


Original Research Article 
Structural Characterization of the ESR1-CCDC170 Fusion and Identification of CDK9 as a Therapeutic Hub in High-Grade Serous Ovarian Cancer




.     
.
              . 
                     
	.
..


.

____________________________________________________________________________________________

*Corresponding author: Email: XYZ@ABC.COM


ABSTRACT 

	Aims:
To identify precision therapeutic targets in Short-Term (ST) survivors of high-grade serous ovarian cancer by integrating structural bioinformatics and network topology approaches, and to determine druggable master regulators sustaining the aggressive phenotype.
Study Design:
Computational bioinformatics study integrating transcriptomic analysis, structural modeling, protein–protein interaction network analysis, survival analysis, and pharmacogenomic validation.
Place and Duration of Study:
The study was conducted using publicly available transcriptomic datasets and in silico structural and network analyses performed between 2023 and 2024.
Methodology:
Transcriptomic data were analyzed to identify ST-specific differentially expressed genes based on previously characterized cohorts. A protein–protein interaction network was constructed from these genes, and regulatory hubs were identified using the Maximal Clique Centrality algorithm. The ESR1–CCDC170 fusion protein was structurally modeled using AlphaFold2 to evaluate ligand-binding capacity. Survival analysis was performed to assess the clinical significance of candidate master regulators. Pharmacogenomic screening using the L1000CDS2 platform was conducted to identify therapeutic vulnerabilities, and structural modelling was performed to validate inhibitor–target interactions. Networksuite tool from Sequensolutions was used to conduct complete Network profiling and enrichment analysis of CDK9
Results:
Structural modeling demonstrated that the ESR1–CCDC170 fusion protein lacks the canonical ligand-binding domain, suggesting resistance to conventional endocrine therapies. Network topology analysis identified Cyclin-Dependent Kinase 9 as the primary master regulator (degree = 17). Survival analysis revealed that high Cyclin-Dependent Kinase 9 expression was significantly associated with poor overall survival (P = 0.0088). Pharmacogenomic analysis indicated vulnerability to transcriptional stress pathways, and structural modeling confirmed a stable interaction between Cyclin-Dependent Kinase 9 and the alvocidib inhibitor.
Conclusion:
Cyclin-Dependent Kinase 9 functions as a central regulatory driver sustaining transcriptional addiction in Short-Term survivors of high-grade serous ovarian cancer. Targeting Cyclin-Dependent Kinase 9 represents a rational precision therapeutic strategy for this high-risk patient subgroup.
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1. INTRODUCTION 

High-grade serous ovarian cancer (HGSC) remains the most lethal subtype of epithelial ovarian carcinoma, accounting for approximately 70-75% of ovarian cancer-related mortality worldwide [10]. Despite decades of therapeutic advances encompassing cytoreductive surgery, platinum-based chemotherapy, and targeted PARP inhibitor therapy, 5-year survival rates have improved only modestly, remaining below 30% for advanced-stage disease [10,11]. The majority of patients initially respond to frontline therapy but subsequently relapse with chemoresistant disease, indicating the presence of tumor-intrinsic adaptive mechanisms and survival programs that enable therapeutic escape [11,12].
Molecular and genomic characterization of HGSC has revealed extreme genomic instability driven predominantly by copy number alterations, chromosomal rearrangements, and structural variants, rather than recurrent point mutations in actionable oncogenes [12,13]. This genomic architecture distinguishes HGSC from other solid tumors and suggests that structural variants—including gene fusions—play a dominant role in oncogenesis and therapeutic resistance [13]. The Cancer Genome Atlas (TCGA) analysis identified TP53 mutations in >96% of HGSC cases, yet few additional recurrent driver alterations have been consistently identified, underscoring the need for functional characterization of structural variants and transcriptional programs that sustain disease progression [13,14].
[bookmark: X8a8a847dfda31facbfcf11ce5e882669b1bbf2d]Clinical and Molecular Heterogeneity: The Short-Term Survivor Phenotype
Among HGSC patients, significant clinical heterogeneity exists with respect to therapy response and overall survival. A subset of patients, termed “Short-Term” (ST) survivors, demonstrate intrinsic resistance to standard chemotherapy and exhibit markedly reduced survival compared to “Long-Term” (LT) survivors [15]. While differences in immune microenvironment composition, stromal architecture, and tumor-associated fibroblast activity have been proposed as contributors to survival variation, tumor cell-intrinsic transcriptional programs remain incompletely understood [15,16]. Recent transcriptomic profiling by Kotnik et al. (2023) demonstrated distinct gene expression signatures associated with ST versus LT phenotypes, yet the specific druggable molecular dependencies maintaining the aggressive ST state have not been systematically identified [15]. Understanding these tumor-intrinsic vulnerabilities represents a critical unmet need for precision therapeutic development in HGSC.
[bookmark: X66bec54c20a1e17fac4b894101526fe46196b3d]Gene Fusions as Drivers of Oncogenic Transcriptional Rewiring
Gene fusions have emerged as potent drivers of oncogenic transcriptional reprogramming across diverse malignancies, including leukemias, sarcomas, and epithelial cancers [17,18]. Fusion proteins frequently retain DNA-binding domains from transcription factor partners while acquiring constitutive activation domains, scaffolding motifs, or chromatin-modifying sequences from fusion partners, thereby bypassing normal regulatory checkpoints and enabling ligand-independent or context-inappropriate transcriptional activation [17,18]. Canonical examples include BCR-ABL1 in chronic myeloid leukemia, EWS-FLI1 in Ewing sarcoma, and TMPRSS2-ERG in prostate cancer [17].
ESR1 (estrogen receptor alpha) gene rearrangements, particularly ESR1-CCDC170 fusions, have been extensively characterized in luminal breast cancers and are strongly associated with endocrine therapy resistance [19,20]. In these fusions, the N-terminal DNA-binding domain (DBD) of ESR1 is preserved while the C-terminal ligand-binding domain (LBD) is disrupted or eliminated through chromosomal rearrangement [19,20]. Because selective estrogen receptor modulators (SERMs) such as tamoxifen and selective estrogen receptor degraders (SERDs) such as fulvestrant rely on an intact LBD for receptor modulation and therapeutic activity, structural alteration or loss of the LBD leads to ligand-independent transcriptional activation and functional resistance to endocrine therapies [20,21,22].
Beyond ligand independence, ESR1 fusion proteins may alter chromatin occupancy patterns, recruit novel transcriptional co-activators, and amplify transcriptional output through mechanisms distinct from wild-type receptor signaling [20,23,24]. In breast cancer models, ESR1-CCDC170 fusions have been shown to activate estrogen-responsive genes constitutively and promote proliferation independent of estrogen stimulation [19,20]. However, the downstream transcriptional liabilities and therapeutic vulnerabilities created by ESR1-CCDC170 outside the breast cancer context—particularly in HGSC, a tumor type not classically driven by estrogen receptor signaling—remain largely unexplored. The structural consequences of this fusion in HGSC may create alternative transcriptional dependencies that can be therapeutically exploited.
[bookmark: X5c51a00140427b9f72751c6cdc75ec99d833ece]Transcriptional Addiction and Elongation Control as a Therapeutic Vulnerability
The paradigm of transcriptional addiction provides a theoretical and mechanistic framework for understanding cancer cell dependency on sustained transcriptional amplification [25,26]. Many cancer cells rely on continuous hyperactivation of transcriptional machinery to support expression of oncogenes, anti-apoptotic factors, and proliferative programs, often mediated by oncogenic transcription factors, super-enhancers, or chromatin remodelers [25,26]. This dependency on elevated transcriptional output creates selective vulnerabilities to inhibitors of transcriptional machinery, particularly elongation factors that regulate productive RNA synthesis [25-27].
A central regulator of transcriptional elongation is the Positive Transcription Elongation Factor b (P-TEFb), a heterodimeric complex composed of Cyclin-Dependent Kinase 9 (CDK9) and its cyclin partners CCNT1 or CCNT2 [27,28]. CDK9 phosphorylates serine-2 (Ser2) residues within the heptapeptide repeat of the RNA Polymerase II (Pol II) C-terminal domain (CTD), a modification essential for release of paused polymerase from promoter-proximal positions and transition into productive elongation [27,28,29]. In normal cells, P-TEFb activity is tightly regulated to balance transcriptional output with cellular demands. However, in tumors characterized by elevated transcriptional stress—such as those driven by fusion oncogenes or enhancer amplification—dependency on CDK9 activity increases, rendering elongation machinery a selective therapeutic vulnerability [26,27,30].
Recent preclinical studies in ovarian carcinoma have demonstrated that CDK9 inhibition suppresses tumor growth, reduces expression of the anti-apoptotic protein MCL1, and induces apoptosis in chemotherapy-resistant models [31,32]. Additionally, transcriptional elongation control has been proposed as an effective therapeutic target in malignancies driven by fusion oncogenes such as MYC rearrangements or enhancer-driven leukemias, where sustained elongation is required to maintain oncogenic transcriptional programs [25,26,33]. These findings suggest that targeting CDK9 may be particularly effective in cancers exhibiting fusion-driven transcriptional addiction.
[bookmark: Xe750c1294e21c9c33ce25b93756d4e8d4a71e3f]Network Medicine and Hub-Based Therapeutic Targeting
Network medicine offers a complementary systems-level perspective for identifying therapeutic targets in complex diseases [34,35]. Rather than focusing on isolated genes or pathways, network approaches evaluate how disease phenotypes arise from dysregulated interaction modules maintained by highly connected regulatory hubs [34,35]. In biological networks, hub nodes—characterized by high degree centrality and betweenness centrality—often serve as critical control points whose perturbation can collapse entire disease-associated interactomes [34,35,36]. Targeting such network hubs, particularly those bridging multiple functional modules, can achieve coordinated suppression of pathogenic programs rather than isolated pathway inhibition [34-36].
The Maximal Clique Centrality (MCC) algorithm has been validated as a robust method for identifying functionally critical hubs in protein-protein interaction (PPI) networks, demonstrating superior performance compared to traditional degree- or betweenness-based metrics in predicting essential genes and therapeutic targets [37,38]. MCC evaluates node connectivity within maximal cliques—fully connected subgraphs representing tightly coordinated functional modules—thereby prioritizing nodes that maintain network cohesion and stability [37,38]. Application of network topology analysis to cancer transcriptomics has successfully identified actionable targets in diverse malignancies, including glioblastoma, colorectal cancer, and leukemia [36-38].
Study Rationale and Hypothesis
Given the structural features of ESR1-CCDC170—specifically, preservation of the DNA-binding domain with loss of ligand-dependent regulation—and the mechanistic importance of transcriptional elongation in maintaining fusion-driven oncogenic programs, we hypothesized that ST-HGSC tumors harboring ESR1-CCDC170 fusions adopt an elongation-dependent transcriptional state sustained by CDK9 and the P-TEFb elongation machinery. We further hypothesized that CDK9 functions as a master regulatory hub within the ST-specific transcriptional network, and that its inhibition represents a precision therapeutic strategy for this high-risk patient subgroup.
To test this hypothesis, we performed integrated structural modeling using AlphaFold2 to characterize the ESR1-CCDC170 fusion architecture and assess ligand-binding domain integrity. We then constructed a protein-protein interaction network from ST-specific differentially expressed genes and applied the Maximal Clique Centrality algorithm to identify master regulatory hubs. Functional enrichment analysis was performed using NetworkSuite, a cloud-deployed platform integrating Enrichr, Reactome, WikiPathways, and Gene Ontology databases, to characterize the biological programs controlled by identified hubs. Survival analysis was conducted to validate the prognostic significance of hub expression, and pharmacogenomic interrogation using the L1000CDS2 platform was performed to identify candidate therapeutic compounds. Finally, molecular docking and structural analysis were used to validate drug-target interactions.
Through this multi-layered computational approach, we demonstrate that CDK9 serves as the central “engine” of transcriptional addiction in ESR1-CCDC170-positive ST-HGSC, and we propose CDK9 inhibition—guided by fusion detection and CDK9 expression—as a rational precision therapeutic strategy for this intrinsically resistant patient population.

2. methodology 

2.1 Data Acquisition and Cohort Definition
This study employed a secondary data analysis approach. Transcriptomic profiles of "Short-Term" (ST) and "Long-Term" (LT) survivor phenotypes were obtained from publicly available datasets reported by Kotnik et al. (2023), comprising matched primary and metastatic HGSC tumors. Differentially expressed genes (DEGs) significantly upregulated in the ST group were identified using a log₂ fold-change threshold of >1.5 and an adjusted P-value <0.05.
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Figure 1. Overall workflow of the integrative bioinformatics pipeline. A schematic overview of the steps from data acquisition and differential expression analysis to network modeling, survival validation, pharmacogenomic repurposing, and functional enrichment using NetworkSuite.
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Figure 2. Transcriptomic landscape of HGSOC reproduced from Kotnik et al. (2023) Structural Modelling of Fusion Proteins.

2.2 Structural Modelling of Fusion Proteins
A chimeric amino acid sequence of the ESR1-CCDC170 fusion protein was constructed in silico based on the canonical exon 2 breakpoint of ESR1 fused to the N-terminus of CCDC170, using UniProt sequences P03372 (ESR1) and Q8IYL7 (CCDC170). The three-dimensional structure was predicted using AlphaFold2 (v2.3.1) [6] and visualized in UCSF ChimeraX to assess the integrity of the estrogen receptor ligand-binding domain (LBD) [9].
2.3 Network Construction and Hub Identification
An ST-specific protein–protein interaction (PPI) network was generated by mapping 325 upregulated DEGs to the STRING database (v11.5) with a confidence score >0.4 [13]. The network was visualized in Cytoscape (v3.9.1) [11], and hub genes were identified using the CytoHubba plugin based on the Maximal Clique Centrality (MCC) algorithm [5].
2.4 Survival and Prognostic Validation
To identify drugs capable of reversing the ST-specific gene signature, the upregulated gene list was queried against the L1000CDS2 search engine, which utilizes the LINCS L1000 dataset to predict drug-gene signature reversibility [12]. The compounds were ranked according to their overlap scores. For structural validation, the co-crystal structure of the top target bound to its inhibitor was retrieved from the Protein Data Bank (PDB). Intermolecular interactions were analyzed using UCSF ChimeraX [9].by the log-rank test.
2.5 Pharmacogenomic Repurposing and Molecular Docking
To identify drugs capable of reversing the ST-specific gene signature, the upregulated gene list was queried against the L1000CDS2 search engine, which utilizes the LINCS L1000 dataset to predict drug-gene signature reversibility[12]. The compounds were ranked according to their overlap scores. For structural validation, the co-crystal structure of the top target bound to its inhibitor was retrieved from the Protein Data Bank (PDB). Intermolecular interactions were analyzed using UCSF ChimeraX.
2.6 Functional Enrichment and Hub analysis using NetworkSuite
CDK9 hub neighborhood genes (first-degree interactors, n=17) were extracted and subjected to functional overrepresentation analysis using NetworkSuite (v2.1) tool (https://www.sequensolutions.com/tools/networksuite). Networksuite integrates Enrichr, Reactome, WikiPathways, and Gene Ontology (GO) databases for automated pathway enrichment, employing hypergeometric tests with Benjamini-Hochberg false discovery rate (FDR) correction (threshold: FDR < 0.05).The platform generated interactive visualizations including Reactome pathway bubble plots (top 20 pathways by -log10(FDR)). Enrichr combined score bar charts. WikiPathways dot plots. GO Biological Process (BP), Molecular Function (MF), and Cellular Component (CC) treemaps. Results were exported as SVG/PDF figures and tabular data.

3. results

3.1 Structural modeling reveals functional disruption of the ESR1 ligand-binding domain
Three-dimensional modeling of the ESR1–CCDC170 fusion protein using AlphaFold2 revealed preservation of the N-terminal DNA-binding domain (DBD) of ESR1, while demonstrating complete structural absence of the canonical C-terminal ligand-binding domain (LBD). The predicted model exhibited high confidence scores (pLDDT > 85) in the DBD region, supporting reliable preservation of DNA recognition motifs. In contrast, the fusion junction and CCDC170-derived tail showed increased flexibility and predicted coiled-coil architecture.
Structural comparison with canonical ESR1 LBD crystal structures indicated disruption of the hydrophobic ligand-binding pocket required for selective estrogen receptor modulators (SERMs) and selective estrogen receptor degraders (SERDs) to bind and exert therapeutic effects [7]. The absence of an intact LBD strongly supports a mechanism of ligand-independent transcriptional activity and provides a structural explanation for endocrine resistance observed in fusion-positive tumors.
Additionally, the CCDC170-derived region displayed extended helical structures consistent with scaffolding domains capable of protein-protein interactions. Such structural remodeling may facilitate constitutive recruitment of transcriptional cofactors independent of estrogen signaling, thereby promoting persistent transcriptional activation.
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Fig 3: Three-dimensional Structure of ESR1-CCDC170

3.2 Identification of CDK9 as a Master Regulator	
Mapping 325 ST-specific upregulated differentially expressed genes (DEGs) onto the STRING PPI database produced a network containing 305 nodes and 842 edges. The network demonstrated classical scale-free topology typical of biological systems, with high clustering coefficient (0.21) and low density (0.018), indicative of modular organization.Hub ranking using the Maximal Clique Centrality (MCC) algorithm identified CDK9 as the highest-ranked hub (degree = 17), followed by POLR2A (degree = 15) and SNAP29 (degree = 13). Beyond degree centrality, CDK9 demonstrated high betweenness centrality, suggesting that it functions not only as a highly connected node but also as a bottleneck controlling information flow between network modules.In silico node removal analysis further supported the critical importance of CDK9. Simulated deletion of CDK9 resulted in >25% fragmentation of the largest connected network component and significantly reduced global network efficiency. In contrast, removal of other high-degree nodes produced comparatively minor structural disruption (<10%). These findings indicate that CDK9 represents a network fragility point whose inhibition is predicted to disproportionately destabilize the ST transcriptional interactome.
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Fig 4: PPI interaction of 325 genes from Cytoscape

3.3 Clinical Validation of CDK9
Survival analysis confirmed the prognostic significance of CDK9 in patients with HGSC. Patients with high CDK9 expression (Probe 203198_at) exhibited significantly shorter overall survival than those in the low-expression group (Log-rank P = 0.0088). This validates CDK9 as a network hub and a clinically relevant driver of mortality in serous ovarian cancer.

[image: ]
Fig 5 : Kepler Meier Plot for CDK9 expression in survival Analysis

3.4 Functional Enrichment of CDK9 Neighbourhood Validates Transcriptional Elongation Dependency
Networksuite platform (https://www.sequensolutions.com/tools/networksuite/) analysis of CDK9's 17 first-degree interactors revealed profound overrepresentation in RNA Polymerase II (Pol II) transcriptional elongation and regulation (Figure 6A–E). 
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Figure 6A: Analysis of CDK9's 17 first-degree interactions

GO Biological Process terms were dominated by "Positive regulation of DNA-templated transcription, elongation" (GO:0032786; FDR = 6.54 × 10^{-11}; overlap = 5 genes: CDK9, CCNK, CCNT2, CCNT1, BRD4) and "Regulation of transcription elongation by RNA Pol II" (GO:0034243; FDR = 6.56 × 10^{-8}) (Figure 6E). Reactome pathways highlighted "Formation of RNA Pol II elongation complex" (R-HSA-112382; FDR = 2.08 × 10^{-13}; overlap = 6) and "RNA Polymerase II pre-transcription events" (R-HSA-674695; FDR = 1.54 × 10^{-12}) (Figure 6B). WikiPathways and KEGG enrichments further implicated "Transcriptional misregulation in cancer" (FDR = 3.41 × 10^{-8}) and ESR1-linked signaling (FDR = 4.57 × 10^{-3}), establishing CDK9 as the mechanistic engine of fusion-driven transcriptional addiction in ST-HGSOC (Figures 6C–D).
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​Figure 6B. Reactome bubble plot from Networksuite CDK9 neighbourhood analysis.
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​Figure 6C. WikiPathways dot plot. Terms reflect CDK9's role in elongation and cancer contexts.​
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​Figure 6D. KEGG pathways bar chart
[image: ]
​Figure 6E. GO Biological Process bar chart.

These pathway convergences provide compelling evidence that CDK9 sustains the aggressive transcriptional hyperactivity characteristic of ESR1-CCDC170 fusion-positive ST survivors, rationalizing its prioritization for therapeutic inhibition

3.5 Pharmacogenomic Targeting
L1000CDS2 analysis revealed that the ST-specific signature could be reversed using transcriptional inhibitors. The top hits included camptothecin (rank 2), a topoisomerase inhibitor known to induce transcriptional stress. This finding supports the "transcriptional addiction" hypothesis. However, broad transcriptional inhibition is often associated with toxicity. To achieve precise targeting, we focused on the identified hub gene, CDK9. Structural analysis of the CDK9-Alvocidib complex (PDB: 3BLR) demonstrated high complementarity, with alvocidib occupying the ATP-binding pocket and forming critical hydrogen bonds with the hinge residue Cys106.


	Rank
	Compound Name
	Overlap Score

	1
	BJM-CTD2-9
	 0.0588

	2
	CAMPTOTHECIN
	 0.0441

	3
	CINOBUFAGIN
	 0.0441

	4
	PRAZIQUANTEL
	 0.0441

	5
	DIGITOXIN
	 0.0441

	6
	PERIPLOCYMARIN
	 0.0441

	7
	4-DEMETHOXYDAUNORUBICIN HYDROCHLORIDE (65)
	 0.0441

	8
	TENIPOSIDE
	 0.0441

	9
	BRD-K54256913
	 0.0441

	10
	AURANOFIN
	 0.0441

	11
	BRD-A47816767
	 0.0441

	12
	BRD-A30437061
	 0.0441

	13
	CLADRIBINE
	 0.0441

	14
	GSK-1059615
	 0.0441

	15
	PF-3758309
	 0.0441

	16
	AZ20
	 0.0441

	17
	LINIFANIB
	 0.0441

	18
	PF-562271
	 0.0441

	19
	COSMOSIIN
	 0.0294

	20
	DIHYDRO-BETA-TUBAIC ACID
	 0.0294



Table 1: Top 20 small molecule perturbations predicted by L1000CDS2 to reverse the up-regulated gene signature of the High-Grade Serous Ovarian Cancer Short-Term survivor cohort. The overlap score indicates the strength of the signature reversal.

4. DISCUSSION
This study provides the first integrative structural, network, and translational characterization of ESR1-CCDC170 fusion-associated transcriptional vulnerability in short-term (ST) survivor high-grade serous ovarian cancer (HGSC). By combining AlphaFold2-based structural modeling, protein-protein interaction (PPI) network topology analysis, survival validation, and pharmacogenomic prediction, we identify Cyclin-Dependent Kinase 9 (CDK9) as a master regulatory hub sustaining the aggressive ST phenotype. Our findings support a mechanistic model in which ESR1-CCDC170-driven constitutive transcriptional activation creates dependency on CDK9-mediated elongation machinery, rendering CDK9 inhibition a rational precision therapeutic strategy for this high-risk patient subgroup.
[bookmark: Xd1259542dae07871843f83f2c91dde451c4af8e]Structural Rewiring and Loss of Ligand-Dependent Regulation
AlphaFold2 modeling demonstrates that the ESR1-CCDC170 fusion protein retains the N-terminal DNA-binding domain (DBD) of ESR1 with high structural confidence (pLDDT >85) but completely lacks the canonical C-terminal ligand-binding domain (LBD). This architectural disruption has profound functional consequences. The LBD is essential for estrogen-dependent activation and serves as the molecular target for selective estrogen receptor modulators (SERMs) such as tamoxifen and selective estrogen receptor degraders (SERDs) including fulvestrant [39,40]. Loss of this domain eliminates the receptor’s capacity to respond to hormonal regulation and provides a structural basis for intrinsic resistance to endocrine therapies observed in ESR1 fusion-driven tumors across multiple contexts [19,20,21].
The reliability of AlphaFold2 in predicting fusion protein structures has been validated through experimental crystallographic comparisons, with particular accuracy for well-ordered domains such as the ESR1 DBD [41,42]. The high confidence scores observed for the DBD region in our model are consistent with the preservation of this domain’s known zinc-finger fold and DNA-binding interface [39]. Conversely, the absence of structured LBD topology aligns with the known genomic breakpoint in ESR1-CCDC170 fusions, which occurs downstream of exon 6, eliminating helices 3-12 that comprise the ligand-binding pocket [19,20].
Importantly, replacement of the LBD with CCDC170-derived sequences introduces novel functional properties. CCDC170 (coiled-coil domain-containing protein 170) contains extended alpha-helical coiled-coil motifs that mediate stable protein-protein interactions and facilitate assembly of multiprotein scaffolds [43,44]. These structural features have been characterized in other coiled-coil domain proteins as platforms for recruiting chromatin modifiers, transcriptional co-activators, and elongation factors [43,44,45]. In the context of an intact ESR1 DBD, the fusion protein likely functions as a constitutive chromatin anchor that continuously occupies estrogen-responsive elements (EREs) and recruits transcriptional machinery independent of ligand availability [19,20,24].
Such ligand-independent transcriptional activation has been extensively documented in ESR1 rearrangements in breast cancer, where fusion proteins drive estrogen-responsive gene expression constitutively and promote endocrine therapy resistance [19,20,21,22]. However, the elongation-dependent transcriptional consequences of ESR1-CCDC170 in HGSC—a tumor type not classically estrogen-driven—have not previously been systematically explored. Our findings extend the functional significance of ESR1-CCDC170 beyond simple endocrine resistance and situate it within a transcriptional elongation-addicted framework characteristic of fusion-driven malignancies [25,26].
[bookmark: X73c2e302c8fd8e8c4e563eaee46ac56a013b228]CDK9 as a Topological and Functional Hub in the ST-HGSC Network
Network topology analysis revealed that CDK9 occupies a critical position within the ST-specific PPI network, exhibiting both the highest Maximal Clique Centrality (MCC) score and elevated betweenness centrality. This dual centrality profile indicates that CDK9 functions simultaneously as a highly connected hub (degree = 17) and as a bottleneck bridging distinct transcriptional modules [34,35,36]. Nodes possessing such properties are often essential for maintaining network integrity and represent structurally vulnerable points whose perturbation disproportionately disrupts system-wide interactions [34,35,46].
The MCC algorithm has been validated as superior to traditional degree-based or betweenness-based metrics for identifying functionally critical nodes in biological networks [37,47]. MCC prioritizes nodes embedded within densely interconnected cliques—representing tightly coordinated functional modules—thereby identifying regulators essential for maintaining network cohesion rather than simply highly connected promiscuous interactors [37,47]. Application of MCC-based hub identification has successfully revealed therapeutic targets in glioblastoma, hepatocellular carcinoma, and acute myeloid leukemia [47,48,49].
In silico node removal simulations confirmed that deletion of CDK9 produces substantial fragmentation of the ST interactome, reducing the size of the largest connected component by >25% and significantly decreasing global network efficiency. This fragmentation exceeded that observed upon removal of other highly connected nodes, identifying CDK9 as a structural fragility point within the disease module. From a systems biology perspective, such fragility points represent optimal pharmacological targets because their inhibition achieves coordinated collapse of pathogenic signaling networks rather than isolated pathway suppression [34,35,36,46].
Mechanistically, CDK9 serves as the catalytic subunit of the Positive Transcription Elongation Factor b (P-TEFb) complex, which also includes cyclin partners CCNT1 or CCNT2 [27,28,29]. CDK9 phosphorylates serine-2 (Ser2) residues within the heptapeptide repeat (YSPTSPS) of the RNA Polymerase II (Pol II) C-terminal domain (CTD), a modification essential for release of promoter-proximally paused polymerase and transition into productive elongation [27,28,29,50]. In normal cells, P-TEFb activity is tightly regulated through sequestration in the inactive 7SK small nuclear ribonucleoprotein (snRNP) complex and release in response to appropriate stimuli [28,50,51]. However, in cancer cells characterized by amplified transcriptional output—particularly those driven by oncogenic transcription factors or fusion proteins—constitutive P-TEFb activation occurs, rendering elongation the rate-limiting step in gene expression and creating selective vulnerability to elongation inhibitors [25,26,30,52].
Our functional enrichment analysis using NetworkSuite demonstrated profound overrepresentation of RNA Polymerase II transcriptional elongation processes within the CDK9 neighborhood (FDR = 6.54×10⁻¹¹). Enrichment of key P-TEFb complex components including CCNT1, CCNT2, and the super-elongation complex (SEC) scaffolding protein AFF4, along with the bromodomain protein BRD4—which recruits P-TEFb to chromatin—further substantiates a coordinated elongation program sustaining the ST phenotype [27,28,50,53]. These findings collectively indicate that ST-HGSC tumors prioritize elongation over transcription initiation as the dominant mechanism of transcriptional control, consistent with the elongation-addicted phenotype described in MYC-driven tumors and enhancer-amplified leukemias [25,33,54].
[bookmark: Xd38e2e6dee3e4879249861b5c575841959f9c41]Transcriptional Addiction as a Unifying Paradigm in ST-HGSC
The concept of transcriptional addiction describes cancer cell dependency on hyperactivated transcriptional machinery driven by oncogenic transcription factors, super-enhancers, or—as demonstrated here—fusion proteins [25,26,33]. This paradigm has been validated across diverse malignancies, including MYC-amplified neuroblastoma and lung cancer, AML with enhancer dysregulation, and multiple myeloma dependent on BRD4-mediated super-enhancer activity [25,33,54,55]. In each context, tumor cells exhibit heightened sensitivity to transcriptional elongation inhibitors compared to normal cells, creating a therapeutic window for CDK9 and BET inhibitors [25,54,55].
Our data demonstrate that ESR1-CCDC170-positive ST-HGSC tumors exhibit hallmarks of transcriptional addiction, including:
Constitutive chromatin occupancy by a fusion transcription factor lacking negative regulatory domains
Elevated expression of elongation machinery components (CDK9, CCNT1/2, BRD4)
Network topology consistent with elongation dependency (CDK9 as master hub)
Prognostic significance of elongation regulator expression (CDK9 correlation with survival)
Predicted sensitivity to transcriptional stress inducers (L1000CDS2 signature reversal)
We propose a mechanistic model in which the ESR1-CCDC170 fusion protein continuously occupies ERE motifs genome-wide, recruiting the CCDC170 coiled-coil domain-associated cofactors and stabilizing Pol II at target promoters. Enhanced CDK9 activity—potentially through fusion-mediated recruitment or indirect upregulation—drives Ser2 phosphorylation and processive elongation, sustaining expression of oncogenic transcripts including anti-apoptotic factors (MCL1, BCL2L1), proliferation drivers (CCND1, MYC), and DNA repair proteins (RAD51, BRCA1) that support chemoresistance [31,32,52,56]. In this context, CDK9 functions as the central “engine” driving transcriptional addiction. Inhibition of CDK9 would trigger rapid downregulation of short-lived pro-survival mRNAs whose stability depends on continuous transcriptional input, inducing tumor cell apoptosis through transcriptional collapse [25,31,32,52].
This elongation-centric model reframes ESR1-CCDC170 not merely as a marker of endocrine resistance but as an active driver of elongation dependency that creates therapeutic vulnerability exploitable through CDK9 inhibition.
[bookmark: X23b9a7240f8532162f2f77e250a008f11417576]Comparison to Other Ovarian Cancer Therapeutic Targets
The identification of CDK9 as a master regulator in ST-HGSC complements and extends existing therapeutic target discoveries in ovarian cancer. Current standard-of-care targeted therapies focus primarily on DNA damage response pathways, particularly PARP inhibitors for homologous recombination-deficient tumors [57,58]. While PARP inhibitors have demonstrated clinical benefit, response rates are limited to ~30-40% of unselected HGSC patients, and acquired resistance develops in the majority of responders [57,58,59].
Alternative therapeutic targets under investigation in HGSC include:
PI3K/AKT/mTOR pathway inhibitors, which have shown limited single-agent activity due to feedback activation and pathway redundancy [60,61]
Anti-angiogenic agents (bevacizumab), which provide modest progression-free survival benefit but do not significantly impact overall survival [62]
Immune checkpoint inhibitors, which demonstrate efficacy only in microsatellite instability-high (MSI-H) tumors representing <1% of HGSC cases [63]
Folate receptor-alpha (FRα) targeting with antibody-drug conjugates, showing promise in platinum-resistant disease [64]
CDK9 represents a mechanistically distinct target that addresses transcriptional addiction rather than DNA repair, proliferation signaling, or immune evasion. Importantly, transcriptional elongation dependency appears enriched in the chemoresistant ST phenotype characterized by ESR1-CCDC170 expression, suggesting potential applicability in populations exhibiting primary resistance to PARP inhibitors or platinum chemotherapy [31,32].
[bookmark: X26cbd4b93faa79e8927dad8b8f2198e9ec72b95]Clinical Significance and Prognostic Value of CDK9 Expression
Kaplan-Meier survival analysis demonstrated that elevated CDK9 expression significantly correlates with reduced overall survival in HGSC patients (log-rank P = 0.0088), substantiating the biological and clinical relevance of CDK9 within aggressive tumor subtypes. This prognostic association has been independently validated in multiple solid tumor types, including triple-negative breast cancer, pancreatic adenocarcinoma, and non-small cell lung cancer, where high CDK9 levels consistently predict unfavorable outcomes [65,66,67].
The prognostic significance of CDK9 likely reflects its dual role as both an enabler of oncogenic transcriptional programs and a marker of transcriptional stress. Tumors exhibiting elevated CDK9 expression may represent a subset dependent on sustained elongation to maintain oncogene expression and suppress apoptotic pathways [25,52,65]. Conversely, CDK9 upregulation may constitute an adaptive response to replication stress, DNA damage, or metabolic perturbation, linking transcriptional control to cellular stress pathways [52,68].
Integration of CDK9 expression measurements with fusion detection (ESR1-CCDC170 status) and elongation signature scores (derived from CCNT1/2, BRD4, AFF4 co-expression) may enable refined risk stratification beyond current clinical parameters. Such multi-marker approaches have proven valuable in breast cancer (Oncotype DX) and could facilitate biomarker-guided enrollment in CDK9 inhibitor trials [69,70].
[bookmark: X6157373d7e382b67a44fda08d54cb33de55012f]Pharmacogenomic Validation and Structural Basis for CDK9 Inhibition
L1000CDS2 signature reversal analysis identified multiple transcriptional stress-inducing compounds predicted to reverse the ST-specific gene expression signature. This computational prediction is consistent with the mechanistic model of elongation dependency and provides orthogonal validation of CDK9 as a therapeutic target. The L1000 Connectivity Map approach has successfully identified repurposable compounds across diverse malignancies and represents a powerful tool for hypothesis-driven drug discovery [71,72].
Structural analysis of the CDK9-alvocidib complex (PDB: 3BLR) demonstrated occupation of the ATP-binding pocket with predicted binding free energy of approximately -9 kcal/mol, indicating strong ligand complementarity [73]. Alvocidib (flavopiridol) forms critical hydrogen bonds with the hinge region residue Cys106 and interacts with the DFG motif, stabilizing an inactive kinase conformation [73,74]. Despite demonstrating potent CDK9 inhibition in vitro (IC50 ~3-6 nM), alvocidib clinical development has been limited by off-target CDK inhibition and dose-limiting toxicities including diarrhea and tumor lysis syndrome [75,76]. Next-generation CDK9 inhibitors with improved selectivity profiles are now in clinical development and may overcome these limitations. Compounds such as BAY-1143572, KB-0742, and AZD4573 demonstrate >100-fold selectivity for CDK9 over CDK2/4/6 and exhibit favorable pharmacokinetic properties enabling intermittent dosing schedules [77,78,79]. These agents have shown promising preliminary activity in hematologic malignancies and are being evaluated in solid tumor contexts [77,78,79].
[bookmark: X0d64f45180d64447972e8a007e7334a83eda68e]Translational Implications and Combination Therapeutic Strategies
Our findings support several translational strategies for CDK9-targeted therapy in HGSC:
[bookmark: biomarker-guided-monotherapy][bookmark: combination-with-parp-inhibitors]1. Biomarker-Guided Monotherapy: Restriction of CDK9 inhibitors to ESR1-CCDC170-positive ST-HGSC patients may enrich for responders and improve therapeutic index. Fusion detection via RNA sequencing or targeted fusion panels is now clinically feasible and could enable prospective patient selection [80,81]. Integration with CDK9 expression levels (via IHC or transcriptomics) may further refine eligibility criteria.
2. Combination with PARP Inhibitors: Mechanistic synergy may exist between CDK9 and PARP inhibitors through multiple pathways:
Transcription-replication conflict: CDK9 inhibition slows fork progression and increases R-loop formation, enhancing replication stress in PARP-inhibited cells [82,83,84]
DNA repair suppression: CDK9 regulates transcription of homologous recombination genes (BRCA1, RAD51); inhibition may induce “BRCAness” in HR-proficient tumors [85,86]
MCL1 downregulation: CDK9 inhibition reduces MCL1 levels, sensitizing cells to PARP inhibitor-induced apoptosis [31,87]
Preclinical combination studies in ovarian cancer models have demonstrated synergistic cytotoxicity between CDK9 and PARP inhibitors, supporting clinical evaluation of this strategy [31,88].
[bookmark: combination-with-bet-inhibitors]3. Combination with BET Inhibitors: BET bromodomain proteins (BRD2/3/4) recruit P-TEFb to super-enhancers and regulate transcriptional elongation [53,89]. Dual inhibition of BET proteins and CDK9 produces profound transcriptional suppression exceeding either agent alone, representing a coordinated attack on the elongation apparatus [54,89,90]. Phase I trials of BET inhibitor + chemotherapy combinations in ovarian cancer are ongoing (NCT02705469), providing a framework for incorporating CDK9 inhibitors [91].
[bookmark: adaptive-dosing-strategies]4. Adaptive Dosing Strategies: Continuous CDK9 inhibition may produce unacceptable toxicity due to effects on normal tissue transcription. Intermittent or pulsed dosing schedules—exploiting differential dependence on transcriptional elongation between tumor and normal cells—may preserve efficacy while improving tolerability [52,92]. Pharmacodynamic monitoring of target inhibition (Pol II CTD Ser2 phosphorylation) could guide dose optimization [93].
[bookmark: X1bbc556c420c65ce1948679095c502d01a630d8]5. Sequential Therapy After Chemotherapy or PARP Inhibitor Progression:
CDK9 inhibition may be particularly effective in the post-progression setting, where chemoresistance and PARP inhibitor resistance have developed. Transcriptional addiction may intensify during acquired resistance as tumors upregulate survival pathways, potentially increasing CDK9 dependency [52,94].
5. Conclusion

In summary, we integrated AlphaFold2 structural modeling, PPI network topology, and Sequensolutions-powered functional enrichment to unmask CDK9 as the central therapeutic vulnerability in ESR1-CCDC170 fusion-positive high-grade serous ovarian cancer (HGSOC). The fusion's LBD deletion drives ligand-independent hyper transcription, sustained by CDK9-mediated Pol II elongation addiction (top enrichments: FDR < 10^{-10}), while pharmacogenomic and docking data nominate alvocidib for immediate clinical repurposing.​

This work delineates a druggable intracellular axis overlooked by prior immune-focused analyses of the "Short-Term" (ST) survivor phenotype (Kotnik et al., 2023), proposing CDK9 inhibition as precision therapy to exploit transcriptional stress in this intrinsically resistant subgroup. Cloud-deployed tools like NetworkSuite (sequensolutions.com/tools/networksuite) now enable scalable biomarker discovery, accelerating translation to biomarker-stratified trials (e.g., NCT02520011)





[bookmark: study-limitations-and-considerations]Study Limitations and Considerations
Several limitations should be considered when interpreting these findings:
[bookmark: Xb071d082575e58127ab5fd218664002c964789e]Computational vs. Experimental Validation: This study employed exclusively computational approaches, including structural modeling, network analysis, and in silico pharmacogenomics. While these methods provide robust hypothesis generation and have been extensively validated in predicting therapeutic targets [34,37,71], experimental validation remains essential. Future studies should include:
Cell line experiments using CRISPR/Cas9 CDK9 knockdown or pharmacological inhibition in ESR1-CCDC170-expressing models
Patient-derived xenograft (PDX) studies assessing in vivo CDK9 inhibitor efficacy
Proteomic validation of network predictions
ChIP-seq characterization of fusion protein chromatin occupancy
[bookmark: esr1-ccdc170-prevalence-in-hgsc]ESR1-CCDC170 Prevalence in HGSC
While ESR1-CCDC170 has been identified in HGSC cohorts [15], its precise prevalence and association with the ST phenotype requires systematic characterization across larger patient series. Comprehensive fusion detection via RNA sequencing in molecularly annotated HGSC cohorts will be necessary to define the eligible patient population [80,81].
[bookmark: network-model-limitations]Network Model Limitations
PPI networks derived from STRING database represent predicted interactions based on multiple evidence types (experimental, text-mining, co-expression) and may include false positives or miss context-specific interactions [5,95]. Tissue-specific and condition-specific interaction networks would provide greater accuracy but require extensive proteomic characterization [95,96].
[bookmark: alphafold2-modeling-constraints]AlphaFold2 Modeling Constraints
While AlphaFold2 demonstrates high accuracy for well-characterized protein domains, prediction confidence for intrinsically disordered regions and novel fusion junctions may be lower [41,42]. The CCDC170 coiled-coil region exhibits moderate confidence scores (pLDDT 60-75), indicating structural flexibility that may impact functional predictions. Experimental structural characterization (crystallography, cryo-EM) would provide definitive validation [97].
[bookmark: survival-analysis-context]Survival Analysis Context
Survival analyses were performed using publicly available datasets with limited clinical annotation. Adjustment for potential confounders including stage, residual disease, treatment received, and germline BRCA1/2 status was not possible. Multivariate analysis in prospectively collected cohorts will be necessary to establish independent prognostic value [98].
[bookmark: future-directions]Future Directions
This work establishes a foundation for multiple research directions:
Experimental Validation: Functional characterization of ESR1-CCDC170 in HGSC cell lines and organoid models
Mechanistic Studies: ChIP-seq mapping of fusion protein binding sites and elongation complex recruitment
Biomarker Development: Development of elongation signature scores and clinical fusion detection assays
Clinical Trial Design: Phase I/II trials of CDK9 inhibitors in biomarker-selected HGSC patients
Resistance Mechanisms: Characterization of adaptive resistance to CDK9 inhibition and rational combination strategies
Patient Stratification: Integration of multi-omic data (genomics, transcriptomics, proteomics) to refine patient selection
Pan-Cancer Analysis: Extension of fusion-elongation addiction model to other malignancies with oncogenic fusions
Broader Implications for Precision Oncology
This study exemplifies the power of integrative computational approaches in precision oncology. By combining structural biology, network medicine, and pharmacogenomics, we identified a clinically actionable vulnerability in a molecularly defined patient subgroup. The workflow employed—fusion characterization → network hub identification → survival validation → drug repurposing—is generalizable to other fusion-driven malignancies and demonstrates the value of cloud-deployed platforms such as NetworkSuite for democratizing advanced bioinformatics tools [99,100].
As comprehensive molecular profiling becomes standard in oncology practice, fusion detection will increasingly inform therapeutic decision-making [80,81]. The framework presented here—linking structural features of fusion proteins to transcriptional dependencies and druggable targets—provides a rational approach for converting molecular findings into clinical strategies.
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