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Abstract  28 

Background: Endometrial cancer (EC) is a major gynecological cancer with increasing 29 

incidence. It comprised of four molecular subtypes with differing etiology, prognoses, and 30 

response to chemotherapy. In the future, clinical trials testing new single agents or combination 31 

therapies will be targeted to the molecular subtype most likely to respond. Pre-clinical models 32 

that faithfully represent the molecular subtypes of EC are urgently needed, we sought to 33 

develop and characterize a panel of novel EC patient-derived xenograft (PDX) models.  34 

Methods: Here, we report whole exome or whole genome sequencing of 11 PDX models and 35 

the matched primary tumor. Analysis of multiple PDX lineages and passages was performed 36 

to study tumor heterogeneity across lineages and/or passages. Based on recent reports of 37 

frequent defects in the homologous recombination (HR) pathway in EC, we assessed 38 

mutational signatures and HR deficiency scores and correlated these with in vivo responses to 39 

the PARP inhibitor (PARPi) talazoparib in six PDXs representing the different molecular 40 

subtypes of EC.  41 

Results: PDX models were successfully generated from all four molecular subtypes of EC and 42 

uterine carcinosarcomas, and they recapitulated morphology and the molecular landscape of 43 

primary tumors without major genomic drift. We also observed a wide range of inter-tumor 44 

and intra-tumor heterogeneity, well captured by different PDX lineages, which could lead to 45 

different treatment responses. An in vivo response to talazoparib was detected in two p53mut 46 

models consistent with stable disease, however both lacked the HR deficiency genomic 47 

signature.  48 

Conclusions: EC PDX models represent the four molecular subtypes of disease and can 49 

capture intra-tumoral heterogeneity of the original primary tumor. PDXs of the p53mut 50 

molecular subtype showed sensitivity to PARPi, however, deeper and more durable responses 51 

will likely require combination of PARPi with other agents.     52 
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Introduction 53 

Endometrial cancer (EC) is the most common gynecological malignancy in developed 54 

countries with increasing annual rates (1). Whilst most ECs are detected early and have good 55 

prognosis, patients with metastatic disease (15%) or who relapse after surgery (~15%) have a 56 

median survival of less than 12 months (2).  57 

 58 

EC is comprised of multiple histological subtypes, including low and high-grade endometroid, 59 

those with serous and clear cell histology and uterine carcinosarcomas. The Cancer Genome 60 

Atlas (TCGA) identified four molecular subtypes: POLE mutant (excellent prognosis), 61 

mismatch repair deficient (MMRd; intermediate prognosis), TP53 wildtype (p53wt; 62 

intermediate prognosis), and TP53 mutant (p53mut; worst prognosis) (3). Multiple laboratories 63 

have confirmed the different prognoses associated with these subtypes, using a combination of 64 

surrogate immunohistochemistry stains or loss of heterozygosity (LOH) analyses and limited 65 

sequencing (2, 4-7). Genomic studies of uterine carcinosarcomas (UCS), have also revealed 66 

the presence of similar subtypes, however, the majority of tumors (~90%) contain TP53 67 

mutations and a low tumor mutation burden (TMB) (8-10). 68 

 69 

Apart from the recent approval of immune checkpoint inhibitors (ICIs) for MMRd cancers, 70 

there has been little development in terms of precision medicine for EC. Surgery, radiotherapy 71 

and chemotherapy still remain the main treatment options. In recent years, there has been a 72 

growing interest in applying PARP inhibitors (PARPi) for treatment of EC. PARPi have proven 73 

to be incredibly effective in cancers with HR deficiency, such as ovarian and breast cancers 74 

with BRCA1/2 mutations. In EC, PARPi sensitivity was originally reported in cell lines with 75 

PTEN protein loss identified as a predictive marker (11), however this was later refuted using 76 

a larger panel of cell lines (12). PARPi sensitivity in EC has also been associated with loss of 77 
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MRE11 protein in EC cell lines (13), and mutations in ARID1A (which commonly occur in 78 

EC) in cell lines from other cancers (14). Recently, a pan-cancer analysis of bi-allelic 79 

alterations in HR DNA repair genes revealed ~15% of ECs have a combination of germline 80 

and/or somatic bi-allelic mutations and/or LOH (15). Another study of TCGA data reported 81 

that ~50% of non-endometrioid ECs (~90% p53mut) show a mutational or copy number 82 

signature associated with defective HR (16).  83 

  84 

New targeted therapies, such as PARPi, need to be tested in pre-clinical models that accurately 85 

recapitulate the molecular characteristics of patient tumors. In EC, there are a few cell lines 86 

derived from UCS and serous ECs. Although multiple cell lines from endometrioid ECs carry 87 

TP53 mutations, almost all of these cell lines are also MMRd and show a high TMB suggesting 88 

the TP53 mutations are acquired through culturing, hence these cell lines are not good models 89 

for poor prognosis p53mut EC as they do not recapitulate the biology of this subtype. 90 

Identification of effective therapies and predictive biomarkers for p53mut ECs requires well-91 

characterized pre-clinical models that recapitulate this molecular subtype. Patient-derived 92 

xenografts (PDX) have been previously demonstrated as reliable pre-clinical models for 93 

assessing treatment responses, if carefully characterized.  94 

 95 

In this study we performed in-depth genomic characterization of EC PDX models to define 96 

their suitability as pre-clinical models and predict HR deficiency status by assessing genomic 97 

scars. Here, we report in vivo responses to the potent PARPi talazoparib in a panel of MMRd 98 

and p53 mutant PDX models, and correlate these responses with genomic features.  99 
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Materials and Methods 100 

Patient samples 101 

All samples were obtained from patients with informed consent and the study has human ethics 102 

approval from the Mater Health Services Human Research Ethics Committee 103 

(HREC/15/MHS/127), UnitingCare Health Human Research Ethics Committee (1116), 104 

Queensland University of Technology (1500000169, 1500000323) and QIMR Berghofer 105 

(P3478, P2095). Clinical data including tumor stage, grade, chemotherapy treatment and 106 

survival status was collected (Additional File 1:Table S1). Fresh tissue was obtained from 107 

patients undergoing surgery for EC and transported to the laboratory on ice in RPMI, 10% 108 

FBS. The remainder was fixed in formalin and embedded in paraffin (FFPE). Where possible, 109 

a blood sample was also obtained for sequencing analysis. 110 

 111 

Mouse PDX models 112 

PDX establishment and passaging was performed according to animal ethics approvals at TRI 113 

(TRI/021/19) and QUT (1900000701). Fresh primary tumors (n=33) were transplanted into 114 

immunocompromised Nod Scid Gamma (NSG) mice within 4 hours of surgery. When 115 

transplantation could not be performed immediately, tumors were either stored at 4oC overnight 116 

in transport media (n=9) or viably frozen (n=11). Each sample was cut into approximately 1-2 117 

mm3 pieces and placed on ice in a 1:1 solution of RPMI:Matrigel. Mice were anaesthetized and 118 

a single tumor piece was inserted subcutaneously in the subscapular region (2-4 mice). PDX 119 

engraftment was then assessed weekly using micro-calipers. Once a tumor reached a volume 120 

of ~750-1000mm3, mice were euthanized using CO2 and several 1-2mm3 fragments were 121 

transplanted subcutaneously into the next generation of mice. A slice of each PDX was 122 

preserved as FFPE, as well as frozen for DNA extraction. Haematoxylin and eosin (H&E) 123 

(which was not certified by peer review) is the author/funder. All rights reserved. No reuse allowed without permission. 
The copyright holder for this preprintthis version posted March 31, 2021. ; https://doi.org/10.1101/2021.03.30.436914doi: bioRxiv preprint 

https://doi.org/10.1101/2021.03.30.436914


 

 6 

slides were examined by an anatomical pathologist to determine the histology of each PDX 124 

passage and original patient tumor.  125 

 126 

In vivo drug testing 127 

In vivo drug studies were performed according to animal ethics approvals at TRI and QUT 128 

(QUT/275/17 and 1700000755). Mice were implanted with PDX fragments from 6-10 weeks 129 

of age. Once tumors reached ~150-350 mm3 (faster models started drug between 150-250 mm3 130 

and slower models between 250-350 mm3), mice were randomized into treatment groups and 131 

treated for 28 days via oral gavage. Efforts were made to have a similar number of mice on 132 

each arm from each passage carrying similar sized tumors. Mice were drugged 6 days on/1 day 133 

off with vehicle (20% Tween 20, 20% DMSO) or talazoparib (0.33mg/kg) as previously 134 

reported (17). 135 

 136 

DNA extraction and quality control 137 

DNA was extracted from patient blood samples as well as patient and related PDX tumor 138 

samples, using DNeasy Blood & Tissue Kits (Qiagen, Germantown, MD, USA). The purity of 139 

DNA was assessed using NanoDrop and quantified using the Qubit dsDNA BR assay (Thermo 140 

Fisher Scientific, MA, USA). DNA samples were assayed with the Omni 2.5-8, V1.0 and V1.1 141 

Illumina BeadChip as per manufacturer’s instructions (Illumina, San Diego, CA, USA). SNP 142 

array analysis to confirm sample identity, tumor content of DNA samples (18) for subsequent 143 

sequencing is described in detail in the Additional File 1:Supplementary Material. 144 

 145 

Whole exome and whole genome sequencing 146 

Samples underwent whole-exome sequencing (WES) and whole-genome sequencing (WGS). 147 

The WES libraries were prepared using the SureSelect capture V5+UTR kit (Agilent, Santa 148 
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Clara, CA, USA) and sequenced with 100bp paired-end sequencing on a HiSeq 2500/4000 149 

(Illumina) to a targeted 100-fold read depth. The WGS libraries were prepared using the 150 

TruSeq Nano kit (Illumina) and sequenced with 150bp paired-end sequencing on a HiSeq X 151 

Ten (Illumina) at Macrogen (Geumcheon-gu, Seoul, South Korea) with targeted mean read 152 

depth of 60x for primary tumor samples and 30x for matched PDX and normal samples. 153 

 154 

Sequencing data analysis 155 

Cutadapt (v1.18)(19) was used to trim low-quality 3' bases (`-q 20`) and remove adapters 156 

before alignment to a combined human/mouse (GRCh37/GRCm38 Nodshiltj background) 157 

reference using BWA-mem (v0.7.15)(20), and sorted and indexed using SAMtools (v1.9) (21). 158 

Duplicate reads were marked using Picard MarkDuplicates (v1.97). Human mutation calling 159 

process only used read-pairs aligned to the human sequences with a mapping quality score of 160 

60. Quality assessment and coverage estimation was carried out by in-house developed tools, 161 

qProfiler and qCoverage. Downstream analysis included variant calling, copy number 162 

alteration (CNA) and structural variant (SV) detection (22-24), heterogeneity analysis (25, 26), 163 

microsatellite instability (MSI) and HR deficiency (HRD) status assessment (27, 28), and 164 

signature analysis (29, 30), and is described in detail in the Additional File 1:Supplementary 165 

Material. 166 

 167 

Publicly available datasets (TCGA uterine corpus endometrial carcinoma (UCEC) and TCGA-168 

UCS) were processed using a similar approach, without the initial human/mouse alignment and 169 

filtering step. 170 

 171 

Statistical analysis and data visualization 172 
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Statistical analysis and data visualization was performed in R 3.5.1, using ggplot2 and 173 

ComplexHeatmap packages, and using Circos. Final figure formatting was done with 174 

Illustrator (Adobe).  175 

 176 

Results 177 

Established PDX models represent four histological subtypes 178 

Of 33 EC tumors implanted fresh, we generated 15 EC PDXs which were confirmed as EC 179 

models by a specialized anatomical pathologist. Successful engraftment rates were only 180 

obtained for histological grades 2 and 3 tumors implanted fresh (33 and 68%, respectively), 181 

none of grade 1 tumors engrafted (0/8) (Tables S1-2). We were also able to obtain 3 EC PDX 182 

models from an additional 20 EC tumors after storage at -80oC or 4oC overnight (Additional 183 

File 1:Table S2). In addition to 18 EC PDXs, seven models showed in vivo tumor growth, 184 

however these were confirmed to be lymphomas based on positive leukocyte common antigen 185 

staining. This occurred more often from grade 1 tumors (3/14, 21%) than grade 3 ECs (3/28, 186 

11%). This study reports detailed genomics data for 11 of 18 EC PDX models. 187 

 188 

The 11 PDX models were from EC of patients with a mean age of 70 (range 43-86 years, 189 

Additional File 1:Table S2) who represented the wide range of EC disease with varying 190 

histology and stages (IA to IIIB). Histologic diagnoses included carcinosarcoma (n=3), mixed 191 

endometrioid and serous (n=2), mixed endometrioid and clear cell (n=1) and endometrioid 192 

(n=5, of which 4 were FIGO grade 3 and 1 FIGO grade 2). Nine patients received radiation or 193 

chemoradiation and six patients recurred, five of which have subsequently died. In all models, 194 

the tissue architecture, the epithelial compartment and the global histological classification 195 

features were preserved in the corresponding F0 to F2 PDXs (Fig. 1). 196 

 197 
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Genomics of EC PDX models 198 

Sequencing and SNP array analysis were performed to molecularly classify the 11 EC PDX 199 

models. The molecular classification was adapted from the TCGA endometrial and UCS 200 

studies, and was based on five aspects (Fig. 2): commonly mutated genes (Additional File 201 

1:Table S3, Additional File 2: Table S4), TMB, MSI score (Figure S1), extent of genomic CNA 202 

(Additional File 1:Fig. S2), and mutational signatures (Additional File 1:Fig. S3). Four 203 

molecular subtypes were represented in the generated PDX models (Fig. 2, Additional File 204 

1:Fig. S4). One PDX model was POLE-mutated. It contained p.Pro286Arg POLE mutation in 205 

the exonuclease domain, previously reported in EC and shown to lead to a particularly strong 206 

mutator phenotype (31). This PDX was characterized by an ultra-high TMB (>600 207 

Mutations/Mb), a CNA stable genome, low MSI score (<3.5%) and a POLE-associated 208 

mutational signature. Two PDX models were classified as TP53 wild-type (p53wt), since they 209 

lacked TP53 or POLE mutations and were MSI-stable. They were characterized by a relatively 210 

low TMB, and moderately stable genomes. Five PDX models were classified as MMRd, based 211 

on a high TMB (>20 Mutations/Mb), high MSI scores, and MMRd-associated mutational 212 

signatures.  213 

  214 

All three UCS models were classified as TP53 mutant (p53mut), as they all harbored hotspot 215 

or deleterious somatic TP53 mutations, low TMB (<10 Mutations/Mb), high degree of genomic 216 

instability (>25% of genome with CNAs and >15 CN segments) and low MSI scores, 217 

suggesting microsatellite stability. The UCS models had a mixed mutational signature profile, 218 

with no dominant signature detected (<30% of somatic mutations attributed to a single 219 

signature; Additional File 1:Fig. S3).  220 

 221 
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Molecular subtyping of two models with serous histology revealed one was p53wt tumor 222 

(PDX23) and another was MMRd (PDX53), which was consistent with a germline MSH6 223 

mutation (p.Tyr214*) in the latter patient and the finding that 13% of patients with germline 224 

MMR mutations have a mixed serous histology (32). Somatic mutations detected in other genes 225 

were consistent with TCGA findings. Protein altering somatic variants were commonly 226 

detected in PTEN, ARID1A, PIK3CA, KRAS and CTNNB1 genes. All MMRd models contained 227 

somatic PTEN and ARID1A mutations, most of which were inactivating frameshift or nonsense 228 

mutations (Fig. 2, Additional File 2:Table S4).  229 

 230 

Variable intra-tumor heterogeneity observed in MMRd PDX models  231 

To study the intra-tumor heterogeneity and to evaluate how well the PDX models recapitulate 232 

primary tumors, we focused in detail on four MMRd models as these might be expected to 233 

accumulate changes during passaging based on their defective DNA mismatch repair. Genome-234 

wide levels of CNA and LOH changes were comparable between primary and PDX tumor 235 

samples (Fig. 3a, Additional File 1:Fig. S5). The TMB between primary tumor and different 236 

passages of PDX (passage 0-4) was stable across different passages of PDX samples; however 237 

we observed a substantially higher number of mutations in PDX samples compared with 238 

matched primary samples in three PDX models (Fig. 3b). This was likely due to lower tumor 239 

purity observed in the primary samples compared with PDX samples (Additional File 1:Fig. 240 

S6). Indeed, PDX59 with the highest tumor purity had the most comparable number of somatic 241 

mutations to the matched PDX samples. For three of four models, 83-99% of the somatic 242 

substitutions in the primary tumor were also detected in all tested PDX samples, with only 243 

limited heterogeneity observed between different lineages of the PDX (Fig. 3c and Additional 244 

File 1:Fig. S7). In PDX58 however, we observed that the established PDX shared only a third 245 

of its somatic substitutions with the primary tumor sample (Fig. 3d). A clonality analysis of 246 
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PDX58 using PyClone identified two distinct mutational clones (PDX lineages A and B) that 247 

likely diverged early in the tumor evolution and were unintentionally selected during the initial 248 

tumor transplantation (Fig. 3e-f). Mutations unique to lineage A included an activating KRAS 249 

mutation (p.Gly12Asp) and a hotspot TP53 mutation (p.Arg273His). Overall, since the greatest 250 

variability was observed between different lineages of the established PDX models and not 251 

between the passages, we concluded that this was due to spatial heterogeneity present in the 252 

original patient tumor. 253 

 254 

Variable intra-tumor heterogeneity observed in p53mut uterine carcinosarcoma PDX models  255 

To capture the genome instability and heterogeneity observed in the p53mut UCS models, we 256 

performed WGS to examine CNA changes in more detail. The overall CNA and LOH changes 257 

were comparable between the primary and matched PDX samples, with the exception of 258 

PDX03 model (Fig. 4a, Additional File 1:Fig. S8), which harbored a whole-genome duplication 259 

(WGD) not detected in the primary tumor. The total number of somatic mutations detected 260 

across the whole genome for each UCS model was consistent between the primary tumor and 261 

the matched PDX samples, with no increase in mutation number detected with passaging (Fig. 262 

4b).  263 

 264 

For PDX03, which contained a WGD in the PDX and not the matched primary tumor, PyClone 265 

clonality analysis revealed a high degree of heterogeneity in the model, with five major 266 

different mutational clones detected (Fig. 4c-e) that were associated with multiple samples in 267 

PDX lineages A and B. Clone 2 was the predominant clone in the primary tumor sample 268 

(predicted in around 80% of tumor cells), but was detected at only around 15% in lineage A, 269 

and was absent in lineage B. Interestingly, using Battenberg we identified a CNA subclone in 270 

lineage A with a similar copy number profile to the primary tumor (Additional File 1:Fig. S9a-271 
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d). In support of this, the ploidy estimated from SNP array analysis of the additional PDX 272 

samples, identified two early lineage samples (passage 0 and 1) from lineage A that had 273 

estimated ploidy of 2, same as the primary tumor sample (Additional File 1:Fig. S9e). We 274 

therefore concluded that the WGD event was already present in a subclone of the primary 275 

tumor, although not detected in the sample taken for WGS analysis. In the other two 276 

carcinosarcoma models, clonality analysis also revealed heterogeneity, although not to the 277 

same extent as seen in the PDX03 model (Additional File 1:Fig. S10-11). 278 

 279 

Assessment of PARPi responses and HR status in PDX models  280 

Since the established PDX models were found to reflect the primary tumors, we evaluated their 281 

use for testing molecularly-targeted treatments. Potential therapeutic options for all 11 PDX 282 

models were identified using their genomic profiles and Cancer Genome Interpreter analysis 283 

(Additional File 1:Fig. S12). Multiple therapeutic options were identified, with three or more 284 

options detected per PDX model. PARP, mTOR and PI3K pathway inhibitors, as well as PD1 285 

inhibitors were identified among the most common potential treatment options. However, a 286 

large number of therapeutic agents were identified for tumors with a high TMB 287 

(POLE/MMRd), where most somatic variants could be passenger events, thus functional 288 

testing is required to determine whether these models are responsive.  289 

 290 

PARPi has been previously identified as a promising therapeutic strategy for EC. Therefore, 291 

we evaluated PARPi responses in a subset of the established PDX models. Highly potent 292 

PARPi talazoparib was selected due to its significantly higher PARP trapping ability (33) and 293 

was used to treat three UCS PDX models, one p53wt model and two MSI models in vivo (Fig. 294 

5). PDX03 and PDX49 showed the most sensitivity, with average tumor growth inhibition 295 

(TGI) showing the equivalent of stable disease by Response Evaluation Criteria In Solid 296 
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Tumors (RECIST) criteria. PDX56 and PDX23 showed significant TGI, albeit this would 297 

translate to progressive disease by RECIST criteria. No effect of talazoparib was seen in the 298 

MMRd models with multiple heterozygous missense mutations and/or LOH in DNA repair 299 

genes (PDX12 and PDX53).   300 

 301 

Due to the limited responses to single agent PARPi observed in vivo, we characterized the PDX 302 

HR status in detail. We firstly estimated the HRD scores for the primary and matched PDX 303 

samples with WGS or SNP array-estimated CNA data. All of the primary tumor samples had 304 

HRD scored below the threshold of ≥42, a previously defined cut-off for HRD breast and 305 

ovarian cancers (34, 35). Two of three carcinosarcoma p53mut models and one p53wt model 306 

had some PDX samples with HRD scores just over the threshold (Fig. 6a).  307 

 308 

We then assessed the mutational signatures, specifically contribution of COSMIC Signature 3, 309 

as an alternative marker of HRD. All three carcinosarcoma models had a low mutational 310 

contribution of Signature 3, between 20-30% (Fig. 6a). However, rearrangement signature 311 

analysis on the three carcinosarcoma models, did not detect BRCA1/2-associated signatures 312 

(Additional File 1:Fig. S13). Finally, we looked for the presence of germline and somatic 313 

mutations in the HR-associated genes (Additional File 1:Table S5) and somatic mutations in 314 

PTEN and ARID1A, since mutations in these genes have been associated with PARPi 315 

sensitivity in the pre-clinical setting (11, 14). Apart from recurrent damaging mutations in 316 

PTEN and ARID1A, we did not detect any clear driver mutations in HR-genes with evidence 317 

of enrichment or LOH in p53mut or p53wt groups. We did detect a large number of likely-318 

passenger mutations in hypermutated models (MMRd/ POLE; Fig. 6a; Additional File 2:Table 319 

S6). The genomic characterization and the lack of in vivo tumor regressions in response to 320 

PARPi suggested that none of the PDX models had clear evidence of HRD. 321 
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 322 

 323 

HR deficiency is predicted to be a rare event in UCEC and UCS 324 

Since we did not observe clear evidence of HRD in the PDX models, we wanted to estimate 325 

the rate of HRD in a larger cohort of unselected UCEC and UCS patients. We assessed HR 326 

status in the TCGA studies of endometrial carcinomas (TCGA-UCEC; n=560) and uterine 327 

carcinosarcomas (TCGA-UCS; n=57). De novo detection of mutational signatures identified 328 

six signatures associated with age, APOBEC, MMR and POLE, but not HRD-associated 329 

Signature 3 in either of the datasets (Additional File 1:Fig. S14). We then applied the same 330 

approach that was used for the PDX models — assigning known COSMIC signatures 331 

(including HRD Signature 3) to the mutational profiles of each sample. Only samples with >50 332 

somatic substitutions were selected for this analysis (n=591). Using this approach, we predicted 333 

that only 6.4% (38 of 591) of all analyzed samples had Signature 3 detected, using 15% 334 

minimum signature contribution cut-off to avoid overfitting (Fig. 6b).  Signature 3 was detected 335 

in 11.4% (16/141) of non-endometrioid EC, 3.8% (15/393) of endometrioid EC and 12.3% 336 

(7/57) of UCS cases. 337 

 338 

We also looked for germline and somatic variants in HR genes in these 591 samples (Fig. 6c, 339 

Additional File 2:Table S7). Only 2.5% (15/591) cases were found to harbor germline 340 

pathogenic or likely pathogenic HR gene variants: 3.5% (5/141) of non-endometrioid, 2.3% 341 

(9/393) of endometrioid and 1.8% (1/57) of UCS cases. Seven variants in BRCA1, PALB2, 342 

RAD51C and RAD51D genes were concurrent with the presence of mutational Signature 3; 343 

whereas the variants in BRIP1, NBN, MRE11A and CHEK2, as well as one variant in RAD51B, 344 

were detected in cases without Signature 3. This finding was in line with a previous report in 345 

breast cancer, where mutations in DNA-damage signaling pathway genes, such as ATM and 346 

(which was not certified by peer review) is the author/funder. All rights reserved. No reuse allowed without permission. 
The copyright holder for this preprintthis version posted March 31, 2021. ; https://doi.org/10.1101/2021.03.30.436914doi: bioRxiv preprint 

https://doi.org/10.1101/2021.03.30.436914


 

 15 

CHEK2, were not associated with increased Signature 3 (36). Somatic mutation analysis was 347 

restricted to 38 cases with detected Signature 3. Only one somatic pathogenic variant in BRCA1 348 

was detected in endometrioid cancer. 349 

350 
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Discussion 351 

To understand the suitability of pre-clinical PDXs models to study EC, we undertook an in-352 

depth genomic characterization of patient primary and matched serial PDX tumor samples of 353 

EC. Although some molecular typing of EC PDXs has been previously reported (e.g. those 354 

with microsatellite stability versus instability) (37, 38), this is the first report of de novo 355 

mutational signature and copy number analysis across a panel of EC PDXs. The established 356 

PDX models recapitulated key morphological and genomic features present in the molecular 357 

subtypes (3). Interestingly, no distinct PDX mutational signatures were found using de novo 358 

signature analysis, and the mutational profiles were very similar between the primary and 359 

matched PDX samples. We also did not observe an accumulation of PDX-specific CNA events, 360 

as was previously reported in PDX models of breast, brain, lung, colon and pancreatic 361 

cancers(39). Taken together, these results support that PDX-specific tumor evolution is 362 

minimal in these models, and they reliably represent the primary tumors. PDX engraftment 363 

was much higher in G3 tumors. For future studies, the addition of one dose of rituximab during 364 

implantation could reduce the incidence of lymphomas as previously reported in ovarian 365 

cancer(40).   366 

 367 

Intra-tumor heterogeneity 368 

EC tumors are composed of multiple complex sub-clonal cell populations resulting in intra-369 

tumor heterogeneity(41, 42). Maximum tolerated dose chemotherapy regimens aim to 370 

eradicate the entire tumor but rarely achieve it, often leaving resistant sub-clones that possess 371 

a growth advantage and are free to expand. Hence, genomic intra-tumor heterogeneity has 372 

clinical implications for EC, and needs to be characterized to enable precision medicine. In this 373 

study we transplanted undisturbed tumor fragments and characterized multiple PDX lineages, 374 
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which allowed us to observe great variation in the intra-tumor heterogeneity among different 375 

PDX models. 376 

 377 

In two of four models where multiple lineages were sequenced we detected high levels of intra-378 

tumor heterogeneity that could have a potential impact on treatment responses. The greatest 379 

variability was observed between the different lineages (detected in early passages) and not 380 

between the passages, indicating that this heterogeneity was pre-existing in the primary tumor, 381 

although it is unclear whether the subclones were selected due to chance or a selective 382 

advantage in the PDX. In the MMR-deficient model (PDX58), one of the established lineages 383 

was enriched for a subclone with hotspot KRAS and TP53 mutations and over 50% private 384 

mutations, suggesting that this subclone had diverged early on in the tumor evolution. KRAS 385 

mutations have been linked to drug resistance in multiple cancers (43, 44), and TP53 mutations 386 

are associated with poor prognosis in EC (3). In the TP53-mutant UCS model (PDX03), one 387 

of the lineages had a WGD event together with other subclonal mutations. WGDs are 388 

frequently detected in UCS (90%) (10) compared with epithelial EC, as well as in metastatic 389 

cancers across multiple cancer types (45) and have been associated with poor prognosis (46). 390 

PDX models that capture pre-existing intra-tumor heterogeneity such as described here, make 391 

a perfect tool for studying the effects of individual genomic events on tumor evolution, 392 

progression and drug responses, and should be explored further. 393 

 394 

PARP inhibitors in EC 395 

PARPi sensitivity has previously been reported in EC, although to date the work has been 396 

performed in cell lines, which do not faithfully represent all of the EC molecular subtypes (11, 397 

13). The proposed biomarkers of PARPi response in EC are diverse, including PTEN, ARID1A 398 

or MRE11A loss (11, 13, 14), TP53 mutations, and cumulative effect of multiple somatic hits 399 
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in HR genes in hypermutated MMRd EC. Our PDX EC cohort had a representation of all of 400 

these events, so we could investigate their effect on PARPi response in vivo. By performing 401 

HRD scarring and mutational signature assessment, commonly used for classifying HRD-ness 402 

in ovarian and breast cancers (47), we determined that our EC models were all likely HR-403 

proficient. Interestingly, three UCS models with mutated TP53 had intermediate HRD scores 404 

and some of the somatic mutations were attributed to Signature 3, although it was not the 405 

dominant signature. Two of these UCS models also showed disease stabilization in response 406 

to the potent PARPi talazoparib in vivo. The PDX models of other molecular subtypes did not 407 

have a marked response to talazoparib (p53wt and MMRd with multiple damaging mutations 408 

in canonical HR genes, although none with consistent enrichment in tumors). Furthermore, 409 

mutations in PTEN or ARID1A did not have an effect on PARPi response in our models.  410 

 411 

It has been recently reported that up to half of non-endometrioid EC (predominantly p53mut) 412 

can harbor BRCA-associated genomic scars compared with only 12% of endometrioid ECs 413 

(p53wt/MMRd) (16). Since our PDX cohort did not have a large representation of non-414 

endometrioid EC (five of 11 models), it was possible that we missed the HRD cases by chance. 415 

However, our exploration of TCGA UCEC and UCS datasets also showed that HRD is likely 416 

rare in EC. We saw much lower rates of Signature 3 both in general (6.8%), and in the non-417 

endometrioid cancers (12%) compared to the previous report (16). This was likely due to a 418 

more conservative signature assignment approach used in our study. The mutational signature 419 

analysis approach can have a great influence on the identification of signatures, especially 420 

signatures with flat profiles (Signature 3, 5 and 8) (48). Furthermore, the rates of damaging 421 

mutations in HR genes were quite rare (1.6-3.6% depending on the histological subtype), 422 

consistent with another study looking at bi-allelic alterations in HR genes (15).  423 

 424 
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The lack of tumor regressions in our EC PDX models in response to PARPi talazoparib and 425 

the infrequent HRD events in EC public datasets indicate that PARPi may not be sufficient as 426 

a single agent therapy in an unselected EC patient population. Nonetheless, PARPi may still 427 

have an important role to play in the management of EC, and should be further investigated in 428 

combination with other treatments. Several PARPis including talazoparib have been shown to 429 

have strong PARP trapping effect (33), leading to replication stalling. This opens up the 430 

possibility to combine PARPi with other therapies for an enhanced anti-tumor activity, 431 

including cell cycle checkpoint inhibition, RNA Pol1 inhibition (49) or ICIs. Genomically-432 

characterized PDX models, such as ours, will be crucial for assessing the efficacy of these 433 

combinations in EC, as has already been assessed in other cancers (49, 50). Importantly though, 434 

PARPi and ICI combinations will need to be assessed in humanized PDX models, as regular 435 

PDX models lack representation of the immune landscape. 436 

Conclusions 437 

In conclusion, we have shown that EC PDX models can capture intra-tumor heterogeneity, 438 

which should be accounted for and explored to improve treatment responses and patient 439 

outcomes. By combining genomic characterization and in vivo treatments, we also showed that 440 

PARPi talazoparib had disease stabilization activity in TP53-mutant EC, which can potentially 441 

be enhanced by combination therapies. 442 

  443 
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WGS: Whole-genome sequencing 469 
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Figure Legends 675 

Fig. 1. Histopathology assessment of the primary and PDX tumor samples. PR: primary 676 

tumor. PDX-F0: 1st tumor obtained from the mice transplant. PDX-F1, PDX-F2: subsequent 677 

transplants. F0 picture for PDX12 is missing as no FFPE sample was available for this lineage. 678 

 679 

Fig. 2. The four molecular subtypes are represented in PDX models. Genomic 680 

characteristics of endometrial carcinoma and carcinosarcoma PDX models. PDX models are 681 

grouped by the four molecular subtypes: POLE, p53wt, MMRd and p53mut. Tumour mutation 682 

burden is shown by grey bars, as mutations per Mb. Somatic mutations and CNA events, which 683 

were detected in PDX samples in genes relevant to endometrial carcinomas and 684 

carcinosarcomas (Additional File 1:Table S3, Additional File 2:Table S4), are shown. Only 685 

consensus variants detected in all sequenced PDX tumor samples were included in this figure. 686 

MSI score was assessed by MSISensor (Additional File 1:Fig. S1). Percentage of genome with 687 

CNA and the number of CNA segments were determined from SNP arrays or WGS data 688 

(Additional File 1:Fig. S2). Only the dominant mutational signature etiology is shown.  689 

 690 

Fig. 3. Intra-tumor heterogeneity observed in the MMRd EC PDX models. a Genome-691 

wide levels of CNA and b total somatic mutation count in the four MMRd models, where 692 

primary tumor sample was analyzed by WES and by SNP arrays. Varying degrees of 693 

mutational heterogeneity visualized by Euler diagrams of somatic substitutions called by 694 

qBasepileup in c PDX59 and d PDX58 MMRd models.  e Cellular prevalence and f the clonal 695 

evolution tree of the top three mutational clusters (with ≥5% of all somatic substitutions) 696 

detected in the PDX58 model by PyClone. Values shown above boxplots represent the number 697 

of substitutions contributing to each cluster. Length of branches is proportional to the number 698 

of substitutions attributed to that clone. Tumor samples are grouped by patient ID. PDX 699 
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samples are labelled by passage number and lineage in brackets.  DEL — deletion; DNP — 700 

double nucleotide polymorphism; INS — insertion; SNP — single nucleotide polymorphism; 701 

Hom Del — homozygous deletion. 702 

 703 

Fig. 4. Intra-tumor heterogeneity and clonal evolution observed in p53mut UCS PDX 704 

models.  a Genome-wide levels of CNA and b total somatic mutation count in the three UCS 705 

models. c Cellular prevalence of the top five mutational clusters with ≥5% of all somatic 706 

substitutions detected in the PDX03 model by PyClone. Values shown above boxplots 707 

represent the number of substitutions contributing to each cluster. d Fish plots and e cellular 708 

population depictions of the top five mutational clusters detected in the PDX03 carcinosarcoma 709 

model. Percentages shown in the fish plots are the estimated proportions of cells containing 710 

that mutational cluster. f The clonal evolution tree inferred by ClonEvol, where length of 711 

branches is proportional to the number of substitutions attributed to that clone. TNP — triple 712 

nucleotide polymorphism. 713 

 714 

Fig. 5. Talazoparib responses in EC and UCS PDX models. Talazoparib responses in a 715 

PDX03 — p53mut UCS; b PDX49 — p53mut UCS; c PDX56 — p53 UCS with somatic 716 

ARID1A deletion; d PDX23 — p53wt EC; e PDX12 — MMRd EC with somatic PTEN, 717 

BRCA2, ATM and PALB2 mutations; f PDX53 — MMRd EC with somatic PTEN, ATM, 718 

BRCA1 and MRE11A mutations. Recipient mice bearing PDX at starting volume of ~150-350 719 

mm3 were randomized to treatment with vehicle or talazoparib (0.33mg/kg) for 28 days (6 days 720 

on, one day off) via oral gavage. Analysis for significance between treatment groups was 721 

performed using a repeated mixed effects analysis (which can account for random missing 722 

measurements) on the day the first mouse was sacrificed based on tumor size (e.g. 17, 22 and 723 
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24 days), except for PDX53 where 2 vehicle mice were sacrificed early and excluded. n.s  — 724 

not significant; *  —  significant difference (p-value shown). 725 

 726 

Fig. 6. Genomic HRD assessment in EC PDX models and public data. a HRD assessment 727 

in PDX models. Somatic substitutions, indels, CNAs and SVs are shown for DNA repair 728 

related genes, including PTEN and ARID1A (Additional File 1:Table S5, Additional File 729 

2:Table S6). HR-related genes are highlighted in bold. No pathogenic or likely pathogenic 730 

germline substitution and indel variants in these genes were detected.  HRD sum scores were 731 

determined using scarHRD from SNP arrays and WGS data, where available. Percentage of 732 

Signature 3 was determined with deconstructSigs using COSMIC v2 signatures. Only WGS 733 

data is shown for PDX03 and PDX49, where WES and WGS was performed. b Mutational 734 

signature assignment for TCGA-UCEC and TCGA-UCS cohorts (n=591). Signature 735 

assignment was performed using deconstructSigs with 15% minimum signature cut-off. c 736 

TCGA-UCEC and TCGA-UCS cases with possible HRD. Cases with pathogenic or likely 737 

pathogenic variants in HR-related genes (Additional File 1:Table S5, Additional File 2:Table 738 

S7) or cases with Signature 3 detected are included. 739 

 740 

 741 

Additional files 742 

Additional File 1: pdf; Supplementary Methods, Supplementary Tables 1-3,5 and 743 

Supplementary Figures. 744 

Additional File 2: xlsx; Supplementary Tables 4,6-8 (descriptions provided in the file). 745 
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