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SUMMARY: Hepatocellular carcinoma (HCC) exhibits marked sexual dimorphism, with females demonstrating
superior survival, yet the underlying molecular mechanisms remain unclear. We integrated bulk transcriptomics
(GSE39791, TCGA-LIHC, GSE14520) and single-cell RNA sequencing (five datasets, n = 58 patients, 238,982 cells)
with machine learning (LASSO, SVM, random forest) to identify female-protective genes driving HCC disparities.
Activating transcription factor 5 (ATF5) emerged as a female-protective gene with higher expression in females versus
males across cohorts. Single-cell analyses revealed ATFS defines a female-enriched, low-grade malignant subcluster
with elevated apoptotic programs and reduced proliferative signaling, and pseudotime analysis showed coordinated
ATF5-GPER1 downregulation during malignant progression (Spearman p = —0.52 and —0.48; both p < 0.001). In the
immune compartment, ATF5 marked a female-enriched IFN-y* macrophage state with enhanced immunostimulatory
programs and preferential CXCL9/10-CXCR3-mediated communication with CD8/NK cells. Mechanistically, ATF5
transcriptionally activates G protein-coupled estrogen receptor 1 (GPER1), forming an estrogen-responsive regulatory
module that functionally suppresses proliferation, induces apoptosis (HepG2: 26.45% vs. 11.88%, p < 0.0001), and
inhibits migration in a GPER 1-dependent manner as demonstrated by rescue experiments. Tissue microarray validation
(n=167) confirmed high ATF5 expression predicts improved recurrence-free survival specifically in female patients (HR
= 0.34, p = 0.040) but not males (p = 0.080). The ATF5-GPERI1 axis represents a female-protective circuit operating
through tumor-intrinsic suppression and immune remodeling, offering mechanistic insight into HCC sexual dimorphism
and identifying ATFS5 as a sex-specific prognostic biomarker with potential therapeutic implications.
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1. Introduction

Hepatocellular carcinoma (HCC) ranks as the sixth most
common tumor globally and is the third leading cause
of cancer-related mortality, accounting for 865,269
new cases and 757,948 deaths annually (/). A defining
feature of HCC is its striking sexual dimorphism: men
exhibit 2—-3-fold higher incidence and consistently
poorer survival compared to women (2,3). This robust
pattern persists after adjusting for viral hepatitis, alcohol
consumption, and metabolic factors, implicating intrinsic
sex-based biological mechanisms (4).

Classical estrogen receptor pathways, particularly
ERa, inhibit hepatocyte proliferation and suppress pro-
inflammatory networks (5,6). However, clinical trials
with estrogen-based interventions have failed (7), and
accumulating evidence suggests canonical ER signaling

alone cannot fully explain the sex disparity in HCC.
This highlights a critical gap: unidentified sex-specific
molecular circuits operating independently of classical
estrogen-ER pathways.

Sex also profoundly influences the tumor immune
microenvironment. Female HCC patients exhibit higher
proportions of cytotoxic lymphocytes and M1-polarized
macrophages, while male tumors are enriched for
immunosuppressive myeloid populations (8,9). Female
patients show more durable benefit from immune
checkpoint inhibitors despite lower initial response
rates (/0), suggesting sex-specific immune architectures
reshape therapeutic vulnerability. Yet the molecular
determinants linking sex-biased gene expression to
immune remodeling remain unexplored.

Single-cell RNA sequencing (scRNA-seq) has
revolutionized understanding of tumor heterogeneity
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(11,12), identifying sex-specific malignant cell states and
immune vulnerabilities in lung cancer, melanoma, and
bladder cancer (/3-15). However, integrative single-cell
analyses systematically interrogating sex differences in
HCC at cellular resolution remain scarce.

Activating transcription factor 5 (ATFS5), a member
of the ATF/CREB transcription factor family, has been
implicated in stress responses, differentiation, and
survival (/6). While exhibiting oncogenic functions
in glioblastoma and breast cancer (/7), its role in liver
cancer and involvement in sex-biased HCC biology
remain undefined. G protein-coupled estrogen receptor
1 (GPER1), a membrane-bound estrogen receptor
mediating rapid non-genomic signaling (/8), has
emerged as a candidate mediator of estrogen's protective
effects, yet its transcriptional regulation and contribution
to HCC sexual dimorphism are unknown.

We employed an integrative approach combining
bulk transcriptomics, single-cell RNA sequencing
(five datasets, n = 58 patients, 238,982 cells), machine
learning, and functional validation to identify molecular
drivers of sexual dimorphism in HCC. We identified
ATFS5 as a female-biased tumor suppressor preferentially
expressed in malignant hepatocytes and tumor-associated
macrophages. ATFS5 directly transactivates GPER1,
establishing an estrogen-responsive circuit suppressing
proliferation, inducing apoptosis, and inhibiting
migration. Single-cell analyses revealed ATF5 delineates
a female-enriched, low-grade malignant subcluster and
an immunostimulatory IFN-y" macrophage state with
enhanced chemokine-mediated lymphocyte recruitment.
Clinical validation (n = 167) confirmed high ATFS
predicts improved recurrence-free survival specifically in
females. Our findings identify the ATF5-GPERI axis as
a novel female-protective circuit operating through dual
tumor-intrinsic and immune-modulatory mechanisms.

2. Materials and Methods
2.1. Data acquisition and pprocessing

A retrospective HCC tissue microarray (TMA) was
constructed from 167 patients who underwent curative
hepatectomy at the First Affiliated Hospital of Chonggqing
Medical University (January 2020—January 2025). The
study was approved by the institutional ethics committee
(Approval No. 2024-607-01). Public bulk transcriptomic
datasets were obtained from GEO (GSE39791,
GSE14520) and TCGA-LIHC (GDC; 374 tumors and
59 adjacent tissues). Five GEO scRNA-seq datasets
(GSE242898, GSE146115, GSE156625, GSE151530,
GSE149614) were integrated, comprising 58 patients
(14 females, 44 males) and 238,982 cells after quality
control. Samples were categorized as female/male tumor
(FC/MC) or adjacent tissue (FP/MP).

A retrospective HCC tissue microarray (TMA)
was constructed from 167 patients who underwent

curative hepatectomy at the First Affiliated Hospital of
Chongqing Medical University (January 2020-January
2025). Of these, 140 patients (83.8%) were HBsAg-
positive, reflecting the HBV-predominant etiology of
HCC in this Chinese cohort. The study was approved
by the institutional ethics committee (Approval No.
2024-607-01). Public bulk transcriptomic datasets
were obtained from GEO (GSE39791, GSE14520)
and TCGA-LIHC (GDC; 374 tumors and 59 adjacent
tissues). Five GEO scRNA-seq datasets (GSE242898,
GSE146115, GSE156625, GSE151530, GSE149614)
were integrated, comprising 58 patients (14 females, 44
males) and 238,982 cells after quality control. Samples
were categorized as female/male tumor (FC/MC) or
adjacent tissue (FP/MP).

2.2. Transcriptomic and machine learning analyses

Differential expression analysis was conducted using
limma (FDR < 0.05, [log2FC| > 0.58). Feature selection
was performed using LASSO, SVM, and random forest
with 10-fold cross-validation, and pathway enrichment
was evaluated by GSEA. Prognostic analyses used
Kaplan—Meier (log-rank) and Cox regression. Diagnostic
performance was assessed by ROC analysis (AUC with
DeLong confidence intervals).

2.3. Single-cell RNA-seq data processing

scRNA-seq data were processed in Seurat with standard
quality control, normalization, integration, clustering, and
UMAP visualization, followed by cell-type annotation
using canonical markers. Malignant cells were inferred by
inferCNV using immune/stromal cells as references and
a conservative CNV-score threshold (0.0321), yielding
38,844 malignant cells. Macrophages (23,093 cells)
were re-clustered and annotated into functional subtypes,
including IFN-y" macrophages defined by interferon-
stimulated gene expression. Pseudotime trajectories were
reconstructed using Monocle3 (Cluster 3 as the root),
cell—cell communication was analyzed using CellChat,
and bulk immune infiltration in TCGA-LIHC was
estimated by ssGSEA with Bindea immune signatures.

2.4. Multiplex immunofluorescence and quantification

FFPE TMA sections (4 um) were subjected to antigen
retrieval (Tris—=EDTA, pH 9.0) and sequential multiplex
immunofluorescence using primary antibodies against
ATF5 (Cell Signaling Technology #94850), CD68
(Abcam ab125212), and GPER1 (Abcam ab39742),
followed by microwave-based stripping between cycles
and DAPI counterstaining. Slides were scanned on a
Vectra Polaris system and quantified with QuPath. Mean
fluorescence intensity per core was background-corrected
and normalized; survival analyses used median cutoffs
and Cox regression.
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2.5. Transcription factor binding site prediction

ATFS motif analysis was performed using JASPAR
(MAO0833.1). The GPERI1 promoter region (-2 kb from
TSS; hg38) was retrieved from UCSC, and binding sites
were predicted using FIMO (p < 1x107). To explore the
mechanistic basis of female-biased ATF5 expression, the
ATF5 promoter region (chr19:49,926,906-49,928,906,
GRCh38) was scanned for estrogen response elements
(EREs) using FIMO with JASPAR position weight
matrices for ESR1 (MAO112.3, p < 1x107*) and ESR2
(MAO0258.1, p < 0.001). DNA methylation at ATF5
promoter CpG probes (HM450 array) was retrieved
from TCGA-LIHC and compared between sexes using
Wilcoxon tests; Spearman correlation was used to assess
the relationship between promoter methylation (mean 3
value) and ATF5S mRNA expression.

2.6. Cell culture and hhormone treatments

HepG2 (CL-0103) and Huh7 (CL-0120) cells (Procell,
Wuhan, China) were maintained in DMEM with
10% FBS and antibiotics at 37°C with 5% CO: and
authenticated by STR profiling. For hormone stimulation,
cells were conditioned in phenol red—free medium with
charcoal-stripped FBS and treated with E2 (10 nM), G-1
(100 nM), and/or G36 (10 uM) for 24 h, with G36 added
1 h before E2 where indicated.

2.7. Gene manipulation

ATFS knockdown was achieved using lentiviral shRNA
with puromycin selection. ATF5 overexpression used
pcDNA3.1-based transfection, and GPER1 knockdown
used siRNA transfection. Perturbation efficiency was
validated by qRT-PCR and Western blotting.

2.8. Molecular assays

qRT-PCR was performed using standard TRIzol-based
RNA extraction, reverse transcription, and SYBR-
based quantification with B-actin normalization (2~
AACt). Western blotting was performed using RIPA
lysates, SDS-PAGE, PVDF transfer, immunodetection,
and ImageJ quantification. Dual-luciferase assays were
conducted using WI/MUT GPER1 promoter reporters
co-transfected with ATF5 and Renilla control, and
measured at 48 h.

2.9. Functional assays

Cell proliferation was assessed by CCK-8. Apoptosis
was quantified by Annexin V/7-AAD flow cytometry.
Migration was evaluated by wound-healing assays with

image-based quantification.

2.10. Macrophage—T ccell co-culture assay

PMA-differentiated THP-1 macrophages were transduced
with lentiviral shATF5 or shNC constructs and selected
with puromycin. Conditioned medium was collected after
24 h serum-free culture and filtered (0.22 pum). Peripheral
blood-derived CD8" T cells were stimulated with anti-
CD3/CD28 beads and cultured in conditioned medium
(1:1 ratio) for 48 h. CXCL9 and CXCL10 concentrations
in conditioned medium were quantified by ELISA (R&D
Systems). CD8" T cell activation was assessed by flow
cytometry using anti-CD8 and anti-CD69 antibodies,
with CD8"CD69" frequency reported as the activation
index.

2.11. Statistical analysis

Analyses were performed in R or GraphPad Prism. Two-
group comparisons used Welch's ¢-test or Wilcoxon tests;
multi-group comparisons used ANOVA or Kruskal—
Wallis tests with appropriate post hoc corrections.
Correlations used Spearman tests. Survival analyses
used Kaplan—Meier and Cox regression. A multivariable
nomogram for predicting 1- and 3-year recurrence-
free survival was constructed using the rms package in
R, incorporating ATF5 expression, sex, BCLC stage,
age, and AFP as covariates based on a Cox proportional
hazards model; model discrimination was assessed
by Harrell's C-index and time-dependent AUC using
the timeROC package, with calibration evaluated by
bootstrap resampling (B = 200). Incremental predictive
value of ATF5 was assessed by comparing the full
model versus a base clinical model (BCLC stage, age,
AFP, and sex) using time-dependent AUC at 1- and
3-year timepoints. Two-sided p < 0.05 was considered
significant, and all cell-based experiments included > 3
independent biological replicates.

3. Results

3.1. Integrative transcriptomic and machine learning
analyses identify ATFS5 as a female-protective ggene

To systematically identify molecular drivers of sexual
dimorphism in HCC, we performed differential
expression analysis on GSE39791 (72 samples: 58
males, 14 females). Comparing tumor versus adjacent
tissues identified 4,235 differentially expressed genes
(DEGs), while female versus male tumors revealed 196
sex-associated DEGs, with 100 genes overlapping both
comparisons (Figure 1A-B). Directionally consistent
filtering yielded 29 candidates: 4 female-protective
(P>C and FC>MC) and 25 male-risk (C>P and MC>FC)
genes, enriched for antigen processing pathways (adjusted
p <0.05; Figure 1C-D).

Three machine learning algorithms (LASSO, SVM,
random forest) with 10-fold cross-validation identified
nine consensus genes for tumor discrimination and six
for sex stratification. Only ATF5 and WDR72 were
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Figure 1. Integrated bulk transcriptomics and machine learning identify ATFS5 as a female-protective candidate in hepatocellular carcinoma
(HCC). (A) Volcano plots of differentially expressed genes (DEGs) in GSE39791 for tumor versus adjacent non-tumor tissues (C vs. P) and female
versus male tumors (FC vs. MC). Significant DEGs are highlighted ([log.FC| > 0.58, false discovery rate [FDR] < 0.05). (B) Venn diagram showing
overlap between tumor-associated DEGs (C vs. P) and sex-associated DEGs (FC vs. MC). (C) Directionally consistent filtering of shared genes to
define female-protective (P> C and FC > MC) and male-risk (C > P and MC > FC) patterns; heatmap shows log: fold changes. (D) Gene Ontology
(GO) and Kyoto Encyclopedia of Genes and Genomes (KEGG) enrichment analysis of candidate genes. (E) Feature selection using least absolute
shrinkage and selection operator (LASSO), support vector machine (SVM), and random forest (RF) with 10-fold cross-validation for C vs. P and
FC vs. MC tasks; shared features are indicated. (F) Kaplan-Meier overall survival in The Cancer Genome Atlas Liver Hepatocellular Carcinoma
cohort (TCGA-LIHC) stratified by median gene expression (ATF5 and comparator gene shown). (G) ATFS expression validation across independent
datasets (GSE39791, TCGA-LIHC, GSE14520) by tissue status and sex. (H) Receiver operating characteristic (ROC) curves and area under the curve
(AUC) for ATFS5 discriminating tumor versus adjacent tissue across datasets (AUC with 95% confidence interval shown). Statistical significance is

denoted as: ns, not significant; *p <0.05; **p <0.01; ***p <0.001; ****p <0.0001.

shared across both tasks (Figure 1E). Kaplan-Meier
analysis in TCGA-LIHC showed ATFS5 associated with
improved overall survival (median: high 65.2 vs. low
42.8 months; log-rank p = 0.048), whereas WDR72
lacked prognostic value (p = 0.25; Figure 1F).

ATFS5 consistently showed higher expression in
adjacent versus tumor tissues and in female versus male
tumors across three independent datasets (GSE39791,
TCGA-LIHC, GSE14520; all p < 0.01; Figure 1G).
ROC analysis demonstrated reproducible diagnostic
performance (AUC: GSE39791 0.89 [95% CI: 0.82—
0.96], TCGA-LIHC 0.76 [0.71-0.81], GSE14520 0.71
[0.64-0.78]; Figure 1H).

3.2. Single-cell transcriptomic atlas confirms female-
biased ATFS expression in malignant hepatocytes

Integration of five scRNA-seq datasets (GSE242898,
GSE146115, GSE156625, GSE151530, GSE149614; 58
patients, 238,982 cells) with Harmony batch correction

yielded 23 clusters annotated into epithelial/hepatocyte-
lineage, immune, and stromal populations (Supplementary
Figure S1A, https://www.biosciencetrends.com/action/
getSupplementalData.php?ID=290, Figure 2A-B).
inferCNV analysis using epithelial-lineage cells (n =
59,071) as observation and immune/stromal cells (n =
49,154) as reference classified 38,844 malignant cells
based on CNV score threshold (95th percentile = 0.0321),
comprising 65.2% hepatocyte-like and 31.1% epithelial-
like cells (Figure 2C-D).

ATFS5 expression concentrated in epithelial/
hepatocyte-lineage cells and macrophages (Figure 2E).
Within malignant cells, ATF5 showed female bias: mean
expression FC 0.26 versus MC 0.21 (Wilcoxon p <0.01);
ATF5-positive fraction FC 17.5% versus MC 12.4%
(chi-square p < 0.001; Figure 2F).

Multiplex immunofluorescence on independent
tissue microarray (n = 167: FC 27, MC 140, FP 26, MP
133) confirmed female-biased ATF5 protein expression
(Figure 2G). Quantification showed significantly
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Figure 2. Single-cell and tissue-level validation confirms female-biased ATFS5 expression in malignant cells and association with recurrence-
free survival. (A) Uniform manifold approximation and projection (UMAP) of the integrated single-cell RNA-seq (scRNA-seq) atlas from five GEO
datasets, colored by annotated major cell types. (B) UMAP colored by clinical group (FC/FP/MC/MP), illustrating Harmony-based integration. (C)
inferCNV heatmap showing copy-number variation (CNV) profiles in reference (immune/stromal) and observation (epithelial-lineage) cells. (D)
UMAP showing inferCNV-based malignancy classification using a reference-derived CNV-score threshold (malignant vs. non-malignant-like). (E)
ATFS5 expression in the atlas (feature plot) and across major cell types (dot plot). (F) Sex-stratified ATF5 expression and ATF5-positive cell fraction
in malignant cells (tests indicated in the panel). (G) Representative multiplex immunofluorescence (mIF) images of ATF5 with 4',6-diamidino-2-
phenylindole (DAPI) across FP/MP/FC/MC groups (scale bar shown). (H) Quantification of ATF5 fluorescence intensity across groups (global and
pairwise comparisons indicated in the panel). (I) Sex-stratified Kaplan—Meier recurrence-free survival (RFS) in the tissue microarray (TMA) cohort
using median ATFS as cutoff; hazard ratio (HR) and log-rank P are shown. (J) Nomogram integrating ATF5 expression, sex, BCLC stage, and AFP (ng/
mL) for predicting 1- and 3-year RES probability in the TMA cohort (n = 167, C-index = 0.605). (K) Calibration curves for the nomogram-predicted
1-year (left) and 3-year (right) RFS probabilities; the black line indicates apparent performance, the colored line indicates bias-corrected performance
(bootstrap, B = 200), and the dashed line represents ideal calibration. (L) Time-dependent ROC curves comparing the full model (ATFS + clinical
variables) versus the base clinical model at 1-year (left) and 3-year (right) timepoints; AUC values and AAUC are shown.

higher ATFS5 in FC versus MC (Dunn's p = 0.001) and Figure 2I).

FP versus MP (p = 0.020; Figure 2H). Sex-stratified To further evaluate the clinical utility of ATFS, we
survival analysis revealed high ATF5 predicted improved constructed a nomogram integrating ATF5 expression,
recurrence-free survival in females (median 48.2 vs. 28.6 sex, BCLC stage, and AFP to predict RFS in the

months; HR = 0.34, 95% CI 0.12-0.95, p = 0.040) but TMA cohort (Figure 2J). The nomogram achieved a
not males (36.4 vs. 28.9 months; HR = 0.69, p = 0.080; C-index of 0.605, and calibration curves demonstrated
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good agreement between predicted and observed RFS
probabilities at both 1- and 3-year timepoints (Figure
2K). Time-dependent ROC analysis showed that
incorporating ATFS into the clinical model improved the
AUC at 1-year (0.624 vs. 0.525, AAUC = +0.099) and
3-year (0.657 vs. 0.612, AAUC = +0.044) timepoints
compared to the base model. Although statistical
significance was not reached, likely due to the limited
sample size of this single-center cohort (n = 167), the
consistent AUC improvement across both timepoints
supports the incremental prognostic contribution of ATF5
beyond conventional clinical staging (Figure 2L).

3.3. ATFS ddelineates an IFN-y* macrophage subset with
enhanced immunostimulatory programs

Macrophage reclustering (n = 23,093, resolution 0.6)
identified 16 subclusters including IFN-y* macrophages
characterized by interferon-stimulated genes (ISG15,
IFIT1, IFIT2, MX1, OAS1, STAT1), which showed
highest ATF5 expression (Figure 3A-B, Supplementary
Figure S2A-B, https://www.biosciencetrends.com/action/
getSupplementalData.php?ID=290). Among 53 patients
with sufficient macrophages (12 females, 41 males),
females showed significantly higher ATF5-high cell
proportions within IFN-y" macrophages (median 28.4%
vs. 18.7%; Wilcoxon p < 0.05; Figure 3C).

Differential expression analysis identified 319
upregulated and 149 downregulated genes in ATFS5-
high versus ATF5-low IFN-y* macrophages (JlogFC| >
0.25, FDR < 0.05; Figure 3D). AUCell scoring revealed
ATF5-high cells exhibited higher activity in antigen
presentation (median AUC 0.52 vs. 0.38; p < 0.001),
IFN response (0.61 vs. 0.42; p < 0.001), inflammatory
response (0.58 vs. 0.44; p < 0.001), phagocytosis (0.48
vs. 0.39; p < 0.01), and cytotoxicity (0.44 vs. 0.32; p <
0.01), but lower immunosuppression (0.28 vs. 0.41; p <
0.001) and lipid metabolism (0.31 vs. 0.46; p < 0.001)
scores (Figure 3E).

CellChat analysis revealed ATF5-high IFN-y*
macrophages preferentially engaged CD8/NK cells via
CXCL9/10—CXCR3 (interaction strength 0.42 vs. 0.08;
p < 0.01) and CCL5-CCRS5 (0.36 vs. 0.12; p < 0.01),
whereas ATF5-low cells showed stronger TGFB-TGFBR
(0.38 vs. 0.15; p < 0.01) and SPP1-CD44 (0.41 vs.
0.18; p < 0.01) interactions (Figure 3F, Supplementary
Figure S2C, https://www.biosciencetrends.com/action/
getSupplementalData.php?1D=290).

In TCGA-LIHC (n = 374), ATF5-high tumors
showed elevated macrophage scores (median 0.58 vs.
0.42; p < 0.01; Figure 3G). An IFN-y" macrophage
signature score constructed from top 30 marker genes
was higher in ATF5-high females (0.52 vs. 0.36; p <0.01)
but not males (0.42 vs. 0.38; p = 0.12; Figure 3H). Tissue
microarray validation confirmed higher ATF5'CD68*
proportions in FC versus MC tumors (2.8% vs. 1.6%;
Wilcoxon p < 0.05; Figure 31-J).

To functionally validate these findings, we knocked
down ATF5 in PMA-differentiated THP-1 macrophages
(Figure 3K). ELISA showed that ATFS knockdown
significantly reduced CXCL9 (118.4 + 14.5 vs. 309.2
+ 44.9 pg/mL; p < 0.01) and CXCL10 (164.9 + 18.3
vs. 401.4 £ 45.9 pg/mL; p < 0.01) secretion (Figure
3L). Conditioned medium from shATF5 macrophages
markedly attenuated CD8* T cell activation (CD8"CD69*:
6.74 £ 0.77% vs. 25.47 £ 1.65%; p < 0.001; Figure
3M), confirming a causal role of ATF5 in macrophage-
mediated CD8* T cell recruitment via the CXCL9/10—
CXCRS3 axis.

3.4. ATFS5 directly transactivates GPER1 through an
estrogen-responsive circuit

Gene Set Enrichment Analysis on ATFS5-stratified
GSE39791 tumors revealed significant enrichment
of estrogen-related pathways in ATF5-high tumors
(all NES > 1.5, FDR < 0.05), including Reactome
Estrogen Dependent Gene Expression (NES = 1.652),
WikiPathway Estrogen Metabolism (NES = 1.909),
WikiPathway Estrogen Receptor Pathway (NES = 1.929),
and WikiPathway Estrogen Signaling Pathway (NES =
1.654; Figure 4A).

Spearman correlation analysis identified GPER1 as
most strongly associated with ATF5 (p =0.356, p <0.001)
compared to ESR1 (p = 0.209, p = 0.012) and ESR2
(p = 0.289, p < 0.001; Figure 4B), reproducible across
TCGA-LIHC (p=0.078, p < 0.001) and GSE14520 (p =
0.339, p < 0.001; Figure 4C). Single-cell patient-level
pseudobulk analysis confirmed ATF5-GPER1 correlation
(p = 0.345, p = 0.040; Figure 4D). ATF5-high malignant
cells showed markedly elevated GPER1 (median 0.045
vs. 0.021; Wilcoxon p = 2.24 x 107%), more pronounced
in females (Figure 4E).

JASPAR motif analysis identified ATF5 binding
sites in GPER1 promoter (—2kb to +200bp; FIMO p <
1x107*; Figure 4F, Supplementary Figure S3A, https://
www.biosciencetrends.com/action/getSupplementalData.
php?ID=290). Lentiviral shRNA-mediated ATF5
knockdown reduced GPER1 protein concomitantly with
ATF5 depletion (HepG2: ATF5 to 32% of control, p =
0.003; GPERI to 38%, p = 0.001; Huh7: ATFS to 28%,
p =0.004; GPER1 to 35%, p = 0.001; n = 3; Figure 4G).
Dual-luciferase assays showed ATFS5 increased wild-type
GPERI1 promoter activity 3.14-fold (p = 5.35 x 107°) but
not mutant promoter (p = 0.277; Figure 4H).

Hormone treatments (E2 10nM, G-1 100nM)
upregulated ATF5 (E2: 1.82-fold, p < 0.01; G-1: 1.64-
fold, p < 0.05) and GPERI mRNA (E2: 2.15-fold, p <
0.01; G-1: 1.88-fold, p < 0.05), while GPER1 antagonist
G36 (10uM) blocked E2-induced upregulation (both p
< 0.05; Figure 41, Supplementary Figure S3B, https://
www.biosciencetrends.com/action/getSupplementalData.
php?ID=290). Western blot confirmed protein-level
regulation (E2: ATF5 1.76-fold, p < 0.05; GPER1 2.08-
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Figure 3. ATF5 delineates a female-enriched tumor-associated macrophage (TAM) state with enhanced immunostimulatory programs
and CD8/NK communication. (A) UMAP of macrophage subclusters and subtype annotation; interferon-y (IFN-y)* macrophages are defined by
interferon-stimulated gene expression. (B) ATF5 expression across macrophage subtypes (dot plot). (C) Sex-stratified proportion of ATF5-high
macrophages within subtypes (definition indicated in the panel). (D) Differential expression between ATF5-high and ATF5-low IFN-y* macrophages
(volcano plot; thresholds indicated in the panel). (E) AUCell module scores comparing ATF5-high versus ATF5-low IFN-y* macrophages (modules
and significance indicated in the panel). (F) CellChat ligand-receptor communication from IFN-y" macrophages to CD8 T and natural killer (NK)
cells; representative interactions are highlighted. (G) TCGA-LIHC bulk immune infiltration estimated by single-sample gene set enrichment analysis
(ssGSEA) stratified by ATF5 expression. (H) IFN-y* macrophage signature score (ssGSEA) stratified by ATFS and sex. (I) Representative mIF
images of ATF5 and CD68 in FC vs. MC tumors (scale bar shown). (J) Quantification of ATF5'CD68" cells (summary statistic and test indicated in
the panel). (K) qPCR validation of ATF5 knockdown efficiency in PMA-differentiated THP-1 macrophages. (L) ELISA quantification of CXCL9
and CXCL10 in conditioned medium from sh-NC and shATF5 macrophages. (M) Representative flow cytometry dot plots (left) and quantification
(right) of CD8'CD69" T cells after co-culture with conditioned medium from sh-NC or shATF5 macrophages.
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Figure 4. ATF5 transcriptionally activates GPER1 and responds to estrogen signaling. (A) Gene set enrichment analysis (GSEA) showing
enrichment of estrogen-related pathways in ATF5-high versus ATF5-low tumors (GSE39791). (B) Correlation of ATF5 with estrogen receptor genes
(ESR1/ESR2) and G protein—coupled estrogen receptor 1 (GPER1) in GSE39791 (Spearman p and p shown). (C) Validation of ATF5-GPER1
correlation in independent bulk cohorts (TCGA-LIHC and GSE14520). (D) Patient-level pseudobulk correlation of ATFS and GPER1 in malignant
cells from the scRNA-seq atlas. (E) GPERI expression in malignant cells stratified by ATF5 (ATF5-high vs ATF5-low), with sex stratification. (F)
ATFS5 motif logo from the JASPAR database. (G) Western blot showing short hairpin RNA (shRNA)-mediated ATF5 knockdown reduces GPER1
in HepG2 and Huh7 (quantification shown). (H) Dual-luciferase assay using wild-type and motif-mutant (WT/MUT) GPER1 promoter reporters
demonstrating ATF5-dependent transactivation. (I) Quantitative real-time PCR (qQRT-PCR) of ATF5 and GPERI! following hormone/GPERI1-
modulator treatments (Vehicle, 17B-estradiol [E2], G-1, and E2+G36). (J) Western blot validation under the same treatment conditions.

fold, p <0.01; Figure 4J).

To explore the mechanistic basis of female-biased
ATFS5 expression, we examined whether the ATFS5
promoter contains EREs or exhibits sex-differential
DNA methylation. FIMO analysis identified no classical
ESR1-binding EREs (JASPAR MAO0112.3, p < 1x107%),
but revealed three putative ERB binding sites (JASPAR
MAO0258.1, p < 0.001), with ESR2 Site 1 located only
24 bp from CpG probe cg00423055 (Supplementary

Figure S4A, https://www.biosciencetrends.com/action/
getSupplementalData.php?ID=290). DNA methylation
at all four ATFS5 promoter CpG probes showed no
significant sex difference in either tumor or normal tissue
(all p > 0.05; Supplementary Figure S4B, S4C, https.://
www.biosciencetrends.com/action/getSupplementalData.
php?ID=290), and promoter methylation did not
correlate significantly with ATFS expression in tumor
tissue (Spearman r = —0.097, p = 0.061; Supplementary
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Figure S4D, https://www.biosciencetrends.com/action/
getSupplementalData.php?ID=290). These results
indicate that promoter hypomethylation does not drive
female-biased ATFS expression, and suggest that
estrogen regulates ATF5 preferentially through non-
classical ERB/GPER signaling, consistent with the ATF5
upregulation observed following G-1 treatment.

3.5. ATF5 defines a low-grade malignant subcluster and
suppresses tumor progression via GPER1-dependent
mechanisms

Malignant cell reclustering (n = 38,844, resolution 0.8)
identified 12 subclusters, with Cluster 3 being female-
enriched and exhibiting highest ATF5 expression (median
0.476 vs. others 0.15-0.35; Wilcoxon p < 0.001; Figure
5A-C). Hallmark pathway enrichment revealed Cluster
3 elevated in Apoptosis (median AUC 0.448 vs. 0.321;
FDR = 0.008), Inflammatory response (0.572 vs. 0.381;
FDR < 0.001), and IFN-y response (0.351 vs. 0.224;
FDR = 0.042), but reduced in E2F targets (0.253 vs.
0.428; FDR < 0.001) and G2M checkpoint (0.218 vs.
0.451; FDR < 0.001; Figure 5D).

Pseudotime trajectory analysis using Monocle3
positioned Cluster 3 at the origin (pseudotime 0), with
coordinated downregulation of ATF5 (mean expression:
pseudotime 0 = 0.51 to pseudotime 60 = 0.09; Spearman
p=-0.52, p <0.001) and GPERI (p =—0.48, p < 0.001)
during malignant progression (Figure SE-F).

Functional validation showed ATFS overexpression
(ATF5-OE) suppressed proliferation at 96 hours (HepG2:
ODuso 0.911 + 0.107 vs. Control 1.383 + 0.086, p <0.001;
Huh7: 1.036 £ 0.136 vs. 1.581 £0.168, p < 0.001), while
ATFS5 knockdown (ATF5-KD) enhanced growth (HepG2:
1.949 + 0.277; Huh7: 2.017 + 0.126; both p < 0.001;
Figure 5G). Flow cytometric analysis using Annexin
V-APC/7-AAD demonstrated ATF5-OE markedly
increased total apoptosis (HepG2: 26.45 + 0.35% vs.
Control 11.88 + 0.87%, p < 0.0001; Huh7: 21.20 = 0.75%
vs. 9.49 + 0.27%, p < 0.0001), including both early and
late apoptotic populations, whereas ATF5-KD reduced
apoptosis (HepG2: 7.95 £ 0.61%; Huh7: 6.14 £ 0.57%);
both p < 0.001; Figure SH-I). Wound-healing assays
demonstrated ATF5-KD enhanced migration at 24 hours
(HepG2: 26.61% remaining wound area vs. Control
65.31%, p <0.001; Huh7: 24.29% vs. 60.99%, p < 0.001;
Figure 5J-K).

GPERI1 rescue experiments demonstrated that
siRNA-mediated GPER1 knockdown (siGPER1)
reversed ATF5-OE-mediated growth suppression at 96
hours (HepG2: ATF5-OE 0.914 + 0.016 vs. Vector 1.397
+0.027, p <0.001; ATF5-OE + siGPER1 1.764 + 0.100,
p <0.001 vs. ATF5-OE alone; Huh7: ATF5-OE 1.023 +
0.060 vs. Vector 1.614 + 0.056, p < 0.001; ATF5-OE +
siGPER1 1.996 + 0.155, p < 0.001 vs. ATF5-OE alone;
Figure 5L), establishing GPER1 as functionally required
for ATF5-mediated tumor suppression.

4. Discussion

This study identifies the ATF5-GPER1 axis as a female-
protective molecular circuit in hepatocellular carcinoma
operating through integrated tumor-suppressive and
immune-modulatory mechanisms. Our tissue-specific
demonstration of ATF5's tumor-suppressive function in
liver cancer contrasts with its oncogenic roles in other
malignancies (/7), —most notably in glioblastoma,
where ATF5 sustains tumor cell survival through BCL-
2 and MCL-1 upregulation and is actively pursued as
a therapeutic target via dominant-negative peptides
(19,20); in breast cancer, where ATFS5 loss of function
selectively induces apoptosis in malignant but not normal
mammary cells (/9); and in lung adenocarcinoma,
where ATFS promotes radioresistance and malignant
regrowth through cell cycle acceleration (27). This
striking context-dependency—oncogenic in neural,
mammary, and pulmonary tumors yet tumor-suppressive
in hepatocytes—Ilikely reflecting differential cofactor
availability and chromatin landscapes across tissues—
a phenomenon observed with other transcription factors
such as PPARY (22). In hepatocytes specifically, the
abundant availability of ATF/CREB family co-activators
and the liver-enriched chromatin architecture may
redirect ATFS transcriptional output toward pro-apoptotic
and stress-response gene programs rather than the
survival circuits it activates in glioma. This interpretation
is consistent with the tissue-restricted expression patterns
of ATF5's known co-repressors and with our observation
that ATFS overexpression in hepatocellular lines drives
apoptosis and growth arrest rather than the resistance
phenotypes described in neural tumor models (/9,20).
Understanding this switch in transcriptional polarity will
be essential before any therapeutic strategy targeting
ATFS5 can be considered across cancer types. Critically,
ATFS5's protective effects are mediated through direct
GPERI transactivation, establishing a non-canonical
estrogen signaling pathway that reconciles the long-
standing paradox of why classical ERa-targeted therapies
have failed clinically despite strong epidemiologic
evidence for female survival advantage (23,24). This
finding suggests that therapeutic strategies should pivot
toward GPER1-selective agonists or interventions
enhancing ATFS expression rather than continuing to
target classical nuclear estrogen receptors.

A central innovation of our study lies in applying
single-cell transcriptomics to systematically dissect sex
differences in HCC at cellular resolution—an approach
that has revealed sex-biased tumor cell states in lung
cancer and melanoma but remained underutilized in
HCC (14,25). Through inferCNV-based malignant cell
identification and pseudotime analysis, we discovered
that ATFS5 marks a female-enriched, transcriptionally
distinct malignant subcluster positioned at the origin
of tumor progression trajectories. The coordinated
downregulation of ATF5 and GPERI during malignant
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evolution (Spearman p = —0.52 and —0.48) suggests that
loss of this axis may represent a critical evolutionary
bottleneck in HCC development, particularly relevant
for female patients who initially benefit from higher
ATFS5 expression. This extends beyond previous sex-
dimorphism studies that focused predominantly on
hormone receptors or chromosomal factors by identifying
a transcription factor whose sex-biased expression
arises from complex hormonal and microenvironmental
regulation (26).

Our macrophage-focused analyses revealed an
unexpected role for ATFS in shaping tumor immunity.
The identification of a female-enriched IFN-y*
macrophage subset marked by high ATF5 expression
provides mechanistic insight into how sex-specific gene
expression translates to differential immune infiltration
patterns—a phenomenon widely observed but poorly
understood mechanistically (9,27). The preferential
engagement of CD8" T cells and NK cells through
CXCL9/10-CXCR3 and CCLS signaling by ATF5-high
macrophages, contrasted with immunosuppressive TGFB
and SPP1 interactions in ATF5-low cells, suggests that
ATFS5 status may predict immunotherapy responsiveness.
This hypothesis aligns with emerging evidence that
female cancer patients show more durable benefit from
immune checkpoint inhibitors despite lower initial
response rates and warrants prospective validation in
clinical trials stratifying patients by ATF5 expression
(10,28).

The mechanistic demonstration that ATFS directly
transactivates GPER1 through consensus motif binding,
coupled with functional rescue experiments showing
GPERI dependence, establishes a regulatory hierarchy

absent from prior literature. GPER1 has emerged as
a mediator of rapid non-genomic estrogen signaling
distinct from classical nuclear ER pathways (29,30),
with protective effects demonstrated in cardiovascular
and nervous systems (3/). However, its role in HCC has
remained controversial (32), likely due to overlooking
the requirement for ATF5-mediated transcriptional
activation. Our hormone modulation experiments
showing coordinated upregulation of both ATF5 and
GPERI1 by estradiol and G-1, with G36 antagonist
abrogating these effects, establish a positive feedback
loop that amplifies estrogen-responsive protection
specifically in females with elevated endogenous
ATFS5. This context-dependency explains previous
inconsistencies and underscores the importance of
considering transcriptional regulation and hormonal
milieu when evaluating GPER1's function.

From a precision oncology perspective, several
translational opportunities emerge. First, ATF5
expression could stratify patients for immunotherapy
trials, as ATF5-high tumors exhibit immunostimulatory
macrophage enrichment and enhanced chemokine-
mediated lymphocyte recruitment—features associated
with checkpoint inhibitor responsiveness (33,34). Second,
the sex-specific prognostic value of ATF5 (HR = 0.34
in females, p = 0.040 vs. HR = 0.69 in males, P=0.080)
supports developing sex-stratified risk calculators
incorporating ATFS status alongside established clinical
variables, moving beyond one-size-fits-all prognostic
models. Third, female patients with low ATFS expression
represent a high-risk subgroup lacking protective benefit
who may warrant more aggressive surveillance or
adjuvant therapy, whereas ATF5-high females with early-
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stage disease could benefit from less intensive follow-up.

Several limitations warrant consideration. Our
immune findings are primarily correlative from single-
cell data; definitive causality requires macrophage-
specific ATFS manipulation in appropriate preclinical
models. The modest TMA cohort size (n = 167)
and single-center derivation limit generalizability,
necessitating multi-center validation across diverse
etiologies (HBV, HCV, NASH, alcohol-related) and
geographic populations. The incomplete characterization
of ATFS5's complete transcriptional program beyond
GPERI, and undefined mechanisms underlying ATF5's
sex-biased expression (epigenetic regulation, microRNA
control), represent areas for future investigation.
Additionally, whether therapeutic modulation of the
ATF5-GPERI axis through GPER1 agonists or ATFS5-
enhancing interventions can recapitulate naturally
occurring protection requires extensive preclinical
optimization and safety evaluation.

In conclusion, our study establishes ATF5-GPER1
as a female-protective axis in hepatocellular carcinoma,
linking tumor suppression with an immunostimulatory
macrophage program (Figure 6). By demonstrating
direct ATF5-dependent GPERI transactivation, we
define a non-canonical estrogen pathway that reconciles
the clinical failure of ERa-directed approaches with
consistent female survival advantage. Targeting this
axis—through GPER 1-selective agonists or interventions
boosting ATF5—may offer a rational sex-informed
therapeutic strategy.
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