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A B S T R A C T

Ovarian cancer (OC) is a lethal gynecological malignancy with a low 5-year survival rate. The lack of preclinical 
models accurately capturing OC's early pathogenesis contributes to this poor prognosis. The domestic laying hen 
uniquely develops spontaneous OC, but its single-cell-level insights for pathogenesis have been lacking. Here, we 
present the first single-cell transcriptomic atlas of ovarian tissues from 110-week-old laying hens with or without 
OC. We annotated 12 core cellular lineages and characterized tumor-associated changes, including increased 
CD4+ and CD8+ T cells and reduced macrophages in OC samples. T cells sub-clustering revealed conserved cell 
subtype-specific pH homeostasis regulation profiles across species. Notably, gene signatures from the two 
dominant Cyto_CD8+ subsets exhibited opposing prognostic roles when validated against human OC datasets 
(GSE18520, GSE26712, GSE49997). This study confirms the laying hen as a valuable OC model by demonstrating 
cross-species conservation in cellular heterogeneity and oncogenic pathways, advancing it from a pathologically 
analogous system to a molecularly traceable tool.

Introduction

Epithelial ovarian cancer remains the deadliest gynecological ma
lignancy, with approximately 70% of patients diagnosed at advanced- 
stage metastatic disease and a 5-year survival rate below 30% 
(Malvezzi et al., 2016; Webb and Jordan, 2024). Current preclinical 
models do not fully recapitulate this disease pathogenesis (Tsang, et al., 
2022). Genetically engineered mouse models, such as MIS
RII-CRE-driven strains, and the chemically induced rat models, rarely 
develop spontaneous ovarian tumors (Lengyel, et al., 2014). Although 
3D in vitro models effectively dissect cell-autonomous mechanisms, they 
lack the systemic tumor microenvironment essential for studying 
metastasis (Bradaric, et al., 2013).

The domestic laying hens (Gallus gallus domesticus) serves as a valu
able model for ovarian cancer research (Bernardo, et al., 2015; Barua 
and Bahr, 2022; Johnson and Giles, 2013). This unique non-human 
species spontaneously develops epithelial ovarian cancer, with 

age-dependent incidence rates of 24% in 3.5-year-old hens and up to 
60% in 4-year-old hens (Johnson and Giles, 2006, 2013). Critically, its 
reproductive biology aligns with Fathalla’s incessant ovulation hy
pothesis (Fathalla, 1971), mimicking the human reproductive risk pro
file through daily ovulation. Laying hen tumors recapitulate all major 
human histological subtypes, including serous, endometrioid, mucinous, 
and clear-cell carcinomas, and exhibit hallmark metastatic patterns such 
as intra-abdominal seeding and ascites accumulation (Barua, et al., 
2009; Giles, et al., 2006;). This model enables investigation of early 
neoplastic events, such as preneoplastic dysplasia, which are inacces
sible in humans (Barua, et al., 2009). Genetic strain differences in tumor 
susceptibility, such as the higher incidence observed in C strain 
compared to K strain among the laying hens, facilitate studies of heri
table pathogenic mechanisms (Johnson and Giles, 2006).

The laying hen model offers significant translational value beyond 
elucidating carcinoma development mechanisms. Oral contraceptives 
demonstrate consistent protective effects across species. In humans, the 
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European Prospective Investigation into Cancer and Nutrition confirmed 
their risk-lowering association with ovarian cancer (Tsilidis, et al., 
2011) and a collaborative reanalysis of 45 studies reported a 40-50% 
risk reduction (Cancer, 2008). In laying hens, progestin alone or with 
estrogen decreases ovarian cancer prevalence by 91% and 81% respec
tively (Treviño, et al., 2012). Curcumin exhibits cross-species efficacy, 
modulating human-relevant oncogenic pathways, such as NF-κB and 
STAT3 inhibition, to reduce spontaneous ovarian cancer incidence by 
57% in hens (Shi, et al., 2006; Sahin, et al., 2018). Flaxseed similarly 
aligns with human mechanisms, altering estrogen metabolism to pro
mote 2-methoxyestradiol-induced apoptosis (Ansenberger, et al., 2010; 
Dikshit, et al., 2017; Fabová, et al., 2023; Keykhasalar, et al., 2021). 
Genistein also induces G2/M cell cycle arrest and apoptosis via DNA 
damage in humans (Gossner, et al., 2007; Lee, et al., 2012; Ouyang, 
et al., 2009), and reduces tumor incidence of 66.7% in hens by sup
pressing inflammatory cytokines and GSK-3 signaling (Erten, et al., 
2021; Sahin, et al., 2019). Nanoparticle delivery further enhances 
translational potential, with doxorubicin-loaded nanoparticles elimi
nating patient-derived tumors in hen chorioallantois membranes while 
reducing toxicity (Chu, et al., 2022; Vu, et al., 2018). These consistent 
cross-species responses validate the laying hen as a critical preclinical 
tool for ovarian cancer therapeutics development.

Advances in omics have significantly advanced ovarian cancer 
research. Microarray analyses identified oviduct-related genes enriched 
in tumors of GSE21706 (Treviño, et al., 2010), and flaxseed-modulated 
genes linked to chemoprevention in GSE40376 (Hales, et al., 2014). Our 
prior comparative transcriptomics between hens and women revealed 
81 conserved pathways and 174 core genes across species in 
GSE246604, highlighting GPR37 as a novel prognostic and immuno
therapy biomarker in ovarian cancer (Zhu, et al., 2024). However, bulk 
RNA-seq data inherently fails to resolve intra-tumoral cellular hetero
geneity, meaning these bulk analyses cannot capture cell-type-specific 
alterations critical for deciphering ovarian tumor heterogeneity 
(Hales, et al., 2014; Treviño, et al., 2010; Zhu, et al., 2024). Conse
quently, single-cell analysis of chicken ovarian tissues is urgently 
needed. In this study, we performed single-cell RNA-seq on ovarian 
tissues from 110-week-old hens with and without ovarian cancer, and 
establish cross-species cellular heterogeneity and oncogenic pathway 
comparisons. This approach thereby enhances the translational value of 
the laying hen as an ovarian cancer model.

Materials and methods

Study design and animal sample acquisition

Six 110-week-old Lohmann Layer strain hens were obtained from 
Runfeng Poultry Cooperative in Sichuan Province, China, including 
three healthy hens and three with ovarian cancer. All procedures com
plied with China's Ministry of Science and Technology Guidelines for 
Experimental Animals and were approved by the Sichuan University 
Animal Ethics Committee with permission ID SCU2203012.

Hens were euthanized via cervical dislocation with immediate 
ovarian tissue dissection on ice. Ovarian cancer staging followed 
morphological criteria from our previous study (Zhu, et al., 2024). 
Healthy ovaries featured intact follicular hierarchy including large 
preovulatory follicles and ordered small follicles. Ovarian cancer tissues 
were defined by solid nodular outgrowths, marked ovarian volume 
shrinkage, absence of large preovulatory follicles, and/or ascites. All 
ovarian cancer samples were classified as late-stage per these criteria. 
(Zhu, et al., 2024). For single-cell RNA sequencing (scRNA-seq), three 
biological replicates each of healthy ovarian tissues and ovarian cancer 
tissues, were selected and immediately snap-frozen in liquid nitrogen. 
These samples were sent to SHBIO Biotechnology Co. Ltd. for processing 
using the DNBelab C series platform from BGI Genomics.

ScRNA-seq sample preparation and sequencing

Tissue dissociation and single-cell suspension preparation were 
conducted by BGI Genomics following their standardized protocol for 
fresh solid tissues using the DNBelab C series platform (Han, et al., 2022; 
Wang, et al., 2021a; Zhu, et al., 2023). Frozen tissues were thawed and 
minced into 1–2 mm³ fragments, digested with collagenase IV and hy
aluronidase at 37◦C for 25 minutes, and filtered through 70 μm and 40 
μm strainers to remove debris. Cells were resuspended in 1×
phosphate-buffered saline with 0.04% BSA, and viability and concen
tration (600–1000 cells/μL) verified using a Countess II Automated Cell 
Counter (Invitrogen). scRNA-seq libraries were constructed using the 
BGI Single Cell Gene Expression Library Prep Kit (Senabouth, et al., 
2020; Wang, et al., 2021b). Qualified single-cell suspensions were 
loaded onto a BGI Single Cell Chip to generate gel beads-in-emulsion for 
barcoded cDNA synthesis. Libraries were quantified using a Qubit 4.0 
Fluorometer, then sequenced on an BGI500 platform.

Raw data preprocessing

Raw data preprocessing including quality control, adapter trimming 
and alignment, were performed by BGI Genomics. Low-quality reads 
were filtered with FastQC (Wingett and Andrews, 2018). Clean reads 
were aligned to the Gallus gallus reference genome using Hisat2 (Kim, 
et al., 2019). Cell-gene count matrices were generated with Htseq 
(Anders, et al., 2015). Sequencing data supporting this study have been 
deposited into CNSA (https://db.cngb.org/) with accession number 
CNP0008144.

Single-cell data quality control and normalization

Count matrices were imported into Seurat 4.4 for downstream 
analysis (Stuart, et al., 2019). Doublet detection was performed using 
the scDblFinder package to identify potential cell doublets (Germain, 
et al., 2022), which were excluded before quality control. Cells were 
filtered to remove low-quality populations, which defined those with 
fewer than 200 detected genes, more than 6000 detected genes, or more 
than 10% mitochondrial RNA were excluded (Stuart, et al., 2019). 
Qualified cells underwent normalized using LogNormalize, and 2000 
highly variable genes were selected via variance stabilizing trans
formation (VST) for dimensionality reduction (Stuart, et al., 2019).

Cell clustering and annotation

Principal Component Analysis was performed using the selected 
highly variable genes, and the top 15 principal components (determined 
via elbow plot analysis) were used for Uniform Manifold Approximation 
and Projection (UMAP) visualization (Stuart, et al., 2019). Cells were 
clustered using the Louvain algorithm at resolution 0.2 via Seurat’s 
FindClusters function (Stuart, et al., 2019).

Differential gene expression (DGE) analysis

Differential gene expression between healthy and ovarian cancer cell 
populations was identified using Seurat’s FindMarkers function (Stuart, 
et al., 2019). Genes were considered differentially expressed if they met 
the criteria of adjusted p < 0.05 and absolute log₂ fold change (|log₂FC|) 
> 0.25. Volcano plots illustrating DGE results were generated using the 
ggpubr package (Blighe, et al., 2019; Kassambara, 2018).

Pathway enrichment analysis

Gene Set Enrichment Analysis (GSEA) for KEGG pathways and Gene 
Ontology (GO) was performed using the clusterProfiler package [7]. 
Visualization of enrichment results was done with ggpubr (Kassambara, 
2018).
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T cell subclustering and annotation

T cells were subclustered from the integrated dataset using Seurat’s 
Subset function, and re-clustered with the Louvain algorithm at reso
lution 0.8 to generate 16 distinct subclusters. Co-expression analysis of 
key marker genes was performed using Seurat’s FeaturePlot function, 
with visualization at a color threshold of 0.2.

Cross-species clinical relevance analysis

Single-sample GSEA (ssGSEA) was performed using the GSVA 
(Hänzelmann, et al., 2013) to calculate enrichment scores of chicken 
Cyto_CD8⁺_2 and Cyto_CD8⁺_3 subcluster signatures in human ovarian 
cancer datasets (GSE18520, GSE27651, GSE49997). Patients were 
stratified into high- and low-score groups using the median score as the 
cutoff. Kaplan-Meier survival curves and log-rank tests were conducted 
with the survival and survminer packages to assess associations between 
signature scores and overall survival (Therneau and Lumley, 2015).

Statistical analysis

All statistical analyses were performed using R 4.2.2 with signifi
cance set at p < 0.05. Cell type/subcluster proportion differences be
tween healthy and cancerous tissues were tested via Pearson’s χ² test. 
DGE was determined using the MAST test (adjusted p < 0.05, |log₂FC| >

0.25) in Seurat (Stuart, et al., 2019). GSEA used 1000 permutations with 
clusterProfiler, with enriched terms defined by NES > 1.2 or < − 1.2, p <
0.05. ssGSEA score comparisons between human tumor/normal tissues 
or high/low patient groups were done via Wilcoxon rank-sum test, and 
survival associations were evaluated with log-rank tests using the sur
vival package (Hänzelmann, et al., 2013; Therneau and Lumley, 2015; 
Wu, et al., 2021). Multiple testing correction was performed using the 
Benjamini-Hochberg method.

Results

Single-cell transcriptional landscape of the chicken ovarian samples

To delineate cellular heterogeneity between healthy chicken ovaries 
and ovarian cancer samples, we first acquired fresh tissue samples, 
where the healthy ovaries exhibited well-organized follicular structures, 
whereas the ovarian cancer samples displayed disorganized tumor 
masses (Fig. 1A). After cell filtering, scRNA-seq yielded 23,412 cells 
from healthy ovaries designated as 110w_normal_ovary and 13,167 cells 
from ovarian cancer tissues designated as 110w_ovarian_cancer 
(Fig. 1B). UMAP dimensionality reduction revealed distinct clustering 
patterns between the two groups (Fig. 1B). Integrating all cells (n =
30,822), we annotated major cell lineages using canonical marker genes 
(Fig. 1C and 1D), including CD4⁺ T cells (CD3D, CD3E, CD4), CD8⁺ T cells 
(CD3D, CD3E, CD8A), B cells (CD77B, PAX5, CD74), plasma cells 

Fig. 1. Single-cell transcriptional profiling of healthy chicken ovaries and ovarian cancer samples. (A) Representative images of fresh tissue samples from 
110-week-old healthy ovaries (left) and ovarian cancer samples (right). (B) UMAP plots showing cell clustering in healthy ovaries (left) and ovarian cancer samples 
(right). (C) UMAP plot of integrated cells annotated into major lineages: immune cells (CD8+ T cells, CD4+ T cells, B cells, plasma cells, macrophages), epithelial 
cells, and stromal & granulosa cells (granulosa cells, theca cells, fibroblasts, endothelial cells). (D) Dot plot validating lineage annotations via canonical marker genes; 
dot size denotes the percentage of cells expressing the gene, and color intensity represents average expression level.
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(JCHAIN, XBP1), macrophages (C1QB, C1QC), epithelial cells (KRT7, 
KRT18), granulosa cells (AMH, GATA4, RLN3, WNT4), theca cells 
(CYP11A1, CYP17A1, LHCGR, STAR), fibroblasts (ACTA2, TAGLN, 
DCN), and endothelial cells (CDH5, PECAM1, VMF). Dot plots validated 
these annotations, with lineage-specific markers showing cell type- 
specific expression (Fig. 1D).

Immune cell remodeling in chicken ovarian cancer

Immune cells are a key component of the tumor microenvironment, 
and their dynamic remodeling directly regulates tumor progression and 
therapeutic responsiveness. UMAP visualization highlighted their dis
tribution in healthy ovaries versus ovarian cancer samples (Fig. 2A). 
Quantitative analysis revealed significant immune subpopulation shifts, 
with ovarian cancer showing reduced macrophages but increased CD4+

and CD8+ T cells (p = 4.17e-111; Fig. 2B). Differential gene expression 
analyses uncovered distinct transcriptional profiles across immune 
subsets. CD8+ T cells exhibited 101 upregulated genes in ovarian cancer 
versus 61 in normal ovaries (Fig. 2C). CD4⁺ T cells showed 57 upregu
lated genes in cancer versus 32 in healthy ovaries (Fig. 2D). Macro
phages displayed 199 upregulated genes in cancer versus 83 in healthy 
ovaries (Fig. 2E). B cells had 18 upregulated genes in cancer versus 5 in 
healthy ovaries (Fig. 2F). Plasma cells exhibited 197 upregulated genes 
in cancer versus 54 in healthy ovaries (Fig. 2G). Total immune cells 
showed 646 upregulated genes in cancer versus 637 in healthy ovaries 
(Fig. 2H).

Non-immune cell remodeling in chicken ovarian cancer

Beyond immune cells, epithelial cells, stromal cells, and granulosa 

Fig. 2. Immune cell composition and transcriptional profiles in chicken ovarian cancer. (A) UMAP visualization highlighting immune cells in healthy ovaries 
(left) and ovarian cancer samples (right). (B) Stacked bar plots showing proportions of immune cell subtypes in healthy ovaries and ovarian cancer samples; overall 
significance was determined by Chi-square test. (C–H) Volcano plots of differential gene expression (DGE) for immune subsets: (C) CD8+ T cells, (D) CD4+ T cells, (E) 
macrophages, (F) B cells, (G) plasma cells, and (H) aggregated immune cells (ovarian cancer vs normal ovaries). Red dots indicate significantly upregulated genes, 
with labeled genes representing key differentially expressed transcripts.
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cells also contribute to tumor progression within the tumor microenvi
ronment. As shown in Fig. 3A and 3B, the epithelial cells exhibited 
extensive differential gene expression (DGE) in ovarian cancer, with 233 
genes upregulated in ovarian cancer whereas 366 genes upregulated in 
normal ovaries. For stromal & granulosa cells (including granulosa, 
theca, fibroblasts, and endothelial cells; Fig. 3C), the DGE analysis 
revealed that endothelial cells had 45 genes upregulated in ovarian 
cancer while 167 genes upregulated in normal ovaries (Fig. 3D). The 

fibroblasts showed 93 genes upregulated in ovarian cancer and 129 
genes upregulated in normal ovaries (Fig. 3E). As sown in Fig. 3F and 
3G, the Granulosa_1 cells exhibited 3002 genes upregulated in ovarian 
cancer and 987 genes upregulated in normal ovaries. In contrast, the 
Granulosa_2 cells had 178 genes upregulated in ovarian cancer and 58 
genes upregulated in normal ovaries. Theca_2 cells displayed 25 genes 
upregulated in ovarian cancer and 20 genes upregulated in normal 
ovaries (Fig. 3H).

Fig. 3. Remodeling of epithelial and stromal cells in chicken ovarian cancer. (A) UMAP visualization highlighting epithelial cells in healthy ovaries (left) and 
ovarian cancer tissues (right). (B) Volcano plot of DGE for epithelial cells (ovarian cancer vs normal ovaries). (C) UMAP visualization highlighting stromal & 
granulosa cells (granulosa, theca, fibroblasts, endothelial cells) in healthy ovaries (left) and ovarian cancer tissues (right). (D–H) Volcano plots of DGE for stromal 
subsets: (D) endothelial cells, (E) fibroblasts, (F) Granulosa_1 cells, (G) Granulosa_2 cells, and (H) Theca_2 cells (ovarian cancer vs normal ovaries). Red dots indicate 
significantly upregulated genes, with labeled genes representing key differentially expressed transcripts.
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Pathways enrichment in chicken ovarian cancer

To delineate cell-type-specific functional remodeling in ovarian 
carcinogenesis, we conducted the pathway enrichment analyses. The 
top-ranked pathways across different cell lineages were prioritized with 
the distinct top two GO pathways exhibited. As shown in Fig. 4A, the B 
cells showed the enrichment in cytoskeletal motor activity and signaling 
receptor regulator activity. The CD4+_T cells were enriched in regula
tion of GTPase activity and axon guidance. The CD8+_T cells displayed 
enrichment in chromosome, centromeric region and cell fate commit
ment. The Endothelial cells were enriched in cytosolic ribosome and 
nuclear chromosome. The Epithelial cells showed the enrichment in 
external encapsulating structure and steroid metabolic process. The 

fibroblasts were enriched in cell-cell adhesion mediator activity and 
modulation of chemical synaptic. The Granulosa_1 cells exhibited 
enrichment in DNA-binding transcription factor activity, RNA poly
merase II-specific and transforming growth factor beta receptor super
family signaling pathway. The Granulosa_2 cells were enriched in 
postsynaptic density and regulation of membrane potential. The Gran
ulosa_3 cells showed enrichment in respiratory electron transport chain 
and structural constituent of ribosome. The Macrophages were enriched 
in cytokine activity and RNA helicase activity. The Plasma cells 
exhibited enrichment in organelle fusion and cell cycle process. Theca_1 
cells were enriched in cytosolic small ribosomal subunit and sterol 
biosynthetic process. Theca_2 cells showed the enrichment in oxidative 
phosphorylation and iron ion binding.

Fig. 4. Cell type-specific functional pathway enrichment in chicken ovarian cancer. (A) Bar plot showing the top two Gene Ontology (GO) terms enriched for 
each cell type, with –log₁₀(qvalue) on the x-axis. (B–D) Enrichment plots of key pathways for immune subsets in ovarian cancer vs healthy ovaries: (B) CD4+ T cells, 
(C) CD8+ T cells, and (D) macrophages. The x-axis represents –log₁₀(qvalue), and bars indicate enriched pathways with labeled genes.
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Given the critical role of immune cells in the tumor microenviron
ment, we further focused on CD4+ T cells, CD8+ T cells, and macro
phages for further GSEA core enrichment analyses, where the most 
significant genes were listed. As shown in Fig. 4B, the CD4+_T cells 
showed the pathways enriched in cancer, including cell differentiation 
(PLXNA2, RBPMS2, SIPA1, LAMA5, VDR, BEND6), multicellular organ
ism development, anatomical structure morphogenesis, neurogenesis, 

regulation of GTPase activity. In healthy ovaries, CD4+_T cells favored 
the pathways related to organelle lumen, nuclear lumen, ribosome 
biogenesis, rRNA processing and steroid biosynthetic process (LBR, 
FDFT1, LSS, INIG1, SQLE, HSD17B7). In CD8+_T cells, as shown in 
Fig. 4C, the cancer-enriched pathways included cellular developmental 
process, cell differentiation (PCK2, MYL2, LAMA1, HEY2, RBPMS2, 
WNT4), response to nutrient levels, ECM-receptor interaction, cell fate 

Fig. 5. Heterogeneity and functional specialization of T cell subclusters in chicken ovarian cancer. (A) UMAP plot showing 16 T cell subclusters identified by 
subclustering. (B) UMAP visualization annotating T cell subclusters by cell type and functional identity. (C) Stacked bar plots showing proportions of T cell subtypes 
in healthy ovaries and ovarian cancer samples; overall significance was determined by Chi-square test. (D) Volcano plot of differential gene expression between 
Cyto_CD8+_2 and Cyto_CD8+_3 subsets. (E, F) GSEA of pathways enriched in (E) Cyto_CD8+_2 and (F) Cyto_CD8+_3 subsets (ovarian cancer vs healthy ovaries). (G) 
UMAP plots showing co-expression of CST7 and FKBP5 in Cyto_CD8+_2. (H) UMAP plots showing co-expression of EOMES and IL2RB in Cyto_CD8+_3; color intensity 
in the rightmost panels represents combined expression level.
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commitment, were revealed to be enriched in the ovarian cancer sam
ples. In contrast, the CD8+_T cells from the healthy ovaries showed the 
enrichment in immune system process, myeloid leukocyte migration, 
sterol metabolic process (HSD17B7, LBR, CYP11A1, MSMO1, INSIG1, 
DHCR7) and cell cycle G2/M phase transition, steroid biosynthesis 
(HSD17B7, LBR, DHCR24, CYP51A1, NSDHL, MSMO1), chromosome 
segregation. In Macrophages, as shown in Fig. 4D, the cancer-enriched 
pathways including the G protein-coupled receptor signaling pathway 
(ADGRA2, ACKR4, CX3CL1, IL8L1, ENDRA, SPNS2), WNT signaling 
pathway (WNT4, WNT6, ADGRA2, AXIN2, CTNNBIP1, TLE3), growth 
factor binding, cytokine receptor activity, leukocyte chemotaxis, were 
enriched in chicken ovarian cancer samples. And the healthy ovarian 
macrophages were enriched in positive regulation of biosynthetic pro
cess, methyltransferase activity, membrane-enclosed lumen, monoa
tomic ion homeostasis, monoatomic ion homeostasis and RNA helicase 
activity.

T cell subclustering in chicken ovarian cancer

T cells serve as central effector cells mediating anti-tumor immune 
responses, and exhibit significant functional heterogeneity. To resolve 
this heterogeneity in ovarian carcinogenesis, we performed T cell sub
clustering, identifying 16 distinct subclusters visualized by UMAP 
(Fig. 5A). These subclusters were annotated by cell type and functional 
identity, including five cytotoxic CD8+ (Cyto_CD8+) subsets, prolifer
ating CD8+, Helper CD4+, Memory CD4+, Naive CD4+, and regulatory 
T (Treg) lineages (Fig. 5B). Comparative analysis of T cell subtype 
proportions revealed statistically significant shifts between healthy 
ovaries and ovarian cancer tissues (overall Chi-square p = 2.05e-67). 
The Cyto_CD8+_2 and Cyto_CD8+_3 showed the most pronounced dif
ferences (P = 2.45e-39 and P = 1.03e-33, respectively) (Fig. 5C). Vol
cano plot analysis of Cyto_CD8+_2 versus Cyto_CD8+_3 identified 49 
genes upregulated in Cyto_CD8+_2 cells and 17 genes upregulated in 
Cyto_CD8+_3 cells (Fig. 5D). For Cyto_CD8+_2 cells, the gene set 

enrichment analysis (GSEA, Fig. 5E) in ovarian cancer showed enriched 
pathways including PPAR signaling pathway (ACAA1A, APOA1, PDPK1, 
ACSL5, DBI, ME3), G protein-coupled receptor activity, regulation of 
DNA repair, regulation of intracellular pH (ATP6V0D1, SLC4A2, 
SLC4A1, ATP6V0A2), and immune response. Healthy ovary-derived 
Cyto_CD8⁺_2 cells featured cytosolic DNA-sensing pathway, smooth
ened signaling pathway, endosome organization, sulfur amino acid 
metabolic process, and DNA-templated transcription initiation. For the 
Cyto_CD8+_3 cells, as shown in Fig. 5F, ovarian cancer enrichment 
included G protein-coupled receptor activity, ECM-receptor interaction, 
Neuroactive ligand-receptor interaction, animal organ development and 
microtubule bundle formation to be enriched. While healthy ovary 
enrichment involved ubiquitin-protein transferase activity, GTPase 
binding, regulation of pH (SLC9A7, SLC4A2, DMXL1, ATP6V0D1, 
SLC9A6, SLC4A8), ubiquitin biosynthetic process, positive regulation of 
proteolysis. UMAP-based gene co-expression mapping confirmed CST7 
and FKBP5 as markers co-localizing specifically to Cyto_CD8+_2 
(Fig. 5G), while EOMES and IL2RB co-localized to Cyto_CD8+_3 
(Fig. 5H), validating these pairs as definitive identifiers for the two 
dominant cytotoxic CD8+ T cell subsets in ovarian carcinogenesis.

Clinical relevance of T cell subcluster signatures in chicken to human

To translate chicken ovarian cancer findings to humans, we applied 
single-sample gene set enrichment analysis (ssGSEA) to assess the 
signature enrichment of chicken Cyto_CD8+_2 and Cyto_CD8+_3 in 
human datasets (GSE18520, GSE26712, GSE49997). In GSE18520, 
Cyto_CD8⁺_2 signature scores were significantly higher in human 
ovarian tumors than in normal tissues (p = 0.005), while Cyto_CD8⁺_3 
scores were elevated in normal tissues (p = 1.1e-05) (Fig. 6A). Similar 
patterns were observed in GSE26712, where the Cyto_CD8+_2 scores 
showed tumor enrichment (p = 0.025) and Cyto_CD8+_3 scores showed 
normal enrichment (p = 3.8e-07) (Fig. 6B). Subsequent survival analysis 
using GSE49997 demonstrated that low Cyto_CD8⁺_2 scores correlated 

Fig. 6. Clinical relevance of T cell subcluster signatures in human ovarian cancer. (A, B) Single-sample gene set enrichment analysis (ssGSEA) scores for 
Cyto_CD8+_2 and Cyto_CD8+_3 signatures in human ovarian cancer datasets (GSE18520, GSE26712) comparing tumor vs normal tissues. (C, D) ssGSEA scores (left) 
and Kaplan–Meier survival curves (right) for Cyto_CD8+_2 (C) and Cyto_CD8+_3 (D) signatures in the GSE49997 dataset, stratified by high/low signature expression; 
log-rank test p-values and median survival (mOS) are indicated.
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with poorer overall prognosis (Fig. 6C; log-rank p = 0.045), with a 
median survival time of 34.0 months versus not reached for low versus 
high groups (Fig. 6C). Conversely, high Cyto_CD8⁺_3 scores (Fig. 6D) 
were associated with poorer prognosis (log-rank p = 0.042), showing a 
median survival time of 44.0 months versus not reached for high versus 
low groups. Significant differences confirmed conserved, opposing 
prognostic roles for these cytotoxic CD8⁺ T cell subclusters in ovarian 
cancer.

Discussion

Molecular characterization of ovarian cancer mechanisms enables 
precision breeding for ovarian cancer-resistant chicken lines, directly 
reducing economic losses in poultry production. This study presents the 
first single-cell transcriptomic atlas of ovarian tissues from 110-week- 
old laying hens in both ovarian cancer and heathy groups (Johnson 
and Giles, 2013; Niebora, et al., 2024). We annotated 12 core cellular 
lineages encompassing immune, epithelial and stromal cells were an
notated (Fig. 1C-D). Tumor-associated shifts included increased 
CD4+/CD8+ T cells and reduced macrophages, along with 
cell-type-specific transcriptional reprogramming were revealed. Our 
study identified 16 T cell subsets, revealing conserved pH homeostasis 
regulation in Cyto_CD8+ populations, and validated the opposing 
prognostic roles of Cyto_CD8+_2 and Cyto_CD8+_3 signatures in human 
ovarian cancer. This atlas provides a foundational framework for dis
secting cell origins and heterogeneity in spontaneous ovarian tumors, 
advancing the laying hen from a pathologically analogous model to a 
molecularly traceable tool (Barua and Bahr, 2022; Niebora, et al., 2024).

Chicken ovarian cancer shows immune dynamics closely aligned 
with human ovarian cancer, validating the model’s biological relevance. 
Chicken ovarian cancer exhibits increased CD4+ and CD8+ T cell pro
portions and decreased macrophages (Fig. 2B), mirroring the immune- 
infiltrated subtype observed in human ovarian cancer (Hornburg, 
et al., 2021; Yang, et al., 2024). Epithelial cells in chickens enrich 
extracellular matrix-related pathways (Fig. 4A), consistent with 
epithelial-mesenchymal transition in human ovarian cancer 
(Winterhoff, et al., 2017). Human single-cell studies identify similar 
epithelial-stromal heterogeneity (Winterhoff, et al., 2017), linking 
stromal cell states to tumor grade (Shih, et al., 2018). Recurrent immune 
subsets were characterized in both high-grade serous ovarian cancer 
(Gonzalez, et al., 2018). In chickens, granulosa cell subpopulations show 
extensive transcriptional reprogramming in tumors, with Granulosa_1 
cells exhibiting 3,002 upregulated genes in ovarian cancer versus 987 in 
normal ovaries (Fig. 3F), echoing granulosa-like stromal remodeling in 
human ovarian cancer (Shih, et al., 2018). These parallels support the 
chicken model for ovarian cancer pathogenesis studies.

Present study validates the chicken model through conserved mo
lecular pathways. Classic ovarian cancer biomarkers show cross-species 
consistency with CA125, a key human diagnostic marker, in sponta
neous chicken ovarian adenocarcinomas and cultured chicken ovarian 
cancer cells (Jackson, et al., 2007). p53 mutations occur in 48% of 
chicken tumors, matching the high mutation rate in human cases 
(Hakim, et al., 2009). E-cadherin shows higher mRNA and protein 
expression in chicken cancerous ovaries versus normal tissues 
(Ansenberger, et al., 2009), consistent with its upregulation in human 
primary ovarian tumors (Ansenberger, et al., 2009). Aquaporin 5, which 
functions in water transport and cellular proliferation, shows abnormal 
expression in both chicken ovarian tumors and human ovarian cancer 
(Tiwari, et al., 2014; Yang, et al., 2006). We identified the conserved pH 
homeostasis regulation, a critical process for tumor cell survival and 
drug resistance (Sanhueza, et al., 2016; Webb, et al., 2011). Chicken 
Cyto_CD8+_2 cells in ovarian cancer enrich pH regulation pathways via 
genes including ATP6V0D1, SLC4A2, SLC4A1, and ATP6V0A2 (Fig. 5E), 
while Cyto_CD8⁺_3 cells in healthy ovaries utilize pH regulation genes 
such as SLC9A7, SLC4A2, DMXL1, ATP6V0D1, SLC9A6, and SLC4A8 
(Fig. 5F). This cancer-specific pH dysregulation aligns with human 

ovarian cancer mechanisms. The genes of pH regulation pathway were 
also mapped to the pathways with established roles in human ovarian 
cancer, where the SLC4A family members contributing to 
epithelial-stromal crosstalk in high-grade serous ovarian cancer 
(Gonzalez, et al., 2018; Qin, et al., 2017), and V-ATPase subunits like 
ATP6V0A2 linking to serous ovarian cancer pathogenesis (Salvi, et al., 
2022). Classic oncogenic pathways converge across species. WNT 
signaling, activated in chicken macrophages (Fig. 4D), links to human 
high-grade serous ovarian cancer initiation (Arend, et al., 2013; 
Teeuwssen and Fodde, 2019). T cell receptor signaling in chicken CD8+
T cells (Fig. 4C) mirrors its role as a hallmark of high T cell infiltration in 
human (Olalekan, et al., 2021). NF-kB and STAT3 pathways, targeted by 
flaxseed to reduce chicken tumor incidence (Ansenberger, et al., 2010; 
Hales, et al., 2014), are well-characterized oncogenic pathways in 
human ovarian cancer (Stepień, et al., 2025). miR-200 family governs 
ovarian cancer spreading and serves as a blood biomarker in humans 
(Choi and Ng, 2017), with conserved functions and biomarker potential 
in chickens (Choi, et al., 2020a, 2020b). Cyclooxygenase expression 
dysregulation in chicken ovarian cancer (Hales, et al., 2008; Urick and 
Johnson, 2006), is consistent with its role in human disease (Daikoku, 
et al., 2005; Gupta et al., 2003).

Present study also confirms the translational relevance of chicken- 
derived cell subcluster signatures through cross-species ssGSEA. The 
chicken Cyto_CD8+_2 signature is enriched in human tumors, while the 
Cyto_CD8+_3 signature is enriched in normal human tissues (Fig. 5A, 
5B). This pattern is consistent with the findings in human (Olbrecht, 
et al., 2021; Xu, et al., 2022). Survival analysis revealed their opposing 
prognostic roles, where the low Cyto_CD8+_2 scores or high 
Cyto_CD8+_3 scores correlate with poorer overall survival (Fig. 6C, 6D), 
aligning with T cell subpopulations dictating prognosis in human met
astatic ovarian cancer (Deng, et al., 2022; Olalekan, et al., 2021). 
Ascites-related signatures also show cross-species relevance. Chicken 
ovarian cancer develops ascites (Barua, et al., 2009), and ascites-derived 
cell contribute to tumor progression and prognosis in humans (Chen, 
et al., 2023; Izar, et al., 2020; Zheng, et al., 2023). These findings 
validate the chicken model as a tool for translating basic discoveries to 
clinical applications.

In summary, we establish the first single-cell transcriptomic atlas of 
the ovarian tissues from110-week-old laying hens with or without 
ovarian cancer, filling a critical gap in spontaneous ovarian cancer 
model research. We identified 12 core lineages encompassing immune, 
epithelial and stromal cells. Tumor-associated shifts included increased 
CD4⁺/CD8⁺ T cells and reduced macrophages, along with lineage- 
specific transcriptional reprogramming. We further subclustered 16 T 
cell populations, uncovering conserved pH homeostasis regulation in 
Cyto_CD8+ populations, and validating opposing prognostic roles of 
Cyto_CD8+_2 and Cyto_CD8+_3 signatures in human ovarian cancer. 
The present study demonstrates the conserved cellular heterogeneity 
and oncogenic pathways across species, advancing the chicken ovarian 
cancer model from pathologically analogous to molecularly traceable. 
These findings provide insights into ovarian cancer microenvironment 
remodeling, identify potential prognostic markers, and bridge basic 
discoveries to clinical applications.
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