to establish the first and subsequent OCS 1097 

cohorts (T1, T2, T3, etc). A T1 tumour was also digested and cultured in vitro to generate a 1098 
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cell line. (B) The GEMM T0 founder tumour and a tumour generated after the 1st transplant 1099 

(T1) were assessed by IHC. T0 and T1 tumours expressed PAX8, indicating FTSEC derivation. 1100 

Representative images of H&E, PAX8, p53, Pan-CK and Vimentin staining are shown. Scale 1101 

bars represent 100m. (C) The GEMM T0 founder tumour, T1 tumours (n=4) and the GEMM 1102 

cell line grown in 2D and 3D were analysed by RNA-seq. Controls included normal FT tissue 1103 

harvested from FVB mice, and FT epithelial cells  and stroma. A heatmap shows the expression 1104 

of genes involved in the N-MYC/LIN28B pathway: Lin28b, Mycn and Hmga2. GEMM, 1105 

genetically engineered mouse model; FTSEC, fallopian tube secretory epithelial cell; FTE, 1106 

fallopian tube epithelium; OSE, ovarian surface epithelium; CK, cytokeratin; FT, fallopian 1107 

tube; CLR, centred log ratio. 1108 
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 1109 

Figure 3: GEMM OCS tumours are refractory to current standard-of-care treatments 1110 

for ovarian cancer but are responsive to the microtubule drugs vinorelbine and eribulin. 1111 

(A) In vivo treatment of GEMM OCS tumours with: DPBS (n=25), cisplatin (4mg/kg; n=10), 1112 

PLD (1.5mg/kg; n=3), paclitaxel (n=3), vinorelbine (15mg/kg; n = 9) and eribulin (1.5mg/kg; 1113 

n=5). Shaded area = 95% confidence interval. Time to PD and harvest (TTH) are shown in 1114 
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Table 1. (B) Expression of Ki67 was assessed by IHC in a number of tumours after a single 1115 

dose of eribulin (or DPBS vehicle). Representative images are shown. Scale bars represent 1116 

100m. (C) GEMM cells were pre-treated with eribulin (20 nM), cisplatin (0.2 µM) or vehicle 1117 

control (DMSO) for one week before being plated in adhesion assays (left panel) or migration 1118 

and invasion assays (right panel). Percentage of adherent cells was calculated compared to 1119 

vehicle-treated controls. Percentage of invading cells was calculated compared to number of 1120 

migrating cells. (D) GEMM cells were pre-treated as above with eribulin, cisplatin or vehicle 1121 

control (DMSO) for one week before being plated in collagen with treatment either removed 1122 

or maintained. Representative images of colonies growing in collagen on day 8 are shown. 1123 

Scale bars represent 200m. (E) Expression of the mesenchymal markers ZEB1, N-cadherin, 1124 

Vimentin and HMGA2 in cells exposed to 50nM eribulin or DMSO control for the indicated 1125 

time-points was determined by Western Blot analysis. -actin was used as a loading control. 1126 

PLD, pegylated liposomal doxorubicin; PD, progressive disease; IHC, immunohistochemistry. 1127 

 1128 

 1129 

 1130 
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Figure 4: Characterisation of PDX models of OCS with varying proportions of carcinoma 1133 

and sarcoma (A) Tumours from each PDX model of OCS were assessed by IHC. 1134 

Representative images of H&E, Ki67, p53, PAX8, Pan-CK, Vimentin and HMGA2 staining 1135 

are shown. Scale bars represent 100m. SFRC01040 and PH419 were almost purely 1136 

carcinoma, PH142, PH006 and PH003 were mixed with both carcinomatous and sarcomatous 1137 

characteristics (i.e. expressing both Pan-CK and Vimentin) and PH592 was purely 1138 

sarcomatous, with some epithelial characteristics (i.e. Pan-CK co-expression in some cells).  1139 

(B) Expression of HMGA2, LIN28B and MYCN were determined from RNAseq data for each 1140 

OCS model (n = 3) compared to ovarian high-grade serous carcinoma samples in TCGA (n = 1141 

379). (C) EMT scores generated from RNAseq data for tumours from each OCS PDX model 1142 

are shown compared with EMT scores for ovarian high-grade serous carcinoma samples in 1143 

TCGA. (D) Expression of the mesenchymal markers ZEB1, N-cadherin, Vimentin and 1144 

HMGA2 in tumours from each OCS PDX model was determined by Western Blot analysis. -1145 

actin was used as a loading control. PDX, patient-derived xenograft; IHC, 1146 

immunohistochemistry; CK, cytokeratin; TCGA-OV, ovarian high-grade serous carcinomas in 1147 

TCGA; EMT, epithelial-to-mesenchymal transition; CLR, centred log ratio. 1148 
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Figure 5: PDX OCS tumours are refractory to cisplatin but display mostly impressive 1151 

responses to microtubule drugs. (A) In vivo treatment of OCS PDX tumours with DPBS, 1152 

cisplatin (4mg/kg), paclitaxel (25mg/kg), vinorelbine (15mg/kg) and eribulin (1.5mg/kg, with 1153 

the exception of mice harbouring SFRC01040 tumours, which received doses of 1mg/kg). n 1154 

values for each model are shown in Table 2. Shaded area = 95% confidence interval. More 1155 

carcinomatous models are shown on the top left and the more sarcomatous models on the 1156 

bottom right. Time to PD and harvest (TTH) are shown in Table 2. (B) Expression of the 1157 

mesenchymal markers ZEB1 and N-cadherin in tumours from each OCS PDX model after a 1158 

single dose of vehicle (DPBS) or eribulin was determined by Western Blot analysis. -actin 1159 

was used as a loading control. (C) Quantification of expression data in (B). (D) Expression of 1160 

HMGA2 in tumours from each OCS PDX model after a single dose of vehicle (DPBS) or 1161 

eribulin was determined by IHC. Scale bars represent 100m. (E) Analysis of GO terms 1162 

enriched for down-regulated (red) and up-regulated (green) DEGs. Circle sizes indicate DEGs 1163 

present in each GO term. DEGs are listed in Supplementary Tables S18 - S21. (F) Expression 1164 

of N-MYC and HMGCS1 in tumours from each OCS PDX model after a single dose of vehicle 1165 

(DPBS) or eribulin was determined by Western Blot analysis. -actin was used as a loading 1166 

control. (G) Quantification of expression data in (F). GO, gene ontology; DEG, differentially 1167 

expressed gene; FDR, false discovery rate. 1168 
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