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Abstract32

Background and objective33
Penile cancer (PeCa) is a rare but aggressive squamous malignancy, and lymph node metastasis is34
its major determinant of survival. Although cancer-associated fibroblasts (CAFs) regulate35
metastasis in several squamous cell carcinomas, their heterogeneity and mechanistic contribution to36
nodal dissemination in PeCa remain poorly defined.37
Methods38
We integrated single-cell RNA sequencing with Visium spatial transcriptomics to map the PeCa39
microenvironment and its association with lymph node metastasis. Cell-state, transcription-factor,40
hypoxia, spatial niche, and cell-cell communication analyses were combined with prognostic41
evaluation in public squamous cell carcinoma cohorts and experimental validation using multiplex42
immunofluorescence, co-culture, Transwell, qPCR, and western blot assays.43
Key findings and limitations44
Metastatic PeCa contained malignant cell states marked by enhanced stemness, hypoxia adaptation,45
and immune evasion, together with expansion of a hypoxia-adapted myofibroblastic CAF subset,46
myCAF_ACTA2. Spatial mapping localized myCAF_ACTA2 to hypoxic peritumoral niches47
enriched for metastasis-associated cellular communities. Cell-cell communication analysis48
identified POSTN-(ITGAV+ITGB5) signaling from myCAF_ACTA2 to tumor cells as a candidate49
pro-metastatic axis. Regulatory network analysis highlighted BHLHE41 as a key upstream50
transcription factor in myCAF_ACTA2, and BHLHE41 expression was positively correlated with51
POSTN. In vitro, BHLHE41 upregulation in CAFs increased POSTN expression and enhanced52
epithelial-mesenchymal transition and invasion of penile cancer cells, whereas POSTN knockdown53
or integrin blockade attenuated these effects. High expression of ACTA2, BHLHE41, and POSTN54
was associated with worse survival across squamous cell carcinoma cohorts. Limitations include55
the single-case spatial transcriptomic analysis, the relatively small cohort size, and the lack of in56
vivo validation.57
Conclusions and clinical implications58
These data identify a hypoxia-adapted myCAF subtype associated with lymph node metastasis in59
PeCa and support an in vitro mechanistic model in which the BHLHE41-POSTN axis in60
myCAF_ACTA2 may contribute to tumor cell epithelial-mesenchymal transition through61
ITGAV/ITGB5-related signaling.62

Key words63

Penile cancer, cancer-associated fibroblasts, single-cell RNA sequencing, spatial transcriptomics,64
lymph node metastasis65



Main66

Penile cancer (PeCa) is a rare but aggressive malignancy of the male genitourinary tract [1,2], with67
the vast majority of cases pathologically classified as squamous cell carcinoma (SCC) [3]. The68
extent of lymph node metastasis is the most important prognostic factor for survival in patients with69
PeCa, with pelvic or inguinal lymph node metastases being the most common sites of initial spread70
[4,5]. For primary tumors, radical surgery is associated with a 5-year survival rate exceeding 80%71
[6,7]. However, compared to patients without metastasis, patients with metastatic disease have a72
substantially lower 5-year survival rate of approximately 16% [8,9]. Because of psychosocial and73
other factors, the diagnosis of PeCa is often delayed, with up to 50% of patients experiencing a74
delay of over one year before receiving treatment, leading to disease progression and metastasis75
[10]. In China, as many as 40% of newly diagnosed PeCa cases present with lymph node metastasis76
[11]. In recent years, EGFR-targeted therapies have shown preliminary activity in the palliative77
treatment of advanced PeCa, though evidence remains limited to small case series [12-14].78
In PeCa, the management of patients with lymph node metastasis has evolved to include multimodal79
therapy and systemic chemotherapy before surgery, with adjuvant chemotherapy potentially80
administered after pelvic lymph node dissection. The role of radiotherapy in neoadjuvant or adjuvant81
settings remains largely unclear due to the lack of high-level evidence supporting its potential82
benefits [15,16]. The clinical significance of molecular biomarkers and genomic profiling in PeCa83
requires further investigation. Although several molecular markers associated with disease84
progression have been identified, such as SCC antigen [17], E-cadherin [18], MMP2 and MMP985
[19], the clinical utility of these markers remains limited.86
The limitations of these molecular biomarkers have prompted researchers to focus on in-depth87
investigations of the tumor microenvironment. Among its diverse cellular components, cancer-88
associated fibroblasts (CAFs) have received considerable attention because of their roles in tumor89
progression and metastasis. In various squamous cell carcinomas (SCCs), including head and neck,90
esophageal and cervical cancers, CAFs specifically modulate the differentiation state of tumor cells91
through the secretion of factors such as TGF-β and PDGF [20,21]. On the one hand, CAFs induce92
epithelial-mesenchymal transition (EMT), enabling cancer cells to acquire invasive and metastatic93
capabilities [22]. On the other hand, CAFs suppress normal keratinizing differentiation, promoting94
an undifferentiated and highly invasive tumor-cell phenotype. In addition, CAFs directly promote95
intratumoral lymphangiogenesis by secreting lymphangiogenic factors such as VEGF-C, VEGF-D96
and FGF-2, thereby facilitating lymphatic metastasis of SCC [23]. Although the mechanistic roles97
of CAFs have been extensively studied in other SCCs, their characteristics, functional heterogeneity98
and specific molecular mechanisms in regulating lymph node metastasis remain poorly understood99
in penile squamous cell carcinoma. This knowledge gap not only limits our understanding of the100
metastatic biology of PeCa but also hinders the development of microenvironment-based precision101
therapeutic strategies.102
Single-cell sequencing and spatial transcriptomics have provided unprecedented opportunities to103
investigate the heterogeneity of the tumor microenvironment in depth [24]. These technologies can104
reveal the transcriptomic profiles, intercellular interactions and spatial distribution patterns of105
different cell types in tumor tissues at single-cell resolution. However, due to the rarity of PeCa,106
single-cell studies of its tumor microenvironment remain scarce, and the underlying mechanisms107
are incompletely understood.108
To address these gaps, this study employed single-cell RNA sequencing and Visium spatial109



transcriptomics to systematically characterize the heterogeneity of CAFs in the PeCa tumor110
microenvironment and elucidate their role in regulating EMT and lymph node metastasis. We111
identified a hypoxic myCAF subtype that was associated with lymph node metastasis in PeCa and112
may contribute to a pro-invasive tumor phenotype through POSTN-(ITGAV+ITGB5) intercellular113
signaling. This subpopulation was enriched in metastatic PeCa and localized to metastasis-114
associated spatial niches in the representative spatially profiled case. Our findings provide molecular115
insights into the metastatic biology of PeCa and a rationale for developing microenvironment-116
informed therapeutic strategies.117

Methods118

Patient sample collection119
This study was reviewed and approved by the Independent Ethics Committee of the National GCP120
Center for Anticancer Drugs (Ethics Approval No.: NCC2024C-663). This study was conducted in121
accordance with the principles of the Declaration of Helsinki and ICH-GCP guidelines. All patients122
who provided human specimens signed a written informed consent form. All authors approved123
submission of the manuscript and take responsibility for the accuracy and integrity of the data.124
From January 2023 to October 2024, we collected 8 specimens from patients with primary PeCa125
who underwent surgical resection at Cancer Hospital, Chinese Academy of Medical Sciences and126
Peking Union Medical College. Additionally, one FFPE tissue sample from a treatment-naïve PeCa127
patient with synchronous lymph node metastasis was obtained for Visium HD spatial transcriptomic128
profiling.129
scRNA-seq library preparation130
Tissues were transported in sterile culture dishes containing 10 mL of 1 × Dulbecco's Phosphate-131
Buffered Saline (DPBS; Thermo Fisher, Cat. No. 14190144) on ice to remove any residual storage132
solution. The tissues were then minced on ice. We used a dissociation solution containing 0.25%133
Trypsin (Thermo Fisher, Cat. No. 25200-072) and 10 µg/mL DNase I (Sigma, Cat. No.134
11284932001) dissolved in DPBS with 5% Fetal Bovine Serum (FBS; Thermo Fisher, Cat. No.135
SV30087.02) to digest the tissues. The tissues were dissociated at 37 °C with a shaking speed of 50136
rpm for approximately 40 min. We periodically collected the dissociated cells every 20 min to137
enhance cell yield and viability. Cell suspensions were filtered through a 40 µm nylon cell strainer,138
and red blood cells were lysed using 1 × Red Blood Cell Lysis Solution (Thermo Fisher, Cat. No.139
00-4333-57). The dissociated cells were then washed with 1 × DPBS containing 2% FBS. Cell140
viability was assessed by staining with 0.4% Trypan blue (Thermo Fisher, Cat. No. 14190144) using141
the Countess® II Automated Cell Counter (Thermo Fisher).142
10x library construction and sequencing143
Single-cell suspensions were loaded onto the 10x Genomics Chromium platform to generate Gel144
Beads-in-Emulsion (GEMs), with individual cells partitioned together with barcoded beads. Upon145
exposure to cell lysis buffer, polyadenylated RNA molecules hybridized to the beads. These beads146
were then collected into a single tube for reverse transcription, where each cDNA molecule was147
tagged at the 5′ end, corresponding to the 3′ end of a messenger RNA transcript, with a UMI148
and a cell barcode identifying its cell of origin. Subsequently, the beads underwent second-strand149
cDNA synthesis, adapter ligation, and universal amplification. Sequencing libraries were prepared150
from fragmented cDNA products to enrich for the 3' ends of transcripts associated with the cell151
barcode and UMI. All remaining procedures, including library construction, were conducted152



according to the standard protocol provided by the manufacturer (CG000206 Rev D). The153
sequencing libraries were quantified using a High Sensitivity DNAChip (Agilent) on a Bioanalyzer154
2100 and the Qubit High Sensitivity DNAAssay (Thermo Fisher Scientific). The libraries were then155
sequenced on a NovaSeq 6000 (Illumina) using paired-end 150-bp sequencing.156
Visium HD Spatial sequencing157
Formalin-fixed, paraffin-embedded (FFPE) samples that passed RNA quality control (DV200 >158
30%) were used for spatial transcriptomic analysis and sequencing. Sections measuring 5 μm in159
thickness were mounted onto Visium Gene Expression slides (10x Genomics), baked at 42 °C for 3160
h, and dried overnight at room temperature in a desiccator. For deparaffinization, slides were161
incubated at 60 °C for 2 h, immersed in xylene, and rehydrated through an ethanol gradient.162
Hematoxylin and eosin (H&E) staining was performed using Mayer's hematoxylin (Millipore163
Sigma), bluing reagent (Dako,Agilent), and alcoholic eosin (Millipore Sigma). After staining, slides164
were scanned under a microscope. Probe hybridization, probe release, and library construction were165
performed using the Visium HD Spatial Gene Expression Reagent kit from 10x Genomics (PN-166
1000675 for Human, 6.5 mm) according to the User Guide (CG000685). Transcriptome libraries167
were subjected to high-throughput sequencing using PE-150 mode.168
scRNA-seq data pre-processing169
The newly generated scRNA-seq data from our cohort were processed using the Cell Ranger170
pipeline (Version 7.1.0), with gene count matrices generated using the default and recommended171
parameters. In addition, publicly available scRNA-seq data from 16 treatment-naïve PeCa patients172
reported in a previous study were downloaded and integrated with our dataset. The final integrated173
dataset consisted of 24 treatment-naïve PeCa patients. After quality control, batch correction and174
downstream analyses were performed on the integrated dataset [25]. FASTQ reads were aligned to175
the GRCh38 reference genome using the STAR algorithm. We used the Seurat R package (Version176
5.0.1) for all subsequent analyses. To eliminate the influence of low-quality cells such as empty177
droplets and multiplets, cells with fewer than 200 or more than 6,000 detected genes were excluded.178
Cells with mitochondrial UMI fractions ≥ 25% were excluded.179
We used the Seurat::NormalizeData, Seurat::FindVariableFeatures, and Seurat::ScaleData functions180
to normalize and scale the data. The Seurat::IntegrateLayers function was used to reduce technical181
variability. The top 50 principal components (PCs) were calculated using the Seurat::RunPCA182
function. UMAP dimensionality reduction was then performed using the top 50 PCs to obtain a two-183
dimensional representation.184
Cell cluster and annotation185
We conducted an initial clustering analysis on the integrated data using Seurat::FindNeighbors and186
Seurat::FindClusters (resolution = 0.8). The resulting cell clusters were manually annotated based187
on well-known marker genes. Marker genes included T cells (CD3D, CD3E, CD3G), B cells &188
plasma cells (MS4A1, CD19, CD79A, CD79B, IGHM), myeloid cells (CD14, CD68, CD163, LYZ,189
ITGAX), endothelial cells (PECAM1, VWF, ENG, CDH5, MCAM), stromal cells (COL1A1,190
COL3A1, FN1, DCN, LUM), and epithelial cells (EPCAM, KRT14, KRT17, KRT19, CDH1,191
MUC1). Visualization was performed using the Seurat::DotPlot function, and cell identities were192
annotated based on the expression levels and proportions of marker genes within the clusters.193
Next, we performed a second round of clustering to further characterize the subtypes of major cell194
types within the tumor microenvironment (TME). To mitigate potential data heterogeneity caused195
by cell types, cell numbers, or inter-sample variability, we first filtered out features with an196



expression proportion below 50% within the cell type in the second round of clustering and used197
the Harmony method for batch correction. In the second clustering, we used 50 principal198
components (PCs) for dimensionality reduction and unsupervised clustering (resolution = 1).199
To support cell-subtype annotation, we used multiple large language models (LLMs) as an auxiliary200
annotation strategy. Cluster-specific marker genes were identified using Seurat::FindAllMarkers201
with only.pos = TRUE, min.pct = 0.25, and logfc.threshold = 0.5. The marker-gene lists are provided202
in Supplementary Table S2. The top marker genes from each cluster were supplied to Claude-3.5-203
Sonnet, Gemini-2.0-Flash, Qwen-Max, and GPT-4o to obtain preliminary annotation suggestions.204
The complete annotation prompt is provided in the Supplementary Methods.205
The prompt instructed the models to assign cell identities solely from the supplied marker genes,206
using standard nomenclature from the Cell Ontology and established single-cell literature.207
Unsupported tissue assumptions and overly granular subtype labels were discouraged. For each208
cluster, the requested outputs included a primary predicted cell type, an integer confidence score209
from 0 to 100, a brief justification identifying supporting and contradictory markers, one or two210
alternative candidates when the profile was ambiguous, and caveats concerning missing canonical211
or conflicting markers. The specified confidence categories were high confidence (90-100),212
moderate confidence (70-89), and low confidence (< 70). The models were instructed to return213
“unassigned” when the marker combination did not support a credible cell identity. These214
confidence scores represent model-generated assessments and should not be interpreted as215
independently validated probabilities of annotation accuracy.216
Final cell subtype identities were determined through expert manual curation integrating the LLM-217
generated suggestions, canonical marker expression, and previously published single-cell studies.218
Manual review assessed whether the proposed identity was consistent with the major lineage219
markers, whether subtype-specific markers supported the proposed level of annotation, and whether220
the expression profile was compatible with the reported biological characteristics of that population.221
Marker expression levels and the proportions of cells expressing the markers were examined using222
Seurat::DotPlot.223
Prompt used for LLM-assisted cell subtype annotation224
You are an expert computational biologist specializing in single-cell RNA-seq, cell ontology, and225
cell type annotation. Your task is to annotate a cell cluster purely based on its top marker genes.226
Rules you must strictly follow:227

1. Use standard, widely adopted cell type nomenclature from the Cell Ontology and major228
single-cell publications in the relevant tissue. Do NOT create novel cell names or overly229
granular subpopulation labels unless strongly supported by the marker genes.230

2. For the given marker gene set, output:231
(a) Primary predicted cell type232
(b) Confidence score (integer 0–100): 90–100 = high confidence; 70–89 = moderate233
confidence; < 70 = low confidence234
(c) Brief justification: explain which markers support this cell type and whether any235
markers contradict this assignment236
(d) 1–2 alternative candidate cell types if the marker profile is ambiguous237
(e) Caveats: note missing canonical markers or conflicting markers that limit annotation238
confidence239



3. Do NOT make assumptions beyond the provided marker genes. Do NOT infer tissue240
origin unless explicitly stated. Do NOT rely on prior knowledge of cluster size, UMAP241
position, or other external information. Your annotation must be driven only by the242
marker gene list provided.243

4. If no credible cell type can be assigned from the markers, assign the label “unassigned”244
and clearly explain why the marker combination is insufficient for reliable annotation.245

5. Keep your answer concise and structured. Avoid long paragraphs.246
RCTD and BANKSY analyses247
Using the scRNA-seq dataset as the reference, spacexr (version 2.2.0) was applied to infer the cell-248
type composition of each bin. Specifically, the default parameters were used in the create.RCTD249
function, requiring > 1 cell per cell type and > 1 unique molecular identifier (UMI) count per pixel;250
the mode parameter was set to “doublet” in the run.RCTD function. BANKSY incorporated251
information from neighboring spots to improve spatial clustering (lambda parameter set to 0.2).252
BANKSY was run using the RunBanksy function from the SeuratWrappers library. For niche253
composition analysis, enrichment of each cell type within individual niches was assessed using a254
one-sided Wilcoxon rank-sum test, with adjusted p < 0.05 considered statistically significant.255
Cell-cell communication analysis256
Cell-cell communication analysis was performed on the scRNA-seq data using CellChat (Version257
2.1.2). Specifically, only receptors and ligands expressed in > 1% of cells were further evaluated,258
and no interaction was inferred when either the ligand or receptor was undetectable.259
Pathway enrichment analyses260
Gene Ontology (GO) enrichment analysis. To identify enriched Gene Ontology (GO) biological261
processes based on differentially expressed genes (DEGs), DEGs from each cell type were analyzed262
using the clusterProfiler::gseGO function in the clusterProfiler R package (Version 4.8.1), with the263
org.Hs.eg.db annotation package (Version 3.17.0). Gene set enrichment analysis (GSEA). GSEA264
was performed using the GseaVis::gseaNb function in the GseaVis R package (Version 0.0.8)265
(https://github.com/junjunlab/). Gene lists preranked by avg_log2FC values calculated using266
Seurat::FindAllMarkers were used as input. Kyoto Encyclopedia of Genes and Genomes (KEGG)267
enrichment analysis was performed using the ClusterGVis::enrichCluster function in the268
ClusterGVis R package (Version 0.1.0), with the org.Hs.eg.db annotation package (Version 3.17.0).269
Single-sample GSEA (ssGSEA) was performed using the singleseqgset R package (Version270
0.1.2.9000). We used the human hallmark gene sets from the msigdbr package (Version 7.5.1) as271
the gene sets of interest for enrichment analysis. Results with p < 0.05 were considered statistically272
significant.273
CytoTRACE analysis274
We inferred the developmental trajectory of human tumor cells using CytoTRACE (v.0.3.3).275
CytoTRACE is based on the concept of transcriptional diversity (i.e., the number of genes expressed276
in cells decreases during differentiation). A log2-normalized expression matrix was used as input.277
Copy-number variation inference278
To further evaluate malignant epithelial cells, we inferred copy-number variation (CNV) profiles279
using the R package inferCNV, with immune, stromal, and endothelial cells as reference populations280
and epithelial cells as the test population.281
TCGA data and Survival analysis282
We used the R package easyTCGA (Version 0.0.4.200.0) to download the TCGA pan-cancer gene283



expression matrix and clinical information. Kaplan-Meier survival curves were plotted using284
ggsurvplot (Version 0.4.9) function in the R package Survminer (Version 0.4.9). Cox proportional285
hazards models were used to estimate hazard ratios and 95% confidence intervals.286
Functional module scoring287
Module scores in the scRNA-seq and Visium HD datasets were calculated using the288
AddModuleScore function in Seurat, with genes from the hypoxia gene set (HARRIS_HYPOXIA289
from MSigDB).290
Regulon network291
Regulatory-network analysis was performed using the R package SCENIC (v.1.1.3) to assess292
coexpression between transcription factors and their putative target genes. We built and scored a293
gene regulatory network using the default parameters. The raw count matrix was used to build a294
coexpression network using the runCorrelation and runGENIE3 functions, and regulon activity was295
evaluated with AUCell. Regulon activity for each cell was calculated as the average normalized296
expression of putative target genes. To identify differentially active transcription factors between297
cells of interest and other cell types, we extracted regulonAUC data from SCENIC results and298
calculated mean activity scores for each group. Transcription factors with higher activity in cells of299
interest were identified using fold change and difference thresholds (Fold_Change > 75th percentile,300
Difference > 75th percentile, Mean activity > 0.005).301
Primary PeCa cell and CAF isolation and culture302
Primary PeCa cell and cancer-associated fibroblast (CAF) isolation was attempted using all303
available freshly resected penile cancer specimens. Paired primary PeCa cells and CAFs could be304
successfully established and expanded from three independent patient specimens and were used for305
the functional experiments. Because this study focused on lymph node metastasis, most available306
specimens were obtained from patients with T3N1M0 or T3N2M0 disease and were HPV-negative307
according to the clinical pathology reports. The three independent patient-derived PeCa cell and308
CAF cultures were used as biological replicates for the co-culture, Transwell, qPCR, and Western309
blot experiments.310
Fresh tumor tissue was transferred immediately into precooled sterile PBS containing penicillin-311
streptomycin and washed three times. Visible adipose tissue, blood vessels, necrotic tissue, and312
excess connective tissue were removed, and the remaining viable tumor tissue was washed twice313
with PBS. The tissue was then finely minced with sterile ophthalmic scissors and transferred to a314
15mL centrifuge tube for enzymatic digestion with type II collagenase and 0.25% trypsin. Digestion315
was performed at 37 °C for 20-30 min with gentle mixing every 5 min. The digestion was terminated316
by adding an equal volume of complete medium containing 10% fetal bovine serum.317
The resulting cell suspension was gently dispersed and filtered through a 70 μm sterile cell strainer318
to remove undigested tissue fragments. Cells were collected by centrifugation at 1000 r/min for 5319
min, washed once with prewarmed PBS, and resuspended in DMEM/F12 complete medium.320
Differential adhesion was then used to enrich the epithelial tumor-cell and fibroblast populations.321
The mixed cell suspension was plated and incubated at 37 °C with 5% CO2 for 2 h. Fibroblast-like322
stromal cells preferentially adhered during this period, whereas the nonadherent cell fraction was323
transferred to a new culture dish for further culture of PeCa cells. The adherent fibroblast-enriched324
population was maintained separately as the CAF culture.325
Cell morphology, adherence, and growth status were dynamically monitored during primary culture.326
The culture medium was first replaced after 24 h to remove dead and nonadherent cells and was327



subsequently changed every 48 h. Cultures showing stable adherent growth, relatively uniform328
morphology, and no evidence of microbial contamination were expanded for subsequent329
experiments. CAF identity was further supported by fibroblast morphology and330
immunofluorescence staining for ACTA2 and COL1A1.331
Multiplex Immunofluorescence Staining332
Immunofluorescence staining of cultured PeCa-associated fibroblasts (CAFs) was performed on333
coverslips. Multiplex immunofluorescence was performed on PeCa tissue sections obtained at our334
center. When the cells reached the exponential growth phase, they were digested with trypsin,335
counted, and seeded at a density of 1 × 105 cells per well into 12-well plates pre-placed with cell336
climbing slices, followed by incubation at 37 °C in a 5% CO2 incubator for 24 h. After incubation,337
the culture medium was discarded, and the cells were washed three times with pre-warmed 1 × PBS.338
Subsequently, 4% paraformaldehyde was added for fixation at room temperature for 20 min. After339
fixation, the cells were washed again three times with 1 × PBS. Permeabilization was performed340
using 0.2% Triton X-100 at room temperature for 2-5 min, followed by three washes with 1 × PBS341
(10 min each). Blocking was carried out with 5% BSA at room temperature for 30 min. Primary342
antibodies diluted in 1% BSA were then added, and the samples were incubated overnight at 4 °C343
in a humidified chamber. The following day, after washing three times with 1 × PBS, fluorescent344
secondary antibodies diluted in 1% BSA were applied and incubated at room temperature for 30345
min in the dark. The samples were washed three more times with 1 × PBS and finally mounted using346
an anti-fade mounting medium containing DAPI. Cells were observed and imaged using an inverted347
fluorescence microscope. Cell culture dishes (Cat. No. 430167), 12-well culture plates (Costar, Cat.348
No. 3512), and 12-well cell climbing slices (WHB, Cat. No. WHB-12-CS) were used. Fluorescence349
images were acquired using an Olympus CKX53 inverted fluorescence microscope equipped with350
a DP70 camera.351
Quantitative real-time polymerase chain reaction352
Following co-culture, total RNA was extracted from the designated cell population using TRIzol.353
RNAconcentration and purity were assessed with a nucleic acid analyzer using the following quality354
criteria: an A260/A280 ratio between 1.8 and 2.0, an A260/A230 ratio ≥ 2.0, and a concentration ≥355
50 ng/μL, before downstream analysis. Following the manufacturer's instructions, total RNA was356
reverse transcribed into cDNA using a reverse transcription kit. The reverse-transcription reaction357
mixture contained the RNA template, reverse transcriptase, primers, dNTPs, and the remaining kit358
components in a total volume of 20 μL. The thermal cycling protocol was set as follows: 25 °C for359
5 min, 42 °C for 30–60 min, and 85 °C for 5 min. Upon completion, the obtained cDNAwas diluted360
with sterile, nuclease-free water, aliquoted, and stored at -20 °C for later use.361
Subsequently, quantitative real-time PCR (qPCR) was performed using the SYBR Green method.362
The qPCR reaction mixture consisted of 10 μL of qPCR Master Mix, 1.0 μL each of the forward363
and reverse primers, 3 μL of cDNA template, and sufficient sterile, nuclease-free water to reach the364
final reaction volume. qPCR was performed using the following cycling conditions: initial365
denaturation at 95 °C for 30 s; followed by 40 cycles of amplification (denaturation at 95 °C for 5366
s, annealing/extension at 60 °C for 30 s). Melting-curve analysis was performed after the367
amplification cycles to verify the specificity of the amplification products.368
Relative target-gene expression was calculated using the 2^(-ΔΔCT) method. Ct values were369
normalized to β-actin to obtain ΔCt values, and ΔΔCt values were calculated relative to the control370
group to determine fold changes in gene expression.371



Western blot372
Cultured cells were washed with precooled PBS and lysed on ice for 20-30 min in RIPA buffer373
containing PMSF. Protein concentrations were then determined using the BCA assay: a standard374
curve was prepared, and the samples were incubated with the BCA working solution at 37 °C for375
20-30 min. Absorbance at 562 nm was measured to calculate the protein concentration of each376
sample. Protein samples were mixed with 5 × loading buffer and heat-denatured. An SDS-PAGE377
gel of appropriate concentration was prepared according to the molecular weight of the target protein,378
and 30-60 μg of protein was loaded per lane. Electrophoretic separation was performed using the379
separating gel under a constant voltage of 120 V. After electrophoresis, proteins were transferred to380
a PVDF membrane activated with methanol using the wet transfer method. Proteins were transferred381
at 300 mA for 30–60 min. The membrane was then rinsed with TBST and blocked with 5% skim382
milk at room temperature for 1 h.After blocking, the membrane was incubated with specific primary383
antibodies at room temperature for 2 h, followed by three washes with TBST. It was then incubated384
with horseradish peroxidase (HRP)-conjugated secondary antibodies at room temperature for 2 h385
and thoroughly washed. Finally, the membrane was incubated with ECL chemiluminescent substrate,386
and chemiluminescent signals were captured using a Tanon-4600 imaging system. Band intensities387
for the target proteins and the loading control (β-actin) were quantified using image-analysis388
software. Relative protein expression was calculated by normalizing target-band intensity to β-actin389
for between-group comparisons. The BCAprotein assay kit used for protein quantification was Cat.390
No. DXWB010. Primary antibodies included POSTN (Proteintech, Cat. No. 66491-1-Ig, 1:5000),391
N-cadherin (Affinity, Cat. No. AF4039, 1:1000), E-cadherin (Affinity, Cat. No. AF0131, 1:1000),392
Vimentin (Affinity, Cat. No. AF7013, 1:1000), and β-actin (Proteintech, Cat. No. 66009-1-Ig,393
1:2000). HRP-conjugated secondary antibodies were used at a dilution of 1:5000.394
Western blot experiments were performed in three independent batches. To evaluate the relationship395
between BHLHE41 and POSTN, the following experimental groups were established: a PeCa and396
CAF co-culture group, a PeCa and BHLHE41-overexpressing CAF co-culture negative control397
group, a PeCa and BHLHE41-overexpressing CAF co-culture group, a PeCa and si-BHLHE41 CAF398
co-culture negative control group, and a PeCa and si-BHLHE41 CAF co-culture group. After co-399
culture, CAFs were separately lysed and used for Western blot analysis of POSTN expression. In400
parallel, PeCa cells from the corresponding co-culture conditions were separately harvested and401
used for Western blot analysis of the EMT markers E-cadherin, N-cadherin, and Vimentin. Thus,402
POSTN expression was assessed in CAFs, whereas EMT-marker expression was assessed403
specifically in PeCa cells.404
RGD peptide blockade405
To evaluate the functional involvement of POSTN-related integrin signaling in the co-culture406
system, an integrin-blocking Arg-Gly-Asp (RGD) peptide was used. Briefly, PeCa cells were co-407
cultured with CAFs in the presence of RGD peptide (MCE, HY-P1740) at a final concentration of408
10 μM for 12 h. PeCa cells co-cultured with untreated CAFs under the same conditions were used409
as the control group. After treatment, PeCa cells were separately harvested for total RNA extraction410
and subsequent qPCR analysis, while parallel PeCa-cell samples were lysed for Western blot411
analysis of EMT markers. This experiment was performed to assess whether blockade of integrin-412
related signaling could attenuate POSTN-associated EMT marker changes in PeCa cells.413
Transwell assay414
Transwell assays were performed using PeCa cells. Corning Transwell inserts (product number 3422,415



8 μm pore size) were prewetted in 1 × PBS for 5 min in 24-well plates. Cells were digested with416
trypsin, resuspended in complete medium, and adjusted to a density of 2 × 104 cells/mL. A 0.1 mL417
aliquot of the cell suspension from each group was seeded into the upper chamber, while 0.6 mL of418
complete medium was added to the lower chamber. The culture plate was then incubated in a 37 °C,419
5% CO2 incubator for 16 h. After incubation, 1 mL of 4% paraformaldehyde solution was added to420
each well to fix the cells at room temperature for 15 min. The fixative was removed, and the cells421
were washed twice with 1 × PBS. Subsequently, 1 mL of 0.5% crystal violet solution (Sinopharm,422
product number 71012314) was added to each well and incubated for 20 min for staining. After423
staining, the cells were washed three times with 1 × PBS and air-dried. Finally, non-migrated cells424
on the upper side of the insert were carefully removed using a cotton swab. The inserts were imaged425
under an optical microscope (OLYMPUS, CX31), and cells that had migrated through the membrane426
were counted.427
To evaluate PeCa-cell invasion, five co-culture systems were established: a PeCa cell and CAF co-428
culture group, a PeCa cell and BHLHE41-overexpressing CAF co-culture negative control group, a429
PeCa cell and BHLHE41-overexpressing CAF co-culture group, a PeCa cell and si-BHLHE41 CAF430
co-culture negative control group, and a PeCa cell and si-BHLHE41 CAF co-culture group.431
Statistical analysis432
For comparisons of cell-type and cell-subtype abundance between the LN+ and LN- groups,433
proportions were first calculated for each patient, and each patient was treated as the independent434
unit of analysis. Subtype enrichment was additionally summarized using the ratio of observed to435
expected cell numbers (Ro/e) and odds ratios (ORs) based on patient-level cell composition. For436
niche composition analysis, enrichment of each cell type within individual niches was assessed437
using a one-sided Wilcoxon rank-sum test, with adjusted p < 0.05 considered statistically significant.438
Kaplan–Meier curves were used for exploratory survival analyses, and Cox proportional hazards439
models were used to estimate HRs and 95% CIs. For qPCR, three technical replicate wells were440
averaged before ΔCt/ΔΔCt calculations and were not treated as independent biological replicates.441
The functional experiments were independently performed using primary PeCa cells and CAFs442
established from three different patient donors. Accordingly, the three patient-derived cultures were443
treated as independent biological replicates, while technical replicate wells or repeated444
measurements within the same donor were not considered independent biological replicates.445

Results446

Multi-omics analysis of penile cancer tissues with and without lymph node metastasis at initial447
presentation.448
To investigate the microenvironmental remodeling features and spatial organization characteristics449
associated with lymph node metastasis in PeCa, we collected 8 newly generated scRNA-seq samples450
and integrated them with 16 publicly available PeCa scRNA-seq samples [25], resulting in a451
combined cohort of 24 treatment-naïve PeCa patients, including 9 patients with synchronous452
inguinal lymph node metastasis (LN+) and 15 patients without detectable lymph node metastasis453
(LN-) at initial presentation (Table S1). After quality filtering, we retained 147,660 high-quality454
single-cell transcriptomes (Figure 1A). Initial data processing involved batch effect correction and455
integration using the Harmony algorithm, followed by unsupervised clustering (Figure S1A-B).456
Marker-gene analysis identified eight major cell types across all patients, including B & Plasma457
cells (N = 7,446), CD4 T cells (N = 25,760), CD8 T cells (N = 16,235), Innate Lymphoid cells (ILCs,458



N = 5,003), Myeloid cells (N = 29,705), Stromal cells (N = 34,726), Endothelial cells (N = 6,292),459
and Epithelial cells (N = 22,493) (Figure 1B, S1M-Q). Subsequently, we further refined the460
clustering within each major cell type and identified 48 unique cell subtypes. Copy number variation461
(CNV) analysis performed on epithelial subclusters using inferCNV revealed widespread genomic462
alterations among epithelial populations, supporting their malignant characteristics (Figure S1C).463
Based on the combined evidence of CNV profiles and epithelial marker expression, these epithelial464
clusters were considered tumor-enriched epithelial populations for subsequent analyses. We also465
identified a minor neuronal population (S09_Neuron_CDH19, N = 233), likely reflecting the low466
capture efficiency of neurons in scRNA-seq. To obtain an exploratory view of the spatial467
organization and cellular community composition associated with PeCa lymph node metastasis, we468
performed 10x Visium HD spatial transcriptomics on matched primary and metastatic Formalin469
Fixed Paraffin Embedded (FFPE) specimens from one case. In total, we obtained transcriptome data470
from 263,010 spots, with a median depth of 733.9 unique molecular identifiers (UMIs) per spot and471
538.0 genes per spot. After quality control using Building Aggregates with a Neighborhood Kernel472
and Spatial Yardstick (BANKSY) for cross-sample normalization, we performed final clustering in473
the integrated space using Harmony (Figure S1D) [26]. To reveal cellular composition within each474
spatial transcriptomic spot, we employed Robust Cell Type Decomposition (RCTD) to map the475
scRNA-seq profiles to the Visium HD spatial transcriptome data (Figure 1C, S1E). Patient-level476
analysis of the scRNA-seq data showed that LN+ patients exhibited significantly reduced477
proportions of B and plasma cells (p = 0.028) and CD4 T cells (p = 0.024), and increased stromal-478
cell abundance (p = 0.035) in the tumor microenvironment compared to LN- patients (Figure 1D).479
In the LN+ group, we observed a reduction in the CD4T01_Tn_NR4A1 and CD4T05_Tem_GZMK480
subsets, concomitant with an expansion of CD4T06_Treg_FOXP3 and CD4T04_Tm_ANXA1481
populations within the CD4 T cells (Figure 1E). The B & Plasma cells showed modest reductions482
(< 0.1) in B01_Bn_NR4A2 and B06_Plasma_IGHG2 subsets (Figure 1F). Among stromal cells, the483
proportion of S06_iCAF_IL6 was decreased, while the proportions of S05_SMC_TNNT2 and484
S07_myCAF_ACTA2 were increased (Figure 1G). These findings suggest potential involvement of485
immunosuppressive CD4 T cell subsets and S07_myCAF_ACTA2 in early lymphatic dissemination486
of PeCa.487
Malignant subtypes show distinct transcriptomic features associated with lymph node488
metastasis.489
To characterize transcriptomic features associated with lymph node metastasis at initial presentation490
in patients with PeCa, we corrected interpatient batch effects among 22,493 tumor epithelial cells.491
We conducted unsupervised clustering analysis and identified ten distinct tumor epithelial subtypes492
based on the harmonized dataset (Figure 2A). These nine malignant epithelial cell subtypes were493
distributed across all patients without evidence of patient-specific subtypes (Figure S2A). We494
analyzed differences in the distribution of tumor epithelial subtypes between the LN+ and LN-495
groups by calculating the ratio of observed to expected cell numbers (Ro/e) and odds ratio (OR)496
values. C6 and C7 malignant subtypes were more abundant in the LN+ group, with OR values of497
16.82 and 6.91, respectively (p < 0.05, Figure 2B, Figure S2B).498
We employed CytoTRACE to assess stemness scores across tumor cell subtypes, revealing that C6499
(highest stemness) and C7 (fourth-highest stemness) malignant subtypes showed higher stemness500
scores. The C5 subtype, which was enriched in the LN- group, exhibited the highest degree of501
differentiation, while the C8 subtype had a higher stemness score (Figure 2C). Next, differential502



gene expression analysis between the LN+ and LN- groups identified 3,064 upregulated and 724503
downregulated genes in the LN+ group (Table S2). Pathway enrichment analysis of upregulated504
genes highlighted biological processes related to nervous system development including505
axonogenesis, regulation of neuron projection development, and positive regulation of neuron506
projection development (Figure 2D-E). Gene Set Enrichment Analysis (GSEA) further confirmed507
significant enrichment in GO_SYNAPSE and GO_NEUROGENESIS terms (Figure 2E). Notably,508
downregulated genes in the LN+ group were enriched in epidermis-development and MHC class II-509
related pathways (Figure 2D). The C6 and C7 subtypes, which were enriched in the LN+ group,510
exhibited reduced expression of both MHC class I and II genes (Figure 2F, Figure S2C), coupled511
with elevated immune checkpoint molecules (CD274, CD276, PDCD1LG2) (Figure 2G),512
suggesting their potential for immune evasion and contribution to immunosuppressive tumor513
microenvironment (TME) formation.514
To investigate potential characteristics of early lymph node metastasis in PeCa, we performed515
transcription factor (TF) analysis by using the single-cell regulatory network inference and516
clustering (SCENIC). Our analysis identified preferential activation of TFs including SOX2, ERG,517
HIF1A, FOS, FOXQ1, and TCF4 in malignant subtypes associated with early lymph node518
metastasis (Figure 2H, Table S3), accompanied by elevated gene expression levels (Figure 2I, S2D-519
I). The co-activation of these TFs suggested a potential link between hypoxia adaptation and early520
lymph node metastasis in PeCa. Therefore, we evaluated the hypoxia signaling scores of malignant521
epithelial cells in patients from the LN+ and LN- groups (Figure 2J) as well as in metastatic and522
non-metastatic lesions (Figure 2K) in both the scRNA-seq and spatial datasets. Across both datasets,523
a stronger hypoxia-response signature in malignant epithelial cells was associated with early lymph524
node metastasis in PeCa. Differential gene expression analysis identified 15 significantly525
upregulated genes in early metastatic cases (Figure 2L), which were functionally enriched in526
extracellular matrix remodeling, immune regulation, and metabolic reprogramming pathways.527
Cell-cell communication in the microenvironment of early lymph node metastasis in PeCa528
After characterizing the differences between the LN+ and LN- groups, we further investigated their529
cell-cell communication networks within the TME to identify potential subtypes associated with530
early lymph node metastasis of PeCa. Analysis of interaction strength revealed significant531
reorganization of cell-cell communication networks in metastatic tissues, with the LN+ group532
exhibiting more extensive intercellular signaling patterns than the LN- group (Figure 3A-B, Figure533
S3A). Notably, we observed enhanced communication strength between stromal cells and various534
immune populations (including CD4 T, CD8 T, and myeloid cells), alongside substantial alterations535
in epithelial cell interaction patterns (Figure 3C). These changes suggest that PeCa cells may alter536
communication with microenvironmental components to evade immune surveillance, while specific537
stromal subtypes potentially facilitate metastatic progression through enhanced cellular crosstalk.538
Differential ligand-receptor analysis identified changes in intercellular signaling associated with539
metastatic progression. CD4 T cells showed distinct changes in signaling in metastatic540
microenvironments, including downregulation of MHC class II and CD99 signaling pathways541
(Figure 3D left, Figure S3B). Similarly, CD8 T cells showed changes in signaling, with a trend542
toward reducedMHC class I-related molecule expression in the metastatic group (Figure 3Dmiddle,543
Figure S3C). In epithelial cells, increased Notch, FN1, and SPP1 signaling suggested activation of544
EMT-related programs (Figure 3D right, Figure S3D).545
Within the T cell lineage, several T cell subsets showed differential distribution between the LN+546



and LN- groups. Among these populations, CD8T05_Tc_ISG15 exhibited a relatively high547
observed-to-expected enrichment ratio, while CD4T08_Th_ISG15 also showed increased548
representation in metastatic samples (Figure 3E) [27,28]. However, patient-level analysis did not549
demonstrate significant associations between these interferon-stimulated T cell subsets and LN550
status, suggesting that their enrichment may reflect inter-patient heterogeneity rather than a551
dominant driver of lymph node metastasis. Notably, among the CAF subtypes,552
S07_myCAF_ACTA2 showed marked enrichment during metastasis (OR = 6.27). Recent pan-553
cancer spatial multi-omics analyses have shown that distinct CAF states, including myofibroblastic554
populations, are associated with specific cellular neighborhoods and patterns of tumor-stromal and555
stromal-immune interactions [22]. S07_myCAF_ACTA2 cells showed features associated with556
extracellular-matrix remodeling, vascular regulation, and paracrine support of tumor-cell invasion,557
suggesting a potential role in stromal changes associated with early lymph node metastasis in PeCa558
(Figure 3E-F) [29].559
Immunosuppressive molecule profiling further delineated the immunomodulatory roles of distinct560
stromal subtypes (Figure 3G). Differential expression patterns of key immune checkpoints and561
coinhibitory molecules were observed across cell types, with CD276 (B7-H3) showing the highest562
expression in S07_myCAF_ACTA2, suggesting an immunosuppressive function for this subtype in563
PeCa. The heterogeneous expression patterns of BTNL3, SLAMF7, and PDCD1LG2 (PD-L2)564
further indicated subtype-specific immune regulatory states that may collectively influence the565
balance between immune activation and immunosuppression within metastatic microenvironments.566
Cross-tissue cellular modules and spatial patterns in penile carcinoma567
Given the critical role of cellular niche composition in cancer progression and metastasis [30], we568
systematically investigated the co-occurrence patterns of cellular subtypes across distinct tissue569
compartments. By integrating specific marker expression of cell types with spatial proximity data,570
we applied an unsupervised clustering algorithm to identify 10 microenvironmental niches with571
distinct cellular compositions (Figure 4A). Heatmap analysis showed that each niche had a distinct572
pattern of subtype enrichment, consistent with functional specialization. Uniform Manifold573
Approximation and Projection (UMAP) visualization showed distinct distributions of tumor-574
microenvironment and malignant-cell niches in the integrated space (Figure 4B). We observed575
pronounced transcriptomic segregation between TME niches and cancer cell niches, suggesting576
spatial compartmentalization and functional specialization within the tumor tissue architectures.577
Within this single matched case, spatial transcriptomics showed that several malignant niches were578
represented in both the primary and metastatic lesions (Figure 4C) and revealed distinct niche579
composition patterns between the primary tumor and lymph node metastatic regions within this case580
(Figure 4D). Lymph node tissues showed specific enrichment of niche_2 and niche_4, whereas581
niche_5-8 and niche_10 were predominantly localized in primary tumors, consistent with site-582
specific microenvironmental differences. Crucially, we found that niche_1, niche_3, and niche_9583
showed a high degree of co-occurrence in both primary lesions and lymph node metastatic lesions,584
suggesting that these niches may represent candidate microenvironmental modules associated with585
lymph node metastasis in PeCa.586
Analysis of cellular composition revealed that niche_1 was predominantly enriched for587
angiogenesis-related subtypes, including S01_Pericyte_CD36, which mediated vascular stability588
[31]; S02_SMC_RERGL, which maintained vascular architecture [32]; and E02_Vein_ACKR1,589
which facilitated tumor intravasation [33], collectively providing structural support for entry into590



the circulation. Niche_2 was primarily associated with immune-cell composition and regulation and591
may modulate metastatic competence through altered immune responses. Niche_9 contained cell592
states associated with stromal remodeling and immunosuppression, including593
S07_myCAF_ACTA2 with strong contractile capacity, pro-tumoral M11_Mph_ISG15 that594
exhibited M2-like polarization characteristics and S08_apCAF_CD74 involved in the regulation of595
antigen presentation. Mechanistically, S07_myCAF_ACTA2 showed transcriptional features596
consistent with ACTA2-mediated contractility, extracellular-matrix remodeling, and growth-factor597
signaling that could support tumor-cell invasion and EMT. Similar pro-metastatic properties of598
myofibroblastic CAFs have been experimentally demonstrated in pancreatic ductal adenocarcinoma,599
where EGFR-activated myCAFs promoted tumor invasion and metastasis [34]. These observations600
raise the possibility of cooperative interactions with M11_Mph_ISG15 in PeCa.601
Hypoxic myCAF subpopulations are associated with tumor progression and early metastasis602
in penile carcinoma.603
To investigate the potential dynamic relationship among CAF subpopulations, we performed604
Monocle3-based pseudotime trajectory analysis using patient-aligned CAF populations. The605
trajectory analysis revealed a continuous CAF state manifold connecting resident fibroblast-like606
cells, iCAF, and myCAF_ACTA2 populations (Figure S3E-J). Along pseudotime, resident607
fibroblast-associated markers gradually decreased, whereas myofibroblastic and extracellular608
matrix remodeling programs, including ACTA2, TAGLN, POSTN, and MMP-related signatures,609
showed progressively increased activity. These findings suggest that S07_myCAF_ACTA2610
represents an activated CAF state emerging during fibroblast remodeling rather than an entirely611
independent CAF lineage (Figure S3E-J). Given the prominent enrichment of S07_myCAF_ACTA2612
in metastasis-associated niche_9, we further characterized the molecular features and functional613
programs of this CAF subset. Transcriptomic profiling revealed that S07_myCAF_ACTA2614
exhibited elevated expression of functionally relevant genes, including ECM remodeling615
components (LUM, DCN, PDGFRA), vascular regulators (THBS2, NRP2), signaling mediators616
(FOXO1, INHBA, GJA1, ADAM12, NOX4, ISLR) and immune checkpoint molecules (CD276,617
BTN3A1, BTN3A2) (Figure 5A). This diverse expression profile was consistent with a role for this618
subpopulation in tumor-microenvironment remodeling.619
Enrichment analysis further characterized the functional features of S07_myCAF_ACTA2,620
including collagen catabolism, vascular development, immune tolerance induction, and negative621
regulation of immune responses (Figure 5B). GSEA revealed significant enrichment of vascular622
development (NES = 2.501144) and tolerance induction (NES = 4.063773) gene sets, demonstrating623
this subtype's dual mechanistic role in coordinately establishing a pro-metastatic niche through624
synergistic promotion of angiogenesis and immune tolerance.625
Spatial analysis in the representative Visium HD case suggested distinct distribution patterns of626
CAF subtypes. At the tissue level, candidate metastasis-associated niches (niche_1, niche_3 and627
niche_9) showed characteristic spatial patterns within this case (Figure 5C). Notably,628
S07_myCAF_ACTA2 showed predominant localization to peritumoral regions in the analyzed629
spatial sample, while S08_apCAF_CD74 showed a more distal distribution relative to tumor regions630
(Figures 5D-E), suggesting functional compartmentalization among CAF subtypes. Hypoxia631
scoring within the analyzed spatial transcriptomic dataset indicated that niche_9 exhibited relatively632
higher hypoxia scores, and S07_myCAF_ACTA2 similarly showed a strong hypoxia-associated633
signature (Figure 5F). Together with the scRNA-seq and functional analyses, these exploratory634



spatial observations suggest that S07_myCAF_ACTA2 may be associated with a hypoxic, pro-635
invasive microenvironment. The angiogenic regulators highly expressed by this subtype may636
become activated under hypoxic conditions, thereby promoting aberrant angiogenesis and creating637
routes that facilitate tumor dissemination, ultimately contributing to microenvironmental638
remodeling during early lymph node metastasis in PeCa.639
To explore the potential prognostic relevance of ACTA2 beyond PeCa, we analyzed public pan-640
squamous carcinoma cohorts. Higher ACTA2 expression was associated with poorer survival,641
suggesting a conserved association between myCAF-related signatures and adverse outcomes642
across squamous carcinoma types (p = 0.0066, Figure 5G). Patients with lower ACTA2 expression643
showed markedly better survival (HR = 0.78, 95% CI: 0.65-0.93, p = 0.007, Figure 5H), supporting644
the potential relevance of myCAF-associated signatures in squamous carcinoma progression.645
Cell-cell communication analysis characterized predicted interactions between CAF subtypes and646
other microenvironmental components. S07_myCAF_ACTA2 primarily engaged with vascular647
endothelial and epithelial cells through VEGFA-VEGFR, TGFB-TGFBR, ANGPT1-TEK and648
PLAU-PLAUR signaling axes. Notably, CellChat analysis in patients with early lymph node649
metastasis predicted POSTN-(ITGAV+ITGB5) signaling between S07_myCAF_ACTA2 and650
malignant epithelial cells, suggesting a potential link to EMT (Figure 5I). Validation of key651
communication molecules revealed distinct expression patterns of POSTN, ITGAV and ITGB5652
across CAF subtypes, with POSTN showing 95.1% positivity in S07_myCAF_ACTA2, compared653
to 45.0% and 25.5% for ITGAV and ITGB5, respectively (Figure 5J). Spatial expression maps654
showed predominantly stromal POSTN expression and more widespread ITGAV and ITGB5655
expression (Figure 5K). However, in the analyzed lymph-node section, POSTN-high spots were not656
significantly closer to ITGAV- or ITGB5-high spots than expected from 999 random spot sets657
(observed/random nearest-neighbor distance ratios of 1.41 and 1.26, respectively; both P = 1.0;658
Figure S4j). Thus, these spatial data describe tissue expression patterns but do not provide evidence659
for preferential nearest-neighbor proximity between POSTN-high and receptor-high spots under the660
tested conditions.661
BHLHE41-mediated POSTN expression in myCAFs is associated with lymph node metastatic662
features in penile cancer.663
Having characterized the functional properties of S07_myCAF_ACTA2, we further investigated its664
transcriptional regulatory network. TF enrichment analysis identified several regulators enriched in665
S07_myCAF_ACTA2, with BHLHE41 showing the strongest upregulation (Figure 6A). As a666
hypoxia-inducible TF, BHLHE41 has been established to modulate cell proliferation, apoptosis and667
metastasis across various cancers [35]. Other pivotal regulators included stress-response modulator668
ATF4, inflammatory master regulator NFKB1, prostate development factor NKX3-1, and669
embryonic regulator SOX4, whose coordinated actions likely drove the pro-metastatic phenotype670
of the S07_myCAF_ACTA2 subtype.671
Expression profiling confirmed elevated BHLHE41 levels in S07_myCAF_ACTA2 compared to672
S06_iCAF_IL6 and S08_apCAF_CD74 (Figure 6B). Spatial analysis of the representative case673
showed predominant BHLHE41 expression in peritumoral stromal regions, overlapping spatially674
with the distribution of S07_myCAF_ACTA2 (Figure 6C). Correlation analysis showed a675
significant positive association between BHLHE41 and POSTN (R = 0.22, p < 0.001) (Figure 6D),676
suggesting that BHLHE41 may contribute to stromal remodeling through regulation of POSTN677
expression. Previous studies have shown that the extracellular-matrix glycoprotein POSTN can678



promote CAF activation, collagen deposition, and tumor invasion in several tumor contexts [36-38].679
POSTN binds to integrin receptors ITGAV/ITGB5 to activate the PI3K/AKT and Wnt signaling680
pathways, thereby promoting EMT and metastasis of tumor cells. Our findings implicated the681
BHLHE41-POSTN axis as a potential regulatory mechanism contributing to the pro-invasive effects682
of S07_myCAF_ACTA2 observed in vitro.683
Exploratory survival analysis in pan-squamous carcinoma cohorts revealed that elevated expression684
of POSTN and BHLHE41 was associated with poorer prognosis. Patients with high POSTN685
expression had significantly shorter survival (p = 0.0016), while higher BHLHE41 expression was686
also associated with adverse outcomes (p = 0.044) (Figure 6E). Pan-cancer analysis demonstrated687
consistent upregulation of BHLHE41 and POSTN across multiple SCC types, including nodal,688
cervical, distant metastatic, head and neck, laryngeal, oral and oropharyngeal tumors (Figure 6G),689
suggesting that these factors may represent conserved stromal-associated features across squamous690
carcinomas. These findings suggest that BHLHE41 may participate in the regulation of POSTN691
expression in S07_myCAF_ACTA2, potentially contributing to a pro-invasive stromal state through692
downstream targets such as POSTN.693
BHLHE41 in penile cancer CAFs may regulate the epithelial-mesenchymal transition of694
tumor cells by modulating POSTN and subsequently acting on ITGAV and ITGB5 in tumor695
cells.696
Primary PeCa cells and cancer-associated fibroblasts (CAFs) were isolated from samples collected697
at our center and characterized as described in the Methods. Representative morphologies of the698
two cell populations are shown in Figure 7A. Immunofluorescence staining of cultured CAFs699
showed ACTA2 and COL1A1 expression (Figure 7B). Multiplex immunofluorescence staining700
showed the spatial distribution of BHLHE41, POSTN, ACTA2, ITGAV, and ITGB5 in PeCa tissues701
(Figure 7C). POSTN staining was observed in regions containing ACTA2-positive myofibroblastic702
CAFs, whereas ITGAV and ITGB5 staining was observed in tumor-cell regions.703
To investigate the functional relevance of the BHLHE41-POSTN-(ITGAV+ITGB5) signaling axis,704
multiple co-culture systems were established. In Transwell assays, PeCa cells co-cultured with705
BHLHE41-overexpressing CAFs showed greater invasive capacity than cells co-cultured with706
BHLHE41-knockdown CAFs (Figure 8A, S4A-B). After co-culture, PeCa cells were separately707
harvested and used for subsequent analyses. For Western blot analysis, the harvested PeCa cells708
were lysed and centrifuged, and the resulting cell lysates were used to assess the expression of the709
EMT markers N-cadherin, Vimentin, and E-cadherin. BHLHE41 overexpression increased N-710
cadherin and Vimentin protein levels and decreased E-cadherin protein levels (Figure 8B-E). These711
findings support an association between BHLHE41 expression in CAFs and EMT-related changes712
in co-cultured PeCa cells. After co-culture, PeCa cells were also collected and subjected to total713
RNA extraction, followed by qPCR analysis. The qPCR results further showed consistent changes714
in the transcriptional levels of N-cadherin, Vimentin, and E-cadherin (Figure 8F-H). To further715
examine the relationship between BHLHE41 and POSTN in CAFs, POSTN expression was716
evaluated in the CAF population after co-culture. CAFs were separately harvested for total RNA717
extraction and subsequent qPCR analysis to assess POSTN transcriptional levels. In parallel,718
separately harvested CAFs were lysed and centrifuged, and the resulting cell lysates were used for719
Western blot analysis to quantify POSTN protein expression. Both POSTN mRNA and protein720
levels in CAFs were significantly increased under BHLHE41-overexpression conditions (Figure 8I-721
K).722



Finally, to evaluate the functional involvement of POSTN-related integrin signaling in EMT723
regulation, four co-culture systems were established: PeCa cells alone, PeCa cells co-cultured with724
CAFs, PeCa cells co-cultured with CAFs in the presence of the integrin-blocking Arg-Gly-Asp725
(RGD) peptide, and PeCa cells co-cultured with POSTN-knockdown CAFs. After co-culture, PeCa726
cells were separately harvested from each experimental condition for RNA extraction and qPCR727
analysis, while parallel PeCa-cell samples were lysed for Western blot analysis. Compared with728
PeCa cells co-cultured with untreated CAFs, both POSTN knockdown in CAFs and RGD treatment729
resulted in similar changes in EMT marker expression in PeCa cells. Western blot analysis showed730
that N-cadherin and Vimentin protein levels decreased, whereas E-cadherin protein levels increased731
(Figure 8O-R). Consistently, qPCR analysis showed decreased N-cadherin and Vimentin mRNA732
levels and increased E-cadherin mRNA levels under POSTN knockdown or RGD treatment733
conditions (Figure 8L-N).734

Discussion735

PeCa is a rare but aggressive malignancy of the male genitourinary tract, and lymph node metastasis736
is the most important prognostic factor [2,39]. Because PeCa is rare, its molecular mechanisms of737
metastasis remain incompletely understood, particularly the contribution of the tumor738
microenvironment. In this study, we systematically analyzed the cellular heterogeneity of the PeCa739
tumor microenvironment and its role in early lymph node metastasis for the first time by integrating740
single-cell RNA sequencing and spatial transcriptomics.741
Our study identified cellular changes associated with metastatic PeCa. Among malignant epithelial742
cells, metastasis-associated malignant cell states showed higher stemness, enrichment of nervous-743
system-development programs, and reduced MHC-related signaling. These malignant cell states744
also showed strong hypoxia-associated signatures, reflecting a synergistic pattern of tumor cell745
dedifferentiation, metabolic reprogramming and immune evasion. In terms of the immune746
microenvironment, the proportions of B cells and CD4 T cells were reduced in metastatic tissues,747
whereas immunosuppressive Treg cells and T-cell subsets with high expression of interferon-748
stimulated genes were enriched, consistent with chronic antigen stimulation and functional749
exhaustion. These changes collectively form a coordinated network characterized by enhanced750
cancer cell stemness and exacerbated immunosuppression, creating favorable conditions for tumor751
metastasis.752
We further identified S07_myCAF_ACTA2 as a CAF subset associated with the pro-metastatic753
microenvironment in PeCa. This subset was enriched in metastatic tissues and exhibited prominent754
hypoxia-associated features. It was enriched in niche_9, which had a relatively high hypoxia score,755
and was observed in both the primary and metastatic lesions of the spatially profiled case. At the756
molecular level, we found that BHLHE41, a hypoxia-inducible transcription factor, showed757
preferential activity in S07_myCAF_ACTA2 and may contribute to the regulation of POSTN758
expression. Notably, the biological role of BHLHE41 appears to be context-dependent across759
different tumor types. Previous studies have reported tumor-suppressive effects of760
BHLHE41/DEC2/SHARP1 in pancreatic and breast cancers [40,41], suggesting that its functional761
role may vary according to tumor type and cellular context. In PeCa, our findings suggest that762
BHLHE41 activation in myCAF_ACTA2 is associated with POSTN-related pro-metastatic stromal763
signaling. Previous studies provide evidence that stromal POSTN can function as a mediator of764
tumor-CAF crosstalk in other malignancies. In ovarian cancer, TGF-β1-induced POSTN derived765



from activated fibroblasts promoted tumor-cell migration and invasion through integrin-mediated766
PI3K/AKT signaling [42]. Importantly, a similar stromal role for POSTN has been reported in head767
and neck cancer, where CAF-derived POSTN was increased in tumors with lymph node metastasis768
and promoted cancer-cell growth, migration, and invasion. These findings provide a general769
mechanistic precedent for POSTN-mediated tumor-stromal crosstalk [38]. Spatial transcriptomic770
analysis of the representative metastatic PeCa case suggested peritumoral enrichment of771
S07_myCAF_ACTA2. However, the nearest-neighbor analysis did not detect preferential proximity772
of POSTN-high spots to ITGAV- or ITGB5-high spots in the analyzed lymph-node section (Figure773
S4J). Accordingly, the spatial findings do not establish preferential ligand–receptor proximity at the774
niche level. Several biological and technical factors may contribute to this lack of detectable nearest-775
neighbor proximity. POSTN is a secreted extracellular-matrix protein, and its extracellular776
distribution and site of biological activity may not precisely coincide with the spatial location of777
POSTN-expressing cells or transcripts. Moreover, incorporation and retention of POSTN within the778
extracellular matrix may permit paracrine effects beyond immediately adjacent transcript-positive779
spots. Spatial transcriptomic analysis is also based on a two-dimensional section of a three-780
dimensional tissue architecture; therefore, cells that are adjacent in three-dimensional space may781
not necessarily appear as nearest neighbors within a single section. These factors may partly782
contribute to the observed spatial pattern, but they do not provide evidence for preferential783
POSTN–ITGAV/ITGB5 proximity. The proposed POSTN-related CAF–tumor signaling model is784
supported by cell-cell communication predictions and in vitro perturbation experiments, whereas its785
spatial organization and receptor-specific activity in situ remain to be established. We further786
assessed the association between BHLHE41 and POSTN using immunofluorescence assays, WB,787
and qPCR. We then examined the relationship between POSTN-(ITGAV+ITGB5) signaling and788
epithelial-mesenchymal transition (EMT) in PeCa and evaluated its functional relevance using789
Transwell assays.790
These findings have potential scientific and translational implications. First, we revealed a791
molecular link between the BHLHE41-POSTN transcriptional regulatory axis and hypoxic792
microenvironment, CAF activation and tumor metastasis. Second, the identification of metastasis-793
associated cancer cell states and hypoxia-adapted CAF characteristics provides potential insights794
for precise molecular classification of PeCa and development of microenvironment-based795
therapeutic strategies. From a clinical perspective, S07_myCAF_ACTA2 and its associated niche796
characteristics may provide potential biomarkers for studying lymph node metastasis risk in PeCa,797
while the BHLHE41-POSTN axis represents a potential mechanism for future CAF-targeted798
therapeutic investigation.799
This study also suggests molecular commonalities between PeCa and other SCCs, providing a800
rationale for evaluating the translation of therapeutic strategies across tumor types. However, several801
limitations should be noted.Although our integrated scRNA-seq cohort included 24 treatment-naïve802
PeCa patients, the rarity of PeCa limited the cohort size. Moreover, spatial transcriptomic profiling803
was performed in only one representative metastatic case; therefore, the identified spatial patterns804
should be considered hypothesis-generating and require validation in larger cohorts. Furthermore,805
our study lacked in vivo validation and relied mainly on transcriptomic analyses. Although the806
clinical cohort analyses demonstrated associations between S07_myCAF_ACTA2, the BHLHE41-807
POSTN axis, and lymph node metastatic status, and our in vitro experiments showed that808
modulation of this pathway affected EMT and tumor-cell invasion, these findings do not establish809



a causal role of this mechanism in lymph node metastasis in vivo. The RGD peptide blockade810
experiment also has limited specificity for confirming the POSTN-ITGAV/ITGB5 interaction.811
Future studies should focus on verifying the functional role of the BHLHE41-POSTN axis, further812
confirming the specific involvement of ITGAV/ITGB5 through targeted knockdown or blockade813
experiments, evaluating therapeutic strategies based on CAF characteristics, and validating the814
clinical utility of predictive models in larger cohorts.815

Conclusion816

This study characterized cellular heterogeneity in the PeCa tumor microenvironment and identified817
stem-like malignant cell states, immune remodeling, and a hypoxia-adapted myCAF population818
associated with lymph node metastasis. Our findings further support an in vitro mechanistic model819
in which the BHLHE41-POSTN axis may contribute to EMT-associated invasive phenotypes in820
PeCa cells. These results provide a crucial molecular basis and practical tools for the precise821
diagnosis and treatment of PeCa.822
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Take Home Message866

Hypoxia-inducible BHLHE41 upregulates POSTN in myCAF_ACTA2 and promotes epithelial-867
mesenchymal transition through ITGAV/ITGB5-related signaling in cancer cells, potentially868



contributing to the lymph node metastatic phenotype of PeCa. High BHLHE41 and POSTN levels869
correlate with poor survival in squamous cell carcinoma patients.870

Advancing practice text871

What does the study add872
Our study provides a single-cell and spatial transcriptomic atlas of penile cancer (PeCa), revealing873
the heterogeneity of cancer-associated fibroblasts (CAFs) and identifying stromal features874
associated with lymph node metastasis. The BHLHE41-POSTN axis may have utility as a875
biomarker framework for metastasis-risk assessment and provides a rationale for future876
investigation of CAF-directed therapeutic strategies.877
Patient Summary878
In this study, we analyzed penile carcinoma data from a Chinese cohort and observed that patients879
with higher myCAF infiltration were more likely to present with early lymph node metastasis.880
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Figure Legends1024

Figure 1 | Single-cell transcriptomic profiling of 24 penile cancer patients and spatial1025
transcriptomic analysis of one representative case.1026
A, Uniform Manifold Approximation and Projection (UMAP) plot showing the major cell types and1027
their subtypes in samples across the LN+ and LN- groups, with individual cells represented as dots1028
and different cell populations distinguished by colors. Cell annotation: Tn, naïve T cells; Tfh,1029
follicular helper T cell; Tm, memory T cell; Tem effector memory cells; Treg, regulatory T cells;1030
Tex, exhausted T cells; Th, T helper cells; Temra, terminally differentiated effector memory or1031
effector; Tc, Cytotoxic T cells; MAIT, Mucosal-Associated Invariant T cell; Bm, B memory cells;1032
Bn, naïve B cells; NK, natural killer cells; Artery cells; Vein cells; Lymph cells; Tip cells; gdT,1033
Gamma Delta T Cell; cDC, Conventional Dendritic Cells; Mo, Monocytes; Mph, Macrophages;1034
immNeu, immature neutrophils; mNeu, mature neutrophils; Mast cells; Pericytes; SMC, smooth1035
muscle cells; iCAF, inflammatory cancer-associated fibroblast (CAF); myCAF, myofibroblastic1036
CAF; apCAF, Antigen-presenting CAF; Neuron cells.1037
B, Dot plot shows the expression of signature genes of each PeCa cell type. Color indicates the1038
expression level and size indicates the expression fraction.1039
C, Spatial mapping of Visium HD, colored by cell types as in A.1040
D, Box plots showing the patient-level proportions of major cell types in the LN+ and LN− groups.1041
Each point represents one patient. Statistical comparisons were performed using a two-sided1042
Student's t-test.1043
E, The bar chart illustrates the changes in proportions of different cell types relative to total cells in1044
the metastatic group. Color represents subtypes of CD4 T cells, and length represents the magnitude1045
of change.1046
F, The bar chart illustrates the changes in proportions of different cell types relative to total cells in1047
the metastatic group. Color represents subtypes of B cells, and length represents the magnitude of1048
change.1049
G, The bar chart illustrates the changes in proportions of different cell types relative to total cells in1050
the metastatic group. Color represents subtypes of stromal cells, and length represents the magnitude1051
of change.1052
Figure 2 | Subtypes of epithelial cells in PeCa.1053
A, UMAP plot showing distribution of tumor cells by the LN+ and LN- groups (left) and subtypes1054
of tumor cells (right).1055
B, Bar plot showing differences in the distribution of tumor epithelial subtypes between the LN+1056
and LN- groups, with bar length representing the Odds Ratio (OR) values of each subtype.1057
C, Violin plot showing stemness scores in different subtypes of tumor cells.1058
D, Bar plot shows enrichment results of downregulated genes in the LN+ group.1059
E, Enrichment of gene signature based on GSEA analysis between the LN+ and LN- groups.1060
F, Dot plot displays expression levels of specific MHC class I and class II genes in C5-C8 subtypes,1061
where dot size represents the fraction of cells in each group, and dot color indicates the mean1062
expression level within the group.1063
G, Relative expression levels of genes of interest in different groups.1064
H, The dot plot displays the activity of transcription factors in the LN+ group, with red representing1065
transcription factors specifically activated in the LN+ group.1066
I, UMAP plots show the expression of specifically activated transcription factors SOX2, ERG,1067



HIF1A, FOS, FOXQ1 and TCF4.1068
J, Violin plot shows hypoxia scores between the LN+ and LN- groups.1069
K, Spatial mapping of Visium HD, with spots colored by hypoxia score.1070
L, The bar plot displays the normalized score of 15 significantly upregulated genes in the early1071
lymph node metastasis group.1072
Figure 3 | Cell-cell communication plots in the microenvironment of PeCa1073
A-B, Dot plots show the cell-cell communication signal strength between different cell types, with1074
the ordinate representing the incoming signal strength and the abscissa representing the outgoing1075
signal strength. Dots represent cell types, distinguished by different colors.1076
C, Circle diagrams show cell-cell communication among cell types in the LN+ and LN- groups.1077

Red represents upregulated signal strength.1078
D, Dot plots show the differential cell-cell communication signal strength of different signal1079
pathways in different cell types, with the ordinate representing the differential incoming signal1080
strength and the abscissa representing the differential outgoing signal strength. Dots represent1081
signaling pathways, distinguished by different colors.1082
E-F, Bar plots show differences in the distribution of subtypes of T cells and stromal cells or1083
endothelial cells between the LN+ and LN- groups, with bar length representing the Odds Ratio1084
(OR) values of each subtype.1085
G, Dot plot displays expression levels of immunosuppressive molecules in stromal cell subtypes,1086
where dot size represents the fraction of cells in each group, and dot color indicates the mean1087
expression level within the group.1088
Figure 4 | Cellular niche composition in PeCa.1089
A, Heatmap showing scaled median cell-type compositions within each niche. Asterisks indicate1090
increased abundance of a cell type in a niche compared with other niches (one-sided Wilcoxon rank1091
sum test, adjusted (adj.) P  <  0.05).1092
B, UMAP plot showing distribution of all niches.1093
C, The spatial heatmap highlights the distribution of all niches in primary lesions and matched1094
lymph node metastases.1095
D, The bar chart shows the proportion of all niches in primary lesions and matched lymph node1096
metastases.1097
E, Bar plot showing differences in the distribution of all niches in primary lesions and matched1098
lymph node metastases, with bar length representing the Odds Ratio (OR) values of each subtype.1099
Figure 5 | The relationship of hypoxic myCAF subtypes and the progression of PeCa.1100
A, Dot plot displays expression levels of marker genes of S07_myCAF_ACTA2 in stromal subtypes,1101
where dot size represents the fraction of cells in each group, and dot color indicates the mean1102
expression level within the group.1103
B, Enrichment of marker genes of S07_myCAF_ACTA2 based on GSEA analysis.1104
C, The spatial heatmap highlights the distribution of niche_1,3 and 9 in primary lesions and matched1105
lymph node metastases.1106
D-E, The spatial heatmap highlights the distribution of myCAF and apCAF in primary lesions and1107
matched lymph node metastases.1108
F, Violin plot showing hypoxia scores across six of the ten cellular niches defined in Figure 4:1109
niche_1, niche_2, niche_3, niche_4, niche_6, and niche_9 (left). Dot plot displays hypoxia scores1110
in stromal subtypes, where dot size represents the fraction of cells in each group, and dot color1111



indicates the mean expression level within the group (right).1112
G, Survival curve shows the relationship between expression levels of ACTA2 and prognosis in1113

TCGA-Pan_Squamous. Red indicates high expression, whereas blue indicates low expression.1114
H, Forest plot showing the association between ACTA2 expression and survival in TCGA-1115
Pan_Squamous using a Cox proportional hazards model.1116
I, CellChat analysis showing the interaction strength between CAF subtypes and endothelial cell1117
subtypes in the non-metastatic and metastatic groups. Edge width represents the inferred interaction1118
strength.1119
J, Violin plots showing POSTN expression across CAF subtypes and ITGAV/ITGB5 expression1120
across epithelial cell populations.1121
K, Spatial expression maps showing the distribution of POSTN, ITGAV and ITGB5 in the primary1122
tumor and matched lymph-node metastasis from the representative spatially profiled case.1123
Figure 6 | Mechanistic analysis of myCAF in promoting lymph node metastasis of PeCa.1124
A, The scatter plot displays the activity of transcription factors in S07_myCAF_ACTA2, with red1125
representing transcription factors specifically activated in S07_myCAF_ACTA2.1126
B, Dot plot displays expression levels of S07_myCAF_ACTA2 specific TFs, where dot size1127
represents the fraction of cells in each group, and dot color indicates the mean expression level1128
within the group.1129
C, The spatial heatmap highlights the distribution of BHLHE41 expression in primary lesions and1130
matched lymph node metastases.1131
D, Scatter plot depicts the expression levels of POSTN and BHLHE41, along with their correlation.1132
E-F, Survival curves show the relationship between expression levels of POSTN or BHLHE41 and1133

prognosis in TCGA-Pan_Squamous. Red indicates high expression, whereas blue indicates low1134

expression.1135

G, Expression distributions of BHLHE41 and POSTN across different tissue/sample-site categories.1136

Figure 7 | Culture of penile cancer cells and immunofluorescence staining.1137

A, Growth patterns of penile cancer cells and penile cancer-associated fibroblasts.1138

B, Representative immunofluorescence images of cultured CAFs stained for COL1A1 andACTA2,1139

with DAPI nuclear counterstaining.1140

C, Multiplex immunofluorescence imaging of the penile cancer tumor microenvironment. DAPI1141

(blue), BHLHE41 (red), ACTA2 (green), COL1A1 (white), ITGAV (cyan), ITGB5 (orange), and1142

POSTN (yellow).1143

Figure 8 | Validation of the mechanism of the BHLHE41-POSTN-(ITGAV+ITGB5) axis in1144

PeCa.1145

A, Transwell assay results demonstrating the invasive capacity of penile cancer cells under different1146

experimental groups.1147

B-E,Western blot analysis showing changes in the protein expression of EMT markers N-cadherin,1148

E-cadherin, and Vimentin under conditions of BHLHE41 overexpression or knockdown. Co-1149

cultured cells were collected, lysed, and centrifuged, and the resulting cell lysate supernatants were1150

used for Western blot analysis. Panel B shows the representative Western blot images, while panels1151



C-E show the corresponding quantitative analyses of N-cadherin (C), E-cadherin (D), and Vimentin1152

(E), respectively.1153

F-H, qPCR analysis showing the transcriptional levels of Vimentin (F), N-cadherin (G) and E-1154

cadherin (H), in cells collected after co-culture under conditions of BHLHE41 overexpression or1155

knockdown.1156

I, qPCR analysis showing the transcriptional level of POSTN in cells collected after co-culture1157

under conditions of BHLHE41 overexpression or knockdown.1158

J-K,Western blot analysis showing POSTN protein expression under different co-culture conditions1159

with BHLHE41 overexpression or knockdown. Co-cultured cells were lysed and centrifuged, and1160

the resulting cell lysate supernatants were used for protein detection. Panel J shows the1161

representative Western blot images, while panel K shows the corresponding quantitative analysis of1162

POSTN protein expression.1163

L-N, qPCR analysis showing the transcriptional levels of EMT markers in PeCa cells under four1164

experimental conditions: PeCa cells alone, PeCa cells co-cultured with CAFs in the presence of the1165

integrin-blocking RGD peptide, PeCa cells co-cultured with untreated CAFs, and PeCa cells co-1166

cultured with POSTN-knockdown CAFs. Following co-culture, PeCa cells were separately1167

harvested for RNA extraction and qPCR analysis. Panels L-N show the transcriptional levels of E-1168

cadherin (L), N-cadherin (M), and Vimentin (N), respectively.1169

O-R,Western blot analysis showing changes in the protein expression levels of the EMT markers1170

N-cadherin, E-cadherin, and Vimentin in PeCa cells under four experimental conditions: PeCa cells1171

alone, PeCa cells co-cultured with CAFs in the presence of the integrin-blocking RGD peptide,1172

PeCa cells co-cultured with untreated CAFs, and PeCa cells co-cultured with POSTN-knockdown1173

CAFs. Following co-culture, PeCa cells were separately harvested for protein analysis. Panel O1174

shows the representative Western blot images, while panels P-R show the corresponding1175

quantitative analyses of N-cadherin (P), E-cadherin (Q), and Vimentin (R), respectively.1176
Scheme 1 | Schematic overview of the study design and proposed mechanism underlying1177
lymph node metastasis in penile cancer.1178
Single-cell RNA sequencing and spatial transcriptomic analyses were integrated to characterize the1179
cellular landscape of penile cancer (PeCa) and identify metastasis-associated cellular states and1180
spatial niches. Bioinformatic analyses identified a hypoxia-adapted myCAF_ACTA2 population1181
enriched in metastasis-associated niches and highlighted BHLHE41-associated POSTN signaling1182
as a candidate stromal mechanism linked to tumor progression. Cell-cell communication analysis1183
suggested a potential interaction between myCAF_ACTA2-derived POSTN and ITGAV/ITGB5 on1184
tumor cells. Primary-cell co-culture, Transwell assays, qPCR, Western blotting, and multiplex1185
immunofluorescence provided in vitro support for an EMT-associated, pro-invasive phenotype,1186
while the in situ spatial organization of this signaling relationship remains to be established.1187
Figure S1 | Single-cell RNA-seq and spatial transcriptomic analyses.1188
A, UMAP plot of all scRNA-seq cells colored by patient/sample identifier.1189
B, UMAP plot shows the distribution of PeCa cells by the LN+ and LN- groups in all samples.1190
C, InferCNV was performed separately on PeCa, and cancer cells were grouped according to1191
epithelial cells, with stromal cells and immune cells as reference populations.1192



D, UMAPplot shows the distribution of PeCa cells by cell types (left) or LN+ and LN- groups (right)1193
in primary lesions and matched lymph node metastases.1194
E, Spatial mapping of Visium HD, colored by cell subtype.1195
F-I, Patient-level comparison of metastasis-associated cell populations between LN- and LN+ PeCa1196
patients. Box plots show the patient-level abundance of S07_myCAF_ACTA2,1197
CD4T06_Treg_FOXP3, CD8T05_Tc_ISG15, and CD4T08_Th_ISG15, respectively. Each point1198
represents one patient.1199
J-L, Patient-level correlations between S07_myCAF_ACTA2 abundance and selected T-cell1200
populations. Scatter plots show the associations of S07_myCAF_ACTA2 abundance with1201
CD4T06_Treg_FOXP3, CD8T05_Tc_ISG15, and CD4T08_Th_ISG15, respectively. Correlation1202
coefficients and corresponding p values are shown in the plots.1203
M-Q, Marker-gene expression used for manual validation of major cell-subtype annotations. Dot1204
plots show representative marker genes for stromal cell subtypes (M), B-cell/plasma-cell subtypes1205
(N), endothelial cell subtypes (O), myeloid cell subtypes (P), and T/ILC/NK cell subtypes (Q). Dot1206
size represents the fraction of cells expressing each gene, and color intensity represents the mean1207
expression level within each subtype.1208
R, Dot plot showing the expression of selected MHC class I and class II genes across all malignant1209
epithelial subtypes. Dot size represents the fraction of cells expressing each gene, and color intensity1210
represents the mean expression level within each subtype.1211
Figure S2 | Cancer cell subtype information.1212
A, The bar chart shows the proportion of each tumor-cell subtype among the total tumor-cell1213
population.1214

B, The bar chart illustrates the changes in proportions of tumor subtypes relative to total tumor cells1215
between the LN+ and LN- groups. Length represents the magnitude of change.1216

C, Violin plots illustrate the expression patterns of specific MHC class I and class II genes across1217
C5-C8 subtypes.1218
D, Patient-level expression of metastasis-associated transcription factors in LN- and LN+ PeCa1219
patients. Box plots show the expression levels of SOX2, ERG, HIF1A, FOS, FOXQ1, and TCF41220
between the two groups. Each point represents one patient.1221
E, Patient-level SCENIC regulon activity of the identified transcription factors in LN- and LN+1222
PeCa patients. Box plots show differences in regulon activity between the two groups.1223
F-G, Functional enrichment analysis of SCENIC-predicted target genes of the identified1224
transcription factors. Bubble plots show representative Gene Ontology biological processes (F) and1225
KEGG pathways (G) associated with the predicted regulon targets.1226
H, Overlap between SCENIC-predicted transcription factor targets and genes associated with1227
metastasis-related tumor programs. The heatmap summarizes the overlap of regulon target genes1228
with functional gene sets related to tumor-cell states.1229
I, Associations between transcription factor regulon activity and metastasis-associated tumor1230
programs across patients. The heatmap shows the relationships between regulon activity and tumor1231
functional programs, including stemness, hypoxia-related, and immune-related signatures.1232
Figure S3 | Cell-cell communication information in PeCa.1233
A, The box plot shows cell-cell interaction strength between the LN+ and LN- groups.1234
B-D, Bar plot shows changes in signaling pathway activity associated with CD4 T cells, CD8 T cells1235
and epithelial cells between the LN+ and LN- groups.1236



E, UMAP visualization of CAF populations included in the pseudotime analysis. Cells are colored1237
according to CAF subtype, including resident fibroblast-like cells, S06_iCAF_IL6, and1238
S07_myCAF_ACTA2.1239
F, Monocle3 pseudotime trajectory of CAF populations. The inferred trajectory illustrates1240
continuous transcriptional-state transitions among resident fibroblast-like cells, iCAFs, and1241
myCAF_ACTA2 cells.1242
G, Distribution of pseudotime values across CAF subtypes at the patient level. Violin and box plots1243
show the pseudotime distribution of resident fibroblast-like cells, iCAFs, and myCAF_ACTA2 cells.1244
H, Changes in CAF-state composition along pseudotime. The stacked area plot shows the relative1245
contribution of the three CAF states across scaled pseudotime.1246
I, Dynamic changes in representative functional programs along CAF pseudotime. Lines show1247
changes in selected biological programs associated with fibroblast remodeling during pseudotime1248
progression.1249
J, Dynamic expression of representative CAF-associated genes along pseudotime. The heatmap1250
illustrates changes in genes associated with resident fibroblast, myofibroblastic, and extracellular-1251
matrix-remodeling states.1252
Figure S4 | Validation of BHLHE41 knockdown and overexpression efficiency in CAFs by RT-1253
qPCR.1254
A, Relative BHLHE41 mRNA expression in control CAFs, BHLHE41-overexpressing negative1255
control CAFs, and BHLHE41-overexpressing CAFs.1256
B, Relative BHLHE41 mRNA expression in control CAFs, si-BHLHE41 negative control CAFs,1257
and si-BHLHE41 CAFs.1258
C, Patient-level contribution of different CAF subpopulations to total CAF-derived POSTN1259
transcripts. Each point represents one patient, and paired lines connect CAF subpopulations from1260
the same patient. The y-axis indicates the fraction of POSTN UMIs contributed by each CAF1261
subtype among total CAF-derived POSTN transcripts. Box plots summarize the distribution across1262
patients for S06_iCAF, S07_myCAF, and S08_apCAF.1263
D, Spatial distribution of tumor cells in the corresponding tissue sections. Tumor cells are1264
highlighted in yellow, whereas the remaining spatial locations are shown in gray.1265
E-G, Comparison of POSTN, ITGAV, and ITGB5 expression between the metastatic and non-1266
metastatic groups.1267
H,Multiplex immunofluorescence staining of BHLHE41, POSTN, andACTA2 in two independent1268
PeCa cases. Representative images show DAPI (blue), ACTA2 (green), BHLHE41 (yellow),1269
POSTN (red), and merged fluorescence signals.1270
I-J,Quantitative spatial association between POSTN and ITGAV/ITGB5 in the lymph-node section.1271
(I) Same-spot and six-neighbor Spearman correlations between POSTN and ITGAV or ITGB5. (J)1272
POSTN-high spots were not significantly closer to ITGAV- or ITGB5-high spots than expected from1273
999 random spot sets.1274
K-L, Quantitative spatial association between BHLHE41 and POSTN in the lymph-node section.1275
(K) Same-spot and six-neighbor Spearman correlations. (L) High-expression BHLHE41 spots were1276
significantly closer to POSTN-high spots than expected from 999 random spot sets.1277
Supplementary Table1278
Supplementary Table S1. Patient-level quality-control metrics and major cell-type composition of1279
the penile cancer single-cell RNA-sequencing cohort.1280



Supplementary Table S2. Differentially expressed genes in malignant epithelial cells between LN+1281
and LN− penile cancer patients.1282
Supplementary Table S3. SCENIC-based analysis of transcription factor regulon activity.1283


