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SUMMARY

Tumor heterogeneity, driven by branching evolution and genomic mutations, complicates cancer treatment.
Understanding malignant cell evolution across various tumors aids in identifying pre-metastatic subpopula-
tions for optimized therapies. Using bulk RNA sequencing (6 primary penile carcinomas, 6 metastatic lymph
nodes, GSE196978), single-cell RNA sequencing (4 advanced penile carcinomas), spatial transcriptomics
(Squamous cell carcinoma [SCC]: GSE144239-GSM4565823 and SCC: GSE144239-GSM4565826), and cell
assays with Silmitasertib, wemapped heterogeneity and pinpointed therapeutic targets. In penile carcinoma,
we discovered an MMP3+SPP1+ pre-metastatic subset and casein kinase 2 alpha 1 (CK2a) overexpression.
The nuclear factor kB (NF-kB) pathway may drive metastasis. Pan-cancer analysis showed that MMP3 and
SPP1 link to epithelial mesenchymal transition (EMT) and drug resistance, while CK2a activates oncogenes.
Silmitasertib, a CK2a inhibitor, exhibited anti-tumor effects in penile carcinoma cells. Validated across 98 sin-
gle-cell and 6 spatial datasets, our study advances the understanding of tumorigenesis andmetastasis, high-
lighting Silmitasertib as a potential therapeutic agent.

INTRODUCTION

The branching evolution and genomic mutations of tumor cells

give rise to intratumor heterogeneity within solid tumors.1 Re-

searching intratumor heterogeneity aids in deeper comprehend-

ing the complexity of tumor cell clonality and in distinguishing

pre-metastatic malignant cell subpopulations, marking a signifi-

cant breakthrough in the study of tumor metastasis.2,3

Penile carcinoma is a rare genitourinary tumor, and, currently,

we have limited understanding of its intratumor heterogeneity.

Lymph node metastasis is unequivocally linked to a poor prog-

nosis in penile carcinoma.4,5 Theoretically, identifying and tar-

geting malignant subpopulations of penile carcinoma cells with

metastatic and drug-resistant properties can reduce tumor

growth and spread, significantly improving patient prognosis.

Additionally, these metastatic markers may also be applicable

to other tumor systems.

Recent studies have highlighted the significant roles of matrix

metalloproteinase 3 (MMP3) and secreted phosphoprotein 1

(SPP1) in tumor progression. MMP3, in particular, is recognized

for its critical involvement in tumor progression, as it degrades

extracellular matrix (ECM) components, thereby facilitating the

invasion and metastasis of tumor cells.6,7 Concurrently, SPP1,

also known as osteopontin, is a glycoprotein that plays a key

role in ECM remodeling and cell migration.8 Given the interplay

betweenMMP3 and SPP1 in driving changes in the tumor micro-

environment and enhancingmetastasis, further investigation into

their distribution and function in malignant components will be

essential for deepening our understanding of the mechanisms

underlying disease progression.

Casein kinase 2 alpha 1 (CK2a) is an important protein kinase

involved in phosphorylation, playing a crucial role in tumor.9

CK2a is involved in regulating multiple cellular signaling path-

ways, including processes such as cell proliferation, apoptosis,

and DNA repair.10 Previous studies indicated that dysregulation

of the CK2a alpha subunit expression could endow cells with

carcinogenic potential and significantly enhance the tumor

phenotype in collaboration with oncogenes.11,12

Hence, the objective of our study was to expand our research

from rare penile carcinoma to other tumor systems, identifying

MMP3+SPP1+ as a pre-metastatic subpopulation of malignant

cells and CK2a as a switch for tumorigenesis at both spatial and

single-cell resolution. Given the limitations of existing research,

our findings offer significant insights for developing therapeutic

iScience 28, 111765, February 21, 2025 ª 2025 Published by Elsevier Inc. 1
This is an open access article under the CC BY-NC-ND license (http://creativecommons.org/licenses/by-nc-nd/4.0/).

ll
OPEN ACCESS

mailto:hanhui@sysucc.org.cn
mailto:momiao@hotmail.com
https://doi.org/10.1016/j.isci.2025.111765
http://crossmark.crossref.org/dialog/?doi=10.1016/j.isci.2025.111765&domain=pdf
http://creativecommons.org/licenses/by-nc-nd/4.0/


(legend on next page)

2 iScience 28, 111765, February 21, 2025

iScience
Article

ll
OPEN ACCESS



strategies targeting CK2a and hold promise for guiding ap-

proaches to personalized treatment for rare genitourinary or met-

astatic tumors.

RESULTS

Single-cell landscapes of penile carcinoma
Single-cell landscapes of four penile carcinoma single-cell data-

sets unveiled a total of 25,712 cells, with an average of 6,428 cells

per sample, distributed across 22 distinct clusters (Figure 1A). The

uniquemolecular identifier (UMI) tags in single-cell transcriptomic

information revealed thediversity ingeneexpression levels among

individual cells (Figure 1B). By manually annotating the cells, the

single-cell data were categorized into eight cell components,

namely tumor cell (EPCAM, KRT7, KRT17), T cell (CD2, CD3D,

CD3E), B cell (CD79A, CD79B, MS4A1), myeloid cell (CD68,

C1QA, C1QB), fibroblast (COL1A1, PDGFRA, DCN), endothelial

cell (PECAM1, ENG, CDH5), mast cell (TPSB2, CPA3, MS4A2),

and plasma cell (IGHA1, IGHG1, IGLC2) (Figures 1C–1E). Cell

communication analysis was used to indicate interaction network

among all cell components and predict signaling pathways be-

tween ligand and receptor (Figures 1F and 1G).

Figure 1. Single-cell landscapes of advanced penile carcinoma

(A) t-Distributed Stochastic Neighbor Embedding (t-SNE) plots of 22 distinct single-cell clusters in penile carcinoma.

(B) UMI tags in single-cell transcriptomic information.

(C–E) The main cell types manually annotated by known cell lineages.

(F) Cell interaction network among all cell components in tumor microenvironment of penile carcinoma.

(G) Signaling pathways between ligand and receptor.

Figure 2. Tumor cell re-clustering and cell status evaluation

(A) t-SNE plots of 7 distinct clusters of malignant cells.

(B) Cellular functionalities of distinct malignant cell subsets.

(C) The expression level of CSNK2A1 across all cell clusters.

(D and E) The expression level of CSNK2A1 in various malignant subsets.

All data are represented as mean ± SD.
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Tumor cell re-clustering and cell status evaluation
The malignant cells were re-clustered using Seurat via the

Shared Nearest Neighbor (SNN) clustering algorithm, leading

to the identification of 7 distinct clusters of malignant cells (Fig-

ure 2A). Due to the stringent ethical constraints associated with

procuring normal penile tissue, this study exclusively collected

penile carcinoma samples, all pathologically confirmed to be

malignant squamous cell carcinoma. The absence of normal

tissue limits the utility of Inference of Copy Number Variations

(InferCNV) for identifying malignant cells. Therefore, we em-

ployed tumor hallmarks-based validation to further assess the

cellular functionalities of distinct inferred malignant cell sub-

groups, aiming to identify themost potentially metastatic malig-

nant cells.13,14 Obviously, cluster 3 exhibited remarkable abili-

ties in angiogenesis, epithelial mesenchymal transition (EMT),

and metastasis (Figure 2B). Based on these findings, we in-

ferred that it represents a pre-metastatic malignant subgroup.

Additionally, the expression level of CSNK2A1 (the encoding

gene for CK2a) in tumor cells was high across all cell types (Fig-

ure 2C), with elevated expression levels observed in various

malignant subgroups, particularly clusters 0, 2, 3, 5, and 6

(Figures 2D and 2E). Our research indicated that malignant cells

exhibited a high level of phosphorylation, which could be linked

to the aberrant activation of malignant cell phenotypes and

functions.

Interaction analysis, trajectory analysis, and
identification of cluster 3
Cell communication analysis was reflected through network di-

agrams and bubble plots, highlighting the distinctiveness of

cluster 3 (Figures 3A and 3B). The signal pathway strength

emanating from cluster 3 is the most pronounced, indicating

its close relationship with other clusters and its dominant posi-

tion. The ligand-receptor network diagram further unveiled po-

tential signaling pathways among cell clusters and also empha-

sized the dominant advantage of cluster 3 within these

pathways (Figure 3C). Both pseudo-time trajectory and parti-

tion-based graph abstraction (PAGA) trajectory indicated that

cluster 3 emerged as a subgroup in the later stages of tumor het-

erogeneity evolution, as a consequence of continuous cellular

clonal expansion and branching evolution (Figures 3D–3F).

The upregulated gene analysis suggested that cluster 3 mani-

fested a total of 170 upregulated genes in contrast to other clus-

ters (Figure 3G). We have curated the top 10 genes and

confirmed their expression patterns across the 7 clusters via a

bubble plot. We further utilized the GSE196978 dataset to verify

the expression of upregulated genes in cluster 3 across both

penile carcinoma and normal tissues (Figure 3H). Based on

these findings, we defined cluster 3 asMMP3+SPP1+malignant

subset (Figure 3I). Single-cell trajectory analysis similarly

confirmed that MMP3 and SPP1 emerged in the later stages

of pseudo-time (Figure 3J).

Distinguishing functional differences between
MMP3+SPP1+ malignant subset and other clusters
Kyoto Encyclopedia of Genes and Genomes (KEGG) enrichment

analysis revealed distinct signaling pathways between MMP3+

SPP1+ malignant subset and other clusters. MMP3+SPP1+

malignant subset mainly involved in the NF-kB signaling

pathway and Toll-like receptor signaling pathway, while ‘‘other

clusters’’ group was associated with the p53 signaling pathway

(Figures 4A and 4B). Importantly, functional enrichment analysis

also suggested a critical role for proteoglycans in cancer. Pro-

teoglycans served as pivotal mediators in the interactions be-

tween cells and the extracellular microenvironment, closely in-

tertwined with the remodeling of the ECM.15 Additionally, Gene

Ontology (GO) enrichment analysis similarly indicated significant

ECM remodeling in the MMP3+SPP1+ malignant subset, which

may serve as a key foundation for mediating the invasion and

metastasis of penile tumor cells (Figures 4C and 4D). Cell

communication analysis among MMP3+SPP1+ malignant sub-

set and other immune cell subtypes suggested that fibroblast

in themicroenvironment was closely linked to theMMP3+SPP1+

malignant subset, where Amyloid Precursor Protein (APP)-CD74

signal may be the key pathway (Figures 4E, 4F, and S1). Squa-

mous cell carcinoma spatial transcriptomics data revealed that

MMP3 and SPP1 were located in malignant area and were posi-

tively correlated with tumor cells (Figures 4G and 4H). The

pathway disturbance analysis in pan-cancer suggested that

high levels of MMP3 or SPP1 were associated with the upregu-

lation of the NF-kB pathway (Figures 4I and 4J). Based on the

aforementioned findings, we inferred that the MMP3+SPP1+

malignant subset represented a pre-metastatic subpopulation

in penile carcinoma.

Distinguishing pathway differences betweenmetastatic
lymph nodes and primary penile carcinoma
We collected 12 tumor samples from 6 advanced-stage penile

carcinoma patients, including 6 pairs of matched samples of

metastatic lymph nodes and primary lesions. Through bulk

RNA sequencing (bulk RNA-seq), we analyzed the genomic

characteristics and signaling pathway differences between met-

astatic lesions and primary lesions (Figure 5A). Certainly, there

were distinct differences in the gene expression patterns be-

tween metastatic lymph nodes and primary penile carcinoma

(Figures 5B and 5C). It was noteworthy that the gene set

Figure 3. The distinctiveness and identification of cluster 3

(A and B) Cell communication analysis of different malignant clusters in penile carcinoma.

(C) The ligand-receptor network diagram of potential signaling pathways among cell clusters.

(D) Pseudo-time trajectory of all malignant cell clusters.

(E and F) PAGA trajectory of all malignant cell clusters.

(G) The upregulated gene analysis of cluster 3 and other clusters.

(H) The expression of MMP3 and SPP1 in the GSE196978 dataset. *p < 0.05, **p < 0.01, ***p < 0.001, ****p < 0.0001. Data are represented as mean ± SD.

(I) The identification of cluster 3.

(J) Single-cell trajectory analysis of MMP3 and SPP1.
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Figure 4. Functional differences between MMP3+SPP1+ malignant subset and other clusters

(A and B) KEGG enrichment analysis of MMP3+SPP1+ malignant subset and other clusters.

(C and D) GO enrichment analysis of MMP3+SPP1+ malignant subset and other clusters.

(E) Cell communication analysis among MMP3+SPP1+ malignant subset and other immune cell subtypes.

(F) Signaling pathways between ligand and receptor.

(G and H) The spatial transcriptomic expression localization and expression correlation of MMP3+SPP1+ in squamous cell carcinoma.

(I and J) The impact of high- and low-expression groups of MMP3 and SPP1 on the NF-kB signaling pathway.

Data are represented as mean ± SD.
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enrichment analysis (GSEA) enrichment analysis covered 20

signaling pathways, indicating that the activation of the NF-kB

signaling pathway and Toll-like receptor signaling pathway

was primarily involved in the metastatic lesion (Figures 5D–5F).

This was consistent with the signaling pathways enriched

in the MMP3+SPP1+ malignant subset that we observed

previously. The NF-kB signaling pathway and Toll-like receptor

signaling pathway were both considered critical avenues for

facilitating tumor metastasis.16,17 Our discoveries within

the metastatic lesions reiterated the likelihood of the MMP3+

SPP1+ malignant subset being the driving force behind tumor

metastasis.

Validating the participation of MMP3 and SPP1 in cell
status and drug sensitivity across various tumor types
Inmultiple tumor types,MMP3andSPP1were frequently overex-

pressed in the tumor group, and knockout experiments conduct-

ed across various tumor cell lines via CRISPR-Cas9 simulations

indicated that inhibiting MMP3 or SPP1 can effectively suppress

cell growth (Figure S2). These findings underscored the potential

of MMP3 and SPP1 as promising targets for tumor therapy.

Crucially, the expression levels ofMMP3 andSPP1 showed a sig-

nificant positive correlation with the EMT, metastasis, and inva-

sion processes in tumor, further substantiating their roles in facil-

itating tumor cell dissemination (Figures 6A and 6B). Importantly,

Figure 5. The differences between metastatic lymph nodes and primary penile carcinoma

(A) Fragments Per Kilobase of exon per Million fragments mapped (FPKM) distribution of 12 samples.

(B) Venn diagram of gene expression.

(C) Volcano plot of gene expression.

(D) GSEA enrichment analysis covered 20 signaling pathways.

(E and F) Enrichment plot of the NF-kB signaling pathway and Toll-like receptor signaling pathway.
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MMP3 and SPP1 were similarly found to be significantly associ-

ated with the activation of EMT and the NF-kB signaling pathway

in a comprehensive analysis of hallmark andmetabolic pathways

(Figures S3 and S4). The expression of MMP3 and SPP1 was

positively correlated with the Half Maximal Inhibitory Concentra-

tion (IC50) values of various anti-tumor drugs, indicating that

higher expression levels of MMP3 and SPP1 were associated

with increased resistance to anti-tumor drugs (Figure 6C). These

Figure 6. The participation of MMP3 and SPP1 in cell status and drug sensitivity across various tumor types

(A) Cell status analysis of MMP3 across various tumor types.

(B) Cell status analysis of SPP1 across various tumor types.

(C) Anti-tumor drug sensitivity analysis of MMP3 and SPP1.
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findings suggested that they may be potential factors contrib-

uting to the failure of chemotherapy or targeted therapy. All the

evidence strongly suggested an association between MMP3

and SPP1 with adverse outcomes in tumor patients.

CK2a as an actionable therapeutic target in different
tumor types
The presence of intratumor branched evolution and genomicmu-

tations made it difficult for single-target therapies to comprehen-

sively control tumor progression. Based on our prior experimental

results, we found that CK2a exhibited increased gene transcrip-

tion expression within the malignant components of penile carci-

noma, indicating elevated phosphorylation levels. In the analysis

of 98 pan-tumor single-cell datasets (Table S1), we unveiled that

CK2a exhibited the highest expression intensity within the malig-

nant components, echoing our findings in penile carcinoma (Fig-

ure 7A). This suggested that the elevation of phosphorylation

levels within malignant cell subpopulations was a prevalent phe-

nomenon across different types ofmalignant tumors. Spatial tran-

scriptomics sequencing analysis across multiple tumors indi-

cated a highly consistent localization of CK2a expression with

previous pan-cancer single-cell results (Figures 7B–7G and S5).

Moreover, the expression level of CK2a was significantly posi-

tively correlated with the abundance of tumor cells within the

spots. Importantly, CK2a was found to have a significant associ-

ation with the activation of theMyc Proto-Oncogene (MYC) onco-

gene (Figure 7H). Building on our previous research findings, we

inferred an important insight into tumorigenesis and metastasis:

upregulatedCK2amediated the activation of oncogenes, thereby

promoting tumor development. Subsequently, through ongoing

branching evolution, a subpopulation with robust metastatic ca-

pabilities emerged within the tumor, which we defined as the

MMP3+ SPP1+ malignant subset. Compared to other malignant

subpopulations, this group exhibited a higher capacity for EMT

(Figure 7I). These evidences suggested that CK2a was a potent

and promising target for tumor therapy.

Verifying the therapeutic effect of the CK2a inhibitor
Silmitasertib on penile carcinoma
Our study conducted a series of cell phenotype assays related to

Silmitasertib intervention, aiming to explore whether targeted inhi-

bition of CK2a could effectively suppress the malignant behavior

of penile carcinoma cells, thus paving the way for therapeutic in-

terventions. The inhibition rate of Silmitasertib on Penl1 and

LM156 cells was detected by Cell Counting Kit-8 (CCK-8) assay,

and the IC50 was calculated. For Penl1 cells, the IC50 values are

26.6 mM at 24 h, 14.3 mM at 48 h, and 5.28 mM at 72 h. For LM156

cells, the IC50 values are 85.3 mM at 24 h, 40.8 mM at 48 h, and

6.66 mM at 72 h. Hence, the experimental drug intervention con-

centration for Penl1 was 5.3 mM Silmitasertib, and, for LM156, it

was 6.7 mMSilmitasertib. In the CCK-8 assay, the decrease in op-

tical density values observed in the Silmitasertib group, in com-

parison to the Normal control group (NC group), indicated that Sil-

mitasertib effectively inhibited the proliferation ability of bothPenl1

and LM156 cells (Figure 8A). In the cell-cycle assay, we observed

that the Silmitasertib group exhibited a prolongedG1 phase and a

reduced S phase in Penl1 and LM156 cells compared to the NC

group (Figure 8B). In the apoptosis assay, compared to the NC

group, Silmitasertib induced a higher apoptosis rate in Penl1

and LM156 cells, indicating that Silmitasertib could promote

apoptosis in Penl1 and LM156 (Figure 8C). In the cell migration

and invasion assays, Silmitasertib demonstrated a reduction in

cell migration rate and invasive count compared to the NC group

(Figures 8D and 8E). In the cell proliferation assay, it was

confirmed that Silmitasertib disrupted the proliferation ability of

Penl1 and LM156 cells, as evidenced by 5-Ethynyl-2’-deoxyuri-

dine (EDU) staining (Figure 8F).

DISCUSSION

Intratumor heterogeneity laid the groundwork for nurturing tumor

metastasis.18,19 In the pre-metastasis process, the branching

evolution of tumor cell subsets was accompanied by metabolic

reprogramming and survival of the fittest.20 The continuous

accumulation of functional mutations and selective survival can

lead to the emergence ofmalignant cells with highmetastatic po-

tential. These cells may gradually form dominant subpopulations

and break through the burden of the immune surveillance sys-

tem, thus marking the onset of metastasis.21 Here, our study

conducted single-cell analysis of advanced penile carcinoma,

spatial transcriptomics analysis of squamous cell carcinoma

(SCC), and bulk RNA-seq of twelve tumor samples to compre-

hensively dissect the heterogeneity within penile carcinoma.

The MMP3+SPP1+ malignant subset was defined as a pre-met-

astatic subgroup in penile carcinoma. Based on the pseudo-time

trajectory of cell development, the MMP3+SPP1+ malignant

subset was notably distinguishable from other malignant sub-

sets. Functionally, its two primary features were EMT andmetas-

tasis. Moreover, the signaling pathways it engaged in, specif-

ically NF-kB and Toll-like receptor signaling pathways, were

closely linked to lymph node metastasis in penile carcinoma.

These findings brought to mind previous reports that showed

MMP3 and SPP1’s ability to promote metastasis in other tu-

mors.22–24 Additionally, the high phosphorylation was a signifi-

cant biochemical characteristic of malignant cells in penile carci-

noma ecology, and the CK2a inhibitor Silmitasertib showed

significant inhibitory effects on penile tumor cell lines (Penl1

and LM156). Actually, our analysis of 98 single-cell transcrip-

tomic datasets and 6 spatial transcriptomic datasets consis-

tently revealed a significant upregulation of CK2a in the malig-

nant components of various tumors. Therefore, we had ample

evidence to propose that the MMP3+SPP1+ malignant subset

Figure 7. Single-cell and spatial transcriptomics sequencing dissect the transcriptional expression and localization of CK2a

(A) CK2a coding gene expression and localization were analyzed by 98 pan-tumor single-cell datasets.

(B–G) At spatial resolution, the Spearman correlation between the expression of the CK2a coding gene and the components of the microenvironment, as well as

its expression differences in malignant, mixed, and normal regions. Data are represented as mean ± SD.

(H) Enrichment analysis of hallmark gene sets in high- and low-CK2a-expression groups across pan-cancer.

(I) Hypothesis of the overexpression of CK2a and the MMP3+SPP1+ pre-metastatic subpopulation in penile carcinoma.
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may serve as an adverse prognostic indicator in penile carci-

noma patients, while CK2a could represent a promising thera-

peutic target.

Despite MMP3 and SPP1 being the major mediators of metas-

tasis in many types of tumors,25,26 there is currently no targeted

inhibitor of them that has been successfully applied in clinical

practice. Intratumor heterogeneity resulted in the inability of a sin-

gle-targeted therapeutic drug to completely control disease

progression.27,28 Importantly, the excessive activation of phos-

phorylation signaling pathways was closely associated with the

reshaping of intratumor heterogeneity and metabolic reprogram-

ming, thereby increasing the likelihood of generating malignant

subsets with a high potential for metastasis.29–31 The enhanced

phosphorylation of the NF-kB signaling pathway promoted tumor

metastasis.32–34 Overexpression of CK2a not only upregulated

MYC but also enhanced the expression of EMT-related genes.35

In our studies on penile carcinoma and pan-tumor, we confirmed

the abundant presence of CK2a, MMP3, and SPP1. Based on

these findings, we inferred that restricting CK2a expression could

weaken tumor malignancy, making CK2a a potential vulnerability

to target in penile carcinoma and other metastatic tumors. Silmi-

tasertib is an anti-cancer drug that has been under exploration

in recent years, and some preclinical studies have shown prom-

ising therapeutic effects in some tumors. Consequently, an

increasingnumberofclinical trials involvingSilmitasertibarebeing

conducted in an orderly manner.36,37 Our study represented the

application report of Silmitasertib in penile carcinoma, expanding

the range of its potential uses. The anti-tumor mechanism of

Silmitasertib is currently mainly manifested in limiting the phos-

phorylation of oncogenic pathways,38,39 reversing resistance to

traditional chemotherapy,40 sensitizing anti-tumor effect41 and

promoting tumor cell death,42,43 and maintaining tumor suppres-

sor molecules.44 Our experiment emphasized the anti-tumor

effect of Silmitasertib in penile carcinoma cells by inhibiting cell

proliferation, invasion, andmigration; blocking cell cycle; andpro-

moting cell apoptosis. In short, we have presented ground-

breaking evidence for the treatment of a rare genitourinary tumor

with Silmitasertib.

Conclusion
Overall, our study presented significant advancements in under-

standing CK2a-mediated tumorigenesis and the MMP3+SPP1+

pre-metastatic subpopulation in penile carcinoma and other tu-

mors. These findings provided valuable insights into the potential

of Silmitasertib as a therapeutic agent.

Limitations of the study
Indeed, our study has some limitations. Due to the rarity and

specificity of this disease, obtaining normal penile tissue and

metastatic penile carcinoma tissue presents significant chal-

lenges. Currently, our focus is on developing penile carcinoma

organoids and humanized mouse models. These models will

serve to validate the findings from high-throughput sequencing

of penile carcinoma, enhancing our understanding of the intri-

cate relationships between the tumor, treatment modalities,

and the microenvironment.
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Duprat, F., Benı́tez-Riquelme, D., Fuentes-Villalobos, F., Quiroz, A.,

Hepp, M.I., et al. (2024). Casein kinase 2 phosphorylates and induces

the SALL2 tumor suppressor degradation in colon cancer cells. Cell Death

Dis. 15, 223. https://doi.org/10.1038/s41419-024-06591-z.

45. Zhou, Q.H., Deng, C.Z., Li, Z.S., Chen, J.P., Yao, K., Huang, K.B., Liu, T.Y.,

Liu, Z.W., Qin, Z.K., Zhou, F.J., et al. (2018). Molecular characterization

and integrative genomic analysis of a panel of newly established penile

cancer cell lines. Cell Death Dis. 9, 684. https://doi.org/10.1038/s41419-

018-0736-1.

46. Xu, D.M., Zhuang, X.Y., Ma, H.L., Li, Z.S., Wei, L.C., Luo, J.H., and Han, H.

(2024). Altered tumor microenvironment heterogeneity of penile cancer

during progression from non-lymphatic to lymphatic metastasis. Cancer

Med. 13, e70025. https://doi.org/10.1002/cam4.70025.

47. Lun, A.T.L., Riesenfeld, S., Andrews, T., Dao, T.P., Gomes, T., and partic-

ipants in the 1st Human Cell Atlas Jamboree; and Marioni, J.C. (2019).

EmptyDrops: distinguishing cells from empty droplets in droplet-based

single-cell RNA sequencing data. Genome Biol. 20, 63. https://doi.org/

10.1186/s13059-019-1662-y.

48. Butler, A., Hoffman, P., Smibert, P., Papalexi, E., and Satija, R. (2018). Inte-

grating single-cell transcriptomic data across different conditions, tech-

nologies, and species. Nat. Biotechnol. 36, 411–420. https://doi.org/10.

1038/nbt.4096.

49. Korsunsky, I., Millard, N., Fan, J., Slowikowski, K., Zhang, F., Wei, K., Ba-

glaenko, Y., Brenner, M., Loh, P.R., and Raychaudhuri, S. (2019). Fast,

sensitive and accurate integration of single-cell data with Harmony. Nat.

Methods 16, 1289–1296. https://doi.org/10.1038/s41592-019-0619-0.

50. Jin, S., Guerrero-Juarez, C.F., Zhang, L., Chang, I., Ramos, R., Kuan, C.H.,

Myung, P., Plikus, M.V., and Nie, Q. (2021). Inference and analysis of cell-

cell communication using CellChat. Nat. Commun. 12, 1088. https://doi.

org/10.1038/s41467-021-21246-9.

51. Yuan, H., Yan, M., Zhang, G., Liu, W., Deng, C., Liao, G., Xu, L., Luo, T.,

Yan, H., Long, Z., et al. (2019). CancerSEA: a cancer single-cell state atlas.

Nucleic Acids Res. 47, D900–D908. https://doi.org/10.1093/nar/gky939.

52. Trapnell, C., Cacchiarelli, D., Grimsby, J., Pokharel, P., Li, S., Morse, M.,

Lennon, N.J., Livak, K.J., Mikkelsen, T.S., and Rinn, J.L. (2014). The dy-

namics and regulators of cell fate decisions are revealed by pseudotem-

poral ordering of single cells. Nat. Biotechnol. 32, 381–386. https://doi.

org/10.1038/nbt.2859.

53. Wolf, F.A., Hamey, F.K., Plass, M., Solana, J., Dahlin, J.S., Göttgens, B.,
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STAR+METHODS

KEY RESOURCES TABLE

EXPERIMENTAL MODEL AND STUDY PARTICIPANT DETAILS

We collected twelve tumor samples from six advanced-stage penile carcinoma patients (Table S2), comprising six primary lesions

and six metastatic lymph nodes, which were used for bulk RNA-seq. These specimens were pathologically confirmed as squamous

cell carcinoma of the penis and there were no significant differences in age and HPV infection status among the patients. Prior to

obtaining tumor samples, all patients had no history of anti-tumor therapy. Additionally, four public single-cell RNA sequencing

(scRNA-seq) datasets from patients with advanced-stage penile carcinoma46 and two spatial transcriptomics datasets of SCC

(GSE144239) were also included in this analysis.

This research was approved by the Institutional Review Board of Sun Yat-sen University Cancer Center (B2023-390-01) and con-

ducted in accordance with the criteria set by the Declaration of Helsinki. The study design and conduct complied with all relevant

regulations regarding the use of human study participants. All patients signed written informed consent.

METHOD DETAILS

scRNA-seq analysis
Cell Ranger47 and Seurat48 were utilized for cell identification and gene expression analysis in single-cell data. The gene count per

single cell was set between 500 and 3000, with the mitochondrial gene expression accounting for less than 20%. Harmony was used

to correct batch effects.49

REAGENT or RESOURCE SOURCE IDENTIFIER

Biological samples

Penile carcinoma tissues Sun Yat-sen University Cancer Center N/A

Critical commercial assays

CCK8 Suzhou Youyi Landi Biotechnology Co., Ltd C6005M

Silmitasertib MedChemExpress(MCE) CX-4945

Deposited data

Bulk RNA-seq of penile carcinoma

and metastatic lymph nodes

NCBI Sequence Read Archive BioProject ID: PRJNA1193573

Single-cell data of penile carcinoma Xu et al. study https://doi.org/10.1002/cam4.70025

Bulk RNA-seq of penile carcinoma Gene Expression Omnibus GSE196978

Spatial transcriptomics data of

squamous cell carcinoma

Gene Expression Omnibus GSE144239

RNA-seq of pan-tumor TCGA Genomic Data Commons https://portal.gdc.cancer.gov/

Pan-tumor single-cell datasets TISCH2 https://doi.org/10.1093/nar/gkac959

Experimental models: Cell lines

Penl 1 Sun Yat-sen University Cancer Center45 N/A

LM156 Sun Yat-sen University Cancer Center45 N/A

Software and algorithms

R software the R Core Team and the R Foundation for

Statistical Computing

version 4.3.3

GraphPad Prism 5 software GraphPad Software, Inc. https:www.graphpad.com/

scientificsoftware/prism

Cell Ranger 10x Genomics https://doi.org/10.1186/s13059-

019-1662-y

Seurat https://satijalab.org/seurat/ https://doi.org/10.1038/nbt.4096

CellChat Github https://github.com/sqjin/CellChat

Monocle Github http://cole-trapnelllab.github.io/

monoclerelease

GSVA Github https://github.com/rcastelo/GSVA
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Cell communication analysis
CellChat was utilized for analyzing the cellular communication network between different immune cell subtypes and different malig-

nant cell subtypes, as well as predicting signaling pathways between ligand and receptor.50

Cell status evaluation
CancerSEA database was used to score the cell status of malignant cell subsets by evaluating the expression levels of marker genes,

aiming to identify the subset with the highest metastatic potential.51

Trajectory analysis
Monocle utilized gene expression data to construct single-cell trajectories, thereby inferring the evolution of cell subsets along a

pseudo-time axis.52 PAGA trajectory analysis further inferred the potential connections between cell subpopulations along a

pseudo-time axis.53

Functional enrichment analysis
GO54 and KEGG55 enrichment analyses were employed to elucidate the signaling pathways and cellular functional characteristics in

MMP3+SPP1+malignant subset. Gene set enrichment analysis (GSEA)56 enrichment analysis was utilized to unveil the differences in

signaling pathways at the bulk transcriptomic level between metastatic lymph nodes and primary penile carcinoma.

Bulk RNA-seq analysis
Bulk RNA-seq experiments of twelve tumor samples, including six primary penile carcinoma and six metastatic lymph nodes were

conducted to assess the variations in gene expression between penile carcinoma and metastatic lymph nodes. The public dataset

GSE196978 was used to validate the expression of MMP3 and SPP1 in penile carcinoma and normal penis.

Pan-tumor study
The PanCanAtlas TCGA project provided normalized RNA-seq datasets that can be used to investigate the expression patterns of

MMP3 and SPP1 genes across different types of tumors.

The DepMap database provided whole-genome CRISPR-Cas9 screening scores for pan-tumor cell line essentiality, using the

CERES algorithm.57 These scores can help infer the effect of PTGS2 gene knockout on cell growth.

The seven-algorithm pan-tumor immune infiltration analysis was used to comprehensively reveal the correlation between MMP3

and immune-infiltrating cells, including algorithms CIBERSORT, CIBERSORT-ABS, XCELL, EPIC, MCPCOUNTER, QUANTISEQ and

TIMER.

In hallmark and metabolism analysis of pan-tumor, MMP3 and SPP1 were evaluated for their association with 50 hallmark gene

sets and 85 metabolic gene sets by clusterProfiler package. In the pathway disturbance analysis, we evaluated the effects of

MMP3 and SPP1 on the NF-kB signaling pathway using the PROGENy algorithm from the easier package. In cancer cell state anal-

ysis of pan-tumor, the Z score algorithm in the R package GSVA was utilized to compute 14 functional state gene sets. Pearson cor-

relation analysis was then employed to determine the correlation between target genes and the Z-scores of each functional

gene sets.

Analyzing 98 pan-tumor single-cell datasets was a comprehensive approach to identify the transcriptional expression of CK2a

(Coding gene: CSNK2A1), enabling us to infer which cellular subpopulations it was active in. The pheatmap package was employed

to generate a heatmap visualization depicting the pan-tumor single-cell expression landscape of targeted gene.

Spatial transcriptomics sequencing maximized the acquisition of cellular spatial positioning information and gene expression data,

thereby furthering research into the authentic gene expression profiles of cells within tissues. We incorporated spatial transcriptom-

ics datasets from two SCC and other six different tumors published in the public domain to further validate the relationship between

CK2a and malignant cell subsets within tumors.

Determination of IC50 values for Silmitasertib (Synonyms: CX-4945)
Silmitasertib was purchased from MedChemExpress Biotech Co., Ltd. (Monmouth Junction, NJ, USA). Penile carcinoma cell lines45

(Penl1 and LM156 cells) were inoculated into a 96-well plate, then DMEM culture medium (Gibco, CA, USA) was added. In the drug

treatment experiment, we established a control group (A) and experimental groups (B: 0.5mM Silmitasertib, C: 1mM Silmitasertib, D:

2mM Silmitasertib, E: 4mM Silmitasertib, F: 8mM Silmitasertib and G:16 mM Silmitasertib). The absorbance values of the cells were

detected by cell counting kit-8 (CCK-8) method.

CCK-8 assay
CCK-8 assay was utilized to assess the proliferation of Penl1 and LM156 cells in both the negative control (NC) group and the Silmi-

tasertib group. Penl1 cells were divided into control and experimental groups, with a final concentration of 5.3mM Silmitasertib in the

experimental group. LM156 cells were also divided into control and experimental groups, with a final concentration of 6.7mM Silmi-

tasertib in the experimental group. The CCK-8 assay was used to measure the absorbance values of these cells to assess their

proliferation.
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Cell cycle assay
The cells from the Penl1-NC group, Penl1-Silmitasertib-5.3mMgroup, LM156-NC group, and LM156-Silmitasertib-6.7mMgroupwere

centrifuged, washed, and resuspended to obtain single-cell suspensions, respectively. The PI staining (COOLABER, Beijing, China)

was used to detect the changes in the cell cycle of Penl1 and LM156 cells before and after drug intervention. Red fluorescence was

detected at 488nm excitation wavelength by flow cytometry.

Apoptosis assay
Cell apoptosis was detected to examine the influence of Silmitasertib on tumor cell apoptosis. Penl1 cells and LM156 cells were

respectively divided into Penl1-NC group, Penl1-Silmitasertib-5.3mM group, LM156-NC group, and LM156-Silmitasertib-6.7mM

group. Annexin V-FITC (Beyotime, Shanghai, China) and propidium iodide staining solutions were added to each group, followed

by flow cytometry analysis of the samples.

Cell migration assay
The cells of the NC group and Silmitasertib-5.3mMgroup of Penl1, as well as the cells of the NC group and Silmitasertib-6.7mMgroup

of LM56, were seeded into a 6-well plate and supplemented with culture medium. Cell scratching was performed when the cell

confluence reached more than 95%. The cell migration at 0h, 24h and 48h was recorded.

Cell invasion assays
Matrigel (Corning, NY) was hydrated overnight at 4�C, diluted, and then applied as a coating in the transwell chamber (Costar, Cam-

bridge, MA). Cell suspensions for the Penl1-NC group, Penl1-Silmitasertib-5.3mM group, LM156-NC group, and LM156-

Silmitasertib-6.7mM group were prepared and seeded into the matrigel-coated invasion chambers. The cells were fixed with 4%

paraformaldehyde (Coolaber, Beijing, China) for 20 min and then stained in crystal violet solution (Amresco Inc., USA) for 20 min.

Afterward, they were rinsed with deionized water until the background was clear, and then photographed and analyzed.

EDU assay
After digesting the Penl-1 cell’s NC group andSilmitasertib-5.3mMgroup, as well as the LM56 cell’s NC group andSilmitasertib-6.3mM

group, cell countingwas performed. The cell density was adjusted to 53 105 cells/ml and added to a 6-well plate with a final volume of

2mL per well. The EDU working solution (Beyotime, Shanghai, China) was prepared, and the cells were incubated and washed.

Hoechst 33342 (Sigma Chemical, St Louis, MO) was added to the mixture and incubate at room temperature in the dark. Following

the aspiration and washing steps, qualitative analysis was conducted using a fluorescence microscope.

QUANTIFICATION AND STATISTICAL ANALYSIS

This study employed the Student’s t test to analyze the data from cell functional experiments. Additionally, the Kruskal-Wallis test

was utilized for comparisons involving multiple groups. IC50 values were calculated using GraphPad Prism 5 software. The signifi-

cance threshold for both tests was set at p < 0.05. All analyses were conducted using R software version 4.3.3.
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