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Abstract: Objective: The present study used single-cell RNA sequencing (scRNA-seq) to characterize the cellular composition
of ovarian carcinosarcoma (OCS) and identify its molecular characteristics. Methods: scRNA-seq was performed in resected
primary OCS for an in-depth analysis of tumor cells and the tumor microenvironment. Immunohistochemistry staining was used
for validation. The scRNA-seq data of OCS were compared with those of high-grade serous ovarian carcinoma (HGSOC)
tumors and other OCS tumors. Results: Both malignant epithelial and malignant mesenchymal cells were observed in the OCS
patient of this study. We identified four epithelial cell subclusters with different biological roles. Among them, epithelial
subcluster 4 presented high levels of breast cancer type 1 susceptibility protein homolog (BRCAI) and DNA topoisomerase 2-o
(TOP24) expression and was related to drug resistance and cell cycle. We analyzed the interaction between epithelial and
mesenchymal cells and found that fibroblast growth factor (FGF) and pleiotrophin (PTN) signalings were the main pathways
contributing to communication between these cells. Moreover, we compared the malignant epithelial and mesenchymal cells of
this OCS tumor with our previous published HGSOC scRNA-seq data and OCS data. All the epithelial subclusters in the OCS
tumor could be found in the HGSOC samples. Notably, the mesenchymal subcluster C14 exhibited specific expression patterns
in the OCS tumor, characterized by elevated expression of cytochrome P450 family 24 subfamily A member 1 (CYP24AI),
collagen type XXIII al chain (COL2341), cholecystokinin (CCK), bone morphogenetic protein 7 (BMP7), PTN, Wnt inhibitory
factor 1 (WIFI), and insulin-like growth factor 2 (/GF2). Moreover, this subcluster showed distinct characteristics when
compared with both another previously published OCS tumor and normal ovarian tissue. Conclusions: This study provides the
single-cell transcriptomics signature of human OCS, which constitutes a new resource for elucidating OCS diversity.
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1 Introduction a subset of exceptionally uncommon malignancies like
small cell carcinomas (Cheung et al., 2022). Ovarian
carcinosarcoma (OCS), also known as malignant mixed

Miillerian tumor, is one of rarest and most challeng-

Ovarian cancer is the fifth most common cause
of cancer-related deaths in women. According to a re-

port by the American Cancer Society, approximately
21750 women were newly diagnosed with ovarian
cancer in 2020, with 13940 cases of mortality (Siegel
et al., 2020). Of all reported cases of ovarian cancer,
90% are of the epithelial cell type (Kurman and Shih,
2011; Gao et al., 2022), and the remaining 10% con-
sist of non-epithelial ovarian cancers (non-EOCs), pri-
marily germ cell tumors, sex cord-stromal tumors, and
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ing histological subtypes, accounting for 1%—4% of all
ovarian cancer cases (del Carmen et al., 2012). Given
the rarity of OCS, there is a paucity of prospective
clinical trials to guide treatment strategies. Thus, the
management of OCS has been mainly extrapolated
from the treatment experience of EOC. However, some
observational studies have reported that OCS has a
distinct natural history from EOC (Rauh-Hain et al.,
2011; del Carmen et al., 2012). When compared with
EOC patients, the majority of OCS patients have a
worse survival rate: the reported 5-year overall survival
(OS) rate was shown to be 29.8%, with the median OS
time ranging from 8—26 months (George et al., 2013;
Rauh-Hain et al., 2013). Another study also showed
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the poor OS of OCS with a median of 12.7 months
(Hollis et al., 2022). The main epithelial components
were of high-grade serous type. Heterologous elem-
ents were common such as chondrosarcoma, rhabdo-
myosarcoma, and liposarcoma (Hollis et al., 2022).
Therefore, understanding the precise molecular alter-
ations that occur during the progression of this malig-
nancy remains a priority, in order to fully characterize
this disease and provide evidence-based diagnostic and
therapeutic treatments that will ultimately lead to im-
provements in the survival rate.

According to the current knowledge of OCS, this
tumor type exhibits a high degree of heterogeneity and
contains both malignant epithelial and sarcomatous
elements (Boussios et al., 2019; Gotoh et al., 2019).
OCS has been reported to be associated with overex-
pression of the protein 53 (p53) gene, and mutations
were shown to be harbored in this gene (Liu et al.,
1994). Ki-67 appears to serve a critical role in OCS.
Indeed, the high Ki-67 level was identified in half of
OCS samples and associated with shorter survival time
(Ariyoshi et al., 2000). An analysis of the Surveil-
lance, Epidemiology, and End Results (SEER) data
suggested that patients with OCS at tumor stage II and
above had poor OS rates, with a hazard ratio (HR) for
death in the range of 1.19-5.88. Moreover, the positive
immunohistochemistry (IHC) staining of tumoral cluster
of differentiation 8-positive (CD8") T lymphocytes and
the negative expression of mesenchymal programmed
death ligand-1 (PD-L1) were found to be associated
with improved survival rates in patients with OCS
(Zhu et al., 2017). Increased expression levels of vas-
cular endothelial growth factor (VEGF) and VEGF
receptor-3 (VEGFR3) and increased vessel number were
associated with poor survival (Ndyhd and Stenbick,
2008). These data suggest that the tumor microenvir-
onment (TME) may play important roles in governing
the plasticity of the phenotypic traits of tumor cells as
well as in mediating the response to therapies. Unfor-
tunately, conventional bulk sequencing techniques have
limitations in terms of their ability to map the TME.
On the other hand, recent advances in single-cell
RNA sequencing (scRNA-seq) have given novel in-
sights into tumor composition and characterization of
the molecular properties of complex tissues at a cellu-
lar level of resolution (Ding et al., 2020; Lee et al.,
2020; Luo et al., 2020; Ma et al., 2020; Maynard et al.,
2020). This technique provides unique opportunities
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to explore the complexity of TME, revealing detailed
information about the regulation and evolution of or
interaction among individual cells. However, to date,
studies of OCS have lacked a higher-resolution forma-
tion on cellular heterogeneity, prompting the need for
an improved understanding of tumor cells and the dis-
tribution of stromal and immune cells in the TME for
more successful putative clinical strategies to treat OCS.

In the present study, scRNA-seq was applied to
resected primary OCS for an in-depth analysis of the
tumor cells and their TME. The results uncovered the
characteristics of various cell populations of OCS and
are expected to provide important clues for the devel-
opment of OCS therapeutic strategies.

2 Results

2.1 Single-cell transcriptional atlas analysis and
cell composition in OCS tissues

One primary ovarian sample obtained from a
patient with OCS was characterized using scRNA-
seq on the 10x Genomics Chromium platform (https://
www.10xgenomics.com). The 61-year-old female pa-
tient was diagnosed with OCS at a late tumor stage
(stage I1IC) with omental metastases. The computed
tomography (CT) and magnetic resonance imaging
(MRI) examinations of this case indicated that the
main feature was a massive ovarian tumor (Fig. 1a)
and no obvious tumor was observed within the uterus.
The pathological results further confirmed a normal
endometrium, with the tumor only affecting the sur-
face of the uterus. Hematoxylin and eosin (H&E)
staining and IHC staining were conducted to establish
the diagnosis of OCS (Figs. 1b and S1). IHC staining
for cytokeratin (CK) and E-cadherin revealed diffuse
strong staining of the epithelial component (Fig. S1).
The mesenchymal element was stained for vimentin and
desmin (Fig. S1). The tumor presented with high levels
of the cellular proliferation markers Ki-67 and p16, as
shown by the labeling indexes (Fig. S1). In addition,
overexpression of the mutant p53 was found in the OCS
tumor, suggesting a high-grade serous epithelial type
(Fig. S1). Previous studies have demonstrated that Ki-
67 and p53 overexpression affects OS rate of the OCS
(Ariyoshi et al., 2000; Zorzou et al., 2005). We also
showed that this patient expressed focal programmed
death-1 (PD1) (Fig. S1). A recent study reported that
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Fig. 1 Identification of ovarian carcinosarcoma (OCS) cell populations. (a) Computed tomography (CT) scan showing
the location and volume of OCS. (b) Hematoxylin and eosin (H&E) staining in OCS tissue. (¢) Schematic diagram of
single-cell RNA sequencing (scRNA-seq) analysis workflow. (d) The t-distributed stochastic neighbor embedding (t-SNE)
plots for the cell type identification of 2173 high-quality single cells in OCS. (e) Heatmap showing the expression levels of
specific markers in each cell type. (f, h) Copy number variation (CNV) score and correlation for each indicated cell.
Grey: CNV score is >0.05 and CNV correlation is >0.5. (g, i) Inferred large-scale CNVs help identify malignant and non-
malignant cells. Amplifications (red) or deletions (blue) were inferred by averaging expression over 100-gene stretches on
the respective chromosomes. NK: natural killer; NKT: natural killer T.



pembrolizumab was able to provide tumor control in a pa-
tient with metastatic OCS (Zibetti Dal Molin etal., 2018).

In order to further explore the features of the
complex cellular components of OCS, a customized
workflow to isolate viable single cells from the primary
surgical resections was followed (Fig. 1c). Among the
cells sequenced, 2173 were retained after quality con-
trol filtering. According to a graph-based clustering
method (see supplementary “Materials and methods”),
cell clusters were annotated as epithelial cells, fibro-
blasts, ovarian cortex cells, endothelial cells, T cells,
natural killer (NK) cells, natural killer T (NKT) cells,
or myeloid cells (Fig. 1d) according to established
marker genes (Fig. 1e). All cell clusters identified from
the OCS tumor could be visualized by combined
t-distributed stochastic neighbor embedding (t-SNE)
plots (Fig. 1f). For example, endothelial cells were
characterized by the upregulation of von Willebrand
factor (VWF), cadherin 5 (CDH)), and adhesion G
protein-coupled receptor L4 (ADGRL4) genes, and epi-
thelial cells were enriched with the genes epithelial
cell adhesion molecule (EPCAM), keratin 7 (KRT7),
and G protein-couple receptor class C group 5 mem-
ber A (GPRC54). Of note, the epithelial cancer cells
were the main cell type of this OCS sample, compris-
ing 52% of the sorted cells. The fibroblasts expressed
high levels of decorin (DCN), collagen type III al
chain (COL3A1), and lumican (LUM), whereas the
mast cells featured high expression levels of carboxy-
peptidase A3 (CPA3), tryptase B2 (7PSB2), and ca-
thepsin G (CTSG). Myeloid cells were characterized
by the overexpression of major histocompatibility
complex class Il DQ ol (HLA-DQAI), lysozyme (LYZ),
and interleukin 1B (IL1B); NK cells were enriched
with granulysin (GNLY), natural killer cell granule
protein 7 (NKG7), and killer cell lectin like receptor
D1 (KLRDI); NKT cells exhibited high expression
levels of fibroblast growth factor-binding protein 2
(FGFBP2); and T cells were characterized by the over-
expression of T cell receptor a constant (7TRAC) and
the CD3 epsilon subunit of T-cell receptor complex
(CD3E). Finally, the ovarian cortex cells were en-
riched by transgelin (TAGLN), RSG5, and Thy-1
cell surface antigen (THY!) (Fig. S2).

2.2 Malignant elements from non-cancer cells
resolved by clustering-based copy number variation

Cancer cells are known to be associated with
large-scale chromosomal alterations (Thompson and
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Compton, 2011; Maynard et al., 2020). In the present
study, copy number variation (CNV) from the RNA
expression data was applied to classify epithelial cells
as either cancerous or non-cancerous by comparison
with endothelial cells and macrophages (controls). As
shown in Figs. 1f and 1g, the epithelial cancer cells
displayed much larger variations from the relative ex-
pression intensities across the genome. Notably, OCS
contains both malignant epithelial and sarcomatous
(mesenchymal) elements (del Carmen et al., 2012).
Therefore, we utilized CNV to verify whether fibro-
blasts and ovarian cortex cells were the malignant sar-
comatous elements. As shown in Figs. 1h and 1i, fibro-
blasts were found to display much larger chromo-
somal changes across the genome relative to endothe-
lial cells and macrophages but not the ovarian cortex
cells. Fig. S3 further displays the t-SNE plot distribu-
tion of malignant epithelial and malignant mesenchy-
mal cells in the total cell population based on the
CNV results. The expression levels of the epithelial
cell markers EPCAM and KRT7 and the fibroblast
markers DCN and COL3A1 (Fig. S1) were further
validated in human OCS tumor tissues by IHC stain-
ing (Fig. S2). Taken together, the results of the malig-
nant cell clustering analysis corroborated that epithelial
cells and mesenchymal cells were the two malignant
sources of OCS.

2.3 Transcriptional landscape intra-tumoral het-
erogeneity of OCS epithelial cells

Subsequently, detailed clustering analysis of the
epithelial cells was performed using Seurat, which
revealed the existence of four prominent cell sub-
populations, namely, C1 (calgranulin-B (S10049)"/
carcinoembryonic antigen-related cell adhesion mol-
ecule 6 (CEACAM®6)/S100 calcium-binding protein P
(S100P) /keratin, type II cytoskeletal 6A (KRT6A)"),
C2 (insulin-like growth factor-binding protein 3
(IGFBP3)'/stanniocalcin-2 (STC2) /max-like protein 1
(MXL1) /adhesion G protein-coupled receptor Bl
(ADGRBI)"), C3 (cadherin-6 (CDH6)'/regulator of G-
protein signaling 16 (RGS16) /asparaginase-like protein
1 (ASRGLI)'/protein wntless (WLS)"), and C4 (centro-
mere protein F (CENPF)'/DNA topoisomerase 2-0.
(TOP24) /proliferation marker protein Ki-67 (MKI67)")
(Figs. 2a and 2b). To learn more about the biology un-
derlying these cell subgroups, the Kyoto Encyclope-
dia of Genes and Genomes (KEGG) pathway analysis
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was first employed to identify distinct signaling path-
ways, and transcription factor consensus sites were
sought after using the single-cell regulatory network

inference and clustering (SCENIC) method (Figs. 2¢
and 2d). These analyses confirmed that the C1 subpopu-
lation was controlled by the transcription factor Hes
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Fig. 2 Transcriptomic heterogeneity of epithelial cells in ovarian carcinosarcoma (OCS). (a) The t-distributed stochastic
neighbor embedding (t-SNE) plots for color-coded four distinct epithelial cell subclusters. (b) Gene bubble plots illustrating
different marker genes in each cell subtype. (c¢) Differences in pathway activity in epithelial cell subclusters. (d) Violin
plots illustrating the expression of specific transcription factors in distinct epithelial cell subclusters. (¢) Heatmap
showing the different drug resistance-related pathways in four epithelial cell subclusters. HES2: Hes family basic
helix-loop-helix (hHLH) transcription factor 2; NFKBIE: nuclear factor-kB inhibitor epsilon; BRCAI: breast cancer
type 1 susceptibility protein homolog; 7OP2A4: DNA topoisomerase 2-a; Pct.exp: percent expressed; Avg.exp: average
expression; IgA: immunoglobulin A; HIF-1: hypoxia inducible factor-1; mTOR: mammalian target of rapamycin.



family basic helix-loop-helix (bHLH) transcription
factor 2 (HES2), and was enriched for the antigen pro-
cessing and presentation, lysosome, and phagosome
pathways. The C2 subpopulation exhibited a distinct
signature of the hypoxia inducible factor-1 (HIF-1),
mechanistic target of rapamycin (mTOR), Notch, and
hippo signaling pathways, and expressed a high level
of nuclear factor-«xB inhibitor epsilon (NFKBIE). The
C3 subpopulation displayed increased levels of ribo-
some and protein export. Finally, the C4 subpopula-
tion was found to be controlled by an elevated level
of breast cancer type 1 susceptibility protein homolog
(BRCALI), as well as TOP2A, and was enriched with
cell cycle, Fanconi anemia pathway, and homologous
recombination. Subsequently, our focus was on drug
resistance analysis; we further characterized the poten-
tial drug-resistant states of the cell subpopulations in
detail. These data revealed that the C4 cells had the
highest levels of drug resistance scores (Fig. 2e). In-
terestingly, this subcluster also harbored activated drug
metabolism and was positively correlated with DNA
damage and repair (Fig. 2e).

2.4 Distinct mesenchymal cell subpopulations in
the human OCS tumor

The malignant mesenchymal cells were clus-
tered in two subpopulations (Fig. 3a). These two sub-
clusters expressed high levels of canonical fibroblast
markers, including DCN and COL3A1; however, each
subcluster displayed distinct transcriptomic signatures
(Fig. 3b). The CO mesenchymal cells accounted for
the majority of the mesenchymal cell populations
(61.7%) that expressed high levels of extracellular mat-
rix (ECM) signatures, including COL6A42, COL6AI,
COL3A1, COL6A3, and COL5A2. Interestingly, the
Gene Ontology (GO) analysis of this subcluster indi-
cated significant enrichment for ECM organization
and disassembly as well as angiogenesis (Fig. 3c). C1
mesenchymal cells were characterized by signature
genes such as serine peptidase inhibitor kazal type 6
(SPINK®6), RAS-like, estrogen-regulated, growth in-
hibitor (RERG)-like (RERGL), keratocan (KERA),
STEAP2 metalloreductase (STEAP?2), receptor activity-
modifying protein 1 (RAMPI), and transmembrane
protein 176B (TMEM176B). The GO terms enriched
for this subcluster were associated with translational
termination, translational elongation, and signal rec-
ognition particle (SRP)-dependent cotranslational
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protein targeting to membrane (Fig. 3¢). Notably, the
C0 mesenchymal cell signature was found to be en-
riched with a set of metabolism-associated pathways,
such as linoleic acid metabolism, drug metabolism—
cytochrome P450, oxidative phosphorylation, and ci-
trate cycle (tricarboxylic acid (TCA) cycle) (Fig. 3d).
However, the majority of these metabolic pathways
were suppressed in C1 mesenchymal cells. The C1
signature was associated with lysine biosynthesis
(Fig. 3d). As shown in Figs. 3e and 3f, the CO mes-
enchymal cells expressed high levels of both type
I interferon-response genes (including interferon-
induced transmembrane protein 3 (/FITM3), interferon
a-inducible protein 6 (/F16), IFITM?2, nicotinamide
phosphoribosyl transferase (VAMPT), adenosine de-
aminase RNA-specific (4DAR), lymphocyte antigen
6E (LY6E), and ISG15 ubiquitin-like modifier (ISG15))
and type II interferon-response genes (including sig-
nal transducer and activator of transcription 1 (STATT),
cyclin-dependent kinase inhibitor 1A (CDKNI1A),
human leukocyte antigen-A (HLA-A), HLA-B, HLA-C,
and HLA-E). This subcluster also expressed high
levels of growth factors (including placental growth
factor (PGF), VEGFB, insulin-like growth factor
2 (IGF2), pleiotrophin (PTN), bone morphogenetic
protein 2 (BMPZ2), BMP7, neuropilin 1 (NRPI),
growth differentiation factor 11 (GDF11), glucose-6-
phosphate isomerase (GPI), and VEGFA (Fig. 3g)),
chemokines (including C-C motif chemokine ligand 2
(CCL2), chemokine (C-X-C motif) ligand 1 (CXCL]I),
CCL28, and CXCL14), and interleukins (including /L1/
and /L7 (Fig. S4)). These features of the CO mesen-
chymal cells suggested an enrichment of the inter-
play between these mesenchymal cells and OCS cells.

We next analyzed the interaction between the epi-
thelial and mesenchymal cells (Fig. 4a) and found
that the fibroblast growth factor (FGF) signaling
pathway and PTN signaling pathway were the main
pathways contributing to the epithelial-mesenchymal
communication (Fig. 4b).

2.5 Comparison of scRNA-seq data between OCS and
published high-grade serous ovarian cancer tumors

The management of OCS has been mainly ex-
trapolated from the treatment experience of EOC. The
TME of high-grade serous ovarian cancer (HGSOC),
the most common subtype of EOC, has been well
studied (Geistlinger et al., 2020; Liang et al., 2021;
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Fig. 3 Distinct subtypes of mesenchymal cells in ovarian carcinosarcoma (OCS) tumor. (a) The t-distributed stochastic
neighbor embedding (t-SNE) plots for mesenchymal cells, color-coded for two subclusters. (b) Violin plots of the expression
of marker genes for each cell subtype as indicated. (¢) Top 3 Gene Ontology (GO) terms for each cell subtype. (d) Heatmap
indicating the differences in metabolic pathway activities in each cell subcluster. (e, f) Gene bubble plots showing
different expression levels of type I (e) and type II (f) interferon (IFN)-response genes in each cell subtype. (g) Gene
bubble plot illustrating the expression levels of growth factors in each cell subtype. Avg.exp: average expression; Pct.exp:
percent expressed.
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Liu et al., 2022; Xu et al., 2022). To determine
whether there are novel subclusters in this OCS
sample, we first compared the malignant epithelial
cells of this OCS tumor with our previously published
HGSOC scRNA-seq data (Xu et al., 2022). As shown
in Figs. 5a and 5b, all the epithelial subclusters in the
OCS tumor could be found in the HGSOC samples,
suggesting the similarity of OCS epithelial cells to
those of the HGSOCG6 tumor. Moreover, the mesenchymal

cell profiles were screened between the OCS tumor
and our published HGSOC data (Xu et al., 2022).
Our results showed that the mesenchymal cell sub-
cluster C14 was specifically expressed in the OCS tu-
mor with high levels of cytochrome P450 family 24
subfamily A member 1 (CYP24A41), collagen type
XXIII al chain (COL23A41), cholecystokinin (CCK),
BMP?7, PTN, Wnt-inhibitory factor 1 (WIFI), and IGF?2
(Figs. 5¢ and 5d).
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Fig. 5 Comparison of single-cell RNA sequencing (scRNA-seq) data between ovarian carcinosarcoma (OCS) and the
published high-grade serous ovarian carcinoma (HGSOC) tumors. (a) The uniform manifold approximation and projection
(UMAP) plots presenting the distinct color-coded epithelial cell subclusters in this OCS tumor and the individual
HGSOC tumors of our previous published study. (b) Dot plot displaying the main marker genes in each epithelial cell
subcluster. (c¢) UMAP plots displaying the different color-coded mesenchymal cell subclusters between the OCS tumor
and the individual HGSOC tumors of our previous published data. (d) Dot plot showing the main marker genes in each

fibroblast subcluster.

2.6 Comparison of scRNA-seq data between our
OCS dataset and the previously published OCS
tumor dataset as well as normal ovarian samples

As illustrated in Figs. 1d and S3, malignant mes-
enchymal cells constituted a minimal proportion in our
OCS patient. For additional information, we searched
publicly available datasets. We performed a compara-
tive analysis between our OCS tumor scRNA-seq data
and another previously published OCS tumor dataset,
referred to as “3CCF1L” (Regner et al., 2021) (Figs. 6a

and 6b). Notably, we observed the consistently low
expression of diethylstilbestrol (DES) in both samples
at the RNA level (data not shown). Subsequently,
through marker analysis, we identified that troponin
T1 (TNNT1) and myosin light chain 9 (MYL9), which
are associated with rhabdomyosarcoma or sarcoma
(Tong et al., 2014; Zhao et al., 2020), were specifically
expressed in the OCS_specific_cancer-associated fibro-
blasts (CAFs) (referring to the mesenchymal cell sub-
cluster C14 in Fig. 5) (Fig. 6b). This observation
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suggested the presence of rhabdomyosarcoma fea-

tures within this cell subpopulation. Furthermore,
the OCS_specific CAFs exhibited elevated expression
levels of PTN, known for its potent growth factor se-
cretion, and WIF1, a classic marker associated with stem

cell characteristics. Collectively, these results under-
scored the significance of the OCS_specific CAFs as
a vital component of malignant mesenchymal cells in

this OCS patient. Additionally, we conducted a compar-

ative analysis of malignant mesenchymal cells in

OCS with our previously published normal ovarian
scRNA-seq data, and our findings further emphasized
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the heightened specificity of the OCS-specific CAF
subcluster in our OCS dataset compared to normal
ovaries (Figs. 6¢ and 6d).

For the epithelial cell comparison, the results re-
vealed that, while there was some overlap in the epi-
thelial cell subtypes between the two samples, in

our OCS case, the cells were predominantly of the

Tumor MUCSB epithelial subtype, whereas the previ-
ously published OCS case primarily consisted of the
Tumor TAGLN epithelial subtype (Figs. 6e and 6f),
suggesting significant heterogeneity in the epithelial
component between the two samples.
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Fig. 6 Comparison of single-cell RNA sequencing (scRNA-seq) data between ovarian carcinosarcoma (OCS) and the
previously published OCS tumor and normal ovarian samples. (a, b) The t-distributed stochastic neighbor embedding
(t-SNE) plots showing the distinct color-coded mesenchymal cell subclusters in this OCS tumor and the previously
published OCS tumor (3CCF1L), and dot plot displaying the main marker genes in each mesenchymal cell subcluster.
(c, d) t-SNE plots illustrating the distinct color-coded mesenchymal cell subclusters in this OCS tumor and the previously
published normal (Norm) ovarian samples, and dot plot showing the main marker genes in each mesenchymal cell
subcluster. (e, f) t-SNE plots presenting the different color-coded epithelial cell subclusters between the OCS tumor and
the 3CCF1L tumor, and dot plot showing the main marker genes in each epithelial subcluster.
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3 Discussion

OCS shows a high degree of heterogeneity in
terms of its aggressive tumor biology and is associated
with poor survival outcomes. Given the rarity of OCS,
it remains difficult to determine the best strategies for
managing this malignancy. In the present work, we em-
ployed scRNA-seq to delineate a single-cell transcrip-
tomic atlas of human OCS. The data obtained allowed
us to identify unexpected biological features in dis-
tinct cell types, revealing novel cellular interactions
between malignant epithelial and mesenchymal cells.

OCS is composed of both an epithelial compon-
ent and a sarcomatous component (Boussios et al.,
2019). The extent of contribution of each element in
the development and progression of the malignancy
differs; therefore, the preoperative diagnosis of this
disease cannot be reliably made by fine-needle aspir-
ation and core biopsy. In the present study, we ana-
lyzed 2173 cells of a single case of OCS, which led to
the identification of nine cell types, including epithe-
lial cells, fibroblasts, ovarian cortex cells, endothelial
cells, T cells, NK cells, NKT cells, mast cells, and
myeloid cells. Each subtype showed specific marker
genes and pathway activities, suggesting that they
represented distinct biological entities. Among all
these cell types, epithelial cells accounted for the ma-
jority of cell populations in our scRNA-seq data, and
these are considered to exert a pivotal role in OCS.
The most frequently encountered epithelial elements
were serous, endometrioid, and undifferentiated adeno-
carcinoma. However, the cellular diversity of epi-
thelial cells, and how the epithelial subsets interact
with OCS cells at the single-cell resolution, have not
been well defined. Four distinct epithelial subtypes
were found in OCS tissues, revealing the high intratu-
moral heterogeneity of OCS. Platinum and taxane-
based chemotherapy is known to be the most com-
mon adjuvant treatment for OCS (del Carmen et al.,
2012; Lamb et al., 2012; Kanis et al., 2016). However,
OCS often recurs due to the development of chemore-
sistance and has poor survival outcomes. Moreover,
the current second-line treatment options are limited.
Therefore, it is urgent to clarify the potential molecu-
lar alterations to help our understanding of the tumor
chemoresistance and ultimately to improve the treat-
ment strategies for OCS. Advanced proteomic tech-
nologies, including mass spectrometry and protein array

analysis, have significantly enhanced the exploration
of the molecular signaling mechanisms in ovarian
cancer. These approaches hold the potential to miti-
gate the development of drug resistance, leading to
potentially enhanced patient outcomes (Ghose et al.,
2022). In addition to proteomics, scCRNA-seq also
plays a role in revealing the mechanisms of tumor
chemoresistance in ovarian cancer (Ghose et al.,
2022). In the present study, we found that the epithelial
cell subcluster 4 expressed high levels of two transcrip-
tion factors BRCA1 and TOP2A and was enriched
with drug-resistance genes. Of note, this epithelial
subcluster also featured activated drug metabolic path-
ways, suggesting a potential association between the
metabolism and drug resistance of tumor cells in OCS.
Alterations in cellular metabolism have been previ-
ously shown to mediate the resistance of tumor cells
to antitumor drugs (Chen et al., 2020). Intervening in
the activity of these cell subclusters may help to restore
cell sensitivity to chemotherapy. Furthermore, another
published OCS sample was compared with our data
of this OCS case, showing that the Tumor MUC5B
epithelial subtype was predominant in our OCS pa-
tient, whereas the Tumor TAGLN epithelial subtype
was primary from previously published OCS case
(Regner et al., 2021). This difference indicates the
significant heterogeneity of epithelial components
between the two samples.

Besides the malignant epithelial cells, CNV analy-
sis showed that the fibroblasts also displayed large
chromosomal changes across the genome. The results
of the present study suggested that mesenchymal cells
were the main source of the malignant sarcomatous
component of this OCS patient. We also demonstrated
the presence of two mesenchymal cell subtypes. The
C0 mesenchymal cells were the most prevalent mesen-
chymal cell subpopulation, expressing high levels
of ECM signature genes. As the major component of
the ECM, the collagen molecules including COL6A2,
COL6A41, COL3A1, COL6A3, COL5A2, and COL2341
were enriched in this cluster. Pancreas cancer cells
were reported to present increased proliferation and
migration in the presence of type III collagen (Menke
et al., 2001). In addition, collagen VI has direct stim-
ulatory effects on cancer cells and also affects the
TME via promoting inflammation and angiogenesis
(Chen et al., 2013; Cescon et al., 2015). Of note, CO
mesenchymal cells also expressed genes related to



interferon-response genes, growth factors, as well as
chemokines and interleukins, indicating the ability of
this fibroblast subset to potentially modulate other cell
component responses.

In order to determine the similarities and differ-
ences between OCS and HGSOC, we compared the
malignant epithelial cells and mesenchymal cells of
the OCS tumor with our published HGSOC scRNA-
seq data (Xu et al., 2022). We found a similarity of epi-
thelial cells of the OCS tumor to our HGSOC epithe-
lial cells, especially in the HGSOC6 tumor. The mesen-
chymal cell subcluster C14 was specifically expressed
in the OCS tumor with high levels of CYP24A1,
COL2341, CCK, BMP7, PTN, WIFI, and IGF2.
Among them, it has been reported that BMP7 ex-
pressed in the CAFs of prostate adenocarcinomas
could stimulate the secretion of stromal cell-derived
factor-1 (SDF-1) and induce angiogenic formation
(Yang et al., 2008). IGF2 was found to be highly ex-
pressed in the CAFs of metastatic breast cancer and
could promote tumor growth and suppress T-cell pro-
liferation (Gui et al., 2019). Furthermore, we con-
ducted a comparative analysis between our OCS tumor
scRNA-seq data and a previously published OCS tumor
dataset (Regner et al., 2021). Within our data, we
identified that the mesenchymal cell subcluster C14,
referred to as OCS_specific CAFs, expressing TNNT1
and MYL9, was associated with both rhabdomyosar-
coma and sarcoma. This finding suggests the presence
of rhabdomyosarcoma features in this cell subpopula-
tion. Besides, in comparison to our previously pub-
lished normal ovarian scRNA-seq data, we highlighted
the heightened specificity of the OCS_specific CAF
subcluster within our OCS dataset compared to normal
ovaries. These findings suggest that the mesenchymal
cell subcluster C14 may play a significant role in the
OCS tumor.

4 Conclusions

Taken together, we have revealed the transcrip-
tome landscape in a primary OCS tumor at the single-
cell resolution, which presents a well-established re-
source for elucidating OCS diversity. The findings of
the present study may be used to advance the develop-
ment and identification of therapeutic targets of this
aggressive disease.
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Materials and methods
Detailed methods are provided in the electronic supple-
mentary materials of this paper.
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