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ABSTRACT 27 

Lung cancer recurrence and metastasis remain major causes of cancer-related mortality, yet the 28 

molecular determinants driving these processes are not fully defined. Herein we did integrated 29 

analyses of bulk transcriptomic data and single-cell RNA sequencing data from multi-cohorts 30 

and identified key regulators of lung cancer progression. By integrating gene features related to 31 

survival, recurrence, and metastasis from independent cohorts and further analyzing the 32 

composition of the tumor microenvironment, we identified ANLN as a core progression-related 33 

gene with poor prognosis. Its expression was elevated in recurrent and metastatic tumors and 34 

correlated with reduced overall survival. xCell analysis revealed epithelial enrichment and 35 

relative immune and stromal depletion in ANLN-high tumors. Single-cell analyses of lymph 36 

node metastases demonstrated that ANLN is predominantly expressed in epithelial and 37 

proliferating tumor cells and is associated with extensive transcriptional and remodeling of the 38 

tumor microenvironment. Functional scoring and enrichment analyses revealed that ANLN-high 39 

epithelial cells exhibit coordinated activation of proliferative and migratory programs alongside 40 

suppression of immune-associated features. Pseudotime trajectory analysis further positioned 41 

ANLN enrichment at a critical intermediate state during AT2-derived epithelial evolution toward 42 

an invasive phenotype. These findings were further validated in an independent single-cell 43 

dataset capturing the transition from in situ to invasive lung cancer. In summary, our results 44 

identify ANLN as a marker of a conserved, invasion-prone epithelial state underlying lung 45 

cancer recurrence and metastasis, providing mechanistic insights and potential therapeutic 46 

implications.  47 
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1.INTRODUCTION 48 

Lung cancer remains the most diagnosed malignancy and the leading cause of cancer-related 49 

mortality globally5. Clinically, Lung cancer is broadly classified into non-small cell lung cancer 50 

(NSCLC) and small cell lung cancer (SCLC) with NSCLC accounting for approximately 85% of 51 

all cases6. Lung adenocarcinoma (LUAD) and lung squamous cell carcinoma (LUSC) are the 52 

two predominant histological subtypes of NSCLC. Although therapeutic strategies such as 53 

surgery, chemotherapy, radiotherapy, and combination regimens have achieved progress in 54 

controlling lung cancer progression, clinical outcomes for NSCLC patients remain suboptimal. 55 

Lung cancer is characterized by a low five-year survival rate and patients without recurrence 56 

beyond five years are typically considered cured7. Notably, approximately 20-40% of patients 57 

with stage I NSCLC still experience tumor recurrence after surgical resection8-10, late recurrence 58 

still occurs in approximately 8-11% of cases11-12. Highlighting the urgent need to elucidate the 59 

underlying mechanisms driving disease progression and recurrence. 60 

 61 

Cancer metastasis is one of the leading causes of cancer-related death13-14. It represents a highly 62 

complex, multistep process involving the coordinated activation of multiple biological pathways. 63 

This process includes the acquisition of invasive and migratory capabilities by tumor cells, 64 

detachment from the primary tumor site, survival during dissemination, and colonization of 65 

distant organs to form secondary tumors15-16. Cancer metastasis is governed by intricate 66 

biological processes, in which tumor cells undergo epithelial–mesenchymal transition, metabolic 67 

reprogramming, and escape from immune surveillance17-19. Despite substantial advances in 68 

elucidating metastasis-associated molecular mechanisms, the key regulatory factors that drive the 69 
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transition of tumor cells from localized growth to metastatic dissemination remain incompletely 70 

understood. 71 

 72 

Tumor recurrence and metastasis are complex events driven by multiple biological processes, 73 

including enhanced tumor cell proliferation, increased migratory capacity, and immune 74 

evasion20. Accumulating evidence has implicated genomic alterations and epigenetic 75 

dysregulation in the malignant progression of lung cancer21-23. Additionally, the tumor 76 

microenvironment (TME) plays a critical role in driving metastasis: for instance, in particular, 77 

enrichment of alveolar type II epithelial cells and tumor microenvironment remodeling 78 

characterized by macrophage polarization have been associated with malignant progression24-26. 79 

However, most previous studies have focused on individual molecular events or cell populations, 80 

an integrated analysis that comprehensively links survival, recurrence, metastasis, and dynamic 81 

cell-state transitions at single-cell resolution is still lacking. Such an integrated approach is 82 

essential to identify key regulators that govern the metastatic cascade and could serve as 83 

potential therapeutic targets. 84 

 85 

Herein we used an integrative analytical strategy combining large-scale transcriptomic datasets 86 

with co-expression network analysis, intercellular communication inference, and pseudotime 87 

trajectory analysis. Through this approach, we identified ANLN as a key determinant of a highly 88 

plastic and invasion-prone epithelial state and demonstrated its involvement in transcriptional 89 

reprogramming and microenvironmental remodeling during lung cancer metastasis. These 90 
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findings provide novel insights into the molecular mechanisms of NSCLC metastasis and 91 

highlight ANLN as a potential therapeutic target for improving clinical outcomes. 92 

2.MATERIALS AND METHODS 93 

Data Collection 94 

To investigate key genes associated with lung cancer recurrence and metastasis, we retrieved 95 

publicly available datasets from the Gene Expression Omnibus (GEO): GSE41271, GSE166720, 96 

GSE277742, and GSE189357. Additionally, we collected two datasets related to overall survival 97 

(OS) in lung cancer patients: GSE157009 and GSE42127. After filtering, samples included those 98 

with recurrence (n = 119) or metastasis (n = 28), and non-recurrence (n = 152) or non-metastasis 99 

(n = 45) for downstream analyses. All datasets were processed and analyzed using R (v.4.5.2). 100 

Differential gene expression was assessed using the limma package (v.3.58.1), applying 101 

thresholds of |log₂ FC|≥0.3 with p<0.05, and |log₂ FC|≥0.58 with p<0.01 for the identification 102 

of recurrence or metastasis associated genes. 103 

 104 

Survival Analysis 105 

Survival analysis was performed using the R packages survival (v3.5.7) and survminer (v0.4.9). 106 

A survival object was constructed via Surv, followed by fitting a Cox proportional-hazards model 107 

with coxph to estimate hazard ratio (HR) and p-value. Kaplan–Meier survival curves were then 108 

generated using survfit and visualized by ggsurvplot. 109 

 110 

Immune Infiltration Analysis 111 
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Patients were stratified according to the expression of the key gene signature associated with 112 

lung cancer recurrence and metastasis, and their tumor transcriptome matrices were processed by 113 

xCell(v1.1.0) to estimate the relative abundance of diverse immune and stromal cell populations 114 

(cell-type enrichment scores) within each sample. 115 

 116 

Enrichment Analysis 117 

To explore the biological pathways involved in genes associated with lung cancer metastasis and 118 

recurrence, gene set enrichment analysis (GSEA) was performed on transcriptomic data. An 119 

ordered gene list was generated by ranking all differentially expressed genes from high to low. 120 

This ranked list was then compared against the Hallmark, Gene Ontology (GO), and KEGG gene 121 

sets. The results of this analysis are used to identify key genetic functions and signaling 122 

pathways associated with lung cancer recurrence and metastasis. 123 

 124 

CellChat Analysis 125 

To compare intercellular communication between the ANLN-high and ANLN-low expression 126 

groups, the CellChat pipeline (v.1.6.1) was used to analyze cell–cell signaling interactions. A 127 

separate CellChat object was constructed for each group from the corresponding Seurat objects1. 128 

The human CellChatDB database was used as the reference. Communication probabilities were 129 

computed using the truncated mean method. Intercellular communication networks for each 130 

group were then inferred and aggregated using default parameters. To assess differences in cell–131 

cell communication between the high and low ANLN expression groups, the total number of 132 

inferred interactions and the overall interaction strength were calculated and compared. 133 
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Differential signaling pathways between the two groups were analyzed, and the relative 134 

contribution of specific signaling pathways was further evaluated. 135 

 136 

scRNA-seq Analysis 137 

Single-cell data from metastatic and non-metastatic lymph nodes were processed using Seurat 138 

v5.3.12. Raw matrices from 22 samples were loaded individually, converted into Seurat objects, 139 

and merged while retaining sample-level metadata. Quality filtering removed cells with <200 140 

or >10,000 detected genes, UMI counts <500, or mitochondrial、hemoglobin gene fractions 141 

exceeding 10%. After normalization, identification of 3,000 highly variable genes, scaling, and 142 

PCA, batch correction was performed using Harmony3, followed by neighbor graph construction, 143 

clustering (resolution = 0.8), and UMAP visualization based on the Harmony. We identified the 144 

gene expression markers for each cluster using FindAllMarkers function. Cell clusters were 145 

annotated as known cell types utilizing canonical marker genes. 146 

 147 

Gene-signature Scoring 148 

To evaluate malignant programs within epithelial cells at single-cell resolution, we defined four 149 

gene sets representing distinct biological processes: Proliferation, Motility, Immunity, and 150 

Metastasis. The Proliferation set was based on the term “GOBP mitotic nuclear division”, 151 

“GOBP cell division”, “KEGG cell cycle”, “GOBP epithelial cell proliferation” and “GOBP 152 

mitotic cytokinesis”, “GOBP DNA replication”; the Motility set was based on “GOBP 153 

extracellular matrix organization” and “GOBP cortical actin cytoskeleton organization”; the 154 

Immunity set utilized the “GOBP adaptive immune response” and “KEGG natural killer cell 155 
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mediated cytotoxicity”; the Metastasis set aggregated these three gene sets. AddModuleScore 156 

package was used to calculate scores for each cell and applied in downstream pseudotime, 157 

correlation, and functional analyses. 158 

 159 

Pseudotime Analysis 160 

To investigate the dynamic transitions of epithelial and proliferating cells, pseudotime trajectory 161 

analysis was performed using the Monocle3 package4. Normalized count matrices and cell 162 

metadata exported from Seurat were converted into a cell_data_set object, followed by PCA 163 

preprocessing and Uniform manifold approximation and projection (UMAP) based 164 

dimensionality reduction. The trajectory graph was learned and cells were ordered in 165 

pseudotime, using the epithelial population as the root state. Module scores representing 166 

metastasis, EMT, stemness, and proliferation related programs were calculated from curated gene 167 

sets and mapped along the pseudotime continuum to assess coordinated transcriptional changes. 168 

 169 

 170 

3.RESULTS 171 

An integrated analysis of survival, recurrence, and metastasis identifies a core gene set 172 

critical for lung cancer progression. 173 

Survival analysis of the GSE157009 and GSE42127 datasets identified 2,499 and 2,213 genes 174 

associated with overall survival (OS), with 165 genes overlapping between the two cohorts (Fig. 175 

1A), which represents a cross-dataset consensus survival-associated signature. Differential 176 

expression analysis comparing the Recurrence (Rec) group with the Non-Recurrence (Non-Rec) 177 
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group revealed 572 genes that were significantly upregulated in the Rec group (Figure 1B). In 178 

contrast, 323 genes were upregulated in the Metastasis (Met) group relative to the corresponding 179 

control group (Figure 1C), indicating substantial transcriptomic reprogramming associated with 180 

both progression phenotypes. The Venn diagram integrating 165 survival-related genes with the 181 

572 recurrence-upregulated and 323 metastasis-upregulated genes identified four shared genes—182 

ANLN, TPX2, CDCA8, and RAD54L (Fig. 1D), suggesting that these genes may act as key 183 

regulators simultaneously linked to recurrence, metastasis and reduced overall survival.  184 

 185 

Further analysis of the upregulated genes using GSEA revealed significant enrichment of the 186 

EMT and Angiogenesis pathways in both the Rec (Fig. 1E) and Met groups (Fig. 1F). These 187 

pathways are known biological drivers of tumor invasion, facilitating cancer cell migration and 188 

dissemination. In addition, GO analyses indicated extracellular matrix remodeling, collagen 189 

assembly, regulation of cell adhesion and migration, and vasculature development were all 190 

upregulated in the Rec and Met groups (Fig. 1G，1H). These processes form the essential 191 

microenvironmental basis that promotes tumor invasion, which is consistent with the malignant 192 

biological characteristics of recurrence and metastasis observed in these samples. 193 

   194 

WGCNA and xCell analyses identify ANLN as a key biomarker associated with tumor 195 

metastasis and recurrence. 196 

To identify core genes underlying lung cancer recurrence and metastasis, weighted gene co-197 

expression network analysis (WGCNA) was constructed for the Rec cohort (Fig. 2A) and the 198 

Met cohort (Fig. 2B), respectively. Module–trait correlation analysis revealed that in the 199 
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metastasis cohort (Fig. 2C), the turquoise module showed the strongest association with 200 

metastatic status. Among the four candidate genes, ANLN, TPX2, and CDCA8, were clustered 201 

within this module, suggesting that these three genes represent a metastasis-related gene 202 

program. In the recurrence cohort (Fig. 2D), the brown module displayed a significant positive 203 

correlation with recurrence, and similarly, ANLN, TPX2 and CDCA8 were assigned to this 204 

module. These findings indicate that the three genes belong to the co-expression network module 205 

strongly associated with lung cancer recurrence and metastasis, and show synergistic changes. 206 

 207 

To further explore the relationship between these genes and the tumor microenvironment (TME), 208 

xCell was applied to infer immune and stromal components from the recurrence cohort. Samples 209 

were then stratified into high and low-expression groups based on the expression levels of 210 

ANLN, TPX2, and CDCA8, respectively. Notably, the ANLN-high group showed the most 211 

significant increase in epithelial cell proportion, whereas the Immune score, Stroma score, and 212 

Microenvironment score were all reduced to varying degrees (Fig. 2I), indicating that ANLN 213 

high expression tumors are more inclined towards the microenvironment characteristics of 214 

epithelial enrichment, immune and matrix depletion. Comparative evaluation of the differences 215 

in xCell-derived indices between high and low expression groups of the three candidate genes 216 

(Fig. 2J), further demonstrated that ANLN-high tumors exhibited the largest increase in epithelial 217 

cell. Although reductions in immune, stromal, and microenvironment scores were observed 218 

across all three high-expression gene groups, these reductions were not the most prominent in the 219 

ANLN-high group. Considering the established role of epithelial-related programs in tumor 220 
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recurrence and metastasis, ANLN was ultimately identified as the most representative key 221 

progression gene among the three candidates. 222 

 223 

ANLN expression was significantly higher in recurrent compared with non-recurrent tumors (p < 224 

0.05; Fig. 2E). Similarly, ANLN expression was markedly elevated in metastatic samples 225 

compared with non-metastatic samples (p < 0.01; Fig. 2F), suggesting a strong link between 226 

ANLN and both recurrence and metastasis in lung cancer. To further evaluate the prognostic 227 

relevance of ANLN, patients in the two survival cohorts (GSE157009 and GSE42127) were 228 

divided into ANLN-high and ANLN-low groups, and quartile-based Kaplan–Meier survival 229 

curves were generated (Fig. 2G–H). In both cohorts, patients with high ANLN expression 230 

exhibited significantly worse overall survival (hazard ratio [HR] = 1.7 and HR = 3.1, both p < 231 

0.05), indicating that high ANLN expression is closely associated with poor prognosis in lung 232 

cancer. 233 

 234 

ANLN-high epithelial cells are markedly enriched in lymph-node metastatic lesions and 235 

exhibit extensive cell type-specific transcriptional reprogramming. 236 

To further dissect the role of ANLN in lung cancer metastasis, we analyzed the GSE277742 237 

dataset, which contains single-cell RNA sequencing data (scRNA-seq) from lymph nodes of 18 238 

lung cancer patients with lymph node metastasis (Met group) and 4 patients without metastasis 239 

(Non-Met group). After quality control, normalization, dataset integration, and principal 240 

component analysis (PCA), a total of 145,570 cells were retained for downstream analyses 241 

Annotation of the integrated single-cell dataset identified eight major cell populations, including 242 
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Epithelial cells (EPCAM, KRT8, KRT18), Proliferation cells (MKI67, TOP2A), T cells (CD3D, 243 

CD3E), B cells (MS4A1, CD79A), Macrophages (C1QA), Monocytes (FCGR3B, CSF3R, 244 

CXCR2), Neutrophils (S100A8, S100A9), and Plasma cells (MZB1, JCHAIN) (Fig. 3A, 3F). 245 

 246 

Examination of ANLN expression across different clinical groups (Fig. 3C) revealed that ANLN 247 

signals were predominantly localized to epithelial and proliferation-related clusters, with 248 

markedly stronger and broader expression in the Met group. This suggests that ANLN-high 249 

epithelial cells constitute the major tumor cell population within metastatic lymph nodes. 250 

Quantitative comparison of cellular composition between the Met and Non-Met groups (Fig. 3B, 251 

3D) further showed that the Met group exhibited a substantial increase in epithelial and 252 

proliferating cells, whereas immune populations, including T cells and myeloid cells, were 253 

relatively enriched in the Non-Met group. These findings indicate a transition toward an 254 

epithelial-dominated cellular architecture in metastatic lymph nodes. We next performed 255 

differential expression analysis within each of the eight cell populations (Fig. 3E). The 256 

proliferation and epithelial compartment showed the largest and second largest number of 257 

differentially expressed genes, underscoring the pivotal role of epithelial cells in the metastatic 258 

progression of lung cancer. 259 

 260 

Collectively, these results demonstrate that lung cancer lymph node metastasis is characterized 261 

by the accumulation of ANLN-high epithelial tumor cells and extensive transcriptional and 262 

compositional remodeling across multiple cell lineages, providing single-cell evidence for the 263 

central role of ANLN in metastatic dissemination. 264 
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 265 

High ANLN expression enhances metastatic pathways in epithelial cells during lymph node 266 

metastasis of lung cancer. 267 

To further elucidate the functional role of ANLN within metastatic lymph nodes, we stratified the 268 

18 metastatic samples into ANLN-high (n = 9) and ANLN-low (n = 9) groups based on ANLN 269 

expression levels and compared their single-cell characteristics. UMAP visualization (Fig. 4A) 270 

showed markedly elevated ANLN expression in the high expression group, with signals 271 

predominantly localized to epithelial and proliferation-associated cell populations. 272 

 273 

Building on these observations, we next examined differential gene expression across the major 274 

single-cell compartments between the ANLN-high and ANLN-low groups (Fig. 4B). The largest 275 

numbers of DEGs were detected in the epithelial, proliferation, and macrophage clusters, 276 

indicating that high ANLN expression not only alters transcriptional programs within tumor 277 

epithelial cells but is also associated with substantial transcriptional changes in immune cells—278 

particularly macrophages. Notable DEG alterations were also observed in T-cell and monocyte 279 

populations, suggesting that ANLN-associated remodeling exerts broad, multi-lineage effects 280 

across the metastatic tumor ecosystem. 281 

 282 

To investigate ANLN-related regulatory pathways, KEGG and GO enrichment analyses were 283 

performed using DEGs derived from the comparison between ANLN-high and ANLN-low 284 

groups (Fig. 4C, 4D). KEGG analysis revealed significant enrichment in canonical oncogenic 285 

processes, including Cell cycle progression, Chromosome segregation, DNA replication, p53 286 
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signaling, Glycolysis/Gluconeogenesis, and Ubiquitin mediated proteolysis. GO analysis further 287 

highlighted enrichment in local adhesion, cell migration, double-strand break repair, epithelial 288 

cell migration, epithelial mesenchymal transition (EMT), and extracellular matrix organization, 289 

which are key biological programs implicated in tumor invasion and dissemination. 290 

 291 

Collectively, these findings demonstrate that in lung cancer lymph node metastasis, high ANLN 292 

expression defines a highly proliferative and strongly migratory epithelial cell population, 293 

accompanied by widespread transcriptional alterations across multiple cell types. These results 294 

suggest that ANLN may promote metastatic progression by reprogramming tumor epithelial cells 295 

and reshaping their surrounding microenvironment.  296 

 297 

CellChat analysis reveals enhanced intercellular communication strength and selective 298 

activation of metastasis associated signaling pathways in ANLN-high tumors. 299 

To systematically investigate intercellular communication patterns associated with ANLN 300 

expression, we systematically compared the intercellular communication patterns between the 301 

ANLN-high and ANLN-low groups using CellChat analysis. Figures 5A–5D illustrate the global 302 

communication networks among the eight major cell populations in the two groups. The ANLN-303 

high group exhibited a weaker overall interaction strength but markedly greater number of 304 

intercellular interactions than the ANLN-low group, indicating that ANLN-high metastatic 305 

lesions establish a more extensive but less intense communication network. 306 

 307 
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At the cell-type level, we assessed the differences in interaction patterns between the two groups 308 

(Fig. 5E, 5F). Figure 5E depicts the heatmap of differential interaction counts, and Figure 5F 309 

shows the corresponding differences in interaction strength. The results revealed that the 310 

incoming and outgoing signaling of epithelial, proliferation, and macrophage populations was 311 

substantially elevated in the ANLN-high group, suggesting that ANLN mediates coordinated 312 

remodeling across multiple cell types within the metastatic microenvironment. 313 

 314 

We further compared the relative information flow of signaling pathways between ANLN-high 315 

and ANLN-low groups (Fig. 5G). Pathways including SPP1, VISFATIN, PARs, CCL, GDF, IL-1, 316 

GRN, TWEAK, CXCL, ANNEXIN, IL-16, BAFF, and GALECTIN were markedly enhanced in 317 

the ANLN-high group. These ligand–receptor axes are broadly implicated in inflammatory 318 

amplification, cellular migration, immune modulation, and extracellular matrix (ECM) 319 

remodeling, consistent with highly invasive biological programs associated with metastasis. 320 

 321 

High ANLN expression is associated with enhanced epithelial EMT and migration related 322 

programs. 323 

To further elucidate the functional programs associated with ANLN in metastatic epithelial cells, 324 

we first stratified epithelial cells from the lymph node single-cell dataset into ANLN expressing 325 

(ANLN⁺) and ANLN non expressing (ANLN⁻) populations. Differential expression analysis was 326 

performed between these two groups, followed by gene set enrichment analysis (GSEA). The 327 

results revealed that ANLN⁺ epithelial cells were significantly enriched for pathways related to 328 
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cell proliferation, cell motility, and immune regulation compared with ANLN⁻ epithelial cells 329 

(Fig. 6A). 330 

 331 

Based on the GSEA results, three functional module scores were constructed. Proliferation score 332 

was calculated using genes derived from the top six proliferation- and cell cycle–related 333 

pathways, Motility score was computed from genes associated with migration and cytoskeletal 334 

remodeling, and Immunity score was derived from immune-related pathways. Using these 335 

scores, metastatic samples were stratified into ANLN-high and ANLN-low groups at the sample 336 

level, and functional differences between the two groups were systematically evaluated. 337 

Compared with ANLN-low tumors, epithelial cells from ANLN-high tumors exhibited 338 

significantly elevated proliferation scores (Fig. 6B) and motility scores (Fig. 6C), whereas 339 

immunity scores were markedly reduced (Fig. 6D). To capture the integrated metastatic potential, 340 

a composite metastasis score was calculated by combining the proliferation and motility scores 341 

with the immunity score. Notably, the composite metastasis score was significantly higher in 342 

ANLN-high tumors (Fig. 6E), indicating a globally enhanced pro-metastatic transcriptional state. 343 

 344 

To further assess these associations at a continuous single-cell level, correlation analyses were 345 

performed across the epithelial cells from metastatic samples. ANLN expression showed 346 

significant positive correlations with the proliferation score (Fig. 6F) and motility score (Fig. 347 

6G), while displaying a negative correlation with the immunity score (Fig. 6H). In addition, 348 

ANLN expression was positively correlated with the composite metastasis score (Fig. 6I). 349 

 350 

Langtaosha (LTS) Preprint doi: https://doi.org/10.65215/LTSpreprints.2026.02.20.000135. This version posted February 21, 2026. The copyright holder for this preprint
(which was not certified by peer review) is the author/funder. All Rights Reserved. No reuse allowed without permission.



18  

 

 

 

Collectively, these findings demonstrate that high ANLN expression is tightly linked to 351 

coordinated activation of proliferation- and migration-related programs and suppression of 352 

immune-associated transcriptional activity in epithelial cells, supporting a central role for ANLN 353 

in promoting epithelial plasticity and metastatic progression in lung cancer.   354 

 355 

Pseudotime trajectory analysis of AT2-derived epithelial cells revealed that ANLN defines a 356 

critical transitional state. 357 

To further elucidate the dynamic role of ANLN during metastatic progression, we performed 358 

subclustering and pseudotime trajectory analysis on epithelial cells from metastatic lymph nodes. 359 

UMAP visualization identified five major epithelial subpopulations, including AT1, AT2, basal, 360 

ciliated, and club cells (Fig. 7A). Expression of the AT2 marker SFTPA1 was predominantly 361 

enriched in the AT2 cluster (Fig. 7E). AT2 is the origin of lung cancer cells27-29, so it is crucial to 362 

analyze the development of this subgroup. 363 

 364 

Monocle-based trajectory inference revealed a continuous temporal progression of AT2 cells 365 

state along the principal lineage (Fig. 7B). Mapping ANLN expression onto this trajectory 366 

demonstrated that ANLN was not maximally expressed at the initial or terminal stages, but 367 

instead showed prominent enrichment at an intermediate region of the trajectory (Fig. 7C–D). 368 

Quantitative analysis further confirmed that ANLN expression increased in a stage-dependent 369 

manner and peaked during the intermediate pseudotime window (Fig. 7F), suggesting that ANLN 370 

marks a critical transitional phase during epithelial progression rather than a static lineage 371 

endpoint. 372 
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 373 

To characterize the functional features of this ANLN-high transitional state, we examined the 374 

dynamic changes of multiple programmatic scores along pseudotime. The proliferation score 375 

increased markedly at the intermediate stage (Fig. 7G), indicating activation of cell-cycle–related 376 

programs. In parallel, the motility score also peaked in the mid-trajectory region (Fig. 7H), 377 

reflecting enhanced cytoskeletal remodeling and migratory capacity. In contrast, the immunity 378 

score exhibited a decreasing trend during the intermediate phase (Fig. 7I), suggesting attenuation 379 

of immune-associated programs. Integration of these features into the composite metastasis score 380 

revealed a pronounced peak at the same intermediate pseudotime window (Fig. 7J), closely 381 

mirroring the ANLN expression pattern and defining a state characterized by high proliferative 382 

and migratory potential coupled with reduced immune-related features. 383 

 384 

To exclude the possibility that this pattern merely reflects a generic proliferative phenotype, we 385 

further constructed a separate pseudotime trajectory within the proliferation cells belonging to 386 

the eight subtypes identified in cancer metastasis components (Fig. 7K, 3A). Notably, ANLN 387 

expression remained selectively enriched at specific mid-to-late stages of this trajectory (Fig. 388 

7L), rather than being uniformly elevated across all proliferating cells, indicating that ANLN 389 

marks a more advanced, invasion-prone functional state. 390 

 391 

Collectively, these pseudotime analyses demonstrate that ANLN is involved in regulating a 392 

critical intermediate state during the transition of AT2-derived epithelial cells toward a highly 393 

invasive phenotype. This transitional state is characterized by coordinated activation of 394 
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proliferation, motility, and metastasis-associated programs, accompanied by attenuation of 395 

immune-related features, providing dynamic trajectory-level evidence for the role of ANLN in 396 

promoting lymph node metastasis. 397 

 398 

Independent single-cell validation confirms enrichment of ANLN-high invasive epithelial 399 

programs during lung cancer progression. 400 

To independently validate the association between ANLN expression and invasive epithelial 401 

programs, we analyzed the single-cell RNA-seq dataset GSE266330, which profiles the 402 

transition from in situ lung cancer to invasive lung cancer. After standard preprocessing and 403 

clustering, cells were annotated into eight major populations based on canonical markers, 404 

including epithelial cells, T/NK cells, B cells, monocytes, endothelial cells, fibroblasts, and 405 

others (Fig. 8A,8K).  406 

We focused on epithelial cells and compared their distribution between in situ and invasive 407 

tumors (Fig. 8B).  Feature plots show sparse expression of ANLN in situ lesions, whereas 408 

invasive tumors exhibit stronger and more widespread ANLN expression within epithelial 409 

clusters (Fig. 8C–D). Quantitative analysis further demonstrated that the fraction of ANLN 410 

positive epithelial cells was significantly higher in invasive tumors than in situ tumors (p < 0.01; 411 

Fig. 8E), indicating enrichment of ANLN high epithelial cells during invasive progression. 412 

 413 

To validate the functional scoring framework we defined, we applied the same Proliferation, 414 

Motility, Immunity, and Metastasis scores to epithelial cells in the GSE266330 dataset. Using 415 

these predefined gene sets, epithelial cells from invasive tumors exhibited significantly higher 416 
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Proliferation and Motility scores with reduced Immunity scores, compared with those from in 417 

situ tumors (Fig. 8F-H). Consistent with the coordinated behavior of these gene sets observed 418 

previously, the Metastasis score—integrating Proliferative, Migratory, and Immune scores—was 419 

markedly elevated in the invasive group (Fig. 8I). Moreover, correlation analysis across all 420 

epithelial cells demonstrated a significant positive association between ANLN expression and the 421 

metastasis score (Fig. 8J), confirming that the ANLN linked metastatic program we identified is 422 

reproducibly captured in an independent single-cell dataset, reinforcing the role of ANLN as a 423 

marker and potential driver of invasive epithelial states during lung cancer progression. 424 

 425 

4. DISCUSSION 426 

In recent years, the rapid development of multi-omics analyses has greatly advanced our 427 

understanding of tumor progression mechanisms and prognostic evaluation. In this study, by 428 

integrating multi-cohort transcriptomic data with single-cell analyses, we revealed the critical 429 

role of ANLN in lung cancer recurrence and metastasis. ANLN encodes an actin-binding protein 430 

that plays an essential role in cell growth, migration, and cytoskeletal dynamics30. Although 431 

ANLN has been reported to be associated with cell proliferation in multiple tumor types31-32, its 432 

precise biological function and role in lung cancer metastasis remain insufficiently characterized. 433 

Herein we performed an integrated analysis combining survival, recurrence, and metastasis 434 

phenotypes to explore the potential regulatory role of ANLN in malignant lung cancer 435 

progression. 436 

 437 

We found that ANLN expression was consistently elevated in both recurrent and metastatic 438 

samples. In addition, high ANLN expression was significantly associated with poor overall 439 
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survival. This poor overall survival indicates that ANLN may contribute to the formation of an 440 

aggressive tumor phenotype.  441 

 442 

Based on our results, it seems that the profound impact of ANLN on the TME is through 443 

increased epithelial cell proportions and relative depletion of immune and stromal components. 444 

Our data further indicate the influence of ANLN on the TME is through predominant enrichment 445 

in epithelial and proliferating cell populations, which are accompanied by marked alterations in 446 

cellular composition and transcriptional programs. CellChat analysis further showed that ANLN-447 

high tumors exhibited more complex intercellular communication networks and selectively 448 

activated multiple signaling pathways related to inflammatory regulation, cell migration, and 449 

extracellular matrix remodeling, suggesting that ANLN may promote metastatic progression by 450 

reshaping intercellular communication patterns. Consistently, subsequent GSEA and GO 451 

functional enrichment analyses revealed that genes associated with high ANLN expression were 452 

significantly enriched in pathways related to cell cycle regulation, epithelial–mesenchymal 453 

transition (EMT), cell migration, and extracellular matrix remodeling. These processes are 454 

widely recognized as fundamental molecular mechanisms underlying tumor metastasis, further 455 

supporting the hypothesis that ANLN plays a promotive role in lung cancer progression. 456 

 457 

By integrating functional scoring analyses with pseudotime trajectory inference, we further 458 

demonstrated that ANLN is not merely a proliferation marker, but a critical intermediate state. 459 

Such state is the transition of AT2-derived epithelial cells toward a highly invasive phenotype. 460 
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This transitional state is characterized by concurrently enhanced proliferative and migratory 461 

capacities, accompanied by suppression of immune-related programs. 462 

 463 

In summary, this study reveals the pivotal role of ANLN in lung cancer recurrence and lymph 464 

node metastasis from a multi-level and multi-scale perspective and proposes that ANLN may 465 

drive lung cancer progression toward a highly invasive state by coordinating tumor cell–intrinsic 466 

transcriptional programs with microenvironmental remodeling. Although further functional 467 

experiments are required to establish causal relationships, these findings provide new insights 468 

into the mechanisms of lung cancer metastasis and suggest that ANLN holds potential value as a 469 

prognostic biomarker and therapeutic target. 470 

 471 

Limitations 472 

A major limitation of this study is that all analyses were conducted using publicly available bulk 473 

and single-cell transcriptomic datasets. Although multiple independent bulk cohorts and two 474 

independent single-cell datasets were included for survival analysis, differential expression 475 

analysis, and reproducibility validation, the overall sample size was constrained by the 476 

availability of eligible datasets in public repositories. Specifically, 425 tumor samples were used 477 

for survival analysis, 344 samples were included for recurrence and metastasis related 478 

differential expression analysis, and two independent single-cell RNA-seq datasets comprising 479 

31 samples and approximately 230,000 cells in total were analyzed.Therefore, potential selection 480 

bias and residual heterogeneity across datasets cannot be fully excluded.  481 

 482 
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In parallel, the conclusions of this study are primarily based on computational and statistical 483 

analyses. While an independent single-cell dataset was used for reproducibility validation, no 484 

additional experimental validation was performed. As a result, the findings should be interpreted 485 

as hypothesis-generating rather than definitive evidence of causal biological mechanisms. 486 

Furthermore, although single-cell transcriptomic data enabled cell-type-resolved analyses, the 487 

number of samples with detailed clinical annotations was limited, which may restrict the 488 

generalizability of the results across diverse patient populations. Future studies incorporating 489 

larger cohorts, and experimental validation will be necessary to further substantiate and extend 490 

the findings reported in this work. 491 

492 
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FIGURES AND FIGURE LEGENDS 493 

Figure 1 494 

 495 

Figure 1. An integrated analysis of survival, recurrence, and metastasis identifies a core gene set 496 

critical for lung cancer progression. (A) Venn diagram illustrating the overlap of OS-associated 497 

genes from GSE157009 and GSE42127, with 165 genes shared between two cohorts. (B) 498 

Volcano plot showing differentially expressed genes between recurrence and non-recurrence 499 

samples in GSE157009 (572 upregulated). (C) Volcano plot showing differentially expressed 500 

genes between metastatic and non-metastatic samples in GSE42127 (323 upregulated). (D) Venn 501 
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diagram integrating OS, recurrence, and metastasis-associated genes, revealing four overlapping 502 

core genes. (E) GSEA of recurrence-associated upregulated genes demonstrating enrichment of 503 

EMT and Angiogenesis pathways. (F) GSEA of metastasis-associated upregulated genes 504 

showing similar enrichment of EMT and Angiogenesis. (G–H) GO enrichment analyses showing 505 

ECM remodeling, adhesion, migration, and angiogenesis pathways enriched in both recurrence 506 

(G) and metastasis (H) gene sets. 507 

 508 

509 
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Figure 2 510 
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Figure 2. (A, B) WGCNA for recurrence and metastasis cohorts showing co-expression module 512 

structure. (C) Module–metastasis correlations identify the turquoise module as strongly 513 

associated with metastasis, with ANLN, TPX2, and CDCA8 included. (D) Module–recurrence 514 

correlations identify the brown module as significantly associated with recurrence, with ANLN, 515 

TPX2, and CDCA8 included. (E, F) ANLN expression is increased in recurrence (E) and 516 

metastasis samples (F). (G, H) Kaplan–Meier curves demonstrate significantly worse survival in 517 

ANLN-high patients in both cohorts. (I) xCell shows epithelial enrichment and immune、518 

stromal depletion in ANLN-high tumors. (J) Comparative microenvironmental changes across 519 

three candidate genes further support ANLN as the key representative progression gene. 520 

 521 

522 
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Figure 3 523 

 524 

Figure 3. (A) UMAP visualization of 145,570 integrated lymph-node cells from metastatic (Met) 525 

and non-metastatic (Non-Met) lung cancer samples, identifying eight major cell types: Epithelial, 526 

Proliferation, T cells, B cells, Macrophages, Monocytes, Neutrophils, and Plasma cells. (B) 527 

Comparison of cell-type composition shows a marked increase in epithelial and proliferating 528 
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tumor cells in metastatic lymph nodes, whereas immune lineages (T cells, myeloid cells) are 529 

proportionally enriched in non-metastatic samples. (C) ANLN expression map indicates that 530 

ANLN is predominantly expressed in epithelial and proliferative compartments, with 531 

substantially stronger and broader expression in metastatic lesions. (D) Quantitative analysis of 532 

population shifts further demonstrates epithelial and proliferation expansion and immune 533 

depletion in metastatic samples. (E) Differential expression analysis across eight cell types 534 

reveals that epithelial cells harbor the largest number of DEGs between Met and Non-Met 535 

samples, highlighting epithelial transcriptional rewiring as a major driver of lymph-node 536 

metastasis. (F) Dot-plot of canonical markers validates the identities of the eight annotated cell 537 

populations supporting downstream analyses.  538 

 539 

540 
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Figure 4 541 

 542 

Figure 4. (A) UMAP visualization shows markedly elevated ANLN expression in epithelial and 543 

proliferating cells in the ANLN-high group. (B) Differential expression analysis reveals the 544 

largest DEG changes in epithelial, proliferative, and macrophage populations, with additional 545 

remodeling in T cells and monocytes. (C) KEGG enrichment highlights activation of cell cycle, 546 

DNA replication, p53 signaling, and metabolic pathways in ANLN-high tumors. (D) GO analysis 547 

identifies enrichment of adhesion, migration, cytoskeletal remodeling, DNA repair, and EMT-548 

related processes. 549 

 550 
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Figure 5 552 
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Figure 5. ANLN-high metastatic tumors exhibit expanded intercellular communication networks 554 

and enhanced pro-metastatic signaling programs. (A–D) CellChat analysis shows that ANLN-555 

high samples possess markedly increased numbers of cell–cell interactions compared with 556 

ANLN-low tumors, forming a weaker but more extensive communication network across the 557 

eight major cell populations. (E, F) Differential heatmaps interaction number (E) and interaction 558 

strength (F) indicate that epithelial, proliferating, and macrophage lineages. (G) Relative 559 

information flow analysis reveals those pro-metastatic pathways—including SPP1, VISFATIN, 560 

PARs, CCL, GDF, IL-1, GRN, TWEAK, CXCL, ANNEXIN, IL-16, BAFF, and GALECTIN—561 

are strongly elevated in ANLN-high tumors,reflecting enhanced inflammation, migration, 562 

immune modulation, and ECM remodeling. 563 

 564 

565 
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Figure 6 566 

567 

  568 

Figure 6. (A) GSEA plot comparing ANLN+ vs ANLN- epithelial cells, showing enrichment of 569 

Proliferation, Motility, and Immune related pathways used to construct three module scores. (B) 570 

Proliferation score is significantly higher in ANLN high samples. (C) Motility score is 571 

significantly elevated in ANLN high samples. (D) Immunity score is significantly lower in 572 
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ANLN high samples. (E) Metastasis score is markedly increased in ANLN high tumors. (F) 573 

Single-cell correlation showing ANLN expression positively correlates with proliferation score. 574 

(G) ANLN expression positively correlates with motility score. (H) ANLN expression negatively 575 

correlates with immunity score. (I) ANLN expression positively correlates with the composite 576 

metastasis score.   577 

 578 

Figure 7 579 

 580 

Figure 7. (A) UMAP of epithelial subclusters (AT1, AT2, basal, cilia, club) from metastatic 581 

lymph nodes.  (B) Monocle-inferred pseudotime trajectory of epithelial cells. (C–D) ANLN 582 

expression overlaid on the trajectory and UMAP, showing enrichment at an intermediate 583 

pseudotime region. (E) Feature plot of the AT2 marker SFTPA1. (F) ANLN expression 584 

dynamics along pseudotime. (G–J) Program score changes along pseudotime: Proliferation (G), 585 
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Motility (H), Immunity (I), and Metastasis score (J). (K) Pseudotime trajectory reconstructed 586 

within proliferation cells. (L) UMAP of ANLN expression overlaid on the proliferating-lineage 587 

trajectory. 588 

 589 
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Figure 8 591 

 592 

Figure 8. (A) UMAP of GSE266330 showing eight major cell types annotated by canonical 593 

markers. (B) UMAP of epithelial cells colored by stage (in situ vs invasive). (C–D) Feature plots 594 

of ANLN expression in epithelial cells from in situ (C) and invasive (D) tumors. (E) Fraction of 595 

ANLN-positive epithelial cells in in situ and invasive tumors. (F–H) Violin plots comparing 596 

Proliferation (F), Motility (G), and Immunity (H) scores in epithelial cells between groups. (I) 597 

Violin plot of the composite metastasis score in epithelial cells. (J) Correlation between ANLN 598 

expression and metastasis score across epithelial cells. (K) Dotplot of canonical marker 599 

expression validating cell-type annotation. 600 

 601 
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