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Abstract
Purpose  Small cell carcinoma of the ovary, hypercalcemic type (SCCOHT) is a rare and lethal cancer lacking effective 
treatment. Its genomic mutations and tumor microenvironment need further exploration.

Methods  We performed whole-exome sequencing or gene panel test to explore the SMARCA4 mutation spectrum 
in SCCOHT (15 samples). Single-cell RNA sequencing was conducted on one primary lesion with matched 
normal ovarian tissue and one recurrent lesion to investigate the intra-tumoral heterogeneity and immune 
microenvironment. Multiplex immunofluorescence staining validated T cell infiltration and PD-1 expression.

Results  13/15 (86.7%) patients harbored SMARCA4 mutations. The loss of heterozygosity (LOH) occurred in 10/15 
(66.7%) patients. Cancer cells and immune cells were observed in SCCOHT tumors. Cancer cells were further divided 
into seven subtypes and one from recurrent lesion exhibited the highest stemness accompanied by high expression 
of genes related to cell mitosis (AURKB, CHEK2, CCNB1, WEE1), DNA repair (BRCA1, RAD51) and epigenetic (EZH2, 
DNMT1). Immune cells mainly included macrophages and T cells. Lipid-associated tumor-associated macrophages 
(TAMs) was mainly in primary lesion while inflammatory cytokine-enriched TAMs in recurrent lesion. CD4+/ CD8+ T cell 
infiltration was observed in SCCOHT tumor and a certain proportion of T cells expressed PD-1.

Conclusions  SCCOHT exhibits universal SMARCA4 LOH and significant intra-tumoral heterogeneity, suggesting 
potential therapeutic targets, including CHEK2, CCNB1, and WEE1. Exhausted T cells and distinct TAM subsets infiltrate 
tumors. Targeting macrophage polarization or cytokine signaling may also be promising. These findings provide 
insights for developing novel therapies to improve outcomes in SCCOHT.

Clinical trial number  Not applicable.
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Introduction
Small cell carcinoma of the ovary, hypercalcemic type 
(SCCOHT) is a rare and lethal cancer that mainly 
occurs in adolescents and young women [1]. Inactivating 
somatic and/or germline mutations in SMARCA4, a gene 
encoding a core subunit of the SWItch/Sucrose Non-
Fermentable (SWI/SNF) chromatin remodeling com-
plex, have been identified as the primary driver events in 
SCCOHT, with over 90% of cases harboring SMARCA4 
mutations [2–4].

Recent studies have also uncovered transcriptomic 
alterations in SCCOHT [5], prompting the development 
of targeted therapies, including epigenetic modulators, 
kinase inhibitors, and immunotherapies [6–8]. While 
these therapies have shown efficacy in some patients, 
responses remain inconsistent. Interestingly, despite 
the generally low tumor mutational burden (TMB) 
in SCCOHT, a subset of patients has benefited from 
immune checkpoint blockade, with studies revealing 
PD-L1 expression and significant T-cell infiltration in 
the majority of tumors [9]. These observations highlight 
the complexity of SCCOHT and underscore the need to 
better understand its tumor microenvironment, which 
remains poorly characterized.

In this study, we employed WES to analyze the 
genomic landscape of Chinese SCCOHT patients and 
single-cell RNA sequencing to comprehensively charac-
terize transcriptomic changes, aiming to delineate the 
intra-tumoral heterogeneity and immune microenviron-
ment of SCCOHT. Our findings provide novel molecular 
insights that may inform the development of more effec-
tive therapeutic strategies for this devastating disease.

Materials and methods
Patients and samples
A total of fifteen patients diagnosed with SCCOHT 
were recruited in this study, all of who were from the 
Obstetrics and Gynecology Hospital, Fudan Univer-
sity between 2015 and 2023. In this study, we aimed to 
include all available SCCOHT patients in our cohort 
without imposing specific inclusion or exclusion criteria 
to ensure a comprehensive and unbiased analysis. How-
ever, due to practical limitations such as time constraints, 
resource availability (e.g., manpower), and variations in 
patient access to healthcare, we were unable to collect all 
types of samples (e.g., frozen tissue, FFPE, or single-cell 
sequencing samples) from every patient, resulting in an 
uneven distribution of sample types across the cohort. 
We collected five frozen tissue samples and ten forma-
lin-fixed, paraffin-embedded (FFPE) samples for whole-
exome sequencing (WES) or gene panel test. We found 

thirteen patients carrying the SMARCA4 variants and 
conducted Sanger validation. We also performed single-
cell RNA sequencing on three samples, including one 
primary lesion (SCC-09) matched with a normal ovarian 
tissue (SCC-09_N) from one patient, and one recurrent 
lesion (SCC-01) from intestinal metastases of another 
patient (Supplementary Fig. S1). All specimens used for 
single-cell RNA sequencing were obtained through open 
surgery.

DNA extraction and whole exome sequencing (WES)
The DNA from frozen tissues and blood samples was 
extracted using the QIAamp DNA Micro Kit (Qiagen), 
and the DNA from FFPE samples was extracted using 
Maxwell 16 FFPE Plus LEV DNA Purification Kit (Pro-
mega); all operations were performed following the 
manufacturer’s instructions. 200ng genomic DNA of 
each sample was sheared to 150 ~ 200 bp fragments with 
Biorupter (Diagenode, Belgium). Paired-end sequenc-
ing was performed using the NovaSeq 6000 S4 Reagent 
Kit v1.5 (300 cycles) on Illumina NovaSeq 6000 platform 
(Illumina, San Diego, USA) by Sequanta Technologies 
(Shanghai, China).

Detection of LOH
Whole-exome sequencing (WES) was performed on the 
tumor specimens to determine the mutation frequency 
of SMARCA4. Given that SMARCA4 is a tumor suppres-
sor gene and its pathogenic mechanism involves loss of 
function, LOH will be present when the variant allele 
frequency (VAF) exceeds 50% (e.g., when the VAF of all 
SNPs around the pathogenic variant is over 60% or below 
40%).

Single-cell dissociation
Tissues were stored in the sCelLiveTM Tissue Preserva-
tion Solution (Singleron) on ice after the surgery within 
30  min. Specimens were washed with Hanks Balanced 
Salt Solution (HBSS) three times, minced into small 
pieces, and then digested with 3 mL sCelLiveTM Tis-
sue Dissociation Solution (Singleron) by Singleron 
PythoN™ Tissue Dissociation System at 37 °C for 15 min. 
The cell suspension was collected and filtered through a 
40-micron sterile strainer. Afterward, the GEXSCOPE® 
red blood cell lysis buffer (RCLB, Singleron) was added, 
and the mixture [Cell: RCLB = 1:2 (volume ratio)] was 
incubated at room temperature for 5–8  min to remove 
red blood cells. The mixture was then centrifuged at 300 
× g 4 ℃ for 5 min to remove supernatant and suspended 
softly with PBS.

Keywords  SMARCA4, SCCOHT, Intra-tumoral heterogeneity, Immune microenvironment
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Single-cell RNA sequencing (scRNA-seq)
Single-cell suspensions (2 × 105 cells/mL) with PBS 
(HyClone) were loaded onto microwell chips using 
the Singleron Matrix® Single Cell Processing System. 
Barcoding Beads are subsequently collected from the 
microwell chip, followed by reverse transcription of 
the mRNA captured by the Barcoding Beads and to 
obtain cDNA, and PCR amplification. The amplified 
cDNA is then fragmented and ligated with sequencing 
adapters. The scRNA-seq libraries were constructed 
according to the protocol of the GEXSCOPE® Single 
Cell RNA Library Kits (Singleron) [10]. Individual 
libraries were diluted to 4 nM, pooled, and sequenced 
on Illumina NovaSeq 6000 with 150  bp paired-end 
reads.

Cell type annotation
Cell-ID is a multivariate approach that extracts gene 
signatures for each cell and performs cell identity rec-
ognition using hypergeometric tests (HGT) [11]. The 
cell type identity of each cluster was determined with 
the expression of canonical markers found in the DEGs 
using SynEcoSys database (Supplementary Table S2). 
Heatmaps/dot plots/violin plots displaying the expres-
sion of markers used to identify each cell type were 
generated by Seurat v3.1.2 DoHeatmap/DotPlot/Vln-
plot. Except for cancer cells, the subtyping of non-
malignant cell types applied harmony v1.0 to remove 
batch effect [12].

Differentially expressed genes (DEGs) analysis
To identify differentially expressed genes (DEGs), we 
used the scanpy.tl.rank_genes_groups() function based 
on Wilcoxon rank sum test with default parameters 
and selected the genes expressed in more than 10% 
of the cells in either of the compared groups of cells 
and with an average log(Fold Change) value greater 
than 1 as DEGs. Adjusted p value was calculated by 
benjamini-hochberg correction and the value 0.05 
was used as the criterion to evaluate the statistical 
significance.

Pathway enrichment analysis
To investigate the potential functions of cancer cells, 
Gene Ontology (GO) and Kyoto Encyclopedia of Genes 
and Genomes (KEGG) analysis were used with the 
“clusterProfiler” R package v 3.16.1 [13]. Pathways with 
p_adj value less than 0.05 were considered significantly 
enriched. For Gene Set Variation Analysis (GSVA) path-
way enrichment analysis, the average gene expression of 
each cell type was used as input data [14]. Gene Ontol-
ogy gene sets including molecular function (MF), biologi-
cal process (BP), and cellular component (CC) categories 
were used as reference.

Cell differentiation potential evaluation: CytoTRACE
CytoTRACE v0.3.3 [15] (a computational method that 
predicts the differentiation state of cells from single-cell 
RNA-sequencing data using gene counts and expression) 
was used to predict the differentiation potential of cell 
subpopulations.

Pseudotime trajectory analysis: monocle2
Cell differentiation trajectory of monocyte subtypes 
was reconstructed with the Monocle2 v 2.10.0 [16]. For 
constructing the trajectory, the top 2000 highly variable 
genes were selected by Seurat (v3.1.2) FindVairableFea-
tures(), and dimension-reduction was performed by 
DDRTree(). The trajectory was visualized by plot_cell_
trajectory() function in Monocle2.

scRNA-seq based CNA detection
The InferCNV package [17] was used to detect the CNAs 
in SCCOHT malignant cells. T cells were used as base-
lines to estimate the CNAs of malignant cells. Genes 
expressed in more than 20 cells were sorted based on 
their loci on each chromosome. The relative expression 
values were centered to 1, using 1.5 standard deviation 
from the residual-normalized expression values as the 
ceiling. A slide window size of 101 genes was used to 
smoothen the relative expression on each chromosome, 
to remove the effect of gene-specific expression.

Cell-cell interaction analysis (CellPhoneDB)
The cell-cell interaction analysis was performed by Cell-
PhoneDB v2.1.0 [18] based on known receptor–ligand 
interactions between two cell types/subtypes. Cluster 
labels of all cells were randomly permuted for 1000 times 
to calculate the null distribution of average ligand-recep-
tor expression levels of the interacting clusters. Individ-
ual ligand or receptor expression was thresholded with a 
cutoff value based on the average log gene expression dis-
tribution for all genes across all the cell types. The signifi-
cant cell-cell interactions were defined as p value < 0.05 
and average log expression > 0.1, which were visualized 
with the circlize v0.4.10 R package.

Multiplex Immunofluorescence (mIF) staining
We performed mIF staining by the test kit 
(Cat#abs50015, absin) according to the manufac-
turer’s protocol. The immunofluorescence markers 
used consisted of CD4(Cat#ab183685, Abcam), CD8 
(Cat#D263403, Sangon Biotech), PD1(Cat#ab237728, 
Abcam), FOXP3(Cat#D260367, Sangon Biotech), DAPI 
(Cat#D9542, Sigma). The slides were scanned by a Vec-
tra 3 automated high-throughput multiplexed biomarker 
imaging system (Perkin Elmer, Waltham, MA, USA) and 
analyzed using the inform image analysis software (Per-
kin Elmer, Waltham, MA, USA).
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Hematoxylin-eosin staining (HE staining)
The paraffin sections were firstly conducted dewaxing 
and hydration and then put sections into Hematoxylin 
solution, rinsed with tap water. Then treated the section 
with Hematoxylin Differentiation solution, rinsed with 
tap water. Treated the section with Hematoxylin Bluing 
solution, rinse with tap water. Then placed the sections 
in sequence in 85% ethanol − 95% ethanol - Eosin dye. At 
last, dehydrated and sealed the slices and observed them 
under a microscope.

Immunohistochemistry (IHC)
First, paraffin sections were dewaxed to water. Antigen 
repair was performed using citrate buffer (pH6.0) with 
a steamer followed by endogenous peroxidase blocking 
and serum closure. Then the slide were incubated with 
primary antibody (anti-BRG1, Servicebio, Cat#GB11258, 
1:400 dilution) overnight at 4℃. Goat anti-rabbit horse-
radish peroxidase-conjugated secondary antibody was 
used. The chromogenic reaction was performed with 
DAB.

Statistical analysis
We used GraphPad Prism 9.0 software to analyze and 
visualize the data. Comparisons were assessed using Stu-
dent t test or one-way ANOVA. Statistical significance 
was defined as P < 0.05.

Results
Patient cohort
The cohort comprised fifteen patients with an average 
diagnosis of 25.6 years old (range, 10–38). Four patients 
had hypercalcemia. Three patients were diagnosed with 
stage I tumors; three with stage II; four with stage III; 

three with stage IV and three were unknown. thirteen 
patients had tumors with a maximum diameter exceed-
ing 10 cm. Five patients underwent chemotherapy before 
collecting specimens of recurrent lesions. All clinical 
information has been summarized in the Supplementary 
Table S1.

The histological review was performed by three expe-
rienced pathologists and the diagnosis of SCCOHT was 
confirmed by hematoxylin and eosin (H&E) staining 
and immunohistochemistry (IHC) staining of typical 
SCCOHT markers (Supplementary Fig. S2).

SMARCA4 mutation spectrum in SCCOHT
To analyze the genetic etiology of SCCOHT, we per-
formed next generation sequencing on a series of tumors 
from fifteen SCCOHT cases. WES or gene panel test 
were performed on DNA isolated from fresh frozen 
and FFPE tumor samples. SMARCA4, a gene recurrent 
mutated in SCCOHT, bore inactivation mutations in 
thirteen of fifteen tumors validated by Sanger sequencing 
(Table  1). The mutations occurred throughout various 
exons and included frameshift, nonsense, and splice-site 
mutations with the highest frequency of occurrence (8 in 
15, 53.3%). Two samples (SCC-03 and SCC-10) harbored 
two pathogenic variants in SMARCA4, suggesting bial-
lelic inactivation (Fig.  1). It is worth mentioning that a 
deletion of exons 1–6 of SMARCB1 in the tumor tissue 
was found instead of SMARCA4 mutation in a pediatric 
case (SCC-06).

Given that SCCOHT has been reported to occur in 
families and about 60% mutations in SMARCA4 are 
germline [19, 20], we also evaluated the mutation type 
in our cohort. Among these thirteen patients harbor-
ing SMARCA4 mutations, eleven of them were matched 

Table 1  SMARCA4 mutation in sccohts
Germline mutation Somatic mutation 1 Somatic mutation 2 SMARCA4

IHCSample ID Gene Protein Gene Protein Gene Protein
SCC-01 c.3546 + 2T > C Not applicable LOH Not applicable Loss
SCC-02 Not present c.2973 + 1G > A Not applicable LOH Loss
SCC-03 Not present c.939_940insT p.A314fs c.2631 C > A p.Y877* Loss
SCC-04 Not present Not present Not present Normal
SCC-05 Not present c.4170 + 1G > T Not applicable LOH Loss
SCC-06 Not present Not present Not present Normal
SCC-07 c.1742_1745del p.K581fs LOH Not applicable Loss
SCC-08 Not present c.3081 + 1G > T Not applicable LOH Loss
SCC-09 c.1119–2 A > G Not applicable LOH Not applicable Loss
SCC-10 Not available c.2123 + 1G > T Not applicable c.2859 + 5G > A Not applicable Loss
SCC-11 Not available c.2506–2 A > G Not applicable LOH Loss
SCC-12 Not present c.917_941del p.Gln306fs Not present Loss
SCC-13 Not present c.1709_1722del p.Gln570ProfsTer76 LOH Loss
SCC-14 c.274 C > T p.Gln92Ter LOH Not applicable Loss
SCC-15 c.3229 C > T p.Arg1077Ter LOH Not applicable Loss
Not applicable, germline and somatic mutations already identified; not available, DNA not available; not present, no mutation present; IHC, immunohistochemistry
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with blood samples or normal tissues which gave us the 
chance to verify germline mutations. The results showed 
that the proportion of germline mutations in SMARCA4 
was 5/11 (45.5%), lower than previously reported data in 
literature. To evaluate the possible functional effects of 
mutations on the SMARCA4 gene product, we assessed 
SMARCA4 protein expression in SCCOHT tumors. All 
patients with SMARCA4 mutations are accompanied by 
a loss of protein expression.

The loss of heterozygosity (LOH) of tumor suppres-
sor genes leading to gene inactivation is believed to be 
related to the occurrence and development of tumors 
by somatic second hit [21]. We checked the allele frac-
tion of SMARCA4 mutation sites and found LOH in 
10/15 (66.7%) cases (Table 1), suggesting that the LOH of 
SMARCA4 may be one of the pathogenic mechanisms of 
SCCOHT.

Single-cell profiling of nonmalignant ovarian, primary, and 
recurrent SCCOHT tumor ecosystems
To systematically interrogate the intra-tumoral hetero-
geneity of SCCOHT, we performed scRNA-seq on one 
primary lesion (SCC-09_T) with matched normal ovar-
ian tissue (SCC-09_N) from one patient and one recur-
rent lesion (SCC-01_T) from a different patient. A total 
of 29,808 cells were acquired from these samples follow-
ing standard procedures. Of these, 20,174 cells (67.7%) 
were from SCCOHT tumors and 9634 (32.3%) were from 
nonmalignant ovary. These cells were then categorized 
into 8 clusters and annotated according to the established 
gene marker list by the canonical markers. Visualization 
of the cells was performed using UMAP approaches, as 
shown in Fig.  2A. Furthermore, Fig.  2B and C demon-
strates the identification of cell types, including T-cell 
lineages (marked by CD3D, CD2, TRBC2), mononu-
clear phagocytes (LYZ, CD14, C1QB and CD1C), mural 
cells (ACTA2, RGS5, PDGFRB and MYH11), endothelial 

cells (CDH5, PECAM1, VWF and CLDN5), cancer cells 
(COL11A1, PCDH9, PTHLH, STMN1 and SOX4), gran-
ulosa cells (AMH, HSD17B1, SERPINE2, NR5A2 and 
GSTA1), fibroblasts (DCN, LUM, COL1A2, COL1A1) 
and theca cells (PTH1R, APOD, APOC1, WFDC1 and 
COLEC11). To verify the reliability of cell grouping, the 
InferCNV pipeline used T-cell lineages as the baseline to 
analyze copy number variations in the cancer cells. The 
cancer cells had obvious copy number alterations, imply-
ing that cell identity recognition can correctly distinguish 
tumor cells (Fig. 2D). We found the presence of endothe-
lial cells (ECs), fibroblasts, granulosa cells, mononuclear 
phagocytes (MPs), mural cells, T cells, theca cells in 
normal ovarian tissue. The primary lesion sample (SCC-
09_T) was mainly composed of tumor cells, MPs, and T 
cells. In the recurrent lesion (SCC-01_T), the main cell 
type was tumor cells, with only a small number of T cells 
(Fig. 2E).

Single-cell transcriptomics reveal intra-tumoral 
heterogeneity in SCCOHT cells
We next explored cancer cells and mutual expression pat-
terns of their marker genes. We detected 19,418 tumor 
cells from the primary and recurrent tumor sample, 
which were classified into seven clusters (C1-C7) with 
different biological functions according to the mark-
ers identified for each of these clusters. Primary lesion 
includes clusters 2 and 6, while recurrent lesion included 
four clusters (1, 3, 5, 7) (Fig.  3A). Cluster 1 (marked by 
HTR2C, POU3F3, and SOSTDC1) were character-
ized as neuronal cell body and had high activity in axon 
genesis. HTR2C encodes a G-protein coupled recep-
tor for 5-hydroxytryptamine, which may modulate the 
release of Ca2+ from intracellular stores [22]. Cluster 
2 showed a high level of NPAS3, and ARHGEF28, both 
of which play a broad role in neurogenesis. And it is 
reported that mRNA levels of ARHGEF28 are associated 

Fig. 1  Inactivating germline and somatic SMARCA4 mutations identified in SCCOHT. A representation of the primary structure of the SMARCA4 protein is 
shown with exon locations noted above. All germline mutations occurred in cohort are marked in blue, somatic mutations are in orange, and unknown 
types are marked by purple. QLQ, Gln, Leu, Gln motif; HSA, helicase/SANT-associated domain; BRK, Brahma and Kismet domain; DEXDc, DEAD-like helicase 
superfamily domain; SNF2_N, SNF2 family N-terminal domain; HELICc, helicase superfamily C-terminal domain; Bromo, bromodomain
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with decreased progression-free and overall survival in 
patients with ovarian cancer [23]. Cluster 3 (marked by 
EMX2, NPY, RORB) was described as vesicle lumen and 
was associated with neutrophil function. The essence of 
cluster 4 (marked by NEFM, PAM, RP11-268G12) was 
like cluster 3 but was more inclined towards respiratory 

metabolism in biological process. Strong expression of 
genes related to cell division process observed in cluster 
5 (marked by KIF20A, PLK1, RRM2) and may explain 
the rapid growth in SCCOHT. Cluster 6 exhibited high 
expression level of ATP5O, PRDX2 and TMSB4X. PRDX2 
encodes an antioxidant enzyme, and it may contribute to 

Fig. 2  Single-cell RNA analyses of SCCOHT. A, UMAP representation of 8 clusters generated from all tumor cells. The left panel represents the classification 
of cell types, while the right panel illustrates the specific samples from which these cells originate. B, Violin plots presenting the expression level for the 
selected markers in different clusters. C, Expression levels of representative well-known markers across the cell types in SCCOHT. Color key from gray to 
red indicates relative expression levels from low to high. D, Heatmap of the copy number variations in the cancer cells analyzed by the InferCNV pipeline. 
E, Ratio of cellular composition in the specific patient sample
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the antiviral activity of CD8+ T cells [24]. Cluster 6 was 
enriched in immune response-related signaling path-
ways, such as response to interferon-alpha and negative 
regulation of viral life cycle. Cluster 7 (marked by FTX, 
SGCZ and XIST) showed higher activity in GABAergic 
synapse and is enriched in the process of gap junction 
and calcium signaling pathway (Fig. 3B).

We also conducted GSVA analysis to further explore 
the heterogeneity of cells within tumors. In primary 
lesion, angiogenesis, KRAS signaling and TGF-β signal-
ing were enriched in cluster 2; cluster 6 exhibited high 
activity in interferon response, reactive oxygen spe-
cies pathway and allograft rejection consistent with GO 
analysis. In recurrent lesion, pathways related to growth 

and development such as Wnt-β catenin signaling and 
hedgehog signaling were enriched in cluster 7. Clusters 
3, 4, and 5 have high level expression of genes related to 
metabolic pathways (e.g., oxidative phosphorylation, cho-
lesterol homeostasis, glycolysis), DNA repair pathways 
(e.g., UV response up, DNA repair and p53 pathway). At 
the same time, cluster 5 was also enriched in cell cycle 
pathways: E2F targets and G2M checkpoint, supporting 
the results of GO analysis (Fig. 3C).

Reconstruction of progressive trajectory of cancer cells
We would like to know if there is an evolutionary rela-
tionship between these different tumor cells and the fac-
tors that contribute to their changes. Pseudo time series 

Fig. 3  Heterogeneity of tumor cells in SCCOHT and expression patterns in tumor progression. A, The UMAP plot demonstrates the subclusters of cancer 
cells in primary and recurrent tumor specimens, and the proportion of cell components in specific patient samples is displayed next to it. B, Expression 
levels of representative well-known markers across the different clusters in cancer cells. Color key from gray to red indicates relative expression levels from 
low to high. C, Heatmap showing the enriched hallmark gene signatures of heterogeneity of cells within tumors. D, The evolutionary trajectories of these 
cancer cells. E, Box plot comparing the stemness scores in the different clusters. F, Expression changes of characteristic genes along the pseudotime. G, 
Heatmap showing the dynamic changes in gene expression along the pseudotime and differential genes and pathways are labeled
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analysis was conducted firstly to explore the evolutionary 
trajectories of these cancer cells. We found cluster 5 had 
the highest stemness and gradually differentiated into 
clusters 2 and 6 (Fig. 3D). CytoTRACE analysis was then 
applied to predict the differentiation states of these can-
cer cells and confirmed that cluster 5 has the strongest 
stemness (Fig. 3E). As the pseudo timing progresses, the 
expression of AC005477.1, ARGLU1 and ARL4A gradu-
ally increased, while ACTB, ARF5, ARL6IP1 and ALDOA 
gradually decreased (Fig.  3F). We enriched the genes 
based on the characteristics of expression changes during 
the pseudo timing process, resulting in a total of seven 
clusters (C1-C7). Along the trajectory, the gene signature 
of cluster 1,2,3,4 and 7 were all related to cell division, 
such as nuclear division, DNA replication, cytoplasmic 
translation, while cluster 5 was enriched in ATP meta-
bolic process. We also observed that some genes related 
to cell mitosis (AURKB, CKS2, TACC3, CHEK2, CCNB1, 
CENPF, WEE1), DNA repair (BRCA1, RAD51) and epi-
genetic (EZH2, DNMT1) maintain a high expression in 
cancer cells of primitive state, although their levels can be 
high or low in relatively differentiated cells (Fig. 3G).

The characteristics of macrophages in SCCOHT
There were 711 mononuclear phagocytes including 
macrophages, classical monocytes, non-classical mono-
cyte, and dendritic cells identified in all three samples 
(Fig.  4A). The most common cell type in normal ovar-
ian tissue is classical monocytes, while the proportion of 
macrophages in the primary lesion is increased. Macro-
phages are the main component of mononuclear phago-
cytes in recurrent lesion (Fig.  4B and Supplementary 
Table S3).

Tumor-associated macrophages (TAM) are an impor-
tant component of the immune microenvironment, 
playing a role in angiogenesis, extracellular matrix 
remodeling, cancer cell proliferation, metastasis, and 
immune suppression, as well as resistance to chemother-
apy drugs and checkpoint blockade immunotherapy [25]. 
Recently, a unified nomenclature for TAM subsets was 
coined on the basis of the signature genes, enriched path-
ways and predicted function including seven TAM sub-
sets as interferon-primed TAMs (IFN-TAMs), immune 
regulatory TAMs (reg-TAMs), inflammatory cytokine-
enriched TAMs (inflam-TAMs), lipid-associated TAMs 
(LA-TAMs), pro-angiogenic TAMs (angio-TAMs), res-
ident-tissue macrophage-like TAMs (RTM-TAMs) and 
proliferating TAMs (prolif-TAMs) [26].

We compared the differential genes of macrophages in 
primary and recurrent lesions with those in normal ovar-
ian tissue and found that macrophages in primary lesion 
exhibited high expression level of APOE, APOC1, SPP1, 
which are markers of LA-TAMs (Fig.  4C). Consistent 
with this, GO analysis showed an enhanced functions 

of regulation of lipid transport, regulation of lipid local-
ization, endocytic vesicle in primary tumor (Fig.  4D). 
It has been reported that enhanced lipid accumulation 
and metabolism are required for the differentiation and 
activation of TAMs suppressing anti-tumor immune 
responses and perhaps promote tumor progression [27, 
28]. Different from primary lesion, high expressions 
of CCL3L3 and CCL4L2 in macrophages in recurrent 
lesion were observed suggesting inflam-TAMs (Fig.  4E). 
Inflam-TAMs have an expression signature of inflam-
matory cytokines and might actively recruit and regulate 
immune cells during the tumor-associated inflammatory 
response. GO analysis further confirmed the upregula-
tion in neutrophil degranulation, neutrophil activation, 
and chemokine activity (Fig. 4F). We also found macro-
phages in recurrent lesion expressed high level of HLA-
DRB5 representing Reg-TAMs.

The characteristics of T cells in SCCOHT
The number of T cells in the primary lesion is like normal 
ovarian tissue, but the proportion of T cells in the pri-
mary lesion is higher than that in normal ovarian tissue 
(6.7% vs. 4.2%), while the number of T cells in the recur-
rent lesion is only 10 with a proportion of 0.07% (Supple-
mentary Table S3). We further classified T cells into eight 
subtypes, totaling 700 cells, including KLRF1+ NK cells, 
XCL1+ NK cells, TRGC1+ NKT cells, FCGR3A+ NKT 
cells, exhausted PDCD1+CD8+ T cells, effector CD27+ 
CD8+ T cells, effector CCR5+ CD8+ T cells and CCR7+ 
Naïve T cells (Fig. 5A and B). Compared to normal ovar-
ian tissue, the proportion of exhausted CD8+ T cells was 
higher in tumor especially in recurrent lesion (Fig.  5C). 
Then we conducted GSVA analysis on these T cell sub-
sets and found that compared to normal ovaries, CCR5+ 
CD8+ T cells and CCR7+ Naïve T cells in the primary 
lesion had higher gene expression of exhaustion, while 
exhausted PDCD1+CD8+ T cells had higher gene expres-
sion of ferroptosis (Fig. 5D).

To further confirm the results obtained from scRNA-
seq, we also performed mIF staining on normal ovar-
ian tissue, three primary lesions, and three recurrent 
lesions. The number of T cells infiltrating the SCCOHT 
tumor was higher than those in normal ovarian tissue. 
And there was no significant difference in the number of 
CD4+ and CD8+ T cells between the recurrent and pri-
mary lesions, but the number and ratio of PD1+CD4+ 
T cells and PD1+CD8+ T cells were higher in recurrent 
lesion, and SCC-08 exhibited the highest level of PD-1 
(Fig.  5E and F). To summarize, we observed infiltration 
of exhausted T cells in SCCOHT tumors, but there was 
heterogeneity between patients.

In addition, we tended to figure out the interaction 
between immune cells in the primary lesion and nor-
mal ovarian tissue and cell-cell interaction analysis was 
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Fig. 4  The characteristics of macrophages in SCCOHT. A, The UMAP diagram shows different components of mononuclear phagocytes identified in three 
samples. B, The proportion of each cell type in three samples. C, Heatmap of differential expression genes between primary lesion and normal ovarian 
tissue. D, Upregulated signaling pathways of macrophages in the primary lesion compared to those in normal ovarian tissue analyzed by GO. E, Heatmap 
of differential expression genes between recurrent lesion and normal ovarian tissue. F, Upregulated signaling pathways of macrophages in the recurrent 
lesion compared to those in normal ovarian tissue analyzed by GO
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conducted. The results showed that compared with nor-
mal ovarian tissue, the interaction between macrophages 
and T cells in the primary lesion was weakened (Fig. 5G). 
Furthermore, we found that the interaction between 

CXCL12 ligands secreted by macrophages and CXCR4 
receptors of T cell was significantly reduced (Fig. 5H).

Fig. 5 (See legend on next page.)
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Discussion
Our results showed that 86.7% (13 in 15) patients exhib-
ited inactivation mutations of SMARCA4. The scRNA-
seq results of the two SCCOHT cases we reported 
suggest the presence of intra-tumoral heterogeneity and 
immune microenvironment.

The LOH of SMARCA4 in SCCOHT is universal, 
both in our cohort and literatures. It was revealed that 
SMARCA4 was the only gene with recurrent mutations 
in SCCOHT, with a frequency of over 80% and the fre-
quency of LOH reached 40.6% (13/32) and 66.7% (8/12) 
[3, 4, 29]. Our results showed LOH occurred in 10/15 
(66.7%) cases. SMARCA4 mutations occurred through-
out various exons and included nonsense, frameshift, and 
splice-site mutations as well as a homozygous intragenic 
deletion of two exons. We did not observe hot spot muta-
tions of SMARCA4 in our cohort and the loss of func-
tion of the coding protein seemed to be the cause of the 
disease.

SCCOHT tumors progress rapidly and are highly prone 
to drug resistance and recurrence, suggesting the com-
plex components in this type of neoplasm. We depicted 
the cellular heterogeneity within the primary and recur-
rent lesions in-depth through scRNA-seq and the recur-
rent lesion exhibited highest stemness. Genes related to 
cell mitosis were upregulated in these “stem-like” cells, 
such as AURKB, CCNB1, WEE1, CHEK2 and so on. In 
the future, we can focus on these targets in the treatment 
of SCCOHT.

Through scRNA-seq, two main types of immune cells 
were observed in the two cases of SCCOHT tumor 
microenvironment, namely macrophages, and T cells. 
A previous study observed biologically significant levels 
of CD3+ T cell infiltration in recurrent lesion after che-
motherapy and macrophages was the most abundant 
PD-L1-positive cells in some tumor [9]. Our study addi-
tional added normal ovarian tissue and primary lesions 
to observe the infiltration of different type of T cells in 
SCCOHT. mIF staining results showed infiltration of 
CD4+/ CD8+ T cells in tumor tissues, and the CD4+/ 
CD8+ T cells in the recurrent lesion showed high levels 
of PD-1 expression, basically consistent with the results 
reported in the above literature. It was worth noting that 
although the proportion of exhausted T cell in the recur-
rent lesion was high according to scRNA-seq results, 

the total number of T cells was small, which may be 
related to individual differences. In the primary lesion 
we reported here, macrophages were mainly LA-TAMs 
while in the recurrent lesion, those were inflam-TAMs. 
TAM targeting has received significant attention, but the 
vast majority are still in clinical trials [26]. Its applica-
tion in the clinical treatment of SCCOTH still needs to 
be explored. It has been reported that CXCL12 and its 
receptor may contribute to TAMs-mediated CD8+ T cell 
suppression [30], but the influence of weakened interac-
tion in SCCOHT remains to be explored.

Our research also has several limitations. Firstly, our 
sample size is relatively small, comprising only one 
case each of normal ovarian tissue, primary lesion, and 
recurrent lesion, which may not be representative of the 
majority of patients. Secondly, the recurrent lesion and 
primary lesion are not from the same patient, which 
means that the comparison between them may primar-
ily reflect inter-individual differences rather than the true 
distinctions between primary and metastatic disease. 
It is important to emphasize that our findings are based 
on individual case reports and require further validation 
in future studies. The patient with the primary lesion 
reported in this article has remained stable so far, and if 
the disease progresses in the future, we may obtain recur-
rent lesions from the same patient for more accurate 
comparative analysis.

In conclusion, we examined SCCOHT using WES and 
single-cell RNA sequencing, revealing intra-tumoral 
heterogeneity and the immune microenvironment in 
a Chinese cohort. This is the first study to characterize 
SCCOHT at single-cell resolution, identifying potential 
therapeutic targets such as CHEK2, CCNB1, WEE1, as 
well as distinct TAM subsets. These findings provide new 
insights into SCCOHT pathogenesis and highlight prom-
ising strategies for targeted therapy and immunotherapy 
to improve clinical outcomes.
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Fig. 5  The characteristics of T cells in SCCOHT. A, The UMAP diagram shows different components of T cells identified in three samples. B, Dot plots 
indicating the differentially expressed genes in eight T cell subtypes. C, The portion of T cell subtypes in the three samples. D, the heatmap displays the 
gene expression characteristics of various T cell subpopulations analyzed by GSVA. E, Representative images of mIF staining with the PD-1, CD4, and CD8 
antibodies of normal ovarian tissue, primary lesion, and recurrent lesion (Scale bars, 200 μm). Enlarged outset shows the infiltration of T cells expressing 
various marker genes and cells co-expressing PD-1and CD4/CD8 (Scale bars, 100 μm). F, CD4-positive, CD8-positive, PD-1-expressing CD4-positive and 
PD-1-expressing CD8-positive cell counts per mm2. The y-axis indicates number of marker-positive cells, and the x-axis indicates SCCOHT cases. Percent-
age of PD-1-positive cells out of all CD4/CD8 cells. The y-axis indicates percentage of PD-L1-expressing T cells, and the x-axis indicates SCCOHT cases 
(*P<0.05). G, the heatmap displays the interaction between two cell types, with darker colors indicating a greater number of interactions between the two 
cell types. H, the bubble plot illustrated the predicted chemokine interactions between macrophages as ligand cells and other cell types
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