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Abstract 35 

Epithelial ovarian cancer (EOC) remains the most lethal gynaecological malignancy in developed 36 

countries, with recurrence and drug resistance posing significant clinical challenges. Brain metastases 37 

(BM) from epithelial ovarian cancer, once rare, are an increasing phenomenon and are characterised 38 

by a dismal prognosis. To explore the molecular underpinnings of BM in EOC, we conducted a 39 

multimodal genomics and transcriptomics analysis of matched primary tumour and brain metastases 40 

samples from a retrospective cohort. Our findings revealed high genomic concordance between 41 

primary tumour (PT) and BM, with alterations in key pathways such as MYC (MYC Proto-Oncogene, 42 

bHLH Transcription Factor) targets, extracellular matrix remodelling, and inflammatory signalling 43 

characterizing the BM. AFP (Alpha-fetoprotein) and GFAP (Glial Fibrillary Acidic Protein)  emerged 44 

as potential biomarkers from the primary lesion for BM onset, while network analysis identified MET 45 

(MET Proto-Oncogene, Receptor Tyrosine Kinase), GDF15 (Growth Differentiation Factor 15), and 46 

S100A9 (S100 Calcium Binding Protein A9) as candidate mediators of tumor-brain crosstalk. These 47 

results offer new insights into EOC brain tropism, highlighting potential targets for therapeutic 48 

intervention and personalized patient management in the precision oncology era. 49 

 50 

Introduction   51 

 52 

Epithelial ovarian cancer (EOC) is the deadliest gynaecological malignancy in developed countries.  53 

Despite the improvement in the therapeutic strategies, around 80% of patients experience recurrence 54 

and ultimately develop drug resistance.  The recurrences are frequently confined to the abdominal 55 

cavity, where the peritoneum is the most common involved site. Only 8% of the recurrent patients 56 

show isolated distant metastases without concomitant peritoneal or nodal disease1
.
 Brain metastases 57 

(BM) from EOC are late-stage, uncommon disease manifestations usually occurring in the context of 58 

a widely disseminated disease. The reported incidence of BM in EOC patients ranges from 0.3 to 59 

11% in different series2_3_4. However, the incidence of BM is expected to rise in the coming years 60 

due to extended survival conferred by targeted therapies, such as poly (ADP-ribose) polymerase 61 

inhibitors (PARPi)5. While these therapies improve systemic disease control, they may inadvertently 62 

increase the likelihood of BM development by allowing time for the seeding and growth of distant 63 

metastases. The occurrence of BMs typically indicates an adverse prognostic factor, with a median 64 

survival of around 8–12 months after their diagnosis6
.  65 
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Treatment options, besides corticosteroids and antiepileptic drugs, include systemic chemotherapy, 66 

radiotherapy and surgical resection. However, until now, there is a lack of a common agreement on 67 

the therapy7_8 and the identification of effective biomarkers of brain involvement and prognosis9_10_11.  68 

Although previous studies have explored the genomic landscape of matched primary tumours and 69 

brain metastases12, limited data exist for EOC-specific populations, particularly at the gene expression 70 

level. 71 

This represents a relevant unmet need, especially in the era of personalized medicine, where precise 72 

prognostication is essential for empowering clinicians to make well-informed decisions regarding 73 

treatment and patient care from the very beginning of the disease13 74 

By conducting a multimodal characterisation on a retrospective cohort of primary EOC samples (PT) 75 

and their matched BM, we established that BM samples harbour peculiar mutational and gene 76 

expression features possibly suitable for targeted therapies, determining that PT samples harbour 77 

distinct molecular features that predict the onset of BM.  78 

We identified a distinct brain-metastatic transcriptional profile in EOC with BM, characterized by 79 

extracellular matrix remodelling, neuronal–glial phenotypic adaptation, metabolic reprogramming, 80 

and heightened proliferative signalling. BM exhibited unique gene expression changes, including 81 

upregulation, among others of AFP (Alpha-fetoprotein), GFAP (Glial Fibrillary Acidic Protein), and 82 

MET (MET Proto-Oncogene, Receptor Tyrosine Kinase), suggesting neuronal-like adaptation and 83 

immune evasion. Gene Set Enrichment Analysis (GSEA) highlighted key pathways such as MYC 84 

(MYC Proto-Oncogene, BHLH Transcription Factor), E2F (E2F Transcription Factor), and mTORC1 85 

(Mammalian target of rapamycin complex 1) signalling, indicating that EOC cells co-opt brain-86 

specific mechanisms to survive and thrive in the central nervous system (CNS), offering potential 87 

biomarkers and therapeutic targets for brain-directed metastasis. 88 

 89 

Results  90 

Patients and samples 91 

On a total of 4978 EOC patients treated at Fondazione Policlinico Gemelli IRCCS (FPG) between 92 

January 2000 and December 2021, a subset of 111 patients experienced BM (mEOC – 2.2% of total), 93 

as previously described (Figure 1A)5.  In this time frame 10 mEOC (mEOC 1-10) patients (0.9% of 94 

mEOC) underwent BM surgical resection. For these patients, FFPE tissue samples were collected 95 

from both the primary tumour (mEOC_PT) and the corresponding brain metastases (mEOC_BM). 96 

The clinical characteristics of the entire population are reported in the Table. The median mEOC 97 
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patients’ age at the diagnosis of EOC was 54 years. Eight patients were affected by high-grade serous 98 

ovarian cancer (HGSOC), one by clear cells ovarian cancer (CCOC) and one by endometrioid ovarian 99 

cancer (EEOC). Supplementary Data 1 shows the digitized pathological slides of the PT and the 100 

corresponding BM. All patients received first-line chemotherapy with Carboplatin and Paclitaxel, and 101 

all of them were platinum-sensitive (relapse after more than 6 months since the last platinum-based 102 

chemotherapy). One patient received maintenance treatment with Bevacizumab after the first line of 103 

adjuvant chemotherapy. Four patients received platinum-based chemotherapy followed by 104 

maintenance therapy at the time of platinum-sensitive relapse (two Bevacizumab and two PARPi). 105 

The other patients did not receive maintenance treatments in any setting. The median time frame 106 

between the primary EOC diagnosis and the BM was 29.5 months. In six cases, BM were located in 107 

the cerebrum, and in four cases, in the cerebellum. In Supplementary Data 1, the radiological scans 108 

of BM are shown. 109 

BM treatment differed between patients, including surgery, radiotherapy and chemotherapy. Nine out 110 

of ten patients died from disease (median overall survival 45 months, min-max: 32-96). The follow-111 

up of the only alive patient is 64 months, and she is currently free of disease (Figure 1B).  Though 112 

numerically small, this paired-sample resource is uniquely poised to unravel the molecular evolution 113 

of brain-tropic EOC and to validate our multimodal findings in a clinically impactful setting. 114 

 115 

To elucidate the gene expression changes underlying EOC progression to and establishment within 116 

the brain, we selected different control populations. First, four healthy brain samples (ctrl_BRAIN) 117 

were collected. Median age of the ctrl_BRAIN patients was 55 years, 2 were male and 2 were female; 118 

two samples came from hippocampus, one from the cerebral cortex and one from the cerebellum. 119 

Second, two healthy ovary samples (ctrl_OVARY) were collected.  120 

We then selected two distinct EOC populations with comparable characteristics to the mEOC cohort. 121 

(Table) Specifically, primary EOC samples from patients with long-term survival (> 5 years) who did 122 

not develop BM (other_EOC_PT). Similar to the mEOC cohort, the mean age of the cohort was 57 123 

years. Eight patients were affected by HGSOC, one by a dedifferentiated EOC. All patients were 124 

treated with debulking surgery followed by first-line chemotherapy with Carboplatin and Paclitaxel. 125 

Four patients out of nine received maintenance therapy (one with PARPi and the remaining with 126 

Bevacizumab. All patients except for one had a platinum-sensitive relapse, median overall survival 127 

(OS) was 124 months (min-max: 102-NE). 128 
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We next selected non-brain metastatic relapse samples (other_EOC_METS), comprising four lymph 129 

node metastases, three bowel metastases, one hepatic metastasis, and one splenic metastasis 130 

(Supplementary Data 2). All the samples were collected at the time of surgery performed for a 131 

platinum-sensitive relapse. All patients have received previous debulking surgery, Carboplatin and 132 

Paclitaxel chemotherapy and maintenance treatment with Bevacizumab (except for two patients). 133 

Median OS was not reached (95% Confidence Interval, 110-NE). Further clinical characteristics are 134 

in the Table. 135 

Healthy lymph nodal, hepatic and intestinal tissues (ctrl_HEALTHY1-3) were used as controls.  136 

Samples from other_EOC_PT and ther_EOC_METS populations were not paired. This multi-group 137 

design was intended to distinguish transcriptional features unique to brain-tropic EOC from generic 138 

metastatic or baseline EOC traits, thus ensuring a clear view of brain-specific adaptations. 139 

 140 

DNA Genomic profiling 141 

Somatic sequencing on mEOC_PT and matched mEOC_BM showed very high concordance of single 142 

nucleotide variants (SNVs) (Figure 1C).  143 

Analysis of SNVs and microsatellite regions allowed to determine that the vast majority of mEOC 144 

had a monoclonal origin and maintained a stable tumor mutational burden (TMB) and microsatellite 145 

instability (MSI) status (Figure 1C and Supplementary Data 3A). 146 

A pathogenic TP53 variant was identified in 70% of patients, in all cases shared between PT and BM. 147 

PIK3CA was altered in 20% of patients, specifically patients affected by EEOC and CCOC. Other 148 

Tier I and Tier II variants resulted to be either patient’s private (ARID1A - AT-rich interaction domain 149 

1A) or PM/BM tumor’s private (RET - Ret Proto-Oncogene, FAT - FAT Atypical Cadherin, TET2 - 150 

Tet Methylcytosine Dioxygenase 2).  A comprehensive summary of all genes, including full names, 151 

deregulation type, GO IDs and related terms, the most representative reference and the assigned 152 

functional cluster, is provided in Supplementary Data 4. 153 

 154 

Copy number variants (CNVs), confirmed 16 chromosomal alterations (6 copy number gains and 10 155 

copy number losses), supported by concordant changes in mRNAs expression (upregulated genes in 156 

gains, downregulated in loss) (Supplementary Data 3B). CNV were more frequent in mEOC_BM, 157 

potentially reflecting late-arising genomic alterations that promote CNS colonization. Five of ten 158 

samples pairs lacked CNV altogether, while mEOC-4 showed losses in B2M (Beta-2-Microglobulin) 159 

and MGA (MAX Dimerization Protein), that were not validated at transcriptional level. 160 
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To conclude, although SNVs remained highly conserved between mEOC_PT and mEOC_BM, CNV 161 

alterations were more prevalent in the metastatic samples. Clonal evolution analysis further supported 162 

a monoclonal origin shared across primary and brain lesions. 163 

 164 

RNA Gene expression analysis   165 

We performed a transcriptomic comparison of mEOC_PT and mEOC_BM, along with well-defined 166 

control tissues, to elucidate the gene expression changes underlying EOC progression to and 167 

establishment within the brain. As RNAseq platform, we employed a 3’-end RNAseq (or 3’ Digital 168 

Gene Expression – 3'DGE) approach, which is specifically suitable for highly degraded samples, 169 

allowing to fully capture the transcriptome profiling by quantifying the terminal portion of any 170 

mRNA14  171 

We initially employed 3’DGE and performed a cross-comparative analysis of differentially expressed 172 

genes (DEGs) across mEOC_BM, mEOC_PT, ctrl_BRAIN, and other_EOC_METS (Figure 2A). 173 

Additionally, the top five upregulated genes for each comparison (ranked by fold change among 174 

significant DEGs) are displayed in the adjacent panels.  The full list of DEGs, including Symbol, p-175 

adj, log2FoldChange is displayed in Supplementary Data 5. To establish a reference profile of 176 

tumour-specific alterations, we first compared mEOC_BM against ctrl_BRAIN. This analysis 177 

identified 2,845 upregulated and 1,664 downregulated genes in mEOC_BM (Figure 2A, right). While 178 

many of these changes reflect lineage-specific expression, the top five upregulated genes - RAB25 179 

(RAB25, Member RAS Oncogene Family), PI3 (Peptidase Inhibitor 3), MISP (Mitotic Spindle 180 

Positioning), TMPRSS4 (Transmembrane Serine Protease 4), and UGT2B7 (UDP 181 

Glucuronosyltransferase Family 2 Member B7) - suggest CNS-specific adaptations. Their selective 182 

elevation in BM suggests that EOC cells exploit these pathways to cope with the restrictive CNS 183 

microenvironment. 184 

Next, to distinguish brain-specific drivers beyond generic metastatic traits, we compared mEOC_BM 185 

to other_EOC_MET (Figure 2A, left). Among the 164 significantly upregulated genes, AFP exhibited 186 

the highest induction, followed by GFAP, ELAVL3 (ELAV Like RNA Binding Protein 3), and HCN2 187 

(Hyperpolarization Activated Cyclic Nucleotide Gated Potassium and Sodium Channel 2). Although 188 

GFAP, ELAVL3, and HCN2 could partially stem from surrounding neuronal or glial cells, their 189 

recurrent presence with high expression levels suggests that EOC cells may acquire or mimic 190 

neuroglial traits to foster survival in the CNS. Meanwhile, AFP, which we later observe in primary 191 
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EOC as well, may exert immunoregulatory or neurotrophic influences, strengthening the concept of 192 

an early CNS-compatible phenotype. 193 

By comparing mEOC_BM with matched mEOC_PT, we discovered 33 upregulated and 115 194 

downregulated genes (Figure 2A, bottom). Late-stage transcriptomic shifts during CNS colonization 195 

were evident, with GFAP emerging as the most differentially expressed gene. Integrating these data, 196 

we defined a core brain-metastatic gene signature - SQLE (Squalene Epoxidase), ATAD5 (ATPase 197 

Family AAA Domain Containing 5), LAMC3 (Laminin Subunit Gamma 3), ADSL (Adenylosuccinate 198 

Lyase), and LINC00562 (Long Intergenic Non-Protein Coding RNA 562) - consistently 199 

overexpressed in mEOC_BM (all padj < 0.05) (Figure 2B). Notably, LAMC3, involved in cortical 200 

lamination, may facilitate CNS-specific ECM remodelling and metastatic engraftment15. 201 

To investigate how these molecular changes converge at a pathway level, we performed GSEA on 202 

each comparison: mEOC_BM vs. ctrl_BRAIN; mEOC_BM vs. other_EOC_METS; and mEOC_BM 203 

vs. mEOC_PT (Figure 2C).  204 

In the comparison of mEOC_BM with healthy brain tissue, E2F targets, G2M checkpoint, Interferon 205 

gamma response and Estrogen response late. Moreover, we noted an enrichment in the MYC targets, 206 

signalling a transition toward hyperproliferation and heightened transcriptional output. Concomitant 207 

upregulation of stress-related/inflammatory programs (TNFα signalling) suggests an immune-208 

evading or pro-inflammatory shift suitable for metastatic colonization. 209 

By contrasting mEOC_BM with other_EOC_METS, marked emphasis on SPERMATOGENESIS, 210 

mTORC1_SIGNALING, E2F targets, and G2M checkpoint emerged. Finally, comparing mEOC_BM 211 

with mEOC_PT confirmed a trend toward persistent activation of MYC, E2F pathways, G2M 212 

checkpoint, and SPERMATOGENESIS in metastases, highlighting the final transcriptional 213 

refinements EOC cells acquire upon CNS invasion. Altogether, these transcriptomic data reveal a 214 

brain-tropic phenotype underpinned by ECM remodelling, tumor-glial interaction, metabolic 215 

reconfiguration, and heightened proliferative signals.  216 

To determine whether mEOC_PT harbour transcriptional clues indicating future brain metastatic 217 

competence, we employed 3’DGE and assessed DEGs relative to both ctrl_OVARY and 218 

other_EOC_PT (Figure 3A). For each comparison, the adjacent panels show the top five upregulated 219 

genes (selected by the highest fold change among significant DEGs) to summarize the strongest early 220 

transcriptional drivers. 221 
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Comparisons of mEOC_PT with ctrl_OVARY revealed upregulation of FXYD3 (FXYD Domain 222 

Containing Ion Transport Regulator 3), ESRP1 (Epithelial Splicing Regulatory Protein 1), RAB25, 223 

BICDL2 (BICD Family Like Cargo Adaptor 2), and CKMT1B (Creatine Kinase, Mitochondrial 1B) 224 

(Figure 3A, left).   225 

In contrast, comparisons of mEOC_PT with other_EOC_PT identified S100P (S100 Calcium Binding 226 

Protein P), NCCRP1 (NCCRP1, F-Box Associated Domain Containing), PIGR (Polymeric 227 

Immunoglobulin Receptor), AFP, and DNER (Delta/Notch Like EGF Repeat Containing) as the most 228 

highly upregulated (Figure 3A, right).  229 

The intersection of these comparisons uncovered 13 genes uniquely upregulated in mEOC_PT - AFP, 230 

S100P, GDF15 (Growth Differentiation Factor 15), NCCRP1, AP1B1 (Adaptor Related Protein 231 

Complex 1 Subunit Beta 1), NUDT14 (Nudix Hydrolase 14), NDUFA4L2 (NDUFA4 Mitochondrial 232 

Complex Associated Like 2), FGFR3 (Fibroblast Growth Factor Receptor 3), TFCP2L1 233 

(Transcription Factor CP2 Like 1), TSPAN1 (Tetraspanin 1), SLC29A4 (Solute Carrier Family 29 234 

Member 4), TXNL4A (Thioredoxin Like 4A), and SERINC2 (Serine Incorporator 2) - collectively 235 

suggesting a “premetastatic” program favouring CNS colonization (Figure 3B). To contextualize 236 

these individual gene findings, we conducted GSEA on mEOC_PT relative to ctrl_OVARY and 237 

other_EOC_PT (Figure 3C). In the mEOC_PT vs. ctrl_OVARY comparison, pathways associated 238 

with Neuroactive ligand-receptor interaction and ECM interaction were prominently enriched, hinting 239 

that certain EOC primaries are already primed for microenvironmental cues critical to metastasis. 240 

Among these, the Neuroactive ligand–receptor interaction gene set notably emerged, suggesting that 241 

EOC cells may engage in neuronal-like signalling or receptor-mediated communication — potentially 242 

reflecting early adaptive traits that later contribute to tumor–neural interactions observed in advanced 243 

brain metastases. 244 

In the mEOC_PT vs. other_EOC_PT comparison, Neuroactive ligand-receptor interaction 245 

reappeared, affirming that a subset of primary tumours expresses an ECM-focused, immune-evasive, 246 

or neuroactive phenotype absent in non-brain-metastatic EOC. This synergy of ECM remodelling, 247 

stress/immune pathways, and neuronal-like interactions may represent a cohesive “premetastatic 248 

signature,” enabling EOC cells to more readily seed distant organs such as the brain. 249 

Building upon our observation of neuroactive ligand–receptor enrichment in mEOC_PT, we next 250 

sought to identify membrane-bound or secreted factors potentially relevant for EOC cells' adaptation 251 

to the CNS. Pairwise comparisons of upregulated genes from mEOC_PT vs. other_EOC_PT and 252 
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mEOC_BM vs. other_EOC_METS identified 15 transcripts consistently elevated in both the primary 253 

site and brain lesions (Figure 4A). Such overlap suggests a recurrent signaling axis that arises early 254 

and persists into overt brain colonization. 255 

To further characterize these trasnscripts, we applied an agnostic filtering strategy: genes were 256 

retained if annoted with GO terms for plasma membrane [GO:0005886] or extracellular space 257 

[GO:0005615]) and subsequently classified as ligands or receptors using the OmniPathR (v3.14.0) 258 

database. Next, we further cross-referenced these candidates with CNS-related GO terms as Nervous 259 

system development [GO:0007399] and Synaptic transmission [GO:0007268]. Through this multi-260 

step filtering, we identified three candidate ligand/receptor genes consistently upregulated across 261 

tumor stages: MET, GDF15, and S100A9.  Notably, GDF15 was already highlighted among 262 

intersected genes in the premetastatic signature (Figure 3B). The network representation (Figure 4B) 263 

depicts MET, linked here to ECM-modulatory genes such as LRG1 (Leucine Rich Alpha-2-264 

Glycoprotein 1), TIMP3 (TIMP Metallopeptidase Inhibitor 3), DCN (Decorin), and ADAM17 265 

(ADAM Metallopeptidase Domain 17), emphasizes the receptor’s known roles in cell motility and 266 

invasion, aligning with earlier GSEA findings implicating ECM receptor interactions in EOC 267 

primaries. GDF15, in association with its receptor GFRAL (GDNF Family Receptor Alpha Like), a 268 

pairing implicated in stress response and a metabolic reprogramming axis relevant for hypoxic and 269 

nutrient-limited CNS niche. We next examined the expression levels of MET, GDF15 and S100A9 270 

across mEOC_PT, mEOC_BM, other_EOC_PT, and other_EOC_METS (Figure 4C). All genes were 271 

significantly upregulated in mEOC_PT and mEOC_BM compared to their respective control groups 272 

(DESeq2 padj < 0.05). 273 

Altogether, these results nominate MET, GDF15, and S100A9 as candidate ligand–receptor nodes 274 

that underlie EOC progression into the CNS. Their upregulation from primary tumors to brain-275 

metastatic lesions highlights both biomarker potential for predicting CNS risk and novel therapeutic 276 

avenues to intercept metastatic dissemination. 277 

Discussion  278 

Here, we provided a multimodal analysis of BM derived from EOC, through a comprehensive genome 279 

profiling and a gene expression analysis of matched PT and BM samples. Although BM remain 280 

relatively infrequent, their emergence is clinically relevant, reinforcing the need for early predictive 281 

markers and actionable targets.  282 
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For patients with isolated BM relapse, surgery remains a viable therapeutic option. However, 283 

approximately 50% of these patients are deemed ineligible due to concomitant extracranial disease, 284 

anatomical inaccessibility, or poor overall clinical status16. Consequently, the acquisition of matched 285 

primary and metastatic tissue is technically and logistically challenging. In this context, our paired-286 

sample cohort—though limited in size—represents a valuable and rare resource for dissecting the 287 

molecular evolution of brain-tropic EOC. To the best of our knowledge, this is the largest and only 288 

cohort of multimodal analysis performed on matched PT and BM in EOC patients. Previous studies 289 

have identified possible genomic signatures of multi-organ diffusion17
.
 Nevertheless, that study was 290 

limited to DNA-only analysis, whereas we identified major patterns primarily at the RNA level. 291 

 292 

Our findings demonstrate that EOC PT and matched BM exhibit many similarities in terms of 293 

genomic variants and gene expression. Nonetheless, certain pathways associated with cell cycle 294 

progression, MYC targets, cellular growth, and ECM interaction shed light on the mechanisms 295 

underlying brain colonization and metastatic fitness in the neuronal microenvironment. 296 

It has been previously shown that EOC BRCA mutated patients have a higher incidence of BM (3% 297 

vs 0.6% of BRCA-wild type patients)17-18. However, in our cohort, no patient showed a BRCA 298 

mutation, nor other somatic variants that may suggest a germline19 origin. This, together with the 299 

almost superimposable genomic profile, indicates that biological mechanisms of adaptation to CNS, 300 

rather than germline mutations, could be related to the BM in the EOC population.   301 

 302 

Our results identify potential biomarkers of BM onset. In particular, AFP emerged as upregulated 303 

both in primary EOC that metastasized to the brain and in brain healthy tissues. AFP is a protein 304 

predominantly expressed during fetal development, with serum levels significantly decreasing after 305 

birth as AFP gene expression is downregulated. In adults, AFP is widely recognized as a biomarker 306 

for ovarian germ cell tumors. Interestingly, elevated AFP levels have also been reported in at least 307 

four distinct neurodegenerative disorders. These disorders, inherited as autosomal recessive traits, are 308 

characterized by a combination of cerebellar ataxia, abnormal ocular movements, and peripheral 309 

neuropathy. This may represent a potential link between AFP expression and nervous system20, still 310 

unexplored in cancer. The consistent overexpression of AFP and additional candidates such as 311 

TFCP2L1 and ESRP1 provide a foundation for developing predictive biomarkers and highlight early 312 

molecular divergence that may inform risk stratification and therapeutic intervention in EOC. 313 

GFAP emerged as upregulated in mEOC_BM. This is a component of the glial cytoskeleton and a 314 

candidate biomarker of glial cell damage. Moreover, consistent with our data, it has been previously 315 

described as a serum biomarker of BM in patients with metastatic breast cancer21. 316 
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In BM, the hallmarks of the MYC target were altered. High expression of hallmarks of MYC targets 317 

have already been correlated with higher cell proliferation, higher stage, pathological grade, and 318 

worse subtype in a large population of breast cancer22. Moreover, MYC family genes are found 319 

overexpressed in more than half of all brain cancers, highlighting its role as one of the most important 320 

oncogenes. MYC proteins are involved in brain tumor initiation, maintenance and progression23. 321 

LAMC3, which is crucial for cortical lamination—as shown by laminar disorganization in LAMC3 322 

deficient mice—may also play a role in CNS‑specific extracellular matrix remodelling and metastatic 323 

engraftment, given the broader function of laminin γ‑chains in facilitating cell adhesion, migration, 324 

and metastasis24. Moreover, it has been previously described in EOC progression22. Crucially, in our 325 

data, the intersection of LAMC3 and MYC target genes within the MET signalling network, a pathway 326 

recognized for bolstering cell motility, introduces a compelling avenue for future research.  327 

The network analysis prioritized MET, GDF15, and S100A9 as elevated both in mEOC_PT and 328 

mEOC_BM. S100A9 is a protein expressed in myeloid-derived cells involved in controlling 329 

immunological homeostasis and cell metabolism. It is considered a tumor promoter, by influencing 330 

tumor genesis, progression, and metastasis23. It has been reported that high S100A9 expression was 331 

associated with BM and shorter PFS in EGFR-mutated lung cancer patients treated with Osimertinib. 332 

Moreover, targeting the S100A9–ALDH1A1–RA signalling axis reduced BM in mice models 25.  333 

 334 

Some strengths and limitations must be acknowledged. We enlightened some of the mechanisms that 335 

could explain BM onset and potential druggable targets. Nevertheless, some important caveats need 336 

to be acknowledged. First, the sample size in all comparisons was limited, and differential expression 337 

analyses did not account for potential confounders such as treatment history or tissue type. Second, 338 

no independent validation was performed, and brain regions were not matched between cases and 339 

controls, introducing substantial intertumor heterogeneity. Moreover, the patients included in the 340 

study received treatment over an extended period, when targeted therapies such as Bevacizumab or 341 

PARPi were not routinely administered. Notably, PARPi pharmacokinetics demonstrated a possible 342 

brain penetration in mice, but with differences between molecules. Substantial functional and 343 

genomic alterations in the tumour have been recorded following exposure to these drugs, potentially 344 

leading to profound changes in its molecular profile22-28-29. This may limit the applicability of our 345 

findings. Finally, spatial and temporal heterogeneity were not considered, but they should be 346 

acknowledged in future studies to gain a more comprehensive understanding. 347 
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In conclusion, this study provides novel insights into the molecular underpinnings of EOC BM, 348 

emphasizing the need for further research to validate these findings and explore their translational 349 

potential in improving clinical outcomes. 350 

 351 

Methods   352 

The present study was conducted following the guidelines of the Declaration of Helsinki (1984) and 353 

subsequent revisions. The methods were performed in accordance with relevant guidelines and 354 

regulations. with the approval of the Ethical Committee of Fondazione Policlinico Universitario 355 

Agostino Gemelli IRCCS (protocol ID: METACER-OV, date of approval: 07/04/2022, ID number: 356 

4865). We retrospectively collected clinical data from EOC patients treated at Fondazione Policlinico 357 

Gemelli IRCCS between January 2000 and December 2021. Inclusion criteria were as follows: 358 

diagnosis of BM confirmed by computed tomography scan, magnetic resonance imaging, and/or 359 

positron emission tomography conducted during follow-up, for monitoring treatment response, or in 360 

response to symptoms, with no prior brain-directed therapy. Exclusion criteria included a history of 361 

other malignancies or CNS diseases unrelated to brain metastases. Written informed consent for the 362 

publication of clinical and molecular data, including photos. was obtained from all patients or their 363 

legal representatives before they participated in the study. As a control for RNA-seq analysis, we 364 

selected comparable EOC populations who did not experience BM. Specifically, we collected the 365 

primary EOC formalin-fixed, paraffin-embedded (FFPE) samples of 9 long-term survivor patients 366 

(>5 years) who did not experience BM (other_EOC_PT); and the FFPE of relapse samples from 9 367 

long-term survivor patients (>5 years) patients who experienced relapses at different sites than the 368 

brain (other_EOC_METS), specifically four were lymph node metastases, three were bowel 369 

metastases, one was a hepatic metastasis, and one a splenic metastasis.  Moreover, healthy tissues of 370 

the brain obtained by autoptic samples (ctrl_BRAIN 1-4), ovary (ctrl_OVARY 1-2) and tissue 371 

corresponding to metastasis other than brain - lymph nodes, liver and bowel - (ctrl_HEALTHY1-3) 372 

were collected. Figure 1A shows the study design. 373 

 374 

A comprehensive genomic profiling (CGP) assay was performed using Illumina TruSight Oncology 375 

500 high throughput assay. After a careful evaluation by a dedicated pathologist, only samples 376 

showing ≥20% of tumor cellularity were processed. Nucleic acids were extracted using the AllPrep 377 

DNA/RNA FFPE Kit (Qiagen, Hilden, Germany). The quantity and quality of extracted DNA and 378 

RNA were evaluated using Qubit and Agilent TapeStation, respectively. Libraries were prepared with 379 

specific panels (TruSight Oncology 500 High-Throughput Assay, Illumina) and sequencing was 380 

performed with the Illumina Novaseq6000 platform using the 2x101 bp paired-end sequencing 381 
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protocol. Raw sequencing data underwent quality control and bioinformatic analysis using Illumina 382 

Software TSO500 Dragen solid v2.5 and a pipeline within the Clinical Genomics Workspace software 383 

platform from Velsera. An evaluation of SNVs, insertions/deletions (indels) and CNVs in 523 genes, 384 

as well as known and unknown fusions and splicing variants in 55 genes was provided. It also 385 

estimates TMB and MSI.  386 

SNVs and indels underwent a multistep filtering process characterized by the application of four 387 

primary criteria.  388 

Variant annotation was performed using Ensembl Variant Effect Predictor (VEP)30, accession date: 389 

1st of October 2024. Oncogenicity annotations originated from the OncoKB database and specifically 390 

referred to genetic mutations that drive the development of cancers or influence their response to 391 

treatments31. 392 

Initially, variants with an allelic frequency exceeding 1%, as reported by the Genome Aggregation 393 

Database (GnomAD)32, were excluded.  394 

Subsequently variants with VAF under 2% were excluded. 395 

In addition, variants with a detrimental impact on the protein, including frameshift, splice donor, stop 396 

gained, splice acceptor, start lost, in-frame insertion, and in-frame deletion, were preserved.  397 

The assessment of CNVs was conducted considering any level of variations in the number of copies, 398 

considering amplifications defined as ≥ 5 copies and homozygous deletions. The analysis does not 399 

include the detection of CNVs involving single exons or complete gene deletions. 400 

To enhance the rigor of our CNVs calls, we employed transcriptomic data for validation. Specifically, 401 

for each cohort —mEOC_PT and mEOC_BM—RNA expression levels were used as an independent 402 

confirmation. Within each group, a gene was considered amplified if its transcript abundance 403 

exceeded the 75th percentile of that group’s expression distribution, and conversely, a deletion was 404 

confirmed if the expression was below the 25th percentile. 405 

 406 

To model tumor evolution, we employed Pyclone VI33.  This algorithm facilitates the inference of 407 

clonal architecture and the tracking of spatial and temporal patterns in tumor evolution.  The results 408 

were subsequently visualized using R V. 4.3.2 packages including ggplot2, fishplot and clonevol. 409 

ClonEvol is a tool for the reconstruction and interpretation of clonal evolution34. It uses the clustering 410 

of heterozygous variants identified using other tools as input to infer consensus clonal evolution trees 411 

and estimate the cancer cell fraction (also called clonal frequency) of the clones in individual samples. 412 

   413 

Total RNA was micro-dissected and purified from paraffin-embedded tumor tissue with Maxwell® 414 

RSC RNA FFPE Kit (Promega), following manufacturer’ instructions and quantified using the Qubit 415 
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2.0 Fluorometer (Thermo Fisher Scientific). Libraries were prepared from 250 ng of total RNA using 416 

the 3′ Digital Gene Expression (3′DGE) mRNA-seq pipeline (NEGEDIA s.r.l.), which includes 417 

rigorous quality-control steps to minimize technical variability. Libraries were sequenced on an 418 

Illumina NovaSeq 6000 platform using a 100-cycle, single-end run configuration. Raw sequencing 419 

reads were quality-filtered using the BBtools software suite (specifically the bbduk utility) to remove 420 

low-quality bases and adapter contaminants. Cleaned reads were aligned to the human reference 421 

genome GRCh38 using the STAR aligner (v2.6). Gene-level counts were obtained using HTSeq-422 

count using GENCODE annotations for GRCh38. The resulting raw counts were further filtered to 423 

remove lowly expressed genes (threshold: at least one count per million in at least two samples). 424 

Normalized expression levels were obtained via counts per million (CPM), and log2 transformations 425 

were applied where indicated. We employed a negative binomial model (DESeq2 v.1.46.0) with 426 

Benjamini–Hochberg p-adj correction for differential expression analysis.  427 

 428 

To identify DEGs, we performed multiple pairwise comparisons as indicated in the text. Significant 429 

DEGs were defined as those with an absolute log2 fold-change (|log2FC|) ≥ 1 and adjusted p-value 430 

(padj) < 0.05. Venn diagrams were used to illustrate overlapping DEGs across specific comparisons. 431 

Additionally, the top five upregulated genes (ranked by fold-change among significant DEGs) are 432 

shown in the adjacent panels for each comparison. Gene annotation was performed using 433 

org.Hs.eg.db (v 3.20.0) and GO.db (v 3.20.0) via the AnnotationDbi interface in R (V 1.68.0). We 434 

mapped Ensembl IDs (from DEGs) to gene symbols and GO terms (BP, MF, CC). Subsequently, we 435 

refined annotations using a literature-based curation for each gene to tailor functions relevant to 436 

ovarian cancer metastasis. For all boxplot visualizations, statistical significance was assessed using 437 

Student’s t-test comparing mEOC_BM or mEOC_PT to the respective groups, with thresholds 438 

indicated as p < 0.05 (*) and p < 0.01 (**). 439 
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GSEA was performed to identify hallmark pathways enriched in each comparison. Genes were 440 

ranked based solely on the log₂ fold change obtained from differential expression analysis. The 441 

pre‑ranked gene list was generated by ordering genes in descending order of log₂ fold change. 442 

Normalized enrichment scores (NES) and false discovery rate (FDR) values were calculated using 443 

the default settings of the GSEA software (Broad Institute). Significant pathways were defined as 444 

those with |NES| ≥ 1.5 and FDR ≤ 0.05. Pathway analyses were carried out using the R package 445 

clusterProfiler (v4.14.4) in conjunction with the org.Hs.eg.db annotation database (v3.20.0). 446 

Hallmark gene sets were retrieved via the msigdbr package (v7.5.1).   Additionally, KEGG pathway 447 

analysis was performed only for the mEOC_PT vs ctrl_OVARY and mEOC_PT vs other_EOC_PT 448 

comparisons to provide further insights into functional enrichments. 449 

 450 

To systemically identify potential ligand–receptor genes potentially involved in EOC adaptation to 451 

the CNS, we adopted an agnostic filtering approach. We first screened differentially upregulated 452 

genes from mEOC_PT and mEOC_BM relative to their respective controls (other_EOC_PT and 453 

other_EOC_MET). From this set, we retained only transcripts annotated for membrane-associated or 454 

secreted proteins, with GO terms that specify membrane or extracellular localization (plasma 455 

membrane [GO:0005886], extracellular space [GO:0005615]). We then employed the OmniPathR 456 

(v.3.14.0) database to classify these filtered genes as ligands or receptors, focusing on those with 457 

known or putative with known signalling functions. To ensure potential relevance to CNS, we further 458 

intersected these candidates with GO terms associated with nervous system development 459 

[GO:0007399], synaptic transmission [GO:0007268]. Network visualization was conducted in 460 

Cytoscape (v.3.10.3), with nodes representing ligands/receptors and edges denoting curated 461 

interaction. 462 

 463 
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Figure legends 501 

Figure 1:  Cohort Selection, Survival Trajectories, and Genomic Landscape in Brain-Metastatic 502 

EOC 503 

(A) Consort Diagram of the study population (B) Swimmer plot. Each horizontal bar represents one 504 

patient. HGSOC, High-grade serous ovarian cancer; CCOC, Clear cells ovarian cancer; EEOC, 505 

Endometrioid epithelial ovarian cancer; WT, wild type. 506 

 (C) Oncoplot illustrates the mutational profiles of patients from mEOC1 to mEOC10, with both 507 

primary (P) and metastatic (M) tumor samples represented for each patient. The top annotation 508 

provides clinical information, including age at diagnosis, tumor stage and tumor clonality. Tumor 509 

Mutational Burden (TMB) and Microsatellite Instability (MSI) are depicted as bar plots for both 510 

primary and metastatic tumors. The color-coded legend below classifies TMB as High, Medium or 511 

Low and MSI as Stable. Genomic alterations are categorized into single-nucleotide variants (SNVs) 512 

and small insertions/deletions (InDels), Copy Number Variations (CNVs) and Gene Fusions. 513 

SNV/InDel mutations are further annotated based on clinical relevance, with asterisks indicating Tier 514 

I and Tier II classifications, while color coding differentiates mutation types. CNVs are stratified into 515 

gain/loss and gain/loss supported categories, represented by distinct colors. 516 

*created with Biorender 517 

 518 

Figure 2: A specific transcriptional signature defines the EOC brain metastasis   519 

(A) Venn diagram illustrating intersected differentially expressed genes (DEGs) uniquely upregulated 520 

(red) and downregulated (blue) in epithelial ovarian cancer brain metastases (mEOC_BM) compared 521 

with primary ovarian tumors (mEOC_PT), non-CNS metastatic sites (other_EOC_MET), and healthy 522 

brain tissue (ctrl_BRAIN). Highlighted are top 5 genes specifically upregulated in each pairwise 523 

comparison. 524 

(B) Boxplots depicting normalized gene expression (log2 CPM counts) across the entire cohort 525 

(mEOC_BM, mEOC_PT, ctrl_BRAIN, ctrl_OVARY, otherEOC_PT, other_EOC_MET, 526 

ctrl_HEALTHY) for selected candidate genes consistently enriched in brain metastases: SQLE, 527 

ADSL, LAMC3, ATAD5, and LINC00562. Statistical comparisons were performed using Student’s t-528 

test against mEOC_BM, with significance thresholds annotated (* p < 0.05; ** p < 0.01) 529 
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(C) Dot plots showing Gene Set Enrichment Analysis (GSEA) results for hallmark pathways 530 

significantly enriched in mEOC_BM relative to ctrl_BRAIN (left), other_EOC_MET (right, top), and 531 

matched mEOC_PT (right, bottom). Pathways are ranked by normalized enrichment score (NES). 532 

Dot size reflects the number of contributing genes; dot color indicates statistical significance (adjusted 533 

p-value). 534 

Figure 3: Early transcriptional signature predicts ovarian cancer predisposition to brain 535 

metastasis 536 

(A) Venn diagrams representing the intersection of significantly upregulated (red) and downregulated 537 

(blue) genes in primary epithelial ovarian cancer samples predisposed to brain metastasis 538 

(mEOC_PT) when compared to healthy ovarian tissue (ctrl_OVARY) and primary ovarian tumors 539 

without brain metastatic potential (otherEOC_PT). Highlighted are the top five genes uniquely 540 

elevated in each comparison. Statistical comparisons were performed using Student’s t-test against 541 

mEOC_PT, with significance thresholds annotated (* p < 0.05; ** p < 0.01). 542 

(B) Boxplots illustrating normalized gene expression (log2 CPM counts) for the 13 intersected genes 543 

(AP1B1, SERINC2, TXNL4A, SLC29A4, AFP, NUDT14, NDUFA4L2, FGFR3, TFCP2L1, TSPAN1, 544 

GDF15, S100P, NCCRP1) across mEOC_BM, mEOC_PT, ctrl_BRAIN, ctrl_OVARY, 545 

other_EOC_PT, other_EOC_METS.  546 

(C) Dot plots showing Gene Set Enrichment Analysis (GSEA), displaying significant KEGG 547 

pathways enriched in mEOC_PT compared with ctrl_OVARY (left) and otherEOC_PT (right). Dot 548 

size represents the number of enriched genes, while color intensity indicates statistical significance 549 

(adjusted p-value). 550 

Figure 4 551 

Ligand–receptor interactions predict ovarian cancer adaptation to the brain microenvironment 552 

(A) Venn diagram depicting upregulated DEGs in mEOC_PT vs. other_EOC_PT and mEOC_BM 553 

vs. other_EOC_METS 554 

(B) Ligand–receptor network of overlapping upregulated genes, highlighting nodes (ligands in green, 555 

receptors in blue, dual-function genes in red): MET, GDF15, and S100A9 as key hubs. 556 
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(C) Boxplots of MET and S100A9 (log2 CPM counts) illustrating higher expression in mEOC_PT 557 

and mEOC_BM relative to other groups. 558 

Supplementary Data 1: Digitalized histopathological slides and radiological scans of mEOC 559 

samples. 560 

Representative hematoxylin and eosin (H&E) images of mEOC_PT and matched mEOC_BM from 561 

the study cohort (n = 10), Where available, radiological scans (MRI or CT) illustrate the anatomical 562 

BM sites. 563 

Supplementary Data 2: Digitalized histopathological slides of other_EOC_PT and 564 

other_EOC_MET 565 

Representative hematoxylin and eosin (H&E)–stained sections of other_EOC_PT (n = 9). and 566 

other_EOC_MET (n = 9). The anatomical site of each metastatic lesion is indicated. 567 

 568 

Supplementary Data 3: Clonality and CNV–expression analysis in mEOC 569 

(A) PyClone analysis showing clonal architecture of matched primary tumors (mEOC_PT) and brain 570 

metastases (mEOC_BM), with clusters defined by mean variant allele frequency (VAF). 571 

(B) Gene expression (log2 CPM) for selected genes (ARID1B, CCNE1, CDK6, EZH2, KRAS, MCL1, 572 

MET, MYCL1, MYC, RB1) analyzed to confirm CNV events. Boxplots show first–third quartile 573 

ranges for primaries (green) and metastases (orange), with single-sample annotations for 574 

amplification (green dots) or deletion (blue dots). 575 

 576 

Supplementary Data 4: Summary of genes 577 

The table provides a comprehensive summary of all genes, including full names, type of deregulation, 578 

GO IDs and related terms, most representative reference, and assigned functional cluster. 579 

Supplementary Data 5: List of DEGs 580 

The table provides the full list of DEGs, including Symbol, p-adj and log2FoldChange. 581 

 582 
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 583 

 584 

Table 585 

Table: Clinical, pathological, and survival characteristics of patients included in the study and matched controls 

without BM 

 Cases Controls 

Characteristics 
mEOC  
n=10 

other_EOC_PT 
n=9 

other _EOC_METS 

n=9 

Mean age, years 

 
53.7 57 

47.4 

Histotype    

EEOC 1 0 1 

HGSOC  8 8 8 

CCOC  1 0 0 

Dedifferentiated 0 1 0 

BRCA status    

Wild type 9 4 5 

BRCA1 mutated 0 3 3 

BRCA2 mutated 1 2 1 

2016 FIGO stage    

IA 1 0 0 

IIIA2 2 0 0 

IIIB 0 1 1 

IIIC 8 7 8 

IVB 0 1 0 

Status at follow-up  

DOD 9 4 2 

AWD 0 3 4 

NED 1 2 3 

EEOC: Endometrioid ovarian cancer; HGSOC: High grade serous ovarian cancer; CCOC: clear cells ovarian cancer; DOD: 

Dead of disease; AWD: alive with disease; NED: Not evidence of disease 
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