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ZNF528 as a novel driver of metastasis in lung cancer: insights 
from single-cell transcriptomics
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Background: Non-small cell lung cancer (NSCLC) remains a leading cause of cancer mortality due to 
frequent metastasis, despite therapeutic advances. This study aims to identify novel drivers of NSCLC 
metastasis to facilitate the development of prognostic biomarkers and therapeutic targets.
Methods: We analyzed single-cell RNA-seq data (GSE121907) to identify differentially expressed genes 
(DEGs) in epithelial cells from metastatic NSCLC. Functional enrichment was performed. Based on 
bioinformatic findings, we investigated the role of zinc finger protein 528 (ZNF528) through gain- and loss-
of-function studies in NSCLC cell lines. Cellular proliferation, migration, and invasion were assessed using 
Cell Counting Kit-8 (CCK-8), wound healing, and Transwell assays, respectively. Epithelial-mesenchymal 
transition (EMT) markers were analyzed by immunoblotting. A cell-derived xenograft (CDX) model was 
established to evaluate tumor growth and metastasis in vivo.
Results: Single-cell analysis revealed an expanded epithelial compartment in metastatic samples. Among 
the DEGs identified in these epithelial cells, ZNF528 was significantly upregulated. Pathway analysis 
indicated enrichment of ZNF528-correlated genes in proliferation and invasion-related pathways (e.g.,  
NF-κB, MAPK). Consistently, functional assays demonstrated that ZNF528 knockdown suppressed, while 
its overexpression enhanced, NSCLC cell proliferation, migration, invasion, and EMT in vitro. Moreover, 
ZNF528 overexpression promoted tumor growth and metastasis in mouse xenograft models.
Conclusions: ZNF528 acts as a novel promoter of NSCLC metastasis, representing a potential prognostic 
biomarker and therapeutic target.

Keywords: Non-small cell lung cancer (NSCLC); metastasis; zinc finger protein 528 (ZNF528); epithelial-

mesenchymal transition (EMT); single-cell RNA sequencing (scRNA-seq)

Submitted Jan 04, 2026. Accepted for publication Apr 14, 2026. Published online May 26, 2026.

doi: 10.21037/tlcr-2026-1-0008

View this article at: https://dx.doi.org/10.21037/tlcr-2026-1-0008

mailto:xiamao@ntu.edu.cn
mailto:zhenyuyin@njglyy.com
mailto:zhenyuyin@njglyy.com
https://crossmark.crossref.org/dialog/?doi=10.21037/tlcr-2026-1-0008


Li et al. ZNF528 drives lung cancer metastasisPage 2 of 20

© AME Publishing Company.   Transl Lung Cancer Res 2026;15(5):119 | https://dx.doi.org/10.21037/tlcr-2026-1-0008

Introduction

Lung cancer ranks among the most prevalent cancers and 
is the leading cause of cancer-related mortality worldwide. 
It was estimated that in 2022, there were approximately  
2.5 million new cases and over 1.8 million deaths globally (1).  
Non-small cell lung cancer (NSCLC), which accounts for 
about 85% of all lung cancer cases, primarily includes lung 
adenocarcinoma (LUAD), lung squamous cell carcinoma 
(LUSC), and large cell carcinoma (2). Despite recent 
therapeutic advances, the 5-year survival rate for NSCLC 
patients remains poor (10–20%) (3), largely due to tumor 
metastasis and invasion—key factors contributing to 
treatment failure (4). However, the molecular mechanisms 
underlying NSCLC metastasis are not yet fully understood. 
Thus, elucidating these mechanisms is critical for 
developing more effective metastatic biomarkers and 
potential therapeutic targets.

In recent years, high-throughput single-cell RNA 
sequencing (scRNA-seq) has greatly advanced the 

characterization of tumor biology and facilitated the discovery 
of therapeutic targets, including in lung cancer. Utilizing this 
technology, we identified elevated expression of zinc finger 
protein 528 (ZNF528) in lung cancer. ZNF528 belongs to the 
KRAB C2H2 zinc finger protein family, the largest family 
of transcription factors in humans (5). Members of this 
family typically function as transcriptional repressors and are 
involved in diverse biological processes such as embryonic 
development, apoptosis, oncogenic transformation, cell 
cycle regulation, and the control of cell differentiation and 
proliferation (6). These proteins bind DNA through their 
zinc finger domains, while the KRAB domain interacts with 
KRAB-associated protein 1 (KAP1) to recruit additional 
co-regulators (7-9). In addition to DNA binding, the zinc 
finger structural domain is involved in protein-protein 
interactions (10). ZNF528 has a variety of biological roles 
and is a regulator of bone-related biological functions, and 
its mutation affects the expression of osteoporosis-related  
genes (11). However, its role in cancer remains largely 
unexplored, with limited literature available on its molecular 
function. One study employing RNA sequencing reported 
that wild-type ZNF528 regulates cell cycle and cancer-related 
signaling pathways, whereas a ZNF528 mutant upregulates the 
Wnt and Notch signaling pathways (11). The Wnt signaling 
pathway plays key roles in cell cycle progression, cell death, 
epithelial-mesenchymal transition (EMT), angiogenesis, 
stemness, and the tumor immune microenvironment. 
Its dysregulation is associated with various cancers and 
contributes to tumor initiation, progression, metastasis, 
and drug resistance (12-14). Similarly, the Notch signaling 
pathway has been implicated in tumorigenesis, progression, 
metastasis, and chemoresistance (15,16), suggesting a 
potential role for ZNF528 in lung cancer progression. In this 
study, we aimed to investigate the molecular mechanisms 
of lung cancer metastasis using single-cell sequencing. We 
analyzed scRNA-seq data from primary and metastatic lung 
cancer samples obtained from the Gene Expression Omnibus 
(GEO) database. By examining the expression profiles of 
differentially expressed genes (DEGs) in epithelial cells, we 
identified ZNF528 as upregulated in metastatic lung cancer 
tissues. ZNF528 may thus serve as a prognostic indicator 
and diagnostic marker for lung cancer metastasis. Through  
in vitro and in vivo experiments, we further demonstrated 
that ZNF528 promotes lung cancer cell migration and 
invasion by facilitating EMT. We present this article 
in accordance with the ARRIVE and MDAR reporting 
checklists (available at https://tlcr.amegroups.com/article/
view/10.21037/tlcr-2026-1-0008/rc).

Highlight box

Key findings
•	 Single‑cell RNA sequencing of human NSCLC revealed zinc 

finger protein 528 (ZNF528) as a significantly upregulated gene in 
metastatic epithelial cells, and its high expression correlated with 
poor prognosis in clinical cohorts.

•	 ZNF528 promoted NSCLC cell proliferation, migration, invasion, 
and epithelial‑mesenchymal transition (EMT) in vitro, at least in 
part through a SNAIL‑dependent mechanism and activation of 
Wnt/Notch signaling.

•	 ZNF528 overexpression enhanced tumor growth and lung 
metastasis in mouse xenograft models, accompanied by EMT 
marker changes in vivo.

What is known and what is new?
•	 Metastasis is the major cause of NSCLC‑related death, yet its 

molecular drivers remain incompletely understood. ZNF528, a 
KRAB‑C2H2 zinc finger protein, has known roles in bone biology 
but is largely uncharacterized in cancer.

•	 This study provides the f irst  evidence that ZNF528 is 
overexpressed in metastatic NSCLC epithelium, promotes 
metastasis via SNAIL‑mediated EMT and Wnt/Notch pathway 
activation, and holds prognostic value.

What is the implication, and what should change now?
•	 ZNF528 represents a novel prognostic biomarker and therapeutic 

target for metastatic NSCLC.
•	 Future research should validate ZNF528 in larger clinical cohorts 

and explore strategies to block ZNF528‑driven signaling for 
metastasis prevention and therapy.
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Methods

Bioinformatics analyses

Data acquisition and processing
Datasets for this study were obtained from public 
repositories. The scRNA-seq dataset GSE131907 was 
downloaded from the GEO (https://www.ncbi.nlm.nih.gov/
geo/). Bulk RNA-seq data for LUAD were retrieved from 
the GEO database using the NSCLC cohort GSE31210, 
which provides transcriptome expression profiles and 
corresponding clinical follow-up information. This cohort 
comprises a total of 226 LUAD samples, with molecular 
subtypes including EGFR mutations (127 cases), KRAS 
mutations (20 cases), EML4-ALK fusion (11 cases), and 
triple-negative cases (68 cases).

scRNA‑seq data processing and analysis
The scRNA-seq data were processed and analyzed using the 
Seurat package (version 4.0). Quality control was performed 
by retaining cells that expressed more than 200 genes and 
had a total RNA count (nCount_RNA) between 200 and 
50,000. Genes detected in at least 5 cells were included for 
downstream analysis. After filtering, 20,665 cells from the 
metastatic lymph node (mLN) group and 43,721 cells from 
the primary lung (tLung) group were retained for subsequent 
analysis. The top 5,000 highly variable genes were selected 
for dimensionality reduction. Principal component analysis 
(PCA) was performed, followed by clustering using a 
shared nearest neighbor (SNN) algorithm, which identified  
24 distinct cell clusters. Uniform Manifold Approximation 
and Projection (UMAP) was applied for visualization. Based 
on the dimensionality reduction results, a nearest-neighbour 
graph was constructed using FindNeighbors () (dims =1:30), 
and clustering was performed using the FindClusters () 
function across a range of resolutions (0–1, in increments 
of 0.1). A clustering stability tree was generated using the 
Clustree package, and the most stable resolution (0.5) was 
selected as the final clustering level.

Cell type annotation and marker identification
Cell types were annotated automatically using the SingleR 
package with the BlueprintEncodeData reference, 
identifying eight major cell types: T cells, NK cells, 
myeloid cells, B cells, mast cells, fibroblasts, epithelial cells, 
and endothelial cells. Marker genes for each cell type were 
identified using the ‘FindAllMarkers’ function in Seurat, 
which employs a Wilcoxon rank-sum test. 

Epithelial cell sub‑analysis
Epithelial cells were extracted for further investigation. 
Differential gene expression between the mLN and tLung 
epithelial populations was assessed using the ‘FindMarkers’ 
function, with DEGs defined as those with an adjusted 
P<0.05 and |log2 fold change| >1. Epithelial cells were then 
re-clustered into 13 subgroups (EC0–EC12). Pseudotime 
trajectory analysis was performed on all epithelial cells using 
Monocle2.

Functional enrichment analysis
Functional enrichment analysis was performed using the 
clusterProfiler (v4.12.6), enrichplot (v1.24.0), org.Hs.eg.db 
(v3.19.1), topGO (v2.56.0), and GO.db (v3.19.1) packages. 
Gene Ontology (GO) and Kyoto Encyclopedia of Genes 
and Genomes (KEGG) analyses were conducted to identify 
biological processes and signalling pathways associated 
with DEGs. In addition, gene set enrichment analysis 
(GSEA) was performed using clusterProfiler combined 
with Hallmark and KEGG gene sets provided by msigdbr 
(v2023.1.1). Enrichment results were visualised using 
enrichplot, ggplot2, and ComplexHeatmap (v2.20.0), and 
enrichment network circular plots were generated using 
circlize (v0.4.16).

Bulk RNA‑seq analysis of GSE31210
The transcriptome expression profiles and corresponding 
clinical follow-up information of the NSCLC cohort 
GSE31210 were downloaded from the GEO database. 
This cohort consisted of a total of 226 LUAD samples, 
with molecular subtypes including EGFR mutations  
(127 cases), KRAS mutations (20 cases), EML4-ALK fusion 
(11 cases), and triple-negative cases (68 cases). To ensure the 
accuracy of prognostic analysis, all 226 samples with follow-
up time greater than 0 were included in subsequent survival 
modeling.

Prognostic grouping and survival analysis
To evaluate the clinical prognostic value of ZNF528 in 
LUAD, patients were divided into ZNF528 high-expression 
and low-expression groups based on the median messenger 
RNA (mRNA) expression level of ZNF528 in this cohort.

The Kaplan-Meier (K-M) survival curve was used to 
illustrate the differences in cumulative survival probability 
between the two groups during the follow-up period. 
The Log-rank test was employed to assess the statistical 
significance of the difference in survival curves between the 
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expression groups.

Experimental validation

Clinical tissue samples
A total of 60 paired primary (NSCLC tissues and matched 
adjacent non-tumor lung tissues (≥5 cm from the tumor 
margin) were collected from patients who underwent 
surgical resection at Nanjing Drum Tower Hospital. Due 
to inevitable tissue loss during the preparation and staining 
processes, 59 adjacent non-tumor samples and 56 tumor 
tissues were finally available for immunohistochemical 
(IHC) analysis. All specimens were histologically confirmed 
by two independent pathologists. The study was conducted 
in accordance with the Declaration of Helsinki and its 
subsequent amendments. This study was approved by 
the Ethics Committee of Nanjing Drum Tower Hospital 
(approval No. 263-02), and written informed consent was 
obtained from all patients prior to sample collection.

Cell culture and transfection
The human normal bronchial epithelial cell line BEAS-
2B and NSCLC cell lines NCI-H292, HCC827, A549 
and NCI-H358 were obtained from the Cell Bank of the 
Chinese Academy of Sciences. The luciferase-labeled 
mouse Lewis lung carcinoma (Luc-LLC) cell line was 
purchased from Shanghai Tianyi Zhonghe Biotechnology 
Co., Ltd. (Shanghai, China). Cells were cultured in F-12 
medium (Gibco, #12634010, Grand Island, NY, USA) or 
RPMI-1640 medium (Proteintech, #PM00032, Chicago, 
IL, USA), both supplemented with 10% fetal bovine serum 
(Corning, #35-081-CV, Corning, NY, USA). ZNF528-
specific short hairpin RNA (shRNA) oligonucleotides and 
the ZNF528 overexpression plasmid were constructed by 
Shanghai HeYuan Biotechnology Co., Ltd. (Shanghai, 
China). The targeting shRNA sequence for human 
ZNF528 was 5'-CCAGAAGCUGUACAAUCAATT-3'; 
a non-targeting scrambled shRNA (5'-UUCUCCGAAC 
GUGUCACGUTT-3') served as a negative control. 
For transfection, A549 and NCI-H358 cells were seeded 
and allowed to reach 70–80% confluency, after which 
shRNA or plasmid was delivered using LipofectamineTM 
8000 (Beyotime, #C0533, Shanghai, China) following the 
manufacturer’s protocol.

Reverse transcription quantitative polymerase chain 
reaction (RT-qPCR)
Total RNA was extracted using the RNeasy Mini 

Kit (Qiagen, #74014, Hilden, NRW, Germany) and 
quantified with a NanoDrop 2000 (Thermo Scientific, 
Waltham, MA, USA). Complementary DNA (cDNA) 
was synthesized from 1 µg RNA using SuperScriptTM 
IV VILOTM Master Mix (Thermo Fisher, #11756050, 
USA). Quantitative polymerase chain reaction (qPCR) 
was performed in triplicate using SYBR Green PCR 
Master Mix (Bio-Rad) under the following conditions: 
95 °C for 3 min; 40 cycles of 95 °C for 10 s, 60 °C for 30 
s, and 72 °C for 30 s. Gene expression was normalized to 
glyceraldehyde-3-phosphate dehydrogenase (GAPDH) 
and analyzed via the 2−ΔΔCT method. Primer sequences: 
ZNF528 (F: 5'-GAGGACCTGGAGCAGTTTGA-3'; 
R: 5'-TGCTGCTCTGTTGCTGTTCT-3'); GAPDH 
(F:  5 ' -AGATCCCTCCAAAATCAAGTGG-3' ;  R: 
5'-GGCAGAGATGATGACCCTTTT-3').

Cell proliferation assays
Cells were seeded in 96-well plates at a density of 1×104 
cells per well and cultured in fresh medium. For each 
group, five replicate wells were used. Cell viability was 
assessed at 0, 24, 48, 72, and 96 hours using a Super-
Enhanced Cell Counting Kit-8 (CCK-8) (C0048M-500T, 
Beyotime, Shanghai, China) according to the manufacturer’s 
instructions. Absorbance at 450 nm (A450) was measured 
using a microplate reader. The entire assay was performed 
in triplicate.

Cell scratch healing experiment
A549 and NCI-H358 cells were seeded in 6-well plates 
at 5×105 cells per well and grown to approximately 90% 
confluency. A uniform scratch was made across the 
cell monolayer using a sterile 200 μL pipette tip. After 
washing, cells were maintained in serum-free medium. 
Wound closure was monitored at 0 and 24 hours under a 
microscope, and images were captured for analysis. The 
distance between wound edges was measured using ImageJ 
software, and the migration rate was calculated.

Transwell assay
Cell invasion was evaluated using Transwell chambers (8-μm 
pore size). The lower chambers were filled with medium 
containing 10% FBS as a chemoattractant. After serum 
starvation for 12 hours, 2×104 A549 or NCI-H358 cells in 
serum-free medium were seeded into the upper chambers. 
Following 24 hours of incubation at 37 °C, cells that had 
invaded through the membrane were fixed with absolute 
ethanol for 20 minutes and stained with 0.1% crystal violet 
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for another 20 minutes. Non-invading cells on the upper 
surface were removed with a cotton swab. Stained cells were 
imaged under a microscope, and the average number of 
cells per field from at least six random fields was counted to 
quantify invasion.

Immunoblotting
Total protein was extracted from NSCLC cells, separated 
by 10% SDS-PAGE, and transferred onto PVDF 
membranes (PE0010, Millipore, Billerica, MA, USA). 
Membranes were blocked and then incubated overnight at 
4 °C with the following primary antibodies: anti-E-cadherin 
(20874-1-AP, Proteintech, Chicago, IL, USA; 1:5,000), 
anti-N-cadherin (22018-1-AP, Proteintech; 1:3,000), anti-
Vimentin (10366-AP, Proteintech; 1:20,000), anti-SNAI2/
SLUG (12129-1-AP, Proteintech; 1:10,000), anti-ZNF528 
(SAB2102898, Merck, Darmstadt, Germany; 1:2,000), anti-
GSK-3β (67329-1-Ig, Proteintech; 1:5,000), anti-p-GSK-
3β (P00791-2, boster, Pleasanton, CA, USA; 1:5,000), 
anti-β-catenin (A19657, abclonal, Woburn, MA, USA; 
1:5,000), anti-Notch (20687-1-AP, Proteintech; 1:5,000), 
anti-NICD (20687-1-AP, Proteintech; 1:5,000), anti-Hes1 
(A0925, abclonal; 1:5,000) and anti-β-Actin (20536-1-AP, 
Proteintech; 1:5,000). After washing, membranes were 
incubated with an HRP-conjugated secondary antibody 
(GB23303, Servicebio, Wuhan, China; 1:8,000) for 1 hour 
at room temperature. Protein bands were visualized using 
enhanced chemiluminescence substrate and imaged with a 
chemiluminescence detection system.

Animal experiment
Twelve male nude mice (5–6 weeks old, 15–20 g) were 
obtained from Shanghai Jihui Laboratory Animal Co., Ltd. 
(Shanghai, China). Experiments were performed under a 
project license (approval No. 263-02) granted by the Ethics 
Committee of Nanjing Drum Tower Hospital, in compliance 
with institutional guidelines for the care and use of animals. 
To establish a subcutaneous xenograft model, A549 cells 
transfected with either a ZNF528 overexpression plasmid or 
an empty vector control were harvested and resuspended in 
sterile PBS. Each mouse received a subcutaneous injection 
of 100 μL cell suspension containing 1×107 cells. Mice were 
randomly divided into two groups (n=6 per group): the 
ZNF528 overexpression group and the vector control group. 
Tumor growth was monitored every three days by measuring 
tumor dimensions with a caliper. Tumor volume was 
calculated using the formula: volume = (length × width2)/2. 
After 28 days, the mice were humanely euthanized, and 

the tumors were surgically removed, photographed, and 
weighed. For further analysis, tumor specimens were 
preserved by freezing at −80 °C or 4% paraformaldehyde 
fixation. 

Experimental metastasis was evaluated using a tail-
vein injection model. Luciferase-labeled LLC cells stably 
overexpressing ZNF528 or empty vector were injected 
intravenously (2×105 cells/mouse) into nude mice (n=6 
per group). Following injection, general health status was 
monitored through daily observation of diet and body weight. 
Metastatic progression was assessed via bioluminescence 
imaging after intraperitoneal administration of D-luciferin. 
At the experimental endpoint (3 weeks post-injection), 
lung tissues were harvested, with one lobe snap-frozen for 
subsequent molecular analysis and the other lobe fixed in 
paraformaldehyde for histological examination.

Histopathology and immunohistochemistry (IHC)
Tumor samples were fixed overnight in 4% paraformaldehyde 
at 4 °C, embedded in paraffin, and sectioned at a thickness 
of 4 μm. Sections were stained with hematoxylin and eosin 
(H&E; G1005-500ML, Servicebio) for histopathological 
evaluation. Three representative sections per group were 
examined under a light microscope.

For IHC, tissue slides were deparaffinized, rehydrated 
through a graded alcohol series, and subjected to antigen 
retrieval in sodium citrate buffer. Endogenous peroxidase 
activity was blocked with 0.3% H2O2, followed by incubation 
with 1% goat serum for 30 minutes at room temperature. 
Sections were then incubated overnight at 4 °C with a 
primary antibody against Ki67 (28074-1-AP, Proteintech). 
Subsequently, slides were incubated with a horseradish 
peroxidase (HRP)-conjugated secondary antibody for  
30 minutes at room temperature. Staining was developed 
using 3,3’-diaminobenzidine (DAB) as a chromogen, and 
nuclei were counterstained with hematoxylin.

Statistical analysis

All bioinformatics and statistical analyses were performed 
us ing  R sof tware  (vers ion 4 .4 .2) .  Visua l iza t ions 
were generated primarily using the ggplot2 (v3.5.2), 
ComplexHeatmap (v2.20.0), and circlize (v0.4.16) packages. 
Specifically, time-related event survival modeling was 
conducted using the survival (v3.7.0) package, and high-
quality Kaplan-Meier curves were plotted using the 
survminer (v0.4.9) package. For comparisons of continuous 
variables between two groups, either the Wilcoxon rank 
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sum test or Student’s t-test was used, depending on the 
data distribution. For comparisons among multiple groups, 
the Kruskal-Wallis test or one-way analysis of variance 
(ANOVA) was applied. To control for false positives due to 
multiple comparisons, the Benjamini-Hochberg method 
was used to adjust P values [false discovery rate (FDR) 
correction]. All statistical tests were two-sided, and a two-
sided P<0.05 was considered statistically significant.

Statistical analyses were performed using GraphPad 
Prism (version 10.1.2). Continuous data are presented as 
mean ± standard deviation (SD). Differences between two 
groups were assessed using two-tailed Student’s t-test, while 
comparisons among more than two groups were analyzed 
by one-way ANOVA. The Chi-squared test (χ2 test) was 
used to compare the distribution of clinicopathological 
features (gender, age group, tumor grade, distant metastasis, 
and lymph node metastasis) between the ZNF528 low-
expression and high-expression groups. A P<0.05 was 
considered statistically significant. Significance levels are 
indicated in figures as follows: *, P<0.05; **, P<0.01; ***, 
P<0.001, and ****, P<0.0001.

Results

The single-cell landscape of primary and metastatic lung 
cancer

scRNA-seq data from 7 human lung cancer lymphatic 
metastasis samples and 11 primary lung cancer samples were 
obtained from the GEO dataset GSE131907 for in-depth 
analysis. Samples were categorized into lung cancer lymphatic 
metastases (mLN) and primary lung tumors (tLung). 
Following standard quality control to exclude compromised 
cells and multiplets, data were processed using the Seurat R 
package. Cell filtering criteria included: genes detected per 
cell >200, and total RNA molecules per cell (nCount_RNA) 
between 200 and 50,000 (Figure S1A). After quality filtering, 
20,665 cells from the mLN group and 43,721 cells from the 
tLung group were retained for downstream analysis. The 
optimal number of principal components for subsequent 
analysis was determined using an elbow plot (Figure S1B).

Cells from both the mLN and tLung groups were 
subjected to two-step dimensionality reduction, first with 
PCA and then with UMAP, following the default settings of 
the Seurat package, and were ultimately visualized in a two-
dimensional space. Based on the PCA results (Figure S1C), 
cells were clustered using the SNN algorithm into 24 distinct 
clusters with similar expression profiles, as visualized in the 

UMAP plot (Figure 1A).
Cell  type annotat ion was performed using the 

BlueprintEncodeData reference dataset, with subsequent 
refinement and validation using established marker genes. 
This process identified eight major cell types: T cells, NK 
cells, Myeloid cells, B cells, Mast cells, Fibroblasts, Epithelial 
cells, and Endothelial cells (Figure 1B). Figure 1C,1D display 
the characteristic marker genes and the top differential marker 
genes for each cell type, respectively. Comparative analysis 
of cell type proportions revealed statistically significant 
differences between the mLN and tLung groups across all 
identified types, including epithelial cells (Figure 1E). 

Significant heterogeneity of epithelial cells in primary and 
metastatic lung cancer

To elucidate the mechanisms underlying lung cancer 
metastasis, epithelial cells were further subclustered into 13 
distinct subpopulations (EC0–12) (Figure 2A). The proportion 
of these epithelial subpopulations differed significantly 
between the mLN and tLung groups (Figure 2B). Notably, 
differential abundance analysis revealed that EC2 and EC9 
were significantly enriched in mLN samples, while EC0 and 
EC4–7 were more abundant in tLung samples, suggesting 
that specific epithelial subpopulations possess an intrinsic 
predisposition for metastatic dissemination. Pseudotime 
trajectory analysis of all epithelial cells using Monocle2 
indicated a continuum of epithelial differentiation, with 
clear branching patterns corresponding to distinct cell 
states (Figure 2C). Cells from mLN and tLung showed 
differential positioning along the trajectory, suggesting 
tissue-dependent differentiation dynamics. Gene expression 
heatmaps across pseudotime highlighted dynamic regulation 
of key epithelial markers (Figure 2D), capturing transitions 
from progenitor-like to more differentiated states. Along 
the pseudotime trajectory, ZNF528 expression gradually 
increased from early to mid-pseudotime and reached its 
highest level at the distal ends of the right-hand branches 
(Figure 2D). This pattern indicates that ZNF528 expression 
is progressively upregulated during the differentiation 
process and is associated with a late-stage, potentially 
invasive cellular state. 

Differential gene expression analysis between mLN 
and tLung epithelial populations was performed using the 
FindMarkers function in Seurat, with results visualized in a 
volcano plot (Figure 2E). Among the 1,002 DEGs identified 
in epithelial cells, ZNF528 was notably upregulated in 
the metastatic (mLN) epithelium, exhibiting a 1.72-fold 

https://cdn.amegroups.cn/static/public/TLCR-2026-1-0008-Supplementary.pdf
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Figure 1 Single-cell transcriptomic landscape of tLung and mLN. (A) UMAP visualisation of 24 distinct clusters identified from all cells. 
(B) UMAP plot showing annotation of the 24 clusters into nine major cell types. (C) Dot plot depicting the expression levels of canonical 
marker genes used to define each cell cluster. (D) Heatmap displaying the top differentially expressed marker genes for each annotated cell 
type. (E) Bar plot showing the relative proportions of each cell subtype in tLung versus mLN groups. mLN, metastatic lymph nodes; tLung, 
primary lung tumours; UMAP, Uniform Manifold Approximation and Projection.
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Figure 2 Epithelial cell transcriptional profiles of tLung and mLN groups. (A) UMAP plots of 12 epithelial cell subtypes. (B) UMAP plots 
of epithelial cell subtypes in the tLung and mLN groups. (C) Pseudotime trajectory analysis of epithelial cells. Top left: cell states colored 
by inferred differentiation state. Top right: pseudotime progression along the trajectory. Bottom left: cells colored by tissue origin, showing 
differentiation dynamics in mLN versus tLung. Bottom right: cells colored according to Seurat clusters, highlighting cluster-specific 
positioning along the trajectory. (D) The heatmap displays expression patterns of selected genes across different cell types and differentiation 
states during pseudotime analysis. (E) Volcano plot of DEGs in epithelial cells between tLung and mLN groups. Red and blue points 
indicate significantly up- and down-regulated genes, respectively, with key genes labeled. (F) Distribution of the signature gene ZNF528 in 
the epithelial cells of tLung and mLN. DEGs, differentially expressed genes; mLN, metastatic lymph nodes; tLung, primary lung tumours; 
UMAP, Uniform Manifold Approximation and Projection.
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increase in expression (adjusted P=1.49e−38). The expression 
distribution of ZNF528 across tLung and mLN epithelial 
cells is shown in Figure 2F, where it was significantly 
expressed in the EC2 subpopulations within the mLN group, 
which corresponded precisely to the subpopulations enriched 
in metastatic samples. 

To explore the functional implications of the DEGs in 
epithelial cells between the two groups, GO and KEGG 
pathway enrichment analyses were conducted (Figure 3A,3B). 
The results indicated that the significantly upregulated 
pathways in mLN were closely associated with tumor 
metastasis, including positive regulation of the MAPK 
cascade, positive regulation of NF-κB transcription factor 
activity, TNF signaling pathway, IL-17 signaling pathway, 
and pyrimidine metabolism. GSEA further confirmed 
significant upregulation of the pyrimidine metabolism and 
IL-17 signaling pathways (Figure 3C,3D). These findings 
collectively suggest that epithelial cell heterogeneity plays a 
pivotal role in the metastatic progression of lung cancer.

ZNF528 is highly expressed in NSCLC and is associated 
with poor prognosis

To evaluate the clinical relevance of ZNF528 in NSCLC, 
based on the GSE31210 database, we first analyzed its 
prognostic value using K-M survival analysis. As shown in 
Figure 4A, patients with high ZNF528 expression exhibited 
significantly shorter overall survival compared to those 
with low ZNF528 expression, indicating that ZNF528 
upregulation is associated with poor clinical outcome.

IHC staining was performed to detect ZNF528 protein 
levels in clinical primary tumor tissues and adjacent non-
tumor tissues. Figure 4B demonstrates that ZNF528 
expression was markedly elevated in tumor tissues relative 
to adjacent normal counterparts. Among 56 NSCLC 
patients, 18 cases showed low ZNF528 expression and 38 
cases showed high expression. Chi-square analysis further 
revealed that high ZNF528 expression was positively 
correlated with tumor grade (P=0.01) (Table 1), suggesting a 
potential role of ZNF528 in tumor progression.

We next examined ZNF528 expression across a panel of 
NSCLC cell lines. RT-qPCR (Figure 4C) and Western blot 
(Figure 4D) analyses showed that, compared with the normal 
bronchial epithelial cell line BEAS-2B, ZNF528 mRNA 
and protein levels were upregulated in both KRAS-wild-type 
(HCC827) and KRAS-mutant (A549 and NCI-H358) NSCLC 
cells. These results indicate that ZNF528 is upregulated 
in NSCLC tissues and cell lines, and its high expression 

correlates with poor prognosis and higher tumor grade.

ZNF528 plays a key role in cell metastasis in vitro

We analyzed LUAD data from the GSE31210, retaining 
226 tumor samples for further investigation. Gene sets for 
the Biocarta p38MAPK, cell cycle, HALLMAPK PI3K 
AKT MTOR and NF-κappa B pathways were obtained 
from the MSigDB database, and pathway activity scores for 
each tumor sample were calculated using the ssgseaParam 
function in the GSVA package. Using the ggstatsplot 
package, correlation analysis between ZNF528 expression 
and the scores of these pathways showed that ZNF528 
expression was significantly positively associated with key 
metastasis-related signalling pathways, including Biocarta 
p38MAPK pathway, Cell cycle, HALLMAPK PI3K AKT 
MTOR signaling pathway and NF-κappa B signaling 
pathway (Figure S2A-S2D).

To further define the biological function of ZNF528 in 
NSCLC, we established stable ZNF528 knockdown and 
overexpressing cell lines in A549 and NCI-H358 cells. The 
efficiency of ZNF528 modulation was confirmed at both 
the mRNA and protein levels by RT-qPCR and Western 
blot analysis, respectively (Figure 5A,5B). CCK-8 assays 
demonstrated that knockdown of ZNF528 inhibited the 
proliferation of A549 and NCI-H358 cells, whereas its 
overexpression promoted cell proliferation (Figure 5C).

The impact of ZNF528 on NSCLC cell migration and 
invasion was assessed using wound healing and Transwell assays. 
The results showed that ZNF528 knockdown suppressed the 
migration of both cell lines and showed a trend toward reduced 
invasion. Conversely, overexpression of ZNF528 significantly 
enhanced both the migratory and invasive capacities of A549 
and NCI-H358 cells (Figure 6A,6B). To investigate the 
mechanism, we analyzed the expression of EMT-related 
proteins by Western blot. The results (Figure 6C; Figure 
S3) indicated that ZNF528 knockdown increased expression 
of the epithelial marker E-cadherin while decreasing 
expression of the mesenchymal markers N-cadherin 
and Vimentin, as well as the EMT transcription factor 
Snail. Overexpression of ZNF528 produced the opposite 
effects, suppressing E-cadherin and elevating N-cadherin, 
Vimentin, and Snail levels. These data suggest that 
ZNF528 promotes EMT progression. Taken together, 
these results underscore the oncogenic role of ZNF528 
in driving NSCLC cell proliferation, migration, invasion,  
and EMT.

Given the critical roles of Wnt and Notch signaling 

https://cdn.amegroups.cn/static/public/TLCR-2026-1-0008-Supplementary.pdf
https://cdn.amegroups.cn/static/public/TLCR-2026-1-0008-Supplementary.pdf
https://cdn.amegroups.cn/static/public/TLCR-2026-1-0008-Supplementary.pdf
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Figure 3 Pathway enrichment analysis of DEGs in epithelial cells between mLN and tLung. (A) Enriched GO-BP terms in mLN versus 
tLung epithelial cells. (B) Enriched KEGG pathways in mLN versus tLung epithelial cells. (C,D) GSEA enrichment plots for pyrimidine 
metabolism (C) and IL-17 signalling pathway (D) in mLN epithelial cells. BP, biological process; DEGs, differentially expressed genes; GO, 
Gene Ontology; GSEA, gene set enrichment analysis; KEGG, Kyoto Encyclopedia of Genes and Genomes; mLN, metastatic lymph nodes; 
NES, Normalized Enrichment Score; tLung, primary lung tumours.
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pathways in EMT and tumor progression, we next assessed 
the expression of key components of these pathways. As 
shown in Figure 6D (Figure S4), ZNF528 overexpression 
upregulated the protein levels of β-catenin, p-GSK-3β 
and total GSK-3β in A549 and NCI-H358 cells, indicative 
of Wnt pathway activation. Additionally, ZNF528 
overexpression elevated the levels of Notch intracellular 
domain (NICD) and its downstream effector Hes1, 
demonstrating activation of Notch signaling. In contrast, 
ZNF528 knockdown suppressed the expression of these 
pathway mediators.

ZNF528 promotes migration, invasion, and EMT in 
NSCLC cells via SNAIL regulation

To investigate the functional role of ZNF528 in NSCLC 
progression, gain-of-function experiments combined 

with SNAIL knockdown were performed in A549 and 
NCI-H358 cells. Wound healing assays demonstrated 
that overexpression of ZNF528 significantly enhanced 
the migratory capacity of both A549 and NCI-H358 cells 
compared to control groups. However, silencing of SNAIL 
markedly attenuated the promotive effect of ZNF528 on cell 
migration (Figure 7A,7B). Consistently, Transwell migration 
assays further confirmed that ZNF528 overexpression led 
to a significant increase in the number of migrated cells, 
whereas SNAIL knockdown partially reversed this effect 
(Figure 7C,7D). Similarly, Transwell invasion assays showed 
that ZNF528 significantly promoted the invasive ability of 
NSCLC cells, while SNAIL depletion suppressed ZNF528-
induced invasion (Figure 7E,7F).

At the molecular level, Western blot analysis revealed 
that ZNF528 overexpression decreased the expression of the 
epithelial marker E-cadherin and increased the expression 

Figure 4 ZNF528 upregulation correlates with poor prognosis and is elevated in NSCLC tissues and cell lines. (A) Kaplan-Meier survival 
curves of NSCLC patients with high vs. low ZNF528 expression. (B) IHC staining of ZNF528 in tumor and adjacent non-tumor tissues 
(scale bar =50 μm). (C) RT-qPCR analysis of ZNF528 mRNA levels in the normal bronchial epithelial cell line BEAS-2B and NSCLC 
cell lines (NCI-H292, HCC827, A549, and NCI-H358). (D) Western blot analysis of ZNF528 protein expression in the normal bronchial 
epithelial cell line BEAS-2B and NSCLC cell lines (NCI-H292, HCC827, A549, and NCI-H358). The count was repeated three times and 
data are represented as the mean ± SD. (ns, P≥0.05; ***, P<0.001; ****, P<0.0001). IHC, immunohistochemical; mRNA, messenger RNA; 
ns, not significant; NSCLC, non-small cell lung cancer; OS, overall survival; RT-qPCR, reverse transcription quantitative polymerase chain 
reaction; SD, standard deviation.
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Table 1 Association between ZNF528 expression levels and clinicopathological features in patients

Clinicopathological  
features

ZNF528 low  
expression (n=18)

ZNF528 high 
expression(n=38)

χ² value P value
Statistical  

significance

Gender 0.394 0.53 Not significant

Male 12 (66.7) 22 (57.9)

Female 6 (33.3) 16 (42.1)

Age group 0.296 0.59 Not significant

<60 years 8 (44.4) 14 (36.8)

≥60 years 10 (55.6) 24 (63.2)

Grade 6.31 0.01* Significant

1–2 11 (61.1) 10 (26.3)

3 7 (38.9) 28 (73.7)

Distant metastasis 1.651 0.20 Not significant

No 17 (94.4) 31 (81.6)

Yes 1 (5.6) 7 (18.4)

Lymph node metastasis 0.823 0.36 Not significant

No 16 (88.9) 30 (78.9)

Yes 2 (11.1) 8 (21.1)

Data are presented as n (%). *, P<0.05.

of mesenchymal markers N-cadherin and Vimentin, along 
with upregulation of SNAIL. Notably, knockdown of 
SNAIL reversed these EMT-related changes induced by 
ZNF528 (Figure 7G,7H).

Collectively, these results indicate that ZNF528 promotes 
migration, invasion, and epithelial-mesenchymal transition 
in NSCLC cells, at least in part through a SNAIL-
dependent mechanism.

Upregulation of ZNF528 promotes lung cancer growth 
and metastasis in vivo

To assess the impact of ZNF528 on NSCLC growth in vivo, 
nude mice were subcutaneously inoculated with NSCLC cells 
overexpressing ZNF528. Tumor volume was monitored every 
three days beginning on day 10. At the experimental endpoint 
(day 28), mice were euthanized, and tumors were excised 
and photographed. Overexpression of ZNF528 significantly 
enhanced tumor growth compared to the control group 
(Figure 8A-8C). Western blot analysis confirmed higher 
ZNF528 protein expression in tumors from the ZNF528-

overexpressing group (Figure 8D, Figure S3). Consistent 
with in vitro observations, ZNF528-overexpressing tumors 
displayed reduced levels of the epithelial marker E-cadherin, 
along with elevated expression of the mesenchymal markers 
N-cadherin and Vimentin, and the transcription factor Snail, 
indicating that ZNF528 promotes EMT in vivo (Figure 8D). 
Histopathological examination further revealed extensive 
proliferative lesions in subcutaneous tumors from the 
ZNF528 overexpression group (Figure 8E).

In the Luc-LLC experimental lung metastasis model, 
mice injected with ZNF528-overexpressing cells exhibited 
significantly stronger bioluminescent signals in the lungs 
compared to the control group, indicating enhanced 
metastatic burden (Figure 8F). Upon termination of the 
experiment, visual inspection and quantitative analysis 
revealed a marked increase in the number of metastatic 
nodules on the lung surfaces in the ZNF528 overexpression 
group (Figure 8G,8H). Histological assessment confirmed 
prominent tumor formation in these lungs. Furthermore, 
IHC staining demonstrated significantly elevated ZNF528 
protein expression within the metastatic tumors of the 

https://cdn.amegroups.cn/static/public/TLCR-2026-1-0008-Supplementary.pdf
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Figure 5 ZNF528 promoted the proliferation of NSCLC cells. (A) The efficiency of ZNF528 knockdown and overexpression in A549 and 
NCI-H358 cells was detected by RT-qPCR following transfection. (B) The efficiency of ZNF528 knockdown and overexpression in A549 
and NCI-H358 cells was confirmed by Western blot. Protein intensity was analyzed by densitometry, and the levels were normalized to 
β-actin. (C) Cell proliferation was assessed using the CCK-8 assay in A549 and NCI-H358 cells after ZNF528 knockdown or overexpression. 
The count was repeated three times and data are represented as the mean ± SD. (***, P<0.001; ****, P<0.0001). CCK-8, Cell Counting 
Kit-8; mRNA, messenger RNA; NSCLC, non-small cell lung cancer; OD, optical density; RT-qPCR, reverse transcription quantitative 
polymerase chain reaction; SD, standard deviation.

ZNF528-overexpressing group (Figure 8I).

Discussion

In this study, we employed scRNA-seq to investigate the 
mechanisms underlying lung cancer metastasis. Through 
analysis of the GEO database, we identified DEGs in 
epithelial cells from primary and metastatic lung cancer 
tissues, among which ZNF528 was markedly upregulated in 
the metastatic epithelium. Subsequent in vitro and in vivo 
experiments demonstrated that ZNF528 promotes lung 
cancer cell migration and invasion by facilitating EMT. Our 

findings suggest that ZNF528 may serve as a prognostic 
indicator for lung cancer metastasis and represent a 
promising therapeutic target for metastatic NSCLC.

NSCLC constitutes approximately 85% of all lung cancer 
cases. Despite advances in clinical management—including 
surgery, chemotherapy, radiotherapy, and immunotherapy—
NSCLC remains highly metastatic, resulting in a 5-year 
survival rate of only 10–20% (4,17). Metastasis is the 
leading cause of lung cancer-related mortality, involving 
a complex interplay of multiple signaling pathways and 
cellular functions. Nevertheless, the molecular mechanisms 
driving lung cancer metastasis are still not fully understood. 
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Figure 6 ZNF528 promoted migration and invasion of NSCLC cells. (A) Cell migration ability was assessed by wound healing assay in 
A549 and NCI-H358 cells following ZNF528 knockdown or overexpression (scale bar =100 μm). (B) Cell invasion capacity was evaluated 
using Transwell assay in A549 and NCI-H358 cells after ZNF528 knockdown or overexpression (scale bar =30 μm, crystal violet stained). 
(C) Protein levels of E-cadherin, N-cadherin, Vimentin, SNAIL, and β-Actin were detected by Western blot in A549 and NCI-H358 cells 
following ZNF528 knockdown or overexpression. (D) Protein levels of β-catenin, p-GSK-3β, GSK-3β, Notch, NICD, Hes1, and β-Actin 
were detected by Western blot in A549 and NCI-H358 cells following ZNF528 knockdown or overexpression. The count was repeated three 
times and data are represented as the mean ± SD. (*, P<0.05; **, P<0.01; ***, P<0.001; ****, P<0.0001). NICD, Notch intracellular domain; 
NSCLC, non-small cell lung cancer; OE, overexpression; SD, standard deviation.
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Figure 7 ZNF528 promotes migration, invasion, and EMT in NSCLC cells via SNAIL regulation. (A,B) Cell migration ability was assessed by 
wound healing assay in A549 and NCI-H358 cells following ZNF528 overexpression, or ZNF528 overexpression with SNAIL knockdown (scale 
bar =100 μm). (C,D) Cell migration capacity was evaluated using Transwell assay in A549 and NCI-H358 cells after ZNF528 overexpression, 
or ZNF528 overexpression with SNAIL knockdown (scale bar =30 μm, crystal violet stained). (E,F) Cell invasion capacity was evaluated using 
Transwell assay in A549 and NCI-H358 cells after ZNF528 overexpression, or ZNF528 overexpression with SNAIL knockdown (scale bar 
=30 μm, crystal violet stained). (G,H) Protein levels of ZNF528, E-cadherin, N-cadherin, Vimentin, SNAIL, and β-Actin were detected by 
Western blot in A549 and NCI-H358 cells following ZNF528 overexpression, or ZNF528 overexpression with SNAIL knockdown. The count 
was repeated three times and data are represented as the mean ± SD. (*, P<0.05; **, P<0.01; ****, P<0.0001). EMT, epithelial-mesenchymal 
transition; NSCLC, non-small cell lung cancer; OE, overexpression; SD, standard deviation.
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Figure 8 ZNF528 overexpression promotes NSCLC growth and metastasis in vivo. (A) Monitoring of tumor volume in nude mice following 
subcutaneous inoculation of A549 cells. (B) Representative photographs of excised tumors from each group at the experimental endpoint. (C) 
Quantification of tumor weight. (D) Western blot analysis of ZNF528, E‑cadherin, N‑cadherin, Vimentin, and SNAIL protein expression 
in tumor tissues from the control and ZNF528-overexpressing groups; β‑Actin served as the loading control. (E) Histological evaluation 
of tumor tissues by HE staining and IHC staining for Ki67 (scale bar =200 μm). (F) In vivo bioluminescence imaging and quantification of 
metastatic burden in mice after tail‑vein injection of Luc‑LLC cells. (G) Quantitative analysis of metastatic lung nodules. H&E staining 
(H) and IHC staining (I) for ZNF528 in lung tissues from the control and ZNF528-overexpressing groups (scale bar =100 μm). Data are 
presented as mean ± SD. (***, P<0.001; ****, P<0.0001). HE, hematoxylin and eosin; IHC, immunohistochemical; Luc-LLC, luciferase-
labeled mouse Lewis lung carcinoma; NSCLC, non-small cell lung cancer; OE, overexpression.
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In the present study, analysis of single-cell transcriptomic 
data from primary and lymphatically metastatic lung 
cancer tissues revealed elevated expression of ZNF528 in 
epithelial cells from metastatic lesions. Validation in an 
independent scRNA-seq cohort would be needed to confirm 
the robustness of these findings across samples. ZNF528 
belongs to the KRAB C2H2 zinc-finger protein family, yet 
its biological function in cancer remains largely unexplored. 
Our GSEA and KEGG analyses revealed that pathways such 
as MAPK cascade, NF-κB transcription factor activity, IL-
17 signalling, TNF signalling and pyrimidine metabolism 
were significantly upregulated in mLN epithelial cells 
compared to tLung cells. The association of these pathways 
with tumour metastasis is well documented. Dysregulated 
MAPK signalling is known to promote NSCLC progression 
through regulation of proliferation, differentiation and 
EMT (18). NF-κB activation enhances metastasis by 
inducing EMT, a mechanism confirmed in lung cancer 
among other tumour types (19). IL-17 signalling has been 
reported to promote migration, invasion and EMT in lung 
cancer cells (20). TNF family members play important 
roles in oncogenesis and progression (21), and pyrimidine 
metabolism has been recognised as a hallmark of cancer 
that promotes tumour advancement (22). Together, these 
pathway-level findings support the functional relevance of 
our single-cell analyses. Our functional assays demonstrated 
that knockdown of ZNF528 suppressed NSCLC cell 
migration and invasion, whereas its overexpression enhanced 
these malignant phenotypes, suggesting that ZNF528 acts as 
a tumor-promoting factor in NSCLC metastasis.

EMT is a phenotypic reprogramming process that 
confers loss of epithelial characteristics and acquisition of 
mesenchymal traits, thereby enhancing cell motility and 
invasiveness (18,19). Metastatic cancer cells hijack the EMT 
program to initiate dissemination, and aberrant EMT 
activation is closely associated with cancer stemness and 
therapy resistance (23-25). EMT is regulated by a complex 
network of signaling pathways, including TGF-β, Wnt/
β-catenin, and Notch, which converge on key transcription 
factors such as TWIST1, SNAI1/2, and ZEB1/2 (26-28). 
In the present study, immunoblot analysis of ZNF528-
knockdown and ZNF528-overexpress ing NSCLC 
cells revealed that ZNF528 overexpression promotes 
the expression of mesenchymal markers (N-cadherin 
and vimentin) and the EMT-inducing transcription 
factor SNAIL, while suppressing the epithelial marker 
E-cadherin. Given the critical roles of Wnt and Notch 
signaling pathways in EMT, we examined the expression 

of proteins involved in these pathways under different 
ZNF528 expression levels in NSCLC cells and found that 
ZNF528 promotes EMT through activation of both Wnt 
and Notch signaling. SNAIL is a well-established driver 
of tumour metastasis that represses E-cadherin expression 
and facilitates the EMT process (29,30). By knocking 
down SNAIL in ZNF528-overexpressing NSCLC cells, 
we observed that SNAIL depletion reversed the ZNF528-
promoted migration and invasion of tumor cells, indicating 
that ZNF528 regulates NSCLC migration and invasion at 
least partially through SNAIL. Collectively, these findings 
suggest that pharmacological inhibition of Wnt or Notch 
signaling may abrogate ZNF528-driven EMT and metastatic 
phenotypes, providing a rationale for targeting these 
pathways as a therapeutic strategy in ZNF528-overexpressing 
NSCLC.

Most KRAB-containing zinc-finger proteins (KRAB-
ZFPs) function as transcriptional repressors through 
recruitment of KAP1. However, an increasing number of 
KRAB-ZFPs have been reported to act as transcriptional 
activators depending on cellular context or the presence 
of specific co-factors. ZNF528 , while containing a 
KRAB domain, promoted the expression of SNAIL 
and mesenchymal markers in our study, suggesting an 
activating function. This is not without precedent; for 
example, ZNF71 has been shown to promote EMT in 
NSCLC (31), and other KRAB-ZFPs have been implicated 
in transcriptional activation via context-dependent 
mechanisms (32). The precise molecular basis for ZNF528’s 
activating role, whether through loss of KAP1 interaction, 
recruitment of co-activators, or indirect effects, remains to 
be elucidated and warrants further investigation.

Our study provides evidence that ZNF528 promotes lung 
cancer metastasis through EMT activation. Nevertheless, 
several limitations should be acknowledged. First, we used 
two KRAS-mutant NSCLC lines: A549 (adenocarcinoma, 
KRAS G12S) and H358 (bronchioloalveolar carcinoma, 
KRAS G12C). Although their distinct histological and 
biological backgrounds may contribute to baseline differences 
in EMT marker expression or drug responsiveness, 
ZNF528 consistently promoted migration, invasion and 
EMT in both lines, supporting a robust pro-metastatic 
function that is largely independent of cellular context. 
We did not formally dissect the contribution of cell line 
heterogeneity to the observed phenotypes; this warrants 
future investigation using isogenic models. Our functional 
studies were conducted exclusively in LUAD-derived cell 
lines (A549 and H358). Whether ZNF528 exerts similar 
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pro-metastatic effects in other NSCLC subtypes, such as 
squamous cell carcinoma, remains unknown and warrants 
future investigation using a broader panel of cell lines. 
Second, the in vivo assessment of ZNF528’s pro-metastatic 
function relied primarily on the tail vein injection model. 
This model bypasses early steps of the metastatic cascade, 
including local invasion and intravasation, and primarily 
measures circulating survival and colonisation capacity 
rather than spontaneous haematogenous metastasis. More 
importantly, it evaluates haematogenous dissemination, 
whereas our single-cell data suggest a potential role for 
ZNF528 in lymphatic metastasis. Whether ZNF528 
specifically promotes lymphatic spread, haematogenous 
spread, or both therefore remains unknown. Future studies 
using orthotopic or spontaneous metastasis models with 
lymphatic tracing are needed to dissect its pathway-specific 
functions. Third, as our in vivo studies were performed 
in immunodeficient mice, the potential role of ZNF528 
in modulating the tumour-immune microenvironment, 
a critical determinant of metastatic progression, remains 
an important avenue for future investigation. Fourth, the 
clinical relevance of our findings would be strengthened 
by correlating ZNF528 expression with clinicopathological 
parameters—such as tumor-node-metastasis (TNM) 
stage, metastasis-free survival, and overall survival—in a 
large NSCLC patient cohort. Finally, a prospective power 
analysis was not performed to determine the sample size 
for our in vivo experiments (n=6 per group). While this 
sample size is consistent with standard practice in the 
field for xenograft and tail vein metastasis models, and 
our key endpoints demonstrated statistically significant 
differences, the absence of a formal power calculation may 
be considered a limitation. Future studies should include 
a prospective power analysis to ensure adequate statistical 
power for detecting predefined effect sizes.

Beyond the limitations noted above, the potential 
therapeutic relevance of our findings warrants further 
consideration. Zoledronic acid inhibits the mevalonate 
pathway, blocking prenylation of small G proteins (Ras, 
Rac, Rho) (33) and reversing EMT via JAK/STAT3 (34) 
suppression. As ZNF528 promotes EMT, zoledronic 
acid might antagonise this effect. Denosumab, an anti-
RANKL antibody, reduces NSCLC migration and invasion 
through NF-κB and MEK/ERK downregulation (35,36). 
Notably, KRAS-mutant H358 cells are relatively resistant 
to zoledronic acid alone (33); however, combining it with 
a KRAS G12C inhibitor could be synergistic. Similarly, in 
A549 cells (KRAS G12S), combining zoledronic acid with 

MEK or pan-RAS inhibitors may enhance anti-metastatic 
efficacy. While these hypotheses are beyond the current 
scope, they provide a strong rationale for future studies in 
ZNF528-overexpressing models.

Conclusions

In conclusion, this multi-faceted study utilized single-cell 
transcriptomics to identify epithelial cells as a critical niche in 
metastatic NSCLC and to uncover ZNF528 as a key driver 
of malignancy. We provide compelling functional evidence 
that ZNF528 promotes NSCLC cell migration, invasion, 
and metastasis. These findings establish ZNF528 as a novel 
oncogene in NSCLC progression and highlight its potential 
as a therapeutic target against metastatic disease.
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