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This study aimed to identify prognostic features in high-grade serous ovarian cancer (HGSOC) through 
the application of gene regulatory network (GRN) inference with single-cell RNA-sequencing (scRNA-
seq) profiles. To achieve this goal, we developed a workflow comprising scRNA-seq analysis, metacell 
construction, GRN inference, and a binary classification task for prognosis prediction. We curated 
118,173 cells from HGSOC patients in three conditions (Before-chemotherapy, After-chemotherapy, 
and control samples) from previous studies, and then constructed 1,211 metacells. GRN inference 
analysis revealed 312 regulons, each consisting of one transcription factor and its targeted features. 
For prognosis evaluation, we used bulk RNA-seq data covering 342 HGSOC patients from The Cancer 
Genome Atlas (TCGA) and defined a binary outcome of overall survival ≥ 2 years from initial diagnosis, 
with censored cases at last follow-up assigned to the appropriate class by observed time. We prioritized 
the features of the TCGA data based on regulon information and differentially expressed features 
extracted from the metacell data. Our results demonstrated that regulon-based prognostic features 
were more effective than differential expression-based features in both Before-chemotherapy and 
After-chemotherapy groups. Our framework can be generalized to other types of cancer when single-
cell data for GRN inference and bulk RNA-seq data with clinical outcomes are available.
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Ovarian cancer (OC) ranks as the fifth most frequent cancer death in women, with approximately 239,000 newly 
diagnosed OC patients and 152,000 deaths reported annually worldwide1,2. OC is categorized into five primary 
subtypes according to pathology findings. Among them, high-grade serous ovarian cancer (HGSOC) accounts 
for 70 – 80% of all OC cases and has the worst prognosis3. Great challenges exist in early-stage diagnosis because 
of the anatomical location of the ovaries and the frequent development of chemoresistance after initial treatment. 
At advanced stages, approximately 30% to 40% of HGSOC patients survive for five years or more; thus, there is a 
strong need for a deep understanding of its pathophysiology to improve treatment outcomes.

Cellular function is orchestrated by highly organized expressions of tens of thousands of genes and non-
coding RNAs (altogether, we refer to them as ‘features’ in this study). Their expression is controlled by dynamic 
and complex biological networks, often called gene regulatory networks (GRNs), which involve interactions 
among targeted features, transcription factors (TFs), and chromatin accessibility4,5. Several studies have focused 
on elucidating the relationship between HGSOC’s cellular functions, TFs, and GRN6–10. However, there is still 
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limited knowledge about the relationship between GRN and prognostic features in HGSOC, especially in a cell-
type-specific manner.

This study aimed to assess whether GRN is utilized to identify prognostic features in HGSOC. For this purpose, 
we developed a workflow consisting of GRN inference analysis and machine learning (ML) for predicting the 
prognosis of HGSOC patients with bulk RNA-seq data (Fig. 1). We collected paired single-cell RNA-sequencing 
(scRNA-seq) data of HGSOC, “Before-chemotherapy” and “After-chemotherapy”, and extracted TF-target 
interactions (i.e., regulons) through GRN inference analysis. Our results showed that GRN inference analysis 
could effectively extract prognostic features in HGSOC. Furthermore, paired Before-chemotherapy and After-
chemotherapy data enabled us to extract different prognostic features, and cell-type-specific information 
enabled specifying prognostic features at a cellular level, which is important considering the heterogeneous 
characteristics of the tumor microenvironment.

Materials and methods
Collection of HGSOC scRNA-seq and control data
We collected three public datasets from Gene Expression Omnibus (GEO: GSE165897, GSE191301, and 
GSE201047) that contained paired HGSOC scRNA-seq data Before-chemotherapy and After-chemotherapy11–13. 
Among the 15 patients, we used six patients’ paired data, with each of the samples having more than 2,000 cells 
(Table S1). All these samples were diagnosed with HGSOC stage III or IV. For comparison, we collected scRNA-
seq data from the normal fallopian tube (GSE151214) and ovary (GSE184880)14,15.

scRNA-seq data analysis
We used Scanpy (version: 1.9.3) and scvi-tools (version: 0.20.3) in Python (version: 3.10.11) for doublet removal, 
basic filtering, data integration, and cell-type classification16,17.To remove doublets, we used SOLO function in 
scvi-tools with default parameters. For basic filtering, we retained the cells with a minimum of 200 expressed 
genes, 1,000 unique molecular identifier (UMI) counts, and less than 20% mitochondrial gene expression. Batch 
correction was performed using scvi-tools with the default parameters. After the data integration, we manually 
clustered and annotated cell types using our marker gene sets (Table S2) curated from CellMarker 2.018 and a 
previous study of HGSOC scRNA-seq analysis19.

Metacell construction
We constructed metacells using SEACells20 in Python (version: 3.8.17). Briefly, SEACells uses a k-nearest 
neighbor graph and kernel archetypal analysis to aggregate single cells with a similar phenotype20. We used 
SEACells with default parameters, ensuring that one metacell included the 75 most similar single cells. After 
constructing 1,921 metacells, we kept 1,211 metacells comprising one cell type for GRN inference analysis. 
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Fig. 1.  Overview of our workflow. Single-cell RNA-seq data are utilized for gene regulatory network (GRN) 
inference analysis, while bulk RNA-seq data with clinical information are employed for a binary task to predict 
patients’ longevity in high-grade serous ovarian cancer (HGSOC). The results obtained from the workflow can 
be used for further downstream analyses.
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We employed the Wilcoxon rank-sum test to identify differentially expressed features by each cell type and 
treatment status.

GRN inference and downstream analyses
We used 1,211 metacells with 10,504 genes (expressed in more than 50% of the metacells) for GRN inference 
by running pySCENIC21 on Python (version: 3.10.11). We also employed pySCENIC for downstream analyses, 
including the identification of specifically activated regulons by measuring regulon specificity scores, and 
selected the top 1% of regulons based on TF-target interaction importance scores. Cytoscape22 was used for 
GRN visualization.

GRN-based prognostic feature extraction
To test whether GRN could be used for prognostic feature extraction, we conducted a binary classification task 
using bulk RNA-sequencing (RNA-seq) data of HGSOC from The Cancer Genome Atlas (TCGA) datasets.23 
We used R (version: 4.2.2) and TCGAbiolinks (version: 2.36.0)24 to collect the bulk RNA-seq data and prognosis 
information from 342 HGSOC patients. We conducted a binary classification task to predict whether the 
patients lived over 2 years only based on the bulk RNA-seq data with linked clinical outcome data. We used 
80% of the data for training and 20% for validation. We employed four machine learning methods, logistic 
regression, random forest, support vector machine (SVM), and XGBoost, which were implemented in the scikit-
learn package (version: 1.3.0). The random forest model was run with default parameters (n_estimators = 100, 
criterion = “gini”, max_depth = None, and max_features = “sqrt”). The XGBoost model used its defaults (n_
estimators = 100, max_depth = 6, learning_rate = 0.3, and objective = "binary:logistic"). The SVM model was 
trained with default settings as well (C = 1.0, kernel = “rbf ”, and gamma = “scale”). We applied ‘sklearn.metrics’ 
function in scikit-learn package (version: 1.3.0) to calculate accuracy, F1 score, and area under the receiver 
operating characteristic curve (AUC) to evaluate ML model performance.

Permutation test
To assess the relationship between the number of features and ML performance, we tested feature set sizes 
from 100 to 60,000 in steps of 100 (i.e., 100, 200, 300, …, 60,000). This yielded 600 distinct feature‑set sizes. 
For each feature-set size, we performed 100 randomized permutations consisting of two steps: 1) features were 
randomly selected, then 2) the logistic regression model was used for training and validation processes, resulting 
in 60,000 tests (600 feature sizes × 100 permutations). Accuracy, F1 score, and AUC were used to evaluate the 
model performance.

Gene set enrichment analysis
We used WebGestalt25 (accessed October 30, 2023) for gene functional enrichment analysis. We conducted 
Over-Representation Analysis using the Gene Ontology (GO) database, including its three domains, Biological 
Process, Molecular Function, and Cellular Component, to identify enriched GO-terms.

Survival analysis
We used the bulk RNA-seq data of HGSOC from the TCGA datasets for survival analysis23. DEseq2 (version: 
1.48.0)26 and SummarizedExperiment (version: 1.38.1)27 were used for data cleaning. We used survival (version: 
3.8.3)28 and survminer (version: 0.5.0)29 to analyze and draw survival curves, respectively.

Results
HGSOC scRNA-seq data integration and metacell construction for GRN inference
We collected 31 samples from five datasets, comprising six patient samples and ten control samples (Table S1). 
After quality control and doublet removal, we obtained and annotated 118,173 cells with curated marker genes 
(Table S2), including 29,681, 49,233, and 39,259 cells in the groups “Before-chemotherapy”, “After-chemotherapy”, 
and “Control”, respectively (Fig. 2A, Table S3). Marker gene expression in each cell type is presented in Fig. 2B.

The computational cost of GRN inference is generally high, which is problematic especially when a wide 
variety of data is used or computational resources are limited. To address this, we employed SEACells for metacell 
construction20 so that every most similar 75 single cells were aggregated into one metacell. We constructed 1,921 
metacells from the integrated dataset, and then removed 710 metacells consisting of more than one cell type. 
This resulted in 1,211 metacells for downstream analyses. The number of features shared among the metacells 
significantly outnumbered those in single cells. Specifically, at the median, metacells shared 10,504 expressed 
features (vs. 1,172 genes at the single-cell level; Fig. 2C), reflecting reduced sparsity after aggregation. Uniform 
Manifold Approximation and Projection (UMAP) visualizations of the metacells are presented in Fig. 2D and 
Figure S1, which did not show significant distinction from those with scRNA-seq data. Differentially expressed 
(DE) features by cell type and treatment status are provided in Supplementary Tables S4 and S5, respectively.

Each cell type and treatment status had a distinct regulon activity pattern
Using raw count data of the 10,504 features in 1,211 metacells, we obtained 312 regulons through GRN inference 
analysis using pySCENIC21. Each regulon typically consists of one TF and several targeted features (targets) 
that are assumed to be regulated by the TF. The number of genes regulated by a TF (regulon size) ranged from 
2 to 3,953, with an average and median value of 749 and 409, respectively (Figure S2 and Table S6). TF-target 
interactions were quantified as importance scores for each regulon in metacells (Figure S3). We clustered the 
1,211 metacells based on the 312 regulon-activity scores, indicating that each cell type and treatment status had 
distinct regulon-activity patterns (Fig. 2E). These 312 regulon-activity scores were also used to extract regulons 
specifically activated in each cell type and treatment status (Fig. 2 F, G). Among them, five TF genes (ARID3A, 

Scientific Reports |        (2025) 15:39345 3| https://doi.org/10.1038/s41598-025-22937-9

www.nature.com/scientificreports/

http://www.nature.com/scientificreports


UMAP1

U
M

AP
2

tneitaPepyt lleC

Anatomical location Treatment status

A B

D

UMAP1

U
M

AP
2

Cell type

R
eg

ul
on

 s
pe

ci
fic

ity
 s

co
re

Treatment status

Single-cell
Metacell

UMAP1

U
M

AP
2

Cell type Patient

Anatomical location Treatment status

E

G

C

5

0
F

MIOS_(+)
ZNF467_(+)

CREB3_(+)
ZNF814_(+)

NFE2L3_(+)

ATF5_(+)

ARID3A_(+)
YBX1_(+)

IRF7_(+)
NR1H3_(+)

POLD2_(+)
MEF2D_(+)

STAT3_(+)
NFIC_(+)

KLF7_(+)

Percentile

N
um

be
r o

f g
en

es

Before-chemotherapyAfter-chemotherapy Control

Fig. 2.  Singe-cell RNA-seq (scRNA-seq) data integration, metacell construction, and gene regulatory network 
(GRN) inference of HGSOC data. (A) Uniform Manifold Approximation and Projection (UMAP) plots of 
the integrated scRNA-seq data. (B) Marker gene expressions in each cell type. (C) The number of shared 
features in single-cell data and metacell data. The x-axis represents percentile, and the y-axis represents the 
number of shared features (coding and noncoding genes). (D) UMAP plots of the metacell data clustered 
based on expression profiles. (E) UMAP plots of metacells, clustered based on regulon activity score. (F) 
Specific regulons in each cell type. (G) Specific regulons in each treatment status. The y-axis represents regulon 
specificity scores.
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ATF5, CREB3, NFE2L3, and YBX1) have been implicated in the pathophysiology of ovarian cancer30–34, 
underscoring the value of prioritizing regulons for the identification of features associated with HGSOC.

DE features in each treatment status were closely connected to specific regulons
Considering that each treatment status had distinct feature expression patterns (Fig. 2D) and regulon-activity 
patterns (Fig. 2E), we hypothesized that regulon activities and feature expressions were closely connected. To 
test the hypothesis, we evaluated the relationship between DE features and regulons. Firstly, we selected the top 
1% TF-target interactions by importance score (Figure S4, Table S7), including 2,337 TF-target interactions 
constituting 241 regulons, which we referred to as the top 1% regulons. We counted the number of DE features 
(logFC > 1 and adjusted p-value < 0.05; FC: fold change) within these regulons for each treatment status. There 
were 442, 170, and 461 DE features in ‘After-chemotherapy’, ‘Before-chemotherapy’, and ‘Control’ groups, 
respectively (Table S5). Among them, 360 DE features (142 features in ‘After-chemotherapy’, 85 in ‘Before-
chemotherapy’, and 133 in ‘Control’ group) were included in the 2,337 TF-target interactions (Table S8), showing 
that DE features significantly interacted with TFs (p < 0.0001, Figure S5A). There were 360 DE features included 
in the 135 regulons. Thirty-eight regulons (28.1%) had DE features in more than one treatment status, and 
97 regulons had DE features in only one treatment status (Table S8), indicating that DE features in different 
treatment statuses were regulated by distinct TFs (p = 0.0033, Figure S5B). One notable example is an ELF3 
regulon [denoted as ELF3_( +)]. This regulon consisted of ELF3 as a TF and 42 TF-target interactions in the top 
1% regulon, in which 23 features were DE features in the After-chemotherapy group. Collectively, these results 
indicated that DE features were closely connected to specific regulons.

Reported prognostic features in HGSOC did not show significant overlap with the regulons
Building on the previous studies that identified genes related to the prognosis of HGSOC, we evaluated the 
relationship between regulons and these genes. We collected 276 genes as prognostic marker genes, which 
have been previously validated through survival analysis in 3,769 women with HGSOC35. Fifty-seven genes 
were included in the top 1% 2,337 TF-target interactions (Table S9), which were not significantly related to TFs 
(p = 0.66, Figure S6). Among the 57 genes, four, one, and nine genes overlapped with the DE features in control, 
Before-chemotherapy, and After-chemotherapy, respectively. Seven out of the nine genes that overlapped 
between prognostic genes and DE features in the After-chemotherapy group were included in RUNX2_( +) 
regulon. These results suggested that some reported prognostic features were not regulated by TFs, and exploring 
treatment-status-specific regulons might facilitate further identification of prognostic features of HGSOC. This 
comparison also suggested our GRN approach may help identify novel cancer markers for further validation.

Machine-learning performance depends non-monotonically on feature set size
Before we examined whether regulons for feature extraction could improve ML performance for prognosis 
prediction, we evaluated the relationship between the number of features and ML performance. Bulk RNA-
seq data and patients’ clinical information from TCGA were collected and cleaned for this analysis23. From 
the TCGA data, we curated 256 HGSOC patients who lived for more than two years and 86 patients who died 
within two years from the initial diagnosis. Expression profiles of the RNA-seq data are presented in Figure S7A. 
We tested whether ML could predict patients’ prognosis (live more than two years or not) using the bulk RNA-
seq data. Considering the limited sample size in our dataset, we first applied logistic regression. To assess the 
relationship between the number of features and ML performance, we conducted a series of 100 permutation 
tests as ablation analyses at intervals of every 100 features, spanning the range from 100 to 60,000 features, 
resulting in a total of 60,000 permutations (Figure S7B). Consistent with the expectation, permutations of up 
to 10,000 features included both the top and worst performances. With this result, we concluded that feature 
selection had the potential to improve ML performance.

Treatment-status-specific regulons improve ML performance on prognosis prediction
To evaluate whether regulons improve ML performance, we first made three lists of the top 100 regulons in 
the treatment statuses based on the specificity scores (Table S10). Features were extracted from the lists using 
the following steps. First, we determined the number of regulons (N regulons) and features (M genes). Second, 
we extracted the top N regulons based on the specificity scores. Lastly, we extracted the top M genes based on 
the importance scores. This approach was iteratively applied across the range of 1 to 100 regulons and 1 to 100 
genes, yielding a total of 10,000 combinations. We employed logistic regression first by using F1 score, AUC, and 
accuracy as performance measure.

Regardless of the lists used, the top 1% performance scores were achieved with up to one thousand features 
(Figure S8 and Table S11). The distribution patterns of regulon-gene combinations varied between treatment 
statuses. The top scores were achieved by using the combinations of several regulons with a few dozen genes in 
Before-chemotherapy specific regulons, or the combinations of a few dozen regulons with several genes in After-
chemotherapy-specific regulons (Fig. 3A and Figure S9). As expected, the top 1% performance scores based on 
Before-chemotherapy and After-chemotherapy regulons outperformed those based on control samples (Fig. 3B 
and Figure S10), suggesting that the regulons activated in disease states and the treatment were associated with 
prognosis. Other ML models obtained comparable results, although they did not significantly outperform the 
logistic regression model, possibly due to the limited amount of data (Figures S11–S14). We compared the 
ML performances between regulon-based and DE feature-based methods. In the DE feature-based method, 
we extract the top N features based on the logFC scores or adjusted p-values. Interestingly, the regulon-based 
feature extraction method significantly outperformed the DE-feature-based feature extraction (Figs.  3C and 
S15). Taken together, regulon-based feature extraction could improve ML performance and outperformed DE-
based approach.
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Treatment-status-specific regulons showed overlapping and distinct cell functions
Because metacells in the Before-chemotherapy and After-chemotherapy groups had distinct regulon activity 
patterns (Fig. 2E), we hypothesized that extracted prognostic features using regulons in the Before-chemotherapy 
and After-chemotherapy groups had distinct cellular functions. To test it, we obtained the average numbers of 
regulons and genes among the top 1% scores in the two groups: 4 regulons and 70 genes in regulons specific to 
the Before-chemotherapy group, and 46 regulons and 5 genes in regulons specific to the After-chemotherapy 
group (Figure S16). Their TFs and genes are listed in Table S12. Enrichment analyses showed that they had 
shared and distinct functions (Fig. 4, Tables S13 and S14). Regulons specific to the Before-chemotherapy and 
After-chemotherapy groups were enriched with 105 and 45 GO terms, respectively. Among them, eight GO-
terms were shared between them, which were related to cell leukocyte adhesion, interleukin-6 (IL-6) production, 
organism interferon production, and negative regulation of intracellular signal transduction. Six out of these 
eight shared GO-terms were related to cell leukocyte adhesion, which has been reported to affect the prognosis 
of ovarian cancer36. Furthermore, IL-6 is also associated with invasion and metastasis functions in ovarian 
cancer37. These results suggested that regulons in the Before-chemotherapy and After-chemotherapy groups 
had distinct cellular functions related to prognosis, although some functions are shared between the two groups.

C
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Before-chemotherapy

After-chemotherapy
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Fig. 3.  Performance evaluation of gene regulatory network (GRN) and machine learning (ML) analysis. We 
used 80% and 20% of RNA-seq data of 342 HGSOC patients from the TCGA data for training and validation, 
respectively. (A) 3D plots of F1 scores calculated by logistic regression and the top 100 specific regulons in 
each treatment status. The x-axis and the y-axis represent the number of genes and the number of regulons, 
respectively. The z-axis represents F1 score. (B) Top 1% F1 scores in each treatment status. (C) The relationship 
between ML-performance and the number of features. The permutation test results (see Figure S7B) are shown 
as reference values.
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Cell-type-specific GRNs did not generally outperform all-cell models
Our analyses thus far demonstrated that regulons improved ML performance for prognosis prediction. However, 
it was still unclear how those extracted features function in each cell type and how to prioritize the extracted 
features. To address this, we evaluated cell-type-specific GRN inference in each treatment status.

After extracting the top 100 regulons specifically activated in each treatment status under each cell type (Table 
S15), we performed GRN/ML performance analysis in different cell types (Figures S17 – S23). GRN inference in 
mast cells in the Before-chemotherapy group was not available because there were no metacells in this category. 
The top 1% F1 scores in each cell type under each treatment status are presented in Fig. 5A, B and Table S16. 
Within the Before-chemotherapy subgroups, no subgroup outperformed that with all metacells in the Before-
chemotherapy group. Within the After-chemotherapy groups, only T-cell-specific GRN outperformed that of 
all metacells. With these results, we concluded that cell-type-specific regulons did not significantly improve ML 
performance.

To prioritize features for prognosis prediction, we explored the relation between cell-type-specific regulons 
and treatment-status-specific regulons. We counted the number of overlapped regulons specific to Before-
chemotherapy group and After-chemotherapy group in each cell type, as well as in all metacells (Fig.  5C, 
and Tables S17 and S18). For example, 48.2% of treatment-status-specific regulons in total cells overlapped T 
cell-specific regulons in the Before-chemotherapy group, while 61.2% of treatment-status-specific regulons in 
total cells overlapped fibroblast-specific regulons in After-chemotherapy group. To identify key features that 
function in cell-type-specific manners, we extracted the features shared by Before-chemotherapy group and 
After-chemotherapy group in each cell type and also in all metacells (intersection of four sets in Fig. 5C, Table 
S19). Sorting nexin 8 encoded by gene SNX8 was the only feature identified in more than half of the cell types. 
SNX8 was identified in endothelial, epithelial, fibroblast, and myeloid/macrophage metacells. This finding 
was consistent with the expression patterns of SNX8, though myeloid/macrophage had the most abundant 
expression level (Figure S24A). Survival analysis with TCGA data of HGSOC suggested that the high expression 
of SNX8 was associated with poor prognosis (p = 0.0041, Figure S24B). These results demonstrated that cell-type-
specific regulons can be instrumental in prioritizing the features extracted from regulons for disease prognosis 
prediction.
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Discussion
In this study, we aimed to identify prognostic features in HGSOC with the application of GRN inference analysis. 
To do this, we integrated scRNA-seq data of HGSOC and constructed metacells, conducted GRN inference 
analysis, and tested whether regulons were utilized for prognostic feature extraction. Our findings indicate 
that regulons were more effective in extracting prognostic features in HGSOC compared to approaches that 
primarily focus on DE features. The use of paired data, encompassing samples before and After chemotherapy, 
helped extract distinct prognostic features. By utilizing cell-type-specific regulons, we prioritized the extracted 
features and identified a prognostic role for SNX8 has been scarcely reported in HGSOC. Our approach can be 
used for other diseases with different scRNA-sequencing analysis workflows and ML algorithms.

Our results demonstrated that GRN inference analysis can be incorporated into clinical research or 
translational fields by identifying prognostic features, thereby enhancing ML performance for tasks related 
to clinical outcomes. GRN inference has been employed in various applications, such as identifying hub TFs 
for specific cellular functions, comparing GRNs between different conditions or cell types, and conducting in 
silico perturbation to infer the TFs crucial for cell development5. However, they are mostly applicable to basic 
research fields, while a few studies have addressed GRN inference for tasks related to clinical applications38,39. 
Our workflow expands the field to better explore clinical management through the GRN inference analysis to 
extract prognostic features of human diseases by leveraging the biological information from both scRNA-seq 
and bulk RNA-seq datasets.

One challenge in GRN inference using scRNA-seq is the computational cost due to the sparsity of single-
cell data. It becomes more problematic when attempting to integrate many datasets, or when computational 
resources are limited. On the other hand, the integration of multiple datasets for GRN inference will provide 
a better understanding of diseases due to diverse cell types, such as cancers, which have strong tumor 
microenvironments. To address this, we performed GRN inference analysis using metacells constructed by 
SEACells20. Our results demonstrated that metacell-based GRN inference outperformed DE feature-based 
method in extracting prognostic features. This suggests that employing metacell construction could be a viable 
option, particularly when the computational cost is a concern.

Our results support the idea that targeting transcription factors for cancer treatment is feasible, although it is 
generally considered promising yet challenging. Some transcription factors are considered potential therapeutic 
targets in HGSOC, including YBX140, whose regulon was activated specifically in HGSOC Before-chemotherapy. 
Considering that the employment of a number of regulons improves the performance of predicting prognosis, 
targeting multiple transcription factors in HGSOC therapy might offer a promising strategy to disrupt broader 
tumor processes than single-target therapies, enabling tailor-made treatments.

Focusing on treatment status-specific and cell-type-specific regulons facilitated the identification of cellular 
functions associated with HGSOC prognosis Before-chemotherapy and After-chemotherapy, as well as the 
prioritization of the extracted features. We successfully identified SNX8 as a prognosis factor for HGSOC. 
SNX8 is a member of the sorting nexin family proteins, which are classified into seven subtypes based on their 
functional domains41. SNX8 is known to have several functions, including endosome-to-Golgi transport42 
and the modulation of the innate immune response43–45. A few studies have reported that SNX8 was related 
to human diseases, including nonalcoholic fatty liver disease46, Alzheimer’s disease47, neuropathic pain48, and 
neurodevelopmental delay49. However, to our knowledge, only one report has mentioned a potential connection 
between SNX8 and HGSOC50. Our investigation suggests that the observed correlation between elevated 
SNX8 expression and a poor prognosis in HGSOC may be attributed to several factors. First, SNX8 protein 
has the capability to activate IKKβ45, a pivotal kinase in oncogenic NF-KB activation, as well as in the signaling 
pathways of mTORC1 and FOXO3a.51–53 The activation of NF-κB and mTORC1, coupled with the inactivation 
of FOXO3a, could contribute to the progression, migration, and metastasis of HGSOC. Second, SNX8 exhibits 
high expression in immune cells, particularly those associated with myeloid/macrophages, resulting in activated 
IKKβ/NF-κB signaling that produces numerous pro-tumorigenic factors, thereby facilitating the development of 
HGSOC. Therefore, Therapeutic targeting of the SNX8 protein may hold potential in the treatment of HGSOC.

This study has several limitations. First, the GRN inference analysis was conducted with only scRNA-seq 
data, leaving uncertainty regarding the potential enhancement of ML performance by incorporating single-
cell multiome data. Single-cell multiome assay can examine both gene expression and regulation (often TF 
regulation) in one experiment which avoids the batch effect. It is especially useful for GRN inference54. Second, 
the enhancements observed in ML performance have not yet reached a level considered satisfactory for clinical 
application. This limitation may result from the relatively small sample size of HGSOC individuals (n = 342) 
used in this analysis and the insufficiency of detailed clinical information. We failed to make a validation cohort 
from other studies because they lack clinical information, including the patients’ longevity data. More bulk 
RNA-seq data with detailed clinical information are warranted. Lastly, our results warrant further experimental 
validation. The underlying pathophysiology of the identified prognostic features, including the novel candidate 
SNX8, in the microenvironment of HGSOC remains unclear. Due to the scope of this bioinformatics project, we 
will extend this work for future validation.

In summary, we demonstrated that GRN inference analysis was used for prognostic feature extraction. We 
identified a novel prognostic gene, SNX8, by leveraging treatment status and cell-type-specific information. Our 
framework is applicable not only to cancer but to other diseases when both scRNA-seq data for GRN inference 
and bulk RNA-seq data with clinical outcomes are available. Future studies should prioritize the integration 
of additional modalities, such as single-cell multiome data, other ML models like deep neural networks with 
hyperparameter tuning, employing methods to analyze differentially expressed features while taking care of 
patient heterogeneity, and multi-modal clinical data (such as single-cell data, several clinical outcomes, and 
detailed clinical background). We also expect larger sample sizes to enable more sophisticated analyses, 
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including regression models, using survival-specific methods (e.g., Cox-based ML, survival-XGBoost/SVM) to 
take censored outcomes into account.

Data availability
We used five public datasets (GEO: GSE165897, GSE191301, GSE201047, GSE151214, and GSE184880). The 
metacell and regulon data generated from the five datasets are available upon request. Interested researchers 
should contact the corresponding author for access.

Code availability
All R and Python scripts to obtain the results presented in this manuscript are available on ​h​t​t​p​s​:​/​/​g​i​t​h​u​b​.​c​o​m​/​
b​s​m​l​3​2​0​/​H​G​S​O​C​​​​​.​​
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