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ARTICLE INFO ABSTRACT
Keywords: Lung cancer is one of the leading causes of cancer-related death. Most advanced lung adeno-
Lung adenocarcinoma carcinoma (LUAD) patients have poor survival because of drug resistance and relapse. Neglecting

Single-cell RNA-Seq
Prognosis prediction
Lung cancer

intratumoral heterogeneity might be one of the reasons for treatment insensitivity, while single-
cell RNA sequencing (scRNA-seq) technologies can provide transcriptome information at the
single-cell level. Herein, we combined scRNA-seq and bulk RNA-seq data of LUAD and identified a
novel cluster of malignant epithelial cells - KRT81" malignant epithelial cells - associated with
worse prognoses. Further analysis revealed that the hypoxia and EMT pathways of these cells
were activated to predispose them to differentiate into metastatic lung adenocarcinoma cells.
Finally, we also studied the role of these tumor cells in the immune microenvironment and their
role in the classification and prognosis prediction of lung adenocarcinoma patients.

1. Introduction

Lung cancer is the leading cause of cancer-related death [1]. About 80-85% of lung cancer cases are non-small cell lung cancer and
include two main histological subtypes: lung squamous cell carcinoma and lung adenocarcinoma (LUAD). Besides, LUAD accounts for
most new cases. Advanced lung cancer is the leading cause of death in lung cancer cases. Although the overall mortality rate of lung
cancer has rapidly decreased with the clinical application of PD-1/PD-L1 immunotherapy and EGFR-TKIs targeted therapy in advanced
lung cancer, many cases are still insensitive to these treatments [2]. Therefore, finding new prognostic monitoring biomarkers and
therapeutic targets remains necessary.

As RNA sequencing (RNA-seq) matures, its high-throughput and efficient advantages help identify tumor molecular features to
mine new therapeutic targets and clinical biomarkers [3]. RNA-seq also has a great role in promoting the current concept of precision
treatment. However, bulk RNA-seq is based on whole tissue transcriptomes, ignoring intratumoral heterogeneity. At the same time,
although many algorithms [4-6] use bulk RNA-seq data to infer the composition of immune cells in the tumor microenvironment, the
inability to obtain transcriptome information of immune cells also weakens the understanding of the tumor microenvironment.
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Intratumoral heterogeneity often leads to different responsiveness of patients throughout immunotherapy and targeted therapy cycles
[7]. Moreover, tumor cells that are insensitive to treatment are one of the causes of drug resistance and relapse after treatment [8,9].
Therefore, understanding the transcriptional landscape within tumors in a higher dimension is urgent. Meanwhile, single-cell RNA-seq
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Fig. 1. Single cell atlas of primary and metastatic lung adenocarcinoma. (A) UMAP plot for all cells clustered into 21 clusters. (B) Expression of cell
marker genes in each cell cluster. (C) All cells were annotated as three major cell types including immune cells, epithelial cells, and stromal cells. (D)
UMAP plot for immune cells clustered into 22 clusters. (E) Expression of immune cell marker genes in each cell cluster. (F) Cell clusters were
annotated as seven different types of immune cells. (G) UMAP Plot for all cells after all cell annotations are integrated. (H) Proportion of different
cell types in each sample.
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Fig. 2. Copy Number Analysis for All Epithelial Cells. (A) CNV analysis of all tumor tissue-derived epithelial cells with inserted normal tissue-
derived normal cells; the gray dots represent inserted normal tissue-derived normal cells, blue dots are defined as normal epithelial cells in
tumor tissue, and red dots are defined as tumor cells. (B) Analysis of copy number loss or amplification of each chromosome in all epithelial cells by
InferCNV algorithm.(C) UMAP plot for all normal epithelial cells clustered into four clusters. (D) Expression of cell marker genes in each cell cluster.
(E) All clusters were annotated as four major cell types. (F) UMAP plot of all normal and malignant epithelial cells.



X. Ran et al. Heliyon 9 (2023) 20164

(scRNA-seq) can solve the lack of understanding of intratumoral heterogeneity and tumor microenvironment in bulk RNA-seq.
Additionally, scRNA-seq provides transcriptome sequencing at single-cell resolution, and various associated single-cell algorithms
have deepened the understanding of single-cell transcriptional characteristics, cell dynamics, cell-cell interactions, and intratumoral
heterogeneity [10,11].

The single-cell transcriptome landscape of LUAD has been reported in several articles [12-19], establishing a preliminary un-
derstanding of its intratumoral heterogeneity and providing valuable raw data for subsequent studies. Herein, we combined scRNA-seq
and bulk RNA-seq data from LUAD to identify a novel cluster of LUAD tumor cells associated with prognosis. We also profoundly
investigated the transcriptome characteristics, the role in the tumor microenvironment, and the unique role of prognostic monitoring.
Overall, we revealed an entirely novel cluster of tumor cells that can be used for prognostic prediction and might be potential ther-
apeutic targets for LUAD.

2. Results
2.1. Primary and metastatic LUAD single-cell atlas

The single-cell RNA-seq dataset used in this study contains eight primary cases, five metastatic LUAD, and four normal lung tissues
(Table S1). After quality control, dimension reduction, and clustering, we identified 21 unique clusters (Figure S1 and Fig. 1A).
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Fig. 3. Cell trajectory analysis of tumor cells. (A) All tumor cells differentiation trajectories, pseudotime distribution, and cell clusters on pseu-
dotime. (B) Top 50 highly expressed genes and top 50 lowly expressed genes in pseudo-time. (C) Gene Ontology Functional Enrichment Analysis of
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According to the marker gene expression in clusters, cells were mainly annotated as epithelial cells (cell marker: EPCAM, CDH1, KRT7,
KRT19, KRT8 and KRT18), immune cells (cell marker: PTPRC, CD3E, GZMB, CD68, CD79A, and MS4A2), and stromal cells (cell
marker: DCN, COL1A1, COL1A2, THY1, PECAM1, CLDN5, and RAMP2) (Fig. 1B-C). For a more refined annotation of immune cells, we
extracted them and re-performed dimensionality reduction and clustering (Fig. 1D). Similarly, we annotated each of the seven major
cell types based on their cell-specific gene expression marker (Fig. 1E-F). In the UMAP graph for all cells, cells of the same type were
adjacent and showed large genomic differences between different cell types (Fig. 1G). Most immune or stromal cells of the same type
were adjacent, while a larger distance was detected between epithelial cell clusters. Since LUAD is derived from epithelial cells [20,
211], this result reflected the heterogeneity between LUAD cancer cells. After counting the proportion of cells in each sample, we found
that the cell proportion distribution also had a large difference between samples (Fig. 1H). Altogether, these results suggest that there is
significant heterogeneity in LUAD cells.
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Fig. 4. KRT81" tumor cells proportion are associated with worse prognosis in lung adenocarcinoma. (A) All tumor cells were divided into 10
clusters. (B) Top 5 highly expressed genes and top 5 low expressed genes in each tumor cell cluster. (C) Ten tumor cell clusters were named ac-
cording to the highest differentially expressed genes. (D) Deconvolute the TCGA-LUAD cohort using the CibersortX algorithm to infer the proportion
of each cell type in each sample. (E) Univariate COX analysis of the proportion of each tumor cell cluster in the TCGA-LUAD cohort, p-value <0.05
was considered to be associated with prognosis. (F) Survival analysis of the TCGA-LUAD cohort grouped according to the median proportion of
KRT8" tumor cells. (G) Survival analysis of the TCGA-LUAD cohort grouped according to the median KRT81 gene expression. (H-I) GSEA functional
enrichment analysis of the TCGA-LUAD cohort grouped according to the median KRT81 gene expression. (J-M) Gene set scoring in single-cell
datasets using the AddModuleScore function of the "Seurat" R package.
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2.2. Copy number analysis of epithelial cells in LUAD

To exclude the incorporation of normal epithelial cells into tumor samples due to sampling, we used a previously published method
[16] to infer the exact malignant cells using copy number variation (CNV). According to previously published articles, epithelial cells
with high CNV were considered as malignant cells [22-24]. In our result, almost all tumor tissues, most epithelial cells presented
higher CNV compared with artificially inserted epithelial cells derived from normal lung tissues. We defined these cells as tumor cells
and identified the remaining fraction as normal lung epithelial cells incorporated during tissue sampling (Fig. 2A). Further, we used
inferCNV [25] to characterize each chromosome and showed good agreement with the above methods. Notably, we found significant
copy number deletions on chromosome 13 in almost all tumor cells (Fig. 2B). Previous studies have reported frequent loss of het-
erozygosity of alleles in the chromosome 13 region in lung cancer, leading to the inactivation of multiple tumor suppressor genes
[26-28]. Therefore, CNV and loss of heterozygosity on chromosome 13 might be associated with lung cancer development. Next, all
normal epithelial cells were re-clustered and cell-type annotated. We identified normal epithelial cells as alveolar type I, alveolar type
II, secretory club, and airway ciliated cells (Fig. 2C-E). After integrating all epithelial cells and performing re-clustering, AT2 and Club
cells were closer to tumor cells, which might be related to previous studies indicating that AT2 and Club cells are potential LUAD
progenitors [21,29] (Fig. 2F).

2.3. Trajectory analysis of LUAD tumor cells reveals heterogeneity in lung adenocarcinoma

Subsequently, We performed trajectory analysis on all tumor cells using the ‘moncel2’ R package, an algorithm that can identify
cellular transcriptional heterogeneity from single-cell data. We perform trajectory inference on all tumor cells. The two trajectory
inflection points identified showed differences in the heterogeneity of lung adenocarcinoma tumor cells. In addition, we also identified
developmental pseudotimes and five cell subpopulations on the trajectory (Fig. 3A). In pseudo-time, primary tumor cells showed three
different developmental trajectories to metastatic tumor cells, illustrating the heterogeneity presented by the development of primary
tumor cells into metastatic LUAD tumor cells (Fig. 3A). In pseudo time, we identified the top 100 hypervariable genes. These genes
were clustered into 6 clusters according to their pseudotemporal expression, with a total of 50 upregulated and 50 downregulated
(Fig. 3B). After Gene Ontology (GO) functional enrichment analysis, we found that upregulated genes were involved in epithelial cell
proliferation, chemotaxis, and migration of various immune cells. However, downregulated genes were enriched in the maintenance
and homeostasis of epithelial cells (Fig. 3C-D and Tables S2-53). These results indicated that uncontrolled cell proliferation and loss of
homeostasis maintenance are involved in the heterogeneous metastasis of lung cancer tumor cells and can regulate chemotaxis and
migration of various immune cells.

2.4. KRT81" tumor cells proportion are associated with poor prognosis in LUAD patients

To further study the potential functions of these heterogeneous tumor cells.We further clustered all tumor cells and named them
according to the characteristically expressed genes of each cluster (Fig. 4A-B). All 10 clusters emerged as unique clusters in the UMAP
plot, demonstrating large differences in their transcriptome status (Fig. 4C). Since single-cell data sets are limited by sample size and
prognostic follow-up information, we used the CIBERSORT [5] algorithm to deconvolute the TCGA-LUAD dataset to evaluate the
impact of the proportion of these cell clusters on prognosis (Fig. 4D). The clinical information of the TCGA-LUAD dataset has been
summarized in Table S4. Then, in the TCGA-LUAD cohort, we performed a univariate Cox analysis of the estimated proportion of each
tumor cell cluster. The proportion of KRT81" tumor cells was a risk factor for the poor prognosis of LUAD patients (Fig. 4E). The
survival curves also confirmed this result for KRT81" tumor cell proportion or KRT81 gene expression grouping (Fig. 4F-G). In
addition, we also examined the effect of the expression of another high-expression gene HLA-G and a low-expression gene SFTPB of
KRT81" cell cluster on the prognosis in lung adenocarcinoma. The results showed that the expression level of HLA-G was not related to
the prognosis, but the patients with high expression of SFTPB had a better prognosis (Figs. S2A-B). However, it is worth noting that
when we examined the expression of these three genes in all epithelial cells in single-cell dataset, only KRT81 was uniquely expressed
in tumor cells, and SFTPB was more expressed in normal alveolar epithelium (Figs. S2C-E). Therefore, the association between
KRT81" cell cluster and prognosis may be more driven by the KRT81 gene. We also examined the association of KRT81 gene expression
with prognosis in other cancers using univariate COX, and the results showed that it was also associated with poorer prognosis in seven
other cancers from the TCGA database. But it is worth noting that KRT81 was only associated with poorer prognosis in lung adeno-
carcinoma compared with lung squamous cell carcinoma (Fig. S2F). Therefore, the association of KRT81 with poor prognosis is not
specific to lung cancer, but its role in lung adenocarcinoma is relatively specific for other lung cancer pathological subtypes. In the
TCGA-LUAD cohort, we detected significant activation of hypoxia and epithelial-mesenchymal transition pathways in the high KRT81
expression group (Fig. 4H-I). This result was consistent with the higher scoring of gene sets for epithelial-mesenchymal transition
(EMT), hypoxia, metastasis, and invasion phenotypes for the KRT81" cell cluster in the scRNA-seq data (Fig. 4J-M). Overall, we
identified a new cluster of tumor cells associated with poor prognosis in LUAD, KRT81" tumor cells, that might be associated with the
activation of EMT and hypoxia pathways.

2.5. Experimental validation of the influence of KRT81 on migration and invasion in lung adenocarcinoma cell lines

Through the analysis above, we conclude that KRT81 may be associated with a poorer prognosis in lung adenocarcinoma. Previous
research indicates that KRT81 enhances cell migration and invasion in breast cancer [30] and melanoma [31]. Therefore, to
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Fig. 5. Experimental validation in lung adenocarcinoma cell lines. (A-D) KRT81 protein expression was detected by Western blot in A549 and
H1299 cell lines transfected with overexpression or knockdown plasmids. The relative expression of KRT81 was calculated for statistical analysis.
(E) After the overexpression or knockdown of KRT81 in A549 and H1299 cells in the 6-well plate reached 100% growth density, artificial wounds
were made and replaced with serum-free medium. Wound pictures were taken at Oh and 6h respectively, and the percentage of wound healing was
calculated. Percentage of wound healing = (Area of wound at Oh - Area of wound at 6h)/Area of wound at Oh. (F) Inoculate the same number of
control cells and cells with overexpression or knockdown of KRT81 in the upper chamber. After 24 h, stain and photograph the cells in the lower
chamber. Count the number of cells that have invaded the lower chamber and perform statistical analysis between groups. In above figures: *
r‘epresents p-value <0.05, ** represents p-value <0.01, *** represents p-value <0.001, **** represents p-value <0.0001.

investigate its role in lung adenocarcinoma cell lines, we carried out the following experimental validation. We constructed an
overexpression plasmid marked with Flag tag for KRT81 and three shRNAs for KRT81 knockdown, and transfected them into A549 and
H1299 cell lines, with the transfection effects confirmed by Western blot. The results demonstrated that the overexpression plasmid
achieved good overexpression of KRT81 in both cell lines, and among the three shRNAs, the 2nd one yielded good knockdown effect on
KRT81 at the protein level (Fig. 5A-D). Hence, sh-KRT81#2 was used for the subsequent experiments. The wound healing experiment
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Fig. 6. Transcriptional characterization of KRT81" tumor cells and interactions with immune cells. (A) RNA velocity analysis of malignant
epithelial cells. (B) UMAP plot of all malignant epithelial cells. (C) All tumor epithelial cells are annotated according to primary or metastatic origin.
(D) Transcriptional factor analysis of all malignant epithelial cells. (E) Analysis of ligand-receptor interaction between KRT81+ tumor cells and
immune cells using "CellPhoneDB" R package.
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was used to measure cell migration ability. The results indicated that compared to the control group, the wound healing ratio in A549
and H1299 cells overexpressing KRT81 significantly increased, while the two cell lines with knockdown of KRT81 demonstrated a
decrease in migration ability (Fig. SE-F). The Transwell assay indicated that cells overexpressing KRT81 invade more into the lower
chamber, whereas the number of invasive cells decreased following the knockdown of KRT81 (Fig. 5G). In conclusion, these exper-
imental results indicate that KRT81 promotes the migration and invasion of LUAD cell lines.

2.6. Transcriptional characterization of KRT81" tumor cell cluster and interactions with immune cells

Based on the association of KRT81" tumor cells with worse prognosis in LUAD patients, we further analyzed this tumor cell cluster.
To study the transcriptional state of KRT81" tumor cells, we used a python-based "Velocity" algorithm. This algorithm characterizes
RNA velocity based on the ratio of spliced and unspliced mRNA and infers developmental direction [32]. In our results, KRT81+ tumor
cell cluster (a subset of primary tumor cells) had a tendency to develop into metastatic tumor cells. Thus, such clusters of tumor cells
may contribute to disease progression (Fig. 6A-C). Moreover, in the transcriptional factor analysis of various tumor cell clusters, We
identified two transcription factors of interest, TFAP2A and WRNIP1, in KRT81+ tumor cells. (Fig. 6D). TFAP2A has been reported to
promote LUAD progression by activating the EMT [33-35] and promoting angiogenesis in acquired resistance [36]. WRNIP1 is
associated with cell cycle promotion in LUAD [37] and tumor radioresistance [38].

Furthermore, we analyzed the interaction of KRT81+ tumor cells with immune cells using the "CellphoneDB" R package [39], an
algorithm for analyzing cell and cell-cell interactions in single-cell datasets, to study their role in the tumor microenvironment
(Fig. 6E). The NRP1/SEMA3A interacting pair can recruit macrophages into hypoxic tumor areas to promote angiogenesis and sup-
press antitumor immunity [40]. Additionally, the CXCL9, -10, —11/CXCR3 axis has dual roles. Its autocrine axis can promote tumor
cell proliferation and metastasis. In contrast, its paracrine axis can activate the migration and differentiation of various immune cells
[41]. Hence, inhibiting its autocrine and activating the paracrine axis might be a potential cancer therapeutic target. This idea was
experimentally validated in preclinical models of colon cancer [42], breast cancer [43,44], and osteosarcoma [45] but has not yet been
reported in LUAD. Herein, we detected a significant enrichment of the CXCL9, -10, —11/CXCR3 axis in KRT81 " tumor cells, indicating
that this strategy might equally possess potential therapeutic value in LUAD. In summary, these results demonstrated the potential of
the KRT81 " tumor cell cluster to differentiate into metastatic LUAD cells, which might be mediated by the characteristic transcription
factors TFAP2A and WRNIP1. We also revealed the complex regulatory role of the KRT81" tumor cell cluster in the tumor
microenvironment.
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Fig. 7. Identification of KRT81" Phenotypes. (A) Consensus cluster analysis of the TCGA-LUAD cohort using KRT81" tumor cell marker gene
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2.7. The phenotype of KRT81" tumor cells can be used as a prognostic biomarker in LUAD patients

To further assess the clinical value of KRT81" tumor cells, we performed consensus clustering of all TCGA-LUAD cohorts based on
the expression of KRT81" tumor cell markers. We divided them into two clusters according to the expression of KRT81" tumor cell
markers: KRT81" and KRT81™ phenotypes (Fig. 7A and Fig. S2). The KRT81" phenotype was associated with poor prognosis (Fig. 7B)
and was significantly enriched in various hallmark gene sets in the GSVA analysis (Fig. 7C). Besides, We used the ESTIMATE algorithm
[4] to infer immune-stromal cell scores in TCGA-LUAD data. The KRT81" phenotype presented lower immune stromal cell infiltration
but higher tumor purity (Fig. 7D-G). The poor prognosis for the KRT81" phenotype might be associated with antitumor

immunosuppression.
Next, we performed differential gene expression analysis between the two clusters to investigate the power of the two phenotypes
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in predicting LUAD prognoses (Fig. 8A). We assessed the predictive effect of all differentially expressed genes on prognosis using
univariate Cox (Table S5) and Random Forest (Fig. 8B) algorithms. Finally, we obtained eight robust prognosis-related genes (ASB11,
MUCL1, LIPF, SLC6A5, UNC80, RBP3, CDH16, PDX1) based on the intersection of genes with p < 0.05 in the univariate Cox results and
top 10 ranked genes with importance in the Random Forest algorithm (Fig. 8C). To prevent model overfitting, we used the least
absolute shrinkage and selection operator (LASSO) algorithm to screen the variables, and the smallest A was detected when the six
variables were retained. Therefore, the prognostic model was constructed for these six genes (ASB11, MUCL1, LIPF, SLC6A5, UNC80,
and CDH16) (Fig. 8D-E).

RiskScore = 0.258042 x ASB11 + 0.157409 x MUCLI1 + 0.157873 x LIPF+
0.172779 x SLC6AS + 0.129903 x UNC80 + 0.200211 x CDH16

According to our constructed model, we calculated the risk score for each TCGA-LUAD patient. The p-value of the risk score was
<0.05 in both univariate and multivariate Cox analyses, indicating that the risk score can be used as an independent prognostic risk
factor for LUAD patients (Fig. 8F-G). Next, we used ROC curves to evaluate the ability of the model to predict prognosis. Since the
proportion of TCGA-LUAD patients who survived more than 5 years was small, we only assessed the short-term prognosis. The ROC
curves at 1, 2, and 3 years demonstrated the model’s good predictive ability. Additionally, the AUC values observed at 1, 2, and 3 years
were >0.7 in the external GEO cohort (Fig. 8H-I). Additionally, we compared the predictive performance of our model with previously
published prognostic models [46-49] constructed using LUAD scRNA-seq data in testing dataset. Our model demonstrated better
predictive ability (Figs. S4A-C). These results indicated that our constructed model has a good short-term survival predictive ability for
LUAD patients. After contrasting the prognostic predictive ability with other clinical indexes, we found that the risk score had similar
AUC values to the clinical stage (Fig. 8K). Therefore, we constructed a nomogram combining the risk score and clinical stage to
enhance the current use of the clinical stage alone and to guide patients requiring further intervention (Fig. 8J). The nomogram
calibration curves showed good accuracy for short-term prognosis (Fig. 8L-N). Overall, our current findings suggested a novel subtype
of LUAD patients with the KRT81" tumor cell phenotype and proposed a prognostic model associated with this phenotype to assist the
currently used clinical stage and to enhance the prediction of short-term prognosis and clinical treatment guidance.

3. Discussion

Despite the widespread use of targeted and immunotherapy for advanced LUAD, relapse and drug resistance remain major concerns
[50,51]. Thus, deepening the understanding of LUAD and finding new therapeutic targets and prognostic monitoring biomarkers is
urgent. RNA-seq has already provided strong evidence on disease diagnosis, prognostic monitoring, and selection of therapeutic
targets. However, this strategy uses whole tissue transcriptome sequencing and ignores intratumoral heterogeneity [3,52]. Notably,
intratumoral heterogeneity is one of the main causes of recurrence and drug resistance after treatment [53-57]. The scRNA-seq
provides transcriptome data in a single cell dimension to precisely address this problem, allowing a deeper understanding of het-
erogeneity at the cell level [58]. For LUAD, several articles related to scRNA-seq have delineated the landscape in an atlas approach
and provided valuable raw data for subsequent studies [15-17,19]. Therefore, searching for new prognostic biomarkers or therapeutic
targets in LUAD from the scRNA-seq perspective has advantages over bulk RNA-seq that ignore intratumoral heterogeneity. Herein, we
investigated the heterogeneity of malignant epithelial cells in LUAD by combining scRNA-seq and bulk RNA-seq. We found a new
malignant epithelial cell cluster associated with prognoses and conducted an in-depth study of its characteristics and clinical
significance.

We collected scRNA-seq data from four normal lung tissues, eight primary LUAD, and five distant metastatic LUAD tissues. After
dimensionality reduction, clustering, and cell type annotation, heterogeneous tumor purity and immune cell infiltration were reflected
in each sample, indicating the importance of individualized treatment for LUAD patients. Regarding the CNV, most tumor cells have
higher CNV than normal lung epithelium. Previous studies have found extensive amplification of chromosome 3q in lung squamous
cell carcinoma [59]. However, we did not observe it in our LUAD analysis. Additionally, on chromosome 13, LUAD tumor cells
presented significant copy number loss. Nevertheless, due to the limited sample size and clinical information investigated, how to
correlate this CNV signature with potential clinical predictive value remains to be further determined. In the pseudo-time analysis of all
primary and metastatic LUAD tumor cells, we observed a heterogeneous developmental orientation rooted in the primary tumor cells,
with malignant epithelial cell proliferation activated and structural homeostasis disrupted during the development of heterogeneous
metastatic tumor cells. We also observed the activation of neutrophil chemotaxis and migration pathways. The notion that neutrophils
can promote LUAD cell proliferation and metastasis [60] and are associated with worse prognosis [61] has already been validated in
previous studies. To further investigate the potential association of these heterogeneous tumor cells with clinical outcomes, we divided
all tumor cells into ten clusters and named them by highly expressed genes. Based on highly expressed genes from each cluster to
deconvolute bulk RNA-seq data from TCGA-LUAD, we obtained more clinical information and found that KRT81" tumor cells were
associated with a worse LUAD prognosis. Besides, the high KRT81 expression group was enriched for EMT and hypoxia pathways and
were validated in the scRNA-seq data. The EMT can lead to tumor cell metastasis by enhancing the migration, invasion, and resistance
to apoptotic stimuli of tumor cells. EMT-derived tumor cells can also acquire stemness and significant therapeutic resistance [62,63].
The activation of the hypoxia pathway can promote tumor angiogenesis and cell proliferation [64,65]. Hypoxia can also induce the
activation of the EMT pathway [66]. The synergistic effect of hypoxia and EMT might be responsible for the association between
KRT81" tumor cells and poor prognosis. Subsequentially, we revealed that KRT81" tumor cells tend to differentiate and metastasize,
and that their characteristic transcription factor TFAP2A might be responsible for the activation of the EMT pathway. Moreover,
activation of the NRP1/SEMA3A ligand-receptor pair by KRT81" tumor cells in the tumor microenvironment recruits macrophages to
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hypoxic tumor areas, promoting angiogenesis and suppressing antitumor immunity [40]. Hence, targeting TFAP2A and NRP1 might
potentially treat KRT81" tumor cells. Strategies targeting NRP1 have been reported in previous studies [67], but our findings of
TFAP2A might comprehend an entirely novel potential therapeutic target. Previous studies have reported that KRT81 promotes the
migration and invasion of breast cancer [30]. Besides, KRT81 knockdown inhibits the proliferation, invasion, and migration of
melanoma and promotes apoptosis by downregulating the expression of IL-8 [31], Although previous studies have reported that KRT81
is a risk factor for the prognosis of lung adenocarcinoma [68], no further research has been done on the role of cell cluster with high
expression of KRT81. Therefore, this study focused on revealing the prognostic impact and potential functions of KRT81
high-expression tumor cell cluster in single-cell data sets. Further analysis showed that the new LUAD subtypes divided according to
the marker genes of KRT81" tumor cells had significant prognostic differences and had a strong predictive ability for the short-term
prognosis of LUAD patients. In contrast to previous studies, our research not only involved the construction of a prognostic prediction
model but also delved into in-depth investigations. These investigations encompassed exploring the activation of their transcription
factors and their interactions with immune cells. Moreover, we identified several potential therapeutic targets specific to this cell
subpopulation.

In conclusion, we combined scRNA-seq and bulk RNA-seq data from LUAD to profile the heterogeneity of LUAD tumor cells. We
identified a novel cluster of KRT81" tumor cells that might tend to metastasize through the activation of the EMT and hypoxia
pathways. Furthermore, we showed that the KRT81" tumor cell phenotype has a good predictive ability for the short-term prognosis of
LUAD patients. Our study provides new ideas for predicting the prognosis and treatment strategies of LUAD. But for the current sit-
uation, single-cell data sets often lack large sample size and prognosis follow-up data due to high cost. We have to try our best to
combine bulk RNA-seq datasets with single-cell datasets to make up for each other’s shortcomings, so developing robust integration
algorithms is a matter of concern.

4. Materials and methods
4.1. Cell culture

Human A549 and NCI-H1299 cell lines was purchased from Procell Life Science & Technology Co. Ltd., located in Wuhan, China.
Both cell lines were cultured using RPMI-1640 medium (Gibco, USA) supplemented with 10% fetal bovine serum (VivaCell Bio-
sciences, Shanghai XP Biomed Ltd.) and incubated at 37 °C with 5% Cco2.

4.2. Datasets and processing methods

The raw human lung adenocarcinoma single-cell RNA-seq data were obtained from The European Nucleotide Archive (ENA)
database (Accession ID: PRINA510251 [69]). Clinical information for all samples is available from the original publication [69]. Raw
sequencing data were matched to the genome and quantified for gene expression following Cell Ranger version.7.0 software Official
running pipelines. The R package "Seurat" [70] was used for merge and quality control of multiple sample data. Cells with nFeature
between 300 and 7500, nCount between 300 and 100000 and Mitochondrial genes expression less than 20% were retained for sub-
sequent analysis. Data were normalized using the "SCTransform" method followed by dimensionality reduction clustering and visu-
alization. In addition, the annotation of cell types is a characteristic marker of various cells summarized according to previous
published articles and CellMarker database (http://xteam.xbio.top/CellMarker/). The Bulk RNA-seq and microarray data used in this
study were obtained from the TCGA and GEO databases (TCGA-LUAD, GSE30219 and GSE31210).

4.3. Copy Number Analysis

For inferring normal epithelium mixed in tumor samples, we used methods published in a previous article [16]. Briefly, epithelial
cells from each tumor sample were first extracted and incorporated into a certain number of normal epithelial cells from normal
samples so that the number of epithelial cells from the tumor samples were below 20%. Genes expressed in fewer cells were eliminated
as background genes. Following conversion of expression to z-score, copy number signals were inferred using expression. Two
measures were used to determine cell types, which were the estimated mean squared CNV signal and the correlation between each cell
and the mean copy number of the top 5% of cells (Code and detailed instructions are available at https://github.com/SGI-LungCancer/
SingleCell). We used inferCNV [71] algorithm to revalidate the above results and characterized the copy number landscape of each
chromosome in detail. Eventually all normal epithelial cells underwent dimensionality reduction clustering, visualization and cell-type
annotation using the Seurat R package.

4.4. Cell trajectory analysis

Cell trajectory analysis was performed using the Monocle [72] R package. The parameters used in the analysis were all the default
parameters, and the cell trajectories were visualized using the "DDRTree" method, setting the primary tumor cells as the pseudo-time
root, and searching for differential expressed genes in the pseudo-time sequence. Eventually, we extracted the top 50 genes that were
up- or down-regulated according to the pseudo-time and performed GO functional enrichment analysis using the clusterProfiler [73,
74] R package.
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4.5. Identification of tumor cell cluster associated with poor prognosis

All tumor cells were subjected to dimensionality reduction, clustering and visualization using the Seurat R package and identifi-
cation of cluster signature genes using the FindallMarker function. The clusters were annotation according to highest expressed genes
of each cluster. Similarly, we used the FindallMarker function in all other cell types to search for signature genes for each cell type. For
all cell clusters, we calculated the average expression profile of the top 50 highly expressed genes in each cell and combined them as a
reference data set. Finally, the TCGA-LUAD bulk RNA-seq data was deconvoluted with our constructed reference dataset using the
CibersortX [75] algorithm to estimate the proportion of various cell clusters in TCGA lung adenocarcinoma samples. Univariate Cox
analysis was used to identify risk factors associated with poor prognosis. Finally, we grouped patients by median cell proportion or
median gene expression, and plotted survival curves using the "survival" R package. The EMT and hypoxia pathway gene sets used for
functional enrichment are from the "MsigDB" database, and the metastasis and invasion pathway gene sets are from the "cancerSEA"
database.

4.6. Plasmid transfection

The KRT81 gene overexpression and shRNA plasmids were purchased from Shanghai GeneChem Co.,Ltd. The sequence for KRT81
shRNA is as follows:

KRT81-shRNA#1: 5-GATCCCGCGGCCAATTGAACACCACCTCTCGAGAGGTGGTGTTCAATTGGCCGCTTTTTGGAT-3’; KRT81-
shRNA#2: 5-GATCCCCCTCACATTTCTCTGTGTGATCTCGAGATCACACAGAGAAATGTGAGGTTTTTGGAT-3’; KRT81-shRNA#3: 5'-
GATCCCAGGCATTGGGGCTGTGAATGTCTCGAGACATTCACAGCCCCAATGCCTTTTTTGGAT-3".

A549 and H1299 cell lines were seeded in six-well plates and cultured overnight until reaching a density of 50%-80%. Transfection
was performed using Lipofectamine 2000 transfection reagent (Invitrogen; CA, USA) according to the manufacturer’s instructions.
Furthermore, the cells were cultured in the presence of G418 (Beyotime Biotechnology, Shanghai, China) at a concentration of 500 pg/
ml for one week to perform resistance selection.

4.7. Western blot

After removing the culture medium, the cells were washed three times with pre-chilled PBS buffer. Total cellular proteins were
extracted using RIPA lysis buffer (Beyotime Biotechnology, Shanghai, China) supplemented with a protease inhibitor cocktail
(Beyotime Biotechnology, Shanghai, China) and PMSF (Beyotime Biotechnology, Shanghai, China). The protein concentration was
determined using the BCA protein assay kit (Thermo Fisher Scientific; CA, USA). Appropriate SDS-PAGE loading buffer was added to
prepare protein samples for Western blot analysis. The samples were resolved by 10% SDS-PAGE gel electrophoresis, with a protein
ladder (Thermo Fisher Scientific; CA, USA) serving as the molecular weight marker. After electrophoresis, the proteins were trans-
ferred onto a PVDF membrane (Millipore, USA) for subsequent antibody incubation. The primary antibody used in this study were anti-
KRT81(Proteintech, Wuhan, China, 1:1000) and anti-factin (Proteintech, Wuhan, China, 1:10000), and the secondary antibody used
was Goat anti-Rabbit HRP (Proteintech, Wuhan, China, 1:10000). The visualization of protein bands was achieved using the ECL
detection kit (Beyotime Biotechnology, Shanghai, China).

4.8. Wound healing assay

The cells were seeded in six-well plates and allowed to reach 100% confluency. Scratch wounds were created using a 200 pl pipette
tip, carefully scraping the cell monolayer. Subsequently, the cells were cultured in serum-free 1640 medium. At designated time in-
tervals, photographs were captured to monitor the healing process of the scratch wounds at the identical locations.

4.9. Transwell assay

The Transwell assay was conducted using 24-well, 8 pm transwell chambers (NEST Biotechnology Co.LTD. Wuxi, China). The cells
were dissociated into a single-cell suspension, and a seeding density of 1x10° cells was used for the upper chamber. The upper chamber
was supplemented with serum-free medium, while the lower chamber contained medium with 10% FBS. After 24 h of incubation, the
cells were fixed with 4% paraformaldehyde (Beyotime Biotechnology, Shanghai, China) and stained using 1% crystal violet (Beyotime
Biotechnology, Shanghai, China). After gently removing the cells on the upper surface of the chamber, images were captured using an
inverted microscope in at least three random fields of view.

4.10. RNA velocity, transcription factor and cellular interaction analysis

RNA Velocity were analyzed using the python-based "velocity [32]" package. BAM files for all samples were used in this pipeline to
assess lineage developmental orientation in an unsupervised manner by the proportion of spliced mRNA and unspliced mRNA and
mapped onto UMAP for visualization. Transcription factor analysis was performed using the python-based SCENIC [76] package to
mine the characteristic transcription factors of single cell clusters by cis-regulatory analysis to provide biological insights into the
heterogeneous mechanisms of cell clusters. Cell-to-cell communication analysis was performed using the python-based CellphoneDB
[39] package. In processing of the results, we extracted ligand-receptor pairs between clusters of KRT81+ tumor cells and other cells
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and screened them using means > 1.
4.11. Construction of prognostic model associated with KRT81" Phenotype

In the TPM expression data from the TCGA-LUAD cohort, univariate COX analysis of the KRT81" tumor cell marker genes obtained
prognostic KRT81" tumor cell markers. Expression of these genes in the TCGA-LUAD cohort was then consensus clustered using the
"ConsensusClusterPlus [77]" R package. The cluster algorithm was set to k-means, and sampling proportion set to eighty precents.
Eventually we identified two clusters and defined them as KRT81" phenotype cluster and KRT81~ phenotype cluster based on the
KRT81" marker genes expression. Survival curves for the two clusters were plotted using the "survival" R package. Next, we performed
functional enrichment analysis of the two clusters using the "GSVA" R package, and the HALLMARK gene set was obtained from
MSigDB database. Differentially expressed genes from clusters were identified using the "edgeR" R package with |FoldChange| > 1.5
and p-value <0.05 as criterion. To identify robust prognosis related DEGs, we used two algorithms for screening, univariate COX
analysis and random forest. By intersection of genes with p-value <0.05 in univariate COX analysis and top 10 genes of importance in
random forest algorithm, we obtained eight robust prognosis-related genes. Random forest analysis used the "randomForestSRC" R
package with the number of trees set to 1000 and node size set to 15. The LASSO algorithm used the "glmnet" R package, which retains
seven genes for subsequent prognostic model construction when A is a minimum. Prognostic models were constructed using multi-
variate COX analysis. The "timeROC" R package was used to plot ROC curves for prognostic models to assess the predictive effect of the
model. For external validation of the model, we combined two GEO datasets (GSE30219 and GSE31210) that both used the GPL570
platform after removing batch effects using the "ComBat" algorithm and then converted to z-scores. The nomogram is constructed using
the "rms" R package and the calibrate curve is plotted using "caret" R package.

4.12. Statistical analysis
The ImageJ software [78] was used for quantitative analysis of Western blot, wound healing, and Transwell assays, with all ex-
periments conducted in triplicate for statistical analysis. The T-test was used for comparisons between two groups, while one-way
ANOVA was employed for analysis of three or more groups.
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